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Then Jesus said to them， little while longer the light is with you 
Walk while you have the light， lest the darkncss overtakc you; hc 
who walks in the darkness does not know where he is going. While 
you have the light， believe in the light， that you may become sons 
of light. 

John 12:35-36 
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Abstract 

The concept and applications of spatio-temporal optical computing are pro 

posed. This concept introduces ordinary spatial optical computing techniques 

using Fraunhofer and Fresnel diffraction into time domain. 
The concept is classified in three phases. The first phase employs spatio-

temporal duality of light. In this thesis a new algorithm to analyze low coherence 
interferograms is proposed in this phase 
The second phase employs spatio-temporal conversion. In this phase we 
construct a femtosecond pulse separation measurement system which determines 
the pulse separation in the accuracy of 12.4 fs. Furthermore， by employing 
the conversion technique， a less scanning dimension and all optical spectral 
interferometric optical coherence system is constructed. This system determines 
the surface pro五lesof specuJar and rough surfacc samples. 
The third phase empJoys spatio-temporal coupling effects. We numerically 
investigate on the spatio-temporal coupling behavior of light in a pulse shaper， 
spatio-temporal coupled pulse shaper and time-domain microscope by employ-
ing the spatio-temporal Wigner distribution function. Some conditions which 

induces the coupling are shown. 
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Large mount of techniques in the field of optical computing， employing the high 
spatial parallelism and high information-carrier-capability of light， have been 
studied. These optical computing techniques are classi五edto two large cate-
gories. One is non-diffractive， geometric optical computing， such as an optical 
neural network， and the other is diJ:fractive versions， such as a joint transfonn 
correlator・， matched白lter，holograms. Almost all of the diffractive vcrsions are 
based on the Fraunhofer diffractio叫1]， and pseudo Fraunhofer diffraction de-
veloped by a 2-f optical setup[l]. By the spatial Fourier transform， the spatial 
image is decomposed to its spatial spectral components and the components ar 

spread spatially. 

1n the field of laser mode-locking techniques， many femtosecond pulse laser 
systems have been developed. Because some of them demand very easy opera-
tion and low economical cost， these lasers have been widely applied in many 
physical and industrial field， such as optical communication， industrial and 
biomedical measurement or ultrafast control of physical and chemical properties 
of materials. To achieve such applications， we have to control such ultrafast light 
pulses with high temporal accuracy. 1n most cases， the high accuracy-control 
is achieved by employing a spectral modulating pulse shaper[2， 3， 4， 5， 6]. The 
pulse shaper decomposes the temporal spectrum components of a ultrafast light 

pulse spatially by a grating-lens pair， modulates the spectrum， and then recon-
structs a temporally modulated light pulse by another grating-lens pair[5]. 

These techniques in the two fields have theoretical relationships. Because 
the spatial and temporal behaviors of light are expressed by similar equations. 
Furthermore， both the two techniques employ the spatial or temporal optical 
Fourier transform. 
1n parallel with the progress of the optical computing and ultrafast op-
tics， large numbers of optical measurement techniques have been studicd. Op-
tical profilometry techniques are classified in two large ca七egories;one em-

ploys spatial signal processing， and the other employs temporal signal prか
cessing techniques. The spatial versions are represented by Fourier transforrn 
pro五lornetry[7]， project grating image methods[8]， and large numbers of spa-
tial interference fringe analysis techniques. The ternporal versions are repre-
sented by low coherence or white 
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6 CHAPTER 1. INTRODUCTION 

sion， because these techniques encodes the profile information of a test object 
in the temporal complex profile of light electric白elds.Although the techniques 
are in spatial and temporal domains， al1 of the techniques have large analogies. 
Almost all these measurement techniques encode the pro五leof a test object 

by the phase modulation of a spatial or a七emporal企inge.1n spatial version， 
the fringe is an interference丘inge，and in temporal version， the fringe is an 
interferogram. 
Large numbers of仕ingeanalyzing techniques have been proposed and most 
of them employ Fourier transform. Hence optical computing techniques can 
be applied to optical measurement， and some studies have been reported. But 
these studies are only for spatial optical measurement. 
Bascd on the spatio-temporal analogy and duality， we explore the field of 
spatio-temporal optical computing. At五rst，we classify the spatio-temporal 
optical computing techniques into three ph出 es.
The日rstphase is based on spatio・temporalduality. Spatial optical comput-
ing techniques are applied to temporal signals， and temporal signal processing 
tcchniques are applied to spatial images employing the spatio-temporal duality. 
The second phase is based on the techniques of spatio-temporal conversion 
employing the spatio-temporal duality. Using the analogy between spatial op 

tical computing techniques and a temporal ultrafast pulse shaper， we construct 
a time-to-space or space-to-time optical signal converter. We can treat optical 

同mporalsignals by a spatial optical computing system by using the converter， 
so that we can introduce the spatial optical computing techniques to time do-

ロlam.
The third phase is based on spatio-temporal coupling phenomena. The spa-
tial state of an electric白eldis not determined only by the ex-spatial state of 
the field but also the temporal one. Its temporal state is also determined as 
the samc. The phenomenon is called spαtio-temporal coupling. 1n conventional 
optical systems， such as a spectrometer or a pulse shaper， the spatio-temporal 
coupling is no七desired，but unavoidable. We have intend to reduce the coupling 
effect. The spatio-temporal e百'ectis unavoidable but easy to reduce. However， 
we can also apply the e圧ectpositively. 1n the third phase of spatio-temporal 
optical computing， we enhance thc coupling e旺'ectand apply it actively. 
1n this thesis， we investigate the detail of the concept and app 

7 

1n chapters 5， 6， and 7， we investigate七hcspatio-temporal behavior of som 
optical systems in which the spaticトtemporalcoup1ing effect.s are occurred. 1n 
each chapter， a conventional pulse shaper， a spatiひtemporallycouplcd puls 
shaper (STCPS)， and a time-domain microscope are investigatcd. The spatio-
temporally coupled pulse shaper proposed by us is onc of the improvcd puls 
shapers to simultaneously control the spatial and temporal profi.le of an ultra.fast 
light pulse by one-dimensional spatial light modulation employin広cnhanced
spatio-temporal coupling. 
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We五nda number of dualities and analogies between the spatial and temporal 
properties of light. The Fi.esnel di百'ractionin space dom心nis very similar to 
linear dispersion in time domain[12]， and inte巾 rencefringes in space domain 
have some similar properties with an interferogram in time domain. By using 
the duality and analogies， many spatial signal processing techniques are applied 
to analyze temporal signals and many temporal techniques are applied to spatial 

signals. 
1n some case， such applying is， however， have less performance， because thc 
spatial and temporal signals also have a few diffcrent properties. By under-
standing the di旺crenceprecisely， and modifying the techniques， the application 
will have a good performance. 
1n this part， we propose a new signal processing algorithm， phase-resolved 
correlation algorithm. This algorithm is originally based on the spatial phase 
oriented仕ingeanalysis techniques， such as Fourier transform profilometry[7] or 
phase shifting method[8]， but modified七oapply to the temporal inte巾 rogram.
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Chapter 2 

Phase-Resolved Correlation 

Method 

In this chapter，a new signal processing technique is proposed， involving a phase-
resolved correlation method which can be used to determine the phase distri-
bution of low coherence interferograms. This method improves the sensitivity 
and selectivity of low coherence interferometers. The depth structure of an alu-
minum oxide coated aluminum mirror was determincd using a low coherence 
interferometer by employing this method. Three signal peaks were successfully 

extracted仕oma noisy interferogram. 

2.1 Introduction 

A number of phase-oriented signal processing methods have been widely inves-
tigated for signals with carrier-frequency， including the use of moire images， 
interference台ingesand interferograms. The phase-shifting method and Fourier 

transform profilometry[7] are among the most commonly used methods applied 
to this kind of analysis， since they can extract the carrier-phase-dis廿ibution
from a signal and thus improve its signal-to-noise ratio (SNR). 
N on-destructi veぅhigh-sensitivitypro五lometrytechniques， such as white light 
interferometry and optical coherence tomography (OCT) have been applied to 
various fields， including industrial processing and biomedical applications[13， 
14， 91. Many signal processing methods and advanced techniques for gaining 
bettむSNRof interferograms have been applied to interferometers[15， 10， 11]. 
However， phase-oriented signal processing methods have seldom been employed， 
although they clearly have potential for developing good SNR. The reason is 
that the phase shifting method demands carrier phase shifting with r邸 pect

to its envelope. On the other hand， in most cases of interferogram analysis， 
Fourier transform pro五lometrydoes not give good results due to the model 

assumed for the interferogram. Fourier transform pro五lometryassumes that 
the analyzed signal has only one phase-modulated carrier， although in reality， 
an interferogram represents the sum of several independent signals， each with a 
different carrier ph出 e.
We introduce a novel signal processing methud for analyzing interferograms， 
based on phase-resolved correlation， in which a one-dimensional interferogram 

13 
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is resolved into a three-dimensional intensity distribution in position-frequency 

phasc space. Each independent signal peak in one interferogram has a different 
carrier ph出 e，allowing the signal peaks to be separated along the phase axis. 
Furthermore， this me七hodcan separate the important signals仕ombackground 
noise according to their frequency characteristics. In the following section， we 
will describe an experimental demonstration in which three peaks， otherwise 
masked by noise， are extracted仕oma low SNR interferogram. 
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We assume the analyzed signal to be f(z). The ph出かresolvedcorrelation 
method separa七回 the important signal and the noise in f(z) by calculating 
the discrete correlation between a reference wavelet and the analyzed signal. 
The reference wavelet is assumed to be 

Figure 2.1: Analyzed fringe signal. Three peaks which have separate carrier-

phases are present in the signal. 

h(z， <jY， /1) = he(z) x hc(z，仇ν) (2.1) 

where he (z) is the envelope of the reference wavelet and hc (z，仇ν)，the carrier 
of the reference wavelet， are assumed to be 

0.8 

hc(z，仇ν)= sin (27r悶 (2.2) 

τ0.4 
C可

where /1 is the carrier仕equencyandゆisthe phase-bias variable. For application 
to interferogram analysis， the envelope is assumed to be a Gaussian shape in 
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Position z [μm] where s denotes the wid七hof the envelope. The reason is that the temporal 
coherence function of a white light or low coherence light source is in most cases 
a Gaussian function. 

The phase-resolved correlation function of f(z) is defined as 
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Figure 2.2: A reference wavelet for correlation. The envelope is a Gaussian 
function and its wid七his determined as the coherence length of the light source 

of the interferometer. 

where nz is an integer， making W a spatial disc口re抗tefunction whose spatial 
S臼a叫コ汁刈li加ngp仰閃e印r巾、

七此凶hre閃e-仁d出iimensi旧ona叫1，discrete-position， phase and 仕equency intensity distribution 
according七othe correlation function. 

ow we calculate the phase-resolved correlation ofthe signal shown in Fig. 2.1. 
In this case， to simplify the example， our investigation involves only one fre-
quency. Thc carrier frequency of the signal is determined by its discrete Fourier-
tran5formed 5pectrum. The important signals are localized near the carrier仕e-

quency， (tnd 50 the two-dimensional correlation includes all the signals except 

for thc noise.羽1euse a Gaussian wavelet with a carrier仕equencyof 2.3x 106 

m-1 and width of β=7x 10-9 as shown in Fig. 2.2. This algorithm which is im-

plemented in programming language C on 800MHz PentiumIII processor takes 

1.6 
1.4 

写1.2

51 
~0.8 
CIl 

~ 0.6 
0.. 
0.4 
0.2 

0 
-80 -40 0 40 

Position [μm] 
80 

Figure 2.3: The phase-resolved correlation of the signal in Fig. 2.1. We can 

confirm that the three peaks have different carrier ph街 es.
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Figure 2.4: The schematic setup of an optical coherence tomography system 
which is applied to obtain the interferograms. SLD is a super luminescent 
diode， SM a stepping motor， Ls lenses， M a mirror， BS a beam splitter， PIN 
a pin-hole， and Detector is an avelantie photo detector. The beam funded out 
from the SLD is collimated by L1 and splitter to two paths by BS. One of 
the beam is 児島ctedby M as a reference beam and the other is refiected by a 
test sample as a probe beam， and then these two beams are interfered on the 
detector. 

Figure 2.5: The scheme of the measured sample， the an aluminum-oxide coated 
aluminum mirror. The thickness of the aluminum-oxide layer is 18 mm. The 

incident beam is refiected in three path; (a) surface reflection， (b) border reflec-
tion， and (c) multiple reflection 

0.8 

600 ms to calculate a phase-resolved correlation. Figure 2.3 shows the result 

of the phase-resolved correlation. The three peaks (a)， (b) and (c) shown in 
Fig. 2.3 correspond to those in Fig. 2.1. Three peaks appe訂 tobe caused by 
the di旺erentbeams which are reflected by different depths in the sample because 

each has a different carrier phase， as shown in Fig. 2.3. To take the opposite 
example， these peaks would have the same carrier phase if the peaks were re-
flected at the same point on the sample and subsequently separated by noise or 
inaccuracy in the measuring system. The resolution of this method is limited by 
the broader one of the coherence length of the light source or the width of the 

reference wavelet. The sampling period of the interferogram must be shorter 
than the half of the carrier wavelength， because of the Nyquist theorem. 
As we can see in the example， phase-resolved correlation can separate the 
peaks in a one-dimensional signal into peaks with a three-dimensional distribu-
tion，七husallowing their easier identification. Furthermore， the calculation of 
thc corrclation has the additional e百'ectof spectral filtering. Hence， the corre-
lation separates the important signals from the unwanted noise 

;' 0.4 
c<j 

e 0 
CJ) 

c 

304 
-0.8 

-100 -80 -40 -20 0 20 40 80 100 

Position z [μm] 

Figure 2.6: Unprocessed low coherence interferogram of the aluminum mirror 
Although three signal peaks， (a)， (b) and (c) are in fact prescnt， thcy are masked 
by noise. 

2.3 Demonstration 

scattered by the measured sample. These two beams are interfered at the photo 
detector. By scanning the path length difference between these two beams using 

a stepping motor， we can obtain an low coherence interferogram which contains 
the depth information of the sample as shown in Fig. 2.6. 
This interferogram contains the three peaks which are caused by (a) surface 
refraction; (b) border refraction between aluminum mirror surface and the alu-

minum oxide layer; and (c) multiple refiection， but we cannot ide凶 fythem by 
means of conventional analysis. This is due to the low SNR and the close prox-
imity of the peaks. The phase-resolved correlation method is able to improve 
both selectivity and accuracy of identification. In this case， we analyzed the in-
terferogram at only its carrier仕equencyfor the same reason as in the last casc， 
so that the interferogram can be converted to a two-dimensional distribution on 

a phase(7r)・position(z)plane as shown in Fig. 2.7， where positive and negative 
correlation peak-pairs， such出 (b)and (b') can be co凶rmed.Two peaks in a 

As a more practical example， we analyzed a low coherence interferogram with 
low SNR. The measured sample was an aluminum mirror coated with an alu-
minum oxide layer 18μm thick. Figures 2.4 and 2.5 are respectively the 

chematic diagrams of the interferometer and the measured sample we used， 
whirh includes a super luminescent diode (SLD) light source with a central 
wavelength of 850 nm and 12 nm spectral width. This interferometer contains a 
confocal optical setup with lenses L3 and L4， and a pin hall to improve the SNR 
f interferograms and selectivity of measurement. The SLD beam is split into 
two optical paths by the bcam splitter(BS). One beam is refiected by a plane 
mirror and acts as the reference beam， and the object beam is refiected and 
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Figure 2.7: The phase-r田olvedcorrelation of the signal of Fig. 2.6. The raw 
signal is spread into a three two-dimensional distribution， <t phase， z position. 

peak-pair which are separated by 7r rad. should have the same shape except for 
their sign， we will discuss only the positive peak here. 
We can identify a peak (b) in the center of the plot， and two additional 
small peaks (a) and (c) to its right and left， all of which have different carrier 
phases. Hence， we can conclude that there are three separate signals which are 
caused by di百erentrefl.ections in the sample. Signal (a) represents the surface 
refl.ection， signal (b) represents the border refl.ection and signal (c) represents 
the multiple refl.ection. This operation allows us to extract three signal peaks 
previously masked by noise. 

2.4 Summary 

We have proposed a new signal analysis method named which we call the ‘phase-
resolved correlation method'. Most methods which have up to now been applied 
to interferogram analysis to improve七heSNR can separate signals仕omnoise， 
but are not able to separate independent signals. However， using the phase-
resolved correlation method that we propose here， we can clearly identify indi-
vidual signals. 1n an experimental demonstration， the method shows its ability 
to identiちra thickness of 18μm and noise-masked interferogram signal peaks. 
We havc confirmed that this method is very effective for analyzing low coherence 
interferograms. 

Part 11 
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As we mentioned in par七1，there are some analogies and duality between the 
temporal and spatial behavior of electric白eld.The principle of joint trasnform 
correlator[l J which is one of the most well employed spa七ialoptical computing 
techniques and a spactral modulating pulse shaper[2， 3] which is onc of thc 
most well employed ultrafast pulse controlling techiniques have some analogies. 
Both of the techiniques modulate七hespectrum of an input signal， and thc both 
spectrums are projected spatially. By using the analogy， we can joint these 
two techniques and the joint system superimposes the auto-correlation of the 
temporla pro五leof an input temporal optical signal spatially. 
明w勾ep戸roposea timE令トS叩pa飢cec∞O∞nve白r叫O∞nsystem， spatio-temporal joint transform 
correlator in chapter 3. This system projects the auto-correlation of the tempo-
ral profi1e of a femtosecond light pu1se spatially. In experimenta1 demonstration， 
we measure the pulse separations of some picosecond-separated femtosecond 

twin pulses. 
In chapter 4， a spactral interferometric optica1 coherence tomography system 
is investigated as a more practical app1ication of spatiかtempora1joint transform 

optical coherence tomography system. This system is an all-optical， 1ess spatia1 
scanning optical coherence tomography system， which determines the three di-
mensional profi1e of a test object with an one-dimensional mechanical scanning 

operation 



Chapter 3 

Spatio-Ternporal Joint 

I旨ansforrnCorrelatior 

3.1 Introduction 

1n recent years， large numbers of demonstrations and applications in the五eldof 
optical computing based on the high parallelism， high processing speed and high 
capacity of light have been studied. These techniques can be classified into two 
broad categories. One is spatially discrete optical computing represented by an 
optical neural network technique or the like[16， 17]. Although these techniques 
are based on the parallelism of light， diffraction and interference， the fundamen-
tal properties of light are not availed. The other is a group of techniques which 
are based on optical Fourier transform of Fraunhofer di缶action[l]. 1n these 
techniques， which are represented by a joint transform correlator (JTC)[18] or 
optical matched filtering[l]， the two-dimensional spatial spectrum of an image 
is spread spatially by the Fourier transform ability of a lens and is modulated， 
and so the original image is manipulated indirectly. 

Meanwhile due to the progress of solid state lasers and mode-locking tech-

niques， some pulse laser sources with very short temporal duration have been 
available that do not demand high costs or difficult operation. In accordance 
with the uncertainty of Fourier transform， such pulses have very broad wave-
length spectra， in contrast to their very short temporal duration. Therefore 
spectral五l七eringmethods have been used to control the temporal profiles of 
such short pulses[5， 19， 6， 20]. 1n the methods， the broad wavelength spectrum 
of the pulse is spread spatially by a grating-lens pair and modulated by some 
kind of modulating devices， for instance a liquid crystal spatial light modula-
tor (LC-SLM)， an acousto-optic (AO) crystal， a photore仕activecrystal or the 
like. Then the modulated spectrum is converted七oa temporal pulse by another 
grating-lens pair. As a result the temporal profile of the light pulse can be con-
trolled arbitrarily but indirectly， although its temporal duration is too short to 
be controlled directly. 

In the above discussion， we can五ndmuch similarity between the two tech-
niques， an opticaI computing technique and a spectral fil七eringmethod. The 
similarity is that bo七hof七heinput signals， a two-dimensional optical image in 
the optical computing method and a temporal pulse in the spectral五ltering

23 
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Second F. T. 
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ーOutput 

F4(X，y) 

Figure 3.1: The schematic setup of conventional JTC. Ll， L2 are nlens， F.T 
Fourier transform， and OA-SLM optically addressed spatial light modulator. 
The autひcorrerationof an input image is observed on an output plane. 

method， are Fourier transformed by a Fourier transform lens or a grating-lens 
pair， and the spatial or wavelength spectrum is spread spatially. Then the 
spectrum is modulated and transformed again to the original domain. 

By using the similarity， we can achieve time-space conversion. 1n the above 
methods， both the temporal spectrum and七hespatial spectrum are spread 
spatially. Hence we can connect these two methods at the spectral plane. For 
instance， Nuss et al.[21] demonstrated that when the spatially spread power 
spectrum of an input pulse was recorded on a photo-re仕activedevice spatially， 
then七hespatial pattern was able to be read out and Fourier transformed by a 
lens and cw-laser. As a result， the temporal profile of the 'pulse was projected 
spatially. For another example， Ema et al. [22] demonstrated another method. 
1n this method， the phase term of the spatially spread spectrum of an input 
pulse which rapidly changes temporally is canceled out by a reference beam on 

a non-linear crystal. Hence， we can get the temporal profile of an input pulse 
spatially by a grating-Iens pair and a Fourier transform lens. 

1n this paper， by lIsing the similarity more directlly， we propose and demon-
strate a spatio-temporaljoint transform correlator (ST-JTC)[23] which spatially 
projects the cross-correlation of plllses which propagate on the same longitudi-

nal axis. 1n this system， the wavelength spectrum is spatially distributed by a 
grating-lens pair， which is七hetechnique of a spectral filtering method. Then the 
distribu七edspectrllm is converted to a spatially one-dimensionally distributed 
powcr spectrum by an optically addressed spatial light modulator (OA-SLM) 

and spatially Fourier transformed by a lens and cw-laser， which is the tech-
nique of a conventional spatial JTC. As a resu1t， we can obtain the temporal 
allto-correlation of the input pulse spatially on an output plane. To sum up the 
system、itis a conventional JTC except that the first spatial Fourier transform 
is rcplaced with temporal Fourier transform by a grating-lens pair. Therefore， 
it is a JTC which accepts a temporal signal as an input and puts out a spatial 

signal出 anoutpllt. 
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3.2 Principle 

First， we would describe a conventional spatial JTC which has already been 
widely investigated. A typical setup of a JTC system is shown in Fig. 3.1. We 
assume that the且eldamplitude of a two-dimensional image on the input planc 

in Fig. 3.1 is expressed as Fl(X， y)， and consider the process of obtaining it 
autcトcorrelationby a JTC. 1n the first step， the image Fl (x， y) is c1ecomposed 
to its spatial spectrum by cw-laser ancl a Fourier transform lens. The五cld

amplitude on the focal plane of the lens L1 becomes 

(3.1) 
exp (弓)exp (-i2kん)r.. ( X ν¥ 

F2(x， y) = 、~ --， Fl ( ¥j""' -(: ) 
¥入ん'入ん/

where F1(μ，1/) is the Fourier transform of F1(x， y) which is defined出

F1 (J-L， 1/)二万二日川 (3.2) 

λand k are the waveleng七hand the wave number of the laser， f(αthe focal 
length of the lens， Ll andμ， 1/ spatial frequency. 1n the next step， the spectrum 
is conver七edto its intensity， the power spectrum of F1(x， y) by an OA-SLM or 
a CCD camera and an SLM. 

九(川)= IF2仇Y)1
2

c( IF1 (乏が|= F1 (右主)XFベ合走)

Here Fl * means the complex conjugate of Fl. Finally， the power spectrum is 
Fourier七ransformedagain by another lens. As a result， the field amplitude on 
an output plane is expressed出

F
4
(x， y) =ぽ p(i~) 立 (-i2kfa)A(志ま)
αーに九(十わf)F1(-tzJ-tz，tuftodzrduf 
=九(十，ーか)@九(十?十)

(3.4) 

where fb is the focal length of the lens L2， and @ correlation operator. Note 
that the phase term has dropped out， because we detect only the intensity 
of F4・ Fromthis equation， we can confirm that the output， F4 becomes the 
auto-correlation of F1 (-fal fbX， -fal fbY). 
Next， we explain our novel optical system， ST-JTC， which is the subject 
of this chapter. The schematic setup of the system is shown in Fig. 3.2. The 
system is a conventional JTC except that the lens for spatial Fourier七ransform
is replaced by a grating-lens pair for temporal Fourier transform. The temporal 

and spatial Fourier transform in Fig. 3.2 correspond to自rstand second Fourier 
transform in Fig. 3.1， respectively. When the profile of an input pulse just before 
the grating is given by El(X， t) = S(x)T(t)， where S(x)， T(t) are the spatial 
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Spatial F.T. 

l小S1
Rl 

Michelson ~ nヒ erferロmeter

Figure 3.2: The schematic setup of a spatio-temporal JTC. CL cylindrical lens， 
BS beam spli七回r，OA-SLM optically addressed spatiallight modulator， He-Ne 
laser is 632.8-nm wavelength cw-lasercw-laser and Ti:Sapphire Laser is 800.0-nm 

wavelength and 120-fs FWHM mode-Iocked pulse laser， and F. T. means Fourier 
τ'ransform. The temporal power spectrum of input pulses are spread on the le此
side of the OA-SLM spatially， then the spectrum are read out by cw He-Ne laser 
then Fourier transformed by CL2. Therefore， the temporal correlation of the 
inpu七pulsesare appeared on the CCD spatially. 

and七emporalprofiles of the pulse respectively and x and t are transverse spatial 
axis and temporal axis， the field amplitude after the grating is given by 

ん(x，z=O，t)=伽 )T(t-sx) exp (吋t) (3.5) 

where α=  cos Bd cos Bd，β=入wN/ cos ed. Bi and Bd are the incident angle 
and diffraction angle of the grating， N the grating constant， 入叫 the central 
wavelength of the input pulse and c the velocity of light. Then E2 is Fourier 

transformed by a lens and spread on the left side， the writing side， of an OA-
SLM as 

E3 cx: S (ホx)* T ( -sA:fw x) ~ T ( -祐司 (3.6) 

where ん isthe focal length of CL1 [24]. The approximation is made when the 
spatial extent of七hepulse is much larger than its temporal duration， and the 
phase terms are ignored to simplify the expression. From this equation， we can 
confirm that the temporaJ Fourier transform of the pulse is spread spatially on 
the plane. Then the五eldamplitude is converted to 七sintensity， the power 
spectrum， by the OA-SLM. 

E4 = t (-祐二x)* Y. (一品:x) (3.7) 

3.3. EXPER1MENTAL DEMONSTRATIO 
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Figure 3.3: The auto-correlations of twin pulses with 1.02-ps (a)， 1.38-ps (b) 
and 1.53-ps (c) separations， which are measured by the spatiかtemporalJTC. 
We can confirm that the correlation peaks are shifting with thc separation of 

the input pulses. 

Finally， the power spectrum is read out withん wavelengthcw-Iaser and spa-
tially Fourier transformed by a fr focal length lens， CL2. Hence the field am-
plitude on the output plane is expressed出

Es cx: T (一時サ0T(-結サ (3.8) 

This equation states that the七emporalautかcorrelationof the input pulse is 

spread spatially on the output plane. 

3.3 Experimental Demonstration 

We have demonstrated the ST-JTC. In the demonstration， we use twin pulses 
which are synthesized by a Michelson interferometer as an input pulse signal. 
A parallel-aligned nematic liquid crystal spatial light mod ulator (P AL-SLM) 

manufactured by HAMAMATSU[25] is used as an OA-SLM， and the output-
correlation image is detected by a CCD camera. The schematic setup has been 
in Fig. 3.2; the focallength of CL1 and CL2 is 130 mm and 200 mm， respectively， 
the grating constant of the grating is 2000 lp/mm and the cw・l出 ersource is 
a He-Ne laser with 632.8-nm wavelength. We placed an objective lens in仕ont
of the CCD camera to magnify the correlation image. Autcトcorrelationsof the 

twin pulses which were observed in the experiment are shown in Fig. 3.3. The 

pulse separation of the input twin pulses are 1.02 ps， 1.38 ps and 1.53 ps. Their 
auto correlations are respectively shown in peaks (a)， (b) and (c). Hence we can 
con自rmthat the separation between the土1storder peaks of the correlations 
are in proportion to the separations of the pulses. In the figure， although the 
longitudinal axis is calibra七edto a temporal scaJe， it originally means the spatial 
scale on the CCD camera. 
On the other hand， in Fig. 3.4， the separations between土1stcorrelation 
peaks on the CCD camera are plotted against the displacement of an arm of 
the Michelson interferometer which corresponds to the separations of input twin 

pulses. According to the plot， the root-mean-squared error of the ST-JTC is 
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Figure 3.4:土1storder peak separation on the CCD versus the displacement of 
the arm of the Michelson interferometer. The displacement is in proportion to 

the separation of separations of the input twin pulses. 

determined as 29.8μm on the CCD camera， or 12.4 fs in the temporal domain. 

3.4 Summary 

We have proposed and demonstrated a novel optical system， a spatio-temporal 
joint transform correlator (ST-JTC). The system based on similarity between a 
conventional spatial joint transform correlator， which is one of七hemost popular 
optical computing technique and a spectral filtering methodうwhichis one of the 
most popular method of controling the temporal profile of an ultrafast light 

pulse. Our system is a hybrid of these two methods. 1n the demonstration， we 
determined the pulse separations of twin pulses which were synthesized by a 

Michelson interferometer. According七othe result， we have con五rmedthat the 
experimental system has 12.4 fs temporal accuracy in determining the positions 
of input pulses. 

As eq. 3.8 desc1'ibes， the correlation which derived he1'e is not an intensity 
one but a complex correlation which includes information on the phase of the 
pulsc. The ST-JTC does not depend on nonlinearity which depends on the high 
peak intensity of a pulse. This means that， we can use a super luminescent 
diode (SLD) or any other broad band light source出 theinpu七lightsource. 
With such light sources， the spatial output becomes the temporal coherence 
function of the input light source. Although in the demonstration presented in 

this paper the input signal was generated by a Michelson interferometer， if the 
signal is generated by surface reflection or the like， the system could work as a 
white light interferometer without scanning operation. Based on the idea， we are 
now constructing a non-scanning and all-optical optical coherence tomography 
ystem七omeasure七hein viωstructure of human skin[26]. 

As mentioned in the introduction， the ST-JTC is based on the idea of a spa-
tial JTC. So， almost all techniques of conventional JTC can be applied to the 
ST-JTC， such as nonlinear thresholding to increase the SjN ratio[27] or signal 
retrieval from rough phase noise[28]. Such uni白cationof pulse control and con-
ventional optical computing should yeild a breakthrough in optical computing 

ompu七ationallong distance communication and computational measurement 
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should thus become possible. 



Chapter 4 

Spectral Interferornetric 

Joint T旨ansforrnOptical 
Coherence Tornography 

4.1 Introduction 

Optical coherence tomography (OCT) or a white light interferometer is one of 
the most commonly adopted methods for three-dimensional profile measurement 

and uses a broad-band， low coherence light source. The object to be measured 
is placed on the end of one arm of the Michelson interferometer. The scattered 
light仕omthe object and a reference beam which p出 sesthrough the other arm 
make an interference仕ingeon a photodetector. The interferogram can be used 
to analyze the depth information of the sample object to an accuracy determined 
by the temporal coherence length of the light source[29， 3D， 31]. 
Use of a confocal optical setup or an optical五berinterferometer makes the 
OCT system most suited to measuring light-scattering objects. This system is 
widely used in the biomedical field in 仇 vivomeasurements[13， 32， 14]. How-
ever， the use of a confocal setup sacrifices one advantage of optical measurement， 
namely the spatial parallelism of light. Without this advantage， to determine 
an object three-dimensionally， the system requires a three-dimensional scanning 
process which includes one-dimensional arm-length scanning using the Michel-
son interferometer to determine depth inform叫ionat one poin七onthe measured 

object， and additional two-dimensional perpendicular scanning operations to 
determine the depth information two-dimensionally. This type of mechanical 
scanning operation is very time-consuming， making it impractical for me出 ur-
ing the structure of in vivo objects. 

To remove the one-dimensional depth scanning and to avoid this long mea-
surement time， a spectral interferometer technique has been introd uced to some 
OCT systems[33， 34]. Usually， this type of OCT se凶pincludes a Michelson 
interferometer as part of the conventional OCT setup. 1n systems such as this， 
the temporally encoded depth information is not decoded by scanning the path-

length of the Michelson interferometer as would be done using an ordinary OCT 
system. 1nsteadぅi七isdecoded by a spectrometer. The output light of a Michel-

31 
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son interferometer is temporally Fourier transformed by means of a grating-lens 
pair. Since七hespatially spread spectrum includes the depth information， the 
depth structure of the object can be derived by Fourier transforming the spec-
trogram. This process does not demand mechanical scanning， and therefore，七he
three-dimensional scanning operation is reduced to a two-dimensional version. 

We have presented a spatio-temporal joint transform correlator (ST-JTC)[35]， 
which is based on the principle of femtosecond pulse shaping by spectral modulation[2， 
3， 36， 37] and a joint transform correlator， one of the most commonly used 
spatially optical computing techniques[l]. In the spatio-temporal JTC， the 
temporal information of an ultrafast light pulse or a pulse train is spatially 
spread into its spectrum by a grating-lens pair. The spectrum is then spatially 
Fourier transformed by an optically addressed spatial light modulator (OA-
SLM) and a cylindrical lens. This makes it possible to obtain the temporal 
correlation of the input pulse as a spatial image. In this case， the correlation 
is not an intensity correlation but a phase correlation. Hence， when continuous 
wave (cw) broadband light is incident to the system， we are able to obtain its 
coherence function on the output plane. The spaticトtemporalJTC may also 
be regarded as an all-optical spectral interferometer. Furthermore， the system 
can be spatially one-dimensionally multiplexed due to the spatial parallelism of 
light. So the scanning dimension in OCT can be reduced to one dimension if 
the spatio-temporal JTC technique is introduced to the spectral interferome七ric
OCT system. 

In this chapter， we apply the spectral interferometry to an OCT system to 
avoid the depth directed scanning operation， and also apply the spatio-temporal 
JTC technique to reduce one more scanning dimension and to carry out optical 
Fourier transform. This system does not demand electronic computation to 
obtain the object image， and so it can be implemented as an all-optical setup， 
thus allowing the measurement time to be dramatically shortened. 
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Figure 4.1: Schematic setup of the spectral interferometric joint transform OCT 
system. SLD super luminescent diode， L lens， XCL and YCL x and y orientcd 
cylindricallenses， BS beam splitter， M mirror， G grating，入/2half-wavelength 
plate， pol. polarizer and anl. analyzer. 

the sample object. We used the Michelson interferometer with its arm-length 
shifted several hundred micrometers仕omits zero point. 1n a spectrometer， 
the temporally encoded depth information is spread along thc spatialω也前
a spectral interferogram. The last part of the Fourier transform， the spatially 
spread spectral interferogram is Fourier transformed spatially. As a result， the 
sectional image of the surface under test is obtained by CCD2. 

First， we assume the spectral pro五leof the broadband light source to be 
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4.2 Principle of Spectral Interferometric OCT 

(4.1) 

where v is temporal仕equencyandγis a constant which is determined by the 

tempo叫 sp…1width. The first term of叫 {-π(ν/γ)2}即esentsthe 
Gaussian spectral intensity profile， and the second term exp {ut(ν)} is the phase 
of the spectrum. 1n the experiments， we use a super luminescent diode (SLD) 
as the light source， and soゆ(ν)should be a random function of v. The central 
wave length and FWHM of the spectrum are 851 nm and 12 nm， respectively. 
Hence，γ= 5.37 X 1012. The inverse-Fourier transform of the electric白eld，the 
temporal profile of the light source is expressed as 

An OCT system which uses a white light interferometer encodes the depth in-
formation of a measured object in the temporal complex amplitude profile of 
the reflected beam. When few micrometer depth information is encoded to the 

reflected beamぅthetemporal profile changes very rapidly because a depth of 1 
μm is encoded in 6.6お， furthermore when we use a cw broadband light source， 
the depth information is encoded in the phase of the light， not intensity. This 
means that the depth pro五leof an object is not measured directly even if a photo 
detector has enough high response speed. 1n an ordinary OCT system， to detect 
the fast signal by a slow detector and measure the invisible phase changing， the 
reference beam and the object beam are interfered by the Michelson interfer-
ometer to obtain the correlation signal which contains the depth information of 

the object. One-dimensional scanning operation of one arm of the Michelson 
interferometer is required to obtain depth information on the object. 

To avoid the need for mechanical scanning， we applied the principle of spec-
tral interference and a joint transform correlator to an OCT system. The 

schematic setup of the system of the non-scanning spectral interferometer is 
shown in Fig. 4.1. The optical sys七emis in three parts. The first part is a 
signal gcncrator， which uses light nto encode the three-dimensional shape of 

時(t)ニ γ的 {-π(γ川ゆ(t) (4.2) 

where争(t)is the inverse-Fourier transform of exp { iゆか)}and牢 denotescon-
volution. 争(t)has a temporally constant intensity pro自lewhich is bωed on 
the randomness ofゆ(ν).Hence EO(t) also has a temporally constant intensity 

profile. 

Let us consider the electric field after the signal generator) the first part of the 

optical system. Assuming the difference of the arm-length of the interferometer 



34 CHAPTER 4. SPECTRAL INTERFEROMETRIC JT-OCT 4.3. EXPERIMENTS 35 

Ei(t) γ仰 [-π{γ(t+去)}2]ゆ (t+長)
+γ叫-π{γ(t-去)} 2]ゆ (t-去)

七obe Z， the complex ampIitude profile of point (a) in Fig. 4.1 is 

(4.3) 

where c is speed of light. Byeq. (4.3)， we can con五rm七hatthe depth information 
of the measured object is encoded in the temporal optical signal as a signal-delay. 

After the spectrometer section of the optical system， the intensity五eldpro五le
on CCD1 is described as 

/E2(X)/2 α 叫叶(叫 j玲?鵠古炉伊γ官ザZ
{1 +cos (吋i752)}

(4.4) 
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where vl is the central仕equencyof the SLD， h is the focal length of XCL2 
and αand βare constants determined by the grating， G 出 α二 cosBdBdand 
s= N/(ν1 cos Bd). The electric五eldhave temporally constant intensity profile， 
so that the expression is temporally integrated. The angles Bi and Bd are the 
incident and diffraction angle of the grating and N is the grating constant[24， 
38， 39， 40J. The自rstterm of eq. (4.4) expresses the spectral intensity profile 
of the SLD， the light source. The second term forms a sinusoidal wave with its 
frequency in proportion to the path length difference of the interferometer. 
The intensity profile detected by CCD1 is written on a spatial light modu-
lator (SLM) and read out by a cw-He-Ne laser and spatially one-dimensionally 
Fourier transformed by a cylindrical lens， XCL3. As a result， an E3(x) is ob-
tained on CCD2. 

2 3 

Spatial Position on CCD2 (x) [mm] 
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where V2 is the central企equencyof the He-Ne laser. Using eq. (4.5)， we can 
confirm七hatthe positions of the delta functions on CCD2 represent the path 
length difference of the interferometer. The position of the delta functions 
represent the depth of the sample object， enabling the depth structure of the 
object to be determined by this system. 

Spatial Position on CCD2 (x) [mmj 
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Figure 4.2・ Outputimage of the OCT system. Correlation peaks which 
correspond to七hepath length difference of the two arms of a Michelson-

interferometer. 

4.3 Experiments 

We have measurcd the path leng七hdifference of the Michelson interferometer 

and threc-dimensional pro五lesof two objects by a spectral interferometric joint 

transfonn OCT system， shown in Fig 4.1. In the experiment， an SLD with a 
central waveleng七h850 nm and 12 nm FWHM of spectrum is used as a cw broad 
band light source and a PAL-SLM[41， 42， 43]， parallel aligned nematic liquid 
crystal SLM is uscd as the SLM. 

First， to calibrate the system， we measured the path length difference of a 
the Michelson interferometer. In this case， plane mirrors are placed on the ends 
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Figure 4.3: Schematic figure of the sample object used in the second experiment. 
N ail varnish has been used to adhere together the glass sheets， and the surface 
is coated with aluminum. 

of the two arms of the interferometer. The two cylindrical lenses， XCL1 and 
YCL1 which are shown in Fig. 4.1 are removed. 

The results are shown in Fig. 4.2. In Fig. 4.2-(a)， we can see an autか
correlation peak of an input signal (Oth order peak)， halation noise and 1st 
order cross correlation peak on the left side of the Oth order peak， indicated by 
the white arrow. The position of the 1st order peak represents the path length 
difference. In the case of Fig. 4.2・(b)，one arm-length is 400μm longer than in 
the case of (a). Hence， the 1st order peak shifts in propor七ionto the arm-length 
shi此.From these results， we calculated the coefficient between七hearm-length 
difference and the spatial position on CCD2 as 16μmjpixel. Thus the coefficient 
gives the measurement accuracy of this sys七em.According the FWHM of the 
auto-correlation peaks， the depth resolution of the system is determined as 70 
μm. And， according to the numerical aper七uresof cylindrical lenses and the 
central wavelength of the SLD light source， the x・resolu七ionand y-resolution 
are estimated出 2μmand4μm， respectively. 
In the next experiment， we measured七hesample object with a stepped 
surface shown in Fig. 4.3. The sample is constructed of a cover glass and a glass 
slide covered by aluminum. The optical system included the two cylindrical 
lenses which had been removed in the first experiment. Using XCL1， the light 
is focused on the measured sample， improving the resolution in the x-direction. 
Furthermore， XCL1 corrects the direction of the refiected light， presumably 
leading to reduced light power loss. The image of the object surface is formated 
on CCD1 by the YCL1， resulting in improved resolution in the y-direction. In 
this system， the scanning operation along the z-axis runs in parallel with spectral 

interferometry. Hence， we have to carry out only one-dimensional scanning in 
the x-direction to measure the three-dimensional profile of the object In this 
cxpcriment， we scanned 50 points and recons七ructedthe object surface as shown 
in Fig. 4.4. The stepped surface of the object can be observed. 

In the next experiment， we measured the surface of the J apanese ten-yen-coin 
shown in Fig. 4.5. The coin is made Erom copper with a rough surface and the 
probe light is scattered by the surface. The measured and reconstructed surface 
imagc is shown in Fig. 4.6. The measured area is cropped into a rectangle in 
Fig. 4.5. Figure 4.6 shows the reconstructed surface shape 

Figure 4.4: The Measured thre令dimensionalsurface of the sample shown in 
Fig.4.3. 

Figure 4.5: Photograph of the sample object used in the third experiment， a 
J apanese 10 yen coin. The area which is cropped to a rectangle is measured 
using the system. 

the ability to measure the shape of an rough surface. 

4.4 Summary 

We have constructed a spectral interferometric three-dimensional surface-measurement 
system with only one-dimensional scanning operation and without the need for 

electronic computation. 
In this chapter， we measured three samples to a depth-accuracy of 16μmand 
depth-resolution of 70μm. One is the path length difference of the Michelson 
interferometer， another is the surface of an aluminum coated sample and the 
l出 tis the rough surface of a coin. Although the last sample is a highly light-

scattering object， the system has demonstrated its ability to measure minute 
changes in the height of a sample surface. 



38 CHAPTER 4. SPECTRAL INTERFEROMETRIC JT-OCT 

Figure 4.6: The measured surface image of a 10 yen coin. Although the signal-

to-noise ratio is not ideal， we can identiちra part of the J apanese character “+" 
(ten) 

Part 111 

Spatio-Ternporal Coupling 
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In some di百ractiveoptica1 systems) such回 aspectrometer or a pu1se shaper， 
spatio-tempora1 coup1ing is induced. By the coupling e百'ect，the spatia1 state of 
an e1ectric fie1d is determined by not only its ex-spatia1 state， but a1so its cx-
tempra1 state. As the same) the tempora1 state of the e1ectric fie1d is determined 

by its ex-tempora1 and spatia1 profi1e. 
In the most cases) such coup1ing effect causes the decreasing of accuracy of 

spectroscopy or pu1se control. Such non-demanded phenomena are not avoidable 
but easi1y redusab1e) so that in many case the effects are ignored. 
We can) however) activelly app1y the e百'ectto achive more higher order 

spatio-tempora1 computing. Employing the e百'ect)fo1' examp1e， we can con-
trol the spatia1 and tempor1a pro五leof a femtosecond light pu1se by a one-

dimensiona1 spatia1 1ight modu1ator. 
In this part) we investigate the app1ications of spatio-tempora1 coupling. 
The spatio-tempora1 Wigner distribution function is introduced to analyze the 
spatiか tempora1properties of an optica1 system with 1ess amoun七ofnumerical 
calcu1ation. In chapter 5) we ana1yze the spatiかtempora1coup1ing e百ectof 
conventiona1 pu1se shaper. In chapter 6， an improved pu1se shaper) spatio-
temporally coupled pu1se shaper is introduced， and ana1yzed numerically. The 
pu1se shaper contro1s the spatia1 and temporal profile of a femtosecond light 
pu1se at the same time. In chapter 7) the spatio-tempora1 properties of a time-
domain microscope is numerically ana1yzed. 



wo r
 
e
 

4
L
 
P
 
a
 

'H 
C
 
Spatio-Ternporal Coupling 

in Pulse Shaper 

5.1 Introd uction 

Improvements in 1出 ertechniques have made it easier to apply high precision 
femtosecond lasers to many五elds，including communications， medical equip-
ment， optical measurements and industrial fabrication [44， 4， 45， 46]. Such ap-
plications demand detectors or modulators which work at femtosecond speeds， 
but such devices have yet to be created. Instead， pulse-shapers are widely 
applied to control ultrafast light pulses. A pulse-shaper spatially spreads the 
spectral components of an ultrafast light pulse using a grating-lens pair， mod-
ulates the spectrum by means of a spatial light modulator (SLM) or the like， 
then reconstructs the temporal pulse仕omthe modulated spectrum by means 
of another grating-lens pair. Using a pulse-shaper makes it possible to control 
the temporal profile of an ultrafast light pulse without the need for high speed 

devices. 
In a pulse-shaper or a spectrometer， spatio-temporal coupling effect [47][48] 
are unavoidable. As a resul七ofdiffraction， the temporal profile of an electric 
field is infiuenced by its previous spatial profile， and the spatial profile of an 
electric field is infiuenced its previous temporal pro白le.In some applications， 
the spatio-temporal coupling creates problems， such酪 spatialand/or tempo-
ral defocus or spatial and/or temporal chirp， but it is possible to reduce this 
effect by simple means. For example， in a pulse-shaper or a spectrometer， we 
can ignore the coupling if the spatial beam shape is sufficiently wider than its 

temporal version[49]. On the other hand， it is also possible to apply actively the 
spatio-temporal coupling by understanding the behavior of the coupling both 

intuitively and quantitatively. 
Payne et αl. analyzed the property of a pulse-shaper using thc Wigner 
distribution function. Although， in his paper， he analyzed an ideal pulse-shaper， 
without any misalignment or defocus， it is likely that spatiかtemporalcoupling 
will occur in a non-ideal pulse-shaper. 

In this paper， we analyze the spatio-temporal properties of a pulse-shaper in 
which we take into account defocus of lenses， grating pairs with different grating 
constants， lenses with different focal lengths and combinations of these factors 

43 
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by using the Wigner distribution function. The conversion rule allows us七ointuitively understand the behavior of the 

optical setup 
The coordinate transform of a complex optical setup is calculated as a cross-
product of the transform matrixes of its elemen七s.For example， a transform ma-
trix of a 2-f spatial Fourier transform setup， which is construc七edfrom f -Fresnel 
diffraction， a lens whose focal length is f and ano七herf-Fresnel diffraction i 
expressed as 

5.2 Principle of the Wigner Distribution Func-
tion 

The Wigner distribution function was originally introduced to quantum dy-
namlCS to represent position-momentum intensity distribution containing uncer-
tainty dueもohavi時 beenFourier transfor立削[50].By introducing this function 
to light waves， we can obtain the space-to-spatial frequency or time-to-temporal 
frequency distribution of photons， although the physical quantities have un-
certainty with respect to each other due to Fourier transform. The Wigncr 

expression of spatial and temporal electric field amplitude E(x， t) is defined出
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(5.5) 

会万二E(z+Z，t+;)r(z-L-i)

where (Xi' Ci， ti， Wt) and (xo，と0'to，ω。)are the input and output coordinates， 
たois the transverse wave number which is determined回 21f/入oand λo is the 
wavelength of the light. 
The 3-3， 3-4， 4-3 and 4-4 elements of Eq. (5.5)， the ternporal partial rnatrix 
form a unit rnatrix， so that it does not change the temporal pro五leof the electric 
field. On the other hand， according to the 1-1， 1-2， 2-1 and 2-2 elements of 
Eq. (5.5)， the spatial partial matrix， the spatial and spatial-仕equencyprofile of 
the electric field are swapped. This means that the op七icalsetup can be Fourier 

transformed， spatially. 
The transform matrix of a spectrometer， which is constructed from a 2-f 
Fourier transform setup and a diffraction grating， is expressed as 

WST(x，と，t，ω)= 

where x is the spatial position， c is the spatial仕equency，t is the time and ωlS 
the ternporal frequency. This distribution function represents the intensity dis-
tribution of complex light amplitude in four-dimensional (x，と，t，ω)space， so that 
we can arbitrarily obtain the one to four-dimensional distribution by integrating 
Eq. (5.1) along x， c， t and/or ωBy  representing the input and output field 
intensity of a linear optical setup using the Wigner function， the property of 
the optical setup is expressed as a linear coordinate transformation[51]. When 
a phase modulating optical element， such as a lens， phase-modulator， disper-
sion mcdium 01' spatial diffraction is described as a four-dimensional function， 
φ(x，.;， t，ω)， its partial differentiationθφ/θx，8φ/θ.;， 8争/8tand δ争/8ωreveals
the group velocity delay of 乙丸 ωandt， respectively. Hence， the output four-
dimensional coordinate is expressed by subtracting the group delay from the 
inpllt coordinate. For cxample the coorndinate transform matries represent a 
lens， Fresnel diffraction and diffraction grating are 
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(5.6) 

「ll100011と。_I ko/ f 1 0 0 I I Ci 
to I 0 0 1 0 I I ti 
ω。 o 0 0 1 ωz 

(叶to I I 0 0 1 0 I I ti ω。 o 0 0 1ωi  

and 

[ ii J ~ [αooo l[1 ';0 I _ I 0 1/α0 ーβ/α ふ
to I 1-β o 1 0 I I ti 
ω。 0 00 1ωt  

where α=  cos()d COS()d， s = 2叩 /(ωodcos ()d)， ()i and ()d are the incident and 
di百ractionangle to the grating， respectively， p is the diffraction order and ωo is 
the central frequency of the light. We can confirm the c-ωand t-c coupling in 
七hespectrometer by means of Eq. (5.6) 

(5.2) 5.3 Analysis of the Spatio-Temporal Properties 

of Pulse-Shapers 

(5.3) 

In this section， we numerically analyze the spatio-ternporal properties of several 
pulse-shapers. The五rstrnodel is an ideal pulse-shaper， and others are rnis-
aligned， have input and output gratings with different grating constants， have 
lenses with different focallengths， and have different grating constants and focal 
lengths 

(5.4) 
5.3.1 An ldeal Pulse-Shaper 

We numerically analyzed the spatio-temporal property of a plllse-shaper schemat-

ically illustrated in Fig. 5.1. In this system， we ignore the dispersion caused by 
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Figure 5.1: The schematic set up of a pulse shaper. CL}， CL2; cylindricallens， 
G; grating， ()i; incident angle， ()d; diffraction angle. 
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Figure 5.2: Output field intensity profile of 41 system. A = B = C = D = 1 = 
500mm 

where we assume that A = B = C = 1 = 500 mm ，D 450 mm and G1 
= G2 is 600 lp/mm. In Eq. (5.8)， Co and ωo are transformed to -Ci and Wi， 
respectively， Xo and to include Ci-(内 couplingin addition to Xi and ti. We expect 
the spatio-temporal coupling effect occurs. The numerically calculated output 
profile is shown in Fig. 5.3. We can find that the temporal delay is induced on 

the x-t and ω-t plot， by comparing Fig. 5.2 and Fig. 5.3. 
In the temporal profile， the FWHM of the output pulse is 4.0 times longer 
than that of the input pulse. We can confirm that the spatio-temporal coupling 
induces the temporal chirp in the c-t， x-t and w-t plot. According to Eq. (5.8)， 
the spatial chirp is induced by the spatiかtemporalcoupling effect， al七hough
the x-c plot of Fig. 5.2 and Fig. 5.3 are the same. This result means that the 

infiuences of Ci and Wi cancel each other out， so that七hespatial profile does not 
come under the infiuence of the spatio-temporal coupling effect. 

In the same way， when the distance from CL2 to G2 is longer than the focal 
length of CL2 (that is D > 1， if we assume that A = B = C = 1 = 500 mm， 
D = 550 mm  and G1 G2 is 600lp/mm)， the Wigner transform matrix is 
represented by Eq. (5.9). In this case， the numerically calculated output pro五le
is opposite to Fig. 5.3 wi七hrespect to the direction of the七emporalchirp. The 
chirp direction corresponds to the sign of the elements 3-2 and 3-4 in Eq. (5.8) 

and Eq. (5.9) 

(5.8) 
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the atmosphere during propagation， and gratings are placed in the Littrow con-
figuration (α = 1). 

The assumed spa七ialprofile of the input pulse is Gaussian with FWHM of 1 
mm， and the central wavelength is 749.4 nm. Although， the light pulse generated 
by Ti:Sapphire laser has a sech2-temporal pro五le，to reduce the computation 
time， we assumed a Gaussian profile with FWHM of 100 fs. The Gaussian 
and sech2 profile differ imperceptibly回 longas a nonlinear phenomenon does 

not intervene. An output Wigner distribution function is a four-dimensional 
(x，乙t，ω)distribution， thus by two-dimensionally integration， we can obtain 
an arbitrary two-dimensional profile of an output pulse on non-integrated axes 

For numerical caIculation， we used 64 sampling points along the integrated axes 
and 32 sampling points along the displayed axes. 

The Wigner transform matrix of an ideal pulse-shaper， without any mis-
alignment， is 

(5.7) 

where we assume t山ha叫tA = B = C = D = 1 = 500 mm  and G1 = G2 = 600 
lp/m即 m.
t廿ra出nsfor口mmatrix of Eq. (5.7) create a negative unit matrix， and theもemporal
component (the elements of 3-3， 3-4， 4-3 and 4-4) create a positive unit matrix， 
so that the output electric白eldintensity profile equals the input profile， except 
that the spatial profile is inverted. 

The numcrically calculated output pro五leis shown in Fig. 5.2. In this Figure， 
the brighter and darker points represent higher and lower intensity. It is clear 
仕omFig. 5.2 and Eq. (5.7) that spatio-temporal coupling is not induced by the 

ideal pulse-shaper. 

5.3.2 

In this section， we consider a pulse-shaper with misalignment， whose the disー
もancefrom CL2 to G2 is shorter than focal length of CL2， and then the Wigner 
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Figure 5.4: Output fie1d intensity pro五1e.(a) D = 450mm; (b) D = 500mm; 
(c) D = 550 mm. 
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As shown in Fig. 5.4 by comparing the intensity profi1e of c出 esD < f and 
D > f， the x-t plot is the same and the t-ωplot varies its inclination. The 
former case shows that the chirp direction of七hetempora1 and spatial profile 
are inverted by the spatio-七emporalcoupling effect， and the latter case shows 
the direction of the temporal chirp to be inverted. Therefore， we can find that 
high frequency components are forwarded in the case of D < f whereas in the 
other c部 ethe low frequency components are forwarded. 

(5.9) 

In this section， we consider a pulse-shaper whose input and output grating 
have different grating constants， without misa1ignment. The Wigner transform 
matrix is then 

(5.10) 

where we assume 七hatA = B = C = D = 500mm， G1 is 600 1p/mm and G2 is 
1200 lp/mm， sl = 2π/(d1ωo cos B dl) and s2 = 2-rr / (d2Wo cos B d2) are defined by 

A Pulse-Shaper with Different Grating Constants 
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Figure 5.7: Output五eldintensity profile. A = B = 500 mm， C = D = 400 mm. 

where A = B = 500 mm， Cニ D= 400 mm and G1 = G2 = 600 lp/mm. In 
Eq. (5.11)，ωo and Xo are transformed to Wi and -4xd5， respectively，ふ and
ti include Ci-ωi and ti-Xi in addition to Ci and ti. The numerically calculated 
ou七putpro五leis shown in Fig. 5.7. As compared with Fig. 5.2， the c-t，ω-t 
and w-c plot are spread by the chirp of the temporal and spatial仕equency
profile. In the x-t and ωーと plot， both the temporal and temporal 仕equency
chirp are induced by the spaticトtemporalchirp. The Iight pulse is moved along 
the spatial a.xis by the temporal chirp. The FWHM of the temporal and spatial 
pro五lestretch 3.2 and 4.0 times the input pulse respectively. On the other hand， 
the FWHM of the spatial profile is compressed by a factor of 0.8 times since 
Xo is in proportion to the focal length ratio and is smaller than Xi，部 shownin 
Eq. (5.11). 
In the same way， when the focallength of CL2 is longer than CL1 (we assume 
A = B = 500 mm and C = D = 600 mm， that is， A < C)， the Wigner transform 
matrix is 
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(5.12) 

According to Eq. (5.12)， the sign of the element of 2・4and 3-1 di百ers仕omthat 
in Eq. (5.11). We can see that the direction of the chirp is reversed. In this 
case， the numerically calculated output profile is shown in Fig. 5.8. We can 
con白rmthat the direction of the chirp is opposite to case A > C by comparing 
Fig. 5.7 and Fig. 5.8. The inclination of the x-t and ωイplotare also varied by 
the spatio-temporal chirp. The FWHM of the temporal， spatial仕equencyand
spa七ialprofile stretch 3.2， 2.7 and 1.2 times of the input pulse， respectively. The 
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(A = B = C = D = f = 500 mm， 

several grating constants d1 = 1/600 mm  and d2 = 1/1200 mm. In Eq. (5.10)， 
Xo and Wo are transformed to -Xi and ωi， respectively， Co and to include Ci-ωz 
and ti-Xi coupling in addition toふandti. We can see that the spatiかtemporal
coupling effect induces the chirp at the spatial仕equencyand temporal profile. 
In this case， the numerically calculated output pro白leis shown in Fig. 5.5. As 
compared with Fig. 5.7， we can see that the spatiひtemporalcoupling induces 
the temporal chirp in the x-t plot. In the temporal and spatial仕equencypro白le，
the FWHM of the output pulse stretches 15.4 and 8.8 times longer respectively 
as a resul七ofthis chirp. AIso， we have confirmed that the light pulse shifts from 
upward to downward. 
In addition， by reducing the output grating constant (d1 1/600 mm、
d2 1/1800 mm)， the numerically calculated output profile varies as shown 
in Fig. 5.6. The FWHM of the temporal and spatial frequency profile stretches 
44 and 20 times the input respectively. We have confirmed that the quantity of 
the chirp increases when reducing the grating constant. 

5.3.4 

In this section， we consider a pulse-shaper with a different focal length lens 
pair in which the focal length of CL1 is longer than that of CL2・ TheWigner 
transform matrix then takes the form of 

日]= [ ~:! (5.11) 

Pulse-Shaper with different focal length lens pair 
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Figure 5.9: Output五e1dintensity profile. (A = B二 50∞Omηnm，
G1 : 600 lp/m民

output pro白leis shown in Fig. 5.9. A comparison of Fig. 5.9 with Fig. 5.8 shows 

the direction of the spaticトtempora1chirp to be opposite in the x -t and/or ωf 
p1ot. The FWHM of the tempora1 and spatial frequency pro五1eof the output 
pu1se are stretched to 15.1 and 6 times respectively that of the input pulse by 

the spatio-temporal chirp. 
For the above result， the spatia1 pro五1ecan be controlled by the focal length 
ratio， and the direction of the spatio-tempora1 chirp is possible to be controlled 
by the addition of grating-pairs with different grating constants. 

In this chapter， we numerically ana1yzed the spatio-tempora1 properties of sev-
eral pu1se-shapers， speci五callyan idea1 pulse-shaper， a pulse-shaper with lens 
defocus， with a grating-pair with different grating constant， with a lens-pair with 
different focal 1engths and combinations of these using the Wigner distribution 

function. 
In the case of 1ens defocus， we have confirmed that the spatio-tempora1 cou-
pling effect induces a tempora1 chirp， and the ve10city of the tempora1仕equency
component is varied by the chirp. In addition， if the disp1acement of the dis-
tance仕omCL2 to G2 is the same， the spatio-tempora1 distribution is the same 
and not dependent on the distance. In the case with di百erentgrating con-

stants， the degree of bo七hthe tempora1 and spatial frequency chirp is varied by 
combination of different grating constants， and the light pulse is moved on the 
spatial axis by the temporal chirp. In the case of different foca1 length 1enses， 
the FWHM of the spatial profile is in proportion to focal lcngth ratio， and七he
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Figure 5.8: Output fie1d intensity pro五1e.A = B = 500mm， C = D = 600mm. 

FWHM of spatia1 frequency profile is narrower than the case A > C， because 
the element of 2-2， the in proportion toふissmaller than 1. 
A comparison of c出 esA > C and A < C shows that the FWHM of the 
spatial pro五1eis proportional to the foca1 1ength ratio. The magnification of the 
FWHM is decided by the focallength ratio， that is， A/C. The chirp direction of 
~ and t are inverted by the magnification， and the inclination of the x-t and w-~ 
plot also vary. The FWHM of the spatia1丘equencyprofile is changed by the 
spatio-temporal chirp， although the FWHM of the temporal profile remains the 
same. According to Eq. (5.12)， the absolute value of elements 3-1 and 3-3 is the 
same， although elements 2-2 and 2-4 is different， so that the spatial仕equency
profile is changed. As a result of the七emporalchirp， the top and tail of the 
pulse arrive at different places. When the focal length ratio is smaller than 1， 
we can confirm the light pulse moves along the spatial axis. 

5.3.5 and 

In this section， we consider a pulse-shaper with different grating constants and 
focal length lens pair whose the Wigner transform matrix is 

(5.13) 

where A = B = 500 mm， C = D = 600 mm， G1 is 600 lp/mm and G2 is 1200 
lp/mm. As compared wi七hEq. (5.12)， the quantity of the chirp is a function 
of the grating constant ratio of the grating-pair. The numerically calculated 

Pulse-Shaper with different grating constants 
focal length lens pair 
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light pulse arrives at different place of the top and tail of the pulse induced 
by the temporal chirp. 1n the case with a different grating constant and focal 
length， the direction of the temporal and spatial仕equencychirp is varied by 
the combination of the grating constant. 

The quantization of the spatio-temporal coupling effect， as described above， 
suggests a number of practical applications which take advantage of the effects 
of speci且ctemporal 仕equencyon arbitrary spatial position which enable changes 
to be made to the beam direction of a light pulse. These applications will have 
poten七ialfor controlling the properties of high speed solid state components. 
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 Spatio-Ternporal Coupling 
in Spatio-Ternporal 

Coupled Pulse Shaper 

An improved pulse shaper is proposed which is able七ocontrol both the spatial 
and temporal pro白leof femtosecond light pulses. Our pulse shaper exploits 
the spatio-temporal coupling e宜ectseen in pulse shapers. 1ts properties are 
numerically analyzed by application of the Wigner distribution function. Wc 
con五rmthat the spatio-temporal output pulse track dictates the di旺erentiation

of the phase mask; that the degree of spaticトtemporalcoupling is determined 
by the focal length ratio of the lenses in the pulse shaper; and that space to 
spatial-企equencychirp results企ommisalignment of lenses. 

6.1 Introd uction 

A femtosecond light pulse has a number of interesting and useful properties 

which result from its short temporal duration. Many potential applications of 
these propertiesう suchas the control and measurement of the ultraf出 tprop-

erties of materials， and high capacity， high speed communications have been 
studied[44， 4， 45]. 
To realize these applications， the key issue is how to control the temporal 
pro五leof a femtosecond light pulse with high accuracy; and to realize such 
control， spectral modulating pulse shaping techniques are being intensively 
studied[2， 36]. 1n this method， the broad temporal spectrum of a femtosec-
ond light pulse is spread spatially by means of a grating-lens pair and then 

modulated using a spatiallight modulator (SLM) or the like. The spectrum is 
then re-Fourier transformed into a temporal signal using another grating-lens 
pair. The optical setup for this operation is called a pulse shaper. 

1n a pulse shaper or a spectrometer， it is impossible to avoid spaticトtemporal
co叩 lingeffects出 mentionedin chapter 5[47， 48]. As a result of diffraction， the 
temporal profile of an electric field is influenced by its former spatial profile. 
Similarly， the spatial profile of an electric field is influenced by its previous tem-
poral profile. 1n some applications， spatiかtemporalcoupling creates a number 

55 
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Gl CL1 MASK CL2 G2 

Figure 6.1: The schematic setup of a conventional pulse shaper. CL denotes 
cylindrical lens， and G grating. 

of problems， such出 spatialand/or temporal defocus or spatial and/or tem-
poral chirp. For example， in a pulse shaper or a spectrometer， this coupling 
can be ignored if the spatial beam shape is su伍cientlywider than its temporal 

versio叫49J.
On the other hand， if a convoluted spatio-temporal axis can be generated 
by coupling， employing this axis makes it possible to simultaneously control 
the temporal and spatial axis of a femtosecond light pulse by means of one-
climensional modulation. Some pulse shapers， however， apply coupling and 
control pulses both spatially and temporally， but use only spontaneous spaticト
temporal coupling. We have proposed a spatio-temporally coupled pulse shaper 

(STCPS)， which artificially e山 ancesspaticトtemporalcoupling and controls the 
七emporaland spatial pro五leof a femtosecond light pulse simultaneously by 
means of a one-dimensional spatial light modulator (SLM) [50J. 

In七hischapter， we analyze the STCPS by using the spatio-temporal Wigner 
distribution function[51， 52]. This approach allows the entire optical system to 
be described as one simple coordinate transform matrix， dramatically reducing 
the amount of caIculation required for numerical analysis. 

6.2 Spatio-Temporally Coupled Pulse Shaper 

The schcmatic setup of a conventional pulse shaper is shown in Fig. 6.1. The 

spectrum of an input light pulse is spati叫lyspread by means of a grating-lens 
pair， G1-CL1， then modulated by a mask， which may be a liquid crystal SLM or 
the like. Finally， the temporal light pulse is reconstructed by another grating-
lens pair， G2-CL2. This setup enables七herapidly varying temporal profile of 
the pulse to be controlled in spite of the use of a slow-response modulating 
device. 

The field amplitude of the input pulse is assumed to be Eo(xo， to): 

Eo(xo， to) = Eg (xo)E6 (to) (6.1) 

where Eg (xo) and E6'(to) are the temporal and spatial profile of Eo(xo， to)， 
respectively and Xo and to are spatial and temporal variables on the input 
plane. The input pulse is Fourier transformed by the grating-lens pair， ancl the 
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GI CL2 MASK CL3 G2 

Figure 6.2: The schematic setup of a spatiかtemporallycoupled pulse-shaper. 
CL1 CL4 denote spaticトtemporalcoupling lenses with focal length of fc. CL2 
and CL4 denotes shaper-lenses with focal length of fs. G is grating. 

field amplitude on the mask plane is expresscd as 

E1(21J1)=tf(21)*iEZ(t1) (6.2) 

where ~g and EO are the spatial and七empo凶 Fouriertransforms of Eg (xo) 
and EO'(to)， respectively. According to this equation， the field amplit吋 eon 
the mask plane is a convolution of the temporal Fourier transform of EO(to) 
and the spat出 1Fourier transform of Eo(xo)， This convolution takes the form of 
spatio-temporal coupling. In most cases， the temporal duration of the pulse is 
sufficiently shorter than the spatial duration，出 in

w[丸(x山)]>> W [Eg(ω0)] (6.3) 

where W [J(μ)] corresponds to the width of f(μ);to(zoAJo)and i75(5o，to)ue 
the temporal and spatial Fourier transforms of Eo(xo， to)， respectively; and co 
a~d Wo are the spatial and temporal frequency on the input plane. We can regard 

EF出 adelta function， thus allowing spatiかtemporalcoupling to be ignored. 
Hence， the spatial pulse profile on the mask equals its temporal spectral pro日le.
On the other hand， our STCPS enhances spatio-temporal coupling， and 
employs coupling to simultaneously control both the temporal and spatial profil 
of the light pulse. Figure Figure 6.2 shows the schematic setup of the STCPS. 
CL1 and CL4 are spatiひtemporalcoupling lenses which induce spatiかtemporal
coup1ing and whose focal lengths are represented by fc; and CL2 and CL3 
are pulse shaper lenses of focal leng七hfs. 1n this system， the input pulse is 
spatially Fourier transformed by CL1 before the grating G1. The condition 

shown in eq. (6.3) thus cannot be satisfied. The electric field pro五leon the 
mask plane is determined as the convolution of the spatial pro五leand temporal 

spectral profile of the input light pulse. We will explain the properties of the 
system quantitatively and numerically by use of the Wigner function later， but 
we will explain it here intuitively and geometrically. 
Light beams which pass along the dashed beam line and the solid beam 
lines in Fig. 6.2 have di旺erentincident angles to the grating， with the result 
that their spectral components are spread on different areas on the mask. By 

taking advantage of this property， we can modulate the temporal profiles of 
the beams independently using one-dimensional SLM; in other words， we can 
simultaneously control七hespatial and temporal profile of the pulse. 



58 CHAPTER 6. ST-COUPLING IN ST-COUPLED PULSE SHAPER 6.4. NUMERICAL ANALYSIS 59 

ln accordance with the shift-law of Fourier transforms， when the temporal 
spectrum E(ω) is modulated by a linear phase bias，七hetemporal profile is 
shifted in proportion to the inclination of the phase as in 

E 2.4 
E 

E 2.4 
ロ

F[E(ω) exp(i27fω)J = E(t +α) ， (6.4) 
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where F refers to Fourier transform. When we use a phase-only mask in STCPS， 
the output light pulse will shift in propor七ionto the phase inclination of the 
small part of the m邸 kat which the spectrum is modu1ated. Hence， the spatia1 
differentiation pattern of the phase-mask appears on the output spaticトtemporal

plane[53J 
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6.3 Wigner Expression ofSpatio-Temporally Cou-

pled Pulse-Shaper 
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The STCPS is constructed of elements which are described by eq. (5.2)， eq. (5.3) 
and eq. (5.4) and a phase-mask. The transform matrix of the STCPS can thus 
be obtained as the crossproducts of element-matrixes. The transform matrix 
between the input plane and the phase-mask plane of the STCPS is 

[ 一人/附 o 0リ山山一一β払W州川人νM仙/パμ(似α
0 一αfc/fs 0 0 

(6.5) o sfc/ko 1 0 
o 0 0 1 

-2.4 

-1.6 0 1.6 
Time [ps} 

Jt=l∞o [mm} 
FWHM=5∞[ぬ]

-2.4 

・1.6 0 1.6 
Tim巴[ps}

Jt=5∞[mm] 
FWHM=9∞[fs1 

Figure 6.3: Spatio-temporal profile of output light pulse of STCPS with 

quadratic phas令 masks.

On the other hand， the same matrix for a conventiona1 pulse shaper is 

[ a~ 一山)0 川)I αko/ fs 0 0 0 
- β010  

o 001  
The firs七rowsof eq. (6.5) and (6.6) represent the effect of the input pulse 
profile on the output spatial x profile. 1n eq. (6.6)， the case of an ordinary pu1se 
shaper， e1ement 1-1 is 0 and element 1-2 is -fs/(αko)， so that the spatia1 output 
profile is determined by the c and ωpro五leof the input pulse. The spatia1 profi1e 
on七hemask plane is a convolution of the c and ωprofile of the input， and in 
mosもcascsthe c pro五lecan be regarded as a delta function， meaning that the 
spatial profile can be regarded for practical purposes回 aprofile of the input 

pulse. 
On the other hand， in the case of the STCPS described in eq. (6.5)， the 
spatial pro白1eon the mask p1ane is determined by the x and ωpro五1eof七he
input. Normally， the width of the x profile is much greater than that of c， so 
we should regard the spatial profile on the mask p1ane as the convolution of the 
x and ωpro五leof the input. This convolution causes spaticトtemporalcoupling， 
and the signi五canceof the coupling is controllable by changing the focal length 
ratio of fs andん becauseelement 1-1 of the matrix is -fs ( -αfc) 

Fig. 6.2. The spatial and temporal FWHM of the input light pulse are 100 fs 
and 2.0 mm， respectively， and its central wavelength is 775 nm. 

(6.6) 6.4.1 STCPS with Quadratic Phase-Mask 

The phase mask is assumed to be a cylindricallens which can also be regarded 

出 aquadratic phase mask. We assume all the focal lengths of CL1， CL2， CL3 
and CL4 to be 50 mm and the grating constant of G1 and G2 to be 2000 lp/mm. 
First， we analytically calcu1ated the transform matrix of the optical se七up，then 
numerically calculated the output light pro五lesin 32x32 pixel squ紅白出 shown

in Fig. 6.3. The focal1engths of the cylindricallenses for the phase masks fl are 
-1000 mm， -500 mm， 500 mm and 1000 mm. The output spatio-temporal pulse 
pro五leshould thus be a derivative of the phase mask， putting the time-space 
inclinations of the output pulses in proportion to the focal 1ength of the mask-

lenses. Their temporal FWHMs are 500 fs， 500 fs， 900 fs and 900 fs， respectively， 
and are in inverse proportion to the focal1ength of the mask-lenses. 

6.4.2 STCPS with Cubic Phase Mask 

6.4 Numerical Analysis 

Now we assume cubic phase masks as shown in Fig. 6.4; (a)ゆ(x)= 4.5 X 1Q-8x， 
(b)ゆ(x)= 3.5 X 1O-8x and (c)ゆ(x)= 2.5 X 1O-8x， where x mm is spatia1 
position on the phase-mask and ゆradianis phas令modulatedby the ph剖e-
m出 k.We assume that the focallengths of CL1 and CL4 are 20 mm and those 
of CL2 and CL3 are 130 mm， respectively， and the grating constants of G 1 and 
G2 are 2000 lp/mm. It can be confirmed七hatthe output spatiひtemporalpulse 

1n this section， wc numerically analyze the behavior ofthe STCPS with a number 
of phas令masks. vVe base our calculations on the optical setup illustrated in 
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Figure 6.6: Spatio-temporal profile of output light puIse with come combination 
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Figure 6.5: Spatio-temporal profiles of output light pulse. It can be con白rm
that the spatio-temporaI peak tracks forms quadratic curves. 

pro五Iesform quadratic curves as in 

T(x) = 0.41 X 1Q-3x2 

T(x) = 1.01 X 1Q-3x2 

T(x) = 1.90 X 1Q-3x2 

(6.7) 

(6.8) 

(6.9) 

focallengths， as shown in Fig. 6.6. A larger focallength ratio 1c of the coupling 
lens to that of the shaper lens 18 creates a higher degree of spatiひtemporaI
coupling. Although in the cases of (b) and (c)， the focaI length ratio is the 
same，ん/1c= 4.3， the ou七putpulses have a different curvature. This is because 
eq. (6.6) dictates that the spatiかtemporalcoupling effect is determined by both 
the focal length ratio and the 18 to the central wavelength ratio， as shown in 
the 1-4 element in eq. (6.6). 

6.4.3 E百ectof Focal Length Ratio between Coupling and 
Shaping Lens 

Equation (6.6) indicates that the coefficient ofspatio-temporal coupling ofSTCPS 

is determined by the focal length-ratio of the spatio-temporaI coupling lenses 
CL1 and CL4 to七hatof the pulse shaper lenses CL2 and CL3. We numer-
ically calculated several output pulse pro白lesusing different combinations of 

6.4.4 Effect of Defocus of Coupling Lens 

Figure 6.7 shows the output puIse profiles in the case of an STCPS with de-

focused CLl. Columns (a)， (b) and (c) show， respectively， cases where the 
distance between CL1 and G1 is 20% shorter than the focallength of CL1; is at 
the focal length; and is 20% longer than the focal length. The pictures on the 

second row show that the spatio-temporal intensity profile is the same on the 
output plane， although c-x chirp is present in proportion to the degree of defo-
cus. Due to the effects of chirp， the spatio-temporal profiles are developed into 
different forms with spatial propagation. After 8 cm propagation， the spatial 
profiles of (a) and (c) are respectively broader and narrower than that of (b). 

by Fig. 6.5， where T(x) means the temporal position of the output pulse peak 
on each x. Equation (6.7)， (6.8) and (6.9) correspond to the cases of (a)， (b) and 
(c) in Figs. 6.4 and 6.5. These equation are calculated using the least squares 
method， from the numerically analyzed results. The root-mean-squared errors 
(RMS) of (a)， (b) and (c) are O.19x10-3 ps， 3.67xl0-3 ps and 12.52xlQ-3 ps， 
respcctively. A larger curvature of the phase-mask results in a larger RMS， with 
the errors localized in the spatial outer side of the output puIse. 

6.5 Summary 

In this chapter， we have proposed a spatio-temporally coupled pulse shaper 
(STCPS) for simultaneous spatial and temporal controI of ultra f;出 tlight pulses 
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Chapter 7 

Tirne-Dornain Microscope 

7.1 Introduction 

Direct measurement of ultrafast light pulse is curr百 ltlylimited to several hun-

dread femtosecond resolution based on the performance of state-of-art photode-
tectors， oscilloscopes， and streak cameras. To extend the direct measurcment 
capability， Bennett et al. have developped a technique of a time-microscopc[55] 
Based on the anologies between dispersion and freespace diffraction， and quadratic 
phase modulation and a lens[12]， the timc-microscope achives in the tir口rne
ma剖inwhat microscopes a抗chiv刊ei山ns叩pa飢ce.

In this chapter， we numerically analyze the the spatio-temporal property of 
a time-microcope by using Wigner distribution function. 

Time [ps] 

(c) 

7.2 Priciple of Time-Domain Microscope Figure 6.7: Spatio-temporal profile of output light pulse with misalignment of 
a coupling lens. The distance between CL1 and 01 is (a) 20% shorter than 
七hefocallength of CL1， (b) the focallength and (c) 20% longer than the focal 
length. The first line shows the c-x distributions on output plane， and others 
hows t-x distributions. 

by means of one-dimensional spatial light modulation. 

We have numerically analyzed the spatio-temporally coupled pulse shaper 

(STCPS) using the Wigner distribution function， which affords a dramatic re-
duction in the amoun七ofcalculation required to describe spatiかtemporalcou-
pling in comparison with the ordinary method based on complex amplitude. 
Scveral behaviors of the STCPS were confirmed. Quadraもicphase rnodulation 
by means of a lens causes thc spatio-temporal pulse track to forrn a line whose 

inclination is in proportion to the focal length of the rnodulating lens. Cubic 
phase modulation results in the spatio-ternporal pulse track forming a curve of 

sccond degree whose second order coefficient is in proportion to the third or-
der coefficient of the phase--mask. The infiuence of spaticトtemporalcoupling is 

controlled by the focal length ratio of coupling lenses to shaper lenses and the 
wavelength of the light source七othe focal length of the shaper lens. x-c chirp 
occurs as a result of defocusing the cOllpling lens， although the x-t intensity 
profile on the output plane remains constant. 

The schematic setup of temporal imaging system is shown in Fig. 7.1. An .inpllt 
pulse enters the time-microscope and is dispersed by an input grating pair by 
spectral q uadratic phase 
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(7.1) 

where El and E2 are temporal Fourier transform ofinput pulse El (t) and output 
plllse E2(t) of the grating-pair， α 11 and s仇1口1七出heparameter of the gratings which 
are de五ned邸 αl口1二 C∞os8仇11/ c∞Oωs8むd，s11 = 27rmN/(ωo cos む)when 8t and 8d are 
incident and diffraction angle of the五rstgrating (G11)， Nlp/mm is thc grating 
constant， m is diffraction-order and ωo is the central frequency of the plllse. 
The second grating (012) is placed出 α12= 1/α11 and β12ニ β11/α11.The 
pulse next encounters a temporal puadratic phase modulation proc出 S，Jn some 
implementations， which is apploximatelly achived by co-sinusoidal modulation. 

叫)=帥)x叫去t2) (7.2) 

w here fT is focal time. Finally，七hepulse is dispersed again by the second 
grating-pair as the same of eq. (7.1) 
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(a) 
DISPERSIVE 

GRATING.PAIR 

7.3 Wigner Expression of Time-Microscope 
DISPERSIVE 

GRATING.PAIR 
The time-microscope is constructed by elements which exprcssed by eq. (5.2)， 
eq. (5.3) and eq. (5.4)， so that its tranform matrix is ca1culated by the crossprod-
ucts of the element-matrixes as 

2M -1 。 1β Aイ 2fr(1-M) 
βko 

坐f主T立 長一 1 一笠fTh 2β(1十M)ル4
(7.8) 

-2s(M + 1) 2f(M-l) λ4 
2fr(M-1)2 

λイβko Mko 

2βfT ko 7λ4E-I 1 主fTa 五Z

Figure 7.1: Schematic setup of (a) temporal and (b) spatial imaging system. 
Input and output grating pairs in (a) make spectral dispersion which accordance 
with七he仕ee叩 acedispersion in (b)， and quadratic phase modulator act as a 
time-lens. 

Eout(C) =ι(と)x叶令2) (7.3) 

where β=β11 s21， and assuming the retrow configuration，α11α21ニ
1. The four elements on the right-up side of eq. (7.8) express tim令七o-space
coupling， and four elements in left-low side express space-to-time coupling in 
the time-microscope. 

To simpliかthematter， we disscuss about the condition M = 1. The trans-
form matrix is 

The spatial one-dimensional Fresnel diffraction is expressed as 

w here c is spatial仕equency，zf is propagation distance. Equation (7.1) and 
eq. (7.3) have the same form， so that the dispersion of the grating pair can be 
regard as temporal Fresnel diffraction whose diffraction length is 
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(7.9) 

r1 =β?lZ1/α?1・ (7.4) 
The 1-3 element of eq. (7.9) is -4s， not 0， so that the output spatial profile is 
infl.uenced by the input temporal profile， even though thc magnification M is 
1. In the following section， we nurnrically investigate the effect of the spatio-
temporal coupling. The effect of a spatial one-dimensional lens is expressed as 

山)= Ein(X) X川和2) (7.5) 
7.4 Numerical Analysis 

Eq凶七ion(7.2) and eq. (7.5) have the same shape， so七hatthe temporal q凶dratic
phase modula，tion can be regard as temporal lens that is sometime called time 

lens， and fr is sometime called focal tiロ吋12].
These analogies provide a temporal imaging condition as 
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(7，6) 

In this section， we numerically analyze the behavior of the time-domain micrcト
scope with some a number of phase-masks. We base our calculations on the 
optical setup illustrated in Fig. 7.2. The amplitude of the co-sinusoidal phase 
modulation isπrad， its仕equencyis 18.9 KHz， the separation of the gratings of 
a grating pair is 15.0 cm， grating constant is 2000 lp/mm， incident angle of the 
grating is 50.8 deg， anc;J these grati時 sare set in Littrow co凶 guration.The in-
put pulses have temporal and spatial FWHM of 100 fs and 1.0 mm， respectively. 

whereア'2is the temporal Fresnel diffraction distance of the second gra七ing-pair.

Whcn eq. (7，6) is satisfied， the time-microscope expands the temporal input 
;i色nalby a magni日cationfactor 

1v1 = _ T2 
T1 

(7.7) 

7.4.1 Spatio-Temporal Coupling lnduced by Magnifica-
tion Changing 

A七thefirst analysis， we investigate about the spatio-temporal coup1ing induced 
by changing the magnitude of the time-domain microscope， The Wigner trans-
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Figure 7.2: The schematic setup of analyzed time-domain microscope. The 
amplitude of the co-sinusoidal phase modulation is 7r rad， its仕equencyis 18.9 
KHz， the separation of the gratings of a grating pair is 15.0 cm， grating constant 
is 2000 lp/mm， incident angle of the grating is 50.8 deg， and these gratings are 
set in Littrow configuration. The input pulses have temporal and spatial FWHM 
of 100 fs and 1.0 mm， respectively. 

Figure 7.4: Spatio-temporal copuling induced by focal time error. The magini-
fica七ionM is 1.0， the丘equencyof the phase modulation， a time lens， Wm is 18.9 
Hz， and the ideal amplitude of modulation A争 is1.07r rad. The errors arc (a) 
-2%， (b) -1%， (c) 0%， (d) +1%， and (e) +2%. 

O 

7.4.2 Spatio-Temporal Coupling lnduced by Focal Time 
Error m

 
m
 

We investigate about the spatio-temporal copuling in the case of the focal time 

of a time lens， the amplitude of phase modulation of a phase modulator Aφ， 
changes. The situation corresponds to the c出 eof focal length miss-alignment 
of a spatial imaging system. By七hefocal time error， spatio-temporal coupling 
is induced even if the magnification M = 1.0. The numerically calculated out-
put pulse profiles are shown in Fig. 7.4. In this case， the ideal amplitude of 
phase modulation is determined as 7r rad， and the phase modulation仕equency
ω171=18.9 Hz. In the calculation，ー2%to + 2% errorsベa)Aφ= 0.987rrad， (b) A争
= 0.997r rad， (c) A<T = 1.007r rad， (d) Aφ= 1.017r rad， and (e) A争 =1.02pi rad， 
are appliyed to the modulation. We con自rmthat the degree of spatio-temporal 
coupling is in proportion to the quantity of the focal time error. 

-1.6 
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Figure 7.3: Spatio-temporal coupling indeuced by maginification changing. The 
magnifications are (a) M = 0.98， (b) M = 0.99， (c) M = 1.00， (d) M = 
1.01， and (e) NI = 1.02. Spatio-temporal coupling which is in propo七ionto the 
magni自cationis found in output spatio-temporal pulse pro白les.
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7.4.3 Spatio-Temporal Coupling lnduced by Propagation 
Time Error 

(7.10) 

As same as the case of focal time error， shown in section 7.4.2， spatiかtemporal
coupling is induced by the propagation七imeerror of the白rstgrating-lens pair， 
even if the magni五cationM = 1.0. The numerically calculated spaticトtemporal
output profiles in this case are shown in Fig. 7.5. The calculated conditions 

are， Aφ= 1.0π，ωm = 18.9 KHz， and the ideal separation of a grating-lens pair 
is 150.2 mm， grating constant is 2000 lp/mm， and the gratings are aligned in 
Li七trowcon白guration.And七hegrating separations are (a) 147.2 mm， (b) 148.7 
mm， (c) 150.2 mm， (dめ)151.7m即凧I
-2.0%， (b) -1.0 %， (c) 0.0 %， (d) +1.0%， and (e) +1.2%. By the calculation， the 
spatio-temporal coupling which is in proportion to the propagation time error 

is confirmed 

1 
M 

Its 1-3 and 1-4 elements， which represent spatio-temporal coupling are 0 when 
.l'vI = 1， however， M -=f: 1， the elements are not O. Thet means that the spatio-
temporal coupling occurs with M -=f: 1. The numerically calculated outpu七

spatio-temporal profiles are shown in Fig. 7.3. The magni五cationsare (a) xO.98， 
(b) xO.99， (c) x1.0， (d) x1.01， and (e) x1.02. We白ndspatio-temporal coupling 
which出'ein propotion to the magni五cation.J.イ.
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Figure 7.5: Spatio-temporal copuling induced by focal time error. The maginiι 
cation M is 1.0， the amplitude， Aφ， and frequency，ωm， of the phase mod ulation， 
a time lens， are 1.07r rad and 18.9 Hz， respectively. The ideal separation of a 
grating-lens pair is 150.2 mm， grating constant is 2000 lp/mm， and the gratings 
are aligned in Littrow co凶 guration.The errors are (a)ー2%，(b)ー1%，(c) 0%， 
(d) +1%， and (e) +2%， and the grating separations of each case are (a) 147.2 
mm， (b) 148.7 mrn， (c) 150.2 mm， (d) 151.7 m瓜

7.4.4 Spatio-Temporal Coupling lnduced by Grating An-
gle Error 

The grating angle error also induces spatio-temporal coupling. We calculat 
spatio-temporal output profiles with grating errors of G1 and G3 of Fig. 7.2. 
The parametcrs of the calculation are， A争 = 1.01了， ωmニ 18.9KHz， and the 
separation of a grating pair iおs150臥ω.2m即瓜I
gratings are aligned i凶nLittrow con五gurati泊on凡1，and the ideal incident angle of the 
grating G 1 and G3 a白re50.8 deg. The output pro白lesare shown if Fig. 7.6. The 
each grating angle error induces spatio-temporal coupling independently， and 
the direction of the coupling is depend on the direction of the angle error. In 
the case of the error of G1 and G2 is the same， the spatiかtemporalcoupling is 
disappered by counteract. 

7.5 Summary 

We have analyzed the spatiφtemporal behavior of time microscope by using the 
spatiかtemporalWigner distribution function. The spaticトtemporalcoupling is 
induced by magni白cationchanging， focal time error， propagation time error 
and grating angle error. The spatio-temporal pro五leof the ouptput pulse is 
very sensitive to these errors， even if the errors are less than few percents， the 
spatio-temporal copuling is critically large. However， the spaticトtemporalcou-
pling shall be countcractivelly reduced by combination of these spati仁川emporla

couplings. 
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0.0 [deg] +1.0 ldeg) 

0.8 -0.8 0 0.8 -0.8 0 0.8 

Time [ps) 

Figure 7.6: Spatio-temporal copuling induced by grating angle error. The mag-
ini五cationM is 1.0， the amplitudeぅA恥 andfrequency， Wm， of the phase modu-
lation， a time lens， are 1.07r rad and 18.9 Hz， respectively. The separation of a 
grating-lens pair is 150 mm， grating constant is 20∞0∞o lp/mr凧T
are aligned in Li比tt廿rowcon白guratiぬon.Angle-errors are induced on Gl and G3， 
in the range of -l.0 deg to +1.0 deg. 



Chapter 8 

Conclusions 

The concept of spatio-temporal optical computing has been introduced in this 
thesis. In the chapter of introduction， we classi白edthe concepts of spatio-
temporal optical computing into three phases. 
In the白stphase， by employing spaticトtemporalduality， we have proposed 
a new signal analysis method which we name the phase-resolved correlation 

method. Most methods which have up to now been applied to interferogram 
analysis to improve the SNR can separate signals仕omnoise， but are not able 
to separate independent signals. However， using the phase-resolved correlation 
method， we can clearly identiモyindividual signals. In an experimental demon-
stration， the method shows its ability to identifシathickness of 18μm and 
noise-masked interferogram signal peaks. We have con白rmedthat this method 
is very e百ectivefor analyzing low coherence interferograms. 

In the second ph出e，we have employed a spatiかtemporalconversion tech-
nique which is based on spatio-temporal analogy. As the first application of 
the second ph出 e，we have proposed and demonstrated a spatio-temporal joint 
transform correlator (ST-JTC). The system based on similarity between a con-
ventional spatial joint transform correlator， w hich is one of the most popular 
optical computing technique and a spectral filtering method， which is one of the 
most popular methods of controlling the temporal profile of an ultrafast light 
pulse. Our system is a hybrid of these two methods. In the demonstration， we 
determined the pulse separations of twin pulses which were synthesized by a 
Michelson interferometer. According to the result， we have con自rmedthat the 
experimental system has 12.4 fs temporal accuracy in determining the positions 

of input pulses. 

As mentioned in the introduction， the ST-JTC is based on the idea of a 
spatial JTC. Almost all techniques of conventional JTC can be applied to the 
ST-JTC， such as nonlinear thresholdi時 toincrease the S/N ratio[27] or signal 
retrieval仕omrough phase noise[28]. Such unification of pulse control and con-

ventional optical computing should yield a breakthrough in optical computing. 

Computational long distance communication and computational measurement 

should七husbecome possible. 

As the second application of the second phase of the spatiかtemporaloptical 
computing， we have constructed a spectral interferometric three-dimensional 
surface-measurement system with only one-di 
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The correlation which derived by the ST-JTC is not an intensity one but 
a complex correlation which includes information on the phase of the pulse. 
The ST-JTC does not depend on nonlinearity which depends on the high peak 

intensity of a pulse. This means that， we can use a super luminescent diode 
(SLD) or any other broad band ligh七sourceas the input light source. With such 
light sources， the spatial output becomes the temporal coherence function of the 
input light source. Hence， we connec七eda conventional Michelson interferom七er-
based optical coherence tomography system and ST-JTC. 

By the tomography system， we measured three samples to a depth-accuracy 
of 16μm and depth-resolution of 70μm. One is the path length difference 

of the Michelson interferometer， another is the surface of an aluminum coated 
sample and the last is the rough surface of a coin. Although the last sample 
is a highly light-scattering object， the system has demonstrated its ability to 
measure minute changes in the height of a sample surface. 
In the third phase， we intended to apply spatio-temporal coupling into opー

もicalcomputing. As七hefirst steps of the third phase spatio-temporal optical 
computing， we numerically investigate the spatio-temporal couplings in some 
diffractive optical components， a conventional pulse shaper， a spatio-temporal 
coupling pulse shaper， and a time-domain microscope. By employing the spaticト
temporal Wigner distribution function， we reduced the amount of the numerical 
calculation of the spatiιtemporal analysis. 
In七he五rstanalysis， we numerically analyzed the spatio-temporal properties 
of several conventional pulse-shapers， specifically an ideal pulse-shaper， a pulse-
shaper with lens defocus， with a grating-pair with different grating constant， 
with a lens-pair with different focallengths and combinations of these using七he

Wigner distribution function. 
In the c出 eof lens defocus， we have con五rmedthat the spatiかtemporalcou-
pling effec七inducesa temporal chirp， and the velocity of the temporal仕equency
component is varied by the chirp. In the case with different grating constants， 
the degree of both the temporal and spatial仕equencychirp is varied by com-
bination of different grating constants， and the light pulse is moved on the 
spatial axis by the temporal chirp. In the case of different focal length lenses， 
thc FWHM of the spatial profile is in proportion to focal length ratio 
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Cubic phase modulation results in the spatiかtemporalpulse track forming a 

curve of second degree whose second order coefficient is in proportion to the third 
order coefficient of the phase-mask. The influence of spatio-temporal coupling 
is controlled by the focallength ratio of coupling lenses to shaper lenscs and the 

wavelength of the light source to the focal leng七hof the shaper lens. x-c chirp 

occurs as a result of defocusing the coupling lens， although the x-t intensity 
profile on the output plane remains constant. 
In the last analysis， we have analyzed the spatio-temporal bchavior of timc 
microscope by using the spatio-temporal ¥tVigner distribution function. Th 
spatio-temporal coupling is induced by magnification changing， focal time error， 
propagation time error and grating angle error. The spatio-temporal profile of 

the output pulse is very sensitive to these errors， even if the errors arc 1 
than few percents， the spatio-temporal coupling is critically large. However， the 
spatio-temporal coupling shall be counteractivelly reduced by combination of 
these spatiιtemporal couplings. 
In this thesis， we have introduced the concept of the spatio-temporal optical 
computing. We have confirmed that it is very effective to introduce conventional 

optical computing techiniques to time-and spatiかtemporaldomain employing 
spatio-temporal duality for improve the sensitivity and availability of optical 
measurement system. The concept is also effective to control ultrafast light 

pulse in higher dimmension. 
The spatiかtemporaloptical computing will take more important place in 

the field of optical measurement and optical communication. 
We have also investigated the applications of spatio-temporal optical com-

puting techniques in the thesis. The main五eldof the application mentioned 
in this thesis is the五eldof optical measurement， however， the spaticトtemporal
optical computing techniques can be introduced into more wide field of optoelec-
tronics， suchぉ opticalcommunications， optical memory or signal processing. 
The in七roductionshall extend the dimension of these fields into spatiかtemporal
domain， and achieve more intelligent and higher functional optoelectronlcs. 



Appendix A 

Prograrn Sources 

A.l Phase-Resolved Correlation Method 

The phase-resolved correlation method was implemented in Gnu Ocvtave and C-

language. Although， the Gnu Octave version is the and an experimental proto-
type implementation， is more intuitively and methematically. The C version are 
written for Gnu Compiler Collection on Kondara MNU jLinux 1.2 and works 

with glibc 2.1.3 and FFTW library. 

A.1.1 Gnu Octave implementation 

Main Routine (prcm.m) 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
Z 
スAnalyzethe correlation signal 
% of 
% White Lingt Interfe工ome七er
% by 
% Phase Resolved Wavele七 Transform

ス
% Written for Gnu Octave 2.0.16 

1 
ス YoshiakiYASUNO 

ス <yasuno~optlab2.bk.tsukuba.ac.jp>

% May 25th， 2000 -

2 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%スi.%%%%ス

%%%%%%%χ%% List of Variables %%i.%%%%%%% 
Z 
% ORIG original correlation data. 

% INP correlation data without bias term. 
% SPC spectrum of INP. 
% MW mother wavelet 

clearO; 
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fig 1; 

%%% Read the data 

load data.txt; 以 Thedata file is a ¥n-separated single column text. 

ORIG 1NP data; 

i.%% The number of the data. 
N size (INP， 1) 
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%%i. remove the bias form the original data 
SPC = fft CINP) ; 
RemovePoint [1 2 3 N-1 N]; 

SPC(RemovePoint) 0; 

ス1NP= real(ifft(SPC)); 

%%% plot the spec七rumof input data 

figure(fig); fig = fig + 1; 

plot(abs(SPC)); 

%%% find the maximun frequency 

spc_max_value max(SPC); 

spc_max_point 0; 

for j 1:size(SPC，1) 
if( SPC(j) spc_max_value) 

spc_max_point J 

endif 

endfor 

%%% calculate the correlation between 

%%% the mother wavelet and input signel 

fig ++; fig_phase fig; 

fig ++; fig_mother fig; 

%%% the frequency and wavelength of mother wavelet 

mw f (spc_max_point -1 ) / N; 

スmwf (spc_max_point -2 ) / N; 
mw_wavelength 1 / mw_f; 

%%% m出 eX axis 

for j 1: N 

以 0.85means 0.85 um， the %%wavelength of light source 
realwavelength 0.85; 

X(j) = j 本 mw_f* realwavelength; 

endfor 
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X = X -max(X)/2; 

phase_resolution 32; 

phase_range 1.6 本 pi;

phase_bias 1.6 * pi; 

for k l:phase_resolution; 

mw_phase (k-1)/phase_resolution * phase_range -phase_bias; 

mw shift 0; 

for j l:N 

χ%% Generate the Motherwavelet 

mw shift j -1 

mw_envelope shift(gauss( (1:N)'-N/2， 0.2*N)， mw_shift + N/2 ); 
MW sin(mw_f 牢 2 本 pi.* (l:N)' + mw_phase) .* mw_envelope; 

PRWLT(k，j) sum( MW .* INP ); 

endfor 

%%% make Y axis for plotting the results 

Y(k) (mw_phase + phase_bias)/pi; 

k 

endfor 

TMP PRWLT; 

T即 TMP+ min(min(TMP)); 

TMP TMP./ max(max(TMP)); 

TMP TMP 本 128;

colormap(gray(128)); 

figure (fig); fig ++; 

gset contour surface 

figure (fig); fig ++; 

gset nogrid 

gset xlabel 'Position [um]' 

gset ylabel 'Phase [prad]' 

gset size 1，1 
contour (rot90(rot90(rot90((PRWLT)))) ，30， X， Y); 
%% print out the contour plot in tgif file 
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figure(1) 

plot(X， 1NP ./ max(1NP)); 
gset nogrid 

gset size 0.57，0.57 
gset terminal tgif 

gset output 'inputsignal.obj' 

gset ylabel '1n七ensity [a.u.]' 
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#
骨
#
骨gset output 

gset terminal X 

figure (2) 

mw_envelope gauss( (1:N)'-N/2， 0.03*N); 
MW sin(mw_f本2 ホ pi 本(1:N) ') .ホ mw_envelope;

plot(X， MW .1 max(附)) ; 
gset nogrid 

gse七 size0.57，0.57 

gset terminal tgif 

gset output 'mother.obj' 

gset ylabel 'Intensity [a.u.J' 

replot 

/本 Definitionof Scientific Cons七an七s*1 
#define Pi 3.141592 

1* The fdouble must be double or float. *1 
typedef double fdouble; 

1* If you would not to use these features， 
do not define these macros. 本/

#define INLINE inline 

#define REGISTER register 

save prwlt.octave PRWLT; 

/本 Prototypesof Function *1 
int read_data_from_file (char川 npu七 file_n祖 e，

int number_of_data， fdouble 本interferogram);
int ge七_number_of_data(char 本input_file_n祖 e); 

in七 search_spect工um_peak(int number_of_data， fdouble 本interferogram);
INLINE fdouble本make_envelope_array (fdouble width， int number_of_data， 

fdouble *envelope， int shift_value); 
fdouble *make_carrer_array (int spectrum_peak_position， fdouble phase_bias， 
int number_of_data， fdouble 淑carrer);
INLINE fdouble gauss(fdouble width， fdouble x); 
INLINE fdouble *shif七 (intnumber_of_data， fdouble *array， int shift_value); 
INLINE fdouble *mult_arry_elements(fdouble *result， fdouble *operand1， 

fdouble *operand2， int number_of_data); 
INLINE fdouble *mult_three_arry_elements(fdouble 本result，fdouble 本operandl，

fdouble *operand2， fdouble *operand3， 
int number_of_data); 

INLINE int prc_coordinates (int phase， int shift， int number_of_data); 
INLINE fdouble sigma_array(fdouble 本array，int number_of_data); 

gset output 

gset terminal X 

Gaussian Function (gauss.m) 

%%%%%%%%%%%%%%%%%%%%%%%χ%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% Gaussian Function 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
1 
% t: Time 
% b: Dispersion 
function result gauss(t，b) 
result exp(-pi*(t/b).-2); 

endfunction 

A.1.2 C Language Implementation 

/ホ**ホホ*********ホ**********本************本本本**本ホホホ*本本

Phase-Resolved Corerlation Algorithm 

Version 1.00.c 

Programed by Yoshiaki Yasuno 

くyasuno@optlab2.bk.tsukuba.ac.jp>

Written for GCC Ver. 2.95 

of Linux 2.2.17pre14， Kondara/MNU Linux 2.0 
with FFTW 

Sep. 26th， 2000 

/料料本本*料***材**材材料**材料***料*料*料*

本 Startof main function 
******料材料材料*材料材料材料材料料材料*1

1* The arguments have no sence yet. *1 
int main (int argc， char 本argv[] ) 

f 

$Id: c_program.tex，v 1.3 2001/01/24 03:52:29 yasuno Exp $ 

/本*料ホ材料*材料材料牢料*本件*料牢料料料料*料

本 Decralationof Variables 
材料材料材料材料料材料材料材料材料料ホ***1
/本 Thetext file name， which contains the interferogram data 
in七heformat of TABed or CRed data array. *1 
char 淑input_file_n姐 e= argv[1]; 
1* The size of array da七a. *1 
const int number of data get_number_of_dataCinput_file_n担 e);

1* Data ar工aysfor original interferogram， 
carrier sinusoidal wave， the envelope of mother wavelet and 
interferogram .ホ motherwavelet. 本/

****材料料*****料*料率木村*材料材料*本材料材料料本本料*1

#include <stdio.h> 

#include <math.h> 
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fdouble 本interferogram calloc(sizeof(fdouble)， number_of_data); 
fdoubleホcarrer calloc(sizeof(fdouble)， number_of_data); 
fdouble *envelope calloc(sizeof(fdouble)， number_of_data); 

fdouble 本correlated_interferogram

calloc(sizeof(fdouble)， number_of_data); 
/本 Widthof the mother wave let，七hatis 

the coefficient of Gaussian function *1 
fdouble width 0.0アホ number_of_data;

1* Analysing phase range and its bias. 
The analysis is started from phase_range_bias. *1 
fdouble phase_range 1.6 * Pi; 

fdouble phase_range_bias 1.6 ホ P工;

/本 Pahse_variablefor calculation of mother wavelet. 本/

fdouble phase_bias 0.0; 

/本 Thenumber of Sampling points in phase axis *1 
int phase_resolution 256; 

1* Result matrix in Phase-Shift(Position) plane: 
Phase-Resolved Correlation *1 
fdouble *prc calloc(sizeof(fdouble)， 

number_of_da七a* phase_resolution); 

1* Variable of iteration indexネ/
int spec七rum_peak_position;

int mother_shift; 

int mother_shift_period 5; 

工nti; 

int status; 

/本料率本件料料本件付*料**材料材料料材料料料淑

* The start of PRCM process 
本**料本料材料牢*****材料*料**料***料*料*料/

1* Read the data form file本/
status read_data from file (input_file_name， 

if ( status != 0 ) 

{ 

number_of_data， interferogram); 

fprintf (stderr，ぺJsage:%s filen祖 e¥n"，ar gv [0] ) ; 
exi t (1); 

} 

1* Seach the position of the spectrum peak 
which is the carrier frequency *1 

spectrum_peak_position 

search_spectrum_peak Cnumber_of_data， interferogram); 
1* Shift the original interferogram to adjust 
the pos工tionof the result， PRC to make it much visible. *1 
shift( number_of_data， interferogram， number_of_data/2); 

/料料本本料 涼材料料*本獄事料材料料淑料本料*材料料*料料淑**材料水本*材料*

* The start of Phase-Resolved Correlation Algorhysm 
本材料本料材料材料本料*料料本村瀬料料水*本料料村本料水市市料***料*本件ホホ/

1* The outer loop is for sca皿 ingon phase axis. ホ/

A.l. PHASE-RESOLVED CORRELATION METHOD 1 

{ 

} 

f 

} 

} 

for ( i=O; i<phase_resolution i++) 

f 
phase_bias phase_range I phase_resolution 

ネ (fdouble)i-phase_range_bias; 

make_carrer_array (spectrum_peak_position， 
phase_bias， number_of_data， carrer); 

for Cmother_shift=O; mother_shiftくnumber_of_data;

mother_shift += mother_shift_period) 

make_envelope_array (width， number_of_data， envelope， mother_shift); 
mult_three_arry_elements(correlated_interferogram， envelope， carrer， 
interferogram， number_of_data); 
prc[ prc_coordinates (i， mother_shif七， number_of_data) ] 

sigma_ar工ay(co工工elated_interferogram，number_of_data); 

} 

fprintf(stderr，"The max posi七ionof七hespectrum is %d.¥n"， 
spectrum_peak_position); 

for C i=O; iくphase_resolution i++) 

f 
for (mother_shift=O; mother_shif七くnumber_of_dataj

mother_shift += mother_shif七_period)

printf ("%f"， prc[ prc_coordinates Ci， mother_shift， number_of_data) ]); 
printf ((mother_shift != number_of_data-1)?" ":""); 

printf (11¥n"); 

〉

exit (0); 

/本料****林材料*村本料材料料本件本料村本材料料

本 Multiplicationof each element of array 
*****林*材料*料材料*料料材料**材料材料率本/

INLINE fdouble判nult_arry_elements(fdouble 本result，fdouble *operandl， 
fdouble本oper臼 d2，int number_of_data) 

{ 

int i; 

for (i=O; iくnumber_of_data; i++) 

result[i] oper祖 d1[i] キ operand2[i]; 

return(result); 

} 

/本;料率本材料材料*料本料材料料*料*材料*材料**

* Multiplication of each element of three arrays 
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*******本材料材料**材料*料材料本材料料本件本/

INLINE fdouble *mult七hree_arry_elements(fdouble*result， 

{ 

〉

REGISTER int i; 

for (i=O; i<number_of_data; i++) 

fdouble 本operand1，
fdouble 本operand2，

fdouble 本operand3，
int number_of_data) 

result[i] oper臼 d1[i] * oper臼 d2[i] * oper臼 d3[i] ; 

return(result) ; 

INLINE int prc_coordinates (in七 phase，int shift， int number_of_data) 
{ 

return (phase * number_of_data + shift); 

〉
/料料本件料料*材料料牢料*材料率**材料材料*料

* Read the 1-D data from text file 
料本件*材料材料*料*料料料*料**料本本料材料本/

1* This function overwrite the 1-D array interferogram， 
and returns the pointer which points七hearray， interferogram. *1 

工ntread_data_from_file (char *input_file_name， int number_of_data， 
fdouble *interferogram) 

f 

} 

float tmp_float; 

int i; 

FILE *ifp; Iホ Inputfile pointerホ/

ifp fopenCinput_file_name， "r"); 

if ( ifp == NULL ){ 

〉

fprintf Cstderr， "Can not open the file; %s.¥n"， input_file_name); 

exi t C 1) ; 

for ( i=O; i<1100 i++) 

f 
fscanf (ifp， "%e"， &tmp_float); 
interferogram [i] (fdouble)tmp_float; 

} 

fclose(ifp) ; 

return (0); 

int get_number_of_data (char *input_file_n祖 e){

int number_of_data 1; 

float null; 

A.l. PHASE-RESOLVED CORRELATION !VIETHOD 83 

FILE *ifp; 1* Input file pointer *1 

ifp fopen(input_file_n祖 e，"r")

if ( ifp == NULL ){ 

fprintf (stderr， "C臼 notopen七hef ile; i.s.¥n"， input_file_name); 
exit (1); 

} 

} 

while ( fscanf (ifp， "%e"， &null) != EOF ){ 
1* fprintf (stderr，"%d: %f¥n"， i， tmp_float); 本/
number_of_data ++; 

〉

number of data -一;
return (number_of_data); 

1**料***料*料*本件*料料材料本料*本来料料*料*本

* Find the peak position of the spectrum 
*材料*料仲村*料材料*料料*仲村本材料**料**1

1* This function returns the postion of the peak本/
1* The function demands FFTW library. 
http://www.fftw.org/ 本/

int search_spectrum_peak (int number_of_data， fdouble *interferogr臼)
{ 

int i; 

fdouble max value 0.0; 

fdouble power; 

int max_point 0; 

fftw_complex in[number_of_data]， out[number_of_data]; 

fftw_plan plan; 

for ( i=O; i<number_of_data; i++) 

f 
c_re(in[i]) interferogram[i]; 

c_im(in[i]) = 0.0; 

} 

pl臼 fftw_create_plan(number_of_data， FFTW_FORWARD， FFTW_ESTIMATE); 

fftw_one (plan， in， out); 
fftw_destroy_plan (pl臼); 

for ( i=2; iくnumber_of_data/2; i++) 

{ 

power c_re(out[i])*c_re(out[i])+c_im(out[i])本c_im(out[i]); 

工f( powe工>max_ value ){ 

max_poin七 i;

max value power; 

〉
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} 

return (max_point); 

〉

INLINE fdouble fftwy_powerCfftw_complex ftc) 

{ 

returnC c_re(ftc)本c_re(ftc)+c_im(ftc)*c_im(ftc));

} 

/仲村牢料料材料*料牢料*料水本料牢本本**料*材料料

* Make ca工rerfrequency array 
本材料料材料本材料料材料*材料料率料材料本件*/

fdouble本make_carrer_array(int spectrum_peak_position， 
fdouble phase_bias， 

f 

〉

int number_of_da七a，

fdouble *carrer) 

1nt 1; 

fdouble frequency 工double)spectrum_peak_position

/ (fdouble)number_of_data; 

fdouble x; 

/* MW sin(mw_f 本 2 本 pi .* (1:N)' + mw_phase) * mw_envelope; */ 

for (i=O; iくnumber_of_data; i++) 

{ 

x = (fdouble)i; 

carrer[i] sin (frequency * 2.0 * Pi * x + phase_bias); 

〉

return (carrer); 

/材料料水料材料材料料材料*本判事牢材料川本材料

水 MakeGaussian envelope 
***材料*材料*林***材料**********材*材***/

INLINE fdouble 本make_envelope_array(fdouble width， 

f 
REGISTER int i; 

fdouble x; 

int number_of_data， 

fdouble *envelope， 
int shift_ value) 

REGISTER fdouble n_of_data_devided_by_2 (fdouble)number_of_data/2.0; 

for ( i=O; i<number_of_data; i++) 

f 
x = (fdouble)i -n_of_data_devided_by_2; 

envelope[i] gauss(width， x); 

/* fprintf(stdout，"%e¥n" ，envelope [i]); */ 

〉

A.l. PHASE-RESOLVED CORRELATION METHOD 

shift (nu皿ber_of_data，envelope， shift_value); 
return(envelope); 

5 

/* mw_envelope shift(gauss( (1:N)'-N/2， 0.2本N)，mw_shift + N/2 );本/
} 

INLINE fdouble gauss(fdouble width， fdouble x){ 

fdouble x_devided_by_width x/width; 

return C exp(-Pi*(x_devided_by_width)*Cx_devided_by_width)) ); 

} 

INLINE fdouble *shift (in七 number_of_data， fdouble 本町ray，int shift_value) 
{ 

REGISTER int i; 

int shift_position; 

fdouble牢result_array calloc (sizeof(fdouble)， number_of_data); 

#ifdef SAFETY 

while( shift_value > number_of_data 
shift value number_of_data; 

while( shift_valueく o) 
shift_value += number_of_data; 

#endif 

〉

for ( i=O; iくnumber_of_data; i++) 

f 

} 

shift_position i+shift_value; 

resul七_array[i] array[ 

(shift_posi tionく number_of_data)

? shift_position 

shift_posi七ion-number_of_data] ; 

memcpyCarray， 工esul七一array，sizeof(fdouble)牢number_of_data);
free (result_array); 

return (array); 

INLINE fdouble sigma_訂 ray(fdoubleね rray，int number_of_data) 

f 

〉

REGISTER int i; 

fdouble sum 0.0; 

for Ci=O; iくnumber_of_data; i++) 

sum += array [i] ; 

return (sum); 
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A.2 Wigner Analysis 

A.2.1 Makefile 

# 

APPENDIX A. PROGRAM SOURCES 

# Makefile for Numerical Analysis of Time Domain Microscope 

# 

# Programmed by Yoshiaki Yasuno 

#くyasuno@optlab2.bk.tsuukba.ac.jp>

# 

OPT=-07 

CFLAGS=-Wall 

wigner main.o calc工esults.o

g++ ${OPT}一o$@ main.o calc_results.o 

main.o main.cpp parameters.h coordinate_transform.h WinST.h CtoA.h 

g++ ${OPT} $(CFIAGS) ーcmain. cpp 

calc results.o calc_results.cpp CtoA.h NS.h parameters.h 

g++ ${OPT} $(CFIAGS) 一ccalc_results.cpp 

A.2.2 main.cpp 

/*本本本字本本本*字本本本本本本本本事本本本本本*本本涼本*本本本本本*本本本本本*本本

WユgnerDistribution Functionによる
光パルスの時空間解析

Oct. 19th， 1999-

Yoshiaki YASUNO 

yasuno@optlab2.bk.tsukuba.ac.jp 

*******キ*淑***本***キ*ホ*字本本*ホ*****ヰ**ホ****ヰホキ**/

#include<iostream.h> 

#includeくfstream.h>

#include<math.h> 

#include"parameters.h" 

#include"coordinate_transform.h" 

#include"WinST.h" 

#include"CtoA.h" 

#include"calc_results.h" 

#include"Ns.h" 

/料料材料材料材料料材料料材料材料材料材料

* Start of the main function 
本材料材料*料権料材料材料本本材料本料本京本材料事/

int main (void){ 

int i_x， i_xi， i_t， ユーom; // loop-index of x， xi， t and omega. 
Ns N CNX，NXI，NT，NOM); // Structure Ns， which contains the size of a 

// result 4-D matrix. 

A.2. WIGNER ANALYSIS 

/材料*料本*料本木材料材料料車料材料

* Print out the parame七ers

* (for debug) 
料料料料牢料料料料*牢牢**料料料料/

cout くく "alpha "<く alpha くく "¥n" ; 

cout くく "beta くく beta くく "¥n"; 

cout <<"alphal 11 くく alphal << "¥n"; 

cout くく "betal くく betalくく "¥n" ; 

cout くく "ztlbb くく Z七1* (beta * beta) くく "¥n"; 

cout くく "zt2bb くく zt2 * (beta * beta) くく "¥n" ; 

cout く< "ft くく ft くく "¥n" ; 

cout くく "mom = " く<mom くく "¥n" ; 

coutくく "theta くく七hetaくく "¥n" ; 

cout くく "k くく k くく "¥n"; 

/*料******料*料材料*料料材料**材料本料獄事料

率 Calculatethe Spatio-Temporal 

* Winger Distribution Function 
料率村本材料料*材料材料*料材料*料水材料料料/

float *Wst; // Result ma七rix

Wst new float[N.to七al_size()] ; 

for( i_x=O i x く NX Lx++){ 

for( i xi=O i xiく NXI i_xi++){ 

for( i_t=O i t く NT Lt++){ 

for( i om=O i om < NOM i_om++){ 

coordinate xt( (double(i_x) -double(NX/2))本dx，
(double(i_xi) -double(NXI/2))水dxi，

(double(i_t) -double(NT/2))本dt，

(double(i_om) -double(NOM/2))*dom 

/本

* Coordinate transform routines. 

ホ Selecton of them. 

ホ/

//xt Tlmaging (xt， alpha1， beta1， k， ztl， z七2，pw2); 
xt TlmagingVG (xt， alphal， beta1， alpha2， beta2， 
alpha3， be七a3，alpha4， beta4， k， zt1， zt2， pw2); 
//xt TlmagingUnion (xt， beta， k， pw2， z七m); 
//xt TlmagingFT (xt， alpha， beta， k， ztl， zt2， pw2， ftf); 

7 

//xt TlmagingPropagation (x七， alpha， beta， k， z七1，zt2， pw2， az); 

} 

//xt TlmagingDefocus2 (xt， alpha， beta， 
// k， ztl， zt2， pw2， alpha_defocus); 

Wst[N.CtoA(i_x，i_xi，i_t，i_om)] WinSTdouble( xt ); 

} 

} 

cerr <く Lx+l くく 11/" くく NXくくけ done.¥n"; 
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} 

/料*本本*本料*材料材料料ホ**材料****料**材料***料*材料*

* Calculate and output the result electric 

} 

本 fielddistributions to files. 

本村本**村本材料材料*料**料料本料本件特*材料*本件*料*料本/

calc_ixit(Wst， N); 
calc_ixt(Wst， N); 
calc_ixxi(Wst， N); 
calc_iomx(Wst， N); 
calc_iomt(Wst， N); 
calc_iomxi(Wst， N); 
calc_ix(Wst， N); 
calc_ixi(Wst， N); 
calc_it(Wst， N); 

calc_iom(Wst， N); 

delete [] Wst; 

exユt (0); 

A.2.3 calcJ'esults.h 

1**材料ホ*本**材料材料材料*料*料材料辛料材料

* Proto七ypesfor calc_results.cpp 
本材料本件材料材料料材料料*料材料材*料*料*1

#ifndef calc_results_h一一

#define calc results h 

#includeINs.h" 

voユdcalc_ixitCfloat *Wst， Ns N); 

void calc_ixt(float *Wst， Ns N); 
void calc_ixxi(float *Wst， Ns N); 
void calc_iomx(floatキWst，Ns N); 

void calc_iomt(float *Wst， Ns N); 
void calc_iomxi(floa七本Wst，Ns N); 

void calc_ix (float 本Wst，Ns N); 
void calc_ixi (float *Wst， Ns N); 
void calc_it(float 準Wst，Ns N); 
void calc_iom (float *Wst， Ns N); 

#endif II ーーcalc_results_h__

A.2.4 calc_results.cpp 

#includeくfstream.h>

#include <math.h> 

#include ICtoA.h" 

A.2. WIGNER ANALYSIS 

#include "Ns.h" 

#include "parameters.h" 

1**本*本***ホホ本*本本*字本本本*本*本本**本*本本

本 IE(xi，t)I-2
*材料本*料本村本村本件料材料率*料水*1

void calc_ixit (floatホWst，Ns N) 
f 
int i_x， i_xi， i_t， i_om; 

II Initialize result matrix 
float Exit2[N.XI] [N.T]; 

for( i xi=O i_xi<N.XI i_xi++) 

for( i t=O i t<N.T i_t++) 

Exit2[i_xi] [i_t] 0.0; 

for( i x=O i xくN.X Lx++) 

for( i_xi=O i xiくN.XI Lxi++) 

forC i t=O i七<N.T i_t++) 
for( i om=O i om<N.OM i_om++) 

Exit2[i_xi] [i_t] += Ws七[N.CtoA(i_x，i_xi，i_t，i_om)]; 

II File output 
ofstream Ixit(IIxit.mtx"); 

for( i_xi=O 工 xiくN.XI Lxi++) 

for ( i一七=0 i一七くN.T Lt++){ 

Ixit くく Exit2[i_xi][i_tJ; 

if( i_t != N.T-1 ){ Ixit くく"¥t"; }else{ Ixitくく"¥n"; } 

〉

Ixit.closeO; 

} 

/本本*料材料ホ判事***材料***料材料ホ

* IE(x，t)I-2 
牢本**本本本*本************キ****本***1
void calc_ixt (floa七本Wst，Ns N) 
{ 

int i_x， i_xi， i_t， i_om; 

II Initialize result matrix 
float Ext2[N.XJ [N.TJ; 

for( i x=O i_xくN.X Lx++) 

for( i t=O i tくN.T Lt++) 

Ext2[i_x] [i_tJ = 0.0; 

for( i x=O i xくN.X i_x++) 

for( i_t=O i tくN.T Lt++) 

for( i xi=O i xiくN.XI Lxi++) 

for( i om=O i_om<N.OM i_om++) 

Ext2[i_xJ [i_tJ += Wst[N.CtoA(i_x，i_xi，i_t，i_om)]; 

89 
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/ / File output 

ofstream Ixt("Ix七.mtx");

for( i_x=O i xくN.X Lx++) 

for( i t=O i t<N.T i_t++){ 

Ixt くく Ext2 [Lx] [i_ t] ; 

if( i_t != N.T-l ){ Ixt くく"¥t";}else{ Ixtくく"¥n"; } 

〉

Ixt.close(); 

〉

/材料辛料材料*材料京本家材料材料*料

* IE(x，xi)I-2 
********料*********材料*******/

void calc_ixxi (float 本Wst，Ns N) 

f 
int i_x， i_xi， i_t， i_om; 

float Exxi2[N.X] [N.XI]; 

// Initialization of Exxi2 

for( i x=O i x<N.X i_x++) 

for( i_xi=O i_xiくN.XI Lxi++) 

Exxi2[i_x] [i_xi] 0.0; 

11 Integration along t and omega 
for( i_x=O i x<N.X i_x++) 

for( i xi=O i xiくN.XI Lxi++) 

for( i_t=O i t<N.T i_t++) 

for( i om=O i om<N.OM i_om++) 

Exxi2[i_x] [i_xi] += Wst[N.CtoA(i_x，i_xi，i一七，エーom)]; 

// file output 

ofstream IxxiC" Ixxi .mtx") ; 
for( i x=O i x<N.X i_x++) 

for( i_xi=O i_xiくN.XI i_xi++){ 

Ixxiく<Exxi2[i_x] [i_xi]; 

if( i_xi != N.XI-l ){ Ixxi くく"¥t"; }else{ Ixxiくく"¥n"; } 

〉

Ixxi. close 0 ; 
〉

/***ホ***冷本本*******************本

車 IE(x，om)1-2 
*****本*ホ*本本***本本***本本*本****本**1

void calc_iomx (float *Wst， Ns N) 
{ 

int i_x， i_xi， i_t， i_om; 

floa七 Eomx2[N.OM][N.X]; 

// Initialization of Exom2 

for( i om=O i om<N.OM i_om++) 
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fo工 ix=O i x<N.X i_x++) 

Eomx2[i_om] [i_x] 0.0; 

/ / Integration 

for( i om=O i omくN.OM Lom++) 

for( i x=O i_x<N.X i_x++){ 

for( i_xi=O i xiくN.XI i_xi++){ 

for( i t=O i t<N.T i_t++) 

} 

Eomx2 [エーom][i_x] += Wst[N.CtoA(i_x，i_xi，i_t，i_om)]; 

〉

Eomx2[i_om] [i_x] *= (1.0/2.0*Pi); 

} 

// file output 

ofstre叩 Iomx("Iomx.mtx");

for( i om=O i_om<N.OM i_om++) 

for( i x=O i xくN.X Lx++){ 

Iomx くく Eomx2[i_om] [i_x]; 

if( i x != N.X-l ){ Iomx くく"¥t"; }else{ Iomx<<"¥n"; } 

} 

Iomx. close () ; 

/材料*料材料*材料***料**村*料**

* IE(七，om)1ゴ
本*料**料材料***材料*材料******1
void calc_iomt (float 本Wst，Ns N) 
{ 

int i_x， i_xi， i_t， i_om; 

float Eomt2[N.OM] [N.T]; 

// Initialazation of Etom2 

for( i om=O i omくN.OM i_om++){ 

for( i t=O i tくN.T i一七++){

〉

〉

Eomt2[Lom] [Lt] 0.0; 

// Integration 

for( i x=O i xくN.X Lx++) 

for( i xi=O i xiくN.XI Lxi++) 

for( i om=O i omくN.OM Lom++) 

for( i t=O i t<N.T i_t++) 

Eomt2[i_om] [i_t] += Wst[N.CtoA(i_x，i_xi，i_t，i_om)]; 

ofstream Iomt("Iomt.mtx“) ; 

for( i om=O i omくN.OM Lom++) 

for( i_t=O i t<N.T i t++ ){ 

Iomt くく Eomt2[i_om] [i_t]; 

if( i_t != N.T-l ){ Iomt くく"¥t"; }else{ Iomtくく"¥n"; } 
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〉

Iomt. close 0 ; 
〉

/材料本材料材料*料**本材料*辛料*料

* IE(om，xi) I・2
****ネ***材料ホ材料*材料材料*材*1

void calc_iomxi (float *Wst， Ns N) 

f 
int i_x， i_xi， i_t， i_om; 
float Eomxi2[N.OM] [N.XI]; 

II Initialazation of Etom2 
for( i om=O i omくN. OM Lom++){ 

for( i xi=O i xiくN.XI Lxi++){ 

} 

} 

Eomxi2[i_om] [i_xi] 0.0; 

II Integration 
for( i x=O i x<N.X i_x++) 

for( i_xi=O i xi<N.XI i_xi++) 

for( i t=O i_tくN.T Lt++) 

for( i om=O i om<N.OM i_om++) 

Eomxi2[i_om] [i_xi] += Wst[N.C七oA(i_x，i_xi，i_t，i_om)]; 

ofstream Iomxi("Iomxi.mtxり;

for( i om=O i omくN.OM Lom++) 

for( i xi=O i xi<N.XI i xi++ ){ 

Iomxiく<Eomxi2[i_om] [i_xi]; 

if( i xi != N.XI-l ){ Iomxi くく "¥t"; }else{ Iomxi くく "¥n"; } 

} 

Iomxi. close() ; 

} 

/材料****林*料*料*材料料*料*料ホ

* IE(x)I~2 

*材料*材料*料**林*料材料*材料*1

void caユcix (float 激Wst，Ns N) 
{ 

int i_x， i_xi， i_t， i_om; 
float Ex2[N.X]; 

II Initialazation of Eit2 
for( i x=O i x<N.X i_x++) 

Ex2[Lx] 0.0; 

II Integration 
for( i x=O i xくN.X i_x++) 

for( i_xi=O i_xi<N.XI i_xi++) 
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for( i t=O i_tくN.T Lt++) 

for( i om=O i omくN.OM i_om++) 

Ex2[i_x] += Wst[N.CtoA(i_x，i_xi，i_t，i_om)]; 

ofstream Ix("Ix.mtx"); 

for( i x=O i x<N.X i x++ 

Ix くく Ex2 [i_x] くく "¥n"; 

Ix. closeO; 

〉

1**********本******本**事**本本*****
事 IE(xi)1~2 

本件*****材料材料率料*材料率材料率/

void calc_ixi (float *Wst， Ns N) 
f 
int i_x， i_xi， i_t， i_om; 
float Exi2[N.XI]; 

II Initialazation of Eit2 
for( i_xi=O i xi<N.XI i_xi++) 

Exi2[i_xi] 0.0; 

II Integration 
for( i_x=O i xくN.X i_x++) 

for( i xi=O i_xiくN.XI i_xi++) 

for( i_t=O i t<N.T i_t++) 

for( i om=O i omくN.OM i_om++) 

Exi2[i_xi] += Wst[N.CtoA(i_x，i_xi，i_t，i_om)]; 

ofstream Ixi("Ixi.mtx"); 

for( i xi=O 工 xi<N.XI i xi++ 

Ixi くく Exi2 [Lxi] くく "¥n"; 

Ixi . close () ; 

} 

/本*料本*牢材料料*料本材料***料材料

ホ IE(t)1~2 

材料**料材料*料材料本料**本料水車ホ/

void calc_it (float *Wst， Ns N) 
{ 

工nti_x， i_xi， i_t， i_om; 
float Et2 [N . T] ; 

II Initialazation of Eit2 
for( i t=O i tくN.T i_t++) 

Et2 [エ_t] = 0.0; 

II Integration 
for( i x=O i_xくN.X i_x++) 

for(エxi=O i xi<N.XI i_xi++) 
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for( i t=O i t<N.T i_t++) 

for( i om=O i omくN.OM Lom++) 

Et2[i_t] += Wst[N.CtoA(i_x，i_xi，i_t，i_om)]; 

ofstream 1t(I11t.mtxl1);  

for( i t=O i tくN.T i t++ 

It くく Et2 [i_ t] くく "¥nl1; 

It • close () ; 
〉

/料*****料*材料*材料*料***材料*

本 IE(om)Iゴ

料本件*料材料材料*料*料****料*ネ/

void calc_iom (float *Wst， Ns N) 
{ 

int i_x， i_xi， i_t，工_om;

float Eom2[N.OM]; 

// 1nitialazation of Eit2 

for( i om=O i om<N.OM i_om++) 

Eom2[i_om] 0.0; 

/ / Integration 

for( i x=O i xくN.X Lx++) 

for( i_xi=O i_xiくN.X1 Lxi++) 

for( i t=O i tくN.T Lt++) 

for( i om=O 1 om<N.OM i_om++) 

Eom2[i_omJ += Wst[N.CtoA(i_x，i_xi，i_t，i_om)]; 

ofstream 1om( 11 10m .mtxl1) ; 

for( i om=O i_om<N.OM i om++ 

10m くく Eom2[i_om] くく "¥nl1; 

10m. close () ; 

} 

A.2.5 parameters.h 

# 

# parameters.h 

# 

# 1n this file， we define the parameters 

# of the numerical analysis 

#includeくmath.h>

const double Pi asin(1.0)*2.0; 

const double C 3e8; 

/京本材料*材料本材料材料材料材料*料料本料材料

率 Parameterswhich you c臼 change.

材料材料材料材料材料料料材料*村本材料本料本/
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const double lambda 775e-9; // Wavelength [m] 

const int NX 32; 

const int NX1 32; 

const int NTM 1; 

const int NT 32*NTM; 

const int NOM 32; 

const double wx 2.0e-3; // F日間 of x 2[mm] for sinusoidal 

const double wt 100.0e-15; // FWHM of y 100[fs] 

const double dx 0.1e-3; // Sampling period of x 0.1[mm] 

cons七 doubledxi Pi/(double(NX1)*0.1e-3); // Sampling period of xi[rad/m] 

cons七 doubledt 50.0e-15; // Sampling period of t[s] 

cons七 double dom 2.0本町/(double(NOM)*dt) // Sampling period of omega[rad/s] 

cons七 doublealpha 1.0; // Parameter of grating 

const double f 60e-3; // focus length of lens[m] 

const double k 8.3841e6; // wave vector[rad/m] 

const double d 1.0e-3/2000.0; 

cons七 doubletheta asin(lambda/(2吋)) ; 

const double beta 2.0本Pi/(d*cos(theta)*(2*Pi*C/lambda));

const double f d 130e-3; // focal length of incident lens 

const double defocus1 0.8; 

const double defocus2 1.0; 

const double apl 00e-3; //Length of after propergation 

const double cv 500*Pi/(2e-2*2e-2) *一0.7* 5; // curve of square 

const double ff=700e-3; // focal length of pahse filter lens of devia 

const double shift 0.0; 

/材料件*料*料材料*料**料*料料料*料水材料**

本 calculatedalpha and be七a
材料材料本*料*料材料率科料本材料本件付材料**/

#define diford 1.0 // diffraction order 

const double thetai1 51.805 / 360.0本 2 本 Pi; /* incident angle [rad] ホ/

const double thetad1 asin( diford * lambda / d -sin( thetai1) ); 

const double alpha1 cos(thetai1) / cos(thetad1); 

const double beta1 1叩 bda* diford / (d * C 牢 cos(thetad1)) ; 

#undef dif ord 

#define diford 1.0 // diffraction order 

const double thetai2 50.805 / 360.0 * 2 * Pi; /牢 incidentangle [rad] */ 

const double thetad2 asin( diford * lambda / d -sin( thetai2) ); 

const double alpha2 cos(thetai2) / cos(thetad2); 

const double beta2 1祖 bda* diford / (d 本 C 本 cos(thetad2));

#undef diford 

#define diford 1.0 /1 diffraction order 
const double thetai3 51.805 / 360.0 * 2 * Pi; /キ incidentangle [rad] */ 

const double thetad3 asin( diford * lambda / d -sin( thetai3) ); 

const double alpha3 cos(thetai3) / cos(thetad3); 

const double beta3 1祖 bda* diford / (d 歌 C ホ cos(thetad3));

#undef diford 
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#define diford 1.0 // diffraction order 

const double thetai4 50.805 / 360.0 * 2 * Pi; /本 incident祖 gle [radJ */ 

const double thetad4 asin( diford * 1祖 bda1 d -sin( thetai4) ); 
const double alpha4 cos(thetai4) / cos(thetad4); 

const double beta4 lambda * diford / (d * C * cos(thetad4)); 

#undef dif ord 

/旗本*水本来事件材料*材料******材料**村本材料*料

* Temporal Imaging System 
料*本料牢材料淑料本料材料牢料*料料本材料*料料本/

const double mpm Pi * 1.0; // Amplitude of the phase modulation 

const double mom 3.0e3 淑 2.0* Pi; // Frequency of the phase modulation 

const double ft k / (mpm本 mom本 mom);

const double ztm 1.00; // Magnitude of Time Microscope 

const double zt1 (alpha2 * alpha2) 

/ (beta2 * beta2) * ft * ( 1.0 + (1.0 / ztm) ); 

const double z七2 (alpha4 * alpha4) 1 (beta4 * beta4) * ft * ( 1.0 + ztm ); 
const double pw2 k 1 ft * 1.00; 
const double az 100.0e-3; // Propagation after imaging [mJ 

const double ftf 000.Oe-3; 1/ Last FT lens 
const double alpha_defocus -0.00; 

/料字本件字本料料料料*料料*料材料*料**材*材料

事 Temporal2-f Imaging 

取本**本忠*本本本*本本字本車*本ネネ本本***本**本本***本**ホ*本*1

const double ft1 ft; 

const double ft2 ft; 

cons七 doublepw2_1 k / ft1; 

const double pw2_2 k / f七2;

/**********材料*料****料*****料*本潟村*材料*材料本料村

本 Don'tchange the parameters. 

* They are calculated by the above parameters. 
本件*本本材料材料本料料材料率本料**料*料*材料材料*料*材*/

const double a = 1.0/2.0*sqrt(2.0/1og(2.0))本wx;

const double b = 1.0/2.0*sqrt(2.0/1og(2.0))*wt; 
const double w bias = a本b/(2.0*Pi); 

const double w x 一(2.0/(a本a));

const double w xi ー(a本a/2.0);

const double w_t ー(2.0/(b本b)); 

const double w om ー(b*b/2.0);

A.2.6 coordinate_transform.h 

1***********本*************************ホ****本本牢*ホ欲本本本本***
The definition of class for 4 valuables coordinate 

class coordinate 

and 
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Functions for coordinate transform 

*材料本料*本料*材料件本件本本件材料材料*材料本*料材料*村*****/

/*料**料本料本本材料本州材料本材料料*料本料料村

本 Definitionof class coordinate 
牢材料*本*料本本材料材料材料*料材料村本材料*本/

#include<ma七h.h>

class coordinate{ 

public: 

double x， xi， t， om; 
inline coordinate(){ 

set(O.O， 0.0， 0.0， 0.0); 
} 

inline coordinate(double x， double xi， double t， double om){ 
set(x， xi， t， om); 
} 

inline void set(double x， double xi， double t， double om){ 
七his->x x; 

thisー>xi xi; 

七his一>t t; 

this一>om om; 
} 

}; 

/材料本件材料本件*本件*材料村本料料*料*料材料*材料**村本

ホ Functionsfor coordinate transform 

件付本村本件*本本料*料**材料材料料*料材料**料材料**材*/

/本

* Do nothing 

本/

inユinecoordinate Vacuum(coordinate org){ 
return(org); 

〉

/本

* Spatial Lens 

本/
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inline coordinate SpatialLens(coordinate org， double f， double k){ 

〉

return( coordinate( org.x， 
k/f * org.x + org.xi， 

org.七，

org.om) ); 

/本

* Propagation in Dispersion Medium 

*/ 
inline coordinate Propagation(coordinate org， // The original coordinate 
double z， // Propagation Distance 
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11 Transversive Wave Vector 
1/ Group Delay (d-2k/kom-2) /本

* 2-f system (Spatial Fourier Transform) 

*1 
inline coordinate TwoFsystem(coordinate org， 11 The original coordinate 
double f， /1 Focal Length of Lens 
double k) 11 Transversive Wave Vector 

{ 

return( coordinate( org.x -z/k本org.xi，
org.x1， 
org.七 - gd本Zホorg.om，
org.om )); 

} f 

/本

* Input Grating 
本/

inline coordinate Gratingln(coordinate org， 11 The original coordinate 
double alpha， /1 Parameter of Grating 
double beta) 11 Parameter of Grating 

return( coordinate( -f/k*org.xi， 
k/f*org.x， 
org.t， 
org.om ) 

} 

return( coordinate( double(alpha本 org.x)，
double(org.xi/alpha) -double(beta/alpha * org.om)， 
double(org.t) -double(beta*org.x)， 
double(org.om) ) 

/ヰ

* Temporal Fresnel Diffraction 

*1 
inline coordinate TFresnel (coordinate org， 
double alpha， 
double beta， 
double k， 
double zt 1/ diffraction time 

f 

} 

/淑

本 OutputGrating 

v 
inline coordinate GratingOut(coordinate org， 1/ The original coordinate 
double alpha_orig， 11 Parameter of Grating 
double beta_orig) 11 Parameter of Grating 

f 
double z; 

coordinate xt; 

z zt; 

f 
double alpha 1.0 1 alpha_orig; 
double beta 1.0 * (beta_orig 1 alpha_orig); 
return(Gratingln(org， alpha， beta)); 

xt org; 

xt GratingOut (x七， alpha， beta); 
xt Propagation (xt， z， k， 0.0); 
xt Gratingln (xt， alpha， be七a);} 

1* 
* Spectrometer 

*1 
inline coordinate Spectrometer(coordinate org， 1/ The original coordinate 

double alpha， 11 Parameter of Grating 
double beta， 11 Parameter of Grating 
double f， 11 Focal Length of Lens 
double k) 11 Transversive Wave Vector 

return (xt); 

} 

return( coordinate( -alpha*f/k*org.xi， 
k/(alpha本f)*org.x-beta/alpha*org.om， 
org.七+beta*f/k本org.xi，
org.om ) 

/牢

* Temporal Fresnel Diffraction Reversal Setup 

本/

inline coordinate TFresnelR (coordinate org， 
double alpha， 
double be七a，

double k， 
double zt /1 diffraction time 

f 

{ 

double z; 

} coordinate xt; 
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z zt; 

本 TemporalImaging System 

*1 
inline coordinate TImaging (coordinate org， 
double alpha， 
double beta， 

double k， 
double zt1， 
double zt2， 
double pw2 
) 

xt org; 

xt GratingOut (xt， alpha， -beta); 
xt Propagation Cxt， z， k， 0.0); 
xt GratingIn Cxt， alpha， beta); 

return (xt); 

〉
{ 

1* 
本 TemporalFresnel Diffraction with Defocus 

*1 
inline coordinate TFresnelDefocus (coordinate org， 
double alpha， 

double beta， 
double k， 
double zt， 

coordinate xt; 

xt org; 

xt TFresnel (xt， alpha， beta， k， zt2); 
xt TimeLens Cxt， pw2); 
xt TFresnel (xt， alpha， beta， k， zt1); 

11 diffraction time return (xt); 
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} 

z zt; 

1* 
本 TemporalImaging with variout Gratings 

*1 
inline coordinate TImagingVG (coordinate org， 
double alphal， 
double beta1， 
double alpha2， 
double beta2， 
double alpha3， 

double beta3， 
double alpha4， 
double beta4， 
double k， 
double ztl， 
double zt2， 
double pw2 

) 

{ 

double z; 

double dalpha alpha 本 (1.0-alpha_defocus); 

coo工dinatext; 

xt org; 

xt GratingOut (xt， alpha， beta); 
xt Propagation Cxt， z， k， 0.0); 
xt GratingIn (xt， dalpha， beta); 

return (xt); 

} 

1* 
本 Time-Lens

*1 
inline coordinate TimeLens (coordinate org， 
double pw2 11 pw2: PhiW~2 

{ 

coordinate xt; 

xt org; 

{ 

returnC coordinateC org.x， 
org.xl， 
org.t， 
org.t * pw2 + org.om )); 

xt GratingOu七 (xt，alpha4， beta4); 

xt Propagation (xt， zt2， k， 0.0); 
xt GratingIn (xt， alpha3， beta3); 

} xt TimeLens (xt， pw2); 

1* xt GratingOut (xt， alpha2， beta2); 
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xt Propagation (xt， zt1， k， 0.0); 

xt Gratingln (xt， alpha1， beta1); 

return (xt); 

} 

/* 
* Temporal Imaging 
v 
inline coordinate TlmagingFT (coordinate org， 

double alpha， 

f 

〉

double beta， 

double k， 
double zt1， 
double zt2， 

double pw2， 
double ftf 

coordinate xt; 

xt org; 

xt TwoFsystem(xt， ftf， k); 
xt TFresnel (xt， alpha， beta， k， zt2); 

xt TimeLens (xt， pw2); 
xt TFresnel (xt， alpha， beta， k， zt1); 

return (xt); 

/* 
本 TemporalImaging Union 

* (Represented by one coordinate transformation) 
牢/

inline coordinate TlmagingUnion (coordinate org， 
double beta， 

{ 

double k， 
double pw2， 
double mt 
) 

return( coordinate( 

(2.0 本 mt-1. 0)本org.x

+ (1.0-mt)/beta * org.t 
+ 2.0本pw2本(1.0-mt)/(beta牢 k) 本 org.om，

4.0 * beta * beta本 k/ pw2 * org.x 
+ (2.0/mt -1) * org.xi 
-2.0 * beta * k / pw2 * org.t 
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} 

-2.0 * beta本 (1.0+ mt) / mt * org.om， 

-2.0本 beta* (mt+1.0) * org.x 
+2.0 * pw2 * (mt -1.0) / (mt * beta * k) * org.xi 
+ mt 牢 org.t

+ 2.0 * pw2 * (mt -1.0) * (mt -1.0) / (mt 本 k) 本 org.om，

一 2.0 本 beta本 k/ pw2本 org.x

+ (mt -1.0) / (beta * mt) * org.xi 
+ k / pw2 * org.t 
+ 1.0 / mt * org.om )); 

/本

* Temporal Imaging with After Propagation 
*/ 
inline coordinate TlmagingPropagation (coordinate org， 

{ 

} 

double alpha， 
double beta， 

double k， 

double zt1， 
double zt2， 

double pw2， 
double az 
) 

coordinate xt; 

xt org; 

xt Propagation (xt， az， k， 0); 
xt Tlmaging (x七， alpha， beta， k， zt1， zt2， pw2); 

return (xt); 

/* 
* Temporal imaging with first grating tilt 
*/ 
inline coordinate TlmagingDefocus1 (coordinate org， 

{ 

double alpha， 
double beta， 

double k， 
double z七1，

double zt2， 

double pw2， 
double alpha_defocus // [ス]

) 

coordinate xt; 
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xt org; 

xt TFresnel (xt， alpha， beta， k， zt2); 
xt TimeLens (xt， pw2); 
xt TFresnelDefocus (xt， alpha， beta， k， zt1， alpha_defocus); 

return (xt); 

〉

/本

本 Temporalimaging with second grating tilt 

v 
inline coordinate TlmagingDefocus2 (coordinate org， 
double alpha， 

f 

} 

double beta， 

double k， 
double zt1， 
double zt2， 
double pw2， 
double alpha_defocus // [ 1/100 %] 

coordinate x七;

xt org; 

xt TFresnelDefocus (x七， alpha， beta， k， zt1， alpha_defocus); 
xt TimeLens (xt， pw2); 

xt TFresnel (xt， alpha， be七a，k， zt2); 

return (xt); 

1* 
* Temporal 4-f Imaging 

* (not verified) 

本/

inline coordinate T4flmaging (coordinate org， 
double alpha， 

{ 

double beta， 
double k， 
double ftl， 
double ft2， 
double pw2_1， 
double pw2_2 

coordinate xt; 

xt org; 

xt TFresnel (xt， alpha， beta， k， ft2); 

A.2. WIGNER ANALYSIS 

xt TimeLens (xt， pw2_2); 

xt TFresnel Cxt， alpha， beta， k， ft2 + ftl); 
xt TimeLens (xt， pw2_1); 

xt TFresnel (xt， alpha， beta， k， ft1); 

return (xt); 

} 

A.2.7 WinST.h 

/**料率**料*****材**********料*料*料材料*料材料*材料

本

* The mathematical function of 

本 Wignerdistribution function. 

牢 Thetemporal and spatial profiles of the 

牢 pulseare Gaussian profiles. 

* 
牢料材料材料*料本*材料材料料柿本料判権料料*材料村本車料淑/

#includeくmath.h>

1* 
本 Wignerdistribution function of 

牢 single七 pulse.

本/

inline float WinSTsingle(coordinate xt){ 

〉

double result 

w bias 

* expCw_x * xt.x*xt.x) 

* expCw_xi 本 xt.xi牢xt.xi) 

* expCw_t * xt.七本xt.七)

ネ expCw_omホ X七.om牢xt.om) ); 

return( float(result) ); 

/牢

* Wigner distribution function of 

牢 doubletpulse 

*1 
inline float WinSTdoubleCcoordinate xt) 

{ 

const double tau 150e-15; /1 separation of twin plus [fs] 
double result 

w bias 

* expCw_x * xt.x*xt.x) 

本 expCw_xi 本 xt.xi淑xt.xi) 

105 

* (exp(w_t * pow(Cxt.t -tau)，2.0)) + expCw_t * powC(xt.t + tau)，2.0))) 

本 expCw_om本 xt.om本xt.om)* pow(cos(xt.om * tau)，2.0) 

return( float(result) ); 

} 
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1* 
本 Wrapperfunction for above two function. 

* You have to select one of them. 

本/

inline float WinST(coordinate xt) 

f 

〉

11 return( WinSTdouble(xt) ); 11 for singlet 
returnC WinSTsingle(xt)); 11 for doublet 

A.2.8 CtoA.h 

/本

本 Return七heindex of memory on 

淑 resultWigner matrix， Wst from 
* a coordinate index (i_x，i_xi，i_t，i_om). 
ホ/

inline int CtoA(int i_x， int i_xi， int i_t， int i_om， 
int NX， int NXI， int NT， in七 NOM){
11 N: The size of Wigner matrix. 
return( i x本NXI*NT*NOM+ i_xi*NT*NOM + i一七本NOM+ Lom); 

} 

A.2.9 Ns.h 

#ifndef Ns_h 

#define Ns h 

/材料*料材料*料*料**料***料***材料*料料**

本 Classcontaining七hesize of 

* Wigner matrix. 
*料料*料*本件*獄事事本本料料料*料材料材料本料本*1

class Ns{ 

public: 

/本

int X， XI， T， OM; 
/材料材料材料******材*林*材料料/

Ns(int Nx， int Nxi， int Nt， int Nom){ 
X Nx; 

XI = Nxi; 
T Nt; 

OM Nom; 

} 

/料本*村本料料材料本料材料率料料本料/

inline int total_size(void){ return(X*XI河本OM); } 
1*本本本本字本*本**本本本本本本料*本本*料*本本*本/

* Return the index of memory on 

* result Wigner matrix， Wst from 
本 acoordinate index (i_x，i_xi，i_t，i_om). 

A.2. WIGNER ANALYSIS 

*1 
inline int C七oA(inti_x， int i_xi， int i_t， int i_om){ 
return( i x本XI本T*OM+ i_xi*T*OM + i_t*OM + i_om); 
} 

}; 

#endif 11__Ns_h一一
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Papers 

1. Yoshiaki Yasuno， Masahiko Mori， Masanobu Watanabe and Toyohiko 
Yatagai. Photon wall: Three dimensional control of femtosecond light 

pulse. Proc. of SPIE， 3491:700・703，Dec. 1998. 

2. Yoshiaki Yasuno， Yasunori Sutoh， Nobukazu Yoshikawa， Msahide Itoh， 
Masahiko Mori， Kazuhiro Komori and and Toyohiko Yatagai. Time-space 
conversion of femtosecond light pulse by spatio-temporal joint transform 

correlator. Opt. Commn・， 177:135-139，Apr. 2000. 

3. Yoshiaki Yasuno， Yasunori Sutoh， Masahide Itoh， Masahiko Mori and 
Toyohiko Yatagai. Spatio-temporal joint pulse shaper: analysis of the 
property by Wigner distribution function. Proc. of SPIE， 4089:836-841， 
May. 2000 

4. Yoshiaki Yasuno， Motoki Nakama， Yasunori Sutoh， Masahide Itoh， Masahiko 
Mori and Toyohiko Yatagai. Optical coherence tomography by spectral in-

terferometric joint transform correlator. Optics Communicαtions， 186:51-
56， Dec. 2000. 

5. Yoshiaki Yasuno， Motoki Nakama， Yasunori Sutoh， Masahide Itoh， Masahiko 
Mori and Toyohiko Yatagai. Optical coherence tomography by spatio-
temporal joint transform correlator. Proc. of SPIE， (Accepted to publi-
cation) 

6. Yoshiaki Yasuno， Motoki Nakama， Yasunori Sutoh， Masahide Itoh， Masahiko 
Mori and Toyohiko Yatagai. Ph出 e-resolvedcorrelation and its application 

to analysis of low coherence interferogram. Opt. Lett.， 26(2)， Jan. 2001 

7. Yoshiaki Y:出 uno，Yasunori Sutoh， Masahide Itoh， Masahiko Mori and 
Toyohiko Yatagai. Analysis of Spatio-Temporally Coupled Pulse-Shaper 
by Wigner Distribution Func七ionIEICE Tr，αηs. of Electron.， (Accepted 
to publication 
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Collaborated Papers 

l. Yasunori Sutoh， Yoshiaki Yasuno， Kenji Harada， Masahide Itoh， Masahiko 
Mori and Toyohiko Yatagai. Analysis of Spatio-Temporal Coupling in 

Femtosecond Pulse Shaper by Wigner Distribution Function， Opt. Eng 
(Submitted) 

2 須藤泰範，安野嘉晃3原田建治，伊藤雅英，森雅彦，谷団員豊彦.Wigner分布
関数を用いた極短光パルスの時空間情報の解析.光学， 29(8):502-506， 2000 
年 8月

International Presentations 

1. Yoshiaki Yasuno， Masahiko Mori， Masanobu Watanabe and Toyohiko 
Yatagai. Femto second light pulse scanning using one-dimensional spatial 
light modulator. Fourth Optoelectronicsαnd Communicαtions Coηference， 
Jul. 1998. 

2. Yoshiaki Yasuno， Masahiko Mori， Masanobu Watanabe and Toyohiko 
Yatagai. Photon wall: Three dimensional control of femtosecond light 
pulse. The TI加1Ir，叫dInηtt白er甘仰r門、γ-na

Technηwlogi臼esム， Jul.1998. 

3. Yoshiaki Yasuno， Nobukazu Yoshikiwa， Masahide Itoh， Masahiko Mori， 
Kazuhiro Komori， Masanobu Watanabe and Toyohiko Yatagai. Femtosec-
ond pulseshape correlation by spatio-temporal joint transform correlator. 

CLEOjPaci白cRim'99， Sep. 1999 

4. Yoshiaki Yasuno， Motoki Nakama， Y:回 unoriSutoh， Masahide Itoh， M出 ahiko
Mori and Toyohiko Yatagai. Optical coherence tomography by spatiひ
temporal joint transform correlator Internαtional Conference 0ηApplicα-

tions of Photonic Technologies， Jul. 2000. 

5. Yoshia.ki Yasuno， Yasunori Sutoh， Masahide Itoh， Masahiko Mori and 
Toyohiko Yatagai. Spatio-temporal joint pulse shaper -analysis of the 
property by Wigner distribution function -. Optics in Computing， Jul. 
2000. 

6. Yoshia.ki Yasuno， Yasunori Sutoh， Masahide Ito， Masahiko Mori and Toy-
ohiko Yatagai. Numerical analysis of spatio-temporally joint pulse shaper. 
The 7th Internαtionαl Workshop on Femtosecond Technology， Jul. 2000. 

7. Yoshiaki Yasuno， Motoki Nakama， Yasunori Sutoh， Masahide Itoh， Masahiko 
Mori and Toyohiko Yatagai. Phase-resolved correlation: New technique 
for analysis of low coherence interferogram. Optics in Computing， Jan. 
2001. 

. Yoshia.ki Yasuno， Yasunori Sutoh， Masahide Itoh， Masahiko Mori and 
Toyohiko Yatagai. Numerical Analysis of Spatio-Temporal Coupling in 
Time Domain Microscop. Optics in Computing， Jan. 200l. 
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Domestic Presentations 

l.安野嘉晃，森雅彦，渡辺正信，谷団員豊彦 1次元空間光変調器を用いたフェ

ムト秒パノレス走査.第45回応用物理学関係連合講演会.1998年 3月

2.安野嘉晃?森雅彦，渡辺正信，谷田員豊彦.Photon wall:フェムト秒光パノレ
スの 3次元形状制御.第四回応用物理学会学術講演会.1998年 9月.

3.安野嘉晃，吉川宣伊藤雅英，森雅彦，渡辺正信，谷田員豊彦.光アドレス

型液晶空間光変調器を用いた時空間パノレス相関器.第 46回応用物理学関係
連合講演会.1999年 3月.

4.安野嘉晃，須藤泰範，伊藤雅英1森雅彦1谷田貝豊彦.Wigner分布関数によ
る時空間結合ノξルスシェイパーの解析.日本光学会年次学術講演会 (Optics
Japan'99). 1999年 11月.

5.安野嘉晃，須藤泰範，伊藤雅英，森雅彦，谷団員豊彦.時間顕微鏡における時

空間結合の解析.第 61回応用物理学会学術講演会.2000年 9月.

6.安野嘉晃3仲間基起，伊藤雅英，森雅彦，谷田貝豊彦.位相分解相関アルゴリ

ズムによる白色干渉信号の分解.第 48回応用物理学関係連合講演会.2001 

年 3月.

Collabolated Presentations 

1. Masahiko Mori， Yoshia.ki Yasuno， Masanobu Watababe. Differentiation 
images on spatio-temporal plane with femtosecond light pulses. Optics in 
Computing， Jun. 1998. 

2. Yasunori Sutoh， Yoshiaki Yasuno， Masahide Ito， Masahiko Mori and Toy-
ohiko Yatagai. Analysis of spatio-temporal coupling in pulse shaper. The 
7th Internαtionαl Workshop on Femtosecond Technology， Jul. 2000. 

3.仲間基起?安野嘉晃，伊藤雅英，森雅彦，谷田貝豊彦.SLD時空間結合変換相
関法によるコヒーレンストモグラフィ一 日本光学会年次学術講演会 (Optics

Japaη'99). 1999年 11月

4.須藤泰範，安野嘉晃，伊藤雅英，森雅彦，谷田貝豊彦.極短パルス光の時空間

走査の解析.第 61回応用物理学会学術講演会.2000年 9月.

5.須藤泰範3安野嘉晃，伊藤雅英，森雅彦，谷田貝豊彦.非線形光学結晶を用い

たスベクトノレ干渉コヒーレンストモグラフィー.第 48回応用物理学関係連

合講演会.2001年 3月.
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