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Modelling of the laser amplification process with allowance
for the effect of the temperature distribution in an Yb: YAG
gain element on the thermophysical and lasing characteristics

of the medium

V.V. Petrov, V.A. Petrov, G.V. Kuptsov, A.V. Laptev, A.V. Kirpichnikov, E.V. Pestryakov

Abstract. A time-dependent three-dimensional model for the laser
amplification process has been constructed with allowance for the
effect of the temperature distribution on the thermophysical and
lasing characteristics of gain media. We have performed numerical
modelling of the laser amplification process in the gain elements of
a two-stage subjoule-level cryogenic laser amplifier operating at a
pulse repetition rate of up to 1 kHz. It has been shown that taking
into account the temperature distribution is of critical importance
in calculation of cryogenically cooled laser amplifiers pumped with
high-power diodes. We have found optimal diode pump parameters
at which the maximum achievable pulse energy at the amplifier out-
put can reach 300 and 570 mJ at pulse repetition rates of 1000 and
500 Hz, respectively.

Keywords: diode pumping, high pulse repetition rate, cryogenic tem-
peratures, laser amplifier, heat equation.

1. Introduction

Advances in modern laser systems combining high average
and peak powers have given impetus to a variety of research
studies dealing with proton and ion acceleration [1], in par-
ticular for medical applications [2], and the generation of ult-
rashort pulses in the near-ultraviolet and X-ray regions [3]
and ensured the advent of high-energy pump sources for
parametric amplifiers [4]. For many applications, key param-
eters include not only the repetition rate, duration, spatial
shape and phase profile of pulses, but also the pulse energy.
The generation and amplification of high-energy pulses with
a fast pulse repetition rate (PRR) and high efficiency can be
ensured by Yb**-doped lasing media. The nanosecond pulse
energies reached to date at PRRs of 0.5 and 1 kHz in systems
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based on Yb: YAG gain elements are 1 J and 120 mJ, respec-
tively [5, 6].

An important feature of such systems is that their gain
elements are under a considerable thermal load because they
are pumped by high-average-power diode lasers, which leads
to significant heating of the region being pumped and, as a
consequence, causes the degradation of the lasing perfor-
mance of the medium and phase distortions in output ampli-
fier stages [7]. Since both the physical and lasing properties of
Yb:YAG elements depend significantly on temperature, the
gain coefficient of high-power laser systems is an intricate
function of pump parameters. To optimise pump parameters,
one should solve a system of equations that includes balance
equations, the transfer equation and the heat equation to take
into account the influence of thermal effects on the laser
amplification process.

Studies of how the temperature of gain elements influ-
ences the gain coefficient of laser amplifiers were reported in
the literature for both fibre amplifiers [8, 9] and bulk elements
[10—12]. However, in most studies the three-dimensional (3D)
temperature distribution, temporal temperature evolution,
the dynamics of the gain coefficient, its relation to heating,
the temperature dependence of lasing and thermophysical
parameters or experimentally measured parameters of sys-
tems, such as the spatial pump light profile and the depen-
dence of the heat sink temperature on pump power, are left
out of account.

To optimise pump parameters in cryogenically cooled
high-PRR laser amplifiers, it is necessary to simultaneously
take into account all of the above parameters and depen-
dences. This paper presents modelling results for the laser
amplification process in the gain elements of a cryogenically
cooled two-stage subjoule-level laser amplifier operating at a
PRR of up to 1 kHz.

2. Experimental setup

Researchers at the Institute of Laser Physics, Siberian Branch,
Russian Academy of Sciences, develop principles and meth-
ods of producing components of a few-cycle high-intensity
light source with carrier—envelope phase (CEP) stabilisation
and a high PRR. Figure 1 shows a block diagram of the
source.

The source includes a system generating CEP-stabilised
pulses [13], which are injected into a parametric amplifier, and
a scalable joule-level solid-state laser system operating at a
high PRR [14], which is used to pump the parametric ampli-
fier. The scalable joule-level laser system comprises a master
oscillator, stretcher, regenerative amplifier, two diode-pum-
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Figure 1. Block diagram of the few-cycle high-intensity light source with carrier—envelope phase stabilisation.

ped (six-pass and multidisk) laser amplifiers and an optical
frequency doubler. The key component of the system is a
cryogenically cooled two-stage laser amplifier pumped with a
high-power diode.

The gain elements of the cryogenic amplifier are diffusion-
bonded YAG-Yb:YAG crystals (10 at% Yb3*), which are
attached pairwise to cryogenically cooled crystal holders on
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Figure 2. Schematic of the multipass multidisk amplifier:

(1-8) fibre-pigtailed pump laser diodes; (9, 10) quarter-wave plates;
(11,12) polarising cubes; (/3) Faraday isolator; ( /4, /5) matching lens
systems; (/6) telescope in a vacuum chamber; (/7-20) vacuum cham-
bers with a cooling system and gain elements. The flat mirrors in the
schematic are not numbered.

the opposite sides. The crystals have the form of a disk 25 mm
in diameter, in which the doped portion is 3.75 mm thick and
the undoped portion is 2 mm thick. We use a total of eight
gain elements, which form two amplifier stages, each consist-
ing of four elements. Figure 2 shows a schematic of the multi-
pass multidisk amplifier.

Propagating in the amplifier, injected pulses make a dou-
ble round trip first through one and then through the other
amplifier stage. The injected pulse energy at the amplifier
input is 10 mJ. In the amplifier, we use eight pump laser dio-
des operating in continuous and quasi-continuous modes, each
with a maximum power of up to 200 W and a centre wave-
length of 936 nm. The gain elements of the laser amplification
unit are cooled with the use of Stirling-type closed loop cryo-
genic cooling systems. Such coolers allow the temperature
stability of gain elements to be improved, but one of their fea-
tures is that the heat sink temperature is a nonlinear function
of the power being dissipated [14].

3. Numerical model for laser amplification

As shown earlier [15], the temperature difference between the
cooled face of a disk element in a multidisk amplifier and the
face being pumped can reach ~150 K. In the temperature
range 80—300 K, the absorption cross section of Yb: YAG
elements varies by a factor of ~10 at the injection wavelength
(1030 nm) and by a factor of ~2 at the pump wavelength;
their thermal conductivity varies by a factor of 5-10 [16],
depending on the doping level; and their heat capacity varies
by a factor of ~5 [17]. The changes in the parameters of
Yb:YAG elements by several times in going from cryogenic
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to room temperatures are responsible for the nonlinear depen-
dence of the gain coefficient on pump and cooling system
parameters.

To optimise pump parameters, we constructed a time-
dependent 3D numerical model that included balance equa-
tions, the transfer equation and the heat equation [16, 18]:

n=n(x,y,z,t), T=T(x,y,z,1),
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where n; (cm™) is the dopant concentration; n (cm™) is the
population density in the working level; 7' (K) is the gain ele-
ment temperature; f; is the population density in the energy
level Ejz A (W em™ K1), p (kgem™) and C (J K- kg™!) are the
thermal conductivity, density and specific heat of the
medium; a, (cm™!) and o, (cm?) are the absorption coefficient
and absorption cross section at the pump wavelength; ¢ (cm™)
and o (cm?) are the absorption coefficient and absorption
cross section at the wavelength of the light being amplified; #
is the fraction of the absorbed pump energy converted to
heat; ¢ (cm s7!) is the speed of light; 7; (W cm™) is the intensity
of the light being amplified; 7, (W cm™) is the pump intensity;
7, (s) is the luminescence lifetime of the laser transition; and k&
(J K is the Boltzmann constant. The pump beam is directed
along the z axis.

The model takes into account the effect of temperature on
the thermophysical and lasing parameters of the gain element
[16,17]. Calculations are performed with the use of experi-
mentally measured spatial and temporal distribution profiles
of pump light and the light being amplified and experimen-
tally determined parameters of the closed loop cryogenic
cooling system [14]. The numerical model and boundary con-
ditions used in this work were described previously [19].

In such a model, calculations are performed in two steps.
In the first step, we find the temperature field and laser level
populations in the gain elements. To this end, the system of
balance equations is solved jointly with the heat equation,
which allows the temperature dependence of the absorption
cross section of the Yb ion at the pump wavelength (936 nm)
to be taken into account together with the temperature depen-
dences of the laser level populations. The time-dependent 3D

heat equation includes calculation of the temperature distri-
butions in the gain element and components of the cryogenic
cooling system. Taking into account the dynamic variation of
the absorption cross section at the pump wavelength with the
temperature distribution leads to a decrease in the calculated
temperature gradient in the medium and a more uniform vari-
ation in the temperature distribution both along and across
the pump direction.

In the second step of modelling, the transfer equation and
the balance equation for the laser transition are solved jointly,
with allowance for the spatiotemporal energy distribution of
the pulse being amplified.

Using the proposed model, we performed numerical mod-
elling of the laser amplification process in a gain element of a
multidisk amplifier and compared the results with previously
reported experimental data [14] (Fig. 3).
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Figure 3. Comparison of the calculated gain coefficient in the multidisk
amplifier with experimental data.

The discrepancy between the experimental data and mod-
elling results can be accounted for by the facts that the ampli-
fied spontaneous emission was left out of account and that the
thermophysical and lasing parameters of the particular gain
element differed from data in the literature. For laser amplifi-
cation in the gain element at room temperature, the model
agrees well with the experimental data.

4. Discussion

To optimise the cryogenic multidisk amplifier, we modelled
the laser amplification process at different spatial and tempo-
ral pump parameters. The following pump pulse parameters
were used in all calculations: peak power of 200 W, third-
order hyper-Gaussian spatial intensity profile, rectangular
temporal profile. The pulses being amplified had a Gaussian
spatial profile and a Gaussian temporal profile with a width
of 1 ns (full width at half maximum). The gain coefficient was
calculated as the output to input pulse energy ratio. The
pump beam and the beam of the light being amplified had
identical 1/e* radii. The instant when the pulse being ampli-
fied arrived at the gain element coincided with the end of the
pump pulse.

Figure 4 shows the gain coefficient as a function of pump
beam radius for a pulse of 10 mJ energy after a double pass
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Figure 4. Gain coefficient as a function of 1/e> pump beam radius at a
pulse period-to-pulse duration ratio of (/) 2 and (2) 4.

through one gain element. It follows from these data that, at
a given pump pulse duration, the optimal pump beam radius
depends on PRR and needs to be adjusted and that the maxi-
mum achievable gain coefficient (at the optimal radius) inc-
reases by more than five times with decreasing PRR. At the
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Figure 5. (a) Maximum achievable gain coefficient and optimal pump
pulse duration as functions of PRR; (b) gain coefficient as a function of
pump pulse duration at a constant pump beam radius.

same time, calculation indicates that, at a given pulse duty
cycle, the gain coefficient changes by less than a factor of 2.
The reason for this is that raising the average pump power
leads to heating of the gain element in the region being
pumped, degrading the lasing performance of the medium,
and that reducing the diameters of the beam being amplified
and the pump beam gives rise to a saturation effect. Because
of this, there is an optimal pump pulse duration for each PRR
at a given peak pump power.

Figure 5a shows the calculated optimal pump pulse dura-
tion as a function of PRR. Taking into account the above
results, we modelled the gain coefficient as a function of opti-
mal pump pulse duration at PRRs of 500 and 1000 Hz and a
pump beam radius of 0.7 mm (Fig. 5b).

The shape of the curve representing the optimal pump
pulse duration as a function of PRR is determined by param-
eters of the cooling system and the thermophysical and lasing
properties of the medium. At the optimal pump pulse dura-
tion, the optimal radii of the interacting beams are almost
independent of PRR, which is due to the particular relation-
ship between the thermophysical and lasing characteristics of
the gain medium. Figure 6 shows the gain coefficient as a fun-
ction of pump beam radius with and without allowance for
the temperature field. It is seen that heating of the medium
limits the maximum achievable gain coefficient and accounts
for the existence of an optimal pump beam radius.
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Figure 6. Gain coefficient as a function of 1/e?> pump beam radius at
PRRs of 500 and 1000 Hz. The solid lines represent the results obtained
with allowance for the temperature distribution. The dashed lines repre-
sent the calculation results obtained when the gain element temperature
was taken to be constant throughout the gain element.

Taking into account the data obtained for amplification
in one gain element, we calculated the gain coefficient for the
first amplification stage of the multidisk amplifier using the
following parameters: beam radii of 0.7 mm; pump pulse dur-
ations of 200 and 400 ps at PRRs of 1000 and 500 Hz, respec-
tively; and input pulse energy of 10 mJ. The gain coefficients
in the first stage were determined to be 13.8 and 27.3, which
corresponded to injected pulse energies of 120 and 250 mJ in
the second stage, with allowance for the energy loss in the
optical channel at a level of ~15% per stage.

To optimise pump parameters, we performed modelling
with input pulse energies of 250 and 120 mJ at PRRs of 500
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and 1000 Hz, respectively. The modelling results are presen-
ted in Fig. 7.

It follows from Figs 5b and 7a that the first and second
amplifier stages have different optimal pump pulse durations.
The reason for this is that, at a higher input injected pulse
energy, a higher pump pulse energy is needed to obtain the
maximum gain coefficient. Increasing the pump pulse energy
through an increase in pulse duration raises the average
power, leading to a larger optimal beam radius at a higher
thermal load. The curves in Fig. 7b demonstrate that even a
considerable increase in pump beam radius leads to only a
slight decrease in gain coefficient.

The maximum achievable gain coefficients are ~2.5 and
~2.3. Therefore, the energy at the amplifier output can reach
300 and 570 mJ at PRRs of 1000 and 500 Hz, respectively.

The pump pulse energy conversion efficiency obtained in
this study is difficult to achieve experimentally, but the pres-
ent results make it possible to optimise laser amplifiers in
terms of pump parameters. It should also be noted that the
optimal radius of the pump and signal beams is limited by the
breakdown threshold of dielectric coatings, which is ~2 J cm™
in the case of Yb:YAG gain elements at cryogenic tempera-
tures and a pulse duration of 1 ns [20].

5. Conclusions

We have constructed a time-dependent 3D model for the laser
amplification process with allowance for the effect of the tem-
perature distribution on the thermophysical and lasing char-
acteristics of gain media. The model has been used for numer-
ical modelling of the laser amplification process in the gain
elements of a two-stage subjoule-level cryogenic laser ampli-
fier operating at a PRR of up to 1 kHz. It has been shown that
taking into account the temperature distribution is of critical
importance in calculation of cryogenically cooled laser ampli-
fiers pumped with high-power diodes.

Using the data obtained, we optimised diode pump par-
ameters in the stages of a scalable two-stage subjoule-level
cryogenic laser amplifier operating at a high PRR. It has been
shown that optimisation allows the maximum achievable pulse
energy at the amplifier output to reach 300 and 570 mJ at
PRRs of 1000 and 500 Hz, respectively.

The present results make it possible to optimise amplifier
parameters at cryogenic temperatures so as to maximise the
signal pulse power at a preset repetition rate.
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