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Abstract
Recently the Laboratory for Intense Lasers at IST started a program towards the installation of
a high energy DPSSL system, with the goal of allowing studies in various fields of science previously
not available at this facility. This dissertation was performed in the framework of the development
and implementation of a laser source based on CPA and diode-pumped Yb-doped materials, with an
energetic milestone set at 100 mJ and a repetition rate of 10 Hz. Amplification simulations are performed
with the goal of predicting the output energy and its dependece on temperature. Also spatial-temporal
temperature profile of the crystal, as well as the focal length of the induced thermal lens, are determined
both analytically and numerically, with an approach based on finite element analysis developed for this
problem. The conducted experimental work shows a good agreement with the models, revealing a
minimum focal length of f = 2.37 m for the desired frequency of 10 Hz. A Gaussian beam propagation
simulation is performed, showing an absence of problems in implementing the setup with increased
repetition rate.
Keywords: high energy laser amplifiers. diode pumped lasers, ytterbium-doped laser media, thermal
effects in lasers

fields [8]. Today, s state of the art lasers cover virtually every color from the visible spectrum and beyond, including mid-infrared radiation to hard Xray radiation [9]. Applications in countless fields,
such as medical, industrial, defense and science have
contributed to broadening the research and enhancing the development of new technology.

1. Introduction
Today, many of our daily life activities make use of
laser technology or laser-processed products. Applications range from cutting and welding materials for cars, airplanes and ships down to nanometer
scale lithography for microelectronics [1]. Besides
industrial applications these light sources are used
in fields such as therapies, surgery [2] and optical
communications [3]. Also high power lasers enable
us to probe fundamental laws of nature by granting
access to new physical regimes [4].
The vast field of applications made possible by
high power lasers is due to the rapid progress of this
technology over the past 30 years. This progress
can be attributed to a number of key developments. The development of techniques such as
mode-locking [5] and Q-switching [6] in the 1960s
and most importantly of chirped pulse amplification
(CPA) [7] in the mid 1980s allowed reaching high
energies concentrated in the form of very short light
pulses. An additional key element is the development of high quality solid state crystals that have
good properties for implementation of terawatt and
petawatt laser systems.
Lasers have reached a broad diversity in their first
half century. For instance, in size they range from
a few centimeters to the extent of several football

Figure 1: Laser intensity evolution for the past 50
years (Public Domain image).
Fig. 1 shows the evolution of the peak focused
laser intensity during the last 50 years, and the
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corresponding physical regimes that were unlocked.
After a quick boost in the early 1960s, the increase
in intensity experienced a period of stagnation for
two decades, until the introduction of the CPA technique in 1985 [7].
CPA is one of the most important techniques in
the current state of the art for high-energy and highpower lasers. It consists of three steps: temporal
pulse stretching to avoid damage or nonlinear effects associated to high peak intensities; safe amplification in the gain media; compression to the
original time scale. Every ultrahigh power laser (
> 100 Terawatts) relies on, and it enables amplification of extremely short pulses, which require a
higher laser damage threshold of all the optics involved. CPA allowed to bypass this limitation, providing increased levels of amplification. It enabled
small-scale laboratories to create and operate with
multi-terawatt pulses, contributing to the miniaturization of large-scale experiments and leading to a
decrease in the overall cost.
A particular class of lasers, diode-pumped solidstate lasers (DPSSL), has revealed advantages in
high peak power generation. Peak power of a laser
pulse can be estimated as P = E/τ , with E and
τ being the energy and duration of the pulse, respectively. Early diodes did not find widespread
use in pumping high power systems due to their
high prices. But nowadays, with decreasing prices
and the possibility of pumping in the vicinity of
the absorption wavelength of the gain media, diode
lasers enable great improvements in compactness,
efficiency and overall cost, making them efficient
replacements for ion and flashlamp-pumped lasers.
In addition to high peak power many of the applications in industry and research require higher
average power, defined as Pav = E × f , where f is
the pulse repetition rate (frequency). Laser-driven
plasma accelerators, nuclear fusion and material
processing require sub-picosecond systems operating with multi-Joule pulse energies and kilohertz
repetition rates [10] and DPSSL have demonstrated
better results and performance for such conditions.
Currently heat problems still constrain large laser
systems and limit their performance to a few shots
per day. The rise of DPSSL holds the key to circumventing this limitation, allowing such systems
to attain much higher repetition rates.

Figure 2: General scheme describing the L2I laser
[11].

Yb:YAG amplifier. In previous experimental work
the repetition rate was limited to 1 Hz due to electronic limitations of the diode laser driver, which
was unable to provide high current pulses at a rate
faster than one shot per second. Increasing the repetition rate had therefore become a strategic priority. This upgrade, however, implies a study of the
conditions that all the components will be subjected
to, and the fact that the amplification process itself
will be different. A thorough description and study
of all the processes involved is therefore required,
and this constitutes the main goal of this thesis.
In order to accomplish these objectives, the following major tasks were performed:
• Analytical description and characterization in
terms of power delivered, number of round
trips in the crystal and seed influence on the
output energy. This is followed by the study of
the thermal effects rising in the gain medium,
and their influence in the amplification process
and its efficiency.
• Implementation of a numerical code to simulate the temperature distribution in the gain
medium and the evolution of thermal effects,
as well as the thermal lenses for different pump
repetitions rates and pulse length.
• Experimental work consisting in testing and
characterizing the amplifier for different pump
conditions, and benchmarking of temperature
simulation code.

2. Motivation
The Laboratory of Intense Lasers (L2I) hosts a CPA
laser system based on two solid-state amplifiers,
Fig. 2, using two different Yb-doped materials.
This work was carried out at the beginning of
the transition of the L2I to a DPSSL program.
It is focused on the second stage of amplification
of the setup, namely the diode-pumped solid state

• Evaluation of the current laser amplifier design
in terms of compatibility with an upgrade in
the repetition rate.
The ultimate goal of this project is to develop
and characterize an amplifier based on Ytterbiumdoped gain media with the purpose of delivering 100
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mJ-level pulses at a moderate repetition rate, ob- amplification in a given gain medium (evolution of
jectively set at 10 Hz. The optical amplifier will be excited population and pump intensity) can be writintegrated and used in a laser system, with the goal ten as:
of performing laser-matter interactions experiments
with a high number of shots, allowing a statistical
j

dNex
(z, t) 
j
= σa (λj )Ngr (z, t) − σe (λj )Nex
(z, t) (1)
like approach.
dt
j
Ij (z, t) Nex
(z, t)
3. Modelling
×
−
With the goal of predicting the amplification prohνj
τf
cesses and the energy evolution with temperature,
an already developed computational model was

dIj (z, t) 
j
used [12].
= −σa (λj )Ngr (z, t) + σe (λj )Nex
(z, t) (2)
dz
×Ij (z, t)
3.1. Description of the model
It is very common to develop computational models
which describes the absorption and population into simulate the behavior of a particular type of laser
version. Here j = p, s if the equations describe
before implementing it in the laboratory. Testing
the pumping or the amplification, respectively. Nex
the pumping and the amplification processes but
is defined as the population density in the excited
also many other properties are among the objecstate, σa and σe are the absorption cross-section
tives of the simulation. To perform this simulaand emission cross-section respectively, Ngr is the
tion a powerful computing language, Matlab, was
population density in the ground state, λ and ν are
used based on discrete variables and numerical calthe wavelength and frequency of the incoming radiculations. The 1D code, was initially created and
ation, h is Planck’s constant, I is the intensity and
improved by, Celso P. João [12]. It is divided into
finally τf is the half life time of the excited state.
three main parts and contains a series of changeable
parameters that can be grouped in four classes:
3.2. Amplification Simulation
The benchmark/test simulations were performed
• Type of crystal, i.e. absorption and emis- assuming a 3 ms pumping time to confirm its capacsion cross sections (depending on tempera- ity of predicting output energies and compare them
ture), length, doped ion concentration and flu- with experimental results. The problem lies, in the
orescence time;
fact that the fluorescence time (τf ) of Yb:YAG is
actually nearly three times smaller (≈ 1 ms) than
• Pump conditions, i.e power, duration, wavethe pumping time. This is due to technical limitalength and pump waist;
tions of the pumping driver, which was delivering
• Signal properties, such as wavelength, energy, the same trigger signal to the regenerative amplifier
(whose gain medium, Yb:CaF2 , has a fluorescence
duration and bandwidth;
time of 2.4 ms) and the multipass amplifier. In
• Geometry and losses induced by the optical these conditions, it was stable to work with these
components.
characteristics at lower power, but as the pumping
increases, more of the pumping energy will be converted to heat. Moreover, with the increase of the
r
repetition rate to 10 Hz more of this effect will become more noticeable, so it is important to study
Thermal
alternatives.
Sink
First we study the increase in power needed to
Pump
achieve
the same type of output energy behavior
z
Laser Crystal
w
versus the input seed energy. To confirm that high
energies can be reached with only 1 ms pumping
Pump Area
time, a set of simulations were performed. Naturally, more energy is required to accomplish the
L
same amount of population inversion and conseFigure 3: Scheme of the geometry including the quently the final extracted energy (approx. 160 mJ
axes.
for 10 mJ input). At high temperature the maximum power needed exceeds the maximum amount
All physical processes are based on well estab- that the pumping system can deliver (4 kW), as it
lished theoretical principles and the geometry can is depicted in Fig. 4.
be visualized in Fig. 3. The formulas describing
Following this, we test how the crystal size will
the main processes involved in laser-pumping and influence the overall performance. The ideal length
p
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uated under the same temperature range, from 295
K to 475 K. To improve stability of the amplifier,
saturation of the amplification is necessary. As we
can see in Fig. 6, the simulation showed that this
saturation is reached at approximately 10 passes for
a temperature of 300 K and a constant pump power
of 2.3 kW. Even though it is possible to extract
more energy at higher temperature, increasing the
number of passes beyond 15 is not justifiable because of the difficulty in implementing it in a real
setup.
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Figure 4: Energy output evolution vs. seed energy
for four different temperatures. Pump pulse duration is 1 ms. At the highest temperature the required pump power exceeds the maximum available
(4 kW).
is determined by when the maximum output energy occurs, corresponding to the combination of
most energy stored in the crystal including reabsorption and the number of passages through the
crystal. The simulations performed have as an objective to determine the extracted energy as function of the rise of temperature in the crystal. As
the goal of the thesis is to increase the repetition
rate of the system to 10 Hz, this rise in temperature will occur naturally due to the amount of pump
radiation transferred into heat which strongly influences amplification and reabsorption. The result of
this simulation is shown in Fig. 5. It is found that
for temperatures around 300 K a crystal length of
0.6 cm is a good compromise, and at higher temperature with this power, a size of (0.5-0.7 cm) is
actually adequate. For the following simulations we
used a value of 0.8 cm corresponding to the size of
the actual crystal used in the multipass amplifier.

Figure 6: Output energy vs. number of passes for
four different temperatures. Pump duration: 1 ms.
In summary, the simulations show us that under
specific conditions it is possible to achieve a relatively high output energy (100-160 mJ) when operating at temperatures ranging from 295 K to 475 K.
In Table 1 a summary of all fixed parameters used
for the simulations is presented. From this part of
the work it is possible to conclude that a 3 % doped
Yb:YAG crystal can operate at higher temperature,
generating a relatively high output energy, which is
the main objective of this work.
Parameter
Ppump
tpump
Apump
λabs
λemi
Yb-doping
dseed
τf

160

Output Energy (mJ)

140
120
100

300 K; 2300 W
355 K; 2950 W
415 K; 3550 W
475 K; 4300 W

80
60
40
20
0
0

220
300 K; 2300 W
200
355 K; 2950 W
180
415 K; 3550 W
160
475 K; 4300 W
140
120
100
80
60
40
20
0
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Number of passes

Value
0.5-4.3 kW
1 ms and 3ms
0.132 cm2
940 nm
1032 nm
3%
1.6 mm
1 ms

Table 1: Fixed simulation parameter.
0.2

0.4
0.6
Crystal Length (cm)

0.8

4. Temperature Profile
Figure 5: Output energy at different pumping pow- A two way approach is followed: first, an analytical
ers and temperatures vs. crystal length for a 1 ms model is developed, specifying the conditions for its
pump pulse.
validation, and then a finite-element analysis is performed. Both approaches are used to provide an apThe number of amplification passes was also eval- proximation of the thermal lens effect in the crystal
4

and the corresponding induced aberrations. These
effects origin from the change of the temperaturedependent refractive index, and the deformation of
the end-face curvature caused by the relaxation of
the thermally induced stresses in the end regions.

T∞

4.1. Analytical Model
In our case, an end-pumped cylindrical crystal is
considered, where the heat generated within the
laser rod by pump light absorption is removed by a
coolant flowing along its curved surface (Fig. 3). It
is assumed a spatially uniform gain that will lead
to an approximately uniform radial deposition of
heat. This way an axially symmetric profile of temperature will be formed in the crystal after a given
number of pulses. These assumptions allow for an
analytical, steady-state solution to be found. Starting with time-dependent heat transport that is determined by the differential energy-conservation law

∂Q
= S(r, z, t) − ∇ · ΦQ
∂t

(3)

(6)

0

where γ is the absorption coefficient.
A cumulative process occurs leading to an increase of the temperature, depending on the rate
of deposition. The steady-state, as postulated before, is also depicted in Fig. 7 a). The highest
temperature is obtained in these conditions, showing the spread of the temperature along the crystal
radius overcoming the pumping waist, which in this
case was set to the value of wp = 0.12 cm. The 3D view of the temperature can be observed in Fig.
7 b) containing the combination of the radial and
longitudinal components.

where S(r, z, t) stands for the heat source term and
ΦQ is the heat flux. The heat flux is proportional to
the temperature gradient, ΦQ = - Kc ∇T , where Kc
is the thermal conductivity. Moreover, the heat is
also proportional to the temperature, Q = Cp T ,
where Cp is the heat capacity per unit volume.
Making use of these properties the equation for the
time-dependent temperature profile is obtained

ρCp
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∂T (r, z, t)
− Kc ∇2 T (r, z, t) = S(r, z, t) . (4)
∂t

4.2. Numerical Model
As before, we assume the pump profile to be axially
symmetric, which is the case for our end pumped
geometry. The thermal conductivity Kc is a scalar
quantity that in these conditions is not significantly
dependent on temperature. As before, the temperature T (r, z, t) satisfies Eq. 4.
At this moment the source term is directly defined, contrary to what was done in the above section. We may easily consider the pump to be represented by a top hat distribution, a Gaussian or
∂T (r, z, t)
= ka ∇2 T (r, z, t) ,
(5) even a Super-Gaussian distribution [14]. Although
∂t
it is possible to simulate with a top-hat profile, test
where ka = Kc / Cp is the thermal diffusivity. From simulations have shown a longer time in the calcuthese principles a steady-state solution is found by lation algorithm and less precision if simulated in
using the separation of variables method conducted longer time scales. In these conditions and in ororiginally by Lausten and Balling [13]. This condi- der to accomplish the desired precision, the Supertion is obtained when the number of pumping pulses Gaussian shape will be chosen for the calculation
goes to infinity and the final expression derived for ahead. That being said, the formula for the source
term takes the form
the temperature profile is showed in Eq. 6.
In this part of the work it is considered that for
the generation of the desired laser pulses, a short
pump time-scale (max. 3 ms) in comparison with
the heat transport time scale in the crystal is necessary. That being considered, the source term in
equation Eq. 4 will cause a fast increase in temperature, followed by a relaxation-type evolution.
The simplified expression discribing this assumtion,
leading to impose S(r, z, t) = 0, becomes
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Figure 8: Temporal evolution of the radial temperature distribution (at z = 0) for a 1 Hz repetition
rate pump. The time window ranges from 6-10 s,
during which the maximum temperature is reached.
A maximum pump power was assumed (3.5 kW) delivered on a wp = 0.12 cm with pulse duration of 1
ms, obtaining a rise of 23.6 K from the borders to
the center of the crystal.

(a)

that the temperature first increases with time, between 0 and 1 s, and then becomes constant with
a few small oscillations, around 10 s of operation.
This situation can also be called a thermal steady
(b)
state. In fact, if the repetition rate is higher than
the inverse of thermal relaxation time 1/τthermal =
Figure 7: a) Calculated temperature distribuition 4Kc /r2 Cp ρ of the laser crystal, a steady state ther0
after an hypothetically infinite number of pulses for mal distribution will appear [15]. For the first case,
10 Hz, 3ms pumping time and 3.5 kW power. b) where once again the pumping time is 1 ms per
A 3D visualization of the temperature within the pulse, there is a steady state around 50.5 K higher
crystal, where R is the crystal radius, Z is its length then the cooling temperature.
and ∆T the temperature difference.
A different value is obtained when a different
pumping duration is used, in this case the 3ms
pumping as the original setup allowed. In this particular case Fig. 10 shows the maximum temperaηs P ump(t) − 21 ( wrp )4 −γz
S(r, z, t) =
e
γe
, (7) ture predicted for the 10 Hz repetition rate, and the
wp2 π
steady state is reached around 136 K above cooling
temperature, which is highly significant for the amwith P ump(t) representing a pulsed function re- plification processes as seen in previous section.
sponsable for the temporal profile of the pumping.
Computational tools allow us to obtain a tempo- 4.3. Thermal Lensing
ral evolution of the temperature and obtain results The temperature profile can influence the laser gain
for different conditions. We started with a 1 Hz material in different ways. Those affecting the proprepetition rate and a 1 ms pumping time. Fig. 8 agation of light and introducing distortion are the
shows the result for 4 last pulses over 10 s of opera- direct change of the temperature-dependent refraction time. One should mention that this interval is tive index, and the deformation of the end-face cursufficient to conclude that a stable maximum tem- vature, resulting in a lens caused by the relaxation
perature is reached such that no further simulation of the thermally induced stresses in the end regions.
is necessary for these conditions. For an optical
Once the steady profile for the temperature is calpump power of 3.5 kW the maximum temperature culated, we are able to proceed to the calculation
reached in the first case is 23.6 K above the cooling of the thermal lens. The effects considered are caltemperature.
culated by a model created by Koechner [16], and
In a similar way, a study is conducted at a repe- studies showed that, although being simple, it gives
tition rate 10 times higher which is the main goal of a good estimation for the real value. The optical
this thesis. By keeping the same pump power, the path difference (OPD) that will cause the thermal
simulation allows us to find a maximum limit for lens has a distribution between z and z+dz given
the temperature rise in the crystal. Fig. 9 a) shows by
6

(a)

(a)

(b)

(b)

Figure 10: Temporal evolution of the radial temperature distribution for z = 0 at 10 Hz and 3 ms
pumping pulse duration. a) Time window showing
the same nearly linear increase in temperature(0-1
s). b) Steady state zone (9-10 s), a difference of
nearly 136 K was found.

Figure 9: Temporal evolution of the radial temperature distribution for z = 0 at 10 Hz and 1 ms pumping pulse duration. a) Time window corresponding to initial evolution, showing a general increase
in temperature (0-1 s). b) Stability zone (9-10 s),
temperature enters a steady state at near constant
temperature with small oscillations. Final temperature difference between center and the coolant is
50.5 K.

scheme of the system, containing the crystal, the
pumping delivery configuration and the detector.

∆OP D(r) =
Z


dn
+ (1 + ν)αT ×
dT

The plate after the crystal is a Short Wave Pass
Filter. It has, on one of the sides, an anti-reflective
coating for the pumping (900-1000 nm) and a reflective coating on the other surface. The angle of
the incidence beam should to be around 22.5◦ with
the normal.

(8)

l

[T∞ (r = 0, z) − T∞ (r, z)] dz .
0

This integral is implemented in a analytical way
for the first model and numerically for the compuTwo lenses are chosen with focal lengths such
tational model.
that the system shows a magnification equal to 2.
To decrease the intensity of the laser beam in order
5. Experimental Setup
An experimental test was developed in order to to not saturate the CCD detector Phasics, filters
meet our laboratory specifications and benchmark are used just before the camera. These filters allow
a better visualization of the beam and filter some
the previous results.
environmental illumination. Due to some instability during the measurements and to decrease the
5.1. Experimental Setup
For this work we relied on interferometric measure- difficulty in acquiring experimental data the CCD
ments made with a lateral shearing interferometer detector was mounted in a 3-axis translation stage,
(Phasics SID-4 ). Fig. 11 represents the overall and 2-axis goniometer stage for angular control.
7

In order to achieve comparable results, the theoretical models have been applied for two pumping
waists in every case studied, one corresponding to a
minimum value (wpmin ) and other for a maximum
value (wpmax ), creating an interval for the predicted
experimental value. The criteria used for choosing
the two values is based on the pump beam ellipticity
(see Fig. 13): the maximum value will be limited by
the probe beam/seed radius and for the minimum
it will be used the smallest size of the vertical axis
within the crystal. The values used in the numerical simulations and analytical expression are wpmin
= 1 mm and wpmax = 1.4 mm for the minimum and
maximum values respectively.

Figure 11: Experimental setup for the thermal lens
measurements.
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6. Experimental Results
The following experimental results were optained
concerning the thermal lens effect. Also a preparation for future work is completed in terms of laser
propagation in a multi-pass configuration.
Figure 13: Pump profile example, generated in the
crystal plane (z=0 plane). Profile corresponding to
6.1. Thermal Lensing
a 180 A current and 3 ms of duration time.
Taking into account the above statements, we can
compare the experimental data of the thermal lens
We observe that at 1 ms pumping time, the modvalues with predictions made in the previous sec- els overestimate the thermal lens value at small
tions. The first results come from the 1 Hz repeti- pumping power. This could be due to the fact that
tion rate and 1 ms pumping time. A graph showing at low powers and lower pumping time the excess
the predictions from the two models, analytical in pumping in the horizontal direction could be more
blue and numerical in red, and the experimental significant and in this way contribute more for the
data can be seen in Fig.12.
thermal lens effect.
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Figure 14: Thermal lens evolution vs. pump power.
Pump duration 1 ms, repetition rate 10 Hz.

Figure 12: Thermal lens evolution vs. pump power.
Pump duration 1 ms, repetition rate 1 Hz. Comparison with analytical model (blue) and numerical
model (red). Limit lines are imposed to the model
corresponding to a minimum (wpmin ) and a maximum (wpmax ) pumping waist.

Finally, Fig. 14 shows the data for pumping at 10
Hz repetition rate. At lower powers the numerical
model has a better adjustment, and at higher pow8

ers both models slightly underestimate the magnitude of the thermal lens. It was expected that
such minor discrepancy would occur at higher rates
due to pumping profile differences, given that both
perfect top-hat and Gaussian profiles will cause a
stronger thermal lensing at higher powers than the
that originated by our pump beam. Also at higher
values the oscillations are more significant and being more difficult to measure leading to a higher
errors. In any case, given the assumptions that we
have considered even in the absence of perfect conditions, all series of experimental data are predicted
remarkably well by both the theoretical models.

to a minimum diameter dmin = 1.2 mm. Although
not being quantified, astigmatism and other aberrations also have the potential to increase with the
number of round trips through the crystal. If the
compensation of the effect turns out to be impossible with standard techniques, a deformable (or a
permanent convex) mirror could be used in order to
compensate the induced wavefront deformation.
7. Conclusions
The amplification model was able to predict a successful performance at a more suitable pumping duration (1ms), and high output energies are expected
to be achieved even at higher temperatures.
Calculations regarding the temperature distribution inside a longitudinally pumped amplifier crystal and the thermally-induced lens were performed
and predicted values, for the difference, ranging
from 23 K to 136 K.
Experimental work was conducted for a series of
laser repetition rates, obtaining values between 213 m for the focal length of the thermal lens, decreasing (i.e. becoming more pronounced) with a
higher repetition rate, as expected. These findings
show that an upgrade of the laser system is possible, namely the increase in the repetition rate to
10 Hz, maintaining an output energy of 100 mJ.
These conditions can be obtained with a predicted
minimum of 3 kW pumping power at 1 ms time.
The induced thermal lens of ≈3 m can be managed
according to the beam propagation simulation.

6.2. Laser Propagation
In the previous section, positive values of thermal
lensing were measured, which will lead to beam focusing. Depending on the number of round trips in
the imaging amplifier this effect adds up and thus
the beam diameter on the optics can get smaller
than the limit set by the LIDT. In order to predict
the performance of the laser after the proposed 8
passes through the crystal a simulation of the propagation is performed. The main objective of this
section is to foresee possible damage of the turning
mirrors in the multipass configuration. In this simulation the crystal is considered a perfect thin lens
with the focal length of the minimum expected for
the 10 Hz repetition rate. Taking the value measured before for the 3.6 kW, f = 2.37 m,the graph
of Fig. 15 shows the evolution of the laser beam
diameter along propagation.

7.1. Future Work
The general characterization of the laser at 10 Hz is
crucial, including spectral properties that were not
addressed in the present work. This includes the optimization of the regenerative amplifier and overall
components by using spectral amplitude and phase
shaping (e.g. Dazzler), which as previously mentioned, enables wavelength matching and a higher
performance. The pumping process could be optimized and should increase the performance of the
multipass amplifier. A readjustment of the cylindrical lenses could lead to a more symmetrical beam.
Further studies on new laser materials or other
composite crystals with attractive properties can
also be a road to explore. Among such materials we may highlight a few e.g. Yb:GGG,
Yb:GdCOB, Yb:BOYS, Yb:CaBOYS, Yb:SYS and
Yb:YSO, which have already demonstrated potential advantages in specific applications. In conclusion, we can state that research in this field is
an open, exciting topic, in a moment when lasers
based on ytterbium-doped gain media are starting
to become commercially available, while still offering many opportunities for innovative research and
applications.

Figure 16: Multipass setup composed of multiple
turning mirrors. System allows 8 passes through
the crystal.
Recalling the original multipass setup (Fig. 16),
the propagation starts at mirror M5, such that the
first beam waist (i.e. z = 0) coincides with the
first pass through the crystal. Pure thermal lensing has a small influence in the laser behavior as
can be observed: no hard focusing in the mirrors
takes place, ensuring that a practical implementation can be considered. The major concern should
be the possible damage induced to the turning mirrors (M11 and M12) after the 6-th passage. Here
the minimum beam waist is predicted, corresponding to a diameter of 1.13 mm, while the LIDT diameter in this region (approximately 60 mJ) leads
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Figure 15: Simulation of Gaussian beam propagation through the multipass amplifier. Initial diameter
corresponding to 1.5 mm. Minimum diameter obtained corresponds to the value of d = 1.13 mm , while
the minimum allowed for the LIDT is dmin = 1.2 mm.
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