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ABSTRACT 

The aim of the Frequency-Resolved Optical Gating (FROG) setup l develo

ped was to be used as performance reference in a research project carried out by 

the researchers of our group, which we can see the outcomes in the article "Sub

picosecond phase-sensitive optical pulse characterization on a chip" , published in the 

journal NATURE PHOTONICS· LETTERS [50]. In this paper, my colleagues show 

how they built a device capable of characterizing both the amplitude and phase of 

ultra-fast optical pulses with the aid of a synchronized incoherently related clock 

pulse. This device is based on a variation of Spectral Phase Interferometry for Direct 

Electric-ficld Reconstruction (SPIDER) that exploits degeneratc four-wave rnixing 

in a CM OS-compatible chip. Pulses were measured with a peak power of < 100 m W, 

a frequency bandwidth of > 1 THz, and up to 100 ps pulse widths, yielding a time 

bandwidth product of> 100. My work was to build the FROG setup to be used in 

that research and as a consequence l will not venture any deeper into the work of 

my colleagues. In this thesis, l 'will explain how l built the FROG setup and how it 

works. l will also show examples of FROG measurements for 'pulses having propa

gated in spools of optics fibcrs of diffcrent lcngths. FROG is a simple and practical 

technique for measuring time-dependent intensity, I(t), and phase, cP(t), of arbitrary 

ultrashort pulses, i.e. the full complex electric field, E(t), of an individual femtose

cond pulse. This technique was developed in the early 90's by Rick Trebino and Dan 

Kane. FROG operates on a multi- or single-shot basis and has measured pulses from 

UV to mid-IR, of many p,J, and from several ps to 9 fs. FROG involves splitting the 
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pulse to be measured into two replicas with variable relative delay, T, and crossing 

them in any nonlinear optical medium. The signal field resulting from the crossing 

is given by : 

. The spectral intensity of this signal (the "FROG trace") : 

IfTog(W,T) ex Il: ESig(t,T)exp(-iwt)dtI2 

is then measured vs. the delay T. Then, a numerical algorithm retrieves the pulse 

intensity and phase vs. time and frequency from this trace. 

Francisco Manuel Castro Fincheira Tsuneyuki Ozaki 
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ABRÉGÉ 

Le but du système FROG (Frequency-Resolved Optical Gating) que j'ai 

développé était d'être utilisé comme référence dans un projet de recherche mené 

dans notre groupe, dont nous pouvons voir les résultats dans l'article "Sub-picosecond 

phase-sensitive optical pulse characterization on a chip", publié dans le journal NA

TURE PHOTONICS LETTERS [50]. Dans cet article, mes collègues montrent com

ment ils ont construit un appareil capable de caractériser l'amplitude et la phase 

d'impulsions optiques ultra brèves au moyen d'une impulsion de synchronisation in

cohérente. L'appareil est basé sur une variante de interférométrie spectrale de phase 

pour la reconstruction directe du champ électrique (Spectral Phase Interferometry 

for Direct Electric Field reconstruction, ou SPIDER) qui exploite le mélange dégéné 

de quatre ondes dans une puce CMOS-eompatible. Ce dispositif a permis de mesurer 

des impulsions ayant une puissance crête < 100 mW, une bande de fréquence> 1 

THz et des durées d'impulsion jusqu'à 100 ps, produisant un produit temps x lar

geur de bande > 100. Mon travail a consisté à construire un système FROG pour 

cette recherche. En conséquence, je n'irai pas plus profondément dans le travail de 

mes collèges. Dans cc mémoire, je vais expliquer comment j'ai construit le système 

FROG et comment il fonctionne. Je montrerai aussi des exemples de mesures FROG 

pour des impulsions laser après leur propagation dans des bobines de fibre optique 

de différentes longueurs. Développée au début des années 1990 par Rick Trebino et 

Dan Kane, la technique FROG permet de mesurer l'intensité, I(t), et la phase, </J(t) , 

d'impulsions ultra-brèves arbitraires, i.e. le champ électrique complexe, E(t), d'une 
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impulsion femtoseconde. En dédoublant l'impulsion à mesurer avec un retard relatif 

variable, T, puis en croisant les deux impulsions dans un milieu optique nonlinéaire, 

cette technique, qui utilise des tirs uniques ou multiples, a permis de mesurer des 

impulsions entre l'UV et le mi-IR, de plusieurs IL J et de plusieurs picoseconde à 9 

fs. Le signal résultant du croisement des impulsions est donné par: 

L'intensité spectrale de ce signal (la trace FROG), 

Ifrog(w, T) ex Il: Esig(t, T) exp ( -iwt)dt I

2 

est alors mesuré en fonction du délai T. Enfin, un algorithme numérique itératif 

permet de déterminer l'amplitude et la phase de l'impulsion en fonction du temps et 

la fréquence à partir de cette trace. 

Francisco Manuel Castro Fincheira Tsuneyuki Ozaki 
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Chapitre 1 
PRESENTATION 

1.1 INTRODUCTION TO THE DOMAIN OF ULTRASHORT LASER 
PULSES AND FROG 

1.1.1 Ultrashort laser pulse measurement 

The first measurements of laser pulses were carried out in the 1960s using electro-

nic detectors. The goal is to measure the pulse electric field vs. time, i.e. its intensity, 

I(t), and phase, cjJ(t), given by : 

E(t) = vff(i) exp[i(wot - cjJ(t))] (1.1 ) 

The complex electric field in the frequency domain is obtained from the Fourier 

transform of E(t), given by : 

E(w) = JS(w) exp[-i'P(w)] (1.2) 

where S(w) is the pulse spectral intensity, and 'P(w) is the spectral phase. 

In a second harmonic generation (SHG) crystal we get twice the frequency of 

the input light. When the two pulses overlap in time (see the ABSTRACT), the SHG 

crystal generates a signal with energy vs. delay given by [1] 

1: I(t)I(t - T)dt (1.3) 
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where r is the relative delay between the two pulses. The problem with this technique 

(autocorrelation) is that it is necessary to assume a pulse shape in order to obtain a 

pulse length. This problem is called the one-dimensional phase-retrieval problem 1 

[2,3J. Moreover, we cannot obtain information about the phase cjJ(t). Even if we were 

able to identify all the possible pulses corresponding to a given trace, several of them 

would fit the measuremens and we could not determine which one is correct. [4-9,46J 

1.1.2 Frequency-Resolved Optical Gating (FROG) 

FROC is an auto correlation technique, but the pulse is spectrally resolved as a 

function of the delay, r, between two pulses. From the spectrally-resolved measure-

ment, we can use a phase-retrieval algorithm to retrieve the precise pulse intensity 

and phase vs. time. [1O-12J The measured quantity required by the FROC technique 

lS : 

(1.4) 

where the signal field, 

(1.5) 

is a function of time and the delay. In FROC, the gate function, Egate(t - r), is a 

function of the unknown input pulse, E(t), that we are trying to measure. When 

using SHC as the nonlinear-optical process, Egate(t - r) = E(t). However, in FROC, 

Egate(t - r) can be any known function acting as the reference pulse. In principle, 

Esig(t, r) can be any function of time and delay that cont~ins enough information 

1. Trebino, R., Frequency-Resolved Optical Gating : The Measurement of Ultrashort Laser 
Pulses. 2002, Boston: Kluwer Academic Publishers. 
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to determine the pulse characteristics. [13] As mentioned earlier (see ABSTRACT)

pulse retrieval using FROG requires phase-retrieval numerical algorithms. [14-21]

( See also http : I I www. physics. gatech. edu/ gcuo/ sublndex. html)

More information about early works on FROG can be found in Refs. [22-39] and

on the web page http : I I frog.gatech.edu/publications.html.

It is worth mentioning that there are some opinions that FROG has nontrivial

ambiguities, and thus cannot really retrieve unambiguously the amplitude and phase

of the pulse. However, this is actually not the case. [40-42] In addition, FROG is

more sensitive than autocorrelation to pulse variations. 143-49)

L.2 MOTIVATIONS

The interest of the researchers of our group was to characterize the pulses used

in different experiments that were being conducted at this time. For that purpose,

they needed to retrieve the precise amplitude and phase in function of time and

frequency of the laser pulses used in their experiments.

The members of our group reported a device capable of characterizing both

the amplitude and phase of ultrafast optical pulses with the aid of a synchronized

incoherently related clock pulse. It is based on a novel variation of Spectral Phase

Interfcrometry for Direct Elcctric ficld Rcconstrtrction (SPIDER) technique that

exploits degenerate four-wave mixing in a CMOS-compatible chip. It measures

pulses with a peak power of < 100 mW, a frequency bandwidth of > 1 THz and up

to 100 ps pulse widths, yielding a time x bandwidth product of > 100. More details

are given in Ref. [50]. In this project, my work consisted in developnig a FROG



system in order to compare the pulse characteristics provided by the new device

with those provided by the more conventional FROG technique.

1.3 STRUCTURE OF THE THESIS

In Chapter 1, we present the subject and the structure of the document, making

a brief introduction to the domain of ultrashort laser pulses and FROG. We also

explained the motivation of the subject in the framework if the research done in our

group. In Chapter 2, we discuss the experimental setup, the material we used, provide

information abotrt the spectrometry, the program we used to obtain the images, and

the motorized linear stage. In Chapter 3, we provide the mathematical bases of pulse

characterization. In Chapter 4, we discuss the experimental results. We performed

FROG for no spool, a 10 m spool and a 100 m spool. In Chapter 5, we conclude the

thesis.



Chapitre 2
EXPERIMENTAL SETUP

2.T OVERVIEW

The FROG experimental setup is based on an autocorrelator system, and as is

always the case in autocorrelation, we have to use the pulse to measure the pulse

itself. We must gate the pulse with itself, and, in order to make a spectrogram of the

pulse, we have to spectrally resolve the gated piece of the pulse. In its simplest form,

FROG is an autocorrelation-type measurement in which the autocorrelator signal

beam is spectrally resolved. Instead of measuring the autocorrelator signal energy

vs. delay Eq.(1.3), which yields an autocorrelation, we measure the signal spectrum

vs.  de lay  Eq. (1 .a ) .

The laser beam comes from a "picosecond and femtosecond fiber laser ". In our

case? we launched a beam with a wavelength of 1550 nm. We amplified the beam with

an optical fibre amplifier, Pritel model HPFA-15 (see Figure H-1 and Figure H-2

in appendi" H). After amplifying the beam intensity, we analyze the spectrum of

the primary 1550 nm beam using a fibre spectrometel, model OSA AQ63178 (see

Figure G 1 and Figure G 2 in appendix G). This is for checking the quality of the

test beam. To test the FROG setup, right after the spectrometer we place a spool of

optical fibre, and subsequently compare the real length of the spool with the length

given by the FROG setup.



In a normal FROG experiment, the primary beam is spliced by a beam splitter.

One of the spliced beams goes to a THORLABS moving stage, which is a variable

optical delay line stage, and we produce a variable time delay with respect to the

other beam E(t - r). In order to perform FROG pulse characterization, we need a

collection of diffcrent mcasrlrcments with diffcrcnt dclavs. I will cxplain why later.

After that, both beams are redirected to the second harmonic generator (SHG)

crystal pBaBOa (BBO), i.e. the one that passed through the moving stage, E(t - r),

and the other that merely passed through the beam splitter, E(t). The two spliced

beams have to interact inside an SHG crystal, but with an specific angle of 39.2'

with respect to the normal to the surface to produce a 775 nm beam. Before the

bearns rea"ch the crysta,l, wel focus both bearrrs irr a,n optic:r,l fiber. The bcams, whit;h

are now in the optical fibres, are easy to direct at the angle we want on the crystal.

In the SHG crystal, both beams interact and a new beam of double frequerrcy

is created. This means that the output wavelength is half of the input wavelength.

In our case, the input wavelength is 1550 nm and it comes out at 775 nm. There are

actually 3 outputs beams : two of 1550 nm at an angle of 39.2 and one of 77b nm

at an angle of 0', which we will carl E,in(t,r), We have to send this 77snm beam

directly to the NEWPORT 7f 4mlmaging Spectrographs model MS260i to obtain the

spectrum. We then get a spectrum of intensity vs. wavelength that we then change

to intensity vs. frequency (Eq.(1.a)).

This is repeated for different delays, r, by changing the position in the THOR-

LABS moving stage, using a MATLAB program that connects the stage with the

computer. From this collection of spectra obtained from different delavs. we obtain



FIcURB 2-1- The primary beam is spliced in two beams. One goes to a THORLABS
moving stage, E(t - r). E(t) and E(t - r) go to a SHG crystal, |BaBOq (BBO).
They interact in a SHG crystal, with an angle of 39.2". The input is 1550 nm and
there are 3 outputs beams : two of 1550 nm at an angle of 39.2' and one of 775 nm at
an angle of 0", E"6n(t,r) that goes to the NEWPOITT 1/4m Imaging Spectrographs
to obtain the spectrum. Le faisceau primaire est divisé. L'un des faisceaux divisés va
vers la platine mobile de THORLABS, puis au cristal SHG. L'autre faisceau divisé
va au cristal de SHG. Les faisceaux doivent interagir à I'intérieur du cristal de SHG
avec un angle de 39.2 degrés pour produire un faisceau de 775 nrn) ce f'aisceau est par
la suite directement envoyé au spectrographe de formation d'image, ORIEL 7l4m
(MS260i) pour en obtenir Ie spectre.

a plot of the intensity vs. frequency and delay (spectrum vs delay), and we get what

we call a FROG image. The whole experimental setup is shown in Figure 2-1.

2.2 COMPONENTS OF THE SETUP AND SOFTWARE

2.2.I 1550 nm Picosecond and Femtosecond Fibre Laser

The PriTels FFL 1550 nm Picosecond and Femtosecond Fibre Lasers (Figure I-

1) has a repetition rate of 10-100 MHz while the fixed average output po$/er varies



with pulse width and pulse repetition rate (e.g., > 4 mW at 2 ps and,20 MHz). More

detail are given in Appendix I (Figure I 2).

2.2'2 spectrometer oRrEL rlam imaging spectrographs (MS26oi)

The MS260i 1l4m Imaging Spectrograph is a multi-grating instrument. This

dual output model uses dual grating mounts (Figures L-1 and L-2). It is an F/

3.9 instrument with a flat 28 mm image plane for multichannel detectors. Stray

light is negligible, re-entrant spectra are eliminated, throughput is high, and it has

great resolution spatially and spectrally. A set of computer-optimized toroidal mirrors

produce accurate images of the input slit in the flat output plane. The aberration

limited spatial resolution is 40 pm (FWHM) for the dual grating instrument. It has

a USB interface (see Figures 2 2 and 2-3).

2.2.3 Matlab codes

We developed a Matlab code for communication between the CCD camera of

the spectrometer and the computer. This code is given in Appendices A, B, and C.

The Matlab code for calibrating the Camera is given in Appendix D. After obtaining

the FROG image we use a code to manipulate the image and adapt it to the Matlab

program FROG 1.0 which executes the retrieval numerical algorithm. In Appendix

B, we also present the Matlab code for continuous image acquisition from the camera.

2.2.4 Motorized linear stage

The Linear Stage is controlled also by the BENCHTOP DC SERVO MOTOR

coNTRoLLER shown in appendix F (see Figures F 1, F 2, and 2 4).
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ENTRANCE

Ftcunn 2-3 - A set of computer-optimized toroidal mirrors produce accurate images
of the input slit in the flat output plane. The aberration limited spatial resolution is
40 p,m (FWHM) for the dual grating instrument.. Intérieur du spectromètre
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FtcuRp 2-4 - The Linear Stage is controlled also by the BENCHTOP DC SERVO
MOTOR CONTROLLER shown in appendix F . Platine linéaire.
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Chapitre 3
MATHEMATICAL THEORY

3.1. THE TIME AND FREQUENCY-DOMAIN ELECTRIC FIELD

An ultrashort laser pulse is characterized by an amplitude or intensity and a

phase vs. time. Neglecting the spatial dependence for the moment, the pulse electric

field is given by :
1 -

e (t) : 
;\/ 

r ft) exp[t(r,. '6f - a\))l * c.c. (3 1)

where 1(l) is the intensity, c,.ro is the central carrier frequency, d(t) is the phase, and

c.c. stands for the complex conjugate.

Fourier-transforming the pulse electric field given by Eq. (3.1) yields:

1 _

e (r , . r)  :  
, t /  

Sf" -  c", , '6)exp[- iç(,  -  ro)]  + 
, t /  

St-"  -  c, . '6)exp[+ip(-,  -  cds)]  (3.2)

where ^9(r,"') and ç(a) are the frequency-domain equivalents of the intensity and

phase in the time domain, respectively. S(r,,') is called the spectral intensity or just

the "spectrum". One observes that the frequencv-domain electric field ^9(r,r) and

phase g(c,,,) have positive- and negative-frequency components. Actually the negative-

frequency component S(-, - ,o) contains the same information as the positive-

frequency component S(, - r,.'e). For that rea"son, it is generally more convenient to

work with the complex field E(t) instead of the real field, Eq. (3.1) :

E(t) : 1/ I(t) expfi(ast - g(t))] (3 3)
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In the frequency-domain, this becomes :

Eçr1 : {s@ -;Jexpf-i,e@ - ro)l (3.4)

3.2 TAYLOR SERIES EXPANSION OF THE PHASES

The pulse's variations in frequency are contained in the phase $(t) or g@). The

frequency or color of the pulse at time f is :

0(r) : -dô(t)ldt (3.5)

The variation of the frequency with time is called "chirp". Positive chirp is an

increasing frequency with time, and negative chirp is a decreasing frequency with

time. But more complex chirps are also quite common. Indeed, understanding the

complicated chirp present in ultrashort pulses plays an important role in modelocked

lasers and is the key to making even shorter pulses.

We can write a Taylor series for the phase /(t) around the time t : 0 as :

ô(t):ô"+ôrl*fr#.

,  dPÔ,
Qn:  

. * l t =o

(3.6)

where :

(3.7)

Substituting this series expansion in Eq. (3.1) or Eq. (3.3), ivr/e see that the

first term do, is just an overall phase without importance, while the second term

/1 induces a shift in the central frequency c,r6, which is assumed to be known. Thus

these two first tcrms can be set to zero. Often, as in this work, onlv the next term

13



/2 is typically required to describe well-behaved pulses. Of course, for badly behaved

pulses it is necessary to take into account the higher-order terms as well.

A similar Taylor series expansion can be performed for ç(u) around u) : u)o i

ç(w -a,o) : eot gr+ * rr9#ù * (3.8)

where :

d1e,
Y n  -  

,  ^ l u : u o
aa''

(3.e)

Substituting this serics cxpansion in Eq. (3.2) or Eq. (3.4), wc soc that thc first term

is only an overall phase. The second term only induces a time delay in the pulse,

and is called group delay for this reason. Both terms can thus be set to zero. The

third and following terms describe dispersion in the medium. The coefficient of the

third term, /2, is called is called the group-delay dispersion (GDD).

3.3 DISPERSION OF GAUSSIAN

A good first approxirn:rtion for rnost

by '

PULSES

lascr ptrlscs is thr; Gaussian llrlsc, givcn

,fr6: fl6 expf- (tl Lù'z1 (3.10)

whr:rr: Ar is the pulse duration and .Eç1 is the maximum pulse amplitude.

Subst i tut ing Eq.(3.10) and g(t)  :  ô2* f  2 (see Eq.(3.6)) in Eq.(3.3),  we obtain :

E(t) : Eo"-#;, 
"*!t\"tuot

(3 .11 )
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Fourier-transforming this pulse electric field we get :

Ê1r1: go"- 
"-t(ff(u-uo)2)

where Éo ir th" maximum amplitude,

n,  .2  _ 6/Lr4 + 4
t)w - 

Ar"

is the square of the pulse width in the frequency domain, ffid gz

(see Eq.(3.9)). W" note that the spectral amplitude is given by :

tffitl: Êoe-

It is easv to show that :

9z :

and, from Eqs. (3.13) and (3.15), that :

ôz :
lçrlarn

4 * g/Lua

(3.12)

(3.13)

is just the GDD

(3 .14)

(3.15)

(3 .16)

3.4 OBTAINING THE LENGTH OF A DISPERSIVE MEDIUM
USING FROG

In order to check our FROG setup and software, \rye compared the actual length

of an optical fiber, .L, with the length calculated using the FROG measurements for

the pulse parameters. This can be done through the simple relation :

L: pzlbz

15
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The FRoG setup was used to measure the pulse width in time, Ar (pulse

duration), and in the frequency domain, Aar, to obtain the group delay dispersion,

cp2, through Eq. (3.13). In Eq.(3.17), b2 characterizes dispersion in a given optical

material near the central frequency t*J6 and wavelength, Às, of the laser pulse :

(3 .18)

where 1ç : (2n lÀo)"(r) is the wave number of the laser, rz(r^.r) being the index

of refraction of the material. For the optical fibers we used, the experimental value

is approximately b2 : 22 ps2lkmt for 1550 nm. The dispersion of a medium is

a consequence of the frequency dependence of the group velocity of the wave in

the material. Indeed, since the group velocity is ur(ar) : dlnldk, we see that b2:

d (u ; r )  / dn .

l. www.rp - photoni,cs.comf chrornatic - disperti.on.htmt

d2k(w) ,--]p-t':'o
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Chapitre 4
EXPERIMENTAL RESULTS

4.L THE MAIN IDEA OF THE EXPERIMENT

The idea is to test FROG setup using three differcnt spools of optical fibers with

different lengths, namely : L :0 (no spool), 10 m and 100 m. The software FROG

1.0 was created in Matlab to retrieve the amplitude and phase of a short laser pulse

from a measured FROG trace Ippsc(r,r) using an algorithm which is explained in

appendix K. The FROG trace can be considered as a matrix for discrete values of a.,

and r. In order to use the retrieval algorithm the measured matrix must be set as a

square matrix of dimension .ly' : 2o'd.ln this work we use ord:8.

The spectrum of each spool is collected with a CCD camera with 1024 pixels in

frequency, at, and 100 pixels in delay, r. We thus need to interpolate the measured

image to respect the calibration of the frequency and time intervals. With the defined

dimension of the matrix (N :2o'd :256), the temporal window (time window) and

the spectral window, we use a Matlab program to properly resize and interpolate

the experimental matrix (i.e. the two-dimensional image). We can see the Matlab

program that performs this operation in the appendix E.

4.L.L The experimental images

We can see the spectra collected with the CCD camera in Figures 4-L, 4-2

and 4-3 for the spool lengths tr :0, 10, and 100 m, respectively. In those images,

17



FrcuRp 4-1 - FROG
a CCD camera with
FROG sans bobine.

trace for no spool.The spectrum of each spool is collected with
1024 pixels in frequency, u.,, and 100 pixels in delay, r. Trace

18



FrcuRp 4-2 - FROG trace from 10 m spool.The spectrum of each spool is collected
with a CCD camera with 1024 pixels in frequency, c^.r, and 100 pixels in delay, r.
TYace FROG de la bobine de 10 m.
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FlcuRr 4-3 - FROG trace from 100 m spool.The spectrum of each spool is collected
with a CCD camera with 1024 pixels in frequency, u.r, and 100 pixels in delay, r. Tace
FROG de la bobine de 100 m.

20



the vertical axis represents the frequency or wavelength while the horizontal axis

represents the delay r.

4.L.2 The calibrated images

Tlrc cxpcrirrrerrtal CCD camera irnagcs irr figures 4-I, 4-2 and 4-3 corrsist irr

1024 x 100 pixels. The pixels on the frequency, u : ul27r, and equivalent wavelength,

À: clu, axis were labelled on the raw experimental images using the expressions :

h:  z€roT *  ca ly  x  i

Àt:  Z€rot I  cal  x i

(4 .1 )

( 4 2 \

where i (I < i < 7024) is the number of the pixel along the frequency or wavelength

axis. The numerical values of the coefficients are given in Table 4-1. We note that

the À interval is centered near 775 nm since we are measuring the second harmonic

of the 1550 nm laser. For a better management of data we fix zero at775nm or 387

THz as *" 
"un 

see in the figures 4_.4, 4_5 and 4-6.

TReLp 4-l - Interpolation coefficients for the calibration of the experimental CCD

camera images in figures 4-I, 4-2 and 4-3. Coefficients d'interpolation pour la cal!

bration des figurcs 4-7, 4-2 ct 4-3.

Intcrpolation cocffi cients.

cal  y :
Z€Toy:

call:

Z€TO7:

-0.07779 x 1012 frequency/pixel
425.6 x 1012 frequency at pixel 1
0.1555 x 10-e wavelength/pixel
697.4 x 10-e wavelength at pixel 1

In figures 4-4, 4-5 and 4-6, the DELAY we

can change the time that the la,ser beam hit the

position. For example, a beam travelling free with

get is from the

crystal changing

a speed of light

Iinear stage, we

the linear stage

"c"  ,3cm take  a

27



time of 100ps, so changing the position of output beam fiber in the linear stage we

can change the time the beam reach the input beam fiber, so the DELAY. In the

figures 4-4, 4-5 and 4-6, the DELAY is in seconds. The range of the DELAY axis

is approx 3 x 10-11s it means lcm of distance between the input and output optical

fiber ovcr the lincar stage. We center the DELAY axis in a half of thc time rangc so

the range goes from -1.5 x 10-11s to 1.5 x 10-11s.

The experimental images in which the pixel numbers are replaced by physical

parameters f requency and delag are shown in figure 4-4, 4-5 and 4-6 for the spool

lengths L :0, 10 and 100 m, respectively. By comparison with Figures 4-1, 4-2

and 4-3, we note that these new figures have been resized in order to zoom in the

most relevant features of the images, keeping the calibration settings in the axis of

frequency and delay.
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FIcuRp 4-4 - Calibrated experimental image for no spool. By comparison with

figures 4-7, 4-2 and 4-3, these new figures have been resized in order to zoom in

the most relevant features of the images keeping, the calibration settings of the delay

window and the spectral window centered at uo - 387 THz. With a defined dimension

of the matrix (N :2o'd : 256).Image expérimentale calibrée sans bobine.

4.L.3 The retrieved images from FROG

Figures 4-7,4 8 and 4-9 show the results of the FROG analysis for the L:0,

10 and 100 m spool, respectively. The evolution of the error as a function the

number of iterations of the numerical algorithm is shown at the bottom of the

grollp of figurcs. One observes that few tens of itcrations arc required to minimize

the error. The retrieved and experimental FROG traces are shown on the left

of the top and middle panels, respectively. The pulse's amplitudes JT@ and

t/S(r) are shown on the top panel while the phases @(t) and g(u) arc shown on

the middle panel. The green curves are for iteration 1 while the other curves are
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x 1012 E'(PERIMENTAL

0
Dsley lel

FtcuRp 4-5 - Calibrated experimental image for the 10 m spool. By comparison
with figures 4-1, 4-2 and 4-3, these new figures have been resized in order to zoom
in the most relevant features of the images keeping, the calibration settings of the
delay window and the spectral window centered at uo - 387 THz. With a defined
dimension of the matrix (l/ : 2ord - 256). Image expérimentale calibrée pour la
bobine de 10 m.
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FtcuRn 4-6 - Calibrated experimental image for the 100 m spool. By comparison

witlr figures 4-1, 4-2 and,4-3, thcsc ncw figurcs havc becn rcsizcd in ortler to zoorn
in the most relevant features of the images, keeping the calibration settings of the

delay window and the spectral window centered at uo - 387 THz. With a defined

dimension of the matrix (l/ : 2ord' - 256). Image expérimentale calibrée pour Ia

bobine de 100 m.
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the final results after 100 iterations. We note that the phases are deflned up to

a constant so that the global shifts are not significant. The program FROG we

used is displayed in appendix J and the FROG algorithm is explained in appendix K.

4.2 EXTRACTING THE PULSE PARAMETERS FROM FROG DATA

Figures 4-7, 4 8, and 4 9 show the retrieved characterizations from the FROG

algorithm for the three spool lengths. Figure 4-10 shows a comparison between the

three cases.

In figures 4-7, 4-8, and 4-9 we have two images in the left side, they are the

RETRIEVED FROG from FROG program and the EXPERIMENTAL FROG ob-

tained from the experimental setup. The horizontal axis are different DELAYS and

thc vtrrti<r:ll a,xis art: tliffcr<:rrt FR,EQUENCIES, both graphirs iust show thc positiorr

of the PIXEL in the image, from 1 to 250. As explained above, to be able to use these

image in our FROG program we need to convert them to an images of 256 x 256

pixels. To do that we resized the CCD camera image by respecting the calibration.

The other four graphics in the right side are respectively, DELAY (in ps) vs AMPLI-

TUDE (normalized),, - uo (uo: 387 THz) vs AMPLITUDE (normalized), DELAY

(ps) vs PHASE (rad), u-uo (uo: 387 THz) vs PHASE (rad). And finally thc grapfuic

in the bottom is ITERATION vs ERROR.

We now need to identify the parameter g2 in order to calculate the spool length

tr given by Eq. (3.17).

For that purpose we first find the best Gaussian function that can fit the FROG

amplitudes \tfO (Eq. (3.r0)) ancl \/g@ (Eq. (3.14)) in rhe time and frequency
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domain, respectively. This was done using a Matlab fitting program. Having obtained

approximate values of Ar and Ar,.r (see Eqs. (3.11) and (3.12), respectively) by fitting

the FROG amplitudes, one obtains p2 from Eq. (3.15) and $2 from Eq. (3.16).

We parametrize the FROG amplitude as follows :

A ( t ) : uÉ -  *u t

Q-ùz)2

Â1rr; :  û1e---4- aûa

(4 3)

(4.4)

where v : v - r/o, u : ul2T is the frequency and uo: 387 THz is the center of the

range of frequencies. Comparing with Eqs. (3.10) and (3.14), we see that Ar : us

and that Lu : 2rûs. Then g2 and S2 àre obtained from Eqs. (3.15) and (3.16),

respectively.

The fitting parameters obtained for no spool, the 10 m spool and the 100 m

spool are shown in Tables 4-2, 4-3 and 4-4, respectively.

TReI-p 4-2 - Parameters for no spool. Paramètres obtenus sans bobine.

For frequency

ùr
û2

ûs
ût

0.9171
0.0006
0.4547
0.0000

For time

U1

U2

U3

U4

0.9856
0.0007
0.7000
0.0004
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FIGURB 4-7 - FROG retrieval for no spool for 1 iteration(green curves) and 100
iterations(red curve). We have two images in the left side, they are the RETRIE-
VED FROG from FROG program and the EXPERIMENTAL FROG obtained from
the experimental setup, the horizontal axis are different DELAYS and the verti-
cal axis arc diffcrcnt FR,EQUENCIES, both graphics iust show thc position of thc
PIXEL in the image, from 1 to 250. The other four graphics in the right side are
respectively,DElAY (in ps) vs AMPLITUDE (normalized),, - uo (uo: 387 THz)
vs AMPLITUDE (normalized), DELAY (ps) vs PHASE (rad), u - uo (uo : 387
THz) vs PHASE (rad). And finally the graphic in the bottom is ITER,ATION vs
ERROR. Récupération FROG sans bobine pour 1 itération(courbes vertes) et 100
itérations (courbe rouge) .
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FrcuRp 4-I0 - Amplitudes and phases in the time(delay) u"d frequency domains
(ro :387 THz) for the 100 m (red), 10 m (green) and 0 m (blue) spools retrieved
from FROG. Amplitudes et phases dans le domaine temporel(delay) et des fréquences
pour des bobines de 100 m (rouge), 10 m (verte) et 0 m (bleu) obtenues par FROG.
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TReLe 4-3 - Parameters for the 10 m soool. Paramètres obtenus oour la bobine de
10 m.

For frequency

ûL 0.8033
ûz 0.0012
ûs 0.3979
ua 0.0023

0.8057
0.0003
0.9250
0.0000

The pulses retrieved from FROG and the fitted pulses are compared in

Figures 4-I7, 4 12 and 4 13 for the L : 0, 10 and 100 m spool, respectively.

From the fitting parameters \Me can retrive Ll, L,a, $2 and ç2. The values of these

parameters are given in Table 4-5 for the three spools.

4.3 COMPARISON BETWEEN THE THREE PULSES RETRIEVED
FROM FROG : SIMPLIFIED REPRESENTATION

Using the fltting functions eqs. (4.3) and (4.4) and parameters obtained from

the fits, it is thus possible to replot in a simplified way the amplitudes /1(t) and

t/S@), as well as Q(t) and, p@). The fits for the amplitudes and phases for the

three spools are shown in figure 4-14. The advantages of those curves is to provide

a sirnplifictl rt:prr:scnt:rtiorr of thc llrlses' fr;a,trrrcs a,nrl zrllow ir,rr casier <rorrparison

between them.

For time

U1

U2

U3

U4
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FrcuRp 4-1I - Retrieved from FROG characterization(light blue) and the fitted
pulses for no spool(black line) are compared. Caractérisation FROG (bleu claire) et
fit sans bobine(noire).
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Tnet,n 4-4 - Parameters for the 100 m spool. Paramètres obtenu pour la fibre de
100 m.

For frequency

û 0.9900
û2 0.0028
ùs 0.2518
îta 0.0006

For time

U1

U2

U3

U4

1.0031
-0.0091
3.2003
0.0000

Taelp 4-5 - Physical parameters extracted from the fits. Paramètres physiques
extraits des fits.

Spool length (m) Ar {ps) Aa.' (rad/s) d, (pt-') ez (Vsz f radz)
0.7 2.8571 0. 0.
0.9250 2.5 -7.72rL 0.1857
3.2003 r.5824 -0.9213 1.8580

0
10
100

4.4 OBTAINING THE SPOOL LENGTH

Flom the parameter ç02 given in Table 4-5, it is now possible to calculate the

spool lengths using the expression L : gzlbz.The results are displayed in Table 4-6

for two different values of the intrinsic dispersion coefficients of the fiber at 1550 nm,

bz.

TRsLn 4-6 - Calculatcd spool lengths. Longueur des bobincs calculée.

Actual pool length (m) Calculated pool length (m)
bz : 18.5 ps2/km
0.
10.04
100.4

0
10
100
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The calculated values for Z are in excellent agreement with the actual spool

lengths and the calculated value of the dispersion given by b2:18.5 ps2/km is close

to the value given by books bz : 22 ps2/km 1 . We believe that the later value is

more accurate for the wavelength of 1550 nm and for our experiment.

L www.rp - photonics.comf chromati,c - dispertion.html
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Chapitre 5
SUMMARY AND CONCLUSION

The purpose of this work was to build a FROG setup and to develop various

software for taking measurements and running the FROG numerical algorithm for

retrieving the pulse's amplitude and phase from the FROG trace. This FROG system

was then validated by measuring the length of the optical fiber spools. Since we know

the actual lengths of the spools, we can compare them to the lenghts calculated by

using the pulse features obtained from the FROG system and by using the intrinsic

dispersion coefficient of the fiber b2 at a wavelength of 1550 nm.

The length of the spool, given by L: grlbr, where ç2, given by Eq. (3.15), is

obtained from the FROG analysis as explained in Chapter 4. The calculated lengths

using the value b2 :18.5 ps2/km give the values shown in Table 5-1.

Table 5-1 includes the results we were seeking,

Tael,n 5-1 - Results.

Real Length Retrieve Length

100 m
10m
0m

100.432m
10.038m
0.000 m

the

Using these data we can

the calculated length vs.

plot the curve shown in Figure 5-1,

bhe real length. A linear fit through

which represents

the three points
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Ftcunp 5-1 - Real length vs. calculated length. Vrai longueur vs. longueur calculé.

yields U : L.Or - 0.3 cm and R : 1, indicating that the FROG system is working

correctly and can be used with confidence. My FROG setup has already been used in

an experiments and the results were published in the journal NATURE PHOTONICS

LETTERS [50].

The pulse is significantly compressed in the frequency domain after 100 m of

ppopagation in the fiber. There are temporal oscillations and asymmetry in this

temporal pulse, which means that some third order dispersion appears, but it is not

strong enough to create a big asymmetry in the pulse and it only appears for the 10

and 100 m fibers. The second order alone is enough strong to compress the pulse in

the frequency domain.
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Chapitre 6

SOMMAIRE EN FRANÇAIS

6.1 IMPULSIONS LASER ULTRA BRÈVES

Lc "Frequencv-R,esolved Optical Gating", plus courâmment désigné par son

acronyme anglais FROG, est une méthode de mesure des impulsions lumineuses

ultra brèves (de I'ordre de la femtoseconde) par auto-corrélation. Son principe re-

pose sur un montage de type Michelson, dans lequel deux impulsions issues d'une

même impulsion laser convergent dans un cristal non-linéaire pour y générer un si-

gnal de seconde harmonique (i.e. dont la fréquence est double de celle des impulsions

incidentes). C'est de ce signal dont on mesure le spectre. En faisant varier pas à

pas la longueur de I'un des bras du Michelson) on peut former une trace FROG en

deux dimensions (fréquence et délai). Un algorithme itératif est ensuite utilisé pour

restituer I'amplitude et la phase de I'onde incidente.

Le problème de la mesure des impulsions courtes est pratiquement né avec

le laser, dans les années 60. Comment mesurer un évènement plus rapide que le

temps de réponse de l'instrument de mesure ? Tous les progrès de l'électronique

ne permettent pas de descendre en dessous de temps de réaction de l'ordre de

Ia picoseconde. Pour contourner cc problème, I'auto-corrélation fut rapidement

utilisée, employant par exemple un interféromètre pour diviser I'impulsion à mesurer

et la faire réagir avec elle-même. Cette méthode (auto-corrélation), utilisant par

sa conception même un instrument de mesure aussi rapide que la grandeur à
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mesurer, produit de bons résultats, mais ne permet pas de déterminer la phase.

On peut retracer au milieu des années 80 la première mention de l'utilisation de

l'auto-corrélation associée à un élément non-linéaire pour obtenir le spectre du

signal mcsuré. Mais c'cst err 1991, avcc l'invcntion clc FROG par Rick Trebirro ct

Dan I(ane, que la mcsllrc très précise d'impulsions ultra brèves en intcnsité ct en

fréquence est devenu non seulement possible, mais relativement simple.

6.2 SYSTÈME FROG

Il est impossible de mesurer correctement un signal avec un autre signal plus

long. L'auto-corrélation utilise un signal de la même durée, mais elle ne permet pas

de résolution spectrale. Ce qui, dans FROG, permet la résolution spectrale, c'est

l'utilisatiorr d'tttt élémernt qtri, ir, un ternps clc réponsr: plus rapiclc que la rlurée dc

l'impulsion lumineuse : le cristal non-linéaire. Il existe plusieurs types de FROG

selon I'emploi fait'du cristal non-linéaire : le plus simple est la génération de seconde

harmonique à partir des deux ondes incidentes dans le cristal.

Comme dans I'auto-corrélation, FROG impiique la mesure de l' impulsion avec

avec elle-même. Sous sa forme la plus simple, FROG est n'importe quelle sorte d'auto-

corrélatiorr dans laqucllc lc fâisccau du signal dc I'auto-corrélatcur est spcctralcrnent

résohr. Au lieu de mcsurer lc signal d'éncrgic dc l'auto-corrélatcur par rapport au

retard, qui rapporte une auto-corrélation, nous mesurons le spectre du signal par

rapport au retard. Pour caractériser le faisceau, nous employons Ie spectrographe

de formation d'image NEWPORT 7f 4m modèle MS260i. Nous analysons le spectre

du faisceau primaire de 1550 nm en utilisant le spectromètre de fibre, OSA. modèle
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AQ63178. Le faisceau primaire est ensuite divisé en utilisant un séparateur de fais-

ceau. L'un des faisceaux divisés va vers la platine mobile de THORLABS, puis au

cristal de génération de seconde harmonique (SHG). L'autre faisceau divisé va di-

rectement au cristal de SHG. Les faisceaux divisés doivent irttelagir à l'intérieur du

cristal de SHG, mais avec un angle de 39.2 degrés pour produire un faisceau de 775

nm de longueur d'onde (seconde harmonique). Ce faisceau de 775 nm est par la suite

directement envoyé au spectrographe de formation d'image, ORIEL llam (M52601)

pour en obtenir Ie spectre.

À partir de différents délais entre les deux impulsions, nous obtenons différents

spectres qui constituent les données d'entrées (trace FROG) du système FROG.

6.2.L Spectrographe de formation d'images ORIEL Ilam

Le spectrographe 74086 MS260i Ilam. cst un instrumcnt multi-grille. Cc modè:le

de sortie double utilise une grille double. C'est un instrument F/3.9 avec un détecteur

multicanaux plat, de plan d'image de 28 mm. La sortie possède une résolution élevée.

Un ensemble de miroirs toroïdaux optimisés par ordinateur, dont I'orientation est

optimisée.

6.2.2 Les programmes

Pour la communication entre Ia caméra CCD du spectromètre et l 'ordinateur,

nous avons développé un code err language Matlab. Ce codc se trouve dans les arlrlexes

A, B et C. IJn code en Matlab pour calibrer la caméra est également donné dans

I'annexe O. À ta suite de I'obtention de la trace FROG, nous employons un code pour

manipuler l'image et pour I'adapter au programme Matlab FROG 1.0 qui exécute

I'algoritme permettant d'extraire I'amplitude et la phase de I'impulsion laser.
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6.2.3 Platine linéaire motoriée

La platine linéaire motorisée est commandée par le BENCHTOP DC SERVO

MOTOR CONTROLLER et permet une acquisition continue d'image de la caméra.

Ellc cst illustrée dans I'arrncxc F.

6.3 MESURE DES IMPUSIONS OPTIQUES ULTRA BREVES

Le but du système FROG est de mesurer l'amplitude du champ électrique vs le

temps, \/I(t), et la phase,4t(t). Le champ électrique complexe E(l) est donné par

E(t ) :  1 f  IQ)exp[ i (w1t  -  Q( t ) ) ) (6  1)

où c,.,s est Ia fréquence anguiaire centrale de i'onde. Le champ électrique dans le

dornainc dc fréquencc est obtcnu par transformation de Fourier d,e E(t) :

É@) : v/ S@ - 
"J 

expf-ie@ - ,o)l (6.2)

où y'S(r,:) est I'amplitude du spectre de l'impulsion et cp(a,') est la phase spectrale.

Après avoir divisé l'impulsion laser en deux parties, on superpose ensuite ces

deux parties dans un milieu non linéaire optique, tel qu'un cristal de génération de

seconde harmonique (SHG). On va ensuite retarder de façon variable une impulsion

par rapport à I'autre.

L'energic du signal résttltant de ia supcrposition dcs dcux impulsions, qui est

mesurée par la technique d'auto-corrélation, s'exprime :

l* 'urtu - r)dt (6 3)
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où r est le retard relatif entre les deux impulsions laser.

Le problème avec I'auto-corrélation simple est qu'il est nécessaire de supposer

une fbrme de I'impulsion af,n d'obtenir sa longueur. Ce problème s'appelle problème

unidimcnsionnel de récupératiorr de la phase' 12 - 3]. Par ailleurs, nous ne pouvons

pas obtenir des informations sur la phase /(t). Mêmc si nous pouvions générer totrtcs

les impulsions laser possibles correspondant à une trace donnée, nous obtiendrions

plusieurs possibilités et nous ne pourrions pas déterminer lesquelles correspondent

l' impulsion réelle.14 - 9,461

6.4 FREQUENCY-RESOLVED OPTTCAL GATING (FROG)

Le FROG est une méthode générale pour mesurer les impulsions laser ultra

brèvcs qui s'étcrrderrt cn dur'ée r1e Ia subf'erntoscconde à ertviron une nanoscconrle.

Comme mentionné plus haut, FROG est une technique d'auto-corrélation, mais

où I'impulsion est spectralement résolue en fonction du retard entre deux impul-

sions laser. Cette technique fait appel à un algorithme de récupération pour obte-

nir I' intensité et la phase de I'impulsion en fonction du temps.l10 - 12, 14 - 27)2 .

Des informations sur les premiers travaux sur le système FROG sont disponibles à

http: I lf rog.gatech.eduf publicati,ons.html. 122 - 391

1. Trebino, R., Frequency-Resolved Optical Gating : The Measurement of Ultrashort Laser
Pulses. 2002, Boston : Kluwer Academic Publishers.

2. http ://www.physics.gatech.edu/gcuo/sublndex.html
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L'expression générale de la trace FROG mesurée est :

roa
Ippçç(u,r) : l  I  E",n(t. r)e-i ' tdt l2

J *

où E"an(t,r) est une fonction du temps et du retard :

(6 .4)

E"rs(t, r) : E(t) Esû"(t - r) (6 .5)

Dans la technique FROG, la fonction Enot"(t-r), est une fonction de l' impulsion

d'entrée inconnue, E(t), que nous essayons de mesurer. La fonction En"t.(t - r) peut

être n'importe quelle fonction connue agissant en tant qu'impulsion de référence.

Généralement, E,;n(t,r) peut être n'importe quelle fonction du temps et du retard

qui corrtient suffi.samm.ent d'information pour détcrminer lcs caractéristiques de l'irn-

pulsion. [13]

Certains chercheurs sont d'avis que le FROG comporte quelques ambiguïtés

non triviales. Ces mêmes auteurs avaient également conclu que I'auto-corrélation

peut être plus sensible aux variations de I'impulsion que FROG. Ces deux énoncés

sont erronés) comme démontré dans [40 - 49).

6.5 MOTIVATIONS

L'objcctif des chcrchcurs de notre groupc cst de caractériser ies irrrpulsions laser

dans différentes expériences. Dans ce but, ils doivent mesureï avec précision l'am-

plitude et la phase en fonction du temps et de la fréquence du faisceau laser qu'ils

utilisent en entrée ainsi que du faisceau laser en sortie du dispositif expérimental.

Plus de détails sur l'utilité de cette caractérisation sont disponibles dans I'article
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publié par notre groupe dans NATURE PHOTONICS LETTERS "Sub-picosecond

phase-sensitive optical pulse characterization on a chip" . [50]

6.6 STRUCTURE DU MÉMOIRE

Dans le chapitrc 1, nous prôsentons lc sujet et la stntcturc du document.

Nous commençons par une introduction au domaine des impulsions laser ultra

brèves et du FROG avec un bref historique de la mesure des impulsions laser ultra

brèves. Nous expliquons également son intérêt pour notre groupe. Dans le chapitre

2 nous discutons l'installation expérimentale et le matériel que nous employons.

Nous fournissons des informations courtes sur la spectrométrie, le programme que

nous employons pour obtenir les images et contrôler la platine linéaire motorisée.

Dans le chapitre 3 nous dorrrrons une basc rnathérnatiquc à I'impulsion que nous

essayons de caractériser. Au chapitre 4, nous discutons les résultats expérimentaux

et les coefficients du calibrage nécéssaires pour préparer les données d'entrée de

l'algorithme itératif du FROG. Nous présentons les résultats de I'analyse FROG

pour des bobines de fibres optiques de 100 m, 10 m et 0 m (aucune bobine). Dans

le chapitre 5, nous concluons le mémoire, et discutons les valeurs expérimentales

que nous recherchiclns, i.e. les longueut's des fibrcs optiques, et nous f'aisons la

comparaison avcc leurs longuetrrs réclles.

6.7 THÉORrE MATHÉVtA-IrqUn

Comme mentionné plus haut, une impulsion laser ultra brève possède une inten-

sité et une phase. Négligeant la dépendance spatiale, le champ électrique complexe
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d'une impulsion est donné par I'Eq. (6.1). La transformée de Fourier du charnp

électrique, est donnée par I'equation Eq. (6.2).

La phase Q(t) détermine la variation de la forme de la fréquence de I'impulsion

cn fbnction du ternps. La fréqucncc) ou la coulcur, dc l'impulsion cn fbnction du

temps est :

o(r) : -dô(t)ldt (6 6)

La variation dc la fiéquence avcc lc ternps s'appelle le "chirp". Le chirp positif

est unc fréqtrence qui croît avec lc temps et le chirp négatif est unc fréqucnce qrri

décroît avec le temps. Mais des chirps plus complexes sont également un terrain tout

à fait connu. En effet, la maîtrise des chirps complexes dans les impulsions laser ultra

brèves joue un rôle important dans la génération de ces impulsion dans des lasers

modelocked et est la clef vers la production d'impulsions laser encore plus courtes.

6.7.L Séries de Taylor de la phase

La série de Taylor pour la phase dépendante du temps autour de f : 0 s'exprime :

TP
ô(t )  :  <bo r  cbrT + ô2,  + . . .

,  dô ,
Q n :  

4 * l t : o
(6 8)

En substituant ce développement en série dans I'Eq. (6.1), on voit que le premier

terme @s est seulement une phase globale sans importance, alors que le second terme

@1 induit un décalage dans la fréquence centrale ar6, supposée connue. Donc ces deux

termes peuvent être posés égaux à zéro. Souvent, comme dans ce travail, seulement

le terme suivant Q2 est utile pour décrire les impulsions simples. Évidemment, pour

(6.7)

o u :

48



les impulsions complexes, il est nécessaire de prendre en compte les termes d'ordre

qr r néri pr r rc

Un développement similaire en série de Taylor peut être'écrit pour cp(c,,') autour

de u,' : rrlo :

ç(a - ro): eo* et+ + çr@#ù * (6.e)

o ù :

v.: ffib:." (6'10)

En substituant ce développement en série dans l'Eq. (6.2), on voit que le premier

terme cp6 est seulement une phase globale. Le second terme rp1 induit un retard dans

l'irnpulsiorr et est appclé retard dc groupc (group delay) pour cette raison. Donc

ccs derrx termes peuvent êtrc posés égaux à zéro. Lc troisieme terme ç2 décri\ la

dispersion de I'impulsion dans le milieu et est appelé dispersion de retard de groupe

(group delay dispersion ou GDD).

6,7.2 Impulsions gaussiennes

Une bonne première approximation pour l'amplitude des impulsions laser est la

forme gaussienne, ici centrée en I : 0 :

tFC: t6 expf- (tl Lr)'z1 (6.11)

où r est la durée d'impulsion et .86 est I'aàphtude maximum.

Substituant I'Eq.(6.11) et $(t) : Ô2* f 2 dans l'Eq.(6.1), on obtient :

E( t ) :  Eor - {a r - t$ t2" tuo t  (6 .12)
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En prenant la transformée de Fourier de ce champ électrique on obtient :

È1r1 : È*-"^# 
" 

;!(' uù2

où E0 est l'amplitude spectrale maximurn,

A '  ,2  -  6 |L ra  +  +
aw - 

Lr,

est la largeur de l'impulsion dans I'espace des fréquences et :

est le GDD. On note que I'amplitude spectrale est :

l -  =  ( u - a g ) 2

{ S(r) : Eoe---^;"2-

En utilisant les Eqs. (6.15) et (6.14), on obtient :

'  gzLan
(l)^ : -Yz 

4 + p22\u4

(6 .13)

(6.14)

(6.15)

(6 16)

(6.17)

Par conséquent, si nous obtenons Ar et Ac.,r par l'analyse FROG, nous pouvons

obtenir gz et Ô2, ce qui nous donne une caractérisation complète de I'impulsion en

supposant que les termes d'ordre supérieurs dans la série de Taylor peuvent être

négligés.

6.8 L'IDÉE PRINCIPALE DE I'EXPÉRIENCE

Dans le but de valider le montage expérimental FROG et les logiciels associés,

nous avons utilisé trois bobines de fibres optiques ayant des longueurs'de 0 (pas de

L,r2A,u2 - 4
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bobine), 10 et 100 m. En utilisant le dispositif FROG, nous

Iongueur des bobines simplement à partir des caractéristiques

connaissant le coefficient de dispersion de la fibre optique, b2,

du laser. La longueur de la bobirrc cst alors clorrnée par :

pourrons calculer la

de l' impulsion et en

à la longueur d'onde

L:  9 r lb , (6 .18)

oi çz est le GDD.

6.9 UÉTUODOLOGIE

6.9.1 taitement des spectres expérimentaux

Les spectres des bobines sont recueillis avec une caméra CCD de 1024 x 100

pixels. L'image à être utilisée pal I'algorithmc FROG doit êtrc unc matrice carréc

de dimension ly' : 2o'd (oit nous avons utilisé ord :8) dont les axes en temps et en

fréquence sont calibrés en fonction des intervalles de délai et de fréquence mesurés.

Afin de dimensionner et calibrer correctement la matrice carrée nous employons

un programme en Matlab qui découpe et interpole Ia matrice expérimentale. Nous

pouvons voir le programme Matlab correspondant dans I'annexe E.

Une fois que les amplitudes J1@, et 1/S(Q ont été obtenues par I'analyse

FROG nous pouvorrs extraire les largeuls en temps Ar et en fïéquence Aar de I'am-

plitude dc l'impulsion ct en déduirc les composantes dc pha"sc Ôz et gz.

6.9.2 Les images expérimentales

Nous pouvons voir les spectres bruts recueillis par la caméra CCD aux Figure 4-

7,4-2 et 4-3 respectivement pour les bobines de 0, 10 et 100 m. Ces images sont de
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dimension 7024 x 100 pixels (1024 en fréquence et 100 en délai). Pour pouvoir les

employer dans le programme FROG 1.0, nous devons transformer ces images dans

le format 256 x 256 et les interpoler pour garder le calibrage. Les images résultant

dc cctte opération sorrt illustrécs sur lcs Figurcs 4-4, 4 5 ct 4-6 qui corrcspondcnt

respectivement aux bobines de 0, 10 et 100 m.

6.9.3 Les images résultant de l'analyse FROG

Les Figures 4-7, 4-8 et 4-9 représentent les traces FROG expérimentales

et celles résultant de l'algorithme FROG, ainsi que les amplitudes et les phases

en fonction du temps et de la fréquence. L'évolution de I'erreur en fonction des

itérations dans le programme FROG 1.0 est aussi représentée.

6.10 COMPARAISON DES RÉSUT,TRTS POUR LES TROIS BO-
BINES

6.10.1 Analyse FROG

Dans la Figure 4-10 nous comparons les résultats de I'analyse FROG obtenus

pour les bobines de 0, 10 et 100 m. Ces figures démontrent l 'augmentation attendue

de Ia durée d'impulsion en fonction de la longueur de la bobine.

6.10.2 Calcul  des paramètres

Cornme rnentionné plus haut, si nous connaissorrs r et Ac^,,, nous pouvons obtenir

gz et Ôz.Potrr extraire les paramètres r at A,w nous effcctllons lln fit dcs amplitudes

obtenues par FR.oG (par exemple les amplitudes de la Figure 4-10) à l'aide des

fonctions :
( t - " ù 2

A( t ) : u1e - -T  a . , n (6 .1e)
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A(v) :  pt" * û q (6.20)

o ù v :  v - r / o t u :  a l 2 i T  e s t  l a f r é q u e n c e  e t u o  -  3 8 7 T H z  e s t  l a f r é q u e n c e

central. En comparant ces expressions avec les Eqs.(6.11) et (6.16), on voit que

Lr : u3 et Acr,r : 2nûs. Les phases gz et /2 peuvent ensuite être obtenues

respectivement des Eqs. (6.15) and (6.17). Les coefficients obtenus des fits sont

donnés dans les Tableaux 4-2,4-3 et 4-4. Les Figures 4-11, 4-12 et 4-12 montrent

les amplitudes et les phases obtenues des fits pour chacune des trois bobines. La Fi-

gtre 4-74 montre les amplitudes et les phases obtenues des fits pour les trois bobines.

6 .11  CONCLUSION

Le but de ce travail a été de réaliser un système FROG incluant les différents

logiciels pour prendre les mesures et exécuter l'algorithme numérique FROG permet-

tant de trouver I'amplitude et la phase en temps et en fÏéquence. Ce système FROG

a ensuite été validé en mesurant la longueur des fibres optiques dans des bobines de

0 (pas dc bobine), 10 m et 100 m. Puisquc nous connaissons la longueur des fibrcs

optiques, nous pouvons les comparer avec celles qui sont calculées en utilisant les ca-

ractristiques des impulsions extraites du système FROG et en utilisant Ie coefficient

de dispersion intrinsèque de la fibre b2 à une longueur d.'ond.e de 1550 nm.

La longueur des fibres est donnée par L: gzf br, où gz, est obtenue de I'analyse

FROG comme expliqué plus haut. Les longueurs calculées en utilisant bz :18.5

ps2/km sont affichécs darts lc Tableau 6-1.

Ces résultats incliqrrent que le système FR.OG fonctionne correctement et peut

être utilisé avec confiance. Ce système FROG a déjà été utilisé dans des expériences

Q ôz)2---T
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Taet-p 6-1 - Resultats

Longucur réelle Longucur calculée

100 m 100.432m
10 m 10.038m
0 m 0.000 m

dont les résultats ont été publiés dans le journal NATURE PHOTONICS LETTERS

[50]. De plus, le système FROG a permis de montrer que le coefficient est plutôt 18.5

ps2/km. bz très proche a 22 ps2 fkrn cornrrre supposé initialement.
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Annexe A
MATLAB SCRIPT FOR FROG IMAGE ACQUISITION, USING

LINEAR STAGE AND ORIEL SPECTROMETER SYNCHRONIZED

The image acquisition is one of the most important parts of the FROG process.

We have two optical fibers one in front of the other, separated by a distance Ad that

we can change using the present MATLAB script. The present script manage the ca-

mera and the linear stage as well, making them to work synchronised. In this process

we need to acquire images of the spectrum coming from the SHG crystal for different

Ad or DELAYS between the output arrd input fibers. We collect around 100 diflêrerrt

spectnrm for 100 different DELAY, the total amount of channels of frequencies mea-

sured are 1024. We see this in the figures 4-1, 4-2 and 4 3 images of I024x 100 pixels.

SCRIPT :

func t ion  f rog ;

global runf lag;

global backact ion;

0 1



% cl-ose camera

pvcamclose (0) ;

% open camera

d isp( 'Open ing  camera '  )  ;

h-cam = pvcamopen(0);

x -s ize  =  pvcamgetva lue(h-cam, 'PARAM_SEn_SIZE ' )  ;

% obtain size of ser ial

y-size = pvcamgetvalue(h

register

- c a m , ' P A R A M - P A R - S I Z E ' )  ;

o/"r

i f

% obtain size of paraI lel  register

smode=O; "/"enable the simulation model

sst=40123456; %serial  of  the simulated stage

create a dummy spectrum for the simul-ation mode

snode==1

xxd= [1 :1024];

y y d = [ t  : t 2 4 1 ;

IXXD, YYD] =meshgrid (xxd, yyd) ;

w0=20;

g=exp(  ( -  (XXD-512)  .  ̂ 2 )  
/w0^  2)  ;
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end

p r e d e l a y = O . 0 1 ;

c=3EB;

'/.scanning range (pS) DELAY

T r a n g e = [ - 1 . 5  2 ] ;

%Number of different DELAYS

Npoin ts=100;

%time axis

tax is= l inspace (Trange (1 ) ,Trange (2 ) ,Npo in ts )  ;

T.posit ion of the autocorrelat ion zero (mn)

center=54.  6 ;

xsteps=center+3E- 1*taxis ;  T"posit ion axis

dt=taxis (2) - taxis (  1 )  ;

i f  e x i s t ( ' f i g ' ) = = Q

63



%init  the motor interface

format long

%serial

%ser ia lh l=908 19  137

if  smode==l

ser ia lh l=ss t ;

el-se

% ttr is is the ser ial  of  the interface

serial-h1=90808754

end

f i g  =  f i g u r e ( ' P o s i t i o n ' ,  [ 1 0 0  7 0  8 0 0  5 0 0 ]

' H a n d l e V i s i b i l i t y ' , ' o n ' , ' I n t e g e r H a n d l e , , ,  o f f ' ,

)  Name'  ,  'AC In te r face '  ,  'NumberT i t le '  ,  ' o f f  '  )  ;

se t ( f ig ,  'Name' ,  [ 'ApT In te r face ,  Hand le  Number  , .  .  .

r l u m 2 s t r ( f  i g ,  " / " 2 . 2 0 f  
' ) l  , ' C o l o r ' ,  [ 0 . 9  0 . 9  0 . 9 ]  ) ;

drawnow I

stop-button = uicontrol  (gcf ,  'Style '  ,  'pushbutton'  ,  .  .  .

'S t r ing '  ,  'S top '  ,  '  In te r rup t ib le  '  ,  ' on '  ,  'Ca l lback '  ,  .  .  .

@ s t o p _ c a l l b a c k , ' U n i t s ' , ' p i x e l s ' , ' P o s i t i o n , ,  [ 2 5  4 0 0  1 0 0  g 0 ]  )  ;

start_button = uicontrol  (gcf ,  'StyIe '  ,  'pushbutton'  ,  .  .  .
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'S t r ing '  ,  'S ta r t  '  ,  '  In te r rup t ib le '  ,  '  on '  ,  'Ca l lback '  ,  .  .  .

@ s t a r t - c a l l b a c k , ' U n i t s '  , ' p i x e l s '  , ' P o s i t i o n '  ,  [ 1 5 0  4 0 0  1 0 0  9 0 ]  )

e x i t _ b u t t o n  =  u i c o n t r o l ( g c f  , ' S t y l e ' , ' p u s h b u t t o n ' ,  .  .  .

' S t r i n g ' , ' E x i t ' , ' I n t e r r u p t i b l e ' , '  o t L t , ' C a l l b a c k ' ,  .  .  .

@ e x i t - c a l - I b a c k , ' U n i t s ' , ' p i x e l s ' , ' P o s i t i o n ' , 1 2 7 5  4 0 0  1 0 0  g 0 ] )  ;

b a c k - b u t t o n  =  u i c o n t r o l ( g c f  , ' S t y 1 e ' , ' p u s h b u t t o n ' ,  .  .  .

' S t r i n g ' , ' R i p r i s t i n a t e  L a s t  S c a n ' , ' I n t e r r u p t i b l e ' ,  .  .  .

' o n ' , ' C a l l b a c k ' , @ b a c k - c a l l b a c k , ' U n i t s ' , ' p i x e l s ' ,  .  .  .

'Pos i t ion '  ,  [400  400 150 g0 ]  )  ;

t e x t - f i e l d  =  u i c o n t r o l ( g c f  , ' S t y l e ' , ' t e x t ' , ' S t r i n g ' ,  .  .  .

'R ip r is t ina te  Las t  Scan '  , 'Pos i t ion '  ,  [575  400 150 g0 ]  ) ;

ax3=axes  (  'Un i ts  '  ,  ' p ixe ls '  ,  ' box '  ,  ' on '  ,  'V is ib le  '  ,  '  on '  ,  .

' P o s i t i o n ' ,  [ 5 0  2 8 0  1 0 0  1 0 0 ]  , ' x t i c k ' ,  [ J , ' y t i c k ' , .  .

[ ] , ' C o L o r ' , [ 1  1  1 ] ) ;

a x 2 = a x e s  (  ' U n i t s '  ,  ' p i x e l s '  ,  ' b o x '  ,  ' o n '  ,  ' V i s i b l e '  ,  ' o n '  ,  .

' P o s i t i o n ' ,  [ 5 0  5 0  3 0 0  1 5 0 ]  , ' x t i c k ' ,  [ J  , ' y t i c k ' ,  1 1  ,

, C o l o r , , [ 1  1  1 ] ) ;

ax4=axes  (  'Un i ts  '  ,  ' p ixe ls '  ,  ' box '  ,

' o n ' , ' P o s i t i o n ' ,  [ 4 0 0  5 0  3 0 0

' y t i c k '  ,  [ ]  , ' C o l - o r '  ,  [ 1  1  1 ]  ) ;

a x S = a x e s ( ' U n i t s '  ,  ' p i x e l s '  ,  ' b o x '  ,

' P o s i t i o n ' ,  [ 2 0 0  2 8 0  5 0 0  1 0 0 ]

' o n '  ,  ' V i s i b l e '  ,  .

1 5 0 1  , ' x t i c k ' ,  [ ]  ,

' o n '  ,  ' V i s i b l e '  ,  '  o n '  ,  .  .

,  ' x t i c k '  ,  [ ]  ,  ' y t i c k '  ,  [ J
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) C o l o r ' ,  [ 1  1  1 ]  ) ;

1 i g 2  =  f i g u r e ( ' P o s i t i o n ' ,  [ 8 5 0  7 0  4 0 0  3 0 0 ] , . . .

' H a n d l e V i s i b i l i t y ' , ' o n ' , ' I n t e g e r H a l d l e ' , '  o f f ' ,  .  .  .

'Name'  ,  'APT In te r face '  ,  'NumberT i t le '  ,  ' o f f ' )  ;

% Consul- t  the funct ions actxcontrol-select.

%actxcontrol l - ist ,  methodsview

h1= ac txcont ro l ( 'MGMoTOR.MGMotorCt r l .1 , ,  [0  0  400 300] ,  t ig2) ;

h1 .  StartCtr l ;

se t (h1 ,  'HWSer ia lNum'  ,  ser ia lh l )  ;

h1 .  Ident i f y

%h1 .  MoveHome (0, 1)

[ A 1 , 8 1 , C 1 , D 1 , E 1 ]  = h l . G e t H o m e P a r a m s ( 0 , 0 , 0 , 0 , 0 )  ;

h1  .  Se tHomeParams (41  ,  81  ,C!  ,2 ,  E l )  ;

T"mantain all the default setting end set the homing speed to 2

[A1 ,  81  ,  C1]  =51 .  GetJogMode (0 ,0 ,0 )  ;

h 1 .  S e t J o g M o d e ( 4 1 ,  1 , C 1 )  ;

Tomantain all the default setting end set the jog mode to continuou

%FROG MEMORY

end
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FMEM=zero s(1024, length (xsteps) )  ;

lmb=Iinspace (500,900, 7024) ;

7. this has to be the vector of the wavelength

axes(ax3)  t i t le ( 'FR0G menory  ready ' )  ;

f  igure(f  ig2) f  igure(f  ig)

axes(ax2)  ns ind=1;  axes(ax4)  p lo t (xs teps ,xs teps .  *0 )  ;

axes (ax2)

image (taxis , Imb, FMEM/ (max (max (FMEM) ) ) x256) ;

colormap ( j  et  (256) )

% arry translation commarld is blocking if the lastflag is 1

"/" lor exa:nple

' /o  t r l .MoveAbsofu teEx(0 ,xs teps(1) ,0 ,1 )  ;  i s  b lock ing

"/ ,  ( the prograrn f lows stop here unt i l  the act ion is f in ished)

T "  h l . M o v e A b s o l u t e E x ( 0 , x s t e p s ( 1 ) , 0 , 0 )  ;

y,  is not blocking (the program f lows

Y" continue while the action is runing)

h 1  .  S e t V e l P a r a n s  ( 0 , 0 , 3 , 2 )  ;

co lo r ind=1;

c o l o r s = ' k ' ;

h1  .  Se tVe lParams (0 ,0 ,3 ,2 )

o i



runf Iag=Q i 
o/oI stop the scan

speed=2i %speed mn/s

%runflag is 0 if you are stopped

Y" 1 if you want to start

"/" -1 if you warrt to exit

whi le (runf lag>-1) 7.exi t  condit ion

j j = o ;

p a u s e ( 0 . 5 ) ;

T,CHECKIN THE EXISTENCE OF AN INVALID LAST SCAN

backact ion=O;

i f  ex is t  ( '  Ias t -scan-pro jec t .mat '  )==2

7.I  CHECK IF THE last-scan_project.mat f i le was created.

Ioad ( '  Iast_scan_proj  ect .  mat ,  )  ;

Tocarico ul t imo namefi le e xstep-sav

end

if  exist(namefi le_sav) ;

l -oad(namef i le -sav ,  ' xpos_sav '  ,  'FMEM'  ,  ' i nd ' )  ;
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%carico FMEM xpos-sav

ind-sav=ind;

Nst=Iength (xsteps_sav) ;

i f  xpos-sav==xsteps-sav (Nst )

set (back-button, 'enable '  ,  '  of f ' )  i

banner= [ ,  ' ]  ;

se t  ( tex t - f  ie ld , '  s t r ing ' ,banner )  ;

e l s e

set (back-button ,  '  enable '  ,  '  on'  )  ;

banner= [namef i ]e -sav '  con ta ins

num2st r ( ind-sav)  ' / '  num2st r (Ns t )  '  va l id  l ines ' l ;

set ( text- f  ie l-d,  'str ing'  ,banner) ;

end

e l s e

set  (back-bu t ton ,  'enab le '  , ' o f f ' )  ;

end

while runflag==O %wait for a start even

p a u s e  @ . 2 )  ;

end

if smode==O
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I o a d ( ' b a c k - i m a g e . m a t ' , ' b a c k i m a g e 2 ' , ' n e w s c a l e '  )  ;

end

if  runfLag==1 %here you perform the scan

h1 .  SetVe lParams (0 ,  0 ,4 ,4 )

h 1 .  M o v e A b s o l u t e E x ( 0 , x s t e p s ( 1 ) ,  0 ,  1 )  ;

h l .Se tVe lParams(0 ,0 ,4 ,speed)  T .speed change

ind=0:

i f  smode==O

%I OPEN THE CAMERA

banner2=[,  -OPENING THE CAMERA-,]  ;

set ( text_f ie ld,  '  str ing '  ,  banner2) ;

7.  open camera connect ion, i t  needs to be closed after one acquisi t ion

d i s p ( ' i l  v a l o r e  d i  h _ c a m ' ) ;

%T oeTIne THE SCANNING AREA

x1=0 ;

x2=x_size-!;
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I 1 = O ;

y2=y_size-L;

x-size0=x2-x7+t;

y -s ize0=y2-y t+ I ;

b inx=1;

biny=4;

7. set the ROI structure to full camera

o/oarray with full spatial detail (no binning)

r o i - s t r u c t  =  c e l L 2 s t r u c t ( { x 1 ,  x 2 ,  b i n x , y ! ,  y 2 ,  b i n y } , . . .

{ ' s 1 '  ,  ' s 2 '  ,  ' s b i n '  ,  ' p r '  ,  t p 2 '  ,  ' p b i n ' Y  ,  2 )  ;

end

T"STORE THE SCANNING PARAMETERS

if backact ion==O

%DEFINE

FMEM=rand (t024, length(xsteps) )  ;

CC=cl-ock;

%I create a name from the computer clock

7 I



n a m e f i l - e = [ ' F ' R O C '  n u n 2 s t r ( C C ( 1 ) ) ' - '  n u n 2 s t r ( C C ( 2 ) ) ' - '  .  .  .

num2str (CC (3) )  '  - '  num2str (CC (4) )  '  - '

m : m 2 s t r ( C C ( 5 ) )  ) - )  n u m 2 s t r ( C C ( 6 )  , ' y o 2 . 0 f  ' )  ' . n a t ' l ;

xsteps_sav=xsteps ;

namef i Ie_sav=namef i Ie ;

s a v e ( '  l a s t - s c a a - p r o j e c t . m a t ' , ' x s t e p s - s a v ' , ' n a m e f i l e - s a v '  )  ;

xsteps_real=xsteps ;

b a n n e r 2 = [ '  - S C A N N I N G - ' ]  ;

set ( text- f  ie ld,  '  str ing '  ,  banner2) ;

el-se

namef i Ie=namef iIe_sav ;

xsteps=xsteps_sav;

ind=ind_sav;

xsteps_reaI=xsteps ( ind :  Nst )  ;

banner2= lbanner '  -RESUMING-' ]  ;

se t  ( tex t_ f  ie Id , '  s t r ing , ,banner2)  ;

end

for  xpos=xs teps_rea l ;

ind= ind+1;

if runflag==g

break
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end

h1  .  MoveAbso lu teEx (0 ,  xpos ,  0 ,  1 )  ;

if smode==l

x=g;

'/"if i 'm in the simul-ation mode I assign a dunny spectrun image

e lse

image-data  =  pvcamacq(h-cam,  1 ,  ro i -s t ruc t ,  . . .

1000, ' t imed') ;  " /J acquire qn image at 200nS

photo=reshape ( inage-data, x-sizeO/binx,y-sizeO/biny) . '  ;

s image=double (photo) ;

H = s i z e ( p h o t o ) ;

simage-real=simage ;

7"1,'rE USE THE SCRIPT IN

T,APPENDIX B T0 GET THE IMAGE simage

f o r  j  j = 1 : H ( 1 )

s inage- rea l ( j  j ,  :  )=s image( j  j ,  :  ) /newsca le( j j )  ;

end

x=s image-real -backimage 2 ;

7.WE USE HERE THE BACKGROUND IMAGE WE

%GET FROM SCRIPT IN APPENDIX C.
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end

s i z e  ( x )

axes (axS) ;

p c o l o r ( x ) ;

s e t ( g c a , ' X L i m '  , 1 4 2 5  S 7 5 l  ) ;

shading interp;

F M E M ( : , i n d ) = V s ' i

axes (ax2)

t i t l e ( ,  , )  ;

FROGY=FMEM/ (max (max (FMEM) ) ) x256 ;

image (taxis , lmb , FROGY) ;

colormap ( j  et  (256) )

axes (ax4) ;

t i t l e ( '  ' )  ;

FROGY=FMEM/ (max (max (FMEM) ) ) x256 ;

pcolor (FROGY) ;  shading interp ;

colormap ( j  et  (256) )
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s e t ( g c a , ' Y L i m "  1 4 2 5  5 7 5 ] , ' , Y d i r " ' , r e v e r s e "  .  .  .

' Y t i c k '  ,  [ ]  ,  ' x t i c k '  ,  [ ]  )

drawnow;

xpos_sav=xpos;

ind-sav=ind;

s a v e ( n a m e f i l e , ' t a x i s ' , ' l m b ' , ' F M E M ' , ' x p o s - s a v ' ,  .  .  .

' x p o s '  r  ' i n d ' )  ;

end

runf lag=O; %I stop the scan

axes (ax2) ;

banner=[na.uref ile ' SAVED! '] ;

t i t l e (banner ) ;

end

i f  c o l o r s = = ' k '

c o l o r s = ' r '

e lse

c o l o r s = ' k '

end

end
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end

% I CLOSE THE CAMERA

pvcamc1ose (0) ;

c lose  a l l

funct ion stop_cal lback(hObject,eventdata) global runf lag;

%I nake those variabl-es global,  i .e.  v is ible to the cal lback fuct ions

runf lag=O;

end

funct ion start_cal lback(hObject,eventdata) global runf lag;

%I make those variabl-es global,  i .e.  v is ible to the cal tback fuct ions

runf lag=1;

end

funct ion exi t-cal lback(hObject,  eventdata) global runf Iag;

7.I  make those variabl-es global,  i .e.  v is ible to the cal lback fuct ions
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runf lag=-l ;

end

funct ion back-cal lback(h0bject,eventdata) global runf lag;

%I rnake those variables gtobal,  i .e.  v is ibl-e to the cal- Iback fuct ions

gIobal backact ion;

runf lag=1;

backac t ion=1;

end

j n
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Annexe B
MATLAB PROGRAM FOR CONTINUOUS SPECTRUM

ACQUISITION FROM 
THE 

CAMERA

This is an example how we get the spectrum using the PVCAM using a

MATLAB script. MATLAB has the possibility to manage different itrterfaces,

CAMERAS for example. Also this script subtract the image of the background we

got in the script in annexe C.

SCRIPT :

% c lear  a1 l ;

c l o s e  a 1 I ;  c l c  p v c a m c l o s e ( 0 ) ;

h-cam = pvcanopen(O) i  % open camera connect ion

7. pvcanclose(h-can);  % close camera

7o pvcamsetva lue(h-cam, 'PARAM-EXP-TIME' ,  1OO)  ;

% set camera to max readout sDeec

x-s ize  =  pvcamgetva lue(h_cam, ,PARAM_SEn_SIZE, )  ;

7" obtain size of ser ial  register
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y-s ize  =  pvcamgetva lue(h-carn , 'PARAM-PAR-SIZE ' )  ;

7,  obtain size of paral lel  register

pvcamsetva lue(h-can, 'PARAM-SPDTAB- INDEX' ,  0 )  ;

% set camera to max readout speed

7o win=B;

7, x1=0;

ofo x2=x_size-! ;

"/" yl=62-win;

"/" y2=62+win-1;

x1=0 ;

x2=x-size-t;

r1=o;

y2=y-size-I;

x-size0=x2-xl+t;

y_size0=y2-yI+7; binx=1 ;

biny=4;

%we call the background image

I o a d ( ' b a c k - i m a g e . m a t ' , ' b a c k i m a g e 2 ' , ' n e w s c a l e '  )  ;
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7. set the ROI structure to ful-l- camera array

%with ful l  spat ial  detai l  (no binning)

r o i _ s t r u c t  =  c e l - I 2 s t r u c t ( { x 1 ,  x 2 ,  b i n x , y I ,  y 2 ,  b i n y } ,  { , s 1 , ,  ' s 2 ,  ,

' s b i n ' ,  ' p 1 ' ,  t p 2 '  ,  ' p b i n '  j ,  2 ) ;  f  i g u r e ( 1 0 0 ) ;

s e t ( g c f ,  ' P o s i t i o n '  ,  [ 1 0 0  1 0 0  8 0 0  0 0 0 ]  )  ;

s u b p l o t  ( 2 , 2 , I )  ;

imagesc (backimage2) ;

t i t l e ( , b a c k , )  ;

col-orbar

% IMAGE-ACQ (save as separate scr ipt  f i le)

% acquire a single image

f o r  j j = 1 : 1 0 0 0 0

t i c

image_data  =  pvcamacq(h_cam,  1 ,  ro i_s t ruc t ,  600,  , t imed, ) ;

% acquire image

phot o=doubl-e (reshape ( image_data, x _size} /binx, y_s izeO/biny) . ,  )  ;

" / "  f o r  j j = 1 : N

%  p h o t o ( j j ,  :  ) = p h o t o ( j j ,  , ) / t t ( j j )  ;

% end
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t o c

s u b p l o t  ( 2 , 2 , 2 )  ;

imagesc (photo) ;

t i t l e ( ' a c q u i r e d ' )

colorbar

H = s i z e ( p h o t o ) ;

subp lo t  (2 ,2 ,3 )  ;

simage=double (photo) ;

s image_reaI=s image ;

f o r  j i = 1 : H ( 1 )

sinage-real ( j  j ,  :  )  =simage ( j  j

end

p lo t  (newsca le ,  l  :  H(1)  )  ;

colorbar

t i t l e ( ' d e s c a l e d ' )  ;

subp lo t . (2  ,2 ,4 )  ;

, : ) , / n e w s c a l e ( j j ) ;
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c image=s image _reaI-backimage2 ;

%subtraction the image of the background

%we got in the scr ipt  in appendix C.

imagesc (cimage) ;

t  i t le (  'normal ized '  )  ;

colormap ( j  et  (256) )  ;

colorbar

drawnow;

pvcarnclose (0) ;  7. close camerac

end
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Annexe C
MATLAB PROGRAM FOR BACKGROUND ACQUISITION

Before we can use a CCD images in our FROG program, we need to get a

background image, it means an spectrum image with no laser beam passing thought

the setup. We then can subtract that image to the images we get from our setup,

figures 4-1, 4-2 and 4-3.

SCRIPT :

% c lear  a1 I ;

c l o s e  a l l ;

c l c  p v c a m c l o s e ( 0 ) ;

'/. open canera connection

h-can =  pvcamopen(0) ;

% set camera to max readout speed

x-s ize  =  pvcamgetva lue(h-can, 'PARAM-SER-SIZE ' )  ;
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% obtain size of ser ial  register

y -s ize  =  pvcamgetva lue(h_cam, 'PARAM_PAR_SIZE ' )  ;

% obtain size of paral lel  register

pvcamsetva l -ue(h-cam, 'PARAM-SPDTAB- INDEX, ,  O)  ;

o/o set camera to max readout speed

'/. win=8;

x 1 = 0 ;

x2=x_size-I;

y1=o;

y2=y_size-I;

x_size0=x2-x|+I i  ]_size0=y2-yL+L; binx=l;  biny=4;

7, set the ROI structure to fult camera

"/" array with full spatial detait (no binning)

r o i _ s t r u c t  =  c e l l 2 s t r u c t ( { x 1 ,  x 2 ,  b i n x , y 7 ,  y 2 ,  b i n y } ,  { , s 1 , ,  ' s 2 ' ,

' s b i n '  ,  ' p L '  ,  t p 2 '  ,  ' p b i n ' l - ,  2 ) ;

84



7, IMAGE-ACQ (save as separate scr ipt  f i le)

t i c

% acquire image

image-data  =  pvcamacq(h-cam,  1 ,  ro i -s t ruc t ,  1000,  ' t imed ' ) ;

photo=double (reshape ( image-data, x-size0/binx, y-sizeO/biny) .  '  )  ;

H=max(photo, )  ;  N=length(H) ;

t o c  f i g u r e ( 1 0 0 )  i m a g e s c ( p h o t o )  ;  s e t ( g c a , ' C l i m '  ,  [ 7 0  1 8 0 ]  ) ;

colormap(jet (256) )  ;  colorbar

% close camera

p v c a m c l o s e ( 0 ) ;

backimage=double (photo) ;  H=size (backimage) ;

scale=sum (backimage' )  /H(2) ;

win=S; center-cord=round G(1) /2) ;

bottom=sum ( scale (  (  center- cord-win) :  (  center-cord+win) ))  /  (2xwin+t) ;

newscale=scal-e/bottom ;

backimage2=backimage ;

backimage _or i g=backimage ;
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f o r  j j = 1 : H ( 1 )

back image2( j j ,  :  )=back image ( j  j ,  :  )  /newsca le( j  j  )  ;

end

imagesc (backimage2) ;

save ( 'back-image . mat ' , 'backimage_orig' , , backimage2' , . . .

' n e w s c a l e ' , t x L ' , ' x 2 ' , ' b i n x ' , ' y ! ' , ' y 2 ' , ' b i n y ' )  
;
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Annexe D
MATLAB PROGRAM FOR CALIBRATION OF THE

SPECTROMETER

Oriel Spectrograph from annexe L, is not calibrated, the image is just intensity

and number of pixel. For calibrating the Oriel Spectrograph we need to use

OPTICAL SPECTRUM ANALYZER, OSA, from ANINEXtr G. We then compare

the pixel image fÏom Oriel Spectrograph with spectrum range from OSA. In this

way every pixel from Oriel will have a frequency representation. And this script

build this reoresentation.

SCRIPT :

close al-I clear all cl-c c=299792458;

7,tine in fs e frequency in THz

noneFl='  spectrum_text_f i le-0SA- 1'  ;

nomeF2=' spectrum-text- f  i le_0SA-2'  ;

nomeF3=' spectrum-text- f  i le-0SA-3 ;

center= [0 0 0] ;
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center-Ia= [0 0 0] ;

f igure ;

co t= je t  (3 )  ;

x x = 1 :  1 0 2 4 ;

f o r  n u m = 1 : 3

n o n e O = [ , W O O O ,  n u m 2 s t r ( n u m ) ,  . T X T , ]  ;

f id=fopen(nome0) ;

let tura=textscan(f  id,  " /"n%n%x [^\n] ,  ,  ,del imit  êT'  , '  ,  ,  ,  ,headerl ines, ,3) ;

f c l o s e  ( f i d )  ;

Ia=l-ettura{1};

da=lettura{2};

da=da-min(da);

da=da/max(da);

omega- f  ro8=-  (2xp ixc  .  /  ( lax1e-9)  )  x1e-12 ;

switch (nun)

c a s e  ( 1 )

nome=nomeFl;

center- la (num) =sum (fa. xda) /sum (da) ;

case (2 )

nome=nomeF2;

center-Ia(num; =sr*( la.  xda) /sum(da) ;

case (3 )
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nome=nomeF3;

center - la (nurn)=sun( Ia (1  :  300)  .  xda(1  :  300)  ) /sun(da(1  :  300)  )  ;

end

LL= l -oad(nome) ;

a = s u m ( L L . F M E M , 2 )  . '  ;

a=a/max(a) ;

a = a .  * ( a > .  1 )  ;

a (550:1024)=0;

center (nurn) =sun (xx. *a) /sum (a) ;

mat (num,  :  )=a ;

end

center-sh=center -La/ 2 |

omega-sh=c .  /  (  center-shx 1e-9) x 1e- 12 ;

c f u n =  f i t ( c e n t e r - s h . ' , c e n t e r .  r , ' p o l y 1 ' )  ;

c f u n 2  = f i t ( o m e g a - s h . ' , c e n t e r . ' , ' p o I y 1 ' )  ;

p l o t ( c e n t e r - s h , c e n t e r , ' o '  )  h o L d  o n

x l a b e l ( ' \ l a n b d a  [ n m ] ' )  y l a b e l ( ' p i x e l ' )

p lo t  (cen ter -sh ,  cen ter -sh*c f  un .  p1+c f  un  .P2 , ' r ' )
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Annexe E
MATLAB PROGRAM FOR CUT AND INTERPOLATE FROG

EXPERIMENTAL IMAGE

The image frog retrieved must be a square matrix, with compatible frequerrcy

and temporal axis. Defined the dimension of the matrix (N :2o'd) and the tempo-

ral window the program cuts and interpolate properly the CCD experimental matrix.

SPECTROMETER PROPETTTY.

The spectrum is collected with a CCD camera with 1024 pixel.

Interpolation function for the calibration :

calibration in wavelensth.

x : pixel

y : wavelength [nm] y : plxx * p2

Coefficients (with 95% confidence bounds) :

p1 :  0 .1555 (0.1321,  0.1789)

p2 : 697.4 (685.9, 709)

calibration in frequency.

x : pixel

y : fiequency [THz]

y :p1xx tp2

Coefficients (with 95% confidence bounds) :
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pl : -0.07779 (-0.0907, -0.06487)

p2 : 425.6 (479.2, 432)

we use the value 0.07779 THz per pixel

SCRIPT :.

c lose  a l l  c lear  a l l  c lc .

7.FILE NAMES

name-frog-exp=' input-f i Ie . mat' ;

%nane of the measured fil-e

name-frog-interp='output-f  i le .  mat '  ;

% nane of the output file (to be used. in the prograrn for the pulse retrieval-

c=299792458; %speed of light

T"SPECTROMETER PROPERTY: the spectrum is collected with a CCD camera with

"/"7024 pixel .  interpolat ion funct ion for the cal ibrat ion:

"/"'/,caLlbration in wavelength :

Y"  x :  p ixe l

% y: wavelength lnrnl
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Y "  y = p l t < x + p 2

"/" Coef f icients (with 957. conf idence bounds) :

To  p1  =  0 .  1555 (0  .  L327,  0  .  1789)

' / "  p2  =  697.4  (685.9 ,  709)

%cal ibrat ion in frequency:

Y"  x :  p ixe l

"/" y: frequency ITHzJ

T o  y = p 1 x x + p 2

y" Coeff ic ients (with 95% conf idence bounds):

' / o  p L  =  - 0  . 0 7 7 7 9  ( - 0 . 0 9 0 7 ,  - 0 . 0 6 4 8 7 )

" / ,  p 2  =  4 2 5 . 6  ( 4 1 9 . 2 , 4 3 2 )

%we use the value 0.07779 THz per pixel

cal_f=-O .07779*IeL2; " / . f requency/ pixel

zero_f=425.6{.1e12i o/ofrequency at the pixet 1

cal_l= 0. 1555'F1e-9; ' / .wavelength/ pixel

zero_L= 697.4*Ie-9; " / .wavelength at the pixel  1

pixel_spectrum=1:LO24i " /"pixel-  axis f  or f requency star ing f  rom 1

%DEFINE THE AXIS FOR THE OUTPUT MATR]X

ord=7i o/o matr ix dimensions: 2^ord X 2^ord

N=2^ord+l i  o/omatr ix dimension

df=abs (caI-f) /2; %angular frequency step

a x = ( ( - 2 ^ ( o r d - 1 ) ) : 7 : ( 2 ^  ( o r d - 1 ) ) ) ; % g e n e r i c  a x i s  w i t h  d i m  2 ^ o r d  c e n t e r e d  i n  z e r o
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time-window=1/df ; "/"time window of the output matrix

dt=tine_window/N i 
o/otine step

t=ax*dt ; "/"temporal axis

frequency_window=1 /at; %angular frequency window of the output matrix

f=ax*df ; "/"anguIar frequency axis

7"L0Al the experinental- fi le

LL=load (narne-f rog-exp) ;

%LOAD experiroental time axis

t ime=(Ll. taxis*1e-12) ;  
' /oexperimental  temporal axis

d t -exp=t ime(2) - t ime(1) ;  Toexper inenta l  t ime s tep

pixel- t ime=1:Iength(t ime) i  
o/opixel  axis for t ine star ing from 1

7.t010 and clean the experimental matrix

f rog-exp= (LL. FMEM) ; 
'/,experinental- matrix

bk=sun(frog_exp(:  ,1:5) ,2) /5i  
o/obackground ( in spectrurn)

%clean the experimental  matr ix from noise ( in spectrum dinension)

f  or num=1 :  s ize ( frog-exp, 2)

f rog-exp(  : ,num)=f rog-exp(  : ,nun)  -bk t1 .  0 ;

end frog-exp= (frog-exp .  *  ( f rog-exp>O) )  ;

f rog-exp=frog-exp/max (max (frog-exp) )  ;  f f=f f t2 ( frog-exp) ;  win-s=500 ;

win_t=f loor ( length(t i .me) /4) ;  f f  (win-s :  s ize ( f f  ,  1) -win-s, :  )  =0 ;
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f f  (  : ,w in - t  :  s ize  ( f . f  ,2 ) -w in- t )=O;  f rog-exp=rea l  ( i f f . t2 ( f f )  )  ;

T.CALCULATE THE NUMBER OF PIXEL NECESSARY TO COVER THE SPECTRAL-TEMPORAL

%14/IND0hl

num-pixel_f =f l-oor (f requency_window/aUs ( cal_f ) ) +4 ;

%number of pixel needed to cover the spectraf window

f-exp= (- f loor (num-pixel  - f  /2):  f loor (num-pixel  - f  /2))  xcal- f  ;

%pixel axis for frequency centered in zero arrd matching num-pixel-f

num_pixel_t=f loor (t ime_window/dt _exp ) +4 ;

%number of pixel needed to cover the temporal window

t-exp= (-1 loor (num- pixel -t / 2) : (f loor (nurn_pixel _t / 2) ) ) xdt_exp ;

7"pixel axis for time centered in zero and matching num-pixel_t

%CUT THE MATRIX IN SPECTRUM AXIS

7.f ind the central  pixel

in t=sum( f rog-exp ,2 )  .  '  ;  in t= in t /max( in t )  ;  in t= in t  .  ,F  ( in t>O.5)  ;

center-pixel_spectrum=round ( sum ( int . xpixel_spe ctrum) /surn ( int ) ) ;

%calculate the central- frequency (needed for the method and back converted

7"form the sh to f f )

c ent ral _ f requen cy= ( z e r o _ f + c al- _f x c ent er _p i xe 1 _ sp e ct rum ) / 2 ;

c entral _wave I ength= ( z e r o _ l- + c al- _ I x c ent er _p i xe 1 _ sp e ct rum ) x 2 ;

7,put to zero some lines

n-c1ean=25; frog_exp(1 :  center_pixel_spectrum-n_cfean, :  )=0;

f rog_exp(center_p ixe l_spec t run+n_c lean:  s ize  ( f rog_exp,  1 ) ,  :  )=O ;  i f
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length (pixeI-spectruro) >tength ( f  -exp)

f  rog-exp=f rog-exp ( center-pixel-spectrum-f loor (nun-pixel  - f  /  2) .  . '

:  center-pixe1-spectrum+floor(num-pixet - f /2) , : ) ;  " /"  cut the natr ix

e l s e

diml =f 1 oor ( length ( f -exp ) / 2- center-p ixe I -spe ctrun) ;

dim2=fIoor ( length (  f  -exp) /2- (s ize ( frog-exp, 1) -center-pixel-spectrum) )  +1 ;

zeros!=zeros (diml,  s ize ( frog-exp, 2) )  ;

zeros2=zeros (dim2 ,size(frog-exp ,  2) )  ;

f r o g - e x p = [ z e r o s 1 . '  f r o g - e x p . '  z e r o s 2 . ' )  . '  ;

":d

%CUT THE MATRIX IN TIME AXIS

%fj-na the central pixel

in t=sum( f rog_exp,  1 )  ;  in t= in t /max( in t )  ;  in t= in t  .  x  ( in t>O.5)  ;

center-pixel- t ime=round(sum(int .  *pixe]- t ime) /sun(int)  )  ;  i f

Iength (pixel- t  ime) >length ( t-exp)

f  rog-exp=f rog-exp ( : ,  center-pixel- t ime-f  Ioor (nun-pixel  - t  /  2) .  .  .

:  center-pixel-- t ime+floor(num-pixel- t /2))  ;" / ,  cut the natr ix

e fse

diml =f I o or ( length (t _exp ) / 2- center_p ixe 1_t ine ) ;

dim2=f loor (  length ( t-exp) /  2- (s ize(f  rog-exp, 2 )  -center-pixeI- t  ime ) )  + 1 ;

zeros !=zeros  (s ize  ( f rog-exp,  1 ) ,  d iml )  ;

zeros2=zeros  (s ize  ( f rog-exp,  1 ) ,  d im2)  ;

f rog-exp=lzerosl  f rog-exp zeros2] ;
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end

T.INTERPOLATE THE MATRIX TO OBTAIN THE OUTPUT MATRIX

f rog_exp=frog_exp/max (max (frog_exp) )  ;  f rog_exp=frog_exp- .  01 ;

frog_exp=frog_exp/nax (max (frog_exp) ) ;

f rog-exp= ( ( f rog-exp. x ( frog-exp>O) )  )  ;

F R 0 G = i n t e r p 2 ( t - e x p , f - e x p . ' , f r o g _ e x p , t , f  . '  )  ;  f o r  n u m l = l  :  s i z e ( F R S G ,  1 )

for num2=1 :  s ize (FROG, 2)

if isnan (FR0G (num1, num2) )

FROG (nurnl , nurn2) =0 ;

end

end

FR0G-AUX=FROG( : ,s ize ( fnOC,2) :  - ! :  1) ;  FR0G=FR0G+FR0G_AUX;

FROG=FROG/max(max(FROG)) ;  f  igure ;  subpro t  ( t ,2 , t )  imagesc( t , f  ,  (FROG))

t  i t le (  '  INTERP0LATE' )  subplot (L ,2 ,2) imagesc (t_exp ,  f_exp ,  ( f rog_exp) )

title (' EXPERII',IENTAL' )

7" figure

% imagesc(LL.FMEM)

7" hold on

96



7, plot (center-pixel-- t ime, center-pixel-spectruxû, '  wo'  )

t ine_array=tx1e15 ;  div=N ;  f requency-array=1*Ie-I2; best- trace=FR0G ;

central -f requency=c/ 1 550e -9 ;

save (name-frog-int€rp, ' t ime-array'  ,  ' f requency-arraY' ,  '  '

' b e s t - t r a c ê ' , ' d i v ' , ' c e n t r a l - f r e q u e n c y ' , '  d f l ' , ' d t '  )
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Annexe F
BENCHTOP DC SERVO MOTOR CONTROLLERS
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FtcuRp F-l - Benchtop DC Servo Motor Controllers. Contrôleurs de moteur servo
Benchtop DC.
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Frcunn F-2
ractéristiques

Specifications
Drive Connectorr l5-Pin D-Type Femalc

ts. QF.P Inputs. l.imit

Operating Modes: Fosirion, ociry
Control Algorithm: Digiml PID Filter,
{ 1 6  B i r )
Velocitv Profile Ti"apezoidal
Posit ion Counr:32-Bit
Position Feedback Incren'rental Encoder -
Differential QEP Inputs
Encoder Feedback Bandwidth:
i00,000 Counts/Second

Encoder Supplyr 5 V
e

rpllt er Requirements
Voltsr 85 to 264 C

er:
BDCI02, BDCI03: 200 \Y
BDClOl :  100 W
Fuser  3.15 A
Dinrensiousr
BDCl0 l :  6 .0 "  x  9 .6 "  x  4 . l "
(15? mm x 244 nrm x 104 mml
BDC102,  BDCI03:  9 .5"  x  14.?"  r  5 .2"
{240 mm x 360 mm x 133 mrn}

- Specifications for Benchtop DC Servo Motor Controllers.
pour des contrôleurs.de moteur servo Benchtop DC,

Ca-



Annexe G

oprICAL SPECTRUM ANALYZE,}i- 4Q631.7 B
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Ftcuno G*1 Spectrum Analyzer. Analyseur de spectre.
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Annexe H
OPTICAL FIBER AMPLIFIERS
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FtcuRn H-1 - Fiber Amplifier. Amplificateur de fibre.

Model

Saturated oulput power

Peak Power
(before pulse breakup)
Peak Power
(Minimal SPM)

Small signal gain

Oplical noise ligure

Inpul power range

Wavelength range

Polarization sensilivity

Dimensions

Optical
Gain medium

Pump source

Input

Oulput
Environmental

Operating temperaturs

Storage t€mperalure

ElectracaU l/lechanical

Operating Vohage

Power consumption

HEPE&IX

18 dBm for HPPFA-18
20 d8m for HPPFA-2O
>10,000 W into tree space ouPut

> 2,000 W into fre€ space ouFut

>27 dB

< 6 d B
-20 to +13 dBm
.|527-15æ nm

< 0.3 dB

1 0 c m x 2 6 c m x 2 8 c m

Er co-doped silica fiber

Diode laser

FC/APC (sirgle mode fiber, isolaled)

Free space, rp isolation

+15 to 30t
-20 to 50t

85264 VAC at 47-63 Hz

<125 W

>5,000 W Fib€r coupled ouFul

>1,000 W Fiber coupled ouFut

SMF-28 fiber, with ouFul isolator

FrcuRn H-2 - Specifications for Fiber Amplifier. Caractéristiques pour I'amplifica-
tcur dc fibrc.
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Annexe I
PICOSECOND and FEMTOSECOND FIBER LASERS
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FtcuRn I-1 - Fiber Laser . Laser de fibre.

E
Pulse re on ral€

Avefage odputFower

Timing j

Pulselrklilts
a:vailùle"

<10 ps
<5 Ps
4 w

<600 ts
<1fl) ts

Optical
Gain medium

Pump source

Con
EnYironlæntrl

Openti|E t€rnp€ratjre

Sto temperafure
ElectricaU llechanical
OperatiryVoltage
Power comumplion

Dimemkms (2U)

>u.J

>0.4
> l . u

>3.5
>25

Er-doped silica fiber

980 nm diode laser

FCIArc (oùpr csupctors avdlaHe on rec,ted)

+15lotK)t

-20 to 50t

8$264 VAC at,l7-63 Hz

<125W
10 crn x 28 flir 38ctn

$Tæ Mlt, fit€d

Vaieewith pr.rlsewkltr and pulse repeËirn rate
(e.9., >û mW at 2 pû end 20 Ml{z)

<I p8

*ùalwôdh(nn) Twatuwavdanglh(nn)

153GT560
1530'1580
153ù15d)
153$1560

FuedYievelength

Peak Power (W)

>50
>50
>1 00
>1 00
>. l00

FrcuRn I-2 - Specifications for Fiber Laser. Caractéristiques pour le laser de fibre.
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Annexe J
The Matlab program FROG 1.0

The Matlab program FROG 1.0r can be used to retrieve the amplitude and

phase of a signal from its trace. A trace is a two-dimensional matrix containing inten-

sity points of a time-frequency coordinate. The time coordinates is on the horizontal

axis and the frequency coordinates on the vertical axis. This trace can be produced

from a real experiment in the lab or created synthetically in the program. The various

algorithms used assume that the experiment is done for second harmonic generation

pulses (SHG) that are determined by the type of non-linear interaction in the crystal

and the geometry of the apparatus. The program was completed by Tommy Payette

during the summer 2006 trnder the supervision of professor ,Iosé Azana of INR,S-EMT

in Montreal based mainly on the algorithms from the book Frequency-Resolved Opti-

cal Gating : The Measurement of Ultrashort Laser Pulses[8][51] 'z by Rick tebino 3 .

The version of Matlab that was used to run this program is 7.0.0.19920 (R14).If

1. @Droits réservés àTommy Payette, 2006

2. Trebino, Rick, Frequency-Resolved Optical Gating : The Measurement of Ultrashort Laser
Pulse, Massachusetts, 2002.

3. Rick Trebino Professor Georgia Research Alliance-Eminent Scholar Chair of Ultrafast Op-
tical Physics
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you have any problems or concerns about this program or if you find errors, you can

contact him at tommy.payette@gmail.com.

J.1. INSTALLATION

To install thc FROG prograrn, urrzip thc file and copy the rlirectory FROGI.O

at the location you want in the computer. Open Matlab, and change the current

directory for the location where you saved the FROG directory or use the command

path to include the location into the current search path as follows :

ù path(path,' F ull P athT oif he F i,l e' ) ;

After having done the later method, it will be possible to call the FROG pro-

gram from any directory. To start the FROG program use the command frog in the

command line :

) frog

J.2 Parameters Settings

The first window that the user sees in the Fbog program is the settings panel.

Figure J-l

Note that the actual look of the parameter and trace can change depending of

the actual default values.

Through the panel on the left, the user can select different settings.

J.2.L Type of Experiment

Using the pop-up menu) the user can select between two types of source for

experiment input. Figure J-2

-THEORY

109



General Pargmêtêrg

gnlf lù l  I 'dcÈ gÉrÊrÈté{ 0I

l'fld 3rIÉ ût lfrÉ lltÈE

fenlft FrÉquÊô:J

Init||l Fiàld GurÊs 
[J

Li i Fur i loirc

lJ i, Fhreo Hai'(

I  
t , ln te"any  t t r r r *

l " j  
' . ' t l u t tcû  l ' l o rse

Tt-1ir'

t x
-l lr
-l l'l

'!!. +rr 
[ij

rheory lj

Algorlthm S.qu.nco J
RÂù Àgorrhnl

i  t r j r :

L{ rn  l l4 t l 'm

Tlno Dom.lo
îh rEe

\i/idll ta{

l rh i !  fh rF  !o .q .

SPh l  F

' t , ' l

r' ;]
r,Js'? lj.J
Fd tJ

r,ls.: i;l

qùr Ê

*lùrr

! [ ra

i l $

-J
:l
J

J

Lûùr:  1,1â!e

frolusDsj 0rnrlr

(uùr; PhâÉÉ

Ouûdir Phssr

lF t'8r llrel

r: rr-t"3 fl
1 t'*v il

r r t

I lqthrl Erton a dr b nhnhr riotilïu
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- General Parameters

Original trace generated hy:

Grid size of the trace:

Center Frequency:

FIcuRp J-2 - Type of Experiment. Type d'expérience

If the user chooses Theory, a panel under the trace will be enabled to select

parameters to irr order to create a thcoretical field. Figurc J-3

On this panel, the user can select many parameters like the shape, the width,

the linear chirp, the self-phase modulation (SPM), the cubic phase (in both domain)

and the quartic phase in the frequency domain. Also the femptosecond per pixel

can be set and used to fit the trace into the entire window trace. Note that if this

parameter is not set correctly the trace will not be seen correctly and the retrieval

will fail. For the shape, there is two possibility : Gaussian or sech2. Figure J-4

Thc width is thc lull with at half maxirnurn (FWHM) of thc field. The lincar

chirp (chirp) is the quadratic factor of the phase. The self-phase modulation (SPM)

adds a phase proportional to the intensity. The time cubic phase (TCP), the fre-

quency cubic phase (SCP) and frequency quartic phase (SQP) are defined by their

names.
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Time Domain

Shape

width

Linear th i rp

SPM

Gauss ian r E
E

tïroo4 I 1\rsÂ2 E
Rad E

Cuhic Fhase 1\fs^3 E
Frequency Domain

Cubic Phase t__ ] tus^r E

Ouartic Phese 1\fs^4 E

fs per pixel

FIcURB J-3 - Theory Parameter Panel. Panneau de paramètre de théorie
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Time Domain

Shape

widrh

B
E
a

for gaussian pulse and :

A(t) :exp[-4 tosr(z) ( 
uhth)'z]

A(t) : ,""n'1'zo-1;)

(J.2)

(r.3)

for sech2 pulses.

4. Femptosoft Technologies, http ://www.femptosoft.biz

Theory [J

Gaussian v

SechÂ2
I  inper l ihirn I n nnnr

FtcuRn J-4 - Theoretical Shape Selection. Choix théorique de la forme.

Based orr thc selectiorr of those pararneters, the field will be created sirnilarly to

the definition in the FR,OG program help file by Femptosoft Technologiesa demo

version 3.08a :

E(t) : A(t) exp[z(chi,rp.t2 + SPM I A(t) l '  +TCP -f)] (J 1)

where t represents the time and A(t) is defined by the shape selected as :
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After the field E(t) is created as above, the field is Fourier transformed in the

frequency domain and other phase distortion are added.

En.-(-) : Eaa(oo) expli'(SC P '* + SQP ' #)l (r.4)

where Eaa(æ), is thc field in cquation 2.1. Finallv, thc ncw ficld is Fouricr transfor-

med back to the time domain and this results in the theoretical pulse.

The femptosecond per second has to be set correctly by a trial and error until

the entire trace is present in the window and at the user will.

-EXPERIMENTAL

If the user chooses Experiment, a panel under the trace will be enabled to select

pzr,rarnctcrs to in clrdcr tcl crcatc a tracc to bc lozrdcd liorlr a filc. Figurc J-5

The user will use the Select File button to locate a valid experiment to be loa-

ded. A valid file should be a Matlab@ - file with parameter needed saved. Those

parameters are the time array, the frequency array with the trace. They should be sa-

ved respectively in the Matlab variable time-array, f requencg-arraA and best-trace.

Also an optional parameter can be defined : the date in the variable erperiment-date.

But this last parameter is not necessary to the retrieval.

If thc datc is thc cxpcrirncnt is dcfirrcd, whcn thc uscl sclcct thc filc it will appcar

on the panel. The grid size of the arrays is also displayed for information.

J.2.2 Grid Size

This represents the number of point in the trace in the horizontal and vertical

axis. From the pop-up menu, the user can choose from different size from 17 to 2049

pixel points per line. Figure J-6
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Gdd size of the tracs:

Center Frequency:

lnltial Flcld Gucss

E t Fure Noise

n Ë Fhase Noise

E t lntensity Noise

FIcunp J-6 Grid Size of the Trace. Taille de grille de la trace

The more points 1/ the trace has, the more definition the retrieval has. But as

the trace gets more points, the retrieval process becomes slower. The help manual of

the demo version indicates the speed of the algorithm decreases as N . ,n/ . ln(I/), so

that doubling the number of points reduces the speed of the algorithm by more than

a factor of 4.2 Usually, 65 or 129 is enough for a good retrieval.

J.2.3 Center Flequency

The center frequency (in T H z) is the frequency at which the frequency domain

field amplitude and phase will be centered. This parameter is not used if the trace

comes from a file (Experiment typ").

J.2.4 Initial Guess of the field

Evcry itcrativc algorithm has to start with arr irritial gucss for thc ficld, Pigurc J-

7. In FROG, there are four possibilities :

Pure noise is a field where real and imaginary parts of the initial field are ge-

nerated randomly. Phase noise is a gaussian distributed function with the grid size
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Initial Field Guess fl

n Pure Noise

E Fhase Noise

E Intensity Noise

E Custom Noise

Lunlnm settings: fl

Width fs

ÊFl,{ lTl nau

chirp El 1/fs"!

FrcuRe J-7 - Initial Guess of the Field. Conjecture initiale du champ.

as the FWHM and with random phase. For example if the grid is set to 65, the

FWHM of the pulse will be 8 (rounded down). Intensity noise is a field with no

phase and a random intensity. When custom noise is selected, the custom settings

options become enabled and the user can choose the width the self-phase modulation

and linear chirp of the gaussian pulse as the initial field.

The user manual of the Femtosofb program states that :

"In most co,ses, the selecti,on of the i,ni,ti'al f'eld will not haue a large effect i'n

how the pulse is retrieued or in the fi,nal answer. On rare occasions, houeuer, u)e

haue not'iced an effect for SHG FROG. There are certain pulses (euen theoreti,cally

generated ones) that &ppear to stagnate for certai,n i,nitial guesses, yet retrieue wi,th

ease for other i,ni,ti,al guesses.s "

5. Femptosoft Technologies, http ://www.femptosoft.biz
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Algorithm $equence E
Rank Algorithm Min. l teration

1, Basic

Easic

G.eneralized Projections
Flone

t:]

2.

3

4 None '

5. None v

Ftcunp J-8 - Algorithm Sequence Panel. Panneau d'algorithme.

Therefore the user should keep in mind a dependency on the initial field for the

speed and results of the retrieval.

J.2.5 Algorithm Sequence

Thc trscr can choosc from up to thrcc diffcrence algorithm for rctricval : thc basic

("Vanilla") algorithm, the overcorrection algorithm and the generalized projection.

Figure J-8

The panel selection indicates a list of algorithm in order by rank that the user

can choose. Each algorithm is also associated with a value for the minimum number
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of iteration. Once the user has selected a list of algorithm and minimum number of

iteration l/ for each of them. the retrieval process will use this as follow :

i The first algorithm is chosen and at least -ly' iteration using this algorithm is

done.

ii If the rms effor has not decreased by at least 0.5% from the tenth iteration

before, the retrieval will still use this method until this condition is not met.

iii In the ca"se, the condition is met, that is the rms has not decrease by 0.5To,

the second algorithm will be used and the same analyse will be done.

iv Once all five algorithms from the list are completed, there is a Ioop to the first

one and the process will continue at the user needs.

J.3 FROG Algorithms

There are three available algorithm choices in the FROG program : the basic

("Vanilla") algorithm, the overcorrection algorithm and the generalized projection.

J.3.L Basic "Vanilla" FROG

This algorithm was adapted from the FROG book 6 from Rick Tfebino and the

JOSA paper from Delong and Tlebino 7 .

6. Trebino, Rick, Frequency-Resolved Optical Gating : The Measurement of Ultrashort Laser
Pulse. Massachusetts. 2002.

7. Delong Kenneth W., Tfebino Rick, Improved ultrashort pulse-retrieval algorithm for
frequency-resolved optical gating, Journal of Optical Society of America, Vol 11, No 9/September
r994.
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J.3.2 Overcorrection

From the same reference above, this algorithm is essentially the same as the basic

algorithm except that it corrects the field in order to speed up the convergence. A

parameter is set (usually between 1.0 and 1.5) to speed up the convergence. This

parameter is set by default in the def ault-opti,on fr\e,.

J.3.3 Generalized Projection

From the same reference again and with the help of the PhD thesis of Wang

Ziyang the method of generalized projection was implemented.

J,4 Retrieval Process

After all parameters have been set correctly and the original trace to be retrieved

is known, the user press the Ok button and the retrieval window appear. Figure J-9

J.A.L Tlace Windows

Part of the retrieval window is the original trace view (top left), that is the trace

from which the amplitude and phase has to be retrieved. Also the retrieved trace

view (bottom left) represent the current iteration of the trace updated at each five

iterations.

J.4.2 Amplitude and Phase Windows

In the top center, there are two other windows that represent the amplitude

and phase retrieved. Depending on the type of experiment, there will be one or

two curves for each graph. In the experimental type, only one curve per windows

since the original function is not known. In the theoretical experiment, two curves

are present, blue and red, for the original and retrieved function respectively. Note

that the amplitude is the normalized amplitude and that the phase is shown using
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the unwrap Matlab@ command. These windows indicated by the default the time

domain amplitude and phase but using the control panel at the top right, the user can

press the appropriate 'Domain View' radio button to alternate between the frequency

and time domain.

Keep in mind some important aspect about phase retrieval : " In any case, it

'is common to see the phase jump around apparently randomly due to these undeter-

mined, but not uery i,mportant, quanti,tzes. Please don't i,nterpret this to mean that

the FROG algorithm isn't operating properly. Also, by defi,ni,tion, the p.hase becomes

undetermined uhen the intensity goes to zero. So you'll see the phase jumpi,ng around

i,n the pulse wings, where the i,ntensi,ty r,s nearly zero, too. This is also as i,t should

be." 8

Furthermore, the SHG non-linear optical non-linear interaction produces a well

know ambiguity in the direction of time and hence produces symmetrical trace (See

figure 10). Figure J-10

However, this ambiguity can easily be removed in one of several way explain by

tebino and the reader is referred to his book (p128).Figure J-11e

J.4.3 Control Panel

The control panel on the top right is where the user can choose the operation

to be done. There he can Start/Pause/End/Save the retrieval. Once the user has

8. Swamp Optics, http :f lwww.swampoptics.comf tutorials-FROG.htm

9. Trebino, Rick, Frequency-Resolved Optical Gating : The Measurement of Ultrashort Laser
Pulse. Massachusetts. 2002.
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FrcuRn J-10 - SHG FROG traces for linearly chirped pulses. Note that the traces
are necessarily symmetrical, so the direction of time is not determined. This and
a few "trivial" ambiguities are the only known undetermined parameters in SHG
FROG. Tlaces SHG de FROG pour des impulsions linéairement gazouillées. No-
tez que Ies traces sont nécessairement symétriques, ainsi la direction du temps
n'est pas déterrninée. Ceci et quelque "trivial" ambiguiTés sont les seuls parameters
indéterminés connus dans la FROG de SHG.
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Controt Panelfl

FlcuRe J-l1 - Control Panel. Panneau de commande
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pressed the End button, the process cannot be continued. All windows are updated

and the results appear in the result windows according to that action. As mentioned,

the user can also switch between the frequency or time domain view for the amplitude

and phase.

The Save option records many parameters of the retrieval in a Matlab@ filc that

the user choose. It will save the original trace (ori,ginal-trace), the frequency array in

the frequency domain (frequency-array), the time array (time-array), the best re-

trieved field (besf- f i,eld) and trace (best-trace), the amplitude and phase in the time

domain (time-ampli,tude,time4hase) and frequency domain (f requencg-ampli,tude,

frequency-phase) with the date (erperiment-date) and minimum error achieved

(mini,mum-error). Furthermore, if the experiment is generated by theory, it will

also save the original field (original-f i.eld) wifh the original amplitude and phase

in the time domain (original-ti,me-ampli,tude,origi.nal-time-phase) and frequency

domain (or i g inal -s pe ctr al -ampl i,tude, or i, g inal -s p e ctr al 4 ha s e) .

The "Refresh Mode" option let the user choose to refresh or not the windows

during the retrieval process. On the 'Automatic' option, every graphs and windows

are updated according to the default refresh rates (more on this later). On the 'Silent'

mode no graphs and windows are updated. The calculation is done the same in the

two modes, but since the speed to display the image on the graphical user interface

is slow, it is better to stop it and view it just at the end. See the result panel for the

iteration average per second. Finally, the Next Algorithm button, if pressed during

retrieval, will change the algorithm for the next one in the list according to their
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rank. This will force the change even if the minimum number of iteration has not

been achieved.

J.4.4 Results Panel

If the type of experiment is theoretical, the panel will indicate the FWHM in

the frequency and time domain with its time bandwidth product (TBP), otherwise

the information is not displayed. When the user terminates the process, the FWHM

in the temporal and spectral domain appears. Note however that if the retrieval is

not good or the pulse shape is too complex, these informations are meaningless and

should not be reported. Figure J-12

At each iteration, the current algorithm used is displayed with the itera-

tion/second speed from the average of the ten last iterations by default.

J.4.5 Root Mean Squared @MS) Error

The root mean squared error is displayed in the graph at the center button

graph. The error of the last 50 iterations is shown. The equation for the error is

based on the equation :

where Iy' is

original FROG

trace. 1o

ç(k) : tl$,i , ,.,,o, (æt,rù - IFÀo"@0,,0) l'
L . 1

the number of point, G(fr) is
. , - l,fr)
trace and l[iro"(-r.ri) is the

(J 5)

the current error, Ipnoc(ot,4) is the

k-th iteration of the retrieved FROG

10. Trebino, Rick, Frequency-Resolved Optical Gating : The Measurement of Ultrashort Laser
Pulse. Massachusetts. 2002.
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Algor i thm: Easic
I terat ion/sec:  5.31915

FIcuRp J-72 - Result Panel. Panneau de rèsultat.
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J.5 Default Configuration File

The FROG program has been implemented to easily set the default values, the

parameter settings when the user starts the program. Every default settings can be

clrangcd irr thc ficdef ault-opti,ons. For example the width, chirp, type of experiment,

ctc. can all bc changed in this filc so that whcn thc uscr starts thc program, he sces

those settings. Keep in mind however that bad values for those parameters could

results in program error i.e. : initial negative width.

There are even some options that can only be set in this file. Those include the

alpha parameter of the overcorrection algorithm (set to 1.3 by default), the refresh

rate of the Amplitude/Phase graph, the refresh rate of the rms error graph, the

refresh rate of the retrieved trace graph (all set to 5 iterations).

Also thttr<r is thc cttt-off irrtr:lrsity 1>elra"rnr:tr:r tiriit is thc phasc bla,rrking thrr:shol<I.

By default set to zero, this could be a small fraction of the field amplitude. All the

phase associated with amplitude smaller than that fraction is set to zero.

Finally, there is the average iteration number from which the iteration/second

is built.[521
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Annexe K
The FROG Algorithm

The task of the FROG algorithm is to retrieve the complex electric Field E(t)

from the measured FROG trace Ippsc(r,r).

K.l The lterative-Fourier-Transform Algorithm Generalized projection

A generic FROG algorithm is designed as shown in Fig. K - I.It works in the

following way :

Step 1. Starting with an initial guessed freld E6n61ao{t), à random guess is used

to strat with.

Step 2. Calculating the nonlinear signal field, ,Esr(f). In case of SHG it is

E( t )E( t  -  r ) .

Step 3. Fourier transforming E"tu(L,r) with respect to f to get the signal field in

the frequency domain, E"on(u,r)

Step 4. Replacing the amplitu de of. É"6n(u, r) by the square root of the measured

FROG trace, Ipnoc(u,r), to get an improved É"in(w,r),

Step 5. Inverse Fourier transforming É"ds(u,r) back to time domain,E"6 n(t,r)

Step 6. Minimizing E"r.s(t,r) to find out a betber guess of E(t) for the next

iteration.

Step 7. Calculating the termination condition. If the condition is satisfied, algo-

rithm returned, else go back to step 2 and continue.

The steps are summarized in Fig. K-1.
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E'ro (t'r) Eor(t,r)

É0, (r.r)Ë,o (o,r)

Ir *(o,t)

Minimization
E(r)E(r-  r )

Ma itude lacement

FIcuRp K-1 - Schematic of a generic FROG algorithm

130



Initiql guess for
E" ' ( t ' r )

FIcunp K-2 Solution space view of generalized projection.

In the iteration loop, two constraints are applied in the FROG pulse retrieval

algorithm. The first constraint is the data constraint. This constraint indicates that

the squared magnitude of. E"in(w,r) should be equal to the measured FROG trace

Ipnoc(a,r). This constraint is enforced with the magnitude replacement in step 4.

The second constraint is the mathematical-form constraint or nonlinear constraint.

This constraint requires the desired pulse field must obey the mathematical form

with the nonlinear signal field, such as E(t)E(t - r) in the SHG FROG. The ma-

thematical form constraint is applied when doing minimization in step 6. To clearly

understand the two constraints scheme in the FROG algorithm, the concept of ge-

neralized projection will be introduced. The idea of generalized projection is shown

in Fig K 2. The lower elliptical region represents all the signal fields satisfying the
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data constraint. The upper elliptical region indicates set of signal fields satisfying

the mathematical-form constraint. The overlapping point of two regions is the pulse

field satisfying both constraints, therefore the solution pulse field we are looking for.

In thc FROG algorithrn, two constraints arc applicd to thc targct ficld altcrnati-

vely. Therefore the guessed solution is projected between two constraint sets back

and forth while approaching the real solution. The technique is so-called generalized

projection. In practice, the generalized projection algorithm works very efficiently in

FROG pulse retrieval.
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Annexe L
Oriel MS260|TM Il4 rn Imaging Spectrograph
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FIcuRn L-l - Imaging Spectrometer. Spectromètre de formation image.

tocal ?57 mm

Rectprocat Dtspeslon (nilnm) 3.22 nny'rxÎ
Usabb Wave Rilge 100 m lo 24 rm, wfih hlerchongeabb gratlng

specrrâl Râsdùtbn (ùlple saflrE Instru (mpb gfaflng tnstûTnlts). 0 ZO nm, lZO0 Umm grâdrE, 10 Ém x 2 ûn slfts. 26 pm $/tde plxels

SpâUal Resoludoo (lnde grrilrq hstruments) ' -s0 Ém (FVYHMI
Spectral R€6olutl0n (dlal gaurE hstrurnenEl(dtxtt graûE tnstrments). 0.15 nm, læ0 Vmm gratlng. l0 Fm x 2 rnm slfts, 26 Èm wlde ptrets

Spatlal R€solulon (tuâl grâdng Insfume|{s)' -10rrm (FWlfrtl

Wavol Accurôcy

wflelgEm Pr€cHon

Mârlmwn Slsjv Rate 193 ff/s
Hfirortal Magnmcôiioo ' l i 1

\&rtkal lllcatlon 1,6
\ eçr 2t tb (11 kg)

FtcuRp L-2 - Specifications for Imaging Spectrometer. Caractéristiques pour le
spectromètre de formation image.
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