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Preface

This book compiles recent studies on interferometry and its applications in science and
technology. It is intended as an up-to-date reference of theoretical and experimental
aspects of interferometry and their applications.

The book is divided in two sections. The first one is an overview of different
interferometry techniques and their general applications. Chapter 1 is concentrated
on the classical field interferometry. This chapter describes and explains the
structures of different type of fiber interferometers, and the standard methods for
signal recovering. Chapter 2 is an overview of the heterodyne interferometry and its
applications. It includes some of recent development techniques and a summary of
the advantages and disadvantages of the heterodyne interferometer. Chapter 3
describes the Phase-shifting interferometry through an experimental set-up for a
polarizing two-window phase-grating common-path interferometer. The system is
able to obtain n = (N+1) interferograms with only one shot. Chapter 4 introduces
vertical scanning interferometry and shows that the use of phosphor-based LED on
vertical scanning interferometry affects the repeatability and accuracy of vertical
scanning interferometry, especially repeatability. However, the undesired effects of
phosphor-based white LED can be removed by applying a constraint on the input to
existing reconstruction algorithm. In Chapter 5 is developed and implemented a
similariton based self-referencing method of spectral interferometry for the complete
characterization of femtosecond signal. The method is based on the similariton
generation from the part of signal and its use as a reference for the interference with
the signal in the spectrometer. Chapter 6 offers an overview of Low coherence
interferometry including the Basis of Low Coherence Interferometry and
Experimental configurations, covering aspects of the spectral domain low coherence
Interferometry such as the interference signal, detection system, signal processing
and parameter limits. Chapter 7 presents a reliable hybrid method for characterizing
stress around the circular hole in a tensile-loaded steel plate. The method utilized
only few micro-scale x-displacement data measured by speckle interferometry, in
conjunction with phase shifting method using Fourier transform to calculate stress
components and eventually stress concentration at an angle of 90 degrees. Chapter 8
is discusses the phenomenon of optical interference for two waves elliptically
polarized, and demonstrates with a numerical analysis and a computer simulation
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the viability of a new method of phase-shifting based on the amplitude variation of
two fields considered as the reference beams in a scheme of a three beam
interferometer. In Chapter 9, based on the interference of two waves monochromatic
and coherences, the phase shifting interferometry is studied and a method to reduce
the number of captures needed is proposed on the basis of grating interferometry
and modulation of linear polarization. Chapter 10 introduces a new bio-optical
method “Path length resolved optical Doppler perfusion monitoring,” to determine
path length distributions of multiple scattered light in static and dynamic turbid
media using phase modulated coherence gated interferometry. Also, is presented
the first path length resolved Doppler measurements of multiply scattered light
from human skin. Chapter 11 describes two topics related to interferometric
measurement in shock tube experiment. Laser Interferometry Computed
Tomography technique is applied to the measurement of high-speed, unsteady and
3D flow field induced by discharging shock waves, and Laser Differential
Interferometer is applied to velocity and density measurement in micro-scale shock
tube.

The second section is devoted to more specific interferometry applications including in
chapter12 interferometry for magnetic fusion plasmas, followed by Measurement of
Static and Dynamic Phase Objects using Simultaneous Phase Shifting Shearing
Interferometry in chapter 13. Chapter 14 offers a biological application of laser
interferometry in the Analysis of liposome diffusion. In chapter 15, theoretical and
experimental evidences of 7 phase-shifts in the Fourier spectra of phase gratings and
phase grids is presented, which are of considerable relevance when gratings or grids
are used for interferometric applications, specifically in Phase shifting interferometry.
Chapter 16 proposes a new switching method for in-service optical transmission lines
that transfer live optical signals. The method uses optical fibers, instead of using
electric apparatus to control the transmission speed. Chapter 17 introduces a novel
method for testing large aspherical surfaces by subaperture stitching interferometry.
Chapter 18 shows two methods of getting high order momentum states by resonant
superradiant scattering and by a sequence of pulsed standing waves, corresponding to
traveling wave scattering and standing wave scattering, respectively. Chapter 19
describes the thickness measurement of photoresist thin films using interferometry
techniques. Chapter 20 presets a real-time 2-D HI technique based on the use of the
correlation image sensor as a two-dimensional array of pixels, each of which
simultaneously demodulate the amplitude and phase of incident heterodyne beams at
an ordinary frame rate. Chapter 21 is an application of interferometry to analysis of
polymer-polymer and polymer-solvent interactions. Chapter 21 describes the baseline
approach of radio interferometry based localization and details the many
developments that occurred since its introduction; including the mathematical
foundation of the localization method and a method for tracking mobile nodes in
Wireless Sensor Networks utilizing the phenomena of Doppler effects and radio
interferometry.
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Optical Fiber Interferometers
and Their Applications

Ali Reza Bahrampour, Sara Tofighi, Marzieh Bathaee and Farnaz Farman
Sharif University of Technology
Iran

1. Introduction

Interference as a wave characteristic of the electromagnetic wave has many applications in
science, technology and medicine (Grattan & Meggit, 1997; Wang et al., 2011). The fringe
visibility of the first order interference experiments such as the famous double slit Young
experiment and Michelson interferometer, is determined by the first order correlation function
(Gerry & Knight, 2005). The first order interference is also called the field interference. In
Hanbury-Brown and Twiss (HBT) experiment, fringes are due to the intensity interference and
visibility is determined by the second order correlation function. (Brown & Twiss, 1956; Scully
& Zubairy 2001). In quantum optics, nonlinear Lithography and quantum Lithography,
interferometry based on higher order correlation function is of prime importance (Bentley &
Boyd, 2004; Boto et al., 2000). However in all of these interferometries, the fringe pattern
depends on the optical path difference (OPD) and feature of light source. This chapter is
concentrated on the classical field interferometry. The fringe existence is a characteristic of
spatial or temporal coherences between the two light beams.

The phenomenon of interference of light is used in many high precision measuring systems
and sensors. The optical path can be controlled by optical waveguides and optical fibers.
The use of optical fibers allows making such devices extremely compact and economic.

Among the lots of advantages of optical fibers is their ability to reduce the effects of wave
front distortion by the atmospheric turbulence and compact beam-splitter and combiner.
These abilities made optical fiber as a suitable medium for transportation of light in long
baseline interferometers which are used for gravitational wave detection, intruder sensor,
structural health monitoring and long length leak detection systems (Sacharov, 2001; Cahill,
2007; Cahill & Stokes, 2008; Jia et al., 2008; Mishra & Soni, 2011, Bahrampour et al., 2012).

Other advantages that make optical fibers become useful elements in sensing technologies
are high elongation sensitivity, fast response to internal or external defects such as
temperature and tension, electromagnetic noise disturbance immunity, less power
consumption and potential for large scale multiplexing (Higuera & Miguel, 2002).

In this chapter the different structures of optical fibers which are important in fiber
interferometry are taken into consideration. The structures of different types of fiber
interferometers are described. The sensitivity of coherent light optical fiber interferometers
is compared with those of the incoherent and white light optical fiber interferometers. The
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standard methods for signal recovering are explained. A brief discussion on the noise
sources appears in this chapter. Due to the immunity of the optical fibers to the lightening
and electromagnetic noise, optical fibers are suitable sensors for transient measurement in
harsh environments such as current measurement in high voltage transformers (Grattan &
Meggit, 1999). The optical fiber hydrophone systems are based on elasto-optic effect in
optical fiber coil, which is installed in one arm of an optical fiber interferometer (OFI)
(Freitas, 2011). The optical fiber interferometers can be employed as biochemical sensors
(Gopel et al,, 1991). The cooperation of optical fiber interferometry and Plasmon can
improve the sensitivity of biosensors to one molecule detection system (De Vos et al., 2009).
The mechanical quantities such as pressure, velocity, acceleration and displacement can be
measured by optical fiber interferometers (Shizhuo et al., 2008). Among a lot of applications
of optical fiber interferometers, only some applications such as linear and nonlinear
photonic circuits and distributed optical fiber sensors are mentioned in this chapter.

2. Optical fibers structures
2.1 Standard fibers

An optical fiber is a cylindrical structure that transports electromagnetic waves in the
infrared or visible bands of electromagnetic spectrum. In practice optical fibers are highly
flexible and transparent dielectric material. The optical fiber consists of three different
layers. Core is the central region which is surrounded by the cladding. These two layers are
protected by protective jacket. The core refractive index can be uniform or graded while the
cladding index is typically uniform. For light guiding, it is necessary that the core index be
greater than the cladding index. Most of the light energy propagates in the core and only a
small fraction travels in the cladding. The cladding radius is so large that the jacket has no
effect on the light propagation in the optical fiber structure.

Depending on the dimensionless frequency v = 2ma(n?, — n%)/?/1 where a is the core
radius, A is the wavelength of the light in free space, n, and n.. are the core and clad
refractive indices respectively, optical fibers are divided into multimode (v » 1) and single
mode fibers (0 < v < v, ), where v, is cutoff frequency (Agrawal, 2007).

The optical fibers whose core and cladding have very nearly the same refractive index are
named weakly guiding fibers. The corresponding eigen value equation is simpler than the
exact fiber characteristic equation. The notation LP, , introduces the weakly guiding modes.
The fundamental mode HE;;is denoted by LPy;(Okamoto, 2006). The normalized
propagation constant versus the dimensionless frequency is called the dispersion curve.

Depending on the coupling and optical fiber physical parameters, bounded, radiation and
evanescent modes can exist in an optical fiber. The total incident power can be transported
by the bounded and radiation modes while evanescent modes store power near the
excitation source (Snyder, 1983).

2.2 Polarization maintained optical fibers

Birefringent optical fibers are those fibers that display two distinct refractive indices
depending on the polarization direction of the light entering into them. The two principal
axes of the birefringent fibers are named the fast and slow axis. For a light beam whose
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polarization aligned with one of the principal axes of the birefrigent fiber, the light
propagates without any disturbance in its polarization state. The birefringence parameter of
the fiber is defined by the difference between the two refractive indices corresponding to the
two principal axes B = ng — ns, where n; and ny are the refractive indices of the slow and
fast axis respectively. Sometimes birefringence is defined in terms of the fiber beat
length Ly = A/B that is defined as the length of fiber over which the phase difference
between the fast and slow waves becomes 2m. The beat length should be smaller than the
perturbation periods introduced in the drawing process as well as the physical bends and
twists. Consequently short beat length fibers preserve the polarization direction. This kind
of fibers are called Polarization Maintained optical Fibers and denoted by PMF. Several
types of PMFs are shown in Fig. 1 (Okamoto, 2006).

(a) (b) {c) (d) (e)
<»r oo :I L .u.

Fig. 1. Cross section of (a) elliptical core fiber (b) elliptical jacket fiber (c) side tunnel fiber (d)
PANDA fiber (e) Bow-tie fiber.

2.3 Photonic crystal fibers

Light propagation in standard optical fibers and PMFs is based on the total internal
reflection effect. Bragg diffraction effect can also be employed to confine the light in the core
of fiber with periodic structure in the cladding. The micro structured fiber which is also
called photonic crystal fiber (PCF) as shown in Fig. 2, consists of numerous air holes within
a silica host. Usually the air holes are in a periodic arrangement around silica or a hollow
core. The silica core PCF is called holey fiber, high delta or cobweb fiber while hollow core is
named photonic band gap fiber (PBGF). The simplest structure of the holey fiber is a regular
hexagonal lattice of small holes with a defect in the center such that the hole in the center is
missed. In the holey fibers, guiding mechanism is also based on the total internal reflection.
Air holes in the cladding area cause an effective lowering of the average refractive index
(Poli, et al., 2007). In hollow-core fibers, field confinement in the air core is based on the
band gap effect.

Fig. 2. Cross section of holey fiber (left) and hollow fiber (right).

2.4 Slab optical waveguide

Optical fibers are suitable transmission lines for several applications such as high capacity
long-haul communication networks and long length optical interferometry. In many
applications such as integrated circuits, the transmission length is less than one millimeter.
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Optical waveguides are proper for such applications. A dielectric waveguide consists of a
dielectric with refractive index n; which is deposited on a substrate with refractive index no.
The refractive index of the medium above the layer n; is indicated by ns. To achieve true
guiding modes, it is necessary that n; be larger than n; and ns. The propagating modes of the
slab waveguides are TE and TM modes. The mathematical mode analysis of slab
waveguides can be found in any standard text book (Adams, 1981). Depending on the
propagation constant 8, modes of narrow dielectric strip waveguide are also classified into
the bounded, radiation and evanescent modes (Adams, 1981; Snyder, 1983).

2.5 Fiber Bragg gratings

The modes of optical fibers and waveguides are propagated without coupling to each other
in the absence of any perturbation. Coupling to the desired modes can be controlled by
changing the amplitude and the phase of the perturbation in the optical fiber. The coupled
mode theory (CMT) can be found in the standard text books (Huang, 1984). If the refractive
index of the core varies periodically, due to the Bragg diffraction effect, scattering from
different periods can be constructive for some frequencies and destructive for the other
ones. Depending on the period length, the periodic structures are classified as either long
period grating (LPG) or fiber Bragg grating (FBG). The period of the LPG is of the order of
micrometer while in the FBG, it is of the order of nanometer. The operation of the LPG is on
the basis of coupling the fundamental core mode to higher order co-propagating cladding
modes. The coupling wavelength is obtained by the linear momentum conservation law or
the phase matching equation 2 = (f; — ff,)A, where f; and B, are the core and cladding
mode propagation constants respectively and A is the period of the LPG (Kashyap, 1999).

FBG can be employed as a frequency selective reflector or a polarization selective rotator. In
the reflector state, the forward modes are coupled to the backward modes. While in the
polarization rotator, a mode with a definite polarization is coupled to another mode with
different polarization. In the frequency selective reflector, coupling to the backward modes
occurs in a narrow range of wavelengths around the wavelength for which Bragg condition
is satisfied A = 2n,.¢¢A, where n,s is the effective refractive index of the core. Bandwidth of
FBG is typically below 1nm and depends on the amount of refractive index variation and
the length of FBG. The governing equations of the FBG can be obtained from the
conservation of energy and momentum (Kashyap, 1999; Chen, 2006).

Depending on the application of FBG, the period of the structure can vary in a definite way
or randomly along the optical fiber core. This structure is named chirped FBG which has
many applications in optical networks and sensors (Kashyap, 1999; Rao, 1997).

3. Basic optical fiber interferometer configurations

Interferometry is based on the superimposing of two or more light beams to measure the
phase difference between them. Interferometer utilizes two light beams with the same
frequency. Typically an incident light beam of interferometer is split into two or more parts
and then recombine together to create an interference pattern. The integer number of
wavelength for the optical path difference between the two paths corresponds to
constructive points and odd number of half wavelengths corresponds to destructive points
of the interference pattern. So in the output optical spectrum of the optical fiber
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interferometer (OFI), the position of minimum can be shifted to maximum position if the
optical path difference varies by odd number of half wavelengths. At least two optical paths
are necessary for an interfererometery experiment. These optical paths can be in one optical
fiber with two or more different optical fiber modes. Each of modes defines one optical path
for the interferometer such as the Sagnac interferometer where the optical paths are defined
by the clockwise and counter clockwise modes. The optical paths can be defined by separate
optical fibers such as Mach-Zehnder OFI. There are many interferometer configurations that
have been realized with the optical fiber. To see the principle of their operation, the detail of
some interferometers such as Sagnac, birefringence OFI, Mach-Zehnder, Michelson, Moiré
and Fabry-Perot interferometer are presented.

3.1 Sagnac optical fiber interferometer

The configuration of a Sagnac optical fiber is illustrated by Fig. 3. The optical source is a
single mode stabilized coherent semi-conductor or Erbium doped optical fiber laser. The
laser output beam is assumed to be well collimated with uniform phase. The laser beam
enters the lossless 3dB optical fiber coupler (OFC). At the OFC the injected light splits into
two parts with equal intensity that each of them travels around single mode optical fiber coil
in opposite directions. The output of Sagnac coil is guided toward a single detector.

— j.c <

Datacter

Fig. 3. A schematic diagram of Sagnac fiber interferometer.

Due to this specific configuration, fiber Sagnac interferometer has been used for rotation
sensing primarily. In a non-rotating Sgnac interferometer, the clockwise (CW) and counter
clockwise (CCW) modes are in phase while for a rotating Sagnac configuration due to the
rotating velocity, the optical path of one of the modes is shorten and the other one is
lengthen. The Sagnac effect causes the interference spectrum depends on the angular
frequency of the setup (Sagnac, 1913). Analysis can be based on the Doppler frequency
difference between the CW and CCW modes. The detector output frequency is the beating
frequency of CW and CCW modes. When rotational axis is oriented along the optical fiber
coil axis, the phase difference of CW and CCW modes is A® = 8nNAQ/Ac (Burns, 1993; Vali
& Shorthill, 1976), where 1 is the free space optical wavelength, ‘4" is the area of Sagnac coil,
N is the number of the coil turn and £ is the angular velocity. The sensitivity is the ratio of
the phase difference to the angular velocity S = 8nNA/Ac, which is increased by increasing
the coil radius, total fiber length and laser frequency. Optical fiber loss and packaging
criteria limit the total fiber length and coil radius respectively.

Sagnac fiber interferometers can also be employed for sensing nonreciprocal and time-
varying phenomena. So they become applicable tools for detection current, acoustic wave,
strain and temperature. The optical gyroscope based on sagnac interferometer is
commercially available (Bohnert et al., 2002; Lin et al., 2004; Starodumov et al., 1997; Dong &
Tam, 2007; Fu et al., 2010)
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3.2 Modal optical fiber interferometer

The modal interferometers are based on the difference between velocities of two different
modes. Typically the first two modes of step index fiber like LPy; and LPy1; or the HEy; and
HE3; can be employed to design the modal interferometers. Also the two eigen polarizations
of PMF are employed for modal interferometry (Bahrampour et al., 2012). The holy structure
fibers have unique modal properties that are not possible with conventional optical fibers.
Fig. 4 (a) and (b) show the cross section of high birefringence photonic crystal fiber (HiBi-
PCF) and polarization maintaining photonic crystal fiber (PM-PCF) respectively (Villatoro,
2009).

(@) (b)
00000000,
Gooc0y e
000000 fololelelelelololeTelele}
0000000 %‘D%O%OO 08388
BB AT

Fig. 4. Cross section of (a) HiBi-PCF (b) PM-PCEF.

The PCFs have the possibility for the detection, sensing or spectroscopic analysis of gasses
and liquids. In PCF a fraction of light penetrates into the voids for interaction and detection
of gasses or liquids by spectroscopic methods (Villatoro et al., 2009). The holey and hollow
fibers have their own advantages. Holey fiber which is filled with the desired gas or liquid,
interacts with evanescent field which is only a few percent of total light power, while in
hollow fiber, the fiber core is filled by gas or liquid and interacts with core light which is
more than 90% of the total light power. The silica core single mode PCF bandwidth is more
than one thousand nanometer which is much greater than those of an air core PCF fiber. A
nano layer of rare metal coating on the surface of core and voids causes Plasmon-light
interaction in PCF and extremely enhances the interferometer sensitivity (Hassani &
Skorobogatiy, 2006). However the compact simple modal fiber interferometers depending
on the fiber type such as Panda or birefringent PCF, can be employed in long lengths and
short lengths applications (Villatoro et al., 2006).

3.3 Mach-Zehnder optical fiber interferometer

A schematic of conventional Mach-Zehnder OFI is sketched in Fig. 5.

Optical delay element

Fig. 5. A Schematic of optical fiber Mach-Zehnder interferometer.
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By employing the commercial (N X N) coupler and single mode optical fibers, it is easy to
construct the N-path interferometer. A schematic of N-path Mach-Zehnder interferometer is
presented in Fig. 6. Each lossless linear multi port coupler is described by a 3N X 3N unitary
matrix. If N inputs and N outputs are linear polarized, linear coupler can be characterized
by N X N matrix. As an example a symmetric 3 X 3 fiber coupler (tritters) which is
commercially available, is described by 3 x 3 matrix (Weihs et al., 1996)

Outy

Outy

Fig. 6. A schematic configuration of N-path Mach-zehnder interferometer.

The 3-paths Mach-Zehnder interferometer is described by the product of two coupler
matrices T and diagonal phase matrix P = diag(ei¢1,ei¢2,ei‘p3) where ¢;(1=1,2,3) is the
phase of the i-th path (M = TPT). This analysis is restricted to beams with identical
polarization thus a scalar analysis is sufficient. It is assumed that only one of the input fields
is nonzero. So the input field vector is denoted by E;, = (Ey;,,0,0). The output field
Eout = (E1yyp E2 oy E24ye) 18 determined by the Mach-Zehnder transformation matrix

. - 2 . . .
Eout = ME;,. The output intensities I, = |E"out| (n=1,2,3) versus the input intensity

I, = |E1L.n|2are given in the following:

I, = %"[3 + 2 cos(@q, + 6,) + 2 cos(@yz + 0,) + 2 cos(psy +60,); n =123 1)
where (04, 6,,65) = (0, —2?”,2?”) and ¢;; = @; — ¢@; is the phase difference between the i-th
and j-th branches. Above results are based on the loss-less fiber. For lossy fibers the phase
matrix P is replaced by matrix P' = diag(a,, a, exp(i®1;) , as exp(ip,3)) where a, (n=1,2,3) is
the transmission coefficient of the n-th optical fiber branch. The output intensities at the
output of a 3 X 3 lossy Mach-Zehnder interferometer are:

L, = %’[alz + a,” + az* + 2a,a; cos(@q, + 6,) 2)
+2a,a; cos(@,3 + 0,) + 2a,ascos(p31 +6,)]; n=123

Similar to the interference pattern of the N-slit which is illuminated by a plane wave, there
are N — 2side lobes between the main peaks of interference pattern in the N-path fiber
interferometer.

The sensitivity of an N-path interferometer is higher than the conventional Mach-Zehnder
interferometer, because the slopes of main peaks are steeper. Mach-Zehnder interferometer
can be used as a fiber sensor, because the phase difference can be changed by environmental
effects such as strain. The light in the cladding is more sensitive to the surrounding changes
than that in the core. The Long Period Grating (LPG) which can couple light from the core to
the cladding or reverse is suitable to be employed in Mach-Zehnder fiber interferometer
sensor. (Dianov et al., 1996)
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3.4 Michelson optical fiber interferometer

A schematic of conventional Michelson OFI is depicted in Fig. 7. The high coherent light
beam is split into two different optical paths in the upper and lower single mode optical
fibers by the 2 x 2 optical fiber coupler (OFC). The light reflected back by mirrors M; and M,
are recombined by the OFC to produce interference pattern at the receiver.

Li.hil':l' _I

Ruhmj'

Fig. 7. A schematic configuration of Michelson OFL

As shown in Fig. 8 by employing a N X N bidirectional coupler, the conventional Michelson
OFl is generalized to the N-path Michelson OFI. Each ports of a N X N coupler can transmit
incoming and outgoing waves simultaneously. Generally each linear bidirectional N X N
OFC is characterized by a 6N X 6N scattering matrix. In an analysis based on the identical
polarization where a scalar analysis is sufficient, the scattering matrix becomes a 2N x 2N
matrix and denoted by Y. The incoming and outgoing electric field vectors are denoted by

Ey, = (E ) El.(,f)) and E,,; = (E W g (2)) respectively. E, O gD and P E (i)t correspond to

in’ out’ “out in 7/ “out in’ ~o

the N x 1 vectors of the left and right ports of the N X N bidirectional coupler.
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Fig. 8. A schematic configuration of N-path Michelson interferometer.

The incoming and outgoing vectors are related by E,,; = YE;;, where Y can also be written

in the block form:

@® €8]

Eout _ (Yll le) Ein 3

E(z) T \y21 y22 E(z) ®)
out in

where YY(i,j=1,2) is a N X N matrix. For a lossless N X N OFC, Y is a unitary matrix. The
diagonal matrix P = diag(a?, a? exp(i(plz), e exp(i(plN)) is the transfer matrix between
the forward and backward waves in the optical fiber array. a,, is the transmission coefficient
of the nth optical fiber and ¢, = is the phase difference between the phase accumulated by

the field during the propagation in the nth and first optical fiber. The outgoing and
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incoming fields of the right ports of the N X N OFC is related by the relation Ei(j) = PE éi)t By
combining this relation and (3), the transfer matrix of the Nth path Michelson interferometer
is obtained.

ES), = [ +Y12y21p(1 — y22p) 1Y 4)
It is assumed that only one of the input fields is nonzero. The input field vector is denoted
by Ei, = (&1 i 0,0, ..., 0). The output intensities of the left ports are:

_ 2 .
I] — 10|Y]111 + (Y12Y21P(1 _ YZZP) 1)j1| , j= 1,---,N (5)

As mentioned in Mach-Zehnder OF], it is easy to show that the sensitivity of multi-paths
Michelson interferometer is greater than that of conventional two paths one.

3.5 Optical fiber Moiré interferometery

Moiré interferometry is based on the fringe pattern formed by overlaying two or more
gratings at different angle 8. The desired fringe pattern can also be designed by a suitable
arrangement of optical fibers. The optical fiber based generator of interference grid pattern,
is configured by N polarization maintained fibers. The coordinates of the center of the jth
fiber in the plane z = 0 is denoted by (a;,b;), (j = 1, ..., N). The polarization angle of the jth
fiber relative to the x axis is denoted by 8; (j =1, ..., N). The field at the point (x,y) in the
z = D plane is given by:

I TR ©

where ¢; is the phase of the jth fiber at the z = 0 plane. The field intensity at the point (x,y)
in the observation plane is as follows:

I =%, 1+ X /Tidj cos(6; — 6)) cos {% [(a; — a;)x + (b; — bj)y] - <pij}, ?)

where [;(i = 1, ..., N) is the light intensity corresponding to the ith fiber at point (x,y), ¢;; is
the phase difference between the ith and jth optical fibers and k is the light wave number.
(Yuan et al., 2005). By suitable choosing of the parameters a;,b; and 6; (i =1, ...,N), the
desired fringe configuration can be obtained. As an example consider a system of three fiber
centered at P(0,0),P(2a,0) and P(0,2a), where ‘a’ is the radius of the polarization
maintained fiber. Fig. 9 shows the arrangement of the interference pattern generator. The
interference pattern of three fibers with the same polarization direction is shown in Fig. 9
(a). The vertical and horizontal patterns correspond to the interferences of fibers 1 and 2 and
fibers 1 and 3 respectively. The oblique lines families in Fig. 9 (a) are due to the interference
of the fibers 2 and 3. As shown in Fig. 9 (b), by employing the vertical and horizontal
polarization for the fibers 2 and 3 respectively and setting the angle 45° between the
polarization of fiber 1 and x-axis, the oblique lines are eliminated. The inverse problem is to
design a suitable configuration of PMF optical fibers to obtain a desired intensity
distribution I(x,y) or fringe pattern. By defining a suitable meter on the intensity
distribution space and employing the optimization techniques such as variational method
and genetic algorithm, it is possible to minimize the distance between the generated
distribution and the desired distribution.
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Fig. 9. Two arrangements of optical fiber Moiré interferometer and their interference
patterns. a) The polarizations of the three fibers are in the same direction b) fibers 2 and 3
with vertical and horizontal polarization and fiber 3 with angle 45°.

3.6 Optical fiber Fabry-Perot interferometer

A Fabry-Perot (FP) consists of two optically parallel reflectors with reflectance R;(w) and
R, (w) separated by a cavity of length L. Reflectors can be mirrors, interface of two dielectrics
or fiber Bragg gratings. The cavity may be an optical fiber or any other optical medium.

Two different optical fiber Fabry-Perot interferometers are shown in Fig. 10.

(a) Internal mirror by

e
|
llvnumi T

Internal mirror

Fig. 10. (a) Fabry-perot based on the light transmission (b) Fabry-perot based on the light
reflection.

One is based on the light transmission through a Fabry-Perot, while the other is based on the
reflection. Due to multiple reflections, the reflected and transmitted spectrums are functions
of cavity length, medium index of refraction and mirrors reflectivity. Because of energy
conservation law, the transmitted spectrum is opposite to the reflected spectrum.

Optical fiber Fabry-Perots are classified as intrinsic and extrinsic types. In the intrinsic fiber
FP interferometer (IFFPI), the two mirrors are separated by a single mode fiber, while in the
extrinsic fiber FP interferometer (EFFPI), the two mirrors are separated by an air gap or by
some solid material other than fiber. In both IFFPI and EFFPI, light from emitter to the FP
and from FP to the detector are transmitted by a single mode fiber. Fig. 11 shows schematic
configurations of three IFFPI. One end of the fiber shown in Fig. 11 (a) is polished as a
mirror. For higher reflection the polished end is coated with switchable dielectric layers. The
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second mirror of IFFPI shown in Fig. 11 (a) is an internal mirror which can be produced by
splicing of polished fibers or by polished coated fibers. Both mirrors of the IFFPI shown in
Fig. 11 (b) are internal fiber mirrors while those are used in the IFFPI presented in Fig. 11 (c)
are FBG reflectors. Depending on the application of IFFPI, one of the configurations
presented in Fig. 11 can be used.
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Fig. 11. Schematic configurations of three IFFPI.

Four different EFFPI configurations are shown in Fig. 12.
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Fig. 12. Schematic configurations of four EFFPIL.

In Fig. 12 (a) the air-gap cavity is bounded by the end of a polished fiber and a diaphragm
mirror. The cavity length is of the order of several microns and can be increased by convex
mirror diaphragm. In another configuration presented in Fig. 12 (b) a thin film of
transparent solid material is coated on the end of the fiber. The air-gap cavity between two
polished fiber surfaces, where the fibers are aligned in a hollow tube is another
configuration of EFFPI (Fig. 12 (c)). The structure shown in Fig. 12 (d) is called the in-line
fiber etalon (ILFE). The ILFE is constructed of a hollow-core fiber spliced between two single
mode fibers. The diffraction loss causes to limit the practical length of EFFPI to a few
hundred of microns (Shizhuo, 2008).

3.7 White light fiber interferometry

The interferometric techniques are known as the precise method for measuring physical
quantities that can induce the optical path difference (OPD) in the interferometers. The
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coherent length of the narrow band sources such as Lasers are greater than the optical path
length difference in the interferometers. Due to the periodic nature of the interferogram
fringes, the interferometric measurement suffers from an integer multiple of 2w phase
ambiguity. Hence interferometers driven by narrow line-width Lasers do not produce
absolute data unless extra complexity is added to the interferometer. By employing the short
coherent light that is illuminated from wide-band light sources, the phase ambiguity is
eliminated. In wide bandwidth interferometer the fringes of the interferogram are narrowly
located in the zero path length difference region (Flourney et al., 1972). So the phase
difference can be determined without the phase ambiguity by measuring the fringe peak or
the envelop peak of the interferogram. This type of interferometry is named as white light or
low coherence interferometry. In white light interferometry (WLI) corresponding to each
wavelength a separate fringe system is produced. The electric field at any point of
observation is the sum of electric fields of these individual patterns. In a WLI which is
adjusted such that the optical path difference is zero at the center of the field of view, the
electric field of different wavelengths exhibits the maximum at the center point. The fringes
of different wavelengths will no longer coincide as moving away from the center of the
pattern. The fringe pattern is a sequence of colors whose saturation decreases rapidly. The
central bright white light fringe can be used to adjust the WLL

The light sources such as fluorescent lamp, SLDs, LEDs, Laser diodes near threshold,
optically pumped Erbium-doped fibers and tungsten lamps, can be used in the WLI. The
spectral width of SLD and LED is between 20 and 100 nm. It is expected that at the
operating wavelength (1.3 pm) of these types of light sources, the coherent length is between
17 and 85 pm. Because of the wave-train damping, the Doppler effect, disturbances by
neighbor atoms, noises and mode mixing effects, the practical coherent length is less than
those are predicted previously.

In the WLI, one of the two arms is used as the measurement arm and the other one as the
reference arm. The length of the reference arm can be controlled by different methods such
as moving mirrors or Piezoelectric (PZT) devices. Generally the operation of WLI is based
on the balancing the two arms of the interferometer and compensating the OPD in the
measurement arm. Therefore the desired measurement can be achieved.

As the OPD between the two paths of a WLI is varied, the intensity of interference fringe
drops from a maximum to a minimum value. The maximum intensity corresponds to the
central white bright fringe. Measurement of the position of the central fringe in the WLI is of
prime importance. Because the distance between the central fringe and its adjacent side
fringes is too small and the presence of noise, the determination of the central fringe position
is inaccurate, so there are some ambiguities in the central fringe identification. This problem
can be solved by employing a combinational source of two or three multimode Laser diodes
with different wavelengths.

White light fiber interferometers (WLFI) can be designed on different topologies of single or
multi-mode fiber interferometers. Each of the single mode and multi-mode fibers has their
own advantages and disadvantages. For example usually white light single mode fiber
interferometer provides stable and large signal to noise ratio while in the interferometers
based on multi-mode fiber, cheaper optical components are employed (Song et al., 2001;
Manojlovi et al., 2010). Generally there are several WLI topologies corresponding to the
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standard optical fiber interferometer and their combinations (Yuan, 2002; Mercado et al.,
2001;). As an example Fig. 13 shows a white light fiber optic Michelson interferometer
working in the spatial domain. The LED light is coupled to the two path of Michelson
interferometer through a 2 x 2 OFC without insertion loss. The reflected beams recombine
on the PIN detector of the WLI. The scanning mirror is adjusted for maximum output
corresponding to the position of central fringe.
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Fig. 13. (a) A schematic configuration of WLI Michelson interferometer (b) Input LED
spectrum (c) Interference fringe pattern.

As shown in Fig. 13(c) for OPD less than the source coherence length, the white-light fringe
pattern is produced. The position of the highest amplitude corresponds to the exactly zero
optical path difference between two beams. After some mathematical manipulations for
LED parameters presented in (Yuan, 1997), the normalized interference fringe pattern is
calculated and result is presented in Fig. 14. The results of three peaks LED are compared
with those of a normal LED to see how the multi wavelength white light source increases
the precision of the central fringe position measurement relative to the single white light
source.
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Fig. 14. The spectrum distribution of the light source (up) and their normalized interference
fringe pattern (down) (a) Three peaks LED (b) Normal LED.

4. Signal recovering methods

The phase difference between two coherent light beams is detected by interferometric
methods, which are most sensitive techniques for optical path difference measurement. The
OPD variations have sufficiently low frequency components. So when they are converted to
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the light intensity on the observation plan, they can easily be detected by photo diodes,
photo diode matrix or charge coupled devices (CCD). The detector output is proportional to
cos(¢), where ¢ is the phase difference. In the presence of cosine and the absence of
sinusoidal signal an ambiguity exists in the phase recovering. If the phase amplitude falls
outside the (0 to 2m) range, in addition to sine and cosine values we must track the history of
phase angle variation to know in which quadrant it precisely lie. Numerous methods have
been devised for recovering the path length difference from the output signals of OFI. The
methods based on the production of new frequencies are called heterodyne detection
otherwise are named homodyne methods. The main three methods are briefly described in
following.

4.1 Phase generated carrier (PGC) homodyne detection

In this method the interferometer Laser source is driven by combination of direct and
sinusoidal current. The Laser output power and wavelength are modulated by the Laser
current variation. In the presence of path length difference, the change of the wavelengths
indicates itself as a change in the output phase. The current frequency can be observed in
the received phase in the output. Each of the current frequency and its harmonics carries in
their sidebands a copy of the created phase modulated signal. Two of these copies are
chosen by band pass filters. Proper control of the amplitude of the sinusoidal current and
filters configuration guaranty that the chosen copies have the same amplitude. The filters
outputs are used as the inputs of an electronic mixer. One of the outputs of the mixer is
proportional to sine, while the other one is proportional to the cosine of the interesting
signal. Sometimes the method is also called Pseudo-Heterodyne Detection (PHD) (Jackson et
al., 1982).To produce the phase shift instead of Laser frequency modulation it is possible to
create phase shift with a cylindrical Piezoelectric, which is wrapped around one arm of the
interferometer and is derived with a sinusoidal voltage (Hoeling et al., 2001). This case is
called synthetic heterodyne method (Strauss, 1994).

4.2 Fringe-rate methods

When large phase shift is produced in an interferometer, two new methods which are called
fringe-counting and fringe-rate demodulation become feasible (Barone et al., 1994; Crooker
& Garrett, 1987). These methods are based on the transitions of interferometric outputs
across some central value. In the fringe counting method, on a suitable period of time the
transitions are counted digitally. The instantaneous frequency is determined by the ratio of
the counting number to the counting time. Because in practice one must wait a short time to
obtain at least one count, it is impossible to obtain an instantaneous count. However the
phase can be obtained by integrating the instantaneous frequency. In the fringe-rate method,
the transitions are used as inputs of a frequency to voltage converter circuit (FVC). To obtain
the phase difference, the output of FVC circuit is integrated. There is no transition for weak
signal. The minimum detectable signal is of the order of i radian.

4.3 Homodyne method

The operation range of the synthetic heterodyne method is limited above to i radian, while
the fringe-counting and fringe-rate techniques are limited from below to 1 radian (Dorrer et
al., 2001). A number of homodyne techniques are employed to bridge this region. All these
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methods are based on the use of orthogonal components without using heterodyne
methods. OFIs usually have two outputs. A 2 x 2 OFC is employed to combine the two path
beams of the interferometer and form the interference pattern. By energy conservation law it
is easy to show that the two outputs are 180°out of phase from one another. When one
output is dark, all energy must be presented in the other output and vice versa. So no
orthogonal components can be found in the outputs. The orthogonal components are
produced by the heterodyne methods. The output coupler can be modified such that the
orthogonal components directly exist in the outputs. As an example a 3 X 3 coupler can be
employed as the output coupler of the interferometer to create output with orthogonal
components without employing the heterodyne detection method (Choma et al., 2003).

5. Noise sources in optical fiber interferometers

Calculation of signal to noise ratio strongly depends on the OFI topology. In principle the
noise sources belong to the light source, optical fibers, detector, electronic circuits and
environment (Bottacchi, 2008; Tucker & Baney, 2001). Moreover any random process in each
stage of interferometry: signal generation, transmission and detection can be considered as a
noise source.

The laser generation is the result of the quantum interaction of electromagnetic wave and
matter. The spontaneous and stimulated emissions are quantum effects and are the noise
sources in the phase and amplitude of laser output (Linde, 1986; Clark, 1999; Tsuchida,
1998). On the other hand the interaction of light with universal modes of surrounding
reservoir through the mirror coupling and stimulated emission in active medium bath are
also noise sources for the laser output (Scully & Zubairy, 2001). The cavity filtering and
feedback can reduce the laser noise significantly (Sanders et al., 1992; Cliché et al., 2007). The
phase and amplitude of laser noise cause to increase the bandwidth of the laser light. In
single mode lasers by proper design of optical cavities, the bandwidth can be reduced to
several kilohertz, which gives several tens of kilometers for coherent length. The mode
competition and cross saturation effects are new noise sources in multimode lasers that can
be employed in wide band fiber interferometry.

Rayleigh scattering, Mie scattering, core cladding interface scattering, Brillouin scattering,
absorption and amplification parts in the optical fiber, are the main noise sources in OFI
arms and transmission parts. Some parts of the scattered light are trapped in the guided
region and travel in both direction of the fiber, contribute to the phase and amplitude noises.
Other parts are scattered out of the optical fiber and affect the amplitude noise only. Except
the Brillouin and Raman scatterings, all other effects are linear and do not change the light
frequency. Both the Brillouin and Raman scattering have two different components Stokes
and anti-Stokes frequencies. The Stokes and anti-Stokes Brillouin shifts are due to the light-
acoustic phonon interaction and are about +25 GHz, while the Stokes and anti-Stokes
Raman shift correspond to the optical phonon-photon interaction and are of the order of 13
THz (Agrawal, 2007). Beating between Stokes, anti-Stokes and direct beam can occur, but
such a high beating frequencies cannot be observed at the output response of any realistic
detector and are eliminated intrinsically by the low pass filter detector. The Brillouin and
Raman scattering loss can be considered as a source of amplitude noise. The Rayleigh,
Brillouin and Raman scattering are symmetrically distributed with respect to the forward
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and backward direction while those of Mie and core-cladding interference scattering are
mainly in the forward direction.

Mode coupling is another source of noise in multimode fiber interferometer. In such an
interferometer the mode coupling noise must be taken into account. Absorption and
amplification correspond to the interaction of light with reservoirs so according to quantum
Langevin equation there are some noises in the output (Scully & Zubairy, 2001). Generally
Avalanch photo diode (APD), PIN diode, charge coupled device (CCD) and photo
multiplier (PM) are used as the electronic detector of the OFIs. Dark current noise, shot
noise, background noise, thermal noise and flicker noise are common in all of the optical
detectors. The generation and recombination of electron hole are a stochastic process in
semiconductor detectors and are the noise sources of such detectors. The avalanche effect,
the basis of operation of APDs is a random process and causes noise generation in avalanche
photo diode. The same effect on the anodes of PM can be a noise source in PM detectors.
The amplifier noise which is consistent of the shot noise, Johnson noise, burst noise and
flicker noise of different solid state electronic elements of the amplifier is the final intrinsic
noise of OFL.

The fiber parameters can be affected by the environmental physical variations such as
mechanical vibration, acoustic agitation, pressure, tension and thermal variations. In a
controlled way this effects can be used to make the optical fibers as a sensor for these
physical quantities, while in OFIs are noise sources. As an example the population of
Stokes and anti-Stokes photons are functions of the fiber temperature and can be used to
design a high precision temperature sensor for water, oil and gas leak detection systems
(Harris et al., 2010; Chelliah et al., 2010). The Stokes and anti-Stokes parameters of
Brillouin scattering are functions of fiber strain and fiber temperature. This effect is used
to measure the strain and temperature simultaneously for structural health monitoring
systems (Guiemes, 2006; Bahrampour & Maasoumi, 2010). The optical fiber sensitivity to
mechanical variation and acoustic waves are employed for various applications such as
acoustic, vibration and ultrasonic detectors for under water sensor systems. However the
output signal is affected by all the noise sources and the aim is to denoise signal by the
signal processing methods. Depending on the signal, one of the denoising methods such
as Fourier regularized deconvolution (ForD) and Fourier wavelet regularized
deconvolution (ForWaRD) method can be employed (Bahrampour & Askari, 2006;
Bahrampour et al.,, 2012). The wavelet deconvolution method generally use to denoise
transient signals. The short time Fourier method is employed to denoise the music-like
signals of a fiber intruder detector based on the birefrigent fiber interferometer
(Bahrampour et al., 2012).

6. Applications of optical fiber interferometers

Optical fiber interferometers as a precise measuring interferometer or sensitive tools have
many applications in all branches of science and technology (Shizhuo et al., 2008). The OFIs
can be employed to design the optical components for the inline signal processing, such as
band pass filters in optical communication networks. The same topologies can be easily
fabricated by the light waveguides in the integrated circuits by means of photolithographic
process for application in optical transmitters and receivers. Because of high sensitivity of
the interferometer, the linear and nonlinear properties of optical fiber can be detected. These
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properties make long length and short length waveguide and fiber interferometer sensors,
suitable in novel applications such as oil and gas pipeline monitoring, temperature
distribution measurement in the depth of ocean and intruder sensors. Among the wide
range of applications of waveguides and fiber interferometers, only a few applications in the
optical communication networks and special types of fiber and waveguide interferometric
sensors are mentioned in this section.

6.1 Applications in optical fiber networks

The key devices in optical DWDM communication networks are re-amplifying, re-shaping
and re-timing (3R-regenerator) systems. In re-shaping and re-timing circuits the nonlinear
networks such as clipper, clampers, switching and flip-flops are of prime importance. While
in add-drop filters, the linear filters such as tune and notch filters have an important role.
On the basis of a nonlinear Mach-Zehnder interferometer, the structure of an all optical
inverter is shown in Fig. 15.
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Fig. 15. A schematic of an all optical inverter. OFC is an optical 2 x 2 coupler.

An optical fiber with high nonlinear Kerr effect such as Chalcogenide glasses is employed in
one of the Mach-Zehnder interferometer arms. So in the presence of a suitable light intensity
at the input of optical fiber coupler 1 (OFC 1), the change of refractive index (n =ny +nl )
causes a m-phase shift in the upper arm of the interferometer relative to the lower arm. It is
assumed that in the absence of the input, the interferometer arms are balanced and the
outputs A and 4 are in the constructive and destructive conditions respectively. The 0 and 1
digital states are represented by destructive and constructive output ports. In the presence
of the OFC 1 input, the output A changes to 0 and the A switches to 1. This interferometer is
an optical logic inverter. The structure shown in Fig. 15 is also used in quantum non-
demolition experiments (Gerry & Knight, 2005). For small input intensities Fig. 15 acts as an
intensity modulator circuit and A output is approximately proportional to the input
intensity. By varying input intensity, the output varies from its maximum value to zero, i.e.
this circuit operates as a light controlled variable attenuator.

The inverter of Fig. 16 is designed on the basis of optical waveguides to avoid the high
length nonlinear optical fibers in the inverter design.
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Fig. 16. A schematic of an inverter based on an optical waveguide and micro-ring resonator.
OC is 2x2 optical coupler.
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As shown in Fig. 16, the Kerr cell that is shown in Fig. 15 is replaced by a high dispersive
nonlinear element such as micro-ring or microsphere. The phase difference between the
input and output of micro-ring can be changed by the resonance frequency of the micro-ring
which is controllable due to the cross-Kerr effect. The upper input to the micro-ring causes
to change the micro-ring refractive index and therefore the resonance frequency is changed.
So the phase difference between the input and output of the upper arm of the interferometer
is changed. On the basis of optical fiber and optical waveguide interferometers in
combination with ultrahigh nonlinear optical elements (UHNO), such as semiconductor
optical amplifiers (SOA), different high frequency optical classical logic gates are designed
and demonstrated. Also quantum interferometers such as Hong-Ou-Mandel interferometer
are employed to design quantum gates (Hong et al., 1987; Olindo et al., 2006).

The bi-stability effect is the basis of the clipper and flip-flop circuits. Most bi-stability designs
include both a cavity with nonlinear medium and a feedback (Bahrampour et al., 2008a, 2008b,
2008c). A novel OFI with common mode compensation is proposed by Backman (Backman,
1989). The Backman interferometer consists of a Mach-Zehnder interferometer with one
nonlinear path and re-circulating delay line as shown in Fig. 17. The output intensity |E,,; |
versus the input intensity |E;,|? in the steady state has the bi-stability behavior.

Fig. 17. A schematic of Backman interferometer. NL is nonlinear line and DL is delay line.

Flip-flops are building blocks of the sequential logic circuits such as time recovering circuits.
As usual a reset-set (RS) flip-flop can be designed on the basis of regenerative feedback in
the two inverter circuit. Fig.18 shows a RS flip-flop based on the two Mach-Zehnder
interferometer inverters. The optical fiber couplers OFC 1 and OFC 2 are 3 x 3 couplers and
OFC 3 and OFC 4 are 2 x 2 couplers. The bias light inserts to the upper and lower Mach-
Zehnder interferometers (MZI 1, MZI 2) by a 2 x 2 coupler. R and S are the reset and set
trigger inputs. 4,4 and B, B are the outputs of MZI 1 and MZI 2 respectively. Due to the
energy conservation law, A and B are the logic complement of A and B outputs. In the
absence of set and reset A = B = 1. The output complement of each inverter is connected to
the control input of the other inverter. This network of Fig.18 has two stable (4 = 0,5 = 1)
and (4 = 1, B = 0) states. In the presence of trigger signal at S or R inputs, this system can
switch between these two stable states.

Fig. 18. A schematic of an optical Flip-Flop by combination of two Mach-Zehnder
Interferometers.
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In addition to the logic gates and nonlinear circuits, the fiber interferometers can be used to
design linear circuits such as different types of optical filters. In many applications such as
selection of a narrow spectrum from a broad band spectrum, band pass filter is of prime
importance. Due to the Bragg diffraction effect, each FBG fiber can be used as a notch or
band stop filter. As shown in Fig. 19, an optical coupler is employed to detect the reflected
spectrum of FBG. In this filter, the input power splits into two parts by the OFC. The light
reflected by a FBG is again equally split between the ports 1 and 2. Hence only 25% of the
light is in the output port 2 of the band pass filter (Kashyap, 1999).

FBG

e

Fig. 19. A schematic of band pass filter.

To eliminate the insertion-loss of the band pass filter several interferometric methods was
proposed (Kashyap, 1999). On the basis of Michelson, Mach-Zehnder and Fabry-Perot
interferometers three different design of band pass filters are presented in Fig. 20(a-c)
respectively(Kashyap, 1999).
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Fig. 20. Interferometric design of band pass filter (a) Michelson (b) Mach-Zehnder (c) Fabry-
Perot.

In both arms of Michelson interferometer as shown in Fig. 20(a) a FBG is employed. The
arms of Michelson interferometer are designed in such a way that the reflected light from
FBG 2 arrives at the input port of OFC, has m out of phase with respect to the light reflected
from FBG 1. In such a condition light from FBG 1 and FBG 2 interfere constructively at the
output port 2, so that 100% of the light at the Bragg wavelength appears at the output port
of band pass filter (Kashyap, 1999). The band pass spectrum can be designed by the profile
of chirped spectrum. The dual grating Mach-Zehnder interferometer band pass filter as
shown in Fig. 20 (b) is designed for the application in add-drop filters. The principle of
operation is the same as that is demonstrated in Michelson band pass filter. Here "UV
trimming" is used to balance the interferometer after the gratings are written. "UV
trimming" relies on photo induced change in the refractive index to adjust the optical path
difference. The simplest band pass filter is an inline Fabry-Perot interferometer. In
distributed feedback (DFB) lasers, two FBG can be employed instead of mirrors. As shown
in Fig. 20(c) a single 1/4 phase-shifted FBG has a sharp Lorentzian line shape band pass in
the middle of band stop. The broader transmission band width is obtained by cascading
several structure (Haus & Lai, 1992). Number of band pass peaks that they appear within
the band stop increases by increasing the gap between the two grating sections.
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6.2 Some applications in optical fiber sensors

The traveling wave in the dielectric medium of optical fibers and waveguides can be
perturbed by their environment. This is the basic idea of the optical fiber sensors (OFS). The
interaction of quantity of interest (which is called the measurand), with the optical fiber
produces a modulation in the parameters of propagating light beam within the fiber.
Generally there are four beam parameters for measurand modulation:

I) Intensity modulation: the intensity modulated fiber sensors are simplest and low cost fiber
sensors for measuring the position, pressure and vibration in medical and industrial
applications (Polygerinos et al., 2011, Jayanthkumar et al., 2006). Fig. 21 shows a distributed
oil leak detection system based on intensity modulated sensor (Carrillo, 2002). The leaked oil
causes to expand the polymer around the optical fiber. Due to the wrapped strain-less steel
wire, the fiber bending loss increases and the oil leakage position can be measured by a
commercial optical time domain reflectometer (OTDR) (Righini et al., 2009).

Undisturber] < "har Disturbed fiber
/ Wrapped strain-less steel wire /
(a)//// (b)f////j
Dry polymer Swollen polymer

Fig. 21. Distributed Oil leak detection system.

II) Wavelength modulation: The measurands such as temperature and strain can be
modulated on the resonance frequency of an inline Fabry-Perot or Bragg wavelength of an
inline LPG. An optical or chemical transducers joint at the end of a fiber can be used as the
wavelength modulator. Interaction of the measurand with transducer causes to change the
spectral properties of transducer. The measurement of the optical spectrum of the
transducer through the optical fiber makes possibility to monitor measurand status (Righini
et al., 2009).

II) Polarization modulation: In birefringent optical fibers the two fundamental modes
propagate with slightly different phase velocities. On the basis of high birefringent fibers
several methods for current and magnetic field measurement are designed and
manufactured. Fig. 22 shows the principle of operation of an intrusion sensor based on the
birefringent optical fiber (Bahrampour et al., 2012).

An x-polarized ramped frequency modulated laser is injected to the birefringent fiber
sensor. At the cross point of the intrusion and the fiber sensor, energy from the x-polarized
mode is converted to the y-polarized mode. Due to different velocities of the x- and y-
polarized modes a beating frequency is observed at the output of the detector. The intrusion
position can be obtained from the output beating frequency.

The optical fiber and waveguide sensors that have been investigated and proposed for
science, industrial, military, biochemical, biomedical, environment, automotive, avionic and
geophysical applications are countless. One of the basic characteristics of the optical fiber
sensors is their ability for long length distributed sensing. One of the most popular
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Fig. 22. A schematic of a birefringent fiber intruder detection system. FM is the frequency
modulator, LD is laser diod, x-po is a x-polarizer, FPBS is a fiber polarization beam splitter,
FPR is a fiber polarization rotator, APD is an avalanche photo-diode detector, ALPF is an
active electronic low pass filter, A/D is an analog to digital convertor, Com. a computer
system for signal processing and denoising. (b) Ramp input to the FM system (Bahrampour
et al, 2012).

distributed fiber sensors is optical time domain reflectometer (OTDR) which is based on the
monitoring the Rayleigh back scattering along the fiber. On the basis of Raman and
Brilliouin scattering the OTDR is developed to the Raman time optical domain reflectometer
(ROTDR) and Brillouin optical time domain reflectometer (BOTDR) respectively. The
OTDR, ROTDR and BOTDR optical fiber sensors have applications in structural health
monitoring (Glisic & Inaudi, 2008). In the absence of any intrusion, the ®OTDR signal is
saved in an electronic memory and it is compared with the ®OTDR output continuously
(Juarez et al., 2005). Due to the elasto-optic effect, in the presence of an intrusion, the fiber
refractive index and hence the phase of the back scattered signal changes. This phase
changes can be measured at the sensor output (Righini et al., 2009).

IV ) Phase modulated sensors: Variation of the optical length of optical fiber causes a phase
shift of the light beam A¢ = 2m(nAL + LAn) /Ay, where A, is the free space light wavelength
and n is the fiber refractive index. Phase shifts usually are measured by interferometric
methods. Refractive index and fiber length can vary due to the characteristic of various
measurands and therefore the cross sensitivity occurs. To avoid the cross sensitivity, special
design of jacketing is necessary. The material of the jacketing is chosen such that to improve
the effect of desired measurand and attenuates the others. A schematic of an optical fiber
intrusion detector system is presented in Fig. 23. The light laser source through an optical
circulator and a 50:50 coupler is connected to a Faraday rotating mirror (FRM). The
intrusion distance (L) is the length between the intrusion point and FRM. The parts 3 and 4
of the coupler are connected with a fiber of length L; to form a delay loop. The returned
light through the port 1 of 50:50 coupler and circulator is transported to the detector . The
intrusion point is determined after signal processing. There are four different paths in the
system for transmission of light from source to detector:

Pathl:1>2—-FRM-2-53->L;—-4->1
Pathll:1-4-5L; >3->2>FRM->2-1
Pathll: 12 —>FRM - 2-1

PathlV:1-54-5L; 53-252>FRM->2-53->L;>4-1
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Fig. 23. A schematic of an optical fiber intrusion detector system.

All path differences except the optical path difference of the path I and II are so large, so
they have no effect on the interference signal. The electric field at the photo detector is the
superposition of the electric field corresponding to the four different paths. The time
dependence of the strength of an intrusion at the detector and the instant t is Aq =
Aggysinwgt, where Apy and os are the induced amplitude and frequency by intruder
respectively. The light intensity of interference of electric field of path I and path II on the
photo detector is easily obtained.

T2

w
cos
2

I;n = 2E¢cos {4Ag005in

lews coswg(t — to)}, 8)
where 7, =2nlL,/c, 1, =2nlg/c and t, = (1, + 7;)/2. The relative amplitude of the
frequency components of the detector outputs are functions of the intrusion distances and
can be obtained by the Fourier transform method (Jia et al., 2008).

According to the general relativity, gravitational waves (GW) are produced when the
curvature of spacetime disturbed by accelerating mass. The ripples in the curvature of
spacetime propagate at the speed of light. A GW causes a tiny time dependent quadruple
change of strain in the plane transverse to the wave’s propagation direction. The space is
stretched in one direction while is shrunk along its perpendicular direction. The strength of
GW ‘I’ is expressed by the dimensionless strain §L/L. Due to the quadruple nature of
Michelson interferometer, it is suitable device for gravitational wave detection. The
interference pattern is linear measure of the strain. The amplitudes of GWs radiated from
astrophysical sources at Earth are typically of the order of 107?! or smaller. Detection of
such weak strains needs high sensitive devices. For increasing the sensitivity of the
interferometer, the lengths of the interferometer arms were increased to the order of
kilometers and multi-path cell or Fabry-Perot optical cavity was used in each arm. So the
light can be stored for a time comparable to the time scale of GW signal. Long base line
gravitational wave detectors such as LIGO, VIRGO, GEO and TAMA are now operational.
In the presence of GW, the change in the length of arms is very small. Hence many noises
such as seismic noise, thermal noise and quantum noise limit the sensitivity of
interferometer. Quantum noise is the fundamental and unavoidable noise in new generation
of these interferometers and is due to the light-interferometer interaction. So the sensitivity
of laser GW detector depends on the quantum state of light. It was shown that depending
on the parameters of interferometer such as arm’s lengths, frequency of laser and mass of
mirrors, the optimum quantum state for the dark port is vacuum squeezed state with
specific squeezing factor. By employing this optimum quantum state in the dark port, the
quantum noise and optimum laser power reduce one order of magnitude relative to the
conventional interferometers (Tofighi et al., 2010).
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To minimize the effects of other noises, whole setup including optical elements and beam
path are kept in ultra-high vacuum (1078 — 107 torr) and the optical elements are
suspended on top of the seismic isolation system. A highly stabilized laser and active
control system for adjusting cavity length are employed in these devices. So the long
baseline Laser interferometer GW detectors are high cost projects.

Fig. 24 shows another configuration for GW detection that uses optical fiber in the arms of
Michelson interferometer. GW optical fiber interferometric detector is very small, cheap and
simple to build and operate (Cahill, 2007; Sacharov, 2001; Cahill & Stokes, 2008).
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Fig. 24. A schematic of gravitational wave optical fiber interferometric detector.
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1. Introduction

Optical interferometry is widely used in many precision measurements such as
displacement[1, 2], vibration[3, 4], surface roughness[5, 6], and optical properties[7-14] of
the object. For example, holographic interferomter [1-3] can be used to measure the surface
topography of the rigid object. The emulsion side of the photographic plate faces the object
and is illuminated by a plane wave at normal incidence. Therefore, the reflection type
hologram is recorded the interference signals between the incident wave and scattered wave
from the object within the emulsion layer. Then the hologram is reconstructed with laser
light and the information of object surface can be obtained. The Speckle interferometry [2-4]
can be used to measure the motion of the rough surface. To compare the two exposure
specklegrams, then the phase difference related to the surface movement can be obtained.
Abbe refractometer [7, 8] is an easy method to determine the refractive index of the material
based on the total internal reflection (TIR). That means the refractive index of the testing
sample will be limit by the hemisphere prism installed in the refractometer. The
ellipsometer [9-12] is widely used to measure the thickness and refractive index of film or
bulk materials. Typically, the optical components of ellipsometer included polarizer,
compensator, sample, and analyzer. Hence, there were many different types of ellipsometer
for refractive index and thickness measurement of the sample. Most popular type is rotating
polarizer and analyzer ellipsometer which can be divided into rotating polarizer type and
rotating analyzer type. Both of them are analysis of the ellipsometric angles (y, A) which
determined directly from the adjustable angular settings of the optical components. The
accuracy of the ellipsometric measurement are typically within the range 0.01° and 0.05° in
(v, A) [13, 14].

Compare to previous method, the heterodyne interferometry give much more flexibility of
different kinds of the measurement purposes with suitable optical configuration. In this
chapter, I will review the heterodyne interferometry and focus on the applications of this
kind of interferometer. First of all, I will briefly introduce the history and applications of
heterodyne interferometry that will be discussed in this chapter. Before I mention the
applications of the heterodyne interferometry, I would like to describe several types of
heterodyne interferometry. Then I would like to describe the precision positioning with
optical interferometer and focus on the heterodyne grating interferometer. After that, I will
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review some refractometer using heterodyne interferometer. In this section I would like to
quick look some useful methods for measuring the refractive index and thickness of bulk
material or thin film structure. In addition, the measurement of the optic axis and
birefringence of the birefringent crystal will also be discussed in this section. The final
application of the heterodyne interferometry that I would like to talk about is the
concentration measurement. In this section, I will roughly classify the method into two
categories. One is fiber type sensor; another is a non-fiber type sensor. And I will discuss the
surface plasmon resonance (SPR) sensor in fiber-type and non-fiber type sensors. Finally, 1
would like to give the short conclusion, which summarized the advantages and
disadvantages of the heterodyne interferometer.

2. Heterodyne interferometry

This section will introduce the development history of the heterodyne interferometry and
describe the fundamental theory and basic optical configuration of the heterodyne
interferometer.

2.1 History of Heterodyne light source developement

Hewlett Packard Company (HP) developed the first commercial heterodyne interferometer
for precision positioning since 1966. Until now, HP systems have widely used in industry,
scientific research, and education. ]J. A. Dahlquist, D. G. Peterson, and W. Culshaw [15]
demonstrated an optical interferometer, which used Zeeman laser properties in 1966. They
had the application of an axial magnetic field and resulted in the frequency difference
between the right hand and left hand circular polarization states of the He-Ne laser. Because
of these two polarization states are affected by equally thermal drift and mechanism
vibration of the laser, the frequency difference are extremely stable. Therefore, this light
source with different frequency is so called the heterodyne light source. Figure 1 showed
that the first heterodyne interferometer which constructed with Zeeman laser. As you can
see, the frequency shift coming from the moving mirror will be carried with 5. Then these
two lights with different frequency will be interference at 45° and the distance-varying
phase can be detected.

There are many methods can construct the optical frequency shift such as rotation or
moving grating method [16, 17], accousto-optical modulator (AOM) [18, 19], electro-optical
modulator (EOM) [20, 21], and modulating two slightly different wavelengths of laser
diodes [22]. Suzuki and Hioki [16] proposed the idea of moving grating method for
constructing the heterodyne light source in 1967. As the grating moves along y-axis with the

velocity v, the frequency shift will be introduced into the +1 order diffracted beam with + .
a

By suitable arrangement of the optical configuration, either one of these frequency shifted
signals can be selected and to form the heterodyne light source. W. H. Stevenson [17]
proposed the rotation radial grating to form the heterodyne light source in which he showed
that the frequency shift were linear increased with the rotation rate of the radial grating up
to 6k rpm. And the maximum frequency shift in this case was 500 kHz.

An acousto-optic modulator (AOM) uses the acousto-optic effect to diffract and shift the
frequency of the light [18, 19]. The piezoelectric transducer attaches to the quartz and the
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oscillating electric signal drives the transducer to vibrate, which creates sound wave in the
quartz and changes the refractive index of the quartz as periodic index modulation. The
incoming light diffracts by these moving periodic index modulation planes, which induced
the Doppler-shifted by an amount equal to the frequency of the sound wave. That
phenomenon is similar to the moving grating method but the fundamental concepts are
momentum conservation of the phonon-photon interaction and Bragg diffraction theory.
Figure 4 shows the frequency shifted by AOM that proposed in 1988 [18]. A typical
frequency shifted varies from 27 MHz to 400 MHz. In the case of M. J. Ehrlich et al. [18], the
frequency shifted was 29.7 MHz and the induced phase shifted over 360° by applying the
voltage within 15 V.
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Fig. 4. The frequency shifted by AOM [18].

Electro-optic modulator is a signal-controlled optical device that based on the electro-optic
effect to modulate a beam of light. The modulation may be imposed the phase, amplitude,
or frequency of the modulated beam. Lithium niobate (LiNbOs) is one of the electro-optic
crystals that is widely used for integrated optics device because of its large-valued Pockels
coefficients. The refractive index of LiNbO; is a linear function of the strength of the applied
electric field, which is called Pockel effect. Figure 5 shows one of the optical configurations
of the heterodyne light source constructed by EOM. The linear polarized light into the EOM,
which the crystal axis is located at 45° respected to the x-axis and applied half-wave voltage
V% on it, the outcome light will carry the frequency shifted.

The wavelength of laser diode can be varied as the injection current and temperature of the
laser diode. The wavelength increased as the injection current increased. In general, the rate
of the increase is about 0.005 nm/mA at 800 nm and that will be different for different types
of laser diode [22]. As the wavelength of the laser diode is changed from A to A+AA4
periodically, in which the injection current is periodically changed, the frequency shift of the
heterodyne signal can be obtained.
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2.2 Type of Heterodyne interferometer

The heterodyne interferometer can be divided into two categories, one is common-path type
and another is non common-path type. The common-path means that the environment
influence of the polarization states of the interference signal can be ignored. Of course, one
also can divide into linear polarized heterodyne and circular polarized heterodyne
interferometers based on the heterodyne light source. In this section, we would like to
describe that based on heterodyne light source and focus on the boundary phenomena
between the heterodyne light source and testing sample.

The optical configuration of the linear polarized heterodyne light source have described in
figure 5. For convenient, assume that the light propagate along z-axis and vertical direction
is y-axis. If the fast axis of the EOM is located at 45° respected to the x-axis, the Jones matrix
can be described [14, 23]:

r
2

T .
oM — 45° —sin45°) [e'z 0 45° sin45°y) _ [ cosz isinz
Bt 0 = (2 ) () Se) (i mim = (0 0) o
where the I' is the phase retardation of EOM and can be described r:”_V. When we
vV,
2
applied half-wave voltage of the EOM with sawtooth electric signal, equation (1) can be
approximated as

—imnim—t 0 iw—t 0
EO(O)t) = <e 0 2 el.mn—izwt> = (e 02 e_int> (2)

As a linear polarized light with the polarization direction at 45° pass through the EOM, then
the E-field can be

ot ] ot ‘
E = EO(wt) “Eip = (eoz e-?“?) .iz(i)elwot — %(9_;;) elwot (3)

e
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where @y and o are optical frequency and frequency shifted between two orthogonal
polarization state, respectively. Obviously, equation (3) described the linear polarized
heterodyne light source.

For a circular polarized heterodyne light source, the optical configuration is showed in
figure 6. As a linear polarized light pass through EOM and quarter-wave plate Q with the
azimuth angle at 0°, the Jones matrix of the E-field of the outcome light can be described

E' = Q(0°) - EO(wt) - Eip

= (D) (it contorsy) @) = (Soimint )

iwt

=1 T +1(1)e 7T @

Obviously, equation (4) describes the circular heterodyne light source that indicated the
frequency shifted @ between left-hand circular polarized light and right-hand circular
polarized.

P (0°) (45°,T) Q (0°)

H EOM H
Y-axis A
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|
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Fig. 6. The circular polarized heterodyne light source.

If the optical interferometer is constructed of the circular polarized heterodyne light source,
we always call that circular heterodyne interferometer otherwise we call that heterodyne
interferometer. For the specific purpose, we will arrange the tested system as transmission
type, reflection type, and multi-reflection type according to the optical property of the
testing sample. These types are summarized and show in figure 7. It is obvious that the
polarization states (p- and s- polarization states or right-hand and left-hand circular
polarization states) of the heterodyne light source are propagated at the same optical path,
in which we call common-path structure. The advantage of the common-path structure is
the influence of the polarization states of the heterodyne light source can be assumed and
limited to the acceptable value. In general, we can ignore the error when the measurement
system with common-path configuration. In figure 7, the reference signal I: coming from the
function generator can be written as

I, = I'[1 + cos(wt)], )
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and direct into the lock-in amplifier. The heterodyne light source will pass through or reflect
from the tested system and then pass through the analyzer AN; with azimuth angle at ¢,
finally detect by photodetector D;. The tested system can be divided into three types based
on the optical property of the testing sample. There are transmission, reflection, and multi-
reflection types.

To consider a heterodyne light source passed through the transmission materials which
induced the phase retardation ¢, the E-field and intensity detected by D; can be written as

ip wt
1(1 1\fez 0 cos

Ee= AN(@) W By =3(; 1) (e 2 _iﬁ) <_sin§>’
2

0 e-:
. il
= [cosa cos%tel3 - sinasin%te_lz] (G (©)
and
It=|Et|2=%[1+2“A2+Bzcos(wt+¢)] @)

where W is the Jones matrix of testing sample at transmission condition; A, B, and ¢ can be
written as

A= %(cos2 o — sin? a), (8a)

B = cosasinacos ¢, (8b)
and

—1 2cosasinacos @ (SC)

— -1.By _
¢ = tan (A) = tan (cos? a—sinZ ) ’

It is obvious that the phase retardation ¢ will be carried by the testing signal I;. To compare
I and I with lock-in amplifier, the phase difference ¢ coming from the testing sample can be
obtained. Substitute the phase difference into equation (8c), the phase retardation of the
sample can be determined.

Of course, if the testing sample is not transparence, the reflection type or multi-reflection
type can be applied to measure the optical property of the testing sample. To consider a
circular heterodyne light source is reflected by the testing sample, passed through the
analyzer with the azimuth angle ¢, and finally detected by photodetector. According to
Jones calculation, the E-field and intensity can be expressed as

E,=AN(a)-S-E'

. wt
_ ( cos’a  sinacos a) (rp 0) cos—-
sina cos a sin 0 7/ \-sin%

_ wt : . wt) rcosa
—(rp COs @ cos—- — T sin a sin 2)(Sina )

and

I, = |E¢|? = Ih[1 + cos(wt + )] . (10)
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Fig. 7. Types of the heterodyne interferometer with common-path structure.

Where S is the Jones matrix of testing sample at reflection condition, r, and rs are the
reflection coefficients, Iy and ¢ are the average intensity and phase difference coming from
the sample between p- and s- polarizations, which can be written as

(rp? cos? a+75? sin? )

10= 2

(11a)

and
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¢ =tan?! (

2sina cos a1yt ) (11b)

2 cos? a+rg?sin? a

The reflection coefficients in the reflection matrix of the sample can be expressed by Fresnel
equation that can be divided into single reflection and multi-reflection depended on the
testing structure. Hence, the r, and 7 can be written as [14, 23]

(1) single reflection

__npcosf-n, cosb;

P 7 n,cos6+n, cos 6, (12&)
_ nycosf-n,cos b,
S ™ n, cos6+n, cos 8, (12b)
(2) multi-reflection
_ T1p+Tapexp(if)
n(B) = Ttriprapexp(B)’ (13a)
_ Tis+725exp(iB)
5 = e rexn(ipy (13b)
and
,8 _ 2mn,d cos(Qt). (13C)

A

Where n; and n; are the refractive indices of air and testing sample, dand & are the incident
angle and refracted angle, Bis the phase difference coming from the optical path difference
in the testing sample, A is the wavelength of the heterodyne light source. It is obvious that
the optical properties of the testing sample can be obtained by substitute phase difference
into the equations (10) ~ (13).

On the other hand, the typical optical configuration of the non-common path is shown in
figure 8. It is clear that p- and s- polarizations will be propagated at two different paths
when they passed through the polarization beam splitter (PBS). In practice, the environment
disturbance will not be neglected in non-common path configuration because of these two
orthogonal polarization states will have different influence at different path. Therefore, the
non-common path optical interferometry using for precision measurement should be
seriously taken consideration of stability of the environment disturbance. Figure 8 shows the
optical configuration of the displacement measurement. The p- and s- polarizations will
reflect by mirrors M; and M,, then pass through the analyzer with azimuth angle at 45°.
Therefore, the E-field and intensity of the interference signal between two arms can be
written as

e%—ik(zdp) ot
— . Lw
E, = o2tk (2ds) e, (14)
and

I = %{1 + cos [a)t - %(dp - ds)]}. (15)
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If the mirror M; is moved with time, the phase difference @ will be changed and the

displacement variation can be measured by comparing the testing signal and reference
signal with lock-in amplifier.
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Fig. 8. The optical configuration of the non-common path displacement measurement.

3. Accurate positioning with heterodyne interferometer

Nano-scale positioning devices have become a significant requirement in scientific
instruments used for nanotechnology applications. These devices can be applied to nano-
handling, nanomanipulation, and nanofabrication. In addition, they are an essential part of
the scanning probe microscopy (SPM) and widely used in many research fields. The
precision positioning devices consist of three principle parts, which are the rolling
component, the driving system and the position sensor. Piezoelectric actuator is the most
popular method for driving system and commercial products have been on the market for a
few decades. Therefore, the piezoelectric actuator and the position sensor will play the role
of the positioning and the feedback control of the rolling element. To achieve the high
resolution positioning, the sensing methods of position sensor become more important and
have attracted great attention over the past two decades. In this section, we will introduce a
few of typical precision positioning methods [24-30] which used heterodyne interferometry.
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C. C. Hsu [29] proposed the grating heterodyne interferometry (GHI) to measure the in-
plane displacement. The schematic diagram of this method is shown in figure 10. The
diffracted grating has mounted on the motorized stage and four diffracted lights will
diffract and propagate in the x-z and y-z planes which are for measuring the displacement
in x- and y- directions respectively. Based on the Jones calculation, the E-field of the £1
diffracted beams can be expressed

Heterodyne
light source

-D diffraction grating

Fig. 10. 2-D displacement measurement system with GHI [29].

elwt/z

Ey41 € €Xp (iklxi1 + iz—:dx) ‘Ey = exp (ikl,CJ_r1 + izg—:dx) (e—iwt/z)/ (x-direction) (16a)

and

Eypr o exp (iklyil + iz—:dy) By = exp (ikzyil + iz—:dy) (&), (y-direction)  (16b)
where g, and gy, are the grating pitch in x- and y- directions, dy and dy are the displacement
along the x- and y- directions respectively. To consider x-direction displacement
measurement, the +1st order diffracted lights will be collected by a lens L and propagate into
two paths: (1) prism P, — polarization beam splitter PBS; — analyzer AN, (45°) — detector
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Dy, (2) prism Py — polarization beam splitter PBS; — analyzer AN3 (45°) — detector Dyo. It
is similar to the y-direction displacement measurement, the +1st order diffracted lights will
be propagated into (3) prism Py — polarization beam splitter PBS; — analyzer ANy (45°) —
detector Dyi, (4) prism P3 — polarization beam splitter PBS; — analyzer ANs (45°) —
detector Dyo. After Jones calculation, they can be written as

Lt & |Eprs + Evipa|” = %[1 + cos ((ut k(i = Logg) — Z—:dx)J, (17a)

Ly o |Eyg + Earpa|” = 3|1+ cos (@t + k(Loyz = 1) — ‘;—’:dx)l, (17b)

lyn ¢ [Buasy + Eoapy|” = 3|1+ cos (0 + k(Ly = Liay) = ;—:dy)J, (182)
and

Ly  |E_igy + Eqipy|” = §l1 + cos <wt +k(Lyry —L1y) — ‘;—’;dy)J. (18b)

To compare the equations (17) and (18), the phase difference coming from the movement in
x- and y- directions can be obtained and expressed as

i=—rdi+ 2kl (i=xY), (19)
where I and [y are the path difference between grating and PBS; and PBS; respectively. In
practice, the second term in equation (19) can be assumed the initial phase. Therefore, the
displacement can be obtained as phase difference is measured and grating pitch is given.

Figure 11 shows that the 2-D displacement measurement with 2-D grating. The movement
of the stage is toward to 45° respected to the x-direction and moved 180 nm. The
displacement projection in the x- and y-direction are about 120 nm and 140 nm respectively.
It is obvious that there are small difference between the results measured by GHI and HP
5529A. Hsu's results can observe that the sensitivity of GHI is higher than HP 5529A and the
smallest displacement variation can be judged is about 6 pm. Besides, GHI can provide the
2-D displacement monitoring with single measurement apparatus which have many
advantages such as easy alignment, high cost/preference ratio, and easy integrated to the
motorized system.

Recently, J. Y. Lee [30] proposed a novel method to measure the 2-D displacement which
have quasi-common optical path (QCOP) configuration. The optical structure is shown in
figure 12. Based on the clever arrangement, the expanded heterodyne beam is divided into 4
parts A, B, C and D. According to the Jones calculation, the amplitudes of these 4 parts are
given by

Ep = Ec = J(180°) - Ey = (Suunsa ), Ea = Ep = J(09) - By = (e ). (20)
The expanded heterodyne beam will reflect by a mirror and focus by a lens with suitable
focal length, in which can make the zero order (m=0) beam overlap with the +1 order
diffracted beams. The beam distribution is shown in detail in the inset. When the grating
moves along the x direction, the interference phase changes can be observed from the
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Fig. 11. Displacement measurement of 2-D movement of motorized stage with GHI and HP
5529A.

overlapping area O; to Oy when the grating moves along the y direction, the interference
phase changes can be observed from the overlapping area Os to Os. One can use an iris
before the focus lens to control the overlapping area. The overlapping areas (O; and Os) are
chosen to pass through two polarizers P; and P, with transmittance axes at 0°. The
interference of the light is detected using two detectors D; and D,. The interference signal I
and I, measured by the detectors D; and D, can be written as

I; =1+ cos(wt — ¢y), (21a)
I, = 1+ cos(wt — ¢y). (21b)

A polarizer P3 for which the transmittance axis is at 45° and a detector D; are used to
measure the intensity of the non-overlapping areas which can be a reference signal Is
(measured by Ds) and written as

I3 = 1+ cos(wt), (22)
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Fig. 12. The schematic of the single type and differential type QCOP heterodyne grating
interferometer.

These three signals I1, I, and I3 are sent into the lock-in amplifier and the phase differences
@, = ¢1 (between I1 and I3) and @, = ¢,1 (between I and I5) are given by

o = %di =xy), (23)
where d; is the displacement in x- and y- directions; g; is the grating pitch of 2-D grating in x-
and y- directions. It is obvious that the 2-D displacement can be obtained as the phase
difference and grating pitch of the 2-D grating are given. In the differential type QCOP
method, two polarization beam splitters (PBSs) are used to separate the two overlapping

beams into four parts. Therefore, the interference signals detected by Dy, Ds, D¢, and D7 can
be written as

I, =1+ cos(wt — ¢pyq) and I5 = 1 + cos(wt + ¢y4); (for x- direction) (24a)

I¢ =1+ cos(wt — ¢yq) and I; = 1 + cos(wt + ¢y4). (for y- direction) (24b)

These two pairs signal are sent into the multi-channel lock-in amplifier, the phase
differences @, = ¢ - (-¢u1) (between I and Is) and @, = ¢y1 - (-¢y1) (between Is and I7) are 4
times of ¢.

Figure 13 shows a top view of the experimental results in the XY section and the XY stepper
moves with a displacement of 1 mm. It is clear that the slight difference between the results
measured by the laser encoder and QCOP method. The difference is coming from a tiny
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angle between the moving direction and the grating, which can be alignment by mounting
2D grating on the rotation stage. In their case, the larger difference was about 12 ym in the y-
direction and the smallest difference was about 29 nm in the x- direction for a displacement
of 1 mm. Based on the error analysis, if the phase resolution (0.001°) of the lock-in amplifier
is considered, the corresponding displacement resolutions of the differential and single type
interferometers are estimated to be 9 pm and 4.5 pm for a grating pitch of 3.2 pm,
respectively. If only high frequency noise is considered, the measurement resolution of the

differential and single type QCOP interferometers can be estimated to be 1.41 nm and 2.52
nm.
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Fig. 13. Displacement measurement of the quadrangular motion with the QCOP method
[30].

4. Optical constants measurement with heterodyne interferometer

Optical constants of the materials such as refractive index, birefringence, optical activity,
and thickness are significant parameters in material science. There are many methods [9-12,
31-40] can determine those factors, most popular method is ellipsometer [9-12]. Recently,
these factors can be obtained by heterodyne interferometer. In this section, we will review

some novel methods [31-40] for optical constants measurement with heterodyne
interferometer.

C. C. Hsu [32] proposed a novel method for determine the refractive index of the bulk
materials with normal incident circular heterodyne interferometer (NICHI) and the
schematic diagram is shown in figure 14. The circular heterodyne light source was incident
into the modified Twyman-Green interferometer, in which the testing signal reflected from
the sample can be interfered and carried by the circular heterodyne light beams. Based on
Jones calculation, the interference signal measured by D can be written as
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I, = |E; + E;|? = I,[1 + y cos(wt + ¢)], (25)

where E; and E; are the E-field coming from the optical path 1 and path 2 respectively. Iy, 3
and ¢ are the mean intensity, the visibility and the phase of the interference signal,
respectively. In additions, they can derive from the Jones calculation and written as

Circular Heterodyne Light Source
yne s Laser:

7
FG ] EO

Lock-in amplifier :

Modified Twyman-Green Interferometer

Fig. 14. The optical configuration of normal incident circular heterodyne interferometer [32].

1, n-1 -1 . .
Iy = [E (%)2 + 21,2 + Z(h)rm sin 2a sin(¢gq, — q,’)dz)], (26a)
VATT B

Y= e : (26b)

B 422420 ) sin 2a sin(bas—Paz)]
¢ =tan"1() (26¢)

A 7
where the symbols A and B can be written as
1 (n-1\2 .

A== [(m) — 471,2] - (cos? a — sin? a), (27a)

1 (n-1\2 : n-1
B = 3 [(m) — 41,,%] - sin 2a — ZErm, (27b)
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where r, is the normal reflection coefficients of the test medium. If the phase can be
measured and the reflectivity of mirror is given, the refractive index of the testing sample
will be obtained. Furthermore, it is clear that the resolution of refractive index is strongly
related to the azimuth angle of analyzer and the reflectivity of the mirror. To derive

equation (26) to 1, the resolution of refractive index can be written as

1 -b
An =gz I00] = 21104,

dn

where g, b, ¢, and d are

4Tm +2(n—1)
(1+n)2 " (1+n)3

2[— sin 2]

a =

n-1\2 . ’
[(1+_n) —41%][cos? a—sin? a]

N (o 2
p = 22D {—Z(n L +l[(n—1) — 471,2] - sin 20:},

T % (a+n)3 1+n 2 \n+1

2
c= [(n—_l) — 471,21 (cos? a — sin? a)
n+1 m >

2

2D Lo g
4{ n+1 +2[(n+1) 4rm]51n20(}

d=1+
[(2_1)2_4"’%12]2[(3052 a—sin? a]?

(28)

(29a)

(29b)

(29¢)

(29d)

The simulation results were shown in figure 15 and resolution of the refractive index can be

reached 10 as the suitable experimental conditions were chosen.

a: low refractive index (1.33) ssf—
b: high refractive index(1.77) ss

%2 1| S—

An 7 \ An 9:

’m

Fig. 15. The relationship between the azimuth angle, reflectivity of the mirror, and
resolution of the refractive index [32].

In 2010, Y. L. Chen and D. C. Su [38] developed a full-field refractive index measurement of
gradient-index lens with normal incident circular heterodyne interferometer (NICHI). They
used high speed CMOS camera to record 2D interference signal and the optical
configuration was shown in figure 16.
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HLS

I ; — Q2

v —L ™

Fig. 16. Optical configuration of full-field normal incident circular heterodyne
interferometer [38].

In this interferometer, one is for reference beam (BS—Q,—»>M—>Q,—~BS—>AN—IL—-C) and
one is for testing beam ((BS>G—BS—AN—IL—C). Here, G means GRIN lens. They were
interfere with each other after passing through AN. Before insert the Q, the interference
signal can be written as

I, = Iy + 7, cosrft + ¢q)

= %{7‘2 + 1% — 2173y, COS [27tft + % = (a1 — baz + ¢r)]} 0)

where Iy, 51, and ¢ are the mean intensity, visibility, and phase of the interference signal,
respectively. Then insert the Q1, the interference signal can be written as

I, = [rry, sin(¢gy — Pgz + @)] cosQmft) + E (12 — rZ)J cos(2mft) + C, (31a)

and

¢2 — Cot—l [erm sin(¢g1—Pdaz+¢r) ) (31b)

(rm?-712)

It is obvious that the refractive index of the GRIN lens G can be the function of ¢ and ¢
which expressed as

n= cot ¢, —Ty, COS Py +Ty4/COSZ Py +cOt? ¢2. (32)
cot ¢, +7y, COS py—Tp+/COSZ Py +cOt2 ¢,

Therefore, for a specified r,;, ¢ and ¢ are given by the measurement, the refractive index of
GRIN lens can be obtained.

For full-filed heterodyne phase detection can be realized with three-parameter sine wave
fitting method that proposed by IEEE standards 1241-2000. The fitting equation has the form
of
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I(t) = /Aoz + By? cos(2nft + @) + Cy, (33a)

@ =tan™?! (_A—B"). (33b)

0

and

where Ag, Bo, and Cp are real numbers and they can be derived with the least-square
method. And finally the phase of the all pixels on the CCD camera can be obtained. Based
on their method, they demonstrated the two dimensional refractive index distribution of the
GRIN lens and showed in figure 17.
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Fig. 17. The refractive index contour of GRIN lens measured by full-field NICHI [38].

For the measurement of the optical constants of the thin film, K. H. Chen and C. C. Hsu [33]
proposed a circular heterodyne refractometer. The optical configuration was shown in
figure 18. The circular heterodyne light source was incident onto the sample at & and the
light will be partially transmitted and reflected at the interface between the thin film and
substrate. If the transmission axis of AN is located at & with respect to the x-axis, then the E-
field of the light arriving at D is given
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Fig. 18. The circular heterodyne refractor.

2 ; T 0 cost 7, cos? a cosE—r, sin a cos a sin:
B _( cos? « smacosa)(p ) >\ _ (™ T - (34)
t sina cosa sin? a 0 n/\- sinw?t Tpsina cosa cosw?t—rs sinZ sinw?t ’
Therefore, the testing signal detected by the detector D can be written as

e = |Ee|? = I[1 + = cos(t + )], (35)
0

where Iy and y are the bias intensity and the visibility of the signal, and ¢ is the phase
difference between the p- and s- polarizations coming from the reflection of the sample.
They can be expressed as

Iy = %(|rp|2 cos? a + |rg|? sin? ), (36a)
|? sin® @), (36b)

A= %(|rp|2 cos?a — |r;

B = %(rprs* +r1,")sina cos a, (36¢)
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and

(rp7s"+7s1p") sina cosa

¢ =tan"(2) = tan"'| (36d)

(|rp|2 cos? a—|rg|2sin a)”
The symbols r, and s are the Fresnel equation (as equation 13); r; and 7" are the conjugates
of rp and r;, respectively. It is obvious that the phase difference coming from the samples are
function of the incident angle and the transmission axis of the analyzer AN. In practice, one
can adjust three transmission axis of the analyzer at fixed incident angle or change three
different incident angles with fixed transmission axis of the analyzer to get the
corresponding phase difference ¢. Therefore, substitute the phase difference into equation
(36d) the optical constants of the sample can be obtained. According to Chen'’s results, they
can successfully measure the thin metal film deposited on the glass substrate with lower
measurement errors, which are 1023 for the complex refractive index and 101 nm for the
thickness.

Birefrigent crystals (BC) have been used to fabricate polarization optical components for a
long time. To enhance their qualities and performances, it is necessary to determine the
optical axis (OA) and measure the extraordinary index n. and the ordinary index n,
accurately. There are many methods proposed to measure these parameters of the
birefrigent crystal. Huang et al. [39] measured (ne, #,) of the wedge-shaped birefrigent
crystal with transmission-type method. Therefore, the accuracy of thickness, flatness and
parallelism of the two opposite sides of the birefrigent crystals are strongly required. D. C.
Su and C. C. Hsu [37] proposed a novel method for measuring the extraordinary index e,
the ordinary index n,, and the azimuth angle of the birefrigent crystal with single apparatus
which described in figure 19. Based on the circular heterodyne interferometer (CHI) and
replaced the sample by the birefrigent crystal, the Jones vector of the E-field detected by D
can be written as

oo Tps
T T

= <(rpp cos B + 15, sin B) cos %t — (15 cos B + 155 sin B) sin %t) (Z?;g) (37)

where S is the Jones matrix for BC, rpp and rgs are the direct-reflection coefficients, and rps
and rp are the cross-reflection coefficients [14], respectively. Based on Fresnel equations, rpp,
Tss, ps and rgp are the function of the ne, 1,, and azimuth angle o of the birefrigent crystal.
Therefore, the intensity of the testing signal can be expressed

N2 2
I = |Et|2 _ (rpp cOS B+7sp sin B) ;—(1‘,[,S cos B+7g sin B) [1 n cos(wt + ¢)]’ (38&)
and
_ 2(7pp €OS B+Tsp Sin B) (s COS B+755 sin B)
= tan~! ( pp P 3 )
¢ an (rpp cos B+7sp sin B)2+(rps cos B+7g sin B)? (38b)

Theoretically, it is difficult to obtain the ., 1., and azimuth angle « of the birefrigent crystal
by substituting the phase difference, which is arbitrary choose the measurement conditions
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Fig. 19. Optical configuration of the determination of the optical properties of birefrigent
crystal with CHI.

of the incident angle and azimuth angle of the analyzer, into equation (38b). Therefore, Su
developed a sequence for determining these parameters. First, let azimuth angle g of
analyzer equal to 0° and phase difference can be written as

¢ =tan™? (rzﬁ”&) (39)

2 2
pp” " Tps

As azimuth angle « of the birefrigent crystal at 0° or 90°, r,s and ry will be equal to 0, and
phase difference ¢ is equal to 0. But in this period, one cannot determine the azimuth angle
o of brifrigent crystal exactly at 0° or 90°.
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Second, fixed the azimuth angle of the birefrigent crystal and rotated azimuth angle S of
analyzer to nonzero position. The phase difference ¢ can be expressed as

_ 1 Sin 2 1ppTps

¢ =tan (rppz cos? B—1gs2 sin? ,8)' (40)
At this period, the ,, and r; will be under one of the conditions (i) a=90°0r (ii) a=0°. Hence,
we solved the 7. and 1, under conditions (i) and (ii) with two different incident angles.

Third, determine the correct solution with two justifications. (1) Rationality of the solution:
In general, both 7. and 1, are within the range 1 and 5. If any estimated data of n. and n, is
not within this range, it is obvious that the estimated data may be incorrect. (2) Comparison
between 7. and #,: Either a positive or negative crystal is tested, all two pairs of solutions of
either group should meet with only either n, > n, or n, < n_ . If not, then that group is
incorrect.

Based on Su’s procedure, they have successfully determined the e, 1,, and azimuth angle o
of the birefrigent crystal, which were positive crystal (quartz) and negative crystal (calcite),
with lower error of the refractive index (~ 103) and azimuth angle (~0.1°) of BC.

J. E. Lin et al [40] proposed a transmission type circular heterodyne interferometer to
determine the rotation angle of chiral medium (glucose solution). The optical setup was
shown in figure 20 and the E-field of the testing signal derived from Jones calculation is
given

E = A(0) - S(8) - Q,(45) - EO(90) - P(45) - E;,

:[1 0”c050 sin@] = = [e—iwt/z 0
0 0 i

—i
2 2 0

—sinf cos@fl|1ti 1- 0 e~ wt/2 [Eoei‘”of]’ (41)
2 2

N|R N[

where 8 is the optical rotation angle of the chiral medium. And the intensity of the testing
signal detected by the photodetector can be derived and written as

I = I4.[1 — sin(wt — 26)], (42)

Compare with the reference signal by lock-in amplifier, the phase difference between the
reference and testing signals can be obtained. Theoretically, the optical rotation angle is
strongly related to the concentration, temperature, and propagation length of the chiral
medium (glucose solution). And that can be expressed as

_ 1008

c (o]’

(43)

where the glucose concentration C (g/dl) in a liquid solution, & (degree) is optical rotation
angle, L (decimeter) is the propagation length in chiral medium.

Figure 21 showed that the optical rotation angle of the glucose solution which the
concentration was varied from 0 to 1.2 g/dl. Their results showed the good linearity and
high sensitivity which can achieve 0.273° /g/dl.



54 Interferometry — Research and Applications in Science and Technology

W
1

X 'y
‘2 EO Modulator Analyzer(0®)

Chiral Sample .

M (00} M

Photodetector

Polarizen45%)
Quarter-wave plate

0Q,(45%)

Intensity

Y 1—i Personal Computer [f— Lock-In Amplifier  ———

Fig. 20. Schematic diagram of circular heterodyne interferometer for measuring the optical
rotation angle in a chiral medium [40].
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Fig. 21. Optical rotation angle of glucose solution with concentration variation [40].

5. Concentration measurement with heterodyne interferometer

The concentration of solution is an important factor in food, chemical and biochemical
industrial, especially in health care and disease prevention. For example, the blood glucose
concentration is related to the diabetes. To control the blood glucose concentration within
the normal level is critical issue to the diabetic daily care. Therefore, many researchers
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developed novel methods for measuring the solution concentration. Because of the
advantages of the optical method such as high sensitivity, high resolution, non-contact, and
quick response, optical measurement method become more popular in past few decades.
And these methods can roughly divide into fiber type sensor [41, 44-45, 49] and non-fiber
type sensor [42-43, 46-48, 50]. In this section, we will review some recent development in
both type sensors for measuring concentration of the specific chemical compound [41-50].

M. H. Chiu [41] developed a D-shape fiber sensor with SPR property and integrated with
heterodyne interferometer which could detect variation in the alcohol concentration of 2%.
The optical setup was shown in figure 22. The heterodyne light source was guided into the
sensor and suffered the attenuate total reflection (ATR) at the sensing region. Because of the
refractive index of the sample will be varied as the concentration changed. And induce the
phase difference between the p- and s- polarizations. To measure the phase difference can be
obtained the concentration variation of the sample.

— - !'n‘.'gﬁmg medium (ns)
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x 1
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Fig. 22. The scheme of the D-shape fiber sensor [41].

Figure 22 shows that the testing signal detected by photodetector and sent into the
phasemeter. Therefore, the interference signal can be written as

I(t) =1 {1 + V cos [wt + (%)]}, (44)

where Iy and V are the average intensity and visibility; L and / are the sensing length and
core diameter; (4-¢) is the phase difference between p- and s- polarizations; & is the
incident angle at the interface between fiber core and metal film. Based on the Fresnel
equation, one can derive the (@-¢) from the amplitude reflection coefficient under ATR
condition and it is obvious that (¢,-¢) is the function of the refractive index of the sensing
medium. Figure 23 shows that the results measured by the D-shape fiber sensor for different
concentration of the alcohol.
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Fig. 23. The experiment result of different concentration of alcohol measured by D-shape
fiber sensor [41].

In Chiu’s results, they can observe the concentration variation 2 %, in which the
corresponding refractive index variation is about 0.0009. Based on error analysis, their
method can be reached 2x10-6 refractive index unit.

Recently, T. Q. Lin [44] and C. C. Hsu [45] developed a fiber sensor which immobilized
glucose oxidase (GOx) on the fiber core for measuring the glucose concentration in serum
and phosphate buffer solution (PBS). Their measurement method integrated the fiber sensor
and heterodyne interferometer which showed in figure 24.

Heterodyne ; e
light source f -

7
@

to g Q1 Testing signal

g
5

Fig. 24. Schematic diagram of the measurement system and preliminary test of the glucose
fiber sensor [44].
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As the heterodyne light source enters the sensing part, the light beam undergoes total
internal reflection (TIR) and the phase difference between the p- and s- polarization states
can be written as

in2 @, —(%2)2
n—l sin? 6, (n1) (45)

d)t - md)TIR = m tan 6;-sin 6,

where n, and n, are the refractive indices of the immobilized GOx and the testing solution.
6, and m are the incident angle and the number of TIRs that occur at the interface between
the GOx and the testing solution. After dripping the testing sample onto the sensor, the
phase will vary as the glucose reacts with the GOx to be converted into gluconic acid and
hydrogen peroxide. The chemical reaction can be formulated as follows:

GO
Glucose + 0, = gluconic acid + H,0,. (46)

It means that the refractive index (1,) will change and consequently the phase will change.
Besides, the refractive index ny is a function of the concentration of the testing sample.
Different concentration of the solution has different refractive index. Therefore, one can
determine the concentration variation by measuring the phase variation. In their methods,
the phase difference can be carried in the heterodyne interference signal and written as

Iy = IH[1 + cos(wt) + ¢].

To deserve to be mentioned, they found that the pH property between the testing sample
and sensor is critical issue for rapid measurement. Figure 25 shows that the response time
and response efficiency of the fiber sensor. It is clear that the response time for measuring
glucose solution was shorter than those for serum measurement. And the response
efficiency for measuring glucose solution was faster than those for serum measurement at
different GOx concentration.

Based on their results, this fiber sensor has good linearity of the calibration curve for glucose
solution and serum sample. And they showed the best resolutions were 0.1 and 0.136 mg/dl
for glucose solution and serum based sample, respectively.

One of the non-fiber type sensors is SPR (surface Plasmon resonance) sensor which has been
applied in field such as pharmaceutical development and life sciences. And SPR provides
ultra high sensitivity for detecting tiny refractive index (RI) changes or other quantities
which can be converted into an equivalent RI. The heterodyne interferometer detects the
SPR phase by using a Zeeman laser or optical modulator, such as an acousto-optic
modulator or electro-optic modulator and has been reported in the literature. Heterodyne
phase detection techniques offer the high measurement performance high sensitivity and
high resolution in real-time. J. Y. Lee [43] proposed wavelength-modulation circular
heterodyne interferometer (WMCHI) with SPR sensor for measuring the different
concentration of alcohol. The diagram of the WMCHI is shown in figure 26.

The SPR sensor had the Kretschmann configuration consists of a BK7 prism coated with a 50
nm gold film and integrated with micro-fluid channel which used to inject the testing
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Fig. 25. The response time and response efficiency of the fiber sensor for measuring both
glucose solution and human serum [44].

sample. The E-field detected by D; and D> can be written as

E; = P(45°) - Jspr ']Q(45°) “Ey

¢ [ i -w
S LM % [ ESemevia

i($o-wt)

= %[(|rp|e"¢p +ilnle®)e 2 + (i|r|e™? + |rs|et¢s)e‘—i(¢°§m)] [, (47a)

and

E, = P(—45°) *Jspr ']Q(45°) Ey

= 2 [ le? + irle#)e 5% 4 (i e9P + Irle®)e 57| [1], @7b)

-1

where Jspr is the Jones matrix of SPR sensor. They became two testing signals and sent into
lock-in amplifier which can obtained the phase difference between them. The phase
difference @ of these two signals is obtained as

o= ((DO + tan~?! %) - ((DO —tan™! %) =2tan"?! (M) (48)

2|ry|Irsl cos ¢
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Fig. 26 Schematic diagram of WMCHI for different concentration measurement [43].

Based on equation (44), it is clear that the resonant angles for ¢ and @ are different.
Obviously, @ is the function of r,, r; and ¢ which varies with the refractive index of sample
n3 and the incident angle. The relationship between ¢ and ® and the incident angle was
shown in figure 27 It is obvious that the maximum of ® is larger than that of ¢. On the other
hand, ® can be larger than 10,000 in the incident angle interval between 66.25° and 66.75°.
This means that Lee’s method has a high angle toleration and larger dynamic range.

C. Chou [42] proposed a novel pair surface plasma wave biosensor which provided a larger
dynamic measurement range for effective refractive index. In their system, it can avoid
excess noise coming from laser intensity fluctuation and environment disturbance. It is
important to retain the amplitude stability in this method for high detection sensitivity.
Figure 28 showed the amplitude sensitivity PSPR method. In this figure, PBS separated the
pair of p-polarization waves and the pair of s-polarization waves, which can be optical
heterodyne interference signal at the photodetectors D, and D;. Then these two signals can
be expressed as

1p1+p2(A('0t) = AplApZ COS(Awt + ¢p), (493)

Ls1452(A0t) = Ag1Ag, cos(Awt + @), (49b)

where Ap; and Ap; are the attenuated amplitudes of the reflected P; and P, waves
respectively; As; and As; are the attenuated amplitudes of the reflected S; and S, waves
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Fig. 27. The relationship between ¢and ® and the incident angle [43].

respectively. gp and ¢s are the phase differences of the reflected P and P and the reflected S
and S waves respectively. In equation (49), ¢p and ¢s are equal to 0 and these two
interference signals will remain at maximum intensity under the SPR proceeded.

He-Me

Fig. 28. The schematic of the amplitude sensitivity PSPR [42].

Based on this method, Chou demonstrated three different testing samples with
concentration variation which were sucrose, glycerin-water solution, and rabbit anti-mouse
IgG. In figure 29, the best of these sample are 8x10-8, 7.6x10-7, and 2x10-, respectively.
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Fig. 29. The measurement results of the PSPR method [42].

6. Conclusion

In this chapter, we reviewed some recent development or state of the art techniques. It shows
that the heterodyne interferometry is a mature technique and can be applied to many different
aspects. For example, the diffraction grating heterodyne interferometry (DGHI) provided
nanometer resolution for precision positioning which can be integrated with motorized stage.
Full-field circular heterodyne interferometry (FFCHI) can be used to investigate the two-
dimensional optical properties, such as refractive index and birefrigence of testing sample. For
this point of view, the heterodyne interferometry can be a refractometer with high accuracy.
To integrate with optical sensor, the heterodyne interferometry can be used to diagnose the
concentration of the body fluid such as blood glucose and glycerin or the protein interaction
between body-antibody. Therefore, the heterodyne interferometry is a powerful, flexible,
integrable, and reliable technique for precision metrology.
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1. Introduction

Phase-shifting interferometry requires (PSI) of several interferograms of the same optical
field with similar characteristics but shifted by certain phase values to retrieve the optical
phase. This task has been usually performed by stages with great success and requires of a
series of sequential shots [Meneses et al., 2006a]. However, time-varying phase distributions
are excluded from this schema. Several efforts for single-shot phase-shifting interferometry
have been tested successfully [Novak et al.,2005 ;Rodriguez et al., 2008a], but some of them
require of non-standard components and they need to be modified in some important
respects in order to get more than four interferograms. Two-windows grating
interferometry, on the other hand, has been proved to be an attractive technique because of
its mechanical stability as a common-path interferometer [Arrizén and De La Llave 2004].
Moreover, gratings can be used as convenient phase modulators because they introduce
phase shifts through lateral displacements. In this regard, phase gratings offer more
multiplexing capabilities than absorption gratings (more useful diffraction orders because
higher diffraction efficiencies can be achieved). Furthermore, with two phase gratings with
their vector gratings at 90° (grids) there appear even more useful diffraction orders[Toto et
al., 2008]. Modulation of polarization can be independently applied to each diffraction order
to introduce a desired phase-shift in each interference pattern instead of using lateral
translations. These properties combine to enable phase-shifting interferometric systems that
require of only a single-shot, thus enabling phase inspection of moving subjects. Also, more
than four interferograms can be acquired that way. A simple interferogram processing
enables the use of interference fringes with different fringe modulations and intensities. In
this chapter, the basic properties of two-windows phase grating interferometry (TWPGI)
and modulation of polarization is reviewed on the basis of the far-field diffraction properties
of phase gratings and grids. Phase shifts in the diffraction orders can be used as an
advantage because they simplify the needed polarization filter distributions. It is finally
remarked, that these interferometers are compatible with interference fringes exhibiting
spatial frequencies of relative low values and, therefore, no great loss of resolution is related
with several interferograms when simultaneously using the same image field of the camera.
To extract optical phase distributions which evolve in time, the capture of the n shifted
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interferograms with one shot is desirable. Some approaches to perform this task have been
already demonstrated [Wyant, 2004; Rodriguez et al., 2009], although only for n = 4 to our
knowledge. Among these systems, the one using two windows in the object plane of a 4f
system with a phase-grating in the Fourier plane and modulation of polarization (TWPGI) is
a very simple possibility [Rodriguez 2008a]. In this communication, the capability of TWPGI
to capture more than four interferograms in one shot is demonstrated with the introduction
of a phase grid in place of the grating. To test TWPGI for more than four interferograms, the
case of n=(N+1) interferograms has been chosen. This method reduces errors in phase
calculations when noisy interferograms are involved [Malacara D, 1998]. Experimental
results for n =5, 7, 9 interferograms are shown.

2. Experimental setup

A The Fig. 1 shows the arrangement of an ideal one-shot phase-shifting grating
interferometer incorporating modulation of polarization. A combination of a quarter-wave
plate Q and a linear polarizing filter P generates linearly polarized light at an appropriate
azimuth angle (45°) entering the interferometer. Two quarter-wave plates (Qr and Qg) with
their orthogonal fast axes are placed in front of the two windows of the common-path
interferometer so as to generate left and right circularly polarized light as the corresponding
beam leaves each window, see Fig. 1(a). A phase grating is placed at the system’s Fourier
plane as the pupil. In the image plane, Fig. 1(b) superimposition of diffraction orders result,
causing replicated images to interfere.

Hix, y)

: (a) (b)

Fig. 1. (a) One-shot phase-shifting grating interferometer with modulation of polarization.
A, B: windows. PBS: Polarizing Beam splitter; M;: Mirrors; G(u,v): Phase grid. (b) w::
polarizing angles (with i =1,2,3,4 to obtain phase-shifts §; =0°, 90°, 180°, 270° respectively).
Translation of coordinates around the order position: x, = x — gFp and y, =y — rFo. a'=1.519
rad.

The phase shifting &; , i= 1...4, results after placing a linear polarizer to each one of the
interference patterns generated on each diffracting orders in the exit plane (P1, P2, P3, Py).
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Each polarizing filter transmission axis is adjusted at different angle yy;, so as to obtain the
desired phase shift ¢ for each pair of orders. For a 90° phase-shift &; between interfering
fields, the polarization angles y; in each diffraction order must be 0°, 45°, 90° and 135° for
the case of ideal quarter-wave retardation (a= 90°). In the next sections, some particularities
arising from the optical components available for our set-up are discussed. Among these,
the calculation of w; for the case of a non exact quarter-wave retardation is considered
through an example.

3. Interference patterns with polarizing filters and retarding plates
3.1 Phase grids

Object and image planes are described by (x,y) coordinates. A periodic phase-only
transmittance G(u,v) is placed in the frequency plane (u,v). Then p=u/Af and v=uv/Af are the
frequency coordinates scaled to the wavelength A and the focal length f. In the plane (u,v),
the period of G is denoted by d (the same in both axis directions) and thus, its spatial
frequency by o= 1/d. Two neighboring diffraction orders have a distance of Xo=Af/d in the
image plane. Then, c-u= Xo-p. Taking the rulings of one grating along the p direction and the
rulings of the second grating along the v direction, the resulting centered phase grid can be
written as

G(lu’g):eiZﬁAgsin[Zﬂ-Xx,u] o274 sin[ 27 X,v | _ i I, (ZHAg)eiz”‘qXO“ i ],(ZﬂAg)eiz”"XOV o

g=-— r=—00

where the frequencies along each axes directions are taken of the same value The Fourier
transform of the phase grid becomes

4= r=0

G(ry)= 2 X 1 (27A,)], (274, ) (x—qXo,y —rX,) ©)

g=-0 r=—0

which consists of point-like diffraction orders distributed in the image plane on the nodes of
a lattice with a period given by Xo.

3.2 Two-window phase-grating interferometry: fringe modulation

Phase grating interferometry is based on a phase grating placed as the pupil of a 4f Fourier
optical system [Rodriguez et al., 2008a;Thomas and Wyant ,1976]. The use of two windows
at the object plane in conjunction with phase grating interferometry allows interference
between the optical fields associated to each window with higher diffraction efficiency
[Arrizon and Sanchez, 2004; Ramijan, 1978]. Such a system performs as a common path
interferometer (Fig. 1). When using birefringent plates which do not perform exactly as
quarter-wave plates for the wavelength employed, the polarization angles of the linear
polarizing filters to obtain 90° phase-shifts must change[Rodriguez et al., 2008a].

To calculate the phase shifts induced in a more general polarization states by linear
polarizers, consider two fields whose Jones vectors are described respectively by
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. 1(1) . 1( 1
]L(x'y):ﬁ i ]R(x/y):ﬁ i |7 ©)

These vectors represent the polarization states of two beams emerging from a retarding
plate with phase retardation ta'. Each beam enters the plate with linear polarization at £45°
with respect to the plate fast axis. Due to their orientations, the electric fields of the beams
rotate in opposite directions, thereby the indices L and R. A convenient window pair for a
grating interferometer implies an amplitude transmittance given by

() =Ty w2y =)+ Jraw (042 y +2), @

and xp and yo give the mutual separations between the centers of each window along the
coordinate axis. One rectangular aperture can be written as w(x,y)= rect[x/a]- rect[y/b]
whereas the second one, as w’(x,y)= w(x,y) exp{ ip(x,y)}, a relative phase between the
windows being described with the function . a represents the side length of each window.
The image £;(x,y) formed by the system consists basically of replications of each window at
distances Xy, that is, the convolution of ?0(x,y) with the point spread function of the
system, defined by the inverse Fourier transform of

r LT 9
2(/1,1/)—5 0 1 2(4,v) )
This results into the following

(oY) =h(xy)* 3T, (1))

1 0). . .
S

©)

Assuming yo=xo, by invoking the condition of matching first-neighboring orders, Xo=xo,
g'=q+1 and r'=r+1, and the image is then basically described by

fo(x,y) * G(x,y) =
T2 0], w(x=(q+¥)xo,y = (r + ¥)xo)
q.r

. 7
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where some inessential constants are dropped. By selecting the diffraction term of order gr,
after placing a linear polarizing filter with transmission axis at the angle y, ]VE , its irradiance
results proportional to
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and also [4]
A(v,a')=1+sin(2y)-cos(a'), N = sin(a) 10
(v,a') (2w) (@), &y,a')= ArcTan ot2y) (10)

1+ tan(y)- cos(a")

Plots of &(y,a') and A(y,a') are shown in Fig. 2 for several values of o'.
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Fig. 2. (a) Phase shift &£(y,a") as a function of y for several values of «'. Insert: o' for ideal
retardation and experimental retardation. (b) Amplitude A(y,a') as a function of y for

several values of «'.
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Thus, an interference pattern between fields associated to each window must appear within
each replicated window. It is shifted by an amount & induced by polarization. For the case of
exact quarter-wave retardation, A(y,7/2)=1 and & w,7/2)=2y. Otherwise, these quantities
must be evaluated with Egs. (8). The fringe modulation mg, of each pattern would be of the
form

_ 2][]];]—1]1’]1’71

= 11

R B Y -
The Fourier spectrum of the grid in our tests behaves as sketched in Fig. 3, where two equal
phase gratings are shown with their respective +4th diffraction order assumed negative [Fig.
3(a)]. Thus, the -4th diffraction order results also negative. A phase grid is formed with the
gratings at 90° and the resulting Fourier spectrum forms a rectangular reticule [Fig. 3(b)].
Due to the n phase difference between orders, there are orders pointing out toward the
reader (circles) or away (crosses). Because the window are displaced, two Fourier spectra
become shifted from the origin diagonally and in opposite directions [Fig. 3(c)]. Similar rows
and columns are encircled within the dotted lines. Under our matching condition, the order
gr superimposes with the order (-1)(r-1). Thus, some orders are in phase (dots with dots or
crosses with crosses, but only one symbol depicted) and others out of phase (dot with cross).
Then, only one symbol means positive contrast, while both symbols mean contrast reversal

[Fig. 3(c)].
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Fig. 3. a) One dimensional spectra of identical phase gratings to be crossed in order to
construct a grid. b) Corresponding image plane for the phase grid. c) Two shifted Fourier
spectra are superimposed according to the windows displacement A-B.
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4. Experimental testing of the phase-shifts in phase grids

For the case of the diffractions orders belonging to a phase-grid constructed with two
crossed gratings of equal frequency, the corresponding interference patterns are shown in
Fig.4. Each grating gives patterns as in Fig. 4(a) when placed alone in the system of Fig. 1
with no plate retarders neither linear polarizing filters. The whole figure is a composite
image because patterns of higher order have lower intensities. The fringe modulation signs
are in agreement with the conclusions derived from Fig. 2. The relative phase values of the
16 patterns within the square (drawn with dotted lines in the patterns of Fig. 4) employing
the method from Kreis, 1986 can be seen in Table 1.

Any grating displacement on its plane only introduces a constant phase term in Egs. (6) and
(8) which, in turn, only shifts each interference pattern by the same amount independent of
the diffraction order [Arrizon and Sanchez 2004; Meneses et al., 2006b]. Modulation of
polarization employed to attain the needed shifts in each interferogram is described in the
next sections taking only four of 16.

Fig. 4. Experimental patters for a phase-grid.
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Shifts (rad)
0016 (1040 3129 3173
000 0.01a 3.150 3187
3144 3.173 0,000 X ]
3137 3122 0.017 0.037

Table 1. Phase shifts of the 16 patterns within the dotted square of Fig. 3, as measured by the
method from Kreis 2986.

5. Phase-grid interference patterns with modulation of polarization

Incorporating modulation of polarization, a TWPGI can be used for dynamic interferometry.
This system is able to obtain four interferograms 90° phase-apart with only one shot. Phase
evolving in time can then be calculated and displayed on the basis of phase-shifting
techniques with four interferograms. The system performs as previous proposals to attain
four interferograms with a single shot [Barrientos et al., 1999; Novak et al., 2005]. In the
following sections, a variant of a TWPGI able to capture N>4 interferograms in one shot is
described. It consists of the set-up shown in Fig. 1. The system uses a grid as a beam splitter
in a way that resembles the well-known double-frequency shearing interferometer as
proposed by Wyant,2004, but our proposal differs from it not only because of its modulation
of polarization, the use of a single frequency and the use of two windows, but also in the
phase steps our system introduces. Besides, ours is not a shearing interferometer of any

type.

The Fig. 1 shows the arrangement of a one-shot phase-shifting grid interferometer including
modulation of polarization with retarders for the windows and linear polarizers on the
image plane. The system generates several diffraction orders of similar irradiances in the
average but not equal fringe modulations, as expected. Each interferogram image was
scaled to the same values of grey levels (from 0 to 255). Previous reports show that a
simplification for the polarizing filters array can be attained when using the phase shifts of
7 [10] to obtain values of & of 0, n/2, n and 37/2, due to the n-shifts, only two linear polarizing
filters have to be placed (instead of four filters, without the n-shifts). The transmission axes
of the filter pairs P;, Psand P, P4 can be the same for each as long as they cover two patterns
180° phase apart (Fig. 4). The needed values of y have to be of y,=0° and y,=45° with ideal
quarter-wave retarders. But considering the retarders at disposal, it can be shown with Eq.
(10) that y can be of y,=0° and y,=46.577°. They are sketched in Fig. 4. The square enclosing
the 16 windows replicas in the same figure is to be compared with the similar square of Fig.
5 (dotted lines).
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Fig. 5. Polarizing filters array for 90° phase stepping.

5.1 Case of four interferograms

For phase-shifting interferometry with four patterns, four irradiances can be used, each one
taken at a different y angle. The relative phase can be calculated as [Schwieder, 1983]

5L -l

D]

where "71 2, ] "2 and "74"2 are the intensity measurements with the values of y
such that  &(yq)=0,&(w,)=7/2,&(ws) =7, E(wy) =37 / 2respectively.  Note  that
Ew,m/2)=2yand A(y,7/2)=1, so a good choice for the retarders is quarter-wave
retarders, as is well known. Dependence of ¢ on the coordinates of the centered point has
been simplified to x,y. The same fringe modulation m, results as in Eq. (8). Therefore, the
discussion about fringe modulation given in previous sections is retained when introducing
the modulation of polarization. Such polarization modulation can be made also for grids,
resulting in similar conclusions.

(12)

5.2 Case of five, seven, and nine interferograms

To demonstrate the use of the several interferograms obtained to extract phase under the
conditions as described above, we choose the symmetrical N+1 phase steps algorithms for
data processing in the cases N=4, 6, 8. The phase for N shifts is given by [Malacara, 1998]:

N+1 1

z I. sm(Zﬂ')
N

tang(x,y) =5

Z I cos(ZﬂNl]

where N+1 is the number of interferograms. The Fig. 6 shows the polarizing filters
employed. For the case of five interferograms, only three linear polarizing filters have to be
placed. The transmission axes of the filter pairs P, can be the same for each as long as they
cover two patterns with 180° phase shift in between.

(13)
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Fig. 6. Polarizing filters array for five, seven and nine interferograms. a) 12 interference
patterns detected with a polarizing filter at y=35°covering all of them. Some n-shifts can be
recognized when reversal contrasts are present. b) N=4, symmetrical five. c) N= 6,
symmetrical seven. d) N= 8, symmetrical nine.

6. Experimental results

Two objects for testing are a phase disk and a phase step. When each object was placed
separately in one of the windows using the TWPGI with the polarizers array, the
interferograms of Fig. 7 were obtained. For each object, the four interferograms are shown
together with the calculated unwrapped phase. However, more than four interferograms
could be used, whether for N-steps phase-shifting interferometry [Shwieder et al., 1983] or
for averaging images with the same shift. Examples, some typical raster lines for each
unwrapped phase are shown in Fig. 8(in arbitrary phase units).
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Fig. 7. Upper row: phase dot. Four 90° phase-shifted interferograms and unwrapped phase.
Lower row: phase step. Four 90° phase-shifted interferograms and unwrapped phase.
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Fig. 8. Unwrapped calculated phases along typical raster lines of each object of Fig. 5. Scale
factor : 0.405 rad.
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Fig. 9. Flow of oil drops on glass. Phase-shifted interferograms and unwrapped phases.
Upper two rows: two examples of five 90° phase-shifts. Center rows: seven 60° phase-shifts.
Lower rows: nine 45° phase-shifts. Reference square for scale dimensions.
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Fig. 10. Typical frames from an unwrapped phase from interferograms of oil flowing.
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Considering the retarders at disposal, according to Eq. (10) it can be shown that y, can be
of y;=0° ,p,=46.577° and y;=92989°, each step &being of 90°. For the case of
symmetrical seven, each step &is of 60° so it can be shown that y, are y;=0° ,
v, =30.800° , w53 =62330° and y, =92.989°. For symmetrical nine, y; =0°, y, =92.989°,
W =22975°, y, =46.577° and w5 =157.903°. In this case, each step & has to be 45°. The
corresponding results are shown in Fig. 9, where the object was an oil drop running down
over a microscope slide. Each interferogram was subject to rescaling and normalization and
then, a filtering process prior to phase calculation through Eq. (13).

6.1 Moving distributions

Immersion oil was applied to a glass microscope slide and allowed to flow under the effect
of gravity by tilting the slide slightly. The slide was put in front of one of the object
windows of the system of Fig. 1. Fig. 10 shows the resulting unwrapped phase evolution of
oil flow (Case N=4).

7. Final remarks

The experimental set-up for a polarizing two-window phase-grating common-path
interferometer has been described. This system is able to obtain four interferograms 90°
phase-apart in only one shot. Therefore, it is suitable to carry out phase extraction using
phase shifting techniques. Phase evolving in time can then be calculated and displayed.
The system is considerably simpler than previous proposals to attain four interferograms
with only one shot. In its present form, it is, however, best suited to relative small objects
which do not introduce polarization changes. Because it works with interferograms
placed relatively far from the optical axes, experimental results suggest that some method
has to be introduced to compensate mainly for distortion, among other off-axis
aberrations. This compensation could be optical (as a better design of the optical imaging
system) or digital (fringe distortion compensation by inverse transformation). In the
experiments, the use of is described retarding plates which are not quarter-wave plates.
Although they can perform well enough in principle, it seems better to use quarter-wave
plates because no additional variations of the interferogram amplitude arise. Also in this
case, a simpler polarization filter array can be used taking advantage of the diffraction
properties of a phase grating. Some special phase gratings design could optimize the
interferometric system described.

This system is able to obtain n = (N+1) interferograms with only one shot (17 <16). Tests
with 27 / N phase-shifts were presented, but other approaches using different phase-shifts
could be attained using linear polarizers with their transmission axes at the proper angle
before detection. The phase shifts of © due to the grid spectra allows the use of a number of
polarizing filters which is less than the number of interferograms, simplifying the filter
array. Other configurations for the window positions which are different as the one reported
in this communication can also be possible. The accuracy in measurements is the one typical
of phase-shifting. Some trade-offs appear while placing several images over the same
detector field, but for low frequencies interferograms (with respect to the inverse of the pixel
spacing) the influence of these factors seems to be rather small if noticeable. The
interferometer could be used for objects with no changes of polarization.
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1. Introduction

Vertical scanning interferometry (VSI) is an established optical method for surface profile
measurement by analyzing a series of interference patterns of low coherence light with
known optical path difference among them. As white light is commonly used as low
coherence light source, vertical scanning interferometry is also known as white light
interferometry (WLI).

Vertical scanning interferometry is most commonly used as surface profilometer which is
considered as an enabling and supporting technology to other fields such as surface
finishing, machining and material science. It is a non-contact three-dimensional surface
measurement technique that provides accuracy up to nanometer level and measurement
range up to a few hundred micrometers.

Fig. 1 graphically illustrates the schematic diagram of vertical scanning interferometry in
Michelson interferometer configuration; the light beam from the light source is split into
two: one to reference surface and one to measurement surface, then these light beams reflect
and interfere with each other. Interference pattern occurs when the optical path difference
(OPD) between these two light beams is small, within the coherence length of the light
source. The interference pattern is known as interferogram (as shown in Fig. 2), it is
recorded by area-based photo-sensitive sensor such as CCD camera. Correlogram is the
function of intensity response of each pixel against optical path difference, and it is further
processed for height profile measurement. Fig. 3 graphically illustrates correlogram and
coherence peak function of vertical scanning interferometry.

Apart from the light source, the hardware of vertical scanning interferometry has not
changed much in the past one decade. As phosphor-based white light emitting diode (LED)
promises greater power, longer lifetime, low heat dissipation and compactness, it is
replacing the conventional light source in vertical scanning interferometry.

The conventional light source for white light has a very broad and smooth spectrum, for
example Fig. 4 shows the spectrum of Quartz Tungsten Halogen Lamps (model no 6315
from NewPort). However due to the spectral response of photo detector, the effective
spectrum of conventional white light is considered as single Gaussian function in visible
light spectrum. On the other hand, phosphor-based white LED consists of single color LED
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Fig. 1. Schematic diagram of vertical scanning interferometry in Michelson interferometer
configuration.

Fig. 2. Example of interferogram of vertical scanning interferometry: Fringe on a tilted flat
surface captured using a CCD camera.
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Fig. 3. Example of correlogram and corresponding fringe contrast function (also known as
coherence peak function) in vertical scanning interferometry.

(normally blue) and phosphor of different color (normally yellow) to produce white light, so
there are two peaks in its spectrum. Fig. 5 compares the effective intensity spectrum of
conventional white light and phosphor-based white LED, the major difference between
these two light sources is the number of peaks in spectral domain.
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Fig. 4. Spectral irradiance at 0.5 m from the 6315 1000W QTH Lamp3 (by NewPort).

As most prior works (Guo, Zhao, & Chen, 2007; Gurov, Ermolaeva, & Zakharov, 2004;
Mingzhou, Chenggen, Cho Jui, Ivan, & Shihua, 2005; Pavli?ek & Soubusta, 2004) assume the
use of conventional white light, the effects of phosphor-based white LED on vertical
scanning interferometer is the focus on this chapter. Other than that, this chapter also covers
a computationally efficient signal modelling method for vertical scanning interferometry
and method to improve performance of vertical scanning interferometry with phosphor-
based white LED.
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Fig. 5. Comparing effective intensity spectrum of conventional white light and phosphor-
based white LED (LXHL-LW6C by LumiLEDs).

2. Theory

Besides optical path difference, the correlogram is affected by the following factors: (1)
spectrum of light source (2) numerical aperture of objective (3) optical transfer function of
imaging system (4) reflectivity of reference and sample surface (5) phase change at reference
and sample surface. The intensity response can be formulated as following:

[Z
Iinterference (Z) = Cl J- J.O ! {k2 X COS[Zk(Z =2 ) cosd + ¢]
bandwidth

xsin @ cos OdO}F (k)dk )
where

C; is a constant,

z is a independent variable which corresponds to height change by piezoelectric positioner,
2o is the height which corresponds to surface profile,

k is angular wave number (k=21/1),

sin Op is numerical aperture (NA) of objective lens,

@ is the phase offset and F(k) is the intensity spectrum of light source.

Detail on derivation and modeling of the intensity response can be found in literature by
Chim and Kino (1990), Kino and Chim (1990), de Groot and Lega (2004) and Sheppard and
Larkin (1995).

Equation (1) is a generalized model that can simulate the effects of changing spectrum of
light source and numerical aperture of objective lens. There is strong correlation between
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model parameters and physical setting of the system, for example, the term F(k) in Equation
(1) is equal to the intensity spectrum which can be measured by optical spectrum analyzer.
The drawback of this generalized model is intensive computational load: as the intensity
spectrum of light source is either difficult to be expressed in symbolic form or modelled as
Gaussian, Equation (1) has to be solved by numerical integration which is a computationally
intensive and time consuming process. Therefore there is a simplified version of the
generalized model and it can be expressed as follows:

1(2) = Lo (2) + Ia,,u,,m,r,g(z)exp[“Z‘—f‘)’z]cos[M + ¢j @

m

where

z is defocus position (related to optical path difference),
2o is related to the profile of sample surface,

I, is constant value and not related to interference,
Lumpiitude is amplitude of interference signal,

MAn is equivalent wavelength of light,

o is related to coherent length of light and

@ is phase offset.

This simplified model is based on assumptions that the numerical aperture of objective is
small and the intensity spectrum of light, F(k) in Equation (1), is single Gaussian function.
The advantage of such simplification is computational efficiency, and the drawback is poor
correlation between the model parameters and theoretical parameters, for example, the
parameter ¢ in Equation (2) does not have physical meaning (such as the spectrum of light
source). As such, the parameters of the simplified model have to be determined empirically,
and it is impossible to simulate the correlogram based on specified spectrum and/or
numerical aperture value.

To reduce computational load, de Groot and Lega (2004) proposed simplification in
frequency domain: Equation (1) is first transformed into frequency domain, followed by
simplification, applying numerical integration and lastly inverse Fourier transform back to
its original domain. This approach is 200 times faster than direct numerical integration of
the generalized model, but it is still a time consuming process due to (1) the use of Fourier
and inverse Fourier transform and (2) it still requires numerical integration process.

2.1 Computationally efficient signal modeling

Before looking into the computationally efficient signal modelling, let’s look into the cause
of intensive computational load of using Equation (1) - numerical integration. Numerical
integration is a process calculating the approximated value of a definite integral which can
be expressed as following:

b

b- a b) = h—
J fxyr = a)(f( LSS ffo- "THD o

n
a

where
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n is the number of interval

The accuracy of numerical integration process is proportional to the parameter n in Equation
(3). However, as n goes up, the computational load increases.

There are two cases which numerical integration is required: (1) the integrand may be
known for certain region only and/or (2) the anti-derivative of the integrand does not exist.
For signal simulation of vertical scanning interferometry, the intensity spectrum, F(k) in
Equation (1), it is either sampled by spectrum analyzer or modelled as Gaussian (which is
not an explicit integral). As such, the generalized model, i.e. Equation (1), has to be solved
by numerical integration which is computationally intensive.

Chong et al. (2010a) proposed to remove the numerical integration process by representing a
single Gaussian function as a sum of two piecewise cosine functions, which can be
expressed as following:

2 27(x —x,,) + 27(x —x,,)

—(x - Sk W | VA T Tml -c)<x< +

aexp[ (xazxm) ]: alcos[ b J azcos[ b, or (x,,-¢)<x<(x, +¢) 4
0 else

The transformation from single Gaussian (with parameters of a, xn and o) to a sum of two
piecewise cosine functions (with parameters of ai,az,bi,bo,xm and c) is modeled as a linear
transformation and solved by trust region approach (for generating data) and linear
regression, followed by minimizing error of fitting with respect to Cyung. As a result, the
unknown in Equation (4) can now be expressed as following;:

a, =0.7888a
a, =0.20494
le = xm

®)
b, =7.67775 —0.0078

b, =-2.4769¢0 +0.0024
¢ =0.852min(|by,|b, )

Next, Equation (1) is derived to elementary form as follows:

7

)
z)=C I kzF(k)J cos[2k(z — z;) cos & + @]sin & cos 8dOdk
bandwidth 0

I

interference (

(2kzcos @ — 2kz, cos 8)sin(2kz cos 6 — %

2kzy cos 8 + ¢) + cos(2kzcos € — 2kz, cos @ + @)
4k*2% 8k zyz + 4k*23

=C [ KFK)| - dk

bandwidth

k”,uCOS[Zﬂ' — "’)
=C| ———————=[(2kzcos 8, — 2kz, cos b, )sin(2kzcos Gy —
b 8z0z—4zz—4z§ [( 0 0 0) ( 0

2kz cos b + §) + cos(2kzcos Oy — 2kz, cos G + ¢) —
(2kz — 2kz )sin(2kz — 2kz, + ¢) — cos(2kz — 2kz, + ¢)]dk
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k, acos[Z;r _b mj
:CJH mpkcos%(z—ZO)sin(ZkCOSHO(Z—ZO)+¢)+

cos(2kcos 6 (z - zy) + ¢) — cos ¢ldk (6)
=C[(g(z,zo,eo,kul,b)—g(z,zO,O,kul,b))—(g(z,zo,eo,ku,b)—g(z,zO,O,kH,b))]

Letg(z,zy,6,k,b)

_ % [bu[[z (b1 kcos( (b +2k 7 —b27rk+2buk)j+ bsin(b¢+ 2%k, —b27rk+2bukjj /(ﬂ_ oL +

[_Z(H bu)kcos(bgﬁ—ka;z+2ﬂk+2bu7cj+ bsin(b¢—2km7z+27rk+2bUkD /(ﬂ+bu)z]+

b b

[b(sin( bp+2k, 1 —bzﬁk + ZbUk) /(_ﬁ oL+ Sin( bp—2k, 1z +b27zk + ZbUk) /(” N bu)m

where
D=1/(82z - 42> - 435
U=(z-2zy)cosd

Chong et al."s model (2010a) reduces the computational time by 256800 times compared to
conventional direct numerical integration on Equation (1), and it is 2784 times faster than de
Groot and Lega (2004) ‘s approach.

2.2 Phosphor-based white LED

Phosphor-based white LED consists of single color LED (normally blue) and phosphor of
different color (normally yellow) to produce white light, so there are two peaks in its
spectrum and the intensity spectrum can be expressed as follows:

_(%T ,[ kKyetze Jz
f(k) = BYVatiO Xe Oblue +e O yellow (7)
where

k is angular wave number (=27/})
keiue and kyenow indicate the peak angular wave number of blue and yellow light
0 bive and 0Oyerior indicate the spread of blue and yellow light in spectrum domain

In general, the angular wave number of blue and yellow light are 14.37 rad/nm (438nm)
and 11.25 rad/nm (558nm) respectively, the spread of blue and yellow light in spectrum
domain are 04941 rad/nm and 1439 rad/nm; these values vary slightly across
manufacturers/model.

Compared to conventional white light (with reference to Fig. 5), the intensity spectrum of
phosphor-based white LED is significantly different.
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3. Effects of phosphor-based white LED on vertical scanning interferometry

As mentioned earlier, the intensity spectrum of phosphor-based white LED is significantly
different from conventional lighting which most prior arts adopted. In this section, the
effects of phosphor-based white LED on vertical scanning interferometry in correlogram
and reconstructed surface profile level are investigated by simulation, followed by
experimental verification.
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Fig. 6. Intensity spectrum of phosphor-based LED, LXHL-LW6C by LumiLEDs and
comparison between its presentations by three Gaussian functions and Chong et al.’s
method.

To study the effects of phosphor-based white LED, a commercial off the shelf phosphor-
based white LED, LXHL-LW6C by LumiLEDs is selected, and the numerical aperture of
objective is assumed to 0.4 which is a typical value for 20x objectives. This configuration is
adopted for both simulation and experimental verification.

To simulate the correlogram of LXHL-LW6C by LumiLED, the intensity spectrum (as shown
in Fig. 6) is first fitted to three Gaussian functions by non-linear least square fitting method;
next each Gaussian terms is replaced with a sum of two piecewise cosine functions
according Equation (4) and Equation (5); by Equation (6), contribution of each cosine term is
calculated; lastly, the resultant intensity response is the sum of contribution by six cosine
terms.

Fig. 6 shows that Chong et al.’s method represents the intensity spectrum of LXHL-LW6C
by LumiLED well compared to representation by three Gaussian functions and the original
intensity spectrum.
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3.1 Effects on correlogram

Based on the intensity spectrum of LxHL-LW6C and numerical aperture of 0.4, the
corresponding correlogram is simulated using the computational efficient signal modelling
by Chong et al and shown in Fig. 7 (b). The distinctive feature highlighted in Fig. 7 (b) is the
result of having two peaks in the spectrum of phosphor-based white LED.

Correlogram
Intensity Amplitude, T;umum=25“f ' J
§ v : . -
R = k-
f“ toe]
= P AR |
Sl 1} \ N .
350 400 453 508 =53 i) BS54 T TH) EX 1 5 P T
Wavalangth () * - . Dﬂ;:us Pgum[:lm} B *
(a) (b)
Intensity Amplitude Correlogram
1r T
1 — |
e et o5
.8 penermsmanasninaspanninns rad {-'-r------'-'-'--'ék--'-'- --------------- = "I?
Vi \\"._ aq_,i
DS i LI ] RIS 5 i Et#;}.. s | i
i // N §ﬂ.51:—~‘
S0 VR i THNPONG: SRIRE. T 1., B! |
3 5 g‘”: sad e S
E \\ E{""!
% D.2p = PR %nz}
> i i ; o
o0 200 500 oo 700 B0 2

wavalangth (nm) - -3 2

(c) (d)

Fig. 7. Comparing spectrum and correlogram of phosphor-based white LED and
conventional white light: (a) spectrum of phosphor-based LED, LXHL-LW6C; (b) simulated
correlogram based on spectrum of (a); (c) effective spectrum of conventional white light; (d)
simulated correlogram based on spectrum of (c).

As shown in Fig. 7, the correlogram of vertical scanning interferometry using phosphor-
based white LED is significantly different from that using light source of Gaussian spectrum
(as shown in Fig. 7(c) and (d)).

Next, an experimental verification is conducted to verify the simulation result. The
experiment configuration is as follows: a 40x Nikon mirau-based interferometric objective
with numerical aperture of 0.4 and phosphor-based white LED from LumiLEDs LXHL-
LW6C was used.
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Fig. 8. Graphical comparison between computationally efficient signal modeling by Chong
et al., computationally intensive model and experimental data.

Fig. 8 graphically compares the experimental data with simulation data, it shows that the
distinctive feature due to the use of phosphor-based white LED (highlighted in Fig. 7(b) ) is
consistent with the experimental data.

By experiment and simulation, it is shown that the intensity response (also known as
correlogram) of vertical scanning interferometry using phosphor-based white LED
significantly different from light source of Gaussian spectrum. The fringe contrast function
(envelope function of correlogram) is not longer a single Gaussian function (Chong, Li, &
Wijesoma, 2010b).

3.2 Effects of reconstructed height profile

As correlogram alone does not provide information on height, a reconstruction algorithm is
required to transform correlogram into height information. There are two categories for
surface height profile reconstruction algorithm: (1) fringe contrast based approach and (2)
phase-based approach. Fringe contrast based approach finds the maximum of fringe
contrast function which corresponds to the height profile; while phase-based approach
transforms intensity response into frequency domain, followed by phase signal analysis.

This section investigates the effects of phosphor-based LED on three reconstruction
algorithms proposed by Gaussian fitting method (Mingzhou et al., 2005), Centroid approach
(Ai & Novak, n.d.), and Frequency domain analysis (FDA) (P. J. de Groot & Deck, 1994)
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respectively. Among these three algorithms, only FDA is phase-based approach; the other
two are fringe contrast based approach. Among these two methods, the major difference is
that Gaussian fitting method by Mingzhou et al assumes the fringe contrast function is a
Gaussian signal while the centroid approach does not.

Mingzhou et al.’s method recovers height by first finding the envelope of the correlogram,
followed by Gaussian fitting. Ai and Novak proposed that the centroid of the correlogram
corresponds to the maximum of fringe. As phase-based approach, Groot and Deck’s method
breaks down the white light into multiple single wavelength components and applies phase
signal analysis similar to phase shifting interferometry.

Simulation is used for investigating the effects of phosphor based white LED on
reconstructed height profile. For comparison purpose, two sets of data are simulated: one is
based on light with Gaussian spectrum; another one is based on phosphor-based white LED,
LXHL-LW6C by LumiLEDs. A line profile of Tum step height is selected, the line profile
consists of 256 surface points and each surface point has a corresponding intensity response.
The sampling interval of the intensity response is 50nm, and each intensity response is
corrupted by Gaussian white noise (zero mean, variance of 0.05). Next we reconstructed
these two sets of data using these three construction algorithms mentioned earlier, and the
reconstructed profiles are shown in Fig. 9 and Fig. 10. The repeatability (in term of standard
deviation) and accuracy of reconstructed profiles are further analyzed.
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Fig. 9. For phosphor-based LED set, 1um step height reconstructed using (a) Gaussian
Fitting by Mingzhou et al. (b) Centroid approach by Ai and Novak (c) Frequency domain
analysis by Groot and Deck
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Fig. 10. For light source of Gaussian spectrum, lum step height reconstructed using (a)
Gaussian Fitting by Mingzhou et al. (b) Centroid approach by Ai and Novak (c) Frequency
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Fig. 11. Comparing measurement accuracy of different algorithms between different light
sources, ideal value is Tum.

Fig. 11 shows the comparison of accuracy among different algorithms using different
lighting. As the accuracy of individual algorithm is highly dependent on the complexity of
the algorithm, it is beyond the scope of this investigation. However it is noticeable that the
accuracy of all three algorithms decreases as the light is switched to phosphor-based white
LED.

Fig. 12 shows the comparison of measurement repeatability among different algorithms
using different lighting, and it is clear that the use phosphor-based LED decreases the
repeatability of measurement (standard deviation is inversely proportional to repeatability)
at different scale: Gaussian fitting method by Mingzhou et al. suffers most, followed by
frequency domain analysis by Groot and Deck, lastly the centroid approach by Ai and
Novak. This observation can be explained as follows:

e  For the centroid approach by Ai and Novak: This method does not make assumption on
the fringe contrast function, so the change in fringe contrast function has relatively little
effect on its reconstruction.

e For Gaussian fitting by Mingzhou et al.: This method assumes that the fringe contrast
function is a Gaussian function, so it suffers the worst repeatability. As the assumption
on the fringe contrast function is not valid, the fitting process is unable to produce good
result.

e  For the frequency domain analysis by Groot and Deck: Although this method processes
the correlogram in the frequency domain only, the change in fringe contrast function
does affect the amount and the quality of information selected for frequency domain
analysis. This effect leads to improvement discussed in next session.
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Fig. 12. Comparing the measurement repeatability of different algorithms between different
light sources: measurement repeatability is inversely proportional to the standard deviation
of perfectly flat surface, ideal value is zero.

4. Modification and improvement for phosphor-based white LED on VSI

As identified earlier, phosphor-based white LED degrades the performance of two
reconstruction algorithms (Gaussian fitting method and Frequency domain analysis
approach) as it breaks the assumption adopted by these reconstruction algorithms. These
undesired effects of phosphor-based white LED can be avoided by either redesigning
reconstruction algorithm that does not assume the distribution of intensity spectrum or
setting constraint on the input to existing reconstruction algorithm such that the assumption
is valid. Redesigning a reconstruction algorithm is beyond the scope of this chapter, so a
constraint is applied to make assumption required by Gaussian fitting and frequency
domain analysis approach valid.

For Gaussian fitting method, the two valleys (distinctive features highlighted in Fig. 7 (b))
make the fringe contrast function has 3 peaks and can not be modelled as single Gaussian
function. However as shown in Fig. 13, the envelope of correlogram between two valleys
(distinctive features highlighted in Fig. 7 (b)) can be reasonably modelled as single Gaussian,
setting a constraint selecting only these data for single Gaussian fitting would fulfil the
assumption of the original Gaussian fitting approach. So, instead of fitting the whole
correlogram to a Gaussian, Gaussian fitting approach is modified such that it fit subset of
correlogram to a Gaussian.

For frequency domain analysis approach, the required assumption is that there should be
only one peak in the spatial frequency ranges from 20rad/um to 30 rad/um which
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correspond to wavelength of 628nm and 419nm. However for phosphor-based white LED,
there are two peaks in the frequency ranges of interest (as shown in Fig. 14(a)), so we
applied a constraint on the input for frequency domain analysis such that it would not have
two peaks in spatial frequency domain analysis. As the distinctive features are the result of
phosphor-based LED, we applied only data between these two features for frequency
domain analysis. Fig. 14 (b) confirms that the assumption of frequency domain analysis is
met by reducing the amount of data for frequency domain analysis, there is only one distinct
peak in spatial frequency domain.

envelope  vs. X
w

— Fitting all data
—— Fitting only a subset of data

Normalized signal amplitude

! ! ! ! ! ! !
-3 -2 -1 0 1 2 3

defocus position(um)

Fig. 13. Fitting the fringe contrast function with single Gaussian: Selecting a subset of data
(such as -0.5um<=defocus position<= 0.5um) would lead to a good fit compared to selecting
all data.
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Fig. 14. Illustrating the effects of selecting (a) 64 data (b) 32 data around the maximum of
correlogram in spatial frequency domain. According to FDA approach, there should be only
1 peak (in the region around 20 to 30 rad/um), this assumption is met in (b) which 32 data
around peak are selected.

Fig. 15 shows that the proposed modification on Gaussian fitting approach and frequency
domain analysis works, the constraint on the input to reconstruction algorithms improves
the measurement repeatability.
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Fig. 15. Simulation verification on the proposed modification: Comparing standard

deviation of measuring perfectly flat surface reproduced by proposed modification and
original.

As an experimental verification, the configuration is identical to the earlier simulation but
measured a 10um+80nm standard step height. 256 correlograms are collected at sampling
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interval of 50nm, the repeatability of measuring optically flat surface was used to measure
the performance of modified Gaussian fitting, modified frequency domain analysis, original
Gaussian fitting and original frequency domain analysis.
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Fig. 16. Experimental verification on the proposed modification: Comparing standard
deviation of measuring perfectly flat surface reproduced by proposed modification and
original.

Fig. 16 shows that the repeatability of both modified reconstruction algorithm are better
than original one, the result agrees with simulation result, but it is controversial to common
norm that more data leads to better result.

The result shows that for surface reconstruction of vertical scanning interferometry, it is
more important to fulfil the assumption of reconstruction algorithm rather than fitting as
many data as possible. The modification of inputting a subset of correlogram (which is
around the maximum) improves the performance of reconstruction algorithm for phosphor-
based LED, and it is applicable to reconstruction algorithm of both fringe contrast based and
phase-based approach.

5. Conclusion

In this chapter, it is shown that the use of phosphor-based LED on vertical scanning
interferometry affect the repeatability and accuracy of vertical scanning interferometry,
especially repeatability. The effect on the correlogram is inevitable, as the fringe contrast
function can not longer be modelled as single Gaussian function. The effect on the
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reconstructed height profile varies depending on the assumption adopted by individual
reconstruction algorithm. However the undesired effects of phosphor-based white LED
can be removed by applying a constraint on the input to existing reconstruction
algorithm.
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1. Introduction

The signal analysis problem on the femtosecond time scale employs the powerful arsenal of
contemporary optics, involving the methods of nonlinear and adaptive optics, Fourier optics
and holography, spectral interferometry, etc. The nonlinear-optical techniques of FROG and
its modifications [1], the most popular and commercialized, provide accurate and complete
determination of the temporal amplitude and phase by recording high-resolution
spectrograms, which are further decoded by means of iterative phase-retrieval procedures.
The approach of spectral interferometry (SI) [2] and its developments to the methods of
SPIDER [3], SPIRIT [4], and SORBETS [5] have the advantage of non-iterative phase
retrieval. The recently developed and effectively applied MIIPS technique [6] operates with
spectral phase measurement through its adaptive compensation up to transform-limited
pulse shaping by using feedback from the SHG process. All these methods are based on the
spectral phase determination, spectrum measurement, and reconstruction of a temporal
pulse. The pulse direct measurement is possible by the transfer of temporal information to
the space or frequency domain, or to the time domain with a lager - measurable scale. The
time-to-space mapping through Fourier holography, implemented in real time by using a
special multiple-quantum-well photorefractive device [7] or second-harmonic-generation
crystal [8], provides a temporal resolution given by the duration of reference pulse. In an
alternative approach, the 103X up-conversion time microscope demonstrates a 300 fs
resolution [9]. In the time-to-frequency conversion approach, the methods of optical
frequency inter-modulation by sum-frequency generation [10,11] and electro-optical
modulation [12-13] are limited to the picosecond domain. The technique of optical chirped-
pulse gating [14] demonstrates sub-picosecond resolution. The method of pulse spectro-
temporal imaging through temporal lensing is more promising, having as a principal limit
of resolution the ~1 fs nonlinear response time of silica [15-20]. Its recent modifications,
implemented in the silicon chip [21] and similariton-induced parabolic temporal lens [22],
provide accurate, high-resolution direct measurement of a pulse in the spectrometer as in
the femtosecond optical oscilloscope.

Many modern scientific and technological problems, such as revealing the character and
peculiarities of nonlinear-dispersive similariton [23], studies of the nonlinear-dispersive
regime of spectral compression and shaping of transform-limited rectangular pulses [24],
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characterization of prism-lens dispersive delay line [25], etc, however, along with the
amplitude information, demand also the phase information, possible through additional
interferometric measurements, motivating the urgency of SI methods for the complete
characterization of femtosecond signal. The classic method of SI is based on the interference of
the signal and reference beams spectrally dispersed in a spectrometer, with the spectral
fringe pattern caused by the difference of spectral phases [2]. The known spectral phase of
the reference permits to retrieve the spectral phase of signal, and, together with the
spectrum measurement, to recover the complex temporal amplitude of the signal through
Fourier transformation. The setup of classic SI is rather simple, and the measurement is
accurate as any interferometric one, but its application range is restricted by the bandwidth
of the reference. The SI characterization of a signal that has undergone a nonlinear
interaction with medium requires a special broadband reference to fully cover the
broadened signal spectrum. To avoid this restriction, the self-referencing methods of
spectral shearing interferometry are developed [3-5]. This improvement promotes the SI-
methods to the class of the most popular and commercialized methods of accurate
measurements on the femtosecond time scale, making them compatible with the FROG
techniques [1], at the expense of a complicated optical arrangement. Our developed method
of similariton-based SI, along with its self-referencing performance, keeps the simplicity of
the principle and configuration of the classic SI [2].

Similaritons, pulses with the distinctive property of self-similar propagation, recently attract
the attention of researchers, due to fundamental interest and prospective applications in
ultrafast optics and photonics, particularly for high-power pulse amplification, optical
telecommunications, ultrafast all-optical signal processing, etc [26,27]. The self-similar
propagation of the high-power pulse with parabolic temporal, spectral, and phase profiles
was predicted theoretically in the 90’s [28]. In practice, the generation of such parabolic
similaritons is possible in active fibers, such as rare-earth-doped fiber amplifiers [29-31] and
Raman fiber amplifiers [32], as well as in the laser resonator [33]. The generation of parabolic
similariton has been also proposed in a tapered fiber with decreasing normal dispersion,
using either passive dispersion-decreasing fiber [34] or a hybrid configuration with Raman
amplification [35]. Another type of similariton is generated in a conventional uniform and
passive (without gain) fiber under the combined impacts of Kerr-nonlinearity and
dispersion [23]. In contrast to the parabolic similariton with parabolic amplitude and phase
profiles, this nonlinear-dispersive similariton has only parabolic phase but maintains its
temporal (and spectral) shape during the propagation, as well. Our SI studies of this type of
pulses [36,37] show the linearity of their chirp (parabolic phase), with a slope given only by
the fiber dispersion. This property leads to the spectrotemporal similarity and self-
spectrotemporal imaging of nonlinear-dispersive similariton, with accuracy given both by
spectral broadening and pulse stretching. The relation of such a similariton with the flat-top
“rectangular” pulse, shaped in the near field of nonlinear-dispersive self-interaction, leads
to its important peculiarity: the bandwidth of nonlinear-dispersive similariton is given by
the input pulse power, with slightly varying coefficients given by the input pulse shape [23,
38,39]. Both the parabolic similariton of active fiber and nonlinear-dispersive similariton of
passive fiber are of interest for applications in ultrafast optics, especially for pulse
compression [40,41] and shaping [42], similariton-referencing temporal lensing and
spectrotemporal imaging [23], and SI [43]. The applications to ultrafast optics, however,
demand the generation and study of broadband similariton. Particularly, the resolution of
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the femtosecond oscilloscope, based on the similariton-induced parabolic lens, is given by
the bandwidth of similariton [22], and the application range for similariton-based SI [43] is
as large as broadband the similariton-reference is. The pulse compression ratio is also as
high as the spectral broadening factor is [40,41]. Experimentally, our SI study permitted the
complete characterization of the nonlinear-dispersive similariton of up to 5 THz bandwidths
[36,37]. For broadband similaritons (of up to 50-THz bandwidths), we applied the chirp
measurement technique through spectral compression and frequency tuning in the sum-
frequency generation process [22,44,45].

In our method of similariton-based SI, the part of signal is injected into a fiber to generate the
nonlinear-dispersive similariton-reference. The residual part of the signal, passing an optical
time delay, is coupled with the similariton in a spectrometer. The spectral fringe pattern, on
the background of the signal and similariton spectra, completely covers the signal spectrum,
and the whole phase information becomes available for any signal. The known spectral
phase of the similariton-reference allows to retrieve the signal spectral phase, and by
measuring also the signal spectrum, to reconstruct the complex temporal amplitude of the
signal through Fourier transformation. Thus, the method of similariton-based SI joins the
advantages of both the classic SI [2] and spectral shearing interferometry [3-5], combining
the simplicity of the principle and configuration with the self-referencing performance [46,
47]. Experimentally examining the similariton-based SI, we carried out the comparative
measurements with a prototype of the femtosecond oscilloscope (FO) based on the pulse
spectrotemporal imaging in the similariton-induced temporal lens. The resolution of such a
similariton-based FO is given by the transfer function of the similariton’s spectrum [22], and
FO with a similariton-reference of the bandwidth of 50 THz bandwidths provides the direct
measurement of temporal pulse in a spectrometer of 7 fs temporal resolution. In the
comparative experiments, we demonstrate and study the methods of similariton-based SI
and spectrotemporal imaging as two applications of similariton. The reference-based
methods become self-referencing by the use of similariton. The results of the measurements
carried out by similariton-based SI and FO are in quantitative accordance. The similariton-
based spectrotemporal imaging has the advantage of direct pulse measurement leading to
the development of a femtosecond optical oscilloscope, but it does not give phase
information without additional interferometric measurement. The similariton-based SI
provides the complete (amplitude and phase) characterization of femtosecond signal.

Concluding the chapter introduction, our studies on the generation of nonlinear-dispersive
similaritons of up to 50 THz bandwidths, and their experimental characterization by means
of the methods of SI and chirp measurement through the technique of frequency tuning in
spectral compression process are presented below. Our studies state that only fiber
dispersion determines the phase of broadband nonlinear-dispersive similariton. Afterwards,
our demonstration and study of the similariton-based SI for femtosecond signal complete
characterization and the comparative experiments with FO based on the similariton-induced
temporal lens are presented, carried out together with theoretical check and autocorrelation
measurements, evidencing the quantitative accordance and high precision of both the
similariton-referencing methods of SI and temporal lensing.

Outlining this chapter, after a brief review of modern methods of signal analysis on the
femtosecond time scale, we present our studies of the nature and peculiarities of similariton
generated in passive fiber carried out by classic SI, then - research of broadband similariton
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in view of problems of femtosecond signal analysis-synthesis, and finally - comparative
studies on the development of novel method of self-referencing similariton-based SI.

2. Spectral interferometric study of nonlinear-dispersive similariton

In this section, our spectral interferometric studies for the complete characterization of the
similariton generated in passive fiber due to the combined impacts of nonlinearity and
dispersion are described. Studies of the generation of nonlinear-dispersive similariton of
passive fiber, its distinctive properties, especially its origin, nature and relation with the
spectron and rectangular pulses, and the temporal, spectral and phase features in view of
potential applications are presented. The nonlinear-spectronic character of such a
similariton, with the key specificity of linear chirping, leads to important applications to the
signal analysis - synthesis problems in ultrafast optics.

The outline of this section is the following: first, a rough analytical discussion and numerical
studies are given to reveal the features of nonlinear-dispersive similariton, afterwards,
experiments for the spectral interferometric characterization of nonlinear-dispersive
similariton are presented to demonstrate the peculiarities of similariton predicted by the
theory, then the technique for the measurement of similariton chirp by the use of
spectrometer and autocorrelator is described, and finally, the study of the bandwidth (and
duration) rule of nonlinear-dispersive similariton is presented.

2.1 Similariton self-shaped (generated) in passive fiber

In a rough analysis of nonlinear-dispersive similariton, first we consider the pulse
propagation through a pure dispersive medium. In the far field of dispersion a spectron
pulse is shaped [23], which repeats its spectral profile, in the temporal analogy of the
Fraunhofer zone diffraction, and therefore propagates self-similarly. Mathematically, the
solution of the dispersion equation for temporal amplitude A(f,t)=
FT'[A(0,w)exp(~if3, fw® / 2)] at the propagation distance f >> L, obtains the form

A(f 1) = AQ,0)exp(ifof@’ /2)| = A0,0)],-c expliCt /2). (1)

In Eq. (1), A(w)=FT[A(t)] is the complex spectral amplitude, FT - the operator of Fourier
transformation, C= do/dt~ —[¢"(0))]" =(Bof)" - chirp slope; L =(fAcl)" -
dispersive length, ¢"(@,) - second derivative of the dispersion-induced spectral phase ¢(w)
at the central frequency w,, £, - coefficient of second order dispersion, and A, - input
spectral bandwidth. The condition of temporal Fraunhofer zone, meaning enough large
pulse stretching s= At /At, ~Aw? /C>>1, gives the 1/s~ C/Aw? precision of the
spectron’s spectrotemporal similarity |A(f,t)| «] A(0,0)|,.c;= | A(f,®)|,.c; - For a 100 fs
pulse propagating in a standard single-mode fiber L}, is of ~10 cm, and at the output of 1-m
fiber we will have pulse stretching of s~ f /Ly ~ 10, and spectrotemporal similarity of
spectron of the 1 /5 ~10% precision.

For a nonlinear-dispersively propagating pulse, the nonlinear self-interaction broadens the
spectrum and increases the impact of dispersion, leading to a higher-precision spectron-
similariton shaping. Quantitatively, for 100-fs pulse radiation in a single mode fiber with
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average power p~ 100 mW at a 76 MHz repetition rate, the nonlinear interaction length
Ly, = (Byol,) ™ is much shorter than the dispersive one: Ly; ~ 1 cm << Lp ~ 10 cm. This
allows us to roughly split the impacts of nonlinear self-interaction and dispersive
deformation of the pulse, assuming that first we have pure nonlinear self-phase modulation
of the pulse and spectral broadening, and afterwards pure dispersive stretching and
dispersive-spectronic propagation. For the phase of output pulse, we have ¢p(f,t)=Ct* /2,
and an additional phase term ¢y; of FITA(f ~LNL,t)]|w:7t , come from the pulse initial
propagation step of nonlinear self-interaction. Assuming it parabolic at the central energy-
carrying part of the pulse at the propagation distances of ~L,;, we have the phase
on(f )= Crro® /2 limyt= (C*/Cy)? /2, with Cy; = @y, ". For the overall output phase
@5 = @p + oy, we have ¢y (z,t)= Ct?(1+C/Cy;)/2. Considering the nonlinear spectral
broadening and dispersive pulse stretching factors (b= Aw/Aw, and s= At/ Aty), we
have for the nonlinear, dispersive, and overall chirp slopes at the output, respectively:
Cayp =Aw/Aty= Awdb, C=Awy/At =Aa} /s, and Cy=C(1+C/Cy)= C[1+(sh)].
Since C/Cy; =(sb)™, for spectral broadening b~ 10 and pulse stretching s~ 10 ( Aty ~ 100
fs, p ~ 100 mW average power at a 76 MHz repetition rate, f ~1 m of fiber), we will have
Cs = C(1+C /Cyp) =C, with the accuracy of C /Cy; ~1% .

Thus, for the femtosecond pulse nonlinear-dispersive self-interaction at f ~ 1 m of fiber, we
have spectron of ~1/sb =C / Aw*~1% precision. Considering the key peculiarity of the
nonlinear-dispersive spectron-similariton, that practically the fiber dispersion determines
the chirp slope, we can describe it following way:

A(f 1) A(f,0) | -cy exp(iCE / 2) | @

Another interesting issue is the relation of nonlinear-dispersive similariton with the
rectangular pulses, shaped due to the pulse nonlinear-dispersive self-interaction at the fiber
lengths f ~2,/LpLy; . For such nonlinear-dispersive rectangular pulses, the temporal
stretching and spectral broadening are up to Af=2At, and Aw= 2Aw,(Lp/ f),
respectively, since the pulse optimal compression ratio is Aty /At. = \[Lp /Ly, /2= Lp/ f,
and Aty /At, =2Aw/Am,. Thus, in this case the chirp slope obtains the value
C=Aw/Atx (AaLp / )/ (2Aty) = (B, f)‘1 . Therefore, during the pulse nonlinear-
dispersive self-interaction in fiber, the chirp slope becomes equal to the one of pulse
dispersive propagation C=(f,f)", starting from the fiber lengths f~ 2,/LpLy, , and
nonlinear-dispersive rectangular pulses can be considered as an earlier step of the shaping
of nonlinear-dispersive similariton.

Summarizing our rough analysis, we can expect the spectronic nature of nonlinear-
dispersive similariton of passive fiber, its spectrotemporal similarity and imaging with the
accuracy ~1/ sb =C / Aw®*, and with the scaling coefficient of the chirp slope C~(f5,f)",
given by dispersion only.

To check the terms and conclusions of the rough analytical discussion above, a quantitative
analysis of the process is carried out through numerical modeling based on the complete wave
pattern. The mathematical description of the pulse nonlinear-dispersive self-interaction in
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fiber is based on the standard nonlinear Schrodinger equation (NLSE) with the terms of Kerr
nonlinearity and second-order dispersion, adequate to the pulse durations of >50 fs [23].
The split-step Fourier method is applied to solve the NLSE. In simulations, the pulse
propagation distance is expressed in dispersive lengths L, (Lp~ 10 cm for 100-fs input
pulses); the power of radiation in fiber is given by the nonlinear parameter
R= Ly /Ly, = (BAa)) " fonaly ~ 1, (p =100 mW average power of a 100-fs pulse radiation
at a 76 MHz repetition rate in a standard single-mode fiber corresponds to R= 6; p<
100uW is adequate to the pulse pure dispersive propagation of R = 0). The dimensionless
running time ¢ and centralized frequency Q are normalized to the input pulse duration
Aty and bandwidth Aw =1/ At;, respectively.

Fig. 1 and 2 show the dynamics of similariton shaping: pulse (top row), chirp (middle row)
and spectrum (bottom row) are shown during the pulse propagation in fiber. Fig. 1
illustrates the first step of nonlinear-dispersive self-interaction when, typically, rectangular
pulses are shaped, and Fig. 2 shows the step of similariton shaping. The spectral broadening
and decreasing of the pulse peak power lead to the “activation” of dispersion; the pulse
obtains a linear chirp (parabolic phase), and the self-spectrotemporal similarity of nonlinear-
dispersive similariton takes place (Fig. 2).
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Fig. 1. Shaping of rectangular pulses (R = 30). From left to right: pulse evolution in fiber for
f/Lp=0.1;0.2;0.3; and 0.4. From top to bottom: pulse, chirp, and spectrum.
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Fig. 2. Shaping and evolution of nonlinear-dispersive similariton in the fiber (R = 30). From
left to right: f /Ly =1; 2; 3; 4. From top to bottom: pulse, chirp, and spectrum.

Our simulations show that even in case of pulses with complex initial forms the output
pulse has nearly parabolic form at its central energy-carrying part. The irregularities of the
temporal and spectral profiles are forced out to the edges during the nonlinear-dispersive
self-interaction, and pulse and spectrum become more and more parabolic. However, the
pulse dispersive stretching decreases its peak intensity, finally minimizing the impact of
nonlinear self-phase modulation. The spectrum does not change any more and the further
alteration of the pulse shape has a dispersive character only.

It is important that our simulations for the nonlinear-dispersive similariton at a given fiber
length and different power values confirm also the prediction of the analytical discussion:
the output chirp slope is practically independent of the input pulse intensity, and depends
only on the fiber length. The increase of input pulse power leads to the spectral broadening
and temporal stretching of pulse, keeping the chirp coefficient unchanged: the chirp slope is
the same in all cases, even in case of pulse pure dispersive propagation. It allows extracting
the full information on the nonlinear-dispersive similariton having the spectrum and fiber
length. This statement is checked for sufficiently powerful pulses, when the character of
pulse self-interaction is nonlinear-dispersive (but not pure dispersive), and the result is the
same: the chirp slope is independent of the power.

We studied also the chirp of nonlinear-dispersive similariton versus the chirp of input pulse:
the chirp slope of similariton is practically constant, when the pulse intensity is high
enough. In case of the dispersive propagation, the induced chirp simply imposes on the
initial chirp according to Eq. (1). In case of nonlinear-dispersive propagation, the chirp
“forgets” about the initial chirp according to analytic discussion above: it becomes
independent of the input chirp according to Eq. (2).
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2.2 Spectral interferometric characterization of nonlinear-dispersive similariton

We carried out experimental studies to check-confirm the predictions of our rough
discussion and numerical analysis above. We applied the classic method of SI [2] to
completely characterize and study the generation process and peculiarities of nonlinear-
dispersive similariton of a passive fiber.

Fig. 3 schematically illustrates our experiment. Using a Mach-Zender interferometer, we
split the input radiation of a standard Coherent Verdi V10-Mira 900F femtosecond laser
system into two parts.

SMF

el N
M

M

Fig. 3. Schematic of the experiment. Laser - Coherent Verdi V10-Mira 900F femtosecond
laser system, M - mirrors, P’ - prisms, L - lens, OSA - optical spectral analyzer, and SMF -
single-mode optical fiber.

The low-power pulse serves as a reference. For the high-power pulse, first we filter its
spectrum of the bandwidth A4 = 11 nm down to the value AA= 2 nm. We use standard
polarization-preserving fibers Newport F-SPF @820 nm and ThorLabs HP @ 780 nm of
different lengths - 1 m, 9 m, and 36 m. The spectra of the pulses at the output of fiber are
broadened, however, the spectrum of the reference pulse covers them completely. This
allows measuring the spectral phase of similariton within the whole range of its spectrum.
The spectral interferometric fringe pattern is recorded by an optical spectrum analyzer (OSA
Ando 6315), and the spectral phase is retrieved. Having the spectrum and retrieved spectral
phase, the temporal profile of the similariton is reconstructed by Fourier transformation.

The performance of the experiment is given schematically in Fig. 4 by means of the
spectrograms of relevant steps. Fig. 4(a) shows the spectrum of the laser pulse, (b) is the
spectrum of spectrally filtered and shaped pulse, (c) is the spectrum of nonlinear-dispersive
similariton and (d) is the SI fringe pattern. Fig. 4(e) shows the measured spectral phases of
the similaritons generated from different input pulses. The spectral phases are parabolic
(¢ =—aw® /2) and their coefficients & have nearly the same values in all cases of dispersive
and nonlinear-dispersive propagations: o = 0.32 ps? for the pure dispersive propagation of
single-peak pulse, and 0.33 ps?, 0.328 ps2, 0.35 ps? for the nonlinear-dispersive propagations
of single-, double- and distant double-peak pulses, respectively. The parabolic phase (linear
chirp) leads to the self-spectrotemporal imaging of similariton. The accuracy of imaging
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1

increases with the decreasing of the chirp slope, which is approximately equal to C= o~
Fig. 4 and 5 illustrate the typical behavior of nonlinear-dispersive similariton in case of f =

- phase (rad)

2.33 235 237 2.36
frequency (rad/fs)

0

Fig. 4. (a-d) Schematic of the experiment given by the spectrograms of the relevant steps; (e)
spectral phases of nonlinear-dispersive similaritons generated from input single- (thin black
line), double- (red o) and distant double-peak (blue x) pulses in comparison with the one
for pure dispersively propagated single-peak pulse (thick yellow line).

Having the spectral phase and spectral profile, the temporal profile of nonlinear-dispersive
similariton is retrieved. Fig. 5 shows the spectral and temporal profiles of the similaritons
with the spectral phases of Fig. 4(e). The black curves are the spectra and the gray-dotted
curves are the pulses. They coincide with each other, that is, takes place the self-
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spectrotemporal imaging of nonlinear-dispersive similariton. A good spectrotemporal
similarity is seen in case of input single-peak pulse (a). For the input double-peak pulse of
(b), the matching between the spectral and temporal profiles of similaritons is qualitative
only. To obtain a quantitative agreement, one must use a longer fiber, increasing the o
coefficient: the spectral and temporal profiles of similaritons practically coincide for the
thick orange line of (b), showing the temporal profile of similariton for the increased «
coefficient.

=5 tirme (pe) =] =5 tma (ps) =
q L R o e}
T @ '
/ I\ E
& os V4 | il g os
& i ]
\ £
3 / ]\
5k e '8 o Lt
2.33 frequency (rad/fs) 2.2& 33 frequency (radffs) =38

Fig. 5. Self-imaging of nonlinear-dispersive similaritons generated from input (a) single-,
and (b) double-peak pulses. Black solid curves show the spectra of nonlinear-dispersively
propagated pulses (the black dotted one of (a) stands for pure dispersively propagated
pulse), gray dotted lines show the retrieved temporal profiles. The thick orange curve of (b)
shows the temporal profile of similariton for 4 & increased coefficient of spectral phase.

To show the relation between the nonlinear-dispersive similariton and the rectangular pulse
of fiber, spectral interferometric measurements are carried out using a short fiber ( f =1 m).
Fig. 6 illustrates the shaping of a rectangular pulse in a nonlinear-dispersive fiber.

e
FEL] Wy (R =.0a A e e 1

Fig. 6. (a) Spectrum of nonlinear-dispersive rectangular pulse with the relevant spectral
phase (black solid line) and fitted parabola (pink). The blue line is a high-order polynomial
fit. (b) Temporal profile of the rectangular pulse (blue) in comparison with the pulse
retrieved by the fitted parabolic spectral phase (pink).

Here the black curves are the spectrum and spectral phase measured, the blue curve is a
high-order polynomial fit and the pink is a fitted parabola. The measured spectral phase has
a parabolic shape only at the central energy-carrying part of spectrum. Deviation from the
parabola at the wings leads to the shaping of a rectangular pulse shown in Fig. 6(b) with the
blue curve. Even in this case the chirp slope at the central energy-carrying part of the
pulse/spectrum is also determined only by the fiber length (& = 0.0465 ps?). The pink curve
of Fig. 6(b) is the retrieved pulse by the fitted parabolic spectral phase.

The complete and precise SI study confirmed the principal description of nonlinear-
dispersive similariton by Eq. (2), leading to its self-spectrotemporal similarity and imaging
by the scaling coefficient of the chirp slope C=(f,z)". This allows carrying out the
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similariton chirp studies by a simpler way of the spectrum and autocorrelation track
measurements, and afterwards calculation of the spectrum autocorrelation. The comparison
of the measured and calculated autocorrelations extracts the chirp slope. A good accordance
between the chirp slope values measured by this and SI methods occurs. This simple
method permits checking easily the results on similariton chirp numerical study. The
experimental results, in agreement with the theory, show that the chirp slope of nonlinear-
dispersive similariton is practically independent of the input pulse phase modulation in a
wide range of apA@? from -3 to +3.

Taking into account the relation between nonlinear-dispersive similariton and rectangular
pulse discussed, it seems reasonable to expect that the bandwidth of similariton is equal to the
one for rectangular pulse. To determine the bandwidth (and afterwards the duration) of
nonlinear-dispersive similariton, the relation for the pulse optimal compression can be used
[23]. This gives the following relation for the spectral broadening of nonlinear-dispersive
similariton: b=Aw/Aw, ~R = \/LD /Ly = k\/W/Ai.‘,»,1 / Awy = kNP ] Aw,, where P is
the input pulse power, Af;, - input pulse duration, W =p /v - pulse energy, p - average
2B (oS )

power of pulse radiation with a repetition rate v, and k= is a coefficient
given by the fiber parameters (n, - coefficient of the Kerr nonlinearity, f, =27/ 4, - wave
number, £, - group-velocity dispersion coefficient, S - fiber mode area). This thesis (Fig. 7)
is checked numerically (a) and experimentally (b). The confirmation of the truthfulness of
the brief discussion above gives the following rule for the Aw bandwidth and At duration
of nonlinear-dispersive similariton:

Ao=kJP, At=Aw/C=kB,fP. )

For comparison, the spectral bandwidth of the similariton generated in a fiber amplifier is
Aw(z) = [(g,b’OnZPW)/(2,[7’225)]1/3 exp(gz/3), where W and P are the input pulse energy
and power, and g is the gain coefficient [31].
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Fig. 7. (a) Simulation: spectral broadening versus R; (b) Experiment: similariton bandwidth
AZ versus (p/ At, )2 . Blue lines correspond to the transform-limited pulse of 100 fs
duration, red and cyan - to 140 fs pulse, green and black - to 225 fs pulse, magenta and
yellow - to 320 fs pulse. Red, green and magenta are related to pulses stretched in a medium
with normal dispersion, and cyan, black, and yellow - to pulses stretched in a medium with
anomalous dispersion.
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This revealed property of nonlinear-dispersive similariton of Eq. (3) can be used for the
measurement of femtosecond pulse duration, alternatively to the autocorrelation technique.

Concluding, our spectral interferometric studies demonstrate the following properties of
nonlinear-dispersive similariton generated in a passive fiber:

e linear chirp, with a slope given only by the fiber dispersion and independent of the
amplitude, chirp and power of the input pulse;

¢ relation with the rectangular pulse of nonlinear-dispersive fiber;

e property of spectrotemporal similarity / self-spectrotemporal imaging, with accuracy
determined by spectral broadening and pulse stretching together;

¢ only initial pulse power determines the spectral bandwidth of similariton.

3. Broadband similariton for femtosecond signal analysis and synthesis

The applications to ultrafast optics demand the generation and study of broadband similariton
[43,44]. Particularly, the pulse compression ratio is as high as the spectral broadening factor
is [41], the resolution of the femtosecond oscilloscope, based on the similariton-induced
parabolic lens is given by the bandwidth of similariton [22], and for the similariton-based SI,
the application range is as large as broadband the similariton-reference is [43,46].

In this section, our studies on the generation and characterization of a broadband, 50-THz
bandwidth nonlinear-dispersive similariton are presented with the objective to reveal its
distinctive properties in view of its applications to the signal synthesis and analysis
problems on the femtosecond time scale. According to the spectral-interferometric
characterization of nonlinear-dispersive similariton of the bandwidths of 5 THz (A4 ~10 nm
at A~ 800 nm), it is described by Eq. (2), or for its slowly varying amplitude A(f,t) and
phase ¢ (f,t) we have:

A(f ) e A*(f,0) ece 197 =~01(0)| = Bof® /2| =CF /2. 2)

For comparison, the spectron pulse has the same dispersion-induced phase [Eq. (1)]. The
applications of similariton demand to check and generalize this key peculiarity for
broadband pulses.

First, the numerical modeling is carried out to have the complete physical pattern and reveal
the distinctive peculiarities of the generation and propagation of broadband similariton. The
mathematical description, based on the generalized nonlinear Schrodinger equation,
considers the high-order terms of third-order dispersion (TOD), shock wave (self-
steepening) and delayed nonlinear response (related to the Raman gain), together with the
principal terms of self-phase modulation and second order dispersion (SOD) [44,47]. The
split-step Fourier method is used in the procedures of numerical solution of the equation in
simulations for 100-fs pulses of a standard laser with up to 500 mW of average power at a 76
MHz repetition rate (70 kW of peak power) in a few meters of standard single-mode fiber
(losses are negligible). Simulations in these conditions show that the high-order nonlinear
factors of shock wave and delayed nonlinear response do not impact on the process under
study; however, the impact of TOD is expressed in the generated broadband similaritons of
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50 THz bandwidth. It is conditioned by the physical pattern of the process: the nonlinear
self-interaction of powerful pulses leads to large spectral broadening (with the factor of
b ~10 just at the first ~1 cm of propagation in fiber, in our case), substantially increasing the
impact of dispersion (with the factors of b* ~100 for SOD, and b ~1000 for TOD), resulting
in the pulse stretching and peak intensity decreasing (with the factor of b?~100), and thus
essentially decreasing and blocking out the high-order nonlinear effects. The impact of high-
order nonlinear effects can be significant in case of high-power pulse propagation in low-
dispersion fibers, e.g., for photonic crystal fibers with all-normal flattened dispersion, where
a longer and more efficient nonlinear self-interaction results in the generation of octave
spanning supercontinuum [48].

The numerical analysis shows that the fiber TOD is expressed additively in the ¢(f,®) and
o(f,t) parabolic spectral and temporal phase profiles due to its small impact as compared
to the SOD, and its value is the same for the nonlinear-dispersive similariton and the
spectron pulse of pure dispersive propagation:

B

AO(F D)~ A(F,0) |y = _thp, @

oct 6B f?

where f; is the TOD coefficient. The precision of Eq. (4) is of ~4%, according to the
simulations for the SOD and TOD coefficients of fused silica ( £, = 36.11 fs?/mm and f; =
2744 fs3/mm). Thus, the chirp measurement of broadband similariton becomes urgent,
since it gives the TOD of fiber and permits to generalize the description of Eq. (2'). The SI
study permitted the complete characterization of nonlinear-dispersive similariton of up to 5
THz bandwidths [23]. For broadband similaritons (of up to 50-THz bandwidths), the chirp
measurement technique through spectral compression and frequency tuning in the sum-
frequency generation process is applied [44,45].

In the experiment, a broadband nonlinear-dispersive similariton of 50-THz FWHM-
bandwidth is generated in a piece of passive fiber and the chirp measurement is carried out
through frequency tuning in the SFG-spectral compression process [44-47]. Fig. 8 shows the
schematic of the experimental setup. The Coherent Verdi V10 + Mira 900F femtosecond laser
system is used, with the following parameters of radiation: 100 fs pulse duration, 76 MHz
repetition rate, 1.6 W average power, 800 nm central wavelength. Beam-splitter (BS) splits
the laser radiation into high- and low-power parts (80%+20%). The high-power pulse (100 fs
FWHM-duration and pulse energy of up to 7 nJ, corresponding to 70 kW peak power) is
injected into a standard single-mode fiber (1.65 m Newport F-SPF PP@820 nm) by means of
a 10X microscope objective and a broadband nonlinear-dispersive similariton is generated.

Fig. 9(a) shows the spectrum of 107-nm (50 THz) FWHM-bandwidth similariton, recorded
by the optical spectrum analyzer Ando 6315 (OSA). This spectral profile represents the
spectrotemporal image of the generated similariton in the approximation of its linear chirp.
The asymmetry in this spectrotemporal profile evidences the impact of TOD. Although the
initial pulse asymmetry can also cause the spectral asymmetry in the near field of
dispersion, typically for the picosecond-scale experiments, the impact of the possible
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asymmetry of the initial laser pulse on the spectrotemporal shape of similariton becomes
insignificant, according to our simulations.

For the characterization of broadband similariton, its intensity profile can be measured by
means of the cross-correlation technique, using the SFG-interaction of similariton with the
laser pulse (as a reference). A spectral detection of the SFG-signal will give also information
on the chirp of similariton, modifying the cross-correlation technique to the cross-correlation
frequency-resolved optical gating (XFROG) [49,50]. Our additional modification is the use of
a dispersively chirped reference pulse, which provides a spectrally compressed SFG-signal
in a wider spectral range, and thus, more efficient measurement [22,44]. Experimentally, the
low-power pulse is directed into the dispersive delay line with anomalous dispersion (D-
line; conventional prism compressor consisting of a 3.5-m separated SF11 prism pair with a
reverse mirror) and stretch it 22 times, resulting in the pulse autocorrelation duration of 3.1
ps. Then, using a lens, we direct the similariton and the dispersively stretched pulse to the
nonlinear f -barium borate crystal (BBO, type 1 - ooe, 800 nm operating wavelength) to
have SFG-spectral compression. The SFG-interaction of up- and down-chirped pulses results
in the chirp cancellation and spectral compression, and a temporal delay between these two
pulses leads to the frequency shift of the SFG-signal, according to the concept of the
temporal lens [22]. In the experiment, the temporal delay is provided by shifting the reverse
mirror of the D-line and recording the relevant SFG-compressed spectra by OSA.
Measurements with D-line and without it are carried out, replacing the D-line with a simple
temporal delay (TD), to compare the techniques of SFG-spectral compression and XFROG.
Fig. 9(b) shows the relevant 3D frequency tuning patterns for the chirp measurement.
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Fig. 8. Schematic of experimental setup: laser - Coherent Verdi V10 + Mira 900F
femtosecond laser system, BS - beam splitter, M - mirrors, D-line - dispersive delay line
(conventional prism compressor consisting of a SF11 prism pair with a reverse mirror), TD -
temporal delay, fiber - Newport F-SPF PP@820 nm, SFG - BBO crystal for SFG, OSA -
optical spectrum analyzer.

The technique of SFG-spectral compression, as compared to XFROG, is more efficient,
providing sharper spectral signal in a wider spectral (and temporal) range. The temporal
delay between the SFG-interacting pulses in the range of +£16 ps results in a +20 nm
wavelength shift for the 22 times SFG-spectrally compressed signal (down to 0.12 nm at 400
nm central wavelength), corresponding to the chirp measurement of similariton in the span
range of 160 nm (75 THz) at 800 nm central wavelength. This 3D pattern completely
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characterizes the generated broadband similariton. Its projections represent the temporal
and spectral profiles of the intensity I(t) and I(1), and the curve A(t) connected with the
chirp o(t) = ¢4(t) , as well as with the derivative of spectral phase qzif(a)) , according to the
spectrotemporal similarity of broadband similariton described by Egs. (2') and (4). In
general, through the Fourier transformation of complex temporal amplitude, given by the
measured temporal pulse and chirp, the spectral complex amplitude and afterwards the
spectral phase could be retrieved. For our case of the broadband similariton, the Eq. (2')
permits to have the spectral phase information by a simple scaling o =Ct, and we have
¢f(a)) ~ —¢¢(t)/ C for the derivative of spectral phase.
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Fig. 9. (a) Measured spectrum of broadband similariton, and (b) 3D frequency tuning
patterns with spectral compression (sharp peaks) and without it (thick lines) for the chirp
measurement: the 40 nm (75 THz) frequency tuning at 400 nm is adequate to the 160 nm
spectral range of similariton at 800 nm for the 32 ps range of temporal delay between SFG-
interacting pulses.

Fig. 10 shows the ¢;(@) curve obtained this way. It is described by the polynomial éf(a)) =-
15.06x10° fs3 x @” - 81.13x10% fs> x w. The quadratic component of ¢(») is shown
separately (inset). The circles in Fig. 10 are the measured experimental points; the dashed
and solid curves are for the linear and parabolic fits, respectively.
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Concluding, we generated nonlinear-dispersive similariton of 50 THz bandwidth, and
carried out its complete characterization through the chirp measurement, using the
technique of frequency tuning in the SFG-spectral compression. Our studies state that only
fiber dispersion determines the phase (chirp) of broadband nonlinear-dispersive similariton.
The fiber TOD results in the same additional phase for broadband nonlinear-dispersive
similariton and spectron. The ~1% accuracy of the linear fit for the chirp of the 50-THz
bandwidth similariton gives the range of applications for aberration-free similariton-based
spectrotemporal imaging [22] and spectral interferometry [45-47]. The described approach to
the generation and characterization of broadband similariton can be helpful also for its
applications in pulse compression [40,41] and CARS microscopy [51]. For these applications,
the low value of TOD can impact significantly and it should be considered more carefully.
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Fig. 10. Broadband similariton’s chirp ¢,(t) and derivative of spectral phase ¢3f(a)) with its
quadratic component, separately (inset). The ~1% difference from the linear fit in the range
of ~50 THz gives the range of applications for the similariton-based methods of signal
characterization (Section 4).

4. Similariton based self-referencing spectral interferometry for femtosecond
pulse characterization

Our studies on broadband similariton serve as a basis for development of a novel method of
similariton-based of SI for the femtosecond pulse complete characterization. Below we
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present its demonstration in comparison with the method of pulse spectrotemporal imaging
in the similariton-induced temporal lens. Application of similariton to the reference-based
methods upgrades them up to the self-referencing ones, substantially improving their
performance due to the enlarged application range along with the simplicity of the principle
and configuration.

Our experimental study of nonlinear-dispersive similariton, described in sec. 2.2, as a
remarkable example for the demonstration-application of Sl-approach, clearly shows that
the classic SI provides accurate measurement with a rather simple setup, but its application
range is restricted by the bandwidth of the reference. As mentioned above, the SI
characterization of a signal that has undergone a nonlinear interaction with medium
requires a special broadband reference to fully cover the broadened signal spectrum. To
avoid this restriction, the self-referencing methods of spectral shearing interferometry, such
as SPIDER [3] and SPIRIT [4], are developed. This improvement promotes the SI to the class
of the most popular and commercialized methods of accurate measurements on the
femtosecond time scale, making it compatible with the FROG [1] and MIIPS [6] techniques,
at the expense of a more complicated optical arrangement. Our proposed method of
similariton-based SI, along with its self-referencing performance, keeps the simplicity of the
principle and configuration of the classic SI.

Describing the principle of similariton-based SI, for its implementation the setup of Fig. 8 is
used, removing the nonlinear BBO crystal and D-line. Splitting the signal beam, its part is
injected into a fiber to generate the nonlinear-dispersive similariton-reference, with the
complex spectral amplitude A(f,®)=|A(f,®)|explig(f,®)]. The residual part of the signal
of a complex spectral amplitude A(0,w)= | A(0,®)|exp[ig(0,w)], is coupled with the
similariton in a spectrometer with an appropriate time delay. The spectral fringe pattern
Sg (@)= 2| A(0,0)| | A(f,®)|cos[#(0,®) - #(f,@)], on the background of the signal and
similariton spectra, completely covers the signal spectrum S(0,0)=|A(0,)*, and the
whole phase information becomes available, for any signal. The known spectral phase of the
similariton-reference allows to retrieve the signal spectral phase ¢(0,®), and by measuring
also the signal spectrum, to reconstruct the complex temporal amplitude A(0,t) of the
signal through Fourier transformation. Thus, the method of similariton-based SI joins the
advantages of both the classic SI [2] and spectral shearing interferometry [3-5], combining
the simplicity of the principle and configuration with the self-referencing performance.
Examining the similariton-based SI, we compare its measurements with the ones carried out
by a prototype of the femtosecond oscilloscope (FO) based on the pulse spectrotemporal
imaging in the similariton-induced temporal lens in the SFG process. Our comparative
study, involving also theoretical and autocorrelation check, along with the demonstration
and study of the similariton-based SI, serves also for the inspection of the prototype of
similariton-based FO, the measurements of which previously were compared with the
autocorrelation only [22].

The method of SFG-spectrotemporal imaging for direct femtosecond scale measurements is
based on the conversion of temporal information to the spectral domain in a similariton-
induced parabolic temporal lens [22,46,47]. The setup of the similariton-based SI is modified
to FO by replacing the temporal delay (TD) with a dispersive delay line (D-line) and placing
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a nonlinear crystal for SFG at the system output (returning to the initial configuration of Fig.
8). In the spectral domain, the dispersive delay works as a parabolic phase modulator, and
the signal A(0,w) passed through is described as A(d,w)= A(0,w)exp(ig,0* /2), with the
given coefficient ¢, ~~C;" . In the fiber arm, we have a nonlinear-dispersive similariton with
the known parameters as in the case of similariton-based SI. In both arms of the setup, we
have practically linearly chirped pulses, and the temporal and spectral complex amplitudes
repeat each other in the temporal Fraunhofer zone, i.e. spectron pulses are formed [47]:
A(d,t)c A(d,®), and A(f,t)«c A(f,0) with o= Cyst. Under the conditions of the
opposite and same value chirps C; =-C;=C, and constant similariton spectrum through-
out the signal spectrum, the output temporal SFG-signal repeats the input spectral
amplitude: Agpo(t) o A(d,t)x A(f,t) o A(0,®). Accordingly, the output spectral and input
temporal amplitudes repeat each other Ag;(w)oc A(0,t), and the output SFG-spectrum
displays directly the input temporal pulse: Sgpc(@)= | Agp (@) Poc | A(O,1)*= 1(0,t), with
the scale w= Ct. The resolution of such a similariton-based FO is given by the transfer
function of the similariton’s spectrum [22,47], and FO with a similariton-reference of the
bandwidth of a few tens of nanometers provides the direct measurement of temporal pulse
in a spectrometer, exceeding the resolution of the achievement of silicon-chip-based ultrafast
optical oscilloscope [21] by an order of magnitude.

In the experiment, different amplitude- and phase-modulated pulses at the setup input are
shaped and the signal radiation is split by a beam-splitter (80% + 20%). The low-power part
is directed to the TD or D-line (SF 11 prism pair with the reverse mirror) for similariton-
based SI and spectrotemporal imaging, respectively. In the second path, the high-power
pulse (with average power of up to 500 mW) is injected into a standard single-mode fiber
(1.65 m Newport F-SPF PP@820 nm) by a microscope objective (10x ) to generate broadband
nonlinear-dispersive similaritons. For the SI-measurements, these two pulses are coupled
directly into the OSA and the SI fringe pattern and signal spectrum are registered. To
retrieve the spectral phase, the Fourier-transform algorithm of the fringe-pattern analysis
are used [44-47]. For the FO-measurements, a BBO crystal at the input of OSA is placed, and
the SFG-spectrotemporal image is registered directly. The similariton-based SI and FO
measurements are carried out together with the autocorrelation check by a standard APE
PulseCheck autocorrelator.

First, the similariton-based SI for the laser pulses stretched and chirped in SF11 glasses of
different thickness is tested, comparing the results with the autocorrelation measurements
(Fig. 11). For the dispersion-induced parabolic spectral phases of the stretched pulses, the
coefficients of the dispersion-induced parabolic spectral phases [Fig. 11(a)] are the following:
a=¢"(0)=194x103, 4.94x103, 6.34x103, and 10.78x103 ps? for the 0, 2, 3, and 5-cm
glasses, respectively. The Sl-reconstructed pulses, correspondingly, have durations of 108,
197, 252, and 365 fs, in a good accordance with the autocorrelation durations of 156, 298, 369
and 539 fs of the measurements shown in Fig. 11(b).

Afterwards, measurements for multi-peak pulses are carried out together with the auto-
correlation check. The SI calibrating measurement of the o coefficient for similariton, using
the known laser pulse as a reference, gives the value o = 2.1x104£s2, in accordance with the
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Fig. 11. Similariton-based SI for pulses dispersively stretched and chirped in SF11 glasses of
different thickness: (a) retrieved spectral phases with the measured spectrum (dotted line),
and (b) autocorrelation functions of SI-reconstructed temporal pulses (solid) in comparison
with autocorrelation traces measured (dashed).

expression a = f,f with the values f =49 cm and g, =40 fs2/mm (D, = -103 ps/nm/km
at the wavelength 850 nm, according to the data provided by the fiber manufacturer). Then
different multi-peak signal pulses are shaped inserting thin glass plates in parts of the beam.
The beam parts passed through the plates obtain time delay with respect to the free-
propagated part. The movement of the plates along the vertical axis adjusts the power
proportion among the peaks. The thicknesses of the plates give the time delay between the
peaks; e.g. a 0.12 mm thick glass plate gives a 200 fs delay, if assuming the refractive index
of the plate equal to 1.5. Using double- and triple- peak signal pulses, we carry out SI-
measurements and compare the results with measured autocorrelation tracks.

The application range and limitations of similariton-based SI are conditioned by the
parameters of input radiation and fiber, which are necessary to generate the similariton-
reference with parabolic phase. Fig. 12 and 13 illustrate the experiment for the typical
regime preceding the similariton shaping: results for double- and triple-peak signal pulses
are shown. As Fig. 12 illustrates, having the spectrum (b, black) and Sl-retrieved spectral
phase (b, blue solid line) of pulse, its temporal profile (c, blue solid line) is reconstructed
through Fourier transformation. To check the precision of our measurements through
similariton-based SI, we calculate the autocorrelation of reconstructed pulse (d, blue solid
line) and compare it with the intensity autocorrelation measured at the input of the system
(d, black). The spectral shape of nonlinear-dispersive similariton (a) ensures the fulfillment
of necessary conditions for the parabolicity of the spectral phase of similariton (according to
[23]). The structure of the similariton spectrum (a), strange at first glance, is typical for short
lengths of nonlinear-dispersive interaction, and is observed also for parabolic similaritons
generated in fiber amplifiers [52]. The blue solid and red dashed curves in Fig. 12
correspond to the pulse reconstruction with the spectral phase coefficients o = 2.1x 104 fs2
and o =1.995x10¢ fs2 (5% difference), respectively. Fig. 13 shows the analogue procedures
for a pulse with more complex sub-structure.

Finally, we compare the measurements of the similariton-based SI and FO, together with a
theoretical check. The double-peak signal pulses are shaped with the spectral domain
amplitude- and phase-modulation given by the peaks’ temporal distance T and their
proportion u . The temporal amplitude A(f)= Ay(t)+ uAy(t+T) corresponds to the complex
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through similariton-based SI in comparison with autocorrelation measurement: (a)
spectrum of nonlinear-dispersive similariton; (b) retrieved spectral phase and measured
spectrum; (c) reconstructed pulse temporal profile; and (d) autocorrelation tracks. Blue solid
and red dashed curves are for & =2.1x 104 fs2 and o =1.995x 104 fs2 (5% difference),
respectively, and the black one in (d) is the measured autocorrelation track.
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Fig. 13. Reconstruction of three-peak pulse (shaped by means of 145 and 120-um thick glasses)
through similariton-based SI in comparison with autocorrelation: (a) measured spectrum; (b)
retrieved spectral phases; (c) reconstructed pulse temporal profiles and autocorrelation tracks
(inset). Blue dotted, red dashed and green solid curves are for o =2.1x104fs2,1.995x 104 £s2,
and 1.89 x 104 fs2, respectively, and the black one of the inset is the measured autocorrelation.
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spectral amplitude A(w)= A(w)p(w)explig(w)], with the p(w)= \/1 + 1% + 2 pucos(wT)
amplitude- and ¢(w)= arctan[(sinwT)/(u "' +coswT)] phase-modulation. To shape such
double-peak pulses, the laser beam is expanded and a thin glass plate in its part is placed,
as described above. The thickness of the plate gives the time delay between the peaks; e.g.
a 0.12 mm thick glass plate gives a 200 fs delay, according to autocorrelation check. The
similariton-based SI and FO are comparatively experimented using the double-peak
signal pulse: the Sl-reconstructed pulses are compared with spectrotemporal images of
the signal.

94'30 ~200 0 t (fs)

Fig. 14. Comparison of similariton-based SI and FO for a double-peak signal pulse:
(a)measured spectrum, (b) retrieved spectral phase, and (c) pulse. Dashed, solid and dotted
curves are for the theory, similariton-based SI and FO, respectively.

Fig. 14 illustrates this experiment by the results for a double-peak signal pulse: the
quantitative accordance of the measured spectrum (a) and retrieved spectral phase (b) with
the theoretical curves (dashed) leads to an accurate pulse reconstruction through
similariton-based SI (c, solid). An accurate spectrotemporal imaging (c, dotted) is ensured
by the similariton of the bandwidths of > 40 nm. The differences between these independent
SI- and FO-measurements and theoretical curve are hardly seen, evidencing both the
accuracy of the mentioned measurements and the potential of similariton-based methods.
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Obviously, the demonstrated methods of femtosecond signal characterization can be
implemented also by the use of “standard” parabolic similaritons generated in active or
dispersion decreasing fibers. In a recent progress in the generation of parabolic broadband
similaritons, bandwidths of up to 11 THz (40 nm at 1050 nm central wavelength) are
achieved [52]. However, the use of the nonlinear-dispersive similariton generated in a piece
of standard passive fiber currently is more beneficial, providing larger bandwidths and thus
larger application ranges with technically simpler experimental arrangement.

Thus, the methods of similariton-based SI and spectrotemporal imaging are experimentally
demonstrated as two applications of similariton. The reference-based methods become self-
referencing by the use of similariton. The described comparative study, involving also
theoretical check and autocorrelation measurements, ensures the quantitative accordance
and high precision of both the similariton-referencing methods. While the method of
similariton-based spectrotemporal imaging has the advantage of direct pulse measurement,
and thus leads to the development of a femtosecond optical oscilloscope, it does not give
phase information. The method of similariton-based SI provides the complete (amplitude
and phase) characterization of femtosecond signal. The method of similariton-based SI
provides the complete (amplitude and phase) characterization of femtosecond signal.

5. Conclusion

Our spectral interferometric studies demonstrate the spectronic nature and distinctive
properties of nonlinear-dispersive similariton, of up to 5-THz bandwidth, generated in a
passive fiber. The key property of nonlinear-dispersive similariton of having a parabolic
phase (linear chirp), given by the fiber dispersion only, leads to its spectrotemporal
similarity and thus to its self-spectrotemporal imaging, with the accuracy given by spectral
broadening and pulse stretching together.

Generating similaritons of 50-THz bandwidth, we carry out their complete characterization
through the chirp measurement, using the technique of frequency tuning in the process of
spectral compression by sum-frequency generation. The studies permit to generalize the
description of nonlinear-dispersive similaritons, verifying that only fiber dispersion
determines the phase (chirp) of such broadband similaritons. The third order dispersion of
fiber results in the same additional phase for broadband nonlinear-dispersive similariton
and spectron. The ~1% accuracy of the linear fit for the chirp of the 50-THz bandwidth
similariton gives the range of applications for aberration-free similariton-based
spectrotemporal imaging and spectral interferometry. The described approach to the
generation and characterization of broadband similariton can be helpful also for its
applications in pulse compression and CARS microscopy.

We develop and implement a similariton based self-referencing method of spectral
interferometry for the complete characterization of femtosecond signal. The method is based
on the similariton generation from the part of signal and its use as a reference for the
interference with the signal in the spectrometer. Therefore, the method of similariton-based
spectral interferometry combines the advantage of the simple principle and configuration
with the self-referencing performance. We experiment the similariton-based method of
spectral interferometry in comparison with the measurements carried out with the
prototype of femtosecond oscilloscope based on the spectrotemporal imaging in a
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similariton-induced temporal lens. Our comparative study, carried out together with
theoretical check and autocorrelation measurements, evidences the quantitative accordance
and high precision of both the similariton-referencing methods of spectral interferometry
and spectrotemporal imaging for accurate femtosecond-scale temporal measurements. The
similariton-based spectrotemporal imaging has the advantage of direct pulse measurement
leading to the development of a femtosecond optical oscilloscope, but it does not give the
phase information without additional interferometric measurement. The novel method of
similariton-based spectral interferometry, with a rather simple setup and self-referencing
performance, provides the complete (amplitude and phase), high-resolution characterization
of femtosecond signal.
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1. Introduction

Low coherence interferometry (LCI) is an optical technique in which light is used as an
instrument to obtain high resolution optical images in a great diversity of materials. It is
possible to find in the literature, a variety of configurations with different names, based on
the same principle: low coherence reflectometry (OLCR), optical coherence tomography
(OCT), white light interferometry (WLI), are only some examples of this. The main idea of
this technique is to measure the echo time delay of backscattered light in the sample through
the characterization of the interference intensity obtained when the light coming from the
sample and the light reflected in a reference surface overlap. When a low coherence source
is used, the interference signal is temporally and spatially localized, so it is possible to use
this property to obtain distance values or parameters related to the time of flight of the light,
reflected in different sections of a sample.

LCI has been proposed and studied since the beginning of the optical science. However, for
the last 20 years, there has been a dramatically increase in its applications, mainly due to the
development of optical coherence tomography and the evolution of new light sources. The
first works of in- surface and optical material characterization was reported in 1960. In 80s
some applications in fibre optics characterization (Takada et al, 1987), topography surfaces
and internal structures in transparent media (Youngquist et al, 1987) were proposed with a
LCI set-up. It is generally accepted that first biological application was reported by (Fercher,
1988). After these first works, optical coherent tomography (OCT) became a powerful
technique for medical diagnosis, (Huang, 1991), in which images of the human retina and
coronary artery were obtained. Since then, OCT has evolved, and nowadays it is a well-
established technique for ophthalmic diagnosis and other biological tissues (Brezinski, 2006).

New developments in light sources, fibre optic elements, detectors and processing
techniques allow a dramatic increase in resolution and speed of image acquisition. These
advances transform this technique in a powerful three-dimensional visualization method
which has a wide diversity of applications. Over the last ten years its growth has been
explosive; proof of this is the increasing number of publications, patents and companies
involved in this subject (www.octnews.org). There is no doubt that this evolution has been
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the result of the numerous successful OCT applications in the medical field, especially in
ophthalmology (Drexler et al, 2008). Over the last years its application in material
characterization and non-destructive techniques is another field that is growing fast (Goode,
2009). Micro structures and MEMS characterization, surface topography, structural
parameters in semitransparent materials, analysis and visualization of structural vibrations,
are only a few examples (Bruce et al, 1991), (Wiesauer et al, 2005), (Wiesner et al, 2010).

Nowadays, there are several companies that offer commercial systems based on this
tecnique. Polytec®, Thorlabs®, Carl Zeiss® are only some examples. Figure 1 show an image
obtained with the Stratus from Carl Zeiss®. This equipment is capable of exploring the eye at
a speed of several thousand lines per second.

Fig. 1. a) Stratus 3000 Carl Zeiss®. b) OCT image of retina, taken with Stratus 3000 (Michael
P Kelly, Duke Eye Imaging, Duke University Eye Center, Durham, NC). Photos used with
permission of Carl Zeiss®.

Another example is shown in figure 2; TSM-1200 TopMap® p.Lab from Polytec® that can be
used to acquire high-resolution topographical maps of functional surfaces and
microstructures.

Fig. 2. TMS-1200 TopMap p.Lab. Photos used with permission of Polytec®.

High-speed 3D OCT imaging can provide comprehensive data that combines the
advantages of optical coherence tomography and microscopy in a single system. Shown
below are some 3D image data sets of two samples; in figures 4 it is shown how this
technique can obtain the surface topography of a screw.
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Fig. 3. 3D optical profiling of an M2 metal screw. Photos used with permission of Thorlabs®.

In figure 4 it is shown a tomography of a finger skin.

Fig. 4. Human finger pad. Photos used with permission of Thorlabs®.

1.1 Basis of low coherence Interferometry

Interference can be considered as the wave pattern that is obtained after the superposition of
two or more waves. In low coherence interferometry, superposition is obtained with a
broadband light source, and the wave pattern in this situation is considerably different from
that obtained with a standard monochromatic source. (Born, M. & Wolf, E., 1999).

In interferometry techniques the interference signal is usually obtained from the
superposition between light backscattered from a reference arm and a sample arm as it is
shown in figure 5 below.

Sample arm

B—

Broadband
light sonree

----- *  Awialdizplacement

Erfcrence amm

Detector

Fig. 5. Michelson interferometer set-up.
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The total intensity at the detector at a time t, is obtained as the superposition of e,() = Re(Er(t))
and es(t) = Re(Eq(t+1)), the electric field from the reference and from the sample respectively.
Re(E(t)), indicates the real part of the complex expression of the electric field, E(f). T is the
difference in time of flight of light in each arm and it is a consequence of the different optical
path length. The symbol < > indicates temporal average, K is a constant factor.

I=K{|E, + E[') =1, + I, + 2K(Re(E, (t+ D)E. (1) M

The reflectivity in the interface at the end of the reference and the sample arm are
considered by the coefficient R, which is assumed constant. If o is the intensity at the output
of the light source, the intensity of each arm after the reflections is: I = R/, and Is = Rsl,.
Then, equation 1 can be written:

I=R,I,+ R, +2R.R, Re(I'(1)) )

In the last term in equation 2, usually named the interference term, the complex coherence
function I'(t) = K< E,(t) Eo(t+1)> is defined (Goodman, 1984); that is the correlation of the
electric field. This function is closely related to the concept of coherence time -T - a measure
of the delay between two beams which is necessary to blur the interference term. A useful
way to define this concept is (Goodman, 1984):

T=—— [ [rf de 3)

L - - g=——=

0 0.2 0.4 0.6 0.8 1
Delay t (a.u.) Delay t (a.u.)
(@) (b)
Fig. 6. Total intensity (I), as a function of time delay(t) for a coherent source a) and for a low
coherence source b).

It is possible to illustrate this concept -close to the basic idea of low coherence
interferometry- considering the total intensity I as a function of 71, the time delay. To do this,
we perform an axial scan of the reference sample. In the simplified interferometer scheme of
figure 5 this can be done with a movement of the reference surface with a constant velocity
(axis z figure 5).
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When the light source is monochromatic, the total intensity shows the same variation (figure
6-a). Using a low coherence source, interference is only observed when the path length is
within the coherence length of the light source ( figure 6-b).

1.2 Experimental configurations

We will show a generic system of low coherence interferometry with a brief description of
the experimental set-up and the function of each component. The general configuration can
be separated in four well differentiated sections: the broadband light source, the
interferometer, the sample with its holder and the detection system.

Figure 7 shows the basic set-up used in most of the low coherence applications. The initial
system is the broadband light source [1], that is a critical factor since an appropriate
selection in its characteristics is crucial in the final quality of the images obtained (Drexler et
al, 2008). Nowadays there is an important offer of broadband sources with different center
wavelengths, power, and beam quality (stability, noise, single transverse mode, etc.).

Diode systems are probably the most utilized light sources, as the superluminiscent LED"s
(SLD). They have the advantage to be easy to hand and operate; also, their spatial dimension
is reduced, their price is usually lower than other systems, and they are appropriated for no-
laboratory applications. Amplified spontaneous emission (ASE) sources are an interesting
alternative as they offer a broad bandwidth in the infrared region. Finally there is a group
based on ultra-short laser pulses and supercontinuum light sources which is an attractive
option as it offers high power, broad bandwidth and good quality in spatial mode. These
systems are expensive comparatively.

The output beam from the source is directed to the interferometer. There is a great variety of
configurations proposed in the literature, but in most of these works a Michelson type is
used (Schmitt et al, 1999). A typical configuration is shown in figure 7. The output beam is
split in the beamsplitter [4]. One of the beams goes to the reference surface [2]-usually a
mirror- and the other beam goes to the sample [3]. After the reflection on each surface, both
beams are sent to the detector [5]. The superposition generates the interference signal.

With this signal it is obtained a measurement of the OPD between both arms. In most cases
the light beam is focused on the sample so that the measurement process is performed point
to point on the desired region. For opaque samples, the light is reflected only on the surface,
so a topography measurement is obtained. For transparent or semi-transparent media, light
is reflected from sub-surface structures in the sample, so a tomography measurement is
performed.

Usually the sample-holder or the light beam can be displaced in a 2-D lateral movement
(axis x and y in the figure 7). This way the sample can be inspected in the region of interest.

Although there are many configurations proposed based on the general configuration
described before, it is possible to make a division into three main groups, each one with its
particular characteristics. They are commonly known as:

1. Time domain low coherence interferometry (TDLCI)
2. Spectral domain low coherence interferometry (SDLCI)
3. Sweep source domain low coherence interferometry (SSDLCI)
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In TDLCI mode the total interference is obtained with a one element detector( [5] in figure
7), usually a photodiode, and the total intensity is registered while the optical path of the
reference arm changes from a maximum to a minimum value that is predefined for each set-
up (displacement in the z direction - figure 7). While the reference arm is moving the
sample is maintained in the same position (Drexler et al, 2008).

In SDLCI mode the detection [5] is performed with a spectrometer. In this scheme the
interference signal is obtained with the superposition of the spectral intensity of both arms.
(Drexler et al, 2008).
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Fig. 7. A typical low coherence interferometry experimental set-up.

Based on the same idea, in the SSDLCI configuration, a tuneable laser and a one element
photodetector are used. The light source is swept in wavelength as a function of time, so the
spectral components are not encoded by spatial separation, they are encoded in time. After a
complete swept we obtain the spectrum one by one wavelength (Choma et al 2003), and
consequently the interference signal.

2. Spectral domain low coherence interferometry
2.1 Introduction

Spectral domain low coherence interferometry (SDLCI) -also known as Fourier domain low
coherence interferometry (FDLCI)- is, as mentioned before, one of the configurations
commonly used in low coherence interferometry. The first result using this technique
(Fercher et al, 1995) was for ophthalmological measurements and some years later (Hasler et
al, 1998) in dermatological applications. After these initial works, it began to be shown as a
competitive technique with the time domain method (TD-OCT), a well established method
for optical coherence tomography (OCT) applications at that time. Since then, SDLCI has
shown several advantages which have favoured its development and the high level of
acceptance that it has nowadays.

These advantages can be summarized in the lack of need for a fast mechanical scanning
mechanism (Drexler et al, 2008) that brings the simplicity of no moving parts in the
reference arm of the interferometer, and the superior sensitivity of the detection (Leitgeb et
al, 2003). The SDLI typical configuration is shown in figure 8. The light source and the
interferometer scheme follow the same characteristics described before, but the detection
system is a distinct point in this technique. The main idea is that the optical path difference
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between the sample and the reference is obtained from the analysis of the superposition of
the spectrum of the light source reflected in each arm of the interferometer. This spectrum is
commonly measured with a spectrometer. Most of the detection systems employ linear
arrays as a sensor element. Some works with 2-D CCD systems and individual processing of
each pixel, has been already presented (Vakhtin et al, 2003).

Figure 8 below illustrates the basic experimental set-up assuming a simple situation in
which there are only two reflections, one at the end of each of the arms of the
interferometers. The interference signal is measured with the spectrometer sensor where the
total intensity is obtained as a function of the wavelength (4).

Fig. 8. A typical spectral doamin low coherence interferometry experimental set-up.

2.2 The interference signal and the detection system

It is assumed that I,(k) encodes the power spectral dependence of the light source ([1] in
figure 8), were k=2 7/}, is the wavenumber. The interference fringes surges from the
superposition of the spectrum of the light coming from the two reflections. We call I,1(k) to
the intensity coming from the reference arm and I (k) to the intensity coming from the
sample arm . The expression for the total intensity is then:

(k) = 1y (k) + Ly (k) + 2T, (R) L, (k) cos (kAx, ) @

The first two terms are known as DC intensities in the literature (Drexler et al, 2008). The last
term in equation 4 is the interference component, and it includes the OPD dependence that,
in this simple situation, is given by the value AXs1 = Xr1-Xs1, where xr1 and xq1 are the total
path length in each arm, both measured from the beamsplitter.

To simplify the expression, we use p2 = Rq/R,1, the reflectivity coefficients ratio, and it is
assumed that these coefficients have no dependence on the wavenumber, that is: Iy;(k) =
Rul, (k) and I (k) = Risl, (k), as mentioned in equation 5, so:

1(k) = Ry I, (k) (1+ B + 2Bcos (kAx,q, ) ©)

The figure 9 shows an example of an image obtained in a 2D-CCD sensor at the end of the
spectrometer (see set-up picture). The image corresponds to the total intensity described
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before in equation 4. In this particular example, the source is a superluminescent diode (Ao =
840 nm, AX = 20nm) and Ris= Ry, ~ 0.08.
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Fig. 9. a) Interferences fringes obtained with a 2-D spectrometer sensor b) Intensity as a
function of k obtained from a row of pixel from the image a).

Figure 9-b represents total intensity, obtained from a line of pixels of the image shown in
figure 9-a. The modulation in the curve is produced by the interference term over the
Gaussian spectrum of the light source.

In a general situation in which it is assumed that there are several reflections in the reference
arm and in the sample arm, the total intensity expression can be written as:

I(k) = 21 (k) + Zz [1:(R)T () cos(Ax; ) (6)

i,j=1

N represents the total number of reflectors in the sample and in the reference. The sub
index i or j identifies the region where the reflection is produced in the reference (ry, 12, 13,
...) or in the sample arm (sy, sz, s3, ...). To illustrate this point, we show a typical application
in which the reference arm is a mirror (1r) and the sample is a slab in air. The slab has two
interfaces (1s and 2s), an inner group index 1, and a thickness d.

I(k) = I,l(k) + Ly (k) + Iy (k)
T ()T (k) cos (A%, 1)
+2 r1 k)lsz )COS(AxrlsZ)

+2 sl(k)Is2( ) COS(A'xslsZ)

The first three terms are the DC terms mentioned before. The second and the third term
correspond to the cross correlation between the reference and each of the sample surfaces;
the forth term is the correlation component that surges from the reflections on both
interfaces of the sample. (see figure 10).

)
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Fig. 10. Experimental set-up for thickness measurement of a slab.

So in this situation the OPD values in equation 7 are: Ax,is1 = Xr1- Xs1, AXp1s2 = X1~ (Xs11+2. 11.d)
and Axgse = 2n.d . Where xs1, xs2, x1 and 2.nd, are the total optical path distances
corresponding to each interface indicated in figure 10.

The usual way to obtain the OPD values from the total intensity data is to apply the Fourier
transform. We call FI(x) to the Fourier Transform of I(k), where x is the conjugate variable of
the wavenumber k.

As an example it is shown the expression for Fl(x) in the situation mentioned before
(equation 4), where the interference signal is obtained from only two reflections (r; and sy).
So:

FI(x) = F(L,(k) ® F (R, + R, + 2R, R, cos(Ax,,, )| ®)

We denote the convolution as (® ).

According to the Wiener-Kinchin theorem (Goodman, 1984), the first term in the
convolution is the coherence function I'(x) and the second term yields two delta functions
located at +Ax,15; (Papoulis, 1962).

Therefore, the last expression can be written as:

FIx)=al'(x)®
[5CR, + R )+ 2R,R, (5(x = Ax, )+ 5(x +Ax,,,) |

©)

Being a a constant factor.

Figure 11-a and 11-b illustrate the interference signals in two situations that correspond to
different deep modulation (f = 1, § = 0.5). Figures 11-c and 11-d show the absolute value of
the corresponding Fourier transform for each signal. This graph shows three “interference
peaks”. One is centred in the origin of the x axis and the “lateral peaks”, denoted as P and Q
in the figures, are centred in + Ax,1.
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Fig. 11. a) and b) shows the total interference signal as a function of wavenumber k, for two
different P relations. c) and d) shows its corresponding Fourier transform as a function of x
(the conjugate variable of k) .

Figure 12 shows an example of how the position of the interference peak changes according
to the increment of OPD between both arms. The peaks in order zero no contain OPD
information.

NeaF (a.u)

wiau)

Fig. 12. Interference peak vs OPD increments.
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2.3 Signal detection and parameter limits

In an ideal situation, the intensity function I(k) would be obtained with a “perfect”
spectrometer. In a real situation, it is important to evaluate the spectrometer parameters in
order to optimize the measurements and evaluate possible artifacts, errors or limitations
introduced for the “real” set-up. We assume a detector model based on a grating
spectrometer with a linear array sensor. There are some important issues to be considered in
this evaluation, more details can be found in (Hu et al, 2007; Jeon et al, 2011).

a.

The spectrometer is used for separating the different wavelengths of the light source
spectrum and to focus each of them on the sensor that is considered as a linear array of
N, pixels. After its calibration it is possible to define a k axis in the array direction. The
spectral range of the spectrometer (4k,) is given by the interval [ki, kny] where k; is the
value assigned to the first pixel and ky, to the last one. We also define the “Range”
function as follows:

Range(k) = H( kA_kk” J (10)

k, indicates the central wavelength in the spectrometer. Along this work we assume
[1(z) a rect function defined as 0 if | z|>1/2and 1if |z|<1/2.

The dimensions of the spot of each wavelength focused on the sensor is taken into
account by the point spread function (Psf(k)) (Hu et al, 2007). The width, the shape and
the position of the center of this spot depends on the spectrometer characteristics such
as the entrance slit width, diffraction grating and focal length and eventually on the
spatial profile of the light source in the spectrometer entrance (Dorrer et al, 2000). We
assume a Gaussian shape (Hu et al, 1997) where its FWHM (4k;s) is a measurement of
the spot size.

—4ln(2)w
Ak psf

Psf (k) = psfy.e (11)

The “ ideal” detected signal is then modified by the convolution with this function:

I, (k)= ]O 1(k").Psf (k- k') dk’= I ® Psf (k) (12)

—00

1

The value obtained in a particular pixel “i” is the total intensity integrated over a width
(Akpix), which is defined by the pixel dimensions, the grating dispersion and the focus
length of the spectrometer (Leitgeb et al 2003; Hu et al 2007). This average value can be
written as:

I (k)= T (I ® Psf)(k).Pix(k — ki)dk = I ® Psf ® Pix(k;) (13)

—00
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The convolution takes into account the process described before. A first approach to this
function can be to assume a rectangular shape where its width is: Ak, = Ak, /N, (Hu et
al, 2007) (Wang et al, 2008). Here it is assumed by simplicity that the fill factor is 100%.

pix(k—ki):n(’;;kf) (14)

pix

More complex dependence with k can be thought, considering additional effects such as
crosstalk or fill factor (Jeon et al, 2011).

d. The measurement of the total intensity I(k) obtained from the detector is a discrete
collection of N, values. Each value corresponds to the average intensity measured in
one pixel, for this reason, it is convenient to define a sampling comb of delta functions
as (Dorrer et al, 2000):

= 3 6(k-k) (15)

Where k; is the value assigned to the pixel with index i (Wang et al,2006); (Hu et al, 2007).

The following figure shows a schematic of the spectrometer sensor and a detail of how
two wavelengths (4i and 4j) have been focused on it. The picture also shows how the
“pix” and “psf” function combine to define the average value in pixel j.

PN rakk)
#-L |
K | kl

Fig. 13. Schematic of the spectrometer sensor array and the “psf” and “pixel” functions.

Then, the final expression for the signal intensity is:

I(k)=Range(k)(C ® psf ® pixel ® I)(k) (16)

I(k):H(k—ku)i 3(k—k;)(pixel ® psf ® I(k)) (17)

i=—o0

Under these considerations the A scan signal FI(x) is obtained applying the Fourier
transform of equation 17. Here the x variable is the conjugated of k.

FI,(x)=F([T(k-k,))
[i 8(k J (18)

—00

® (F (pixel(k))F (psf (k)) F(I(K)))
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That can be written as:

FI(x)=FI, sinc(A;(” xj

® Y 8(x-nAx) (19)
n=—oo
Ak, Ak x?
ine| _ P e
®|sinc 5 X |exp 16In(2) F(I(k))

This expression is easily obtained from equation 18 and some mathematics relations
(Papoulis, 1969). Fl, is a constant factor that also absorbs all the pure phase terms that result
from the Fourier transform. The new delta comb has a period Ax=2I1/Ak, the interval
available for signal processing avoiding aliasing.

The expression in brackets in equation 19, shows the Fourier transform of the “ideal.” intensity
and the modifications introduced by the Fourier transform of the psfand the pixel function.

Fig. 14. a) Interference peak and the psf and pixel Fourier Transform functions. b) and c)
Zoom of figure a).

This modification means a sensitivity fall-off when the OPD value increase. In the figure 14
it is shown these terms for a typical situation.

As it can be appreciated from the figure 14, the shape of both functions (the sinc and psf
Fourier transform) generate a decrease in the visibility amplitude of the interference peak
that goes to zero when x increase. So, there are two parameters that limit the dynamic range
of the technique. One is: xpi=21/Ak,, the first zero of the sinc function. The other is the
FWHM of the Gaussian function obtained as the Fourier transform of the psf:
xpsi=4.In(2) / Akpst (Bajraszewski et al, 2008), (Leitgeb et al, 2003).

2.4 Signal processing

In the last section we showed some considerations in the interference image, imposed by the
real characteristics of the detector. The SDLCI detection process ends with an array of N,
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data points that contain the information of the depth profile of the sample. This process
usually continues with the analysis of the Digital Fast Fourier Transform (FFT) of this
vector. The classical algorithm is shown in equation 20, where N, is the I[n] length.

Fifq]= VZ W W :e_j[i;:] (20)

In figure 15 a typical example is shown. The interference signal is registered in a 640-point
array (figure 15-a). Its conventional FFT is shown in figure 15-b. The interference spectrum
has been obtained in a wavelength range from 780 to 880 nm. The modulation corresponds
to a situation in which there is only one surface (r1 and sI) in both arms of the
interferometer, as presented in equation 4.

; ; ; ; ; ;
I I I I I I
WO - - — - —— — = - -
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u)

FI) (@

Fig. 15. a) Interference signal and b) Interference peak.

The OPD value Ax,s1 in this scheme is the abscissa coordinate of the maximum point of the
lateral peak in the Fourier transform curve (figure 15-b). With the conventional Cooley-
Tukey FFT algorithm the sampling interval is:

2n
Ax = 21
sanp Np Akpix ( )

Where N, and Akpi, are the parameters previously defined. In this step, spectral calibration
is a critical process. First, a conversion of the measured spectrographs from A-space to k-
space is needed. As the spectra obtained by the spectrometer are not necessarily evenly
spaced, a posterior resample to be uniformly spaced in k-axis is required. This implies a
careful calibration of each pixel of the sensor. There are several works in which this point is
presented (Dorrer et al, 2000; Hu et al, 2007) and different experimental and post process
arrangements are proposed (Bajraszewski et all, 2008; Jeon et al 2011).
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Another point that can be avoided or smoothed by signal processing is the edge effects in
the Fourier transform of the Range function proposed in equation 10, to take into account the
spectrometer range. To modify the shape of the rectangular function the windowing
technique can be used (Oppenheim et al, 2000). With this tool it is possible to minimize the
effects that result in spectral leakage in the FI(x) signal, and to increase the resolution in the
OPD measurement.

There are many types of windows available in the literature. Figure 16 shows common
functions (Rectangular, Bartlett, Hanning, Hamming, Blackman, Blackman-Harris and
Gaussian).
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Fig. 16. Typical windows functions and b) the corresponding FFT curves. c)

A spectral analysis of the different window functions is recommended to determine
the best to use. In some cases it is possible to apply more than one window simultaneously.

To increment the resolution some techniques can be used (Boaz Porat, 1997). One of the
most popular is known as Zero Padding (ZP) (Dorrer et al, 2000; Yun et al, 2003). In this
technique the original array I[k] is extended with zeros, then, the length of the new array
changes to M,> N,. As a consequence, the sampling interval can be reduced by a N,/M,
factor with the disadvantages that mean computing longer vectors and more time
consuming.

An alternative technique that allows reducing the sampling interval Axs,;, in a similar way
to ZP but in a localized region of the x axis is the Chirp Fourier Transform (CFT). This
predefines the sampling interval and the region of interest on the x axis.

If a sequence I[n] with 0 <7 < N,-1 is used, we can write the DFT:

N,-1

F(0[q]) = i [n]e™ 7 0[q]=0,+446, 0<g<q-1 (22)
n=0
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Where A0 is the sampling resolution desired, 0y the initial x value and K the number of
additional points. Therefore, through 8y, A6 and N,, you can delimit the frequency range in
which you want to work. The operation number required is approximately M+N.

In figure 17, the original signal FI[x], FIzp[x] and Flcgr[x] are shown, the sequence I[k] has
640 points but in the FI[x] only six point defined the interference peak (figure 17-a). To
increment the resolution in a factor of 5, we used ZP and CFT. The resolution level is equal
in both cases but Flzp[x] has 3200 points and Flcer[x] has only 81 points as showed in figure
17-b and 17-c.

5000

Flg, (@.u.)

5000

Fl,, (a.u.)

5000

Flopr (.U

Fig. 17. (a) FI[x], (b) Flzr[x] and (c) Flcrr[x].

3. Experimental results

In this section we show results obtained from an experimental configuration similar to that
presented in section 2.1. The idea is to show that with a relatively simple set-up, it is
possible to apply this technique in a variety of applications with interesting results. The light
source is a superluminescent infrared diode, centered at 840nm, with a 20- nm bandwidth
and a 5-mw output power. The interferometer is a Michelson type, in air , and the detector is
a spectrometer Ocean Optics model 4000. With this configuration we get a 2-mm dynamic
range and the axial resolution is lower than 10 microns.

N
=3
S
S

1000

o

Peak Position (a.u.)

N

=)

Peak Amplitude (a.u.)

Displacement (mm)
b

Fig. 18. a) Calibration curve and b) Amplitude variation of interference peak.
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At first a calibration process is shown. As it has been mentioned before, it is necessary to
link the interferometer signal with the OPD absolute values. A simple way to do this is to
move the reference surface through controlled displacements (OPD) or steps, and
simultaneously register the abscise coordinate of the center of the FIT peak that corresponds
to each step. Figure 18-a shows the peak abscise coordinate (pixel number) versus

displacement. Figure 18-b shows the peak amplitude versus the corresponding
displacement.

Peak Position (a.u.)

Peak Amplitude (a.u.)

Displacement (mm)
(b)

Fig. 19. a) OPD in pixel vs Displacement and b) Amplitud variation of interference peak.

The amplitude fall-off shows the consequence of the “real parameters” of the detector
explained in section 2.3. For this particular set-up the psf function is predominant.

When the OPD value is close to the limit imposed by Nyquist, aliasing effects can affect the
interference signal (Dorrer et al, 2000). If the Nyquist limit is transposed, the measurement
shows no-real OPD values that can be misunderstood (figure 19).

In the next example the technique is used to obtain the profile of a metal sample. The sample
is a gauge (class 2-norm ISO 3650, model M7T the C.E. Johansson Inc.); its nominal thickness
is 1100 + 0.45um; this gauge was placed on a second gauge which was used as a reference
plane, as shown in figure 20. A 4- mm length profile was obtained on the region indicated in
the figure 20 (2 mm on the gauge surface and 2mm on the reference plane).

Frofik

Fig. 20. Schematic of the sample.
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Fig. 21. a) Profile obtained by SDLCI by a sequence of points measured on the sample
surface. b) Dispersion in the axial distance measurement.

The profile is obtained by measuring the axial distance in a sequence of points on the sample
surface (figure 21-a). Each point is measured after a lateral displacement by steps of 50
microns. The value of gauge thickness obtained from this measurement is: 1100 + 0.71 pm.
Figure 21-b shows the dispersion in each point measured, which is much lower than the
coherence length of the source, except on the borders of the sample step.

In the following example an application on 3D- surface measurement is shown. These
measurements are critical to the successful manufacturing of precision parts. Components
and structures ranging from submillimeter to centimeter size can be found in many fields
including the automotive, aerospace, semiconductor and data storage industries.

e
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Fig. 22. b)- c¢) and d) are 3D scan results of a sector of the sample shown in a).



Spectral Low Coherence Interferometry:
A Complete Analysis of the Detection System and the Signal Processing 143

The last example is to show a different configuration in the interferometer system.

With this set-up it is possible to obtain measurement of two sample’s face simultaneously
employing a third reference surface, which is an advantage over other techniques as the
interferometric gauge block, (Decker & Pekelsky, 1997). This is very useful for thickness
measurements in opaque samples or where the refraction index is unknown. In figure 23 it
is shown a basic Sagnac-Michelson interferometer set-up (Morel & Torga, 2009). This is a
ring interferometer type were M, is the reference mirror; M, and M3 are the mirrors
employed to send the light to each face of the sample (S in the figure 1).

BS; and BS; are two beam splitters. The light source is a superluminescent diode and the
detector system ends in a spectrometer. The reference arm ends in mirror E;. After BS;, the
two beams are directed to each of the faces of the sample; after their reflections in the
sample face and reflection E;, we obtain three interference signals which let us know the
sample thickness. We measure the interference signals in the detector system.

In order to identify the origin of each of the interference signals employed in the
measurements, we define D as the optical path difference (OPD) between the reference arm
and the beam in the ring interferometer when the sample has been removed; D, and D;
represent the OPD between the reference arm and the reflections in each of the sample faces,
and D; is the OPD between both samples faces.

-

ap Axis
¥
Detector
Fig. 23. Sagnac-Michelson interferometer.
The expressions for the different OPD are defined as follow:
D, =(L; +Ly +2Ly +Ly+Ls+d)-2(LR) (23)



144 Interferometry — Research and Applications in Science and Technology

D, =2(Ly + L, +L;)-2(LR) (25)
We showed that it is possible to get the sample thickness (d) with the following relations:

(D, +D;)-2D,
2

d= 27)

As D; and D; are the OPD between the sample and a reference plane, a lateral displacement
of the sample let us obtain the surface topography of each of the faces. From the same curves
it is possible to improve the alignment of the sample with the reference plane (in our set-up
the mirror Ey).

An example of a typical measurement obtained with this set-up is shown in figure 25. The
nominal thickness of each gauge is 1.1 mm and 1.05 mm. Both are positioned so that one
side has an exposed step and the other side forms a planar surface. The total lateral
displacement in the experiment is about 10 mm. We called el to the step between the two
gauges; e3 and e are the thickness of each gauge.

Fig. 24. Schematic of the sample.

In figure 25.a it is shown the profile obtained from the measurement of D1. Figures 25.b and
25.c show the profiles of both faces of the sample (D2 and Ds). From these results it is
possible to obtain the height of the step (el in figure 24) and the thickness of both gauges (e3
and e2 in the figure 24). The slopes of these curves let us to obtain the relative alignment of
each of the sample faces with a reference plane and the relative alignment between both
gauges.

The values obtained for the gauges thickness are 1091.7 pm and 1047.46 um, with an average
dispersion of 1.32 pm, in very good agreement with the expected value.

There is a dark zone in the curves that appears when the sample presents abrupt changes in
surface topography, so the light is scattered in high angles and the collected light intensity is
under the detection sensitivity. The optic to focus light on the sample can be selected to
minimize dark zone usually lowering the dynamical range of the interferometer.

This method enables simultaneous measurements of physical thickness and refractive group
index without any prior knowledge on samples as showed in (Park et al, 2011).
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Fig. 25. Surface profiles and thickness obtained from the sample shown in figure 24.

4. Conclusions

In this chapter we present a brief introduction to the theory of low coherence interferometry
and the main configurations used nowadays. Then, we focus in giving a detailed analysis of
the technique “Spectral domain low coherence interferometry” that offer interesting
advantages over alternative methods. We give a description of the limitations and
experimental design considerations to take account in the detection of the interference
intensity and in the signal processing. We also show how this knowledge is important to
improve the information obtained from the images.

At the end we show some experimental results with the intention of giving examples of the
enormous potential of this technique, specially in the non- destructive tests area, where we
think is nowadays largely unexplored.
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1. Introduction

1.1 Application of ESPI to measurement of out-of-plane displacement in a spot welded
canti-levered plate

Laser speckle interferometry can be used to detect the locations of stress concentration of an
object and deformation over a whole area to be measured through the shape information in
fringe patterns (Cloud, 1998; Petzing & Tyrer, 1998). ESPI can obtain interferometric fringes
by a subtraction process (I =|1
measured from such interferometric fringes corresponding to the order of the laser
wavelength.

— I, |) of the image data. Small displacement can be

before

Several researches about in-plane displacement and vibration properties analyzed by ESPI
have been reported and the application of ESPI is increasing (Rastogi, 2001). In this paper,
the out-of-plane displacements of a partially spot welded canti-levered plate and of a
normal canti-levered plate are measured and compared by application of 4-step phase
shifting method to the analysis of fringe patterns in ESPI (Baek et al., 2002).

1.2 Optics of ESPI

1.2.1 ESPI for measurement of out-of-plane displacement

Figure 1-1 shows the arrangement of the ESPI optical system for measuring out-of-plane
displacement. The interferometric fringe patterns caused by phase differences between the
specimen and the reference plane with a PZT (piezoelectric transducer) must be analyzed
because the interferometric fringe patterns contain information about out-of-plane
displacement of the specimen. The phase difference is made by an optical path difference.
The out-of-plane displacement, w, caused by the optical path difference is as follows:

W= (1)
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In Eq. (1-1), w is z-directional (out-of-plane) displacement, A is the wavelength of the laser,
and ¢ represents the phase difference between before and after out-of-plane displacement.

FZT controller

&

Personal computer +——1Reference plane

Lens3 | ¢|| Beamn 5pl_i‘_.1-a'

At -
~ || I k.

CCD camera ]
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Image processor
{Image grabber) Lens? <=

—== Spatial filter
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Argon laser

Fig. 1-1. Block diagram of ESPI optical system for measuring out-of-plane displacement.

1.2.2 4-step phase shifting method in ESPI

The 4-step phase shifting method used in this paper is employed to move the reference
plane with the PZT by 7 /2 radians in each step and to obtain four fringe patterns with
relative phase difference. The phase map is obtained from the four fringe patterns using the
arc tangent function. The light intensity of the fringe pattern in ESPI, I, is expressed as

follows:

I, = I, {1+ m(x, y)cos[g(x, y) + @]} (1-2)

In the above equation, /,(x,y)is the measured light intensity, /, is the average intensity,

m(x,y) is the contrast, ¢(x,y) is the phase difference, and « is the phase introduced by

PZT. The phase map, where the magnitude and sign of displacement can be known, can be
obtained as follow.

I -1

I -1
$(x,y) = tan”! {u] (1-3)
1 3

In Eq. (1-3), 1,, I,, I, and I, are the light intensities at ¢ =0, /2, =, 3x/2radians,
respectively. Eq. (1-3) uses the four fringe patterns with different phases, so that this method
is called the 4-step phase shifting method. The phase map obtained by this method has the
phase between —z radians and +7 radians due to the property of the arc tangent function.
Thus, the phase map has the discontinuous phase at every 2z radians, but this
discontinuity can be eliminated by use of the phase unwrapping process and the continuous
displacement of the specimen can be obtained (Ghiglia & Pritt, 1998).
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The speckle pattern contains lots of noise and the noise must be filtered out before the phase
unwrapping process. The Gaussian blur process in a commercial image processing software
package (Adobe Photoshop, Version 5.5) is used to eliminate the speckle noise.

1.3 Experiment
1.3.1 Specimen and experimental set-up

The specimen used in this experiment is a 2 mm-thick canti-lever made of steel plate (E=200
GPa, v=0.3). The shape and size of the specimen is shown in Fig. 1-2. Fig. 1-2 (a) is the
normal canti-levered plate that is not spot-welded, and Fig. 1-2 (b) is the canti-levered plate
that is spot-welded on the rear side.

| Welding Loading
Load Region Cine
(] '\.\

Fixed Kegion

(a) Before weld (b) After weld

Fig. 1-2. Dimensions of the specimen used for measurement of out-of-plane displacement.
(a) Normal canti-levered plate, (b) Spot welded canti-levered plate.

Figure 1-3 shows the alignment of the optical components in which the optical set-up for
Twyman-Green interferometry is used to measure the out-of-plane displacement. The phase
shifting method is used to advance the precision degree of the speckle pattern in the
measurement of out-of-plane displacement, and the phase shifting is performed by the PZT
that is controlled with a personal computer.

The expression for the deflection curve for a canti-lever beam subjected to a concentrated
load P, as shown in Fig. 1-2 (a), is
_ P 2
5—a(x -3Lx") (1-4)
In Eq. (1-4), E is the Young's elastic modulus, / is the moment of inertia, L is the distance
from the fixed support to the loading point, and x is the distance from the fixed support to
any arbitrary point.
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Fig. 1-3 Optical systems for ESPI measurement of out-of-plane displacement.

1.3.2 Results of experiment

Figure 1-4 shows the speckle fringe patterns of a normal canti-lever at difference phases for
a=0,7/2,7,37/2 . Figure 1-5 shows the speckle fringe patterns of a spot welded canti-
levered plate at difference phases for a=0,7/2,7,37/2. Those fringe patterns are
obtained through a subtraction of before-displacement and after-displacement results of a
specimen. The different phases in Figs. 1-4 and 1-5 are created by the PZT which controls the
phases of fringe pattern by a =0, 7/2, z,37 /2, as mentioned before.

As seen in Figs. 1-4 and 1-5, the change of fringe patterns is shown near the welded area of
the spot welded specimen. To eliminate the noise of the high frequency component in the
speckle, the Gaussian blur process is applied to the original image obtained in the
experiment. Figures 1-6 (a) and (b) are the original image and the Gaussian blurred image,
respectively. When the Gaussian blurred image is compared with the original image in Fig.
1-6, it is clear that the high frequency noise is eliminated.

Figure 1-7 shows the light intensities along the line A-A in Fig. 1-6 (a) and (b). There is no
doubt that the high frequency noise is eliminated in the Gaussian blurred image. Figure 1-8
is the phase map calculated by Eq. (1-3) in which four Gaussian blurred images are used.

Fig. 1-4. Speckle fringe patterns of a normal canti-levered plate at difference phases for
a=0,7/2, 7,37 /2 radians.
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Fig. 1-5. Speckle fringe patterns of a spot welded canti-levered plate at difference phases for
a=0,7/2,r,3x /2 radians.

(b)
Fig. 1-6. (a) Original image and (b) Gaussian blurred image obtained from Fig. 1-4.
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Fig. 1-7. Comparison of light intensity along line A-A of Figs. 1-6 (a) and (b).
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Fig. 1-8. Wrapped phase images of (a) normal and (b) spot welded canti-lever plate.
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Fig. 1-9. (a) Wrapped and unwrapped phase distributions along line A-A of Fig. 1-8 (a) and
along line A-A of Fig. 1-8 (b).
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Fig. 1-10. Unwrapped phase maps of Fig. 1-8 (a) and (b).

When Figs. 1-8 (a) and (b) are compared, the phase map of the normal canti-levered plate is
uniform, but that of the spot welded canti-levered plate shows a phase reversal at the
welded area. Figure 1-9 (a) shows wrapped and unwrapped phase distributions along line
A-A of Fig. 1-8 (a) of the normal canti-levered plate. Figure 1-9 (b) shows wrapped and
unwrapped phase distributions along line A-A of Fig. 1-8 (b) of the spot welded canti-
levered plate. Figure 1-10 (a) and (b) are the unwrapped phase maps of Fig. 1-8 (a) and (b).
Figure 1-11 is 3-D view of the unwrapped phase image of Fig. 1-10. It is clearly seen in Figs.
1-11 (a) and (b) that continuous displacement occurred in the normal canti-levered plate but
the displacement at the spot welded area was hump-shaped in the spot welded canti-
levered plate.

Figure 1-12 (a) shows the displacement distribution obtained from the theory and from the
phase shifting method along line A-A of Fig. 1-8. It shows that the result of ESPI is almost
the same as that of the theoretical calculation for the normal canti-levered plate which is not
spot welded. The maximum error of 0.076 um occurs at approximately 7.9 mm from the
fixed area of the canti-levered plate. However, in general, the measured displacement by the
ESPI experiment is quite close to the theoretically expected displacement. Thus, it is proved
that the physical out-of-plane displacement can be directly measured by the ESPI method.
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Welding Region
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@ (b)
Fig. 1-11. 3-D view of unwrapped phase image of (a) Fig. 11(a) and (b) Fig. 11(b).
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Fig. 1-12. Displacement distribution obtained from theory and from the phase shifting
method along line A-A of Fig. 1-8 (a) and (b).

Figure 1-12 (b) shows the displacement distribution obtained from the spot welded canti-
levered plate. The displacements, 0.582 pm , 1.183 um , 2.134 ym , are measured at 10 mm, 20
mm, 30 mm from the fixed area of the spot welded canti-levered plate, respectively.

As a reference, the other displacements, 1.006 ym , 3.219 um , 5432 um , are estimated at
10mm, 20mm, 30mm from the fixed area of the normal canti-levered plate. Therefore, the
displacement for the same load decreases as the canti-levered plate is reinforced by spot-
welding, and the spot welded area that is not visible can be easily detected by use of speckle
interferometry.

1.4 Conclusions and discussions

The 4-step phase shifting method applied to an ESPI experiment has been used for the
measurement of out-of-plane displacement in the normal canti-levered plate and the spot
welded canti-levered plate. The measured displacement of the normal canti-levered plate
agreed to the theoretical value within 0.076 um . That is, it is proved that the physical out-of-
plane displacement can be directly measured and precise measurement with a nanometer
resolution is possible. Also, a welded area that is not visible from the surface can be detected
and a small out-of-plane displacement in the welded area can be measured. The distribution
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of displacement shows a slight non-linearity in the period of fringe, and therefore, further
work is necessary for more precise measurement. Also, noise due to speckle has to be
eliminated before the phase shifting method is applied. The Gaussian blur process is used to
eliminate the noise in this work.

2. Measurement for in-plane displacement of tensile plates with through-
thickness circular hole and partly through-thickness circular hole by use of
speckle interferometry

2.1 Introduction

Speckle interferometry is an optical technique to measure displacement of a specimen
by a coherent light from a laser. There are several phase extraction methods in speckle
interferometry to measure the displacement, and phase shifting method (PSM) is one of
the methods (Creath, 1988). In PSM, a known phase produced by piezoelectric
transducer (PZT) is added into optical beam and resultant interference patterns are
processed to get information about displacement of a specimen (Kim & Baek, 2006). In
this paper, in-plane displacement of a steel plate with a partly through-thickness
circular hole and a steel plate of a through-thickness circular hole is measured by
simple optical system of speckle interferometry with PSM. Especially, the circular hole
of steel plate with a partly through-thickness circular hole is not visible because the
circular hole is cut on the rear side of the plate. This means that one cannot see any
deformation or defect of the specimen.

2.2 Phase shifting method in speckle interferometry

Figure 2-1 is an optical system to measure in-plane displacement of specimens by use of
PSM in speckle interferometry. A specimen is placed in a loading device and tensile load is
applied to the specimen by the loading device in order to make in-plane displacement on
the specimen. When two optical beams from a laser illuminate a specimen in speckle
interferometry as shown Fig. 2-1, the optical beams make interference fringe patterns. The
interference fringe patterns, /,, can be represented by Eq. (2-1).

I,=1+1, cos[;é(x, y)+ al.:| (2-1)
where [ is the average intensity of fringe pattern and I, is the contrast of fringe pattern.

A known phase, ¢;, is added into one of the optical beams through controlling PZT.
#(x,y) is the phase of fringe pattern caused by the in-plane displacement of a specimen
which tensile load is applied to. When 0, #/2, 7, and 37 /2 radians are used for ¢,, four
fringe patterns are taken through CCD camera and stored in PC. When [, /,, I,, and /,,
represent the fringe patterns for the known phases of 0, #/2, 7, and 3z/2radians,
respectively, the phase, ¢(x,y), is calculated by use of Eq. (2-2).

1 3

-1 ]4 — ]2 _
@(x,y) =tan {ﬁ} (2-2)
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#(x,y) in Eq. (2-2) is so-called wrapped phase. Unwrapped phase ¢,(x,y) is obtained with
unwrapping algorithm of the wrapped phase (Ghiglia & Pritt, 1998). Then, the in-plane
displacement of specimen, u , is obtained from the phase ¢,(x,y) as follows (Rastogi, 2001) ;

A
u= m% (x,») (2-3)

’
'
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Fig. 2-1. Schematic diagram of speckle interferometry with phase-shifting method for in-
plane displacement measurement (& is the angle between two incident lights onto the
specimen).

2.3 Optical experiment

The specimens used in this experiment are a rectangular steel plate with a through-thickness
circular hole at the center and a rectangular steel plate with a partly through-thickness
circular hole at the center on rear side as in Fig. 2-2. Both of the rectangular steel plates have
the same size that is 147 mm x 27.7 mm with thickness of 1.2 mm. The diameter of through-
thickness circular hole is 12 mm. Also the diameter of partly through-thickness circular hole
is 12 mm but it is uniformly cut by 0.8 mm on the rear side. Figure 2-3 is the picture of
optical experiment system. Ar laser with wavelength of 515 nm is used in the optical
experiment.

12 113 12 T e

(@) (b)
Fig. 2-2. Dimensions of specimens used in-plane displacement (unit : mm) (a) rectangular
steel plate with through-thickness circular hole (b) rectangular steel plate with partly
through-thickness circular hole.

At first, optical experiment is performed with the steel plate with through-thickness circular
hole at the center. Four fringe patterns, I,, I,, I,, and I,, are taken in the experiment and

they are stored in PC. However, the four fringe patterns have lots of speckle noises, so that
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they are processed by use of an image processing algorithm. In this work, Gaussian blur
algorithm that is available commercially in Adobe Photoshop is used to process the fringe
patterns. The processed four fringe patterns are shown in Fig. 2-4. The same experimental
procedures are used to get four fringe patterns for the steel plate with partly through-

thickness circular hole at the center on rear side.

Fig. 2-3. Optical setup for measurement of in-plane displacement.

Fig. 2-4. Fringe patterns of specimen : (a) Steel plate with a through-thickness circular hole
processed by Gaussian Blur (b) Steel plate with a partly through-thickness circular hole

processed by Gaussian Blur.



Speckle Interferometry for Displacement Measurement and Hybrid Stress Analysis 159

(b)
Fig. 2-5. Wrapped phase maps (a) steel plate with a through-thickness circular hole, (b) steel
plate with a partly through-thickness circular hole.
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Fig. 2-6. Displacement distribution along A-A, B-B, and C-C line of Fig. 2-5 (a).
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Fig. 2-7. Displacement distribution along A-A, B-B, and C-C line of Fig. 2-5 (b).

Using Eq. (2-2), the wrapped phases, ¢(x,y), are obtained for the two specimens and shown
in Fig. 2-5 (a) and (b). Quantitative data are acquired along the lines, A-A, B-B, and C-C in
Fig. 2-5. The phases, ¢(x,y), along the lines are unwrapped and the in-plane displacement
of the specimens is plotted in Figs. 2-6 and 2-7 by use of Eq. (2-3).

For comparative purpose, the two specimens of Fig. 2-2 are analyzed by ANSYS. Figures 2-8
(a) and (b) are the models for ANSYS. The physical properties used for the analysis are the
same as the physical properties of structural steel that are E=200 GPa and v =0.3. The
ANSYS discretization for the rectangular steel plate with a through-thickness circular hole at
the center used 8 node quadrilateral elements. The ANSYS discretization for the rectangular
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steel plate with a partly through-thickness circular hole at the center used 10 node
tetrahedral elements.

Eﬁjanf,_m'mnnnn TR LTV, ""s_'h";‘l'a.!. ! A
B e e g L vl
o A e PR TR T YA AT R T gl
B P LN A R T TN VA AT N LY AT
sl :

TR AR AT AN LT LTIV TLT AN

(@) (b)
Fig. 2-8. ANSYS discretization. (a) Steel plate with a circular hole in Fig. 2 (a). (b) Steel plate
with partly through-thickness circular hole in Fig. 2 (b).

The results of the two specimens from ANYSYS are plotted also in Figs. 2-6 and 2-7. As
shown in Figs. 2-6 and 2-7, the results of the optical experiments for speckle interferometry
with 4-step phase shifting method agree with those of ANSYS.

2.4 Conclusions and discussions

In-plane displacements of two specimens are measured by simple optical system of speckle
interferometry using 4-step phase shifting method; one is the rectangular steel plate with a
through-thickness circular hole and the other is the rectangular steel plate with a partly
through-thickness circular hole. The circular hole of the steel plate with a partly through-
thickness circular hole is not visible because the circular hole is cut on the rear side of the
plate, so that one cannot see any deformation or defect of the specimen. The fringe patterns
acquired by optical experiment of speckle interferometry are processed by image processing
algorithm of Gaussian blur in Adobe Photoshop and the in-plane displacements of the two
specimens are obtained by the processed fringe patterns. Also the in-plane displacements of
the two specimens are calculated by use of ANSYS.

The results of optical experiments are quite comparable to those of calculation with ANSYS.
Based on the optical experiments, speckle interferometry can be applied to easily detect or
measure defect or deformation in a specimen that is not visible.

3. A hybrid stress measurement using only x-displacements by Phase
Shifting Method with Fourier Transform (PSM/FT) in laser speckle
interferometry and least squares method

3.1 Introduction

Stress raisers have been one of the main concerns when it comes to design analysis. Due to
the complexities associated with it, numerous and continuing investigation are done to
develop techniques to accurately measure stress concentration around the geometric
boundaries. Several methods can be found in the literature ranging from FEM, the use of
photoelastic-data, hybrid method and other various numerical and experimental procedures
(Lekhnitskii; Tsai & Cheron, 1968; Kobayshi, 1993; Dally & Riley, 1991; Pilkey’s, 2008).

In this paper, we present stress concentration measurement method using only x-
component displacement data of selected points along straight lines away from the
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geometric discontinuity. In conjunction with our previous studies (Baek et al., 2000; Baek &
Rowlands, 1999; Baek & Kim, 2005; Baek et al., 2006), the hybrid method employing the
least-squares method integrated with Laurent series representation of the stress function
was used to estimate reliable edge data around the circular hole in a tensile-loaded plate
from a relatively few measured x-displacement data away from the boundary. Speckle
interferometry has been explored and integrated with other methods for the optical
measurement of in-plane and out-of-plane displacement in a material (Schwider, 1989;
Steinzig & Takahashi, 2006). Different from the previous works, this study utilized
considerably a few number of in-plane micro-scale x-displacement only measured by
speckle interferometry using PSM/FT for hybrid stress analysis.

The present technique employs fairly general expressions for the stress functions, and
traction-free conditions which are satisfied at the geometric discontinuity using conformal
mapping and analytical continuation. The approach is illustrated using the x-displacement
as input data obtained from phase-shifting method in speckle interferometry.

3.2 Theoretical background
3.2.1 Basic equations

In the absence of body forces and rigid body motion, the stresses and displacements under
plane and rectilinear orthotropy can be written as (Gerhardt, 1984; Rhee & Rowlands, 2002).

uzzRe[p]q)(é/l)-l_pz\P(éE)] (3_1)
V= 2Re[q1®(§1) + qzkp(élz)}

The two complex stress functions ®(¢}) and W¥(,) are related to each other by the
conformal mapping and analytic continuation. For a traction-free physical boundary, the
two functions within sub-region Q of Fig. 3-1 can be written as Laurent expansions,
respectively (Gerhardt, 1984; Baek & Rowlands, 2001)

O =Y ¢ and W)= Y (eBEE +e,C4t) (-2
k=—m k=—m

The coefficients of Eq. (3-2) are ¢, =a, +ib, where a, and b, are real numbers. In addition
to satisfying the traction-free conditions on the hole boundary T, the stresses and
displacements of Egs. (3-1) and (3-2) associated with these stress functions ®((1) and (&)
satisfy equilibrium and compatibility.

£ -plane

Fig. 3-1. Mapping of holes from the physical z-plane into the {-plane.
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The primes denote differentiation with respect to the argument. Complex material
parameters u; (I = 1, 2) are the two distinct roots of the characteristic Eq. (3-3) for an
orthotropic material under plane stress (Lekhnitskii, Tsai & Cheron, 1968; Gerhardt, 1984)

Sll/u4 +(28, + Séﬁ);uz +5,=0 (3-3)

where S;; are the elastic compliances. The material properties p; and q; are defined as

Py =St + S Py =Syt + S,
S S (3-4)
g, = Sk +-2, gy =St +-—2
H 2
The inverse of the mapping function @ namely ™', maps the geometry of interest from the
physical z-plane into the {-plane (¢, =&+ 4,17 ). For orthotropic materials, the conformal
transformation from the unit circle in the {*plane to the hole in the z-plane of radius R is
shown in Fig. 3-1 and is given by

Z :wl(é,l):§|:(l_i/ul)é,l +1_4,i'ul} (3-5)

/
where i =+/~1 . The inverse of (3-5) is
+.[2_ R 2
0= - R R L) 9)
R(1—iny)

The branch of the square root of Eq. (3-6) is chosen so that | [21 (I = 1, 2). Complex
quantities B and C in Eq. (3-2) depend on material properties defined as

B:,uz_l_ll’ C:,uz_l_ll (3-7)
H, — 1, H, — 1,

3.2.2 Least-squares method

Combining Egs. (3-2), (3-3) and (3-5) gives the following expressions for the displacements
through regions Q, and Q, of Fig. 3-1. In matrix form,

{d} =[Ulic} (3-8)

where {u}={u,v}", and {c}={q,,b,}" . [U] is a rectangular coefficient matrix whose size
depends on the number of terms k of the power series expansions of Eq. (3-1) and given by

UL, j)=2Re{pf + p,(CLS + B, (3-9a)

U(2,/) =2Re{q,¢f +4,(CSY +BE,H)) (3-9b)

In Egs. (3-9a) and (3-9b), j=2(k+m)+1 if k<0 and j=2(k+m)-1 if k>0.
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Knowing {d} at various locations in Eq. (3-8) allows the best values of unknown coefficients
{c} in a least square sense (Sanford, 1980). For n measured x-displacements and m terms, the
coefficients {c} of Eqgs. (3-8) were obtained from Eq. (3-10) by the least squares method
expressed as

fe}- [([U] ) ] oy 610)

m+1 m+1 ><2n][2n>< m+1)] m+1 ><2n} 2n><1

3.2.3 In-plane displacement by speckle interferometry

In speckle interferometry using phase-shifting method with Fourier transformation
(PSM/FT) (Morimoto & Fujisawa, 1994), interference fringe pattern is obtained by
subtracting the pattern from the pre-loading and post-loading conditions of the specimen.
The intensity of the fringe pattern is calculated as

I(x,y:a)=A(x,y)cos[p(x,y) —a]+ B(x,y) (3-11)

where A(x,y) is the amplitude of the brightness in the pattern and B(x,y) is the average
brightness. Piezoelectric transducer (PZT) can control an optical path length. a is the known
phase which is added into one of the two optical beams by controlling the PZT. The known
phase o covers the region from 0 to 27 radians at equal intervals. ¢ (x,y) is the phase of fringe
pattern caused by the in-plane displacement of a specimen.

A phase-shifting method using Fourier transform had been well-developed for the
measurement of in-plane displacement by speckle interferometry (Morimoto & Fujisawa,
1994; Kim et al., 2005). The phase ¢ can be calculated as

¢(x,y)=—tan"' [%j (3-12)

where
F,(x,y:a0,)= ]{ [A cos(g(x,y)-a)+ B]e"“’da = zde ") (3-13)

is the o-directional Fourier transform of Eq. (3-11). In Egs. (3-12) and (3-13), o, is a
fundamental frequency. Using the calculated phase, ¢, the displacement of a specimen can
be obtained.

3.3 Optical experiments

Speckle interferometry experiment was performed with setup as shown in Fig. 3-2 to acquire
the needed data. In Fig. 3-2, LA is a laser, PA is a pin-hole assembly, CL is a collimating lens,
BS is a non-polarizing beam splitter, MR1 and MR2 are mirrors. SL is a specimen installed in a
tensile loading device, CCD is a CCD camera, and PC is a personal computer. PC controls the
movement of PZT through the control board CNT ( Kim et al., 2005).
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Figure 3-3 shows the steel plate specimen (E=200 GPa, v =0.3) which was subjected to
tensile load during the procedure. The test specimen of Fig. 3 had been used for experiment
for the development and application of phase-shifting method in speckle interferometry.
The accuracy and reliability of the said in-plane displacement measuring method had been
established (Baek et al., 2008). For this reason, it is a useful tool for the hybrid stress analysis
presented herein (Baek & Rowlands, 1999; Baek & Rowlands, 2001). In this study, phase-
shifting method using Fourier transform was utilized.

MR2 %, e —

Fig. 3-2. Schematic diagram of speckle interferometry experiment for x-displacement data
acquisition.

Figure 3-4 shows the picture of optical experiment system for speckle interferometry by
PSM/FT. The in-plane x-displacement of the specimen, u, along the longitudinal direction is
obtained through

A
u=
47sin@

¢, (3-14)

where u is the longitudinal displacement, A is the wavelength of light from a laser and ¢,

is the phase obtained from longitudinal displacement.

L47

Urit © mm
Da 61, 4 Holes

Fig. 3-3. Finite-width uni-axially tensile-loaded steel plate.

The laser used in the experiment is He-Ne laser and A is 633 nm. The angle between
incident light and vertical line to the specimen, @ as shown in Fig. 3-2, is around 26°. The
specimen is installed in a loading device that applies tensile load to the specimen in order to
make in-plane displacement. Fringe patterns of /(x,y: «) in Eq. (3-11) are taken through
CCD camera in Fig. 3-2. The fringe patterns consist of 32 patterns which are sequentially
phase-shifted by PZT stage and are saved in PC. Phase shifting at each step is 7/16 radian.
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Size of each fringe pattern is 640 x 480 with 8 bits brightness. 16 fringe patterns out of the 32
fringe patterns are shown as examples at every interval of 7/8 radian for the rectangular
steel plate containing a hole in Fig. 3-5 (Kim et al., 2005).

Fig. 3-4. Picture of optical experiment system for speckle interferometry by PSM/FT. (D He-
Ne CW laser, @pin-hole assembly, (3) collimating lens, @ PZT control stage, (&) beam
splitter, ® mirror, (7) CCD camera, (8 mirror, (9) specimen in loading device).

The accuracy of the least-squares method for calculating displacement components {u,v}"

as presented in the preceding section was related with the input data acquired through
experiment by phase-shifting method in speckle interferometry (Baek & Rudolphi, 2010).

Percent errors for each data was calculated and shown in Table 3-1. As can be observed, the
level of precision of the hybrid method is too close with the original input data as indicated
by the % Errors. Thus, the method is significantly accurate and reliable for calculating such
parameter.

The simplicity of the test specimen being isotropic, containing symmetrically-shaped
discontinuity facilitates the ease of reliable verification. Finite element anlysis was done to
establish a benchmark for comparison purposes. Figure 3-7 shows the ABAQUS
discretization of the quarter steel plate. In the vicinity of the circular hole, the ABAQUS
model of Fig. 3-7 utilizes elements on the edge of the hole as small as 1.5° by 0.013r, where r
is the radius of the circular hole. Tangential stress around the quarter hole was determined
and compared as shown in Fig. 3-8. Different values of m term in the complex stress
functions was tested to see its effect, it came out that at point of high stress concentration
(0=90° in Fig. 3-8). Well-comparable results were attained at decreasing value of m with
the best value equal to 1 - accurate by less than one percent error. Figure 3-9 reveals the
preceding observation and shows normalized tangential stress at the edge of the quarter
hole in a steel plate with m =1 in the complex stress function.
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o=127/8 0=137/8 o=14r/8 o=157/8

Fig. 3-5. 16 fringe patterns of rectangular steel plate containing a circular hole at every
interval of o =7 /8 radian.

Fig. 3-6. Wrapped phase of steel plate with circular hole. Lines AB and BC are x-
displacement extraction regions.
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Data Point Input: x-disp. (um) Calculated: x-disp. (um) % Error*

1 0 0 -

2 2.6032 2.5791 -0.926
3 2.8628 2.8397 -0.807
4 4.3754 4.3678 -0.174
5 5.5334 5.5499 0.298
6 6.8069 6.8555 0.714
7 7.3259 7.3421 0.221
8 7.8783 7.8483 -0.381
9 8.0719 8.0536 -0.227

Calculated - Input

*Note: %Error = x100(%)

Input

Table 3-1. Comparison between input and calculated x-displacement for different values of
m =1 of the complex stress functions.
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Fig. 3-8. Normalized tangential stress at the edge of the quarter hole in a steel plate with
different values of m term in the complex stress function.
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Fig. 3-9. Normalized tangential stress at the edge of the quarter hole in a steel plate with
m =1 in the complex stress function.

3.4 Conclusions and discussions

A reliable hybrid method for characterizing stress around the circular hole in a tensile-
loaded steel plate is presented. The method utilized only few micro-scale x-displacement
data measured by a well-established optical technique, speckle interferometry, in
conjunction with phase shifting method using Fourier transform to calculate stress
components and eventually stress concentration at 8 =90°. The use of few input data may
reduce experiment time and relatively increase data processing speed.

Different values of m term in the complex stress functions were tested to see its effect. In the
comparison between input x-displacement data and calculated data the hybrid method is
effective with an error below 1% in all values of m. On the other hand, it came out that at
point of high stress concentration (&=90"), well-comparable results were attained at
decreasing value of m. The best value of m is consistently known to be equal to 1 of which
results are accurate by less than one percent error. Results showed that the method is
accurate and reliable as compared with the widely-used FEM software, ABAQUS.
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1. Introduction

In optics, the superposition of two or more light beams at any point over space can produce
the apparition of interference fringes. When these fringes are applied to resolve a problem in
industry or they are related with some property of an investigation matter of interest in
some area of physics, chemistry, biology, etc., the evaluation of them is a very necessary
task. One of the most used methods for phase extraction, as a result of fringes evaluation, is
based on a phase change between the interference beams by a known value, while their
amplitudes are keeping constant. It is called phase-shifting interferometry, phase-sampling
interferometry, or phase-stepping interferometry, which are abbreviated by “PSI”
(Schwider, 1990). In this technique a set of N interferograms changed in phase are created,
which are represented by a set of N equations, where each equation has three unknowns
called as background light, modulation light and the object phase. These spatial unknowns
are considered constant during the application of the PSI technique. Then a N x3 system is
formed and therefore it can be resolved when N >3 . Many methods to introduce a constant
phase have been proposed as for example by changing the optical frequency, wavelength,
index of refraction, distance, optical path, for instance; but also with some properties or
effect of the light such as the polarization, diffraction, Zeeman effect, Doppler effect, for
instance (Schwider, 1990; Malacara, 2007). In this chapter, our major interest aims to propose
a new method to generate a phase change in the interferogram based on the amplitude
modulation of the electric field (Meneses-Fabian and Rivera-Ortega, 2011).

Interferometry uses the superposition principle of electromagnetic waves when certain
conditions of coherence are achieved to extract information about them. If light from a
source is divided into two to be superposed again at any point in space, the intensity in the
superposition area varies from maxima (when two waves crests reach the same point
simultaneously ) to minima (when a wave trough and a crest reach the same point) ; having
by this what is known as an interference pattern. Interferometry uses interferometers which
are the instruments that use the interference of light to make precise measurements of
surfaces, thicknesses, surface roughness, optical power, material homogeneity, distances
and so on based on wavefront deformations with a high accuracy of the order of a fraction
of the wavelength through interference patterns. In a two wave interferometer one wave is
typically a flat wavefront known as the reference beam and the other is a distorter
wavefront whose shape is to be measured, this beam is known as the probe beam.
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There are several well studied and know methods to generate phase-shifts which will be
briefly discussed, however the present method of PSI based on the amplitude modulation
into two beams named reference beams in a scheme of a three beam interferometry will be
amply discussed; this discussion will be done for a particular case where the phase
difference between the reference beam is conditioned to be 7/2; and for a general case
where the phase difference between the reference beam should be within the range of
(0,27) but # 7z .

We can represent n optical perturbations in a complex form with elliptical polarization and
traveling on z direction as follows:

E = (iEkx + jEkyeiJA )ew‘ (1)

where k goes from 1...n, ¢ is the phase of each wave and J, is the relative phase
difference between the component of each wave (by simplicity the temporal and spatial
dependencies have been omitted). In the particular case that 6, =mz where m is an integer
number, the wave will be linearly polarized; on the other hand, if E, =E, and

ky
5, =(2m+1)7/2 the wave will be circularly polarized.

The phenomenon of interference can occur when two or more waves overlap in space.
Mathematically the resulting wave is the vector addition,

E, =iEk : @

When the field is observed by a detector, the result is the average of the field energy by area
unit during the integration time of the detector, that is, the irradiance, which can be
demonstrated that is proportional to the squared module of the amplitude. However, it is
usually accepted the approximation

n 2

2 E

k=1

®)

1=|E,|" =

An interferometer is an instrument used to generate wave light interference to measure with
high accuracy small deformations of the wave front. The general scheme of a two wave
interferometer can be observed in Figure 1, where the electromagnetic wave E is typically
divided in two coherent parts that is, in a wave E, and E,, where E, is the reference wave
and E, is the probe wave.

E\ /\\ \\—“7E2

- - M
Divigion Probe object
E.=E,+E,
E Recombination
1 ~ e
- -

Fig. 1. Scheme of a two wave interferometer.
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After the waves have travelled along two separated arms and they have accumulated phase
delays, they recombine again by means of a beam splitter giving as a result a field E, .

For the particular case of two waves (n=2), and using the Eq. (3) for a vector treatment, we
can find that the corresponding irradiance is

—[E,[ =[E, +E,[ =[E,[ +[E,] + 2Re{E, -E, }; )

It can be seen in Eq. (4) that there are three terms, by doing the math they can be expressed
as follows

|Ek| =E;-E, = [(lEkx +jEe % )e Wk] [(lEh +jEg, €% )e % J =E,’+E,’, ©)

where the values for k=1,2 ; by doing this the first two terms of Eq. (4) will be obtained, the
third term of this equation is obtained by

E, -E, =|GE,, +jE, ¢ *)e * | [iE,, +jE, e*)e* ], ©)
therefore the resulting interference term is
2RelE, -E, = 2E, E,, cosg+2E, E, cos($+9), @)

where 6=5,-9, vy ¢=¢,—¢, . By taking Egs. (5-7) a general expression for the interference
of two waves is obtained

I'=a +b,cos¢+a,+b, cos(g+7), 8)

where a, =E,* +E,*, a,=E,*+E,*, b =2E E, y b, =2E; E,, . It can be observed in Eq.
(8) that the mterference of two elliptically polarized waves can also be generated by the
addition of two interference patterns, one of them with components in x direction
(a, +b, cosg) and the other with componentsin y (a, +b, cos(¢ +9)).

On the other hand, it is known that Acos¢+Bsing=Ccos(¢+y) if C=-/A*>+B*> and
tany = B/A; by applying this identity to Eq. (8) is obtained

I=a+bcos(g+vy), ©)

where a is known as the background light, b as the modulation light and y indicates an
additional phase shifting, which can be expressed by

s s 5 b, sind
a=a,+a,; b"=b+2bb cosé+b,; tany = ——— . (10)
Y : e Y b, +b,cosé

It is worth noting from Eq. (10) that both the phase shifting y as the background a and the
modulation light b depend on the components 4., a,, b,, b, and also on the phase
difference between the amplitude of the waves & . Note that a phase shifting i by varying
b, b, and ¢ will also generate a change in a4 and b.
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2. Phase-shifting interferometry

The first studies in the phase shifting techniques can be found in the work of Carré 1966, but
it really started with Crane 1969, Moore 1973, Brunning et al. 1974 and some others. These
techniques have also been applied in speckle patter interferometry (Nakadate and Saito
1985; Creath 1985; Robinson and William 1986) and also to holographic interferometry
(Nakadate et al. 1986; Stetson and Brohinski 1988).

In phase shifting interferometry, a reference wave front is moved along its propagation
direction respecting to the probe wave front changing with this the phase difference
between them. It is possible to determine the phase of the probe wave by measuring the
irradiance changes corresponding to each phase shifting.

2.1 Some phase-shifting methods

There are many experimental ways to generate phase shifting, the most common
are:

2.1.1 Moving a mirror

This method is based on the change in the optical path of a beam by means of moving a
mirror that is in the beam trajectory. This movement can be made by using a piezoelectric
transducer (Soobitsky, 1988; Hayes, 1989). The phase-shifting is given by w =(27z/4)(dco),
where dco is the optical path difference. As an illustrative example if the mirror is
translated a distance of y = 4/8 and due to the beam travels two times the same trajectory,
the value of the phase-shifting is y = 7/2 . Examples of interferometers with phase-shifting
generated by a piezoelectric are: Twyman-Green, Mach-Zehnder, Fizeau, which are
represented in Figure 2. The first two make a phase-shifting by means of moving a mirror
that is placed in the reference beam. In the Fizeau interferometer the phase-shifting is made
by the translations of the reference or probe object.

2.1.2 Rotating a phase plate

A phase-shifting can also be generated by means of rotating a retarder phase plate (Crane
1969; Okoomian 1969; Bryngdahl 1972; Sommargren 1975; Shagam y Wyant 1978; Hu 1983,
Zhi 1983; Kothiyal and Delisle 1984, 1985; Salbut y Patorski 1990). As a particular case, if a
circularly polarized wave passes through a half wave retarder plate rotated 45° the direction
of rotation will be inverted, thus a phase-shifting of y = z/2 will be present.

2.1.3 Displacing a diffraction grating

This method is based on the perpendicular displacement respecting to the light beam of a
diffraction grating (Suzuki y Hioki 1967; Stevenson 1970; Bryngdahl 1976; Srinivasan et
al.1985, Meneses et al. 2009). If the diffraction grating is moved a small distance Ay, the
changes in the phase are given by y = (2mm/d)Ay where d is the period of the grating and

m is the diffraction order. As an example, if the grating of Figure 3 is perpendicularly
moved respecting to the optical axis, a phase-shifting will be generated.
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Fig. 2. Scheme of the most commonly used interferometers: a) Twyman-Green, b) Mach-

Zehnder, c) Fizeau.

2.1.4 Tilting a glass plate

Another method to generate phase-shifting is by means of inserting a glass plate in the light
beam (Wyant y Shagam 1978). The phase-shift y, is generated when the plate is tilted an
angle 9 respecting to the optical axis hence y =(t/n)(ncosd —cos$), where t is the
thickness of the plate, n is the refraction index and k =27/ . The angles $ and 9 are the
angles formed by the normal and the light beams outside and inside the plate respectively.
An special requirement is that the plate must be placed in a collimated light beam to avoid

aberrations.
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2.1.5 Rotating a polarizer

If in Eq. (1) k=12, E, =E, =E, =E, =E,, 6,=7n/2, 6,=-n/2 then we have two
circularly polarized waves with the same amplitude with opposite rotations, that is

E, = (i+e¢2j)E,e* (11)

E,=(i+e 2j)Ee™ . (12)

Expressing the Eqgs. (11-12) with the notation for the Jones vector

1)
E E{Je”" , (13)

1).
E, = EO[_i]e"”?; (14)

if we interfere those waves, then there will not be an interference term so no fringes will be
observed, however if those waves are passed through a polarizer at an angle o and they
interfere then

2 .
E], :|: ' COoS & Sln'O(SOSa:||:1':|EUei¢, — EO |:C?Sa:|ei(a+¢w) , (15)
SINx Cosa sSIn” @ 1 siIno
‘ cos’a  sinacosa | 1 . cosa| .
E, = { , ) S A D (16)
SIN o CoOsa sIn- o —1 smao
I=2E,*[1+cos(¢p—2a)], (17)

where

(18)

cos’a  sinacosa
sinacosa  sin*a |-

is the Jones matrix that represents a linear polarizer at an angle « . It is observed in Eq. (17)
that there is a phase-shift in the interference pattern which is twice the angle at which the
polarizer is placed.

An application of phase-shifting generated by polarization is by using the scheme of Figure
3, which is based in a common path interferometer consisting of two windows in the input
plane. In this interferometer is possible to have four interference patters in one shot, each
pattern shifted by 90°. To do this a binary grating is used to generate the interference
between the diffraction orders of two circularly polarized beams with opposite rotations; a
linear polarizer at an angle « is placed in front of each diffraction order thus, the phase-
shifting is obtained (Rodriguez-Zurita et al. 2008).
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Fig. 3. Scheme of interferometers where the method of phase-shifting by polarizations is
used.

2.1.6 Changing the laser source

Other method to generate phase-shift is by means of changing the frequency of the laser
source, there are two ways to do this; one of them is by illuminating the interferometer with
a Zeeman laser. The laser frequency is divided in two orthogonally polarized output
frequencies by means of a magnetic field (Burgwald and Kruger 1970). The other method is
by using an unbalanced interferometer, that is an interferometer with a very long optical
path difference and using a laser diode with its frequency controlled by electrical current as
proposed by Ishii et al. (1991) and subsequently studied by Onodera e Ishii (1996). This
method is based on the fact that the phase difference in an interferometer is proportional to
the product of the optical path difference and the temporal frequency.

In summary, the known techniques for phase-shifting that have been mentioned are applied
in two beams interferometers; however none of these techniques use a variation on the
amplitude fields, that is why this option will be discussed in this chapter.

2.2 Phase extraction methods

The phase-shifting interferometry is based on the reconstruction of the phase ¢ by
sampling a certain number of interference pattern which differ from each other due to
different values of v, . If a shift of y, is made for N steps, then N intensity values I, will
be measured, (where n=1,..,N)

I, =a+bcos(d+vy,,). (19)

where v, =2m /N .

Eq. (19) can be rewritten as follows
I, =A+Bcosy,, +Csiny,, (20)
where

A=a; B=bcos¢; C=-bsing. (21)



178 Interferometry — Research and Applications in Science and Technology

It can be shown that based on a least-squares fit that B and C meet the next equations in an
analytical form

2 Y 2 X
BZNZIHCOSV/O”; C=ﬁ21n51nl//0n. (2)

n=1 n=1

A combination of Eq. (21) and Egs. (22) can give us the basic equation of the Phase Sampling
Interferometry (PSI)

-1 Zln Sin V/OH (23)

=tan i =tan .
¢
B ZI 2 COSW,

In general, a minimum of three samples are needed to know the phase ¢ because there are
three unknowns in the general interference equation Eq. (9): a, b and ¢ . However a better
accuracy can be guaranteed with more than three shifts.

2.2.1 Three steps technique

Since we need a minimum of three interferograms to reconstruct the wavefront, the phase
can be calculated with a phase-shift of 7/2 per exposition. The three intensity
measurements can be expressed as (Wyant, Koliopoulus, Bhushan and George 1984)

11:a+bcos(¢+i7rj, (24)

3
IZ:a+bcos(¢+47zj/ (25)

5
I, :a+bcos(¢+47z), (26)

the phase at each point is

4= tan” {A—Izj . 27)

L -1,

2.2.2 Four steps technique

A common algorithm used to calculate the phase is the four steps method (Wyant 1982). In
this case the four intensity measurements can be expressed as

I, =a+bcosg, (28)

IZ:a+bcos(¢+;7rj:a—bsin¢’ (9)
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I,=a+bcos(¢+r)=a-bcos¢, (30)
3 .
14:a+bcos(¢+27r):a+bsm¢, (1)
and the phase at each point is
_ -1 14_12
¢ =tan [Il_ K (32)

2.2.3 The Fourier transform method

The deformations of the wavefront in an interferogram can also be calculated by a method
that uses the Fourier transform. This method was originally proposed Takeda ef al. (1982)
using the Fourier transform in one dimension along an scanned line. Later Macy (1983)
extended the Takeda’s method in two dimensions by adding the information of multiple
scanned lines and obtaining slices of the phase in two dimensions. Bone et al (1986) extended
the Macy’s work by applying the Fourier transform in two dimensions.

Once the interferogram is obtained, its Fourier transform is calculated, by doing this an
image in the Fourier space as in Figure 4a) is obtained, then one lateral spectrum is taken
and filtered by means of a layer so that all the irradiance values outside the layer will be
multiplied by cero, after that this spectrum is translated to the origin and its Fourier
transform is obtained giving by this the resulting wavefront under test.

To describe mathematically this process, the general equation for the irradiance is taken (Eq.
(9)) expressing the cosine as a complex exponential

I(x,y)=a(x,y)+c(x,y)e™ +c (x,y)e", (33)
being c(x,) =(1/2)be”*" and the phase of the form y =27ux , where g, is known as the
spatial-carrier frequency

Applying the Fourier transform to Eq. (33)

T(u,0) =7(p,0)+T(p+ 1y, 0)+T (1= p1,0) , (34)

where 7, ¢ y ¢ are complex Fourier amplitudes. By means of a digital filtering one lateral
spectrum is isolated by using a filtering window and then translated to the origin by doing
U, =0, as shown in Figure 4b).

Obtaining the inverse Fourier transform of &(x,v) we have c(x,y) = (1/2)be'”*" , therefore

the resulting phase is ¢(x,y) =tan Ime(x,y) .
Rec(x,y)

2.4 Unwrapping the phase

The calculated phase will present discontinuities because it is obtained by using the inverse
tangent function Eq. (23). Because the inverse tangent is a multivalued function, the solution
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Fig. 4. a) Intensity distribution obtained with the FT of the interference pattern, b) spectrum
translated to the origin.

for ¢ is a saw tooth function (Figure 5a), where the discontinuities occur every time ¢
changes by 27 . If ¢ increases, the slope of the function is positive and vice versa if the
phase decreases. The final step in the process of measuring the fringe pattern is to unwrap
the phase along a line or path counting the discontinuities at 27 and adding 2z each time
the angle of the phase jumps from 27 to cero and subtracting 27 if the angle changes from
cero to 27 . Figure 5b) shows the dates from Figure 5a) after the unwrapping. The key of a
trustable unwrapping algorithm is its capacity of detecting the discontinuities with high
accuracy

-~ &~

T AN 4
A1URIINY

0 >
b)
Fig. 5. a) Discontinuities of a wrapped phase, b) unwrapped phase. The basic principle of

the phase unwrapping is to “integrate” the wrapped phase (in units of 27 ) along a data
line. The phase gradient is calculated for each pixel

Ag= ¢n _¢n—l ’ (35)

where 7 is the pixel number. If |Ag exceeds a certain threshold like 7, then a discontinuity
is assumed. This phase discontinuity is fixed by adding or subtracting 2z depending on the
sign of |Ag

, Itoh (1982). The most common principle used to fix those phase discontinuities
is based on the fact that the phase difference among any pair of points measured by
integrating the phase along a path between these points is independent from the chosen
path, provided they don’t pass through a phase discontinuity.
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3. PSI by amplitude modulation

As it was described in the previous section, many proposed techniques for phase-shifting
interferometry (PSI) are based on the interference of two waves where just one interference
term is present and the phase shift is done with a constant phase difference between them.

In the present chapter a new method for phase-shifting based on the amplitude variation of
the field in a scheme of a three beam interferometer is widely discussed. In that
interferometer, two beams will be considered as the reference beam and the other beam as
the probe beam. The expression for the irradiance due to the interference of those beams will
have three interference terms, however due to a constant phase difference of 7/2 is
introduced between the reference beams, one interference term will be canceled and the two
remaining will be put in quadrature. Because of this and applying some trigonometric
identities to the resulting pattern it is possible to model it mathematically as a two wave
interferometer where the interference term will contain an additional phase that depends on
the amplitude variations of the reference beam. Since the phase-shift depends on the
variation of the amplitude of the fields, the visibility may not remain constant, however it
will be shown that if the amplitudes are seen as an ordered pair over an arc segment in the
first quadrant of a circle whose radius is the square root of the addition of the squared
amplitudes it is possible to keep a constant visibility.

But it could be difficult to get experimentally a phase difference of 7z/2 between the
reference beams, to overcome this difficulty it is necessary an analysis for a general case
where the phase difference between the reference beams is arbitrary; it will be shown that
despite that the conditions for the particular case are not obtained it is still possible to
generate phase-shifting by means of the amplitude variations of the fields and to keep a
constant visibility, those amplitudes must be seen as ordered pairs over ellipses.

3.1 Ideal case

Let’s have three waves interfering at any point in space, which are linearly polarized at the
same plane and traveling in the z direction

En = An exp(i¢n)’ (36)

with n=1,2,3, being A, the amplitude considered as nonnegative real, ¢, is the phase that
contains the wavefront. According to Eq. (2) the interference of these three waves at any
point in space is the addition of the three fields, being the irradiance according to Eq. (3)

2
7

I=|E,+E, +E,

(37)
doing the math in Eq. (37)
I= Al2 + A22 + A32 +2A,A, cos(¢, —¢,)+2A, A, cos(p, —p,)+2A,A, cos(d, —4,),  (38)

in which three interference terms, the background and the modulation light that is given by
the addition of the intensities of each wave are present. Let’s consider the first and third
wave as the reference wave, and the second wave as the probe wave. By simplicity the next
conditions will be chosen
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¢1:O;¢z:¢ and ¢3:7[/2' (39)

The waves E, and E, will be chosen as homogeneous no tilted plane waves with a phase
difference between them of 7/2, ¢ is the phase of the object contained in the second wave.
Substituting Eq. (39) into Eq. (38) we have

I=A’+A>+A2+2AA, cosp+2A,A,sing . (40)

In this equation it can be observed that one of the three interference terms has been
cancelled and the two remaining are now in quadrature. Regrouping the above equation

I=A2+A+A+2A,(A cosp+A,sing), (41)
that can be rewritten as
[=A+A+ A +2A, A+ A A, cos¢+ A, sing |, (42)
JAZ+ Al JAR+A?
I=A%+A,"+2A,A,(cosgcosy +singsiny), 43)
where cosy = Al/«/Al2 +A,? and siny = A3/«/A12 +A,> . Eq. (43) can be expressed as
[=A+A+2A,A, cos(p-y) | (44)

which as it was indicated in Eq. (9) is the expression for a fringe pattern due to the
interference of two waves, being

RS

2 42 2 _ 4
AS=A"+A, ;tanl//— y (45)

>|

where A, is the reference amplitude and y is an additional phase, both of them depending
on the amplitude variations of the first wave A, and the third wave A, . It can be observed
from this relationship that it is possible to generate a phase-shifting with the variations of
those amplitudes; however because this also affects A,, there may be a change in the
visibility of the fringes, so it can be thought that it would not be possible to apply the PSI
techniques for the phase extraction (because one important condition to apply the PSI phase
extraction techniques is that the visibility remains constant). One way to keep A, constant is
to consider the amplitudes of waves one and three as an ordered pair (A,,A,) which must
be contained over an arc segment of radius A, in the first quadrant (because the amplitudes
are considered positive), hence A, will be within the range [O, 7/ 2] , as can be seen in Figure
6. However it is possible to generate a negative amplitude modulation if the phase
difference in the reference waves is 7, having negative real amplitudes, by this the range of
w will be [0,27] and the phase extraction techniques in PSI could be applied without any
modification.
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Fig. 6. Amplitudes of first and third wave in a reference system. Any point in the arc keeps
A, constant, and y is varied as required for PSI.

In this case the amplitudes are in quadrature, A, and A, are given by
A=A cosy ;A=A siny. (46)

In a possible experimental setup the phase difference of 7/2 between the first and third
wave could be achieved by means of a retarder plate of a quarter wavelenght. The
amplitude variations can be done by using neutral density filters or by using the diffraction
orders generated by a grating (for example a Ronchi ruling), where each order is attenuated
in accord with the sinc function.

To prove the viability of the present proposal, we have carried out a numerical simulation in
which for simplicity, the following considerations have been assumed

A2:Ar:1;A11A36[0111;¢:x2+y2/ (47)

such a form guarantees that the interference pattern will have a maximum contrast.
Therefore, the three fields could take the form

E =A;E, =exp(ig) E, =iA,, (48)
being the interference patter
I=2+2cos(p-y). (49)

Figure 7a) shows the values of the amplitudes needed for a phase-shifting of three steps
N =3 The left graphic indicates three points over the arc (1,0), (~2/2,+/2/2), (0,1) which
are the amplitude variations to obtain the phase steps y =0, 7/4,7/2 respectively, while A,
remains constant. Figure 7b) shows the interferograms modeled by Eq. (49) for the phase
steps indicated in Figure 7a). A bar diagram above each interferogram indicates the
amplitude levels of the waves needed for each phase-shift. In a very similar way Figure 8
show the phase-shifting for the case of four steps N =4.
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0

Fig. 7. Amplitude variations for a PSI of three steps: a) a point on the arc yields a phase-shift
while the reference amplitude is kept constant; b) interferogram shifted in phase by the
amplitude variations indicated in a).

The columns of Figure 9a) show simulated interference pattern for different phase-shifts,
which are obtained when the amplitude values A, and A, are over straight lines that form
an angle y respecting to the axis A, , Figure 10b); by doing this, the visibility of the patterns
remains constant, but to get a maximum visibility the value of the amplitude A, must be
equal to the value of A,, which can be observed in the first row of Figure 9a), where the
values of A, and A, are over an arc segment of radius A, =1, Figure 9b). If we have
different values of y but its corresponding amplitudes are not over the same arc segment,
the interference patterns will not have a constant visibility, what can be seen in Figure 9a) if
for each value of  we take a different row (indicated by different symbols).
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Fig. 8. Amplitude variations for a PSI of four steps: a) a point over the arc yields a phase-
shift while the reference amplitude is kept constant; b) interferograms shifted in phase by
the amplitude variations indicated in a).
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Fig. 9. Interference patterns with different visibility a) Phase-shifted interferograms due to
the amplitudes shown in b); b) points over arcs and straight lines that give phase-shift
keeping in some cases a constant visibility.
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3.2 General case

As demonstrated in the previous section, it is possible to have a new method of PSI by
means of the field amplitude variations based on the scheme of a three beam interferometer
modeled as a two beam interferometer, where the reference beam and a constant phase term
(used to generate the phase-shift) were given in function of the two reference beams. Due to
a phase difference of 7/2 between the reference beams one of the interference terms was
canceled, leaving the two remaining in quadrature.

However under experimental conditions it is not always possible to obtain a phase
difference of 7/2 between the reference beams. Despite of this it will be shown that it is still
possible to generate phase-shift by means of the amplitude variation of the fields, where
now to keep a constant visibility the amplitudes must be seen as ordered pairs over an
ellipse instead of a circle, extending with this the range of the phase-shifting until [0, 7]
instead of [O, 72'/2].

Let’s consider again three linearly polarized waves at the same plane traveling on z
direction as shown in Eq. (36), whose irradiance can be expressed as in Eq. (37)

I= A]2 + A22 + Aa2 +2A,A, cos(¢, —¢,)+2A,A, cos(p, —¢,)+2A,A, cos(d, —¢,),  (50)

where the intensities of the three waves are present in the background light and also in the
three interference terms. For the general case, the phases that will be considered are

$,#0; §,=¢ +A¢ +¢;and ¢, =4, +A¢,, (51)
A¢, is a constant phase difference between the first and second wave, Ag, is a constant
phase difference between the first and third wave; therefore between the second and third
wave will exist a phase difference of A¢g, —Ag, . In summary, in the absence of a phase object
it will be considered a phase difference between each pair of waves. It is important to notice
that when Ag, =0 and Ag, =7/2 the general case studied in section 3.1 will be obtained.
Substituting Eq. (51) into Eq. (50) we have
[=A2+A+A7+2A,A, cos(p+Ag,)+2A,A, cos(Ad,) +2A,A, cos(p+ A, —Ad,) , (52)
I[=A+A+A+2A,A, cosAg, +2A,[A, cos(¢+Ad,) + A, cos(¢+Ad, — Ad,)],  (53)
[=A+A+ A2 +2A A, cosAg, +2A,[A, cos(¢+Ad,)+
+A; cos Ay cos(p+ Adh) + AgsinAg sin(p + Ag)], (54)
[=A2+A + A2 +2A,A, cosAg, +2A,[(A, + A, cosAg,)
cos(p+Ad,)+ A, sin A, sin(g+Ad,)], (55)

I=A+A+2A,A, [cos W cos(@p+Ag,) +siny sin(g + Ag, )] , (56)
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where
cosy = A +A,cosAg, : siny = A, sinAg, ) (57)
A, A,
I=A+A+2A,A cos(¢p+Ad —v). (58)

It has been deduced the general expression of a fringe pattern of two waves where A, is
equivalent to the reference amplitude and y is an additional phase, both given by

AP=AP+A}+2A,A,cosA, ; (59)

A,sinAg,

tany =—>——"2—
A+ A, cosAg,

(60)

it can be seen that A, and y depend on the amplitude variations of A, and A, as well as
the phase difference between the first and third wave Ag, .

To apply the PSI techniques, the visibility in Eq. (58) must remain constant for each phase-
shift; this can be achieved if the amplitude A, inla Eq. (59) remains constant while y varies
with the changes of A, and A, . To define the behavior of the amplitudes which satisfy the
condition to keep A, constant, Eq. (59) will be rewritten as

2 2

sin® Ag, = %SH‘IZ A, + %sin2 A, +2 AX& sin” Ag, cosAg,, (61)

which can take the form of the equation of an ellipse

2 2
sin’ a:x—2+y—2— W cosa
a b ab , (62)
such that
2ab

tan2v = P cosa (63)

where v is the inclination angle of the ellipse, a is the maximum value of the ellipse over
the x axis and b is the maximum value over the y axis.

Being in our case a =-b, so Eq. (61) can be written as in Eq.(62), where

PR (64)
sinAg,

substituting the values of a, b and a =A¢, in Eq. (60) a family of ellipses inclined to an
angle v will be obtained
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indet A¢,=7/2+nx
—% oo Adel0,72)0(Br2,24]s (65)
+oo  Ag, e(7/2,37/2)

tan2v =

therefore v can take the next values

indet, Ag¢, =7n/2+mnx
-x/4,  Ad el0,7/2)0Br/2,27] (66)

“TNra, apeln2,372)

The amplitudes in Eq. (61) can take the next parametric form

A . A
—sin(Ad, ~y); A, =%

= iny, 6
' sinAg, sinAg, i €7
whose parameter is the phase-shift { within a valid range of
0,Ad, |, A 0,
e [ ¢2] ¢, €(0,7) ) (68)
[A¢2 - 7[,7[], A@, € (7,27)

that is obtained considering that the amplitudes A, and A, are positive, therefore they
must be in the first quadrant and that A¢, # mz being m an integer number. However it is
possible to have a negative modulation in the amplitude if a phase difference of 7 in the
reference waves is properly implemented, thus it is possible to have real negative
amplitudes, hence y will be within the range of [0,27], and the known PSI techniques
could be applied without modifications.

Ap.=m/6 A, A

F
o
o

/%

sl

FE

=
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Fig. 10. Amplitudes of the wave one and three put in a reference system for several values of
Ag, . a) family of ellipses; any point on any ellipse keeps A, constant while y is varied as

it is required for PSI, b) amplitudes in a parametric form respecting to y corresponding to

the ellipses in a).
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It can be observed form Eq. (68) that Ag, determines directly the range of the phase-
shifting. When a certain phase-shift is needed, the amplitudes A, and A, will be given by

Eq. (67) which comply the conditions for a constant visibility and they could be seen as
points over the arc of an ellipse at the first quadrant as it is shown for several values of Ag,

in Figure 10.

A numerical simulation will be shown in order to prove the viability of the proposal. For
simplicity, the next considerations have been taken

A=A =1; Ad=¢,=0; Ap, =27/3; p=x"+V*, (69)
therefore the three fields can be expressed as
E =A,; E,=exp(ip); E; =exp(i27/3), (70)
the interference pattern can be written as
I=2+2cos(¢-vy), (71)

such a form that the interference pattern will have a maximum contrast, where the
amplitudes A,, A, and the additional phase y are given by

1=A+A’-AA,, (72)
tany = & . (73)
2A,-A,

Substituting Eq. (69) in Eq. (67) is gotten

1 2
A =cosy+—siny ; A, =——siny . 74
1 4 \/3 4 3 \/g 4 (74)

Figure 12a) shows the ellipse at the first quadrant for this particular case, which is inclined
to z/4 with an ellipticity of e =+/3 . Figure 12b) shows the amplitudes corresponding to the
phase shift within the range y e [O, 27/ 3] .

Figure 12 shows the interferograms for N =9, being the phase step of Ay =7/12; the
phase-steps y, = kz/12 with k=0,1,..,8 were generated by the amplitudes shown in Figure
12b), and these are indicated with points over the arc corresponding to the ellipse in Figure
12a).

This analysis has the advantage that even if there is a phase difference of Ag, between the
reference waves it is still possible to generate phase-shifting with the proposed method,
besides that it will not be necessary to use an optical device (as phase retarders) to generate
Ag, . The variations of the amplitudes can be done by using neutral filters or also by using
the diffraction orders produced by a grating as for example a Ronchi ruling, where each
diffraction order is attenuated according to the sinc function.
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Fig. 11. Amplitude variations for a PSI of 9 steps when A¢, =27/3 : a) a point over the arc
yields a phase-shifting while the reference amplitude is kept constant; b) amplitudes
(A,,A;) for the phase steps indicated in a).

r

Ap,=2n/3 Amm Ay A

Fig. 12. Interferograms shifted in phase by the amplitude variations indicated in Figure 11.
The phase steps are shown from left to right and from top to bottom.
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4. Conclusions

In this chapter have been discussed the phenomenon of optical interference for two waves
elliptically polarized, the phase shifting interferometry and the commonly used methods
to generate that shifting, as well as the methods for phase extraction. It has been
demonstrated with a numerical analysis and a computer simulation the viability of a new
method of phase-shifting based on the amplitude variation of two fields considered as the
reference beams in a scheme of a three beam interferometer, for which two cases were
analyzed:

A particular case was considered when the phase difference between the reference waves is
7/2, hence one of the three interference terms is cancelled while the two remaining are put
in quadrature. To get a constant visibility, the amplitude of the reference waves must be
over an arc segment in the first quadrant of a circle whose radius is A,. Due to the
amplitudes are considered to be real positive, the phase-shifting will be within the range of
[0,72'/2]. But, theoretically this range could be extended until [0,27] if the amplitudes are
modulated moreover in their negative part, what can be done by an appropriate phase
change in the reference waves by 7 radians.

In a more general case, the phase differences Ag, between the reference waves was
considered to be arbitrary and within the range Ag, €[0,27z]. In this study it was shown that
despite of this the phase-shifting by amplitude modulation is also possible, and it includes
the particular case given when Ag¢, =7/2. Besides in order to keep a constant visibility
during the PSI application, the amplitudes must be over an ellipse instead of a
circumference, which is inclined at +7z/4 if Ag, € (7[/2,37[/2) or Ag, € [0,71'/2)U(3ﬂ'/2 ,27[],
respectively, also it was found that A¢, directly influences in both the ellipticity and the
phase-stepping range when the amplitudes are modulated no-negative and can also reach a
range until of y €[0,7], however when the negative part is taken in account, the range can
reach until y €[0,27].
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1. Introduction

In physical optics, the interference effect consists in superposing two or more optical fields
in a region of space, which mathematically results in the vector sum of them, it is certain
because of in physical optics the superposition principle is valid. So, when this sum is
observed with some optical detector such as a human eye or a CCD camera, the irradiance
of the total field is obtained, and it can be understood as the sum of the irradiance from each
individual field, known as background light, plus an interference additional term per each
pair of fields, which consists of a cosine of the phase difference between the two waves and
of a factor given mainly by the product of waves amplitudes known as a modulation light.
The total effect shows brilliant and obscure zones known as interference fringes, also called
as a fringe pattern, or an interferogram (Born & Wolf, 1993). This effect was first reported by
Thomas Young in 1801 (Young, 1804; Shamos, 1959), more late it also was observed by
Newton, Fizeau, Michelson, etc. (Hecht, 2002). They designed many optical arranges now
known as interferometers in order to interfere two o more waves trying to meet the optimal
conditions to have a maximum quality in the fringes. Many studies have demonstrated that
the fringe quality, (better known as visibility of interference pattern), as well as the shape
and the number of fringes is depending of each parameter in the optical field such as the
amplitude, the polarization state, the wavelength, the frequency, the coherence degree, the
phase and because of it so many applications among physics and other sciences like biology,
medicine, astronomy, etc., or also in engineering have been extensively made (Kreis, 2005).
However, an intermediate step between the fringe pattern and the direct application in
some topic of interest as the evaluation and processing of this pattern must be realized. In
this regarding, many proposal have been amply discussed, for example in interferometry of
two waves when the phase difference is the variable to be calculated, one of the techniques
more widely used consists of performing consecutively shifts of constant phase between the
waves that interfere. Then, for each phase-step a new interferogram is gotten and therefore
for N steps, N interferograms are obtained. Mathematically, a Nx3 system of equations is
formed since the with phase-step the object phase, the background light, and the
modulation of light are considered unknown with respect to position and constant with
respect to time, is known as phase-shifting interferometry (PSI) (Creath, 1993; Malacara,
2007; Schwider, 1990). The phase shift is introduced by a shifting device, which can be done
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with Zeeman effect shifters, acousto-optical modulators, rotating polarizers or translating
gratings, among other possibilities. Spatial techniques also have been introduced and widely
studied. These consist of introducing a spatial phase variation into interferogram (Takeda,
et. al., 1982). Typically, this variation is a linear function, but when the fringes forms closed
loops this carrier is not appropriate, and to overcome this shortage a quadratic phase has
been proposal (Malacara, et. al., 1998). Others methods for phase extraction have also been
proposed (Moore & Mendoza-Santoyo, 1995; Peng, et. al., 1995).

Based on the interference of two monochromatic and coherent waves, the present chapter
speaks about the phase shifting interferometry. The principal idea consists of obtaining two
interferograms shifted in phase by 180° in a single-shot. By performing an arbitrary phase-
step, another two interferograms shifted 180° in phase are captured in a second shot. This way,
four interferograms result shifted in phase in two shots with two phase steps, considering the
first phase step equal to zero. The arbitrary phase-step is considered to be between 0° and 180°
and it will be measured under the concept of generalized phase-shifting interferometry (GPSI)
(Xu, et. al., 2008). Therefore, in general with N-phase-steps 2N interferograms will be captured
in N shots only. Fringe patterns are obtained from an interferometer build using a 4f optical
correlator of double Fourier transform, where, at the input plane two apertures are considered.
One of them is crossed by a reference beam and the other is considered as a probe window
where a phase object is placed. These windows are considered as an input transmittance
function. In the Fourier plane, a binary grating (Ronchi ruling) with certain period is placed as
a spatial filter function. Then with the appropriate conditions of the wavelength, the grating
period, and the focal length of the lenses, at the image plane the interference of the fields in
each window is achieved and replicated around diffraction order. Then, by using orthogonal
linear polarization in the windows, it is possible to demonstrate that a phase shifting of 180°
can be obtained by observing the superposition with adequate transmittance angle of another
linear polarizer. An arbitrary phase-shifting is later obtained with a grating displacement.

In summary, a method to reduce the number of captures needed in phase-shifting
interferometry is proposed on the basis of grating interferometry and modulation of linear
polarization. In this chapter, the case of four interferograms is considered. A common-path
interferometer is used with two windows in the object plane and a Ronchi grating as the
pupil, thus forming several replicated images of each window over the image plane. The
replicated images, under proper matching conditions, superimpose in such a way so that
they produce interference patterns. Orders 0 and +1 and -1 and 0 form useful patterns to
extract the optical phase differences associated to the windows. A phase of 7 is introduced
between these orders using linear polarizing filters placed in the windows and also in the
replicated windows, so two 7 -shifted patterns can be captured in one shot. An unknown
translation is then applied to the grating in order to produce another shift in the each
pattern. A second and final shot captures these last patterns. The actual grating
displacement and the phase shift can be determined according to the method proposed by
(Kreis, 1986) before applying proper phase-shifting techniques to finally calculate the phase
difference distribution between windows. Along this chapter a theoretical model is amply
discussed and it is verified with both a numeral simulation and experimental results.

2. Theoretical analysis

Phase-shifting interferometry retrieves phase distributions from a certain number N of
interferograms (Creath, 1993; Malacara, 2007). Each interferogram I, must result from
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phase displacements by certain phase amounts ¢, (k=0...N —1) in order to form a solvable
system of equations (Malacara, et. al., 1998; Creath, 1993; Millerd & Brock, 2003). Because
one of these phase amounts can be taken as reference, say ¢, =0, it is possible to use the
corresponding phase shifts, each denoted by «,,, =¢,,, —¢, . Among several possibilities,
the case of N =4 interferograms and N -1=3 equal shifts a, =a, =a; =a =90°, has been
demonstrated to be very useful (Schreiber & Bruning, 2007;), especially for well contrasted
interferograms (Schwider, 1990). To obtain phase-shifted interferograms, a number of
procedures have been demonstrated but many of them needs of N shots to capture all of
those interferograms. Thus, a simplification is desirable in order to reduce the time of
capture. Single-shot interferometers capturing all needed interferograms simultaneously are
good examples of this effort (Barrientos-Garcia, et. al., 1999; Novak, 2005). On the other side,
phase shifts can be induced by mechanical shifts of a proper element, as a piezoelectric stack
(Bruning, et. al., 1974) or a grating (Schwider, 1990). Modulation of polarization is another
useful technique (Creath, 1993). In grating interferometry, a grating can be transversally
displaced by a quarter of a period to obtain shifts of o =90° (Meneses-Fabian, et. al., 2006),
for example. But in order to obtain several values, the same number of displacements is
required (Hariharan, et. al., 1987; Hu, et. al., 2008; Novak, et. al., 2008). Besides, when using
gratings as phase shifters, the grating displacement must be carried out with sufficient
precision. The higher the grating frequency, the smaller the grating displacement required.
Thus, the use of high frequency rulings could compromise the precision of the phase shift.

In this chapter, a method to reduce the number of captures from 2N to N is proposed by
means of common-path grating interferometry (Meneses-Fabian, et. al., 2006) in conjunction
with crossed linear polarization filters for modulation of polarization (Nomura, et. al., 2006)
and grating displacements. A common-path phase-shifting interferometer can be
constructed with two-window in the object plane of a 4f Fourier-transform system and a
grating as its pupil (Arrizon & De-La-Llave, 2004). One-shot phase-shifting interferometers
have already been proposed with phase-gratings and elliptical polarization (Rodriguez-
Zurita, et. al., 2008a; Kreis, 1986). However, a more common Ronchi grating can be used for
the case of N =4 because the diffraction efficiencies for diffraction orders +1 are
sufficiently good enough to display adequate interferograms. Interference of first-
neighboring orders can be obtained in the image plane when proper matching conditions
are fulfilled and the phase shifting can be performed with grating displacement driven by
an actuator (Meneses-Fabian, et. al., 2006). Because several diffraction orders are to be found
in the image plane, some additional shifts can be induced by use of linear polarization
instead of circular or elliptical polarization. The calculation of the values of the shifts
induced by a grating displacement can be carried out with a method developed by Thomas
Kreis (Kreis, 1986), thus alleviating the need of a more detailed calibration. This method is
particularly useful for the case of N =4, where the proposed simplification reduces the
number of required grating displacements to only one. This particular value does not need
to be known beforehand because it can be calculated directly by the above mentioned
method of Kreis to find a solution for the optical phase. Then, the number of shots required
to capture the four interferograms would result in only two. We restricted ourselves to the
case of N =4 precisely but with «; not necessarily of the same value. Experimental results

are presented.
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Fig. 1. Experimental setup. Pj, j = 0...4: linear polarizers. A, B: rectangular windows in
object plane. G(u,v): Ronchi grating (u,v the spatial frequencies escalated by Af ). DC(x):
actuator. f: focal length. Side views of windows (lower left) and polarizers with y =y/; in
image plane (lower right) are also sketched.

2.1 Theoretical background

Fig.1 shows the experimental setup. It comprises a 4f Fourier-transform system under
monochromatic illumination at wavelength 4. The transforming lenses have a focal length
of f. Linear polarizer P, have its transmission axis at 45° and the linear polarizers P, and
P, , over windows A and B, have its transmission axis at 0° and 90° respectively. The object
plane (input plane) consists of two similar rectangular windows A and B, each of sides a,,
and b, . The windows centers are separated by the distance x,. In general, an amplitude
distribution of the form A(x,y) can be considered in the window A as a reference wave,
while B(x,y)exp|ig(x,y)] can represent the amplitude distribution in the window B (a test
object, for instance). Then, the input transmittance can be expressed by.

P S S ) YPOTHIE S0 N S . A

0
where J, = (OJ , Jg= (J are Jones vectors corresponding to orthogonal linear polarization

states and the window function is written as w(x,y)=rect(x / a,)-rect(y /b,), where
rect(x / a,) is the rectangle function on x direction of width a, and rect(y /b,) is the
rectangle function on y direction of width b,, .

A binary absorptive grating G(u,v) with spatial period u; and bright-band width u, is

placed in the frequency plane (Fourier plane, Fig.1). An actuator (DC) can translate the grating
longitudinally through a given distance u, . The grating (a Ronchi grating) can be written.
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G(,u,v):rect{uj(@ S(u—nuy), )
w n=—o0

with the spatial frequency coordinates are given by (u,v)=(u/Af,v/Af), where (u,v) are
the actual spatial coordinates, and g =u;, / Af with k=0,w,d as a label for displacement,
bright-band width and grating period, respectively. The symbol ® means convolution.

In the image plane, the amplitude distribution can be written as the convolution between
the amplitude of the object and the impulse response of the system, i.e.,

to(x,y) =t(x,y)®3 G )}, 3)

with 37 the inverse Fourier-transform operation assumed to be performed by the second

transforming lens as a convention taken in this work in accordance with an inversion in the
image coordinates. Using Eq. (2), the convolution results in

to(x,y)= n;wcn {wA {x—[z\r;o —;}xo,y}]A + Wy {x —[Z\V;O +;Jx0,y}exp{i¢[x —[130 +;jx0,yH]B}/ 4)
where w, (x,y)=w(x,y)A(x,y) and wy(x,y)=w(x,y)B(x,y) have been defined and
SHG(wv) =Y Co(x—n/u,) has been substituted with
C, =3sinc(n/2)exp(i2znu, [uy) for u, =3 u,, and assuming that x, equals some multiple
integer N, of the period, in other words, x,=N,/u;=Ny(Af/u,), (diffraction orders
matching condition). According to Eq. (4), the amplitude in the image plane consists of a
row of copies of the entrance transmittance, each copy separated by 1/u, =Af/u, from the
first neighbours. By adjusting the distance x, between windows such that N;/u; =x, and
also assuring that the inequality a, <Af/u, is satisfied, the field amplitude t,(x,y) of
window w[x —(n/Ny-1/ Z)xo,y] (as observed through a linear polarizer with transmission
axis at angle y, with respect to the horizontal) can be described as

t,(x,y)= {CnA(x,y)cos(l//n)+ Cpin, B(x,y)sin(y, )exp[iqﬁ(x,y)]}]w . (5)

where cos(y,)], =T, T4, sin(v,)], =J,J5 ,and

L[ o) sin(w)cos(w)} (et

- sin(y,, )cos(w,,) sin®(y, ) sin(y,) ) ©)

In particular, for the case N, =1 and knowing that the irradiance results proportional to the
square modulus of the field amplitude, I(x,y)=|t,(x,y) ? the corresponding interference
pattern is given by

I(x,y)=a,(x,y)+b, (x,y)cos{qﬁ(x,y)—Z/zZ—ﬂ, 7)
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where 4, (x,y) is known as background light, b, (x,y) is known as a modulation light and
they are given by

a,(x,y)= isimc2 (%njcosz wala(x,y)+ isimc2 (%(n - 1)jsi1r12 vl (x,y), (8a)

b, (x,y)= %sinc(%nj sinc[%(n - 1)} sin(2y, )14 (%, y)I5(x,y), (8b)
with I, (x,y) :|A(x,y)|2 and Ig(x,y) :|B(x,y)|2 . The pattern in Eq. (7) results to be
modulated by the functions sin and sinc. Note that a,(x,y) and b,(x,y) would be
independent of position if the illumination is uniform in each window at the input plane.
Otherwise, a,(x,y) and b, (x,y) can be smooth functions of the position and, in such a case

they must give rise to corresponding spectra of a given extension, however small.

In the practice, n=0,1 are two cases of interest, for n =0 the window of observation would
be w[x+x,/2,y] and Eq. (8) could be reduced to

1 1 .
a, (x,y)zzcos2 t//OIA(x,y)+?sm2 wols(x,y), (9a)

1 .
bo(xfy):gsm(ZWo)\/IA(xry)IB(xryjf (9b)

0 Ad

Phase function
(a) (b)
Fig. 2. Numerical simulation of phase shifting interferometry for four unequal phase-steps,
which are obtained with two camera shots, that is with N =2, then 2N =4 interferograms
changed in phase are obtained: (a) phase function considered in this simulation and (b) for
interferograms changed in phase by ¢ =0,A¢,7,A¢+ 7 .

'rl

and for n=1 the window of observation would be w[x-x,/2,y] and Eq. (8) could be
reduced to

1 1.
a(x,y)= ?cos2 wila(x,y)+ Zsm2 wilg(x,y), (10a)

bl(x,y):%sin(Zwl),/IA(x,y)IB(x,y) : (10b)
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Comparing Eq. (9) and Eq. (10) is easy to note that ay(x,y) and a;(x,y) in general are
different and only they are equals in two cases:

case 1: when 1, (x,y)=15(x,y), then from Eq. (9a) and Eq. (10a) must be complied

lcos2 Wo+—5 ! sm Yo = L cos W+ 1sin2 W1, (11)
4 7? 2 4
which conduce to
2 2. _
cos”yy+cos =1, (12)
obtaining so
cosy, ==xsiny;, (13)

and finally can be established

_|7/2-y
Yo _{7[/2+l//1 ’ (14)

which means that the polarizer placed at angle , over the window w|[x+xy/2,y] and the
polarizer placed at angle y; over the window w[x—-x,/2,y] could be at complementary
angles, when y, =7/2-y,, or well could be at 90° each other, when w, =7z/2+y; . For
example: if y =+45°, then y, =45°, or well y, =—45°.

For the modulation light, in order to do by(x,y) equal to b,(x,y) or —b,(x,y), from Eq.
(9b) and Eq. (10b) it must be complied

sin(2y ) =+sin(2y ), (15)
whereof can be deduced
1y,
= , 16
Yo {iﬂ'/ 2%y, 10

a particular case of y,=+y; in Eq. (16) would be only coincident with Eq. (14) for
w, =145° as it was written in the above example, but the case y,=7/2-y, is totally
coincident with Egs. (14), so it can be used to apply to PSI technique.

case 2: when I, (x,y)# I5(x,y), from Eq. (9a) and Eq. (10a) it must be complied

1 1 1 1.
ZCOS (//OIA(x y) = —sin l//OIB(x y)—”—cos 1//11A(x y) Zsmzl//llB(x,y)/ 17)

as a particular case, we can suppose

1 1 1 1
~cos’y, = cos vy ; and — sm wo =—sin’y,, (18)
4 2 7? 4
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whereof leads to plan a system of equations, where cos®y,, and cos’y; would be the

unknowns,
7% cos? Wy — 4cos? v, =0 19)
—4cos? W+ 7? cos? W= -4
being possible to found
2 d costy, = (20)
cos“y, = sand cos”y, = ’
Vo - +4 v 72+ 4
from Eq. (20) the following relation can be deduced
cos® y, =sin’y, (21)

then, y,=7/2-y,, which are complementary angles, as in the case 1 illustrated with Eq.
(14). Finally, taking in account Eq. (20) the values of the polarizer angles can be computed,

Wy =457.51°; and y, =+32.49°. (22)

these values for transmission angles of the polarizers also must comply b, (x,y)=b;(x,y) or
by (x,y)=—by(x,y) due to they are a particular case of Eq. (16).

In order to achieve the PSI technique, selecting P; at angle y,=45° for n=0 and P, at
angle y, =-45° for n=1 with no grating displacement, u, =0, with idea to implemented
case 1 [Meneses-Fabian, et. al, 2009], this results ay(x,y)=a,(x,y)=a(x,y) and also
bo(x,y)=—-by(x,y)=b(x,y), and of this manner two complementary patterns are first
obtained at the image plane within replication regions given by w[x+x,/2,y] and
w[x—xy/2,y] . The possible changing in the fringe modulations was narrowly reduced after
a normalization procedure, since the interferograms can be converted in digital patterns
with the same modulation. Such patterns can be written as

Io(x,y) = a(x,y) + b(x, y)cos g(x, )], (232)

I, (x,y) = a(x,y) = b(x, y)cos[4(x,y)] . (23b)

They correspond to patterns with a phase shift of a; =7 . Secondly, by performing an
arbitrary translation of value 0<uy<u, /2, the introduced phase shift is less than =

radians. Then, another two interferograms result. Each one can be expressed as follows
I(x,y) = a(x,y) + b(x, y)cos[4(x,y) - Ag], (23¢)

I3(x,y) = a(x,y) — b(x,y) cos[¢(x,y) - Ag] . (23d)

The corresponding phase shift for them is a3 =7 . Considering patterns I; and I, they
differ by a phase shift of o, =A¢—7, where Ap=27-u, /u,. With this procedure, four



N-Shots 2N-Phase-Steps Binary Grating Interferometry 203

interferograms with phase displacements of ¢, =0, ¢, =7, ¢,=A¢, @;3=Ap+x can be
obtained using only an unknown grating shift and, thus, two camera shots. The desired
phase distribution can be calculated from

Iz<x,y>—13<x,y>—[Io<x,y)—h(x,y)]cos(w)}, (24)
[Io(x,y) — 1 (x,y)]sin(Ag)

where ¢, denotes the wrapped phase to be unwrapped further. From Eq. (24), for the case
of Ag=90°, the well-known formula for four shifts can be obtained (Schwider, 1990). Eq.
(25) requires, of course, the knowledge of the value Ag to be useful. In order to calculate
A¢ from the same captured interferograms, the procedure suggested by (Kreis, 1986) can be
applied. This procedure is based on the Fourier transform analysis of fringes and a variant
of it is proposed in the following sections to conceal it with the desired phase extraction.

&, (x,y) = arctan{

For the case 2, the polarizer angle must be placed to y, =57.51° and y; =-32.49° in order
to keep constant the visibility in the interference pattern as it was made in case 1, this
manner the same structure of Eq. (23) could be obtained and the solution for the wrapped
phase is obtained with the same Eq. (24). Note that the case 2 is more general, so also the
polarizer angle y = +57.51° is also valid for the case 1.
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Fig. 3. Numerical simulations for determination of A¢ by using the modified Kreis method:
(a) Patters indicated in Eq. (25), (b) Fourier transform from Eq. (25a) and spectrum filtered,
(c) wrapped phases, (d) unwrapped phases, (e) phase difference of the unwrapped phases in
(bl) and (b2), (f) a data line from (e), (g) subsample of the data line in (f).
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Fig. 4. Numerical simulations of phase extraction: (a) wrapped phase obtained with Eq. (24),
(b) unwrapped phase, and (c) phase difference between the calculated phase in (b) and the
proposal phase in Fig. (2.a) as a measurement of the error.
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2.2 Determination of A¢

Subtraction of Eq. (23b) from Eq. (23a) and Eq. (23d) from Eq. (23c) gives
81(%,y) =Io(x,y) =L (x,y) = 2b(x,y) cos[4(x, )], (25a)

8%, y) =L (x,y) — I5(x,y) = 2b(x,y ) cos[4(x,y) - Ad] , (25b)

procedure which eliminates a(x,y). In Eq. (25), some dependence on position has been
considered to include effects such as non uniform illumination, non linear detection or
imperfections in the optical components. These subtractions avoid to apply the Fourier
transformation and the spatial filtering usually performed for the same purpose of
eliminating a(x,y) (Kreis, 1986). It is remarked that the Fourier transform procedure to
eliminate a(x,y) introduces an error due to the fact that, in general, the spectra from a(x,y)
and b(x,y)cosg(x,y) can be found mixed one with each other over the Fourier plane.
Therefore, filtering out the a(x,y) -spectrum around the zero frequency excludes also low
frequencies from b(x,y)cos¢(x, y) and, as a consequence, there is a corresponding loss of
information related to ¢(x,y) and Ag. To calculate Ag, the method introduced by (Kreis,
1986) is employed (an alternative can be seen in (Meng, et. al., 2008). An advantage of the
variant that is proposed in this work consists of the elimination of a(x,y) by subtracting
two patterns. This way, there is no loss of information due to frequency suppression in the
Fourier plane, as is the case of the method as proposed by (Kreis, 1990). The proposed
technique is illustrated in the example of the Fig.2. In addition, the technique is valid even
when the phase function is more complex. The 3-D plot at the left is the phase distribution
#(x,y), while the other plots are phase-shifted interferograms calculated from ¢(x,y).
Interferograms I, and I, are mutually shifted by 7 radians, as well as I, and I,, but
between I, and I,, and I, and I, is the same arbitrary phase of A¢=7/7 ~0.39269908
radians. This situation illustrates the kind of results that can be obtained with the setup of
Fig.1. Then, the problem is to find A¢ from the four interference patterns assuming that its
value is not known. The solution is illustrated in Fig.3. The plots included are shown as an
array of rows (seven letters) and columns (two numbers).

According to Egs. (25.a) and (25.b), Figs.3-al and 3-a2 show the subtractions g,(x,y) and
g,(x,y) respectively, where the four irradiances I, were taken from the same
interferograms of Fig. 2. Next, Fig. 3-bl shows the Fourier spectrum of 3-al only ( g,(x,v)),
while Fig. 3-b2 depicts its resulting filtered spectrum in accordance with the method of

Ad,+ 180F U |mnp{x'|J phise
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(a) (b}

Fig. 5. Tilted wavefront for testing. (a) Interference patterns. (b) Unwrapped phase. Phase
shift measured according to the modified Kreis method: A¢ =14.4°=0.2513274 radians.
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Fig. 6. Test objects. (a) Interference patterns (b) Unwrapped phase. Upper row: phase dot,
A¢ =50.007° =0.874 radians. Central row: phase step, Ag=25.726°=0.449 radians. Lower

row: still oil, A¢ =60.7°=1.059 radians.

Kreis. The used filter is a unit step, so the suppression of the left half of the spectrum is
achieved. The following stage of the procedure to find A¢ consists of extracting the
wrapped phase from the inverse Fourier transform of the already filtered g;(x,y), which is
shown in Fig. 3-c1. Fig. 3-c2 shows the same procedure as applied to Fig. 3-2a (i.e., g,(x,y)).
At this stage, the phases of the inverse Fourier transform of each filtered interference pattern
g1(x,y) and g,(x,y) are obtained. Therefore, these phases are wrapped, modified phases
whose respective numerical integration results in two unwrapped, modified phases (Figs. 3-
d1 and 3-d2). These unwrapped phases result in monotonous functions which are different
from the desired phase ¢ , but their difference in each point (x,y) gives the modified phase
difference A¢' (Figs. 3-e). This modified phase difference has to be constant for all
interference pattern points, so an average over some range can be sufficient to calculate A¢
with a good approximation. Fig. 3-f shows a line of Fig. 3-e1, and Fig. 3-g shows a section of
the Fig. 3-f, where the used region to measure phase difference is indicated with an elliptic
trace. The dots show the ideal phase difference A¢, while the red line shows the modified
phase difference Ag'. The resulting value over the entire lower region of Fig. 3-e2 was of
A_(,l}' =0.39273364, where the bar means average, so its difference with respect to the initial
induced phase A¢ is of the order of 3.4556x107°rads. Taken A¢' as Ag, the wrapped
phase distribution ¢, can be determined with Eq. (24) and the desired phase distribution ¢
can be identified with ¢,, the phase calculated from ¢, with standard unwrapping
algorithm [Malacara, et. al., 1998]. The results of these stages are shown in Fig. 4.
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Fig. 7. Typical slice profiles of the phase dot and the phase step along arbitrary directions.

3. Experimental results

The experimental setup follows closely the sketch of Fig.1, with f =479mm,a laser He-Ne
emitting at 4=632.8nm, with a linear polarization at 45° by using F,. a, =10mm,
b, =13mm ,and x, =12.45mm , so the condition a,, < x, is fulfilled. The period of the Ronchi
grating was u,; =25.4um . The grating was mounted on an actuator (Newport CMA-25CC).
Note that the diffraction-order matching condition x,=N,(Af/u,) for Ny=1 is satisfied.
The CCD camera (COHU 4815) is adjusted to capture the images of two interference patterns
(w[x+x,/2,y] and w[x-x,/2,y]) simultaneously. The fringe modulations of this
interferogram pair are mutually complementary. By one actuator displacement, another pair
of complementary interferograms can be obtained. This is shown in Fig. 5, where the
calculated value of the introduced phase was of A¢=14.4°=0.2513274 radians. The
unwrapped phase is also shown. Each captured interferogram was subject to the same
processing so as to get images with gray levels ranging from 0 to 255 before the use of Eq. (8).
The sets of interferograms from three more objects are shown in Fig. 6. Two of these objects
were prepared by evaporating magnesium fluoride (MgF2) on glass substrates (a phase dot,
upper row, and a phase step, center row). The third object was oil deposited on a glass plate
(bottom row). Each object was placed separately in one of the windows using the
interferometer of Fig.1l. Each set of four interferograms were obtained with a grating
displacement between two of them as described. En each example, the phase-shifts induced by
polarization can be visually identified from the complementary modulation contrasts of each
pair. The calculated unwrapped phase for each object is shown in the rightmost column. Two
typical profiles for some unwrapped phase are shown in Fig. (7). The resulting unwrapping
phases do not display discontinuities, as is the case when the wrong A¢ is taken in Eq. (8).

4, Conclusion

The proposed phase-shifting interferometer is able to capture four useful interferograms
with only one grating displacement and two shots. This grating displacement only requires
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being smaller than a quarter of period, but this condition is possible to verify by observing
that the fringes do not shift enough to adopt a complementary fringe modulation. Because
in this proposed method the phase shifts are achieved either by modulation of polarization
or by grating displacement, not all of the shifts result necessarily of the same value. The
requirements of the arrangement are not very restrictive because it uses only very basic
optical components, such as linear polarizers at angles of 0°, +45°, or 90°. A Ronchi grating
from 500 to 1500 lines per inch can be used. As remarked before, the higher the grating
frequency, the larger the distance between windows and more space to place samples
becomes available, but the grating displacement has to be smaller. This last feature does not
represent an impediment in this method because the actuator responsible for the
displacement does not need of a calibration within a certain range, neither a precise
displacement at a given prescribed value. Only one unknown displacement is needed and
its value can be calculated each time it is employed. As for the fringe modulation, it is close
to unity when using the 0 and +1 diffraction orders for a typical Ronchi grating. Also, the
two used patterns have the same fringe modulation because, as long as the two diffraction
orders which superpose are of equal value, the involved amplitudes are the same. These
features to extract static phase distributions make this proposal competitive as compared to
the existing ones. Although in this chapter was discussed the PSI method for four steps, this
proposal can be extended for N >3, with which 2N interferograms changed in phase
would be obtained with N camera shots.
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1. Introduction

In optical Doppler measurements, the path length of the light is unknown. This complicates
the noninvasive diagnosis of tissue with light. For example, in laser Doppler blood
flowmetry, the coherent light delivered into the tissue interacts with static as well as moving
scatterers, e.g. red blood cells and it records values averaged over different and basically
unknown path lengths. One of the important limitations of this technique is the dependence
of the perfusion signal on the optical properties of the tissue, i.e. absorption coefficient,
scattering coefficient and anisotropy factor. These dependences result from the varying
optical path length of detected photons; the longer the optical path length the greater is the
probability for Doppler scattering events to occur, thus yielding an overestimation of the
blood perfusion, compared to the short path length situation [1].

If red blood cells in vascular blood can be regarded as independent scatterers, the average
number of collisions between photons and red blood cells which is used to determine the
concentration of blood cells moving in the tissue is given by

ifi =3, (rbc) *[RBC]* L (1)

Where Z is the scattering cross section of RBCs, [RBC] is the number of moving RBCs in 1
mm? of tissue and L is the mean path length of the detected light. For a homogeneous tissue
of fixed concentration and blood volume, the value of # is proportional to the average path
length of the detected light. The average path lengths will be different for different tissue
types due to the changes in tissue optical properties in terms of absorption and scattering
and thus laser Doppler flowmetry provides only a relative measure of the perfusion level.
Therefore, development of techniques for monitoring Doppler shifts with path length
information would result in more-quantitative and more reliable tissue perfusion
information.

To facilitate quantitative path length resolved dynamic light scattering measurements with
suppressed influence of optical properties we have developed an improved method based
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on phase modulated low coherence interferometry [2-3]. In this chapter, we aim at
describing the state-of-art of this novel interferometric technique and we show that we can
measure dynamic properties of particles, independent of the optical properties of the
surrounding tissue matrices. Furthermore, we demonstrate the feasibility of phase
modulated low coherence interferometry in measuring in vivo optical path lengths and path
length resolved Doppler shifts.

2. Review of coherence domain path length resolved approaches in laser
Doppler flowmetry

To obtain path length distributions with widths of a few millimeters, several successful
approaches based on low coherence interferometric methods were reported. In low
coherence interferometry, a user-positioned coherence gate selects the light that has traveled
a known optical path length in the medium to interfere with reference light. Dougherty et al.
presented a new approach based on coherence modulation of semiconductor lasers using
the variable coherence properties of the semiconductor laser [4]. In this technique, they
exploited variations in effective coherence length properties of certain types of laser diodes
by regulating the input drive current to these devices. For a long coherence length, all
photons interfere, while for a short coherence length only photons with almost the same
path length will interfere. This will relatively suppress the deep photons, since the (few)
deep photons will only interfere with the few deep photons but not with the (many) shallow
photons. However, these methods still give no control over the optical path length traveled
by the detected light. McKinney et al. [5] and Haberland et al. [6] used a wavelength
modulated continuous wave source as a variable-coherence source for measuring path
length distributions. The frequency of the modulation used was much faster than the
integration time of the detection and the authors demonstrated that the speckle contrast
ratio measured in that way was linked to the photons path-length distribution [5].
Haberland et al. [6] used such a wavelength modulated source to demonstrate that chirp
optical coherence tomography (OCT) can be an alternative to short coherence tomography
with the advantage of a simplified optical set-up. However they reduced their investigations
to unscattered light. Later, Tualle et al. [7] reported the development of a low cost
interferometric set-up to record the scattered light by the use of a wavelength modulated
continuous wave source. The principle of this technique relies on the facts that the shape of
the time-resolved signal corresponds to the path-length distribution of the scattered light
inside the turbid medium and the path-length differences can be measured using an
interferometer. They showed that the study of the speckle pattern fluctuations within the
modulation period can provide much more information, and that this information can be
used to completely reconstruct the scattered light path-length distribution, or equivalently
to perform time-resolved measurements. However, the slow rate that they used for the
wavelength modulation limited their experiments to static scattering medjia.

With a fiber-optic low coherence Michelson interferometer, Bizheva et al. demonstrated that
particle dynamics of highly scattering media can be imaged and quantified in the single
scattering regime with dynamic low coherence tomography (LCI) by examining the
intensity fluctuations of the backscattered light and extracting information from the
photocurrent power spectrum [8]. Later, they showed that dynamic LCI permits path-
length-resolved measurements of particle dynamics in highly scattering media with the
ability to separate singly scattered, multiply scattered, and diffusive light and the results
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were compared with the predictions of the dynamic light scattering (DLS) and diffusive
wave spectroscopy (DWS) theories in the single scattered and diffusion regimes,
respectively. They showed the dependence of detection of multiply scattered light on the
geometry of the detection optics and on the anisotropy of the scattering [8]. Even though
these studies modeled the single scattering and the diffusive regimes of light fluctuations,
they did not model the transition between the two regimes. With a free beam Michelson
interferometer, Wax et al. applied path-length resolved DLS spectroscopy and a theoretical
model was developed to predict this transition regime across the full range of path lengths
from single scattering through diffusive transport [9]. By comparing the trends in the
measured power spectra for various-sized microspheres with a theoretical treatment that
decomposes the total power spectrum by the number of scattering events, they correlated
the detection of multiply scattered light with scattering anisotropy. We reported the
development of fiber-optic Mach-Zehnder interferometer for path length resolved
measurements with two spatially separated fibers for illumination and detection, as used in
conventional laser Doppler perfusion monitors [10]. Low coherence interferometry with
phase modulation of the reference beam has been adopted by Ishii et al. in single scattering
spectroscopy to analyze the characteristics of extremely dense colloidal suspensions [11].
Doppler optical coherence tomography based on low-coherence single-mode fiber optic
Michelson interferometry has been proposed for path length resolved measurements
adopting on axis back reflection and confocal detection of singly scattered photons [12].
Here two embodiments were reported due to the possibility of performing interferometric
measurements either in the time domain or in the Fourier domain. In time domain OCT the
path length of the reference arm is varied in time. In frequency domain OCT the broadband
interference is acquired with spectrally separated detectors either by encoding the optical
frequency in time with a spectrally scanning source (Swept source OCT) or with a dispersive
detector, like a grating and a linear detector array (Spectral Domain or Fourier Domain
OCT) [13-14]. In these techniques, optical path length distributions can be obtained about
photons which where Doppler shifted by the medium. The photons that has been scattered
by static structures can also be made to contribute to the interferometric signal by
modulating the phase in the reference path.

3. Phase modulated low coherence Mach-Zehnder interferometry

In our research, we have developed a new bio-optical technique for path length resolved
laser Doppler perfusion monitoring, by combining the principles of coherence gated
interferometry and laser Doppler blood flowmetry [2-3]. The method is based on a phase
modulated fiber optic low coherence Mach-Zehnder interferometer, in which the limited
temporal coherence acts as a band pass filter in selecting the photons that have traveled a
specific path length. We use a fiber-optic Mach-Zehnder interferometer (Fig.1) with a
superluminescent diode (A:=832nm, AArwrm =17 nm, Lc =18 pm) as the light source. A single
mode fiber-optic coupler with a splitting ratio of 90:10 is used to create a reference arm
(10%) and a sample arm (90%). Single mode fibers (mode field diameter=5.3 mm, NA=0.14)
are used for illumination, while multimode graded-index fibers (core diameter =100 mm,
NA=0.29) are used for detection, providing a large detection window. The path length of the
reference arm is varied by reflection of the light in a translatable retroreflector and the
position of the retroreflector is adjusted to yield an optical path length equal to the optical
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path length of a certain part of the photons in the sample arm. The reference beam is
polarized using a linear polarizer and the phase is sinusoidally modulated at 6 kHz using an
electro optic broadband phase modulator with a peak optical phase shift of 2.04 radians
applied to the modulator. The AC photocurrent is measured with a 12 bit analogue to digital
converter sampling at 40 kHz. The coherence length of the light source, and the intermodal
dispersion in the detection fiber, define the path-length resolution of the measurement.
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Fig. 1. Schematic of the fiber optic Mach-Zehnder interferometer. (Figure reprinted from
Fig. 2 in Ref. [2] Copyright (2008) with permission from SPIE).

In phase modulated low coherence interferometry, for sufficiently small phase 