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Based on the theory of quasi-three-level rate equations modified by amplified spontaneous emission, the
stored energy density and the small signal gain of the cryogenic Yb:YAG regenerative amplifier for a
given geometry for pulsed pumping in three dimensions are theoretically studied using the Monte Carlo
simulation. The present model provides a straightforward procedure to design the Yb:YAG parameters
and the optical coupling system for optimization when running at cryogenic temperature. A fiber-coupled
laser diode end-pumped cryogenic Yb:YAG regenerative amplifier running at 1 030 nm is demonstrated
with a maximum output energy 10.2 mJ at a repetition rate of 10 Hz. A very good agreement between

the experiments and the theoretical model is achieved.
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With the development of high power laser diodes (LDs),
rare earth ion-doped materials have attracted great inter-
est in the application of high-efficiency and high-power
diode pumped laser systems!?. Among these laser ions,
trivalent ytterbium (Yb) seems to be the most appeal-
ing because of its simple electronic structurel®!. Its elec-
tronic level diagram consists of only two electronic lev-
els, avoiding the excited state absorption, up conversion
processes, and concentration quenching. Yttrium alu-
minum garnet (YAG) is an attractive laser host material
because of its excellent thermal, chemical, and mechani-
cal properties!*). Compared with Nd:YAG laser crystals,
Yh:YAG has several advantages, such as a long fluores-
cence lifetime and a very low quantum defect, resulting
in three times less heat generation during lasing than
Nd-based laser systems. The longer fluorescence lifetime
benefits energy storage. The lower quantum defect of
Yb causes less heat deposition, enabling the operation
of the laser at higher repetition rates. Other advantages
include broad absorption bandwidth and less sensitiv-
ity to diode wavelength specifications, a relatively large
emission peak cross-section, and easy growth with high
quality and high doping concentration!® . Several types
of Yb:YAG lasers have been developed for efficient oscil-
lation with various pumped architectures, including thin
disk%, microchip(”, and rod®! structures at room tem-
perature. The primary disadvantage of Yb lies in its
quasi-three-level nature. Therefore, high pump fluence
is required to overcome the re-absorption losses and to
reach high storage efficiency at room temperature. The
quasi-three-level nature of this material can be overcome
by using the material under cryogenic cooling condition.
The benefits of cooling Yb:YAG result in a significant
increase in the emission cross section; the thermal prop-
erties of Yb:YAG, such as thermal conductivity, thermo-
optic coefficient, and thermal expansion coefficient, are
significantly improved at low temperatures, which are
preferred especially for high-average-power operation!®).

Considering the increasing emission cross section
and the improving thermal behavior of the cryo-
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genic Yb:YAG, high-energy, close to 10-Hz repeat-
able, nanosecond laser systems have been widely used
in various kinds of fields, such as inertial fusion en-
ergy and pumped sources for optical parametric am-
plifiers!’®l.  Cao etal. theoretically researched the
efficiency of diode-pumped Yb:YAG disk amplifiers at
room temperaturel’l. Albach etal. numerically simu-
lated the effect of amplified spontaneous emission (ASE)
on Yb:YAG slabs in monochromatic assumption!'?. In
the current work, a theoretical model based on quasi-
three-level rate equations is modified to investigate the
cryogenic Yb:YAG regenerative amplifier to obtain the
stored energy and the small signal gain coefficient in
the crystal by considering the pump pulse duration and
length of the crystal. Considering the ASE effect, a
number of Monte Carlo simulations, which can esti-
mate the stored energy density for a given geometry for
pulsed pumping in three dimensions, are developed. The
present model provides a straightforward procedure to
design the crystal parameters and the optical coupling
system for optimization. To illustrate the utility of the
present model, a cryogenic Yb:YAG regenerative am-
plifier pumped by fiber-coupled LDs is demonstrated.
The output beam has a nearly TEMyy mode profile with
maximum energy obtained at 10.2 mJ at a repetition rate
of 10 Hz. A very good agreement between experiments
and the theoretical model is observed.

An energy-level diagram of the Yb:YAG is shown in
Fig. 1. It consists of only two manifolds, an upper
*F5/5 and a lower *F75, with the former containing

three Stark levels and the latter four!*?l. The Boltzmann
occupation factors for the upper state manifold are la-
beled f11, f12, and f13, whereas those for the lower state
manifold are labeled fo1, fo2, fosz, and fos. Pumping
and lasing processes occur between the Stark sub-levels.
Rapid thermalization of the levels within each manifold
is assumed so that the relative populations of the lev-
els within a manifold can be treated by the Boltzmann
equilibrium!.
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Fig. 1. Energy levels and occupation factors for Yb:YAG.

When the pump radiation is in the form of rectangular
pulses of intensity IP, the duration ¢y incident (along the
z axis) on the active elements’ end face with thickness
[, concentration of activator ions Ny, upper-level density
normalized to the activator ions concentration x,, and
pump intensity normalized to the saturation pump in-
tensity I, are given by['4l

T% =I(t, 2)[fo — zu(t, 2)] — zu(t, 2), (1)
% = —opNo(for + fr2)[fp — zu(t, 2)]Ip(t, 2), (2)
zy = Nu/No, ()

fo =17 /Ips, (4)

where Ny is the upper-level population, 7 is the upper-
state lifetime, s is the pump saturation intensity, o} is
the absorption cross section, and f, is given by

fo = for/(for + fi2). (5)

When the ASE is considered"?, the normalized upper-
level density is given as

Oxy(t, x,y, 2)
T ot
= Ip(tv z,Y, Z)[fp - ‘Tu(ta z,Y, Z)] - Iu(tv z,Y, Z)MASEv
(6)
M asg(z,y, 2)

=1+ T/[aa()\,:v,y,z)[l - xu(;C?y?Z)] (7)
A

+ Ue()\, z,y, Z)]QSASE()U z,Y, Z)d)‘7
¢ASE(>‘5 z,Y, Z)
= { /xu(x’, ¥, 29N Gy 2=,/
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ol ', 2, (., 2)]|"av | (4, (8)

where the absorption and emission cross sections of spon-
taneous emission at wavelength X\ are o, and o, respec-
tively, p is the distance between (2’,y’,2") and the ob-
served point (z,y, z), g(\) is the line shape function, and

Gty ) (z,y,2) 18 the gain.

When the ASE is considered, the Monte Carlo algo-
rithm is required to estimate the stored energy den-
sity for a given geometry for pulsed pumping in three
dimensions"®.  Using the Monte Carlo approach, five
random numbers determine the position (x,y, z) and di-
rection (6, ¢) of the spontaneously emitted beam in each
time interval. The spectral distribution of these photons
is determined by the specific amplifier medium. The
trajectory of this beam is calculated, assuming that the
edges of the crystal are totally absorbing. Photons reach-
ing the face with high-reflection coated at 1 030 nm are
totally reflected back into the crystal. Photons reach-
ing the face with antireflection coated at 1 030 nm are
reflected back into the crystal if ¥ > 9, = sin~*(1/n),
where n is the index of refraction of the crystal; other-
wise, they exit the crystal. The next beam of photons,
emitted from a new random site in a random direction,
exhibits lower inversion where the first beam traveled.

At the moment of the pump pulse termination, an am-
plified laser pulse passes through the crystal. The rate
equations governing the amplified process are given by!'4

7‘% = —h[zu(t, 2) = fil, ®)

= o1 No(fos + fi1)[zu(t, 2) — Ai)Li(t, 2), (10)

where I is the laser intensity normalized to the laser sat-
uration intensity, o] is the emission cross section, and fi

is given by
fr= fos/(fos + fi1). (11)

The numerical simulations are computed using this
model. Table 1 gives the parameters used in the numer-
ical simulations. Figure 2 shows the time evolution of
the stored energy in the presence and absence of ASE.
The laser crystal is doped with 8 at.-% Yb ions with
a length of 1.8 mm. The spatial profile of the pump
beam on the laser crystal is assumed nearly a flat top.
At the beginning of the pump process, the ASE can be
ignored because of the small upper-level population. The
upper-state population density is obviously depleted by
spontaneous emission with the increase in the upper-level
population. The optimum pump pulse duration is ap-
proximately two times of the upper-level lifetime in the
case of our pump conditions. In the following numerical
calculation, the pump pulse duration is 1.8 ms.
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Fig. 2. Store energy versus normalized time (pump pulse
duration/upper-state lifetime) with or without ASE.
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Table 1. Parameters Used in the Numerical

Simulations
Parameter Value
Temperature (K) 183
Repetition (Hz) 10
Pump Wavelength (nm) 941
Laser Wavelength (nm) 1 030
Pump Absorption Cross Section (cm?) — 1.24x1072°
Laser Emission Cross Section (cm?) 5.5%x107%°
Pump Saturation Intensity ( kW /cm?) 16.8
Laser Saturation Intensity ( kW /cm?) 4.17
Laser Pulse Duration (ns) 10
Upper-State Lifetime (ms) 0.951

For a specific pumping condition and fixed doping den-
sity, a maximum thickness of the gain medium accom-
panying the maximum absorption efficiency exists!™.
If the thickness is too thin, then the pump radiation
has inefficient absorption; otherwise, there is efficient
absorption but there exist sections of the gain medium
not pumped completely enough to reach population in-
version. Figure 3 gives the small signal gain coefficient
versus the length of the crystal in the absence of ASE. In
the case of our pump conditions, the maximum thickness
transparent to the amplified laser is 2.3 mm. However,
in practice, the maximum thickness is slightly thinner
than this value because the presence of ASE consider-
ably depletes the upper-level population. The length of
the crystal used in the experiments is 1.8 mm.

Based on the above analysis, a regenerative amplifier
with a liquid nitrogen-cooled Yb:YAG crystal is demon-
strated. A schematic diagram of the regenerative am-
plifier is shown in Fig. 4. In this arrangement, the seed
source is a continuous wave (CW) distributed feedback
fiber laser after an acoustic-optic chopper and optical
fiber amplifiers, which produce 10-ns pulses with a 10-
Hz repetition rate at a wavelength of about 1030 nm.
The crystal has one side high-transmission coated at 941
nm and high-reflection coated at 1030 nm, and another
side that is antireflection coated at 1030 nm. The crystal
mounted on the copper heat sinks at 183 K is attached
to a liquid nitrogen cryostat in vacuum. The heat sinks
have liquid nitrogen flowing through them via hoses con-
nected to a liquid nitrogen reservoir. The crystal is
uniformly cooled through the transverse surface, which
is in contact with the heat sinks cooled by liquid nitrogen
to remove the heat generated in the crystal. This open
cycle cooling approach vents gas to the atmosphere af-
ter the cryogen passes through the heat sinks, removing
heat from the crystal. An indium foil placed between the
crystal side faces and the heat sinks provides efficient
thermal contact.

The pump energy from a LD is coupled into the
fiber and then strongly focused by lens into the gain
medium. The pump duration is 1.8 ms, and the rep-
etition rate is 10 Hz with a maximum pump power of
120 W. The spatial profile of the pump beam on the
laser crystal is presented in Fig. 5.

A combination of a thin-film polarizer, a quarter-wave
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Fig. 3. Small signal gain coefficient versus length of the crys-
tal.
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Fig. 4. Schematic of the regenerative amplifier with a liquid
nitrogen-cooled Yb:YAG crystal. TFP: thin-film polarizer;
A/2: half-wave plate; A/4: quarter-wave plate; PC: Pockels
cell; FR: Faraday rotator.
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Fig. 5. Spatial profile of the pump beam.

plate, and a Pockels cell is used for the injection and
extraction of the laser pulses in the cavity of the regener-
ative amplifier. An operational cycle of the regenerative
amplifier consists of two successive stages. When voltage
is not applied to the Pockels cell, the quarter-wave plate,
along with the polarizer, provides high intracavity losses.
Laser action is suppressed by high losses, and the gain
medium, which is under continuous pumping, accumu-
lates population inversion. The amplification takes place
when quarter-wave voltage is applied to the Pockels cell,
and the seed pulse is injected into the resonator. The
intracavity pulse energy grows until the gain becomes
equal to the resonator losses. The Pockels cell voltage
is then switched off, dumping the amplified pulse out of
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Fig. 6. Small signal gain versus pump pulse duration.

Fig. 7. Mode profile of the output beam.

the cavity as the output pulse.

Figure 6 shows the small signal gain versus the pump
pulse duration. The small signal gain measured in the
experiments is 1.70, which agrees well with the results of
the theoretical calculations. It is about 1.67, as presented
in Fig. 6. The reason why the theoretical value is slightly
smaller is because a limited width of the fluorescence in
the Monte Carlo simulation is required to speed up the
calculation. If the ASE effect is not considered, the nu-
merically obtained small signal gain of about 2.0 has an
obvious deviation compared with the practical situation.
The larger the gain of the medium, the more spontaneous
emission is amplified, which results in the reduction of
the expected inversion calculated in the absence of ASE.
Thus, increasing the gain results in increased ASE, which
decreases the inversion and gain. In turn, this decrease
leads to the limiting of the gain, which can be achieved
from an amplifier by increasing its size, pumping rate, or
doping. ASE becomes the dominant decay mechanism
in the regenerative amplifier.

The maximum energy obtained in the experiment is
10.2 mJ, with a 10-Hz repetition rate. Figure 7 shows
the measured mode profile of the output beam. The
laser output beam has a nearly TEMgy mode profile
in both directions, with M2 = 1.24 and M7 = 1.18
in the horizontal and vertical planes, respectively. The
slightly elliptical laser output beam may be caused by

the thermal effects. Thermal lensing and the resulting
phase distortions in the gain medium influence the out-
put stability of the regenerative amplifier. In addition,
the thermally induced birefringence in the gain medium,
which can perturb the linear polarization of the laser
pulse, induces additional losses at the polarizer. The
thermal effects, which are a severe limitation in scaling
the output power of the regenerative amplifier, deserve
further research.

In conclusion, the characteristics of the cryogenic
Yb:YAG regenerative amplifier are numerically re-
searched based on quasi-three-level rate equations in
the presence of ASE. A fiber-coupled LD end-pumped
cryogenic Yb:YAG regenerative amplifier running at
1030 nm is demonstrated with maximum output energy
10.2 mJ at a repetition rate of 10 Hz. The experimental
data measured in the cryogenic Yb:YAG regenerative
amplifier are in accordance with the theoretical results.
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