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Abstract

High power, tunable, mid-infrared sources are important in many fields, like 

spectroscopy and medical applications. This thesis presents a technique for realising 

a high power tuneable mid-infrared picosecond source, by combining the radiation 

from a free electron laser with a powerful Nd:YAG pump laser. The method allows 

obtaining an amplified energy of the order of one millijoule, for pulse durations of 

few picoseconds and a repetition rate of 10 Hz. The radiation is tuneable in the 

wavelength range of 4-11 pm. The amplified energy depends on the wavelength and 

varies between few hundreds of microjoules to one millijoule, while the input pulse 

duration is preserved.
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Chapter 1 Introduction

The purpose of the work described in this Thesis is developing a powerful, 

tuneable, mid-infrared source, in the range of 4-11 pm. This source uses the mid- 

infrared radiation emitted by the free-electron laser existing at the FELIX facility in 

Nieuwegein, the Netherlands. The energy of typically a few microjoules in 

picosecond pulses delivered by the free-electron laser is amplified to values of the 

order of one millijoule, while maintaining the short pulse duration. This 

unprecedented power opens up new possibilities in nonlinear spectroscopy studies, 

studies of biological samples, alignment of molecules or Coulomb explosion, but 

also in the investigation of nonlinear optical properties of organic or inorganic 

materials.

In this Introduction the general characteristics of the currently available 

powerful mid-infrared sources, and several important applications of such sources, 

are presented. A description of different types of currently available sources follows. 

These fall into two main categories: the parametric sources and the free electron 

lasers. The Introduction ends with a concise description of the work presented in this 

Thesis and its contribution to realizing a new powerful picosecond mid-infrared 

source, as a combination (hybrid) of the two classes of sources firstly presented.

1.1 Powerful tuneable ultrafast mid-infrared sources

There are many definitions of the ‘mid-infrared region of the spectrum’. For 

example, the wordiq Encyclopedia defines it as the 2.5-10 nm wavelength range, 

Encyclopedia Britannica as 2.5-25 fim and others refer to 2-30 Jim [1]. In this thesis, 

the mid-infrared range under consideration is 4-11 jim.

The mid-infrared spectral region is interesting especially for vibrational 

spectroscopy, because the fingerprints (the characteristic set of infrared absorption 

lines) of molecules lie in this region of the spectmm. A wide variety of spectroscopy 

applications like atmospheric remote sensing, environment monitoring, and analysis 

of impurities in production of highly purified materials for pharmaceutical, 

microbiology, and electronic industries make use of this important region of the 

spectrum. The same wavelength range is also important for medical applications [2]
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like dentistry, keratectomy, microsurgery, diagnosis using breath analysis, 

cardiology, and dermatology. Most of the medical applications are based, on the 

strong absorption of the mid-infrared radiation in the human tissue, caused by the 

presence of the chromophores. Thus, the most important target material for surgical 

applications use the strong absorption in water in the range 2.5-7 pm, and of dentin 

and enamel (3-20 pm), and apatite and cholesterol in the range 5.5-12 pm. [2] The 

water absorption is used in the surgery of tissues with high water content like cornea, 

brain cartilage, disk material, enamel and dentin are typical for dental surgery, while 

the apatit and cholesterol absorption in mid-infrared are used in surgery of 

arteroschlerotic plaques of various compositions. The applications in diagnosis, like 

human breath analysis, use spectroscopy methods to identify chemical components. 

For spectroscopy applications, the ideal mid-infrared source characteristics are [3]: 

enough optical power to enable high signal to noise ratios; (rapid) tuneability in a 

wide range with high wavelength selectivity, narrow bandwidth, good pointing 

stability and low wavelength jitter in both the short and the long term; and low 

sensitivity to environment conditions like humidity, temperature and pressure. 

However, the temporal structure, the bandwidth, the tunability range and power are 

parameters that are required by the envisaged application. Thus, linear spectroscopy 

studies can be performed using thermal or other continuous low power sources 

(diodes-lead-salt diode lasers, quantum cascade lasers and antimonide lasers, 

narrow-linewidth optical parametric oscillators (OPOs), etc.), but high energies in 

short pulses (picosecond and subpicosecond pulse duration) are desired features of 

infrared sources for nonlinear spectroscopy and study of the dynamics of various 

samples. Ultrafast sources with femtosecond or picosecond pulse duration are useful 

tools for studying the dynamics of processes with relaxation time on a picosecond 

scale. The broadband spectrum of femtosecond pulses naturally limits the 

wavelength selectivity and resolution. Nonlinear spectroscopy with picosecond pulse 

duration is a good trade-off between the requirement of short pulse duration, and the 

requirement of relatively narrow bandwidth [4].

It is much more difficult to define an ideal source for medical applications, 

because of the large diversity of effects involved in the laser-tissue interaction. The 

effects depend on laser fluence, wavelength and operation regime (pulsed or CW), 

and on the tissue itself. The three main requirements are wavelength selectivity,
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safety and efficacy [2]. The ideal medical source should be less invasive, and the 

damages of thermal and mechanical nature should be minimized.

1.2 Classes of ultrafast tuneable mid infrared sources

There are several major ways of generating ultra-short pulses light in the 

mid-infrared range, but generally they can be divided in two major classes: 

frequency conversion devices, and Free Electron Lasers (FELs).

1.2.1 The frequency conversion devices

Although the first prototype device was realised in 1965 [5], it took about 

twenty years of research oriented into the development of suitable pump laser 

sources and high quality nonlinear crystals to reach the stage when frequency 

conversion devices became reliable sources for spectroscopy applications. This delay 

was caused by difficulties related to the stability, coherence, high intensity in the 

desired wavelength range, and spectral characteristics of the pump sources and to 

nonlinear crystals (high nonlinear constant, high transparency, high damage 

threshold). The crystals that revolutionized the optical parametric oscilators (OPOs) 

field for mid-infrared generation were |3-BaB2C>4 (BBO), LiB30 5, KTiPCL (KTP) 

with its arsenate analogues KTi0 As04 (KTA), RbTiOAsCL (RTA). The properties 

of the “classical” crystals like ZnGeP2 (ZGP), AgGaS2 (AGS), AgGaSe2, etc. were 

greatly improved by a better understanding of the material properties (especially of 

the origin of the defects) and developing of growth techniques which made available 

longer crystals with improved transparency and higher damage threshold. For the 

wavelength range of interest in this thesis, the most commonly used crystals for mid- 

infrared frequency conversion are AGS, ZGP, AgGaSe2, GaSe, CdS [6]

An important turning-point was the development of crystals with periodic 

structure (the periodical poled crystals), providing the possibility of non-critical 

phase matching which greatly improved the nonlinear constant and the efficiency of 

the parametric devices [7-11]. These are usually ferroelectric crystals (LiNb03, KTP, 

KTA, RTA), which present the possibility of changing the sign of nonlinearity by 

applying a local electric field at high temperatures.

The frequency conversion devices use second order nonlinear effects to 

convert radiation from an initial wavelength to other wavelengths. For obtaining high 

output power, the pump radiation is provided by mode-locked lasers (Nd:YAG,
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Nd:YLF, NdiYVCU, Er:YAG, etc.) or self-mode locked lasers (Ti:Sapphire lasers) 

with pulse durations ranging from tens of femtoseconds to tens of picoseconds.

Further, these devices can be classified as optical parametric oscillators 

(OPOs), difference frequency generation (DFG), (travelling wave) optical parametric 

generation (OPG) and/or optical parametric amplification (OPA) devices. The choice 

of the laser sources and nonlinear crystal depends on the envisaged wavelength range 

and on the nonlinear crystal used for generating the mid-infrared radiation.

The tuneable-wavelength range and output characteristics of the parametric 

sources depend on both the laser sources and nonlinear crystals. Typically, the 

covered wavelength range in the mid-infrared region is limited by the crystal 

properties. Tuneable devices operating up to 20 pm have been developed [6,12,13]. 

The output energy and conversion efficiency of any parametric device vary with 

wavelength. Typically, the output energies are about several microjoules per pulse 

and maximum values of few tens of microjoules can be obtained [14].

1.2.2 Free-electron lasers

The second major class of powerful mid-infrared laser is formed by the 

FELs. An FEL is based on a free relativistic electron beam that traverses a periodic 

magnetic field, thus generating laser light. The light beam is captured between two 

mirrors, forming the laser resonator. FELs can generate light in virtually any 

wavelength range [15,16] by choosing a suitable electron energy and magnetic field 

strength. Furthermore the temporal structure of the generated light resembles the 

electron beam structure, so that, in the case of Linac-based FELs, the radiation 

emerges in macropulses of few microseconds length. Each macropulse consists of 

trains of micropulses with duration comparable with the one of the electron beam. 

This is adjustable for the mid-infrared wavelength range between few hundreds 

femtoseconds to several picoseconds.

In comparison with the parametric devices, which are commonly table-top 

systems, the FELs are often major facilities. At present, there are several large FEL 

facilities in the world providing mid-infrared light [17].

Table 1-1 shows an overview of the most important parameters of some of 

the FELs emitting in the mid infrared.

The output characteristics of the FELs differ considerably and consequently, 

the applications targeted by their users [18-21]. The widest tuneability ranges are
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available at FELIX (Nieuwegein, The Netherlands) between 4.5-250 pm (from 3 pm 

on the third harmonic [18]) and at CLIO (LURE -  Orsay, France) 3-90 pm, recent 

developments expanding the wavelength range to 120 pm [22]. The other facilities 

cover more or less only the mid-infrared range, or the far-infrared. The temporal 

structure of the emitted radiation is also very different. A common feature is the 

micropulses train, which for the normal conductive linac-driven FELs is emitted in 

macropulses with duration of several microseconds and repetition rate up to tens of 

Hz and high micropulse peak power. For nonlinear spectroscopy the micropulse 

peak-power is a very important feature. The highest energy/per micropulse values 

available from FELs are obtained at CLIO (-100 pJ) and Jefferson Laboratory 

(-100-300 pJ) while, for the same wavelength range, the micropulse energy at 

FELIX is -  5-50 pJ, in the wavelength range of 4-11 pm. The energy per pulse 

depends on the pulse duration. For longer pulses (and narrower spectral bandwidth), 

generally the energy decreases.

The pulse structure of an FEL follows the electron beam structure. For 

FELIX, this structure is presented in Chapter 4, Figure 4-7.
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CLIO
[22,23]

Jlab
[24]

FELIX
[18]

Vanderbilt
[20,25]

Duke
[19,20]

Tokyo
[26]

Darmstadt 
[27, 28]

Stanford
[21]

BFEL
[29]

Wavelength range (pm) 3-90 1.5-14 4.5-250 2.1-9.8 2-10 5-16 3-10 3-15 7-19
Micro-pulse duration 

(ps)
0.5-6 ps 0.5-1.7 6-100

optical
cycles

>1 0.5-3 1-2 ~2 0.7-3 4

Spectral bandwidth 0.2-10% 0.3-2% 0.4-7% 0.3-2% 0.2% 1.9-2.2% 0.5-2%
Micro-pulse repetition 

rate (MHz)
62.5 4.7- 75 25 or 1000 2856 2856 2856 10 11.82

Micro-pulse energy (pj) <100 100-300 1-50 20 1-6 8-25 0.3 2 0.4-2
Micro-pulse peak power 

(MW)
100 0.5 -  100 6.6 2-5 0.150 -

Macro-pulse duration 
(ps)

~10 CW < 10 3-6 0.5-6 1-3 4000-8000 5000 2

Macro-pulse repetition 
rate 
(Hz)

6.25-25 <10 1-30 1-30 10
'

20 Hz

Average power (W) 10000 0-15 ~1 3 1.2
Table 1-1 Parameters of FELs emitting mid-infrared light
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1.3 Enhancing the pulse energy in mid-infrared

In spite of the large range of possible applications that can be covered with 

parametric devices and FELs, there exist applications needing higher peak power of 

the mid-infrared light, like Coulomb explosion, alignment of molecules, or 

spectroscopy studies of biological samples.

Increasing the pulse power is desirable also for nonlinear spectroscopy 

applications. A high peak power can greatly enhance the envisaged nonlinear effect, 

giving more accurate experimental results, and in the mean time creating the 

possibility of observing new nonlinear. Maintaining a short pulse duration is 

desirable for dynamics studies, or time-resolved spectroscopy.

The long relaxation times of the various systems investigated, for example, in 

pump-probe experiments impose a limit to the repetition rate of the mid infrared 

pulses. Irradiation of the samples with long relaxation times, can result in un-wanted 

heating, with long cooling times (of the order of milliseconds or even tens of 

milliseconds [20]), due to the pulse repetition rate is higher than 1 kHz, as is the case 

of the most FELs. That is why, the repetition rate usually provided by an FEL is too 

high for such studies and it leads to the heating of the samples, and thus to 

modifications of real signals [20]. The cooling times of the samples set the repetition 

rates for which the sample heating can be neglected. The high power per pulse is 

needed to overcome the water absorption in mid-infrared and to accomplish a 

nonlinear response in the biological sample [20]).

The work described in this thesis aimed at increasing the peak-power at 

FELIX, in the wavelength range of 4-11 pm, from energies of several microjoules to 

values close to 1 mJ, in few picoseconds long pulses. For this purpose, a powerful 10 

Hz Nd:YAG regenerative amplifier is used as a pump source for parametric 

amplification in a AgGaS2 crystal, leading to either optical parametric amplification 

(OPA) or optical parametric chirped-pulse amplification (OPCPA) of the free 

electron laser at FELIX. In both cases, the temporal structure of the amplified pulses 

is determined by the pump laser repetition rate of 10 Hz. The OPA and OPCPA 

processes are described in detail in Chapter 7 and Chapter 8, respectively. In the 

OPA case, the pump laser interacts with the picosecond mid-infrared FELIX pulses, 

while in the OPCPA case, the FELIX pulses are stretched and comparable in length
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w ith  the pum p, leading to better e ffic ien cy  and higher a m p lified  energy. The pulse 

duration is shortened back by the use o f  a com pressor. The am p lified  energy reaches 

values close to 1 m J, w h ich  is the highest obtained energy in  m id -in fra re d  

picosecond pulses. Because o f the un-precedented m id -in frared  peak-pow er le ve l 

obtained b y  O P C P A  m ethod, new  fie lds  o f  interesting applications in  n o n linear 

spectroscopy are opened up. I t  is possible to investigate b io lo g ica l sam ples w ith  long  

re laxatio n  tim es by m in im izin g  the input energy o f  the F E L  m acropulse, w h ile  the  

a m p lified  pulse reaches several hundreds m icro joules, at a frequency o f 10 H z , and 

in  this w ay avo id ing  the sam ple heating. The source is also appropriate fo r studying  

nonlinear absorption in  atm osphere. The O P C P A  w ith  the A g G aS 2 crystal can be 

applied  fo r any tuneable picosecond rad iation  source, em ittin g  in  the same m id - 

in frared  range, w h ich  can be synchronized w ith  the pum p source.

The advantages o f using an F E L  as the signal source are the fast tu n e ab ility , 

the p o ssib ility  o f adjusting the pulse length  and spectral properties, and the quite  

high  in itia l pulse energy. In  p rin c ip le , the F E L  can be replaced w ith  an O P O  pum ped  

b y a T i: sapphire-pum ped O P G /O P A  system . Fo r the w avelength range o f 4 -11  pm  

the m ain advantage o f the F E L  is the h igher pulse energy.

1.4 Outline of the remainder of the thesis

The w o rk  in  this thesis is structured as fo llow s:

C hapter 1 is an introduction presenting the availab le  p o w erfu l m id -in fra re d  

sources w ith  th e ir general characteristics.

C hapter 2  and 3 present a fundam ental description o f  the n o n linear second 

order in teraction . The concepts introduced in  these chapters are necessary fo r 

understanding the experim ental results presented (Chapters 5, 6 and 7 ), as w e ll as the  

results o f  the sim ulations presented in  C hapter 8.

In  C hapter 4  a description o f  the laser sources in vo lved  in  experim ents is 

given , w ith  h igh ligh ting  the features o f the laser sources that m ake them  suitable fo r 

the param etric am p lifica tio n  experim ents. C hapter 5 describes in  d eta il the n o n lin ear 

crystal used fo r param etric am p lifica tio n . The advantages that m ake the n o n lin ear 

crystal A gG aS 2 an e ffic ien t crystal fo r param etric am p lifica tio n  and the draw backs  

lim itin g  the pow er o f the am p lified  are presented and explained.
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In  C hapter 6, various sim ulations are described. The firs t part describes the 

calculations leading to the choice o f the non linear crystal used in  experim ents, w h ile  

inthe second part a com parison betw een the sim ulations and the experim ental results 

is presented.

Chapters 7 and 8 are the core o f the thesis. They present the experim ental 

results w ith  the tw o m ethods used fo r enhancing F E L IX  m icropulse energy. The  

O P A  m ethod, together w ith  its results and lim ita tio n s , is discussed in  C hapter 7. The  

O P C P A  m ethod, w hich can substantially im prove the am p lified  pulse energy is 

presented in  C hapter 8. The results o f the am p lified  energy, spectral m odifications  

and autocorrelation traces are also presented and com pared to the param eters o f  the 

u n -am p lified  pulses. H ig h  energies o f  m ore than 1 m J in  picosecond pulse durations  

are obtained using the O P C P A  m ethod.

C hapter 9 presents an o verv iew  and outlook o f the w o rk .
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Chapter 2 Three-wave nonlinear processes

In  this chapter a schem atic description o f the three-w ave (o r second-order) 

nonlinear in teraction  is given.

Th is aim s to introduce the reader to  one particu lar case o f  these processes, the 

optical param etric am p lifica tio n , w h ich  is actually  extensively  used in  experim ents  

described in  this Thesis. T he optical param etric am p lifica tio n  is characterized in  

C hapter 3 , w h ile  in  this chapter the basic elem ents necessary fo r understanding the 

second-order processes are introduced and the physical param eters w h ich  are 

fundam ental to these processes are defined.

The description begins w ith  a short o verv iew  o f the propagation  properties o f  

lig h t in  u n iax ia l crystals. The discussion is restricted to u n iax ia l crystals (crystals  

presenting an axis o f sym m etry for the re fractive  index, called  optical ax is ), and not 

extended to b ia x ia l crystals (crystals w ith  tw o sym m etry axes), because the crystal 

used in  am p lifica tio n  experim ents described in  this thesis is u n iax ia l. F o r an 

exhaustive treatm ent o f lig h t propagation in  anisotropic m edia, see [1 ]. A fte r a 

schem atic m athem atical o verv iew  o f the second-order non linear processes, the phase 

m atching condition, types o f phase m atching, e ffec tive  non linear constant are 

defined and discussed.

2.1 Light propagation in nonlinear uniaxial crystals

U nderstanding lig h t propagation in  b irefrin gen t non linear crystals is crucia l 

fo r the characterization o f nonlinear processes. B ire frin g en t crystals are very  

com m only used in  param etric devices, and b irefringence is a key elem ent fo r the  

effic ien cy  o f non linear processes. Th is is due to several factors w h ich  w ill be 

elaborated upon in  the course o f the presentation o f  this chapter: the phase m atching  

condition, e ffective  non linear constant, param etric gain, group v e lo c ity  m ism atch, 

group ve lo c ity  dispersion.

The optical properties o f u n iax ia l b ire frin gen t crystals depend on the 

direction  o f propagation and p o larization  o f  lig h t, v ia  the re frac tive  index. The  

expressions o f the re fractive  index are derived from  M a x w e ll’s equations in  a lin e a r 

anisotropic m edium :
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V x £  = - dB_

dt

V7 B 7 dE 8P  VxB = n0J +  / / 0^ 0 —  +  / / 0 —

V -£ >  =  0

V -B  = 0 (2 -1 )

w here E  is the e lectrica l fie ld , B the m agnetic induction, J  the current density, P  

the p o larization , D  the displacem ent vector £o is the vacuum  e lectrica l p e rm ittiv ity , 

jlio the m agnetic p erm eab ility , 

and J  are g iven b y  the constitutive relations:

D  =  £0E  + P

J  =  oE  (2-2)

w here % is the lin ear electrical susceptib ility  tensor and a  the e lectric  conductiv ity.

The anisotropy o f  the m edium  is expressed by the tensorial nature o f  the  

electrical susceptib ility, w h ile  cr accounts fo r the losses in  the m edium . Fo r harm onic  

w aves, the tem poral dependence o f electric  and m agnetic fie lds  can be expressed by:

E (r ,  t) =  ^ - [e x p  j  (cot -  k  • r  )+  C C ] ,  B(r ,  t) =  ^ [ e x p  j(cot -  k  • r  )+  C C ] (2 -3 )

w ith  k  being the propagation constant and co the optical frequency, E 0 and B 0 are

the am plitudes o f the electric and m agnetic fie lds  and C C  m eans the com plex  

conjugate. M a x w e ll’s equations reduce to:

k x E 0 = coB q

k x B 0 = g>ju0£E0 (2 -4 )

C om bin ing the tw o equations (2 -4 ) y ields:

k (k  -E0) ~  k 2E 0 +  6) 2/jsE 0 =  0 (2 -5 )
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In  E q .(2 -5 ) s  is the d ie lectric  p e rm ittiv ity , w hich in  the anisotropic case is a
tensor.

£ ,  = « o ( l  +  X , j ) (2-6)

E q .(2 -5 ) is in  fact a system o f three equations in  E ox, Eoy, and E oz . I t  has non

triv ia l solutions i f  the determ inant form ed w ith  the coeffic ients o f these variab les is

1
0 . W ith  k  = n^ ' a> • ? , c , one gets an equation expressing the re frac tive

index n as function  o f  d irection o f propagation o f the lig h t in  the crystal:

2 2 n - 7 i
+

n - n .
+ 2 2 n

1= — ,72*72
n2 x,y,z (2 -7 )

w ith  s  being the u n it vector o f the propagation vector k  and s,- its projections on the  

coordinate axes. In  the form  w ritten  above, E q .(2 -7 ) m akes sense fo r n&ix,y>z, 

although nx,y>z are possible solutions fo r n. F o r 72=  nx,y>z, the d irection  o f  propagation  

coincides w ith  the axis ox,y,z, respectively.

W hen obtain ing E q .(2 -7 ) the p e rm ittiv ity  tensor was considered in  a 

coordinate system  in  w hich it has a diagonal fo rm , coordinate system  called  p rin c ip a l 

die lectric  fram e. In  this case, the expressions o f  the re fractive  indices are g iven  by:

\£iint =  /—  , i= x ,y ,z (2-8)

The reference fram e is shown in  F igure  2 -1 . The d irection  o f the o p tica l axis

coincides w ith  the d irection  o f O Z . The pro jection  o f the k  vector on the X Y  plane

form s the angle (p w ith  the O X  axis, w h ile  6  denotes the angle betw een the k  vector

and the optical axis (O Z ). In  the figure the u n it vector s  replaces the k  vector.
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z ▲

F igure 2-1 T he d ielectric  referen ce fram e for  un iax ia l crystals. T h e  op tica l axis is in  d irection  o f

O Z  axis. T he s vector  (the un it vector in  d irection  of k ) form s th e  angle 6 w ith  O Z . 0, <p an d  z 
are p o lar  coord inates

In  the d ie lectric  coordinate system  in  F igure 2 -1 , the projections o f  the u n it 
vector s  are:

^  =  s in #  cos#?

.s =  s in #  sin#? (2 -9 )

=  cos#

F o r u n iax ia l crystals, nx=ny=n0, called  also the ord inary index, and nz=ne, 

extraord inary re fractive  index. The p e rm ittiv ity  tensor has a diagonal form :

(2-10)

(  2 0 ( T

o<0IIto 0 0
0 » .J J

R eplacing (2 -9 ) and (2 -1 0 ) in  E q .(2 -7 ) leads to:

( n ] - n
1 s in 2 #  cos2 # ^ = 0 (2- 11)

n e n o ,

E q .(2 - ll )  is quadratic in  n and provides tw o solutions (eigenm odes) fo r the  

propagation in  the anisotropic m edium .

The solutions are:

(a ) n=n0 and E ± k

(b) «(<?)=■
I s i n 2 (0 ) cos1 (8) 

~ n 1~  + ~ ~ n r ~

E - k * 0 (2- 12)

Fo r A: || O Z  (sx=sy=Q), the solution fo r n is degenerate n=n0 and E L k  

Fo r k  ± O Z , there are tw o solutions, n=n0{ E ± k )  and n=ne (E  || O Z ).
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E q .(2 -1 2 a ) describes the ord inary  ray w h ile  E q .(2 -1 2 b ) describes the 

extraord inary ray.

The p rin c ip a l plane is defined b y  the optical axis, O Z , and the propagation

vector A:. The p o larizatio n  o f the ord inary ray  is perpendicular to the p rin c ip al plane, 

and the p o larizatio n  o f the extraordinary ray  is contained in  it.

The anisotropy (b irefringence) o f  the crystal is characterized b y  the tw o  

d iffe ren t re fractive  indices, nQ and ne. I f  n0<ne the crystal is said to be positive, w h ile  

i f  n0>ne, the crystal is negative.

In  p ractica l situations, one w ants to determ ine the propagation characteristics  

o f the incident beam s through the crystal, w hen the incidence angles and the cut- 

angle o f the crystal angle 6C are know n. A fte r refraction  at the surface o f the crystal, 

a lig h t w ave w ith  arb itrary  p o larizatio n  is v irtu a lly  decom posed in  tw o  po larizations, 

one contained in  the p rin c ip al plane (extraord inary  ray) and one perpendicu lar to it  

(o rd in ary  ray). The ordinary ray propagates w ith  the phase v e lo c ity  c/nQ and does not

depend on the orientation  o f the k  vector w ith  respect to the o p tica l axis O Z . The  

re fractio n  angle fo r this ray is determ ined o n ly  b y  the incidence angle and the 

ord inary re fractive  index. The extraord inary ray  propagates w ith  the phase ve lo c ity  

d n e(0), w ere ne(0) is given b y  E q .(2 -1 2 b ). Th is  is because the solutions fo r the w ave  

equation (2 -5 ) are defined as in  (2 -3 ) w ith  the tw o solution fo r the re frac tive  index  

given by E q s .(2 -12 ) Fo r the extraord inary ray, the refraction  angle depends on the 

cut-angle o f the crystal and on the incidence angle, because the re frac tive  index

depends on the orientation  o f the o p tica l axis w ith  respect to k  The angles used in  

calculations fo r the extraordinary ray are illustrated  in  F igure 2 -1 .
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F i g u r e  2 - 2  T he defin itions o f  incidence angle  a, cu t-an g le  Qc, and  refraction  angle  r  in  an  
an isotrop ic crystal. 6 is th e  angle betw een th e  op tica l axis (O Z) and  th e  refracted  ray . T he  
incid en t and refracted  rays and the optical axis are in  th e  sam e p lane

The incidence and refraction  angles are related  by S n e ll’ s law :

sin (a )=  n (6)sin(r)

r  =  O-Oc (2 -1 3 )

The angle a  is considered positive  w hen the incident ray  is at the same side 

o f the norm al as the optical axis Z . C om bin ing  E q .(2 -1 2 b ) and Eqs. (2 -1 3 ) and 

using some sim ple algebra, one obtains the expression fo r 6\ (the  angle betw een the 

optical axis and d irection  o f propagation in  the crystal) and r  (the  re fractio n  ang le) as 

a function  o f the incidence angle, cut angle and re fractive  indices:

• / / i n  / / in  • /  n c °s 2( 0 )  s in 2(< 9 ) s in 2( a )
sm (0c)co s (0 c)  +  s in (a ) ,-------

tan (9)  =
2 2 

W e

c°s2(<9J- 

r  = d -6c

s in 2 (or)

(2 -1 4 )

The angles 0  and r  can take tw o  d iffe ren t values depending on the sign o f  a. 

A t norm al incidence cc= 0 , 6 = 9 C and propagation through the crystal is described by  

the phase ve lo c ity  c/n(6c) .

2.2 The walk-off angle

In  anisotropic crystals, the d irection  o f the energy flo w  o f  non-ord inary

beams does not coincide w ith  the d irection  o f the £  vector. T h e  d irection  o f the  

energy flo w  is g iven by the Poynting vector:
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S = E x B / j u 0 (2 -1 5 )

A n  electric  fie ld  w ith  arb itrary  (lin e a r) p o larizatio n  can be decom posed in  

tw o  com ponents, propagating w ith  tw o  d iffe re n t phase velo c ities . F o r the  

extraord inary ray, due to the anisotropy o f  the m edium , the d irection  o f the P oynting  

vector form s an angle w ith  the propagation vector, called the w a lk -o ff angle [2 ]. The

w a lk -o ff angle p,  defined as the angle betw een the d irection  o f S  w ith  respect to k  

can be expressed as:

p { 0 ) =  ±arc tan
VneJ

tan(<9) + 0 (2 -1 6 )

as described in  [2 ]. In  E q .(2 -1 6 ), the upper sign refers to negative crystals and the  

lo w er signs to positive ones. F igure 2 -3  shows an incident ray o f  a rb itrary  lin e a r 

p o larizatio n , at norm al incidence on a non linear crystal, cut at angle 0C. Th e  lig h t 

decomposes in to  ordinary and extraord inary com ponents, propagating w ith  d iffe re n t 

phase velocities , as shown by E q .(2 -1 2 ). The propagation vectors are not show n in  

the fig u re , but they are oriented along the norm al, as it easily  deduced fro m  S n e ll’s 

law . The Poynting vector o f the ordinary ray  also fo llow s the norm al d irection , w h ile  

a d iffe ren t energy flo w  direction, defined  b y  the angle /?, appears fo r the

F igure 2-3 T he w a lk -o ff angle at norm al incid en ce. T h e ord inary  and ex traord in ary  rays are

separated  by  th e  w a lk -o ff effect. O nly the Se vecto r  o f  th e  ex traord inary  beam  d ev ia tes  from

n orm al p ropagation  w ith  the angle p. T he effect ex ists on ly  w hen th e  d irection  o f  p ro p a g a tio n  is  
not co llin ear  w ith  th e  optical axis, and th e  d ev ia tion  tak es p lace in  th e  p rin cip a l p lane.
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The w a lk -o ff e ffec t is a direct consequence o f  the m edium  anisotropy, and it  

exists on ly i f  the d irection  o f  propagation is not along the optical axis. (In  Eq. (2 -1 6 ), 

0=0 im plies p =  0 ). The separation o f  the ord inary and extraord inary rays allow s the  

evaluation  o f Oc, w hen the crystal length is know n.

I f  several beam s in teract in  a crystal, even i f  the k  -vectors are co llin ear, the  

w a lk -o ff angles m igh t a ffec t the spatial overlap o f the in teracting  beam s, and thus the  

effic ien cy  o f the non linear process. The o vera ll e ffec t depends on the crystal length. 

The value o f the e ffec tive  nonlinear constant is also affected , as w ill be shown la te r 

in  this chapter.

2.3 The theory of nonlinear processes

The theory o f non linear processes is presented in  m any textbooks [3 -6 ] o r 

articles [7 ]. The non linear processes take p lace w hen the response o f  the m edia to  

the strong electric  fie ld  is not linear. The response o f a m edium  to the action o f  an 

e lectrica l fie ld  is characterized in  term s o f p o larizatio n  o f  the m edium . In  the  

quadratic case, it  is w ritten  as:

P ( r , t )  = P L(r , t )  + P NL( r , t )  (2 -1 7 )

P ( r , t ) is the to tal p o larization  o f the m edium , w h ile , P L(r , t )  is the lin e a r 

p o larizatio n  and P NL ( r , t )  is the second order non linear p o larizatio n .

P L(r , t )  = s QxE (r , t )

plNL{r,t) = £0x f k E j ( r , t ) E k{r , t )  (2 -1 8 )

w ith  ^  being the second order nonlinear susceptib ility  tensor.

The nonlinear processes are described by M a x w e ll’s equations (2 -1 ). B y  

com bining M a x w e ll Equations w ith  the constitutive relations (2 -2 ) w ith  the

p o larizatio n  vector P ( r , t ) g iven b y  E q s .(2 -17 ) and (2 -1 8 ), one obtains the w ave  

equation:

V 2( £ ( r , 0 ) - £ 0/'o
82E(r,t)

dt1 -Mo*7
d E (r , t )  

dt
d 2P (r  , t)  

= Po —  \ ~ (2 -1 9 )

Th is equation is the basis o f any calcu lation  re lated  to the n o n linear 

processes. S olving E q .(2 -1 9 ) w ith  the in itia l and boundary conditions fo r the e lectric  

fie ld E ( r , t )  in  the general case, is in  p rin c ip le  a very  d iffic u lt task, but several
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approxim ations can g ive a good understanding o f  the param eters that p lay  an 

im portant ro le  in  the three-w ave interactions, and lead to equations w h ich  can easily  

be solved.

The propagation o f tw o lig h t w aves w ith  optical frequencies 001,2 in  a m edium  

w ith  second order non linearity  gives rise to other lig h t w aves. The frequency o f the  

th ird  w ave is 00^ 002-

sum -frequency m ix in g  (CO1+GO2-X D 3)

- d ifference frequency m ix in g  (CO1-CD2—>0)3)

- param etric lum inescence (001—>002+ 003)

The to ta l e lectrical fie ld  is considered as a sum o f  three in teracting  waves at 

three d iffe ren t frequencies. It  can be expressed as a superposition o f the three 

in teracting  waves [3]:

E (r , t )  =  ] ~ Y j p nE„(r,t)e-iq>{j(co„t -  fc „ r))+  C .C .) (2 -2 0 )
^  n = l

w here En are the am plitudes and p n the norm alized  vectors fo r p o larizatio n  (no t to be 

confused w ith  the com ponents o f p o larizatio n  vector con are the op tica l

frequencies kn the propagation vectors and C C  the com plex conjugate. A s m entioned  

before in  this chapter, the propagation vector &wcan be expressed as:

k n > (2-21)
c

In  E q .(2 -2 1 ) s n is the un it propagation vecto r fo r the w ave w ith  the op tica l

frequency con and n(co) is the re fractive  index fo r the same o p tica l frequency, c  is the  

speed o f  lig h t in  vacuum  and co the optical frequency. U sing  the s lo w ly  vary in g

am plitudes approxim ation (S V E A ) , w hen
8 2Et

«  k 8E,
d z 2 dz

in  E q .(2 -1 9 ), w ritten  fo r

each com ponent o f the vector E , the equations that describe the behaviour o f  the  

three in teracting waves are [5]:

M lE l = jK xE zE \e jtAz

M 2E 2 = jK 2E 2E \e j** (2 -2 2 )

2-9



M 3E 3 = - j K , E , E 2e -J6k 

The operator Mi is g iven by:

d 3  . j
: (

M l =  —  +  p , — + + ■d .-i d d
+ w; ' T7 +  JS i T T  +  «,• +  (E )  (2 -2 3 )

ot ot8z  ' ‘ dx 2 kt ^cbc2 d y 2 j 

The w a lk -o ff o f the extraordinary beam  is in  the X Z  plane, and: 

Pi =  the w a lk -o ff angles

6̂ 1 2 3* ^eff * ^
Kt =  the non linear coupling coeffic ients, -

n1,2,3

ui are the group velocities ut =  c
dco

d{nco)

1 (  d 2k  ^gi are the dispersive coeffic ien ts g. = —
ydw2j

cci = lin ea r absorption coefficients  

Ri =  non linear absorption term s,

and A k the phase m ism atch,

Ak = k3 — k2 — kx (2 -2 4 )

The term s appearing in  the operator Mi g ive  a general idea about the m ain  

physical param eters in fluencing  the non linear in teraction  and thus the energetic  

transfer betw een the three w aves. Som e o f these param eters are re lated  to the crystal 

properties (length , aperture, transparency etc .) and others are re lated  to  the lig h t 

w ave properties (divergence, pulse duration, energy, beam  size). Thus, one can 

notice that the second term  o f Eq. (2 -2 3 ) is re lated  to the w a lk -o ff effects, the th ird  

involves d iffrac tio n  effects, the fourth expresses group v e lo c ity  or bandw idth  (pu lse- 

duration) effects, the fifth  -second order dispersion effects. A ll these effects are 

specific to certain in teraction  conditions and are discussed in  section 2 .4 . M o reo ver, 

E q s .(2 -22 ) express the possib ility  o f  energy transfer betw een the in teracting  w aves. 

Thus, the am plitude o f  the electric fie ld  at one o f the op tica l frequencies a)i can  

increase or decrease due to the non linear optical coupling through the n o n lin ear 

constant. Together w ith  it  is the non linear absorption term . The lin ear losses, 

expressed by the lin ear absorption coeffic ien ts a iy are not re lated  to the coupling  w ith  

the other fields.
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A n a ly tic a lly  solving E q s .(2 -22 ) is s till a very  d iffic u lt or even im possible task, i f  a ll 

the effects are to be taken in to  account. In  p rin c ip le , the num erical codes are the on ly  

w ay to overcom e the analytic  d ifficu lties  [7 , 8 ]. In  this w o rk , the S N L O  code [9 ] was 

used fo r determ ining the m ain  param eters o f the nonlinear processes. There are three  

types o f functions included in  the S N L O  m enu. F irs tly , the crystal properties such as 

phase-m atching angles, e ffec tive  non linear coeffic ien ts, group v e lo c ity , and  

birefringence can be calculated using the functions R ef. In d ., Q m ix , B m ix , Q P M , 

Opoangles, and G V M . The second set, functions P W -m ix -L P , P W -m ix -S P , P W - 

m ix -B B , 2 D m ix -L P , 2 D -m ix -S P , P W -O P O -L P , P W -O P O -S P , P W -O P O -B B , and 

2 D -O P O -L P , m odel the perform ance o f  nonlinear crystals in  various applications, 

and the th ird  set, Focus, C av ity , and H e lp , are helper functions fo r designing stable  

cavities, com puting gaussian focus param eters, and d isplaying  help  tex t fo r each o f  

the functions.

The firs t group o f functions is very  useful in  selecting the proper crystal fo r a 

specific application . The functions in  the second group can be used fo r specific  

param eters o f in teracting  pulses. The functions w ith  ‘m ix ’ in  th e ir title  handle single

pass m ix in g , w h ile  the ones w ith  O P O  can m odel m ix in g  in  an op tica l cav ity . The  

functions w ith  the ‘P W ’ p re fix  m odel p lane-w ave m ix in g , those w ith  the ‘2 D ’ p re fix  

include Gaussian spatial p ro files  w ith  d iffrac tio n  and b ire frin g en t w a lk  o ff. The  

plane-w ave m odels run m uch faster than the ‘2 D ’ m odels, so they can be used to  

arrive  at an approxim ate set o f conditions that can then be fin e  tuned w ith  the  

d iffrac tive  m odels. The functions w ith  su ffix  ‘L P ’ ignore group ve lo c ity  effects and 

are appropriate fo r m onochrom atic ns and longer pulses, o r fo r m onochrom atic cw  

beams. Functions w ith  su ffix  ‘SP’ incorporate group ve lo c ity  effects and are useful 

fo r picosecond and fem tosecond pulses. The s u ffix  ‘B B ’ indicates that the pulses are 

long but broadband so there is tem poral structure on a tim e scale short enough to  

require inclusion o f group velo c ity  effects [9 ].

The functions P W -m ix -S P  and 2 D -m ix -S P  have been extensively  used in  

sim ulations perform ed in  this Thesis. A  custom  version p rovided  b y  the author o f the  

code perm itted  fast calculations by vary in g  one o f the input param eters. T h e  use o f  

this code fo r the specific applications in  this Thesis is described in  m ore d eta il in  

C hapter 6.
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2.4 Effective lengths

A n  easier and in tu itive  w ay to evaluate the in fluence o f the above m entioned  

term s (d iffra c tio n , pulse duration, etc) in  E q s .(2 -2 2 ) can be obtained by d efin in g  the  

effec tive  lengths o f the interaction process [1 0 ]. The effective  in teraction  lengths are 

defined as hypothetical lengths o f the non linear m edium  fo r w h ich  some specific  

effects, re lated  to each interaction length and to  corresponding term s in  E q . (2 -2 3 ), 

cannot be neglected in  solving E q .(2 -2 2 ).

These lengths are presented in  T ab le  2 -1 .

Aperture length: Diffraction
length:

Quasi-static interaction 
length:

Dispersive
spreading

length

Nonlinear
interaction

length
La do/p Ldif= nd02/ 4/1 L  -  T Lds L  - _ L

eraqs VvfI- l  h sl

T able 2-1 T he effective lengths

In  the expression contained in  T ab le  2 -1 , do is the w aist o f the beam , p  the w a lk -o ff

/ * . 2 j 12 | |2
angle, a  =  J \a l | + \a 2\ + 1 a31 and at the in itia l am plitudes o f the beam s.

C alcu lating  these lengths fo r any specific applications and com parison w ith  the  

crystal length indicates i f  a certain approxim ation  can be applied  and i f  a specific  

effect (te rm ) can be neglected in  the coupled w ave equations.

The m ost com m on approxim ations are [6 , 10]:

•  The p lane-w ave approxim ation -  d iffrac tio n  effects are neglected

•  The p lane-w ave fix e d -fie ld  approxim ation L<L nl and a ll other are “ in fin ite ”

•  The fix e d -fie ld  approxim ation;

•  The fixed -in tens ity  approxim ation -  on ly  w ave am plitudes are assum ed 

constant;

•  The quasistatic approxim ation L <L qs -  the effect o f  group v e lo c ity  m ism atch  

is neglected.

In  a firs t step, the p lane-w ave, fix e d -fie ld  approxim ation is v e ry  usefu l. 

Based on it, some physical param eters can be defined, that a llo w  a rap id  com parison  

o f the possible d iffe ren t nonlinear m edia fo r the desired app lication  (w ith  specific  

in teracting  w avelengths). This approxim ation is useful also fo r understanding the  

im portance o f the param eters contributing to the e ffic ien cy  o f the n o n linear process.
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F o r param etric am p lifica tio n , this approxim ation is used in  C hapter 3 , w hen the 

im portant param eters lik e  param etric gain and fie ld  gain coeffic ien t are introduced  

and discussed. N evertheless, fo r obtaining a good agreem ent betw een theoretical 

description o f the non linear process under consideration and experim ental results, 

one has to take in to  account a ll factors in vo lved  in  experim ental situation. T h is  can 

im p ly  fo r exam ple the fin ite  pulse durations, group ve lo c ity  effects, the pum p  

depletion, the d iffrac tio n  effects and fin ite  beam  diam eters, spatial w a lk -o ff o f  the  

beam s. B ut fo r a firs t and rap id  evaluation o f the fea s ib ility  o f  a non linear device, the 

fix e d -fie ld  approxim ation is useful, even i f  not en tire ly  correct.

2.5 The effective nonlinear constant

A  fundam ental feature o f nonlinear crystals is th e ir a b ility  to g ive a n o n lin ear

response to an external e lectric  fie ld . Th is  response is characterized by the second
/

order susceptib ility  (Zyk )> o r b y  the second order nonlinear co e ffic ien t tensor

P , ( f , 0  = 25>o£y 2).E,(r,0£* ( r , t )
j*

Xijk{1)= 2  d ijk{2) (2 -2 5 )

Each nonlinear crystal is characterized by a non linear tensor. The  

n o n linearity  is a tensor o f second rank; how ever, due to K le in m an ’s sym m etry [11 ] 

(w h ich  allow s perm utations o f the three indices w hen the losses are neglected fo r the  

spectral range under consideration and p o larizatio n  o f the m edium  is p u re ly  

electronic) and to specific sym m etry in  each crystal, the num ber o f s ig n ifican t 

nonzero com ponents is reduced, and the tensor is o ften  represented b y  a m atrix :

' d u d\2 du d l4 1̂5

2̂1 d 12 d 13 ^24 ^25 ^26

^31 d 32 dys d 34 ^35 ^36 j

w here fo r the firs t index 1,2,3 m ean X ,Y ,Z , w h ile  fo r the second one, 1 = X X , 2 = Y Y , 

3 = Z Z , 4 = Z Y = Y Z , 5 = X Z = Z X , 6 = X Y = Y X .

A ctu a lly , this tensor accounts fo r a ll possible interactions betw een the three  

waves w ith  g iven frequencies and arb itrary  polarizations. From  the experim enta l 

poin t o f v iew , it  is useful to define the e ffec tive  non linear response o f the crystal 

[11]:
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d eJ} =  Pid ijk2)PjPk  (2 -2 7 )

w ith  pj  being the u n it vectors o f  the three w aves po larizations and w ith  sum m ation  

convention over the i , j ,  k indices. U su a lly  the values o f d ijk are expressed in  the

d ie lectric  fram e. In  this fram e and fo r a u n iax ia l crystal, fo r ord inary  and 

extraord inary rays, the com ponents o f  the norm alized  p o larizatio n  vector are, 

respectively:

r— s in  tp' ^ c o s # c o s ^

COS (p c o s  6  s in  (p

,  0  , -  s in  0

(o rd in ary ) (extrao rd in ary)

w here <9 and cp are the po lar angles in  F igure 2 -1 .

F o r the ordinary p o larizatio n  vector, the expression is easily  obtained from  

the condition o f norm ality  on both the optical axis and on the propagation  vector. 

Th is  im plies that the p o larizatio n  is contained in  the X Y  plane (0  com ponent along  

O Z ), and that the angle w ith  the X  axis is the com plem ent o f  (p in  F igure  2 -4 . A s  fo r 

the extraordinary p o larizatio n  com ponent, this is contained in  the p rin c ip a l p lane. 

W hen considering also the p o larizatio n  vector norm al to the propagation vector, in  

the p rin c ip al plane, one obtains the expression fo r the extraord inary com ponents in  

E q .(2 -2 8 ),
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F igure 2-4  T he vector  diagram  for  p , th e  u n it p o lariza tion  vector  o f  th e  e lectr ic  fie ld . T he  

p e com p on en t is con ta ined  in  th e  principal p lan e, form ed  b y  the op tica l axis O Z  and  th e  vector  

S , and it is th e  ex traord inary  polarization . T he ord in ary  com p on en t p o is p erp en d icu la r  to  th e  

p rin cip a l p lan e, and conta ined  in th e  X Y  p lane. T he angles 0 a n d  (p are defined  in  F ig u re  2 - 1 .

In  re a lity , it  is not the electric vector that is perpendicular to ? , bu t the  

displacem ent vector D . T h at is w hy, due to the in fluence o f  the w a lk -o ff ang le, the 

expression o f the angle 6  m ust be corrected to 6  -p, w here p  is taken p o s itive  fo r 

positive u n iax ia l crystals and negative fo r the negative ones. In  order to  evaluate d ejj,, 
one has to  know , add itio n a lly  to the non linear tensor the values o f 0  and (p, i.e .th e  

orientation  o f the beams re la tive ly  to the op tica l axis. T h ey  can be adjusted to  

m axim ize  d eff. This is done usually by  choosing optim um  crystal cut angles and  

polarizations o f the beam s. The cut angles are adjusted fo r g iv in g  the highest d eff fo r 

norm al incidence.

F o r the crystal used in  the experim ental w o rk  o f this thesis (A g G aS 2 , w h ich  is 

a negative u n iax ia l crystal, w ith  sym m etry class 42m ), the expression o f  the 

nonlinear constant is g iven by [11]:

A #  =  ^36 sin(£  +  P )  s in (2  <p) (2 -2 9 )

w hich corresponds to tw o ordinary p o larized  vectors and one extraord inary  

polarized . The expression can be calculated using E q s .(2 -27  and (2 -2 8 ) and using the  

sym m etry properties o f the class to w h ich  the crystal belongs. The w ave leng th  

dependence o f  dejj  is governed by M ille r ’s ru le  [1 2 ], w h ich  b as ically  shows a 

dependence o f the nonlinear susceptibilities on the lin ear susceptibilities.
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The concept o f  phase m atching is introduced as a condition (o r set o f  

conditions) that m ust be fu lfille d  by the crystal and in teracting  waves in  order to  

m axim ize  the non linear in teraction  effic ien cy. F o r each second-order non linear 

process, there is a unique expression o f the non linear e ffic ien cy , depending on the 

type o f the process [1 5 ]. They are derived fro m  the solution o f the coupled w ave  

equations in  the p lane-w ave, fix e d -fie ld  approxim ation. F o r a ll types o f processes, a 

com m on feature is the e ffic ien cy  dependence on the “phase m ism atch” (expressed  

by E q . (2 -2 4 ). F o r a ll the processes, the conversion e ffic ien cy  is m axim ized  w hen the  

phase m ism atch is zero, o r in  other w ords, w hen the phases are m atched, o r w hen the  

phase m atching condition  is fu lfille d . F o r three in teracting  beam s, the phase 

m atching condition, or m om entum  conservation, is expressed as:

kx+ k 2 = k3 (2 -3 0 )

A  supplem entary condition used in  calcu lation  o f  phase-m atched  

configurations is the energy conservation:

q)i+ co2= co3 (2 -3 1 )

Because the re fractive  indices depend on w avelength , tem perature and, fo r 

anisotrpoic crystals, on the d irection  o f  propagation and p o larizatio n , th e ir values fo r 

a set o f wavelengths w h ich  propagate through the non linear m edium  can be adjusted  

fo r phase-m atching by varying  the tem perature, by orien tation  o f the beam s 

re la tiv e ly  to the crystal, o r by tuning the w avelength. Th is p o ss ib ility  o f  fu lfillin g  

phase m atching depends on the dispersion properties o f  the crystal. O ne can derive  

the proper values o f the refractive index using the tem perature-dependence and  

S ellm eier equations [1 3 ]. Fo r the non linear crystal used in  experim ents, these 

equations are g iven  in  C hapter 5 , Eqs. (5 - l) - (5 -3 ) .

2.6 Phase matching condition
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F u lfillin g  the phase m atching condition  in  a given m ateria l essentially  m eans 

fin d in g  the appropriate directions o f propagation and po larizations o f in teracting  

beam s fo r m axim izin g  the conversion e ffic ien cy . The types o f phase m atching are 

defined as very  general situations o f phase m atching, w h ich  can occur in  certain  

types o f crystals w ith  particu lar po larizations o f in teracting beam s. These conditions  

define the possible configuration  o f in teraction  fo r positive and negative crystals. 

There  are tw o m ain types o f phase m atching [14]:

a ) The tw o  beams w ith  lo w er frequencies have the same po larizations (T yp e  I )

In  negative crystals, the phase m atching is possible if:

K i+ K i = k A 0) (°°e)
Ind ices 1 and 2 denote the beams w ith  lo w er frequencies, w h ile  the index 3 

denotes the beam  w ith  the highest frequency. Th is notation includes a ll three-w aves  

nonlinear in teraction  processes. The angle 6  has been defined in  F ig u re  2 -1 . B y  

d efin itio n , on ly  the extraordinary beam  experiences a dependence on it.

In  positive crystals the phase m atching condition is expressed as:

K A e ) + k e2{ e ) = k oi (eeo)

b ) The tw o beams w ith  lo w er frequencies have d iffe ren t po larizations (T y p e  I I )

2.6.1 Types of phase matching

K i  + K i { e ) = K i { 0 ) (oee)

K i W + K i  = K i ( 0 ) (eoe)

K i + k i { o ) = K z (oeo )

k ¥ ) + k i  = k^ (eoo )

2.7 The phase mismatch

The goal o f phase-m atched beam s is d iffic u lt to achieve in  practice. The  

factors contributing to the phase m ism atch are the angular dispersion (d iffra c tio n  o f  

the beam s), the fin ite  bandw idth (the non-m onochrom aticity o f  the beam s) and the  

tem perature effects. A  general expression u n ify in g  these contributions to the phase 

m ism atch is given by [15]:

Ak(T, 86 , a )  s  M ( 0 )  +  —  AT  +  A 6  + — A  co (2 -3 2 )
d T  d(S O ) dco
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w here T  is the tem perature. E q .(2 -3 2 ) expresses the firs t order term s in  the  

developm ent in  series o f the phase m ism atch as a function  o f tem perature, angle and  

optical frequency. A s it  w ill be shown la te r in  this Thesis, this expression is very  

im portant in  understanding the dependence o f the param etric gain and o f the energy  

gain on param eters lik e  divergence o f  the in teracting  beam s, tem perature changes 

and bandw idth lim itatio n s.
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Chapter 3 Optical parametric amplification

W h ile  C hapter 2 described in  a general m anner the second order non linear 

processes, this chapter emphasizes on the O p tica l Param etric A m p lific a tio n  (O P A ) 

process. Th e  m ost im portant param eters characterizing O P A  are introduced and 

described in  an in tu itive  w ay, based on s im p lify in g  assum ptions (p lan e-w ave  fix e d  

fie ld  approxim ation). The param etric gain and the influence o f the phase m atching  

condition are discussed in  re lation  to the p articu la r crystal used fo r experim ents. 

M o reo ver, factors lim itin g  the approxim ations used fo r the in tu itive  description o f  

the features o f O P A  are explained, em phasizing the im portance o f  d iffe re n t 

param eters.

3.1 Introduction

The three-w ave nonlinear processes include:

- sum -frequency m ix in g  (g>i+ g)2—X 0 3 )

- d ifference frequency m ix in g  (coi-co2—>0 3 )

- parametric luminescence (©1->©2+0)3)

In  the case o f  the d ifference frequency processes, the pum p and the signal 

in teract in  the crystal and a th ird  beam  (ca lled  the id le r) is generated due to the 

nonlinear process. The pum p is a strong beam  at the “bluest” w avelength , w h ile  the  

“ signal” can be associated w ith  the w avelength  o f interest. O ther conventions re late  

the “ id le r”  to the reddest beam , and the “ signal” to the in term ediate w avelength  

betw een the pum p and the id le r. W e adopt the convention o f  “signal” designating the 

w avelength o f interest (to  be a m p lified ), the “pum p” has the bluest w avelength  and  

the “ id le r” is the beam  generated in  the non linear process.

W ith in  the class o f  d ifference frequency m ix in g  processes one m ay  

distinguish tw o particu lar cases. The d ifference frequency generation (D F G ) and  

O P A  are characterized by d ifferent am p lifica tio n  regim es [1 ]. F o r D F G , the signal 

and pum p pulses have com parable intensities w h ile  fo r O P A , the m ain  goal is the  

am p lifica tio n  o f  an in itia lly  w eak signal, com pared to the pum p. D ue to the energy  

flo w  from  the pum p to the signal, the signal in tensity  can be am p lified  at v e ry  h igh  

rates in  the O P A  case, w h ile  in the D F G  case the am p lified  signal in ten s ity  is 

com parable to the input signal intensity.
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F igure 3-1 illustrates a schem atic v ie w  o f the non linear, n o n -co llin ear 

difference frequency m ix in g  process.

F igure 3 -lD ifferen ce  frequency  m ixing schem e: T he pum p and th e  sign a l b eam s in teract in  a 
(un iaxial) non linear crysta l, generating th e  id ler  beam . ap and as are th e  incidence an g les for  
th e  pum p and signal beam s respectively , <pp, <ps are th e  refraction  angles and  Bc is the crysta l cu t  
angle, and  Bp is the pum p phase m atch ing angle , P and  y are the d egrees o f  n on co llin ear ity  fo r  
th e  signal and id ler  beam s

The theory o f lig h t propagation and frequency conversion fo r n o n lin ear 

processes presented in  C hapter 2 also applies to d ifference m ix in g  processes. The  

specific parts fo r D F G  and O P A  are the in itia l conditions, re lated  to pum p and signal 

input in tensity and w avelength. A s m entioned in  C hapter 2 , energy transfer is 

possible (and desired) from  the pum p to the signal beam  (to  be a m p lified ) and to  the  

generated id le r. The energy transfer is also possible in  the opposite d irectio n , i.e . 

from  the id le r and signal to the pum p, but this process takes place in  the conditions  

o f strong saturation (the saturation e ffect w ill be discussed in  section 3 .3 ), under 

strong pum p beam  depletion. A n  im portant issue from  the po in t o f v ie w  o f  

applications, in  our specific case from  the po in t o f v ie w  o f  a m p lify in g  the signal
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pow er, is the e ffic ien cy  o f the param etric process, the experim ental conditions, 

w h ich  optim ise it, and the possible lim ita tio n s  o f the e ffic ien t transfer o f energy from  

the pum p to the signal beam .

3.2 The parametric gain in OPA

E valuation  o f the e ffic ien cy  o f  the param etric process under consideration is 

crucial fo r designing any param etric device. D epending on the a im  o f the d iffe rence- 

frequency m ix in g  process, the e ffic ien cy  m igh t be characterized b y  the conversion  

effic ien cy  -  in  the D F G  case- or by the single-pass param etric gain  in  the O P A  case.

The conversion e ffic ien cy  is a m easure o f  the generated p o w er at the desired  

w avelength  re la tiv e ly  to the input pum p pow er. The param etric gain  characterizes  

the am p lified  signal, and is defined as the ra tio  betw een the in tensity  o f  the am p lified  

signal to the input signal intensity. The optim isation  o f the conversion e ffic ien cy  or 

param etric gain is alw ays desirable because the dam age threshold o f the crystal can 

lim it the pum p pow er.

A  rough estim ation o f the e ffic ien cy  o f a second-order non linear process is 

based on the p lane-w ave, un-depleted pum p approxim ation. In  this approxim ation , 

the varia tio n  o f the pum p in tensity during the m ix in g  process is neglected and so are 

the d iffrac tio n  and tem poral w a lk -o ff effects. Even i f  som etim es fa r fro m  the 

experim ental situation, this approxim ation can g ive a good understanding o f  the 

physics o f the nonlinear in teraction , and a ll the param eters o f p ractica l im portance  

can be calculated rather easily  w ith  some algebraic m anipulation  fro m  the coupled- 

w ave equations, phase m atching conditions and dispersion relations.

In  the undepleted plane w ave approxim ation, the coupled w ave equations (2 - 

2 2 ) are w ritten  as:

8 E , ( z ) jAkz

d z

SEs (z )

d z

d E p ( z )

d z

=  j K , E p { z ) E s ( z ) e ‘

=  j K sE ( z ) E ’ ( z ) e ^

= -jK pEi(z)Es (z)e -jA k z (3 -1 )
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w ith  Ksi -  ■ s'1,p— ——  , s, i, p  denoting the signal, pum p and id le r beam s and
n s , i , p

Ak is defined as the phase m ism atch (see also Eq. 2 -3 2 ).

In  the D F G  case, Ip(0)^Is(0) and the solution fo r the conversion e ffic ien cy  is 

given by [2 ]:

/ ,  8 < y 2/ , ( 0 ) . ( Akl
— -—  = ---------------------s in e  -------
7S(0 ) e0cn,nsnp {  2

(3 -2 )

w ith  IiAP= e/initSpc\Ei sp(z) p /2 , rip, tti, ns the re fractive  indices, c the speed o f  lig h t, /  

the crystal length, &>s, coi the angular frequency fo r the signal and id le r pulses and Ak  

the phase m ism atch.

S o lving  the coupled w ave equations w ith  in itia l condition  o f o n ly  tw o  

incident beam s, but considering a w eak input signal, yields the single pass gain  G  o f  

an optical param etric a m p lifie r [3]:

G = i,
L(0)

l + sinh2(re#/)(l +
/ \2 
'  Ak '

2T J

w ith  the e ffec tive  gain  coeffic ien t r eff g iven by:

(3 -3 )

(3 -4 )

and the gain  co effic ien t /"expressed as:

npnsni £0C
E q. (3 -3 ) shows the behaviour o f the single pass gain as a function  o f  pum p  

and crystal param eters in  the approxim ation considered. E q .(3 -5 ) expresses the gain  

coeffic ien t in  the case o f co llinear in teraction  and in  the absence o f the phase 

m ism atch and lin ear absorption. F o r n o n -co llin ear in teraction , one has to take in to  

account the angles betw een the three w aves and the phase m atching angle o f  the  

pum p, w h ich  s lig h tly  influences on the value o f the non linear constant dejj. and  

refractive  indices. N evertheless, a m ore im portant e ffect, in  the case o f  sm all beam  

diam eters and large noncollinear angles can arise from  the bad spatial overlap  o f  the  

three beam s. In  this case the gain co effic ien t is expressed by [4 , 5]:

r 2 2S , ' p  
s 0nsn,ne(8 )c 2 cosp cosy

(3 -6 )
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w ith  g s being the overlap factor, and the angles ^ an d y^ th e  degree o f  n o n co llinearity  

as shown in  F igure 3 -1 .

A n  alternative param eter fo r characterizing  the gain  is the fie ld  gain  

co effic ien t [6 ]. Th is  coeffic ien t is independent o f the pum p in tensity  and is defined  

as:

This param eter is useful because E q s .(3 -6 ) and (3 -4 ) reveal several im portant 

conclusions related to the experim ental conditions under w h ich  the gain co effic ien t 

can be optim ised. F irs tly , the crystal m ust be phase m atchable w ith  the pum p and 

signal, transparent at the corresponding in teracting  w avelengths and w ith  a h igh  

dam age threshold. In  Eqs. (3 -3 )- (3 -6 ), the absorption losses are neglected. H ig h  

absorption losses can not o n ly  decrease the e ffic ien cy , but also lead to  crystal heating  

and dam age, or to  phase m ism atch due to therm al effects.

A  high value o f the effective  non linear constant fo r e ffic ie n t am p lifica tio n  is 

also required. N evertheless, the a v a ila b ility  o f  large crystals and w ith  h igh  dam age 

thresholds can balance the inconvenience o f a m oderate non linear constant. The gain  

coeffic ien t increases w ith  the frequencies in vo lved  in  the frequency conversion  

process, and w ith  the pum p intensity. B u t the dependence on w avelength  is 

correlated w ith  the dispersion o f  the m ateria l, through the values o f re frac tive  indices  

and, v ia  M ille r ’ s ru le , in  the value o f  non linear constant. I t  depends also on the 

geom etry o f in teraction  (the superposition o f  the in teracting  beam s and 

corresponding phase m atching angles). These considerations help w ith  the choice o f  

a proper pum p w avelength , fo r a certain  range o f signal w avelengths considered fo r 

am p lifica tio n . A d d itio n a lly , tw o-photon absorption w avelengths have to be avoided, 

in  order to preserve h igh effic ien cy  and e lim inate  possible dam ages o f the crystal.

B oth  E q s .(3 -2 ) and (3 -3 ) contain the phase m ism atch term . In  the case o f  

single-pass am p lifica tio n , the gain can decrease d ram atically  because o f  phase 

m ism atch. The phase m ism atch is determ ined by the laser sources properties (beam  

divergence, spectral bandw idth) and b y  the dispersive, absorptive and therm al 

properties o f the crystal. Phase m ism atch w ill be discussed in  m ore d eta il in  

paragraph 3 .4 . Phase m atching can be achieved by tem perature tun ing , b ire frin g en t 

(angular) tuning, or by w avelength tuning in  devices w ith  p o ss ib ility  o f tun ing the

(3 -7 )
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w avelength  o f one o f the incom ing beam s. These m ethods are based on the  

dependence o f  the re fractive  index on tem perature, polarizations and angles w ith  the  

optical axis, and on the w avelengths o f in teracting  beam s. Thus, adjusting one o f  the  

three param eters t ill the phase m atching is achieved can be chosen depending on the 

properties o f the crystal and o f the laser sources.

The sim ple p icture g iven b y  Eqs. (3 -6 ) and (3 -4 ) is restricted to the p lane- 

w ave, fix e d -fie ld  approxim ation, w ith o u t absorption losses in  the crystal. D iffra c tio n  

and beam  divergence are im portant in  the case o f focused beam s, w ith  a short 

R ayle ig h  range com pared to the crystal length. F o r picosecond and fem tosecond  

pulses, add itional effects should be taken in to  account w hen describing the  

param etric gain, and they are related to the tem poral overlap o f the in teracting  

pulses, the group ve lo c ity  m ism atch and to group ve lo c ity  dispersion, w h ich , due to  

the larger spectrum  o f ultrashort pulses, becom es im portant fo r fem tosecond pulses.

N evertheless, Eqs. (3 -6 ) and (3 -4 ) are a good starting po in t in  designing a 

nonlinear device fo r param etric am p lifica tio n , because they a llo w  an estim ation o f  

the gain that can be obtained using specific crystals and pum p and signal beam s w ith  

know n param eters.

3.3 The saturation effect

In  practice, w hen the pum p in tensity  starts to decrease s ig n ifican tly  due to  the  

increase in  the signal and id le r in tensity, the un-depleted pum p approxim ation  is not 

v a lid . In  term s o f in teraction  lengths, defined  in  C hapter 2 , T ab le  2 -1 , the e ffec t is 

noticeable at a crystal length com parable to the n o n-linear length (Lnl) , o r longer. In  

the non-saturated case, the gain does not depend on the signal in tensity , as show n in  

Eqs. (3 -3 )- (3 -4 ), and increases alm ost exponentially  in  the h igh  gain  lim it and  

lin e a rly  in  the lo w  gain lim it w ith  the pum p in tensity  and crystal length. T h is  e ffec t 

is described in  deta il in  Chapter 6, section 6 .3 .1 . There saturation is discussed as a 

function  o f several param eters, using the S N L O  code. The saturation e ffec t indicates  

a dependence o f the gain on the signal in tensity . W hen pum p dep letion  starts to  

in fluence the energy transfer betw een the three beams s ig n ifican tly , the param etric  

gain decreases w ith  the signal in tensity, and the am p lified  pulse energy cannot scale 

any m ore w ith  the input signal intensity. W hen the saturation becom es v ery  strong, 

the photons o f id le r and signal beams start to recom bine back to pum p photons. In
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p rin c ip le , it  is easier to reach saturation w ith  a long crystal and high in itia l signal 

in tensity and h igh gain.

A s m entioned in  the previous section (Eqs. (3 -5 )-(3 -6 )), the single pass gain  

increases w ith  the w avelengths o f in teracting  pulses, w ith  the pum p in tensity  and  

w ith  the non linear constant. The saturation m anifests its e lf by lim itations in  the  

am p lified  energy and by spectral/tem poral m odifications o f  the am p lified  signal in  

com parison w ith  the input pulse. The spectral/tem poral changes induced b y  

saturation w ill be discussed in  m ore d eta il in  C hapter 6.

W hen spatial effects are taken in to  account, a description o f the o vera ll 

energy gain becom es very  com plicated. Several authors have determ ined an 

optim ised configuration  o f the pum p and signal in tensity p ro files  in  w h ich  the to ta l 

energy extracted in  the am p lified  pulse is m axim ised [7 -10 ]

In  order to im prove the extracted energy in  the am p lified  pulse, the pum p has 

to have a top-hat p ro file  both in  space and in  tim e w ith  respect to the signal. In  fact, 

this is not the ideal case fo r the o vera ll e ffic ien cy  o f the process (a  lo t o f pum p  

energy is actually  lost in  the w ings).

3.4 Angular acceptance, angular tolerance of the crystal, bandwidth 

acceptance

As shown in  Eq. (3 -4 ) the single pass gain can decrease d ram atically  due to 

the phase m ism atch. U sing  Eq. (3 -2 ) fo r the D F G  case, one obtains that the  

effic ien cy  drops to one h a lf o f the phase m atching value if:

M  =  0 .8 8 6 y  (3 -8 )

The three m ain factors contributing to the phase m ism atch are the angular 

dispersion, the tem perature and the fin ite  bandw idth  o f the in teracting  w avelengths. 

The term  o f angular acceptance is used re la tiv e ly  to the divergence o f the pum p  

beam , w h ile  the angular tolerance indicates the t ilt  aw ay o f the crystal fro m  the  

phase-m atching position  to fu lf il the condition expressed by E q . 

(3 -8 ).

U su a lly , in  literatu re, the angular acceptance, bandw idth  acceptance and  

tem perature bandw idth (o r angular, spectral and tem perature bandw idth ) are defined  

and calculated w ith in  the fix e d -fie ld  approxim ation [1 1 ], because in  this
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approxim ation calculations are rather easy. C om m only, they are defined  as the value  

o f the phase m ism atch that halves the param etric gain. N evertheless, the p icture o f  

the process is very  s im p lified , because in  the case o f  high gain the behaviour o f the 

param etric gain w ith  respect to the input beam  properties can be very  d iffe re n t from  

the fix e d -fie ld  approxim ation. The phase m ism atch depends also on the type o f  

in teraction  (ooe, eeo, eoe, oeo, eoo, oee). The angular bandw idth  is actu ally  an 

in ternal angular bandw idth , m easured in  term s o f  the angular dispersion o f  the phase 

m atching angle, w h ile  the angular tolerance o f  the crystal is determ ined in  term s o f  

external angles. The angular properties are very  im portant w hen focused beams are 

used; as expressed by Eq. (3 -5 ) the gain  co effic ien t is a function  o f  in tensity  and  

som etim es the beams are focused to increase the gain factor. In  this case it  is 

im portant to know  the angular acceptance in  order to optim ise the focused beam  

diam eter fo r the highest gain.

The bandw idth acceptance is an im portant issue fo r short and u ltrashort 

pulses, because it  is related  to the tem poral w a lk -o ff o f the in teracting  beam s.

The gain bandw idth in  the O P A  case is defined b y  the group ve lo c ity  

m ism atch betw een the signal and id le r pulses. Th is is because the pum p w avelength  

is fixe d  and on ly the w avelengths o f the signal and id le r pulses vary . T ak in g  in to  

account the energy conservation law :

cOi = (Op-cOs (3 -9 )

it results A cos =  - A coi and:

Ak
r dki dks '

A go =
r  1 1 ^

—

l̂ dco,. dcos ) VJ
A  ch =  vA co. (3 -1 0 )

w here vs and vp are the group velo c ity  indices fo r the signal and id le r beam s and  

. Acos is the signal spectral bandw idth  for w h ich  the gain  - g iven  b y
(\ o

v =
Vvi vsj

Eq. (3 -1 ) drops at h a lf o f  the m axim um  value (obtained in  the phase m atching case). 

In  the h igh gain approxim ation, E q .(3 -3 ) leads to an exponential dependence on 

crystal length o f the single pass gain:

G = 0.25exp(2re#/) (3-11)

U sing  Eqs. (3 -4 ) an d (3 -10 ), it  results fo r the gain  bandw idth [2 ,1 2 ]:
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(3 -1 2 )A  co =
V41n(2)

In  term s o f e ffec tive  lengths, defined in  C hapter 2 , T ab le  2 -1 , the bandw idth  

acceptance is re lated  to the quasistatic length o f the crystal. E q . (3 -1 2 ) shows the 

im pact o f the crystal length on the bandw idth  acceptance. W hen a pulse w ith  an 

in itia l large bandw idth  has to be am p lified , a h igh  gain coeffic ien t is essential fo r 

preserving the bandw idth, w h ile  the crystal length  acts as a lim itin g  factor. These  

considerations are v a lid  fo r the un-depleted pum p approxim ation.

The angular acceptance, bandw idth acceptance and bandw idth  gain  can be 

increased by noncollinear interaction. The angular acceptance can be increased b y  

m atching the phase velocities , w h ile  the gain  bandw idth by operation close to  

degeneracy, group ve lo c ity  m atching [1 3 ,1 4 ], by using tilte d -fro n t pulses [15 , 16], 

m u ltip le  beam  pum ping [1 2 ,1 7 ], and sim ultaneously chirp ing o f both pum p and  

signal pulses.

3.5 Spectral and temporal behaviour of the amplified pulse

The spectral and tem poral characteristics o f the am p lified  pulse are crucia l 

features to be considered w hen designing a param etric device, because o f th e ir 

in fluence on the output pow er. The am p lified  pulse duration can be changed b y  

spectral losses at optical com ponents, (as fo r exam ple v ignetting  in  the stretcher 

com pressor system ), h igh-order dispersion effects, bandw idth acceptance o f  the  

crystal, bad spatial and tem poral overlap o f the in teracting beam s and saturation  

effects. The tem poral pulse shape is re lated  to  the spectral bandw idth  o f  the  

am p lified  pulse, w h ich  is in fluenced b y  the gain  bandw idth. Preserving a short pulse  

duration can a ffect the overall energy e ffic ien cy  o f the process, because the  

bandw idth  o f  the am p lified  pulse is lim ite d  b y  the crystal length, as show n b y  E q . 

(3 -1 2 ). In  the approxim ation o f undepleted pum p, the param etric gain  increases w ith  

the crystal length and pum p pow er, but the pum p pow er does not in flu en ce  the  

bandw idth  o f  the am p lified  pulse. A  correct balance o f  the effects lead ing  to  the  

highest output pow er is given by m in im iz in g  the crystal length and m a xim izin g  the 

pum p pow er u n till the lim it o f the safe operation, given by the dam age threshold o f  

the crystal.
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In  term s o f e ffec tive  lengths, defined in  C hapter 2 , T ab le  2 -1 , it  is the quasi

static in teraction length, w h ich  describes the bandw idth o f the crystal. The tem poral 

w alk -a w ay  o f the in teracting  pulses -w h ich  takes place because the dispersion  

properties o f the crystal- affects the gain bandw idth. T h is  e ffect is im portant fo r 

picosecond pulses and shorter. The h igher order dispersion term s are im portant fo r 

fem tosecond pulses, because o f their la rg er spectral w idths.

I f  the crystal length is longer than Lqs, the group v e lo c ity  m ism atch cannot be 

neglected in  calculations, and usually a spectral narrow ing o f the pulse is the e ffect 

o f the tem poral w a lk -o ff o f  interacting pulses.

There are several w ays fo r circum venting group ve lo c ity  w a lk -o ff, w h ich  in  

the u ltrashort pulses generation: group v e lo c ity  m atching, b y  n o n -co llin ear 

in teraction , pulse front tiltin g , pum ping w ith  several beam s, o r operating near 

degeneracy.

The beam  diam eters, input pow ers, divergence, spatial w a lk -o ff m ust be 

taken into  account in  order to  get a realistic  description o f the spectral changes 

induced by param etric am p lificatio n . The saturation can also in fluence the tem poral 

and spectral features o f the am p lified  pulse.

A  basic description starts w ith  the p lane-w ave, fix e d  fie ld  approxim ation. 

W hen this approxim ation is not v a lid , num erical sim ulations are the on ly  w ay  to 

predict the tem poral and spectral behaviour o f  am p lified  pulses. In  a sim ple  

representation, an in itia lly  Gaussian spectrum  signal in teracting  w ith  a pum p pulse  

w ith  narrow er spectral bandw idth, w ill suffer spectral m o d ifications, because the  

spectrum  is not u n ifo rm ly  am p lified  and the gain  is non linear. The situation  is 

d iffe ren t in  the saturated regim e, w hen the central part saturates. Thus, saturation  

effect can help in  obtain ing a better spectral shape. N evertheless, as it w ill be shown, 

the regim e o f deep saturation can induce severe deform ation o f the am p lified  spectral 

shape. A  m ore detailed discussion o f the spectral and tem poral in fluence o f various  

param eters is presented in  Chapter 6.

3.6 Phase matching angles. Example of calculation for the AGS crystal

The phase m atching angles are defined  as the angles form ed b y  the 

propagation vectors ( k  )  w ith  the optical axis o f the crystal, fo r the phase m atching  

case (see also C hapter 2 , section 2 .6 ). In  F igure 3 -2 , they are denoted w ith  9P and 05
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fo r the pum p and signal beam s, w h ile  /? and y  are the degree o f n o n -c o llin e arity  fo r 

the signal and id le r beam s w ith  respect to  the pum p.

Figure 3-2 The k  -vectors of the pump ( kp ), signal ( ks ) and idler ( k{) beams. The angle 0PtS

are the phase matching angles of the pump and signal respectively, while fi  and y  are the degree 
of non-collinearity for the signal and idler beams with respect to the pump.

From  a practical po in t o f v iew , it  is convenient to express the phase m atching  

angles as functions o f the external (incidence) angles. This is o f p articu la r interest fo r 

the experim ental configuration  in  the case o f O P  A , w hen tw o beam s are inc iden t on 

the crystal, and the phase m atching condition  is dictated by both the cut-ang le o f the  

crystal and the re la tive  positions o f the tw o beam s w ith  respect to the crystal face. 

The know ledge o f these angles is im portant fo r characterising the tun ing  properties  

o f the device, the angular acceptance, the w a lk -o ff angles, and e ffic ien c y  o f  the  

frequency-m ixing  process. D ue to the crystal anisotropy, the propagation through the  

crystal (d irection , phase and group ve lo c ities ) and the phase m atching angles are 

sensitive to the orientation  o f the incidence beams w ith  respect to the o p tica l axis. 

W hen the in teracting  pulses are u ltrashort, and broadband acceptance is desired fo r 

m aintain ing  a h igh pow er o f the am p lified  pulse, the know ledge o f the angular 

properties o f the crystal w ith  respect to the incom ing beams is crucia l. T he group  

ve lo c ity  com ponents can be m atched to adjust the bandw idth acceptance b y  a proper 

orientation  o f  the beams w ith  respect to the crystal face and axis.

In  the co llinear case, the three k  -vectors have the same d irectio n , and the

equation fo r m om entum  conservation becom es scalar. In  the case w hen the k -  

vectors are not co llinear, the equation fo r m om entum  conservation is V ic to ria .
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In  this case, the phase m atching angles are derived fro m  the phase m atching  

condition by decom posing the k  -vectors along k p , assum ing that the generated id le r

beam  adjusts the d irection  fo r the m in im um  phase m ism atch (A  kL )= 0 . 

I t  results:

and

Akn = k p - k s cos(/?) -  ki cos(/) 

ks sin(/?) = ki sin(/), with:

kP,.,i =

(3 -1 3 )

(3 -1 4 )

F rom  the cosine theorem  a value fo r cos(/?) can be derived:

k l + k 2 - k }
cos (/? ) =  — -----------------

2 k pk t
(3 -1 5 )

The solution o f E q .(3 -1 5 ) fo r p  and /e x is ts  i f  the absolute value o f the rig h t 

part o f the equation containing the cosine function  is less o r equal to 1. Th is  

condition relates the crystal characteristics to the three in teracting  w aves; i f  the  

solution exists, then the crystal is  “phase m atchable” w ith  the in teracting  beam s.

A s shown in  F igure 3 -2 , the degree o f n o n -co llin earity  can be expressed also

as:

P = oP-e s (3 -1 6 )

A n  angle A a, an analogue o f  the degree o f n o n -co llin earity , but in  the a ir, is 

defined as:

A a  = a p -  a s (3 -1 7 )

w ith  as>p being the incidence angles fo r the pum p and signal beam s as shown in  

Figure 3 -1 . The sign convention fo r the incidence anglesap>s is that they are p o sitive  

w hen on the same side o f  the norm al to the surface w ith  the o p tica l axis.

The incidence angles are re lated  to  the refraction  ones v ia  S n e ll’ s law :

s in  a ,  = n p zmq>p

sinors = ns sm<ps , (3 -1 8 )

w ith  (pPtS being the refraction  angles.

The values o f  the re fractive  indices nSfP depend on the p o larizatio n  o f the 

beam s, as explained in  C hapter 2, paragraph 2.1 and E q . (2 .1 2 ). In  the case o f  

extraordinary beam s, the refractive indices depend on 0, w h ich  was calculated to be
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a function  o f incidence angle (a )  and crystal cut angle 0C, and is derived in  C hapter 

2 , Eq. 2 .1 4  as:

s in (0c) cos(<9c)  +  s in (« )
cos2(%) | sin2 (<9,) sin2(or)

tan(<9) = (3 -1 9 )

F o r an A g G aS 2 , the crystal used in  param etric am p lifica tio n  experim ents, 

there are tw o possible types o f interaction fo r the signal w avelength  in  the range o f

4 -1 2  /m l, and 1.064 /im  fo r the pum p w avelength:

- T yp e  I  ooe (signal and id le r beams are ordinary and pum p beam  is 

extraord inary)

- T yp e  I I  eoe (signal and pum p are extraord inary beam s, w h ile  the generated  

id le r beam  is ord inary).

E q . (3 -1 9 ) is useful in  type I  ooe in teraction  on ly fo r the pum p beam  (because 

it  is the extraord inary one) and fo r signal and pum p beams in  type I I  eoe, (w h en  both  

pum p and signal are extraord inary). The existence o f  the solution fo r the angle 0  is 

conditioned b y  the existence o f the square root in  Eq. (3 -1 9 ). T h is  depends on the  

dispersive properties o f  the nonlinear m ateria l under consideration.

In  order to study the po ss ib ility  o f  realis ing  a tuneable source using  

param etric am p lifica tio n  w ith  A gG aS 2 crystal, Eqs (3 -1 4 )-(3 -1 5 ) can be w ritten  fo r  

the both cases (types I  and I I ) .

The re latio n  betw een the incidence and phase m atching angles fo r fix e d  in p u t 

beams configuration  is found by com bining them  w ith  S n e ll’ s la w  and w ith  E q .

F o r the type I I  eoe interaction the re latio n  betw een the incidence angles and  

the phase m atching angles becomes:

W h ile  fo r the type I  ooe the same equation holds, w ith  the d ifference that 

ns (0S) is replaced by nos, the ord inary index fo r the signal beam , w hich  does n o t 

depend on the propagation angle Gs .

(3 -1 6 ).
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s in 2 a
(3 -2 1 )

sin a„ s in 2 a sin a  sin or,H-----------1
»p(0p) n os

(.0p)Q>2p+ n J g ]-n ? a > )

2np(8p)”J<OpO>,

B y  solving Eqs. (3 -2 0 ) and (3 -2 1 ), the values o f  the external angles fo r  

phase-m atched in teraction  can be determ ined, fo r the tw o types o f  in teraction . I f  the  

angle betw een the tw o external beams is fixe d  to a certain value A a , then a ll the  

possible values o f as>p fo r w h ich  the in teraction  is phase-m atched in the crystal as a 

function  o f w avelength can be expressed as a function o f A a, re fractive  indices and  

6C, w ith  the re fractive  indices g iven by the dispersion relations, w hich are specific

fo r each crystal. Fo r the A G S  crystal, they are g iven by B h ar and Sm ith [1 8 ], w ith  

coeffic ients updated b y  Zondy et al. [1 9 ].

The Eqs. (3 -2 0 )-(3 -2 1 ) are used in  C hapter 5 fo r calcu lating  the phase 

m atching angles fo r the A G S  crystal used in  experim ents.

3.7 Conclusion

O P A  is a suitable process fo r am p lifica tio n  o f u ltra-short pulses i f  p roper 

pum p and signal sources and nonlinear crystal are used. O P A  can achieve h ig h , 

broad-bandw idth gain and tun eab ility . R otating  the crystal along an axis  

perpendicular to its p rin c ip al plane adjusts the phase-m atching condition  at any  

w avelength  in  the transparency range. F o r a crystal w ith  h igh  transparency at the  

pum p, signal and id le r w avelengths, the process is free o f therm al effects, because 

the d ifference betw een the pum p and signal energy is transferred entire ly  to  the id le r  

pulse. The lim itin g  factors fo r O P A  gain  perform ance are the pum p and signal 

stab ility  [2 0 ], the crystal dam age threshold, its size, the tem poral and spatial o verlap  

betw een in teracting  beams and the saturation effect.
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Chapter 4 The lasers

This chapter describes the laser systems used in  the a m p lifica tio n  

experim ents. F irst, the m ost im portant requirem ents fo r the tw o laser sources (pum p  

and signal) fo r optical param etric am p lifica tio n  are presented. The characteristics o f  

the pum p laser and o f the free electron laser (F E L ) at F E L IX  fa c ility  (Free E lectron  

Laser fo r In fra red  exp erim ents), in  N ieu w eg e in , the N etherlands) are b rie fly  

described, em phasizing the param eters o f  the laser systems w hich are s ig n ifican t in  

obtain ing h ig h -am p lified  energy in  short pulse duration o f the am p lified  F E L IX  

pulses w ith  good stab ility .

4.1 Laser sources for optical parametric amplification

Besides the choice o f a nonlinear m ateria l fo r O P A  w h ich  is described in  

d eta il in  C hapter 5, the pum p and signal lasers are equally  im portant in  designing a 

p o w erfu l source fo r spectroscopic applications. The param eters o f the lasers 

in fluence the param etric gain and on the s tab ility  o f  the am p lified  signal.

The param eters o f  the pum p laser source are extrem ely im portant: the pum p  

w avelength  should be in  the transparency range o f  the crystal and phase-m atchable  

w ith  the signal. The pow er delivered b y  the pum p source should be h igh  enough to 

obtain  a large gain. The s tab ility  is another im portant param eter: fluctuations o f  

pum p energy im p rin t large fluctuations on the am p lified  pulse energy and tem poral 

in s tab ility  can create drastic problem s i f  the tem poral overlap w ith  the signal pulse is 

affected  [1 ].

The pum p beam  p ro file  has to be u n ifo rm , because the presence o f  hot spots 

can cause dam age on the crystal surface o r even in  the b u lk . The pum p beam  p ro file  

is also im portant in  o p tim izin g  the gain; id e a lly  is a top hat com pared to  the signal 

beam  p ro file , bu t due to  the effects o f saturation and to nonlinear a m p lifica tio n  o f  

d iffe ren t parts o f the signal beam , it  is possible to determ ine an ideal shape w h ich  in  

given experim ental conditions w ou ld  produce an am p lified  signal beam  w ith  a 

perfect Gaussian p ro file  [2 ].

D ue to the c ritica l dependence o f the gain on the phase m ism atch, the fin ite  

divergence and bandw idth o f the pulse are also to be considered fo r m ax im iza tio n  o f  

the gain. O ther im portant requirem ents are the short and long term  s ta b ility  o f  the
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laser sources. Several considerations contribute to  establishing the optim um  pum p  

pulse duration. Id e a lly , in  analogy w ith  the beam  p ro files , the pum p should be 

tem p o ra lly  a top hat com pared to the signal pulse. A  large pum p pulse duration  

(com pared to the signal duration) enables the use o f the O p tica l Param etric C hirped  

Pulse A m p lific a tio n  (O P C P A ) m ethod. N evertheless, the dam age threshold o f  the 

crystal decreases w ith  the pulse length and it  is m uch lo w er at nanosecond pulse 

durations than to tens o f picoseconds pulse duration (see also C hapter 5 , section  

5 .2 .3 ). Thus, an increase o f the pum p pulse length w o u ld  be an advantage in  O P C P A  

experim ents, a llo w in g  fo r larger stretching o f the signal pulse w ith o u t spectral 

narrow ing or instab ilities, but w ou ld  lead to a decrease o f  the dam age threshold o f  

the crystal. H ig h  pum p intensities, o f the same order w ith  the picosecond pulse 

in tensity  -  w h ich  are necessary fo r obtain ing a h igh gain -  cannot be used because 

they w ou ld  dam age the crystal.

R egarding the signal source, the w avelength  is required  to be phase 

m atchable w ith  the pum p in  the crystal. F o r a good s tab ility  o f  the param etric  

process it  is im portant that the w avelength is stable (the central w avelength  does not 

fluctuate) and the bandw idth  does not change on a long or short tim e scale. I f  the 

signal pulse is tunable, it  is then desirable that the tu n eab ility  and selectiv ity  o f the 

w avelength is easy and fast and does not in vo lve  m isalignm ents o f  the signal and 

pum p beams.

The jitte r  betw een the tw o in teracting  pulses is another im portant condition  

fo r obtain ing a stable am plified -pu lse energy. I t  is c lear that, fo r a non linear 

in teraction , a h igh in s tab ility  o f the tw o in teracting  pulses results in  h igh fluctuations  

o f the am p lified  pulse. The jitte r  effects are even m ore im portant fo r O P C P A . A s it  

w ill be shown in  C hapter 6 and 8, it  can lead to  the in s ta b ility  o f the central 

w avelength o f the am p lified  pulse. G en era lly , i f  the pum p pulse is m uch longer than  

the stretched signal, the influence o f the jitte r  is less im portant. B u t the in ten s ity  or 

central w avelength flucutuations can be caused b y  the re la tive  m ovem ent o f the 

pum p peak in tensity w ith  respect to the stretched-signal pulse.

4.2 The pump laser

The pum p laser is a com m ercial flashlam p pum ped N d :Y A G  regenerative  

am p lifie r (R G A  60 , C ontinuum , C A  U S A ) seeded by a continuous m ode docked  

oscillator (M o d e l 131, L igh tw ave, C A  U S A ). The a m p lifie r consists o f tw o  stages,
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the regenerative a m p lifie r and a single-pass laser-am p lifica tio n  stage. A  schem atic 

v ie w  o f the laser system  is shown in  F igure 4 -1 . The tra in  o f m ode-locked pulses 

generated by the seed laser at 111 M H z  passes through a Faraday iso lato r (F I)  and 

enters the regenerative am p lifier. The Faraday iso lator prevents back reflections  

from  the a m p lifie r to the seed laser. The assem bly o f Pockels ce ll 1 (P C I) , the 

quarter w ave p late  (W 3 ) and p o larizer P I selects one pulse from  the tra in  o f  pulses at 

111 M H z  (a t a frequency o f 10 H z ) to enter the resonator. The po larizers do not 

re flec t the lig h t w ith  horizontal po larization . T he ve rtic a lly  p o larized  lig h t inc iden t 

on the p o larizer P I is transm itted to the resonator and is trapped b y  app ly in g  an 

appropriate voltage to P C I, w hich rotates the p o larizatio n  through 90 degrees. A fte r  

being trapped in  the cav ity  form ed by the m irrors M l  and M 2 , the pulse traverses 

several tim es the laser resonator o f the regenerative a m p lifie r. B y  sw itch ing  on and  

o ff  the voltage on P C 2, P2 either transm its o r reflects the lig h t passing through the  

resonator. The delay betw een the voltages app lied  to P C I and P C 2 can be optim ised  

to a llo w  the pulse to circulate in  the cav ity  t il l  it  acquires a h igh gain. B y  sw itch ing  

the voltage o f the P C 2, the po larization  is restored to vertica l and is re flec ted  b y  the  

p o larizer P2. Thus, the am p lified  pulse is dum ped out o f the cavity , and then fu rth er 

a m p lified  in  a fin a l am p lifica tio n  stage. F o r that, the beam  diam eter is increased w ith  

the a id  o f  the telescope T  and the p ro file  is sm oothed w ith  the apodiser A 3 .

B oth  laser rods are flashlam p-pum ped at the same repetition  rate w ith  F E L IX  

m acropulse (fo r m ore details on the tem poral structure o f F E L IX , see the next 

paragraph).

Figure 4-1 Schematic of the pump laser. FI is the Faraday isolator, M= mirrors, M l and M2 the 
laser cavity mirrors, R1 and R2 are the laser rods, W l, W2, W4 are half waveplates, W3 is a 
quarter wave plate, PI, P2 polarizers, T=telescope, A l, A2, A3 = apodizers, PCI, PC2= Pockels 
cells
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Th is  laser system  is able to d e live r pulses at d iffe ren t repetition  rates, the one 

used in  experim ents being 10 H z . The am p lified  energy at the output o f the 

regenerative am p lifica tio n  is typ ica lly  2 5 -2 6  m J, and can easily increase to 7 0 -10 0  

m J and m ore a fter the second am p lifica tio n  stage, w h ich  consists in  a single-pass 

laser a m p lifie r. H o w ever, the dam age threshold o f the crystal used fo r param etric  

am p lifica tio n  (A G S  in  our experim ents) lim its  the energy. The beam  d iam eter at the 

e x it o f  the laser is very  sm all com pared w ith  the size o f the crystal (~  1m m ). The  

beam  is transported v ia  a 16 m  beam  path to the laboratory w here the experim ents  

take p lace and the d iam eter o f the beam  is increased on the tab le v ia  a telescope to a 

size o f 11 m m  F W H M  (fu ll w id th  at h a lf m axim um ). The beam  p ro file  was 

determ ined w ith  a lin ear S P IR IC O N  beam  p ro file r. Th is  device is a lin ear 

p yroe llectric  array, w ith  256  elem ents, and a length  o f one inch. A n  exam ple o f  the  

p ro file  is g iven in  F igure 4 -2 .

Figure 4-2 Pump beam profile, measured in the horizontal plane. The black line represents the 
measurements, while the grey curve is a Gaussian fit with the FWHM diameter approximately 
11 mm

A utocorrelation  m easurements have been perform ed w ith  a crossed-beam s 

autocorrelator, w h ich  used a B B O  crystal, shown in  F igure 4 -3 .
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Figure 4-3 Autocorrelation setup. The input beam is split by the beam-splitter BS in two beams: 
the refracted beam is directed to the crystal by a mirror (M), while the reflected beam is passing 
through to a variable delay stage and then reaches the crystal. The second harmonic 
autocorrelation signal is produced when the beams are spatially and temporally overlapped, 
and the crystal is phase-matched for second harmonic generation. The fundamental beam is 
eliminated by a filter and signal is detected by a photodiode.

A  beam  sp litte r (B S ) separates the incom ing beam  in  tw o paths: the  

transm itted beam  has a fixed  length, w h ile  the reflected  one has a variab le  length , 

w hich can be adjusted by m oving the ho lder o f the tw o m irrors M . Th e  crystal is 

phase-m atched fo r second harm onic generation at 1 .064 pm  (fundam enta l 

w avelength ). The autocorrelation signal is detected i f  the pulses com ing fro m  the  

d iffe ren t paths are spatially  and tem porally  overlapped. A  filte r  is used to e lim in ate  

the fundam ental beam  at the detector. The autocorrelation signal is recorded b y  

scanning the delay. The pulse shape is assum ed Gaussian. In  this case, the F W H M  

pulse duration can be calculated b y  m u ltip ly in g  the F W H M  o f the autocorrelation  

trace w ith  0 .707 .

The pulse duration, as determ ined fro m  the autocorrelation trace, w as 85 ps. 

H ow ever, the m easurem ents revealed a second peak in  the autocorrelation  trace, 

suggesting that a second peak accom panies the m ain pulse. The second peak, 

noticeable in  both autocorrelation traces and am p lifica tio n  experim ents is situated at 

about 200  ps from  the m ain one. Because the delay stage used in  autocorrelation  

m easurem ents was shorter than necessary, the trace is not com plete.
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Figure 4-4 Detail of the autocorrelation trace of the pump pulse A second peak appears at a 
distance of approximately 200 ps from the main peak. The full width at half maximum for the 
main peak is 85 ps

The s tab ility  o f the pulse is 2%  fo r operation at 80 m J output energy. 

H o w ever, the s tab ility  can be d rastically  affected  b y  the possible instab ilities  in  the 

m ode-locked oscillator, and are caused m ain ly  by therm al effects.

4.3 FELIX

F E L IX  (the Free E lectron Laser fo r In fra red  exp erim ents) is w e ll know n as 

the firs t Free E lectron Laser (F E L )-u se r fa c ility  in  Europe. The w avelength  range 

covered at F E L IX  is rather large, spanning the m id -in frared  (3 jam ) to fa r in frared  

(2 5 0  jam). The w ide w avelength  range is covered b y  tw o F E L s , F E L  1 (2 5 -2 5 0  jam) 

and F E L  2 (3 -3 0  |am). The properties o f rad iation  em itted  b y  the tw o FE Ls at F E L IX  

(w avelength  range, rap id  tun eab ility , tem poral structure and p o ss ib ility  o f adjustm ent 

o f the laser pulse and bandw idth) m ake them  suitable fo r applications in  physics, 

chem istry or b io logy.

F o r our experim ent, the signal pulse fo r param etric am p lifica tio n  is provided  

b y one o f its FE Ls, (F E L  2 ).

The p rincip le  o f an F E L  in  shown in  F igure 4 -5 .
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Figure 4-5 The FEL lasing scheme: The electrons produced by the gun enter the undulator, 
which is situated in the laser cavity formed by two mirrors. Due to the magnetic force of the 
alternate magnets, the electrons emit synchrotron radiation. The wavelength of the emitted 
light depends on the energy of the electrons, on the magnetic field and on the period of the 
undulator. The radiation emitted is resonated in the laser cavity and the electrons are dumped

The main parts consist o f the source of electrons, the undulator and the laser 

cavity. The undulator consists of a row of alternatively poled permanent magnets, 

which creates a periodically varying magnetic field structure. When passing through 

the undulator, the electrons are forced to wiggle due to Lorentz force, and they emit 

light. The undulator is a gain medium transparent for any wavelength. The emitted 

light is resonated in the laser cavity and reinforced by fresh electrons, while the 

electrons are dumped at the exit after passing the cavity and emitting light.

The general layout of the two FELs is shown in Figure 4-6.

22 m

injector Linac 1

15-25 MeV 25-50 MeV

spectrometer 
magnet

FEL-2
3-30 pm

fv

FEL-l

*-------- 6 m------------H

Figure 4-6 A schematic of FELIX. The injector and the linear accelerators produce relativistic 
electrons. After acceleration, the electrons are directed to the resonators, where the electrons 
emit radiation under the influence of the periodic magnetic field of the undulator. FEL1 is 
designed to produce radiation in the wavelength range 25-250 pm, while FEL2 produces laser 
radiation in the range 3-30 pm.

Both FELs have the same electron source. The electron beam injector 

consists of the thermionic triode gun, which produces bunches of electrons. The
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bunches are shortened in the pre-buncher and buncher, in order to have the proper 

duration for injection in the linear accelerators (Linacs).

At the entrance of the first linear accelerator, Linac 1, the electron bunches 
have already relativistic energy (3.8 MeV) and electrons are accelerated to 15-25 

MeV energy. After passing Linac 1, there are two possible options. The first 

possibility is directing the beam to the second accelerator, Linac 2, where the 

electrons are further accelerated to ~50 MeV, and injected into FEL 2. The second 

option is the beam injection in FEL-1. After acceleration, the beam is directed into 

the resonators. The FEL cavities consist of two copper mirrors, which can be finely 

adjusted with motorized stages. The resonator length is 6 m, and the geometry of the 

resonator creates the beam waist almost in the middle of the undulator. The radiation 

is coupled out from the laser cavity through a hole in the output mirror and 

transported to user stations via an evacuated beam transport system. The undulators 

of both FELs consist of two series of samarium-cobalt permanent magnets forming 

38 field periods with a length of 65 mm. The wavelength can be scanned by 

changing the distance between the two poles according to [3]:

nA Q —
U  i + K 2) 

2 r 2
(4-1)

where Ao is the wavelength of the radiation, n is the harmonic number, Au is the 

period of the undulator and K  is a dimensionless constant, depending on the 

magnetic field, and y the relativistic constant, y2» l .  The parameters that influence 

the wavelength are Au, the intensity of the magnetic field, and the energy of the 

electrons. The rapid wavelength change is accomplished by the variation of 

undulator field strength.

The temporal structure of FELIX radiation, shown in Figure 4-7, follows the 

electron beam structure.
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Macropulse

Figure 4-7 Temporal structure of FELIX. The macropulse has a repetition rate up to 10 Hz. 
The macropulses consists of trains of micropulses, delivered at 1GHz or 25 MHz (time separtion 
fo 1 or 40 ns between micropulses). The macropulse duration can be adjusted typically to 10 ps, 
and the micropulse between 6-100 optical cycles (hundreds of femtoseconds to few picoseconds 
for the wavelength range 4-10 pm).

The FEL delivers (macro) pulses at repetition rate up to 10 Hz, with a 

macropulse duration that can vary in a range o f few microseconds to 10 ps. A 

macropulse consists of a train of much shorter micropulses, with an adjustable 

duration of few picoseconds. The separation between the micropulses in the train is 

either 1 or 4 ns, corresponding to repetition rates of 1 GHz and 25 MHz respectively. 

The micropulse duration can be adjusted between 6-100 optical cycles, which, 

translated in time units, leads to hundreds of femtoseconds to few picoseconds for 

the wavelength range 4-10 pm. In amplification experiments only one micropulse in 

the macropulse train is used. In order to avoid the unnecessary heating of the crystal, 

a 25 MHz micropulses repetition rate was chosen.

The temporal shape and spectrum of the micropulses are in principle flexible 

and they depend mainly on the cavity detuning [4]. It has been shown that, with a 

proper choice of FELIX parameters, the optical pulses are transform-limited [4].

The maximum pulse energy depends on wavelength; typically the energy 

available for ecperiments is a few microjoules (up to 50, depending on wavelength), 

while the beam diameter is 7-10 mm FWHM also depending on wavelength. Figure

4-8 shows the measured beam profiles of FELIX at 6.3 pm.
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Figure 4-8 Measured FELIX profiles, at 6.3 pm wavelength. The grey lines are Gaussian fits, 
the same for both vertical and horizontal directions, proving an almost circular symmetry.

The beam profiles are Gaussian in shape and the distribution of intensity is 

almost circular. The dependence on wavelength of the beam profiles will be 

presented together with other measurements in Chapter 8, section 8.3.1.

4.4 Synchronization and delay

One of the requirements mentioned in the section 4.1 is a good temporal 

overlap between the signal and the pump pulses. For achieving a temporal overlap 

between the pulses, firstly the pulses need to be synchronised, and secondly a fine 

delay line is necessary. The delay line can be either optical or electronic. The 

allowed jitter, or synchronization accuracy is imposed by the longest pulse: the pump 

pulse, which is approximately 85 ps.

There are two major aspects related to the amplification experiments: the 

synchronization of the pump pulse (at 10 Hz) with the FEL macropulse, and the 

synchronization of the pump pulse with the FEL micropulse.

The synchronization between the FELIX macropulse and the pump pulse is 

done with a timer unit.

The different temporal structure of the seed laser of the regenerative 

amplifier and the micropulse FEL train repetition rates - 111 MHz and 1 GHz (25 

MHz) for FELIX - makes difficult the pump pulse-FEL micropulse synchronization. 

The Pockels cell in the regenerative amplifier selects a pulse from a train with 111 

MHz repetition rate, which is trapped in the cavity and amplified, leading the pump 

pulse. For synchronizing the pump pulse with FELIX micropulse, it is necessary to 

synchronize the 25 MHz of FELIX with the 111 MHz of the mode-locked pulse
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train, which seeds the regenerative amplifier. The seed laser is synchronized with 

FELIX via an ultrastable rf clock (SMG 801.0001.52; Rhode & Schwarz, Munich, 

Germany). The Pockels cells in the regenerative amplifier are triggered 

synchronously with one micropulse in every FEL macropulse.

There are two basic ways of accomplishing temporal overlap between optical 
pulses: using an optical delay line, which can vary the path length of one of the 

pulses with respect to the other till the temporal overlap is achieved, or 

electronically. A computer controlled phase shifter can shift the phase of the 1GHz 

and the 25 MHz for the FELIX Gun with respect to the 25 MHz of the pump laser in 

steps of 1, 10, 100 ps and 1 ns. So, the system can vary the delay between the pump 

and the signal pulses in the parametric amplification experiment within 40 ns in steps 

of (minimum) lps. The temporal delay between FELIX and the pump laser has a 

jitter of a maximum of 5 ps, on a short time scale (minutes).

An additional shift, for delays greater than 40 ns, is realized by shifting the 

macropulse of FELIX with respect to the pump pulse, emerging from the 

regenerative amplifier.

4.5 Discussion

The laser sources described in this chapter are suitable for parametric 

amplification in a crystal which allows their phase matching. The crystal will be 

described in Chapter 5.
The pump pulse is provided by the Nd:YAG regenerative amplifier, and the 

signal by the mid-infrared FEL. The pump pulse has a fixed wavelength (1.064 pm), 

while the signal is tuneable in a chosen range of 4-11 pm. The beam profiles and 

temporal shapes of both pulses are Gaussian. The energies per pulse are ~ 80 mJ or 

more for the pump and ~ 10 pJ per pulse for the signal. The pump pulse duration is 

85 ps FWHM. The signal pulse duration is adjustable in a range of a few ps [5]. The 

difference in pulse lengths between pump and signal pulses allowed a lengthening of 

the signal pulse, by stretching with a grating-stretcher, described in Chapter 8, 

section 8.2.1. More details about the FEL laser beam parameters are given in 

Chapters 7 (section 7.1) and Chapter 8 (section 8.3.1).
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Chapter 5 The Silver Gallium Sulphide Crystal

This chapter describes the general properties that makes silver gallium 

sulphide (silver thiogallate, AgGaS2 or AGS) a suitable nonlinear medium for 

parametric amplification of FELIX with the Nd:YAG pump laser. A short historical 

overview of the crystal is presented, followed by calculation and measurements of 

the most important characteristics of the crystal used in the bexperiments: phase 

matching angles, refraction indices, nonlinear constant and absorption coefficient.

5.1 Introduction

The potential of silver thiogallate for nonlinear applications in mid-infrared 

was first suggested by Chemla et al. in 1971 [1]. This work predicted actually a 

whole class of crystals, with similar structure to AGS, namely chalcopyrite, 

compounds that can be generally represented as I-III-VI2 or II-IV-V2, as very 

promising candidates for nonlinear mid-infrared (MIR) applications. The 

birefringence of these compounds, which allows for phase matching in MIR, is due 

to the anisotropy of the crystal structure, caused by the occurrence of two kinds of 

atoms in the cation sublattice. In this pioneering work, the arguments brought by 

authors in favour of this class of crystals were based on the high nonlinear 

susceptibility coupled with the large birefringence of the compounds, and high 

transmission in mid-infrared (from 0.5-13 pm). These are necessary features for a 

material to be phase matchable for the desired MIR wavelength range of interaction, 

because the nonlinear coefficient is a crucial parameter for the efficiency of the 

nonlinear process, while the large birefringence allows for phase matching over a 

wide wavelength range, and very good transparency favours an optimal energy 

extraction from the pulses involved in the nonlinear interaction.

Still, as described in [1-3], in the beginning of the research on AGS crystal 

growth, only small sizes of twin-free regions samples up to several millimetres in 

length could be grown. (A twin is a compound crystal composed of two adjoining 

crystals or parts of the same crystal, sharing the same plane of atoms). The optical 

quality and transparency were limited by the growing technique and varied from 

sample to sample. Since then, a lot of effort has been dedicated to optimizing the 

quality of the samples and several growth techniques have been proposed. The most 

common are the melt growth: Bridgman-Stockbarger [1, 2, 4, 5], liquid encapsulated
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Czochralski [3], vertical gradient freezing method (VGF) [6] and the chemical 

transport [7-9].

Only the melt growth was capable of producing large crystals without inclusions

[6]. The first problems encountered with the growing technique were: crystal and 

ampoule cracking, bands of inclusions, compositional grading, twins, platelets, 

microcracks, voids, and low optical quality [1-3, 9-11]. The defects of the crystal 

have been studied by X-ray, photoluminescence, absorption, photoluminescence 

excitation spectroscopy and Raman scattering [8, 9, 12-16]. The most important 

discovery, that explained the difference between the theoretically high and 

experimentally low measured transmission of the AGS samples, and allowed for a 

substantially improvement of the growing techniques, was the anomalous thermal 

expansion along the c-axis, which created strain in the growing crystal, leading to 

cracking and twin formation [3]. Since then, due to the improvements in the growing 

processes, it has become possible to grow high-quality, long samples of AGS 

crystals, opening new fields for interesting non-linear experiments and applications. 

For example, a crystal as large as 28 mm in diameter and 60 mm in length has been 

grown by Bridgman-Stockbarger method [2].

Since 1974, AGS has been widely used in MIR applications like OPOs, 

OPGs and OP As for nanosecond, picosecond and femtosecond pulses, and difference 

frequency generation spectrometers [21-24]. The first tunable infrared generation by 

down conversion in AGS was achieved in 1973 by Hanna et al. [21]. A power of 

hundred of milliwatts in pulses of 10 ns FWHM and a tunable range of 4.6-12 pm  

were reported. The wavelength range was extended to 18 p m , in 1976 by Seymour et 

al. as described in [25]. The first parametric generation of tunable picosecond pulses 

in MIR was reported by Elsaesser et al. [26], in 1984. The crystals used in their 

experiments were 3 and 1 cm long, while in [21] and [25] crystals of only 1.5 , 1.7 

mm and 2.8 mm long have been used. The first report of a nanosecond OPO based 

on AGS is given in [27], with a wavelength range limited to 4 p m  by the damage 

threshold of the crystal. The first synchronously pumped AGS OPO pumped by 

mode-locked Nd:YAG lasers is described in [28]. In that work, signal pulse widths 

ranging from 45-80 ps were obtained using 100 ps pump pulses length, a few mW 

power of for the idler pulses and 100 mW signal power.
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AGS is a negative uniaxial crystal belonging to the tetragonal -42m class of 

symmetry, with a chalcopyrite structure type. The crystal has a yellow pale color, 

other colours observed in the growing process (like greenish, orange) being 

attributed to changes in the stoichiometry or impurities [3]. From the point of view 

of nonlinear applications, a good knowledge of several crystal properties is very 

important for predicting the efficiency of the parametric process. In the case of OPA 

the most significant are the gain, wavelength range, spectral properties and energy of 

the amplified pulse, and the (optimum) configuration of interaction. The most 

important properties of the crystal from the point of view of nonlinear applications 

are the phase matching properties, transparency range, refractive indices, Fresnel 
losses, nonlinear constant, thermal effects and damage threshold.

The main properties making AGS attractive as nonlinear amplifying medium 

in our experiment, where the FEL pulses with wavelength between 4-11 pm are 

amplified via OPA using pump radiation with 1.064 pm wavelength, are:

- good transparency for both pump and signal wavelengths (in the wavelength range 

0.5-13 pm [1, 29], a wavelength range including the one specific to the 

experiment: 4-10 pm. The high transparency in this range allows for pumping at 

1.064 pm, a very common wavelength for powerful commercial lasers, which is 

not possible for example with crystals like AgGaSe2, which has a similar structure 

and better nonlinear constant, but high absorption coefficient at 1.064 pm;

- possibility of (birefringent) phase matching with interacting wavelengths;

- (moderately) good nonlinear coefficient (^6=13 ±2 pm/V)) [30];

- availability of large crystals, of the order of few centimetres (see for example [2,

31]);
- rather high damage threshold (see Table 5-1 and associated references).

5.2.1 Refractive indices and phase matching angles

Refractive indices are very important from the point of view of birefringence, 

which determines the wavelength range in which the crystal can be phase matched. 

The dependence on temperature provides useful information about temperature 

tuning.

5.2 Crystal properties
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The birefringence dispersion represents the dependence of the refractive 

index on wavelength. It has been extensively studied by different authors [30-34].

According to [29], the Sellmeier equations were obtained by Bhar and Smith 

[31] as expressed in Eq.(5-1).

2 2 . 3 9 8 2 A 2 2.1640/t2
n 2 = 3.3970 + -=------------ + --------

A? -  0.09311 A  -  9 5 0

2 , „„„ 1.9533A2 2.339 U2
tie —  3.5873 H -------------- 1—-------------

A -0.11066 A  -1030.7

Zondy et al. updated the coefficients [30]:

2 „ An£OA  2.40065A2 2.06248/12
nt  = 3.40684+ —-------------+ —----------

X  -0.09311 /l2 -  950
2 „ 1.94792/12 2.24544A2

n 2 = 3.60728+ —-------------+ —------------
e X 2 -0.11066 X 2 -1030.7

(5-2)

An important issue related to the birefringence is the temperature dependence 

of the refractive indices. The thermal effects together with the temperature tuning 

have been studied by different groups [30, 35, 36]. The equations giving the best fits 

with the experimental results for the temperature dependence are [29]:

d n Q _  10~5 
d T  2 n 0

d n e 10~5 
d T  2 n e

39.88A2 112.20X2

X 2 - 0 . 0 6 7 6  +  (X2 - 0 . 0 6 7 6 ) 2

2 5 . 5 0 X 2 45.72A4
A2 -0.107584 (X2 -0.107584)2

(5-3)

The SNLO [37] code uses the Eqs. (5-1) and (5-3) for numeric simulations 

with the AGS crystal.

The phase matching curves for a certain configuration of interaction for the 

AGS crystal can be calculated using Eqs 3-12-13. The internal angles depend on the 

cut angle of the crystal and incidence angles, on the wavelengths of the interacting 

pulses and on the refractive indices.

One can use Eqs. (3-20-21) and the values of refractive indices given by 

SNLO code, or calculated with Eqs. (5-1) -(5-2), to determine the incidence, phase 

matching angles, and degree of noncollinearity for the signal and idler beams. In 

Figure 5-1 the degree of noncolinearity (angles p  and f) is shown as a function of the 

pump incidence angle a p, for an AGS crystal cut at 41.5° for type I phase matching. 

The cut angle of the crystal and the type of interaction correspond to the crystal used
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in the experimental setup, i.e. for OP A. It can be noticed that increases strongly 

with ap and also with the increasing signal wavelength, while y  maintains small 

values, less than few degrees.

Figure 5-1 The degree of noncollinearity of the signal (p) and the idler (y) beams relatively to the 
pump beam, as a function of the incidence angle of the pump beam on the crystal 0Cp, for a cut 
angle 0C= 41.5°

The degree of noncollinearity should have a value lower then 5 degrees in 

order to get a good (acceptable) spatial overlap in the crystal. This condition restricts 

both the pump incidence angle and the angle between the signal beam and the pump. 

The incidence angles are restricted also by the reflection losses. Reflection losses can 

be reduced by antireflection coating. If that is optimized for normal incidence, the 

incidence angle should not exceed 10-15 degrees.

Figure 5-2 presents the dependence of the phase matching angles for the idler 

and signal (formed by the internal idler and signal with the optical axis of the crystal) 

as a function of wavelength, for <9C=41.5° and normal pump incidence. It appears that 

the signal phase matching angle increases significantly with wavelength. This affects 

the overlap between the interacting beams.
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Figure 5-2 Phase matching angles as a function of wavelength for the signal and idler beams at 
normal pump incidence for #.=41.5°

In Figure 5-3 the dependence of the external angles on the pump incidence 

angle (ap) for several values of FELIX wavelength is shown. The external and 

internal angles are optimised for a signal wavelength around 6 pm, that is why, for 

the other wavelengths in the range of 5-10 pm, correspond higher values of internal 

and external angles, leading to a worse spatial overlap in the crystal.

Figure 5-3 The external angle between FELIX and pump beams as a function of the incidence 
angle of the pump beam, for several signal wavelengths, shown in the figure. The curves are 
interrupted because the phase matching condition is not fulfilled for all angles

Figure 5-4 shows the dependence of A a = a p-as at two wavelengths -5 and 10 

pm- as a function of the degree of noncollinearity of the signal (fi).
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Figure 5-4 The external angle between signal and pump beam (Aa=ap-as) as a function of 
degree of noncollinearity of signal (fi) (a) and idler (y) (b) beams

In conclusion, for an external angle ( A a = a p-as) of about 5-6 degrees, the 

degree of noncollinearity between the signal and idler and the pump (respectively) 

expressed by the angles p  and y  should not exceed few degrees. For a tunable 

parametric amplifier, with the signal wavelength varying between 4-10 pm, A a  is 

fixed by the incidence signal and pump beams, while the rotation of the crystals 

achieves phase matching at each signal wavelength. One can derive the rotation 

angle of the crystal for achieving a phase-matched interaction. This can be expressed 

as the variation of either a s or a p, because they are related by A a .  Figure 5-5 shows 

the values of a p and a s for A a = 5 . 6 °  for type I and type II interaction. It can be 

noticed that, for the type II, the phase matching condition is much less sensitive to 

the wavelength than in the case of type I. As plotted in Figure 5-4, at this external
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angle, the angles ft and / h a v e  relatively small values in the whole wavelength range 

and this does not affect the spatial overlap of the interacting beams.

Figure 5-5 The incidence angles Opt as a function of the signal wavelength for type I ooe and 
type II eoe interaction, for Aa=5.6 degrees. For type II an optimum cut angle was determined to 
be 40 degrees, while for type I the angle was 41.5 degrees, the same as the crystal used in 
experiments

For AGS, due to the higher nonlinear coefficient and angular properties, the 

ideal cut angles of the crystal are #=40° and ^=0°, corresponding to the maximum 

nonlinear constant at this type of interaction (eoe).

The type I ooe interaction allows for relative good efficiency and enables 

better operation at shorter wavelengths (less than 4 jim).

5.2.2 Nonlinear constant

The nonlinear constant is a fundamental characteristic of a crystal used in 

parametric processes. Still, the possibility of growing crystals with large size, good 

optical quality, high damage threshold and good transparency can balance a 

moderate or lower value of the nonlinear constant.

Because of symmetry considerations, the number of significant terms in the 

nonlinear tensor is reduced to one, namely d 36. Using the theory presented in Chapter 

2, section 2.5, the effective nonlinear constant for type I ooe interaction, can be 

expressed as [29]:

d eff =  d 36 sin(0 + P ) sin(2^) (5-4)
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The angles 0, p  and cp are defined in Chapter 2. The value of has been 

determined by several authors [1, 17-20]. The measured values are spread over a 

range from 9 pm/V to 57 pm/V. The wide range is due to the poor quality and short 

length of first crystals used in measurements, to the method used in measurements, 

and also to some approximations assumed in calculations [38]. The nonlinear 

constant is a function of the interacting wavelengths, expressed by Miller’s rule. The 

measurements performed by Zondy at al. [38] to determine the value of the nonlinear 

constant in AGS are generally accepted as the most accurate. The reported value of 

measured for three different interactions, was 13+/- 2 pm/V.

The Figure 5-6 shows a comparison between the calculated values of the 

effective nonlinear constant and the gain coefficient r  as a function of wavelength, 

for the two possible types of interaction. The calculations were performed using the 

SNLO code, which applies the Miller scaling rule for determining the wavelength 

dependence of the nonlinear coefficient, but neglects the angular influence. The 

calculations show that the type II (eoe) interaction gives the highest nonlinear 

coefficient in the wavelength range 4-10 p m, while the oeo interaction is 

characterized by a higher d eff and r  in the wavelength range 2-4 p m .  For example, 

for a signal wavelength of 7 p m ,  in type I ooe collinear interaction the d e// is 10.3 

pm/V, while for type II eeo, collinear d ejf is 15.8 pm/V, significantly higher.

F igu re 5-6  Effective nonlinear constant (a) and field gain coefficient (b) for type I and type II 
collinear interactions. While type II interaction is more convenient for higher wavelengths, type 
I can extend the wavelength range to lower values.

The characteristics of the crystal needed for amplification experiments were 

determined by simulations with the SNLO code [37]. The cut angle was calculated to 

optimise the nonlinear constant of the crystal and to get collinear interaction at 6 pm
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signal wavelength. The optimum size of the crystal was found to be 14x17x17 mm3. 
The length of the crystal was determined to be 17 mm, while the cross section 

resulted 14x17mm2, with the long dimension in the rotation (horizontal) plane. The 

simulations performed to determine the crystal optimum size is described in Chapter 

6, section 6.2. The crystal available for experiments was only 9x13x17 mm3 in size, 

so the cross section was reduced. The crystal was required to be antireflection coated 

for the pump wavelength (1.064 pm) and for the mid-infrared range 3-12 pm, with a 

maximum reflectivity loss of 10 %.

The length was initially 17 mm. After amplification experiments, the crystal 

was damaged. The damaged layer was removed by the manufacturer, who repolished 

and recoated the crystal, with a loss in length of about 1mm. In the following, some 

optical properties of the crystal used in experiments are presented.

5.2.3 Transparency and damage threshold; transmission measurements 
and absorption losses

General facts
As mentioned above, the transparency of the crystal is a crucial parameter for 

the efficiency of the parametric process and for the damage threshold of the crystal. 

The transmission of the crystal is high in the range 0.5-9.5 pm and decreases around 

10 pm due to a three-phonon absorption process (see Figure 5-7 and Figure 5-10). It 

is general accepted that at wavelengths higher than 12 pm, especially for long 

crystals, the absorption limits the efficiency of the parametric processes. 

Nevertheless, for wavelengths longer than 14 pm, the absorption decreases and it is 

possible to use AGS for wavelengths as long as 18.3 pm [25]. The transparency can 

vary from crystal to crystal due to possible defects, presence of twins, voids, etc.

AGS presents expansion coefficients with opposite signs for different 

crystallographic axes. The overheating caused by absorption can produce strains 

because of the opposite signs of expansion coefficients. The strains can damage the 

crystal and caused many problems with growing techniques. That is why an 

excellent transparency at the pump wavelength is required.

An overview of available data for damage threshold and linear absorption for 

the pump wavelength (1.064 pm) coefficient for the AGS crystal are given in Table

5-1.

5-10



Company Damage threshold (MW/cm'2) 
at 1.064 pm

Fresnel
losses

Abs. Coeff. 
(cm"1) at 
1.064 pm

Surface Bulk
Cassix [40] 25 (10 ns) 500 17% 0.01
Physcience 

Opto-electronics Co., 
Ltd., Beijing [411

>500 (lOOps) 
20-30 (150ns)

>600 (150ns) 0.01-0.03

Russian Institute, 
Novosibirsk [43]

20-50 (10 ns) 500-750 
(10 ns)

0.001-0.009

Cleveland [44] 25 (10 ns) >500 (10 ns) <0.01

Novosibirsk, Russia 
(Moltech) [451

- 350 -

Eksma [46] 10 (20 ns)

MolTech [47] 10-20 (150 ns) for 10.6 pm

Hanna at al. [21] 10 (10 ns)

Elsaesser at al. [26] 3000 (20 ps) 
after several thousands 

pulses

25000 (20 ps) 
after 100 
pulses

Fan at al. [27] 10 (20 ns) after 1000 
pulses

13 (20 ns) 
after 100 

pulses

Dimitriev at al. [29]
20-25 (35 ns) 

10 (20 ns) 
75-3000 ~20 ps

0.01

Table 5-1 Damage threshold and absorption coefficient for AGS

As shown in Table 5-1, the damage threshold is much higher for bulk than

for surface. This can be associated with the general fact that the absorption 

coefficient on the surface is different than the one in the bulk, and in general the 

measured absorption coefficient includes the surface effect and represents an 

“effective absorption coefficient”. Nevertheless, even if the damage threshold was 

expected to increase by applying AR coatings to the crystal, coating did not improve 

the damage threshold [27].

Another fact appearing from the data listed in Table 5-1 is the strong 

dependence of the damage threshold on the pump pulse duration. The damage 

thresholds are much higher for picosecond than for nanosecond pulses because of the 

stronger strain caused by heating effects for longer pulses.
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Transmission measurements and damage of initial crystal

Initially, the crystal used in experiments had the size 13x9x17 mm3. The 

crystal was required to be antireflection coated (ARC) for the pump wavelength and 

for the 3-12 pm with a reflectivity lower than 10% per face. Another important 

requirement was a high damage threshold, corresponding to pump energies up to 75 

mJ in 85 ps pulses, with a beam diameter of 10-12 mm FWHM (500-730 MW/cm2). 

These limits are dictated by the parameters of the pump laser pulse necessary for 

obtaining a high gain in the OPA process.

The transmission of the crystal was measured using FTIR and energy 

measurements. The incident and transmitted energies have been measured using the 

free electron laser available at FELIX, and a calibrated Molectron energy-meter 

head.

The first transmission measurements have been performed before any 

amplification experiments. The results are depicted in Figure 5-7 (black stars and 

squares represent energy measurements and the black line-FTIR measurements). For 

the pump wavelength (1.064 pm) the transmission and reflection losses have been 

determined, while for the wavelength range of 5-8 pm only transmission 

measurements have been performed.

The absorption coefficient of the crystal and the reflectivity of the ARC at the 

pump wavelength ( X = 1.064 pm) have been evaluated, assuming no absorption in the 

coating. A low-power 20-ns Nd:YAG (Soliton-Thales) laser with a very small beam 

diameter (1mm) was used, in order to avoid crystal damage and errors introduced by 

the beam size. Energy measurements were performed with an energy meter with a 

calibrated head. A fast photodiode, placed in the front of the crystal at the reflection 

angle, was used for observing the reflections from the front and back ARC on the 

crystal faces. For that, an incidence angle of 22° was chosen, in order to be able to 

visualize separately the two reflections on the fast photodiode. The total transmission 

of the crystal was determined to be 80 % ± 1%, while the total reflected energy was 

determined to be 3%. The total-reflection losses and transmission were determined, 

and the ratio between the two reflections from the faces of the crystal was evaluated.

In an attempt to determine the reflectivity of the coating and the absorption 

coefficient of the crystal, it was considered that absorption takes place in the bulk, so 

that the coating itself does not introduce absorption losses.
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(5-5)

The ratio of the two intensities can be expressed as:

—  =  (l — /?)2 e ~ 2al

with /; being the intensity of the reflection of the light reflected at the first face of the 

crystal, I2 the intensity of the light reflected from the back-face of reflection, R the 

coating reflectivity, or, the absorption coefficient and / the path length of the light in 

the crystal. The transmission (T) can be expressed as:

T  =  ( l - R f e - Ci (5-6)

The absorption factor can be eliminated between Eqs. (5-5) and (5-6). First, 

the reflectivity of the coating can be determined by measuring the transmission of 

the crystal, the ratio of the reflected intensities and the total reflected energy at 22° 

incidence angle. Than, using Eqs. (5-5) and (5-6) the absorption coefficient can be 

calculated. The calculated value of the coating reflectivity (R ) was 1.8 %, while the 

value of the absorption coefficient at the pump wavelength (before damage) is 

obtained as 0.11 cm"1- The values of the absorption coefficient listed in Table 5-1, at 

the same wavelength, and for the best quality crystals are less than 0.005 cm'1, and in 

general less than 0.01 cm'1. Taking into account that the crystal was antireflection 

coated, with reflection losses of only 1.8% at 1.064 pm, the measured transmission 

showed much higher losses than the ones expected with absorption coefficients 

given in Table 5-1. The cause of the low transmission could be either a high 

absorption coefficient or absorption introduced by the coating.

After amplification experiments, some grey tracks appeared on the input face 

of the crystal. The crystal damage did not occur at the ARC, but in a thin layer 

between the coating and the crystal. The damage affected dramatically the 

transmission as shown in Figure 5-7. The damage was produced by the pump laser 

radiation (75 mJ in 85 ps pulses, with a beam diameter of 10-12 mm FWHM).

The results for transmission measurements after amplification experiments 

are illustrated in Figure 5-7, together with initial measurements. The crystal 

transmission in the wavelength range of 5-8 pm decreased from about 80% before 

amplification, to 40% after amplification.
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Figure 5-7 Transmission of the 17 m m  long, ARC AGS crystal for the wavelength range 5-10 
pm, normal incidence and FTIR measurements shown in the range of 2-13 pm

Assuming again (for the damaged crystal) that the loss is distributed in the 

bulk, the calculation with the corresponding value of the transmission (40%) yielded 

an absorption coefficient ~0.4 cm \  In the last calculation, it was considered that the 

reflectivity of the coating had not changed, as no damage appeared on the external 

surface of the coating.

Measurements with reconditioned crystal

After damage, the manufacturer (Russia, Novosibirsk) removed the 

antireflection coating from both faces and the damaged layer, and the crystal became 

1 mm shorter. After re-conditioning, transmission measurements had been performed 

first in Russia (Novosibirsk) for the uncoated crystal and then for the antireflection- 

coated crystal. In our laboratory, (FOM-Rijnhuizen), the measurements were 

possible only for the antireflection coated crystal.

Figure 5-8 shows the coated crystal and the damaged layer at the interface 

between the crystal and the coating.
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Figure 5-8 The damaged antireflection coated crystal. The damage appears in a layer between 
the crystal and the coating

Figure 5-9 shows the results of the transmission measurements performed in 

Novosibirsk with uncoated crystal for two different wavelength ranges: 0.6-1.6 pm, 

and 2.5-13 pm and for two different polarizations: ordinary and extraordinary. For 

comparison, the calculated curves of transmission assuming no absorption losses are 

added to transmission plots.
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Figure 5-9 Transmission spectra for the uncoated crystal, recorded for two different 
polarizations: ordinary ( E perpendicular to optical axis Z) - extraordinary (with E in the plane 
containing this axis and the direction of propagation). The calculated transmission in the case of 
no absorption in the crystal due to multiple reflections from the surfaces is shown together with 
the measured transmission. Data are provided by the Novosibirsk laboratory. The crystal 
thickness is 16 m m

Figure 5-10 shows the transmission of the uncoated crystal with multiple 

Fresnel reflection losses subtracted and adapted for 1 cm long crystal plotted 

together with the transmission curve given by the SNLO code [37]. The differences 

between the two curves are significant in the range 0.5-4 pm.
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Figure 5-10 Comparison between the transmittance of the uncoated AGS crystal, adapted for 1 
cm long crystal (dot lines) and the transmission plot given by SNLO code [37] (straight line) for 
the same crystal length.

A noticeable difference revealed by the comparison in Figure 5-10 is the shift 

of the three-phonon absorption in our crystal to longer wavelengths.

For calculating the absorption coefficient we used the following expression

with T being the transmission of the crystal, R the reflectivity, a  the absorption 

coefficient, and d the length of the crystal. It should be noted that for a birefringent 

crystal, the reflectivity depends on polarization, while for a long sample the optical 

activity can influence the values of the transmission.

R is given by Fresnel relations:

Sellmeier equations (5-2) have been used in calculations for the ordinary and 

extraordinary refractive indices in Eqs. (5-7) and (5-8). The calculated absorption 

coefficient is shown in Figure 5-11 (a) and (b) for extraordinary polarization and 

Figure 5-12 (a) and (b) for ordinary polarization, with black lines for results 

corresponding to our laboratory (FOM Rijnhuizen) and grey lines for Novosibirsk.

[50]

T f t - * ) 2
ad t)2 -ad (5-7)

(5-8)
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Figure 5-11 The absorption coefficient determined from Figure 5-9 (a) and (b) are absorption 
curves determined in our laboratory- black lines and Novosibirsk -grey lines for extraordinary 
polarization.

Figure 5-12 The same as Figure 5-11 for the ordinary polarization
The results of the calculations are similar, especially for the mid-infrared 

range, while a slight difference can be noticed for the lowest wavelength range in 

Figure 5-11 (a) and Figure 5-12 (a). Figure 5-13 presents a detail from Figure 5-11 

(a) and Figure 5-12 (a) around the pump wavelength (1.064 pm), which is of special 

interest.
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Figure 5-13 Black lines show the absorption coefficient for the AGS element, calculated taking 
into account multiple reflections on the crystal surfaces, using Eq. (5-7). The Fresnel losses are 
calculated using Eq. (5-8). The grey curves are obtained in Novosibirsk. The plots are scaled to 
show the calculated absorption coefficient for the pump wavelength (1.064 pm)

For the pump wavelength (1.064 pm) and extraordinary polarization (as used 

in amplification experiments), the plots suggested an absorption coefficient of about 

0.035 + 0.005 cm'1 (see again Table 5-1 for comparison). This corresponds to a 

transmission of 94% to 95% (if reflection losses are subtracted) for a 16 mm length 

crystal.

Figure 5-14 presents the transmission measurements performed after 

reconditioning and recoating the crystal. The data were recorded in Russia 

(Novosibirsk) for the wavelength range 0.4-2.5 pm. In order to highlight the 

contribution of the coating, the previous results for the transmission of uncoated 

crystal (see also Figure 5-9) are shown together with the transmission of the AR 

coated crystal. A significant improvement of the crystal transmission at the pump 

wavelength (1.064 pm) due to the antireflection coating is revealed.
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Figure 5-14 Comparison between the transmission of the uncoated crystal (dark grey and grey, 
for the two polarizations) and the AR coated crystal (black). The transmission at the pump 
wavelength (1.064 pm) is 99%, leading to a value of the absorption coefficient of 0.006 cm -1. 
The values corresponding to the pump wavelength are marked with black stars

In Rijnhuizen laboratory, the transmission of new-ARC coated crystal was 

determined for the pump wavelength (1.064 pm) and in the mid-infrared (5-10.6 

pm), using an FTIR spectrometer and energy measurements.

The results are shown in Figure 5-15 and Figure 5-17, respectively. A good 

transmission is observed for the range 5-8 pm, and not so good for longer 

wavelengths.
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Figure 5-15 Transmission of the ARC crystal measured in Rijnhuizen laboratory. The squares 
represent results obtained for normal incidence and the circles are results for an incidence angle 
of 5 degrees

Assuming only reflection losses introduced by the coating (with no 

absorption or scattering), the transmission data of the uncoated (Figure 5-9) and

5-19



coated crystal (Figure 5-15) can be used to calculate the reflectivity of the coating. 

This is done by calculating the change in the transmission of the ARC crystal, 

introduced by the coating, while the absorption losses are estimated from data in 

Figure 5-9.

^ a r c  ~  T a b s  ' ^ to t  ( 5  " 9 )

with Tarc being the transmission of the ARC crystal and Tabs the transmission loss 

due to absorption in the crystal, and R toh the reflection loss due to the coating, in the 

absence of other loss mechanisms.

T  =
1 ABS

FRESNEL

(5-10)

In Eq.(5-10), T  is the measured transmission of the uncoated crystal 

(Novosibirsk) and Tfresnel the estimated crystal transmission due only to Fresnel 

losses.

The results of calculations are shown in Figure 5-16, together with the 

Fresnel losses of the uncoated crystal and measured total reflection losses of the 

coated crystal. The total reflected power was measured only for a wavelength range 

longer than 8 pm, because for shorter wavelengths the reflected power was too low.
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Figure 5-16 Calculated reflectivity losses using the transmission plots for the uncoated and ARC 
crystal, assuming no other losses. The grey line shows the calculated Fresnel losses. The squares 
show the measured reflection losses. The black line shows the calculated reflection losses 
considering only reflection losses at the coating and no absorption in the crystal. All data 
correspond to ordinary polarization. The discrepancy between the calculated reflection losses in 
the absence of other loss mechanisms and the measured total reflection losses indicates a strong 
absorption in the coating for wavelengths longer than 8.8 pm. This absorption might be a cause 
of damage at the interface crystal- AR coating.

In conclusion, the coating is effective only for wavelengths shorter than 9 

pm, when the losses introduced by coating are smaller than Fresnel losses. The 

difference between the measured reflectivity and the losses shown by comparison of 

transmission measurements is obvious and is probably due to absorption losses 

introduced by the coating, or by the interface between the coating and crystal. Even 

if the measured reflectivity shows a value around 10 %, the absorption might be a 

cause of the damage produced at the interface between crystal and ARC.

Other measurements performed in our laboratory were FTIR measurements. 

They were performed for a wavelength range of 2.5-15 pm. Because of the sample 

size, FTIR measurements are useful only as a comparison, to check possible changes 

in the crystal transmission. The errors are due to the fact that background was not 

determined with a similar configuration. Moreover, the spectrometer is designed for 

measuring thin samples, with thickness of maximum few millimetres. As already 

mentioned, the crystal is 17 (16) mm long. The values of transmission determined by 

FTIR are lower with 2%- 5%than the ones measured with the energy measurements.

The measurements performed in Novosibirsk for the coated crystal covered 

the wavelength range of 0.6-2.5 pm, so that there is only one common wavelength 

(2.5 pm) with the wavelength range covered by measurements performed in
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Riihjnuizen. However, as shown in Figure 5-17, the two plots obtained in the two 

different laboratories show similar results at 2.5 pm.

Figure 5-17 Transmission of the ARC crystal (16 mm). In the range 0.6-2.5 pm measurements 
are performed in Novosibirsk while in the range 2.5-13 pm, measurements are performed in our 
laboratory. The small plot shows the conjunction of the two measurements

Discussion
The measurements showed that crystal damage originated at the interface 

between the crystal and ARC.

Firstly, the grey tracks did not appear on the coating -which was not affected 

on the external surface- but in between the crystal and the coating. Secondly, the 

dramatic drop in the crystal transmission caused by the damage did not affect the 

bulk absorption coefficient. After reconditioning and recoating, a high transmission 

was retrieved.

The calculated absorption coefficient at the pump wavelength (1.064 pm) for 

the 17 mm- AR coated crystal, before damage, was 0.11 cm'1 a value much higher 

than the values given in literature (Table 5-1), which in general do not exceed 0.01 

cm'1. The calculation assumed only bulk absorption losses, and reflection losses at 

the coating. However, the discrepancy with data in literature (see Table 5-1) and 

later results obtained with the uncoated and recoated crystal did not confirm such 

high absorption coefficient. Thus, after removing the damaged layer and coatings, 

the absorption coefficient has been determined in Novosibirsk as 0.035 +/- 0.005 cm' 

l. This suggested that the low transmission of the AR coated crystal is due to an 

additional loss mechanism, which does not take place in the bulk, neither on the
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external surface of the coating, which was not damage, but probably, in a thin layer 

between the crystal and the ARC, or in the coating itself. The estimated loss at each 

interface ARC-crystal before damage is ~8%. After damage, this absorption 

coefficient increased dramatically, leading to an overall crystal transmission of only 

40%.

Concerning the 16-mm AR coated crystal, the comparison between the plots 

presented in Figure 5-15 and the plot in Figure 5-9 for the uncoated crystal, shows 

that the ARC is not efficient for a wavelength greater than 8.8 pm, when the overall 

transmission decreases. The transmission measured for the uncoated crystal gives an 

extremely optimistic value for the absorption coefficient at around 10 pm, value 

cited in literature as being about 0.43 cm'1 [30, 38, 48] at 10.2 pm or 0.6 cm'1 [44] 

for 10.6 pm. However, as can be noticed from Figure 5-9, a value of only 0.24 cm"1 

and 0.2 cm’1 resulted from both calculation (Novosibirsk and our laboratory) from 

the transmission plots (Figure 5-9) at 10.2 and 10.6 pm, respectively. Again, it 

appears a discrepancy with the measured reflected power, due (probably) to 

additional absorption losses introduced by the coating.

From our measurements, the transmission of the AR coated crystal at 

A,=1.064 pm is 95% ± 2%, which is in good agreement with an absorption coefficient 

of 0.01-0.04 cm"1 and a reflection loss of 1% at each face of the crystal. If the values 

measured in Novosibirsk are correct for both cases of coated and uncoated crystal, 

the transmission of the crystal at this wavelength is improved by the coating. As 

shown in Table 5-1, the value of 0.006 cm'1, determined from measurements in 

Novosibirsk, corresponds to an excellent quality of the crystal, while 0.035 cm"1 is 

three times greater than the general accepted value of 0.01 cm'1. This is not 

confirmed by our measurements, which give an overall transmission at 1.064 pm of 

95%-97%.

A possible explanation of all discrepancies between measurements with 

uncoated/coated crystal, assuming all of them being correct, is related to the surface 

absorption .which influences the measurements results. The coating might also 

influence the level of the absorption at the surface. The measured absorption 

coefficients are in fact “effective bulk absorption coefficients”, they include the 

surface effect [51]. The antireflection effect of the coating depends on wavelength,
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and the coating is not efficient introducing absorption losses at wavelengths greater 

than 8.8 jam.

Because a slight decrease of the transmission in time can be noticed, a 

process of aging might take place for the coating, either a continuous damage due to 

irradiation under combined signal and pump beams.

Figure 5-18 shows an overview of the measurements taken with the 16 mm 

crystal. The measurements have been performed in different places and using 

different methods. In general they agree in the limits of the experimental errors 

(about 2% for FTIR and energy measurements).

Figure 5-18 Overview of transmission curves for the uncoated and coated 16 m m  long crystal. If 
measurements are correct, the antireflection coating is not effective for wavelengths greater 
than 8.8 pm

The coating is not effective for wavelengths longer than 8.8 pm, because the 

losses in the wavelength range 8.8-11 pm are higher than for the uncoated crystal. 

Moreover, the nonlinear constant is also higher for shorter wavelengths, so that the 

most efficient amplification is expected for the shorter wavelengths of the mid 

infrared range used in our experiments (4-11 pm).
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Chapter 6 Simulations

This chapter presents the results of the simulations performed for configuring 

the experiments and characterizing the parametric-amplified pulse in the two cases 

(OPA) and (OPCPA). It consists of two main parts. In the first part, the calculations 

aim to predict the proper size of the crystal used in OPCPA experiments and the 

appropriate parameters for the pump and signal pulses (energy, beam diameters). For 

that, some preliminary results of OPA obtained with a 6 mm long AR AGS sample 

were used as a basis for simulations.

The second group of simulations deals with the most important experimental 

results obtained in the OPA and OPCPA experiments with a 16/17 mm long crystal. 

The characteristics of the used crystal were close to the ones calculated in the first 

part. Some simulations are added to highlight the influence of some important 

physical parameters like: nonlinear constant, crystal length, signal and pump 

energies, diameters, pulse durations, and delay between the pump and signal pulses. 

For each group of simulations, the results are presented in three main groups: the 

amplified energy, the spectra and the temporal shape. All these results are calculated 

by the code.

All simulations are performed using the SNLO code [1]. The results show 

reasonable agreement with experimental results, excepting the values of the 

amplified energy in OPA experiments.

6.1 Introduction

Chapter 3 of this thesis discusses the influence of several parameters, related 

to the pump and signal sources and of the nonlinear crystal properties on the 

parametric gain and hence on the value of the amplified energy. The nonlinear 

interaction in the AGS crystal is governed by Maxwell equations with nonlinear 

polarization, as described in the Chapter 2. It was pointed out that the calculations 

are extremely difficult if diffraction effects, group velocity and spatial walk-off, 

nonlinear effects and non-collinear interaction are considered. Moreover, if the 

spatial-temporal characteristics of the pulse are not Gaussian, or chirped pulses are 

involved, the task of determining the parametric gain, the amplified energy, the 

temporal and spectral characteristics of the amplified pulse becomes more difficult.
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In this work, the mathematical tool used for simulations is the SNLO code

[1]. The code enables diverse calculations, starting with the basic properties of a 

series of nonlinear crystals. Some simple functions allow a raw selection of the 

crystal for the desired application, while other functions are devoted to more precise 

calculations. Nevertheless, for some crystals (including AGS) not all parameters are 

known or published in the literature. Some parameters, like absorption coefficient, or 

nonlinear constant differ from crystal to crystal and are difficult to be determined 

experimentally. This is proven also by the wide range of values for the nonlinear 

constant of AGS, which can be found in literature [1].

6.2 Simulations for selection of the crystal size and configuration of 
nonlinear interaction in OPCPA experiments

This group of simulations was performed prior to the main experiments 

described in Chapter 7 and 8. Their goal was to estimate the optimum size of the 

nonlinear crystal for obtaining an output amplified energy of 2-2.5 mJ. As it is 

described in Chapter 5, the nonlinear crystal of choice was Silver Gallium Sulphide 

(AGS). The input energy of the signal pulse from FELIX is chosen to be 3-5 pJ. In 

order to optimise the parameters of the amplified pulse, one has to choose select a set 

of input parameters. Some of them are related to the crystal (cut angles, size, length, 

coating properties, type of phase matching), while others are related to the signal and 

pump input characteristics and include the beam diameters, pulse durations, angles 

of interaction and pulse energy. The crystal length has to be long enough to ensure 

high gain but short enough to avoid power losses due to the spatial and/or temporal 

overlap of the pulses. The cross-section has to be large enough to avoid beam losses 

at the crystal.

In order to select a crystal for OPCPA experiments, some preliminary 

experiments were performed. In these experiments, a sample crystal from Moltech 

(Germany) produced in Novosibirsk (Russia), was used in an OPA scheme. The 

sample was 6 mm long and AR coated. The pump and signal pulses were basically 

the same as used in the experiments and they are described in detail in Chapter 4.

The beam diameters, pulse durations input/output energies and absorption 

coefficient at pump wavelength were determined experimentally. The refractive 

indices were determined using the dispersion equations [Chapter 5] and calculating
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the internal phase-matching angles for the extraordinary (pump) beam. The values of 

the nonlinear constant and absorption coefficient were estimated.

The results on the parametric gain served as a basis for calculations of the 

crystal suited to OPCPA experiments. The measurements performed on the 

parametrical gain, obtained with the 6-mm long crystal allowed an estimation of the 

size of the crystal and pump and signal properties, for obtaining amplified energies 

of about 2 mJ, at 6.25 pm.

In the earliest stage of the work, PW-MIX-SP (the Plane Wave Short Pulse 

Mixing) function was the only one performing calculations with chirped pulses, but 

diffraction effects could not be included. On the other hand, the function that 

allowed diffraction and group velocity mismatch effects (2DMIX-SP), could not take 

into account the chirp of the pulse, so simulations with chirped pulse and Gaussian- 

shaped beams using that function were not possible. Later on, in the version SNLO 

3.6, the chirp was also introduced in the function as input parameter. Because in 

OPCPA experiments the chirp of the signal pulse was essential, the PW-MIX-SP 

function was used together with a calculation artifice, which allowed an estimation 

of the amplified energy but could not give information about spectral and temporal 

characteristics of the amplified pulse. However, later results showed a good 

agreement of the measured energy of the amplified pulse with predictions of the 

simulations.

The PW-MIX_SP function calculates -in- and -out- peak irradiances and on- 

axis fluences for the central rays of the corresponding three interacting beams 

(signal, idler, pump). The beams are assumed to have Gaussian shapes in space and 

time. Because bandwidth limitations are very important for a crystal length longer 

than 2-3 mm, in the range of pulse durations of 1-2 ps, the SNLO function 2D-mix- 

SP, which can calculate the total amount of energy while taking into account also 

diffraction effects cannot be used. For example, for estimating the amount of energy 

in the parametric-amplified pulse for pulse duration of 60 ps, this function will 

consider a transform-limited pulse, leading to a different pulse bandwidth than the 

one corresponding to an initial chirp-free pulse of 2 ps. Assuming no clipping of the 

spectrum in the stretcher system, the chirped pulse has the same bandwidth with the 

initial un-stretched pulse, considered to be 2 ps long. Consequently, using this 

function with the value of the stretched pulse duration only would overestimate the
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output energy, giving also wrong results in the spectral characteristics of the 

amplified pulse.

Still, for estimating the output energy of the amplified pulse with the PW- 

MIX-SP function, one needs to evaluate the behaviour of the off-axis points. This 

can be done, by considering the spatial Gaussian distribution of the signal and pump 

beams. As previously mentioned, collinear propagation is assumed, with the 

maximum of the signal beam irradiance superimposed on the maximum beam 

irradiance of the pump beam. Thus, the initially Gaussian distribution of the signal 

beam intensity interacts with the Gaussian intensity of the pump. Because the 

interaction is nonlinear, and it depends on the intensities of the two beams, the 

parametric gain experienced in the transverse direction of the signal beam varies 

significantly with the distance from the maximum intensities. In a simplified 

calculation, (non-saturated regime, the intensity of the signal beam increases 

exponentially with the square of the pump intensity (see Chapter 3).

If the output fluence of the amplified pulse for a few (equidistant) points (or 

circles, in a cylindrical symmetry as it is the case) at different distances r, from the 

axis, is calculated, then the total amount of energy is given by:

where:

- r,- is the distance from the center of the signal beam to the “i” point

- Ar is the distance between two consecutive points

- Fi are the values of the output fluence at distance r,-

- n is the number of points considered in beam for the estimate.

The problem to be addressed is finding the appropriate values of the input 

parameters for the function of the code: the input energies for the pump and signal 

beams. For that, the formula for the irradiance of a Gaussian beam can be used:

n

E ou, =  Y , l 7rrA r F i ’ (6- 1)

- 2  a t2 (W/cm2) (6-2)
)

Where:

E= the pulse energy (mJ)

D= FWHM beam diameter (mm)
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2 In 2a =

t = FWHM pulse duration, (ps)

The fluence is the time integral of I(r,t). The integrals over time and space 

can be separated. Thus, the value of I(r,t) is the same with the peak irradiance of a

f -41n(2)-r2N)pulse with a total energy of E • exp
D ‘

. Because the code requires the

value of the initial energy of the pulse, the equivalent values for the energy have to 

be calculated, and then introduced in the PWMixSP function. The code calculates the 

corresponding in-out, fluences and peak irradiances for the pulse, in each point, 

respectively.

With a good approximation (5.4% error), one can consider 5 points in the 

Gaussian distribution corresponding to five distances to the centre of the beam and 

then add their contributions, using the values of the output fluences given by the 

code. Each contribution to the total energy of the pulse will be a product of the 

output fluence given by the code with the elementary area between two points in the 

beam. As an illustration of the different intensity distributions in the two beams, 

Figure 6-1 and Figure 6-2 show the input/output fluences for different positions in 

the beam, for the second set of simulations:

Figure 6-1 The values of input energies used in simulations for the FELIX beam, and pump 
beam, respectively: 8mm F H W M  diameter (FELIX), 10 m m  F H W M  diameter (pump), 3pJ 
input energy, for different distances from the axis, line= Gaussian fit.

6-5



Figure 6-2 Output fluence as a function of distance to the centre of the FELIX beam for pulse 
durations of 63.404 ps, and for different crystal lengths.

The pulse duration is varied by stretching an initially near transform-limited 

pulse of 2 ps length. Thus, in all simulations the pulses with different durations have 

the same bandwidth, but different durations and chirps.

The micropulse is stretched using the dispersive effect in a simple stretcher 

system, which is described in Chapter 8. The stretched pulse durations are calculated 

using the well known formulas for propagation of Gaussian pulses through 

dispersive media [3,4]:

(l + 2/3"zb 0 )2 + (2/3”za 0 )2
(6-3)

and

b (z )
fy>(l+ 2/3"zb0)+ 2f)"za^
(\ + 2P"zb J +{2/S"zaJ 

The parameter a(z) gives the pulse duration after passing the medium:

A t ( z )  =
'2 ln( 2) 

a(z)

(6-4)

(6-5)

while the parameter b(z) gives the pulse chirp. This is defined by the equation:

coi {{) = 6)(t) + 2 bt (6-6)

ao and bo are the values of the parameters a(z) and b(z) for z=0 (the parameters of the 

input Gaussian pulse). For a transform-limited pulse bo=0

The second order dispersion term introduced by a pair of parallel gratings, at 

the distance z apart is:
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4m d 2 cos3 y
(6-7)

with:

m= the diffraction order 

X= the central wavelength 

z= the distance between gratings 

y= the diffraction angle 

d= grooves spacing 

c= the speed of light

The stretcher/compressor systems are equivalent to a pair of parallel gratings 

placed at a distance z=2Az/cos(y). The distance Az is expressed in different ways for 

the stretcher and the compressor. For the stretcher, Az is the displacement of the 

grating from the focal point of the concave mirror, and the distance is negative). For 

the compressor Az is the distance between the grating and the horizontal 

retroreflector (see Chapter 8).

One has also to consider the fact that the stretcher/compressor are traversed 

twice. The resulting stretched-pulse duration, defined by a ’(z), and the final chirp, 

given by b '(z), can be determined by considering the functions of a(z) and b(z)after 

the first pass as input parameters for the second pass.

The final stretched pulse duration is given by:

6.2.1 Input parameters

This section discusses the input parameters used in calculations using the 

function PWMIXSP. The input parameters required for the function PW-mix-SP [1] 

are shown in Table 6-1. The signal wavelength was chosen to be 6.25 pm, because 

preliminary measurements have been performed at this wavelength. The pump 

wavelength is 1.064 pm and the idler wavelength results from the conservation of 

energy (see Chapter 3). The refractive indices, group velocity indices and group 

velocity dispersion parameters are calculated using some additional functions of the 

SNLO code applied for the interacting wavelengths in the AGS crystal. The 

nonlinear parameter (n2) and the two-photon absorption are not known.

(6-8)
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Signal Idler Pump
Wavelengths [nml 6250 1282.3 1064
Index of refraction 2.389 2.438 2.430

Group velocity index 2.434 2.503 2.527
Group velocity 

dispersion (cm/sec-cm-
i)

1.12E5 -1.21E5 -1.56E5

Phases [radl 0 0 0
N2 signal Tsq cm/Wl 0 0 0
N2 idler [sq cm/Wl 0 0 0
N2 pump fsq cm/Wl 0 0 0
Beta signal [cm/Wl 0 0 0
Beta idler [cm/Wl 0 0 0
Beta pump [cm/Wl 0 0 0

Crystal input 
reflectivity

0 0 0

Crystal output 
reflectivity

0 0 0

Crystal absorption 
[1/mml

.001 .001 .008

Pulse energy (J) 5E-6 0 45
Beam diameters [mml

Pulse duration [psl 85
Pulse chirp (THz/ps)

Pulse delay relative to 
pump [psl 0 0

Crystal length [mml 7
Deffective [pm/Vl 9.78
Delta k [1/mml 0 0 0

z integration steps 100
Time steps 4096

Table 6-1 The input parameters for the P W  MIX SP function

For these preliminary estimations, the input/output reflectivities of the crystal 

were not taken into account. The crystal absorption coefficient value was taken from 

literature to be 0.001/mm (see also the detailed discussion in Chapter 5, section 

5.2.3).

In the first set of simulations the diameters of FELIX beams and of the pump 

beam were chosen to be 6 and 8.5 mm respectively, FHWM (full width at half 

maximum). The input energy was taken 3 pJ for FELIX and 45 mJ for the pump.

In a second set of simulations slightly different beam diameters were chosen: 

8 mm FWHM for FELIX and 10 mm FWHM for the pump beam. The pump pulse 

input energy was modified to 62.3 mJ, such as the peak irradiance is about the same 

as in the first set of simulations.
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In the third set, the pump peak irradiance was lowered, and the beam 

diameter was taken 12 mm. The pump pulse energy was chosen 80 mJ. The FELIX 

diameter was taken to be first 8 and then 6 mm.

The beam diameters were varied in order to evaluate the influence of these 

parameters on the overall gain energy and saturation limit. For example, in the first 

and second set of simulations the same peak irradiance for the pump beam was set, 

for different values of the beam diameters.

In the third set of simulations, the crystal length was set to 17 mm, the pump 

beam diameter and energy were fixed, and only the FELIX diameter and energy 

were varied.

The values of the input parameters used in simulations for the signal and pump 

beams are summarized in Table 6-2.

Input
energy

(FELIX)
m

FELIX
diameter (mm)

pump diameter 
(mm)

pump Energy 
(mJ)

pump Peak 
Irradiance 
(MW/cm2)

Crystal
length
(mm)

3 6 8.5 45 607.5 14-17

3/5 8 10 62.3 608 14-17

3/5 6/8 12 80 541.9 17

Table 6-2 Values of the input parameters for the signal and pump beams (used in simulations)

The nonlinear constant, deff, was set to 9 pm/V, because this value gave the 

best fit for the experimental results on the parametric gain obtained with preliminary 

experiments.

The duration of the stretched pulse, as a function of the grating displacement 

and for an initial (transform-limited) pulse of 2 ps, at a wavelength of 6.25 pm, and a 

deviation angle of 22 degrees is shown in Table 6-3.
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Displacement (m) Stretched pulse duration (ps) Chirp (THz/ps)

0.1 9.271458 0.023237

0.2 18.21647 0.012039

0.3 27.23306 0.00808

0.4 36.26788 0.006074

0.5 45.31003 0.004865

0.6 54.35584 0.004056

0.7 63.40376 0.003478

0.8 72.45299 0.003044

0.9 81.5031 0.002706

1 90.55382 0.002436

Table 6-3 The values of the signal pulse duration and the frequency chirp after stretching as a 
function of the grating displacement

6.2.2 Results

A synthesis of the results of the three sets of simulations is given in Figure

6-3 and Figure 6-4. In Figure 6-3 (a) and (b) the dependence of the output energy on 

the stretched pulse duration for different crystal lengths, specified in the plots, is 

plotted. In Figure 6-3 (a), corresponding to the first set of simulations, one can notice 

the optimum value of the stretched pulse duration. The energy has a maximum 

because that is the “point” where two opposite effects balance. The two effects are 

described also in Chapter 8, section Spectral and temporal features of the 

amplified pulse.

First, the parametric gain is an exponential function of the square root of the 

pump beam irradiance (in the plane-wave fixed-field approximation corresponding 

in fact to the non-saturated regime). In a simplified view, one effect is the increase of 

the parametric gain due to the “de-saturating” effect of stretching -  a longer pulse 

decreases the signal-peak irradiance, at the same input signal energy. The overall 

energy gain increases due to the higher gain experienced by the stretched signal 

pulse. This happens in the saturated regime. The second effect is the decrease of the 

overall gain due to the temporal shape of the pump pulse. Similar to spatial effects, 

but in the time domain: in different moments of the signal pulse, the irradiances of 

the pump pulse experienced by the corresponding parts of the signal pulse are 

different, and this effect is decreasing the value of the energy gain. This effect is 

important especially for stretched pulses longer than the pump. For the total energy
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of the amplified pulse, the overall effect takes into account the spatial distribution of 

the two interacting beams.

Figure 6-3 (b) shows some plots derived from the second set of simulations, 

for an input FELIX energy of 3jjJ and a wavelength of 6.25 pm; it is obvious that the 

energy of the output pulse is not saturated for a crystal length shorter than 17 mm. 

The energy of the amplified pulse are higher compared with the similar values 

obtained with the first set of simulations, shown in Figure 6-3 (a), but they start to 

decrease at longer signal pulse durations. For a crystal length of 17 mm, the energy 

can reach a value of 2.5 mJ but cannot increase anymore for pulses longer than 70 

ps.

20 25 30 35 40 45 50 55 60 65 70 75 
Stretched pulse duration (ps)

20 25 30 35 40 45 50 55 60 65 70 75 
Stretched pulse duration (ps)

Figure 6-3 (a), (b) The dependence of the amplified pulse energy on the stretched pulse duration 
for different crystal lengths and different beam diameters of the interacting beams, for 3 pJ 
input energy (FELIX). The energy of the stretched and amplified pulse is higher for the second 
set of input parameters, and can reach a value of 2.5 mJ for a crystal length of 17 mm, and 
pulse duration of ~ 70 ps.

The results obtained with the third set of input parameters are shown in 

Figure 6-4. The crystal length is fixed to 17 mm and the pump beam diameter to 12 

mm. Different values of the FELIX beam diameter (6 and 8 mm) are combined with 

two different values of the FELIX input energy (3-5 pJ).
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Figure 6-4 The output energy as a function of the stretched pulse duration for different values 
of the input energy of FELIX and different diameters. The pump beam diameter is 12 m m  and 
the energy 80 mJ.

For a signal beam diameter of 8 mm, the output energy is not deeply 

saturated, and an increase of the signal input energy still leads to a higher energy of 

the amplified pulse. It can be noticed that, the maximum value of the amplified 

energy corresponds to pulse durations of about 60 ps.

For a 6 mm signal diameter, the pulse energy shows deep saturation (the 

value of the output energy for an input of 5 pJ is lower than the one corresponding to 

3 pJ). Nevertheless, a larger signal beam diameter requires a larger aperture of the 

crystal. The interaction is non collinear and the refraction of the FELIX beam inside 

the crystal, as well as the incidence angle, requires a bigger size for the crystal 

aperture. Taking into account the spatial distortions in the beam profile of the output 

pulse, it is better to choose a smaller beam diameter for the FELIX beam (6 instead 

of 8 mm). As the calculations did not take into account the non collinear interaction 

of the pump and signal beams, a lower saturation is expected to take place.

6.2.3 Discussion

Simulations described in this section show that the optimal crystal length for 

a 6.25 pm wavelength of the signal beam is 17 mm, for an input energy of FELIX 

(3-5 pJ).

This estimation is valid assuming the values given for the optical properties 

of the crystal, and the energy of the amplified pulse is close to 2.5 mJ. For this 

crystal length, the simulations show deep saturation of output energy: the energy of 

the amplified pulse for 5 pJ input signal energy is less than the value corresponding
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to 3 (jJ input FELIX energy. Saturation of the pulse is convenient because, in the 

saturation regime, the energy stability of the amplified pulse is improved.

The optimum configuration of interaction is given by a pump diameter of 12 

mm; this value is limited by the amount of energy necessary to get a high gain (80 

mJ corresponding to a peak irradiance of 520 MW/cm2) and by the damage threshold 

of the crystal. A thorough discussion of the AGS damage threshold, is given in 

Chapter 5, section 5.2.3. The damage threshold of other optical components is also 

important. In the experiment, the optical path of the pump beam is about 16 mm and 

its diameter can become small and causing, at energies of -  100 mJ, the damage of 

mirrors, waveplates, etc.

Concerning the diameter of the FELIX beam, this should be small compared 

to the pump diameter (so the pump can be considered to be top-hat compared to the 

signal intensity profile) in order to get a high gain for the signal beam; on the other 

hand; if the beam diameter is too small the saturation effect is strong and limits the 

amount of energy of the amplified pulse. The optimum value is around 6 mm, close 

to the measured value of the beam diameter at this wavelength (as presented in 

Chapter 8.

The results of simulations show that, for each crystal length and a given 

geometry of interaction, it correspond an optimum stretched pulse duration. For this 

pulse duration the maximum energy of the amplified pulse can be obtained. The 

pulse duration is limited by the saturation effect (in the lower limit) and by the pump 

pulse duration (in the upper one). For a 17 mm crystal length, the value of the 

stretched pulse duration can go close to the pump pulse duration. It means that the 

saturation effect is still stronger than the effect of the pump pulse duration. For a

72.5 ps pulse length the corresponding value of the displacement of the grating is 80 

cm.

An alternative is to split the pump beam and use the first crystal (6.7 mm) as 

a preamplifier. The setup will still need an optical delay line in order to adjust the 

temporal overlap of the pre-amplified pulse and the corresponding pump beam in the 

second crystal. Another possibility is to use the transmitted pump beam through the 

first crystal in the second one. A possible difficulty is the instability of the pre

amplified pulse, in case the saturation is not reached, but this might be overcome by 

strong saturation in the second crystal, with properly choice for the beam diameters 

and pulse duration of the signal pulse.
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The simulations were performed based on the previous experimental results. 

A new crystal might have slightly different optical characteristics, so the results are 

only an estimate. The value of deff was taken to be 9 pm/V. In literature there is a 

wide range for this parameter. Usually the value is higher, the one given in the 

SNLO code for collinear interaction is 11.7 pm/V, which makes a big difference for 

the parametric gain and for the overall efficiency. In the simulations the nonlinear 

effects were neglected, because the values of the nonlinear index and two-photon 

absorption coefficient for this crystal are not available. The pump beam peak 

irradiance was considered about 6 GW/cm2. The damage threshold of the crystal is 3 

GW/cm2. In future experiments it might be possible to increase the pump irradiance, 

but for a long-term use, it is desirable to operate at a “safe” value in order not to 

initiate any damage on the crystal.

The spectral effects induced by parametric amplification on the output pulse 

were also neglected, and this might be the most important approximations. The 

procedure described in the beginning of the section 6.2 could not take into account 

such effects. The improved version of the SNLO code was used for describing such 

effects and their influence in section 6.3, showing the important influence on the 

output pulse duration and consequently on the output power of the amplified pulse.

For a long crystal, there are several effects that can reduce the parametric 

gain. Some of them, such as group velocity walk-off, can be taken into account by 

the code itself. From this point of view, collinear interaction can be not really the 

best choice. The bandwidth acceptance, which is directly related to the difference in 

the group velocities of the idler and signal beam, can be improved by properly 

choosing the degree of non-collinearity, but this might severely affect the good 

spatial overlap of the beams.

Other possible sources of errors (neglected in simulations) are the diffraction 

effects and assumption of collinear interaction. These effects, due to the low angular 

acceptance (less than 0.5 degrees/cm) can drastically reduce the gain. For longer 

crystal, the spatially overlap can become poor (depending on the angles and beam 

diameters). The poor spatial overlap can lead to distortion of the beam profile of the 

amplified pulse. Still, if one chose the parameters mentioned above, the spatial 

overlap of the two beams for a degree of non-collinearity (the angle between signal 

and pump inside the crystal) of less than 6 degrees is still good. This corresponds to 

a displacement of less than 2 mm at the exit of the crystal, in the transversal plane.
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Consequently, the optimal crystal aperture is estimated to be 14x17 mm2 and 

the length ~ 17 mm, the diameters of the beams 6 and 12 mm respectively, the signal 

pulse length about 72 ps. As seen from the plots, the pulse duration can vary in a 

quite wide range, without a significant influence on the output energy. These 

estimations are valid for a signal wavelength of 6.25 pm.

6.3 Simulations and experimental results. Amplified energy and 
amplification factor for the OPA and OPCPA experiments. Spectral and 
temporal changes in the amplified pulse

The second set of simulations was performed for checking the concordance 

of the experimental results with the predictions of the SNLO code. Excepting the 

section describing the influence of the crystal length, they were performed for the 

distinct situations of the 17-mm length and 16-mm length crystal (after recovering 

from damage).

The simulations allow a better understanding of the crystal properties (the 

influence of the nonlinear constant). They are useful for predicting the energy of the 

amplified pulse, but also from the side of the expected spectral and temporal pulse 

characteristics after amplification.

Only the behaviour of the signal pulse was investigated, because of its major 

interest in the experiments. The function of the code used for this set is 2DMIX-SP, 

which had been in the meantime upgraded by the author to include as input 

parameter the chirp of the pulse. This made possible a more flexible use of the code 

and did not require the artifice mentioned in the first part of this chapter. A typical 

set of input parameters for the 2DMIX_SP function is shown in Table 6-4. The 

nonlinear coefficient ri2 and the two-photon absorption coefficient /? are not known.

The nonlinear constant can be estimated by using other functions of the code, 

as well as the refractive indices. The beam diameters, the pulse durations and the 

input pulse energy are determined experimentally.
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Signal Idler Pump
Wavelengths [nml 5384.08 1326.05 1064
Index of refraction 2.39518 2.438 2.428443
Group velocity index 2.429687 2.494907 2.52601

tGroup velocity dispersion (cm/sec-cm- ) 5.89E4 -1.16E5 -1.57E5
Input face reflectivity 0.05 0.01 0.08
Output face reflectivity 0.05 0.01 0.08

Crystal absorption [1/mm] .001 .001 .008
Pulse energy (J) 1.9E-5 0 7E-2
Pulse duration [ps] 2.459 3 85

Pulse delay relative to pump fps] 0 0
Pulse chirp (THz/ps) 0 0 0
Beam diameters [mm] 6 8 11
Walkoff angle [mrad] -44 9.26 21.77

Radius of curvature [mm] 1.00E12 1.00E12 1.00E12
Number of t,x,y points 1024 32 32

Size of the crystal/grid [mm] 16 13 9
Ineffective [pm/V] 10.6
Delta k [1/mm] 0
z integration steps 100

Table 6-4 Typical set of input parameters for the 2DMIX_SP function

A custom version of the code, available with the courtesy of its author, 

allows variable input parameters, and writes output files with the signal, pump and 

idler intensity distributions against frequency and time. The data make possible 

calculations of the output pulses energy, by integrating the intensity distributions. 

The data can be analysed and the FWHM of spectra and temporal distributions can 

be calculated.

The influence of several variable parameters on the energy, spectrum and 

temporal pulse shape of the amplified pulse is discussed. These parameters are of 

great interest for the parametric process, because they determine its efficiency, the 

spectral and temporal properties of the amplified pulse and they influence the 

wavelength selectivity and stability of the amplified pulse.

These factors can be grouped by considering the effects related to the laser 

sources (like wavelength, irradiance, beam diameter, pulse duration), effects related 

to the properties of the nonlinear medium (nonlinear constant, size, bandwidth 

acceptance) and effects generated by phase mismatch, pulse chirp and relative delay 

of the interacting pulses.

In the absence of the spatial or temporal chirp, and in the case of perfect 

temporal and spatial overlap, the pump and signal irradiances influence the spectral 

properties of the amplified pulse in a symmetric way. The chirp and phase mismatch 

can introduce asymmetry in the amplified spectrum. In the case of the stretched
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pulses, the delay between the pump and signal sources perturbs the spectrum of the 

amplified pulse, shifting the central wavelength and distorting the spectrum.

The main parameters considered as input variables in simulations are the 

input pump/signal energy, signal wavelength, beam diameters and pulse durations. 

The relative delay between the pump and signal pulse, the initial signal chirp and the 

phase mismatch are later taken into account. The crystal length and nonlinear 

constant are also discussed. The values of the signal wavelength, signal and pump 

pulse duration, beam diameters were chosen to match their experimental values.

A special attention is given to saturation effects. The saturation and the 

parameters, which contribute to enhancing this effect, (the pump and signal 

irradiances (pump/signal energy, pulse durations and beam diameters), the crystal 

length, the nonlinear constant, the degree of noncollinearity and the signal 

wavelength) have been discussed in Chapter 3. The impact of saturation on the 

properties of the amplified pulse is highlighted for each parameter under 

consideration. The basis of choosing the variable parameters in simulations is given 

by the expression of the single pass gain, as described in Chapter 3:

The nonlinear effect influences the spectrum of an input signal, unless the 

pump and signal propagate collinearly and have both top-hat intensity distributions 

(situation that is not practically encountered).

The influence is stronger with increasing chirp/phase mismatch and also depends on 

the pump pulse energy.

The dependence of the amplified energy and amplification factor on these 

parameters is not unitary. It can be noticed for example, that under strong saturation, 

the dependence of the amplified energy (or irradiance) on several parameters, which 

contribute in the non-saturated case to a sensitive increase in the parametric gain, is 

much weaker, or very different. Such effects, together with comparisons with 

experimental results, will be illustrated in the next sections.

(6-9)

(6-10)
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6.3.1 The crystal length

The length of the nonlinear medium is an essential parameter for the 

optimisation of the gain and amplified energy. However, as it happens for most of 

the parameters of interest, the optimum crystal length is a function of other 

parameters, usually dictated by the specific conditions of the experiment. The main 

of those are the wavelengths involved in the interaction, the pulse durations (and 

bandwidths) and the crystal damage threshold. The beam irradiances can be adjusted 

in a large range, limited by damage threshold and saturation.

Table 6-5 shows the main set of parameters used for investigating the 

influence of the crystal length on the amplified energy of the signal pulse and on the 

spectral and temporal shapes. The simulations were performed for variable crystal 
length, while the other parameters are kept constant. The values chosen for the input 

parameters are correspond to the ones used in experiments. A pump energy of 60 mJ 

was chosen because this value was the typical used for measurements. The 

simulations are performed for a signal wavelength of 5.384 pm and three values of

the input signal energy are considered: 1,10 and 19 pJ.
Signal Idler Pump

Wavelengths [nml 5384.08 1326.05 1064
Index of refraction 2.39518 2.438587 2.428443

Group velocity index 2.429687 2.494907 2.52601
Group velocity dispersion (cm/sec-cm-1) 5.89E-4 -1.16E-5 -1.57E-5

Input face reflectivity 0.05 0.1 0.08
Output face reflectivity 0.1 0.1 0.08

Crystal absorption [1/mml .001 .003 .001
Pulse energy (J) l.E -6 0 6E-2

Pulse duration [psl 2.459 3 85
Pulse delay relative to pump [psl 0 0

Pulse chirp (THz/ps) 0 0 0
Beam diameters [mml 6 8 11

Walkoff angle [mradl 0 0 21.77
Radius of curvature [mini 1.00E12 1.00E12 1.00E12

Number of t,x,y points 1024 32 32
Size of the crystal/grid [mml 1-19 13 9

Ineffective [pm/V] 10.6
Delta k [1/mml 0

z integration steps 100

T able 6-5 T he set o f  param eters for  sim ulations p erform ed  for revea lin g  th e  role o f  th e  crysta l 
length . T he crysta l len gth  is varied  betw een 1 and 19 m m .

The results are presented in Figure 6-5 and Figure 6-6 and Figure 6-7 (a-d).

The saturation of the amplified energy is apparent in Figure 6-5. This takes place at
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about 15 mm for an input energy of 1 pJ and at shorter crystal lengths for 10 and 19 

pJ respectively.

F igu re 6-5 T he dependence o f  the am plified  en ergy  on the crysta l len g th  for  th ree  d ifferen t 
va lu es o f  in p u t signal energy, at 60  m J pum p energy. S aturation  m an ifests at sh orter  crysta l 
len gth s for h igh  in p u t signal irrad iance, and at longer  crysta l len gth s for  low er in p u t sign a l 
irrad iance

Figure 6-6 and Figure 6-7 (a)-(c) present the influence of the amplification 

process on the spectra and pulse shapes for the three input signal energies 1,10 and 

1 9  jliJ ,  respectively. The spectral and temporal changes are much stronger for higher 

input signal energy and longer crystal lengths. For comparison, Figure 6-6 (d) and 

Figure 6-7 (d) present the spectra and pulse shape of the amplified signal for the 

extreme values considered in simulations for the crystal length: 1 mm and 19 mm 

and for the three input signal energies: 1,10 and 19 pJ.

The plots show a strong influence of the crystal length on the spectral and 

temporal shapes of the amplified pulses; but this influence also depends on the input 

signal irradiance (at the same pump irradiance). It can be noticed that the first 

tendency of the spectra when increasing the crystal length is a slight narrowing, till 

15 mm for 1 pJ input energy, and about 13 mm for the others. For longer lengths, the 

spectra are distorted and strong saturation takes place. The spectra remain 

symmetric, but under strong saturation the Gaussian shape is lost. The temporal shift 

of the amplified pulse depends on the crystal length, but also on the input signal 

energy.
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(a) (b)

(c) (d)
F igure 6-6 (a), (b), (c) Spectra o f  the am plified  pu lses as a function  o f  crysta l len gth  (d) 
C om parison  betw een  spectra o f  the am plified  p u lses  for 1 m m  and 19 m m  len g th , for  th ree  
differen t signal in p u t energies, 1 ,1 0  and 19 pJ
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(a) (b)

(c) (d)
F igu re 6-7  T he tem p ora l shape o f  th e  am plified  p u lse  as a function  o f  th e  crysta l len gth  for an  
in p u t signal energy  o f  (a) lp J ,  (b) 10 p J  and (c) 19 pJ -  (d )-C om parison  b etw een  th e  tem p ora l 
shape o f  th e  am plified  pu lse for 1 m m  and  19 m m  length , for  th ree  d ifferen t s ign a l in p u t 
en ergies, 1 ,1 0  and 19 pJ.

The dependence on the amplified energy on the crystal length in the cases of 

parametric amplification and stretched-pulse amplification is useful from the point of 

view of experiments. A set of simulations is dedicated to the comparison of the un

stretched and stretched amplification for different crystal lengths. Table 6-6 presents 

the set of parameters used for this comparison. Two cases have been considered: 

input signal energy of 1 and 10 pJ respectively for a pulse length of 3.5 ps and the 

same for the pulse stretched to 35 ps (with un-stretched pulse duration of 3.5 ps, so 

that the initial pulse bandwidth is the same). The chirp of the amplified pulse was 

0.0358 Thz/ps.
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Signal Idler Pump
Wavelengths [nm] 6310 1279.8 1064
Index of refraction 2.388 2.437 2.427

Group velocity index 2 .434 2.504 2 .527
Group velocity dispersion (cm/sec-cm- ) -1 .16E -5 -1.21E -5 -1.57E -5

Input face reflectivity 0.05 0.1 0.018
Output face reflectivity 0.1 0.1 0.018

Crystal absorption [1/mm] .001 .003 .001
Pulse energy (J) 10.E-6 0 6E-2

Pulse duration [psl 3.5 3 85
Pulse delay relative to pump [ps] 0 0

Pulse chirp (THz/ps) 0 0 0
Beam diameters [mml 5 6 11
Walkoff angle [mrad] 0 0 21.76

Radius of curvature [mml 1.00E12 1.00E12 1.00E12
Number of t,x,y points 1024 32 32

Size of the crystal/grid [mm] 1-19 13 9
^effective [pm/V] 10.6
Delta k [1/mml 0

z integration steps 200

T able 6-6  Set o f  param eters used in com paring  th e  d ep endence o f  th e  energy, sp ectra l and  
tem poral shape o f  th e  am plified  pu lse for  p aram etr ic  am plification  and ch irp ed -p u lse  
p aram etric  am plification

The results of the simulations are shown in Figure 6-8-Figure 6-10.

(a) (b)
F igure 6-8 T he am plified  energy as a function  o f  th e  crysta l length  for  the u n -stretch ed  
p aram etric  am plification  (a) and for the stretch ed  p aram etric  am plification  (b), for  1 and  10 p J  
input signal energy  and the other param eters sh ow n  in  T ab le  6-6 . T he sa tu ration  d eve lop s  
faster for th e  un-stretched  p u lse, and at h igher  in p u t s ign a l energy. T he m axim u m  am p lified  
energy d iffers is ~  1 .6  m J  for  the stretched  p u lse  am plification  and on ly  ~  300  p J  for  th e  un- 
stretched  am plification

Figure 6-8 presents a comparison between the dependences of the energy of 

the amplified pulses in the cases of (a) un-stretched and (b) stretched input signal 
pulses. According to the results, for typical input signal energies of few microjoules, 

the maximum energy obtainable by un-stretched amplification is limited to 300 pJ, 

while the stretched amplification leads to values of more than 1600 pJ. Because
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saturation manifests at crystal lengths ~ 14 mm, for input energy of 10 pJ, further 

increase of stretching can result in higher amplified pulse energy. A longer crystal 

length is useful for lower input signal energies; if high energies are available, the 

increase in the crystal length is not useful in terms of amplified energy. The only 

way to make advantage from long crystal length is to decrease the signal irradiance 

by enlarging the beam diameter or lengthening the pulse.

Figure 6-9 and Figure 6-10 put together the results of spectra and temporal 
shapes, for the extreme cases: the shortest and longest lengths considered by 

simulations, for the un-stretched and stretched pulse durations.

(a) (b)
F igure 6-9 T he spectra l changes for 1 m m  crysta l len gth  (b lack  lin es) and  for  19 m m  crysta l 
len gth  (grey  lines) for 1 pJ (a) and 10 p J  in p u t sign a l en ergy  (b), for  35 ps (stra igh t lin es) and
3.5  signal pu lse  d uration  (dashed  lines). T he h igh er  in p u t signal en ergy  resu lts in  stron ger  
d istortions o f  th e  am plified  pu lse.

In Figure 6-9 (a) and Figure 6-10 (a) the results for 1 pJ input signal energy 

are plotted, while Figure 6-9 (b) and Figure 6-10 (b) present the results for 10 pJ 

input signal energy.

For 1 mm crystal length, there is no visible difference between the results for 

two different input signal energies. For the maximum crystal length (19 mm), due to 

saturation, both spectra of the amplified and stretched-amplified pulses are distorted. 

The differences in the way this happens are due to the temporal wavelength 

distribution present in the input chirped pulse spectrum. The distortions of the 

(initially) un-chirped pulse are symmetric, while for the stretched pulse, the 

distortions are asymmetric. The asymmetry is due to saturation and wavelength 

distribution in the chirped pulse.
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The plots in Figure 6-10 (a) and (b) show the saturation effect starting to 

develop for the stretched-amplified pulses at 1 pJ input energy and 19 mm crystal 

length, and deep saturation at 19 mm crystal length and 10 pJ input energy. For the 

un-stretched pulse, the developing of the second pulse manifests for both input signal 

energies.

(a) (b)
F igu re 6-10 T he tem p ora l changes for 1 m m  crysta l len gth  (b lack  lines) and for  19 m m  crysta l 
len gth  (grey  lines) for 1 pJ (a) and 10 pJ in p u t sign a l en ergy  (b), for  35  ps (stra igh t lin es) and
3.5  s ign a l pu lse  duration  (dashed  lines). T he 10 pJ in p u t sign a l en ergy  resu lts in  m ore im p ortan t 
tem p ora l changes com pared  to  the 1 pJ in p u t s ign a l energy.

The behaviour of un-stretched amplification in the three figures show the 

limitations imposed by the short pulse duration on the output power, and the 

comparison with the features of the stretched- amplification shows the possibility of 

improved output power with a proper choice of the input parameters, and of the 

crystal length. A crystal length of 17 mm and input energies of few microjoules, can 

result, for stretched pulse durations and 60 mJ pump energy in more than 1.6 mJ of 

amplified energy. Adjusting back the pulse duration to few picoseconds restores the 

high peak power.

6.3.2 The value of the nonlinear constant

Another important parameter of the crystal is the nonlinear constant. In 

Chapter 2 has been explained the importance of the value of the effective nonlinear 

constant, which is not an intrinsic value, but depends on the orientation of the crystal 

and on the wavelengths involved in interaction. The set of parameters used in 

simulations for illustrating the importance of the nonlinear constant and some 

aspects related to its influence is shown in Table 6-7.
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Signal Idler Pump
Wavelengths [nm] 5384.08 1326.05 1064
Index of refraction 2.39518 2.438587 2.428443

Group velocity index 2.429687 2.494907 2.52601
Group velocity dispersion (cm/sec-cm- ) 5.89E 4 -1.16E 5 -1.57E 5

Input face reflectivity 0.05 0.1 0.08
Output face reflectivity 0.1 0.1 0.08

Crystal absorption [1/mm] .001 .003 .001
Pulse energy (J) 1.9E-10 0 7E-2

Pulse duration fpsl 2.459 3 85
Pulse delay relative to pump [ps] 0 0

Pulse chirp (THz/ps) 0 0 0
Beam diameters [mm] 6 8 11
Walkoff angle [mrad] -44 9.26 21 .77

Radius of curvature [mm] 1.00E12 1.00E12 1.00E12
Number of t,x,y points 1024 32 32

Size of the crystal/grid [mm] 16 13 9
Ineffective [pm/V] 6-12
Delta k [1/mm] 0

z integration steps 100

T ab le  6-7T he set o f  p aram eters for sim ulations p erform ed  for  in vestiga tin g  th e  in flu en ce o f  th e  
n on lin ear constant. T w o situations w ere considered: lo w  in p u t s ign a l energy  (0 .00019  pJ) and  
h igh  input signal en ergy  (10 pJ)

Figure 6-11 presents the results of the simulations performed with varying 

the nonlinear constant value in a wide range (6-12 pm/V). Two different situations 

were considered: low input signal energy (0.00019 pJ) and high input signal energy 

(10 pJ). These two values correspond to a non-saturated and to the saturated regimes, 

respectively. The plots related to the non-saturated regime reveal the sensitive 

dependence of the parametric gain and amplified energy at low signal intensity.

The situation is different for the saturated regime. In this case the value of the 

amplified energy (Figure 6-11 (b)) varies slightly with the nonlinear constant, while 

the amplification factor is correspondingly almost constant.
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Deff (pm/V)

(a)

Deff (pm/V)

(b)

Deff (pm/V)

00 (d)
F igure 6-11 (a) T he am plified  energy  as a function  o f  <4^ at 0 .19 nJ; (b ) T he am plified  en ergy  as 
a function  o f  deff at 10 pJ; (c) C om parison  betw een  th e  tw o p lots p resen ted  at (a) and  (b); (d) 
T he am plification  factor  for th e  tw o situations presen ted  at (a) and  (b)

Regarding spectra and temporal shapes of the amplified pulse, for low input

signal energy, shown in Figure 6-12, one can notice show significant changes.

(a) (b)
F igure 6-12 T he in flu en ce o f  th e  nonlinear con stan t on th e  spectru m  (a) and tem p ora l sh ap e (b) 
o f  the am plified  p u lse  at h igh pum p en ergy  (70 m J) and lo w  in p u t s ign a l en ergy  (0 .19  n J). T he  
correspond ing  va lues o f  th e  nonlinear con stan t are show n  in  th e  p lots.
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Figure 6-13 (a) and (b) show a different situation, corresponding to the input 

signal energy of 10 pi. The modifications of the spectra (and of associated temporal 

shapes) are caused by saturation effects. Besides the distortions and double pulse 

formation, one can notice also the temporal shift of the amplified pulse, increasing 

with the value of d e f f . Figure 6-13 (b) shows the amplified pulse early by a few 

picoseconds compared with the nonsaturated regime.

F igure 6-13 T he in fluence o f  th e  non linear constan t on th e  spectrum  (a) and tem p ora l sh ap e (b) 
o f  the am plified  pu lse at h igh  p u m p  energy and h igh  in p u t signal en ergy  (10  pJ), for  d ifferen t  
va lu es o f  th e  n on linear constant.

The major differences between the two regimes illustrate the difficulty of 

estimating the correct value of the nonlinear constant. Using Eq. 

(6-10) as expression of the parametric gain, besides the assumption of no spatial and 

diffraction effects, can lead to large errors for the saturated regime. This explains the 

wide range of the values obtained in literature for the nonlinear constant [2]. For a 

correct estimation several factors have to be taken into account: precise evaluation of 

the beam irradiances, and verifying the correspondence between the approximations 

and assumptions of the model used for determining the nonlinear constant.

6.3.3 The influence of the pump irradiance

The pump irradiance is a fundamental parameter for the efficiency of the 

parametric amplification process as shown by Eq. (6-10)). This is because, in the 

parametric process, the pump pulse energy is redirected to the signal and idler 

pulses. For an efficient parametric transfer, the pump irradiance has to be high, at the 

limit of the damage threshold of the crystal. However, to maximize efficiency, one 

should also optimise the crystal length. The limits for the crystal length are the
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bandwidth limit (estimated also from the approximations given by Eqs. 

(6-9) and (6-10)) and explained in Chapter 3), and the available crystal length.

Table 6-8 (a) presents the input parameters and results of simulations 

performed at a signal wavelength of 5.384 pm and 2.6 pJ input energy. The 

parameters used in simulations were chosen close to the ones determined 

experimentally, excepting the pump beam diameter.

Signal Idler Pump
Wavelengths [nm"| 5384.08 1326.05 1064
Index of refraction 2.39518 2.438587 2.428443

Group velocity index 2 .429687 2.494907 2.52601
Group velocity dispersion (cm/sec-cm- ) 5.89E 4 -1.16E 5 -1.57E 5

Input face reflectivity 0.0 0.1 0
Output face reflectivity 0 0.1 0

Crystal absorption [l/mm] .001 .0 .001
Pulse energy (J) 2.6E -6 0 8E-2

Pulse duration |ps~| 2 .459 3 85
Pulse delay relative to pump |ps] 0 0

Pulse chirp (THz/ps) 0 0 0
Beam diameters [mml 4 8 6
Walkoff angle [mrad] -44 9.26 21 .77

Radius of curvature [mm] 1.00E12 1.00E12 1.00E12
Number of t,x,y points 1024 32 32

Size of the crystal/grid [mm] 16 13 9
Ineffective ipm/V] 14
Delta k [1/mml 0

z integration steps 50

T ab le 6-8 T he set o f  in p u t param eters for  sim u lation s at 5 .384  p , for sim ulations in  F igu re  6-14

In Figure 6-14 (a) the plots obtained as results of simulations and the 

experimental results are compared. The comparison with experimental results does 

not show a good agreement, because the simulations cannot explain the high values 

of the energy obtained in the amplification process. For the pump pulse, the 

parameters in simulations were changed to lower input diameter (6 mm FWHM) and 

higher pump energy (80 mJ), but even with increased pump irradiance, the results 

show lower amplified energies. The change aimed to see if the increased pump 

irradiance can explain the higher values of the amplified pulse energy, but even with 

much smaller beam diameter (6 mm compared to 11 mm determined 

experimentally), the experimental data could not be fitted.
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(a)

(b) (c)
F igure 6-14 S im ulations at 5.384 pm  (a) T he depen d en ce o f  the am plified  energy  on  th e  p u m p  
energy  C om parison  w ith  experim enta l resu lts (b) T he m od ifications o f  the sp ectra  w ith  the  
pum p energy  (c) T he m odification  o f th e  tem p ora l shape w ith  th e  pum p en ergy  T h e  resu lts o f  
sim ulations do not fit very  w ell w ith  experim enta l resu lts, even  in  th e  s im u lation s th e  p u m p  
irrad iance w as increased  in com parison  w ith  th e  exp erim en ta l va lues

The simulations show strong distortions in the amplified pulse, as appearing 

in Figure 6-14 (b) and (c).

The influence of pump beam diameter is presented in Figure 6-15. The 

simulations take into account an initial high energy of the signal (19 pJ) and high 

pump energy (~70 mJ). The set of input parameters are contained in Table 6-9.
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(a)

(b) (c)
F igu re 6-15 T he set o f  p aram eters (a), th e  am plified  en ergy  (b), sp ectra  (c) and  tem p ora l shapes  
(d) for d ifferent pum p beam  d iam eters at 5 .384  pm . T he m axim um  am p lified  energ ies are  
obta ined  at shorter pum p d iam eters, b u t th e  increased  irrad ian ces are m u ch  above th e  dam age  
th reshold . T he increase in en ergy  is accom panied  b y  stron g  pu lse  d istortions.

Figure 6-15 (a) shows the dependence of the amplified pulse energy on the pump

beam diameter. The maximum amplified energy is obtained for smaller beam

diameter, which is explained by the much higher irradiance in this case. However,

as shown in Figure 6-15 (b) and (c), this is accompanied by strong modifications of

the spectral and temporal shapes.
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Signal Idler Pump
Wavelengths [nm] 5384.08 1326.05 1064
Index of refraction 2.39518 2.438587 2.428443

Group velocity index 2.429687 2.494907 2.52601
Group velocity dispersion (cm/sec-cm-1) 5.89E4 -1.16E5 -1.57E5

Input face reflectivity 0.05 0.1 0.08
Output face reflectivity 0.1 0.1 0.08

Crystal absorption [1/mml .001 .006 .001
Pulse energy (J) 1.9E-5 0 7E-2

Pulse duration [ps] 2.459 3 85
Pulse delay relative to pump [ps] 0 0

Pulse chirp (THz/ps) 0 0 0
Beam diameters [mml 6 8 11
Walkoff angle [mrad] -44 9.26 21.77

Radius of curvature [mm] 1.00E12 1.00E12 1.00E12
Number of t,x,y points 1024 32 32

Size of the crystal/grid [mml 16 13 9
Ineffective [pm/V] 10.6
Delta k [1/mml 0

z integration steps 100

T ab le  6-9 Set o f  param eters used  b y  sim ulations for  ch aracterizin g  the in fluence o f  th e  p u m p  
diam eter

Next, Table 6-10 presents the input parameters used in simulations for fitting 

the experimental results obtained at 6.31 pm signal wavelength and input energy of 

10 pJ and pulse duration is 3.5 ps. The pump diameter is taken to be 11 mm, and 

crystal length of 17 mm.

Signal Idler Pump
Wavelengths [nm] 6310 1279.8 1064
Index of refraction 2.388 2.437 2.427

Group velocity index 2.434 2.504 2.527
Group velocity dispersion (cm/sec-cm-1) -1.16E-5 -1.21E-5 -1.57E-5

Input face reflectivity 0.05 0.1 0.02
Output face reflectivity 0.1 0.1 0.02

Crystal absorption [1/mml .001 .003 .001
Pulse energy (J) 10.E-6 0 7E-2

Pulse duration [psl 3.5 3 85
Pulse delay relative to pump [psl 0 0

Pulse chirp (THz/ps) 0 0 0
Beam diameters [mm] 6 8 11
Walkoff angle [mrad] 20.9 4.1 21.76

Radius of curvature [mml 1.00E12 1.00E12 1.00E12
Number of t,x,y points 1024 32 32

Size of the crystal/grid [mm] 17 13 9
Ineffective [pm/V] 10.6
Delta k [1/mml 0

z integration steps 200

T able 6-10 T he set o f  input param eters for  sim u lation s in  F igure 6-16 , at 6.31 p m  sign a l 
w avelength
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Figure 6-16 (a) shows the comparison between the experimental results and 

simulations for the energy of the amplified pulse.

(a)
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(b) (c)
F igure 6-16 S im ulations at 6.31 pm  (a) (b) T he d ep en d en ce  o f  th e  am plified  energy  on  th e  pu m p  
en ergy  C om parison  w ith  experim enta l resu lts (c) T he m od ifications o f  th e  spectra  w ith  th e  
pu m p  energy (d) T he m od ification  o f  th e  tem p ora l shap e w ith  th e  pum p energy. T h e  resu lts  
sh ow  a rather good agreem ent w ith  the experim en ta l ones.

The energy of the amplified pulse obtained by simulations show a rather 

good agreement with the experimental results. For lower pump energies, the values 

predicted by simulations are higher than the ones obtained experimentally, while at 

higher pump energies (higher than 50 mJ), the situation reverses. This shows that 

the gain is higher at lower pump wavelengths and saturates faster, so the 

experimental situation looks less “saturated” than the one shown by simulations.

Similar conclusions regarding the comparison between simulation and 

experimental results can be drawn from Figure 6-17. Table 6-11 presents the set of 

input parameters used for these simulations. Here the chirped-pulse amplification is 

considered, for a pulse duration of ~35 ps, stretched from an initial pulse duration of

3.5 ps, at the signal wavelength of 6.31 pm.
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The experimental results in panel (a), and in (b) and (c) the spectra and 

temporal shapes, for different pump energies, are plotted. One can notice the 

spectral/temporal broadening with increasing pump energy, and an apparent shift of 

the central wavelength.

(a)

(b) (c)
F igure 6-17 S im ulations at 6.31 pm  (a) T he d ep endence o f  th e  am plified  energy  on  th e  pum p  
energy  (b) T he m od ifications o f  the spectra w ith  th e  pu m p  en ergy  (c) T he m od ifica tion  o f  the  
tem poral shape w ith  th e  pu m p  energy
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Signal Idler Pump
Wavelengths [nm| 6310 1279.8 1064
Index of refraction 2.388 2.437 2.427

Group velocity index 2.434 2.504 2.527-j
Group velocity dispersion (cm/sec-cm- ) -1.16E-5 -1.21E-5 -1.57E-5

Input face reflectivity 0.05 0.1 0.02
Output face reflectivity 0.1 0.1 0.02

Crystal absorption [1/mm] 0.001 .003 .001
Pulse energy (J) 10.E-6 0 7E-2

Pulse duration fpsl 35.08008 16 85
Pulse delay relative to pump |ps] 0 0

Pulse chirp (THz/ps) 0.00358 0 0
Beam diameters [mm] 5 6 11
Walkoff angle [mrad] 0 0 21.76

Radius of curvature [mml 1.00E12 1 .00E12 1.00E12
Number of t,x,y points 1024 32 32

Size of the crystal/grid [mml 17 20 20

Ineffective [pUl/V] 10.6
Delta k [1/mm] 0

z integration steps 100

T able 6-11 T he se t o f  input param eters for  sim u lation s p resen ted  in  F igure 6-17 (a)-(c)

The simulations presented in Figure 6-18 and Figure 6-19 aim to fit the 

experimental results at signal wavelengths of 8.8 pm and 9.98 pm. The input

parameters are listed in Table 6-12 and Table 6-13.
Signal Idler Pump

Wavelengths [nm] 8800 1210.3 1064
Index of refraction 2.368 2.443 2.434

Group velocity index 2.453 2.516 2.531
Group velocity dispersion (cm/sec-cm-) 3.66E5 -1.29E5 -1.56E5

Input face reflectivity 0.1 0.1 0.08
Output face reflectivity 0.1 0.1 0.08

Crystal absorption [l/mm] .03 .001 .001
Pulse energy (J) 2.4E-6 0 8E-2

Pulse duration [psl 4 3 85
Pulse delay relative to pump [ps] 0 0

Pulse chirp (THz/ps) 0 0 0
Beam diameters [mml 9 8 11
Walkoff angle [mradl 0 0 21.77

Radius of curvature [mml 1.00E12 1.00E12 1.00E12
Number of t,x,y points 1024 32 32

Size of the crystal/grid [mml 17 13 9
ineffective [pm/N̂ ] 9.86
Delta k [1/mm] 0

z integration steps 100

T able 6-12 T he set o f  input param eters for  s im u lation s in F igure 6-18
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Signal Idler Pump
Wavelengths [nm] 9980 1191 1064
Index of refraction 2.355 2.518 2.433

Group velocity index 2.464 2.518 2.53
Group velocity dispersion (cm/sec-cm-1) 5.47E4 -1.31E 5 -1.55E 5

Input face reflectivity 0.15 0.1 0.02
Output face reflectivity 0.15 0.1 0.02

Crystal absorption [1/mm] .006 .006 .001
Pulse energy (J) 2.5E-5 0 7E-2

Pulse duration [ps] 6 3 85
Pulse delay relative to pump [ps] 0 0

Pulse chirp (THz/ps) 0 0 0
Beam diameters [mm] 9 8 12
Walkoff angle [mrad] 0 0 0

Radius of curvature [mm] 1.00E12 1.00E12 1.00E12
Number of t,x,y points 1024 32 32

Size of the crystal/grid [mm] 16 13 9
Ineffective [pm/V] 8.5
Delta k [1/mm] 0

z integration steps 100

T ab le  6-13 T he set o f  in p u t param eters for sim u lation s p resen ted  in  F igu re  6-19

(a)

'
— i ■---------- 1----------

------- Pump 1 OmJ -
/  \  ------- Pump20mJ ,

1 % —  Pump30mJ _
F 1  ------- Pump40mJ

® ------Pump50mJ
‘ m ------- Pump60mJ '

-
-  -Pump70mJ '

______ 1_______i_______1_______i______ 1_______
8760 8800 8840

Wavelength (nm)
-14 -12 -10 -8 -6 -4 -2

Time (ps)

(b) (c)
F igure 6-18 S im ulations a t 8 .8  pm  and 17 m m  crysta l length  (a T he d ep en d en ce  o f  th e  am plified  
energy  on  th e  pum p energy  C om parison  w ith  exp erim en ta l resu lts (b) T h e  m od ifica tion s o f  th e  
spectra  w ith  th e  pum p energy  (c) T he m od ifica tion  o f  the tem p ora l sh ap e  w ith  th e  pum p  
energy
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In Figure 6-19 (b), together with the spectra of the amplified pulses for 

different input pump energies, the measured input spectrum of the signal pulse is 

plotted.

(a)

(c)
F igure 6-19 S im ulations at 9 .98 pm  (a) T h e depen d en ce o f  th e  am plified  en ergy  on  th e  pum p  
energy  C om parison  w ith  experim enta l resu lts (b ) T he m od ifica tion s o f  the spectra  w ith  th e  
pum p energy  togeth er  w ith  th e  input p u lse  spectrum  (c) T he m od ifica tion  o f  th e  tem p ora l shape  
w ith  th e  pum p energy

When comparing with shorter signal wavelengths, a common feature of the

simulation results illustrated in Figure 6-18 and Figure 6-19 is the better fit with 

experimental results for the dependence of the amplified pulse energy on the pump

pulse energy. A weaker influence on the spectra of the amplified pulse can be 

noticed in Figure 6-18 (b) and Figure 6-19 (b). This is probably due to the lower

value of the nonlinear constant at longer wavelengths, which decrease the saturation 

level and thus the influence of the amplification process on the spectral and temporal

characteristic of the amplified pulse.
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6.3.4 The influence of the signal irradiance

Three factors can influence the signal irradiance: the signal beam diameter, 

the pulse energy and the pulse durations. In experiments, the pump pulse duration is 

not deliberately changed, but the signal pulse duration can be adjusted to optimise 

the output power. As mentioned in Chapter 4, which is dedicated to the laser sources 

used in the experiments, the pulse duration of the FEL pulse (the signal) can be 

adjusted, together with its bandwidth. Chapter 8 describes the means for stretching 

the signal pulse duration, but in this case, ideally, the bandwidth is not changed.

In this section the three factors are considered as variable parameters for 

simulations: pulse duration, input energy, and beam diameters. The basic set of 

parameters is shown in Table 6-14. The pulse durations and frequency chirps used in

the simulations with variable input signal energy listed in Table 6-15.
Signal Idler Pump

Wavelengths [nml 6310 1279.8 1064
Index of refraction 2.388 2 .437 2 .427

Group velocity index 2.434 2 .504 2 .527
Group velocity dispersion (cm/sec-cm-1) -1.16E -5 -1.21E -5 -1.57E -5

Input face reflectivity 0.05 0.1 0.02
Output face reflectivity 0.1 0.1 0.02

Crystal absorption fl/mml .001 .006 .001
Pulse energy (J) 9.001E -6 0 6E-2

Pulse duration [psl 3.5 3 85
Pulse delay relative to pump fpsl 0 0

Pulse chirp (THz/ps) 0 0 0
Beam diameters [mm] 6 8 12
Walkoff angle [mradl 20.9 4.1 21 .76

Radius of curvature [mm"| 1.00E12 1.00E12 1.00E12
Number of t,x,y points 1024 32 32

Size of the crystal/grid [mm~| 16 13 9
Ineffective [pm/V] 10.6
Delta k [1/mml 0

z integration steps 100

T ab le 6-14 T he set o f  input param eters for  th e  sim ulations w ith  v ar iab le  in p u t signal en ergy
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P ulse
duration  (ps] 

3.5

F requency
chirp

(T H z/ps)
0

10.02361 0.01179

20.00125 0.00621

29.5601 0.00424

45.01839 0.00279

59.98062 0.0021

85.45982 0.00147

100.39207 0.00126

T ab le 6-15 P u lse  durations and  frequency ch irps used  in  the sim u lation s w ith  var iab le  input 

sign a l energy

Figure 6-20 shows the dependence of the amplified pulse energy as a function of the 

input signal energy, for the pulse durations and chirps listed in Table 6-15.

F igure 6-20 T he am plified  energy  for d ifferen t stretch ed  pu lse  duration  at 6 .310  p m  sign a l 
w avelength , for d ifferen t stretched  pu lse d u ration s, listed  in  the figu re . T he u n -stretched  pu lse  
duration  is in  all cases 3 .5  ps. T he pum p en ergy  is 60 m J , and th e  F W H M  beam  d iam eter  is 12  
m m .

The pulse lengthening leads to a more efficient parametric amplification, due 

to the overcoming of the saturation effect. It is noticeable that the pulse lengthening 

has a more significant effect for shorter stretched-pulse durations. This is due to 

saturation, which is stronger at shorter signal pulse duration and to the pump pulse 

duration, limited to 85 ps.

For the same set of simulations, the changes in spectrum and temporal shape 

of the amplified pulse are presented in Figure 6-21-Figure 6-28 (a) and (b). Figure

6-38



6-21-Figure 6-28 (a) show the spectral modifications induced by the parametric 

amplification for the pulse lengths, listed in Table 6-15.

There are several aspects that can be noticed. For the unstretched pulse 

(Figure 6-21 (a)), the central wavelength of the amplified pulse does not vary with 

the input signal energy. The spectral bandwidth decreases with the increasing input 

signal energy. For the stretched pulses (Figure 6-22-Figure 6-28), the central 

wavelength shifts (the sign of the chirp determines the direction of this wavelength 

shift). The amount of shift and the change in the spectrum depend on the input 

stretched pulse duration and energy. For pulse durations longer than about 60 ps, and 

for maximum input signal energy in simulations, about 9 pJ, the spectra approach a 

Gaussian shape, and the central wavelength reaches the value of the input signal 

wavelength (compare for example Figure 6-23 (a) with Figure 6-28 (a)).

(a) (b)
F igure 6-21 T he spectra (a) and tem poral shape (b) o f  th e  am plified  p u lse  for a pu lse  d uration  
o f  3 .5  ps, for d ifferent in p u t signal energy

(a) (b)
Figure 6-22 The spectra (a) and temporal shape (b) of the amplified pulse for a stretched pulse
duration of 10 ps, for different input signal energy
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(a) (b)
F igure 6-23 T he spectra (a) and tem poral shap e (b) o f  th e  am plified  p u lse  for  a stretch ed  pu lse  
duration  o f  20 ps

(a) (b)
F igure 6-24 T he spectra (a) and tem poral shap e (b) o f  the am plified  p u lse  for  a stretch ed  pu lse  
duration  o f  29 .5  ps, for d ifferen t input sign a l energy

(a) (b)
Figure 6-25 The spectra (a) and temporal shape (b) of the amplified pulse for a stretched pulse
duration of 45 ps, for different input signal energy
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(a) (b)
F igure 6-26 T he spectra  (a) and tem poral sh ap e (b) o f  the am plified  p u lse  for a stretched  pu lse  
d uration  o f  60 p s, for d ifferent in p u t signal energy

(a) (b)
F igure 6-27 T he spectra  (a) and tem p ora l sh ap e (b) o f  the am plified  p u lse  for  a stretched  pu lse  
d uration  o f  85 p s, for d ifferen t in p u t signal en ergy

(a) (b)
Figure 6-28 The spectra (a) and temporal shape (b) of the amplified pulse for a stretched pulse
duration of 100 ps, for different input signal energy
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The spectral changes are more significant for the highest input signal energy. 

The amplified pulse duration is also'modified with the input signal energy and initial 

pulse duration. The evolution of the amplified and stretched-amplified pulses is 

shown in Figure 6-21-Figure 6-28 (b). The pulse length increases together with the 

bandwidth broadening, contrary to the situation of the un-stretched pulse. However, 

with increasing pulse duration and hence with weaker saturation, the stretched 

amplified spectra and pulse shapes approach a Gaussian shape.

The comparison of the spectra of the amplified pulse, for the maximum input 

signal energy considered in simulations (9 pJ) and for different pulse duration is 

shown in Figure 6-29. The spectrum of the input signal pulse is plotted, for better 

comparison.

F igure 6-29 Spectra  o f  the am plified  pu lse  at 9p J  sign a l energy  and 60 m J p u m p  en ergy , for  
d ifferen t pu lse  durations. T he in itia l sp ectrum , com m on  for  all pu lses, is p resen ted  for  
com parison

It appears that, for stretched pulse durations longer then ~ 60 ps, the pulse 

spectrum of the amplified pulse narrows significantly compared with the initial 

pulse. As already mentioned, from the similar plots presenting the comparison of the 

amplified energy in Figure 6-20, one can notice that the amplified energy does not 
increase significantly any more on behalf of the stretching, for pulse durations longer 

than 60 ps. The reason lies in the pump pulse duration, of only 85 ps. Stretching the 

signal pulse longer than that, leads to excluding the marginal wavelengths from 

amplification process. This narrows the pulse bandwidth and limits the amplified 

energy.
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Another factor related to the signal irradiance is the signal beam diameter. To 

show its influence on the output parameters of interest, simulations have been 

performed for the signal wavelength of 5.384, at two pump energies: 30 and 70 mJ 

respectively. The set of parameters is shown in Table 6-16, while the results on the

amplified energy are plotted in Figure 6-30.
Signal Idler Pump

Wavelengths [nml 5384.08 1326.05 1064
Index of refraction 2.39518 2.438587 2.428443

Group velocity index 2 .429687 2.494907 2.52601
Group velocity dispersion (cm/sec-cm-1) 5.89E 4 -1.16E 5 -1.57E 5

Input face reflectivity 0.05 0.1 0.08
Output face reflectivity 0.1 0.1 0.08

Crystal absorption fl/mm] .001 .006 .001
Pulse energy (J) 1.9E-5 0 7E-2

Pulse duration Tpsl 2.459 3 85
Pulse delay relative to pump fps] 0 0

Pulse chirp (THz/ps) 0 0 0
Beam diameters [mm] 12 8 11
Walkoff angle [mrad] -44 9.26 21.77

Radius of curvature finml 1.00E12 1.00E12 1.00E12
Number of t,x,y points 1024 32 32

Size of the crystal/grid fmml 16 13 9
Ineffective [ p m / V ] 10.8
Delta k [1/mm] 0

z integration steps 100

T able 6-16 T he set o f  p aram eters for sim ulations perform ed  for  in vestiga tin g  th e  in flu en ce  o f  
th e  signal beam  d iam eter. T w o situations w ere  considered: (relatively) low  in p u t pu m p  en ergy  
(30 m J) and h igh  in p u t pum p en ergy  (70 m J)

The results for amplified pulse energy, shown in Figure 6-30, reveal that, for 

the input signal and pump parameters considered in simulations, the value of the 

amplified pulse energy does not depend much on the signal beam diameter. This is 

due to the limited transversal size of the crystal (9x13) mm2 and to saturation. The 

increase of the signal beam diameter, which reduces the saturation and favours 

higher amplified energy, is compensated by the loss at the crystal.
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F igure 6-30 T he d ep endence o f  the am plified  energy  on th e  s ign a l beam  d iam eter  at 30  and  70  
m J input pum p energy , for  the input p aram eters in  T ab le 6-16 . T he am plified  pu lse  energy  is  
not very  sensitive to  varia tion s o f  th e  input s ign a l energy
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(a) (b)
F igure 6-31 T he spectra  o f  th e  am plified  p u lse  for  in p u t pu m p  en ergy  30  m J (a) and  70  m J  
pum p (b). Im portant d istortions appear for  th e  m axim um  signal beam  diam eter.

The stronger distortion present at low saturation (longer signal beam

diameter), for both values of the pump energy, as presented in Figure 6-31 (a) and

(b), seem also to be caused, in simulations, by the comparable diameters of the pump

and signal beams.
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F igure 6 -32  T he tem p ora l pu lse  shape o f  the am plified  p u lse  for input p u m p  energy  30  m J  (a) 
and  70 m J pum p (b)

Regarding the changes in the temporal shape, it can again be noticed that for 

low pump energy, shown in Figure 6-32 (a), the dependence on the signal beam 

diameter is weak, while for the high pump energy, the changes are more pronounced 

and, as expected from the higher signal irradiance at shorter diameters, they are more 

important for shorter beam diameters.

6.3.5 Chirp and phase mismatch

The simulations considering the presence of (signal pulse) chirp and phase 

mismatch are useful in explaining the distorted shape of the spectra measured for the 

un-stretched amplified pulse (Chapter 7). The influence of the initial phase mismatch 

on the spectra and pulse shape is the chirp present in the amplified pulse [5,6].

The similar effects of input signal pulse chirp and phase mismatch are shown 

in Figure 6-33 and Figure 6-34. The input parameters are shown in Table 6-17 and 

Table 6-18 respectively.
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Signal Idler Pump
Wavelengths [nm] 5384.08 1326.05 1064
Index of refraction 2.39518 2.438587 2.428443

Group velocity index 2.429687 2.494907 2.52601
Group velocity dispersion (cm/sec-cm-1) 5.89E 4 -1.16E 5 -1.57E 5

Input face reflectivity 0.05 0.1 0.08
Output face reflectivity 0.1 0.1 0.08

Crystal absorption [1/mm] 0.001 .001 .001
Pulse energy (J) 1.9E-5 0 8E-2

Pulse duration [psl 2.459 3 85
Pulse delay relative to pump [psl 0 0

Pulse chirp (THz/ps) 0.01 0 0
Beam diameters [mml 6 8 11
Walkoff angle [mrad] -44 9.26 21 .77

Radius of curvature [mml 1.00E12 1.00E12 1.00E12
Number of t,x,y points 1024 32 32

Size of the crystal/grid [mml 16 13 9
Ineffective [pm/V] 10.6
Delta k [1/mml 0

z integration steps 100

T ab le 6-17 the set o f  input p aram eters in  F igure 6-33

Signal Idler Pump
Wavelengths [nml 5384.08 1326.05 1064
Index of refraction 2.39518 2.438587 2.428443

Group velocity index 2.429687 2.494907 2.52601
Group velocity dispersion (cm/sec-cm-1) 5.89E4 -1.16E5 -1.57E5

Input face reflectivity 0.05 0.1 0.08
Output face reflectivity 0.1 0.1 0.08

Crystal absorption [1/mml .001 .001 .001
Pulse energy (J) 1.9E-5 0 8E-2

Pulse duration [psl 2.459 3 85
Pulse delay relative to pump [psl 0 0

Pulse chirp (THz/ps) 0 0 0
Beam diameters [mml 6 8 11
Walkoff angle [mradl 0 0 21.77

Radius of curvature [mml 1.00E12 1.00E12 1.00E12
Number of t,x,y points 1024 32 32

Size of the crystal/grid [mml 16 13 9
D effective [pm/Vl 10.6
Delta k [1/mm] 0.2

z integration steps 100

T ab le  6-18 T he set o f  input param eters for  sim ulations in  F igure 6-34

Both figures show, apart from the set of input parameters, the dependence of 

the amplified pulse energy, spectra and temporal shapes of the input pump energy. 

Excepting the chirp and the phase mismatch, all the other input parameters are the 

same. It can be noticed that the main feature introduced by the initial chirp and phase 

mismatch is the amplified pulse distortion. Regarding the influence of the chirp on 

the amplified pulse spectra, Figure 6-33 (b) shows significant distortion for input 

pump energies higher than 40-50 mJ.
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(b) (c)
F igu re 6-33 In fluence o f  th e  input sign a l ch irp  (0.01 T H z/ps) on the am p lified  p u lse  p aram eters
(a) th e  dependence o f  the am plified  pu lse en ergy  on  th e  in p u t pu m p  energy; (b ) Sp ectra  and  (c) 
tem p ora l pu lse  shapes, for  d ifferen t input pu m p  energies. T he p resen ce  o f  th e  in p u t ch irp  in  the  
pu m p  p u lse  determ ines d istortions in  th e  am plified  p u lse  spectra

The pulse distortions are more pronounced with increasing input chirp. In 

Figure 6-34 (b), the measured and normalized spectrum of the amplified pulse at ~75 

mJ input pump energy is compared with the (normalized) spectra obtained as result 

of simulations. Even if for the spectrum at the maximum pump energy does not 

perfectly reproduce the measured one, the presence of a phase mismatch of 0.2- 

0.3/mm can explain the modifications induced by parametric amplification in the 

amplified pulse spectrum.
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(b) (c)
F igure 6-34 T he in fluence o f  the phase m ism atch  A k=0.2/m m . (a) th e  d ep en d en ce o f  th e  
am plified  pu lse  energy on th e  input pu m p  energy; (b ) C om parison  o f  th e  spectra  o f  th e  
am plified  pu lse for d ifferen t input pum p en ergies and th e  m easured  spectru m , at ~ 2 0  p J  in p u t  
signal energy , and 75 m J pum p energy; (c) T he tem p ora l shapes o f  th e  am plified  p u lses in  th e  
p resence o f  th e  phase  m ism atch , for  d ifferent in p u t pu m p  energies.

As in the case of the input signal chirp, the significant distortions appear at 

pump energies higher than 40 mJ.

The developing of the pulse distortions in the presence of the input chirp, as a 

function of the input signal energy is shown in Figure 6-35. The distortions increase 

with the signal pulse energy and they start to manifest (for the O.OlTHz/ps) at ~ 3 pJ 

input signal energy.
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Wavelength (nm)

(a) (b)
F igu re 6-35 Spectra (a) and  p u lse  shape (b) o f  th e  am plified  pu lses, for  ch irp ed -in p u t signal 
p u lses , as a function  o f  in p u t signal energy . T he pum p en ergy  is 75  m J, and a ll th e  other  
param eters are the sam e as in  T ab le 6-17 . T he va lu es o f  th e  input sign a l en ergies are listed  in 
th e  p lots. A t th is level o f  h igh  pum p en ergy  (75 m J) th e  d istortions start to  d evelop  at ~3 pJ  
in p u t signal energies

Figure 6-36 presents similar results with Figure 6-35. Instead of pulse chirp, 

(considered 0 this time), it is the phase mismatch (0.2 mm'1) causing the distortions. 

The pump energy was 70 mJ, and the values of the input signal energies 

corresponding to each plot are listed in the figure.

■ ■___i___i___i___i___i___i___i_______i___i___i___i___i___
5350 5360 5370 5380 5390 5400 5410 5420

Wavelength (nm)

(a) (b)
F igure 6-36 Spectra (a) and pu lse  shape (b ) o f  th e  am plified  pu lses, for  an  in p u t phase  m ism atch  
o f  0 .2 /m m , for d ifferen t in p u t signal energ ies. T h e pu m p  energy  is 70  m J, and  a ll th e  other  
p aram eters are th e  sam e as in T ab le  6-18). T he va lu es o f  th e  input s ign a l energ ies are listed  in  
th e  p lots. A t this level o f  h igh pum p energy  (70 m J) the d istortions start to  develop  at an  in p u t  
sign a l energy ~3 pJ

The simulations show a similar behaviour of the spectra and temporal shapes 

if an initial chirp and phase mismatch are considered. In both cases the distortions 

are influenced by the saturation level.

The evolution of pulse distortions with increasing phase mismatch is shown 

in Figure 6-37.
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F igure 6-37 T he spectra l d istortions for severa l va lues o f  th e  phase  m ism atch , listed  in  th e  p lot, 
th e  in p u t pum p energy  o f  80 m J and in p u t signal en ergy  o f  19 pJ. D u e to  th e  h igh  va lu es o f  
b oth  pum p and sign a l energies, th e  d istortions m an ifest for  all va lu es o f  th e  p h ase  m ism atch , 
but th ey  increase w ith  th e  va lu e  o f  the ph ase  m ism atch . T h e in itia l pu lse  is G aussian , cen tred  at 
5.384  pm .

The plot shows the transformation induced by the phase mismatch on an 

initial Gaussian spectrum centred at 5.384 pm, under the conditions of high input 

pump and signal energies (strong saturation). The input parameters are similar to the 

ones in Table 6-18, but the pump energy is fixed at 80 mJ, and the signal energy is 

19 pJ. Because the input pump and signal energies are high, the distortions are 

already considerable for the lowest value of the phase mismatch (0.1/mm).

6.3.6 The delay between the pump and signal pulses

In Chapter 8, the influence of the delay for the OPCPA experiment is 

discussed in detail; it is shown that the delay between the pump and signal pulses can 

influence the amplified energy, spectra, stretched-amplified pulse duration, central 

wavelength of the amplified pulse. For comparable pump and stretched signal pulse 

duration, the jitter between the pulses can create energy and spectral instabilities.

A comparison between the simulations and experimental results with variable 

delay can give in principle useful information about pulse durations (both stretched- 

signal and pump) and about the accuracy of the delay itself. The central wavelength 

shift in the stretched-amplification process, measured and simulated for different 

delays, can also be simulated and comparison of the results reflects the accuracy of 

the (real) delay between the pump and signal pulses.
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However, because the simulations with variable input pump and signal 

energies did not fit very well the experimental results for the energy of the amplified 

pulse, the same situation holds for the simulations with variable delay. By varying 

the delay, the stretched pulse interacts with different pump intensity distributions, 

and all the properties of the amplified pulse are affected.

Figure 6-38 shows a comparison between experimental results for the 

amplified pulse energy at 9.98 pm, presented in Chapter 8. The measurements were 

taken with the signal pulse passing through the stretcher system, but for no 

displacement (ideally no stretching of the input pulse). Several simulations have 

been performed for different pump pulse durations, because the pump pulse length 

estimated from the autocorrelation traces in Chapter 4, did not give satisfactory 

results. It can be seen that an 85 ps pulse length predicts notable amplification of the 

input pulse even for delays of 50 ps, while experimentally this has not been 

observed. The maximum energy corresponding to a 0 delay predicted by simulations 

is also about one half of the maximum measured energy of the amplified pulse.

F igure 6-38 T he energy  o f  th e  am plified  pu lse  for  15 pJ  input sign a l en ergy  and  5.49 p s  pu lse  
duration , at 9 .98 p m  signal w avelength  as a function  o f  the delay . T he pum p en ergy  w as  
considered  70  m J, th e  F W H M  pum p beam  d iam eter  9 m m  and  th e  d ifferen t p u m p  p u lse  
d urations are listed  in  the p lot. The com parison  w ith  th e  exp erim en ta l resu lts sh ow  a b est fit 
for  a pum p pu lse  d uration  o f  ~  40 ps, w h ile  the au tocorrela tion  m easurem ents (C h ap ter  4) 
suggest a pum p p u lse  len gth  o f  85 ps.

The pump pulse length giving the best fit with experimental results is 40 ps. 

But this conclusion was not supported by the comparison between experimental 

results and simulations for other two pulse durations: 14.4 ps and 17.5 ps. As shown
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in Figure 6-39 (a) and (b), the 85 ps pump pulse length give a better agreement with 

the experimental results.

F igure 6-39 T he en ergy  o f  th e  am plified  p u lse  for  15 p J  in p u t signal en ergy  and  (a ) 14.4 p s and
(b) 17.5 ps pu lse  du ration , at 9.98 p m  sign a l w avelen g th  as a fun ction  o f  th e  d elay . In  
sim ulations, th e  pu m p  energy  w as 70 m J, th e  F W H M  pum p beam  d iam eter 9 m m  and  th e  
differen t pu m p  pu lse  durations are listed  in  th e  p lo t. T he com parison  w ith  th e  exp er im en ta l 
resu lts show  a good  fit for  a pum p pulse duration  o f  ~  85 ps.

For simulations performed with un-stretched pulses, as is the case of the 

results shown in Figure 6-38, no central wavelength shifts have been predicted.

The situation is different for the stretched pulses, where the presence of the chirp and 

the increased pulse durations lead to spectral distortions and shifts of the central 

wavelength.

These effects are discussed in detail in Chapter 8, in the Spectral 

measurements section, where the measured central wavelength shift for different 

delays has been determined and compared with the simulations results. The 

comparison showed good agreement between simulations and measurements.

On the other hand, it has been mentioned that the effects depend on the value 

of the delay, and all the input parameters related to input irradiances and parametric 

gain. Figure 6-40 shows the spectra and the temporal shapes for the same 

parameters used in Figure 6-39, for the pump pulse length of 85 ps. One can notice 

that the distortions are more significant for short delays, corresponding to the high 

pump and signal irradiances, and so, to a saturated gain.
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(a) (b)
F igure 6-40 (a) S p ectra  and (b) tem poral shapes corresp on d in g  to  th e  sim ulations in  F igu re 6-39  
for 85 p s pu m p  pu lse duration .

More significant distortions are shown in Figure 6-41, where the pump 

irradiance is higher (70 mJ in 40 ps FWHM pulse duration) and the pump pulse 

duration is comparable to the delay and about twice the stretched pulse duration.

(a) (b)

F igure 6-41 (a) S p ectra  and (b) tem poral shapes corresp on d in g  to th e  sim ulations in  F igu re  6 -39  
(b) for 40 ps pum p pu lse  duration . The d istortions in crease  b ecause o f  saturation .

The distortions at the same delay depend also on the input signal irradiance

and they increase with it.

For shorter wavelengths, the higher gain for the same pump irradiance 

increases also the distortions. This is shown by the results of two sets of simulations 

performed for 6.31 pm signal wavelength, for an input energy of 10 and 1 pJ 

respectively, in Figure 6-42 and Figure 6-43. The input parametersare listed in Table 

6-19.
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Signal Idler Pump
Wavelengths [nm] 6310 1279.8 1064
Index of refraction 2.388 2.437 2.43

Group velocity index 2.434 2.504 2.527
<

Group velocity dispersion (cm/sec-cm- ) -1.16E5 -1.21E5 -1.57E-
Input face reflectivity 0.05 0.1 0.02

Output face reflectivity 0.05 0.1 0.02
Crystal absorption [1/mm] 0.001 .006 .001

Pulse energy (J) 10.E-6 0 6E-2
Pulse duration [ps] 29.5601 16 85

Pulse delay relative to pump [ps] 0 0
Pulse chirp (THz/ps) 0.00424 0 0

Beam diameters [mm] 6 8 12
Walkoff angle [mradl 20.9 4.1 21.76

Radius of curvature [mm] 1.00E12 1.00E12 1.00E12
Number of t,x,y points 1024 32 32

Size of the crystal/grid [mm] 16 13 9
^ e f f e c t iv e  [pm/V] 10.6
Delta k [1/mm] 0

z integration steps 100

T able 6 -19  T he set o f  input param eters for  s im u lation s w ith  variab le  delay . T h e d e lay  is varied  
betw een  -80 to  80 ps

(a) (b)
F igure 6-42 S im ulations at 6.31 p m  for th e  stretch ed  p u lse  (a) T h e m od ifica tion s o f  th e  sp ectra  
d ue to th e  change in  the delay  (b) T h e m od ifica tion  o f  th e  tem p ora l sh ap e w ith  th e  pu m p  
energy

Even if the pump irradiance is much lower than for the results obtained in 

Figure 6-40, the distortions are more pronounced due to the wavelength dependence 

of the gain. For 1 pJ input signal energy, the only effect of the variable delay on the 

spectral properties of the amplified pulse is the wavelength shift. The results are 

shown in Figure 6-43.
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(a) (b)
F igu re 6-43 S im ulations at 6.31 fim  for  the stretched  p u lse  (a) T he sp ectra  o f  th e  am plified  
p u lses against th e  delay betw een  th e  pum p and  stretched  signal pu lses (b) T he tem p ora l shapes  
as a function  o f  delay . T he input p aram eters are th e  sam e as in  T ab le  6-19, b u t for  1 pJ in p u t  
sign a l energy

6.3.7 Conclusions

The simulations presented in section 6.3 of this chapter aimed to explain the 

dependence of the amplified pulse energy and the spectral/temporal changes induced 

by the parametric process, on the most important input parameters: crystal length, 

nonlinear constant, input pump and signal irradiance. Other simulations took into 

account the phase mismatch or chirp of the input signal pulse, and the delay between 

the pump and signal pulses.

All sets of input parameters considered the type I ooe interaction of a pump 

wavelength of 1.064 pm with several signal wavelengths in the range of (5-10 pm), 

in an AGS crystal of either 17 or 16 mm length, when a variable crystal length was 

not considered.

The simulations presented in sections 6.3.1-6.3.4 revealed the influence of 

saturation on the amplified pulse parameters and spectral/temporal shape and the 

beneficial influence of stretched pulse amplification for surmounting the power 

limits of OPA. These effects are important because they can introduce power 

limitations, by spectral narrowing at excessive stretching, (Figure 6-29), although the 

amplified energy increases with the stretched pulse length (Figure 6-20). They also 

pointed out other spectral effects that can appear when using this method: central 

wavelength shifts and distortions, which are important in applications where the 

selectivity of the signal wavelength is considered.
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When appropriate, the results of simulations were compared with the 

experimental ones (section 6.3.3, 6.3.4). A better fit of the amplified energy was 

noticed for longer wavelengths (Figure 6-18 and Figure 6-19) than for shorter ones, 

where the simulations predict much stronger saturation effects than the experimental 

results (Figure 6-14, Figure 6-16).

When investigating the importance of the crystal length, the results could not 

be compared with experimental ones, because this parameter could not be varied. 

Nevertheless, they offered a useful picture of the developing of saturation effects for 

several input parameters.

The simulations accounting for phase mismatch and chirp for the unstretched 

(section 6.3.5) pulses could explain pulse distortions observed in OPA experiments.

The influence of the delay was investigated mainly for the stretched-pulse 

amplification (section 6.3.6). For pulse durations of the order of the ones used in 

experiments, the central wavelength shifts induced by stretched-amplification 

depend on the saturation level, they do not vary linearly with the delay, and they are 

of the order of tens of nanometres for delays of 20 ps. This shows the great 

importance of a low jitter for the synchronization electronics between the pump and 

signal pulses for obtaining a stable powerful spectroscopic source, under the 

conditions imposed by our experiment (pump and stretched pulse lengths of 85 ps 

and tens of picoseconds respectively).

6.4 Bibliography

1. SNLO nonlinear optics code available from A.V. Smith, Sandia National 
Laboratories, Albuquerque, NM 87185-1423, USA

2. J.-J. Zondy, D. Touahri, and O. Acef, “Absolute value o f the d36 nonlinear 
coefficient ofAgGaS2: prospect for a low-threshold doubly resonant oscillator-based 
3:1 frequency divider” JOSA B,Vol. 14, pp. 2481-2497,1997

3. E. Siegman, Lasers, University Science Books, Mill Valley, California, 334-335 
1986

4. E. B. Treacy “Optical pulse compression with diffraction gratings”, IEEE J. of 
Quantum Electron., Vol. 5 , pp 454-458, 1969 5

5. L. J. Qian, X. Liu, and F. W. Wise, “Femtosecond Kerr-lens mode locking with 
negative nonlinear phase shifts”, Opt. Lett., Vol 24., pp. 166-169, 1999

6-56



6. A. V. Smith and M. S. Bowers, “Phase distortions in sum- and difference- 
frequency mixing in crystals”, J. Opt. Soc. Am. B, Vol. 12, pp.49-57, 1995

6-57



Chapter 7 The optical parametric amplifier

Optical parametric amplification (OPA) is an efficient technique of 

amplifying short optical pulses. As described in detail in Chapter 3, the main 

advantages are the design simplicity, large gain and broad tunability. This chapter 

describes the experimental setup and results obtained with an OPA scheme which 

amplifies the tunable signal from FELIX in the range of 5-10 pm in the field of a 

powerful beam provided by a Nd:YAG regenrative amplifier at 1.064 pm. The pump 

pulse energy can reach 70-80 mJ, a limit imposed by the damage threshold of the 

crystal. The nonlinear crystal used is AgGaS2 (AGS). The results show amplified 

energies of several hundreds microjoules for the signal wavelength range, with a 

maximum energy of about 1.4 mJ at 5 pm, and about 200 pJ at 10 pm. The amount 

of amplified energy is limited by the difference in the pulse durations of the pump 

and signal pulses, which does not allow an efficient energy transfer from the pump to 

the signal pulse. Strong saturation of the amplified pulse energy and modification of 

the spectral-temporal characteristics are observed. An increase in the amplified 

energy and improvement of spectral and temporal characteristics is possible, by 

introducing the chirped-pulse amplification technique. The chirped-pulse 

amplification scheme and related results are presented in Chapter 8.

7.1 Experimental setup

The experimental set-up of the optical parametric amplifier is shown in 

Figure 7-1. Its main parts are the signal and pump lasers and the nonlinear crystal. 

The signal pulses are provided by the free electron laser at FELIX and the pump is 

delivered by a Nd:YAG regenerative amplifier, as described in Chapter 4. The signal 

interacts with the pump pulse in the nonlinear crystal (AGS), described in Chapter 5, 

and the third (idler) beam is generated (not shown in the figure). The amplifying 

process is the OPA, which is discussed in Chapter 3. The interaction in the nonlinear 

crystal is type I (ooe). Therefore, the pump beam is horizontally polarized 

(extraordinary polarization), while FELIX and the generated idler are vertically 

polarized (ordinary polarization). The crystal is mounted on a rotation stage, and can 

be rotated around an axis perpendicular to its principal plane with a minimum step
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size of 0.02 degrees. The rotation stage itself is mounted on a xyz stage for fine 

adjustment of the position.

F igure 7-1 E xperim en ta l setup for the O P A  exp erim en t. P um p and signal beam s (F E L IX ) are  
in cid en t on  th e  A G S crysta l under an angle A a =  5 .6  d egrees. T he q u arter A./4 p la te  ren d ers a 
lin ear  p olarization  to th e  p u m p , w hile th e  XU p la te  can  rotate th e  polariza tion  vector . T he  
p olarizer  P  reflects the vertica l p o larization  com p on en t w h ich  is  d um ped  by th e  b eam  d u m p , 
and transm its th e  h orizonta l one to the setup . T h e am ou n t o f  transm itted  en ergy  vary  w ith  th e  
orien tation  o f  th e  XU p late. The beam  exp an d er increases th e  beam  d iam eter  to  11 m m  
diam eter. T he crysta l is  m ounted  on  a m otorized  rota tion  delay stage, w h ich  a llow s ro ta tion  for  
adjusting  th e  ph ase  m atch ing, w ith  a m in im um  step  size  o f  0.02 degrees. A  xyz  stage  is u sed  for  
p recise  a lignm ent o f  th e  crysta l w ith  the sign a l and  pum p b eam s. A fter  th e  crysta l, th e  
rem ain ing  pu m p  energy  is dum ped in a second  b eam  dum p.

The main parameters of FELIX (wavelength and pulse length, polarization, 

energy) are adjusted at the FELIX console. It is only possible to adjust the beam 

direction and diameter on the optical table. The beam diameter at the crystal depends 

on wavelength; because the beam diameter is comparable with the crystal size, a 

resizing of the FELIX beam is not done. The diameter of the pump is adjusted with a 

beam expander to the value of 11 mm FWHM, while the pump energy is varied 

using a half wave plate and a polarizer. Before the half waveplate and polarizer, a 

quarter wave plate is used to render the polarization of the pump beam linear. The 

external angle between the pump and the signal beam (the difference of pump and 

signal incidence angles on the crystal) is about 5.6 degrees, allowing for good 

separation of the beams after amplification. The necessary synchronization between 

pump and signal pulses and the variable delay between them are described in section 

4.4.
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The output beam can be directed to the spectrometer (TRIAX 320, from 

Jobin-Yvon) [1] and to the autocorrelation setup, for characterizing the spectral and 

temporal features of the input and amplified pulses, or to the energy-meter, in order 

to determine the energy of the input and amplified pulses.

7.1.1 The temporal overlap

A major problem for the experiments is finding the time overlap between the 

interacting pulses. Still, within 1 ns, the pulses can be superimposed temporally by 

observing the signal from the room temperature-MCT detector on a 500 MHz 

Tektronics oscilloscope. The pulses can be overlapped by varying the delay till, on 

the scope, they appear superimposed. Because the pump pulse and FELIX pulse are 

85 ps and few picoseconds long (respectively) a more precise method has to be used 

in order to achieve the correct time overlap.

Simply scanning the delay for achieving parametric amplification is not 

effective, because of the small angular acceptance of the crystal. A rotation of about 

0.5 degrees can significantly reduce the amplification factor to very low values, even 

in the case of perfect overlap of the pump and signal pulses, thus reducing the chance 

to observe the parametric effect, while scanning the delay. Firstly, for a short 

wavelength (and thus for a high parametric gain, which makes easier the detection of 

the parametric signal), the crystal is positioned close to the calculated phase-matched 

position. This is done by using the plots in Chapter 5, section 5.2.1. After that, the 

AGS crystal is replaced by a silicon plate, which is used for finding the time overlap 

between the pump and signal pulses within time scales shorter than 1 ns, of the order 

of the pump pulse duration. The transmission of the silicon plate decreases rapidly 

with the pump intensity, in few ps. The silicon plate has a high transmission for the 

micropulse train arriving before the pump pulse, while the pulses arriving after the 

pump pulse experience a significantly lower value of the transmission. The temporal 

overlap is found by varying the delay between the pump pulse and FELIX, till the 

“moment” when the transmission experienced by the individual micropulse, which 

has to be superimposed on the pump pulse, changes suddenly. The micropulse is 

then roughly superimposed on the pump, on a time scale of tens of picoseconds. 

Then the crystal is put back in its place, close to the expected phase matching 

position. By slightly varying the delay and the angle, the parametric effect is easily 

observed and optimised. In applying this procedure one has to take into account the
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pump pulse structure, (prepulses appear in any regenerative amplifier), and the 

second pulse revealed by the autocorrelation trace (see Chapter 4). A delay scan and 

energy measurements can easily determine the main peak, containing the maximum 

pump energy. The advantage of the silicon plate is that the unnecessary heating of 

the crystal is avoided during the process of overlapping the pulses.

7.1.2 Measuring energy

The energy of FELIX macropulse is measured with a calibrated Molectron 

energy meter, with pyroelectric probes models J8LP or J50LP-3 [2], before and after 

the crystal. They feature a flat spectral response between 0.1 to 12 pm, so include the 

mid-infrared range of interest. A filter is used to avoid the possible reflections to the 

energymeter from the idler and pump beams. The energy meter head measures the 

total energy in the macropulse Because of the temporal structure of the pump and 

signal radiation, only one micropulse in the train is amplified. The difference 

between the macropulse energy after the crystal with and without amplification 

determines the value of the amplified pulse energy. For evaluating the amplification 

factor, it is important to determine the initial FELIX pulse energy. The measured 

energy of the macropulse before the crystal gives an indication about the input pulse 

energy. Knowing the macropulse duration, the total energy and the micropulse train 

frequency at 25 MHz, the energy of one micropulse can be evaluated. This can be 

done, for example, by recording the macropulse trace with an oscilloscope. The time 

integral over the whole macropulse is proportional with the macropulse energy, 

while the time integral over one macropulse is proportional with the energy of an 

individual pulse. The energy of the individual pulse is given by the product of the 

ratio of the two integrals and the macropulse energy.

7.1.3 Recording spectra

Spectral measurements are performed for the input and amplified FELIX 

pulses, in order to observe the changes induced by the parametric process on the 

amplified pulse spectrum.

Due to the temporal structure of FELIX macropulse, the spectrum can be 

recorded simultaneously for the direct and amplified pulses, because the different 

micropulses can be resolved on a room-temperature MCT detector (PEM-L, Vigo 

System). The pulses are separated by 40 ns, and because they are close in the

7-4



macropulse, their properties do not differ essentially. In this way, the possible 

differences or errors that can appear in successive measurements, - as for example a 

backlash at the grating rotation stage in the spectrometer that can lead to a false 

central wavelength shift - are avoided.

At the entrance of the spectrometer, the power transmission through the 

entrance slit is optimised by adjusting the beam alignment, and the slit size is 

reduced till the transmitted power starts to decrease and the alignment cannot 

improve it anymore. For an optimum transmitted beam, the input beam is focused on 

the entrance slit using a lens with the focal length that matches the f-number of the 

spectrometer (4.1), for the whole wavelength range, a slight adjustment of the 

longitudinal position is necessary when changing the wavelength, because the focal 

length varies with wavelength due to the dispersive properties of its material. This is 

done by placing the lens on a translation stage. The power transmission is optimised 

by adjusting the position of the lens in both transversal and longitudinal directions. 

At the exit slit, a lens focuses the light on a room-temperature MCT detector. The 

size of the exit slit of the spectrometer is adjusted on the same size with the entrance 

slit, normally to 0.08 mm. The resolution of the whole system is limited by the 

largest slit [1].

A Labview code is used to record spectra. The code can automatically align 

the grating for the desired central wavelength, and rotate it with steps as small as 

0.06 nm. In experiments the step was chosen to be 1 nm. The measurements are 

usually averaged on 16 pulses.

7.1.4 Autocorrelation traces

The autocorrelation measurements aimed to determine the input and 

amplified FELIX pulse duration. For that, a purpose-built autocorrelator [3] has been 

used, which is represented schematically in Figure 7-2. The pulses are assumed to be 

Gaussian in time.
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Retroreflector 
adjustable delay

F igure 7-2 A utocorrela tion  setup . The sign a l beam  is sp lit at th e  beam  sp litter  BS in  tw o  beam s. 
O ne is reflected  back  to  th e  beam sp litter  and th e  o ther is d irected  to  th e  retroreflector  m ounted  
on a delay stage. T h e tw o beam s are a ligned  p ara lle l to  th e  axis o f  th e  first p arab o lic  m irror. 
T he crysta l is p ositioned  in  th e  focus o f  th e  tw o m irrors. T he tw o beam s resu ltin g  from  sp litting  
and focused  on th e  crysta l generate sep arate ly  second harm onic  gen eration  sign a ls. W h en  
spatia l and  tem p ora l overlap  betw een  th e  tw o sp lit pu lses takes p lace , an au tocorrela tion  second  
h arm onic generation  sign a l is generated  in  th e  crystal. T he sign a l is focu sed  on th e  M C T  
detector and a filter e lim inates th e  in fluence o f  th e  fundam enta l beam  sign a l from  th e detector.

In the FELIX pulse, the fundamental wavelength is accompanied by 

harmonics (see Eq. 4.4). At the entrance of the autocorrelator, they are eliminated by 

a filter. The pulse is split by the KBr beam splitter. A part is transmitted to a mirror, 

reflected back to the beam splitter and then to the first parabolic mirror, which 

focuses the light on the crystal, and another part is directed to a retroreflector. The 

retroreflector is positioned on a variable delay stage. The first parabolic mirror 

focuses the beams to the CdTe crystal, where the second harmonic is generated. If 

the pulses are temporally and spatially overlapped, an autocorrelation signal is 

generated. The autocorrelation signal is detected and optimized on a cooled MCT 

detector. Before that, a confocal parabolic mirror renders the beams parallel. A lens 

focuses the second harmonic autocorrelation intensity on the detector, and the 

aperture blocks the second harmonics generated independently by the two crossed- 

beams. A filter in the front of the detector blocks the fundamental wavelength, but 

transmits the second harmonic, so that only the autocorrelation signal is detected. 

The signal is visualised on a Tektronics oscilloscope. The detector is not able to 

resolve the micropulses of FELIX, but only the macropulse. The delay is scanned by 

moving the retroreflector parallel to the beam direction. The traces for different

7-6



positions of the delay stage can be grabbed, using a Labview code. In the code one 

can establish gates for collecting data only at specific instants in the macropulse.

7.1.5 Absorption in water vapours in the atmosphere

Absorption by water vapour in the atmosphere can pose serious problems for 

the energy and spectral measurements and interpretation of autocorrelation traces. 

Figure 7-3 presents the air-transmittance, in percentages per metre, for the 

wavelength range interesting for amplification experiments. A strong absorption 

peak at 4.3 pm, can be observed, together with a lot of others in the wavelength 

range of 5-7.8 pm.
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F igure 7-3 A ir  transm ittance at norm al a tm ospheric  pressu re  in  the w avelen gth  ran ge o f  4-11  
pm. T he strong absorption  around 4.3 pm and  5-7 .8  pm can  d istort th e  in p u t and am plified  
pulses. M oreover, the autocorrelation  traces are affected  b y  ab sorption  o f  rad iation .

Because the OPA experiment involves distances of a few metres, the values 

of absorption at certain wavelengths can affect the input spectra at the crystal and 

seriously influence the spectral characteristics of the amplified pulse. Purging the 

path with dry nitrogen can circumvent the problems created by water vapour 

absorption in the atmosphere. Experiments were performed without purging with dry 

nitrogen, so the wavelength and its bandwidth had to be carefully chosen, in order to 

avoid the strong absorption peaks.

7.2 Experimental results and discussion

First experiments have been performed with the 17 mm long crystal. After 

damage occurred between the antireflection coating and the surface of the crystal

t— 1— i—■— i— >— i— '— i— 1— i— '—i— ■— r

j ___i___ i__ i____i___i___ i__ i____i__ i____i__i____ i__ i____L.
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(see complete description in Chapter 5), the crystal was polished and recoated, 

resulting in a shorter length of 16 mm. First, results with the longer crystal are 

presented, followed by results with the reconditioned and recoated crystal. The two 

sets of results do not differ too much in energy, because the initial crystal had 

additional losses at the interface between the antireflection coating and its surface.

The measurements aimed to characterize the amplified pulse energy, pulse 

duration and spectrum.

7.2.1 Experimental results with crystal length of 17 mm

The experimental results obtained with the OPA scheme utilizing the 17 mm 

long AGS crystal are divided in two groups. The first group of measurements deals 

with the amplified energy of the FELIX pulse. The energy of the amplified pulse is 

determined for several wavelengths. The second group includes the spectral and 

temporal measurements for the input and amplified pulses at 6.3 pm.

Energy measurements

In this section the dependence of the amplified pulse energy on two 

parameters: the pump energy and the signal energy is described. These dependences 

are determined for several signal wavelengths in the range 5-10 pm.

Most measurements were performed at 6.3 pm, a wavelength close to 6 pm for 

which the crystal was optimised for type I ooe interaction. At 6.3 pm there is a small 

gap in atmospheric absorption. The transmittance in the vicinity of 6.3 pm is shown 

is Figure 7-4, which is just a detail from Figure 7-3.
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F igure 7-4 T ran sm ittan ce  in  a ir at n orm al atm osp h eric  p ressu re  around  6 .3  p m . T he  
w avelength  w as chosen  in  the sm all gap presen t betw een  tw o  strong ab sorption  peak s

Other measurements in this section were performed around 8, 9 and 10 pm, 

where the absorption in water vapours in the atmosphere is not present.

The dependences of the amplified energy on the pump energy for different 

input signal energies, at 6.3 pm, are plotted in Figure 7-5 and Figure 7-6.

Figure 7-5 (a)-(f) shows the amplified energy of the FELIX micropulse as a 

function of the pump energy. In the presented plots, a comparison is made between 

the experimental results (squares) and the calculated values in the non-saturated 

regime, in the fixed-field plane wave approximation, described in Chapter 3, section

3.2. The circles show the simulation for the calculated energy, for each input signal 

pulse energy. For all curves, the same gain was considered, the one that 

approximates the best is the lowest input energy used in the experiment (1.5 pJ). The 

case of the lowest input signal energy (a) is the best approximation of the un

saturated regime (even if it does not fit perfectly to it, due to saturation effects). For 

higher input signal energies, the departure from the un-saturated regime is more 

significant as it appears from the comparison between the experimental data and the 

simulations.
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F igure 7-5  (a)-(f) A m plified  energy  as a function  o f  th e  p u m p  energy  for  d ifferen t in p u t F E L  
p u lse  energies, m entioned  on each  figure. T he sq uares sh ow  the exp erim en ta l resu lts , w h ile  th e  
circles presen t th e  results o f  sim ulations, in  the p lan e-w ave, fixed-field  ap p rox im ation  d escrib ed  
in C h apter3 , section  3.2. T he visib le dep artu re  o f  th e  experim en ta l d ata  from  th e  id ea l case  
ind ica tes the in fluence o f  the transverse in ten sity  d istribution  in  th e  tw o b eam s and  th e  
sa turation  effect. Saturation  is revealed  b y  th e  decrease  o f  the gain  w ith  th e  in creasin g  sign a l 
energy, w h ile  the in fluence o f  the beam  size is related  to  the low  va lu e  o f  th e  p a ra m etr ic  gain  
com pared  to  th e  expected  one, in the case o f  th e  low est in p u t signal energy , and  is cau sed  b y  th e  
variab le  pum p in ten sity  in  th e  cross section o f  th e  s ign a l b eam .

The gain is expressed in the form given by Eq. 3-5. A field gain coefficient 

(defined in Chapter 3, Eq. 3.7) can be evaluated with this low input signal energy. 

With an 85 ps pump pulse length and 11 mm FWHM beam diameter for the pump it
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results g=8.702x1 O'5 VWatt. The field gain coefficient g can be alternatively 

calculated with Eqs. 3.6 and 3.7. For the gain coefficient the SNLO code gives a 

value of 1.7lxl0‘4 VWatt. The difference between the two values is due mostly to 

the Gaussian profiles of the two beams. The parametric gain is a ratio of two 

intensities, none of them spatially uniform. As a result, the overall amplification 

factor cannot be expressed as a ratio of two intensities and it necessitates much more 

complicated calculations. Nevertheless, the comparison for different input signal 

energies with the values calculated with the same amplification factors gives a clear 

indication of the increased saturation effect in the amplification gain: the curves with 

increased signal intensity are farther from the fix-field approximation.

A possible cause of low value of the field gain coefficient used for 

simulations in Figure 7-5 can be the fact that the amplification is already saturated at 

the input signal energy of 1.5 pJ, and Eqs. 3.6 and 3.7 used for calculating the field 

gain coefficient are valid for the unsaturated regime.

Saturation is also revealed by Figure 7-6 (a) and (b). In Figure 7-6 (a), the 

dependence of the amplified energy shows only a slight increase with the input 

signal energy, while the amplification factor sensitively decreases with the signal 

input intensity. As expected, the saturation effect is also determined by the pump 

beam intensity. The saturation effect is much more pronounced for high pump 

energies than for the low ones as shown in Figure 7-6.
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Input FELIX energy (pJ)

F igure 7-6 A m plified  energy  (a) and am plification  factor  (b) as a fu n ction  o f  the in p u t pu lse  
en ergy  o f  F E L IX , at 6 .3pm , for d ifferen t pum p energies. T he sign a l ban d w id th  for  th ese  
m easurem ents w as ~18 nm . T h e sa turation  effect is m ore p ron ou n ced  for  h igher  in p u t sign a l 
energy  and h igh er pum p energy, and is show n  b y  th e  decrease  o f  th e  am p lifica tion  factor  w ith  
th e  in p u t signal energy.

In Figure 7-7 (a) and (b) and Figure 7-8 the experimental results and 

simulations at 8.8 pm and 10 pm signal wavelength are plotted, as a function of the 

pump energy. In this case, the simulations have been performed with the 

2D_MIX_SP function of the SNLO code [4]. The simulations are described in 

Chapter 6. The input parameters for the simulations presented in Figure 7-7 (a) and 

(b) are listed in Table 7-1.
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Signal Idler Pump
Wavelengths [nm] 8800 1210.3 1064
Index of refraction 2.368 2.443 2.434

Group velocity index 2.453 2.516 2.531
i

Group velocity dispersion (cm/sec-cm-) 3.66E5 -1.29E5 -1.56E5
Input face reflectivity 0.1 0.1 0.08

Output face reflectivity 0.1 0.1 0.08
Crystal absorption fl/mm] .03 .001 .001

Pulse energy (J) 2.4E-6 0 8E-2
Pulse duration [psl 4 3 85

Pulse delay relative to pump [ps"| 0 0
Pulse chirp (THz/ps) 0 0 0

Beam diameters [mm] 9 8 11
Walkoff angle [mradl 0 0 21.77

Radius of curvature [mm] 1.00E12 1.00E12 1.00E12
Number of t,x,y points 1024 32 32

Size of the crystal/grid [mm] 17 13 9
I n e ffe c tiv e  [pm/V] 9.86
Delta k [1/mml 0

z integration steps 100

T able 7-1 T he m ain  in p u t param eters for  sim ulations p resen ted  in  F igu re 7-7  (a) and  (b).

The amplified energy reaches values of hundreds of microjoules, but the 

simulations do not confirm the dependence of the amplified signal energy on the 

pump energy. The saturation level of the experimental results seems to be less than 

the one shown by simulations. Thus, for low pump energies, simulations predict a 

higher amplified energy, indicating a higher gain, while for high pump energies, the 

gain is saturated and the high values of amplified energy obtained in experiments 

could not be explained.
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F igure 7-7 A m p lified  energy  against th e  p u m p  en ergy  at 8 .8  /a n  and input en ergy  o f  ~2 .4  (a) 
and 24 /iJ  (b). S im ulations are presen ted  for th e  sam e in p u t sign a l energies and  for  an  
in term ed iate va lu e  o f  10 fiJ. T he sim ulations show  a h igh er gain  (or  am plification  factor), th a t  
determ ines h igh er  am plified  energies at low er p u m p  energies th an  the ones d eterm in ed  
experim enta lly , and a stronger degree o f  saturation  th at lim its th e  v a lu e  o f  the am plified  en ergy  
at h igher  pum p energies.

This lack of agreement between simulations and experimental results of the 

amplified energy is consistently shown for OPA, but they are more pronounced at 

lower wavelengths. An example is given in Figure 7-7. More detailed simulations are 

presented in Chapter 6.

Figure 7-8 presents the experimental results for the amplified energy obtained 

using a signal wavelength of 10 fim and three different input signal energies, and 

compares these results with two simulated plots. The plots show the dependence of 

the energy of the amplified pulse on the pump energy. The simulated plots show 

higher gain than the experimental ones.
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F igu re 7-8  M easured  energy o f  th e  am plified  p u lse  against th e  pum p energy  a t 10 fim  at th ree  
differen t in p u t signal energy: 24 //J , 12 fiJ  and  8 fiJ. V a lu es as h igh  as few  h undreds m icrojou les  
are ob ta in ed  for  h igh  input pum p energy and  signal in p u t energy  o f  24 fiJ. T h e sim u lation s  
sh ow  h igher ga in  than  the experim ental resu lts

A common feature of the plots presenting the results of the amplified energy 

as a function of wavelength is the gain saturation for the maximum input pulse 

energy. The saturation is not as strong as the one shown by simulations. As can be 

understood from crystal properties (the nonlinear constant is higher for shorter 

wavelengths), and from experimental results, the level of saturation is stronger at 

shorter wavelengths. This is generally due to the higher values of the gain at shorter 

wavelengths as described in Chapter 3 (Eq. (3-5)). The crystal transmission (see 

Chapter 5 for more details) is also very much dependent on wavelength, with the 

lowest transmission of ~ 25% at around 9.6 jim and the highest transmission of about 

80 % at 5-6 yum.

Spectral measurements and autocorrelation traces

As shown by Knippels et al. [5], FELIX micropulses are transform-limited 

with a temporal shape close to Gaussian. The spectral-temporal properties of the 

micropulses can be adjusted by varying FEL parameters like cavity length. 

Nevertheless, the spectral and temporal features of the micropulse are not identical in 

the micropulses train, but they depend on the position in the train. Depending on the 

level of the parametric gain, the parametric amplification can strongly influence the 

properties of the pulse being amplified. This influence depends on factors like the 

bandwidth acceptance of the crystal, crystal length, initial bandwidth of the pulse,
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the level of saturation, the initial irradiance of the signal pulse and pump irradiance, 

phase matching angles. Not all of these factors are independent. For example, the 

bandwidth acceptance and the length of the crystal are related to the initial 

bandwidth of the pulse; a broad bandwidth is narrowed in a long crystal with a small 

bandwidth acceptance; on the other hand the bandwidth acceptance depends on the 

phase matching angles, and on the degree of noncollinearity between the signal and 

the idler beams. Because the parametric gain is higher at shorter wavelengths, the 

effects of saturation are more pronounced for shorter wavelength measurements; 

moreover, in our experiments the beam diameter increases with wavelength, leading 

to higher intensities for shorter wavelengths.

In this section, only experimental spectra of the incident and amplified pulses 

measured at a central wavelength of 6.3 pm are presented. More relevant results will 

be shown for the reconditioned crystal, in one of the next sections (Spectral and 

temporal measurements).

The spectral measurements taken at 6.3 pm did not show significant changes 

of the pulse spectrum. The results are presented in Figure 7-9. The spectral 

bandwidth tends to decrease, showing the effect of gain narrowing. This spectral 

narrowing is due to the low pump energy of the pump pulse. The influence of the 

amplification process is enhanced by the pump energy. At high pump energy, the 

effects of saturation manifest by spectrum broadening and distorted lineshape, as it 

will be proven by the later results. In a regime with a low gain the main influence is 

due to the initial pulse bandwidth. If this bandwidth is comparable to the bandwidth 

acceptance of the crystal, the amplification process does not show a strong effect. 

The narrowing effect is due to the fact that the wavelengths close to the peak are 

more amplified than the wings because of the nonlinear character of the process, and 

the amplification is not strongly saturated.
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F igure 7-9  N orm alized  spectra  o f  the not-am plified  and am plified  pu lses a t 6 .29 pm  for  17 m m  
crysta l len gth , (a) T he input, not-am plified  pulse; (b ) T he am plified  pu lse  a t 4 m J p u m p  energy;
(c) T he am plified  pu lse  at 33 m J pum p energy  (d) A  syn thesis o f  (a), (b ), (c ) show in g  th e  s ligh t  
n arrow ing w ith  increasing  energy . T he sq uares show  th e  exp erim en ta l po in ts, w h ile  the  
continuous lines are G aussian  fits o f  the spectra.

The influence of the amplification process on the output power of the 

amplified pulse is due not only to the value of the amplified energy, but also to the 

value of the pulse duration. The spectral modifications induce also modifications of 

the pulse shape. Assuming transform-limited pulses, the spectral narrowing is 

accompanied by pulse lengthening as can be seen in Figure 7-10 and Figure 7-11. 

Such effects are detrimental to the output pulse power. The effect depends on the 

pump pulse energy, initial pulse energy and initial bandwidth (pulse duration) so 

mainly on the gain and its dependence on wavelength, and on saturation level. The 

spectral modifications are due to the preferential amplification determined by the 

finite bandwidth acceptance of the crystal. The effect is more pronounced for shorter 

initial pulses (with broader spectra) and tends to narrow the spectral bandwidth and 

thus enlarge the pulse duration, as shown in Figure 7-10 and Figure 7-11. The 

relative broadening of the autocorrelation trace is more pronounced for shorter initial 

pulse duration, due to the larger bandwidth associated with it.
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F igu re 7-10 A utocorrela tion  traces for input and  am plified  p u lses, a t 6.3 p m  and pu m p  energy  
o f  33 m J. A n  in itia l pu lse  duration  o f  approx im ately  4 ps in creases to 6 .5  p s d ue to  the  
am plification  process

F igu re 7-11 A utocorela tion  traces. In itia l pu lse  d u ration  is 1.4 p s. A m p lified  p u lse  duration  at 
30  m J pum p en ergy  is 3.1 ps.

Because the spectra in Figure 7-9 were recorded independently from the 

traces in Figure 7-10 and Figure 7-11, a conclusion about the influence of the OPA 

process on the time-bandwidth product (defined as the product of the pulse duration 

with the bandwidth at FWHM) cannot be drawn. A spectral narrowing in the case of 

the initially transform-limited pulse can mean only a lengthening of the amplified 

pulse and this is also shown by autocorrelation traces.

7.2.2 Experimental results with the 16 mm long crystal

In this sub-section the experimental results obtained after reconditioning the 

crystal are presented. The values of the amplified energy obtained with the 16 mm

7-18



crystal did not differ very much from the ones obtained with the 17 mm crystal, 

mainly due to the improved transparency of the input/output antireflection coatings, 

which compensated for the loss in the length of the crystal. The results of the 

amplified signal energy are presented as a function of input signal energy and as a 

function of pump energy. A special attention is given to shorter wavelengths, were 

the saturation phenomenon in stronger than for the longer wavelengths, due to the 

increased value of the small-signal parametric gain.

Energy measurements

In this section the results obtained in OPA experiments for the amplified 

energy, at several wavelengths are presented.

Firstly, the results at wavelengths around 5.3 pm are presented. From reasons 

presented earlier in this chapter, the wavelengths were chosen in a range where water 

absorption is small. The transmission through air for lm path length is presented in 

Figure 7-12, which is a detail of Figure 7-3.

F igure 7-12 A bsorp tion  in  air around  5 .30  pm

Figure 7-13 and Figure 7-14(a) present the results obtained for the amplified 

energy at 5.33 pm, and 5.4 pm (respectively) as a function of pump energy. The 

values of the input energy (FELIX micropulse) are listed in each plot and they reflect 

the fact that the signal energy is varied in steps given by the available attenuators (3 

dB, 10 dB, etc). They also reflect a different input FELIX energy, because results 

were measured with different FELIX settings. From both these plots, it can be 

noticed that, with increasing input signal energy, the dependence on the pump energy
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evolves from an almost exponential shape to a linear one. As described in Chapter 3, 

the exponential increasing of the gain is characteristic to the non-saturated regime, 

while the almost linear regime is characteristic to the saturated one (the low gain 

approximation in Eq. 3.3). In Figure 7-13 and Figure 7-14 (b) the dependence of the 

energy of the amplified pulse as a function of the input signal energy, for several 

values of the pump energy, are shown. The values of the pump pulse energy are 

mentioned in the plot.

F igure 7-13 (a) T he am plified  energy as a fu n ction  o f  pum p energy  a t d ifferen t F E L IX  in p u t  
pulse energies, and  5.33 p m  w avelength . L ess exp erim en ta l p o in ts w ere  m easured  a t 26  p J  in p u t  
sign a l en ergy  (b ) A m plified  energy  as a fu n ction  o f  F E L IX  in p u t p u lse  energy  for  d ifferen t 
pum p energy  at 5 .33 jum w avelength

F igure 7-14 (a) T he energy o f  th e  am plified  p u lse  as a function  o f  th e  pum p en ergy  and  in p u t 
signal energy  for a not optim ised  tem poral d e lay  (10-15  ps o ff  ) at 5.4 p m  w avelen gth , (b ) is  th e  
sam e as a function  o f  the input signal energy . In  th e  p lo ts are listed  a lso  th e  va lues o f  th e  s ign a l 
and pum p en ergies, respectively

A comparison between Figure 7-13 and Figure 7-14 reveals some differences 

in the behaviour of the amplified energy in the same conditions. In the plots 

presented in Figure 7-14, the delay between the pump and the signal pulses is not 

optimised and the energy of the amplified pulses are lower than in the case of Figure
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7-13. That is why the maximum obtainable energies differ significantly, as well as 

the amplified pulse energy dependence on the input signal energy for the two cases.

F igu re 7-15 (a)-(f) A m plified  energy as a fun ction  o f  F E L IX  in p u t en ergy  at 5 .33 p m  sign a l 
w avelen gth  and d ifferen t pum p energies. W ith  in creasin g  pum p en ergy  th e  sa tu ration  effect is  
enhanced: the increase o f  th e  am plified  en ergy  is lim ited . F or com p arison , resu lts ob ta in ed  at
5.4 pm  signal w avelength , bu t not op tim ised  delay  betw een  pum p and  sign a l are  p lo tted  
togeth er , (w hen  p ossib le). T he in fluence is very  im p ortan t at h igh  pu m p  en ergy  and  low  in p u t  
sign a l energy, and still sign ificant (few  h undred  m icrojou les) at h igh  sign a l in p u t en ergy

It can be noticed a dramatic influence of the delay between the interacting 

pulses on the energy of the amplified pulse, even in the conditions of heavy 

saturation. The plots of the amplified pulse energy against the input signal energy are 

detailed in Figure 7-15. The differences are greater at low signal energies and high
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pump energies, because the gain is higher at high pump intensities and less saturated 

at low energies. Due to the delay, the signal pulse interacts not with the maximum 

pump intensity, but with a lower pump intensity (the pulses have Gaussian temporal 

shape). The parametric gain is more sensitive to pump intensity variations when the 

signal intensity is low, because the process is not saturated. When both the signal and 

pump intensities are high, the saturation is stronger, and the parametric gain variation 

is less sensitive to the pump intensity changes.

Generally, the results show a strong saturation obtained for the 5.33-5.4 pm 

signal wavelength and high pump energy. Strong saturation is observed also for the

4.6 pm wavelength. Several values of the amplified pulse energy for three different 

values of the pump energy are shown in Figure 7-16 (a), while the dependence on 

pump energy is plotted in Figure 7-16 (b) for few values of the input signal energy. 

In Figure 7-16 (a) it can be noticed an almost flat dependence, proving the gain 

saturation.

F igure 7-16 T he energy o f  th e  am plified  p u lse  as a function  o f  in p u t s ign a l en ergy  (a) and  o f  the  
pu m p  p u lse  energy  (b) at 4 .6  fim  signal w avelength

Additional results of amplified energy as a function of the pump energy at 

other wavelengths are plotted in Figure 7-17-Figure 7-19. These measurements have 

been performed at longer wavelengths of the signal pulse (6.3 pm, 9 pm and 10 pm 

respectively). Input signal energies are 12 pJ, 14 pJ and 18 pJ respectively.
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F igure 7-17 T he am plified  energy  as a function  o f  th e  pu m p  pu lse en ergy  at 6.3 pm  and  12 pJ  
input sign a l energy

F igure 7-18 T he am plified  en ergy  as a function  o f  th e  pu m p  p u lse  en ergy  at 8 .8  p m  and 14 pJ  
input sign a l energy
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F igure 7-19 T he am plified  energy  as a function  o f  th e  pum p pu lse  energy  at 10 //m . T he  
experim en ta l resu lts are show n  together w ith  th e  sim ulations.

The maximum energy of the amplified pulse decreases at longer 

wavelengths. The plots do not show deep saturation (the energy of the amplified 

pulse increases almost linearly with the pump irradiance only in Figure 7-19). This 

can be due to a not optimized delay between the pump and signal pulses, or to 

unstable behaviour of the seeding laser of the regenerative amplifier. In Figure 7-19 

simulation performed with the SNLO code are presented together with the 

experimental results, showing a very good agreement.

In Figure 7-20, the maximum amplified energy is plotted as a function of 

wavelength.
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F igure 7-20 E n ergy  o f  the am plified  pu lse  as a function  o f  the sign a l w avelen gth , at a  pu m p  
p ow er o f  66 m J. B eam  d iam eters and in p u t signal energ ies are d ifferen t for  each w avelen g th , 
but spectral w id th  is 2% -3%  from  the cen tra l w avelen gth  (resp ectively ). T he resu lts are tak en  
b y  scanning th e  F E L IX  w avelength  and rotating  th e  crysta l for  p h ase  m atch ing
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There are various factors contribute to the picture of the dependence of the 

amplified pulse energy on the signal wavelength. As mentioned in Chapter 3, the 

parametric gain depends on the wavelengths involved in the nonlinear interaction 

and is higher for shorter wavelengths. The input energy and the beam diameters also 

depend on wavelength and on the FEL settings. The transmission of the crystal and 

the reflectivity of the coating are function of wavelength as shown in Chapter 5. The 

energy of the amplified pulses is very sensitive to the stability of the pump laser. A 

good operation involves efficient seeding of the regenerative amplifier and correct 

dumping of the amplified pulse from its cavity.

Spectral and temporal measurements

Spectra of the amplified pulses at short wavelengths showed pronounced 

effects of saturation and were distorted. In Figure 7-21, the spectra of the input and 

amplified pulses, at different input signal energies are presented. Even if the input 

pulse energy is decreased one thousand times, the spectrum is still is very much 

distorted; for the maximum input pulse energy (20 pJ) the distortion of the amplified 

pulse spectrum is the most pronounced and the formation of the double pulse is 

visible.

Wavelength (nm) Wavelength (gm)

F igure 7-21 (a) N orm alized  spectra o f  th e  in p u t (not am plified ) p u lse  and o f  the am plified  p u lses  
for d ifferen t in p u t F E L IX  energy  and a p u m p  en ergy  74 m J at an in p u t central w avelen g th  
~ 5380  nm  (b) T ransm ittance in  air around th e  cen tra l w avelen gth  (5380  nm )

There are possible reasons for the observed asymmetry of the spectra: an

initial chirp of the signal pulse, the phase mismatch, and the noncollinear character

of the parametric interaction; the simulations performed with the SNLO code show

symmetric spectra relatively to the central wavelength only in the case of the absence

of the pulse chirp and no phase mismatch. Figure 7-22 presents the results with
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simulations performed at a signal wavelength of 5.384 pm, pump energy 70 mJ, and 

different input signal energies, for a phase mismatch of Ak=-0.3 mm'1. The pulse 

duration was taken ~2.5 ps, which is the transform-limited value of the measured 

FWHM spectrum width of the input pulse, shown in Figure 7-21.

Wavelength (nm)

F igure 7-22 S im ulations w ith  SN L O  code, w ith  p h ase  m ism atch  o f  A k=-0.3 m m '1. T h e  pum p  
energy  is taken  to  be 70 m J. The d ifferen t curves show  th e  spectral shape for d ifferen t input 
sign a l energy: 26 nJ, 1.326 pJ, 2 .626  pJ and 25 pJ

Because the path lengths for the input and amplified pulses are exactly the 

same, a linear absorption in atmosphere cannot cause such spectral effects. We did 

not investigate nonlinear absorption at this wavelength. When comparing simulation 

results in Figure 7-22 and normalized experimental spectra, shown in Figure 7-21 

(a), one can notice similar (even if not-identical) distortions present in the amplified 

pulse, so that the phase mismatch is a possible cause of the pulse distortion during 

the OPA. The position of the dip created in the amplified spectra with phase 

mismatch depends on the value of the phase mismatch, on the input signal energy 

and on the pump energy.

In Figure 7-23 (a) shows a comparison between the (normalized) measured 

amplified pulse and normalized simulated pulse spectrum at 25 pJ input energy, and 

Ak=-0.3 m m'1. Figure 7-23 (b) presents the corresponding simulated-pulse shape, 

revealing the presence of the multiple pulses. This results in a decrease of the 

amplified pulse peak power.
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Wavelength (nm)

F igure 7-23 (a) C om parison  betw een  norm alized  experim enta l sp ectru m  o f  th e  p aram etr ic  
am plified  p u lse  and  sim ulations for the in p u t sign a l energy  o f  25  pJ. T he pum p en ergy  is 70  m J. 
E ven  if  not id en tica l, the shape o f  th e  sp ectru m  obta ined  by  sim ulations can  exp la in  th e  
distortion  p resen t in  th e  m easured  spectrum . T he p h ase  m ism atch  considered  in  s im u lation s is 
A k=-0.3 m m '1, (b) T he sim ulated  pu lse shap e for  th e  sim ulated -sp ectru m  in  (a) T he d evelop in g  
o f  m ultip le pu lse  is v isib le

Figure 7-24 (a) presents spectral measurements at an input central 

wavelength of 4.580 pm. Figure 7-24 (a) illustrates the same behaviour (distortion) 

for input pulse energy of 15 pJ at a central wavelength of 4580 nm. The main 

difference between the spectra in Figure 7-21 (a) and Figure 7-24 (a) consists of the 

position of the first peak in the amplified pulse

F igure 7-24 (a) S p ectra  o f  the in p u t and am plified  pu lses for  a pu m p  en ergy  74 m J a t an  in p u t  
cen tra l w avelen gth  ~4 .580  pm  and input en ergy  o f  ~ 15  pJ . (b) T he a ir-tran sm ittan ce  arou n d  
th e  central w avelen gth  (4580 nm ), show ing a lm ost no (linear) absorption

In Figure 7-25, presenting similar measurements as Figure 7-21 (a) and

Figure 7-24 (a), but performed at a central signal wavelength of 7.54 pm, a quite 

different situation can be noticed. Almost no difference between the spectra of the 

input and amplified pulses can be distinguished, even if they are measured at high 

pump energy (58-68 mJ).
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F igure 7-25 N orm alized  spectra  o f  the in p u t and am plified  pu lses at 7. 54 pm . T he sp ectra  o f  th e  
am plified  pu lses d o  not show  sign ificant ch anges

As a conclusion of these results, the distortion effects increase with the 

increasing pump and signal irradiances, and they limit the peak power of the 

amplified pulse. The pulses are distorted by the amplification process mainly at short 

wavelengths. Because the gain at short wavelength is higher than at longer 

wavelengths, the same effects are not pronounced with increasing wavelength. The 

distortions in the pulses observed at short wavelengths can be explained by the 

phase-mismatch.

Bandwidth acceptance

The bandwidth acceptance is usually defined with respect to the parametric 

gain (see Chapter 3, Eq.3.11). As shown also in section 7.2.1, the parametric gain 

cannot characterize the overall behaviour of the amplified pulse. When spatial effects 

(or the transverse distribution of intensity) cannot be neglected, the parametric gain, 

which refers to a ratio of intensities, has a spatial distribution, and it cannot be used 

to characterize the overall energy gain. A more practical parameter can be the energy 

gain, or the energy amplification factor. Figure 7-26 (a) and (b) shows the 

measurements of the bandwidth acceptance of the signal at a central wavelength of 

5.29 pm.

Using a Labview code available at FELIX facility, the signal wavelength was 

scanned, while the position of the crystal was fixed at the phase-matched position for 

the central wavelength 5.29 pm. The data measured with an energy meter head were 

recorded for each value of the signal wavelength. The input signal bandwidth was
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approximately 10.4 nm, while the measured bandwidth acceptances were 31.6 nm (a) 

and 30.3 nm (b). This small difference is not significant, but it indicates the effect of 

(deep) saturation.

F igure 7-26 T he energy  gain  (arb itrary  un its) for  a sign a l w avelen gth  at 5 .29  pm . T he  
m easu rem en ts w ere  tak en  for a pum p en ergy  o f  74 m J, and the signal pu lse  energy  o f  (a) 26  nJ  
and (b) 1.3 pJ. T he dashed lines represen t th e  experim enta l resu lts and th e  con tin u ou s lines  
G aussian  fits. It resu lts an acceptance o f  ~31  nm

Autocorrelation traces

In this section, several autocorrelation traces, recorded at signal wavelengths 

of 6.3 pm and 7.52 pm are presented. The same procedure as described in 7.1.4 was 

applied. The results are presented in Figure 7-27 -Figure 7-30. The autocorrelation 

traces can be modified due to the bandwidth acceptance of the crystal or due to 

saturation. In Figure 7-27, the initial pulse is shorter than in Figure 7-28, so the 

bandwidth acceptance narrows the spectrum of the amplified pulse and the pulse will 

be consequently longer, yielding a broadened autocorrelation trace. In Figure 7-28, 

this effect is not visible because the input signal bandwidth is narrower, and the 

narrowing the bandwidth acceptance does not influence the duration of the amplified 

pulse. Both autocorrelation traces are recorded for relatively low input pump energy, 

25 mJ.
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F igu re  7 -27  A u tocorrelation  traces o f th e  in p u t and am plified  pu lses at sign a l w avelen gth  6.3  
p m  and 25  m J pum p energy. T he b road en in g  o f  th e  au tocorrelation  trace  ind ica tes a 
len g th en in g  o f  th e  am plified  pu lse, due to  th e  ga in  n arrow ing

F igu re 7-28 A utocorrelation  traces o f th e  in p u t and  am plified  pu lses at sign a l w avelen gth  6.3  
pm  and  25 m J pum p energy

A similar broadening effect as in Figure 7-27 can be observed in Figure 7-29. 

The measurements are performed at 7.52 pm signal wavelength, 4 pJ input signal 

energy, and 15 mJ pump energy.
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F igure 7-29 N orm alized  au totcorrelation  traces o f  th e  in p u t and am p lified  p u lses , a t 7 .52  p m  
and  4 pJ in p u t energy, and 15 m J pum p energy

If the spectrum of the input pulse has a bandwidth smaller or comparable to 

the bandwidth acceptance of the crystal, the main phenomenon influencing the 

autocorrelation trace is saturation. This is not present in Figure 7-27 because the 

pump energy was too low, but is noticeable in Figure 7-30, where the pump energy 

is 50 mJ.
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F igure 7-30 A utocorrela tion  traces at 6.3 p m , in p u t s ign a l energy  9 p J  and 50 m J p u m p  en ergy .

Measurements with variable delay

Measuring the intensity of the amplified signal as a function of the delay 

between the pump and signal pulses permitted to get information about the temporal 

shape of the pump pulse, without performing autocorrelation measurements. Thus, as 

appearing from Figure 7-31, the pump pulse contains a first peak at about 145 ps
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before the main peak. The signal was recorded with a room-temperature MCT 

detector.

F igure 7-31 T he p aram etric  ga in  o f  the am plified  s ign a l as a function  o f  th e  delay  at 10 .06 /im  
sign a l w avelength  and 25  m J pum p energy, and  2 pJ input F E L IX  energy .

Similar measurements have been performed at 5.4 pm, but the MCT detector 

was replaced by the energy meter head. The delay was scanned around the maximum 

peak. The results are shown in Figure 7-32 and Figure 7-33. Figure 7-32 presents a 

comparison of the amplification factor for two different input energies of the input 

FELIX pulse. The different by a factor of ~ 15 dB and they are estimated to be 0.63 

and 0.02 pJ respectively. The pump energy was 70 mJ, a value that shows indeed a 

strong saturation of the signal even for less than 1 pJ input. This is due to the 

decrease of the amplification factor with increasing pump intensity.

The FWHM in the three figures presenting the results of the energy or 

parametric gain measurements when scanning the delay differ considerably. For the 

main peak in the plot shown in Figure 7-31, the FWHM is 41.3 ps, for the 0.02 pJ 

input FELIX energy in Figure 7-32, the FHWM is 50.2 ps and for the 0.63 pJ input 

FELIX energy in are 46 ps for 30 mJ and 62 ps for 70 mJ pump energy. These 

variations show the highest value for the most saturated situation and the lowest for 

the less saturated one.
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F igure 7-32 T he am plification  factor  determ in ed  for  tw o input energies o f  F E L IX  (0 .02  jiJ  and  
0.63 pJ) and 70  m J pum p energy. T he am plification  factor  is a lm ost 10 h igh er  for  th e  low er  
in p u t energy

In Figure 7-33 the amplification factors at low pump energy (30 mJ) and high 

(70 mJ) pump energy are compared. The maximum values differ by a factor of 5.
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F igure 7-33 T he am plification  factor d eterm ined  for  tw o  pum p energ ies (30 m j and  70  m J) 
F E L IX  (0.63 pJ) and 70 m J pum p energy

7.3 Conclusion

The experimental results presented in this chapter show strong saturation of 

the parametric amplified pulse. The degree of saturation is higher for the shorter 

wavelengths of the signal pulse. For shorter wavelengths, the amount of energy that 

can be obtained can exceed one millijoule, while for longer wavelengths, the 

amplified energy is limited to few hundreds microjoules. The measured spectra show
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strong distortions for high amplified energies, i.e. in the first part of the range, while 

autocorrelation traces reveal enlargement of the pulse. These effects are not so 

pronounced for higher wavelengths. The strong saturation observed suggests a 

possible improvement of the amplified energy, because the saturation phenomenon 

limits the amplification factor. In a simple picture, if the initial signal pulse has the 

same input energy as in the strong-saturation situation and the same beam diameter, 

but longer pulse duration, the amplification factor could increase because longer 

pulse durations decrease the peak intensity of the incoming beam. Still, for a 

transform limited pulse, this can mean a decrease of the total available power 

(because of the longer pulse duration).

Because the pump pulse duration (85 ps) is much longer than the signal pulse 

duration (typically several picoseconds), a method of circumventing the saturation 

effects, with maintaining high output power, is stretching the signal pulse before 

amplification and compressing the amplified pulse after amplification. This method 

is called optical-chirped pulsed parametric amplification (OPCPA) and is presented 

in the next chapter, together with the experimental results.
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Chapter 8 Optical Parametrical Chirped-Pulse Amplification

This chapter describes a technique introduced to enhance the power of the 

parametrically-amplified FELIX pulse. It was shown in Chapter 6, that the power of 

the amplified pulse is limited by saturation. The method presented in this chapter 

(the optical chirped pulse amplification) is introduced to overcome the un-wanted 

saturation effects and improve the amplified energy. Firstly, the principle is 

described, followed by the experimental set-up, experimental results and discussion. 

Using the optical chirped pulse amplification technique, energies of the stretched 

amplified pulse of more than two milijoules have been obtained. For the compressed 

pulse the energy decreased to 1 milijoule due to reflection losses in the compressor. 

The maximum amplified energy varies with the maximum available energy from 

FELIX, transmission properties of the stretcher/compressor the nonlinear crystal and 

with the efficiency of the nonlinear process.

8.1 Introduction

The Optical Chirped Pulse Amplification (OPCPA) is a technique of 

amplification o f optical pulses, which applies the Chirped Pulse Amplification 

(CPA) to optical parametric amplification (OPA). The scheme of OPCPA principle 

is shown in Figure 8-1.

Figure 8-1 T he O P C P A  schem e. T he signal pu lse  is first stretched in a stretcher, then  am p lified , 
and finally  com pressed  in a com pressor

CPA is used to improve the features of the amplified pulse, by overcoming 

the effects of strong saturation in the amplifying medium. If a short signal interacts 

with a long pump pulse, the pump is not effectively depleted. This is achieved by 

enlarging the duration of the pulse to be amplified, which in turn decreases the 

intensity of the signal pulse. The method is effective if the pump pulse is much
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longer than the signal, and the stretched signal, in the whole frequency range, still 

interacts with high pump intensity. The pulse is first chirped in a device called 

optical stretcher, then amplified in an optical amplifier (a nonlinear crystal in the 

case of OPCPA, by parametrical interaction with a strong pump beam), and 

compressed back to a short pulse duration in a pulse compressor. A higher amplified 

energy and much better spectral, spatial and temporal features of the amplified 

pulses can be achieved using CPA. Thus, this method was a revolutionary technique 

for the performances of regenerative amplifiers and was first proposed by Mourou et 

al. [1], while the use of OPCPA was first suggested by Dubietis et al [2]. CPA is 

aplicable to tabletop-size systems as well as to large laser chains. In the case of 

OPCPA, the laser amplifier is replaced by an OPA stage. OPCPA was extensively 

used by different other groups [3-15]. Theoretical (numerical) studies for describing 

and optimising the OPCPA process have been performed in several publications [3, 

4, 8-10, 12-14,16].

However, the method has never been applied to the mid-infrared, using an 

AGS crystal. In our experiments, the OPCPA technique is used for the first to time to 

amplify FEL pulses. A great advantage is the rapid tunability of the FEL without any 

change in the alignment of the incoming pulse on the optical table, which makes the 

method easy to use and to adapt for different wavelengths; the only necessary 

adjustments are the rotation of the crystal and of the gratings in the stretcher- 

compressor system.

The choice of this method for increasing the amplified energy of the FELIX 

micropulse is based on several considerations related to the need of surmounting the 

saturation effect. Basically, there are three ways to do this: attenuating the energy, 

enlarging the beam-size, or/and stretching the pulse duration. The size of the crystal 

can limit the efficiency of enlarging the beam diameter. The initial diameter of the 

FELIX beam is already comparable to the size of the crystal. If the beam diameter 

becomes too large the losses at the crystal can reduce the amplified energy. On the 

other hand, a large signal beam requires an enlargement of the pump beam and 

corresponding increase in the pump power, which can cause damage at the optics 

transporting the pump pulse to the experimental table. In addition, large crystals are 

difficult to obtain and hence less available. The temporal stretching of the pulse (and 

consequently the use of the OPCPA technique) seemed to be the best choice for 

increasing the extracted amplified energy. Even if accompanied by a decrease in the
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(stretched) pulse energy due to the inherent losses at the optics of the stretcher, this 

inconvenience is compensated by the increased amplification factor in the nonlinear 

crystal leading to maximum amplified energies of more than 2 mJ and energies of 

the compressed pulse of 1 mJ.

8.2 The experimental setup

The experimental setup, following the scheme presented in Figure 8-1, is 

presented in Figure 8-2. It consists of a setup similar to the one used for the OPA 

experiments, already described in Chpater 6. The main difference between the 

OPCPA and OPA schemes resides in the presence of the stretcher (before the OPA 

setup) and the compressor (after OPA set-up).

F igu re 8-2 E xperim enta l setup . T he signal pu lse  p rov id ed  by  the F E L  is first stretch ed  in  an all- 
reflective  grating  stretcher. T he stretched p u lse  duration  can be ad ju sted  by m ov in g  the  
te lescop e in  the h orizonta l p lane, w hile th e  grating  can  be rotated  to  ensure th e  correct  
alignm ent for  d ifferen t values o f  the sign a l p u lse  w avelength . A fter  am p lifica tion  in  th e  
non lin ear crysta l (A G S) the pu lse is com p ressed  in  th e  pu lse com pressor, sim ilar  to  th e  
stretch er , b u t th e  te lescope is replaced  w ith  an h orizon ta l retroreflector.

Because the OPA setup has already been described, including the lasers and 

the crystal, only the specific parts of the OPCPA scheme are described in the 

following section: the stretcher and the compressor.

Before interacting with the pump pulse in the nonlinear crystal, the signal 

pulse provided by FELIX, enters the stretcher and passes it twice. In the stretcher the 

pulse duration is lengthened. The polarization of the input beam is flipped by 90 

degrees at both entrance and exit of the stretcher. This is done because in the
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experiment a vertical polarization of the mid-infrared pulse is required for type I ooe 

interaction with the pump pulse in the crystal, while the diffraction grating is more 

efficient for the horizontal polarization. In the mean time, some flip mirrors (not 

shown in the figure) can alternatively direct the beam to the crystal, for the OPA 

experiment. Redirecting the beam path directly to the crystal is also necessary for 

measuring the input pulse spectmm and recording autocorrelation trace, because the 

autocorrelator and spectrometer are situated after the crystal. Even though it is 

possible to automatically control the polarization of the FEL pulse, it is preferable to 

maintain the same polarization of the input FELIX pulse for both schemes because 

the automatic change can result in a slight misalignment of the beam on the optical 

table. This is due to the backlash effects and is enough to create problems for the 

long paths of the mid-infrared beam in the stretcher/compressor system.

After passing through the stretcher, the pulse is amplified in the nonlinear 

crystal by nonlinear interaction with the pump pulse and it passes to the compressor 

in order to regain short pulse duration. The beam can be alternatively directed to the 

autocorrelator, or spectrometer. A more detailed description of the stretcher and 

compressor is given in the following sections.

8.2.1 The stretcher and the compressor

The stretcher and compressor are both classical all-reflective, one-grating 

stretcher devices. They chirp the incoming pulse in opposite ways. A transform 

limited pulse which passes the stretcher will have at the output a frequency 

distribution which varies in time: the “redder” light comes first and the “bluer” light 

comes later; the delay introduced between different wavelengths lengthen the initial 

pulse duration. The compressor acts in an opposite way: for an incoming transform- 

limited pulse, at the output of the compressor the blue light comes earlier than the 

red light.

In our experiment, the stretcher leads to a longer pulse, because at the input, 

the signal pulses from FELIX are transform limited, while the compressor restores 

the chirped (and amplified) pulse to a short pulse length, by compensating the delay 

between wavelengths of different colours.
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The dispersing effect used by the stretcher and compressor to modify the 

pulse length (and ideally maintaining the spectrum) is based on the principle of two 

gratings.

The grating pair

The concept of the grating pair used for varying the pulse length in the 

stretcher and compressor is illustrated in Figure 8-3:

F igure 8-3 T he prin cip le  o f  tw o d iffraction  gratings. T he “ red” ligh t is delayed  at th e  ex it o f  th e  
tw o gratings, due to  the d ispersive properties o f  th e  gratings. I f  th e  p a ir  o f  gratings is p assed  
on ly  once, a spatia l ch irp  appears at th e  ex it (a  co lour d istribution  at th e  d ashed  lin e). T h e  
spatia l ch irp  is rem oved  by in troducing  th e  flat m irror  M . F or separating  th e  in p u t and  ou tp u t  
beam s, th e  m irror can  b e  rep laced  w ith  a vertica l retroreflector

The diffraction grating is a dispersive system, because, at the same incidence 

angle 6., the diffraction angle y after the grating depends on the wavelength, 

according to the grating equation:

d(sin(6) + sin(y))=m/l (8-1)

with m being the diffraction order, d the distance between the grooves and X the 

wavelength. It is obvious that, because of different diffraction angles, the path 

lengths for different wavelengths passing through the grating system are different. 

The optical frequency of a chirped-Gaussian pulse varies in time according to [17]:

coi(t) = coQ(i)+2bt

with co = ---- and b being the chirp parameter.
X

The electric field can be then expressed as:

Eft) ~exp(-tf/2)exp(j (coot + bt2))
and the intensity:

(8-2)

(8-3)
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I(t)& exp(-2at2) (8-4)

where a is the parameter of the Gaussian function and is related to the FWHM pulse 

duration zlrby:

_ 2 ln( 2) 
= (A r)2

(8-5)

This formula can be easily derived from Eq.(8-4).

The problem of calculating the influence of the pair of gratings on the chirp 

and pulse duration of a Gaussian pulse reduces to calculation of parameters a and b 

after passing through the grating system. For a Gaussian pulse, after propagating 

through a dispersive medium, the parameters a and b vary with the propagation 

distance z according to [17]:

(l + i p ”zb 0)2 + (2/3"za 0)2
(8-6)

and:

= 60(l + 2fi"zbQ)+ 2y?"za02 
(l + 2fi"zbJ+{2/3"za0)2

(8-7)

with p ” the chirping parameter (the second order dispersion term), p=k(co), 

„ d2p
p  -  — -  ao and bo the input values for a and b and c the speed of light. 

dco

In the case of a pair of gratings, the chirping parameter is given by [18]:

/ r = - Am '
4Tied2 cos2 y

(8-8)

For an input transform-limited Gaussian pulse (bo=0,a0

Eqs.(8-5) and (8-6) lead to:

a(z)
l + (2 P " z a J

or

2 ln( 2) .
(A r j  1
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A r(z)2 = A Tq + AP"z\n(2) (8-9)
f Y

\  Ar0 )

b ( z )  =
2 (5 "  z a  02 

l + (2 p " z a 0 )2
(8- 10)

The relation between z and the distance between gratings, Az, is expressed 

by: z = Az/ cosy

Eqs.(8-9), (8-10) express the dependence of the stretched pulse duration and 

chirp, after passing through the pair of gratings, on grating parameters, distance 

between gratings, angle of incidence and pulse characteristics (initial pulse duration, 

wavelength). For a given pulse duration and wavelength, the incidence angle and the 

diffraction grating can be chosen to obtain a desired stretched pulse length. However, 

if efficiency is an issue, the incidence angle cannot be arbitrary chosen, and has to be 

close to the Litrow configuration. An additional increase of the stretched pulse 

duration is achieved by multiple passing through the pair of gratings. In this case, 

calculations have to take into account the values of parameters a and b after each 

pass and consider them as input values for the next pass.

The stretcher

The stretcher is designed to stretch pulses of few picosecond in length in the 

wavelength range of 4-11 pm, to values comparable to the pump pulse length (85 ps) 

or more. The construction of the stretcher is equivalent to the pair of gratings, 

described above, but introducing a total positive chirp.

A schematic view of the stretcher is presented in Figure 8-4.
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F igure 8-4  T he stretcher consists o f  the grating  and th e  telescop e w ith  m agn ifica tion  - 1 .  T he  
te lescop e consists o f  a con cave m irror and a flat m irror in  the focu s o f  th e  concave one, and a 
fo ld ing  m irror in  betw een . T he grating can  be rotated  around the vertica l axis to  ad ju st th e  
diffraction  angle for each  incom ing w avelength . R R  is a vertica l retroreflector  u sed  for  
red irectin g  the outgoing  beam  to  the stretcher. T he m irrors o f  th e  vertica l R R  are d isp laced  in  
th e  vertica l p lane, such  as th e  input p u lse  can  p ass th rough . A fter  tw o  w ays th rou gh  th e  
stretcher, a flat gold  m irror d irects it to  a periscope and  am plification  experim ent. T h e first 
periscope at the entrance o f  the stretcher flips the polariza tion  for  th e  m ost effic ien t reg im e o f  
th e  grating  (s-polarization ). T he second periscop e restores th e  po lariza tion  to  vertica l, as 
n ecessary  for am plification  experim ent.

The stretcher consists of a diffraction grating (150 gr/mm, 26.7° blaze angle, 

Richardson Gratings Laboratory (Spectra Physics)) and a telescope with 

magnification -1. The telescope contains a concave mirror with a focal length of -1 

m or -1.25 m, a flat mirror in the focus of the concave one, and a folding mirror in 

between. The diameter of the concave mirror is 10 cm, in both cases. Only one 

grating is used but the beam is redirected to it via the telescope in such a way that the 

beam path and dispersion effects are similar to an anti-parallel pair of gratings, with 

a “negative” distance in between, leading to a positive chirp (see Eqs.(8-8) and 

(8-10)).

The vertical retroreflector consists of two flat mirrors, gold plated, 4x6 cm2 in 

size, with the largest length in the horizontal plane. They are positioned at 90 degrees 

with respect to each other with a tolerance of less than 1 degree in 8 m. When the
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grating is positioned in the focus of the concave mirror, the pulse is ideally not 

stretched (z=0). If the distance from the grating to the mirror is greater than the focal 

length (z>0), the chirp is negative, and if is shorter (z<0), the chirp is positive. The 

distance between the grating and the curved mirror can be varied without changing 

the alignment of the outgoing beam by moving the telescope in the horizontal plane 

parallel to the direction of the diffracted beam. The movement in the horizontal plane 

(variable z) is necessary to adjust the stretched pulse duration, by taking into account 

the initial pulse duration and wavelength.

The telescope can be moved in the vertical plane, and this is necessary for 

alignment and adjusting the separation of the incoming-outgoing beams. The 

configuration of the beam on the diffraction grating is shown in Figure 8-5.

— —■> ^  
r\ ^

KJ “

F igu re  8-5 T he configuration  o f  th e  beam  on  th e  d iffraction  grating. 1 =  in c id en t b eam , 2 =  after  
th e  first round-trip  through  the stretcher, 3 -  a fter vertica l R R , 4 -a fter  tw o round  tr ip s throu gh  
th e  stretcher

The different size of the beams is due to the dispersion of the grating and 

reflects also the spatial chirp mentioned above. The separation of the beams 2 and 3 

is due to the retroreflector RR, which shifts the beam up and redirects it to the 

stretcher.

As mentioned before, in the brief description of the experimental setup, at the 

entrance and exit of the stretcher, the polarization is flipped with the aid of two 

periscopes, in order to take advantage of the higher diffraction efficiency of the 

grating in the s-plane for the wavelength range of 5-10 pm. A vertical retro-reflector 

is used to pass the stretcher twice, in order to remove the spatial chirp and to enhance 

the stretching.

The diffraction grating

The diffraction grating is a crucial element for the stretcher/compressor 

design. Its parameters influence the amount of light transmitted by the stretcher and 

on the stretching effect itself. Consequently, there are two main requirements for the

8-9



grating: high diffraction efficiency and appropriate stretching factor for the FELIX 

wavelength range used in experiments (4-11pm).

The diffraction efficiency is defined as the fraction of incident 

monochromatic light diffracted into a specific order [20]. It depends on several 

factors like: wavelength, diffraction order, polarization, blaze angle, departure from 

Littrow. An appropriate choice of the grating should take into account all the 

parameters.

In order to achieve a high efficiency over a wide wavelength range, it is 

preferable to use s-polarized light (perpendicular to the grooves), and blaze angles 

larger than 25 degrees, for which the efficiency in the s-plane shows a large plateau 

with a value higher than 80%. The Littrow configuration generally gives the highest 

diffraction efficiency. For s-polarization, the departure from Littrow shifts and 

shortens the useful wavelength range, but the peak efficiency remains high, close to 

100%. The blaze angle and diffraction efficiency are related in the sense that the 

shortening of the wavelength range is more pronounced for high values of the blaze 

angle and is very important for big deviation angles (i.e. the angle between the 

incident and diffracted beams), greater than 15 degrees. Due to the configuration of 

the stretcher-compressor system, and also to the requirement of high stretching 

factor, (favoured by a high diffraction angle), the departure from Littrow is about 23 

degrees. This experimental fact plays a role in choosing the right grating. In 

conclusion, the best compromise between a large wavelength range and small 

influence on this range at departure from Litrow is a blaze angle of 26.7 degrees. 

This value is a standard one, and efficiency curves are available for deviation angles 

of 8 and 45 degrees [22]. The plots are very often given as a function of AJd [21]. 

Thus, a groove density can be chosen for the desired wavelength range, for which 

A/d shows a large efficiency value for the entire range.

Taking into account the above-mentioned considerations and the standard 

available gratings, the best choice for the diffraction grating resulted to be 150 

gr/mm, 26.7° blaze angle with a ruled area of 64 x 64 mm (Richardson Gratings). 

Figure 8-6 presents the diffraction efficiency of the grating as given by the catalogue 

[19].

8-10



2 3 4 5 6 7 8 8 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25

Wavelength - fim

F igu re 8-6 D iffraction  effic iency  o f  the gratin g  used  in  experim ents [19] T he d ash ed  curve is the  
diffraction  efficiency for  th e  p -p lane, w h ile  the continuous one is for th e  s-p lan e, both  for  the  
first order (m = l) . B ecause in  th e  m id -in frared  ran ge the losses at the m eta l are n eg lig ib le , the  
absolu te d iffraction  effic iency  (m easu rin g  th e  d iffracted  pow er in  a certa in  ord er  re la tively  to  
th e  incident one) is eq u iva len t w ith  th e  re la tive  d iffraction  effic iency , w h ich  d eterm in es th e  
am ount o f  ligh t d iffracted  in  a certa in  order, w ith ou t accounting  for  losses.

More information about the diffraction efficiency of the grating used in 

experiments and a comparison with the measured efficiency, together with its 

influence on the stretcher compressor efficiency is presented in the section 8.3.1 

(The efficiency of the stretcher and the compressor), where is treated the efficiency 

of the stretcher and the compressor.

The FELIX beam position does not change with wavelength. That is why the 

incident beam on the grating does not change its alignment when scanning the 

wavelength. Because the incidence/diffraction angles on the grating vary as a 

function of the wavelength. According to Eq.(8-1), the grating rotation is necessary 

in order to preserve the deviation angle and the stretcher alignment. For a constant 

deviation angle and varying wavelength, the corresponding incidence and diffraction 

angles can be determined using Eq.(8-1).
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F igu re  8-7 Incidence and d iffraction  angles for 23 d egrees d ep artu re  from  L ittrow , as a function  
o f  w avelength

The angles, as a function of the input wavelength, are plotted in Figure 8-7. 

The knowledge of the incidence angles is necessary for the correct alignment of the 

stretcher when the FEL wavelength is scanned. The values of the diffraction angles 

are necessary in evaluating the stretching factor, according to Eq.(8-8). As one can 

notice, the incidence and diffraction angles are interchangeable, due to the symmetry 

of Eq.(8-1). The configuration with higher diffraction angles is chosen for a more 

efficient stretching effect, as shown by Eq.(8-8).

How pulses are stretched

The Eqs.(8-6) and (8-7) consist the basis for estimation of pulse durations 

after the stretcher. Because of the stretcher construction, the displacement of the 

grating from the focus of the concave mirror leads to a double distance z in Eq.(8-9) 

As already pointed out, the stretching effect depends strongly on the initial pulse 

duration (spectrum) of the incoming pulse; because FELIX micropulse bandwidth 

and pulse duration are adjustable in a wide range, the settings of the stretcher for a 

fixed wavelength and output pulse duration are not unique.

Figure 8-8, Figure 8-9 show some characteristics of the stretcher calculated 

with the parameters of the grating used in experiments. Two input pulse durations of 

1 and 5 ps respectively are chosen and the corresponding stretched pulse durations 

are plotted as a function of displacement for five different wavelengths are plotted.
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Initial pulse duration= 1 ps

Displacement (m)

F igure 8-8 C alcu la ted  stretched  pu lse d uration  aga in st th e  d isp lacem en t o f  th e  grating  from  th e  
foca l po in t o f  th e  m irror for d ifferent w avelen gth s and  for  1 p s in p u t pu lse  duration , (b ) is a 
d eta il o f  (a) for  stretched  pu lse  durations in a range up to  100 ps and  d isp lacem ents up to  3 5  cm .
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Initial pulse duration^ 5 ps

Displacement (m)

F igure 8-9 C alcu lated  stretched  pulse duration  against th e  d isp lacem en t o f  th e  gratin g  in  th e  
focal po in t o f  th e  m irror for d ifferent w avelen gth s and for  5 p s in p u t pu lse duration , (b ) is a 
detail o f  (a) for stretched  pu lse  durations in  a  range up to  100 ps and d isp lacem en ts up to  35  cm .

Figure 8-8 and Figure 8-9 characterize the ability of the stretcher to enlarge 

pulse durations for several different wavelengths, with different input characteristics. 

As can be noticed, the range in which the pulse duration can be stretched is quite 

large, and strongly depends on the input characteristics. While for the wavelength of 

10 pm, and initial pulse duration of 5 ps, a displacement of 10-25 cm is enough to 

stretch the pulse to about 100 ps, for the wavelength of 5 pm, and 1 ps pulse length, 

a displacement of 1 m is necessary for obtaining the same pulse duration.
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The compressor

The role of the compressor is to restore the short pulse duration for the 

amplified pulse; ideally the same as the incoming one. A scheme of the compressor 

is presented in Figure 8-10. The compressor operates on the same principle as the 

stretcher but has a different construction, which provides a positive chirp. It consists 

of a grating (similar to the one in the stretcher) and a horizontal retroreflector, which 

replaces the telescope with -1 magnification in the stretcher. The retroreflector is 

mobile to insure the adjustment of the minimum compressed pulse duration, at each 

wavelength. Thus the compressor becomes equivalent to the pair of gratings depicted 

in Figure 8-3. The role of the horizontal retroreflector is similar to the telescope in 

the stretcher, but the chirp has an opposite sign - the temporal delay between 

different wavelengths increases with wavelength. This crucial difference between the 

stretcher and compressor makes possible pulse compression. The vertical 

retroreflector has the same role as in the stretcher setup: it provides a double pass of 

the device, removing the spatial chirp, which appears after the first pass through the 

compressor, and enhances the chirp. Unlike in the stretcher setup, the input beam 

passes close to the vertical retroreflector to the compressor. In the compressor, the 

beam is displaced horizontally by the horizontal retroreflector. After the second 

incidence on the grating, the beam meets the vertical retroreflector and is redirected 

to the compressor to a lower height, the distance between the spots on the grating 

being the same as in the stretcher.
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F igure 8-10 S chem atic  v iew  o f  the com pressor setup . T he p eriscop e flips th e  p o lar iza tion  o f  the  
in p u t (am plified ) stretched  pu lse. A fter d iffraction , th e  beam  is  red irected  to  th e  gratin g  b y  a 
h orizonta l retroreflector. A fter  h itting th e  gratin g  second  tim e, th e  vertica l re troreflector  low ers 
th e  position  o f  th e  beam  and allow s th e  secon d  p ass throu gh  th e  com p ressor . A t th e  ex it, a 
m irror p ick s up  th e  beam . T he position  o f  th is m irror is low , and does not in tercep t th e  in cid en t 
beam , w h ich  p asses to  th e  grating  p aralle l w ith  the exit one but in  a h igher p osition .

Figure 8-11 shows the positions of the beams on the compressor grating. 

Each round trip in the compressor takes place in the horizontal plane. The first round 

trip is the upper one, the incident beam is displaced to the right by the horizontal 

retroreflector. The vertical retroreflector simply shifts the beam path in a lower 

plane, which makes possible also the pick up of the beam at the exit of the 

compressor.

w c r  O  *1------------

*------------p' CT O ‘n------------

F igure 8-11 T he configuration  o f  the beam s at th e  d iffraction  grating  in  th e  stretcher; 1- the  
incid en t beam  on  th e  grating , 2- the beam  after  one-round  throu gh  the com p ressor , a fter  h ittin g  
th e  h orizonta l retrorefe lctor  3- th e  beam  after  bein g  red irected  to com p ressor  b y  th e  vertica l 
retroreflector  4- th e  beam  after second round  th rou gh  th e  com pressor

The efficiency of the stretcher and compressor systems is an essential 

parameter, because is strongly influencing the value of the output energy extracted 

after OPCPA takes place. The stretcher efficiency is not as important as compressor 

efficiency, because it can be compensated by a high amplification factor in the
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amplification stage; while the compressor is the final stage of the OPCPA and 

represents a serious and unavoidable limit of output pulse energy.

For optimising the overall efficiency, the compressor contains less optics 

than the stretcher; it can be seen from Figure 8-4 and Figure 8-10 that the 

construction of the stretcher is adapted to give a positive chirp, while the compressor 

introduces a negative one. With this arrangement, the alignment of the compressor is 

easier than the stretcher alignment, which is important again because the compressor 

is the final stage and needs to be realigned more often than the stretcher.

8.3 Experimental results

The experimental results are divided in two main parts: the first part presents 

the measurements performed without amplification: temporal, spectral and spatial 

measurements are performed for the incoming and out coming beam in the 

stretcher/compressor system. The aim of these measurements is to provide 

information about the influence of the system itself on the spectral, temporal and 

spatial characteristics of the input pulse. The second part is dedicated to the chirped- 

pulse amplification experiment. It presents the results of the amplified energy for 

several wavelengths as a function of the pump pulse energy, autocorrelation traces 

spectral measurements showing the possibility of improvement of the results 

presented in Chapter 6.

8.3.1 Measurements without amplification

The experimental results have been obtained by measuring beam diameters, 

autocorrelation traces and spectra before and after the stretcher- compressor system. 

The characteristics were also investigated for the stretcher and compressor alone, in 

order to compare the individual influence on the pulse properties. The results are 

presented starting with the beam diameters and continuing with the spectra an 

autocorrelation traces. In the end of the section a small subsection is dedicated to the 

efficiency of the stretcher and compressor systems.

Beam diameters

Beam diameters and divergence of the interacting beams are very important 

for an efficient energy transfer in OPA process. A low divergence is significant for 

the ability of the stretcher/compressor to stretch/compress the pulse with minimum
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pulse distortions, because the angular dispersion existing in a nonparallel beam 

results in un-wanted dispersion effects. An additional negative effect consists of the 

losses that can occur at the optics, leading to spectral narrowing.

In an ideal case, the pump diameter is larger than the signal (like top-hat, or 

supergaussian profiles) [13,14]. The objective of achieving high power densities with 

OPCPA systems involves a uniform spatial profile of the amplified signal, which can 

then be focused to a small diameter after compression takes place. The beam 

diameter at the crystal is also a factor contributing to the saturation level and is 

limited by the available (transverse) size of the crystal, and by the issue of spatial 

walk-off with pump for comparable pump-beam diameters. For long crystals, small 

beam diameters of pump can be affected by spatial walk-off and consequent spatial 

gain modulation. In our experiment, the beam diameter is limited to the crystal size.

The beam diameters have been measured using a Spiricon linear array, with 

256 elements/inch. The array is positioned at the peak intensity in the horizontal and 

vertical planes, and the profile is visualised on a Tectronix oscilloscope. The traces 

are grabbed and recorded with the aid of a Labview code available at FELIX facility.

In Figure 8-12 (a) and (b), the FWHM (full-width at half maximum) beam 

diameters of the FELIX beam at the entrance of the stretcher and at the crystal are 

shown.

7 8 9 10
Wavelength (jim)

7 8 9
Wavelength (gm)

F igure 8-12 B eam  diam eters (FW H M ) at tw o d ifferen t p ositions, show in g  a w avelen g th  
depen d en ce o f  the beam  d iam eter and a low  beam  d ivergence. T he tw o p osition s are sep arated  
about tw o  m etres. The first beam  corresponds to  th e  en trance in the stretch er  and  th e  secon d  to  
th e  position  o f  the crystal

The separation between the positions is two metres. The values of the beam 

diameters show a dependence on wavelength, the beam diameters at the crystal 

increase with wavelength. Figure 8-13 presents the measured values of the beam
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diameters as a function of the distance at the entrance of the stretcher, at 6.3 pm 

wavelength. The diameters are determined inside the stretcher compressor system, 

and not at free propagation of the beam along the whole distance, and they show a 

slight convergence of the beam at the exit of the compressor (the longer distance in 

the figure).
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F igu re 8-13 T he F W H M  beam  d iam eter (F E L IX ) as a function  o f  d istan ce  at 6.3 p m . T he  
referen ce d istance is con sidered  at the en trance o f  th e  stretcher. T he m easu rem en ts sh ow  a 
sligh t convergence o f  th e  beam  at th e  exit o f  th e  com p ressor  (the lon ger  d istan ce  in  th e  figu re)

For FELIX, the beam diameters on the table are influenced not only by 

wavelength, but also by the settings of the out-coupling mirror. This affects the value 

of the macropulse energy for a certain wavelength range. The beam diameters (at the 

crystal, after passing through the stretcher) in the case of optimised energy in the 

range 8-10 pm are shown in Figure 8-14.
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F igure 8-14 B eam  d iam eter for  the stretched  beam  a t th e  crysta l, for  F E L IX  settin gs for  
optim um  F E L IX  energy  in the range 8-10 pm

In conclusion, the beam diameters depend on wavelength, and vary between 

4 mm and 8 mm in the case of the stretched beam and between 5 mm and 10 for the 

unstretched case. A major impediment for modifying the beam diameter before the 

crystal is this dependence on wavelength; using an all-reflective telescope would 

modify all the diameters to the same extent. Using refractive optics would bring a 

focal length dependence on the wavelength, which in turn can bring the difficulty of 

adjusting the lens positions for each wavelength. The possibility of adjusting the 

beam diameter after the stretcher is limited by the unavoidable small difference in 

the directions of the output beams. Lenses also introduce additional losses.

The solution is to avoid the use of any telescope before the stretcher or before the 

crystal, because the measured beam diameters at the crystal have still convenient 

values for the experiments, in the sense that they are comparable to the crystal size, 

they do not vary dramatically, and they are also comparable to the size of the pump 

beam diameter at the crystal.

Spectral measurements and autocorrelation traces

In this section, the influence of the stretcher and compressor on the spectral 

and temporal characteristic of the signal pulse is investigated. Firstly, it is shown 

how the spectral-temporal characteristics of FELIX micropulses vary along the 

macropulse. This is important because the amount of stretching depends on the input 

spectral bandwidth of the pulse. Secondly, some spectra and autocorrelation traces of 

the input pulse in the stretcher, and pulses out of the stretcher and compressor are
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presented, showing a not significant influence of the stretcher/compressor system on 

the spectral and temporal characteristics of the signal pulse. Most of the 

measurements are performed at 6.3 pm, a signal wavelength most often used in the 

amplification experiments.

In Figure 8-15 (a) the spectral bandwidth, calculated as a FWHM from the 

recorded spectra is plotted against temporal position of the FELIX micropulse in the 

macropulse. The position in the macropulse is indicated by the overlapped 

macropulse trace. The knowledge of these properties is important for characterizing 

the stretching effect on the micropulse selected for amplification. It can be noticed 

that the spectral bandwidth is larger for the leading edge and decreases 

monotonically to the trailing edge. Correspondingly, the pulse duration derived from 

autocorrelation traces is shorter on the leading edge of the macropulse. The 

calculated pulse durations from the autocorrelation traces, assuming Gaussian shape, 

are plotted in Figure 8-15 (b), also as a function of the position of the micropulse in 

the macropulse. Because the Felix micropulse is selected close to the maximum 

energy, its bandwidth is narrow (can be even more than twice or smaller than the 

bandwidth of the micropulse in the leading edge of the macropulse). Consequently, 

the stretcher acts differently on micropulses at different moments in the macropulse, 

because the stretching effect is affected by the different input bandwidths. From the 

experimental point of view, the relevant behaviour is that corresponding to the 

micropulses with highest energy, because the selected micropulse for parametric 

amplification lies in that region.

F igure 8-15 B andw idth  (a) and pu lse d urations (b) for d ifferen t m om en ts in  th e  m acrop u lse . 
T he stars m ark  th e  position  o f  the m icrop u lse  in  th e  m acropu lse. T h e m easu rem en ts are  
p erform ed  at 6.3 pm  w avelength  o f  F E L IX
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An important feature of the stretcher-compressor system is the possibility of 

compressing the pulse back to short pulse durations, ideally to the same pulse 

duration of the unstretched pulse. In the particular case of amplifying FELIX 

micropulses, this is valid for the micropulse involved in the parametric amplification. 

The overall spectral changes of the other pulses in the macropulse train are not 

important from the point of view of parametric amplification.

Losses can take place because the grating is a dispersive system and the sizes 

of the beams can exceed the size of the optical components for short pulses and large 

bandwidth. Misalignments of the stretcher can lead to similar effects. If part of the 

spectrum is lost in the system, it is not possible to compress back the pulse to the 

initial pulse duration. However, the measurements performed at different 

wavelengths showed the same bandwidth of the pulse before and after stretching. 

Figure 8-16 shows the values of the FWHM bandwidths for the FEL pulses at the 

input of the stretcher/compressor system compared to the bandwidth of the pulses at 

the output of the stretcher compressor system, at a wavelength of 6.3 pm. From this 

figure, it appears that the bandwidth is unchanged after passing the stretcher and the 

compressor, excepting the region at the beginning of the FEL macropulse. This can 

be due to a spectral loss at the stretcher components.

F igure 8-16 T he spectra o f  the input (b lack  squares) and ou tput p u lses , a fter  stretch in g  and  
com pressing  (circles), at d ifferen t m om ents in  th e  m acorpu lse o f  F E L IX

In Figure 8-17 the spectra of the un-stretched and stretched and compressed 

pulses are compared. No essential modification is observed between the spectrum of 

the input and output pulses at the stretcher/compressor system. The measurements
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are performed around 6.3 pm. Figure 8-18 presents the spectra of the pulses at the 

input and output of the stretcher, for a central wavelength of approximately 10 pm. 

The conclusion is similar with the one deriving from Figure 8-17: the stretcher does 

not influence the bandwidth of the input pulse.

Figure 8-17 Spectra of the un-stretched and stretched-compressed pulse, for the peak-power in 
the macropulse, usually selected in amplification experiments. The figure shows not significant 
modification of the spectrum after passing the stretcher-compressor system

Figure 8-18 Spectra of the unstretched and stretched pulses, at a central wavelength ~ 9.92 pm 

The autocorrelation traces bring similar conclusions. An example is shown in 

Figure 8-19. The figure presents the autocorrelation traces for the input (unstretched) 

pulse and the output pulse, which passed successively through the stretcher and the 

compressor. The measurements show the ability of the whole system to recompress 

the pulse to the initial pulse duration, in the absence of the amplification process.
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Figure 8-19 Autocorrelation traces for incident pulse and stretched and compressed at 6.3 pm, 
for the micropulse, which is selected for amplification

In Figure 8-20 the results of the measurements on the stretched pulse 

durations for two different (but close) configurations of the stretcher are plotted. The 

expected pulse durations are determined by using the measured pulse duration of the 

input pulse and the stretcher configuration and Eqs.(8-9) and (8-10). The calculated 

values are plotted together with the ones determined from autocorrelation traces, 

assuming Gaussian shapes. The results show a precision of several picoseconds at a 

wavelength of 6.3 pm. At this wavelength, a variation of several centimetres in the 

displacement of the stretcher (the position of the grating with respect to the concave 

mirror in the telescope) does not significantly influence the stretched pulse duration. 

For longer wavelengths (9-10 pm), the variation of the stretched pulse duration with 

the distance between the diffraction grating of the stretcher to the focus of the 

concave mirror is much more dramatic, as presented in the section 8.2.1.
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Figure 8-20 Measured and calculated stretched pulse durations. The expected pulse durations 
are determined by using the measured pulse duration of the input pulse, assuming Gaussian 
shape, the stretcher configuration (the displacements) and (8-9) and (8-10). The circles and 
triangles correspond to calculated pulse durations for stretcher displacements of 0.5 and 0.56 m.

In Figure 8-21 the pulse durations for the input un-stretched and output 

stretched-compressed pulses are presented, as resulting from the autocorrelation 

traces, and assuming Gaussian pulse shape.

Figure 8-21 Pulse durations calculated from autocorrelation traces,a assuming Gaussian shape. 
A comparison is made between the unstretched and stretched-compressed pulses for the 
shortest compressed pulses.

The different distances represent the distance from the horizontal 

retroreflector in the compressor to the diffraction grating (see Figure 8-10). The 

displacement in the stretcher (the distance between the focus of the concave mirror 

and the grating) was 52 cm.
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The efficiency of the stretcher and the compressor

In the configuration of the stretcher, a concave silver mirror with -1 m focal 

length and a silver pick-up mirror at the exit were initially used. They were replaced 

by a concave gold-coated mirror, with a longer focal length of -1.25 m and the same 

diameter of the silver one (10 cm), and with a gold-coated pick-up mirror, 

respectively. The change in the focal length of the concave mirror aimed the 

possibility of longer stretched pulses in the range of low wavelengths (5-6.5 pm). 

The stretcher efficiency for both configurations has been determined and is shown in 

Figure 8-22. It can be noticed a slight improvement of the efficiency with the gold- 

coated mirrors, and some particular wavelengths where the efficiency dropped when 

using silver mirrors.
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stretcher silver  mirrors 
com pressor
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Figure 8-22 Efficiency of the stretcher and compressor as a function of wavelength. For the 
stretcher, the efficiency is measured with using different concave mirrors and different pick-up 
mirrors. For the gold plated mirrors, the experimental values of efficiency are plotted with 
square symbols, while for the silver mirrors they are plotted as triangles. The circles represent 
the experimental data available for the efficiency of the compressor. For comparison, the ideal 
efficiency derived as a fourth power of the diffraction efficiency is added

The efficiency of the compressor system has been also determined for several 

wavelengths. Figure 8-22 shows the measurements of the stretcher and compression 

efficiency for a set of wavelengths and using two different concave-mirrors in the 

stretcher telescope. The reflectance of silver and gold in the mid-infrared is typically 

97-99%. However, the low efficiency (only around 40%) is due mainly to the 

diminished grating efficiency after a long use. This can be seen in Figure 8-23 (a), 

which shows some measurements of the grating efficiency before and after 

experiments.
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Figure 8-23 (a) The measured (relative) efficiency of the diffraction grating before starting 
amplification experiments and after few months of experiments (hundreds of hours of grating 
use, with an incident power of several milijoules) (b) The calculated efficiency of the 
stretcher/compressor, with two round-trips, neglecting other losses in the systems, with data 
from the diffraction efficiency before and after performing experiments (only in the s-plane)

Figure 8-23 (b) presents the expected efficiency of the optical system in case 

the diffraction grating is hit four times (as it is the case of the stretcher and 

compressor with two round trips). The efficiency of the stretcher/compressor 

systems is sensitive to any decrease of the diffraction efficiency because this is 

enhanced with a power of four. A measure of this drop is expressed by the plots in 

Figure 8-23 (b).

When comparing the measured efficiency of the stretcher and compressor 

with the one calculated from the measured diffraction efficiency after a long use of 

the gratings, the values appear to be very close, revealing no substantial influence of 

the gold-coated mirrors in the stretcher and the compressor.

As a conclusion of the section 8.3.1, it can be stated that the 

stretcher/compressor system does not change the input temporal/spectral 

characteristics of the FELIX pulse. This happens when the bandwidth of the input 

pulse does not exceed 40 nm. In this case the efficiency of the stretcher and of the 

compressor does not exceed 40%. The optical element responsible for that is the 

diffraction grating.

8.3.2 Amplification experiment

This section presents the experimental results obtained with the OPCPA 

method. The methods used are the ones described in Chapter 6. The measured 

amplified energy versus pump and signal input energy are firstly presented for the 

two crystal lengths: 17 mm and 16 mm. A small subsection is dedicated to the
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energy of the compressed pulse. In the next section the variation of the amplified 

energy as a function of the delay between the pump and signal is studied. The last 

section is treating the factors that induce changes of the spectral and temporal 

characteristic of the pulse undergoing OPCPA.

Energy measurements

Measurements at 17 mm crystal length

First experiments were performed using the 17 mm long crystal. The most 

important results are related to the values of the amplified energy and amplification 

factor. The measurements were performed at the wavelength of 6.3 pm.

Figure 8-24 and Figure 8-25 show the amplified energy and amplification factor at a 

stretched pulse duration of approximately 35 ps length at 6.3 pm central signal pulse 

wavelength. The experimental values show amplified energies of more than 2.4 

millijoules, which correspond to a compressed pulse energy of more than one 

milijoule. The pump energy was 73 mJ. The curves show also a good stability of the 

amplified pulse energy, due to the stability of the pump pulse and to the saturation 

regime. The saturation starts to manifest at input signal energy of few microjoules.

Figure 8-24 The amplified energy against the input FELIX energy (at the crystal) for a 
stretched pulse duration of 35 ps, at 73 mJ pump energy and 6.3 pm central signal pulse 
wavelength

8-28



Figure 8-25 the amplification factor against the input FELIX energy for a stretched pulse 
duration of ~ 35 ps at 6.3 pm central wavelength and 73 mJ pump energy. In (a) the 
displacement in the stretcher is 57.4 cm and in (b) the displacement is 53.4 cm

Thus, the maximum amplified energy depends strongly on the input FEL 

energy, if the micropulse energy on the crystal is less than 5 pJ. The value of the 

input signal energy of the FELIX micropulse can be optimised for a narrow spectrum 

of the micropulse, which must not exceed the bandwidth acceptance of the crystal. 

The saturation effect appears also from Figure 8-25. It can be noticed that the 

amplification factor decreases with the signal energy, from few thousands to few 

tens.

These considerations about saturation effect are valid for the maximum pump 

energy of about 73 mJ on the crystal, because the amplified energy strongly depends 

also on the pump energy. Figure 8-26 shows this dependence.

Figure 8-26 Amplified energy against the pump pulse energy for a stretched pulse duration of 
35 ps. The input energy of the micropulse, at the crystal, was 10 pJ. In (a) the displacement in 
the stretcher is 57.4 cm and in (b) the displacement is 53.4 cm

Measurements were taken in the same conditions with the plots presented in

Figure 8-24 and Figure 8-25. The usual fluctuations of ~ 1% in the pump energy lead
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to a good stability of the amplified pulse energy (less than 5 %). The drop in the 

pump energy that can happen after a long use of the laser or the malfunction of the 

seed laser leading to strong fluctuations in the pump power, could lead in turn to 

high fluctuations of the amplified pulse. For example, according to Figure 8-26, a 

fluctuation of 10%-20% of the pump energy leads to fluctuations of several hundreds 

of microjoules in the amplified pulse. The temporal fluctuations causing a bad 

temporal effects and the pointing stability of the pump laser usually associated with 

the un-seeded regime increase the fluctuations of the amplified energy.

Measurements at 16 mm crystal length

After polishing and recoating the crystal, its length decreased to 16 mm. It 

was still possible to extract an energy of about 2 mJ at 6.3 pm (depending on the 

input FEL pulse energy). The influence of the crystal length is more important at low 

pump energies than for the high pump energies (close to the limit of 70-80 mJ). This 

is due to the fact that at low pump energies, the level of saturation is not high and, 

consequently, the relative influence on the amplified energy is more sensitive to any 

factor decreasing the gain (crystal length and nonlinear constant). At high pump 

energies, the saturation is strong and the variations of the same factors do not have 

the same impact on the amplified energy.

The dependence of the amplified energy for different pump energies is 

plotted at various wavelengths and some different stretched pulse durations. Figure

8-27 (a) and (b) presents the dependences of the energy of the stretched-amplified 

pulse, at 5.4 signal wavelength, for two different displacements of the stretcher, 

leading to (estimated) pulse durations of 23 and 44.7 ps respectively.

8-30



Figure 8-27 Amplified FEL energy against the pump energy at 5.4 pm signal wavelength for two 
different stretched pulse durations. The input signal energy at the crystal is 3.15 pJ (a) and 2.5 
p j in (b) The corresponding calculated pulse durations are 23 ps in (a) and 44.7 ps in (b). In (a) 
the two curves represent measurements of the amplified energy with a delay between pump and 
signal of 10 ps.

The maximum amplified energies, corresponding to pump energies of about 

73 mJ are comparable to the maximum ones obtained in the OP A experiments, but 

with higher input signal energy (~20 pJ). Because of the low efficiency of the 

grating around 5 pm and horizontal polarization, the energy of the amplified pulse 

obtainable at this wavelength is not improved, and even decreased if considering the 

similar loss introduced by the compressor. A better efficiency with the same grating 

could be obtained, for wavelengths between 4-5.5 pm, with p-polarization (parallel 

to the grooves) of the signal electric field, but such experiments have not been 

performed. Figure 8-27 (a) presents results for similar measurements, the only 

difference being the 10 ps delay between the pump and signal pulses. Adjusting the 

delay can slightly improve the value of the amplified energy at high pump energy, 

but, as it will be shown later in this chapter (section 8.3.2, (Spectral measurements)) 

this can lead to a central wavelength shift and spectral narrowing of the stretched- 

amplified pulse.

Figure 8-28 presents some experimental results obtained for the stretched- 

pulse amplification at signal wavelengths around 6 pm. Figure 8-28 (a) presents the 

experimental results of the energy of the amplified pulse against results for 6 pm 

signal wavelength, while (b) and (c) refer to measurements taken at 6.3 pm signal 

wavelength, for two different settings of FELIX, but at the same displacement in the 

stretcher. In Figure 8-28 (b), the two measurements correspond to a 10 ps difference 

in the delay between the pump and signal pulses.
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Figure 8-28 (a)Amplifled energy of FEL at 6 pm signal wavelength, 2 p j input signal energy 
and against the pump energy, (b)same as (a) with 6.3 pm signal wavelength, 3.5 input signal 
energy and (c) the same as (b) with 4 pJ input signal energy, and different FEL settings

The difference in the values of the amplified energy is due to the different 

input signal energy, or to the delay between the pump and signal pulses.

Figure 8-29 presents similar results for a signal wavelength of 10 pm, and 5 

pj input signal energy. The stretched pulse duration is estimated to be 25 ps. Values 

as high as 700 pJ of the amplified energy are obtained, for pump energy of ~ 66 mJ.
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Figure 8-29 The amplified energy as a function of pump energy at 10 pm signal wavelength, 5 
p j input signal energy and 4 cm displacement, corresponding to ~ 25 ps stretched pulse length

The wavelength dependence of the maximum stretched-amplified pulse 

energy is exemplified Figure 8-30. The two plots were obtained for different FEL 

settings, yielding different beam diameters and different input pulse energy, but 

approximately the same bandwidth. The pump energy was ~ 65 mJ. The amplified 

energy decreases with wavelength because the efficiency of the nonlinear process 

depends on the nonlinear constant, which is a function of wavelength.
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Figure 8-30 Stretched-amplified pulse energy as a function of wavelength for FEL settings 
optimized for 8-10 pm and displacement of the stretcher of 25 cm (a) and 56 cm (b), input 
bandwidth 0.2% and pump energy ~ 64 mJ

The amplified energy depends also on the stretched pulse duration. Stretching 

is effective in terms of power if two conditions are fulfilled: surmounting of 

saturation effect and preserving of the short pulse duration after compressing. In the 

stretched pulse duration exceeds the pump pulse duration, the spectrum of the
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amplified pulse can be modified (becomes narrower than the initial one). 

Considering only this effect, after compression it is not possible to reach the initial 

pulse duration. As discussed in the section 8.2 when describing the experimental 

setup, the influence of the displacement on the stretched pulse duration depends on 

the wavelength. For short wavelengths (4-5.5 pm), the displacement necessary to 

produce pulses of tens of picoseconds approaches 1 m. For long wavelengths 

(around 10 pm), the displacement is of the order of 1 cm. A consequence is that the 

sensitivity of the stretched pulse duration to the variation of the stretcher 

configuration is much higher at long wavelengths than at short ones. That is why, in 

Figure 8-30, the high values of the amplified energy at longer wavelengths (8.5-10 

pm is due both to spectral narrowing and high signal input energy.

As can be observed from spectral measurements, presented in section 8.3.2, 

(iSpectral measurements), the optimum stretched pulse duration is conditioned not 

only by the maximum obtainable energy, but also by the delay between the 

stretched-signal with respect to the pump pulse. The stretching and the relative delay 

can determine a narrowing of the output pulse, due to the comparable lengths of the 

two pulses. Thus, despite a high energy in reality the power can be affected. For 

pump pulses much longer than the stretched pulse durations, the influence of the 

delay and its jitter is minimized, eliminating also the spectral effect associated with 

them.

Because in our experiment the stretched signal and the pump pulses have 

comparable lengths, the delay between the pulses is also important and 

superimposing the peak intensities has to be accurate (in 5 ps) in order to preserve 

the central wavelength and the high power of the amplified pulse.

Figure 8-31 and Figure 8-32 present the amplification factor and the amplified 

energy as functions of stretched pulse duration at two different wavelengths: 8.8 pm 

and 10 pm. For 9 pm it is possible to identify a stretched pulse length for which the 

amplified energy reaches a maximum. This is around 30 ps. For 10 pm, the 

measurements were taken at pulse lengths shorter than 30 ps.
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Figure 8-32The dependence of amplified energy (a) and amplification factor (b) on the stretched 
pulse duration, as calculated from the displacement of the grating in the stretcher, at 10 pm 
signal wavelength, crystal length= 16mm

The compressed pulse

The energy of the compressed pulse has been also measured at the exit of the 

compressor. The results are presented in Figure 8-33. The amplified energy at the 

output of the compressor is plotted against the pump energy, at 6.3 pm signal 

wavelength. For these measurements, a value as high as 800 pJ amplified energy was 

determined.
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Figure 8-33 Energy of the compressed pulse against the pump energy at 6.3 pm wavelength and 
10 pJ input energy of the FEL pulse

Measurements with variable delay between the pum p and signal pulses

The temporal overlap between the pump and signal pulses is an important 

issue for the amplification process. Not only the amplified energy is affected by a 

poor synchronization, but also the stability and the temporal and spectral 

characteristics of the amplified pulse. The delay between the pump and signal pulse 

which can lead to significant modifications of the characteristics of the amplified 

pulse depends on the pulse durations and irradiances of the interacting pulses. An 

important feature is the jitter between the two pulses; this has to be much less than 

the duration of the pump pulse.

In the OPA case, because the pump pulse is much longer than the signal, the 

effect is not as noticeable as for the OPCPA case, particularly in our experiment. 

Other systems use nanosecond pump pulses and several hundreds picoseconds 

stretched pulses, so the conditions are very different from the point of view of 

relative length of the interacting pulses and the acceptable jitter between them.

The effects of the wrong temporal overlap on the spectral characteristics of 

the amplified pulse are presented in section 8.3.2, {Spectral measurements).

Because in the experiments presented in this thesis, the pump and signal pulse 

durations are comparable, the delay influence on the amplified energy and spectral 

characteristics is prominent.

In Figure 8-34 a comparison between the parametric gain in the case of OPA 

and OPCPA is shown. The measurements are taken at low pump energy (25 mJ) at 

an input energy of the stretched pulse of 1 pJ. The signal wavelength is 10.06 pm.

8-36



18 

16 

14

12g'3 in
DO 1 UU
'G 8u
I 63Ph 4

2 
0
-300 -200 -lOOi , 0 x 100 200Delay (ps)

Figure 8-34 Measurements of the parametric gain with varying the delay between the pump and 
the signal pulses, at 10.06 pm. Comparison between the unstretched and stretched-amplified 
pulses. Pump energy is 25 mJ, while the signal pulse energy is 1 pJ

The plots reveal the existence of the second peak in the pump pulse (or, 

better said, of a prepulse). The presence of the peak was also shown by the 

autocorrelation traces of the pump pulse, presented in Chapter 4. The peak appears to 

be here at a distance of 150 ps from the main one. The peak separation in the 

autocorrelation trace was determined to be 200 ps. Other measurements with time 

delay variation showed also a value of 200 ps. It is not clear if the separation of the 

two pulses in the structure of the pump pulse indeed varied, or is a “bug” in the 

phase shifter, which varies the delay.

The instabilities present in the stretched amplified pulse in comparison with 

the un-stretched pulse measurements, are due to the fact that the stretched pulse does 

not saturate the amplification process at this level of the pump energy.

Figure 8-35 shows three measurements corresponding to three different 

stretched pulse durations at 10 pm.
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Figure 8-35 Measurements with temporal delay at 10 pm for different stretched pulse durations

The different pulse duration at this wavelength were obtained by only 1 cm 

difference in the displacement of the stretcher. The comparison of the plots shows 

the “de-saturation” of the amplification process at longer stretched signal pulse 

durations, while the other conditions remain similar. The energy of the amplified 

pulse is higher for longer stretched pulses.

In addition to the problem related to the separation of the pulses in the pump 

structure, an intriguing fact is that the data corresponding to the shortest stretched 

pulse duration do not fit with simulations considering a 85 ps pump pulse length, but 

they show the possibility of much shorter pump pulse (about a half, see also 

comments in section 6.3.6). This can be caused by an error in the effective delay 

introduced by the phase shifter between the pump and signal pulses.

Spectral and tem poral features of the amplified pulse

Ideally, the spectral and temporal characteristics of the amplified pulse 

should be similar to those of the input signal FEL pulse. This is necessary for 

maintaining a high power in the output pulse. In a previous section, 8.3.1, the 

influence of the stretcher-compressor system alone on the input pulse characteristics 

has been investigated. It was shown that a signal pulse of a few picosecond pulse 

duration traversing the stretcher-compressor system preserves its spectral and 

temporal characteristic. But the stretcher — compressor is just one of the factors with 

possible influence on the spectral and temporal characteristics of the amplified pulse. 

Because the output pulse duration can be minimized with a correct configuration of 

the compressor, the temporal characteristics are considered for the minimum pulse
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at duration that can be obtained out of the compressor. This situation corresponds to a

near transform limited pulse at the exit of the compressor. If the output pulse were 

chirped, the pulse duration would be naturally longer and autocorrelation traces 

broadened. One can then consider that the main changes in the spectral and temporal 

characteristics of the stretched-amplified and compressed pulses are caused by the 

parametric amplification and the factors related to it.

These factors which can affect the spectral/temporal characteristics of the 

amplified pulse are: the pump pulse duration, the synchronisation of the pump with 

the signal, the jitter, the absorption in water vapours and other molecules present in 

the atmosphseric environment, and the amplification process itself. It can be noticed 

that, in comparison with the situation of OP A, there are some specific issues related 

to the pulse-chirping and the relation between the stretched pulse length and the 

pump pulse. The pump/stretched signal pulse durations, the jitter between them and 

the actual delay of the two interacting pulses can be considered together, because 

they are all related to the temporal overlap.

The first factor to be mentioned is the pump pulse duration. The pump pulse 

has to be long compared with the stretched signal length (ideally top hat). In a 

stretched pulse, there exists a temporal distribution of wavelengths. Consequently, if 

the pump pulse were too short compared with the signal pulse, the initial spectrum 

could be altered (only part of the spectrum will get enough gain and will be 

amplified).

In an analogous way the influence of the pump temporal instabilities can be 

explained. Even if the pump pulse were long enough compared with the stretched 

signal pulse, if the jitter between them is comparable with the pump pulse length, the 

amplified spectrum and energy become extremely unstable. The situation of the high 

jitter can appear for example when the regenerative amplifier of the pump pulse is 

not properly seeded, or can be caused by the noise in the electronics ruling the 

synchronization between the two interacting pulses.

Another factor influencing the spectral and temporal characteristics is the 

delay between the pump and the signal pulses. Due to the fact that the pump pulse 

length is several tens of picoseconds long and the stretched pulse duration is of the 

same order of magnitude, if the pump pulse is not centred on the stretched signal 

pulse, the maximum intensity of the pump will favour amplification of wavelengths 

different than the central one, while other wavelengths can be even not overlapped
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with the pump pulse. This shifts the central wavelength and possibly modifies the 

bandwidth of the amplified pulse.

There are also some common features to OPA and OPCPA, as the influence 

of the pump power and the saturation effects, but, because of the wavelength 

distribution they act in a different way on the spectral and temporal characteristics, 

as it will be shown by experimental results in the next sub-section and in Chapter 6 

by simulations. However, the influence of saturation is reduced by the loss in the 

input signal energy due to the stretcher efficiency, and by the decrease in intensity 

due to the pulse-chirp.

The experimental results presented in this section show that the amplification 

process, in proper conditions of pulse duration (input signal bandwidth), does not 

significantly influence the spectrum of the amplified pulse. The compressed pulse 

duration is very close to the input one.

Spectral measurements

Figure 8-36 presents the input stretched pulse, without being amplified, at 6.3 

pm and 57 cm displacement, while Figure 8-37 (a) and (b) presents the measured 

spectra of the stretched measurements performed with the 17 mm long crystal. The 

measurements showed a change from approximately 16 nm bandwidth of the 

stretched pulse to 20 nm bandwidth of the stretched amplified pulse at the pump 

energy of 73.5 mJ. These results confirm the spectral broadening due to the 

saturation effect, with increasing pump energy.

Figure 8-36 The spectrum of the stretched pulse at 6.3 pm and 57 cm displacement
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Figure 8-37 The spectrum of the stretched-amplified pulse at 6.3 pm, at 57 cm displacement of 
the stretcher and approximately 30 ps pulse length, (a) for 58 mJ pump energy and (b) for 73.5 
mJ pump energy. The not-amplified stretched-pulse spectrum is given in the previous figure

Figure 8-38 presents the effect of the stretching on the amplified pulse 

spectra. The measurements have been performed at a central wavelength close to 10 

pm (9.95), and for different stretched pulse durations.

Figure 8-38 The influence of the stretched pulse duration on spectra at a central signal 
wavelength of approximately 9.94 pm. The increasing stretched pulse duration causes a spectral 
narrowing due to the limited overlap with the pump pulse and to the wavelength distribution in 
the stretched signal pulse

It can be noticed that, for short pulse durations, the spectra of the amplified 

pulse is broader than the ones corresponding to longer pulse durations. For a pulse 

length of approximately 140 ps, the spectral bandwidth becomes at least two times 

narrower than for pulse durations of 7-25 ps. The shift of the central wavelength is 

due to the saturation effect and to the delay between the maximum intensities of the 

two interacting pulses.
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The shift of the central wavelength and the spectral narrowing due to the poor 

temporal overlap between the pump and stretched-signal pulses is shown also in 

Figure 8-39.
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Figure 8-39 Comparison of the stretched (solid line) stretched-amplified (dotted line) and 
compressed pulses spectra around 62.9 pm central wavelength of the stretched pulse and for 30 
mJ pump energy. The central wavelength of the stretched-amplified and compressed pulses 
shifts to shorter wavelengths with ~20 nm. The wavelength shift is attributed to the incorrect 
temporal overlap of pump and stretched signal pulses

In Figure 8-39, the spectra of the stretched pulse before amplification, of the 

stretched amplified pulse, and the compressed pulse are plotted together. The spectra 

of the stretched-amplified and compressed pulses are almost the same, but the not 

amplified stretched pulse has a different central wavelength and is broader. This 

effect typically appears when one optimises the value of the amplified energy while 

adjusting the delay between the pump and signal pulses. This type of measurements 

could be an easy way to determine, on a scale of picoseconds-tens of picoseconds, of 

the long and short-time stability of the electronics governing the delay between 

FELIX pulses and any other laser synchronized to it. If, for any reason, the actual 

delay between the pump pulse and FELIX shifts in time, this is visible by 

simultaneous grabbing the spectra of stretched and stretched-amplified pulses.

Another example of the influence of the delay on the spectral characteristics 

of the stretched-amplified pulse is shown in Figure 8-40 (a)-(c). Measurements are 

performed at low pump energy, so the wavelength shift cannot be due to saturation 

effects. The displacement in the stretcher is 48 cm and corresponds to a-calculated 

stretched-pulse duration of 49 ps, more than one half of the pump pulse length.
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Figure 8-40 Spectra of the stretched and stretched amplified pulses with different delays: (a) 0 
ps; (b) 20 ps; (c) 40 ps. The central wavelength of the stretched amplified pulses is shifted to 
lower values with increasing delay. Measurements are performed at low pump energy, so the 
wavelength shift cannot be due to saturation effects. The displacement in the stretcher is 48 cm 
and corresponds to a-calculated stretched-pulse duration of 49 ps, more than one half of the 
pump pulse length. The plots on the left side of the figure are recorded plots and the ones on the 
right side are converted to the time domain using the chirp value of 3.637xl0'3 THz/ps.

The spectra of the stretched and stretched amplified pulses are recorded for 

three different values of the delay. The pump energy is low (around 8 mJ). As 

previously mentioned, the central wavelength shift effect is due to the wavelength
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distribution in the stretched pulse and the preferential amplification of the 

wavelengths with the maximum intensity of the pump pulse. The wavelength shift of 

the stretched amplified pulse can be noticed while the delay is increased. Because the 

pulses are chirped, it is possible to convert the plots on the left side of Figure 8-40 

(panels (a)) in time (panels (b)), by using Eq.(8-2) .The frequency chirp b, calculated 

using Eq.(8-10), corresponding to a displacement of 48 cm in the stretcher and to the 

central wavelength of 7.53 pm, is 3.637xl0‘3 THz/ps.

The “0 delay” is considered when no wavelength shift takes piace, i.e. in 

Figure 8-40 (a). One can notice that the temporal-wavelength shift does not coincide 

with the delay between pump and signal, but is lower. Figure 8-41 shows the 

measured spectrum of the input stretched pulse and the corresponding Gaussian 

shape.

Figure 8-41 The spectrum of the input stretched pulse. Comparison between simulations 
(Gaussian shape) and measured spectrum, at a central wavelength of 7.53 pm

The parameters of the Gaussian shape were used for simulations presented in 

Figure 8-42-Figure 8-44. They present a comparison between the normalized 

measured spectra at 7.53 pm central wavelength, 10 mJ pump energy and 10 pJ 

input signal energy and the simulated ones, for three different delays between the 

pump and the signal is shown in. In the simulations all values of the input parameters 

were evaluated experimentally. The experimental data are the same presented in 

Figure 8-40 for the amplified pulse. The simulations show a similar shift of the 

central wavelength as the experimental data. Contrary to simulations, the 

experimental data show a spectral narrowing of the amplified pulse. This effect can 

be caused by the non-Gaussian shape of the stretched-signal or pump pulses.
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Figure 8-42 Simulated (continuous lines) and normalized experimental spectra (lines and 
symbols) of the signal pulse at 7.53 pm central wavelength, for 0 ps delay, 10 mJ pump energy 
and 10 pJ input signal energy, (a) are spectra as a function of wavelength and (b) are spectra as 
a function of time. The simulations show a similar wavelength shift, but experimental spectra 
are accompanied by a spectral narrowing, which is not revealed by simulations.

Figure 8-43 The same as Figure 8-42 for 20 ps delay between the pump and stretched-signal 
pulses

Figure 8-44 The same as Figure 8-42 for 40 ps delay between the pump and stretched-signal 
pulses
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The effect of saturation (or, the influence of the pump intensity on the central 

wavelength of the stretched-amplified pulse) can manifest also in a central 

wavelength shift. This effect is shown in Figure 8-45. The measurements were 

performed at a signal wavelength of 7.54 pm. A wavelength shift of ~10 nm for a 

pump energy of 70 mJ is noticeable. The stretched pulse duration is comparable to 

the pump, estimated from the initial bandwidth and displacement to be 72 ps.
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Figure 8-45 The spectra of stretched and stretched-amplified pulses at 7.54 pm signal central 
wavelength. A wavelength shift occurs for the high-pump energy of 68 mJ. The displacement in 
the stretcher is 70 cm and corresponds to a calculated stretched pulse duration of 72 ps, which 
is comparable to the pump pulse length

Autocorrelation traces

In this section some autocorrelation traces for the stretched-amplified pulse 

and for the compressed pulse are presented. It is of great importance that the 

compressed pulse preserves a high power. Two main requirements are to minimize 

the energy loss in the compressor and maintain short pulse duration, close to the one 

of the input pulse in the stretcher. The most important factors in preserving the short 

pulse duration are optimisation of the position of the horizontal retroreflector in the 

compressor resulting in the minimum possible duration of the output pulse and 

avoiding any loss of spectrum at the optical components. A possible source of 

spectral/temporal modification is the amplification process itself.

In principle, the factors modifying the stretched-amplified pulse duration are 

similar to those modifying the spectra. The excessive stretching, or incorrect 

temporal overlap between the pump and the stretched signal modify the amplified 

spectra (by narrowing the bandwidth). The stretched amplified pulse becomes
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shorter than the stretched pulse and in turn the compressed pulse longer than the 

initial unstretched pulse, and in these conditions the output power can drop 

significantly. Additionally, the output wavelength might be shifted, as shown in the 

previous section.

Figure 8-46 presents the autocorrelation traces for the input and compressed 

pulses, for two different input energies, 20 and 40 mJ, at a signal wavelength of 6.3 

pm. The measurements were performed using the same procedure as described in 

section 6.1. The autocorrelation traces of the amplified pulse after compression show 

no significant change compared to the input pulse.

Figure 8-46 Autocorrelation traces for the unstreched and compressed pulse at 6.3 pm and 
pump energies of 20 mJ and 40 mJ.

Figure 8-47 shows the autocorrelation for the input, stretched-amplified and 

compressed pulses at a signal wavelength of 6.3 pm. The noise in the autocorrelation 

traces of the stretched-amplified and compressed pulses is most probably due to the 

absorption in the water vapours and the long path in the air for the stretched and 

compressed pulses. From the same reason, in this case, the compressed pulse is 

slightly enlarged.

If the initial pulse is chirped, even if the pulse is narrowed by the 

amplification process, the same pulse duration can be obtained if the compressor is 

adjusted for the position corresponding to the minimum pulse duration.
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Figure 8-47 Autocorrelation traces for the input (unstretched), stretched-amplified, and 
compressed pulses at lambda= 6.3 pm, at 49.5 cm displacement.

The noise is not present in the autocorrelation traces taken at a wavelength 

where the absorption in water vapours is not present and with stable operation of the 

pump pulse. Thus, Figure 8-48 presents the autocorrelation traces for the un

stretched and compressed pulses for a high pump energy (68 mJ), at 7.5 pm.

Figure 8-48 Autocorrelation traces for unstretched and chirped-amplified- compressed pulse at 
7.5 pm and pump energy 68 mJ, and 48 cm displacement in the stretcher and the compressor

Figure 8-48 shows that the autocorrelation trace of the stretched-amplified 

and compressed pulse is not modified when compared with the input un-stretched 

pulse. The pulse duration resulting from the autocorrelation traces in the Gaussian 

shape pulse hypothesis are 3.9 ps for the input stretched pulse and 3.7 ps for the 

compressed pulse. Autocorrelation traces represented in Figure 8-48 correspond to 

the same pulses which spectra are plotted in Figure 8-45. When calculating the time
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bandwidth product AcoAt for the two pulses in the hypothesis of Gaussian shapes, it 

results a value of 2.4 for the input (unstretched) pulse and a value of 2.5 for the 

compressed pulse. The time bandwidth product for a Gaussian pulse is 2.773.

8.4 Conclusion

In this chapter, the OPCPA method and the associated experimental results 

for the amplified signal pulse, which is provided by the FEL at FELIX, at a rate of 

10 Hz, have been presented. It has been shown that, using OPCPA method, it is 

possible to amplify the energy of the signal pulse to values of milijoules (2.2-2.4 mJ 

at 6.3 pm), while maintaining the initial short pulse duration (~ 2 ps). Most of the 

energy data are measured for the stretched-amplified pulse (section Energy 

measurements), before compression. The method is applicable for the whole 

wavelength range considered (5-10 pm). The efficiency of the method depends on 

the crystal properties, especially on the damage threshold and available length, and 

on the grating properties (diffraction efficiency). Due to the comparable length of the 

pump and signal pulses, the stability in energy and central wavelength are highly 

influenced by the correct synchronization between the interacted pulses and by its 

long and short term accuracy. The correct seeding of the regenerative amplifier 

providing the pump pulse is also a crucial factor for a high output energy, good 

stability of the amplified pulses and the stability of the wavelength of the amplified 

pulse.

The results could be improved by using a crystal with higher nonlinear 

constant and gratings with improved efficiency on the whole wavelength range.
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Chapter 9 Conclusions and further work

This thesis describes the work performed for obtaining an intense source of a 

tuneable picosecond mid-infrared radiation in the wavelength range of 4-11 pm.

The first three chapters aim to introduce the reader to the main subject and 

goal of the thesis: the parametric amplification of picosecond mid-infrared radiation.

Chapter 1 gives an overview of the work undertaken. The main theoretical 

ideas required to understand the second order nonlinear processes -with an emphasis 

on parametric amplification, a fundamental physical process used in the 

experimental work- are reviewed in Chapters 2 and 3. They introduce also the most 

important parameters that influence the efficiency of the parametric amplification, 

which are used in Chapters 6, 7 and 8 for interpreting the experimental results and 

simulations.

Chapters 4 and 5 described the laser sources and the nonlinear crystal used 

for carrying out the parametric amplification of the mid infrared radiation. Chapter 4 

presented the signal and pump laser sources: the FEL at FELIX and the Nd:YAG 

regenerative amplifier, emphasizing the properties that make them appropriate for 

parametric amplification experiments. Chapter 5 is a detailed overview of the 

nonlinear crystal, AgGaS2. Besides the general description of the crystal properties, 

it contains also transmission measurements performed on the crystal used in 

experiments, the history of its damage and some conclusions related to the 

absorption coefficient and the nature of the damage. The main results show that, for 

a wavelength range of 4-8.8 pm, the losses introduced by coating are smaller than 

the losses caused by multiple reflections at the faces of the uncoated crystal. For 

longer wavelengths the coating seems to introduce additional losses, probably caused 

by absorption in the thin layer between the crystal surface and coating. This 

absorption can be the cause of the crystal damage, which takes place at pump 

energies of ~80 mJ, and a beam diameter of 11 mm, after few minutes of operation.

The simulations, grouped in Chapter 6 point out the importance of several 

parameters related to the crystal (nonlinear constant, crystal length), and to the laser 

sources (signal and pump intensities, delay, signal chirp, phase mismatch) for an 

efficient extraction of the amplified energy in the parametric amplification process, 

while maintaining short pulse durations. The impact of saturation on the energy of
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the amplified pulse for the both cases of OPA and OPCPA is also presented. 

Regarding the energy of the amplified pulse, the comparison with experimental 

results gives a better fit for the OPCPA results than for OPA. The simulations were 

also useful for highlighting the influence of the jitter between pump and signal 

pulses in OPCPA. The central wavelength fluctuates with tens of nanometres for ~ 

20 ps jitter. Its stability is dictated by the relation between the pump and stretched 

pulse durations, level of saturation, and jitter.

Chapter 7 and Chapter 8 present the most important experimental results. 

Chapter 7 describes the experimental set-up and results obtained with the OPA 

method. The results show an amplified energy of the order of hundreds of 

microjoules to 1.4 milijoules depending on wavelength, but with a strong saturation 

manifested by the dependence of the amplified pulse energy on the input signal 

energy and by the spectral/temporal modifications. Figure 9-1 shows the energy of 

the amplified pulse for the OPA case, crystal length of 16 mm, as a function of 

wavelength and 66 mJ pump energy.
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Figure 9-1 Energy of the amplified pulse as a function of the signal wavelength, at a pump 
power of 66 mJ. Beam diameters and input signal energies are different for each wavelength, 
but spectral width is 2%-3% from the central wavelength (respectively). The results are taken 
by scanning the FELIX wavelength and rotating the crystal for phase matching

Figure 9-2 presents the energy gain for the data in Figure 9-1, together with 

the crystal transmission, input signal energy and beam diameters as functions of 

wavelength.
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Figure 9-2 The energy gain, FEL beam diameter, input FEL energy and crystal transmission as 
a function of wavelength for the OP A, for data in Figure 9-1

The high values of the amplified energy obtained with the OPA scheme for 

short wavelengths could not be explained by simulations, which are presented in 

Chapter 6, section 6.2. The simulations predict a stronger saturation of the pulse 

energy, which predicted values of approximately half of the ones determined by 

experiments.

Chapter 8 reveals the advantages of using the OPCPA method and the 

corresponding experimental results. OPCPA overcomes the saturation effects. The 

OPCPA setup is based on the OPA setup. A stretcher placed before the nonlinear 

crystal modifies the signal pulse length, while the compressor after the amplification 

stage restores the short initial signal pulse duration. A detailed description of the 

structure of the stretcher and compressor used for OPCPA and the way they work for 

different input signal wavelengths is included. The experimental results obtained 

with the OPCPA scheme show an improvement of the amplified pulse energy, (till 2-

2.5 mJ at 6 pm after amplification and ~ 1 mJ after compression), with only slight or 

no modifications of the spectral and temporal characteristics. Figure 9-3 shows an 

example of the improved values of the amplified pulse in the OPCPA case, at 6.3 

pm, for an input stretched pulse duration of 35 ps.
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Figure 9-3 (a) Energy of the stretched-amplified pulse against the pump pulse energy for an 
input stretched-pulse duration of 35 ps. The input energy of the micropulse, at the crystal, was 
10 pJ. The input signal wavelength was 6.3 pm and the crystal length 17 mm.

The energy of the amplified pulse depends on wavelength, input signal 

energy, beam diameters, pulse duration and spectrum, at the same pump energy. At 

10 pm wavelength, values as high as 800 pJ before the compressor could be 

obtained. The results presented by Figure 7-30 show the dependence of the 

stretched-amplified pulse energy on the wavelength in two cases, characterized by 

different FEL settings.
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Figure 9-4 Stretched-amplified pulse energy as a function of wavelength for FEL settings 
optimized for 8-10 pm and displacement of the stretcher of 25 cm (a) and 56 cm (b), input 
bandwidth 0.2% and pump energy ~ 64 mJ

Figure 9-5 presents the energy gain for the data in Figure 9-4, together with 

the crystal transmission, input signal energy and beam diameters as functions of 

wavelength.
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Figure 9-5 The energy gain, FEL beam diameter, input FEL energy and crystal transmission as 
a function of wavelength for OPCPA. The plots are calculated with the data shown in Figure 9-4

The amplified energy at the output of the compressor at 6.3 pm signal 

wavelength is shown in Figure 9-6, and is plotted against the pump energy. A value 

as high as 800 pJ amplified energy was determined, at 65 mJ pump energy.

Figure 9-6 Energy of the compressed pulse against the pump energy at 6.3 pm wavelength and 
10 pJ input energy of the FEL pulse

The spectrum and pulse durations of the amplified pulse can be modified by 

several factors, like saturation, stretched pulse duration and delay between the pump 

and signal pulses. Because of the comparable lengths of the pump and signal pulses, 
the spectral characteristic (shape and central wavelength) are sensitive to the jitter 

between the signal pulses. As shown by Figure 9-7, with a proper choice of the 

stretched-pulse duration, at high pump energies the autocorrelation trace does not 

show modification and a short pulse duration is preserved after compression.
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Figure 9-7 Autocorrelation traces for unstretched and chirped-amplified- compressed pulse at
7.5 pm and pump energy 68 mJ, and 48 cm displacement in the stretcher and the compressor

The amplified pulse energy is limited by the diffraction grating efficiency 

used by the stretcher and compressor with lower efficiency for short wavelengths in 

the range 4-5.5 pm and 7-9 pm) and by the pump pulse duration, which does not 

allow efficient amplification for stretched signal pulses longer than ~ 80 ps. An 

improvement of the output power results could be realised by using a crystal with 

higher nonlinearity and higher damage threshold, gratings with high damage 

threshold for the stretcher/compressor system in order to maintain efficiency and 

higher diffraction efficiency over the whole signal wavelength range and pump 

pulses with longer pulse duration to make advantage of the OPCPA method. The 

wavelength range could be extended by the use of other crystals like GaSe, with a 

proper choice of the pump laser, because this crystal has higher absorption 

coefficient for the pump wavelength used in this work (1.064 pm).

As outlined in the Introduction, the high energy (~ 1 mJ) in picosecond 

pulses with a repetition rate of 10 Hz is useful in nonlinear spectroscopy experiments 

and dynamics studies on picosecond scale of samples with long relaxation times.

The advantages of using an FEL as the signal source are the rapid tuneability, 

the possibility of adjusting the pulse length and spectral properties, and the quite 

high initial pulse energy. In principle, the FEL can be replaced with an OPO pumped 

by a Ti: sapphire-pumped OPG/OPA system. For the wavelength range of 4-11 pm 

the main advantage of the FEL as signal source in parametric amplification is the 

higher pulse energy.
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The method can be also applied for amplifying signal pulses in other 

wavelength ranges, either using the FEL as a signal source, or replacing it with 

virtually any other tuneable picosecond signal source. However, the particular pump 

source and nonlinear crystal have to fulfil the conditions mentioned in Chapter 4, 

sections 4.1 and 4.2 and to take into account also the requirements imposed by 

applications to the amplified pulses (energy, spectrum, repetition rate and pulse 

duration). An excellent overview of the possible solid-state signal sources is given in 

[1], but other lasers sources can be used as well. The choices of the nonlinear crystal 

and pump sources are related tightly through the phase matching condition and the 

transparency of the crystal at the useful wavelengths, but also by issues like damage 

threshold and commercial availability. Regarding the stretcher compressor system, 

this should work with high efficiency for the signal wavelength range considered for 

amplifying and preserve/control the spectral characteristics, without introducing 

aberrations and beam fluctuations. For reliable stretched-amplification, the central 

wavelength of the signal source has to be stable on short and long-term operation.
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