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Preface

The book Holographic Materials and Optical Systems comprises three sections and twenty-one
book chapters.

The first section has six chapters on volume holographic optical elements (HOE) and sys‐
tems, including novel materials, methods, and applications (Chapter 1), holographic optical
elements for solar concentrators (Chapter 2), volume Bragg gratings and their applications
in laser beam combining and beam phase transformations (Chapter 3), low spatial frequency
volume Bragg grating and holographic optical elements (Chapter 4), holographic optical ele‐
ments and their applications (Chapter 5), and holographic data storage systems using paral‐
lel-aligned liquid crystals on silicon display (Chapter 6). Section 2 is dedicated to
applications in holographic imaging and metrology. It has nine chapters focused on micro‐
topography and thickness measurements (Chapter 7), 3D capture and 3D contents genera‐
tion for holographic imaging (Chapter 8), multiwavelength digital holography (DH) and
phase-shifting interferometry (Chapter 9), dynamic imaging with x-ray holography (Chap‐
ter 10), indirect off-axis holography for antenna metrology (Chapter 11), surface characteri‐
zation by the use of digital holography (Chapter 12), digital holography for analyzing high-
density gradients in fluid mechanics (Chapter 13), digital holographic microscopy (DHM)
for clinical diagnostics (Chapter 14), and unlabeled semen analysis by means of the holo‐
graphic imaging (Chapter 15). Section 3 is dedicated to holographic materials and systems
for holographic recording and consists of six chapters describing materials suitable for holo‐
graphic photoalignment for fabrication of twisted nematic liquid crystal gratings (Chapter
16), high-performance photoinitiating system for holographic grating recording (Chapter
17), fluorite crystals with color centers for recording extremely stable holograms (Chapter
18), new photo-thermo-refractive glasses for holographic optical elements (Chapter 19), ma‐
terials for active holography (Chapter 20), and organic-inorganic hybrid structures for dy‐
namic holography (Chapter 21).

The chapters describe a comprehensive review of the historical developments leading to the
specific topic under discussion and will provide the reader with useful background informa‐
tion. The following paragraphs give a brief summary of chapters’ contents.

“Volume Holography: Novel Materials, Methods, and Applications" provides basics on vol‐
ume holography, specific material requirements for volume holography, and diffractive
properties of the different types of volume holographic gratings. The interrelation between
function and structure of volume holograms is investigated with a view to research on and
develop novel materials, methods, and applications.

“Volume Holographic Optical Elements as Solar Concentrators" investigates holographic so‐
lar concentrator in a new photopolymer material as recording medium. Two different con‐



figurations of holographic lenses (with spherical and cylindrical symmetry) are described in
terms of both recording process and optical response characterization. The possibility to use
this new photopolymer to realize holographic solar concentrator for space applications is
discussed.

“Volume Bragg Gratings: Fundamentals and Applications in Laser Beam Combining and
Beam Phase Transformations" outlines the fundamentals of transmission and reflection vol‐
ume gratings and compares their spectral properties. The applications of volume Bragg gra‐
tings for spectral and coherent laser beam combining and as holographic phase masks are
demonstrated and discussed.

“Holographically Recorded Low Spatial Frequency Volume Bragg Grating and Holographic
Optical Elements" presents examples of focusing elements and off-axis cylindrical lenses
finding application for collection of solar energy. Some low spatial frequency diffusive ele‐
ments and beam splitters were shown to illustrate the potential of low spatial frequency
holographic elements in beam-shaping applications. The advantages of volume photopoly‐
mer holographic gratings are discussed in the context of existing research.

“Holographic Optical Elements and Their Applications" describes in detail the principles
and characteristics of the holographic optical elements (HOE). А few typical holographic op‐
tical element–based applications such as head-mounted display, lens array, and solar con‐
centrator are introduced. It has been demonstrated that the HOE is a much useful and an
effective technique especially for simplified optical systems.

“Holographic Data Storage Using Parallel-Aligned Liquid Crystals on Silicon Display" ex‐
plores the implementation of holographic data storage where a parallel-aligned liquid crys‐
tal on silicon microdisplay is utilized as the data entry point for a holographic data storage
system. The authors demonstrate holographic data storage in a photopolymer as holograph‐
ic recording material by utilizing a phase-only device as a data pager by using different
modulation schemes.

“Microtopography and Thickness Measurements with Digital Holographic Microscopy
Highlighting Its Tomographic Capacity" demonstrates the potential of digital holographic
microscopy (DHM) by using a Mirau interferometric objective. The authors propose ap‐
proaches for reduction of the noise by utilizing LED light and by performing an averaging
process of phase and amplitude images reconstructed at different reconstruction distances.
Ringing effect is reduced by using an ideal filter in off-axis digital holography.

“3D Capture and 3D Content Generation for Holographic Imaging" follows the two main
tendencies in forming the 3D holographic content—direct feeding of optically recorded digi‐
tal holograms to a holographic display and computer generation of interference fringes from
directional, depth, and color information about the 3D objects. The focus is set on important
issues that comprise encoding of 3D information for holographic imaging.

“Multiwavelength Digital Holography and Phase-Shifting Interferometry Selectively Ex‐
tracting Wavelength Information: Phase Division Multiplexing of Wavelengths" proposes
phase-shifting interferometry selectively extracting wavelength information as a novel type
of multiwavelength imaging technique. In this technique, multiwavelength images and also
the information of 3D space are simultaneously captured by the combination with hologra‐
phy. The proposed technique is experimentally validated.
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“Dynamic Imaging with X-ray Holography" discusses the technical aspects of x-ray hologra‐
phy from an end user perspective, focusing on the requirements for obtaining a high-quality
image in a short time. The chapter presents the key challenges of the techniques and gives
ideas for their implementation.

“Indirect Off-Axis Holography for Antenna Metrology" studies the use of indirect off-axis
holography in preventing the effect of errors related to phase acquisition. The aim is to de‐
velop new, efficient, and robust amplitude-only techniques while allowing for cost and com‐
plexity reduction of the measurement setup for antenna characterization.

“Surface Characterization by the Use of Digital Holography" studies numerical reconstruc‐
tion algorithms and discusses the influence of slightly imperfect collimation of the reference
wave in off-axis digital holography (DH). Two DH techniques for surface characterization
are described and experimentally validated: (1) by using short coherent length, namely,
high-brightness digital holographic microscope (DHM) and (2) by using long coherent
length, namely, THz DH.

“Digital Holography Interferometry for Analyzing High-Density Gradients in Fluid Me‐
chanics" presents the analysis of a small supersonic jet through comparison of three different
optical techniques: (i) digital Michelson holography, (ii) digital holography using Wollaston
prisms, and (iii) digital holography without reference wave. The advantages and challenges
related to applying digital holography in analyzing high-density gradients in fluid mechan‐
ics are identified and discussed.

“Holography: The Usefulness of Digital Holographic Microscopy for Clinical Diagnostics"
explores the implementation of digital holographic (DH) microscopy as a high-resolution
imaging technique with the capacity of quantification of cellular conditions without any
staining or labeling of cells. The unique measurable parameters are the cell number, cell
area, thickness, and volume, which can be coupled to proliferation, migration, cell cycle
analysis, viability, and cell death. The authors have used DH microscopy showing that the
technique has the sensitivity to distinguish between different cells and treatments.

“Unlabeled Semen Analysis by Means of the Holographic Imaging" studies the morphology,
the motility, and the biochemical structure of the spermatozoon and correlates these param‐
eters with the outcome of in vitro fertilization. The chapter summarizes the recent achieve‐
ments of digital holography as an efficient method for healthy and fertile sperm cell
selection, without injuring the specimen, and explores new possible applications of digital
holography in this field.

“One-Step Holographic Photoalignment for Twisted Nematic Liquid Crystal Gratings" de‐
scribes an innovative method for fabrication of liquid crystal gratings, in which liquid crys‐
tal molecules are periodically aligned. Liquid crystal gratings are fabricated and
characterized experimentally and theoretically. They exhibit potential for application as a
diffractive optical element that can simultaneously control amplitude, polarization states,
and propagation direction of light.

“Application of High-Performance Photoinitiating System for Holographic Grating Record‐
ing" presents a detailed analysis of widely used photoinitiators for polymerization reaction
that takes place during holographic recording. The authors study three different compo‐
nents of photointiator systems and made conclusions about the main influencing factors in
order to achieve the highest diffraction efficiency in a particular polymer system.
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“Fluorite Crystals with Color Centers: A Medium for Recording Extremely Stable but Broad‐
ly Transformable Holograms" studies both the mechanisms of forming the photochromic
color centers in fluorite crystals and the photochromism for recording and transforming of
holograms. Possible applications as metrological elements and narrow-band transmission
and reflection filters for the mid-IR spectral range based on the additively colored fluorite
crystals are discussed.

“New Photo-Thermo-Refractive Glasses for Holographic Optical Elements: Properties and
Applications" presents recent achievements of developing new holographic media based on
fluoride, chloride, and bromide silicate photo-thermo-refractive glasses used for recording
holographic optical elements for improving dramatically the parameters of laser systems of
different types. The doping of photo-thermo-refractive glasses with rare earth ions was dis‐
cussed as an opportunity for designing lasers with Bragg reflectors and distributed feedback.

“Active Holography" describes laser-active structures comprising dye-doped layers of cho‐
lesteric liquid crystal and polymer as a laser-active medium exhibiting spatial modulation of
lasing controlled by the transversely distributed excitation located in the plane of the photo‐
sensitive layer. The influence of the parameters of the pumping interference pattern on the
periodical character of the modulation of intensity of the lasing is studied, and the possible
application is discussed.

“Two-Wave Mixing in Organic-Inorganic Hybrid Structures for Dynamic Holography" re‐
views recent progress of two-wave mixing and beam amplification in novel type of hybrid
structures that combine photoconductive and photorefractive properties of inorganic crystals
together with the high birefringence and anisotropy of LC (or PDLC) layers. The proposed
organic-inorganic hybrid structures can control transmission, reflection, and scattering of
light and are considered to play essential role in 3D holographic display technologies.

Prof. Izabela Naydenova
School of Physical and Clinical and Optometric Sciences,

Dublin Institute of Technology, Ireland

Dr. Dimana Nazarova
Institute for Optical Materials and Technologies,

Bulgarian Academy of Sciences, Bulgaria

Prof. Tsvetanka Babeva
Institute for Optical Materials and Technologies,

Bulgarian Academy of Sciences, Bulgaria
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Volume Holography: Novel Materials, Methods and 
Applications

Tina Sabel and Marga C. Lensen

Additional information is available at the end of the chapter

Abstract

This chapter aims to establish a link between material compositions, analytical methods 
and advanced applications for volume holography. It provides basics on volume hologra‐
phy, serving as a compendium on volume holographic grating formation, specific mate‐
rial requirements for volume holography and diffractive properties of the different types 
of volume holographic gratings. The particular significance of three‐dimensional optical 
structuring for the final optical functionality is highlighted. In this context, the interrela‐
tion between function and structure of volume holograms is investigated with view to 
research on and development of novel materials, methods and applications. Particular 
emphasis will be placed on analytical methods, assuming that they provide access for 
a deeper understanding of volume holographic grating formation, which appears to be 
prerequisite for the design of novel material systems for advanced applications.
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1. Introduction

Impressive diffraction phenomena can be found in animate and inanimate nature: in the form 
of iridescence in birds, insects, shells, plants or muscle cells as well as in clouds and minerals. 
The fascination emanating from phenomena where light interacts with micro‐ and nano‐
structures may be traced back to the principle from structure to function, which is not limited 
to optical phenomena, but can be found in nature as a fundamental quality. In case of holog‐
raphy, light itself is capable to create the structures with which it subsequently interacts. The 
(optical) functionality of a holographic structure consists in its diffractive properties.

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



In turn, the principle from structure to function also comprises the possibility to under‐
stand function through structure. Taking advantage of this relation between structure and 
function culminates in the attempt of mimicking nature. Notable examples are functional 
surfaces with hierarchical structures based on the lotus effect to induce superhydropho‐
bicity, the gecko effect for controlled adhesion or the moth's eye effect for anti‐reflection 
coatings.

While the examples mentioned above remain limited to surface phenomena, the third dimen‐
sion opens up entirely new possibilities with major relevance for many applications. Structures 
with a periodic modulation of the refractive index are of interest wherever light must be 
manipulated. Volume holographic gratings can be considered as such three‐dimensional (3D) 
optical structures with diffractive properties.

Volume gratings made by nature can be found in the form of crystals wherever atoms are 
regularly arranged [1]. The dimensions of atomic and molecular structures usually result in 
interaction rather with a non‐visible range of the electromagnetic spectrum, enabling access 
by means of X‐ray crystallography. However, light‐based photonic crystals (PCs), with func‐
tionality in the visible range, can be created artificially [2].

While holography allows three‐dimensional imaging, the holographic structure itself 
extends not necessarily in three dimensions. Depending on the hologram formation tech‐
nique as well as on the recording medium, the hologram itself takes shape as a surface pat‐
tern or rather emerges as a three‐dimensional structure. A volume hologram or photonic 
crystal may only be formed if recording technique and recording medium allow modifica‐
tion of the optical properties in all three dimensions. The performance of such a grating 
with thickness in the range of 100 μm differ significantly from thin gratings or surface 
gratings: Volume Bragg gratings stand out due to their high diffraction efficiency, rigorous 
wavelength selectivity and the ability that multiple holograms may be superimposed by 
means of multiplexing.

There are many ways to create optical surface patterns by photolithography, self‐assem‐
bly or other nano‐ and microfabrication methods with both, bottom‐up and top‐down 
approaches. However, entering the third dimension in optical structuring is accompanied 
with considerable challenges. Among existing techniques for three‐dimensional optical 
structuring, such as direct laser writing [3] or self‐assembly [4], volume holography pro‐
vides the unique possibilities to create optical structures through the entire volume beyond 
a point‐by‐point, line‐by‐line or plane‐by‐plane fabrication, with high resolution and accu‐
racy in a single step.

At the same time, the analysis of volume holographic structures emerges as a challenging 
task. Optical structures inside a volume may not readily be mapped by means of common 
microscopic methods [5]. This is where the mutuality of function and structure opens up 
new possibilities. In fact, the diffraction efficiency represents the only accessible parameter 
to entirely characterize a volume grating. Based on the optical functionality, conclusions may 
be drawn on grating parameters as well as on material parameters such as material response 
and energetic sensitivity.
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Within this chapter, the interrelation between material compositions, analytical methods 
and advanced applications for volume holographic systems is investigated with  particular 
 emphasis on analytical methods. According to the leading idea of a correlation between 
function and structure, the deeper understanding of volume holographic grating formation 
appears prerequisite to design novel material systems for advanced applications.

2. Volume hologram formation in photosensitive materials

The mechanism of volume hologram formation in photosensitive materials, a complex pro‐
cess where several components are involved, is starting from the interference exposure. 
Holographic recording induces a generally three‐dimensional spatial modulation in the 
optical properties. The final grating features optical functionality that consists in specific 
diffraction of light, to be characterized by means of its diffraction efficiency (defined as the 
ratio of the input readout power to the diffracted power), as well as angular response and 
 frequency response. Different kinds of gratings are formed, according to the specific record‐
ing conditions. While the geometry clearly determines dimensionality and size of the grating, 
many factors influence how the material responds to light during the holographic exposure. 
The material response strongly depends on intrinsic material parameters, such as material 
composition or viscosity as well as on recording parameters, such as exposure duration and 
recording intensity [6].

2.1. Grating formation

Volume holographic grating formation can be attributed to different physico‐chemical mate‐
rial transformations, depending on the type of photosensitive material. In case of polymers, 
an interplay of polymerization and diffusion, induced by the spatially modulated exposure, 
is responsible for hologram formation [7]. A light pattern is projected into the photosensi‐
tive medium, inducing local polymerization, proportional to the light intensity. Thereupon, 
a chemical gradient is induced, resulting in monomer diffusion and subsequent polymeriza‐
tion. As a consequence, the hologram is formed as a periodic modulation of optical proper‐
ties, according to the recording light pattern. This grating formation mechanism is illustrated 
in Figure 1.

A special characteristic of volume gratings is that their optical functionality can be attributed 
to very small modulations of optical properties inside the holographic material. In case of 
phase gratings with a layer thickness of 200 μm, a refractive index contrast in the order of only 
10‐3 already results in diffraction efficiency close to 100%.

The contrast of such optical structures can be further enhanced with additives such as 
nanoparticles or quantum dots [8, 9]. It can also be combined with other mechanisms such as 
photochemical isomerization of optically anisotropic components or with polymer‐dispersed 
liquid crystals (PDLCs) for switchable or tuneable optical devices [10, 11]. Furthermore, 
the light‐induced mass transport may result in the formation of additional surface‐relief 
 gratings [12].
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2.1.1. Specific material requirements

First of all, a photosensitive medium for volume holographic recording must be capable to 
undergo molecular or structural transformations with the result of a local, and in most cases, 
permanent change of the optical properties, as described in the previous section. In addi‐
tion, and with focus on the functionality of volume holographic gratings, the medium must 
comply with high material standards. In this context, a number of material parameters must 
be optimized, namely sensitivity and dynamic range, resolution, transparency and stability. 
The following table gives an overview of important material parameters for volume holo‐
graphic recording.

Figure 1. Schematic illustration of grating formation in photosensitive polymers: Unreacted polymer chains, cross‐
linker, dopant (e.g., monomers) and photoinitiator are needed for the material composition and layer formation (top). 
Interference exposure induces local polymerization (middle) and subsequent diffusion of components (either into the 
bright regions, as illustrated above, or into the dark regions) to form the permanent grating (below).

Parameter Symbol Unit Target value

Layer thickness d [μm] >50

Refractive index contrast Δn [‐] >0.001

Resolution U [lines/mm] >5000

Sensitivity S [cm²/J] >1

Transparency T [%] >0.7

Table 1. Overview on volume holographic material parameters.
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Indispensable prerequisite for the material composition is the ability to form stable layers 
with thickness d in the range of at least 50 μm where a refractive index contrast Δn in the order 
of 10‐3 can be induced.

The material resolution U refers to the precision within the ability of a photosensitive mate‐
rial to transfer the interference pattern of exposure into a permanent modulation of opti‐
cal properties during the recording process, depending on the smallest structure size of the 
exposure pattern. It is therefore related to the precision of the final recorded structure. With 
the objective to fully exploit the interference pattern of the exposure beams, high material 
resolution is required. With regard to the maximum spatial frequency response, that is, the 
highest frequency inducing a permanent refractive index modulation, a value in the range 
of 5000–10,000 lines per mm is aspired [13].

The sensitivity S provides information on how the input energy is converted into a certain 
holographic contrast. High sensitivity is required with respect to the possible application of 
low‐power laser sources but also to ensure high recording speed [14]. In this context, the 
dynamic range M# refers to the total response of a medium, when divided up to n holograms. 
It determines how many holograms can be multiplexed in a single volume [15].

Highest transparency T of the material at the operating wavelength is required to achieve 
high diffraction efficiency. Low attenuation becomes particularly important in case of thick 
layers, desired for volume holographic applications. In general, losses arising from absorp‐
tion and scattering should not exceed 30%. Although much lower values might be required, 
depending on the layer thickness, for certain specific applications [16].

Next to a high sensitivity, high spatial resolution and low losses, a high thermal stability and 
long‐time stability of samples and systems are required [14].

Altogether, the diversity of material requirements is accompanied by a diversity of approaches 
to meet these needs.

2.1.2. Photosensitive media for volume holography

The range of photosensitive media used for volume holographic recording is as diverse as the 
spectrum of potential applications.

Although photographic emulsion, the original holographic recording material, is capable to 
form amplitude as well as phase holograms with good sensitivity and stability as well as high 
spatial resolution, it nevertheless appears inappropriate for volume holography [1]. This is 
due to the fact that the sample thickness is limited to only a few microns, a serious disadvan‐
tage in view of the aspired recording of thick gratings for volume holography.

Photosensitive polymers have been used as holographic media since 1969 [17]. Polymers com‐
bine many advantages, namely low cost, ease of fabrication, flexibility and the ability to be 
integrated in more complex systems, such as optical circuits. They fulfill the requirements 
for volume holographic recording with no need for solvent processing, good dimensional 
 stability, variable thickness, high energetic sensitivity, large dynamic range and sharp angu‐
lar selectivity [6, 15, 18, 19].
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Among polymers for volume holographic recording, there are two material classes,  differing 
in the mechanism of polymerization. The performances of free‐radical (FRP) and cationic 
ring‐opening polymerization (CROP) systems differ in many respects. Ranking among 
well‐known FRP systems, glass‐like polymer based on poly‐(methyl methacrylate) (PMMA) 
with distributed phenanthrenequinone (PQ) is known as effective and thermally stable holo‐
graphic recording material. Results on volume gratings within this chapter are based on 
investigations on gratings in free‐surface epoxy‐based polymer samples, prepared by micro‐
resist technology GmbH. High performance is achieved in volumetrically stable, free‐surface 
samples with variable layer thickness [6]. The corresponding mechanism of polymerization 
is a cationic ring‐opening polymerization. Similar to polyvinylalcohol/acrylamide (PVA/AA) 
material, grating formation occurs primarily as a consequence of photopolymerization and 
mass transport processes [20].

Photorefractive materials, such as lithium niobate, barium titanate or gallium arsenide, are 
capable to form temporary, erasable holograms as a result of a nonlinear optical effect [21]. 
Recorded data may be erased by flooding the crystal with uniform illumination. Improved 
properties with respect to the dynamic range, sensitivity and signal‐to‐noise‐ratio have been 
demonstrated [22]. Drawbacks are partially slow response time and low stability.

2.2. Grating types

Volume holographic gratings can be categorized according to different criteria. The  following 
section gives an overview on the different types of gratings, and how they can be distinguished 
with regard to their optical functionality such as diffraction efficiency and angular response.

2.2.1. Modulation

With regard to the modulated optical property, phase gratings can be differentiated from 
absorption gratings. Depending on the physico‐chemical processes involved in the grating for‐
mation, the diffraction efficiency can be attributed to a refractive index contrast and/or to a mod‐
ulation of the absorption, respectively. However, both can also be observed together [23]. In this 
case, the modulation of the refractive index yields a part of the total diffraction efficiency while 
the absorption modulation induces additional diffraction. As a consequence, it is not possible 
to distinguish between phase and absorption gratings, based on the diffraction efficiency. Nor 
can such information be derived from a microscopic image. However, it may be provided from 
local analysis of the optical properties, namely refractive index and absorption, respectively.

2.2.2. Dimensionality

The dimensionality of a volume holographic grating indicates in how many spatial directions 
the modulation spreads. This is determined by the recording interference pattern. Figure 2 
schematically illustrates how the dimensionality of a volume grating relates to the number 
and orientation of corresponding recording beams.

In case of a two‐beam exposure, a one‐dimensional volume grating is formed, illustrated by 
the grating planes on the left side of Figure 2. The grating vector    K 

→
    is defined by the two 

Holographic Materials and Optical Systems8



Among polymers for volume holographic recording, there are two material classes,  differing 
in the mechanism of polymerization. The performances of free‐radical (FRP) and cationic 
ring‐opening polymerization (CROP) systems differ in many respects. Ranking among 
well‐known FRP systems, glass‐like polymer based on poly‐(methyl methacrylate) (PMMA) 
with distributed phenanthrenequinone (PQ) is known as effective and thermally stable holo‐
graphic recording material. Results on volume gratings within this chapter are based on 
investigations on gratings in free‐surface epoxy‐based polymer samples, prepared by micro‐
resist technology GmbH. High performance is achieved in volumetrically stable, free‐surface 
samples with variable layer thickness [6]. The corresponding mechanism of polymerization 
is a cationic ring‐opening polymerization. Similar to polyvinylalcohol/acrylamide (PVA/AA) 
material, grating formation occurs primarily as a consequence of photopolymerization and 
mass transport processes [20].

Photorefractive materials, such as lithium niobate, barium titanate or gallium arsenide, are 
capable to form temporary, erasable holograms as a result of a nonlinear optical effect [21]. 
Recorded data may be erased by flooding the crystal with uniform illumination. Improved 
properties with respect to the dynamic range, sensitivity and signal‐to‐noise‐ratio have been 
demonstrated [22]. Drawbacks are partially slow response time and low stability.

2.2. Grating types

Volume holographic gratings can be categorized according to different criteria. The  following 
section gives an overview on the different types of gratings, and how they can be distinguished 
with regard to their optical functionality such as diffraction efficiency and angular response.

2.2.1. Modulation

With regard to the modulated optical property, phase gratings can be differentiated from 
absorption gratings. Depending on the physico‐chemical processes involved in the grating for‐
mation, the diffraction efficiency can be attributed to a refractive index contrast and/or to a mod‐
ulation of the absorption, respectively. However, both can also be observed together [23]. In this 
case, the modulation of the refractive index yields a part of the total diffraction efficiency while 
the absorption modulation induces additional diffraction. As a consequence, it is not possible 
to distinguish between phase and absorption gratings, based on the diffraction efficiency. Nor 
can such information be derived from a microscopic image. However, it may be provided from 
local analysis of the optical properties, namely refractive index and absorption, respectively.

2.2.2. Dimensionality

The dimensionality of a volume holographic grating indicates in how many spatial directions 
the modulation spreads. This is determined by the recording interference pattern. Figure 2 
schematically illustrates how the dimensionality of a volume grating relates to the number 
and orientation of corresponding recording beams.

In case of a two‐beam exposure, a one‐dimensional volume grating is formed, illustrated by 
the grating planes on the left side of Figure 2. The grating vector    K 

→
    is defined by the two 

Holographic Materials and Optical Systems8

wave vectors of the recording beams (this is also illustrated in Figure 3). At least three record‐
ing beams are needed to build a two‐dimensional grating or rather optical pillars (center of 
Figure 2). A three‐dimensional grating, with a modulation in all three directions, results from 
at least four exposure beams (right side in Figure 2).

Higher dimensional gratings can also be obtained by means of superposition. The same applies 
to the functionality of more complex structures. The diffraction pattern provides respec‐
tive information according to the correlation of function and structure. A one‐dimensional 
grating shows diffraction with only one rotational degree of freedom (left side of Figure 2).  
Each additional recording direction adds a spatial direction to the modulation of the grating 
with the result of a higher dimension (middle and right side of Figure 2).

Microscopic images of one‐dimensional and three‐dimensional volume phase gratings are 
shown in Figure 8.

2.2.3. Geometry

With regard to the geometry, transmission gratings can be distinguished from reflection gratings. 
The geometry of a grating is determined by the recording geometry, as illustrated in Figure 3.

The transmission and reflection curves, respectively, are strongly peaked at the Bragg angle, which 
is defined by Bragg's law. In case of unslanted transmission type gratings, the Bragg angle is equiva‐
lent to half the angle between reference and signal beam (Θ/2). The grating period Λ is (where n is 
the refractive index of the recording medium and λ is the free‐space recording wavelength):

Figure 2. Schematic view of one‐ , two‐ and three‐dimensional volume gratings formed by two, three and four recording 
beams, respectively.
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   ), respectively.

A grating is transmission type if the angle between incoming light wave vector    k 
→

    and 
 grating vector    K 

→
    is less than 90 degrees, that is,  ∠  (    

→
 k,    K 
→

   )    <   π _ 2   . This is the case if both recording 
beams approach the sample from the same side (see left hand side of Figure 3). In contrast, 
the grating is reflection type if the recording beams come from both sides of the sample 
(see center of Figure 3). Again, transmission and reflection gratings may also be observed 
simultaneously. Beyond the possibilities to overlap gratings by means of multiplexing, 
superimposed holograms may also be formed due to the reflection of recording beams at 
the sample‐substrate interface. This case of secondary gratings is illustrated on the right 
hand side of Figure 3.

2.2.4. Selectivity

The selectivity of a volume phase grating serves as a criterion to classify the hologram with 
regard to the optical functionality. Therefore, it is indicated to define an important parameter 
with respect to the diffractive properties—the coupling constant κ:

    κ =   πΔn _______ 2λ    (2)

where Δn is the refractive index contrast and λ is the recording wavelength. The coupling 
constant κ serves as a measure for the strength of a grating.

Holograms can be categorized into Raman‐Nath type and Bragg type, respectively. A  Raman‐
Nath hologram causes multiple diffraction orders, leading to low diffraction efficiency. A Bragg 
hologram shows single diffraction, enabling high diffraction efficiency and good selectivity. 
While Raman‐Nath holograms may be recorded in a thin film, thick films are required to 
obtain Bragg holograms with good optical functionality [24].

Figure 3. Recording geometries for transmission grating (TG) and reflection grating (RG). Wave vectors of recording 

beams    k 
→

    as well as grating vectors    K 
→

    are displayed. The reflected wave forms a secondary grating (RG') [5].
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With reference to the coupled wave analysis [25], the parameter:

  Ω =   
 |     K 
→

     
2
  |  
 ___ 2kκ    (3)

with κ the coupling constant, defined by Eq. 2, can serve as an indicator for the presence 
of volume‐type gratings. For small Ω, multi‐wave diffraction occurs and little selectivity is 
shown. If  Ω ≥ 10  is fulfilled, only two diffraction orders are excited [26]. This is the case if the 
Bragg condition is satisfied (i.e. if the probe angle corresponds to the Bragg angle, defined by 
Eq. 1).

From a more general perspective, a Bragg grating, also called thick grating [14], satisfies the 
condition:

  d ≫    Λ   2  _____ λ    (4)

with d the thickness of the grating or rather the layer thickness of the recording material.

The most important two‐wave case or rather the Bragg regime, is illustrated in Figure 4.

In Bragg regime, the diffraction efficiency of the first diffraction order (  η  
 
    ) is as follows:

Figure 4. Diffraction efficiency η over normalized thickness ζ and normalized coupling constant ν in Bragg regime. A 
grating is overmodulated in case of  ν >   π ___ 2   .
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where  ν =   κd _____ cos  θ  
P
      is the normalized coupling constant with θP the probe beam angle (depicted 

in Figure 7).

Figure 4 shows how the diffraction efficiency distributes over normalized thickness ζ and 
normalized coupling constant ν. Hereby, the normalized thickness serves as off‐Bragg param‐
eter, accounting for small deviations from the Bragg condition either in terms of wavelength 
(Δλ) or in terms of angle (Δθ) [27].

3. Analytical methods and corresponding results

The performance of volume holograms can be attributed to tiny modulations of optical  properties 
inside the holographic material. As a consequence, direct analytical techniques, such as imaging 
by means of optical microscopy, are only partially appropriate for volume holograms. This is 
primarily due to the low optical contrast between the grating planes. But it also applies with 
regard to the most important three‐dimensional structuring of volume holographic gratings.

3.1. Structure and function

A comprehensive analytical characterization of volume holographic gratings is possible 
based on the principle from structure to function. The idea of a correlation between structure 
and function for volume holograms is illustrated in Figure 5.

Figure 5 contrasts structural information and the related functionality for one‐dimensional 
 volume gratings. The structural information on the volume holographic grating is displayed on 
the left hand side. The holographic structure is described by its thickness d, the grating constant 
Λ and the refractive index contrast Δn. The (optical) functionality of a holographic structure 
consists in its diffractive properties, exemplarily displayed as angular resolved transmission 
on the right hand side of Figure 5. The link between structure and function consists in mutual 
determination: When the hologram is recorded, material response, exposure conditions and 
recording geometry determine the formation of the grating. For the final grating, the structural 
parameters {d, Λ, Δn} determine the diffractive properties or rather the angular resolved dif‐
fraction efficiency. In consequence, the diffraction efficiency can be utilized to access the char‐
acteristic parameters {d, Λ, Δn}. Corresponding analytical methods will be described below.

3.2. Real‐time observation of grating formation

The dynamics of volume holographic grating formation may be accessed with the help of a 
time‐resolved observation of the diffraction efficiency η(t). However, to model the grating 
growth and to draw conclusions on the interplay of underlying mechanisms, such as polym‐
erization and diffusion, the time evolution of the refractive index contrast Δn(t) is needed. 
Potential factors, responsible for the change of the refractive index in the course of polymer‐
ization, are molecular polarizability, density and molar mass [28].
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A comprehensive analytical characterization of volume holographic gratings is possible 
based on the principle from structure to function. The idea of a correlation between structure 
and function for volume holograms is illustrated in Figure 5.

Figure 5 contrasts structural information and the related functionality for one‐dimensional 
 volume gratings. The structural information on the volume holographic grating is displayed on 
the left hand side. The holographic structure is described by its thickness d, the grating constant 
Λ and the refractive index contrast Δn. The (optical) functionality of a holographic structure 
consists in its diffractive properties, exemplarily displayed as angular resolved transmission 
on the right hand side of Figure 5. The link between structure and function consists in mutual 
determination: When the hologram is recorded, material response, exposure conditions and 
recording geometry determine the formation of the grating. For the final grating, the structural 
parameters {d, Λ, Δn} determine the diffractive properties or rather the angular resolved dif‐
fraction efficiency. In consequence, the diffraction efficiency can be utilized to access the char‐
acteristic parameters {d, Λ, Δn}. Corresponding analytical methods will be described below.

3.2. Real‐time observation of grating formation

The dynamics of volume holographic grating formation may be accessed with the help of a 
time‐resolved observation of the diffraction efficiency η(t). However, to model the grating 
growth and to draw conclusions on the interplay of underlying mechanisms, such as polym‐
erization and diffusion, the time evolution of the refractive index contrast Δn(t) is needed. 
Potential factors, responsible for the change of the refractive index in the course of polymer‐
ization, are molecular polarizability, density and molar mass [28].
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Optical methods provide an elegant approach to study the kinetics of polymerization and dif‐
fusion in the course of grating formation [19]. Corresponding analysis setups feature in‐situ 
parts for real‐time, non‐disturbing observation of the grating formation process and enable 
monitoring of the time evolution of the diffracted part of a probe beam from the very start of 
exposure. As a consequence, grating growth curves can be obtained.

Figure 6 shows recording and analysis setup plus corresponding grating growth curve. In this 
case, the growth curve reveals a transition of the refractive index contrast [29].

Figure 6 shows holographic exposure, performed by two freely propagating, s‐polarized 
recording beams, 2 mm in diameter. Symmetric recording geometry results in unslanted grat‐
ings with periodicity of Λ ≈ 2 μm.

To ensure non‐disturbing observation of the grating formation process, the wavelength for 
in‐situ observation must be chosen outside of the absorption spectrum of the photosensitizer 
dye. In the above example, a fiber‐guided 633 nm HeNe laser was used in combination with an 
adjustable collimator, allowing to probe with a slightly focused beam. This enables to steadily 
ensure a stable on‐Bragg condition according to Eq. 1. A position sensitive device (PSD) was 
implemented to detect the diffracted light. The PSD provides time‐resolved information on 

Figure 5. Relationship of structure and function for a volume holographic grating: The grating is determined by its 
thickness d, grating constant Λ and refractive index contrast Δn (left hand side). Those parameters determine the 
diffractive properties, exemplarily displayed as angular‐resolved transmission (right hand side, from Ref. [6]).
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the diffraction efficiency as well as on the Bragg angle. The time‐resolved information on the 
grating constant is derived from the position of the diffracted beam on the detector. This also 
enables to draw conclusions on time‐resolved optical shrinkage [30, 31].

The grating growth curve shown in Figure 6 belongs to a one‐dimensional, plane‐wave vol‐
ume hologram of transmission type, recorded in epoxy‐based polymer [29]. The characteristic 
two‐step growth can be attributed to a transition of the refractive index contrast from positive 
to negative values, as a result of competing effects, taking place on overlapping time scales.

Investigations on the dynamics of volume holographic grating formation may also be applied 
to study the influence of important factors. This applies to material parameters, such as com‐
position or viscosity, to grating parameters such as grating constant or geometry as well as to 
recording parameters, such as exposure duration or recording intensity [30].

3.3. Angular‐resolved analysis

In the context of the leading idea from structure to function, the angular resolved analysis of 
volume holograms is of particular importance. Analysis of diffracted light provides basic 
access to the characteristic properties of the patterns causing the diffraction. Particularly, 
the angular‐resolved diffraction efficiency provides information on the key features, such 
as grating constant, grating slant and, by comparison with coupled‐wave‐theory (RCWA) 
calculations, also about layer thickness, refractive index contrast and refractive index 
profile.

Analysis of the final holograms is usually accomplished in a rotation scan setup with colli‐
mated probe beam [32]. Figure 7 shows a rotation scan setup plus corresponding transmission 
curve, that is, the angular response of a volume hologram (dots) and comparison with RCWA 
calculations (solid line).

Figure 6. Recording and analysis setup for real‐time observation of volume holographic grating formation: Holographic 
exposure is performed by two freely propagating, s‐polarized recording beams with λ = 405 nm (left). The corresponding 
grating growth curve shows a two‐step grating growth (right).
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The transmitted signal of a 543 nm HeNe laser is detected while the hologram under test is 
rotated. From the angularly resolved transmission, the following information is derived. First, 
the maximum diffraction efficiency can be obtained and can be correlated with the exposure 
energy density E to yield the material response [6]. Second, the grating constant Λ can be 
derived with the help of Eq. 1a. Finally, RCWA calculations can be used to derive values for 
the layer thickness d and the refractive index contrast Δn.

3.4. Microscopic techniques

As outlined above, low contrast is the main problem in imaging of volume holographic grat‐
ings. It might be proposed to apply fluorescent media or dyes as contrast agents to improve the 
image contrast. In this case, agglomeration of the contrast media along the grating planes would 
be prerequisite to achieve the desired effect, which cannot always be ensured. To achieve con‐
trast in electron microscopy, conductive species are necessarily required. This is the case where 
nanoparticles are incorporated [33, 34]. Thus, transmission electron microscopy (TEM) is used 
to evaluate the degree of nanoparticle assembly [33, 35]. Scanning force microscopy (SFM) may 
be applied additionally, to map surface modulations [33, 36]. Nanocomposite materials are also 
the subject of investigations by luminescence microscopy [37]. However, mapping of nanopar‐
ticles yields only a limited description of lattice structures, not necessarily identical with the 
grating of interest, which is linked to the diffractive properties. In fact, it has been demonstrated 
that photoinsensitive nanoparticles experience counterdiffusion  during grating buildup [38].

The imaging task is becoming increasingly complex without conductive species and with 
regard to the three dimensionality of volume phase gratings. However, it is the third dimen‐
sion in particular to which the specific features of volume holograms can be assigned.

All the limitations notwithstanding, optical microscopy might nevertheless be applied to ana‐
lyze volume holograms. Corresponding images are shown in Figure 8.

A one‐dimensional volume phase grating is shown on the left side of Figure 8. In case of 
higher dimensional gratings, optical microscopy may only be applied to picture single 

Figure 7. Rotation‐scan setup (left) and corresponding angular response of a volume holographic grating, from which 
conclusions are drawn on grating parameters and material response (right).
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planes of the structure. As an example, the middle and right hand side of Figure 8 show 
two planes of a three‐dimensional holographic grating with hexagonal close packing crystal 
structure. It was produced by four mutually coherent exposure beams. The lateral distance 
of neighboring crystal units is 2 μm, to be read from Figure 8. The grating constant perpen‐
dicular to the image plane amounts to 22 μm (not shown) [39].

3.5. Spatially resolved diffraction analysis

Optical microscopy provides local information on the grating in the context of geometry and 
dimensionality. No information on the optical functionality, such as on the Bragg selectivity, is 
provided. However, this information is accessible according to the relation between  structure 
and function and can be derived from spatial‐resolved analysis. In case of  transmission type 
gratings, this can be accomplished by means of scanning the lateral plane to obtain local val‐
ues of the grating parameters. Local values of thickness d, refractive index contrast Δn, as 
well as grating period Λ and the grating slant Φ can be obtained. The lateral scan method is 
keeping track of the hologram shape, which is determined by the material response to the 
Gaussian intensity distribution of the recording beams [30].

Probing only a fraction of the exposed area is primarily for the purpose of measuring 
 precision [29, 40]. However, it also enables scanning of the grating by moving the sample 
perpendicular to the optical axis. A sequence of rotation scans through the grating diam‐
eter constitutes a lateral scan. This analytical method allows the determination of the holo‐
gram characteristics along the sample surface. Thereupon, it is possible to compare and track 
respective properties from the center of the grating to the edges, corresponding to the areas 
of highest and lowest recording intensity. As a consequence, spatial sequences of the grating 
parameters are derived, providing insight into the local material characteristics.

Figure 9 illustrates the principle of lateral scanning. The ratio of probe beam to exposure 
beam diameter was 1:6. The local diffraction efficiency is displayed along the lateral posi‐
tion of five different volume holograms. The gratings were recorded with different exposure 
dose. The respective energy density of exposure (E) is displayed in Figure 9. The lateral scan 
reveals the material response, resulting in overmodulation ( ν >   π __ 2   ) in case of E > 330 mJ/cm2.

The results from spatially resolved investigations of the grating constant reveal the influence 
of the recording intensity and exposure duration on the Bragg selectivity [30]. The advantage 

Figure 8. Optical microscopic imaging of volume phase gratings in photosensitive polymer: one‐dimensional grating 
(left hand side) and 3D photonic grating under variation of the microscopic focal plane (middle and right hand side).
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of lateral scanning consists in the exploitation of the Gaussian intensity distribution of the 
recording beams. Thus, lateral scanning provides direct access to characterize the material 
response, based on one single exposure. As a result, other influential factors on the material 
response, such as pre‐exposure, are eliminated.

4. Volume holographic applications

The range of applications for volume holographic materials spreads wide across several 
disciplines. Holographic optical elements can perform the functions of mirrors, lenses, 
gratings or combinations of them to be applied for scanning, splitting, focusing and con‐
trolling of laser light in optical devices. The corresponding scope of applications reaches 
from light‐guiding in general to more complex systems and operational areas, specific 
technologies, metrology such as holographic interferometry, through to potential use for 
consumer electronics such as for display technologies, as well as the many applications 
associated with the exploding bandwidth in meeting the demands of internet traffic and 
related data storage. Furthermore, holography and photolithography may arise in a pow‐
erful combination to create complex structures for micromechanical and photonic devices 
with potential applications not only in optics and electronics, but also in tissue engineer‐
ing, cell biology and medical science as well.

Some selected application areas are described in more detail below.

Figure 9. Principle of lateral scanning: Holograms were recorded with exposure beam diameter of 3mm and scanned 
step‐by‐step with a probe beam diameter of 0.5 mm. Five lateral scans are shown. The corresponding gratings were 
recorded with different exposure energy densities.
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4.1. Integrated optics

Photosensitive polymers are highly interesting materials for applications in integrated optics [6, 
29]. This particularly applies with respect to the multi‐functional applicability as well as the 
ability to optimize and miniaturize respective components.

Information and communication technologies are subject to a continuing shift toward  optical 
solutions. All optical devices are needed to evade the current drawback of electro‐optical 
chips, slowing down the whole process by forcing to work at the speed of electronics. Another 
objective is to reduce feature sizes in the course of miniaturization of components.

Future photonic devices such as electro‐optical chips may incorporate micro‐lasers and holo‐
graphic optical elements (HOEs) for optical computations, interconnects and memory sys‐
tems, possibly forming smaller and cheaper computer parts with higher performance [41]. 
Furthermore, HOEs may pave the way for the future of optical information technologies with 
all optical switchers, optical interconnects, (De‐) multiplexers and narrow‐spectral bandwidth 
filters, as well as photonic crystals with the potential to create integrated optical devices, capa‐
ble of all optical signal processing.

The field of applications for integrated optics can further be enlarged. HOEs are also capa‐
ble to efficiently redirecting light with the aim to improve light collection in solar cells [42]. 
Volume holographic optical elements (vHOEs) with tuneable angular and spectral Bragg 
selectivity, produced in instant developing photopolymer film, have recently been reported 
for use as lightweight, thin and flat optical elements for photovoltaic applications [43, 44].

4.2. Security technologies

Hologram encoding refers to the representation of the complex wavefield at the hologram 
plane, capable to encrypt information. The microscopic structure of a hologram is hard to 
replicate, constituting the particular applicability of holographic parts for security features. 
Embossed holograms are usually applied for mass production of cheap holograms for secu‐
rity applications, for instance on credit cards. But photopolymer holography and volume 
holographic parts in particular could provide considerable benefits for advanced security 
solutions. A volume hologram may not be copied by embossing.

Photopolymer holograms are expected to play an increasingly important role in security and 
authentication markets due to tight color control and strikingly realistic dimensions resulting 
in the unique looks of recorded images compared to embossed holograms. Photopolymer 
holograms can be individualized or serialized [41]. Furthermore, advanced holographic 
security labels could be used to fully exploit the capabilities of volume holographic systems. 
To further enhance the level of security, additional functionalities can be achieved by incorpo‐
ration of nanoparticles. The nanoparticle‐rich grating planes result in an additional security 
level of volume holographic labels, attained by means of specific characteristics, such as local 
photoluminescence in the patterned microscopic structure [37].

While two‐dimensional surface holograms, currently in use, may in principle be copied by 
means of a point‐by‐point survey and imitation, the only possibility to reproduce three‐
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dimensional volume holograms is optical reconstruction of the original hologram and inter‐
ference with the reference wave. As a consequence, the exploitation of the photosensitive 
volume in all three dimensions could result in a considerable increase of the security level. 
Recently, 2.5D nanostructures based on holographic surface‐relief Bragg gratings have been 
demonstrated, which show tuneable diffraction in the visible  spectrum and can further be 
combined with additional functionalities for enhanced multilevel security [45].

4.3. Biomedicine

In tissue engineering, cell biology and medical science, many applications become accessible 
through explicit control over molecular structure and mechanical properties, such as elasticity, 
cross‐linking degree or surface morphology of certain biomaterials [46, 47]. In view of such 
applications, a combination of holographic and photolithographic processing may be used to 
create complex structures for micromechanical and photonic devices [2, 48]. Here again, vol‐
ume holography in photosensitive polymers is of high interest for practical applications, with 
respect to the high flexibility and optimization ability of subsequent devices [41]. The opti‐
cal functionality can be applied for the use as holographic sensors [49]. Photonic crystals are 
promising candidates for biosensors and bioassays. With view to the interrelation of function 
and structure, functional structures of different PC materials are linked with respective sens‐
ing mechanisms [50]. Optical structures have already been incorporated in hydrogels for diag‐
nostics. Bragg grating‐based hydrogel sensors as well as hydrogel microlenses are utilized as 
optical sensors. In both cases, a significant change in the refractive index or rather high diffrac‐
tion efficiency is required to ensure good functionality [51]. Substantial benefits of holographic 
patterning concern the fabrication flexibility. Furthermore, hydrogels can also be structured 
photolithographically, taking advantage of diffusion processes. Three‐dimensional structuring 
at the microscale results in the ability to spatially tailor biomechanical and biochemical material 
properties [52].

Beyond the specific material characteristics, discussed in Section 2.1.1, there are additional 
requirements for the composition of novel biomedical material systems, such as biocom‐
patibility and non‐toxicity [53]. Investigations on cellular behavior on one‐ and two‐dimen‐
sional surface topography may be used to evaluate cytotoxicity and cytocompatibility as a 
function of mechanical properties, such as the cross‐linking degree. Selective cell adhesion 
and spreading can be observed, depending on the (bio)chemical, physical and mechanical 
properties [54].

For applications in tissue engineering and medical science, the desired functionality could be 
achieved with a combination of optical structuring of the volume and specific modification of 
the surface. With view to the possibilities of miniaturization, this could result in the design of 
advanced biomedical implants, sensing systems and diagnostic tools for in vivo studies. In 
particular, intra‐ocular lenses (IOLs), implanted in place of the natural eye lens in ophthalmic 
surgery, open up the prospect of substantial improvement, such as to overcome the system‐
atic induction of higher order aberrations or to enhance the approximation to the original 
function of the natural eye lens [55, 56]. This affects not only the visual ability but also some 
more complex abilities of the eye such as accommodation (the capability of the eye to focus 
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sharply on close‐up and distant objects) or brightness‐darkness adaptation. With regard to 
the design, diffractive approaches are feasible and highly favorable in many respects com‐
pared with conventional refractive designs [57, 58]. Systems currently in use are limited to 
surface patterns, providing combined diffractive‐refractive structures. Volume holographic 
systems, with potential special features involved, have not yet been applied. However, the use 
of refractive‐ diffractive optical properties by means of an integration of volume structuring, 
in combination with surface modification could provide highest possible functionality and 
applicability. Besides design, performance and functionality, biocompatibility, especially in 
case of foldable hydrogel lenses, must be ensured [59, 60]. Prospective IOLs could fulfill their 
function with an optically structured volume, leaving the surface free for other functionalities. 
Thus, late postoperative opacification of implanted lenses, resulting in glare and misty vision, 
might be addressed based on surface modifications for specific bio‐interaction [60]. In any 
case, the integration of optical functionality into the volume of intra‐ocular lenses might suc‐
ceed according to the leading idea from structure to function and would be accompanied with 
considerable benefits.

5. Conclusion and outlook

In this chapter, the interrelation of structure and function for volume holographic gratings 
was investigated with view to materials, methods and applications for volume holography. 
Hereby, volume holograms were considered as three‐dimensional optical structures with spe‐
cific functionality in terms of diffractive properties. The mechanism of volume holographic 
grating formation in photosensitive polymers was described. Specific requirements for vol‐
ume holographic materials and respective material systems were discussed. Different types of 
volume holographic gratings were characterized. Analytical methods for volume holograms 
were presented for the real‐time observation of grating formation as well as for the analysis 
of the final optical functionality. In addition, imaging techniques were discussed and opti‐
cal microscopy was applied to image 1D and 3D volume phase gratings. Lateral scanning 
was proposed to exploit the Gaussian intensity distribution of the recording beams, provid‐
ing direct access to the material response, based on a single exposure. Finally, some selected 
application areas have been described with respect to the specific advantages of volume holo‐
graphic materials for the respective applications. It could be demonstrated that the opening 
up of new applications for volume holography is accompanied with the design of novel, func‐
tionally tailored material systems. Therefore, a deeper understanding of volume holographic 
grating formation mechanisms remains required, driving the need for appropriate analytical 
methods. In this context, future opportunities and challenges related to the three dimension‐
ality of volume holographic gratings have been highlighted.
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Abstract

In this chapter, we investigate the possibility to realize a holographic solar concentrator
by using a new photopolymeric material as recording medium. Therefore, two different
configurations of holographic lenses (lenses with spherical and cylindrical symmetry) are
described in terms of both recording process and optical response characterization. Finally,
we propose the possibility to use this new photopolymer to realize holographic solar
concentrator for space applications.

Keywords: holographic solar concentrator, holographic lens, volume-phase holo-
graphic optical elements

1. Introduction

Photovoltaic (PV) electrical energy generation is one of the most sustainable solar energy
conversion processes, but its main drawback is the cost. With the current technology, the highest
efficiency (37%) is from photovoltaic (PV) cells with triple-junction InGaAs; however, their high
cost makes them unattractive. Nevertheless, it is possible to solve this problem by replacing a
significant amount of expensive PV material with an optical concentrator. Consequently, in the
last  15 years in many fields of  application,  from the aerospace industry to the domestic
applications, people tried to use solar concentration technologies to direct all the exploitable
light towards the solar cells. Indeed, solar concentrators, which focus the sun’s rays onto the
active solar cell area, enable to use solar power also when solar intensity is very weak allowing,
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at the same time, smaller active areas of solar cells, reducing the size of the expensive portion of
the solar power system [1]. However, so far concentrator systems have low spread in the market
due to their high prices mostly induced by (i) complex designs—the small acceptance angle of
standard CPVs (e.g.  lenses or mirrors) forces to use active solar tracker and (ii)  thermal
management: the solar cell is excessively heated when illuminated with concentrated solar
radiation, and an active or passive cooling system must be taken into account. Holographic
optical elements (HOEs) could in part overcome the aforementioned limitations. Holographic
PV concentrators were proposed for the first time in the 1980s [2–5]; indeed, holography as an
optical technology is much more versatile and cheaper with respect to other concentrating optical
systems (lenses or mirrors, for instance). It can also eliminate the need for solar tracking, thus
allowing uniform levels of illumination during the course of a day or during different seasons
without any moveable parts and so reducing the whole-system complexity [6].

Among holographic concentrators, volume holographic optical elements (V-HOEs) have been
proposed for use as solar concentrators [2]. Compared with conventional refractive and
reflective optics, V-HOEs can be thinner and more lightweight and have the potential for being
very inexpensive in mass production. Moreover, the ability of light manipulation, shown by
these diffractive devices, allows replacing standard concentrators with planar optical concen-
trators for high efficiency and low-cost photovoltaic modules [7]. HOEs have long been
suggested for use (i) in a variety of solar collection applications [2–4, 6, 8–10], (ii) in spectral
splitting applications to increase the conversion efficiency of PV cells [2, 8, 9] and (iii) in
simultaneous concentration and spectral splitting applications [4]. Nevertheless, nowadays,
there are only few commercial holographic concentrators, patented by Prism Solar Technolo-
gies [11], which work by total internal reflection by means of multiplexed gratings [12]. It has
low cost (around 1 $/W), and it is easy to be integrated into buildings, leading to a cost-effective
solar building-integrated concentrating system [13].

The simplest V-HOE is a volume holographic grating (VHG), which consists in a photo-
induced modulation of the refractive index in a photosensitive thick film and acts as non-
focusing element; therefore, it simply redirects the light. VHGs are recorded by interference
between two collimated light beams and are different from other diffraction gratings based on
surface or amplitude modulation [14]. In particular, the most important advantages offered by
VHG are:

• The peak efficiency can be theoretically 100% [15]. In practice, diffraction efficiency of the
order of 90% can be easily reached.

• Transmission or reflection gratings can be recorded.

• They require a very rapid and low-cost effective manufacturing.

• The recorded device is easily customizable, and element with multiple optical response can
be fabricated (multiplexing).

Additionally, their response can be customized in order to obtain not only grating but also
lenses or other optical elements. Indeed, if during the recording process the wavefront of one
collimated beam is replaced with a converging one, an interferometric pattern that replaces
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the response of the focusing optical systems can be generated, obtaining V-HOEs that act as
focusing elements. These optical elements produce a converging wavefront, having the same
effect as spherical or cylindrical lenses [16]. Furthermore, lenses can be recorded in off-axis
configuration, allowing deflection and focusing of the light at the same time. These consider-
ations led to the idea to use holographic gratings and lenses as light deflectors and concentra-
tors. In the absence of holographic deflector devices, the useful conversion area of the sunlight
into electrical energy is only the area occupied by the PV cell, as shown in Figure 1(a).

Figure 1. (a) PV module without deflector devices, (b) PV module in the presence of deflector devices and (c) PV mod-
ule with deflection and concentration of the sunlight.

If a VHG is used as a device to redirect the light, and therefore as a deflector, it is possible to
use a configuration like that shown in Figure 1(b). In this arrangement, the incident light on
two VHGs is deflected on the same PV cell. Therefore, the collecting surface of the single cell
is increased (in this case is tripled), while keeping the constant area occupied by the PV
material. To realize a high-efficient holographic solar concentrator, a V-HOE has to be capable
not only to deflect the light of the sun but also to concentrate it; in this way the area used by a
PV cell can be further reduced, as shown in Figure 1(c).

However, V-HOEs have two characteristics that can affect their performance as solar concen-
trator: angular selectivity and chromatic selectivity. Due to the angular selectivity, volume
holograms have high efficiency only when the incidence direction varies in the plane formed
by the two recording beams, and this can be considered as a limitation. Additionally, the
efficiency of the volume hologram is related to the wavelength: it is high for a bandwidth
centred at a wavelength determined by both the refractive index modulation obtained in the
recording material and the angle of incidence. V-HOEs have to be designed in order to present
a high efficiency for the spectrum of the sunlight inside the PV conversion range. For multi-
junction PV cells, the useful solar spectrum ranges from 350 to 1750 nm [17]. This requirement
allows minimizing the amount of solar radiation beyond the conversion range (>1700 nm) that
reaches the solar cell. Thus, one of the main problems of concentration refractive systems,
namely, the heating of the cell, can be managed. Lower cell temperature results in a higher
conversion efficiency and thus lower cost/watt [13, 18].

Regarding the aerospace applications, the solar power conversion is vital to the survival of the
satellite, and loss of power, even temporarily, can have catastrophic consequences. With the
succession of missions that use the technology of solar concentration, since the Galaxy 11
mission launched in 1999 that made use of mirrors, until contemporary missions, researchers
tried to reduce the area, weight and footprint occupied by photovoltaic cells. Note that cost is

Volume Holographic Optical Elements as Solar Concentrators
http://dx.doi.org/10.5772/66200

29



a factor usually addressed by means of the mass (weight) of the system [16]. Additionally,
among design parameters, some crucial points related to hostile space environment have to
be taken into account. For example, it is important to consider the extreme temperature changes
at which the concentrators are subject. However, in this field, only few works are reported in
literature; therefore, our results could open the way to a new line of research [19, 20].

With this aim, in this chapter, we explore the opportunity to record a holographic solar
concentrator by using a photopolymeric material as recording medium. In particular, two
different configurations of holographic lenses, namely, a spherical lens and a cylindrical lens,
are investigated in terms of both recording process and optical response characterization. As
a final point, we suggest the possibility to use this photopolymer to realize holographic solar
concentrator for space applications.

2. Theoretical background

A generic V-HOE-based solar concentrator system generates electrical power by using a V-
HOE to concentrate a large area of sunlight onto a small PV cell. The efficiency of the whole
system can be evaluated as

(1)

where S is the solar spectrum (air mass (AM) coefficient, followed by a number, is commonly
used to characterize the performance of solar cells. Generally, AM1.5 for earth, AM0 for space),
η is the V-HOE diffraction efficiency and ηPV is the efficiency of the photovoltaic cells. All the
terms are function of the wavelength (λ) and the sun illumination (ζ). The latter is function of
the daily and seasonal sun trajectory and of the tilted angle between the V-HOE and PV cell.
Thus, in order to evaluate, the performance of the whole system is instrumental to maximize
the diffraction efficiency of the V-HOE. Since each point of a V-HOE can be locally seen as a
plane holographic grating, the theoretical approach to evaluate the diffraction efficiency of a
VHG has been examined.

Figure 2 illustrates the model of a transmission VHG, where a refractive index spatial sinus-
oidal modulation (Δn) with period Λ is recorded inside a material with a thickness d. The
grating is slanted with an angle of ϕ. θi is the incident angle, and θd is the diffracted angle
considered inside the holographic material. The use of Kogelnik’s theory [15] is widely
accepted for analytically modelling the behaviour of volume photopolymer holograms. This
theory allows relating some volume gratings’ physical characteristics, such as thickness, spatial
frequency/fringe spacing and depth of refractive index modulation, to their diffraction
efficiency and angular/chromatic selectivity.
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Figure 2. Model of a transmission VHG.

According to Kogelnik’s theory, the diffraction efficiency (η) for a lossless material can be
theoretically evaluated as

d (2)

where the parameters ϑ and χ are defined as
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where K = 2π/Λ is the length of the grating vector normal to the fringes (see Figure 2), while
n is the average refractive index of the holographic medium (after the recording process) and
β = 2πn/λ is the average propagation constant. Eq. (2) allows designing gratings with high
diffraction efficiency that operate over large angular and wavelength bandwidth ranges. In
particular, when the Bragg condition is satisfied, i.e. 2βcos(Φ−θB) = K (where θi = θB is the Bragg

angle), the parameter ϑ = 0 and χ = −𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 cos 𝑐𝑐 − 2 . Thus, the diffraction efficiency η

can be theoretically evaluated as
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As expected, the angle at which the diffraction intensity is maximum is strictly related to the
incident wavelength [14]. While regarding the angular selectivity, hologram diffraction
efficiency drops very quickly when the direction of the incident radiation does not fulfil the
Bragg condition in the recording plane formed by the two recording beams [13].

For solar applications, a high efficiency is required for the whole useful solar spectrum (350–
1750 nm) and for each position of the sun. Eq. (2) can be used to easily quantify how much the
Bragg condition is violated either in terms of wavelength or in terms of incident angle
(detuning analysis). This analysis is fundamental to design the VHG in terms of d and Δn. In
particular, the detuning range can be extended minimizing the recording material thickness
in combination with the maximum refractive index modulation Δn available.

It is useful to evaluate the so-called Q factor, defined as

(6)

This parameter allows to estimate if the recorded hologram is a volume and not a surface
hologram. Indeed, a holographic grating is considered to be thin (surface hologram) when
Q ≤ 1, thick (volume hologram) when Q ≥ 10 [21]. However, angular and chromatic selectivity
increases when parameter Q increases; thereby, for solar application it is better to adopt a Q
value close to the limit of 10. For a VHG, the behaviour is the same in all the points of the
hologram. If the solar concentrator is realized by means of a V-HOE, the efficiency and its
angular and chromatic selectivity vary at each point of the hologram. However, a V-HOE can
be locally seen as a plane holographic grating, so the aforementioned approach can be
employed to sample point by point the behaviour of the V-HOE [12, 22]. Obviously, for each
local grating, the requirement Q ≥ 10 has to be satisfied.

It is important to point out that if a V-HOE is used as solar concentrator, in order to determine
the image ray direction, the grating equation has to be considered differently from the
conventional optics where Snell’s law is used [23].

The approach of Kogelnik can be also used to evaluate the dependence of the diffraction
efficiency on the polarization. In fact, since solar illumination is randomly polarized, it is
necessary to divide the incident optical power into both states of polarization and averaging
the respective diffraction in order to evaluate the global efficiency of the concentrator [15, 16].
Thus, Kogelnik’s coupled wave theory is enough to analytically predict the effect of the first
useful parameters, such as wavelength, incident angle, grating thickness, index modulation
and polarization state. However, a rigorous solution of the coupled wave equations is neces-
sary for a completely accurate description of diffraction in gratings [18, 24–26].
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3. Recording materials

The use of holographic solar concentrators for space or terrestrial photovoltaic applications
is a still limited field of research, although the idea has been known for a long time [2].
Among the known materials are the classic substrates based on silver halide emulsions, re-
cently used to obtain a panchromatic holographic material for the fabrication of wavelength-
multiplexed holographic solar concentrators [27] and dichromatic gelatines [28–30], which
have shown the best performance in terms of diffraction efficiency and tuning of the refrac-
tive index. The most studied holographic materials since the 1970s are those based on poly-
merization and cross-linking reactions induced by absorption of light, the so-called
photopolymers, thanks to the numerous advantages they offer compared with silver halide
and dichromatic gelatines. They show high diffraction efficiencies, allow an advantageous
real-time monitoring of the recording process, do not require complicated development
processes, can be produced from raw materials at low cost and give the possibility to modu-
late the properties through chemical synthesis. In these materials the grating is registered at
a molecular level, and this has a high impact on the resolution. Typically, a photopolymeriz-
able material is composed by a photoinitiator system (photoinitiator or photosensitizer), one
or more polyfunctional monomers or oligomers and a polymeric binder. The binder is used
to give mechanical stability and must ensure compatibility between all components in order
to obtain a homogeneous, transparent material with good optical quality. The formulation
can include plasticisers, additives, stabilizers and compounds that increase the photosensi-
tivity of the writing medium. In a system based on radical polymerization, the initiation
takes place during the illumination and leads to the production of radicals, which react with
the monomers to produce chain initiators. This reaction gives way to the subsequent steps
of propagation and growth of the polymer chains. In a writing process, using interference of
two laser beams, radical initiation occurs faster in areas of constructive interference, i.e.
where the illumination is more intense. Consequently, the polymerization proceeds more
rapidly in these regions leading to an increased consumption of the monomers, while the
polymerization is limited or absent in the areas of destructive interference (low-light intensi-
ty areas). The difference of monomer consumption rate creates a concentration gradient that
drives monomer diffusion from dark to illuminated areas [31]. This mass transport proceeds
until the monomer is exhausted or no longer able to diffuse through the material, due to the
increased viscosity. The polymer concentration distribution will follow the sinusoidal pat-
tern of light intensity. If the refractive index of polymer and binder are different, the result is
a permanent modulation of the refractive index, that is, a volume-phase hologram. The re-
fractive index variation is also determined by the density variation of the polymer. At the
end of the writing process, a further irradiation of the layer with incoherent light is typically
performed, leading to bleaching of the remaining photoinitiator. The first holographic pho-
topolymers were based on liquid mixtures containing acrylamide [32]. Later, polymeric
binder such as polyvinyl alcohol or gelatin was used, and diffraction efficiency greater than
80% could be reached [33–35]. This approach was recently used to demonstrate the fabrica-
tion of holographic solar concentrators [36]. Also, Sam and Kumar [37] demonstrated the
fabrication of holographic solar concentrator in HoloMer 6A photopolymer material with an
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efficiency of 70% and an average efficiency of 56.6% for a wavelength range from 633 to
442 nm. The most common formulations include acrylic acid esters and amides, N-vinyl
compounds and allyl esters. Holograms with efficiencies exceeding 95% and refractive in-
dex variation until 10−2 have been recorded using visible laser light [38, 39]. One of the best
performing materials (DMP 128) was created by Polaroid Corporation and allows recording
of reflection and transmission holograms with a spectral range from 442 to 647 nm. This
material is a mixture of acrylic monomers such as acrylic acid and N,N’-methylenebisacryla-
mide in a matrix of poly-N-vinylpyrrolidone and showed 95% diffraction efficiency and a
refractive index modulation of 0.03 in films with thickness up to 30 μm [40]. The radical
polymerization has many advantages that it proceeds rapidly and the reaction is irreversi-
ble, which allows the realization of a single write. However, the main drawback is the high
volumetric shrinkage of the material during polymerization. This shrinkage induces distor-
tions of holograms by altering the characteristics of gratings. Several solutions have been
adopted to solve this problem, such as the introduction of nanoparticles in the photopoly-
meric mixture [41]. An interesting solution is that of cationic ring-opening polymerization
(CROP) systems, where the volume shrinkage following the polymerization is balanced by
an effect of ring opening which produces instead a volume increase [42]. Aprilis HMD has
recently commercialized a high-performance material of this type, characterized by two
types of monomers that give rise to orthogonal, not interfering chemical reactions. The cati-
onic polymerization is used to produce the cross-linked matrix, while the acrylic monomers
polymerize during the hologram writing stage and diffuse according to the concentration
gradient mechanism. A further interesting example is that of Reoxan [43], proposed in the
late 1970s as a kind of alternative to the photopolymerizable materials because it contains no
polymerizable monomers in the binder (usually polymethyl methacrylate (PMMA)) and a
sensitizer of anthracene oxidation in place of a photoinitiator. The photosensitizer transfers
the energy of the electronic excited state to oxygen which ends up in a singlet state and re-
acts with anthracene to form a peroxide. Since this transformation is accompanied by a
strong change in the ultraviolet (UV) absorption spectrum, the refractive index of the mate-
rial is reduced, to form a phase hologram. In the subsequent dark step, an increase of the
refractive index modulation is observed due to the slow and uniform diffusion of the re-
maining anthracene molecules throughout the film and further irradiation and oxidation.
These systems show excellent optical properties and high stability and can be obtained as
films with thickness from a few microns to centimetres.

3.1. Holographic materials for solar concentrators

In view of possible applications of holographic elements as terrestrial and space solar concen-
trators, the holographic materials must be able to withstand harsh conditions such as high
irradiation and temperatures. In the space they should also withstand much more drastic
conditions, due to strong thermal excursions, high vacuum and the presence of high-energy
gamma, electronic and protonic radiation originating from the solar wind. In particular high
resistance to corrosion by atomic oxygen and a very low outgassing level are required to avoid
contamination of the components, although the level of acceptance depends on the destination
of use. Currently, no studies are known on the resistance of materials for holographic concen-
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trators in these conditions, and their behaviour is therefore yet to be determined. However,
there are durability tests on some of the most widely used materials in conventional Fresnel-
type solar concentrators, such as elastomers based on silicone and acrylic polymers [44]. The
latter represents a significant component of the photopolymer used for holography as a result
of the process of photopolymerization of acrylic monomers typically dissolved in a matrix.
Polymethyl methacrylate (PMMA) is widely used for the production of lenses for concentrators
and protective layers for photovoltaic cells [45], as it guarantees an excellent resistance to UV
radiation and a greater than 92% transmittance. The degradation of this type of material in
response to UV irradiation mainly takes place with release of an ester radical and subsequent
scission of the polymeric chain. Stabilization effects can be induced, for example, by the use of
copolymers or through cross-linking of the material [46]. Alternatively, the ultraviolet sensi-
tivity can be reduced by using protective layers or by adding radical scavengers or antioxidants
to the formulation of the material. Silicones represent another important class of materials used
for the fabrication of solar concentrators. They are characterized by a chemical structure that
is less affected by radical photodegradation mechanisms triggered by UV light as in organic
polymers. The most widely used polydimethylsiloxane (PDMS) is made of [Si-O]n-type
polymeric chains with lateral methyl groups. Since the Si-O binding energy is much higher
than that of the C–C bond, PDMS features an excellent stability against UV radiation and
resulted very suitable for use in the extraterrestrial environment [47]. Furthermore, a great
advantage of this material is the greater optical transmittance compared to PMMA and the
tendency to cross-link after irradiation rather than degrade and produce volatile substances,
as in the case of acrylic polymers. Starting from these evidences, a promising route towards
solar compliant holographic materials is the synthesis of new photopolymers wherein part of
the organic material would be replaced with inorganics or hybrid organic/inorganic compo-
nents, which are less sensitive to thermal and photochemical degradation phenomena. One
interesting category from this point of view is that of nanoparticle-polymer composites, that
is, photopolymers containing nanoparticles of inorganic species such as SiO2, ZrO2 and TiO2

[48]. The introduction of such nanoparticles was adopted to reduce the shrinkage caused by
the polymerization but also helped to obtain higher refractive index modulation [49, 50]. This
increase is due not only to the diffusion process of acrylic monomers during the writing process
but also to the consequent counterdiffusion of nanoparticles which redistribute in the dark
regions of the illumination pattern. Tomita et al. [51] showed that embedding nanoparticles of
SiO2 and ZrO2 in photopolymers lead to an effective suppression of thermally induced
refractive index and dimensional changes. Similar formulations containing zeolite nanocrys-
tals as inorganic dopant are also reported with the aim to improve compatibility between
inorganic particles and polymer and reduce the optical losses due to scattering [52]. Dramatic
improvement of photostability can be induced on hybrid organic/inorganic materials by the
use of similar inorganic porous components, as demonstrated by the case of Maya Blue
pigment. This material is made of the organic blue indigo captured within the layers of a
phyllosilicate. It remained unchanged for more than 12 centuries and was proved to resist
against organic solvents, acids and alkalis [53]. Materials with a high level of interpenetration
between the organic and inorganic networks, and no phase discontinuity can be obtained by
exploiting the versatility of the sol-gel chemistry [54]. Although high-optical-quality glasses
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can be produced under mild conditions, the preparation (hydrolysis and condensation)
requires relatively long times to produce a consolidated material [54]. The generic approach
is to dissolve the photopolymerizable species in the liquid precursors (typically modified
organoalkoxysilanes) of the glassy material in a single reaction mixture, followed by hydrolysis
and gelification which lead to the formation of a glassy matrix. By this approach samples of
high thickness with good mechanical properties, low shrinking and high thermal and chemical
stability can be obtained [55]. Some variants have been proposed to increase the refractive
index change after exposure, such as the addition of titanium or zirconium alcoholates to the
initial mixture [56] or using low refractive index monomers [57]. A further alternative is to
increase the refractive index of the photosensitive material by introducing reactive species with
high refractive index species (HRIS) [58]. This solution led to refractive index modulations up
to 0,015. A further advantage of this approach seems to be that high refractive index species
are dispersed in molecular form with respect to systems containing nanoparticles [59].

4. VHOE-based solar concentrators

Since 1980, several scientific papers have been published to demonstrate that HOEs can
provide improvements in solar energy collection over large incident angles and the entire solar
spectrum range [2–4, 8, 10, 28, 60]. In particular, Ludman [3] described two configurations with
multi-hologram lenses useful to concentrate the sunlight onto an absorber for different sun
positions in the day. On the other hand, V-HOEs can be employed to obtain both a concentra-
tion and a spatial separation of the solar spectrum. This approach allowed employing different
solar cell materials with optimized band gaps achieving high PV efficiency [2, 61].

Ludman et al. [5, 8] demonstrated that a well-designed holographic concentrating and spectral
splitting systems can reduce the cooling requirements of the photovoltaic cells. As illustrated
in Figure 3, PV cells were positioned at right angles with respect to the hologram orientation.
This configuration allows eliminating shadow effects and facilitates cooling.

Figure 3. Holographic solar concentrator with spectral splitting systems [5, 8].

Holographic Materials and Optical Systems36



can be produced under mild conditions, the preparation (hydrolysis and condensation)
requires relatively long times to produce a consolidated material [54]. The generic approach
is to dissolve the photopolymerizable species in the liquid precursors (typically modified
organoalkoxysilanes) of the glassy material in a single reaction mixture, followed by hydrolysis
and gelification which lead to the formation of a glassy matrix. By this approach samples of
high thickness with good mechanical properties, low shrinking and high thermal and chemical
stability can be obtained [55]. Some variants have been proposed to increase the refractive
index change after exposure, such as the addition of titanium or zirconium alcoholates to the
initial mixture [56] or using low refractive index monomers [57]. A further alternative is to
increase the refractive index of the photosensitive material by introducing reactive species with
high refractive index species (HRIS) [58]. This solution led to refractive index modulations up
to 0,015. A further advantage of this approach seems to be that high refractive index species
are dispersed in molecular form with respect to systems containing nanoparticles [59].

4. VHOE-based solar concentrators

Since 1980, several scientific papers have been published to demonstrate that HOEs can
provide improvements in solar energy collection over large incident angles and the entire solar
spectrum range [2–4, 8, 10, 28, 60]. In particular, Ludman [3] described two configurations with
multi-hologram lenses useful to concentrate the sunlight onto an absorber for different sun
positions in the day. On the other hand, V-HOEs can be employed to obtain both a concentra-
tion and a spatial separation of the solar spectrum. This approach allowed employing different
solar cell materials with optimized band gaps achieving high PV efficiency [2, 61].

Ludman et al. [5, 8] demonstrated that a well-designed holographic concentrating and spectral
splitting systems can reduce the cooling requirements of the photovoltaic cells. As illustrated
in Figure 3, PV cells were positioned at right angles with respect to the hologram orientation.
This configuration allows eliminating shadow effects and facilitates cooling.

Figure 3. Holographic solar concentrator with spectral splitting systems [5, 8].

Holographic Materials and Optical Systems36

The holographic system was designed to direct and concentrate the red and near-infrared
spectrum on one photocell and the green and blue spectrum on another one, 2hereas the far-
infrared spectrum, which mainly contributes to the heating, is diffracted away from the cells.
The authors compared the holographic systems with a Fresnel-based solar concentrator,
demonstrating that the holographic system concentrates more total power than the Fresnel
system and has a larger relative efficiency and that large heat sinks are not necessary allowing
decreasing the bulk and cost.

Muller [62] showed a variety of potential applications in architecture for utilization of solar
energy, improvement of room comfort as well as design of solar light and colour effects. The
possibility to record more than one transmission hologram (superimposed holograms) on the
same holographic medium was detailed described by Bainier et al. [4]. The authors estimated
and experimentally measured the energy efficient of a system composed of a PV cell (Silicium-
or GaAs-type cell) and a holographic concentrator. In particular, they compared two types of
holographic systems: the first concentrator was with a single holographic element, where the
maximum of reconstruction wavelength (620 nm) was chosen to be centred in the middle of
the range of the PV cells (i.e. 500–800 nm). The second concentrator system was composed of
two holographic recordings, where the two maximum of the reconstruction wavelengths (514.5
and 620 nm) were chosen both to well overlap the operating spectrum of the PV cells and to
avoid coupling effect. The PV cell was a GaAs with an efficiency of 23%. The authors proposed
both a reflecting and transmitting version for the double hologram system. For the transmis-
sion, one of the two holograms was superimposed on the same holographic medium. Estima-
tion and experimental evaluation of the energy efficiency of the holographic systems were of
6 and 5% for the single holographic elements and of 11 and 9% for the double holographic
element, respectively.

James and Bahaj [63] published a very interesting study on the application of V-HOE-based
solar concentrator for solar control of domestic conservatories and sunrooms. They demon-
strated that a well-designed V-HOE applied on the glasses of a domestic conservatory can
allow keeping the daytime temperatures to an acceptable level. In particular, the authors
estimated the temperature reduction inside a conservatory for different configurations of the
V-HOEs. Moreover, the angular selectivity of the V-HOEs allows avoiding any actuation of the
incident sunlight during the winter months. So, in the winter season, the temperature reduc-
tion due to the V-HOEs is inhibited allowing to obtain a comfortable temperature.

In 2010, Hung et al. [64] proposed a superimposed structure with a doubly slanted reflecting
hologram fabricated by using 488 and 632 nm laser sources. The slanted structure with an
inclination of 30° assures a total internal reflection at the surfaces of the holographic medium.
Thus, light emerges at the edges of the holographic plate, where appropriate PV cells can be
positioned. From a theoretical point of view, the structure was analyzed as a 1D photonic band
gap material. Figure 4(a) shows a sketch of the experimental set-up for the doubly slanted layer
structures, whereas the diffraction of normally incident white light for the doubly slanted
structure is illustrated in Figures 4(b) and (c).
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Figure 4. (a) Sketch of the experimental set-up used by Hung et al. [64] for the doubly slanted layer structure. Diffrac-
tion patterns evaluated taken from behind (b) and above (c).

Castro et al. [12] reported a detailed study on the design and characterization of a holographic
grating used to address the direct sunlight on PV cell with the maximized energy efficiency
possible. In particular, they analyzed the effects of incident spectra that vary hourly, daily and
seasonally. To maximize the energy collection efficiency during the course of a year, the authors
proposed the system based on the structure illustrated in Figure 5(a).

Figure 5. (a) Holographic solar concentrator structure proposed by Castro et al. [12]. Dashed box: unit cell. (b) Holo-
graphic design to reduce the optical crosstalk.

The unit cell includes two cascaded holographic grating on each side of the PV cell (holograms
A and B). The holograms on each side of the PV cell are conjugated (i.e. A and A’ or B and B’)
to provide peak energy collection at different seasons. In order to reduce the optical crosstalk
of the V-HOEs, the two cascaded holograms are designed to diffract light in opposite directions
with the incident angles in different quadrants of the Bragg circle (Figure 5(b)). Moreover, the
geometrical parameters of the system (such as the hologram width and the distance hologram
PV cell) are optimized to assure that maximum of the diffracted rays of the sunlight within the
solar responsivity spectrum of PV cell can reach the surface of the cell independently of the
incident angle. An energy increase due to the concentrator averaged over a particular day of
147% can be obtained, and nearly 50% of the available energy illuminating hologram areas can
be collected by photovoltaic cells without the need of tracking.

Hsieh et al. presented a solar concentrator based on a so-called 90° hologram that allows
obtaining a compact and wide-angle structure [60]. The conceptual recording set-up is
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illustrated in Figure 6(a). In particular, the reference and object beam are an edge-lit and a
cylindrical converging beam, respectively. Thus, a combination of a lens and a mirror can be
simultaneously recorded in the holographic medium. Then, the medium is shifted, and the
recording is repeated obtaining an array of V-HOEs that assure a large angular acceptance. In
fact, when the sunlight, assumed as/like a plane wave, impinges on the solar concentrator with
different incident angles, the diffracted wave is guided to the edge of the recording medium
where a PV cell is positioned (Figure 6(b)). The author demonstrated that using a 2 mm thick
holographic medium, the proposed architecture increases the collection angle from 0.01° to 6°.

Figure 6. (a) Recording set-up and (b) configuration of volume holographic concentrator [60].

Atencia’s group analyzed in detail the design and characterization of a solar PV linear
concentrator based on a cylindrical holographic lens [13, 18]. In particular, a simulation tool
has been developed to take into account a specific set of designed parameter, such as angular
selectivity, bandwidth, optical polarization, PV cell size and so. The possibility to realize a
high-efficient system that only requires one-axis tracking was demonstrated.

5. Experimental

5.1. Photopolymer

The recording material was a prototype of photopolymer sensitive to light at wavelength of
532 nm. It was obtained by sol-gel reaction of functionalized alkoxysilanes in acidic conditions
and by adding a mixture of acrylic monomers and bis[2,6-difluoro-3-(1-hydropyrrol-1-yl)
phenyl]titanocene photoinitiator before thin-film deposition. The mixture was made of
halogenated high refractive index species dissolved in phenoxyethyl acrylate and methacrylic
acid. Photopolymer was deposited through bar-coating method to obtain 30 μm thickness
films. The films were exposed to green light pattern for hologram recording and subsequently
to halogen lamp to bleach the unreacted photoinitiator. The final modulation of refractive index
showed by this photopolymer is of about 0.02 [65].

In our previous paper, we experimentally demonstrated that this new photosensitive material
allows to record volume, holographic diffraction gratings with a very good diffraction
efficiency of about 94% [66].
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5.2. Recording set-up

The dimensions of an individual HOE range from 1 cm × 1 cm to 10 cm × 10 cm. In a step-by-
step exposure process by coherent and monochromatic light (laser), the holograms are
produced in patterns on a film, which can have a maximum size of 1 m × 2 m at the present
state of technology.

The experimental set-up used to record holographic in-line spherical lenses was a typical
Michelson interferometer with a concave mirror with a focal length of 5 cm placed on the object
beam. A recording light source emitting at 532 nm (green) with a maximum power of 750 mW
in CW and a coherence length up to 100 m was used. The diameter of the hologram was about
4 cm. To record an off-axis holographic cylindrical lens, the experimental set-up was modified,
and two beams of equal intensity interfere with an angle α at the surface of the recording
medium. A commercial cylindrical lens, with a focal length of 5.08 cm, is placed on the object
beam. Finally, to record a volume holographic grating (VHG), two collimated beams interfere
with an angle α at the surface of the recording medium.

6. Results and discussions

6.1. Characterization of a volume holographic spherical lens

The volume holographic in-line spherical lens was characterized, and its efficiency η was
calculated as the ratio between the power focused by the holographic lens (Pf_Holo_lens) and the
power focused by a commercial Fresnel lens (Pf_Fresnel) with the same focusing features:

f Holo lens f Fresnelη P P_ _ _/= (7)

In particular, both holographic and Fresnel lenses have been illuminated by a beam with a
diameter comparable with that of the lenses (≈4.5 cm), and a power metre was positioned at
the focal length. The evaluated efficiency was 42%.

The angular selectivity was assessed by measuring the diffracted intensity from the holo-
graphic spherical lens as a function of the angle of incidence. Two different laser sources,
emitting at 532 and 633 nm, were used in order to consider different behaviours of the lens at
different wavelengths. Experimental results of the angular scan at different incident wave-
lengths are showed in Figure 7(a). As expected, the angle at which the diffraction intensity is
maximum increases as the wavelength increases [14]. Additionally, the lens chromatic
aberration was investigated. Ideally, an optical lens should focus all of the component colours
of white light to a single point. This means that the lens should refract all of the colours of
white light in the same way, so they all intersect each other at the same location (or focus). The
measurement of axial or longitudinal chromatic aberration is given by the difference of focal
length between blue (442 nm), green (532 nm) and red (633 nm), caused by chromatic disper-
sion.
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Figure 7. (a) Angular scan of the volume holographic lens at two different wavelengths and (b) focal length for differ-
ent incident wavelengths both for conventional plano-convex lens and for holographic spherical lens.

The focal length was measured as function of wavelength both for a conventional lens and for
a holographic spherical lens. Results are reported in Figure 7(b). The conventional lens was a
2” plano-convex lens with a focus distance of 6 cm. Its theoretical focal length was also
evaluated by using a simplified thick lens equation:

( )f R n/ 1= - (8)

where n is the index of refraction and R is the radius of curvature of the lens surface. The lens
used in our experiments had R = 30.9 mm, and it was fabricated from N-BK7, so we used the
index of refraction for N-BK7 at the wavelength of interest to approximate the wavelength-
dependent focal length. Seeing Figure 7(b), it is evident that, while for the conventional lens
the focal length slightly increases by increasing the incident wavelength, the holographic lens
shows a marked decrease of the focal length by increasing the incident wavelength. Also, this
behaviour can be explained by considering the Bragg condition. Indeed, the Bragg angle θB
increases when wavelength increases. In particular, the focal length is related to θB, and so to

λ, by the geometrical relationship  =  2𝑡𝑡𝑡𝑡𝑡𝑡  , here D is the lens diameter.

Chromatic aberration of the holographic lenses can be reduced in the visible range designing
an achromatic doublet by using two holographic elements: a holographic lens and a holo-
graphic grating, as proposed by Udupa et al. [67]. Therefore, the combined two holographic
element systems behave like a single element holographic achromatic lens.

The beam profile in the focal point of the holographic optical lens was also characterized, and
a comparison with the beam profiles both of a conventional lens and of a Fresnel lens was
carried out. In Table 1 the evaluated widths of the beam as four times the standard deviation
(4-sigma) for the three different lenses characterized are summarized.
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Beam width (4-sigma) X [μm] Y [μm]

Holographic spherical lens 4754.62 5279.20

Conventional optical lens 4171.23 4155.35

Fresnel lens 4007.91 4018.47

Table 1. Beam width 4-sigma evaluated for three different lenses.

It is clear that the holographic spherical lens shows a reduced ability to concentrate light at the
focal distance with respect to the other two lenses considered. This result can depend from the
chromatic aberration that affects the holographic lens.

6.2. Characterization of a volume holographic cylindrical lens

The volume holographic off-axis cylindrical lens was characterized, and its efficiency η was
evaluated as the ratio between the power focused by the holographic lens (Pf_Holo_lens) and the
power focused by a commercial in-line cylindrical lens (Pf_Cyl) with the same focusing features.
A beam with a diameter comparable with that of the lenses (≈1.5 cm) was used, and the focused
power was measured by a power metre positioned at the focal length. The obtained value for
the efficiency was 25%.

Considering that both holographic spherical and holographic cylindrical lenses follow the
same theoretical laws; also in the case of cylindrical holographic lenses, it is expected that
the focal length as a function of the incident wavelengths follows the same behaviour of
that observed for the holographic in-line spherical lens described in the previous section
(Figure 7(b)). Therefore, a decrease in the focal length of the holographic cylindrical lens is
expected by increasing the incident wavelength.

In Table 2 the evaluated widths of the beam as 4-sigma obtained by the intensity profile of the
wavefront acquired at the focal plane of the off-axis holographic cylindrical lens with focal
length f = 5.08 cm are summarized.

Beam width (4-sigma) X [μm] Y [μm]

Holographic cylindrical lens off-axis 995.84 237.78

Table 2. Beam width 4-sigma evaluated for the off-axis cylindrical lens.

As can be noted from Table 2, in the case of the off-axis cylindrical lens, the beam width (4-
sigma) along the y-axis is greatly reduced in the focus of the lens, thereby drastically reducing
the width along the y-dimension. For that reason, cylindrical lenses are the most commonly
suggested to avoid tracking in one direction; indeed, if the incidence direction varies in the
perpendicular plane, the angular selectivity is lower, so it is possible to eliminate tracking in
this direction [24].
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6.3. Solar concentrators in the space

In order to utilize a material in space environment, an appropriate characterization of this
material for these applications is required. The first problem is the large temperature range of
operation. For this reason, a characterization in temperature was made to verify the possibility
to use HOEs described before in the aerospace industry.

In order to characterize the behaviour of the new proposed photopolymer as a function of the
temperature, a VHG was recorded with a diffraction angle α of 30° leading a VHG with 1000
lines per millimetre. Experimentally, the diffraction efficiency was evaluated by using the
following relationship:

( )
Pη
P P

1

0 1

=
+ (9)

where P1 is the measured power of the first diffraction order and P0 is the measured power of
the zero diffraction order. With this aim, a He-Ne laser emitting at 633 nm, a motorized
goniometer and a power metre were used. Measures were carried out at room temperature
(TR = 24°) in a given point of the VHG that was rotated at the Bragg angle. Afterward, the VHG
was exposed to a stress in temperature, to verify its behaviour in terms of diffraction efficiency.
With this aim, the temperature of the photopolymer, and so of the grating, was increased at
150° for 2 h. Then, the temperature was reported at TR, and the diffraction efficiency at the
same previous point of the VHG was measured again. Finally, the temperature was lowered
at −80° for 23 h, and the diffraction efficiency was measured again in the same previous point
of the grating when the temperature was reported to TR. In Table 3 the efficiencies measured
at TR in initial condition and after two different thermal stresses (increased and lowered of
temperature of material) are summarized.

At room temperature (24°C) After exposure to +150°C After exposure to −80°C

η [%] 96.5 93.5 94.3

Table 3. Diffraction efficiency measured as a function of temperature.

Preliminary results confirm that the diffraction efficiency of the VHG subjected to thermal
stress does not change significantly. The little variations observed in the diffraction efficiency
maybe are ascribed to errors in positioning the red laser for measurement in the same point.
Therefore, we can conclude that VHGs do not lose efficiency after a single cycle of thermal
stress, and so this very promising material could be successful used for aerospace applications.
Of course, further study has to be performed to demonstrate that no changes in the VHG
performance are observed even after several cycles of thermal stress.

To consolidate the previous results, a test of outgassing of the photopolymer was carried out.
This characterization is very important to evaluate the behaviour of the photopolymer in the
absence of pressure (space conditions). In this test, the grating was firstly cleaned with
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isopropanol and then was inserted in a chamber connected with a turbo pump variation. The
chamber was also connected to a residual gas analyzer (RGA) consisting of a mass spectrom-
eter. Two tests were performed at different pressures. The first one had a base pressure of
2 × 10−8 mbar after 6 days of pumping at room temperature. The results, acquired with a mass
spectrometer, reported the presence only of main gas species known that are the contaminants
based on the chamber.

The second test had a base pressure 7 × 10−8 mbar after 3 days of pumping at room temper-
ature. Results acquired with the mass spectrometer highlighted the presence of unknown
main gas species, with atomic mass units (AMU) up to 100. However, the intensity of the
unknown gas is very small and comparable with the contaminants of the same chamber of
the test.

Finally, the behaviour of the focal length for different incident wavelengths reported in Figure 7
can be useful in aerospace application. Indeed, considering that in the infrared region the focal
length is very far by the focal length in the visible region (where the PV cell will be placed),
the thermal overheating of the photovoltaic cell due to the absorption of infrared radiation is
avoided, reducing cooling requirements. All these results confirmed the possibility to use this
photopolymer in spatial applications.

7. Conclusions

In this chapter, we experimentally demonstrated that a new photosensitive material can be
used to realize holographic solar concentrators.

Two configurations of holographic lenses were investigated: spherical in-line lenses and cy-
lindrical off-axis lenses. The chromatic aberration of the spherical lens was characterized,
proving a decrease of the focal length as the incident wavelength increases. Furthermore,
the beam profile was characterized for both the proposed holographic lens in their focus.
Performances of holographic lenses were compared to those of conventional optics. Some
lower performances of holographic lens highlighted with respect to conventional optics,
such as higher axial chromatic aberration and lower ability to concentrate light in the focus,
are rewarded with a lower size, lower weight and lower cost. However, chromatic aberra-
tion can be useful to reduce cooling requirements. Indeed, considering that the PV cell will
be placed at the focal length in the visible region, the infrared region will be focalized very
far, avoiding the thermal overheating of the photovoltaic cell due to the absorption of infra-
red radiation.

Finally, a preliminary study of the influence of the thermal stress and the behaviour of the
photopolymer in the absence of pressure (space conditions) revealed that the proposed
photosensitive material could be suitable in space environment. Therefore, we are quite
optimistic that our experimental results can open the way to the fabrication of efficient, cheap
and lightweight holographic solar compatible with space applications.
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Abstract

Two major volume Bragg grating (VBG) applications will be presented and in particular 
laser beam combining and holographically encoded phase masks. Laser beam combining 
is an approach where multiple lasers are combined to produce more power. Spectral beam 
combining is a technique in which different wavelengths are superimposed spatially (com-
bined) using a dispersive element such as a volume Bragg grating. To reduce the complex-
ity of such combining system instead of multiple individual VBGs, it will be demonstrated 
that a single holographic element with multiple VBGs recorded inside could be used for 
the same purpose. Similar multiplex volume holographic elements could be used for coher 
ent beam combining. In this case, the gratings operate at the same wavelength and have 
degenerate output. Such coherent combining using gratings written in photothermo-
refractive (PTR) glass will be discussed. The chapter also demonstrates that binary phase 
profiles may be encoded into volume Bragg gratings, and that for any probe beam capable 
of satisfying the Bragg condition of the hologram, this phase profile will be present in the 
diffracted beam. A multiplexed set of these holographic phase masks (HPMs) can simulta-
neously combine beams while also performing mode conversion. An approach for making 
HPMs fully achromatic by combining them with a pair of surface gratings will be outlined.

Keywords: holography, volume Bragg gratings, beam combining, phase plates, 
photothermo refractive glass, multiplexed volume gratings

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



1. Volume Bragg gratings

1.1. Description and properties

Volume grating as its name suggest is a grating that occupies the volume of a medium. 
Typically, for such gratings the term volume Bragg gratings (VBGs) is used in relation to Sir 
William Bragg who in 1915 used diffraction of light propagating through a crystal to deter-
mine the crystal’s lattice structure [1]. What he found was that at certain conditions the light is 
strongly diffracted by the crystal. Such condition is called “resonant condition” or also “Bragg 
condition.” Here is also the place to make the distinction between surface and volume Bragg 
gratings. If we start with a surface grating and start increasing its thickness at some point the 
different diffraction orders will reduce to a moment where there will be only one order. This 
defines the transition to a volume grating behavior [2].

There are two basic types of VBGs which is shown in Figure 1. The first one is a transmission 
Bragg grating (TBG) for which if the incident light satisfies the Bragg condition it is not trans-
mitted but also diffracted. The second type is a reflection Bragg grating (RBG) which behaves 
like a mirror for incoming light that matches the Bragg condition.

For simplicity, in Figure 1, for both types of volume gratings, the angle of incidence is the 
same θi and the tilt of the volume grating inside the medium is θtilt. Resonant diffraction from 
each of these VBGs occurs upon satisfaction of their Bragg conditions which are defined by 
Eqs. (1) and (2).

   λ  TBG   = 2Λ sin ( θ  i   +  θ  tilt   )  (1)

   λ  RBG   = 2Λ cos ( θ  i   +  θ  tilt   )  (2)

Here, Λ is the period of the VBG and λVBG is the wavelength of the incident light which for 
the particular θi and θtilt satisfies the Bragg condition. The gratings depicted in Figure 1 are 
uniform VBGs that can be recorded in a photosensitive material by simple interference of two 

Figure 1. Beam geometries for transmission Bragg grating (a) and for reflective Bragg grating (b).
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collimated laser beams. The recording wavelength, angle of interference, and the refractive 
index of the material determine the grating’s parameters. There are techniques capable of 
recording more complex volume gratings which have nonuniform period and for which the 
Bragg condition will be different depending on the space coordinates [2]. Regardless, if the 
variation of the period is negligible when compared to the probe beam size used for charac-
terization of the VBG; Eqs. (1) and (2) can still provide the resonance wavelength.

Figure 2 exhibits one example of beam geometry for recording uniform transmitting and 
reflecting volume gratings. In this recording approach, two plane waves (purple beams) illu-
minate the sample from one side at a half-angle of interference φ. Depending on the direc-
tion from which the grating is used, it can either work as a TBG (green beams) or as an RBG 
(orange beams). Before recording, the grating parameters such as period and modulation 
need to be calculated so the recording is carried out accordingly.

The main model describing volume Bragg gratings was introduced by Kogelnik [3] in 1969. 
His model describes that diffraction from a VBG is based on coupled wave theory (CWT) and 
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Figures 3 and 4 give good overview of the main properties of TBGs and RBGs. In particular, 
RBGs are much more suited for implementation as narrow wavelength filters. For example, 
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Figure 2. Recording geometry used for recording reflective and transmitting Bragg gratings. The recording beams are 
shown in purple and the half-angle of interference φ determines the properties of the grating. The VBG is utilized as an 
RBG if probed as the orange beams or as TBG if probed as the green beams.
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lated in Figure 3(a) is around 225 pm but it can reach down to 15–20 pm if designed accord-
ingly. TBGs, in contrast, have much wider wavelength acceptance starting at a few hundred 
picometers and reaching several nanometers. Figure 4(a) shows the spectral response of 1.5 
mm thick TBG with nodulation of 330 ppm. For these parameters, its FWHM of 2.3 nm is close 
to an order magnitude larger if compared to the RBG one.

TBGs, alternatively, can be used as narrow angular filters with acceptance values as low as 
0.1 mrad, whereas RBGs have typical angular acceptance of more than 10 mrad all the way to 
100 mrad. These properties of the two types of VBGs define their use in different applications. 
For example, the narrow angular selectivity of the TBGs makes them a great angular filter that 
can be used to suppress higher order modes generation in laser cavities while keeping them 
very compact [4]. Alternatively, RBGs with their narrow wavelength selectivity can be used 

Figure 3. Wavelength (a) and angular (b) response for an RBG. The VBG is 5.5 mm thick, it is 20° tilted, and has a 240 
ppm refractive index modulation.

Figure 4. Wavelength (a) and angular (b) response for a TBG. The VBG is 1.5 mm thick, it is 20° tilted, and has a 333 ppm 
refractive index modulation.
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for narrow wavelength beam combining where the diffracted by and the transmitted through 
an RBG beams can be separated by only a few hundred picometers [5]. Regardless of the close 
wavelength separation, the RBG does not diffract the transmitted beam even though both 
beams have a common propagating direction.

Table 1 summarizes the TBG’s and RBG’s characteristics and their typical range. Until now, 
we have discussed wavelength and angular selectivity of VBGs but the third very important 
parameter is the VBG’s efficiency. There are two generally accepted ways to define a VBG’s 
efficiency and the more widely used on is the so-called “relative diffraction efficiency.” It is 
defined as normalization of the diffracted to the transmitted by a VBG power. Its advantage 
is that it removes any losses introduced by the medium. The second way is called “absolute 
diffraction efficiency,” where the diffracted power is normalized to the incident power.

1.2. Recording materials

Recoding of a volume grating requires the use of a material that is photosensitive. The modu-
lation of the recording light intensity should create a corresponding refractive index change in 
the recording material which on a macroscopic level will be in fact the volume Bragg grating. 
There is a wide variety of photosensitive materials that can be used for recording VBGs [6, 7]. 
The main requirement that they need to fulfill is to have enough spatial resolution that will 
allow the recording of gratings with particular periods. The other two factors are the photo-
sensitivity of the material and its dynamic range. The photosensitivity determines the expo-
sure duration and given that VBGs are most commonly recorded by interference of light, it is 
of great benefit to keep the exposure time as short as possible. The material’s dynamic range 
provides the maximum refractive index change that can be achieved. This property affects 
the VBGs thickness and the maximum number of volume gratings that can be multiplexed 
together in the same volume. Other properties that depending on the particular application 
may be important are the optical damage threshold, the maximum physical dimensions of the 
material, its losses, its environmental sensitivity, and others.

The most common recording materials are dichromated gelatins, photopolymers, photorefrac-
tive crystals, photosensitive fibers, and photothermo refractive glasses. We will not discuss in 
detail the properties of each of these materials because they have been well investigated in the 
literature [8–16]. The applications and experimental results shown further in the chapter are 
based on using photothermo-refractive glass (PTR) due to its capabilities of handling high-
power laser radiation because of its low losses, its environmental robustness, and extremely 
high resolution [14–16].

Transmitting VBG (TBG) Reflecting VBG (RBG)

Angular selectivity 0.1–10 mrad 10–100 mrad

Spectral selectivity 0.3–20 nm 0.02–2 nm

Diffraction efficiency Up to 100% >99.9%

Table 1. TBG and RBG characteristics.
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Photothermo-refractive glass is a relatively new photosensitive material well suited for phase 
hologram recording. It combines high sensitivity achieved by two-step hologram forma-
tion process and high-optical quality resulting from its technological development. The PTR 
glass is a Na2O-ZnO-Al2O3-SiO2 glass doped with silver (Ag), cerium (Ce), and fluorine (F). 
It is transparent from 350 to 2500 nm. The chain of processes, which produce refractive index 
variation, is as follows: the first step is the exposure of the glass to UV radiation, somewhere 
in the range from 280 to 350 nm. This exposure results in photoreduction of silver ions Ag+ to 
atomic state Ag0. This stage is similar to formation of a latent image in a conventional photo film 
because no significant changes in the optical properties of the glass occur. The final formation 
of the holographic recording is secured by subjecting the glass to thermal development. During 
this step, at elevated temperatures, a number of silver containing clusters are formed in the 
exposed regions of the glass due to the increased mobility of Ag0 atoms. These silver-containing 
clusters serve as nucleation centers for the growth of NaF crystals. Interaction of these nanocrys-
tals with the surrounding glass matrix causes the decrease of refractive index. Refractive index 
change Δn of about 1.5 × 10−3 (1500 ppm) can be achieved and is enough to allow the recoding of 
high-efficiency hologram into glass wafers with thickness exceeding several hundred microns.

The second consequence of the crystalline phase precipitation in PTR glass is related to its 
physical properties and is extremely valuable. The NaF crystalline particles in the glass matrix 
are almost impossible to destroy by any type of radiation which makes PTR holograms sta-
ble under exposure to IR, visible, UV, X-ray, and gamma-ray irradiation. For example, laser 
damage threshold for 8 ns laser pulses at 1064 nm is in the range of 40 J/cm2. Also, the non-
linear refractive index of PTR glass is the same as that for fused silica which allows the use of 
PTR diffractive elements in all types of pulsed lasers. Another PTR advantage is its very low 
losses—on the order of 10−5 cm−1. Testing of VBG recorded in the PTR glass performed under 
irradiation of 9 kW CW with a 6-mm-diameter spot showed heating that did not exceed 
15 K [17]. Even though small heating effects lead to thermal variations of the refractive index 
of the glass (dn/dt = 5 × 10−8 K−1). In the case of Bragg grating written inside a PTR glass, this 
feature leads to thermal shift of the Bragg wavelength of around 10 pm/K. It is worth men-
tioning also that due to the melting temperature of the NaF crystals being almost 1000°C, 
PTR holograms are stable at elevated temperatures and could tolerate thermal cycling up to 
400°C. This temperature is determined by the plasticity point of the glass matrix.

Typically, Bragg gratings in the PTR glass are recorded by an exposure to interference pattern 
of radiation from a He-Cd laser operating at 325 nm. The spatial frequency of the gratings can 
vary from 50 up to about 10,000 mm−1, their thickness from 0.5 to 25 mm, and a diffraction 
efficiency of up to 99.9%.

2. Applications of volume Bragg gratings

2.1. Spectral and coherent laser beam combining by volume Bragg gratings

Single laser sources are limited in terms of maximum power by thermal and nonlinear 
effects and can achieve no more than few kW. Laser systems that can generate from 10 to 100 
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kW CW power integrate from several to tens of laser sources. There are several approaches 
for integrating/combining laser beams but the most common ones are using either volume 
Bragg gratings, diffractive optical elements, or surface diffraction gratings [18]. This chap-
ter discusses the use of VBGs for laser beam combining including spectral and coherent 
combining.

Spectral beam combining (SBC) and coherent beam combining (CBC) are two complimen-
tary methods leading toward multi-kilowatt diffraction limited laser sources. In SBC, mul-
tiple channels of different wavelengths are superimposed spatially to generate a single output 
beam. The main advantage of SBC if compared to CBC is the simplified optical setup due to the 
fact that there is no need to monitor and adjust the phase of the individual beams. The draw-
back of using SBC is the fact that the spectrum of the combined beam is much broader when 
compared to the individual input beams. Regardless of this, the final combined output could 
still have diffraction limited quality. To minimize the wider spectrum issue, it is necessary 
to use very narrow spectrally selective beam combining elements that will deliver an output 
beam with minimum spectral bandwidth.

Reflective volume Bragg gratings are holograms that are not angularly dispersive and depend-
ing on their design they can be made to be very wavelength selective. Also, they can have dif-
fraction efficiencies close to 100%, and if recorded in a suitable material that can have very low 
losses, which makes them suitable for high power laser applications. All these facts together 
make them a very good optical element for implementation in the SBC system. Figure 5 dem-
onstrates the concept for using a VBG for spectral combining: diffraction efficiency is close to 
100% when the Bragg condition is met and is close to 0% at wavelengths shifted away from 
the Bragg condition and corresponding to the grating’s minima in its characteristic curve.

Figure 5. Spectral dependence of the diffraction efficiency of an RBG.
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In the example shown in Figure 6, two beams with shifted wavelengths are brought to inter-
act with a reflective VBG with characteristic efficiency versus wavelength curve shown in 
Figure 5. This VBG reflects wavelength λ1 when it satisfies the Bragg condition at a given 
angle but transmits wavelength λ2 with minimal losses if it matches with one the VBG’s min-
ima (e.g., the forth one). In this way, the diffracted beam λ1 and the transmitted beam λ2 can 
emerge overlapped and collinear. When using reflective VBGs for spectral beam combining, 
it is imperative to ensure as high as possible diffraction efficiency for the diffracted beam and 
minimal diffraction efficiency for the transmitted beam.

This approach for SBC can be extended where several VBGs are used to combine more than two 
laser beams. Such system was presented in [5] and demonstrated the combining of five lasers, 
each generating 150 W CW to give a total combined power of 750 W (Figure 7). Spectrally, the 
beams were 250 pm apart so the combined spectrum had width of 1 nm in total. For many 
applications, it is not only the total power that is of significance but also to final beam quality. 
In this particular example, the M2 of the combined beam was 1.6 and the beam combining effi-
ciency was greater than 90%. The VBGs were recorded in the PTR glass which, as already men-
tioned, possesses very low intrinsic losses and therefore can handle high power fluxes with 
minimal light being absorbed and converted to heat. Regardless, the authors had to implement 
a thermal tuning and compensation scheme in order to control the resonant conditions of each 
grating and to manage thermal distortions. As shown in Figure 7, the five-beam combining 
system is quite complex and scaling it to a larger number of channels will scale the mechanical 
and also thermal management complexity. In addition, the footprint of the systems will also be 
quite substantial and will make it impractical for use out of laboratory environment.

An approach where a single diffracting optical element that is capable of diffracting several 
beams simultaneously and substitutes several single beam reflecting elements can reduce the 
complexity and the space that the beam combining system occupies. Such element can be a 
computer-generated DOE or one consisting of several mutually aligned VBGs that occupy 
the same volume. We will discuss in detail the latter where several reflective VBGs are multi-
plexed such that each laser channel is redirected into a single, common output.

Figure 8 shows the design of a spectral beam combining system capable of combining five 
laser beams by using a multiplexed VBG (MVBG) element. The MVBG contains four vol-
ume Bragg gratins that reflect four beams with different wavelengths correspondingly while 

Figure 6. Schematic description of two-beam spectral combining setup using RBG as a combining element.
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 transmitting the fifth beam which is out of resonance with any of the four multiplexed VBGs. 
This system is fully analogous to the one shown in Figure 7 but with the benefits of being more 
compact and simpler to align. The feasibility of the approach was proven and demonstrated 
in [20] where a double-multiplexed VBG recorded in the PTR glass was used to combine three 
laser beams. As a first step, the authors combined the two reflected by the MVBG beams to 
realize a total power of 282 W with combining efficiency of 99%. The M2 of the combined beam 
was very close to the lasers’ original M2 of 1.05 and was measured to be 1.15 in the ‘X’ direc-
tion and 1.08 in the ‘Y’ direction. The MVBG was kept at constant temperature by a placing it 
in a copper housing in which thermo-electric elements attached to it. This approach allowed 
keeping the MVBG into resonance with the lasers in the case of heating due to absorption 
occurred. Heating leads to expansion of the glass and therefore to change of the gratings’ 
periods which, on its own, leads to the lasers falling out of resonance with their corresponding 
VBGs. At the power density of approximately 3 kW/cm2, the authors did not observe any heating 
problems and therefore no beam quality degradation. Next, the third beam, in this case the 
transmitted one, was added to the system to achieve a total combined power of 420 W. While 
the final three beam combining efficiency of 96.5 % was still very high, the total beam qual-
ity parameter got worse and reached 1.38 in the ‘X’ and 1.20 in the ‘Y’ directions. The worse 
M2 was due to heating of the glass introduced by the transmitted beam. Such thermal effect 
was not observed when combining only reflected beams because they penetrated the MVBG 
significantly less and therefore much less of their power was absorbed and dissipated as heat 
into the glass. Using better cooling techniques such as surface air-flow can eliminate the ther-
mal effect and the resulting beam quality degradation observed [17]. In conclusion, the use of 
multiplexed volume Bragg gratings for spectral beam combining is excellent alternative and 
addition to the current state of the art combining techniques. The capability of reducing the 
number of combining elements in the system while being able to manage the thermal load is 
especially valuable especially when combining kilowatt level laser sources.

Figure 7. Five -beam combining setup using RBGs as combining elements [32].
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Volume Bragg gratings can be used for coherent beam combining (CBC) as well [21]. In coher-
ent combining, the lasers are phased to emit coherently at the same wavelength and in phase. 
Depending on how the phase-locking of the lasers is achieved, CBC can be either passive or 
active. In the active case, the phase of each of the lasers that are being combined is controlled 
with high precision using feedback loop. This drastically complicates the whole system from 
optical and electronics perspective. In the passive approach, the sources share a common 
resonator and due to this they emit coherently without the need for external phase control. 
Such system is very simple and compact. Volume Bragg gratings and especially multiplexed 
ones are the ideal option for use in passive CBC because a system implementing such MVBG 
will have a single coherently combined output beam. The MVBG is used as 1:N splitter and 
combiner and it is important that there is equal radiation exchange between each laser.

Such approach was used by [22] where two lasers were coherently combined using a double 
MVBG. Two identical reflecting VBGs were symmetrically recorded in the PTR glass in such a way 
that they have a degenerate output. Figure 9 presents the optical setup of the two-channel system. 
The output of each of the fiber lasers is reflected in the common/degenerate direction toward the 
output coupler (OC). The part of the combined output reflected by the OC is split by the MVBG 
for feedback to the two lasers. Small part of the emission that leaks through the MVBG is used to 
confirm the mutual coherence of the two lasers by interfering the two lasers. Using this scheme 
for CBC, the authors reported a combining efficiency of more than 90%, slope efficiency of almost 
50%, and fringe contrast of 96%, which indicates a significant degree of coherence between the two 
channels. A similar scheme can be realized using multiplexed transmitting Bragg grating as well.

The design of the multiplexed VBG is quite important in order for the systems as whole to 
operate with high combining and slope efficiencies. For example, losses due to lower than 
99% diffraction efficiency of the gratings lead to losses in both the combining and the splitting 
processes in a given resonator round trip.

Figure 8. Five-beam combining setup using a single multiplexed VBG as combining element [19].
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In conclusion, an approach for passive coherent beam combining capable of delivering from 
kW to tens of kW narrow-linewidth laser power is highly desired and sought after. Passive 
CBC using multiplexed volume Bragg gratings is a very promising technique that can deliver 
such power levels with great efficiency and minimal system complexity.

2.2. Holographic phase masks and their applications

Phase masks have found numerous applications in areas such as beam shaping, laser mode 
conversion, encryption, and others. The two most common ways to make phase masks are 
either by using a contoured surface where the path length for different parts of the beam is 
different or by using a bulk material inside which localized refractive index changes are made. 
In both cases, the phase shift is done by changing the local optical propagation path and there-
fore the phase masks are limited to use at a specific wavelength. This limits substantially their 
potential for use in different applications. The solution will be to make an achromatic phase 
mask and some attempts have been performed in the past [23–25]. For example, multiplexing 
many computer-generated holograms is one approach where arbitrary wavefronts can be gen-
erated if the mask is illuminated with a suitable beam. For this approach to work, a separate 
hologram needs to be recorded for every desired wavelength which makes the method quite 
complicated. A simpler and more flexible approach for making achromatic phase masks will 
be described in this section of the chapter.

The foundation of the approach is to encode phase mask profile into transmitting Bragg grat-
ing, which as whole works as a so-called “holographic phase mask” (HPM). This HPM can 
be implemented for a broad range of wavelengths and for each one of them it produces the 
desired diffracted phase profile, as long as the Bragg condition of the TBG is met for the given 
wavelength. As it will be shown, such HPM can be made fully achromatic by introducing two 
surface diffraction gratings with particular periods, before and after the HPM. In this way, 
no angular Bragg angle tuning is required. As expected, HPMs utilize the diffraction proper-
ties of regular TBGs and therefore they can diffract up to 100% of a beam into a single order. 

Figure 9. Coherent beam combining setup using double RBG as a combining element [22].
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Another specific property of TBGs is that they have relatively narrow angular selectivity and 
that allows the multiplexing several HPMs into one piece of recording materials, while hav-
ing little or no cross-talk between them.

To help understand the way HPMs work, it is important to note that a volume Bragg grating 
is the simplest volume hologram that can diffract different wavelengths without distorting 
the initial beam profile (as long as they satisfy the Bragg condition) which sets it apart from 
more complex holograms, which are capable of changing the beam wavefront. Also, this leads 
to the fact that HPM can be tested with wavelength different or the same as the recording one.

The encoding of a phase profile into a TBG can be carried out by using a holographic setup 
shown in Figure 10 [26]. In the setup, a standard binary phase mask (see Figure 11) is placed 
into one of the arms (object beam) of a two-beam-recording system. It is important to emphasize 
that the phase mask must have the desired phase transitions for the hologram recording wave-
length and not for the reconstructing wavelength. The beams interfere at an angle θ relative to 
the normal of the sample to create a fringe pattern inside the sample following the equation:

  I =  I  1   +  I  2   + 2  √ 
____

  I  1    I  2     cos ((   k ⇀    1   −    k ⇀    2   ) ⋅   r ⇀   + φ(x, y, z)),  (3)

where I is the intensity,     k ⇀    
i
    is the wavevector for each beam, and φ is the phase change intro-

duced by the phase mask after the object beam has propagated to the recording material. As 
described in [26], the recorded hologram will have a refractive index profile described by:

  n(x, y, z) =  n  0   +  n  1   cos (  K ⇀   ⋅   r ⇀   + φ(x, y)),  (4)

where n0 is the background refractive index, n1 is the refractive index modulation, and 
    K ⇀   =    k ⇀    
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By applying coupled wave theory, one can determine the diffracted beam phase profile and 
diffraction efficiency of a beam satisfying the Bragg condition of an HPM [3]. The model was 
applied for the binary phase profile encoded in a TBG as the one shown in Figure 11.

Applying binary π phase shift to a regular TBG along both the x- and the y-axis will determine 
if there are any orientation-dependent variations in the output beam’s phase profile or diffrac-
tion efficiency. The performance of the HPM was simulated for 632 and 975 nm. The param-
eters of the TBG were the same for both wavelengths just the incident angle was adjusted in 
order to match the corresponding Bragg condition.

As shown in Figure 12(b), the diffraction efficiency of an HPM can reach the one of a uniform TBG 
illuminated with a plane wave. The observed lower efficiency for smaller probe beam sizes is due 
to the fact that the parts of the beam that cross the phase discontinuity will not satisfy the Bragg 
condition and this affects smaller beams more when their area is comparable to the phase dis-
continuity total area. For larger beams, this effect is negligible and its influence on the diffraction 
efficiency is very little. Figure 12(c) shows that the π phase shift is present for all three wavelengths 
when it is along the x-axis. The slight offset of the phase shift from the origin is due to the propaga-
tion of the test beam through the HPM and the diffraction that occurs only in the x-direction. In the 
case when the phase jump is along the y-axis, as shown in Figure 12(d), it is as well present for all 
wavelengths but the discontinuity is centered exactly at the origin because the test beam does not 
have a component propagating in the y-direction. In conclusion, HPMs have the wavelength and 
angular diffraction properties of regular TBGs, while capable of encoding a desired phase profile 
on to a test beam over its whole bandwidth as long as it satisfies the Bragg condition.

Experimentally, HPMs were fabricated and characterized using PTR glass and some of the 
results will be discussed here [27]. As a master phase mask was used a four-sector one, as 
shown in Figure 11. The mask was designed to give π phase shift for the hologram recording 
wavelength of 325 nm. For comparison purposes, a regular TBG was also recorded in the same 
piece of PTR glass by removing the phase mask and rotating the sample. Such multiplication 
guarantees that both diffractive elements share the same glass volume and therefore any local-
ized glass inhomogeneity will influence both of them in the same way. Figure 13 shows the 
measured diffraction efficiencies of the HPM and the standard TBG. The results match very 

Figure 11. Binary phase distribution for a four-sector phase mask.
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well the theoretically predicted small difference in efficiency due to the phase shift areas and 
also show that HPMs behave as regular TBGs in terms of angular selectivity properties.

HPM, as the one just theoretically discussed, was experimentally realized and used to demon-
strate its capabilities as an optical mode converter that can operate at different wavelengths. 
To show the unique properties of HPMs, the fabricated element was tested with three dif-
ferent wavelengths (632.8, 975, and 1064 nm). A standard binary four-sector phase mask can 
convert a Gaussian beam to a TEM11 mode if properly aligned to the center of the phase jump 
boundaries. Figure 14 demonstrates the far-field intensity pattern for a simulated mode con-
version through a binary phase mask (a) and the patterns experimentally observed for three 
different wavelengths after diffraction by the HPM (b–d). The diffracted beam profiles clearly 
exhibit the four-lobed pattern which confirms the notion that the phase profile imprinted in 
the HPM is present in the diffracted beam and this fact applies for very broad range of wave-
lengths. Unlike standard phase masks which can only operate for one predetermined wave-
length for which the corresponding phase shift is as required. This example demonstrates the 

Figure 12. (a) Schematic representation of beam incident on HPM, (b) diffraction efficiency of an HPM at 1064 nm as a 
function of beam diameter when a binary phase dislocation is encoded along the x-axis, (c) the diffracted beam phase 
profile when a binary phase dislocation is encoded along the x-axis for beams of different wavelength, (d) the diffracted 
beam phase profile when a binary phase dislocation is encoded along the y-axis for beams of different wavelength.
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great potential that HPMs possess given that laser and fiber modes are present in almost any 
optical system and their conversion to other modes is of great interest.

We already described that multiplexing of volume Bragg gratings can be used for laser beam 
combining. The same approach can be applied to HPMs and as a result fabricate an element 
with unique functionality. The property of the HPMs to do mode conversion is not unique 
[28, 29], but if this is integrated with the capability of VBGs to do beam combining, an element 

Figure 13. Diffraction efficiency angular spectrum of an HPM and homogenous grating.

Figure 14. (a) Simulated far-field profile of a beam after passing through an ideal four-sector binary mask and the diffracted 
beam from a four-sector HPM at (b) 632.8 nm, (c) 975 nm, and (d) 1064 nm. The sizes shown here are not to scale [27].
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will be created that can simultaneously convert multiple beams into different modes while 
combining them to a single beam. For example, fiber lasers that operate at higher order mode 
are of interest because they are considered to overcome the power limitations of fiber lasers 
operating at the fundamental mode. Therefore, beam combining several lasers operating at 
higher order modes into one high-power fundamental mode beam will be very beneficial and 
of interest as a power scaling approach.

As an example, Figure 15 shows how a double multiplexed HPM can convert individually 
two TEM11 modes (Figure 15a and 15b) to TEM00 modes (Figure 15c and 15d) while also spec-
trally beam combining the beams into one beam (Figure 15e) [27]. The lasers were operating 
at 1061 and 1064 nm and the HPM consisted two four-sector phase masks integrated in two 
TBGs that had a generate output. The authors attributed the difference between the far-field 
profiles of the two laser beams after their conversion to different collimations. In the final 
combined beam, there are wings present but these were credited to the generation of the initial 
TEM11 modes which was done by a set of HPMs. This brought some alignment challenges as 
shown in Figure 15(c) and. Nevertheless, it is evident that the integration of VBGs and phase 
plates could open new optical design spaces in areas such as high-power beam combining, 
mode multiplexing in communication systems, and others.

3. Achromatization of HPM with surface diffraction gratings

As discussed, HPMs can successfully imprint their phase pattern as long as the wavelength 
satisfies the Bragg condition but to achieve this, the HPM needs to be angle tuned which can-

Figure 15. Demonstration of conversion from the TEM11 mode to TEM00 for 1061 and 1064 nm lasers separately (a, c and 
b, d); a multiplexed four-sector HPM spectrally combines the two beams and converts them to TEM00 (e).
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not be considered pure achromatization. Such achromatization of HPMs can be accomplished 
with the concept of pairing the Bragg grating with two surface gratings [30]. According to the 
grating dispersion equation (Eq. (5)), a surface grating with a given period (ΛSG) will diffract 
normally incident light at an angle (θ) as a function of its wavelength (λ):

   Λ  SG   sin θ = mλ  (5)

Based on coupled wave theory [2], a VBG will diffract light if the Bragg condition (Eq. (6)) is 
met and can reach diffraction efficiencies as high as ≈100% [3]:

  2  Λ  VBG   sin  θ  B   = λ  (6)

Since both of these diffraction angles are dependent on the corresponding grating periods, if 
the surface grating period is double the period of the volume Bragg grating (Eq. (7)), then any 
first-order diffraction by normally incident light will be at the corresponding Bragg condition 
of the volume Bragg grating and that will hold for any wavelength [30]:

  2  Λ  VBG   =  Λ  SG    (7)

Therefore, a surface grating with twice the period of a TBG can make different wavelengths 
get diffracted by the TBG at the same time as long as they have the same incident angle. In 
order to recollimate the diffracted beams, an identical surface grating needs to be added in 
a mirror orientation to the transmitting volume Bragg grating, as shown in Figure 16. This 
grating completely cancels out the dispersion of the first surface grating and recollimates the 
outgoing beam. Applying this concept to an HPM will eliminate the need for angle tuning in 
order to meet the Bragg condition for different wavelengths, making, therefore, the device a 
fully achromatic phase element.

The experimental proof was carried out by using two surface gratings with a grove spacing of 
150 lines/mm (a period of 6.66 µm) aligned to an HPM with a period of 3.4µm in setup shown 
in Figure 17 [31]. The goal of the experiment was to achieve successful broadband mode con-
version from a Gaussian to a TEM11 mode without the need to angularly tune the HPM. Three 
different TEM00 tunable diode laser sources were used in order to get a wavelength range of 
over 300 nm (765–1071 nm).

Figure 16. Concept of using surface grating pairs to meet the Bragg condition for various wavelengths regardless of 
angle tuning [30].
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Figure 18 shows as an example, the far-field profiles of three different wavelengths ((a) 765, 
(b) 978, and (c) 1071 nm) that were converted to the TEM11 mode without any angular adjust-
ment of the HPM. This successfully demonstrates that full achromatization of a holographic 
phase mask can be achieved with the combination of surface gratings and phase-encoded 
transmitting volume Bragg grating.

In conclusion, this is a demonstration of a way to make phase masks fully achromatic—some-
thing not possible until recently. This is achieved by the combination of surface gratings and 
phase-encoded transmitting volume Bragg grating.

4. Conclusion

The chapter discussed the nature and properties of volume Bragg gratings and presented sev-
eral of the broad number of applications where VBGs find use. The opportunities to multiplex 

Figure 17. Experimental setup for observing Gaussian to TEM11 conversion of the HPM surface grating system with 
three different diode sources [31].

Figure 18. Far-field profile of the diffracted beam after propagating through a holographic four-sector mode converting 
mask aligned to two surface gratings at (a) 765 nm, (b) 978 nm, and (c) 1071 nm. The sizes shown are not to scale.
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VBGs and integrate them with specific phase profiles were shown to bring unique capabilities 
that are hard or impossible to achieve by other means. VBGs are and will continue to benefit 
the development and the abilities of many laser and optical systems.
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Abstract

Low spatial frequency volume gratings (a few hundred lines per millimetre) are near the 
borderline of what can be considered Bragg gratings. Nevertheless, in some applications, 
their very low selectivity can be a benefit because it increases the angular and spectral work‐
ing range of the holographic optical element. This chapter presents work carried out using 
an instantaneously selfdeveloping photopolymer recording material and examines holo‐
graphic optical elements with spatial frequencies below 500 lines/mm. The advantages of 
volume photopolymer holographic gratings are discussed in the context of existing research. 
Specific examples explored include a combination of off‐axis cylindrical lenses used to direct 
light from a solar simulator onto a c‐Si solar cell, producing increases of up to 60% in the 
energy collected. A study of the microstructure of such elements is also presented. A good fit 
is obtained between the experimental and theoretical Bragg curves and the microstructure 
of the element is examined directly using microscopy. This is followed by a discussion of an 
unusual holographic recording approach that uses the nonlinearities inherent in low spatial 
frequency grating profiles to record gratings using a single beam. In conclusion, the prop‐
erties of low spatial frequency volume gratings are summarized and future development 
discussed.
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1. Introduction

Holographic optical elements (HOEs) are generally considered as either thin or thick gratings 
when their diffraction behaviour is modelled. Examples of thin gratings are commonplace 
because most commercially produced holograms, such as those on credit cards or banknotes, 
are surface relief holograms produced by a stamping process, and so the diffracting part of 
the structure is only a fraction of micron in thickness.

When a light beam passes through the grating, it obeys the classical grating equation given 
below, and orders are observed at the predicted angles

  mλ = nΛ  (  sinα + sinβ )     (1)

where λ is the wavelength of light, Λ is the spatial period of grating, m is the order of diffrac‐
tion, n is the refractive index of medium and α, β are the angles of incidence and diffraction, 
respectively.

Thick gratings, on the other hand, are usually volume gratings, distinct from surface grat‐
ings because the structures causing the diffraction are distributed through the full thickness 
of the material. Photopolymer gratings are one example. Some commercial photopolymer 
holograms have begun to appear on mobile phone batteries and other high value products. In 
these holograms, the refractive index variation is recorded through the full thickness, typically 
tens of microns, of the photopolymer layer. Light diffracted from this ‘thick’ Bragg structure 
also obeys the grating equation, but the greatest proportion of the light will be diffracted into 
the first order. This is because the light is effectively reflected from the planes of the fringes. 
This reflection combined with the grating equation gives the well‐known Bragg condition 
which can be written as [1]

  2nΛsinθ = mλ  (2)

where θ is the angle of incidence.

The important factor determining whether ‘thin’ or ‘thick’ diffraction behaviour is observed 
is the size of the diffraction features in comparison to the thickness. Usually if the thickness of 
the recording material is smaller than the average spacing of the interference fringes, the holo‐
grams are considered to be thin holograms. The Q parameter, defined by Eq. (3), is derived 
from Kogelnik's equations for diffraction from volume gratings (discussed in the next section) 
and can be used in order to determine whether a hologram is ‘thin’ or ‘thick’ in its diffraction 
behaviour.

  Q =   2πλd _____  n       Λ   2     (3)

where λ is the wavelength, d is the thickness of the recording medium, n is the refractive index 
of the recording material and Λ is the fringe spacing.

Generally, gratings with the Q < 1 are considered thin gratings while those with values 
of Q > 10 are considered thick [2]. As can be seen from Eq. (3), for any given thick‐
ness and wavelength this depends on fringe spacing or spatial frequency. Low spatial 
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frequency volume Bragg gratings, having grating spatial frequency of typically a few 
 hundred lines/mm, are on the borderline of what can be considered Bragg gratings, but 
at typical photopolymer thicknesses 30–50 µm, they can be considered Bragg gratings 
for visible wavelengths. In some applications, their low selectivity can be a significant 
benefit because it increases the angular and spectral working range of the HOE. In mate‐
rials that perform well at low spatial frequencies, it is interesting to examine the charac‐
teristics and applications of HOEs with spatial frequencies below 500 lines/mm.

Volume phase holograms have advantages over surface relief holograms because of their 
high efficiency and resistance to surface contaminants. Applications include spectroscopy, 
astronomy and ultrafast lasers [3], as well as solar concentrators [4]. A number of different 
materials are available for recording them including silver halide, dichromatic gelatin (DCG), 
photoresists and photopolymers. The primary advantages of thick volume holograms over 
thin surface holograms are the possible high efficiencies (theoretically 100%) and the fact that 
most of the energy is diffracted into a single direction (order). For most applications where 
the hologram is expected to perform some or all of the functions of a conventional optical ele‐
ment such as a lens, maximum efficiency and minimum additional beams are advantageous. 
Beam splitting applications are an exception, of course. Photopolymers are useful materi‐
als because of their ease of use and potential for very high diffraction efficiency, but their 
key advantage in optical device applications is their self‐developing capability, because it 
removes the need for chemical or physical processing after exposure. Assuming shrinkage is 
not a significant problem in the photopolymer used, the avoidance of chemical and physical 
processing is very important in maintaining the original photonic structure written in the 
volume of the material during the exposure/recording step. The longer term shelf life of the 
recorded devices varies according to the photopolymer used. In the acrylamide‐based photo‐
polymer used in the examples in this chapter, long‐term stability of recorded gratings is good 
when the photopolymer layer is laminated with a protective plastic layer. Recent studies of 
the shelf life of such gratings sealed in plastic showed varied results however [5] pointing to 
the need for improved protection and alternative more robust formulations [6].

For thick gratings and elements, Kogelnik's coupled wave theory [1] is a widely accepted 
model that relates diffraction efficiency and angular selectivity of gratings to the grating's 
physical characteristics (thickness, spatial frequency and refractive index modulation).

According to Kogelnik, the diffraction efficiency ( η ) can be calculated using Eq. (4), allowing 
us to model how the diffraction efficiency varies with the angle of incidence, near the Bragg 
angle. This allows us to observe how grating thickness and spatial frequency affect the angu‐
lar selectivity of an individual grating:

  η =    sin   2   √ 
_______

  (   ξ   2  +  υ   2  )     _________ 
 (  1 +    ξ   2  __  υ   2    )  

    (4)

The parameters  ξ  and υ are defined as:

  ξ = Δθ   kd ___ 2    (5)

  υ =   
π  n  1   d _____ λcosθ    (6)
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where d is the thickness of the grating, n1 is the refractive index modulation, λ is the 
wavelength of the reconstructing beam, Δθ is the deviation from the Bragg angle and k is 
interference fringe vector, normal to the fringes with a magnitude  K = 2π /spatial period. 
It can be seen from Eq. (4) that increasing the spatial period (reducing spatial frequency) 
is effective in controlling the angular selectivity. In materials where the refractive index 
modulation is small, significant thickness is required for high efficiency. Decreasing the 
spatial frequency (increasing the period) can be the better approach to control the angular 
selectivity as long as the gratings still behave as thick volume gratings [7].

2. Experimental arrangement for holographic elements

Holographic recording of diffractive optical elements involves careful spatial overlapping of 
two or more coherent beams so that the interference pattern they produce, once recorded into 
the material, will create a photonic structure capable of diffracting light in the desired way. 
For a simple diffractive device such as a two‐way beam splitting element, the desired pho‐
tonic structure may be a simple grating. For example, two coherent, collimated beams would 
be arranged to meet at the recording plane at a specific angle, producing a simple sinusoidal 
variation in intensity across, say, the horizontal axis of the recording medium. Once this is 
recorded in the material, a sinusoidal grating is produced which will act as a two‐way beam 
splitter for a beam of the appropriate wavelength and incident angle.

The next step up in complexity is a shaped beam, such as a diverging beam, which when 
combined with the collimated reference beam produces an interference pattern consisting 
of a series of concentric rings. Once recorded, this pattern will produce a diffractive element 
with a similar variation in the refractive index, which, when illuminated correctly, produces 
a diverging beam. There are many types and variations of diffractive elements that can be 
produced in this way, especially when we consider recording with multiple beams, converg‐
ing and diverging wavefronts, different inter‐beam angles and different wavelengths. In this 
chapter, we discuss basic gratings and focusing/diverging elements with an angular offset.

The basic set‐up for recording is shown in Figure 1; however, different adaptations are neces‐
sary for the work in each of the sections below. In order to make cylindrical lens elements, for 
example, a cylindrical lens is introduced into one of the interfering beams and for single‐beam 
recording (Section 5) one beam is blocked completely during the second step. These altera‐
tions are mentioned in the relevant sections. Here, we show the standard optical arrangement 
for recording using the interference between two coherent beams.

The beam from a coherent laser source is spatially filtered, collimated and split in two and, 
after reflection of one of the beams of a plane mirror, the two beams are made to overlap at 
the photopolymer plate. The angle at which the beams meet can be altered by reposition‐
ing the mirror, allowing variation of the spatial frequency of the interference pattern and 
therefore the fringe period of the recorded grating. A grating has a single spatial frequency 
throughout, because two collimated beams are interfering so the inter‐beam angle is constant 
across the polymer. The interference pattern at the photopolymer is recorded as a variation 
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in the local refractive index inside the volume of the photosensitive material. The recording 
set‐up includes a green laser of 532 nm wavelength, spatial filter, collimating lens, polarizing 
beam splitter, plane mirror, and for focusing elements, a conventional cylindrical lens (focal 
length 5 cm, ThorLabs, LJ182L2‐A). The recording medium is the standard photopolymer 
used by researchers at the Centre for Industrial and Engineering Optics (IEO). It is an acryl‐
amide‐based formulation using acrylamide and bisacrylamide monomers, triethanolamine 
as the electron donor and polyvinylalchohol as the binder, as described elsewhere [7]. Layer 
thickness is controlled by the volume of liquid coating solution deposited on a known area 
of glass substrate.

3. Holographic low spatial frequency lens elements for light collection

The purpose of a diffractive solar collector is to gather sunlight from a large area and direct it 
onto a smaller area, where it can be converted to electric or thermal energy by, for example, using 
PV cells or thermal conversion. The advantage is that the light can be harvested cheaply from a 
larger area and the energy per unit area on the converter can be increased. As discussed previ‐
ously, diffraction gratings can be used to change the direction of a light beam very efficiently, but 
they are only efficient over a small range of angles close to the Bragg angle, so they need to be 
used in combination if they are to be useful in collecting sunlight over most of the day.

Holographic optical elements (HOEs) have potential as solar concentrators because of their 
ability to diffract light at large offset angle and the potential for multiplexing a number of opti‐
cal components in the same layer. Recent research has demonstrated different holographic 
elements in a variety of arrangements for solar applications to make diffractive elements that 
will re‐direct and focus incoming light to the desired line using (cylindrical HOE) or spot 
(spherical HOE) for conversion [8–12].

A large number of researchers have demonstrated novel designs, for example, a planar con‐
centrator using a low‐cost holographic film that selects the most useful bands of the solar spec‐
trum and concentrates them onto the surface of the photovoltaic cell, has been demonstrated 
by Kostuk et al. [13], and Sreebha et al. [14] have reported results on transmission holographic 

Figure 1. Basic optical arrangement for the recording of a holographic grating.
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optical elements recorded in a silver halide material. Bianco et al. have recently reported suc‐
cessful concentration of solar light using an array of three spherical lenses recorded in a sol‐
gel photopolymer [15].

Photopolymers are excellent materials for producing such diffractive elements, being thin, 
lightweight, inexpensive and highly efficient, but challenges remain in reducing the angular 
selectivity of these relatively thick layers and in applying the technology to natural light in 
real‐world applications.

High‐efficiency diffractive optical elements have been recorded and multiplexed in photo‐
polymer materials previously for this and other applications [16, 17]. Previous work by the 
authors addressed the issue of increasing the angular working range in photopolymers and 
demonstrated photopolymer spherical and cylindrical focusing elements that had very high 
efficiency when measured with monochromatic, linearly polarized laser sources [18]. In this 
section, the combination of pairs of elements with the same focus is demonstrated in photo‐
polymer and tested with a solar simulator.

For these experiments, the electrical characterisation was carried out by measuring the cur‐
rent‐voltage (I‐V) characteristics of c‐Si solar cells (Solar capture Technologies) with and with‐
out the DOE placed in front of the cell in such a way as to re‐direct and focus additional light 
onto the solar cell. I‐V measurements were performed using an Keithley 2400 SMU (source 
meter unit) with a LabVIEW interface, using the set‐up shown in Figure 2. The light source 
used was a metal halide discharge lamp (Griven, GR0262).

The distance between the HOE and the silicon cells was the same as the focal length of the 
HOEs which in this case was 5 ± 0.1 cm. This arrangement tests the effect of two DOE  elements; 
however applications could involve arrays of such elements surrounding the cell, each con‐
tributing additional light.

Figure 2. Diagram of the experimental setup for electrical measurements.
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3.1. Recording high efficiency diffractive optical elements at low spatial frequency

Focusing HOEs were made by interfering a beam focused by a cylindrical lens beam with a 
collimated reference beam and placing the photopolymer layer at the area of overlap using 
the basic holographic set‐up described in the experimental section. In such off‐axis focusing 
DOEs, the spatial frequency of the grating planes will vary across the DOE, as will be dis‐
cussed in the next section. In this example, the minimum and maximum spatial frequencies 
were 112 and 485 lines/mm, respectively.

A range of HOEs with an off‐axis focusing effect was recorded in order to demonstrate that 
high efficiency could be achieved with low spatial frequency elements. Diffraction efficiency 
at Bragg incidence is over 95% (corrected for reflection at front and back surfaces). Figure 3 
shows how the diffraction efficiency changes with the angle of incidence. The full‐width half‐
maximum (FWHM) is approximately 4°, which is a significant improvement on the working 
range for higher spatial frequencies [18]. The data were obtained by mounting the grating on 
a rotation stage keeping the laser and detector fixed.

3.2. Investigating the potential for multiplexing by stacking: three gratings with different 
slant angles

Photopolymer gratings were recorded with three different slant angles. Figure 4 shows plots 
of the percentage of light falling on the fixed detector as the angle of incidence of the light is 
varied for the three individual gratings before stacking them together. In each case, the grat‐
ing is fixed relative to the detector and only the angle of incidence is varied. This mimics the 
function of a passive (non‐tracking) solar cell. The detector collects the light that would fall on 

Figure 3. Diffraction efficiency versus angle for a cylindrical DOE at central spatial frequency of 300 lines/mm and 
recording intensity of 1 mW/cm2. The dotted line shows the measured values and the smooth line is the theoretical curve 
for a 300 lines/mm volume grating of this diffraction efficiency in a 50 micron thick photopolymer layer.
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the cell with and without the gratings in place. The ‘photopolymer’ line shows the variation 
in intensity at the detector without the presence of any grating (just a layer of clear photopoly‐
mer) for comparison. From these results, redirection of the incident beam by the gratings can 
clearly be observed at the appropriate angles. Light incident at over 25°, which would have 
otherwise missed the detector (or solar cell in a real application) is very efficiently captured 
using the gratings. However, a key issue is highlighted here. As well as directing the light 
from higher angles to a lower angle, each grating will also do the reverse. This is caused by 
the fact that each grating has two angles for which the light is ‘on Bragg’ for diffraction (cor‐
responding to the two beams with which the grating was recorded).

The angular selectivity of the stack of the three gratings laminated together was then mea‐
sured using the same method. The results are shown in Figure 5. The same effect was observed 
for the stacked device as in Figure 4. The results confirm that this method has improved the 
angular working range of the device. However, efficiency is reduced at the lower angles so 
that there is no net gain. Diffraction from higher angles would appear to be most useful in 
circumstances where the grating is offset from the main path to the solar cell, such as off‐axis 
DOEs, in this way the direct light is unaffected, but the grating can usefully divert light from 
higher angles onto the solar cell.

3.3. Use of a combined device to increase the concentration ratio of solar cells

An alternative arrangement is to use off‐axis elements to increase the area from which light is 
collected and focused onto the solar cell, thereby increasing the energy at the cell. For maxi‐
mum concentration, the DOEs should be recorded so that their focal points overlap. Low 

Figure 4. The variation of the percentage of light falling on the detector with angle of incidence for three individual 
gratings recorded at different slant angles with a spatial frequency of 300 lines/mm in layers with thickness of about 50 
µm; the recording intensity was 1 mW/cm2. A photopolymer layer with no grating is included for comparison.
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spatial frequency elements are used so that the wavelength selectivity is low and the elements 
can focus the full spectrum of white light onto the same solar cell. Tests were carried out using 
a solar simulator and a Si solar cell.

The current I, as a function of voltage applied, V, across the c‐Si solar cell, was measured and 
the I‐V curve was obtained (Figure 6). In this experiment, the area of the DOE was kept con‐
stant at 113 mm2. In Table 1, Isc represents the short circuit current for the solar cell, which is 
the maximum possible, produced when the cell impedance is low and is calculated when the 
voltage equals zero, i.e. at V = 0, I = Isc. The short circuit current is due to the generation and 
collection of light‐generated carriers within the cell. For an ideal solar cell, the short circuit 
current and the light‐generated current are identical for moderate resistive loss. Therefore, an 
increase in the short circuit current is a reliable indicator of an increase in the light‐generated 
current. Jsc is the short circuit current density, defined as Jsc = Isc/area of the cell.

The short circuit current (Isc) output of the reference cell, without the DOE in place, was 
approximately 3.7 ± 0.1 mA. When a single cylindrical DOE was included, an increase in Isc of 
16% was observed.

This measurement was then carried out for an array of two cylindrical DOEs, which resulted 
in an increase in the Isc of 40%. These results suggest that the use of larger arrays of cylindri‐
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Figure 5. The variation of the percentage of light falling on the detector with angle of incidence for a stack of three 
laminated gratings (from Figure 4) and a clear photopolymer layer with no grating.
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Figure 7 presents the relative increase in the Isc for the c‐Si solar cells versus the area of the 
solar cells. The illuminated area of the DOE remained constant at 113 mm2 throughout the 
experiment while the solar cell area was varied between 9 and 100 mm2. In order to optimize 
the concentration ratio, the preference is to use solar cells significantly smaller than the DOEs. 
These results show that there is a significant improvement in the output current obtained 
when using the holographic focusing elements.

It has been observed that for solar cells with an area of 9 mm2, a 34% increase in the output 
current is achieved with a single DOE compared to 10% for a 100 mm2 solar cell. This is 
because the smaller cell area makes better use of the focusing effect.

The relative increase for an array of two cylindrical DOEs was nearly double that of single 
cylindrical DOE. The device is capable of collecting light from a large incident angle and 

Figure 6. I‐V curves for a c‐Si solar cell (area = 60 mm2) with and without a cylindrical DOE in place.

Isc
mA/cm2

Δ Isc Δ Isc %
±0.03

Jsc
mA/cm2

Si cell 3.7 0.061

With cylindrical DOE 4.3 0.6 16 0.071

Array of two 
cylindrical DOE

5.2 1.5 40 0.086

Table 1. Calculated Jsc of the Si solar cell with a range of DOEs. Isc is the short‐circuit current and Jsc is the short circuit 
current density.
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redirecting it onto the centre of the solar cell. Photographs of the light spots diffracted from 
holographically recorded diffractive lenses are shown in Figure 8. The first photograph shows 
a collimated green laser beam (circular spot) which is brought to a line focus by the DOE on 
the left of the picture. Additional beams to the left and right of these are also observed in the 
photograph; however, in reality they are very weak. Experimentally, for off‐axis focusing 
DOE lenses, more than 90% of the incident light is typically measured in the focused beam. 
The second image in Figure 8 is a photograph of the transparent diffractive lens viewed in 
room lighting.

Figure 7. The percentage increase of output current of c‐Si solar cells versus area of the c‐Si cells for a single cylindrical 
DOE and an arrangement of two cylindrical DOEs.

Figure 8. Photographs of the light diffracted by holographic lenses recorded in acrylamide photopolymer (a) illuminated 
with an expanded laser beam and (b) in room light.
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4. Analysis of the photonic structure of low spatial frequency lens 
elements

Volume phase holographic (VPH) gratings can be recorded on different types of materials 
such as silver halide, dichromatic gelatin (DCG), photoresists, photopolymer, etc. However, 
photopolymer provides certain advantages [19] such as higher efficiency, self‐development 
and cost effectiveness. In general, VPH gratings follow Bragg's law [20] for the propagation of 
light inside a volume in which periodic modulation of the refractive index forms the grating 
structure. In certain circumstances, for example thicker media, VPH gratings recorded at low 
spatial frequency can also be considered as Bragg gratings and they increase the angular and 
spectral range of VPH gratings [18]. In this section, we examine the photonic structure of the 
recorded lenses using microscopy in order to verify the model used to design the lens and 
calculate the spatial frequency and slant angle of the grating pattern at specific points on the 
recorded lens. We also use Kogelnik's coupled wave theory (KCWT) to predict the expected 
Bragg curves and compare them to the curves obtained experimentally measured at these 
locations.

The lens elements are recorded as described above by including a focusing lens into one arm of 
a standard two‐beam optical arrangement for holographic recording at 532 nm. In this section, 
the analysis of the local diffraction behaviour using an unexpanded 633 nm laser beam and 
measuring the Bragg curve (intensity variation in the diffracted beam as the grating is rotated 
though a range of angles) is complemented by microscopic imaging at the same location.

4.1. Modelling the recorded holographic optical element

The focusing elements studied were 5 cm focal length off‐axis cylindrical lenses, so the micro‐
structure was expected to vary significantly laterally across the recorded element. Figure 9 
shows a schematic of the recording arrangement. Clearly the angles at which the interfering 
beams meet varies from left to right and we would expect both slant angle and spatial frequency 
of the grating pattern to change.

Simple geometry allows us to calculate the inter‐beam angle (which determines the spatial 
frequency) and the slant angle, i.e. the angle between the bisector of the angle between the two 
beams (inside the medium) and the normal to the recording plane). Since the lens is not spher‐
ical in this example there is no variation vertically (out of the plane of the page in Figure 9). 
The Bragg angle   θ  

o
    is related to the fringe spacing (Λ) recorded in the hologram by the relation

  sin  θ  o   =   λ ___ 2Λ    (7)

In this work, we use equation (7) to predict the grating structure and verify it experimentally at 
three specific locations on the element, the centre and points 3 mm either side of the centre. For 
any local position across the element, the slant could be calculated using the recording geometry 
and compared to the experimentally observed position of the peak in the Bragg curve. Equally, 
the local grating period was calculated from knowledge of the inter‐beam angle at that specific 
location during recording and this was compared with microscopic imaging results.
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The shape of the Bragg curve was then modelled using those parameters in KCWT, and 
fitted to the experimental data (normalised to the measured diffraction efficiency value). 
Figure 10(a) shows the calculated spatial period across the lens element. The inverted red tri‐
angles show the measured values obtained from the microscopy images, which are 2.66, 3.37, 
6.59 µm at left, centre and right, respectively (left, right are 3 mm away from centre). Figure 
10(b) shows the calculated slant angle at positions across the element.

Figure 9. Schematic illustration of the geometry of the recording set‐up showing the angles at which the interfering 
beams meet at the photopolymer plate of width d, at a slant angle φ.

Figure 10. (a) Spatial period across the VPH lens: 0 corresponds to the right side and 14 corresponds to the left side of the 
lens and (b) slant angle across the VPH lens.
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4.2. Local microstructure and diffraction behaviour

Figure 11 shows the experimental intensity data obtained by illuminating the three positions 
with an unexpanded 633 nm He‐Ne beam and varying the angle of incidence. As expected, 
the three curves are shifted relative to one another, verifying that each location has a different 
slant angle and inter‐beam angle. Each curve has a different FWHM because of the different 
grating periods.

The curves are fitted to theoretical curves generated by putting the parameters calculated 
using the geometry into the KCWT equations and setting the wavelength to 633 nm.

As can be seen from the figure very good agreement is obtained. The small broadening of the 
Bragg peaks can be accounted for by the fact that the incident beam had a finite width, and so in 
reality the result is not for a specific location but for an average over the beam width. The thick‐
ness of the photopolymer used was 70 ± 5 µm and was measured by white light interferometry.

In order to verify the theoretical calculation of spatial period of grating, the microscopic 
image of the gratings has been taken using a phase contrast microscope (Olympus DP72) 
at three different positions, centre and 3 mm away from the centre (right and left). These 
are shown in Figure 12. The spatial periods measured using the microscope are 2.6 ± 0.1, 
3.9 ± 0.1 and 7.0 ± 0.1 µm at left, centre and right of the VPH cylindrical lens, respectively. 
The theoretical values for these positions can be seen from the graph of Figure 12(a) and 
are 2.66, 3.37, 6.59 µm, respectively.

It can be observed that the holographic recording has produced the predicted diffraction grat‐
ing patterns. The experimental results for the diffraction characteristics of the local pattern fit 
well with the theoretical predictions for these spatial frequencies made with KCWT. A small 

Figure 11. Theoretical and experimental angular selectivity curves for three different positions (centre and 3 mm left and 
right of centre) on the VPH cylindrical lens.
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amount of broadening is observed in the experimental curves, but this is probably due to the 
size of the probe beam, beam walk off or scattering. The spatial periods obtained from the 
microscopic images agree with the theory, and it can be seen from the microscopic images 
that the spatial period is increasing from left to right of the VPH cylindrical lens. Future work 
will involve fabricating and modelling lens elements at different wavelengths.

5. Writing gratings with a single beam

Most standard holographic recording is, of course, achieved by interfering two coherent 
recording beams. The interference pattern they create is recorded in the medium as a dif‐
fractive structure in the medium. However, due to the challenges of stability and size associ‐
ated with splitting and recombining beams, various methods have been employed in order to 
achieve recording with a single beam.

Early work by Kukhtarev et al. [21] demonstrated holographic recording using only one input 
beam in a photorefractive BaTiO3 crystal using the photogalvanic coupling between orthogo‐
nal birefringent modes. Later, Naruse et al. [22] multiplexed ten gratings into a Fe‐doped 
LiNbO3 crystal with a single recording beam. They used the crystal edge in a wavefront split‐
ting arrangement. Mitsuhashi and Obara [23], using a similar approach, demonstrated a com‐
pact holographic memory system using a single‐beam geometry in Fe‐doped LiNbO3. At that 
time, they estimated a maximum total capacity of 23 GB based on beam diameter of 5 mm in 
a system using 635 nm light and a 10 mm crystal using both angular and spatial multiplexing. 
More recently, Yau et al. [24] have proposed another method that uses a single object beam to 
record images in a photorefractive LiNbO3 crystal which allows imaging through a dynami‐
cally varying medium. Chiang et al. proposed a method that uses a single object beam to 
record multiple images in a medium without the need for a reference wave using a lenticular 
array [25]. This was demonstrated by recording four holograms in a 30 × 30 × 1 mm3 Fe‐doped 
LiNbO3 crystal with a single exposure.

Recent work by Kukhtarev and Kukhtareva develops a dynamic version of the early single‐
beam recording system, demonstrating dynamic holographic interferometry [26] and also 
holographic amplification of weak images without phase distortions [27].

Figure 12. Microscopic image of the surface structure of the holographic lens at the (a) left position (3 mm from centre), 
(b) centre and (c) right position (3 mm from centre).
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In the commercial arena, Optware, a Japanese‐based company, developed a new method 
of holographic storage called collinear holography. Instead of separate signal and reference 
beams to create the interference pattern, Optware are using a collinear approach by aligning 
the two laser beams into a single beam of coaxial light to create data fringes. This approach 
significantly simplified the recording set‐up [28]. Optware released a prototype of this record‐
ing system operating at a wavelength of 532 nm with an overall storage capacity of 200 GB on 
a recording medium with a diameter of 120 mm (HVD Pro Series 1000). They also released a 
credit card‐sized layer with a storage capacity of 30 GB and demonstrated a recording system 
with a storage capacity of 1 TB with a data transfer rate of 128 MB/s.

An example of the single‐beam recording method described here was first reported by the 
authors in 1998 [29]. After first recording, weak diffraction gratings in the photopolymer were 
illuminated on Bragg, with just one of the recording beams. For gratings with initial diffrac‐
tion efficiencies ranging from less than 1% to 64%, a further increase in diffraction efficiency 
was observed during the single‐beam exposure. For example, a grating with 7.5% efficiency 
was observed to increase to 60% efficiency over several minutes of single‐beam exposure. It 
was suggested at the time that the increase may be caused by either uniform polymerization 
of unreacted monomer in the grating, as had been observed in other photopolymers [30], or 
diffraction from the recorded grating. Further work [31] showed that the grating strength 
only increased significantly when the single writing beam was incident close to the Bragg 
angle of the pre‐recorded grating.

In this section, this method of writing holographic gratings using weak pre‐recorded gratings 
is explored further, because of its potential to allow the use of just one beam at the data writ‐
ing stage. New gratings, angularly separated from the pre‐written grating, are written using a 
single beam and the dependence on grating thickness is demonstrated. We demonstrate that 
this approach allows the writing of high diffraction efficiency gratings in unstable conditions 
due to the fact that the second beam is generated from within the photopolymer layer, in a 
manner similar to beam pumping in photorefractive crystals. We demonstrate that angular 
multiplexing is also possible, allowing one grating to be amplified without amplifying the 
other pre‐recorded gratings.

5.1. Holographic recording process

A two‐step process was used: (1) recording the weak ‘seed’ gratings with two recording 
beams and (2) exposure of the seed grating to one beam. There was a short delay between the 
two steps, during which both beams were blocked.

5.1.1. Two‐beam recording

The first step was to record a grating, usually with a diffraction efficiency of approximately 1%, 
in the photopolymer medium. A standard holographic grating recording arrangement was 
used, with two coherent interfering beams (532 nm) using beam splitters and mirrors, as shown 
in Figure 1. The arrangement is for unslanted gratings. A He‐Ne beam (633 nm) was used to 
monitor the diffraction efficiency throughout the initial recording and subsequent illumina‐
tion. This was possible because, in the formulation used, the photopolymer is not  sensitive to 
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red light. A short exposure time (around 1 sec) was used for the initial recording in order to 
keep the efficiency of the initial grating low. The spatial frequency was controlled by adjusting 
the angle between the two interfering beams and is 500 lines/mm in the work reported here.

5.1.2. Single‐beam recording

The next step was to illuminate the grating on Bragg, with a single beam and observe the change 
in diffraction efficiency. The simplest way to do this was to use an additional shutter to block 
one of the two recording beams. Usually a short interval with no writing beam illumination was 
allowed after the initial grating recording in order to allow the system to record any spontaneous 
change that may be occurring in the absence of illumination. Exposure times and writing beam 
illumination were controlled using Uniblitz electronic shutters. The photopolymer grating was 
mounted on a rotation stage so that angles of illumination could also be varied.

5.2. Single‐beam holographic recording results

Figure 13 shows the diffraction efficiency changing during a typical exposure starting with a 
standard two‐beam holographic recording of 2 sec followed by a 25 sec delay, during which 
there is no illumination. Then, at 27 sec, illumination with one of the writing beams commences. 
The diffraction efficiency increase obtained during the single‐beam exposure is significant and 
diffraction efficiency of the final grating is much higher than at the point when single‐beam 
exposure commences. In this case, the grating spatial frequency is 500 lines/mm, and the layer 
thickness is 135 µm. Each exposing beam has an intensity of 2.5 mW/cm2. Figure 13 shows 
typical diffraction efficiency increase observed upon exposure to a single on‐Bragg recording 
beam. No dependence was found on the delay time between the two beams and single‐beam 
exposure and weak gratings could be enhanced by single‐beam exposure after 12 weeks, as 
long as the photopolymer was still sensitive.

Figure 13. Diffraction efficiency versus exposure time. A standard two‐beam holographic recording of 2 sec is followed 
by a 25 sec delay (no illumination) and then illumination with just one of the writing beams. Exposure intensity is 2.5 
mW/cm2 in each beam.
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The increase in diffraction efficiency consistently observed under single‐beam illumination in 
this photopolymer is due to a new grating formed by the interference between the single writ‐
ing beam and the first‐order beam generated by diffraction at the pre‐recorded weak grating 
(see discussion below).

5.2.1. Single‐beam recording with Bragg mismatch

The need for near‐Bragg matching of the single writing beam rules out any bulk photochemi‐
cal effect as the cause of the diffraction efficiency increase, supports the idea that diffraction 
is the main contributor. In order to study this further, and also assess the potential for multi‐
plexing, the angle of incidence of the single writing beam was varied around the Bragg angle 
of the pre‐recorded grating. The results are shown in Figure 14. The original seed grating dif‐
fraction efficiency was close to 1% in each case and the photopolymer thickness was 200 µm. 
The spatial frequency of the seed grating was 500 lines/mm. It can be seen from Figure 14 that 
there is an optimum angle, close to the Bragg angle of the pre‐recorded grating, that maxi‐
mizes the strength of the grating recorded with the single‐beam writing process. As the illu‐
minating beam is moved further away from the optimal angle, the final diffraction efficiency 
is reduced under the same exposure conditions. This is probably due to the reduced coupling 

Figure 14. Bragg curves (the variation of diffraction efficiency with reading beam angle of incidence) for a series of 
gratings formed using the single beam process, using different angles of incidence of the single writing beam. The layer 
thickness is 200 µm. The arrows indicate the offset (in degrees) from the Bragg angle of the seed grating (0°).
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between the single writing beam and the seed grating. In this example, the optimal angle is 
about 0.5° from the Bragg angle for the original grating. The asymmetry of the sidelobes is 
also a consistent feature. Both of these are thought to be due to fringe bending during the 
formation of the grating under single‐beam exposure as discussed below.

This work demonstrates that the grating strength only increases significantly under single‐
beam illumination when the single writing beam is incident close to the Bragg angle of the 
pre‐recorded grating.

As discussed in Ref. [31], the angular position of the Bragg peak for the gratings recorded in this 
way is linearly dependent on the angle of incidence of the single writing beam. This shows that 
the formation of a new grating formed by diffraction is responsible for the observed increases.

We propose that the weak diffracted beam interferes with the undiffracted beam to produce 
a low‐contrast interference pattern which is immediately recorded in the material. If the new 
grating is in phase with the original grating, more light will then be diffracted into the weaker 
beam, reducing the beam ratio and increasing the contrast in the interference pattern, in turn 
producing an even stronger diffracted beam. In this way, quite weak gratings can rapidly ‘seed’ 
the growth of relatively high diffraction efficiency gratings. This growth of a new grating is anal‐
ogous to the energy transfer between the strong beam and the weak beam in ‘beam pumping’ 
in photorefractive crystals, except that the refractive index modulation created is permanent.

A potential difficulty with the above explanation is the phase mismatch between the ‘seed’ 
grating and any grating created by diffraction at the ‘seed’ grating. This is due to the fact that 
there will be a phase difference (π/2) between the incident beam and the beam diffracted by 
the phase grating, which would cause any new grating to be out of phase with the original. 
Beam pumping in photorefractives, which is also initiated by diffraction at a weak grating, 
occurs only because the recorded grating in photorefractive crystals is laterally displaced with 
respect to the interference fringes that create it.

Unlike photorefractive crystals, photopolymers are usually considered to produce gratings 
that are not laterally shifted from the interference pattern that creates them. Thus we might 
not expect the interference pattern created by the incident beam and its diffracted beam to 
produce a grating that is in phase with the one that created it. However, such shifts and 
non‐linear recording profiles have been observed in holographic recording materials such 
as acrylamide photopolymers [32], nanoparticle‐doped photopolymers [33] and silver halide 
emulsions [34]. Murciano et al. [35] reported that effects such as beam bending and two wave 
mixing have been observed even with very small phase shifts, by them and other authors in 
similar materials. They analysed the origin and effects of fringe bending and Bragg detuning 
in holographic gratings recorded in rigid media such as photopolymerizable inorganic silica 
glass materials and proposed that they occurred as a result of the non‐sinusoidal nature of the 
recorded pattern. Using an acrylamide photopolymer‐doped sol gel, Murciano et al. observed 
two‐wave mixing during two‐beam recording and used a two‐wave mixing model to explain 
the asymmetry and angular shift (fringe bending) observed in their angular selectivity (Bragg) 
curves. The reconstruction model used by Murciano et al. to analyse the gratings used cou‐
pled wave theory taking into account two wave mixing occurring during recording. Fringe 
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bending becomes larger as thickness and refractive index modulation increase and, of course, 
depends greatly on the initial beam ratio. Good agreement was obtained between experimen‐
tal and theoretical results of simulations with a shift of just 2.6° between the recorded grating 
and the light pattern, demonstrating that very small shifts can cause such effects.

It seems likely that our results described above would have a similar origin. That is the non‐
sinusoidal refractive index profile of the recorded grating provides enough of a phase shift 
to allow coupling from the strong beam to the weak diffracted beam during single‐beam 
recording. It should also be borne in mind that the beam ratio is very large (typically 99:1) 
at the start of the single‐beam recording step, so small amounts of energy transfer from the 
strong beam will have a significant effect and the fringe period is very much larger than the 
wavelength for these low spatial frequency gratings. In the case of these acrylamide‐based 
photopolymers, gratings are recorded via photopolymerization and diffusion. Either of these 
processes can dominate depending on the recording intensity, spatial frequency and photo‐
polymer formulation [36], and non‐sinusoidal grating profiles are also common especially at 
low spatial frequencies [37]. It has been observed that the process of enhancing diffraction 
efficiency reported here is stronger at lower spatial frequencies.

5.2.2. Single‐beam recording with different layer thickness

Experiments with different layer thicknesses ranging from 60 to 240 µm showed that the enhance‐
ment of the seed grating occurs much more in thicker layers. Figure 15 shows the diffraction 
efficiency increasing under single‐beam illumination from an initial diffraction efficiency of 
approximately 1% for thicknesses of 60, 130, 190 and 240 µm. These curves are each obtained 
in the same way as that in Figure 13 but the delay between the two exposures was 110 sec in 
these experiments. The gratings were exposed to a single beam at the Bragg angle for 150 sec. 
The spatial frequency is 500 lines/mm and each exposing beam has an intensity of 2.5 mW/cm2. 
It is observed that the increase in efficiency when recording with a single beam is much more 
pronounced in thicker layers and practically non‐existent in the layer with thickness 60 µm It is 
probable that this dependence is due the increased distance over which energy can be transferred 
from the weaker beam to the stronger beam, as described above.

5.2.3. Single‐beam recording at different spatial frequencies

Figure 16 shows the Bragg curves of a number of single‐beam gratings recorded at different 
spatial frequencies. Although the diffraction efficiency of the ‘seed’ grating was approximately 
1% in each case and the single‐beam recording time is 30 sec for all gratings, a significant 
dependence on grating spatial frequency is observed. In this instance, the recording intensity 
is 1.8 mW/cm2. The initial exposure time with two beams was 1 sec for 2000 and 1500 lines/mm 
and 0.75 sec for 1000–250 lines/mm in these examples but the diffraction efficiency was close 
to 1% in each case.

The pronounced increase observed for lower spatial frequencies indicates that fringe period 
may be a crucial factor. It was suggested above that the non‐sinusoidal refractive index profile 
of the recorded grating could provide enough of a phase shift to allow coupling from the strong 
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beam to the weak diffracted beam during single‐beam recording. It seems reasonable that this 
process will be more efficient when the fringe period is very much larger than the wavelength.

As well as the clear dependence of final on‐Bragg diffraction efficiency on spatial frequency, 
the changes in the width of the Bragg curve are also obvious. In addition, we can see that the 

Figure 15. Growth in diffraction efficiency, under single beam illumination, of ‘seed’ gratings in samples prepared with 
different thicknesses. The grating spatial frequency is 500 lines/mm and the layer thicknesses are approximately 60 µm 
(solid), 130 µm (dotted‐line), 190 µm (dashed line) and 240 µm (dotted line). Initial diffraction efficiency is approximately 
1% for the two‐beam grating.

Figure 16. Bragg curves (the variation of diffraction efficiency with reading beam angle of incidence) for a series of 
gratings formed using the single beam process using different spatial frequency seed gratings. Layer thickness is 
approximately 140 µm.
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shift in the position of the Bragg peak increases as the spatial frequency decreases and the 
magnitude of the effect increases.

5.2.4. Angular multiplexing of data using a one beam system

In some applications, it may be necessary to obtain a diffraction efficiency increase in one grat‐
ing selected from a number of gratings angularly multiplexed in the same region of the pho‐
topolymer layer, without affecting its neighbours. The selectivity demonstrated in Figure 14 
implies that this should be possible.

In order to investigate if it would be possible to selectively boost one grating from a series, a 
layer of photopolymer 135 µm in thickness was used and five seed gratings of equal strength 
were angularly multiplexed into it. One of the gratings was then illuminated at its Bragg 
angle in order to increase its efficiency. For separations up to 1.8°, illumination caused a sig‐
nificant increase in the diffraction efficiency of gratings on either side of the intended grating. 
Figure 17 shows the result for gratings 2° apart. Although there are only five seed gratings 
in these examples, the principle is demonstrated that one of a set of angularly multiplexed 
gratings, separated by 2°, can be enhanced by illuminating it at the appropriate angle with a 
single beam of light. Working with higher spatial frequency and thickness would be likely to 
allow smaller angular separations between neighbouring gratings.

6. Conclusion

High efficiency diffractive optical elements have been recorded holographically with low spa‐
tial frequency. Three slanted gratings were successfully stacked using lamination and shown 
to increase significantly the range of angles from which light could be collected. However, 
positioning gratings in the path of the detector/cell meant that although light incident at 
large angles was coupled into the detector, an equivalent amount of light was deflected away 
from the detector at lower angles. When arranged off‐axis, however, they increased the total 
light collected. The HOEs were then tested with a solar simulator and shown to improve the 
energy collected at a Si solar cell by up to 60% when used off‐axis in pairs.

Figure 17. Variation of diffraction efficiency with the reading beam angle of incidence for a series of gratings, from which 
one individual grating has been enhanced by illuminating with a single on‐Bragg beam of light. The angular separation 
between neighbouring gratings is 2°.
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Modelling off‐axis low spatial frequency focusing elements confirms that a range of grat‐
ings spatial frequencies and slant angles exists in the recorded elements and by simple 
geometry we can predict the grating spacing and slant angle at any point across the ele‐
ment and use coupled wave theory to predict the diffraction behaviour at a particular loca‐
tion. Good agreement is shown between theory and experiment and measurements made 
using phase contrast microscopic imaging of the photonic structure also agree closely.

A method of writing low spatial frequency holographic gratings with a single beam was 
also presented and shown to be capable of writing high diffraction efficiency gratings under 
unstable conditions. The technique is based on the exposure of very weak pre‐recorded grat‐
ings to a single illuminating beam in order to write new high efficiency gratings in the pho‐
topolymer material. Strong spatial frequency dependence was shown. Diffraction efficiencies 
of 60% were obtained in just 30 sec with a 250 line/mm grating. With longer exposures up to 
80% was achieved. The potential for angular multiplexing was shown by illuminating a single 
grating from among five multiplexed weak gratings and increasing its efficiency eightfold 
with a negligible effect on the other gratings.

In conclusion, these studies of low spatial frequency holographic optical elements have shown 
their potential for solar applications, their capacity to function as thick volume gratings and 
the success with which their microstructure can be controlled and modelled. Their particu‐
lar potential for recording self‐interference has also been exploited as a vibration‐immune 
holographic recording method. The challenges that remain include modelling of the non‐lin‐
ear effects that occur during low spatial frequency holographic recording, development and 
modelling of more complex low spatial frequency elements and combinations of elements. 
Future work will focus on developing new diffractive elements and exploitation of these in 
practical applications.
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Abstract

Holographic optical element has a high diffraction efficiency and a narrow-band fre-
quency characteristic, and it has a characteristic that is able to implement several fea-
tures in a single flat device. It is widely applied in various fields. In this chapter, the
principle and characteristics of the holographic optical elements are described in detail,
and few typical holographic optical element-based applications, such as head-mounted
display, lens array, and solar concentrator, are introduced. Finally, the futuristic research
concepts for holographic optical element-based applications and contents are discussed.

Keywords: holography, holographic optical element (HOE), head-mounted display
(HMD), lens-array HOE, solar concentrator

1. Introduction

The term of “holography” was proposed by Denies Gabor in 1948, and the invention has
received a lot of interests since it was introduced first. Holography is the technique that deals
with the interference and diffraction of the visible light in order to record the three-dimensional
(3D) information of the objects into the amplitude or phase holograms on the holographic
material and reconstruct the 3D visualization of the object. The holographic optical elements
(HOEs) are the very interesting applications of the holography where many institutes work and
develop for them. The first HOE concepts of holographic application, a holographic mirror, have
been described by Denisyuk in 1962 [1]. Then, the point-source hologram which acts as lens was
demonstrated by Schwar et al. in 1967 [2]. And, Latta et al. analyzed the compensate aberrations
for HOE, the quantitative consideration [3]. Hence, a lot of institutes and companies work for the
practical application of the HOE, and it is still a hot research topic in holography-based fields.

A HOE is the technique using a principle of holography, is a kind of diffraction optical elements
(DOE), to replace heavy and complicated optical element has been highlighted as a useful
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technique. HOEs can be a mirror, lens, or directional diffuser, because it can implement various
functions on a singlematerial according to high diffraction efficiency and narrow-band frequency
characteristics. Therefore, the HOEs are widely applied in many fields such as a hologram
memory, holographic projection screen, holographic printer, 3D head-mounted display (HMD),
and so on.

In this chapter, first, the principle of HOE, the basic concept of recording and reconstruction for
HOE, and the characteristic of the HOE are described in detail. Then, several examples of
applications of HOE such as waveguide and wedge-shaped waveguide-based HMD, HOE
lens array, and solar concentration are reviewed.

2. Principle of HOE

2.1. Basic concept of HOE

The HOE is an optical element (such as a lens, filter, beam splitter, or diffraction grating), i.e.,
produced by using holographic imaging process or principles [4]. Figure 1 shows the basic
concept of HOE. The two beams from the laser are interfering in recording materials. One
beam is the object beam reflected or scattered from the object, and another beam is reference
beam. The object beam and the reference beam intersect and interfere with each other to record
an interference pattern in recording materials. This interference pattern records the informa-
tion of the object. When the object is a lens, the interference pattern reconstructs the optical
element, which has function of lens as shown in Figure 1.

Generally, HOEs are classified into two main types, thin and volume HOEs. In the case of a
thin HOE, the efficiency is low due to the incident light beams that are diffracted by grating in
various directions, and the diffraction efficiency is changed so much when the incident angle is
changed. Then, for the volume HOEs, the incident light beams are diffracted by grating only at
the particular angle, so the high diffraction efficiency can be achieved. Also, HOEs can be
classified into transmission and reflection types depending on the geometry of the recording,
as shown in Figure 2.

Figure 1. HOE principle: (a) recording and (b) reconstruction.

Holographic Materials and Optical Systems100



technique. HOEs can be a mirror, lens, or directional diffuser, because it can implement various
functions on a singlematerial according to high diffraction efficiency and narrow-band frequency
characteristics. Therefore, the HOEs are widely applied in many fields such as a hologram
memory, holographic projection screen, holographic printer, 3D head-mounted display (HMD),
and so on.

In this chapter, first, the principle of HOE, the basic concept of recording and reconstruction for
HOE, and the characteristic of the HOE are described in detail. Then, several examples of
applications of HOE such as waveguide and wedge-shaped waveguide-based HMD, HOE
lens array, and solar concentration are reviewed.

2. Principle of HOE

2.1. Basic concept of HOE

The HOE is an optical element (such as a lens, filter, beam splitter, or diffraction grating), i.e.,
produced by using holographic imaging process or principles [4]. Figure 1 shows the basic
concept of HOE. The two beams from the laser are interfering in recording materials. One
beam is the object beam reflected or scattered from the object, and another beam is reference
beam. The object beam and the reference beam intersect and interfere with each other to record
an interference pattern in recording materials. This interference pattern records the informa-
tion of the object. When the object is a lens, the interference pattern reconstructs the optical
element, which has function of lens as shown in Figure 1.

Generally, HOEs are classified into two main types, thin and volume HOEs. In the case of a
thin HOE, the efficiency is low due to the incident light beams that are diffracted by grating in
various directions, and the diffraction efficiency is changed so much when the incident angle is
changed. Then, for the volume HOEs, the incident light beams are diffracted by grating only at
the particular angle, so the high diffraction efficiency can be achieved. Also, HOEs can be
classified into transmission and reflection types depending on the geometry of the recording,
as shown in Figure 2.

Figure 1. HOE principle: (a) recording and (b) reconstruction.

Holographic Materials and Optical Systems100

In a transmission HOE, the object beam and the reference beam are on the same side of the
recording material. The diffracted beam emerges on the opposite side from the incident beam;
the beam goes through the entire thickness of the materials. In a reflection HOE, the object
beam and the reference beam are on the different side of the recording material. The diffracted
beam is on the same side as the incident beam. The fringes due to interference between the
object beam and the reference beam are perpendicular to the grating plane for transmission
gratings or parallel for reflection gratings.

HOEs have some characteristics as follows [5]. Multiple holograms can be recorded on a single
recording material; spatially overlapping elements are possible. General optical elements are
obtained by surface processing. However, HOEs are obtained by recording interference pat-
terns from two coherent light beams on high-resolution photosensitive materials.

Therefore, it is easy to fabricate and duplicate, and it is possible to enter mass production. The
production and functioning of HOEs are based on the implementation of the diffraction and
interference of light; it is easy to utilize in the narrow bandwidth. Axial synthesized holograms
serve the functions of standard, power, and compensating optical elements. The direction of
the diffracted beam is determined by fringe of interference pattern on the surface, while the
efficiency of diffracted beam is determined by the direction of interference pattern and refrac-
tive index in its inner structure. These characteristics and interactions provide both advantages
and disadvantages for any particular application.

The characteristics of the recording material have significant effects on the many applications
and the development of holography. The properties of ideal holographic material should be
good light sensitivity, flat spatial frequency response, bright hologram, no haze, no absorption,
no shrinkage or detuning, industrially available, fast hologram formation, unnecessary post-
processing, and stability (environmental and light). To fabricate the HOE, it is necessary to
understand the optical characteristics of the recording material.

Typically, different materials, such as silver halide emulsion [6], dichromated gelatin [7],
photoresist [8], photorefractive [9], or photopolymer [10], are used for manufacturing of HOEs.
A photopolymer is one of the hologram recording materials, which has high diffraction

Figure 2. HOE classification: (a) transmission HOE and (b) reflection HOE.
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efficiency, low cost, and excellent signal-to-noise ratio [10, 11]. Furthermore, it does not require
any chemical or wet processing after recording the holograms. Because of such advantages, the
photopolymer has been used widely in several research fields, which include optical elements
[12, 13], holographic storage [14], holographic display [15], etc.

Bayer MaterialScience is developing its photopolymer to be easy to handle, with high diffrac-
tion efficiency, polychromatic, durable, and customizable. This material will be simple to
expose, with no wet or heat processing. The ease of use and simple processing requirement
allow these materials to be amenable to mass production of holographic optical elements
[16–19].

Bayfol HX film 102 consists of a four-layer stack of a backside cover film of the substrate, the
substrate itself, the light-sensitive photopolymer, and a protective cover film as shown in
Figure 3. A polycarbonate (PC) substrate with a thickness of 175 � 2 μm and polyethylene
(PE) are used as backside cover foil and protective cover foil, which are both 40 μm in thick-
ness. The protective cover film can be removed. The photopolymer layer itself has a thickness
(d) of 16.8 μm.

Bayfol HX 102 photopolymer can be used to manufacture reflection and transmission volume-
phase holograms with appropriate laser light within the spectral range of 440–660 nm.

In Figure 4, the basic product characteristics are depicted. The transmission spectrum of the
unrecorded photopolymer film was recorded after removal of the protective cover film. In this
material, the dye-related absorption peaks are located at 473, 532, and 633 nm, with associated
transmittance of 56%, 45%, and 31%, respectively.

2.2. Characteristics of HOE

Generally, there are some important properties of a HOE that should be known. They are
diffraction efficiency, wavelength selectivity, and angular selectivity. Of the many methods
[20] to describe grating behavior, the couple wave theory as presented by Kogelnik [21, 22]
will be the primary method used in this study, due to its simplicity and applicability.

Figure 3. Bayfol HX 102 film structure.
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In 1969, Herwig Kogelnik published the coupled wave theory, analyzing the diffraction of light
by volume gratings. It assumes that monochromatic light is incident on the volume grating at
or near the Bragg angle and polarized perpendicular to the plane of incidence. This theory can
predict the maximum possible efficiencies of the various volume gratings and the angular and
wavelength dependence at high diffraction efficiencies.

Figure 5 shows the model of a transmission volume hologram grating with slanted fringes.
The x-axis is parallel to the recording material on the plane of incidence, the y-axis is perpen-
dicular to the paper, and the z-axis is perpendicular to the surface of the recording material.
The grating vector K is oriented perpendicular to the fringe planes and is of length K = 2π/Λ,
where Λ is the period of the grating (spatial frequency f = 1/Λ). The angle of incidence
measured in the material is θR. The fringe planes are oriented perpendicular to the plane of
incidence and slanted with respect to the material boundaries at an angle φ.

Figure 5. Model of a transmission volume grating with slanted fringes.

Figure 4. Transmission spectra of the unrecorded RGB-sensitive Bayfol HX 102 film.
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Figure 6 shows the fringe formations according to the recording process. The fringes are per-
pendicular to the grating plane for transmission gratings or parallel for reflection gratings.

The volume record of the holographic interference pattern usually takes the form of a spatial
modulation of the absorption coefficient or of the refractive index n(r) of the material, or both.
For the sake of simplicity, here is the analysis restricted to the holographic record of sinusoidal
fringe patterns. The grating is assumed dielectric, nonmagnetic, and isotropic. Hence, once the
recording process has taken place, the resulting modulation may be described at the first order
by the following relations:

n ¼ n0 þ Δn cos Κ � xð Þ (1)

α ¼ α0 þ Δα cos Κ � xð Þ (2)

where x represents the radius vector x = (x, y, z), whereas n0 is the average reflective index, α0 is
the average absorption coefficient, and Δn and Δα are the amplitudes of the spatial modula-
tions of the index and absorption coefficient, respectively.

Generally, wave propagation in the grating is described by the scalar wave equation:

∇Eþ k2E ¼ 0 (3)

where E (x, z) is the complex amplitude of the y-component of the electric field, which is
assumed to be independent of y and to have a wavelength λ. The wave number is equal to
the average propagation constant β:

Figure 6. (a) Volume transmission gratings, (b) volume reflection gratings, and their associated vector diagrams for Bragg
condition.
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β ¼ n0k0 ¼ 2πn0
λ

(4)

and the coupling constant κ can be simplified to

κ ¼ πΔn
λ

� i
Δα
2

(5)

The coupling constant is the central parameter in the couple wave theory as it describes the
coupling between the “reference” wave (R) and the “signal” wave (S). If κ = 0, there is no
coupling; therefore, there is no diffraction.

The propagation of two coupled waves through the grating can be described by their complex
amplitudes: the incoming wave R(z) and the outgoing wave S(z), which vary along the z axis.
The total field within the grating is written as follows:

E x, zð Þ ¼ R zð Þe�jki�r þ S zð Þe�jko�r (6)

where r is the position vector and the symbols ki and ko are the wave vectors of the incoming
and outgoing waves, respectively, which are related to each other by

ko ¼ ki -K: (7)

The vector relation from Eq. (7) is shown in Figure 7 together with the circle of radius β.
Figure 7(b) shows the general case that the length of ko differs from β and the Bragg condition
is not met. Figure 7(c) shows the special case that the length of both ki and ko is equal to the
average propagation constant β at the Bragg angle θ0. And the Bragg condition is obeyed:

cos φ� θR
� � ¼ K

2β
¼ λ

2n0Λ
: (8)

For fixed wavelength, the Bragg condition may be broken by angular deviations Δθ from the
Bragg angle θ0. Analogously, for fixed angle of incidence, detuning takes place for changes Δλ
with respect to the Bragg wavelength λ0. Differentiating the Bragg condition, we obtain

Δθ
Δλ

¼ K
4πn0 sin φ� θR

� � ¼ f
2n0 sin φ� θR

� � (9)

that relates the angular selectivity to the wavelength selectivity of a volume hologram grating;
small changes in the angle of incidence or the wavelength have similar effects. High-
performance devices, typically, should have a large selectivity and large diffraction efficiency.

Kogelnik introduced the parameter of mismatch constant Γ for evaluating the effects of devi-
ations from the Bragg condition:

Γ ¼ K cos φ� θR
� �� K2λ

4πn0
(10)
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When the Bragg mismatch is due to the angular detuning Δθ and wavelength detuning Δλ,
the mismatch constant expressed as

Γ ¼ Δθ � K sin φ� θR
� �� Δλ � K2

4πn0
(11)

Substituting Eqs. (1), (2), (4), and (6) into Eq. (3), R(z) and S(z) must individually satisfy the
following equations in order for the wave equation to be satisfied:

cosθR
dR
dz

þ αR ¼ �jκS (12)

cosθS
dS
dz

þ αþ jΓð ÞS ¼ �jκR (13)

where the obliquity factor cos θS = cos θR � K cos φ/β = � cos(θR � 2φ). Solving Eqs. (12) and
(13), the diffraction efficiency η is defined as

η ¼ cosθsj j
cosθR

SS∗ (14)

Figure 7. Vector diagram: (a) the relation between the propagation vector and the grating vector, (b) near at Bragg condition,
and (c) exact Bragg incidence.
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2.2.1. Transmission HOE

In transmission volume grating, the fringes are perpendicular to the surfaces of the recording
material, and the incoming “reference”wave (R) and the outgoing “signal”wave (S) are on the
opposite side of the recording material.

In lossless volume gratings, α0 = Δα = 0, and the coupling constant is κ = πΔn/λ. Diffraction is
caused by spatial variation of the refractive index; the diffraction efficiency of the slanted
lossless transmission volume grating is as follows:

ηT ¼ sin 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v2 þ ξ2

p

1þ ξ2=v2
(15)

where ν and ξ are given by

ν ¼ πdΔn
λ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
cosθR � cosθS

p (16)

ξ ¼ Γd
2 cosθS

(17)

Figure 8 shows the diffraction efficiency of the lossless transmission volume gratings as a
function of the parameter ξ for three values of the parameter ν. The diffraction efficiency of
the volume grating is 100% for ν = π/2, 50% for ν = π/4 and ν = 3π/4. It can be observed that for
a fixed value of ξ the diffraction efficiency drops to zero if there is slight deviation from the
Bragg condition.

Figure 8. Transmission grating: diffraction efficiency η of lossless volume grating as a function.
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When the wavelength and the angle are gradually out of the Bragg condition, the parameters
ξ is obtained as follows:

ξ ¼ πf d
cos φ� θ0

� �� fλ0=n0ð Þ cosφ Δθ sinθ0 � fΔλ
2n0

� �
(18)

From the above Eqs. (16), (17), and (18), it is clear that the diffraction efficiency of the volume
grating is influenced by angular deviation Δθ and wavelength deviation Δλ through the
parameter ξ.

If there is no slant (φ = π/2) and if the Bragg condition is obeyed, then cos θR = cos θS = cos θ0,
and Eq. (15) becomes

ηπ=2 ¼ sin 2ν ¼ sin 2 πdΔn
λ cosθ0

� �
(19)

As thickness d or the variation of the refractive index Δn increases, the diffraction efficiency
increases until the modulation parameter ν = π/2. At this point η = 100 %, and all the energy
goes into the diffracted light. When ν increases beyond this point, the energy is back-coupled
into the incident wave, and η decreases.

The angular selectivity of un-slanted transmission volume grating could be determined by
substituting Eqs. (16), (17), and (18) into Eq. (15) at Δλ = 0:

ηT Δθð Þ ¼
sin 2 πd

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Δn

λ sinθ0

� �2
þ fΔθð Þ2

r !

1þ λf sinθ0Δθ
Δn

� �2 (20)

It is important to note that Eq. (20) requires the following criterion for equalizing of diffraction
efficiency to zero:

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ν2 þ ξ2

q
¼ jπ (21)

where j = 1, 2, ⋯n, ⋯. Angular selectivity in the volume grating at the half width at first zero
(HWFZ) level, ΔθHWFZ, as the angle between the central maximum and the first minimum at
the diffraction efficiency curve. For the volume Bragg grating with 100% diffraction efficiency,
the following expression for the HWFZ angular selectivity could be given at j = 1:

ΔθHWFZ
T ¼

ffiffiffi
3

p

2
1
d0f

≈ 0:87
1
d0f

(22)

It should be noticed that the HWFZ angular selectivity ΔθHWFZ
T is slightly lower than widely

used grating parameter of HWFZ angular selectivity.
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Figure 9 shows the angular selectivity of a transmitting volume Bragg grating. The parameters
are varied from more than 100 mrad to less than 0.1 mrad. According to spatial frequency of
grating, the value of refractive index modulation Δn can provide 100% diffraction efficiency.
And, it should be optimized with equation d0 = λ cos(φ � θ0)/2Δn.

Just as the description for angular selectivity, the wavelength selectivity ΔλHWFZ can be deter-
mined as a distance between the central maximum and the first minimum in wavelength
distribution of diffraction efficiency. It could be expressed by substitution of Eqs. (16), (17),
and (18) into Eq. (15) at Δθ = 0. In the case of un-slanted transmission volume grating, this
expression is simplified by the use of Eq. (18) when φ = π/2:

ηT Δλð Þ ¼
sin 2 πd

sinθ0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Δn
λ0

� �2
þ f 2Δλ

2n0

� �2r ! !

1þ f 2λ0Δλ
2n0Δn

� �2 (23)

Wavelength selectivity has the same structure as angular selectivity due to their linear interre-
lationship described by Eq. (9). For un-slanted transmitting volume gratings with 100%
diffraction efficiency, ΔλHWFZ

T could be derived by substitution of Eq. (22) into Eq. (9):

ΔλHWFZ
T ¼

ffiffiffi
3

p n0
d0f 2

(24)

Figure 10 shows dependence of wavelength selectivity on spatial frequency for different
grating thicknesses. HWFZ wavelength selectivity of transmitting volume grating could be
easily varied from values below 0.1 nm to more than 100 nm by proper choosing of grating
parameters.

Figure 9. Angular selectivity (HWFZ) of transmitting volume gratings at λ = 532 nm and n0 = 1.5 on spatial frequency for
optimal refractive index modulation with grating thickness in 0.5, 2, 5, and 10 mm.
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2.2.2. Reflection HOE

In reflection volume grating, the fringes are more or less parallel to the surfaces of the record-
ing material, and the incoming “reference”wave (R) and the outgoing “signal”wave (S) are on
the same side of the recording material. Figure 11 shows the model of a reflection volume
hologram grating with slanted fringes. It is expressed in the coupled wave analysis by negative
values of the obliquity factor cos θS(cos θS < 0).

The diffraction efficiency of slanted lossless reflection volume grating can be written as

ηR ¼ 1þ 1� ξ2=ν2

sinh2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v2 � ξ2

p� �
2
4

3
5
�1

(25)

where ν and ξ are given by

ν ¼ iπdΔn
λ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
cosθR cosθS

p (26)

ξ ¼ � Γd
2 cosθS

(27)

Figure 12 shows the diffraction efficiency of the lossless volume gratings as a function of the ξ,
for the values of ν = π/4, π/2 and 3π/4. The figure shows the sensitivity of a grating with ν = π/4
and a peak efficiency of 43%, a grating with ν = π/2 and η = 84 %, and the corresponding values
for 3π/4 and η = 96 %. For ν = π/2, the diffraction efficiency drops to zero in all cases when
ξ ≈ 3.5.

Figure 10. Wavelength selectivity (HWFZ) of transmitting volume gratings at λ = 532 nm and n0 = 1.5 on spatial
frequency for optimal refractive index modulation with grating thickness in 0.5, 2, 5, and 10 mm.
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Figure 11. Model of a reflection volume grating with slanted fringes.

Figure 12. Reflection grating: diffraction efficiency η of lossless volume grating as a function of the parameter ξ for
various values of the parameter ν.
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When the wavelength and the angle are gradually out of the Bragg condition, the parameters ξ
is obtained as follows:

ξ ¼ πf d
cos φ� θ0

� �� fλ0=n0ð Þ cosφ Δθ sinθ0 þ fΔλ
2n0

� �
(28)

For an unslanted grating (φ = 0), the Bragg condition is obeyed; then cos θR = � cos θS = cos θ0,
the Eq. (25) becomes to

η0 ¼ tanh2ν ¼ tanh2 πdΔn
λ cosθ0

� �
(29)

By increasing of grating thickness d or refractive index modulation Δn, the diffraction effi-
ciency asymptotically approaches the 100% value with the hyperbolic tangent function.

If the diffraction efficiency η0 could be predetermined at a certain level, the value could be used
for designing a reflection volume grating. The interrelationships between refractive index
modulation, thickness, and incident Bragg angle θ0 could be expressed by Eq. (29):

Δn ¼ λ cosθ0tanh�1 ffiffiffiffiffiη0p
πd

(30)

Figure 13 illustrates the interrelation between refractive index modulation, thickness, and pre-
determined diffraction efficiency η0. The three values of predetermined diffraction efficiency
are 90% which correspond to 10 dB transmitted beam attenuation, 99% (20 dB) and 99.9%
(30 dB) at λ = 532 nm, respectively. As shown in Figure 13, refractive index modulation Δn is

Figure 13. Dependence of refractive index modulation which secured predetermined diffraction efficiency on the grating
thickness. Diffraction efficiency: η0 = 90 %, 99%, and 99.9%. Normal incidence, λ = 532 nmand n0 = 1.5.
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less than 1000 ppm when the grating thickness is more than 1 mm with η0 = 99 %. Therefore,
reflecting volume gratings should be thick enough with relatively low values of refractive
index modulation to secure predetermined diffraction efficiency.

The angular selectivity of unslanted reflection volume grating could be determined by sub-
stituting Eqs. (26) and (28) to Eq. (25) at Δλ = 0 :

ηR Δθð Þ ¼ 1þ
1� λf sinθ0Δθ

Δn

� �2

sinh2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2πn0dΔn
λ0

2 f

� �2
� 2πnd sinθ0Δθ

λ

� �2
r

2
664

3
775

�1

(31)

To determine angular selectivity ΔθHWFZ at HWFZ level, the diffraction efficiency reaches zero
value at multiple points when ν is not equal to ξ:

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ν2 � ξ2

q
¼ jπ (32)

where j = 1, 2, ⋯ n, ⋯. The HWFZ angular selectivity could be considerably simplified for
unslanted gratings with diffraction efficiency of Eq. (28) at j = 1:

ΔθHWFZ
R ¼

λ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
tan h�1 ffiffiffiffiffiη0p� �2 þ π2

q

2πn0d sinθ0
(33)

Figure 14 shows the dependence of angular selectivity on volume grating thickness at different
incident Bragg angles θ0 for a 99% efficiency grating. As one can see, the thicker the grating,
the wider the angular selectivity is. For instance, 7 mrad HWFZ selectivity is secured at θ0 = 2°
for 1 mm thick grating or at θ0 = 10° for 2.01 mm grating thickness.

Figure 14. Angular selectivity (HWFZ) of reflecting volume grating with 99% diffraction efficiency at λ = 532 nm and
n0 = 1.5 on spatial frequency for optimal refractive index modulation with grating thickness in 0.5 mm, 2 mm, 5 mm, and
10 mm.
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By the same way as it was described above for angular selectivity, spectral selectivity could be
expressed by substitution of Eqs. (26) and (28) to Eq. (25) at Δθ = 0:

ηR Δλð Þ ¼ 1þ
1� λ0f 2Δλ

2n0Δn

� �2

sinh2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2πn0dΔn
λ0

2 f

� �2
� πdfΔλ

λ0

� �2r

2
664

3
775

�1

(34)

The HWFZ wavelength selectivity also could be considerably simplified for un-slanted grat-
ings with diffraction efficiency of Eq. (29):

ΔλHWFZ
R ¼

λ0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
atanh ffiffiffiffiffiη0p� �2 þ π2

q

πdf
(35)

Figure 15 shows dependence of wavelength selectivity on spatial frequency for different grating
thicknesses. HWFZ wavelength selectivity of reflection volume grating could be easily varied
from values below 0.1 nm to more than a dozen nm by proper choosing of grating parameters.

3. Application of HOE

3.1. Waveguide and wedge-shaped holographic optical element (HOE) waveguide HMD

HMD is a display device, worn on the head or as part of a helmet that has a small display optic
in front of one or each eye. HMD has been widely used in virtual reality and augmented reality
applications [23–25]. There are two main kinds of HMD: “curved mirror”-based HMD and
“waveguide”-based HMD. The curved mirror HMD uses semi-reflective curved mirrors
placed in front of the eye with an off-axis optical projection system. This system suffers from

Figure 15. Wavelength selectivity (HWFZ) of reflecting volume grating with 99% diffraction efficiency at λ = 532 nm and
n0 = 1.5 on spatial frequency for optimal refractive index modulation with grating thickness in 0.5, 2, 5, and 10 mm.
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a high mount of distortion which needs to be corrected optically or electronically adding cost
and reducing image resolution. Moreover, a small heavy “eye motion box” will be needed,
which is uncomfortable and requires mechanical adjustment, further adding to cost. The
waveguide HMD removed the side electronics and display using a waveguide; it reduces the
cumbersome display optics and provides a fully unobstructed view of the scenes. Among the
waveguide techniques, the holographic waveguide method focuses on the advantage of hav-
ing a small volume, low price, and command of angular and spectral selectivity of optical
elements. In this chapter, we will mainly talk about the holographic waveguide HMD based on
HOE. Note that among a lot of types of recording materials, these holographic waveguide
HMD techniques are utilized the photopolymer which is high-efficiency material and most
widely used in various research fields. In addition, other HOE-based techniques which will be
reviewed in next sections, section 3.2 and 3.3, also used the photopolymer.

Ando et al. proposed and fabricated an HMD using HOEs instead of half mirror [26]. The
benefit of this system is that all functions of lens, combiner, and binocular stereoscopy can be
kept within single HOE. However, this method has limited size reduction, because they did
not use waveguide-type HMD. As shown in Figure 16, two small LCD displays are replaced in
both sides of the head and prevent the reflection light from the HOE to the human eyes. The
HOE was recorded in 120° of recording angle between an object beam and a reference beam.
The binocular images are modulated by illumine light for reconstruction.

Amitai et al. and Kasai et al. reported a monochrome eye display using a volume hologram or
grating [27] as the optical combiner in front of the eyes on a waveguide [28, 29]. Although the
size of the optics is minimized, this method did not yield high diffraction efficiency. Subse-
quently, full-color eyewear display was proposed by Mukawa et al. [30]. In this method, the
issue of color uniformity should be solved. Figure 17 shows the basic structure of the HOE for

Figure 16. The optical specification of HOE for binocular stereoscopy-type HMD.
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waveguide-type HMD. As shown in this figure, the system has three optical parts, the couple-
in part, couple-out part, and waveguide plate. In couple-in part, an image is magnified by
micro-display, and the light is refracted into the waveguide; then the light was reflected by the
first HOE guided in the waveguide plate with the total internal reflection. In couple-out part,
the guided light refracted by the second HOE projects the image to the observers.

Recently, Piao et al. proposed a reflection-type HOE with high diffraction efficiency for a
waveguide-type HMD using a photopolymer and present a laminated structure method for
fabricating full-color HOE [31]. A photopolymer is one of the hologram recording materials
that has high diffraction efficiency and low cost. Furthermore, it does not require any chemical
or wet processing after recording the holograms. As mentioned earlier, the photopolymer is
applied in various fields such as optical elements, holographic storage, holographic display
and so on. Piao et al. analyzed the optical characteristic of the photopolymer using three lasers
operated at 473, 532, and 633 nm, respectively. Figure 18 shows the efficiency of full-color
HOEs: (a) combined structure, (b) three-layer laminated structure, and (c) two-layer
composited structure.

In this experiment, the diffraction efficiencies of the photopolymer were more than 90% for each
R, G, and B color that provides wide angular selectivity. And, the output efficiencies of full-color
HOEs are 40%, 44%, and 42% for R, G, and B colors. The proposed method reduced the volume
of the system by using photopolymer, and the system also has good color uniformity, brightness
performance, and high diffraction efficiency. Figure 19 shows the experimental results for the
full-color HOEs which were fabricated using the proposed two-layer composited structure.

However, based on the design configuration of the system, the thickness, weight, color unifor-
mity, and field of view (FOV) issues of the system were not solved entirely.

According to the previous work, M. Piao et al. designed waveguide glass specifications for the
HMD system in accordance with wedge-shaped waveguide design [32]. Figure 20 is the
designed waveguide structure. This system includes a lens positioned proximate to the
micro-display and two reflection holographic volume gratings (HVGs) in HOEs attached on
either side of a waveguide.

Figure 17. A basic structure of the HOE for waveguide-type HMD.
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Unlike the previous method [31], the both ends of waveguide are wedge-shaped by the certain
angle and the HOEs are mounted onto the wedge-shaped sides. Structurally, the thickness of
the waveguide can be reduced by a large angle of total internal reflection. In addition, the wide
angular selectivity of the HVGs allows for a large FOV, and the narrow spectral selectivity can
be used with broad spectral sources, such as light-emitting diodes (LEDs). By observing the
optical path of light in the waveguide, they theoretically analyzed the angular and spectral
selectivity of the HVG, presented the correlation of the spatial frequencies of the HVG with the
slope of the wedge-shaped waveguide, and determined the specific waveguide structure.
According to the Bragg condition, Kogelnik’s theory [21], their experiment shows θ1 = 40∘ and
θ2 = 30∘ are suitable for recording the incident angle of the HVGs (Figure 21), which were
attached on both sides of the wedge-shapedwaveguide, because the large total internal reflection
angle leads to a thin waveguide design.

Figure 18. Efficiency of the full-color HOEs for (a) combined structure, (b) three-layer laminated structure, and (c) two-
layer composited structure.
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The fabricated holographic waveguide using a photopolymer was tested using the optical setup
shown in Figure 22. To confirm the light path in the designed waveguide, each monochromatic
holographicwaveguideHMDsystemwas investigated. And the planewave of the three combined
beams (633 nm, 532 nm, 473 nm) illuminated a reflection-type spatial light modulator (SLM).

The image illuminated by an LED captured by the demonstration system is shown in Figure 22.
Figure 23(a) shows the original test image. Figure 23(b–d) shows each monochromatic HVG of
the input image with accurately guided in the designed waveguide. Figure 23(e) shows that the
results of the full-color HVG fabricated using a GBR sequential recording on one photopolymer

Figure 19. Experimental results (a) using full-color HOE for HMD system, (b) input image, and (c) output image.

Figure 20. Structure of the wedge-shaped holographic waveguide wearable display.
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layer with good quality. The image clearly was reproduced with a white color, the same as the
ideal one shown in Figure 23(e).

In addition, they successfully fabricated a compact full-color HVG, which performed with
high levels of optical efficiency, using one layer of photopolymer based on a color analysis of
the HVG.

Figure 21. Designed angle of the light path in the waveguide.

Figure 22. Experimental setup for testing the fabricated wedge-shaped holographic waveguide using SLM. M, mirror;
DM, dichroic mirrors; SF, spatial filter; L, collimating lens; and PBS, polarizing beam splitter.

Figure 23. Experimental results captured from the wedge-shaped waveguide wearable display: (a) the original test
image; output image fabricated by (b) 633 nm, (c) 532 nm, and (d) 473 nm; and (e) GBR sequential exposure in the DMD
system.
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Recently, Yeom et al. proposed a bar-type waveguide 3D holographic HMD using HOE with
astigmatism aberration compensation [33]. Here, a conventional bar-type waveguide HMD
structure is used, and 3D holographic images are displayed in both SLMs without the
accommodation-vergence mismatch. Also, the ray tracing based on the H. Kogelnik-coupled
wave theory has been analyzed. Figures 24(a) and 24(b) show the simulated footprint image
of in-coupling and out-coupling HOEs on the waveguide, respectively, where the light rays
which come from the SLM are diffracted on the in-coupling HOE and go to the out-coupling
HOE through the waveguide glass. When the light rays are transmitting between two HOEs,
in-coupling and out-coupling, too much of distortion occurs due to the asymmetric diffrac-
tion of HOEs, i.e., the optical path length of the light ray experience in the waveguide.
Naturally, this issue makes the astigmatism in the final images. In order to eliminate the
distortion, a constant difference Δzparameter is added in the hologram generation process as
the following:

H u; vð Þ ¼
X
i

Aiexp
jko,air
2

xi � uð Þ2
zi

þ yi � v
� �2
zi � Δz

 !( )
(36)

Figure 25 shows the reconstructed image from the hologram which is applied in holographic
compensation. Figure 25(a) shows the 3D image generated from the hologram without com-
pensation; the aberration is visible. Then, in Figure 25(b), the 3D image reconstructed from the
hologram with compensation is presented. Figure 26(a) shows the experimental setup, and
Figure 26(b) shows the combined visualization for real object and holographic images
displayed on the HOE-based HMD.

Figure 24. Footprint of ray on the bottom side of the waveguide: (a) in-coupling HOE and (b) out-coupling HOE.
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3.2. Lens-array HOE

Integral image is one of the most attractive ways to create autostereoscopic 3D display provid-
ing real-time full parallax information without requiring special glasses [34]. However, integral

Figure 25. Reconstructed image of holographic compensation: (a) without compensation and (b) with compensation.

Figure 26. (a) Experimental setup and (b) real object and holographic images with the holographic compensation.
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image still has a problem with limitation of resolution, viewing angle, and depth of field.
Among these, the narrow viewing angle is the main disadvantage. Several methods have been
proposed to increase the viewing angle of integral imaging displays. Curved lens array and
curved screen can be one solution, though the necessary physical configurations make these
systems difficult to implement.

A wide-viewing-angle 3D display system using HOE lens array is proposed by H. Takahashi
et al. where the system consists of a projector and HOE lens array [35]. Here, the main role of
HOE lens array is virtual curved lens that each individual axis is not perpendicular to HOE
plane. The basic procedure of the display system is that the elemental images are projected as
parallel beams to the corresponding elemental lens areas; the HOE lens array reconstructs the
3D image. As mentioned above, the HOE lens array has manufactured that all of the transmit-
ted light rays through the elemental lenses can be crossed onto the single point, similar with
the curved-type lens array, so the viewing angle of reconstructed image is much wider than
original object’s viewing angle acquired into the elemental images. Figure 27 shows the sche-
matic configuration of HOE lens array-based wide-viewing-angle 3D display system, where p
is the pitch of elemental lens recorded onto HOE, r is the radius of virtual curvature of HOE
lens array, and ψ is viewing angle of the reconstructed image.

In the experiment, HOE lens array consists of 17 · 13 elemental lenses, as shown in Figure 28,
where each of them is 4.4 · 4.4 mm, the focal length of the central elemental lens is 18.3 mm,
and the radius of virtual curvature of HOE lens array, i.e., the distance from HOE lens array to
reconstructed image, is 50 mm. Here, the viewing angle of central elemental lens is approxi-
mately 7° on each side of the individual axis, and the entire viewing angle of reconstructed
image is much wider, approximately 35°, where the theoretical angle is 37°. Note that if the
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Recently, Hong et al. proposed a full-color 3D display on the basis of a projection-type integral
imaging for the optical see-through AR by making use of a full-color lens-array HOE as the
image combiner [36]. Here, the HOE lens array has been manufactured by the interference
pattern which includes all of characteristics of the given common lens array recorded onto the
photopolymer where the interference pattern is formed by spherical-wave-type object beam and
plane-wave-type reference beam. The photopolymer is provided from Bayer MaterialScience
AG, and the thickness of the photopolymer is 14–18 μm. Then, the wavelength multiplexing
and spatial multiplexing methods in order to display the full-color virtual 3D images and record
the large-sized HOE lens array are proposed [37]. Figure 29 is showing the schematic diagram of
experimental setup for recording the full-color lens-array HOE. And, experimental setup for
displaying 3D virtual images in the proposed optical see-through AR system is shown in
Figure 30(a). Figure 30(b) shows the computer-generated elemental images of S, N, and U,
which were used in experiment. They used a telecentric lens with the relay optics for collimated
light of projection to avoid the Bragg mismatch.

The collimated reference beam in the recording setup and the imaging device for a display
setup should also project collimated light on the full-color lens-array HOE to avoid the Bragg
mismatch.

Figure 28. HOE virtual lens array in experimental system.

Figure 29. The schematic diagram of experimental setup for recording the full-color lens-array HOE.
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Figure 31 shows the results of see-though 3D virtual images captured in the display experiments
from five different viewing points relative to the proposed optical see-though AR system. It is
clearly confirmed that the disparities among the images captured from top, left, center, right, and
bottom provided a binocular disparity and give a 3D perception to the observer.

Figure 30. (a) Experimental setup for displaying 3D virtual images in the proposed optical see-through AR system.
(b) The elemental images for three characters (S, N, and U) projected on the lens-array HOE for 3D virtual imaging.

Figure 31. Perspective see-through 3D virtual images of three characters (S, N, and U) with a real object cube for a
background, which were captured from five different view positions in the display experiment.
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3.3. Holographic solar concentrator

Recently, HOEs have been studied for use in various solar applications to substitute optical
mechanisms in solar concentrators [38–40]. The recording material of HOEs is usually flat and
thin. It is possible to multiplex several holographic elements into the same material and collect
solar energies with different incidence angles. Moreover, HOEs have the ability to diffract the
light in a specific direction, and they also have the potential to provide angular or wavelength
multiplexing. By applying the angular multiplexing method to the HOE recording, the angular
multiplexing-based HOEs could act as the sun tracker. The HOEs that operate at specific
wavelengths are able to diffract the desired specific wavelengths and remove other unwanted
wavelengths, such as UV rays.

HOEs were suggested to be used in solar applications for the first time in 1982 [38]. The major
attraction of holography is that it appears possible to make a holographic concentrator that has
no moving parts and is able to track the daily movement of the sun and concentrate the sun’s
rays onto an absorber. Afterward, a variety of designs have been suggested over the years
[41, 42]. For example, it was demonstrated that a volume holographic lens allows a single-axis
tracking over 55° angular variation [43, 44].

Designs of multiplexed holographic lenses have been also proposed by Naydenova et al. [45].
Here, the multiplexed HOEs are recorded in the same photopolymer layer. Figure 32 shows
the optical setup for recording the holographic lens in the photopolymer plate with focusing
lens. Then, the recorded HOE has the characteristic of focusing the light in the recording
direction.

For focusing the light from the multiple directions, a schematic configuration for recording
multiplexed HOEs is illustrated in Figure 33. The reference beam reflects the light in five
different mirrors to record the multiplexed transmission gratings with the object beam. The
object beam and the different reference beam are recorded by adjusting the photopolymer
material to bisect the inner beam angle. By variability of exposure time and intensity, the
multiplexed HOEs can obtain optimum diffraction efficiencies.

Recently, the angular multiplexed holographic solar condensing lens has been proposed by J.
H. Lee et al. [46]. In order to combine the solar concentrator and sun tracking functions in a
single photopolymer, a convex lens was used as a recording object while multiplexing the incident

Figure 32. A schematic configuration of experimental setup for recording a holographic lens.
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beams of three angles. Generally, the performance of a HOE is determined by the diffraction
efficiency. The diffraction efficiency is defined as the ratio of the intensity of the diffraction beam
to the sum of the intensity of diffraction beam and transmission beam. However, it is difficult for
the diffraction efficiency to evaluate the performance of the HOE as a solar concentrator. There-
fore, they newly suggest the concentrated diffraction efficiency (CDE) calculation method that
uses an effective concentration rate (ECR). ECR is a metric measure, i.e., already proposed for
measuring the concentration rate of the solar concentrator. The ECR was calculated from the
equation

ECR ¼ ηopt ·Rc (37)

where ηoptis the optical efficiency which is the ratio of condensed light intensity to incident
light intensity and Rc is the geometric concentration rate which is the ratio of area of incident
beam and condensed beam. The CDE, ηc, is defined by ECRh of HOE and ECRl of the convex
lens as follows:

ηc ¼ ECRh=ECRl · 100 %ð Þ (38)

Eq. (2) shows the actual performance of the recorded HOE as a solar concentrator. Figure 34
shows the schematic diagrams of the hologram recording for the solar concentrator. In this
experiment, holograms are recorded by transmission geometry because it is advantageous for
the HOE solar concentrator.

In solar concentrator systems, the sun tracking systems are necessary owing to the movement
of the planet. In order to realize the effective sun tracking system, an interval within 10 am–2 pm
is widely used, as shown in Figure 35. This scheme shows the schematic diagram that con-
denses the light coming from three different angles to a fixed single point. Note that the
interval degrees between each angle are decided as 10° because it matches the movement
interval of the sun at 10 am–2 pm.

Figure 33. A schematic configuration of experimental setup for recording multiplexed HOEs.
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The iterative recording method is used to improve efficiency and uniformity. The iterative
method is applied to make holograms through repetitive exposure in one photopolymer that
each of the N holograms is recorded with a series of short exposure time within the material’s
saturation time. At 0.5 second, 0.25 second and 0.125 second of the exposure time and from
twice to six times of the iteration number were applied. And, the order of recording is A, B,
and C. This schedule is laid out with consideration of saturating condition. And, the result is
shown in Figure 36. It shows the possibility of increasing the efficiency by using iterative
recording method.

Figure 34. Schematic diagrams of the transmission hologram for the HOE solar concentrator on the photopolymer film.

Figure 35. Schematic diagram for angular multiplexed holographic solar concentrator.
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4. Conclusion

HOE is an optical device able to include a variety of features in a transparent thin film or plastic.
The biggest advantage of HOE is that the traditional optical element or the multifunctional
devices which does not exist can be produced on single HOE. Therefore, it is investigated in
various fields, such as optical device, communication, and display. Nowadays, the usage of 2D
holographic projection screen is increased in advertisement, performance, AR fields, and so on,
and the development trend of holographic 3D screen is turned intoHMD from 3D TV. It has been
certified that the HOE is much useful and an effective technique especially for simplified optical
systems. In order to develop the HOE more practical and applicable, the manufacturing system
for recording medium and the lossless replication technology for mass production are required.
However, only few materials that are applicable in replication technology are suggested, and the
perfect solution for replication technology has not been completed yet. Therefore, the medium
recording and replication technology should be developed continuously, and the main issues of
the full-color HOE, color uniformity, and chromatic aberration need more researches.
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Abstract

The parallel-aligned liquid crystal on silicon (PA-LCoS) microdisplay has become a 
widely used device for the photonics community. It is a very versatile tool that can per-
form several tasks which transforms it into a key element in many different photonics 
applications. Since our group is interested in holography, in this chapter, we want to 
use these displays as the data entry point for a holographic data storage system (HDSS). 
Due to the novelty of this kind of device, we have done an intense work characterizing it. 
These efforts are reflected in this chapter where the reader will find two different charac-
terization methods that will enable to predict the performance of the device in a specific 
application. Additionally, we present how a phase-only device can be used as a data 
pager using different modulation schemes and combined with a photopolymer as the 
holographic recording material.

Keywords: holographic data storage, PA-LCoS, modulation schemes, liquid crystal, 
photopolymer

1. Introduction

In this chapter, we present an analysis on the use of modern parallel-aligned liquid crys-
tal on silicon displays (PA-LCoS) in diffractive optics and holographic data storage (HDS). 
The PA-LCoS acts as a spatial light modulator (SLM) in different roles: as data entry point, 
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state of polarization (SOP) converter, phase-only modulator, or amplitude-mostly modulator. 
All these roles are interesting in many research fields [1–3].

PA-LCoS devices have become widely used in diffractive optics due to its ease of operation 
and phase-only modulation capabilities, because of its high spatial resolution and high light 
efficiency [3]. The liquid crystal (LC) technology has achieved a high level of maturity and 
enables us to have a data entry point in HDS for a high data density recording, and it provides 
us with the ability to design different modulation schemes.

In order to incorporate this kind of microdisplays into a complete holographic data storage 
system (HDSS), we have done an intense work to characterize PA-LCoS devices. As a phase-
only device, we need to know the retardance introduced for every gray level. The microdis-
play is digitally addressed with a pulsed voltage signal. This fact implies a fluctuation in the 
phase that will be reflected in the optical response [4–7]. For that reason, for a full characte-
r ization, we need to obtain the average retardance and the fluctuation amplitude for every 
gray level. This enables us to select the best device configuration for our application.

Even though PA-LCoS are widely used by the photonics community, these phase-only 
devices have not been intensively applied in holographic data storage applications. These 
devices could be a key element for a phase multilevel data page coding. If the trend is to use 
this kind of coding scheme, a right characterization and a profound knowledge will be useful.

2. PA-LCoS characterization

In this section, we present two characterization methods for PA-LCoS microdisplays. One of 
them uses any equipment that is present in almost every optics laboratory. The other makes 
use of a commercial rotating wave plate polarimeter.

2.1. Extending the linear polarimetric method to characterize the PA-LCoS

Parallel-aligned devices are totally characterized by their linear retardance versus voltage  
values. For this reason, we can use methods typically used in the characterization of wave 
plates. All these methods assume that the retardance introduced does not change with time 
[8, 9]. So, we have to adapt the method for elements that present some levels of fluctuation in 
the retardance signal.

We use the linear polarimetric method to measure the retardance introduced by the wave 
plate (our PA-LCoS). We use the next scheme.

In Figure 1, we see a wave plate sandwiched between two linear polarizers. For the appropriate 
angles between wave plate and the linear polarizers, we can calculate the retardance as follows [7]:

  Γ =  cos   −1   (    
 I  OUT  //   −  I  OUT  ⊥   

 _  I  OUT  //   +  I  OUT  ⊥      )     (1)
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where Γ is the measured retardance.   I  
OUT

  ∥    and   I  
OUT

  ⊥    are the intensity measured at the exit of the 
system when the two linear polarizers are oriented at +45° with respect to the slow axis of the 
wave plate, and when the input linear polarizer is oriented at +45° and the output polarizer 
is oriented at −45°. These are the so-called “parallel” intensity and “crossed” intensity. With 
just two measurements, we can calculate the retardance of the wave plate. These intensities 
are defined as follows:

   I  OUT  //   =   
 I  0   __ 2   [ 1 + cos Γ]  (2)

   I  OUT  ⊥   =   
 I  0   __ 2   [ 1 − cos Γ]  (3)

where I0 is the total light intensity introduced in the system.

As mentioned, the PA-LCoS device introduces a fluctuation due to its digital-addressing 
scheme. We see how this fact alters the equations described above. As a first approxima-
tion, we consider a triangular profile for the periodic variation of retardance with time,  Γ(t )  
described by Eq. (4)

  Γ  (  t )    =   
⎧

 
⎪

 ⎨ 
⎪

 
⎩

    
  ̄  Γ  − a+   2a _ T / 2   t

  
0 ≤ t <  T ⁄ 2 

    
  ̄  Γ  + 3a−   2a _ T / 2   t

  
 T ⁄ 2  ≤ t < T

    (4)

Figure 1. Linear polarimeter with the wave plate (WP) to be measured. P1 and P2 are linear polarizers.
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where   Γ ¯    is the average value of the retardance during a period T. This function is represented 
in Figure 2.

Following the proposed model in Eq. (4), if we calculate the average value for a period of  cos(Γ  (  t )    ) , 
we obtain,

  〈cos (  ̄  Γ  − a+   2a ___ T / 2   t )〉 =   
sin (a )

 _____ a   cos (  ̄  Γ  )  (5)

We can see how a sinc term appears modulating the cosine function. Taking into account Eq. 
(5), we can rewrite Eqs. (2) and (3) in terms of average intensity as follows:

  〈 I  OUT  //  〉 =   
 I  0   __ 2   [ 1 +   sin a ____ a   cos   ̄  Γ ]  (6)

  〈 I  OUT  ⊥  〉 =   
 I  0   __ 2   [ 1 −   sin a ____ a   cos   ̄  Γ ]  (7)

We see how the intensity that we really measure is affected by the sinc(a) function when we 
are trying to measure the retardance introduced by a wave plate that presents instabilities. If 
we combine Eqs. (6) and (7), we obtain the next expression for the average retardance:

    
〈 I  OUT  //  〉 − 〈 I  OUT  ⊥  〉

 ___________ 〈 I  OUT  //  〉 + 〈 I  OUT  ⊥  〉   =   sin a ____ a   cos   ̄  Γ   (8)

    ̄  Γ  =  cos   −1   (     (   
〈 I  OUT  //  〉 − 〈 I  OUT  ⊥   〉 ⁄ 〈 I  OUT  //  〉 + 〈 I  OUT  ⊥   〉  )    ____________  (   sin a ⁄ a  )     )     (9)

In the case when no fluctuation exist ( a =  0   o  ), we recover the classical result presented in 
Eq. (1). In essence, assuming a linear variation with time, as expressed in Eq. (4), this fluctua-
tion is translated into a sinc function when averaging the cosine in a period.

Figure 2. Triangular profile considered for the temporal fluctuation of the linear retardance.
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To analyze how the fluctuations limit the classical linear polarimeter, we performed the next 
simulated experiment: using Eqs. (6) and (7), we simulate the intensity values measured in the 
presence of fluctuations in the retardance. Then, we consider Eq. (1) to obtain the retardance 
value as if we ignore the existence of these fluctuations.

In Figure 3, we show the calculated retardance values as a function of the true retardance ones 
used in the simulation and for different fluctuation amplitudes, indicated with the curves in 
the plot.

In Figure 3, we see how the fluctuations affect the calculated retardance. The maximum and 
the minimum measurements are produced at the same places of the theoretical wrapped 
retardance. This means that they are produced at values multiple of 180°. We also note that 
the deviation amount of deviation depends on the true retardance value. At true retardance, 
values multiple of 180° deviation are magnified. Outside of these points, if the fluctuation 
amplitude is not very large, we also find that the calculated values are very close to the true 
retardance values.

From the study of Eq. (8), it can be easily deduced that for average retardance values multiple 
of 180°, the calculated retardance only depends on the fluctuation amplitude a. So, in these 
cases we can uncouple the average retardance measurements from the fluctuation ampli-
tude. These cases are the maximum and minimum points obtained from the measurements. 

Figure 3. Simulation of the retardance measurement experiment in the presence of fluctuations. The calculated retardance 
uses the classical expression where fluctuations are not considered. Various fluctuation amplitudes are considered to be 
compared with the no-fluctuations case.
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At those points, we can estimate the fluctuation amplitude. The fluctuation difference in these 
maximum and minimum points can be expressed as

   Γ  diff   =  cos   −1   (    sin a _ a   )     (10)

Using Eq. (10) and the calculated retardance, for the maximum and minimum points, we 
obtain   Γ  

diff
   . Then, we estimate the fluctuation amplitude, and, eventually, we can correct the 

measurements of the retardance using the exact Eq. (9) instead of the classical one (Eq. (1)) [10].

2.2. Applying the method to a PA-LCoS microdisplay

To validate and test the method described in the previous section, we use the next experimen-
tal setup.

Figure 4 shows the experimental setup used to measure the average retardance versus the 
applied voltage (gray level) for a PA-LCoS device. It consists of a light source (He-Ne laser, 
λ = 633 nm), the LCoS, the necessary input and output linear polarizers which are in parallel or 
crossed configuration, and a radiometer to measure the intensity. For measuring time variations 
in the retardance, we need to measure the intensity in both cases (parallel and crossed) at the 
same time, for this reason we have introduced two high-quality nonpolarizing cube beam split-
ters (model 10BC16NP.4, from Newport): one of them to separate the incident and the reflected 
beams, and the other to enable synchronized measurement of the parallel and crossed intensities.

These simultaneous measurements when obtained with the help of an oscilloscope are 
used to validate the estimated fluctuation amplitude calculated with the previous method. 

Figure 4. Experimental setup used to measure the linear retardance as a function of the applied voltage (gray level) for 
a PA-LCoS. The setup allows to measure both average and instantaneous values.
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We  demonstrated that the estimated values are in good agreement with the measurements 
done with the oscilloscope [10]. So, the oscilloscope is no longer necessary. This is the reason 
why we affirm that the method does not need special equipment (as the mentioned oscillo-
scope), which maybe is not found in an optical laboratory.

In our experiments, we have used and analyzed an LCoS display distributed by the company 
HOLOEYE. It is an active matrix reflective mode device with 1920 × 1080 pixels and 0.7'' diago-
nal named PLUTO spatial light modulator. The pixel pitch is of 8.0 μm and the display has a fill 
factor of 87%. The signal is addressed via a standard digital visual interface (DVI) signal. Using 
an RS-232 interface and its provided software, we can perform gamma control to configure the 
modulator for different applications and wavelengths. The manufacturer provides some con-
figuration files for the equipment. These configurations are designed for different applications. 
The configuration files are labeled as “18-6 default,” “18-6 2pi linear 633 nm,” and “5-5 2pi linear 
633 nm.” From the name, we can infer that the ones with “2pi linear 633 nm” are designed for 
a linear response in retardance for 633-nm wavelength. The labeled as “default” means that no 
gamma correction has been applied and the retardance response will be nonlinear. The other 
part of the label (18-6 and 5-5) makes reference to the configuration of the digital addressed 
signal. This part reflects the number of bits used in the signal, so the signal has different lengths 
depending on the configuration file. In principle, a shorter length presents less flicker. You can 
find more information about the digital signal and configuration in Refs. [10, 11].

The method presented in Section 2.1 enables us to correct the measures done for characterizing 
the PA-LCoS in order to know the exact average retardance introduced by each gray level. To do 
that, we extrapolate the fluctuation amplitude value calculated from the extremals (180° multi 
ples) to a wider gray level range: the fluctuation amplitude value from the first extremal is consi 
dered to be roughly valid until half of the gray level distance between itself and the next extremal.

In Figure 5, we show the directly taken measurements (“Uncorrected” ones) that we obtain 
by applying Eq. (1) to the parallel and crossed intensities measured. We know that we are 
not taking into account the presence of fluctuations. From the extremal points, which are 
multiples of 180° in the retardance, we can calculate the fluctuation amplitude using Eq. (11). 
In this way, we obtain a fluctuation amplitude that we apply by intervals between the dif-
ferent extremals. Using Eq. (9), and knowing the value of the fluctuation, we recalculate the 
average retardance correcting the previous obtained curves (“Corrected” ones).

Figure 5. Average retardance versus gray level considering the existence of the fluctuation amplitude in the retardance, 
“corrected” curve, and considering the ideal a = 0°, “uncorrected” curve. (a) “18-6 default”; (b) “18-6 2pi linear 633 nm”; 
(c) “5-5 2pi linear 633 nm”.
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To sum up: we are able of obtain the corrected curves. With this information, we can change 
the gamma curve configuration to obtain a selected behavior. And we can just evaluate   Γ  

diff
    in 

the extremals to select the configuration that has less fluctuation amplitude [10, 12].

2.3. Characterization using averaged stokes polarimetry

The method showed in the previous section enables us to configure the device but it does not 
provide a full characterization. We only have information about the fluctuation amplitude 
in some points. In this section, we present a method that provides full information about the 
average retardance and the fluctuation amplitude for all gray levels.

We will use the Mueller-Stokes formalism [8], which enables to deal both with polarized and 
with unpolarized light. In this formalism, the retardance wave plate matrix is

   M  R    (  Γ )    =   
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 ⎜ 
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Eq. (11) describes a wave plate with the fast axis along the X-axis and a retardance Γ. Let 
us consider a unit intensity Stokes vector corresponding to a state of polarization linearly 
polarized at +45° with respect to the X-axis impinging perpendicular onto the linear retarder. 
Then, the SOP at the exit is calculated as follows:
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In Eq. (12), we see how the second element of the resultant Stokes vector is zero indepen-
dently of the retardance introduced by the wave plate, and it does not depend on the possible 
temporal retardance fluctuations. If we introduce the signal variation model described in Eq. 
(4), we calculate the average value for S2 and S3 components as follows:

  〈 S  2  〉 =   1 ___ T / 2    ∫ 0   
T ⁄ 2     cos   (    ̄  Γ  − a+   2a _ T / 2   t )   dt =   

sin (a )
 _____ a   cos (  ̄  Γ  )  (13)

  〈 S  3  〉 =   − 1 ___ T / 2    ∫ 0   
T ⁄ 2     sin   (    ̄  Γ  − a+   2a _ T / 2   t )   dt =   

− sin (a )
 ______ a   sin (  ̄  Γ  )  (14)

Therefore, the average exit vector   S  
out

    reflected by the PA-LCoS when a linear polarized beam 
impinges, and the angle between the slow axis and the polarizer is 45° is given by
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From Eq. (15), we see how, when we calculate the degree of polarization (DoP), it depends 
only on the fluctuation amplitude

  DoP =   
 √ 

_________________
   〈 S  1  〉   2  +  〈 S  2  〉   2  +  〈 S  3  〉   2   
  ______________  S  0  

   =   
sin (a )

 _____ a    (16)

Eq. (16) shows that the DoP is produced by the fluctuation in the retardance and provides as a 
way to calculate the fluctuation amplitude for every gray level by measuring the DoP.

From Eq. (15), it is clear that the average retardance can be obtained by calculating the ration 
between third and fourth Stoke vector components,

  − 〈 S  3  〉 / 〈 S  2  〉 = tg(  ̄  Γ  )  (17)

We have presented a method that can be applied to any electro-optic element acting as a 
wave plate and presenting fluctuations in its optical response [10]. It is not only applicable to 
PA-LCoS devices. We have applied them to the mentioned PLUTO device obtaining a com-
plete characterization [13].

2.3.1. Experimental setup for characterization

To use the method described above, we just need a polarimeter. In our case, we have used 
a commercial PAX5710VIS-T model from THORLABS. This is a rotating wave plate-based 
polarimeter, which belongs to time-division mode polarimeters. They are not able to provide 
instantaneous values if the state of polarization changes more rapidly than its measurement 
time interval. In our case, the THORLABS polarimeter has a measurement time interval of 3 
ms (maximum rotation frequency is 333 Hz). But as long as we need an average value, and 
the software allows to enlarge the measurement time interval, we just select an appropriate 
time interval larger than the fluctuation time period of the PLUTO device, which is about 8.66 
ms (120 Hz).

In Figure 6, we show the experimental setup used for characterizing our PA-LCoS, the first 
wave plate shown is used just to guarantee enough light intensity regardless of the polarizer 
angle, since the output light from the laser is linearly polarized. A quarter wave plate, as in the 
figure, with its neutral lines properly oriented can do the work, even though it is not the only 
possibility. As we show in the method the input polarizer has to be at 45° from the neutral 
lines of our PA-LCoS, in our case it is the x-y-axis.

We test the method with the “18-6 633 nm 2pi linear” and “5-5 633 nm 2pi linear” configura-
tions, already introduced. We measure the Stokes vector and degree of polarization of each 
gray level. We have obtained the next results.

Figure 7 shows the data obtained for the two different configurations tested when linearly 
polarized light impinges onto the device at 45°. In dashed lines, we show the measurements 
for “5-5 633 nm 2pi linear” configuration. In continuous lines, we show the measurements 
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for “18-6 633 nm 2pi linear.” The first thing that we have to note is that parameter S1 is close 
to zero for all gray levels, in clear confirmation of the result obtained in Eq. (15). To obtain 
the retardance value and the fluctuation amplitude, we have to apply Eqs. (17) and (16), 
respectively.

Figure 7. Measurements obtained from the PLUTO for “5-5 633 nm 2pi linear” (dashed line) and “18-6 633 nm 2pi linear” 
(continuous line).

Figure 6. Experimental setup for characterizing a PA-LCoS.
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In Figure 8, we have calculated the fluctuation amplitude and the average retardance. We have 
obtained a full characterization of the device. We observe that the retardance range is about 
360° for both sequences with very good linearity. The fluctuation amplitude is clearly smaller 
for the 5-5 sequence.

This method has been validated with the direct measurements of the retardance fluctuations 
and with the predictive capability of the SOP at the exit regardless of the SOP at the input [13]. 
The direct measurements of the fluctuation amplitude have been done with the help of an 
oscilloscope [14], and we have also tested the predictive capability of the model when applied 
to a more complex diffractive optical element (DOE) as a blazed grating [15].

3. Using a PA-LCoS in a holographic data storage system

We have a good characterization method and control over the display that will act as a spatial 
light modulator in our holographic data storage system. We present how we can implement 
different modulation schemes with a phase-only device as our PA-LCoS.

HDSS enables true three-dimensional (3-D) storage of information and also associative 
memory retrieval [16]. There are many aspects that need to be addressed for HDSS to be 
commercially viable [2]. These systems are always taking advantage from the latest tech-
nological advances in the various components that form a complete system. In this sense, 
PA-LCoS microdisplays have replaced previous liquid-crystal display (LCD) technology in 
most photonics applications [17]; this fact makes PA-LCoS an interesting device to test in 

Figure 8. Calculated values for the average retardance and the fluctuation amplitude for λ = 633 nm, and for sequences 
“5-5 633 nm 2pi linear” (dashed) and “18-6 633 nm 2pi linear” (continuous).
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HDSS. PA-LCoS are high-resolution reflective devices which enable phase-only operation. 
They are ideal for binary or multinary phase-only data pages [18, 19]. This leads to DC term 
cancellation when recording the Fourier transform of the data page, avoiding the premature 
saturation of the recording material.

3.1. Modulation schemes

We try to implement the well-known binary intensity modulation (BIM) and the hybrid ter-
nary modulation (HTM) [20, 21]. PA-LCoS devices are designed for displaying phase-only 
elements without coupled amplitude. This is easily achieved by illuminating them with a 
linearly polarized light parallel to the director axis. We have investigated that the PA-LCoS 
can also be used to display the widely applied BIM data pages. We also try to implement the 
more demanding HTM data pages. HTM had not been studied with PA-LCoS devices. HTM 
has the advantage that combines the ease of detection of BIM data pages (that only needs to 
detect intensity) and it reduces the DC term of the Fourier transform. The reduction on the DC 
term is necessary to avoid saturation of the dynamic range of the recording material [20, 21].

We use the model and characterization technique presented in Section 2.3 that enable us to 
obtain the average retardance and fluctuation amplitude for every gray level. Before apply-
ing the configuration needed, we need to calculate the complex amplitude of the electric field 
at the exit. To do that, we use the Jones matrix formalism, so we present the basic elements 
involved,

   P  X   =   (   1  0  0  0  )     (18)

Eq. (18) is the matrix associated to a linear polarizer with its transmission axis along the 
X-axis,

  W  (  φ )    =   (   
exp   (  − jφ / 2 )   

  
0
   

0
  

exp   (  +jφ / 2 )     )     (19)

Eq. (19) is the matrix for a linear retarder of linear retardance ϕ with its slow axis along the 
X-axis. When polarization elements are rotated an angle θ with respect to the X-axis, we need 
the two-dimensional rotation matrix,

  R  (  θ )    =   (    cos θ  sin θ   − sin θ  cos θ  )     (20)

To produce both BIM and HTM with the PA-LCoS device, we need to insert the display 
between two rotated linear polarizers at angles   θ  

1
   and   θ  

2
   , that is, the complex amplitude for the 

electric field at the output is given by the following equation:

     E 
→

    OUT   =  P  X   ⋅ R  (   θ  2   )    ⋅  W  PA    (    ̄  Γ  )    ⋅   (   
cos  θ  1    sin  θ  1  

   )     (21)
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where     E ⇀    
OUT

    corresponds to linearly polarized light at an angle   θ  
2
   , always with respect to the 

X-axis.   W  
PA

    (    ̄  Γ  )     is the matrix for the PA-LCoS which is given by Eq. (19), and whose average 
retardance varies with gray level, and it will be given by our characterization method. Its 
fluctuation amplitude will not be considered in the calculations: in the calibration we have 
taken care to select electrical configurations minimizing the existence of this flicker in the 
retardance [9, 10].

If we take into account the calculated values for the average retardance, we can calculate the 
trajectories in the complex plane. In Figure 9, we present the configurations used to imple-
ment the different modulation schemes.

The configuration shown in Figure 9 is obtained at an angle of incidence of 11.5°, which is the 
incidence angle presented in our setup for holographic data storage. The sequences used are 
both 5-5, but the voltages applied are changed for the BIM configuration (continuous lines in 
Figure 9). In this case, the voltage has been reduced to Vbright = 2.02 V and Vdark = 1.11 V. For 
BIM, we only need a phase depth of 180°, this is the reason that we can relax the requisites of 
the device. As shown in Figure 9, the fluctuation amplitude has been reduced, in comparison 
with the configuration used for HTM that is the configuration called “5-5 532 nm 2pi linear” 
provided by the manufacturer. For more information about the influence of Vbright and Vdark, 
reference [12] can be consulted.

After we have defined the average retardance, from Eq. (21) we can calculate the intensity 
transmission   I  

OUT
    that is given by the hermitic product of     E ⇀    

OUT
    and the phase shift   ϕ  

OUT
   will be 

given by the argument. We can optimize in the computer the angles   θ  
1
   and   θ  

2
    of the linear 

polarizers to produce the best BIM and HTM regimes.

Figure 9. Calculated values of the average retardance and the fluctuation amplitude for λ = 532 nm at an angle of 
incidence of 11.5°, for two different device configurations that enables us to implement BIM (continuous) and HTM 
(dashed).
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In the case of BIM, we need to generate the maximum intensity contrast between the on and 
off values, that is,   I  

contrast
   =  I  

oOn
   /  I  

Ooff
   . We need at least a contrast of 1:20 for achieving an acceptable 

bit error rate (BER) [22]. Maximum contrast can be obtained with only polarizers, if they are 
parallel of crossed with each other at 45° with respect to the director axis of the PA-LCoS. 
Using the data from Figure 9, we obtain the intensity transmission and phase-shift curves as 
a function of the gray level. It is displayed in Figure 10(a), which are also represented as a 
phasor in the complex plane in Figure 10(b)

In Figure 10(a), the lowest and highest intensity transmission points occur at gray levels 
12 and 239, respectively. From the values, we calculate that the theoretical contrast tends to 
infinity, and the phase-shift values are 270° and 360°. From Figure 9, we see that the difference 
in the retardance value is very close to 180° between these two gray levels. In the experimental 
measurements, we obtain that the low and high transmission points occur slightly displaced 
at gray levels 14 and 248, and the contrast we measure is about 1:50. The theoretical contrast 
value is idealistic since the various degradation effects in the PA-LCoS have a direct impact 
on the minimum intensity.

The representation in the complex plane (Figure 10(b)) is useful to see the complex evo-
lution and the trajectory described with the variation of gray level. We see that the 180° 
phase jump is produced at the vicinity of the origin (gray level 12). It can be verified 
that independently of the orientation of the transmission axis of the polarizers, we always 
obtain a circular trajectory. The same effect is produced when adding wave plates to the 
system, at the entrance or/and the exit of the PA-LCoS (it will be like adding an offset to 
the retardance; it will not vary the trajectory). This will be a problem when implementing 
the HTM scheme.

Figure 10. Simulation for BIM. (a) Intensity transmission and phase shift as a function of gray level; (b) phasor 
evolution in the complex plane. The PA-LCoS is sandwiched between linear polarizers at +45° with respect to the X-axis 
(neutral lines).
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For HTM scheme, we need three gray level values, two of them with a 180° relative phase shift 
and an equal and high intensity level (On levels). The third level will be the Off level that has 
to block as much light as possible to obtain a good contrast. As long as the trajectories in the 
complex plane are always circular and the 180° phase jump is produced in the origin, we have 
found that the PA-LCoS device cannot fully meet these requirements. In the case of Twisted-
Nematic (TN) LCDs, this is possible. TN LCDs provided a coupled amplitude and phase-shift 
modulation. This fact enables to produce arbitrary complex amplitude trajectories that can 
accomplish the requirements of HTM [20, 21].

Therefore, we can produce a compromise solution by slightly shifting the circular trajectory. 
At the cost of leaking some light intensity in the Off level, we can achieve two On levels with 
an appreciable transmitted intensity and a relative phase shift close to 180°. The closer these 
On levels are to a phase difference of 180° the lower the DC term is. We have named this 
modulation scheme as pseudo-HTM modulation (p-HTM). We want to know if this p-HTM 
scheme is still useful for its application in an HDSS.

In Figure 11, we show the complex amplitude for one of the possible p-HTM configurations. 
It corresponds to input and output polarizers at 55° and −45° with respect to the slow axis. In 
Figure 11(a), we show the intensity and the phase-shift versus gray level, and in Figure 11(b) 
we plot the phasor evolution in the complex plane where we see that the circular trajectory 
is slightly displaced from the origin. The two On gray levels considered are 105 and 168 with 
amplitude transmission values of 0.28 and phase-shift difference of 206°. The Off gray level 
is 140 with an amplitude transmission of 0.03 and phase shift 170°. The intensity contrast is 
then 1:10. This is a low value; however, increasing the contrast means almost crossing the two 
polarizers. This produces that the 180° phase jump is closer to the origin and the difference in 
phase between On levels is increased rapidly producing a larger DC term, which is what we 
are trying to reduce [23].

Figure 11. Simulation for p-HTM: (a) intensity transmission and phase shift; (b) phasor evolution in the complex plane. 
input and output polarizers are at +55° and −45° with respect to the slow axis.

Holographic Data Storage Using Parallel-Aligned Liquid Crystal on Silicon Displays
http://dx.doi.org/10.5772/67158

147



3.2. Experimental results

To test the modulation schemes presented, we use the next experimental setup represented 
in Figure 12.

Figure 12 shows us the scheme for the experimental HDSS used. We consider a 532-nm laser 
beam, to which the PVA photopolymer is sensitized. We use PVA/AA because it is a well-
studied photopolymer, and our group had done an intense work to characterize and model 
it. More information about the photopolymer can be found in references [24, 25]. We have 
inserted a half wave plate before the shutter and spatial filter to ensure that enough light 
intensity impinges onto the linear polarizers in the object and reference beam. The intensity 
ratio between both beams is controlled with one attenuator in reference beam. The linear 
polarizers LP are used to produce the appropriate SOP for the object and reference beam. In 
the reference beam, a stop limits the aperture of the beam to about a diameter of 1 cm. Lenses 
in the reference beam form an afocal system so that the rotating mirror and the recording 
material are at conjugate planes; this enables angular multiplexing simply by rotation of the 
mirror. In the object beam, we have combined a divergent and a convergent lens in order to 
control the curvature of the converging beam onto the PA-LCoS. At the convergence plane, 
we find the Fourier transform of the data page, in this plane we used a stop that will act as a 
Nyquist filter. Then we have built a relay system to image the Nyquist filter plane onto the 
recording plane. We can also introduce some defocusing degree by displacing the recording 
material plane. This system uses a convergent correlator setup, and finally we read the data 
saved with the help of a high dynamic CCD camera [25].

Figure 12. Schematic representation of our experimental HDSS testing platform.
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In the present work, we focus on testing the modulation schemes implemented with our 
PA-LCoS. We address a data page formed with random data bits. Afterwards, in the recons-
truction step, we retrieve the data saved with CCD camera. Compared with the original data, 
we make a count on the errors detected. This provides us with a measurement or the raw 
BER. We only apply a simple treatment consisting in looking for the best threshold level that 
minimizes the errors counted [26].

The data page is formed by 64 × 64 information bits, and each bit of information is formed by 8 
× 8 pixels in the PA-LCoS. This is necessary to avoid interpixel cross-talk effects [16]. We have 
4096 information bits of information in each data page.

In Figure 13, we present the first result for BIM scheme; in this case, we are not using mate-
rial to register the hologram. This image enables us to evaluate the optics performance of our 
experimental setup (Figure 12). We see some interesting facts. In the first place, we see how 
the data page is perfectly reconstructed and the 1's and 0's distribution in gray levels is clearly 
separated. No errors in the reconstruction have been produced.

In Figure 14, we present the results obtained for p-HTM scheme without using material. We 
see that the histograms are not clearly separated. This implies that some error will be pro-
duced in the reconstruction. We detect eight errors, which corresponds to a BER of 2.0 × 10−3. 
This is due to the lower contrast of the data page, but we still can reconstruct the image with 
an acceptable BER.

Figure 15 shows us the results obtained when the data page is stored in a PVA/AA film. The 
beam intensity ratio used is about 1:400, where the intensity incident onto the recording mate-
rial is 3.16 mW/cm2 and 8 μW/cm2, respectively, for the reference and object beam, and for an 
exposure time of 6 s. As we can see in the histograms, the 0's and 1's show a slight overlap. We 
detected 52 errors, that is, BER = 1.3 × 10−2. The BER is still in the range that allow to retrieve 
the information without errors when applying error correction codes [26].

Figure 13. Experimental results for BIM scheme and no material. (a) Data page; (b) histograms.
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In Figure 16, we see the results for a data page stored in PVA/AA using p-HTM scheme. Beam 
intensity ratio is about 1:800, where the intensity incident onto the recording material is 3.16 
mW/cm2 and 4 μW/cm2, respectively, for the reference and object beam, and for an exposure 
time of 10 s. As we can see, and due to the lost of contrast, the results are a worse that in BIM 
case. There are 229 errors detected, that is, BER = 5.6 × 10−2. BER is still in an acceptable range, 
and it is only five times larger than the BIM case.

We did some simulations to predict the results [23]. Our simulations predicted worse results 
for p-HTM, when we compare it with BIM, than the ones obtained experimentally. We believe 
that the better experimental ratio is due to the reduction in DC term, which is to not have into 
account in our simulations just because we considered a linear material. Further experimental 

Figure 15. Experimental results for BIM scheme and PVA/AA. (a) Data page; (b) histograms.

Figure 14. Experimental results for p-HTM scheme and no material. (a) Data page; (b) histograms.
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work has to be done with PVA/AA photopolymer to study these saturation effects. In general, 
we can say that the p-HTM scheme can be used in an HDSS because of its promising results. 
Maybe, it can show all its potential when the multiplexing capability will be used.

4. Conclusions

This chapter presents how to apply a novel PA-LCoS microdisplay to an HDSS. To accom-
plish that, we presented two methods to characterize the device. The first method does not 
use any special equipment and permits us to customize the configuration of the PA-LCoS. The 
second one enables a complete characterization and presents a good prediction capability, 
which will be useful to test if the device can be applied in a specific setup or application. The 
method has been validated in different ways, and can be applied to any device that acts as a 
wave plate but present some fluctuation in the introduced retardance.

When we have characterized the PA-LCoS microdisplays, we have applied it in a complete 
HDSS. We have found that we can design some modulation schemes that can be used in 
HDSS. We present the promising p-HTM scheme that can be comparable with the widely 
used BIM scheme in terms of BER.
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Abstract

The refocusing capacity is a unique feature of digital holography. In this chapter, we 
show the capability of reconstructing digital holograms at different planes for different 
purposes. One of such purposes is to increase the focus depth of the microscope sys‐
tem. First, we show experimental results of the feasibility to perform digital holographic 
microscopy (DHM) using a Mirau interferometric objective. A profile phase compari‐
son of a 4.2 μm high microlens using interferometry and DHM, extending the depth 
of focus of the microscope objective as proof of the proposal, is presented. Second, it 
is also useful in reducing shot noise when using an LED as a light source. In order to 
attain the reduction noise, we performed an averaging process of phase and amplitude 
images reconstructed at different reconstruction distances. This reconstruction range is 
performed within the focus depth of the optical system. We get a reduction of 50% shot 
noise. Finally, we show a strategy based on this tomographic capability of reducing a 
ringing effect by using an ideal filter in off‐axis digital holography.

Keywords: digital holographic microscopy, phase‐contrast imaging, optical metrology, 
tomography, phase‐shifting

1. Introduction

Digital holographic microscopy (DHM) is a very popular noninvasive testing tool due to 
its optical nature [1–3]. Many applications use DHM and they have been demonstrated, 
 showing its unique focusing capability; among those applications, micro‐electro‐ mechanical 
systems (MEMS) and micro‐opto‐electromechanical systems (MOEMS) analysis demand 

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



higher topographical resolution accuracy [4, 5]. In the inspections of test objects with micro‐
scopes presenting some nondesirable phenomena, such as a limited depth of field, aberra‐
tions due to defects of optical elements inside the arrangement, optical noise, and parasitic 
interferences by multiple internal reflections, among others. DHM is not an exception. The 
microscope has a depth of focus (DOF) limited and as in bright‐field microscopy, the areas 
outside the DOF give out‐of‐focus and blurred amplitude. Ferraro et al. demonstrated that 
by DH it is possible to obtain an extended focused image (EFI) of a 3D object without any 
mechanical scanning, as occurs in conventional optical microscopy [6]. As the unique DHM 
feature of refocusing works normally, which Ferraro et al. and Colomb et al. demonstrated 
in their results [6, 7], we can put under inspection MEMS and MOEMS with thicknesses 
larger than microscope objective (MO) depth of focus. One of the most important chal‐
lenges in DHM is the reduction of noise. This is because, the lower noise, the smaller will 
be the measurement error. Different methods have been applied to reduce noise in digital 
holography. Kang obtained multiple holograms from different angles of illumination by 
rotating the object or the illumination source. He obtained an improved image through 
an averaging process [8], similar to the process applied by Baumbach et al. [2]. On the 
other hand, Rong et al. [9] varied the polarization angle to get an improved image. Also, 
Charrière et al. [10] applied a method to reduce the shot noise that consisted of averaging 
multiple holograms in order to get an improved phase image. The noise is reduced by low 
partial coherence sources. These are usually used, such as laser diodes or light emitting 
diodes (LEDs) [11, 12]. A disadvantage is their inability to reconstruct the wavefront object 
for larger reconstruction distances [13]. Here, we present two methods to reduce measure‐
ment error in DHM and DH. These methods perform an averaging procedure of phase 
maps reconstructed at different distances. In addition, we show compensation in the topo‐
graphical measurement of a 4.2 μm high microlens attained with classical interferometry. 
This error is due to the limited depth of focus of a Mirau interferometric objective (MIO). 
In this case, we extend the DOF of the MIO by using the numerical focusing capability of 
DHM. The last method is based on this tomographic capability of the DHM to reduce a 
ringing effect by using an ideal filter in off‐axis digital holography. We use this capability 
to get an enhanced image, which is obtained from the spatial averaging method between 
the focused image at plane (z = zhd0) and the first Talbot distance plane (z = zhd1). This dis‐
tance is determined by the period of the ringing phenomenon. Reductions of 50% of these 
anomalies are computed in simulation and 30% is obtained experimentally (nearly 2 nm). 
In addition, the simulation results show that the focusing resolution is related with the 
filter size.

2. Extending DOF of a Mirau interferometric objective by DHM

In this section, we present some experimental results to show how the DOF of a MIO is 
increased. We show a topographical measurement of a 4.2 μm high microlens attained with 
classical interferometry. A comparison with the proposal shows the existence of an error. This 
error is due to the limited depth of focus of the MO. We extend the DOF of the MO by using 
the tomographic capability of DHM.
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2.1. Experimental configuration

The CCD camera records a hologram I(x, y) on the recording plane (x, y). This hologram is the 
interference between the reference (R) and the object (O) waves. The hologram is magnified 
by the lens of the microscope (L) (Figure 1) and it is given by

  I(x', y')  =   |  O(x', y') |     
2
  +   |  R(x', y') |     

2
  + O(x', y') R   * (x', y') +  O   * (x', y')R(x', y'),  (1)

where the first two terms are the DC term, and the last ones represent the real and the virtual 
images respectively, while * denotes the complex conjugated.

2.2. Reconstruction of the hologram

Some considerations we need to clarify for the proposal. We must avoid the use of object 
specimen of low reflectivity because the reference wave cannot be attenuated. The last con‐
sideration we have to care about is the dark zone due to obstruction of the reference mirror 
in the MIO [14].

The most common configurations to obtain I(x, y) in DHM are from either on‐line or off‐axis. 
In both cases, we need to tilt the sample (OS) modifying the interference angle between (R) and 
(O). In the case when this angle is ~0°, the configuration is in‐line. This alignment is more accu‐
rate than its off‐axis counterpart but in the classical way, one needs more images recorded by 
the CCD camera. We eliminate DC term and the virtual image of Eq. (1), by applying the phase‐
shifting technique. The filtered hologram IF(x, y) and the wavefront of the object U(x, y), respec‐
tively, calculated from four π/2 phase‐shifted images I1–I4 with the four frame algorithm [15]:

   I  F  (x, y)   = OR  exp   [  i  (   φ  A   +   φ  o   )   (x, y) ]   ,  (2)

  U(x, y) =  I  F  (x, y)   (   R   *     exp   [  − i  φ  A  (x, y) ]    )   ,  (3)

where φA is a distribution of system aberrations. Once that remaining aberration of U(x, y) is 
compensated for, the numerical object wavefront is reconstructed.

Figure 1. Scheme of the MIO which shows the optical path. L, lens of the microscope; STM, beam splitter mirror; OS, 
object; CG, compensating glass; RM, reference mirror.
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2.2.1. Numerical reconstruction of the wavefront

The wavefront of object U(x, y) is propagated numerically along the optical axis to the image 
plane (ξ, η), defined by the numerical distance d, according to the angular spectrum method [16].

  U(ξ, η) =  ℑ   −1    {  exp   [  ikd  (1 − αλ − βλ)   1/2  ]     [  ℑ   U  0  (x, y) ]    (α,β)   }    
(ξ,η)

  ,  (4)

where (ξ, η) are the spatial variables, (α,β) are the spatial frequencies, and  ℑ  denotes a two‐
dimensional continuous Fourier transformation.

The discrete form of Eq. (4) is written as

  U(mΔξ, nΔη) = FF  T   −1    {  exp   [  ikd(1 − λ  r   2  − λ  s   2 ) ]   FFT   [   U  0  (k, l) ]     (  r,s )     }    
(m,n)

  ,  (5)

where FFT is the fast Fourier transform operator,  Δξ  and  Δη  are the sampling intervals at the 
observation plane (pixel size), and r, s, m, and n are integers    (  − N / 2 ≤ m, n ≤ N / 2 )    .

The reconstructed wavefront U (ξ, η) = O (ξ, η) exp[iφo(ξ, η)] provides the amplitude O(ξ, η) 
and phase images φo(ξ, η) of the object. From the reconstructed phase distribution φo(ξ, η), 
the specimen topography is determined for the reflection configuration T(ξ, η)= φo(ξ, η)/2k.

2.3. Experimental results

In Figure 2 is presented the schematic of the digital holographic Mirau microscope (DHMM). 
The proposed method was carried out using a He‐Ne laser of λ = 633 nm in wavelength. The 
beam is filtered spatially with a spatial filter (SP). The beam goes through a Nikon 50X MIO 
with a numeric aperture, NA = 0.55. The hologram of sample (S) is imaged on the CCD camera 
plane by the tube lens (TL). The intensity hologram is recorded by a Pixelink ™ digital camera 
of CMOS 1280 × 1024 pixels, 8 bits, with a pixel size of 6.7 μm × 6.7 μm. The sample holder 
is attached with a piezoelectric transducer (PZT) to perform the phase‐shifting technique. In 
addition, this sample holder is attached on an x, y, z displacement and θ rotation stage to per‐
form the sample tilt, which is necessary for the off‐axis configuration recording.

Figure 2. Schematic diagram of the digital holographic Mirau microscope (DHMM).
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Now we present one real application of the usefulness of the tomographic capability of 
DHM. Typically, the MIO is used as a white light scanning and surface profiler in interfer‐
ometry [14, 17]. In this section, we use this MIO with the DHM and compare the results with 
interferometry results.

As the tomographic feature of DHM works normally, which was demonstrated in [18], we 
can put under inspection MEMS and MOEMS with thicknesses larger than MO depth of 
focus (DOF), as Ferraro et al. and Colomb et al. have demonstrated in their results [6, 7], 
where this DOF is defined by DOF = λnm/NA2, where nm is the refractive index of the medium. 
We record four shifted holograms of a microlens of 100 μm in central diameter and 4.2 μm 
in height. Figure 3(a) shows a shifted hologram. The reconstruction distance at the top of 

Figure 3. DHM using a MIO applied to a microlens topographic measurement. (a) One of the four‐recorded holograms, 
(b) the reconstructed amplitude image focusing the bottom zone of the object, (c) the reconstructed amplitude image 
focusing the whole the object, (d) unwrapped phase map applying the phase shifting interferometry method, (e) 
unwrapped phase map of (c), (f) comparison between profiles measured along the black dash line in both methods, 
interferometry (d) and DHM (e).
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the lens was of 0.4 μm (Figure 3(b)). Because the DOF is limited, the areas outside the DOF 
give out‐of‐focus and blurred amplitudes. Figure 3(c) shows the amplitude distribution 
map which was reconstructed with the different reconstruction distance method [6, 7] using 
the MIO and DHM. The initial DOF = 2.09 μm is increased by a factor of 2, as the height 
of the microlens is about 3.8 μm. Figure 3(d) and (e) shows both the unwrapped phase 
images of the specimen by using phase shifting interferometry and DHM methods, respec‐
tively. Figure 3(f) depicts profiles that compare the phase shifting interferometry result 
(Figure 3(d)) and DHM extending the DOF numerically (Figure 3(e)). These profiles cor‐
respond to the black‐dashed line of the corresponding unwrapped phase map. A difference 
of about 77 nm is obtained between both measurement methods. The result is in agreement 
with the results obtained in references [6, 7] for an increased factor of 2. One has to keep 
in mind that the higher the factor is, the larger the measurement error (difference) will be. 
Here, we present a measurement system that uses DHM method in order to extend the DOF 
of the system. Our proposal produces better measurement accuracy due to extended DOF 
and the numerical reconstruction techniques. With these results, we have demonstrated 
that it is feasible to perform DHM with the MIO [18].

2.4. Conclusion

We have presented DHMM as a new reliable optical tool for performing DHM in‐line 
reflection configuration. In the experimental results, we have principally proved the unique 
refocusing capability and the amplitude and phase images of DHM. The object under test 
sample was a microlens of 100 μm in diameter and 4.2 μm height. With these experimental 
results, we have also shown that it is possible to extend the DOF of the MO by using the 
numerical focusing capability of DHM. In addition, we have presented not only DHMM 
as an alternative to obtain digital holograms without spherical aberration, but also that an 
easier, well‐aligned, and insensitive to external vibrations setup is reached, in comparison 
with the typical setups. Finally, a topographic measurement error attained with interfer‐
ometry is demonstrated and compensated with DHM, which is due to the limited depth of 
focus of the MO.

3. Shot noise reduction in phase imaging of digital holograms

In this section, we show digital holograms with shot noise when they were recorded with a 
CCD camera. The illumination source used in the optical set up was a commercial LED. Here, 
we present a technique to reduce the shot noise of the phase and amplitude images com‐
ing from a single reconstructed wavefront of the object. To attain a shot noise reduction, an 
averaging procedure of reconstructed images at different reconstruction distances within the 
range determined by the focus depth is performed. With this tomographic capacity of DHM, 
we ensure an improved image without quality diminution, where a noise reduction of 50% is 
achieved. The results were compared with results from an atomic force microscope (AFM) in 
order to determine the system accuracy.
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3.1. Experimental configuration

3.1.1. LED physical properties

Parasitic interferences and multiple reflections in optical setups are typical; one uses a low 
coherent source to reduce them. Here, we use a commercial ultrabrilliant LED of 5 mm in 
diameter, with emission in the red spectrum range. We used a calibrated i1Pro eye‐one spec‐
trophotometer of spectral range from 380 to 730 nm. The peak wavelength (λ) measured was 
of 630 nm, and a full width at half maximum (FWHM, Δλ) of its spectrum was of 24 nm. 
Figure 4 shows the typical normalized spectrum of the LED that was used. Then, with the 
spectral data above mentioned (λ2 /Δλ), the coherence length was of 16.5 μm.

3.1.2. Reconstruction process

The experimental setup used was a modified Mach‐Zehnder interferometer, as shown in 
Figure 5. When the beam is incident on the diaphragm D of a diameter of 300 μm, spatial 
coherence is increased. The spatial filter SP with an adjustable diaphragm to limit the source 

Figure 4. Normalized spectrum distribution of the light intensity emitted by the commercial ultrabrilliant LED.

Figure 5. Optical setup implemented on a Mach‐Zehnder interferometer with a low coherent source for digital hologra‐
phic microscopy.
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size creates a secondary source of low coherence. The lens L images D at the plane of the 
sample S and on the compensating plate (CP) when the beam is divided by BS1. The transmit‐
ted light through the specimen (S) is collected by a microscope objective (MO1) of 10× with 
0.25 of numerical aperture (N.A.), which forms object wave O. The object wave interferes with 
a reference wave R when the light is collected by the microscope objective of 10× 0.25 N.A. 
(MO2) to produce a hologram. The hologram intensity (IH) is recorded by a camera; a CP was 
inserted in the setup to achieve interference between the two beams (Section 2.3). Also, mirror 
M1 was mounted on a linear displacement stage with step resolution of 1.25 μm. Mirror M2 
was mounted on a piezoelectric transducer (PZT) to implement the phase‐shifting technique.

The intensity I(x,y) at the CCD sensor plane is formed by the interference of the object wave 
O(x,y) and the reference wave R(x,y) as Eq. (1). Mirror M2 is mounted on a PZT to calculate 
the phase of the initial object using the phase‐shifting technique, and to eliminate the DC 
terms and the virtual image of Eq. (1). The 2π phase module is calculated with the four frame 
algorithm [15]:

   φ  0  (x, y) =  tan   −1   [     
 (   I  4  (x, y; 3π / 2) −  I  2  (x, y; π / 2) )  

  _____________________  
 (   I  1  (x, y; 0) −  I  3  (x, y; π) )  

   ]   .  (6)

The amplitude of the optical field A0(x,y) can be obtained by blocking the reference beam and 
recording only the diffraction object intensity in the CCD plane. Then, the object complex 
amplitude is as follows:

   U  a  (x, y) =  A  0  (x, y) exp  [ i( φ  0  (x, y) +φ(x, y))],  (7)

where the object wave is determined at the recording (x, y) plane, and φ is the phase aberra‐
tion term.

To reduce phase aberrations induced by misalignment of the optical setup and MOs, we per‐
form the reference conjugated hologram (RCH) method [19]. We obtain the phase aberration 
term without the presence of the test object, which can be subtracted from Eq. (7) to get the 
object complex amplitude:

   U  0  (x, y) =  A  0  (x, y) × exp  [ i( φ  0  (x, y) +φ(x, y) − φ(x, y))].  (8)

The angular spectrum method (AS) is performed to calculate the object wavefront at any other 
plane (ξ, η), in order to refocus it by Eqs. (4) and (5).

3.1.3. Focus depth and averaging method

A limitation in DHM is a limited depth of focus. High magnifications are achievable for inves‐
tigating microobjects with this technique. However, higher is the required magnification, and 
lower is the focus depth system. As the geometrical DOF of an imaging system is related to 
the sampling rate, this DOF is defined as a function of the pixel size and the N.A. of the MO:

  DOF =   Δξ _______  M   2  N.A.  ,  (9)
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where M is the magnification.

DHM has as a unique feature that is possible to refocus the object complex amplitude at any 
plane within the maximum refocus distance [6, 11]. We demonstrate that it is possible to refo‐
cus the complex amplitude at different distances within DOF (ΔDOF). The specimen physical 
thickness is given by

  h = [ λ(Δφ / 2π) / (n −  n  0  ) ],    (10)

where λ is the wavelength, Δφ is the phase step, and (n − n0) is the index difference between 
the specimen's material and air.

Shot noise depends on optical power, and it follows a Poisson's statistics [20]. Then we say that a 
higher light intensity corresponds to a lower shot noise. A way to increase the amount of photons 
is performing an averaging of the reconstructed images in order to attain an improved image.

We performed an averaging process of the reconstructed images that are obtained from dif‐
ferent reconstruction distances within the system's DOF in order to get an improved image. 
These reconstructed images are uncorrelated with each other at specific reconstruction dis‐
tances, and computed from the same complex amplitude [21].

We think that if these reconstructed images are uncorrelated with similar standard deviations 
STDc, one can write the following for the standard deviation of an averaged image   σ   x ¯     :

    σ   x ¯     =   1 __ 
 √ 

__
 C  
    STD  c  ,  (11)

where C is the number of images to average.

If four images are averaged, theoretically, noise reduction is of 50%.

3.2. Numerical and experimental results

In this part, the results of the recorded holograms are presented. The shutter camera enables 
us to reduce the exposure time down to 40 μs, with a variable gain from 0 to 17 dB in 14 
increments. We do not reach a camera’s full well capacity with a LED source in the setup 
presented, even with the maximum integration time and no electrical gain of camera param‐
eters [21]. The optical power of the intensity was measured with a photo detector. First, a 
comparison between a blank experimental hologram and the simulated hologram results is 
shown. The intensity of the blank holograms was of 6.7 × 10‐15 W/cm2, and this corresponds 
to an average number of 5100 of photons per pixel. Figure 6(a) presents a blank phase image 
that is reconstructed without a phase aberration correction. A standard deviation (STD) = 12° 
is computed in the black square area. On the other hand, Figure 6(b) presents the same recon‐
struction after the RCH method was applied, with a STD = 0.7° in the same area.

We have noncorrelation among phase images reconstructed at different distances [21]. These 
images were obtained of the recorded experimental holograms from Eq. (4). Figure 7 shows 
that when there is a difference of distance of 2 μm from one reconstructed phase image to 
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another one obtained from same complex wavefront, a noncorrelation exists between these 
images. In that case an averaging procedure can be performed of these noncorrelated images 
in order to get an improved image. These results validate the proposal previously demon‐
strated in reference [21].

With the Δd = 2 μm calculated, we can average C images. In Figure 8(a), the phase image is 
shown without any averaging. This image was reconstructed within DOF of the system with 
d = 30 μm. The STD in this phase image is of 0.69°. On the other hand, Figure 8(b) shows a 
phase image after applying the proposed averaging procedure with 10 phase images. The 
STD of this image is of 0.231°. We get an image improvement of 68.4% of noise reduction. This 
is in agreement with Eq. (11). A profile comparison is shown in Figure 9(a). The profiles were 
taken for the marked profile as a white line in the phase images in Figure 8.

Figure 9(b) presents the behavior of the STD as a function of the number of phase images C 
used in the averaging procedure. Also, a comparison between numerical simulation results and 

Figure 7. Correlation coefficient between reconstructed phase images at different reconstruction distances from the same 
wavefront of holograms recorded with low intensity (photons per pixel of 5100).

Figure 6. Reconstructed phase image from a recorded hologram without any sample. (a) Phase image without aberration 
correction and (b) phase image with aberration correction.
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experimental results is presented. The simulation results were attained with a 5100 photons 
per pixel. The behavior of the shot noise reduction in experimental results follows the expected 
theoretical function defined in Eq. (11). Then we can say that the averaged images are noncor‐
related. The difference, presented between experimental and simulations results, is due to the 
presence of sources of noise other than shot noise, quantum efficiency, and small optical defects 
in the optical components. One can see that if the number of averaged images increases, the 
offset also decreases. Noise sources should be speckle and thermal noise of CCD camera. Both 
the integration time during hologram recording is not the highest and the camera's well capac‐
ity is not reached due to low illumination, therefore the noise related to the quantum efficiency 
of the CCD detector is the main factor which is the difference between the experimental and 
simulated results.

3.2.1. Decrease of shot noise in amplitude images

A principal limitation in the proposal is limited DOF. As we have already seen in Section 
3.1.3, DOF is related with the sampling distance and numerical aperture of the optical system. 
In the system described, the theoretical DOF is of about 0.268 μm. But, in the experimental 

Figure 8. Improvement of phase image by the proposed averaging method in DHM. (a) Reconstructed phase image 
within DOF of the system and (b) phase image improved from 10 averaged phase images reconstructed.

Figure 9. Behavior of noise phase reduction when, the averaging method is applied. (a) Profile of phase images in 
Figure 8, where a diminution of STD when 10 phase images are averaged and (b) profile of phase STD as a function of 
the number of phase images, where a behavior of C‐1/2 is shown in the STD reduction [21].
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Figure 10. Determination of the DOF experimentally. (a) Recorded hologram and the profile zone taken to measure the 
DOF and (b) evolution of intensity when reconstruction distance is increased.

 reconstruction, DOF is higher than would have been expected from Eq. (9). This is because 
the fact that the spatial resolution (pixel size) introduced by the optical setup is limited [13]. 
To experimentally attain the DOF, in Figure 10(b), we have plotted a line profile shown in 
Figure 10(a), where the profile is marked with a black line. The evolution of this plot starts at 
40 μm before the image is focused. After zooming on the focus zone, we can determine that the 
DOF is 9 μm. The test object we used was an Edmund NBS 1963A resolution card. The zone 
of interest corresponds to 18 double lines per mm (lpmm). The reconstruction distance was of 
15 μm.

If the DOF is 9 μm and Δd is of 2 μm, then we can average four images to carry out what 
we propose. These images have to be reconstructed at a distance within DOF to guarantee 
that image quality is not affected. Figure 11 shows the image improved when the proposed 
method is applied. This evaluation is through STD in the area defined by the white square in 
each image. We attain a STD = 1.57 gray levels (GL) for an image focused without averaging 
(Figure 11(a)), and STD = 0.869 GL by applying the proposal method (Figure 13(b)). Then we 
say that the averaging process that we propose also improves the amplitude image.

In order to show that the lateral resolution is not affected by the averaging method that here 
is proposed, we have plotted a line profile marked by the white lines in Figure 11. Figure 12 

Figure 11. Reconstructed focused amplitude images. (a) Reconstructed focused amplitude image without averaging 
and (b) reconstructed amplitude image when the averaging process is performed with four focused amplitude images.
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shows this plot and the comparison between the focused amplitude image without averaging 
and the improved image after applying the proposed method.

We can note, from this comparison in Figure 12, that there is no difference in the transition 
edges. On the other hand, we can clearly note the improvement on top and bottom areas from 
these profiles where the STD of the proposal clearly is the lowest.

3.2.2. Decrease of shot noise in phase images

First, we use a 100 nm step‐wise specimen made at home of TiO2 thin film, with a refrac‐
tion index of 1.82 for a wavelength of 632.8 nm, as a phase‐calibrating gauge. The specimen 
was made using a Balzer B‐510 vapor deposition machine. To ensure a real and accurate 
measurement reference, the test object was measured with a Digital Instruments 3100 AFM. 
Figure 13(a) shows the reconstructed phase image of the step‐wise, where the reconstruction 
distance was of 10 μm. The STD measured in the zone enclosed by the black square is of 3.44 
nm. After applying the averaging proposal of four reconstructed phase images at Δd = 2 μm 
inside DOF, we compute a reduction of about 1.24 nm (corresponding to 0.57° of STD reduc‐
tion). Figure 13(b) shows the improved phase image in comparison with the predicted value 
of the experimental results, where the STD reduction was of 0.35 deg (Figure 9(b)). This is 
because the higher than expected SDT reduction is mainly due to a lower intensity recording 
than the blank recorded holograms. This lower intensity is due to the glass plates thickness 
located in the arms of the interferometer (4.7 mm glass of each). There are some other causes 
that generate noise in the phase image, such as quantum efficiency of CCD and small optical 
defects in the optical components, Thermal noise of CCD, among others. The noise generated 
by these causes is also reduced in a percentage. The evaluation zone is marked in Figure 13(b) 
by the white solid square. In Figure 13(d), we present the topography measurement, which 
was done by AFM. Normally, this measurement needs to correct it by a numerical procedure. 
This is due to a tilt contribution in one or both lateral directions. In Figure 13(c), we present the 
zone where the comparing information was taken of the improved phase image by zooming 
in the white dashed rectangle of Figure 13(b). A profile comparison extracted from the white 
lines in Figure 13(c) and (d) is presented in Figure 14. These profiles show their topographic 

Figure 12. Comparison between profiles measured along the white lines defined in Figure 11(a) and (b).
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Figure 13. Topographic measurement of the TiO2 step‐wise specimen. (a) One reconstructed phase image, (b) improved 
phase image when the averaging process is performed, (c) corresponding zoomed area inside the white dashed rectangle 
in (b), and (d) numerical data extracted from AFM.

heights. The biggest difference is mainly located in the transition zones. This difference is due 
to differences in the lateral resolution between microscopes. It can also be improved in the 
upper and lower areas with topographic measured while the AFM (blue solid line), due to 
what has been discussed above. DHM must be reached in larger lateral resolution by using 
an MO with high NA., this makes our proposal is a comparable alternative method with AFM 
[21]. Furthermore, the method has some advantages DHM against AFM. One of them is the 
time to obtain topographic data, because while our proposal takes just seconds to perform the 

Figure 14. Comparison between profiles measured along the white lines defined in Figure 13(c) and (d).
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topography, AFM measurement takes several minutes to complete this task. Another advan‐
tage is the flexibility to test an area larger than the AFM method. A last important advantage 
of our proposal is that it is cheaper in their application that the AFM.

Finally, Figure 15(a) and (b) present the 3D topographic map of the TiO2 step presented in 
Figure 13(d) and (c), respectively. Figure 15(a) corresponds to the data provided by the AFM. 
The smaller sampling rate commented above has a better ability to detect defects in the sam‐
ple. Figure 15(b) corresponds to an improved topographic data obtained by DHM.

3.3. Conclusion

In DHM the phase information has great importance for the analysis and characterization of mate‐
rials, such as biological samples and microoptical systems. In this study we have shown a different 
way to get an improved topographic measurement. The proposal is based on the decrease of the 
shot noise in DHM. In this section, we show a proposal that is based on the  averaging process of 
reconstructed images by the tomographic capacity of DHM within the range determined by the 
focus depth. We obtained an improved phase image without quality diminution, in which a noise 
reduction of 50% was achieved. In addition, we have been shown axial topographic measure‐
ments in agreement with the measurements made with a standard AFM.

4. A method to reduce the ringing effect in phase imaging in off‐axis 
digital holograms

In this section, we present a method to reduce the ringing effect of discontinuous surfaces in 
the reconstruction process in off‐axis digital holography. The method is based on the natural 
diffraction of light (Talbot effect). We previously showed that for variable grating, Talbot phe‐
nomenon is also present [22]. When you use a binary filter in order to attain the object‐wave in 
off‐axis digital holography, this allows an easy implementation of filtering mask in the filter‐
ing process. By using the binary filter the appearance of Gibbs phenomenon in discontinuous 

Figure 15. 3D TiO2 step images. (a) Topographic measurement done by AFM and (b) topographic measurement enhanced 
through the averaging process done by DHM.
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Figure 16. Optical system based on a Michelson interferometer. M is a mirror, NF is a neutral filter and BE is a beam 
expander.

 surfaces appear. However, such a phenomenon was possible to reduce (experimentally nearly 
to 2 nm) by using the unique feature that digital holography have, this is the tomographic 
capacity. In addition we show that the size of the binary low‐pass filter in the holographic 
reconstruction process is related to the focus zone. The versatility by using binary low‐pass fil‐
ter allows us to fit size according to the sample under study. It is possible with the tomographic 
capability chose the interest zone in axial direction to inspect the sample. This allows us while 
applying the low‐pass filtering process to avoid the defects that can occur on either the optical 
component or the sample container. The results should be of interest to readers in the areas of 
optical metrology, grating diffraction, digital holography, and digital holographic microscopy.

4.1. Proposal of the method

The optical setup used in the present study for recording off‐axis digital holograms is a Michelson 
interferometer presented in Figure 16. The light source is from a laser diode with a wavelength 
of 643 nm, which is expanded by a beam expander system (BE). This source is linearly polarized 
plane wavefront with short coherence (coherence length about 0.1 mm). The beam is split by a 
beam splitter (BS) into a reference wave R and an object wave O. The CCD camera records an off‐
axis hologram at the exit of the interferometer. This hologram (H) is created by the interference 
between the O(x,y) and R(x,y), after they reflect on the sample (S) and mirror (M), respectively. 
To obtain off‐axis holograms, the orientation of M is set in such a way that, the CCD is reached by 
R(x,y), with an incident angle θ, while O(x,y) is perpendicularly propagated with respect to the 
hologram plane. The distance z between the CCD and the object is 85 mm. The CCD is a standard 
black and white camera with pixel size of 4.4 μm and 8 bits of depth.

This off‐axis digital hologram H(x,y) can be expressed by the Eq. (1). A window function 
W(fx,fy) is used to filter the term O(x,y)R*(x,y) of Eq. (1) in the frequency domain. On the other 
hand, the so‐called frequency spectrum filtering method [23] is applied in order to retrieve the 
object wavefront O(fx,fy). Here,
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  O( f  x  ,  f  y  ) = W( f  x  ,  f  y  )  ℑ   ∓1   {  H(x, y)  R  D  (x, y) }   ,  (12)

where RD is a digital replica of R, and   ℑ   ∓1   stands for either the direct continuous Fourier trans‐
form or its inverse counterpart, in other contexts. Hence, the object O(fx,fy) can be propagated 
using the approximation of the Fresnel‐Kirchhoff propagation integral as follows [16]:

   O  i  (x, y,  z  i  ) =  ℑ   +1   
{

   
  [  O( f  x  ,  f  y  ) ]   exp (jk  z  i  )

   
× exp   [  − jπλ  z  i   ]     [   ( f  x  )   2  +  ( f  y  )   2  ]   

  
}

   ,  (13)

where λ is the wavelength, k is the wave number and zi is the reconstruction distance. The 
reconstructed object wavefront O(x,y) provides the amplitude image Ai(x, y)=|Oi (x,y)|2 and 
the phase image φi( x,y)=tg‐1(imag(Oi (x,y))/real(Oi (x,y))) of the object. The topography T(x,y) 
of the specimen is computed from the reconstructed phase φ( x,y), by the reflection configura‐
tion T(x,y) = φ( x,y)/2k.

4.1.1. The Fourier filtering process

The filtering process is a well‐known technique outlined by Cuche et al. [23]. However 
in this proposal the DC term is eliminated by the subtraction of the intensity of R and O, 
recorded independently, in Eq. (1). Edges and other sharp transitions (such as noise) in 
the digital hologram contribute significantly to the high‐frequency content of its Fourier 
transform [16]. We considered three types of low‐pass filters: ideal (ILPF), Butterworth 
(BtwLPF), and Gaussian (GLPF). These three filters cover the range from very sharp (ideal) 
to very smooth (Gaussian) filter functions. When we use the ILPF, a ringing effect appears 
at the sharp transitions zone of the reconstructed image due to transfer function W in 
Eq. (12); which is a sinc function. In addition, the filter size (cut‐off frequency) is directly 
related to the period of the ringing [24, 25]. On the other hand, since the transfer function 
of the Gaussian filter is also a Gaussian function, it will have a blurring behavior, but 
no ringing effect. When you use the BtwLPF of second order, the ringing effect and the 
blurring is similar to that observed in the Gaussian filtering. Then the ringing increased, 
according to the order of the filter as we commented in [22].

4.1.2. The Talbot effect

When a monochromatic wavefront is plane and illuminates a linear grating of period p, mul‐
tiple identical images of the original grating are observed along the propagation axis of the 
light. These images are formed without any lenses on multiples of the Rayleigh distance (ztdu). 
This phenomenon is known as the Talbot effect or self‐imaging and it is due to the diffraction 
of light when pass through the grating [26]. The Talbot distance is located at:

   z  tdu   =   
u p   2 

 ___ λ  ,  (14)

where u = 1, 2, 3,… denotes the Talbot plane order (TPO) and λ is the illumination light wave‐
length. When u is odd the self‐imaging has 180° phase shift and contrast reversal [16]. The same 
result can be present in a thin phase attenuated sinusoidal grating as we presented in [22].
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Figure 17. (a) Amplitude and (b) phase test object used to perform numerical simulation, and (c) off‐axis digital hologram 
recorded at z = 84.4 mm from the object test.

4.2. Simulations

A simulation was performed to get an off‐axis digital hologram. According to the optical 
scheme (Figure 16), two plane waves of equal intensities have been considered to interfere in a 
Michelson interferometer for attaining off‐axis digital hologram. We design a synthetic object, 
which consists of three horizontal bars and three vertical bars etched on a thin chromium 
film (100% reflective) deposited in a glass substrate. The reflectance of the film is of 6.25% 
and the thickness of 0.7π rad. (Figure 17(a) and (b)). In real world the reflectivity of 100% 
of an object is not possibly reached, but the simulation allows us to design synthetic objects 
with 100% reflectivity. The size of this object is of 1200 × 1200 pixels; the distance between the 
object and the CCD plane is of z = 84.4 mm. We assumed a red wavelength of 643 nm from 
a laser, and pixel size of 4.4 μm × 4.4 μm of the CCD according to the real parameters. If we 
consider a wavelength of 643 nm then the sample thickness will be of 112.5 nm by applying 
the topographic formula that was mentioned at the end of Section 4.1. We have considered 
the standard deviation (STD) as a measure of the axial resolution and amplitude improve‐
ment (arbitrary unit [a.u.]) in all sections. Figure 17(c) present the synthetic off‐axis digital 
hologram.

We start reconstructing the object wavefront by performing the Eq. (13) with a reconstruction 
distance (z = ztd0) of 84.4 mm. To remove the DC term and the virtual image, we perform the 
Fourier filtering process mentioned in Section 4.1.1. Figure 18(a) and (b) presents the ampli‐
tude and phase images, respectively, by using an ILPF with a cut‐off frequency of radius of 
100 pixels. As we have been mentioned, Figure 18(a) shows a profile where the ringing effect 
appear with a period of u = 53 μm. This profile is comparable to a variable transmittance func‐
tion (VTF) grating simulated, according to Goodman [16] and confirmed in previous simula‐
tions [22] with the 180° phase shift and contrast reversal of the field distribution at the first 
TPO (ztd1) property. Next a second reconstruction was performed at z = z + ztd1 = 88.7 mm with 
the same size of the filter. It should be noted that normally the reconstruction of the object 
wavefront is done only at one distance; this is the focusing distance z. However, to reduce 
the ringing effect we need to perform an averaging operation between phase and amplitude 
reconstructed images at different distances zht0 and zht1 that is:

   φ  (  x, y )    =   [   φ  0    (  x, y )    +  φ  1    (  x, y )    ]  
 
⁄ 2    

A  (  x, y )    =   [   A  0    (  x, y )    +  A  1    (  x, y )    ]  
 ⁄ 2 .   (15)
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From Figure 18(c) and (d), we can see the both improved images amplitude and phase map, 
obtained with this proposal. A comparison between the corresponding images obtained at a 
single distance of reconstruction z and our proposed method is done. We can note a clearly 
noiseless images reconstructed by our proposal. The improvement with this procedure is an 
average decrease of STD of 64% in the amplitude image and 47% in phase image. The percent‐
age is an average between the two zones delimited by the dashed rectangles in Figure 18. The 
STD of the region of interest is represented in each reconstructed images. As far as we know 
this is a new and useful method to reduce the ringing phenomenon.

In Figure 19(a) and (b), we show line profiles taken from white‐dashed line shown in 
Figures 17(a)–(b) and 18(a)–(d). Also, we have included profiles from reconstructed images 
at the first TPO and profiles from reconstructed images when Gaussian and Butterworth 
filters were used in the filtering process. We can appreciate the periodic property as a result 
of using an ideal filter not only at zht0 but also at zht1. We can note this behavior in both ampli‐
tude and phase distributions. Additionally, and in agreement with simulations performed 
in [22], we can observe not only a phase shift of 180° and reversal amplitude attained in the 
reconstruction at zht1. An unfavorable anomaly, but usual, phase, and amplitude variances 
are presented in boundaries (edges) due to single diffraction order that does not superpose 
with other diffraction orders [27]. Due to that, when the averaging is performed between 
reconstructed images at zht0 and zht1, we cannot compensate the ringing in this zone. On 

Figure 18. Reconstructed images from the hologram of Figure 3(c). (a) and (b) Reconstructed amplitude and phase 
images at z = ztd0 respectively, (c) and (d) improved amplitude and phase images, respectively, after proposal is applied.
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the other hand, we observe a loss of lateral resolution in reconstructed images (principally 
in phase distribution) when BtwLPF and GLPF are applied in the filtering process. This is 
important to know as phase distribution is directly related with thickness and, in our case, 
sample topography.

Nevertheless we can see a slight difference between proposal and the BtwLPF of second 
order in the profiles comparison. However, an advantage of ideal low‐pass filter is that have 
the possibility to increase the tomographic resolution. This property is due to pixel size, 
magnification, and numerical aperture of the optical imaging system as demonstrated by 
Dubois et al. [13] and in our case, the filter size. To illustrate the determination of tomo‐
graphic zone (TZ), in Figure 20(a) we have plotted the intensity evolution with the recon‐
struction distance on a line profile from the Figure 18(a), where the profile zone is marked 
with a white‐dashed line. The starting image is defocused by ‐10 to 10 mm. We can see that 
the TZ is of 3.2 mm by using the ideal filter and 16 mm by using the Butterworth one. Then 
we say that ideal filter is better to determine a focus zone than Butterworth. This result per‐
mit us not only to determine the best and most accuracy reconstruction distance zone to pre‐
vent measurement errors [28], but also to adjust the tomographic capability with respect to 
the sample thickness to reduce the defects that can occur on either the optical component or 
the sample container. Also this capacity helps us to control the resolution of plane scanning 
in a tomographic scheme [13]. Figure 20(c) presents the intensity evolution of the line profile 
in the zone marked with white‐dashed line as Figure 20(a) but with filter size of 200 pixels of 
radius. This shows a smaller focus zone than a filter size of 100 pixels of radius (Figure 20(a)) 
evidencing the above mentioned.

Figure 19. Comparison between profiles measured a long white dashed line of Figures 3(a), (b) and 4(a)–(d). (a) Profiles 
of amplitude distributions and (b) profiles of phase distributions.
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4.3. Experimental results

In this section, we present experimental results of the recorded holograms of 1600 × 1200 
pixels size. Figure 15 shows the digital holographic setup that we implement. We use a laser 
diode of 643 nm in wavelength as light source. This source is a diode of low coherence (about 
0.1 mm) linearly polarized plane wavefront to prevent parasitic interference and optical noise. 
The hologram is recorded by a CCD Pixelink™ digital camera of 1600 × 1200 pixels, 8 bits, 
with a pixel size of 4.4 μm × 4.4 μm. The sample holder is supporting on an x, y, z, displace‐
ment and θ rotation stage to perform the sample tilt, which is necessary for the off‐axis config‐
uration recording. We used an USAF 1951 resolution test target in the zone that corresponds 
to the 1‐1 test group as the object test. In Figure 21, we show a recorded digital hologram [22].

At the beginning, we reconstructed the object wavefront by performing the Eq. (13) with 
a reconstruction distance (z = ztd0) of 85 mm. Figure 22(a) and (b) shows the amplitude and 
topography distributions, respectively, by using an ILPF with radius of 100 pixels (cut‐off 
frequency). As ILPF size is the same, as used in simulations results, then a ringing artifact 
with a period of u = 53 μm appear in the reconstructed images. A second reconstruction was 

Figure 20. Evolution of intensities determined on a profile line when reconstruction distance is increased. Using (a) an 
ILPF of 100 pixels of radius, (b) a BtwLPF of 100 pixels of radius and (c) an ILPF of 200 pixels of radius.

Figure 21. Digital experimental hologram of the USAF 1951 resolution test target.
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performed at z = z + ztd1 = 89.4 mm. To reduce the ringing effect we perform the averaging 
proposal between phase and amplitude reconstructed images, as we previously mentioned. 
In Figure 22(c) and (d), we present the enhanced images obtained with this proposal. The 
improved distributions contain nearly all the details of the original object. The reduction with 
this procedure is an average of 43.7% of STD in amplitude image and 23.1% in the topogra‐
phy. The percentage is an average between the two zones delimited by the dashed‐white rect‐
angles in Figure 22. Figure 23(a) and (b) presents line profiles where region is marked with 
a white‐dashed line shown in Figure 22(a)–(d). Also, as simulation results, we have included 
profiles from reconstructed images at the first TPO and profile from reconstructed images 
when Butterworth filter is used in the filtering process. We can note the periodic component 
as a result of using an ideal filter at zht0. This behavior is presented in both amplitude and 
phase distributions in agreement with simulation results. We assume that the percentage dif‐
ference between simulation results and experimental results is principally due to an addi‐
tional low frequency noises coming from optical devices defects, a nonperfect plane wave 
reference, aberrations noncompensated, and also a nonuniform thin film deposited on target. 
Nevertheless, we can see a difference between proposal and the BtwLPF of second order in 
the profiles plot exactly as in simulation performed in [22]. These differences are mainly at the 
transition edges, which are related to the lateral resolution.

Figure 22. Reconstructed images from the hologram of Figure 7. (a) and (b) Reconstructed amplitude and topography 
distributions at z = ztd0 respectively, (c) and (d) improved amplitude and topography respectively after proposal is 
applied.
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4.4. Conclusions

In this work, we present a new method to reduce the ringing effect of discontinuous sur‐
faces reconstruction in off‐axis digital holography. The technique is based on the diffractive 
nature of light (Talbot effect). We use an ideal filter in the filtering process in digital off‐axis 
holography, because it allows an easy implementation and versatility to choose frequencies of 
interest. The major disadvantage in using this filter is the appearance of Gibbs phenomenon 
in discontinuous surfaces. However, such a phenomenon was possible to reduce by using the 
unique feature that digital holography have, this is the tomographic capability. Experimental 
results have proved reductions of these anomalies, 30%. Also, we have demonstrated a better 
tomographic capacity by using an ideal filter than Butterworth. Numerical simulation evi‐
denced that the Talbot effect can also be present in VTF grating from 0 to 2 TPO. Also, we 
have shown that the size of the ideal low‐pass filter in the holographic reconstruction process 
is dependent on focus zone. The results should be of interest to readers in the areas of optical 
metrology, grating diffraction, digital holography, and digital holographic microscopy.

5. Summary

DHM give us the possibility to scan biological samples, semitransparent materials and tissues 
in axial direction with nanometric resolution. This is possible because the technique have a 
unique characteristic of numerical refocusing or tomographic capacity. In this chapter, we 
have shown three application of this capacity. First, we extend the DOF of the MIO in order to 

Figure 23. Comparison between profiles measured a long white dashed line of Figure 8(a)–(d). (a) Profiles of amplitude 
distributions and (b) profiles of topography distributions.
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avoid topographical measurement error of a microlens of a 4.2 μm high. The compactness and 
easy‐use of the MIO that we have presented not only DHMM as a new alternative to obtain 
digital holograms without spherical aberration and easy tilt correction in the phase image, 
but also that an easier, well‐aligned, and insensitive to external vibrations setup is reached, in 
comparison with the typical setups. Second, we reduce the shot noise in phase and amplitude 
images coming from digital holograms. This reduction allows us to attain high topographic 
resolution comparable with an AFM results. Finally, we present a method to reduce noise in 
off‐axis holograms when a Fourier filtering method is applied.
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avoid topographical measurement error of a microlens of a 4.2 μm high. The compactness and 
easy‐use of the MIO that we have presented not only DHMM as a new alternative to obtain 
digital holograms without spherical aberration and easy tilt correction in the phase image, 
but also that an easier, well‐aligned, and insensitive to external vibrations setup is reached, in 
comparison with the typical setups. Second, we reduce the shot noise in phase and amplitude 
images coming from digital holograms. This reduction allows us to attain high topographic 
resolution comparable with an AFM results. Finally, we present a method to reduce noise in 
off‐axis holograms when a Fourier filtering method is applied.
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3 Centro de Investigaciones en Óptica, A.C. Loma del Bosque, León, Guanajuato, México

References

[1] Schnars U, Jüptner W. Direct recording of holograms by a CCD target and numerical 
reconstruction. Appl Opt. 1994;33(2):179–81.

[2] Baumbach T, Kolenovic E, Kebbel V, Jüptner W. Improvement of accuracy in digital 
holography by use of multiple holograms. Appl Opt. 2006;45(24):6077–85.

[3] Mann CJ, Yu L, Kim MK. Movies of cellular and sub‐cellular motion by digital holo‐
graphic microscopy. Biomed Eng Online. 2006;5:21.

[4] Charrière F, Kühn J, Colomb T, Montfort F, Cuche E, Emery Y, et al. Characterization of 
microlenses by digital holographic microscopy. Appl Opt. 2006;45(5):829–35.

[5] Kemper B, Stürwald S, Remmersmann C, Langehanenberg P, von Bally G. Characteri‐
sation of light emitting diodes (LEDs) for application in digital holographic microscopy 
for inspection of micro and nanostructured surfaces. Opt Lasers Eng. 2008;46(7):499–507.

Holographic Materials and Optical Systems180

[6] Ferraro P, Grilli S, Alfieri D, De Nicola S, Finizio A, Pierattini G, et al. Extended focused 
image in microscopy by digital Holography. Opt Express. 2005;13(18):6738–49.

[7] Colomb T, Pavillon N, Kühn J, Cuche E, Depeursinge C, Emery Y. Extended depth‐of‐
focus by digital holographic microscopy. Opt Lett. 2010;35(11):1840–2.

[8] Kang X 康 新. An effective method for reducing speckle noise in digital holography. 
Chinese Opt Lett. 2008;6(2):100–3.

[9] Rong L戎路, Xiao W 肖文, Pan F 潘锋, Liu S 刘烁, Li R 李瑞. Speckle noise reduction in digital 
holography by use of multiple polarization holograms. Chinese Opt Lett. 2010;8(7):653–5.

[10] Charrière F, Rappaz B, Kühn J, Colomb T, Marquet P, Depeursinge C. Influence of shot 
noise on phase measurement accuracy in digital holographic microscopy. Opt Express. 
2007;15(14):8818–31.

[11] Dubois F, Requena MN, Minetti C, Monnom O, Istasse E. Partial spatial coherence effects 
in digital holographic microscopy with a laser source. Appl Opt [Internet]. 2004;43(5): 
1131–9. Available from: http://www.opticsinfobase.org/abstract.cfm?URI=ao‐43‐5‐1131

[12] Kühn J, Charrière F, Colomb T, Cuche E, Montfort F, Emery Y, et al. Axial sub‐nano‐
meter accuracy in digital holographic microscopy. Meas Sci Technol. 2008;19(7):074007.

[13] Dubois F, Joannes L, Legros JC. Improved three‐dimensional imaging with a digital holog‐
raphy microscope with a source of partial spatial coherence. Appl Opt. 1999;38(34):7085–94.

[14] Malacara D. Optical Shop Testing. Third. New Jersey: Wiley; 2007. pp. 696–731.

[15] Zhang T, Yamaguchi I. Three‐dimensional microscopy with phase‐shifting digital holog‐
raphy. Opt Lett. 1998;23(15):1221–3.

[16] J.W. G. Introduction to Fourier Optics. Second. New York: McGraw‐Hill; 1996. 441 p.

[17] Ma S, Quan C, Zhu R, Tay CJ, Chen L, Gao Z. Application of least‐square estimation in 
white‐light scanning interferometry. Opt Lasers Eng. 2011;49(7):1012–8.

[18] León‐Rodríguez M, Rodríguez‐Vera R, Rayas JA, Calixto S. Digital holographic micros‐
copy through a Mirau interferometric objective. Opt Lasers Eng. 2013;51(3):240–5.

[19] Colomb T, Kühn J, Charrière F, Depeursinge C, Marquet P, Aspert N. Total aberrations 
compensation in digital holographic microscopy with a reference conjugated hologram. 
Opt Express. 2006;14(10):4300–6.

[20] Goodman JW. Statistical Optics. New York: John Wiley & Sons; 1985.

[21] León‐Rodríguez M, Rodríguez‐Vera R, Rayas J a., Calixto S. High topographical accu‐
racy by optical shot noise reduction in digital holographic microscopy. J Opt Soc Am A. 
2012;29(4):498.

[22] León‐rodríguez M, Rayas JA, Martínez‐garcía A, Martínez‐gonzalez A, Téllez‐quiño‐
nes A, Flores‐muñoz V. Reduction of the ringing effect in off‐axis digital holography 
reconstruction from two reconstruction distances based on Talbot effect. Opt Eng. 
2015;54(10):1041101–9.

Microtopography and Thickness Measurement with Digital Holographic Microscopy Highlighting and Its...
http://dx.doi.org/10.5772/66750

181



[23] Cuche E, Marquet P, Depeursinge C. Simultaneous amplitude‐contrast and quantitative 
phase‐contrast microscopy by numerical reconstruction of Fresnel off‐axis holograms. 
Appl Opt. 1999;38(34):6994–7001.

[24] Gonzalez RC, Woods RE, Eddins SL. Digital image processing using Matlab. Upper 
Saddle River, NJ: Woods, & Eddins; 2009.

[25] Ream N. Discrete‐Time Signal Processing. Electronics and Power. Upper Saddle River, NJ: 
Prentice‐Hall; 1999. 157 p.

[26] Creath K, Wyant J. Moiré and fringe projection techniques. Optical shop testing. Third. 
New Yersey: Elsevier Ltd; 1993. 653–685 p.

[27] Kim MS, Scharf T, Menzel C, Rockstuhl C, Herzig HP. Phase anomalies in Talbot light 
carpets of self‐images. Opt Express [Internet]. 2013;21(1):1287–300. Available from: 
http://www.ncbi.nlm.nih.gov/pubmed/23389022

[28] El Mallahi A, Dubois F. Dependency and precision of the refocusing criterion based on 
amplitude analysis in digital holographic microscopy. Opt Express. 2011;19(7):6684–98.

Holographic Materials and Optical Systems182



[23] Cuche E, Marquet P, Depeursinge C. Simultaneous amplitude‐contrast and quantitative 
phase‐contrast microscopy by numerical reconstruction of Fresnel off‐axis holograms. 
Appl Opt. 1999;38(34):6994–7001.

[24] Gonzalez RC, Woods RE, Eddins SL. Digital image processing using Matlab. Upper 
Saddle River, NJ: Woods, & Eddins; 2009.

[25] Ream N. Discrete‐Time Signal Processing. Electronics and Power. Upper Saddle River, NJ: 
Prentice‐Hall; 1999. 157 p.

[26] Creath K, Wyant J. Moiré and fringe projection techniques. Optical shop testing. Third. 
New Yersey: Elsevier Ltd; 1993. 653–685 p.

[27] Kim MS, Scharf T, Menzel C, Rockstuhl C, Herzig HP. Phase anomalies in Talbot light 
carpets of self‐images. Opt Express [Internet]. 2013;21(1):1287–300. Available from: 
http://www.ncbi.nlm.nih.gov/pubmed/23389022

[28] El Mallahi A, Dubois F. Dependency and precision of the refocusing criterion based on 
amplitude analysis in digital holographic microscopy. Opt Express. 2011;19(7):6684–98.

Holographic Materials and Optical Systems182

Chapter 8

3D Capture and 3D Contents Generation for

Holographic Imaging

Elena Stoykova, Hoonjong Kang, Youngmin Kim,
Joosup Park, Sunghee Hong and Jisoo Hong

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/65904

Provisional chapter

3D Capture and 3D Contents Generation
for Holographic Imaging

Elena Stoykova, Hoonjong Kang,

Youngmin Kim, Joosup Park, Sunghee Hong

and Jisoo Hong

Additional information is available at the end of the chapter

Abstract

The intrinsic properties of holograms make 3D holographic imaging the best candidate
for a 3D display. The holographic display is an autostereoscopic display which provides
highly realistic images with unique perspective for an arbitrary number of viewers,
motion parallax both vertically and horizontally, and focusing at different depths. The
3D content generation for this display is carried out by means of digital holography.
Digital holography implements the classic holographic principle as a two-step process of
wavefront capture in the form of a 2D interference pattern and wavefront reconstruction
by applying numerically or optically a reference wave. The chapter follows the twomain
tendencies in forming the 3D holographic content—direct feeding of optically recorded
digital holograms to a holographic display and computer generation of interference
fringes from directional, depth and colour information about the 3D objects. The focus
is set on important issues that comprise encoding of 3D information for holographic
imaging starting from conversion of optically captured holographic data to the display
data format, going through different approaches for forming the content for computer
generation of holograms from coherently or incoherently captured 3D data and
finishing with methods for the accelerated computing of these holograms.

Keywords: holographic display, computer-generated holograms, phase-added stereo-
gram, holographic printer, spatial light modulator

1. 3D capture and 3D content generation by digital holography

Three-dimensional (3D) displays are the next generation displays. The claim for 3D imaging is
indisputable in mass television, game industry, medical imaging, computer-aided design,
automated robotic systems, air traffic control, education and cultural heritage dissemination.
The ultimate goal of 3D visual communication is 3D capture of a real-life scene that is followed
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by creating its scaled exact optical duplicate at a remote site instantaneously or at a later time
moment [1]. Tracking the development of 3D imaging devices from Wheatstone stereoscope
designed in 1830 to modern full HD 3D displays with glasses (Figure 1) reveals some memo-
rable periods of booming public interest to this area, e.g. the 3D theatres boom observed in
1950 as a counterpoint to the increasing popularity and commercialization of the television or
the last years reaction to the ‘Avatar’ movie. Multiple parallax 3D display technology has
evolved to full-parallax displays for a naked eye observation as integral imaging displays [2]
and super-multi-view displays [3]. However, since invention of holography by Dennis Gabor
in 1948 [4] and the first holographic 3D demonstration by Emmett Leith and Juris Upatnieks in
1964 [5], the consumer public has high expectations for a truly holographic display in view that
holographic imaging is the best candidate for 3D displays.

Holography is the only imaging technique which can provide all depth cues. High quality of
3D imaging from analogue white-light viewable holograms is well known [6]. They provide a
wide viewing angle due to the very fine grain size of the holographic emulsions. Realistic
images can be viewed by an arbitrary number of viewers with unique perspectives. Motion
parallax both vertically and horizontally and tilting of the head are possible. The viewer is
capable of focusing at different depths. There are no convergence-accommodation conflict and
discontinuities between different views as for multiple parallax displays. Holographic imaging
allows for building autostereoscopic displays. To realize a holographic display, the 3D scene
description should be encoded as two-dimensional (2D) holographic data. The 3D content
generation is carried out by means of digital holography [7] based on the classical holographic
principle. According to it, holography is a two-step process enabling storing and reconstruc-
tion of a wavefront diffracted by 3D objects. The hologram records as a 2D intensity pattern the

Figure 1. History of 3D displays with some of the major events depicted as a diagramwith years along the horizontal axis
and intensity of the public interest along the vertical axis.
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interference of this wavefront with a mutually coherent reference wave as depicted schemati-
cally in Figure 2. The wave field from the object is characterized by a complex amplitude,
Oðx, yÞ ¼ aOðx, yÞ exp ½jϕOðx, yÞ�, where aOðx, yÞ and ϕOðx, yÞ are the amplitude and phase of
the object beam, respectively. Interference of Oðx, yÞ and the mutually coherent reference beam
Rðx, yÞ ¼ aRðx, yÞ exp ½jϕRðx, yÞ� results in four terms superimposed in the hologram plane
(x, y):

IHðx, yÞ ¼ jOðx,yÞ þ Rðx,yÞj2
¼ Oðx, yÞO�ðx, yÞ þ Rðx, yÞR�ðx, yÞ þOðx, yÞR�ðx, yÞ þ Rðx, yÞO�ðx, yÞ (1)

where the asterisk denotes a complex conjugation. The sum of intensities of the object and
reference beams gives the zero-order term. The last two terms are the +1 and –1 diffraction
orders and contain the object wavefront information. The object field OR�R ¼ O or
O�RR� ¼ O� brings into focus the virtual or the real image when IHðx, yÞ is multiplied by
Rðx, yÞ or its conjugate. These twin images are separated for the off-axis geometry where the
object and reference beams subtend an angle θ, and overlap in inline geometry at θ ¼ 0.

Digital holography grew from a purely academic idea into a powerful tool after the recent
progress in computers, digital photo-sensors (CCDs or CMOS sensors) and spatial light mod-
ulators (SLMs). The capability of digital holography for digital analysis and synthesis of a light
field forms two mutually related branches. The branch dedicated to analysis comprises
methods for optical recording of holograms using digital photo-sensors. The holograms are
sampled and digitized by the photo-sensor, stored in the computer and numerically
reconstructed using different approaches to describe diffraction of light from the hologram
and free space propagation to the plane of the reconstructed image [8]. Thus, capture of both
amplitude and phase becomes possible enabling numerical focusing at a variable depth and
observation of transparent micro-objects without labelling [9]. The holographic data are in the

Figure 2. Schematic representation of holographic recording.
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form of a real-valued 2D matrix of recorded intensity according to Eq. (1). In this branch,
different techniques have emerged for the two decades of existence of digital holography as
(i) digital holographic microscopy with a plane wave or a point-source illumination [10, 11];
(ii) optical diffraction tomography with multi-directional phase-shifting holographic capture
[12]; (iii) infrared holography in the long wavelength region for capture of large objects [13];
(iv) determination of sizes and locations and tracking of particles in a 3D volume [14]. Feature
recognition based on digital holography has been proposed [15]. A lot of efforts were dedi-
cated to instrumental or software solutions of the twin image problem [16].

The branch dedicated to synthesis of a light field comprises methods for computer generation
of holograms [17] which are fed to some kind of SLMs for optical reconstruction of the images
they encode. Computer-generated holograms (CGHs) are used for holographic displays [18],
holographic projection [19] and diffractive optical elements [20]. In principle, the CGHs pro-
vide the only means to generate light fields for virtual 3D objects. A CGH is a real-valued 2D
matrix of amplitude or phase data; it may have also binary representation.

Both branches are closely related to the task of direct transfer of optically captured digital
holograms to a holographic display. To realize the chain 3D capture—data transfer—holo-
graphic display digital holography requires coherent light and 2D optical sensors and SLMs
with high resolution and big apertures. The 4D imaging, when the time coordinate, is added to
the data further aggravates the task of building a holographic display because the latter needs
much higher resolution and much more information capacity than other types of 3D displays.
Generally speaking, there are two ways for 3D content generation for holographic displays:
(i) conversion of optically captured holographic data; (ii) computer generation of holograms.
Furthermore, we discuss these two main tendencies—direct feeding of optically recorded
digital holograms to a holographic display and computer generation of interference fringes
from directional, depth and colour information about the 3D objects—on the basis of our
experience in forming the holographic content.

2. 3D content generation from holographic data

The ultimate goal of digital holography is to build a system for 3D scene capture, transmission
of captured data and 3D optical display. Although based on clear theoretical grounds given by
Eq. (1), it is hard to fulfil this task because of limitations encountered at digital implementation
of the holographic principle due to the discrete nature of photo-sensors and display devices,
their small size and low spatial resolution. The modern devices are characterized with a pixel
periods from 1 to 20 μm and active areas from 1 up to 2–3 cm2. 3D content generation from
optically captured digital holograms should include three steps: (i) multi-view capture by a set
of cameras or by sequential recording from different perspectives (Figure 3); (ii) conversion of
the captured data to a display data format; (iii) feeding the data to a display from many SLMs
to enlarge the viewing angle (Figure 3).

A key problem of digital holographic capture and imaging is the very small value of the
maximum angle between the object and reference beams which satisfies sampling requirement
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for the spatial frequency at current low spatial resolution of electrically addressable devices. In
theory, the photo-sensor must resolve the fringe pattern formed by interference of the waves
scattered from all object points with the reference wave. The holographic display should
support some space-bandwidth product with regard to limitations of the human visual sys-
tem. The maximum angle, θmax, between the reference and the object beams that satisfies the
Whittaker-Shannon sampling requirement for a wavelength λc,d, and a pixel period Δc,d,
where ‘c’ and ‘d’ are attributed to capture and display devices, is found from

sin
θmax

2

� �
¼ λc,d

4Δc,d
(2)

The limitation set by Eq. (2) means capture of small objects at a large distance from the camera
and a small viewing angle at optical reconstruction. If the object lateral size D is much greater
than the sensor size, the minimum distance between the object and the photo-sensor is about
zmin ¼ DΔc=λc. Usage of coherent light seriously restricts the viewing angle of the holographic
display and the size of the reconstructed image [21]. A planar configuration of many SLMs
allows for visualization of larger objects [22] but the problem with the small viewing angle
remains. Enlarging the viewing angle for pixelated SLMs by using higher diffraction orders
and spatial filtering is proposed in Ref. [23]. Under coherent illumination, a circular arrange-
ment of SLMs puts less severe requirements to the space-bandwidth product of the display
and supports full-parallax binocular vision at an increased viewing angle. Different circular
configurations have been recently proposed [24–26].

Effective operation of the holographic imaging system requires maintaining the consistent
flow of data through capture, transmission and display blocks. So the other problem of 3D
content generation is non-trivial mapping of the data from 3D holographic capture with non-
overlapping camera apertures to arbitrary configuration of display devices (Figure 3). In the
general case, the wavelength, the pixel period and the pixel number differ at capture and
display sides, i.e. λc≠λd,Δc≠Δd,Nc≠Nd. This alters the reconstruction distance and the lateral
and longitudinal dimensions of the reconstructed volume [27]. Another difficulty arises from
the requirement the set of digital holograms captured for multiple views of the 3D object to be
consistent with the display configuration built from many SLMs. Although both the amplitude
and the phase can be retrieved from the captured holograms, the type of the SLM entails

Figure 3. Schematic diagram of multi-view holographic capture by many digital photo-sensors and multi-view optical
reconstruction after mapping the 3D contents to a display set of SLMs.
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encoding the holographic data only as amplitude or as phase information. To illustrate the
non-triviality of 3D content generation from optically recorded digital holograms, we consider
two characteristic examples from our experience with data mapping. The detailed description
of the capture and display systems is given in Refs. [25, 28]. Here, we focus only on data
transfer from the holograms to SLMs.

In the first example, the capture parameters substantially differed from the parameters on the
display side. The mapping was done for a circular holographic display under visible light
illumination when the input data were extracted from a set of holograms recorded at 10.6 μm
[29]. The interest in capturing holograms in the long wavelength infrared region is due to the
shorter recording distance, larger viewing angle and less stringent requirements to stability of
the system. The object was a bronze reproduction of the Benvenuto Cellini Perseus sculpture
with a height of 33 cm [28]—a large object for digital holography. Nine off-axis digital holo-
grams were captured by rotating the object with an angular step of 3° using an ASi (amor-
phous silicon) thermal camera with Nc ¼ nxc ·nyc ¼ 640· 480 pixels and Δc ¼ 25μm. The
object beam interfered with a spherical reference wave given in paraxial approximation in the
plane of the photo-sensor as Rcðxc, yc; rcÞ ¼ exp ½−jπðx2c þ y2c Þ=ðλcrcÞ�; the radius rc ¼ zo=2 was
equal to the half of the distance zo ¼ 0.88 m between the object and the photo-sensor. The nine
phase-only SLMs in the display set-up were characterized by Nxd ·Nyd ¼ 1920 x 1080 pixels, a
pixel period Δd ¼8 μm and phase modulation from 0 to 2π; the illuminating wavelength was
λd ¼ 0.532 μm. The SLMs, arranged in a circular configuration, were illuminated with a single
astigmatic expanding wave by means of a cone mirror whose apex was at a distance Ds from
the point light source positioned on the line of the cone mirror axis [25]:

Wðxd, ydÞ ¼ exp −j
2π
λd

x2d
Dh

� �
exp −j

π
λd

ðyþ hSLM=2Þ2
Dh þDs

" #
(3)

where Dh is the distance from the cone mirror axis to the SLM centres and hSLM is the SLM
height. The reconstructed images were combined above the cone mirror by a slight tilt of the
SLMs at a distance of 35 cm from each SLM. A linear stretching of images with a coefficient,
m ¼ Δd=Δc, occurs. A reference wave at a different wavelength, λd, and a different radius, rrec,
yields a new reconstruction distance zi [30]:
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and the reconstructed image undergoes longitudinal and lateral magnifications:
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where μ ¼ λc=λd. Generation of 3D contents for each SLM was based on Eq. (1) and included:
(i) retrieval of the phase ϕOðx, yÞ of the object field from the captured holograms; (ii) compen-
sation for the non-plane wave illumination of the SLMs; (iii) adjustment of the reconstruction
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position to the mandatory distance of 35 cm. The phase ϕOðx, yÞ was retrieved by filtering in
the spatial frequency domain to extract only the real image in Eq. (1) and to suppress the zero-
order term and by multiplying the filter output with the numerical reference wave
R�

c ðxd, yd, rrecÞ taken with a new radius, rrec ¼ zi=2 ¼ zom2=μ in the display coordinates
xd ¼ lΔd, yd ¼ nΔd; l ¼ 1, 2::Nxd, n ¼ 1, 2::Nyd. The amplitude was discarded in the object field
and it became Hðxd, ydÞ ¼ exp ½jϕOðxd, ydÞ�. To compensate for the non-symmetrical illumina-
tion, the phase of Hðxd, ydÞW�ðxd, ydÞ was fed to each SLM. The holograms were placed at the
centres of the SLMs as depicted in Figure 4. Shining Wðxd, ydÞ on the SLMs with HW
represented as a phase creates reconstruction at the plane wave illumination when rrec ! ∞ in
Eq. (4). The reconstruction distance in this case is zi ¼ 1.78 m. The reconstruction is stretched
longitudinally and squeezed laterally at Mlong ¼ 2.04 and Mlat ¼0.32. A digital converging

lens, L1ðxd, ydÞ ¼ exp fjð2π=λdÞðx2d þ y2dÞ=ρ1g with a focal distance of ρ1 ¼ 43.5 cm was intro-
duced to adjust the reconstruction distance to 35 cm. The image was separated from the strong
non-diffracted beam caused by the pixelated nature of the SLMs by multiplying the array with
the holographic data with a tilted plane wave, PðydÞ ¼ exp ðj2πyd sinθt=λdÞ, where θt ¼ 2∘.
The phase of W�ðxd, ydÞ was attached to the pixels outside the hologram plus the phase of the
lens L2ðxd, ydÞ ¼ exp fjð2π=λdÞðx2d þ y2dÞ=ρ2g with ρ2 ¼ 35 cm to gather the light reflected from
these pixels below the reconstructed image. The arrangement of the wave fields on the surface
of each SLM is depicted in Figure 4 (actually, the phases of these fields were fed to each SLM).
The processing allowed for combining the images created by all SLMs into a single reconstruc-
tion which could be viewed smoothly within an increased viewing angle of 24°. The video
with the reconstruction can be found in reference [29]. The most remarkable fact of this data
mapping from far infrared capture to a circular display was that we achieved more or less
same longitudinal and lateral magnifications Mlong ¼ 0.078 and Mlat ¼0.062 of the reconstruc-
tion volume.

The second example of data mapping is related to visualization of transparent objects by a holo-
graphic display with phase encoding of the input data. The object beam Oðx, yÞ in this case was
provided by simulation of a noiseless diffraction tomography experiment in which transmission

Figure 4. Schematic diagram of the chain holographic capture—data transfer—holographic display for far-infrared
capture of a large object [29] and visible light visualization [25].
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holograms of weakly refracting transparent object with a size of 25 μm were recorded by a
phase-shifting technique [31]. The object had refractive index variation from 1 to 1.004 but due
to its small size it gave rise to a strong diffraction. The capture parameters were: λc ¼ 0.68 μm,
Δc ¼ 2.4043 μm, Nc ¼ 200· 200, zo ¼ 68 μm [31]; the display parameters were as above. Direct
optical reconstruction from the captured phase-only data failed. Usage of the full complex
amplitude Oðx, yÞ provided numerical reconstruction as a concise 3D shape resembling closely
the 3D refractive index distribution within the object (Figure 5). Omission of the amplitude,
aOðx, yÞ, destroyed entirely this 3D shape. The observed severe distortions showed the neces-
sity for phase modification in the hologram plane. This was done iteratively by applying the
Gerchberg-Saxton algorithm at known correct complex amplitude at the reconstruction plane.
Quality of the numerical reconstruction from the modified phase was satisfactory. Thus the
problem with optical reconstruction was solved. Introduction of a digital magnifying lens at
the SLM plane enlarged the reconstructed object to 6 mm [31]. This gives about 240 times
magnification in comparison with its original size.

3. Computer generation of 3D contents for holographic imaging

3.1. Methods for computer generation of holographic fringe patterns

A CGH is a fringe pattern that diffracts light into a wavefront with desired amplitude and
phase distributions and seems to be the most appropriate choice for 3D content generation.
This wavefront can be created both for real and virtual objects. The goal in developing the
CGHs input data for a 3D holographic display is to have real-time generation of large-scale
wide-viewing angle full-parallax colour holograms which provide photorealistic reconstruc-
tion that can be viewed with both eyes. These CGHs must support a motion parallax and the
coupled occlusion effect expressed in the visible surface change according to the viewer
position. For the purpose, a CGH must have a very large number of samples displayed on a
device with high spatial resolution. So the most important requirements to CGH synthesis are
computational efficiency and holographic image quality. The CGH computation involves
digital representation of the 3D object which includes not only its geometrical shape but also
texture and lighting conditions, simulation of light propagation from the object to the CGH

Figure 5. Numerical reconstructions of a virtual transparent object given in the left section of the figure as a 3D
distribution of the refractive index nO (green colour, nO =1.001; red, nO = 1.002; yellow, nO =1.003; blue, nO = 1.004 [31]).
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plane, and encoding of the fringe pattern formed by the interference of the object light
wavefront with a reference beam in the display data format.

There are two basic frameworks for CGH generation depending on the mathematical models
of 3D target objects: (i) point cloud algorithms and (ii) polygon-based algorithms. In the point-
cloud method [32], the 3D object is a collection of P self-luminous point sources. The method
traces the ray from a source ‘p' with spatial coordinates ðxp, yp, zpÞ to the point ðξ, ηÞ on the

hologram plane at z ¼ 0 and is sometimes referred to as a ray-tracing approach; the distance

between both points is rp ¼
h
ðξ−xpÞ2 þ ðη−ypÞ2 þ z2p

i1=2
(Figure 6). Each point source emits a

spherical wave with an amplitude, ap, and an initial phase, φp. The amplitude and phase

distributions in the point cloud can be controlled individually. The fringe patterns for all object
points are added up at the hologram plane to obtain the CGH. The method is highly flexible
due to ability to represent surfaces with arbitrary shapes and textures, but it is very time
consuming.

Polygon-based representation is a wave-oriented approach [33–35]. The object is a collection of
P planar segments of a polygonal shape (Figure 7). Each polygon is a tilted surface source of a
light field calculated by propagation of its angular spectrum of plane wave decomposition [27]
using a fast Fourier transform (FFT). An angular-dependent rotational transformation in the
spectral domain is applied to find the spectrum in a plane parallel to the hologram in the
global coordinate system from the spectrum in the tilted plane of the local coordinate system
ðxp, yp, zpÞ, p ¼ 1, 2:::P for each polygon [36, 37]. The z-axis in the local coordinate system is

along the vector to the polygon surface. The object field is found after FFT of the final angular
spectrum which is a sum of the transformed angular spectra of the polygon fields in the global

Figure 6. CGH synthesis from a point cloud model.

Figure 7. CGH synthesis from a polygon-based model.
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coordinate system. Computation of a polygon field is slower than that of a spherical wave
emitted by a point light source, but the number of polygons is much smaller than that of point
sources and the total computation time is shorter compared to the point cloud approach. The
traditional polygon-based method evolved to analytical implementation when the angular
spectrum of a triangle of arbitrary size, shape, orientation and location in space is analytically
calculated from the known spectrum of a reference triangle [38–40]. The analytical method
eliminates the need to apply FFT for each polygon.

The CGH synthesis of real objects can be carried out by 3D capture based on holographic
means or structured light methods under coherent or incoherent illumination [41]. The output
from, e.g. profilometric/tomographic reconstruction can be converted into a point cloud which
allows for CGHs synthesis. The substantial advantage is the option to adapt the captured data
to any holographic display. Incoherent capture of multiple projection images to generate
holographic data has a lot of advantages such as incoherent illumination, no need of interfer-
ometric equipment and display of large objects. The concept was advanced 40 years ago in [42]
by generating a holographic stereogram (HS). High quality of large format HSs as a ray-based
display, especially those printed by HS printers, are well known [43]. The input data for HS
imaging are composed from colour and directional information. This causes a decrease of
resolution for deep scenes and blurring. Introduction of a ray-sampling plane close to the
object and computation of the light wavefront from this plane to the hologram is proposed in
Ref. [44]. Synthesis of a full-parallax colour CGH from multiple 2D projection images captured
by a camera scanned along a 2D grid is proposed in Refs. [45, 46]. The approach given in Ref.
[46] relies on calculation of the 3D Fourier spectrum and was further improved [47] by
developing a parabolic sampling of the spectrum for data extraction and needing only 1D
camera scanning. Methods in which directional information from projection images is com-
bined with a depth map are under development [48–50].

Over the last decade, the efforts were focused on improving image quality by different render-
ing techniques and on accelerating the CGH computation. The holographic data—amplitude
and phase—should encode occlusions, materials and roughness of the object surface, reflec-
tions, surface glossiness and transparency. It is difficult to create an occlusion effect using 3D
object representation as a collection of primitives—points or polygons—due to the indepen-
dent contribution of all primitives to the light field. To decrease the computational cost of
occlusion synthesis, a silhouette mask approach has been proposed in the polygon-based
computation [35]. The mask produced by the orthographic projection of the foreground objects
blocks the wavefront of light coming from background objects. The method allows for synthe-
sis of a very large CGH [35] but is prone to errors at oblique incidence. Computation is
accelerated if occlusion is included in a light-ray rendering process from multiple 2D projec-
tion images during the synthesis of a CGH as an HS [51]. As the method suffers from decrease
of angular resolution in deep scenes, accuracy is improved by processing occlusion in the light-
ray domain along with sampling the angular information from the projection images. This is
done in a virtual ray-sampling plane [52, 53]. Furthermore, the sampled data are converted by
Fourier transform to the object beam complex amplitude. Considering occlusion as geometric
shadowing [54], effective CGH synthesis can be carried out by casting from each sample at the
hologram plane, a bundle of rays at uniform angular separation within the diffraction angle
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given in Eq. (2). Such approaches are described in Refs. [54–56] with representing the 3D
objects as composed from planar segments parallel to the hologram plane [55] or performing
a lateral shear of the 3D scene to use the z-buffer of the graphic processing unit (GPU) for the
rays with the same direction to accelerate computation [54]. Occlusion, texture and illumina-
tion issues can be handled by computer graphics techniques. Their effective use is possible
when the ray casting is applied by spatially dividing the CGH into a set of sub-holograms and
building different sets of points or polygons for them [57–59].

At specular reflection, the viewer is able to see only part of the object while the diffuse
reflection sends light rays in all directions. Both types of reflections must be encoded in a
CGH by adopting different reflection models to represent texture of the objects [60–62]. In the
CGH synthesis, the luminance is encoded in the amplitude while reflectance is incorporated as
a phase term. The task of representing reflection becomes rather complicated at non-plane
wave illumination or in the case of background illumination [60]. A perfect diffuse reflection is
achieved by adding a uniformly distributed random phase. Unfortunately, this causes speckle
noise at reconstruction [63]. A variety of methods have been proposed for fast synthesis of
CGHs as look-up table methods with pre-computed fringes [63, 64], recurrence relation
methods instead of directly calculating the optical path [65], introduction of wavefront record-
ing plane [66], HS methods and many others. Hardware solutions as special-purpose com-
puters like ‘Holographic ReconstructioN (HORN)’ [67] or GPU computing [32, 68–70] are very
effective for fast calculation because the pixels on a CGH can be calculated independently.

3.2. Phase-added holographic stereogram as a fast computation approach

Effective acceleration of computation is achieved in coherent stereogram (CS) algorithms when
the CGH is partitioned into segments and the directional data for each segment are sampled
(Figure 8). A similar idea has been advanced in the diffraction-specific fringe computation by
Lucente [71] with partitioning the hologram into holographic elements called hogels and each
hogel having a linear superposition of weighted basic fringes corresponding to the points in a
point cloud. Each segment in the CS emits a bundle of light rays that form a wavefront as a set
of patches of mismatched plane waves due to lack of depth information. This drawback was
overcome by adding a distance-related phase [72]. The phase-added stereogram (PAS) is

Figure 8. Synthesis of a CGH as a coherent stereogram with partitioning the hologram plane into square segments and
sampling the directional information.
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computationally effective if implemented by FFT. To clarify this point, we depict schematically
the PAS computation with FFT in Figure 9.

In CS and PAS algorithms, the hologram is partitioned into M·N equal square segments with
S ·S pixels. The object is described by a point cloud with P points. The segment size, ΔdS·ΔdS,
where Δd is the pixel period at the hologram plane, is chosen small enough to approximate the
spherical wave from a point as a plane wave given by a 2D complex harmonic function within
the segment. This approximation means that the contribution from a point source is constant
across the segment and is determined with respect only to its central pixel. In this way, the input
data and computation time are substantially reduced; for the segment ðm, nÞ,m ¼ 1::M, n ¼ 1::N
the contribution from the point ‘p' comprises spatial frequencies ðupmn, v

p
mnÞ of the plane wave at a

wavelength λd, the distance between the point ‘p' and the central point, rpmn, the initial phase of
the sinusoid, Φp

mn. The spatial frequencies are determined by the illuminating angles,
ðΘp

mn,Ω
p
mnÞ, of the ray coming from the point ‘p' to the central point of the segment ðm, nÞ

and angles θRξ and θRη of the plane reference wave with respect to ξ and η axes at the

hologram plane as follows: upmn ¼ ð sinΘp
mn− sinθRξÞ=λd, vpmn ¼ ð sinΩp

mn− sinθRηÞ=λd. The
phasesΦp

mn,m ¼ 1::M, n ¼ 1::N ensure matching of the wavefronts of the plane waves diffracted
from all segments and may contain the initial phase φp and also the distance-related phase

2πrpmn=λd. For all object points, the fringe pattern across the segment is approximated as a
superposition of 2D complex sinusoids. Computation of this pattern is carried out by placing
the amplitudes of the sinusoids to the corresponding frequency locations in the spatial fre-
quency domain and by applying an inverse Fourier transform to the spectrum. FFT implemen-
tation is the second step for acceleration of CGH computation (Figure 9). The FFT step moves
the spatial frequencies to the nearest allowed values in the discrete frequency domain. The
complex amplitudes remain the same. The two-step procedure is repeated for each segment to
compute the CGH.

The PAS approximation should yield a wavefront close to the wavefront provided by the
Rayleigh-Sommerfeld diffraction model that treats the propagating light from a point as a
spherical wave. The complex amplitude in the reference model is given by:

ORS
O ðξ, ηÞ ¼ ∑

P

p¼1

Ap

rp
exp j

2π
λd

rp

� �
,Ap ¼ ap exp ðjφpÞ (6)

Figure 9. Schematic representation of the synthesis of a CGH within a segment.
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We applied PAS computation to generate digital input contents for a wavefront printer devel-
oped by us for printing a white-light viewable full-parallax reflection hologram [73, 74]. The
printed hologram was recorded as a 2D array of elemental holograms. The CGH for each
elemental hologram was fed to amplitude SLM with 1920 + 1080 pixels. The object beam
encoded in the CGH was extracted by spatial filtering and demagnified using a telecentric lens
system. Unlike the HS printers [43], the wavefront printer uses full holographic data. That is
why the synthesis of a large number of elemental holograms, e.g. 100 + 100, takes a very long
time. This requires a fast computation method that provides quality of imaging close to the
reference model. We solved this task by developing a fast PAS (FPAS) method [75] as a further
elaboration of the already existing PAS methods. Usage of the FFT is crucial for fast PAS
implementation, but this may affect negatively the quality of imaging due to spatial frequen-
cies mapping to a predetermined coarse set of discrete values. The sampling step, 1=SΔd, in the
frequency domain could not be made small due to necessity to approximate the reference
model. Thus, the fringe pattern generated by the PAS with FFT inaccurately steers the
diffracted light. The improvements developed to compensate the error caused by the fre-
quency mapping are based on the two possible ways for steering control—phase compensa-
tion and finer sampling of the spectrum attached to each segment. The functional form of the
developed approximations is shown in Table 1 which gives the fringe pattern at a single
spatial frequency in the segment ðm,nÞ; ðξcmn, η

c
mnÞ is the central point of the segment and the

following notation is introduced for the complex sinusoid:

Fðupmn, v
p
mnÞ ¼ ðAp=rpmnÞ exp

n
j2π½upmnðξ−ξcmnÞ þ vpmnðη−ηcmnÞ�

o
(7)

The first improvement CPAS (compensated PAS) [76] performed some steering correction by
adding the phase, which includes the difference between the spatial frequencies in the contin-
uous and the discrete domains. The CPAS provided a better reconstructed image than the PAS
with FFT at almost the same calculation time. Finer sampling was proposed in the accurate
PAS (APAS) [77] by computing the FFT in an area which exceeds the segment and by properly
truncating the larger-size IFFT output. Phase compensation and directional error reduction by

Fringe pattern of the method

CS: Fðupmn, v
p
mnÞ

PAS (no FFT): Fðupmn, v
p
mnÞ exp ðjkrpmnÞ

PAS (FFT): Fðûp
mn, v̂

p
mnÞ exp ðjkrpmnÞ

CPAS:Fðûp
mn, v̂

p
mnÞ exp ðjkrpmnÞ · exp fj2π½ðûp

mn−u
p
mnÞðξcmn−xpÞ þ ðv̂p

mn−v
p
mnÞðηcmn−ypÞ�g

APAS: Fðû ′p
mn, v̂

′p
mnÞ exp ðjkrpmnÞ

ACPAS: Fðû ′p
mn, v̂

′p
mnÞ exp ðjkrpmnÞ · exp fj2π½ðû ′p

mn−u
p
mnÞðξcmn−xpÞ þ ðv̂ ′p

mn−v
p
mnÞðηcmn−ypÞ�g

FPAS: Fðû ′p
mn, v̂

′p
mnÞ exp ðjkrpmnÞ · exp fj2π½upmnðξcmn−xpÞ þ vpmnðηcmn−ypÞ�g

Spatial frequencies: ûp
mn ¼ lu

SΔd
, v̂p

mn ¼ lυ
SΔd

; − S
2 ≤lu, lυ≤

S
2; û

′p
mn ¼ lu

S′Δd
, v̂ ′p

mn ¼ lv
S′Δd

; − S′
2 ≤lu, lυ≤

S′
2 , S

′ < S

Table 1. Single frequency fringe pattern in the segment.
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finer sampling were merged into a single step in the algorithm ACPAS [57] which yielded
quality of reconstruction very close to the reference model. The best results are provided by the
FPAS algorithm which is characterized with better phase compensation than the previous
methods. This was confirmed by quality assessment with conventional image-based objective
metrics as intensity distribution and peak signal-to-noise ratio [75] for reconstruction of a
single point and also by good quality of reconstruction from white-light viewable colour holo-
grams (Figure 10) printed by our wavefront printing system [73] on an extra-fine grain silver-
halide emulsion Ultimate08 [78]. The CGH computed by the FPAS algorithm for each elemen-
tal hologram was displayed on an amplitude type SLM. The demagnified pixel interval was
0.42 μm at the plane of the hologram and gives a diffraction angle of � 39.3°. For uniform
illumination of the CGH on the SLM without decreasing too much the laser beam intensity we
used only 852 + 852 pixels in the SLM to project CGHs. Thus, the size of the elemental
hologram became equal to 0.38 mm by 0.38 mm. The printed holograms are shown in Figure 10;
their size is 5 cm + 5 cm and 9 cm + 9 cm. The smaller hologram consisted of 131 + 131
elemental holograms. The segment size for calculating the CGH fed to a given elemental
hologram was 32 + 32 pixels while the FFT computation area was 128 + 128 pixels, and each
elemental hologram comprised more than 700 segments.

4. Conclusion

Holographic imaging is a 3D imaging with all depth cues and inherent vision comfort for the
viewer. That is why the last decade was marked by rapid development of methods of 3D capture
and 3D content generation for holographic display, holographic projection and holographic
printing. In the chapter, we considered implementation of the holographic imaging by digital
means when the input data are in the form of a 2D real-valued matrix, which should encode the
light wavefront coming from the 3D scene. This wavefront can be extracted from optically
recorded holograms or synthesized numerically using various 3D scene descriptions. Holo-
graphic recording by digital photo-sensors or computer generation of holograms for pixelated
SLMs imposes severe limitations on the space-bandwidth product of the capture/display system.
We discussed two cases of data mapping from holographic capture to holographic display to

Figure 10. Photographs of reconstruction from printed holograms: (a)–(c): different views of a churchmodel; (d): 9 cm + 9 cm
printed hologram of a bunch of flowers.
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show that holographic data transfer from optically recorded digital holograms to the data format
of a given display is not a trivial task due to inevitable distortions introduced as a result of
different capture and display parameters. Representing 3D contents as computer-generated
holograms seems more flexible and promising way to create input data for holographic displays.
The main requirements are to improve the quality of imaging and computational efficiency. We
presented an algorithm for fast computation of holograms and showed the good quality of
imaging it provided in holographic printing of white-light viewable reflection holograms.
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Abstract

In this chapter, we introduce multiwavelength digital holographic techniques and a
novel multiwavelength imaging technique. General multiwavelength imaging systems
adopt temporal division, spatial division, or space-division multiplexing to obtain
wavelength information. Holographic techniques give us unique multiwavelength
imaging systems, which utilize temporal or spatial frequency-division multiplexing.
Conventional multiwavelength digital holography systems have been combined with
one of the methods listed above. We have proposed phase-shifting interferometry selec-
tively extracting wavelength information, characterized as a multiwavelength three-
dimensional (3D) imaging technique based on holography and called phase-division
multiplexing (PDM) of multiple wavelengths. In PDM, wavelength-multiplexed phase-
shifted holograms are recorded, and multiwavelength information is separately
extracted from the holograms in the space domain. Phase shifts are introduced for
respective wavelengths to separate object waves with multiple wavelengths in the polar
coordinate plane, and multiple object waves are selectively extracted by the signal
processing based on phase-shifting interferometry. Additionally, the system of equations
needed to obtain a multiwavelength 3D image is solved with less wavelength-
multiplexed images using two-step phase-shifting interferometry-merged phase-divi-
sion multiplexing (2π-PDM), which makes the best use of 2π ambiguity of the phase
and two-step phase-shifting method. The PDM techniques are reviewed and color 3D
imaging ability is described with numerical and experimental results.

Keywords: digital holography, holography, interferometry, holographic interferometry,
phase-shifting interferometry, multiwavelength interferometry, color holography,
multiwavelength 3D imaging, color 3D imaging, multiwavelength imaging, phase-divi-
sion multiplexing of wavelengths, 2π-PDM
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1. Introduction

Holography [1–4] is a technique to record a wavefront of an object wave by utilizing interfer-
ence of light as well as reconstruct a three-dimensional (3D) image of an object. The medium
containing the information of an interference fringe image is called a “hologram”, which
contains both the amplitude and phase information of an object wave. 3D image information
is reconstructed using a hologram and diffraction theory. One of the most remarkable features
in holography is that 3D motion-picture recording of any ultrafast physical phenomenon can
be achieved, even for light propagation in 3D space [3]. Digital holography [5–8] is a technique
to record a hologram digitally using an image sensor, and reconstruct both the 3D and
quantitative phase images of an object using a computer or spatial light modulator. This
technique has been researched for not only the observation of ultrafast phenomenon, but also
for microscopy [9, 10], quantitative phase imaging [11, 12], and multimodal imaging [13, 14].

In recent years, there has been an increase in demand for multispectral imaging techniques.
Multiwavelength information helps us to perceive, analyze, and recognize an object such as body
tissue or a tumor. Wavelength of light has the ability to clarify color and material distributions of
an object [15], visualize the localization and dynamics of molecules with Raman scattering [16, 17],
and analyze the health of human skin [18]. In digital holography, the information of multiple
wavelengths and 3D space is obtained by recording waves with multiple wavelengths that are
irradiated from light sources, called multiwavelength/color digital holography [19, 20].
Multiwavelength digital holography has the ability for not only color 3D imaging [19, 20], but also
dispersion imaging [21] and 3D shape measurement with a wide range by using multiwavelength
phase unwrapping [22], due to the recording of quantitative phase information with multiple
wavelengths. Temporal division [23–25], spatial division [26–28], and space-division multiplexing
[19, 20, 29], which are generally adopted for multiwavelength imaging in an imaging system, can
be merged into digital holography to record multiple wavelengths. In general imaging systems,
wavelength information is temporally or spatially separated when recording image(s), as shown in
Figure 1(a)–(e). However, holographic techniques make it possible to record multiwavelength/
color information using a monochromatic image sensor and to reconstruct it from wavelength-
multiplexed image(s). In holography, multiple wavelength information is obtained also by utilizing
temporal frequency-division multiplexing (Figure 1(f)) [30, 31] and spatial frequency-division
multiplexing (Figure 1(g)) [32, 33]. In these techniques, Fourier and inverse Fourier transforms are
required to separate wavelength information. In the former, manywavelength-multiplexed images
and an image sensor with a high frame rate are needed. In the latter, the spatial bandwidth
available for recording an object wave at a wavelength is restricted as the number of wavelengths
is increased.

Since 2013, we have presented a novel multiwavelength imaging technique utilizing
holography and wavelength-multiplexed images [34–39]. The presented technique gives
phase-shifting interferometry [40–51] the function to extract wavelength information such as
wavelength dependencies of amplitude, phase, and polarization state selectively from wave-
length-multiplexed phase-shifted holograms. It is especially important to record not only phase
images but also amplitude distributions of object waves at multiple wavelengths in order to
achieve multicolor and multispectral 3D imaging of multiple objects. By making use of holog-
raphy for multiwavelength imaging, 3D space information is simultaneously captured. In this
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chapter, we explain the proposed technique, phase-shifting interferometry selectively
extracting wavelength information: phase-division multiplexing (PDM) of multiple wave-
lengths and two-step phase-shifting interferometry-merged phase-division multiplexing (2π-
PDM).

Figure 1. Multiwavelength imaging systems. (a) Temporal division, spatial division with (b) multiple image sensors and
a prism and (c) a stacked image sensor, space-division multiplexing with (d) a color image sensor and (e) a grating, (f)
temporal frequency-division multiplexing, and (g) spatial frequency-division multiplexing.
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2. Phase-shifting interferometry selectively extracting wavelength
information: phase-division multiplexing (PDM) of wavelengths

Figure 2 illustrates the schematic of the proposed multiwavelength 3D imaging technique in
the case where the number of wavelengths N is two, which was initially presented in 2013
[34–36]. Optical setup is based on phase-shifting digital holography with multiple lasers.
Multiple object and reference waves with multiple wavelengths illuminate a monochromatic
image sensor simultaneously. The sensor records wavelength-multiplexed phase-shifted holo-
grams I(x,y:α1,α2) by changing the phases of the reference waves. Phase shifts for respective
wavelengths α1 and α2 are introduced. An object wave at the desired wavelength is selectively
extracted from the holograms by the signal processing based on phase-shifting interferometry.
As a result, a color 3D image is reconstructed from the selectively extracted object waves.
Thus, color 3D imaging can be achieved with grayscale wavelength-multiplexed images.
When the number of wavelengths is N, 2N + 1 variables are contained in a wavelength-
multiplexed hologram: the number N of object waves, N of conjugate images, and the sum of
the 0th-order diffraction waves. Therefore, five holograms are required to solve the system of
equations when N = 2. It is noted that no Fourier transform is essentially required.

Figure 2. Schematic representation of the proposed multiwavelength 3D imaging technique.
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Figure 3 describes the principle that wavelength information is selectively extracted by the signal
processing in the space domain. As seen in Figure 3, different phase shifts for respective wave-
lengths are given to object waves with multiple wavelengths, and then wavelength information
is separated in the polar coordinate plane. Although this separation is used to extract an object
wave from a hologram in general phase-shifting interferometry, in the proposed technique, the
separation is utilized to remove not only the conjugate images and 0th-order diffraction wave,
but also undesired wavelength information. This means phase-division multiplexing (PDM) of
wavelengths. Figure 3 shows the case where specific phase shifts are used [34–36], but this
concept is also applicable to the case where arbitrary phase shifts are introduced [39].

Figure 4 illustrates optical implementations of the proposed digital holography. Multiple lasers
irradiate laser beams with multiple wavelengths simultaneously. A device for shifting the phase
of light, such as a mirror with a piezo actuator, a spatial light modulator, or wave plates, is
placed in the path of the reference arm. A monochromatic image sensor records the required
wavelength-multiplexed phase-shifted holograms sequentially. An optical system based on PDM
has the following features: the spectroscopic sensitivity of the optical system can be extended in
comparison to the system with a color image sensor; full space-bandwidth product of an image
sensor can be used to record object waves with multiple wavelengths; a bright color image can be
obtained due to no spectroscopic absorption, while wavelengths filters required in conventional
systems absorb light to obtain a color image; and measurement time is shortened by the wave-
length-multiplexed recording in comparison with temporal division technique.

Figure 3. Principle of phase-division multiplexing (PDM) of wavelengths: separation of multiple wavelengths in the polar
coordinate plane.
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Figure 5 illustrates the image reconstruction algorithm [34–36]. A wavelength-multiplexed
phase-shifted hologram I(x,y:α1,α2) is expressed as follows,

I x, y : α1,α2ð Þ ¼ Iλ1 x, y : α1ð Þ þ Iλ2 x, y : α2ð Þ; (1)

here Iλ1(x,y:α1) and Iλ2(x,y:α2) are holograms at the wavelengths of λ1 and λ2, respectively.
Eq. (1) means that a recorded monochromatic image is the sum of Iλ1(x,y:α1) and Iλ2(x,y:α2).
When the complex amplitude distributions of object waves with different wavelengths are
Uλ1(x,y) and Uλ2(x,y), 0th(x,y) is the 0th-diffraction wave, Ar(x,y) is the amplitude distribution
of the reference wave, j is imaginary unit, * means complex conjugate, and L and M are
integers, then I(x,y:α1,α2) can be rewritten as follows,

Figure 4. Optical implementations of PDM. Optical setups with (a) a mirror with a piezo actuator and (b) a spatial light
modulator that has wavelength dependency in phase modulation.
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I x, y : α1,α2ð Þ ¼ 0thλ1 x; yð Þ þ Arλ1 x; yð Þ Uλ1 x; yð Þexp −jα1ð Þ þUλ1
� x; yð Þexp jα1ð Þ� �

þ 0thλ2 x; yð Þ þ Arλ2 x; yð Þ Uλ2 x; yð Þexp −jα2ð Þ þUλ2
� x; yð Þexp jα2ð Þ� �

:
(2)

Only the complex amplitude distributions of object waves with dual wavelengths Uλ1(x,y) and
Uλ2(x,y) are derived from five wavelength-multiplexed phase-shifted holograms I(x,y:0,0), I(x,
y:α1,α2), I(x,y:-α1,-α2), I(x,y:α3,α4), and I(x,y:-α3,-α4) because five variables are contained in
Eq. (2). If the system shown in Figure 4(a) is used to implement the proposed technique by
moving the mirror in the reference arm with a piezo actuator at a distance Z in the depth
direction, the phase shifts are

α1 ¼ 4πZ
λ1

; (3)

α2 ¼ 4πZ
λ2

: (4)

Here, when Z is equal to Lλ1/2, α1 is 2πL and α2 is 2πLλ1/λ2. As a result, the intensity
distribution Iλ1(x,y: α1) is not changed and Iλ2(x,y: α2) is changed, unless Lλ1/λ2 is an integer.
In the case where an integral multiple of 2π is utilized for phase shifts, meaning α2 = 2πM and
α3 = 2πL, Uλ1(x,y) and Uλ2(x,y) are separately derived by the following expressions.

Uλ1 x; yð Þ ¼ 2I x, y : 0, 0ð Þ− I x, y : α1, 2πMð Þ þ I x, y : −α1, −2πMð Þf g½ �= 4Arλ1 x; yð Þ 1− cosα1ð Þf g
þ j I x, y : −α1, −2πMð Þ −I x, y : α1, 2πMð Þf g= 4Arλ1 x; yð Þ sinα1ð Þ;

(5)

Uλ2 x; yð Þ ¼ 2I x, y : 0, 0ð Þ− I x, y : 2πL,α4ð Þ þ I x, y : −2πL, −α4ð Þf g½ �= 4Arλ2 x; yð Þ 1− cosα4ð Þf g
þ j I x, y : −2πL, −α4ð Þ −I x, y : 2πL,α4ð Þf g= 4Arλ2 x; yð Þ sinα4ð Þ:

(6)

As shown in Eqs. (5) and (6), subtraction between holograms, which is based on phase-shifting
interferometry, is calculated and the unwanted wavelength component Iλ1(x,y) or Iλ2(x,y) is
removed. Thus, dual-wavelength information is extracted selectively from five phase-shifted
holograms. In this way, multiwavelength information can be separately extracted from 2N + 1
holograms when the number of wavelengths is N. From the extracted complex amplitude
distributions on the image sensor plane, a multiwavelength 3D object image is reconstructed
by the calculations of diffraction integrals and color synthesis.

Figure 5. Image-reconstruction procedure.
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3. Numerical simulation

Numerical simulations were conducted to verify the effectiveness of the proposed technique.
Figure 6 shows the amplitude and phase distributions of the object wave at each wavelength.
As shown in Figure 6(b), a color object with rough surface was assumed. 640 and 532 nm were
assumed as the wavelengths of the light sources. Red and green color components of a
standard image “pepper” were used as amplitude images at 640 and 532 nm, respectively. In
these simulations, the distance between the object and image sensor was assumed as 200 mm,
pixel pitch was 5 μm, resolution was 10 bits, and number of pixels was 512 × 512. Figure 7
shows the images reconstructed by the proposed technique. Faithful images were
reconstructed at each wavelength, and crosstalk between object waves with different wave-
lengths was not seen. The color synthesized image in Figure 7(c) indicates color 3D imaging
ability. Thus, the validity of the proposed technique was numerically confirmed. Detailed
numerical analyses and an experimental demonstration using an image sensor with 12-bit
resolution were reported in Ref. [36].

Figure 6. Object wave for a numerical simulation. (a) Amplitude and (b) phase distributions of the object wave. Assumed
amplitude images at the wavelengths of (c) 640 nm and (d) 532 nm.

Figure 7. Numerical results. Reconstructed images at the wavelengths of (a) 640 nm and (b) 532 nm. (c) Color synthesized
image.
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4. Two-step phase-shifting interferometry-merged phase-division
multiplexing (2π-PDM)

In a wavelength-multiplexed hologram, 2N + 1 variables are contained. Therefore, 2N + 1 images
are needed to extract object waves separately in a general PDM technique. However, 2N wave-
length-multiplexed holograms are sufficient to selectively extract object waves with N wave-
lengths, with the two-step phase-shifting interferometry-merged phase-division multiplexing
(2π-PDM) technique [38]. Figure 8 illustrates the basic concept of 2π-PDM. Two main points of
2π-PDM are the utilization of 2π ambiguity of the phase [34, 35] and merger of two-step phase-
shifting interferometry [52–56]. As described in section 2, an intensity distribution at a wave-
length is not changed when a phase shift is an integral multiple of 2π. We make the best use of
this nature to decrease the required number of wavelength-multiplexed images. Also, merging
PDM and two-step phase-shifting interferometry is important to satisfy high-quality
multiwavelength 3D imaging and acceleration of a recording simultaneously. When recording
three wavelengths, six holograms are sufficient with 2π-PDM, as described with an optical
implementation in Ref. [38].

The optical setup required for 2π-PDM is the same as that for other PDM techniques. Therefore,
the systems in Figure 4 are applicable to 2π-PDM. In 2π-PDM, various types of two-step phase-
shifting methods [52–56] can be employed. When mergingMeng’s two-step method [53] into 2π-
PDM, intensity distributions of reference waves Irλ1(x,y) = Arλ1

2(x,y) and Irλ2(x,y) = Arλ2
2(x,y) are

sequentially recorded before the measurement by inserting a shutter in the path of the object
arm. Figure 9 describes an algorithm for selectively extracting wavelength information in 2π-
PDM adopting Meng’s technique. In the case of N = 2, a monochromatic image sensor records
four wavelength-multiplexed phase-shifted holograms I(x,y:0,0), I(x,y:α1,arb.), I(x,y:2πM,α2), and
I(x,y:−2πM,−α2), and intensity distributions of reference waves Irλ1(x,y) and Irλ2(x,y). By making
use of 2π ambiguity, both a 0th-order diffraction wave 0thλ2(x,y) and an intensity distribution of
a hologram at an undesired wavelength Iλ1(x,y) are removed simultaneously by the subtraction
procedure. Therefore, an object wave Uλ2(x,y) is extracted from three holograms, although five
variables are contained in each hologram. In the case where α1 and α2 > 0,Uλ2(x,y) is derived by

Figure 8. Basic concept of 2π-PDM.
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Uλ2 x; yð Þ ¼ 2I x, y : 0, 0ð Þ− I x, y : 2πM,α2ð Þ þ I x, y : −2πM, −α2ð Þf g½ �= 4Arλ2 x; yð Þ 1− cosα2ð Þf g

þ j I x, y : 2πM,α2ð Þ −I x, y : −2πM, −α2ð Þf g= 4Arλ2 x; yð Þ sinα2ð Þ:
(7)

From the extracted object wave Uλ2(x,y) and the amplitude distribution of the reference wave
at λ2, the intensity distribution at only λ2 component Iλ2(x,y:α2) is numerically generated by a
computer,

Iλ2cal x, y : α2ð Þ ¼ jUλ2 x; yð Þj2 þ Arλ2 x; yð Þ2 þ Arλ2 x; yð Þ Uλ2 x; yð Þexp −jα2ð Þ�

þUλ2
� x; yð Þ exp jα2ð Þg: (8)

If the sum of the intensities of the 0th-order diffraction waves is equal to |Uλ1(x,y)|
2 + Irλ1(x,y) +

|Uλ2(x,y)|
2 + Irλ2(x,y), noiseless multiwavelength 3D imaging can be achieved with 2π-PDM

adopting Meng’s two-step phase-shifting interferometry, according to the procedures described
from here. By using the numerically generated images Iλ2cal(x,y:0) and Iλ2cal(x,y:arb.), intensity
distributions at only λ1 component Iλ1(x,y:0) and Iλ1(x,y:α1) are obtained from I(x,y:0,0) and I(x,
y:α1,arb.) as the following expressions:

Iλ1 x, y : 0ð Þ ¼ I x, y : 0, 0ð Þ−Iλ2cal x, y : 0ð Þ

¼ ��Uλ1 x; yð Þ��2 þ Arλ1 x; yð Þ2 þ Arλ1 x; yð Þ Uλ1 x; yð Þ þUλ1
� x; yð Þf g;

(9)

Iλ1 x, y : α1ð Þ ¼ I x, y : α1, arb:ð Þ −Iλ2cal x, y : arb:ð Þ
¼ ��Uλ1 x; yð Þ��2 þ Arλ1 x; yð Þ2 þ Arλ1 x; yð Þ Uλ1 x; yð Þexp −jα1ð Þ þUλ1

� x; yð Þexp jα1ð Þ� �
:

(10)

From the obtained Iλ1(x,y:0) and Iλ1(x,y:α1) and amplitude distribution of the reference wave at
λ1, the object wave at λ1 Uλ1(x,y) can be analytically extracted by using two-step phase-shifting
interferometry.

Uλ1 x; yð Þ ¼ Iλ1 x, y : 0ð Þ–s x; yð Þf Þ½ g

þ j Iλ1 x, y : α1ð Þ−Iλ1 x, y : 0ð Þ cosα1– 1− cosα1ð Þs x; yð Þgf �=2Arλ1 x; yð Þ;
(11)

where,

s x; yð Þ ¼ ��Uλ1 x; yð Þ��2 þ Arλ1 x; yð Þ2 ¼ v−
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v2−4uw

p

2u

 !
; (12)

u ¼ 2 1− cosα1ð Þ; (13)

v ¼ 2 1− cosα1ð Þ Iλ1 x, y : 0ð Þ þ Iλ1 x, y : α1ð Þf g þ 2Irλ1 x; yð Þ sin 2α1
� �

; (14)
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w ¼ Iλ1 x,y : 0ð Þ2 þ Iλ1 x,y : α1ð Þ2−2Iλ1 x, y : 0ð ÞIλ1 x, y : α1ð Þ cosα1 þ 2Irλ1 x; yð Þ2 sin 2α1: (15)

Thus, the object waves at the desired wavelengths are extracted selectively from four wave-
length-multiplexed phase-shifted holograms and intensity distributions of the reference
waves. In this way, in the case where the number of wavelengths is N, multiwavelength
information can be separately extracted from 2N holograms. By applying diffraction integrals
to the object waves, amplitude and phase distributions of the object on the desired depth are
reconstructed at multiple wavelengths. Therefore, a 3D image and wavelength dependency of
the object can be obtained simultaneously.

Note that an arbitrary phase shift at λ2 is allowable in one of the wavelength-multiplexed,
phase-shifted, and monochromatic holograms I(x,y:α1,arb.) in a 2π-PDM algorithm described
above. Therefore, 2π-PDM conducts asymmetric phase-shifting and belongs to partially gen-
eralized phase-shifting interferometry.

Figure 9. Algorithm for selectively extracting wavelength information in 2π-PDM.
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5. Experimental demonstration of 2π-PDM

We have demonstrated 2π-PDM experimentally to show color 3D imaging ability [38].
Figure 10 shows a completed model of the optical system illustrated in Figure 4(a). Four
wavelength-multiplexed phase-shifted holograms were recorded sequentially by using a mir-
ror with a piezo actuator. Before/after that, two intensity images of two reference waves were
sequentially recorded only once. The wavelengths of the lasers were λ1 = 640 and λ2 = 473 nm.
A monochromatic CMOS image sensor was used to record the holograms and reference
intensities. The sensor has 12-bit resolution, 2592 × 1944 pixels, and the pixel pitch of 2.2 μm.
The mirror with a piezo actuator moved Z = 0, 237, and ±320 nm sequentially to generate phase
shifts that were required for 2π-PDM. Phase shifts (α1,α2) at (λ1,λ2) were (0,0), (2π(λ2/λ1), 2π),
(2π, 2π(λ1/λ2)), and (−2π,−2π(λ1/λ2)). To investigate the phase shifts at their respective wave-
lengths, interference fringe patterns at the wavelengths were observed before the experimental
demonstration, and details were explained in Ref. [38]. Two transparency sheets were set as a
color 3D object. The logo of the International Year of Light (IYL) and the characters “2015”
were printed on the sheets, and blue and red color films were attached to the logo and
characters, respectively. The red “2015” sheet and blue logo sheet were set on the depths of
250 and 320 mm from the image sensor plane, respectively. Opaque sheets were also attached
on blue and red color sheets to scatter the object illumination light. Therefore, the 3D color
object had a rough surface and scattered object waves illuminated the image sensor. The object
wave at the wavelength λ = 473 nmwas extracted from three holograms and the object wave at
λ = 640 nm was obtained by the procedures of Eqs. (7)–(15). For comparison, a colored object
image was also reconstructed from a wavelength-multiplexed hologram.

Figure 10. Photograph of the constructed dual-wavelength optical system of 2π-PDM.
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Figure 11 shows the experimental results. Wavelength-multiplexedmonochromatic images such as
Figure 11(a) were captured, and wavelength information was superimposed on space and spatial
frequency domains as seen in Figure 11(a) and (b). Figure 11(c) and (d) were the images focused
digitally at a distance of 320 mm from the image sensor plane and reconstructed by diffraction
integral alone and 2π-PDM, respectively. Blue and red color films attached to the sheets absorbed
red and blue light, respectively. However, Figure 11(c), which was obtained from a wavelength-
multiplexed hologram, indicated the superimpositions of not only the 0th-order diffraction wave
and the conjugate image but also image components given by the crosstalk between Iλ1(x,y:α1) and
Iλ2(x,y:α2). As a result, color information was not retrieved adequately. In contrast, Figure 11(d)
showed the removal of the unwanted images, the crosstalk components, and the successful exper-
imental demonstration of clear color imaging by 2π-PDM. Figure 11(e) and (f) were the object
images focused on 250 and 320 mm depths from the sensor plane, which were obtained by an
image-reconstruction procedure of 2π-PDM. Thus, we validated 2π-PDM in the imaging of wave-
length dependency of absorption for a 3D object and high-quality color 3D imaging ability.

Figure 11. Experimental results of 2π-PDM. (a) One of the recorded holograms and (b) its 2D Fourier transformed image.
(c) Image reconstructed from the hologram of (a). (d) Whole image reconstructed by 2π-PDM. (c) and (d) are the images
digitally focused on 250 mm depth from the image sensor plane. Object images numerically focused on (e) 250 mm and (f)
320 mm depths, which were reconstructed by 2π-PDM.
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6. Discussions and summary

We have proposed phase-shifting interferometry selectively extracting wavelength information
as a novel multiwavelength imaging technique. In this technique, not only multiwavelength
images but also the information of 3D space are simultaneously captured by the combination
with holography. The technique is characterized as phase-division multiplexing (PDM) of wave-
lengths, and wavelength information is separately extracted in the space domain from the
information of multiple wavelength-multiplexed images. 2π-PDM is the technique to analyti-
cally and completely solve the system of equations with 2N holograms against 2N + 1 variables
contained in each hologram. An experimental demonstration was conducted and clear color 3D
imaging ability was successfully shown. Note that detailed analyses against both the experimen-
tal demonstration and the theory in 2π-PDMwere reported in Ref. [38].

As future works, constructions of three-color digital holography and multidimensional holog-
raphy systems are important to realize full-color 3D imaging and multidimensional holo-
graphic sensing. Figure 12 shows an example of the required holograms in three-wavelength
2π-PDM [38] and numerical results for theoretical validation. Phase shifts indicated in
Figure 12(a) mean that three-color 3D imaging with 2π-PDM is capable, when a spatial light
modulator or wave plates are used as phase shifter(s) as described in Ref. [38]. Also, a
combination of a piezo and a wave plate or a spatial light modulator will be applicable as
another implementation. Figure 12(b)–(i) shows the results of a numerical simulation for three-

Figure 12. (a) An example of holograms required for three-wavelength 2π-PDM and (b)–(i) its numerical results. (b)
Amplitude and (c) phase distributions of the assumed object wave and (d) one of three-wavelength-multiplexed phase-
shifted holograms. Reconstructed amplitude images at the wavelengths of (e) 640 nm, (f) 532 nm, (g) 473 nm, and (h)
phase image at 640 nm. (i) Color synthesized image obtained from (d)–(f). In the results, wave plates are assumed as
phase shifters as described in Ref. [38]. The image-reconstruction procedure is in the same manner of dual-wavelength 2π-
PDM, which is explained in Section 4.
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wavelength 2π-PDM. In this simulation, a three-color object “pepper” with a smooth surface
shape, red, green, and blue color wavelengths of 640, 532, and 473 nm, and 200 mm distance
between image sensor and object planes, an image sensor with the pixel pitch of 5 μm,
512 × 512 pixels, ideal bit resolution, and α1, α2, α3 = π/2 were assumed. These assumptions
can be satisfied with the optical system with five quarter wave plates, which is illustrated in
Ref. [38]. Numerical results indicate that multiwavelength holographic 3D imaging can be
done with high image quality from grayscale wavelength-multiplexed images, if successfully
constructed. Improvements on the measurement principle and/or an image-reconstruction
algorithm are important to simplify the construction; this is one of the main issues to be solved.
From the viewpoint of multidimensional holographic imaging, PDM and 2π-PDM have the
potential for not only multiwavelength, but also polarization-imaging digital holography [37]
and instantaneous measurement [35], as implementations are described in these references. It
is expected that simultaneous imaging of 3D structures, multiple wavelengths, and polariza-
tion distribution can be demonstrated with 2π-PDM.

The next step of the PDM techniques is the extension to multicolor holographic 3D image
sensing, simultaneous imaging of color and 3D shape with multiwavelength phase unwrapping,
dispersion imaging of a 3D specimen, and multidimensional holographic imaging. This tech-
nique has prospective applications to multispectral microscopy to observe 3D specimens with a
wide field of view, quantitative phase imaging, multicolor lensless 3D camera, multidimensional
holographic image sensors, and other multiwavelength 3D imaging applications.
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Abstract

X-ray holography is a type of coherent diffractive imaging where the phase information 
is physically encoded in the diffraction pattern by means of interference with a reference 
beam. The image of the diffracting specimen is obtained by a single Fourier transform 
of the interference pattern. X-ray holography is particularly well-suited for high resolu-
tion dynamic imaging because, intrinsically, the reconstructed image does not drift and 
the images show high contrast. Therefore, the motion of features between two images 
can be determined with a precision of better than 3 nm, as demonstrated recently. In 
this chapter, the technical aspects of X-ray holography are discussed from an end user 
perspective, focusing on what is required to obtain a high quality image in a short time. 
Specifically, the chapter discusses the key challenges of the technique, such as sample 
design and fabrication, beam requirements, suitable end stations, and how to implement 
pump-probe dynamic imaging. Good imaging parameters were found using simulations 
and experiments, and it is demonstrated how a deviation from the optimum value affects 
the image quality.

Keywords: X-ray holography, high resolution imaging, dynamic imaging, magnetic 
imaging, soft X-ray imaging

1. Introduction

X-ray imaging is one of the work horses of modern science, at least since the availability of 
brilliant and coherent light at accelerator radiation sources of the third and fourth genera-
tion. X-ray imaging can yield excellent spatial resolution due to the short wavelength of the 
light and provides a great depth of information of the electronic state of the imaged speci-
men via spectroscopy. In addition, synchrotron X-ray photons typically come in short pulses, 
which facilitates time-resolved imaging. Manifold techniques exist for X-ray imaging, each 
with its merits and constraints. X-ray holography is one of these techniques for imaging of 
the real space electronic structure with particular strengths in applications requiring drift-free 
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 imaging (a merit that is derived from Fourier space imaging because drift in Fourier space 
translates to phase shifts in real space) and in situ sample manipulations.

Using holography for soft X-ray imaging, first demonstrated in a lensless setup in 2004 [1], is 
a rather novel approach that is still under heavy development and significant improvements 
have been made in the past few years [2–12]. Still, permanent holography end stations with 
user support, as common for more established techniques such as (scanning) transmission 
X-ray microscopy (STXM) or photo emission electron microscopy (PEEM), are not yet available. 
Therefore, the following chapter discusses the key ingredients and solutions for the main chal-
lenges of X-ray holography from an end user perspective. Specifically, the content of this chap-
ter is organized as follows: The basic theory of how to obtain a hologram and how to reconstruct 
the real space information is presented in Section 2; the tricks of time resolved measurements 
and how to measure time zero in Section 3; some of the most important considerations for 
efficient imaging in Section 4; a suggested end station for magnetic imaging in Section 5; steps 
of how to fabricate suitable samples in Section 6; and finally, an outlook of anticipated future 
developments in Section 7. For those interested in more fundamental and technical aspects of 
X-ray holography, I suggest the other specialized literature, for example [9, 13].

2. How to obtain a real space image

A typical and convenient realization of X-ray holography is in a lensless off-axis geometry 
as depicted in Figure 1. Here, the entire optics of the imaging process constitutes of a mask 
in the X-ray beam with two circular apertures, the so-called object and reference holes. The 
object hole is typically approximately 1 μm in diameter and the reference hole is roughly 50 
nm in diameter. The two holes are separated by 2–5 μm (at least three times the object hole 
radius) in the direction transverse to the incident beam. The specimen that is to be imaged 
is placed behind the object hole, ideally rigidly attached to the mask to exclude drift of the 
reconstructed image. The beam is transmitted through both holes and the specimen and is dif-
fracted due to absorption and phase modulation during the transmission process. The holo-
gram, that is, the interference pattern of the two diffracted beams, is recorded using a camera. 
For details regarding the wave propagation, see Refs. [9, 13]. Here, we consider the typical 
application where the camera is placed in the far field of the scattering process. Therefore, the 
scattering amplitude is conveniently described by the Fourier transform of the total transmis-
sion function of sample and mask.

The camera detects the intensity of the scattered light. Mathematically, the intensity is the 
absolute square of the scattering amplitude. An inverse Fourier transform of this intensity 
pattern yields the so-called reconstruction, which is the autocorrelation of the original total 
transmission function. The reconstruction can be written as a sum of the autocorrelations of 
object hole transmission function and reference hole transmission function plus the cross-
correlations between these two transmission functions. When pictured, the autocorrelation 
is located in the center of the reconstruction and the cross-correlation terms are displaced 
by the vector from object hole to reference and vice versa, see Figure 1. Hence, there is no 
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 spatial overlap between these terms. Since the reference is small, the cross-correlation yields 
an image of the transmission function of the specimen with a resolution determined mainly 
by the reference hole diameter [1, 13].

In theory, reconstructing the real space image of a specimen from a hologram is just a simple 
Fourier transform. However, in practice, a number of post-processing steps are required to 
obtain a high quality image, as briefly discussed subsequently. First, a hologram is seldom 
recorded without artifacts. For instance, cosmic rays, stray light, pixel defects, and particles 
on the camera chip lead to overly bright or dark pixels in the hologram and to wave-like noise 
in the reconstruction. Such artifacts can be eliminated by statistical analysis (e.g., identifying 
artifacts as pixels deviating from the local average intensity by many standard deviations and 
by much more than a single photon count) and by subtracting a dark image. Other artificial 
artifacts, such as a central beam stop and the wire holding it, can be smoothed to avoid high 
intensity noise in the reconstruction due to sharp edges in the hologram. Best results are 
obtained when using high quality camera chips (typically  2048 × 2048  pixels) with a low noise 
readout electronics and by carefully eliminating sources of stray light.

Figure 1. Schematic illustration of X-ray holography. The sample (labeled mask) is illuminated with a coherent plane 
wave from the left. The sample consists of a transparent SiN membrane. On the back side is an opaque Au layer with 
two holes, a larger one (the object hole, typically 1 μm in diameter and a smaller one (the reference hole, typically 50 nm 
in diameter). These holes are visible as dark shadows in the scanning electron micrograph overlaid on the mask. On the 
front side of the SiN membrane is the specimen that is to be imaged: In the present example, a magnetic film patterned 
into a wire. The incident beam is transmitted through the two holes and gets scattered. In the far field, the interference of 
the two scattered beams forms the hologram, which is recorded with a camera. The direct beam is blocked via a circular 
beam stop (typically made by a drop of glue on a thin wire, both of which are visible as a black circle and a black line in 
the hologram) so that the dynamic range of the camera can be optimized to detect the diffracted beam. The hologram can 
be digitally reconstructed via an inverse Fourier transform   FFT   −1   to obtain the local transmission function of the sample, 
here showing the out-of-plane magnetization of the sample as black and white contrast. The image of the sample appears 
twice, a phenomenon known as twin image formation.
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In a second step, the center of the hologram has to be found. This will be the center for the 
Fourier transform. At least one pixel precision should be aimed for to avoid strong wavy mod-
ulations of the reconstruction. However, by Fourier identities, a displacement in the hologram 
is equivalent to a phase shift in the reconstruction. Therefore, centering can also be performed 
in the reconstruction by multiplication with a plane wave   exp   (i( k  
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nates in the reconstruction and   k  
x
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    measure the center displacement in the hologram, 

both in pixels. With this method, sub-pixel centering can be achieved.

The third manipulation of the hologram is a numerical correction for the fact that specimen 
and reference typically have a finite relative shift in the propagation direction of the beam. 
In Figure 1, the reference exit wave is formed approximately 1 μm upstream of the specimen 
due to the finite thickness of mask, SiN membrane, and the specimen itself. Also, the reference 
itself acts as a focusing optics, introducing another in-line displacement between the smallest 
spot of the reference beam (i.e., the best resolution for the reconstruction) and the specimen 
[14]. The hologram contains the full wave field information (intensity and phase). Therefore, 
the reference focus can be numerically moved along the beam direction until both reference 
focus and specimen are in a common plane perpendicular to the beam [6]. Using this refer-
ence propagation algorithm often significantly improves the reconstruction quality and reso-
lution and allows to obtain depth information of three dimensional specimen [4].

Strictly speaking, the hologram is the Fourier transform of the transmission function only if 
measured on a spherical detector. In practice, however, detectors are planar. For very close 
camera distances, an inverse gnomonic projection of the hologram is required to correct for 
this geometrical artifact [15]. In our measurements, such a correction has only been required 
if scattering angles exceeding 5° were recorded.

The reconstruction is in general complex valued. In theory, real and imaginary part of the 
reconstruction measure the refracting and absorptive part of the refractive index of the speci-
men, respectively [16]. However, such a quantitative correlation requires excellent centering, 
patching of the intensity blocked by the beam stop, a very low noise hologram, and a homoge-
neous phase across the reference beam. In most applications, it is therefore more practical to 
artificially shift all the relevant information into the real part by multiplying a constant phase 
factor to the reconstruction. The real part can subsequently be displayed as an image.

With an optimized sample design (see Section 4) and after following the previously described 
reconstruction steps, a high quality reconstruction of a magnetic sample as shown in Figure 1 
can be obtained from two camera accumulations (each with a maximum of 1500 photons per 
pixel), one for left-circular polarized light and one for right-circular polarized light. The total 
acquisition time, excluding camera readout and polarization change, can be as low as 1 s at 
a high intensity, high coherence beamline such as P04 at PETRA III in Hamburg, Germany.

3. Time-resolved measurements

In general, there are two ways of time-resolved imaging: The first way is single-shot imag-
ing, where images are acquired on a time scale much shorter than the dynamics that is 
to be observed. Here, the dynamics is recorded as it is happening, without any need of 
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 reproducibility. However, when temporal resolution in the nanosecond regime or below and 
simultaneous spatial resolution in the nanometer regime is needed, the intensity of the light 
required to obtain a single image becomes so large that the sample evaporates on a picosec-
ond time scale. X-ray holography is unique in being capable of recording single shot videos 
with only a few femtoseconds between the frames [17], that is, before the atoms of the sample 
start to move, but the approach is limited to a few frames and to sub-picosecond imaging.

For longer time scales or more frames, pump-probe imaging needs to be employed. Here, the 
intensity in a single shot is so low that the sample remains unperturbed. However, in order to 
obtain an image, many such shots need to be accumulated and the sample needs to be in an iden-
tical state during every shot. Besides a perfect reproducibility of the dynamics in the specimen, 
two steps are critical to enable such a pump-probe experiment: First, the excitation that triggers 
the dynamics must be periodic with a repetition that exactly matches the repetition rate of the 
incident photon pulses. And second, it is crucial to know the time at which the excitation should 
be applied in order to arrive simultaneously with the photons at the sample. Details of how to 
realize this precise timing are discussed in the appendix.

Once the excitation is in sync with the probing X-rays, images can be acquired at every delay 
of interest between pump and probe. That is, videos are recorded in a frame-by-frame mode: 
The delay between pump and probe is fixed for one image. After the acquisition of each 
image, the delay is changed and the accumulation of a new frame starts.

4. Efficient imaging

There are a great number of parameters that can be tweaked in X-ray holography in order 
to optimize the imaging for the specific scientific question. These parameters include the fol-
lowing: (i) object hole diameter; (ii) reference hole diameter; (iii) distance between object hole 
and reference hole; (iv) contrast of the specimen (e.g., thickness of a magnetic material); (v) 
camera-specimen distance; (vi) number of pixels of the camera and pixel size (changed by, 
e.g., binning and region of interest); (viii) camera gain or sensitivity; (ix) beam stop diameter; 
(x) an absorptive layer in or before the specimen (a parameter that is called here object linear 
transmission); and many more. Optimizing these parameters can yield orders of magnitude 
better contrast in the reconstructed image, and it is strongly recommended to use simulations 
to determine the optimum parameters.

Figure 2 illustrates how the contrast of a magnetic stripe domain image depends on some 
of the aforementioned parameters. The reconstructions were obtained from simulations of 
a purely two dimensional sample with a circular reference and a Co-containing magnetic 
specimen in a stripe domain phase. Contrast is generated exploiting the X-ray magnetic cir-
cular dichroism of the Co magnetic domains, that is, in absorption lengths of 13.7 nm for up 
domains and 23.4 nm for down domains [18]. For the simulations, the specimen is modeled 
as a magnetic layer with a total Co thickness of 2 nm, a hexagonal lattice of 125-nm diameter 
bubble domains, and a object linear transmission of 25%. The object hole has a diameter of 
1.5 μm, the reference hole a diameter of 50 nm, and the distance between the two is fixed to 
4 μm. The camera is a chip of 2048  ×  2048 pixels of 13.5  ×  13.5 μm2 size at a distance of 24 cm 
to the sample. The sensitivity is assumed to be 50 counts per photon and the readout noise 
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is 3 counts per pixel in average. The camera saturates at 64,000 counts. The model includes 
a beam stop of 1 mm diameter, a coherence of 80.00% and sample vibrations relative to the 
camera of 300 nm.

The simulations in Figure 2 demonstrate how significantly the contrast is determined by the 
intensity ratio of object and reference, the overall coherence, and the dynamic range of the 
camera. Within a reasonable range and assuming that the intensity of the incoming flux is 
not a limiting factor, more absorption of the object and a smaller object hole improve the 
intensity ratio of reference to object and yield better contrast. That is, the image quality can be 
improved by coating the specimen with some absorptive layer.

The presence of a beam stop allows for using the dynamic range of the camera to detect sig-
nals at high scattering angles, which generally increases the contrast. However, if the beam 
stop becomes too large, the missing small scattering angle signals (corresponding to constant 
or low frequency modulations in the hologram) offset the intensity level of the reconstruction. 
The effect can be seen in Figure 2 for a beam stop diameter of 2.4 mm. The white domains have 
now a color comparable to the background. For an even larger beam stop, the effect of ringing 
can be observed, as illustrated for the 3.2 mm beam stop. The optimum size of the beam stop 
depends on most of the other imaging parameters and has to be determined from simulations.

Finally, vibrations between the sample and the camera have a similar effect as a reduced coher-
ence of the incoming beam [19]: Speckles and interference modulations become blurred and 
the image contrast reduces. Similar to the beam stop size, the question of at which  magnitude 

Figure 2. Contrast of the reconstruction as a function of imaging parameters. Top row: Object linear transmission, from 
0.125 (left) to 1.0 (right) in steps of 0.125. Second row: Beamstop diameter, from 0.4 mm (left) to 3.2 mm (right) in steps 
of 0.4 mm. Third row: Vibrations (sigma of a Gaussian distribution), from 0 (left) to 28 μm (right) in steps of 4 m. Bottom 
row: Object hole size, from 700 nm (left) to 2100 nm (right) in steps of 200 nm.
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the vibrations negatively effect the contrast can be answered only through simulations. In 
the present case, vibrations of as much as 8 μm have almost no effect on the image quality. 
However, for other geometries, the threshold may be as low as 300 nm.

Experimentally, the following parameters have been verified to yield full black-white con-
trast of magnetic domains in a single camera acquisition per helicity and a spatial resolu-
tion of better than 20 nm: (almost) fully coherent photons with energy at the Co L3 edge (778 
eV); an object hole with 800 nm field of view; a 50 nm reference that has its most constricted 
part on the camera side of the mask (considering that most references are conical); a center-
to-center distance of 3 μm between object and reference holes; a specimen with a total of 
9 nm of Co and a nonmagnetic absorption of 75%; a camera with 2048  ×  2048 pixels of 13.5 
μm size at a distance of 17 cm to the sample operated using 1 MHz low noise readout; a 
beam stop diameter of 0.75 mm diameter blocking just the central part of the object hole’s 
airy disk; and a rigid mounting of the sample and the camera. The relatively small size of 
the object hole and the absorptive layer lead to a favorable total intensity ratio of object and 
reference beams, which manifests in a clear interference modulation of the entire hologram, 
including the center, as visible in Figure 1. Fine speckle patterns can be distinguished in 
the hologram due to the good coherence and the reduction in relative transverse vibrations 
between camera and sample. The excellent resolution is obtained due to a focus formed by 
a cylindrical reference in a thick mask material [14] and the large numerical aperture associ-
ated with a close camera distance.

5. Experimental setup

The design of a holographic end station should be tailored to the actual scientific question 
of the experiment. In contrast to many other imaging techniques, holography gives the user 
a large flexibility for instrumentation in the vicinity of the sample. Because of the absence of 
optical elements, an area of typically 20 cm radius around the sample is freely available and 
can be used to apply electromagnetic fields or temperature to the sample. Even optical excita-
tions are possible when using a filter of, e.g., aluminum to shield the camera from this form 
of stray light. To reduce the effect of vibrations, it is recommended to mount the sample on a 
rigid holder and fix it onto the vacuum chamber.

Figure 3 illustrates an example of a chamber optimized for magnetic imaging. The beam first 
passes through a 1 mm aperture to facilitate a vacuum pressure gradient of two orders of 
magnitude between the two sides of the aperture. This way the chamber can be operated in 
pressures of as high as  5 ×  10   −6   mbar, thus avoiding restrictions to ultra high vacuum compo-
nents and enabling quick venting and pumping. Carbon deposition on the sample was found 
to be negligible, even when imaging a single sample for more than one week in such a poor 
vacuum, at least when using photon energies exceeding 700 eV. The suggested chamber has 
a quadrupole magnet that can produce fields of larger than 1T at a gap of 2 mm, a shutter to 
stop the illumination during camera readout, a camera with a beam stop, and a sample held 
by a rigid mounting.
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6. Sample fabrication

In the conventional approach, X-ray holography samples are integrated with the holographic 
masks, leading to the unique advantage of inherently drift-free imaging at the price of exception-
ally complex sample fabrication. There is a concept to separate mask and specimen [2, 3], but it 
requires giving up drift-free imaging and hence the main argument for using X-ray holography 
instead of, e.g., STXM. Therefore, in the foreseeable future, the fabrication of advanced inte-
grated samples will remain one of the main challenges of X-ray holography from an end users 
perspective. A detailed recipe has been published in [10], which will be briefly reviewed here.

Despite some demonstration of X-ray holography in reflection geometry [8], most present day 
applications of the technique rely on transmission measurements of transparent samples. Soft 
X-rays have a sub-micrometer penetration depth in any solid material. Hence, free standing 
films, the so-called membranes, are required to support the specimen, which itself needs to 
be thin. The most wide-spread approach is to use commercially available silicon nitride (SiN) 
membranes. The thickness of the membrane needs to be adapted to the specific imaging con-
ditions, in particular to the photon energy. For instance, for magnetic imaging at the transition 
metal M edges (around 60 eV), anything more than a few tens of nanometers would already 
be opaque. For measurements at energies exceeding 500 eV, thicknesses of 500 nm and more 
are feasible and often even advisable because of the increased stability and robustness against 
various fabrication hardships. For the same reason, membranes should not be unnecessarily 
large, that is, their size should be just enough to fit the object and reference holes.

Figure 4 illustrates the steps to fabricate a sophisticated sample that is suitable for time-
resolved imaging of field-induced magnetic domain dynamics [10, 20]. Not all of these steps 
are required for every sample. However, all holographic samples start with a membrane (step 
a) with an opaque layer on the back side (step b). [Cr(5)/Au(55)]20 has proven suitable for 
imaging at 778 eV, where the transmission of this stack is below   10   −9  . The absorption is mainly 

Figure 3. Top-view schematic of a holographic imaging chamber.
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due to the gold. The chrome layers prevent the formation of large Au grains, which signifi-
cantly eases focused ion beam (FIB) milling of the material. Steps c, g, and h, that is, FIB mill-
ing of the object and reference holes, are also required in any holography sample process. In 
principle, any process can be used to prepare a specimen on the front side of the membrane 
as long as ultrasonic exposure is avoided. In Figure 4, the remaining steps are marker fabrica-
tion (step d), material deposition and shaping (step e), and patterning of a microcoil (step f). 

Figure 4. Steps for fabrication of a holographic sample. (a) Starting with a commercially available SiN membrane of a 
few micro meters in lateral dimensions. (b) An opaque Cr/Au multilayer is deposited on the topographic side of the 
membrane. (c) The Cr/Au is removed in a circular region, defining the object hole. The SiN is not removed. (d) Alignment 
markers are fabricated to align subsequent steps with respect to the object hole. (e) A disk-shaped magnetic specimen 
is fabricated behind the object hole. (f) A microcoil is wrapped tightly around the magnetic specimen to generate short 
magnetic field pulses. (g) The SiN is removed in large squarish areas where the references are supposed to be located. 
The removal of SiN makes the fabrication of small references significantly easier. (h) References are prepared in the 
previously designated areas. Reproduced from Ref. [10].
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The result of this process can be seen in Figure 5. Note that optical lithography or even simple 
shadow-masking can be used to considerably simplify the overall process if sub-micrometer 
alignment precision is not required.

7. Outlook

So far, most reports using X-ray holography are improving the technique itself. Only a few 
studies exist where X-ray holography has been used to answer a scientific question not related 
to optics or imaging, and most of those where published in collaboration with the same 
groups that developed the technique (e.g. [20–26]). It is still a long way before X-ray holog-
raphy will be a standard imaging tool, available to a similarly large community as STXM or 
PEEM. Above all, permanent end stations with full user support are needed. The new soft 
X-ray synchotron MAX IV in Lund, Sweden, will probably be the first to provide such an 
end station. However, even now, imaging times and quality are at least competitive to other 
soft X-ray imaging techniques and the parameters to achieve such performance have been 
discussed in this chapter. The perspective of improved cameras with readout times of sub-
milliseconds (compared to the present 4 s) and single pixel adjustable gain in concert with 
even higher X-ray intensities and fast helicity switches suggest that almost live imaging will 
be possible in the future.
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Figure 5. Scanning electron micrographs of a holographic sample. (a) Cross section of the PMMA resist used to fabricate 
the microcoil. Steep walls are required to prepare the coil in close vicinity to the magnetic specimen. (b) View of the final 
sample under 52°. The disk-shaped element in the center is the magnetic specimen. The black halo around it is the object 
hole visible through the SiN membrane. Wrapped around the sample is a gold microcoil. Three large square pads are 
milled into the SiN membrane to facilitate the fabrication of reference holes. One of the reference holes was milled from 
this side of the sample, here visible as a large conical aperture. (c) Top view of the same sample, now also showing the 
second reference in the bottom-left pad. This reference was milled from the other side of the sample and the exit is much 
more constricted then the entrance. The properties of the reference wave depend significant on whether the beam first 
passes the conical part or first the constricted part [14]. Reproduced from [10].
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Appendix

Here, we discuss the electronics to realize time-resolved X-ray holographic imaging using 
the example of electrical excitations and imaging in the 1.25 MHz repetition rate single 
bunch mode of BESSY II in Berlin, Germany [20, 27, 28]. The following discussion is largely 
adapted from Ref. [28].

A schematic of the electrical circuit for the synchronized pulse injection is drawn in Figure 6. 
We use a Picosecond Pulse Labs 12080 800 MHz pulse generator (P in Figure 6) that has two 
individually programmable output channels, each with two SMA-type output connectors: 
one for the normal and one for the inverted signal. Each channel can create rectangular pulses 
with sub-100 ps rise time with up to 2 V bipolar amplitude and up to 800 MHz repetition rate. 
Both outputs provide adjustable time delays. The pulse generator has an internal 10 MHz 
clock, which can be replaced by an external clock signal (at Ref In). To ensure that the pulse 
generator injects pulses with the same repetition rate as that of the incident photon pulses 
(which is slightly less than 1.25 MHz in the single bunch mode of BESSY II), the eightfold mul-
tiple of the synchrotron pulse repetition rate (which is slightly <10 MHz) is fed into the pulse 

Figure 6. Electrical schematics for pump-probe X-ray holography. The outer light gray rectangle symbolizes the vacuum 
chamber and the inner dark gray rectangle the sample board. The sample itself is depicted as a white square with a 
horizontal wire on top. The thick black lines denote high frequency cables with SMA connectors. The acronyms represent 
the following: a stands for attenuator, T for pick-off tee, A for amplifier, O for oscilloscope, P for pulse generator, PC for 
power combiner, CH for channel, FD for frequency divider, and BC for bunch clock. A more detailed discussion of the 
figure is provided in the text. Reproduced from Ref. [28].
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generator as a 10 MHz clock signal. With respect to this external clock, a 1.25 MHz signal has 
the exact same repetition rate as the photon pulses.

To create such a 10 MHz signal from the synchrotron, we use the 400-fold single bunch fre-
quency (approximately 500 MHz), because such a signal is provided by the synchrotron (at 
bunch clock BC2) and because it is much easier to reduce the frequency of a signal than mul-
tiplying it. That is, we use frequency dividers (FD1 and FD2 in Figure 6), where the first one 
(FD1) divides the frequency by 25, and the second one (FD2) divides by another factor 2%. The 
reason for not using directly a division factor of 50% is that this would result in a rectangular 
pulse pattern with a duty cycle of 2 (1/50), whereas our setup with two frequency dividers 
provides the 50 duty cycle signal expected by the pulse generator.

We can use this pulse generator to create bipolar rectangular pulses with variable amplitudes 
in both polarities. For this purpose, we use channel 1 (CH 1) of the pulse generator for the 
positive pulse and the inverted channel two (   ̄  CH 2  ) for the negative pulse. The relative delay 
between the pulses is set to the duration of the first pulse, thus creating an uninterrupted 
succession of both pulse polarities, which is often useful because this pulse shape provides 
the strongest change of excitation at a given ohmic heat load. The signal from both outputs is 
combined using a power combiner (PC) that combines the input signals on connectors 1 and 
2 in the output connector 3. The combined signal is amplified by 32 dB (power gain factor of 
1600, voltage increase by a factor of 40) using a built-to-order Kuhne KU PA BB 5030 A ampli-
fier (A) with a band width of 10–1500 MHz. To protect the amplifier against reflected signals, 
an attenuator of −3 dB (a1) is mounted at its output. Any reflection will pass the attenuator 
twice and will thus be attenuated by −6 dB.

Figure 7. Electrical schematics for the time zero determination with an APD. The outer light gray rectangle symbolizes 
the vacuum chamber and the inner dark gray rectangle the APD board. The APD itself is depicted as a white diode 
symbol on the APD board. On the positive contact side of the APD, a 1 MΩ resistor R and a 1nF capacitor C are integrated 
in the APD board. A source meter is used to supply a voltage of 100 V on the positive input of the APD. The negative side 
is connected with cables of well-known length with the oscilloscope O. This oscilloscope is triggered by the 1.25 MHz 
bunch clock signal BC1 provided by the synchrotron. Reproduced from [28].
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Before being injected into the sample, part of the amplified signal is picked off to be monitored 
with a LeCroy WavePro 735ZI 3.5 GHz real time oscilloscope (O). This splitting of the signal is 
performed using a built-to-order Kuhne KU DIV 0112 A—371 pick-off tee (T), which splits the 
input signal on connector 1 in two parts, one almost unperturbed (power reduced by −2 dB) 
on output 2 and the other one attenuated by −20 dB on output 3. The signal from output 3 is 
monitored on the oscilloscope, whereas the signal from output 2 is injected into a microcoil on 
the sample, creating a magnetic field pulse (for details of the sample geometry, see Figures 4 
and 5). Part of the pulse is transmitted and subsequently recorded with the oscilloscope (option-
ally attenuated at a2), another part is absorbed by heating the microcoil, and the rest is reflected 
and sent through the pick-off tee again with −20 dB attenuation to the oscilloscope. The current 
transmitted through the microcoil can be calculated from the voltage of the transmitted signal 
recorded on the oscilloscope (if present, corrected by the damping of a2) divided by its 50 Ω 
input impedance.

We now send bipolar pulses with a repetition rate synchronized to the incident photon pulses 
through the microcoil. The remaining challenge is to have both pulses simultaneously on the 
sample. For this purpose, we use the rising edge of the 1.25 MHz bunch clock signal (BC1) 
provided by the synchrotron as a reference time zero, that is, we record this bunch clock 
signal on the oscilloscope (attenuated by −20 dB (at a3) because its voltage is too large for the 
oscilloscope) and set its trigger to the respective channel. The temporal position of the photon 
pulse with respect to the same trigger is determined by mounting a Hamamatsu S9717-05K 
fast Avalanche Photo Diode (APD) on the position at which the sample is during the measure-
ment, and using cables to transport the signal from the APD to the oscilloscope of precisely 
the same length as in the excitation scheme. The circuit used for this measurement is sketched 
in Figure 7. One side of the APD is connected to the oscilloscope, which is triggered by the BC1 
bunch clock signal. That is, this side is electrically on ground potential. The other side is lifted 

Figure 8. Signal measured with the oscilloscope. The dash-dotted line is the bunch clock BC1 that serves as a trigger for 
the oscilloscope. The 50% level of the rising edge of this signal defines the time zero of the oscilloscope. The solid line is 
the signal from the APD (multiplied by 5), and the dashed line is the transmitted pulse (divided by 10). The latter two 
signals are plotted enlarged in the inset. Reproduced from Ref. [28].
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to 100 V, and part of this potential drops on a 1 MΩ resistor placed in series before the APD. 
In this configuration, the diode is operated in reverse bias mode, that is, the depletion zone is 
increased by the electric field gradient. The resistance of the diode is much larger than 1 MΩ, 
such that almost the whole 100 V drop at the APD. A 1nF capacitor couples this side of the 
APD to ground; in the static case, however, this capacitor is insulating. As soon as a photon 
is absorbed in the diode, the situation changes significantly. The photons create free electrons 
that are accelerated in the external potential and create an avalanche of new charge carriers 
by collisions during their motion (hence the name APD). The capacitor acts as a sink for the 
(temporarily) generated charges. The holes are filled by a current from the oscilloscope, which 
is detected as a positive voltage peak. The avalanche stops because the voltage at the APD 
decreases immediately as the device becomes conducting (then most of the voltage drops at 
the 1 MΩ resistor). The signal decays in oscillations characteristic of the complicated RLC 
equivalent internal circuit of the diode [29]. The time of the photon event is reconstructed 
from the start of the pulse on the oscilloscope.

The signal recorded with the oscilloscope is plotted in Figure 8. The dash-dotted line depicts 
the 1.25 MHz bunch clock signal BC1. The 50.00% level of its rising edge defines the time zero 
of the oscilloscope. The photon pulse found on the APD (solid line) starts at t=452.7 ns with 
respect to the oscilloscope trigger. After changing to the sample setup, the pulse send through 
the sample (dashed line) arrives at the same time delay at the oscilloscope. In this example, 
the magnetic state is probed at the transition between positive and negative pulse.
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Abstract

Phase acquisition in antenna measurement, especially at millimeter- and submillimeter-
wave frequencies, is an expensive and challenging task. The need of a steady phase
reference demands not only a very stable source but unvarying temperature conditions
and strong positioning accuracy requirements. Indirect off-axis holography is an inter-
ferometric technique that allows for characterization of an unknown field by means of a
simple filtering process of the hologram or intensity interference pattern in the spectral
domain, provided that the reference field, employed to interfere with the unknown field,
is known in amplitude and phase. This technique can be used to avoid the effect of the
errors related to the phase acquisition and to further develop new efficient and robust
techniques capable of phase retrieval from amplitude-only acquisitions allowing for cost
and complexity reduction of the measurement setup. A short review of the state-of-the-
art in antenna metrology is presented in this chapter, as well as a description of conven-
tional indirect off-axis techniques applied to this field. Last sections are devoted to the
description of novel measurement techniques developed by the authors in order to
overcome the main limitations of the conventional methods.

Keywords: antenna measurement, antenna diagnostics, amplitude-only, interferometry,
off-axis holography, indirect holography, phaseless, microwave holography, millimeter-
wave, submillimeter-wave
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1. Introduction

Antenna measurement techniques are devoted to obtaining the main radiation parameters
(radiation pattern, antenna gain, polarization, etc.) in the antenna far-field (FF) region1 from
the acquisition of the fields radiated by the antenna under test (AUT). Novel methods for
antenna measurement [1] and postprocessing techniques [2] are constantly emerging to cope
with the requirements needed to provide efficient and accurate characterization of new types
of antennas, mainly at high frequency bands. Additionally, antenna diagnostics enables non-
destructive inspection of the antennas for detection of design or fabrication failures by means
of the analysis of their extremely near fields or their equivalent currents [3–6].

First, antenna measurements were performed in outdoor ranges at FF distances. Those tests
were highly affected by weather conditions, interference, and multipath from multiple reflec-
tions mainly caused by the floor. Anechoic chamber testing was sooner adopted as the stan-
dard method for antenna metrology. Anechoic chambers have an electromagnetic absorber
lining to reduce electromagnetic reflections and to control the measurement environment [7].

Advances in fabrication technologies have contributed to the development of new components
and antennas at millimeter (mm-) and submillimeter (submm-) wave frequency bands.2 At
these frequencies, measurement of directive antennas would require extremely large anechoic
chambers to fulfill the FF condition. Hence, other types of measurement ranges such as near-
field (NF) measurement ranges have been developed to avoid the previous shortcoming [1].

In NF measurement systems, the field is acquired over a surface in the vicinity of the AUT.
Planar, cylindrical, or spherical surfaces are the most common acquisition surfaces, with recent
extensions to arbitrary geometry [9] or noncanonical domains [10, 11]. The acquired NF can be
employed to obtain the FF radiation pattern of the antenna by means of mathematical NF-FF
transformations based either in wave expansions [1, 12, 13] or integral equation methods such
as the sources reconstruction method (SRM) [3, 9]. Diagnostics applications can also be devel-
oped from NF data using backpropagation techniques toward the AUT aperture [1, 13] or the
SRM [3, 9]. After several decades of research and development, NF ranges have become the
preferred approach for antenna testing.

Special attention must be given to the probe pattern and positioning accuracy [1] as well as
to the effects that error sources in NF acquisitions, such as truncation of the measurement
plane, cable flexing, stray signals, leakage, etc., can introduce in the FF pattern of the AUT
[1, 2, 13, 14].

1The far-field distance is defined by R ¼ 2D2=λ (R >> λ), being D the maximum dimension of the antenna and λ the
wavelength [1].
2The mm-wave band is defined according to the IEEE Standard 521-2002 from 110 to 300 GHz. This standard is a review
of the standard published in 1984 that also considered the lower bands defined from 30 to 110 GHz (Ka, V, and W bands)
as part of the mm-wave band. This older definition is still commonly accepted. Frequency bands above 300 GHz are not
included in the standard; the submm-wave or Terahertz band corresponds, depending on the author, to the fraction of the
spectrum from 300 GHz to either 3 or 10 THz in the lower limit of the far-infrared spectrum [8].
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NF techniques for both NF-FF transformation and antenna diagnostics generally require the
knowledge of amplitude and phase of the radiated electric field by the AUT [1–5]. Neverthe-
less, phase acquisition, particularly at mm- and submm-wave bands, is a challenging task that
requires sophisticated and expensive equipment due to the high thermal stability requirements
and the effect of the errors, mostly resulting from thermal drift and cable flexing [1, 13–16].

Nowadays research is focused on the development of new measurement systems [17, 18] and
techniques that allow reducing the acquisition time and costs and preventing or correcting the
effect of errors in NF measurements [2–7, 19]. Among these techniques, amplitude-only mea-
surements, commonly referred to as phaseless or scalar measurements (in contrast to vector,
also referred to as complex measurements involving amplitude and phase), are frequently
employed due to their multiple advantages such as the use of simpler and less expensive
receivers and robustness to errors related to phase acquisition. Amplitude-only techniques can
be indistinctly applied to antenna measurements and diagnostics and are divided into two
main groups depending on the implementation approach: iterative and noniterative techniques.

On the one hand, most of the iterative techniques [3, 19, 10] are based on the acquisition of the
field intensity in two or more surfaces. Then, an iterative process is employed to propagate the
field from one surface to another after guessing an initial phase, until certain condition is satisfied
for all the surfaces. This kind of technique is popular because they involve minor changes in the
measurement setup, nevertheless they can suffer from stagnation and their convergence is
strongly related to the first guess solution. On the other hand, and belonging to noniterative
techniques, most of the interferometric approaches [5, 20–23] rely on the use of a reference field,
previously known in amplitude and phase, used to interfere the field of the AUTand allowing an
easy and iteration-free phase retrieval by means of a filtering process in the spectral domain.

Indirect off-axis holography, also known as Leith-Upatnieks holography [24], is an interfero-
metric technique adapted from optical holography to amplitude-only antenna metrology in
the early 1970s [25, 26]. During the last years, great efforts have been made to improve aspects
such as sampling [22] and overlapping reduction [27] or reference signal calibration [28, 29].
The rest of the chapter is divided as follows: Section 2 contains an introduction to conventional
off-axis holography techniques applied to antenna metrology. Novel techniques that allow for
the use of synthesized reference waves with mechanical phase shifts [5, 30] will be introduced
in Section 3. A new efficient method for amplitude-only characterization of broadband anten-
nas [23] compatible with nonredundant sampling techniques [31] will be described in Section 4.
Finally, main conclusions regarding the advantages and disadvantages of the proposed
methods will be drawn in Section 5. Numerical validation of the proposed techniques in
Sections 3 and 4, performed in Planar NF (PNF) measurement ranges [32, 33], will be given
for each method and, thus, although easily translatable to other geometries, formulation will
be particularized for planar acquisition systems.

2. Conventional indirect off-axis holography review

The word holography comes from the Greek words hólos (whole) and grápho (written or
represented) and was first coined by Gabor in 1948 to define a new technique in the optics
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field for retrieving the amplitude and phase of an unknown field after recording the intensity
of a coherent wave disturbance [34] with a reference field, whose amplitude and phase could
be properly characterized. The technique was later adapted by Leith and Upatnieks to use an
off-axis reference [24].

The term holography has been subsequently employed in the context of antenna metrology
and electromagnetic imaging to refer to another technique in which the phase information is
directly acquired with the amplitude and a cable reference is employed (direct holography)
[35, 36]. Thus, to avoid confusion, the methods described in this chapter will be referred to as
indirect off-axis holography, since the phase is indirectly measured.

2.1. Indirect off-axis holography

Indirect off-axis techniques are based on two-step procedures: (1) recording the intensity of the
interference pattern formed by the AUT and the reference field and (2) performing the phase
retrieval of the unknown field (AUT’s field) by means of a filtering process of the recorded
pattern or hologram in the spectral domain. Conventional setup is usually implemented as
shown in Figure 1 employing a radiated reference field [21, 25] that is obtained from a sample
of the source by means of a directional coupler. A variable attenuator (or amplifier) is usually
included in the AUT or reference branches in order to balance the power between both
branches and to increase the dynamic range of the hologram.

Another option is to create a plane reference wave by means of a shaped plane mirror which is
employed as the collimator in compact antenna ranges [37]. Nevertheless, correctly shaping
the mirror for high frequency indirect holography requires accurate and expensive machining.

The hologram is recorded at each point of the acquisition plane as the squared sum of the fields
of the AUT Eaut and the reference antenna Eref as:

Figure 1. Basic setup for conventional indirect off-axis holography antenna measurement.
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Hð r!Þ ¼ jEautð r!Þ þ Erefð r!Þj2: (1)

The expression of the hologram can be further developed into

Hð r!Þ ¼ jEautð r!Þj2 þ jErefð r!Þj2 þ Eautð r!ÞE�
refð r!Þ þ E�

autð r!ÞErefð r!Þ, (2)

where the asterisk is used to denote complex conjugate.

If the expression in Eq. (2) is Fourier-transformed to the spatial frequency domain or k-space,
the spectrum of the hologram can be expressed as

hðk!Þ ¼ jeautðk
!Þj2 þ jerefð k

!Þj2 þ eautð k
!Þ⊗ e�refð� k

!Þ þ e�autð�k
!Þ⊗ erefð k

!Þ, (3)

being eaut and eref the Fourier transform (FT) of Eaut and Eref, respectively, and ⊗ is the
convolution operator.

As it is depicted in Figure 2, the spectrum of the hologram is composed of four different terms:
the two zero-frequency harmonics in the center, known as autocorrelation terms, and the
cross-correlation or image terms, which contain shifted and distorted (in case of using a
nonplanar wave reference field) information about the complex field of the AUT.

Providing no overlap between the autocorrelation terms and the image term corresponding to

eautðk
!Þ⊗ e�refð� k

!Þ exists, the latter can be bandpass-filtered as

hfilteredðk
!Þ ¼ Πð k!1; k

!
2Þfeautðk

!Þ⊗ e�refð� k
!Þg, (4)

whereΠð k!1; k
!

2Þ is a rectangular window defined by its corners at the spectral points k
!

1 and k
!

2

to filter the desired image term.

From the filtered term, the unknown field of the AUT can be easily retrieved back in the spatial
domain by removing the effect of the complex conjugate of the reference field as

Figure 2. Schematic representation of the spectrum of the hologram for an off-axis angle in the x-axis.
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Eaut;retrievedð r!Þ ¼ FT�1fhfilteredð k
!Þg

E�
refð r!Þ

: (5)

It is relevant to remark that E�
refð r!Þ is a term whose amplitude usually suffers small changes

along the spatial domain and, consequently, Eq. (5) can be evaluated without the risk of
divisions by zero.

Quality of the phase retrieval will mostly depend on the degree of overlapping between the
autocorrelation and cross-correlation terms, which for radiated reference fields is related to the
off-axis position of the reference antenna, as it will be addressed next.

At this point it is worth noting two facts: first, the retrieved field corresponds to one of the
tangential components of the electric field. In order to obtain the FF pattern of the AUT, both
tangential fields are needed [1] and, thus, the process has to be repeated after turning the AUT
90∘ to acquire the other component [23]. Second, for the sake of simplicity, the offset of the
reference antenna has only been introduced in the x-axis (as shown in Figure 1) without loss of
generality.

2.1.1. Overlapping control: off-axis reference and sampling requirements

Central position of the image terms is defined by the off-axis angle of the reference antenna as

kr;x ¼ �k0 sin ðθrÞ (6)

being k0 the propagation vector in vacuum, defined as k0 ¼ 2π=λ, with λ the wavelength of
the fields, and θr the off-axis angle formed by the reference antenna and the normal to the
acquisition plane (see Figure 1).

According to Ref. [1], the maximum spatial bandwidth3 of a radiated field in a planar acquisi-
tion isWk ¼ k0. On the other hand, since the autocorrelation terms are the FTof a squared field,
their bandwidth doubles the bandwidth of the original field [21, 28, 38] and, thus, the no
overlapping condition is given by

kr;x ≥ 3k0: (7)

Nevertheless, due to the limitations imposed by the topology of the setup, the maximum off-
axis angle is limited to 90∘, yielding a maximum value of kr;xmax ¼ k0. Therefore, although
overlapping can be reduced by employing certain techniques (e.g., filtering after backpro-
pagation of the planar wave spectrum (PWS) of the hologram toward the aperture or
employing the so-called modified hologram, described later), it cannot be completely avoided
in these setups with radiated reference waves.

3Bandwidth is defined for the positive half-space of the spectrum. Since the spectrum of the hologram is symmetric, the
total bandwidth is twice the defined bandwidth.
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On the other hand, sampling in the spatial domain is related to the extension of the k-space and
has to be carefully selected in order to avoid aliasing. According to the Nyquist theorem, the
extension of the k-space is related to the sampling step Δx by Ref. [12]:

ks ¼ π
Δx

(8)

As previously mentioned, the image terms are centered in k0 (kr;x ¼ kr;xmax) and have a band-
width of Wk ¼ k0, yielding a total extension of ks ¼ 2k0. Therefore, sampling in the spatial
domain can be calculated from Eq. (8) as

Δx ¼ π
ks

¼ π
2k0

¼ λ
4

(9)

In practice, the off-axis angle is lower than 90∘ and the sampling step can be slightly larger.
Furthermore, overlapping degree varies depending on the type of reference antenna and the
measured AUT. Directive antennas have narrower spectra [28] and the part of the spectrum
associated to the squared signals often decays faster as it is computed for the convolution of
two signals of bandwidth k0 [5].

2.2. Modified hologram

The modified hologram technique was first employed for setups with radiated reference fields
in Refs. [21, 38] and successively adapted for synthesized reference fields (see Section 2.3) in
Refs. [27–29]. The technique consists in the removal of the autocorrelation terms of the holo-
gram prior to the filtering process and can be implemented by means of two different
approaches. First of them requires an extra measurement to characterize the amplitude of Eaut

(the amplitude of Eref is a priori known) [21, 23, 29, 30, 39]. Second approach, commonly known
as opposite-phase holography [28, 40], introduces a hybrid-T component in the setup, which
provides simultaneously the complete hologram in the sum port and the autocorrelation terms
in the difference port. Another approach, used in imaging applications, is to increase the
reference level several times above the level of the AUT’s field in order to reduce the autocor-
relation terms of the hologram [41, 42].

Thanks to the removal of the autocorrelation terms, separation between the image terms can be
reduced, meaning that physical separation between the AUT and the reference antenna can
also be reduced yielding the following advances:

• Overlapping is diminished and thus quality of the phase retrieval is improved.

• The extension of the k-space can also be reduced, involving larger sampling steps and less
acquisition time [21, 28].

• Since the antennas can be placed close to each other and the off-axis angle can be reduced,
the size of the setup is decreased and the paths of the reference and AUT fields are similar,
resulting in less sensitive setups to scanning errors and source instability [21, 43].
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Another advantage of this technique is that since the intensity of Eaut is measured, the final
field can be composed with the measured amplitude and the retrieved phase rather than
retrieving both, amplitude and phase, from the interferometric pattern as supposed so far.
Thus, the quality of the phase retrieval is improved.

Main disadvantage for the modified hologram technique is that an extra measurement for the
characterization of the amplitude of the AUT is required.

2.3. Synthesized reference field off-axis holography

Main differences between optical and microwave holography are stated in Ref. [27]. One of the
most important remarks is that in microwave (and mm- and submm-wave bands) the holo-
gram can be (coherently) recorded by scanning the probe across the acquisition plane, mean-
ing that, instead of using radiated reference waves, they can be electronically synthesized and
added to the field of the AUT.

Conventional approach to implement synthesized wave setups is schematically shown in
Figure 3. A plane wave is synthesized by means of a phase shifter by cyclically modifying the
phase of the sample of the field in the output of the directional coupler for each point of the
acquisition plane. The synthesized wave is added to the acquired field of the AUT by means of
a power combiner in the receiver’s end.

In synthesized reference wave setups, position of the image terms is no longer related to the
physical position of the reference antenna but to spatial sampling and the phase shifts Δφ,
between each point of the acquisition plane, and can be defined as:

kr;x ¼ �Δφ
Δx

: (10)

Figure 3. Conventional setup for synthesized wave off-axis holography.
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The use of electrically synthesized waves removes the limitation imposed by the off-axis angle
and makes possible to displace the image terms to the nonvisible part of the spectrum defined
by k2x þ k2y < k20 [1].

Considering the nonoverlapping condition imposed in Eq. (7), the sampling step has to be
selected depending on the value of the introduced phase shifts, which are typically selected as
π=2, 2π=3, or 3π=4, yielding sampling steps of λ=4, λ=6, or λ=8, respectively [5, 28, 29].

This technique has several advantages:

• Overlapping can be controlled by selecting the phase shifts and the corresponding sam-
pling rate.

• Modified hologram approaches can also be applied, thus sampling rate can also be relaxed.

• Since the reference wave is synthesized, it is not necessary to previously characterize it in
amplitude and phase and its analytical expression can be employed in Eq. (5) for the phase
retrieval. Hence, completely scalar acquisitions are made. Nevertheless, the nonideal
behavior of the phase shifter and the rest of the components introduce modulations in
the signal and, thus, its characterization is recommended [44].

However, synthesized reference field indirect off-axis holography also presents the following
limitations:

• The sampling rate has to be increased in order to displace the image terms to the non-
visible part of the spectrum and to extend its limits. Thus, the acquisition time is increased
and so it is the required system stability.

• The increased sampling step can also be a problem at mm- and submm-wave bands if too
dense sampling grids are required, due to the positioning accuracy of the system.

• Two new components have to be included in the setup which can also pose a problem at
high frequency bands due to the cost and complexity of those types of devices.

2.4. Main drawbacks and limitations of indirect off-axis holography

Despite the multiple advantages of conventional indirect off-axis techniques versus complex
field measurements, such as robustness and cost reduction [21, 43], and also versus other
amplitude-only techniques based on iterative approaches, conventional indirect off-axis tech-
niques exhibit several limitations, which are summarized next:

• The reference field needs to be characterized in amplitude and phase at least once, and thus,
the technique cannot be implemented only by means of scalar acquisitions since an initial
vector calibration is required. Nevertheless, the use of synthesized waves [28, 29, 40] solves
this problem, since the phase can be obtained analytically. Other methods to avoid the phase
acquisition of the reference antenna such as the use of well-known antennas whose phase
behavior can be modeled have also been proposed [21, 45].

• Setups based on synthesized waves solve the previous drawback and also allows to
control overlapping of the image terms. However, implementation of this type of setups
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involves the use of more radiofrequency (RF) components, i.e., phase shifters and power
combiners. Implementation of these types of devices is not trivial at high frequency bands
and the cost of the system can be highly increased.

• In addition, as shown in Figure 3, the reference signal has to be conveyed from the output of
the directional coupler and phase shifter to the power combiner, located at the receiver’s
end. Nevertheless, high frequency equipment (e.g., over 110 GHz) usually requires the use
of waveguide sections to convey the signal. In general, these waveguides cannot be arbi-
trarily bent. Other choice is to convey, by means of flexible cables, a low-frequency signal as
reference and, at the end of the cable, resort to a frequency multiplier. However, this
approach can suffer from phase inaccuracies due to cable flexing and temperature drift; also
the use of frequency multipliers can increase the cost of the measurement system.

• The use of the modified hologram technique can alleviate the dense sampling demanded at
the expenses of an extra measurement for the characterization of the amplitude of the AUT.

• Conventional indirect off-axis holography is a monochromatic technique. Thus, its use for
broadband antennas characterization might be unfeasible if each frequency analysis
requires an independent spatial acquisition.

Other phase retrieval approaches have been proposed in order to overcome the dense sampling
requirements. In Refs. [41] and [46], a new approach, known as phase-shifting, derived from
digital inline microscopy, employs three different holograms recorded after introducing phase
shifts in the reference field to perform the phase retrieval in the spatial domain; in this case, the
phase can be retrieved point-by-point. The method presented in Ref. [47] for a bistatic imaging
setup can also be directly employed in antenna measurement setups. In this case, the phase
retrieval is performed by solving a set of equations formed by the modified hologram expres-

sion and the expression that relates ∥Eautð r!Þ∥2 to its real and imaginary parts. For both cases the
phase is retrieved directly in the spatial domain and, therefore, a sampling rate of λ=2 can be
used. An added advantage is that there is no restriction in the position of the reference antenna.

3. Indirect off-axis holography with mechanical phase shifts

In order to overcome some of the above-mentioned limitations of conventional techniques, two
methods allowing either to substitute the phase shifter for mechanical displacements or to
control the position of the image terms in setups with radiated reference waves are described
in this section.

3.1. Synthesized reference field by means of mechanical shifts

As mentioned before, main advantages of the use of synthesized reference waves are over-
lapping control of the image terms and that the reference field can be analytically obtained by
means of a phase shifter from a sample of the field. Nevertheless, phase shifters can increase
the cost of the measurement system or simply not be available for a specific frequency band.
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The proposed method aims for the substitution of the phase shifter (see Figure 3) with mechan-
ical displacements of the probe to create the interference-like pattern. The reference branch will
provide a constant sample of the source added to the field recorded by the probe by means of a
power combiner.

The expression of the hologram in Eq. (2) can be particularized for the case of using synthe-

sized plane waves (Erefð r!Þ ¼ Ae�jk0r) as:

Hð r!Þ ¼ jEautð r!Þj2 þ A2 þ AEautð r!Þeþjk0r þ AE�
autð r!Þe�jk0r: (11)

On the other hand, the recorded hologram, over a planar conventional acquisition grid, in the
setup of Figure 3, when no phase shifter is employed, could be expressed in the following way:

Hð r!Þ ¼ jEautð r!Þ þ Cj2; (12)

where C is the constant reference level added to the power combiner.

If small mechanical displacements d
! ¼ d r!=jj r!jj2 are added between each of the points of that

conventional acquisition grid, the field of the AUT can be approximated in those new points,
disregarding the amplitude variation and taking into account only the phase change by

Eautð r! þ d
!Þ ≈Eautð r!Þe�jk0d: (13)

For those new points, the hologram in Eq. (12) can be rewritten as in Eq. (14), yielding an
equivalent expression to Eq. (11):

Hð r! þ d
!Þ ¼ jEautð r!Þe�jk0d þ Cj2 ¼ jEautð r!Þj2 þ C2 þ CEautð r!Þe�jk0d þ CE�

autð r!Þeþjk0d: (14)

Therefore, if the mechanical displacements are selected so that the term e�jk0d in Eq. (13)
introduces appropriate phase shifts, the use of phase shifters can be avoided.

The new grid will be a three-dimensional layered grid with as many layers as number of consid-
ered phase shifts Nφ ¼ 2π=Δφ. Nφ is fixed together with the sampling rate to control the position
of the image terms of the hologram, see Eq. (10), and of course, the modified hologram technique
(Section 2.2) can also be applied.

Figure 4 shows two different views of the measurement grid generated for the experimental
validation of the setup presented next. For those examples, the mechanical displacements are
selected to introduce a phase shift ofπ=2 and thus,Nφ ¼ 4, as it can be clearly seen in Figure 4(a).
Figure 4(b) shows the top view of the grid in which the cyclically repeated pattern can be
observed. The orange dots represent the top layer with regular sampling of λ=2, whereas the
blue ones are those corresponding to the modified points introduced to generate the phase shifts,
yielding a final sampling step of λ=8. The solid line interconnecting the dots indicates the sweep
direction. The grid creation process can equivalently be seen as a modification ofNφ � 1 of every
Nφ points in the sweep axis of a regular grid to introduce the desired phase shifts.
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For the phase retrieval, there are two different options: (i) either Eq. (4) is transformed back to
the spatial domain and only the points corresponding to the top layer of the grid are selected,
or (ii) the field is retrieved as in Eq. (5) analytically modeling the phase of the reference field. A
compensation for the eþjk0r term introduced in the modified acquisition points (see Eq. (13)) has
to be considered for the latter case.

Despite the approximation in Eq. (13), it is only valid in the FF of the AUT, the maximum
phase shift that can be considered is π. This phase shift is associated to a displacement of
λ=2, which does not have an influence in the amplitude level; therefore, as it will be proven
in the experimental validation, the method provides good results when applied to NF
acquisitions.

3.1.1. Experimental validation in the Ku-band for antenna measurement and diagnostics

A small 15 dB standard gain horn (SGH) antenna is characterized at 15 GHz. The measure-
ments are repeated for the case in which a metallic plate blocks part of the antenna aperture as
shown in Figure 5. In order to perform antenna diagnostics, in both cases, the retrieved field
on the measurement plane is backpropagated to the aperture plane of the AUT. The setup is
equivalent to those for imaging applications measured in transmission [41, 45].

The regular acquisition grid is a XY rectangular grid of 700 mm · 700 mm with 10 mm
sampling (λ=2 at 15 GHz) in the y-axis and 2:5 mm (λ=8) in the x-axis, placed at z0 ¼ 620 mm
of the aperture of the AUT. As π=2 phase shifts are being considered, three more layers of
modified points, as shown in Figure 4, are considered, being the sampling step considering all
the points in the y-axis also of λ=8.

If Eq. (10) is applied for the proposed configuration, the central position of the image terms is
�2k0. Figure 6(a) shows the recorded NF hologram while its spectrum is shown in Figure 6(b).
Since the sweep (and the phase shifts) is made along the y-axis direction, the image terms will
appear shifted in the ky axis of the spectrum. The abrupt decay of the autocorrelation terms
makes possible to correctly filter the desired image term between 0:4 k0 and 3:6 k0, and cor-
rectly retrieve the field of the AUT.

Figure 4. Three-dimensional acquisition grid for the proposed method. Note that a different scale has been used for all
the axes: (a) complete grid and (b) detail of the top view.
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The retrieved amplitude and phase of the acquired NF are shown in Figure7(a) and, respec-
tively, for the case in which the horn is not blocked. The backpropagated field in the aperture is
shown in Figure 7(c) together with the size of the aperture. The retrieved amplitude and phase
for the case of the blocked aperture are shown in Figure 7(d) and. Some discrepancies with
respect to the first case can be observed and when the field is backpropagated to the aperture
of the AUT, Figure 7(f), the blockage can be clearly detected.

Thus, the proposed method can be successfully applied to antenna measurement and diagnos-
tics with equivalent results to the conventional indirect off-axis method with synthesized
reference wave.

Figure 5. Ku band SGH with blocked aperture.

Figure 6. (a) Recorded hologram in the modified three-dimensional grid, normalized amplitude in dB. (b) Spectrum of
the hologram, normalized amplitude in dB.
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3.2. Multiplexed holograms with radiated reference field

As explained in Section 2.4, setups with synthesized reference waves for antenna characterization
are challenging at high frequency bands, being necessary to resort to setups with radiated reference
waves [21, 30]. The main limitation of these setups is that the position of the image terms is
determined by the off-axis angle of the reference antenna, see Eq. (6), and will always be below
�k0, that is, in the visible part of the spectrum. This separation might not be enough to avoid
overlapping for certain types of antennas such as nondirective antennas, which have wider spec-
tra [28]. Overlapping can also be observed when the level in the AUT branch is higher than
the reference level, due to the differences between the level of the autocorrelation and image
terms [30].

The previously presented technique with mechanical phase shifts of the probe cannot be
applied when radiated reference waves are employed because the displacements of the probe
antenna will introduce the phase shifts in both the reference and the AUT fields, leading to an
erroneous approach of the off-axis holography technique.

In order to control the position of the image terms and displace it to the nonvisible part of the
spectrum as with synthesized reference waves, this subsection describes a new method for
the case of using radiated reference waves. The method consists in multiplexing two
subsampled holograms, Eq. (1), obtained from two 180∘ phase-shifted reference waves. The
phase shift can be generated by means of a phase shifter or displacing the reference antenna a
distance of λ=2.

Figure 7. Retrieved NF of the AUTwithout blocking metallic plate (a)–(c) and with blocking metallic plate (d)–(f): (a) and
(d) normalized amplitude in dB, (b) and (e) phase in degrees, and (c) and (f) backpropagation of the retrieved field toward
the aperture, normalized amplitude in dB.
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The first subsampled hologram, blue grid in Figure 8(a), is acquired in a grid with 2Δx and Δy
sampling. The samples are stored in the odd columns of the multiplexed hologram. Then, a
displacement of λ=2 is introduced in the reference antenna and the second subsampled holo-
gram, which is stored in the even columns of the multiplexed hologram (orange grid in
Figure 8(b)) is acquired over a grid identical to the first one but with an offset of Δx.

By combining the two subsampled holograms with 180∘ phase-shifted references, the ampli-
tude of the final hologram remains almost unchanged with respect to a hologram acquired in
the complete grid, while the phase steps of the reference field (Δφ) in the acquisition plane will
be increased by a factor of π (see Ref. [30] for a step-by-step proof), leading to the following
position of the image terms (see Eqs. (8) and (10)):

k′r ¼ �Δφþ π
Δx

¼ �Δφ
Δx

þ π
Δx

¼ �kr þ ks: (15)

Two replicas of the image terms of the hologram appear at a distance of ks ¼ π
Δx of the original

image terms as shown in Figure 8(b). The replicas are in the nonvisible part of the spectrum,
shaded in gray, and have the same information than the original image terms, which are
overlapped with the autocorrelation terms. Hence, the field can be retrieved by filtering the
desired replica without the need to resort to the modified hologram technique. It has been
demonstrated that if the reference field is a plane wave, the original terms are completely
canceled allowing a cleaner filtering [30].

Position of the image terms depends on the off-axis angle of the reference antenna, Eq. (6). A
common option to convey the reference signal in holography setups is to use mirror reflection
(see Figure 9). This option has multiple advances since it is possible to increase the path of the
reference field and interfere with a quasi-plane wave. Furthermore, by modifying the position
and orientation of the reflector it is possible not only to control the off-axis angle but also to
modify the shape of the pattern of the reference field in the acquisition plane, which also
influences the shape and the width of the image terms and their replicas in the k-space.

Figure 8. (a) Spatial multiplexation of the subsampled grids for the hologram formation. (b) Spectrum of the hologram for
the proposed method for an example with Δx ¼ λ=6 sampling.
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3.2.1. Corrections

Two small corrections have to be applied to the retrieved field to compensate the effect that the
high frequency replicas introduce in the retrieved field. First, the retrieved phase is contami-
nated with high frequency noise that can be eliminated by low-pass filtering. Second, since
only a fraction of the spectral density of the image term is being considered (the replica), the
retrieved amplitude of the AUT is slightly smaller than the one directly acquired. A correction
factor can be obtained from the analysis of the reference field, which is known. The spectrum
of the reference field is filtered using the same filter that will be used to filter the image term of
the complete hologram; then, that filtered part is transformed back to the spatial domain and
its amplitude level is compared to the initial amplitude of the reference field. The difference
can be used as a correction factor for the retrieved amplitude of the AUT.

3.2.2. Experimental validation: 94 GHz lens antenna NF characterization

Themeasurement setup shown in Figure 9 has been implemented for the experimental validation
of the method. A 64 mm circular lens fed with a horizontally polarized WR10 open-ended
waveguide (OEWG) is characterized at 94 GHz. A 20 dB SGH is employed as reference antenna.
A plane metallic mirror with a tilt of 22∘ is placed at 270 mm of the aperture of the reference
antenna andused to direct the reference field toward the acquisitionplane, at 200 mmof theAUT.

The NF is acquired for a 200 mm cut at y ¼ 0 with λ=2 sampling for the first position of the
mirror. Then, the mirror is displaced λ=2 toward the acquisition plane by means of a
micropositioner and the second subsampled hologram is acquired. Direct acquisition of the
phase and acquisition with conventional off-axis holography with λ=4 sampling have also
been made to compare the results to those obtained with the proposed method.

Figure 10(a) shows the hologram for the proposed method and for conventional indirect off-axis
holography. An off-axis angle of 22∘ produces two image terms centered in �0:38k0 and two
replicas at ∓2:38k0, which means that, in the ½�2k0; 2k0� interval, the replicas are swapped and
centered at ∓1:64k0, as it can be clearly seen. While the replicas for the proposed method can be
filtered, there is some overlapping between the image term and the autocorrelation terms for the
conventional case. This is due to the high amplitude level of the AUT, which produces a large
autocorrelation term, highly above the level of the image terms of the spectrum.

Figure 9. Measurement setup for the lens antenna characterization at 94 GHz. Rear view.
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Figure 10(b) depicts the error of the phase retrieval process calculated as

error½%� ¼ 100
∥Emeasured � Eretrieved∥2

∥Emeasured∥2
; (16)

where Emeasured and Eretrieved are vectors containing the samples of the measured (with ampli-
tude and phase) and the retrieved field (from amplitude-only acquisitions) at the acquisition
points, and ∥ � ∥2 denotes the Euclidean norm. Due to the overlapping with the autocorrelation
term, the mean error of the conventional method is 32:8% while the error achieved with the
proposed method is only of 5:70%.

Figure 11(a) shows the retrieved amplitude in the acquisition plane with both methods com-
pared to the amplitude directly acquired, whereas in Figure 11(b) the same data are shown for
the phase. It can be clearly observed that, while with the proposed method, the retrieved
amplitude and phase are in very good agreement with the data from the direct acquisition
the retrieved fields with the conventional method exhibit some discrepancies, especially in the
areas with larger error (see Figure 10(b)) due to the overlapping of the spectrum.

Figure 10. (a) Spectrum of the hologram and filtering windows, normalized amplitude in dB and (b) percentual error of
the phase retrieval.

Figure 11. (a) Amplitude of the AUT, normalized in dB and (b) phase of the AUT in degrees.
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4. Broadband indirect off-axis holography

Previous techniques are monochromatic techniques that might not be suitable for characteri-
zation of broadband antennas, for whose measurement it is usual to resort to time-domain
(TD) techniques [48, 49].

The herein presented technique is an extrapolation of conventional off-axis holography that
allows for efficient characterization of broadband antennas by means of amplitude-only acqui-
sitions. Although the data acquisition and phase retrieval are different to the previous
methods, as they are carried out in the TD, the physical layout of the elements is identical to
the one already presented in Figure 1. This layout is presented in Figure 12(a) again in order to
define some relevant distances that will be discussed later.

During the acquisition process, a frequency sweep is made for each point of the spatial grid
and the hologram is acquired over the studied frequency band, Eq. (17); then the spectrum is
computed in the TD by means of an inverse FT, Eq. (18):

Hð r!;ωÞ ¼ jEautð r!;ωÞj2 þ jErefð r!;ωÞj2 þ Eautð r!;ωÞE�
refð r!;ωÞ þ E�

autð r!;ωÞErefð r!;ωÞ (17)

hð r!;tÞ ¼ jeautð r!;tÞj2 þ jerefð r!;tÞj2 þ eautð r!;tÞ⊗ e�refð r!;tÞ þ e�autð r!;tÞ⊗ erefð r!;tÞ (18)

After filtering the desired image term in the TD by means of a time window Π, defined from
t1 to t2:

hfilteredð r!;tÞ ¼ Πðt1;t2Þfeautð r!;tÞ⊗ e�refð r!;tÞg, (19)

the phase retrieval is performed at each spatial point, simultaneously for all the acquired
frequencies as

Figure 12. Broadband indirect off-axis holography: (a) layout of the measurement setup and (b) spectrum of the modified
hologram.
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Eaut;retrievedð r!;ωÞ ¼ FTtfhfilteredð r!;tÞg
E�
refð r!;ωÞ

: (20)

The subindex t in the FT indicates that the spectrum is computed in the TD.

This allows to retrieve one of the components of the tangential field in the acquisition plane, in
order to obtain the FF of the AUT, as in the previous methods, the second tangential compo-
nent also needs to be retrieved for NF-FF transformation. To do that, the process has to be
repeated after a turn of 90∘ of the AUT to change the acquired polarization.

Main advantages of this method are that position of the image terms can be controlled with the
distance between the AUT and the reference antenna, the physical length of the AUT and
reference branches, and the separation between the antennas and the acquisition plane, as it
will be addressed next. Furthermore, as the phase is retrieved point-by-point in the spatial
grid, the technique is compatible with array thinning techniques that allow to drastically
reduce the number of acquisition points with the consequent time reduction [22, 31, 50].

On the other hand, the method also presents some disadvantages. As in conventional indirect
off-axis holography, the reference antenna has to be previously known in amplitude and
phase, also all the components of the setup, mainly the AUT, must be broadband; otherwise
their time responses will be spread and may cause overlapping in the spectrum of the recorded
hologram [23].

4.1. Main parameter constraints

As in the previous methods, quality of the retrieved fields depends on how clean the filtering
process is. Since the spectrum of the hologram is computed in the TD, position of the image
terms is dependent on the starting times of the signals coming from the AUT taut and from the
reference antenna tref, and thus, it can be controlled with the distance and the length Leff of the
transmission lines employed in the setup.

In order to avoid overlapping two main restrictions have to be fulfilled:

• The length of the elements in the reference branch must be selected so that the image
terms of the spectrum are swapped, taut � tref þ Δτ < 0. Thus, the desired term can be
easily filtered, as shown in Figure 12(b).

In terms of the distances between elements in the setup, as defined in Figure 12(a), the
previous condition yields the following expression considering the worst-case scenario
(points in the corners of the acquisition plane closer to the reference antenna for whose
tref > taut):

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
D2 þW2 þH2

p
� ð

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
D2 þ ðW � LÞ2 þH2

q
þ LeffÞ þ cΔτ < 0; (21)

Leff � L > cΔτ: (22)

• The frequency sampling must be selected according to the Nyquist rule:
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Δf <
1
2T

¼ 1
2ðtref � tautÞ : (23)

4.2. Numerical validation for the characterization of a horn antenna in the Ka-band

For the numerical validation of the method, a 25 dB SGH is characterized in the Ka-band from
26:5 to 40 GHz. The physical layout is shown in Figure 13. The acquisition plane is a square
grid of 300 mm side with spatial sampling of 3:7 mm in both directions, that is, λ=2 at
40 GHz, and is located at a distance of D ¼ 260 mm of the aperture of the AUT. A 15 dB horn
is employed as reference antenna placed at L ¼ 200 mm from the center of the aperture of the
AUTwith an off-axis angle of θr ¼ 37:5∘. A coaxial cable of Leff ≈ 48 cm is employed to connect
the directional coupler to the reference antenna.

Figure 14(a) shows the modified hologram for the three points highlighted in Figure 12(a). The
position of the image terms varies depending on the position of the probe in the acquisition
plane. Figure 14(b) shows a detail of the retrieved phase in the central part of the frequency
band for the worst-case scenario. Apart from some 180∘ phase shifts, the agreement between
the retrieved and directly measured phase is almost complete. Finally, Figure 14(c) depicts the
error computed as in Eq. (16). Mean value of the error in the complete frequency band is 2:24%.
The large values above 37 GHz are due to the signal level of the reference antenna, which
decays in that part of the band.

Figure 13. Setup for the 25 dB SGH antenna characterization in the Ka-band.

Figure 14. Phase retrieval process: (a) spectrum of the modified hologram for three different acquisition points, (b) detail
of the retrieved phase in the central frequency band, and (c) error for the phase retrieval in the complete frequency band.
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The retrieved phase in the acquisition plane at 30 GHz is shown in Figure 15 compared to the
phase directly acquired at that frequency. For this frequency, the error of the phase retrieval is
0:25%; thus, the retrieved phase is practically identical to the measured one.

After the phase is retrieved simultaneously for all the frequencies at each point of the acquisi-
tion plane, conventional NF-FF transformation and backpropagation techniques can be
applied for the computation of the FF pattern and the fields in the aperture of the AUT [1].
Figure 15(a) shows the copolar pattern of the FF at 30 GHz, while the Ex component of the
field in the aperture is shown in Figure 15(b). The black rectangle depicts the position of the
aperture whose size is 700 mm · 500 mm.

Finally, Figure 16 shows themain cuts forφ¼ 0∘ and φ¼ 90∘ of the copolar pattern in Figure 15(a)
(blue line labeled as Retrieved NF) compared to the cuts of a direct FF acquisition in an spherical
anechoic chamber (labeled asMeasured FF) and the cuts obtained for a NF-FF transformation of
a field acquired with amplitude and phase (labeled as Measured NF). The valid margin of the
NF-FF transformation, in which the data are comparable, is �25∘ [1]. High level of coincidence

Figure 15. Retrieved phase of the AUT at 30 GHz compared to the direct measurement: (a) directly acquired phase in the
NF, degrees, and (b) retrieved phase, degrees.

Figure 16. AUT characterization at 30 GHz from the retrieved data: (a) normalized FF copolar pattern in dB and (b)
normalized Ex component of the field in the aperture of the AUT in dB.
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can be observed between the three measurements. The small differences between the data
directly acquired in FF and the transformed data are attributed to the lack of application of
probe correction techniques during the NF-FF transformation (Figure 17) [1].

5. Conclusion

Indirect off-axis holography is a method that allows for phase retrieval of an unknown field
from amplitude-only acquisitions. This technique has been widely employed for antenna
measurement and diagnostics for which phase acquisition is challenging, especially at high
frequency bands, where very accurate positioning and high environmental stability are
required.

Several modifications such as the modified hologram technique and the use of synthesized
reference waves have been discussed, in order to overcome known disadvantages of the
conventional technique regarding the required sampling rates or the spectral overlapping
issues. Nevertheless, even with these modifications, indirect off-axis holography exhibits
some limitations, and thus, three novel methods developed in order to overcome them are
proposed.

Two of the presented techniques employ mechanical shifts, the first one to avoid the use of
phase shifters and reduce the cost of the measurement system, and the second to control the
position of the image terms in the same way that it is controlled with synthesized reference
waves but with radiated reference fields. This enables to apply synthesized reference-like
techniques in high frequency bands. The last technique is an extrapolation of the conventional
technique employed for efficient phase retrieval of broadband antennas in which the phase is
retrieved point-by-point in the acquisition plane and simultaneously for all frequency bands, by
filtering the hologram in the TD instead of the k-space. Table 1 summarizes the main advantages

Figure 17. Comparison of the main cuts of the normalized amplitude of the AUT: (a) φ¼ 0∘ and (b) φ¼ 90∘ . The gray
shaded areas indicate the valid margin of the NF-FF transformation [23].
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and disadvantages of the conventional and novel indirect off-axis techniques employed for
antenna metrology.

Experimental validation has been presented for each of the proposed methods with very good
agreement with the reference results obtained from acquisitions performed directly with
amplitude and phase.
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Method Advantages Disadvantages

Conventional [24–26] Amplitude-only measurement (applicable to
all methods)

Complex characterization: Erefð r!Þ
Image terms: visible part of the
spectrum

Modified hologram [5, 21, 23] No autocorrelation terms: overlapping
reduction

Extra acquisition: jEautð r!Þj2

Less dense sampling than conventional
technique

Only phase retrieved: jEautð r!Þj is measured

Synthesized reference
[27, 28, 43, 44]

Image terms: nonvisible region More dense sampling

Further overlapping reduction that modified
hologram

Not implementable at high frequency
bands with waveguide sections

No need to measure Erefð r!Þ: scalar acquisition
Mechanical phase shifts [5] No phase shifter Three-dimensional positioner

The other advantages and disadvantages are the same as in Synthesized reference

Multiplexed holograms [30] Image terms in the nonvisible region

Radiated reference fields Need of quasi-planar reference field,

Implementable at high frequency bands the path of the reference field has to be

Less dense sampling than Synthesized reference increased (higher sensitivity to errors)

Broadband holography [23, 31] Efficient broadband characterization Acquisition: frequency sampling
capabilities

Standard antenna measurement sampling
(λ=2)

Phase retrieval point-by-point

Table 1. Main features of the presented indirect off-axis holography techniques for antenna metrology.
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Abstract

Digital holography (DH) is an attractive measuring optical technique in the fields of
engineering and science due to its remarkable accuracy and efficiency. The holograms
are recorded by an interferometer and reconstructed by numerical methods such as
Fresnel transform, convolution approach, and angular spectrum. Because harmful
coherent noise often arises when long coherent lengths are used, bright femtosecond
pulse light with ultrashort coherent length may be the solution to reduce both spurious
and speckle noises. Since the usual DH uses a visible light, it is difficult to visualize 3D
internal structure of visibly opaque objects due to their limited penetration depth. The
terahertz (THz) radiation has a good penetration capability; thus, 3D visualization of
both surface shape and internal structure in visibly opaque object can be achieved via
THz-DH technique.

Keywords: digital holography, numerical reconstruction, 3D surface metrology, femto-
second DH, terahertz DH

1. Introduction

Various optical techniques have been developed for measuring 3D shape from a single position.
The height distribution of the surface of the object is encoded into a deformed fringe pattern, and
then shape is directly decoded by one of those optical techniques. DH is considered one of those
optical techniques that have received much interest for surface characterization. DH has been
heavily developed over recent years because of newly available high-resolution charge-coupled
device (CCD) cameras and advances in digital and automated image processing techniques.
Performing Fourier transforms and spectral filtering without the need for additional optical
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components for reconstruction has given advantages of digital holography over conventional
optical holography. DH enables the extraction of both amplitude and phase information of
objects in real time with high resolution. DH technique is less sensitive to external perturbations
and has long-term stability in object measurement. DH has merits of wide applications covering
particles, living cells, and 3D profiling and tracking of micro-objects or nano-objects. In this
chapter, we present recent developments in DH techniques carried out by the author. In Section 2,
the principle of holography with highlights on three numerical reconstruction methods,
namely, Fresnel approximation, convolution approach, and angular spectrum, is explained. In
Section 3, the impact of slightly imperfect collimation of the reference wave in off-axis DH is
presented. In Section 4, low-coherence, off-axis digital holographic microscope (DHM) by the
use of femtosecond pulse light for measuring fine structure of in vitro sliced sandwiched
biological sarcomere sample is described. In Section 5, off-axis terahertz DH using continu-
ous-wave radiation generated from cascade laser source for testing a letter T from paper is
described. Section 6 gives concluding discussions and remarks.

2. The principle of holography

The word holography is derived from the Greek words “holos,” which means whole or entire,
and graphein, which means to write. Holography is a method that records and reconstructs
both irradiance of each point in an image and the direction in which the wave is propagating at
that point. Holography consists of two procedures: recording as shown in Figure 1(a) and
reconstruction as shown in Figure 1(b). Because of the development of digital recording
process for recording and computer technology for numerical reconstruction, the optical

Figure 1. Principle of digital holography: (a) recording and (b) reconstruction with reference wave.
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holography has been replaced by digital holography. The idea of numerical reconstruction was
proposed by Goodman and Lawrence [1]. In 1993, Schnars and Juptner [2] used a CCD camera
to record a hologram and performed numerical reconstruction in order to reconstruct this
digital hologram.

2.1. Numerical reconstruction in digital holography

In digital holography, the CCD or ComplementaryMetal-Oxide Semiconductor (CMOS) camera
captures the image and transfers it to the computer. This image is saved digitally as a digital
hologram. This hologram is digitally accessed and numerically reconstructed by a virtual refer-
ence wave, which effectively simulates the reference wave used in the process of recording. The
speed of reconstruction procedure depends on the implementation of the numerical reconstruc-
tion algorithm and the speed of the computer processing. Because the reference wave has to be
generated virtually in the computer, a plane wave or a spherical wave is usually used in the
recording process. Figure 1 shows the typical setup of digital holography and the reconstruction
with virtual reference wave. Let us consider the coordinate system as shown in Figure 2; then
the diffraction by the aperture or hologram in the distance of d along the propagation direction
of the wave can be quantitatively described by Fresnel-Kirchhoff integral [3].

If the reference wave is set up to be nominally normal incident to the hologram, then the
diffracted light is approximated by the Fresnel-Kirchhoff integral as

Γ η′; ξ′
� � ¼ i

λ

ð−∞

−∞

ð−∞

−∞

Uh x; yð ÞUr x; yð Þ exp −i 2πλ ρ′
� �
ρ′

dxdy (1)

where Γ(η′, ξ′) is the diffraction pattern, Uh(x, y) is the digital hologram captured by the
CCD camera, λ is the wavelength of the light in the virtual reference beam used in
the reconstruction, ρ′ is the distance between a point in the hologram plane and a point

in the reconstruction plane, which has the form ρ′ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x−ξ′
� �2 þ y−η′ð Þ2 þ d2

q
, and Ur(x, y) is

the function describing the reference wave. In Eq. (1), Γ(η´, ξ´) is the diffraction pattern
calculated at a distance d behind the CCD plane (see Figure 2), which means it reconstructs
the complex amplitude in the plane of the real image. Therefore, both the intensity and the

Figure 2. Coordinate system for numerical hologram reconstruction.
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phase information can be obtained after numerical reconstruction. The reconstructed inten-
sity is written as

I η′; ξ′
� � ¼ Γ η′; ξ′

� ��� ��2 (2)

And the reconstructed phase is

ϕ η′; ξ′
� � ¼ arctan

Im Γ η′; ξ′
� �� �

Re Γ η′; ξ′
� �� � (3)

where Re denotes the real part and Im denotes the imaginary part. The calculated diffraction
pattern is the complex amplitude at a distance d behind the CCD plane where the real image is
reconstructed. However, the real image could be distorted by the reference wave. To avoid this
effect and ensure that an undistorted real image is left, a conjugate reference wave has to be
introduced in the reconstruction. Then the calculated diffraction pattern is rewritten as

Γ η; ξð Þ ¼ i
λ

ð−∞

−∞

ð−∞

−∞

Uh x; yð ÞU∗
r x; yð Þ exp −i 2πλ ρ

� �
ρ

dxdy (4)

with

ρ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x−ξð Þ2 þ y−ηð Þ2 þ d2

q
(5)

where U∗
r xyð Þ is conjugate to the original reference wave Ur(x, y). Both results from Eq. (1) and

Eq. (4) are equivalent because Ur xyð Þ ¼ U∗
r xyð Þ. As illustrated above, Eq. (4) is the key formula

of digital holography, and it is essential to calculate it numerically to perform numerical
reconstruction of a digital hologram. The direct approach of Eq. (4) is not feasible in terms of
the calculation complexity and computer run time. Some approximations have to be applied in
order to calculate the double integral to make the numerical reconstruction effective and
efficient. According to the approximation used in the algorithm, the numerical reconstruction
can be classified into three types: Fresnel approximation, convolution approaches, and angular
spectrum.

2.1.1. Reconstruction by the Fresnel approximation

In digital holography, the values of the coordinates x and y as well as ξ and η are very small
compared to the distance d between the reconstruction plane and the CCD or CMOS device. If
now the right hand side of Eq. (5) is expanded to a Taylor series and the fourth term is smaller
than the wavelength,

x−ξð Þ2 þ y−ηð Þ2
h i2

8d3
<< λ (6)
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the effect of it and the terms after it are negligible, and they can be removed. Thus the distance
ρ can be approximated as

ρ ¼ dþ ξ−xð Þ2
2d

þ η−yð Þ2
2d

(7)

Replacing the denominator in Eq. (4) with d and inserting Eq. (7) into it, the following expres-
sion results in the reconstruction of the real image:

Γ η; ξð Þ ¼ i
λd

exp −i
2π
λ

d
� �

exp −i
π
λd

ξ2 þ η2
� �� �

·
ð−∞

−∞

ð−∞

−∞

U∗
r x; yð ÞUh x; yð Þexp −i

π
λd

x2 þ y2
� �� �

exp −i
2π
λd

xξþ yηð Þ
� �

dxdy
(8)

This equation is known as the Fresnel approximation or Fresnel transformation due to its
mathematical similarity with the Fourier transform.

The intensity is calculated by squaring

I η; ξð Þ ¼ Γ η; ξð Þj j2 (9)

And the phase is calculated by

ϕ η; ξð Þ ¼ arctan
Im Γ η; ξð Þ½ �
Re Γ η; ξð Þ½ � (10)

To convert the discrete Fresnel transformation in Eq. (8) to a digital implementation, two
substitutions are applied [4]:

ν ¼ ξ
λd

; μ ¼ η
λd

; (11)

Therefore Eq. (8) turns into

Γ ν;μ
� � ¼ i

λd
exp −i

2π
λ

d
� �

exp −iπλd ν2 þ μ2� �� �

·ℑ−1 U∗
r x; yð ÞUh x; yð Þexp −i

π
λd

x2 þ y2
� �� �n o (12)

Because the maximum frequency is determined by the sampling interval in the spatial domain
according to the theory of the Fourier transform, the relationships among Δx, Δy, Δν, and Δμ
are

Δν ¼ 1
NΔx

; Δμ ¼ 1
NΔy

(13)
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With Eq. (13), Eq. (12) can be rewritten as

Γ m; nð Þ ¼ i
λd

exp −i
2π
λ

d
� �

exp −iπλd
m2

N2Δx2
þ n2

N2Δy2

 ! !

·ℑ−1 U∗
r k; lð ÞUh k; lð Þexp −i

π
λd

k2Δx2 þ l2Δy2
� �� �n o (14)

Eq. (14) is known as the discrete Fresnel transform. The matrix Γ is calculated by applying
an inverse discrete Fourier transform to the product of U∗

r k; lð Þ with Uh(k, l) and
exp(−iπ(k2Δx2 + l2Δy2)/(λd)). The calculation can be done very effectively using the fast Fourier
transform (FFT) algorithm.

2.1.2. Reconstruction by the convolution approach

This method makes use of the convolution theorem. This approach was introduced to digital
holography by Kreis and Juptner [5]. Eq. (4) can be interpreted as a superposition integral:

Γ η; ξð Þ ¼
ð−∞

−∞

ð−∞

−∞

Uh x; yð ÞU∗
r x; yð Þg η; ξ; x; yð Þdxdy (15)

where the impulse response g(η, ξ, x, y) is given by

g η; ξ; x; yð Þ ¼ i
λ
exp −i 2πλ ρ

� �
ρ

(16)

Eq. (15) can be regarded as a convolution and the convolution theorem can be applied. The
convolution theorem states that the Fourier transform of the convolution of two functions is
equal to the product of the Fourier transforms of the individual functions. In other words, the
convolution of two functions in the spatial domain can be easily obtained through the multi-
plication of them in another domain, namely, spatial frequency domain.

Applying the convolution theorem to Eq. (4), it is converted to

Γ η; ξð Þ ¼ ℑ−1 ℑ Uh x; yð Þ:U∗
r x; yð Þ� �

:ℑ g x; yð Þð Þ� �
(17)

Eq. (17) includes two forward Fourier transformations and one inverse Fourier transformation,
all of which can be practically implemented via the FFT algorithm. Both Fresnel and convolu-
tion methods are practically implemented via the FFTalgorithm. In the Fresnel approximation,
only a forward FFT is performed. However, two or three FFTs are performed in the convolu-
tion approach. In the convolution approach, the pixel sizes in the reconstructed image are
equal to that of the hologram. It would seem that a higher resolution could be achieved if a
CCD or CMOS device with a smaller pixel size was used in the recording process. For
applications that detect very small objects, the convolution approach has more advantages
and is more accurate than the Fresnel approximation algorithm.
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2.1.3. Reconstruction by the angular spectrum method

Both the Fresnel approximation and the convolution approach suffer the same limitation, i.e.,
that the object under observation must be placed farther away than some minimum distance. If
it is placed inside this distance, the spatial frequency of the detector is too low and aliasing
occurs. This minimum distance is given [6]:

dmin ¼ NΔxð Þ2
Nλ

(18)

where N and Δx are the number and the size of the pixels. However, the angular spectrum
method [7] is able to overcome this disadvantage. It is comparable with the other methods in
terms of computational efficiency but has the potential of higher accuracy. If the wave field at
the plane d = 0 is U0(x,y;0), the angular spectrum A(kx,ky;0) at this plane is obtained by taking
the Fourier transform:

A kx; ky; 0
� � ¼

ð ð
U0 x; y; 0ð Þexp −i kxxþ kyy

� �� �
dxdy (19)

where kx and ky are the corresponding spatial frequencies of x and y. The angular spectrum at
the distance d, i.e., A(kx,ky;d), is calculated from A(kx,ky;0) as given by

A kx; ky; d
� � ¼ A kx; ky; 0

� �
exp ikzdð Þ (20)

where kz ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2−k2x−k

2
y

q
. The reconstructed complex wave field at any plane perpendicular to

the propagating z axis is found by

U ξ; η; dð Þ ¼
ð ð

A kx; ky; d
� �

exp i kxξþ kyη
� �� �

dkxdky ¼ ℑ−1 ℑ U0ð Þexp ikzdð Þ� �
(21)

The resolution of the reconstructed images from the angular spectrum method is the same as
that in the hologram plane, which means that the pixel size does not vary with changes of
wavelength or reconstruction distance.

3. Impact of imperfect collimation of the reference wave in off-axis DH

In digital holography, the simulation of the plane wave is essential for performing a numerical
reconstruction. Conventionally, a shear interferometer is used for producing perfect collima-
tion and hence producing a perfect plane wave. In Section 3, we show that using a slightly
imperfect plane wave in digital holography experiments is acceptable [8]. We experimentally
proved that by using the Mickelson interferometer, no influence of imperfect collimation of the
reference wave in an off-axis digital holography exists, as has been previously claimed. We
applied perfect and imperfect collimations to three different surface (flat, spherical, and step
height) shapes for height inspection, and the results were almost in good agreement. The
samples being tested were mounted in the Michelson interferometer one by one, as shown in
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Figure 3. A laser diode beam passed through a collimating lens of focal lens 100 mm and
expanded. The beam splitter splits the collimated beam into two equal beams: one for refer-
ence (optical flat of λ/20 flatness) arm and the other for the object (flat, spherical, and step
height surfaces) arm. The beam reflected from the reference and the object is recombined at the
beam splitter to produce an interference pattern. The perfect collimation that produced a
perfect plane wave impinging on the reference was adjusted by a shear interferometer placed
between the collimating lens and the beam splitter.

The slightly imperfect collimations were seven equidistance displacements of the collimating
lens with 1.5 mm from the perfect collimation and between two successive displacements. The
off-axis holograms for the samples under test at perfect and slightly imperfect plane waves
were captured and then reconstructed. Details of the reconstruction process are explained in
reference [8]. The reconstructed phase for perfect Figure 4(a) and slightly imperfect collima-
tions Figure 4(2–8) and the height line profile for both along the central x-axis are shown in
Figure 4(1(b)–1(c)), respectively.

The wrapping phase for the spherical surface for perfect collimations and slightly imperfect
collimations is shown in Figure 5(a) and (2–8), respectively. The unwrapping phases of
Figure 5b(1–8) are shown in Figure 5c(1–8), and the height line profiles along the central x-
axis of Figure 5b(1–8) are shown in Figure 5d(1–8), respectively.

For the third object (step height surface), the off-axis holograms at the perfect and slightly
imperfect collimations were captured and reconstructed. The height line profiles along the
central x-axis of the reconstructed heights at perfect and slightly imperfect collimations at
imaging and Fresnel transform are shown in Figure 6a and b, respectively.

As seen from Figures 4–6, for flat, spherical, and step surfaces, the measured height values of
the three tested surfaces were almost consistent at perfect and imperfect collimations. Very
small variations may be observed due to noise, which is commonly observed in interferometry
measurements. We claim that the variations may be due to the mechanical imperfection of the
collimating lens as shown in Figure 7. We claim that when the lens mounting was ideally

Figure 3. Schematic diagram of the Michelson interferometer.
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Figure 4. (a) Off-axis interferograms. (b) Reconstructed phases of (a). (c) Line height profiles along the central x-axis of the
tested flat surface produced at (1) perfect collimation and (2–8) slightly imperfect collimations.

Figure 5. (a) Off-axis interferograms. (b) Reconstructed phases of (a). (c) Unwrapping phases of (b). (d) Line height
profiles along the central x-axis of the tested spherical surface produced at (1) perfect collimation and (2–8) imperfect
collimations.
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displaced as shown in Figure 7(a) at position 2 (slightly imperfect collimation), the beams
converge toward the reference and the object. The convergent beams would then be canceled
out and subsequently have no impact on the height variations. However, it is hard to achieve
ideal mounting mechanically. Thus we expect that the effect of nonideal mounting as shown in
Figure 7(b) may be the reason of small height variations as shown in Figure 7(b).

4. Low coherence, off-axis DHM for in vitro sandwiched biological
samples investigation

In digital holographic microscopy (DHM), optical sources with long coherent lengths such as
He-Ne laser have been widely used to feature the sample. Because of the high degree of

Figure 6. Line height profiles of the tested step surface at perfect (1) and imperfect (2–8) collimations produced at (a)
d = 0.0 mm (imaging scheme) and (b) d = − 500.0 mm (Fresnel transform).

Figure 7. The effect of design of mounting and the adjustment of the collimation lens on the very small height variations:
(a) ideal mounting, (b) nonideal mounting.

Holographic Materials and Optical Systems280



displaced as shown in Figure 7(a) at position 2 (slightly imperfect collimation), the beams
converge toward the reference and the object. The convergent beams would then be canceled
out and subsequently have no impact on the height variations. However, it is hard to achieve
ideal mounting mechanically. Thus we expect that the effect of nonideal mounting as shown in
Figure 7(b) may be the reason of small height variations as shown in Figure 7(b).

4. Low coherence, off-axis DHM for in vitro sandwiched biological
samples investigation

In digital holographic microscopy (DHM), optical sources with long coherent lengths such as
He-Ne laser have been widely used to feature the sample. Because of the high degree of

Figure 6. Line height profiles of the tested step surface at perfect (1) and imperfect (2–8) collimations produced at (a)
d = 0.0 mm (imaging scheme) and (b) d = − 500.0 mm (Fresnel transform).

Figure 7. The effect of design of mounting and the adjustment of the collimation lens on the very small height variations:
(a) ideal mounting, (b) nonideal mounting.

Holographic Materials and Optical Systems280

coherence of the He-Ne laser light, harmful coherent noise often arises. This noise affects the
quality of the holograms and hence leads to error in phase measurement. The larger the phase
noise is, the lower the measurement precision will be. The harmful coherent noise is mainly
classified into two types. The first is the random diffraction patterns (speckle noise) due to
scattered light. The second is the formation of unwanted interference fringes (spurious noise)
due to stray light. The spurious noise is formed when light reflected or scattered from various
surfaces in the optical path is coherent with the main beam. The amplitude of the scattered
light as adds vectorially to the amplitude of the main beam, resulting in a phase error Δφ as
illustrated in Figure 8(a). Some practical solutions such as introducing a wedged beam splitter,
a rotating diffuser, and antireflection coating to the optical surfaces, in the optical system
setup, were proposed to minimize the unwanted coherent noise. Although these practical
solutions are effective and may circumvent to suppress the coherent noise to some amount,
they have some drawbacks in terms of blurring the fringe visibility and hindering the fringe
formation in DHM, which require perfect alignment. Optical sources with short coherent
lengths such as LEDs were proposed in order to avoid the harmful coherent noise. However,
the limited coherence length of LED and its insufficient brightness hinder its application in an
off-axis DHM, since just a limited number of interference fringes with poor visibility appear in
the field of view (FOV). In Section 4, we present an off-axis DHM configuration using bright
femtosecond pulse light with ultrashort coherent length, which makes possible to feature
sandwiched biological samples with no coherent noise (speckle and spurious) in the
reconstructed object wave [9].

A typical configuration of the sandwiched biological sample is shown in Figure 8(b), where
the specimen is mounted in between two thin glass plates to avoid dehydration. Investigating
such biological samples using conventional DHM with long coherent He-Ne laser light is
challenging because of existence of the harmful coherent noise. Photograph of the investigated
sample taken by the proposed DHM system (see Figure 9) with blocking the reference arm is
shown in Figure 8(c). The DHM experimental setup is schematically shown in Figure 9. The
configuration is comprised of two parts: generation of femtosecond pulse light in near-infrared
region and a Mach-Zehnder interferometer in transmission. A mode-locked Er-doped fiber
laser light (center wavelength λc = 1550 nm, spectral bandwidth Δλ = 73 nm, pulse duration
Δτ = 100 fs, mean power Pmean = 380 mW, and repetition frequency frep = 250 MHz) was focused
on a periodically poled lithium niobate (PPLN) crystal to convert the wavelength by second

Figure 8. (a) Phase error Δφ produced by scattered long coherent light as, (b) sliced biological specimen mounted in
between two thin glass plates to avoid dehydration, and (c) photograph of the investigated sarcomere sample taken by the
proposed setup with blocking the reference arm.
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harmonic generation (SHG) into the operating wavelength region of a charge-coupled device
(CCD) camera used. To extract the SHG light, we used a narrow band-pass optical filter
(F, passband wavelength = 775 ± 5 nm). The extracted SHG light has λc of 777.8 nm, Δλ of
10 nm, Δτ of 120 fs, and Pmean of 14 mW (left inset of Figure 9).

The output power was sufficient to illuminate the sample and produce off-axis holograms with
high contrast in the entire field of the CCD camera. The coherence length of the SHG pulse
light was 30 μm. The SHG beam was expanded to a diameter of 20 mm by a telescope system.
In the Mach-Zehnder off-axis setup in transmission, a pair of non-polarized beam splitters
(NPBS1 and NPBS2) was used to separate the two SHG beams into reference (R) and object (O)
beams and combine them again. Difference of optical path length in the two arms was pre-
cisely adjusted within the coherence length of 30 μm by a scanning mirror, equipped with a
mechanical translation stage, in the reference arm. The interfering object beam and the refer-
ence beam were tilted at small angle with respect to each other to produce off-axis hologram at
the plane of the beam splitter NPBS2. The off-axis hologram was transferred via a microscope
lens MO3 (20 + , NA = 0.1) to a black-and-white CCD camera (640 pixels by 480 pixels, pixel
size = 4.3 μm). We conducted the experiment on microstructured sarcomere sample, which
was isolated fibers dissected from rabbit muscle and mounted in between two thin glass plates
to avoid dehydration (gap distance t = 15 μm) as shown in Figure 8(c). The off-axis hologram
was recorded by making the reference wave (instead of the object wave) subtending the off-
axis angle with the optical axis. Such arrangement is not only easier to align but also makes the
image plane parallel to the sensor surface.

Figure 9. Experimental setup: PPLN is periodically poled lithium niobate (PPLN) crystal; F is a band bass filter at 775 nm;
M is mirror; NF is neutral density filter; NPBS1 and NPBS2 are nonpolarizing beam splitters; MO1, MO2, and MO3 are
microscope objectives with (50 + , NA = 0.45), (20 + , NA = 0.45), and (20 + , NA = 0.1), respectively.
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The off-axis digital hologram recorded by the CCD camera was reconstructed using convolu-
tion-based Fresnel method. Three spectra were obtained when 2D-FFTwas implemented to the
off-axis hologram as shown in Figure 10. Only one filtered spectrum from the three spectra in
2D-FFT is used. The inverse 2D-FFT was applied after filtering out the spectrum, and the
calculation result gives a complex object wave (amplitude and phase). The obtained complex
amplitude was multiplied by the digital reference wave RD(m,n) to generate the final ampli-
tudes and phases. An amplitude-contrast image and a phase-contrast image can be obtained
by using the following intensity [Re(Г)2 + Im(Г)2] and the argument arctan[Re(Г)/Im(Г)],
respectively. The digital reference wave RD(m,n) can be calculated as RD(m,n) = AR exp[i(2π/λ)
(kxmΔx + kynΔy)], where AR is the amplitude, λ is the wavelength of the light source(777.8 nm
for the femtosecond pulse light), and kx and ky are the two components of the wave vectors,
which are adjusted such that the propagation direction of RD(m,n) matches as closely as
possible with that of the experimental reference wave. The reconstructed amplitude and phase
were recorded by selecting the appropriate values of the two components of the wave vector
kx = 0.02145 mm−1 and ky = −0.51570 mm−1. In order to see the effectiveness of our method
compared to the conventional DHM, the femtosecond pulse light and PPLN crystal were
replaced by long coherent He-Ne laser light source (λ = 632.8 nm).

The obtained off-axis hologram was reconstructed with the same procedure of Figure 10 and
the final amplitude and phase obtained at kx = 0.00999 mm−1 and ky = −0.5239 mm−1. Figure 11
(a) and (d) shows the off-axis holograms of the sarcomere sample obtained by a He-Ne laser
light and femtosecond pulse light, respectively. A layered structure of around 15 sarcomeres

Figure 10. Sequential reconstruction steps (a) off-axis hologram, (b) Fourier transformed spatial frequency domain data,
(c) filtered one spectrum, (d) and (e) reconstructed amplitude and phase before removing the fringes in the observation
plane, (f) digital reference wave, and (g) and (h) final amplitude and phase maps.
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was captured at nearly same region of FOV. Comparison of these images indicated that the
image brightness of DHM with the femtosecond pulse light was higher than that of the He-Ne
laser light due to temporally localized energy of the femtosecond pulse light. Figure 11(b) and (e)
shows one filtered spectrum from the three spectra in frequency domain when two-dimen-
sional fast Fourier transform (2D-FFT) has been used for the off-axis interferogram as shown in
Figure 11(a) and (d), respectively. Note that the three spectra appearing in the filtered one
spectrum are due to the off-axis fringes of the sarcomere sample itself. Figure 11(b) shows the
appearance of both spurious and speckle noises, while such noise was totally disappearing by
using our setup as shown in Figure 11(e). In order to see the effectiveness of our setup
compared to the conventional DHM with He-Ne laser light, we have not applied any of the
numerous image enhancement techniques, to significantly improve the perceived image qual-
ity for biological applications. Figure 11(c) and (f) shows 3D pseudocolor reconstructed phase-
contrast images of stripy sarcomere of Figure 11(a) and (d), respectively. Although phase
images tend to suffer from the coherent noise to a significantly less degree compared to the
amplitude images, the sarcomeres are hardly viewed in Figure 11(c) because of the existence of
coherent noise at the background. In contrast, Figure 11(f) shows that the stripe structures of
10 sarcomeres are clearly viewed in the phase-contrast image because of no coherent noise in
the background image. The phase profiles extracted along white lines in the phase-contrast
image of Figure 11(c) and (f) are shown in Figure 12, indicating the cross-sectional profile of
two sarcomeres. As shown from Figure 12, the phase profile of the proposed technique (red
color) is free from noise, and the sarcomere cross section can be calculated precisely with no
need of image enhancement techniques, which in turn takes time to enhance the image to some
amount.

Figure 11. Off-axis holograms of layered structure of sarcomeres taken by (a) He-Ne laser light and (d) femtosecond pulse
light. (b) and (e) are filtered 2D-FFT spectrum of (a) and (b), respectively. (c) and (f) are 3D pseudocolor reconstructed
phase-contrast image of stripy sarcomere with He-Ne laser light and femtosecond pulse light, respectively.
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The phase profiles have been measured at different locations, and the average phase profile of
the proposed method was found to be in good agreement with nominal values of the sarco-
mere depth. The contrast (axial resolution) of the proposed method is estimated from Figure 12
to be two times better than the contrast of He-Ne phase-based result. It is noted that the
mismatching in the peaks of the phase profiles shown in Figure 12 is due to difference in
magnifications of the captured off-axis holograms of both He-Ne and femtosecond pulse light.
To enhance the differentiation of the sarcomere structure within the reconstructed amplitude
map, the 3D reconstructed amplitude maps of both He-Ne laser light and femtosecond pulse
light may be displayed in a false color representation as shown in Figure 13(a) and (b),
respectively.

It is noted that these 3D reconstructed amplitude maps were flipped upside down to see the
sarcomeres from different views. In Figure 13(a), existence of coherent noise in the background
image makes it difficult to visualize the structure of the sarcomeres. On the other hand,
Figure 13(b) shows the high quality and contrast of structure detail on the sarcomeres and

Figure 12. Phase profiles extracted along white lines of two sarcomeres in phase-contrast images of both Figure 11(c)
(blue color) and Figure 11(f) (red color).

Figure 13. 3D pseudocolor reconstructed amplitude-contrast image of (a) He-Ne laser light and (b) femtosecond pulse
light.
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provides accurate profile edges of hexagonal shape of the sarcomeres. This makes our tech-
nique preferable in featuring such sandwiched biological samples, which is quite difficult to
investigate using atomic force microscope (AFM).

Our deductions were verified by applications of apodization technique [10], to estimate the
coherent noise level in the reconstructed amplitude maps of the off-axis holograms generated
by both He-Ne and femtosecond pulse light, respectively. Apodization is the same topic as
windowing in signal processing. The transmission of the apodized aperture function is
completely transparent in the large central part of the profile. At the edges, the transmission
varies from zero to unity following a curve defined by a cubic spline interpolation. The 2D
transmission size of (480 + 480) pixels of the apodized aperture function is multiplied with the
off-axis holograms (480 + 480) pixels of both He-Ne laser light and femtosecond pulse light,
respectively. Normalization of intensity distribution of four sarcomeres at the middle of the
off-axis hologram of the He-Ne laser light before and after application of apodization is shown
in the left side of Figure 14. Normalization of intensities distribution of four sarcomeres at the
middle of the off-axis hologram of the femtosecond laser light before and after application of
apodization is shown in the right side of Figure 14.

As seen from the left figure, the variation in intensities before and after application of
apodization function indicates that there is a coherent noise in the reconstructed amplitude of
He-Ne off-axis hologram. Such coherent noise is totally disappearing in the right figure,
whereas no variation in intensities before and after application of apodization. This confirms
that the reconstructed amplitude of femtosecond pulse light off-axis hologram is free from
coherent noise. Due to the short coherence length of the pulsed light, only fraction of hologram
shows high-contrast fringe, resulting in a good reconstruction in this region as shown in
Figure 13(b) which is corresponding to the off-axis hologram of Figure 11(d). The contrast of
the fringes in Figure 11(d) reduces from center to two sides diagonally, which indicates the
zero-path-difference point is nearly in the middle of the sensor. To obtain a high-brightness
full-field image, we can move the center of the fringes diagonally and collect holograms with
different zero path difference. Twelve off-axis holograms were generated diagonally by vary-
ing the optical path length of the interferometer to cover a sarcomere sample of around 45 + 45
micrometers in the field of view (FOV) with high-contrast fringes at different regions in the

Figure 14. Normalization of intensities distribution of four sarcomeres with (a) and without (b) apodization taken at the
middle of the off-axis holograms of He-Ne laser light (left) and femtosecond pulse light (right).
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image. The full-field image can be obtained by adding multiple such single reconstructions on
the intensity basis as shown in Figure 15(a)–(l). The synthesized image map is shown in
Figure 15(l). Because of the holograms’ shifting process, the reference and object beam will
have some phase shifts when the second hologram is recorded. When the second hologram is
subtracted from the first hologram, the zero order is removed. Subtractions among successive
holograms were superimposed using a direct linear addition method to constitute a full-field,
high-quality synthesized hologram as shown in Figure 9. The intensity of the synthesized
hologram I can be written as follows:

Isynth ¼ ∑
N=2

i¼1
hN−hið Þ þ ∑

N=2

i¼1
hi−hNð Þ; (22)

where i takes from 1 to N, whereas N is the total number of off-axis holograms = 12.

5. Off-axis terahertz DH using continuous-wave THZ radiation

Terahertz (THz) radiation is an electromagnetic radiation lying between the microwave and
infrared portions of the spectrum as shown in Figure 16. THz radiation can be produced by
many techniques such as quantum cascade lasers (QCLs). QCLs are semiconductor
heterostructures that can emit continuous-wave (CW) THz radiation [10]. QCLs are electron-only

Figure 15. 3D pseudocolor reconstructed amplitude-contrast image from superimposing of (a) 1 hologram, (b) 2 holo-
grams, (c) 3 holograms, (d) 4 holograms, (e) 5 holograms, (f) 6 holograms, (g) 7 holograms, (h) 8 holograms, (i) 9
holograms, (j) 10 holograms, (k) 11 holograms, and (l) 12 holograms produced by femtosecond pulse light by using linear
direct method.
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devices that exploit transitions between conduction band states. The conduction band offsets
between neighboring materials in the superlattice create a series of quantum wells and bar-
riers. The most widely used QCL designs are based on GaAs/AlGaAs superlattices. The word
cascading means that one electron can produce many photons in the superlattice periods. A
significant advantage of THZ radiation is that it can easily inspect sealed packages for
contrasting metal and plastic objects, testing pharmaceutical tablets for integrity, detecting skin
cancers, etc.

In Section 5, we present the usage of THz radiation for 3D surface characterization via a digital
holography (DH) technique [11]. Since the usual DH uses a visible light, it is difficult to
visualize 3D internal structure of visibly opaque objects due to their limited penetration depth.
The compelling advantage of THz radiation is that it has a good penetration capability; thus,
3D visualization of both surface shape and internal structure in visibly opaque object can be
achieved [12]. We constructed off-axis THz digital holography (THz-DH) system equipped
with CW-THz radiation generated by QCL, and the THz digital hologram is captured by a
THz camera.

Figure 17 illustrates a schematic diagram of off-axis THz-DH system. An optical chopper (OC)
is positioned in front of the QCL to reduce the noise. The radiation was collimated by a Teflon
lens (f = 300 mm). The collimated THz beam of diameter around 60 mm is divided into a signal
THz beam and a reference one by a silicon beam splitter (BS). Figure 18(a) shows 2D intensity
distribution of the THz beam without the sample. Figure 18(b) shows the dark frame captured

Figure 16. Spectrum of waves showing the location of THz radiation.

Figure 17. Experimental setup of CW THz-DH: OC is optical chopper and M is a mirror.
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by the THz camera when there is no illumination. The signal THz beam passed through a
sample (here, the sample is a letter T from paper), while a reference THz beam is reflected by a
mirror (M). Then, these two THz beams were spatially overlapped at a certain off-axis angle to
generate 2D fringe of THz beams. Finally, the off-axis THz digital hologram is captured by a
THz camera as shown in Figure 18(c). The off-axis THz hologram has been reconstructed with
angular spectrum method to extract both amplitude and phase. Figure 18(d) shows the 3D
reconstructed phase of the sample.

6. Conclusion

In conclusion, we have presented the recent developments of digital holography techniques for
surface characterization. In this chapter, the principle of digital holography with focus on numer-
ical reconstruction algorithms is presented. Also, influence of slightly imperfect collimation of
the reference wave in off-axis DH is discussed. Finally, we have described two different DH
techniques for surface characterization: the first technique by using short coherent length,
namely, high-brightness DHM, and the second technique by using long coherent length, namely,
THz-DH. Experimental results are presented to verify the principles.
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Figure 18. (a) A 2D intensity distribution of the THz beam without the sample, (b) dark frame captured by the THz
camera when there is no illumination, (c) off-axis hologram, and (d) 3D phase-contrast image reconstructed by angular
spectrum method.
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Abstract

Digital holographic interferometry has been developed by ONERA for analysing high
refractive index variations encountered in fluid mechanics. First, the authors present
the analysis of a small supersonic jet using three different optical techniques based on
digital Michelson holography, digital holography using Wollaston prisms and digital
holography without reference wave. A comparison of the three methods is given. Then,
two  different  interferometers  are  described  for  analysing  high‐density  gradients
encountered in high subsonic and transonic flows. The time evolution of the gas density
field around a circular cylinder is given at Mach 0.7. Finally, a digital holographic
method is presented to visualize and measure the refractive index variations occurring
inside a transparent and strongly refracting object. For this case, a comparison with
digital  and  image  holographic  interferometry  using  transmission  and  reflection
holograms is provided.

Keywords: digital holography, holographic interferometry, real‐time holography,
phase measurement

1. Introduction

In‐line and off‐axis digital holographic interferometry is now became an optical metrological
tool more and more used in the domain of fluid mechanics [1]. For instance, it is widely
developed in macro‐ or microscopy for measuring in the flow the location or size of particles
[2, 3] or for measuring the temperature or the thermal exchanges in the flames [4, 5]. Other
authors have developed digital colour holographic interferometry by using three different
wavelengths (one red, one green and one blue) as a luminous source. Qualitative results have
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been obtained for visualizing convective flows induced by the thermal dissipation in a tank
filled  with  oil  [6].  Quantitatively,  the  feasibility  of  three‐wavelength  digital  holographic
interferometry has been demonstrated for analysing the variations in the refractive index
induced by a candle flame [7] and the technique has been applied in wind tunnel on two‐
dimensional  unsteady flows where the time evolution of  the gas  density  field has  been
determined on the subsonic near wake flow downstream a circular cylinder [8]. But, when the
flow regime reaches the transonic or supersonic domain, problems appear because refractive
index gradients become very strong and a shadow effect is generated by the shock waves, for
instance, superimposes to the micro‐fringes of interferences. Phase shifts appear and limit the
interferogram analysis. In order to solve these different problems, the authors propose to study
three different cases of flows presenting high‐density gradients using specific optical techni‐
ques based on digital holography. The first one concerns a small supersonic jet analysed by
Michelson colour digital interferometry, colour holographic interferometry using Wollaston
prisms and monochromatic digital holography without reference wave. The second case is to
compare Michelson and Mach‐Zehnder interferometers for analysing the unsteady wake flow
around a circular cylinder at transonic Mach number. And finally, digital and image holo‐
graphic  methods are presented to visualize and measure the refractive index variations,
convection currents or thermal gradients occurring inside a transparent and strongly refract‐
ing object. In the case of image holographic interferometry, a comparison with transmission
and reflection holograms is provided.

2. Fundamental

Digital holography has been widely developed for analysing diffusive objects since the
digitally reconstructing of the optical wavefront was shown by Goodman and Lawrence [9].
But, in fluid mechanics, the objects under analysis are very often transparent because it is the
field of refractive index of the flow which is measured. There are two ways to measure
variations in the refractive index by digital holography. The first one, presented in Figure 1, is
comparable to the technique used for measuring diffusive objects in structural mechanics.

Figure 1. Fresnel holography for measuring transparent objects.

For example, if three different wavelengths are considered, ∑MR for the red line, ∑MG for the
green line and ∑MB for the blue line, the wavefronts of measurement which cross the trans‐
parent object in the test section can be sent on a ground plate and each point of the plate diffracts
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and interferes on the sensor with the three reference waves, ∑RR, ∑RG and ∑RB. In this case,
the sensor can be a Bayer mosaic, a stack of photodiodes or a 3CDD. The recorded image is a

speckle image which can be processed using Fresnel transform and the field (, , )
diffracted at the distance  and at the coordinates (, ) of the observation plane is given by
the propagation of the three object waves to the recording plane. The second technique is
shown in Figure 2. The three wavelengths ∑MR, ∑MG and ∑MB interfere directly onto the
sensor with the three reference waves, ∑RR, ∑RG and ∑RB. As the three measurement waves
are smooth waves, the interferences with the three reference waves on the sensor produce three
gratings of interference micro‐fringes which can be used as spatial carrier frequencies, one for
each wavelength. By using direct and inverse 2D Fast Fourier Transform (FFT), the amplitude
and the phase of the analysed field is obtained.

Figure 2. Fourier holography for measuring transparent objects.

All details and basic fundamentals of these two techniques can be found in the study of Picart
et al. [10].

3. Digital holography for analysing supersonic jet

In this part, the supersonic flow of a small vertical jet has been analysed using three different
techniques based on digital holography. The first one is based on Michelson digital holographic
interferometer using three wavelengths as a luminous source [8], the second one uses the same
source (three wavelengths) and Wollaston prisms to separate the reference waves and the
measurement waves [11] and the last one is a little bit particular because a specific diffraction
grating is manufactured to obtain several different diffractions of measurement waves and to
avoid having the reference wave [12].

3.1. Michelson holographic interferometry

The optical set‐up presented in Figure 3 is very simple and looks like a conventional Michelson
interferometer in which a beam splitter cube (7) is inserted between the spatial filter (6) and
the aerodynamic phenomenon under analysis (11). The light source consists of three diode‐
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pumped solid‐state lasers, one red (R), one green (G) and one blue (B), emitting respectively
at 660, 532 and 457 nm. A half wave plate (1) is used to rotate by 90° the polarization of the
blue line (S to P) and a flat mirror (2) and two dichroic plates (3) allow the superimposing of
the three wavelengths. An acousto‐optical cell (4) deflects the parasitic wavelengths in a mask
(5) and diffracts the three wavelengths RGB using three characteristic frequencies injected into
the crystal. The spatial filter (6), composed of microscope objective (60×) and a small hole of
25 μm, is placed at the focal length of the achromatic lens (9) in order to illuminate the
phenomenon with a parallel beam. On‐going, 50% of the light is returned towards the concave
mirror (8) to form the three reference beams and 50% of the light passes through the test section
(between (9) and (12) to form the measuring waves. The flat mirror (12) placed behind the test
section (11) returns the beams in the beam splitter cube (7). 25% of the light focused on the
diaphragm which is placed in front of the achromatic lens (13). It is the same for the 25% of
the reference beam which is focused on the same diaphragm by the concave mirror (8).

Figure 3. Michelson digital holographic interferometer.

Michelson digital holographic interferometer has been implemented around the ONERA wind
tunnel and two optical tables isolate the optical set‐up from external vibrations. Figure 4 shows
the generation of micro‐fringes used as spatial carrier frequencies.

Figure 4. Micro‐fringes formation by the transparent object.
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When the focal points of the reference and object waves are superimposed in the diaphragm
which is placed in front of the lens (13), see Figure 3, a uniform background colour is observed
on the screen for each colour. The combination of three background colour (R, G and B)
produces a white colour on 3CCD camera. If the focusing point of the three reference waves
is moved in the plane of the diaphragm, straight interference fringes are introduced into the
field of visualization. This is achieved very simply by rotating the concave mirror (8). Without
flow, these micro‐fringes are recorded on the 3CCD to calculate the three reference phase maps.
Then, the wind tunnel is running and the three object waves are distorted by the aerodynamic
phenomenon. Micro‐fringe interferences are again recorded to enable calculation of the phase
maps related to the object. For maps of phase difference, the reference phase is subtracted from
the phase object. This optical technique was tested for analysing the supersonic flow of a small
vertical jet, 5.56 mm in inner diameter at different pressures of injection. The location of the
vertical jet in the middle of the test section is shown in Figure 3. The exposure time (10 ms) is
given by the acousto‐optical cell noted (4) in Figure 3. The fringe space introduced in the field
is much narrowed, about four or five pixels between two successive fringes, in order to generate
three high spatial carrier frequencies. With this configuration, the sensitivity is increased. Each
interferogram is processed with 2D fast Fourier transform and Figure 5 shows the spectra
computed for the reference and measurement for each colour plane. One can see that the
generated spatial frequencies are respectively equal to 40.5, 30.9 and 28.4 lines per millimetre
for the blue, green and red lines. Then, a filtering window is selected to cover the useful signal
of the +1 order localized in the spectrum and an inverse 2D FFT is applied to reconstruct the
amplitude and the phase of the signal.

Figure 5. 2D spectra computed from the reference and the measurement interferograms.

First, the phase maps are calculated from the three reference and three measurement spectra
so that the modulo 2π phase difference maps shown in Figure 6. One can see that the structures
of shocks and decompression appear in the jet. As the difference phase maps are computed
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modulo 2π, a phase unwrapping has to be conducted and the results given the unwrapped
phase maps are also presented in Figure 6. At a pressure of 3 bar, we can note a phase variation
of 12 rad.

Figure 6. Maps of RGB phase difference (modulo 2π and unwrapped), P = 3 bar.

Finally, the maps of light intensity and optical thickness difference are calculated from the
phase difference maps. They are presented in Figure 7 for pressures ranging from 2 to 5 bar.

Figure 7. Evolution of the luminous intensity and the optical thickness with the pressure.
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Concerning the maps of the luminous intensity, they are corresponding to figures which will
be obtained if a technique of image holographic interferometry using panchromatic plates has
been used. Knowing the wavelength and the phase, the maps of optical thickness can be
deduced. They are also presented in Figure 7 from 2 to 5 bar. At 2 bar and in the middle of
shock structures, the optical thickness varies up to 0.2 μm and at 5 bar, it varies up to 1μm.

3.2. Three‐wavelength holographic interferometry using Wollaston prisms

This part proposes an optical set‐up based on digital holographic interferometry using two
widely shifting Wollaston prisms and a single crossing of the phenomenon. Each Wollaston
prism is located at the focal point of ‘Z’ astigmatic optical set‐up. The second Wollaston is
located in front of the camera and between the two sagittal and transverse focal lines so that a
rotation around the optical axis generates interference micro‐fringes which are used as spatial
carrier frequency.

3.2.1. Definition of Wollaston prism characteristics

Differential interferometry using Wollaston prism visualizes the light deviation of the refrac‐
tive index in a direction perpendicular to the direction of the interference fringes. Indeed, in
the case of quartz prism having a very weak pasting angle, the gradient of the refractive index
is measured because the birefringence angle is very weak and the distance between the two
interfering beams is of the order of a few tenths of a millimetre or a few millimetres in the test
section. Data integration is necessary to obtain the absolute refractive index. To avoid this
integration, it was decided to manufacture two Wollaston prisms having a very high birefrin‐
gence angle so that the distance between the two interfering beams is greater than the dimen‐
sion of the measuring field (jet size). The interference measurement will be made between a
beam which does not pass through the phenomenon (reference beam) and one which crosses
the phenomenon under analysis. If ( − ) is the crystal birefringence and , the pasting

angle of prisms, the birefringence angle  can be expressed using the following equation:

( ) ( ) ( )tan2= = -e oε ε λ n n α (1)

If a very high birefringence angle is sought, the pasting angle and the crystal birefringence
have to be as high as possible. To remember, the Δ birefringence values for quartz and calcite
are, respectively, equal to +0.009 and −0.172. It can be seen that calcite birefringence is basically
twenty times greater than quartz birefringence.

If  is the radius curvature of the spherical mirror used in the optical set‐up, the shift 𝀵𝀵𝀵𝀵 between
the two interfering beams can be written as:

(2)
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Thus, for a spherical mirror of 400 mm in diameter and 4 m in the radius of curvature, 𝀵𝀵𝀵𝀵 has
to be near to 200 mm. By choosing calcite crystal, the pasting angle can be found from the
following relationship:

Δ
0.2arctan arctan 8.27

2 8 0.172
æ ö æ ö

= = = °ç ÷ ç ÷
è ø è ø

dxα
R n x

(3)

Calcite Wollaston prisms with 8° pasting angle have been manufactured.

3.2.2. Optical set‐up with single crossing of the test section

Figure 8 shows the principle of Z optical set‐up using Wollaston prisms. Here also, three
different DPSS lasers (red, green and blue) constitute the luminous light source and the optical
set‐up uses two spherical mirrors, 250 mm in diameter and 2.5 m in radius of curvature.

Figure 8. Digital holographic interferometer using very large Wollaston prisms in ‘Z’ set‐up.

Figure 9. Astigmatism represented by sectional views and Wollaston prism in the front of the camera.

Holographic Materials and Optical Systems298



Thus, for a spherical mirror of 400 mm in diameter and 4 m in the radius of curvature, 𝀵𝀵𝀵𝀵 has
to be near to 200 mm. By choosing calcite crystal, the pasting angle can be found from the
following relationship:

Δ
0.2arctan arctan 8.27

2 8 0.172
æ ö æ ö

= = = °ç ÷ ç ÷
è ø è ø

dxα
R n x

(3)

Calcite Wollaston prisms with 8° pasting angle have been manufactured.

3.2.2. Optical set‐up with single crossing of the test section

Figure 8 shows the principle of Z optical set‐up using Wollaston prisms. Here also, three
different DPSS lasers (red, green and blue) constitute the luminous light source and the optical
set‐up uses two spherical mirrors, 250 mm in diameter and 2.5 m in radius of curvature.

Figure 8. Digital holographic interferometer using very large Wollaston prisms in ‘Z’ set‐up.

Figure 9. Astigmatism represented by sectional views and Wollaston prism in the front of the camera.

Holographic Materials and Optical Systems298

As all optical pieces are not exactly on the optical axis of spherical mirrors, we can observe
astigmatism in the optical arrangement. The first prism located at the focal length of the first
spherical mirror produces two optical rays which are returned by parallel light beams onto
the second spherical mirror. This one refocuses the light beam into the second Wollaston prism
which is mounted ‘tumble’ with the first one. An analyser located behind the second prism
allows visualizing the interference fringes in colour. The image of the object under analysis is
formed by a field lens placed in front of the 3CCD sensor. Here, the advantage of astigmatic
set‐up is used because the focusing point in the front of the camera is not unique. Figure 9
shows this particularity: the optical beams are focused on the two focal images successively
separated by a few millimetres. The first one gives the tangential image encountered when the
beam focuses in the horizontal plane, and the second one, called the sagittal image, is obtained
when the beam focuses in the vertical plane.

Figure 10 shows, on the reception side, the different figures of interference observed when the
second Wollaston prism is moved along the optical axis from the tangential image (TI) towards
the sagittal image (SI). The interference fringes which were horizontal and much narrowed,
spread. When the interference fringes spread again, we can observe a rotation of 90° by them
to give a quasi‐uniform vertical background colour, at half distance between the tangential and
sagittal images. Then, they continue to rotate by 90° up to the sagittal image and they narrow
to become horizontal. Interference fringes stay horizontal above the sagittal image and narrow
more and more. Knowing this property, we can adjust the spatial carrier frequency by the axial
displacement of the prism for its amplitude and by rotating the prism for its orientation. In
our tests, the Wollaston prism is located at half distance between the tangential and sagittal
images, so that the interference fringes are generated in the same direction as the direction of
the two interfering beams (vertical shift and vertical fringes). Gontier et al. [13] has widely
described this feature. If the number of fringes in the visualized field has to be increased, the
Wollaston prism has to be turned on itself in the plane perpendicular to the optical axis.
Figure 10 shows two positions of rotation of the Wollaston prism (20 and 45°) with a maximum
number of fringes obtained for the rotation of 45°.

Figure 10. Evolution of interference fringes when the second Wollaston is moved from the sagittal image to the tangen‐
tial image.
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3.2.3. Results obtained

First, Figure 11 shows the interferograms for the reference and the measurement with an
enlarged view near the injection. For a pressure of 4 bar, for instance, one can see the horizontal
interference fringes disturbed by the flow. The interferograms of Figure 10 also show that the
field is reduced on the right and left sides: this is the result of the rotation of the Wollaston
prism at return which has a limited size (15 mm2). The polarization fields which were com‐
pletely separated on the way interfere with each other as the prism placed in front of the camera
is rotated. It is also noteworthy that the polarizer is rotated exactly to the same amount as the
Wollaston prism. The tightening of the fringes is maximal when the prism is rotated by 45°.

Figure 11. Interference micro‐fringes recorded for the reference and the measurement, P = 4 bar.

Then, 2D fast Fourier transform is applied to filter the zero and ‐1 orders on the three channels
for the reference and the measurement interferograms. In Figure 12, one sees that the different
window filtering size can be taken on the three channels and that the reduced frequencies are
equal to 0.12, 0.10 and 0.9 mm‐1 for the blue, green and red channels that correspond to
resolution of 18.6 lines/mm, 15.5 lines/mm and 13.9 lines/mm. The spatial resolution used is
lower than that used in the technique of Michelson interferometry.

Figure 12. 2D spectra computed on the three channels for the reference interferogram, P = 4 bar.
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Figure 13 shows the spectrum of the measurement for P = 3 bar, the modulo 2π phase map,
the superimposition of the three red, green and blue luminous intensities deduced from the
phase difference maps and also the optical thickness map computed from the phase difference
map. These maps are concerning the red channel. Moreover, a deconvolution of the optical
thickness maps based on the assumption that the jet is axisymmetric has been applied. Thus,
it is possible to obtain the radial distribution of the refractive index and the density in the jet
according to the relation proposed by Gladstone‐Dale. This method is widely described by
Rodriguez et al. [14]. In the treatment process, the optical thickness of maps calculated for each
jet pressure is split into two parts, on either side of the axis of symmetry of the jet. If the results
found by both sides of the jet are identical to the symmetry axis, the assumption of the axial
jet symmetry is verified and the results can be considered correct. In Figure 12, the radial gas
density is presented at 3 bar, and the density values found on the axis are very close, the analysis
being done on the right or on the left.

Figure 13. Analysis of the case for red channel P = 3 bar (from spectrum to gas density).

3.3. Digital holography without reference wave

Digital holography without reference wave allows quantitative phase imaging by using a high‐
resolution holographic grating for generating a four‐wave shearing interferogram. The high‐
resolution holographic grating is designed in a ‘kite’ configuration so as to avoid parasitic
mixing of diffraction orders. The selection of six diffraction orders in the Fourier spectrum of
the interferogram allows reconstructing phase gradients along specific directions. The spectral
analysis yields the useful parameters of the reconstruction process. The derivative axes are
exactly determined whatever the experimental configurations of the holographic grating. The
integration of the derivative yields the phase and the optical thickness [12].

3.3.1. Base of digital holography without reference

Figure 14 shows the principle of the hologram recording of pure phase modulation where an
incident plane crosses the phenomenon under analysis. This wave, disturbed by the phenom‐

Digital Holographic Interferometry for Analysing High‐Density Gradients in Fluid Mechanics
http://dx.doi.org/10.5772/66111

301



enon, is simultaneously diffracted in several directions by a diffraction grating operating in
reflection. The different images diffracted by the grating interfere with each other at a 𝀵𝀵𝀵𝀵
distance of the diffraction plane.

Figure 14. Principle of self‐referenced digital holography by reflection.

The sensor therefore records a digital hologram produced by the coherent superimposition of
all the diffraction orders. Let (′) the complex object wave front in the object plane, and  = (r)exp(𝀵𝀵𝀵𝀵  𝀵𝀵 = −1  the wave front diffracted from the object plane to the record‐

ing plane (r is the vector of the Cartesian coordinates {x, y} in the plane perpendicular to the z
direction). The reflection of the incident wave on the holographic grating produces a set of
replicated waves, whose propagation direction is given by their wave vector  = 2/𝀵𝀵𝀵𝀵 (𝀵𝀵
is the unit vector of the propagation direction). The amplitude of the diffracted wave front at
the recording plane is expressed as:

(4)

In Eq. (4),  is the spatial shift produced by propagation along distance 𝀵𝀵𝀵𝀵 from the holographic

plane and in the direction of unit vector en. Due to the holographic grating, P = 4 wave fronts
(n varying from 1 to P = 4) are diffracted in different directions. The interferogram recorded in
the sensor plane is written as:
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In Eq. (5), the first term is related to the zero order, and the last one is related to coherent cross‐
mixing between the P diffracted orders. The last term includes the useful data related to the
phase at the object plane. Noting Δ𝀵𝀵𝀵𝀵 the phase of cross‐mixing (, 𝀵𝀵)*(, 𝀵𝀵), we get:

(6)

Eq. (6) can be simplified by considering spatial derivatives of the object phase according to:

(7)

In Eq. (7), 𝀵𝀵𝀵𝀵 is the unit vector of vector 𝀵𝀵𝀵𝀵 = 𝀵𝀵 − 𝀵𝀵 and 𝀵𝀵 − 𝀵𝀵  is the spatial carrier

phase modulation. In the Fourier plane of the interferogram, the diffraction orders are sep‐
arated from the zero‐order diffraction and localized by the spatial frequency vector(𝀵𝀵 − 𝀵𝀵)/2. Since they are localized at different spatial frequencies in the Fourier domain,

they can be filtered in the same way as for off‐axis interferometry. Then, the spatial carrier
frequency is removed. Note that spatial derivatives of the object phase are provided along
an axis given by the scalar product 𝀵𝀵𝀵𝀵. The scaling of each spatial derivative is related to𝀵𝀵𝀵𝀵 . Thus, it appears that the method provides spatial derivatives with different sensitivi‐

ties, which depend on the geometric configuration of the diffraction orders. After extracting
each useful order, the term 𝀵𝀵𝀵𝀵 ∂0/ ∂𝀵𝀵𝀵𝀵 is extracted from the argument of the inverse

Fourier transform of the filtered interferogram spectrum. We note ∂0/ ∂𝀵𝀵𝀵𝀵 = ∂0/ ∂,𝀵𝀵𝀵𝀵 =  and  = (1/) 𝀵𝀵𝀵𝀵 ∂0/ ∂𝀵𝀵𝀵𝀵, with q varying from 1 to Q, Q being the num‐

ber of really independent axis 𝀵𝀵𝀵𝀵 amongst the set of the useful orders included in the

spectrum. So, the spatial variable  is simply the direction of the axis along which the de‐

rivative operator operates. In the spatial frequency domain, this axis has a corresponding
axis which will be referred as . Note that, from a computational point of view,  and 
are 2D vectors. In case that  exceeds 2π, phase jumps occur and phase unwrapping is

required. The scaling coefficient  depends on the distance 𝀵𝀵𝀵𝀵 and on the couple of in‐

volved wave vectors (𝀵𝀵, 𝀵𝀵). Then, the spatial integration of terms  has to be carried out

to get the quantity . The wave‐front reconstruction problem has already been discussed
by many authors and the methods are based on least‐square estimations or modal estima‐
tions. Note that in these works the wave front differences are defined at each point accord‐
ing to the sensor sampling geometry. In the modal approach, the wave front and its
differences are expanded in a set of functions and the optimal expansion coefficients are
determined (for example, using Zernike and Legendre polynomials). Here, the numerical
method is based on the weighted least square criterion and according to Refs. [15, 16],
quantity  can be recovered.
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3.3.2. Design of diffraction grating

First, a holographic grating is recorded with the optical set‐up shown in Figure 15. The
holographic plates are single‐layer silver‐halide holographic plates from Gentet (http://
www.ultimate‐holography.com/). The spatial resolution reaches 7000 lines per mm and the
holographic plate has been preferred to the photopolymer which has lower spatial resolution
(1000–2000 lines per mm).

Figure 15. Optical set‐up defined for recording of reflection holographic grating.

A first beam splitter cube (80/20) forms a reference beam (blue beam) with 20% of the incident
light and 80% of the light is used to form the four‐object beams. Plane waves are obtained with
two lenses and two spatial filters. Object waves are generated by three‐beam splitter cubes
(50/50) so that the luminous intensities of each beam (reference and object) are all equal to 20%
of the initial laser power. After several reflections on flat mirrors (MP), four small mirrors
located around a square (configuration no. 1) and around a kite (configuration no. 2) returns
each object beams towards the holographic plate. As the reference wave and the four object
waves are incoming on each side of the hologram, the hologram is recorded by reflection and
the angle θ formed by the reference and the object waves are equal to 27 mrad for configuration
no. 1. After four sequential exposures, one for each object wave, the holographic plate is
developed and bleached. Then, the grating is inserted in the optical set‐up which is used for
analysing the small supersonic jet from a nozzle. Figure 16 shows the optical set‐up with a
single crossing of the phenomenon at the distance δz between the sensor and the image of the
high‐resolution holographic grating (HRHG).
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Figure 16. Digital holographic interferometer without reference.

An interferogram without flow and another with flow are directly recorded on the sensor (2000
× 1500 pixels, 365 mm2), then analysed in delayed time by 2D fast Fourier transform in order
to localize the different interference orders. For configuration no. 1, Figure 17 shows the
location of four mirrors used at the recording (square). Order 1 results of interaction of the
beams incoming from M1 and M2 mirrors and the order 1′ between M3 and M4. Similarly,
order 2 is generated by the interference between the waves incoming from M1 and M3 mirrors
and order 2′ those issuing from M2 and M4. Order 3 is only produced by the interference
between M1 and M4 and order 4 between M2 and M3. For configuration no. 1, order 1 or 2 has
been enlarged in order to show that order 1 and 1′ or 2 and 2′ are not quite superimposed.

Figure 17. Position of four mirrors (square and kite) at the recording, localization of different diffraction orders in 2D
FFT plane and zoom of +1 order.

In fact, one obtains two spectral signatures slightly shifted. It is not possible to separate them
by filtering and to reconstruct the phase derivative map induced by only order 1. For this
reason, the four mirrors have been set at the four tops of a kite configuration (no. 2). The
problem encountered with configuration no. 1 does not exist and 2D FFT shows that it is very
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easy to localize all the different diffraction orders (on right in Figure 17). There is no spectral
overlap and all orders useful for the reconstruction are well separated. Each order of interfer‐
ence is then selected successively and separately with a circular mask (0.05 mm−1 radius). Then,
the phase gradient of reference image is calculated for each order of interference (Figure 18).
Subtracting the reference image to the measurement image gives a modulo 2π map of phase
gradient difference caused by the flow. Then, difference phase maps have to be unwrapped
and results are presented in Figure 18 for the six diffracted orders and for a value of the
generating pressure equal to 5 bar. Finally, knowing the phase gradient difference in the six
directions, a reconstruction of the absolute phase map is possible. For this processing of
integration calculation, one can use one of integration methods proposed in the literature, for
instance that proposed by Frankot and Chellappa [15]. The modulus of complex amplitude
and the optical phase of the diffracted field by the object can be combined for obtaining the
complex wave diffracted in the sensor plane.

Figure 18. Recorded interferogram and gradient phase maps obtained for the six interference orders.

3.4. Comparisons with digital holographic interferometry using a reference wave

Figure 19 shows results obtained with digital holographic interferometry without reference
and two other results obtained with digital holographic interferometry using a reference wave.
The comparison is made by taking into account the difference of optical thickness.

The scale level is basically the same for the three results (from 0 up to 1.2 μm), and Figure 19
shows at 5 bar that they are in good agreement because spatial locations of the structures of
compression and expansion waves are similarly positioned in the three measurements. From
a point of view of easiness and accuracy of results, the optical set‐up without reference is
complicated to implement and must achieve a kite‐type reference hologram. It is also difficult
to obtain a hologram with high diffraction efficiency. In addition, the data obtained must be
integrated, which cause a certain imprecision in the measurement. For the optical set‐up using
Wollaston prisms, it is very bulky and costly because the Wollaston prisms of ‘large field’ type
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are expensive and difficult to manufacture. On the other hand, the measured values are
absolute values as those obtained with Michelson interferometer that seems the least restrictive
optical arrangement of the three set‐ups tested.

Figure 19. Comparison of experimental results obtained for three different interferometric techniques for a pressure at
P=5 bar. (a) Without reference set‐up, (b) Michelson set‐up, (c) Wollaston set‐up.

4. Digital holography for analysing unsteady wake flows

The unsteady wake flows generated in wind tunnel present a large scale of variations in
refractive index from subsonic to supersonic domain. The feasibility of three‐wavelength
digital holographic interferometry has been shown on two‐dimensional unsteady flows and
the time evolution of the gas density field has been determined on the subsonic near wake
flow downstream a circular cylinder [8]. But, when the flow regime reaches the transonic or
supersonic domain, problems appear because refractive index gradients become very strong
and a shadow effect superimposes to the micro‐fringes of interferences. Moreover, the
displacement of vortices is very high compared to the exposure time (300 ns given by the
acousto‐optical cell, Figure 3) what leads to blurred zones in interferograms and limits the
interferograms analysis (Figure 20).

Figure 20. Highlighting of blurred areas and shadow effect—Mach 0.73.
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4.1. Michelson holographic interferometry

At first, an ORCA Flash 2.8 camera from Hamamatsu with a matrix of 1920 × 1440 pixels, 3.65
μm2, has been bought to increase the spatial resolution and, for the temporal resolution, the
continuous laser light source of the interferometer has been replaced by a Quanta‐Ray pulsed
laser, Model Lab 170‐10 Hz from Spectra‐Physics. This laser is injected through a 1064 nm laser
diode and outputs a wavelength at 1064 nm having 3 m in coherence length (TEM00 mode).
Here, the first harmonic is used (532 nm) and delivers about 400 mJ in 8 ns. The beam diameter
is about 8–9 mm. Figure 21 shows how the laser was installed in Michelson interferometer
presented in Figure 3. The output beam is equipped with two sets ‘λ/2‐polarizing beam splitter
cube’ to significantly reduce the laser energy sent to the camera. It is seen in Figure 21 that the
beam splitter cube forms the reference wave which is reflected by the concave mirror on the
camera and the measurement wave which passes through the test section. The second
achromatic lens, 70 mm in focal length of 70 mm yields the magnification of the image on
the CCD.

Figure 21. Digital Michelson holographic interferometer using a pulsed laser.

If L1 is the distance between the beam splitter cube and the concave mirror, and L2 the distance
between the same beam splitter cube and the flat mirror located behind the test section, the
laser coherence length must be greater than twice the difference (L2 − L1) for the interference
fringes may be formed on the CCD. This difference is here of the order of 2.5 m.

Figure 22 shows an interferogram of unsteady wake flow around a circular cylinder at Mach
0.73 with Michelson interferometer, the 2D FFT spectrum with the +1 order used to reconstruct
the map of the modulo 2π phase difference. The interferogram exhibits a good quality
indicating that vortex structures and small shock waves are well frozen. But, in the modulo
2π phase difference map shown on the right of Figure 22, phase jumps are still present. They
are surrounded by black ellipses on the figure and they will cause phase shifts during the
unwrapping of the modulo 2π phase map. To decrease the sensitivity of the measurement by
a factor of 2, the optical bench has been modified to create a Mach‐Zehnder type bench.
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Figure 22. Interferogram analysis at Mach 0.73—residual phase shifts.

4.2. Mach‐Zehnder holographic interferometry

In Mach‐Zehnder interferometer, shown in Figure 23, the measuring beam crosses only once
the test section and the reference beam passes outside the test section so that the sensitivity is
decreased by a factor 2.

Figure 23. Digital Mach‐Zehnder holographic interferometer using a pulsed laser.

In this optical set‐up, the reference beam is reflected successively by several little flat mirrors.
That produces a polarization rotation of the reference wave which must be corrected by
inserting a λ/2 plate in front of the spatial filter of the reference wave. The contrast of the
interference fringes can thus be optimized on the interferogram. The cylinder is equipped with
an unsteady pressure transducer at a 90° azimuth to the flow axis in order to correlate the laser
pulse with the signal of unsteady pressure. In this manner, one period of the phenomenon can
be sampled by 20° step with several different tests. First, in the enlarged part of reference and
measurement interferograms of Figure 24, one can see the straight interference micro‐fringes
distorted by the shear layer incoming from the upper of the cylinder. 2D FFT spectra show that
the spatial carrier frequency (vertical fringes) is localized on horizontal axis (order +1 of
hologram). After applying a spatial filter around the first order and subtracting the reference
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to the measurement phase map, one obtains the modulo 2π phase difference map where no
phase shifts appear.

Figure 24. Interferograms analysis at Mach 0.73.

Then, an unwrapping has to be applied to obtain the phase difference map Δθ and the gas
density field ρ/ρ0 presented in Figure 25 is deduced from the Gladstone‐Dale relationship and
Eq. (8) is obtained:
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Figure 25. Instantaneous and averaged gas density fields (ρ/ρo)—Mach 0.73.

where  is the standard gas density computed at 1 atm and 0°C, 0 the stagnation gas density,

λ the wavelength of the interferometer, e the width of the test section and K the Gladstone‐
Dale constant: 296×10‐6.
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The instantaneous interferogram of Figure 25 shows that shock waves emitted by the vortices
of the vortex shading are very well analysed (no phase shift) and the averaged gas density
field exhibits a strong decreasing of the gas density just behind the cylinder up to 90% of 0.

For information, the shadow effect can be easily reduced. If the beam of the reference arm is
blocked (see Figure 23), the Mach‐Zehnder interferometer looks like to shadowgraph optical
set‐up. In these conditions, the sensor can be adjusted along the optical axis to focus and image
the middle of the test section on the sensor. As this condition is reached, the shadow effect is
minimized.

5. Digital holography for visualizing inside strongly refracting
transparent objects

High‐density gradients can also exist inside strongly refracting objects and the visualization
and the measurement of these phenomena remain an open problem. For example, objects as
a glass ball, a light bulb, a glass container, a glass flask, etc. are not opaque but they are strongly
refracting light and measuring inside is not straightforward. It follows that observing phe‐
nomena, such as refractive index variations, convection currents, or thermal gradients,
occurring inside the object requires specific methods. Different experimental methods are
usually used to investigate fluids and to visualize/measure dynamic flows [7, 8, 17]. Never‐
theless, these approaches are appropriated when the envelope including the flow is relatively
smooth and transparent (i.e. not strongly refracting). A suitable experimental method should
be able to exhibit the phase changes inside the object without suffering from any image
distortion. The experimental approach described here is based on stochastic digital holography
to investigate flows inside a strongly refracting envelope [18]. It leads to the measurement of
the phase change inside the object, so as to get a quantitative measurement. Experimental
results are provided in the case of the visualization of refractive index variations inside a light
bulb and a comparison with image transmission and reflection holography is also provided.

5.1. Proposed method

The approach adapted to visualize inside a strongly refracting object is described in Figure 26.
The sensor includes N × M=1920 × 1440 pixels with pitches px = py = 3.65 μm. The main feature
is that a diffuser is used to illuminate the object to provide a back illumination. The set‐up
exhibits some similarity compared to a classical transmission microscope, although, no mi‐
croscope objective is used and the illuminating wave is quite a speckled wave. A negative lens
is put in front of the cube to virtually reduce the object imaged by this lens. This leads to a more
compact system compared to the case where the lens is not used. For example, for an object
size of 10–15 cm, the distance d0 in Figure 26 has to be greater than 2 m. The use of the negative
lens produces a smaller image of the image, whose position is close to the sensor [19, 20]. Thus,
the distance that has to be used in the algorithm is d'0 (see Figure 25). The optimization of the
off‐axis the set‐up has to follow the basic rules about the Shannon conditions [21].
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Figure 26. Stochastic digital holographic set‐up.

In particular, the focal length of the lens has to be judiciously chosen. Especially, the criterion
is the observation angle max from the sensor, which has to fulfil this condition:

( ) ( )max max4 2 ,
=

- x y

λθ
α p p (9)

where α is the accepted tolerance in the superposition of the useful +1 order and the 0 order.
Here, the diffuser (considered here as a ‘stochastic screen’) is sized 10 cm × 20 cm and a
superposition tolerance of α = 20% is accepted. The evaluation of the focal length and distance
leads to d0 = 800 mm, d’0 = 100 mm and f'=−150 mm. Holograms can be reconstructed by the
adjustable magnification method described in [22] or by the discrete Fresnel transform [19–
21]. After reconstruction of the complex amplitude in the virtual object plane, an amplitude
image and a phase image can be calculated. The amplitude image is related to the image of the
object given by the lens, whereas the phase is useful to investigate refractive index variations,
convection currents, or thermal gradients, occurring inside the object. For this, one has to
evaluate the temporal phase difference at different instants. A quantitative measurement can
be obtained after unwrapping the phase differences. Since the refractive index variations are
encoded in the unwrapped phase, the use of the Gladstone‐Dale relation allows determining
density variations.

5.2. Proof of principle

The proposed method has been applied to the visualization and analysis of light bulb during
its lighting. This bulb was submitted to a current to produce light and holograms were recorded
at different instants after its lighting. Figure 27 shows the recorded hologram when the bulb
is off (a) and when the bulb is lighting (b). The speckle nature of the hologram is clearly
observed. Figure 27c shows the amplitude image obtained with the discrete Fresnel transform.
The stochastic screen and the ampoule can be clearly seen so that the strand of the bulb.
Figure 27d and e shows respectively the modulo 2π digital fringes and unwrapped phase
differences obtained between two instants (light off and light on). One can note a very large

Holographic Materials and Optical Systems312



Figure 26. Stochastic digital holographic set‐up.

In particular, the focal length of the lens has to be judiciously chosen. Especially, the criterion
is the observation angle max from the sensor, which has to fulfil this condition:

( ) ( )max max4 2 ,
=

- x y

λθ
α p p (9)

where α is the accepted tolerance in the superposition of the useful +1 order and the 0 order.
Here, the diffuser (considered here as a ‘stochastic screen’) is sized 10 cm × 20 cm and a
superposition tolerance of α = 20% is accepted. The evaluation of the focal length and distance
leads to d0 = 800 mm, d’0 = 100 mm and f'=−150 mm. Holograms can be reconstructed by the
adjustable magnification method described in [22] or by the discrete Fresnel transform [19–
21]. After reconstruction of the complex amplitude in the virtual object plane, an amplitude
image and a phase image can be calculated. The amplitude image is related to the image of the
object given by the lens, whereas the phase is useful to investigate refractive index variations,
convection currents, or thermal gradients, occurring inside the object. For this, one has to
evaluate the temporal phase difference at different instants. A quantitative measurement can
be obtained after unwrapping the phase differences. Since the refractive index variations are
encoded in the unwrapped phase, the use of the Gladstone‐Dale relation allows determining
density variations.

5.2. Proof of principle

The proposed method has been applied to the visualization and analysis of light bulb during
its lighting. This bulb was submitted to a current to produce light and holograms were recorded
at different instants after its lighting. Figure 27 shows the recorded hologram when the bulb
is off (a) and when the bulb is lighting (b). The speckle nature of the hologram is clearly
observed. Figure 27c shows the amplitude image obtained with the discrete Fresnel transform.
The stochastic screen and the ampoule can be clearly seen so that the strand of the bulb.
Figure 27d and e shows respectively the modulo 2π digital fringes and unwrapped phase
differences obtained between two instants (light off and light on). One can note a very large

Holographic Materials and Optical Systems312

amplitude variation since the phase values are in the range 10–50 rad (see the colour bar in
Figure 27e). This measurement includes the contribution due to the refractive index change in
the bulb and also a contribution due to the dilatation of the envelope and its refractive index
variation due to the temperate increase inside the lamp (≈ 500°C). The ‘numerical fringes’
observed in Figure 27d exhibits the refractive index variations integrated in the glass container.

Figure 27. Quantitative measurement inside the bulb, (a) virtual phase extracted from numerical reconstruction (bulb
off), (b) bulb lighting, (c) image amplitude of the strand, (d) modulo 2π phase computed from (a) and (b), (e) unwrap‐
ping of (d).

5.3. Comparison with silver‐halide plate holographic interferometry

In order to check for the quality of the results obtained with the proposed method, the results
obtained were compared with analogue image‐holography [23]. The two possible set‐ups are
described in Figure 28 and can be either transmission or reflection holographic interferometry.
Figure 28a shows the transmission holography mode and Figure 28b that for reflection
holography. Note that the set‐ups require the use of photographic plates and that the diffuser
is also used to get a stochastic screen to illuminate the object. The process is as follows: record
a transmission or reflection hologram, apply the chemical treatment to the plate to develop
and bleach, dry the plate, put the holographic plate in the set‐up anew (exactly at the same
location), at this step the holographic image of the ampoule is observable, adjust the camera
lens to produce a focused image, then record real‐time interferences between the initial bulb
and that currently submitted to the current. Note that only the luminous intensity of interfer‐
ence fringes can be obtained, and not the phase image as it is the case for the digital holographic
approach.

Figure 28. Image transmission holography (a) and image reflection holography (b).
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Figure 29 shows a comparison between results obtained with digital holography and those
obtained with image holography. Figure 29a shows the image obtained with the amplitude
and phase change measured by digital holography, after calculating the intensity = (1 + cos(𝀵𝀵𝀵𝀵)), where 𝀵𝀵𝀵𝀵 is the phase change and A the amplitude image. Figure 29b shows
the interference fringes obtained with the set‐up of Figures 28a and 29c shows those obtained
with the set‐up of Figure 28b. A very good agreement can be observed. Furthermore, the image
quality given by each method can be appreciated. Image holography provides the best spatial
resolution: the strand of the lamp can be clearly seen in Figure 29b and c. However, digital
holography is more flexible since no chemical processing is required and a phase image can
be obtained.

Figure 29. Comparison between intensity of fringes (a) fringes calculated with digital holography, (b) fringes obtained
with transmission holography and (c) fringes obtained with reflection holography.

6. Conclusion

This chapter has shown several possibilities of digital holographic interferometry for analysing
high‐density gradients encountered in transonic and supersonic flows. Concerning the
analysis of a small supersonic jet, a comparison is given between three different techniques,
two techniques use reference waves: Michelson holographic interferometry and digital
holography using Wollaston prisms; the last one uses a specific diffraction grating to obtain
several different diffractions of measurement waves and to avoid having the reference wave.

For analysing transonic flows in wind tunnel, two types of interferometer have been devel‐
oped. The first one is very simple to implement because it is a Michelson interferometer with
double crossing of the test section for increasing the sensitivity and the second one is a Mach‐
Zehnder interferometer, more difficult to adjust, with a single crossing of the test section. These
two interferometers are equipped with a pulsed laser and interferograms obtained have a very
good quality and, basically, no phase shift.
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Finally, a digital holographic method is proposed to visualize and measure refractive index
variations, convection currents, or thermal gradients, occurring inside transparent but a
strongly refracting object. The principle of this technique is provided through the visualization
of refractive index variation inside a lighting ampoule. Comparisons with image transmission
and reflection holographic interferometry demonstrate the high image and phase quality that
can be extracted from the stochastic digital holographic set‐up.

Currently, digital holographic interferometry is developed by ONERA for studying 3D flows
from multi directional tomographic interferograms recorded in several directions. The aim is
first to compare this method with other techniques yielding the gas density field as differential
interferometry, back‐oriented schlieren (BOS) and colour BOS; and secondly, to find the best
compromise between the number of sight of view, the computation time and the results
accuracy.
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Abstract

Digital holographic (DH) microscopy is a digital high-resolution holographic imaging
technique with the capacity of quantification of cellular conditions without any staining
or labeling of cells. The unique measurable parameters are the cell number, cell area,
thickness, and volume, which can be coupled to proliferation, migration, cell cycle
analysis, viability, and cell death. The technique is cell friendly, fast and simple to use
and has unique imaging capabilities for time-lapse investigations on both the single cell
and  the  cell-population  levels.  The  interest  for  analyzing  specifically  cell  volume
changes with DH microscopy, resulting from cytotoxic treatments, drug response, or
apoptosis events has recently increased in popularity. We and others have used DH
microscopy showing that  the  technique has  the  sensitivity  to  distinguish between
different cells and treatments.  Recently,  DH microscopy has been used for cellular
diagnosis in the clinic, providing support for using the concept of DH, e.g., screening
of malaria infection of red blood cells (RBC), cervix cancer screening, and sperm quality.
Because  of  its  quick  and  label-free  sample  handling,  DH  microscopy  will  be  an
important tool in the future for personalized medicine investigations, determining the
optimal  therapeutic  concentration  for  both  different  cancer  types  and  individual
treatments.

Keywords: cell death, cell volume, digital holographic microscopy, individual treat-
ment
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1. Introduction

Digital  holographic  (DH)  microscopy  is  a  digital  high-resolution  holographic  imaging
technique with the capacity of quantification of cellular status without any staining or labeling
of cells [1–3]. Various cellular parameters can be visualized and calculated from the particular
hologram, including individual cell area, thickness, volume, and population confluence and
cell counts [4–10]. One of the advantages of studying cells with DH microscopy is that they
can be grown and analyzed in their normal growth medium during the entire study. The
culture vessel will be placed on the microscope for imaging and then replaced in the 37°C
incubator, or placed on a heating plate to retain 37°C, during the analysis. Since the first studies
on living cells, DH microscopy has been used to study a wide range of different cell types,
e.g., protozoa, bacteria, and plant cells, mammalian cells such as nerve cells, stem cells, various
tumor cells, bacterial-cell interactions, red blood cells (RBC), and sperm cells [11–15].

2. Technique

DH microscopy is based on the interference between two, preferably coherent, beams that
differ in phase (Figure 1). The beams usually originate from the same source, which are split
before the sample. One of the beams, the reference beam, will remain undisturbed, while the
other, the object beam, will be shifted in phase by the sample. The optical set-up can be either
transmissive or reflective, providing no difference in the principle only in the configuration of
the optical elements [16]. When the object beam has traveled through or been reflected by the
object, the two beams merge. A light detector (e.g., a CCD-sensor) will capture the interference
pattern and computer algorithms will convert the signal into a holographic image based on
the light phase shifting properties of the cells, the refractive index [17]. The three-dimensional
holographic image is then a representation of the real objects [18]. The technique is cell friendly,
fast, and simple to use and has unique imaging capabilities for time-lapse investigations on

Figure 1. Schematic view of the DH microscopy technique. A digital holographic setup with a laser beam is split into
two identical beams. The sample beam passes through the cells, while the reference beam travels undisturbed. The two
beams merge and the image sensor will capture an interference image, which display a 3D-image after reconstruction
(www.phiab.se).
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both the single cell and the cell-population levels. The reconstructed image contains informa-
tion about the entire depth of the field of view. For reconstruction to be accurate, the sample
has to be transparent and homogenous, where the differences in refractive index between the
background and the cells create the tomography of the image [19].

After recording, the hologram consists of the phase and the amplitude of the entire image field.
Reconstruction of the image is dependent on the optical configuration, possibly to get rid of
optical elements as zero order image and images of other diffraction order. Mathematical
algorithms as Fourier transforms or Fresnel transform are usually performed on the wave
front [20] .

3. Morphological changes connected to cellular events

3.1. Cell death of adherent cells

Cell volume changes, resulting from cytotoxic treatments or apoptosis events, have recently
been investigated with DH microscopy [11, 21–25]. When cells go in to early apoptosis, the
first discernible indication is an increase in the cell phase shift followed by a decrease as the
cell eventually dies [21]. Pavillon et al. recognized early apoptotic cells within minutes by
their DH phase signal, while it took several hours to identify dead cells using trypan blue
staining [21].

We have previously demonstrated that death-induced cells can be distinguished from
untreated cells by the use of DH microscopy [25]. Morphological analyses of the two adherent
cell lines L929 and DU145, treated with the anti-tumor agent etoposide for 1–3 days, were
performed in cell culture flasks. Etoposide causes errors in the DNA synthesis and promotes
apoptosis of the cancer cell by forming a ternary complex with DNA and the enzyme topoi-
somerase II [26]. Measurements revealed significant differences in the average cell number,
the confluence, cell volume, and cell area when comparing etoposide-treated cells with
untreated cells. The cell volume of the treated cell lines was initially increased at early time
points. By time, cells decreased in volume, especially when treated with high doses of
etoposide [25]. Moreover, this analysis was confirmed by a MTS assay. With DH microscopy,
small differences between the two cell lines were clarified. Mouse fibroblast L929 cells showed
a lower sensitivity for etoposide at the lowest concentrations, while for the human prostate
cancer cell line DU145, the confluence, cell area, and volume increased at first, and then
decreased over time.

In another study, we selected two suspension cell lines, a diffuse large B-cell lymphoma
(DLBCL) cell line, U2932 and the T-cell acute lymphoblastic leukemia cell line Jurkat. The cell
lines were treated with dimethyl sulfoxide (DMSO), 100 μM etoposide or left untreated as a
control, and were incubated for 24 h. Unpublished work by us shows that the average cell area
and cell volume decreased significantly for the Jurkat cell line compared with control. For the
U2932 cell line, the average cell area did not change, whereas the average cell volume
significantly decreased after etoposide treatment (Figure 2). Interestingly, the results may
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indicate cell line sensitivity, which also has been shown in the earlier studies [25, 27]. In
conclusion, cell death experiments performed with DH microscopy reveal that small differ‐
ences between two cell lines can be clarified.

Figure 2. Etoposide induces a loss of cell area and volume in the cell lines Jurkat and U2932. Jurkat and U2932 cells
were treated with etoposide (100 μM), or left untreated, for 24 h, and holograms were captured by the Holomonitor™
M4. The mean cell area (A) and the mean cell volume (B) were calculated using holographic microscopy images. Error
bars are based on the total number of images.

Human α‐lactalbumin made lethal to tumor cells (HAMLET) is based on a natural protein
present in human breast milk [28]. HAMLET induces cell death in tumor cells and immature
cells, but not in normal differentiated cells [29]. As monitored by DH, 15 min of incubation,
with 35 μM of HAMLET, was enough for a reduction in cell area and increase in thickness,
with evidence of membrane blebbing in human lung carcinoma A549 cells [26]. After 60 min,
the cells became even smaller in area and thicker [30]. Puthia et al. examined how HAMLET
affects β‐catenin and Wnt‐signaling in the treated human colon cancer cell line DLD1. Already
after 30 min, the cell morphology changed with HAMLET treatment. A time‐dependent
decrease in cell area and an increase in maximum thickness was seen [31]. DH microscopy was
also used to analyze the effect of the cell death‐inducing curcumin analog C‐150 [32]. Four
different glioblastoma cell lines were treated with 1 μM of the analog for 24 h. The results
showed significantly increased cell volume and average thickness and decreased cell area for
the cell lines investigated.

DH microscopy has been applied for the analysis of chemokinetic responses, selective
cytotoxic, adhesion, and migration modulator effects on two different melanoma cell lines,
HT168‐M1 and A2058, after treatment with di‐ and trihydroxyanthraquinones [33]. Alizarin
and purpurin have been reported to have activity against cancer cells. Their results showed
that no basic parameter was influenced by alizarin or purpurin as a cytotoxic or apoptotic
substance in HT168‐M1 cells. In the case of A2058 cells, alizarin could induce positive effects
in the average cell area and volume as measured by DH.

3.2. Cell cycle of adherent cells

Our earlier results on etoposide, colcemid, or staurosporine treated cells showed changes
in average cell volume [34]. Mouse fibroblasts were treated and analyzed with DH micro‐
scopy after 24 h of incubation. The results showed comparable accuracy to flow cytometry
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measurement of cell cycle distribution, where staurosporine induced G1 arrest and colce-
mid or etoposide induced G2/M arrest. The results with DH microscopy showed that the
cells decreased in cell size in response to staurosporine treatment, while the cell size in-
creased in response to colcemid or etoposide treatment. Etoposide was further used in a
dose-dependent manner in order to investigate how well DH microscopy was able to re-
cord a change in the cell cycle profile, as compared to flow cytometry. Etoposide reduced
average cell number, decreased average cell confluence, and increased average cell volume.
Indeed, using immortalized murine fibroblast cells, this first proof-of-concept study sug-
gests that DH microscopy is a possible alternative tool for analysis of cell cycle alterations
[34]. In another study, treated SKOV3-TR cells were visualized for 24 h until cell cycle ar-
rest and characterized by the presence of rounded cells that were unable to complete mito-
sis [35]. After 44 h, the cells had undergone apoptosis. Higher concentrations of treatment

Figure 3. The drug PLX4032 influences cell area and volume differently in the human melanoma cell lines WM-266-4
and CHL-1. WM-266-4 and CHL-1 cells were treated with PLX4032 (100 nM and 1 μM), or left untreated, and holo-
grams were captured by Holomonitor™ M4 after 24 and 48 h, respectively. The mean cell area (A) and the mean cell
volume (B) were calculated using holographic microscopy images. Error bars are based on the total number of images.
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showed early cell cycle arrest, and the cell population started to undergo apoptosis after
14 h. Indeed, by using time-lapse DH imaging, cell cycle arrest followed by progression to
apoptosis was clearly visualized.

Figure 4. 3D-images of WM-266-4 cells. The human skin melanoma cell line WM-266-4 treated with PLX4032 (100 nM
and 1 μM), or left untreated. Holograms of the cells were captured using holographic microscopy after 24 and 48 h,
respectively. Hologram pictures show the morphology changes over time with the different concentrations of PLX4032.

Figure 5. 3D-images of CHL-1 cells. 3D holograms showing the human skin melanoma cell line CHL-1 treated with
PLX4032 (100 nM and 1 μM), or left untreated. Holograms of the cells were captured using holographic microscopy
after 24 and 48 h, respectively. Hologram pictures show the morphology changes over time with the different concen-
trations of PLX4032.

We have treated two human melanoma cell lines, WM-266-4 and CHL-1, with different
sensitivity for the drug PLX4032, also called vemurafenib [36]. PLX4032 induces cell cycle
arrest in lower doses and apoptosis in higher doses in melanoma cells with a certain BRAF
gene mutation. It has previously been shown that CHL-1 cells are not inhibited by the drug
due to lack of this mutation. In our study, PLX4032 treatment increased the average cell area
and cell volume for the WM-266-4 cell line compared with untreated control cells, while the
CHL-1 cell line was less affected (Figure 3). Morphological cell changes are presented in 3D
holograms for WM-266-4 cells (Figure 4) and CHL-1 cells (Figure 5). The cells become more
flat, with increased area, after PLX4032 treatment. Indeed, with DH microscopy, even small
differences between treated cells were clarified.
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The effect of the novel anti-cancer drug ISA-2011B, etoposide, and docetaxel was monitored
with DH microscopy in real-time for up to 48 h by Semenas et al. ISA-2011B treatment led to
a reduction in cell size and changes in morphology, which was also achieved by docetaxel
treatment [37].

3.3. Cell death of suspension cells on antibody-based microarray

We have introduced antibody-based microarrays [38] to the experimental DH microscopy set-
up. By using single-chain variable antibody fragments (scFv) [39], directed against some of the
most common cell membrane proteins on T- and B-lymphocytes, suspension cells can be
analyzed with DH. Antibody-based microarray techniques have been used to determine
phenotypic protein expression profiles for human B cell sub-populations [39] and to detect
soluble antigens [40]. In our study [27], we combined DH microscopy and antibody-based
microarray to introduce a powerful tool to measure morphological changes in specifically
etoposide-treated antibody-captured cells, U2932, and Jurkat (Figure 6). We demonstrated that
the cell number, mean area, thickness, and volume could be noninvasively measured by using
DH microscopy. The cell number was stable over time, but the two cell lines used showed
changes of cell area and cell irregularity after treatment. The cell volume in etoposide-treated
cells was decreased, whereas untreated cells showed stable volume [27]. In conclusion, cell
death of suspension cells investigated with the help of antibody-based microarrays and DH
demonstrated that morphological parameters can be investigated of different cell lines and
treatments.

Figure 6. Jurkat cells on an antibody-based microarray captured with DH microscopy. A 200,000 Jurkat cells in 100 μl
of phosphate-buffered saline (PBS)-0.5% bovine serum albumin were applied to an antibody array and incubated at
room temperature for 30 min. The array was thereafter washed manually, until the cell binding areas were clearly visi-
ble. A 3D-image was thereafter captured with DH microscopy.

In conclusion, several independent studies now show the feasibility of DH microscopy to
demonstrate cell-death induced morphological changes after compound addition.
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4. Clinical applications

Lately, DH microscopy is being developed for clinical applications in widely different areas of
medicine such as transmembrane water flux, cancer screening, sperm motility, blood cell
analysis, and inflammation.

4.1. Transmembrane water flux

In some cases, current imaging techniques are not very well developed. One such example is
the measurement of transmembrane water fluxes in epithelial cells directly linked to the
activity of a protein involved in cystic fibrosis [41]. DH microscopy was used to quantify the
transmembrane water fluxes in situ by determining the phase shift associated with activation
of chloride channels. This opens up for the usage of DH microscopy to screen drugs acting on
water transporter molecules.

4.2. Cancer screening

Recently, Benzerdjeb et al. reported a preliminary study with DH microscopy as a screening
tool for cervical cancer. The study is based on materials from three randomly chosen labora-
tories, which was analyzed and subjected to DH microscopy. The sensitivity and specificity of
DH microscopy was calculated for the detection of neoplasia. The results demonstrated for the
first time that the DH microscopy technique is suitable for the processing of gynecologic
cervical samples [42].

4.3. Sperm analysis

DH has been used to characterize sperm cells, supplying data for both morphology, motility,
and the concentration of the sperm cells, without affecting the sperm reviewed in Ref. [43].
The morphology of the sperm head has often been correlated with the outcome of in vitro
fertilization and has been shown to be the sole parameter in semen of value in predicting the
success of intracytoplasmic sperm injection and intracytoplasmic morphologically selected
sperm injection [44, 45]. Indeed, DH microscopy generates useful information on the dimen-
sions and structure of human sperm, not revealed by conventional phase-contrast microscopy,
in particular the volume of vacuoles. This suggests its use as an additional prognostic tool in
assisted reproduction technology to better underline the differences between normal and
abnormal sperm morphology.

4.4. Blood cell screening

The function of RBCs is strongly connected to their shape, related to different diseases [46].
Therefore, a robust classification method would be of great advantage when analyzing RBC
for medical diagnosis and therapeutics. DH microscopy has allowed several investigators to
determine vital erythrocyte parameters including morphology and cell counting [15, 47, 48].
Indeed, a DH microscopy-based automated RBC classification method could have the potential
for use in drug testing and the diagnosis of RBC-related diseases. Malaria parasites induce
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morphological, biochemical, and mechanical changes in RBC. Main clinical diagnostics of
malaria is based on microscopic inspection of blood smears, treated with reagents, which stains
the malarial parasites. In developing countries, visual identification of malarial RBCs may
become unreliable due to lack of sufficiently trained technicians and poor-quality microscopes
and reagents. Anand et al. describe the use of quantitative DH microscopy for automatic
identification of malaria-infected RBCs by comparing their shape profiles at different axial
planes [49]. A correlation algorithm discriminates between the shapes of the cells and deter-
mines whether the cell is infected by malaria parasite. Shape comparison is fast and was found
to yield fairly accurate discrimination. This technique is mostly advantageous for healthcare
personnel working in developing countries. Similarly, other RBC infecting microbes can be
investigated, such as Babesia microti, which is an obligate parasite in humans, hamster, and
mouse. To find alternatives to methods requiring experience of professional technicians,
usually based on optical microscope with Giemsa-stained blood smears, DH methodology was
exploited [50]. The authors found the technique to be useful for determining morphological
modifications in host RBCs, quantifying contents, and concentration of the cellular dry mass,
as well as dynamic membrane fluctuations measured at the individual cell level, which are in
turn strongly correlated with the mechanical deformability of cell membrane. An automatic
compact diagnostic tool will be advantageous especially for healthcare personnel working in
developing countries, which lack trained professionals and high-quality equipments.

Platelet spreading and retraction play a pivotal role in the platelet plugging and the thrombus
formation. In routine laboratory, platelet function tests include exhaustive information about
the role of the different receptors present at the platelet surface without information on the
3D-structure of platelet aggregates. Boudejltia et al. used DH microscopy to develop a
convenient method to characterize the platelet and aggregate 3D shapes [51]. This is the first
report on analysis of platelets aggregates by DH microscopy. According to the authors, the
method is particularly well suited for the study of the platelet physiology, the physiopathology
in clinical practice, and the development of new drugs.

4.5. Quantification of inflammation

Lenz et al. have utilized DH microscopy for investigation of inflammatory bowel diseases
including Crohn’s disease and ulcerative colitis [52]. Dextran sodium sulfate-induced colitis
was performed and colonic sections were subsequently examined by histological analyses and
by DH microscopy. With DH microscopy, optical path length delay including refractive index
was monitored, and thereby tissue density assessment could be performed. Indeed, the
average refractive index was an accurate marker to distinguish between different layers of the
intestinal wall of the colitis induced murine model.

Furthermore, DH microscopy reliably detects inflamed colonic segments with a strong
correlation between the severity of inflammation and the refractive index. In conclusion, DH
microscopy analysis opens a novel diagnostic option for optical quantification of inflammation
in murine models of colitis. Moreover, the same research group assessed cellular growth and
motility in epithelial wound healing in vitro using DH microscopy [53]. Interestingly, phase
images quantifying cell thickness, dry mass, and tissue density were demonstrated. The study
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concluded that the technique can assist in the evaluation of potential therapeutics in, for
example, helping to elucidate the specific role of certain cytokines for wound healing.

5. Conclusion

The correlation between cellular morphological changes and cellular events is rather well
documented. In several studies, researchers have shown how holographic cell morphology
analysis can be connected to pathological diagnostics. Although the experiments in some cases
have been performed ex vivo or in animal models, the analysis of humans is just one small
step ahead. For other of the abovementioned applications, experiments are performed with
human tissues, and the methods are already beginning to be developed for clinical use. As DH
microscopy is noninvasive, the same patient sample can often be used for other analyses, thus
adding further benefit to the method.

6. Further research

Future applications could include real-time monitoring of holographic microscopy parame-
ters in human clinical cell samples in response to a broad range of clinically relevant com-
pounds.
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Abstract

The morphology, the motility, and the biochemical structure of the spermatozoon have 
often been correlated with the outcome of in vitro fertilization and have been shown to be the 
sole parameters of the semen analysis in predicting the success of intracytoplasmic sperm 
injection and intracytoplasmic morphologically selected sperm injection. In this context, 
digital holography has demonstrated to be an attractive technique to perform a label-free, 
noninvasive, and high-resolution technique for characterization of live spermatozoa. The 
aim of this chapter is to summarize the recent achievements of digital holography in order 
to show its high potentiality as an efficient method for healthy and fertile sperm cell selec-
tion, without injuring the specimen and to explore new possible applications of digital 
holography in this field.

Keywords: holographic imaging, label-free techniques, human sperm structure, in vitro 
fertilization

1. Introduction

Following the advent of human in vitro fertilization [1], much attention has been given to 
understand both the spermatozoa morphological alterations and the kinematics/dynamics of 
the swimming spermatozoa [2–11]. In fact, semen analysis is commonly employed both in 
human and in the zoo-technic field. In the first case, the analysis is mainly applied to study the 
couple’s infertility or to confirm success of male sterilization procedures. Moreover, several 
studies have shown that for infertile men, the risk for developing a testicular cancer is slightly 
higher-than-average. So, independently of the will to have children, male fertility is a good 
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indicator for general health. On the other hand, in the zoo-technic field, animal semen analysis 
is commonly used in animal production laboratories and reproductive toxicology.

The main requirements for the development of techniques used for an accurate semen analy-
sis are the following:

• avoid any alteration of the health of the spermatozoa under test;

• use a label-free approach to eliminate all adverse effects of the probe labeling;

• obtain results independent on the technician’s experience and/or the laboratory environ-
mental conditions (such as temperature, humidity, and duration).

The sperm cell is almost transparent in conventional bright field microscopy, as its optical 
proprieties differ slightly from the surrounding liquid, generating little contrast. On the other 
hand, a light beam that passes through a spermatozoon undergoes a phase change, in com-
parison with the surrounding medium, the amplitude of which depends on the light source, 
the thickness, and the integral refractive index of the object itself. A qualitative visualization 
of this phase contrast may be obtained by contrast interference microscopy (phase contrast 
or Nomarski/Zernicke interferential contrast microscopy). However, it is difficult and time-
consuming to obtain a quantitative morphological imaging. In fact, a fine z-movement of the 
biological sample is required in order to acquire a collection of different planes in focus. This 
collection of acquired images is used in postelaboration to produce a 3D image of the object 
under investigation [12]. The same approach has been used to obtain information about sperm 
motility. Nevertheless, this 2D intrinsic analysis implies a partial in-plane representation 
of the motility features due to difficulty to track the 3D spatial motion of spermatozoa that 
quickly move out of focus. In order to overcome these intrinsic limitations, several approaches 
have been recently developed. In this contest, the optical approaches are deeply investigated.

In particular, over the last few years, holographic imaging in microscopy has been established 
as a valid noninvasive, quantitative, label-free, high-resolution, and phase-contrast imaging 
technique. So this chapter tries to summarize the state-of-art on the semen analysis and recent 
achievements obtained by a holographic imaging [13–17]. We will show that the unique poten-
tialities of the holographic imaging have been used to provide structural information on both 
the morphology and the motility of sperm cells [18]. Moreover, the combination of the holo-
graphic technique with others approaches, such as the Raman spectroscopy, will be described, 
too. In fact, spermatozoa from infertile men could present a variety of alterations (such as 
alterations of chromatin organization [19], aneuploidy [20], and DNA fragmentation [21]) that 
can decrease reproductive capacity of men. Current methods of DNA assessment are mainly 
based on fluorescence microscopy, and thus samples are unusable after the analysis [22–25]. 
Therefore, the ability to simultaneously analyze, in a nondestructive and noninvasive way, 
both the morphology and biochemical functionalities of the spermatozoa could bring greater 
understandings [26]. Thus, the chapter will allow a bird’s-eye view into the potentiality of the 
semen analysis performed by means of the holographic imaging, showing that this approach 
is extremely important for the intracytoplasmic sperm injection (ICSI) procedure, where it is 
highly required the development of a method that allows characterizing and directly select the 
best spermatozoon to inject into the oocytes [9, 27].
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2. Principle of the holographic imaging

An optical field consists of amplitude and phase distributions; if this field interacts with the 
object under test, the morphology of the object alters the phase distribution. The holographic 
approach employs the interference between two optical beams to transform the phase infor-
mation (i.e., the morphological information) into a recordable intensity distribution [28]. A 
sketch of an experimental set up for holographic imaging is shown in Figure 1. It consists in a 
coherent laser beam splits into a reference and an object beam.

The object beam intensity is always set well below the level for causing any damage to the sper-
matozoa structure and functionality. A microscope objective lens is used to collect the object 
beam. The reference and the object beam are then recombined by a beam splitter onto a CCD 
(Charge-Coupled Device) or CMOS (Complementary Metal-Oxide Semiconductor) detector, 
which acquires the interference pattern. According to the angle θ between the reference and object 
beams, either on-axis (θ = 0°) or off-axis configuration can be adopted. Besides, the hologram of 
the sample under investigation, a second hologram is acquired on a reference surface in proxim-
ity to the object in order to numerically compensate all the aberrations introduced by the optical 
components, including the defocusing due to the microscope objective. The image reconstruction 

Figure 1. Sketch of the principle of hologram formation (L: lens, MO: microscope objective, BS: beam splitter).
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procedure allows retrieving a discrete version of the complex optical wavefront (amplitude and 
phase) present on the surface of the specimen under test. This optical wavefront is obtained multi-
plying the recorded hologram by a numerical replica of the reference beam and numerically back-
propagating this product. Actually, this product generates three diffraction terms: zeroth order, 
real image, and conjugate image. In an on-axis configuration, unless a partially coherent light is 
adopted that allows reducing the speckle and multi-reflection interference noise [29], all terms 
are superimposed. Thus, in order to recover only the real image, i.e., an exact replica of the object 
wavefront, either a spatial or temporal phase-shifting methods has to be employed. However, in 
this way the complexity and capture time increase [13]. On the other hand, by introducing a small 
angle between the object and reference beam (off-axis configuration), a spatial separation between 
the three terms is obtained, at the expense of suboptimal use of camera sensor space-bandwidth 
product. Thus, this separation allows selecting and retrieving only the real image. The possibility 
offered by DH to numerically retrieve the phase distribution of the object wavefront allows not 
only the possibility to evaluate the object morphology but also to remove and/or compensate the 
unwanted wavefront variation (such as optical aberrations and slide deformations) [30–32].

3. Morphological imaging

Coppola’s group [33] investigated the possibility to better understand the sperm behavior 
by means of a quantitative analysis of the 3D spermatozoa’s morphology. In particular, 
experiments on bovine sperm cells were performed. The recorded hologram is illustrated in 
Figure 2, whereas the intensity of the fringe pattern generated by the interference between the 
object and reference beam is highlighted into the inset.

In Figure 3, the reconstructed images of abnormal bovine spermatozoa are reported [33]. For 
the reported analysis, the spermatozoa were fixed and without the surrounding liquid. In 
particular, the retrieved image shown in Figure 3(a) is relative to a spermatozoon with a cyto-
plasmatic droplet along the tail. Cytoplasm surrounding the sperm cell is accumulated during 
maturation, and it is extruded from the cell in the last phases of this maturation. However, 
cytoplasmatic residues may persist in the cell and, in particular, are retained in the tail as a 
droplet [34]. Thus, the presence of drops along the tail is connected to the degree of cell matu-
ration and may indicate an excessive utilization of a donor.

In Figure 3(b), an image of a spermatozoon with a bent tail is shown. Generally, when this 
defect is present in the semen either before or after the freezing process, the donor may be 
afflicted with a reproductive problem. On the other hand, if this anomaly appears with high 
frequency only in frozen semen, it can indicate that the spermatozoa have been subjected to 
hypoosmotic stress possibly due to an improper use of freezing extender and to an extremely 
low concentration of solutes. Finally, the reconstructed image of a spermatozoon with broken 
acrosome is illustrated in Figure 3(c). In particular, the loss of acrosomal substances indi-
cates premature acrosome activation far from the site of fertilization. This defect is present 
with high percentage in frozen semen samples due to incorrect sperm handling during the 
freezing process. The great advantage of managing quantitative information allows carrying 
out different numerical analysis, such as estimation area/volume, profiles along particular 
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cytoplasmatic residues may persist in the cell and, in particular, are retained in the tail as a 
droplet [34]. Thus, the presence of drops along the tail is connected to the degree of cell matu-
ration and may indicate an excessive utilization of a donor.

In Figure 3(b), an image of a spermatozoon with a bent tail is shown. Generally, when this 
defect is present in the semen either before or after the freezing process, the donor may be 
afflicted with a reproductive problem. On the other hand, if this anomaly appears with high 
frequency only in frozen semen, it can indicate that the spermatozoa have been subjected to 
hypoosmotic stress possibly due to an improper use of freezing extender and to an extremely 
low concentration of solutes. Finally, the reconstructed image of a spermatozoon with broken 
acrosome is illustrated in Figure 3(c). In particular, the loss of acrosomal substances indi-
cates premature acrosome activation far from the site of fertilization. This defect is present 
with high percentage in frozen semen samples due to incorrect sperm handling during the 
freezing process. The great advantage of managing quantitative information allows carrying 
out different numerical analysis, such as estimation area/volume, profiles along particular 
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directions, and selection of different zones. The 3D analysis can add further information to 
the data provided by the traditional bi-dimensional optical techniques, allowing to better 
understand the relationship between the male infertility and the abnormal morphology. Due 
to this potentiality, the holographic approach has been also employed to analyze the human 
sperm characteristics [35, 36]. Crha et al. [35] tested about 3000 sperm cells to individuate a 
phase difference between spermatozoa in normo-zoospermia (NZ) and oligoasthenoterato-
zoospermia (OAT). Table 1 summarizes the obtained results in terms of mean, median, stan-
dard deviation (SD), and confidence intervals (CI).

The Dale’s group performed a comparison between the results of spermatozoa analyzed both 
by a semiautomated digitally enhanced Nomarski microscopy (DESA) and by the holographic 
imaging [36]. In Table 2, the values relative to five primary parameters (length, width, perimeter, 
area, and volume) for normal human spermatozoa are compared. Results shows that no signifi-
cant differences were observed in the gross morphometric values of the sperm cells analyzed.

Figure 2. Acquired hologram, a region is enhanced in order to show the interference pattern (inset). Ref. [33] (by 
permission of IEEE Society).

Figure 3. Pseudo 3D representation of the thickness of a spermatozoon with: (a) a cytoplasmatic droplet along the tail; 
(b) a bent tail; (c) an acrosome broken. Ref. [33] (by permission of IEEE Society).
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It is important to note that the volume estimation could not be performed by the DESA tech-
nique. Due the great influence of nuclear vacuoles in the sperm head on the fertilization 
capacitance of sperm cell [9], the volumetric analysis was performed to analyze vacuolated 
human spermatozoa. In Figure 4(a), a conventional differential interference contrast (DIC) 
image of a vacuolated human sperm is reported. The holographic 3D reconstruction of the 
vacuolated spermatozoon is illustrated in Figure 4(b). From this figure, it is clear that sper-
matozoa with vacuole had a reduced volume, and this reduction could be probably be due to 
variation of the inner structure of the sperm head with a loss of material.

Table 3 summarizes the volumetric analysis carried out for three different groups of sperma-
tozoa defined by the length and width of the head. Mean values of the total volume of the 
spermatozoa minus the vacuoles volume are also reported.

Memmolo et al. [37] proposed to use DH in order to identify and measure specific region-of-
interest of spermatozoa. Figure 5 shows some steps of the applied method that starts from 
a filtered version of the reconstructed spermatozoon image and is able to identify the head 
region.

Sperm group Median Mean SD CI

NZ 2.90 2.91 0.61 2.94

OAT 2.00 2.10 0.38 2.13

Table 1. Descriptive statistics for statistically significant (ρ < 0.001) phase shifts according to the NZ/OAT group [35].

Imaging Length [μm] Width [μm] Perimeter [μm] Area [μm2] Volume [μm3]

DESA 5.1 ± 0.6 3.5 ± 0.4 13.8 ± 1.4 14.1 ± 2.0 -

Holography 5.6 ± 0.3 2.9 ± 0.5 14.3 ± 1.2 13.0 ± 1.2 8.0 ± 0.8

Table 2. Mean morphometric values of normal human sperm heads obtained by DESA and holographic techniques [36].

Figure 4. Differential interference contrast image (a) and pseudo 3D holographic reconstruction (b) of a vacuolated 
sperm head. Ref [36] (by permission of Cambridge University Press).
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The proposed algorithm could be very useful to retrieve noisy holograms due to the impurity 
of the liquid surrounding the spermatozoa.

4. Tracking analysis

One of the main advantages of the holographic approach is the possibility to retrieve a quantitative 
3D image by means of a numerical refocusing of only one bi-dimensional image at different object 
planes. Thus, the realigning of the optical imaging system with mechanical translation can be 
eliminated. This peculiarity enables the characterization of live specimen [38], and in particular, to 
track the 3D spatial motion of spermatozoa that quickly move out of focus. The tracking approach 
allows estimating many quantitative parameters useful for a semen analysis [39], such as:

Sperm dimensions Volume [μm3]

Total Total vacuoles

Length < 2.9 μm, width < 4.2 μm 5.8 ± 0.7 4.0 ± 0.8

2.9 < length < 3.7μm;
4.2 < width < 5.3 μm

8.2 ± 0.8 6.4 ± 0.8

Length > 3.7 μm, width > 5.3μm 10.1 ± 0.8 8.4 ± 0.8

Table 3. Mean volumetric values of vacuolated sperm clustered in three different subpopulations [36].

Figure 5. Detection of sperm head by the algorithm proposed by Memmolo et al. [37] (by permission of The Optical 
Society): (a) and (d) are the results of the denoising, (b) and (e) are the results of extraction algorithm, (c) and (f) are the 
best fit ellipses.
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• curvilinear velocity (VCL), i.e., the total distance that the sperm head covers in the observation 
period;

• straight-line velocity (VSL), i.e., determined from the straight-line distance between the 
first and last points of the trajectory and gives the net space gain in the observation period;

• average path velocity (VAP), i.e., the distance the spermatozoon has traveled in the average 
direction of movement in the observation period;

• linearity (LIN): a comparison of the straight-line and curvilinear paths;

• wobble (WOB): a comparison of the average and curvilinear paths; and

• amplitude of lateral head displacement (ALH).

However, traditional techniques provide all these data as in-plane parameters. Conversely, 
the holographic approach allows adding 3D information about the trajectory followed by 
the sperm cells in a volume. This additional information can provide a better understand-
ing of the sperm behavior and its relation with male infertility [40]. The 3D trajectories 
of human sperms across a large volume have been dynamically tracked by the Ozcan’s 
group using a lens-free holographic approach [41]. The employed method generates the 
hologram by the interference of two components of the same light beam (in-line configu-
ration). In particular, the holographic setup is composed of two partially coherent light-
emitting-diodes (LEDs) at two different wavelengths that illuminate the sperms vertically 
(red wavelength) and obliquely at 45° (blue wavelength) [41]. The combination of these 
two different images allows determining the 3D location of each sperm. In Figure 6, the 
3D dynamic swimming patterns of human sperm evaluated by means of this approach are 
illustrated. In particular, the volume investigated was relative to a depth-of-field of about 
0.5–1 mm and a field-of-view of >17 mm2. The results show that most part of sperm (90%) 
moves forward swiftly along a slightly curved axis. The remaining part of spermatozoa 
exhibit a helical trajectory with a noticeable movement along the z-axis (about 4–5%) or a 
hyperactivated 3D swimming with large lateral movements (<3%) or a hyperhelical pattern 
(about 0.5%).

By means of the observation of these trajectories on a large number of sperm cells (>1500), a 
statistic analysis on various parameters has been estimated; in particular, in Table 4 some of 
these parameters are summarized.

Furthermore, thanks to the high accuracy of the technique, the authors observed that among 
the helical human sperms, a significant majority (approximately 90%) preferred right-handed 
helices over left-handed ones, with a helix radius of approximately 0.5–3 μm.

A different approach has been proposed by Di Caprio et al. [42]. In particular, the authors 
used an off-axis set-up and the capabilities of holographic technique to retrieve in-focus 
images independently of the focal plane of the acquire image. Thus, in order to estimate 
the swimming trajectories of human sperm, a set of holograms was recorded, keeping con-
stant the distance between the sample and the microscope objective. Each retrieved image 
is used to evaluate the X and Y coordinates of sperm cells, whereas to obtain the Z position, 
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a numerical self-focusing function was applied on the reconstructed images [43–45]. It is 
worth noting that the possibility to keep constant the distance sample-objective, allows an in 
vitro volumetric field reconstruction, i.e., not possible with the traditional optical techniques. 
Authors applied this approach to estimate the swimming pattern of a spermatozoon with a 
bent tail. As shown in Figure 7, this morphological anomaly causes a nonlinear out-of-plane 
motion.

Moreover, the authors reported the simultaneous tracking of five human spermatozoa, moving 
on a different focal plane (Figure 8). From the trajectories displayed in Figure 8, an anomalous 
one can be recognized (indicated by an arrow). In fact, while every other cell moves in paral-
lel, the anomalous spermatozoon swims along a broken track and on a tilted direction.

Figure 6. Swimming trajectories of human sperms evaluated by Ozcan’s group Ref. [41] (by permission of the National 
Academy of Sciences). (A) The typical pattern. (B) The helical pattern. (C) The hyperactivated pattern. (D) The hyperhelical 
pattern. The inset in each panel represents the front view of the straightened trajectory of the sperm.

VCL [μm/s] VSL [μm/s] Linearity [μm/μm] ALH [μm]

Mean value 88.0 ± 28.7 55.7 ± 24.9 0.61 ± 0.21 5.4 ± 2.9

Table 4. Mean values of some parameters related to the motility of human sperm: curvilinear velocity (VCL), straight-line 
velocity (VSL), linearity, amplitude of lateral head displacement (ALH) [41].
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This anomalous behavior has been also confirmed by the retrieved motility parameters. In 
fact, the VSL measured for cell 1 (green) was about 10 μ/s, i.e., a value lower than those relating 
to other four cells (VSLmean = 20 μ/s) and describes effectively the inefficient cell movement. 
Moreover, the “normal” cells (cells 2, 3, 4 and 5) have a reduced oscillation around the average 
path; in fact, their wobble is pretty uniform around 0.97 and 0.99. On the other hand, this 
value is sensibly lower for the “abnormal” cell, providing a quantitative description of the 
wide fluctuation of the spermatozoon head.

5. Combined approaches

A recent improvement in DH technique was proposed by Coppola’s group combining DH 
with Raman spectroscopy [26]. This combined approach allows to simultaneously study bio-
chemical and morphological characteristics of human sperm cells irradiated with green laser 
radiation. The scheme of the combined phase imaging interferometer and Raman microscope 
system is illustrated in Figure 9.

Figure 7. Transversal (a) and 3D path (b) of a sperm cell presenting a bent tail Ref. [42] (by permission of The Optical 
Society).

Figure 8. Multiple sperm cells tracking. Transversal (a) and reconstructed 3D path (b). Scale bar is 20 μm, data were 
acquired each 11 s. Ref. [42] (by permission of The Optical Society).
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The combined system consists of a holographic set up as described in Section 2 utilizing 
a red coherent laser source, combined with a Raman microscope where the probe source 
was a separate diode laser (green source). The same objective lens used for the holographic 
imaging was also used to focalize the Raman probe on the sample and to collect the back-
scattered light. The advantage offered by the holographic approach to numerically refocus 
the object under test is instrumental for the proposed combined approach. Indeed, in order 
to maximize the Raman signal, the Raman probe (green-laser) has to be focused on the 
specimen. However, due to chromatic aberration, the holographic image acquired by using 
the coherent red laser results out of its focal plane. By means of the refocusing algorithm, 
this problem can be overcome so that the Raman spectra and the holograms can be acquired 
simultaneously. Figure 10(a) represents the reconstructed amplitude map at the acquisition 
plane obtained by in a single-shot measurement, out of its focal plane, of the investigated 
spermatozoon. Then, the amplitude map in Figure 10(b) was numerically processed by 
using the refocusing algorithm [26], providing the focused amplitude map of the propa-
gated object field reported in Figure 10(b). A pseudo 3D representation of this phase map is 
reported in Figure 10(c).

Figure 9. Combined system allowing the simultaneous phase imaging and Raman spectroscopy measurements [26]. 
OBJ1: fiber-coupling objective; OBJ2: microscope objective; YF: single wavelength optical fiber; C1, C2: beam collimators; 
A: attenuator; L1–L4: lenses; λ/2: half-plate; BS: beam splitter; LPF: long-pass filter; M1, M2: mirrors; DM: dichroic 
mirror; CCD1: CCD camera for holographic imaging; CCD2: CCD camera of the monochromator; BS45: 45° dichroic 
beam splitter; NF0: 0° notch filter; S: monochromator.

Figure 10. (a) Reconstructed amplitude map at the plane of acquisition; (b) Reconstructed amplitude map of the region 
of interest at the focus plane; (c) Pseudo 3D representation of the phase map of the region of interest at the focal plane. 
Ref. [26] (by permission of IEEE Society).
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By using this combined approach, the effect of the green-laser light (Raman probe) by irra-
diating a specific region of the sperm cell was investigated for an increasing laser power 
from 4.4 to 50 mW, corresponding to the fluences in the range of 13–165 MJ/cm2. The posta-
crosomal sperm cell region was irradiated for 3 s, and after each exposure, a single holo-
gram and a Raman spectrum were simultaneously acquired. Raman measurements were 
performed using a green-laser power of 0.5 mW on the sample and an integration time of 20 
s (green-light fluence of 10 MJ/cm2); while, the red-light used for holographic measurements 
was set at 100 mW (red-light fluence of 100 mJ/cm2). For the selected experimental conditions, 
any possible degradation effect associated with the red-laser light can be neglected [46]. Indeed, 
no adverse effects on the cells were observed even after hours of irradiation with red-laser 
light [47]. The biochemical characterization highlighted that the Raman bands related to local-
ized vibration of the DNA bases (700–800 cm−1) remains almost invariant when irradiated by 
the green-laser light, while the Raman bands associated with O-P-O (Oxygen-Phosphorus- 
Oxygen) backbone (900–1100 cm−1) are subjected to photoinduced oxidation [47] and the 
peak at 1095 cm−1 decreases in intensity proportionally to the break of the double-helical 
structure with the fluences increase [48]. More precisely, it was observed that intensity 
decreases already after 30 MJ/cm2 when no morphological changes were detected. In the 
spectral range of 1200–1400 cm−1, the observed reduction in intensity of the peaks is at 1250 
and 1375 cm−1, already for fluence of 30 MJ/cm2 was due to possible alterations in the second-
ary and tertiary conformation of proteins. Finally, all native nucleic acids exhibiting a broad 
and intense band near 1668 cm−1, which originates from coupled C=O stretching and N–H 
deformation modes, are highly sensitive to disruption of Watson-Crick hydrogen bonding 
[47, 49]. At fluences higher than 150 MJ/cm2, the spermatozoon is completely disintegrated 
[26]. Regarding the simultaneous morphological analysis, Figure 11 shows the phase pro-
file variations associated with the irradiating fluences, along the line SS′ (Figure 11(b)) and 
PP′ (Figure 11(c)), representing two different directions along the spermatozoa structure 

Figure 11. (a) Reconstructed phase map of the region of interest at the focus plane; the lines along which the profile 
is monitored during the exposition are highlighted. The Raman spectrum is acquired in the postacrosomal region. (b) 
Phase profile of the irradiated sperm cell at three different selected laser fluences along the lines SS′ and (c) PP′. Ref. [26] 
(by permission of IEEE Society).
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(Figure 11(a)). The arrows indicate the regions of the sperm cells where the most relevant 
morphological variations were observed.

In Figure 11(b) and (c) a progressive reduction in the height, and therefore in the volume, is 
well visible, suggesting a sort of “photoporation” near the exposed region. At fluences higher 
than 150 MJ/cm2, the sperm cell seemed to swell and an increase of the luminescence back-
ground of the Raman signal was observed confirming a local heating of the sample [47] due 
to the absorption at 532 nm [50–53].

6. Conclusion

In this chapter, an overview of the recent achievements in holography imaging applied to 
both morphological and motility characterizations of sperm cells has been reported. Results 
obtained by means of digital holography have demonstrated the possibility to provide 3D 
information on both the morphology and motility of sperm cells; this information could be 
used to better emphasize the differences between normal and abnormal sperm morphol-
ogy. Moreover, the DH approach is a noninvasive technique, allowing the analysis of live 
spermatozoa, such as 3D tracking of the spatial motion, in order to select normal sperm 
cells. In particular, the possibility offered by digital holography to add the third dimension 
in the sperm analysis will give information useful both to relate the sperm anomalies with 
male infertility and to enable differentiation of the spermatozoa in good health. Finally, DH 
can be easily combined with other techniques allowing different simultaneous character-
ization. Indeed, it was demonstrated that a promising optical approach, based on digital 
holography and Raman spectroscopy technologies can be used for the quality assessment of 
spermatozoa. Applying this combined approach for analyzing the sperm cells, high-resolu-
tion images, and Raman spectra have been obtained, clearly highlighting some morphologi-
cal and biochemical alterations. In particular, DH and Raman spectroscopy simultaneous 
approach was used for studying the photodamage induced by visible green light in the 
spermatozoa structure.
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Abstract

Liquid crystal gratings, in which liquid crystal molecules are periodically aligned, are
fabricated by highly efficient and practical one-step holographic photoalignment
method using a photocrosslinkable polymer liquid crystal (PCLC). This method is an
innovative fabrication technique for liquid crystal grating containing a twisted nematic
alignment, which does not require a conventional complex fabrication process. In this
chapter, three types of liquid crystal gratings with twisted nematic alignment are fabri-
cated. Periodic director distributions of these liquid crystal gratings are analyzed based
on the elastic continuum theory and observed experimentally using a polarized light
optical microscope. Furthermore, the polarization diffraction properties were measured
by illumination with a visible laser beam. The resultant liquid crystal gratings exhibit
various polarization diffraction properties depending on the director distributions and
the polarization states of the incident beams. These polarization diffraction properties
are well explained by theoretical analysis based on Jones calculus. These resultant liquid
crystal gratings exhibit great potential for application as a diffractive optical element
that can simultaneously control the various parameters of the light wave, such as
amplitude, polarization states, and propagation direction.

Keywords: diffraction gratings, liquid crystals, polarization, Jones calculus, photocros-
slinkable polymer liquid crystals

1. Introduction

Control of the various parameters, such as amplitude, polarization states, wavelength, and
propagation direction of the light wave, is of great importance in a wide range of fields,
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including the optoelectronics field. In particular, diffractive optical elements, in which light
wave propagation is controlled by diffraction phenomena, are expected to realize such a
function. Generally, light propagating inside the diffractive optical element is diffracted by
inducing a phase difference to the light propagating through a medium whose shape or
isotropic refractive index is periodically modulated. In addition, anisotropic diffractive optical
elements in which the optical anisotropy is periodically modulated have been reported [1–10].
Anisotropic diffractive optical elements show the polarization controllability which the dif-
fraction efficiency and polarization states depend on the polarization states of the incident
beams. This is because various modulations of an effective refractive index along a grating
vector depend on incident electric field vectors.

Structures, fabrication techniques, and materials of anisotropic diffraction gratings are wide
ranging. In particular, polarization holographic recordings on an azobenzene-containing mate-
rial are a typical fabrication technique andmaterials [1]. When two orthogonally (i.e., the product
of the electric field vector and the complex conjugate of the other electric field vectors is zero)
polarized beams interfere with each other, the polarization state is periodically modulated in the
interference field; however, the intensity is not modulated. Therefore, with simultaneously
induced photoisomerization reactions depending on a direction of incident polarized light, a
periodically modulated anisotropic structure is fabricated by exposure of azobenzene polymer
films to the orthogonal polarization interference field. In addition, liquid crystal (LC) gratings, in
which LC directors are periodically modulated by periodically aligned films, are mentioned as
an example of anisotropic diffractive optical elements [2–10]. Photoalignment by holographic
exposure [2, 4, 8, 9], photo-masking exposure [3], microrubbing method [5], and using an
interdigitated electrode [6] are the common methods of the fabrication methods of LC gratings.
Photoreactive polymer LCs are mentioned as materials to use for alignment films other than
azobenzene-containing material [2–4, 7–10]. LC gratings can be applied to optical switching
elements by applying a voltage [2, 4–6]. Moreover, control of diffraction properties and wave-
length selection properties is realized by birefringence control in LC gratings using temperature
control [10]. In addition, diffraction efficiencies of each diffraction order (i.e., the direction of
propagation) can be controlled by the incident polarization in LC gratings in which the LC
directors continuously rotate along the grating vector [2, 4, 7, 8]. LC grating is not limited to a
transmission type; there is also a reflection type [4]. The diffraction efficiency of LC grating is
higher than the anisotropic diffractive optical elements of thin film type. This is because the
thickness of the structure LC grating induces a large phase difference due to a thick structure.
Based on these, LC gratings are suitable to be applied to optical elements that can simultaneously
control the parameters of a light wave. However, fabricating an LC grating requires periodically
and finely alignment processing in two alignment films and accurate fabrication technique so as
not to shift the two alignment patterns.

In this chapter, we propose the efficient yet practical method for fabricating LC gratings
containing a twisted nematic (TN) alignment structure using polarization holographic
photoalignment and photocrosslinkable polymer LC (PCLC) synthesized by us as alignment
films. First, as a preliminary experiment, we experimentally demonstrate that different pat-
terns between two alignment substrates can be applied by one-step linearly polarized UV
beam irradiation to an empty glass cell whose inner walls are coated with PCLC films. In
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addition, we show that fabrication of three types of LC gratings by one-step exposure of the
empty glass cells to polarized interference UV fields. The periodic director distributions of the
resultant LC gratings are observed experimentally by polarized light microscopy and are
analyzed based on the elastic continuum theory. Furthermore, the polarization diffraction
properties are measured experimentally by the incident of a visible laser and analyzed theo-
retically by Jones calculus.

2. One-step photoalignment for fabricating a TN-LC cell

2.1. Materials

In this chapter, a PCLC with 4-(4-methoxycinnamoyloxy)biphenyl side groups (P6CB) is adopted
as materials of alignment substrates. The chemical structure of P6CB is shown in Figure 1. The
synthetic method and the details of the characteristics can be found in reference [11]. In the P6CB
alignment films after linearly polarized UV light exposure, axis-selective cross-linked LC
mesogens act as a trigger, the cooperative reorientation of the side chains is induced during the
annealing process as shown in Figure 2. The LC mesogen alignment due to the cross-linking
reaction is thermally and long-term stable. P6CB shows the absorption in the ultraviolet light;
however, it does not show absorption in the visible region. Therefore, P6CB is suitable for applica-
tion to optical elements. In addition, the order parameter of P6CB depends on cross-linking
density, which is proportional to the exposure dose. When the exposure dose is greater than 100
mJ/cm2, mesogens of P6CB are oriented parallel to the polarization direction of linearly polarized
UV after the annealing process. However, when the exposure dose is less than 100 mJ/cm2,
mesogens are oriented perpendicularly to the polarization direction of the linearly polarized UV.

Figure 1. Chemical structure of PCLC with 4-(4-methoxycinnamoyloxy)biphenyl side groups (P6CB).

Figure 2. Schematic illustration of alignment mechanism and dependence of alignment direction on exposure dose in the
P6CB.
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2.2. Experiment and results

By applying the feature of P6CB described above, we propose a one-step photoalignment
method as shown in Figure 3. In this one-step photoalignment method, orthogonal alignment
direction between the two P6CB substrates is applied by linearly polarized UV beam irradia-
tion to an empty glass cell whose inner walls are coated with P6CB. The one-step photo-
alignment method is realized by leveraging the phenomenon that the exposure dose between
the two P6CB films is different due to the light absorption in the front P6CB film as shown in
Figure 3. Therefore, a TN-aligned LC cell can be fabricated by injecting low-molecular-mass
LCs in the empty glass cell. The experimental procedure and results of the demonstration
experiment of the one-step photoalignment are described below.

P6CB substrates were prepared by spin coating, a solution of 1.5 wt% P6CB in methylene
chloride on cleaned glass substrates. The spin coating in the first step is carried out for 3.0 s at
500 rpm, and then the second step is carried out for 40.0 s at 1500 rpm; these steps are
continuous. The thickness of the resultant P6CB films on the glass substrates was 0.3 μm. An
empty glass cell was fabricated by interposing 12 μm-thick spacers between two P6CB sub-
strates, and then these were adhered using an epoxy-based adhesive. The empty glass cell was
exposed to the linearly polarized UV beam as shown in Figure 3. A 325 nm wavelength He-Cd
laser, which operates in TEM00 mode and emits a linear polarization, was used as the light
source. The cross-sectional area of the beam was set to 0.04 cm2 using two planoconvex lenses
with different focal lengths. The beam intensity was set to 50 mW/cm2. In this experiment, the
exposure dose varied from 90 to 525 mJ/cm2 in 72.5 mJ/cm2 steps by changing the exposure
time from 1.8 to 10.5 s. After laser irradiation, the empty glass cell was annealed at 150°C for 15
min. After cooling to room temperature, the empty glass cell was filled with the nematic LC 4-
pentyl-4′-cyanobiphenyl (5CB, Merck Japan K-15) through capillary action. The transmitted
light from the resultant LC cell was observed by crossed Nichols method when a white light
was used as the light source. In addition, the polarization state of the transmitted light was
measured by the rotation-analyzer method using a Glan-Thompson prism as the analyzer. A
633 nm wavelength linearly polarized He-Ne laser, which was incident normal to the plane of
the P6CB substrates, was used as the probe beam.

Figure 3. Schematic illustration of fabrication procedure of TN-LC cell by one-step photoalignment method.
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Figure 4 shows the photograph of the resultant LC cell under crossed Nicol polarizers and the
polarization states of the incident and transmitted beams. The polarization direction of the
irradiated linearly polarized UV beam in the photoalignment process is parallel to the trans-
mission axis of the analyzer as shown in Figure 4(a). Therefore, the bright fields and the dark
fields are 90° TN alignment and 0° planar alignment, respectively. The 0° planar alignment
structure can be also fabricated. This is because the sufficient exposure dose to align the P6CB
along the polarization direction of the irradiated UV beam in the behind substrates can be
given by increasing the exposure dose to the empty glass cell. The transmittance of the 325 nm
wavelength UV beam in the front P6CB substrate is approximately 30%; however, the trans-
mittance increases gradually during UV irradiation. The alignment structures are different
between the inside and the outside of the exposed spots because the transverse mode of the
irradiated UV laser is TEM00 (i.e., an intensity distribution in accordance with a Gaussian
function exists in the beam cross section). Figure 4(b) shows the polarization states of the
incident and transmitted beams which through the spots are exposed at 235 mJ/cm2 (TN, the
third spot from the left) and 525 mJ/cm2 (planar, the rightmost) in the photoalignment process.
The polar plot represents the azimuthal distribution of the measured light intensity. The
polarization azimuth of the probe beam which was transmitted through the TN alignment
regions rotates 90°. Note that, the probe beam is not completely rotated 90° because the
resultant LC cell does not strictly satisfy Morgan condition. Moreover, in the 0° planar align-
ment regions, the polarization states do not vary. These results indicate that the 90° TN and 0°
planar alignment can be fabricated by one-step photoalignment method.

3. TN-LC gratings fabricated by one-step holographic photoalignment

3.1. Holographic photoalignment

LC gratings containing the TN alignment can be fabricated by extended to an interference
exposure from the single beam one-step photoalignment described above. By exposure of the
empty glass cell to UV interference beam in which polarization states are periodically modu-
lated, LC gratings are fabricated accurately and efficiently. In the present study, three types of
LC gratings, which hereafter referred to as the “continuous,” “binary,” and “planar TN,” are
fabricated. These LC gratings are fabricated using the common two-beam interference optical

Figure 4. (a) Photograph of the resultant LC cell fabricated by one-step photoalignment under crossed Nicol polarizers.
(b) Polarization states of the input and the output beams.
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system shown in Figure 5. The light source was He-Cd laser which was the same as that used
in the previous experiment of the one-step photoalignment. The cross-sectional area of the
beam was expanded to 0.04 cm2. The crossing angle was 0.3°, and the resultant modulation
period of the electric field was 60 μm. The polarization states of the interfering beams were
adjusted using the half-/quarter-wave plates. The intensity ratio of the interfering beams can be
controlled by adjusting the polarization azimuth, which was an incident on the polarization
beam splitter, using the half-wave plate. The one-step holographic photoalignment for the
fabrication of the three types of LC gratings is described below individually. The empty glass
cells used in the present experiment were the same as that described in Section 2.2. Moreover,
the annealing process after the UVexposure and the injection process of nematic LCs were also
the same.

3.1.1. Continuous LC gratings

Figure 6 shows the fabrication procedure for the continuous LC grating with 0° planar or with
90° TN alignment. In the continuous LC grating, LC directors are constantly rotated along the
grating vector. These were fabricated by one-step circular polarization interference exposure.
When two orthogonally circular polarized beams interfere with each other, the polarization
azimuth of the linear polarization in the interference field is continuously modulated; how-
ever, the polarization ellipticity and the intensity are not modulated. Therefore, the periodic
alignment process, in which alignment directions are continuously rotated along the grating
vector, can be simultaneously applied to two P6CB alignment films in the empty glass cell.
Moreover, the same alignment pattern and the orthogonal pattern with each other (i.e., the
period of the pattern is shifted by a half period with each other) can be applied into the empty
glass cell by adjusting the exposure dose as shown in Figure 6(b). In this experiment, the beam
powers of both interfering two beams were set to 2 mW. The exposure doses to fabricate the

Figure 5. Optical system for two-beam interference exposure. NDF, M, PBS, and H/QWP represent the neutral-density
filter, mirror, polarization beam splitter, and half-/quarter-wave plates.
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continuous LC grating with planar and with TN alignment were set to 400 mJ/cm2 and 200 mJ/
cm2, and the exposure times were set to 8.0 s and 4.0 s, respectively. The self-diffraction from
the front P6CB substrate during the photoalignment process does not occur because the optical
anisotropy of P6CB is induced after annealing. The continuous LC gratings with planar or with
TN alignment were fabricated by injecting the nematic LC after annealing process as shown in
Figure 6(c).

3.1.2. Binary LC gratings

Figure 7 shows the fabrication procedure for the binary LC grating with 0° planar or with 90°
TN alignment. In the binary LC grating, LC directors are changed periodically and discretely
by 90° in the grating vector. These were fabricated by one-step exposure of the empty glass
cells to the UV interference field obtained by the interference of linearly polarized beams
which were inclined +45° and �45° from the x-axis. The interference field periodically modu-
lates the polarization states only because the +45° and �45° linear polarizations are orthogo-
nality relation. The polarization ellipticity in the interference field is continuously modulated
in the range from 0.0 to 1.0, and the polarization azimuth is discretely changed by 90° at the
boundary point where the polarization ellipticity is 1.0; the polarization state changes between
�S3 via �S1 in Poincaré sphere. Considering that the alignment direction of P6CB in the
alignment films is predominantly in the longitudinal direction of the irradiated elliptical
polarization, the alignment direction in the alignment films is periodically and discretely
changed by 90° after annealing as shown in Figure 7(b). However, the regions in the alignment
films which were irradiated elliptical or circular polarization involve the decline in the anchor-
ing energy. In this experiment, the exposure doses to fabricate the continuous grating with
planar and with TN alignment were set to 600 mJ/cm2 and 200 mJ/cm2. Other experimental
conditions and fabrication procedure were identical to those for the previously described
continuous LC gratings.

Figure 6. Schematic of the fabrication procedure for the continuous LC grating. (a) One-step exposure of an empty glass
cell to a UV interference beam obtained by interfering reverse rotated circularly polarized beams with each other, (b)
periodic alignment patterns after annealing in the P6CB films, and (c) director distributions after injecting with a nematic
LC (5CB).
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3.1.3. Planar-TN-LC grating

Figure 8 shows the fabrication procedure for the planar-TN-LC grating. In the planar-TN-LC
grating, 0° planar and 90° TN alignment are periodically intermixed in the grating vector. This
was fabricated by one-step exposure of the empty glass cell to the UV interference field
obtained by the interference of linearly polarized beams which were inclined 90° from the x-
axis. The interference field periodically modulates the intensity only. When the beam powers
of interfering two beams are the same, the visibility of the interference field is maximum. This
indicates that there are regions where the intensity in the interference field is nearly zero; the
photoalignment is not applied in these regions. Therefore, the beam power ratio of the inter-
fering linearly polarized beams was intentionally shifted from 1:1 to reduce the visibility from
1.0. Moreover, the planar-TN-LC grating can be fabricated by adjusting to the appropriate
beam power ratio because the exposure dose varies along the x-axis position. The maximum
intensity Imax and minimum intensity Imin in the interference field can be calculated as

Figure 7. Schematic of the fabrication procedure for the binary LC grating. (a) One-step exposure of an empty glass cell to
a UV interference beam obtained by interfering orthogonal linearly polarized beams with each other, (b) periodic
alignment patterns after annealing in the P6CB films, and (c) director distributions after injecting with a nematic LC (5CB).

Figure 8. Schematic of the fabrication procedure for the planar-TN-LC grating. (a) One-step exposure of an empty glass
cell to a UV interference beam obtained by interfering parallel linearly polarized beams with each other, (b) periodic
alignment patterns after annealing in the P6CB films, and (c) director distributions after injecting with a nematic LC (5CB).
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Figure 8. Schematic of the fabrication procedure for the planar-TN-LC grating. (a) One-step exposure of an empty glass
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alignment patterns after annealing in the P6CB films, and (c) director distributions after injecting with a nematic LC (5CB).
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Imax ¼ I1 þ I2 þ 2
ffiffiffiffiffiffiffiffi
I1I2

p
Imin ¼ I1 þ I2 � 2

ffiffiffiffiffiffiffiffi
I1I2

p ;

�
(1)

where I1 and I2 represent the beam intensities of the interfering beams. As calculation condi-
tions, Imax = 600 mJ/cm2 and Imin = 200 mJ/cm2 were set. From these conditions, I1 and I2 were
determined to be 2.5 mW/cm2 and 37.5 mW/cm2, and the derived exposure time is 10 s.
However, in the result of the preliminary experiment based on this condition, planar areas
were larger than the TN areas in the resultant planar-TN-LC grating (i.e., an overall ratio of the
planar and the TN areas was not 1:1). Therefore, the exposure time was experimentally
determined in 8.0 s to achieve an overall 1:1 ratio of the planar and the TN areas. Other
experimental conditions and fabrication procedure were identical to those for the previously
described continuous LC gratings.

3.2. Observation results of director distributions by polarized light microscopy

Figure 9(a) and (b) shows the photographs of the continuous LC grating with planar and with
TN alignment, respectively. The transmittance in the photographs continuously varies along the
grating vector. The full dark fields, where the LC directors incline by 0° or 90° with respect to the
transmission axes of the polarizer and the analyzer, exist in the planar alignment of the continu-
ous LC grating as shown in Figure 9(a). Note that the transmittance of the bright fields, where
the LC directors incline by 45° with respect to the transmission axes, depends on the retardation
of the LC grating. This is because the polarization state of output electric field changes between
�S3 in Poincaré sphere depending on the retardation when the linear polarization inclined by 45°
with respect to an optical axis is incident. In the TN alignment shown in Figure 9(b), when the
LC directors of the alignment film interface incline by 0° or 90° with transmission axes of the
polarizer and the analyzer, the transmittance of white light is maximized. Full dark fields do not
exist. Figure 9(c) and (d) shows the photographs of the binary LC grating with planar and with
TN alignment, respectively. For the reasons described above, the entire region can be seen as full
dark fields in the planar alignment as shown in Figure 9(c), and the entire region can be seen as
bright fields in the TN alignment as shown in Figure 9(d). Moreover, vertical lines extending
perpendicular to the grating vector direction are observed. These lines represent the “transition
regions” between the binary regions, which will be detailed later. Figure 9(e) shows the photo-
graphs of the planar-TN-LC grating. The full dark fields and the bright fields are seen to
alternate, and the distribution of full dark fields and bright fields is inverted by interchanging
the crossed Nicol and parallel Nicol polarizers, as shown in Figure 9(e-1) and (e-2). These results
indicated that the director distributions of the resultant LC gratings were nearly the same as the
initially designed director distributions shown in Figures 6(c), 7(c), and 8(c).

3.3. Numerical analysis of director distributions and diffraction properties

It is important to consider quantitatively the observed director distributions of the resultant LC
gratings based on a physical theory. The director distributions of the LC gratings are not
determined uniquely and strictly by only patterns of alignment films. Therefore, in some case,
the slightly different director distributions from the ideal distributions were obtained as
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described in Section 3.2. In this section, the estimation method of the static director distribu-
tions based on the elastic continuum theory of a nematic LCs is described below.

In LC gratings, LCs are anchored by alignment films, and then spatial nonuniformities in LC
directors are induced. Since LCs have elastic properties, restoring forces and elastic free
energies are increased by these elastic deformations. Moreover, when the spatial nonunifor-
mities (i.e., total elastic free energies) are minimized, the periodic director distributions of the
LC gratings are stable. Therefore, the detailed director distributions can be estimated by
calculating the condition which the total free energy is minimized. The total elastic free energy
of the LC grating is obtained by spatially integrating the elastic free energy per unit volume
shown in the following equation:

f ¼ 1
2
K1 ∇ � nð Þ2 þ 1

2
K2 n � ∇ ·nð Þ½ �2 þ 1

2
K3 n · ∇·nð Þj j2; (2)

where K1, K2, and K3 represent the elastic constants the splay, twist, and bend of nematic LCs,
respectively. n represents the director of the nematic LCs in the xyz coordinate frame. The x-
axis is parallel to the grating vector, and the z-axis is parallel to the thickness direction which
follows to the definition shown in Section 3.1. Based on the premise that the director is not
tilted in the z-axis, the director n is defined as n = (cosφ, sinφ, 0), where φ represents the angle
between the x-axis and the director n. By substituting the director n into Eq. (2), we obtain

f ¼ 1
2
K1

∂φ
∂x

� �2

sin 2φþ 1
2
K2

∂φ
∂z

� �2

þ 1
2
K3

∂φ
∂x

� �2

cos 2φ; (3)

Figure 9. Photographs of the resultant LC gratings observed by polarized light microscopy. (a) Continuous LC gratings
with planar alignment and (b) TN alignment. (c) Binary LC gratings with planar alignment and (d) TN alignment. (e)
Planar-TN-LC gratings under (e-1) crossed Nicol polarizers and (e-2) parallel Nicol polarizers. The part of the figure is
reproduced by the kind permission of The Optical Society of America from Applied Optics 54, 6010-6018 (2015).
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where K1 = 6.4 pN, K2 = 3.0 pN, and K3 = 10.0 pN [12]. The total elastic free energy F of one
period is obtained by spatially integrating Eq. (3) as given by

F ¼
ðd
0

ðΛ
0
f dxdz; (4)

where d and Λ represent the cell gap and the grating pitch of LC gratings, respectively. As
described above, the director distribution is determined by calculating φ when the total elastic
free energy is minimized. Specifically, the director distribution can be calculated as ∂F = 0. We
adopted the finite element method to solve this variational problem of the functional. In this
numerical calculation, we applied periodic boundary conditions for speeding up the calcula-
tion. Moreover, we set fixed boundary conditions in the alignment substrates at z = 0 and z = d
by assuming strong anchoring conditions of P6CB alignment films shown in Table 1.

Figure 10 shows a cross-sectional view of the director distributions in the LC gratings over one
period as calculated by the elastic continuum theory of nematic LCs. The ideal director distri-
butions shown in Section 3.1 were obtained. However, especially in the binary LC gratings
[Figure 10(c) and (d)], the LC directors do not change abruptly at the boundary of two regions
(i.e., previously described “transition regions”). These results indicate that LC directors in the
LC grating are not induced steep elastic deformations in order to prevent increasing locally
elastic free energies.

To consider quantitatively the effects on the diffraction properties due to transition regions, the
numerical solutions of the diffraction properties are calculated on the basis of Jones calculus
using the obtained director distribution shown in Figure 10. To calculate the phase distribu-
tions of the nematic LC phases, we consider the birefringence plate of n layers, and the Jones
matrix W of the LC gratings can be written as

W xð Þ ¼ Wout xð Þ �
Yn
m¼1

Wm xð Þ
 !

�Win xð Þ; (5)

where Win and Wout are Jones matrices for the P6CB alignment films at the input and output
sides, respectively, and Wm represents the LC phase of the mth layer. These are given by

Boundary position Continuous Binary Planar-TN

Planar TN Planar TN

z = 0 πx/Λ πx/Λ 0(0 ≤ x < Λ/2)π/2
(Λ/2 ≤ x ≤ Λ)

0(0 ≤ x < Λ/2)π/2
(Λ/2 ≤ x ≤ Λ)

π/2

z = d πx/Λ πx/Λ + π/2 0(0 ≤ x < Λ/2)π/2(Λ/2 ≤ x ≤ Λ) π/2(0 ≤ x < Λ/2)0
(Λ/2 ≤ x ≤ Λ)

0(0 ≤ x < Λ/2)π/2
(Λ/2 ≤ x ≤ Λ)

Table 1. Boundary conditions of the three types of LC gratings φ(x) at z = 0 and z = d.
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Win=out xð Þ ¼ R �φ xð Þ� � � exp �iπΔnPdP=λð Þ 0
0 exp iπΔnPdP=λð Þ

� �
� R φ xð Þ� �

; (6)

Wm xð Þ ¼ R �φ xð Þ� � � exp �iπΔndm=λð Þ 0
0 exp iπΔndm=λð Þ

� �
� R φ xð Þ� �

; (7)

where R represents the coordinate rotation matrix. Δn and ΔnP are the optical anisotropy of the
nematic LCs and the P6CB alignment films, respectively. λ is the wavelength of the probe
beam. dm and dP represent the thicknesses of the nematic LC layers (d/n = dm) and P6CB
alignment films, respectively. The parameters used in the calculation are Δn = 0.18, ΔnP = 0.2,
dP = 300 nm, and λ = 633 nm. The electric field transmitted through the LC gratings is obtained
by multiplying the incident electric field vector by the Jones matrices W. The diffraction
properties are obtained by Fourier transform of the spatial distributions of the output electric
field vector. The resultant numerical solutions of the diffraction properties will be described
later in conjunction with the measurement results.

3.4. Analytical solutions by Jones calculus

It is important to obtain mathematically the analytical solutions of diffraction properties to give
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; (6)
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� �
� R φ xð Þ� �
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3.4.1. Continuous LC gratings

In the resultant continuous LC gratings, the alignment direction of the 0° planar alignment or
90° TN alignment is rotated continuously along the grating vector [Figure 6(a)]. Therefore,
rotation matrix which depends on the position ξ (=2πx/Λ) in the grating vector is introduced
into the Jones matrix of the continuous LC gratings as shown in the following:

Wcontinuous
planar=TN ¼ R �ξ

2

� �
�WPlanar=TN � R ξ

2

� �
; (8)

where WPlanar and WTN represent Jones matrices of the 0° planar and 90° TN alignment,
respectively, as shown in the following:

Wplanar ¼ exp �iΓ2ð Þ 0
0 exp iΓ2ð Þ

� �
; (9)

WTN ¼ R �Φð Þ � cosX� iΓ sinX2X Φ sinX
X

�Φ sinX
X cosXþ iΓ sinX2X

� �
; (10)

where Γ (=2πΔnd/λ) stands for the phase retardation, Φ (=π/2) represents the twisted angle in

the TN alignment, and X is defined as
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Φ2 þ Γ=2ð Þ2

q
. By substituting the Eq. (9) or (10) into

Eq. (8) and separating perturbation terms which depend on the position ξ, we obtain the Jones
matrices of the continuous LC gratings with the planar or with TN alignment which contribute
to �1st-order diffraction, as follows:

Wcontinuous
planar ¼ i

2
sin

Γ
2

1 �i
�i �1

� �
exp �iξð Þ; (11)

and

Wcontinuous
TN ¼ i

Γ sinX
4X

∓i �1
�1 �i

� �
exp �iξð Þ (12)

The electric field vector of the �1st-order diffracted beam is derived by multiplying the electric
field vector of the incident beam shown in the following:

Ein ¼ cosΨð Þexp iδð Þ
sinΨ

� �
; (13)

where Ψ and δ represent the amplitude ratio angle and the phase difference. Therefore, the
electric field vector of the �1st-order diffracted beams are given by

Eout planarð Þ ¼ Wcontinuous
planar � Ein ¼ i

2
sin

Γ
2

� �
exp �iξð Þ � cosΨexp iδð Þ � i sinΨ

� � 1
�i

� �
; (14)

and
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Eout TNð Þ ¼ Wcontinuous
TN � Ein ¼ i

Γ sinX
4X

exp �iξð Þ � ∓i cosΨexp iδð Þ � sinΨ
� � 1

∓i

� �
: (15)

These analytical solutions indicate that the polarization states of the �1st-order diffracted
beams from both the planar and the TN alignment are always circular polarization, and this
property does not depend on the polarization states of the incident beams. Either of +first-
or �first-order diffraction beam only diffracts when the circular polarization is incident (i.e.,
δ = π/2, and Ψ = π/4); both +first- and �first-order diffraction beams diffract when the linear
polarization is incident (i.e., δ = 0). In the case of the entering the circular polarization, the
diffraction efficiency is twice in comparison with the diffraction efficiency when the linear
polarization is incident; these are obtained by squaring the electric field of the �1st-order
diffracted beams shown in Eqs. (14) and (15).

3.4.2. Binary LC gratings and planar-TN grating

Both the binary and the planar-TN-LC gratings are classified into the diffraction gratings in
which the amount of the phase shift is rectangularly modulated along the grating vector. The
diffraction properties of thin anisotropic diffraction gratings, in which two different aniso-
tropic regions are periodically arranged, can also be analyzed by Jones calculus [12]. Diffrac-
tion properties of the binary LC gratings and the planar-TN-LC grating are given by the sum of
the emitted electric fields from the two anisotropic regions. Therefore, the Jones matrix WN of
the Nth-order diffracted beam is given by Fourier transform when the Jones matrices of the
two anisotropic regions are defined as WA and WB and can be written as

WN ¼ 1
Λ

ðζΛ
�Λ=2

WAexp �i
2πxN
Λ

� �
dxþ

ðΛ=2
ζΛ

WBexp �i
2πxN
Λ

� �
dx

" #
; (16)

where ζ is the boundary position of the two anisotropic regions and defined as (� 1/2 ≤ ζ ≤ 1/2).
Note that the Jones matricesWA andWB are not dependent on the x position in the integration
interval. The Jones matrix W is given by

WN ¼ exp �iπN ζ� 1
2

� �� �
sin πN ζþ 1

2ð Þ½ �
πN

WA �WBð Þ: (17)

Eq. (17) can also be applied to any grating when WA and WB in an anisotropic diffraction
grating are known. Moreover, when the area ratio of the two anisotropic regions ofWA andWB

is 1:1 (i. e., ζ = 0), even-order diffracted beams are not diffracted as shown in Eq. (17). This is
because the even-order diffracted beams are negated by the anti-phase emitted electric field.

To derive the Jones matrices of the binary LC grating with 0° planar and with 90° TN align-
ments, WA are defined by the right-hand side of the Eqs. (9) and (10) described in the previous
section, respectively. On the other hand, the alignment directions of WB are inclined by 90°
with the alignment directions of WA, and WB are given by
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WB ¼ R �π
2

� �
�WA � R π

2

� �
: (18)

The Jones matrices of the �1st-order diffraction from the binary LC grating with 0° planar and
with 90° TN alignments are given by substituting the Jones matrices described in Eqs. (9) or
(10) and (18) into Eq. (17) and can be written as

Wbinary
planar ¼

2
π
sin

Γ
2

1 0
0 �1

� �
; (19)

and

Wbinary
TN ¼ Γ sinX

2πX
0 1
1 0

� �
: (20)

The Jones vectors for�1st-order diffraction is derived by multiplying the electric field vector of
the incident beam shown in Eq. (13) and can be written as

Eout planarð Þ ¼ Wbinary
planar � Ein ¼ 2

π
sin

Γ
2

cosΨð Þexp iδð Þ
� sinΨ

� �
; (21)

and

Eout TNð Þ ¼ Wbinary
TN � Ein ¼ Γ sinX

2πX
sinΨ

cosΨð Þexp iδð Þ
� �

; (22)

The sign of the y component in Jones vector for the planar alignment shown in Eq. (21) is
different than the Jones vector of the probe beam. On the other hand, the Jones vector for the
TN alignment shown in Eq. (22) is the same as the probe beam Jones vector where the x and y
components are interchanged. These results indicate that the binary gratings have diffraction
properties which convert the polarization azimuth and the rotational direction of the polarized
probe beam.

In the planar-TN-LC grating, WA and WB in the Eq. (17) are given by Eqs. (9) and (10),
respectively. In the same way, the Jones vector for the �1st-order diffraction from the planar-
TN-LC grating is given by

Eout planar-TNð Þ ¼ Wplanar�TN � Ein: ¼ i
π
�

π sinX
2X � exp �iΓ2ð Þ � cosX� iΓ sinX2X

cosX� iΓ sinX2X
π sinX
2X � exp iΓ2ð Þ

" #
� cosΨð Þexp iδð Þ

sinΨ

" #
:

(23)

In the planar-TN-LC gratings, analytical solutions of the diffraction properties cannot be
derived unconditionally because the diffraction properties depend on the phase retardation Γ,
as shown in Eq. (23). The diffraction properties can be analyzed by fitting to the experimental
results using the phase difference (especially the cell gap, d) as a fitting parameter.
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3.5. Measurement results of diffraction properties

The �first-order diffracted beams from the resultant LC gratings were probed experimentally
with He-Ne laser beam with a wavelength of 633 nm. The polarization states of the probe
beam were adjusted to a linear or a circular polarization using a half-wave plate and a quarter-
wave plate. The polarization azimuth of the probe beam was defined as the inclination angle of
the polarization director with respect to the grating vector. The probe beam was incident
normal to the plane of the substrate including the grating vector. The �first-order diffracted
beams were separated from other orders using a pinhole. The diffracted beam intensities were
measured using an optical power meter. The polarization states of diffracted beams were
measured by a rotating analyzer method using a Glan-Thompson prism as the analyzer.

Figure 11(a) shows the measurement and the calculation results of polarization states of the
�first-order diffracted beams from the continuous LC gratings. The calculated results are
obtained from the numerical solutions described in Section 3.3 and the analytical solutions
described in Section 3.4. The calculated diffraction efficiencies were fitted to the experimental
results using the cell gaps as the fitting parameter, and the optimum cell gaps in the planar and
TN alignment obtained by fitting were 13.2 μm and 13.1 μm, respectively. The polarization states
of the �first-order diffracted beams from both the planar and the TN alignments are always
circular polarization, and this property does not depend on the polarization states of the incident
beams. Either of +first- or �first-order diffraction beam only diffracts when the circular polariza-
tion is incident; both +first- and �first-order diffraction beams diffract when the linear polariza-
tion is incident. The diffraction efficiency when the circular polarization is incident is twice in
comparison with the diffraction efficiency when the linear polarization is incident.

Figure 11(b) shows the measurement and the calculation results of polarization states of the
�1st-order diffracted beams from the binary LC gratings. The polarization ellipticity of the
diffracted beam is conserved from the probe beam, although the rotation direction is inverted
from the probe beam. The polarization azimuth of the diffracted beam varies over a range from
0° to 90° depending on the polarization azimuth of the probe beam. Furthermore, the polari-
zation azimuth of the diffracted beams is 90° offset from the planar and TN alignment when
the probe beam is linearly polarized. The diffraction properties in the positive and negative
diffraction orders were the same. The polarization states of the diffracted beam do not depend
on the phase difference. The calculated diffraction efficiencies were fitted to the experimental
results using the cell gaps as the fitting parameter, and the optimum cell gaps in both the
planar and TN alignments obtained by fitting were 13.4 μm. There were slight differences in
some results between the experimental results and the calculation results. These discrepancies
can be mainly attributed to the transition regions at the boundary of the two alignment
regions. In the calculated results, there were only slightly differences between the analytical
and numerical solutions because the transition regions were considered in the numerical
solutions. Specifically, with circular polarization of the probe beam, the polarization ellipticity
of the diffracted beams determined with the analytical solution was 1.0; the numerical solution
yielded 0.97. From that above, the cause of the slight deviation between the experimental
results and the theoretical expectations is that the transition regions in the resultant binary LC
gratings were slightly larger than the estimated director distributions.
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Figure 11(c) shows the measured and the calculated results of the planar-TN-LC grating. There is
good agreement between the measured results and the analytical and numerical solutions. When
the probe beam was right- and left-hand circularly polarized, the elliptically polarized beams,
with polarization azimuths offset by 90°, were diffracted depending on the rotation direction of
the probe beams. The polarization azimuth of both probe beam and the diffracted beam is
inversely related. The polarization ellipticity of the diffracted beams periodically varies over the
range of 0.0–0.2 depending on the polarization azimuth of the probe beam. When the probe
beams were 0° and 90° linearly polarized, the polarization ellipticity of diffracted beams was 0.0.
On the other hand, when the probe beams were �45° linearly polarized, the ellipticity was 0.2. It
was found from the theoretical analysis that the polarization ellipticity of the diffracted beam
varies over the 0.0–0.9 range, depending on the phase difference when the probe beamwas�45°
linearly polarized. In addition, when the probe beams are 0° and 90° linearly polarized, the
diffracted beams are always linearly polarized and do not depend on the phase difference. The
calculated diffraction properties were fitted to the experimental results using the cell gap as the

Figure 11. Polar plots of the �1st-order diffracted beam for the resultant LC gratings. Open circles, red solid curves, and
blue broken lines represent the experimental data, theoretical solution, and numerical solution, respectively. The numer-
ical values below the polar plots represent the experimental results of diffraction efficiency. (a) Continuous LC gratings
and (b) binary LC gratings with planar alignment and with TN alignment. (c) Planar-TN-LC gratings. The part of the
figure is reproduced by the kind permission of The Optical Society of America from Applied Optics 54, 6010-6018 (2015).
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fitting parameter, and the optimum cell gap in the planar-TN-LC grating obtained by fitting was
14.8 μm. The diffraction properties in the positive and negative diffraction orders were the same.

4. Conclusions

We demonstrated the efficient yet practical method for fabricating the LC gratings containing a
TN alignment using one-step polarization holographic photoalignment. In addition, the direc-
tor distributions of the resultant LC gratings are analyzed based on the elastic continuum
theory and observed experimentally using a polarized light optical microscope. Furthermore,
the polarization diffraction properties were measured experimentally by the incident of a
visible laser and analyzed theoretically by Jones calculation. This study is of significance in
that the various LC gratings containing TN alignments can be fabricated by simultaneous
exposure of two P6CB substrates to the polarization interference beams. In the resultant
continuous gratings, the polarization conversion properties to the circular polarization and
the dependence of the propagation direction on the polarization states of the probe beams are
obtained. In the resultant binary LC grating, the polarization azimuth of the diffracted beam
changed ranging from 0° to 90° depending on the polarization azimuth of the probe beam.
Moreover, when the probe beam is elliptical or circularly polarized, the rotation direction of
the diffracted beam is converted. In the resultant planar-TN-LC grating, the polarization
azimuth of both the probe beam and the diffracted beam showed an inverse relationship. In
addition, the polarization ellipticity varied depending on the polarization azimuth of the probe
beam. These polarization diffraction properties are well explained by theoretical analysis
based on Jones calculus. These resultant LC gratings exhibit great potential for application as
a diffractive optical element that can simultaneously control the various parameters of the light
wave, such as amplitude, polarization states, and propagation direction.
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Abstract

In this chapter, a compilation of different systems able to photogenerate active radicals
toward polymerization reaction( type I, type II and three component photoinitiating
systems) for application in holographic grating recording when associated to monomers
is reviewed. In particular, the visible curable system is associated to fluorinated acrylate
monomers formulation for creation of transmission gratings. The PIS efficiencies are
presented in term of diffraction grating yields and compared to photopolymerization
experiments. The special case of photocyclic initiating systems is described in details,
its influence on the grating built up being discussed on the basis of selected mixtures
using visible dyes, electron donors (e.g. amines), electron acceptors (e.g. iodonium salts)
or hydrogen donors as coinitiators. The role of the photochemical properties of dye on
the performance of the holographic recording material is investigated through time
resolved and steady state spectroscopic studies of the PIS (e.g. nanosecond laser flash
photolysis), to highlight the photochemistry underlying active radicals photogenera‐
tion. In order to get more insight into the hologram formation, grating formation curves
were compared to those of monomer to polymer conversion obtained by real time
Fourier transform infrared spectroscopy (RTFTIR). This work outlines the importance
of the coupling between the photoinitiating system (i.e. the photochemical reactions)
and the holographic resin.

Keywords: free radical photopolymerization, photoinitiating systems, holographic re‐
cording, polymer material, diffraction gratings

1. Introduction

Photopolymerization is a chemical reaction where organic molecules exposed to UV or visible
photons react to form macromolecules corresponding to high molecular weight molecules, i.e.,
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the polymer. Photopolymerizable resins usually contain a photoinitiating system (PIS) which
converts light into chemical energy, a mixture of monomers, oligomers and additives [1]. The
most versatile process is the free radical photopolymerization (FRPP) which offers the most
important choice of materials and potential PIS. The efficiency of the PIS is determined by the
light absorption properties of the photosenzitizer (PS, the molecules that absorb photons, like
organic dyes), given by Beer‐Lambert's law, the quantum yield of initiating radicals and the
reactivity of these radicals towards the monomer. It is recognized that the photoinitiating systems
is the corner stone of photopolymerization process. One application of photopolymerization is
holographic recording [2, 3], for example, for information storage [4–7]. Holography also
represents an interesting and growing field due to an increasing demand in security. The
development of such applications is directly governed by the characteristics of the material
available for holographic recording. Photopolymerizable media are promising candidates. In
that case, the performance of the material is related to the photosensitivity of the photopolymer
and the diffraction efficiency which could be obtained. Therefore, the design of systems for
highest performances is still an interesting challenge. For instance, Acrylic monomers, which
are currently used in these recording systems, have opened up in this field interesting possibil‐
ities, due to their attractive features (the complete absence of wet processing, high flexibility of
the formulation, high diffraction efficiencies) [8, 9].

2. Basics of photoinitiating systems

Historically, two classes of photoinitiating systems were defined depending on the mecha‐
nisms of light conversion into chemical potential (i.e., radicals). In the first class, the photoi‐
nitiating system contains one molecule (the photoinitiator PI) which is promoted into a
dissociative excited state after light absorption and undergoes a homolytic (or heterolytic)
cleavage through a Norrish I photoreaction [10–12]. These type I photoinitiators produce
two radicals that could be both reactive toward free radical photopolymerization (FRPP)
(Figure 1a).

Figure 1. Type I and type II photoinitiating systems (PIS), PI: photoinitiator, PS: photosensitizer, Co: coinitiator, R•: ini‐
tiating radical, M: monomer, kdiss: rate constant of dissociation, ket: electron transfer rate constant, k‐H: hydrogen ab‐
straction rate constant.

Holographic Materials and Optical Systems376



the polymer. Photopolymerizable resins usually contain a photoinitiating system (PIS) which
converts light into chemical energy, a mixture of monomers, oligomers and additives [1]. The
most versatile process is the free radical photopolymerization (FRPP) which offers the most
important choice of materials and potential PIS. The efficiency of the PIS is determined by the
light absorption properties of the photosenzitizer (PS, the molecules that absorb photons, like
organic dyes), given by Beer‐Lambert's law, the quantum yield of initiating radicals and the
reactivity of these radicals towards the monomer. It is recognized that the photoinitiating systems
is the corner stone of photopolymerization process. One application of photopolymerization is
holographic recording [2, 3], for example, for information storage [4–7]. Holography also
represents an interesting and growing field due to an increasing demand in security. The
development of such applications is directly governed by the characteristics of the material
available for holographic recording. Photopolymerizable media are promising candidates. In
that case, the performance of the material is related to the photosensitivity of the photopolymer
and the diffraction efficiency which could be obtained. Therefore, the design of systems for
highest performances is still an interesting challenge. For instance, Acrylic monomers, which
are currently used in these recording systems, have opened up in this field interesting possibil‐
ities, due to their attractive features (the complete absence of wet processing, high flexibility of
the formulation, high diffraction efficiencies) [8, 9].

2. Basics of photoinitiating systems

Historically, two classes of photoinitiating systems were defined depending on the mecha‐
nisms of light conversion into chemical potential (i.e., radicals). In the first class, the photoi‐
nitiating system contains one molecule (the photoinitiator PI) which is promoted into a
dissociative excited state after light absorption and undergoes a homolytic (or heterolytic)
cleavage through a Norrish I photoreaction [10–12]. These type I photoinitiators produce
two radicals that could be both reactive toward free radical photopolymerization (FRPP)
(Figure 1a).

Figure 1. Type I and type II photoinitiating systems (PIS), PI: photoinitiator, PS: photosensitizer, Co: coinitiator, R•: ini‐
tiating radical, M: monomer, kdiss: rate constant of dissociation, ket: electron transfer rate constant, k‐H: hydrogen ab‐
straction rate constant.

Holographic Materials and Optical Systems376

Among type I photoinitiators, one can find hydroxylalkylphenones, benzylketals, benzoin
ether derivatives, α‐aminoketones and acylphosphine oxides (Figure 2). In these compounds,
the cleavage rate constants are high, leading to very good quantum yields of radical generation
ΦR. The quantum yield of radical generation is defined as the number of radicals formed
divided by the number of absorbed photons. Some type I photoinitiating systems exhibit
quantum yield as high as 0.8–1.0 [13, 14]. However, the vast majority of type I photoinitiators
is only reactive under UV light [14, 15]. Only a limited set of available type I photoinitiating
systems absorbs in the blue or green region. For instance, a bisbenzoylphosphine oxide
derivative (Irgacure 819) exhibits an absorption spectrum extending up to around 410–420 nm.
The great advantage of this class of acylphosphine is the efficient photobleaching ability that
increases the photoinitiation efficiency. This is especially useful when high thickness of
photopolymer is needed. However, oxygen inhibition impacts the efficiency of this class of
acylphosphine oxide, which limits their applications [10]. A titanocene derivative (CG‐784)
absorbing in the green region was applied to the photopolymerization of some high‐index
organic monomers and incorporated into acrylate oligomer‐based formulations, which enables
irradiation at 546‐nm light source [16]. Unfortunately, it seems that this compound does not
produce enough initiating radicals to achieve the appropriate monomer conversion [17].
Recently, a visible light photoinitiator based on acylgermanium structure was developed,
exhibiting high reactivity under 550‐nm irradiation. However, its main drawback relies on the
availability of the molecule (proprietary structure and synthesis) [18].

Figure 2. Examples of commercially available type I photoinitiators.

Even if type I photoinitiators can exhibit high quantum yields of radicals, their main drawback
is their limited spectral sensitivity to the UV—blue region of the electromagnetic spectrum. By
contrast, type II PIS are versatile initiators for UV curing systems and visible light photopo‐
lymerization. Indeed, the combination of organic dyes and coinitiators provides tremendous
flexibility in the selection of irradiation wavelength from the UV to the near infra‐red region.
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Figure 3. Examples of commercially available type II photosensitizers (PS) and coinitiators (Co).

Thus, on the contrary to type I PIs which are monomolecular, type II photoinitiating systems
rely on the combination of two molecules (see Figure 1b). The first molecule absorbs the
photon. It is the chromophore and is often called the photoinitiator (PI) or the photosensitizer
(PS). The second one could be an electron donor, an electron acceptor or a hydrogen donor
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(see Figure 1b), the so‐called coinitiator (Co), which gives the initiating radicals R• through
photoreaction [19, 20]. After light absorption, the photosensitizer (PS) is promoted into one of
its electronic excited states (singlet and/or triplet) from which the photochemical reaction
occurs with the coinitiator (Co). One important feature of type II PIS is that the photosensitizer
(PS) and the coinitiator (Co) must be selected to prevent any dark thermal reaction. Thus,
photopolymerization occurs only in irradiated zones allowing a full control of the polymeri‐
zation in time and space. In typical type II PIS, photosensitizers with good absorption features
in the UV‐blue region can be selected among benzophenones [21–28], thioxanthones [29–34],
camphorquinone [35–37], benzyls [22, 38] and ketocoumarin derivatives [39–41]. For visible
light PIS, the PS can be selected in whole panel of organic dyes such as, coumarins [41],
xanthenic dyes [42–44], cyanine dyes [45], thiazine dyes [42], phenazine dyes and pyrrome‐
thene dyes [46–48]. The hydrogen donor coinitiators are generally amines [36, 49–54], ethers
[55–57], sulfides [57–61] and thiols [61–63](see Figure 3). However, the ketyl radical formed
on the PS moiety is generally unreactive with respect to the double bonds and could even act
as a terminating agent towards the growing chain [17, 49, 64, 65]. Coinitiators reacting through
electron transfer are borate salts [66, 67], iodonium salts [68–70] or triazine derivatives [47]
which lead to the production of radical after a photodissociative electron transfer reaction with
excited PS. However, these two components systems have limited efficiency compared to type
I systems.

3. Photocyclic initiating systems

One of the reasons that could be responsible for the lower sensitivity of type II photoinitiating
systems (PIS) compared to type I is their inherent chemical mechanisms. In type I PIS, the
molecules are cleaved after light absorption: this is an intramolecular fast reaction. On the other
side, for type II PIS, the reactions are bimolecular and can be limited by diffusion process of
the photosensitizer (PS) and coinitiator (Co) (see Figure 4). The actual reaction rate constants
of electron transfer (or H‐abstraction) in such conditions can be evaluated from a simple
encounter complex kinetic model (see [45] and ref. herein for more details) and is generally
lowered when the viscosity of the resin increases. As a result, the efficiency of reaction is greatly
impacted and the PIS becomes inefficient with low radical quantum yields.

One way to overcome the lack of reactivity of conventional type II photoinitiating systems
(PIS) is to develop one molecule type II PIS where the PS and the coinitiator (Co) are chemically
linked together (see Figure 4b). In this case, reaction rates are independent of the diffusion
process and highly sensitive systems can be obtained [71–74]. However, such kind of single
molecule type II photoinitiating systems (PIS) suffer of proprietary structure and synthesis
costs which makes them tricky to use.

In order to enhance type II sensitivity, many groups have developed more complex photoini‐
tiating systems by adding a third component into the PIS formulation leading to the so‐called
three‐component photoinitiating system. Indeed, the photopolymerization efficiency of type
II PIS can be greatly improved by introducing an additive, which yields to an additional radical
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formation through reaction with one photoproduct arising from the photochemical reaction
[75–78]. The use of photoinitiating systems based on three components keeps the tremendous
flexibility of the light sources and the determination of the actinic wavelength, because the
wide variety of dyes that may be used in type II PIS is still large. Three different kinds of
additives can be used: (1) latent species that create reactive centers after reaction, (2) molecules
that are oxidized and (3) molecules that are reduced [47, 48, 79, 80]. The first class of usable
additives are species that leads to the formation of reactive centers after reaction, containing
chain transfer agents such as S‐H, P‐H, Si‐H or Ge‐H‐based molecules. They have found only
limited applications and will not be discussed further. Among oxidable molecules that can be
selected, one can find amine derivatives such N‐methyldiethanolamine [23, 24] or triethyla‐
mine [79] as common electron donor reported to date for the photoinitiating systems in the
literature. To circumvent the toxicity of alkyl amines, aromatic amines such as N‐phenylglycine
are available [32]. Triarylalkyl borates, sulfur‐ or tin‐ containing compounds, sulfinates [81]
have also been reported as well as, amides, ethers, ferrocene, metallocenes, ureas, salts of
xanthanates, salts of tetraphenylboronic acid, etc. It should be mentioned that the oxidation
potential of the donor plays a key role in the mechanism of electron transfer.

Figure 4. Reaction scheme of conventional type II photoinitiating systems (PIS) (a) and unimolecular type II PIS (b); PS:
photosensitizer, Co: coinitiator, R•: initiating radical, kdiff: diffusion rate constant, k‐diff: separation rate constant, kdiss:
rate constant of dissociation, ket: electron transfer rate constant.

Electron acceptor additives (i.e., reducible additives) most commonly used are iodonium salts
which exhibit a low reduction potential [14, 17, 82–85]. It is possible to introduce bromo
compounds instead of the iodonium salts [24, 86]. Triazine derivatives are one of the most
common electron acceptors used as third component for PIS based on dye/borate salts [87],
while alcoxypyridinium derivatives were also used as a third component to increase the
sensitivity of borate salts based two component PIS [88]. Other oxidative additives can be
selected such as peroxides, sulfonium and pyridinium salts, iron arene complexes, and
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hexaarylbisimidazole as alternatives to iodoniums or triazines. The reduction potential of the
third component is an important criterion to select the compound [46, 47].

The dyes reported in the literature as photosensitizers for type II photoinitiating systems can
be used for three‐component photoinitiating systems (PIS): coumarin dyes, xanthene dyes,
acridine dyes, thiazoles dyes, thiazine dyes, oxazine dyes, azine dyes, aminoketone dyes,
porphyrins, aromatic polycyclic hydrocarbons, aminothiaryl methanes, merocyanines dyes,
squarylium dyes, pyridinium dyes, etc. Many studies reported that the photopolymerization
efficiency, kinetics and mechanistic reactivity of this type of systems [41, 46–49, 64, 75–79, 86,
88–93]. However, for type II and three‐components PIS, the selection of dye must respect some
key criteria:

i. High absorption coefficient (ε) at the irradiation wavelength (Beer‐Lambert's law);

ii. According to the bimolecular nature of type II and three‐components PIS, the excited
state lifetime must be as high as possible. For this reason, triplet state PS should be
preferred. Singlet excited states could be used but, as singlet state lifetime are around
ns, their efficiency will be lower compared to µs lifetime triplet state PS;

iii. Excited state photophysic: according to (ii), high triplet state quantum yields PS
should be favored;

iv. The oxido‐reduction properties of the dye (and coinitiators) are of prime importance
(see Figure 5). Indeed, according to Rhem and Weller [94], the photoinduced electron
transfer (PET) rate is related to the Gibbs free energy variation 𝀵𝀵𝀵𝀵𝀵𝀵𝀵𝀵 accompanying

the reaction, ΔGET = F(Eox ‐ Ered) ‐ E* + CT, which after conversion in eV by diving by
Avogadro number and by the charge of an electron can be expressed as follow: ΔGET 

= (Eox ‐ Ered) ‐ E* + CT, where Eox is the oxidation potential of the donor (expressed in
V), Ered the reduction potential of the acceptor (in V), E* (expressed in eV) the excited
(triplet or singlet) state energy of the dye and F the Faraday constant. It is assumed
that the Coulombic term CT is negligible. The PET must be as much exergonic as
possible. Thus, in order to favor photooxidation, the dye's Eox should be as low as
possible, while the Ered of the coinitiator must be as high as possible (it is normally a
negative value). The same argument can be applied to a photoreduction of dyes.
Whatsoever, it is evident that the highest the E*, i.e., the excited state energy of the
dye, the most favorable is be the PET reaction. Thus, high energy excited states should
also be preferred. Finally, as no thermal electron transfer should occur, ground state
ΔGET must be positive (see Figure 5).

A full description of the electron transfer reactions occurring in three‐components (and type
II) PIS is summarized in Figure 5. Four electron transfer reactions are identified: the first one
(Figure 5 [1]) is the thermal electron transfer (ET) which should be avoided; the second one is
the photoinduced electron transfer (PET) (Figure 5 [2]) and is discussed in point iv. (vide supra),
the third one is the so‐called back electron transfer (BET) (Figure 5 [3]), an intra‐encounter
complex recombination of reduced photosensitizer (PS) an oxidized coinitiator (Co) which
gives the reactants back and lower the quantum yield of radical generation. Up to this point,
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this thermodynamic approach covers also the type II photoinitiating systems requirements.
Finally, if ever the fourth electron transfer reaction occurs (Figure 5 [4]), the reduced PS is
oxidized by the third component and the PS is regenerated while a second initiating radical is
produced. This leads to the so‐called photocyclic (or photocatalytic) initiating systems (PCIS)
(vide infra). Detailed explanation of PCIS kinetics and thermodynamics can be found in Ref.
[95]. However, obtaining a photocyclic behavior in three‐component systems is not straigh‐
forward and great care must be taken when combining dyes and coinitiators.

Figure 5. Thermodynamics of an oxidative three‐components PCIS [1], ground state reaction (ΔETGS) [2], excited state

reaction (ΔET* ) [3], back electron transfer (BET, 𝀵𝀵BET) [4], PS regeneration (𝀵𝀵ETPS • +) in photocyclic initiating

system (PCIS vide infra).

Thus, in the case of three‐components PIS, two mechanisms have been observed leading to
two general classes (see Figure 6):

a. Parallel reactions in which the coinitiators Co and the additive A react with the excited
state of the dye independently (Figure 6a);

b. (b) Sequential reactions in which, for example, the Co reacts first through PET with the
dye excited state (Figure 6b) leading to reduced PS and a first initiating radical. Then, the
reduced PS can react with the additive A to regenerate the PS and give a second initiating
radical.
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Figure 6. General reaction mechanism occurring in three‐component photoinitiating systems, (a) parallel mechanisms,
(b) photocyclic initiating system (PCIS).

In parallel (i.e., independent and competitive) reactions, the total yield of radicals depends on
the reactivity of each coinitiator with the excited state and is not very interesting. The sequential
reactions present more attractive features. This mechanism yields two advantages: the additive
(A) leads to the formation of supplementary initiating radical, and the ground state dye is
recovered and can be involved in further photoreactions. Therefore, a real cyclic photoreaction
occurs until complete depletion of reactants. Moreover, the maximum theoretical quantum
yields of PCIS are two, meaning that one absorbed photon can give two initiating radicals.

4. Photoinitiating systems for holographic recording

Holographic polymerization recording is a very particular application of photopolymeriza‐
tion: a three‐dimensional image is built through inhomogeneous polymerization when the
interference pattern illuminates the photosentive medium [5–7]. Indeed, photopolymerization
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is ideally suited for such application as the reaction can be spatially and temporally controlled.
Holographic elements, reversible holograms and switchable holographic gratings have been
created by this method [5, 96–99]. Since the 1970s, photopolymers were developed in holog‐
raphy as media able to record an interference pattern or small series of pattern, through
building‐up of refractive index variations or relief profiles [100–102]. During volume hologram
recording in a photopolymer, a complex fringe pattern with small features at the micrometer
scale is recorded. The local incident variations of irradiance induce inhomogeneous photopo‐
lymerization of the photosensitive recording medium at the sub‐micrometer scale leading to
refractive index modulations in the hologram. Many physical and chemical processes are
involved in the holographic recording: photochemical conversion of the sensitizer, of the
monomer, mass transport (being a consequence of the formation of spatial concentration
gradients of monomer and sensitizer), hardening of the polymer matrix, etc. Therefore,
formulating the material requires a fair knowledge of all these processes, which is not a
straightforward way as many parameters must be taken into account [4, 103, 104].

Many PIS can be used for holographic recording applications. Titanocene derivative Bis(η5‐
2,4‐cylcopentadien‐1‐yl)‐bis (2,6‐difluoro‐3‐(1H‐pyrrol‐1‐yl)‐phenyl) titanium, Irgacure®784,
was used for the optimization of several high index organic monomers into high optical quality
acrylate oligomer‐based formulation and compared to the type II PIS [105]. However, even if
it is a one molecule process by‐products that can alter recoding are formed [106]. Moreover,
by introducing with these type I titanocene compounds, nanoparticles in the holographic
polymer, the effect of nanoparticles concentration and size, as well as the benefic effect of chain
transfer agent were studied [107, 108]. Triphenylphosphine (TPO) type I PIS was used for
initiating thiol‐ene photopolymerization in a composite holographic resin containing nano‐
particles in a way to reduce shrinkage and enhance Δnsat [109]. Near UV type I photoinitiator
Irgacure 1700 was used to study the effect of surface modified ZrO2 and TiO2 nanoparticles,
allowing high refractive index modulation and better stability against UV light [110].

A widely used type II PIS is the combination of phenanthrenequinone (PQ) with methacrylates
(MA) monomers and oligomers (PMMA) [111–116]: in this case, the PQ is supposed to directly
react with PMMA in its triplet state by hydrogen abstraction [112, 113]. Among other Type II
PIS, methylene blue (MB) and rose Bengal (RB) have been tested in crylamide and polyviny‐
lalcohol films [42] under 633 or 514 nm irradiation, diffraction efficiencies of 65 and 35%, and
sensitivities of 30 and 100 mJ cm‐2 have been, respectively, reached, with a spatial resolution of
ca. 1000 lines mm‐1.

The influence of photonic and chemical parameters on the holographic recording capabili‐
ties and photochemical bleaching process of a series of xanthene dyes such as RB, eosin Y
(EY), erythrosin B (ErB), fluorescein (F) and rhodamine B (RoB) has been investigated with
triethanolamine (TEA) as electron donor Co [117, 118]. The photobleaching efficiency, i.e.,
the ability of the PS to lose their tint, followed the order ErB > EY > RB > RoB > F. The highest
photobleaching rate constant of ErB PIS was invoqued to explain the higher diffraction effi‐
ciency obtained compared to EY, RB, RoB and F under the same experimental conditions.
More recently, the same family of xanthenic dyes was theoretically and experimentally in‐
vestigated [119].

Holographic Materials and Optical Systems384



is ideally suited for such application as the reaction can be spatially and temporally controlled.
Holographic elements, reversible holograms and switchable holographic gratings have been
created by this method [5, 96–99]. Since the 1970s, photopolymers were developed in holog‐
raphy as media able to record an interference pattern or small series of pattern, through
building‐up of refractive index variations or relief profiles [100–102]. During volume hologram
recording in a photopolymer, a complex fringe pattern with small features at the micrometer
scale is recorded. The local incident variations of irradiance induce inhomogeneous photopo‐
lymerization of the photosensitive recording medium at the sub‐micrometer scale leading to
refractive index modulations in the hologram. Many physical and chemical processes are
involved in the holographic recording: photochemical conversion of the sensitizer, of the
monomer, mass transport (being a consequence of the formation of spatial concentration
gradients of monomer and sensitizer), hardening of the polymer matrix, etc. Therefore,
formulating the material requires a fair knowledge of all these processes, which is not a
straightforward way as many parameters must be taken into account [4, 103, 104].
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ciency obtained compared to EY, RB, RoB and F under the same experimental conditions.
More recently, the same family of xanthenic dyes was theoretically and experimentally in‐
vestigated [119].
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A system using EY, F, MB and thionine (TH) as photosensitizers with morpholine, dimethy‐
laminoethanol and piperidine as electron donors, and an oligourethane‐acrylates resin has
been used for holographic applications such as interferometry and pattern recognition
systems [120]. A sufficiently high speed of recording in the 460–540 nm range has been noticed.
Despite higher absorbance in the longer wavelength, holographic experiment in the red light
with the MB systems outlined low reactivity and slow recording rates. More recently, combi‐
nation of MB and trimethylamine (TEA) as coinitiator was still used as type II PIS in holo‐
graphic recording systems bearing metallic ions as dopers to enhance holographic sensitivity
efficiency [121, 122].

If type II photoinitiating systems (PIS) are widely used in holographic recording, the use of
three‐components PIS is less common. The efficiency of a three‐component PIS based on
hexaarylbisimidazole derivative (HABI), associated to a chain transfer agent 2‐mercaptoben‐
zooxazole (MBO) and 2,5‐bis[[(4‐diethylamino)phenyl] methylene] cyclopentanone (DEAW)
as the PS incorporated into high optical quality acrylate oligomer‐based formulations was
reported [105] (see Figure 7).

Figure 7. Structures of some PIS compounds; Bis(η5‐2,4‐cylcopentadien‐1‐yl)‐bis (2,6‐difluoro‐3‐(1H‐pyrrol‐1‐yl)‐phe‐
nyl) titanium: Irgacur®784, 2,4,6‐Trimethylbenzoyl‐diphenylphosphine oxide: Darocur® TPO, phenanthrenequinone:
PQ, methylene blue: MB, triethanolamine: TEA; 2‐mercaptobenzooxazole: MBO, 2,5‐bis[[(4‐diethylamino)phenyl]
methylene] cyclopentanone: DEAW, hexaarylbisimidazole: HABI, 3‐3’‐carbonyl‐bis‐7‐diethylaminocoumarin: KC.
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Another three‐component photosensitive resin, based on a 3‐3’‐carbonyl‐bis‐7‐diethylamino‐
coumarin (KC) PS, N‐phenylglycine (NPG) and diphenyl iodonium chloride (DPI) has been
used to record holograms at 488 nm (Ar+ laser). A diffraction efficiency around 51% corre‐
sponding to a refractive index modulation of 0.013 was obtained [123]. The efficiency of PIS
based on new original synthesized dyes that could be sensitive to He‐Ne laser line (632.8 nm),
a HABI derivative and 3‐mercapto‐4‐methyl‐4H‐1,2,4‐triazole (MTA), was studied [124]. A
80% diffraction efficiency was obtained, with good physical and chemical stability under
ambient conditions. The singlet excited state reactivity of bipyrromethene‐BF2 complexes (also
known as BODIPY) was used in amine‐free photosensitive hydrophobic binder resin as an
alternative to xanthene dyes‐based redox PIS [125]. The unbleached final gratings showed
diffraction efficiency of 85% with good sensitivity in the 457–520 nm range.

5. Influence of photoinitiating system on holographic recording

In summary, this survey of the literature shows that most of the photoinitiating systems used
for holographic recording are simple classical type I or type II PIS. Three components combi‐
nation in holographic resins are less common. Moreover, the exact photochemistry underlying
the initiating radical generation is not very well‐known, and the effect of the PIS photochem‐
istry on hologram formation was rarely questioned [126–128]. Furthermore, it is difficult to
compare and gather holographic recording resin results, many different PIS systems are
available and can be associated to various polymerizable resin, with or without binders, for
use in different optical setup with diverse photonic parameters.

However, in a recent work, the influence of photochemistry on the holographic recording
efficiency was performed by our group in collaboration with Bayer material science team [129].
It was shown that the prediction and interpretation of the holographic performance of a
photosensitive resin containing a type II photo initiating systems is directly related to the
reactivity of the dyes excited states involved and to the intrinsic properties of the photopoly‐
merizable medium. Indeed the radical quantum yield of the dyes (RB and SFH+) coupled to
borates salt electron donor coinitiator was fixed by the viscosity of the holographic resin matrix
and the redox properties of the dyes and borates. A method was proposed to calculate the
initial yield of initiating radicals. It was found that this radical formation quantum yield
directly governs not only the maximum rate constant of photopolymerization, but also the
final diffraction efficiency.

With this in mind, we have recently tailored different three‐components photoinitiating
systems for holographic recording with the advantage that all measurements were performed
on the same holographic resin formulation, under fixed experimental conditions in a given
holographic recording setup [130–132]. Furthermore, the holographic results were compared
to the visible curing of the holographic resin formulation followed by real‐time FTIR spectro‐
scopy [130–134]. RT‐FTIR allowed the study of free radical polymerization (FRP) by following
the disappearance of C‐C double bonds in monomer (see Ref. [131–133] for more detail): it
permitted to measure the final monomer conversion into polymer and the rate of double bond
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consumption during the polymerization reaction Rc (s‐1) (see Figure 8a). The IR spectra were
recorded during sample irradiation using a green laser diode emitting at 532 nm (Roithner
Lasertechnik, 50 mW) which was adapted to the FTIR spectrometer by a light guide (see
Figure 8a). The irradiation intensity was adjusted at 25 mW/cm2 on the sample. To prevent the
diffusion of oxygen into the sample during the irradiation, experiments were carried out by
laminating the resin between two polypropylene films and two CaF2 windows. The thickness
of the sample was adjusted using a 25‐µm Teflon spacer. The spectra were recorded between
600 and 3900 cm‐1. The kinetics of the polymerization were measured by following the
disappearance of the C‐C bond stretching signal at 1637 cm‐1. The degree of conversion was
directly related to the decrease in peak area at 1637 cm‐1 according to:
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Figure 8. RT‐FTIR (a) and Holographic grating recording (b) setup.
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where (A1637)0 and (A1637)t were the area of the IR absorption band at 1637 cm‐1 of the sample
before exposure and at time t, respectively.

Holographic gratings were recorded in transmission at 514 nm for a spatial frequency of
1000 lines mm‐1 transmission grating in the resin with a 514 nm actinic laser. For that purpose,
the samples are prepared by embedding the photopolymerizable formulation between two
glass‐substrates. Calibrated glass beads were used as spacers to guarantee the thickness of the
system around 20 µm. The photopolymerizable system was irradiated by the sinusoidal
interference pattern of two incident s‐polarized beams of equal intensity, corresponding to a
total power density of 25 mW/cm2 on the photosensitive sample with a beam diameter of 2.5 
cm (Figure 8b). Inhomogeneous polymerization reaction and dye bleaching took place leading
to a modulation of the refractive index, giving rise to thick phase volume diffraction gratings.
The fact that no chemical posttreatment was needed for this recording medium used, allowed
the continuous follow up of the process during exposure with an inactinic reading light beam
(HeNe laser at 633 nm) which was more or less diffracted (see Figure 8b). The diffraction
efficiency at 633 nm (η) was defined by the ratio of the intensity of the first diffraction order to
the diffracted plus transmitted light intensities.

The holographic resin was a mixture of different monomers and additives: the choice of the
formulation was governed by earlier experiments performed in the field of visible curable
systems and use of fluorinated acrylate monomers for the recording of holographic polymer‐
dispersed liquid crystals (LC) transmission gratings. This self‐developing formulation
contained:

• 45 wt% of a hexafunctional aliphatic urethane acrylate oligomer (Ebecryl 1290, Cytec) acting
as primary oligomer;

• 22.5 wt% of 1,1,1,3,3,3‐hexafluoroisopropyl acrylate and 22.5 wt% of vinyl neononanoate,
both from Sigma‐Aldrich (France). The vinyl ester monomer is known to copolymerize very
easily with acrylic monomers;

• 5 wt% of N‐vinyl‐2‐pyrrolidinone (Sigma‐Aldrich, France) which is a standard additive
introduced in photopolymerizable systems here to favor compounds solubility;

• 5 wt% of Trimethylpropane tris (3‐mercaptopropionate) (Sigma‐Aldrich, France) which is a
trifunctional thiol able to increase the photopolymerization rate in air and leading to higher
monomer conversion. These compounds were used as received. The chemical structures of
the reagents used for the preparation of holographic resin can be found in Ref [132].

An example of RT‐FTIR monomer conversion of the holographic resin as a function of
irradiation time is given on Figure 9b. The photoinitiaitng system was based on Safranine O
(SFH+) as photosensitizer (PS), EDB as an electron donor and Triazine A electron acceptor (see
Figure 3 for molecular structures) as the third component. It can be seen that going from two
components type II to three‐components PIS increases both the rate of conversion Rc and the
final conversion Cf. The same observation is valid for measured diffraction yield as a function
of irradiation time (Figure 9a): both the formation building up time of the diffraction grating
and the final diffraction efficiency increase.
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Figure 9. Evolution of the diffraction efficiency η during grating writing (a) of SFH+ PIS and corresponding monomer
conversion curves as a function of irradiation time (b).

Moreover, besides RT‐FTIR and holographic measurements, a complete and detailed study of
the photochemical reaction of the PIS was performed. For this purpose, steady state (UV‐Vis,
fluorescence) and time resolved (laser flash photolysis, time correlated single photon counting,
etc.) spectroscopies were used. The first system was based on the singlet excited state reactivity
of Bipyrromethene‐BF2 complexes (EMP) combined with an amine (EDB) and two electron
acceptor (TA, I250) [130]. The two other systems were based on the reactivity of the triplet
excited state of two dyes, RB and Safranine O (SFH+) [131, 132]. In the first one, the reactivity
of RB was compared to the reactivity of SFH+ when combined to NPG electron donor coinitiator
and HABI as additive third component [131]. In the last system, SFH+ was combined with one
electron donor (EDB) and one electron acceptor. However, it was demonstrated that no
photocycle occurred in these PIS (see Figure 9 [2, 3]). [133] Indeed, besides the nature of the
excited state involved in the radical photogeneration process, it was shown that EMP PIS
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exhibited a photocyclic behavior (i.e., forms a PCIS) while RB and SFH+ PIS presented a parallel
behavior (see Figure 10).

In order to understand correctly Scheme 2 in Figure 10, Hexaarylbiimidazole (HABI) deriva‐
tives deserve a little more explanations. HABI (Scheme 1 in Figure 10) was first synthesized
by Hayashi and Maeda (see [134] and ref. Herein). It was proved that the two imidazolyl rings
are twisted almost 90° relative to each other [134]. The bond energy of C‐N in ClHABI is very
low, which easily leads to the homolytic cleavage of ClHABI when exposed to the UV light or
heated [135] to a pair of triarylimidazolyl radicals (lophyl radicals = L•). The lophyl radical
(L•) is known to be a poor initiator of free radical polymerization, because of both high
stability [135–137]. However, the lophyl radical is an excellent hydrogen atom abstractor, and
this can be exploited in initiation using a hydrogen donor coinitiator (Scheme 2 in Figure 10).

Figure 10. Photochemical mechanism underlying the radical photogeneration of [1] pyrromethene‐based photocyclic
initiating system (PCIS) [2], RB and SHF+ where L• stands for lophyl radical, i.e., the moiety of a HABI molecule (see
text) [3], SFH+ with one reductant and one oxidant coinitiators.
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PIS Cf ηf Rη(s-1) Rc (s-1)

RB‐NPG 0.52 0.78 0.25 6.0

RB‐ClHABI 0.22 0 0 0.3

RB‐NPG‐ClHABI 0.63 0.4 0.27 8.0

SFH+‐NPG 0.3 0.95 0.41 16

SFH+‐ClHABI 0.39 0.88 0.12 1.6

SFH+‐NPG‐ClHABI 0.34 0.95 0.55 20

EMP‐EDB 0.44 0 0 0.8

EMP‐TA 0.52 0.32 0.025 1.2

EMP‐EDB‐TA 0.55 0.66 0.033 1.4

EMP‐I 250 0.54 0.94 0.21 2.3

EMP‐EDB‐I 250 0.55 0.40 0.23 2.5

EMP‐NPG 0 0 0.9

EMP‐NPG‐I250 0.25 0.25 6.3

SFH+‐EDB 0.37 0.89 0.26 1.3

SFH+‐TA 0.37 0.88 0.08 0.42

SFH+‐EDB‐TA 0.51 0.91 0.31 2.1

Table 1. Holographic and RT‐FTIR characterization of the 16 PIS combination [131–133]. ηf: final diffraction yield, Cf:
final conversion in FRP, Rη: maximum rate of grating formation, Rc: maximum rate of monomer conversion.

Figure 11. (a) Reversible photodissociation of HABI (L2) into two lophyl radicals L•; (b) reaction of lophyl radical with
hydrogen donor (RH).
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Indeed, we have here a very unique combination of photosensitzers, coinitiators and third
components showing very different mechanisms of radical photogeneration. With the three
PIS presented here, 16 different combinations of PS‐Co, PS‐additive and PS‐Co‐additive were
measured both in real‐time FTIR (RT‐FTIR) and holographic recording. The results in term of
both FRP and holographic recording of these combinations are summarized in Table 1. The
performance of the PIS toward homogeneous‐free radical photopolymerization are given by
the final conversion Cf and maximum rate of conversion Rc (s‐1), while the gratings are charac‐
terized by their final diffraction yield ηf and maximum rate of grating formation Rη (s‐1).

Figure 12. Final diffraction efficiency of grating recording ηf as a function of final monomer conversion Cf.

The existence of a relationship between the evolution of monomer conversion under uniform
irradiation (FRP) and that of diffraction efficiency under holographic exposure is not straight‐
forward. In Figure 11, the final diffraction yield ηf is plotted as a function of the final monomer
conversion Cf.

Figure 12 shows that no clear correlation exists between the final conversion Cf achieved in
homogeneous FRP and grating efficiency ηf.

The picture is completely different when the maximum rate of grating formation Rη are plotted
as a function of the corresponding maximum rate of monomer conversion Rc. As can be seen
in Figure 13, a monotonic curve is obtained despite the various photochemical reactions and
photopolymerization kinetics of the 16 PS‐Co combinations.
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Figure 13. Maximum rate of grating formation Rη as a function of the maximum rate of conversion Rc.

The faster is the monomer conversion Rc, the faster is the building up of the diffraction grating
Rη. Therefore, as the holographic resin is always the same for all these experiments, the key
role in the grating formation is the number of active radicals locally created and capable of
initiating the polymerization. Indeed, the fast polymerization of the monomer mixture in the
bright fringes of the interference pattern results in the fast formation of refractive index
modulation in the medium. On Figure 13, it is clearly seen that two regimes are present, each
one showing a quasi linear relation between Rη and Rc with a saturation effect occurring for Rc

higher than around 4 s‐1. At low Rc, i.e., lower than 4 s‐1, the mass transport of reactants (PIS,
monomers, fillers, etc.) needed to build the index modulation is not limited by a too fast
jellification of the medium during polymerization and high refractive index modulation can
be obtained. While at higher Rc (i.e., >4 s‐1), the faster polymerization of the resin in the bright
areas leads to a sooner freezing of the resin, preventing the mass transport effect needed for
high index modulation building up, resulting in lower grating efficiency.

Thus, the coupling between PIS and holographic grating recording is not easy, and a fine
tuning of the photonic parameters, holographic material, with a good comprehension of the
photochemistry underlying the radical photogeneration is needed to tailor photopolymeriz‐
able systems to holographic recording, i.e., PIS‐resin couple. Moreover, during our work
[131–133], it appears that holographic recording reveals differences in photoinitiating sys‐
tem reactivity that are not detected with classical RT‐FTIR measurements.

6. Conclusion

In this chapter, it was shown that many photoinitiating systems are usable for holographic
polymerization. Type I and type II are widely exploited even if they are not the most efficient
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in term of radical quantum yields (especially, visible type I PIS). If in the UV‐vis curing and
photopolymerization field, three‐components systems are widely described and used, because
they proved high reactivity in photopolymerization reactions, their application is not so much
developed for holographic recording through polymerization. This can be due to higher
complexity of the photochemistry and choice of components, as described in this chapter.
However, it was shown that three‐component photoinitiating systems can be great choice for
application in holographic recording: high diffraction grating building rates with high final
diffraction yields were obtained paving the way toward highly sensitive holographic materials.
Even if photopolymerization and holographic recording is not straightforward, the challenge
is worth and the need to improve both photosensitivity and diffraction efficiency of a photo‐
polymerizable recording medium is certainly the driving force to pay more attention on the
development of three‐components and photocyclic initiating systems specifically designed for
such application. As many different physical and chemical processes (photochemistry of the
PIS, monomer, mass transport and gelation of the polymer matrix) are taking place in the
medium to give rise to index modulation. Optimizing the material requires a fair knowledge
of all these processes, which is tricky as many parameters are involved. This insight is needed
to tailor the material combinations to meet the specifications required by the user.
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[4] Guo, J., Gleeson, M.R., Sheridan, J.T. (2012) A review of the optimization of photopol‐
ymer materials for holographic data storage. Phys. Res. Int. 16 (ID 803439).
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in term of radical quantum yields (especially, visible type I PIS). If in the UV‐vis curing and
photopolymerization field, three‐components systems are widely described and used, because
they proved high reactivity in photopolymerization reactions, their application is not so much
developed for holographic recording through polymerization. This can be due to higher
complexity of the photochemistry and choice of components, as described in this chapter.
However, it was shown that three‐component photoinitiating systems can be great choice for
application in holographic recording: high diffraction grating building rates with high final
diffraction yields were obtained paving the way toward highly sensitive holographic materials.
Even if photopolymerization and holographic recording is not straightforward, the challenge
is worth and the need to improve both photosensitivity and diffraction efficiency of a photo‐
polymerizable recording medium is certainly the driving force to pay more attention on the
development of three‐components and photocyclic initiating systems specifically designed for
such application. As many different physical and chemical processes (photochemistry of the
PIS, monomer, mass transport and gelation of the polymer matrix) are taking place in the
medium to give rise to index modulation. Optimizing the material requires a fair knowledge
of all these processes, which is tricky as many parameters are involved. This insight is needed
to tailor the material combinations to meet the specifications required by the user.
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Abstract

The mechanisms of (i) forming the photochromic color centers in fluorite crystals (“addi-
tive coloring”) and (ii) recording and transforming holograms through the use of their 
photochromism are described here. The diffusion‐drift mechanism of hologram recording 
in additively colored fluorite crystals determines the recording kinetics and properties of 
holograms. An important feature of holograms recorded in additively colored fluorite is an 
opportunity to perform the photothermal transformation of color centers under the inco-
herent optical radiation that results in nondestructive switching of the hologram between 
the amplitude, amplitude‐phase (in‐phase or counter‐phase), and phase types at a given 
readout wavelength. Possible applications of holographic elements based on the additively 
colored fluorite crystals are discussed.

Keywords: fluorite crystal, additive coloring, color center, colloids, transformation, 
holography, diffraction efficiency, kinetics, profile

1. Introduction

Holographic elements are broadly used in the laser technique for spectral narrowing, stabi-
lizing, and tuning the laser emission, phase locking in resonators, angular narrowing and 
steering the laser beams, stretching, compressing, and shaping the laser pulses, and also 
in combining laser beams. These applications impose specific requirements in holographic 
media. One of important requirements is their stability to the effects of optical radiation and 
temperature. Another useful feature is the transparency in the infrared because IR lasers are 
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widely used in the modern techniques. In this paper, a holographic medium is described that 
satisfies both these requirements: it is extremely stable and allows for reading out holograms 
in the IR up to ~10 μm. This medium is calcium fluoride crystals (CaF2, fluorite) with color 
centers. Color centers in fluorite are the combination of anion vacancies and electrons trapped 
by the latter; the centers exhibit the absorption bands in the visible region and, thus, color the 
crystal. To form the centers in the crystal bulk, heating the crystal in the reducing atmosphere 
of calcium vapor is used (so‐called “additive coloring” of the crystal). Color centers can also 
be created in the crystal volume under the impact of γ‐radiation or high‐energy electron 
beams; however, such coloration is less stable.

The photochromism of colored crystals that allows for their use as a holographic medium is 
due to the transformation of color centers under the illumination of the crystal in the absorption 
band of specific center at an elevated temperature.

In this paper, the technique of additive coloring of fluorite crystals is described. The types of 
color centers are discussed as well as their photochromic transformations. Special attention is 
paid to the mechanism of hologram recording because it is this mechanism that determines 
the most important features of holograms recorded in this medium. The phenomenon of self‐
organization of color centers under hologram recording is considered. In conclusion, possible 
applications of the medium are discussed.

2. Additive coloring of fluorite crystals

As mentioned above, the color centers in fluorite crystals are anion vacancies that capture 
electrons. The additive coloring procedure is executed in gas‐controlled heat pipe [1, 2]. The 
essence of heat‐pipe method that implies the use of furnace and water‐cooled refrigerator 
(Figure 1) is in the spatial separation of a buffer inert gas (He) and metal vapor due to vertically 
directed metal diffusion at the temperature gradient formed by the furnace and the refrigera-
tor. The metal vapor is condensed on the manipulator rod at a dew point temperature in a zone 
above the container with the crystal, drains to the hot zone and evaporates in it. As a result, the 
vapor‐gas mixture pressure is determined by the pressure of He that is in equilibrium with the 
metal vapor, thus being almost independent of the temperature of a sample under coloration.

The dynamic mode of the heat pipe—continuous circulation of metal vapor within it—is 
implemented at a fairly low pressure of saturating metal vapor at its freezing temperature. 
This condition is not satisfied for calcium, but is fulfilled for alkali metals. Therefore, a cal-
cium‐lithium mixture (10) is used to implement the aforementioned mode. In this case, the 
dew point is determined by lithium that dominates in the mixture composition (~99%), and 
the coloring agent is calcium vapor.

Thus, the heat‐pipe method allows one to control the calcium vapor pressure, p, and tempera-
ture, T, of the colored crystal almost independently. The ranges of the parameter magnitudes 
are as follows: p = 10-4–1 Torr, T = 730–870°C.
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band of specific center at an elevated temperature.

In this paper, the technique of additive coloring of fluorite crystals is described. The types of 
color centers are discussed as well as their photochromic transformations. Special attention is 
paid to the mechanism of hologram recording because it is this mechanism that determines 
the most important features of holograms recorded in this medium. The phenomenon of self‐
organization of color centers under hologram recording is considered. In conclusion, possible 
applications of the medium are discussed.

2. Additive coloring of fluorite crystals

As mentioned above, the color centers in fluorite crystals are anion vacancies that capture 
electrons. The additive coloring procedure is executed in gas‐controlled heat pipe [1, 2]. The 
essence of heat‐pipe method that implies the use of furnace and water‐cooled refrigerator 
(Figure 1) is in the spatial separation of a buffer inert gas (He) and metal vapor due to vertically 
directed metal diffusion at the temperature gradient formed by the furnace and the refrigera-
tor. The metal vapor is condensed on the manipulator rod at a dew point temperature in a zone 
above the container with the crystal, drains to the hot zone and evaporates in it. As a result, the 
vapor‐gas mixture pressure is determined by the pressure of He that is in equilibrium with the 
metal vapor, thus being almost independent of the temperature of a sample under coloration.

The dynamic mode of the heat pipe—continuous circulation of metal vapor within it—is 
implemented at a fairly low pressure of saturating metal vapor at its freezing temperature. 
This condition is not satisfied for calcium, but is fulfilled for alkali metals. Therefore, a cal-
cium‐lithium mixture (10) is used to implement the aforementioned mode. In this case, the 
dew point is determined by lithium that dominates in the mixture composition (~99%), and 
the coloring agent is calcium vapor.

Thus, the heat‐pipe method allows one to control the calcium vapor pressure, p, and tempera-
ture, T, of the colored crystal almost independently. The ranges of the parameter magnitudes 
are as follows: p = 10-4–1 Torr, T = 730–870°C.
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About several tens of coloring procedures can be implemented, with reproducible results, 
using the same lithium‐calcium weight.

The formation of color centers under the additive coloring is related to the deviation of the 
crystal from stoichiometry. The crystal surface builds up when interacting with metal vapor 
and using anions borrowed from the crystal bulk. In other words, the anion vacancies diffuse 
into the crystal simultaneously with electrons supplied by calcium to support the charge neu-
trality of the colored sample. One should note that, at sufficiently high coloring temperature, 
the surface undergoes decomposition (erosion). During this process, the metal cations pass 
to the gas phase at a low vapor pressure and remain on the crystal surface at pressures close 
to the saturation vapor pressure. Fluorine that evolved during the surface layer decomposi-
tion recombines with anion vacancies formed as a result of the interaction with the metal 
film on the surface. Thus, from the viewpoint of crystal stoichiometry violation, these two 
reactions, namely, the surface building up and decomposition, are oppositely directed. One 
should note that, for CaF2 crystal, the process of building‐up the surface prevails over its 
decomposition.1

The recombination of anion vacancies and electrons diffusing into the crystal bulk produces a 
variety of color centers. The method used allows for the uniform coloring of CaF2 crystals of 
a large size (Figure 2).

After the furnace is switched off in the end of the coloring procedure, the crystal cools down 
to the room temperature; a minute quantity of oxygen present in helium penetrates, because 

1This is not the general case; for example, in CdF2 crystal that has the fluorite structure, the rates of both processes are 
comparable and the surface of additively colored crystals turns out to be greatly eroded.

Figure 1. Schematic representation of the heat‐pipe system: (1) helium supply, (2) stainless steel vacuum chamber, (3) 
vacuum valve, (4) manipulator for displacing the container with a sample, (5) line to the vacuum pump, (6) water‐cooled 
refrigerator, (7) furnace, (8) container, (9) sample, and (10) metal weight.
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of absence of Ca vapor, into the surface layers of colored crystal and substitutes fluorine ions 
for the O2

- ions with electrons borrowed from the color centers. So, the surface layers of the 
crystal become partially discolored. For hologram recording, plates of uniformly colored 
inner part should be cut out and polished.

To form color centers that consist of anion vacancies and electrons, it is necessary to use high‐
purity and high‐quality fluorite crystals. Luckily, fluorite is an important material of pho-
tolithography optics used together with excimer lasers for semiconductor chip production, 
which is why the technology of growing such crystals is well elaborated. So, such crystals are 
available and not expensive.

3. Color centers and their photothermal transformation

Color centers in fluorite crystals may be separated into three groups. “Simple” centers are 
those comprising 1–4 anion vacancies and equal number of trapped electrons (F‐, M‐, R‐, and 
N‐centers, respectively); the structure and energy levels of simple centers in fluorite crystals 
are well studied [3]. “Colloidal” centers (colloids) are the giant agglomerates of vacancies and 
electrons converted, at the coloring temperature, into the metal calcium drops less than ~50 
nm in diameter (its value depends on the coloring mode). “Quasi‐colloidal” centers occupy, 
by the number of vacancies/electrons, an intermediate position between simple and colloidal 
centers; probably, they are more or less large agglomerates of simple centers.

All centers are characterized by the specific absorption bands. The bands of simple centers 
are located in the λ < 550 nm wavelength range. The extinction of colloidal centers is well 
described by Mie theory [4–6]; the visible band of these centers is located in the 500 nm < λ < 
600 nm range depending on the coloring mode (the second band of colloidal centers is located 
at ~200 nm). There is a lot of quasi‐colloidal centers, their bands covering a wide spectral 
range, 550 nm < λ < 10 μm. The bigger the quasi‐colloidal center, the closer its absorption band 
to the band of colloids [7].

The modification of coloring conditions (calcium‐vapor pressure and temperature) determines 
the composition of color centers in the colored crystal. The higher the calcium pressure the 
larger the amount of colloidal particles formed (Figure 3); their size increases with an increase 

Figure 2. Samples of fluorite crystals 12 mm in diameter and 6 mm thick: initial (right) and additively colored (left).

Holographic Materials and Optical Systems408



of absence of Ca vapor, into the surface layers of colored crystal and substitutes fluorine ions 
for the O2

- ions with electrons borrowed from the color centers. So, the surface layers of the 
crystal become partially discolored. For hologram recording, plates of uniformly colored 
inner part should be cut out and polished.

To form color centers that consist of anion vacancies and electrons, it is necessary to use high‐
purity and high‐quality fluorite crystals. Luckily, fluorite is an important material of pho-
tolithography optics used together with excimer lasers for semiconductor chip production, 
which is why the technology of growing such crystals is well elaborated. So, such crystals are 
available and not expensive.

3. Color centers and their photothermal transformation

Color centers in fluorite crystals may be separated into three groups. “Simple” centers are 
those comprising 1–4 anion vacancies and equal number of trapped electrons (F‐, M‐, R‐, and 
N‐centers, respectively); the structure and energy levels of simple centers in fluorite crystals 
are well studied [3]. “Colloidal” centers (colloids) are the giant agglomerates of vacancies and 
electrons converted, at the coloring temperature, into the metal calcium drops less than ~50 
nm in diameter (its value depends on the coloring mode). “Quasi‐colloidal” centers occupy, 
by the number of vacancies/electrons, an intermediate position between simple and colloidal 
centers; probably, they are more or less large agglomerates of simple centers.

All centers are characterized by the specific absorption bands. The bands of simple centers 
are located in the λ < 550 nm wavelength range. The extinction of colloidal centers is well 
described by Mie theory [4–6]; the visible band of these centers is located in the 500 nm < λ < 
600 nm range depending on the coloring mode (the second band of colloidal centers is located 
at ~200 nm). There is a lot of quasi‐colloidal centers, their bands covering a wide spectral 
range, 550 nm < λ < 10 μm. The bigger the quasi‐colloidal center, the closer its absorption band 
to the band of colloids [7].

The modification of coloring conditions (calcium‐vapor pressure and temperature) determines 
the composition of color centers in the colored crystal. The higher the calcium pressure the 
larger the amount of colloidal particles formed (Figure 3); their size increases with an increase 

Figure 2. Samples of fluorite crystals 12 mm in diameter and 6 mm thick: initial (right) and additively colored (left).

Holographic Materials and Optical Systems408

in their concentration in the colored crystal. Only a minute quantity of quasi‐colloidal centers 
arises during the coloring process because they are less stable compared to the simple and col-
loidal centers and cannot exist at the coloring temperature.

Temperature determines the coloring time, but it also plays an important role in determining 
the composition of color centers present in the crystal in another aspect. The illumination of 
crystal by radiation resonant to the absorption band of a specific center at elevated tempera-
ture results in the destruction of this center and formation of another type of centers. This 
type crucially depends on temperature. T > 300°C is favorable for the simple center formation 
because of high entropy of these centers. At T = 150–200°C, the colloidal centers arise. The 
70–150°C temperature range is favorable for the quasi‐colloidal center formation. The lower 
temperatures of this range correspond to the formation of long‐wavelength quasi‐colloids; at 
higher temperatures, the short‐wavelength quasi‐colloids arise (Figure 4).

Photochromism of color centers in additively colored CaF2 crystals allows for hologram 
recording on the crystals.

Figure 3. Absorption spectra of 2.4 mm‐thick CaF2 crystals colored at temperature T = 830°C and pressure p equal to (i) 3 × 
10-4 Torr (“weakly colored,” solid line) and (ii) 8 × 10-3 Torr (“strongly colored,” dotted line).
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4. Mechanism and kinetics of hologram recording

When recording a hologram, the crystal and optical scheme of interferometer beginning with 
the beam splitter are placed into the temperature‐controlled windowed housing equipped 
with a heater and a thermocouple. The feedback circuit of the heater power supply maintains 
a temperature in the housing of 150–200°C with an error of 0.1°C.

The specific diffusion‐drift mechanism of hologram recording in ionic crystals with color cen-
ters [8–10] results not only in the transformation of the types of centers but also in their spatial 
redistribution over the crystal bulk. This mechanism is similar to Dember effect in semicon-
ductors. If there are two carrier types with different mobilities in a semiconductor, its illumi-
nation with inhomogeneous light field results in the concentration gradient of more mobile 
carriers. The perturbation in local neutrality of the crystal forms local electric fields. Dember 
effect is responsible for the appearance of bulk charge when the mobilities of electrons and 
holes differ from one another.

A similar phenomenon occurs in ionic crystals with color centers. Two components that arise 
under the impact of light field in a crystal with color centers at elevated temperatures, i.e., 

Figure 4. Absorption spectra of samples additively colored (p = 3 × 10-4 Torr and T = 830°C) and irradiated for 30 hours 
with the high‐pressure mercury lamp (λ = 365 nm) at T = 70, 85, 125, and 160°C (solid, dotted, dashed‐dotted, and dashed 
lines, respectively).

Holographic Materials and Optical Systems410



4. Mechanism and kinetics of hologram recording

When recording a hologram, the crystal and optical scheme of interferometer beginning with 
the beam splitter are placed into the temperature‐controlled windowed housing equipped 
with a heater and a thermocouple. The feedback circuit of the heater power supply maintains 
a temperature in the housing of 150–200°C with an error of 0.1°C.

The specific diffusion‐drift mechanism of hologram recording in ionic crystals with color cen-
ters [8–10] results not only in the transformation of the types of centers but also in their spatial 
redistribution over the crystal bulk. This mechanism is similar to Dember effect in semicon-
ductors. If there are two carrier types with different mobilities in a semiconductor, its illumi-
nation with inhomogeneous light field results in the concentration gradient of more mobile 
carriers. The perturbation in local neutrality of the crystal forms local electric fields. Dember 
effect is responsible for the appearance of bulk charge when the mobilities of electrons and 
holes differ from one another.

A similar phenomenon occurs in ionic crystals with color centers. Two components that arise 
under the impact of light field in a crystal with color centers at elevated temperatures, i.e., 

Figure 4. Absorption spectra of samples additively colored (p = 3 × 10-4 Torr and T = 830°C) and irradiated for 30 hours 
with the high‐pressure mercury lamp (λ = 365 nm) at T = 70, 85, 125, and 160°C (solid, dotted, dashed‐dotted, and dashed 
lines, respectively).

Holographic Materials and Optical Systems410

electrons and anion vacancies, differ greatly in mobilities. Photoionization of the centers in 
the maxima of the fringe pattern gives birth to the free electrons that diffuse towards the 
minima, where they are captured by traps (the same color centers). This process creates elec-
tric fields between the minima and maxima. Under the impact of these fields, vacancies that 
are split off the photoionized centers at the recording temperature, drift towards minima and 
recombine with electrons released from traps with the formation of new color centers. Thus, 
the holographic planes coincide with the minima of the fringe pattern. A resultant increase 
in the vacancy and electron concentrations in minima compared to their mean concentrations 
in the sample favors the formation of colloidal centers.

Generally, the hologram recording process is linked to the simple → colloidal center conversion. 
This conversion in the holographic planes and the depletion of centers between them create the 
modulation of optical constants of the crystal, i.e., forms the holographic grating. One should note 
that, actually, the conversion process passes through several stages in accord with an increase in 
the number of center components: simple centers → long‐wavelength quasi‐colloids → short-
wavelength quasi‐colloids → colloids; of course, this scheme is simplified with allowance for 
the occurrence of several kinds of simple centers and a lot of kinds of quasi‐colloidal centers.

According to the preceding section, the use of reverse colloidal → simple center process for 
hologram recording requires substantially high temperature of the crystal.

The most suitable laser wavelength for hologram recording is less than 500 nm; however, the 
radiation with λ = 532 nm is also effective though it is absorbed by both simple and colloidal 
centers (as mentioned above, the temperature range of 150–200°C is favorable for colloidal 
center formation).

One should note that the hologram recording in CaF2 crystals with color centers is a dynamic 
process. At the recording temperature, the thermal dissociation of color centers in the minima 
of fringe pattern occurs, thus resulting in the formation of the “counter‐flows” of electrons 
and vacancies towards the maxima of the fringe pattern. The study of ESR and dielectric 
constants of CaF2 crystals irradiated with electrons shows that the most stable colloidal color 
centers break up and form at temperature above 150°C [11].

Thus, the hologram decay occurs simultaneously with its recording. With a decrease and 
increase in the center concentration in the interference field maxima and minima, respec-
tively, the rates of recording and decay processes equalize, so that the diffraction efficiency 
of recorded hologram, DE, reaches saturation. As seen, such situation differs from that for 
media in which the laser radiation produces the irreversible modification (modulation) of the 
optical constants. This results in a decrease in DE, after passing a maximum, with an increase 
in exposure because of occurrence of the scattered radiation.

In Figure 5, the recording kinetics for the first diffraction order of the hologram read out at 
980 nm is presented. The readout beam was switched on, each 10 s, for 0.1 s. The absorption 
spectra of the crystal registered before and after hologram recording are shown in Figure 6.

The hologram may be considered as the phase one with only minor amplitude contribution. 
However, this is the case only at the initial stage of the formation of the holographic planes. 
Let us consider this stage in more detail.
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Figure 6. Absorption spectra of additively colored sample of CaF2 crystal before (solid line) and after (dotted line) 
recording the “saturated” hologram.

Figure 5. Diffraction efficiency measured at 980 nm vs. exposure time in the course of hologram recording with 532 nm 
laser emission.
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The first (small) maximum of kinetic curve is related to the local center transformation in the 
maxima of the fringe pattern. The simultaneously occurring process of center drift from 
the maxima to the minima restricts an increase in DE due to the local transformation and is the 
reason for the appearance of the first minimum (an analogous local maximum was observed 
under hologram recording in KCl crystals with color centers [12]). At this point, the amount 
of anion vacancies/electrons is a bit larger in the minima of the fringe pattern; however, this 
increase is compensated by center transformation in the maxima.

A subsequent increase in the center concentration in the minima implies DE to increase up to 
the second maximum. The time (exposure) at which this maximum is reached corresponds to 
the completion of holographic plane formation.

To explain the existence of two very pronounced minima at the kinetic curve, it is neces-
sary to assume that the minima are connected to the process of center transformation in 
the holographic planes. Probably, there is a variety of color center types in the formatted 
holographic planes; however, the distribution of these types varies with time (exposure) in 
accord with a scheme as follows: simple → long‐wavelength quasi‐colloidal → short‐wave-
length quasi‐colloidal → colloidal centers. In the process of this conversion, the mass center 
of the absorption bands crosses twice the readout wavelength when moving to the larger 
wavelengths and backward. The points of these crossing correspond, according to Kramers‐
Kronig relation

  δn( ν  1   ) =   
 c  0   ___ 2  π   2      ∫ 

0
  
∞

     
δα(ν ) dν

 _______  ν   2  −  ν  1  2 
    (1)

(where c0 is the light speed in vacuum, δn(ν) and δα(ν) are the modulations of the refractive 
index and absorption coefficient, respectively), to the second and the third minima. In these 
points, the hologram is a purely amplitude one.

One should note that the above scheme of center transformation shows only a general 
trend rather than the details of this process. Actually, there are several types of color 
centers/electron traps in the holographic planes. Electrons released from these traps and 
anion vacancies recombine with both the formation of F‐centers and complication of the 
existing center structures. The recombination can occur on the colloidal centers with an 
increase in their size. Simultaneously, the colloidal centers decay with the formation of 
quasi‐colloidal, in particular, short‐wavelength quasi‐colloidal centers, that absorb at the 
readout wavelength. This consideration explains the amplitude nature of the hologram in 
the second minimum.

When passing the third maximum, the hologram has the amplitude‐phase nature. At the third 
minimum, the hologram becomes the amplitude one again because of overlapping the readout 
wavelength with the quasi‐colloidal absorption bands.

After passing the third minimum, the hologram is gradually converted from the amplitude‐
phase into the predominantly phase one and its DE increases. Some decrease in DE after 
~80000 seconds down to a certain saturation value is connected to the short‐wavelength 
quasi‐colloid → colloid transformation (moving away the absorption band from the readout 
wavelength).
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5. Hologram profile

Due to the diffusion‐drift recording mechanism, the hologram profile does not reproduce 
the sinusoidal distribution of light intensity in the fringe pattern. The flows of electrons and 
vacancies off their maxima to minima result in the compression of holographic planes. As a 
result, several diffraction orders are observed. Below, the profile of a hologram recorded by 
532 nm laser with a moderate DE of ~10% in the first order (the readout wavelength being the 
same) is discussed [13].

Figure 7 shows images of the 15 × 15 μm2 area of this sample obtained using the confocal laser 
scanning microscope (LSM) in (i) the light of the crystal luminescence excited by argon ion 
laser operating at 514.5 nm and (ii) the transmitted excitation light. The luminescence is due 
to M and MA

+ color centers (the MA
+-center is the M‐center in which the Na+ ion present in the 

crystal as a trace impurity is incorporated). The transversal profiles of the grating obtained 
from the images shown in Figure 7 are presented in Figure 8. The transmittance profile is close 
to the sine curve, whereas the luminescence profile deviates substantially from this shape.

Figure 7. Images of the 15 μm × 15 μm area of the sample with a holographic grating obtained using confocal LSM: (a) 
in the light of the crystal luminescence excited by an argon ion laser operating at 514.5 nm and (b) in the transmitted 
excitation light.
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Due to spatial filtering of optical signals with the pinhole diaphragm, confocal microscopy 
provides enhanced selectivity and contrast of fluorescent and reflection images: only light 
emitted (or scattered) within a tiny focal volume is collected at the photodetector. 3D images 
are constructed of “optical slices” obtained by layer‐by‐layer scanning of an object at different 
focal positions. Contrastingly, the transmitted‐light images of the same thin layers include 
signal coming from the light cone passing through entire thickness of the sample, and the 
major contribution to the resulting picture is given by a number of defocused images of holo-
gram sections. Summation of such patterns results in a nearly sinusoidal distribution, even if 
the original grating consisted of sharp thin lines.

Higher diffraction orders of a volume holographic grating observed at the Bragg angles θm 
corresponding to spatial frequencies Km = 2πm/d, where d is the spatial period of the pattern, 
imply its nonsinusoidal shape. In order to reconstruct the spatial dependences of the refrac-
tive index n(x) and absorption coefficient α(x) of the grating (spatial profiles), we apply partial 

Figure 8. Transversal profiles of the grating obtained from the images shown in Figure 7: the transmittance profile 
(squares) and its sine‐approximation (dashed curve); the luminescence profile (circles) and its best fit with the sum of 
the first three harmonic components, the amplitude ratio being 100:50:19 (solid curve).
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Fourier series with harmonic coefficients δnm and δαm obtained from measured angular depen-
dences of diffraction efficiencies for respective orders and alternating signs by analogy with 
Fourier expansion of the truncated cosine function:

  δn(x ) =  ∑ 
m
  

 
     (− 1 )   m+1  δ  n  m   cos   (    2πmx _ d   )   ,  (2)

  δα(x ) =  ∑ 
m
  

 
     (− 1 )   m+1  δ  α  m   cos   (    2πmx _ d   )     (3)

Here, x is the spatial coordinate along the grating vector K.

To determine the values of harmonic components, the angular dependences of the hologram 
response for three (most intense) diffraction orders can be used. The angular dependences of 
the zeroth and ±1st diffraction orders read out at λ = 532 nm are symmetric with respect to the 
normal incidence as well as those of the higher diffraction orders (Figure 9).

Using a criterion given in Refs. [14, 15], namely, that of the effectively equal values of diffrac-
tion efficiencies in the +1 and ‐1 diffraction orders, one can conclude that the hologram has 

Figure 9. Angular dependences of the zeroth and ±1 diffraction orders for the grating when read out at 532 nm. Circles 
(η0) and squares (η±1) are referred to the experimental data; dashed, and solid curves correspond to the theoretical 
approximation using Eqs. (5) and (4), respectively.
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an amplitude‐phase nature with the amplitude and refractive index gratings being in phase. 
Therefore, to fit the experimental angular dependences, the following expressions can be used 
for the angular dependences of the diffraction efficiencies ηm, η0 in the mth (m ≠ 0) and zero 
orders.
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     (5)

Here α0 = 3.29 cm-1 is the mean absorption coefficient of the crystal at readout wavelength, n0 = 
1.43 is its mean refractive index, t is the thickness of the grating in nm, and αm are the modula-
tion amplitudes of the mth harmonics of the refractive index and absorption coefficients, κ1 = 
πnm/λ, κ2 = αm/2,

  ϑ =   
4π  n  0   sin  θ  m  

 _________ λ  (sin θ − sin  θ  m   ) ,  (6)
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Modulation amplitudes for the mth harmonics of the absorption coefficient and refractive 
index found as the fit parameters are shown in Table 1.

Using data given in the second and third columns of Table 1, one may determine the ratios 
of amplitudes for the first three harmonic components of the hologram. These ratios are 
100:58:22 and 100:42:14 for the absorption coefficient and refractive index, respectively. A dif-
ference between the ratios is probably caused by the presence of several types of color centers 
in the crystal and disproportionality of the spatial distributions of different type centers along 
the grating vector. Accordingly, the relative magnitudes of modulation amplitudes of the 
absorption coefficient and refractive index for different spatial harmonics appear to be similar 
but unequal.

Harmonic number Modulation amplitude of the absorption 
coefficient, δαm (cm-1)

Modulation amplitude of the 
refractive index, δnm

1 2.13 2.6 × 10-5

2 1.24 1.1 × 10-5

3 0.47 0.36 × 10-5

Table 1. Grating parameters.
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The hologram profile determined from the luminescence measurements (i.e., the spatial 
distribution of luminescent color centers) is adequately described by the sum of three har-
monic components (amplitude ratio 100:50:19, Figure 8). This ratio does not differ strongly 
from the harmonics ratio for the absorption profile 100:58:22 that follows from the angu-
lar dependences of diffraction efficiency and represents the spatial distribution of all color 
centers forming the grating. This confirms that both the spatial profiles reconstructed from 
holographic and microscopic measurements are determined by the same spatial distribution 
of color centers.

The modulation amplitude of absorption coefficient found from the analysis of angular 
dependences shows that the concentration of colored centers between the holographic planes 
is small as compared to the average absorption of the crystal with the hologram. At the satura-
tion value of DE, this concentration does not exceed several percents of the total amount of the 
centers. The overwhelming majority of color centers present in the crystal with hologram are 
located in the holographic planes.

6. Hologram convertibility under the photothermal treatment using the 
incoherent radiation

The small amount of color centers (electron traps) between the holographic planes is a prem-
ise for the hologram stability with respect to the optical radiation and temperature. When the 
crystal with hologram is illuminated by incoherent radiation, most of the photoionized elec-
trons arising in the holographic planes cannot be captured by these centers and be localized 
between the holographic planes. They return to the planes under the effect of electric field 
generated by their removal from centers subjected to the ionization. However, if the optical 
radiation is resonant with respect to the color centers dominating in the planes, the recom-
bination of returning electrons with photoionized centers results in the formation of other 
centers, the type of these centers depending on the crystal temperature. This process opens 
up a unique possibility for the hologram reconstruction with the incoherent radiation [16, 17].

In Figure 10, the absorption spectra of additively colored CaF2 crystal and sample cut of this 
crystal with hologram (Hologram 1) are shown. One may see that hologram recording leads 
to increased absorption of colloidal centers (the shoulder at ~600 nm) at the expense of simple 
centers. This sample was subjected to the series of successive photothermal transformations 
that converted Hologram 1 to Holograms 2–5 (Table 2). The spectra of the samples with these 
holograms are shown in Figure 11. All holograms were read out using the DPSS laser (532 nm), 
and Holograms 2–5 were also read out with diode Thorlabs S3FC1550 laser (1.55 μm). The 
types of holograms and their DE values are shown in Table 2.

As seen (Figure 12), noticeable narrowing of the profile of the treated holograms and an 
accompanying increase in the intensity of the higher diffraction orders occur.

These facts can be explained by spatial redistribution of various center types in Hologram 1. 
The highly aggregated color centers are located predominantly in the immediate vicinity of the 
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Figure 10. Absorption spectra of CaF2 sample with color centers before (solid line) and after (dotted line) recording 
Hologram 1.

Stage of 
treatment

Hologram 
number

T (°C) Impact λ 
(μm)

Impact 
time (h)

Exposure 
(kJ cm−2)

Hologram 
type at 532 nm 
readout

+1st order 
DE at 532 nm 
readout

Hologram 
type at 1.55 
μm readout

+1st order 
DE at 1.55 
μm readout

Hologram 
recording

1 - - - Amplitude‐
phase 
(in-phase)

7.8 Not 
measured

-

(1) 2 82 0.365 36.8 10 Phase 26.0 Amplitude‐
phase 
(antiphase)

6.0

(2) 3 202
190

-
>1

84.4
24.4

-
1

-
Amplitude‐
phase 
(antiphase)

-
12.0

-
Amplitude‐
phase 
(in-phase)

-
29.0

(3) 4 186 0.578 49.3 10 Amplitude‐
phase 
(in-phase)

6.5 Phase 4.2

(4) 5 193 0.365 6.0 1 Amplitude 14.1 Phase 14.2

Table 2. Sample treatment parameters and hologram characteristics.
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Figure 11. Absorption spectra of samples with Holograms 2–5 (a) and Hologram 2 in the extended wavelength range (b).

Figure 12. Refractive index profiles of Hologram 1 (dotted line), Hologram 2 (solid line), and Hologram 3 (dashed line) 
as reconstructed from the angular dependences of the diffraction response at 532 nm. The half‐widths of the profiles are 
1.00 μm (Hologram 1), 0.65 μm (Hologram 2), and 0.70 μm (Hologram 3).
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fringe pattern minima, where the density of vacancies/electrons is relatively high, whereas the 
peripheral areas of these minima contain mainly simple centers. During Stage (1), the 365 nm 
radiation effectively destroys the simple centers because all of them have the absorption bands 
located near this wavelength. However, this radiation just weakly affects the highly aggre-
gated centers. Electrons arising under the photoionization of simple centers move towards the 
central areas of holographic planes, where the concentration of color centers (traps) is higher 
than that at the peripheral areas and localize there generating an electric field that attracts 
vacancies. This increases somewhat the center concentration in the central areas and forms 
the quasi‐colloidal centers stable at temperature of about 80°C. This results in narrowing the 
Hologram 2 profile that becomes more meander‐like. As shown in Figure 11, the transforma-
tion of the long‐wavelength quasi‐colloidal centers into the predominantly short‐wavelength 
quasi‐colloidal and colloidal ones does not result in a noticeable change of the profile. It should 
be noted that, at elevated temperatures, the color centers of various types are in equilibrium 
with each other. The equilibrium state can shift toward a certain type of color centers depend-
ing on temperature and, on illuminating the sample, on the wavelength and intensity of the 
light. At Stages (1) and (2), both heating and the illumination play the same role in facilitat-
ing the concentration of the centers and their transforming into the long‐wavelength quasi‐
colloidal centers during Stage (1) and into the short‐wavelength and colloidal centers during 
Stage (2); this is the reason for narrowing the profiles of Holograms 2 and 3. During Stage (3), 
in contrast, these factors act in the opposite directions. The temperature of 186°C favors the 
colloidal center formation; however, the 578 nm radiation destroys them, as well as the short‐
wavelength quasi‐colloidal centers present in Hologram 3, thus hindering the accumulation of 
color centers, which results in some broadening the Hologram 4 profile.

The sample with the hologram under above transformations was maintained at 80–190°C for 
more than 8 days and ~2/3 of this period the sample was under the impact of actinic radiation 
with the total exposure of 22 kJ cm-2. Such treatment does not result in the hologram erasure. It 
should be noted that (i) the absorption spectrum of the sample with Hologram 4 thus treated 
practically coincides with the spectrum of the initial sample and (ii) DE of the hologram is 
reduced only by ~1.3% as compared to that of Hologram 1 (it should be taken into account 
that these two holograms are similar but not wholly identical). As seen, one can state an 
extremely high stability of holograms in this medium with respect to the optical radiation 
and temperature.

The read out of Hologram 5 with 532 nm laser shows the equality of intensities of dif-
fracted and transmitted radiation (Borrmann effect) due to a large absorption at the readout 
wavelength.

The above considerations allow for managing the hologram type (amplitude‐phase, mostly 
amplitude, or mostly phase one), characteristics, and diffraction efficiency. Such changes 
can be implemented throughout the visible and IR spectral ranges up to the CaF2 transpar-
ency limit (10 μm). It should be noted that Figure 11 shows only the examples of center‐type 
transformation. Actually, one can perform the finer “tuning” of the center type by modifying 
the wavelength of incoherent radiation and temperature. The other ruling parameter is the 
concentration of color centers in the crystal (the additive coloring mode).

Fluorite Crystals with Color Centers: A Medium for Recording Extremely Stable but Broadly Transformable Holograms
http://dx.doi.org/10.5772/66114

421



7. Self-organization of color centers in the course of hologram recording

The investigation of weakly colored samples with holograms recorded under various power 
densities of laser radiation, exposure, temperature, and grating period revealed structuring the 
holographic planes with an increase in the colloidal center concentration: the holographic planes 
became thinner and were pierced by fragmentary spiral‐like bundles that consisted of colloids.

Figure 13 shows the 3D view of such hologram composed with the confocal LSM. One may 
conclude that, under hologram recording, (i) the above self‐organization of color centers took 
place and (ii) the colloidal centers played an important role in this process [18, 19].

The colloidal particles can be considered as the second phase inclusions in the fluorite lattice. 
It should be noted that, though metallic calcium and fluorite have the same Bravais lattice and 
mismatch of their lattice parameter, a, is very small (aCa = 0.556 nm, aCaF2

 = 0.545 nm), the mutual 
orientation of the matrix and colloids is not expected to be cube‐on‐cube [5]. Thus, the col-
loidal centers disturb the fluorite lattice. This disturbance displays itself in broadening the 
absorption bands with the growth of the colloid content.

It was stated above that the color centers including colloids both form and decay in the hologram 
recording process. So, recording a hologram on the CaF2 crystals with color centers is accompa-
nied by continuous phase transitions.

Figure 13. 3D LSM image of the sample with bundles in the holographic planes seen in the reflected light of 405 nm laser.
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The internal self‐consistency (self‐organization) arises in complex systems due to the interaction 
of various subsystems [20]. Their interaction is the most effective near the phase transition; when 
a subsystem that experiences the transition becomes soft and weak, an external perturbation can 
cause the strong modification of the subsystem state and, in particular, its order parameter. In 
the case under consideration, such perturbations could be the fluctuations of concentrations of 
simple centers, vacancies, and electrons. These fluctuations could, in turn, trigger the formation 
of large‐scale stable spatially inhomogeneous states in the subsystem of colloidal centers located 
in the holographic planes. Such states are bundles. The bundles arise in the recording conditions 
and turn out to be frozen on cooling the crystal after finishing the recording process.

The bundle formation is probably governed by (i) bi‐directional “compression” of holo-
graphic planes by vacancy flows emanating from the neighboring fringe pattern maxima (the 
bundle thickness is about the thickness of the holographic planes) and (ii) the direction of the 
Poynting vector of the interference field that determines successive recording of the hologram 
deeply into the sample (the bundle orientation coincides with this direction).

Within the framework of the synergetic theory [20], a CaF2 crystal in the process of hologram 
recording may be considered as an open system that is in the heat exchange with a heat source 
having temperature of 150–200°C. From this standpoint, the formation of bundles (dissipative 
structures) is the result of importing the negative entropy into the crystal.

At some colloid content, the bundles become continuous and correlated with each other, thus 
forming the 2D superlattice of a symmetry very close to cmm plane symmetry group [21] with 
the lattice parameters as follows: a is the doubled period of the hologram and b is a separa-
tion between the neighboring bundles along the holographic plane (Figure 14). For the sample 
shown in Figure 13, a = 9 μm and b ≈ 4.2 μm. Under further increase in the colloid concentration, 
however, the correlation between bundles breaks and they tear off.

Figure 14. Absorption image of a hologram with 2D superlattice in one of orthogonal projections resulted from 
postprocessed series of their optical slices recorded using LSM at 405 nm (a). The schematic drawing of hologram (b); an 
arrow indicates the projection shown in (a). The green rectangle in (a) shows the superlattice elementary cell.
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Earlier, the colloid cubic superlattice with the lattice parameter of ~20 nm was observed on the 
surface of electron‐irradiated crystals (see [22] and references therein).

8. Possible applications of the holograms

The main characteristic features of holograms on CaF2 crystals with color centers are as follows: (1) 
the opportunity of preparing thick holograms with high angular and spectral selectivities, (2) an 
extremely high hologram stability with respect to the effects of optical radiation and temperature, 
and (3) an opportunity to transform the composition of color centers forming the holographic 
grating via the postexposition photothermal treatment, i.e., to change the type of hologram at the 
desired readout wavelength. The volume holographic elements with such features and spatial 
resolution of about 5000 lines mm−1 and more can be useful for solving many problems. Below, 
two possible applications of such elements are discussed.

8.1. Plane angle measure

A conventional plane‐angle measure is a regular polyhedral‐fused silica prism, whose angles 
are set by normals to its faces. Each normal is implemented physically by the autocollimator axis 
when the cross hairs in its focal plane are aligned with the image arising as a result of collimated 
beam reflection from the prism face. The angle between two normals is reproduced by rotating 
the prism around an axis perpendicular to the autocollimator measuring plane. Thus, the set of 
angles stored by the prism is determined by the mutual positions of its faces and is reproduced 
using the light beam reflected from them and sample rotation. The prism reproduces angles 
with effective values close to m(360/n)°, where n is the number of lateral faces and m = 1, 2, …, n 
– 1 (actually, n ≤ 72). Such a fused silica prism has drawbacks as follows: a large weight and size 
(1.2 kg and more, dimensions 170 × 20 mm and more); the discreteness of the formed plane angle 
circular scale that is limited by the number of faces (up to 36 faces); a low production efficiency 
(the prism preparation is, in principle, the custom‐made, time‐consuming process); and the haz-
ard of spontaneous sharp changes, when storing, in the optical and geometric characteristics 
(so‐called devitrification).

A new multivalued plane‐angle measure based on the holographic principle that has a number 
of significant advantages over the fused silica prism was proposed [23–26].

This element (referred to below as sample) is a parallelepiped made of a photochromic CaF2 
crystal in which a system of superimposed holograms is recorded. Their mutual spatial posi-
tions form a set of angles (the multivalued holographic measure) stored by this element. The 
exposure of this sample to a reference laser beam induces a response in the form of several dif-
fracted beams. Depending on the recording method, they arise successively or simultaneously 
upon rotating the sample and cover a limited range of angles; these beams are recorded by 
photoelectric detector. The rotation of the sample makes it possible to form a full angular scale.

Angles between directions set by the holograms are the functional analogs of angles between 
the fused silica prism normals. Hence, this element can be referred to as a holographic prism, 
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HP. For this prism, an angle between holograms forming it can be fairly small (of the order of 
an arc minute). This circumstance provides a high discreteness of the realized circular scale 
and, correspondingly, high accuracy of angular measurements.

A holographic prism, as noted above, can be implemented in two modifications, I and II, that 
produce the set of angles. For modification I, the temperature‐controlled housing with a sample 
is mounted on the rotation table, their rotation axes coinciding. The interfering beams are in 
the plane parallel to the table. After recording the first hologram, the sample is turned by the 
assigned angle to record the next hologram, and so on. Several superimposed holograms form 
HP‐I. Then, the sample is mounted on the rotation stage and the diffraction responses of the 
holograms appear successively when rotating the table (Figure 15) [23]. The half width of angu-
lar selectivity profile of a 14 × 8.5 × 7.7 mm sample with the hologram thickness of 8.5 mm is 1.8′.

To record an HP‐II, one should use an interferometer wherein the coherent beams cross 
each other at an angle of 90°. A sample is installed in their interference region on the table 
of the rotational device. The first beam is aligned with the device axis, whereas the second 
one, as indicated above, is perpendicular to the first beam. The system of holograms form-
ing HP‐II is recorded successively, and the crystal is rotated by a specified angle after each 
recording cycle. Holograms thus recorded can be reconstructed simultaneously by the same 
reference beam that has a direction the same as the first recording beam. The diffracted (signal) 
beams are oriented perpendicularly to the reference beam. Angles between the beams are 
the angles of crystal rotation in the course of prism recording. This method for recording 
the imposed holograms can be used to implement on condition that they are recorded and 
reconstructed by radiation with the same wavelength, so that the angle of beam convergence 
specified at recording is exactly reproduced during the reconstruction. The fan of diffracted 
beams emitted by HP‐II and the reference beam are shown in Figure 16 [25]. Holograms 
were reconstructed with the reference beam of ~1 mm in diameter that is much smaller than 
the hologram diameter (~8 mm); so, the diffracted beams formed extended enough lines on 
the screen.

Figure 15. General view (a) and top view (b) of HP‐I holographic prism: (1) is the reference laser, (2) is the incident beam, (3) 
is the holographic prism, (4) is the rotation stage, (5) is the diffracted beam, and (6) is the photodetector.
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The uniquely small mass and dimensional characteristics of this angular measure (10 g and 
0.5–1 cm3, respectively) make it possible to use such HP as a basis for developing devices for 
measuring/setting rotation angles that will combine two antinomic requirements such as the 
mobility and high accuracy of angular measurements (see [25] for details).

8.2. Volume holographic elements for mid-IR spectral range

The specific features of holograms listed above allow for taking the holographic elements 
based on additively colored CaF2 crystals to be quite promising as the transmission and reflec-
tion filters in the mid‐IR spectral range. Below, the expected characteristics of holographic 
filters based on CaF2 crystals with photothermally transformed holograms are discussed.

The absorption spectrum of CaF2 crystal after special photothermal treatment is shown in 
Figure 17. An absorption band attributed to the short‐wavelength quasi‐colloidal centers 
(λmax ≅ 2 μm) is present in the spectrum.

Under suggestions that (a) the absorption spectrum of the sample with a hologram is similar 
to that shown in Figure 17, (b) the holographic grating plane width is about 0.2 of the grating 
period d (e.g., 1 μm width at 4.5 μm period [13]), and (c) ~90% of color centers are located 
within the holographic planes (and, hence, the same fraction of the sample absorption origi-
nates from the planes), it is possible to estimate the expected characteristics of transmission 
and reflection holograms read out with 3.5 μm radiation.

The absorption spectrum shown in Figure 17 ensures recording of efficient transmission and 
reflection holograms in the crystal samples of several millimeters thick. When neglecting the 

Figure 16. Fan of diffracted beams emerging from HP‐II.
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absorption of readout radiation, it is possible to use the Kogelnik theory to calculate the phase 
hologram parameters [27].

According to suggestions (b) and (c), the spectral dependence of the modulation amplitude of 
the absorption coefficient δα(ν) of the crystal with a hologram can be calculated by multiplica-
tion of the absorption spectrum shown in Figure 17 by coefficient such as (4.5 μm/1 μm) × 0.9. 
Kramers‐Kronig relation (1) allows the estimation of the corresponding spectral dependence 
of the modulation amplitude of the refractive index δn(ν) shown in Figure 18.

The modulation amplitude of the refractive index δn at the readout wavelength λ = 3.5 μm 
equals to 6.82 × 10-4. The hologram thickness T is determined by the phase incursion νt = π/2 
that provides the 100% diffraction efficiency of the phase hologram. To calculate the optimum 
thickness of the hologram, an expression can be used as follows:

  T =  ν  t   λ cos  θ  0   / πδn,  (9)

where θ0 is the Bragg angle for the readout radiation inside the holographic medium (θ0 = 15° 
for the grating period d = 4.5 μm). The thickness of a hologram with the above parameters 
equals to 2.45 mm.

Figure 17. Absorption spectrum of the photothermally treated sample.
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It should be noted that the nonsinusoidal nature of the hologram profile in this crystal results 
in the appearance of several diffraction orders from the recorded hologram (the diffraction 
from several spatial harmonic components). The fraction of the first diffraction order that 
can be used for holographic filtering at the Bragg angle is about 65% of the total diffraction 
efficiency of the hologram [13].

The spectral selectivity of the transmission hologram, δλ, can be approximately calculated 
using an equation as follows:

  δλ ≈   
λdctg  θ  0   _______ T    (10)

At the above values of grating parameters, δλ = 24 nm.

Angular selectivity of the hologram δθ is given by

  δθ = λ  ξ  t   /   (  2πnT sin  θ  0   )   ,  (11)

where n = 1.43 is the refraction index of CaF2 crystal at the readout wavelength. The misalignment 
parameter ξt is proportional to the deviation of the readout angle (in the medium) from θ0. The 
ξt value of ∼2.7 corresponds to DE equal to zero. Under these conditions, the angular selectivity 
equals to 0.13° according to Eq. (11).

Figure 18. Spectral dependence of the modulation amplitude of the refractive index for a crystal with the hologram.
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When using the sample with hologram as a reflection‐type filter, the wavelengths of record-
ing (λrec) and reflected (λread) radiations are different but connected—according to the Bragg 
condition—via the hologram period d:

  d =   
 λ  rec   _______ 2 sin  θ  rec  

   =   
 λ  read  
 _______ 2 sin  θ  read      (12)

For the actual case θread = 90° at λread = 3.5 μm, the period of reflection grating d equals to 1.22 μm.

Recording of the reflection hologram readout with 3.5 μm radiation can be executed with the 
532 nm radiation in the symmetric transmission scheme with the 2θrec = 25.2° angle between 
the recording beams (Figure 19).

The assumption that relation between grating period and holographic plane thickness is the 
same for both transmission and reflection grating allows using the same δn(ν) dependence 
(Figure 18) to calculate the phase incursion for the reflection hologram.

The DE of the reflection hologram increases with an increase in the phase incursion, νr:

  η = t h   2   (   ν  r   )   ,  (13)

Figure 19. The scheme of recording/readout the reflection hologram. W1 and W2 are the recording beams, R and S are 
readout and diffracted beams, respectively, K = 2π/d is the grating vector.
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where   ν  
r
   =   πΔnT ______ λ sin  θ  

0
     . For δn = 6.82 × 10-4, the thickness of a hologram with DE = 100% equals to 6 

mm. Absorption in such sample does not exceed 3%.

The spectral and angular selectivity of the reflection hologram can be expressed through the 
misalignment parameter ξr. The ξr value of 3.5 corresponds to the deviation of pitch angle θ0 
from its magnitude of 90°; at the latter, DE ≅ 0 and the ξr parameter and the spectral selectivity 
are connected through a relation as follows:

  δλ = −   
 ξ  r    λ   2 
 __________ 

 (  2πnT sin  θ  0   )  
    (14)

At the above ξr value, the spectral |δλ| and angular δϕ selectivities are equal to 1.3 nm and 
0.02°, respectively.

These estimates demonstrate the possibility of using the holographic elements based on CaF2 
crystals with color centers as the volume narrow‐band transmission and reflection filters for 
the mid‐IR spectral range.

9. Conclusions

The fluorite crystal with color centers is a promising holographic medium. The technology of its 
preparation allows for producing reproducibly large‐size samples and enables the modification 
of color center concentration in a wide range. There exists the set of color centers whose absorp-
tion bands overlap with each other, thus covering the entire transparency region of fluorite. The 
photochromism of color centers enables hologram recording in the fluorite crystals. The diffu-
sion‐drift mechanism of recording that causes not only the color center transformation but also 
their redistribution over the crystal bulk determines the holographic features of this medium 
such as (i) the nonsinusoidal hologram profile, (ii) a high hologram stability with respect to tem-
perature and optical radiation, and (iii) an opportunity to change the type of readout hologram 
(amplitude, amplitude‐phase, or phase) using postexposure incoherent radiation. The highly 
stable volume holograms with high angular and spectral selectivities can be used as metrological 
elements and narrow‐band transmission and reflection filters for the mid‐IR spectral range.

Acknowledgements

The authors are grateful to Yurii I. Terekhin for preparing all CaF2 samples, Tatiana S. 
Semenova, Lyudmila F. Koriakina, and Marina A. Petrova for additive coloring the samples, 
and also Evgenii B. Verkhovskii and Anatolii K. Kupchikov for a technical assistance (all of 
them, ITMO University).

The paper is dedicated to the memory of our colleague, Aleksandr S. Shcheulin (1955–2016), 
who was an active participant of this study.

Research was funded by Russian Science Foundation (Agreement #14‐23‐00136).

Holographic Materials and Optical Systems430



where   ν  
r
   =   πΔnT ______ λ sin  θ  

0
     . For δn = 6.82 × 10-4, the thickness of a hologram with DE = 100% equals to 6 

mm. Absorption in such sample does not exceed 3%.

The spectral and angular selectivity of the reflection hologram can be expressed through the 
misalignment parameter ξr. The ξr value of 3.5 corresponds to the deviation of pitch angle θ0 
from its magnitude of 90°; at the latter, DE ≅ 0 and the ξr parameter and the spectral selectivity 
are connected through a relation as follows:

  δλ = −   
 ξ  r    λ   2 
 __________ 

 (  2πnT sin  θ  0   )  
    (14)

At the above ξr value, the spectral |δλ| and angular δϕ selectivities are equal to 1.3 nm and 
0.02°, respectively.

These estimates demonstrate the possibility of using the holographic elements based on CaF2 
crystals with color centers as the volume narrow‐band transmission and reflection filters for 
the mid‐IR spectral range.

9. Conclusions

The fluorite crystal with color centers is a promising holographic medium. The technology of its 
preparation allows for producing reproducibly large‐size samples and enables the modification 
of color center concentration in a wide range. There exists the set of color centers whose absorp-
tion bands overlap with each other, thus covering the entire transparency region of fluorite. The 
photochromism of color centers enables hologram recording in the fluorite crystals. The diffu-
sion‐drift mechanism of recording that causes not only the color center transformation but also 
their redistribution over the crystal bulk determines the holographic features of this medium 
such as (i) the nonsinusoidal hologram profile, (ii) a high hologram stability with respect to tem-
perature and optical radiation, and (iii) an opportunity to change the type of readout hologram 
(amplitude, amplitude‐phase, or phase) using postexposure incoherent radiation. The highly 
stable volume holograms with high angular and spectral selectivities can be used as metrological 
elements and narrow‐band transmission and reflection filters for the mid‐IR spectral range.

Acknowledgements

The authors are grateful to Yurii I. Terekhin for preparing all CaF2 samples, Tatiana S. 
Semenova, Lyudmila F. Koriakina, and Marina A. Petrova for additive coloring the samples, 
and also Evgenii B. Verkhovskii and Anatolii K. Kupchikov for a technical assistance (all of 
them, ITMO University).

The paper is dedicated to the memory of our colleague, Aleksandr S. Shcheulin (1955–2016), 
who was an active participant of this study.

Research was funded by Russian Science Foundation (Agreement #14‐23‐00136).

Holographic Materials and Optical Systems430

Author details

Aleksandr I. Ryskin, Aleksandr E. Angervaks* and Andrei V. Veniaminov

*Address all correspondence to: angervax@mail.ru

ITMO University, St. Petersburg, Russian Federation

References

[1] Shcheulin AS, Semenova TS, Koryakina LF, Petrova MA, Kupchikov AK, Ryskin AI. 
Additive coloration of crystals of calcium and cadmium fluorides. Opt. Spectrosc. 
2007;103:660–664. DOI: 10.1134/S0030400X07100219

[2] Shcheulin AS, Semenova TS, Koryakina LF, Petrova MA, Angervaks AE, Ryskin AI. 
Additive coloring rate and intensity for pure and doped fluorite crystals. Opt. Spectrosc. 
2011;110:617–623. DOI: 10.1134/S0030400X11040205

[3] Hayes W, editor. Crystals with Fluorite Structure. Electronic, Vibrational, and Defect 
Properties. 1st ed. Oxford: Clarendon Press; 1974. 448 p.

[4] Orera VM, Alkala E. Optical properties of cation colloidal particles in CaF2 and SrF2. 
Phys. Status Solidi. 1977;44:717–723. DOI: 10.1002/pssa.2210440239

[5] Cramer LP, Schubert BE, Petite PS, Langfort SC, Dickinson JT. Laser interactions with 
embedded Ca metal nanoparticles in single crystal CaF2. J. Appl. Phys. 2005;97:074307. 
DOI: 10.1063/1.1862758

[6] Rix S, Natura U, Loske F, Letz M, Felser K, Reichling M. Formation of metallic colloids in 
CaF2 by intense ultraviolet light. Appl. Phys. Lett. 2011;99:261909. DOI: 10.1063/1.3673301

[7] Shcheulin AS, Angervaks AE, Aksenova KA, Gainutdinov RV, Ryskin AI. Photothermal 
transformation of color centers in CaF2 crystals. Opt. Spectrosc. 2015;118:542–546. 
DOI: 10.1134/S0030400X15040189

[8] Belous VM, Mandel VE, Popov AY, Tyurin AV. Mechanism of holographic recording 
based on photothermal transformation of color centers in additively colored alkali 
halide crystals. Opt. Spectrosc. 1999;87:305–310.

[9] Popov AY, Belous VM, Mandel VE, Shugailo VB, Tyurin AV. Drift model of photo-
induced processes in alkali‐halide crystals during hologram recording. Proc. SPIE. 
1999;3904:195–200. DOI: 10.1117/12.370402

[10] Shcheulin AS, Veniaminov AV, Korzinin YuL, Angervaks AE, Ryskin AI. A highly stable 
holographic medium based on CaF2:Na crystals with colloidal color centers: III. Properties 
of holograms. Opt. Spectrosc. 2007;103:655–659. DOI: 10.1134/S0030400X07100207

Fluorite Crystals with Color Centers: A Medium for Recording Extremely Stable but Broadly Transformable Holograms
http://dx.doi.org/10.5772/66114

431



[11] Beuneu F, Vajda P. Radiation‐induced defects in CaF2: An electron‐spin resonance and 
dielectric constant investigation. J. Appl. Phys. 1995;78:6989–6993. DOI: 10.1063/1.360466

[12] Vladimirov DA, Mandel’ VE, Popov AY, Tyurin AV. Optimization of the recording conditions 
for holograms recorded in additively colored KCl crystals. Opt. Spectrosc. 2005;1999:137–140.

[13] Veniaminov AV, Shcheulin AS, Angervaks AE, Ryskin AI. Profile of a volume hologram 
in CaF2 crystal with color centers as determined with using confocal scanning micros-
copy. J. Opt. Soc. Am. B. 2012;29:335–339. DOI: 10.1364/JOSAB.29.000335

[14] Fally M, Ellaban M, Drevensek‐Olenek I. Out‐of‐phase mixed holographic gratings: a 
quantitative analysis. Opt. Express. 2008;16:6528–6536. DOI: 10.1364/OE.16.006528

[15] Fally M, Ellaban M, Drevensek‐Olenek I. Out‐of‐phase mixed holographic gratings: a 
quantitative analysis: erratum. Opt. Express. 2009;17:23350. DOI: 10.1364/OE.17.023350

[16] Angervaks AE, Shcheulin AS, Ryskin AI. Convertible holograms in CaF2 crystals with 
color centers. Proc. SPIE. 2013;8776:87604. DOI: 10.1117/12.2017160

[17] Shcheulin AS, Angervaks AE, Veniaminov AV, Zakharov VV, Ryskin AI. Holograms 
convertible by incoherent photo‐thermal treatment in CaF2 crystals with color centers. J. 
Opt. Soc. Am. B. 2014;31:248–254. DOI: 10.1364/JOSAB.31.000248

[18] Shcheulin AS, Angervaks AE, Veniaminov AV, Fedorov PP, Kuznetsov SV, Ryskin AI. 
Formation of dissipative structures at hologram recording in CaF2 crystals with color 
centers. Proc. SPIE. 2015;9508:95080D. DOI: 10.1117/12.2178477

[19] Shcheulin AS, Angervaks AE, Veniaminov AV, Zakharov VV, Fedorov PP, Ryskin AI. Self‐
organization of color centers in holograms recorded in CaF2 crystals with color centers. 
Opt. Mater. 2015;47:190–195. DOI: 10.1016/j.optmat.2015.04.065

[20] Nicolis G, Prigogine I. Self‐Organization in Nonequilibrium Systems. From Dissipative 
Structures to Order through Fluctuations. 1st ed. New York: Wiley; 1977. 512 p.

[21] Coxeter HSM. Introduction to Geometry. 2nd ed. New York: Wiley; 1989. 496 p.

[22] LeBret JB, Cramer LP, Grant Norton M, Dickinson JT. Colloid formation and laser‐induced 
bleaching in fluorite. Appl. Phys. Lett. 2004;85:4382–4384. DOI: 10.1063/1.1818738

[23] Granovskii VA, Kudryavtsev MD, Ryskin AI, Shcheulin AS. Holographic prism as a 
new optical element: I. Principle of operation and experimental implementation. Opt. 
Spectrosc. 2009;106:774–781. DOI: 10.1134/S0030400X09050269

[24] Angervaks AE, Granovskii VA, Kudryavtsev MD, Ryskin AI, Shcheulin AS. Holographic 
prism as a new optical element: II. Method of measurement of reproducible angles. Opt. 
Spectrosc. 2010;108:824–830. DOI: 10.1134/S0030400X1005022X

[25] Angervaks AE, Granovskii VA, Kudryavtsev MD, Ryskin AI, Shcheulin AS. Holographic 
prism as a new optical element: III. Experimental implementation of a holographic 
prism of modification II and comparative characterization of the two holographic prism 
modifications from the application point of view. Opt. Spectrosc. 2012;112:312–317. 
DOI: 10.1134/S0030400X12020026

Holographic Materials and Optical Systems432



[11] Beuneu F, Vajda P. Radiation‐induced defects in CaF2: An electron‐spin resonance and 
dielectric constant investigation. J. Appl. Phys. 1995;78:6989–6993. DOI: 10.1063/1.360466

[12] Vladimirov DA, Mandel’ VE, Popov AY, Tyurin AV. Optimization of the recording conditions 
for holograms recorded in additively colored KCl crystals. Opt. Spectrosc. 2005;1999:137–140.

[13] Veniaminov AV, Shcheulin AS, Angervaks AE, Ryskin AI. Profile of a volume hologram 
in CaF2 crystal with color centers as determined with using confocal scanning micros-
copy. J. Opt. Soc. Am. B. 2012;29:335–339. DOI: 10.1364/JOSAB.29.000335

[14] Fally M, Ellaban M, Drevensek‐Olenek I. Out‐of‐phase mixed holographic gratings: a 
quantitative analysis. Opt. Express. 2008;16:6528–6536. DOI: 10.1364/OE.16.006528

[15] Fally M, Ellaban M, Drevensek‐Olenek I. Out‐of‐phase mixed holographic gratings: a 
quantitative analysis: erratum. Opt. Express. 2009;17:23350. DOI: 10.1364/OE.17.023350

[16] Angervaks AE, Shcheulin AS, Ryskin AI. Convertible holograms in CaF2 crystals with 
color centers. Proc. SPIE. 2013;8776:87604. DOI: 10.1117/12.2017160

[17] Shcheulin AS, Angervaks AE, Veniaminov AV, Zakharov VV, Ryskin AI. Holograms 
convertible by incoherent photo‐thermal treatment in CaF2 crystals with color centers. J. 
Opt. Soc. Am. B. 2014;31:248–254. DOI: 10.1364/JOSAB.31.000248

[18] Shcheulin AS, Angervaks AE, Veniaminov AV, Fedorov PP, Kuznetsov SV, Ryskin AI. 
Formation of dissipative structures at hologram recording in CaF2 crystals with color 
centers. Proc. SPIE. 2015;9508:95080D. DOI: 10.1117/12.2178477

[19] Shcheulin AS, Angervaks AE, Veniaminov AV, Zakharov VV, Fedorov PP, Ryskin AI. Self‐
organization of color centers in holograms recorded in CaF2 crystals with color centers. 
Opt. Mater. 2015;47:190–195. DOI: 10.1016/j.optmat.2015.04.065

[20] Nicolis G, Prigogine I. Self‐Organization in Nonequilibrium Systems. From Dissipative 
Structures to Order through Fluctuations. 1st ed. New York: Wiley; 1977. 512 p.

[21] Coxeter HSM. Introduction to Geometry. 2nd ed. New York: Wiley; 1989. 496 p.

[22] LeBret JB, Cramer LP, Grant Norton M, Dickinson JT. Colloid formation and laser‐induced 
bleaching in fluorite. Appl. Phys. Lett. 2004;85:4382–4384. DOI: 10.1063/1.1818738

[23] Granovskii VA, Kudryavtsev MD, Ryskin AI, Shcheulin AS. Holographic prism as a 
new optical element: I. Principle of operation and experimental implementation. Opt. 
Spectrosc. 2009;106:774–781. DOI: 10.1134/S0030400X09050269

[24] Angervaks AE, Granovskii VA, Kudryavtsev MD, Ryskin AI, Shcheulin AS. Holographic 
prism as a new optical element: II. Method of measurement of reproducible angles. Opt. 
Spectrosc. 2010;108:824–830. DOI: 10.1134/S0030400X1005022X

[25] Angervaks AE, Granovskii VA, Kudryavtsev MD, Ryskin AI, Shcheulin AS. Holographic 
prism as a new optical element: III. Experimental implementation of a holographic 
prism of modification II and comparative characterization of the two holographic prism 
modifications from the application point of view. Opt. Spectrosc. 2012;112:312–317. 
DOI: 10.1134/S0030400X12020026

Holographic Materials and Optical Systems432

[26] Avanesov YuL, Angervaks AE, Gorokhovskii KS, Granovskii VA, Kudryavtsev MD, 
Kulachenkov NK, Ryskin AI, Shcheulin AS. Rotation angle measurement device: prin-
ciple of operation and initial calibration results. In: Proceedings of the 11th International 
Multi‐Conference on Systems, Signals & Devices (SSD 2014); 11–14 February 2014; 
Barcelona, Spain. IEEE Xplore Digital Library; 2014. 1569839857 p. DOI: 10.1109/
SSD.2014.6808783

[27] Collier RJ, Burckhardt CB, Lin LH. Optical Holography. 1st ed. New York, London: 
Academic Press; 1971. 605 p.

Fluorite Crystals with Color Centers: A Medium for Recording Extremely Stable but Broadly Transformable Holograms
http://dx.doi.org/10.5772/66114

433





Chapter 19

New Photo-Thermo-Refractive Glasses for Holographic

Optical Elements: Properties and Applications

Nikonorov Nikolay, Ivanov Sergey,

Dubrovin Victor and Ignatiev Alexander

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/66116

Provisional chapter

New Photo-Thermo-Refractive Glasses for Holographic
Optical Elements: Properties and Applications

Nikonorov Nikolay, Ivanov Sergey,
Dubrovin Victor and Ignatiev Alexander

Additional information is available at the end of the chapter

Abstract

This chapter presents a survey of recent achievements of the ITMO University (St.
Petersburg, Russia) in developing new holographic media such as fluoride, chloride,
and bromide silicate photo-thermo-refractive (PTR) glasses as well as the holographic
diffractive optical elements that are the volume Bragg gratings recorded in the glasses
for improving dramatically the parameters of laser systems of different types. The
photo-thermo-induced crystallization process and the properties of fluoride, chloride,
and bromide PTR glasses are demonstrated. This new technology enabled recording
high-efficiency phase volume holograms in the optical  quality silicate glass.  These
holograms are used for developing a number of unique diffractive optical elements that
provide new opportunities for the laser technique. Some examples of designing and
fabricating of holographic optical elements such as the super-narrowband filters for
solid-state lasers and laser diodes, laser beam combiners, and collimator sights are
demonstrated in this chapter. It is shown that the PTR glass doped with rare earth ions
can be used for designing lasers with Bragg reflectors and distributed feedback.

Keywords: PTR glass, photo-thermo-refractive glass, photo-thermo-induced crystalli-
zation, volume Bragg grating, beam combining, refractive index, photosensitive glass

1. Introduction

Photo-thermo-refractive (PTR) glasses are a new class of photosensitive materials intended
for recording three-dimensional (3D) phase holograms. This class was developed based on
photo-sensitive  sodium  zinc  aluminosilicate  glasses  that  were  first  put  into  practice  by

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.
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Corning, Inc., in 1977 and were referred to as polychromatic (PC) glasses [1–3]. In Russia,
similar photosensitive glasses [4,  5]  were denoted by multichromatic (MC) ones.  PC/MC
glasses  are  known  to  contain,  in  addition  to  Na2O,  Al2O3,  ZnO,  and  SiO2,  some  other
ingredients such as (i) photosensitive dopants playing the roles of electron donors (Ce3+) and
acceptors (Ag+, Sb5+, and Sn4+) and also (ii) halogen ions (F− and Br−) that participate in the
formation of the crystalline phases. The main specific feature of PC/MC glasses is the selective
absorption in the visible. Namely, PC glasses can acquire, under the effects of the UV exposure
and subsequent heat treatment, a wide variety of colors. In brief, the final stages of photo-
chemical  and diffusion  processes  responsible  for  this  coloration  were  assumed to  be  as
follows.  The  colloidal  silver  particles  formed  under  the  above  effects  play  the  role  of
nucleation  centers.  Around  such  centers,  the  growth  of  NaF  and  (Ag,  Na)Br  nano-  or
microcrystals occurs. Under particular growth conditions, the microcrystals acquire compli-
cated anisotropic shapes such as the elongated pyramid-like structures stretched along an
axis [1, 3, 6]. Additional multistage UV irradiation and heat treatment lead to the photolytic
precipitation of silver layer on the surfaces of these anisotropic structures (so-called “deco-
ration of the latter with silver”). The anisotropy of metallic silver shells thus formed results
in a certain shift of the corresponding absorption band into the visible. So the substantial
anisotropy of metallic silver particles was considered to be the principal condition for the
occurrence of “PC/MC coloration” in PC/MC glasses.

In the late 1980s–early 1990s [7–10], it was proposed first in Vavilov State Optical Institute to
apply PC/MC glasses for recording the 3D phase holograms. Unlike the case of PC/MC
coloration, only a single stage of photo-thermo-induced crystallization was used, and this stage
included the UV irradiation and subsequent heat treatment. When developing the corre-
sponding procedures, the principal attention was paid to a difference obtainable in the
refractive indices of vitreous and crystalline phases rather than the anisotropic shapes of
microcrystals. As a result, a new class of materials was developed in Vavilov State Optical
Institute, this class was denoted [10] by a specific term such as “photo-thermo-refractive (PTR)
glasses” (i.e., glasses whose refractive index varies due to the UV irradiation and subsequent
heat treatment). Later [11, 12], this term started to be used widely in other countries as well.
Now, there is an increased interest in PTR glasses because the volume Bragg gratings recorded
on these glasses reveal a unique combination of working characteristics such as the high angle
and spectral selectivity, high diffraction efficiency, high mechanical and optical strength, and
also high thermal and chemical durability. Based on PTR glasses, a broad variety of optical
devices are developed including extra narrow-band filters, wavelength division multiplexing
(WDM) devices, combiners of high-intensity light beams, chirped gratings for compressing
the light impulses, filters for increasing the spectral brightness of laser diodes, etc.

The given paper is a survey of recent achievements of ITMO University (St. Petersburg, Russia)
in developing new holographic media such as fluoride, chloride, and bromide silicate photo-
thermo-refractive (PTR) glasses as well as the holographic diffractive optical elements that are
the volume Bragg gratings recorded in the glasses for improving dramatically the parameters
of laser systems of different types.
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coloration, only a single stage of photo-thermo-induced crystallization was used, and this stage
included the UV irradiation and subsequent heat treatment. When developing the corre-
sponding procedures, the principal attention was paid to a difference obtainable in the
refractive indices of vitreous and crystalline phases rather than the anisotropic shapes of
microcrystals. As a result, a new class of materials was developed in Vavilov State Optical
Institute, this class was denoted [10] by a specific term such as “photo-thermo-refractive (PTR)
glasses” (i.e., glasses whose refractive index varies due to the UV irradiation and subsequent
heat treatment). Later [11, 12], this term started to be used widely in other countries as well.
Now, there is an increased interest in PTR glasses because the volume Bragg gratings recorded
on these glasses reveal a unique combination of working characteristics such as the high angle
and spectral selectivity, high diffraction efficiency, high mechanical and optical strength, and
also high thermal and chemical durability. Based on PTR glasses, a broad variety of optical
devices are developed including extra narrow-band filters, wavelength division multiplexing
(WDM) devices, combiners of high-intensity light beams, chirped gratings for compressing
the light impulses, filters for increasing the spectral brightness of laser diodes, etc.

The given paper is a survey of recent achievements of ITMO University (St. Petersburg, Russia)
in developing new holographic media such as fluoride, chloride, and bromide silicate photo-
thermo-refractive (PTR) glasses as well as the holographic diffractive optical elements that are
the volume Bragg gratings recorded in the glasses for improving dramatically the parameters
of laser systems of different types.
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2. Properties of fluoride PTR glasses

The fluoride PTR glass was designed and synthesized in ITMO University, Russia [12]. The
fluoride PTR glass is a photosensitive multicomponent sodium-zinc-alumino-silicate one
containing fluorine (6 mol%) and small amount of bromine (0.5 mol%) and also doped with
additives (cerium, antimony, and silver) that are responsible for the photo-thermo-induced
precipitation of silver nanoparticles and sodium fluoride crystals—see for example [1, 13, 14].
Untreated fluoride PTR glasses are transparent in a wide spectral range of 250–2500 nm
(Figure 1(a)). The selective UV irradiation into the Ce3+ absorption band in the spectra of these
glasses results in the formation of neutral silver molecular clusters. The subsequent heat
treatment of UV-irradiated PTR glasses near the glass transition temperature (Tg) induces the
silver nanoparticle formation [1] (Figure 1(b)). The thermal treatment of these glasses at
temperatures above Tg leads to the growth of silver bromide shell on a silver nanoparticle [15]
and then to the precipitation of sodium fluoride cone on it [1, 16]. Image of XRD pattern of UV-
exposed and thermal-treated PTR glass sample is shown in Figure 2.

Figure 1. Absorption spectra of (a) virgin PTR glass and (b) the glass sample after the UV irradiation and subsequent
heat treatment.

Figure 2. X-ray diffraction pattern of UV-irradiated and thermal-treated PTR glass.
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In Ref. [13], authors showed, for the first time, the dramatic effect of bromine on the process
of NaF crystal growth in fluoride PTR glasses. The paper has demonstrated that the growth of
sodium fluoride crystals is possible only in the presence of bromide additives in the PTR glass
composition. A generalized NaF crystallization mechanism that consists of three stages is
proposed in Refs. [1, 17].

The process of photo-thermo-induced crystallization of fluoride PTR glass is shown schemat-
ically in Figure 3.

Figure 3. Photo-thermo-induced crystallization of fluoride PTR glass. (a) Cerium photoionization and trapping the
photoelectrons by Sb; (b) Releasing electrons Sb and trapping them by Ag ions with the formation of neutral silver
atoms and clusters; (c) Formation of colloidal particles under heating up to 400°C; (d) Growth of (Ag, Na)Br shell on
colloidal silver particles at T > 500°C; (e) Growth of NaF microcrystals at T > 500°C.

At the first stage, the trivalent cerium ion donates an electron under the effect of the UV
irradiation, thus increasing its own valency in accordance with the following reaction
(Figure 3(a))

3 3Ce  h   e   Cen
++ - +é ù+ ® + ë û (1)

Released photoelectrons can be trapped partially by silver ions (~20%) with subsequent neutral
silver atom and molecular cluster formation (Ag0, Ag2

0, Ag2
+, Ag3

2+), but most photoelectrons
are trapped by antimony ions according to the following reaction (Figure 3(b)):
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5 5e   Sb   Sb
-- + +é ù+ ®ë û (2)

At the second stage, the heat treatment at relatively low temperatures (300–450°C) leads to
releasing the trapped electrons from antimony (Figure 3(c)) with further formation of silver
molecular clusters and colloidal nanoparticles (Figure 2(b)):

5 5Sb   Sb  e
-+ + -é ù ® +ë û (3)

0nAg  ne   nAg+ -+ ® (4)

At the third stage, the heat treatment at temperatures above Tg results, first, in the growth of
mixed silver bromide-sodium bromide shell on a silver nanoparticle (Figure 3(e)) and, further,
in the coaxial growth of sodium fluoride crystalline phase on this shell (Figure 3(g)).

In Ref. [15], authors showed that the UV irradiation and subsequent heat treatment of fluoride
PTR glass induces the refractive index change only in the UV-irradiated area. There is still some
uncertainty in the origin of refractive index change in PTR glass, and several presumable
mechanisms of the change are discussed. Classically, this effect is assumed to be caused by
difference in the refractive indices between the NaF crystal phase (n ~ 1.33) sedimented in the
UV-irradiated area and the unexposed glass area (n ~ 1.49) so that the precipitation of sodium
fluoride leads to the negative refractive index increment. Although a difference between the
refractive indices of sodium fluoride and vitreous phase is rather big, the negative refractive
index change in the UV-irradiated area does not exceed 1 × 10−3 [15, 18]. This can probably be
due to the fact that, in addition to the NaF phase precipitation, there is also the silver bromide
shell with a high refractive index value (n ~ 2.3) on the silver nanoparticle. As shown in many
sources (see for example Refs. [14, 19, 20]), the maximum of surface plasmon resonance of silver
nanoparticles in fluoride PTR glasses shifts to the greater wavelengths owing to the silver
bromide shell growth.

On the other hand, the authors of [21] proposed another possible mechanism of photo-thermo-
induced refractive index change in PTR glass. They assumed that the transformation of Na+

and F− distributed in the PTR glass matrix into the crystalline NaF (a chemical change) and
structural relaxation process are not the main causes of photo-thermo-induced refractive index
change and assigned this change to high residual stresses around the NaF crystals. According
to calculations presented in the paper, these stresses are the most important cause for the photo-
thermo-induced refractive index change in PTR glass.

Also, fluoride PTR glasses have outstanding mechanical, optical, and chemical properties. In
particular, they show a high photosensitivity, high thermal stability of the recorded phase
holograms, and high tolerance to the optical and ionizing irradiation. The basic optical and
spectral properties of PTR glass are described in Refs. [14, 22–24]. The holographic optical
elements (HOE)s recorded on the PTR glass demonstrate high chemical stability, thermal,
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mechanical and optical strength and also reveal, from this point of view, practically no
difference with the commercial optical glass BK7 (Schott). The optical and spectral parameters
of the HOEs and gradient index (GRIN)-elements do not change after its multiple heating to
high enough temperature (500°C). The important advantages of PTR glass as the optical
medium are as follows:

i. High optical homogeneity (the refraction index fluctuations across the glass bulk are
of the order of 10−5).

ii. Reproducibility of its parameters from one glass synthesis to another and also in the
course of the photo-thermo-induced crystallization.

iii. PTR glass can be subjected, similar to optical glass BK7, to various kinds of both the
mechanical processing such as grinding and polishing and the formation technolo-
gies such as molding, aspheric surface production, and drawing fiber.

iv. One can fabricate PTR glass both in the laboratory conditions (hundreds of grams)
and industrial ones (hundreds of kilograms) using a simple and nontoxic technology.
The chemical reagents required for the glass fabrication are commercially available
and not too expensive.

Transparency range, nm 350–3000

Photosensitivity spectral range, nm 280–350

Photosensitivity, mJ/cm2 50

RI change, Δn, ppm 1000

RI modulation amplitude, δn, ppm 500

Induced optical loss, cm−1

• visible range 0.1

• near IR range 0.01

Optical resistance (laser-induced damage threshold):

• CW regime, kW/cm2 10

• Nanosecond pulse regime, J/cm2 40
(Data of University of Central Florida)

Mechanical and thermal resistance, chemical durability Close to commercial optical glass BK7

Spatial frequency VBGs, mm−1 up to 10,000
(Data of University of Central Florida)

Diffraction efficiency, % 95

Hologram thickness, mm 0.1–10

Angular selectivity, ang. min <1

Bandwidth FWHM, nm 0.1

Size, mm up to 25 × 25

VBGs are completely stable at temperature, °C 500

VBGs are completely stable at temperature, °C 500

Table 1. Characteristics of PTR glass and VBGs recorded on the glass.
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One should also note some features of PTR glass that are unusual for other recording media.
For example, PTR glass can be processed with the ion exchange technology, which provides
possibilities (i) to fabricate the ion-exchanged optical [25] or plasmonic waveguides and (ii) to
implement the surface strengthening, thus improving the mechanical strength, chemical
stability, and thermal and also optical strength.

Some characteristics and advantages of fluoride PTR glasses and also of holographic volume
Bragg gratings (VBG) recorded on the glasses are presented in Table 1 [26].

3. Properties of chloride PTR glasses

The chloride PTR glasses are photosensitive multicomponent glasses based on Na2O-ZnO-
Al2O3-SiO2-NaF system doped with variable batch concentration of Cl (0–2.2 mol%), a photo-
sensitizer such as CeO2 (0.01 mol%), a reducer such as Sb2O3 (0.05 mol%), and also Ag2O
(0.15 mol%). The chloride PTR glass was designed and synthesized in ITMO University,
Russia [24].

Figure 4. The evolution of the absorption spectra of PTR glass containing 2.2 mol% Cl during photo-thermo induced
cristallization (1) is the spectrum for initial untreated glass, (2) is that for glass after the UV irradiation for 50 s alone,
(3) is the spectrum for glass after the heat treatment alone at 550°C for 3 h, and (4) is the spectrum for glass after the
UV irradiation for 50 s and subsequent heat treatment at 550 °C for 3 h. An inset shows the photos and absorption
spectra (700–2500 nm) of treated chloride PTR glass samples containing 2.2 mol% Cl. Here (1) is initial untreated glass,
(2) is glass after the UV irradiation for 50 s alone, (3) is glass after the heat treatment alone, and (4) is glass after the UV
irradiation for 50 s and subsequent heat treatment.

With changing the type of halide (fluoride to bromide or chloride) in the PTR glass composi-
tion, it is possible to control the sign of the RI increment. As mentioned above, for the case of
fluoride PTR glass, thermal treatment at temperatures higher than Tg results in a decrease in
the RI of the UV-irradiated area in comparison with that of nonirradiated area. On the other
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hand, the substitution of fluorine by chlorine leads to the precipitation of nano-crystalline
phases of mixed silver and sodium chlorides in glass host and to the positive increment of RI
(∆n up to 1.0 × 10−3) [24].

Figure 5. Scheme for the photo-thermo-induced crystallization mechanism inherent in chloride PTR glasses for various
Cl concentrations (0–2.2 mol%). (a) Is the growth of shell-free silver nanoparticles in glasses containing 0–1.0 mol% Cl.
(b) Is the growth silver nanoparticles with a shell composed of mixed silver and sodium chlorides in glasses containing
0–2.2 mol% Cl.

Figure 6. Photos of chloride PTR glass luminesce under UV (λ = 365 nm) excitation (a) is the photo of PTR glass con-
taining 1 mol% Cl after the UV irradiation with various doses. The exposure duration (sec) that sets a dose is (1) 0.5 s,
(2) 1 s, (3) 5 s, (4) 50s, (5) 500 s; (b) is the photo of the UV-irradiated and heat treated (1 h 400°C) chloride PTR glasses
differing in the chlorine concentration. The chlorine concentrations (mol%) being (1) 0, (2) 1, and (3) 2.

Initially, chloride PTR glasses are transparent in a wide spectral range. 250–2500 nm (Figure 4).
The UV irradiation of chloride PTR glasses results in the Ce3+ ion photoionization and the
resultant formation of silver molecular clusters (SMC), the latter playing the role of crystalliza-
tion centers (Figures 4 and 5). Heating all studied chloride PTR glasses at temperatures above
250°C and less than Tg results, as shown in Figure 5(b), in releasing electrons from Sb and
capturing them by Ag ions with further formation of an extra amount of neutral silver atoms
and molecular clusters [19]. The latter provide, according to Refs. [27, 28], a broadband lumi-
nescence in the visible and NIR ranges (Figure 6). Further, the heat treatment of PTR glasses
containing 0–1.0 mol% Cl at temperatures above Tg leads to the precipitation of silver nanopar-
ticles with no shell (Figure 5). At the same time, such treatment of PTR glasses containing >1.0–
2.2 mol% Cl results in the precipitation of silver nanoparticles with a shell consisting, accord-
ing to Ref. [24], of mixed sodium and silver chlorides in a varied proportion (Figures 4 and 5).
The evolution of absorption spectra during the photo-thermo-induced crystallization is
shown in Figure 4. It can be seen that the heat treatment of nonirradiated chloride PTR glass
has no measurable effect on the absorption spectra. According to calculations described in Ref.
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[24], the sizes of silver nanoparticles and silver and sodium chloride nanocrystals are relative-
ly small (about 3 nm [Figure 7] for silver nanoparticles, NPs, and 27 nm for nanocrystals). This
is why chloride PTR glasses exhibit a rather low level of scattering.

Figure 7. TEM image of silver nanoparticles in chloride PTR glass. Scale − 50 nm.

Figure 8. Effect of chlorine concentration on the refractive index (nd) of PTR glass. 1—untreated glass samples, 2—glass
samples after the heat treatment, 3—glass samples after the UV irradiation and subsequent heat treatment.

Figure 8 shows the evolution of the refractive index of PTR glass with an increase in the chlorine
concentration for initial, heat-treated, and UV-irradiated and then heat-treated glasses (curves
1–3). As seen, the incorporation of Cl results in a consecutive increase in the refractive index
of glass irrespective of treatment applied. In particular, Curves 1 and 2 coincide with each
other, i.e., the heat treatment of nonirradiated chloride PTR glasses does not change their
refractive index [24]. On the contrary, the UV irradiation and subsequent heat treatment of
chloride PTR glasses result in a significant increase in their refractive index. For the maximum
chlorine concentration, a difference Δn between the refractive index values of the UV-irradiated
and nonirradiated glasses after the heat treatment reaches magnitudes up to 1.0 × 10−3. The
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positive increment of refractive index as well as high value of Δn in chloride PTR glasses can
be used for recording VBGs and optical waveguides.

4. Properties of bromide PTR glasses

The bromide PTR glasses are photosensitive multicomponent glasses based on Na2O-ZnO-
Al2O3-SiO2-NaF system doped with variable batch concentration of Br (0–1.5 mol%), photo-
sensitizer, such as CeO2 (0.01 mol%), reductant, such as Sb2O3 (0.05 mol%), and Ag2O (0.1 mol
%). The bromide PTR glass was designed and synthesized in ITMO University, Russia [17].

Figure 9. Absorption spectra of PTR glass containing 0.7 mol% Br (1) is the spectrum of initial untreated glass, (2) is the
spectrum for glass after the UV irradiation for 50 s alone, (3) is the spectrum for glass after the heat treatment alone,
and (4) is the spectrum for glass after the UV irradiation for 50 s and subsequent heat treatment. An inset shows the
photos and absorption spectra (700–2500 nm) of treated bromide PTR glass samples containing 0.7 mol% Br. Here (1) is
initial untreated glass, (2) is glass after the UV irradiation for 50 s alone, (3) is glass after the heat treatment alone, and
(4) is glass after the UV irradiation for 50 s and subsequent heat treatment.

Initially, bromide PTR glasses are transparent in a wide range: 250–2500 nm (Figure 9). The
substitution of chlorine by bromine in PTR glass composition affects the crystallization
mechanism (Figure 10). The UV irradiation of bromide PTR glasses results in the Ce3+ ion
photoionization and SMC formation (Figure 9); the latter playing the role of crystallization
centers (Figure 3(a)). Heating all the studied bromide PTR glasses at temperatures above 250 C
and less than Tg results, as shown in Figure 3(b), in releasing electrons from Sb and capturing
them by Ag ions with further formation of an extra amount of neutral silver atoms and
molecular clusters [19]. The latter provides, according to Refs. [27, 29], a broadband lumines-
cence in the visible and NIR ranges. Further, the heat treatment of PTR glasses containing 0.25–
0.7 mol% Br at temperatures above Tg leads to the precipitation of silver nanoparticles with a
silver bromide-based shell varying in thickness [20] and/or composition [30]; namely, mixed
silver and sodium bromides can occur (Figure 10(a)). Moreover, the above heat treatment can
result in shifting the plasmon resonance absorption band toward the greater wavelengths
(Figure 9); such a treatment of PTR glasses containing from 1.0 to 1.5 mol% Br results in the
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precipitation of small silver nanonoparticles without a perceptible plasmon resonance peak in
the absorption spectrum (Figure 11)—the nanoparticles being covered by a shell consisting of
silver bromide (Figure 10(b)). The sizes of silver nanoparticles and silver bromide nanocrystals
are relatively small (<3 nm for silver NPs and <11 nm for nanocrystals).

Figure 10. Scheme for the photo-thermo-induced crystallization mechanism inherent in bromide PTR glasses for vari-
ous Br concentrations (0–1.5 mol%). (a) The photoactivation of PTR glass (Ce3+ ion photoionization), formation of neu-
tral silver molecular clusters, and capturing electrons by Sb5+ valence states. (b) Releasing electrons by Sb and
capturing them by Ag ions with the formation of neutral silver atoms and clusters, and (c) The growth of (i) silver
nanoparticles with a shell composed of silver bromide in glasses containing 0.25–0.7 mol% Br or (ii) small silver nano-
particles characterized by broad plasmon resonance peak with a shell made of silver bromide nonocrystals in glasses
containing 1–1.5 mol% Br.

Figure 11. Absorption spectra of PTR glass containing 1 mol% Br (1) is the spectrum for initial untreated glass, (2) is
the spectrum for glass after the heat treatment alone, (3) is that for glass after the UV irradiation for 50 s alone, and (4)
is the one for glass after the UV irradiation for 50 s and subsequent heat treatment. An inset shows the effect of bro-
mine concentration on the average size of silver nanoparticles (NP) calculated using Mie theory and the photos of bro-
mide PTR glass containing 1 mol% Br at all stages of photo-thermo-induced crystallization (1) initial untreated glass,
(2) glass after the heat treatment alone, (3) glass after the UV irradiation for 50 s alone and (4) is the one after the UV
irradiation for 50 s and subsequent heat treatment.

Figure 12 shows the evolution of the PTR glass refractive index with an increase in the bromine
concentration for initial, heat-treated, and UV-irradiated and then heat-treated glasses (curves
1–3). As is shown, the incorporation of Br leads to a consecutive increase in the refractive index
of glass irrespective of treatment applied. In particular, curves 1 and 2 coincide with each other
up to reaching the bromine concentration of 0.7 mol%. In other words, the heat treatment of
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nonirradiated bromide PTR glasses with bromine concentration <1 mol% does not change their
refractive index [13]. On the contrary, the UV irradiation and subsequent heat treatment of
bromide PTR glasses result in a significant increase in their refractive index. For the maximum
bromine concentration, a difference Δn between the refractive indices of the UV-irradiated and
nonirradiated glasses after the heat treatment reaches magnitudes up to 0.8 × 10−3.

Figure 12. Effect of bromine concentration on the refractive index (nd) of PTR glass. 1—untreated glass samples, 2—
glass samples after the heat treatment, 3—glass samples after the UV irradiation and subsequent heat treatment.

5. Holographic properties of PTR glasses

Since the main purpose of the material is to serve as a holographic media, study of the refractive
index dynamic range was held by utilizing holographic technique. For this purpose, Bragg
gratings with period of 775 nm were recorded with UV radiation of He-Cd laser (λ = 325 nm).
Conditions of thermal treatment as well as exposure schedule differed depending on glass
type, due to the difference in the mechanism responsible for refractive index change. After UV
exposure and thermal treatment, gratings were measured and analyzed using Collier [31] and
Carretero [32] equations. All measurements were performed at the wavelength of He-Ne laser
(λ = 632.8 nm). Analysis was made with respect to the form of the angular dependence contour
either in the zero order or in the first-order of diffraction. Even though the gratings are quasi-
sinusoidal, we confine our analysis and therefore material characterization with first harmonic
of the refractive index modulation amplitude (RIMA). In this chapter, we will show the
exposure dependencies of the RIMA for each glass and its behavior connected with thermal
treatment schedule.

5.1. Fluoride PTR glass

In Figure 13, typical dependence of the RIMA on the UV exposure for our fluoride PTR glass
is shown. One can see that there is a quite wide range of the exposures in which the RIMA is
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at maximum. Therefore, we assume that an optimum exposure for this glass lies within 0.4–
0.65 J/cm2. Decreasing the RIMA with an increase in the exposure, we explain by the effect of
the stray scattering of neutral silver clusters that appears during the recording process. This
scattering affects the contrast of the interference pattern, thus lowering the RIMA in the grating.

Figure 13. Dependence of the RIMA on exposure.

In Figure 14, the dependence of RIMA value on the duration of the thermal treatment is shown.
One can see that this dependence is not linear. Basically, we can vary the duration together
with temperature and obtain the same effect. For example, the RIMA value of 1.3 × 10−3 can be
achieved for 8 h of thermal treatment at temperature of 500 C or for 130 h of heat treatment at
temperature of 470°C.

Figure 14. Refractive index modulation amplitude of the grating in the fluorine PTR glass with respect to duration of
the thermal treatment.

Additional studies of glass chemical composition allowed for implementing the complex
optimization of components, the main goal being to decrease optical losses in the visible
spectral range caused by the absorption band of colloidal silver [12]. Components that had
undergone the concentration optimization were as follows: halides (fluorides and bromides)
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responsible for the growth of microcrystalline shell and crystalline phase; antimony that plays
a key role in capturing and donating the photoelectrons arising upon the irradiation of cerium
and subsequent thermal treatment of PTR glass; also, the concentration of impurities capable
of capturing photoelectrons was lowered. As a result, a number of parameters were improved,
thus exceeding those of commercially produced material. First of all, the problem of undesir-
able absorption in the visible spectral range was solved, which resulted in a great decrease in
the induced optical losses caused by colloidal silver. PTR glass with the renewed composition
shows, after the FTI crystallization process, no absorption band related to the colloidal particles
in the optical loss spectra of a sample with a hologram recorded (Figure 15).

Figure 15. Absorption coefficient spectra of modified PTR glass with a hologram recorded.

Figure 16. Microscope image of the grating (a) right after the UV exposure and (b) after the heat treatment, and TEM
image of the grating fringe (c).

Nowadays, the maximum RIMA for the fluoride PTR glass can be as high as 1.5 ×10−3. If we
neglect scattering by the crystalline phase inside the glass, the maximum RIMA magnitude
can be even greater (like 2.5 × 10−3).

Also, we performed the visualization of the recorded gratings right after an exposure with the
UV radiation (Figure 16(a)) and after the heat treatment (Figure 16(b)). In Figure 16(a), one

Holographic Materials and Optical Systems448



responsible for the growth of microcrystalline shell and crystalline phase; antimony that plays
a key role in capturing and donating the photoelectrons arising upon the irradiation of cerium
and subsequent thermal treatment of PTR glass; also, the concentration of impurities capable
of capturing photoelectrons was lowered. As a result, a number of parameters were improved,
thus exceeding those of commercially produced material. First of all, the problem of undesir-
able absorption in the visible spectral range was solved, which resulted in a great decrease in
the induced optical losses caused by colloidal silver. PTR glass with the renewed composition
shows, after the FTI crystallization process, no absorption band related to the colloidal particles
in the optical loss spectra of a sample with a hologram recorded (Figure 15).

Figure 15. Absorption coefficient spectra of modified PTR glass with a hologram recorded.

Figure 16. Microscope image of the grating (a) right after the UV exposure and (b) after the heat treatment, and TEM
image of the grating fringe (c).

Nowadays, the maximum RIMA for the fluoride PTR glass can be as high as 1.5 ×10−3. If we
neglect scattering by the crystalline phase inside the glass, the maximum RIMA magnitude
can be even greater (like 2.5 × 10−3).

Also, we performed the visualization of the recorded gratings right after an exposure with the
UV radiation (Figure 16(a)) and after the heat treatment (Figure 16(b)). In Figure 16(a), one

Holographic Materials and Optical Systems448

can see the luminescence of the silver clusters in accord with the interference pattern, where-
as, in Figure 16(b), there is the grating itself only formed with NaF crystals.

5.2. Chloride PTR glass

We only started studying the holographic characteristics of this type of PTR glasses. By now,
investigations carried out were intended, by analogy with similar studies performed earlier
for fluoride glasses, to estimate the maximum possible changes in the RIMA for these glasses.

Figure 17. Image of the sample with gratings recorded.

Figure 18. Example of the angular response of the mixed absorption—the phase holographic grating recorded in chlor-
ide PTR glass.
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Gratings recoded on this glass are colored (Figure 17), which is why it is natural to assume the
modulation of absorption in the grating. The first measurements performed on these gratings
proved the validity of this assumption. As one can see in Figure 18, the angular response from
the grating, indeed, has a poor symmetry. So far measurements were only at a single wave-
length of 632.8 nm that is far enough from the resonance band of silver nanoparticles. Hence,
the value of the absorption index modulation amplitude (AIMA) was expected to be rather
small.

Figure 18 shows the approximation of experimentally obtained angular response in zero order
with a theoretical curve. The position of the central maximum of the latter is shifted, and the
positions of side lobes are perfectly fitted to the experimental curve. Differences in the
intensities of the side lobes are connected with scattering in the sample that is inflicted by silver
nanoparticles. It is also clear that this grating has a strong RIMA because the shape of the
contour includes a lot of side lobes and actually lacks the central maximum.

On the other hand, our theoretical analysis shows that the AIMA is quite weak compared with
other materials. The reason can be due to the fact that the measurements are conducted in a
region lying far enough from the main resonance band of the silver nanoparticles. For instance,
AIMA for a sample subjected to the thermal treatment for 30 h and exposure of 4 J/cm2 is found
to be almost 6 cm−1, which consists 85% of the total value of the absorption coefficient at this
wavelength (7.12 cm−1). The fact that AIMA is a bit less than the latter can be explained in two
ways. First, the occurrence of scattering during the recording process might create clusters
outside the interference pattern, hence, lowering the contrast. Second, as seen in figure below,
glass is colored even outside the irradiated region (pale red color); this can be also the reason
for an additional increase in the absorption coefficient that is not connected with AIMA.

Figure 19. Typical dependence of the RIMA on exposure for chloride PTR glass.
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According to this fact, one can expect the total absorption coefficient to be modulated in the
region of resonance band, which can lead to really great AIMA magnitudes. In Figure 19, a
typical dependence of the RIMA on exposure is shown.

As is seen, this type of glass demonstrates some kind of saturation. One can conclude that,
after a dose of 4–6 J/cm2, changes in the RIMA do not depend on exposure and are only affected
by heat treatment. Our studies show that this kind of glass can acquire almost the same change
in the refractive index as fluoride ones. The maximum value of RIMA was found to be ~11 × 10−4.

This type of glass allows for recording the mixed amplitude-phase gratings alone, and it is
hard to find an application for such gratings. But since it was shown that AIMA is much smaller
than it was expected to be, and on the other hand, RIMA is as strong as in fluoride glass, one
can make quite a promising suggestion that bleaching of this glass would not affect the RIMA
component of the grating. Therefore, we can utilize positive refraction index change with its
rather big value of 1 × 10−3.

5.3. Bromide PTR glass

As mentioned above, bromine PTR glass is characterized by mechanism of induced refractive
index variation nearly in the same manner as that for chloride glasses. Now, bromine PTR glass
remains to be a novel material that is not well investigated yet. Data available by now indicate
this kind of glass to have very low refractive index change compared with that, for example,
of chloride PTR glasses. A preliminary investigation of holographic properties of this material
shows that, if we record a grating on the latter, the RIMA magnitudes are quite low and do not
exceed 1 × 10−4. Like the spectra of chloride glasses, those of bromide ones have the absorption
band in the visible region, which means that holograms recorded on this glass are mixed, i.e.,
have both RIMA and AIMA. Up to now, it remains unclear what is the reason for such a low
contrast of the refractive index in the gratings, although the absolute refractive index variation
was shown to be at least as high as 8 × 10−4. There can be several possible reasons responsible
for this effect. One of the reasons can be the high scattering in the material during the recording
process that leads to a decrease in the contrast of the interference pattern inside the medium.
Second possible reason can be the mobility of the clusters inside the medium during the process
of heat treatment. We have already demonstrated this effect for chloride PTR glasses in which
the nonirradiated areas had slightly colored regions around the gratings. This area has a color
the same as that of the gratings themselves, which is why we can assume that silver nanopar-
ticles have a shell structure the same as that inside the irradiated area; hence, a decrease in the
contrast. It is unclear, however, why these effects are weaker in chloride glass, thus allowing
for gaining the much greater contrast of the refractive index compared with that attainable
with bromide glasses.

A typical dependence of the RIMA for bromide PTR glass is shown in Figure 20. As seen, the
dependence reveals some kind of saturation and reaches its maximum around 4 J/cm2 with no
further changes. This pattern is similar to that observed for chloride glass and differs from that
observed for fluoride glass. This can be taken as a proof that the mechanisms responsible for
the refractive index modulation in the bulk of these two glass types are similar. In summary,
we can state that, so far, the RIMA in the gratings on the bromide PTR glass is rather low and
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does not exceed 1 × 10−4, though this value differs from that obtained with absolute measure-
ments, ~8 × 10−4.

Figure 20. Typical dependence of the RIMA on exposure for bromide PTR glass.

6. Holographic optical elements

PTR glass is a bulk material that is characterized by high homogeneity. Therefore, it is possible
to manufacture gratings with high efficient thickness (say, about 1 mm and more). The use of
high thickness of the material opens up a possibility to manufacture spatial and spectral filters
with outstanding parameters. As known, the selectivity of the Bragg grating depends on its
thickness; therefore, it is possible to create gratings with sub nm spectral selectivity and with
angular selectivity of <1 angular min.

6.1. Super narrow-band filters for laser diodes and their temperature stabilization of
radiation

The widespread use of semiconductor lasers is stimulated by a number of their advantages
[33–35] such as the high efficiency (75–80%), small sizes, simplicity of operation, and relatively
low cost. An important advantage of semiconductor lasers is also the possibility of fabricating
emitters operating at different wavelengths in the visible, near-infrared, and mid-infrared
spectral ranges. Apart from the above beneficial features, the semiconductor lasers have certain
drawbacks: their emission is quasi-monochromatic and spectrally unstable. This is caused by
a number of factors. The broadening of the lasing spectrum under an increase in the injection
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current stems from the fundamental aspects of charge-carrier transport and captures into the
quantum-confined active region. The lasing spectrum is also affected by the multimode design
of the laser cavity. A shift of the spectrum occurs as a result of heating the active region with
an increase in the injection current, which causes a reduction in the band gap and, thus, the
shift of the lasing spectrum to the longer wavelengths.

This problem can be solved by means of VBG recorded in photo-thermo-refractive glass. Due
to high spectral selectivity of recorded holograms, the implementation of such grating inside
the external cavity of laser diode can significantly narrow the output spectra. This idea was
used widely and proved its advantages. External cavity design based on the VBG can vary (see
Figure 21), as well as both reflecting or transmitting Bragg grating can be used [26].

The simplest implementation of VBG as an external cavity element is shown in Figure 21(a),
where a radiation after being passed through the collimating lens falls normally on the VBG
element. Unfortunately, due to a high divergence along the fast axis of the LD output radiation,
it is impossible to create the reliable external cavity of LD without additional collimation optics.
Figure 21(b) shows typical design of external cavity using transmission Bragg grating. The
grating works backward and forward, and its diffraction efficiency has to be lower than 80%
to couple output radiation efficiently. So there is a need for an additional mirror in the cavity
setup to reduce the power loss through the nondiffracted radiation on backward cavity trip.
The position of mirrors can be changed, but the number of output channels will remain the
same. Also, the cavity designs for coupling the higher-order modes of the LD are also possible.
Such designs require the high diffraction efficiency of the grating to provide the maximum
output performance and are suitable for wide stripe emitting diodes. Stabilized by means of
VBG, the laser diodes show a stable output in the temperature range from 15°C to 75°C [36].

Figure 21. Examples of design of external cavity of a diode laser based on VBGs (a) is an example of reflecting VBG
implementation and (b) is an example of cavity based on transmitting VBG.

Recent studies of VBG-based external cavity LD show that the implementation of the grating
inside cavity significantly increases its selective properties. For example, a grating used in our
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experiment [37] was recorded with estimated spectral selectivity as great as ~2 nm. We used a
cavity shown in Figure 21(b) with the transmitting VBG. The emission spectra from such cavity
show us two longitudinal modes with the separation of 100 pm and bandwidth of 4–8 pm
(Figure 22).

Figure 22. Emission spectra of laser diode source. Left: spectra recorded with (1) and without (2) grating. Right: the
detailed view of the emission line [36].

Similar to the conventional ways of LD stabilization such as Littrow scheme and Litman-
Metcalf configurations, using the standard diffraction gratings based on the VBG in the
external cavities can provide tuning of the output emission of the source. Merely by the rotation
of the grating, we can achieve a tunability along all the gain spectra of the semiconductor crystal
that can be really huge, up to 60 nm. An example of such tuning is shown in Figure 23.

Figure 23. Emission spectra of the external cavity laser diode with different angles of VBG.

Holographic Materials and Optical Systems454



experiment [37] was recorded with estimated spectral selectivity as great as ~2 nm. We used a
cavity shown in Figure 21(b) with the transmitting VBG. The emission spectra from such cavity
show us two longitudinal modes with the separation of 100 pm and bandwidth of 4–8 pm
(Figure 22).

Figure 22. Emission spectra of laser diode source. Left: spectra recorded with (1) and without (2) grating. Right: the
detailed view of the emission line [36].

Similar to the conventional ways of LD stabilization such as Littrow scheme and Litman-
Metcalf configurations, using the standard diffraction gratings based on the VBG in the
external cavities can provide tuning of the output emission of the source. Merely by the rotation
of the grating, we can achieve a tunability along all the gain spectra of the semiconductor crystal
that can be really huge, up to 60 nm. An example of such tuning is shown in Figure 23.

Figure 23. Emission spectra of the external cavity laser diode with different angles of VBG.

Holographic Materials and Optical Systems454

6.2. Laser beam combiners

The diffraction efficiency directly depends on the thickness and RIMA, and as shown, this glass
has quite a big inflicted refractive index change. Therefore, it is also possible to record multiple
gratings inside the single volume of the glass (Figure 24).

Figure 24. Example of multiple gratings recorded in the single volume of the glass for spectral beam combining.

There is much interest in the use of spectral beam combining (SBC) to combine multiple high-
power laser beams into a single high-power one with a narrow spectral linewidth and good
beam quality [38]. This idea can be implemented by using several volumes of Bragg gratings
for each channel multiplexed in the single volume of PTR glass. Recently, a two and four
channel combiner based on the multiplexed reflective Bragg gratings was reported [39]. This
approach allows one to develop a combining system with low complexity and better
robustness.

6.3. Collimator sights

The holographic collimator sights are the development of the classical collimator sights. This
new kind of design provides the greater transparency of the working aperture compared with
the classical collimator and greater parallax suppression. This kind of sights has an open
design, which means that the sight can be aimed with both eyes. So a shooter can use the
peripheral vision and engage more effectively. Also, due to the properties of a hologram, such
sight is very resistant to various injuries and pollution. The hologram is recorded over the
entire area of the aperture, which is why the sight remains in the working condition even after
a partial pollution and/or damage. Also, one of the main advantages over the conventional
sights is the absence of a flare toward a target, which is crucial in a combat.

Basic elements of a holographic sight are shown in Figure 25. The operation principle of
holographic collimator sights can be briefly described as follows. A radiation from the light
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source falls on the recorded hologram that creates an image of the recorded mark in the image
plane. The high transparency of PTR glass in the visible range (above 90% without AR coating)
opens up this field of applications.

Figure 25. Holographic sight (a) is the basic scheme of the sight and (b) is the observable image of a mark recorded on
PTR glass.

Figure 26. Laser action of Nd3+ heavily doped (NNd = 2.5 × 1020) PTR glass measured for mirrors with the reflection of
1% (red curve) and 5% (black curve) [34].

The application of PTR glass can solve the problem of image stabilization, which is necessary
due to the instability of laser diode source used in such sights. To date, this problem is solved
by adding, into the optical scheme, the achromatizing diffraction elements such as thin
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gratings, complex two-cavity mirrors, or compound objectives. The wavelength shift caused
by laser diode temperature changes can be nullified by spectral selectivity of thick hologram
recorded on PTR glass. Because the diffraction efficiency of holograms on PTR glass can reach
values of ~95%, an intensity required for the mark observation is rather low. In Figure 25, the
observable image of holographic mark recorded on PTR glass is demonstrated.

6.4. Distributed feedback (DFB) and distributed Bragg reflector (DBR) lasers

The concept of DFB lasers was originally demonstrated in 1971 [40] when the laser output from
a gelatin film on a glass substrate was obtained for the first time. Two years later [41], a
generation from a similar structure on GaAs at nitrogen temperatures was demonstrated.
Benefits of such a laser design are pretty obvious: Bragg grating acts as a selective mirror with
very narrow reflection bandwidth and, thus, provides a narrow spectral emission output. Since
then, DFB lasers had a lot of development, but yet there were no results in creating DFB solid-
state lasers.

Doping PTR glass with rare earth elements provides an access to the construction of DFB and
DBR lasers because such medium possesses both the laser and holography properties.
Recently, first results on laser action on PTR glass were obtained [42, 43]. Later, a generation
on heavily Nd-doped PTR glass was obtained in ITMO University [44]. Laser performance is
shown in Figure 26. Our calculation shows that PTR glass itself is characterized, due to its
outstanding homogeneity, by relatively low round trip loss estimated to be ~0.26%, which is
comparable to that of commercially fabricated Nd:YAG crystals.

Further investigations of DFB/DBR effect on PTR glass showed that recording a grating inside
PTR glass does not affect its lasing properties. For instance, the laser action in the DFB/DBR
configuration on Nd- and Yb-doped PTR glasses was demonstrated [45]. In these experiments,
the output radiation from both setups (DFB/DBR) and on both types of PTR glasses (Nd and
Yb) was obtained. The emission spectra observed show a narrow line with 30 pm bandwidth.

7. Conclusions

Recent achievements of ITMO University (St. Petersburg, Russia) in developing new holo-
graphic media such as fluoride, chloride, and bromide photo-thermo-refractive (PTR) glasses
are demonstrated. PTR glasses change their refractive index after an exposure to the near-UV
radiation followed by thermal treatment at temperatures close to the glass transition one. In
the case of fluoride PTR glass, the increment of the refractive index is negative and its magni-
tude reaches 1.5 × 10−3 ppm. In the case of chloride and bromide PTR glasses, the increment of
the refractive index is positive and its magnitudes reach 1.0 × 10−3 and 0.8 × 10−3 ppm, respec-
tively. Thus, the fluoride, chloride, and bromide PTR glasses are very promising photosensitive
materials for recording the 3D-phase holographic optical elements. Some examples of holo-
graphic optical elements based on PTR glasses are demonstrated such as the supernarrow-
band spectral filter for laser diodes, laser beam combiners, the holographic marker for the
collimating sight, and lasers with Bragg and distributed feedback.
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Abstract

The laser active structures with spatial modulation of lasing controlled by the trans-
versely distributed excitation are implemented. The dye-doped cholesteric liquid crystal 
(DD CLC) and polymer were used as a laser active medium. The interference pattern 
of two coherent pumping beams was used for excitation of the laser layers. The second 
harmonic of a Q-switched Nd:YAG laser (532 nm) was used for the pumping. The inter-
ference pattern of the pumping light was located in the plane of the laser active layer. The 
emission of lasers was observed perpendicular to laser active layers from the opposite 
side of the incidence of the pumping light. The periodical character of the modulation of 
intensity along cross section of the lasing depends and corresponds to the parameters of 
the interference pattern of the pumping. So, the emitted light field qualitatively looks like 
a diffraction from an elementary hologram, and obtained lasers can be called as active 
elementary hologram.

Keywords: coherence, pumping, DD CLC laser, dye laser, diffraction, holography

1. Introduction

The method of holography has undergone enormous development since the discovery [1] 
(1948) up to the present time. The holography also has made great strides in the development 
of many scientific methods and many technological problems starting with the simplest holo-
grams and ending by the digital holograms [2–4]. Especially it should be noted that already 
is reached the holographic recording and reconstruction of almost all parameters of the light 
wave—amplitude, phase, wavelength, and polarization characteristics [5–19]. Anyway the 
main stage of the holographic process is the creation of the diffractive structure correspond-
ing to distribution of relative phase of the object and reference waves. On this basis, it was 
possible to say that holography has almost exhausted its potential for further development, 
but it turned out that there are certain prospects in terms of new nonstandard approaches.

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



As it is known, conventional holograms including dynamic represent passive diffractive ele-
ments. This means that the reconstruction of the recorded holographic information requires 
existence of the external source of the light. The light from the external light source is incident 
on the holographic diffraction structure and diffracting and reconstructs the initial wave front 
of the light scattered by the object.

However, it is possible to create a structure in which its individual microareas corresponding 
to the holographic structure can themselves emit mutually coherent radiation. In this case, the 
reconstruction of the wave front which carries information about the object is possible by laser 
radiation of this structure but not due to diffraction of light incident from outside. According 
to the author’s opinion, this approach, in addition to the initiation of interesting new research 
in the field of laser physics and holography, can support to develop optical information tech-
nologies and in particular in the technology of holographic 3D displays.

At present, all old and modern methods of obtaining stereoscopic effects are considered for the 
3D display tasks. In particular, they are using the earliest approaches of the raster stereoscopic 
and polarization methods, which require using additional auxiliary equipment in the form of 
passive glasses or active polarized glasses. From the modern achievements, so-called voxel 
displays should be noted, when the image is formed by voxel-glowing dots within a certain 
volume the display. In all of these cases, 3D image represents pseudoimages of the percep-
tion which is subjective that is perceived by specific characteristics of human visual system, 
in particular, by the binocular vision and visual inertia. Holographic images do not require 
additional raster systems and specific glasses for perception. However, as it was mentioned 
above, the known holographic structures (holograms) are passive diffraction structures.

In difference of this, the holographic structures (holograms) that reconstruct the wave front 
of light scattered by the object by own laser radiation might be termed as active holograms.

Laser active holographic structures are fundamentally different because the reconstruction of 
optical information, in this case, takes place not as a result of diffraction of incident outside light 
wave, but it is carried out by laser radiation, generated by these structures. Usual holograms 
represent oneself certain distribution of microscopic optical heterogeneity and implement pas-
sive transformation (diffraction) of the light wave (Figure 1). The diffraction of the outside light 
wave on such a structure reconstructs wave front of the light scattered by an object.

Figure 1. General structure of the usual hologram.
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Now let us assume that all of the microscopic heterogeneity of such a holographic structure 
represent oneself mutually coherent microlasers. In this case the summary lasing of such a 
structure will create the wave front analogous to the previous, i.e., will reconstruct of the 
image of the object but on the wavelength of own radiation. Thus, such a device might be 
termed as an active holographic structure, and such a method might be termed as an active 
holography.

The first results in this direction have been obtained in the layer of cholesteric liquid crystal 
(CLC) doped by the dye 4-Dicyanomethylene-2-methyl-6-p-dimethylaminostyryl-4H-pyran 
(DCM) and in the layer of polyvinyl alcohol (PVA) doped by dye Rhodamine 6G [20–28].

2. Holographic laser on the basis of dye-doped cholesteric liquid crystal 
(DD CLC)

A new type of CLC laser with the transversely distributed excitation was realized first time 
in the DD CLC. The interference pattern of two coherent pumping beams of the second har-
monic of a Q-switched Nd:YAG laser (532 nm) was used for the pumping. The interference 
pattern was located in the plane of the laser active layer [21, 25]. The laser radiation of the DD 
CLC layer was observed perpendicular to the laser cell from the opposite side of the incidence 
of the pumping light. Emitted laser field is modulated spatially. The periodical character of 
the modulation of intensity along cross section of the lasing depends and corresponds to the 
parameters of the interference pattern of the pumping, and the pattern of the emitted light 
field qualitatively looks like a diffraction from an elementary hologram.

Periodical spatial modulation of such a picture of lasing is connected with characteristics of 
coherence of obtained DD CLC laser. Particularly, the interference pattern of the pumping 
beams creates periodical distribution of intensity in the plane of the DD CLC laser layer for 
its excitation, forming a laser structure representing a periodical set of microlasers. The total 
interference pattern of emission from these microlasers forms the lasing picture which looks 
like a diffraction from a periodical structure. So, obtained laser can be considered as a laser 
and, at the same time, as an elementary hologram simultaneously.

Figure 1 shows the scheme of the experimental setup of the double-beam pumping of the 
laser cell. The second harmonic (λp = 532 nm) of the Q-switched Nd3+:YAG laser is divided 
into two mutually coherent beams of equal intensity with the help of beam splitter. The beam 
splitter was composed of two laser mirrors with reflectance of 50% (1) and 99.9% (2) for the 
wavelength of 532 nm. The distance of 15 mm between the mirrors (1) and (2) of the beam 
splitter provided a stable interference pattern. The duration of the pulses was 15–20 ns. The 
excited, by the pumping laser, spot on the DD CLC layer has a size 1–2 mm.

Such an experimental setup (Figure 2) ordinarily is used for the recording of the holographic 
gratings and for the pumping of the dye distributed feedback (DFB) lasers. So, the pumping 
light field in this case represents oneself the interference pattern as a periodically arranged 
bright and dark strip (Figure 3). The period d of the interference pattern of the pumping light 
is determined by the well-known formula [4, 29, 30]:
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  d =   
 λ  p   ______ s sin  ( θ ⁄ 2 )     (1)

where λp is the wavelength of pumping and θ is the convergence angle of the pumping beams.

As a result, an array of microlasers was obtained which emit light simultaneously in perpen-
dicular direction regarding to DD CLC laser layer. The picture of the array of microlasers 

Figure 2. Scheme of double-beam coherent pumping.

Figure 3. Formation of the interference pattern of the pumping in the DD CLC layer.
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was observed by microscope and was fixed by digital camera (Figure 4). Figure 4(a) and (b) 
corresponds to the convergence angles of 1.8° and 0.6° for the pumping beams accordingly. 
Thus, microlasers were formed as a separate strips of lasing the width of which depends on 
the angle between pumping beams.

The DD CLC laser cell was prepared by conventional, well-known technology. For the active 
laser medium, dye DCM exciton was used, which was introduced in the CLC matrix.

A mixture of nematic liquid crystal BL-036 and optically active component MLC-6247 (both 
from Merck) was used as a CLC matrix where 0.4% of DCM (exciton) was added. The period 
of the helix of the CLC mixture was about 370 nm. The thickness of the obtained plane paral-
lel layer of the CLC was approximately 40 μ. Glass plates for the windows of the CLC laser 
cell were precoated with thin layers of polyvinyl alcohol (PVA) and are oriented by rubbing.

The spectrums of transmission and fluorescence of the DD CLC laser cell are shown in 
Figures 5 and 6, respectively. Figure 7 shows the lasing spectrum. Thus, according to results 
presented in Figures 6 and 7 regarding the spectral characteristics of emission, this laser does 
not differ from the known DD CLC lasers with the single-beam pumping. However, the differ-
ence, caused by the excitation with the interference pattern of two mutually coherent beams, 
is manifested in the structure of the cross section of the emitted beam. In Figure 8(a) and (b), 
the photos of the cross section of lasing for the angles 1.8° and 0.6° between the pumping 
beams are shown. It is seen that the intensity distribution along the cross section of lasing has 
the periodical character, which differs from distribution of intensity of lasing of conventional 
CLC lasers and looks like the diffraction from the diffractive grating.

The distance between the maximums (or minimums) of intensity of the pattern of lasing in 
Figure 8(a) and is approximately 2.3 mm (a) and 6.5 mm (b) accordingly, and the distance 
from the CLC layer to the screen is 20 cm. Thus, according to the calculation, the angles 
between the directions of propagation of the nearby maximums, from the excited spot of the 
CLC layer, have values 1.86° and 0.66° that closely enough agrees to angles of diffraction 1.81° 
and 0.64° from the diffractive grating calculated by the formula [4, 29, 30]:

  ϕ = 2 arcsin  (  
 λ  p   ___ 2d  )   (2)

Figure 4. Array of microlasers in the DD CLC layer.
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where λp is the wavelength of lasing of the DD CLC laser cell and d is the period of the inter-
ference pattern of pumping. The modulation of the intensity of the emission pattern of lasing 
disappears when one of the pumping beams is shutting (Figure 8(c)).

Figure 5. The spectrum of optical transmission of the DD CLC cell along the cholesteric helical axis.

Figure 6. The spectrum of fluorescence of the DD CLC laser cell.
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In author’s opinion, the spatial modulation of laser emission field is a result of the mutual 
correlation between the emitting centers of the individual strips of radiation. Probably, cor-
relation effects, in this case, are of the same nature that provides spatial coherence in the 
conventional lasers. Thus, the emitting area, of the described laser cell, represents a periodical 
structure of the mutually coherent microlasers. The total radiation of such a periodical struc-
ture, according to the Huygens-Fresnel principle, must form summary interference pattern 
similar to that shown in Figure 8(a) and (b). This phenomenon is similar to the formation of 
the diffraction pattern from the diffractive grating of the corresponding periodical structure 
from the point of view of Huygens-Fresnel principle.

Probably, the main factor in reducing the contrast of the spatial modulation of the pattern of 
lasing is the significant value of the scattering of the light that is characteristic of liquid crystals 

Figure 7. Lasing spectrum of the DD CLC cell.

Figure 8. Picture of lasing from DD CLC laser cell at the pumping by interference pattern of two beams (a, b) and at the 
pumping by one beam (c). The convergence angles of the pumping beams are 1.8° (a) and 0.6° (b). The spatial period of 
the pumping interference patterns is 17 and 50 μ, respectively.
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(Figure 8(a) and (b)). The new type of a laser, which combines the properties of a laser and a 
hologram, was firstly realized on the basis of a DD CLC layer. The field of emission of this laser 
has a spatial modulation with the periodical distribution of the intensity, controlled by the 
transversely distributed excitation. Therefore, the spatial distribution of the emission intensity 
in this case carries out information about the interference pattern of the pumping that makes 
it similar to the elementary hologram, i.e., holographic diffractive grating. Thus, according to 
results presented in Figures 6 and 7 regarding to the spectral.

3. Laser active elementary holographic structure on the basis of dye-
doped polymer film

Spatial modulation of laser emission controlled by the structure of the excitation light field 
was obtained also in the dye-doped polymer film [21–28]. The dye-doped polymer film as an 
active medium was sandwiched between two laser mirrors forming a laser cavity. The pump-
ing was performed by an interference pattern, formed with two mutually coherent beams of 
the second harmonic of a Q-switched Nd:YAG laser (532 nm), located in the plane of the laser 
cell. The laser emission was observed normally to the plane of the laser cell.

The cross section of the obtained laser emission was modulated in intensity with an interval 
between maximums that depends on the period of the interference pattern of the pumping. 
Thus, the emitted light field qualitatively looks like a diffraction from an elementary dynamic 
hologram, i.e., a holographic diffraction grating.

An elementary hologram (holographic grating) usually represents a passive diffractive 
device. In obtaining information about the recorded holographic structure, an external light 
source is required.

However, as it is known, diffraction is the result of interference of secondary waves from 
all lines of the optical heterogeneity of the periodical structure of the grating [29, 30]. 
Therefore, if we have a periodical structure each strip of which is emitting mutually coher-
ent light waves, the total light field will be analogous to a passive diffraction picture. Such 
a result was already observed during the study of the coherence of emission of the DD CLC 
laser. In this case, the excitation also was performed in the form of an interference pattern 
of pumping beams.

The interference of the laser beams is used in various spheres of science and technology and, 
among them, for achieving laser emission. In particular, double-beam coherent pumping has 
long been used for obtaining of the distributed feedback (DFB) in dye lasers [31–36]. In these 
cases the mutually coherent pumping beams in the active medium form an interference pat-
tern whose bright and dark strips are distributed along generated laser emission (Figure 9). 
But the correlation between the emitting centers in the emitting strips of the active medium 
allows not only formation DFB in the dye lasers. For instance, as it was shown for the DD 
CLC laser, the excitation by the interference pattern gives rise to the spatial modulation of the 
laser emission.
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In this part of chapter, the lasing from the dye-doped polymer film is investigated for the 
transversely distributed pumping (Figure 10). In this case, two mutually coherent pumping 
beams form in the active medium an interference pattern whose bright and dark strips are 
distributed perpendicular to the generated laser emission. The luminescent areas of the active 
medium inside of laser cavity of laser cell can generate laser emission separately. Due to cor-
relation between the emitting centers of different lasing areas, the conditions for interference 
of the beams from these areas arise.

Therefore, the emission of such a laser should have spatial modulation and will form a pattern 
similar to the diffraction from the holographic grating. The aim of this study was to obtain 
and investigate the spatially modulated laser emission from a dye-doped polymer film and 
to get an improved pattern of lasing by improving the laser emission coherency as compared 
with DD CLC laser [21].

The experimental setup was the same as that used for holographic recording and for pump-
ing of the DFB lasers which is shown above (Figure 2). The second harmonic (532 nm) of a 
Q-switched Nd:YAG laser with pulse duration of 15 ns was used for the coherent pumping. 
The repetition frequency of pulses was 12.5 Hz. The laser was ensured a coherence length 
of approximately 100 mm. With the beam splitter, the beam was divided into two beams 
of equal intensity. The beam splitter was composed of two interference mirrors 1 and 2 
reflecting 50 and 100% accordingly. The distance between the mirrors (15–20 mm) ensured 
a stable interference pattern. The laser cell consisted of a polyvinyl alcohol (PVA) film doped 
with Rhodamine-6G and sandwiched between cavity mirrors enough transparent (≈75%) 
for the pumping emission. The total energy of the pumping radiation was 20–30 mJ, so the 
real effective energy of the pulse (i.e., the energy incident on the laser cell) was 14–20 mJ. 
The mirrors were placed with their reflective surfaces inward to the laser cell and by these 
surfaces have optical contact with the polymer layer. The radius of curvature of the con-

Figure 9. Dye laser with longitudinally distributed excitation.
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cave mirror was 2 m. The pumping was carried out at the angles of the convergence of the 
pumping beams 0.6°, 0.9°, and 1.8°. Concentration of the dye was 0.148% and the thickness 
of the polymer film was 130 μm. The pattern of the laser emission of this laser cell is shown 
in Figure 11. The photos a, b, and c correspond to the convergence angles of the pumping 
beams of 0.6°, 0.9°, and 1.8°, respectively. As can be seen, along the cross section of the light 
bundle here, the smooth distribution of intensity typical for conventional lasers does not 
take place.

Figure 10. Dye laser with transversally distributed excitation.

Figure 11. The emission pattern of the dye-doped polymer laser cell with the transverse distribution of the pumping at 
the convergence angles 0.6°, 0.9°, and 1.8° for the pumping beams—(a), (b), and (c).
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But the intensity has a spatially distributed form and qualitatively looks like a diffraction 
pattern from a diffraction grating. The angles between the intensity maximum directions cor-
respond to the formula (3):

  ϕ = 2 arcsin  (  
 λ  p   ___ 2d  )   (3)

where, in our case, λp is the wavelength of lasing and d is the period of the interference pattern 
of the pumping [4, 29, 30]. The diameter of the excited region was 1.5–2.0 mm. In this area, a 
sufficient number of the lines of interference pattern of the pumping, i.e., microlasers, were 
located. When shutting one of the pumping beams, the pattern of the spatial modulation, of 
the laser emission, disappears (Figure 12). The elongated shape of the emitted light field in 
all photos is a result of the plano-concave structure of the laser cavity. To avoid Fabry-Perot 
interference of the generated emission, the pumping was performed not at the central but at 
the peripheral part of the resonator.

Because of pumping, the nonlinear effects can be induced in the polymer film. So the dynamic 
grating could be formed with enough modulation depth for observation of diffraction. To 
check this possibility, the area of lasing was tested with a beam of He-Ne laser (632 nm). But 
no signs of diffraction and, thus, no signs of any grating were detected.

The structure of the emitting spot was investigated under a microscope. In Figure 13, the 
photos of the spot demonstrating the modulated by intensity laser emission are shown. The 
convergence angles of the pumping beams were 0.6°, 0.9°, and 1.8°, and spatial frequencies of 
emitting areas were 19, 28, and 57 lines per millimeter accordingly.

Figure 12. The emission pattern of the laser cell with single-beam pumping.
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As seen, the laser emission is observed from all the area of the pumping where the peaks 
of emission are allocated as microlaser stripes. Naturally, the peaks of lasing of these strips 
correspond to the intensity maximums of the interference pattern formed by the pumping 
beams.

In Figure 14, the laser emission spectrum is shown. The spectrum along the cross section of 
the lasing of the radiation is strongly constant. The obtained spectrum of lasing is caused by 
the dye concentration, polymer matrix properties, and spectral reflection characteristics of the 
cavity mirrors.

Figure 13. Microphotographs of the structure of the emitting area of the laser cell. The convergence angles of the 
pumping beams accordingly are (left to right) 0.6°, 0.9°, and 1.8°—(a), (b), and (c).

Figure 14. Spectrum of the laser emission.

Holographic Materials and Optical Systems474



As seen, the laser emission is observed from all the area of the pumping where the peaks 
of emission are allocated as microlaser stripes. Naturally, the peaks of lasing of these strips 
correspond to the intensity maximums of the interference pattern formed by the pumping 
beams.

In Figure 14, the laser emission spectrum is shown. The spectrum along the cross section of 
the lasing of the radiation is strongly constant. The obtained spectrum of lasing is caused by 
the dye concentration, polymer matrix properties, and spectral reflection characteristics of the 
cavity mirrors.

Figure 13. Microphotographs of the structure of the emitting area of the laser cell. The convergence angles of the 
pumping beams accordingly are (left to right) 0.6°, 0.9°, and 1.8°—(a), (b), and (c).

Figure 14. Spectrum of the laser emission.

Holographic Materials and Optical Systems474

The aim of this study was realization of the laser with the transversely distributed pumping 
performed by double-beam coherent excitation of the dye-doped polymer film. According 
to the author’s opinion, the emission field of such a laser should be spatially modulated 
and must carry information about the spatial distribution of the excitation field analogically 
described above DD CLC laser. The results shown in Figure 10 confirmed these assumptions. 
By the opinion of the author, the emitted spot represented a one-dimensional array of mutu-
ally coherent microlasers which gives the interference field.

As it can be seen from Figure 11, the pictures of lasing do not contain the central maximum 
of intensity. There are observed only intensity maximums located symmetrically with respect 
to the pattern center. So the cross section of the laser emission is not quite similar to the dif-
fraction. As it was noted above, the absence of such a diffraction grating was confirmed by the 
absence of any signs of diffraction when probing the lasing area with a beam of He-Ne laser 
(632 nm). By the interference of the coherent microsheaves, symmetrically located intensity 
maximums were formed. Therefore, we can say that the obtained pattern of emission is not 
a result of diffraction from a nonlinear grating formed in the active medium. The observed 
spatial modulation of lasing could be only the result of the interference of the mutually 
coherent microlaser emission. Thus, during the collective lasing of all strips, according to the 
Huygens-Fresnel principle [29, 30], the interference pattern shown in Figure 11 was formed. 
The obtained laser emission carries information about the periodical distribution of the inten-
sity of the pumping. Qualitatively it is almost similar to an elementary hologram whose dif-
fraction orders also carry information about its periodical structure. So, we can say that the 
obtained laser operates like an active elementary dynamic hologram.

Thus, a dye-doped polymer film laser with transversely distributed excitation is investigated. 
Similar to the described DD CLC laser, the emission pattern of this laser is spatially modu-
lated. However, the intensity maximums in this case are more visible due to the enhanced 
lasing conditions. The intensity distribution of laser emission contains information about the 
pumping interference field as it takes place in the case of elementary dynamic hologram. But 
unlike the passive diffraction of incident light, the pattern is formed due to the own radiation 
of the emitting areas.

According to future plans, the possibility of the reconstruction of the image of a two-dimen-
sional transparent object on the basis of such approach will be investigated.

4. Conclusion

This work shows the possibility of creation of laser active holographic structures controlled 
by the transversely distributed optical pumping in dye-doped CLC and polymer layers. The 
obtained results confirm mutually coherency of the microlasers forming with the help of 
transversely distributed pumping. So laser radiation of such structures carries information 
about the spatial modulation of the pumping light field. Therefore laser active holographic 
structures resemble to corresponding usual holographic structures, but they are reconstruct-
ing information with the help of own laser radiation but not by diffraction of incident light. 
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On author’s opinion, similar structures will reconstruct object images analogically to usual 
holograms and will create a basis for the development of new direction of optical information 
technologies.
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Abstract

The chapter reviews recent progress of two-wave mixing in a novel organic-inorganic 
hybrid structures that combine essential properties as large anisotropy and strong bire-
fringence, typical for organics with the excellent photosensitivity and photoconductivity 
of inorganics into single, compact devices. Depending on the designed assembly and 
operation principle, the proposed structures can record dynamic holographic gratings at 
Raman-Nath or Bragg regimes of diffraction, respectively. When the two beams interact 
in a structure based on a photoconductive material and birefringent layer (usually liquid 
crystal), the beam coupling with high amplification values occur in a liquid crystal layer, 
however, the fringe period of recorded holograms is limited to few μm scale. In contrast, 
when the two beams interact in a structure based on a photorefractive material and bire-
fringent layer, the beam-coupling occurs in both composites, due to the surface activated 
photorefractive effect. The prime significance of the later structure is the ability to act as 
a holographic grating at Bragg regime allowing sub-micron spatial resolution. Moreover 
they are easy and simple to fabricate where the processes are all optically controlled. The 
above examples open scenarios to design new devices that meet the latest requirements 
of 3D display technologies and optical information processing.

Keywords: liquid crystals, inorganic crystals, beam amplification, Raman-Nath 
diffraction, Bragg diffraction, photorefractive effect, space-charge field

1. Introduction

The demand to develop advanced functional devices with fast operation speed, high memory 
capability, submicron spatial resolution and low energy consumption continuously tends to 
increase. For example, to reach a wide viewing angle, the pixel pitch of the recording media 
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needs to be comparable or smaller than the wavelength of the light. Another approach is to 
design all optically controlled devices for light control and manipulation. All these features 
make the combination between outstanding properties as large anisotropy and strong birefrin-
gence typical for organics (offering easy processing, large structural flexibility and low cost) 
with the excellent photosensitivity and photoconductivity of inorganic materials ( providing 
mechanical stability and energy gap manipulation) attractive to design single, compact struc-
tures with enhanced functionality. Moreover, an emergent need of devices sensitive at the 
near-infrared spectral range (the required illumination for biological and medical samples) is 
of particular importance for biomedical sensing and with significant impact for the society. 
In that aspect, the holography, due to its unique nature, is expected to play an essential role.

The following chapter is focused on the two-wave mixing in organic-inorganic hybrid struc-
tures and dynamic holography recording resulting to formation of light-induced gratings. 
The two-wave mixing (denoted also as a two-beam coupling) takes place in a variety of non-
linear media as photorefractive materials (the photorefractive effect refers to refractive index 
modulation in response to light), third-order non-linear media (as Kerr media) or semicon-
ductor amplifiers. The two-wave mixing is expressed by two beam interactions, forming an 
interference pattern, which is characterized by periodic spatial variation of the light-intensity 
distribution. Its main significance is the ability of unidirectional optical energy exchange 
between the two beams (gain amplification) allowing weak beam to grow exponentially with 
the distance, which opens various opportunities for designing a new structures and elements 
for practical realizations.

Depending of the organic-inorganic hybrid structure design and in more particular how the 
inorganic material control the dynamic grating formation, they can operate at Raman-Nath or 
Bragg match regime of diffraction:

i) Generally, the organic-inorganic structures are assembled by photoconductive  material 
(usually inorganic crystal) and birefringent material (liquid crystal [LC] or polymer 
 dispersed liquid crystal [PDLC]). Their operation principle relays on electro-optically 
controlled birefringence of the liquid crystal molecules that allows spatial modulation of 
the amplitude or the phase of incident beam. In such configuration, the inorganic crystal 
serves as a photoconductive layer, which controls the LC molecules alignment and allows 
subsequent light modulation. As a result, the two-wave mixing happens in a LC layer 
with very high amplification values; however, the fringe period of the recorded holo-
grams is limited to few micrometer scales (Raman-Nath regime of diffraction). Usually, 
this type of hybrid structures is known as electro-optically controlled devices.

ii) Recently, a novel type of organic-inorganic structures has been proposed assembled by 
photorefractive material and birefringent layer (LC or PDLC). Their operation  principle 
 relays on surface-activated photorefractive effect and more specific on the photo- generated 
space charge field, acting as a driving force for LC molecules reorientation and subse-
quently the refractive index modulation. The prime significance is the fact that the two-
wave mixing happens in both photorefractive and birefringent layers, where the charge 
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carrier migration, high-trap density and space-charge field come from the inorganic 
substrate, whereas the beam amplification is provided by the LC layer. As a result, the 
proposed hybrid structures act as dynamic holographic grating at Bragg match regime 
allowing sub-micron spatial resolution. Moreover, the above configuration is easy and 
simple to fabricate (no need of conductive layer deposition [and in a case of PDLC, no 
need of alignment layers and polarizers]), and all the processes are controlled only by the 
action of light. Therefore, they are noted as all optically controlled hybrid devices.

The chapter is organized as following: at the beginning, a brief introduction of two-wave 
mixing and gain amplification phenomena as a consequence from the non-linearity of pho-
torefractive effect will be reviewed. The main significances of the optical energy exchange and 
phase shift between the interference pattern and refractive index grating are discussed. Next, 
the two-wave mixing in two types of organic-inorganic hybrid structures (electro-optically 
controlled and all optically controlled) will be presented and compared. Examples as opti-
cally addressed spatial light modulation devices; in dynamic holography and image process-
ing are demonstrated and discussed. In concluding remarks, further prospective to design 
varieties of novel all optically controlled hybrid devices will be discussed.

2. Raman-Nath and Bragg match regimes of diffraction

The interaction between two coherent laser beams inside the photosensitive material gen-
erates a light-intensity fringe pattern of bright and dark regions (sinusoidal light intensity 
 pattern) expressed by [1, 2]:

  I(x ) =  I  0   [ 1 + mcos(Kx ) ]  (1)

where I1 and I2 are the intensities of both beams, I0 is the total intensity I0 = (I1 + I2) and m is the 

light modulation,  m  =  2   
 ( I  

1
    I  

2
   )   1/2 
 ______  I  

0
     .

The created diffraction grating is defined by the two interfering beams and their spatial 
 coordinates, determined by the grating wave vector K = 2π/Λ and the spatial fringe period  
Λ =   λ _____ 2sinθ   , where λ is the wavelength, and θ is the external half angle between of the intersec-
tion beams. After propagation through the medium, the same beams diffract from the holo-
graphic grating, which they formed.

The light diffraction phenomenon from periodic structures has been extensively discussed in 
the past and defined to two regimes of diffraction: (i) Raman-Nath regime (when several dif-
fracted waves are produced named thin grating) and (ii) Bragg matched regime (when only 
one diffracted wave is produced named thick or volume grating) [1, 2].

Briefly, in Raman-Nath regime, after interacting with the grating, the incident beam is split 
into several beams resulting in different orders of diffraction (see Figure 1(a)). As a conse-
quence, there are several diffracted waves produced 0, ±1, ±2, ±3,… ±m, which correspond 
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to the wave vectors k, k ± K; k ± 2K; k ± mK, where k is the wave number of light beam in 
the medium and K is the grating wave vector. The diffraction efficiency for the Raman-Nath 
 diffraction is given by [1]

   η  m   =  J  m  2    (  δ )    =  J  m  2    (    2πLn _ λcosθ   )     (2)

where Jm(δ) is the amplitude of the mth order diffracted beam, expressed by Bessel’s function 
(δ is expression of modulation index corresponding to the multiple scattered orders), n is the 
refractive index of the medium and L is the interaction thickness [3, 4].

In a Bragg regime, after interacting with the grating, only one diffracted wave is produced, and 
the diffraction occurs only when the incident angle satisfies the Bragg conditions [1–4] (both 
the energy and momentum are conserved)—see Figure 1(b).

The simplified diffraction efficiency (in case of transmission type, sinusoidal phase grating) is 
given by [2]

  η = si  n   2   (    πnL _ λcosθ   )     (3)

Generally, Klen-Cook dimensionless parameter has been accepted as distinguishing factor 
between the Raman-Nath or Bragg regimes of operations, defined by [5]:

  Q =   2πλL _____ n  Λ   2     (4)

Although this parameter has been extensively used as a criterion which regime to apply (Q ≤ 1 
for Raman-Nath or Q > ~1 for the Bragg-matched regime), it requires several limitation of the 
grating strength [6].

Figure 1. Raman-Nath (a) and (b) Bragg matched regime of diffraction [1].
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3. Two-wave mixing and optical gain amplification in photorefractive media

The two-wave mixing appears in variety of non-linear media, and owing to its wide range 
of applications, it has been extensively studied in a past [7–10]. In general, the two-wave 
mixing is described by two beam interactions inside the photosensitive material, forming a 
light interference pattern (index grating). As a result, the two beams diffracted by the index 
grating they created in a way that in one direction, the diffracted and transmitted intensities 
provide constructive interference (with higher resultant intensity), whereas in the other direc-
tion, the beams experience destructive interference (with lower resultant intensity). Thus, the 
most significant importance of the two-wave mixing is the energy exchange between the two 
interacting beams.

The light illumination in a photosensitive material causes generation of free charge carri-
ers and their redistribution from the regions of high intensity to those of low intensity 
(see Figure 2). This net migration leads to inhomogeneous charge distribution and accumula-
tion of an internal electric field known as a space charge field Esc. Actually, this space charge 
field is of key importance for the photorefractive effect and can play significant role for the LC 
molecules reorientation as discussed further.

Briefly, the space charge field is expressed by the following set of well-known equations [1, 7, 8]:

    ∂ N ___ ∂ t   −   
∂  N  D  i  

 ____ ∂ t   =   1 __ e   ∇ .J  (5)

    
∂  N  D  i  

 ____ ∂ t   =   (   N  D   −  N  D  i   )   sI −  γ  R   N  N  D  i    (6)

  J =  J  drift   +  J  diffusion   = eNμ  E  sc   +  k  B   Tμ ∇ N  (7)

  ∇ .ε  E  sc   = ρ(r ) = − q  (  N +  N  A   −  N  D  i   )     (8)

where e is the electron charge, N is density of main charge carriers, ND is total donor density, 
ND

i is ionized donor density, NA is density of acceptors, s is absorption cross section of excita-
tion, γR is ionized trap recombination rate, μ is mobility, J is current density, ρ is charge den-
sity, ε is dielectric constant, kB is Boltzmann constant and T is the temperature. In Eqs. (5)–(8), 
Eq. (5) is the rate equation of the main carriers density; Eq. (6) is the rate equation of ionized 
donors (the first term is the rate of main carriers generation and the second term is the rate 
of the trap capture); Eq. (7) is the current density equation (if neglect the photovoltaic effect); 
and Eq. (8) is the Poisson equation.

The first term in Eq. (7) is expressed by the drift of the charge carriers due to the space charge 
field Esc and the second term is a diffusion, due to the gradient of the charge carrier density, 

expressed by the diffusion length   L  
D
   =   (    

 E  
D
  
 ___ K   μ  τ  

D
   )     
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  ; where   τ  
D
   =   e  Λ   2  _______ 4  π   2  μ  k  

B
   T    is the diffusion time and   
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Figure 2. The photorefractive effect: (a) two-beams interference; (b) photo excitation process (intensity pattern); (c) 
charge transport; (d) space-charge distribution; (e) space-charge field and (f) index grating formation.
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Figure 2. The photorefractive effect: (a) two-beams interference; (b) photo excitation process (intensity pattern); (c) 
charge transport; (d) space-charge distribution; (e) space-charge field and (f) index grating formation.
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In liquid crystals, the drift is the dominant mechanism for the charge carrier migration 
due to the small trap density of organics. In contrast, the diffusion is the dominant mech-
anism for inorganic materials and the rate at which the recombination happens determine 
how far the main charge carrier diffuse and how strong is the refractive index modula-
tion. For instance, inorganic crystals offer several orders of magnitude higher concen-
tration of effective trap density in contrast to the LCs and therefore are able to support 
formation of the small grating spacing and Bragg match regime of diffraction as will be 
discussed later.

As a result of charge migration and redistribution, the space charge field in combination 
with the electro-optic effect modulates the refractive index of the media via the Pockel’s 
effect [1, 8, 9]:

  Δ  (    1 _  n   2    )    =  r  ijk    E  sc    (9)

where rijk is the electro-optic coefficient.

The recorded refractive index grating can diffract light, with the diffraction pattern recon-
structing the light-intensity pattern, originally stored in the media. Therefore, the index 
grating created in the photorefractive material is a “volume phase hologram”, which can be 
written and erased by light, making photorefractive materials fully reversible. Thus, the pho-
torefractive materials have the ability to detect and store spatial distributions of optical inten-
sity in the form of spatial patterns of modulated refractive index.

The most significant consequence from the photorefractive effect is the phase shift between 
the light-intensity pattern and internal spatial pattern where the later one shifted in respect 
to the intensity distribution by π/2 period (see Figure 2). This π/2 phase shift induces an opti-
cal energy exchange between the two interacting beams (beam amplification) and refers the 
photorefractive effect as non-local, non-linear effect [2, 7, 8]. Therefore, when two interfering 
beams have different intensities noted as respectively Is “signal” beam (with lower intensity) 
and Ip “pump” beam (with higher intensity), due to destructive and constructive interference, 
the unidirectional transfer of optical energy allows a weak beam to grow exponentially with 
the distance. As a result, at the exit of the medium, the signal beam is not only amplified but 
also experienced a non-linear phase shift.

The interaction between the two coherent laser beams inside the photosensitive material 
(assuming the grating wave vector K directed along the x axis) gives the total electric field of 
the two incident beams

  E =  A  1   exp  [  i  (   k  1   . r −  ω  1   t )    ]    +  A  2   exp  [  i  (   k  2   . r −  ω  2   t )    ]     (10)
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(where A1,2 are the beam amplitudes; κ1 and κ2 are the wave vectors K = |κ2 − κ1|; r and t are 
spatial and temporal coordinates; ω1 and ω2 are the angular frequency (∆ω = ω2 − ω1) and δ is 
the frequency detuning between the two beams) and generates a light-intensity fringe pattern 
of bright and dark regions (sinusoidal light-intensity pattern) described as [1, 7, 8]:

  I =   |   A  1   |     
2
  +   |   A  2   |     

2
  +   {   A  1    A  2  *  exp  [  i  (  − Kx + δt )    ]    + c . c. }     (11)

In fact, Eq. (11) represents the spatial variation of the intensity pattern inside the photosensi-
tive media that generates and redistributes the charge carriers and accumulates the space 
charge field.

As a result, the refractive index grating, summarized by Refs. [8, 9], can be written by:

  Δn =  n  0   +   {  Δ  n  0    A  1    A  2  *  exp  [  i  (  − Kx + δt + Φ )    ]    + c . c. }     (12)

where Φ is the phase difference between the refractive index grating and interference pattern, 
n0 is the refractive index without the light and the  Δ  n  

0
    is amplitude of index modulation.

By using the couple-mode theory [1, 11], the quantitative measure of the beam-coupling is 
expressed by the gain coefficient Γ [1, 8, 9]

  Г =   
2πΔ  n  0   _____ λcosθ   sinφ  (13)

Experimentally, the gain coefficient can be measured by the ratio

  Г =   1 __ L   ln   (    
 I  s        ′   I  p   _  I  s    I  p        ′ 

   )     (14)

where I′p(s) is the transmitted intensity of the pump (signal) beam with a coupling, and Ip(s) is 
the transmitted beam intensity without coupling.

The general parameter characterizing the gain is the gain amplification G, given by:

  G =   1 __ L   lo  g  e    ⌊  Г ⌋     (15)

where L is the interaction length of the media.

In last decades, the two-beam coupling effect has been widely investigated in varieties of 
organic and inorganic compounds [1, 7–13]. In terms of organics, the electro-optic response 
and the build-up of a refractive index grating in liquid crystals arise from the reorientation 
of LCs molecules due to an induced space charge field. This effect is known as “orientational 
photorefractive effect” or “photorefractive-like effect” [12]. For most applications, an exter-
nal electric field needs to be applied along the grating vector direction, since the drift is the 
 dominant mechanism for the charge migration in LC systems. LCs or PLDCs provide very 
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high amplification gain (up to 2600 cm−1 [14]); however, the large grating spacing and small 
trap density, typical for organics restricted the two-beam coupling to the Raman-Nath regime 
of diffraction. Therefore, due to the multiple orders of diffracted beams, which accumulate 
the optical losses, the energy lost limits many of the practical uses.

In terms of inorganic crystals, the direction of the optical energy transfer depends on the sign 
of the electro-optic coefficient and the sign of the main charge carriers. Up to now, the highest 
gain coefficient (over 100 cm−1) has been reported in Fe-doped LiNbO3 crystal due to its large 
refractive index modulation Δn ~ 2 × 10−3 [15]. Relatively high beam amplification has been 
achieved in SBN and BaTiO3 inorganic crystals [7, 10]. In Bi12(M = Si,Ti)O20 sillenite crystals, 
the gain coupling is much lower due to the smaller values of the electro-optical coefficient, 
restricted by the cubic symmetry [16]. However, doped sillenite crystals offer the potential for 
high-carrier mobility (high photoconductivity) and together with the high-trap density can 
compensate the small-trap density of LCs when combined into a hybrid structure to support 
the fine grating spacing and to fulfil the requirements for Bragg-matched regime of diffrac-
tion. Furthermore, by selecting the photorefractive substrate sensitivity, the operation inter-
val of the proposed hybrid devices can be easily adjusted. Moreover, doping sillenites with 
transition metal elements significantly improve their sensitivity and response time at near-
infrared spectral range [17–22].

4. Organic-inorganic hybrid structures operating at Raman-Nath regime 
of diffraction

4.1. Organic-inorganic structure design and principle of operation

This type of organic-inorganic hybrid structure consists of photoconductor substrate (usually an 
inorganic crystal plate with 0.4–0.6 mm thickness) and electro-optic layer (few microns thickness) 
arranged into a cell, supported by a glass substrate from another side (see the schematic diagram 
at Figure 3(a)). Selected inorganic crystals stand as photoconductors, whereas a LC layer is used 

Figure 3. (a) Experimental set-up for voltage-transmittance measurements. The hybrid structure is placed between two 
crossed polarizes making an angle of 45° with respect to the transmission axis of the polarizer (b) Example of Voltage-
Transmittance dependence for BSO:Ru/LC structure with graphene-based electrodes.

Two-Wave Mixing in Organic-Inorganic Hybrid Structures for Dynamic Holography
http://dx.doi.org/10.5772/67190

487



as electro-optic material. The proposed configuration is also known as optically addressed spa-
tial light modulator (OASLM) structure. As the read-out process can provide an optical gain, the 
OASLMs have been also considered as a liquid crystal light valve (LCLV) devices.

Bi12SiO20 (BSO) and Bi12TiO20 (BTO) crystals are among the perfect components for OASLM 
devices due to their remarkable photoconductivity and high charge carrier mobility. For a 
first time, non-doped BSO crystal was assembled with a LC layer into a LCLV, working at 
transmittance mode by Aubourg et al. [23]. Later on, several devices operating at visible spec-
tral range have been demonstrated [24–26]. Other preferable photoconductor substrates are 
semiconductors as a-Si:H, crystalline silicon, gallium arsenide, indium phosphate and cad-
mium tellurite [27, 28]. Usually, transparent indium tin oxide (ITO) conductive layers are pre-
liminary deposited on the outer side of the photoconductive plate and the inner side of glass 
substrate and coated with polyvinyl alcohol (PVA) for planar alignment of the LC molecules. 
Recently, owing to the ITO limited transparency at near infrared spectral range and increased 
cost because of the Indium scarcity in the nature, ITO has been successfully replaced with 
graphene conductive layers, and several graphene-based devices have been successfully dem-
onstrated [29, 30].

The operation principle of OASLM device relays on the electro-optically controlled birefrin-
gence of the LCs molecules where the high sensitivity and photoconductivity comes from the 
photoconductive plate and high birefringence is provided by the LC layer [2, 31]:

(i) when an external AC voltage (V0) is applied across the device (Figure 3(a)), the applied 
voltage acts through the photoconductor substrate because of its high resistance. Since 
the LCs molecules have different polarizability along their long and short axis, the ap-
plied voltage induces a dipole moment in the LC layer, which affects the LC molecules 
orientation, and they follow the direction of the applied electric field. As the LC nematic 
phase is characterized by a long-range orientation order, all the LC molecules tend to 
align along the nematic LC director n̂lc. Therefore, when the structure is placed between 
the crossed polarizers, “on” and “off” illumination states are obtained (Figure 3).

(ii) Illumination with the input pump beam activates the photoconductor substrate, and charge 
carriers are generated at a rate proportional to the pump intensity. Owing to the crystal’s 
high photoconductivity and high dark resistivity, the charge separation decreases the volt-
age across the photoconductor, and it reduces its impedance. As a consequence, the accu-
mulated voltage is transferred into the LC layer, resulting in a LC molecular reorientation.

Owing to the LC's anisotropy, the output beam obtains a phase shift

  ϕ =   2π ___ λ    (   n  e   −  n  0   )   L  (16)

which is a function of the applied voltage V0 and the pump light intensity I:

  I =   1 __ 2   si  n   2    Φ __ 2   =   1 __ 2   si  n   2   [    
π  (   n  e   −  n  0   )   L

 _ λ   ]     (17)
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where L is the LC thickness, ne and n0 are refractive indexes for a beam polarized along the 
long or short molecular axis ∆n = ne(Ip) − n0 and Φ is the phase retardation [2]. This allows 
spatial modulation of the amplitude or phase of the incident beam at the exit of device (see 
Figure 4(a)). During the full range, the reorientation angle of the LC molecules can vary from 
0 to π/2, producing a phase shift of several π.

Figure 3 illustrates the experimental set-up and the typical Freedericksz transition character-
istics of BSO:Ru/LC device with graphene electrodes, operating at 1064 nm. The modulation 
behaviour supports the LC molecules alignment in the direction of an applied AC voltage 
across to the cell. Figure 4 shows the phase modulation set up and phase difference for the 
same BSO:Ru/LC device at fixed voltage of 4 V (according to the results at Figure 3(b)). 
The probe-pump intensity dependence is presented as inset at Figure 4(b).

Obviously, the light-induced modulation formed in the photoconductive substrate is the driv-
ing force, which affects the LC molecules realignment and spatially modulates the refractive 
index of LC layer.

4.2. Two-wave mixing and Raman-Nath regime of diffraction

For a first time, energy transfer using two-wave mixing has been demonstrated by Brignon 
et al. [32] in a device assembled by BSO photoconductive crystal and LC layer. The recorded 
holographic gratings were not typical local dynamic grating as generally supposed to be cre-
ated from the photoconductive substrate. The two-beam interaction has been described as a 
diffraction of the two beams on a fixed thin local grating (the index grating formed in LC), 
which is pinned to the conductivity grating [32]. Since the photoconductive and the electro-
optic regions are separate, the photo-induced grating is not modified by the interacting beams 
during their propagation in the LC layer. Later on, beam amplification in LCLV devices has 
been verified and reported in several papers [19, 21, 23–26, 33]. Recently, significant gain 

Figure 4. (a) Experimental set-up for phase shift measurements and (b) Phase difference as a function of a pump light 
intensity (fixed at 4V according to the results from figure 3(b)) for BSO:Ru/LC device. Inset graph shows the probe-pump 
intensity dependences.
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amplification values have been obtained in hybrid structures based on semiconductor crystals 
as GaAs doped with Cr [33, 34] or CdTe [35].

The interference between the pump and signal beam, expressed by their amplitudes  
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space-charge distribution and consequently a molecular re-orientation pattern in the LC layer. 
The interaction creates a refractive index grating with the same wave vector K, and as a result, 
the two beams diffracted by the photo-induced grating with spatial grating period of Λ = 2π/K.

In these hybrid structures, the active layer is the LC layer; therefore, the interaction length is suffi-
ciently thin to satisfy the energy and momentum conservation before exiting the medium [1, 2]. 
As a result, the two-beam coupling occurs in a Raman-Nath regime of diffraction (the LC layer 
is much thinner in comparison with the grating spacing L << Λ). Consequently, the phase grat-
ing recorded in the LC layer acts as a thin hologram with a multiple output beams.

A detailed analysis of the two-wave mixing and expression of the zero and m-output dif-
fracted orders is given in Ref. [24] where the evolution of the amplitude of the refractive index 
grating and relaxation dynamic of the LC molecules orientation has been considered, using 
the couple-wave theory [1, 11]. We note that the output signal beam according to Refs. [24, 36] 
can be written in a form:

   E  output   =  √ 
___

 G  I  s     exp   (  iφ )   exp  [  i  (   k  s   . r −  ω  s   t )    ]    + c . c.  (18)

where G is the gain amplification and φ is the non-linear phase shift.

Figure 5 demonstrates the two-wave mixing in BTO:Rh/LC hybrid structure using 1064-nm 
diode laser. The right side of Figure 5 supports the Raman-Nath diffraction with several dif-
fracted beams (0, ±1, ±2,…) at the output of the hybrid device, detected on the infrared view card.

Figure 5. Two-wave mixing at Raman-Nath regime of diffraction (Es and Ep are the amplitudes of the pump and signal 
beams) allowing high-gain amplification values (LC layer acts as thin hologram) at 1064 nm. Right side: Raman-Nath 
orders observed on a view card for BTO:Rh/LC device with graphene electrodes.
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Experimentally, the gain parameter G has been measured by monitoring the intensities of two 
interfering beams as G = I0/Is, where Is is the input signal intensity (without pump light) and 
I0 is the amplified signal after the device. For example, at an interaction angle of 2.5°θ (12-μm 
grating period), the gain amplification for BTO:Rh/LC structure is G = 4.1 at 1064 nm. The gain 
coefficient of Г ~ 1180 cm−1 has been calculated by the relation I(0) = I(s)eΓL, which is among the 
highest value reported until now for hybrid devices, operating at near infrared spectral range. 
Very recently, a gain amplification of 17 has been achieved at GaAs-based hybrid structure at 
1064 nm with optimized thickness of the LC layer [33].

4.3. Applications

Based on the ability to record dynamic phase holograms, the reviewed electro-optically con-
trolled structures found applications as optically addressed spatial light modulator devices, 
light-valve structures, to control the fast and slow components of light, in adaptive interfer-
ometry and metrology, and so forth [33–37].

When the address beam (incoherent image) is projected into photoconductive substrate, due 
to its high photoconductivity and high dark resistivity, the crystal reduces its impedance and 
accumulated voltage is transferred to the LC layer, resulting in LC molecular reorientation. 
Hence, the intensity distribution of the address beam in the photoconductor has a subsequent 
connection with the voltage distribution in the LC layer. This is the way how the “optical 
addressing” is realized. Consequently, when the two interfering beams intersect inside the 
hybrid structure, dynamic phase holograms can be addressed into the liquid crystal layer.

Based on the phase modulation ability, an evolution of image propagating on BTO:Rh/LC 
device is demonstrated. Figure 6 shows an image of the character “A” addressed on BTO:Rh/
LC device at the beginning of the process and its time evolution at 50 and 100 ms. The response 
time of the hybrid device is limited by the response of the LC molecules (100–150 ms) since the 
response of BTO:Rh crystal is much faster (20–30 ms) at the near infrared spectral range [21].

Figure 6. Optical setup for modulated pump light intensity demonstration in BSO:Ru/LC device with graphene 
electrodes using 1064-nm pump light.
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Besides display applications, the Raman-Nath diffraction with multiple output order beams 
has been successfully applied to control the fast and slow components of light  propagation [36]. 
Different group delays have been obtained depending on the output order and frequency 
detuning between the pump and signal beam. Varieties of applications in interferometry, 
optical signal processing, precision metrology and optical sensing are demonstrated [33–37].

5. Organic-inorganic hybrid structures operating at Bragg matched 
regime of diffraction

5.1. Organic-inorganic hybrid structure design and principle of operation

For most practical realizations, the organic-inorganic structures required to operate at the 
Bragg matched regime of diffraction, for which the phase matching conditions are satisfied 
only in one direction. It turns out that selected inorganic photorefractive crystals possesses 
sufficiently large effective trap density to support efficient space-charge generation necessary 
to reach the Bragg regime (in comparison with conventional LC cell where the low trap den-
sity of LCs is the limitation). In Bragg regime of diffraction, the grating period Λ is comparable 
with the LC layer thickness (Λ ~ L) and the hybrid structure acts as a dynamic thick grating.

Generally, this kind of hybrid structure is assembled by photorefractive crystal substrate and a 
glass substrate, arranged into a cell, filled with liquid crystal or polymer-dispersed liquid crystal 
layer (PDLC consists of micron-sized droplets of LC molecules randomly dispersed in transpar-
ent polymer matrix [38]). The fabrication procedure is very simple and easy, without necessity 
of conductive layers deposition (external voltage application (and in case of PDLC no need of 
alignment layers and polarizers)) in contrast to the previously reported devices in Section 4.

The operation principle relays on the unique property of surface-activated photorefractive effect: 
the photo-generated charge carriers (inside the inorganic substrate) induce a space-charge field, 
which penetrate into the LC layer and interact with the LC nematic n̂lc director. As a result, the 
refractive index of LC layer changes which control the light-intensity distribution by producing 
the diffraction grating. In this hybrid configuration, the two-beam coupling happens at both 
the photorefractive substrate and LC layer where the charge migration, trap density and space-
charge field come from the crystal substrate, whereas the high-beam amplification is provided 
by the LC layer. Hence, all the processes are controlled only by the action of light.

First, Tabiryan and Umeton theoretically proposed the idea about the surface-localized elec-
tromagnetic field in organic-inorganic hybrid structures [39]. In their concept, the photo-gen-
erated evanescent electric field combines with the LC director through the LC anisotropy. 
This electric space charge field plays the essential role as it acts as a driving force for LC 
molecules re-orientation and subsequent refractive index modulation. Figure 7 shows the 
schematic presentation of the above idea.

After Tabiryan and Umeton prediction [39], detailed theory of the beam energy exchange was 
developed by Jones and Cook [40], according to which the coupling between the space charge 
field and LC director is caused by the LC static dielectric anisotropy. It predicts that maximal 
beam coupling occurs when the grating spacing has similar order as LC thickness; however, 
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experimentally, the maximum coupling happens at much smaller grating spacing than the LC 
thickness [40]. Later on, Reshetnyak et al. [41] extend the theory summarizing that the expo-
nential gain amplification is a final product of three main components: (i) the beam interfer-
ence term, (ii) the flexoelectric polarization term of LC (that have upper contribution than the 
LC static dielectric anisotropy, assumed in Ref. [40]) and (iii) the photo-induced space-charge 
term. In addition, Evans and Cook [42] performed systematic study and initiate the two nec-
essary conditions to achieve the two-beam coupling at Bragg regime: the LC molecules must 
be pretilted (asymmetrically aligned) and the LC electrical polarity must be sensitive to the 
direction of the space-charge field. These conditions enable the refractive index grating to 
have the same spatial frequency as the interference pattern and make the optical amplifica-
tion at Bragg regime possible. Afterward, several hybrid configurations based on ferroelectric 
crystals as KNbO3 and SBN:Ce assembled with nematic LCs, operating at visible spectral 
range has been realized [42, 43]. For example, Deer [44] demonstrated a structure based on LC 
layer and KNbO3 substrate, at large beam intersection angle with perfect phase shift between 
the interference and refractive index gratings. Up to now, only limited numbers of near infra-
red sensitive structures are designed using semiconductor substrates as CdTe or GaAs. The 
maximum gain coefficient reported in GaAs/LC cell is 18 cm−1 at Λ = 1.2 μm and 16 cm−1 
at Λ ~ 1 μm for CdTe/LC cell, both of them operating at 1064 nm [45, 46].

Figure 8 shows the formation of the space-charge field in BSO:Rh/LC structure followed 
by monitoring the time evolution of the Gaussian laser beam (0.5-mm waist) propagating 
through the hybrid device (right side) [47]. Owing to the near-infrared absorption and high 

Figure 7. Surface activated photorefractive phenomena [41]. The photo-induced space charge field (indicated with 
arrows) penetrates into the LC layer and reorient the LC molecules, resulting in a change of the effective refractive index.
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photoconductivity of the inorganic crystal, illumination with 1064-nm light causes charge car-
riers generation and formation of photo-induced space-charge field which becomes stronger 
at the edges of the Gaussian beam.

The numerical simulation of the intensity (I) and the space-charge field (Esc) distributions, 
as well as time evolution of Gaussian beam shape passing through the hybrid structure 
are shown at Figure 8(b and c). The experimental results are in good agreement with the 
numerical  calculations reported by Stevens and Banerjee [48], which support that Gaussian 
beam illumination generates notch width which is proportional to the width of the intensity 

Figure 8. The numerical simulation of the Gaussian intensity beam distribution (a) Gaussian beam propagation through 
BTO:Rh/LC structure, (b) light intensity numerical distribution and (c) space charge field Esc numerical distribution (left) 
and experimental propagation of the Gaussian beam (right) through the BSO:Ru/PDLC device.
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beam, created by the charge accumulation at the interface between the dark and spurious 
illumination.

5.2. Two-beam coupling and Bragg-matched regime of diffraction

The evidences of the space charge formation give rise for two-wave mixing experiments. 
Illumination with two beams leads to light-intensity interference pattern, which induces a 
space charge field in the photorefractive substrate expressed by [1, 41]:

   E  sc   =   
i  E  D  

 ____ 
1 +   

 E  D  
 ___  E  q  
  
    (19)

where   E  
D
   = K   

 k  
B
   T
 ___ e    is the diffusion field,   E  

q
   =   (  1 −   

 N  
A
  
 _  N  

D
     )     

e  N  
D
  
 ______  ϵ  

0
    ϵ  

PR
   K    is the saturation field and εPR is the 

dielectric permittivity of the photorefractive substrate.

Once accumulated in the photorefractive layer, the space-charge field Esc penetrates into 
the LC layer with decaying evanescent component. In fact, the role of the Esc is to generate 
electric field, which reorients the nematic LC director n̂LC outside the photorefractive region. 
Following the couple-wave theory [1, 11], the total electric field obeys the Poisson equation:

  ∇ .  (  ε  ε  0   .  E  sc   +  P  flex   )    = 0  (20)

where Pflex is the flexo-polarization term of LC layer, determined by flexo-electric coefficients 
according to Refs. [40, 41]. To solve Eq. (20), the authors in Ref. [43] use the relation between 
the electrical potential in photorefractive substrate E (x, z) and the electrical potential in LC 
layer ΨLC (x, z) expressed by  E  (  x, z )    = − ∇  Ψ  

LC
    (  x, z )     and the boundary conditions between the 

z = −L/2 to z = L/2 planes (where L is the LC thickness). Detailed analysis and analytical solu-
tions have been discussed and presented in Refs. [40–43].

The ability of organic-inorganic structures to operate at Bragg match regime of diffraction is 
shown at Figure 9 where two hybrid configurations are discussed: the first one is based on 
Rh-doped Bi12TiO20 crystal and LC layer (BTO:Rh/LC), and the second one consists of Ru-doped 
Bi12SiO20 crystal and PDLC layer (BSO:Ru/PDLC). Examples of simultaneously detected 
behaviour of two interacting beams (linearly polarized with equal intensity [1:1 ratio]) inside 
the hybrid structures are shown at Figure 9(b) and (c), respectively. As it is seen, during the 
two-wave mixing, a constructive and deconstructive interference occurs, which is indication 
for π/2 phase shift between the light pattern and the index grating pattern. In case of BSO:Ru/
PDLC structure at the beginning of the light illumination, the two beams propagate together 
since the PDLC layer requires time to reverse its scattering state to the transparent state and 
after few seconds clear depletion between two beams appear. No changes between the two 
interfering beams were detected on glass/LC/glass and glass/PDLC/glass reference samples.

The photo-induced space charge field Esc in the photorefractive substrate has been esti-
mated assuming sinusoidal charge density distribution [1] and materials parameters from 
Table 1. By using Eq. (19), the space charge field in BSO:Ru has been estimated as a value 
of Esc(BSO:Ru) = 1.6 × 105 V/m. Taking into account the experimentally measured  threshold 
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Type Symbol Value Unit

LC (MLC type) ∆ε (LC) 41.6 × ε0 Anisotropy of NLC’s 
dielectric constant

K (LC) 5 Elastic constant of NLC

n0 (LC) 1.51 O-ray refractive index of LC 
(nematic)

ne (LC) 1.75 E-ray refractive index of LC 
(nematic)

BTO:Rh and BSO:Ru 
inorganic crystals

ND 2 × 1024 for BTO:Rh
6.1 × 1023 for BSO:Ru

cm−3 Donor concentration

NA 1 × 1024 for BTO:Rh
5× 1023 for BSO:Ru

cm−3 Acceptor concentration

ε 46 Dielectric constant of BTO 
and BSO crystal

T 300 K Temperature

Table 1. Material parameters for theoretical simulations.

Figure 9. (a) Two-beam coupling experiment in BSO:Ru/PDLC structure and simultaneous behavior of both transmitted 
beams through the (b) BSO:Ru/PDLC structure and (c) BTO:Rh/LC structure. Comparison with the reference samples as 
glass/LC/glass and glass/PDLC/glass is also presented.
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voltage of 20 V (for 7.3-μm droplet size) of PDLC layer, the threshold electric field is 
Eth(PDLC) = 2 × 106 (V/m). Substituting the known values into the boundary condition Esc(BSO:Ru) × 
ε(BSO) = Esc(PDLC) × ε(PDLC), we found the required electric field to re-orient LC molecules in PDLC 
layer is Esc(PDLC) = 1.25 × 105 (V/m). Obviously, the generated Esc field inside BSO:Ru substrate is 
strong enough to penetrate into the PDLC layer and realign the LCs molecules.

For BTO:Rh/LC structure, similar procedure has been performed. The estimated space 
charge field in BTO:Rh substrate is about Esc(BTO:Rh) = 1.9 × 105 (V/m). Taking into account the 
experimentally measured driving voltage of LC layer as 2 V (for 12-μm thickness) and the 
threshold electric field as Eth(LC) = 1.67 × 105 (V/m), the required space charge field is about 
Esc(LC) = 1.5 × 105 (V/m).

The above two examples verify that the photo-induced space charge field Esc created in pho-
torefractive substrates can grow high enough to exceed the threshold electric field and pen-
etrate into the birefringent layer. The advantage of using PDLC over the LC is no need of 
alignment layer (since the polymer binder defines the droplets orientations), which permits 
the photo-generated space-charge field to penetrate directly into the PDLC layer.

Figure 10 shows the experimentally measured gain coefficient Г (cm−1) dependence on the 
grating spacing Λ (μm) when the ratio of signal-to-pump beam is 1/70. Besides, Figure 10 
shows the theoretically simulated strength of the space-charge field Esc displayed as a single 
line. For BSO:Ru/PDLC structure, the measured beam amplification value of Г = 45 cm−1 is 
almost three times higher than reported for similar hybrid structures using double-side pho-
torefractive substrates as CdTe (16 cm−1) and GaAs (18 cm−1), operating at near infrared spec-
tral range [46, 47]. In case of BTO:Rh/LC structure, Г reached almost 10 cm−1 at 1-μm grating 
spacing. It is assumed that large amplification effect comes from suitable doping elements 
(as Ru and Rh) addition in sillenite crystal structure, which provides enough density of trap 
levels to support accumulation of high-resolution space charge field.

Figure 10. (a) Gain coefficient dependence on the grating spacing Λ(μm) and (b) Theoretical simulation of Esc dependence 
on Λ(μm) for BSO:Ru/PDLC structure.
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As discussed earlier, the Debye screening length in photorefractive material need to be very 
small to support high concentration of effective trap density. For BSO:Ru crystal, the Debye 
screening length of 0.08 μm has been calculated from Eq. (7) and materials parameters in 
Table 1. Moreover, as shown in Figure 10, the Esc decreases with increasing the grating spac-
ing from 1 to 2 μm. As the gain amplification is controlled by the space charge field, it follows 
the behaviour of the Esc on the way to decrease with increasing the grating spacing Λ. In that 
aspect, multi-layer structure may increase the effective interaction length and optimize the Esc 
penetration depth (however limited by scattering losses).

5.3. Applications

The prime significance of the reviewed hybrid structure is all optically controlled processes. For 
example, the switching ability BSO:Ru/PDLC structure is demonstrated at Figure 11. An image 
pattern (rectangular mask) is placed into the input plane of 4-f optical system, and the structure is 
illuminated with 1064-nm Gaussian beam. When the pump light illuminates the device, the PDLC 
layer transparency is changed due to the induced space charge field in the photorefractive substrate.

Therefore, by controlling the droplet size and consequently the driving voltage of the LC molecules 
from one side and optimizing the charge carriers’ concentration in crystal matrix (providing high 
enough density for high resolution space charge field), the proposed structure can be further opti-
mized. Moreover, the beam coupling can be significantly improved by addition of nanoparticles 
in LC layer, which affects the dielectric anisotropy and decreases the driving (threshold) voltage.

6. Conclusion

The chapter reviewed recent progress of two-wave mixing and beam amplification in novel 
type of hybrid structures that combine photoconductive and photorefractive properties of 

Figure 11. Gaussian laser beam propagating through BSO/PDLC hybrid structure and image mask (rectangular 
shape) evolution when the light is at “on” and “off” position (right side). All processes are controlled by near infrared 
light only.
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inorganic crystals together with the high birefringence and anisotropy of LC (or PDLC) 
 layers. When inorganic crystal acts as photoconductive substrate, the photo-generated 
charge carriers control the LC molecules alignment and subsequent light modulation. As 
a result, the two-wave mixing happens in a liquid crystal layer (the active layer) with high 
amplification values; however, the fringe period of the recorded gratings is limited to few 
micrometers. When inorganic crystal acts as photorefractive substrate, the two-beam cou-
pling happens at both the photorefractive substrate and LC layer where the space charge 
field is the driving force for LC molecules reorientation and refractive index modulation. In 
this configuration, all the processes are controlled by light-permitting submicron resolution.

Depending on the designed structure assembly and operation principle, dynamic holo-
graphic gratings at Raman-Nath or Bragg match regimes of diffraction can be recorded. 
The large trap density and small grating spacing typical for photorefractive materials allow 
to reach the Bragg matched conditions in all optically controlled structure in contract to 
the large grating spacing and small trap density typical for LC-based electro-optically 
controlled structures, which support the Raman-Nath regime of diffraction. Furthermore, 
by selecting the photosensitivity of inorganic substrate, the spectral interval can be easily 
adjusted in a regions, where the LC molecules (or PDLC) are not enough sensitive.

The proposed organic-inorganic hybrid structures can control transmission, reflection and scat-
tering of light and are considered in playing an essential role in 3D holographic display technolo-
gies and providing sub-micron spatial resolution, large viewing angle and low driving voltage. 
The reviewed examples can be classified as novel type of non-linear optical components, which 
exhibit attractive capabilities for light manipulation, coherent image amplification, to control the 
group velocity of modulated signal beam, in video display technologies. The advantage of simple 
fabrication and compactness open the way to design varieties of new structures and elements that 
meet the up-to-date requirements of 3D display technologies and optical information processing.
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