
Holography 
Basic Principles  

and Contemporary Applications

Edited by Emilia Mihaylova

Edited by Emilia Mihaylova

Holography - Basic Principles and Contemporary Applications is a collection of 
fifteen chapters, describing the basic principles of holography and some recent 

innovative developments in the field. The book is divided into three sections. The first, 
Understanding Holography, presents the principles of hologram recording illustrated 
with practical examples. A comprehensive review of diffraction in volume gratings 

and holograms is also presented. The second section, Contemporary Holographic 
Applications, is concerned with advanced applications of holography including sensors, 
holographic gratings, white-light viewable holographic stereograms. The third section 

of the book Digital Holography is devoted to digital hologram coding and digital 
holographic microscopy.

Photo by Bastetamn / iStock

ISBN 978-953-51-1117-7

H
olography - Basic Principles and C

ontem
porary A

pplications



HOLOGRAPHY – BASIC
PRINCIPLES AND

CONTEMPORARY
APPLICATIONS

Edited by Emilia Mihaylova



HOLOGRAPHY – BASIC
PRINCIPLES AND

CONTEMPORARY
APPLICATIONS

Edited by Emilia Mihaylova



Holography - Basic Principles and Contemporary Applications
http://dx.doi.org/10.5772/46111
Edited by Emilia Mihaylova

Contributors

Anette Gjörloff Wingren, Olga Andreeva, Yuri Leonidovich Korzinin, Boris Glebovich Manuhin, Ngoc Diep Lai, Vladimir 
A. Postnikov, Aleksander Kraiskii, Valeri Sergienko, Francisco Palacios, Ligia Ferreira, Oneida Font, Guillermo Palacios, 
Jorge Ricardo, Miriela Escobedo, Isis Vasconcelos, Mikiya Muramatsu, Diogo Soga, José Luis Valin Rivera, Aline 
Ambrogi, Flavia Oliveira, Young-Ho Seo, Dong-Wook Kim, Hyun-Jun Choi, Gabriel Martinez-Niconoff, Elena Stoykova,
Hoonjong Kang, Jiyung Park, Sung Hee Hong, Youngmin Kim, David Brotherton-Ratcliffe, Eduardo Acedo Barbosa, 
Danilo Silva, Merilyn Ferreira, Dagmar Senderakova, Luciano Lamberti, Cesar A. Sciammarella, Federico Sciammarella, 
Izabela Naydenova, Emilia Mihaylova

© The Editor(s) and the Author(s) 2013
The moral rights of the and the author(s) have been asserted.
All rights to the book as a whole are reserved by INTECH. The book as a whole (compilation) cannot be reproduced, 
distributed or used for commercial or non-commercial purposes without INTECH’s written permission.  
Enquiries concerning the use of the book should be directed to INTECH rights and permissions department 
(permissions@intechopen.com).
Violations are liable to prosecution under the governing Copyright Law.

Individual chapters of this publication are distributed under the terms of the Creative Commons Attribution 3.0 
Unported License which permits commercial use, distribution and reproduction of the individual chapters, provided 
the original author(s) and source publication are appropriately acknowledged. If so indicated, certain images may not 
be included under the Creative Commons license. In such cases users will need to obtain permission from the license 
holder to reproduce the material. More details and guidelines concerning content reuse and adaptation can be 
foundat http://www.intechopen.com/copyright-policy.html.

Notice

Statements and opinions expressed in the chapters are these of the individual contributors and not necessarily those 
of the editors or publisher. No responsibility is accepted for the accuracy of information contained in the published 
chapters. The publisher assumes no responsibility for any damage or injury to persons or property arising out of the 
use of any materials, instructions, methods or ideas contained in the book.

First published in Croatia, 2013 by INTECH d.o.o.
eBook (PDF) Published by  IN TECH d.o.o.
Place and year of publication of eBook (PDF): Rijeka, 2019.
IntechOpen is the global imprint of IN TECH d.o.o.
Printed in Croatia

Legal deposit, Croatia: National and University Library in Zagreb

Additional hard and PDF copies can be obtained from orders@intechopen.com

Holography - Basic Principles and Contemporary Applications
Edited by Emilia Mihaylova

p. cm.

ISBN 978-953-51-1117-7

eBook (PDF) ISBN 978-953-51-5727-4



Selection of our books indexed in the Book Citation Index 
in Web of Science™ Core Collection (BKCI)

Interested in publishing with us? 
Contact book.department@intechopen.com

Numbers displayed above are based on latest data collected. 
For more information visit www.intechopen.com

4,200+ 
Open access books available

151
Countries delivered to

12.2%
Contributors from top 500 universities

Our authors are among the

Top 1%
most cited scientists

116,000+
International  authors and editors

125M+ 
Downloads

We are IntechOpen,
the world’s leading publisher of 

Open Access books
Built by scientists, for scientists





Meet the editor

Emilia Mihaylova is Associate Professor of Physics at 
the Agricultural University of Plovdiv, Bulgaria. She 
received her Ph. D. from the Bulgarian Academy of 
Sciences. She has published more than 60 papers in lead-
ing international journals.
Current research interests of Emilia Mihaylova in-
clude holography, with focus on new holographic 

photopolymers for specific applications, digital holography with focus on 
microscopy and metrology, electronic speckle pattern interferometry and 
shearography, white light interferometry and profilometry.



Contents

Preface IX

Section 1 Understanding Holography    1

Chapter 1 Understanding Diffraction in Volume Gratings and
Holograms   3
Brotherton-Ratcliffe David

Chapter 2 Volume Transmission Hologram Gratings —  Basic Properties,
Energy Channelizing,  Effect of Ambient Temperature and
Humidity   37
O.V. Andreeva, Yu.L. Korzinin and B.G. Manukhin

Chapter 3 White Light Reconstructed Holograms   61
Dagmar Senderakova

Section 2 Contemporary Holographic Applications    87

Chapter 4 Research on Holographic Sensors and Novel Photopolymers at
the Centre for Industrial and Engineering Optics   89
Emilia Mihaylova, Dervil Cody, Izabela Naydenova, Suzanne Martin
and Vincent Toal

Chapter 5 Holographic Sensors for Detection of Components in Water
Solutions   103
Vladimir A. Postnikov, Aleksandr V. Kraiskii and Valerii I. Sergienko

Chapter 6 Photopolymer Holographic Optical Elements for Application in
Solar Energy Concentrators   129
Izabela Naydenova, Hoda Akbari, Colin Dalton, Mohamed Yahya so
Mohamed Ilyas, Clinton Pang Tee Wei, Vincent Toal and Suzanne
Martin



Contents

Preface XIII

Section 1 Understanding Holography    1

Chapter 1 Understanding Diffraction in Volume Gratings and
Holograms   3
Brotherton-Ratcliffe David

Chapter 2 Volume Transmission Hologram Gratings —  Basic Properties,
Energy Channelizing,  Effect of Ambient Temperature and
Humidity   37
O.V. Andreeva, Yu.L. Korzinin and B.G. Manukhin

Chapter 3 White Light Reconstructed Holograms   61
Dagmar Senderakova

Section 2 Contemporary Holographic Applications    87

Chapter 4 Research on Holographic Sensors and Novel Photopolymers at
the Centre for Industrial and Engineering Optics   89
Emilia Mihaylova, Dervil Cody, Izabela Naydenova, Suzanne Martin
and Vincent Toal

Chapter 5 Holographic Sensors for Detection of Components in Water
Solutions   103
Vladimir A. Postnikov, Aleksandr V. Kraiskii and Valerii I. Sergienko

Chapter 6 Photopolymer Holographic Optical Elements for Application in
Solar Energy Concentrators   129
Izabela Naydenova, Hoda Akbari, Colin Dalton, Mohamed Yahya so
Mohamed Ilyas, Clinton Pang Tee Wei, Vincent Toal and Suzanne
Martin



Chapter 7 Optically Accelerated Formation of One- and  Two-Dimensional
Holographic Surface Relief  Gratings on DR1/PMMA   147
Xiao Wu, Thi Thanh Ngan Nguyen, Isabelle Ledoux-Rak, Chi Thanh
Nguyen and Ngoc Diep Lai

Chapter 8 Holographic Printing of White-Light Viewable Holograms and
Stereograms   171
Hoonjong Kang, Elena Stoykova, Jiyung Park, Sunghee Hong and
Youngmin Kim

Chapter 9 Microscopic Interferometry by Reflection Holography with
Photorefractive Sillenite Crystals   203
Eduardo Acedo Barbosa, Danilo Mariano da Silva and Merilyn
Santos Ferreira

Chapter 10 Bifurcation Effects Generated with  Holographic Rough
Surfaces   227
G. Martínez Niconoff, G. Díaz González, P. Martínez Vara, J. Silva
Barranco and J. Munoz-Lopez

Chapter 11 Holography at the Nano Level With Visible Light
Wavelengths   243
Cesar A. Sciammarella, Luciano Lamberti and Federico M.
Sciammarella

Section 3 Digital Holography    283

Chapter 12 Digital Hologram Coding   285
Young-Ho Seo, Hyun-Jun Choi and Dong-Wook Kim

Chapter 13 Applications of Holographic Microscopy in Life Sciences   319
Iliyan Peruhov and Emilia Mihaylova

Chapter 14 Cells and Holograms – Holograms and Digital Holographic
Microscopy as a Tool to Study the Morphology of
Living Cells   335
Kersti Alm, Zahra El-Schich, Maria Falck Miniotis, Anette Gjörloff
Wingren, Birgit Janicke and Stina Oredsson

X Contents

Chapter 15 Phase and Polarization Contrast Methods by Use of Digital
Holographic Microscopy: Applications to Different Types of
Biological Samples   353
Francisco Palacios, Oneida Font, Guillermo Palacios, Jorge Ricardo,
Miriela Escobedo, Ligia Ferreira Gomes, Isis Vasconcelos, Mikiya
Muramatsu, Diogo Soga, Aline Prado and Valin José

Contents VII



Chapter 7 Optically Accelerated Formation of One- and  Two-Dimensional
Holographic Surface Relief  Gratings on DR1/PMMA   147
Xiao Wu, Thi Thanh Ngan Nguyen, Isabelle Ledoux-Rak, Chi Thanh
Nguyen and Ngoc Diep Lai

Chapter 8 Holographic Printing of White-Light Viewable Holograms and
Stereograms   171
Hoonjong Kang, Elena Stoykova, Jiyung Park, Sunghee Hong and
Youngmin Kim

Chapter 9 Microscopic Interferometry by Reflection Holography with
Photorefractive Sillenite Crystals   203
Eduardo Acedo Barbosa, Danilo Mariano da Silva and Merilyn
Santos Ferreira

Chapter 10 Bifurcation Effects Generated with  Holographic Rough
Surfaces   227
G. Martínez Niconoff, G. Díaz González, P. Martínez Vara, J. Silva
Barranco and J. Munoz-Lopez

Chapter 11 Holography at the Nano Level With Visible Light
Wavelengths   243
Cesar A. Sciammarella, Luciano Lamberti and Federico M.
Sciammarella

Section 3 Digital Holography    283

Chapter 12 Digital Hologram Coding   285
Young-Ho Seo, Hyun-Jun Choi and Dong-Wook Kim

Chapter 13 Applications of Holographic Microscopy in Life Sciences   319
Iliyan Peruhov and Emilia Mihaylova

Chapter 14 Cells and Holograms – Holograms and Digital Holographic
Microscopy as a Tool to Study the Morphology of
Living Cells   335
Kersti Alm, Zahra El-Schich, Maria Falck Miniotis, Anette Gjörloff
Wingren, Birgit Janicke and Stina Oredsson

ContentsVI

Chapter 15 Phase and Polarization Contrast Methods by Use of Digital
Holographic Microscopy: Applications to Different Types of
Biological Samples   353
Francisco Palacios, Oneida Font, Guillermo Palacios, Jorge Ricardo,
Miriela Escobedo, Ligia Ferreira Gomes, Isis Vasconcelos, Mikiya
Muramatsu, Diogo Soga, Aline Prado and Valin José

Contents XI



Preface

Holography – Basic Principles and Contemporary Applications is a collection of fifteen
chapters, describing the basic principles of holography and some recent innovative develop‐
ments in the field. The book is divided into three sections. The first, Understanding Hologra‐
phy, presents the principles of hologram recording illustrated with practical examples. A
comprehensive review of diffraction in volume gratings and holograms is also presented.
The second section, Contemporary Holographic Applications, is concerned with advanced
applications of holography including sensors, holographic gratings, white-light viewable
holographic stereograms. The third section of the book Digital Holography is devoted to
digital hologram coding and digital holographic microscopy.

The following paragraphs give a brief summary of contents.

Understanding Diffraction in Volume Gratings and Holograms presents two analytical
methods for describing diffraction in loss-free volume holographic gratings: Kogelnik's
model and the Parallel Stacked Mirrors (PSM) model. The overall conclusion is that for in‐
dex modulations characteristic of modern display and optical element holograms, both Ko‐
gelnik's coupled wave theory and the PSM model provide a rather good description of
diffraction in a volume grating.

Volume Transmission Hologram Gratings - Basic Properties, Energy Channelizing, Effect of
Ambient Temperature and Humidity discusses properties and specific features of volume
holograms. The authors present a study of the effect of ambient temperature and humidity
on parameters of polymeric hologram gratings, produced in laboratory conditions on the
base of silicate glass.

White Light Reconstructed Holograms describes some basic principles of recording holo‐
grams, including Denisyuk and Benton types. Some popular applications of white light re‐
constructed holograms are presented.

Research on Holographic Sensors and Novel Photopolymers at the Centre for Industrial and
Engineering Optics reviews recent developments in holographic sensors technology at the
Centre for Industrial and Engineering Optics (IEO) at Dublin Institute of Technology. The
authors also report the development of a novel environmentally friendly holographic photo‐
polymer. Diffraction efficiencies greater than 90% are achievable in 80μm layers at 1000
l/mm, and a refractive index modulation of 3.3x10-3 has been obtained.

Holographic Sensors for Detection of Components in Water Solutions reports the develop‐
ment of a method for manufacturing holographic sensors of different types. The authors
demonstrate that holographic sensors can be used to determine the quality of water, acidity
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of media, ethanol concentration, metal ions concentration, and glucose concentration in
blood serum.

Photopolymer Holographic Optical Elements for Application in Solar Energy Concentrators
consists of two parts. The first reviews developments in the design and fabrication of solar
concentrators utilising holographic optical elements. The second presents experimental re‐
sults from the recording of simple focusing holographic optical elements in a photopolymer
layer. The authors report that five gratings and five cylindrical lenses were successfully re‐
corded in the same photopolymer layer.

Optically Accelerated Formation of One and Two-Dimensional Holographic Surface Relief
Gratings on DR1/PMMA describes the fabrication of one and two-dimensional holographic
surface relief gratings (SRGs) based on single or multiple exposure of the azobenzene co‐
polymer to two and/or three-beam interference patterns. In this chapter, simple fabrication
techniques based on two-beam and three-beam interference were theoretically studied and
experimentally demonstrated as efficient methods for the creation of desired SRGs on azo-
copolymer. In addition the authors propose to enhance the formation of SRGs, employing
an incoherent ultraviolet or visible wavelength beam.

Holographic Printing of White-Light Viewable Holograms and Stereograms starts with a re‐
view of the research on the printing of holographic stereograms (HSs) followed by a survey
of recent achievements in printing large-format full-color HSs. The next section is devoted to
direct printing of a holographic fringe patterns on a photo-sensitive material. The authors
describe the principle of a wavefront printer for production of white-light viewable comput‐
er-generated holograms. The chapter concludes with an outline of future trends in the holo‐
graphic printing.

Microscopic Interferometry by Reflection Holography with Photorefractive Sillenite Crystals
exploits Denisiuk reflection holography using anisotropic diffraction in sillenite crystals.
The realization of this idea allows the construction of two types of simple and compact in-
line interferometric microscopes.

Bifurcation Effects Generated with Holographic Rough Surfaces describes how interference
between speckle patterns with controlled statistical parameters can be used for the genera‐
tion of bifurcation effects.

Holography at the Nano Level with Visible Light Wavelengths presents a new method for
recording nano-sized diffraction patterns of the observed objects. The authors show an ap‐
plication of the suggested approach to measure the topography of nano-sized sodium chlor‐
ide crystals and spherical polystyrene particles.

Digital Hologram Coding presents a review of the coding techniques for digital holograms
with the main emphasis on lossy coding techniques. The overall process of coding a digital
holographic video and the whole architecture of the service system for digital holograms are
also explained.

Applications of Holographic Microscopy in Life Sciences reviews the recent advances in the
application of digital holographic microscopy to the study of biological specimens. The au‐
thors also describe the development of a digital holographic microscope at the Agricultural
University of Plovdiv and report some of its life science applications.

XIV Preface

Cells and holograms - Holograms and Digital Holographic Microscopy as a Tool to Study
the Morphology of Living Cells utilizes digital holographic microscopy (DHM) to study the
morphology of living, dividing and dying cells. Cell morphology studied by DHM can be
very useful in toxicology, stem cell and cancer research.

Phase and Polarization Contrast Methods by Use of Digital Holographic Microscopy: Appli‐
cations to Different Types of Biological Samples presents the application of Digital Polariza‐
tion Holographic Microscopy for the study of linear dichroism and birefringence of
transparent samples. The authors also report results from Digital Holographic Microscopy
(DHM) analysis of different biological samples. A comparative study of DHM and bright-
field optical microscopy in visualization and analysis of microscopic structures is presented
and discussed.

I would like to thank all of the authors for making this book an absorbing read for a wide
audience – everybody with an interest in holography will find a chapter or more to enjoy.

Associate Prof. Dr. Emilia Mihaylova
Agricultural University Plovdiv

Bulgaria

Preface XI
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Chapter 1

Understanding Diffraction in Volume Gratings and
Holograms

Brotherton-Ratcliffe David

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/53413

1. Introduction

Kogelnik's Coupled wave theory [1], published in 1969, has provided an extremely successful
approach to understanding diffraction in sinusoidal volume gratings and in providing analytic
formulae for the calculation of diffractive efficiency. N-coupled wave theory [2] has extended
Kogelnik's approach to provide a useful analytic model of diffraction in spatially multiplexed
gratings and in monochromatic holograms.

A more recent and alternative approach to Kogelnik's coupled wave theory, known as the PSM
model [3], short for "Parallel Stacked Mirrors", is based on a differential formulation of the
process of Fresnel reflection occurring within the grating. This theory has the advantage of
providing a particularly useful and more intuitively natural description of diffraction in the
reflection volume grating. It also deals with the π-polarisation, which requires significantly
greater work under Kogelnik's approach, in a simpler and more natural way.

Although the PSM model is itself a type of coupled-wave theory, it is nevertheless based on
an alternative and distinct set of assumptions to standard coupled-wave theory. This in itself
is extremely useful as it allows one to look at the problem of diffraction in volume gratings
from two relatively separate perspectives. In some cases the PSM assumptions are clearly
somewhat superior to Kogelnik's as evidenced by rigorous computational solutions of the
Helmholtz equation. But this is not always the case and in various albeit rather extreme cases
Kogelnik's theory can provide the superior estimate of diffractive efficiency.

The PSM model naturally treats polychromatic index modulation profiles. This is not to say
that Kogelnik's formulism cannot be extended to treat the polychromatic case. Indeed Ning
has demonstrated this [4]. But the mathematics and their meaning here is more transparent in
the PSM case. Like standard coupled-wave theory, the PSM model can be generalised to an N-

© 2013 David; licensee InTech. This is an open access article 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.

© 2013 David; licensee InTech. This is a paper 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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coupled wave theory, capable of describing spatially multiplexed gratings and holograms.
Again the PSM model provides a simple and trivially transparent generalisation to the
polychromatic spatially multiplexed grating allowing a very clear understanding of diffraction
in the full-colour reflection volume hologram.

Despite the utility and analytic nature of both Kogelnik's coupled wave theory and the PSM
model, a completely accurate description of diffraction in gratings can only be offered by a
rigorous solution of the underlying wave equation. Moharam and Gaylord [5] first tackled this
problem in 1989 and provided numerical solutions for both transmission and reflection
gratings as index modulation increased. Glytis and Gaylord [6] extended this work to cover
anistropic media and simple multiplexed gratings.

2. Kogelnik's coupled wave theory

Kogelnik's theory [1] assumes that only two plane waves propagate inside and outside a finite
thickness grating. The Helmholtz equation is then used to calculate how a specific modulation
in the dielectric permittivity intrinsically couples these waves. The approach has its origins in
the field of acousto-optics. The first wave is assumed to be the illuminating reference wave
and the second wave is the hologram’s response or “signal” wave. The adoption of just two
waves is made on the assumption that coupling to higher order modes will be negligible. There
is no rigorous mathematical proof for this per se; we therefore look to the results of this two-
wave theory to see whether they are sensible and consistent. In addition we shall review a
rigorous formulation of the coupled wave equations in section 5 and here we shall see that for
the kind of index modulations present in modern holography, the two-wave assumption is
pretty good.

2.1. Derivation of the coupled wave equations

Assuming a time dependence of ∼exp(iωt) Maxwell’s equations and Ohm’s law can be used
to write down the general wave equation for a dielectric in SI units:

∇ ×(∇ × E )−γ 2E =0 (1)

where γ 2 = iωμσ −ω 2με (2)

Here μ is the permeability of the medium, ε its permittivity and σ represents its electrical
conductivity. Two important assumptions are now made. The first is that the grating is lossless
so that σ =0. The second is that the polarization of the two waves is perpendicular to the grating
vector or E ⋅∇ε =0. This allows (1) to be simplified to the Helmholtz equation

∇2 E −γ 2E =0 (3)
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The assumption of small conductivity means that our analysis is restricted to lossless phase
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polarisation.
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A one-dimensional grating extending from x =0 to x =d is now assumed. The relative permit‐
tivity is also assumed to vary within the grating according to the following law:

εr =εr0 + εr1cosK ⋅ r (4)

The grating vector K  is defined by its slope, ϕ and its pitch, Λ

K =
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Λ (cosϕ

sinϕ ) (5)

We may write the γ parameter in (2) as

γ 2 ∼ −β 2 −4κβcosK ⋅ r (6)

with β =ω(με0εr0)1/2 (7)

Here we have also introduced Kogelnik’s coupling constant

κ ≡
1
4
εr1
εr0
β∼

1
2 (

n1
n0

)β (8)

2.1.2. Solution at Bragg resonance

At Bragg resonance the signal and reference wavevectors are related by the condition

ki =kc − K (9)

The magnitude of both kc, the reference wavevector, and of ki, the signal wavevector is also
exactly β =2πn /λc. Accordingly (6) may be written as

γ 2 = −β 2 −4κβcos(kc −ki)⋅ r (10)
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withkc =β(cosθc

sinθc
) ; ki =β(cosθi

sinθi
)=β(cosθc

sinθc
)−

2π
Λ (cosϕ

sinϕ ) (11)

We now choose a very particular trial solution of the form

Ez = R(x)e −ikc⋅r + S(x)e −iki⋅r (12)

The first term represents the illumination or "reference" wave and the second term, the
response or "signal" wave. Both are plane waves. Figure 1(a) illustrates how these waves
propagate in a reflection grating and Figure 1(b) illustrates the corresponding case of the
transmission hologram. Note that the complex functions R and S  are functions of x only - even
though the wave-vectors kc and ki both possess x and y components. The grating is assumed
to be surrounded by a dielectric having the same permittivity and permeability as the average
values within the grating so as not to unduly complicate the problem with boundary reflec‐
tions. Within the external dielectric both R and S are constants. The choice of just using two
waves in the calculation - clearly the absolute minimum - and with only a one-dimensional
behaviour was inspired by the work of Bhatia and Noble [7] and Phariseau [8] in the field of
acousto-optics.

Figure 1. The "R" and "S" waves of Kogelnik's Coupled Wave Theory for the case of (a) a reflection grating and (b) a
transmission grating.

Substituting (12) into (3) we obtain
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e −ikc⋅r{ d 2R
d x 2 −2ikcx

dR
dx + 2βκS } + e −iki⋅r{ d 2S

d x 2 −2ikix
dS
dx + 2βκR}

+ 2βκSe −i(2ki−kc)⋅r + 2βκRe −i(2kc−ki)⋅r =0

(13)

Since only two waves are assumed to exist in the solution we must now disregard the third
and fourth term of this expression on the pretext that they inherit only negligible energy from
the primary modes. Next, second-order derivatives are neglected on the premise that R and S
are slowly varying functions. Then (13) reduces to the two coupled first-order ordinary
differential equations:

kcx
β

dR
dx + iκS =0 (14)

kix
β

dS
dx + iκR =0 (15)

We can then use (14) and (15) to derive identical uncoupled second order differential equations
for R and S :

d 2R
d x 2 + (κ 2secθcsecθi)R =0;

d 2S
d x 2 + (κ 2secθcsecθi)S =0 (16)

Here the x component of the Bragg condition tells us that

secθi ={cosθc −
λcKx
2πn0

}−1 (17)

And if the grating has been written using a reference and object wave of angles of incidence
of respectively θr  and θo and at a wavelength of λr  then

Kx =
2πn0
λr

(cosθr −cosθo) (18)

2.1.3. Boundary conditions

It has been assumed that the R wave is the driving wave and that the S wave is the response
or "signal" wave. Clearly, and without loss of generality, the input amplitude of the driving
wave can be normalised to unity. Then different boundary conditions can be written down for
transmission and reflection gratings. For transmission gratings the choice of normalisation
means that R(0)=1. In addition we demand that S (0)=0 as the power of the transmitted signal
wave must be zero at the input boundary as evidently no conversion has yet taken place at
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It has been assumed that the R wave is the driving wave and that the S wave is the response
or "signal" wave. Clearly, and without loss of generality, the input amplitude of the driving
wave can be normalised to unity. Then different boundary conditions can be written down for
transmission and reflection gratings. For transmission gratings the choice of normalisation
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this point. For reflection holograms we demand once again that R(0)=1 but now the second
boundary condition is S (d )=0. This is because the reflected response wave travels in the
direction x =d  to x =0 and its amplitude must clearly be zero at the far boundary.

With these boundary conditions in hand we can now solve (14) - (15) for the transmission and
reflection cases. For the transmission grating we obtain

R =cos{κx(secθcsecθi)1/2}

S = − i
cosθc
cosθi

sin{κx(secθcsecθi)1/2}
(19)

And for the reflection grating we have

R =sech{κd (secθc |secθi |)1/2}cosh{κ(d − x)(secθc |secθi |)1/2}

S = − i
cosθc

|cosθi | sech{κd (secθc |secθi |)1/2}sinh{κ(d − x)(secθc |secθi |)1/2}
(20)

These are very simple solutions which paint a rather logical picture. For the transmission case
we see that as the reference wave enters the grating it slowly donates power to the signal wave
which grows with increasing x. When the argument of the cosine function in (19) reaches π / 2
all of the power has been transferred to the S wave which is now at a maximum. As x increases
further the waves change roles; the S wave now slowly donates power to a newly growing R
wave. This process goes on until the waves exit the grating at x =d .

In the reflection case the behaviour is rather different. Here, as one might well expect, there is
simply a slow transfer of energy from the reference driving wave to the reflected signal wave.
If the emulsion is thin then the signal wave is weak and most of the energy escapes as a
transmitted R wave. If the emulsion is thick on the other hand then the amplitudes of both
waves become exponentially small as x increases and all the energy is transferred from the R
wave to the reflected S wave.

2.1.4. Power balance and diffraction efficiency

Using Poynting’s theorem it can be shown that power flowing along the x direction is given by

P =cosθcRR ∗ + cosθiSS ∗ (21)

Multiplying (21) by respectively R ∗ and S ∗ and then adding these equations and taking the
real part results in the equation

dP
dx =0 (22)
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Figure 2. Perfect Bragg Compliance: (a) Diffractive replay efficiencies (σ-polarisation) of the transmission grating and
the reflection grating versus the normalised grating thickness according to Kogelnik's coupled wave theory. (b) Opti‐
mal value of the normalised grating thickness (providing ηT = 1) at Bragg Resonance versus the modulation, n1 / n0 for
the unslanted transmission grating recorded at various (internal) angles, θr = −θo.

This tells us that at each value of x the power in the R wave and in the S wave change but that
the power in both waves taken together remains a constant. Now it is of particular interest to
understand the efficiency of a holographic grating. With this in mind we define the diffraction
efficiency of a grating illuminated by a reference wave of unit amplitude as

η =
|cosθi |

cosθc
SS ∗ (23)

where S is evaluated on the exit boundary which for a reflection hologram will be at x =0 and
for a transmission hologram at x =d .

It is now simple to use the forms for R and S given in (19) and (20) to calculate the expected
diffractive efficiencies for the transmission and reflection grating:

ηT =sin2{κd (secθcsecθi)1/2} (24)

ηR =tanh2{κd (secθc |secθi |)1/2} (25)

Figure  2(a) shows this  graphically  for 0≤κd (secθc |secθi |)1/2 ≤π / 2. Clearly  for a  small
emulsion thickness or for a small permittivity modulation, the diffractive efficiencies of the
reflection and transmission types of hologram are identical. As the parameter κd(secθcsecθi)1/2

increases towards π / 2 the transmission hologram becomes slightly more diffractive than its
corresponding  reflection  counterpart.  However,  as we have  remarked  above, when
κd (secθcsecθi)1/2 >π / 2, the transmission hologram decreases in diffractive response where‐
as the corresponding reflection hologram continues to produce an increasing response. Figure
2(b) shows the relationship between the optimum grating thickness at which the diffrac‐
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tive response of the (un-slanted) transmission grating peaks and the grating modulation,
n1 / n0.

2.1.5. Behaviour away from Bragg resonance

To study the case of a small departure from the Bragg condition Kogelnik continues to use (9)
but relaxes the condition that |ki | =β. This choice, which is certainly not unique, has the effect
that the phases of the contributions of the signal wave from each Bragg plane no longer add
up coherently and leads naturally to the definition of an “off-Bragg” parameter; this allows us
in turn to easily quantify how much the Bragg condition is violated either in terms of wave‐
length or in terms of angle. Proceeding in this fashion, equation (14) remains the same but
equation (15) generalizes to

kix
β

dS
dx + i(

β 2 − |ki | 2

2β )S + iκR =0 (26)

We then define the “Off-Bragg” or "dephasing" parameter

ϑ =
β 2 − |ki | 2

2β = | K |cos(ϕ −θc)−
| K | 2

2β
(27)

where ϕ represents the slant angle between the grating normal and the grating vector (see
Figure 1). The value of ϑ is determined by the angle of incidence on reconstruction (θc) and by
the free-space wavelength of the illuminating light (λc =2πn0 / β). Clearly when ϑ =0 the Bragg
condition is satisfied and |ki | =β. We define the obliquity factors

kix / β =(|kix | / β)cosθi ≡cS

kcx / β =cosθc ≡cR
(28)

Then, as before, we can solve equations (14) and (26) to arrive at expressions for the diffractive
efficiency1. For the transmission grating the result is

ηT =
sin2(

κ 2d 2

cRcS
+

d 2ϑ 2

4cS 2 )
1/2

1 +
ϑ 2cR

4cSκ
2

(29)

1 Note that equation 23 is modified away from Bragg resonance in Kogelnik's theory to the more general form

η =
|cS |

cR
SS ∗
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whereas for the reflection grating we have
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Clearly for ϑ =0 these equations revert respectively to (24) and (25). Figures 3 (a) and (b) show
the behaviour of (29) and (30) for several values of κd / (cR | cS |)1/2.

Figure 3. (a) Diffraction Efficiency for the transmission grating according to Kogelnik's theory versus the normalised
Off-Bragg Parameter, d / (2cS ) for different values of κd / (cRcS )1/2. (b) Corresponding graph for the reflection grating.

We can understand better the parameter ϑ if we imagine having recorded the grating, which
we are now seeking to play back, with an object beam at angle of incidence θo and with a

reference beam at angle θr . The recording wavelength is λr and we assume that there is no

emulsion shrinkage and no change in average emulsion index on recording the grating. Then
the various wave-vectors can be written as

kr = 2πn
λr

(cosθr

sinθr
);ko = 2πn

λr
(cosθo

sinθo
) (31)

kc = 2πn
λc

(cosθc

sinθc
);ki = |ki |(cosθi

sinθi
) (32)

Then (27) can be written as
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We can understand better the parameter ϑ if we imagine having recorded the grating, which
we are now seeking to play back, with an object beam at angle of incidence θo and with a

reference beam at angle θr . The recording wavelength is λr  and we assume that there is no

emulsion shrinkage and no change in average emulsion index on recording the grating. Then
the various wave-vectors can be written as

kr = 2πn
λr

(cosθr

sinθr
);ko = 2πn

λr
(cosθo

sinθo
) (31)

kc = 2πn
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Then (27) can be written as
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ϑ =
2πn
λr

{cos(θr −θc)−cos(θo −θc)}−
2πnλc
λr 2 {1−cos(θr −θo)} (33)

This tells us how the parameter ϑ behaves when λc ≠λr  and when θc ≠θr . Direct substitution
of (33) into (29) and (30) leads trivially to general expressions for the diffractive response of a
lossless holographic grating recorded with parameters (θr , θo, λr) and replayed with (θc, λc).
These expressions often provide an extremely useful computational estimation of the diffrac‐
tive response of many modern holographic gratings.

2.1.6. Sensitivity to wavelength and replay angle

We can understand the replay angle and wavelength behaviour of the transmission and
reflection gratings by an analysis of equations (29) and (30).

To this end we assume that the illumination wave on playback is of magnitude
|ki | =2πn /λr + Δβ and that its angle of incidence is θc =θr + Δθ. Then equations (9), (11) and
(27) lead to the following simple expression which relates ϑ to Δθc and Δβ

ϑ =
2πn
λr

Δθsin(θr −θo) + Δβ{1−cos(θr −θo)} (34)

We will now adopt a value of κd / cR | cS | =π / 2. You may recall that this gives us perfect
conversion from the R wave to the S wave in the transmission grating when ϑ =0. It also
corresponds to a diffractive efficiency for the reflection hologram of 0.84. We use (29) and (30)
to calculate the value of the dephasing parameter ϑ which is required to bring the diffraction
to its first zero. This is given by

ϑT = 3π
cS
d ;ϑR = 5π

| cS |
d

(35)

We may then use (34) to show that for the un-slanted transmission grating2,

ΔθT ∼
3

2
Λ
d =

3
4
λ
dn cscθr

(36)

(Δλλ )
T

∼
3

2
Λ
d cotθr =

3
4
λ
dn cosθrcsc2θr

(37)

and for the corresponding reflection grating,

2 Note that Kogelnik gives the following formulae for the FWHM: ; .ΔθFWHM =Λ / d  ΔλFWHM =cotθc ⋅Λ / d
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ΔθR ∼
5

2
Λcotθr

d =
5

4
λ
dn cscθr

(38)

(Δλλ )
R

=
5

2
Λ
d =

5
4
λsecθr

dn
(39)

This shows that a transmission grating is generally more selective in angle than a reflection
grating: ΔθR /ΔθT = 5 / 3, independent of wavelength and angle! Similarly

ΔλR /ΔλT ∼ 5 / 3tan2θr , which for small θr makes the reflection grating much more wave‐
length selective than the corresponding transmission case.

3. The PSM theory of gratings

The PSM model [3] offers an alternative method to Kogelnik's coupled wave theory for the
analysis of diffraction in planar gratings. PSM stands for "Parallel Stacked Mirrors". As might
be expected from this name, the theory models a holographic grating as an infinite stack of
mirrors, each one parallel to the next. Each mirror is formed by a "jump" or discontinuity in
the permittivity profile which constitutes the grating; the process of diffraction is then
described entirely by Fresnel reflection. In many ways the PSM model can be thought of as a
differential representation of the chain matrix approach of Abeles [9] as described by various
authors [10,11] and which was derived from the ideas of Rouard[12]. These ideas, in turn,
extend back to Darwin's 1914 work on X-ray diffraction [13]. Early attempts at an analytical
formulation of diffraction in the planar grating in terms of Fresnel reflection are also due to
Ludman [14] and Heifetz, Shen and Shariar [15].

3.1. The simplest model - The unslanted reflection grating at normal incidence

An unslanted holographic grating with the following index profile is assumed

n =n0 + n1cos(
4πn0
λr

y)=n0 +
n1
2

{e
4iπn0
λr

y
+ e

−
4iπn0
λr

y} (40)

Here, n0 is the average index and n1 is generally a small number representing the index
modulation3. We can imagine that this grating was created by the interference of two counter
propagating  normal-incidence  plane  waves within  a photosensitive  material, each  of
wavelength λr .

Now we wish to understand the response of the grating to a plane reference wave of the form

3 Note that this is equivalent to the grating of (4) for zero slant - but note the change of coordinates.
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R ext = e iβy (41)

whereβ =
2πn0

λc
(42)

As before we shall assume that the grating is surrounded by a zone of constant index, n0 to
circumvent the complication of refraction/reflection at the grating interface. We start by
modelling the grating of (40) by a series of many thin constant-index layers,
N0, N1, N2, ..., NM , between each of which exists an index discontinuity (see Figure 4(a)).
Across each such discontinuity we can derive the well-known Fresnel formulae [e.g.16] for the
amplitude reflection and transmission coefficients from Maxwell's equations by demanding
that the tangential components of the electric and magnetic fields be continuous. An illumi‐
nating plane wave will in general generate many mutually interfering reflections from each
discontinuity. We therefore imagine two plane waves within the grating - the driving reference
wave, R(y) and a created signal wave, S (y). Using the Fresnel formulae we may then write,
for either the σ or the π-polarisation, the following relationship:

RJ =2e iβnδy/n0{ N J −1

N J + N J −1
}RJ −1 + e iβnδy/n0{ N J −1 − N J

N J + N J −1
}SJ

SJ =2e iβnδy/n0{ N J +1

N J +1 + N J
}SJ +1 + e iβnδy/n0{ N J +1 − N J

N J +1 + N J
}RJ

(43)

Here the terms in brackets are just the Fresnel amplitude reflection and transmission coeffi‐
cients and the exponential is a phase propagator which advances the phase of the R and S
waves as they travel the distance δy between discontinuities. We now let

X J −1 = XJ − dX
dy δy − ... (44)

and consider the limit δy →0. Further expanding the exponential terms as Taylor series and
ignoring quadratic terms in δy we arrive at the differential counterpart to (43)

dR
dy =

R
2 (2iβ

n
n0

−
1
n

dn
dy )−

1
2n

dn
dy S

dS
dy = −

S
2 (

1
n

dn
dy + 2iβ

n
n0

)−
1

2n
dn
dy R

(45)

These equations are an exact representation of Maxwell's equations for an arbitrary index
profile, n(y) - as letting u(y)= R(y)−S (y) we see that they simply reduce to the Helmholtz
equation

d 2u
d y 2 +

β 2n 2

n02 u =0 (46)
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and the conservation of energy

d
dy (nR *R −nS *S )=0 (47)

When dn / dy =0 equations (45) describe two counter propagating and non-interacting plane
waves. A finite index gradient couples these waves.

Figure 4. The PSM model of the unslanted reflection grating for (a) normal incidence and (b) for oblique incidence. In
the case of normal incidence both the R and S fields have one index whereas for the case of oblique incidence the
fields have two indices. In both cases the grating is modelled as a stack of dielectric layers of differing index.

We now make the transformation

R→R ′(y)e iβy;S→S ′(y)e −iβy (48)

where the primed quantities are slowly varying compared to e iβy. Since they are slowly-
varying we can write

R ′ ∼R; S ′ ∼S (49)

where the operator takes an average over several cycles of e iβy. Substituting (48) in (45) and
using (49) we then arrive at the following differential equations

dR
dy = − iακSe 2iβy(α−1);

dS
dy = iακRe −2iβy(α−1) (50)

whereα =
λc
λr

(51)

which is just the ratio of the replay wavelength to the recording wavelength. Introducing the
pseudo-field,
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Ŝ =Se 2βiy(α−1) (52)

these equations may now be written in the form of Kogelnik's equations for the normal-
incidence sinusoidal grating

cR
dR
dy = − iκŜ ; cS

dŜ
dy = − iϑŜ − iκR (53)

where Kogelnik's constant, κ is the same as defined previously in equation (8) but now the
obliquity constants and off-Bragg parameter are a little different

cR =
1
α ;cS = −

1
α ;ϑ =2

β
α (1−α) (54)

For comparison, Kogelnik's coefficients are

cR =1;cS =(2α −1);ϑ =2αβ(1−α) (55)

By imposing boundary conditions appropriate for the reflection hologram

R(y =0)=1; Ŝ (y =d )=0 (56)

where d is the grating thickness, equations (53) may be solved analytically. We can then define
the diffraction efficiency for both the PSM and Kogelnik models as

η = | cS
cR

| Ŝ (0)Ŝ ∗(0)= {1−
cRcS

κ 2
2csh 2(d)}−1

(57)

where 2 = −
ϑ 2

4cS 2 −
κ 2

cRcS
(58)

Note that we should ensure that

d =m( π
2αβ ) (59)

where m is a non-zero integer to prevent a discontinuity in index at y =d  (see [17] for a detailed
discussion of the starting and ending conditions of a grating).

For cases of practical interest for display and optical element holography, substitution of (54)
(the PSM coefficients) or (55) (Kogelnik's coefficients) into (57) / (58) yield very similar results.
However one should note that the only approximation made in deriving the PSM equa‐
tions, (53) - (54) and (57) has been that of equation (49). This is an assumption which one
would reasonably expect to hold in most gratings of interest. Equation (57) in conjunction
with (55) is of course exactly equivalent to (30) for the case of zero grating slant and normal
incidence.
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At Bragg resonance, when α =1, both the Kogelnik and PSM models reduce to

η =tanh2(κd ) (60)

However the PSM model provides a useful insight into what is happening within the grating:
multiple reflections of the reference wave simply synthesise the signal wave by classical
Fresnel reflection and transmission at each infinitesimal discontinuity. This is a rigorous
picture for the normal incidence unslanted reflection grating as equations (45) are an exact
representation of Maxwell's equations. The fact that we explicitly need to introduce a "pseudo-
field", Ŝ  in order to get the PSM equations into the same form as Kogelnik's equations reminds
us that indeed Kogelnik's signal wave is not the physical electric field of the signal wave for
α ≠1. Kogelnik's theory models the dephasing away from Bragg resonance by letting the non-
physical wave propagate differently to the physical signal wave. In the PSM analytical theory
(53) - (54) the pseudo-field is also not the real electric field - but here transformations (49) and
(52) make the relationship between the real and the pseudo-field perfectly clear.

3.2. The unslanted panchromatic reflection grating at normal incidence

One of the advantages of the PSM model is that it does not limit the grating to a sinusoidal
form. This is an advantage over the simplest variants of standard coupled-wave theories
including Kogelnik's.

We start by assuming a general index profile

n =n0 + n1cos(2α1βy) + n2cos(2α2βy) + ...

=n0 +
n1
2

{e 2iβα1 y + e −2iβα1 y} +
n2
2

{e 2iβα2 y + e −2iβα2 y} + ...
(61)

Equations (45) then reduce to the following form

dR
dy = −S∑

j=1

N
iκjαje

2iβy(αj−1)

dS
dy = R∑

j=1

N
iκjαje

−2iβy(αj−1)
(62)

Assuming that the individual gratings have very different spatial frequencies these equations
then lead to a simple expression for the diffractive efficiency when the reference wave is in
Bragg resonance with one or another of the multiplexed gratings:

η j =tanh2(κjd ) (63)
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whereκj =
njπ
λc

(64)

In addition, in the region of the jth Bragg resonance, (62) leads to the approximate analytical form

ηj =
αj2κj2

β 2(1−αj)2 + (αj2κj2 −β 2(1−αj)2)coth 2{d αj2κj2 −β 2(1−αj)2} (65)

When the spatial frequencies of the different gratings are too close to one another, these
relations break down. For many cases of interest however (63) to (65) provide a rather accurate
picture of the normal-incidence unslanted polychromatic reflection phase grating. Indeed the
following form can often be used to accurately describe an N-chromatic grating at normal
incidence:

η =∑
j=1

N αj2κj2

β 2(1−αj)2 + (αj2κj2 −β 2(1−αj)2)coth 2{d αj2κj2 −β 2(1−αj)2} (66)

For example Diehl and George [18] have used a sparse Hill's matrix technique to computa‐
tionally calculate the diffraction efficiency of a lossless trichromatic phase reflection grating at
normal incidence. They used free-space recording wavelengths of 400nm, 500nm and 700nm.
The grating thickness was 25 microns and the index parameters were taken as n0 =1.5,
n1 =n2 =n3 =0.040533. Comparison of Equation (66) with Diehl and George's published graph‐
ical results shows very good agreement. In cases where the gratings are too close to one another
in wavelength, equations (45) or (62) must, however, be solved numerically.

3.3. The unslanted reflection grating at oblique incidence

To treat the case of reference wave incidence at finite angle to the grating planes we must
redraw Figure 4(a) using two-dimensional fields, R and S which we now endow with two
indices instead of the previous single index (see Figure 4(b)). We shall make the approximation
that the index modulation is small enough such that the rays of both the R and S waves are
not deviated in angle. We shall however retain the proper Fresnel amplitude coefficients.

The Fresnel amplitude coefficients for the σ-polarisation may be written as

rk ,k +1 =
N k +1 1 −

n0
2

N k +1
2 sin2θc − N k 1 −

n0
2

N k
2 sin2θc

N k +1 1 −
n0

2

N k +1
2 sin2θc + N k 1 −

n0
2

N k
2 sin2θc

tk ,k +1 =
2N k 1 −

n0
2

N k
2 sin2θc

N k +1 1 −
n0

2

N k +1
2 sin2θc + N k 1 −

n0
2

N k
2 sin2θc

(67)
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where r and t pertain respectively to reflection and transmission occurring at the index
discontinuity between layers k and k+1. The R and S waves in the exterior medium of index
n0 are assumed to be plane waves of the form

R = e i(kcx x+kcy y);S =S0e
i(kix x+kiy y) (68)

where S0 is a constant. Within the grating we shall assume that R and S are functions of x and
y. Using the normal rules of Fresnel reflection, the wave-vectors can be written explicitly as

kc =β(sinθc

cosθc
);ki =β( sinθc

−cosθc
) (69)

where the angle θc is the angle of incidence of the R wave.

We can now use Figure 4 (b) to write down two expressions relating the discrete values of R
and S within the grating. These are an equation for Rμ+1

ν+1

Rμ+1
ν+1 = e iβn(sinθcδx+cosθcδy)/n0Rμ

ν{ 2Nν−1 1−
n02

Nν−12 sin2θc

Nν−1 1−
n02

Nν−12 sin2θc + Nν 1−
n02

Nν2 sin2θc

}
+e iβn(sinθcδx+cosθcδy)/n0Sμ

ν{ Nν−1 1−
n02

Nν−12 sin2θc −Nν 1−
n02

Nν2 sin2θc

Nν−1 1−
n02

Nν−12 sin2θc + Nν 1−
n02

Nν2 sin2θc

} (70)

and the corresponding equation for Sμ+1
ν−1

Sμ+1
ν−1 = e iβn(sinθcδx+cosθcδy)/n0Sμ

ν{ 2Nν 1−
n02

Nν2 sin2θc

Nν−1 1−
n02

Nν−12 sin2θc + Nν 1−
n02

Nν2 sin2θc

}
+e iβn(sinθcδx+cosθcδy)/n0Rμ

ν{ Nν 1−
n02

Nν2 sin2θc −Nν−1 1−
n02

Nν−12 sin2θc

Nν−1 1−
n02

Nν−12 sin2θc + Nν 1−
n02

Nν2 sin2θc

} (71)

Since we are assuming that δx and δy are small we can use Taylor expansions for the fields
and index profile
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njπ
λc

(64)
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When the spatial frequencies of the different gratings are too close to one another, these
relations break down. For many cases of interest however (63) to (65) provide a rather accurate
picture of the normal-incidence unslanted polychromatic reflection phase grating. Indeed the
following form can often be used to accurately describe an N-chromatic grating at normal
incidence:

η =∑
j=1

N αj2κj2

β 2(1−αj)2 + (αj2κj2 −β 2(1−αj)2)coth 2{d αj2κj2 −β 2(1−αj)2} (66)

For example Diehl and George [18] have used a sparse Hill's matrix technique to computa‐
tionally calculate the diffraction efficiency of a lossless trichromatic phase reflection grating at
normal incidence. They used free-space recording wavelengths of 400nm, 500nm and 700nm.
The grating thickness was 25 microns and the index parameters were taken as n0 =1.5,
n1 =n2 =n3 =0.040533. Comparison of Equation (66) with Diehl and George's published graph‐
ical results shows very good agreement. In cases where the gratings are too close to one another
in wavelength, equations (45) or (62) must, however, be solved numerically.

3.3. The unslanted reflection grating at oblique incidence

To treat the case of reference wave incidence at finite angle to the grating planes we must
redraw Figure 4(a) using two-dimensional fields, R and S which we now endow with two
indices instead of the previous single index (see Figure 4(b)). We shall make the approximation
that the index modulation is small enough such that the rays of both the R and S waves are
not deviated in angle. We shall however retain the proper Fresnel amplitude coefficients.

The Fresnel amplitude coefficients for the σ-polarisation may be written as

rk ,k +1 =
N k +1 1 −

n0
2

N k +1
2 sin2θc − N k 1 −

n0
2

N k
2 sin2θc

N k +1 1 −
n0

2

N k +1
2 sin2θc + N k 1 −

n0
2

N k
2 sin2θc

tk ,k +1 =
2N k 1 −

n0
2

N k
2 sin2θc

N k +1 1 −
n0

2

N k +1
2 sin2θc + N k 1 −

n0
2

N k
2 sin2θc

(67)
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Rμ+1
ν+1 = Rμ

ν +
∂ Rμ

ν

∂ x δx +
∂ Rμ

ν

∂ y δy + ...

Sμ+1
ν−1 =Sμ

ν +
∂Sμ

ν

∂ x δx −
∂Sμ

ν

∂ y δy + ...

Nν−1 = Nν −
∂ Nν
∂ y δy + ...

(72)

The exponentials are also written using a Taylor expansion. Then using the following addi‐
tional approximations

1−
n02

Nν2 sin2θc = 1−
a

Nν2 ∼cosθc =b (73)

1−
n02

Nν−12 sin2θc ∼b −
∂ Nν
∂ y

aδy
bNν

3 + O(δy 2) (74)

lettingRμ
ν→ R;Sμ

ν→S ; Nν→n (75)

and taking the limit δx, δy →0, we arrive at partial differential equations for the Rand S fields

kc
β ⋅∇ R =sinθc

∂ R
∂ x + cosθc

∂ R
∂ y =

R
2 {2iβ −

1
ncosθc

∂n
∂ y }−

S
2ncosθc

∂n
∂ y (76)

ki
β ⋅∇S =sinθc

∂S
∂ x −cosθc

∂S
∂ y =

S
2 {2iβ +

1
ncosθc

∂n
∂ y } +

R
2ncosθc

∂n
∂ y (77)

Note the similarity of (76) and (77) to (45). Note also that if we set θc =0 then we retrieve (45)

exactly. Equations (76) and (77) are the PSM equations for an unslanted reflection grating at
oblique incidence for the σ-polarisation. Corresponding equations can be derived for the π-
polarisation by consideration of the appropriate Fresnel reflection formulae [e.g.16]. These give

kc
β ⋅∇ R =sinθc

∂ R
∂ x + cosθc

∂ R
∂ y =

R
2 {2iβ −

1
n

cos2θc
cosθc

∂n
∂ y }−

S
2n

cos2θc
cosθc

∂n
∂ y (78)

ki
β ⋅∇S =sinθc

∂S
∂ x −cosθc

∂S
∂ y =

S
2 {2iβ +

1
n

cos2θc
cosθc

∂n
∂ y } +

R
2n

cos2θc
cosθc

∂n
∂ y (79)
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3.3.1. Simplification of the PSM equations to ODEs

The PSM equations may be simplified under boundary conditions corresponding to mono‐
chromatic illumination of the grating.

Let

R → R(y)e iβsinθc x;S →S(y)e iβsinθc x (80)

Under this transformation equations (76) - (77) yield the following pair of ordinary differential
equations

cosθc
dR
dy =

R
2 {2iβcos2θc −

1
ncosθc

dn
dy }−

S
2 { 1

ncosθc

dn
dy }

−cosθc
dS
dy =

S
2 {2iβcos2θc +

1
ncosθc

dn
dy } +

R
2 { 1

ncosθc

dn
dy } (81)

Similarly the π-polarisation equations yield

cosθc
dR
dy =

R
2 {2iβcos2θc −

cos2θc
ncosθc

dn
dy }−

S
2 { cos2θc

ncosθc

dn
dy }

−cosθc
dS
dy =

S
2 {2iβcos2θc +

cos2θc
ncosθc

dn
dy } +

R
2 { cos2θc

ncosθc

dn
dy } (82)

Equations (81) and (82) are approximate only because we have assumed an approximate form
for the direction vector of the waves within the grating. We may however approach the
problem differently and derive exact equations directly from (45). For example, in the case of
the σ-polarisation, we use the optical invariant

β̃(y)→ β̃(y)cosθ(y) (83)

whereβ̃(y)=
βn(y)

n0
(84)

Then using Snell's law

d β̃(y)
dy sinθ(y) + β̃(y)

dθ(y)
dy cosθ(y)=0 (85)

it is simple to see that (45) reduces to
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cosθ
dR
dy =

R
2 {2iβ̃cos2θ −

1
β̃cosθ

d β̃
dy }− S

2 { 1
β̃cosθ

d β̃
dy }

−cosθ
dS
dy =

S
2 {2iβ̃cos2θ +

1
β̃cosθ

d β̃
dy } +

R
2 { 1
β̃cosθ

d β̃
dy } (86)

where θ is now a function of y throughout the grating. If we now replace (80) with the more
general behaviour

R→R(y)e i β̃(y)sinθ(y)x;S→S(y)e i β̃(y)sinθ(y)x (87)

then (86) is seen to be an exact solution of the Helmholtz equation. Therefore the solution of
(85) and (86) subject to the boundary conditions (56) and θ(0)=θc constitute a rigorous solution
of the Helmholtz equation. Note that this is independent of periodicity required by a Floquet
solution. Since these equations are none other than a differential representation of the chain
matrix method of thin films [11], it is simple to show that this implies that the chain matrix
method is itself rigorous.

3.3.2. Analytic solutions for sinusoidal gratings

We start by defining an unslanted grating with the following index profile

n =n0 + n1cos(2αβcosθr y)=n0 +
n1
2

{e 2iαβcosθr y + e −2iαβcosθr y} (88)

where we imagine θr  to be the recording angle of this grating. Then letting

R→R(y)e iβcosθc y;S→S(y)e −iβcosθc y (89)

and using (49), equations (81) reduce to

cosθc
dR
dy = −

1
2n n1iβα

cosθr
cosθc

{e 2iβαcosθr y + ...}Se −2iβycosθc

= −
n1iβ(αcosθr)

2ncosθc
Se 2iβy(αcosθr−cosθc)

cosθc
dS
dy =

1
2n n1iβα

cosθr
cosθc

{e −2iβαcosθr y + ...}Re 2iβycosθc

=
n1iβ(αcosθr)

2ncosθc
Re −2iβy(αcosθr−cosθc)

(90)

As before we now define the pseudo-field
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Ŝ =Se 2iβy(αcosθr −cosθc) (91)

whereupon equations (90) reduce to the standard form of Kogelnik's equations

cR
dR
dy = − iκŜ ; cS

dŜ
dy = − iϑŜ − iκR (92)

The coefficients for the PSM model and for Kogelnik's model are as follows:

cR(PSM ) =
cos2θc
αcosθr

cR(KOG) = cosθc

cS (PSM ) = −
cos2θc
αcosθr

cS (KOG) = cosθc −2αcosθr

ϑPSM =2β(1−
cosθc
αcosθr

)cos2θcϑKOG =2αβcosθr(cosθc −αcosθr)

(93)

Equations (92) in conjunction with the boundary conditions (56) then lead, as before to the
general analytic expression for the diffractive efficiency of the unslanted reflection grating:

ησ =
|cS |

cR
Ŝ (0)Ŝ ∗(0)=

κ 2sinh2(d)
κ 2sinh2(d)−cRcS

2 (94)

where 2 = −
ϑ 2

4cS 2 −
κ 2

cRcS
(95)

Note that at Bragg resonance both the PSM theory and Kogelnik's theory reduce to the well-
known formula

ησ =tanh2(κdsecθc) (96)

The π-polarisation may be treated in an exactly analogous way, leading to the following pair
of ordinary differential equations for R and Ŝ :

cR
dR
dy = − iκcos2θcŜ ;cS

dŜ
dy = − iϑŜ − iκcos2θcR (97)

These are just Kogelnik's equations with a modified κ parameter. The PSM model distinguishes
the π and σ-polarisations in exactly the same manner as Kogelnik's theory does! In both
theories, in the case of the unslanted grating, Kogelnik's constant is simply transformed
according to the rule
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cosθ
dR
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R
2 {2iβ̃cos2θ −

1
β̃cosθ
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dy }− S
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|κ | → |κcos2θc | (98)

The practical predictions of Kogelnik's model and the PSM model are very close for gratings
of interest to display and optical element holography. This is largely due to the effect of Snell's
law which acts to steepen the angle of incidence in most situations. But at very high angles of
incidence within the grating, larger differences appear.

3.3.3. Multi-colour gratings

A multi-colour unslanted reflection grating can be modelled in the following way

n =n0 + n1cos(2α1βcosθr1y) + n2cos(2α2βcosθr2y) + ...

=n0 +
1
2 ∑

j=1

N
nj

{e 2iαjβcosθrj y + e −2iαjβcosθrj y} (99)

In this case the PSM σ-polarisation equations yield

cosθc
dR
dy = −S∑

j=1

N
iκjαj

cosθrj
cosθc

e 2iβy(αjcosθrj−cosθc)

cosθc
dS
dy = R∑

j=1

N
iκjαj

cosθrj
cosθc

e −2iβy(αjcosθrj−cosθc)
(100)

whereκj =
njπ
λc

(101)

Once again, if we assume that the individual gratings have very different spatial frequencies,
then these equations lead to a simple expression for the diffractive efficiency when the
reference wave is in Bragg resonance with one or another of the multiplexed gratings:

ηPSM /σj
=tanh2(κjdsecθc) (102)

The corresponding result for the π-polarisation is

ηPSM /πj
=tanh2(κjdsecθccos2θc) (103)

In the region of the jth Bragg resonance, (100) leads to the approximate analytical form4

ησj =
κσj2sinh2(dσj)

κσj2sinh2(dσj)−cRcSσj2
(104)

4 Note that the σj
2 = −

ϑσj
2

4cS 2 −
κj2

cRcS
 and ϑσj =2β(1−

cosθc
αjcosθr

)cos2θc
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Again, as long as there is sufficient difference in the spatial frequencies of each grating we
can add each response to give an convenient analytical expression for the total diffraction
efficiency:

ησ =∑
j=1

N κσj2sinh2(dσj)
κσj2sinh2(dσj)−cRcSσj2

(105)

In cases where the individual gratings are too close to one another in wavelength or where
small amplitude interaction effects between gratings are to be described, equations (100) must
be solved numerically.

3.4. The slanted reflection grating at oblique incidence

We may use the PSM equations for the unslanted grating to derive corresponding equations
for the general slanted grating. To do this we define rotated Cartesian coordinates (x ′, y ′)
which are related to the un-primed Cartesian system by

(x ′

y ′)= (cosψ −sinψ
sinψ cosψ )(x

y) (106)

In the un-primed frame we have

kc =β(sinθc

cosθc
);ki =β( sinθc

−cosθc
) (107)

whereas in the primed frame we have

k ′
c =β(sin(θc −ψ)

cos(θc −ψ));k ′
i =β( sin(θc + ψ)

−cos(θc + ψ)) (108)

Derivatives in the primed system are related to those in the un-primed system by Leibnitz's
chain rule

∂
∂ x = ∂ x ′

∂ x
∂

∂ x ′ + ∂ y ′

∂ x
∂

∂ y ′ =cosψ ∂
∂ x ′ + sinψ ∂

∂ y ′

∂
∂ y = ∂ y ′

∂ y
∂

∂ y ′ + ∂ x ′

∂ y
∂

∂ x ′ = −sinψ ∂
∂ x ′ + cosψ ∂

∂ y ′

(109)

The PSM equations for the σ-polarisation may therefore be written as

k ′
c
β ⋅∇′ R =

∂ R
∂ x ′ sin(θc −ψ) +

∂ R
∂ y ′ cos(θc −ψ)=

R
2 {2iβ −

1
ncosθc

∂n
∂ y }−

S
2ncosθc

∂n
∂ y (110)
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|κ | → |κcos2θc | (98)

The practical predictions of Kogelnik's model and the PSM model are very close for gratings
of interest to display and optical element holography. This is largely due to the effect of Snell's
law which acts to steepen the angle of incidence in most situations. But at very high angles of
incidence within the grating, larger differences appear.

3.3.3. Multi-colour gratings

A multi-colour unslanted reflection grating can be modelled in the following way

n =n0 + n1cos(2α1βcosθr1y) + n2cos(2α2βcosθr2y) + ...

=n0 +
1
2 ∑

j=1

N
nj

{e 2iαjβcosθrj y + e −2iαjβcosθrj y} (99)

In this case the PSM σ-polarisation equations yield

cosθc
dR
dy = −S∑

j=1

N
iκjαj

cosθrj
cosθc

e 2iβy(αjcosθrj−cosθc)

cosθc
dS
dy = R∑

j=1

N
iκjαj

cosθrj
cosθc

e −2iβy(αjcosθrj−cosθc)
(100)

whereκj =
njπ
λc

(101)

Once again, if we assume that the individual gratings have very different spatial frequencies,
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ηPSM /σj
=tanh2(κjdsecθc) (102)

The corresponding result for the π-polarisation is

ηPSM /πj
=tanh2(κjdsecθccos2θc) (103)
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ησj =
κσj2sinh2(dσj)

κσj2sinh2(dσj)−cRcSσj2
(104)
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ϑσj
2

4cS 2 −
κj2

cRcS
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cosθc
αjcosθr

)cos2θc
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∂
∂ x = ∂ x ′

∂ x
∂

∂ x ′ + ∂ y ′

∂ x
∂

∂ y ′ =cosψ ∂
∂ x ′ + sinψ ∂

∂ y ′

∂
∂ y = ∂ y ′

∂ y
∂

∂ y ′ + ∂ x ′

∂ y
∂

∂ x ′ = −sinψ ∂
∂ x ′ + cosψ ∂

∂ y ′
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The PSM equations for the σ-polarisation may therefore be written as

k ′
c
β ⋅∇′ R =

∂ R
∂ x ′ sin(θc −ψ) +

∂ R
∂ y ′ cos(θc −ψ)=

R
2 {2iβ −

1
ncosθc

∂n
∂ y }−

S
2ncosθc

∂n
∂ y (110)
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and

k ′
i
β ⋅∇′S =

∂S
∂ x ′

sin(θc + ψ)−
∂S
∂ y ′

cos(θc + ψ)=
S
2 {2iβ +

1
ncosθc

∂n
∂ y } +

R
2ncosθc

∂n
∂ y (111)

Note that we have kept the un-primed frame on the RHS on purpose as in this system the index
profile is one dimensional and so much easier to evaluate.

3.4.1. Analytic solutions for sinusoidal gratings

To study the single colour grating we use the unslanted index profile (88) in the un-primed
frame leading to the following profile in the primed frame

n =n0 + n1cos(2αβcosθr{sinψx ′ −cosψy ′})

=n0 +
n1
2

{e 2iβαcosθr K
^

.r ′ + e −2iβαcosθr K
^

.r ′} (112)

Letting

R→Reiβ{sin(θc−ψ)x ′+cos(θc−ψ)y ′};S→Se iβ{sin(θc+ψ)x ′−cos(θc+ψ)y ′} (113)

Equations (110) and (111) then become

sin(θc −ψ)
∂R
∂ x ′

+ cos(θc −ψ)
∂R
∂ y ′

= −
S
2 { 1

ncosθc

∂n
∂ y }e iβ{ sin(θc+ψ)−sin(θc−ψ) x ′− cos(θc−ψ)+cos(θc+ψ) y ′}

= −
S
2 { 1

n0cosθc

∂
∂ y

n1
2

{e 2iβα(cosθr )y + e −2iβα(cosθr )y}}e 2iβcosθc
{ sinψ x ′− cosψ y ′}

= −
iβn1
2n0

α
cosθr
cosθc

Se 2iβ(αcosθr−cosθc)(y ′cosψ−x ′sinψ)

(114)

andsin(θc + ψ)
∂S
∂ x ′

−cos(θc + ψ)
∂S
∂ y ′

= −
iβn1
2n0

α
cosθr
cosθc

Re −2iβ(αcosθr−cosθc)(y ′cosψ−x ′sinψ) (115)

Next we make the transformation

Ŝ =S (y ′)e 2iβ(αcosθr−cosθc)(y ′cosψ−x ′sinψ); R̂ = R(y ′) (116)

whereupon once again the PSM equations reduce to a simple pair of ordinary differential
equations of the form of Kogelnik's equations, (92) with coefficients

Holography – Basic Principles and Contemporary Applications26

cR(PSM ) =
cosθccos(θc −ψ)

αcosθr
;cS (PSM ) = −

cosθccos(θc + ψ)
αcosθr

;ϑPSM =2β(1−
cosθc
αcosθr

)cos2θc (117)

For comparison, Kogelnik's coefficients are

cR(KOG) = cos(θc −ψ);cS (KOG) = cos(θc −ψ)−2αcosθrcosψ;ϑKOG =2αβcosθr(cosθc −αcosθr) (118)

With the usual reflective boundary conditions R̂(0)=1 and Ŝ (d )=0 we can then use the standard
formula to describe the diffraction efficiency of the slanted reflection grating:

ησ =
|cS |

cR
Ŝ (0)Ŝ∗(0)=

κ 2sinh2(d)
κ 2sinh2(d)−cRcS

2 (119)

where 2 = −
ϑ 2

4cS 2 −
κ 2

cRcS
(120)

Substitution of either (117) or (118) into (119) gives the required expression for the diffractive
efficiency in either the Kogelnik or PSM model. When ψ =0, ηPSM /σ reduces to the un-slanted
formula which was derived in section 3.3.2. In the case of finite slant and Bragg resonance
(where cosθc =αcosθr) we have

ηPSM /σ =tanh2(dκ sec(θc −ψ)sec(θc + ψ)) (121)

which is identical to Kogelnik's solution. Note that the behaviour of the π-polarisation is simply
described by making the transformation (98) in all formulae of interest. The PSM model for
the slanted grating under either the σ or π polarisations gives expressions very similar to
Kogelnik's theory. For most gratings of practical interest to display and optical element
holography, the two theories produce predictions which are extremely close.

3.4.2. Polychromatic gratings

As before the formulae (102) - (105) with coefficients (117) give useful expressions for the
diffractive efficiency of the general polychromatic slanted reflection grating at oblique
incidence.

3.5. Slanted transmission gratings at oblique incidence

The PSM model can be applied to transmission gratings by simply using the appropriate
boundary conditions to solve the PSM equations in a rotated frame. We use the transmission
boundary conditions

R(0)=1;S(0)=0 (122)
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Substitution of either (117) or (118) into (119) gives the required expression for the diffractive
efficiency in either the Kogelnik or PSM model. When ψ =0, ηPSM /σ reduces to the un-slanted
formula which was derived in section 3.3.2. In the case of finite slant and Bragg resonance
(where cosθc =αcosθr) we have

ηPSM /σ =tanh2(dκ sec(θc −ψ)sec(θc + ψ)) (121)

which is identical to Kogelnik's solution. Note that the behaviour of the π-polarisation is simply
described by making the transformation (98) in all formulae of interest. The PSM model for
the slanted grating under either the σ or π polarisations gives expressions very similar to
Kogelnik's theory. For most gratings of practical interest to display and optical element
holography, the two theories produce predictions which are extremely close.

3.4.2. Polychromatic gratings

As before the formulae (102) - (105) with coefficients (117) give useful expressions for the
diffractive efficiency of the general polychromatic slanted reflection grating at oblique
incidence.

3.5. Slanted transmission gratings at oblique incidence

The PSM model can be applied to transmission gratings by simply using the appropriate
boundary conditions to solve the PSM equations in a rotated frame. We use the transmission
boundary conditions
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to solve equations (92) with coefficients (117) which at Bragg resonance result in the standard
formula given by Kogelnik's theory.

ησT /PSM =sin2(κd / cRcS )=sin2(κd / −cos(θc −ψ)cos(θc + ψ)) (123)

4. Theory of the spatially-multiplexed reflection grating

Both Kogelnik's Coupled wave model and the PSM model can be extended to model diffraction
from spatially multiplexed gratings of the form [19]

n =n0 + ∑
μ=1

N
nμcos(2αβcosθrμ{sinψμx ′ −cosψμ y ′})

=n0 + ∑
μ=1

N nμ
2

{e i Kμ.r ′ + e −i Kμ.r ′}
(124)

In PSM this is done by considering the Fresnel reflections from N grating planes, each having
a slant ψμ, and assuming that cross-reflections between grating planes do not add up to a
significant amplitude. This leads to the N-PSM equations for the spatially multiplexed
monochromatic grating

∂ R
∂ y ′ = − i∑

μ=1

N κμ
cRμ

Ŝ μ;cSμ
∂ Ŝ μ

∂ y ′ = − iϑμŜ μ − iκμR (125)

where for the σ-polarisation

cRμ =
cosθcμcos(θcμ −ψμ)

αcosθrμ
; cSμ = −

cosθcμcos(θcμ + ψμ)
αcosθrμ

;ϑμ =2β(1−
cosθcμ
αcosθrμ

)cos2θcμ (126)

and where

θcμ −ψμ =Φc;θcμ + ψμ = −Φiμ

θrμ −ψμ =Φr ;θrμ + ψμ = −Φoμ
}∀μ ≤ N (127)

Here the θ variables indicate incidence angles with respect to the respective grating plane
normals and the Φ variables indicate incidence angles with respect to the physical normal of
the grating. These equations may be solved using the boundary conditions appropriate for a
reflection multiplexed grating - i.e.

R(0)=1; Ŝ μ(d )=0∀μ ≤ N (128)
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At Bragg resonance cRμ becomes a constant

cR = cRμ =
cosθcμcos(θcμ −ψμ)

αμcosθrμ
=cosΦc (129)

and (125) then gives the following expression for the diffractive efficiency of the μth grating:

ημ ≡
1
cR

| csμ | Ŝ μ(0)Ŝ μ∗(0)=
1

csμ

κμ
2

∑
k=1

N κk
2

csk

tanh2{d −
1
cR
∑
k=1

N κk
2

csk
} (130)

The total diffraction efficiency of the entire multiplexed grating is likewise found by summing
the diffractive response from each grating:

η ≡∑
μ=1

N
ημ =tanh2{d 1

cosΦc
∑
k=1

N κk
2

cosΦik
} (131)

Here Φc is the incidence angle of the replay reference wave and Φik is the incidence angle of
the kth signal wave. These results are identical to the expressions obtained from an extension
of Kogelnik's theory - the N-coupled wave theory of Solymar and Cooke [2]. At Bragg
resonance the N-PSM model of the multiplexed grating therefore gives an identical description
to the corresponding N-coupled wave theory just as the simple PSM theory gives an identical
description at Bragg resonance to Kogelnik's theory. Away from Bragg resonance however,
the predictions of the two models will be somewhat different.

N-PSM can be extended to the polychromatic case in which case (130) generalises to

ηmj ≡
1
csj

κmj
2

∑
k=1

N κmk
2

csk

tanh2{d −
1
cR
∑
k=1

N κmk
2

csk
} (132)

In the limit that N →∞ the above results also lead to formulae for the diffractive efficiency of
the lossless polychromatic reflection hologram

ηm(Φc, Φi)=
κm

2(Φi)
L mcosΦi

tanh2{d L m
cosΦc

}
ηm =

1
ΔΦ ∫ κm

2(Φ ′)
L mcosΦ ′ tanh2{d L m

cosΦc
}dΦ ′=tanh2{d L m

cosΦc
} (133)

whereL m =
1
ΔΦ ∫ κm

2(Φ)
cosΦ dΦ (134)
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Ŝ μ;cSμ
∂ Ŝ μ
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and where Φ is the replay image angle and ΔΦ is the total reconstructed image angle range.

5. Rigorous coupled wave theory

Moharam and Gaylord [5] first showed how coupled wave theory could be formulated without
approximation. This led to a computational algorithm which could be used to solve the wave
equation exactly. Although earlier approaches such as the Modal method [20] were also
rigorous they involved the solution of a trancendental equation for which a general unique
algorithm could not be defined. This contrasted to the simple Eigen formulation of Maraham
and Gaylord. Here we provide a derivation of rigorous coupled wave theory for the more
complicated spatially multiplexed case. For brevity we shall limit discussions to the σ-
polarisation for which the Helmholtz equation may be written

∂2 u
∂ x 2 + ∂2 u

∂ y 2 −γ 2u =0 (135)

where u is the transverse (z) electric field and the parameter

γ 2 = −β 2−2β∑
μ=1

N
κμ

{e i Kμ⋅r + e −i Kμ⋅r} (136)

defines the multiplexed grating5. We consider the case of illumination of the grating by a wave
of the form

u(y <0)= e i(kx x+ky y) (137)

where
kx =βsin(θcμ −ψμ)
ky =βcos(θcμ −ψμ)∀μ (138)

In both the front region (y <0) and the rear region (y <d ) the average index is assumed to be
n0. Now the Helmholtz field, u(x, y) may be consistently expanded in the following way

u(x, y)= ∑
l1=−∞

∞
∑

l2=−∞

∞
∑

l3=−∞

∞
...ul1l2l3...

(y)e i(kx+l1K1x+l2K2x+...)x

= ∑
l1=−∞

∞
∑

l2=−∞

∞
∑

l3=−∞

∞
...ul1l2l3...

(y)e ikx x∏
σ=1

N
e ilσKσx x

(139)

5 This is just the same as (124)
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This expression may be substituted into (135) and(136). On taking the Fourier transform and
applying orthogonality we then arrive at the following rigorous coupled wave equations:

{(kx +∑
σ=1

N
lσKσx)

2
−β 2}ul1l2l3...lN

(y)−
∂2 ul1l2l3...lN

∂ y 2 (y)

=2β∑
σ=1

N
κσ{ul1l2l3...(lσ−1)...lN

(y)e i Kσy y + ul1l2l3...(lσ+1)...lN
(y)e −i Kσy y}

(140)

Note that for the case of the simple sinusoidal grating, the transformation

ul(y)= ûl(y)e i(ky+l Ky)y (141)

reduces (140) to the more usual form

∂2 ûl(y)
∂ y 2 + 2i(ky + l Ky)

∂ ûl(y)
∂ y ={(kx + l Kx)2 + (ky + l Ky)2−β 2}ûl(y)−2βκ{ûl−1(y) + ûl+1(y)} (142)

5.1. Boundary conditions

In the zones in front of and behind the grating where κσ =0 equations (140) reduce to the simpler
constant index equations:

{(kx + l1K1x + l2K2x + ...)2−β 2}ul1l2l3...
(y)−

∂2 ul1l2l3...

∂ y 2 (y)=0 (143)

These equations define which l  modes can propagate in the exterior regions. They have simple
solutions of the form

ul1l2
= Ae i {β 2−(kx+l1K1x+l2K2x)2}y + Be −i {β 2−(kx+l1K1x+l2K2x)2}y (144)

where the square roots are real for un-damped propagation6. Accordingly we may deduce that
the form of the front solution comprising the illumination wave and any reflected modes must
be of the form

u(x, y)= e ikx xe i β 2−kx 2 y + ∑
l1=−∞

∞
∑

l2=−∞

∞
∑

l3=−∞

∞
...u1l1l2l3...

e −i {β 2−(kx+l1K1x+l2K2x+...)2}ye i(kx+l1K1x+l2K2x+...)x (145)

6 Note that there are modes which propagate inside the grating but which show damped propagation outside.
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and where Φ is the replay image angle and ΔΦ is the total reconstructed image angle range.
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∂2 ûl(y)
∂ y 2 + 2i(ky + l Ky)
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Likewise the rear solution comprising all transmitted modes must be of the form

u(x, y)= ∑
l1=−∞

∞
∑

l2=−∞

∞
∑

l3=−∞

∞
...u3l1l2l3...

e i {β 2−(kx+l1K1x+l2K2x+...)2}ye i(kx+l1K1x+l2K2x+...)x (146)

By demanding continuity of the tangential electric field and the tangential magnetic field at
the boundaries y =0 and y =d  we may now use these expressions to define the boundary
conditions required for a solution of (135) within the multiplexed grating. At the front surface
these are

i β 2−kx2(2−u000...(0))=
du000...

dy |
y=0

− i β 2− (kx + l1K1x + l2K2x + ...)2ul1l2l3...
(0)=

dul1l2l3...

dy
|

y=0

(147)

And at the rear surface they take the form

i β 2− (kx + l1K1x + l2K2x + )2ul1l2l3...
(d )=

dul1l2l3...

dy
|

y=d
(148)

Figure 5. Diffraction Efficiency versus normalised grating thickness according to rigorous coupled wave theory and
compared to the PSM and Kogelnik theories at Bragg resonance for (a) the simple reflection grating ( n0=1.5, n1/
n0=0.331/2,θc =θr = 50∘, ψ= 30∘, λc =λr = 532nm) and (b) the simple transmission grating ( n0=1.5, n1/n0=0.121/2,

θc =θr = 80∘, ψ= 60∘, λc =λr = 532nm).

The modes available for external (undamped) propagation are calculated using the condition

β 2 > (kx + l1K1x + l2K2x + ...)2 (149)
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Moharam and Gaylord [5] solved the single grating equations (142) using a state-space
formulation in which solutions are obtainable through the eigenvalues and eigenvectors of an
easily defined coefficient matrix. But one can also solve the more general equations (140),
subject to the boundary conditions (147) and (148), using simple Runge-Kutta integration. This
is a practical method as long as the number of component gratings within the multiplexed
grating is relatively small. Diffraction efficiencies of the various modes are defined as

ηl1l2l3...
=

β 2 − (kx + l1K1x + l2K2x + l3K3x + ...)2

ky
ul1l2l3...

ul1l2l3...
∗ (150)

Figure 6. (a) Diffractive Efficiency, ησ versus normalised grating thickness, d /Λ as predicted by the N-PSM model and
by a rigorous coupled wave calculation (RCW) for the case of a twin multiplexed (duplex) reflection grating at Bragg
resonance (grating shown in inset photo). The grating is replayed using light of 532nm at an incidence angle of
Φc = 30∘. The grating index modulation of each of the component twin gratings in the duplex has been taken to be
n1 = 0.2. The dotted lines indicate the S1 and S2 modes of the N-PSM model and the full lines indicate the modes of the
RCW calculation. The most prominent RCW modes are the 01 and 10 modes which correspond to the S1 and S2modes

in N-PSM. The duplex grating has been recorded with a reference beam angle of Φc = 30∘and with a wavelength of

532nm. One grating in the duplex has a slope of ψ1 = 20∘ and the other has a slope of ψ2 = −20∘. Note that Λ refers to
the larger of the two grating periods. (b) Diffractive Efficiency, ησ versus replay wavelength, λc as predicted by the N-
PSM model and by a RCW calculation for the same duplex grating as used in (a) at and away from Bragg resonance.
The grating is again illuminated at its recording angle of Φc = 30∘. A grating index modulation of n1 = 0.03 for each
component grating is assumed and a grating thickness of d = 7μm is used. The dotted lines indicate the S1 and S2

modes of the N-PSM model and the full lines indicate the corresponding 10 and 01 modes of the rigorous coupled
wave calculation. In both (a) and (b) the average index inside and outside the grating is n0 = 1.5.

where the fields in this equation are defined either at the front boundary in the case of reflected
modes or at the rear boundary in the case of transmitted modes. Note that we are treating the
lossless case here and so the sum of all transmitted and reflected efficiencies totals to unity7.
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Likewise the rear solution comprising all transmitted modes must be of the form
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6. Comparison of PSM and Kogelnik's theory with rigorous CW theory

Equations (140), subject to the boundary conditions (147) and (148) can be solved using either
Runge-Kutta integration or through the eigen-method referred to above. This permits the
rigorous calculation of the diffraction efficiencies of all modes which are produced by a general
grating. Fig.5 shows an example for a simple reflection grating and a simple transmission
grating at Bragg Resonance8. In the case of the reflection grating a very high index modulation
has been assumed. Nevertheless the PSM/Kogelnik estimation is still only 20% out and it is
clear that most of the dynamics of the grating is associated with the +1 reflected mode as both
PSM and Kogelnik's coupled wave theories assume. In the case of the transmission hologram,
a relatively high index modulation is assumed and also a large incidence angle with respect
to the grating planes. Here we see again only a small departure from the PSM/Kogelnik
estimation but also the presence of the +2 mode.

Fig.6 compares the N-PSM theory with the rigorous equations (140) for the case of a reflection
duplex grating formed by the sequential recording of two simple reflection gratings of different
slant. The first plot shows the on-Bragg behaviour at high index modulation where evidently
good agreement is seen between the two "+1" rigorous modes and the two signal waves in N-
PSM despite many other waves being present at much smaller amplitude. The second plot
shows the off-Bragg behaviour of the duplex grating at a typical index modulation where
excellent agreement is seen between N-PSM and the rigorous calculation.

In general, for the type of index modulations encountered typically in display and optical
element holography, the Kogelnik and PSM theories produce fairly accurate estimations of
diffractive efficiencies. For multiplexed gratings and for holograms, N-PSM and N-Coupled
wave theory similarly produce usefully accurate estimations.

7. Discussion

In this chapter we have presented two analytic methods to describe diffraction in loss-free
volume holographic gratings. These are Kogelnik's model and the PSM model. We have shown
briefly how the PSM model can be extended to describe spatially multiplexed gratings and
holograms. At Bragg resonance the N-PSM model is in exact agreement here with the extension
of Kogelnik's model which is known as N-coupled wave theory. Away from Bragg resonance
Kogelnik's model and the PSM model give slightly different predictions. But the differences
are rather small. This is the same situation when one compares the N-PSM theory with N-
coupled wave theory.

We have briefly discussed rigorous coupled wave analysis. Here we have seen that even at
high values of index modulation diffraction in the simple reflection grating is controlled

7 In the case of the front reflected 000... mode one uses η000... =
β 2 − kx

2

ky
(u000...−1)(u000...−1)∗.

8 Note that at Bragg resonance the PSM and Kogelnik models give the same predictions.
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predominantly by the "+1" mode. In the simple transmission grating, higher order modes such
as the "+2" can become significant if index modulation and incidence angle with respect to the
grating planes is high. However the overall conclusion is that for index modulations charac‐
teristic of modern display and optical element holography both Kogelnik's coupled wave
theory and the PSM model provide a rather good description of diffraction in the volume
grating. And this is particularly so in the reflection case where Snell's law conspires to reduce
the incidence angles and where RCW analysis shows that the dynamics are controlled really
by the "+1" mode alone. RCW analysis also shows that this picture extends to the case of the
multiplexed grating - with the implication that it should also apply to holograms.

Finally we should point out that all the theories presented here can be extended to cover more
complex cases such as the presence of loss and anisotropy.
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1. Introduction

Volume holograms of thickness on order of 1 mm are of great interest from the viewpoint of
experimental research base in the field of three-dimensional holography and provision for
practical applications of holography, which are related to creation of elements and devices
with properties unrealizable by traditional optical methods.

The field of research into volume holograms is at its development stage: inception and gen‐
eration of theoretical methods to describe the properties of volume holograms, and record‐
ing media to produce the latter, experimental techniques to study the properties of high-
selectivity volume holograms and materials for their recording.

The present paper offers the authors’ view of such an important problem as classification of
volume holograms, which has currently no generally accepted clear-cut principles and ter‐
minology; discussion of parameters of volume recording media that have been developed in
S.I. Vavilov State Optical Institute, Russia, and show principal directions in the field of de‐
sign of volume recording media for holography; description of the results of the authors’ ex‐
periments to study the impact of ambient temperature and humidity on parameters of
polymeric hologram gratings.

Special attention is paid to examining the special features of transmission hologram gratings
with high values of phase modulation amplitudes; the experimental results are given to confirm
the presence of the energy channelizing effect by so-called “strong” transmission holograms.

The described experiments used the volume recording media manufactured in laboratory
conditions on the base of silicate glass (photo-thermo-refractive glass) and polymer (materi‐
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al “Difphen” with phenanthrenequinone in polymethylmethacrylate). The issues, assess‐
ments and recommendations in question are dealt with on the basis of many years of the
authors’ work with volume media for holography.

2. Classification of volume holograms

2.1. Hologram gratings and holograms of complex wave fields

The hologram classification used in literature proceeds according to a number of distinctive
signs that include recording conditions, reconstruction conditions, hologram application,
specific features of recording media, radiation sources, and so on. The present work concen‐
trates on such distinctive signs as the interference pattern (IP) structure, defined by spatial
parameters of interacting waves, the recording medium geometry, and the relationship be‐
tween them. From this viewpoint, one distinguishes, first of all, hologram gratings and holo‐
grams of complex wave fields.

To record a hologram grating, two coherent monochromatic plane waves are used, and the
hologram structure represents a grating formed by some recording medium parameter, its
change being due to spatial variations of the radiation intensity in the IP under recording
(Fig. 1a, b).

Figure 1. а, b – recording process and structure of hologram gratings: a – formation of interference pattern by interac‐
tion of two plane waves I1 and I2; b – hologram grating, where the spatial distribution of the light field intensity was
transformed into variation of the absorption index of the recording medium (Т is the hologram thickness, d is the IP
period, 2θ is the angle between interfering beams); с – recording of holograms of complex wave fields: I1 is the object
wave with the angular spectrum half-width Δψ; I2 is the reference plane wave; d is the characteristic period of the
cross-modulation structure; l, h is the characteristic speckle dimensions; Т1, Т2, Т3, is the recording medium thickness
corresponding to different types of hologram.
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A hologram grating is described with certain value of IP period, d, (or spatial frequency,
ν = 1/d), IP orientation with respect to recording medium boundaries, magnitude, locali‐
zation, and spatial distribution of the hologram modulation amplitude. A hologram gra‐
ting is  the simplest  hologram type,  useful  for practical  applications.  Such parameters as
spatial resolution of the recording material, amplitude of modulation of optical constants
in a hologram can be found exactly only for hologram gratings with certain period (spa‐
tial frequency).

The coupled wave theory describes the properties of hologram gratings (Kogelnik, 1969),
which enables estimation of hologram parameters taking into account of properties of an ac‐
tual recording medium.

The relationship between the period of optical parameter variation in a hologram (d) and
the hologram thickness (Т) determines the hologram type that is connected with important
hologram properties – selectivity and the number of diffractive orders. At Т/d → 0, a holo‐
gram regarded as two-dimensional, at Т/d → ∞ – three-dimensional. As a theoretical criteri‐
on of degree of dimensionality, holography uses Klein’s parameter Q = 2πλT/(nd2)
(Kogelnik, 1969), where λ is the radiation wavelength, Т is the hologram thickness, n is the
average refractive index of a hologram, d is the spatial period of a hologram. Klein’s param‐
eter is applicable only to describe hologram gratings that are classified as follows:

• two-dimensional, 2D, thin gratings: Q<<1.

• three-dimensional, volume gratings: Q > 10.

When complex wave fields composed by superposition of  a  set  of  plane components is
used to record holograms, the hologram structure becomes more complicated and con‐
tains cross-modulation and intermodulation structures. Hologram cross-modulation struc‐
ture is generated by  interference  of  object  and  reference  waves. In contrast, the
intermodulation structure is generated by mutual interference of plane components of ei‐
ther the object wave or reference wave.

Fig. 1с shows schematically the hologram structure at interaction of a complex wave
field  (object  wave, I1) and a plane reference wave (I2). The object wave has a bounded
angular spectrum, Δψ. In this case, the interference pattern generated by a set of the
plane  components  of  the  object  wave forms a  speckle  pattern  (speckles  are  illuminated
areas separated by dark regions). The speckle shape is elongated in the direction of the
wave propagation (see Fig. 1c), since a speckle is l ~ 1/(Δψ)2 long and h ~ 1/Δψ wide.
The  hologram  cross-modulation structure in  the  case can  be  schematically represented
with isophase surfaces crossing the speckles, their section in the plane of drawing being
schematically represented with lines with directions coincident with IP intensity maxi‐
mums and orientated along  the  bisectrix of  the angle  between  the  reference  beam and
the central direction of the object beam.

Depending on the thickness of the recording medium, one can distinguish the following
three hologram types as to the degree of dimensionality and use the corresponding analyti‐
cal description to examine their properties.
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1. 2D hologram (thin hologram): thickness of the medium (Т1) is substantially less than the
characteristic dimensions of elements of hologram cross-modulation and intermodula‐
tion structures (Т1 << d, l, h). Theory – Fresnel-Kirchhoff Integral.

2. Thick film (layer) hologram (Zeldovich et al., 1986): thickness of the medium (Т2) is sig‐
nificantly greater than the characteristic period of cross-modulation structure, but sub‐
stantially less than the characteristic dimensions of hologram intermodulation structure
(d < Т2 < l, h). Theory – Local Kogelnick΄s theory.

3. Volume hologram: thickness of the medium (Т3) is significantly greater than the charac‐
teristic dimensions of elements of hologram cross-modulation and intermodulation
structures (Т3 >> d, l, h). Theory – Mode theory (Sidorovich, 1977, 2012), Speckle-mode
theory (Zeldovich et al., 1986), Spatial-frequency version (Korzinin, 1990).

The first successful attempt to analyze the properties of volume holograms of spatially non‐
uniform wave fields with account of mutual rescattering by structure of a hologram of
space-frequency components of wave field was the mode theory, proposed by V. G. Sidoro‐
vich. The use of the mode theory methods yielded first ever quantitative interpretation of
the effect of phase-conjugate reflection under stimulated scattering (Sidorovich, 1976) and
gave impetus to the further advance of theoretical studies of volume holograms.

2.2. Recording media for volume holograms

The experiments on recording volume holograms require a recording medium of physical
thickness that should be on order of millimeter (from tenths of mm). Providing experimental
studies with recording media is one of the main problems of volume holography, since the
property package exhibited by such media cannot be ensured by traditional photomaterials
(Sukhanov, 1994). Beside large physical thickness, samples of such media should have high
physical and mechanical performance (to ensure invariability of the hologram structure in
the course of post-exposure treatment and when operated under impact of external factors);
possess high spatial resolution (thousands of lines per millimeter), sufficient energy sensitiv‐
ity and transparence at the operating wavelength; and secure long-term storage and nondes‐
tructive hologram reconstruction.

The first studies in the field of three-dimensional holography made use of photochromic
glasses, electro-optical crystals, photochromic and photostructured polymeric compositions
(see, e. g., Sukhanov, 1994). Each of the above materials had certain drawbacks and failed to
possess the set of required properties. Since the very inception of holography in three-di‐
mensional media (Denisyuk, 1962, 1963), research and development in the field never
ceased, yet there is a short line of recording medium samples for recording of volume holo‐
grams; they are manufactured in laboratory conditions, as a rule, in single pieces (or small
batches) and exhibit no stable and reproducible characteristics.

It is rather difficult to present all works attempting to create recording media for volume
holography with a broad spectrum of necessary parameters. The main tendencies in the de‐
velopment of such media were manifested most clearly in the activity of the S.I. Vavilov
State Optical Institute, Russia, its staff contributing greatly to development of volume light-
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sensitive media and elaboration of principles for their design (Sukhanov, 1994, 2007). The
more recent of the quoted works presents the results of many years’ study in the field, de‐
scribes the mechanisms of hologram formation in new and original materials (their parame‐
ters are given in Table 1, reproduced from the work Sukhanov, 2007). The development of
materials listed in Table 1 drew on various substances and mechanisms to create a light-sen‐
sitive composition and silicate glasses, crystals and polymeric matrices as the rigid frame‐
work. These are the directions that are actively used today.

Materials in Table 1 found their application in creation of HOE, mostly narrowband radi‐
ation selectors. Reoxan-based volume reflection hologram was used as a spectral selector
(Sukhanov et al.,  1984).  The diffusion-enhanced medium PQ+PMMA served as a base to
develop its  modifications by  different work  groups  (e. g., Steckman et al., 1998;  Lin  et
al.,  2000; Shelby, 2002; Hsu et al., 2003; Luo et al.,  2008; Liu et al., 2010; Yu et al.,  2010).
Media on porous glass base offer great opportunities in formation of volume holograms
and control of their characteristics (Sukhanov et al.,  1992),  but they are yet to find their
application in practice because of complicated technological modes of sample production
and parameter control.  By virtue of their properties,  identical to those of standard glass
(К8, Russia), photo-thermo-refractive glass shows promise in creation of high-precision
hologram elements (Efimov et al., 2004; Zlatov et al., 2010). The holographic medium on
the base of CaF2 crystals, doped with alkali metals, features high mechanical and radia‐
tion stability and damage threshold (Shcheulin et al., 2007) and shows promise in metro‐
logical  applications.  The  samples  of  the  material  have been the  base  of  optical element
“Holographic prism” (Angervaks et al., 2010, 2012).

Characteristic
Polymeric materials Silicate glass based Crystal

Reoxan

(PMMA)
PQ+PMMA Porous Glass PTR Glass CaF2

Spectral sensitivity

region
440 ÷ 900 480 ÷ 540 440 ÷ 520 280 ÷ 350 300 ÷ 400

Light sensitivity, J/cm2 0.5 ÷ 1.5 0.5 ÷ 1.5 0.01 ÷ 1 0.05÷1 ≈1
Maximum value of Δn 2∙10-2 5∙10-3 0.1 5∙10-4 5∙10-5

Operating spectral range Visible, near IR Long-wave visible, IR
Hologram thickness, mm 0.1 ÷ 1 0.1 ÷ 10 0.01 ÷ 1 ≈1 1 ÷ 10

Thermal stability 70 °С (70 ÷ 100) ºС 500 °С 500 °С 200 °С

Pre-exposure treatment
Oxygen

saturation
Not required Not required Not required Not required

Development Not required
Thermal treatment

at (50÷70) °С

Chemical

development,

pickling

Thermal

treatment at

400 and 520

°С

Not required

Fixation Degassing Uniform exposure Not required Not required Not required

References
Lashkov &

Sukhanov, 1978

Veniaminov et al.,

1991
Sukhanov, 1994

Glebov et al.,

1990

Shcheulin et al.

2007

Table 1. Volume recording media, developed in State Optical Institute, and their main characteristics. PMMA –
polymethylmethacrylate; PQ – phenanthrenequinone; PTR Glass – photo-thermo-refractive glass.
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more recent of the quoted works presents the results of many years’ study in the field, de‐
scribes the mechanisms of hologram formation in new and original materials (their parame‐
ters are given in Table 1, reproduced from the work Sukhanov, 2007). The development of
materials listed in Table 1 drew on various substances and mechanisms to create a light-sen‐
sitive composition and silicate glasses, crystals and polymeric matrices as the rigid frame‐
work. These are the directions that are actively used today.
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References
Lashkov &

Sukhanov, 1978

Veniaminov et al.,

1991
Sukhanov, 1994

Glebov et al.,

1990

Shcheulin et al.

2007

Table 1. Volume recording media, developed in State Optical Institute, and their main characteristics. PMMA –
polymethylmethacrylate; PQ – phenanthrenequinone; PTR Glass – photo-thermo-refractive glass.
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Note that the materials listed in Table 1 are in no competition with one another, while their
diversity allows making a reasonable choice proceeding from the priority requirements to
be met by a specific product.

3. Some properties of volume transmission hologram gratings

3.1. Phase transmission hologram gratings

Volume hologram gratings are of great practical interest foremost in creation of hologram
optical elements (HOE) used as radiation selectors. The main hologram parameters that de‐
termine properties of such elements are diffraction efficiency (DE, defined as S∙S* in the
coupled wave theory) and hologram selectivity, both angular and spectral (defined with
mismatch parameter ξ) – see Fig. 2а. In practice, the DE is found as ratio of intensity of dif‐
fracted beam (Id) to the sum of those of zero-order (I0) and diffracted beams (Id) behind the
hologram: η = Id/(Id + I0), and describes the efficiency of the element operation under given
experimental conditions.

The limiting values of DE for hologram gratings of different types, estimated under Bragg
conditions, are given in Table 2.

Hologram type Modulated quantity

Maximum DE, %

Hologram recording mode

linear nonlinear

3D

transmission
absorption index 3.7 25

refractive index 100 100

reflection
absorption index 7.2 60

refractive index 100 100

Table 2. Estimated limiting values of diffraction efficiency for holograms of different types.

The data for recording of holograms in linear mode are taken from the book (Collier et al.,
1971) and are well known. As shown in work (Alekseev-Popov, 1981), recording holograms
in nonlinear mode enables realization of the situation that allows considerable improvement
of the attainable performance of a volume amplitude hologram. The presence of nonlinear
effects in recording amplitude, phase and amplitude-phase holograms has a decisive role in
many practical situations, as it can markedly improve the efficiency of recorded holograms.

Of greatest practical interest are volume transmission holograms that have no absorption.
The DE of such holograms is described according to the coupled wave theory by expression:

η = sin2φ1, (1)
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where φ1 is the phase modulation amplitude, determined by recording conditions and re‐
cording medium parameters (for symmetrical gratings):

φ1 = πn1Т/λcos θ. (2)

The limiting values of diffraction efficiency of both transmission and reflection phase holo‐
grams amount to 100%. The main feature of transmission holograms as distinct from reflec‐
tion ones is the oscillatory nature of dependence of DE on magnitude of phase modulation.
Quantity φ1 is an important parameter in development of technology for manufacturing op‐
tical elements and in comparative analysis of theoretical calculation results and experiment,
for it relates parameters of a hologram and recording medium, (first of all, the value of mod‐
ulation amplitude of refractive index, n1).

Evaluation of φ1 by DE measurements for transmission holograms proceeds as follows. De‐
pendence η(φ1) being of oscillatory nature, quantity φ1 is found by formula φ1= kπ ± arc‐
sin√η, where k = 0, 1, 2, 3,…; to find φ1 by DE values uniquely is possible only for holograms
with φ1 < 0.5π. For high-efficiency holograms, finding φ1 by measured DE values should in‐
volve the selectivity contour shape. The situation gives grounds to divide transmission
phase holograms into so-called “weak” holograms with phase modulation less than φ1 =
0.5π and “strong” holograms, where phase modulation can substantially exceed φ1 = 0.5π
(e.g., Steckman et al., 1998). Note that DE values for both “weak” and “strong” holograms
can coincide and be rather high. Fig. 2 gives selectivity contours of holograms that have
identical DE values: η = 1 (Fig. 2a, b) and η = 0.5 (Fig. 2c, d), but different values of the phase
modulation amplitude in Bragg reconstruction.

Determination of values of φ1 for transmission phase holograms uses in addition to the se‐
lectivity contour shape also the following factors to describe “strong” hologram gratings
with a given value of coefficient k:

• the sign of the first derivative dη/dφ1 of variation of function η(φ1), which describes
growth or drop of DE with growing φ1 at given section;

• the sign of the second derivative {d2(Id)/(dθ)2}Br of variation of function Id(θ) at the point of
extremum of the function under Bragg conditions, which describes the appearance of se‐
lectivity contour – whether the principal maximum is present (Fig. 2c) or not (Fig. 2d);

• the ratio of DE values, measured at different polarization of reconstructing radiation,
ηТМ/ηТЕ.

As known (Kogelnik, 1969), φ1
TM/φ1

TE = cos2θ, where 2θ is the angle between the zero-
order and diffracted beams (in the hologram bulk) in hologram reconstruction, therefore,
depending on variation interval of φ1,  the  ratio  arcsin(√ηТМ)/arcsin(√ηТE) can  be  either
greater or less than unity, so the value of ηТМ/ηТE can be either > 1, or < 1. Note that the
characteristic  is  to  be  used at  wide  enough angles  between beams,  since  the  difference
between values of ηТМ and ηТЕ at small 2θ is small too and may fall within the limits of
measurement accuracy.
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Note that the materials listed in Table 1 are in no competition with one another, while their
diversity allows making a reasonable choice proceeding from the priority requirements to
be met by a specific product.
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fracted beam (Id) to the sum of those of zero-order (I0) and diffracted beams (Id) behind the
hologram: η = Id/(Id + I0), and describes the efficiency of the element operation under given
experimental conditions.

The limiting values of DE for hologram gratings of different types, estimated under Bragg
conditions, are given in Table 2.
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Maximum DE, %

Hologram recording mode

linear nonlinear

3D

transmission
absorption index 3.7 25

refractive index 100 100

reflection
absorption index 7.2 60

refractive index 100 100

Table 2. Estimated limiting values of diffraction efficiency for holograms of different types.

The data for recording of holograms in linear mode are taken from the book (Collier et al.,
1971) and are well known. As shown in work (Alekseev-Popov, 1981), recording holograms
in nonlinear mode enables realization of the situation that allows considerable improvement
of the attainable performance of a volume amplitude hologram. The presence of nonlinear
effects in recording amplitude, phase and amplitude-phase holograms has a decisive role in
many practical situations, as it can markedly improve the efficiency of recorded holograms.

Of greatest practical interest are volume transmission holograms that have no absorption.
The DE of such holograms is described according to the coupled wave theory by expression:

η = sin2φ1, (1)
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where φ1 is the phase modulation amplitude, determined by recording conditions and re‐
cording medium parameters (for symmetrical gratings):

φ1 = πn1Т/λcos θ. (2)

The limiting values of diffraction efficiency of both transmission and reflection phase holo‐
grams amount to 100%. The main feature of transmission holograms as distinct from reflec‐
tion ones is the oscillatory nature of dependence of DE on magnitude of phase modulation.
Quantity φ1 is an important parameter in development of technology for manufacturing op‐
tical elements and in comparative analysis of theoretical calculation results and experiment,
for it relates parameters of a hologram and recording medium, (first of all, the value of mod‐
ulation amplitude of refractive index, n1).

Evaluation of φ1 by DE measurements for transmission holograms proceeds as follows. De‐
pendence η(φ1) being of oscillatory nature, quantity φ1 is found by formula φ1= kπ ± arc‐
sin√η, where k = 0, 1, 2, 3,…; to find φ1 by DE values uniquely is possible only for holograms
with φ1 < 0.5π. For high-efficiency holograms, finding φ1 by measured DE values should in‐
volve the selectivity contour shape. The situation gives grounds to divide transmission
phase holograms into so-called “weak” holograms with phase modulation less than φ1 =
0.5π and “strong” holograms, where phase modulation can substantially exceed φ1 = 0.5π
(e.g., Steckman et al., 1998). Note that DE values for both “weak” and “strong” holograms
can coincide and be rather high. Fig. 2 gives selectivity contours of holograms that have
identical DE values: η = 1 (Fig. 2a, b) and η = 0.5 (Fig. 2c, d), but different values of the phase
modulation amplitude in Bragg reconstruction.

Determination of values of φ1 for transmission phase holograms uses in addition to the se‐
lectivity contour shape also the following factors to describe “strong” hologram gratings
with a given value of coefficient k:

• the sign of the first derivative dη/dφ1 of variation of function η(φ1), which describes
growth or drop of DE with growing φ1 at given section;

• the sign of the second derivative {d2(Id)/(dθ)2}Br of variation of function Id(θ) at the point of
extremum of the function under Bragg conditions, which describes the appearance of se‐
lectivity contour – whether the principal maximum is present (Fig. 2c) or not (Fig. 2d);

• the ratio of DE values, measured at different polarization of reconstructing radiation,
ηТМ/ηТЕ.

As known (Kogelnik,  1969),  φ1
TM/φ1

TE  =  cos2θ,  where 2θ is  the angle between the zero-
order and diffracted beams (in the hologram bulk) in hologram reconstruction, therefore,
depending  on  variation  interval  of  φ1,  the  ratio  arcsin(√ηТМ)/arcsin(√ηТE)  can  be  either
greater or less than unity, so the value of ηТМ/ηТE can be either > 1, or < 1. Note that the
characteristic  is  to  be  used at  wide  enough angles  between beams,  since  the  difference
between values of ηТМ and ηТЕ at small 2θ is small too and may fall within the limits of
measurement accuracy.
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Figure 2. Selectivity contour of a volume transmission phase hologram gratings with η = 1 at φ1 = 0.5π (a) and at φ1 =
1,5π (b); with η = 0.5 at φ1 = 0.75π (c) and at φ1 = 1,25π (d). ξ is the mismatch parameter, Δξ is the half-width of selec‐
tivity contour of a volume hologram; Δθ, Δλ are the angular and spectral selectivity of a hologram, respectively.

Variation interval

of φ1

k φ1(η) dη/dφ1 {d2(Id)/(dθ)2}Br ηТМ/ηТЕ

0.0 – 0.5 π 0 Arcsin√η > 0 > 0 > 1

0.5 – 1.0 π 1 π –arcsin√η < 0 > 0 < 1

1.0 – 1.5 π 2 π + arcsin√η > 0 < 0 > 1

1.5 – 2.0 π 3 2π – arcsin√η < 0 > 0 < 1

Table 3. Additional data for finding the value of phase modulation of transmission holograms by measured DE values
and angular selectivity contour shape of a hologram.
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3.2. Energy channelizing in the volume transmission phase hologram grating

Diffraction of an intensity-uniform monochromatic plane wave by a volume hologram gra‐
ting structure finds an adequate description in the coupled wave theory (Kogelnik, 1969).
Consider propagation of radiation in a “strong” (φ1 >> π/2) transmission phase hologram
grating, recorded symmetrically, under Bragg incidence of reconstruction radiation as
shown in Fig. 3.

Figure 3. Process of radiation propagation in a “strong” transmission phase hologram grating, recorded symmetrical‐
ly, under Bragg incidence reconstruction radiation: dot-and-dash lines are hologram planes that correspond to the val‐
ues φ1 = kπ/2, where k = 1, 2, 3…; Δхπ/2 is the cross-section of the channel of radiation energy propagation; Тπ/2 is the
thickness of hologram layer with φ1 = π/2.

Of special importance during reconstruction of a “strong” volume hologram grating are the
hologram areas, where function η(φ1) has extremums (in Fig. 3 the extremum planes appear as
dot-and-dash lines) – these are the hologram planes that correspond to the values of phase mod‐
ulation amplitude of diffracted radiation, φ1 = kπ/2, where k = 1, 2, 3…. In accordance with the
concepts of the coupled wave theory, the vector of the radiation propagation in a hologram
changes its direction in each extremum plane of function η(φ1). The geometrical dimensions of
the radiation propagation channel in a hologram are clearly seen to be bounded and less than
size Δхπ/2, as shown on the diagram in Fig. 3: Δхπ/2 is found in extremum plane of function η(φ1)
with k = 1, where φ1 = π/2; the thickness of the hologram layer is denoted as Тπ/2.
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Figure 2. Selectivity contour of a volume transmission phase hologram gratings with η = 1 at φ1 = 0.5π (a) and at φ1 =
1,5π (b); with η = 0.5 at φ1 = 0.75π (c) and at φ1 = 1,25π (d). ξ is the mismatch parameter, Δξ is the half-width of selec‐
tivity contour of a volume hologram; Δθ, Δλ are the angular and spectral selectivity of a hologram, respectively.

Variation interval

of φ1

k φ1(η) dη/dφ1 {d2(Id)/(dθ)2}Br ηТМ/ηТЕ

0.0 – 0.5 π 0 Arcsin√η > 0 > 0 > 1

0.5 – 1.0 π 1 π –arcsin√η < 0 > 0 < 1

1.0 – 1.5 π 2 π + arcsin√η > 0 < 0 > 1

1.5 – 2.0 π 3 2π – arcsin√η < 0 > 0 < 1

Table 3. Additional data for finding the value of phase modulation of transmission holograms by measured DE values
and angular selectivity contour shape of a hologram.
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ting structure finds an adequate description in the coupled wave theory (Kogelnik, 1969).
Consider propagation of radiation in a “strong” (φ1 >> π/2) transmission phase hologram
grating, recorded symmetrically, under Bragg incidence of reconstruction radiation as
shown in Fig. 3.

Figure 3. Process of radiation propagation in a “strong” transmission phase hologram grating, recorded symmetrical‐
ly, under Bragg incidence reconstruction radiation: dot-and-dash lines are hologram planes that correspond to the val‐
ues φ1 = kπ/2, where k = 1, 2, 3…; Δхπ/2 is the cross-section of the channel of radiation energy propagation; Тπ/2 is the
thickness of hologram layer with φ1 = π/2.

Of special importance during reconstruction of a “strong” volume hologram grating are the
hologram areas, where function η(φ1) has extremums (in Fig. 3 the extremum planes appear as
dot-and-dash lines) – these are the hologram planes that correspond to the values of phase mod‐
ulation amplitude of diffracted radiation, φ1 = kπ/2, where k = 1, 2, 3…. In accordance with the
concepts of the coupled wave theory, the vector of the radiation propagation in a hologram
changes its direction in each extremum plane of function η(φ1). The geometrical dimensions of
the radiation propagation channel in a hologram are clearly seen to be bounded and less than
size Δхπ/2, as shown on the diagram in Fig. 3: Δхπ/2 is found in extremum plane of function η(φ1)
with k = 1, where φ1 = π/2; the thickness of the hologram layer is denoted as Тπ/2.
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Thus, under Bragg incidence of a reconstructing beam at the entrance face of hologram gra‐
ting, the propagation of the energy of diffracted and zero-order beams occurs along iso‐
phase hologram planes, i. e. radiation energy is channelized and the geometrical cross-
section of its propagation channel is bounded by value Δхπ/2.

As shown by the present author’s theoretical calculations, the effect of energy channeliz‐
ing by “strong” transmission hologram gratings is exhibited also in the diffraction of re‐
construction  radiation  with  nonuniform  intensity  distribution,  as  it  occurs  in  case  of
actual light beams. Besides, within the framework of the coupled wave theory, the ener‐
gy  channelizing  effect  has  been  shown  to  reveal  itself  at  its  fullest  in  case  of  angular
spectrum  (Δψ)  of  the  incident  monochromatic  wave  being  much  narrower  than  the
width of  the  angular  selectivity  contour  of  a  hologram layer  of  thickness  Тπ/2,  which is
equivalent  to  the  requirement  of  the  beam diameter  (or  its  size  in  the  section  plane  of
the  hologram considered  in  Fig.  3)  being  much  greater  than  the  thickness  of  the  holo‐
gram layer (Тπ/2), where φ1 = π/2.

The  author’s  experiments  in  2008,  reported  at  “Holoexpo-2008”  conference,  confirmed
the  manifestation  of  the  energy  channelizing  effect  when reconstructing  beam of  radia‐
tion  with  nonuniform  intensity  distribution  is  used.  The  experiments  involved  PTR-
glass  samples  9  mm thick,  where  hologram gratings  were  recorded  under  symmetrical
incidence  of  interfering  beams  onto  sample  surface  at  a  45-degree  angle.  Interference
planes in a hologram were situated perpendicularly to the front  and rear sample surfa‐
ces,  as  shown in  Fig.  4a,  b.  The  hologram recording  conditions  allowed setting  the  re‐
cording regime,  needed to  obtain  a  hologram grating with  the  required value  of  phase
modulation amplitude.

The value of phase modulation amplitude was in one case as low as φ1 ≈ 0.25π (Fig.4a, c –
“weak” hologram, as φ1 < π/2) and in another as high as φ1 = 10.25π (Fig.4 b, d – “strong”
hologram). Fig. 4 pre sents the schematic view (a, b) of radiation propagations as well as the
radiation energy distribution (c, d) on the front and rear faces of studied samples of identical
thickness. The photograph in Fig. 5 a fixates the process of reconstruction of a “strong” holo‐
gram (the date are given in Fig. 4 b, d): one can clearly see the energy propagation channel,
orientated perpendicularly to the front and rear sample faces, i. e. directed along the iso‐
phase surfaces of the hologram.

The energy distributions in radiation beams on the hologram entrance and exit faces (Fig. 4
c, d) are processed experimental results. Parameters of beams on the hologram entrance face
correspond to those of reconstructing beams used in the experiment, while the beam intensi‐
ty distribution on the exit hologram face is calculated with account of the hologram phase
modulation. The phase modulation for each hologram was found experimentally by the DE
value and the shape of the angular selectivity contour. The calculation for Bragg diffraction
of Gaussian beams by periodically modulated media used the technique, published in
works (Chu & Tamir, 1976). The calculated results for the beam intensity distribution on the
exit hologram face are in qualitative agreement with the picture of beam diffraction, ob‐
served in the experiment.
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As noted, the terms “weak” hologram and “strong” hologram for a transmission volume
phase hologram bear no relation to the DE value, but are defined by the value of phase mod‐
ulation amplitude φ1. The DE value for holograms in the experiment, which was attained
under Bragg conditions in the two cases is less than 50% for both the “weak” and the
“strong” holograms. Despite the close values of DE, the appearance of the spatial intensity
distribution for either of the two interacting beams (diffracted and zero-order ones) on the
hologram exit face differs markedly. As seen from the data of Fig. 4 a, с, intensity distribu‐
tion of diffracted and zero-order beams on the exit face of a “weak” hologram 9 mm thick
exhibits two peaks that are spaced apart and correspond to the diffracted beam and zero-
order diffraction beam (transmitted one). Here, the diffracted beam is appreciably broad‐
ened with respect to the incident one and exits the hologram strictly opposite to the incident
one, i. e. the diffracted beam energy propagates along antinodes of a hologram grating,
which is schematically illustrated in Fig. 4 a. The zero-order diffraction beam propagates
practically in the direction, prescribed by ray optics.

Figure 4. Reconstruction of symmetrically-recorded hologram gratings in samples of identical thickness (Т = 9 mm):
“weak” hologram with φ1 ≈ 0.25π (а, с) and “strong” hologram with φ1 = 10.25π (b, d); a, b - radiation propagation
diagram, where Iinc is the incident (reconstructing) beam, S is the diffracted beam, R is the zero-order diffraction beam;
c, d - radiation intensity distribution in the reconstructing beam on the entrance hologram face (solid curves), and in
zero-order (dot lines) and diffracted (dash lines) beams at the hologram exit face.

Volume Transmission Hologram Gratings – Basic Properties, Energy Channelizing, Effect of…
http://dx.doi.org/10.5772/54253

47



Thus, under Bragg incidence of a reconstructing beam at the entrance face of hologram gra‐
ting, the propagation of the energy of diffracted and zero-order beams occurs along iso‐
phase hologram planes, i. e. radiation energy is channelized and the geometrical cross-
section of its propagation channel is bounded by value Δхπ/2.

As shown by the present author’s theoretical calculations, the effect of energy channeliz‐
ing by “strong” transmission hologram gratings is exhibited also in the diffraction of re‐
construction radiation with nonuniform intensity  distribution,  as it  occurs  in  case  of
actual light beams. Besides, within the framework of the coupled wave theory, the ener‐
gy  channelizing  effect  has  been  shown  to  reveal  itself  at  its  fullest  in  case  of  angular
spectrum (Δψ) of the incident monochromatic wave being much narrower than the
width of the angular selectivity contour of a hologram layer of thickness Тπ/2,  which is
equivalent  to  the  requirement of  the beam diameter  (or  its  size  in  the  section  plane  of
the hologram considered in Fig. 3) being much greater than the thickness of the holo‐
gram layer (Тπ/2), where φ1 = π/2.

The author’s experiments in 2008, reported at “Holoexpo-2008” conference, confirmed
the manifestation of the energy channelizing effect when reconstructing beam of radia‐
tion  with  nonuniform  intensity  distribution is  used. The experiments involved  PTR-
glass  samples  9  mm thick,  where hologram gratings  were recorded  under  symmetrical
incidence  of  interfering  beams  onto  sample  surface  at  a  45-degree  angle.  Interference
planes in a hologram were situated perpendicularly to the front and rear sample surfa‐
ces, as shown in Fig. 4a, b. The hologram recording conditions allowed setting the re‐
cording regime,  needed to  obtain  a  hologram grating with  the  required value  of  phase
modulation amplitude.

The value of phase modulation amplitude was in one case as low as φ1 ≈ 0.25π (Fig.4a, c –
“weak” hologram, as φ1 < π/2) and in another as high as φ1 = 10.25π (Fig.4 b, d – “strong”
hologram). Fig. 4 pre sents the schematic view (a, b) of radiation propagations as well as the
radiation energy distribution (c, d) on the front and rear faces of studied samples of identical
thickness. The photograph in Fig. 5 a fixates the process of reconstruction of a “strong” holo‐
gram (the date are given in Fig. 4 b, d): one can clearly see the energy propagation channel,
orientated perpendicularly to the front and rear sample faces, i. e. directed along the iso‐
phase surfaces of the hologram.

The energy distributions in radiation beams on the hologram entrance and exit faces (Fig. 4
c, d) are processed experimental results. Parameters of beams on the hologram entrance face
correspond to those of reconstructing beams used in the experiment, while the beam intensi‐
ty distribution on the exit hologram face is calculated with account of the hologram phase
modulation. The phase modulation for each hologram was found experimentally by the DE
value and the shape of the angular selectivity contour. The calculation for Bragg diffraction
of Gaussian beams by periodically modulated media used the technique, published in
works (Chu & Tamir, 1976). The calculated results for the beam intensity distribution on the
exit hologram face are in qualitative agreement with the picture of beam diffraction, ob‐
served in the experiment.
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As noted, the terms “weak” hologram and “strong” hologram for a transmission volume
phase hologram bear no relation to the DE value, but are defined by the value of phase mod‐
ulation amplitude φ1. The DE value for holograms in the experiment, which was attained
under Bragg conditions in the two cases is less than 50% for both the “weak” and the
“strong” holograms. Despite the close values of DE, the appearance of the spatial intensity
distribution for either of the two interacting beams (diffracted and zero-order ones) on the
hologram exit face differs markedly. As seen from the data of Fig. 4 a, с, intensity distribu‐
tion of diffracted and zero-order beams on the exit face of a “weak” hologram 9 mm thick
exhibits two peaks that are spaced apart and correspond to the diffracted beam and zero-
order diffraction beam (transmitted one). Here, the diffracted beam is appreciably broad‐
ened with respect to the incident one and exits the hologram strictly opposite to the incident
one, i. e. the diffracted beam energy propagates along antinodes of a hologram grating,
which is schematically illustrated in Fig. 4 a. The zero-order diffraction beam propagates
practically in the direction, prescribed by ray optics.

Figure 4. Reconstruction of symmetrically-recorded hologram gratings in samples of identical thickness (Т = 9 mm):
“weak” hologram with φ1 ≈ 0.25π (а, с) and “strong” hologram with φ1 = 10.25π (b, d); a, b - radiation propagation
diagram, where Iinc is the incident (reconstructing) beam, S is the diffracted beam, R is the zero-order diffraction beam;
c, d - radiation intensity distribution in the reconstructing beam on the entrance hologram face (solid curves), and in
zero-order (dot lines) and diffracted (dash lines) beams at the hologram exit face.
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On the exit surface of a “strong” hologram, however:

• the diffracted beam and zero-order diffraction beam are spatially aligned with each other;

• the intensity distribution in zero-order and diffracted beams is practically no different
from that in the reconstructing radiation beam;

• the spatial position of the beams specifies the direction of isophase surfaces, along which
the radiation propagates.

Reconstruction radiation parameters Hologram parameters Channelizing conditions

Beam D, mm Δψ, mrad Incid. angle Т, mm φ1, rad Тπ/2,mm Δθ, mrad
Δψ/

Δθ
D/Тπ/2 Δхπ/2,mm

3 0.3 θBr 9 10.25π 0.45 > 3 < 0.1 > 7 4

Table 4. The conditions for running the experiment to observe the energy channelizing effect in reconstruction of a
hologram grating 9 mm thick.

Table 4 shows hologram grating parameters that enable the observation of the energy chan‐
nelizing effect.

Special notice should be given to the situation observed in the reconstruction of a “strong” holo‐
gram beyond Bragg angle. Fig. 5 b shows dependences, obtained in non-Bragg reconstruction of
the “strong” hologram, its reconstruction results at Bragg angle having been given in Fig. 4 d.
The deviation from Bragg angle in the case was 0.4 mrad, so, after crossing the entrance sample
surface, the zero-order beam propagated in the hologram both within the angular selectivity
contour Δθ of the hologram, (see Fig. 2 a) and partially outside its limits.

The data in Fig. 5 b demonstrate a very interesting situation: the channelized radiation in‐
tensity in the direction of the isophase surfaces is zero as distinct from Bragg conditions of
reconstruction, whereas another two radiation propagation channels emerge symmetrically
to the right and the left with respect to the “Bragg” propagation channel.

What is the possible reason behind the emergence of two radiation propagation channels? One
can suggest the following general behavior of propagating beams in a volume hologram gra‐
ting in non-Bragg reconstruction of the “strong” hologram. The reconstructing radiation beam
deviated from Bragg reconstruction condition by value 0.4 mrad that is less than the half-width
of the angular selectivity contour of a hologram at φ1 = π/2, which is in the present experiment
about Δθ ≈ 3 mrad. Having passed the plane of the first extremum of function η(φ1) (at Тπ/2), this
so-called “first” zero-order beam (I01) can, by virtue of small deviation from Bragg angle, bifur‐
cate and continue partially propagating in the original position, thus forming the “second”
zero-order beam (I02) that can likewise bifurcate after passing the hologram section Тπ and from
the “third” zero-order beam, propagating at the same angle as I02 symmetrically with respect to
I01. Each of the zero-order beams can form its “own” propagation channel that should remain,
according to theoretical concepts, within the geometrical limits of the cross-sectional area Δхπ/2

of the hologram, but may be misaligned with the direction of the radiation propagation under
Bragg reconstruction conditions.
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Figure 5. a - observation of the energy channelizing effect in volume hologram grating 9 mm thick with phase modu‐
lation amplitude 10.25π, recorded in PTR-glass: incident beam illuminates the sample exit face at a 45-degree angle,
beam diameter is 3 mm. b - processed experimental results for reconstruction of a “strong” hologram at a deviation
from Bragg angle by 0.4 mrad: radiation intensity distributions in the reconstructing beam on the hologram entrance
surface (solid curves); in zero-order (dot line) and diffracted (dash line) beams on the hologram exit face. Hologram
parameters are the same as given in Fig4 d and Fig. 5 a.

Thus, the present experiment has realized the scenario of “bifurcation” of radiation propa‐
gation channels by way of selection of non-Bragg reconstruction; in addition, intensity dis‐
tributions of the zero-order and diffracted beams on the hologram exit surface were
calculated for the case. The results of intensity distribution calculations are in qualitative
agreement with the picture of beam diffraction, observed in the experiment. Theoretically,
one can realize the situation with a large number of propagation channels that should theo‐
retically lie within the limits, defined by the conditions of the experiment on observation of
the energy channelizing effect (see Fig. 3.).

4. The effect of ambient conditions on volume hologram parameters

4.1. The effect of ambient variations on parameters of recording media

A  recording  medium  to  produce  volume  holograms  should,  as  already mentioned,  be
about a millimeter thick and ensure the invariability of hologram structure in the course
of treatment and operation. The temperature is one of the main ambient parameters with
its  effect  to  be  allowed for  when handling HOE.  Temperature  variation causes  changes
in both  linear  dimensions  and refractive index  of  a  sample.  Table  5  lists  characteristics
that enable assessment the temperature-induced changes in parameters of samples of re‐
cording materials in use.

Note  that  the  changes  occurring  in  samples  at  varying  ambient  temperature  are,  as  a
rule, interrelated. i. e. a drop in refractive index is due to an increase in sample dimen‐
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On the exit surface of a “strong” hologram, however:

• the diffracted beam and zero-order diffraction beam are spatially aligned with each other;

• the intensity distribution in zero-order and diffracted beams is practically no different
from that in the reconstructing radiation beam;

• the spatial position of the beams specifies the direction of isophase surfaces, along which
the radiation propagates.

Reconstruction radiation parameters Hologram parameters Channelizing conditions

Beam D, mm Δψ, mrad Incid. angle Т, mm φ1, rad Тπ/2,mm Δθ, mrad
Δψ/

Δθ
D/Тπ/2 Δхπ/2,mm

3 0.3 θBr 9 10.25π 0.45 > 3 < 0.1 > 7 4

Table 4. The conditions for running the experiment to observe the energy channelizing effect in reconstruction of a
hologram grating 9 mm thick.

Table 4 shows hologram grating parameters that enable the observation of the energy chan‐
nelizing effect.

Special notice should be given to the situation observed in the reconstruction of a “strong” holo‐
gram beyond Bragg angle. Fig. 5 b shows dependences, obtained in non-Bragg reconstruction of
the “strong” hologram, its reconstruction results at Bragg angle having been given in Fig. 4 d.
The deviation from Bragg angle in the case was 0.4 mrad, so, after crossing the entrance sample
surface, the zero-order beam propagated in the hologram both within the angular selectivity
contour Δθ of the hologram, (see Fig. 2 a) and partially outside its limits.

The data in Fig. 5 b demonstrate a very interesting situation: the channelized radiation in‐
tensity in the direction of the isophase surfaces is zero as distinct from Bragg conditions of
reconstruction, whereas another two radiation propagation channels emerge symmetrically
to the right and the left with respect to the “Bragg” propagation channel.

What is the possible reason behind the emergence of two radiation propagation channels? One
can suggest the following general behavior of propagating beams in a volume hologram gra‐
ting in non-Bragg reconstruction of the “strong” hologram. The reconstructing radiation beam
deviated from Bragg reconstruction condition by value 0.4 mrad that is less than the half-width
of the angular selectivity contour of a hologram at φ1 = π/2, which is in the present experiment
about Δθ ≈ 3 mrad. Having passed the plane of the first extremum of function η(φ1) (at Тπ/2), this
so-called “first” zero-order beam (I01) can, by virtue of small deviation from Bragg angle, bifur‐
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gation channels by way of selection of non-Bragg reconstruction; in addition, intensity dis‐
tributions of the zero-order and diffracted beams on the hologram exit surface were
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one can realize the situation with a large number of propagation channels that should theo‐
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its  effect  to  be  allowed for  when handling HOE.  Temperature  variation causes  changes
in  both  linear  dimensions  and refractive  index  of  a  sample.  Table  5  lists  characteristics
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sions  (its  expansion),  while  sample  contraction  causes  the  index  to  grow.  At  the  same
time,  the processes of  hologram recording and post-exposure treatment have a selective
effect  on sample parameters:  either  recording or  post-exposure treatment  necessarily  re‐
sults  in  a  refractive  index  change,  with  the  geometrical  dimensions  of  the  medium re‐
maining  practically  the  same  (the  media  are  then  called  “shrinkproof”)  or  undergoing
slight changes (media with “negligible shrinkage”). Media on silicate glass base are com‐
monly  believed  to  be  shrinkproof;  yet  when  the  holograms  are  recorded on  PTR-Glass
samples (see Table 1), the average refractive index changes in the course of thermal post-
exposure  treatment  by  a  noticeable  value  ~  10-4  (Glebov,  et  al.,  2002).  This  is  to  be  al‐
lowed for in design of НОЕ with prescribed performance.

Characteristic
Material

Polymer Silicate glass Crystal, CaF2

Linear thermal expansion, dl/dT,

К-1
(3.6 ÷ 6.5) 10-5 (5 ÷ 9) 10-6 18.9 ∙ 10-6*

Refractive index, dn/dT, К-1 - 1.05∙10-4 - (10-5 ÷ 10-6) - 8.7 ∙ 10-6

References Marvin, 2003; * Malitson, 1963

Table 5. The temperature effect on the changes in refractive index and dimensions of samples used to produce
volume recording media

As seen from the data of Table 5, the changes in parameters of polymeric media at varying
temperature are substantively (severalfold) larger than those of media on the base of silicate
glass and crystals. In addition, polymers exhibit a property to take up moisture, which in
turn causes changes in sample thickness and average refractive index; therefore, handling
the polymeric samples makes it necessary to maintain the ambience stable.

Experiments on recording and reconstruction of holograms, produced on silicate glasses and
crystals, are held under ambient conditions, maintained as a rule at the level of standard
conditions of a research laboratory (temperature variation is ± 1К, humidity variation is
3÷5%). The accuracy, within which one should maintain the ambient temperature and hu‐
midity for the conditions to be considered stable for polymeric samples, is dependent on the
recording medium properties and the prescribed requirements to hologram parameters. The
present section gives the results of experiments on the temperature and humidity effect on
parameters of hologram gratings (1.0 ÷ 1.4) mm thick, which were produced on samples of
polymeric material Difphen at recording by radiation with с λ = 488 nm at spatial frequency
ν = (300 ÷ 500) mm-1.

The results obtained for a PMMA-based polymeric recording medium can be used to opti‐
mize the conditions of experimental operation of different polymeric samples in recording
and reconstruction of information.
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4.2. The effect of temperature variation on parameters of polymeric volume holograms

4.2.1. The experimental technique with the use of low-frequency interference pattern

The effect of temperature on parameters of polymeric volume hologram gratings was as‐
sessed by observation of behavior of low-frequency interference pattern (IP). The schematic
diagram of the experiment is given in Fig. 6. It was carried out with the use of a stand in‐
tended for hologram recording, the same where the hologram under study was recorded.

Hologram grating was mounted into the scheme in the position it had had during recording
and illuminated by two coherent beams I1 and I2. Each of the incident beams was diffracted
by the hologram structure with formation of its “own” diffracted beam: beam I1 formed dif‐
fracted beam I1d that propagated in the same direction as beam I20, and beam I2 formed dif‐
fracted beam I2d that propagated in the same direction as beam I10. When the hologram was
shifted, an angle, 2φ, was formed between beams that propagated behind the hologram in
the same direction (I1d and I20;. I2d and I10), and the IP was formed is the space where the
beams superimposed. At a turn of the hologram through angle φ = 0.1 mrad, the pattern pe‐
riod, d, has according to Bragg condition the value d ≈ 2.5 mm.

Figure 6. Diagram of the experiment on creation of low-frequency interference pattern: I1 and I2 are coherent beams
of collimated radiation with λ = 488 nm; 2θ is the angle between beams I1 and I2 in the air; HOE is the hologram gra‐
ting; Т1 and Т2 are temperature sensors; I1d, I2d, I10, I20 are beams of radiation diffracted by a hologram grating (first and
zero orders); 2φ is the angle between beams that form the low-frequency IP.
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sions  (its  expansion), while sample contraction  causes the  index  to grow. At  the  same
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samples (see Table 1), the average refractive index changes in the course of thermal post-
exposure  treatment  by  a  noticeable  value  ~ 10-4 (Glebov, et al., 2002). This is to be al‐
lowed for in design of НОЕ with prescribed performance.
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К-1
(3.6 ÷ 6.5) 10-5 (5 ÷ 9) 10-6 18.9 ∙ 10-6*

Refractive index, dn/dT, К-1 - 1.05∙10-4 - (10-5 ÷ 10-6) - 8.7 ∙ 10-6

References Marvin, 2003; * Malitson, 1963

Table 5. The temperature effect on the changes in refractive index and dimensions of samples used to produce
volume recording media

As seen from the data of Table 5, the changes in parameters of polymeric media at varying
temperature are substantively (severalfold) larger than those of media on the base of silicate
glass and crystals. In addition, polymers exhibit a property to take up moisture, which in
turn causes changes in sample thickness and average refractive index; therefore, handling
the polymeric samples makes it necessary to maintain the ambience stable.

Experiments on recording and reconstruction of holograms, produced on silicate glasses and
crystals, are held under ambient conditions, maintained as a rule at the level of standard
conditions of a research laboratory (temperature variation is ± 1К, humidity variation is
3÷5%). The accuracy, within which one should maintain the ambient temperature and hu‐
midity for the conditions to be considered stable for polymeric samples, is dependent on the
recording medium properties and the prescribed requirements to hologram parameters. The
present section gives the results of experiments on the temperature and humidity effect on
parameters of hologram gratings (1.0 ÷ 1.4) mm thick, which were produced on samples of
polymeric material Difphen at recording by radiation with с λ = 488 nm at spatial frequency
ν = (300 ÷ 500) mm-1.

The results obtained for a PMMA-based polymeric recording medium can be used to opti‐
mize the conditions of experimental operation of different polymeric samples in recording
and reconstruction of information.
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diagram of the experiment is given in Fig. 6. It was carried out with the use of a stand in‐
tended for hologram recording, the same where the hologram under study was recorded.

Hologram grating was mounted into the scheme in the position it had had during recording
and illuminated by two coherent beams I1 and I2. Each of the incident beams was diffracted
by the hologram structure with formation of its “own” diffracted beam: beam I1 formed dif‐
fracted beam I1d that propagated in the same direction as beam I20, and beam I2 formed dif‐
fracted beam I2d that propagated in the same direction as beam I10. When the hologram was
shifted, an angle, 2φ, was formed between beams that propagated behind the hologram in
the same direction (I1d and I20;. I2d and I10), and the IP was formed is the space where the
beams superimposed. At a turn of the hologram through angle φ = 0.1 mrad, the pattern pe‐
riod, d, has according to Bragg condition the value d ≈ 2.5 mm.

Figure 6. Diagram of the experiment on creation of low-frequency interference pattern: I1 and I2 are coherent beams
of collimated radiation with λ = 488 nm; 2θ is the angle between beams I1 and I2 in the air; HOE is the hologram gra‐
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The forming interference pattern can be observed in each of propagating beams (I1 and I2)
with a screen installed perpendicularly to the beam propagation. The IP was recorded using
a CMOS matrix of a size that allowed recording the observed interference field in full and
obtaining interferograms imaged in Fig.7а, b. The interferograms were shot at actual size si‐
multaneously with temperature control. The temperature sensors, mounted onto the sample
on the side 1 (Т1) and on the side 2 (Т2) in close proximity to the observation area, allowed
carrying out the control with accuracy 0.1 К.

Before the experiment started, the hologram was set in the position, where the IP had the
maximum period that provided the possibility under those conditions to process interfero‐
grams and perform quantitative measurements. To measure the temperature, a warm air jet
was directed towards the hologram on the side 2 and the sample was heated up to tempera‐
ture Т = 32 ºС. The interferograms were shot in a stationary state of the scheme, with the
sample cooling down after the action of warm air; the difference in readings Т1 and Т2 was
within the measurements accuracy.

Figure 7. Changes of the period of the low-frequency interference pattern (IP) at variation of the temperature of poly‐
meric hologram grating with ν = 350 mm-1, recorded on a sample of Difphen material 1.2.mm thick: а, b – IP images at
hologram temperature 21 ºС (а) and 27 ºС (b); с, d – processing of interferograms given in a and b, respectively; e –
dependence of IP period, d, on sample temperature, dashed line illustrate the character of process.

4.2.2. The experimental results

The experiment was carried out under the following conditions: interfering beam diameter,
D, 8–10 mm; angle between beams I1 and I2, 2θ, 10 deg.; λ = 488 nm; angular selectivity of
the hologram under study, Δθ, 1.7 mrad; temperature variation interval 21–28 ºС.
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The obtained interferograms and the results of their processing are given in Fig. 7 а-d. The
dependence of IP period change on sample temperature is given in Fig. 7 е. As seen, with
the temperature growing from 21 to 28 deg., the IP period changed from 1.8 mm to 0.7 mm,
which corresponds to a change in angle 2φ (θmax shift) by 0.43 mrad. The experiment
showed no change (within the measurements accuracy) in the IP period, measured before
the start of measurements and after the sample cooled down to the room temperature. Thus,
one can estimate the effect of temperature variation on parameters of polymeric hologram
1.2.mm thick with spatial frequency ν = 350 mm-1 as follows: with the temperature changing
by 1К, the change in the diffraction angle (θmax shift) amounts to δθmax = 0.06 mrad, i. e. the
hologram under study has thermal shift 0.06 mrad/К.

Note that the temperature effect on parameters of polymeric reflection holograms, recorded
on samples of Reoxan material (Sukhanov et al., 1984), demonstrates the magnitude of
changes on the same order. With the temperature of Reoxan sample changing from 24 ºС to
29 ºС, the shift of λmax in the spectrum of reflected radiation is from 532.1 nm to 532.6 nm
(spectral interval of reconstructing radiation, Δλ < 0.01 nm). Thus, the studied hologram
(thickness 1 mm, ν > 3000 mm-1, spectral selectivity, Δλ = 0.15 nm), intended for the use as a
narrowband spectral selector, had thermal shift δλmax = 0.1 nm/K.

4.3. The effect of ambient humidity variation on parameters of polymeric volume
holograms

4.3.1. The method of assessment of the change in the space position of diffracted beam

It has been established that a Difphen material sample (a disk 40 mm in diameter and 4 mm
thick), when immersed in water in the temperature range (20 ÷ 30) ºС, takes up to 1.5% of
water with respect to the sample weight in air-dry condition at relative humidity of the am‐
bient air Н ≈ 50%. Taking up moisture changes the average refractive index and thickness of
the sample and, accordingly, characteristics of recorded holograms.

The effect of varying humidity of the ambient air on the polymeric hologram parameters
was studied at an experimental stand of a design that provided for an enclosed volume
around the hologram to maintain humidity ≈ 90% (much higher than normal conditions)
and for conduct of long-time measurements (several hours). Fig. 8 shows the optical dia‐
gram of the stand (Fig. 8 а) and schematic drawing to illustrate possible changes in polymer‐
ic sample dimensions under moisture take-up (Fig. 8 b).

The stand was used to measure the angular selectivity contour of a hologram at a one-time
fixation of all contour data. The hologram was illuminated with a divergent radiation beam;
the intensity distribution of the diffracted radiation (angular selectivity contour) was record‐
ed by a CMOS matrix of a camera – the results of processing the experimental data are given
in Fig. 9. The effect of varying humidity on hologram parameters was assessed by a change
in the position, θmax, of the intensity maximum of diffracted radiation in a CMOS matrix
during the process under study. Position θmax was detected with accuracy ± 1 pixel, which
corresponded to angular resolution ≈ 0.02 mrad.
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It has been established that a Difphen material sample (a disk 40 mm in diameter and 4 mm
thick), when immersed in water in the temperature range (20 ÷ 30) ºС, takes up to 1.5% of
water with respect to the sample weight in air-dry condition at relative humidity of the am‐
bient air Н ≈ 50%. Taking up moisture changes the average refractive index and thickness of
the sample and, accordingly, characteristics of recorded holograms.

The effect of varying humidity of the ambient air on the polymeric hologram parameters
was studied at an experimental stand of a design that provided for an enclosed volume
around the hologram to maintain humidity ≈ 90% (much higher than normal conditions)
and for conduct of long-time measurements (several hours). Fig. 8 shows the optical dia‐
gram of the stand (Fig. 8 а) and schematic drawing to illustrate possible changes in polymer‐
ic sample dimensions under moisture take-up (Fig. 8 b).

The stand was used to measure the angular selectivity contour of a hologram at a one-time
fixation of all contour data. The hologram was illuminated with a divergent radiation beam;
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ed by a CMOS matrix of a camera – the results of processing the experimental data are given
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Figure 8. а – optical diagram of experiment to assess the changes of hologram parameters under varying ambient
humidity: RS – radiation source, Iinc is the incident (reconstructing) beam, Id is the diffracted beam, I0 is the zero-order
diffraction beam, 2θ is the diffraction angle, ±δθ is the diffraction angle change, N is the readout of pixel number in
CMOS matrix (in the arrow direction). b – polymeric sample growing in size upon taking up moisture: 1 – the sample is
fixed in a rigid framework, 2 – the sample is in free state, 3, 4 – the sample is fixed in a cartridge, geometrical dimen‐
sions of a sample upon taking up moisture are dash lines, arrows show the size growth direction.

4.3.2. The experimental results

The experimental results are presented in Fig.9. Fig. 9 а shows the position θmax of a holo‐
gram at ambient humidity 40% and 90%. A change of position θmax in the present experi‐
ment corresponded to the increase of the diffraction angle and was as large as δθmax ≈ + 0.25
mrad. It is this value that characterizes the difference in hologram parameters in two stable
states of the sample at different humidity.

The process of hologram relaxation (stabilization of its parameters) at a sudden drop of the
ambient humidity from 85% to 50% is illustrated by Fig. 9 b. The stabilization of hologram
parameters in changed conditions was accompanied by a change in the position of the selec‐
tivity contour maximum, which corresponds to a decrease of the diffraction angle and a shift
of θmax by δθmax ≈ (0.10-0.18) mrad, fixed in 2.5 hours after the sudden variation of the hu‐
midity. As shown by results of experiments on different samples, position θmax, at a sudden
drop of the ambient humidity from (85 ÷ 90)% to (40 ÷ 50)%, attains its steady state value,
which remains later practically the same, in 2-3 hours (relaxation time is dependent on sam‐
ple properties), while θmax shifts by δθmax < 0.3 mrad.

Thus, one can estimate the change in the diffraction angle at humidity change of 5% (which
accords with typical excursions of workroom humidity) to be (δθmax)5% < 0.03 mrad and rec‐
ommend to keep a polymeric hologram in stable conditions for at least two-three hours for
stabilization of its internal structure. The effect of changing ambient temperature and hu‐
midity on the parameters of polymeric hologram gratings is given in Table 6.
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Figure 9. Processing of experimental results: а – the position of the angular selectivity contour maximum, θmax, in
CMOS matrix at ambient humidity Н ≈ 40% (dot line) and Н ≈ 90% (solid line), δθmax is the position θmax shift (hologram
with ν ≈ 450 mm-1); b – the relaxation of hologram grating at a sudden change in humidity from 85% to 50% (holo‐
gram with ν ≈ 350 mm-1), dashed line illustrate the character of process.

It shall be remembered that the recording of holograms under study took place, as a rule, at
the ambient humidity Н ≈ (50 ÷ 60)%. With rising humidity, the growing of dimensions of a
sample, rigidly fixed in a cartridge (Fig. 8 b, positions 3, 4), is accompanied by some defor‐
mation unlike the sample in a rigid framework and that in a free state (Fig. 8 b, positions 1
and 2, respectively). The sample, fixed in a rigid framework is as a rule a film one in silicate
glass framework. When such sample takes up moisture, only the change in its thickness is
considered (as, e. g., in the work Pandey et al., 2008). Here, side 1 of the sample is rigidly
with the framework and never changes its position in space.

Ambience variation Hologram parameter variation

Property Amount of change Parameter Amount of change Recording material

Humidity, rel. % 5% θmax shift 0.03 mrad Difphen, ν ≈ 450 mm-1

Temperature, К 1 К
θmax shift 0.06 mrad Difphen, ν ≈ 350 mm-1

λmax shift 0.1 nm Reoxan ν > 3000 mm-1

Table 6. The effect of variation of ambient temperature and humidity on the parameters of polymeric volume
hologram gratings about 1 mm thick.

The sample in a free state grows in size, when taking up moisture, along all three coordi‐
nates. The sample, rigidly fixed in a cartridge (Fig. 8 b, positions 3, 4), grows in volume,
when taking up moisture, due to increasing thickness, with position of sides 1 and 2 of the
sample changing relative to its center. At lesser deformations, the position of the sample
center in space remains the same (Fig. 8 b, position 3). Yet, if the sample volume growth ex‐
ceeds the threshold deformation values determined by the sample geometry (the ratio of di‐
ameter to thickness), the performed calculations have revealed the possibility of the sample
bending and the sample center shifting in space, as shown in Fig. 8 b, position 4.
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Figure 8. а – optical diagram of experiment to assess the changes of hologram parameters under varying ambient
humidity: RS – radiation source, Iinc is the incident (reconstructing) beam, Id is the diffracted beam, I0 is the zero-order
diffraction beam, 2θ is the diffraction angle, ±δθ is the diffraction angle change, N is the readout of pixel number in
CMOS matrix (in the arrow direction). b – polymeric sample growing in size upon taking up moisture: 1 – the sample is
fixed in a rigid framework, 2 – the sample is in free state, 3, 4 – the sample is fixed in a cartridge, geometrical dimen‐
sions of a sample upon taking up moisture are dash lines, arrows show the size growth direction.

4.3.2. The experimental results
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Figure 9. Processing of experimental results: а – the position of the angular selectivity contour maximum, θmax, in
CMOS matrix at ambient humidity Н ≈ 40% (dot line) and Н ≈ 90% (solid line), δθmax is the position θmax shift (hologram
with ν ≈ 450 mm-1); b – the relaxation of hologram grating at a sudden change in humidity from 85% to 50% (holo‐
gram with ν ≈ 350 mm-1), dashed line illustrate the character of process.
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ameter to thickness), the performed calculations have revealed the possibility of the sample
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Figure 10. Diagram of experiment on observation of shifts of the diffracted beam (Id) during hologram reconstruction
from side 1 (a) and side 2 (b) - deformation with a shift along the sample axis. Iinc is the incident (reconstruction) beam;
I0 is the zero-order diffraction beam; О is the sample center without deformations; 1 and 2 are the sample sides; N is
the CMOS matrix (the pixel number is counted in the arrow direction).

The presence of sample deformations due to its bending at taking-up the moisture has been
detected in experiments on observation of the shift of the diffracted beam during reconstruc‐
tion of a hologram from either sample side. The experiment diagram is given in Fig. 10. Its
implementation contains five stages. Fig. 11 gives the results of processing of the performed
experiment and shows the change in position θmax in CMOS matrix at stages 1, 3, 5. Stage 1:
the sample in steady state is mounted in a cartridge (at workroom humidity Н ≈ 50%), and
angular selectivity contours are shot for several scores of minutes (Fig.11 – stage 1). Stage 2:
enclosed volume is established around the sample (НОЕ) using a protective housing, where
humidity Н ≈ 90% is maintained, the stage duration is about 20 hours. Stage 3: protective
housing is removed, and selectivity contours are shot in automatic mode under hologram
relaxation in conditions of workroom humidity (Fig. 11 – stage 3). Stage 4: the sample is kept
in stable workroom conditions for about 20 hours. Stage 5: angular selectivity contours are
shot for a hologram in steady state.

As seen from experimental data of Fig.11, position θmax in steady state of the hologram
(stages 1 and 5) is stable and lies within measurement accuracy during reconstruction from
both side 1 and side 2. However, position θmax at Н ≈ 90% (value N at t = 0 at stage 3) as
compared to that at Н ≈ (40 ÷ 60)% demonstrates growth of the diffraction angle during
hologram reconstruction from side 1 and decrease of the diffraction angle during recon‐
struction from side 2. Such situation may be due to the presence of sample deformations
with a shift of its center in space (sample bending), as shown schematically on Fig. 10 a, b.
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Figure 11. Results of experiment on observation of shifts of θmax during hologram reconstruction from side 1 (a) and
side 2 (b): plots show the pixel number in CMOS matrix, N, corresponding to position θmax of a hologram at given in‐
stant of time in steady state (stages 1, 5) and out of the critical deformation (stage 3). Hologram with ν ≈ 450 mm-1.

5. Conclusion

The present work discusses properties and specific features of volume holograms as well as
results of original experiments that demonstrate unique potentiality of such holograms.

The results of examination of parameters are given for phase volume transmission hologram
gratings that are of practical importance, and the hologram features are discussed, which are
related to radiation propagation in media of great thickness with periodic structure on the
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Figure 11. Results of experiment on observation of shifts of θmax during hologram reconstruction from side 1 (a) and
side 2 (b): plots show the pixel number in CMOS matrix, N, corresponding to position θmax of a hologram at given in‐
stant of time in steady state (stages 1, 5) and out of the critical deformation (stage 3). Hologram with ν ≈ 450 mm-1.

5. Conclusion

The present work discusses properties and specific features of volume holograms as well as
results of original experiments that demonstrate unique potentiality of such holograms.

The results of examination of parameters are given for phase volume transmission hologram
gratings that are of practical importance, and the hologram features are discussed, which are
related to radiation propagation in media of great thickness with periodic structure on the
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order of the radiation wavelength. Practical recommendations are given to allow finding the
phase modulation amplitude of “strong” hologram gratings by the value of diffraction effi‐
ciency and the shape of selectivity contour.

Experimental results are presented, which prove the existence of the effect of energy chan‐
nelizing by “strong” transmission hologram gratings when using a reconstruction radiation
beam with non-uniform intensity distribution, and the experimental conditions are defined
for the effect to be revealed. The energy propagation in such structures has been shown to
be confined to area occupied by the interacting beams (zero-order and diffracted) upon at‐
taining φ1 = 0.5π, the first extremum of function η(φ1). An effect was found of beam bifurca‐
tion and emergence of two channels for radiation propagation during reconstruction of a
“strong” hologram grating beyond Bragg angle.

Parameters are listed for recording media to produce volume holograms, they were devel‐
oped according to principles of recording media design, proposed in late 80s of the last cen‐
tury by S.I. Vavilov State Optical Institute specialists. The information is still topical as the
last two decades saw mostly refinement, modification, and improvement of variants of vol‐
ume recording media manufactured in laboratory conditions.

The effect of ambient temperature and humidity was studied for parameters of polymeric
hologram gratings about 1 mm thick with spatial frequency ~ (350 ÷ 450) mm-1, which were
produced on Difphen material samples. The results allow estimating the change in the dif‐
fraction angle as ≈ 0.06 mrad at temperature variation by 1°К and as ≈ 0.03 mrad at relative
humidity variation 5%. Despite the dependence of the values on the sample physical and
mechanical properties, geometry and history, the estimates can be used to plan the working
conditions for HOE on base of different polymers and to optimize the experimental condi‐
tions for handling polymer samples in information recording and reconstruction.

Experimental data were obtained to substantiate the assumption that taking-up of moisture
can result not only in a change in thickness of a sample, rigidly fixed in a cartridge spatial,
but also in its deformation, describable as “bending”. Bending-type deformation was ob‐
served in conditions of high humidity on a sample with the diameter/thickness ratio of
about 40:1. Thus, hologram gratings can be used to study deformation of materials under
impact of ambient conditions.

The study of the temperature effect on parameters of polymeric hologram gratings em‐
ployed an original technique for observing hologram deformations with the help of low-fre‐
quency interference pattern. The obtained results demonstrated efficiency of the technique
and high accuracy of detecting the changes of hologram parameters.
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conditions for HOE on base of different polymers and to optimize the experimental condi‐
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can result not only in a change in thickness of a sample, rigidly fixed in a cartridge spatial,
but also in its deformation, describable as “bending”. Bending-type deformation was ob‐
served in conditions of high humidity on a sample with the diameter/thickness ratio of
about 40:1. Thus, hologram gratings can be used to study deformation of materials under
impact of ambient conditions.

The study of the temperature effect on parameters of polymeric hologram gratings em‐
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quency interference pattern. The obtained results demonstrated efficiency of the technique
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Chapter 3

White Light Reconstructed Holograms

Dagmar Senderakova

Additional information is available at the end of the chapter
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1. Introduction

I would like to begin the chapter with two quotations, I came across during my study, I like
very much and I am certain, they literally express holography, its properties, its beauty and
its role today, at the beginning either of the 21st century or the third millenium, we have an
opportunity to be eye witnesses.

“Holography is the only visual recording and playback process that can record our 3D world on a
two-dimensional recording medium and playback the original object or scene to the unaided eyes, as a
3D image. The image demonstrates complete parallax and depth-of-field. The image floats in space ei‐
ther behind, in front, or straddling the recording medium.” – is the first one. It is hard to find its
origin, since it can be found at the beginnings of many papers dealing with holography.

“Since its first commercial usage in the 70’s the demand has only increased with each passing year.
Holography has found its applications in almost all industrial sectors including commercial and resi‐
dential applications. Next years might bring us to see a new world of holograms in every aspect. The
use of holograms is the representation of a new visual language in communication and we are moving
into the age of light as the media of the future. Holography will soon be an integral part of the light
age of information and communications.“ [1]

Well, people today come across the term hologram and can meet holograms on banknotes,
various cards and products. A holographic technology comes along with advertisements,
promotions,... People specialized in photonics [2], an interdisciplinary field dealing with uti‐
lizing photons, may know that holography is closely related to a special kind of light – laser
light, which possesses a special property – coherence, i.e. all the light waves coming from a
laser have the same properties. It is very important, because there are two basic physical
light wave phenomena, enabling holography.

To record, i.e. to create a hologram, the phenomenon of two-wave interference of light is ap‐
plied. The term hologram tells us that all the information transported by light wave is record‐
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very much and I am certain, they literally express holography, its properties, its beauty and
its role today, at the beginning either of the 21st century or the third millenium, we have an
opportunity to be eye witnesses.

“Holography is the only visual recording and playback process that can record our 3D world on a
two-dimensional recording medium and playback the original object or scene to the unaided eyes, as a
3D image. The image demonstrates complete parallax and depth-of-field. The image floats in space ei‐
ther behind, in front, or straddling the recording medium.” – is the first one. It is hard to find its
origin, since it can be found at the beginnings of many papers dealing with holography.

“Since its first commercial usage in the 70’s the demand has only increased with each passing year.
Holography has found its applications in almost all industrial sectors including commercial and resi‐
dential applications. Next years might bring us to see a new world of holograms in every aspect. The
use of holograms is the representation of a new visual language in communication and we are moving
into the age of light as the media of the future. Holography will soon be an integral part of the light
age of information and communications.“ [1]

Well, people today come across the term hologram and can meet holograms on banknotes,
various cards and products. A holographic technology comes along with advertisements,
promotions,... People specialized in photonics [2], an interdisciplinary field dealing with uti‐
lizing photons, may know that holography is closely related to a special kind of light – laser
light, which possesses a special property – coherence, i.e. all the light waves coming from a
laser have the same properties. It is very important, because there are two basic physical
light wave phenomena, enabling holography.

To record, i.e. to create a hologram, the phenomenon of two-wave interference of light is ap‐
plied. The term hologram tells us that all the information transported by light wave is record‐
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ed. What does it mean – all the information? Let us repeat some basic terms [3]. Modelling
light as a light wave A(r, t) depending on space (r) and time (t) means, that there are two
main parameters – the amplitude A0 of a wave and its phase Φ

A= A0cosΦ(r , t)= A0cos(ωt −k .r + Φ0) (1)

where r(x, y, z) is a displacement vector determining a point in a space and k(kx, ky, kz) de‐
notes for a wave vector, determining direction of wave propagation. Its absolute value k =
2π/λ defines the wave number. Φ0 is the initial phase of the wave. The distance between the
two neighbouring amplitude peaks of the same kind is wavelength λ [m]. ω [rad.s-1], is an‐
gular frequency,  which is related to the linear frequency,  ν  [s-1], by the formula ω = 2πν.  It
lasts T = λ/c seconds to pass the path λ at the speed c. Such a time interval is called peri‐
od and T = 1/ν.

A wave front is another useful term for us, else. It is the surface upon which the wave has
equal phase. It is perpendicular to the direction of propagation, i.e. to the wave vector k.

For example, considering a wave propagating in the +z direction, the wave vector k is paral‐
lel to the z–axis everywhere. Because of that, wave fronts are parallel planes, perpendicular
to the z–axis. Such a wave is known as a plane wave. When the k(kx, ky, kz) direction is general,
the phase in a point determined by a displacement vector r(x, y, z) includes the scalar prod‐
uct of k.r.

Let us mention also a spherical wave

0
0( , ) cos( . )

A
A t t k r

r
w j= - +r (2)

which is irradiated from a point light source in homogeneous medium. In such a case wave
fronts are centrally symmetrical spheres, so it is enough to consider only radial coordinate r
of spherical ones. Moreover, k and r are parallel, so k.r = kr. Increasing distance from the
source the surface of the sphere increases and amplitude A0 decreases proportionally to 1/r.

It is more convenient to represent the light wave expression in a complex form

i
0 0 0e cos i sinA A AF= = F + FA (3)

As for light wave recording, one has to realize a special property of light waves. The instan‐
taneous amplitude A, which varies with both, time and space, cannot be measured experi‐
mentally in a direct way. The frequency of the light wave is too high for any known physical
mechanism to reply to the changes of the instantaneous amplitude A. Any known detector
or recording medium replies only to the incident energy. When denoting energy transferred
by a wave as E, it can be got as square of the amplitude, i.e. E = (A0)2 = A.A*, when using the
complex representation, *-symbol represents the complex conjugate quantity.
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The value known as intensity I of light, is proportional to the energy per unit of surface and
unit of time. It is very important to realise that the time averaged light intensity is a measura‐
ble value, only. Because of that it is said that both, light detection and light recording are
quadratic.

It is just holography, which provides us with a method allowing to record both, the ampli‐
tude and phase information despite quadratic recording. Naturally, it is impossible when
there is only one light wave. Dennis Gabor realized, that there is included the phase informa‐
tion in intensity interference pattern of two waves and it can be utilized in a new – holograph‐
ic method of recording [4].

When two light waves meet and are able to keep a constant phase difference at any point for
a proper time interval (long enough to make a record), the interference pattern, i.e. a space
redistribution of the resulted energy, can be recorded. Such a situation can come truth only
for two coherent waves. Just because of that boom of practical holography started after laser
had been invented [5].

To reconstruct, i.e. to see what information is hidden in a hologram, another basic physical
phenomenon is applied – diffraction of light. There are various types of holograms. Some of
them can be reconstructed only by laser light. However, there is also a group of holograms,
which can be reconstructed also using common sunlight or another source of white light, in
which, all the visible spectrum is included. Naturally, that group takes the greatest interest
among public and this chapter is going to deal just with such holograms, named here white
light reconstructed holograms (WLRH).

In the beginning, the basic properties of diffraction of light by a periodic structure are going
to be noticed and correlation between diffraction and holographic reconstruction shown. At‐
tention is concentrated especially to the white light diffraction. Understanding of the princi‐
ples will help the reader to understand problems arising during white light reconstruction
of a hologram and also give a hint how to proceed when recording a hologram to avoid
such problems. Attention is going to be given to Denisyuk’s holograms, image holograms
and Benton’s rainbow holograms.

The last part of the chapter is focused on some applications of WLRH, especially public
ones. To mention also a scientific application, one of our former works, dealing with deter‐
mination of index of refraction radial profile of a fibre is described briefly.

2. How to record a WLRH

The simple fact that there are two groups of holograms, one of them reconstructed only by
coherent light, another one by common white light, tells us that the secret must be hidden in
the hologram recording process. To reveal the secret of recording, it would be usable to un‐
derstand phenomenon of light diffraction, which is the physical principle of hologram re‐
construction.

White Light Reconstructed Holograms
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63



ed. What does it mean – all the information? Let us repeat some basic terms [3]. Modelling
light as a light wave A(r, t) depending on space (r) and time (t) means, that there are two
main parameters – the amplitude A0 of a wave and its phase Φ

A= A0cosΦ(r , t)= A0cos(ωt −k .r + Φ0) (1)

where r(x, y, z) is a displacement vector determining a point in a space and k(kx, ky, kz) de‐
notes for a wave vector, determining direction of wave propagation. Its absolute value k =
2π/λ defines the wave number. Φ0 is the initial phase of the wave. The distance between the
two neighbouring amplitude peaks of the same kind is wavelength λ [m]. ω [rad.s-1], is an‐
gular frequency,  which is related to the linear frequency,  ν  [s-1], by the formula ω = 2πν.  It
lasts T = λ/c seconds to pass the path λ at the speed c. Such a time interval is called peri‐
od and T = 1/ν.

A wave front is another useful term for us, else. It is the surface upon which the wave has
equal phase. It is perpendicular to the direction of propagation, i.e. to the wave vector k.

For example, considering a wave propagating in the +z direction, the wave vector k is paral‐
lel to the z–axis everywhere. Because of that, wave fronts are parallel planes, perpendicular
to the z–axis. Such a wave is known as a plane wave. When the k(kx, ky, kz) direction is general,
the phase in a point determined by a displacement vector r(x, y, z) includes the scalar prod‐
uct of k.r.

Let us mention also a spherical wave

0
0( , ) cos( . )

A
A t t k r

r
w j= - +r (2)

which is irradiated from a point light source in homogeneous medium. In such a case wave
fronts are centrally symmetrical spheres, so it is enough to consider only radial coordinate r
of spherical ones. Moreover, k and r are parallel, so k.r = kr. Increasing distance from the
source the surface of the sphere increases and amplitude A0 decreases proportionally to 1/r.

It is more convenient to represent the light wave expression in a complex form

i
0 0 0e cos i sinA A AF= = F + FA (3)

As for light wave recording, one has to realize a special property of light waves. The instan‐
taneous amplitude A, which varies with both, time and space, cannot be measured experi‐
mentally in a direct way. The frequency of the light wave is too high for any known physical
mechanism to reply to the changes of the instantaneous amplitude A. Any known detector
or recording medium replies only to the incident energy. When denoting energy transferred
by a wave as E, it can be got as square of the amplitude, i.e. E = (A0)2 = A.A*, when using the
complex representation, *-symbol represents the complex conjugate quantity.

Holography – Basic Principles and Contemporary Applications62

The value known as intensity I of light, is proportional to the energy per unit of surface and
unit of time. It is very important to realise that the time averaged light intensity is a measura‐
ble value, only. Because of that it is said that both, light detection and light recording are
quadratic.

It is just holography, which provides us with a method allowing to record both, the ampli‐
tude and phase information despite quadratic recording. Naturally, it is impossible when
there is only one light wave. Dennis Gabor realized, that there is included the phase informa‐
tion in intensity interference pattern of two waves and it can be utilized in a new – holograph‐
ic method of recording [4].

When two light waves meet and are able to keep a constant phase difference at any point for
a proper time interval (long enough to make a record), the interference pattern, i.e. a space
redistribution of the resulted energy, can be recorded. Such a situation can come truth only
for two coherent waves. Just because of that boom of practical holography started after laser
had been invented [5].

To reconstruct, i.e. to see what information is hidden in a hologram, another basic physical
phenomenon is applied – diffraction of light. There are various types of holograms. Some of
them can be reconstructed only by laser light. However, there is also a group of holograms,
which can be reconstructed also using common sunlight or another source of white light, in
which, all the visible spectrum is included. Naturally, that group takes the greatest interest
among public and this chapter is going to deal just with such holograms, named here white
light reconstructed holograms (WLRH).

In the beginning, the basic properties of diffraction of light by a periodic structure are going
to be noticed and correlation between diffraction and holographic reconstruction shown. At‐
tention is concentrated especially to the white light diffraction. Understanding of the princi‐
ples will help the reader to understand problems arising during white light reconstruction
of a hologram and also give a hint how to proceed when recording a hologram to avoid
such problems. Attention is going to be given to Denisyuk’s holograms, image holograms
and Benton’s rainbow holograms.

The last part of the chapter is focused on some applications of WLRH, especially public
ones. To mention also a scientific application, one of our former works, dealing with deter‐
mination of index of refraction radial profile of a fibre is described briefly.

2. How to record a WLRH

The simple fact that there are two groups of holograms, one of them reconstructed only by
coherent light, another one by common white light, tells us that the secret must be hidden in
the hologram recording process. To reveal the secret of recording, it would be usable to un‐
derstand phenomenon of light diffraction, which is the physical principle of hologram re‐
construction.

White Light Reconstructed Holograms
http://dx.doi.org/10.5772/53592

63



2.1. Diffraction – the physical principle of hologram reconstruction

Firstly - it is said that any deviation from rectilinear propagation of light that cannot be ex‐
plained because of reflection or refraction is included into diffraction. Such a deviation can
be met when light either passes through or reflects from a structure, i.e. a space distribution
either of the transmittance, or the refractive index.

Telling more precisely - diffraction is the spreading of waves from a wave-front limited in
extent, occurring either when a part of the wave-front is removed by an obstacle, or when
all,  but  a  part  of  the  wave-front  is  removed by  an  aperture  or  a  stop.  The  Fraunhofer
theory of diffraction, which is interesting for us from the point of view of hologram re‐
construction, is concerned with the angular spread of light leaving an aperture of arbitra‐
ry shape and size [3].

Secondly – remember that a hologram is, in fact, a two-wave interference pattern recorded,
i.e. a kind of structure of intensity distribution. It depends on the type of recording medium
and related light-matter interaction mechanism, which of its optical properties distribution
follows the interference pattern intensity distribution.

And thirdly – when reconstructing a hologram, it has to be illuminated with light that either
passes through or reflects from the hologram. Now, it seems to be obvious to put the equal
sign between reconstruction and diffraction.

An introduction to phenomenon of light diffraction and related basic relations can be found
in any basic book of optics/photonics, e.g. [3] and even in [6]. Let us show briefly some basic
results, related to white light reconstructed holograms.

For the readers, taking a deeper interest - exact solutions of diffraction problems are given
by solving Maxwell’s equations. However, well-known Kirchhoff’s scalar theory gives very
good results if period of diffraction structure does not approach a wavelengths size and am‐
plitude vector does not leave a plane.

Let the plane (x0, y0 ) is the plane of a structure and diffraction is observed in the plane (x, y).
To find resulting amplitude AP in P(x, y), amplitudes of spherical waves from all the point
sources in the plane of the structure have to be summed (Fig. 1). The idea is expressed by
Kirchhoff’s diffraction integral

{ }0 0 0
2 0 0

2

( , )
( , , ) ~ exp i

S

A x y
x y z kr dx dy

r
-òòPA (4)

where the distance r2 = [(x - x0)2 + (y - y0)2+ z2]1/2 and S is size of the illuminated structure. The
experimentally observable interference pattern is given by

I (x,  y,  z)  ~  AP(x,  y,  z). AP(x,  y,  z) * .
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Figure 1. To the principle to solve scalar diffraction problems

To calculate the integral (4), two approximations for r2 are used – Fresnel’s approximation
and Fraunhofer’s ones. For the purposes of this chapter, let us mention Fraunhofer’s aproxi‐
mation: x0, y0, « z, i.e. next mathematical approximation is used to express the phase

(x − x0)2 → x 2 −2xx0 and (y − y0)2 → y 2 −2y y0

and integral (4) turns into
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A holographic record can be regarded as a record of a general structure. The light diffraction
theory (5) gives us a detail description of light diffraction at a regular plane grating. It is
widely used, especially in spectroscopy (looking for various wavelengths).

Figure 2. Diffraction by a plane grating (d – grating interval, b – slit width)

White Light Reconstructed Holograms
http://dx.doi.org/10.5772/53592

65



2.1. Diffraction – the physical principle of hologram reconstruction

Firstly - it is said that any deviation from rectilinear propagation of light that cannot be ex‐
plained because of reflection or refraction is included into diffraction. Such a deviation can
be met when light either passes through or reflects from a structure, i.e. a space distribution
either of the transmittance, or the refractive index.

Telling more precisely - diffraction is the spreading of waves from a wave-front limited in
extent, occurring either when a part of the wave-front is removed by an obstacle, or when
all,  but  a  part  of  the  wave-front  is  removed by  an  aperture  or  a  stop.  The  Fraunhofer
theory of diffraction, which is interesting for us from the point of view of hologram re‐
construction, is concerned with the angular spread of light leaving an aperture of arbitra‐
ry shape and size [3].

Secondly – remember that a hologram is, in fact, a two-wave interference pattern recorded,
i.e. a kind of structure of intensity distribution. It depends on the type of recording medium
and related light-matter interaction mechanism, which of its optical properties distribution
follows the interference pattern intensity distribution.

And thirdly – when reconstructing a hologram, it has to be illuminated with light that either
passes through or reflects from the hologram. Now, it seems to be obvious to put the equal
sign between reconstruction and diffraction.

An introduction to phenomenon of light diffraction and related basic relations can be found
in any basic book of optics/photonics, e.g. [3] and even in [6]. Let us show briefly some basic
results, related to white light reconstructed holograms.

For the readers, taking a deeper interest - exact solutions of diffraction problems are given
by solving Maxwell’s equations. However, well-known Kirchhoff’s scalar theory gives very
good results if period of diffraction structure does not approach a wavelengths size and am‐
plitude vector does not leave a plane.

Let the plane (x0, y0 ) is the plane of a structure and diffraction is observed in the plane (x, y).
To find resulting amplitude AP in P(x, y), amplitudes of spherical waves from all the point
sources in the plane of the structure have to be summed (Fig. 1). The idea is expressed by
Kirchhoff’s diffraction integral

{ }0 0 0
2 0 0

2

( , )
( , , ) ~ exp i

S

A x y
x y z kr dx dy

r
-òòPA (4)

where the distance r2 = [(x - x0)2 + (y - y0)2+ z2]1/2 and S is size of the illuminated structure. The
experimentally observable interference pattern is given by

I (x, y, z) ~ AP(x, y, z). AP(x, y, z) * .

Holography – Basic Principles and Contemporary Applications64

Figure 1. To the principle to solve scalar diffraction problems

To calculate the integral (4), two approximations for r2 are used – Fresnel’s approximation
and Fraunhofer’s ones. For the purposes of this chapter, let us mention Fraunhofer’s aproxi‐
mation: x0, y0, « z, i.e. next mathematical approximation is used to express the phase

(x − x0)2 → x 2 −2xx0 and (y − y0)2 → y 2 −2y y0

and integral (4) turns into

( ) ( ){ }2 2
0 0

0 0 0 0 0

( , , )
exp ii exp i , ,0 d d

2 S

x y z
k xx yyx yk z A x y x y

z z zl

=

ì ü - +æ ö+ï ï= - +ç ÷í ýç ÷ï ïè øî þ
òò

PA

(5)

A holographic record can be regarded as a record of a general structure. The light diffraction
theory (5) gives us a detail description of light diffraction at a regular plane grating. It is
widely used, especially in spectroscopy (looking for various wavelengths).

Figure 2. Diffraction by a plane grating (d – grating interval, b – slit width)

White Light Reconstructed Holograms
http://dx.doi.org/10.5772/53592

65



The grating is an ensemble of single equal slits, parallel to each other and having the same
distance between each other.

There are two parameters, which define the grating – the slit width (b) and the grating interval
(d) – distance between centres of any two adjacent slits (Fig. 2.). Symbols θi and θ denote
angles of incident and diffracted waves respectively.

Diffraction at such a grating is, in fact, the interference of many “diffractions” by single slits.
The number of interfering “diffractions” depends on the number N of illuminated slits. A
detailed calculating of (5) results in the angular intensity distribution

I ~ AP .(AP) *

and it’s normalized value can be get in the form
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The angle θ appeared because of the Fraunhofer’s approximation, where x/z ~ sinθ. In fact,
relation (6) expresses N-wave interference (IR2) modulated by diffraction at a single slit (IR1).
Practically usable is especially the condition for interference maxima

( )sin sin , 0,1,2,3,...
2 i
kd m mq q p+ = = (7)

where k = 2πn/λ0, n – refractive index of the space of diffraction, λ0 – wavelength in vacuum
and m – order of diffraction. It is obvious that real values of m can be achieved only when
grating constant d > λ0/n = λ. For simplicity, only one-dimensional (x) structure distribution
was considered.

Study in the region of X-rays contributed to the phenomenon of diffraction. The short wave‐
lengths of X-rays are not well suited for diffraction by optical gratings. They are, however,
conveniently close to the spacing of atoms in crystal lattices, which therefore provide excel‐
lent three-dimensional diffraction gratings for X-rays. It was shown, that the diffraction pat‐
tern is intimately connected with the arrangement and spacing of atoms within a crystal, so
that X-rays can be used for determining the lattice structure [3].

It was Max von Laue who first suggested that a crystal might behave towards a beam of X-
rays rather as does a ruled diffraction grating to ordinary light. It is interesting, that at the
time it was not certain either crystals really were such regular arrangements, or X-rays were
short-wavelength electromagnetic radiation [3]. W. L. Bragg proved the idea in 1912.

It can be derived in a simply way taking into account the result for plane grating and the
influence of a thickness h of the grating (Fig. 3). Let us consider angles of incidence θi and
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angle of refraction θ. To get the intensity maximum in passing light, the condition (7) has to
be fulfilled, i.e.

( ) 0sin sin ind mq q l+ = (8)

Moreover, because of the thickness of the grating, all the waves irradiated along the z-axis
should be in phase in direction of the angle θ, i.e.

( ) ( )0 0 2 1 0 –  – – ,    0, 1, 2, ...iAC BD n n z z cos cos m where mq q lé ùë û= = = (9)

The condition has to be satisfied for all the z coordinates. It is possible only for θ = ±θi that
leads to the well known Bragg’s law for X-ray reflection from a crystal

02 sin , 0, 1, 2, ...ind m mq l= = (10)

used also to describe diffraction at optical volume gratings.

Concluding this paragraph, let us try to describe the diffraction phenomenon using holo‐
graphic terms. Two coherent plane waves

( ) ( )1 2~ exp i , ~ exp iw wj j1 2 (11)

interfere (Fig.4a). The interference pattern that will work as a grating can be expressed in the
form, which corresponds with the amplitude transmission t of produced grating

Figure 3. Diffraction by a volume grating (h – thickness, n – index of refraction)
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( )( ) 2 2*= + + = + + +* *
1 2 1 2 1 2 1 2 1 2t w w w w w w w w w w (12)

Let us suppose the grating to be very thin and illuminated by a plane wave w0 in the z axis
direction (Fig. 4b). The phases of all the waves can be expressed as

sin , 0,1,2j jkx jj f= = (13)

The light wave w passing the grating consists of three parts

( )2 2
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Figure 4. Diffraction as holography. a - 2-wave interference produces a grating; b - diffraction at the grating

Supposing φ0 = 0, φ1 = α/2 and φ2 = -α/2 one can obtain phases

( ) ( )0, 2 sin / 2 , 2 sin / 2A B Ckx kxj j a j a= = = - (16)

Let us compare (16) to the light diffraction at a plane grating with the grating interval d. The
grating interval in our case is

( )/ 2sin / 2d l a= (17)
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Taking into account θi = 0, the condition (7) for intensity maximum turns into

( )sin .2sin / 2 , 0,1,2,3,...m mq a= = (18)

The relation (18) gives the same angles of propagation sinθA = 0, sinθB = 2sin(α/2), and sinθC

= 2sin(-α/2), as relations (16).

2.2. How to avoid problems arising during white-light reconstruction

Now we posses all the knowledge to realize what kind of problems can be met when recon‐
structing a hologram using white light and even to find a way to avoid them. There are two
important results that had been derived above – relation (7) expressing the conditions for
existence of a diffracted wave of the order m at a plane grating that can be rewritten into:

( ) 0sin sin , 0,1,2,3,...idn m mq q l+ = = (19)

The second one is the same kind of relation, valid for a volume grating - relation (10)

02 sin 2 sin , 0, 1, 2, ...ind nd m mq q l= = = (20)

Let us consider white light reconstruction of a plane hologram, which deals with the relation
(19). It is obvious that when using waves with various wavelengths λj, they will be diffract‐
ed at various angles θj. When considering reconstruction as a diffraction, m =1. The angle θ
of diffraction depends on the wavelength λ0j and various angles θj(λ0j) will cause various po‐
sitions of the reconstructed object (Fig. 5.) Naturally, it results in “a blurred” reconstructed
object both, horizontally and vertically. However, looking at Fig. 5, it could have occurred to
us that if the distance between the object and hologram would have been smaller a less blur‐
red reconstruction could be obtained (image holograms).

Figure 5. White light reconstruction – the scheme and white light & HeNe laser reconstruction
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Moreover, not only a colour blur appears. It is also a space blur present. Both, lens and holo‐
gram create an image, so hologram is often compared to a lens. So-called hologram formula

2 2 1
( , ) (r,v)

1 1 1 1 22 H

1 1 1 1 11r v R R L LR f
l l l
l

æ ö
+ = + - ± =ç ÷ç ÷

è ø
(21)

similar to the lens formula can be derived, too. A hologram also can be characterised by its
focal length fH. It depends on the wavelength of light when either recording (λ1), or recon‐
structing (λ2), object distance from the hologram (R1) and distance of the source of both, ref‐
erence (L1) and reconstructing (L2) beam from the hologram [7]. Paraxial approximation is
supposed, all the distances are measured perpendicularly to the plane of hologram and indi‐
ces (signs) r (±→-), v (±→+) in (21) are related to real and virtual reconstruction.

In fact, the relation (21) defines a space blur (various R2j) because of various wavelengths λ0j.
Remembering of various horizontal and vertical resolution of a human eye, it gives us an‐
other hint – to try to limit a possibility of the reconstruction in whole (Benton’s holograms).

Now, let us take an interest in volume holograms, where results obtained for diffraction at a
volume grating were obtained. Ideally there are only two diffraction grating order numbers
relevant – m = 0, 1. Intensity of higher diffraction grating orders diminish to zero because of
mutual interference and the condition (20) turns into

02 sin 2 sinj ij jnd ndq q l= = (22)

It is a very interesting and for WLRH important result. According to the relation (22) there is
an unambiguous relation among the grating period d, wavelength λ0j and angle θj = θij. That
means – when reconstructing by white light there is the only special angle for every wave‐
length. This way, the volume hologram picks from the white-light spectrum different recon‐
struction angle for every wavelength, i.e. prepares time coherent light for reconstruction
(Denisyuk’s hologram). It depends on the method of hologram recording if the reconstruct‐
ed object is observed either in single colours or colourfully.

2.3. Denisyuk’s holograms

Let us proceed following the history of holography and start with Denisyuk’s holograms. In
1962, Yuri Denisyuk combined holography with 1908 Nobel Laureate Gabriel Lippmann's
work in natural color photography [8]. Denisyuk's approach produced a white-light reflec‐
tion hologram which, for the first time, could be viewed in light from an ordinary incandes‐
cent light bulb [9].

To explain the principle briefly, at least: Isaac Newton found out colours produced by a very
thin layer due to interference of light. Colours in butterflies are the result of interference
phenomena, too. And in 1886, when the photography was still struggling to transfer the col‐
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ours of nature to adequate tonal values in black and white, the French physicist Gabriel
Lippmann conceived a method to record and reproduce colour images directly through the
wavelengths from the lighted object. He introduced a photographic colour process that de‐
manded no colorants, dyes, or pigments, based on light waves interference principles, too.

Figure 6. Principle of Lippmann’s colour photography. a - colour photography (1-object, 2-lens, 3-image); b - two-
wave interference (w1 and w2-interfering waves, 1-photographic glass plate, 2-photographic emulsion, 3-mercury mir‐
ror, n(h)-refractive index (thickness) of the emulsion.

He used a photographic emulsion between a photographic glass plate and a mercury mirror
(Fig. 6a). The glass plate and emulsion are nearly transparent. Light waves coming from the
object reflect from the HG-mirror (w1) and interfere with coming light waves (w2) – Fig. 6b.
Since the Hg index of refraction prevails the emulsion index of refraction n, standing waves
are created [3]. The interference pattern consists of nodes-surfaces and loops-surfaces, i.e.
dark and bright interference surfaces that are recorded in the fine grain emulsion. Fig. 6b
demonstrates a simple section of the interference surfaces to evaluate their spacing λ0/2n,
which depends on the wavelength λ0.

It can be derived in a very simply way, when realizing the phase difference ΔΦ(z) between
two plane waves meeting at the coordinate z

( )
0 0

2 2( ) ( ) 2z n h h z z n h zp pj
l l

é ùD = + - - = -ë û (23)

If ΔΦ(zm) = 2mπ, where m = 0, 1, 2,... interference maximum is located at zm. It follows for the
spacing between two adjacent maxima the value Δz = zm+1 – zm = λ0/2n. For simplicity, to
point the principle, only, the angle between interfering plane waves was taken to be π.

White Light Reconstructed Holograms
http://dx.doi.org/10.5772/53592

71



Moreover, not only a colour blur appears. It is also a space blur present. Both, lens and holo‐
gram create an image, so hologram is often compared to a lens. So-called hologram formula

2 2 1
( , ) (r,v)

1 1 1 1 22 H

1 1 1 1 11r v R R L LR f
l l l
l

æ ö
+ = + - ± =ç ÷ç ÷

è ø
(21)

similar to the lens formula can be derived, too. A hologram also can be characterised by its
focal length fH. It depends on the wavelength of light when either recording (λ1), or recon‐
structing (λ2), object distance from the hologram (R1) and distance of the source of both, ref‐
erence (L1) and reconstructing (L2) beam from the hologram [7]. Paraxial approximation is
supposed, all the distances are measured perpendicularly to the plane of hologram and indi‐
ces (signs) r (±→-), v (±→+) in (21) are related to real and virtual reconstruction.

In fact, the relation (21) defines a space blur (various R2j) because of various wavelengths λ0j.
Remembering of various horizontal and vertical resolution of a human eye, it gives us an‐
other hint – to try to limit a possibility of the reconstruction in whole (Benton’s holograms).

Now, let us take an interest in volume holograms, where results obtained for diffraction at a
volume grating were obtained. Ideally there are only two diffraction grating order numbers
relevant – m = 0, 1. Intensity of higher diffraction grating orders diminish to zero because of
mutual interference and the condition (20) turns into

02 sin 2 sinj ij jnd ndq q l= = (22)

It is a very interesting and for WLRH important result. According to the relation (22) there is
an unambiguous relation among the grating period d, wavelength λ0j and angle θj = θij. That
means – when reconstructing by white light there is the only special angle for every wave‐
length. This way, the volume hologram picks from the white-light spectrum different recon‐
struction angle for every wavelength, i.e. prepares time coherent light for reconstruction
(Denisyuk’s hologram). It depends on the method of hologram recording if the reconstruct‐
ed object is observed either in single colours or colourfully.

2.3. Denisyuk’s holograms

Let us proceed following the history of holography and start with Denisyuk’s holograms. In
1962, Yuri Denisyuk combined holography with 1908 Nobel Laureate Gabriel Lippmann's
work in natural color photography [8]. Denisyuk's approach produced a white-light reflec‐
tion hologram which, for the first time, could be viewed in light from an ordinary incandes‐
cent light bulb [9].

To explain the principle briefly, at least: Isaac Newton found out colours produced by a very
thin layer due to interference of light. Colours in butterflies are the result of interference
phenomena, too. And in 1886, when the photography was still struggling to transfer the col‐

Holography – Basic Principles and Contemporary Applications70

ours of nature to adequate tonal values in black and white, the French physicist Gabriel
Lippmann conceived a method to record and reproduce colour images directly through the
wavelengths from the lighted object. He introduced a photographic colour process that de‐
manded no colorants, dyes, or pigments, based on light waves interference principles, too.

Figure 6. Principle of Lippmann’s colour photography. a - colour photography (1-object, 2-lens, 3-image); b - two-
wave interference (w1 and w2-interfering waves, 1-photographic glass plate, 2-photographic emulsion, 3-mercury mir‐
ror, n(h)-refractive index (thickness) of the emulsion.

He used a photographic emulsion between a photographic glass plate and a mercury mirror
(Fig. 6a). The glass plate and emulsion are nearly transparent. Light waves coming from the
object reflect from the HG-mirror (w1) and interfere with coming light waves (w2) – Fig. 6b.
Since the Hg index of refraction prevails the emulsion index of refraction n, standing waves
are created [3]. The interference pattern consists of nodes-surfaces and loops-surfaces, i.e.
dark and bright interference surfaces that are recorded in the fine grain emulsion. Fig. 6b
demonstrates a simple section of the interference surfaces to evaluate their spacing λ0/2n,
which depends on the wavelength λ0.

It can be derived in a very simply way, when realizing the phase difference ΔΦ(z) between
two plane waves meeting at the coordinate z

( )
0 0

2 2( ) ( ) 2z n h h z z n h zp pj
l l

é ùD = + - - = -ë û (23)

If ΔΦ(zm) = 2mπ, where m = 0, 1, 2,... interference maximum is located at zm. It follows for the
spacing between two adjacent maxima the value Δz = zm+1 – zm = λ0/2n. For simplicity, to
point the principle, only, the angle between interfering plane waves was taken to be π.

White Light Reconstructed Holograms
http://dx.doi.org/10.5772/53592

71



This way the processed photographic emulsion became a layer where beside an image also vol‐
ume gratings with various grating intervals, related to the local wavelength, were recorded.

Taking into account the former paragraph (2.2), it is obvious that after the photograph is il‐
luminated by white light, the image in its original colours can be observed because of dif‐
fraction of white light at such a structure.

It is hardly imaginable that in the late 1800s such an advanced photographic technique was
already conceived and realized. The resemblance with volume holography, published in
1962 by Yuri Denisyuk, is striking. Lippmann photography actually is the ancestor of vol‐
ume reflection holography or Denisyuk holography, which is sometimes also referred to as
Denisyuk-Lippmann-Bragg holography.

Yu. Denisyuk, inspired by the ingenious Lippmann’s colour photography technique did ex‐
tensive theoretical analysis and experimented with mercury lamp sources since 1958 and
even enlisted colleagues to develop a special thick, high-resolution, and relatively sensitive
photographic emulsion to record the wave pattern in depth [10].

Later, realizing the potential of wave-front reconstruction, devised a different approach to
record a hologram. A laser beam illuminated an object through a photographic plate (refer‐
ence beam) interfered with light reflected from the object (object beam) to produce a holo‐
gram in the layer of the photographic emulsion (Fig. 7a).

Reconstruction can be performed by sunlight or another white-light source lighting the
hologram. If the direction is the same as when recording, the Bragg’s diffractive reflection
provides us with a monochromatic reconstructed image of the object in the wavelength used
when recording the hologram (e.g. Fig. 7b). Fig. 7c demonstrates a possible two-beam exper‐
imental set-up.

Figure 7. Denisyuk’s 1-beam holographical set-up. a – recording (1-object, 2-recording medium, 3-reference beam, 4-
object beam), b – reconstruction (1-hologram, 2-reconstructing beam, 3-reconstructed wave, 4-holographic image), c
– 2-beam set-up (1-object, 2-recording medium, 3-reference beam, 4-object beam, 5-beam splitter, 6-mirror).
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However, as mentioned above, such a reconstruction is a monochromatic one, only (Fig. 8).
What about colour holograms?

To produce colourful hologram, one needs three lasers generating on three basic wave‐
lengths (red, green, blue) to record such a hologram. Each of the waves creates own interfer‐
ence structure (Fig. 9). After illuminating such a hologram with white light, each structure
helps to reconstruct the object wave in related wavelength. The reconstruction can be seen in
three colours and thanks to sophisticated activity of our brain as colourful.

Figure 8. Yu. Denisyuk reconstructed from a hologram and alive [11]

Figure 9. A colourful hologram recording (1-object, 2-recording medium, 3-optics to spread light, 4-mirror, 5-semi‐
transparent mirrors)

Yu. N. Denisyuk presented his technique as a generalized form of Lippmann photography,
or as a colour-dependent optical element. This technique, using reflection holography and
the white-light reconstruction technique, seems to be the most promising one as regards the
actual recording of colour holograms [12].

2.4. Image hologram

Writing on white-light reconstructed holograms it is necessary to take into account that de‐
pending on the relation between the thickness h of the recording medium and the average
spacing d̄ of the recorded holographic structure fringes, there are defined two types of holo‐
grams – thin and thick, i.e. volume ones. They are characterized by a parameter Q
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introduced in [13]. Q < 1 corresponds to thin gratings, while Q > 1 corresponds to volume
gratings. Moreover the objects around us can be defined as either 2D or 3D objects.

It is obvious that Denisyuk’s method of holography is applicable to any object and the re‐
cording media suitable to create a volume hologram. Moreover, it represents a reflection
holography, i.e. the reconstructed wave seems like reflection of the reconstructing wave
from the hologram. When recording, the reference beam and the object beam come from op‐
posite sides of the recording medium. Because of that, when reconstructing, observer and
the source of the reconstructing wave are on the same side of the hologram. The next two
paragraphs are dealing with so-called transmission thin holograms.

Let us remember of the physical principle of reconstruction of a hologram. It is diffraction of
either transmitted or reflected incident, i.e. reconstructing light. Due to that, the white-light
reconstruction of transmission thin holograms brings a possible colour and space blur of the
reconstructed image (Fig. 5). The illustrative Fig.5 gives us a hint to decrease the object –
hologram distance when recording the hologram as much as possible to avoid the colour
blur. It would be the best to decrease the distance to zero. However, the reference beam
must not be blocked.

Figure 10. Image holography. a – experimental set-up (1-laser & collimator, 2-beam splitter, 3-mirror, 4-hologram, 5-
ground glass, 6-object, 7-projecting lens; b - objects, c - reconstruction

There is a simple possibility to put the recorded object (Fig. 10b) even “into” the recording
medium and not to restrict the reference wave while recording the hologram – to project it
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there by a projecting lens (Fig. 10a). When reconstructing in white light the reconstruction is
observed in various (rainbow) colours from various directions at the same place (Fig. 10c.).

When the image coincides with the hologram plane, it is perfectly sharp. Naturally, projec‐
tion of a 3D object has 3D properties, too. In practice, display holograms up to around 2 cm
in depth can be acceptable. This type of hologram is called an open-aperture hologram [14].
However, such a simple method is used mostly for approximately “2D” objects like medals,
coins, photos, and so on.

A more detailed estimation of the image blur can be found in [15]. It can be shown that if the
source used to reconstruct the hologram is located at the same position as the reference
source used to record it and has very nearly the same wavelength, the blur ΔxR2 of the recon‐
structed image along the x axis for a source size ΔxL2 is

2 1 2 2( / )R Lx R L xD = D (25)

Similarly, if the source used to reconstruct the hologram has a mean wavelength λ2 very
nearly equal to λ1, the wavelength used to record the hologram, and a spectral bandwidth
Δλ2, the transverse image blur ΔxR2 due to the finite spectral bandwidth of the source of re‐
constructing wave, located at xL2 can be shown to be

( ) ( )2 2 2 1 2 2/ /R Lx x L R l lD = D (26)

The image blur increases with the depth of the image and the interbeam angle.

It follows from (25) and (26) that if the interbeam angle and the depth of the object are small,
it is possible to use an extended white-light source to view the image.

2.5. Benton’s holograms

When a real 3D object is recorded the well-known Benton’s method [16], which allows us to
get rid of vertical blur of the reconstructed image, has to be used. The Benton (rainbow)
hologram is a transfer transmission hologram, which reconstructs a bright, sharp, mono‐
chromatic image when illuminated with white light [17]. Benton holograms are produced by
means of an optical technique that sacrifices the vertical parallax of the holographic image in
favour of a sharp monochromatic reconstruction by a white light point source. In other
words - the physical basis of this method is to reduce the amount of information on the
hologram. The vertical parallax is eliminated. The method relays on the fact that human be‐
ings have two eyes in horizontal position, i.e. people are less sensitive to vertical parallax.

In fact, it is a hologram of a hologram. The first (master) hologram H1 of the object O is pro‐
duced (Fig. 11a). The object and reference waves are directed around the horizontal plane.

Then, H1 is masked with a narrow horizontal slit S and wave 1, conjugated to the reference
wave 2 from Fig. 11a is used to reconstruct the free part of H1. The conjugate wave [6] of the
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Δλ2, the transverse image blur ΔxR2 due to the finite spectral bandwidth of the source of re‐
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The image blur increases with the depth of the image and the interbeam angle.
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In fact, it is a hologram of a hologram. The first (master) hologram H1 of the object O is pro‐
duced (Fig. 11a). The object and reference waves are directed around the horizontal plane.

Then, H1 is masked with a narrow horizontal slit S and wave 1, conjugated to the reference
wave 2 from Fig. 11a is used to reconstruct the free part of H1. The conjugate wave [6] of the
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original object wave is reconstructed and the real holographic image HI serves as an object
to record the second hologram H2 (the part a) in Fig. 11b). The part b) of Fig. 11b demon‐
strates the view to the process of recording H2 from the side. The 3D object, represented by
reconstructed HI straddles the plane of medium to record H2 and a converging reference
wave 3 is now inclined in the vertical plane.

When viewing such a hologram in the same monochromatic light as the recording one, the
holographic image from H2 that straddles the plane of H2 is reconstructed. However, while
recording H2 the width of the slit S limited the vertical parallax of the object and it will be
limited when observing the reconstruction, too. That means, there is a small interval of an‐
gles in vertical direction that allows observing the reconstruction of H2, i.e. the perspective
information in vertical axis is lost. The horizontal parallax is much more wider, given by the
width of H1 determined by the length of the slit S.

Figure 11. Principle of Benton’s rainbow hologram. a – object O, hologram H1, object wave 1, reference wave 2; b –
hologram H1, slit S, reconstructing wave 1, reconstructed wave 2 as a new object wave, holographic image HI, refer‐
ence wave 3, hologram H2; c – hologram H2, reconstructing white light 1, colour reconstructed waves 2 related to vari‐
ous angles α.

It seems like a kind of limitation, but remember – when recording H2, the reference wave 3
was inclined in the vertical plane. This way, the hologram H2, which is a set of arbitrary gra‐
tings with horizontal fringes in principle, became a dispersion element for vertical angle var‐
iations. That provides the hologram H2 with colour dispersion. With a white-light source,
located approximately in the convergence point of 3 (Fig. 11c), the reconstruction is dis‐
persed in the vertical plane to form a continuous spectrum (hence the term "rainbow"). An
observer whose eyes are positioned at any part of this spectrum then sees a sharp, three-di‐
mensional image of the object in the corresponding colour. In [18] is presented an optical
system that permits both steps of the recording process to be carried out with a minimum of
adjustment.

The image reconstructed from a rainbow hologram is free from speckle, because it is illumi‐
nated with incoherent light. However, it is not free from blur. A more detailed analyse of
rainbow holograms can be found in [19].
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One cause of image blur is the finite wavelength spread in the image. The maximum wave‐
length spread observed when the rainbow hologram is illuminated with white light can be
estimated as

( )max( ) ~ / sin / /D b Ll l qD + (27)

where θ is the angle between object and reference waves when recording H2, L is the dis‐
tance between H1 and H2, D is eye pupil diameter and b is the slite S width. The eyes of the
person viewing the image are supposed to be placed in the position, where the image of the
slit is formed. The relation (27) leads to the image blur due to wavelength spread of about

( )0~ /z D b LldD + (28)

where z0 reprezents the H2-to-image distance generally, when the image does not straddle
the H2 plane. With z0 → 0 the image blur (28) also goes to zero.

Another cause of image blur is the finite size of the source used to illuminate the hologram.
If the source has the angular subtense ΩS, as viewed from the hologram, the resultant image
blur is approximatelly

0~S Szd W (29)

A final cause of image blur is diffraction at the slit

Figure 12. White light reconstruction of Benton’s hologram “Holography Blocks” (made of tens of 1 inch transparent
acrylic cubes) photographed from two directions to demonstrate its 3D property [20].

( )0~ 2 /diff z L bd l + (30)
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However, this can be neglected unless the width of the slit is very small.

Concluding this part, I would like to memory the inventor of this kind of holography, Ben‐
ton S. A., and include the reconstruction of his Holography Blocks, the transmission rainbow
hologram that he made of tens of 1 inch transparent acrylic cubes (1975). The pictures (Fig.
12) were photographed from his hologram from the left and from the right to demonstrate
its 3D property by R. L. van Renesse and published in his monograph written in remem‐
brance of Steve Benton after he passed away, in 2003 [20].

3. Some applications of WLRH

This paragraph consists of two parts. The first one mentions some situations briefly, at least,
when anyone can meet white light reconstructed holograms. For those, taking an interest,
there is great amount of Internet information accessible now, even pointing to details related
to methods and technologies to produce WLRH.

Naturally, there are many scientific applications of WLRH, too. To solve the problem of com‐
mercial application can, also, be considered as a scientific application. I decided to use the sec‐
ond part  to present short information,  at  least,  on one of our former works,  which was
published in Slovak, only. It is focused on using the phase-shifting image holographic interfer‐
ometry to study an optical fibre refractive index radial distribution. The image holography was
used for us to be able to profit from possible magnification of the studied region.

3.1. Popular WLRH applications

When considering current applications of holographic technology enabling white light holo‐
gram reconstruction, i.e. displaying and viewing holograms using a common white light
source, consumer products and advertising materials have to be mentioned firstly [1].

Security and product authentication seem to be the most popular growing areas for the use
of holograms, especially of white-light reconstructed holograms. Why is it so?

Generally speaking, holograms can reconstruct one of two waves used to record them, when
illuminated by the second one. That means optical reconstruction of 3D space from a 2D re‐
cord. After four milestones in history of holography, represented by D. Gabor (father of hol‐
ography), Yu. N. Denisyuk (invented volume reflection holography), E. N. Leith and J.
Upatnieks (invented off-axis holography), and S. Benton (invented rainbow holography),
the subsequent development of the micro-embossing technique allowed their mass replica‐
tion [21].

For example a very popular variation became the embossed hologram. Such holograms are
easily produced in mass quantity and at a very low cost. The holographic structure is re‐
corded on a light sensitive medium (a photo-resistor), which can be processed by etching
and a microscopic relief is created. By electro-deposition of a metal (nickel) on the relief a
stamper is made and its surface relief is copied by impressing it onto another material (e.g.
polyester base film, thermoplastic film).
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It was soon realized that holograms might be used as security features on valuable docu‐
ments and products and this way classical hologram became the first of a manifold of dif‐
fractive structures developed to thwart counterfeiting. Many of these diffractive structures
can no longer be called holograms in the strict sense and some of them are no longer made
by laser interference techniques, but created by advanced electron beam lithographic techni‐
ques [21].

These holograms, i.e. diffractive elements provide a powerful obstacle to counterfeiting. One
can meet holograms either on various goods itself or in the packaging of products, on bank‐
notes, various types of cards, and so on. For example - almost all credit cards carry a holo‐
gram, which is a good sign that security holography has proven to be very effective. There
are various kinds of holographic labels and stickers [1].

Holographic labels are firmly affixed on the desired place of a product to verify its genuine‐
ness. Such labels cannot be copied, altered, either adapted or manufactured in an easy way.
Moreover, hidden information can be embedded, visible at special circumstances, only. To
increase the uniqueness of holographic labels, there are used another specific techniques,
e.g. custom etching and overwriting of labels. To give some examples, holographic labels are
used in various kinds of cards, artwork, banknotes, bank checks, product packaging for
brand protection, alcohol, cosmetics, and so on.

Holographic stickers (HS) – most of them are self adhesive, providing authentication, security
and protection against counterfeit, too. To increase their security level, various techniques
are used. Let us mention some of them, like laser beam engraved dots (dot-matrix HS), dou‐
ble-exposed hologram of two objects from two directions (flip-flop HS) that displays two im‐
ages from two different viewing angles), combinations of holograms, micro-information
included, visible only by magnifier (micro text/image HS). Locally different thickness of the
hologram layer gives reconstruction in various colours. A hidden text or image invisible to
the naked eye but visible by means of a laser reader, serial numbers, overprinting left after
the sticker is peeled off, are next examples of holographic stickers security increasing.

To minimise counterfeiting in holograms various methods during recording are used. It is
possible to include hidden information or make the image so complicated that it is not
worth to duplicate it, considering the time and money involved [1]. However, hidden infor‐
mation is of great value only if the cheater cannot find it or duplicate it. So, effective use of
hidden information or any kind of complex images requires some sort of relatively simple
and inexpensive reading device or decoding device.

Another possibility profits from using variable processing parameters, like randomly
changed exposure, development time or other processing parameters to produce variable
shrinkage all over the hologram. This results into a hologram whose colour varies from
point to point and when using a monochromatic source - laser the brightness changes dra‐
matically with the shrinkage of the film.

Holograms are not easy to counterfeit either if variable information like serial numbers, en‐
coded personal information or dates are included or they are made of some special materi‐
als. Combined countermeasures can be another effective approach, too.
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To show another ways of WLRH using, let us remember that in the beginning, holograms, a
kind of "windows with a memory" with unfamiliar properties, were regarded as similar to
daguerreotypes, photography predecessors [22]. Like early photography, holography was
expected to develop technically and become cheaper, more capable and widespread. Where
possible, people worked to realize these expectations of progress, especially for trade show
displays. A pulse ruby laser had been developed to enable recording a human portrait in a
darkened room to create static 3D human scenes for advertising. While such holograms at‐
tracted interest their display requirements (laser) made them too unwieldy to be sold or
even displayed outside the laboratories.

Some artists, supported by scientists at first, began to take up holography. Inspired by the
art and technology movement that was then exploring videotape, architecture, and other in‐
fluences, they sought to make fine-art holograms. A second group - artisans intended to
make holography an expressive medium for anyone.

However, the cost of the laser, needed for both, recording and viewing holograms, was a
crucial constraint for artists and advertisers. Moreover, the monochromacity of laser light
provided portraits inferior to the panchromatic black-and-white films. For photographers
then, holographic portraiture represented problems not progress. These limitations restrict‐
ed holography to a narrow class of subjects and applications [22].

Denisyuk's holograms offered a solution of the most pressing problem for aesthetic and
commercial users - the need for a laser to display the hologram. Then Benton’s rainbow
hologram also became widespread, which could be viewed in white light in a spectrum of
colours.

As mentioned above, embossed holograms provided new audiences, manufactured by the
millions on metal foil, they became ubiquitous in packaging, graphic arts, and security ap‐
plications. Embossed holograms were inexpensive, reducing the cost of copies by a hun‐
dredfold. They could be mass-produced reliably by using a number of proprietary
techniques. And they were chemically and mechanically stable, unlike most previous holo‐
gram materials that were susceptible to breakage, humidity, or aging [22]. Together, these
technical advantages promoted the widespread application of embossed holograms.

On the other hand, their flexibility, particularly on magazine covers, caused colour shifts
and image distortion. Moreover, the holograms were usually viewed in uncontrolled light‐
ing, images could appear fuzzy or dim. In response to these limitations, their producers pro‐
gressively simplified the imagery. This way embossed holograms promoted low-cost mass
production but had relatively poor image quality. However, these characteristics were
deemed to be a serious defect for imaging purposes. Fine-art holograms declined in popu‐
larity, with artists complaining that embossed holograms irreparably devalued the aesthetic
attraction of the medium [22].

Despite all of that, holograms are used in advertisement to attract potential buyers. They can
be met on magazine and book covers. Display holograms are widely used wherever an au‐
dience needs to be reached (e.g. at trade fairs, presentations). Holograms found their place
in the entertainment industry (movies), became popular in the area of packaging and for
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promotional purpose. This type of holography can be found as a part of some either pure or
combined holographic artist works (in special galleries), too [22, 23].

3.2. An example of WLRH in science - Interferometric analysis of optical fibre profile

There is a special interest focused to optical fibres all over the world. They became of great
importance as parts of many photonic devices and various methods are used to study their
properties. Radial profile of fibre optical thickness, i.e. of its refractive index is one of the
most important fibre characteristics. Many papers arise contemporary. Mostly they are
based on classic interferometric microscopy of a fibre located in a wedge shaped layer of an
immerse liquid. When applying optical imaging, methods are limited by the diffractive reso‐
lution λ/2n.sinθ, where n is the refractive index of the object space, θ is the angle related en‐
trance aperture of the objective. The limit follows from the Rayleigh criterion, applicable in
the Fraunhofer approximation. Taking into account a conception of near-field optics it
would be a better solution [12].

The experimental method elaborated in our paper is based on double-exposure phase-shift‐
ing interferometry. Moreover, the image holographic interferometry was used to profit from
both the advantages - lower demands on optical quality of all the set-up elements and also
the possibility of white-light reconstruction and magnifying the object size. Moreover,
phase-shifting interferometry allows determining both, the size and direction of optical path
changes. Fig. 13 demonstrates the experimental set-up. The laser beam is divided into colli‐
mated waves, object (o) and reference (p) ones. The object V is projected on the recording
medium with a proper magnification and hologram H is recorded. To apply the phase-shift‐
ing interferometry the wedge K inclines the reference beam between two expositions. V rep‐
resents two states of the object – either a glass cell filled with glycerine (nK = 1,4534 ± 0.0005)
and the fibre embedded into it, or the glass cell filled with glycerine without the fibre.

The glycerine helped to reduce somehow the influence of the basic index of refraction n0 of
the fibre on the interference pattern. Accurately, the cell exit was projected on the plane of
hologram. The object wave passes through the fibre perpendicularly to its axis.

The glass wedge K, passed through by the reference wave enabled phase-shifting interfer‐
ometry. It was a very simple method to change the object-reference-beam angle in the order
of the hundredths of a degree [24].

Two fibre specimen of the same kind from Slovak Academy of Sciences were used with radii
R1 = 0.825 mm and R2 = 0.55 mm. The numerical aperture of them was 0.22 and relation be‐
tween radii RJ = 0.9R (Fig. 13).

The basic fibre index of refraction was n0 = 1,45718 (at λ = 632.8 nm).

Interferograms (e.g. Fig. 14) were analysed supposing radial refractive index increment dis‐
tribution Δn(x, y) within the core radius RJ and the thickness of the glycerine layer d. The
change of optical thickness Δl at coordinate y (Fig. 13) can be expressed in the form
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the Fraunhofer approximation. Taking into account a conception of near-field optics it
would be a better solution [12].

The experimental method elaborated in our paper is based on double-exposure phase-shift‐
ing interferometry. Moreover, the image holographic interferometry was used to profit from
both the advantages - lower demands on optical quality of all the set-up elements and also
the possibility of white-light reconstruction and magnifying the object size. Moreover,
phase-shifting interferometry allows determining both, the size and direction of optical path
changes. Fig. 13 demonstrates the experimental set-up. The laser beam is divided into colli‐
mated waves, object (o) and reference (p) ones. The object V is projected on the recording
medium with a proper magnification and hologram H is recorded. To apply the phase-shift‐
ing interferometry the wedge K inclines the reference beam between two expositions. V rep‐
resents two states of the object – either a glass cell filled with glycerine (nK = 1,4534 ± 0.0005)
and the fibre embedded into it, or the glass cell filled with glycerine without the fibre.

The glycerine helped to reduce somehow the influence of the basic index of refraction n0 of
the fibre on the interference pattern. Accurately, the cell exit was projected on the plane of
hologram. The object wave passes through the fibre perpendicularly to its axis.

The glass wedge K, passed through by the reference wave enabled phase-shifting interfer‐
ometry. It was a very simple method to change the object-reference-beam angle in the order
of the hundredths of a degree [24].

Two fibre specimen of the same kind from Slovak Academy of Sciences were used with radii
R1 = 0.825 mm and R2 = 0.55 mm. The numerical aperture of them was 0.22 and relation be‐
tween radii RJ = 0.9R (Fig. 13).

The basic fibre index of refraction was n0 = 1,45718 (at λ = 632.8 nm).

Interferograms (e.g. Fig. 14) were analysed supposing radial refractive index increment dis‐
tribution Δn(x, y) within the core radius RJ and the thickness of the glycerine layer d. The
change of optical thickness Δl at coordinate y (Fig. 13) can be expressed in the form
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Figure 13. Experimental set-up. L–He-Ne laser, D-beam splitter, U-switch, Ki-collimators, Zi-mirrors, K-wedge, V-the ob‐
ject, OS-objective, H-hologram, o (p)-object (reference) beam. In left bottom corner - the scheme of the fibre cross-
section in a cell.

Figure 14. Demonstration of interferograms.
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Supposing axially symmetrical refractive index distribution, it is convenient to introduce the
substitution

2 2( )z y r y= - (32)

Interference maxims appear when Δl is equal to an integral number of wavelengths - mλ.
Due to that the interference order m becomes a function of the coordinate y

( ) ( ) /m y l y l=D (33)

The shift Δm of the interference order was estimated from the interference pattern obtained
(Fig. 14), which were digitalized and numerically analysed using the relation (33). Fig. 15 is
to demonstrate analysis of one set of experimental data. It is necessary to realize that also the
change ΔmC(y) caused by the cylindrical shape of the fibre, denoted as y0 in Fig. 15, is in‐
cluded in the experimentally obtained distribution of m(y) expressed by ym in Fig. 15. The
distribution ΔmC(y) = y0 was determined theoretically using the known fibre parameters.

Figure 15. Analysis of experimental data
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This way the producer’s data, related to the original preform were approved (a stepped-in‐
dex fibre with core radius RJ = 0.9R and Δn = 0.016). The results obtained confirmed possibil‐
ities provided by holographic interferometry to analyse refractive index profile of an optical
fibre in the region of sizes not demanding near-field optics concepts. The numerical analysis
had been improved applying method of genetic algorithm and extended to a gradient-index
fibre [25].

4. Conclusion

Today, holography seems to be a common method of optical information recording and es‐
pecially - information advertising. Not only holograms can be met everywhere, moreover,
terms, like “hologram” and “holographic” can be found in many fields of human life.

I suppose white-light reconstructed holograms to be of great interest especially for common
public, without a special optical education. However, it is not possible to restrict their usage
for public reasons, only. They are applicable as both, scientific and measuring tools, too.

Great amount of information is accessible by the Internet. However, it is important to read
patiently, to find the truth. Due to that I tried to explain especially the basic principles to
understand the matter.

To conclude, I would like to use another quotation from a very interesting paper, devoted to
a historian’s view of holography [22]: „From a historian's point of view, then, holography repre‐
sents a fascinating case of modern science and technology. It is a complex example of a surprisingly
common but little noticed situation in modern science, in which a technical subject has created new
communities and grown with them. Its evolution has been distinctly different from what most histori‐
ans of science-and even holographers-might have expected, which can help us to better understand
how modern sciences emerge, and how to more realistically chart their future trajectories. And be‐
cause of the rich variety of communities that the subject has embraced, ranging from artists to defense
contractors, its history is likely to be of enduring interest to broad audiences.“
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1. Introduction

Chapter4 

The recent resurgence of interest in photopolymers for commercial holograms is a strong 

incentive for development of photopolymers that are as environmentally friendly as possible. 

Photopolymer materials consist of a light-sensitive film which is exposed during production 

to form the hologram, thereby offering versatility well beyond that of current security 

holograms, which are mass produced from a master using a foil stamping processes. 

Most holographic recording media based on photopolymerizable materials contain monomers 

such as acrylates or acrylamides as well as an electron donor such as Triethanolamine, a light 

absorbing dye such as Methylene Blue or Erythrosine B and an inert polymer binder such as 

Polyvinyl Alcohol. 

Like their foil-stamped/embossed counterparts, the finished photopolymer hologram is a thin, 

solid layer applied to the surface of a product or package and any harmful monomers present 

in the photosensitive recording material have usually been fully polymerized during the 

exposure/recording process. Even so, the handling of raw materials during mass production 

and the disposal of waste produced by the production process must be carefully controlled 

when harmful monomers are present. Replacement of the current monomers with environ

mentally friendly constituents is better for the environment and may help to reduce overall 

production cost. 

Photopolymers have been in development since the late 1960s, but development of the 

embossing technique for mass production of surface relief holograms in the early 1980s led to 
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commercial success for the now familiar surface hologram. Since the early work of Close et al. 

[1] some photopolymers for holography have been produced commercially. The well known

DuPont photopolymer [2-4] and Polaroid DMP-128 [5, 6] emerged in the 1970' s and 1980' s but

commercial use was limited.

As interest in holographic data storage grew, Polaroid spin--out company Aprilis began to 

commercialize their material, and the Bell Laboratories spin out company, InPhase introduced 

the new 'Tapestry' medium for holographic data storage. General Electric were also develop

ing a data storage medium. 

Currently, the biggest market in commercial holography is security holograms. However, 

despite the growth in activity in volume materials for data storage, until very recently the 

security hologram industry focussed almost exclusively on surface relief holograms. Over the 

last five years we have seen significant activities in developing of volume photopolymer 

holograms. DuPont has been joined by other large commercial companies including Bayer [7, 

8] and Sony [9] in offering commercial holographic photopolymer materials to industry. With

the prospect of very high volume production, environmental and cost considerations become

even more important.

The photopolymer phase reflection hologram is attractive for security holograms for a number 

of reasons. The fact that it is relatively thick by hologram standards (tens of microns) means 

the diffraction efficiency can be very high, leading to eye-catching 3D images, visually quite 

different to the rainbow effect of the embossed hologram. A second important feature if the 

photopolymer reflection holograms is the capacity to angularly multiplex several holograms 

into one layer. In photopolymers with high refractive index modulation, this can produce a 

moving image effect, which is very striking. Even a small number of multiplexed holograms 

can enable toggling between two static images, so that text or wamings can be visible in 

conjunction with the holographic image. A third beneficial characteristic is the broad range of 

wavelength sensitivity in many photopolymers [10-12], enabling several colour components 

in the hologram. Finally, most photopolymers are completely self developing and require no 

chemical processing. This means that they can be exposed individually during production thus 

introducing the possibility of serialization and individualized data [12, 13] to provide a new 

level of security. 

As well as improving the polymer formulation, this Chapter aims to illustrate some 

properties, unique to volume photopolymer holograms, that could be developed into 

innovative products. In a recent overview at HoloPack-HoloPrint 2012, Lancaster and 

Tidmarsh pointed out that the security market is one of the main drivers for growth and 

innovation in the industry and the market is changing as customers are demanding more 

functionality in security technologies [14]. 

This chapter is divided in two parts. The first part describes some attractive applications of an 

acrylamide-based photopolymer developed in the Centre for Industrial and Engineering 

Optics (IEO), at Dublin Institute of Technology. This particular photopolymer is characterised 

by high diffraction efficiency and self development (immediate) [15], and it can be prepared 

in thickness ranging from a few microns to 1mm [16]. It has been recently reformulated for 
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panchromaticity [10] and improved with the addition of nanoparticles [17-22]. This holo

graphic photopolymer is sensitive to humidity [23-26] and to high pressure. It was discovered 

recently that its pressure sensitivity can be varied using a particular additive and adjusting 

the polymer' s chemical composition accordingly. The second part of the chapter reports results 

for a novel photopolymer based on diacetone-acrylamide. 

2. IEO Holographic sensor technology

Research in IEO has been focused on holography and its applications using, mainly, low cost 

photopolymers which are water soluble and require no chemical or other form of processing. 

IEO is one of very few places in the world capable of making acrylamide photopolymer 

reflection holograms that can be viewed in ordinary light, like the holograms on credit cards. 

Until recently this was not possible, but IEO researchers have overcome the technical problems. 

Holograms are made by exposing the photopolymer film to two beams of coherent laser light. 

When the finished hologram is illuminated at the playback or reconstruction stage by just one 

of the beams, the second beam reappears. This is how holographic images are produced. If the 

second beam was originally reflected from an object before reaching the film then, on recon

struction we' d see an image of the object. Furthermore if the two beams approach the film from 

opposite sides, the hologram can be played back in white light in which case we' d see a 

holographic image in the colour of the laser light that was used for the recording. Such 

holograms are known as reflection holograms. If no object is used and both recording beams 

illuminate the film directly then we obtain what' s known as a holographic grating because the 

pattem of light formed at the film by the interference of two beams consists of finely spaced 

bright and dark regions and the recording consists correspondingly of finely spaced regions 

of photo-polymerised material interspersed with unpolymerised material. 

Holographic sensors of three types are under development, both offering a number of 

advantages including visual, easy interpretation of information by non specialists, low cost, 

flexible design and small format. 

1n the first type of sensor a change in the dimensions, or average refractive index or refractive 

index modulation occurring in the photopolymer layer, when it is exposed to an analyte will 

cause the brightness or, in the case of a reflection hologram, the colour of the reconstructed 

light to change. Holographic indicators that change colour when exposed to a change in 

relative humidity have been developed [23-26]. The device can be calibrated so that a precise 

reading of the colour enables an accurate measure of relative humidity. The pictures in Fig. 

1 show the change from blue to red in the colour of the reconstructed image from a hologram 

after it is simply breathed on. The colour reverts to the original after a few minutes. 

The humidity sensitive hologram may altematively be used as a security device. Holograms 

are a common feature on credit cards, banknotes, passports, concert tickets and other high 

value items and are put there as an authentication device. However it has become fairly easy 

to counterfeit these mass produced holograms. IEO's new humidity sensitive holograms are 

particularly difficult to emulate and can be used to provide an added level of authentication. 
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Figure 1. Moisture sensitive colour changing hologram 
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The second type of sensor relies on a very simple principle. Polymerisation by visible light 

requires that the monomers, a co-initiator and a sensitiser all be present in order for photopo

lymerisation to take place. If the sensitiser is absent then photopolymerisation is impossible. 

Because the presence of the dye is essential, the film is usually made sensitive to light during 

its preparation. Here we separate the film preparation and the sensitisation processes (Fig. 

2). In this way the photo-polymerisation process is used to detect dye labelled analytes, 

providing an alternative to fluorescence detection methods. 
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Figure 2. Detection principle based on novel approach to photopolymer sensitisation 
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We have been successful in the detection of dye-labelled DNA single strand molecules by the 

recording of a simple holographic grating (Fig.3) [27]. The minimum amount of material that 

has been detected was 5.10·14 mol. 
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Figure 3. Holographic gratings recorded in photopolymer layer deposited on top of dye-labelled DNA molecules im

mobilised on a substrate. Arrows indicate areas in contact with dye-labelled DNA exposed to holographic recording 

The significance of the princip le described above extends beyond holographic sensing. It opens 

new possibilities in optical device fabrication [27]. Figure 4 shows a Fresnel lens made in this 

way. The sensitiser was deposited in the pattem of the required device on a photopolymer 

film, which was then exposed to ordinary light. 

a)a

c) 
d 

b 

Figure 4. a) Fresnel lens pattern b) deposited sensitiser pattern on photopolymer film c) demonstration experiment 

using a collimated beam of laser light d) focussed spot with Fresnel lens in place e) lens removed 

The third type of sensor is a pressure sensor. A pressure sensitive photopolymer (PSP) for 

tactile pressure measurements and their colour visualisation was developed recently in IEO. 

This pressure sensitive material is cheap and easy to produce. Its chemical composition is 

similar to the standard IEO holographic photopolymer [15-16]. This optimised photopolymer 

is capable of recording transmission and reflection holograms. The reflection holograms 

recorded in this novel material are of particular interest for different applications (Fig. 5), 

because of their ability to produce colour maps of pressure distribution without the need for 

scanning and digital processing. 
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Figure 5. Applications requiring a thin film capable of tactile pressure measurements 

The operating principle (Fig. 6) is that the colour of the reconstructed light from a reflection 

hologram, illuminated by ambient light, depends on the pressure to which the hologram has 

been subjected. This principle derives from the fact that the hologram is made in an elastic 

photopolymer, which compresses under pressure, in tum reducing the recorded interference 

fringe spacing and hence the resonant wavelength of the device. 

When a reflection hologram is illuminated with white light, light of a specific colour is 

diffracted and this is the colour observed. If a red laser is used for recording of the reflection 

hologram the reconstructed image will be observed in red. 

Pressure sensitive photopolymers shrink due to applied pressure, which leads to a change in 

the fringe spacing of the hologram, and consequently to change in the colour observed (Fig. 

6). The colour changes from red to yellow - green - blue as the applied pressure increases. 

Illumination 

Reflection hologram 
recorded in pressure 
sensitive photopolymer 

Observer 
(image colour depends on 
applied pressure) 

Dimensional change caused by 
pressure 

Figure 6. Principle of operation of a holographic pressure sensor 

As a first step in the development of a new family of holographic sensors, several photopoly

mer compositions with different pressure sensitivities were produced. The initial tests 
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performed with an INSTRON machine show that that the reconstructed images from reflection 
holograms made in the new PSP material, change colour when pressure is applied. Four 
different compositions were investigated (PSPl, PSP2, PSP3 and PSP4). Figure 7 and Figure 
8 show our results for the pressure sensitivity of different PSPs. Figure 7 presents results for 
one PSP composition (PSP3) under two different applied pressures. 

a) b) 

Figure 7. Change in hologram colour in thin films of PSP3 photopolymer under pressure of: a) 1 ON/cm'; b) 50 N/cm' 

Figure 8 present results for one pressure applied to thin films of three different PSP composi
tions. The results are repeatable and can serve as a basis for development of pressure sensitive 
thin film material with tuneable pressure sensitivity. 
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a) b) c) 

Figure 8. Change in hologram colour under pressure of 80 N/cm' in photopolymer thin films of: a) PSP1; b) PSP2, c) 

PSP4 

The pressure sensitivity of the photopolymers diminishes in the direction (highest) PSP2 ⇒ 
PSPl ⇒ PSP4 (lowest). The object in ali experiments was a 10 cent coin for display purposes. 

3. Environmentally friendly holographic photopolymers

The suitability of PV A/ Acrylamide photopolymer materials for holographic applications is 
currently a hot research topic under investigation by numerous research groups [20-33]. 
However the toxicity of these photopolymer materials is of concem. This toxicity can be 
attributed to the carcinogenic nature of the monomer acrylamide (AA) [34-37]. As holographic 
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technologies are advanced, there is going to be a need for recording media, which can be 

produced in bulk with little risk to workers involved in its in manufacture or to the environ

ment. 1n order for photopolymer recording media to be a viable option for holographic 

applications, this issue has to be addressed, and a replacement monomer must be used. 

Research into the development of non-toxic, water-soluble photopolymers has been reported 

by Ortuno et al. [38-40]. Sodium Acrylate (NaAO) was chosen as the substitute monomer in 

the photopolymer composition, the toxicity of which is reported to be lower than AA [41]. A 

maximum diffraction efficiency of 77% at the Bragg is reported for 900µm thick NaAO 

photopolymer layers [38] at a spatial frequency of 1125 I/mm, with a recording intensity of 

5m W /cm 2. A refractive index modulation of ~2.24xl04 is reported for the NaAO photopolymer. 

This is a factor of a magnitude lower than the refractive index modulations achieved with the 

PV A/ AA composition [15, 28, 42]. This could be partly due to the difference in the refractive 

index of the AA and NaAO based materials [39]. The shrinkage of the NaAO photopolymer 

has been measured at ~3%, making it unsuitable for data storage applications. 

A low toxicity water-soluble material using PV A photosensitized with dihydrated copper 

chloride (CuCl2(2H20)) is reported by Olivares-Perez et al. [43]. An attractive feature of this 

material is its ability to conduct electricity, making it a candidate for opto-electronic applica

tions. However the maximum diffraction efficiency recorded in 200µm thick layers in trans

mission mode is very low, 3.9%. 

IEO has developed a new non-toxic photopolymer using the monomer Diacetone Acryla

mide (DA) as the replacement for AA. A cytotoxicity comparison of the two monomers 

has been carried out. The replacement of AA with DA is justified by a decrease by two 

orders of magnitude in the Lethal Dose, or LD50, concentration. The results of this study 

will be published elsewhere. Characterisation of the holographic recording capabilities of 

the water-soluble material in the transmission mode of recording has been carried out [44]. 

Diffraction efficiencies greater than 90% were obtained in 80µm layers at 1000 I/mm, and 

a refractive index modulation of 3.3x10-3 has been obtained. This compares favourably to 

the refractive index modulation achievable with the AA-based photopolymer, as shown in 

Fig. 9. The DA photopolymer demonstrates a more uniform trend in intensity depend

ence than the AA photopolymer, which is most likely due to the larger monomer mole

cule size. As the rate of polymerisation is increased, the refractive index modulation for 

DA levels out due to a reduced rate of diffusion. This can be compared to the smaller AA 

monomer molecules which are more easily able to diffuse at higher recording intensities, 

and therefore the maximum refractive index modulation is greater. The DA photopoly

mer has also been doped with different additives, such as glycerol, which improves both 

the optical quality of the layers and its response at low exposure energies [45, 46]. 

Theoretical models [42] are currently being modified to explain the behaviour of the new 

non-toxic photopolymer. Initial Raman spectroscopy studies indicate that the mechanism 

for photo-polymerisation is the same for the DA and AA monomers, as the double peak 

observed at ~ 1630cm-1 for DA and the cross-linker bisacrylamide (BA) matches that

observed for AA and BA (Figures 10, 11) [47]. 
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Figure 9. Refractive index modulation vs. recording intensity for the DA and AA photopolymers at 1000 I/mm with an 

exposure energy 1 00mJ/cm2
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Figure 10. Raman map showing the redistribution of the 1636cm·1 DA peak across a holographic grating with a fringe 

spacing of 10µm, recorded in the DA photopolymer. Measurements were taken at 514nm with a S.A. (Jobin Yvon) 

LabRam 1 B Spectrometer. 
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Figure 11. Raman spectrum of the DA photopolymer taken from the map in fig. 2. The peaks at 1636 cm·1 and 1658 

cm·1 (shown in the red box) correspond to the DA and BA C=C bonds respectively. 

4. Conclusion

The chapter reviewed recent developments in holographic sensors technology at the Centre 

for Industrial and Engineering Optics (IEO) at Dublin Institute of Technology. We also 

reported the development of a novel environmentally friendly holographic photopolymer. 

Acrylamide is excluded from the composition of this photopolymer. Diffraction efficiencies 

greater than 90% are achievable in 80µm layers at 1000 I/mm, and a refractive index modulation 

of 3.3x10-3 has been obtained. This compares favourably to the refractive index modulation 

achievable with the acrylamide-based photopolymer. Characterisation of the recording 

capabilities of the diacetone-based photopolymer in the reflection mode of recording will 

follow. 

The authors acknowledge the assistance of Dr Karl Crowley, Dublin City University in 

producing the Fresnel lens shown in Figure 4. The authors acknowledge also the help of Dr 
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1. Introduction

Currently optical sensors for measuring considerable concentrations of specific components 

of solutions and their parameters attract persistent worldwide interest. One of the advantag

es of these sensors is that they permit one to determine simply concentrations both instru

mentally and visually. These sensors include holographic sensors [1, 2] and photonic crystal 

sensors [3, 4]. They can be used for measuring the concentration of protons (pH) in water 

solutions, heavy metal ions [5-8], glucose in blood [7-12] and other biological liquids [13,14], 

bacterium spores [15,16], metabolites [17] bacterial growth [18,19], humidity and tempera

ture responses [20,21]. 

Holographic sensors are quite promising because they are highly sensitive, are easy to oper

ate, provide high enough accuracy and can be used for various applications. At present time 

they belong to sensors with a moderate sensitivity (10·5 -10 ·1 mol•L-1), depending on the

type of the analyzed component, the design and the composition of the sensor matrix. Such 

a sensitivity range is required, for example, in measurements of the glucose concentration in 

blood and other biological liquids. Holographic sensors represent a polymer hydrogel ma

trix grafted onto the surface of glass or transparent polymer films and doped with nanosize 

solid grains, so that their concentration changes periodically in space and the mean distance 

between the grains is much smaller than the visible-light wavelength. 

Holographic diffraction gratings [22] are generated within photosensitive polymer-silver 

halide photographic emulsions upon exposure to a single collimated laser beam, which 

passes through the polymer film and then reflected back by a plane mirror. Interference be

tween the mutually coherent incident and reflected beams generates a standing wave pat-
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tern which, after development and fixing, creates a three-dimensional pattern comprising
fringes of ultrafine metallic silver grains embedded within the thickness (from 5 to 50 μm) of
the polymer film. Under white light illumination, the holographic fringes reflect light of a
specific narrow band of wavelengths, hence acting as a sensitive wavelength filter and recre‐
ating a monochromatic image of the original mirror used in their construction. Constructive
interference between partial reflections from each plane produces a distinctive spectral peak
with a wavelength governed by the Bragg equation (mλmax = 2n d sinθ). Any physical, chemi‐
cal, or biological reaction that that alters the spacing (d) between fringes or the refractive in‐
dex (n) will generate visible changes in the wavelength (color) or intensity (brightness) of
the reflection hologram. The intensity of holographic diffraction is also determined by the
number of planes and the modulation depth of the refractive index. Swelling of the holo‐
graphic film increases the distance between fringes producing a red-shift in the wavelength
of reflected light, whereas film shrinkage results in a blue-shifted light. In essence, the holo‐
graphic gratings act as a reporter, whose optical properties are dictated by the physical char‐
acteristics of the holographic film. Reflection holograms have proven to be advantageous in
many aspects, including the simplicity bestowed by the holographic element providing both
the analyte-sensitive matrix and the optical transducer. Special components embedded into
the hydrogel matrix to cause a change in the swelling (or shrinkage) of hydrogel under the
action of component solution to be analyzed. This leads to the change in the period of the
structure and, therefore, in the reflected radiation wavelength. By measuring this wave‐
length with the help of an optofibre spectrometer or observing it visually, we can estimate
the concentration of tested components (metal ions, glucose, acidity, etc.).

The main goal at this stage is the development of sensors for measuring the glucose concen‐
tration in blood - low-cost and simple to handle of test plates. In addition, we assume the
possibility of the development of sensors to control the conditions of transport and storage
of vaccines, serums, ferment preparations, food, and also simple test systems in homes. In
our opinion, the study of mechanisms of changes in the holographic response will make it
possible to perform the precise adjustment of a sensor for particular operating conditions.

2. Results and discussion

Photosensitized nanocrystals of AgBr were synthesized in the hydrogel matrix by diffusion
method [2]. By exposing photographic emulsions in water or acetic acid (1%) solution to ra‐
diation from a He-Ne (632.8 nm, 15 mW) laser in the counter propagating-beam scheme, we
obtained silver nanograins [23-28] with the period of layers providing the location of reflect‐
ed radiation peaks in the operating region of the spectrometer. A number of matrices of dif‐
ferent compositions and designs were investigated. Hydrogel matrices were consisted of
three-dimensional polymer of acrylamide (AA), N, N’-methylene-bis-acrylamide (bis) as
crosslinking agent and other comonomers: N-ε-methacryloyl-lysin (Lys), 2-(dimethylami‐
no)-ethylmethacrylate (DMA), acrylic acid (AC), N-acryloyl-2-glucosamine (GA), N-acrylo‐
yl-3-aminophenylboronic acid (AMPh). Matrices based on copolymers of acrylamide with
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ionogen comonomers are sensitive to the solution acidity and ionic strength, while matrices
based on aminophenylboronic acid are sensitive to glucose.

Figure 1 shows the typical reflection spectrum of the sensitive layer of a sensor. The reflec‐
tion spectrum for the ideal layer should be described by the function (sin x/x)2. In our case,
the spectrum is well described by a Gaussian. This is explained apparently the imperfect ar‐
rangement of silver grain layers.

Figure 1. The experimental reflection spectrum of the sensor ( 1) and its approximation by a Gaussian of width 8 nm
( 2 ). (Sensor: AA-AMPh-bis – 87-12-1 mol.%,)

Note that metal silver grains are located in the hologram in a very complex environment
containing molecules and ions of solution, elements of the hydrogel matrix. When the solu‐
tion composition is changed, the composition of ions in solution and the structure of the ma‐
trix itself are redistributed. As a result, the sensor response, i.e. the mean wavelength of
reflected radiation changes, and the radiation intensity also changes due to the change in the
diffraction efficiency of the hologram.

One of the most important properties of holographic sensors is reversibility of the re‐
sponse when changing composition of the solution (Fig.2). Figure 2a shows the time de‐
pendence  of  the  reflection  line  shape  during  the  transfer  of  the  sensor  based  on
aminophenylboronic acid from the citrate buffer to distilled water and back. This change
is reversible. The complex shape of the line is explained by the inhomogeneous distribu‐
tion of the distance between silver layers over depth. One can see that the diffraction ef‐
ficiency decreases during layer swelling. Figure 2b presents the time dependences of the
reflection  line wavelength  for aminophenylboronic  acid  sensor  after  the  replacement  of
the alkali solution in a cell by the acid solution and vice versa (transition processes). The
wavelength was measured during swelling and transition to the stationary state.  In this
case, the  swelling  changes  monotonically and approximately  exponentially. Figure  3
shows  the  time  dependence  of  the  reflection  wavelength  in  the  transition  process after
the replacement of the citrate buffer by distilled water. The initial state of this sensor was
not stationary. The time dependences of the reflection wavelength and intensity are non‐
monotonic,  their  signs being opposite.  The nonmonotonic  behavior can be explained by
the complicated character of  variations ionic composition of solution in the emulsion. It
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can be assumed that at the initial moment there is rapid diffusion of hydrogen ions from
the  hydrogel  matrix.  Then  the  dissociation  of  aminophenylboronic  acid  take  place  and
negative charge appear on polymer chains. This leads to an increase in the period of the
holographic  grating  and  is  accompanied  by  an  increase  in  the  wavelength  of  reflected
light.  The larger anion citrate diffuses slowly, and the system is gradually coming to an
equilibrium state, which is accompanied by compression of the hydrogel matrix and de‐
creasing the wavelength of  the reflected light.  The observed change in intensity,  appear
to reflect the change in the microenvironment of silver particles. This effect requires addi‐
tional studies.

Figure 2. a) Change in the reflection line shape during the transfer of a sensor from the citrate buffer to distilled water
(on the right) and back (on the left). The time step is 0.5 s. The arrows indicate the direction of the line shift in time for
each group of the lines. b) Refection line wavelengths during the transfer of a sensor based on aminophenylboronic
acid from alkali to acid [shrinkage, (1)] and vice versa [swelling, (2)]. (Sensor: AA-AMPh-bis – 87-12-1 mol.%,)

Figure 3. The reflection wavelength line (■) and intensity (▲) during the transfer of the sensor based on aminophe‐
nylboronic acid from the citrate buffer to distilled water (b).
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Figure 4a shows the response of the sensor located in the NaOH solution titrated hydro‐
chloric acid with (the solution acidity was measured with a usual pH-meter). During titra‐
tion, the reflected radiation wavelength and diffraction efficiency change drastically at the
point where the solution acidity drastically changes. In this case, the diffraction efficiency
changed almost by an order of magnitude. This means that the change in the ionic composi‐
tion is accompanied not only by the swelling of hydrogel matrix of the sensor but also by a
strong change in the scattering properties of a holographic layer. This fact was unknown be‐
fore our studies. Figure 4b presents the dependences from Fig. 4a reduced to the same scale
by using the following algorithm. For some dependence F (m), we determined the maximum
(A) and minimum (B) of its values for the boundary values of its argument m (in Fig. 4, the
volume of the added acid solution): A= max(F (0), F (mmax)), B= min(F (0), F (mmax)). Then,
the dependence F (m) was transformed to the dependence f (m) as f (m)= (F (m) - B)(A - B).
One can see from Fig. 4b that all the features of the titration curve are reflected in optical
characteristics, i.e. they can be used to control the acidity. Note that the sign of a change in
the diffraction efficiency during a change in the amount of added acid is opposite to the sign
in the wavelength change.

Figure 4. Dependences of the acidity (measured in solution) (♦-a,●-b), the wavelength (■), and intensity (▲) of radia‐
tion reflected from a sensor in the NaOH (0,01 N) solution during its titration with hydrochloric acid (0,1 N) (a) and
also the so-called reduced dependences (see the text) (b). (Sensor: AA-AC-bis – 96-3-1 mol.%,)

Figure 5 shows the responses of sensors with acrylic acid to metal ions in a broad concentra‐
tion range from 10-7 to 10-1M. They can be divided into three groups: 1- Pb, Co+ ions; 2- other
bivalent metal ions; 3- alkali metal ions. The sensor is most sensitive to Pb2+ and Co3+ ions
(10-5 M). Among the bivalent metal ions (Mg, Sr, Mn, Pb), the presence of Pb2+ ions in the
solution led to the most noticeable contraction of the hydrogel and changes (542 nm, 37%
contraction). The reflection maximum was shifted down by 320 nm with respect to that of
the distilled water. The sensor sensitivity to Mg2+, Sr2+and Mn2+ ions was two orders of mag‐
nitude lower. Note that, unlike other metal ions, the sensor's response to the alkali metal
ions (Na+, K+) is changed - the first wavelength increases (swelling of hydrogel occurs) and
then decreases (shrinkage).
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Figure 5 shows the responses of sensors with acrylic acid to metal ions in a broad concentra‐
tion range from 10-7 to 10-1M. They can be divided into three groups: 1- Pb, Co+ ions; 2- other
bivalent metal ions; 3- alkali metal ions. The sensor is most sensitive to Pb2+ and Co3+ ions
(10-5 M). Among the bivalent metal ions (Mg, Sr, Mn, Pb), the presence of Pb2+ ions in the
solution led to the most noticeable contraction of the hydrogel and changes (542 nm, 37%
contraction). The reflection maximum was shifted down by 320 nm with respect to that of
the distilled water. The sensor sensitivity to Mg2+, Sr2+and Mn2+ ions was two orders of mag‐
nitude lower. Note that, unlike other metal ions, the sensor's response to the alkali metal
ions (Na+, K+) is changed - the first wavelength increases (swelling of hydrogel occurs) and
then decreases (shrinkage).
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The sensor with acrylic acid can be used for determining the presence of metal ions in water
(Fig.6). Figure 6a presents the reflection spectra of the sensor located in different solutions.
Stationary response for distilled water is λ=735 nm while response for tap water - λ=615.2
nm which we explain by the presence of metal ions in tap water. The maxima of the reflec‐
tion lines in water after filtration by household filters are located at 676 nm (Barrier filter)
and 711.7 nm (Aquafor filter). The response of sensor on tap water is closer to position for
mineral water containing calcium salt at concentration 3.10-3 M (λ=585.4 nm) and to lead salt
(5.10-3 M) in distilled water (λ=542 nm). Sensors can be used repeatedly after regeneration,
by washing them, for example, in sodium citrate and then in distilled water. A sensor re‐
sponse rapidly passes to the IR region (λ=860 nm) and then slowly passes to the stationary
state (735 nm). Figure 6b shows the typical kinetics of the response maximum.

Figure 5. The sensors response (λmax ) on different metal ions (1-7) in water solution. (Sensor: AA-AC-bis – 96-3-1 mol.%,)

Fig.7 shows the responses of sensors for matrices of two types (with AC or AMPh) for differ‐
ent concentrations of ethanol in water. Figure 7a presents the reflection lines of a sensor
based on acrylic acid for different concentrations of ethanol in water, while Fig. 7b shows
the dependences of the reflection line wavelength on the ethanol concentration for this sen‐
sor and a sensor based on aminophenylboronic acid. The wavelength of reflected light at
zero EtOH concentration depends both on the properties of the sensor matrix and on the re‐
cording conditions of holograms and can be changed in a controllable way within some
range. The concentration dependence in the ethanol solution differs from that upon titration
because in this case the decrease in swelling is probably caused by simple dehydration of
solution inside the matrix, without ionization.

The spectral  region of the sensor’s response can be modified in various ways:  changing
the composition of the solution in the recording hologram (swelling of the hydrogel ma‐
trix to change), using a laser at a different wavelength (e.g., instead of the He-Ne laser -
semiconductor  lasers  with  an  appropriate  photosensitizer)  or  changing  the  composition
of the hydrogel matrix.  This can be performed by varying the matrix design and select‐
ing  proper  co-monomers  and  their  concentrations.  Figure  8  shows  the  dependences  of
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the reflection line wavelength on the solution acidity for matrices of different composi‐
tions. One can see that the properties of the sensor response can be controlled in a broad
range. Differences in the response of these sensors at titration of HCl solution corre‐
spond to pKa of components in polymeric matrices, when the charge changes and matri‐
ces  swelling  (or  shrinkage)  take  place.  Thus, we  have instruments  to  influence  on
wavelength maximal  response of  the holographic system with aminophenylboronic  acid
from 450 nm (Lys) to  720  nm (DMA) at  pH 7.4  (pH of  blood serum). The response of
the sensor AA-AMPh-GA pointed to the fast swelling when the pH solution is approach‐
ing to pKa= 8.9 aminophenylboronic acid and following slowly shrinkage of the polymer‐
ic matrix, at pH more 9.2 – only the swelling. The optical response can be a consequence
of  a  number  of  different  processes:  diffusion  of  H+ out the gel, complex formation be‐
tween GA and AMPh groups, and structural rearrangements of the gel due to the in‐
creasing concentration of negative charges resulting in gel hydration and swelling.

Figure 6. Sensors response to metal ions in water. Reflection spectra in distilled water after the transfer of the sensor
from the citrate solution (λ = 860 nm); distilled water (stationary state) (λ = 724 nm); tap water after an Aquafor filter
(λ = 711,7 nm); tap water after Barrier filter (λ = 676.3 nm); cold tap water (λ = 615,2 nm); mineral water containing
[Ca2+] 3.10-3 M (λ = 585.4 nm); lead salt solution in distilled water [Pb2+] 5.10-3 M (λ = 542 nm) (a) and the shift of the
response wavelength of a sensor in distilled water to the stationary state after regeneration (6b). (Sensor: AA-AC-bis –
96-3-1 mol.%,)

It is known that boronic acid can reversibly interact with 1,2-diols or 1,3-diols in aqueous
solution to form 5- or 6-membered ring cyclic esters [27-30], (Fig.9). The neutral trigonal
form of boronic acid molecules transforms into the anionic tetrahedral form on binding a
saccharide, upon which a proton is released. Ester formation by interaction of the corre‐
sponding arylboronate with a diol is known to occur very fast and reversibly in aqueous
media. Five and six membered cyclic arylboronate esters are formed upon binding between
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It is known that boronic acid can reversibly interact with 1,2-diols or 1,3-diols in aqueous
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arylboronic acids and cis-1,2- or 1,3-diols respectively. With d-glucose the boronic acid has a
choice of binding either the 1,2- or 4,6-diols, but with d-glucosamine hydrochloride, binding
with just the 4,6-diol is possible. The stability constant with d-glucose is higher than that ob‐
served with d -glucosamine hydrochloride. It may be assumed that this behavior agrees
with binding GA with tetrahedron B--atoms of boronic acid that carry into effect of addition‐
al crosslinking.

Figure 7. Reflection spectra of sensor based on acrylic acid (AA-AC-bis – 97.8-1.3-0.9 mol.%) at different concentra‐
tions of ethanol solutions (a) and the reflection line wavelengths for sensor based on acrylic acid (AA-AC-bis -
97.8-1.3-0.88 mol.%) (upper curve) and aminophenylboronic acid (AA-AMPh-bis – 98-1-1 mol%) (lower curve) (b).

Figure 8. Dependences of the reflection line wavelength on the solution acidity for matrices of different composi‐
tions. (sensors: AA-AMPh(12 mol.%)-X-bis; X: ■-AC (5.8, bis-3 mol.%) ●-DMA (3.6, bis -3 mol.%, ▲-GA(3.6, bis-1, mol.
% ), ♦-Lys (5.8, bis-1 mol.%))

The quantitation of glucose is among the most important analytical tasks. It has been esti‐
mated that about 40% of all blood tests are related to it. In addition, there are numerous oth‐
er situations where glucose needs to be determined, for example in biotechnology, in the
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production and processing of various kinds of feed and food, in biochemistry in general,
and other areas. The significance of glycemic control for the prevention of diabetes compli‐
cations is well established [30]. The market for glucose sensors probably is the biggest single
one in the diagnostic field, being about 30 billion $ per year today. Given this size, it is not
surprising that any real improvement in glucose sensing (in whole blood and elsewhere)
represents a major step forward. Holographic glucose sensors represent a comparatively
new development [9-12, 18, 26]. The advantage of the holographic method over other optical
techniques is the long-term stability of the sensor and the ease with which the wavelength
may be tuned to suit the application.

Figure 9. The spontaneous ester formation between phenylboronate and cis-1,2-diol or 1,3-diol compounds (a), aryl‐
boronate complexes formed with d-glucose (b) [29]

Figure 10. Dependences of the reflection line wavelength on the glucose concentration for different sensors. The
straight lines are approximations of experimental curves by proportional functions described by presented equations
with determination coefficients R2. (sensors: AA with AMPh- GA-bis, mol.%:▲- 4-1-0.5, ■- 4-1-0.1, ● -12-0-1, ◙
-6-6-0.1mol.%; 0,01 M glycine, pH 7.4)
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with just the 4,6-diol is possible. The stability constant with d-glucose is higher than that ob‐
served with d -glucosamine hydrochloride. It may be assumed that this behavior agrees
with binding GA with tetrahedron B--atoms of boronic acid that carry into effect of addition‐
al crosslinking.

Figure 7. Reflection spectra of sensor based on acrylic acid (AA-AC-bis – 97.8-1.3-0.9 mol.%) at different concentra‐
tions of ethanol solutions (a) and the reflection line wavelengths for sensor based on acrylic acid (AA-AC-bis -
97.8-1.3-0.88 mol.%) (upper curve) and aminophenylboronic acid (AA-AMPh-bis – 98-1-1 mol%) (lower curve) (b).

Figure 8. Dependences of the reflection line wavelength on the solution acidity for matrices of different composi‐
tions. (sensors: AA-AMPh(12 mol.%)-X-bis; X: ■-AC (5.8, bis-3 mol.%) ●-DMA (3.6, bis -3 mol.%, ▲-GA(3.6, bis-1, mol.
% ), ♦-Lys (5.8, bis-1 mol.%))

The quantitation of glucose is among the most important analytical tasks. It has been esti‐
mated that about 40% of all blood tests are related to it. In addition, there are numerous oth‐
er situations where glucose needs to be determined, for example in biotechnology, in the
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production and processing of various kinds of feed and food, in biochemistry in general,
and other areas. The significance of glycemic control for the prevention of diabetes compli‐
cations is well established [30]. The market for glucose sensors probably is the biggest single
one in the diagnostic field, being about 30 billion $ per year today. Given this size, it is not
surprising that any real improvement in glucose sensing (in whole blood and elsewhere)
represents a major step forward. Holographic glucose sensors represent a comparatively
new development [9-12, 18, 26]. The advantage of the holographic method over other optical
techniques is the long-term stability of the sensor and the ease with which the wavelength
may be tuned to suit the application.

Figure 9. The spontaneous ester formation between phenylboronate and cis-1,2-diol or 1,3-diol compounds (a), aryl‐
boronate complexes formed with d-glucose (b) [29]

Figure 10. Dependences of the reflection line wavelength on the glucose concentration for different sensors. The
straight lines are approximations of experimental curves by proportional functions described by presented equations
with determination coefficients R2. (sensors: AA with AMPh- GA-bis, mol.%:▲- 4-1-0.5, ■- 4-1-0.1, ● -12-0-1, ◙
-6-6-0.1mol.%; 0,01 M glycine, pH 7.4)
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Sensors with aminophenylboronic acid were sensitive to glucose concentrations in the solu‐
tion. The reflection (λmax) and the shift (λ0-λmax) were influenced on the additive to polymer
net, the buffer solution and pH. The shift of λmax is changed from 10 to 200 nm when glucose
concentration was increased (0-30 mM). By investigating the properties of sensors in detail,
we optimized responses of sensors to glucose. Their concentration dependences are shown
in Fig.10.
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Figure 11. The influence of ionic strength on the hydrogels shrinkage in solutions. (Sensors: AA with GA-AMPh-bis-
3.6-12-1; 30-12-1, mol.%)

One can see that the sensor sensitivity changes from 4.3 to 32 nm/(mmol.L-1). Copolymer of
acrylamide containing 6 mol.% glucosamine, 6 mol.% boronic acid, 0.1 mol.% bis shows the
most sensitivity in glycine solution, pH 7.4. The response of sensor to glucose in blood se‐
rum is lower but allows to distinguish changes in 1 mM glucose concentration. A possible
reason for reducing the sensitivity of sensors to glucose in the blood serum is a contraction
of the matrix caused by ionic strength. According to Fig. 11 at pH = 7.4 for all sensors includ‐
ing the GA and AMPh with increasing content of sodium ions to 0.14 M in the solution,
there is a significant contraction of the hydrogel (20%). Therefore swelling of the hydrogel
due to the presence of glucose occurs in the already highly compressed hydrogel

Holographic sensors give an interesting object in study of light scattering by an ensemble of
nanoparticles, since one can change the environment of the particles almost preserving their
mutual location. In these systems (see Fig. 4) we found that when the concentration of alkali
changes in the titration, at the same time a sharp change in pH occurs, as well as a sharp
change in the position of maximum reflection and a sharp and significant (almost by an or‐
der of magnitude) change in the diffraction efficiency of the holographic sensor. This indi‐
cates a significant change of the optical characteristics of the holographic layer [28, 33].
These characteristics include diffraction effectivity (DE), transmission, spectral form of the
reflection line (in particular, its width) and wavelength distribution over the hologram sur‐
face. The line shape reflects homogeneity of the layer period into depth of the hologram. Its
study allows investigating the transition processes in emulsion under change of solution.
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The transmittance and the line width together allow one to determine the effective number
of layers and the weak inhomogeneity of the period. The processes in the sensitive hologram
layer when changing solution parameters are complicated due to changing the molecular
and ion structure in the solution within the hydrogel, to re-constructing the gel matrix, to
interaction of the light-scattering grains with the solution components and matrix elements.
Hologram based on silver nanoparticle layers is a typical nanoplasmonics object which scat‐
ters light in a complicated environment of ions of different kinds, of water molecules and of
polymer matrix elements. The emulsion matrix interacts with the tested compounds by
changing the density of crosslink in the polymer mesh. This may change as the charge distri‐
bution in the matrix and the composition of ions and other components in the solution. All
of these elements (matrix elements, ions, molecules of the solution), interacting with each
other and with silver nanograins, can alter the dynamic characteristics of electronic subsys‐
tems that match the light field, which leads to a change in optical characteristics. The re‐
search of these characteristics would help to understand the processes inside the emulsion
and in the vicinity of nanograins.

If the period of layers is constant in depth and the modulation is weak (transmittance of
a layer at the resonant wavelength λ is close to unity), the spectral width Δλ of the re‐
flection  line  is  inverse  proportional to the  thickness H  of  the  sensitive  layer, or to  the
number of periods N:

Δλ =0.866λ 2 / 2n0H =0.866λ / N

where n0 is the mean index refraction of holographic layer. The accuracy of determination of
wavelength depends on this value. This formula is valid only when the conditions described
above. In all other cases require special methods of calculation [33].

The mode of sensor operation is very important. A good resolution is obtained when all the
sensitive layer work effectively. If the falling radiation cannot penetrate sufficiently deep,
the effective thickness of the hologram decreases. It reduces the resolution. Typically, the
sensor sensitive layer contains silver nanograins, which have a high refractive index and a
high absorption coefficient in the visible region of the spectrum. This leads to the elimina‐
tion of radiation from the plane wave of light illuminating the hologram, due to absorption
and scattering. This also reduces the number of effectively operating layers and, consequent‐
ly, leads to the broadening of the reflection spectral line and to the deterioration of accuracy.
The increase of the amplitude of modulation of the refractive index, which is introduced to
increase the diffraction efficiency of the hologram, leads to the same effect. On the other
hand, a strong decrease of the modulation amplitude narrows the line to the limit, but de‐
creases the diffraction efficiency and, consequently, the measurement accuracy. Obviously,
the parameters can be optimized. Therefore one needs a rather accurate method of deter‐
mining the parameters of the hologram.

One of the important reasons to study optical properties of holographic sensors is to pro‐
vide  the  proper  work  regime  of  the  sensor.  That  means  that  the  holographic sensor
should  work  in  the  whole  working range of  concentrations  as  a  thin photonic  crystal
(the reflectance is weak).
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Sensors with aminophenylboronic acid were sensitive to glucose concentrations in the solu‐
tion. The reflection (λmax) and the shift (λ0-λmax) were influenced on the additive to polymer
net, the buffer solution and pH. The shift of λmax is changed from 10 to 200 nm when glucose
concentration was increased (0-30 mM). By investigating the properties of sensors in detail,
we optimized responses of sensors to glucose. Their concentration dependences are shown
in Fig.10.
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One can see that the sensor sensitivity changes from 4.3 to 32 nm/(mmol.L-1). Copolymer of
acrylamide containing 6 mol.% glucosamine, 6 mol.% boronic acid, 0.1 mol.% bis shows the
most sensitivity in glycine solution, pH 7.4. The response of sensor to glucose in blood se‐
rum is lower but allows to distinguish changes in 1 mM glucose concentration. A possible
reason for reducing the sensitivity of sensors to glucose in the blood serum is a contraction
of the matrix caused by ionic strength. According to Fig. 11 at pH = 7.4 for all sensors includ‐
ing the GA and AMPh with increasing content of sodium ions to 0.14 M in the solution,
there is a significant contraction of the hydrogel (20%). Therefore swelling of the hydrogel
due to the presence of glucose occurs in the already highly compressed hydrogel

Holographic sensors give an interesting object in study of light scattering by an ensemble of
nanoparticles, since one can change the environment of the particles almost preserving their
mutual location. In these systems (see Fig. 4) we found that when the concentration of alkali
changes in the titration, at the same time a sharp change in pH occurs, as well as a sharp
change in the position of maximum reflection and a sharp and significant (almost by an or‐
der of magnitude) change in the diffraction efficiency of the holographic sensor. This indi‐
cates a significant change of the optical characteristics of the holographic layer [28, 33].
These characteristics include diffraction effectivity (DE), transmission, spectral form of the
reflection line (in particular, its width) and wavelength distribution over the hologram sur‐
face. The line shape reflects homogeneity of the layer period into depth of the hologram. Its
study allows investigating the transition processes in emulsion under change of solution.
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The transmittance and the line width together allow one to determine the effective number
of layers and the weak inhomogeneity of the period. The processes in the sensitive hologram
layer when changing solution parameters are complicated due to changing the molecular
and ion structure in the solution within the hydrogel, to re-constructing the gel matrix, to
interaction of the light-scattering grains with the solution components and matrix elements.
Hologram based on silver nanoparticle layers is a typical nanoplasmonics object which scat‐
ters light in a complicated environment of ions of different kinds, of water molecules and of
polymer matrix elements. The emulsion matrix interacts with the tested compounds by
changing the density of crosslink in the polymer mesh. This may change as the charge distri‐
bution in the matrix and the composition of ions and other components in the solution. All
of these elements (matrix elements, ions, molecules of the solution), interacting with each
other and with silver nanograins, can alter the dynamic characteristics of electronic subsys‐
tems that match the light field, which leads to a change in optical characteristics. The re‐
search of these characteristics would help to understand the processes inside the emulsion
and in the vicinity of nanograins.

If the period of layers is constant in depth and the modulation is weak (transmittance of
a layer at the resonant wavelength λ is close to unity),  the spectral width Δλ  of the re‐
flection  line  is  inverse  proportional  to  the  thickness  H  of  the  sensitive  layer,  or  to  the
number of periods N:

Δλ =0.866λ 2 / 2n0H =0.866λ / N

where n0 is the mean index refraction of holographic layer. The accuracy of determination of
wavelength depends on this value. This formula is valid only when the conditions described
above. In all other cases require special methods of calculation [33].

The mode of sensor operation is very important. A good resolution is obtained when all the
sensitive layer work effectively. If the falling radiation cannot penetrate sufficiently deep,
the effective thickness of the hologram decreases. It reduces the resolution. Typically, the
sensor sensitive layer contains silver nanograins, which have a high refractive index and a
high absorption coefficient in the visible region of the spectrum. This leads to the elimina‐
tion of radiation from the plane wave of light illuminating the hologram, due to absorption
and scattering. This also reduces the number of effectively operating layers and, consequent‐
ly, leads to the broadening of the reflection spectral line and to the deterioration of accuracy.
The increase of the amplitude of modulation of the refractive index, which is introduced to
increase the diffraction efficiency of the hologram, leads to the same effect. On the other
hand, a strong decrease of the modulation amplitude narrows the line to the limit, but de‐
creases the diffraction efficiency and, consequently, the measurement accuracy. Obviously,
the parameters can be optimized. Therefore one needs a rather accurate method of deter‐
mining the parameters of the hologram.

One of the important reasons to study optical properties of holographic sensors is to pro‐
vide  the  proper  work  regime  of  the  sensor.  That  means  that  the  holographic  sensor
should  work  in  the  whole  working  range  of  concentrations  as  a  thin  photonic  crystal
(the reflectance is weak).
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The hologram functioning depends seriously upon the light scattering properties. In its turn,
these depend on both the type (metal or dielectric) and properties of the scattering center,
and on its environment (mixture and ion concentration of the solution and of the hydrogel).
The light scattering is the Raleigh one and can essentially limit the working range from the
short wavelength side. Another important issue is to check the quality of the holographic
layer, in particular, its homogeneity. To this purpose, we developed a colorimetric method
of determination of the wavelength with the digital camera [34-36]. On the other hand, one
can check the emulsion homogeneity by the distribution of the light scattering parameters.

The computer model of propagation in a layered medium for one-dimensional case was de‐
veloped. The case of bleached holograms, where absorption is neglected and the refractive
index is not depending from wavelength is included. At the same time is neglected and light
scattering. Generalization to the dispersion of the refractive index is not an issue. The model
allows determining the amplitude of modulation of the refractive index and effective thick‐
ness of the holographic layer by fitting the spectrum of the transmission hologram in the
presence of the dip near the resonant frequency.

To measure the homogeneity of response of sensor properties over its surface have been ap‐
plied the colorimetric method with the help of common camera [34-36]. Spatial inhomogene‐
ity can emerge due either to inhomogeneities of the object under consideration, or to those
of the sensor properties. The sensor is a thick layer hologram with width of few tens of mi‐
crometers. Its reflection spectrum has the spectral width 5-20 nm. Because of it, one suffices
to use response from two color channels.

Hence, the problem is reduced to the following. Assume there is a set of emitters on a plane.
We are interested in obtaining the spectra of each emitter preferably simultaneously. It is not
easy especially if the sources are closely packed and produce almost continuous radiating
surface. The situation is simpler if radiation from each point is spectrally narrow. Then, the
distribution of the average radiation wavelength over the surface can be found by the colori‐
metric method. At each surface point one should determine with the required resolution the
magnitudes of three components of a colour vector, i.e., obtain a colour image of the surface
under study. Presently, the solution of this problem by using digital devices has no principal
difficulties. The aim of our work is to solve the problem by means of conventional digital
cameras. Each pixel of the colour image presents a particular colour vector in the RGB sys‐
tem. In order to find the distribution of the average wavelength from the image it is necessa‐
ry to know how the particular digital camera represents radiation of different wavelengths.

The colorimetric method [34, 35] suggested for finding this distribution is as follows. Radia‐
tion passes to at least two detecting channels differing in spectral sensitivity. If in a certain
spectral range (call it the working range) the ratio of spectral sensitivities of at least two
channels is monotonous then one can determine the average wavelength of narrowband ra‐
diation from the signal ratio in the channels (see Fig. 12). At the selective sensitivity of the i-
th channel Si(λ) its signal is Ji=∫dλ Si(λ)Ф(λ), where Φ(λ) is the source brightness. For the δ -
shape spectral source with brightness Φ0, which emits at the wavelength λx, the signal in this
channel is Ji=I0Si(λx). If the ratio of the spectral sensitivities for two chosen channels is a(l),
then the sought-for wavelength is the solution of the equation α(λ)=S1(λ)/ S2(λ):
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Figure 12. Qualitative view of the spectral sensitivities S1(λ) and S2(λ) of working channels and their ratio α(λ): λ1 and λ2

are the limits of working range, λx is the wavelength of a monochromatic radiation source.

λx =α −1(J1 / J2).

where α-1 is the function inverse to α(λ). If the sought-for wavelength is outside the working
range, i.e., outside the range of monotonous ratio of sensitivities in two channels, then the
unique wavelength determination necessitates an additional (third) channel.

Figure 13. a). The spectral sensitivity of the human eye: signals of red (R) green (G), and blue (B) receptors [37].b). The
spectrum of the mercury lamp (top) and signals of red (R), green (G), and blue (B) sensors of Sony F717 digital camera
obtained from the photograph of the incandescent lamp spectrum taken by a colour digital camera (bottom).
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The hologram functioning depends seriously upon the light scattering properties. In its turn,
these depend on both the type (metal or dielectric) and properties of the scattering center,
and on its environment (mixture and ion concentration of the solution and of the hydrogel).
The light scattering is the Raleigh one and can essentially limit the working range from the
short wavelength side. Another important issue is to check the quality of the holographic
layer, in particular, its homogeneity. To this purpose, we developed a colorimetric method
of determination of the wavelength with the digital camera [34-36]. On the other hand, one
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index is not depending from wavelength is included. At the same time is neglected and light
scattering. Generalization to the dispersion of the refractive index is not an issue. The model
allows determining the amplitude of modulation of the refractive index and effective thick‐
ness of the holographic layer by fitting the spectrum of the transmission hologram in the
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To measure the homogeneity of response of sensor properties over its surface have been ap‐
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crometers. Its reflection spectrum has the spectral width 5-20 nm. Because of it, one suffices
to use response from two color channels.

Hence, the problem is reduced to the following. Assume there is a set of emitters on a plane.
We are interested in obtaining the spectra of each emitter preferably simultaneously. It is not
easy especially if the sources are closely packed and produce almost continuous radiating
surface. The situation is simpler if radiation from each point is spectrally narrow. Then, the
distribution of the average radiation wavelength over the surface can be found by the colori‐
metric method. At each surface point one should determine with the required resolution the
magnitudes of three components of a colour vector, i.e., obtain a colour image of the surface
under study. Presently, the solution of this problem by using digital devices has no principal
difficulties. The aim of our work is to solve the problem by means of conventional digital
cameras. Each pixel of the colour image presents a particular colour vector in the RGB sys‐
tem. In order to find the distribution of the average wavelength from the image it is necessa‐
ry to know how the particular digital camera represents radiation of different wavelengths.

The colorimetric method [34, 35] suggested for finding this distribution is as follows. Radia‐
tion passes to at least two detecting channels differing in spectral sensitivity. If in a certain
spectral range (call it the working range) the ratio of spectral sensitivities of at least two
channels is monotonous then one can determine the average wavelength of narrowband ra‐
diation from the signal ratio in the channels (see Fig. 12). At the selective sensitivity of the i-
th channel Si(λ) its signal is Ji=∫dλ Si(λ)Ф(λ), where Φ(λ) is the source brightness. For the δ -
shape spectral source with brightness Φ0, which emits at the wavelength λx, the signal in this
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then the sought-for wavelength is the solution of the equation α(λ)=S1(λ)/ S2(λ):

Holography – Basic Principles and Contemporary Applications114

Figure 12. Qualitative view of the spectral sensitivities S1(λ) and S2(λ) of working channels and their ratio α(λ): λ1 and λ2

are the limits of working range, λx is the wavelength of a monochromatic radiation source.

λx =α −1(J1 / J2).

where α-1 is the function inverse to α(λ). If the sought-for wavelength is outside the working
range, i.e., outside the range of monotonous ratio of sensitivities in two channels, then the
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The case of a finite spectral width is not as simple as that of a δ-like source. In our case the
spectrum of reflection from a holographic layer may widen due to several reasons. First, due
to a small number of efficiently reflecting layers, which can be related either to a small thick‐
ness of the holographic layer or to a short depth of radiation penetration into the layer be‐
cause of the high reflection caused by high amplitude of the variable part of refractive index
or by strong scattering of light. Second, the spectrum may widen due to the non uniform
periodicity of layers in depth. We are interested in layer swelling, which is a reason for peri‐
od variations and is related to the position of reflection maximum. In the latter case it is im‐
portant to find the average period of layers, which is related to some average wavelength.
Obviously, at moderate broadening this parameter can also be determined by means of the
procedure described above using the signal relation in different spectral channels. However,
in the general case the period obtained in this way from the position of maximum in the
measured reflection spectrum differs from the average period. The difference depends both
on a particular shape of reflection spectrum and on spectral sensitivities of the channels. The
criterion for acceptable line broadening should be the permissible distinction of determined
average period from its actual average value. If the sensitivity of sensors is almost constant
within the line width of radiation illuminating a single pixel of the array, then radiation ac‐
tually behaves as monochromatic one. If the spectral sensitivities of the sensor linearly vary
within the width of the line that is symmetrical in shape, then the average period deter‐
mined is the same as that in the case of a monochromatic source. If this condition is ruled
out, then in the general case the determined wavelength is distinct from average one.

In the general case, the colorimetric measurements imply a projection of the surface under
study to the detecting array through two (or, for expanding the range, a greater number)
types of light filters, i.e., it is necessary to create a colorimetric device with a sufficient spa‐
tial resolution. A digital camera is just such a device.

In Fig.13a, the spectral sensitivities are shown for three types of human eye cones responsi‐
ble for colour recognition [37]. A digital camera also distinguishes colours but the spectral
sensitivity of its sensors is distinct. For example, we will show below that in the spectral
range 540 – 575 nm a digital camera does not discriminate different colour hues at all. In Fig.
13b, the signals of red (R), green (G), and blue (B) sensors of Sony F717 digital camera are
shown that were obtained from a digital photograph of the incandescent lamp spectrum.
The spectrum was detected from a spectrograph with a diffraction grating (~ 800 lines mm–

1). This and all the following results were obtained at the sensitivity ISO 100 and switched-
off automatic white balance. If the emission spectrum under study fits one of the two
marked working ranges then the digital camera is appropriate for measurements. Note that
we studied about ten various cameras and have found that their sensor characteristics are
qualitatively similar. Figure 14 shows how a continuous spectrum (colour hue) is represent‐
ed by digital cameras of various brands. Nevertheless, we did not study the characteristics
of particular cameras as we wanted to understand the situation as a whole. Only the basic
working Sony F717 digital camera was thoroughly studied. The spectrum of the incandes‐
cent lamp with an added calibrating spectrum of the mercury lamp was photographed. The
shots used for the comparison were not overexposed, i.e., the maximal signal amplitude in
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channels was not above 150 – 200 digital units (the maximal admissible signal is 255 digital
units). The colour hue H was determined in a standard way as the polar angle in the cylin‐
drical coordinate system of a three-dimensional colour space. Its value was from 0 to 360.
For convenient work in red, green, and blue colour ranges we chose the reference point for
the colour hue in the blue range (H = 0 at R = 0, G = 0, B = 255). In this case, the break of the
colour hue (0 – 360) fits the blue range and introduces no additional difficulties in data proc‐
essing. The purely red colour (R = 255, G = 0, B = 0) corresponds to H = 120 and purely green
colour (R = 0, G = 255, B = 0) corresponds to H = 240. A more thorough analysis of various
digital cameras is interesting but is beyond the framework of the present paper. Anyway,
some general information may be obtained from Fig. 13. The principal conclusion important
for our work is that all the digital cameras used have a defect of colour sensitivity in the
green range.

Figure 14. The colour hue (H) versus wavelength for some digital camera types.

Some modern cameras provide the possibility for extracting unprocessed data in the RAW
format. Preliminary experiments show that the situation with the colour sensitivity in this
case is better. The processor of the digital camera does not distort data but further investiga‐
tions are necessary for using the RAW format. At the first stage, we limited our study to
simplest (mass) formats (JPEG, BMP) by the following reasons. Creation of holographic sen‐
sors was assumed for mass consumer and our aim was to develop not only a simple method
for checking the quality of sensors but for reading data from them also. The method should
be available for mass users, i.e., should rely on simplest digital cameras, in which the RAW
format is not presented now. In addition, the processing of the image of the holographic sen‐
sor surface should be maximum simple.
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The case of a finite spectral width is not as simple as that of a δ-like source. In our case the
spectrum of reflection from a holographic layer may widen due to several reasons. First, due
to a small number of efficiently reflecting layers, which can be related either to a small thick‐
ness of the holographic layer or to a short depth of radiation penetration into the layer be‐
cause of the high reflection caused by high amplitude of the variable part of refractive index
or by strong scattering of light. Second, the spectrum may widen due to the non uniform
periodicity of layers in depth. We are interested in layer swelling, which is a reason for peri‐
od variations and is related to the position of reflection maximum. In the latter case it is im‐
portant to find the average period of layers, which is related to some average wavelength.
Obviously, at moderate broadening this parameter can also be determined by means of the
procedure described above using the signal relation in different spectral channels. However,
in the general case the period obtained in this way from the position of maximum in the
measured reflection spectrum differs from the average period. The difference depends both
on a particular shape of reflection spectrum and on spectral sensitivities of the channels. The
criterion for acceptable line broadening should be the permissible distinction of determined
average period from its actual average value. If the sensitivity of sensors is almost constant
within the line width of radiation illuminating a single pixel of the array, then radiation ac‐
tually behaves as monochromatic one. If the spectral sensitivities of the sensor linearly vary
within the width of the line that is symmetrical in shape, then the average period deter‐
mined is the same as that in the case of a monochromatic source. If this condition is ruled
out, then in the general case the determined wavelength is distinct from average one.

In the general case, the colorimetric measurements imply a projection of the surface under
study to the detecting array through two (or, for expanding the range, a greater number)
types of light filters, i.e., it is necessary to create a colorimetric device with a sufficient spa‐
tial resolution. A digital camera is just such a device.

In Fig.13a, the spectral sensitivities are shown for three types of human eye cones responsi‐
ble for colour recognition [37]. A digital camera also distinguishes colours but the spectral
sensitivity of its sensors is distinct. For example, we will show below that in the spectral
range 540 – 575 nm a digital camera does not discriminate different colour hues at all. In Fig.
13b, the signals of red (R), green (G), and blue (B) sensors of Sony F717 digital camera are
shown that were obtained from a digital photograph of the incandescent lamp spectrum.
The spectrum was detected from a spectrograph with a diffraction grating (~ 800 lines mm–

1). This and all the following results were obtained at the sensitivity ISO 100 and switched-
off automatic white balance. If the emission spectrum under study fits one of the two
marked working ranges then the digital camera is appropriate for measurements. Note that
we studied about ten various cameras and have found that their sensor characteristics are
qualitatively similar. Figure 14 shows how a continuous spectrum (colour hue) is represent‐
ed by digital cameras of various brands. Nevertheless, we did not study the characteristics
of particular cameras as we wanted to understand the situation as a whole. Only the basic
working Sony F717 digital camera was thoroughly studied. The spectrum of the incandes‐
cent lamp with an added calibrating spectrum of the mercury lamp was photographed. The
shots used for the comparison were not overexposed, i.e., the maximal signal amplitude in
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channels was not above 150 – 200 digital units (the maximal admissible signal is 255 digital
units). The colour hue H was determined in a standard way as the polar angle in the cylin‐
drical coordinate system of a three-dimensional colour space. Its value was from 0 to 360.
For convenient work in red, green, and blue colour ranges we chose the reference point for
the colour hue in the blue range (H = 0 at R = 0, G = 0, B = 255). In this case, the break of the
colour hue (0 – 360) fits the blue range and introduces no additional difficulties in data proc‐
essing. The purely red colour (R = 255, G = 0, B = 0) corresponds to H = 120 and purely green
colour (R = 0, G = 255, B = 0) corresponds to H = 240. A more thorough analysis of various
digital cameras is interesting but is beyond the framework of the present paper. Anyway,
some general information may be obtained from Fig. 13. The principal conclusion important
for our work is that all the digital cameras used have a defect of colour sensitivity in the
green range.

Figure 14. The colour hue (H) versus wavelength for some digital camera types.

Some modern cameras provide the possibility for extracting unprocessed data in the RAW
format. Preliminary experiments show that the situation with the colour sensitivity in this
case is better. The processor of the digital camera does not distort data but further investiga‐
tions are necessary for using the RAW format. At the first stage, we limited our study to
simplest (mass) formats (JPEG, BMP) by the following reasons. Creation of holographic sen‐
sors was assumed for mass consumer and our aim was to develop not only a simple method
for checking the quality of sensors but for reading data from them also. The method should
be available for mass users, i.e., should rely on simplest digital cameras, in which the RAW
format is not presented now. In addition, the processing of the image of the holographic sen‐
sor surface should be maximum simple.
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A particular procedure for camera spectral calibration was developed because the responses
of the three sensor types of the detecting array intricately depend not only on the radiation
wavelength but on the exposure as well. The camera to be calibrated takes shots of a contin‐
uous spectrum superimposed on the mercury lamp spectrum with various exposures. Then,
this spectrum is used for calibrating each image with respect to the wavelength. The images
calibrated in this way are then processed together. The result is information on the relation‐
ship between the wavelength and sensor responses. The range 570 – 605 nm is considered in
which the red and green sensors are sensitive. The signal in the blue channel in this range is
not above the noise level. On the basis of all the obtained dependences the characteristic sur‐
face is plotted for the camera under study, which gives the sought-for wavelength as a func‐
tion of the colour hue and the average value of I. Once the characteristic surface is plotted
the camera can be used as a spectral device in the working range of wavelengths and sensor
responses. Applicability of the method was verified on the yellow doublet of the mercury
spectrum and on a continuous spectrum of the incandescent lamp (sees Fig. 15). Clearly visi‐
ble color distortion of the short wavelength doublet line (too green hue, what can assess
spectroscopist) in the picture are associated with the mention above defect of JPEG-format
of digital camera.

Note that in the case of the mercury spectrum image and continuous spectrum of the incan‐
descent lamp each pixel is illuminated by an almost monochromatic light source, because
the fraction of the continuous spectrum per single pixel of the image is less than 1 nm. Hav‐
ing processed the image of spectrum (in Fig. 15a, the domain is shown fitting the working
wavelength range) we obtain the map of the wavelength distribution over the image (Fig.
15b); only the image domains from the processing system working ranges are taken into ac‐
count. Domains with too low values of I, in which the signal is close to noise, are neglected.
Also neglected are the domains with high I in which, probably, noticeable redistribution of
signals over different colour channels occurs and domains with almost a zero sensitivity of
one of the two sensors. This explains the complicated contour of the wavelength distribution
map over the image in the continuous spectrum range. It is interesting that due to different
intensities of sources one can see in Fig. 15a the domain with superimposed continuous
spectrum and mercury lines. On the wavelength distribution map there is no such superim‐
posed domain, which proves that the recovered wavelengths are equal despite the different
intensities. In Figs 15c and d the distributions of various characteristics are shown for hori‐
zontal cross sections of the image. It is known that a spectral device with a diffraction gra‐
ting has a linear dispersion, i.e., the wavelength should linearly vary with the coordinate
(Fig. 15d), whereas the colour hue changes obviously nonlinearly (Fig. 15c). The distribution
columns (Figs 15e, f, g, and h, i, j) correspond to vertical cross sections of the image along
the yellow doublet lines. In Figs 15e and h, the responses of red and green sensors are pre‐
sented varying along the coordinate in a vertical cross section according to changing I. The
colour hue H also varies despite the constant wavelength (Figs 15f, i). Nevertheless, in verti‐
cal cross sections of the wavelength distribution map coinciding with the mercury spectrum
lines (579 nm and 577 nm) the recovered wavelength is constant to a high accuracy both in
the domain of mercury lines and in continuous spectrum (Figs 15g and j).
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Figure 15. Illustration for an operating test of the method. Shot of spectrum fragment (a); the map of wavelength
distribution over the image (b); the distribution of signals in red (R) and green (G) channels and colour hue (H) in a
horizontal cross section of the shot (c); the horizontal cross section of the wavelength map (d); the distribution of sig‐
nal in colour channels (e, h), colour hue (f, i), and calculated wavelengths (g, j) in a vertical cross section of the shot
along the mercury doublet lines 579 nm (e, f, g) and 577 nm (h, i, j). The black color on the wavelength map marks the
domains in which the signals are beyond the working range and, hence, are excluded from calculation.
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intensities. In Figs 15c and d the distributions of various characteristics are shown for hori‐
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(Fig. 15d), whereas the colour hue changes obviously nonlinearly (Fig. 15c). The distribution
columns (Figs 15e, f, g, and h, i, j) correspond to vertical cross sections of the image along
the yellow doublet lines. In Figs 15e and h, the responses of red and green sensors are pre‐
sented varying along the coordinate in a vertical cross section according to changing I. The
colour hue H also varies despite the constant wavelength (Figs 15f, i). Nevertheless, in verti‐
cal cross sections of the wavelength distribution map coinciding with the mercury spectrum
lines (579 nm and 577 nm) the recovered wavelength is constant to a high accuracy both in
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Figure 15. Illustration for an operating test of the method. Shot of spectrum fragment (a); the map of wavelength
distribution over the image (b); the distribution of signals in red (R) and green (G) channels and colour hue (H) in a
horizontal cross section of the shot (c); the horizontal cross section of the wavelength map (d); the distribution of sig‐
nal in colour channels (e, h), colour hue (f, i), and calculated wavelengths (g, j) in a vertical cross section of the shot
along the mercury doublet lines 579 nm (e, f, g) and 577 nm (h, i, j). The black color on the wavelength map marks the
domains in which the signals are beyond the working range and, hence, are excluded from calculation.
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Figure 16. a)The map of wavelength distribution over image (a) and its horizontal (b) and vertical (c) cross sections for
a transient process of holographic layer shrinking and b) for a stationary state of sensor AA-AMPh-bis – 87-12-1 mol.
%.(JPEG-format) The lines on the maps show the cross-section directions.

Figure 17. Isometric presentation of the wavelength distribution map (a) in the case of transient shrinkage of the
holographic layer of sensor AA-AMPh-bis – 87-12-1 mol.% and for the hologram in a stationary state (b).
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By the digital image of the mercury spectrum for the yellow doublet lines and for underly‐
ing continuous spectrum we determined the standard deviation of the recovered wave‐
length in the limits of a narrow window oriented along the central (with respect to the
spectrum) part of the mercury line. The window width was 4 pixels, which was less than the
line width. The window height was 350 pixels and covered almost all the image of the mer‐
cury line and the whole corresponding part of the continuous spectrum. For the mercury
doublet lines the wavelengths of 577 nm (the standard deviation is 0.16) and 579 nm (the
standard deviation is 0.19) were obtained.

The developed method was employed for studying holographic sensors. The results are
shown in Figs 16, 17. The spectrum of radiation reflected from a holographic sensor is wider
and the problem of possible inaccuracy in determining the wavelength requires particular
investigations. One should keep in mind that in using holographic sensors it is important to
know the shift of the wavelength under the action of solution surrounding the sensor rather
than the absolute value of the wavelength itself. Data presented in Figs 16a and 17a refer to
a transient process to the hologram initially reflecting in the red range. Data for this holo‐
gram in ending stationary state is presented in Figs.16b. and 17b. One can see that the
spread of wavelengths is noticeably reduced as compared to the transient process, and is
less than 2 nm over the whole sensor surface. The local spread also strongly reduced and
was less than 1 nm. The map comprises approximately 500 000 points.

The hologram quality and uniformity of the processes occurring during swelling can be esti‐
mated from their noise characteristics. In Fig. 18, the standard deviation of the calculated
wavelengths is shown versus the width of the averaging window. The standard deviation of
wavelength from mean λ̄is:

Ak =
∑

i

m
(λi − λ̄)2

m

where λi is the calculated wavelength in the i-th pixel of the image and m is the number of
points fitting the window, was averaged over N image points covering the whole studied

domain of the sensor. The parameter S =
1
N ∑

k

N
Ak we will term the noise value. Data present‐

ed in Fig. 18 correspond to variation of m from 4 to 2500 pixels. The standard deviation was
averaged over the image domain of 500x500 points. With increasing m in the transient proc‐
ess the standard deviation varied from 0.5 to 1.8 nm. A steady increase in noise with the in‐
creasing window is related to a large-scale hologram inhomogeneity. In the steady state it
was 0.16 – 0.32 nm at the same values of m. An increase in noise at the initial part of the
dependence is explained by small-scale inhomogeneity, and the saturation at large m is re‐
lated to the absence of large-scale inhomogeneity. The ratio of nonstationary noise to sta‐
tionary level in this range of m increases from 3.4 to 5.6. These facts bear witness that, first,
the hologram in the steady state is highly uniform and, second, variations of its swelling
over the surface in the nonstationary state are noticeably inhomogeneous.
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Figure 16. a)The map of wavelength distribution over image (a) and its horizontal (b) and vertical (c) cross sections for
a transient process of holographic layer shrinking and b) for a stationary state of sensor AA-AMPh-bis – 87-12-1 mol.
%.(JPEG-format) The lines on the maps show the cross-section directions.

Figure 17. Isometric presentation of the wavelength distribution map (a) in the case of transient shrinkage of the
holographic layer of sensor AA-AMPh-bis – 87-12-1 mol.% and for the hologram in a stationary state (b).
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cury line and the whole corresponding part of the continuous spectrum. For the mercury
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standard deviation is 0.19) were obtained.
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investigations. One should keep in mind that in using holographic sensors it is important to
know the shift of the wavelength under the action of solution surrounding the sensor rather
than the absolute value of the wavelength itself. Data presented in Figs 16a and 17a refer to
a transient process to the hologram initially reflecting in the red range. Data for this holo‐
gram in ending stationary state is presented in Figs.16b. and 17b. One can see that the
spread of wavelengths is noticeably reduced as compared to the transient process, and is
less than 2 nm over the whole sensor surface. The local spread also strongly reduced and
was less than 1 nm. The map comprises approximately 500 000 points.

The hologram quality and uniformity of the processes occurring during swelling can be esti‐
mated from their noise characteristics. In Fig. 18, the standard deviation of the calculated
wavelengths is shown versus the width of the averaging window. The standard deviation of
wavelength from mean λ̄is:
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where λi is the calculated wavelength in the i-th pixel of the image and m is the number of
points fitting the window, was averaged over N image points covering the whole studied
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ed in Fig. 18 correspond to variation of m from 4 to 2500 pixels. The standard deviation was
averaged over the image domain of 500x500 points. With increasing m in the transient proc‐
ess the standard deviation varied from 0.5 to 1.8 nm. A steady increase in noise with the in‐
creasing window is related to a large-scale hologram inhomogeneity. In the steady state it
was 0.16 – 0.32 nm at the same values of m. An increase in noise at the initial part of the
dependence is explained by small-scale inhomogeneity, and the saturation at large m is re‐
lated to the absence of large-scale inhomogeneity. The ratio of nonstationary noise to sta‐
tionary level in this range of m increases from 3.4 to 5.6. These facts bear witness that, first,
the hologram in the steady state is highly uniform and, second, variations of its swelling
over the surface in the nonstationary state are noticeably inhomogeneous.
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Figure 18. The standard deviation of the calculated wavelength versus the number of points in the averaging window
for the transient process (1) and stationary sensor state (2).

Further development of the colorimetric method with the use of RAW-format can signifi‐
cantly increase the working range of wavelengths (440-620 nm), which can be seen from
Fig. 19.

Figure 19. a) The photograph of the hologram in the steady state. b) In the upper right-hand column shows the hori‐
zontal and vertical cross-section of the distribution of responses. (RAW-format)

Thus, here is described the method for measuring the distribution of the average wave‐
length for narrow-band radiation over the source surface by means of a commercial digi‐
tal  camera.  There  are  the  following  limitations  in  using  the  method  (without  RAW-
format):  the  radiation  spectrum  should  be  narrow  (the  average  wavelength  is
determined);  measurements  are  performed  in  the  spectral  range  in  which  at  least  two
sensor  types  of  detecting  array  are  simultaneously  sensitive  (for  the  most  of  cameras
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studied these ranges are 470 – 540 nm and 570 – 600 nm). The accuracy of the deter‐
mined wavelength is not worse than 1 nm. The method was tested on the yellow dou‐
blet  of  the mercury  spectrum and on  a continuous spectrum of  the incandescent  lamp
covering the  working interval  570 –  600  nm.  By using  this  method  the  uniformity  of
holographic sensor swelling was studied both in a stationary state and in dynamics.

Figure 20. a) The photograph of the hologram. b) The distribution of samples of 0.5% acetic acid on the sensors sur‐
face and wavelength of reflected light in cells (fiber-optic spectrometer).

The design of holographic sensors allows their use in multi-channel mode, when one sensor
can simultaneously analyze multiple samples of the same type or define a few parameters of
a sample. The holographic sensor is actually a thick hologram plane mirror about the size of
a square centimeter. By placing such plate in a special cuvette, containing 24 cells of 2 mm
diameter, each contains 50 μL of fluid to be analyzed; it can be used in a multi-channel
mode for the simultaneous determination of all samples. The response of the sensor - the
wavelength of reflected light - from the cell is easily determined by means of small-sized fi‐
ber-optic spectrometer (Fig. 20, 21) or in combination with the developed colorimetric meth‐
od; it can greatly simplify and speed up the analysis (Fig. 19). As can be seen from Fig. 20,
the wavelength of the reflected light at different points on the surface is almost the same (the
standard deviation is 1.7 nm). This way you can see the spatial pattern of

kinetics of the holographic sensor, to conduct research of the spatial distribution of process‐
es, with the help of special devices to conduct simultaneous analysis of different compo‐
nents or different samples. Fig. 21 presents the results of the determination of glucose in the
blood serum of diabetic patients with glucose sensor (see Fig.) based on aminophenylboron‐
ic acid. Despite a significant decrease in the sensitivity of the sensor to the glucose concen‐
tration in blood plasma, determined by glucose clearly distinguished spectrometrically.
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wavelength of reflected light - from the cell is easily determined by means of small-sized fi‐
ber-optic spectrometer (Fig. 20, 21) or in combination with the developed colorimetric meth‐
od; it can greatly simplify and speed up the analysis (Fig. 19). As can be seen from Fig. 20,
the wavelength of the reflected light at different points on the surface is almost the same (the
standard deviation is 1.7 nm). This way you can see the spatial pattern of

kinetics of the holographic sensor, to conduct research of the spatial distribution of process‐
es, with the help of special devices to conduct simultaneous analysis of different compo‐
nents or different samples. Fig. 21 presents the results of the determination of glucose in the
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ic acid. Despite a significant decrease in the sensitivity of the sensor to the glucose concen‐
tration in blood plasma, determined by glucose clearly distinguished spectrometrically.
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Figure 21. a). The distribution of blood serum (*) [glucose], mM) samples with different glucose concentrations and
0.5% acetic acid on the sensors surface. b). Response (λnm) of glucose sensor (AA-GA- AMPh - bis: 87,5 - 6 – 6 - 0.5 mol.
%) (fiber-optic spectrometer).

3. Conclusion

Thus, we have developed a colorimetric method of determination of the wavelength with
the digital camera to study processes in inhomogeneous systems and to check the quality of
the holographic layer. On this basis we revealed the multichannel simultaneous methods of
analysis of spatially inhomogeneous objects and processes. We have found that the change
in the ionic composition of solution is accompanied by the change in the distance between
silver nanograin layers and in the diffraction efficiency of holograms. Based on this, we are
formulated conditions for optimization of the operating mode of the holographic layer.
Transition processes revealed variations in the reflection line shape, caused by the inhomo‐
geneity of the sensitive layer, and non-monotonic changes in the emulsion thickness and dif‐
fraction efficiency. In this relation it was developed the computer model of propagation in a
layered medium for one-dimensional case 33.

We have developed the method for manufacturing holographic sensors of different types
and selected the composition of components of the hydrogel medium for the systems that
can be used as bases for glucose sensors. The maximum mean holographic response in the
mmol.L-1 region concentrations of glucose (1-20 mmol.L-1) per 1 mmol.L-1 of glucose in model
solutions achieves ~40 nm/( mmol.L-1). It has been shown that holographic sensors can be
used to determine the quality of water, in particular, for drinking, the acidity of media, etha‐
nol concentration, ionic strength, metal ions and glucose in blood serum.
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Figure 21. a). The distribution of blood serum (*) [glucose], mM) samples with different glucose concentrations and
0.5% acetic acid on the sensors surface. b). Response (λnm) of glucose sensor (AA-GA- AMPh - bis: 87,5 - 6 – 6 - 0.5 mol.
%) (fiber-optic spectrometer).
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Thus, we have developed a colorimetric method of determination of the wavelength with
the digital camera to study processes in inhomogeneous systems and to check the quality of
the holographic layer. On this basis we revealed the multichannel simultaneous methods of
analysis of spatially inhomogeneous objects and processes. We have found that the change
in the ionic composition of solution is accompanied by the change in the distance between
silver nanograin layers and in the diffraction efficiency of holograms. Based on this, we are
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fraction efficiency. In this relation it was developed the computer model of propagation in a
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1. Introduction

Making use of the sun's radiation as an alternate energy resource has become increasingly
worthwhile in recent years both on a domestic and large industrial scale. Rooftop solar
collectors for domestic water heating are now common even in regions where direct sunlight
is somewhat limited, and large installations for commercial electricity generation are increas‐
ing in sunnier climates. In 2010 in the US there was a 45% increase in the number of grid
connected photovoltaic systems installed compared to the preceding year, raising the cumu‐
lative grid-connected capacity to 2.15 GWdc. In the same year, the largest solar concentrating
plant since the 1980s (75 MWa) was completed in Florida [1].

There are three key technologies for the conversion of solar energy; thermal heating, photo‐
voltaic and thermal to electric.

In thermal heating systems, water is heated directly or indirectly by the sun, typically in
insulated tubing on the premises roof, and used for domestic or sometimes for commercial
water heating. Photovoltaic cells generate electricity directly and are widely used in domestic
and commercial applications.

Thermal to electric involves mechanical heat engines and requires higher temperatures, so to
date it has been mostly used in large scale commercial generation plants where concentrating
collectors can be used.
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However availability of new materials and technologies currently under development may
well change the applicability of each technology. For example, a recent paper in Nature[2]
describes the use of nanostructured thermoelectric materials and spectrally selective solar
absorbers in a solar thermal to electric power conversion system. This has efficiency 7–8 times
greater than the previously reported best value for a flat-panel solar thermal to electric (STEG)
system and could lead to a much wider use of STEG systems.

Solar collector technologies in current use can be divided into concentrating and non-concen‐
trating types. Concentrators have obvious advantages where the solar conversion surface is
expensive (photovoltaics) or requires high temperatures to work efficiently (thermal to electric
systems). The most common concentrators currently used in commercial systems are either
cylindrical or hemispherical reflectors. They concentrate the light by reflectance off a curved
surface either to a line or spot where the solar energy is converted.

The holographic equivalent is a concentrating diffractive optical element, or holographic lens,
which will focus the collected light in a similar fashion.

2. Solar application for holographic optical elements

Holographic Optical Elements (HOE) have also been studied for controlling and directing the
radiation of the sun with high potential for energy saving.

Photovoltaic energy conversion is very suitable for solar energy generation but the main
disadvantage of photovoltaic electrical energy generation is the cost.

In order to solve this problem a significant amount of expensive photovoltaic material can be
replaced by an optical concentrator. By providing complex optical functions in thin, low cost
layers which can be used with other PV components, benefits could be expected.

HOEs are very good examples of optical concentrators and have been suggested for use as
solar concentrators [3]. HOEs are produced by dividing coherent light into monochromic
waves with the same polarization and equal intensities. An optical lens is placed in one of the
beams and focuses the incident beam; the HOE can be recorded where two beams overlap with
each other. HOEs have several unique features such as ability to diffract light through a large
angle, and Bragg selectivity. They also have the potential for multifunctionality by multiplex‐
ing a number of optical components in the same layer. They are thin, flat and lightweight,
making HOEs attractive for solar collector/ concentrator devices.

Another type of HOE has been used for window shading in buildings with a defined orienta‐
tion [4, 5]; the holograms have been designed and produced to shade the windows of a building
with a facade facing 56º east of south. HOEs were recorded at 45º and 60º and tested in a solar
simulator for an entire year. The test revealed that the maximum illumination took place at 11
a.m. Comparison of the spectral characteristics proved that the HOES recorded at 45 º are more
suitable for window shading. Due to the ammonium dichromate in the HOEs they showed
some absorption in the blue spectral range and due to iron ions (which can be found in standard
green glass) they showed some absorption in the red.

Holography – Basic Principles and Contemporary Applications130

3. Advantages of HOE solar energy concentrators

The collection of light from a moving source (such as sun) which exhibits a broad spectral
range of wavelengths is a complex process. HOEs have the capability to perform a range of
functions in one element thus providing a potential solution to this problem without the need
for tracking or mechanical movement.

Holographic solar concentrators can use flat optics for the collection of sunlight because they
can be designed to have a very wide field of view which would make them attractive for
improving power conversion efficiencies in energy conversion devices which have fixed
orientations and locations.

HOEs can be designed to redirect, concentrate or block the incident light, such as that from
the sun. They may also be designed for wavelength selectivity, so a range of wavelengths can
be directed to one position while other wavelengths go to another position and the diffracted
light can be focussed in one spot [6, 7].

4. Types of HOEs

Depending on their effect on the incident light holographic optical elements for use in solar
energy collection can be classified as:

• Non focussing elements: optical elements that are used simply to redirect light;

• Focussing elements: optical elements that produce a converging wavefront, having the same
effect as spherical or cylindrical lenses. The focal length can vary depending on the devices;
they can have a dual role in solar collectors by focusing the light and redirecting the beam.

Depending on the geometry of the recording, HOEs can be classified as:

• Reflection HOEs: The incident beam and the diffracted beam propagate on the same side of
the hologram; they allow diffuse light to be transmitted whilst the direct beam is diffracted.

In this type of HOE the fringes due to interference between the recording light beams, form
planes that are usually parallel to the recording material surface. The spacing between fringes
depends on the angular separation between the reference beam and the object beam and on
the wavelength of the recording light.

• Transmission HOEs: In a transmission HOE the incident and the diffracted beams are both
transmitted through the optical element. The fringes due to interference between the
recording light beams can be perpendicular to the layer surface (unslanted gratings) or at
an angle (slanted gratings). As in the case of the reflection gratings the spacing between the
interference fringes depends on the angle between the two recording beams and the
wavelength of recording light.
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transmitted through the optical element. The fringes due to interference between the
recording light beams can be perpendicular to the layer surface (unslanted gratings) or at
an angle (slanted gratings). As in the case of the reflection gratings the spacing between the
interference fringes depends on the angle between the two recording beams and the
wavelength of recording light.
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5. HOEs used in solar concentrators

Prism Solar Technologies manufacture a solar cell concentrator which at present has a limited
bandwidth and low conversion efficiency [8]. The sunlight is reflected and concentrated onto
the photovoltaic cell (PV) with all components supported by a substrate. The HOE reflector is
placed in a waveguide. The waveguide has been used in this application to receive the sunlight
and redirect it to the PV cell. The concentrators produce uncompensated aberration such as
dispersion and wavelength shift produced by the reflector, so that the spectral bandwidth of
reflected band may not be precisely matched to the energy band gaps of the PV solar cells.

Another application of HOEs in light harvesting that could be useful in solar energy collection
is reported in [9]. Holographic diffractive optical elements were used in order to increase the
light collection from fluorescence-based biochips. The HOEs increased the transmitted
fluorescence intensity and also served to filter out the undesired wavelengths. This was
possible due to their high angular selectivity. The diffracted intensity of the HOE was meas‐
ured to be about 50% of that of the incident beam. The diffraction efficiency was relatively low
due to a complexity of the recording process that covers a large spatial frequency range (0-2800
lines/mm). It was found that the HOE can collect fluorescent light coming from a spot with the
same size as that of the HOE.

Another example of holographic solar application described in [10] uses a sensor and feedback
system to maintain 0.5 degree tracking accuracy with one-axis tracking holographic planar
concentrators (HPCs). It was found that in the polar one-axis tracking HPC system the
efficiency increases by 43.8% compared to non tracking HPC systems due to high overall
module optical efficiency and higher levels of irradiance.

Dispersive concentrating systems based on transmission phase HOEs for solar applications
are reported in [2]. The authors demonstrate that volume based transmission HOEs can be
used advantageously in solar concentrators due to their high diffraction efficiency, low
absorption and adjustable dispersion. The ratio of diffracted intensity to incident beam
intensity is defined as diffraction efficiency. In solar applications the measurement of the
diffraction efficiency as a function of wavelength is essential. The transmissivity of HOEs as a
function of wavelength was measured when white light illuminated the phase holograms and
due to diffraction the light was split spatially and spectrally. It was determined that a minimum
angle of 20° is required between the recording beams for achieving high diffraction efficiency
in one diffraction order so that only an off-axis zone plate was suitable. A zone plate with
diameter of 8 cm and a focal length of 25 cm was recorded at 488 nm wavelength. The
diffraction of efficiency of the recorded zone plate was about 70% for monochromatic light.
The shrinkage of the gelatin layer caused a change in the Bragg angle depending on the shape
of recorded interference patterns and the intensities of the recording beams.

Volume HOES are suitable for multiplexing; a range of HOES with various angles between
the recording beams can be recorded in one photosensitive layer and this allows spatial
separation of the red and the blue spectral ranges of sunlight into different areas. Three solar
cell systems with various band gaps and multiplexed HOEs were tested [3]. The maximum
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efficiency achieved was 42% since the concentration ratio for diffracted wavelengths was about
c= 100.

Holographic solar concentrators have been theoretically modelled [11] and several useful
aspects of holographic gratings have been investigated for use in solar concentrator applica‐
tions. The basic relationships for designing holographic elements have also been presented.

A solar radiation receiver is described in [12]. This combined system uses a holographic film
to concentrate the solar radiation and to optimize the efficiency of the sensor. A mathematical
model is used to calculate the Volt-Ampere behaviour and the thermal and photovoltaic
efficiencies to demonstrate the advantages of the suggested system.

The design and optimization of photopolymer based holographic solar concentrators was
recently reported in [13]. The authors demonstrated the recording of broad band spectrally
splitting holographic solar concentrator in HoloMer photopolymer material with an efficiency
of 70% and an average efficiency of 56.6% for a wavelength range from 633nm to 442 nm. The
recorded elements showed a narrow angular selectivity hence tracking would be required for
an effective photovoltaic concentrator system.

A simple technique to realize a compact and nearly all-angle solar energy concentrator using
a volume holographic element is presented in [14]. The theoretical modelling of the HOE
predicts up to a fivefold concentration of energy per unit area of photovoltaic material.

In the following section we present experimental results from the recording of simple focusing
holographic optical elements in a photopolymer layer, namely a spherical lens and a cylindrical
lens. Furthermore we have explored the possibility of multiplexing a number of elements in
the same layer.

6. Experimental

6.1. Photopolymer solution preparation

The photosensitive layer was prepared as previously described [15]. Briefly, 2ml of trietha‐
nolamine was added to 17.5 ml stock solution of polyvinyl alcohol (PVA) (10% w/w). Then the
monomers, 0.6g acrylamide and 0.2 g of N,N Methylene bisacrylamide and 2ml of initiator,
TEA, were added. Finally, 4ml of Erythrosin B dye was added (stock solution concentration -
1.1mM) to sensitise at 532 nm. The solution was made up to 25ml by adding distilled water.
Methylene blue sensitised samples of thickness 50 μm were used to record at 633nm.

6.2. Layer preparation

Different amounts of photopolymer solution were spread evenly on a 50x50 mm2 glass plate
placed on a levelled surface and allowed to dry. This resulted in layers of thickness varying
between 50 and 120 μm. The drying time was usually 18-24 hours.
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6.3. Recording of HOE consisting of a single optical component

A standard holographic optical setup (Fig.1) was used to record transmission gratings and
lenses using a 532nm Nd:YVO4 laser. The recording intensity was controlled by a variable
neutral density filter. The inter-beam angle was adjusted to be 9 degrees in order to obtain a
spatial frequency of recording of 300 lines/mm. At the end of the holographic recording, the
focusing beam was blocked and the collimated beam was used to probe the recorded HOE.
The intensity of the diffracted beam was measured using an optical power meter (Newport
1830-C) to determine the diffraction efficiency of the recorded grating or lens respectively.

Figure 1. Optical set-up for recording of a single lens HOE.

The recording set up at 633 nm was similar to that shown in Fig. 1. A single off-axis HOE of
focal length 5 cm was recorded. The recording intensity of the beams was 1 mW/cm2 and the
average spatial frequency of recording was 650 l/mm.

6.4. Recording of HOEs by multiplexing

The aim of this experiment was to record a holographic optical element which would direct
the light in a fixed direction independently of the direction of incoming light.
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Figure 2. Optical set-up for recording multiplexed HOEs in this case - diffraction gratings of different spatial frequen‐
cies. B S (Beam Splitter), C L (Collimating Lens), S F (Spatial Filter), P S (Photopolymer Sample)

Figure 2 shows the experimental set up for the recording of multiplexed transmission gratings.
The photopolymer sample was kept at a fixed distance from the beam splitter and the reference
beam was varied in direction by using five mirrors fixed at different distances from the beam
splitter to reflect the light onto the photopolymer layer. The photopolymer sample was
adjusted so that the object beam and the reference beam from mirror 5 overlapped in the plane
of the photosensitive medium with the sample normal bisecting the interbeam angle. This
ensured the grating was unslanted when recorded by the beam reflected by mirror 5 and the
beam transmitted by the beam splitter. The gratings were recorded in the same photopolymer
layer starting with the lowest spatial frequency (mirror1). Mirror 1 was then removed and the
next grating was recorded in the same area by the light reflected onto the photopolymer layer
from mirror 2 and the light transmitted by the beam splitter. This procedure was repeated for
the other three mirrors, with mirror 5 corresponding to the largest spatial frequency. Cylin‐
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drical lenses were also recorded in the same volume of the recording medium using a
cylindrical lens of 15 cm focal length placed in the path of the beam transmitted by the beam
splitter so that this light was focused into a thin line just behind the photopolymer sample. In
order to find the optimum recording conditions for HOEs with equal diffraction efficiencies
the transmission gratings were recorded in two ways. First, the intensity was kept constant
and the exposure time varied from one recording to the next. The second approach was to keep
the exposure time constant and vary the intensity. The recorded HOEs initially consisted of
three gratings utilising mirrors M1, M2 and M5 and then five gratings utilising all five mirrors
(M1, M2, M3, M4 and M5).

The spatial frequencies of the recorded gratings using the different mirrors in the recording
set up were respectively: M1- 450 lines/mm; M2 - 1065 lines/mm; M3 -1295 lines/mm; M4 -1470
lines/mm and M5 -1700 lines/mm.

6.5. Characterisation of the recorded HOEs

Two procedures were used in order to measure the maximum diffraction efficiencies (η) of the
HOEs at different spatial frequencies.

Probing the recorded holograms using Nd:YVO4 laser beam (532nm)

After the recording of the transmission gratings with the photopolymer sample fixed in the
same position, one of the recording beams was stopped and the HOE was illuminated only
with the other recording beam, but with intensity much less than that used to record the
grating, in order to avoid further polymerization. A photo detector was used to measure the
intensities of the diffracted beam, the incident beam and the beam reflected from the photo‐
polymer surface.

The percentage diffraction efficiency (η) was calculated from the equation
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where I1 is the intensity of the incident beam, Id is the intensity of the diffracted beam and Ir

is the intensity of the beam reflected from the front photopolymer surface.

Probing the recorded holograms using a Helium-Neon laser (633nm)

Figure 3 shows the experimental set up for measuring the diffraction efficiencies using a
Helium-Neon laser beam that has a much smaller diameter than that of the HOE. The Helium-
Neon laser was positioned so that it probed the centre of the HOE that was recorded on the
photopolymer layer. The photopolymer is not sensitive to light of wavelength 633 nm,
therefore further polymerisation does not occur. The photopolymer sample was rotated until
the maximum diffracted intensity of the laser beam was observed on a screen behind the
photopolymer. The angle of incidence of the probe beam at which the maximum diffraction
efficiency is obtained is known as the Bragg angle.
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Figure 3. Characterisation of the HOE at 633nm. I1 is the intensity of the probe beam,

Id  the intensity of the reconstructed or diffracted beam and Ir  the intensity of the beam reflected
from the photopolymer surface.

The intensity Id was measured using a photo detector, and equation (1) was used to calculate
the diffraction efficiency. In the case of multiplexed gratings the value of Id  for each grating
was measured in turn by further rotation of sample until the diffracted intensity maximum for
each was obtained at the appropriate Bragg angle.

7. Results and discussion

7.1. Recording of focusing HOEs

The diffraction efficiency of a single lens recorded in a red sensitive layer of thickness of 50
μm as a function of recording time is presented in Fig. 4. It is seen that the maximum diffraction
efficiency is nearly 45 % and it is reached after 100 s exposure time.
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Figure 4. Diffraction efficiencies of single lenses recorded in 50 micrometer layers. Recording wavelength was 633
nm. Recording frequency was 650 l/mm and recording intensity was 1 mW/cm2.

Much higher diffraction efficiency was achieved in green sensitised layers of thickness 50 μm
(Fig.5). The total recording intensity of the beams was 1 mW/cm2. The spatial frequency of
recording was 300 l/mm.
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Figure 5. Diffraction efficiency of gratings recorded in 50 μm layers. Recording wavelength was 532 nm.
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7.2. Recording of three multiplexed holographic gratings

Initial experiments were carried out in layers of thickness of 100 μm. In order to find the
optimum exposure times required to obtain gratings with diffraction efficiency above 50 %,
gratings were separately recorded at 1000, 1500 and 2000 l/mm. At the next stage of the
experiment, three gratings of spatial frequencies 2000, 1500 and 1000 l/mm were recorded in
the same volume of the recording medium, first by using the measured recording times
required to achieve 50% diffraction efficiency at each of the spatial frequencies. This produced
gratings with unequal diffraction efficiencies. In order to equalize the diffraction efficiency of
the gratings the recording time was varied. The diffraction efficiencies of previously recorded
gratings were measured after each exposure to observe how the recording of the gratings at
1500lines/mm and 1000 lines/mm affected the grating recorded at 2000 lines/mm.
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Figure 6. Diffraction efficiency of three gratings multiplexed in the same region of a photopolymer layer of thickness
100 μm.

It is seen from Fig. 6 that the recording of the grating at 1500 lines/mm had a large effect on
the diffraction efficiency of the grating previously recorded at 2000 lines/mm. The diffraction
efficiency at 2000 lines/mm increased by 23.8% after the recording of the second grating at 1500
lines/mm. It increased a further 14% due to the recording of the third grating at 1000 lines/mm.
This shows that the recording of a grating affects the diffraction efficiency of a previously
recorded grating. This must be taken into account when the exposure schedule for equalization
of the diffraction efficiencies is developed.

This procedure was repeated several times by varying the exposure times, but it was not
possible to equalise the diffraction efficiencies of the three gratings and to achieve diffraction
efficiency above 50% for all three of them.. From Fig. 6 is seen that the maximum diffraction
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(Fig.5). The total recording intensity of the beams was 1 mW/cm2. The spatial frequency of
recording was 300 l/mm.
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Figure 5. Diffraction efficiency of gratings recorded in 50 μm layers. Recording wavelength was 532 nm.
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7.2. Recording of three multiplexed holographic gratings

Initial experiments were carried out in layers of thickness of 100 μm. In order to find the
optimum exposure times required to obtain gratings with diffraction efficiency above 50 %,
gratings were separately recorded at 1000, 1500 and 2000 l/mm. At the next stage of the
experiment, three gratings of spatial frequencies 2000, 1500 and 1000 l/mm were recorded in
the same volume of the recording medium, first by using the measured recording times
required to achieve 50% diffraction efficiency at each of the spatial frequencies. This produced
gratings with unequal diffraction efficiencies. In order to equalize the diffraction efficiency of
the gratings the recording time was varied. The diffraction efficiencies of previously recorded
gratings were measured after each exposure to observe how the recording of the gratings at
1500lines/mm and 1000 lines/mm affected the grating recorded at 2000 lines/mm.
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100 μm.

It is seen from Fig. 6 that the recording of the grating at 1500 lines/mm had a large effect on
the diffraction efficiency of the grating previously recorded at 2000 lines/mm. The diffraction
efficiency at 2000 lines/mm increased by 23.8% after the recording of the second grating at 1500
lines/mm. It increased a further 14% due to the recording of the third grating at 1000 lines/mm.
This shows that the recording of a grating affects the diffraction efficiency of a previously
recorded grating. This must be taken into account when the exposure schedule for equalization
of the diffraction efficiencies is developed.

This procedure was repeated several times by varying the exposure times, but it was not
possible to equalise the diffraction efficiencies of the three gratings and to achieve diffraction
efficiency above 50% for all three of them.. From Fig. 6 is seen that the maximum diffraction
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efficiencies measured at spatial frequencies of 1500 lines/mm and 2000 lines/mm were greater
than the set target of 50%. The lower diffraction efficiency at 1000lines/mm was assumed to be
due to the dynamic range of the photopolymer layer being consumed.

In order to achieve gratings with diffraction efficiency higher than 50% layers with greater
thickness and dynamic range were prepared. The next set of gratings was recorded in layers
of 120 μm thickness.

400 600 800 1000 1200 1400 1600 1800
0

10

20

30

40

50

60

70

Di
ffr

ac
tio

n 
ef

fic
ie

nc
y,

%

Spatial frequency of the grating, l/mm

Figure 7. Diffraction efficiency of three gratings multiplexed in the same region of a photopolymer layer of thickness
120 μm.

It can be observed in Fig.7 that the three gratings of different spatial frequencies were suc‐
cessfully recorded with nearly equal diffraction efficiencies around 50%. This confirmed the
assumption that in the thinner layers the main obstacle to equalising the gratings with
diffraction efficiencies above 50% was insufficient dynamic range of the photopolymer layer.
The order of recording and corresponding exposure times for the three gratings were 450, 1065
and 1700 l/mm and 2, 4 and 18 seconds.

7.3. Recording of five multiplexed holographic gratings

After successfully multiplexing three gratings in the same layer the next step was to try to increase
the number of holograms and in this way to increase the number of solar light incidence angles
that can be exploited. The aim of this experiment was to obtain optimum diffraction efficiencies
from five gratings recorded in the same volume of the recording medium. This was achieved by
using two different recording conditions, constant intensity with variable expsosure time and
constant exposure time with variable intensity. The experimental set-up used was as shown in
Fig. 2. The diffraction efficiencies were measured using a He-Ne laser.
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The results of these experiments are represented in Fig. 8.
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Figure 8. Diffraction efficiencies of five multiplexed gratings recorded by using two exposure schedules- constant ex‐
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2 1065 3 30 30 7.5

3 1295 5 50 60 15
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Table 1. Exposure time and intensity for recording of the five multiplexed gratings.

From Fig.8 it is seen that recording the gratings with constant intensity produced less variation
in the diffraction efficiencies of the recorded gratings. In both cases the dynamic range of the
layer is insufficient to produce all five gratings with high diffraction efficiency..
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7.4. Recording of five multiplexed holographic lenses

The method of varying the exposure time for the recording of the gratings was repeated with
a cylindrical lens in the path of the beam transmitted by the beamsplitter focussing the beam
into a long narrow line. The diffraction efficiencies were measured using the He-Ne laser and
compared with the diffraction efficiencies measured for gratings recorded under the same
conditions with two collimated beams (Fig. 9).
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Figure 9. Comparison of the diffraction efficiencies of HOEs of five multiplexed gratings (squares) and five multi‐
plexed lenses (circles).

From Fig. 9 it is seen that the diffraction efficiencies of the first three gratings (recorded at low
spatial frequencies) were around the same value above 50% and that the diffraction efficiency
is lower for the last two gratings recorded at larger spatial frequencies.

In a further experiment just four lenses instead of five were recorded to reduce the risk of the
dynamic range being consumed. The recording conditions were optimised again (Table 2) and
are presented in Fig. 10.

Constant Exposure time of 4 s

Lenses No. Spatial Frequency l/mm Exposure energy mJ/cm2
Exposure Intensity,

mW/cm2

1 450 6 1.5
2 1065 13 3.2
3 1295 60 15
4 1700 160 40

Table 2. Recording conditions for multiplexing of four cylindrical lenses in a 120 μm thick photopolymer layer.
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Figure 10. Diffraction efficiencies of multiplexed holographic cylindrical lenses.

8. Conclusions

It was demonstrated that high diffraction efficiency HOE consisting of a single spherical lens
can be recorded in a relatively thin photopolymer layer of 50 μm thickness. The advantage of
using thin layers and lower spatial frequency of recording in this application is the larger
acceptance angle of the optical component.

It was possible to equalise the diffraction efficiencies of three multiplexed gratings at 51.9±3.5 %.

A study of the influence of the exposure schedule – keeping the intensity constant and changing
the time or keeping the exposure time constant and varying the intensity, revealed that the
first schedule delivered better equalisation of the diffraction efficiency.

Three HOEs - containing five gratings with a range of spatial frequencies from 450 to 1700
l/mm, five cylindrical lenses and four cylindrical lenses, were successfully recorded in the same
photopolymer layer. These can be considered as successful first steps in the design and
fabrication of holographic solar concentrators fabricated in acrylamide based photopolymer.
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8. Conclusions

It was demonstrated that high diffraction efficiency HOE consisting of a single spherical lens
can be recorded in a relatively thin photopolymer layer of 50 μm thickness. The advantage of
using thin layers and lower spatial frequency of recording in this application is the larger
acceptance angle of the optical component.

It was possible to equalise the diffraction efficiencies of three multiplexed gratings at 51.9±3.5 %.

A study of the influence of the exposure schedule – keeping the intensity constant and changing
the time or keeping the exposure time constant and varying the intensity, revealed that the
first schedule delivered better equalisation of the diffraction efficiency.

Three HOEs - containing five gratings with a range of spatial frequencies from 450 to 1700
l/mm, five cylindrical lenses and four cylindrical lenses, were successfully recorded in the same
photopolymer layer. These can be considered as successful first steps in the design and
fabrication of holographic solar concentrators fabricated in acrylamide based photopolymer.
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1. Introduction

Polymer-based  periodic structures  nowadays  are  very  useful  for  many applications  in
optoelectronics and photonics, such as optical filters, distributed-feedback laser, wave‐
guide  coupling,  photonic crystals,  etc. [1-3].  Different  methods  based on  photoinduced
transformation of photosensitive materials have been used to fabricate the desired period‐
ic  structures.  A common point of these fabrication technologies is the use of a so-called
photoresist to record the light pattern following by a development process. The later one
allows to wash out the remaining unpolymerized photoresists, resulting in a polymerized
structure,  which is  a duplication of  the light pattern.  However,  development techniques
based on solvent dissolutions affect the fabrication process, leading often to a deforma‐
tion of the  fabricated  structures.  Recently, new  organic  materials  named  azobenzene-
containing polymers (azopolymers) have attracted much attention for the fabrication of sub-
micrometer structures, thanks to a particular mass transport effect under a modulated light
irradiation. This phenomenon allows to fabricate a so-called surface relief grating (SRG) by
a simple one-step process, without development process [4-5]. Figure 1 shows the chemi‐
cal  structure of  one typical  commercial  azopolymer named Disperse Red 1-poly-methyl-
methacrylate (DR1/PMMA). Here, the DR1 molecule is attached to the polymer backbone
MMA monomers  through covalent bonds  with  a  30/70  molar  ratio  between them.  This
copolymer presents  very good thermal and temporal  stability with high glass transition
temperature (Tg = 125°C). Experimental results have been shown that the SRG formation

© 2013 Wu et al.; licensee InTech. This is an open access article 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.

© 2013 Wu et al.; licensee InTech. This is a paper distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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on  an  azopolymer  film  depends  on  different  parameters:  sample  temperature,  light
polarization, intensity of the interference beams, etc.  Many theoretical models have been
proposed to explain the mechanism of SRG formation [6-10] on DR1/PMMA azopolymer.
Despite these efforts,  the mechanism is still  not fully explained. The most plausible and
widely used model is the gradient force model [7]. According to this model, the pressure
and resultant force can be achieved thanks to the light irradiation, which induces a trans-
form ↔ cis-form photoisomerization effect  in  azobenzene molecules.  Inset  of  the  Fig.  1
illustrates the photoisomerization process between the trans-form and cis-form of a  DR1
chromophore  molecule.  At  room temperature,  the  trans-form is  fundamentally  stable  as
compared with the  cis-form.  When the DR1 molecule  is  subjected to  a  visible  illumina‐
tion,  the  trans-form  will  be  transformed  to  a  cis-form,  which  later  relaxes  back  to  the
trans-form by thermal relaxation (slow process) or by UV irradiation (fast process). Under
a spatially modulated irradiation,  the DR1 molecules,  after many trans-form ↔ cis-form
cycles, will move from the position of highest intensity to the position at which the light
intensity is lowest. Therefore, the necessary condition to form the SRG is a photoisomeriza‐
tion process under the irradiation of a modulated light intensity.

This chapter presents the fabrication of one- and two-dimensional (1D and 2D) holographic
SRGs based on one- or multi-exposure of the azobenzene copolymer (DR1/PMMA) to two-
and/or three-beam interference patterns. A single exposure of the two-beam interference
pattern is used to form 1D SRG. 2D periodic structure then can be fabricated either by two
exposures of the sample to a two-beam interference pattern or by only a single exposure to a
three-beam interference pattern. Also, the formation of SRGs is optically accelerated by
assisting it with an independent UV or VIS laser.

Section 2 shows the fabrication of SRG by using the two-beam interference technique. Because
of the important role of the intensity and polarization modulations during the formation of
SRG, the theory of two-beam interference will be presented in detail. The diffraction efficiency
(DE) and the depth of SRGs fabricated with different polarization configurations have been
characterized and discussed. The relationship between the depth and period of SRG was also
studied and reported. The 2D holographic SRG is realized by using two exposures to the two-
beam interference pattern. This fabrication method is simple and easy to control the SRG
periodicity, but it is time consuming and the 2D SRG structures are not symmetric.

In order to rapidly fabricate uniform and symmetric 2D SRG structures,  the three-beam
interference  technique  has  been  used  as  shown in  Section  3.  The  theory  of  three-beam
interference  is  first  studied,  analysing in  particular  the  influence  of  polarizations  of  the
three  laser  beams  on  the  intensity  and  polarization  modulations.  Then,  2D  hexagonal
structures  have been fabricated by this  fabrication technique with  a  particular  polariza‐
tion configuration (circular-circular-circular). Comparison with the results obtained by the
multiple-exposure two-beam interference technique and discussions of the advantages of
this technique will also be presented.

In Section 4, we investigate experimentally the optimization of 1D SRG formation by using an
additional laser to assist the photoisomerization process. First, an UV beam (355 nm-wave‐
length) is used to accelerate the photoisomerization from the cis-form to the trans-form. Second,
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a VIS beam (532 nm-wavelength), of the same wavelength as the interference beams, is used
to accelerate the photoisomerization from the trans-form to the cis-form. Both techniques
allowed to enhance the SRG formation, resulted in a better DE and a larger depth of the SRGs.
The mechanisms of these two methods are different but both of them are polarization de‐
pendent.

Finally, we will make some conclusions of our work and also release some prospects.

Figure 1. Chemical structure of the DR1/PMMA copolymer. Insert shows the trans-form↔cis-form photoisomeriza‐
tion process induced by different optical excitations and thermal relaxation.

2. Two-beam interference

Laser interference technologies have been widely used to fabricate polymer-based periodic
and quasi-periodic micro- and nano-structures with large areas. We propose to use the two-
beam interference technique to fabricate 1D and 2D SRG structures by one- and two-exposure.
Indeed, two-beam interference is the simplest configuration (Fig. 2(a)), which allows to create
a spatial modulation of light intensity in one dimension.

2.1. Theory of two-beam interference

Considering two-beam interference as illustrated in Fig. 2(a). Two coherent laser beams of the
same profiles and same intensities and coming from the same laser source propagate toward
the same sample area. These laser beams are symmetrically oriented around the sample normal
direction and make an angle θ with respect to this axis. The electric fields, E1(r, t) and E2(r, t),
of the two plane waves corresponding to these two laser beams are given by
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on  an  azopolymer  film  depends on  different  parameters:  sample  temperature,  light
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length) is used to accelerate the photoisomerization from the cis-form to the trans-form. Second,
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a VIS beam (532 nm-wavelength), of the same wavelength as the interference beams, is used
to accelerate the photoisomerization from the trans-form to the cis-form. Both techniques
allowed to enhance the SRG formation, resulted in a better DE and a larger depth of the SRGs.
The mechanisms of these two methods are different but both of them are polarization de‐
pendent.

Finally, we will make some conclusions of our work and also release some prospects.

Figure 1. Chemical structure of the DR1/PMMA copolymer. Insert shows the trans-form↔cis-form photoisomeriza‐
tion process induced by different optical excitations and thermal relaxation.

2. Two-beam interference

Laser interference technologies have been widely used to fabricate polymer-based periodic
and quasi-periodic micro- and nano-structures with large areas. We propose to use the two-
beam interference technique to fabricate 1D and 2D SRG structures by one- and two-exposure.
Indeed, two-beam interference is the simplest configuration (Fig. 2(a)), which allows to create
a spatial modulation of light intensity in one dimension.

2.1. Theory of two-beam interference

Considering two-beam interference as illustrated in Fig. 2(a). Two coherent laser beams of the
same profiles and same intensities and coming from the same laser source propagate toward
the same sample area. These laser beams are symmetrically oriented around the sample normal
direction and make an angle θ with respect to this axis. The electric fields, E1(r, t) and E2(r, t),
of the two plane waves corresponding to these two laser beams are given by
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the polarizations. At the overlapping area of the two beams, the interference electric field is
the sum of the electric fields of individual plane waves
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The interference intensity distribution of the resultant wave is given by
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where ... t  represents the time average of the resultant electric field.

Using equations (3) and (4), we can easily calculate both the intensity distribution and the
polarization distribution of the interference pattern. The periodicity of the interference pattern
depends on the angle θ and the laser wavelength (λ), and it is determined by

.
2sin
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Figure 2. Optical arrangement of two-beam (a) and three-beam interference (b) techniques. Each laser beam is sym‐
metrically oriented around the vertical axis by an angle θ. ki (i = 1, 2, 3) represents the wave vector of each laser beam.
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In this work, all numerical calculations were realized by using Matlab software with personal
codes, which allowed to investigate all properties of the interference pattern as a function of
different polarizations of the laser beams.

2.1.1. Intensity distribution

Figure 3 shows the simulation results of the intensity modulation of the two-beam interference
pattern, obtained with different polarization configurations and at different incident angles
θ. We have considered four particular polarization configurations of the two laser beams: S-
S, P-P, S-P, and RC-LC (right circular and left circular). Since the interference cannot be realized
with S-P polarization configuration, this particular case is not shown here. For the three other
polarization configurations, we can see that intensity modulation depends not only on the
polarization configuration, but also on the incident angle θ. Namely, for a S-S polarization
configuration, the polarizations are the same for both laser beams at any angle θ, resulting in
a maximal amplitude modulation (100%) of the intensity interference pattern. However, the
amplitude modulation increases from 0 to 100% when θ increases in the case of RC-LC
polarization configuration. Also, for the P-P configuration, the amplitude modulation firstly
decreases then increases when θ varies from 0° to 90°. We note that for the last case, there is a
position shifting the interference pattern by a distance of Λ/2 along x-axis for θ = 45°, but this
does not affect the fabrication of SRGs.

In order to evaluate the influence of polarizations configurations on the intensity modulation,
we introduce a well-known parameter called visibility (interference contrast), C

( ) ( )max min max minC ,T T T TI I I I= - + (6)

where IT
max and IT

min are the maximum and minimum of the intensity, respectively.

Figure 4 shows the interference contrast as a function of θ (from 0° to 85°) for different
polarization configurations. It is clear that the interference contrast is constant for S-S polari‐
zation configuration and keeps increasing with θ for the RC-LC polarization configuration.
On the other hand, for the P-P case, the interference contrast decreases from 100% to 0 when
the incident angle is varied from 0° to 45°, then increases again from 0 to 100% when θ increases
from 45° to 90°. The reason is that in the case of P-P polarization configuration, two polariza‐
tions tend to be orthogonal when θ approaches 45°. At this particular angle, two polarizations
are perpendicular and there is no interference. Therefore, for a standard optical lithography,
a two-beam interference pattern with S-S polarization configuration is used in order to ensure
the best intensity modulation contrast.

2.1.2. Polarization modulation

However, when the two-beam interference technique is applied to SRG formation, the
modulation condition of the interference intensity is not enough, since the photoisomerization
of DR1 molecules depends also on the illuminated light polarization. The polarization
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In this work, all numerical calculations were realized by using Matlab software with personal
codes, which allowed to investigate all properties of the interference pattern as a function of
different polarizations of the laser beams.

2.1.1. Intensity distribution

Figure 3 shows the simulation results of the intensity modulation of the two-beam interference
pattern, obtained with different polarization configurations and at different incident angles
θ. We have considered four particular polarization configurations of the two laser beams: S-
S, P-P, S-P, and RC-LC (right circular and left circular). Since the interference cannot be realized
with S-P polarization configuration, this particular case is not shown here. For the three other
polarization configurations, we can see that intensity modulation depends not only on the
polarization configuration, but also on the incident angle θ. Namely, for a S-S polarization
configuration, the polarizations are the same for both laser beams at any angle θ, resulting in
a maximal amplitude modulation (100%) of the intensity interference pattern. However, the
amplitude modulation increases from 0 to 100% when θ increases in the case of RC-LC
polarization configuration. Also, for the P-P configuration, the amplitude modulation firstly
decreases then increases when θ varies from 0° to 90°. We note that for the last case, there is a
position shifting the interference pattern by a distance of Λ/2 along x-axis for θ = 45°, but this
does not affect the fabrication of SRGs.

In order to evaluate the influence of polarizations configurations on the intensity modulation,
we introduce a well-known parameter called visibility (interference contrast), C
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where IT
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min are the maximum and minimum of the intensity, respectively.

Figure 4 shows the interference contrast as a function of θ (from 0° to 85°) for different
polarization configurations. It is clear that the interference contrast is constant for S-S polari‐
zation configuration and keeps increasing with θ for the RC-LC polarization configuration.
On the other hand, for the P-P case, the interference contrast decreases from 100% to 0 when
the incident angle is varied from 0° to 45°, then increases again from 0 to 100% when θ increases
from 45° to 90°. The reason is that in the case of P-P polarization configuration, two polariza‐
tions tend to be orthogonal when θ approaches 45°. At this particular angle, two polarizations
are perpendicular and there is no interference. Therefore, for a standard optical lithography,
a two-beam interference pattern with S-S polarization configuration is used in order to ensure
the best intensity modulation contrast.

2.1.2. Polarization modulation

However, when the two-beam interference technique is applied to SRG formation, the
modulation condition of the interference intensity is not enough, since the photoisomerization
of DR1 molecules depends also on the illuminated light polarization. The polarization
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distribution of the resultant field of the two laser beams has been then evaluated. Figure 5
represents the polarization distributions of the two-beam interference pattern in the xy-plane
for different polarization configurations and for different incident angles. The background
illustrates the intensity pattern where the deep colour corresponds to high intensity and the
light colour corresponds to low intensity. The polarization of the resultant field is calculated
for several particular positions, corresponding to x = ±Λ/2; ±Λ/4; 0. For the S-S polarization
configuration, the interference polarization keeps the same direction, as those of the two laser
beams, for any position and for all incident angles. In the case of the P-P polarization config‐
uration, the interference polarization direction is also the same for different θ-values, but the
polarization amplitude decreases with increasing θ. In fact, when θ increases, the polarizations
of both laser beams become parallel to the z-axis, i. e. perpendicular to the xy-plane, resulting
in a diminution of the interference polarization amplitude in this plane. For the two other
polarization configurations, the interference polarization varies periodically between linear,

Figure 3. Interference intensity distributions along the x-axis, calculated for different polarizations configurations (S-S,
P-P, RC-LC) at θ = 5º, 50º and 85°, respectively. S and P represent two orthogonal linear polarizations; RC and LC are
right and left circular polarizations, respectively. Note that: i) the intensity modulation keeps the same shape (except
periodicity) for any θ−value in the case of S-S polarization configuration; ii) there is a Λ/2 switching position of the
interference pattern for θ = 45° in the case of P-P polarization configuration, and iii) there is no intensity modulation at
any θ−value in the case of S-P polarization configuration (not shown).
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elliptic and circular forms, as seen in Fig. 5. In particular, for the S-P polarization configuration,
a periodical modulation of the resultant polarization is obtained, while the resultant intensity
modulation cannot be achieved, as discussed above. That will explain why SRG can be realized
with such polarization configuration, thanks to the interference polarization modulation.
Finally, for the case of RC-LC polarization configuration, the resultant polarization becomes
a linear polarization for any θ-value, but the polarization direction changes periodically in the
xy-plane. We note that, similar to the case of P-P polarization configuration, the polarization
amplitude in the xy-plane decreases when θ increases. Besides, the interference polarization
pattern is shifted by a distance of Λ/4 along the x-axis with respect to the interference intensity
pattern, as shown in Fig. 5.

As discussed before, the formation of SRG on azo-copolymer depends on the modulation of
the irradiating light pattern and also on its resultant polarization. Therefore, polarization
modulation and intensity distribution of the interference pattern are two necessary conditions,
complementary and also competitive, for creating SRG. In this work, different SRGs were
experimentally realized and the polarization dependence in the formation of SRG was also
investigated.

2.2. Experimental demonstration

SRGs were fabricated by the following procedure: i) preparation of a thin film sample by spin-
coating DR1/PMMA on cleaned glass substrate and baking in the oven at a temperature of
120°C for 2 hours to remove the solvent; ii) exposure by a two-beam interference pattern.

In order to build-up the fabrication technique, we have first recorded the UV–Visible absorp‐
tion spectrum of the DR1/PMMA thin film. The absorption band ranges from 400 nm to 570

Figure 4. Interference contrast or visibility of the two-beam interference pattern as a function of the angle θ. Three
curves are obtained by using different polarizations configurations (S-S: blue line, P-P: red line, RC-LC: black line).
There is a Λ/2 switching position of the interference pattern for θ = 45° in the case of P-P polarization configuration,
corresponding to a minimum contrast at this angle.
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distribution of the resultant field of the two laser beams has been then evaluated. Figure 5
represents the polarization distributions of the two-beam interference pattern in the xy-plane
for different polarization configurations and for different incident angles. The background
illustrates the intensity pattern where the deep colour corresponds to high intensity and the
light colour corresponds to low intensity. The polarization of the resultant field is calculated
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uration, the interference polarization direction is also the same for different θ-values, but the
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of both laser beams become parallel to the z-axis, i. e. perpendicular to the xy-plane, resulting
in a diminution of the interference polarization amplitude in this plane. For the two other
polarization configurations, the interference polarization varies periodically between linear,

Figure 3. Interference intensity distributions along the x-axis, calculated for different polarizations configurations (S-S,
P-P, RC-LC) at θ = 5º, 50º and 85°, respectively. S and P represent two orthogonal linear polarizations; RC and LC are
right and left circular polarizations, respectively. Note that: i) the intensity modulation keeps the same shape (except
periodicity) for any θ−value in the case of S-S polarization configuration; ii) there is a Λ/2 switching position of the
interference pattern for θ = 45° in the case of P-P polarization configuration, and iii) there is no intensity modulation at
any θ−value in the case of S-P polarization configuration (not shown).
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elliptic and circular forms, as seen in Fig. 5. In particular, for the S-P polarization configuration,
a periodical modulation of the resultant polarization is obtained, while the resultant intensity
modulation cannot be achieved, as discussed above. That will explain why SRG can be realized
with such polarization configuration, thanks to the interference polarization modulation.
Finally, for the case of RC-LC polarization configuration, the resultant polarization becomes
a linear polarization for any θ-value, but the polarization direction changes periodically in the
xy-plane. We note that, similar to the case of P-P polarization configuration, the polarization
amplitude in the xy-plane decreases when θ increases. Besides, the interference polarization
pattern is shifted by a distance of Λ/4 along the x-axis with respect to the interference intensity
pattern, as shown in Fig. 5.

As discussed before, the formation of SRG on azo-copolymer depends on the modulation of
the irradiating light pattern and also on its resultant polarization. Therefore, polarization
modulation and intensity distribution of the interference pattern are two necessary conditions,
complementary and also competitive, for creating SRG. In this work, different SRGs were
experimentally realized and the polarization dependence in the formation of SRG was also
investigated.

2.2. Experimental demonstration

SRGs were fabricated by the following procedure: i) preparation of a thin film sample by spin-
coating DR1/PMMA on cleaned glass substrate and baking in the oven at a temperature of
120°C for 2 hours to remove the solvent; ii) exposure by a two-beam interference pattern.

In order to build-up the fabrication technique, we have first recorded the UV–Visible absorp‐
tion spectrum of the DR1/PMMA thin film. The absorption band ranges from 400 nm to 570

Figure 4. Interference contrast or visibility of the two-beam interference pattern as a function of the angle θ. Three
curves are obtained by using different polarizations configurations (S-S: blue line, P-P: red line, RC-LC: black line).
There is a Λ/2 switching position of the interference pattern for θ = 45° in the case of P-P polarization configuration,
corresponding to a minimum contrast at this angle.
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nm, with an absorption peak at 480 nm. A green laser is therefore suitable for the SRG
formation.

The experimental setup for two-beam interference can be realized easily according to Fig. 2
(a). A green laser (λ = 532 nm) beam is split into two identical secondary beams by a 50/50 non-
polarized beam splitter. The two beams were then combined, by using two mirrors, and
interfered on the azo-copolymer film. The polarizations of the two laser beams were controlled
independently by using different wave plates (quarter-wave plate and half-wave plate). The
incident angle θ was adjusted by tuning the two mirrors symmetrically, and the SRG perio‐
dicity varied from several micrometers to hundreds nanometers. The intensity of each
interference beam was fixed to about 84 mW/cm2 at the sample position. In order to monitor
the dynamics of SRG formation, a red laser beam (λ = 633 nm, power = 1 mW) was sent into
the interference area, and the first-order diffraction intensity was measured as a function of
time, indicating the formation of SRG. The fabricated SRGs were then examined by using an
atomic force microscope (AFM) and/or a scanning electron microscope (SEM).

Figure 5. Polarization distributions in xy-plane of the two-beam interference pattern, obtained with different polari‐
zation configurations. The interference pattern is calculated for one period (from -Λ/2 to +Λ/2). The polarization mod‐
ulation varies as a function of θ-values (5°, 50° and 85°). The white-green colour of the background represents
intensity interference pattern.
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2.2.1. Formation of SRG with different polarization configurations

Figure 6 shows experimental results of the SRGs formation. The incident angle θ is 9°,
corresponding to a grating period of 1.7 μm. Figure 6(b) shows the AFM image of a 1D SRG
obtained by the RC-LC polarization configuration, which is perfectly consistent with the
simulation result of the interference pattern illustrated in Fig. 6(a). Actually, the shape of the
interference intensity pattern and that of SRG are similar, with a sinusoidal form of the same
period. However, we note that the highest intensity of the interference pattern corresponds to
the valley of SRG, due to the mass transport effect, which induces the transfer of the DR1
molecule from high intensity to low intensity area.

Figures 6(c) and (d) show the first-order diffraction efficiency (DE) and the amplitude of the
SRGs fabricated using different polarization configurations. Note that the probing beam (red
laser) applied to the film surface during the whole formation process has no influence on the
sample structure because its wavelength is out of the absorption band of the DR1 molecules
[11]. Figure 6(c) shows the time dependence of the DE, which is obviously polarization
dependence. The diffraction signal indicates the creation of the SRG and depends on the
exposure time. For all the polarization configurations, DE increases as a function of time, except
for the RC-LC polarization configuration for which DE saturates and decreases after 10 min
of exposure. However, we note that during the light irradiation process, the DE results from
the formation of three different gratings for the azobenzene copolymer: two gratings were
caused by refractive index change in the bulk copolymer material because of the different
refractive index values between trans-form and cis-form of DR1, and only the third one is
related to SRG [12]. An investigation of the SRG amplitude is necessary to fully analyse the
polarization dependence of the SRG formation.

Figure 6(d) shows the amplitude of the SRGs measured by AFM. The time-dependence of the
SRG depth is similar to that of the first-order diffraction intensity, except in the case of RC-LC
polarization configuration, for which SRG depth doesn’t decrease after saturation. This
explains the behaviour observed in Fig. 6(c) for RC-LC polarization configuration, in which
there is an exchange of the DE between the three different gratings, i. e. while the DE of two
other refractive gratings increases then decreases, the DE of the SRG just continues to increase.
We conclude that the SRG formation plays a dominant role in DE evolution.

Besides, we also found that the RC-LC polarization configuration is the best case, which allows
to achieve SRGs with the largest amplitude, as seen in Fig. 6 (d). On the other hand, the S-S
polarization configuration, theoretically providing 100% of intensity modulation, allows
obtaining SRGs with a depth of only several tens nanometers. Surprisingly, even in the case
of S-P polarization configuration, which does not create any intensity modulation, allows to
obtain SRGs with large depth, similar to those obtained by using a P-P polarization configu‐
ration. The formation of SRGs therefore depends strongly on the polarization distribution, or
more precisely, it depends on the compromise between the intensity and the polarization
modulations. Furthermore, we observed that the SRG depth reaches to a saturation level and
remains unchanged after. This saturation level depends mostly on the thickness of the sample,
on the light irradiation intensity, and also on the periodicity of the interference pattern. The
dependence of the SRG formation with respect to the two first parameters has been studied
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the valley of SRG, due to the mass transport effect, which induces the transfer of the DR1
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before [13, 14], and those parameters are kept unchanged in our case. In the next section, we
will show the influence of the periodicity of the interference pattern on the SRGs depth, in
order to find out the best SRG, i.e. the smallest period with large amplitude, for our applications
in nanophotonic domain.

2.2.2. SRG depth versus interference periodicity

The periodicity of the two-beam interference was varied and all other parameters were kept
the same for this investigation. The thickness of the azo-copolymer film is about 1.7 μm. The
exposure time is fixed at 40 min, which is long enough to achieve the saturation of the grating
formation. The polarizations of the two laser beams are RC-LC configuration to ensure the best
SRGs amplitude. According to equation (5), the SRG period can be adjusted with the incident
angle θ to a minimal value of λ/2, equivalent to approximately 270 nm. Figure 7 shows the
experimental results of the relationship between the SRG period and depth.

Figure 6. Surface relief grating inscribed on DR1/PMMA by two-beam interference technique. (a) Theoretical calcula‐
tion of the light intensity distribution of the two-beam interference pattern. (b) AFM image of a fabricated 1D SRG. (c)
Time evolution of the first-order diffraction intensity, obtained by sending a red laser beam at a normal incidence to
the 1D SRG. Insert shows the experimental diffraction pattern. (d) SRG depths measured as a function of exposure
time for different polarization configurations.
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Figures 7(a-d) show the AFM images of several examples of 1D SRGs with different periods
((a): 10 μm, (b): 2 μm, (c): 1.5 μm, and (d): 0.7 μm). As expected from the intensity modulation
(Fig. 4) and polarization modulation (Fig. 5), the SRG amplitude is not constant, but varies as
a function of the θ-value. Figure 7(e) shows how the SRG amplitude depends on the grating
period. The best SRG with the largest amplitude, of about 400 nm, was obtained with Λ
between 1.5 μm and 3 μm. The SRG amplitude decreases outside of this period range (>3 μm
or < 1.5 μm), but SRG can be still created with Λ values as large as 10 μm, or as small as 0.38
μm. In literature [15-16], people tried to explain this phenomenon including of a compromise
of the intensity and the polarization modulation. However, it is quite difficult to explain the
dependence of SRG depth on its period. Various elements should be considered to explain this
dependence. For example, Kim et al. [15] suggested that the thermal effects resulting from
absorption of light contribute to this phenomenon. But it cannot explain the sharp drop of the
depth for smaller periods (< 0.8 μm). Barret et al. [17] have used the photoisomerization
pressure model to explain the mass transport effect, which led to a relationship between the
SRG period and depth. However, their theoretical prediction and the experimental observa‐
tions do not match well.

Figure 7. The dependence of SRG depth on the interference periodicity. (a-d) AFM images of SRG structures obtained
with different θ-values. (e) SRG depth as a function of the SRG period.
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In our point of view, the dependence of the SRG depth on period should be explained by taking
into account the effective movement distance of the azo-copolymer material under light
irradiation. Actually, light induces the photoisomerization effect and pushes the azo-copoly‐
mer material away from high exposure intensity to dark areas over an effective distance of
several hundred nanometers [18]. For a large period, this movement distance is too short to
match with Λ, and cannot help to create a SRG with large amplitude. When the SRG period is
smaller than the movement distance, the azo-copolymer will move from highest intensity to
lowest intensity areas, and even to the next highest intensity area. A mixing movement in
different areas happens and the barrier between lowest and highest intensity is not clearly
identified, leading to a decrease of the SRG amplitude. Finally, there exists a range of periods,
in which the movement distance of the azo-copolymer is matched with the distance between
highest and lowest intensities of the interference pattern, leading to a best formation of the
SRG with largest amplitude. These arguments are well consistent with our experimental
observations. We note also that the movement distance of the azo-copolymer, accordingly the
optimum SRG period and depth, depends strongly on different experimental parameters, such
as the sample thickness, the light wavelength and intensity, the temperature, etc.

2.2.3. Formation of 2D SRG by two exposures

Recently, the multi-exposure of two-beam interference technique has been demonstrated to
be very powerful to fabricate desired 2D and 3D structures on photoresists [19-20]. Here, the
same method was used to realize 2D structures on DR1/PMMA. In practices, after the first
exposure, the sample was rotated by an α-angle around the z-axis, and then was exposed for
a second time to the same interference pattern.

Figure 8 shows the simulation and the corresponding experimental results by setting the
rotational angle of 90° or 60° between two exposures to the two-beam interference pattern. As
can be seen in Fig. 8 (a, b), we predicted a fabrication of a square or hexagonal structure with
symmetric form. Figures 8 (c, d) show that 2D square and hexagonal structures were effectively
fabricated on the DR1/PMMA. The corresponding diffraction patterns shown in Fig. 8 (e, f)
also explain the periodicities of fabricated 2D structures. However, as can be seen in Fig. 8(c-
f), the 2D structures fabricated in DR1/PMMA, by using two exposures of two-beam interfer‐
ence technique, are not symmetric with respect to the two directions of fabrication, as indicated
by the 1 and 2 axis. AFM results also show that the SRG depths are different in these two
directions. It is clear that the mechanism of the SRG formation is different from that of the
fabrication of 2D structures on photoresists. Indeed, after the first inscription, a 1D SRG was
created and the thickness of DR1/PMMA in the regions of peaks was increased with respect
to the thickness of original film. The second exposure therefore dealt with a non-uniform film,
which makes the lubrication of a final symmetric 2D structure difficult. In order to obtain such
a 2D symmetric SRG, the exposure time of the second exposure should be much longer than
that of the first exposure. The control of the exposure dose ratio between two exposures has
been considered [21], but this method lacks of reproducibility. Indeed, the SRG formation
depends on many experimental parameters and the SRG depth does not reach the same value
for different samples or different fabrication times.
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Figure 8. Square and hexagonal SRG structures fabricated by two exposures of two-beam interference pattern with a
rotation angle of 90° and 60° between the two exposures, respectively. (a), (b) Theoretical calculation of light intensity
distribution, and (c), (d) corresponding experimental results, respectively. (e), (f) Diffraction patterns of the square and
hexagonal structures, respectively.

Therefore, in order to create 2D symmetric SRGs on an azo-copolymer material, a single
exposure of a three-beam interference pattern is necessary. In the next section, we report our
investigations on the use of this interference technique.

3. Three-beam interference

Three-beam interference has been successfully employed to fabricate hexagonal periodic
structures [22]. In the case of a standard fabrication on photoresist, the information of three-
beam interference resultant polarization is often ignored. However, when this method is
applied to the formation of SRG, both intensity distribution and polarization distribution of
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also explain the periodicities of fabricated 2D structures. However, as can be seen in Fig. 8(c-
f), the 2D structures fabricated in DR1/PMMA, by using two exposures of two-beam interfer‐
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Figure 8. Square and hexagonal SRG structures fabricated by two exposures of two-beam interference pattern with a
rotation angle of 90° and 60° between the two exposures, respectively. (a), (b) Theoretical calculation of light intensity
distribution, and (c), (d) corresponding experimental results, respectively. (e), (f) Diffraction patterns of the square and
hexagonal structures, respectively.

Therefore, in order to create 2D symmetric SRGs on an azo-copolymer material, a single
exposure of a three-beam interference pattern is necessary. In the next section, we report our
investigations on the use of this interference technique.

3. Three-beam interference

Three-beam interference has been successfully employed to fabricate hexagonal periodic
structures [22]. In the case of a standard fabrication on photoresist, the information of three-
beam interference resultant polarization is often ignored. However, when this method is
applied to the formation of SRG, both intensity distribution and polarization distribution of

Optically Accelerated Formation of One- and Two-Dimensional Holographic Surface Relief Gratings on DR1/PMMA
http://dx.doi.org/10.5772/53788

159



the interference pattern play important roles. In this section, we present in detail the properties
of the three-beam interference technique, using different possible polarization configurations.

3.1. Theory of three-beam interference

Figure 2 (b) shows the beams geometry of the considered three-beam interference. The three
laser beams are symmetrically aligned around the z-axis with the same incident angle θ. Similar
to the case of two-beam interference, the three beams are associated to three plane waves E1(r,
t), E2(r, t) and E3(r, t), whose electric fields are given by

( ) ( )( )1 01 1 1, Re exp ,t E i twé ù= -ë ûE r k r eg (7)

( ) ( )( )2 02 2 2, Re exp ,t E i twé ù= -ë ûE r k r eg (8)

( ) ( )( )3 03 3 3, Re exp ,t E i twé ù= -ë ûE r k r eg (9)
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 are the corresponding wave vectors, r  is the position vector in the
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the unit vectors of the polarizations. In our simulations, we assumed that ∣k1∣ = ∣k2∣ = ∣k3∣ = k
and E01 = E02 = E03 = E0. At the overlapping area of the three beams, the interference electric field
is the sum of the electric fields of individual plane waves, ET(r, t)=E1(r,t) + E2(r,t) + E3(r,t). The
interference intensity is calculated by using equation (4). A 2D periodic structure was then
generated with a periodicity determined by Λ=λ/(1.5sinθ), where λ is the wavelength of laser
beam.

Similar to the case of two-beam interference, we have investigated the intensity distribution
and the polarization distribution of the three-beam interference pattern as a function of the
polarizations of the three laser beams. We considered four particular polarizations configura‐
tions, namely, three random polarizations (R,R,R), three p-polarizations (P,P,P), three s-
polarizations (S,S,S), and three circular polarizations (C,C,C), as shown in the top of Fig. 9.

3.1.1. Intensity distribution

Figure 9 represents the intensity distributions of the three-beam interference pattern with
different polarization configurations. All simulated hexagonal structures are symmetric and
have the same period, but their forms change for different polarization configurations. For
example, we obtained air-hole structures (low intensity spots) with P,P,P or S,S,S polarization
configuration, and dielectric-cylinder structures (high intensity spots) with C,C,C polarization
configuration. The intensity contrast varies from this case to the other. The bottom line of Fig.
9 shows the intensity distributions along the x-axis of each case. Note that the contrast also
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varies as a function of the incident angle θ. However, we show here only results corresponding
to the case of θ=17.65°, as it will be realized experimentally and shown in the next section.
Theoretically, we expected that this three-beam interference technique allows to create 2D
symmetric SRG, by using any polarization configuration.

3.1.2. Polarization modulation

We now consider only three particular polarization configurations, i.e., P,P,P, S,S,S and C,C,C.
Because of the periodicity of the interference pattern, it is necessary to calculate the resultant
polarization for only one particular area corresponding to a so-called Wigner-Seitz primitive
cell. Figure 10 shows thus polarization distributions in the xy-plane for the three cases. We can
see that the resultant polarization changes as a function of the considered position. The
polarization distributions are also different from this configuration to the other. However, the
interfering polarizations are all symmetrically distributed around the origin of Wigner-Seitz
primitive cell. Concretely, for P,P,P and S,S,S cases, the resultant polarization is changed from
linear to elliptic and to circular. But for the C,C,C case, the resultant polarization keeps the
same polarization (circular) throughout the interference pattern. With the SRG samples
obtained using the two-beam interference technique, it is difficult to predict the best polari‐
zation configuration enabling the fabrication of SRGs with the largest amplitude. However,

Figure 9. Theoretical calculation of the three-beam interference intensity patterns with different polarization configu‐
rations. Polarization arrangements: (a) three random polarization beams; (b) three p-polarization beams; (c) three s-
polarization beams; and (d) three circular polarization beams. The interference patterns are all symmetric in xy-plan,
but the intensity modulation never reaches 100% for all the cases.
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varies as a function of the incident angle θ. However, we show here only results corresponding
to the case of θ=17.65°, as it will be realized experimentally and shown in the next section.
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from the point of view of fabrication setup, it is quite easy to build-up a three-beam interference
technique with C,C,C polarizations, as it will be demonstrated in the next section.

3.1.3. Experimental demonstration

Figure 11 shows the experimental setup of the three-beam interference and the experimental
results of 2D hexagonal SRG realized on the DR1/PMMA material. A large and uniform laser
beam with circular polarization was split into three sub-beams by a non-polarized multi-
surface prism. These three sub-beams, corresponding to three surfaces denoted as A1, A2, and
A3, respectively (Fig. 11(a)), show different propagation directions after passing through the
prism and then overlap on the surface of the sample. These three beams have the same
intensities and same polarizations (circular). This compact system allows to realize a 2D
hexagonal structure by only one exposure, which corresponds to the theoretical calculation of
the C,C,C polarization configuration shown before. We note that other polarization configu‐
rations could be also realized from this setup, but it requires the use of three other mirrors and
also different wave plates (quarter-wave and half-wave plates) to control the polarization of
each laser beam. In this work, we experimentally demonstrated the fabrication of 2D SRG by
using only the simple C,C,C polarization configuration.

Figure 10. Polarization distributions of the three-beam interference pattern, calculated for one Wigner-Seitz primitive
cell. The polarizations vary in different ways for three particular polarization configurations, but all distributions dis‐
play a 3-fold ~ 6-fold symmetry.

The special design of the tri-prism results in a hexagonal structure with a period of 1.2 μm
(corresponding to θ=17.65°). With only one exposure of a green laser (532 nm) via the multi-
surface-prism, a 2D hexagonal SRG was then created, as shown in Fig. 11(b). The 2D SRG is
quite uniform and symmetric. Actually, Fig. 11(c) shows a symmetric diffraction pattern of
fabricated structure. The surface modulation along different directions was also characterized,
and possessed the same modulation depth, as illustrated in Fig. 11(d). However, we remark
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that, since the period belongs to the range for which the SRG depth is weak (see Fig. 7), the
formation of the structure strongly depends on the relative ratio of the intensity of the three
laser beams. A small difference of the intensities of the laser beams induces a deformation of
the 2D SRG. Identical intensities of the three laser beams are therefore necessary for obtaining
a perfect symmetry of the SRGs. The dependence of the symmetry of the 2D SRGs on the
relative intensities and on different polarizations (S,S,S and P,P,P) of the laser beams is under
investigation.

4. Optimization of SRG formation

Besides the realization of SRGs on azo-copolymer materials, it is also interesting to optimize
the SRGs depth. Indeed, for a best choice of experimental parameters, the SRG amplitude is

Figure 11. Realization of 2D periodic and symmetric SRG structure by one exposure to the three-beam interference
pattern with C,C,C polarization configuration. (a) A large and uniform laser beam comes into a multi-surface prism
and is divided into three sub-beams corresponding to surfaces denoted as A1, A2, and A3, respectively. The three
beams overlap in an area in which a DR1/PMMA film is placed for the fabrication. (b) AFM image of a 2D SRG struc‐
ture produced by three-beam interference with C,C,C polarization configuration. (c) Experimental diffraction pattern
of the fabricated 2D SRG structure. (d) Surface modulation along three particular directions, as shown in figure (b), of
the fabricated 2D SRG structure.
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surface-prism, a 2D hexagonal SRG was then created, as shown in Fig. 11(b). The 2D SRG is
quite uniform and symmetric. Actually, Fig. 11(c) shows a symmetric diffraction pattern of
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that, since the period belongs to the range for which the SRG depth is weak (see Fig. 7), the
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laser beams. A small difference of the intensities of the laser beams induces a deformation of
the 2D SRG. Identical intensities of the three laser beams are therefore necessary for obtaining
a perfect symmetry of the SRGs. The dependence of the symmetry of the 2D SRGs on the
relative intensities and on different polarizations (S,S,S and P,P,P) of the laser beams is under
investigation.

4. Optimization of SRG formation

Besides the realization of SRGs on azo-copolymer materials, it is also interesting to optimize
the SRGs depth. Indeed, for a best choice of experimental parameters, the SRG amplitude is

Figure 11. Realization of 2D periodic and symmetric SRG structure by one exposure to the three-beam interference
pattern with C,C,C polarization configuration. (a) A large and uniform laser beam comes into a multi-surface prism
and is divided into three sub-beams corresponding to surfaces denoted as A1, A2, and A3, respectively. The three
beams overlap in an area in which a DR1/PMMA film is placed for the fabrication. (b) AFM image of a 2D SRG struc‐
ture produced by three-beam interference with C,C,C polarization configuration. (c) Experimental diffraction pattern
of the fabricated 2D SRG structure. (d) Surface modulation along three particular directions, as shown in figure (b), of
the fabricated 2D SRG structure.
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obtained only about 30% of the thickness of the sample. Several methods have been proposed
to improve the DE and the modulation depth of the SRGs, such as electrical poling, temperature
effect, etc. [23-24]. In this work, we demonstrated a simple optical method, which allowed
increasing rapidly the formation of the SRGs. This method is based on the control of the
photoisomerization process between trans- and cis-forms of the DR1 molecules. We have
demonstrated, as shown in the insert of the Fig. 1, that the use of an additional UV or VIS laser
beam assists the trans-cis-trans cycle, resulting in a rapid rotation of the DR1 molecules. This
optical assistance leads to the formation of SRGs with a large modulation depth. To understand
the mechanism of this assisting effect, we describe the photoisomerization process of DR1
molecules (insert of Fig. 1) as follow: DR1 molecules undergo photoisomerization process from
trans-form to cis-form by applying a green light. If we apply an assisting UV light beam
simultaneously with the green beam, the trans-form becomes the cis-form (green excitation),
and the cis-form rapidly returns to the trans-form (UV excitation). On the other hand, if we
apply an assisting VIS light beam simultaneously with the green beam, the trans-form becomes
the cis-form (green excitation), and the cis-form relaxes to the trans-form in the perpendicular
direction, which is then transferred back to the cis-form thanks to the excitation of the assisting
VIS beam. The trans-cis-trans cycle is therefore accelerated and multiplied, resulting in a SRG
with larger amplitude.

Figure 12 (a) shows the optical arrangement of two interfering beams with an assisting beam.
Two coherent green beams interfere and create SRG on DR1/PMMA sample. Another laser
beam, whose wavelength is 355 nm (UV) or 532 nm (VIS), comes into the sample, at the
interfering area to improve the formation of SRG. Here again, different polarization configu‐
rations of the writing and assisting beams are investigated, as shown in Fig.12 (b). All other
parameters, such as the thickness of samples (about 1.7 μm), the writing time (long enough to
reach the maximum SRG depth), the intensities of the writing beams and of the UV or VIS
assisting beam, were kept unchanged.

Figure 12. a) Optical arrangement of two-beam interference experiment with an additional assisting beam. Two
green (VIS) beams interfere on the surface of the DR1/PMMA and an assisting beam comes into sample at normal
incidence. (b) Different possibilities of polarization configurations of writing (VIS) and assisting beam (UV or VIS).
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4.1. Assisting by UV beam

Figure 13 shows the intensity of the first-order diffraction and the modulation depth of the
SRGs created with the assistance of the UV beam. We can observe clearly that the DE increases
immediately and rapidly when the UV assisting beam is turned on (Figs. 13(a-c)) and reaches
a maximum value, which is much higher than that obtained without the UV assisting beam.
We also found that the assisting effect is polarization dependent, for both writing beams and
assisting beams. The best polarization configuration for the improvement of SRG formation
was identified, corresponding to the case in which the polarization of the UV assisting beam
is same as the polarizations of the writing beam. The reason why such a polarization config‐
uration is optimum could be found from the photoisomerization process. Indeed, the green
beam transfers the trans-form to the cis-form, and the cis-form rapidly returns to the trans-form
via the UV excitation. The polarization of the UV laser therefore should be as same as that of
the green laser beam in order to act on the same molecule oriented in the same direction.
Figures 13(d-f) show the SRG depths obtained in such an optimized polarization configuration.
The SRG amplitude was improved from several nanometers to several hundred nanometers.
The evolution of the SRG depth is similar to that of the DE, but is not exactly the same, in
particular for the case of RC-LC writing beam polarization configuration.

4.2. Assisting by VIS beam

Another additional VIS beam, of the same wavelength as the writing beams (532 nm), was
used instead of  the UV beam to assist the formation of SRG. The DE also immediately
increases and accordingly a SRG with large amplitude is obtained, similar to the results
obtained from the UV assisting.  Figure 14 shows the improvement  of  DE and the SRG
depth for different polarization configurations. Considering only two particular polariza‐
tions, s-and p-polarizations, contrary to the case of UV assisting, the best improvement of
SRG formation was obtained when the polarization of the VIS assisting beam is perpendic‐
ular  to  the  polarizations  of the writing  beams.  Here  again,  the  mechanism  of  the  VIS
assisted SRG formation should be explained using the photoisomerization process. Indeed,
when an assisting VIS light beam is simultaneously applied with the writing green beams,
the trans-form is transferred to the cis-form (green excitation), the cis-form relaxes to the
trans-form, which is oriented in perpendicular direction to the original trans-form (angu‐
lar  hole burning effect). The assisting VIS beam, whose polarization is perpendicular to
those of the writing beams, therefore excites the new trans-form and enhances the photoiso‐
merization process and consequently the SRG formation.

As compared with UV assisting, this VIS assisting technique is quite interesting for SRGs
fabrication. Effectively, on one hand, a low cost VIS laser such as a green laser diode is sufficient
to help the SRGs formation. On the other hand, a single green laser could be also split and
delayed in time into two independent lasers sources, each one playing a role as writing and
assisting beams, resulting in a simple and compact fabrication setup.
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Figure 14. Optimization of SRG formation by a green incoherent beam. (a) Time dependence of the first-order diffrac‐
tion intensity. (b) Comparison of the depth of the SRGs inscribed with and without green assisting beam for two par‐
ticular polarization configurations, P-P (red) and S-S (blue).

Figure 13. Optimization of SRG formation by an UV assisting beam. Left: time dependence of the first-order diffrac‐
tion intensity. Right: improvement of the SRG depth as a function of time. The polarization configurations are illustrat‐
ed in each figure. The black curves (left) and dots (right) show the results obtained without UV assisting beam, which
are plotted in each figure in order to compare with those obtained with assisting beam.
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5. Conclusion

The realization and optimization of 1D and 2D surface relief grating made of on azopoly‐
mer materials are in high demand for the use in many applications, such as holographic
data storage, active  waveguides,  electro-optic  modulators  and  also  distributed-feedback
lasers. In this chapter,  simple fabrication techniques based on two-beam and three-beam
interferences were theoretically and experimentally demonstrated as efficient methods for
creation of desired SRGs on azo-copolymer.  The interference patterns were theoretically
analysed in detail for both intensity and polarization distributions. These two parameters
are competitive and complementary for the formation of SRG. The polarization modula‐
tion  is however  experimentally  demonstrated  to  be  more  important.  Depending  on  the
desired  applications, 1D  and  2D  SRG  could  be  fabricated  by two-beam  or  three-beam
interference, respectively. 2D SRGs with different configurations, e.g., hexagonal or square,
have been fabricated by using a simple two-exposure of the two-beam interference pattern.
The shape of the fabricated structures is however not symmetric due to the mechanism of
the SRG formation. 2D hexagonal SRGs with perfect symmetry have been then fabricated
by a single exposure of the three-beam interference pattern. We expect that a symmetric
2D  square  SRG  could be also fabricated by  using  a  four-beam  interference pattern.
Furthermore,  it will  be possible to fabricate quasi-periodic SRGs on demand by using a
two-exposure of the three-beam interference or four-beam interference patterns.

Besides, two efficient optical methods were also proposed to enhance the formation of SRGs,
employing an incoherent UV or VIS beam. These lasers assist the photoisomerization process
of DR1 molecules, resulting in a rapid inscription and large amplitude of SRG. The polarization
analysis has been experimentally investigated, showing different mechanisms of the two
assisting laser beams. SRGs with largest amplitude were obtained when the polarizations of
the writing beam and the UV beam are same and when the polarizations of the writing beam
and the VIS beam are orthogonal. These properties help to understand the mechanism of the
formation of SRG that is obviously not clear till now.

These periodic and quasi-periodic SRGs can be very useful for many photonic applica‐
tions [25].  Application of 2D SRGs as nonlinear photonic crystals is  under investigation.
Fabrication of large-area 3D photonic crystals and nonlinear photonic crystals is also the
objective of future work.
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1. Introduction

Denis Gabor [1] invented the holographic method to improve the resolution of an electron
microscope in 1948. Following the invention of the coherent light sources a decade later, the
holographic techniques proved their unique potential in many fields as three-dimensional (3D)
display technology [2], optical metrology [3], medicine [4], commerce etc. Among them, full-
color and full parallax high resolution holographic printing as a technique for recording of 3D
objects and scenes which are reconstructed under white light illumination is experiencing
extensive development. The holographic printing, being a part of the research on 3D imaging
of 3D objects from sampled data sets by holographic means, also followed the two main
approaches in this area: i) computation of the holographic fringes by numerical simulation of
the interference and encoding the resulting pattern onto a suitable medium for further optical
display; ii) digital acquisition or computation of a set of discrete perspectives of a scene and
their optical multiplexing in a holographic medium for building a stereoscopic pseudo 3D
image.

A holographic stereogram (HS) has received much research attention since it can reduce the
bandwidth of the hologram by defining a viewing scope, while the holography is a technique
to reconstruct the real wavefront of the light field coming from the object. That’s why the HSs
form a separate region in the field of holographic printing. However, more studies of this
innovative method had to be navigated because of the inherent characteristics of holographic
recording. A two-step method, spatially-multiplexing technique, horizontal-parallax-only
(HPO) method, and HS’ exposure geometry were instances of such valuable efforts. Figure 1
shows the historical events of the important technical developments related to the HS.

The early experiment on a HS was conducted by R. V. Pole in 1967. Pole’s experiment included
recording of multiple perspectives by means of two-dimensional (2D) fly’s eye lenslet array
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the interference and encoding the resulting pattern onto a suitable medium for further optical
display; ii) digital acquisition or computation of a set of discrete perspectives of a scene and
their optical multiplexing in a holographic medium for building a stereoscopic pseudo 3D
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A holographic stereogram (HS) has received much research attention since it can reduce the
bandwidth of the hologram by defining a viewing scope, while the holography is a technique
to reconstruct the real wavefront of the light field coming from the object. That’s why the HSs
form a separate region in the field of holographic printing. However, more studies of this
innovative method had to be navigated because of the inherent characteristics of holographic
recording. A two-step method, spatially-multiplexing technique, horizontal-parallax-only
(HPO) method, and HS’ exposure geometry were instances of such valuable efforts. Figure 1
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with incoherent white light, and then transfer of the perspectives onto the holographic material
[5]. De Bitetto’s spatially-multiplexed technique via sequential exposure of a fine grain film
(such as Panatomic-X) provided a clue to overcome the resolution limitation of Pole’s original
approach to the HS [6]. The intensive research on printing HSs had been conducting since
1970s [7]. In [7], a large HS was recorded from a sequence of computed perspective images of
a 3D object taken from multiple viewpoints equidistantly placed on a part of a circle. Benton’s
“Rainbow” hologram [8] and Lloyd Cross’s “Multiplex(TM)” [9], which were developed with
a HPO holographic technique, were the expression of the efforts for the reduction of the
bandwidth and the simple acquisition of perspective images.

In 1974, Yatagai [10, 11] proposed a method to accelerate producing of computer-generated
HSs. According to this method, computer calculated not only the perspective images but also
the elemental hologram through Fourier transform of these images to build the composite
hologram. The research was pushed forward in 1990 for a straightforward process with the
help of a spatial light modulator (SLM) and the introduction of a pulsed laser, when an one-
step printer for full parallax holographic stereograms was invented [12, 13]. The essence of the
method was successive recording of multiple volume-type elemental holograms by displaying
on a SLM the angular distribution of the light field for each elemental hologram built from a
sequence of perspective 2D images. The result is a stereoscopic vision at a varying viewing
angle. In 1998 a holographic printer for one-step color full parallax HSs was patented [14],
which was further improved by Geola group [15-17] by proposing much faster and more stable
pulsed RGB lasers implementation of the holoprinting technique. Nowadays the advanced HS
printers with CW or pulse laser illumination can produce white-light viewable large format
digital color holograms [18]. Recently, promising results have been reported when the
holographic stereogram technique was applied to realize a quasi-real-time 3D display by
printing on a newly developed erasable dynamic photorefractive material [19] by using pulsed
lasers illumination. The principle of the HS was implemented in a curved array dynamic
holographic display built from many SLMs [20].
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Figure 1. Historical events of the technical developments for a holographic stereogram.
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In 2004, a device for direct printing of the holographic fringe pattern was proposed and
developed [21, 22]. The holographic fringe pattern is computer generated from the 3D
information extracted from a 3D object and further printed onto a photo-sensitive holographic
plate. The SLM displays in this case a fractional part of the fringe pattern for recording an
elemental hologram. Since then a lot of efforts have been focused on direct printing of various
types of computer generated holograms which can be reconstructed under laser or white-light
illumination.

The structure of the Chapter is as follows: Section 2, which consists of five subsections, gives
a critical analysis of the research on printing HSs and a survey of the recent achievements in
printing large-format full-color HSs. Subsection 2.1 describes the principle of the HS printing.
Subsection 2.2 considers advantages and drawbacks of different methods for acquisition of
perspective images and explains forming of the parallax related images. Subsection 2.3
provides analysis of distortions which worsen the quality of the reconstructed image.
Subsection 2.4 presents a simulation tool developed by us for numerical reconstruction of the
HS from the formed parallax images as a quality check before printing. Subsection 2.5 presents
the main blocks of the printer set-up and describes the main requirements set on the photo-
sensitive materials used for panchromatic holographic recording of volume reflection holo‐
grams. Section 3 consists of three subsections and is dedicated to direct printing of a
holographic fringe pattern on a photo-sensitive material. Subsection 3.1 introduces briefly the
dedicated acceleration methods for generation of fringe patterns for various holograms which
can be manufactured by holographic printing techniques. Furthermore, Subsection 3.2 focuses
on the technique for direct printing of the generated holographic fringe pattern onto the
holographic emulsion. Subsection 3.3 treats a wave-front recording technique which is novel
technology. The essence of the method is to record as a volume hologram the wave field
diffracted from a holographic fringe pattern displayed on a suitable SLM. As a result, a digitally
designed volume hologram is recorded whose quality is comparable to a conventional analog
hologram. The conclusion of the Chapter gives the future trends in the holographic printing.

2. Printing of holographic stereograms

2.1. Holographic stereograms — Principle of the holographic printing

Holographic stereograms are popular autostereoscopic display devices with a strong visual
impact [23]. They implement the idea of displaying a 3D scene by using stereo-images and the
property of the holographic medium to record 3D wavefront through interference and to
reconstruct it by diffraction. The underlying technology behind the HS stems from the off-axis
display holography and the autostereoscopic approaches in lenticular and parallax barrier
displays [24]. This technology allows high-quality quasi-holographic 3D imaging of large
objects. To make a HS, a sequence of 2D images of the scene is incoherently acquired from
multiple views. The directional information carried by these perspective images is processed
to form parallax-related images which after displaying on a projection screen are recorded
onto a holographic photo-sensitive material by a coherent source in a two-beam recording
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In 2004, a device for direct printing of the holographic fringe pattern was proposed and
developed [21, 22]. The holographic fringe pattern is computer generated from the 3D
information extracted from a 3D object and further printed onto a photo-sensitive holographic
plate. The SLM displays in this case a fractional part of the fringe pattern for recording an
elemental hologram. Since then a lot of efforts have been focused on direct printing of various
types of computer generated holograms which can be reconstructed under laser or white-light
illumination.

The structure of the Chapter is as follows: Section 2, which consists of five subsections, gives
a critical analysis of the research on printing HSs and a survey of the recent achievements in
printing large-format full-color HSs. Subsection 2.1 describes the principle of the HS printing.
Subsection 2.2 considers advantages and drawbacks of different methods for acquisition of
perspective images and explains forming of the parallax related images. Subsection 2.3
provides analysis of distortions which worsen the quality of the reconstructed image.
Subsection 2.4 presents a simulation tool developed by us for numerical reconstruction of the
HS from the formed parallax images as a quality check before printing. Subsection 2.5 presents
the main blocks of the printer set-up and describes the main requirements set on the photo-
sensitive materials used for panchromatic holographic recording of volume reflection holo‐
grams. Section 3 consists of three subsections and is dedicated to direct printing of a
holographic fringe pattern on a photo-sensitive material. Subsection 3.1 introduces briefly the
dedicated acceleration methods for generation of fringe patterns for various holograms which
can be manufactured by holographic printing techniques. Furthermore, Subsection 3.2 focuses
on the technique for direct printing of the generated holographic fringe pattern onto the
holographic emulsion. Subsection 3.3 treats a wave-front recording technique which is novel
technology. The essence of the method is to record as a volume hologram the wave field
diffracted from a holographic fringe pattern displayed on a suitable SLM. As a result, a digitally
designed volume hologram is recorded whose quality is comparable to a conventional analog
hologram. The conclusion of the Chapter gives the future trends in the holographic printing.

2. Printing of holographic stereograms

2.1. Holographic stereograms — Principle of the holographic printing

Holographic stereograms are popular autostereoscopic display devices with a strong visual
impact [23]. They implement the idea of displaying a 3D scene by using stereo-images and the
property of the holographic medium to record 3D wavefront through interference and to
reconstruct it by diffraction. The underlying technology behind the HS stems from the off-axis
display holography and the autostereoscopic approaches in lenticular and parallax barrier
displays [24]. This technology allows high-quality quasi-holographic 3D imaging of large
objects. To make a HS, a sequence of 2D images of the scene is incoherently acquired from
multiple views. The directional information carried by these perspective images is processed
to form parallax-related images which after displaying on a projection screen are recorded
onto a holographic photo-sensitive material by a coherent source in a two-beam recording
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scheme. The parallax-related images modulate the intensity of the object beam. The whole
hologram is divided into elemental holograms which are sequentially exposed to the parallax-
related images. Illumination of the fringe pattern recorded in the hologram for reconstruction
of the 3D scene ensures spatial multiplexing of the perspective views.

Stereoscopy reduces substantially the huge amount of information encoded in a hologram,
since this information is recorded from a finite discrete set of viewpoints. The bandwidth of
the HS, which presents a sequence of discrete apertures to the viewer, is reduced through a
predetermined viewing scope by the HS viewing window. Each aperture yields information
for a single 2D image of the scene. The viewer's left and right eyes observe different perspec‐
tives of the scene, as viewed from different directions, so the viewer perceives stereoscopic
vision due to the binocular parallax. When the viewer moves from one image to the other, the
motion parallax is observed at discrete steps. The viewer is able to verge on an object but
accommodation occurs either at infinity or at a certain virtual observation plane, i.e. the HS
does not provide the accommodation cue.

The HSs can be divided into HPO stereograms and full parallax stereograms in accordance
with the exhibited parallax properties. The HPO stereograms are recorded by a cylindrical lens
which focuses the laser light within a narrow vertical slit and preserves intact propagation in
the vertical plane. The HS of this type are often called multiplex stereograms [25]. Horizontal
orientation of human eyes allows to discard the vertical parallax and still to obtain adequate
perception of the shape of the objects and their location in space. This makes HPO HSs an
effective approach for imaging 3D objects. If perspective views are taken from slowly moving
objects, the HPO stereogram can display this motion by linking it to the parallax recording.
Animated HSs can be also produced by sacrificing the vertical parallax to encode the motion
of the object [26].

In the first produced HPO HS [27] the distance between the plane of perspective images capture
and the tracking camera should correspond to the distance between the projection screen and
the hologram plane. To view a non-distorted image produced by such a HPO HS the viewer
eyes should coincide with the elemental holograms. To alleviate this requirement a two-step
recording process has been invented in which the recorded HS becomes a master for optical
transfer by using a phase conjugated illumination source into a second HS which is recorded
to allow a more convenient viewing distance. One can spare the two-step recording process
by creating pre-distorted images in the computer from the directional information encoded in
the perspective images; thus the so called Ultragram HPO stereogram was invented [28, 29].
A variety of different methods has been developed for composing a HS. However, independ‐
ently of the method, the HS can be considered as an array of Fourier transformed perspective
images of the scene. Thus, the HS exhibits only one phase term which is related to direction of
propagation [30]. Following the description of diffractive properties of a HS given in [31], the
perspective images are composed from pixels (picture elements) which send light with equal
intensity in all directions. The stereograms encode directional information. They can be
composed by direls (directional elements) which emit a spherical wave with a controllable
amount of intensity in each direction or from hogels (holographic elements) in the case of HS
which emit a set of plane waves with controllable intensity in different directions [32]. In order
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to ensure an accommodation and to improve a smooth motion parallax presentation in HSs a
wafel (wavefront element) is introduced in [31] that send a controllable intensity of light with
a controllable wavefront curvature in each direction. The HS composed from wafels is called
Panoramagram [31].

The modern digital holographic printers, based on the HS principle, ensure an automated
one-step printing process to produce full-color full parallax output which is viewable under
white light illumination. The main steps of the printing process include i) acquisition of the
perspective images; ii) post-processing of the acquired images to form parallax-related images
for distortion free reconstruction; iii) holographic recording of the elemental holograms. The
principle of HS printing is schematically depicted in Figure 2 for the case of a full parallax
hologram adopting the optical scheme of the holographic printer proposed in [12, 13]. The
authors coined a name a multidot recording method for the proposed technique. The parallax-
related image, composed from information taken from different perspectives, is displayed by
means of a SLM. The SLM can be transparent or reflective liquid crystal display (LCD) [33]
or digital micro-mirror device (DMD) [34]. Holographic recording corresponds to a Deni‐
syuk type reflection hologram. The illuminating coherent light beam from a laser source is
split into mutually coherent object and reference beams. The object beam illuminates the
image displayed on the SLM. It is focused by a high numeric aperture lens on the exposed
area of the hologram plate that comprises the elemental hologram. The other names have
been introduced for the elemental holograms as hogels [32] or holopixels [35]. In this chapter
we adopt the name hogel. The hologram plate is positioned close to the focal plane of the
lens.  To  improve  the  illumination  conditions  on  the  hologram plate,  a  diffuser  can  be
introduced in the object beam [6, 36, 37]. Exposure of the remaining part of the hologram is
prevented by using a masking plate. The reference beam illuminates the exposed area from
the opposite side to form a thick reflection hologram in the photo-sensitive layer of the plate.
The light is reflected from the hologram in accordance with Bragg’s diffraction which makes
possible reconstruction under white light illumination. A full color HS can be recorded onto
a panchromatic recording material with three lasers which emit at the wavelengths of the
primary colors [38]. The lasers emit in a longitudinal mode and provide a beam with a TEM00
spatial structure. In some set-ups there is a masking plate with an aperture size equal to the
hogel size between the light-sensitive layer and the reference beam. The hologram plate is
sequentially translated in the horizontal and vertical planes with a X-Y stage until its whole
surface is exposed. Thus both horizontal and vertical parallaxes can be recorded. Exposure
time of each hogel and translation of the holographic plate are controlled by computer. The
hogel encodes the directional information and intensity which comes from all points of the
3D scene to be imaged. This directional information varies with the location of the hogel in
the hologram plane. When illuminated, the hogel creates an image of a small color patch with
a given intensity for a certain viewing direction. The color patches reconstructed by all hogels
in a given direction form one of the acquired perspective images. The reconstructed perspec‐
tive image changes with the change in viewer’s position. The acquisition and post-process‐
ing of the perspective images can be entirely separated in space and time from the holographic
recording. The hogel encodes information from a large number of pixels which correspond
to the number of perspective images.
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scheme. The parallax-related images modulate the intensity of the object beam. The whole
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the hologram plane. To view a non-distorted image produced by such a HPO HS the viewer
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to allow a more convenient viewing distance. One can spare the two-step recording process
by creating pre-distorted images in the computer from the directional information encoded in
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or digital micro-mirror device (DMD) [34]. Holographic recording corresponds to a Deni‐
syuk type reflection hologram. The illuminating coherent light beam from a laser source is
split into mutually coherent object and reference beams. The object beam illuminates the
image displayed on the SLM. It is focused by a high numeric aperture lens on the exposed
area of the hologram plate that comprises the elemental hologram. The other names have
been introduced for the elemental holograms as hogels [32] or holopixels [35]. In this chapter
we adopt the name hogel. The hologram plate is positioned close to the focal plane of the
lens.  To  improve  the  illumination  conditions  on  the  hologram  plate,  a  diffuser  can  be
introduced in the object beam [6, 36, 37]. Exposure of the remaining part of the hologram is
prevented by using a masking plate. The reference beam illuminates the exposed area from
the opposite side to form a thick reflection hologram in the photo-sensitive layer of the plate.
The light is reflected from the hologram in accordance with Bragg’s diffraction which makes
possible reconstruction under white light illumination. A full color HS can be recorded onto
a panchromatic recording material with three lasers which emit at the wavelengths of the
primary colors [38]. The lasers emit in a longitudinal mode and provide a beam with a TEM00
spatial structure. In some set-ups there is a masking plate with an aperture size equal to the
hogel size between the light-sensitive layer and the reference beam. The hologram plate is
sequentially translated in the horizontal and vertical planes with a X-Y stage until its whole
surface is exposed. Thus both horizontal and vertical parallaxes can be recorded. Exposure
time of each hogel and translation of the holographic plate are controlled by computer. The
hogel encodes the directional information and intensity which comes from all points of the
3D scene to be imaged. This directional information varies with the location of the hogel in
the hologram plane. When illuminated, the hogel creates an image of a small color patch with
a given intensity for a certain viewing direction. The color patches reconstructed by all hogels
in a given direction form one of the acquired perspective images. The reconstructed perspec‐
tive image changes with the change in viewer’s position. The acquisition and post-process‐
ing of the perspective images can be entirely separated in space and time from the holographic
recording. The hogel encodes information from a large number of pixels which correspond
to the number of perspective images.
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Figure 2. Schematic of the holographic stereogram printer.

Different improvements of this classical scheme for printing HSs have been proposed. The
multidot printing method in [13] has been extended for printing HS of a rainbow hologram
type and multicolor HS [39] as well as for 3D imaging by using a specially designed holo‐
graphic screen and a transparency printed by a laser printer with a parallax information [40].
Taking in view the difficulty to obtain recording with a high diffraction efficiency in the Fourier
plane of the lens due to the relatively narrow spectrum carried by the object beam, pseudo-
random diffusers have been invented independently by [36, 41]. An ordinary ground glass
diffuser spreads the light outside the hogel both in horizontal and vertical directions. This
causes a light loss and hence entails increasing of exposure time. In addition, for HPO
stereograms such a diffuser may worsen the image quality in vertical direction. A digitally
designed pseudo-random band-limited diffuser in the object beam path improves uniformity
of illumination of the hogel [41]. Two holographic diffusers, which can redirect up to 100% of
the falling light, are proposed in [37] to be used with HPO stereograms. The first one is
manufactured by recording a hologram of the strip diffuser. The second type is produced by
recording a HPO stereogram of a rectangular point diffuser. The holographic diffuser is
mounted in a close contact with the SLM to project the real image of the diffuser on the hogel.
In the second case a multiple-point holographic diffuser is reconstructed. In [14] a special lens
is introduced in the path of the object beam close to the holographic plate to control the HS
resolution. The same authors also proposed to replace the masking plate by a specially
designed holographic optical element which acts as a variable band-limiting diffuser that
redirects the object beam to uniformly illuminate only the area of the hogel. The latter together
with a changeable reference beam masking plate allows to record hogels of variable size. The
proposed printer can be also used for production of animated stereograms. A special system
of an aperture and a 2D microlens array is used in Geola printers [35] to form hogels or
holopixels of variable size and shape. HS technology is applied in Zebra Imaging [42] in USA
using DuPont photopolymers, 3D Holoprint [43] in France using Ultimate’ silver halide
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materials, Inline holography Inc. in Canada and others. A holographic printer which produces
an animated HS in vertical direction with preserving the full parallax information in the
horizontal direction is proposed and tested in [44]. The animation effect is observed by scrolling
the hologram in vertical direction. The holographic printers developed and patented by Geola
[15,16] are fully described in [18,35]. The color HSs can be recorded by using a multiple
exposure method [45] or primary color mosaic method. In the first method the beams from the
RGB lasers are combined to form a single beam and expose simultaneously each hogel. The
quality of the recording depends on the dynamic range of the photo-sensitive material [38].
The main disadvantage of this method is the cross-talk between the separate color channels
[46]. In the second method a space division of exposures for the primary colors is applied
which, however, decreases three times the diffracted intensity. A method of color management
for a full-color holographic 3D printer for HSs under RGB lasers illumination is proposed in
[47] through the spectral measurement of the reconstructed light. Different hogel sizes have
been reported from 0.4 mm × 0.4 mm up to > 2 mm × 2 mm in [18] and 0.2 mm × 0.2 mm in
[47]. Decrease of the hogel size to make it comparable to the pixel size of the digital displays
entails rise in printing time. To speed the recording process more powerful CW lasers and
SLMs with higher refreshing rate should be used. Pulsed lasers are more suitable for this task
from the point of view of stability of the printing system. Parallel exposure of several hogels
is tested in [48].

2.2. Acquisition and post-processing of perspective images

Acquisition of the perspective images needs a tracking camera or modeling by a computer
using different rendering methods. It is also possible to combine captured images with digitally
rendered. The images are further processed to be recorded as hogels. At proper acquisition of
the perspective images the HS can provide the viewer with an animated image. Image
acquisition for the case of a HPO is shown in Figure 3(a), where the camera takes images along
the horizontal axis only, and no acquisition is made along the vertical axis. The main advantage
is a strongly alleviated requirement for the number of the required 2D images at the expense
of viewer's eyes location only in the horizontal plane. The capture procedure for a full parallax
HS is shown in Figure 3(b), where the camera takes images along both horizontal and vertical
axes. The number of the acquired images is squared which is the most essential drawback of
this approach. The nowadays HSs, printed by the modern holographic printers, can boast with
size up to 1 m × 1.5 m and field of view (FOV) about 100 degrees [18]. The recent advances in
laser technique, computers and SLMs make possible fabrication of HSs with a very high spatial
resolution. This entails capture or modeling of thousands of perspective images. For real-life
scenes these images should be acquired for a short time on the order of a few seconds.

In the dawn of the holographic printing, the systems for capture of perspective images
comprised a camera facing an object which was placed on a rotating stage [7]. Such a system
introduced a keystone distortion in the captured images, but this distortion was considered as
a minor drawback because of the low quality of the printing itself. Later, two methods for
acquisition of perspective images were developed as the simple camera method and the
recentering camera method [27]. The simple camera method provides the simplest geometry
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Different improvements of this classical scheme for printing HSs have been proposed. The
multidot printing method in [13] has been extended for printing HS of a rainbow hologram
type and multicolor HS [39] as well as for 3D imaging by using a specially designed holo‐
graphic screen and a transparency printed by a laser printer with a parallax information [40].
Taking in view the difficulty to obtain recording with a high diffraction efficiency in the Fourier
plane of the lens due to the relatively narrow spectrum carried by the object beam, pseudo-
random diffusers have been invented independently by [36, 41]. An ordinary ground glass
diffuser spreads the light outside the hogel both in horizontal and vertical directions. This
causes a light loss and hence entails increasing of exposure time. In addition, for HPO
stereograms such a diffuser may worsen the image quality in vertical direction. A digitally
designed pseudo-random band-limited diffuser in the object beam path improves uniformity
of illumination of the hogel [41]. Two holographic diffusers, which can redirect up to 100% of
the falling light, are proposed in [37] to be used with HPO stereograms. The first one is
manufactured by recording a hologram of the strip diffuser. The second type is produced by
recording a HPO stereogram of a rectangular point diffuser. The holographic diffuser is
mounted in a close contact with the SLM to project the real image of the diffuser on the hogel.
In the second case a multiple-point holographic diffuser is reconstructed. In [14] a special lens
is introduced in the path of the object beam close to the holographic plate to control the HS
resolution. The same authors also proposed to replace the masking plate by a specially
designed holographic optical element which acts as a variable band-limiting diffuser that
redirects the object beam to uniformly illuminate only the area of the hogel. The latter together
with a changeable reference beam masking plate allows to record hogels of variable size. The
proposed printer can be also used for production of animated stereograms. A special system
of an aperture and a 2D microlens array is used in Geola printers [35] to form hogels or
holopixels of variable size and shape. HS technology is applied in Zebra Imaging [42] in USA
using DuPont photopolymers, 3D Holoprint [43] in France using Ultimate’ silver halide
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materials, Inline holography Inc. in Canada and others. A holographic printer which produces
an animated HS in vertical direction with preserving the full parallax information in the
horizontal direction is proposed and tested in [44]. The animation effect is observed by scrolling
the hologram in vertical direction. The holographic printers developed and patented by Geola
[15,16] are fully described in [18,35]. The color HSs can be recorded by using a multiple
exposure method [45] or primary color mosaic method. In the first method the beams from the
RGB lasers are combined to form a single beam and expose simultaneously each hogel. The
quality of the recording depends on the dynamic range of the photo-sensitive material [38].
The main disadvantage of this method is the cross-talk between the separate color channels
[46]. In the second method a space division of exposures for the primary colors is applied
which, however, decreases three times the diffracted intensity. A method of color management
for a full-color holographic 3D printer for HSs under RGB lasers illumination is proposed in
[47] through the spectral measurement of the reconstructed light. Different hogel sizes have
been reported from 0.4 mm ×  0.4 mm up to > 2 mm ×  2 mm in [18] and 0.2 mm ×  0.2 mm in
[47]. Decrease of the hogel size to make it comparable to the pixel size of the digital displays
entails rise in printing time. To speed the recording process more powerful CW lasers and
SLMs with higher refreshing rate should be used. Pulsed lasers are more suitable for this task
from the point of view of stability of the printing system. Parallel exposure of several hogels
is tested in [48].

2.2. Acquisition and post-processing of perspective images

Acquisition of the perspective images needs a tracking camera or modeling by a computer
using different rendering methods. It is also possible to combine captured images with digitally
rendered. The images are further processed to be recorded as hogels. At proper acquisition of
the perspective images the HS can provide the viewer with an animated image. Image
acquisition for the case of a HPO is shown in Figure 3(a), where the camera takes images along
the horizontal axis only, and no acquisition is made along the vertical axis. The main advantage
is a strongly alleviated requirement for the number of the required 2D images at the expense
of viewer's eyes location only in the horizontal plane. The capture procedure for a full parallax
HS is shown in Figure 3(b), where the camera takes images along both horizontal and vertical
axes. The number of the acquired images is squared which is the most essential drawback of
this approach. The nowadays HSs, printed by the modern holographic printers, can boast with
size up to 1 m × 1.5 m and field of view (FOV) about 100 degrees [18]. The recent advances in
laser technique, computers and SLMs make possible fabrication of HSs with a very high spatial
resolution. This entails capture or modeling of thousands of perspective images. For real-life
scenes these images should be acquired for a short time on the order of a few seconds.

In the dawn of the holographic printing, the systems for capture of perspective images
comprised a camera facing an object which was placed on a rotating stage [7]. Such a system
introduced a keystone distortion in the captured images, but this distortion was considered as
a minor drawback because of the low quality of the printing itself. Later, two methods for
acquisition of perspective images were developed as the simple camera method and the
recentering camera method [27]. The simple camera method provides the simplest geometry

Holographic Printing of White-Light Viewable Holograms and Stereograms
http://dx.doi.org/10.5772/53412

177



for acquisition and rendering due to the invariable FOV of the camera during the capture
process, as is shown in Figure 4. The forward facing camera, preferably with a large FOV,
captures perspective images, while being translated equidistantly along the horizontal (or
vertical) axis. The leftmost camera CLM and rightmost camera CRM take images, which are
shown in Figure 5. The acquired images give different perspective representation of the object.
The shortcoming of the simple camera method is that the object in the images is surrounded
by a large non-informative area, and the number of pixels used for object representation is
reduced leading to possible decrease of resolution too. Thus, the simplicity of rendering of the
simple camera method is counter-balanced by worsened resolution and unavoidable non-
informative area in the images. In addition, the camera with a large CCD is required and the
lens of the camera should obligatory have a large FOV which may introduce severe distortions
in the captured images.

Figure 3. Acquisition of perspective images for a holographic stereogram.

The main drawback of the simple camera method is removed by a recentering camera method,
whose acquisition geometry is shown in Figure 6. It is similar to the simple camera capture of
the perspective images along the horizontal axis at equidistant intervals, but in this case the
camera is provided with a recentering camera configuration to position the acquired objects
in the center of the images. The acquired images by the recentering camera in the leftmost and
rightmost positions in Figure 6 are presented in Figure 7(a) and (b). The non-informative area
is reduced. Although implementation of this approach is more complicated, it enables taking
higher resolution images. The figures depict translation only along the horizontal axis;
generalization to translation in the vertical plane is straightforward. The recentering camera
method is a good model to be used for computer generation of the perspective images.
However, for capture of real-time scenes this method requires sophisticated expensive
equipment and puts severe demands on the speed of the movement of the CCD array inside
the camera. The required lens with a large FOV may also distort the captured images.
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An effective solution for improvement of image acquisition while keeping the advantage of a
simple camera method rendering has been recently proposed [49]. In the proposed solution
the camera with an ordinary FOV rotates while being translated. The captured image is
undistorted in a vertical plane which is normal to the central ray passing through the camera,
but it is distorted in a plane parallel to the hologram plane. That’s why the proposed image
capture is a two-stage process. The sequence of the captured images is further preprocessed
to transform them into images corresponding to a virtual forward-facing non-rotatable camera
with a substantially wider FOV as if it is translating along a rail. The second sequence of images
is used to compose the HS. The transformation procedure and the interpolation algorithm
developed to decrease the noise which may be introduced by the pixel swapping transforma‐
tions are thoroughly patented [49].

Figure 4. Simple camera method.

Figure 5. Image capture by the simple camera method.

To view distortion-free reconstruction comparatively far from the hologram [27], perspective
images should be rearranged to form the separate parallax or “hogel" images corresponding
to different hogels in the hologram plane, as it is shown in Figure 8. Both perspective and hogel
images are 2D arrays with, in general, different dimensions. The perspective images
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Pkl , k =1..n, l =1..m,  compose a stack Φ of n ×m images, where n and m are the number of
images captured in horizontal and vertical directions, and k and l are indices which give the
camera position at image capture in 1D or 2D grid in Figure 3. Each perspective image consists
of N ×M  pixels. The size of the hogel images is n ×m whereas their number is given by
N ×M . The pixels in the hogel images are arranged in the order of capture of perspective
images along horizontal and vertical axes. The hogel image h ij is composed from (i,j)-th pixels
in all perspective images in Φ as follows:

( ) ( ), , , 1.. , 1.. ; 1.. , 1..ij klh k l P i j k n l m i N j M= = = = = (1)

The hogel image h ij is displayed on a SLM and recorded in a focal plane of a lens as an elemental
hologram by means of a reference beam in the (i,j)-th hogel in the hologram.

Figure 6. Recentering camera method.

Figure 7. Image capture with the recentering camera.
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Figure 8. Rearrangement of perspective images into hogel images.

2.3. Distortions deteriorating the reconstructed image

The light modulated by the hogel image displayed on the SLM passes through optical
components, such as objective or telecentric lenses, which may cause radial distortion [50]. As
shown in Figure 9, the radial distortion can be categorized by two ways - a pincushion
distortion and a barrel distortion. In the case of an “ideal” optical system the hogel image is
recorded without any distortion, and it shows uniform angular intensity distribution within
a FOV. When the hogel image is recorded with pincushion distortion, the angular intensity
distribution is dense at the center and sparse at the edges of the viewing zone, and vice versa
in the case of barrel distortion. Figure 10 depicts angular distributions corresponding to
different distortions. The distortions cause changes in direction and range of the angular
intensity distribution of the hogel image, which means the observer will see a distorted image.
Figure 11 shows the shifted position of the observer by radial distortion. The radial distortion
is given by

Xu =  Xd (1 + krd
2),  Yu =  Yd (1 + krd

2),  rd = Xd
2 + Yd

2 (2)

where Xu and Yu give the original position of the pixel, Xd and Yd correspond to the shifted
position of the pixel due to the radial distortion, rd is the radius of the radial distortion, and k
is a distortion coefficient.

Figure 9. Examples of radial distortion: (a) none distortion, (b) pincushion distortion, (c) barrel distortion.
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Figure 10. Angular distributions of rays at different radial distortions.

Figure 11. Movement of viewing point by pincushion distortion.

The pixelated structure of the HS and the way of building the reconstructed 3D image make
them discrete imaging systems which can exhibit aliasing artifacts. The HS is characterized
with an angular sampling and spatial sampling of the reconstructed image. Both sampling
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rates are related. Angular spectrum depends on the spectrum of the object to be imaged and
is determined by the SLM parameters. In the holographic plane the sampling is given by the
size of the hogel. The view-based analysis which is usually applied to HSs is an effective tool
to predict forming of the 3D images but it is not always capable to explain their distortions.
The study of these distortions needs to apply both wavefront analysis and sampling theory
[24,27]. The wavefront analysis is based on the incoherent imaging. Analysis of image artifacts
of HPO HSs based on imaging of a single point which creates a spherical wavefront is made
in [24]. To the contrast with a hologram, the HS creates piecewise approximations to the
wavefronts of the spherical waves emitted by the object’s points. If the size of the hogel is too
large the piecewise approximation is undersampled which results in visual artifacts as e.g.
jumping of the reconstructed image when the viewer is moving along the HS. Quantization of
the wavefront introduces phase errors. They are due to the fact that a wavefront from a point
with an arbitrary depth is reconstructed as a wavefront of a point localized in the image plane
of the HS. For a point which is located in front of the image plane of the HS the segmented
wavefront has a less curvature than the real one and vice versa for a point behind the image
plane. In [51,52] an expression for the optical transfer function of the HPO HS is derived which
relates together the size of the hogels, the depth of the imaged scene and the resolution of the
reconstructed image. The modulation transfer function falls rapidly with the spatial frequency
for hogel sizes below 1 mm [52] which shows that some optimum size should be found to
preserve the good quality of the reconstructed images. The optimum hogel size depends on
the requirements of the human visual system, viewing distance, object depth and proper
sampling of perspectives in the viewing angle. The hogel size should ensure smooth perception
of the motion parallax and smooth spatial reconstruction of images. These are to a certain
degree contradictory requirements. The decrease of the hogel size inevitably leads to lower
number of reproduced directions due to the diffraction limit. Measurement of the angular
resolution of diffracted light for a full-color HS was undertaken in [53] with sizes of the
elemental hologram varying from 50μ m× 50 μm up to 400μ m × 400 μm. It is shown that the
size 50μ m× 50 μm provides angular resolution of 1.08 deg., which can satisfy the angular
resolution required by the human visual system.

2.4. Simulation of reconstruction of full-parallax holographic stereograms

Despite the progress made in the recent years, the holographic printing of large format digital
holograms is expensive and in most of the cases time consuming undertaking. Separated by
location and time capture and holographic recording require replaying of the composed HS
by computer. In other words, to have freedom during the design process one should be able
to check the quality of reconstruction from the designed HS by simulation before it is fed to
the actual physical device. This makes development of appropriate simulation tools a pressing
task. Software for obtaining a preview for a HPO HS produced from a web camera video stream
is reported in [54].

The viewer perceives intensity provided by all printed hogels within the angular intensity
distribution related to the particular viewer location. Each hogel encodes angular distribution
of intensity corresponding to a certain small part of the visualized 3D object or scene when
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Figure 11. Movement of viewing point by pincushion distortion.

The pixelated structure of the HS and the way of building the reconstructed 3D image make
them discrete imaging systems which can exhibit aliasing artifacts. The HS is characterized
with an angular sampling and spatial sampling of the reconstructed image. Both sampling

Holography – Basic Principles and Contemporary Applications182

rates are related. Angular spectrum depends on the spectrum of the object to be imaged and
is determined by the SLM parameters. In the holographic plane the sampling is given by the
size of the hogel. The view-based analysis which is usually applied to HSs is an effective tool
to predict forming of the 3D images but it is not always capable to explain their distortions.
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of the motion parallax and smooth spatial reconstruction of images. These are to a certain
degree contradictory requirements. The decrease of the hogel size inevitably leads to lower
number of reproduced directions due to the diffraction limit. Measurement of the angular
resolution of diffracted light for a full-color HS was undertaken in [53] with sizes of the
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2.4. Simulation of reconstruction of full-parallax holographic stereograms

Despite the progress made in the recent years, the holographic printing of large format digital
holograms is expensive and in most of the cases time consuming undertaking. Separated by
location and time capture and holographic recording require replaying of the composed HS
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The viewer perceives intensity provided by all printed hogels within the angular intensity
distribution related to the particular viewer location. Each hogel encodes angular distribution
of intensity corresponding to a certain small part of the visualized 3D object or scene when
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this part is viewed from multiple angles. The inputs from different hogels come from different
pixels of the corresponding hogel images, as is depicted in Figure 12. For convenience, we
derive the simulation algorithm for a single horizontal line of the hologram which is oriented
along the X axis. Derivation of the algorithm for the whole hologram is straightforward. We
assume that the viewing point E(x, z) is located at a certain observation distance, D, from the
hologram plane (Figure 12a). The Z axis points to a virtual observation plane (image plane)
which is parallel to the hologram and contains the overlapping inputs from all hogels. The
virtual observation plane is also located at distance D from the hologram plane. Let us consider
the input to the viewer from a given hogel on the hologram plane. The size of the hogel is so
small in comparison to the distance D that we can consider it as a point which creates angular
distribution of intensities in the virtual observation plane, as it is shown in Figure 12b. The
input from the hogel is determined by the angle, θ, corresponding to the line which passes
through the viewer location and the hogel. We choose the hogel position as an origin of the (X,
Z) coordinate system. From the point E (x,z) the viewer gets the intensity from the point P in
the cross-section of the virtual observation plane with the angular spread of intensities
provided by the hogel. The value of this intensity is found from the hogel image pixel which
encodes the direction given by θ. We introduce an auxiliary axis ξ in the observation plane
that is parallel to the X-axis. The width of the patch in the observation plane with intensity
input from this hogel is calculated by

2 tan
2
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where φ is the angle which gives the spread of the angular intensity distribution attached to
the hogel. The sampling step, Δξ, of the intensity values distribution in the observation plane
is given by Δξ =W / n, where n is the number of samples of the intensity distribution encoded
in the hogel along a single row. The index of the pixel, nP, which encodes the intensity at point
P is determined by
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where ξP  is the coordinate of P, and Ι{} is an operator which takes the closest integer value of
the expression in the brackets. Since the sampling step, Δξ, is constant in the virtual observation
plane, the uncertainty in estimation of direction of the hogel input varies along the auxiliary
axis, ξ. It is maximum at the center of the hogel at x =0, where it is approximately equal to
2tan(ϕ / 2) / n radians, and decreases to its ends becoming ≈2sin(ϕ / 2) / n. Actually, |ξP |  is
the distance from the point at which the normal from E(x, z) to the hologram intersects its
plane. Thus, for an arbitrary viewer location one easily calculates the resulting intensity of rays
coming from all hogels at a given point of the virtual observation plane, which makes the
numerical reconstruction of the HS for any location of the viewer feasible.
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Figure 12. a) Geometric relation between the viewer and the hologram plane, (b) intensity input from a hogel to the
viewer's location.

(a) (b)

Figure 13. a) Perspective images from different views, (b) example of a hogel image.

To check the developed approach, we made simulation of all steps involved in the synthesis
of a HS with its further numerical reconstruction. We assumed that hologram plane was
composed from 100× 100 hogels and each hogel image consisted of 100× 100 pixels, which
means that capture of 10,000 perspective images of a 3D object was simulated by using
computer. In this test, we used a computer simulated 3D scene. The perspective images were
rearranged to form 10,000 hogel images. The perspective images were captured by the
recentering camera method, and some of them are shown in Figure 13(a). For illustration,
examples of the composed hogel images are presented in Figure 13(b). The generated 10,000
hogel images were used as an input data for numerical reconstructions of the holographic
stereogram which was supposed to be recorded. The numerical reconstructions for some
arbitrary viewer's locations along the horizontal and vertical directions are shown in Figure
14. The good quality of reconstruction from the synthesized stereogram is obvious.
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(b) 

Figure 14. a) Numerical reconstruction results at 500 mm (angle interval 10 degree), (b) numerical reconstruction re‐
sults at fixed X and Y coordinates.

2.5. Hardware issues and light-sensitive materials

To illustrate in practice printing of HSs we give the description of the developed by us
holographic printer (Figure 15). The specifications of the main system’s components are given
in Table 1. The beam from a laser emitting at 532 nm is divided by the first polarizing beam
splitter (PBS) into two optical paths, and the intensity ratio of two beams can be adjusted by a
half-wave plate. The laser beam which passes through the PBS1 is the reference beam, whereas
the other one reflected by the PBS1 is the object beam. The object beam is expanded by two
lenses, L1 and L2, and illuminates the amplitude type SLM by using the PBS2. The beam is
spatially modulated by the hogel image which is fed to the SLM as a bmp file. The modulated
beam is focused onto the holographic emulsion by the lens, L3. The reference beam is also
expanded by two lenses L4 and L5, in order to provide a beam width, which covers the hogel
in the hologram. The reference beam impinges the holographic plate at 45 degrees. The
interference pattern produced by the object beam and the reference beam in the holographic
emulsion is recorded as a volume hologram. The holographic plate is moved by a X-Y stage
along horizontal and vertical axes at a given spatial step, which coincides with the hogel size.
Through such a procedure, each hogel is recorded at the desired hogel position. The shutter
controls the exposure time of the hologram which is a product of the material’s sensitivity and
the laser power. The accuracy of the shutter is crucial. The time sequence of shutter operation
is shown in Figure 16. The shutter goes into an open state after the shift of the X-Y stage, the
time, required for the system to settle and for loading the hogel image on the SLM. The X-Y
stage coordinates the shift of the optical header. The moving precision of the device is about
1 μm. Typically the stage can be driven by two types of motors: i) a step motor which is cheap
and easy to handle but with a lower precision; ii) a linear motor which is more complicated
and expensive but with higher precision. We use a step motor in our set-up. Due to the
advances in modern computers and software a personal computer can be used as a holographic
printer controller. However, it is still recommendable to use a microprocessor for a high-speed
and real-time system.
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Figure 15. Schematic of the holographic printer.

Figure 16. Time sequence of shutter operation.

Production of stable reproducible hard-copies by a holographic printing, based on recording
of volume holograms, requires reliable medium for permanent multicolor (RGB) holographic
recording with high diffraction efficiency, sensitivity, resolution and signal-to-noise ratio
across the visible region. The dichromate gelatin, photopolymers and silver halide provide
parameters close to the requirements [55]. The non-satisfactory spectral response and low
sensitivity of the dichromate gelatin exclude it from the list of candidates despite its low losses
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and high diffraction efficiency. The photopolymers, in which the phase modulation is formed
due to photoinduced changes, allow simple rapid processing and practically 100% diffraction
efficiency, but they still exhibit comparatively low sensitivity, resolution and dynamic range.
The silver halide emulsions are discrete carriers media in which recording occurs in nano-sized
particles dispersed in a carrying gelatin matrix. They can boast with high sensitivity in a broad
spectral range, diffraction efficiency of 80-98%, high resolution and dynamic range as well as
long-term storage [55]. The drawback of the silver-halide emulsions is the low signal to noise
ratio in the blue spectral region due to the light scattering. Recording of volume reflection
holograms needs resolution > 6000 mm-1 which is realized only with ultra-fine-grain silver
halide materials. The materials PFG-03C produced by the firm Slavich, Russia [35, 56] has about
12 nm size of initial silver halide crystals and exhibit low signal-to-noise ratio in the blue
spectral region. The scattering in this region is decreased by nanosized emulsions with the
average grain size about 8 nm. Such quality is provided in Ultimate holographic plates [57] or
in the plates HP-P [55], Bulgaria.

SLM Type Amplitude type

(liquid crystal on silicon)

Number of pixels 1920 × 1080 pixels

Pixel interval 7 μm

Laser Power 100 mW

Wavelength 532 nm

Holographic emulsion Emulsion ULTIMATE-08

Grain size 8 nm

Table 1. Specifications of the holographic printer

Figure 17. Optical reconstruction from a printed holographic stereogram along the horizontal and vertical directions.
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We used in our printer system the Ultimate 08 emulsion with exposure 200 μJ/cm2. We
summarized the specifications of this emulsion in Table 2 [57]. The typical exposure time of
this emulsion for He-Ne laser varies from 4-5 s at 5 mW power and 6.1 cm × 6.1 cm size of the
holographic plate to 30-40 s at 25 mW for a 30 cm × 40 cm plate. Developing time is about 6
minutes at 20 C° - 25°C, and a bleaching agent is also used. The calculated hogel images were
expanded 10 times before being applied to the SLM. Thus, a matrix of hogels is formed in a
hologram plane. Figure 17 presents the photos taken from different locations of the image
reconstructed at white light illumination from the HS of a computer graphic model of a teapot.

Emulsion Application
Sensitivity

(uJ/cm²)

Grain size (nm)/

Resolution

(lines/mm)

Lasers
Lifetime

(at 4°C)

Ultimate 08-

mono-chrome

For transmission and

reflection

holograms

150-200 8/10000
Continuous and

pulsed: all colors
> 2 years

Ultimate 08-

color

For reflection

holograms (RGB)

120-150/

color
8/10000

Continuous : R+G

+B
> 2 years

Ultimate 15

For transmission and

reflection

holograms (RG)

75-100 15/7000
Continuous and

pulsed : R+G
> 1 year

Ultimate 25

For transmission

holograms (pulsed

lasers), Brighter and

much less noise, U25

needs more energy.

10-30 25/5000
Pulsed lasers:

Ruby, YAG
> 2 years

Table 2. Ultimate hologram emulsion specification

3. Printing of holographic fringes

The white viewable HSs spatially multiplex 2D images and hence do not reconstruct a real 3D
image. Computer-generated holograms (CGHs) based on modeling of a holographic interfer‐
ence pattern create a true 3D impact [58]. That’s why a lot of efforts have been dedicated to
printing of CGHs whose calculation is based on rigorous diffraction. Two problems must be
overcome when solving this task – the time-consuming calculation of the fringe pattern and
the requirement for high spatial resolution of the printer in order to ensure a large viewing
angle. Increase in resolution entails rise in the computation time.

3.1. Methods for computer generation of holographic fringe patterns

A fast holographic fringe pattern generation algorithm is required for the wavefront printing.
The Rayleigh-Sommerfeld (R-S) integral gives an exact fringe pattern corresponding to a
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desired object. The object is represented as a set of self-emitting points giving a light field with
a complex amplitude which at the point (x, y) in the plane of the hologram is the sum of the
spherical waves coming from all points of the object:

O(ξ, η)=∑ p=1
N ap

r p
exp j(krp + φp) ,     rp = (ξ - xp)2 + (η - yp)2 + zp

2 (5)

where (xp, yp, zp) are the Cartesian coordinates of the object’s point, apand φpare the amplitude
and the phase of the light field emanated by this point, and rp is the distance between this point
and the point on the hologram; k =2π /λ is a wave number, λis the wavelength. Since in the
equation of the hologram intensity, H =|O + R|2, where R(ξ, η)=arexp ( jφr) is the reference

wave with an amplitude ar  and phase φr , the only relevant term is H =2Re{OR *}, the so called
bipolar intensity approach has been invented [32] that allows to calculate the fringe pattern

Hbi(ξ, η)=∑ p=1
N ap

r p
cos (krp + φp + φr), (6)

by using only the real numbers where we assume that ar =1. However, one of the substantial
drawbacks of the R-S method is its quite high computational complexity. To overcome this
bottleneck, different fast algorithms for implementation of (6) have been developed for flat
holograms and more sophisticated geometries as a cylindrical or a disk hologram which
provide an increased viewable area [59,60]. The fast algorithms for computer generation of
cylindrical ordinary and rainbow holograms [61, 62], for generation of a master disk hologram
[63] and image plane hologram [64] have been reported. Although these holograms are based
on the same underlying optical principal, the associated computer generation algorithms
undergo different modifications according to the characteristics of each hologram. A successful
approach, especially for holographic printing, is the partitioning based algorithm for computer
hologram generation. The hologram plane is divided into M × N  multiple segments with m ×n
elements each, and a set of approximations to calculate the distance in (5) is applied to each
segment. For example, the distance between the object and the hologram in the case of a
cylindrical hologram is practically fixed and not large enough to use the Fresnel approxima‐
tion. In this case the distance, rp, is computed by means of two look-up tables which are
composed for each segment in such a way as to give the distance between the object point and
the point located along the vertical and horizontal central lines in the segment. To decrease
the spatial frequency in the plane of the hologram, the computation is performed with a
spherical reference wave in a Fourier lenless geometry when the reference point source is
positioned close to the object and at the same distance from the hologram [61]. The same
approach with two look-up tables has been applied for generation of the disk hologram [63].
For a rainbow hologram the computation is made for 1D hololine. Calculation of the image-
plane hologram requires introduction of a small positive value in the denominator in (6) to
avoid the high divergence of fringes for object points which are too close to the hologram plane
[64,65]. In this case the sign of the phase of the object beam depends on which side of the
hologram is the object’s point. 360 degrees viewable hologram requires removal of hidden
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surfaces to ensure proper reconstruction of the object [66]. This problem is solved by forming
the correct object data for generation of the hologram for different viewpoints. For the purpose,
perspective images from different viewpoints are taken. The acquired intensity distributions
are combined with the depth information provided by a computer graphics model to yield 3D
coordinates, amplitudes and phases corresponding to all point sources that constitute the
object.

There have been developed a series of algorithms such as phase-added stereogram (PAS) [30,
67], compensated phase-added stereogram (CPAS) [68, 69], accurate phase-added stereogram
(APAS) [70], and accurate compensated phase-added stereogram (ACPAS) [71]. Although the
ACPAS gives a better quality, still it has some unwanted noise which is due to the inaccurate
numerical model. As an improved version, we propose a novel digital hologram generation
algorithm which we call fast phase-added stereogram (FPAS). The numerical model of the
FPAS is expressed as,

H FPAS (ξ, η)= F -1{I (υ, ν)}, (7)

I (υ, ν)=∑ p=1
N ap

r p
exp ( jkrp + φp)exp { j2π υp(ξ - xp) + νp(η - yp) }, (8)

where, H (ξ, η)is the holographic fringe pattern, I (υ, ν)is the spatial frequency distribution in
the spatial frequency domain, p is the index of points, N is the number of points, rpis given by
(6), ap is complex amplitude of the p-th point, exp ( jkrp) is the phase, and last term in the sum
is a complex sinusoidal function. The spatial frequencies up and νp are determined as

υp =
sin θξp - sin θξref

λ , νp =
sin θηp - sin θηref

λ , (9)

where, θξpand θηp are the incident angles from the associated object point, and θξref and θηref

are the illuminating angles of the reference wave forξ and ηaxes.

The geometry of the coherent stereogram calculation is shown in Figure 18. In the first step
the hologram plane is partitioned into suitable square shape segments. The fringe pattern over
each segment is approximated as a superposition of 2D complex sinusoids, where each such
sinusoid approximates the contribution of each object point to the hologram pattern over one
segment. Therefore, a spectrum associated with each segment is easily constructed by placing
the amplitudes of complex sinusoids to correspond to frequency locations. The spatial
frequencies associated with the contributions of points in a point cloud are quantized to a
discrete domain by moving them to their nearest allowed discrete frequency value without
changing their complex amplitudes. This modification is an additional source of distortion in
the reconstruction. In the second step, the spectrum of a segment, that is composed of complex
amplitudes of 2D complex sinusoids, is transformed by IFFT to convert the spectrum to the
associated fringe pattern. This procedure is repeated for each segment to complete the
computation. An arbitrary hologram function over one segment, representing the spatial
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desired object. The object is represented as a set of self-emitting points giving a light field with
a complex amplitude which at the point (x, y) in the plane of the hologram is the sum of the
spherical waves coming from all points of the object:

O(ξ, η)=∑ p=1
N ap

r p
exp j(krp + φp) , rp = (ξ - xp)2 + (η - yp)2 + zp

2 (5)

where (xp, yp, zp) are the Cartesian coordinates of the object’s point, apand φpare the amplitude
and the phase of the light field emanated by this point, and rp is the distance between this point
and the point on the hologram; k =2π /λ is a wave number, λis the wavelength. Since in the
equation of the hologram intensity, H =|O + R|2, where R(ξ, η)=arexp ( jφr) is the reference

wave with an amplitude ar and phase φr , the only relevant term is H =2Re{OR *}, the so called
bipolar intensity approach has been invented [32] that allows to calculate the fringe pattern

Hbi(ξ, η)=∑ p=1
N ap

r p
cos (krp + φp + φr), (6)

by using only the real numbers where we assume that ar =1. However, one of the substantial
drawbacks of the R-S method is its quite high computational complexity. To overcome this
bottleneck, different fast algorithms for implementation of (6) have been developed for flat
holograms and more sophisticated geometries as a cylindrical or a disk hologram which
provide an increased viewable area [59,60]. The fast algorithms for computer generation of
cylindrical ordinary and rainbow holograms [61, 62], for generation of a master disk hologram
[63] and image plane hologram [64] have been reported. Although these holograms are based
on the same underlying optical principal, the associated computer generation algorithms
undergo different modifications according to the characteristics of each hologram. A successful
approach, especially for holographic printing, is the partitioning based algorithm for computer
hologram generation. The hologram plane is divided into M × N multiple segments with m ×n
elements each, and a set of approximations to calculate the distance in (5) is applied to each
segment. For example, the distance between the object and the hologram in the case of a
cylindrical hologram is practically fixed and not large enough to use the Fresnel approxima‐
tion. In this case the distance, rp, is computed by means of two look-up tables which are
composed for each segment in such a way as to give the distance between the object point and
the point located along the vertical and horizontal central lines in the segment. To decrease
the spatial frequency in the plane of the hologram, the computation is performed with a
spherical reference wave in a Fourier lenless geometry when the reference point source is
positioned close to the object and at the same distance from the hologram [61]. The same
approach with two look-up tables has been applied for generation of the disk hologram [63].
For a rainbow hologram the computation is made for 1D hololine. Calculation of the image-
plane hologram requires introduction of a small positive value in the denominator in (6) to
avoid the high divergence of fringes for object points which are too close to the hologram plane
[64,65]. In this case the sign of the phase of the object beam depends on which side of the
hologram is the object’s point. 360 degrees viewable hologram requires removal of hidden
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surfaces to ensure proper reconstruction of the object [66]. This problem is solved by forming
the correct object data for generation of the hologram for different viewpoints. For the purpose,
perspective images from different viewpoints are taken. The acquired intensity distributions
are combined with the depth information provided by a computer graphics model to yield 3D
coordinates, amplitudes and phases corresponding to all point sources that constitute the
object.

There have been developed a series of algorithms such as phase-added stereogram (PAS) [30,
67], compensated phase-added stereogram (CPAS) [68, 69], accurate phase-added stereogram
(APAS) [70], and accurate compensated phase-added stereogram (ACPAS) [71]. Although the
ACPAS gives a better quality, still it has some unwanted noise which is due to the inaccurate
numerical model. As an improved version, we propose a novel digital hologram generation
algorithm which we call fast phase-added stereogram (FPAS). The numerical model of the
FPAS is expressed as,

H FPAS (ξ, η)= F -1{I (υ, ν)}, (7)

I (υ, ν)=∑ p=1
N ap

r p
exp ( jkrp + φp)exp { j2π υp(ξ - xp) + νp(η - yp) }, (8)

where,  H (ξ, η)is the holographic fringe pattern, I (υ, ν)is the spatial frequency distribution in
the spatial frequency domain, p is the index of points, N is the number of points, rpis given by
(6), ap is complex amplitude of the p-th point, exp ( jkrp) is the phase, and last term in the sum
is a complex sinusoidal function. The spatial frequencies up and νp are determined as

υp =
sin θξp - sin θξref

λ , νp =
sin θηp - sin θηref

λ , (9)

where, θξpand θηp are the incident angles from the associated object point, and θξref and θηref

are the illuminating angles of the reference wave forξ and ηaxes.

The geometry of the coherent stereogram calculation is shown in Figure 18. In the first step
the hologram plane is partitioned into suitable square shape segments. The fringe pattern over
each segment is approximated as a superposition of 2D complex sinusoids, where each such
sinusoid approximates the contribution of each object point to the hologram pattern over one
segment. Therefore, a spectrum associated with each segment is easily constructed by placing
the amplitudes of complex sinusoids to correspond to frequency locations. The spatial
frequencies associated with the contributions of points in a point cloud are quantized to a
discrete domain by moving them to their nearest allowed discrete frequency value without
changing their complex amplitudes. This modification is an additional source of distortion in
the reconstruction. In the second step, the spectrum of a segment, that is composed of complex
amplitudes of 2D complex sinusoids, is transformed by IFFT to convert the spectrum to the
associated fringe pattern. This procedure is repeated for each segment to complete the
computation. An arbitrary hologram function over one segment, representing the spatial
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coordinates in a plane, can be written as a superposition of harmonic functions. Each harmonic
function is the inverse Fourier transform of a single impulse function which corresponds to a
single object point with a complex amplitude. Due to the linearity of the Fourier transform,
the IFFT of the spectrum of a segment, which is composed of contributions from all 3D object
points, yields the hologram over that segment.
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Figure 18. Geometry of fast phase-added stereogram calculation.

Three holographic fringe patterns generated by using R-S integral, ACPAS and FPAS algo‐
rithms corresponding to a single self-illuminating object are shown in Figure 19. For the
ACPAS and the FPAS, the used segmentation size and FFT size are 4 × 4 pixels and 8 × 8 pixels,
respectively. As shown in Figure 19, the R-S integral gives exact fringe pattern, and even at
the initial phase difference about 68 degrees between Figure 19(a) and 19(c), the fringe pattern
from the FPAS algorithm is comparable to the R-S fringe pattern. However Figure 19(b) which
is generated by using ACPAS algorithm looks worse when compared to the fringe patterns
obtained by the R-S integral and the FPAS algorithm. This means that fine phase matching
cannot be done by the ACPAS algorithm. Contrary to the ACPAS, the numerical model of the
FPAS is acceptable, and fine phase matching can be done by the exact phase distribution
determination.
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Figure 19. Generated holographic fringe patterns corresponding to a single self-illuminating object; (a) Rayleigh-Som‐
merfeld integral, (b) ACPAS, (c) FPAS.

3.2. Direct printing of fringes

Micro-processing techniques as e-beam writing or lithography, which provide excellent
resolution and can be used for printing of holographic fringes, are too expensive for everyday
use. This inspired development of low-cost fringe printers. Using of a laser printer for
recording of a CGH is proposed in [72]. Printing of a CGH by using optical disk writing
equipment is described in [73]. Printing of the fringe pattern by using a CD-R writer is proposed
in [74, 75]. The printed hologram is reconstructed with a white light. Printing of the fringe
pattern dot by dot of 3 μm in a diameter by scanning a laser spot on a holographic plate is
reported in [76]. To increase the speed of printing the holographic film is placed on a rolling
drum. A direct fringe printer in which a small part of the fringe pattern is displayed on a SLM
and its demagnified version is recorded as a thin hologram is proposed in [21,22]. The
demagnification on the order of 1/12 or 1/16 is achieved with a telecentric system of lenses.
The SLM is illuminated with a laser light. In [62] a Nd:YAG+LBO DPSS laser emitting at 473
nm with power 5 mW is used. After the exposure the hologram is shifted with a highly accurate
X-Y stage with a stepping motor. Precision of the X-Y stage is 4 μm. Resolution of the printed
fringe pattern depends on the quality of optics used to transfer the image from the SLM onto
the holographic film. A fringe pitch of 0.44 μm has been reported. The fringe printer was used
for printing of a laser reconstructed cylindrical hologram with radius of 69.5 mm and pixel
pitch 0.867 μm [61]. The produced CGH required 45 h computation time. The printer was used
also for production of a computer generated master 360 degrees viewable portable disk
hologram which was used for optical recording of a reflection hologram viewable with white
light [63]. Recently, image-plane full-parallax hologram has been printed [64]. Fringe printing
of an animated computer-generated cylindrical hologram which is calculated to show
animation in horizontal direction is reported in [77].

3.3. Holographic recording of the wave-front diffracted from the fringes

The direct fringe printer records partitioned digital holographic fringe patterns into a holo‐
graphic emulsion repeatedly in order to make a large SLM. Although the holographic fringe
pattern is recorded into a holographic emulsion, it can be regarded as a thin hologram because
it does not record the interference pattern with a reference wave. Due to such reasons, it should
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pitch 0.867 μm [61]. The produced CGH required 45 h computation time. The printer was used
also for production of a computer generated master 360 degrees viewable portable disk
hologram which was used for optical recording of a reflection hologram viewable with white
light [63]. Recently, image-plane full-parallax hologram has been printed [64]. Fringe printing
of an animated computer-generated cylindrical hologram which is calculated to show
animation in horizontal direction is reported in [77].

3.3. Holographic recording of the wave-front diffracted from the fringes

The direct fringe printer records partitioned digital holographic fringe patterns into a holo‐
graphic emulsion repeatedly in order to make a large SLM. Although the holographic fringe
pattern is recorded into a holographic emulsion, it can be regarded as a thin hologram because
it does not record the interference pattern with a reference wave. Due to such reasons, it should
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be reconstructed under laser illumination. A volume hologram printer is proposed in [78]
which records an interference pattern with a reference wave of the optical reconstruction from
the holographic fringe pattern displayed over an electrically addressed SLM. This method
provides several advantages such as fine wavelength selectivity for reconstruction with a white
light, manufacturing large hologram without large collimating system, fine full color hologram
etc. as in the case of a conventional analog reflection hologram.

Band-pass
filter 

SLM Demagnified
& diffracted 
1st order
wavefront

Reference
wave

Illuminating
wave

Figure 20. An optical schematic of a wavefront printer.

Below we describe the principle of the proposed by us wavefront printer for production of
white-light viewable CGHs. In case of a conventional analog hologram, the scattered wave
from a real object propagates to the holographic emulsion and interferes with an illuminating
reference wave. The formed interference pattern is recorded as a hologram. In other words,
the wavefront coming from the object is recorded onto the holographic emulsion. In the same
way, the wavefront from a virtual object, which is generated by computer graphic tools, can
be recorded by a wavefront printer. Actually, this is the only printer capable to record a
wavefront coming from a virtual object and encoded as a CGH.

An optical schematic of a wavefront printer is shown in Fig. 20. A holographic fringe pattern
generated by computer is displayed by a SLM, and an illuminating wave is diffracted by the
SLM. The diffracted wave passes through the first lens, L 1. This wave is filtered by a band-
pass filter which cuts off the undesired components such as the -1st order diffracted wave and
non-diffracted wave. Therefore, only the desired 1st order diffracted wave goes through the
filter, and is demagnified by the two lenses, L 1 and L 2. The demagnified wavefront interferes
with an illuminating reference wave in a holographic emulsion placed at the focus of the lens
L 2. The interference pattern is recorded as a holographic element. The fringe pattern on the
SLM is updatable, and the recording location over the holographic emulsion is also changed
accordingly. Therefore, the holographic fringe pattern corresponding to different hogel
locations is recorded as a volume reflection hologram. Thus, a hologram is formed which
encodes the wavefront of light coming from the object. The hologram can be reconstructed
under white light illumination.
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The hologram can be used also as a master hologram to make a transfer hologram by using
the reference wave as that in the recording step for illumination of the whole area of the
recorded master hologram as is shown in Figure 21. The holographic emulsion of the second
hologram is placed at the location of the reconstructed image. The second hologram is
illuminated with a reference wave. After recording of the second hologram, it can be recon‐
structed under white light illumination. Thus we can see a hologram with a naked eye. The
optical reconstruction is shown in Figure 22. A virtual object, the logo of the Korea Electronics
Technology Institute, is recorded digitally by the proposed wavefront printing technique, and
the obtained hologram reconstructs the image like a conventional analog hologram under
illumination with a point light source (a LED).

(a) (b)

Second hologramMaster hologram Second hologram

Figure 21. a) Recording schematic for second hologram, (b) holographic display.

Figure 22. The optical reconstruction of the second hologram.
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4. Future trends

The holographic printer has the potential to be useful equipment for industry, medicine,
cultural  heritage  protection,  commerce  and  entertainment  because  of  its  capability  to
represent exact 3D space without any distortion and visual fatigues.  However,  although
numerous attractive printed holograms have been created in the recent years, the market
is  still  not  populated with holographic printers due to some technical  difficulties.  There
are a  lot  of  unsolved issues which should be overcome.  Among them, the most  impor‐
tant  are  the time consuming holographic  recording procedure,  a  rather  bulky recording
system with extremely high price and quality of the printed hologram. Generally, the frame
per  second  (fps)  rate  of  a  conventional  SLM  is  about  30  fps,  therefore,  a  conventional
holographic printer is able to record 30 hogels per one second. If a hogel size is 1 mm ×
1 mm and a hologram place size is  1  M × 1 M, then the recording procedure will  take
approximately 10 hours. This issue might be a serious obstacle for market realization. The
recording time can be reduced with a tuned mass damper or active vibration control, but
this solution also has a limitation. The ultimate solution of the problem by using pulsed
laser is,  however,  very expensive.  High-end components such as SLMs with high frame
rate, wide angle objectives, lasers with single longitudinal mode, lenses etc. are required
to  build  a  holographic  printer.  Moreover,  such  optical  and  electrical  components  are
mounted on a vibration insulated optical  table.  For industrialization and commercializa‐
tion, further improvement of the holographic printer is mandatory to facilitate its use in
office and conventional places. The final issue is the quality of the printed hologram. In
case  of  a  holographic  stereogram,  multiple  perspectives  are  used as  an input  data,  and
angular  intensity  distributions  which  are  made  using  the  multiple  perspectives  are
recorded onto a holographic emulsion. Because the perspectives already have unwanted
distortions  from  the  used  optics  such  as  radial  distortion,  depth  distortion  etc.  the
represented 3D space is  also distorted.  This means that an observer may not be able to
experience a true 3D perception even at properly encoded information about the 3D scene.
The unsolved issues put a lot of challenges to be overcome in the near future to make the
holographic  printer  a  conventional  equipment  in  our everyday life,  industry,  education,
and cultural exchange.
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Chapter 9

Microscopic Interferometry by Reflection Holography
with Photorefractive Sillenite Crystals
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Additional information is available at the end of the chapter
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1. Introduction

The continuous growth of the development and production of micro- and nano-scaled devices
requires the employ of compatible measurement techniques which fulfill the increasing
demands of this new field. Despite the several very well established microscopy techniques,
the potentialities of measuring the dynamic behavior of devices like microelectromechanical
systems (MEMS) or capacitive micromachined ultrasonic transducers (CMUTs) were not
sufficiently explored so far. In this framework, microscopic holographic interferometry and
microscopic DSPI (digital speckle pattern interferometry) have been demonstrated to be very
promising techniques for micro-scaled device measurement, due to its whole-field character,
precision and accuracy. Due to its incomparable resolution and to the possibility of performing
real-time testing with a minimum of computational image processing, photorefractive
holography is a powerful tool for this task.

Photorefractive materials comprise a class of materials which present an interesting combina‐
tion of physical properties. They combine light sensitivity with photoconductivity and the
linear electrooptic effect. This effect was first observed in the years 1960 at Bell Laboratories
[1, 2], in second harmonic generation experiments in ferroelectric crystals. At the time the effect
was classified as "optical damage" by their observers, in function of localized variations in
refractive index of the crystal with laser incidence.

Among the photorefractive crystals there are the ones from the sillenite family, namely:
Bi12GeO20 (BGO), Bi12SiO20 (BSO), and Bi12TiO20 (BTO) [3, 4]. These crystals have a cubic lattice
with symmetry group 23, with only the elements r14, r52 and r63 electro tensors being nonzero.
They are optically active and become linearly birefringent in the presence of an electric field.

© 2013 Barbosa et al.; licensee InTech. This is an open access article 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.

© 2013 Barbosa et al.; licensee InTech. This is a paper 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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microscopic DSPI (digital speckle pattern interferometry) have been demonstrated to be very
promising techniques for micro-scaled device measurement, due to its whole-field character,
precision and accuracy. Due to its incomparable resolution and to the possibility of performing
real-time testing with a minimum of computational image processing, photorefractive
holography is a powerful tool for this task.

Photorefractive materials comprise a class of materials which present an interesting combina‐
tion of physical properties. They combine light sensitivity with photoconductivity and the
linear electrooptic effect. This effect was first observed in the years 1960 at Bell Laboratories
[1, 2], in second harmonic generation experiments in ferroelectric crystals. At the time the effect
was classified as "optical damage" by their observers, in function of localized variations in
refractive index of the crystal with laser incidence.

Among the photorefractive crystals there are the ones from the sillenite family, namely:
Bi12GeO20 (BGO), Bi12SiO20 (BSO), and Bi12TiO20 (BTO) [3, 4]. These crystals have a cubic lattice
with symmetry group 23, with only the elements r14, r52 and r63 electro tensors being nonzero.
They are optically active and become linearly birefringent in the presence of an electric field.
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As observed in other photorefractive materials working as holographic media, the sillenites
have attractive characteristics for holographic applications such as infinite cycles of simulta‐
neous, real-time holographic recording and reconstruction, all without fatigue or need of
chemical processing.

The BTO crystal presents a lower optical activity for red light if compared to BSO and BGO,
which makes it more appropriate for holographic applications, providing the highest possible
diffraction efficiency for this wavelength range and enabling holography with the easily
available and cost-effective He-Ne and red diode lasers. Its low diffraction efficiency can be
compensated by its anisotropic diffraction properties [5, 6]. Due to this characteristic, under
certain conditions the transmitted beam and diffracted beam propagate with orthogonal
polarization at the crystal output, so that the signal-to-noise ratio of the output image can be
increased by eliminating the beam transmitted by means of a linear polarizer.

All these features make this crystal an extremely interesting medium for many applications
like real-time interferometry [7, 8, 9], spatial light modulation [10, 11, 12], nonlinear optical
signal processing [13, 14], coherent image processing [15], edge detection [16], phase conju‐
gation [17, 18], pattern recognition [19, 20], information storage [21] as well as phase conjuga‐
tion in optical resonators [22]. Two-wave mixing with transmission holography configuration
is the most employed arrangement with photorefractive sillenite crystals. However, reflection
holography with these materials have been received relatively few attention, in spite of the
fact that this sort of holographic configuration has been proved to be quite effective and
powerful for interferometry and image processing [23].

The first study of a sillenite crystal for applications in interferometry was performed by Kukhtar‐
ev et al by using a [111]-cut BTO crystal and employing anisotropic diffraction in order to read
the diffracted wave only [24]; the influence of the input polarization on the coupling of the
interfering beams in reflection holograms with BTO and BSO crystals was developed by Mallick
et al; Weber et al analyzed the gain and the diffraction efficiency as a function of the input
polarization angle for BTO and BSO crystals with the grating vector parallel to the [001]-axis [25].
Salazar et al recorded a speckle pattern in sillenite crystals in a reflection holography configura‐
tion [26] in order to develop a four wave-mixing optical correlator through reflection hologra‐
phy [27]. Regarding recent applications of selenite crystals in reflection holography we can
mention Erbschloe et al, which investigated the intensity and the phase of two optical beams in
a photorefractive material, showing the implications of a reflection holography geometry [28];
Shepelevich et al investigated the dependence of maximum diffraction efficiency of volume
reflection holograms recorded in BSO crystals [29]; Shandarov et al studied the interaction of two
light waves in a network formed in a dynamic reflection holography scheme [30].

The lensless Denisiuk configuration [31] for reflection holography allows obtaining high
resolution holographic images in very compact and simple setups, which is a particularly
valuable characteristic for microscope construction. This optical conception consists in placing
the studied object close to the holographic medium through which the image can be collected
in a wide angular range, favoring the image resolution. A sillenite-based optical setup for
reflection holography aiming practical purposes like holographic interferometry must
basically combine the simplicity of such arrangement and the high image quality obtainable
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through the anisotropic diffraction properties of the sillenite crystals. In this framework, it has
been proposed a novel optical display for holographic imaging and interferometry using a
Bi12TiO20 crystal and red lasers as light source. This optical arrangement employed as a key-
element a polarizing beam splitter (PBS) positioned at the BTO input for polarization selection
[23]. The potentialities of the setup for holographic imaging, double exposure holography and
time average holography of small diffusely scattering objects are theoretically studied and
experimentally demonstrated in this chapter. Aiming the development of a measurement
device which allows the dynamic characterization of small components, this chapter analyzes
the combination of three optical features: the Denisiuk configuration, the holographic record‐
ing and readout with sillenite crystals and the compound microscope geometry. The perform‐
ance of the holographic microscope in the characterization of microscopic transducers and
MEMs is described and potencial applications in the study of other micro-components are
pointed out.

2. Denisiuk setup with photorefractive crystals

The Denisiuk configuration is the simplest geometry for reflection holography. The original
setup comprises a light source, an object, and a recording medium between them. Since the
object is usually positioned right behind the holographic medium, when both are illuminated
the medium works also as a beam splitter: the laser beam hitting the front face of the medium
is the reference wave, while the beam transmitted through the medium illuminates the object.
The light scattered by the object illuminates the holographic medium through its rear face -
the object beam – and interferes with the reference wave, thus generating the hologram.

The typical low diffraction efficiency of the sillenite crystals make them not suitable for real-
time holography in an original Denisiuk configuration, since the transmitted object beam is
much more intense than the holographic image, leading to a very small signal-to-noise ratio
(SNR). In transmission holography setups this low-diffraction efficiency limitation is usually
overcome by exploring the anisotropic diffraction properties of those crystals: by properly
setting the input polarization angle of the incoming waves with respect to the crystal [001]-
axis, the diffracted and transmitted waves emerging from the sample become orthogonally
polarized [5,6]. Hence, a conveniently positioned analyzer can block the transmitted wave and
enable the propagation of the diffracted wave only, which is the holographic reconstruction
of the object. However, this arrangement cannot be made in reflection holography because a
polarizer behind the crystal adjusted to eliminate the transmitted beam would block the
reference beam also.

Due to the reasons above, Denisiuk-type reflection holography experiments using anisotropic
diffraction in sillenite crystals require an unusual approach and a novel optical display, which
should obey the following requirements often adopted for interferometry design in order to
avoid spurious elliptical polarization and consequent losses in the hologram diffraction
efficiency: a - the light beam propagation occurs in a plane parallel to the table top; b - the beam
polarization must be kept whether perpendicular or parallel to this plane, except when the
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light polarization undergoes a rotation inside the BTO crystal due to its optical activity; c – the
hole setup must be simple and compact, in order to enable the construction of rugged and
portable holography microscopes.

Those requirements are achieved by using a polarizing beam splitter (PBS) cube. With this
configuration, anisotropic diffraction can be optimally observed by tilting the sillenite crystal
with respect to the axis perpendicular to the table top. The tilting angle is selected in order to
enable the diffracted wave to be orthogonally polarized with respect both to the incident
reference wave and to the transmitted object wave. In such a configuration the signal-to-noise
ratio is maximized.

The PBS cube separates the s-polarized (whose electric field is perpendicular to the plane of
incidence) from the p-polarized (electric field parallel to the plane of incidence) components
of the incident light and generates two linearly polarized beams propagating in mutually
perpendicular directions. The s-polarized beam emerges from the PBS at a right angle, while
the p-polarized is transmitted through it.

Figure 1 schematically shows a setup for reflection holography with a BTO crystal with
thickness d and a PBS cube as the polarizing component. The x-y plane is parallel to the table
top. The s-polarized light coming from the laser hits the PBS and is 90o deviated, hitting the
BTO crystal as the reference wave, whose propagation vector k

→
R is shown in figure 1. Due to

the crystal optical activity, the wave polarization is rotated by an angle ρd  (counterclockwise
rotation, looking towards the negative X-axis in fig. 1) where ρ is the optical rotatory power.
The beam transmitted through the crystal illuminates the object and is scattered by it, forming
the object wave. This wave has a propagation vector k

→
S , parallel to the positive X-axis, and is

polarized at an angle ρd  with respect to the z-axis. The object beam travels back through the
crystal and again undergoes a polarization rotation of -ρd , such that both reference and object
beams present the same polarization orientation throughout the whole holographic medium
and propagate in opposite directions. At the output (left side in fig. 1) of the BTO crystal there
are two beams emerging with the same propagation vector: the transmitted object beam (with
electric field S'

→
 parallel to the Z-axis) and the diffracted reference beam, which in turn is the

holographic reconstruction of the object wavefront (shown as the electric field U
→

). If the
polarization directions of both beams are mutually orthogonal, or as close as possible to it, the
hologram SNR is highest. This can be accomplished by properly rotating the crystal around
its [100]-axis, which is parallel to the X-axis shown in figure 1.

When the optimal angle between the the [001]-axis and the input reference beam polarization
is achieved, the diffracted wave with amplitude U

→
 at the BTO output is p-polarized due to

anisotropic diffraction, as shown in figure 2: while figure 2a shows the reference wave
polarization R

→
 at the BTO crystal input x =d  (“solid” vector) and at the sample output at x =0

(“dashed” vector), figure 2b shows the object wave amplitude vector S
→

 (“dashed” vector)
hitting the BTO crystal and the polarization states of the transmitted (S

→
) and the diffracted

(U
→

) waves at x =d . Notice that U
→

 and S
→

 in figure 2b are nearly orthogonal, which provides the
condition of highest SNR. In the next sections the photorefractive recording and readout will
be analyzed in order to allow these conditions to be achieved.
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Figure 2. a - reference wave polarization R
→

and its propagation vector k
→

R at the BTO input x=d; b - transmitted (S'
→

) and
the diffracted (U

→
) beam polarizations propagating along positive x-axis at x=d.

3. Photorefractive effect in sillenite crystals

The photorefractive effect consists basically on the combination of two mechanisms: charge
migration and electrooptic effect. In the former, charge carriers, say, electrons, are excited from
occupied donor states to the conduction band due to the incidence of an interference pattern
of light and then trapped by empty centers. In the latter, the resulting spatially non-uniform
electric field due to the charge distribution modulates the refractive index, thus generating a
phase index grating [3].

3.1. Charge carrier migration

Let us consider the incidence of a light interference pattern onto an impurity-dopped photo‐
refractive crystal given by = I0(1 + mcos Kx), where K is the pattern spatial frequency and m is
the modulation due to the interacting beams intensities. In the literature several models
describe the migration process [32], and among them, the band transport model has been more

Figure 1. Sillenite-based Denisiuk holographic setup

Microscopic Interferometry by Reflection Holography with Photorefractive Sillenite Crystals
http://dx.doi.org/10.5772/53416

207



light polarization undergoes a rotation inside the BTO crystal due to its optical activity; c – the
hole setup must be simple and compact, in order to enable the construction of rugged and
portable holography microscopes.

Those requirements are achieved by using a polarizing beam splitter (PBS) cube. With this
configuration, anisotropic diffraction can be optimally observed by tilting the sillenite crystal
with respect to the axis perpendicular to the table top. The tilting angle is selected in order to
enable the diffracted wave to be orthogonally polarized with respect both to the incident
reference wave and to the transmitted object wave. In such a configuration the signal-to-noise
ratio is maximized.

The PBS cube separates the s-polarized (whose electric field is perpendicular to the plane of
incidence) from the p-polarized (electric field parallel to the plane of incidence) components
of the incident light and generates two linearly polarized beams propagating in mutually
perpendicular directions. The s-polarized beam emerges from the PBS at a right angle, while
the p-polarized is transmitted through it.

Figure 1 schematically shows a setup for reflection holography with a BTO crystal with
thickness d and a PBS cube as the polarizing component. The x-y plane is parallel to the table
top. The s-polarized light coming from the laser hits the PBS and is 90o deviated, hitting the
BTO crystal as the reference wave, whose propagation vector k

→
R is shown in figure 1. Due to

the crystal optical activity, the wave polarization is rotated by an angle ρd  (counterclockwise
rotation, looking towards the negative X-axis in fig. 1) where ρ is the optical rotatory power.
The beam transmitted through the crystal illuminates the object and is scattered by it, forming
the object wave. This wave has a propagation vector k

→
S , parallel to the positive X-axis, and is

polarized at an angle ρd with respect to the z-axis. The object beam travels back through the
crystal and again undergoes a polarization rotation of -ρd , such that both reference and object
beams present the same polarization orientation throughout the whole holographic medium
and propagate in opposite directions. At the output (left side in fig. 1) of the BTO crystal there
are two beams emerging with the same propagation vector: the transmitted object beam (with
electric field S'

→
parallel to the Z-axis) and the diffracted reference beam, which in turn is the

holographic reconstruction of the object wavefront (shown as the electric field U
→

). If the
polarization directions of both beams are mutually orthogonal, or as close as possible to it, the
hologram SNR is highest. This can be accomplished by properly rotating the crystal around
its [100]-axis, which is parallel to the X-axis shown in figure 1.

When the optimal angle between the the [001]-axis and the input reference beam polarization
is achieved, the diffracted wave with amplitude U

→
 at the BTO output is p-polarized due to

anisotropic diffraction, as shown in figure 2: while figure 2a shows the reference wave
polarization R

→
at the BTO crystal input x =d (“solid” vector) and at the sample output at x =0

(“dashed” vector), figure 2b shows the object wave amplitude vector S
→

 (“dashed” vector)
hitting the BTO crystal and the polarization states of the transmitted (S

→
) and the diffracted

(U
→

) waves at x =d . Notice that U
→

 and S
→

 in figure 2b are nearly orthogonal, which provides the
condition of highest SNR. In the next sections the photorefractive recording and readout will
be analyzed in order to allow these conditions to be achieved.

Holography – Basic Principles and Contemporary Applications206

Z

Y

y

z
<001>

<010>d R

k

BTO

(a)

Z

Y

y

z
<001>

<010>

BTO

R

k

U

(b)

Figure 2. a - reference wave polarization R
→

 and its propagation vector k
→

R at the BTO input x=d; b - transmitted (S'
→

) and
the diffracted (U

→
) beam polarizations propagating along positive x-axis at x=d.

3. Photorefractive effect in sillenite crystals

The photorefractive effect consists basically on the combination of two mechanisms: charge
migration and electrooptic effect. In the former, charge carriers, say, electrons, are excited from
occupied donor states to the conduction band due to the incidence of an interference pattern
of light and then trapped by empty centers. In the latter, the resulting spatially non-uniform
electric field due to the charge distribution modulates the refractive index, thus generating a
phase index grating [3].

3.1. Charge carrier migration

Let us consider the incidence of a light interference pattern onto an impurity-dopped photo‐
refractive crystal given by = I0(1 + mcos Kx), where K is the pattern spatial frequency and m is
the modulation due to the interacting beams intensities. In the literature several models
describe the migration process [32], and among them, the band transport model has been more

Figure 1. Sillenite-based Denisiuk holographic setup

Microscopic Interferometry by Reflection Holography with Photorefractive Sillenite Crystals
http://dx.doi.org/10.5772/53416

207



widely adopted. In the illuminated areas of the sample, photoelectrons from ionized donors
indergoe a transition to the conduction band. In this band the electrons migrate by diffusion
and/or drift, i. e., under the influence of an externally applied electrical field. After relaxation
the electrons are captured by acceptor centers. This process of excitation to the conduction
band and posterior recombination is repeated until the photoelectrons are trapped in dark
regions of the sample (interference pattern minima). Correspondingly, holes can be excited
from filled acceptors to the valence band.

In typical experimental conditions for holographic imaging, IR≫ IS , so that m≪1. In this case,
the low-modulation interference pattern can be expressed in terms of the first harmonic of its
Fourier expansion according to

I = I0 +  
I0

2
(meiKx + m *eiKx) (1)

where m =2(IS IR)1/2e -tiθ / (IS + IR), and ϕ is the arbitrary phase of the signal (object) wave. The
correspondent space charge electric field is written as

E (x)= E0 +
ESC

2 e iKx +
ESC

*

2 e iKx (2)

Through Poisson equation div(εE
→ )=ρ / ε0, the continuity equation ∂ρ / ∂ t = - ∂ j / ∂ x and the

equation for the current density j =μen(x) + eD∂n / ∂ x, where D is the diffusion coefficient and
n(x) is the electron concentration in the conduction band, the amplitude Esc of the steady-state
space charge field in the holographic recording by diffusion (E0 =0) is given by

ESC =
-imED

1 + K 2L S
2   (3)

where Ls is the Debye screening length and the ED is the diffusion electric field given in terms
of Boltzmann´s constant kB and the temperature T as ED = K kBT / e.

3.2. Electrooptic effect

The propagation of the electromagnetic wave in a medium can be described with the help of
the index ellipsoid, which provides the wave velocity according to its polarization state:

x 2

nx
2 + y 2

ny
2 + z 2

nz
2 =1 (4)

where x, y and z are the principal dielectric axes. If the medium is isotropic, nx = ny = nz, and
the light velocity does not depend on its polarization state in this case.
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When a crystal without inversion simmetry is under the influence of an electric field, there is
a change in the index ellipsoid, now represented by

( 1
n 2 )1x 2 + ( 1

n 2 )2y 2 + ( 1
n 2 )3z 2 + 2( 1

n 2 )4yz + 2( 1
n 2 )5xz + 2( 1

n 2 )6xy =1 (5)

The terms (1 / n 2)i are determined as a function of an arbitrary electric field through the matrix
relation

( 1
n 2 )i = ∑

j=1

3
rijE j (6)

where the electrooptic coefficients rij are the elements of the 6 x 3 electrooptic tensor. By finding
a new coordinate system x´, y´, z´ through which equation (5) assumes the form of equation
(4), the refractive index modulation along these axes can be determined. Since the symmetry
group of the sillenite crystals is 23 and the only nonzero elements of the electrooptic tensor are
r14, r52 and r63 (r41 = r52 = r63 = 5 x 10-12 m/V for BTO), the electrooptic tensor of such crystals is
written as
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From relations (6) and (7) one obtains the coefficients for the crossed terms:
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Since nx = ny = nz = no, the index ellipsoid expression takes the form

x 2

n0
2 + y 2

n0
2 + z 2

n0
2 + 2r41ESC yz + 2r41ESC xz + 2r41ESC xy =1 (9)
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( 1
n 2 )i = ∑

j=1

3
rijE j (6)

where the electrooptic coefficients rij are the elements of the 6 x 3 electrooptic tensor. By finding
a new coordinate system x´, y´, z´ through which equation (5) assumes the form of equation
(4), the refractive index modulation along these axes can be determined. Since the symmetry
group of the sillenite crystals is 23 and the only nonzero elements of the electrooptic tensor are
r14, r52 and r63 (r41 = r52 = r63 = 5 x 10-12 m/V for BTO), the electrooptic tensor of such crystals is
written as
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From relations (6) and (7) one obtains the coefficients for the crossed terms:
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Since nx = ny = nz = no, the index ellipsoid expression takes the form

x 2

n0
2 + y 2

n0
2 + z 2

n0
2 + 2r41ESC yz + 2r41ESC xz + 2r41ESC xy =1 (9)
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From equation (9) the refractive index modulation can be obtained, as it will be seen in detail
in the next sections. Figure 3 summarizes the photorefractive mechanism, showing the incident
light pattern (3a), the consequent steady-state charge distribution due to diffusion (3b), the
space-charge electric field (3c) and the resulting refractive index modulation via electrooptic
effect (3d). Notice that, in this case the electric field and the refractive index modulation are
π/2-shifted with respect with the light intensity pattern.

(a) 

(b) 

(c) 

(d) 

Figure 3. The photorefractive process; a – Intensity pattern; b – charge distribution; c – space-charge electric field and
d – spatial refractive index modulation.
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4. Reflection holography in photorefractive sillenite crystals

4.1. Recording

In this section the holographic recording in a photorefractive sillenite crystal is studied
considering the interference of two counterpropagating monochromatic coherent waves with
wavelength λ. The resulting interference pattern rearranges the charge carriers by diffusion,
leading to a spatially nonuniform electric field ESC  inside the sample, as described in the
previous section. Through the electrooptic effect this electric field gives rise to a phase grating
due to local modulation of the refractive index. The crystal is cut in the transverse electrooptic
configuration, in which its input facets are parallel to the crystalline (110) plane, as shown in
figure 4. Since the counterpropagating interfering waves (with propagation vectors kS

→
 and kR

→

shown in this figure) incide normally to this facet, both the grating vector and the induced
electric field are parallel to the [100]-axis, referred as to the x-axis in figure 4. The index ellipsoid
of equation (9) due to Esc is then given by

x 2

n0
2 + y 2

n0
2 + z 2

n0
2 + 2r41ESCYZ =1 (10)

where n0 is the bulk refractive index. If the BTO crystal is rotated around the X-axis by an angle
θ, equation (10) can be conveniently expressed according to the coordinate system whose x-,
y- and z-axes are parallel to the principal crystalographic axes of the sample. In the rotation, x
and X are parallel, so that the transformation relations are given by

X = x;   Y = ycos θ - zsin θ;   Z = ysin θ + zcos θ (11)

Z

Yy

z <001>

x

X

(110)(010)

(001)

kS kR

Figure 4. Electrooptic transverse-cut BTO crystal

By substituting Y and Z from eq. (11) into eq.(10), the index ellipsoid in the x, y, z system is
written as
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x 2

n0
2 + y 2

n0
2 + z 2

n0
2 + 2r41ESC yz =1 (12)

Notice that eqs. (10) and (12) have the same form, regardless the rotation angle θ. The ellipsoid
major axes x’, y’, z’ can be determined by performing another coordinate transformation by a
45o-rotation around the x-axis, as shown in figure 5, such that

x = x ';  y = y'cos 45° - z'sin 45° ;  z = y'sin 45° + z'cos 45° (13)

Hence, upon substitution in eq. (12) this coordinate transformation yields

x'2

n0
2 + y'2( 1

n0
2 + r41ESC) + z'2( 1

n0
2 + r41ESC)=1 (14)

which corresponds to the following ellipsoid with x’, y’ and z’ axes:

x'2

n0
2 + y'2

ny'
2 + z'2

nz'
2 =1 (15)

By comparing eqs. (14) and (15) one obtains

1
ny'

2 = 1
n0

2 + r41ESC ; 1
nz'

2 = 1
n0

2 + r41ESC (16)

With the help of relation d (1 / n 2)= -2 / n 3 dn equation (16) provides the refractive index
modulations along y’ and z’ axes:

∆ny ' = -
n0

3

2 + r41ESC ;   ∆nz ' = -
n0

3

2 + r41ESC (17)

Figure 5. Rotation of the coordinate system around the x-axis
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The results above evidence an anisotropy in the photorefractive phase gratings generated in
the sillenite crystals, since ∆ny' ≠ ∆nz', which will be analysed in the next section.

4.2. Readout; anisotropic diffraction

In this section the experiment to confirm the theoretical predictions on the holographic process
is performed by using a BTO crystal as holographic medium and a He-Ne laser as light source.
In the setup the PBS is used in order to separate the diffracted and the transmitted beams and
simultaneously allow the incidence of the reference wave onto the crystal. The intensity of the
diffracted wave was measured as the BTO crystal was rotated, so that the dependence of the
diffracted wave on the direction of the incident light polarization with respect to the crystal
(001)-axis was studied. The experimental results very satisfactorily agreed with the theoretical
analysis, showing that there is an optimal input polarization configuration through which the
background noise generated by the transmitted object beam can be totally eliminated by the
PBS, thus enabling the detection of the holographically reconstructed signal wave only [33].
From the theory presented in the previous section the amplitude of the wave diffracted by a
reflection hologram in a self-diffraction process can be obtained. Due to the refractive index
modulation anisotropy, the diffracted wave presents two different orthogonal components.
This is the most important consequence of anisotropic diffraction. The dependence of the angle
between the diffracted and the transmitted waves – a feature of crucial importance in this work
– will be both theoretically and experimentally studied. In this section the angle between both
polarization states can be theoretically obtained and the conditions to provide the best
holographic image visibility will be analyzed.

The reference wave polarization at the BTO input with respect to the coordinate systems
involved and the rotation angle γ is shown in figure 6. The components of the reference wave
relatively to the y´- and z´-axis are written as

Ry'(x)= R0cos θ - ρ(d - x) ; Rz'(x)= R0sin θ - ρ(d - x) (18)

Z

Y

y

z
R

y’

z’ 45 ºd

X = x = x’

Figure 6. Reference wave polarization at the BTO input and the coordinate systems X-Y-Z, x-y-z and x´-y´-z´.

where θ is the angle between the reference wave polarization direction and the y´-axis at the
crystal output and R0 is the amplitude of the reference beam at x =0. As mentioned earlier, the
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The results above evidence an anisotropy in the photorefractive phase gratings generated in
the sillenite crystals, since ∆ny' ≠ ∆nz', which will be analysed in the next section.
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In this section the experiment to confirm the theoretical predictions on the holographic process
is performed by using a BTO crystal as holographic medium and a He-Ne laser as light source.
In the setup the PBS is used in order to separate the diffracted and the transmitted beams and
simultaneously allow the incidence of the reference wave onto the crystal. The intensity of the
diffracted wave was measured as the BTO crystal was rotated, so that the dependence of the
diffracted wave on the direction of the incident light polarization with respect to the crystal
(001)-axis was studied. The experimental results very satisfactorily agreed with the theoretical
analysis, showing that there is an optimal input polarization configuration through which the
background noise generated by the transmitted object beam can be totally eliminated by the
PBS, thus enabling the detection of the holographically reconstructed signal wave only [33].
From the theory presented in the previous section the amplitude of the wave diffracted by a
reflection hologram in a self-diffraction process can be obtained. Due to the refractive index
modulation anisotropy, the diffracted wave presents two different orthogonal components.
This is the most important consequence of anisotropic diffraction. The dependence of the angle
between the diffracted and the transmitted waves – a feature of crucial importance in this work
– will be both theoretically and experimentally studied. In this section the angle between both
polarization states can be theoretically obtained and the conditions to provide the best
holographic image visibility will be analyzed.

The reference wave polarization at the BTO input with respect to the coordinate systems
involved and the rotation angle γ is shown in figure 6. The components of the reference wave
relatively to the y´- and z´-axis are written as

Ry'(x)= R0cos θ - ρ(d - x) ;   Rz'(x)= R0sin θ - ρ(d - x) (18)
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where θ is the angle between the reference wave polarization direction and the y´-axis at the
crystal output and R0 is the amplitude of the reference beam at x =0. As mentioned earlier, the
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object beam and the reference beam polarizations are parallel throughout the crystal. The
fringe contrast m as a function of the crystal depth x takes into account the changes of the
interacting beams as they propagate along the sample [25]:

m(x)=m0exp{2 β
ρ cos 2θ - ρ(2d - x) sin (ρx)} (19)

where β ≡πr0
3r41ESC / 2λ and m0≈2S 0 / R0 for R0≫S0, where S0 is the object beam amplitude at

x =0. The elementary components of the diffracted amplitude at x =dare given by [25]

dU y'(x)= - βm(x)R0cos (θ - 2ρd + ρx)dx;   dU z'(x)= - βm(x)R0sin (θ - 2ρd + ρx)dx (20)

where the sign of dU y'(x) is due to the negative sign of Δny´ in equation (17). Since m0≪1 and
|β /ρ|<0.4, m(x) can be expanded into a Taylor series, so that from equation (19) one obtains

m(x)=m0exp -β /ρsin (2θ - 2ρd ) 1 + β /ρcos (2θ - 2ρd + 2ρx) (21)

By substituting m(x) from equation (21) into equation (22) and integrating along the crystal
thickness, the components of the diffracted amplitudes parallel to y´ and z´ are written as

U y '(d )= - βR0m0exp -2βsin (2θ) /ρ ×{ sin ρd
ρ cos (θ - ρd ) + β

8ρ 2 sin (4ρd - 3θ) + sin (3θ) + 4ρdcos θ } (a)

U z '(d )= - βR0m0exp -2βsin (2θ) /ρ ×{ sin ρd
ρ cos (θ - ρd ) + β

8ρ 2 cos (4ρd - 3θ) - cos (3θ) - 4ρdsin θ } (b (22)

At the front face of the crystal the y´ and z´ components of the object wave amplitude are given
by Sy'(d )=S0cos θ and Sz'(d )=S0sin θ, respectively. Since this wave does not carry any relevant
information and constitutes a noise to the holographically reconstructed wavefront, it is
worthy cutting off the transmitted object beam by a polarizing element in order to provide the
diffracted wave only. The maximal holographic signal IU  corresponding to the holographic

image must then be proportional to sin2 φ, where φ is the angle between the vectors
U
→

=U y'(d )y'̂ + U z'(d )z'̂ and S
→

=Sy'(d )y'̂ + Sz'(d )z'̂:

2

2 2 .sin sin 1U
U SI
U S

j
æ ö
ç ÷µ = -
ç ÷
è ø

rr
rr (23)

It is convenient to make the substitution θ =π / 4 - γ, where γ is the angle between the [001]-
axis and the Z-axis, as shown in figure 6. With the help of equations (22a), (22b) and (23) one
obtains the signal IU :
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IU ∝sin2 φ ≈1 -
{sin (ρd )sin (2γ + ρd ) +

β
8ρ sin 4γ - sin (4ρd - 4γ) + 4ρd }2

sin2 (ρd ) +
β

4ρ sin (ρd ) 4ρd sin (2γ + 4ρd ) + cos (2γ - ρd ) - cos (2γ + 3ρd )
(24)

For typical diffusely scattering objects, β≪ρ, so that the signal IU from equation (10) can be
satisfactorily written as

IU ≈cos2 (2γ + ρd ) (25)

Through equation (25) the optimal angle between the crystal [001]-axis and the input polari‐
zation can be obtained to be γ ≈ -ρd / 2 + Nπ / 2, where N =1, 2, 3, .... In practical terms, since
the polarization of the incident beam is perpendicular to the table top, the crystal must be tilted
such that its [001]-axis makes an angle of γ ≈ -ρd / 2 with respect to the Z-axis, as shown in
figure 7.
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<010>

BTO

R

kU

Figure 7. Optimal BTO orientation for maximum holographic image SNR.

5. Experiments

5.1. Dependence of the diffracted beam intensity on the crystal tilting

The intensity of the holographically reconstructed object beam as a function of the tilting angle
γ is investigated in order to confirm the theoretical prediction of equation (25). Figure 8 shows
the optical setup for this purpose. The setup was illuminated by a 20-mW He-Ne laser emitting
at 632.8 nm. The s-polarized reference beam coming directly from the laser is expanded by
lens L1. The crystal is cut in the electrooptic transverse configuration. The BTO sample is
rotated around the X-direction by a goniometer. The transmitted object beam wave is deviated
by the PBS, while the diffracted beam passes through it to be sent to the photodetector PD
through lens L2. The sensitive area of the photodetector is larger than the diffracted beam cross
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5. Experiments

5.1. Dependence of the diffracted beam intensity on the crystal tilting

The intensity of the holographically reconstructed object beam as a function of the tilting angle
γ is investigated in order to confirm the theoretical prediction of equation (25). Figure 8 shows
the optical setup for this purpose. The setup was illuminated by a 20-mW He-Ne laser emitting
at 632.8 nm. The s-polarized reference beam coming directly from the laser is expanded by
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section. The rotatory power of Bi12TiO20 is ρ = - 0.11 mm-1 for 632.8 nm. For m0 ≈0.1 and
n0 ≈2.6, β was estimated to be ~10-2 mm-1.

Laser

BTO L2 

Mirror

PD
PBSObject

Figure 8. Optical setup: L1 and L2, lenses, M, mirror, PD, photodetector

Two BTO samples with sizes 10 × 12 × 10 mm3 (BTO 1), and 8 × 7 × 7 mm3 (BTO 2) were used.
A 10×10-mm2 flat metallic bar placed right behind the crystal was used as the opaque scattering
object surface. Figure 9a shows the dependence of IU on the orientation of the BTO 1 [001]-axis.
The solid curve is the fitting of the experimental data with equation (25), showing maximum
IU values for γ≅30o and 120o, showing a very good agreement with the optimal values
theoretically obtained for the sample 1 thickness (10 mm) and the crystal rotatory power.
Figure 9b shows the same measurement for the 8-mm thick BTO 2 sample. The hologram
buildup time was τ ~15s for both cases. Those measurements confirm the theoretical predic‐
tions and provide information to an optimal configuration in order to achieve holographic
images with the best signal-to-noise-ratio.
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Figure 9. Signal IU as a function of the orientation angle γ; dotted curve, measured values; solid curve, fitting with
equation (10), for a – BTO 1 and b – BTO 2 samples [23].

5.2. Denisiuk-type reflection holography configurations for microscopy and interferometry

In this section two geometries for reflection holography microscopes using a BTO crystal cut
in the electrooptic transverse configuration for the characterization of microscopic devices are
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studied and analyzed. The polarizing beam-splitter did enable blocking the transmitted object
beam and reading the diffracted wave, thus allowing for the reconstruction of the holographic
image of the object in quasi real-time processes.

5.2.1. First optical configuration

In this optical setup a red diode laser emitting at 660 nm was employed as light source. A
variation of the original Denisiuk optical scheme was developed by positioning the objective
lens between the object and the holographic medium, so that the lens is used both to illuminate
the object and to build its real image in front of the ocular lens. The beam coming from the
laser is slightly expanded by lens L1, is reflected by mirror M and impinges the PBS. Since the
direction of the beam polarization is perpendicular to the table top, it is totally reflected by the
PBS and hits the BTO crystal, thus constituting the reference beam. The part of the beam
transmitted through the crystal is focused by the 3-mm focal length objective lens L2 and
illuminates the object; the light scattered by the diffuse object forms the object beam, as
described earlier. Between the objective lens and the crystal a polarizer is positioned in order
to compensate for the partial depolarization caused by the diffusely scattering surface. The
holographic recording occurs by diffusion. The 28-mm focal length ocular lens L3 was
positioned at a distance from the crystal which is nearly its front focal length, in order to display
an enlarged holographic object image at a CMOS camera. The 8x8x8-mm3 PBS cube was placed
between the ocular lens and the holographic medium. The holographic compound microscope
is shown in figure 10. The size of the whole setup is 30 X 20 cm2 approximately. This setup
allows the degree of freedom to conveniently place the BTO crystal whether closer to the
objective lens or to the PBS in order to get a more intense object beam, which may provide a
shorter hologram buildup time. The fastest hologram recording was achieved by placing the
BTO crystal at the image plane of lens L2.

Laser

BTO

L1 M

Polarizer

CCD
L3PBS

Object

L2

Polarizer

Figure 10. First configuration of the holographic compound microscope

As described in section 4.2, the crystal [001]-axis was oriented with respect to the Z-direction
by setting γ = |ρd | / 2 in order to maximize the diffracted wave intensity. Figure 11 shows the
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section. The rotatory power of Bi12TiO20 is ρ = - 0.11 mm-1 for 632.8 nm. For m0 ≈0.1 and
n0 ≈2.6, β was estimated to be ~10-2 mm-1.
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Figure 8. Optical setup: L1 and L2, lenses, M, mirror, PD, photodetector

Two BTO samples with sizes 10 × 12 × 10 mm3 (BTO 1), and 8 × 7 × 7 mm3 (BTO 2) were used.
A 10×10-mm2 flat metallic bar placed right behind the crystal was used as the opaque scattering
object surface. Figure 9a shows the dependence of IU on the orientation of the BTO 1 [001]-axis.
The solid curve is the fitting of the experimental data with equation (25), showing maximum
IU values for γ≅30o and 120o, showing a very good agreement with the optimal values
theoretically obtained for the sample 1 thickness (10 mm) and the crystal rotatory power.
Figure 9b shows the same measurement for the 8-mm thick BTO 2 sample. The hologram
buildup time was τ ~15s for both cases. Those measurements confirm the theoretical predic‐
tions and provide information to an optimal configuration in order to achieve holographic
images with the best signal-to-noise-ratio.
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Figure 9. Signal IU as a function of the orientation angle γ; dotted curve, measured values; solid curve, fitting with
equation (10), for a – BTO 1 and b – BTO 2 samples [23].

5.2. Denisiuk-type reflection holography configurations for microscopy and interferometry

In this section two geometries for reflection holography microscopes using a BTO crystal cut
in the electrooptic transverse configuration for the characterization of microscopic devices are
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studied and analyzed. The polarizing beam-splitter did enable blocking the transmitted object
beam and reading the diffracted wave, thus allowing for the reconstruction of the holographic
image of the object in quasi real-time processes.

5.2.1. First optical configuration

In this optical setup a red diode laser emitting at 660 nm was employed as light source. A
variation of the original Denisiuk optical scheme was developed by positioning the objective
lens between the object and the holographic medium, so that the lens is used both to illuminate
the object and to build its real image in front of the ocular lens. The beam coming from the
laser is slightly expanded by lens L1, is reflected by mirror M and impinges the PBS. Since the
direction of the beam polarization is perpendicular to the table top, it is totally reflected by the
PBS and hits the BTO crystal, thus constituting the reference beam. The part of the beam
transmitted through the crystal is focused by the 3-mm focal length objective lens L2 and
illuminates the object; the light scattered by the diffuse object forms the object beam, as
described earlier. Between the objective lens and the crystal a polarizer is positioned in order
to compensate for the partial depolarization caused by the diffusely scattering surface. The
holographic recording occurs by diffusion. The 28-mm focal length ocular lens L3 was
positioned at a distance from the crystal which is nearly its front focal length, in order to display
an enlarged holographic object image at a CMOS camera. The 8x8x8-mm3 PBS cube was placed
between the ocular lens and the holographic medium. The holographic compound microscope
is shown in figure 10. The size of the whole setup is 30 X 20 cm2 approximately. This setup
allows the degree of freedom to conveniently place the BTO crystal whether closer to the
objective lens or to the PBS in order to get a more intense object beam, which may provide a
shorter hologram buildup time. The fastest hologram recording was achieved by placing the
BTO crystal at the image plane of lens L2.
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As described in section 4.2, the crystal [001]-axis was oriented with respect to the Z-direction
by setting γ = |ρd | / 2 in order to maximize the diffracted wave intensity. Figure 11 shows the

Microscopic Interferometry by Reflection Holography with Photorefractive Sillenite Crystals
http://dx.doi.org/10.5772/53416

217



holographic image of a pattern chart while figure 11b shows its corresponding. The distance
between two neighboring bars of the chart is 100 μm.

Figure 11. Holographic image of the test chart formed by the first microscope configuration

5.2.2. Second optical configuration

In the second microscope configuration the holographic medium is positioned between the
objective lens and the object, such that the object wave at the crystal is originated directly from
scaterring by the object surface, as shown in figure 12. The real holographic image built by the
objective lens lays in a plane between the PBS and the ocular lens, which in turn forms the
enlarged image onto the CMOS target.

This configuration requires the illuminating beam to be tightly focused onto the object surface
and the crystal front face to be placed as close as possible to the object. This assures the highest
possible object beam intensity inside the crystal. In addition, this small distance allows the
object beam to be collected by the BTO in a very broad angular range, which increases the
image resolution due to diffraction and therefore allows a higher holographic image quality.
Figure 12a shows the holographic image of a chart of a 2-mm high “x” letter.
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Figure 12. Second compound microscope configuration
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Figure 13. Holographic image built by the second optical configuration

6. Applications

In this section the performance of both configurations are tested and compared as well as the
potentialities of the microscopes in the field of device testing and material characterization are
pointed out. The most important aspects of the technique are also compared with other
characterization processes.

6.1. Microcomponent characterization by double-exposure holographic interferometry

As a preliminary example, figure 14 shows double exposure interferograms resulting from
mechanical loads. Figure 14a shows a 2.5 x 2.5-mm2 illuminated area of a flat metallic bar
obtained with the first microscope configuration, while figure 14b shows the chart of figure
13 submitted to a small mechanical perturbation, obtained with the second microscope
geometry. In both cases the characteristic double-exposure interferograms can be visualized.
Those interference patterns can be mainly attributed to a partial wave depolarization which
occurs when the illuminating beam strikes the diffusely scattering object and to domains in
the crystal bulk which also partially depolarize the transmitted object beam. Since part of these
depolarized waves become p-polarized as they are reflected by the PBS, they interfere with
the diffracted waves. While the transmitted object wavefront changes instantaneously with
the perturbation, the diffracted wavefront remains unchanged in a period of the order of the
hologram buildup time, so that the resulting interference between both waves generates the
well-known cos2-fringe pattern. By whether qualitatively or quantitatively evaluating this
interferogram, the deformation map undergone by the object can be determined.

The performance of the reflection holography microscope for holographic interferometry was
investigated by studying the response of a 2.96 x 0.6 – mm2 a-SiC piezoresistor (PZR) through
double exposure holography. The sample was bonded to the edge of a 125 x 25-mm2 tip made
of stainless steel. The side containing the PZR was fixed by a massive holder, while the free
opposite side was submitted to forces applied normally to the tip. By slightly bending the plate,
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typical cos2-fringes are instantaneously visualized. The interference pattern results from the
interference between the wave carrying the object holographic reconstruction and the partially
transmitted object wave. The consequent deformation of the PZR can be noticed by examining
the interferograms shown in figures 14a, b and c, for applied forces of 0.3, 0.5 and 0.7 N,
respectively.

(a) (b) (c) 

Figure 15. The deformation map of the partially bended, partially twisted PZR is shown in figure 15.

6.2. Time average holography of a transducer

The second configuration of the holographic microscope was also used for vibration analysis
through time average holography. For this purpose a 20x15-mm2 piezoelectric ceramic and a
12.7x12.7- mm2 transducer were excited by dither signals. The illuminated area of the trans‐
ducer is 2x2 mm2. Figures 17a, 17b and 17c show the nodal regions of the piezoelectric ceramic
vibrating at 6 kHz, 11 kHz and 14 kHz, respectively; figure 18 shows the time average pattern
of the piezoelectric ceramic vibrating at 1 kHz. Remarkably in figures 17a, 17b and 18 the nodal
regions can be clearly noticed. These brightest regions correspond to loci of zero vibration

(a) (b) 

Figure 14. Double exposure interferograms obtained through: a – the first and b – the second microscope configuration
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amplitude, as widely reported in the literature [34]. The thin dark fringes surrounding the
nodal regions (denoted by “P” and “Q” in figures 17 and 18) correspond in turn to the roots
of the zeroth-order Bessel function whose argument is given by 4πA /λ, where A is the
vibration amplitude and λ is the light wavelength.

(a) (b) (c) 

Figure 17. Time average holograms of a vibrating transducer.

Figure 18. Time average hologram of a vibrating piezoelectric ceramic.

Figure 16. Double-exposure interferogram of the PZR
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7. Conclusion

The Denisiuk-type reflection holography microscope has been demonstrated to be very
suitable for double-exposure and time average holographic interferometry. Due to the use of
the PBS cube and the tilting applied to the BTO crystal, the transmitted object beam and its
holographic reconstruction emerged from the crystal orthogonally polarized, thus providing
high-visibility interferograms in spite of the typically low diffraction efficiency of those media.
This novel conception allowed the construction of very simple and compact inline micro‐
scopes, with the objective lens working simultaneously as an illuminating lens and an imaging
one. In the first optical configuration the BTO crystal is placed at the image plane of the
objective, while in the second configuration the BTO was positioned between the object surface
and the objective lens. Since the object wave at the holographic medium is higher in the first
geometry, the hologram buildup time is shorter, as well as the diffracted wave intensity is
higher, resulting in if higher-visibility interferograms, if compared to the second case. The
interferograms generated in both cases points out the possibility for construction of compact
and portable instruments for microscopic device characterization.
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1. Introduction

The holographic research is related to the coded storage and the ulterior decoded of optical
information [1]. The holographic processes involved had extended its application to almost all
the optical areas; such that nowadays is not possible to conceive the development of the modern
optics without this powerful tool [2-5]. The development of this area implies the generation of
optical fields with suitable structure also as the research and synthesis of novel holographic
materials with large refractive index values and sensible to a wide frequencies range [6-8].

In the present study, we are interested in to generate holographic rough surfaces, such that
the scattered field can be amplitude self-correlated. Until our best knowledge, almost all works
related to the speckle pattern are irradiance correlated. However, in order to understand the
physical features of the speckle pattern is necessary to obtain the amplitude correlation
function, which must be manifested in the interference features between speckle motes. This
is possible because for the same illumination configurations, the roughness parameters may
obey two probability density functions. Other important effect occurs during the recording
process, making possible to generate regions with cusped geometry. The behavior of the
electric field in the neighborhood of these cusped regions generates evanescent waves [9,10],
and it is used to generate surface plasmon fields. This occurs when a metal thin film is deposited
on the holographic rough surface [11]. The surface plasmon fields appears when the power
spectrum associated to the cusped region, is matched with the dispersion relation function of
the surface plasmon. In the context of the angular spectrum model the cusped regions
correspond to the Gibbs phenomenon [12].

© 2013 Niconoff et al.; licensee InTech. This is an open access article 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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The holographic rough surface proposed is generated by recording a set of optical fields kind
cosine, the register media consists in a photo-resist film deposited on a glass substrate, using
the periods of the optical field as the control parameter. This construction allows us to design
the power spectrum of the holographic surface. Consequently, during the reconstruction
process, the scattered field consists in a well localized speckle band.

The holographic rough surface thus generated is implemented as a beam splitter in an
amplitude-correlation interferometer, which allows the interference between two speckle
bands. The main feature is that the two speckle patterns coming from the same holographic
rough surface obey different probability density functions; however a certain amplitude
correlation function between the speckle patterns is preserved.

From  the  experimental  results  for  the  interference,  very  interesting  features  can  be
identified,  one  of  them  consists  in  the  generation  of  bifurcation  effects  kind  pitchfork
[13,14]. The physical origin of this effect is explained from the boundary condition to the
electromagnetic field.  Since the theoretical  point of view, the bifurcation effects allow to
determinate the interaction between the irradiance distributions and can be interpreted as
amplitude  four  order  correlations.  The  geometry  of  the  bifurcation  suggests  as  applica‐
tion to be used as a kind of speckle tweezers. Another possible application consists in the
alignment  of  nanoparticles  and  nanotubes  inducing  resonance  effects  close  related  to
tunable spectroscopy [15-17]. Since the theoretical point of view, behavior such as Ander‐
son localization can be implemented [18].

The structure of this chapter is as follows. In section 2, we describe the synthesis of the rough
surface, using as prototype cosine beams of different periods. When some consonance occurs
between maximum or minimum values of the cosine beams, randomly distributed cusped
points are generated. In the section 3, we show the design of a very stable four arms interfer‐
ometer by using the holographic rough surface as a beam splitter to generate two optical fields.
In each arm, the optical field consists in a speckle pattern where each mote contains a set of
cosine fringes. In section 4, we show that controlling the size of the illumination beam, the
mean size of the motes is also controlled, obeying an inverse relation, i.e. by decreasing the
size of the illumination beam, the size of the mote increase. This property allows us to control
the relative transversal separation between motes generating an interaction between interfer‐
ence fringes, the set of fringes presents similar behavior to wave-guide, allowing to explain
the physical origin of the bifurcation effects. In section 5, we describe the general conclusions
remarking the property of the cusped points to generate surface plasmon fields and some
potential applications are mentioned.

2. Holographic generation of rough surfaces

The holographic rough surfaces are generated by means of a superposition of cosenoidal
patterns resulting of the interference between two plane waves, whose amplitude distribution
is given by
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( ) ( ) ( ), exp cos exp cos ,x z a ik xsen z a ik xsen zf q q q qé ù é ù= + + - +ë û ë û (1)

where k is the wave number, θ is the incidence angle measured respect the normal vector n to
the surface as it is sketched in Fig. 1.

The irradiance distribution takes the form

( ) ( ) ( )( )2 2, , 2 1 cos .I x z x z a kxsenf q= = + (2)

By changing the incidence angle we generate a set of cosine patterns

( ) ( )( ){ }, 1 cos .q q q qI x z S kxsenq d= + + (3)

with q=1,2,…n and Sq =2aq
2. The phase term δq appears when a lateral shift in the maximum

values is implemented.

These irradiance distributions are recorded on the holographic material. The experimental
details are as follows. The holographic plate was made by depositing a photo-resist film using
a spin-coating technique on a glass substrate. The number of irradiance distributions recorded
were N=300 and it was excited using a He-Cd laser with a wavelength of 442 nm.

Assuming a lineal response of the holographic material, the mathematical representation to
the resultant profile is

( ) ( )
1

1 cos .
N

n n n
i

h x K x Sd
=

é ù» + +ë ûå (4)

By considering that Sn is a random variable that depends on the exposition time of each register,
and δn is a random phase controlled by shifting the holographic plate along the x-coordinate,
then the holographic surface acquires a one dimensional random profile, whose height
distribution satisfies a Gaussian probability density function as a consequence of the limit
central theorem.

The transmittance function associated to the holographic surface is obtained by normalizing
the height distribution in Eq. (4), and it is given by

( ) ( ) ( )
1 1

cos .
N N

n n n n
i i

t x h x S S K x f
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= - = +å å (5)
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The statistical parameters of the surface are the following, the mean value of the rough surface
profile is t(x) =0.

The variance of the height distributions is given by

2 2

1
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2

N

n
i

Ss
=

= å (6)

Another important parameter is the length of correlation. This can be obtained following
the classical definition of correlation, but it implies to lose the geometrical point of view,
for this reason, we prefer to use an approximated relation. This can be done by noting that
the maximum correlation of a cosine term with itself is π/2;  with this interpretation, the
correlation length depends geometrically on the initial and final recording angles, and can
be expressed as
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Equations (5-7) are the expressions that carry on the information of the statistical properties of
the holographic rough surface.

To generate  the  surface,  we use  a  holographic  system as  it  is  sketched in  Fig.  (1).  The
mirrors  and the  holographic  plate  are  placed on displacement  mountings  whose  move‐
ments are controlled with a computer.  This setup allows us to control the fringe period
and the phase term δn. The recording times are random variables with uniform probabili‐
ty density function in the interval [0,2] sec., and it is controlled with the shutter shown in
Fig. (1).

As a final remark of this section, during the recording process, some regions with geometrical
cusped may be generated by the consonance in the maximum/minimum values of the cosine
terms, as it is shown in Fig. 2.

The importance of these cusped regions appears during the reconstruction process, because
they  have  the  capacity  to  generate  evanescent  waves.  We  consider  that  the  number  of
cusped regions follows a Poisson distribution. The amplitude value to the electric field in
the neighborhood of these points can exceed in several magnitude orders the value respect
other regions.

So far we have described the synthesis of holographic rough surfaces with controlled statistical
parameters. To understand the physical features of the scattered field is necessary to study the
amplitude distribution, this can be done by analyzing the interference effects as it is described
in the following section.
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Figure 1. Schematic set up to generate the holographic rough surface.
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Figure 2. Consonance between maximum/minimum values of the cosine beams to generate cusped points.

3. Interference between speckle patterns

During the reconstruction process, the scattered field emerging from the rough surface, when
it is illuminated with a plane wave has the structure of a speckle pattern. The speckle pattern
is spatially bounded as a consequence of the recording process. This is because the recording
incident angles of the plane waves take values in an established range, for the presented case
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the angular range is [30º-45º]. However, the reconstruction wavelength used was of 632.8 nm
emerging from a He-Ne laser.

It is a knowing fact that the amplitude function of a speckle pattern satisfies a Gaussian
probability density function, and the irradiance distribution follows an exponential function
[19]. In both cases, the statistical parameters such as the variance can be controlled with the
transversal size of the illumination beam. This parameter will be used to control the bifurcation
effects generated during the interference process, as it is shown below.

The holographic rough surface is implemented as a beam splitter to perform a four arm
interferometer as it is sketched in Fig.3.

Figure 3. Experimental set up to generate the interference between speckle patterns.

The interference effects, on the arm A are generated by means of the amplitude superposition
between the field emerging by reflection and the field emerging by the illumination of the zero
order diffraction reflected in the mirror. Both fields are shifted each other, because the mean
thickness of the holographic rough surface and the difference of the wavelengths. Then we
have that, the structure of the interference pattern is locally similar to the Young experiment.
This comment is reinforced by the experimental results showed in Fig4. In Fig. 4.a we show
the speckle pattern and in Figs. 4.b, 4.c, we show the interference between two amplitude
correlated speckle patterns for two configurations of illumination.
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Figure 4. a) Speckle pattern generated by illuminating a rough surface with bounded power spectrum. The image
was amplified 400X using a microscope. b) and c) Interference between speckle patterns for two configurations of
illumination. In both cases, the interference pattern presenting bifurcation effects kind pitchfork.

The expression for the interference is described as follows. The amplitude on an arbitrary point
P is given by

( ) ( ) ( ) ,r tP P Pf f f= + (8)
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where the amplitude terms for reflected and transmitted fields can be approximated as
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An important parameter is the number of trajectories N, M emerging from each surface, which
in general are different because each optical field obey different probability density functions,
this due to the zero order diffraction after reflection in the mirror illuminates the holographic
rough surface with a wavelength of λt, this is a consequence of the propagation in a media
with a refractive index corresponding to the holographic material.

The irradiance associated to the scattered field, takes the form

( ) ( ) ( ) ( ) ( )2 2
2Re ,r t r tI P P P P Pf f f f*= + + (10)

and the mean irradiance is given by

( ) ( ) ( ) ( ) ( )2 2
2Re .r t r t

r t
I P P P P Pf f f f*= + + (11)

A remarkable feature is that the interference area is controlled by means of the size of the
illumination beam. This means that the N and M parameters in the sum term in Eq. (9) have
an implicit dependence on the number of trajectories emerging from each holographic rough
surface as sketching in Fig. 5.

The fact that the holographic rough surface exhibits two probability density functions is easily
understood because the roughness profile is depending on the illumination wavelength. When
the illuminating light is coming from free space, the probability density function for the
amplitude field is f(x,λ0), and for the light reflected in the mirror through the photo-resist, the
probability density function is ft(x,λt), meaning that both functions have the same functional
dependence except a scale factor associated to the wavelength. This justifies that the scattered
fields, given by Eq. (9), must present a certain correlation between the amplitude functions
allowing the interference effects.

The average size of the speckle pattern is greater for the scattered field generated by reflection,
this is because the refractive index, expressed as quotation between the wavelength implies
that n=λ0/λ. The typical values for the photo-resist refractive index are in the range [1.5-1.7].
A consequence of this fact is λt<λ0.
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The sub-index in the square brackets in Eq. (11) means that the mean value for the interference
term must be calculated using the joint probability density function, which is an unknown
function. However an approximate expression can be proposed by noting that one of the
amplitude values can be scaled, such that the mean interference term may be calculate by using
a Gaussian probability density function whose arguments depends on the relative difference
between two arbitrary points (x2-x1). This previous comments allows to describe completely
the interference effects.

As a finally remark, by a visual analysis of the interference pattern it is easily to detect the
existence of regions where the interference fringes are “branched”, which corresponds to the
bifurcation effects under study. The experimental shown in Fig. 4 are for normal incidence
illumination and for angle of 5º respect the normal n.

4. Description of bifurcation effects

The bifurcation effects are generated when one or more parameters that characterize the system
change continually, such that, when they acquire some critical value, modify and generate new
physical properties of the system. For the present study, this parameter is the size of the
transversal section of the illumination beam, which allows controlling the size of the speckle

Mirror

P

Plane wave

Figure 5. Generation of the interference effects on an arbitrary point P. The bold line represents light generated by
the reflection on the rough surface coming from free space. The dot lines represent light from rough surface coming
from the holographic media. The number of trajectories that arrives to point P may be different in each case.
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where the amplitude terms for reflected and transmitted fields can be approximated as
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An important parameter is the number of trajectories N, M emerging from each surface, which
in general are different because each optical field obey different probability density functions,
this due to the zero order diffraction after reflection in the mirror illuminates the holographic
rough surface with a wavelength of λt, this is a consequence of the propagation in a media
with a refractive index corresponding to the holographic material.

The irradiance associated to the scattered field, takes the form
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and the mean irradiance is given by
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A remarkable feature is that the interference area is controlled by means of the size of the
illumination beam. This means that the N and M parameters in the sum term in Eq. (9) have
an implicit dependence on the number of trajectories emerging from each holographic rough
surface as sketching in Fig. 5.

The fact that the holographic rough surface exhibits two probability density functions is easily
understood because the roughness profile is depending on the illumination wavelength. When
the illuminating light is coming from free space, the probability density function for the
amplitude field is f(x,λ0), and for the light reflected in the mirror through the photo-resist, the
probability density function is ft(x,λt), meaning that both functions have the same functional
dependence except a scale factor associated to the wavelength. This justifies that the scattered
fields, given by Eq. (9), must present a certain correlation between the amplitude functions
allowing the interference effects.

The average size of the speckle pattern is greater for the scattered field generated by reflection,
this is because the refractive index, expressed as quotation between the wavelength implies
that n=λ0/λ. The typical values for the photo-resist refractive index are in the range [1.5-1.7].
A consequence of this fact is λt<λ0.
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The sub-index in the square brackets in Eq. (11) means that the mean value for the interference
term must be calculated using the joint probability density function, which is an unknown
function. However an approximate expression can be proposed by noting that one of the
amplitude values can be scaled, such that the mean interference term may be calculate by using
a Gaussian probability density function whose arguments depends on the relative difference
between two arbitrary points (x2-x1). This previous comments allows to describe completely
the interference effects.

As a finally remark, by a visual analysis of the interference pattern it is easily to detect the
existence of regions where the interference fringes are “branched”, which corresponds to the
bifurcation effects under study. The experimental shown in Fig. 4 are for normal incidence
illumination and for angle of 5º respect the normal n.

4. Description of bifurcation effects

The bifurcation effects are generated when one or more parameters that characterize the system
change continually, such that, when they acquire some critical value, modify and generate new
physical properties of the system. For the present study, this parameter is the size of the
transversal section of the illumination beam, which allows controlling the size of the speckle
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Figure 5. Generation of the interference effects on an arbitrary point P. The bold line represents light generated by
the reflection on the rough surface coming from free space. The dot lines represent light from rough surface coming
from the holographic media. The number of trajectories that arrives to point P may be different in each case.
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motes and then generates in a controlled way a transversal interaction between two or more
speckle motes. The influence of this parameter is implicit in the number of trajectories N and
M given in Eq. (9) that emerges from the rough surface and arrives on the same point p in the
scattered field generating the interference effects. Each speckle mote has associated an
interference fringes pattern, and the bifurcation effects are associated to the changes in the
interference fringes when two or more speckle motes becomes closer. These comments are
sketched in Fig. 6. In Fig. 6.a) we sketch two speckle motes, where the cosine interference
fringes are bounded by the size and geometry of the mote. The size of the motes is controlled
by changing the transversal size of the illumination beam, when this decreases, the size of the
motes increase, and vice versa, as it is sketched in Fig. 6.b).

The transversal interaction between the interference fringes bounded by the speckle motes is
shown in Fig. 6.c). The interaction between two interference fringe is the responsible of the
generation of the bifurcation effects. The physical origin of this effect is in the boundary
condition of the electromagnetic field which are dependent on the phase value in the contact
point, in general, exists a discontinuity in the phase value when the interference fringes
becomes closer. In order to satisfy the continuity of the tangential components of the electric
field and the normal components of the electric displacement, a balance in energy and phase
between the interference fringes occurs. This means that, when the two motes are far away no
interaction occurs, when they become closer part of the energy must be transferred between
the fringes, i.e. the energy flows through the fringes acquiring a final equilibrium value,
modifying the interference fringes geometry. In general the fringes associated to each mote
has different values in the phase function, which means that the fringes are shifted one respect
to other. When a jump in the phase value of π/2 occurs between two fringes, geometrically
means that a bright fringes is aligned with a dark fringes, the capacity of energy transfer is
maximum, and the interference fringes splits generating the bifurcation effects kind pitchfork
sketched in Fig. 6.c). This explanation agrees with the electromagnetic models and it is
supported by the experimental results shown in Fig. 4.

Figure 6. Description of bifurcation effects. In a) The two motes are independent and no interaction between the interfer‐
ence fringes occurs. In b), and c), when the motes become closer, an interaction between the fringes occurs unfolding the
fringes structure. The splitting of the fringes is a consequence of the continuity of the electromagnetic field.
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To describe the transversal interaction between interference fringes, we assume that two
speckle neighborhood motes has irradiance I1 and I2 respectively, the energy transfer satisfies

1 2

2 1 ,
I I
I I

^

^

Ñ =
Ñ =

a
b

(12)

where ∇⊥ =(i∧ ∂∂ x + j
∧ ∂
∂ y ) and a, b are coupling constants vectors, in general case, a, b may be

function of position and time whose analysis is out scope of the present work. This two
expressions are equivalent to have a single Helmholtz equation given by

( ) ( )( )2
1 2 1 2 .I I I IÑ - = × -a b (13)

The nature of the solutions for the Helmholtz equation, depends on the difference between the
irradiance values on a contact point, also as the sign of the dot product between the coupling
vectors. The simplest case occurs when a.b = 0 corresponding to orthogonal polarization states.
For this case, the Eq. (13) acquires the form of Laplace Equation and no interaction between
irradiance distributions is expected.

When the dot product is negative, a.b<0 the equation corresponds to the traditional Helmholtz
equation used in classical optics. The physical implication is that, the interference fringes may
be extended on a bigger region, because energy can flows troughs the interference fringes and
the optical field presents a wave behavior, this effect corresponds to the interference fringes
which are easely identified in Fig.(4).

When the dot product is positive, a.b>0 the solutions has a decreasing exponential solution in
some coordinate, i.e. the solution may have a wave behavior along one coordinate and an
exponential decreasing in the other coordinate, this kind of solution, delimits a well identified
interference region. All previous comments are in well agreement with the experimental
results shown in Fig.4.

The study presented offers the possibility to generate local optical vortex by controlling in an
alternating way the size of the illuminating beam, i.e. we pass from regions with bifurcation
to region without bifurcation, controlling locally the geometry of the interference fringes. An
important application of this effect is the possibility to transfer angular moment to particles
placed in the neighborhood of the contact point of two speckle motes.

5. Final remarks and conclusions

In order to have a complete description of the scattered field generated by the holographic
rough surface is necessary to describe the optical field emerging from the neighborhood of the
cusped points. We approximate the effects by noting that the cusped point can be consider as
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To describe the transversal interaction between interference fringes, we assume that two
speckle neighborhood motes has irradiance I1 and I2 respectively, the energy transfer satisfies

1 2

2 1 ,
I I
I I

^

^

Ñ =
Ñ =

a
b

(12)

where ∇⊥ =(i∧ ∂∂ x + j
∧ ∂
∂ y ) and a, b are coupling constants vectors, in general case, a, b may be

function of position and time whose analysis is out scope of the present work. This two
expressions are equivalent to have a single Helmholtz equation given by

( ) ( )( )2
1 2 1 2 .I I I IÑ - = × -a b (13)

The nature of the solutions for the Helmholtz equation, depends on the difference between the
irradiance values on a contact point, also as the sign of the dot product between the coupling
vectors. The simplest case occurs when a.b = 0 corresponding to orthogonal polarization states.
For this case, the Eq. (13) acquires the form of Laplace Equation and no interaction between
irradiance distributions is expected.

When the dot product is negative, a.b<0 the equation corresponds to the traditional Helmholtz
equation used in classical optics. The physical implication is that, the interference fringes may
be extended on a bigger region, because energy can flows troughs the interference fringes and
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some coordinate, i.e. the solution may have a wave behavior along one coordinate and an
exponential decreasing in the other coordinate, this kind of solution, delimits a well identified
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results shown in Fig.4.
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alternating way the size of the illuminating beam, i.e. we pass from regions with bifurcation
to region without bifurcation, controlling locally the geometry of the interference fringes. An
important application of this effect is the possibility to transfer angular moment to particles
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5. Final remarks and conclusions

In order to have a complete description of the scattered field generated by the holographic
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a quasi-point source, its representation, using the angular spectrum model, can be obtained
using the Weyl representation given by [10]

( )exp 1 exp ,
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ikr ik ik xu yv zp dudv
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where (u,v,p) are the spatial frequencies that satisfies
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It  must  be  noted  that  the  representation  consists  in  two  kinds  of  waves.  One  of  them

occurs when u 2 + v 2 ≤
1
λ 2  and it  corresponds to homogeneous plane waves.  Another case

occurs  when  u 2 + v 2 >
1
λ 2 ,  the  spatial  frequency  p  associated  to  the  z-coordinate  be‐

comes  imaginary,  this  corresponds  to  evanescent  waves.  More  details  concerning  this
representation  can  be  founded  in  [10].  This  evanescent  character  is  implemented  to
generate  other  interesting  physical  features  such  as  enhanced  backscattering.  When  the
holographic  rough  surface  is  covered  with  a  metal  thin  film,  the  evanescent  waves
induce  surface  charge  oscillations  that  propagate  along  the  surface  as  a  non-radiative
inhomogeneous  wave.  These  waves  are  known  as  surface  plasmon  waves.  The  impor‐
tant  parameter  is  the  relative  separation  between  to  cusped points.  Then  we  have  that
incident  light  on  the  surface  is  coupled  with  the  power  spectrum  of  the  cusped  point
generating a  surface  plasmon field.  The propagation of  the surface  plasmon field when
it  meets  another  cusped  point  generates  radiative  optical  field.  This  field  interferes
constructively  with  the  incident  light,  this  effect  is  known  as  enhanced  backscattering,
more detailed information to this  effect  can be found in [11].

In  general  the surface plasmon waves propagate  short  distances,  typically  100 μm.  [20],
however long range surface plasmon waves can be generated by controlling the thickness
of  the  metal  film.  When  the  thickness  is  in  the  range  [20  nm-60  nm],  the  length  of
propagation can reach until  to  2000 μm  [21],  this  allows to implement a  two-dimension‐
al  surface plasmon optics.  We assume that  the thickness of  the film does not  change the
roughness statistical  parameters.  The parameter  that  determinates  the length of  propaga‐
tion  of  the  surface  plasmon  is  known  as  the  dispersion  relation  function.  For  a  semi-
infinite  media it  is  given by
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and for a metal thin film of thickness [20 nm-60 nm], it acquires the form
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From last representation, we have that to generate the coupling of illumination light-surface
plasmon fields-scattered light, the mean distance between two cusped points Lc must be less
than the length propagation of the plasmon field, i.e. L c <β −1, which is a necessary condition
to improve the enhanced backscattering.

As a conclusion, in this chapter, we described the generation of a holographic rough surface
using an incoherent convergence of holograms kind cosine. The surface was implemented to
perform an interferometer that allows correlating two speckle patterns. The structure of the
interference fringes shows the generation of bifurcation effects kind pitchfork. The splitting of
the interference fringes is related with the size of the speckle motes and it is a consequence of
the boundary conditions of the electromagnetic field. The superposition of cosine patterns
generates cusped points randomly distributed and during the reconstruction process this
cusped points generates evanescent waves. When the holographic rough surface is covered
with a metal film, the cusped points generate surface plasmon fields.
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1. Introduction

Microscopy was invented in the 17th century, and after four centuries the methodology to
get information at increasingly small distances has become a complex multidisciplinary sci‐
ence. Abbe, towards the middle of 1870s, introduced the fundamental idea that, due to the
wave nature of light, the resolving power of a microscope was constrained by its angular
aperture that limited the number of components of an image. Almost at the same time, Lord
Rayleigh introduced his criterion based on the work of Airy dealing with the optical astron‐
omy problem of the separation of two stars.

An optical method to overcome the classical limits of resolution was initiated by Toraldo di
Francia in the late 1940s, about 65 years ago, utilizing evanescent fields [1]. The motivation
came from the solutions of the Maxwell’s equations and the theory of antennae. He foresaw
the possibility of increasing resolution to a limit only constrained by the indetermination
principle that connects the energy available in an observation process to the spatial resolu‐
tion that can be achieved.

The authors [2], following this line of research, reported in 2006 the successful detection of
information well beyond the optical resolution limit getting down to 4 nm, that is 1/79 of the
classical resolution limit λ/2. The experiments conducted by the authors yielded later on
very important developments that connect super-resolution with an optical method very
similar in its formalism to Fourier transform holography.

This chapter will cover the following topics: 1) basic definitions on evanescent fields and
fundamental relationships; 2) generation of super-oscillatory fields; 3) processes involved in
the transformation of super-resolution near fields, that are well known and extensively re‐
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unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
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searched, into propagating fields that can be observed in the far field; 4) similarity between
the observed images and FT holography but in the context of a different type of diffraction
effect; 5) extraction of 3-D information from the 2-D image of the pseudo-FT hologram; 6)
digital reconstruction of the pseudo-FT holograms of simple objects such as prismatic nano-
crystals and nano-spheres; 7) verification of the obtained results; 8) numerical issues en‐
tailed by the reconstruction process; 9) discussion and conclusions.

2. Evanescent fields

2.1. Evanescent wave’s solution of Maxwell equations

Let us consider the solution of the Maxwell equations for planar propagating waves, the
vectorial Helmholtz equation. By taking an exponential function as a solution of the Max‐
well equations of the form exp(iωt) one gets the following vector equation:
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Let us apply the above derivations to the problem of total reflection, Figure 1. For simplicity,
the analysis is reduced to a two dimensional problem, by analyzing the process in the inci‐
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dence plane of a propagating beam from medium 1 to medium 2 such that n1>n2, where n1

and n2 are the indices of refraction of the two media. Considering the total internal reflection
condition, introducing the refraction equation and calling θi the angle of incidence and θt

the angle of the transmitted light one arrives to the following conclusions:

1. There is a surface wave that propagates in the X-direction as a plane wave.

2. The planes of constant phase and constant amplitude are orthogonal to each other.

3. The electromagnetic field penetrates the second medium but decays very rapidly in the
Z-direction.

4. If the electric vector is contained in the plane of incidence, the evanescent field electric
vector becomes elliptically polarized in the plane of incidence, (p-polarization).

5. If the electric vector is orthogonal to the plane of incidence (s-polarization), the polari‐
zation does not experience changes.

6. If one computes the Poynting vector of the field on the upper half of the plane, one con‐
cludes that no energy is transmitted to the second medium.

7. Computing the modulus of the component kz of the k
→

vector (see Figure 1b) one arrives
to the conclusion that this component oscillates with spatial frequencies 2π/λe, much
higher than the spatial oscillation of all ordinary electromagnetic waves. Berry [3]
showed that such a field is a super-oscillatory field that through scattering in a medium
can be transformed into an actual near field. This approach leads to the near-field mi‐
croscopic detection that is well documented in the literature.

Figure 1. Characteristics of evanescent field: (a) Orthogonality of the vectors of constant phase and constant ampli‐
tude and exponential decay of the vector amplitude in the z-direction; (b) Resultant kt vector penetrating in the sec‐
ond medium.
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3. Improvement of the optical resolution of an optical instrument via
evanescent illumination

Scanning probe devices are currently utilized to collect local information on the electromag‐
netic field lying near a surface of different geometrical configurations. Over the past decade,
optical experiments based on near field observations have been developed via scanning
probe devices. These experiments demonstrated the actual realization of optical resolutions
well beyond the classical λ/2 limit mentioned in the Introduction section. In this work, we
are concerned with the problem of how the electromagnetic field interacts with nano-sized
objects producing propagating light waves capable of carrying information generated in the
near field up to the far field where this information is retrieved. This phenomenon involves
in the near field what is called in the literature “confined electromagnetic fields” since the
near field electromagnetic fields exist in nano-objects that are smaller than the wavelength of
the illuminating light.

Reference [4] addresses the relationship between the field generated by the evanescent illu‐
mination in the case of an array of objects similar to the one depicted in Figure 2a, a prismat‐
ic nano-crystal lying on a microscopic slide. Figure 2b shows the field resulting from TM
polarization for such an array, the kx component is a super-oscillatory component. The ob‐
jects are 25 nm tall and the field is represented at 30 nm from the plane x-y; the field resem‐
bles the geometry of the objects. However, the TE polarization provides patterns that
indicate the edges of the protrusions. The results provided in [4] indicate the increasing res‐
olution of the field in following the shape of the objects, as the objects become sub-wave‐
length in dimensions and this field has its source of energy in the electro-magnetic field
created by the evanescent waves.

Figure 2. (a) Example of one of the observed objects in this work, a prismatic nano-crystal lying on a microscope slide.
The k vector of the propagating wave front and its components are indicated. The object dimensions are sub-wave‐
length, of the order of magnitude close to λ/10; (b) Electric field intensity lines in the neighborhood of array of objects
similar to the one depicted in Figure 2a.
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Having summarized the basic properties of the evanescent waves, and from reference [4]
concluded that the presence of a dielectric object in the evanescent field produces a scatter‐
ing field that when the dimensions of the object are sub-wavelength resembles the object’s
geometry, it is necessary to look further to the relationship existing between evanescent
waves and super-resolution. The presence of super-oscillations in the near field was postu‐
lated by Toraldo di Francia [1,5]. A formal approach relating evanescent fields and super-
resolution is due to Vigoureux [6]. It is interesting to look back to this argument for the
implications that it has in the retrieval of information from the geometry of the near field.
The starting point of the argument is the uncertainty principle of FT. From the uncertainty
principle of FT [7] applied in the x-direction, and applied to the pair of complementary
quantities position and wave vector component, Δx and Δkx respectively, Vigoreux shows
that the uncertainty principle leads to the inequality,

2xx k pD D > (4)

From the above inequality, one can conclude that to obtain the smallest spatial resolution Δx
it is necessary that the interval Δkx must be as large as possible. The classical solution of the
Maxwell equation for propagating waves in vacuum (approximately in air) provides a limit.
This limit can be computed by observing that the limit imposed by the condition of total re‐
flection from a material of index of refraction n with respect to vacuum gives values of kx=
−ω/c, +ω/c=−2π/λ,+2π/λ, resulting in a Δkx=4π/λ. Replacing this value in Eq. (4) one obtains
Δx=λ/2, which brings the Rayleigh limit.

If we consider now evanescent waves as sources of electromagnetic energy capable to excite
a medium and create super-oscillating fields, the values Δkx are no longer limited to the
above mentioned interval. When the diffracted waves corresponding to the plane wave
fronts with real direction cosines arrive to the limit λ/2, the solutions of the evanescent plane
wave fronts with complex direction cosines add new frequencies to the spectrum. In order
to estimate the actual Δkx interval, let us introduce a simple mathematical argument that
will allow making an estimate of the values of kx for evanescent waves without a more ex‐
tensive derivation.

A one-dimension model is sufficient for this purpose. By utilizing the scalar theory of light
wave propagation, one can start from the Fourier solution of Maxwell equations:
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where: E(x,τ) is the scalar representation of the propagating electromagnetic field; x is the
spatial coordinate; τ is the time; E(k) is the amplitude of the electric field of angular frequen‐
cy ω(k). E(k) provides the linear superposition of the different waves that propagate and can
be expressed as E(k)= 2π δ(k-ko), where δ(k-ko) is the Dirac’s delta function.
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E(k) corresponds to the monochromatic wave E(x,τ)=e ik x _iω(k )τ. If one considers a spatial
pulse of finite length Lwt at the time τ=0, E(x,0) represents a finite wave-train of length Lwt,
where E(k) is not a delta function but a function that contains an angular spread Δk. The
dimension of Lwt depends on the size of the analyzed object. If Lwt and Δk are defined as the
RMS deviations from the corresponding average values | E (x, 0)| 2 and | E (k )| 2 evaluated
in terms of intensities, it can be shown that Lwt

●Δk≥1/2. If Lwt is very small, the spread of
wave numbers must be large. Hence, there is a quite different scenario with respect to the
classical context where the length Lwt is large compared to the wavelength of light. Again,
there will be super-oscillatory waves. A nanometric object will support super-oscillatory
evanescent waves and the spectrum of diffraction will be wider as the dimension of the ob‐
ject becomes smaller.

Some conclusions can be drawn from the above derivations. The interval of Δkx is no longer
limited to −2π/λ≤kx≤+2π/λ, but can be extended to 2π/λ≤kx≤+∞. There are practical limita‐
tions but one can obtain evanescent waves with increasing kx and accordingly increasing the
interval Δkx. The resolution can be increased well beyond the Rayleigh limit. However, as
the values of Δkx increase, the values of Δkz are reduced since the sum of the two compo‐
nents is the vector kt

→
: therefore, as Δkz decreases, the depth of penetration of the field in the

second medium is reduced. Hence, the high frequency components of the observed objects
that are located at the interface of the plane of separation of the two media remain limited at
distances very close to the separation plane. All the above derivations are in agreement with
the near field microscopy methods. Another important point that can be extracted from the
above considerations is the following. If we consider the case of a single element shown in
Figure 2, one single beam will generate a single kx and hence the resolution will be limited to
this particular value. To increase the Δkx it will be necessary to increase the angle θ shown
in Figure 2a. A practical way to achieve this objective will be described in what follows.

In summary, objects as the one depicted in Figure 2 supported by a surface where an evan‐
escent wave is propagating generate confined electromagnetic fields. Results presented in
[4] show that if the dimensions of the surface elements are varied, the interaction between
the objects and the electromagnetic field changes. Larger objects produce both real waves
with real direction cosines and evanescent waves with imaginary direction cosines. The
evanescent component becomes predominant as the dimensions of the object are reduced
and the confinement is increased. Increasing confinements lead to fields that, depending on
their state of polarization, resemble the geometry of the objects.

4. Generation of multiple k-vectors evanescent fields with TE and TM
polarizations

In order to understand the generation of multiple k vectors with TE and TM illuminations,
we need to introduce the optical set up utilized to perform the observations. Following the
classical arrangement of total internal reflection (see Figure 3), a helium-neon (He-Ne) laser
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beam with nominal wavelength 632.8 nm sends a beam in the direction of the normal of a
penta-prism designed to produce limit angle illumination at the interface between a micro‐
scope slide and a saline solution of sodium-chloride contained in a small cell.

The prism is supported in the platina of a microscope utilized to record the images of the
observed objects. Inside the cell filled with the NaCl solution there is a polystyrene micro‐
sphere of 6 μm diameter. The microsphere is fixed to the face of the slide through chemical
treatment of the contact surface in order to avoid Brownian motions. The polystyrene sphere
plays the role of a relay lens that collects the light wave fronts generated by the observed
nano-sized objects resting on the microscope slide. Table 1 provides information on the
spherical particle and the index of refraction of the saline solution.

The microscope has a NA=0.95. Two CCD sensors are attached to the microscope. A mono‐
chromatic CCD is a square pixel camera with 1600 x 1152 pixels. At a second port, a color
camera records color images. The analysis of the image recorded in the experiment is per‐
formed with the Holo Moiré Strain Analyzer software (HoloStrain™) [8], developed by C.A.
Sciammarella and his collaborators.

Figure 3. Optical set up utilized to observe the nano-objects.
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ject becomes smaller.
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limited to −2π/λ≤kx≤+2π/λ, but can be extended to 2π/λ≤kx≤+∞. There are practical limita‐
tions but one can obtain evanescent waves with increasing kx and accordingly increasing the
interval Δkx. The resolution can be increased well beyond the Rayleigh limit. However, as
the values of Δkx increase, the values of Δkz are reduced since the sum of the two compo‐
nents is the vector kt

→
: therefore, as Δkz decreases, the depth of penetration of the field in the

second medium is reduced. Hence, the high frequency components of the observed objects
that are located at the interface of the plane of separation of the two media remain limited at
distances very close to the separation plane. All the above derivations are in agreement with
the near field microscopy methods. Another important point that can be extracted from the
above considerations is the following. If we consider the case of a single element shown in
Figure 2, one single beam will generate a single kx and hence the resolution will be limited to
this particular value. To increase the Δkx it will be necessary to increase the angle θ shown
in Figure 2a. A practical way to achieve this objective will be described in what follows.

In summary, objects as the one depicted in Figure 2 supported by a surface where an evan‐
escent wave is propagating generate confined electromagnetic fields. Results presented in
[4] show that if the dimensions of the surface elements are varied, the interaction between
the objects and the electromagnetic field changes. Larger objects produce both real waves
with real direction cosines and evanescent waves with imaginary direction cosines. The
evanescent component becomes predominant as the dimensions of the object are reduced
and the confinement is increased. Increasing confinements lead to fields that, depending on
their state of polarization, resemble the geometry of the objects.

4. Generation of multiple k-vectors evanescent fields with TE and TM
polarizations

In order to understand the generation of multiple k vectors with TE and TM illuminations,
we need to introduce the optical set up utilized to perform the observations. Following the
classical arrangement of total internal reflection (see Figure 3), a helium-neon (He-Ne) laser
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beam with nominal wavelength 632.8 nm sends a beam in the direction of the normal of a
penta-prism designed to produce limit angle illumination at the interface between a micro‐
scope slide and a saline solution of sodium-chloride contained in a small cell.

The prism is supported in the platina of a microscope utilized to record the images of the
observed objects. Inside the cell filled with the NaCl solution there is a polystyrene micro‐
sphere of 6 μm diameter. The microsphere is fixed to the face of the slide through chemical
treatment of the contact surface in order to avoid Brownian motions. The polystyrene sphere
plays the role of a relay lens that collects the light wave fronts generated by the observed
nano-sized objects resting on the microscope slide. Table 1 provides information on the
spherical particle and the index of refraction of the saline solution.

The microscope has a NA=0.95. Two CCD sensors are attached to the microscope. A mono‐
chromatic CCD is a square pixel camera with 1600 x 1152 pixels. At a second port, a color
camera records color images. The analysis of the image recorded in the experiment is per‐
formed with the Holo Moiré Strain Analyzer software (HoloStrain™) [8], developed by C.A.
Sciammarella and his collaborators.

Figure 3. Optical set up utilized to observe the nano-objects.
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Parameter Value Note

Polystyrene microsphere diameter Dsph 6 ± 0.042 μm Tolerance specified by the manufacturer

Refraction index of polystyrene sphere np 1.57 ± 0.01 Value specified by the manufacturer

Refraction index of saline solution nso 1.36 Computed from NaCl concentration for λ=590 nm

Table 1. Details on polystyrene microsphere and saline solution.

It will be shown that the above described optical set up provides the multiple k vectors. The
initial polarization as indicated in Figure 2 is TE. Multiple illumination beams travelling in
the penta-prism are generated by the residual stresses in the outer layers of the prism that
hence acts as a volume grating. In Refs. [9,10], there are two attempts to analyze the forma‐
tion of interference fringes originated by evanescent illumination in presence of residual
stresses on glass surfaces. Before proceeding to further analyze generation of multiple k
plane waves, some properties of the scattered light must be recalled.

Figure 4. (a) Illustration of the effect of the electromagnetic evanescent field penetrating into a dielectric medium; (b)
Observation of events that take place in the X-Y plane in the direction perpendicular to a scattered light beam propa‐
gating in the dielectric medium.

Figure 4a illustrates the scattering (diffraction effect) of the evanescent field entering in a di‐
electric medium. The actual problem is very complex [11] and the main properties of interest
for the present derivation will be summarized in what follows. At this point, an additional
element must be introduced that has to do with the recording of the information generated
in the X-Y plane. Because the observation of the field is done in the Z-direction (see Figure
4b), it is necessary to have a mechanism that transforms the changes taking place in the X-Y
plane into observable quantities in the Z-direction. The process of light scattering achieves
this objective. The observer sees the projection of the vector E

→
 in the direction perpendicular

to the observation vector. If non-polarized light enters the medium, the electromagnetic field
becomes polarized. In Figure 4b it is shown the case of plane-polarized light entering the
scattering medium: the observer sees the projected polarization vector; this conclusion ap‐
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plies to all types of polarization. Another important property that is relevant for the present
analysis is the phenomenon of scattered light photoelasticity. In a stressed medium and ob‐
serving the medium in the direction perpendicular to the propagating beam, fringes will be
observed that are given by the following equation,

1 2(/ )s s
sd dx C s sd = - (6)

where: σ1
s and σ2

s are the principal secondary stresses acting in the plane of the propagating
beam, C is the photoelastic constant expressed in m2/N, dδs/dx is the gradient of the retarda‐
tion in the X-direction. The existence of these fringes on the surface of artificially birefrin‐
gent media is a well known phenomenon. The existence of scattered light fringes on the
surfaces has been known for a very long time, and has been used to measure residual stress‐
es in glass surfaces since the early 1960s [12−15]. A comprehensive analysis of the formation
of the fringes can be found in [15]. An important fact pointed out in [15] is that the observed
fringes are multiple order interference fringes and the frequency composition depends on
the profile of the residual stresses in the neighborhood of the surface.

Figure 5. (a) Overall illustration of the set up geometry involved in the formation of observed fringes; prismatic nano-
crystals lay on the microscope slide; (b) Relay lens (microsphere) illuminated by the evanescent field and diffraction
pattern of the lens formed at the focal distance of the lens; (c) Observed pattern of the relay lens (microsphere) fil‐
tered to show average intensities; (d) FT pattern of the observed image; (e) Enlarged central portion of the FT pattern
shown in Figure 5d.
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4b), it is necessary to have a mechanism that transforms the changes taking place in the X-Y
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plies to all types of polarization. Another important property that is relevant for the present
analysis is the phenomenon of scattered light photoelasticity. In a stressed medium and ob‐
serving the medium in the direction perpendicular to the propagating beam, fringes will be
observed that are given by the following equation,
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where: σ1
s and σ2

s are the principal secondary stresses acting in the plane of the propagating
beam, C is the photoelastic constant expressed in m2/N, dδs/dx is the gradient of the retarda‐
tion in the X-direction. The existence of these fringes on the surface of artificially birefrin‐
gent media is a well known phenomenon. The existence of scattered light fringes on the
surfaces has been known for a very long time, and has been used to measure residual stress‐
es in glass surfaces since the early 1960s [12−15]. A comprehensive analysis of the formation
of the fringes can be found in [15]. An important fact pointed out in [15] is that the observed
fringes are multiple order interference fringes and the frequency composition depends on
the profile of the residual stresses in the neighborhood of the surface.

Figure 5. (a) Overall illustration of the set up geometry involved in the formation of observed fringes; prismatic nano-
crystals lay on the microscope slide; (b) Relay lens (microsphere) illuminated by the evanescent field and diffraction
pattern of the lens formed at the focal distance of the lens; (c) Observed pattern of the relay lens (microsphere) fil‐
tered to show average intensities; (d) FT pattern of the observed image; (e) Enlarged central portion of the FT pattern
shown in Figure 5d.
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Figure 5a shows the laser light incident at the interface between the upper face of the prism
and the microscope slide that forms the lower face of the small cell containing the polystyr‐
ene microsphere that acts as a relay lens. The stressed upper layer of the prism is a volume
diffraction grating that produces multiple diffraction orders. Between the prism and the mi‐
croscopic slide there is a matching index fluid that insures the continuity of the optical path
of the incident beams in the interface prism-microscope slide. In correspondence of the
equivalent volume grating, different wave fronts emerge and continue their path to the in‐
terface microscope slide-saline solution where the evanescent field is generated. Because of
the birefringence two wave fronts emerge from the equivalent grating: the ordinary and the
extraordinary beams that have orthogonal polarizations. Figure 5b shows the interface of the
microscope slide and the arriving illuminating laser beam. The total reflection at this inter‐
face produces the evanescent field that produces the diffraction pattern of the spherical relay
lens. Figure 5c shows the diffraction pattern of the sphere that has been filtered to extract the
pattern intensity distribution. Figure 5d shows the FT of the diffraction pattern of the cap‐
tured image. Figure 5e shows the enlarged central part of the FT of the diffraction pattern.

An analysis of the pattern shown in Figure 5c that deals with its formation has been present‐
ed in [16,17]. The obtained results have been confirmed by a formal solution of the problem
of a sphere illuminated by evanescent illumination utilizing Debaye’s potentials [18]. There
are two important aspects of the analysis of the formation of the sphere’s diffraction pattern
to be highlighted. The results presented in references [16−18] through the scale of the fringes
diffraction pattern confirm the assumption that the microscope is focused at the focal plane
of the sphere. The results also support the model of the interface between the prism and the
microscope glass slide acting as a diffraction grating that causes the impinging beam to split
into different diffraction orders. In [16,17] utilizing the plane wave complex solutions of the
Maxwell equations and applying a method outlined by Toraldo di Francia in [5] the follow‐
ing equation was derived:

sin sino
n i

oso
so

n
pn n
N

lq q= +
(7)

In equation (7), θi is the angle of incidence of the laser beam shown in Figure 2; nso is the
index of refraction of the saline solution (see Table 1); no is the index of the refraction of the
microscope slide (see Table 2 and Figure 8); θn is the angle of the evanescent diffraction or‐
der N; λ is the actual wavelength of the light generating the plane evanescent wave fronts;
the integers No=1,2,3,… represent the fraction of the wavelength generating interference
fringes. Upon total reflection, Eq. (7) can be rewritten as:

sin 1 sinn enq q= + (8)
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The value of the first term is equal to one because it corresponds to the total reflection of the
beam. We introduce the notation sinθen for the second term where the subscript “en” indi‐
cates the evanescent order N. With this notation,

sin en
o

so
pn
N

lq =
(9)

By defining the effective wavelength,

e
son
ll = (10)

and the pitch corresponding to the Nth evanescent order, we get

o
n

p
p

N
= (11)

Using the notation reported above, equation (9) can be written as:

sin e
en

np
l

q = (12)

The results of the model including equations (7-12) are plotted in Figure 6a for two families
of rectilinear fringes observed in the FT pattern shown in Figure 5d. Point and triangle dots
in the figure correspond to order values measured experimentally. The continuous curves
represent the correlation between the experimental results and the theoretical model.

Figure 6b shows an excellent correlation between the fringe spacing obtained by dividing
the whole field of view of the recorded image by the order and Eq. (11). The values of the
resulting hyperbolic laws written in Figure 6b provide, for each order N, the pitch pn of the
equivalent grating pitch for the corresponding order as a function of the fundamental pitch
po of each of the two families of rectilinear fringes generated by the p-polarized and the s-
polarized waves, respectively.

There is a third family of fringes that has been detected in Figure 5d and it is shown in Figure 7.
Because the microscope slide acts like an interferometer, it is possible to observe two families of
fringes of absolute retardation and the third family of fringes of relative retardation. Figure 7
shows that the fundamental spatial frequency of the fringes of relative retardation is equal to
the difference between the fundamental spatial frequencies of the fringes of absolute retarda‐
tion: that is, p3=p1−p2. Replacing values, one gets: p3=(3.356−2.238) μm=1.118 μm.
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Figure 6. (a) Correlation between experimental fringe order values extracted from Figure 5d and theoretical values
computed with Eqs. (7-12); (b) Two families of fringes can be extracted from the FT in Figure 5d; (c) Plot of the com‐
plex sine vs. fringe order according to Eq. (7); (d) Fringes observed in the image field of the sphere: they are modulat‐
ed by the microsphere diffraction pattern (the dotted circle of diameter 2.1 μm represents the first dark ring in the
diffraction pattern shown in Figure 5c; (e) Cross-section of the fringe pattern of Figure 6d.

The rectilinear fringes are modulated by the diffraction pattern of the particle (see Figure
6d). Figure 6e shows the cross-section of these fringes in the region corresponding to the
central crown of the diffraction pattern of the sphere. In this cross-section, it is possible to
observe the modulation of a system of parallel fringes produced by the presence of the poly‐
styrene microsphere.

Figure 8 shows the wave fronts involved in the formation of the observed fringes. The illumi‐
nating beam as it arrives at the interface between the prism and the microscope slide is diffract‐
ed because of the residual stresses existing in the surface layer of the prism. At the interface
prism-microscope slide, the incident beam is diffracted by the residual stresses that act as a dif‐
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fraction grating. In order to analyze the effect of the diffraction, it must be realized that due to
the birefringence of the upper layer of the prism the incident beam is split into two beams: (i)
the ordinary beam that has an index of refraction nsp very close to the glass of the prism and al‐
so to the microscope slide; (ii) the extraordinary beam that has an index of refraction lower than
the ordinary beam because birefringent glass is equivalent to a negative crystal. Both beams
are orthogonally polarized hence they cannot interfere with each other. Consequently two zero
order beams propagate in the slide with slightly different directions.
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Figure 7. Third family of fringes present in the FT of the diffraction pattern of the microsphere captured by the CCD
camera.

Each beam produces its own diffraction order and in Figure 8 the angles of each zero order
beam are called θs0 and θp0, while the angles corresponding to the first orders are called θp1

and θs1, respectively. The symmetrical orders corresponding to the diffractions ±1 are not in‐
dicated. Upon arrival to the interface between the microscope slide and the saline solution
all the orders experience total reflection and produce electromagnetic evanescent fields that,
interacting with the solution, produce, through scattering, propagating beams. Due to the
preservation of the momentum, the resultant vectors corresponding to the different evanes‐
cent waves continue with their trajectory in the saline solution and are indicated with the
symbol k

→
with the subscripts corresponding to the different wave fronts. There is one impor‐

tant point to remark here: no fringes exist before the evanescent field is converted into prop‐
agating waves at the level of the interface between the microscope slide and the saline
solution. The values of the pitches measured through the process of taking a FFT of the im‐
age captured by the microscope correspond to the scattered light beams produced in the sal‐
ine solution. Specifically, they correspond to the gradients of the retardation of the fringe
families in the direction of the coordinate axis X, as it is shown in Figure 2a. These fringes
are observed at the FT plane of the spherical relay lens (i.e. the polystyrene microsphere)
and the numerical FT provides the pitches of the fringes which are themselves equivalent to
diffraction gratings of equation (sinθi+sinθn)=np, where θi is the angle of incidence of the il‐
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dicated. Upon arrival to the interface between the microscope slide and the saline solution
all the orders experience total reflection and produce electromagnetic evanescent fields that,
interacting with the solution, produce, through scattering, propagating beams. Due to the
preservation of the momentum, the resultant vectors corresponding to the different evanes‐
cent waves continue with their trajectory in the saline solution and are indicated with the
symbol k
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tant point to remark here: no fringes exist before the evanescent field is converted into prop‐
agating waves at the level of the interface between the microscope slide and the saline
solution. The values of the pitches measured through the process of taking a FFT of the im‐
age captured by the microscope correspond to the scattered light beams produced in the sal‐
ine solution. Specifically, they correspond to the gradients of the retardation of the fringe
families in the direction of the coordinate axis X, as it is shown in Figure 2a. These fringes
are observed at the FT plane of the spherical relay lens (i.e. the polystyrene microsphere)
and the numerical FT provides the pitches of the fringes which are themselves equivalent to
diffraction gratings of equation (sinθi+sinθn)=np, where θi is the angle of incidence of the il‐
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luminating beam and θn is the angle that the diffraction order n makes with the direction of
the illumination beam. The grating equation is in agreement with the generalization made
by Toraldo Di Francia which has been formalized by Eq. (7).

Figure 8. Beams forming the system of rectilinear fringes observed with the optical microscope

Unlike an ordinary diffraction grating, the residual stresses from one incident beam produce
two sets of diffraction orders, one corresponding to the ordinary beam and another corre‐
sponding to the extraordinary beam. Furthermore, these two beams are orthogonally polar‐
ized. The law of refraction at a boundary with a uniaxial birefringent material can be written
(see Figure 9):
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While the first equation of Eqs. (13) corresponds to the classical Snell’s law, the second relation‐
ship does not because the extraordinary beam does not obey this law. As illustrated in the in‐
sert of Figure 9, the wave front of the extraordinary beam is not normal to the ray. In the case of
the uniaxial crystal, the ordinary and extraordinary beams are parallel to each other and the
ray velocity of the extraordinary beam is different from the wave front velocity.
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Figure 9. Interface of the prism with the slide rays corresponding to the ordinary and extraordinary beams. The insert
in the right side of the figure shows that in the case of an uniaxial crystal the ordinary and extraordinary wave fronts
are parallel.

All the diffraction beams that are produced in the interface prism-microscope slide have sepa‐
rate trajectories in the microscopic slide and upon arriving at the interface of the saline solu‐
tion-microscope slide are totally reflected and produce evanescent wavefronts that generate
the families of observed fringes. In view of the conservation of momentum of the photons, the
resulting vectors k

→
p0, k

→
s0, k

→
p1 and k

→
s1 continue their trajectories in the saline solution. The vec‐

tors k
→

p0 and k
→

s0 are the limit beams that experience total reflection. The vector k
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p1 has compo‐
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where λe is given by equation (10). The modulus of the k-vector is
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It is possible to see that as the orders increase, the k-vector component k pnz in the Z-direction
decreases while the k-vector component k pnx in the X-direction increases, and the two com‐
ponents are super-oscillatory. The diffraction orders that are observed in the FT of Figure 5d
were indicated in Figure 8 by the angles ϕp1 and ϕs1 that they make with the direction of
observation, Z-direction. The corresponding sines of the above mentioned angles are:
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luminating beam and θn is the angle that the diffraction order n makes with the direction of
the illumination beam. The grating equation is in agreement with the generalization made
by Toraldo Di Francia which has been formalized by Eq. (7).

Figure 8. Beams forming the system of rectilinear fringes observed with the optical microscope
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While the first equation of Eqs. (13) corresponds to the classical Snell’s law, the second relation‐
ship does not because the extraordinary beam does not obey this law. As illustrated in the in‐
sert of Figure 9, the wave front of the extraordinary beam is not normal to the ray. In the case of
the uniaxial crystal, the ordinary and extraordinary beams are parallel to each other and the
ray velocity of the extraordinary beam is different from the wave front velocity.
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Figure 9. Interface of the prism with the slide rays corresponding to the ordinary and extraordinary beams. The insert
in the right side of the figure shows that in the case of an uniaxial crystal the ordinary and extraordinary wave fronts
are parallel.
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{sinϕ pm =
λ
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sinϕsm =
λ

nso psm

(17)

where ppm and psm are extracted from Figure 5d in correspondence of the order m currently
being considered. The experimental values hence are:

{sinϕ pm =
0.6328

1.36x3.356 =0.13683

sinϕsm =
0.6328

1.36x2.238 =0.20791
⇒ {|ϕ pm | =arc sin(0.136834)=7.9693o

|ϕsm | =arc sin(0.20791)=12.0°

The above angles define two families of scattered light photoelastic fringes that give the gradi‐
ents of the absolute retardation of the beams traveling parallel to the surface of the prism. The
upper face of the prism has a state of residual stresses generated during the fabrication of the
glass slab where the glass of the prism was extracted. Residual stresses are created in the proc‐
ess of cooling of the slab. These residual stresses are compressive in the faces of the slab and
tensile inside the slab. The compressive stresses are located in a small region across the total
height of the slab. Because the field observed by the microscope is very small and the stresses
are uniform in this field, the gradient is lineal and the observed fringes must have a uniform
pitch. The pitches that have been observed can be related to the gradient of the uniform stress‐
es of the outer layer of the prism. These gradients can be expressed as follows:
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The second terms of the equations (18,19) are the Maxwell-Neumann equations that relate
the absolute retardations to the principal stresses σ1 and σ2. In the current case, since residu‐
al stresses are both compressive, it holds σ1 < σ2 .

By subtracting Eq. (19) from Eq. (18), one gets:
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This last equation corresponds to the family of fringes plotted in Figure 7. Approximate sol‐
utions for these equations were presented in references [9,10]. A new set of values are given
in Table 2. The index of refraction of the microscope slide was corrected to 1.51509 from the
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value of 1.5234 originally indicated by the manufacturer. This was done because the experi‐
mental measurements required the use of red light (i.e. λ=0.6328 μm). The indices of refrac‐
tion npp and nps of the ordinary and extraordinary beams travelling in the optical system
were determined by combining equations (18-20) and optimization techniques. The photoe‐
lastic constants of glass were taken from values obtained for optical glass by H. Favre, Poly‐
technic Institute of Zurich, Switzerland.

ppm 3.356±0.060 (μm) npp 1.52082 nso 1.36 A -0.565.10-11m2/N σ1 -147 MPa

psm 2.238±0.0019 (μm) nsp 1.52061 B -3.160.10-11m2/N σ2 -155 MPa

pps 1.118±0.0025 (μm) no 1.51509 C 2.571.10-11m2/N σ1−σ2 8 MPa

Table 2. Determination of residual stresses and indices of refraction from measured values of diffraction angles and
retardations.

The obtained results support the assumptions concerning the presence of systems of lines in
the captured images and their source in the residual stresses present on the glass of the prism.

5. Diffraction patterns of the observed objects

In Figure 2a, it was illustrated one of the geometrical configurations observed in this re‐
search wok (i.e. a prismatic object), the type of field originated by the evanescent illumina‐
tion and, from the literature, it was described the near field configuration in the
neighbourhood of a prismatic nano-crystal. In the obtained images there are diffraction pat‐
terns produced by the presence of NaCl nano-crystals on the microscope slide. However,
these diffraction patterns are not classical patterns of diffraction produced by illuminating
the object with wave fronts originated at a source and diffracted by the object. In this case,
the object interacts with an electromagnetic field (i.e. the evanescent field) and such interac‐
tion causes the object to emit light. This light propagates through diverse media and arrives
to a sensor that captures the image. The image captured is the diffraction pattern of the ob‐
ject. Figure 10 shows the light path from the source to the sensor.

From the preceding developments, the scattered light is produced at the interface between
the microscope slide and the saline solution. Figure 2 shows right the main beam arriving to
the interface, the vector k

→
 and its components kx and kz. From the preceding section, we

know that there are many other evanescent plane wave fronts that also impinge in the ob‐
served object and hence will produce scattered patterns that will be present in the formed
image of the object in a similar way to the description provided for the effect of the beams in
the saline solution but will experience different path changes because the index of refraction
of the sodium-chloride nano-crystals is higher than the index of refraction of the saline solu‐
tion. The observed diffraction patterns in the collected images have a structure shown in
Part 4 of Figure 10. The images show a diffraction pattern that outlines the object contour in
a similar way to the outline depicted in Figure 2by the near field (this pattern can be as‐
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sumed to be a zero order of diffraction), and two shifted images that can be assumed to be
diffraction orders ±1. These images are generated in the object itself (nano-crystal) that emits
light through the scattering process since no light passes from the microscope slide to the
crystal but there is only an evanescent electromagnetic field penetrating in the nano-crystal.
It is possible to understand then that the observed pattern is not a classical diffraction pat‐
tern and hence what we observe is not the classical FT of the object as it occurs in the case of
an illuminated object.

Figure 10. Schematic representation of the optical system leading to the formation of lens hologram: 1) Prismatic
nano-crystal; 2) Wave fronts entering and emerging from the polystyrene microsphere acting as a relay lens; 3) Wave
fronts arriving at the focal plane of the spherical relay lens; 4) Wave fronts arriving at the image plane of the CCD. The
simulation of the overlapping of orders 0, +1 and -1 in the image plane of the CCD is also shown.
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The same point brought in the case of the observed scattered light photoelastic fringes ap‐
plies to the crystals. The fringes are present in the interface microscope slide-saline solution
and are captured by the microscope through the small sphere acting as a relay lens. To get
the diffraction pattern of the fringes required a numerical FT of the image (Figure 5d). The
same concept applies to the diffraction pattern of the nano-crystals, to get their diffraction
patterns it is necessary to perform a numerical FT. Hence, the observed images have a direct
connection with the geometry of the object as shown in Figure 2, but the traditional relation‐
ships between the object and the optical FT of the object do not apply.

In [19], the conversion of the evanescent field into scattered light waves is explained in
terms of Brillouin-Raleigh scattering. The evanescent field through resonance causes the
crystals to vibrate in their eigenmodes. These vibrations cause phonon-photon interactions
that produce the light emission. The eigenmodes depend on the crystal sizes and hence the
different crystals emit light of different frequencies. There is a correlation between light col‐
or and crystal size and the emitted frequencies are present in the reflectance energy spec‐
trum of NaCl [19]. The color camera images provided approximate image frequencies
through a graphical plot of frequency vs. color for the camera sensor.

All the observed objects are localized in a region that is very close to the vertical axis of the
relay lens in a radius smaller than one micron. Hence, the boundary conditions of the prob‐
lem concerning the diffraction patterns of the observed prisms and nano spheres are very
complex. An analysis of the electrical field amplitude [2,16] shows that the energy of the
field is concentrated in a very small region (see Figure 11).
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Figure 11. Intensity light distribution at the contact plane between the polystyrene microsphere and the supporting
microscope slide

As is shown in Figure 2, the intensity of the field in the neighborhood of the particle is very
complex but tends to resemble the object itself. In the present case, there is a resonance phe‐
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As is shown in Figure 2, the intensity of the field in the neighborhood of the particle is very
complex but tends to resemble the object itself. In the present case, there is a resonance phe‐
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nomenon that causes the emission of wave fronts that are captured by the microscope cam‐
era sensor.

6. Propagation of the wave fronts emerging from the observed object to
the camera sensor

The diffraction wave fronts generated by the observed objects reach the sensor by propagat‐
ing through the relay lens that concentrates the beams in its focal region, then through the
saline solution, air, and finally through the microscope optical path to arrive to the sensor.
Since the propagating wave fronts are beyond the resolution limit, this fact implies that we
are dealing with the propagation of solitons.

Following the arguments presented in reference [20] and referring to the coordinate system
shown in Figure 2a, a wave front propagating in the Z-direction can be represented as:

( )( , , , ) ( , )o
i k z tE x y z t E x y e w® ®

-= (21)

where Eo(x,y) is the transversal amplitude profile of the wave front. If the temporal compo‐
nent is removed the amplitude reduces to:

( )( , , ) ( , )s o
i k zE x y z E x y e
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The spatial component must satisfy the stationary Helmholtz equation:
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Since the amplitude Eo(x,y) is independent of Z, the intensity E
→

s E
→

s
* = I  of the propagating

wave is constant. Utilizing the method of variables separation, the solution of the partial dif‐
ferential equation (23) can be separated into the transversal component and in the longitudi‐
nal component. By expressing this solution in cylindrical coordinates one gets:

( )( , , ) ( ) ( )sc sr s
i k zE r z E r E eqq q

® ® ® ®
= (24)

The E
→

sθ(θ) is a periodic function of θ of the form E
→

sθ(θ)= Esθe imθ (m=0,1,2,…). By replacing
this solution in (24) and introducing Eq. (24) in the Helmoltz’s equation (23), it is obtained a
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partial differential equation of the second order in r whose solution is formed by a combina‐
tion of Bessel function of the first kind and Neumann functions.

From the above outlined mathematical model a number of different kinds of propagating
beams can be derived. In the present case discussed in this chapter, the propagating waves
correspond to super-resolution electromagnetic fields. The particular problem that we are
considering is extremely complex. It can be shown that this type of solitons require polariza‐
tion in the direction of propagation. Hence, the solution of the problem requires functions
that provide longitudinal polarization propagating in free space with super-resolution and
uniform amplitude along the direction of propagation. A partial answer to this problem can
be found in [21,22] where it is shown that such a type of wave fronts can be obtained by
phase modulation and beam focusing by a high aperture focusing lens. In the particular
problem dealt with in this chapter the relay lens has this property and it will generate this
type of wave front in the focal plane. The experimental results obtained in the present study
seem to support this model for the propagation of the diffraction patterns of the observed
objects to the microscope camera sensor. For example, Figure 11 shows that the intensity
pattern I =E

→
sr
2 + E

→
sθ
2 at the interface between the microscope slide and the polystyrene micro‐

sphere that acts as relay lens presents a very strong axial field.

7. Observation of prismatic nano-objects

The process of observation of the objects present in the central spot of the image shown in
Figure 5c was the following. First, the objects are located by observing the image. The por‐
tion of the image that includes the object to be analyzed is then extracted. The cropped im‐
age is magnified and then repixelated via bicubic spline either to 512x512 or 1024x1024
increasing thus numerically the resolution.

Figures 12 and 13 show two examples of the captured nano-crystals images, the isophote
lines (lines of equal intensity) and the FT of the images. The isophote lines are similar to the
field intensity lines shown in Figure 2. In Figures 12a and 12b, there are respectively shown
the monochromatic image and the color image of a particle with a square cross-section in the
plane of the image. A detailed analysis of the particle of Figure 12 a will be presented later in
the chapter. Figure 13e includes the theoretical isomeric structure of the NaCl nano-crystal
[23] corresponding to the structure observed experimentally.

The dimensions of the crystals can be obtained by utilizing a Sobel filter to detect the edges
in the corresponding images as shown in Figure 14. In these figures, the zero and the first
orders are outlined following the schematic representation of Part 4 of Figure 10. One nano-
crystal has a square cross-section of side length 86 nm. The dimensions of the other nano-
crystal in the plane of the image are 120x46 nm.
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plane of the image. A detailed analysis of the particle of Figure 12 a will be presented later in
the chapter. Figure 13e includes the theoretical isomeric structure of the NaCl nano-crystal
[23] corresponding to the structure observed experimentally.

The dimensions of the crystals can be obtained by utilizing a Sobel filter to detect the edges
in the corresponding images as shown in Figure 14. In these figures, the zero and the first
orders are outlined following the schematic representation of Part 4 of Figure 10. One nano-
crystal has a square cross-section of side length 86 nm. The dimensions of the other nano-
crystal in the plane of the image are 120x46 nm.
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Figure 12. NaCl nano-crystal of length 86 nm: (a) gray-level image (1024 x 1024 pixels); (b) Image of the nano-crystal
captured by a colour camera; (c) 3-D distribution of light intensity; (d) Isophote lines; (e) FT pattern of the image of the
nano-crystal recorded by the sensor.

Figure 13. NaCl nano-crystal of length 120 nm: (a) Gray-level image properly repixelated; (b) 3-D distribution of light
intensity; (c) Isophote lines; (d) FT pattern of the image of the nano-crystal recorded by the sensor; (e) Theoretical crys‐
tal structure [23].
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Figure 14. Edge detection process for determining main geometric dimensions of NaCl nano-crystals: a) L=86 nm; b)
L=120 nm.

Figure 15. Cross-section of the electromagnetic field intensity in the neighborhood of a particle of prismatic shape as
those indicated in Figure 2b. zo gives the level of the cross-section with respect to the plane supporting a particle of
150 nm depth.

Figure 15, taken from reference [4], shows the intensity of the electromagnetic field in the
neighborhood of a prismatic particle illuminated by an evanescent field. As it can be seen,
the intensity gradient is sharp at the edges of the prism and, hence, the edge detection filter
is a useful tool to locate the prism edges.

8. Recovery of the depth information

As mentioned previously, the photoelastic gradient fringes produced by the different dif‐
fractions orders at the interface of the prism-microscope slide experience phase changes that
provide depth information. These fringes are carrier fringes that can be utilized to extract
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optical path changes. This type of setup to observe phase objects has been used in phase
hologram interferometry as a variant of the original set ups proposed by Burch et al. [24]
and Spencer and Anthony [25]. When the index of refraction in the medium is constant, the
rays going through the object are straight lines. If a prismatic object is illuminated with a
beam normal to its surface, the optical path sop through the object can be determined by
computing the integral:

( , ) ( , , )op is x y n x y z dz= ò (25)

where the direction of propagation of the illuminating beam is the Z-coordinate and the ana‐
lyzed plane wave front is the plane X-Y; ni(x,y,z) is the index of refraction of the medium.

The change experienced by the optical path is given by:
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where t is the thickness of the medium. Assuming that:

( , , )i cn x y z n= (27)

where nc is the index of refraction of the observed nano-crystals. By replacing Eq. (27) in Eq.
(26), the latter becomes:
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By transforming Eq. (28) into phase differences and making no=nso, where nso is the index of
refraction of the saline solution containing the nano-crystals, one can write:

Δϕ=
2π
p fr

(nc_nso)t (29)

where pfr is the pitch of the fringes generated as the light goes through the specimen thick‐
ness. In general, the change of path is small and no fringes are observed. In order to solve
this problem carrier fringes can be added. An alternative procedure is the introduction of a
grating in the illumination path [26]. In the case of the nano-crystals, the carrier fringes can
be obtained from the FT of the lens hologram of the analyzed crystals. Details of the proce‐
dure to carry out this task are given in [19].
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9. Example of the digital reconstruction of a nano-crystal

Having obtained the shape of the section of the prism and the depth it is possible to recon‐
struct a crystal. The results of this process are summarized in Figure 16. The 5x4x4 nano-
isomer of NaCl (Figure 16b) is interesting because has one step in the upper part of the
crystal [23]. This step is correctly recovered in the numerical reconstruction. Figure 16a
shows the numerical reconstruction of this crystal, consistent with the theoretical structure;
Figure 16c shows the level lines of the top face; Figure 16d shows a cross-section where each
horizontal line corresponds to five elementary cells of NaCl. Since the upper face of the
nano-crystal is not very likely to be exactly parallel to the camera plane, there is an inclina‐
tion which can be corrected by means of an infinitesimal rotation. By performing this opera‐
tion, the actual thickness jump in the upper face of the crystal (see the theoretical structure
in Figure 16b) is obtained. The jump in thickness is 26 nm out of a side length of 86 nm: this
corresponds to a ratio of 0.313 which is very close to theory. In fact, the theoretical structure
predicts a vertical jump of one atomic distance vs. three atomic distances in the transverse
direction: that is, a ratio of 0.333.

Figure 16. (a) Numerical reconstruction of the NaCl nano-crystal of length 86 nm, the crystal is inclined with respect to
the image plane; (b) 5x4x4 theoretical structure of the nano-crystal; (c) Level lines; (d) Rotated cross-section of the
upper face of the nano-crystal: the spacing between dotted lines corresponds to size of three elementary cells.
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10. Verification of some of the assumptions of the developed model to
observe nano-size objects

A further analysis of the image of the 86 nm prismatic nano-crystal provides more insight on
the process of formation of the recorded images. In Figure 12a, it is possible to see the image
of the particle and the presence of background fringes that go across the image. A partial
simulation of the image in the X-direction was carried out by adding to a uniform illumina‐
tion zero order two shifted orders in the X- and in the Y-directions and adding the image of
a sinusoidal background fringe. The results of the simulation are presented in Figure 17. The
simulated image (Figure 17a) is very similar to the image of the nano-crystal recorded by the
CCD camera (Figure 17b).

Figure 18 is obtained by considering only the zero order of the FT pattern of the nano-crys‐
tal. By adopting a 4x4 low-pass filter centered in (0,0) one obtains the filtered image shown
in Figure 18a. By masking the image with a mask corresponding to the position of the nano-
crystal in the recorded image, Figure 18b is obtained. The isophote lines for the filtered-un‐
masked zero order image and for the filtered-masked image are shown in Figures 18c and
18d, respectively. It can be seen that there is a strong resemblance between the two images
indicating the plausibility of the adopted interpretation supported by the developed models
of the image formation process. The masked zero order has an almost uniform intensity dis‐
tribution that is not completely uniform because the crystal is not symmetric in the X-direc‐
tion but the intensity distribution is almost uniform as it was assumed in Part 4 of Figure 10.

Figure 17. (a). Simulated image of the 86 nm nano-crystal obtained by adding up the zero order, two shifted orders in
the X-direction and a sinusoidal background fringe pattern; (b) Actual image of the nano-crystal recorded by the CCD
camera.
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Figure 18. (a) Filtered zero order of the 86nm nano-crystal image (Figure 12a) obtained by using a 4x4 low-pass filter;
(b) Masking of the filtered zero-order of Figure 18a with a mask corresponding to the region occupied by the nano-
crystal; (c) Isophote lines of the filtered image shown in Figure 18a; (d) Isophote lines of the masked filtered image
shown in Figure 18b.

The recorded images are originated in scattered wave fronts that, as shown in Figure 4b, are
observed in the Z-direction but provide information of events that occur in the X-Y plane.
Hence, in order to analyze the information coming from the X-Y plane, one needs to deal
with the real part of the FT pattern shown in Figure 12e (i.e. that relative to the 86 nm nano-
crystal). The FT of the real part of the FT of Figure 12e was computed. Figure 19a shows the
FT of the real part of the FT of Figure 12e. The pattern presents different diffraction orders
with a complex structure. These orders contain information concerning features of the re‐
corded image of the nano-crystal. This information can be retrieved by filtering the orders
and getting the inverse FT. Figure 19b is the result of filtering the zero order of Figure 19a
and taking the inverse FT. This figure provides information concerning the sources that con‐
tribute to form the zero order of the image.
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Figure 18. (a) Filtered zero order of the 86nm nano-crystal image (Figure 12a) obtained by using a 4x4 low-pass filter;
(b) Masking of the filtered zero-order of Figure 18a with a mask corresponding to the region occupied by the nano-
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Figure 19b includes seven peaks representing the FT of the wave fronts that form part of the
image of the diffraction pattern of the nano-crystal. The two peaks recorded farther apart in
the Y-direction correspond to the fringes that are in the background of the image and repre‐
sent the system of fringes discussed in the section “Generation of multiple k-vectors”. These
fringes are independent of the formation of the image of the diffraction pattern of the ob‐
served nano-crystal.

The other five peaks included in Figure 19b correspond to the FT of the observed diffraction
orders, the zero order and the orders ±1 in the X- and in the Y-directions. The filtering of the
two diffraction orders ±1 indicated in Figure 19a provides the components that form the
structure of the orders ±1. These components are shown in Figure 19c and Figure 19d for the
X-direction (i.e. the harmonics are selected in the fx-direction) and in the Y-direction (i.e. the
harmonics are selected in the fy-direction), respectively.

Figure 19. (a) FT of the real part of the FT of the 86 nm prismatic nano-crystal and filtered components; (b) 2-D view
of the filtered zero order extracted from the real part of the FT pattern of the nano-crystal; (c) Result of filtering first
order in the fx-direction of the FT pattern shown in Figure 19a; (d) Result of filtering first order in the fy-direction of the
FT pattern shown in Figure 19a.
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The cross-sections of the filtered components shown in Figures 19c-d are plotted in Figure
20a-d. Figure 20a corresponds to the cross-section in the horizontal direction (i.e. “hor” in
Figure 19c) of the pattern obtained by filtering the fx−orders ±1. Figure 20b corresponds to
the cross-section taken in the vertical direction (i.e. “ver” in Figure 19c). While the filtered
pattern is modulated in amplitude along the horizontal direction (see Figure 20a), we see in
the vertical direction a central peak at Y=0 and two lateral peaks located at Y=17.6 nm from
this central peak (see Figure 20b).

Figure 20c corresponds to the cross-section in the horizontal direction (i.e. “hor” in Figure
19d) of the pattern obtained by filtering fy−orders ±1. Figure 20d corresponds to the cross-
section in the vertical direction (i.e. “ver” in Figure 19d). While the filtered pattern is now
modulated in amplitude along the vertical direction (see Figure 20d), we see in the horizon‐
tal direction a central peak in X=0 and two lateral peaks located at X=13.8 nm from this cen‐
tral peak (see Figure 20c). Since the crystal is not symmetric in X- and Y-directions, one
should expect some difference between the two resonant frequencies.

The distance between the central peak and the lateral peaks in the cross-section represented
in Figure 20c coincides with the spatial frequency of the vibration nodes of the nano-crystal
in the X-direction resulting from the model introduced in Ref. [19] and that at the same time
is a multiple of the elementary cell of the NaCl, 24 d, where d=0.573 nm is the size of the
elementary cell.

Figure 20. (a) Cross-section in the horizontal direction of the filtered pattern shown in Figure 19c (i.e. that obtained
by selecting fx-orders ±1); (b) Cross-section in the vertical direction of the filtered pattern of Figure 19c; (c) Cross-sec‐
tion in the horizontal direction of the filtered pattern shown in Figure 19d (i.e. that obtained by selecting fy-orders ±1);
(d) Cross-section along the vertical direction of the filtered pattern of Figure 19d.
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Figure 21. Result of the same processing operations utilized for the 86 nm nano-crystal actual image and then applied
to the numerically reconstructed image pattern shown in Figure 17a.

If the same processing sequence utilized for the actual image recorded by the CCD sensor is
applied to the simulated image, one regains the same structure of the inverse FT (see Figure
21). This indicates that the components are connected to the square shape of the cross-sec‐
tion of the nano-crystal and to the shifts between the 0 and the ±1 orders, which in turns are
determined by the vibration mode of the crystal. The vibration mode of the nano-crystal is
directly related to the diffraction pattern of the nano-crystal.

Figure 22. Transverse intensity profiles of non-diffracting Mathieu beams obtained for different values of wave solu‐
tion parameters [20].
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The obtained intensity profiles are similar to the intensity profiles of Mathieu non-diffract‐
ing wave fronts simulated in [20] (see Figure 22). The preceding analysis provides a strong
evidence that the adopted models for the observed phenomena are supported by the analy‐
sis of the structure of the recorded images.

The assumption made in the “Diffraction patterns of the observed objects” section that the re‐
corded images are diffraction patterns of the NaCl nano-crystals is validated by all the mate‐
rial presented in the analysis of the images of the nano-crystals. Since the observed nano-
crystals lay in the vertex plane normal to the optical axis of the spherical relay lens,
following the classical interpretation given in FT optics one would say that the observed in‐
tensity distribution in the focal plane of the lens is the FT of the intensity distribution in the
vertex plane. Although this concept corresponds to a two dimensional transparency (X-Y)
intensity distribution, it is commonly extended to the case of thin objects located in the ver‐
tex plane. If one adds a reference point source in same plane of the object or a plane refer‐
ence wave front, the resulting intensity in the focal plane of the lens is called a FT hologram.

In the measurements discussed in this chapter, there is a difference with respect to classical
FT holography: the diffraction pattern of the observed object is not the FT of the field distri‐
bution of the observed objects. The formation of the diffraction pattern obeys to different
equations than those of the classical case. However, the final result is the same: one gets a
hologram containing the diffraction pattern of the observed objects. Actually, because of the
presence of many reference plane wave fronts, it corresponds to the Tanner [26] type of
holograms of transparent objects. Hence, we are in presence of a different kind of hologram
but that from the point of view of application has the same final result: it provides informa‐
tion on the geometrical configuration and optical properties of the observed object. These
holograms share a common feature with classical FT holograms: they are formed by the dif‐
fraction pattern of the observed objects. The difference between the two types of holograms
is that the diffraction pattern produced by the evanescent illumination is not a FT of the elec‐
tromagnetic field of the observed object.

11. Observation of the polystyrene nano-spheres

The preceding sections described the different aspects involved in the retrieval of the infor‐
mation concerning the geometry of isomers of NaCl nano-crystals. However, the analyzed
images contain other objects besides NaCl nano-crystals: among these objects, nano-spheres
are investigated.

Micro/nano-spheres made of transparent dielectric media are excellent optical resonators.
Unlike the NaCl nano-crystals whose resonant modes to our knowledge have never been
analyzed in the literature, both theoretical and experimental studies on the resonant modes
of micro/nano-spheres are available in the literature. Of particular interest are the modes lo‐
calized on the surface of the sphere, along a thin ring located on the equator. These modes
are called whispering gallery modes (WGM). WGM result from light confinement due to total
internal reflection inside a high index spherical surface immersed in a lower index medium
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are called whispering gallery modes (WGM). WGM result from light confinement due to total
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and from resonance as the light travels a round trip within the cavity with phase matching
[27]. The WG modes are included in the Mie’s family of solutions for resonant modes in
light scattering by dielectric spheres. The WG modes can be also derived from Maxwell's
equations by imposing adequate boundary conditions [28]. WG modes can also be obtained
as solutions of the Quantum Mechanics Schrodinger-like equation describing the evolution
of a complex angular-momentum of a particle in a potential well (see, for example, referen‐
ces [29, 30] and the other references cited therein).

Figure 23a shows the image of a spherical nano-particle of diameter 150 nm. This image
presents the typical whispering gallery mode intensity distribution. Waves are propagating
around the diameter in opposite directions thus producing a standing wave with seven no‐
des and six maxima. The light is trapped inside the particle and there is basically a surface
wave that only penetrates a small amount into the radial direction.

Figure 23. Spherical nano-particle of estimated diameter 150 nm: (a) FT and zero order filtered pattern; (b) Systems of
fringes modulated by the particle; (c) Color image of the particle.

Similarly to the case of nano-crystals, the observed images are diffraction patterns of the
electromagnetic field and are not actual images of the resonant modes of the spheres. As it
can be seen in the images, different diffraction orders are present in the recorded images
thus creating an effect that looks similar to an out-of-focus image. However, the changes be‐
tween maxima and minima are preserved and can be utilized to ascertain the characteristics
of the WG mode. As it occurs with the nano-crystals, the edges of the sphere image can be
detected and analyzed.

The method of depth determination utilized for the nano-crystals can be applied also to the
nano-spheres. While in prismatic bodies made out of plane surfaces the pattern interpreta‐
tion is straightforward, in the case of curved surfaces the analysis of the patterns is more
complex since light beams experience changes in trajectories determined by the laws of re‐
fraction. In the case of a sphere, the analysis of the patterns can be performed in a way simi‐
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lar to what is done in the analysis of the Ronchi test for lens aberrations. Figure 23b shows
the distortion of a grating of pitch 83.4 nm that passes through the nano-sphere. The appear‐
ance of the observed fringes is similar to that observed in a Ronchi test. Through this analy‐
sis, the radius of curvature of the sphere is derived to be equal to 150 nm. The detailed
description of this process is not included in this chapter for the sake of brevity.

Figure 24. Spherical nano-particle of estimated diameter 187 nm and numerical simulations: (a) Original image; (b)
Average intensity image; (c) Numerical simulation of whispering gallery modes [31]; (d) Average intensity of numerical
simulation represented in Figure 24c.

Figure 24 shows a spherical particle of diameter 187 nm. The diameter has been obtained
from the average intensity shown in Figure 24b. Figure 24c is taken from Ref. [31]. In [31],
the WGM of a polystyrene microsphere of diameter 1.4 μm has been determined numerical‐
ly. Figure 24c shows the pattern of the intensity of the electromagnetic field for the sphere
equator. The average intensity corresponding to Figure 24c is represented in Figure 24d. The
black circle included in Figure 24d corresponds to the green contour shown in Figure 24c
that represents the surface of the microsphere. This boundary line also corresponds to the
red line sketched in Figure 24b. In both cases, the field extends beyond the boundary of the
sphere equator. There is a very good agreement between the experimental results and the
numerical simulation. The electromagnetic resonance occurs at the wavelength λ=386 nm
which corresponds to UV radiation. The color camera sensor is sensitive to this frequency
and Figure 23c shows the color picture of the D=150 nm nano-sphere. Both the observed
sphere and the sphere analyzed in the numerical example are made of polystyrene which
has a resonance peak at the wavelength λ=386 nm.

The same procedure to determine geometry and shape applied to the nano-crystals has been
applied to four spheres with radius ranging between 150 and 228 nm. For example, Figure
25 illustrates the different steps of the process for the 150 nm diameter particle shown in
Figure 23a. The Fourier transform of the image is shown in Figure 25a. Figure 25b shows the
Fourier transform of the real part of the FT of the image. Figure 25c presents the intensity
distribution of the inverse transform of the filtered zero order shown in Figure 25b. Figure
25d and Figure 25e show the cross-sections of Figure 25c, respectively, in the X- and Y-direc‐
tions. The structure of the zero order is complex. The gray level intensity decays from 255 to
20 within 75 nm: this quantity corresponds to the radius of the nano-sphere.
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Figure 25. a) FT pattern of the image of the 150 nm polystyrene nano-sphere shown in Figure 23a; (b) Fourier trans‐
form of the real part of the FT of the nano-sphere; (c) 2-D view of the filtered zero order extracted from the real part
of the FT pattern of the nano-sphere; (d) Cross-section of the filtered zero order in the X-direction; e) Cross-section of
the filtered zero order in the Y-direction.

Figure 26. a) 2-D view of the filtered zero order extracted from the real part of the FT pattern of the polystyrene nano-
sphere of diameter 187 nm shown in Figure 24a; (b) Cross-section of the filtered zero order in the X-direction; (c)
Cross-section of the filtered zero order in the Y-direction.

The filtered zero order extracted from the real part of the FT pattern of the nano-sphere of
diameter 187 nm is shown in Figure 26a. The structure of the order is far more symmetric
than for the 150 nm diameter particle previously analyzed. Figures 26b-c show the cross-sec‐
tions in the X and Y-directions of the filtered zero order, respectively. As in the preceding
example, the intensity level drops sharply at the boundary of the equatorial region outlining
the diameter of the sphere.
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Figure 27. Relationships between nano-sphere radius and (a) equatorial wavelength of the WGM, (b) normalized
equatorial wavelength of the WGM.

In order to verify that the pattern interpretation is in agreement with the presence of WGM
modes, the experimentally determined equatorial wavelength of the WGM mode has been
correlated with the sphere radius. Numerical results given in reference [31] also are includ‐
ed in the correlation. Two alternative correlation parameters have been considered follow‐
ing [32]. Figure 27a shows the variation of the equatorial wavelength vs. the radius of the
sphere. Figure 27b shows the variation of the equatorial wavelength divided by the sphere
radius vs. the sphere radius. Both models show a very high correlation coefficient R2.

12. Numerical issues involved in the reconstruction process of nano-
objects

There is a very important point to be made concerning the process of elaboration of the opti‐
cally recorded data. The final results are a consequence of both optical and numerical super-
resolution techniques [33]. These procedures have their foundations in two basic theorems
of analytic functions. The FT of the images of nano-objects extended to the complex plane
are analytical functions. If the FT of a function is known in a region of the domain under
analysis, then, by analytic continuation the FT can be extended to the entire domain. The
resolution obtained in this process is determined by the frequencies fsc contained in the cap‐
tured image. The images can be reconstructed by a combination of phase retrieval and suita‐
ble algorithms. The images can be reconstructed from a FT such that, if we call fsc the
maximum frequency that has been retrieved and fsc,max the maximum frequency content of
the image, fsc≤fsc,max.

The bi-cubical interpolation of pixels is a standard procedure utilized also in numerical su‐
per-resolution that allows getting sub-pixel resolutions. Furthermore, the fact that the proc‐
ess of image formation includes different replications of the image due to the different
diffraction orders present in the image is an additional factor that increases the amount of
information contained in an image. The effect of the successive images depends on the struc‐
ture of the image plane array of the CCD, that is on the factor of fullness of the detector ar‐
ray, but it is equivalent to micro-scanning, which is to obtain successive frames of displaced
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Figure 25. a) FT pattern of the image of the 150 nm polystyrene nano-sphere shown in Figure 23a; (b) Fourier trans‐
form of the real part of the FT of the nano-sphere; (c) 2-D view of the filtered zero order extracted from the real part
of the FT pattern of the nano-sphere; (d) Cross-section of the filtered zero order in the X-direction; e) Cross-section of
the filtered zero order in the Y-direction.
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Cross-section of the filtered zero order in the Y-direction.
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Holography at the Nano Level With Visible Light Wavelengths
http://dx.doi.org/10.5772/53346

277



images. Finer sampling procedures produce higher accuracies and better modulation trans‐
fer functions (MTF) together with higher Nyquist frequencies [34].

13. Summary and conclusions

This chapter presented a new method to analyze the near field super-oscillatory field gener‐
ated by evanescent illumination at the nano-scale by imaging the near field in the far field.
This approach was successfully applied to measure the topography of nano-sized simple ob‐
jects such as prismatic sodium-chloride crystals and spherical polystyrene particles. The ob‐
tained results are supported by additional experimental evidence that independently
provides confirmation of the different applied procedures and adopted models.

The recorded images are nano-sized lens holograms of the diffraction patterns of the ob‐
served objects. In a manner of speaking, they are similar to FT holograms that are also lens
holograms of the diffraction patterns of the observed objects but the process of formation of
the diffraction patterns follows very different mechanisms. While the FT holograms are the
result of illuminating the observed object with an external source, the diffraction of the ob‐
served objects in the proposed method is a consequence of self illumination caused by elec‐
tromagnetic resonance produced by the electromagnetic field generated by multiple
evanescent fields. The wave fronts that contain the diffraction patterns of the observed ob‐
jects are solitons solutions of the Maxwell equations that are generated by the presence of a
relay lens that converts the local super-oscillations in non-diffracting Bessel waves that to go
through the whole process of image formation without the restrictions imposed by diffrac‐
tion-limited optical instruments.

The degree of accuracy achieved in measurements is ascertained on the basis of the ob‐
served sodium-chloride nano-crystals. The actual sizes of the observed crystals are known
from theoretical and independent experimental verifications [23]. The actual measured val‐
ues and the error analysis of the obtained results can be found in [19]. Two types of correla‐
tion are established, one correlation corresponds to the theoretically formulated proportion
rations of the nano-crystal contained in [23]. The mean error of the measured aspects ratios
is 4.6% with a standard deviation of ±6.6%. The other correlation corresponds to the actual
dimensions of the nano-crystals. The mean absolute error in the length measurements is of
the order of 3 nm and the standard deviation is ±3.7 nm. The measured lengths of the crys‐
tals agree very well with the lengths computed from the sodium-chloride elementary cell
size (d=0.573 nm at room temperature). The overall measurements performed show an over‐
all standard deviation that is of the order of ±5 elementary cells.

In the case of the nano-spheres, trends of variation of the observed equatorial wavelength of
the confined photons with respect to particle radius are in good agreement with numerical
results reported in the literature.

The developed methodology is an effective tool to perform with visible light measurements
in the nano-range in the far field with a traditional optical microscope thus overcoming the
diffraction-limited resolution of optical microscopes that currently limits their use.
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1. Introduction

In this section, the overall process to code a digital hologram video and the whole architec‐
ture of the service system for digital holograms are explained.

1.1. Overview of holographic signal processing

A digital hologram includes not  only the light  intensity  but  also  the depth information
of the 3D (dimensional) object. That is, both the whole amplitude and the phase infor‐
mation  are  necessary  to reconstruct the  original  3D  object, which  are  included in  the
interference pattern  between  the reference  light and  the  object  light. Since  a  digital
hologram signal  has  much  different  characteristics  from general  2D signal, a  particular
data processing technique is required. In spite, both have the same goal to acquire im‐
age information from 3D world and to display it as realistic as possible to human vis‐
ual system  (HVS).  Thus, if  the techniques  based  on  the  2D-image  are  modified  and
some  proper  techniques  for 3D  image are added, they can  be  efficient  enough  to be
applied to digital holograms [1,  2].

Fig.  1 shows  an overall  simplified  scheme  to  process  digital  holographic signals.  A
digital hologram video is captured from a moving 3D object by an optical system us‐
ing  CCD  (Charge  Coupled  Device)  or  by  generating  with  a  computer  calculation
(Computer-Generated  Hologram,  CGH)  [3].  The acquired  information  (Fresnel field  or
fringe pattern) shows a noise-like feature. The fringe pattern is converted into a differ‐
ent  data  type  to  be  applied to a  developed image processing  tool in Data  Processing
step. The  result  is encoded  with  properly  designed  coding  tools  in Video  Coding  step,
for  which  this  section  uses  standard  techniques  of  H.264/AVC  [4],  entropy  coder,  and
a lossless  coder [5,  6].
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Figure 1. Overall data process scheme for digital hologram videos

1.2. Digital hologram service system

A digital hologram service system can be organized with 3D information acquisition, com‐
pression (or encoding), transmission, decompression (or decoding), and holographic dis‐
play, as shown in Fig. 2. In the data acquisition, 3D information of a real object is acquired as
the types of a digital hologram, a depth-and-texture image pair, or a graphic model. A digi‐
tal hologram is generated by a scanning-based holographic system or components of optical
system. A depth-and-texture image is extracted from an advanced imaging system such as
the infrared sensor-based depth camera that captures 8-bit depth information for each gray-
level pixel. The 3D model is formed by IBMR (Image Based Model Rendering) using multi-
view information that is captured by several 2D cameras.
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Figure 2. Digital hologram video service system

The acquired 3D information is encoded with various coding algorithms according to the
characteristics of the 3D information in the data compression steps. Basically the holograph‐
ic image is a color image. Some proposed a scheme to process a color hologram without sep‐
arating the color components [5]. But in this book, each color component (R, G, or B) of a
digital hologram is processed separately because each component has different frequency
band and different importance level, which are very important factors in our scheme. The
encoded data is transmitted through a network and the received data is decoded with the
decoding algorithms that are dependent of the encoding process. The decoded data which
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retains the digital holographic information such as fringe pattern can be easily displayed in
a holographic display system. If the decoded data is a 3D model or a depth-and-texture im‐
age, the adequate 3D information to the corresponding display system must be extracted.

2. Characteristics of digital holograms

A digital hologram is a 2D data even though it retains 3D information such as intensity and
phase of the interference pattern between object wave and reference wave. Also, a digital
hologram is a kind of a transformed result (Fresnel transform, for example) from the spatial
domain to a frequency domain. But we regard it as a 2D spatial data throughout this book.
In this section, we analyze the characteristics of a digital hologram in a viewpoint of a 2D
image to use the techniques for 2D image.

2.1. Sub-sampling

First, we examine the pixel, a basic element of a 2D digital hologram. As a methodology of
examination, we took the sub-sampling method as follows: A digital hologram, CGH is div‐
ided into fixed-sized blocks, one out of two blocks in both direction is discarded, and the
remaining blocks are re-assembled to form a reduced digital hologram whose size are one-
fourth of the original one.

Fig. 3 shows the example results of the Rabbit image for various sizes of the sub-sampling
blocks. As can see in the figures, a hologram shows totally different characteristics from a
natural 2D image. The reconstructed image after sub-sampling one out of two pixels totally
loses the original information, as Fig. 3(b). As the size of the sub-sampling segment increases
as Fig. 3(c) and (d), the 3D information is getting perfect. Note that the size of the recon‐
structed image is proportional to the size of the digital hologram. It means that, differently
from 2D image, a pixel in a digital hologram retains a piece of inter-dependent information
for the whole image, not the localized one. Thus a certain amount of neighboring pixels can
reconstruct the original information and the quality is getting better as the number of neigh‐
boring pixels increases [6].

(a) (b) (c) (d) 

Figure 3. Example of reconstructed images after sub-sampling; (a) original 3D object, by the block size of (b) 1×1 pix‐
el2 (one pixel), (c) 32×32 pixel2, (d) 128×128 pixel2.
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ic image is a color image. Some proposed a scheme to process a color hologram without sep‐
arating the color components [5]. But in this book, each color component (R, G, or B) of a
digital hologram is processed separately because each component has different frequency
band and different importance level, which are very important factors in our scheme. The
encoded data is transmitted through a network and the received data is decoded with the
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2.2. Localization

This inter-dependent property of each pixel can be clearer by taking a part of a digital holo‐
gram (cropping) and reconstructing the image. Fig. 4 shows several cropping examples, in
which various sizes of co-centered parts of a fringe pattern are cropped out and each of
which is converted to reconstruct the image. As in the figures, the reconstructed holographic
image is getting larger and clearer as the cropped size increases. This property is similar to
the previous result from sub-sampling, which shows entirely different characteristics from
the case of 2D image: a local region of a natural 2D image retains only the specified informa‐
tion that is defined by the position of the region, while a local region of a hologram retains
the information of the entire image [6].

(a) (b) 

Figure 4. Examples of localization by cropping a digital hologram; (a) cropping scheme for digital hologram, (b) re‐
constructed images.

This inter-dependent property of a local region in a hologram can also be ascertained by di‐
viding the whole fringe pattern into several segments and reconstructing the holographic
image with each part or segment, as shown in Fig. 5, where segmentation into four 512×512
segments and sixteen 256 ×256 segments are depicted. In these figures, the dotted lines are
the vertical and horizontal center lines for each locally reconstructed image to show the dif‐
ference in the location and shape in each local image.

(a) (b) 

Figure 5. Reconstructed objects in local regions after segmentation with the size of; (a) 512×512 size, (b) 256×256 size.

This property provides a possibility that a digital hologram can be processed as a multi-
view image. That is, each of the segmented local regions can be treated as an individual 2D
image. Because each of the segments resulting from a fringe pattern has similar information,
we can convert each segment into a proper type of data to find correlation among them and
efficiently encode them by eliminating the redundancies.
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2.3. Frequency characteristic

As shown in Fig. 4,  a  fringe pattern has noise-like feature and frequency property of it
has different tendency from that of a 2D image. Fig. 6 shows the scheme to examine the
energy distribution of results from DCT (Discrete Cosine Transform) [7] and DWT (Dis‐
crete Wavelet Transform) [8], the two representative frequency-transform methods for 2D
natural images, where the whole fringe pattern is 2-dimensionally processed as one proc‐
essing unit for DCT to retain a consistency in both transform. That is, the regions of fre‐
quency bands  are  matched to  compare the energies  for  each band.  In  both  transforms,
the  left  top  band  retains  the  lowest-frequency  coefficients  and  the  frequency  is  getting
higher as goes to right and bottom.
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Figure 6. The scheme to examine the coefficient energy for DCT and DWT

The average energies of the coefficients in the frequency bands are depicted in Fig. 7, which
was obtained by experimenting various test digital holograms. Note that the energy values
of the lowest frequency band are the numbers on the graph, not the quantity the graph scale
shows, because they are too large to show in a same graph with others. It is quite similar to a
2D image in that the lowest-frequency coefficient or region has very large energy. The differ‐
ence in energy distribution for a digital hologram is quite different from that of a natural 2D
image is in that some of the high-frequency bands have quite high energy distribution. It im‐
plicitly shows that to deal with the frequency-transformed coefficients with an image proc‐
essing technique for natural 2D images without an additional processing or modification is
not efficient for a digital hologram.
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2D image in that the lowest-frequency coefficient or region has very large energy. The differ‐
ence in energy distribution for a digital hologram is quite different from that of a natural 2D
image is in that some of the high-frequency bands have quite high energy distribution. It im‐
plicitly shows that to deal with the frequency-transformed coefficients with an image proc‐
essing technique for natural 2D images without an additional processing or modification is
not efficient for a digital hologram.
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Figure 7. Average coefficient energies at the frequency bands for both DCT and DWT.

3. Lossless compression of a digital hologram

One of the classifications divides the source coding algorithms into lossless coding and lossy
coding. During coding processing, a lossless coding method retains perfect information of
the original data. But lossy coding method removes a part of it with a permissible limit ac‐
cording to application. In this section, digital hologram is compressed by the following loss‐
less coding methods [9].

3.1. Run length encoding

RLE, or Run Length Encoding, is a very simple method for lossless compression. It enco‐
des how many times each coefficient  repeats  (a  pair  of  codes with each coefficient  and
the number of  repetitions)  [10].  Although it  is  simple and obviously very inefficient  for
general purpose compression, it can be very useful at times (it is used in JPEG compres‐
sion [11], for instance).
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3.2. Shannon-Fano coding

Shannon-Fano coding was invented by Claude Shannon (often regarded as the father of in‐
formation theory) and Robert Fano in 1949 [12]. It is a very good compression method. But
since David Huffman improved it later, the original Shannon-Fano coding method has al‐
most never used.

The Shannon-Fano method replaces each symbol with an alternate binary representation,
whose length is determined by the probability of the particular symbol such that more com‐
mon symbol uses less bits. The Shannon-Fano algorithm produces a very compact represen‐
tation of each symbol that is almost optimal (it approaches optimum when the number of
different symbols approaches infinite). However, it does not deal with the ordering or repe‐
tition of symbols or sequence of symbols.

3.3. Huffman coding

The Huffman coding method was presented by David A. Huffman, a graduate student of
Robert Fano, in 1952. Technically, it is very similar to the Shannon-Fano coder, but it has the
nice property of being optimal in the sense that changing any binary code of any symbol
will result in a less compact representation [13].

The only real difference between the Huffman coder and the Shannon-Fano coder is the way
of building the binary coding tree: in the Shannon-Fano method, the binary tree is built by
recursively splitting the histogram into equally weighted halves (i.e. top-down), while in the
Huffman method, the tree is built by successively joining the two least weighting nodes un‐
til there is only a single node left - the root node (i.e. bottom-up).

Since Huffman coding has the same complexity as Shannon-Fano coding (this also holds for
decoding) with always better compression (although only slightly), Huffman coding is al‐
most always used instead of Shannon-Fano coding in reality.

3.4. Rice coding

For data consisting of large words (e.g.  16 or 32 bits) and mostly low data values,  Rice
coding can be very successful to achieve a good compression ratio [14]. This kind of da‐
ta is typically audio or highly dynamic range images that have been pre-processed with
some kind of prediction (such as delta to neighboring samples). Although Huffman cod‐
ing should be optimal for this kind of data, it is not a very suitable method due to sev‐
eral reasons (for instance, a 32-bit word size would require a 16 GB histogram buffer to
encode the Huffman tree).  Therefore a more dynamic approach is  more appropriate for
data consisted of large words.

The basic idea behind Rice coding is to store as many words as possible with less bits than in
the original representation just as with Huffman coding. In fact, one can think of the Rice
code as a fixed Huffman code. The coding is very simple: Encode the value X with X ’1’ bits
followed by a ’0’ bit.
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the original data. But lossy coding method removes a part of it with a permissible limit ac‐
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decoding) with always better compression (although only slightly), Huffman coding is al‐
most always used instead of Shannon-Fano coding in reality.
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coding can be very successful to achieve a good compression ratio [14]. This kind of da‐
ta is typically audio or highly dynamic range images that have been pre-processed with
some kind of prediction (such as delta to neighboring samples). Although Huffman cod‐
ing should be optimal for this kind of data, it is not a very suitable method due to sev‐
eral reasons (for instance, a 32-bit word size would require a 16 GB histogram buffer to
encode the Huffman tree).  Therefore a more dynamic approach is  more appropriate for
data consisted of large words.

The basic idea behind Rice coding is to store as many words as possible with less bits than in
the original representation just as with Huffman coding. In fact, one can think of the Rice
code as a fixed Huffman code. The coding is very simple: Encode the value X with X ’1’ bits
followed by a ’0’ bit.
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3.5. Lempel-Ziv coding

There are many different variants of the Lempel-Ziv compression scheme. The Basic Com‐
pression Library has a fairly straight forward implementation of the LZ77 algorithm (Lem‐
pel-Ziv, 1977) [15]. The LZ coder can be used for general purpose compression, and
performs exceptionally well for text. It can also be used in combination with the provided
RLE and Huffman coders to gain some extra compression in most situations.

The idea behind the Lempel-Ziv compression algorithm is to take the RLE algorithm a few
steps further by replacing sequences of bytes with references to previous occurrences of the
same sequences. For simplicity, the algorithm can be thought of in terms of string matching.
For instance, in written text certain strings tend to occur quite often, and can be represented
by pointers to earlier occurrences of the string in the text. The idea is, of course, that pointers
or references to strings are shorter than the strings themselves.

The coding results for some example images by above algorithms are shown in table 1.

Bunny Duck Spring Bramhs

Ratio (%) Ratio (%) Ratio (%) Ratio (%)

Huffman Coding 85.810 84.816 84.287 91.373

LZ77 99.935 99.862 99.917 100.000

RICE 8-bit 100.000 100.000 100.000 100.000

RLE 99.992 99.986 99.889 100.000

Shannon-Fano 86.332 85.395 84.899 91.717

Table 1. Lossless compression results

4. Lossy compression of a digital hologram

As shown in the previous section, it is identified that lossless coding methods don’t give
enough compression efficiency. To get more efficient compression for a digital hologram, a
lossy coding method can be used. In this section, we try code a digital hologram into a very
small amount of bitstream [5, 6].

4.1. Pre-processing

In general, a fringe generated from a 3-D object image has color components. To code it, the
fringe pattern should be separated into R, G, B or Y, U, V components. Fig. 8 shows this
process. Each of the separated components (RGB or YUV) is coded as an independent chan‐
nel. Since the YUV format shows more degradation than the RGB format, we decided to use
the RGB format. Because the G (green) component shows superior results to the others, we
use it to explain the scheme from now on.
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Figure 8. Pre-process to code a digital hologram.

4.2. Data formatting

Each separated component (fringe component) of a fringe pattern is segmented and trans‐
formed by 2-D DCT to be applied to a video compression tool.

4.2.1. Segmentation of a digital hologram

The first step in lossy coding for each color component is to divide it into several segments.
The size of the segment can be determined arbitrarily but the feature by the different size of
the segment is different, which is related to the explanation in section 2. This feature is dis‐
cussed in next sub-section. Here, we examine various size of segment from 8×8 [pixel2] to
512×512 [pixel2]. The segment size is exactly the same block size of 2D DCT. If the horizontal
and vertical size of a fringe component cannot be divided by the segments size, a fringe
component us extended with “0” values (zero-padding technique). The segmentation and
extension method of a fringe component for the block-based DCT is depicted in Fig. 9.

4.2.2. Frequency transform of each segment

As shown in Fig. 9, each separated segment Im,n(x,y) from a fringe pattern I(x,y) is separately
transformed using 2D DCT [7] of Eq. (1), which is for M×N block size, where Ck is 1 / 2 (k=0)
or 1 (otherwise).
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4.2. Data formatting

Each separated component (fringe component) of a fringe pattern is segmented and trans‐
formed by 2-D DCT to be applied to a video compression tool.
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The first step in lossy coding for each color component is to divide it into several segments.
The size of the segment can be determined arbitrarily but the feature by the different size of
the segment is different, which is related to the explanation in section 2. This feature is dis‐
cussed in next sub-section. Here, we examine various size of segment from 8×8 [pixel2] to
512×512 [pixel2]. The segment size is exactly the same block size of 2D DCT. If the horizontal
and vertical size of a fringe component cannot be divided by the segments size, a fringe
component us extended with “0” values (zero-padding technique). The segmentation and
extension method of a fringe component for the block-based DCT is depicted in Fig. 9.

4.2.2. Frequency transform of each segment

As shown in Fig. 9, each separated segment Im,n(x,y) from a fringe pattern I(x,y) is separately
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Figure 9. Fringe segmentation and extension for 2D DCT

Fig. 10 shows the results from 2D DCT for the divided segments that have the sizes from
512×512 [pixel2] to 64×64 [pixel2]. A fringe pattern itself is the result of a frequency trans‐
form, but we treat it an ordinary 2D image. Thus, 2D DCT makes double transform for each
segment, which results in the somewhat similar shape to the original object for each seg‐
ment, as can see in the figures. In other words, we can treat a fringe segment as a video
frame because the local characteristic of the divided fringe component is very similar to the
temporal variation characteristics in 2D video. In addition, the differences among the fringe
segments are minimal, because the patterns are similar to each other. Therefore, it can be
treated as temporal redundancy and compressed efficiently by a coding system for a mov‐
ing picture [5, 6, 16, 17].

(a) (b) (c) (d) 

Figure 10. The results from 2D DCT of a fringe with the segment size of (a) 512×512 [pixel2], (b) 256×256 [pixel2], (c)
128×128 [pixel2], and (d) 64×64 [pixel2].
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4.2.3. Feature of fringe by segmentation

Fig. 11 shows peak signal-to-noise ratios (PSNRs) of the reconstructed fringe and normal‐
ized correlation (NC) of a reconstructed object image after applying only 2D DCT. As shown
in Fig. 11(a), PSNR increases as the block size increases, but NC does not show any specific
relationship as in Fig. 11(b). From the experiment, the segment size of 64× 64 [pixel2] shows
best NC values of the reconstructed object images [5].
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Figure 11. Simulation results for segmentation and DCT; (a) PSNR of the reconstructed fringe, (b) NC of the recon‐
structed object image.

4.2.4. Sequence formation

As mentioned above, the segmented and 2D DCTed fringe segments can be treated as the
video frames with motion. To make a video sequence with those frames, we impose timing
information to the segments by ordering them. We call this process as scanning. The concept
of video streaming including hologram generation is shown in Fig. 12. The object that is pro‐
jected at a segment or a part of the hologram film (the fringe pattern) has the information of
the entire original object with different optic angles. It is similar to the multi-view stereo‐
scopic display method. To use this property in compression coding, a video sequence is gen‐
erated by segmentation, transformation, and scanning a fringe pattern.
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4.3. Segment-based coding

From this sub-section, the lossy coding techniques are explained. First, a scheme based on
the segmentation itself is explained, in which a video sequence is formed on the basis of
each fringe pattern frame. Many components of this scheme are used in the next coding
schemes which will be explained in the next sections [5, 6, 17].
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Figure 13. Process flow of digital hologram coding

The first coding scheme is a hybrid coding scheme for hologram compression which in‐
cludes the proper treatment of the intermediate data. We use the international standard 2D
video coding techniques for main compression coding. Thus, it includes the some data ma‐
nipulation steps to convert the fringe data to fit those standards.

Fig. 13 shows the whole flow to code and decode a digital hologram. It consists of pre-process‐
ing, segmentation, transform, post-processing, and compression. During the process, the fringe
pattern is divided into several segments (segmentation) for 2D DCT (transform), as explained
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above. The DCT coefficients are rearranged into a video sequence by a data scanning. Therefore,
a compressionsystemfor 2D moving picture is applied to compress thehologramdata.

4.3.1. Scan method

If the segmented fringes are transformed independently by 2D DCT, they have similar prop‐
erty to 2D video frames. Therefore, to apply the 2D video coding tools, they have to be scan‐
ned to form a frame sequence in a temporal ordering. Fig. 14 shows the possible scan
methods. After 2D DCT, the choice of scan method is related with temporal characteristic
and efficiency. That is, each scanning method determines how the object moves, and how
much correlation (or redundancy) the two consecutive frames have.

(a) (b) (c) (d) (e) (f) 

Figure 14. Scanning methods for the segmented fringe images

We analyzed the cost and performance for various scanning methods in Fig. 14 after apply‐
ing the DS (Diamond Searching)-based ME (Motion Estimation) and MC (Motion Compen‐
sation). Two items were compared and the results are shown in Fig. 15 for various sizes of
the segmented images. The first item is the number of search points (Fig. 15(a)) which repre‐
sent the amount of calculation to find the best-matched point. The other is the error value
that is the difference between the original image and the ME/MC result, for which the SAD
(Sum of Absolute Differences) values are used (Fig. 15(b)).

Both the number of search points and the SAD value decrease as the size of segment increas‐
es. In both items, Method f shows the best performance although all the methods showed
similar results for the number of search points.
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4.3. Segment-based coding

From this sub-section, the lossy coding techniques are explained. First, a scheme based on
the segmentation itself is explained, in which a video sequence is formed on the basis of
each fringe pattern frame. Many components of this scheme are used in the next coding
schemes which will be explained in the next sections [5, 6, 17].
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The first coding scheme is a hybrid coding scheme for hologram compression which in‐
cludes the proper treatment of the intermediate data. We use the international standard 2D
video coding techniques for main compression coding. Thus, it includes the some data ma‐
nipulation steps to convert the fringe data to fit those standards.

Fig. 13 shows the whole flow to code and decode a digital hologram. It consists of pre-process‐
ing, segmentation, transform, post-processing, and compression. During the process, the fringe
pattern is divided into several segments (segmentation) for 2D DCT (transform), as explained
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above. The DCT coefficients are rearranged into a video sequence by a data scanning. Therefore,
a compression system for 2D moving picture is applied to compress the hologram data.

4.3.1. Scan method

If the segmented fringes are transformed independently by 2D DCT, they have similar prop‐
erty to 2D video frames. Therefore, to apply the 2D video coding tools, they have to be scan‐
ned to form a frame sequence in a temporal ordering. Fig. 14 shows the possible scan
methods. After 2D DCT, the choice of scan method is related with temporal characteristic
and efficiency. That is, each scanning method determines how the object moves, and how
much correlation (or redundancy) the two consecutive frames have.
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Figure 14. Scanning methods for the segmented fringe images
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es. In both items, Method f shows the best performance although all the methods showed
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4.3.2. Data renormalization

We classify the transformed data into three kinds according to the characteristics of the data
and they are treated differently. The basic classification is shown in Fig. 16. First, the DC co‐
efficients are separated from the other AC coefficients because the DC coefficients have very
large energy portion of the DCT block. The DC and several AC coefficients may have the
absolute value over 255 and usually they are discarded during quantization. These coeffi‐
cients have very low possibility to occur (as shown in Table 2, they are less than 0.1%) but
their values are so large that they might affect quite amount of image quality. Thus, we treat
them especially as will be explained in the next subsection with the name of exceptional coeffi‐
cients (ECfs), while the coefficient with absolute value lower than 256 is named as normal co‐
efficient (NCf).
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Figure 16. Classification of DCT coefficients

NC can also have a negative value. However negative values are not suitable as the input of
general 2D compression tools such as MPEGs. Thus, we change the expression of each coef‐
ficient into a signed-magnitude format as shown in Fig. 17. That is, each coefficient has a
sign bit and its magnitude. The sign bits are assembled as a bitplane named as sign bitplane
(SB), in which each sign bit lies in the corresponding position to the original coefficient. As
the result, all the coefficients have positive values and a separate SB is produced.
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Table 2. Coefficient distribution of the results from 2D DCT
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Figure 17. Rearrangement of DCT coefficients; (a) original coefficient plane, (b) signed-magnitude format.

4.3.3. Video coding standard-based compression

As shown in Fig. 18, three compression schemes are involved for compression coding. NCfs
of AC coefficients are compressed with an MPEG encoder for 2D video. The MPEG Encoder
corresponds to one of MPEG-2 [18], MPEG-4 [19], and H.264/AVC [4]. The ECfs are com‐
pressed by DPCM (Differential Pulse Code Modulation) method and the results are applied
to an entropy encoder such as Huffman encoder or arithmetic encoder. The SB is very im‐
portant to recover the image. So it is compressed by a conventional binary compression
method such as ZIP [20] etc.
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(SB), in which each sign bit lies in the corresponding position to the original coefficient. As
the result, all the coefficients have positive values and a separate SB is produced.
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4.3.3. Video coding standard-based compression

As shown in Fig. 18, three compression schemes are involved for compression coding. NCfs
of AC coefficients are compressed with an MPEG encoder for 2D video. The MPEG Encoder
corresponds to one of MPEG-2 [18], MPEG-4 [19], and H.264/AVC [4]. The ECfs are com‐
pressed by DPCM (Differential Pulse Code Modulation) method and the results are applied
to an entropy encoder such as Huffman encoder or arithmetic encoder. The SB is very im‐
portant to recover the image. So it is compressed by a conventional binary compression
method such as ZIP [20] etc.
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The results of the three compression scheme are assembled to a bit stream to send or store.
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Figure 18. A hybrid coding algorithm for digital hologram compression

4.3.4. Coding characteristics

For the MPEG encoder in the hybrid coding scheme in Fig. 19, we applied MPEG-2,
MPEG-4, and H.264/AVC with other tools fixed. The size of segment was from 16×16 [pixel2]
to 512×512 [pixel2]. The experimental results from compression and reconstruction are
shown in from Fig. 19 to Fig. 31, which are the lossy compression results without lossless
compression. Since the reduced amount of data by lossless compression is negligible to lossy
compression, it has little influence on the compression ratio.

Fig. 19 and 20 show the example results with Rabbit image after compression and reconstruc‐
tion by MPEG-4 and H.264, respectively for various compression ratios. In visual examination,
there is little performance difference between the results of MPEG-4 and H.264/AVC.

(a) (b) (c) 

Figure 19. Reconstruction results of object image by MPEG-4 (64×64 segment): (a) original object image, (b) 30:1
compression, and (c) 50:1 compression.
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(a) (b) (c) 

Figure 20. Reconstruction results of object image by H.264/AVC (64×64 segment): (a) original object image, (b) 30:1
compression, and (c) 50:1 compression.
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Figure 21. NC values of reconstructed images: (a) MPEG-2, (b) MPEG-4, and (c) AVC.

In Fig. 21, the average image qualities after reconstruction are graphically summarized for
the various coding tools as the function of compression ratio. Here, we used the NC value as
the measure for the image quality. As seen in Fig. 21, segmented results of the size of 64×64
pixels showed the best quality, as expected by the explanation above. Among the compres‐
sion tools, H.264/AVC shows the best image quality at the same compression ratio. In the
case of H.264/AVC, the NC value of the reconstructed image retained over 0.94, even at the
compression ratio of 50:1, except for the segment size of 16×16. Consequently, the scheme
shows the best quality when the segment size of 64×64 pixels and H.264/AVC tool are used.
In the compression ratio with the same image quality, this scheme shows from four to eight
times better performance than the previous schemes whose compression ratios were be‐
tween 8:1 and 16:1 at 0.94 of NC value.

Fig. 22 and 23 are additional results for other 3-D object images, which are Spring and Duck.
The experiment used H.264/AVC for a 64×64 segment. As shown in these figures, the recon‐
structed images have little difference from the original images in visual inspection, and the
values of NC are more than 0.95. Also the reconstructed digital holograms are optically cap‐
tured and they are shown in Fig. 24.
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The results of the three compression scheme are assembled to a bit stream to send or store.
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4.3.4. Coding characteristics

For the MPEG encoder in the hybrid coding scheme in Fig. 19, we applied MPEG-2,
MPEG-4, and H.264/AVC with other tools fixed. The size of segment was from 16×16 [pixel2]
to 512×512 [pixel2]. The experimental results from compression and reconstruction are
shown in from Fig. 19 to Fig. 31, which are the lossy compression results without lossless
compression. Since the reduced amount of data by lossless compression is negligible to lossy
compression, it has little influence on the compression ratio.

Fig. 19 and 20 show the example results with Rabbit image after compression and reconstruc‐
tion by MPEG-4 and H.264, respectively for various compression ratios. In visual examination,
there is little performance difference between the results of MPEG-4 and H.264/AVC.

(a) (b) (c) 

Figure 19. Reconstruction results of object image by MPEG-4 (64×64 segment): (a) original object image, (b) 30:1
compression, and (c) 50:1 compression.
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(a) (b) (c) 

Figure 20. Reconstruction results of object image by H.264/AVC (64×64 segment): (a) original object image, (b) 30:1
compression, and (c) 50:1 compression.
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Figure 21. NC values of reconstructed images: (a) MPEG-2, (b) MPEG-4, and (c) AVC.

In Fig. 21, the average image qualities after reconstruction are graphically summarized for
the various coding tools as the function of compression ratio. Here, we used the NC value as
the measure for the image quality. As seen in Fig. 21, segmented results of the size of 64×64
pixels showed the best quality, as expected by the explanation above. Among the compres‐
sion tools, H.264/AVC shows the best image quality at the same compression ratio. In the
case of H.264/AVC, the NC value of the reconstructed image retained over 0.94, even at the
compression ratio of 50:1, except for the segment size of 16×16. Consequently, the scheme
shows the best quality when the segment size of 64×64 pixels and H.264/AVC tool are used.
In the compression ratio with the same image quality, this scheme shows from four to eight
times better performance than the previous schemes whose compression ratios were be‐
tween 8:1 and 16:1 at 0.94 of NC value.

Fig. 22 and 23 are additional results for other 3-D object images, which are Spring and Duck.
The experiment used H.264/AVC for a 64×64 segment. As shown in these figures, the recon‐
structed images have little difference from the original images in visual inspection, and the
values of NC are more than 0.95. Also the reconstructed digital holograms are optically cap‐
tured and they are shown in Fig. 24.
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(a) (b) (c) (d) 

Figure 22. Reconstruction results by H.264/AVC (64×64 segment); (a) original spring image, (b) 50:1 compression, (c)
original duck image, and (d) 50:1 compression.
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Figure 23. NC values of reconstructed results for the Spring and Duck images in Fig. 22.

(a) (b) (c) (d) 

Figure 24. Optically-captured results; (a) original spring image, (b) 50:1 compression, (c) original duck image, and (d)
50:1 compression.
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4.4. 3D Scanning-based coding

In this section, we introduce a coding technique based on the properties explained in the
previous section. Fig. 25 shows the whole flow to encode a digital hologram, which is for
digital hologram videos. It consists of capturing, segmentation, transform, scanning the 3D
segments, and lossy/lossless compression. A fringe pattern is divided into several blocks
that are defined as segments. After transformed by 2D DCT, the segments are rearranged by
3-dimensional scanning into a video sequence, in which a segment corresponds to a frame.
The coefficients of each segment are classified and normalized to fit to the standard 2D cod‐
ing tools. Finally, the video sequence is compressed with tools for moving picture [6].

Figure 25. The 3D scanning-based coding procedure for digital hologram videos.

4.4.1. 3D Scanning method

A hologram video consists of several frames of digital holograms and a frame consists of
several segments. After rearranged, each segment is treated as a frame to form a new video
sequence. Three such sequencing methods with several fringe frames can be considered [6].

• Method 1: it scans all the segments frame by frame, by a predefined order in a frame, to
form a sub-sequence (as shown in Fig. 26(a)). The scanning order in a frame is defined to
maximize the inter-frame redundancy. This method focuses on the correlation between
the segments in the same frame.

• Method 2: it scans segments in the same positions of frames in a GOH in turn (as shown
in Fig. 26(b)). The scanning order for the positions is predefined. This method focuses on
the correlation for the segments of the same positions in the fringe frames throughout the
GOH.

• Method 3: it is a combined form of method 1 and method 2 (shown in Fig. 26(c)) Part of
scanning sequence is taken frame by frame.

Method 1 is based on visual similarity between segments in a hologram frame. It is the ex‐
tended version of coding technique for still object. The scanning order of segments consists
of up-scanning and down-scanning in vertical direction to generate a video sub-sequence,
which is similar method with the previous section. It connects the frames by the unit of the
frame. Meanwhile, in Method 2, the inter-frame connection is drawn by the unit of segment
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(a) (b) (c) (d) 

Figure 22. Reconstruction results by H.264/AVC (64×64 segment); (a) original spring image, (b) 50:1 compression, (c)
original duck image, and (d) 50:1 compression.
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Figure 23. NC values of reconstructed results for the Spring and Duck images in Fig. 22.
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Figure 24. Optically-captured results; (a) original spring image, (b) 50:1 compression, (c) original duck image, and (d)
50:1 compression.
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sequence. Three such sequencing methods with several fringe frames can be considered [6].

• Method 1: it scans all the segments frame by frame, by a predefined order in a frame, to
form a sub-sequence (as shown in Fig. 26(a)). The scanning order in a frame is defined to
maximize the inter-frame redundancy. This method focuses on the correlation between
the segments in the same frame.

• Method 2: it scans segments in the same positions of frames in a GOH in turn (as shown
in Fig. 26(b)). The scanning order for the positions is predefined. This method focuses on
the correlation for the segments of the same positions in the fringe frames throughout the
GOH.

• Method 3: it is a combined form of method 1 and method 2 (shown in Fig. 26(c)) Part of
scanning sequence is taken frame by frame.

Method 1 is based on visual similarity between segments in a hologram frame. It is the ex‐
tended version of coding technique for still object. The scanning order of segments consists
of up-scanning and down-scanning in vertical direction to generate a video sub-sequence,
which is similar method with the previous section. It connects the frames by the unit of the
frame. Meanwhile, in Method 2, the inter-frame connection is drawn by the unit of segment
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in the same position. It is based on the similarity between segments in successive frames of
GOH. The positions are ordered up and down as Method 1. Method3 is to combine Method
1 with Method. It is based on the similarity between a bundle of segments in the same col‐
umns of frames in a GOH.
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Figure 26. segment scanning methods; (a) Method 1, (b) Method 2, (c) Method 3.

4.4.2. Video coding standard-based compression

Fig. 27 shows a hybrid encoding architecture that depicts the detailed of the compression proc‐
ess in Fig 25. After classification and normalization, NCf, ECf, and SBP are inputted into the
compression process. NCfs of AC coefficients are compressed by H.264/AVC, while ECfs are
compressed by DPCM (differential pulse code modulation) and the results are applied to an
entropy encoder such as Huffman encoder or arithmetic encoder. The SBP is very important to
recover the image. So it is compressed by a conventional binary compression method. The re‐
sults of the three compressed results are assembled to a bit stream to send or store [6].
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Figure 27. hybrid compression coding scheme for digital hologram.

4.4.3. Coding characteristics

In this section, we introduce the experimental results from applying various digital holo‐
gram videos to our scheme and discuss about the compression/reconstruction performance.
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The fringe patterns with the size of 1,024×1,024 [pixel2] were used, and the size of segment
was 64×64 and 128×128 [pixel2]. The bit rate of the generated video stream compressed by H.
264/AVC was adjusted to satisfy the requirement of the amount of data. The options of H.
264/AVC used for encoding and decoding are as follow.

• Profile: Baseline (High quality)

• Search range: 16

• Incorporate Hadamard transform

• Reference frames: 5

• Variable macro-block: from 16×16 to 4×4

• Entropy coding: CAVLC

• Bit rate: fixed (10:1~120:1)

4.4.3.1. Still object

First, we applied several still object to our technique. The experimental results are shown in
Fig. 28 through Fig. 32, which are the lossy compression results without lossless compres‐
sion. Since the reduced amount of data by lossless compression is negligible to lossy com‐
pression, it has little influence on the compression ratio. In Fig. 28, the average image
qualities after reconstruction are graphically summarized for the various images as the func‐
tion of compression ratio. Here, we used normalized correlation (NC) value as the measure
for the image quality. Fig. 29 through Fig. 32 show visual image examples.

As can see from Fig. 28, segmentation results by the size of 64×64 [pixel2] showed the better
quality than the size of 128×128 [pixel2]. The NC values of the reconstructed image were
over 0.90 even at the compression ratio of 120:1.
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in the same position. It is based on the similarity between segments in successive frames of
GOH. The positions are ordered up and down as Method 1. Method3 is to combine Method
1 with Method. It is based on the similarity between a bundle of segments in the same col‐
umns of frames in a GOH.
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4.4.2. Video coding standard-based compression

Fig. 27 shows a hybrid encoding architecture that depicts the detailed of the compression proc‐
ess in Fig 25. After classification and normalization, NCf, ECf, and SBP are inputted into the
compression process. NCfs of AC coefficients are compressed by H.264/AVC, while ECfs are
compressed by DPCM (differential pulse code modulation) and the results are applied to an
entropy encoder such as Huffman encoder or arithmetic encoder. The SBP is very important to
recover the image. So it is compressed by a conventional binary compression method. The re‐
sults of the three compressed results are assembled to a bit stream to send or store [6].
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4.4.3. Coding characteristics

In this section, we introduce the experimental results from applying various digital holo‐
gram videos to our scheme and discuss about the compression/reconstruction performance.
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The fringe patterns with the size of 1,024×1,024 [pixel2] were used, and the size of segment
was 64×64 and 128×128 [pixel2]. The bit rate of the generated video stream compressed by H.
264/AVC was adjusted to satisfy the requirement of the amount of data. The options of H.
264/AVC used for encoding and decoding are as follow.

• Profile: Baseline (High quality)

• Search range: 16

• Incorporate Hadamard transform

• Reference frames: 5

• Variable macro-block: from 16×16 to 4×4

• Entropy coding: CAVLC

• Bit rate: fixed (10:1~120:1)

4.4.3.1. Still object

First, we applied several still object to our technique. The experimental results are shown in
Fig. 28 through Fig. 32, which are the lossy compression results without lossless compres‐
sion. Since the reduced amount of data by lossless compression is negligible to lossy com‐
pression, it has little influence on the compression ratio. In Fig. 28, the average image
qualities after reconstruction are graphically summarized for the various images as the func‐
tion of compression ratio. Here, we used normalized correlation (NC) value as the measure
for the image quality. Fig. 29 through Fig. 32 show visual image examples.

As can see from Fig. 28, segmentation results by the size of 64×64 [pixel2] showed the better
quality than the size of 128×128 [pixel2]. The NC values of the reconstructed image were
over 0.90 even at the compression ratio of 120:1.
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(a) (b) (c) (d) 

Figure 29. Example of the reconstructed duc object after compression with ratio of (a) 1:1, (b) 40:1, (c) 80:1, (d) 120:1.

(a) (b) (c) (d) 

Figure 30.  Example of  the reconstructed spring object  after  compression with ratio of  (a)  1:1,  (b)  40:1,  (c)  80:1,
(d) 120:1.

(a) (b) (c) (d) 

Figure 31. Example of the reconstructed rabbit object after compression with ratio of (a) 1:1, (b) 40:1, (c) 80:1, (d)
120:1 compression

(a) (b) (c) 

Figure 32. Optically-captured reconstructed objects after compression with 120:1 ratio (a) duck, (b) spring, (c) rabit
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4.4.3.2. Moving object

We compressed two digital hologram videos, which consist of several frames, with the pro‐
posed 3D segment-scanning technique. The compression ratio is the same as the case of still
hologram. Fig. 33 and Fig. 34 are the NC results, and Fig. 35 is a visual example. The object
for Fig. 33 shifts in parallel to 2D axes, and the one for Fig. 34 rotates at the same position.
The NC value for the shifting object is better than for the rotating object. For the scanning
methods, Method 2 showed the best performance in average, but the differences were not
much. Comparing them to the result of the still object, the compression efficiency of our
scheme for a moving object is better than a still object.
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Figure 29. Example of the reconstructed duc object after compression with ratio of (a) 1:1, (b) 40:1, (c) 80:1, (d) 120:1.
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Figure 30. Example of  the reconstructed spring object  after  compression with ratio of (a) 1:1,  (b)  40:1, (c)  80:1,
(d) 120:1.
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Figure 31. Example of the reconstructed rabbit object after compression with ratio of (a) 1:1, (b) 40:1, (c) 80:1, (d)
120:1 compression
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Figure 32. Optically-captured reconstructed objects after compression with 120:1 ratio (a) duck, (b) spring, (c) rabit
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4.4.3.2. Moving object

We compressed two digital hologram videos, which consist of several frames, with the pro‐
posed 3D segment-scanning technique. The compression ratio is the same as the case of still
hologram. Fig. 33 and Fig. 34 are the NC results, and Fig. 35 is a visual example. The object
for Fig. 33 shifts in parallel to 2D axes, and the one for Fig. 34 rotates at the same position.
The NC value for the shifting object is better than for the rotating object. For the scanning
methods, Method 2 showed the best performance in average, but the differences were not
much. Comparing them to the result of the still object, the compression efficiency of our
scheme for a moving object is better than a still object.
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(a) (b) (c) (d) (e) 

(f) (g) (h) (i) (j) 

Figure 35. Reconstructed digital hologram video (teapot, 64×64 [pixel2] segment with 120:1 compression), (a)
through (e): original frames, (f) through (j): reconstructed frames

4.5. MVC-based coding

In this section, a different kind of coding method for digital holograms is introduced. Fig. 36
shows the coding procedure based on the Multi-View Coding (MVC) technique. It includes
various signal processing techniques, prediction techniques, and coding techniques. It is
based on the assumption that the local area (segment) in a digital hologram has the similar
feature to a view in a 3D multi-view image. As the previous sections, a digital hologram is
applied to pre-processing, segmentation, conversion, classification, and normalization in or‐
der to deriving correlation between the segments. The difference in the method in this sec‐
tion lies on the multi-view prediction to remove the redundancy among the segments. Thus,
this section focuses on this process [21].
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Figure 36. The MVC-based coding scheme.

4.5.1. Multi-view prediction

As explained above, we use a multi-view prediction algorithm to remove the spatial redun‐
dancy among the segments and thereby to obtain a high coding performance. Considering
the characteristics of a digital hologram, the camera arrangement is limited to 1×N, as an ex‐
ample. The processing order of the multi-view prediction is shown in Fig. 37.
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Figure 37. Multi-view prediction scheme

4.5.1.1. Assembled segment

As mentioned above, the transformed segments show visual characteristics similar to images
obtained by parallel cameras. For each segment in a segment group (1×N segments), a global
disparity is calculated for a base segment in the group with a general matching technique, and
an assembled segment (AS) is generated with a method similar to the image mosaic technique.
A matching function used in the assembling algorithm to find the global disparity (GD) is,

( ) ( ) ( ), 1,
1 , 1 1|min , , ,r vT r X
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where, R represents the area of the AS and r is the area for a segment to be assembled. Iv(i,j)
is the coefficient value of a pixel in (i, j) of segment v. The superscripted T(r,X) indicates that
the area r is moved by the disparity vector X. In this equation, v is the base segment and v+1
is a segment to be assembled to v. The AS generation algorithm described above is shown in
Fig. 38. AS is generated for the segments of a column direction and the third segment is de‐
fined as the base segment, which generally has the smallest disparity.

Fig. 39 shows an example of AS generation. An AS may become larger than the original res‐
olution of a segment depending on the camera model, and contains all the information
about other segments as well as the base segment (the third image in a column in this exam‐
ple). If N=4 as the example, the size of AS is about 1.5 times of the original segment.

4.5.1.2. View-point prediction by AS

For general video coding, coding efficiency is improved through motion prediction between
images to be coded, using temporally adjacent images as the reference images. In case of
multi-view prediction, disparity prediction technique is used to remove redundancy be‐
tween images in various view-points. Segment at each view-point is coded using the refer‐
ence segment that is re-separated from AS using MPEG-2.

Fig. 40 shows the scheme to separate the reference segments from AS’s with the corresponding
GD and to generate difference (residual) segments (DS) using motion estimation and compen‐
sation (ME/MC) between the transformed original segments and the reference segments.
When the AS is created through global disparity prediction, the values of global disparities are
preserved together with the resultant AS. The difference segments are generated by compen‐
sating the transformed segments to the predicted segments with the reference segments.
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Figure 35. Reconstructed digital hologram video (teapot, 64×64 [pixel2] segment with 120:1 compression), (a)
through (e): original frames, (f) through (j): reconstructed frames

4.5. MVC-based coding

In this section, a different kind of coding method for digital holograms is introduced. Fig. 36
shows the coding procedure based on the Multi-View Coding (MVC) technique. It includes
various signal processing techniques, prediction techniques, and coding techniques. It is
based on the assumption that the local area (segment) in a digital hologram has the similar
feature to a view in a 3D multi-view image. As the previous sections, a digital hologram is
applied to pre-processing, segmentation, conversion, classification, and normalization in or‐
der to deriving correlation between the segments. The difference in the method in this sec‐
tion lies on the multi-view prediction to remove the redundancy among the segments. Thus,
this section focuses on this process [21].
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Figure 36. The MVC-based coding scheme.

4.5.1. Multi-view prediction

As explained above, we use a multi-view prediction algorithm to remove the spatial redun‐
dancy among the segments and thereby to obtain a high coding performance. Considering
the characteristics of a digital hologram, the camera arrangement is limited to 1×N, as an ex‐
ample. The processing order of the multi-view prediction is shown in Fig. 37.
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4.5.1.1. Assembled segment

As mentioned above, the transformed segments show visual characteristics similar to images
obtained by parallel cameras. For each segment in a segment group (1×N segments), a global
disparity is calculated for a base segment in the group with a general matching technique, and
an assembled segment (AS) is generated with a method similar to the image mosaic technique.
A matching function used in the assembling algorithm to find the global disparity (GD) is,
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where, R represents the area of the AS and r is the area for a segment to be assembled. Iv(i,j)
is the coefficient value of a pixel in (i, j) of segment v. The superscripted T(r,X) indicates that
the area r is moved by the disparity vector X. In this equation, v is the base segment and v+1
is a segment to be assembled to v. The AS generation algorithm described above is shown in
Fig. 38. AS is generated for the segments of a column direction and the third segment is de‐
fined as the base segment, which generally has the smallest disparity.

Fig. 39 shows an example of AS generation. An AS may become larger than the original res‐
olution of a segment depending on the camera model, and contains all the information
about other segments as well as the base segment (the third image in a column in this exam‐
ple). If N=4 as the example, the size of AS is about 1.5 times of the original segment.

4.5.1.2. View-point prediction by AS

For general video coding, coding efficiency is improved through motion prediction between
images to be coded, using temporally adjacent images as the reference images. In case of
multi-view prediction, disparity prediction technique is used to remove redundancy be‐
tween images in various view-points. Segment at each view-point is coded using the refer‐
ence segment that is re-separated from AS using MPEG-2.

Fig. 40 shows the scheme to separate the reference segments from AS’s with the corresponding
GD and to generate difference (residual) segments (DS) using motion estimation and compen‐
sation (ME/MC) between the transformed original segments and the reference segments.
When the AS is created through global disparity prediction, the values of global disparities are
preserved together with the resultant AS. The difference segments are generated by compen‐
sating the transformed segments to the predicted segments with the reference segments.
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Holography – Basic Principles and Contemporary Applications310

2

3

4

1

9

10

11

12

13

14

15

16

5

6

7

8

AI1

AI2

AI3

AI4

2'

3'

4'

1'

5'

6'

7'

8'

9'

10'

11'

12'

13'

14'

15'

16'

2-2'

3-3'

4-4'

1-1'

5-5'

6-6'

7-7'

8-8'

9-9'

10-10'

11-11'

12-12'

13-13'

14-14'

15-15'

16-16'

Transformed 
Segments Global 

Disparity

Accumulated
Segments

Reference Segments

Difference Segments

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

1

Figure 40. View-point prediction technique to generate AS and DS

4.5.1.3. Temporal prediction

By extending the view-point prediction scheme in the previous sub-section, a temporal pre‐
diction technique is applied to a digital holographic video consisting of multiple frames. For
each DS generated through the MVP method, prediction in a view is performed in the tem‐
poral order. For temporal prediction in each view-point, motion prediction and compensa‐
tion techniques are used. The scheme is shown in Fig. 41. The detailed are omitted to
prevent duplicated explanation.

4.5.2. Video coding standard-based compression

After pre-processing, segmentation, classification and normalization, the segments is con‐
verted to DS through GDC (global disparity calculator), ASG (accumulated segment genera‐
tor), and RSG (reference segment generator) according to the algorithm described above.
AS’s and DS’s are inputted to the corresponding parts of a 2D video coding tool, which is
MPEG-2 encoder as an example tool. The modified MPEG-2 encoder with predicting facility
for multi-view is shown in Fig. 42. Other information such as, global disparities, motion vec‐
tors, and sign bit-planes are encoded by a lossless coding technique.

4.5.3. Coding characteristics

Fig. 43 shows an example of the part of the experiments: (a) is an original 3D object generat‐
ed by CG, (b) is the hologram reconstructed from the fringe patterns created by the CGH
technique, and (c) is an AS produced with the 4 segments in a column direction (when a
fringe pattern with 1,024×1,024 in size are segmented into segments with 256×256 in size).
Fig. 44 (a) through (d) show the four segments in a column after 2D DCT and Fig. 44(e)
through (h) are the corresponding reference segments separated from AS.
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Figure 39. An example of AS generation when fringe pattern (1,024×1,024 pixels) is divided into 4×4 segments
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Figure 40. View-point prediction technique to generate AS and DS

4.5.1.3. Temporal prediction

By extending the view-point prediction scheme in the previous sub-section, a temporal pre‐
diction technique is applied to a digital holographic video consisting of multiple frames. For
each DS generated through the MVP method, prediction in a view is performed in the tem‐
poral order. For temporal prediction in each view-point, motion prediction and compensa‐
tion techniques are used. The scheme is shown in Fig. 41. The detailed are omitted to
prevent duplicated explanation.

4.5.2. Video coding standard-based compression

After pre-processing, segmentation, classification and normalization, the segments is con‐
verted to DS through GDC (global disparity calculator), ASG (accumulated segment genera‐
tor), and RSG (reference segment generator) according to the algorithm described above.
AS’s and DS’s are inputted to the corresponding parts of a 2D video coding tool, which is
MPEG-2 encoder as an example tool. The modified MPEG-2 encoder with predicting facility
for multi-view is shown in Fig. 42. Other information such as, global disparities, motion vec‐
tors, and sign bit-planes are encoded by a lossless coding technique.

4.5.3. Coding characteristics

Fig. 43 shows an example of the part of the experiments: (a) is an original 3D object generat‐
ed by CG, (b) is the hologram reconstructed from the fringe patterns created by the CGH
technique, and (c) is an AS produced with the 4 segments in a column direction (when a
fringe pattern with 1,024×1,024 in size are segmented into segments with 256×256 in size).
Fig. 44 (a) through (d) show the four segments in a column after 2D DCT and Fig. 44(e)
through (h) are the corresponding reference segments separated from AS.
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(a) (b) (c) 

Figure 43. An example of (a) 3D object, (b) reconstructed hologram, (c) accumulated image

(a) (b) (c) (d) 

(e) (f) (g) (h) 

Figure 44. One column of fringe pattern segments after frequency transform (a~d) and the corresponding reference
segments (e~h)

Fig. 45. shows the results after applying the multi-view prediction technique based on the
AS’s. With the proposed method with MPEG-2, the NC value was 0.0349 (approximately
3.6%) higher at a compression rate of 25:1 than the method of section 4.3.

(a) (b) (c) 

Figure 45. Reconstruction results by the proposed technique: (a) original, (b) 15:1 (NC:0.981842), (c) 25:1(NC:
0.975114)
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Figure 44. One column of fringe pattern segments after frequency transform (a~d) and the corresponding reference
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Fig. 45. shows the results after applying the multi-view prediction technique based on the
AS’s. With the proposed method with MPEG-2, the NC value was 0.0349 (approximately
3.6%) higher at a compression rate of 25:1 than the method of section 4.3.
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Figure 45. Reconstruction results by the proposed technique: (a) original, (b) 15:1 (NC:0.981842), (c) 25:1(NC:
0.975114)
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4.6. Still image coding standard-based compression

Among the still image coding algorithm, the representative methods are JPEG and
JPEG2000 standard. Since digital hologram is different from a natural 2D image, although
they are used in compressing digital hologram, it is not a good method. In this section, we
compress digital hologram using JPEG and JPEG2000 standard, and compare the results
with the previous techniques.

4.6.1. JPEG

JPEG (Joint Photographic Experts Group) is the most commonly used still image compres‐
sion method for photographic images. JPEG has 20:1 compression ratio for a natural image,
but we rarely expect its property to be kept because of different visual characteristic of a dig‐
ital hologram. The property is identified by the coding results, which showed that the maxi‐
mum compression ratio is 6:1 with NC value of 0.927586. It shows that JPEG is not the
powerful tool for digital hologram coding.

4.6.2. JPEG2000

JPEG2000 [22], the new still-image compression standard, was also examined for test, and
the results are shown in Figs. 46 and 47. Fig. 46 shows an example of the compression/recon‐
struction results, which were processed for the color format of RGB. The compression ratio
more than 10:1 degrades the image quality quite a lot. Fig. 47 shows the average NC values
for each color component as the compression ratio increases.

One can identify that the coding performance has the nearly linear relationship with the al‐
gorithm cost. In the case of the compression rate of 20:1, the result of H.264/AVC has more
than 0.975 in NC. But the result by JPEG2000 has between 0.73 and 0.83. Also, the object re‐
constructed by inverse CGH in Fig. 46 has more degradation than the previous results. If we
identify the visual difference between Fig. 46 (c) and Fig. 31(d) that are the results from the
compression rate of 50:1 and 80:1, Fig. 31(c) shows the clear shape of the object, but Fig. 46(c)
is indistinguishable. By comparing the proposed scheme, it shows much better quality than
JPEG2000. For reference, a lossless compression that can be reconstructed perfectly shows a
compression ratio of about 1.3:1 in average.

(a) (b) (c) 

Figure 46. Reconstruction result of object image by JPEG2000 compression (a) Original object image (b) 30:1 (c) 50:1
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Chapter 13

Applications of Holographic Microscopy in Life Sciences

Iliyan Peruhov and Emilia Mihaylova
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1. Introduction

Imaging of microscopic objects is an essential art, especially in life sciences. Rapid progress in
electronic detection and control, digital imaging, image processing, and numerical computa‐
tion has been crucial in advancing modern microscopy. At present the 3D imaging of biological
samples is done by confocal microscopes. Their ability to image biological events in real time
is limited by the time necessary to capture stacks of images taken through a certain plane in
cells or tissues from which a 3D view is calculated. Digital holographic microscopy is a new
imaging technology applied to optical microscopy. The digital holographic microscopy is a
very advanced imaging technique because it yields a 3D volume image from a single image
capture.

Holography is a technique by which a wavefront can be recorded and subsequently recon‐
structed in the absence of the original wavefront i.e. a 3D image is observed just as if the object
was still present and being illuminated in the same way as when the holographic recording
was made [1]. In conventional holography, invented by Gabor [2], the holograms are photo‐
graphically recorded and optically reconstructed. Both the amplitude and phase information
of the light wave are recorded in a hologram. Because the holographic image retains the phase
as well as the amplitude information, a variety of interference experiments can be performed,
and this is the basis of many interferometric applications in metrology.

Digital holography does not require wet chemical processing of a photographic plate, although
at some expense of resolution. However, once the amplitude and phase of the light wave are
recorded numerically, one can easily subject these data to a variety of manipulations, and so
digital holography offers capabilities not available in conventional holography. The remark‐
able aspect of the digital reconstruction – its possibility to refocus at different depths inside a
transparent object, depending on the reconstruction distance, makes this technique very
suitable for biological cells studies and could have many applications in life sciences.

© 2013 Peruhov and Mihaylova; licensee InTech. This is an open access article 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.

© 2013 Peruhov and Mihaylova; licensee InTech. This is a paper 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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In digital holography the reconstruction process is implemented by multiplication of the CCD
captured and PC stored digital hologram by the numerical description of the reference wave,
and convolution of the result with the impulse response function of the optical system. The
diffracted field in the image plane is given by the Rayleigh-Sommerfield diffraction formula [3]

1( ', ') ( , ) ( , ) ( ', ', , )cosx y h r f x
i

d yy xdy x h x m x h
l

= Qòò (1)

with f (x ', y ', ξ, η)=
exp(ikρ)

ρ  and ρ = d '2 + (ξ − x ')2 + (η − y ')2

where d’ is the reconstruction distance, i.e. the distance measured from the hologram plane ξ-
η to the image plane; h(ξ,η) is the recorded hologram; r(ξ-η) represents the reference wave field;
k denotes the wave number and λ is the wavelength of the laser source. Due to the small angles
between the hologram normal and the rays from the hologram to the image points, the
obliquity factor cosΘ can normally be set = 1.

Equation (1) is the basis for numerical hologram reconstruction. Because the reconstructed
wavefield Ψ (x’, y’) is a complex function, both the intensity as well as the phase can be
calculated [1].

Digital holographic microscopy (DHM) can provide quantitative marker-free imaging that is
suitable for high resolving investigations of transparent and reflective surfaces as well as for
fast analysis of living cells under usual laboratory conditions. One of many interesting
applications of DHM is to study cells without staining or labeling them and without affecting
them in any way.

This chapter is divided in two parts. The first part reviews the recent advances in the appli‐
cation of digital holographic microscopy to biological specimen. The second part of the chapter
describes the development of a digital holographic microscope at the Agricultural University
of Plovdiv and reports some of its life science applications.

2. Recent advances in the application of digital holographic microscopy to
biological specimen

Kim M. K. [4] has proposed a novel digital holographic method that allows axial resolution of
objects by superposition of a number of numerically reconstructed optical diffraction fields of
digital holograms that are optically recorded with a number of wavelengths. The principle of
wavelength-scanning digital interference holography is applied to imaging of 3D objects with
diffuse surfaces, such as a biological specimen. The head of a small insect of a few millimeters
in size is imaged with 120 μm axial resolution and ~20 μm lateral resolution. An animated 3D
numerical model of the object surface structure is generated from the tomographic data with
good fidelity. The experiments are performed using a standard holographic apparatus.
Approximately 50 mW of ring dye laser output is expanded to about 10 mm diameter and

Holography – Basic Principles and Contemporary Applications320

spatially filtered. The object beam is apertured to about 5 mm diameter and illuminates the
sample object. The scattered light from the object is combined with the reference beam. The
magnifying lens images the optical field at infinity. The digital camera is focused at infinity,
so that it records a magnified image of the optical intensity. It is important to aperture the
object beam so that it only illuminates the area of the object that is to be imaged, otherwise
spurious scattering can seriously affect the quality of the picture.

A digital holographic microscope (DHM) in a transmission mode has been developed in
Rappaz, B. et al. [5], adapted to the quantitative study of cellular dynamics. Living cells in
culture are optically explored by calculating the phase shift they produce on the transmitted
wave front. The high temporal stability of the phase signal and the low acquisition time makes
it possible to monitor cellular dynamics processes. An experimental procedure allowing
calculating both the integral refractive index and the cellular thickness (morphometry) from
the measured phase shift is presented. Specifically, the method has been applied to study the
dynamics of neurons in culture during a hypotonic stress. Such stress produces a decrease of
the phase which can be entirely resolved by applying the methodological approach described
in the article; in fact the method allows determining independently the thickness and the
integral refractive index of cells. The phase signal depends on both the thickness and the
refractive index of the specimen. To decouple these two contributions, a procedure named
"decoupling procedure" is applied. The dynamic quantitative phase images, containing
information about both the cell morphometry and the integral refractive index, can be
unambiguously interpreted thanks to the decoupling procedure presented. Quantitatively, the
local cellular thickness measurement can be performed with accuracy of 1 μm. Spatial
averaging allows measuring mean thickness of cellular regions corresponding to the area of
typical neuronal bodies, i.e. 170 μm2, with an accuracy of a few tens of nanometers. On the
other hand, the spatial variations of the integral refractive index have been estimated at 0.005
and the mean integral refractive index can be measured with an accuracy of 0.0003. The cellular
refractive index is a poorly documented parameter which is related to the intracellular content
and which is relevant for the interpretation of the functional light imaging signal resulting
from a multiple scattering process in biological tissues.

Marquet, P. et al. [6] present for the first time DHM images of living cells in culture. They
represent the distribution of the optical path length over the cell, which has been measured
with subwavelength accuracy. These DHM images are compared with those obtained by use
of the widely exploited phase contrast and Nomarski differential interference contrast
techniques. The developed digital holographic microscope presents a simplified and easy-to-
operate technique compared with classical interferometry. The authors show that digital
recording and numerical reconstruction of holograms, offers new perspectives in imaging,
because numerical processing of a complex wave front allows one to compute simultaneously
the intensity and the phase distribution of the propagated wave. Digital holography has made
it possible to focus numerically on different object planes without using any opto-mechanical
movement. Moreover, different lens aberrations can be corrected by a numerical procedure.
In the article for the first time absolute phase distribution images of living neurons in a culture
are obtained by use of DHM with accuracy in the 2–4º range. To compare the DHM with the
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In digital holography the reconstruction process is implemented by multiplication of the CCD
captured and PC stored digital hologram by the numerical description of the reference wave,
and convolution of the result with the impulse response function of the optical system. The
diffracted field in the image plane is given by the Rayleigh-Sommerfield diffraction formula [3]
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wavefield Ψ (x’, y’) is a complex function, both the intensity as well as the phase can be
calculated [1].
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spatially filtered. The object beam is apertured to about 5 mm diameter and illuminates the
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refractive index is a poorly documented parameter which is related to the intracellular content
and which is relevant for the interpretation of the functional light imaging signal resulting
from a multiple scattering process in biological tissues.

Marquet, P. et al. [6] present for the first time DHM images of living cells in culture. They
represent the distribution of the optical path length over the cell, which has been measured
with subwavelength accuracy. These DHM images are compared with those obtained by use
of the widely exploited phase contrast and Nomarski differential interference contrast
techniques. The developed digital holographic microscope presents a simplified and easy-to-
operate technique compared with classical interferometry. The authors show that digital
recording and numerical reconstruction of holograms, offers new perspectives in imaging,
because numerical processing of a complex wave front allows one to compute simultaneously
the intensity and the phase distribution of the propagated wave. Digital holography has made
it possible to focus numerically on different object planes without using any opto-mechanical
movement. Moreover, different lens aberrations can be corrected by a numerical procedure.
In the article for the first time absolute phase distribution images of living neurons in a culture
are obtained by use of DHM with accuracy in the 2–4º range. To compare the DHM with the
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standard and widely used techniques of phase contrast (PhC) and differential interference
contrast (DIC) microscopy in biology, images of living neurons obtained with PhC, DIC, and
DHM are presented.

In an article of Garcia-Sucerquia J. et al. [7] some significant characteristics of (digital in-line
holographic microscopy) DIHM and the underwater DIHM have been emphasized:

1. Simplicity of the microscope: DIHM is microscopy without objective lenses. The hardware
necessary for the desktop version is a laser, a pinhole, and a CCD camera. For the
underwater DIHM version, they use the same elements contained in a submersible
hermetic shell.

2. Maximum information: a single hologram contains all the information about the 3D
structure of the object. A set of multiple holograms can be properly added to provide
information about 4D trajectories of samples.

3. Maximum resolution: optimal resolution, of the order of the wavelength of the laser, can
be obtained easily with both versions.

4. Simplicity of sample preparation: this is mainly true for biological samples, because no
sectioning or staining is required, so that living cells and specimens can be observed in
depth. Indeed, for the underwater DIHM, there is no sample preparation at all, and real-
time information of living organisms can be retrieved.

It is shown [7] that high-resolution tracking of many particles in 4D can be obtained from just
one difference hologram. Since resolution of the order of a wavelength of the light has been
achieved with DIHM, tracking of organisms as small as bacteria is possible, as would be the
motion of plankton in water or, at lower resolution, the trajectories of flying insects. DIHM
can also be used on macroscopic biological specimens, prepared by standard histological
procedures, as for a histological section of the head of the fruit fly, Drosophila melanogaster. Such
images reveal the structure of the pigmented compound eye and different neuropile regions
of the brain within the head cuticle, including the optic neuropiles underlying the compound
eye. DIHM, with its inherent capability of obtaining magnified images of objects, unlike
conventional off-axis holography, is therefore a powerful new tool for a large variety of
research fields.

The optical arrangement described by Parshall D. et al. [8] provides a straightforward means
for high-resolution holographic microscopic imaging. There is no need for elaborate processing
such as magnification by using a reconstruction wavelength that is compared with the
recording wavelength, which inevitably introduces aberration, or using an aperture array in
front of the camera and scanning it to artificially increase the CCD resolution. Also the phase
image appears less noisy than the amplitude image. The amplitude image reflects the intensity
variations in the reference wave, whereas the phase noise comes mostly from the quality of
the optical surfaces in the imaging system. The former is much more difficult to control. The
phase images have less noise than the amplitude image, and one can readily discern the index
variation over the nucleus as it is done for an onion cell.
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In this article [8] a number of experimental results has been presented that reveal the effec‐
tiveness of digital holography in high-resolution biological microscopy. In particular, phase-
imaging digital holography offers a highly sensitive and versatile means to measure and
monitor optical path variations. The authors have offered biological microscopy by two-
wavelength phase-imaging digital holography and proposed its extension to three-wave‐
length phase imaging for longer axial ranges with undiminished resolution.

Jeong, K. et al. [9] show that coherence-gated digital holography detects motility as deep as 10
optical thickness lengths inside tissue. This opens prospects to use motility as a contrast agent
when imaging at depths inaccessible to conventional motility assay approaches. Coherence-
gated digital holography is an interferometric imaging approach that measures motility with
displacement sensitivity below a fraction of a wavelength, over a macroscopic lateral field of
view up to 1 mm. Motility at depth appears in real-time holograms as dynamic speckle.
Furthermore, the authors define a motility metric based on the coefficient of intensity variance
per pixel that becomes a novel imaging contrast agent. The authors demonstrate that the
motility metric enables direct visualization of the effect of cytoskeletal anti-cancer drugs on
tissue inside its natural three-dimensional environment, allowing measurements of tissue and
cellular response to drugs. The reconstructed en face image of the rat tumor spheroid is striking.
The rat osteogenic sarcoma tumor spheroids are grown in vitro in a rotating bioreactor. The
spheroids may be grown up to several mm in diameter, and thus are large enough to simulate
the thickness of different mammalian tissue. As tumor spheroids are cultured, they undergo
cell apoptosis and necrosis in their center and so consist of an inner necrotic core with low
activity and an outer shell with a thickness of 100 to 200 μm of viable proliferating cells with
high motility. The speckle images of the tumor spheroids shimmer due to motility in tissue,
and statistical properties of the dynamic speckle are obtained by capturing successive images
at a fixed depth.

A method of quantitative phase microscopy with asynchronous digital holography has been
suggested by Chalut K. J. et al. [10]. An essential requirement that must be met to apply a phase
microscopy system to imaging the dynamics of live cells is that the system can acquire
quantitative phase images of the sample at a high rate (>100 Hz). Although modern CCDs are
capable of >100 Hz image acquisition rates, multiple interferograms are often necessary to
extract the phase information, which reduces the acquisition rate considerably. Additionally,
if multiple inteferograms are used, they must be recorded fast enough so that instabilities in
the system and the dynamics of the cells themselves do not vary appreciably during acquisi‐
tion. The authors [10] demonstrated that the system is capable of obtaining quantitative phase
measurements on millisecond time scales. The inclusion of acousto-optic modulators in each
arm of the interferometer permits to use phase-shifting interferometry. The system is innova‐
tive in the field of digital holography, because the phase shift is easily evaluated, which greatly
simplifies the experimental setup. In addition, the algorithm requires only two phase-shifted
interferograms, compared to the usual 4 interferograms required in most phase shifting
algorithms. A potential increase in speed can be realized by utilizing frame transfer CCD
devices, which can record two images on a microsecond time scale. By transferring frames
without reading them out, the latency between two interferograms is greatly reduced and the
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standard and widely used techniques of phase contrast (PhC) and differential interference
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underwater DIHM version, they use the same elements contained in a submersible
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2. Maximum information: a single hologram contains all the information about the 3D
structure of the object. A set of multiple holograms can be properly added to provide
information about 4D trajectories of samples.
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be obtained easily with both versions.

4. Simplicity of sample preparation: this is mainly true for biological samples, because no
sectioning or staining is required, so that living cells and specimens can be observed in
depth. Indeed, for the underwater DIHM, there is no sample preparation at all, and real-
time information of living organisms can be retrieved.

It is shown [7] that high-resolution tracking of many particles in 4D can be obtained from just
one difference hologram. Since resolution of the order of a wavelength of the light has been
achieved with DIHM, tracking of organisms as small as bacteria is possible, as would be the
motion of plankton in water or, at lower resolution, the trajectories of flying insects. DIHM
can also be used on macroscopic biological specimens, prepared by standard histological
procedures, as for a histological section of the head of the fruit fly, Drosophila melanogaster. Such
images reveal the structure of the pigmented compound eye and different neuropile regions
of the brain within the head cuticle, including the optic neuropiles underlying the compound
eye. DIHM, with its inherent capability of obtaining magnified images of objects, unlike
conventional off-axis holography, is therefore a powerful new tool for a large variety of
research fields.

The optical arrangement described by Parshall D. et al. [8] provides a straightforward means
for high-resolution holographic microscopic imaging. There is no need for elaborate processing
such as magnification by using a reconstruction wavelength that is compared with the
recording wavelength, which inevitably introduces aberration, or using an aperture array in
front of the camera and scanning it to artificially increase the CCD resolution. Also the phase
image appears less noisy than the amplitude image. The amplitude image reflects the intensity
variations in the reference wave, whereas the phase noise comes mostly from the quality of
the optical surfaces in the imaging system. The former is much more difficult to control. The
phase images have less noise than the amplitude image, and one can readily discern the index
variation over the nucleus as it is done for an onion cell.
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In this article [8] a number of experimental results has been presented that reveal the effec‐
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imaging digital holography offers a highly sensitive and versatile means to measure and
monitor optical path variations. The authors have offered biological microscopy by two-
wavelength phase-imaging digital holography and proposed its extension to three-wave‐
length phase imaging for longer axial ranges with undiminished resolution.

Jeong, K. et al. [9] show that coherence-gated digital holography detects motility as deep as 10
optical thickness lengths inside tissue. This opens prospects to use motility as a contrast agent
when imaging at depths inaccessible to conventional motility assay approaches. Coherence-
gated digital holography is an interferometric imaging approach that measures motility with
displacement sensitivity below a fraction of a wavelength, over a macroscopic lateral field of
view up to 1 mm. Motility at depth appears in real-time holograms as dynamic speckle.
Furthermore, the authors define a motility metric based on the coefficient of intensity variance
per pixel that becomes a novel imaging contrast agent. The authors demonstrate that the
motility metric enables direct visualization of the effect of cytoskeletal anti-cancer drugs on
tissue inside its natural three-dimensional environment, allowing measurements of tissue and
cellular response to drugs. The reconstructed en face image of the rat tumor spheroid is striking.
The rat osteogenic sarcoma tumor spheroids are grown in vitro in a rotating bioreactor. The
spheroids may be grown up to several mm in diameter, and thus are large enough to simulate
the thickness of different mammalian tissue. As tumor spheroids are cultured, they undergo
cell apoptosis and necrosis in their center and so consist of an inner necrotic core with low
activity and an outer shell with a thickness of 100 to 200 μm of viable proliferating cells with
high motility. The speckle images of the tumor spheroids shimmer due to motility in tissue,
and statistical properties of the dynamic speckle are obtained by capturing successive images
at a fixed depth.

A method of quantitative phase microscopy with asynchronous digital holography has been
suggested by Chalut K. J. et al. [10]. An essential requirement that must be met to apply a phase
microscopy system to imaging the dynamics of live cells is that the system can acquire
quantitative phase images of the sample at a high rate (>100 Hz). Although modern CCDs are
capable of >100 Hz image acquisition rates, multiple interferograms are often necessary to
extract the phase information, which reduces the acquisition rate considerably. Additionally,
if multiple inteferograms are used, they must be recorded fast enough so that instabilities in
the system and the dynamics of the cells themselves do not vary appreciably during acquisi‐
tion. The authors [10] demonstrated that the system is capable of obtaining quantitative phase
measurements on millisecond time scales. The inclusion of acousto-optic modulators in each
arm of the interferometer permits to use phase-shifting interferometry. The system is innova‐
tive in the field of digital holography, because the phase shift is easily evaluated, which greatly
simplifies the experimental setup. In addition, the algorithm requires only two phase-shifted
interferograms, compared to the usual 4 interferograms required in most phase shifting
algorithms. A potential increase in speed can be realized by utilizing frame transfer CCD
devices, which can record two images on a microsecond time scale. By transferring frames
without reading them out, the latency between two interferograms is greatly reduced and the
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quantitative phase imaging frame rate is then nearly the frame rate of the camera, of the order
of 100 Hz. It is demonstrated, with a red blood cell sample, and a smooth muscle cell sample,
that this system is capable of obtaining quantitative phase images of live cells.

Kemper, B. & von Bally, G. [11] carried out an analysis of living pancreas tumor cells (Pa‐
tu8988T) to reveal the prospective of digital holographic microscopy for the visualization of
drug induced morphology changes. The authors exposed the tumor cells to an anticancer drug
(Taxol). Digital holograms of selected cells were recorded continuously every 120 s over 16 h
in a temperature stabilized environment with an inverse digital holographic microscopy setup.
DHM has clearly shown that Taxol first induces morphological changes as cell rounding that
effects an increase in cell thickness. Afterward, for all the specimens, the final cell collapse is
detected precisely by a significant decrease of the phase contrast. The authors also demonstrate
that the subsequent numerical focus adjustment reduces unwrapping artifacts that are caused
by diffraction patterns in the defocused phase contrast images. For investigation of suspension
cells this feature is of particular advantage because cells in different focal planes can be
investigated by the evaluation of a single captured hologram. The results show that digital
holographic phase contrast microscopy can be applied for quantitative long-term observation
of living cells. The studies show new ways for marker-free dynamic monitoring of cell
morphology changes to access new parameters, e.g., for quantitative observation of the time-
dependent reactions of cells to drugs. In addition, for investigation of cells, the scattering
properties of the cell culture medium and the optical quality of the cell handling equipment
(e.g., glass carrier, coverslip, or Petri dishes) must be considered. In summary, the presented
results demonstrate that digital holographic microscopy can be applied for noncontact,
marker-free, and quantitative phase contrast imaging. The method allows a high resolution
multifocus reconstruction of amplitude and phase data from a single recorded digital holo‐
gram. It enables hologram capture time in the millisecond range. The hologram acquisition
rate is limited by the digital recording device.

A phase-imaging technique to quantitatively study the three-dimensional structure of cells is
presented by Khmaladze A. et al. [12]. The method, based on the simultaneous dual-wave‐
length digital holography, allows for higher axial range at which the phase imaging can be
performed. The technique is capable of nanometer axial resolution. The method compares
favorably to software unwrapping, as the technique does not produce non-existent phase
steps. Curvature mismatches between the reference and an object beam is numerically
compensated. The 3D images of SKOV-3 ovarian cancer cells are presented. The measurements
of the optical thickness of cells can then be performed. One also needs to make an assumption
of the cells refractive index, which is taken to be 1.375. While it may not be possible to precisely
determine the refractive index of the cell at each individual point, this number is always close
to the refractive index of water and unlikely to deviate by more than a few percent. As a result,
the accuracy and the level of details of the dual-wavelength images of cells, presented here,
are superior to what has been previously demonstrated. In comparison to the software
unwrapping, dual-wavelength optical unwrapping method is advantageous, as it requires no
intensive computation procedures and can handle complex phase topologies. The proposed
method of curvature correction is simple and effective to easily implement the experiment
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without the microscope objectives in the reference arms of the Michelson interferometer. This
greatly simplifies the optical setup and makes it much easier to achieve the initial adjustments
of the apparatus. Simultaneous dual wavelength setup utilized together with the angular
spectrum algorithm provides an easy way to acquire single frame images in real time, which
can be used to study cell migration.

Langehanenberg P. et al. [13] propose autofocusing in digital holographic phase contrast
microscopy on pure phase objects for live cell imaging. Common passive optical autofocus
techniques are based on axial scanning of the image space by mechanical adjustment of a lens
element or a stage to find the maximum image definition. In digital holography, this scanning
process is performed numerically by variation of the propagation distance in the convolution-
based propagation. The main task in passive autofocusing is the determination and maximi‐
zation of the image sharpness. Pure phase objects with negligible absorption such as technical
reflective specimens or biological cells are sharply focused at the setting with the least contours
in the amplitude distributions. In contrast to the bright-field case, in digital holography this
setting is of particular interest, as the amplitude and phase distributions are accessible
simultaneously, and the focal setting with the least-contrasted amplitude image corresponds
to the best-resolved structures in the quantitative phase contrast distribution. Four numerical
methods are compared in order to identify best autofocus method for application in digital
holographic microscopy.

Remmersmann C. et al. [14] present research for the optimization of a temporal phase-shifting
(TPS) - based digital holographic microscopy setup. In order to enable a phase-shift-dependent
investigation a variable three-step algorithm is applied. First, the phase error of the recon‐
structed object wave is evaluated theoretically. In a second step the results obtained from the
calculations are compared to the measured phase noise. Finally, the applicability for noise
reduction is demonstrated by quantitative phase contrast imaging of a pancreas tumor cell
sample. Theoretical and experimental investigations on phase errors in temporal phase-
shifting-based digital holographic reconstruction have been performed in order to minimize
the noise within the reconstructed object wave. Coherent as well as partially coherent light
sources were applied and compared. The application example of LED and laser-based digital
holographic microscopy on fixed pancreas tumor cells demonstrates that disturbances in the
reconstructed amplitude and phase distributions due to multiple reflections within the
experimental setup can be effectively reduced by partially coherent light sources.

Choi Y. S. and Lee S. J. [15] apply digital holographic microscopy (DHM) for three-dimensional
volumetric measurement of red blood cells in motion. Currently, various particle image
velocimetry (PIV) measurement techniques have been applied to numerous hemorheological
studies. Standard PIV methods provide two-dimensional (2D) planar information confined in
a thin depth of field. Holography is capable of recording 3D volumetric field information in a
single hologram. The recent development of digital holography enables the volumetric
measurement of particle fields without the use of any chemical or physical processes. In this
technique, a digital hologram of the particles distributed in a flow is directly recorded digitally.
The 3D flow information can be subsequently obtained through the numerical reconstruction
and the particle tracking procedure. The authors applied DHM to measure the 3D motion of
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quantitative phase imaging frame rate is then nearly the frame rate of the camera, of the order
of 100 Hz. It is demonstrated, with a red blood cell sample, and a smooth muscle cell sample,
that this system is capable of obtaining quantitative phase images of live cells.

Kemper, B. & von Bally, G. [11] carried out an analysis of living pancreas tumor cells (Pa‐
tu8988T) to reveal the prospective of digital holographic microscopy for the visualization of
drug induced morphology changes. The authors exposed the tumor cells to an anticancer drug
(Taxol). Digital holograms of selected cells were recorded continuously every 120 s over 16 h
in a temperature stabilized environment with an inverse digital holographic microscopy setup.
DHM has clearly shown that Taxol first induces morphological changes as cell rounding that
effects an increase in cell thickness. Afterward, for all the specimens, the final cell collapse is
detected precisely by a significant decrease of the phase contrast. The authors also demonstrate
that the subsequent numerical focus adjustment reduces unwrapping artifacts that are caused
by diffraction patterns in the defocused phase contrast images. For investigation of suspension
cells this feature is of particular advantage because cells in different focal planes can be
investigated by the evaluation of a single captured hologram. The results show that digital
holographic phase contrast microscopy can be applied for quantitative long-term observation
of living cells. The studies show new ways for marker-free dynamic monitoring of cell
morphology changes to access new parameters, e.g., for quantitative observation of the time-
dependent reactions of cells to drugs. In addition, for investigation of cells, the scattering
properties of the cell culture medium and the optical quality of the cell handling equipment
(e.g., glass carrier, coverslip, or Petri dishes) must be considered. In summary, the presented
results demonstrate that digital holographic microscopy can be applied for noncontact,
marker-free, and quantitative phase contrast imaging. The method allows a high resolution
multifocus reconstruction of amplitude and phase data from a single recorded digital holo‐
gram. It enables hologram capture time in the millisecond range. The hologram acquisition
rate is limited by the digital recording device.

A phase-imaging technique to quantitatively study the three-dimensional structure of cells is
presented by Khmaladze A. et al. [12]. The method, based on the simultaneous dual-wave‐
length digital holography, allows for higher axial range at which the phase imaging can be
performed. The technique is capable of nanometer axial resolution. The method compares
favorably to software unwrapping, as the technique does not produce non-existent phase
steps. Curvature mismatches between the reference and an object beam is numerically
compensated. The 3D images of SKOV-3 ovarian cancer cells are presented. The measurements
of the optical thickness of cells can then be performed. One also needs to make an assumption
of the cells refractive index, which is taken to be 1.375. While it may not be possible to precisely
determine the refractive index of the cell at each individual point, this number is always close
to the refractive index of water and unlikely to deviate by more than a few percent. As a result,
the accuracy and the level of details of the dual-wavelength images of cells, presented here,
are superior to what has been previously demonstrated. In comparison to the software
unwrapping, dual-wavelength optical unwrapping method is advantageous, as it requires no
intensive computation procedures and can handle complex phase topologies. The proposed
method of curvature correction is simple and effective to easily implement the experiment
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without the microscope objectives in the reference arms of the Michelson interferometer. This
greatly simplifies the optical setup and makes it much easier to achieve the initial adjustments
of the apparatus. Simultaneous dual wavelength setup utilized together with the angular
spectrum algorithm provides an easy way to acquire single frame images in real time, which
can be used to study cell migration.

Langehanenberg P. et al. [13] propose autofocusing in digital holographic phase contrast
microscopy on pure phase objects for live cell imaging. Common passive optical autofocus
techniques are based on axial scanning of the image space by mechanical adjustment of a lens
element or a stage to find the maximum image definition. In digital holography, this scanning
process is performed numerically by variation of the propagation distance in the convolution-
based propagation. The main task in passive autofocusing is the determination and maximi‐
zation of the image sharpness. Pure phase objects with negligible absorption such as technical
reflective specimens or biological cells are sharply focused at the setting with the least contours
in the amplitude distributions. In contrast to the bright-field case, in digital holography this
setting is of particular interest, as the amplitude and phase distributions are accessible
simultaneously, and the focal setting with the least-contrasted amplitude image corresponds
to the best-resolved structures in the quantitative phase contrast distribution. Four numerical
methods are compared in order to identify best autofocus method for application in digital
holographic microscopy.

Remmersmann C. et al. [14] present research for the optimization of a temporal phase-shifting
(TPS) - based digital holographic microscopy setup. In order to enable a phase-shift-dependent
investigation a variable three-step algorithm is applied. First, the phase error of the recon‐
structed object wave is evaluated theoretically. In a second step the results obtained from the
calculations are compared to the measured phase noise. Finally, the applicability for noise
reduction is demonstrated by quantitative phase contrast imaging of a pancreas tumor cell
sample. Theoretical and experimental investigations on phase errors in temporal phase-
shifting-based digital holographic reconstruction have been performed in order to minimize
the noise within the reconstructed object wave. Coherent as well as partially coherent light
sources were applied and compared. The application example of LED and laser-based digital
holographic microscopy on fixed pancreas tumor cells demonstrates that disturbances in the
reconstructed amplitude and phase distributions due to multiple reflections within the
experimental setup can be effectively reduced by partially coherent light sources.

Choi Y. S. and Lee S. J. [15] apply digital holographic microscopy (DHM) for three-dimensional
volumetric measurement of red blood cells in motion. Currently, various particle image
velocimetry (PIV) measurement techniques have been applied to numerous hemorheological
studies. Standard PIV methods provide two-dimensional (2D) planar information confined in
a thin depth of field. Holography is capable of recording 3D volumetric field information in a
single hologram. The recent development of digital holography enables the volumetric
measurement of particle fields without the use of any chemical or physical processes. In this
technique, a digital hologram of the particles distributed in a flow is directly recorded digitally.
The 3D flow information can be subsequently obtained through the numerical reconstruction
and the particle tracking procedure. The authors applied DHM to measure the 3D motion of
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human red blood cells (RBCs) in a microtube flow. DHM requires only a pair of particle
hologram images to get complete 3D flow information and this is of great advantage in motion
analysis of individual blood cells. The viability and uncertainty of the established DHM system
in the detection of 3D RBC position were evaluated by a planar test target. The position in
depth of a RBC was located by applying focus functions that quantify the sharpness of its
reconstructed image. Five focus functions were evaluated to find the suitable function that
provides minimum uncertainty. Finally, the sample trajectories as well as the 3D velocity
profiles of RBCs inside the microtube flow are presented and the measurement uncertainties
are discussed.

Warnasooriya N. et al. [16] captured pictures of gold nanoparticles in living cell environments
using heterodyne digital holographic microscopy. With recent developments in the fields of
nanotechnology and modern optical microscopy, the use of nanometric particles as biomarkers
in biological specimens has been rapidly increased. The paper describes an imaging micro‐
scopic technique based on heterodyne digital holography where subwavelength-sized gold
colloids can be imaged in cell environments. Surface cellular receptors of 3T3 mouse fibroblasts
were labeled with 40 nm gold nanoparticles, and the biological specimen is imaged in a total
internal reflection configuration with holographic microscopy. Due to a higher scattering
efficiency of the gold nanoparticles versus that of cellular structures, accurate localization of
a gold marker is obtained within a 3D mapping of the entire sample’s scattered field, with a
lateral precision of 5 nm and 100 nm in the x,y and in the z directions respectively, demon‐
strating the ability of holographic microscopy to locate nanoparticles in living cell environ‐
ments. However, in order to apply these techniques to biological specimens, important issues
must be considered. In biological samples, the particle holographic signal is superimposed
with the light scattered by cell refractive index fluctuations, which yields a speckle field. This
paper studies the possibility of 3D holographic imaging in a biological context. Since the cell-
scattered speckle field cannot be avoided, it is important for future cell labeling applications,
to scale the particle signal with respect to the scattered speckle. The authors show that the
amplitude of the 40 nm gold particle signal is much larger than the cell-scattered field. NIH
3T3 mouse fibroblasts are used (quoted as 3T3 cells) with integrin surface receptors labeled
with 40 nm gold particles. Streptavidin-coated gold nanoparticles were attached to the cell
surface integrin receptors via biotin and fibronectin proteins. Fibronectin proteins were labeled
with biotin. The illumination source is a single-mode near infrared laser diode. A polarizing
beam splitter cube (PBS) is used to split the original illumination laser light into two beams, a
reference beam and an object illumination beam forming the two arms of a Mach- Zehnder
interferometer. A CCD camera detects the interference pattern (hologram) and sends it to a
computer. The hologram is then reconstructed numerically. Using a parabolic approximation
for the local field, the location of the gold particle can be calculated by fitting the data points
that are above half maximum. The accuracy of the measurement made by this method is ±5
nm in the x and y directions. The authors show that the acquisition of a single image is sufficient
to localize in 3D the nanoparticle within a 90 micrometer thick sample, with localization
accuracy similar to that obtained in conventional light microscopy. This method provides
significant progress towards the development of 3D microscopy in living cell environments,
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since the 3D reconstruction of such a thick sample by conventional light microscopy would
require the acquisition of a stack of hundreds of slices.

The traction force produced by biological cells has been visualized by Yu X. et al. [17].
Quantitative phase microscopy by digital holography (DH-QPM) has been utilized to study
the wrinkling of a silicone rubber film by motile fibroblasts. Surface deformation and the
cellular traction force have been measured from phase profiles in a direct and straightforward
manner. DH-QPM is shown to provide highly efficient and versatile means for quantitatively
analyzing cellular motility. The traction force has been measured as ~4 × 10−3 dyn/cell based
on the degree of wrinkling determined from phase information. Fourier transformation and
the angular spectrum methods were applied to the complex hologram obtained to calculate
the phase-contrast, dark-field, Zernike and differential interference contrast (DIC) images. The
basic principles of DH have been applied to quantitative imaging of wrinkles on silicone rubber
due to cell adhesion and motility. The approach is sensitive to cellular forces and it can detect
and quantify variations in force within the adhesion area of a cell over time. DH-QPM is shown
to be an effective approach for measuring the traction forces of cells. A time-lapse phase movie
of the migration of cells was recorded every 3 min over a period of 2 hours. The traction force
for NHDFs is a factor of five smaller than for chick heart fibroblast cited in literature. This is a
substantial achievement in the quantitative profiling of substrate deformation and wrinkling
under cellular traction force achieved by the quantitative phase microscopy of digital holog‐
raphy.

3. Digital in-line holographic microscopy for life science applications at the
Agricultural University Plovdiv

A digital in-line holographic microscope (DIHM) was developed at the Agricultural University
of Plovdiv. The light source is 20 mW He-Ne laser. The emerging spherical wave illuminates
the object, and the hologram is recorded on a CCD sensor and stored in a computer.

Polariser LaserPinholeObject
CCD sensor

Figure 1. Optical setup of the digital in-line holographic microscope
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DIHM was applied to visualise live algae cells of two different species (Pseudokirchneriella
subcapitata and Chlorella vulgaris) without any preliminary preparation. Digital reconstruction
of the recorded interference patterns is performed using the “HoloVision 2.2” software [18].

Figure 2 and Figure 3 show the holograms and the reconstructed intensities to represent the
object. Four wavefront intensities of each digital hologram (2a and 2b) are reconstructed at
different consecutive planes with the distance between them changing by 2 μm. The recon‐
structed intensities illustrate the possibility of observation of different layers in a live cell
obtained from one digital hologram only. In that way many cuts of one live object can be done
and observed from one hologram of the whole object.

These experiments illustrate the capability of DHM for non-invasively visualizing and
quantifying biological cells and tissues. That’s why DHM can be successfully used for:

• cell counting

• measuring cell viability directly in the cell culture

• label-free viability analysis of adherent cell cultures etc.

Figure 2. Images of algae Pseudokirchneriella subcapitata: a) digital hologram; b-e) the wavefront intensity at four
consecutive planes with the distance between them changing by 2 μm; f – image from electron microscope
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Clearly, DIHM is capable of visualising live cells with dimensions 5 – 10 μm without any
preliminary preparation. It can be applied to dynamic quantitative visualisation of live cell
deformations to study their interactions with other particles as well as the surrounding
environment. This makes the DIHM a valuable technique for many life science applications.
Further development of the technique is envisaged in order to overcome the limited pixel
resolution of a CCD sensor, which is the major drawback of DIHM at present.

Figure 3. Images of algae Chlorella vulgaris: a) digital hologram; b-e) the wavefront intensity at four consecutive
planes with the distance between them changing by 2 μm; f – image from electron microscope

Figure 4 and Figure 5 present digital holograms of algae cells Pseudokirchneriella subcapitata and
Chlorella vulgaris taken at different stages of their life cycle and the reconstructed intensities of
these holograms. The cells morphology is visible on the images showing the reconstructed
intensities.

These experiments illustrate the capability of DHM for:

• label free morphology analysis of cells

• label free studies of cell division and migration

• label-free analysis of subcellular motion in living tissues etc.
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By combining several images reconstructed from the same digital hologram, but at different
focal planes, an increased depth of field can be obtained, which is vastly superior to the depth
of field achieved with traditional light microscopy.

(a) (b) 

) 

(c) (d) 

(e) (f) 

Figure 4. Images of algae Pseudokirchneriella subcapitata, approximately 10 μm in a sickle: a) digital hologram of two
days old cells; b) the wavefront intensity of a) c) digital hologram of 4 days old cells; d) the wavefront intensity of c) e)
digital hologram of 9 days old cells; f) the wavefront intensity of e).
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Figure 5. Images of algae Chlorella vulgaris, approximately 3 μm in diameter: a) digital hologram of two days old cells;
b) the wavefront intensity of a) c) digital hologram of 4 days old cells; d) the wavefront intensity of c) e) digital holo‐
gram of 9 days old cells; f) the wavefront intensity of e).

4. Conclusion

DIHM imaging is very advanced method because digital holography yields a 3D volume image
from a single interferogram capture. This makes the development of a dynamic microscope
capable of fast 3D imaging an achievable objective.
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The attractive features of DHM are: a very high acquisition rate (limited only by the video
acquisition frequency), monitoring of physiological and pathological activity of cell and tissue
culture, non contact, non destructive, marker free in vivo imaging.

DIHM is capable of label free morphology analysis of cells and label free studies of cell division
and migration. It is a very attractive technique for application in biological research and in the
agricultural science. Other life science and medical applications are also envisaged.

Further development of this technique will involve the use of lasers with shorter wavelength
and CCD cameras with higher resolution. These developments will allow the application of
DIHM for study of cell features having dimensions below 100 nm.

The work on the development of the Digital In-line Holographic Microscope was financially
supported by the Agricultural University of Plovdiv.
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1. Introduction

Digital holographic microscopy (DHM) is an emerging high-resolution imaging technique
that offers real-time imaging and quantitative measurements of physiological parameters
without any staining or labeling of cells. The first DHM images of living cells were obtained
8-10 years ago [1, 2]. Analysis of human hepatocytes showed that DHM was a versatile tool
for in vivo cell analysis by using quantitative amplitude and phase-contrast imaging with
very high resolution [1]. Another study showed that the quantitative distribution of the opti‐
cal path length created by transparent specimens contained information concerning both
morphology and refractive index of the observed mouse cortical neurons [2]. This could on‐
ly be measured by DHM and not by phase contrast and Nomarski’s differential interference
contrast (DIC) microscopy. In addition, the high sensitivity of these phase-shift measure‐
ments enables sub-wavelength axial accuracy, offering attractive possibilities for the visuali‐
zation of cellular dynamics.

Since the first studies on living cells were performed, DHM 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 and
sperm cells [3-18].

The phase shift caused by cells is dependent on the amount of nonaqueus material, which
affects the refractive index [19]. Thus, changes in cellular water concentration will dilute or

© 2013 Alm et al.; licensee InTech. This is an open access article 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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ments enables sub-wavelength axial accuracy, offering attractive possibilities for the visuali‐
zation of cellular dynamics.

Since the first studies on living cells were performed, DHM 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 and
sperm cells [3-18].

The phase shift caused by cells is dependent on the amount of nonaqueus material, which
affects the refractive index [19]. Thus, changes in cellular water concentration will dilute or
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concentrate the nonaqueus material resulting in phase shift changes. Jourdain et al., exploit‐
ed this in a study of water fluxes in neurons elicited by stimulation of glutamate receptors in
cultures of cortical neurons isolated from mouse embryos [17]. Glutamate receptor stimula‐
tion results in neuronal depolarization with a rapid Na+, Ca+ and Cl- and concomitantly wa‐
ter inflow. Using DHM they found three types of glutamate-induced phase shifts in
individual neurons. They also showed that one of these phase shifts resulted in cell death.
The role of the two cotransporters NKCC1 and KCC2 was also investigated. These phase
shifts were only found in older cultures of neurons but not in young neuronal cultures,
which was correlated to the expression of glutamate receptors. Kemper et al., presented a
set-up for DHM and algorithms for digital holographic reconstruction, which they used to
investigate the shape of three human pancreatic duct adenocarcinoma cell lines [3]. By com‐
paring scanning electron microscopy with DHM, they concluded that DHM gives fast and
reliable results on live cell morphology. They also used DHM to investigate cellular dynam‐
ic changes taking place during 3 minutes after addition of an actin cytoskeleton-disrupting
toxin, showing distinct changes in the cellular refractive index correlating with cell collapse.

There are several diseases where the number of immature red blood cells (reticulocytes) in‐
creases. The determination of reticulocyte numbers requires staining with different markers,
thus, noninvasive methods would yield faster results. Mihailescu et al., recently developed a
code for automated simultaneous individual label free cell image separation using DHM to
distinguish between reticulocytes and mature erythrocytes [13]. Red blood cells are imaged
as donut-like structures using DHM [5] and the obtained data can be used to calculate eryth‐
rocyte volume. Hemoglobin is the main nonaqueus material in erythrocytes which causes a
phase shift. The resulting phase signal can be directly related to the mean corpuscular hemo‐
globin [20]. Rappaz et al., showed that DHM could in fact be used to calculate the mean cor‐
puscular hemoglobin concentration of erythrocytes [5]. Similar results have also been
presented by Jin et al. [14].

Sperm morphology has been identified as a characteristic that can be useful in the prediction
of fertilizing capacity. Recently it has been shown that DHM can be used to monitor the
structure and composition of sperm heads [11-12] and that there can be significant differen‐
ces between individuals [12]. The data are interesting and should stimulate further research
into the use of DHM in assessing fertility.

A new tool for the study of bacterial-cell interaction has been described very recently, such
as adherence and invasion, which is an interesting application in order to advance diagnos‐
tic tools for evaluating infection scenarios [15]. Holographic optical tweezers were used to
select, move and align multiple rod shaped Bacillus subtilis DB 630 on top of human pancre‐
atic ductal adenocarcinoma cells and the interaction were subsequently monitored with off-
axis DHM. The authors were able to reproduce the alignment of bacteria on the cell surface
with very high accuracy, while bacterial morphology and viability remained unaffected.

Excitingly, a portable holographic pixel super-resolution lens-free on-chip microscope has
been developed to be used in remote locations, for the purpose of monitoring and diag‐
nosing pathogens in samples such as blood and water [21]. The 95 g microscope features
less  than 1 μm resolution over a  wide field-of  view of  ~24 mm2.  A digital  sensor-array
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acquires holograms and pixel super-resolution algorithm post-processing yields high res‐
olution images with retained wide field-of  view.  A digital  micro-processor that  enables
step-wise  LED illumination for  lens-free  transmission holograms was employed for  this
purpose.  Reconstructed holograms of  the human malaria  parasite Plasmodium falciparum
in smears showed that infected red blood cells can be identified using a combination of
amplitude and phase images.

A key feature of DHM is the ability to study cell morphological changes associated with dif‐
ferentiation. In a recent study, Chalut and colleagues set out to investigate the physical
changes that are associated with cellular differentiation [22]. They used a rapidly differenti‐
ating sub-line of human promyelocytic leukemic cell line HL-60, HL-60/S4, which were in‐
duced to differentiate into various mature blood cells; neutrophils, monocytes and
macrophages. As shown by off-axis DHM and confocal microscopy, neutrophil and mono‐
cyte differentiation displayed a decrease in overall refractory index and a change in the dis‐
tribution of cellular material towards the nucleus, hence these cells were becoming less
dense during differentiation. On the contrary, macrophage differentiation showed no
change in the distribution pattern of cellular material, although overall refractory index in‐
creased. Moreover, the use of a laser trap technique, optical stretching, showed that neutro‐
phils and monocytes became more compliant (soft), while macrophages became stiffer after
just one day of differentiation. The study shows that DHM together with optical stretching
can be used as novel approach to monitor and distinguish cellular differentiation of myeloid
precursor cells.

The common denominator of all these described studies is that DHM is used to analyze the
morphology of living cells in a way that is automatic, cost efficient and causes the cells no
harm. Moreover, the method will contribute with large amounts of cell data in a high
throughput manner.

2. Cell death and DHM

The balance between cell growth and controlled cell death is very crucial for many phys‐
iological processes such as embryogenesis, differentiation,  in the immune system and in
diseases  such  as stroke,  heart  failure  and neurodegeneration  [23]. Cells  can  die in  two
ways in vertebrates, either by cell disintegration, necrosis, or by a process of program‐
med cell  death,  apoptosis,  that  play a central  role in development and homeostasis.  On
the contrary, necrosis is a fast induction of cell death that induces an inflammatory re‐
sponse. Late necrosis is characterized by extensive DNA hydrolysis, organelle break‐
down, and finally cell lysis. Morphologically, dying cells differ from viable cells in many
ways. Apoptosis begins  with  a  variety  of  morphological  alterations:  cell  membrane
changes such as loss of membrane asymmetry and attachment, cell  shrinkage, formation
of small blebs, nuclear fragmentation, chromatin condensation, chromosomal DNA frag‐
mentation and finally the cell breaks into several apoptotic bodies [24]. One of the earli‐
est  indications  of  apoptosis is the translocation  of  the  membrane  phospholipid
phosphatidylserine (PS) to the outside of the plasma membrane [25].
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concentrate the nonaqueus material resulting in phase shift changes. Jourdain et al., exploit‐
ed this in a study of water fluxes in neurons elicited by stimulation of glutamate receptors in
cultures of cortical neurons isolated from mouse embryos [17]. Glutamate receptor stimula‐
tion results in neuronal depolarization with a rapid Na+, Ca+ and Cl- and concomitantly wa‐
ter inflow. Using DHM they found three types of glutamate-induced phase shifts in
individual neurons. They also showed that one of these phase shifts resulted in cell death.
The role of the two cotransporters NKCC1 and KCC2 was also investigated. These phase
shifts were only found in older cultures of neurons but not in young neuronal cultures,
which was correlated to the expression of glutamate receptors. Kemper et al., presented a
set-up for DHM and algorithms for digital holographic reconstruction, which they used to
investigate the shape of three human pancreatic duct adenocarcinoma cell lines [3]. By com‐
paring scanning electron microscopy with DHM, they concluded that DHM gives fast and
reliable results on live cell morphology. They also used DHM to investigate cellular dynam‐
ic changes taking place during 3 minutes after addition of an actin cytoskeleton-disrupting
toxin, showing distinct changes in the cellular refractive index correlating with cell collapse.

There are several diseases where the number of immature red blood cells (reticulocytes) in‐
creases. The determination of reticulocyte numbers requires staining with different markers,
thus, noninvasive methods would yield faster results. Mihailescu et al., recently developed a
code for automated simultaneous individual label free cell image separation using DHM to
distinguish between reticulocytes and mature erythrocytes [13]. Red blood cells are imaged
as donut-like structures using DHM [5] and the obtained data can be used to calculate eryth‐
rocyte volume. Hemoglobin is the main nonaqueus material in erythrocytes which causes a
phase shift. The resulting phase signal can be directly related to the mean corpuscular hemo‐
globin [20]. Rappaz et al., showed that DHM could in fact be used to calculate the mean cor‐
puscular hemoglobin concentration of erythrocytes [5]. Similar results have also been
presented by Jin et al. [14].

Sperm morphology has been identified as a characteristic that can be useful in the prediction
of fertilizing capacity. Recently it has been shown that DHM can be used to monitor the
structure and composition of sperm heads [11-12] and that there can be significant differen‐
ces between individuals [12]. The data are interesting and should stimulate further research
into the use of DHM in assessing fertility.

A new tool for the study of bacterial-cell interaction has been described very recently, such
as adherence and invasion, which is an interesting application in order to advance diagnos‐
tic tools for evaluating infection scenarios [15]. Holographic optical tweezers were used to
select, move and align multiple rod shaped Bacillus subtilis DB 630 on top of human pancre‐
atic ductal adenocarcinoma cells and the interaction were subsequently monitored with off-
axis DHM. The authors were able to reproduce the alignment of bacteria on the cell surface
with very high accuracy, while bacterial morphology and viability remained unaffected.

Excitingly, a portable holographic pixel super-resolution lens-free on-chip microscope has
been developed to be used in remote locations, for the purpose of monitoring and diag‐
nosing pathogens in samples such as blood and water [21]. The 95 g microscope features
less  than 1 μm resolution over a  wide field-of  view of  ~24 mm2.  A digital  sensor-array
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acquires holograms and pixel super-resolution algorithm post-processing yields high res‐
olution images  with  retained wide field-of  view.  A digital  micro-processor  that  enables
step-wise  LED illumination for  lens-free  transmission holograms was employed for  this
purpose.  Reconstructed holograms of  the  human malaria  parasite  Plasmodium falciparum
in smears showed that infected red blood cells can be identified using a combination of
amplitude and phase images.

A key feature of DHM is the ability to study cell morphological changes associated with dif‐
ferentiation. In a recent study, Chalut and colleagues set out to investigate the physical
changes that are associated with cellular differentiation [22]. They used a rapidly differenti‐
ating sub-line of human promyelocytic leukemic cell line HL-60, HL-60/S4, which were in‐
duced to differentiate into various mature blood cells; neutrophils, monocytes and
macrophages. As shown by off-axis DHM and confocal microscopy, neutrophil and mono‐
cyte differentiation displayed a decrease in overall refractory index and a change in the dis‐
tribution of cellular material towards the nucleus, hence these cells were becoming less
dense during differentiation. On the contrary, macrophage differentiation showed no
change in the distribution pattern of cellular material, although overall refractory index in‐
creased. Moreover, the use of a laser trap technique, optical stretching, showed that neutro‐
phils and monocytes became more compliant (soft), while macrophages became stiffer after
just one day of differentiation. The study shows that DHM together with optical stretching
can be used as novel approach to monitor and distinguish cellular differentiation of myeloid
precursor cells.

The common denominator of all these described studies is that DHM is used to analyze the
morphology of living cells in a way that is automatic, cost efficient and causes the cells no
harm. Moreover, the method will contribute with large amounts of cell data in a high
throughput manner.

2. Cell death and DHM

The balance between cell growth and controlled cell death is very crucial for many phys‐
iological  processes such as embryogenesis,  differentiation,  in the immune system and in
diseases  such  as  stroke,  heart  failure  and  neurodegeneration  [23].  Cells  can  die  in  two
ways in  vertebrates,  either  by  cell  disintegration,  necrosis,  or  by  a  process  of  program‐
med cell  death,  apoptosis,  that  play a central  role in development and homeostasis.  On
the contrary,  necrosis  is  a  fast  induction of  cell  death that  induces an inflammatory re‐
sponse.  Late  necrosis  is  characterized  by  extensive  DNA  hydrolysis,  organelle  break‐
down, and finally cell lysis. Morphologically, dying cells differ from viable cells in many
ways.  Apoptosis  begins  with  a  variety  of  morphological  alterations:  cell  membrane
changes such as loss of membrane asymmetry and attachment, cell  shrinkage, formation
of small  blebs,  nuclear fragmentation,  chromatin condensation,  chromosomal DNA frag‐
mentation and finally the cell breaks into several apoptotic bodies [24]. One of the earli‐
est  indications  of  apoptosis  is  the  translocation  of  the  membrane  phospholipid
phosphatidylserine (PS) to the outside of the plasma membrane [25].
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The most commonly used assays to differentiate between viable and non-viable cells today
are trypan blue and propidium iodide, both laborious and time-consuming methods. Khma‐
ladze and colleagues used DHM to measure, with high time and volume resolution and in
real-time, cell volume changes induced by apoptosis [26]. Adherent human epithelial KB
cells were treated with 1 - 2 μM staurosporine for 4 hours (h). By measuring the phase
change of light passing through cells, an early stage morphological feature of apoptosis
were observed in treated cells - a marked decrease in cell volume. These observations were
consistent with previous studies using standard population-based techniques. The ability to
analyze individual cells in a given cell population by using DHM was successfully demon‐
strated, as individual treatment-induced cell responses could be monitored. Moreover, with
the high time resolution that can be obtained using DHM, one can also study initial cell re‐
sponses. Accordingly, the authors did indeed note time-dependent fluctuations in cell vol‐
ume, which increased in the earlier phases of treatment.

Excessive stimulation of neurotransmitters through addition of L-glutamate was used to in‐
duce cell death in primary cultures of mouse cortical neurons [16]. Cell volume regulation
was monitored by DHM phase response, which allowed the researchers to estimate in a
very short time-frame, if a neuronal cell would survive or die. By varying the concentration
and exposure time of glutamate, the authors could identify reversible phase responses corre‐
sponding to phase recovery though an efficient ionic homeostasis. Moreover, they could al‐
so observe irreversible phase responses, indicating a constant change of intracellular ionic
homeostasis, related to cell volume regulation alterations and suggested as a marker of glu‐
tamate induced cell death in neurons. By monitoring the phase shift, the authors were also
able to distinguish nuclear condensation and “blebbing” induced by treatment which could
indicate that cells were apoptotic rather than necrotic. Importantly, cells recognized within
minutes by their DHM phase signal as unable to regulate their ionic homeostasis, were only
several hours later identified as dead by trypan blue staining.

3. The technique

As opposed to traditional microscopy imaging, DHM is a technique that does not directly
result in cell images. Instead, the technique measures the effects on light exerted by a cell.
Light that has passed through the cell, and which is affected by the cell, is combined with
identical light that has bypassed the cell (Figure 1). This results in the formation of an inter‐
ference pattern, which is captured by a sensor. From this interference pattern a computer
can reconstruct the object (e.g. a cell) that caused the pattern. The creation and capture of an
interference pattern requires very low light intensity, thus making the system free from pho‐
to toxicity [27].

As the objects are reconstructed in the computer, focusing does not need to be as exact as
when capturing cell images directly. The interference pattern, which is the base of the image
reconstruction, enables the computer to collect object data from a series of focal planes com‐
prising a calculation span. If the object is within the calculation span, the computer will be
able to reconstruct a focused object.
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Figure 1. A digital holographic setup. (A) A laser beam is split into two identical beams. One beam passes through an
object (in this case the cells) while the other beam travels undisturbed. (B) The two beams are merged again and fo‐
cused on a camera sensor. (C) The sensor will capture an interference image which is. (D) A computer algorithm recon‐
structs the objects, which in this figure are L929 mouse fibroblast cells. (E) As the reconstruction will give 3D-
information, 3D-images can be displayed.

The transmission of light can be compared to the transmission of waves over water. The
waves come with different heights and with different intervals. The intensity of light is de‐
termined by the height of the light-wave, called the amplitude of the wave. The color of light
is determined by the distances between the wave tops, called the wave-length. The human
eye can detect the intensity of the light and its color. An additional characteristic of light is
of importance, namely in which phase of the light wave the light is detected. In light from a
laser source, all light-waves are produced synchronously and simultaneously, i.e. they are
coherent and all waves are in the same phase. Regular sunlight on the other hand is non-
coherent as the light-waves are not synchronized but come with various patterns of devia‐
tion resulting in differences in the phases of the light waves. The human eye cannot detect
whether light is coherent or non-coherent.
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The most commonly used assays to differentiate between viable and non-viable cells today
are trypan blue and propidium iodide, both laborious and time-consuming methods. Khma‐
ladze and colleagues used DHM to measure, with high time and volume resolution and in
real-time, cell volume changes induced by apoptosis [26]. Adherent human epithelial KB
cells were treated with 1 - 2 μM staurosporine for 4 hours (h). By measuring the phase
change of light passing through cells, an early stage morphological feature of apoptosis
were observed in treated cells - a marked decrease in cell volume. These observations were
consistent with previous studies using standard population-based techniques. The ability to
analyze individual cells in a given cell population by using DHM was successfully demon‐
strated, as individual treatment-induced cell responses could be monitored. Moreover, with
the high time resolution that can be obtained using DHM, one can also study initial cell re‐
sponses. Accordingly, the authors did indeed note time-dependent fluctuations in cell vol‐
ume, which increased in the earlier phases of treatment.

Excessive stimulation of neurotransmitters through addition of L-glutamate was used to in‐
duce cell death in primary cultures of mouse cortical neurons [16]. Cell volume regulation
was monitored by DHM phase response, which allowed the researchers to estimate in a
very short time-frame, if a neuronal cell would survive or die. By varying the concentration
and exposure time of glutamate, the authors could identify reversible phase responses corre‐
sponding to phase recovery though an efficient ionic homeostasis. Moreover, they could al‐
so observe irreversible phase responses, indicating a constant change of intracellular ionic
homeostasis, related to cell volume regulation alterations and suggested as a marker of glu‐
tamate induced cell death in neurons. By monitoring the phase shift, the authors were also
able to distinguish nuclear condensation and “blebbing” induced by treatment which could
indicate that cells were apoptotic rather than necrotic. Importantly, cells recognized within
minutes by their DHM phase signal as unable to regulate their ionic homeostasis, were only
several hours later identified as dead by trypan blue staining.

3. The technique

As opposed to traditional microscopy imaging, DHM is a technique that does not directly
result in cell images. Instead, the technique measures the effects on light exerted by a cell.
Light that has passed through the cell, and which is affected by the cell, is combined with
identical light that has bypassed the cell (Figure 1). This results in the formation of an inter‐
ference pattern, which is captured by a sensor. From this interference pattern a computer
can reconstruct the object (e.g. a cell) that caused the pattern. The creation and capture of an
interference pattern requires very low light intensity, thus making the system free from pho‐
to toxicity [27].

As the objects are reconstructed in the computer, focusing does not need to be as exact as
when capturing cell images directly. The interference pattern, which is the base of the image
reconstruction, enables the computer to collect object data from a series of focal planes com‐
prising a calculation span. If the object is within the calculation span, the computer will be
able to reconstruct a focused object.
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Figure 1. A digital holographic setup. (A) A laser beam is split into two identical beams. One beam passes through an
object (in this case the cells) while the other beam travels undisturbed. (B) The two beams are merged again and fo‐
cused on a camera sensor. (C) The sensor will capture an interference image which is. (D) A computer algorithm recon‐
structs the objects, which in this figure are L929 mouse fibroblast cells. (E) As the reconstruction will give 3D-
information, 3D-images can be displayed.

The transmission of light can be compared to the transmission of waves over water. The
waves come with different heights and with different intervals. The intensity of light is de‐
termined by the height of the light-wave, called the amplitude of the wave. The color of light
is determined by the distances between the wave tops, called the wave-length. The human
eye can detect the intensity of the light and its color. An additional characteristic of light is
of importance, namely in which phase of the light wave the light is detected. In light from a
laser source, all light-waves are produced synchronously and simultaneously, i.e. they are
coherent and all waves are in the same phase. Regular sunlight on the other hand is non-
coherent as the light-waves are not synchronized but come with various patterns of devia‐
tion resulting in differences in the phases of the light waves. The human eye cannot detect
whether light is coherent or non-coherent.
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If light passes through an object that can absorb light, the amplitude will decrease and thus
the intensity decreases. If light passes through an optically dense object, the light will be de‐
layed, and the phase of the light will shift. Using digital holography it is possible to measure
the shifts in the phases of light.

As the reconstructed holographic cell images are based on the phase shifts of the light, it is
easier to quantify cell characteristics. The area is obtained from the total number of pixels
covering the cell being imaged. By determining the edge, the shape of the cell can be dis‐
closed. The shift in the phase of light that occurs when the light passes though the cell can be
translated into cellular thickness. The phase shift is related to optical path length and the
wavelength of the light. As a consequence, the optical path length is directly correlated to
the thickness and the refractory index of the cell. In short, if the phase shift is measured and
the wavelength of the light as well as the refractive index of the cell is known, the thickness
of the cell can be calculated. Lastly, the volume of the cell can be calculated from the area
and the thickness. In other words, DHM enables its user to quantify cellular characteristics
without causing photo toxicity. Moreover, as mechanical focusing does not need to be exact,
DHM makes time-lapse studies more convenient.

4. Quantitative imaging of cell morphology

4.1. Cell division

Cells reproduce by division in a process called mitosis. All cells go through a series of well-
documented stages, which are the same for all cells except for egg and sperm cells. The du‐
ration of each stage however, differs between cell types and is also due to the environmental
conditions and external and internal growth signals.

We have studied the morphology of an individual cell division over time using DHM (Holo‐
Monitor M3, Phase Holographic Imaging AB, PHIAB, Lund, Sweden). The pancreatic can‐
cerous cells, PanC-1 (ATCC CRL-1469), were grown on a IBIDI-micro slide (IBIDI,
Martinsried, Germany) in their normal growth medium during the entire study and the mi‐
cro slide was placed on a heating plate (IBIDI) to retain 37°C. A time-lapse movie was creat‐
ed with one capture taken every 5 minutes for 72 h in total, and thereafter one cell was
selected for a morphological study, which spanned over 24 h.

In Figure 2, the selected cell is presented as an artificially colored image. The 12 individual
sequence images represent a time span of 24 h, starting at 5 h and ending at 29 h within the
total time lapse. After the division of the mother cell, the two daughter cells were followed
in the study.

The first three images show how the mother cell rounds up and organizes its chromatin. The
"white bar" on top of the cell at time point 12 h 45 min corresponds to the chromatin just
before the separation of the two sets of genes. Twenty minutes later (at time point 13 h 05
min) there are two distinct sets of chromosomes moving away from each other. Seen at the
same time point is a small elongation of the cell as it continues its path of mitosis. The next
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three images spanning over two hours show how the cell continues the separation of its two
sets of chromosomes leading to further elongation, until the cell has become two cells. The
daughter cells are still connected to each other via their outer membranes, but are clearly
two individual cells. Finally the cells adopt the appearance of mature cells. The spreading
out of the daughter cells is not synchronized as the daughter cell to the left in the image
spreads out at 17 h 25 min and the right daughter cell at 29 h.

From the vast amount of morphological parameters stored for the cell in each image, we
chose here to analyze the change in cell area, average optical thickness and cell volume of
the mother cell (red) and daughter cells (black and blue, respectively) over time (Figure 3).
The cell area for the mother cell decreases markedly, whereas the thickness increases until
mitosis. The two daughter cells, on the other hand, show increasing cell area and decreasing
thickness. The volume for all cells is relatively uniform (Figure 3).

Pan et al., [28] have exemplified the technique by studying the effects of microgravity-in‐
duced bone-loss by using DHI for long-term studies on dividing living cells in culture. A
DHM was connected to a superconducting magnet for observing cell division in real-time in
living cells under conditions of simulated zero gravity. A large gradient high magnetic field
was used to achieve magnetic levitation of murine MLO-Y4 osteocytes inside the bore of a
superconducting magnet. A mixed gravity environment inside the bore was achieved which
enabled environments with both hypo- as well as hyper-gravity. Quantitative phase contrast
images were recorded from cells subjected to zero gravity for a total period of 10 h. Pixel
intensity profiles were obtained from recorded phase images. Significant changes in cell di‐
vision and cell optical thickness was observed under varying gravity conditions, which the
authors believe to be caused by microgravity induced reorganization of cell structures such
as cytoskeleton, cytosol and organelles.

4.2. Cell death

Cell  death  can  be  categorized  as  apoptosis,  necrosis  or  as  stages  in  between  [23-24,
29-30]. Here we show two different types of cell death as detected with DHM (HoloMo‐
nitor M3, Phase Holographic Imaging AB, PHIAB, Lund, Sweden). DU145 prostate can‐
cer  cells and L929  mouse  fibroblasts  were  seeded on IBIDI-micro slides  (IBIDI,
Martinsried, Germany). After 24 h of incubation, the cells were treated with 50 μM eto‐
poside. The cells were followed from the beginning of treatment and images were cap‐
tured every four minutes using the HoloMonitor M3. The cells were kept at 37°C with a
heating plate (IBIDI).

DU145 cells contracted, became dense and rounded up after approximately 4 h of treat‐
ment (Figure 4). Then the cells became very uneven and approximately 5.5 h (i.e. 330 mi‐
nutes) after the beginning of etoposide treatment, the cells fragmented. Interestingly, the
remnants of the cell  body contracted into a smaller cell-like structure that resembled an
apoptotic body. The fragmentation of the cell is a classic hallmark of apoptosis [30].
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If light passes through an object that can absorb light, the amplitude will decrease and thus
the intensity decreases. If light passes through an optically dense object, the light will be de‐
layed, and the phase of the light will shift. Using digital holography it is possible to measure
the shifts in the phases of light.

As the reconstructed holographic cell images are based on the phase shifts of the light, it is
easier to quantify cell characteristics. The area is obtained from the total number of pixels
covering the cell being imaged. By determining the edge, the shape of the cell can be dis‐
closed. The shift in the phase of light that occurs when the light passes though the cell can be
translated into cellular thickness. The phase shift is related to optical path length and the
wavelength of the light. As a consequence, the optical path length is directly correlated to
the thickness and the refractory index of the cell. In short, if the phase shift is measured and
the wavelength of the light as well as the refractive index of the cell is known, the thickness
of the cell can be calculated. Lastly, the volume of the cell can be calculated from the area
and the thickness. In other words, DHM enables its user to quantify cellular characteristics
without causing photo toxicity. Moreover, as mechanical focusing does not need to be exact,
DHM makes time-lapse studies more convenient.

4. Quantitative imaging of cell morphology

4.1. Cell division

Cells reproduce by division in a process called mitosis. All cells go through a series of well-
documented stages, which are the same for all cells except for egg and sperm cells. The du‐
ration of each stage however, differs between cell types and is also due to the environmental
conditions and external and internal growth signals.

We have studied the morphology of an individual cell division over time using DHM (Holo‐
Monitor M3, Phase Holographic Imaging AB, PHIAB, Lund, Sweden). The pancreatic can‐
cerous cells, PanC-1 (ATCC CRL-1469), were grown on a IBIDI-micro slide (IBIDI,
Martinsried, Germany) in their normal growth medium during the entire study and the mi‐
cro slide was placed on a heating plate (IBIDI) to retain 37°C. A time-lapse movie was creat‐
ed with one capture taken every 5 minutes for 72 h in total, and thereafter one cell was
selected for a morphological study, which spanned over 24 h.

In Figure 2, the selected cell is presented as an artificially colored image. The 12 individual
sequence images represent a time span of 24 h, starting at 5 h and ending at 29 h within the
total time lapse. After the division of the mother cell, the two daughter cells were followed
in the study.

The first three images show how the mother cell rounds up and organizes its chromatin. The
"white bar" on top of the cell at time point 12 h 45 min corresponds to the chromatin just
before the separation of the two sets of genes. Twenty minutes later (at time point 13 h 05
min) there are two distinct sets of chromosomes moving away from each other. Seen at the
same time point is a small elongation of the cell as it continues its path of mitosis. The next
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three images spanning over two hours show how the cell continues the separation of its two
sets of chromosomes leading to further elongation, until the cell has become two cells. The
daughter cells are still connected to each other via their outer membranes, but are clearly
two individual cells. Finally the cells adopt the appearance of mature cells. The spreading
out of the daughter cells is not synchronized as the daughter cell to the left in the image
spreads out at 17 h 25 min and the right daughter cell at 29 h.

From the vast amount of morphological parameters stored for the cell in each image, we
chose here to analyze the change in cell area, average optical thickness and cell volume of
the mother cell (red) and daughter cells (black and blue, respectively) over time (Figure 3).
The cell area for the mother cell decreases markedly, whereas the thickness increases until
mitosis. The two daughter cells, on the other hand, show increasing cell area and decreasing
thickness. The volume for all cells is relatively uniform (Figure 3).

Pan et al., [28] have exemplified the technique by studying the effects of microgravity-in‐
duced bone-loss by using DHI for long-term studies on dividing living cells in culture. A
DHM was connected to a superconducting magnet for observing cell division in real-time in
living cells under conditions of simulated zero gravity. A large gradient high magnetic field
was used to achieve magnetic levitation of murine MLO-Y4 osteocytes inside the bore of a
superconducting magnet. A mixed gravity environment inside the bore was achieved which
enabled environments with both hypo- as well as hyper-gravity. Quantitative phase contrast
images were recorded from cells subjected to zero gravity for a total period of 10 h. Pixel
intensity profiles were obtained from recorded phase images. Significant changes in cell di‐
vision and cell optical thickness was observed under varying gravity conditions, which the
authors believe to be caused by microgravity induced reorganization of cell structures such
as cytoskeleton, cytosol and organelles.

4.2. Cell death

Cell  death  can  be  categorized  as  apoptosis,  necrosis  or  as  stages  in  between  [23-24,
29-30]. Here we show two different types of cell death as detected with DHM (HoloMo‐
nitor M3, Phase Holographic Imaging AB, PHIAB, Lund, Sweden).  DU145 prostate can‐
cer  cells  and  L929  mouse  fibroblasts  were  seeded  on  IBIDI-micro  slides  (IBIDI,
Martinsried, Germany).  After 24 h of incubation, the cells were treated with 50 μM eto‐
poside.  The cells  were followed from the beginning of  treatment and images were cap‐
tured every four minutes using the HoloMonitor M3. The cells were kept at 37°C with a
heating plate (IBIDI).

DU145 cells contracted, became dense and rounded up after approximately 4 h of treat‐
ment (Figure 4). Then the cells became very uneven and approximately 5.5 h (i.e. 330 mi‐
nutes) after the beginning of etoposide treatment, the cells fragmented. Interestingly, the
remnants of the cell  body contracted into a smaller cell-like structure that resembled an
apoptotic body. The fragmentation of the cell is a classic hallmark of apoptosis [30].
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Figure 2. Twelve selected images representing a dividing PanC-1 pancreatic cancer cell from a DHM time-lapse. The
image sequence represents 24 h. The images were artificially colored. Note that the interval between the selected im‐
ages varies, showing the different morphological features of the mitotic events that occur at various rates. As seen in
upper part, the mother cell rounds up, the chromatin separates followed by the total division and finally, in the lower
part, the two daughter cells achieve the morphology of a mature adherent cell.
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Figure 3. Cell area, thickness and volume define the division of a PanC-1 pancreatic cancer cell into two daughter
cells. The mother cell (red) divides after 905 minutes (X-axis, 15 h 05 min) and the values for the daughter cells (left
cell: black, right cell: blue) are shown at the subsequent time points.
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0 h 4 min 2 h 36 min 

3 h 56 min 4 h 56 min 

5 h 20 min 5 h 40 min 

5 h 56 min 7 h 40 min 

Figure 4. A dying DU145 prostate cancer cell. DHM images were captured every four minutes from the beginning of
etoposide treatment (50 µM). The green arrows point to a cell, which starts the death process by contracting marked‐
ly. The cell then becomes uneven, and breaks apart. The cell death process displays the hallmarks of apoptosis and the
cell remnants are gathered in a structure similar to an apoptotic body.
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Figure 5. Cell area, thickness and volume changes during etoposide-induced cell death in DU145 cells. The diagrams
show how the area, thickness and volume of the DU145 cell in Figure 4 vary over time. The X-axis shows the time after
treatment in minutes and the Y-axis shows the measuring units.

When using DHM, each cell can be analyzed regarding morphology. The morphological
analysis of the DU145 cell death shown in Figure 4 is displayed in Figure 5. The area of the
cell steadily decreased as the cell contracted and rounded up. The cell reached a maximum
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Figure 5. Cell area, thickness and volume changes during etoposide-induced cell death in DU145 cells. The diagrams
show how the area, thickness and volume of the DU145 cell in Figure 4 vary over time. The X-axis shows the time after
treatment in minutes and the Y-axis shows the measuring units.

When using DHM, each cell can be analyzed regarding morphology. The morphological
analysis of the DU145 cell death shown in Figure 4 is displayed in Figure 5. The area of the
cell steadily decreased as the cell contracted and rounded up. The cell reached a maximum
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thickness after approximately 4 h (240 min). The cell volume peaked after approximately 3.5
h, i.e. somewhat later than the thickness, and before the cell fragmented.

The L929 cells behaved very differently. Some cells in this culture started dying within
hours of treatment, and others started to die several hours later (Figure 6). The individual
cell we followed in this study, started to contract approximately 14 h after treatment (i.e. 840
minutes). Approximately 50 minutes later, the cell content had become much less optically
dense and the cell displayed a morphology that we have previously observed in dead cells
(unpublished). After further incubation, the cell remnants became thinner and thinner, and
eventually disappeared, as seen in the image where the surrounding cells turn into small
cell remnants. The death process was similar for all cells in this sample. It has previously
been shown that L929 cell death can take very different forms depending on treatment [31].

The morphological analysis of the L929 cell death shown in Figure 6 is displayed in Figure 7.
After 14 h and 10 minutes (850 minutes) as the cell started to contract, the area decreased
and the thickness increased. Thereafter the thickness and volume decreased while the area
increased. The dead cell was very thin and large before it started to break down into frag‐
ments. The nucleus first condensed and then slowly disintegrated. This particular cell death
did not show any of the hallmarks of apoptosis, but rather those of necrosis. We have not
confirmed our results with other methods.

13 h 50 min 14 h 30 min 

14 h 36 min 14 h 40 min 

Figure 6. A dying L929 mouse fibroblast cell. Images have been captured every four minutes from the beginning of
etoposide (50µM) treatment. The green arrows point to a cell, which starts the death process by contracting slightly.
Optically, the cell content becomes thin and finally the cell remnants start to dissolve. The cell death process displays
the hallmarks of necrosis.
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The possibility to compare morphological data from individual cells makes it feasible to de‐
termine the proportion of dead cells in a culture by capturing an image. If the cells are fol‐
lowed with a timelapse, it is possible to determine the course of cell death, but also to
determine the type of cell death.
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Figure 7. The diagrams show how the area, thickness and volume of the L929 cell in Figure 6 vary over time. The X-
axis shows the time after treatment in minutes and the Y-axis shows the measuring units.
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increased. The dead cell was very thin and large before it started to break down into frag‐
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13 h 50 min 14 h 30 min

14 h 36 min 14 h 40 min

Figure 6. A dying L929 mouse fibroblast cell. Images have been captured every four minutes from the beginning of
etoposide (50µM) treatment. The green arrows point to a cell, which starts the death process by contracting slightly.
Optically, the cell content becomes thin and finally the cell remnants start to dissolve. The cell death process displays
the hallmarks of necrosis.

Holography – Basic Principles and Contemporary Applications346

The possibility to compare morphological data from individual cells makes it feasible to de‐
termine the proportion of dead cells in a culture by capturing an image. If the cells are fol‐
lowed with a timelapse, it is possible to determine the course of cell death, but also to
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Figure 7. The diagrams show how the area, thickness and volume of the L929 cell in Figure 6 vary over time. The X-
axis shows the time after treatment in minutes and the Y-axis shows the measuring units.
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5. Conclusion

We present a method to study the morphology of living, dividing and dying cells using
DHM. DHM is a non-invasive, non-destructive and non-phototoxic method which allows
the user to perform both qualitative and quantitative measurements of living cells over time.

We show here our results on cell division and cell death in single cells. The morphological
analyses performed here show changes caused by cell death and cell division, and indicate
the possibilities to discriminate between different types of cell death. Cells dying in an apop‐
tosis-like manner display different cell area and cell thickness profiles over time compared
to cells dying in a necrosis-like manner, although their volume profiles are very similar. Di‐
viding cells show a characteristic dip in the volume profile, which makes them easily distin‐
guishable. Also, several previous studies show the versatile abilities of DHM. Different cell
types have been studied and the morphology has been used to determine cell functionality
as well as changes in morphology related to the environment. Cell morphology parameters
can be very useful when following the effects of different treatments, the process of differen‐
tiation as well as cell growth and cell death. Cell morphology studied by DHM can be useful
in toxicology, stem cell and cancer research.

Further research

Several research groups are now using DHM for cell biological studies. A future goal might
be to use the morphological analysis ability of DHM as a fast, automatic, and cost efficient
evaluation tool for different cancer treatments. This could make it possible to classify cells
and to determine cell morphology and differentiation, cell proliferation, cellular changes of
cells transfected with DNA or siRNA, cell death and effects on cell movement, all in a high
throughput manner. The traditional methods to detect proteins by cell labelling are all dis‐
ruptive to the cells both due to the labelling methods and to the photo toxicity caused by the
detection methods such as fluorescence microscopy, flow cytometry and multi-well assays.
To increase the scope of digital holography it would be useful to develop cell labels that can
be detected in a non-invasive, non-destructive way.
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1. Introduction

The light that crosses a biological material can contains phase (refractive), amplitude (absorp‐
tion) and optical activity (state of polarization) information about the material itself. Bright-
field microscopy is an invaluable tool for observation of biological material, and microscopists
utilize the intensity data either naturally present in the sample or introduced by staining.
Differential staining is a complex process enabling certain structures to be distinguished from
others, yet staining is not always appropriate for living cells, or for materials that do not absorb
the stain. In these cases, phase contrast microscopy is necessary.

Several methods are available to render phase structure visible. Among the numerous
modalities of contrast enhancing techniques that have been developed for non-invasive
visualization of unstained transparent specimens, phase contrast (PhC), initially proposed by
Zernike as a means of image contrast method (Zernike, 1942a,1942b) as well as Nomarski’s
differential interference contrast (DIC) (Nomarski, 1955), are available for high-resolution light
microscopy (Pluta, 1988) and are widely used in biology. These two contrast techniques allow
transforming phase information into amplitude or intensity modulation, which can be detected
by photosensitive media. Unlike the PhC and DIC microscopy techniques, interferometric
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techniques present the great advantage of yielding quantitative measurements of parameters,
including the phase distribution produced by transparent specimens.

Digital holography (DH) has several features that make it an interesting alternative to
conventional microscopy. These features include an improved focal depth, possibility to
generate 3D images and phase contrast images (Buraga-Lefebre et al., 2000; Seebacher et al.,
2001; Xu et al., 2001). The technique of DH has been implemented in a configuration of an
optical microscope (Schilling et al., 1997). The objective lens produces a magnified image of
the object and the interference between this image and the reference beam is achieved by the
integration of the microscope to one of the arms of a Mach–Zender interferometer. The
interference pattern is recorded by a digital camera. This configuration is called Digital
Holographic Microscopy (DHM).

DHM has been demonstrated in many applications as in observation of biological samples
(Popescu et al., 2004; Palacios et al., 2005; Kim, 2010, Ricardo et al., 2011), living cells analysis
(Carl, 2004; Kemper et al., 2006) and cell death detection (Pavillon et al., 2012) because most
biological samples are phase objects. Emery (Emery et al., 2007) applied DHM to dynamic
investigation of natural and stimulated morphological changes associated with chemical,
electrical or thermal stimulation. Hu (Hu et al., 2011), performed a quantitative research with
gastric cancer cells in different periods of cell division under marker-free condition in real-
time. DHM technique also allows implementing processing methods to perform phase contrast
imaging (Cuche et al., 1999), besides possessing unique advantages as non-destructive and
non-invasive analysis.

DH with an off-axis configuration has also been applied for polarization imaging by using
orthogonally polarized reference waves (Colomb et al., 2002; Colomb et al., 2004). The
advantages of DH over the other polarimetries are its relatively simple optical system without
any rotating optics and its adaptability to three dimensional objects due to numerical focusing
(Nomura et al., 2007). Polarization microscopy can reveal inner structures of cells without the
need of contrast agents, and it is possible to give access to intrinsic information about their
morphology and dynamics through the phase change quantification in these microscopic
structures. An associated technique which uses the phase information for studying the state
of polarization of live neurons in culture was developed by (Wang et al., 2008). However,
according to recent publications, the Holographic Microscopy for polarization imaging
(Polarization Holographic Microscopy, PHM), has been poorly applied to biological specimens
analysis but only to fiber optics (Colomb et al., 2005), polymers (Colomb et al., 2002) and other
inorganic materials (Tishko et al., 2012). This demonstrates the need of studies using this
method for new applications viewing the biomedical field. Besides, in general, the main goal
in the applications of DHM, considering the polarization or not, have been to describe methods
of calculations of the DHM technique itself. In this study we intend to enlarge the scope of the
application considering the specificities that should be kept in mind for a correct application
of the DHM technique to biological sample.

In this chapter, is demonstrated a comparative study between image contrast of different types
of biological samples using traditional optical microscopy techniques (OM) and the holo‐
graphic techniques, with polarization (PHM) and the classical one (DHM), showing the
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advantages of the holographic methods in visualization and analysis of microscopic structures.
Besides, the staining influence in quality of phase and intensity image reconstruction is
discussed. An additional study of birefringence and dichroism of anisotropic samples is
developed in this chapter, using also traditional methods compared with the holographic
polarization technique, being this study of major importance for the inner structure and
composition analysis of a variety of biological objects.

2. Experimental set-up and methodology

In this work comparisons between the results obtained with classical techniques of optical
microscopy and digital holographic microscopy are shown. In figure 1, the experimental set-
up used in this work integrates both techniques.

Figure 1. Experimental setup used in this work. In the next items are discussed the symbols.

The optical design allows the implementation of different classical techniques of optical
microscopy and recording of single and polarization digital hologram. The same area of the
sample is analyzed with classical techniques of optical microscopy using a mercury lamp as
the light source. Single and polarization holograms are obtained with a solid state laser
combined with an interferometric setup.
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2.1. Classical techniques of optical microscopy

2.1.1. Differential polarization microscopy

Figure 2, shows optical setup for differential polarization microscopy (DPM).

Figure 2. Differential Polarization Microscope. Light source is a mercury lamp, M3 is a mirror, C is the condenser sys‐
tem of the light beam, F is an interferential filter, P2 is a polarizer, S is the sample, MO is the objective lens and CCD is
the digital capture device.

The dichroism images ID can be reconstructed from the digital information. It is the quotient
of the transmitted intensity difference by the sum of them,

||

||
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^

^
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I|| is the intensity of the light beam polarized parallel to a reference direction α and I⊥ is the
intensity of the light beam polarized perpendicular to α.

To obtain information about orientation and and the average amount of aligned molecules, it
is necessary to measure the ratio of the intensities transmitted with polarized perpendicular
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to α, given in Eq. (1). Two linear differential images are used to perform the numerical image
construction dependent of the molecule orientation.

2.1.2. Bright and polarization microscopy

Using the experimental setup of figure 2 the bright-field image is capture as the intensity of
the light beam that crosses throughout the sample without using any polarizing element in
light pathway. For polarization microscopy the polarizer P3 is inserted in the light path with
orthogonal polarization with respect to the polarizer P2.

2.2. Digital holographic microscopy techniques

The Digital Holographic Microscopy has two steps to obtain the reconstructed wavefield, the
recording and reconstruction of the digital hologram.

2.2.1. Recording of single digital hologram

Figure 3 shows the experimental set-up used for recording a single digital hologram. It is a
Digital Holographic Microscope designed for transmission imaging with transparent sample.

Figure 3. Experimental set-up: EF&BE, beam filter and expander; BS, beam splitter (the splitting ratio of BS1 and BS2
are 10/90 and 50/50 respectively); M, mirror; MO, microscope objective; S, sample; HWP, half wave plate; CCD, digital
camera.
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The basic architecture is that of a Mach-Zehnder interferometer. A linearly polarized solid state
laser (Excelsior, λ=532 nm and 150 mW of power) is used as the light source. The expanded
beam from the laser is divided by the beam splitter BS1 into reference and object beams. The
microscope produces a magnified image of the object and the hologram plane is located
between the microscope objective MO and the image plane (x’-y’) which is at a distance d’ from
the recording hologram plane (ξ-η). In digital holographic microscopy we can consider the
object wave emerging from the magnified image and not from the object itself (VanLigten &
Osterberg, 1966).

With the combinations of the HWP1, HWP2 and the polarizers P1 and P2 the intensities are
adjusted in the reference arm and the object arm of the interferometer and the same polariza‐
tion state is also guaranteed for both arms improving their interference. The specimen S is
illuminated by a plane wave and a microscope objective, that produces a wave front called
object wave Eo, collects the transmitted light. A condenser, not shown, is used to concentrate
the light or focus the light in order that the entire beam passes into the MO, and in this case
the wave front is spherical. At the exit of the interferometer the two beams are combined by
beam splitter BS2 being formed at the CCD plane the interference pattern between the object
wave Eo and the reference wave ER1, which is recorded as the hologram of intensity IH(ξ,η),

IH (ξ, η) = | Eo | 2 + | ER1 | 2 + ER1
* *Eo + ER1Eo

* (2)

where ER1
*  and Eo

* are the complex conjugates of the reference and object waves, respectively.
The two first terms form the zero-order, the third and fourth terms are respectively the virtual
(or conjugate image) and real image, which correspond to the interference terms. The off-axis
geometry is considered; for this reason the mirror M2, which reflects the reference wave, is
oriented so that the reference wave reaches the CCD camera with a small incidence angle with
respect to the propagation direction of the object wave. A digital hologram is recorded by the
CCD camera HDCE-10 with 1024x768 square pixels of size 4.65 μm, and transmitted to the
computer by means of the IEEE 1394 interface. The digital hologram IH(j,l) is an array of M x
N = 1024 x 768 8-bit-encoded numbers that results from the two-dimensional sampling of IH(j,l)
by the CCD camera,

IH ( j, l) = IH (ξ, η)rect
ξ

L x
,

η
L y

∑
j=−M /2

M /2
∑

l=−N /2

N /2
δ(ξ - jΔξ, η - lΔη) (3)

where j, l are integers defining the positions of the hologram pixels and Δξ = Δη = 4.65 μm
defines the sampling intervals in the hologram plane.

2.2.2. Recording of the polarization hologram

The experimental configuration for recording of polarization holograms is shown in figure 4.
It is a Polarization Holographic Microscope (PHM) for the study of linear dichroism and
birefringence of transparent samples.
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Figure 4. Schematic diagram of the Polarization Holographic Microscope for the study of linear dichroism and bire‐
fringence (symbology described in the text).

The experimental setup is composed by two Mach-Zender interferometers that form two
reference beams ER1 and ER2, with orthogonal polarization directions between each other, which
interfere in the CCD camera with an object wave Eo in an off-axis geometry. As a light source
a solid state laser with wavelenght of 532 nm and 150 mW of power is used. For samples that
have some type of anisotropy, the state of polarization of the electric field Eo is different of the
state of polarization of the incident electric field Eoin. The formation of the two reference waves
in an architecture of a Mach-Zender interferometer ensures that these beams have the same
optical path, becoming this an experimental novelty with respect to schemes reported in the
literature. The polarized beam splitter (PBS) generates two beams with orthogonal states of
polarization as reference waves; this orthogonality avoids any interference among then.

For studies of linear dichroism and birefringence, the polarizer P2 imposes a 45° of polariza‐
tion, with respect to reference wave polarization, to the Eoin wavefront that illuminates the
object S. To maintain the linear polarization of the references waves ER1 and ER2 and incident
electric field Eoin the fast axis of the quarter wave plates (QWP1, QWP2 and QWP3) are aligned
parallel (α=β=δ=0º) with respect to the polarization states of the respective waves. For studies
of circular dichroism and birefringence, over the sample, a circularly polarized light is incident.
The polarization of the wave which illuminates the sample S is controlled by the quarter-wave
plate QWP1, according to the waveplate’s fast axis angle α relative to the polarizer transmission

Phase and Polarization Contrast Methods by Use of Digital Holographic Microscopy: Applications to Different…
http://dx.doi.org/10.5772/54022

359



The basic architecture is that of a Mach-Zehnder interferometer. A linearly polarized solid state
laser (Excelsior, λ=532 nm and 150 mW of power) is used as the light source. The expanded
beam from the laser is divided by the beam splitter BS1 into reference and object beams. The
microscope produces a magnified image of the object and the hologram plane is located
between the microscope objective MO and the image plane (x’-y’) which is at a distance d’ from
the recording hologram plane (ξ-η). In digital holographic microscopy we can consider the
object wave emerging from the magnified image and not from the object itself (VanLigten &
Osterberg, 1966).

With the combinations of the HWP1, HWP2 and the polarizers P1 and P2 the intensities are
adjusted in the reference arm and the object arm of the interferometer and the same polariza‐
tion state is also guaranteed for both arms improving their interference. The specimen S is
illuminated by a plane wave and a microscope objective, that produces a wave front called
object wave Eo, collects the transmitted light. A condenser, not shown, is used to concentrate
the light or focus the light in order that the entire beam passes into the MO, and in this case
the wave front is spherical. At the exit of the interferometer the two beams are combined by
beam splitter BS2 being formed at the CCD plane the interference pattern between the object
wave Eo and the reference wave ER1, which is recorded as the hologram of intensity IH(ξ,η),

IH (ξ, η) = | Eo | 2 + | ER1 | 2 + ER1
* *Eo + ER1Eo

* (2)

where ER1
*  and Eo

* are the complex conjugates of the reference and object waves, respectively.
The two first terms form the zero-order, the third and fourth terms are respectively the virtual
(or conjugate image) and real image, which correspond to the interference terms. The off-axis
geometry is considered; for this reason the mirror M2, which reflects the reference wave, is
oriented so that the reference wave reaches the CCD camera with a small incidence angle with
respect to the propagation direction of the object wave. A digital hologram is recorded by the
CCD camera HDCE-10 with 1024x768 square pixels of size 4.65 μm, and transmitted to the
computer by means of the IEEE 1394 interface. The digital hologram IH(j,l) is an array of M x
N = 1024 x 768 8-bit-encoded numbers that results from the two-dimensional sampling of IH(j,l)
by the CCD camera,

IH ( j, l) = IH (ξ, η)rect
ξ

L x
,

η
L y

∑
j=−M /2

M /2
∑

l=−N /2

N /2
δ(ξ - jΔξ, η - lΔη) (3)

where j, l are integers defining the positions of the hologram pixels and Δξ = Δη = 4.65 μm
defines the sampling intervals in the hologram plane.

2.2.2. Recording of the polarization hologram

The experimental configuration for recording of polarization holograms is shown in figure 4.
It is a Polarization Holographic Microscope (PHM) for the study of linear dichroism and
birefringence of transparent samples.
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Figure 4. Schematic diagram of the Polarization Holographic Microscope for the study of linear dichroism and bire‐
fringence (symbology described in the text).

The experimental setup is composed by two Mach-Zender interferometers that form two
reference beams ER1 and ER2, with orthogonal polarization directions between each other, which
interfere in the CCD camera with an object wave Eo in an off-axis geometry. As a light source
a solid state laser with wavelenght of 532 nm and 150 mW of power is used. For samples that
have some type of anisotropy, the state of polarization of the electric field Eo is different of the
state of polarization of the incident electric field Eoin. The formation of the two reference waves
in an architecture of a Mach-Zender interferometer ensures that these beams have the same
optical path, becoming this an experimental novelty with respect to schemes reported in the
literature. The polarized beam splitter (PBS) generates two beams with orthogonal states of
polarization as reference waves; this orthogonality avoids any interference among then.

For studies of linear dichroism and birefringence, the polarizer P2 imposes a 45° of polariza‐
tion, with respect to reference wave polarization, to the Eoin wavefront that illuminates the
object S. To maintain the linear polarization of the references waves ER1 and ER2 and incident
electric field Eoin the fast axis of the quarter wave plates (QWP1, QWP2 and QWP3) are aligned
parallel (α=β=δ=0º) with respect to the polarization states of the respective waves. For studies
of circular dichroism and birefringence, over the sample, a circularly polarized light is incident.
The polarization of the wave which illuminates the sample S is controlled by the quarter-wave
plate QWP1, according to the waveplate’s fast axis angle α relative to the polarizer transmission
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axis P2: right-handed circular polarization (α = -45º), left-handed circular polarization (α =
+45º). The two reference waves with orthogonal polarization are transmitted by the quarter-
wave plates QWP2 and QWP2 with their fast axis forming angles of -45 ° and +45° with respect
to the polarization states of the reference beams ER1 and ER2. This configuration transforms the
linear polarization of the reference waves ER1 and ER2 in right and left circular polarization,
respectively. The two reference waves are directed by the beam splitter BS3 to the CCD surface.

The light transmitted by the object is magnified by the microscopy objective MO producing
an object wave Eo with orthogonal components Eoh and Eov (detail in figure 4). The state of
polarization of the object wave is different from that which illuminates the specimen Eoin and
results in dichroism and birefringence properties of the specimen integrated along the
propagation direction. The interference between the reference and object waves produces the
polarization hologram. The hologram is recorded in an off-axis geometry with the three waves
propagating along different directions. As shown in detail in figure 4, the object wave Eo has
a normal incidence (along Oz) on the Oxy plane of the CCD. The reference waves ER1 and ER2

propagate symmetrically with respect to the plane Oxz with similar incidence angles θ1 and
θ2, respectively. The angles of incidence θ1 and θ2 of the reference waves are controlled by the
mirrors M2 and M4; these mirrors are dielectric mirrors that do not change the state of
polarization during the reference beams reflections. With the rotation of the two half wave
plates HWP1, HWP2 the reference wave intensities ER1, ER2 and object wave Eo can be controlled.

With the polarization hologram reconstruction the polarization state of the wave object Eo can
be calculated and thus represent the quantitative images of linear dichroism and birefringence.
Capturing two polarization holograms, one with right circularly polarized light and the other
with left circularly polarized light and then, reconstructing the polarization state of the beam
emerging from the sample, the image of circular dichroism can be obtained comparing changes
in the polarization state produced by variations when the circularly polarized light is rotated.

2.2.3. Formal description of polarization hologram formation

The intensity distribution of the hologram is described by the interference between Eo, ER1 and
ER2. As ER1 and ER2 have orthogonal polarization they do not interfere (ER1 ER2

* = ER1
* ER2 = 0).

From the Jones formalism, the object wave Eo can be defined by the superposition of two fields
Eoh and Eov which have the same frequency and the same wave vector ko along z, but with
orthogonal vibration planes:

( ) ( )
exp

ˆ ˆE exp exp expo
0 0

E iE o ooh
E i k l t E i i k l tov o o o o o o

f

f w f j w

æ öé ùæ ö ë ûç ÷ç ÷ é ù é ù= + - = + D -é ùç ÷ç ÷ ë ûë û ë ûç ÷ç ÷ ç ÷è ø è ø

(4)

where l̂= (ξ,η) is a position vector in the plane of the CCD, ϕo is the optical phase delay
introduced by the specimen and experimented by the horizontally polarized wave and Δϕo is
the phase difference.
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Similarly, the reference waves can be described by the relations,
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where ko, k1 and k2 are the wave vectors:
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(7)

On the interferometer exit, the interference between Eo, ER1 and ER2 creates the intensity
distribution of the digital hologram, expressed by the equation,

( ) ( )( )*
1 2 1 2
2 2 2 * * * *

1 2 1 2 1 2

,H R R o R R o

R R o R o R o R o R o

I E E E E E E

E E E E E E E E E E E

x h = + + + +

= + + + + + +
(8)

The first three terms in Eq. (8) form the zero order diffraction, the fourth and fifth terms produce
two real images, corresponding to the horizontal and vertical component of the Jones vector.
The last two terms produce the virtual images.

2.2.4. Polarization hologram reconstruction

The numerical reconstruction is realized with the Double Propagation Algorithm (Palacios et al.,
2011). The intensity distribution ψ(x’,y’,d’) on the reconstruction plane (x’,y’) is obtained from
the expression,

( ) ( ) ( ) ( )1 2 2 2 2 2, , , exp expf
u

ix y d G I i d k k k
D n
p

y x h x h
l

- ì üì üé ùï ï¢ ¢ ¢ ¢= Á ×Á + + +í í ý ýê ú
ë ûï ïî þî þ

(9)

Where G = A exp[iπ/λD(u2+v2)] denotes a constant phase factor, d’ is the reconstruction distance,
D is the distance among the CCD plane and the back focal plane of the objective lens, ℑ−1 is
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axis P2: right-handed circular polarization (α = -45º), left-handed circular polarization (α =
+45º). The two reference waves with orthogonal polarization are transmitted by the quarter-
wave plates QWP2 and QWP2 with their fast axis forming angles of -45 ° and +45° with respect
to the polarization states of the reference beams ER1 and ER2. This configuration transforms the
linear polarization of the reference waves ER1 and ER2 in right and left circular polarization,
respectively. The two reference waves are directed by the beam splitter BS3 to the CCD surface.

The light transmitted by the object is magnified by the microscopy objective MO producing
an object wave Eo with orthogonal components Eoh and Eov (detail in figure 4). The state of
polarization of the object wave is different from that which illuminates the specimen Eoin and
results in dichroism and birefringence properties of the specimen integrated along the
propagation direction. The interference between the reference and object waves produces the
polarization hologram. The hologram is recorded in an off-axis geometry with the three waves
propagating along different directions. As shown in detail in figure 4, the object wave Eo has
a normal incidence (along Oz) on the Oxy plane of the CCD. The reference waves ER1 and ER2

propagate symmetrically with respect to the plane Oxz with similar incidence angles θ1 and
θ2, respectively. The angles of incidence θ1 and θ2 of the reference waves are controlled by the
mirrors M2 and M4; these mirrors are dielectric mirrors that do not change the state of
polarization during the reference beams reflections. With the rotation of the two half wave
plates HWP1, HWP2 the reference wave intensities ER1, ER2 and object wave Eo can be controlled.

With the polarization hologram reconstruction the polarization state of the wave object Eo can
be calculated and thus represent the quantitative images of linear dichroism and birefringence.
Capturing two polarization holograms, one with right circularly polarized light and the other
with left circularly polarized light and then, reconstructing the polarization state of the beam
emerging from the sample, the image of circular dichroism can be obtained comparing changes
in the polarization state produced by variations when the circularly polarized light is rotated.

2.2.3. Formal description of polarization hologram formation

The intensity distribution of the hologram is described by the interference between Eo, ER1 and
ER2. As ER1 and ER2 have orthogonal polarization they do not interfere (ER1 ER2

* = ER1
* ER2 = 0).

From the Jones formalism, the object wave Eo can be defined by the superposition of two fields
Eoh and Eov which have the same frequency and the same wave vector ko along z, but with
orthogonal vibration planes:
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where l̂= (ξ,η) is a position vector in the plane of the CCD, ϕo is the optical phase delay
introduced by the specimen and experimented by the horizontally polarized wave and Δϕo is
the phase difference.
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On the interferometer exit, the interference between Eo, ER1 and ER2 creates the intensity
distribution of the digital hologram, expressed by the equation,

( ) ( )( )*
1 2 1 2
2 2 2 * * * *

1 2 1 2 1 2

,H R R o R R o

R R o R o R o R o R o

I E E E E E E

E E E E E E E E E E E

x h = + + + +

= + + + + + +
(8)

The first three terms in Eq. (8) form the zero order diffraction, the fourth and fifth terms produce
two real images, corresponding to the horizontal and vertical component of the Jones vector.
The last two terms produce the virtual images.

2.2.4. Polarization hologram reconstruction

The numerical reconstruction is realized with the Double Propagation Algorithm (Palacios et al.,
2011). The intensity distribution ψ(x’,y’,d’) on the reconstruction plane (x’,y’) is obtained from
the expression,
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Where G = A exp[iπ/λD(u2+v2)] denotes a constant phase factor, d’ is the reconstruction distance,
D is the distance among the CCD plane and the back focal plane of the objective lens, ℑ−1 is
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the inverse Fourier Transform, k=2π/λ, ku and kv are the spatial frequencies corresponding
respectively to u and v and I f (ξ, η)  is the filtered hologram that contains only components
of the real image.

Applying two spatial filters on the polarization hologram spectrum, the spatial frequencies
components of the real image are selected separately. Calculating the inverse Fourier Trans‐
form of the spatial frequency components selected the two filtered and complex holograms,
Hh

f (ξ, η) = ER1Eo
* and Hv

f (ξ, η) = ER2Eo
*, can be obtained, corresponding respectively to the

horizontal and vertical components of the Jones vector. Applying the numerical method of
reconstruction to the holograms Hh

f  and Hv
f  the complex amplitudes distribution ψh (x ', y ')

and ψv(x ', y ') in the reconstructed plane are obtained,
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The fields ψh (x ', y ') and ψv(x ', y ') correspond to the orthogonal components of the object
wave Eoh and Eov respectively, therefore they can be represented as follows,
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where IR1 and IR2 are the intensities of the reference waves; Iov and Ioh are the intensities of the
orthogonal components of the object beam Eo.

2.2.5. Determination of the parameters that characterizes the state of polarization

Making the intensities of the reference waves equal, IR1(x ', y ')=IR2(x ', y '), (this is achieved
adjusting the half-wave plates HWP1, HWP2, figure 4), the amplitude ratio β is calculated as,

( ) ( )
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Moreover, the phase difference ∆ϕ (x’,y’) between the orthogonal components of the object
beam is calculated by,

( )', ' h v Rx yf f f fD = - + D (14)

where ΔϕR is the phase difference on the reference waves used to capture the hologram.
Experimentally, this term is time dependent because of vibration and air flow, but this can be
suppressed in the phase contrast image by a compensated phase difference -ΔϕR. To adjust
this phase displacement, is used an image area with known polarization. For that purpose, is
inserted in the object beam a polarizer (P3 in figure 4) oriented in such a way that produces a
phase difference of 0 rad in the object beam area.

The corrected value of the phase difference ΔϕC(x’,y’) is obtained from,

( ) ( ) ( ) ( ) ( )
( ) ( )

', ' ', ' ', ' ', ' ', '

arg ', ' arg ', '
C R h v

h v

x y x y x y x y x y

x y x y

f f f f f

y y

D = D + D = -

é ù é ù= -ë û ë û
(15)

If the parameters “β” and “∆ϕ” are experimentally measured, then the modification of the
polarization state of the wave transmitted through the specimen is correlated to its structure,
composition and optical properties. There are two physical phenomena that can change the
polarization state: the dichroism and the birefringence.

a. Dichroism: Several crystalline materials absorb more light at an incident plane of
polarization than at another plane, thus as the light travels through the material, its
polarization state changes. This absorption anisotropy is called dichroism. The evaluation
of the linear dichroism property of a specimen can be made by calculating the ratio of
amplitudes of the orthogonal components of the light passing through the specimen.

b. Birefringence: Birefringence is a property of materials with refractive index anisotropy.
After the polarized light crosses a birefringent sample, there is a relative phase change on
the two field components and the beam resulted from the interference of the two wave
fields is generally elliptically polarized, i.e. this property can be described through the
phase difference in the orthogonal components of light crossing the specimen.

3. Verification of the experimental setup

3.1. Obtainment of the phase contrast image

The verification of the experimental setup of DHM was obtained by processing holograms of
an object with well-known parameters. The calibration of the DHM setup in XY dimensions
was performed by using USA Airforce standard (USAF 1951). The vertical calibration along
Z-axis is intrinsically linked to the phase measurements. Overall performance of DHM was
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the inverse Fourier Transform, k=2π/λ, ku and kv are the spatial frequencies corresponding
respectively to u and v and I f (ξ, η)  is the filtered hologram that contains only components
of the real image.

Applying two spatial filters on the polarization hologram spectrum, the spatial frequencies
components of the real image are selected separately. Calculating the inverse Fourier Trans‐
form of the spatial frequency components selected the two filtered and complex holograms,
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where IR1 and IR2 are the intensities of the reference waves; Iov and Ioh are the intensities of the
orthogonal components of the object beam Eo.

2.2.5. Determination of the parameters that characterizes the state of polarization

Making the intensities of the reference waves equal, IR1(x ', y ')=IR2(x ', y '), (this is achieved
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Moreover, the phase difference ∆ϕ (x’,y’) between the orthogonal components of the object
beam is calculated by,

( )', ' h v Rx yf f f fD = - + D (14)

where ΔϕR is the phase difference on the reference waves used to capture the hologram.
Experimentally, this term is time dependent because of vibration and air flow, but this can be
suppressed in the phase contrast image by a compensated phase difference -ΔϕR. To adjust
this phase displacement, is used an image area with known polarization. For that purpose, is
inserted in the object beam a polarizer (P3 in figure 4) oriented in such a way that produces a
phase difference of 0 rad in the object beam area.

The corrected value of the phase difference ΔϕC(x’,y’) is obtained from,
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If the parameters “β” and “∆ϕ” are experimentally measured, then the modification of the
polarization state of the wave transmitted through the specimen is correlated to its structure,
composition and optical properties. There are two physical phenomena that can change the
polarization state: the dichroism and the birefringence.

a. Dichroism: Several crystalline materials absorb more light at an incident plane of
polarization than at another plane, thus as the light travels through the material, its
polarization state changes. This absorption anisotropy is called dichroism. The evaluation
of the linear dichroism property of a specimen can be made by calculating the ratio of
amplitudes of the orthogonal components of the light passing through the specimen.

b. Birefringence: Birefringence is a property of materials with refractive index anisotropy.
After the polarized light crosses a birefringent sample, there is a relative phase change on
the two field components and the beam resulted from the interference of the two wave
fields is generally elliptically polarized, i.e. this property can be described through the
phase difference in the orthogonal components of light crossing the specimen.

3. Verification of the experimental setup

3.1. Obtainment of the phase contrast image

The verification of the experimental setup of DHM was obtained by processing holograms of
an object with well-known parameters. The calibration of the DHM setup in XY dimensions
was performed by using USA Airforce standard (USAF 1951). The vertical calibration along
Z-axis is intrinsically linked to the phase measurements. Overall performance of DHM was
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checked using polystyrene beads with refractive index no = 1.59. Diluted beads suspension in
water was put onto a microscopic slide and dried. A drop of glycerol-based mounting media
with refractive index of 1.46 was layered up and the slide covered with a glass coverslip. Results
of DHM are shown in figure 5.

Figure 5. (a) Digital hologram of polystyrene spheres. (b) Phase contrast image reconstruction

The calculated averaged XYZ bead diameter of 6.42 μm is very close to the manufacturer data.

3.2. Measurement of the polarization states

For obtaining the polarization states is used as sample a λ/4 plate to generate a variety of
polarization states of the object wave, see figure 6. The object was placed at a distance of 170
mm from the surface of the CCD. The wave incident on the object is linearly polarized with
the polarizer P2 with an orientation of 45° with respect to the horizontal axis. The polarization
state of the light wave transmitted by the λ/4 plate was analyzed for several orientations α
(angle between the fast axis of the quarter-wave plate and transmission axis of the polarizer
P2) between 0° and 90 ° with a 3° shifts.

Figure 6. Object arm diagram for PHM experimental setup validation. Eoin, illuminating wave; Eo, object wave; polariz‐
er P3 has the transmission axis parallel to that of polarizer P2; B is the reference area, where the phase difference is
zero, and A is the area for analysis.
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The polarizer P3 oriented at an angle δ = 45° is used as reference area for determining phase
difference of compensation. The area B is the reference where the phase difference is zero and
A is the area for analysis. The calculated mean value in the area B is used as compensation
value ΔϕR.

Figure 7a shows the polarization digital hologram of the λ/4 plate with α = 0º. In figure 7b and
7c is shown, respectively, the reconstruction of the amplitude ratio and phase difference images.
The orientation of the polarizer P3 is δ = 45º. The area B in figure 7b shows the reference area
determined by the polarizer P3 in figure 6 and area A shows the area of the examined plate.

(a) (b) (c) 

Figure 7. (a) Polarization hologram. Calculated (b) amplitude ratio, β and (c) phase difference ΔϕC for the quarter
wave plate (¼λ in figure 6) with the orientation of α = 0º respect to the polarizer transmission axis P2 in figure 6. Area
A is for analysis (¼λ) and area B is for the reference (P3 in figure 6).

Figure 8a and 8b show, respectively, the amplitude ratio β and the corrected phase difference
ΔϕC. The mean value obtained in area A is used as the representative experimental value on
the graphic (filled circles).

Using the expressions γ =
1
2 atan tan(2atan(β)) cos(Δϕ)  andω =

1
2 asin sin(2atan(β)) sin(Δϕ)

thereweredeterminedtheazimuthγvalues,figure8c,andthedeformationoftheellipseω,figure
8d.The theoreticalvaluescalculationforβ,Δϕc,γandω (continuouscurve)wereobtainedby the
following reasoning: the polarization state of the object beamψT(x,y) which emerges from the λ/
4 plate is theoretically calculated by the product of the ¼λ plate Jones matrix and the Jones vector
of the incident wave linearly polarized with an orientation of 45°,

( ) ( )
( )

( )
( )

Th
T

Tv

,
 ,

,

exp 0cos cos 1
cos cos 10 exp

x y
x y

x y

isen sen
sen seni

y
y

y

a a a a
a a a a

æ ö
ç ÷=
ç ÷
è ø

é ùD-æ ö æ öæ ö
= ´ê úç ÷ ç ÷ç ÷-- Dê úè ø è øè øë û

(16)

where Δ=π/4 is the phase difference between the orthogonal components of the wave emerging
from the ¼λ plate. The theoretical values of the ratio of amplitudes β and the phase differences
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checked using polystyrene beads with refractive index no = 1.59. Diluted beads suspension in
water was put onto a microscopic slide and dried. A drop of glycerol-based mounting media
with refractive index of 1.46 was layered up and the slide covered with a glass coverslip. Results
of DHM are shown in figure 5.

Figure 5. (a) Digital hologram of polystyrene spheres. (b) Phase contrast image reconstruction

The calculated averaged XYZ bead diameter of 6.42 μm is very close to the manufacturer data.

3.2. Measurement of the polarization states

For obtaining the polarization states is used as sample a λ/4 plate to generate a variety of
polarization states of the object wave, see figure 6. The object was placed at a distance of 170
mm from the surface of the CCD. The wave incident on the object is linearly polarized with
the polarizer P2 with an orientation of 45° with respect to the horizontal axis. The polarization
state of the light wave transmitted by the λ/4 plate was analyzed for several orientations α
(angle between the fast axis of the quarter-wave plate and transmission axis of the polarizer
P2) between 0° and 90 ° with a 3° shifts.

Figure 6. Object arm diagram for PHM experimental setup validation. Eoin, illuminating wave; Eo, object wave; polariz‐
er P3 has the transmission axis parallel to that of polarizer P2; B is the reference area, where the phase difference is
zero, and A is the area for analysis.
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The polarizer P3 oriented at an angle δ = 45° is used as reference area for determining phase
difference of compensation. The area B is the reference where the phase difference is zero and
A is the area for analysis. The calculated mean value in the area B is used as compensation
value ΔϕR.
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7c is shown, respectively, the reconstruction of the amplitude ratio and phase difference images.
The orientation of the polarizer P3 is δ = 45º. The area B in figure 7b shows the reference area
determined by the polarizer P3 in figure 6 and area A shows the area of the examined plate.

(a) (b) (c) 

Figure 7. (a) Polarization hologram. Calculated (b) amplitude ratio, β and (c) phase difference ΔϕC for the quarter
wave plate (¼λ in figure 6) with the orientation of α = 0º respect to the polarizer transmission axis P2 in figure 6. Area
A is for analysis (¼λ) and area B is for the reference (P3 in figure 6).

Figure 8a and 8b show, respectively, the amplitude ratio β and the corrected phase difference
ΔϕC. The mean value obtained in area A is used as the representative experimental value on
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ΔϕC were calculated directly by substituting Eq. (16) into Eq. (13) and Eq. (15) respectively.
From figure 8, it can be noted that the experimental values are in good agreement with the
theoretical values; this ensures the implementation of the designed setup to study objects with
distinctive optical activity.

4. Phase contrast method

In this section are presented the results of Digital Holographic Microscopy (DHM) applied to
the analysis of different types of biological samples. The advantages of DHM upon bright-field
optical microscopy (OM) in visualization and analysis of microscopic structures are illustrated
and discussed.

The DHM adds information to the conventional microscopic morphology of isolated cells,
obtained either from clinical and research specimens or from cell cultures. Fixative substan‐
ces and stains were not required, nor essential. Nevertheless, stains were very convenient tools
and added some information when conventional morphology and MHD images were consid‐
ered not equivalent. In general, stained slides analysis succeeded well for three-dimensional
image reconstruction of known samples, even if the main Cytology and Histology stains are
intended to discriminate structures only through light intensity modification, while light phase
effects are not valued or are even minimized by the technical protocols. Then, except for some

(a) (b) 

(c) (d) 

Figure 8. Filled circles) experimental values of (a) amplitude ratio, (b) phase difference (c) azimuth and (d) ellipse de‐
formation of the wave transmitted by the λ/4 plate. (Continuous curve) theoretical values.
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particular samples, stains were not of help in increasing the quality of the reconstructed phase
images,andstainingartifactswerenotconsideredrelevant toquantitativephaseanalysis.Blood
smears or body fluid cells prepared by cytocentrifugation or sedimentation techniques were
air dryed before being dehydrated with methanol for fixation and stained with Hematologi‐
calstains(Leishmann,Rosenfeld)withgoodresults.PapanicolaouandHematoxylin-Eosin(HE)
staining procedures were also assayed. As for any microscopic technique, correct fixation and
staining procedures were relevant to assure good quality morphology, the technical quality
stringencybeingessentiallyequivalentforbrightfieldanalysisandforMHD.Fixativepreserved
samples, unstained or only slightly stained consistently gave superior results for phase image
reconstruction by the MHD technique than the brilliant and deeply stained samples. Unpre‐
served and labile fresh specimens stained or not could also be observed. Mounting media
changes could evince or veil sample morphology, then mounting media composition and
physical properties was carefully considered when phase contrast images were obtained from
samples prepared with glycerol, resins or Permount.

The reconstructed topographic profile was determined by the actual expected specimen
dimensions, but was also modified by the intrinsic composition of each structure, as can be
easily realized in comparing the MHD image of macrophage and lymphocytes in the figure
9. The phase images reconstruction of the cells of rat peritoneal fluid (figure 9) was obtained
after an isosmotic PBS wash procedure in a normal and otherwise unmanipulated adult
animal. The resulting cell suspension was cytocentrifuged over a glass slide, fixed with
methanol and stained with Rosenfeld stain (Eosin/Methylene Blue/Methylene Azures). No
mounting media was employed.

Figure 9. Rat peritoneal fluid cells obtained after phosphate buffered saline (PBS) flux of the peritoneal cavity, Rose‐
nfeld stain. Slide provided by the researcher Dalila Cunha de Oliveira, from the archives of her graduate student Mas‐
ter Thesis tutored by Dr. Ricardo Ambrosio Foch, (FCF-USP Ethical Committee Protocol number 316/2011). Phase
image reconstructions with DHM. Magnification (A) 10x objective, (B) 40x objective.

When low magnification was used, the discrimination of the contours of the distinct cells in
the reconstructed image presented some difficulties, as seen in the figure 9-A. Peritoneal fluid
lipoproteins and other methanol insoluble molecules produced some background depth
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after an isosmotic PBS wash procedure in a normal and otherwise unmanipulated adult
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fluctuation in the phase reconstructed image. Observed in a greater magnification, as in figure
9-B, the different cells were more clearly defined, showing color intensities proportional to
their relative contributions of the refractive index magnitudes and the thickness of the sample
structural components. In figure 9-B lymphocytes are presented with light arrows and the
monocyte/macrophage with dark arrow. The peculiarities about the topography of the
monocyte/macrophage and lymphocyte cells well express how their structural differences,
besides their expected dimensions, contribute to the reconstruted image. The dense chromatin
and the protein rich cytoplasm of the lymphocytes contributed to produce a bright yellow
color, while the lose chromatin and the foamy microvacuolated cytoplasm of the macrophages
produced darker orange-brown color.

Figure 10. Fibroblast cells of FN1 cell line kindly furnished by Dr. Durvanei Augusto Maria were cultivated by Dr. Sonia
E. Will over round coverslides and stained with Picrosirius Red for collagen. (A, B) Optical microscopy images. (C, D)
Phase contrast images reconstructed with DHM. Magnification 10x objective.

Syrius Red staining for collagen fibers was used to evaluate MHR performance in the study
of extracellular matrix structures and fibroblast physiology. Figure 10A and 10B show the
optical microscopy images. Figure 10C and 10D show the phase contrast images of fibroblast
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cells stained with the picrosyrius technique (Junqueira et al., 1979). Phase contrast image re‐
constructed with DHM and bright-filed image under mercury lamp illumination was ob‐
tained from the same area of the sample, both are shown for comparison.

As shown in figures 10-C and 10-D the cells structures and the fibers produced by them are
better differentiated by means of difference in phase values of each one.

Digital Holographic Microscopy showed suitable for unstained tissue observation. Even
unstained sections of paraffin embedded tissues could reveal more details about topography
and composition of the samples than did bright field optical microscopy. Archive samples
were not destroyed through the observation by the technique and the sample could be
subsequently prepared for special molecular biology based on immunological staining
procedures, when convenient.

Figure 11 shows an example of this kind of material, from the personal archive of Dr. Bruno
Gomes Vasconcelos, in which the structural information on the gustative epithelia could be
observed in the paraffin embedded section of the tongue tissue sample, figure 11A-B. On the
other hand, fresh and unfixed tissue samples could also be studied. Microcirculation of the
chorioallantoic membrane of the chicken embryo (CAM) furnished an example about the
possibilities of analysis of capillary mesh structure, applicable to the study of the microcircu‐
lation of tissues, figure 11C-D.

Figure 11. (A,B) Histological section of Cavia porcellus tongue, Fixation in formaldehyde 10%, embedding in paraffin,
cut of 5 µm, stained with HE, magnification of 10x. (C,D) Chicken embryo chorioallantoic membrane distended over
glass slides and analysed previously to fixative procedures showing good preservation of the capillary mesh. (FCF-USP
Ethical committee protocol no. 274/2010).
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cells stained with the picrosyrius technique (Junqueira et al., 1979). Phase contrast image re‐
constructed with DHM and bright-filed image under mercury lamp illumination was ob‐
tained from the same area of the sample, both are shown for comparison.

As shown in figures 10-C and 10-D the cells structures and the fibers produced by them are
better differentiated by means of difference in phase values of each one.

Digital Holographic Microscopy showed suitable for unstained tissue observation. Even
unstained sections of paraffin embedded tissues could reveal more details about topography
and composition of the samples than did bright field optical microscopy. Archive samples
were not destroyed through the observation by the technique and the sample could be
subsequently prepared for special molecular biology based on immunological staining
procedures, when convenient.

Figure 11 shows an example of this kind of material, from the personal archive of Dr. Bruno
Gomes Vasconcelos, in which the structural information on the gustative epithelia could be
observed in the paraffin embedded section of the tongue tissue sample, figure 11A-B. On the
other hand, fresh and unfixed tissue samples could also be studied. Microcirculation of the
chorioallantoic membrane of the chicken embryo (CAM) furnished an example about the
possibilities of analysis of capillary mesh structure, applicable to the study of the microcircu‐
lation of tissues, figure 11C-D.

Figure 11. (A,B) Histological section of Cavia porcellus tongue, Fixation in formaldehyde 10%, embedding in paraffin,
cut of 5 µm, stained with HE, magnification of 10x. (C,D) Chicken embryo chorioallantoic membrane distended over
glass slides and analysed previously to fixative procedures showing good preservation of the capillary mesh. (FCF-USP
Ethical committee protocol no. 274/2010).
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White eggs of Gallus domesticus, (Granja Hyline) were incubated for 10days in an automatic
incubator thermostated (Zagas) at 37.2 º C, relative humidity 50%, with periodical turns at two
hour intervals. CAM sampling was carried during the 10th day of incubation, after the eggs
were placed for at least 30 min at 4°C before being opened. The shells were cut in the air
chamber and the CAM was collected and distended over glass slides for vasculature analysis
as previously described (Will et al, 2011). Samples of chorioallantoic membrane could be
analyzed previously to fixative procedures showing good preservation of the capillary mesh.
(Ethical committee protocol no. 274/2010).

The biochemical composition of the main analyzed structures, the red color of hemoglobin and
the fiber rich vasculature ease the direct observation of the unstained specimens. The phase
contrast images, reconstructed by DHM, provide an accurate visualization of three-dimension‐
al structures of the sample, in addition provide a quantitative assessment of the refractive index
and thickness of the sample that ensure the indirect calculation of specimen intrinsic parameters.

Figure 12. Glass slides with equine dissecating osteochondritis (OCD) synovial membrane material. HE and Picrosyrius
stainings, 10x objective. Permount mount. Clinical samples kindly furnished by Aline Ambrogi Franco Prado (FMVZ-
USP Ethical Commitee protocol no. 2771/2012)
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4.1. Influence of staining and mounting procedures

The effect of sample preparation on the quality of phase and intensity image reconstructions
is presented in figure 12. The results of Synovial Membrane samples were obtained using two
different staining sorts. The images obtained with optical microscopy display high contrast
with the two staining sorts, although the staining influences the contrast quality in the two
types of images observed with DHM. Thus, in the case of HE stain it intensifies the contrast of
the intensity reconstructed image and decreases it in the phase contrast image. An opposite
effect is observed when the Picrosyrius stain is used. This effect was ascribed to the Permount
mounting associated to the optimal intensity contrast enhancing staining procedure obtained
with HE technique, which relies on the base of its universal and general preference use for
routine histological samples. The Picrosirius stain sets for collagen fibers demonstration, and
collagen demonstrated to produce good phase image reconstructs, superimposed to Picrosir‐
ius stained regions as could be demonstrated below.

5. Polarization contrast method

An orderly material can be selectively detected in the presence of random absorbent. Thus,
orderly structures can be detected and quantified and their orientation can be stated in complex
objects. The selectivity depends on the polarization direct relation with the chromophores
extinction coefficient.

5.1. Visualization of linear dichroism in Calcium Oxalate

Figure 13 shows the visualization of linear dichroism in Calcium Oxalate sample extracted from
Sansevieria trifasciata sap.

From figure 13, is possible to compare the results of the dichroism image reconstruction
obtained with DPM and PHM. Difference in the intensity images obtained with specific
polarization states of the object beam for each technique is possible to notice. The holographic
images show a higher contrast for the calcium oxalate samples when compared with those
obtained by the traditional method. The dichroism image obtained by the Differential Micro‐
scopy, is represented by a color bar distributed between blue and red shades, being the red
shades referring to negative dichroism and the blue referring to positive dichroism. Differ‐
ently, the dichroism image obtained with the holographic method is shown in gray scale, where
the lighter shades correspond to positive dichroism values and the dark shades represent
negative dichroism values. When these two images are compared is possible to see a corre‐
spondence among these images.

5.2. Cell death through dye induced optical activity

Figure 14-A presents optical microscope image of an endothelial cell sample where the
presence of undesirable objects (such as air bubbles or particulate material) do not guarantee
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a good visualization of the cells. The phase contrast image (Figure 14-B) obtained with
holographic microscopy, still retains the undesirable objects reconstruction.

When the Polarization Holographic Microscopy is used, the possibility of staining (Picrosirius
Red for collagen fibers) to introduce optical activity in the sample allows a more differentiated
study of the cells. Reconstructing the Polarization Digital Hologram, Fig. 14-C, are recon‐
structed the molecular alignment structure generating birefringence or dichroism, without
showing other types of structures, Figure 14-D. Some of these are not displayed in the optical
microscopy image. Besides improving the internal structure organization of cell visualization,
the Polarization Holographic Microscopy allows observing the molecular alignment within

Figure 13. Visualization of linear dichroism in Calcium Oxalate sample extracted from Sansevieria trifasciata sap. (A,C)
Intensity images obtained with polarizer (P2 in figure 4) oriented at 0° and 90° with the Differential Polarization Mi‐
croscopy. (B,D) reconstructed intensity image with the Polarization Holographic Microscopy. (F,G) dichroism image re‐
construction obtained with Eq. (1) and Eq. (13) respectivelly.
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the cell. This molecular alignment is well observed in the signed cell with an arrow in Figure
14-D. In this cell, the molecular alignment is most evidently displayed because of their vitality,
which is not shown on the less vital neighboring cells.

5.3. Visualization of birefringence in metronidazole

The Polarization Holographic Microscopy is suitable for crystalline and amorphous powder
analysis. The sample and mounting media optical properties must be considered, as well as
aggregation interference. In the figure 15 it is presented the result of a metronidazole sample
processing. The optical microscopy image, figure 15-A, shows the intensity changes in light
passing through the sample. The use of holographic microscopy enables to quantify the
topographic characteristics the of the powder grains through the phase image reconstruction
(figure 15-B) knowing that the metronidazole refractive index is no = 1.618 and the medium
immersion (glycerol) refractive index is nm=1.437.

Figure 14. Cell death visualization by polarization staining in the presence of particulates and air bubbles. HUVEC cells
(kindly furnished by Dr. Durvanei Augusto Maria) induced to cell death by silver nanoparticles exposure in vitro
(22ppm, nanosilver Khemia), Picrosyrius stain. (A) Optical microscopy image, (B) Phase contrast image, (C) Polarization
hologram (D) Polarization hologram reconstruction. Magnification 10x objective.
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which is not shown on the less vital neighboring cells.

5.3. Visualization of birefringence in metronidazole

The Polarization Holographic Microscopy is suitable for crystalline and amorphous powder
analysis. The sample and mounting media optical properties must be considered, as well as
aggregation interference. In the figure 15 it is presented the result of a metronidazole sample
processing. The optical microscopy image, figure 15-A, shows the intensity changes in light
passing through the sample. The use of holographic microscopy enables to quantify the
topographic characteristics the of the powder grains through the phase image reconstruction
(figure 15-B) knowing that the metronidazole refractive index is no = 1.618 and the medium
immersion (glycerol) refractive index is nm=1.437.

Figure 14. Cell death visualization by polarization staining in the presence of particulates and air bubbles. HUVEC cells
(kindly furnished by Dr. Durvanei Augusto Maria) induced to cell death by silver nanoparticles exposure in vitro
(22ppm, nanosilver Khemia), Picrosyrius stain. (A) Optical microscopy image, (B) Phase contrast image, (C) Polarization
hologram (D) Polarization hologram reconstruction. Magnification 10x objective.
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The polarization hologram reconstruction (figure 15-C), reveal the lineal birefringence
characteristics from this drug by evidenciating the chemical crystals alignment which com‐
prises the metronidazole structure, figure 15-D (dark arrows).

6. Conclusion

In this chapter were discussed the phase and polarization contrast methods for digital
holographic microscopy. Both contrast methods were applied to different types of biological
samples. The potentialities of DHM were shown through the comparison with classical
techniques of optical microscopy. It was evidenced that the DHM offers a more precise
visualization of the structures that compose the samples as well as others characteristics
obtained by means of the phase contrast image analysis that contains information about the
refractive index and thickness in each portion of the specimen. The effect of sample preparation
in the quality of phase and amplitude images reconstruction was shown. There were analyzed
different types of biological samples that include different types of tissues, cellular culture,

Figure 15. Metronidazole powder material observed in glycerol suspension. Thin film produced by placing a suspen‐
sion drop between 1mm thick glassslide and 00 coverslip, 10x objective. (A) Optical microscopy image, (B) Phase con‐
trast image obtained with single hologram reconstruction, (C) Polarization hologram, (D) Polarization hologram
reconstruction where is observed the linear birefringence of this drug. Sample kindly provided by the researcher Mi‐
chele Georges Issa, Master degree graduate student tutored by Dr. Humberto Ferraz.
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drugs and the Chicken embryo chorioallantoic membrane. The possibilities of the DHM for
obtaining the polarization state of the samples were also shown. It was demonstrated that the
knowledge of the polarization state allows a wider characterization of the sample, such as the
visualization of linear dichroism and birefringence, cell differentiation through special
components or dye induced optical activity. It was demonstrated that the use of polarization
holographic microscopy provides not only high specificity for the detection of ordered
structures, but also for cellular vitality status.
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