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Abstract.  A time-dependent model of laser amplification in an 
Yb : YAG crystal is considered based on a system of balance equa-
tions, as well as radiation transfer and heat conduction equations. 
The model also takes into account the dependence of the laser char-
acteristics of the gain medium on the injection wavelength and the 
effect of amplified spontaneous emission. This model is verified 
based on a diode-pumped amplifier with cryogenic cooling of active 
elements. The dependences of the gain on the pump pulse energy are 
experimentally measured for different amplification regimes and 
compared with simulation results.

Keywords: diode pumping, high pulse repetition rate, cryogenic 
temperatures, laser amplifier, heat conduction equation.

1. Introduction

An important direction of modern studies in the field of laser 
physics is aimed at increasing pulse repetition rates (PRRs) in 
laser systems with high peak output powers. In recent years, a 
significant progress has been achieved in the development of 
light sources with subjoule energies and PRRs in the kilohertz 
range [1 – 4]. Such sources are used for generation of coherent 
X-ray radiation [5, 6] and laser acceleration of charged parti-
cles [7, 8]. High-energy ultrashort laser pulses are used for 
generation of extremely short pulses based on the OPCPA 
technology [9].

The main limiting factor in the development of laser sys-
tems with high PRRs is heating of the active elements of laser 

amplifier cascades [3, 10], which leads to phase distortions of 
the amplified radiation and to a decrease in the laser amplifi-
cation efficiency. Active elements in cryogenically cooled sys-
tems experience considerable temperature gradients, which 
are responsible for the nonlinear dependence of the gain on 
the pump and cooling system parameters [11]. The narrow 
gain cross section spectrum of the Yb:YAG crystal (~1 nm at 
Т = 100 K) in the laser transition region and its dependence 
on temperature make it necessary to adjust the amplifier 
operation regime to the amplified pulse parameters.

A source of CEP-stabilised pulses is being developed at the 
Institute of Laser Physics, Siberian Branch, Russian Academy 
of Sciences [12]. It includes a scalable solid-state laser system 
with a joule-level energy and a high PRR, which is used to 
pump a parametric amplifier. The key unit of this system is a 
two-cascade cryogenically cooled multidisk laser amplifier with 
a high-power diode pumping [13]. The active elements of this 
amplifier are diffusion-bonded YAG – Yb : YAG (10 at. % of 
Yb3+) crystalline samples, which are pairwise attached to 
cryogenically cooled crystal holders from opposite sides. The 
samples have the form of a disk 25 mm in diameter with the 
thicknesses of the doped and undoped parts of 3.75 and 
2 mm, respectively. The cooled face of the disk has a highly 
reflecting coating at the pump and gain wavelengths, which 
makes it possible to use the element as an active mirror. The 
amplifier contains eight active elements, which form two 
amplifier stages consisting of four elements each.

Injected pulses propagating in the amplifier make two 
round-trips first through the first and then through the sec-
ond amplifier stage. The energy of injected pulses at the 
amplifier input is 10  mJ. The amplifier is pumped by eight 
pulsed diode lasers with a maximum power of up to 200 W 
each and a central wavelength of 940 nm. The active elements 
of the laser amplifier are cooled using closed-cycle Stirling 
cryostats. Such coolers improve the temperature stability of 
active elements, but their specific feature is that the heat sink 
temperature nonlinearly depends on the dissipated power.

2. Model

Previously [14], we have developed a three-dimensional time-
dependent laser amplification model with allowance for the 
dependences of the thermophysical and laser characteristics 
of the active media on the temperature distribution [14]. The 
model takes into account the three-dimensional temperature 
distribution, temperature evolution with time, gain dynamics, 
relation of gain with heating, and temperature dependences of 
laser and thermophysical parameters, as well as the experi-
mentally measured laser pump parameters and the depen-
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dence of the heat sink temperature on the average pump 
power.

In the present work, we additionally take into account the 
dependence of the laser characteristics of the gain medium on 
the interacting wavelength and the effect of amplified sponta-
neous emission.

The temperature dependence of the full width of the lumi-
nescence cross-section profile sL at half maximum was 
obtained based on the experimental data published in [15] and 
approximated in the range of 80 – 300 K by the second-order 
polynomial

DsL( T ) = a + bT + cT 2,	 (1)

where T is the temperature in kelvins and a = 1.3  cm, b = 
– 6.8 ́  10–3 cm K–1, and c = 8.6 ́  10–5 cm K–2 are the approx-
imation coefficients.

The temperature dependence of the centre wavelength lL0 
of the luminescence cross section was determined based on 
the experimental data published in [16] and approximated in 
the range of 80 – 300 K by the first-order polynomial

lL0( T ) = d + rT,	 (2)

where d = 1030.085 ́  10–7 cm and r = 4.72 ́  10–10 cm K–1 are 
the approximation coefficients. 

The luminescence cross section changes with temperature 
as [12]

sL0( T ) = 0.75 + 1.77exp(– [T – 273]/113.95).	 (3)

Thus, the dependence of the luminescence cross section at the 
laser transition on temperature and wavelength has the form

sL(T, l) = sL0( T )exp(– 4ln2[l – lL0( T )]2/ ( )TL
2sD ),	 (4)

where l is measured in centimetres.
The spectral width and amplitude of the absorption cross 

section spectrum at the pump wavelength for all temperatures 
considered in this paper are such that more than 98 % of the 
pump radiation is absorbed in the doped layer (3.75 mm) of 
the element. Changes in the absorption cross section only 
slightly affect both the temperature distribution and the 
amplification process.

Another addition to the model was that we took into 
account the amplified spontaneous emission (ASE). In this 
case, according to Eqn (10) from [17], the gain implicitly 
depends on the pump beam diameter and the gain without 
allowance for the ASE. The equation is solved numerically, 
which leads to an increased computational load for calculat-
ing gains on large grids. To decrease the computational load 
in the case of a fixed pump beam radius, one can approximate 
small-signal gain with allowance for ASE gASE for a given 
range of coefficients. In the present work, this approximation 
was performed for the pump beam diameter of 2 mm in the 
form

gASE( g0 ) = A0 + A1exp(– g0/t1) + A2exp(– g0/t2),	 (5)

where g0 is the small-signal gain without allowance for the 
ASE and A1 = – 15.46 cm–1, t1 = 66.1 cm–1, A2 = – 5.53 cm–1, 
t2 = 8.87 cm–1, and A0 = 21.15 cm–1 are the approximation 
coefficients.

Then, the transfer equation with allowance for the ASE is 
written as

¶ IL/¶z = cILgAS{sL[nf11 – (nt – n)f03]},	 (6)

where IL is the amplified radiation intensity (W cm–2), nt is the 
concentration of dopant ions (cm–3), n is the working level 
population density (cm–3), fji reflects the population of the 
energy level Eji, с is the speed of light (cm s–1), and sL is mea-
sured in cm2. The z direction corresponds to the pump beam 
axis.

3. Experiments

To verify the extended laser amplification model, we per-
formed experiments on amplification of radiation with a 
broad spectrum.

A 2-mm diameter spot of pump radiation with a centre 
wavelength of 940 nm, a spectral width of ~10 nm, a peak 
power of 200 W was formed in the centre of the active element 
(AE). The injected radiation with a centre wavelength of 
1029.8 nm and a pulse energy of 100 mJ was focused in the AE 
into a spot 1.9 mm in diameter and overlapped with the pump 
spot. The spatial distributions of the pump radiation and the 
radiation amplified in the AE are presented in Fig. 1.
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Figure 1.  Spatial distributions of (a) pump and (b) amplified beams.
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The injected beam was incident on the AE at an angle of 
5.6° with respect to the normal. The full width at half maxi-
mum of the envelope of pulses in the time domain was 
~500 ps. The spectral distribution of the amplified radiation 
is shown in Fig. 2.

The injection and pump pulses were produced with identi-
cal repetition rates and synchronised in time. The experiment 
was controlled by a personal computer, and synchronisation 
was performed using a precision electronic module and con-
trolled by photodiodes. The scheme of the experiment is 
shown in Fig. 3.

Experiments were performed for PRRs of 250, 500, and 
1000 Hz. The measured dependences of the gain on the pump 
pulse energy for different PRRs are presented in Fig. 4. One 
can see that all curves have three characteristic regions, which 
are determined, first of all, by heating of the AE; these regions 
are characterised by a linear growth, a nonlinear growth, and 

a plateau. Heating of the AE in the region of the linear 
growth is insignificant and the average AE temperature lies 
in the range of 40 – 90 K, but only a part of the spectrum is 
amplified because, according to (1), the spectral width of the 
gain cross section becomes equal to the spectral width of the 
initial pulse only at a temperature of ~230 K. The nonlinear 
region is related to a stronger heating of the element, which 
leads to a decrease in the amplitude and simultaneously to 
an increase in the width of the luminescence cross section 
profile, as well as to an increase in the amplitude of the 
absorption cross section at the gain wavelength. Thus, the 
gain at the central wavelength decreases, but the injected 
pulse interacts with the AE in a wider wavelength range. In 
the last region, the effect of an increase in the spectral width 
is inferior to the effect of a decrease in the gain due to heat-
ing. An interesting consequence of this complex dependence 
is that, at an unchanged pump pulse energy, the gain 
increases with increasing PRR. This is explained by the fact 
that, at a fixed pump pulse energy, an increase in the PRR 
decreases the duty cycle, which leads to additional heating 
of the AE. An increase in the AE temperature causes broad-
ening of the gain cross section spectrum, which is responsi-
ble for a higher gain at higher PRRs.

The maximum pump pulse duration for a given PRR in 
the experiment was determined by the maximum permissible 
power dissipated by the cooling system.

It is necessary to note that the regions of both linear and 
nonlinear growth have almost identical slopes independently 
of the PRR. This occurs because heating of the element 
depends only on the average pump power. In our experi-
ments, the pump pulse duration did not exceed 1.4 ms and the 
characteristic time estimated by the Fourier number was on 
the order of 0.1 s, because of which direct local heating of the 
AE during pumping did not considerably affect the amplifica-
tion process.

The maximum gain in all experiments was achieved when 
the pump and injected pulses were shifted in time so that the 
injection pulse was incident on the AE at the instant of the 
pump pulse termination.
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Figure 2.  Spectral distribution of amplified radiation.
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Figure 3.  Experimental scheme for measuring the gain:	
(PC) personal computer; (DP) diode pumping modules; (PD1 – PD4) 
photodiodes.
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Figure 4.  Dependences of the gain on the pump pulse energy for PRRs 
of 250, 500, and 1000 Hz.
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Taking into account the experimentally measured param-
eters, we numerically simulated the gain based on the extended 
model of laser amplification. The simulation results are pre-
sented in Fig. 5.

The allowance for the dependences of the laser character-
istics of the gain medium on the injection wavelength and the 
AE temperature considerably affects the simulation results. 
Ignorance of these dependences leads to an increase in the 
calculated gain (by up to five times). With decreasing PRR 
and increasing pump pulse energy, the ASE begins to exert a 
considerable effect. In particular, the allowance of this effect 
at a PRR of 1000 Hz leads to a decrease in the gain on average 
by 6 %, but this decrease at 500 Hz is already ~40 %, and the 
allowance for the ASE at a PRR of 250 HZ causes a threefold 
decrease in the gain. The simulation results agree well with the 
experimental data. The dependences of the gain on the aver-
age pump power shown in Fig. 5 clearly show that the linear, 
nonlinear, and constant regions of the curves depend only on 
the average pump power and their boundaries are determined 
by the thermophysical parameters of the AEs and the cooling 
system.

4. Conclusions

The time-independent three-dimensional model of laser 
amplification with allowance for the dependences of the ther-
mophysical and laser characteristics of active media on the 
temperature distribution was extended by taking into account 
the dependence of the laser characteristics of the gain medium 
on the injection wavelength and by partial allowance for the 
ASE effect.

The process of laser pulse amplification in an Yb : YAG 
active element with high temperature gradients was simulated 
taking into account the experimentally measured parameters 
of a multidisk laser amplifier. The extended model was veri-
fied by experiments on amplification of radiation with a 
broad spectrum. The simulation data agree well with the 

experimental results, which confirms the correctness of the 
extended model of laser amplification.

The results of the study make it possible to optimize the 
amplifier parameters at cryogenic temperatures to achieve 
maximum powers of amplified pulses with a given repetition 
rate.
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Figure 5.  Results of simulation of the dependence of the gain on the 
average pump power in comparison with experimental data for PRRs 
of 250, 500, and 1000 Hz.


