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Abstract 

A 1 Tera Watt, 50 femtosecond ( 50 mJ) ultrashort laser pul se amplifier using Titanium 
doped Sapphire (Ti:S) as gain medium has been dimensioned, designed and simulated. A part 
of the system has been builtand tested with positive results. 

The TW pulses in the near infrared (780-820nm) will be obtained by amplifying from 
an existing system, composed of a souree laser oscillator (Femtosource™) coupled into a first 
amplifying stage (OmegaPro™). This system provides 1mJ pulses with duration of 25 fs 
(~40GW), at a rate of 1kHz, in the 760-840nm speetral range. 

The tabie-top TW -laser amplifier uses the "Chirped Pulse Amplification" (CPA) 
technique. In CPA, the pulseis expanded ('stretched') in time to avoid optica! damage due to 
high intensity, then amplified using an appropriate gain medium (Ti:S) and finally 
'compressed' back to femtosecond scale. 

In the design proposed the pul se is 1 OOps or langer after stretching, is amplified to 
100mJ after traversing the ~10mmx10mm Ti:S rad five times in a multipass configuration, 
and compressed to a 50mJ, 50fs pulse. Bath the stretcher and compressor are all reflective 
configurations, mainly to avoid non-linear dispersion. Computer aided ray-tracing was done 
to verify and optimise the design in an iterative fashion. A numerical code was deve1oped and 
used to model the processes within the Ti:S crystal, and to verify and adjust the parameters in 
the amplifier in order to meet the requirements. 

The stretcher was assembied and confirmed to transmit a ~ 1 OOps pul se, with a 783-
815nm bandwidth and a 25% total power transmission. 

The pulses are to be used in a 'spark-gap' 2MV fast (ps rise time) switch, in which 
light is focused to create a conducting plasma channel between two electrodes. This trigger 
will be used for electron DC-accelerator experiments. 
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1. Introduetion 

This work concerns the design and implementation of an amplifier laser 
system. The laser system described here is designed to achieve a 50fs, 50mJ ( ~ 1 TW) 
pulse at a repetition rate of 1OHz. This is obtained by amplifying from an existing 
lmJ, 25fs pulse at a rate of lkHz. 

1.1. Motivation 

The strong electro-magnetic fields present in TW laser radiation are enough to 
drive electrans out of atoms, creating plasma. Such high optical power can only be 
produced in short bursts, therefore in TW laser experiments today short pulses are in 
u se. 

The specific short-term motivation of the FTV group to operate a TW laser 
system is to have a trigger for a plasma spark gap. This in turn is to be applied to 
linear electron accelerator configurations. The main idea is to be able to switch very 
high voltages in a very short time near an electrode, with very small jitter. The current 
state ofthe art yields lMV, lns pulses, with a lOOps rise time and a 0.5 ns jitter. This 
is not possible with any of the conventional switching techniques, and is where the 
concept of a spark gap switch comes in. 

Consider a transmission line, interrupted by two electrades separated by an 
isolating gas, such as SF6. The first is in contact to the power supply, and the second 
is connected to the 'output' anode at the end of the line and to ground by a resistor. 
The first pair of electrades acts as a switch. A powerful laser is focused onto the 
region between the two electrodes (e.g., cylindrical focus). By forced optical 
ionisation with the fs pulse, a plasma channel is created 'instantaneously' (the spark). 
The time precision can be very accurate, as compared to available e.g. Y AG lasers (ns 
pulse). The resistor allows the discharge to take place, and the high voltage reaches 
the anode at the end, giving rise to high electric fields. If close to the anode free 
electrans are present these will be accelerated. In respect to the spark gap, the 
important parameter is the power delivered at the focus region. For the spark gap 
purpose, it is calculated that a~ 1 TW peak power is needed. 

In the long term, the accelerated electrans are planned to be used in laser 
wakefield acceleration. In this relatively new type of compact acceleration, a plasma 
is first created. Using a high power (~TW) laser, plasma wavescan be excited within 
the plasma, giving rise to field strengths of up to lGV/cm. Thesefieldscan be used to 
further accelerate injected electrons. 

There are still other applications possible, such as inertial fusion, and laser
matter interaction in general (X-ray pulses, e.g). TW laser amplification is an active 
current research field in fast development as well, and any contributions will be 
welcome by the research community. Considering all the above the motivation is 
strong, to experiment and accuruulate knowledge on the kind of system presented 
here, and exciting applications are envisioned. 



1.2. Outline 

Amplification of ultrashort pulses, up to such high power, cannot be done in 
an ordinary way. Namely, the high intensity at the pulse peak will damage the solict
state gain medium. The alternative in use is to elongate the femtosecond pulse, so that 
after amplification the energy density is still at a safe level, and only then to compress 
it to femtosecond scale again, reaching peak powers in the order of 1 TW. This is 
referred to as "Chirped Pulse Amplification" (CPA). The gain medium chosen is 
Titanium doped Sapphire, with a broadband speetral gain in the 750-850nm range. 
Ti:S has advantages over other possible materials. The much faster heat conduction 
makes it desirabie when compared to Nd:Glass, allowing higher repetition rates. Due 
to saturation fluency, the low emission cross-section section implies a high energy 
extraction efficiency when compared to optical dyes. This allows for reaching the 
high energy aimed for. The CP A technique and the use of Ti:S as a gain medium will 
be described in Chp 2. 

A CPA system has a modular structure and consists of three basic elements: a 
pulse 'stretcher', an amplifier unitand respective pump laser, and a pulse compressor. 
Each element will have it' s own requirements and constraints, and these are 
interdependent. Therefore the design of such a system is an iterative process, via trial 
and error, adjustment, and optimisation. In this report the final result of this process is 
presented and the settings shown to be compatible with each other. In Chp. 3 the 
dimensioning of the basic parameters of the system is done, from the input and output 
pulse specifications, and from the characteristics of CPA amplification with Ti:S. The 
requirements on each element are then obtained. In Chp. 4 the specific design for each 
element is presented, in ordertomeet the respective requirements. 

As it was possible to assembie the first part of the system, the stretcher, this 
has been tested and measured. In Chp. 5 the measurements done to characterise the 
system and to allow comparison to the specifications are presented. In order to 
measure the pulse lengths before and after the stretcher, at the fs and ps scale 
respectively, a pulse autocorrelation technique is used. The basics of autocorrelation 
applied to ultra-short pulse measurements are needed to clarify the interpretation of 
the results, and a simplified approach is taken. The measurement of the bandwidth is 
important for determining the subsequent compression limit and is also taken. 
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2. Supporting Theory 

In this chapter the basic theory underlying the system is described. The reader 
is assumed to have general knowledge on Lasers, including the pulsed type. In this 
text the specific issues of amplification of femtosecond laser pulses using Titanium 
doped Sapphire is addressed. 

Consider a Fourier limited ultra-short laser pulse. This means the speetral 
bandwidth (frequency) is directly related to the duration (time) of the pulse. Such 
pulses can be generated by a mode locked oscillator [5]. The souree used at FTV, can 
provide down to ~ 1 Ofs pulses for light in the red (700-900nm), with an energy of ~4nJ 
[12] yielding a peak power of ~1MW. Aftera first amplifying stage a power of 40GW 
(per pul se) is available. This is still low for the applications described in the 
introduction. 

High power ultra-short pulses are generally achieved by creating a pulsed laser 
beam and amplifying it. The most established way to do this for femtosecond red
infrared pulses is referred to as Chirped Pulse Amplification [10,18], and is used in 
our design. Sec. 2.1 addresses this matter and explains the principles of CP A. 

Titanium doped Sapphire is the most comrnon solid state gain medium 
material used in the creation and amplification of femto-second pulses, in the red
infrared speetral range. The characteristics that make it a gain medium of choice are 
discussed in Sec. 2.2. 

When amplifying ultrashort pulses to high energies, several optical 
phenomena become important. Some, as the optical Kerr effect or the saturation 
fluency, will relate to key aspects ofthe design. These effects are referred in Sec. 2.3. 

2.1. Pulse Amplification : the CPA technique 

2.1.A- General description 

We shall start with an overall view on Chirped Pulse Amplification, and 
approach each relevant aspect in the subsequent paragraphs. 

The optical amplification works much in the same way as in the oscillator 
(laser cavity), in which there is also a gain medium. Since one wants the speetral gain 
of the amplifier medium to be suited to the spectrum of the souree beam, it is only 
logic to use the same gain medium as in the source. 

The high power sought in the final pulse means also a relative high energy 
(50mJ), for a 50fs pulse. If such energy would be concentrated within the 50fs it 
would surely damage some of the opties, namely the crystal (gain medium). 
Moreover, at high power the refractive index becomes dependent on the intensity 
(Kerr effect) and non-linear perturbations become important. Therefore the 
amplification must be done at lower intensity. This can be achieved by the prior 
stretching of the pulse and subsequent compression after the energy gain. 
Theoretically it would also be possible by expanding the beam, but this leads to 
impractical beam diameters and high cost of the gain medium. The CP A sequence is 
described in Fig 2.1. 

It has been established [19,20] that the preferred way to 'stretch' (as well as 
'compress') is to separate in time the different wavelengths present in the ultra-short 
pulse. That is, to have them follow different optical path lengths, introducing a 
wavelength dependent delay. This can be achieved using refraction or diffraction. The 
long pulse proceeds with the wavelengths in succession ('chirped'), and these are 
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amplified consecutively, as opposed to simultaneously. This 1s described m the 
following subsection. 

~ 

'-------> 
Compressor Stretcher Amplifier y I > ....._____> 

Input 
Output 

Fig 2.1: Block diagram of CP A, and successive pulse shapes. The curves for the pulses are only 
schematic. The fmal pulse energy (area) may besome orders of magnitude higher than the initial pulse, 
and soalso the length ofthe stretched pulseis orders of magnitude (from fs tops) Jonger. 

2.1.8- Stretcher & Compressor 

For conceptual (and historica!) reasons, it is preferabie to start by the 
compressor. This element will process the high energy pulse, condensing the energy 
on a very short time interval, therefore reaching the high peak power sought. As 
mentioned, the length of the pulse is to be altered by having the wavelengths follow 
different path lengths. This is a dispersion effect, but in the compressor one wants to 
avoid using any transmission elements, since it will be traversed by the final amplified 
high energy beam. 

Non-linear dispersion would be introduced, due to the non-linear dependenee 
of the refractive index on wavelength. This can limit severely the extent to which the 
pulse can be compressed. The lower compression limit is a critical factor for the 
efficiency of the whole system. E.g., if a ~ 10 fs pulse is stretched and amplified in 
energy x1000, and then only compressed to ~100fs, the gain in average pulse power 
will only be about x1 00, and the amplifier as a whole is not as effective as it can be, 
for such energy amplification. 

Furthermore, at high intensity transmission opties are more likely to become 
damaged, and non-linear effects such as self-phase modulation (see Sec. 2.3.C) arise. 

It is found that a simple contiguration using two parallel reflection gratings 
such as the one depicted in fig. 2.2 is able to introduce a considerable delay between 
the different wavelengths1 [19]. The relation between the incoming ei and reflected Br 
angles on a grating is, for n1

h order diffraction: 

1 This is, in effect, a language abuse, and by 'wavelength .. ' is meant 'the light at the wavelength .. ' 

4 



· e /t · e Sln i = n- - Sin r 
d 

(2.1) 

with À the wavelength and d the period, i.e., the inverse of the number of grooves per 
unit length. 

The input beam hits the first grating G 1 at the centre, from an optima! angle. 
The first order ( n= 1) diffi·action reflection sencts the wavelengths in different 
directions, spreading on the surface of the second grating G2. The gratings are 
identical, and the reflection angles will be complementary, when G2 is parallel to G 1. 
In this way, all wavelengths leave the grating G2 in the same direction. The important 
feature is that the longer wavelengths travel more than the shorter to reach the same 
perpendicular plane, and therefore the former are delayed with respect to the latter. 
But they are propagating along parallel paths, and they should be collinear. For this 
reason they may be reflected back into the construction, which will introduce the 
same delay again and will superpose all the wavelengths in one direction. The 
separation between the input and output beams can be made in a number of ways, 
namely by 'stepping' the beam downwarcts (in the plane perpendicular to the drawing) 
when reflecting from the back end mirror RR. 

This scheme has the advantage of being conceptually simple, all reflective, 
and of introducing a linear wavelengthldelay relation. Also, for campressing to 
femtosecond scale, the path length difference must be finely tuned. In this apparatus, 
that can easily be achieved by moving one of the gratings (see fig. 2.2), which does 
not change the alignment. However, it has the drawback of requiring 4 reflections on 
gratings, introducing some loss. Another limiting feature is that this simple 
contiguration can only introduce negative dispersion (shorter wavelengths delayed). It 
cannot be inverted to introduce positive dispersion. This also means that the stretcher 
must be designed in another way to introduce positive dispersion. 

incoroing 
stretched pulse 

Fig 2.2:A compressor contiguration using two reflective gratings. Moving e.g. G2 in the 'horizontal' 
direction keeps the reflection angles, but changes the path length relation (it is necessary to ensure the 
whole beam is still reflected, without going over the edges of G2 or RR). The drawing is schernatic. 
The longer wavelengtbs /..2 travel more than the shorter /..0• 

There have been several designs proposed for stretchers. At low amplification 
energies (1mJ), when the pulse neects to be stretched only to a few ps, transmission 
through glass has been used and this is employed in some custom systems [21]. The 
stretching is then based on the difference in refractive index as a function of 
wavelength. At higher amplification energies, the stretching needs to be of the order 
of -100 ps, and such a natura! dispersion scheme is impractical to be applied, as very 
long distances would have to be travelled within the materiaL Also the non linear 
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dependenee of the refractive index leads one to use reflective opties in the stretchers 
for high-power. The geometry is then somewhat more complex than for the 
compressor, though is derived from it. However, there is noneed for fine tuning ofthe 
stretching factor, for as long as it remains constant it can always be compensated by 
the compressor. A system such as in fig 2.3 is appropriate to illustrate the principles of 
stretchers using gratings. Note that a cernpromise is assumed, though the dispersion is 
achieved via reflective gratings a pair of lenses is still used as focusing opties. In this 
text this is used for illustrative purposes only. In the design proposedan all-reflective 
stretcher is used. The functioning of the stretcher in fig. 2.3 can be interpreted with 
some help from classic lens theory. The beam hits grating G 1. The lenses L 1, L2 form 
a confocal telescope. G 1' is the image of G 1, and is where the dispersed light from G 1 
(the different wavelengths) meets again. Placing arealgrating G2 beyend the position 
of G 1' makes the longer wavelengths travel more than the shorter and all to be 
reflected in the same direction, like for the compressor above described. Placing the 
grating G2 between the image G 1 and the lens L2, i.e., befere the focus, the situation 
is reversed and the longer wavelengths travel a shorter path length, and the stretcher 
introduces positive dispersion. The wavelengths arealso coming out parallel (as in the 
compressor), and reileetion back into the system for a secend pass is used to obtain a 
collinear beam again. 

' i 

z.l Z<O 

Fig 2.3: A basic contiguration fora stretcher, using reflective gratings and lenses. 

The stretching and the compression are complementary, so that the delays for 
each wavelength are symmetrie. The stretcher is also a key component in the way that 
it must deliver a well behaved beam for amplification, meaning that spatial, temporal 
and speetral distortions must be minimised. Otherwise, such features will be worsened 
in the amplification and the final pulse will not be suited for compression/application. 
Chromatic aberration, or speetral distortion, is mainly determined by the stretcher in 
most systems. This limits pulse compression, and therefore efficiency, as mentioned 
in the beginning. 

2.1.C- Amplifier Unit 

Once stretched, the laser pulse is amplified by traversing the gain medium, the 
Ti:S crystal. Since the material will give out energy, it must receive it somehow. This 
energy is supplied by another laser, and through optical absorption ('pumping') the 
energy is stored in the crystal. Population inversion occurs, as the atoms go from 
lower to higher energy states (see Sec 2.2). The gain G depends on the length L 
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I 
G = __!!!!!__ ~ expfg 0L] (2.2) 

Jin 

With Iin and fout the input and output intensities, and gaL the so-called small-gain 
coefficient (see Sec 3.2.C). In order to reach the required amplification, the pulse must 
go through a considerable effective length of material, in the order of several cm, as 
will be justified in Sec 3.2. But it gets both expensive and difficult to fabricate and 
handle a long rod of Ti:S, as well as to store and extract efficiently the energy from it. 
Therefore, it becomes preferabie to invest in mirrors and in a construction around the 
crystal, such that the pulse may pass several times through a much smaller crystal. 
This is the widespread approach in this kind of ultra-short pulse amplification. An 
example of such a multi-pass amplifier is illustrated in fig 2.4. 

Fig 2.4: Multipass amplifier using confocal mirrors[21]. This scheme refers to the frrst amplifying stage 
Omega-Pro™. The illustration includes a transmission stretcher (TODl-2) and a compressor using 
prisrns (path from Pl-2 to P3-4). The pulse enters the amplifier from Fl, MO and exits in the direction 
ofBS2, Ml6. Within the amplifier, the stretched pulseis reflected several times from the focal mirrors 
Ml, M2, with a total of9 passes through the crystal. The disadvantage is that the tilt of a mirror affects 
more than one pass, making it complicated to align. 

The pumping is critica! to the performance of the amplifier, as the popu/ation 
inversion must occur in the volume scanned by the pulse, or vice-versa. 

The eperation of the amplifier is affected by several other parameters, and also 
conditioned by a few effects. As such considerations are intimately connected to the 
design, these elements will be detailed in the next chapter. 

2 Actually, this expression is only valid for the initial amplification (first passes) 
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2.2 Active Medium: the Ti:Sapphire material 

The Ti:Sapphire (Ti:Alz03) material has attracted the attention of the laser 
opties community already since the 80's, thanks to some interesting properties as a 
gain medium. Basically, energy transfer from a green 'pump' beam to a red-infrared 
beam ( creation/amplification) is possible, and even with a small (mm scale) piece of 
material relatively high energies can be reached3

. This is connected to a low emission 
cross-section, which sets the saturation fluency at about 0.6J/cm2

, mak:ing it suitable 
for high-power pulsed laser beams. The saturation will be addressed in Sec. 2.3.C. 
Additionally, the bandwidth of the transition is very large, wide enough to allow 
amplification of pulses that can later be compressed to femtosecond time scales 
(limitation imposed by the Fourier limit). The thermal conductivity4 of Sapphire is 
high when compared to glass (used in Nd:glass lasers), actding yet one more 
advantage. 

2.2.A - Laser Action and Einstein Coefficients 

The processes that take place within the gain medium are popu/ation inversion 
(absorption), spontaneous emission and stimulated emission. These are illustrated in 
fig (2.5). 

Inthermal equilibrium, the atoms in an isolated system will be mainly intheir 
lowest energy levels or equilibrium states, according to the Boltzmann distribution. 
This is, the ratio between the populations of two stat es N 1 and N2, separated by an 
energy difference &, at a temperature T is: 

Ni IN2=exp[L1EikB1J (2.3) 

With kB the Boltzmann constant. Since for the levels and temperatures considered 
here one has &>>KT, the population due to thermal distribution in states other than 
the ground state is negligible. The ratio of population or degree of occupation of 
higher levels (excited states) can be made to change by appropriate means ('pumping' 
from ground state). These include op ti cal transition (by absorption of photons ), which 
is used in our system. In this process the distribution in energy of the atoms moves 
away from equilibrium, particularly with a higher energy state being more populated 
than a lower one, and hence the name of population inversion. Note that this does not 
necessarily apply to the ground state, it is only relevant to create population inversion 
between the states for which the optical transition will occur. Once the atom is excited 
to the higher level, it will tend to decay to a lower level. For some transitions, it can 
decay by emitting a photon. This can happen without any extemal influence 
(spontaneous emission ), or it can be triggered by interaction with a similar photon 
(stimulated emission). If there are enough excited atoms, the latter phenomenon may 
give rise to a chain process and light can be amplified. 

The interplay between the energy levels and radiation can be modelled and 
quantified in several ways, e.g. with the Einstein theory (semi-classical), or with the 
optical Bloch equations ( quanturn mechanica!). The more empirica! formulation using 
cross sections and intensity is more adequate here, and shall be applied at the end of 

3 
... relatively to other options, such as Dye Lasers [7] 

4 about 42 W/m K 

8 



this sectien for the derivation of the practical equations to be used in modelling. 
However, the essential results from the Einstein formulation are useful to what 
fellows. 

Einstein quantified the strength of the transitions mentioned above, by 
introducing what is known as Einstein's coefficients. The result for the simplest case 
is mentioned here. For spontaneous emission, the rate at which atoms decay from an 
excited level Ll to LO is related to the A coefficient: 

-(an1
) =(ano) =nA (2.4) 

at spont at spont I 

Absorption and stimulated emission are found to be complementary processes, and 
the B coefficient defines the strength for both: 

(ani) _ -(ano) _ BW - - no R d at abs at abs a 

(2.5) 

_ (ani ) _ ( ano ) _ BW . 
t . - - nl Rad a slim at Slim 

(2.6) 

in which no, n1 are the populations for levels LO and Ll, respectively, and WRad is the 
radiation energy density. The B coefficient is in general different for each pair of 
states (each transition), and can be different for the 'upward' and 'downward' 
transition in case the states involved have different degeneracy [2]. This detail shall 
not be treated here. The way the three rates above cernpare to each other implies that 
there will be competition between the emission processes, and that absorption and 
stimulated emission are only differentiated by the n0 and n1 densities. One concludes 
that in general spontaneous emission should be low compared to absorption and 
stimulated emission at the sought energy densities. 

This shall be analysed for the specific structure of Ti:S laser system. 

2.2.8- 4-level Lasers 

In the case of optica! pumping, at least three levels or states must be involved. 
Here the 4-level system is illustrated, since it has great similarity with the process in 
Ti:S .. This also allows to make a simple schematic picture of the processes relevant to 
the simulations, abstracting from the particularities of Ti:S. 

B 

\~_c 

j__~ 
A \ 

Fig 2-5: A 4-levellaser system. The optical transition C-D is responsible for laser action. Levels B, D 
act as buffers against stimulated emission by the pumping radiation and absorption of laser radiation, 
respectively. 
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Take the energy level diagram in fig 2.5. Without any 'pumping', one expects 
only the low A state to be populated (excluding thermal effect, as referred above). By 
shining light resonant with the transition A~B, with energy firoAa, some atoms will 
be excited toB. However, from eqs. (2.4) to (2.6) (Einstein Ae, Be coefs.), the inverse 
transitions together are strenger and the population of level B will be only a fraction 
of level A. hnagine now there is another decay mechanism for transition from level B, 
namely B~C. It is not important whether it is an optical transition or other. It is 
important that it is able to compete with the transitions B~A, so that a good part of 
the atoms that get excited to state B end up in C. A transition C~A is not resonant 
anymore with the pump radiation, but an optical transition C~D may take place. 

The same rates from eqs.(2.4)-(2.6) will apply, and again in order to promote 
stimulated emission one needs the rate for spontaneous transitions from C to lower 
levels to be low, i.e. the lifetime should be long, and C is referred to as a meta-stabie 
state. In this case radiation with energy firoco, resonant with the C~D transition, can 
be amplified when traversing the volume of 'pumped' materiaL It is important as well 
that the system may decay from D~A fast enough, otherwise there would be a builcl
up at this last level D, from which no pumping but absorption of laser radiation can 
occur. Again it is notimportant whether D~A is an optical transition or not. 

The levels B and D act somehow as 'buffer' levels for C and A, respectively. 
Transitions into B or D directly implicate an increase in population of C or A, but the 
B~C and D~A transitions do notinteractor add to the pump or the laser radiation. 
These levels have the effect of isolating the pumping and lasing transitions. In 
general, the fast D~A transition is necessary, to prevent absorption back to C by 
depleting D, but the A~B~C sequence is not required, and many laser systems work 
with a 3-level structure. These considerations will be relevant when formulating the 
rate equations later. 

2.2.C- Energy Transitions in Ti:S 

Ah03 can have a hexagonal-rhombohedral structure ( corundum), as depicted 
in fig (2.6). The doping with Titanium occurs by the replacement of Al atoms by Ti 
atoms, which will be therefore surrounded by the Oxygen atoms. The atomie honds 
are ionic, and we speak of Ti3+ ions. The energy (and structure) of quanturn statesof 
the Te+ ion in the 0 3 lattice allow for transitions suited for lasing action. This shall be 
briefly described here, and detailscan be found in [5-7]. 

The isolated (free) Ti3+ ion has 5 degenerate angular momenturn states at the 
3d quanturn level. When subject to the fields in the hexagonallattice, the degeneracy 
is lifted and the states are separated in two groups (the low 2T 2g and the high 2Eg 
levels). The resulting structure allows for an optical transition (between the 2T2g and 
2Eg levels) with an energy difference of about 19000cm-1

• This corresponds toa green 
photon (2.5eV). Note now the energy diagram on fig (2.7). 
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c-axis 

Fig 2.6: Geometrical representation ofthe 
crystalline unit of Ah03. A Ti3

+ ion may take 
the place of a Ae+ ion (white circle). 

Displacement 

Fig 2.7: Energy diagram with spatial 
dependence. Note that after absorption the 
ion moves (to the energy minimum), and 
the emission takes place into a steep 
region ofthe 2T2g potential, thus becoming 
broadband (as depicted at the side, 
vertical). By identifying the levels A-D 
with the levels in fig (2.5) the analogy is 
evident. 

On absorption, the Ti3
+ ion will displace itself in the lattice (to adjust to lower 

energy), therefore changing the energy structure. This can be viewed as a phonon 
transition or relaxation (lattice vibration). Transition back to the low 2T 2g level now 
corresponds to a different energy, and cannot occur by stimulated emission due to the 
pump photons. The ion is now 'trapped' in a meta-stabie excited state, with a life time 
around 3!-is. The broad distribution at the 'flat' minimum ofthe 2Eg level may decay to 
the 'steep' region of the 2T2g level (C to D), and braadband emission 
(10.000~17.000cm-1 ) occurs. This means a speetral range covering from red to 
infrared ( ~0.6 to 1 1-1m). Once back in the low level, phonon relaxation to the 
minimum of 2T 2g is fast (D to A), and transition back to the upper level cannot occur 
due to re-absorption. 

2.2.0- Absorption and Emission Cross Section, Temperature dependenee 

A thorough study of the laser characteristics of Ti:Sapphire has been dorre by 
Moulton [ 5], and complemented by Haas and Rotter [ 6]. It was found that absorption 
(pumping) and emission (lasing) are both dependent on the polarisation of the 
incoming light. Ti:Sapphire is an uniaxial bi-refringent crystal. In this case, a 
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distinction can be made between the light polarised perpendicular (cr-pol.) and parallel 
(n-pol) to the c-axis of the crystal. The former is referred to as the ordinary ray, and 
the latter as the extraordinary ray[9]. 

From the graphs on fig. 2.8, one sees that absorption5 is about twice strenger 
for n-polarisation. The absorption cross-sectien peaks at about 500nm wavelength, 
with crabs=5.6xl0-20 cm2. Therefore optical pumping with green light is suitable. This 
value will be used further on in calculations. The fluorescence spectrum of 
Ti:Sapphire was also measured, the data is presented in fig (2.9). The spontaneous 
emission peaks at about 760nm, and is also higher for n-pol. (3x more than for cr
pol.). Using the theory from McCumber[8], Moulton [6] obtained the gain curve 
plotted in fig (2.9), calculated numerically from the absorption and emission spectra, 
in which is seen that the gain peaks around 825nm. However, according to [7], who 
quotes later reference, the stimulated emission peaks at about 800nm and is 4_1 x 1 o-
19cm2 and 2.0xl0-19cm2 for n- and cr- polarisations respectively. These latter values 
will be used in the calculations throughout the present text. 
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Fig. 2.8: Absorption cross-sections for the 
transition between the low 2T 28 and high 2E8 
levels ('pump' transition) 
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Fig. 2.9: Fluorescence (emission) data and 
calculated gain curve for the 2Eg~2T28 
transition in Ti:S. 

5 The absorption refers to the transition between the low 2T 28 to the high 2E8 level, 
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In [6], measurements were also dorre for absorption in the red-infrared range 
of the spectrum, the results are shown in fig. 2.11. The dependenee on the polarisation 
is inverted, now with absorption being strenger for cr-polarisation. By cernparing this 
absorption curve with the gain curve fig. 2.9, becomes evident that there is a clear 
advantage in using n-polarised light. The gain will be higher and the loss will be 
lower, therefore making the process more efficient than for the cr-polarisation. 

The Einstein theory referred in the beginning of the sectien does not cover this 
effect. However, the mechanisms that lead to these differences between cr- and n
polarisation are of no consequence here. It is important to know which polarisation 
leads to the most efficient configuration, and that is clear from the experimental data, 
as discussed above. 

Temperature also plays an important role in the role ofTi:S as a gain media. In 
fig. 2.10 the fluorescence lifetime is plotted against absolute temperature. The fermer 
is a measure of how stabie the excited state is, and how probable it is for the decay to 
happen by stimulated rather than spontaneous emission. A sharp decline is observed 
from about 300K up, suggesting the crystal should be kept lower than room 
temperature, ifpossible. Note that a powerful 'pump' laser beam will be injected into 
the crystal, therefore the temperature will tend to increase. Therefore, it becomes 
important to pay attention to how much energy is dissipated in the lattice, as heat, and 
how fast this heat should be drained to keep the crystal at a certain temperature. 

0~~~--~~~~~~-r-4 
0 50 100 150 200 250 300 3110 400 450 

TEMPERATURE (K) 

Fig 2.10. Temperature dependenee of the 
fluorescence life time, for the 2Eg~2T2g 
'emission' transition in Ti:S 

2.2.E- Rate Equations 
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Fig 2.11: Re1ative absorption in Ti:S at the 
laser wavelength, for both polarisations. 
Absorption cross sections are 6x10-20 cm-2 and 
3x10-20 cm-2

, for cr- and n- polarisation, 
respectively. 

The discussion above has been mainly qualitative. A mathematica! model is 
needed to calculate the gain and losses in the crystal. This is essential to evaluate how 
many passes should be used and to dimension the system. In a four level laser system 
many transitions and effects could be considered, however, here the problem shall be 
simplified to a two level system, and only the relevant phenomena shall be 
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considered. These simplifications make the model clearer while still appropriate, and 
furthermore, make numerical simulation easier. 

Insteadof consictering two upper and two lower levels (B,C and A, D), each 
pair will be considered as one. This is justifiable since, as mentioned earlier, the states 
B and D actually act as buffers to the C and A states, respectively. In the case of Ti:S, 
this means, e. g., that a transition C~D immediately implies a transition D~A, since 
there is a fast relaxation process betweenD-Aas compared to C-D. The same applies 
to the A-B-C transitions. 

The characteristic quantities are therefore the density (population) of what 
shall be referred to as the upper and the lower states, LO and Ll. These densities, no 
and n~, are number of states per volume, and will follow closely nA and nc. Ti3

+ ions 
will be considered to exchange between these states due to the three processes 
referred above: absorption, stimulated emission and sponfaneaus emission. 

The absorption rate from LO to Ll is proportional to the intensity of the 
'pump' laser radiation lp, to the density of states n0 and to the absorption cross-section 
aabs· lp is distributed across a speetral frequency range6

, and aabs is also dependent on 
m, so the ra te must be evaluated for each dm element and integrated: 

(
8n1(t,F)) =-(àn0 (t,r)) =( )f]PrJt,r,m) r. _) ( )d =: YAtJ) r. -)~ + .nov, r a abs m m - .no v, r a abs 

Of abs Of abs m Ji (J) Ji (J) p 

(2.7) 
Here lpw(t,r, m)dm is the actual intensity element, in (W/m2

). The integration takes 
place on the range in which the cross section is relevant, but generally an average 
value for O"abs and lp can be used, due to the pump bandwidth being narrow compared 
to the absorption cross section. Note that the ratio between I and 1iro yields the flux of 
photons (per area and time unit). The dependenee on (t, r, m) is genera!, but a relation 
between these three can be inferred, as shall be seen. 

In a similar way to eq. (2.7), the stimulated emission rate from Ll to LO is 
proportional to the intensity of the 'laser' radiation h(t,r, m), to the density states n1 

and to the emission cross section aemis: 

(
on! (t,F)) = -(àno(t,r)) = (-)"'cDJmm ]Lm (t,r,m) .nJ ~,F)aemis (m)dm (2.8) 

Of slim Of slim mCD-mm Jim 

The 'average' approximation to the integral less accurate in this case, due to the 
broadband spectrum of the laser pulse. The range of integration in principle would be 
infinite, however in practical terms the range of aemis is used, or even less since the 
speetral range of the laser intensity hw is usually narrower (about 25% of the range 
O"emis, on initia! amplification). For amplification at high power, as is the case in the 
design aimed for, an important effect arises from the speetral dependenee of the gain. 
This is discussed in the Sec 2.3.A, "Spectra! Gain Narrowing". 

Finally, the rate of spontaneous emission can also be described, in terms of the 
density n 1 and the lifetime rCD: 

(
8n1 (t,r)) = -(àn0 (t,r)) = ( -) n1 (t,r) 

Of spont Of spont 'r CD 

[2.9] 

6 here mis used since it is directly proportional to the photon energy and is not changing for different 
media. 
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From these three rates the proper rate equations for the conceptual levels LO and L1 
can be obtained. 

dn1 (t,r) = (on1 (t,r)) + (on1 (t,r)) + (on1 (t,r)) 
df Ol abs Ol slim Ol spont 

(2.10) 

dn 0 (t,r) =(on0 (t,r)) +(on0 (t,r)) +(on0 (t,r)) 
dl Ol abs Ol slim Ol spant 

(2.11) 

and in explicit form: 

The time and spatial variatien of the laser radiation can also be described: 

(2.14) 

(à!L (t,r,w )) = (à!L (t,r,w )) = 1 ~, - ) ~, -) . ( ) 
Vc L v:,r,OJ nl v:,r aemlS 0J 

Ol slim OZ slim 

(2.15) 

As would be expected, the sum ofthe two rates for n 0 and n1 is null, since the 
total quantity of states n = n0 + n1 should remain constant. In the last two equations 
the assumption that lp and h represent travelling waves is already taken, with z as the 
spatial coordinate in the propagation direction and Vc asthespeed within the crystal. A 
further relationship for h can be deduced, consictering that the pulse being amplified 
is linearly chirped, that is, the different wavelengths are distributed along the pulse. If 
'to =Live is the duration of the pulse, and 2L1w is the frequency range, centred around 
OJQ, then the linear relations are assumed: 

{ ) 2/:).0J { ) 2/j.OJ 
w(t)=\OJ0 -/j.OJ +--t (2.16a) w(z)=\OJ0 -/).0J +--z (2.16b) 

~ L 
in the interval [OJo-L10J,w0+L1w] or t:[O,'t0], z:[O,L]. This will prove of consequence to 
the referred effect of Speetral Gain N arrowing, and is used in the modeHing as well. 

2.3 Non linear effects 

When dealing with short pulses and high power and amplification, several 
parameters such as intensity (on different time-scales) and speetral composition play 
important roles. A discussion on these effects is in order, here mentioning only the 
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aspects and parameters relevant to the design. A thorough discussion can be found in 
[10]. 

2.3.A - Speetral Gain Narrowing 

The effective speetral gain observed in the kind of amplification described in 
this chapter can differ considerably for the different wavelengths (or frequencies). By 
'effective' one means e.g., 'the gain in intensity for each wavelength after traversing 
the crystal'. Three independent mechanisms lead to what is referred to as 'speetral 
gain narrowing' (SGN): 

1. Intrinsic: The dependenee of CYemis( m) on frequency, as shown in fig. 2.8. Even 
for light with a square speetral distri bution (constant), the different speetral 
gain willlead to higher total gain for the frequencies around OJo. For Ti:S this 
is generally of low importance, since the speetral dependenee for CYemis is very 
broad. 

2. Beam spectrum: The instantaneous gain in intensity is proportional to intensity 
itself, resulting from the nature of the stimulated emission process eq. (2.14). 
Therefore, in the same way as (1.) but now consictering the speetral 
distribution of the amplified beam, the frequencies closer to co0 will be better 
amplified. This effect is always present, and is usually referred to as the most 
important cause for SGN in high gain amplifiers. 

3. Chirp asymmetry: The frequencies are distributed along the stretched pulse eq. 
(2.16), and as the pulse travels across the crystal, the frequencies in front will 
'see' a higher popuiatien of the excited states, as compared to the frequencies 
coming last. This is mostly important at high energy when close to saturation. 
The effect is specific to the CP A (Chirped Pulse amplification) technique. 

Note that (1.) and (2.) in general lead to narrowing around the same central 
wavelength, since the amplifier is fed with a pulse generated in a similar system, 
using the same gain medium (Ti:S). Therefore, the input should be centred around the 
same frequency as the cross sectien ( OJo=OJcD). However, for (3.) the lewest or highest 
frequencies are privileged, depending on the nature of the stretching of the pulse, and 
(3.) may lead to a shift in the central frequency, besides the narrowing. This last 
process is only mentioned in [10] about profile distortien of 'normal' picosecend 
pulses, without a chirp (and no narrowing). Therefore it is often assumed to be of 
lesser importance than (2.). For better precision, it has been included in the modeHing 
presented in Sec 4.3. 

2.3.8- Non Linear Refractive Index and Optica! Kerr Effect 

At very high power, the refractive index nr can become a weak function of the 
electric field or average intensity. This is sametimes referred to as 'optical Kerr 
effect' [ 13, 14]: 

(2.17) 

with <I> the cycle averaged intensity and n2 the non-linear coefficient. In the case of 
Alz03, the value of n2= 3.2x10-16 cm2/W. Note that n2 is positive. A circular beam 
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with a radial intensity distribution will produce a radial increment in nr, 
nr = no + 5n(r) (2.18) 

The increment is higher closer to the centre, meaning a decreasing refractive index 
with increasing r. This implies different effects, all ofwhich should be avoided: 

1. Self Focusing: the radial profile of the refraction index causes the beam to 
inflect, like in a GRIN 7 lens. The energy will become even more concentrated, 
strengtherring the effect. Not only will the beam be distorted and fluctuate, but 
there is the risk of reaching optica! breakdown - the fields ionise locally the 
material, leading to destruction. 

2. Self Phase Modulation (SPM): n changes as the intensity changes along the 
picosecoud pulse, so that different points 'feel' a different index. This causes 
the relative phase to be changed and adds new frequencies, distarting the 
speetral composition 

3. Self Steeping: In conneetion with the above, later points in the pul se will feel a 
gradually higher index and will become increasingly delayed, up to the peak 
intensity and then vice-versa. This results in a distorted temporal shape, and 
possibly in a shock wave. 

The pulse must be compressed back to femto-second scale, and of course one seeks a 
stabie output and a safe operation, away from breakdown. Therefore the regimes in 
which these effects will be noticeable are to be avoided. 

A general measure for the relevanee ofthe high-intensity induced effects is the 
B-integral: 

2 L 
B=_!!_ Jn 2 (z)I(z)dz (2.19) 

Ào o 

B gives a measure ofthe total non-linear interaction along the crystal, by summing ön 
over the crystal length L. A related interpretation (and original derivation) is that B 
represents the total phase delay due to SPM. The established criterion is that B should 
be less than 2n for a distance of (2n/'A)r2 with r the beam radius. For amplification in 
Ti:S, the usual (and somewhat empirie) condition [7] is that B does not exceed 3~5, in 
order to assure the effects mentioned above will not be relevant. This will be used 
when dimensioning the system 

2.3.C- Saturation Fluency 

The discussion on design parameters in the next chapter reqmres the 
introduetion of a few concepts related to the dynamics of the gain. 

The speetral energy fluency F w can be defined8
: 

7 Graded Refractive Index lens 
8 The same definitions can also be made for speetral light intensity defined in terms of 
wavelength /... , I=(r, t, /...), with the appropriate changes for w~f.... The use of/... is current 
practice in the field, when comparing values, and will be the choice in the simulations. 
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To 

F(J) (p, {J) )= f I L(J) (p, t, {l) )it (2.20) 
0 

and is given in units of energy per area per frequency or wavelength. hw(r, t, m) is the 
speetral light intensity (W/m2Hz). For each point in the cross section of the pulse 
beam, F w gives the distri bution of pulse energy along the spectrum. 

The total fluency is: 

(2.21) 

This is the energy per unit area, for each point in the pulse section. In principle, F(r) 
will be the highest in the centre, where F w and h are also highest 

F w allows evaluation in a practical way of the strength of the interaction 
between the total pulse energy and the gain media. The saturation fluency is 
introduced, approximated by the expression: 

F ~ fim 
s ~ 

CTem(w) 
(2.22) 

Note that F wis inversely proportional to the emission cross section. The amplification 
is saturated when the number of photons per unit area is such that there is more than 
one photon per equivalent cross-section area. In this regime, the amplification 
becomes non-linear, and the material is saturated. In practice, it means there is a 
relevant difference between the density of excited states for the front and end parts of 
the pulse, i.e., the depletion caused by the beginning fraction of the pulse is relevant 
for the amplification of the rest. Deformation of the pulse may result, which can only 
be acceptable up to a certain degree. 

More important, Fs sets the limit for efficient energy extraction, since F refers 
to the whole pulse and is independent of the pulse length L1 T. This matter will be 
addressed in the next chapter as well. 
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3. Requirements and Design Considerations 

The starting point for a design, generally, is to specify what is desired. The 
main requirement, as described in the Introduction, is to build a laser that will deliver 
pulses with a peak: power of 1 TW. The limit for compression of a pulse will be about 
50 femtosec (FWHM), which means the final pulse should have an energy of -50mJ. 

There is already a system operational which provides 1mJ, 25fs pulses at a rate 
of 1kHz. This consists of a seed (FemtoSource™) laser and an amplifier stage 
(Omega-Pro™). Both use Titanium doped Sapphire has a gain medium. The seed is a 
passive mode locked oscillator1 [12], emitting pulses at 75MHZ in the 730-870 nm 
speetral range. The amplifier stage is a 9-pass amplifier in a confocal design, meaning 
that the beam is focused and passes through the crystal 9 times. The Ti: S crystal is 
pumped by a 5mJ, 300ns, 528nm YLF laser. 

Having specified what is aimed for, and in our case, what is already available, 
the next step is the choice on how to achieve the specifications. We opt for the 
mentioned CP A technique, for being the widely used method for femto-second pulse 
high-power amplification. In this way, one has a good amount of information 
available and is sure to invest in a design that will work. 

The structure in the existing system is modular, with a souree and an amplifier. 
The intention is to keep it in the same way, and therefore the planned amplifier to be 
added is also a modular block. It should work as an additional unit and be composed 
of subunits, as pictured in the scheme of fig. (3.3). A IJ, 5ns YAG (Thompson CSF) 
laser system, with emission at 532nm (via frequency doubling) has recently been 
acquired by the PTV group. This laser will be used as the pump for the amplifier here 
described. Operation occurs in two steps, the pumping and amplification respectively. 
The pumping takes a few ns, and in amplification each pass of the pul se also Ie ss than 
10 ns, so in total a few tens of ns ( <1 OOns ), while the lifetime is a bout 3 J-lS. 

Souree 

Pump 1 
YLF,5W 

300ns, 5mJ, 
lkHz 

Amplifier 1 

13fs, .,_,_ ___ ___., 
4nJ, 25fs, 
75MHz 1mJ, 

1kHz 

-----r mplifier Module 

Stretcher 

Pump2 
YAG 

D 
Amplif2 Compressor 

-50fs,50mJ, 
10Hz 

Fig 3.1: Modular layout of the amplification line. The system in consideration herein, is the amplifier 
module on the right side. The frequencies refer to the pulse rates. The output of each amplifier is 
limited by the rate ofthe pump. 

1Full coverage of the subject can be found in the references [ 17, 18] 
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Sec 3.1 presents a qualitative discussion on optical damage, a caution that should be 
taken on all steps of the design. 

In Secs. 3.2-3.4, the main dimensioning of the system is carried out for the 
three chain components: amplifier and pump, stretcher, and compressor (in this 
order). This is an iterative process, though only the final values are computed. The 
order in which the calculations are presented is set by the relative preeedenee between 
them. These calculations could have been justified in an exact way, integrating along 
pulse temporal and spatial shapes, perhaps accounting for wavelength dependence, 
etc. However, it is seen that realistic numbers can be obtained by reasoning from the 
theory and employing some straightforward calculations. Furthermore, the laser is not 
designed to work on the threshold but with a safe margin, so any precision that might 
be gained from detailed dimensioning would be lost in the sealing. 

3.1. Optica! Damage Prevention 

Optical damage has been an issue in research almost since lasers were 
available, and a variety of effects and processes have been identified which lead to 
some kind of damage of materials, in particular when using ultrashort pulses. It is 
important to identify the causes, so they can be avoided in the design, which includes 
the choice for and requirements on materials, geometry, beam characteristics. 

Fora thorough discussion on optical damage the reader may refer to [11,10]. 
Here the relevant considerations to be taken are sumrnarised. According to [10], 
optical damage in a solid can occur in four main types: 

1. Thermal: strong bulk energy absorption, transferred to the lattice, leading to a 
rise in temperature which can eventually cause strain or melting of the 
material 

2. Impurity/Defects: every material has limited purity and lattice perfection. High 
absorption at points where particles or defects may be located can cause 
damage due to local heating and further contamination. 

3. Surface: dirt, cracks, scratches can enhance the electric field locally, where 
sharp edges arise. This in turn may lead to disroption andlor further damage. 
(2.) mayalso apply. _ 

4. Ionisation breakdown: an electi-ie field too intense causes ionisation of the 
atoms. The released electrons may be accelerated and further ionise other 
atoms, causing an avalanche process. This results in a local plasma which 
damages the bulk materiaL 

In the face of the above, some care should be taken to avoid such occurrences. 
In respect to each basic type of damage, the following can be done: 

1. Thermal: Adjustment of the intensity of the beam by expanding the diameter, 
or a lower pulse rate. U se of reflective opties. Optimising the cooling of the 
material, in order to control the temperature. 

2. Impurity/Defects: The purity of the material must be controlled, and the 
environment in which it is used as well, so it does not become contaminated. 

3. Surface: The same from (2.), and (1.) is valid. It is a usual practice to operate 
high power lasers in dust filtered rooms. 

4. Ionisation Breakdown: Lowering the average intensity in the pulse, as well as 
peak intensity. This can be done by stretching the pulse. 

20 



Note the basic difference between expanding the beam diameter and stretching 
the pulse. In practical terms, the farmer refers to average beam intensity ( cantrolling 
temperature) and the latter to instantaneous cycle averaged intensity (controlling 
ionisation 'hot spots'). 

Breakdown is the main concern in intense ultra-short pulse opties. All other 
kinds of damage are relatively easy to control, via the quality of materials and the 
conditions around the crystal (dust, temperature). While (1.-3.) are controlled in this 
way, (4.) has a fundamental implication on design, demanding for pulse stretching and 
subsequent recompression. Tagether with the conditions on beam diameter and 
intensity, the avoidanee of breakdown will determine the amount of stretching. 
Therefore the value for the stretching is calculated in Sec. 3.2.D, as it requires other 
aspects of the amplification to be dimensioned first. 

3.2. Amplifier Unit Requirements 

The dimensions and choices made for the system are determined from a 
balance between the specifications and a number of delimiting factors. To develop a 
coherent design requires a systematic approach, starting from the most to the least 
delimiting variables. Note that the sequence in which the constraints are to be 
considered and the optical elements involved is not the same as the order in which the 
beam is to encounter the different opties. For example, the stretching factor (the first 
transformation to the beam) is one of the last to be dimensioned, since it is evaluated 
in function of what will follow in the path, namely the conditions at the crystal. 

The first constraint is the saturation fluency Fs at the crystal, which sets the 
limit for efficient amplification. Tagether with the final energy wanted at the end of 
amplification (1 OOmJ), this sets the laser beam diameter ( ~5mm), and crystal diameter 
( ~1 Omm). It is enough to have a lower limit since for the crystal the co st to size ratio 
is a dominant factor, and the aim is to keep the crystal diameter as small as possible. 

The small and large gain regimes are introduced to allow the conneetion 
between pump laser and laser beam2

• The pump laser is dimensioned as a function of 
the desired gain and of the laser beam and crystal transversal sizes. A trade-off has to 
be assumed between the longitudinal size ofthe crystal (cost) related to the absorption 
of the pump beam, and the gain per pass. This is an iterative process, which also 
allows for change in the earlier considerations. The number of passes found necessary 
in this way is presented a priori, and used in the rest of the calculations. The choice 
for five passes is justified by the rnadelling results presented in the next chapter, 
though actually the number is suggested from the iterative modelling. It will also be 
seen in the next section that the geometry and layout of the amplifier subunit easily 
allows for change in case a different number ( 6, 7) proves to be needed aft er 
implementation. 

Finally, the specific effects which can lead to optical damage are addressed, 
namely due to high intensity (breakdown) within the crystal being the dominant 
condition. The minimum duration of the amplified pulse (for the desired energy) is 
determined, as a function of the saturation condition at the crystal. 

This concludes the outline of the methad foliowed here in order to dirneusion 
the system. It should be stressed that the several considerations are interconnected, 

2 'Pump' or 'Pump laser', and 'laser' will be used when referring to the pump 532nm YAG laser and to 
the 800nm ultra-short pulse laser being amplified, respectively. 
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and the different subsections only make real sense when considered within the whole, 
and in conneetion with the next sections. 

3.1.A - Saturation Fluency and Beam Diameter 

As mentioned in Sec 2.3.C, saturation fluency limits the energy per transverse 
area, integrated along the putse. Therefore it is not possible to alleviate the saturation 
by stretching, only by expanding the beam diameter (which requires a bigger crystal 
and pump beam). 

It is due to these considerations that Ti:S presents a great advantage when 
compared to optie dyes as a gain medium. These have considerably high stimulated 
emission cross sections, in the order of 10-16 cm2

. This leads to a saturation fluency of 
about Fs= 3mJ/cm2

• As we have seen above, weneed about 100mJ, and already the 
output of the pre-amplifier is 1mJ. An area of tens of cm2 would be needed! The use 
of high emission cross-section gain media is not appropriate for amplification at this 
energy. For Ti:S, the values are better: 

0-19 2 I 2 O'"em=4.1x1 cm , Fs= 0.61 cm. 

To be out of saturation conditions, a beam with an average energy of 100 mJ at the 
end of amplification should have a section larger than 0.16cm2

, i.e., fora beam with 
radial symmetry the diameter has a lower limit: 

9>4.6mm (3.1) 

The radial intensity profile should in principle be a gaussian, rather than a square (top
hat) distribution. This means the centre of the beam is actually more intense than the 
average, and a beam with a larger diameter should be considered. On the other hand, 
the use of a larger crystal increases the difficulty of pumping, aligning, stabilising, 
and heat draining. Moreover, these are crystals grown by special methods, and 
become exponentially expensive with size, so the size should be kept as low as 
possible. In this design we assume the trade-off for a -5mm diameter and allow for 
operation close to or within saturation in the last pass. Despite the denomination, there 
is gain in saturation as well, as illustrated in the next subsection, though is lower (figs 
3 .2a,b ). Of course, the crystal must be bigger than the beam, and the biggest diameter 
fora crystal readily available is 10mm. Above this the Ti:S rod must be custom made, 
increasing the cost and delivery time further. Results from simulation in Sec. 4.3 show 
this is an appropriate choice. The overall influence of saturation will be discussed 
later. 

3.1.8- Smal! and Large Signa! Regimes 

A distinction can be made between two regimes of operation in a gain 
medium, conceming the closeness to saturation, or the fractional change in the density 
of excited states with one pass of the pulse. When the energy of the beam is not in 
saturation (F<<Fs), and the excited state density n1 interacting with the initia! and 
final parts of the laser beam does not change significantly, then one refers to small 
signal regime3

. In this case and consictering a constant density n1 over the crystal 
length L, the gain (Ioutllin) is: 

3 to be exact, this should be the difference n1-11o, but due tothefast phonon relaxation in the low level 
and the buffer mechanism referred in Sec. 2.2, the population in the state to which the transition occurs 
is negligible. 
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(3.2) 

From this situation up to saturation, the performance of the crystal changes. As the 
intensity of the beam increases and the excited state population decreases, the gain 
decreases and becomes a more complicated function of the parameters. Note however 
that the saturation condition is only set by the fluency (Fr::;Fs). The important value for 
the calculations here will be the small-signal coefficient: 

(3.3) 

which is a measure of the amplification in the first pass. The value g0L is commonly 
used to characterise an amplifier. In the saturation regime distartion due to different 
amplification may occur, as pictured in fig. 3.2, so most of the amplification should 
happen below saturation. 

Fig 3.2: Temporal shape ofthe pulse for 3 different values offluency, as compared to saturation. Fora 
pulse well above saturation (Fo/Fs=4), distartion is quite evident, but near to saturation (Fo/Fs=O.S) the 
shape still resembles the initia!. The solid lines are results of numerical calculations and the dashed 
lines to approximate analytic solutions in [6]. 

To illustrate the calculation, we set the number of passes in the Ti:S crystal to 
be 5, a priori. This is actually a result from the iterative design process, and is 
justified from the numerical simulations, Sec.4.3. Though we start with a 1mJ pulse, 
severallosses have to be accounted for. The stretcher and compressor can be expected 
to introduce attenuation (about 20% and 50%, respectively, see next sections). There 
is also general loss due to beam divergence and manipulation (considered 50%). 
Multiplying the effects of the three losses, an effective amplification of about 1 OOOx is 
obtained in order to reach 50mJ at the final output from a 1mJ input,. This means an 
average gain per pass close to 4. As can be seen from the different curves in fig. 3.3, 
as the energy increases (close to saturation), the gain decreases. So a higher gain Go is 
needed at the start, about 6. This means gaL = 1.8 , a value between the two results in 
fig. 3.3 a,b, obtained from [6]. This value for gaL will be used below to dirneusion the 
pump beam. 
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Figs 3.3: Change in energy gain (Fou/Fm) and speetral narrowing fraction (LlÀ0u1-LlÀin/ilÀ8ain) according 
to the input speetral bandwidth(ilÀ0=ilÀin), from [6]. The series of curves are for different values of 
input fluency (rs=Fs ), from the small-signal (Fs<<l) to large-signal (F8>l) regimes. This is the most 
important dependenee to note. The graphs are for two different values of gain: a) g0L=l, b) g0L=3 . In 
our system, g0L-1.8. Solidldashed lines indicate numericallapproximate analytica! solutions from [6]. 

3.1.C- Pump Pulse Energy 

The energy to deliver to the crystal must be dimensioned, in order to have 
enough population inversion without incurring in damage nor unnecessary beam 
energy. This should be evaluated in terms of fluency, sirree in this way the pump and 
amplified beam can be compared. Both should overlap in volume inside the crystal. 
The fluency will depend on several values: 

1. Absorption coefficient: evaluates the efficiency of the energy transfer between 
beam and crystal. For our Ti:S rod this is a=3.0 cm-1

. 

2. Absorption cross section at 532nm: will set the saturation fluency, as 
expressed in eq. (2.22), Fs=6.7J/cm2

. 

3. Transition efficiency: for each ion that participates in stimulated emission, 
only a part of the pump energy is converted to the (red) laser energy. In the 
final expression obtained this will be implicit, under the relation between cross 
sections and fluency. 

4. Gain per pass: which sets the initia! density of excited states (go=n 1 aemis) 

aimed for. The final energy desired sets the gain for the first pass (goL=1.8). 

Using the absorption coefficient, we have an estimated relation between input 
and output fluency: 

F - F -aL 
out - in .e (3.4) 

The energy stored in the crystal can also be described as a fluency, in this treatment, 
sirree for the laser beam the total energy gain can also be described in terms of the 
total energy per area. It will be the difference between input and output: 

b.Fstore = F';n -Fout = F;n [1- e-aL] (3.5) 

The excited state density after pumping can be expressed: 
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(3.6) 

with Eratal the total energy absorbed by the crystal. It is convenient to express the 
above in terms of the saturation fluency at the pump wavelength, Fsat(532nm) = 6.67J 
cm-2

• Using eq. (2.22) for Fsat and with some manipulation: 

n L _ Mstore a abs _ Mstore 
I - -

1i w a abs a abs .Fsat 

The small signa! gain coefficient defined in eq. (3.3) is then 

L a e /).pstore go =--
aabs Fsat 

(3.7) 

(3.8) 

This allows to equate the pump fluency needed to obtain the final fluency of the laser 
beam, via the density of states n1. Using the definition of lJ.Fstore from eq. (3.5) in 
(3.8), and solving for Fin: 

F = (g L) aabs Fsat (3.9) 
In 0 1 -aL 

ae -e 

Note that this includes the parameters mentioned in the beginning, and all the values 
are known. From gain considerations, gaL=1.8. Using: 
Ciabs(11)=5.6x10-20cm2

, Cie(7!)=4.1x10-20cm2 and Fsat(532nm) = 6.67Jcm-2 

With a=3.0cm-1
, the fluency is only dependent on L. We choose a 1cm long crystal, 

meaning about 95% ofthe energy is absorbed. This yields an input fluency of 
Fin= 1.8 J.cm-2 (3.10) 

Which is lower than the saturation fluency at 532nm. The pump and laser beams 
should overlap in the volume crossed inside the crystal. A consideration must yet be 
made on geometry. Both the pump and laser beams hit the crystal on a Brewster 
angle, to minimise reflection. A beam with circular cross section will become 
elliptical within the crystal (and circular again on exit). Therefore, the cross section 
area will be larger in the crystal. For the laser beam this only means being a bit farther 
away from saturation for the value dimensioned, following from Sec. 3 .2.A. However 
for the pump beam means the fluency outside F ext must be larger to provide the 
calculated fluency inside Fin· 

In Ti:S, the Brewster angle is close to 60°. For the precision aimed for here, 
there is no need to introduce the elliptical area. A factor of 2 is enough to account for 
this and for loss in the reflective opties. The area of the laser beam was dimensioned 
to be 0.1 cm2

, leading to a pump energy: 
EYAG = (2).A.Fin = 0.4J (3.11) 

We choose to split the pump beam in two equal parts, and illuminate from both sides 
of the crystal. In this way, the intensity on ( each) surface is lower, and the pumping is 
more homogeneous, leading to a more balanced distribution of the excited stat es along 
the crystal. 
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3.1.0- Breakdown. Optical Kerr effect and Pulse Ou ration 

The limitation on energy density, or instantaneous intensity I, may be 
evaluated via the B integral. If the energy density is high enough, ionisation will occur 
e.g. due to self focusing, which further increases the intensity. Generally the 
prevention ofSPM and selffocusing, assures being below ionisation threshold4

. 

The peak laser intensity along the pulse is used, since the effect will be the 
most critica! at this maximum. The value hpeak(z) is assumed to be constant along the 
integration, meaning the B-integral will yield a condition for the maximum "safe" 
value that I can take. From eq. (2.19) for the B-integral, with À=800nm and 
n2=3.2x10-16 cm2/W, a condition for lis set, making B<1: 

IL < 4x1010 (cm.W/cm2
), (3.12) 

with I in (W/cm2
) and L in (cm). Fora 10mm = 1cm long crystal, I< 4x1010 W/cm2 

• 

The key idea hereis that the pulse must be long enough so that the peak intensity is 
kept under this value. The final pulse energy ELfinal should be about 1 OOmJ after the 
last pass, with an area A=16mm2 (Sec. 3.2.A). Considering the average intensity 
laver=lpea!l2: 

Iaver ro ~ ELfina/ I A (3.13) 

And the condition for the pulse duration 'to: 
'to > 30x10-12 s = 30ps (3.14) 

Note that this is the absolute m1mmum value for 'to. The pulse after 
amplification may not have a regular shape in time as assumed here, but can be a 
rather steep peak [10,18], with fluctuations in intensity. A factor of 3-4 should be 
applied to safely account for this and in order to ensure operatien within the limits. 
This brings the value of 'to to: 

'to~100ps. (3.15) 

No te that the lifetime of the excited states is about 3 J.lS, so the stretched pulse 
is still very short compared to spontaneous emission rate. Considering the multipass 
configuration (Sec. 4.3), one pass may take ~10ns (~3m) and so the pulseisalso very 
short cernparing to the other time scales in the system. 

3.2.E- Summary of Amplifier Requirements and Characteristics 

The values resulting from the discussion on this sectien are summarised in 
table 3.3. The process used to obtain these is iterative, as mentioned. The 
interdependence and limiting factors are also shown for each variable. 

4 Since SPM and Self focusing generally occur for lower intensity than ionisation 
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Feature Value Relations 
Ein 0.2mJ Fixed(lmJ), stretch. effic. 
Eout lOOmJ Fixed(50mJ), comp. effic. 

Laser 

tPL 5mm F S(800), Eout 
'to ~250ps B-integral, [Fs(soo)] 

Pump Laser 

tPP 5mm <J>L, Fs(532) 
EYAG 2x0.2J Gain goL, cr em, a 
To(PJ 5ns Fixed 

Crystal Ti:S 
ljJ lOmm ~L, cost 
L lOmm (nr ofpasses)xG, cost 
Nr passes 5 G, liL, cost 

Table 3.1: Results of the dimensioning for the amplifier unit, including requirements on pump laser. 
These values will be used in next chapter for specific design. 

3.3. Stretcher Requirements 

The main condition for the stretcher, the amount of delay to introduce, is 
determined by the crystal and the amplification, as seen above. The stretching should 
be about lOOps or higher. 

As discussed already in Sec. 2.1, non-linear chirp (higher order terms in eq. 
2.16) is to be avoided. This is connected to the compression time efficiency. With a 
linear chirp or wavelength dependence, it is easier to compress back to less than 
lOOfs. If the frequencies have a non-linear delay, the compressor has to compensate 
for this, and the design will get more involved. Therefore, the choice for an all
reflective stretcher, without lenses to introduce non-linear speetral delays. 

For compression down to 50 fs, it also results from theory that a bandwidth of 
40nm at 800nm is necessary. Though possibly some gain narrowing might occur, no 
significant loss of bandwidth is expected, and the stretcher should transmit at least in 
such wavelength range. 

The power transmitted by the stretcher should be enough to provide a signal 
that can be amplified up to lOOmJ in a few passes, namely 5. From the nature of a 
CP A stretcher, 4 reflections on gratings are expected, which introduce considerable 
attenuation. In the previous section, a 20% power transmission efficiency is assumed, 
for a lmJ input pulse, and this is seen to yield reasanabie dimensions for the 
amplifier. This marks a lower limit for the power efficiency. 

Requirement Value 
Delay (pulse duration 'to) >lOOps 
Bandwidth 780- 820nm 
Power Efficiency >20% 

Table 3.2: Stretcher requirements. The delay should be linear on wavelength. 

The values summarised in table 3.3 will later be compared to the design and 
experimental results for the assembied and tested stretcher unit. 
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3.4. Compressor requirements 

The compressor is in principle easier to align and adjust, when compared to 
the stretcher. The exact complementary delay (negative dispersion) will be set by the 
stretcher delay, more than the inverse. Contrary to the stretcher, the compressor must 
provide fine tuning of the delay, to match exactly the duration of the stretched pulse 
(on the order of 5fs~l.5J-Lm). This is also taken in account in the design (Sec 4.4), 
which follows closely the conventional layout of a CP A all reflective stretcher, as in 
fig 2.2. 

As discussed in the above section, for compression to 50fs a bandwidth of 
780-820 is required. The compressor must provide a delay for the wavelengths in this 
range. 

The compressor is the last unit in the module, and will transruit the amplified 
pulse. Therefore the power transmission efficiency is more critica!, since unlike the 
stretcher the loss cannot be compensated. Also at 1 OOmJ a significant loss, if due to 
absorption, may mean damage. In the calculations in Sec 3.2, a value of 50% is shown 
to be acceptable. 

It will also be important to take into account the intensity on the gratings of the 
compressor, since on exit these opties will reflect a pulse in the order of 1 TW. 
However, damage thresholds for the gratings are not specified by the supplier, so 
these are estimated from reported designs [7]. A value of about -0.3TW/cm2 

IS 

assumed, yielding a beam diameter of about 2cm (n.(1cm)20.3TW/cm2=1 TW). 

Requirement Value 
Delay 'to (-lOOps) 
Bandwidth 780- 820nm 
Power Efficiency >50% 
Beam diameter 2cm 

Table 3.3: Compressor reqmrements. The delay should compensate the lmear chirp of the stretching, 
and should be finely adjustable. 

The conventional design for the compressor will be adapted (Sec. 4.4) to meet the 
requirements on table 3.3. 
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Chapter 4. Design and Simulation 

After dimensioning the limiting variables on the system, an explicit layout is 
projected. Proposing and justifying the feasibility of a particular design, is the object 
of the present chapter. 

The first section presents a summary of the system constraints obtained 
previously, and a detailed scheme of how CP A will be implemented, with the 
characteristics of the pulse between the elements of the chain 

In the three following sections, the geometrical design of the different subunits 
is presented with detail. The particular layout and inner functioning of each one then 
becomes explicit. For the purpose of obtaining a coherent configuration, a 3-
dimensional ray-tracing simulation was carried out for each element using RayCad™. 
The AutoCad™ drawings presented are the result from this ray-trace. Together with 
the settings and limits discussed in the previous section, an accurate idea of how to 
build is also important. The simulation is exact1 and presents a good starting point for 
building the system without errors. The geometrical specifications serve to narrow the 
many degrees of freedom and to control the settings and limits proposed. Note that in 
all units (stretcher, amplifier and compressor) the beam passes (or reflects) through a 
few points more than one time. Therefore the adjustment is iterative, which justifies 
the use of computer-aided design (CAD). 

Sec. 4.1 presents an overview of the design, showing how the different 
elements are linked within the amplifier module, and the beam characteristics for each 
subunit 

Unlike the previous chapter, the sequence of components as met by the laser 
beam will be foliowed here. In Sec 4.2, an all reflective design is proposed for the 
stretcher. The ray-tracing allows to calculate the path length differences for the 
different wavelengths to good accuracy, which is central for balancing the effect of 
the stretcher and compressor. 

Sec. 4.3 has two different parts. The first part illustrates the design for the 
amplifier unit. The overlap between pump and laser beams inside the Brewster-cut 
crystal is shown to be possible, for the geometry proposed. The second part presents 
the results from a numerical simulation of the amplification. This was achieved using 
MatLab, since the ray-tracing software does not support such features. Mappings of 
the excited state density, beam intensity and speetral profile were obtained. The radial 
and longitudinal dependenee is considered. 

A conventional contiguration for the compressor specified in Sec. 4.4, with 
physical dimensions calculated to fit the requirements from Sec 3.4. 

4.1- System Overview 

The considerations from Chp. 3 lead to a set of values for each element, 
which were summarised in the tables at the end of each section. These allow to 
characterise the system for the beams going in and out of each module. 

Only these values cannot give a clear picture of the essentials of the system. 
Remembering the diagram in fig. 3.1, the amplifier module is now expanded to detail, 
as in fig 4.1. This diagram, which includes the most of the information from the tables 
in Chp 3, and the sketches and simulations described in the following sections, try to 
give a good picture ofthe system and how it works. 

1 comparable to the toleranee in the optica! components. 
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Fig. 4.1: CPA diagram with pulse specifications. Within the module, the values close to each arrow 
refer to the characteristics of the beam going into the next stage, rather than going out. 

N ote that the beam is expanded when entering the compressor. As discussed in 
Sec. 3.4, the compressor will handle a very high power, and the only way to minimise 
the risk of optical damage is to use a beam with a larger cross section, lowering the 
intensity. 

4.2 - Pulse Stretcher Design 

The stretcher chosen is based on an all reflective design, as proposed by [22, 
23]. The choice on an all reflective system has already been suggested in Sec. 2.1, and 
was mentioned in Sec. 3.3. The inclusion oflenses or other refractive material would 
introduce some distortien in the speetral-temporal distribution. This is to be avoided, 
in order to optimise the compression later. The system is analogous to the grating 
stretcher from fig. 2.3, but here a spherical mirror is used for focusing. The geometry 
is also folded, as is appropriate for a mirror construction, and the two gratings are now 
coïncident from a top view (fig. 4.2). 
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Gl-MC-G2 

MS 

MF 

Fig 4.2: Top view of stretcher. The incoming beam ( oblique, from the top) hits the gratings block, and 
the wavelengths are reflected at different angles. They will thus have different paths, and will travel 
back and forth in the system until reaching the retroreflector mirror RR. At this point the wavelengtbs 
have a path difference and are paralell, but are separated in space. By being reflected back into the 
system all wavelengths will be collinear on exit. Note the beam is also travelling in the vertical 
direction (see fig 3.7), and the paths on both passes are coïncident from this perspective. 
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Fig 4.3: Front view of stretcher, isometrie perspective. The beam starts from grating G1(top) 
horizontally, then moves downward after reflecting from MS, passing the focus and reaching the 
opposite height (relative to centre) in MS. The converging beam travels horizontal again, reaches G2 
(bottom) and is 'stepped up' and reflected back from RR. The inverse path for each beam is now taken 
along the system, but closer to the central plane. lt leaves G 1 lower than the incoming beam. In this 
view, on the mirror MS on the right, the outbound and inbound pairs of reflections correspond 
respectively to the 1 st and 2nd pass. 

The stretcher consists of a grating-mirror-grating (Gl-MC-G2) block, a 
spherical mirror (MS), a flat mirror on the focus (MF) of MS, and a 90° retroreflector 
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pair (RR). The characteristics of the elements are given in the table 4.1. The grating 
blockis best pictured in fig 4.5. It has a flat mirror at the centre (MC) and the gratings 
(G1, G2) on the sides. The lines on the gratings are vertical. The whole block is 
placed on a fixed mount, custom made to ensure the three elements are parallel and 
vertical. The spherical mirror is placed on a precision adjustment mount. The focus 
mirror is kept at the optica! focus of MS, so these two must be moved together. The 
retroreflector pair RR consists of two identical mirrors, placed on a custom made 
mount to ensure a 90° angle between them. 

Element I Feature Value 
Gratings G 1, G2 

Size 110x30x16 (mm) 
Grooves 2000 (1/mm) 
Blaze (BI) -62° 
Diffraction order (n) -1 
Reflectivity 80% 

Centre Mirror MC 110x15x8 (mm) 
Spherical Mirror MS 

Diameter ( cjj) 100 (mm) 
Curvature (r) 1000 (mm) 

Focus Mirror size 11 Ox30x8 (mm) 
RetroReflector Mirror Pair RR 

Mirror dimensions (both) 110x15x8 (mm) 
Angle between mirrors 90° 

Table 4.1: Dimensions and parameters ofthe different elements ofthe stretcher. 

A description of the beam paths follows. The beam enters from an appropriate 
angle and position in order to hit the grating G 1 at the centre. The light at the different 
wavelengths is then reflected at different angles, as in figs 4.1 and 4.4. The angular 
spread is linear with the wavelength, according to eq. (2.1). 

It then follows to the spherical mirror MS. It is not practical to use all the 
spectrum of the pul se for the stretching, as it would require a very large and expensive 
mirror. Using the light in the range 780-820nm, (Av=19THz), a minimum pulse 
duration of 50fs can still he obtained, as discussed in Sec. 3.3. Therefore MS reflects a 
part of the spectrum back into the gratings block, and 'clips' the rest. The spread is 
compensated by the curvature, and the beam is no longer divergent in the horizontal 
direction. Note that the beam starts horizontal from G 1 above the central horizontal 
plane (defined by the eentres of MS, MC and MF) and reflects from MS above the 
centre, being directed downward (fig. 4.3) to the block. 

At the block, the beam reflects now from MC and will focus at MF. This 
mirror then sencts it back to MC and from here to the spherical mirror MS again. In 
this trajectory the beam keeps the downward direction. It will reach MS lower than 
the centre, opposite to the first reflection, but with a smaller width (see fig 4.2 and fig 
4.4). The beam then proceeds horizontal again, converging, now to the second grating 
G2, placed below the central plane (fig 4.3). The construction is in such way that G2 
is closer to MS than the focus of the convergent beam (and G1 image), despite G2 
being parallel to G 1. The situation is similar to the displacement of G2 from the focus 
for the telescape stretcher in fig 2.3. 
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At the grating G2, the different wavelengths meet the surface at slightly 
different angles (as well as positions), which will have the same complementary 
angle, and the beams are reflected parallel to each other (though separated in the 
transversal direction). A delay is now introduced from the longer to the shorter 
wavelengths, with the former travelling ahead. The temporally (and spatially) chirped 
beam then follows to the retroreflector ( can also be seen at fig. 4.5). The pair RR has 
the function of changing the beam height and send it back exactly in the opposite 
direction, i.e., the in- and out-going beams are parallel. 

In this case the different wavelengths travel back a similar path inside the 
stretcher. Now they are closer to the central horizontal plane (fig. 4.3), but have the 
same path and angles in the horizontal direction (i.e., when viewed from the top) as in 
fig. 4.4. The (vertically) inbound beams (2nd pass) reach G2 at a lower point, and 
leave the stretcher under the incoming beam, so can be easily picked out by a mirror. 

Figs 4.4: Path lengths for longer and shorter wavelengths, respectively. lt is seen that on the 2nd 

reflection each beam departs from MS farther from the centre (in the horizontal direction). This implies 
that the converging bearns would meet after the grating G2, i.e., G2 is placed before the image of G 1. 
Since the different wavelengths reach G2 at different spots and are reflected in the same direction, a 
delay is created. This can be controlled by moving MS closer and farther from the grating block, which 
means both focal points being closerand farther, and less or more stretching is achieved, respectively. 
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Fig 4.5: The same comparison as in fig. 4.4, fora view facing the double grating block. 

Alignment of such a system is an iterative process, and cannot be projected via 
straightforward calculations, though rough estimates for angles and distauces can be 
done. One way would he to account for all angles and resume the problem to a system 
of equations, to be solved analytically or numerically. This choice has the advantage 
of being exact, and the relations between positions and delay might become clear. 
However, it has the serious disadvantage of being an abstract analysis, highly time 
consuming, and hard to transmit and explicit in a compact and clear way. The use of 
geometrical 3-dimensional ray-tracing software provides a tool for both simulating 
and optimising a design. Additionally, ray tracing allows to account for features such 
as component thickness (real size) and to simulate misalignments. Finally, exact 3-
dimensional views of the system can he generated, as well as technica! drawings, for a 
clear visualisation and/or specificatien of the characteristics of a design. Therefore, 
the system is evaluated here in numerical ray-tracing terms. 

From the geometry, only the stretching or delay is needed, for a certain 
configuration. The system was simulated in RayCad™ and after optimising, the value 
of delay for the 780 to 820 nm yields T 0=280ps. This is calculated directly from the 
path length differences ( -8.5cm). This value is considerably higher than specified by 
the requirements in Sec. 3.3. Being a factor of -2.5 above the requirement gives only 
a safer margin to amplify the laser pulse. However, it will he seen from measurements 
in the next chapter, that such over dimensioning was justified. As discussed above, 
moving the spherical mirror farther away from the gratings increases the stretching. 
There is also a balance to he considered here. It was also mentioned that the spherical 
mirror reflects a part but not all of the available wavelength band, due to the spatial 
'clipping', which increases with distance from the gratings block. For a distance dMs
Mc=40cm, the range 780-820nm is transmitted and this is just acceptable. Further 
stretching will mean a longer limit when cernpressing to femtosecond again. This is 
what delimits the stretching in the simulation. 

Feature Value 
Bandpass 780-820nm 

Stretching or Delay 280_Q_S 
Total Transm. Efficiency <40% 

Table 4.2: Characteristic functions of the stretcher subunit, as designed and simulated. These rnay be 
compared to the requirements in table 3.2. 

Finally, the power efficiency ofthe gratings (and the overall transmission) has 
to he taken into account. Each grating is specified to reflect 80% of power, at the 
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optimal angle ( 62°). In total, the pulse will reflect 4 times on the gratings, leading to a 
maximum total transmission of 40%. Note that the beam will also lose some power 
due to the mentioned band 'clipping', so a lower value is to be expected. This will be 
reviewed in the measurements for the stretcher. 

4.3. Multipass Amplifier Design and Modelling 

This is the central object of the whole amplifying module. The constraints 
were already discussed in Sec. 3.2 and summarised in table 3.1. The simulations in 
this chapter address both the geometry and the (gain) performance of the amplifier, 
considering the input of the pump laser beam as well. 

Sec. 4.3.A is mostly concemed with the geometricallayout and respective ray
tracing simulation of the amplifier unit. 

Sec. 4.3.B presents the MatLab™ numerical simulation from which the final 
energy is obtained. The values proposed in Sec. 3.2 are used and validated by the 
results ofthe simulation. 

4.3.A- Amplifier Layout 

In Sec. 3.2 was concluded that for the lOOOx desired gain and a lcm long 
crystal, a number of 5 passes is needed2

• The system should be expandable to more 
passes, to allow more freedom in the adjustment and also the possibility of upgrading. 
The existing system, which pre-amplifies the pulse to lmJ, employs two curved and 
many flat mirrors with several reflections on each. Alignment of this system proved 
quite involved during the experimental work, particularly the curved mirrors. Such 
mirrors are used to focus the beam on the crystal, which is appropriate for 
amplification directly from the source, but is impractical at the range above few mJ. 

For the current amplifier the option of independent beam aiming with no 
focusing is taken. The 5mm diameter beam was dimensioned to be already close to 
the limit of cross-sectional beam area (above saturation). Therefore no focusing is 
needed and a set of independent mirrors is appropriate. 

However, the pump beam must also be accounted for. The main concern will 
be to optimise the overlap between the pump and laser beam at all passes. The scheme 
is as proposed in fig 4.6. 

2 Though in sec 3.1 the question is put in reverse, but as mentioned there the design is an iterative 
process, while here the aim is to justify that the final design is valid. 
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Fig 4.6: Top view of amplifier unit, complete with exact 3D raytracing. The laser beam enters at the 
low left corner, is directed to the crystal, reflects back and forth in the outward mirrors in a total of 5 
passes, always closer to the centre and leaves the system between the mirrors on the right. Of course, 
the reverse path is also possible. The pump laser is split in two identical beams and these are 
transrnitted through the mirrors closer to the Ti:S crystal. 

Both beams should enter the crystal collinear to the maximum extent, but they 
co me from different sources. F or this reason special transmission mirrors are used, 
which have high transmission ( ~99%) in the green (pump), and high reflectivity 
(~100%) in the red (laser). The laser beam will then reflect from such mirror at one of 
the passes and the pump laser beam will be transmitted through the same mirror. The 
pump laser beam energy is quite high (~0.2J) and it would be dangerous to use such 
mirror to align the laser beam during operation, which is something necessary. On the 
other hand, a change to the mirror angle in order to optimise the alignment of the laser 
for the particular pass will also change the alignment of the transmitted pump beam. 
This question is overcome by introducing the four mirrors at the centre of the paths 
for the 800nm laser beam, as in figs. 4.6 and 4.7. This allows to make the pump and 
laser beams perfectly collinearand to align them independently. The powerful Y AG 
pump laser beam is also restricted to a smaller area, increasing safety and ease of 
alignment. 
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Fig 4.7: Centre ofmultipass amplifier. The beam splitter BS separates the pump beam in two. The two 
pump mirrors on the left are connected and moved back and forth to synchronise both pump pulses, 
making sure they enter the crystal at the same time. The two special mirrors MI and M2 are only 
aligned once. Optimisation is achieved with the other mirrors. 

The different passes should also be aligned with each other as good as 
possible, so that the laser beam can make the best of the pumped volume, as in fig. 
3.14. In fig. 4.8 a smaller diameter for the beams is featured (for illustration), and 
though the beam eentres might not coincide perfectly, the totaloverlap is acceptable. 
It should still be possible to improve further on experiment. The ray-tracing serves 
mainly to determine the initial configuration of the system and to probe whether a 
certain design is geometrically feasible. The defmite configuration is determined from 
optimising the alignment during implementation. 

Fig 4.8: Pump and laser beams incident on crystal at Brewster angle. The axis of the rod is parallel to 
the beams inside. The net (geometrical) result of crossing the crystal is a translation in the direction 
traverse to the direction ofpropagation1

. The crystal must he stable. 

1 Just like the image of a spoon in a glass afwater. 
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Figs. 4.9: Reflection schemes at input and output. Each mirror is adjustable, which allows to set, 
independently for each pass, the height and direction at which the beam will cross the crystal. The 
mirrors should reflect at very close to 45°, in order to minimise distortion. 

In order to achieve a good alignment, the mirrors from which the laser beam is 
to reflect back and forth for the several passes are placed far from the crystal and 
closetoeach other, on each extremity, as in figs. 4.9a,b. 

This concludes the general proposed layout of the amplifier. The MatLab 
simulation describes the energy gain in the different passes. 

4.3.8 -Crystal and Laser Beam Parameters Simuiatien 

A code was developed in MatLab environment in order to simulate the 
evolution of the relevant variables within the crystal, both during pumping and 
amplification, as mentioned before. This subsection details the different results that 
have been obtained. 

The 'buffer' interpretation of the energy levels discussed in Sec. 2.2 is used. 
The crystal is then assigned a ground and excited density of states. The system is 
assumed to have cylindrical symmetry. This allows simplification ofthe problem, and 
the calculations are performed on a plane collinear with the crystal axis, to save 
computation time. The transfer of energy from the pump laser to the crystal and 
subsequent storage can be modelled, using the densities of states, the absorption 
coefficient a specified by the supplier and the pump laser radial profile (assumed 
square in time). 

The dimensions of the crystal as specified in Chp. 3 are taken into account. In 
genera!, values close to the ones dimensioned in Chp. 3 for the crystal requirements 
(and pump laser/ laser pulses) were used to generate the results here presented. The 
values are given in table 4.3. 
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Parameter Value 
Crystal Dimensions çb10mmx10mm 

(cylinder) Absorption Coef. a 3.0cm-1 

Mapping 100x100 divs. 
Pump Laser Energy 2x0.2J 

(Gaussian shape) Width 4mm 
Length 5ns (100divs.) 
Wavelength 532nm 

Laser Energy 0.25mJ 
(Gaussian shape) Width 4mm (100divs.) 

Length llüps (50divs.) 
Wavelength 780-820 (50divs.) 

(Gaussian Spectrum) Centre 800nm 
Spread 40nm I 2 

Emission Cross-Sec. crem Maximum 4.1x10_1ycm2 

(Gaussian) Centre 800nm 
FWHM 200nm 

Table 4.3: Parameters used in the numerical simulation for 5-pass amplification to lOOmJ. The 
graphical and numerical results are presented below. 

A numerical version of the equations presented in Sec 2.2 is used, together 
with the assumption of a travelling wave and operation in two phases (pumping, 
amplification). The evolution of the laser intensity can be foliowed for each pass, as 
well as the excited state density. These are mapped on the longitudinal and radial 
directions, as mentioned. The laser pulse was divided in time in a number of steps 
(50). Remembering the pulseis chirped, from the longest to shortest wavelengths, to 
each time division a wavelength is assigned. This allow,s simulating approximately the 
wavelength dependence. The preferential gain for the long er wavelengths ( coming in 
front) is therefore accounted for. The dependenee of the stimulated emission cross 
section on wavelength is also used. 

To illustrate the different profiles and nature of operation at the start and end 
of amplification, the results are shown for the first and last (5th) pass. The former is 
the small-signal gain regime, and the latter is shown to correspond to saturation . 

. The symmetrical profile of the density of excited states, due to the pumping 
with two beams, can be still be observed after one pass (fig 4.1 0). After the five 
passes, most excited states have been used and the centre of the crystal is depleted. 

The difference between the small- and large-signal gain regimes, discussed in 
Sec. 3 .1.B, is noticeable from the result for laser intensity in figs 4.11. 
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Figs 4.10: Nonnalised excited state density fora) 1 pass (left) and b) 5 passes (right). The crystal is 
completely depleted in the centre. 

The intensity is seen to increase exponentially in the frrst pass, fig. 4.11, for all 
positions in the beam front. The centre is more amplified, since there is a higher 
density of excited states available compared to the edges (fig 4.1 Oa). By the 51

h pass, 
amplification is already in saturation (fig. 4.12b) and is not an exponential anymore. 

Particularly, in the centre the intensity is almost constant (since it is almost 
depleted from excited states). The energy increase (table 4.4) comes from 
amplification around the centre of the beam. 
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Figs 4.11: Intensity along the radial and longitudinal directions, for a) 1 pass (top) and b) 5 passes 
(bottom). 
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The intensity is actually calculated from the total fluency F ( eq. 2.21) for each 
position. The pulse is much longer than the crystal, and the intensity changes along 
the pulse. From the numerical point of view makes more sense to use a measure that 
integrates the total amount of photons that pass through each point, therefore the use 
of fluency within the code. The conversion to a mean intensity is done to facilitate 
companson. 

From the values at z=10mm the radial profile of the pulse when exiting the 
crystal can be obtained. This is pictured in figs. 4.12. After one pass the gaussian 
shape is deformed (4.12a), since the centre suffers a stronger amplification. After five 
passes, the centre is less pronounced. This can be interpreted considering that 
amplification at the centre is now saturated (less efficient) while close to the centre a 
better energy gain is possible. 

""' 
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Figs 4.12: Fluency at z=10mm, fora) 1 pass and b) 5 passes, obtained directly from the mapping in figs 
4.11. The values in these two plots refer to the total energy in the pulse per unit area. After 1 pass the 
centreis more amplified than the edges. After 5 passes the centre reaches F:d.4J/cm2 >Fs=0.6 J/cm2

• 

Amplification is then more efficient at the edges. 

Far from the centre the density of states and initia! intensity are low and 
amplification is negligible along the five passes. The difference between centre and 
edges is accentuated with amplification, resulting in the steep edges of fig. 4.12b. 

The saturation at the centre ofthe radial profile (fig 4.12b, F>0.6J/cm2
) can be 

avoided by using wider pump and laser beams. 
The 1mJ pulse supplied at the input has a broader speetral width than the 

stretcher transmission, therefore only a part of the spectrum will be transmitted. The 
spectrum is assumed to have a gaussian shape, with a standard deviation of 20nm. 
This speetral shape is still visible after one pass, as pictured in fig. 4.13a. 
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Figs 4.13: Pulse spectrum with radial dependence, for z=lümm, i.e. on exit from the crystal. The 
"average laser intensity" is the fluency for each element F~.~À (J/cm2

) divided by the correspondent 
duration of the pulse fraction ~t (=-r01100 in this simulation). As the previous graphics, results are 
shown fora) 1 pass (top) b) 5 passes (bottom). 

After 5 passes the spectrum is completely distorted. The longer wavelengths, 
travelling in front, interact first with the crystal and are amplified preferentially. This 
is an extreme picture since each time subdivision of the pulse was considered to have 
one wavelength. From Fourier analysis can be derived that even the shorter 
wavelengths will be present at the front of the pulse, and vice-versa, but to a small 
extent. So the amplification would be more homogeneaus in a more exact model. 

However, the preferred amplification for longer wavelengths and subsequent 
narrowing should be expected. In this simulation, a FWHM of 20nm is obtained for 
the spectrum after the five passes, still allowing for a reasonable duration after 
compression (:::::lOOfs, from b.M.f=l). When using larger beam diameters the speetral 
shape is still conserved, as seen from fig. 4.14, and the intensity at the centre of the 
beam also does not reach saturation. The trade-off is that significantly less 
amplification is achieved, the final pulse energy being half compared to the settings of 
fig. 4.13. 
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Fig. 4.14: For 1arger diameters a better fmal speetral shape is obtained, and saturation is avoided, at the 
cost of less amplification and a lower final energy. This graph was obtained for 6mm and 5.5mm 
FWHM of the pump laser and input laser pulses respectively. The total energy is around 50mJ 

The radial profile ofthe total fluency at z=lümm can also be obtained from the 
speetral profiles of figs. 4.13, by integrating over the wavelength range. The result in 
figs 4.15 should be identical to the plots obtained directly from the fluency mappings 
in figs 4.12. The plots from figs 4.15 can be used to check the calculations, namely 
the normalisation due to the application ofthe speetral shape . 
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Figs 4.15: Total fluency as calculated from the integration on all wavelengtbs (780-820nm). As would 
be expected, it matches the values found from the intensity (fluency) mapping ofthe crystal. 

On tab1e 4.4 the relevant numerical values resulting from the simulation are 
presented. 

Pass Pulse Energy (mJ) Laser Pulse (out) Width (FWHM) 
0 (in) 0.25 Radial 3mm 

1 0.92 Speetral 20nm@810nm 
2 4.46 
3 20.6 Pump Laser Pulse Energy 
4 57.7 Total Input 400mJ 

5(out) 96.1 Total Absorbed 373mJ (93%) 

Table 4.4: Simulated output (performance) of the amplifier subunit for a 0.25mJ, llüps, 780-820nm, 
4mm (FWHM) input laser pulse. The final energy is very close to the aimed lOOmJ. The width FWHM 
refers to the value as measured on the graphs. The fraction of pump laser energy absorbed (93%) is also 
very close to the value calculated (95%). 
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The energy in the pulse after the last pass is close to lOOmJ. This is already an 
optimised configuration between the widths of both pump and laser pulses ( 4mm). 
Higher values for the final pulse energy can be obtained using higher pumping power. 
For a value of 0.251 on each pump beam, about 150mJ can be obtained at the last 
pass, though with the same speetral distortion as in fig. 4.13b. 

The discussion above shows that according to the numerical model the 
requirements of the amplifier subunit are possible to meet using the dimensioning 
determined in Chp. 3. 

4.4. Pulse Compressor Design 

The design for the compressor follows the conventional configuration[7], 
already introduced in Sec. 2.1. The compressor uses two large gratings and a 'stepper' 
retroreflector pair, identical to the one described for the stretcher. The size is 
determined vertically from the damage threshold assumed in Sec. 3.5, which implies a 
beam in the order of 3cm diameter. The size is doubled sirree in this design the beam 
is 'stepped' and takes a second pass through the compressor, at a lower (or higher) 
position. The horizontal size is determined from the angular spread, determined by the 
amount of dispersion (delay) necessary to compress the pulse. Forthese gratings the 
physical dimensions planned are fairly higher than the minimum. In this way, if a 
lower damage threshold is found, the gratings can still be used for TW pulse 
compression. If not, the gratings keep the capacity to be used at higher power, in case 
the system is upgraded. The values can be found in table 4.5 

Feature Value 
Dimensions 120x140x20mm 
Reflectivity 90% 
Optimal angle 40.9° 
Grooves (1/d) 1500/mm 

Table 4.5: Grating characteristics. These refer to the Spectrogon™ gratings ordered. 

The following illustrations are derived from the ray tracing modelling. An 
individual smali-diameter ray (3 wavelengths) is traced, tobetter illustrate the optica! 
paths. 
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Fig 4.16: Top view of compressor. The shorter wavelengtbs are diffracted closer to the normal in the 
frrst grating G 1. No te that the beams are reflected back, from this view the incorning and outgoing rays 
completely overlap. The path length difference is deterrnined by the distance between the gratings. The 
grating on the left is mounted on a slider, with precision adjustment (e.g. a micrometer screw). Note 
that the beams will actually be much thicker, to prevent darnage due to high intensity. Line-rays are 
used here for better illustration. 

Fig 4.17: Compressor view taken with a deviation from the vertical axis. The separation between the 
frrst and secoud pass is now evident. 

The optimum angle for highest reflection sets the angle of the fi.rst grating 
relative to the incoming beam and consequently the angle of the second grating, as 
they must be parallel. From fig. 4.15 is seen that then the path difference both in the 
horizontal and oblique directions introduces a delay for the longer wavelengths. 

As G2 is set farther away from G 1, the light for long À (820nm) has to cover 
more distance than the light for short À in order to reach G2. The spread is also larger 
upon reflection, so that the horizontal parallel beams will be spaeed farther apart, and 
since they start from an oblique surface (top view), the delay for the upper beam 
(longer À) will also be larger. 
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In qualitative terms this describes the adjustment of the compressor and how 
compression can be controlled. To achieve pulses shorter than 1 OOfs is also necessary 
to use a precision translation mechanism, 

From the ray tracing simulation, a distance dmG2~40cm is computed, in order 
to introduce a delay of r0'~280ps for the longer wavelengtbs relative to the shorter (in 
the range 720-820nm, as determined from the stretcher). This is the contiguration 
adequate to compensate the positive dispersion introduced by the stretcher. 

Using the reflection efficiency specified by the supplier, accounting for 4 
reflections on the gratings, a theoretica! transmitted power fraction of (0.9)4=0.65 is 
obtained. Assuming that there may be some loss due to (grating) surface pollution, 
and in the opties used to expand the beam before the compressor, the 50% value 
assumed when dimensioning the system in Chp. 3 is reasonable. 

Feature Value 
Delay (positive dispersion) 280ps 
Power Transmission Efficiency <65% 
Bandwidth 780-820nm 

Table 4.6: Expected values for performance of the designed compressor. The delay should he 
adjustable down to fs precision. 

The transfer function expected from the designed stretcher can be summed up by the 
parameters in tablè 4.6. 

This concludes the specifications for the design proposed. 
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5. Implementation and Testing of Stretcher 

Within the limited time period for this assignment, it was possible to build one 
of the elements, namely the stretcher. The relocation of the laser lab due to the 
remodeHing of the cyclotron building and the delivery time of some components 
delayed considerably the implementation of the apparatus. The stretcher was 
assembied according to the specifications illustrated in Chp. 4. To determine the 
performance of the stretcher, three different measurements were taken: pulse length, 
bandwidth, and power transmission. They all refer to transfer functions of the 
stretcher, that is, all were measured befare and after the stretcher, to verify the effect 
ofthe unit on the corresponding variable. 

The most important is the pulse length, sirree it refers directly to what the 
stretcher is designed for. It is the most elaborate measurement as well, requiring the 
construction of an interferometer and the use of a non-linear second harmonie 
generator crystal. The results are interpreted using autocorrelation theory. This is 
addressed in Sec 5.1. 

The transmitted bandwidth can also be a critica! characteristic. As derived in 
the Chps. 3 and 4, the compression of the beam is limited by the speetral width, which 
should be sufficient to allow compression down to around 50 femtoseconds. The 
speetral composition of the puls es was measured with an op ti cal fibre, connected to a 
commercial spectrometer. These measurements are given in Sec 5.2. 

The relation between input and output power is a less limiting factor, sirree a 
lower transmission can be compensated up to a certain extent by extra gain at the 
amplifier unit. This has been included as well in the dimensioning in Chp. 3. 
However, it is useful to campare measured with expected power transmission 
efficiency, so that the operation of the system is better characterised. This 
straightforward measurement, obtained with a radiation power meter, is included in 
the summarising table Sec. 5.3. 

5.1. Pulse Length and Auto-Correlation Techniques 

Measuring ultra-short pulses, bath in the ps and fs time scales is not a trivia! 
matter. Existing sensors are just on the limit for ps pulses, with loss of resolution. 
Alternative and indirect techniques have to be used, to probe the duration of such 
pulses. In Sec. 5 .l.A an overview on the technique used - auto-correlation - is given. 
There is a somewhat different nature between auto-correlation for fs and ps pulses, 
and this is illustrated as well. The measurements obtained for bath pulses are 
presented in Secs. 5.1.B and C. 

5.1.A- Measuring Pulse Length Using the Auto-Correlation Principle 

Consider a short pulse propagating along the apparatus in the scheme of fig. 
5.1. The pulse enters the system and is split in two at the beam splitter BS2. The left 
pulse (1) follows a fixed path until BS2. The other pulse (2) covers a path with 
variabie length, with a total difference ~s, resulting in a delay between the two half 
pulses. 
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Detector 

Fig 5.1: Schematic of pulse detection apparatus. For femtosecond pulse measurements, a device is 
supplied in which Lls is controlled by a piezo-electric driver. The range is then a few J.lm. For 
picosecond measurements Lls is controlled manually in a fixed ruler. Alignment is more critica!, as the 
range covers a few cm. 

The detector has a response in the order of nanosecond, as is the case with the Photo
Multiplier Tube (PMT) used. The response is slow compared to the pulse lengths, and 
the electric signal will be a pulse with a few nanoseconds, independently of the light 
pulse duration. The PMT integrates on the amount of photons received, therefore the 
nanosecond pulse signalis a measure ofthe average intensity or the energy. 

When the pulses 1 and 2 are collinear and overlapping in time, the electric 
fields will add giving rise to an interference pattem in time. The total amount of 
photons (and energy) remains the same, and the signal from the PMT when 
illuminated with the added beams would be independent ofthe path difference Lis. 

However, the information on the relative phases between the fields of both 
pulses can be probed using a non-linear conversion before the detector. In the auto
correlation unit supplied by the manufacturer of the Femtosource™, this is achieved 
by focusing the beam on a Second Harmonie Generator (SHG) crystal before the 
detector. The SHG crystal converts red light (800nm) to blue ( 400nm). The relevant 
feature is that the intensity of the blue light Is depends on the intensity of red IR in a 
non-linear ( quadratic) way: 

I 8 (t) =a .IR 2 (t) <I 8 (t) >=a.< IR 2 
(t) > 

(5.1) 

with a a constant, in (m2/W), and < > denoting time cycle-average. By placing a blue 
pass optical filter behind the crystal, only the blue intensity will be measured by the 
detector. 

The scheme can be explained in a simplified way. Imagine two square pulses, 
with duration 't (length L) each and equal amplitude E as in fig. 5 .2. The pulses are 
travelling without overlapping, just following each other (~'t>'t) and reach the SHG 
crystal. Then the average intensity <lsO> output for each pul se is given by eq. ( 5 .1. b ). 
The total energy Es101,o reaching the detector is: 

2 
E 8101 ,0 = 2r. < 180 (t) >= 2r.a. < IRo (t) > 

(5.2) 
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with IRo(t) the instantaneous intensity for a single pulse in the red. The factor of 2 is 
due to the surn of the two consecutive pulses. Assuming now the same pulses to be 
totally overlapping (L1s=O), also with equal phases, the electric fields E1, E2 will add 
and the interference will be totally constructive. Then, for each instant t, the total field 
E12 is: 

E12 (t) = E1 (t) + E 2 (t) = 2E(t) (5.3) 

sirree they are considered to be of equal amplitude. And the average intensity <IR12> 
follows, 

<lm(t)>=4<1R0 (t)> (5.4) 

From eq. (5.1) the intensity for the blue (subscript B) is 16 times larger, and the 
energy is obtained integrating over -r: 

EBtot,Max= r. < IBMax(t) >= 16r.a. < 1Ro
2 
(t) > (5.5) 

and herree a contrast ratio of 8x can be observed between the signal1 for separate 
pulses and for completely overlapping pulses. To measure the pulse length is now a 
matter of changing the delay and observing the effect on the signal. Exactly here 
femtosecond and picosecend ( chirped) pulse measurements differ. 

The interpretation for a femtosecond pulse shall only be described briefly here, 
sirree it refers to a measuring device already supplied and characterised. More details 
can be found in App. 1, which contains a copy of the relevant Femtometer™ 
documentation. 

Consicter the two identical overlapping pulses (L1s=O), with duration around 
15fs (~5flm long). For light in the red (800nm=0.8flm), the pulse is only a few 
wavelengtbs long. Changing L1s by a half wavelength (L1s::::400nm), leads to 
completely destructive interference and IB~o, e~o. Increasing L1s to one wavelength 
leads again to a constructive interference, but the beams are not completely 
overlapping anymore, and a signal e lower than EaTot,Max is observed. By changing ~s 
a structure of minima and maxima is observed, such as in the figures of next section. 
For L1s=L (pulse length) the overlap ends and the signal reaches the baseline EatotO· 

For results see Sec. 5.l.B, fig. 5.7. 
In the Femtometer apparatus, L1s is changed with a piezo-electric driver, which 

oscillates slowly (0.5Hz) covering a range larger than twice the pulse length. 
Therefore is possible tostart with pulse 1 (fig. 5.1) in front (L1s=L), go to complete 
overlap, and finish with pulse 2 in front (L1s= -L). 

Instead of estimating the pulse length ( duration) from the piezo-driver 
displacement, is more practical and exact to estimate via the number of fringes or 
maxima, sirree the wavelength (and therefore the separation) is known. The pulse 
length is then taken to be the number of maxima within the full width half maximum 
(FWHM) times the central wavelength of the braadband pulse (which is possible to 
measure, see Sec. 5.2). 

T = nFWHMÀ (5.6) 

1 
E will be used to represent the energy and signal from the detector, since these are directly 

proportional. This is equivalent to consiclering the signal in energy units. 

49 



t) 

t 

Of course, this is an approximate treatment of the problem. When using real pulses 
the temporal shape, as well as the spatial transverse overlap, have to be taken into 
account. However, the result is similar and the interpretation of the temporal fringes 
leads to a smaller value for -ro by only a factor of 1.897 (see App. 1). This derives 
from the deconvolution of the signal assuming a se eh temporal shape. 

The length -ro is calculated by multiplying the period ('A/c) by the number of 
fringes N at FWHM and weighing with the mentioned deconvolution factor: 

N Àc 
T ----

O(FWHM) - 1.897 C 
(5.7) 

This expression will be used to retrieve -r0 from the autocorrelator signal (Sec 5.l.B). 

Addressing now the issue of measurement of picosecoud long pulses, with a 
wavelength chirp, the same simplified approach can be taken. The dependenee on Lls 
obtained as well as the expression used to extract the pulse length from the 
measurements is quite different. The change in dimensions introduces a basic 
difference: now each pulse is many wavelengths or cycles long, and the different 
wavelengths or frequencies in the spectrum are de-phased with respect to each other. 
The electric field in the square temporal shape pulse is (in this treatment is more 
convenient to use the angular frequency co): 

E1 (t) = E0 cos(w(t).t) (5.8) 

with E0 the amplitude and UJ(t) is given by eq. (2.16a), so that we have the linear 
chirped pulse: 

E1 (t) ~ E, co{ ( {w,- öw )+ 
2~"'} )] ~ E, co{ {w0 - öw )t + 

2~0w 12
) (5.9) 

with Llco the frequency range and -r0 the pulse length. The scanning range of Lls will 
now be of several cm, and the schematic ofthe delay (Llr =Lls/c) can beseen from fig. 
5.2. 
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.6.-r 
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.6.-r+-ro 
... t 

Fig 5.2: Conventions used for the simple model with square pulses. -r0 is the pulse duration and ~'t the 
variabie delay. E 1_3 are the fractional signals for each interval. 

The chirp now leads to a different kind of signal in the overlap between pulses. 
Except for complete overlap ( -r=O), the frequencies in the pulses will always be 
mismatched due to the chirp. Unlike the femtosecond pulse, there is never complete 

50 



constructive or destructive interference. Instead 'beatings' are expected, from the 
mixing of both frequencies. The added pulse intensity IRJ 2(t) will then look like the 
simulated waveferm in fig. 5.3. Hence, for the integrated partial signa! E 2 an 
altercation between minima and maxima is not expected with changing b.'t. Rather, 
the beating cycle averaged intensity will be constant, and E 2 is proportional to the 
duration ofthe overlap and to the intensity of each pulse (assumed equal). 

The detector integrates the different parts of the pul se, and the signal observed 
will be a sum ofthree parts, delimited by 0, b.'t, 'to, b.'t+'to (see fig. 5.2). 

1.4202 ·ro·lO 1.4204 ·1o·lO 1.42:!6 ·1o·lO 1.4203 ·1o·lO 1.421 ·1o·lO 1.4212 ·1o·lO 1.4214 ·1o·lO 

Fig 5.3: Plot of instantaneous intensity in the red of two added pulses, computed in Mathematica™. 
The spacing between beatings is in the order of tens of femtoseconds, changing with the delay Ll't and 
also changing along the overlap for the same Ll't, due to the chirp in frequency. This spacing, inverse to 
the beating frequency, changes much slower than the beating frequency itself, and can be considered 
constant locally. This simplifies the integration in order to fmd an average value. 

In order to evaluate the pulse length, the total signal must be evaluated as a 
function of b.'t, and should contain 'to. In the first and last parts, i.e. in the intervals [0, 
b.'t] and ['to, 'to+b.'t], the intensity is the same as for one pulse, eq. (5.8). 

In the central part, within [b.'t, 'to] the pulses will mix. As can beseen from the 
plot in fig. 5.3, the peak intensity does not change due to the beating effect. The 
intensity in the red will have a fast changing basic frequency co+ ( average co) 
modulated by a slow frequency co_ (beating frequency). IR12(t) will be ofthe form: 

IR12 (t) = 4/Ro,pk cos2 (m+.t)cos 2 (m_.t) (5.10) 

with IRo,pk the peak intensity for one pulse, in the red. 
The instantaneous intensity in the blue will be 

I Riz (t) = 16al~o.pk cos 4 (m+ .t) cos 4 (m_ .t) (5.11) 

The average intensity can be calculated in two steps. First the average on the slow co_ 
is performed, which introduces a factor of 3/8=<cos\cot)> in eq. (5.10). Then the 
fast co+ is evaluated, introducing another 3/8 factor. This is equivalent to performing 
the averages on two different time scales. 

3 3 2 
<fR!Z(t)>=--16aJROpk (5.12) 

8 8 ' 
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This should be equated to the average <IR/ (t)> for one pulse: 

<I RO 2 (t) >=< no pk cos4 (m.t) >= ~ no pk 
' 8 ' 

The result is the relation 

< IB12 (t) >= 6a < no(t) > 

and the signal in the overlap region: 
2 

E 2 =(r-~r)<fB0 >=(T-~T).6a<fR0 > 

(5.13) 

(5.14) 

(5.15) 

For ~'t=Ü, total overlap, the signal is only 3x higher than the signal without overlap, 
given by eq. (5.2). This is supported in [25], though using a much more involved 
construction. For ~'t=O, the same 8x contrast ratio as for the femtosecond pulse is 
expected, but this implies the apparatus to keep L1s stabie within less than All 0. 

Before concluding the dependenee of EB,tot on ~'t there is one extra factor to 
take into account. The pulse coming out of the stretcher has already a considerable 
history, since the souree oscillator, through the first multipass amplifier and then the 
stretcher. It arrives at the auto-correlation setup with low pointing stability, and 
becomes very hard to align the two split beams perfectly with each other. On the other 
hand, the mirrors for pulse 2 have to travel a considerable distance ( -5cm), and the 
support available has limited stability. This was verified when aligning the system, 
and account must be taken about the two beams not being completely overlapping in 
space, as illustrated in fig 5.4. 

1-y y 1-y 

Fig 5.4: Partial spatial overlap between the two bearns on the transversal plane. y is the fraction of the 
section considered to overlap. The beam area is considered unity (normalised). 

Using the spatial overlap coefficient as defined in fig 5.4, the signal E2 is 
described in two weighed parts: one containing the overlap effect (y), and another 
containing the single beam intensity (2(1-y)). 

Using eq. (5.1) to express now the intensity on each part, and simply 
multiplying as in eq. (5.2) by the respective duration, which comes as a function of 
~'t, the three fractional signals are obtained: 

2 
EBi=~T.<fBo >=~T.a.<fRo > 

EB 2 = (r0 - ~r)[r. < IB 12 > +2(1- y). <lBo>]= (r0 -~r)a.~.6 < IR 0

2 > +2(1- y). < IRo 
2 

> J 
2 

EB3 = ~r. <lBo>= ~r.a. < IRo > (5.16a,b,c) 

Again, IRo is the single beam intensity in the red, and <180> and <Is12> are the 
intensities in the blue for the single beam and mixed beam. Actding the three 
contributions above, the final expression for the total signal 
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(5.17) 

yielding a linear dependenee on Lh. The modulus accounts for the positive and 
negative delays, which should be identical, sirree the pulses are also considered 
identical. The value a.IR/ is constant, and the relevant feature is the expression within 
brackets. 

Though obtained in a very simple and straightforward approach, eq. (5.17) 
gives good agreement with measurements and produces a reasonable value for y and 
-ro. 

From [25], a series of shapes can also be assumed for the values obtained from 
the autocorrelation, and a pulse width (FWHM) can be calculated for each shape 
using an analytica! numerical factor, in a similar way as for the femtosecond 
autocorrelation. Assuming a Gaussian shape, the widths are related: 

TO,fwhm = J{.TAC,fwhm (5.18) 

with -ro,fwhm and -ro,fwhm the full-width at half maximum of the real pulse and of the 
auto-correlation measurement respectively. 

Note yet that simply dividing by two the interval in which an increase of 
signal is observed in respect to the baseline would also give a value for pulse duration. 
However, the measurement would be much less precise and subjective, due to the 
difficulty in determining the point where the increase starts. 

This concludes the considerations on auto-correlation. The experimental 
results follow. 

5.1.8- Femtosecond Short Pulse Measurements 

As mentioned in the previous subsection, the femtosecond pulses can be 
measured with the scheme of fig. 5.1, using a piezo-electric motor to control the path 
difference Lis. The signal is obtained from an oscilloscope connected to the PMT 
detector and is pictured in fig. 5.5. In this figure the measurement ofthe pulse length 
is illustrated, at the output ofthe existing amplifier. 
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Noise 

-0.3 -02 

Maximum 
Height 

r----'----1 -----'--
FWHM (17 fringas) 

..Q 1 0.0 0.1 0.2 0.3 - 0.4 

tos (arbitrary units) 

Fig 5.5: Measurement of femtosecond-long pulse out of the first amplifier unit. The number of fringes 
above the FWHM is counted. The pulse FWHM is calculated to be 24±3 fs. 
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The expression from eq. (5. 7) is used. The central wavelength Àc is calculated 
from the spectrum acquired with the fibre optie apparatus, shown in fig. 5.8. With a 
value of Àc=790 nm, a pulse length of 24±3 fs is obtained (see fig. 5.5). The value 
coincides within error with the value specified by the supplier of the Omega-Pro™ 
amplifier. This pulse will be fed into the stretcher. 

5.1.C- Picosecend short Pulse Measurements 

These have been carried out in the way described in Sec 3.1.A. The values 
measured are expressed in the graphs of fig. 5.6 and 5.7. The values could not be 
taken in a homogenous way due to the relative fast variations in intensity. It was 
chosen to acquire a good number of values on one of the slopes (i.e., from maximum t 
minimum) and a few values on the other slope, in order to calibrate better the 
triangular curve. It is seen that the data fits the expected shape quite well. 
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Numerical fit: 
I=C" (2"To + 4•y •(w-(ó,l) ) 
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Fig 5.6: Autocorrelation measurements for the output pulse ofthe stretcher. The intensity is normalised 
to account for fluctuations. The solid line corresponds to the numerical fit of the data using eq. (5.17). 
The agreement is good, as is a1so confmned by the low deviation weights. Note that the fit is only one 
curve, therefore taking into account all points and minimising error. The curve is only valid above the 
baseline= 1. A value of t 0= 111 ±6ps is obtained. The re al margin is higher than retrieved from the fit. 

From the peak value y can be easily calculated, yielding yR::0.5. This is 
reasonable, given the difficulty experienced in keeping the two beams aligned with 
each other. Moreover, the pointing stability ofthe laser is low, as mentioned before. 

A value of -r=111±6 ps is obtained from the numerical regression illustrated in 
fig. 5.6, using the above value for y. This calculation does not take into account the 
systematic error in the data, and relative fluctuations between the intensity of both 
beams. The latter were about 10-15% oftheir average value. Note that the calculations 
in Sec 5.1.A are assumed for identical beams. The points were acquired from the 
oscilloscope averaging on 32 acquisitions, which gives a stabie value (-5%) forshort 
time fluctuations. An overall 20% error should then be assumed, since the fluctuations 
in relative intensity between the beams are dominant. A final value of -r0=111±22ps is 
obtained. 
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Using the autocorrelation theory from [25], the values can also be fitted to a 
Gaussian shape, as in fig. 5.7. A value for the width "tAC,fwhm=88±4ps is obtained. 
Using eq. (5.18), the width ofthe pulse would be "to,fwhm=62±3ps. Note that this would 
be the Gaussian FWHM, and that the effective pulse length is longer. 
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Fig 5.7: A Gaussian fit of the measured values is also possible. The width (FWHM) then obtained is 
88±4ps, resulting in a pulse FWHM of 62±3ps. 

The value for the stretching obtained, both from the square and gaussian pulse 
shapes, is lower than predicted for the particular design. The main reason would be 
that during alignment, as the mirrors have been moved around the platform to 
optimise the signal power and beam shape, the initial stretching factor has changed. 
The input beam pointing is also somewhat unstable. The initial (and subsequent) angle 
on the grating can have deviated from the appropriate setting. Remembering eq. (2.1 ), 
this would imply slightly different paths, ands after the ::::::4m travelled by the beam in 
the stretcher, this could give an important deviation from the stretching calculated, 
while still transferring most of the wavelengths. In other words, the linear conversion 
factor between wavelength and time would be smaller. 

Some loss in bandwidth is also observed (about 20%, see fig 5.9), with the 
spectrum being 'clipped' more than predicted. A smaller bandwidth could imply a 
shorter stretched pulse, but cannot account for the dramatic difference between the 
value predicted and measured. 

However, a value above 1 OOps is acceptable, as discussed in the requirements 
in Chp 3. This will be revised in the conclusions. 

5.2. Speetral Bandwidth Measurements 

The spectrum of the pulse was measured using an automated A vantes™ 
spectrometer. The light is coupled to the device via an optical fibre cable. The data is 
transferred to a PC equipped with an appropriate interface card. The software 
provided allows to make real time measurements as well as to save a spectrum to a 
file. The details of the operation of the spectrometer are not described here. 

The spectra before and after the stretcher are presented in figs. 5.8 and 5.9. 
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Fig 5.8: Spectrum of input pulse, i.e. before the stretcher. The bandwidth (755-835nm) covers well the 
projected range for the stretcher, and only a part should be transmitted (780-820nm). The central 
wavelength is 1.=790nm. 

From the spectrum of the pulse befere the stretching the central wavelength 
À.c=790nm is obtained, and this is used to compute the pulse duration (Sec. 2.l.B). 
The bandwidth is quite broad (755-835nm), consictering the admission range of the 
stretcher (780-820nm). However, most of the power is comprised within the relative 
narrow speetral range of the stretcher and is transmitted, as will be seen from the 
power measurements. 
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Fig. 5.9: Spectrum of the pulse after the stretcher. The speetral band (783-816nm) is narrower than 
expected (780-820nm). It was not possible to fit the values to any common curve, confmning there is a 
sharp clipping of the wavelength band at the edges. The spikes within the band are most probably due 
to interference within the fibre. This effect has been observed on other occasions with this same device. 

The spectrum measured after the stretcher appears to be narrower than 
expected from the ray-tracing simuiatien from Sec. 4.2. This could be due to extra 
clipping, originated by slight misalignment of the compressor. Also the fini te size of 
the beam ( ç$5mm) implies slightly different paths for the light at different distances 
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from the beam center. Along the 4m travelled by the pulse within the stretcher, 
including reileetion from a curved surface and gratings, this can lead already to a 
considerable difference in transverse position. This in turn would mean the 
wavelengths at the extremes would suffer a preferential loss, and the band will be 
narrower, as observed. 

Despite the deviation from ideal operation, the bandwidth is still wide enough 
to allow compression to under 1 OOfs. Additionally, consiclering the simulation in Sec. 
4.3 .B, the gain narrowing should be a more important limitation to the pulse speetral 
composition. Therefore the obtained transmission band is acceptable. 

It should be noted that the sharp edges at both sides indicate the power is at the 
same level for most wavelengths, at least on output from the stretcher. Remembering 
the pulse is chirped, with the wavelengths in succession, this indicates the power will 
also be at the same level along the pulse. The approach of a square pulse in the 
discussion on autocorrelation (Sec. 5 .l.A) is then better justified. 

The spikes within the measured band are most probably due to incorrect 
functioning of the fibre-spectrometer apparatus, as this has been observed on other 
occasions. Consiclering the possibility ofbeing real, it would probably be due to stains 
or dust in the stretcher opties. Since the beam is spread with the different wavelengths 
travelling different paths, those encountering such surface pollution or defects would 
suffer a higher attenuation. And such sharp peaks could then be observed. 

5.3 Stretcher Performance 

The main discussion on the results obtained from the measurements was 
already presented. Table 5.1 summarises the results and allows a quick comparison to 
the requirements and the expected performance. The total transmitted power 
efficiency is also shown. This was measured using a simple commercial power meter. 

Feature Required Expected Measured 
Pulse Length >lOOps ~280ps 111±22ps 
Bandwidth ~40nm@800nm 780-820nm 783-815nm 
Power Efficiency >20% <40% 25% 

Table 5.1: Comparison between required ( from dimensioning), expected ( from design) and measured 
(from experiment) performance. 

The main observation is that though all the values are lower than expected 
from ideal operation, all are matched to the requirements. The final conclusions are 
given in Chp. 6. 
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6. Conclusions 

The dimensioning and design of the system has been carried out in order to 
meet the initial specifications. The eperation of the designed apparatus was simulated, 
both for geometry (ray-tracing) and amplifier performance. The process is iterative, 
requiring a recursive approach. The final dimensioning results for the different 
variables and parameters were shown to be compatible with each other, forming a 
coherent set of values. 

Various technica! drawings, with precise angles and distances, can easily be 
produced from the ray-tracing results. These can be used as a good starting point in 
the assembly of the amplifier and compressor units, as well as keeping a detailed 
configura~ion of the system in the case of further relocations of the laser lab. 

The first element of the system, the pulse stretcher, has been build in such way 
and tested. The measured values show it meets the requirements. 

Different conclusions can be taken from the modeHing results, the ray-tracing 
simulations, and the measurements for the stretcher. 

From the numerical modeHing developed (Sec. 4.3.B) and the dimensioning (Chp.3): 

• There is indication (figs 4.13, 4.14) that inthelast pass a fine balance between 
gain narrowing, pump power, beam sizes and final energy will be reached. 

• It should be possible to amplify an incoming 0.25mJ pulse up to 100mJ, in 
Ti:S. This is shown for 5 passes through a çb10mmx10mm, a=3cm-1 crystal 
and using a pump energy of 0.4J. 

• By making both the pump and laser pulse diameters equal, the most depletion 
and therefore most amplification are obtained. This will be of use when 
optimising the system. 

The 3-dimensional ray-tracing, shows that: 

• In principle is possible to achieve the required stretching and compression 
with an all-reflective design of reasonable dimensions (about 50cmx30cm for 
each unit). The original results are from [23]. 

• A 5-pass (and expandable) amplification sub-unit is possible to build with 
independent aiming for each pass, and providing the required overlap between 
pump and laser beams at the Ti:S crystal. The sub-unit complete with the 
pump laser, can fit in a regular size optical table, together with the stretcher 
and compressor (table top system). 

The measurements on stretcher performance: 

• The measured values for the stretching (111±22ps) are different than expected 
from design (280ps). The value is still compliant with the requirements 
( -r> 1 Oüps ), and the stretcher can be used keeping the tested configuration. 

• Though the bandwidth and power measured are narrower and lower than 
expected, none of these can account for the difference. According to the ray
tracing design software provider, the precision of the calculation should 
exceed the toleratien in the materials. Therefore the most acceptable reason 
would be that the stretcher can still be better aligned and optimised. 
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• The transmitted bandwidth (783-815nrn) in the stretcher is below the projected 
value (780-820nm). This will be due mostly to the fini te size of the laser beam 
(çb5mm) and should improve if using a smaller beam diameter (and 
subsequently expanding before the amplifier sub-unit). The spectrum is still 
enough to obtain a sub-I OOfs pulse after compression, and should be less 
important than the gain narrowing. 

• The power transmitted by the stretcher is 25% as compared to a maximum 
possible of 40%, consictering specifications for the gratings used. This is still 
acceptable, as suggested by the numerical simulation in Sec 4.3.B, performed 
assuming 25% efficiency. The extra loss can be accounted for consictering the 
speetral clipping (Sec 5.2) and light debris such as dust deposited in the opties. 
The gratings can only be cleaned by special techniques at the supplier. 
Therefore extreme care should be taken in order to proteet the gratings from 
pollution and to keep the measured power transmission. 
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7. Outlook 

From the activity developed in designing and building a part of the system, 
several practical insights were gained. These are transmitted here with the intention of 
contributing to an efficient continuation ofthe work. 

• In the stretcher, an impravement would be to implement a holder with a space 
between the gratings, without the mirror MC. The focus mirror would be 
placed beyond the grating block, and on the same rail as the spherical mirror. 
This would allow adjusting the stretching while keeping the beam focused on 
MF (fig. 4.2). Overall, alignment would be more practical since both mirrors 
stay on the same axis. The disadvantage is that such holder will be harder to 
fabricate to good precision and might be unstable when in use. 

• Attention should be taken to the speetral composition of the pulse when being 
amplified. An upgrade ofthe spectrometer used would allow acquiring reliable 
and quantitatively precise measurements of the speetral distribution. This will 
be important to control the gain narrowing mentioned in Sec 2.3, 3.3 and 4.3. 

• In the same respect, the code developed in MatLab can be further developed, 
perhaps including a Fourier transformation of the pulse and computing the 
amplification to the pulse in frequency space. If done properly, accounting for 
the relative phase, this can provide a more exact model than the speetral 
differentiation using the chirp (time-wavelength equivalence) used. 

• The mirrors used to control the passes on the amplifier should he placed as 
specified in the drawing. Later these can be moved closer to the crystal, 
making the unit more compact. This should improve beam stability (shorter 
path length per pass) but will decrease the overlap (larger angle). The optimum 
balance will be determined experimentally. 

• The crystal used in the first amplifying stage was damaged in several spots due 
to high pump laser intensity, as well as to pollution from the Indium foil 
surrounding the crystal when hit by the pump laser. In this amplifier the 
focused laser beam is much smaller than the dimensions of the crystal. When 
using the ç$5mm pump beam in the ç$1 Omm crystal, extra care should be taken 
so that the beam will not shine on the material surrounding the Ti:S crystal. 
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Introduetion 

\utocorrelation 

[he autocorrelation is the only possibility to characterize ultrashort pulses in the time domain. 
\n overview about the characterization of ultrashort pulses can be found in the following 
iterature: 

{.L. Sala, G. A. Kennedy-Wallace and G. E. HalL ~·cw autocorrelation measurement of 
Jicosecond laser pulses," IEEE J. Quant. Elec. QE 16, p. 990 (1980) 

T-C, M. Di els. J. J. Fontaine I. C. Mcl\tlichaeL and F. Simoni. "Control and measurement of 
ultrashort pulse shapes (in amplitude and phase) with femtosecond accuracy," Appl. Opt. 24, 
p. 1270 (1985) 

' 

The most frequently used autocorrelation techniques are: 

• Back ground free intensity autocorrelation (IACF) 

• Intensity autocorrelation with background 

• 'lnterferometric autocorrelation (fringe resolved autocorrelation FRAC) 

The full width ar half maximam fFWI-Th1:)- pul~· dun:nioR 2-t of. tke !r..te~..sity envelope can be 
evaluated by dividing the width of rhe measured autocorrelation .6:r with a deconvolution
factor. For typical pulse shapes deconvolution factors are given in table 2. 

Pulsfarm IACF FRAC 

GAUSS 1.41 1.7 

SECH 1.55 1.9 

Table 2: Deconvolution-factors 

FEMTO LASERS - the worlds shortest laser pulses FM 1 



5 Evaluation of The Pulse Duration 

(assuming sech::-shaped pulse and spectrum) 

5.1 Evaluation of the fringe distance ö T: 

i 
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5.2 Estimation of the number of fringes: 
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5.3 Evaluation of the pulse duration: 

From the center of the gravity of the 
spectrum À.0 the fringe spacing 

-ö T can be estimated 

In our example the center wavelength 
amounts to 790 nm, tlzerefore the 
fringe spacing is 2.63 fs. 

The total number of fringes N is 
estimated by couming the number of 
fringes above the 50 % line. Linear 
interpolation can be used to deterrnine 
the percentage of the fringe-periode at 
the 50 % line. 
In our example the number of fringes 
N=0.5+6+0.7=7.2 

The deconvolution factor assuming a sech2 pulse shape: B=1.897 

N*!1.T 
Pulse duration (FWM)=---

B 

In our example the pulse duration-FWHM=7.2*2.63/-L897=10 fs 

FEMTO LASERS - the worlds shortest laser pulses FM 8 



Dankwoord 

The Stan Ackennans Institute (sponsoring ofthe student). 
The Technicians Edy and Ad, for mechanica! and electtonic apparatus, respectively. 
Wim Verseijden and the Helpdesk , always with prompt ICT solutions. 
The FTV team, general support and helpful discussion. 

And to all others who contributed for this workin some way, too many to mention, 
thank you! 

63 


