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(pump at 940 nm and lasing at 1030 nm) is more than three 
times smaller than that of Nd:YAG (pump at 808 nm and 
lasing at 1064 nm) counterparts. [2], thus resulting in less 
heat generation for high-power operation. In 1993, the first 
diode-pumped Q-switched Yb:YAG laser was reported by 
T.Y. Fan [3]. In 1998, Du demonstrated the principle of a 
partially end-pumped Yb:YAG laser [4], and good mode 
selection along the slab thickness direction was achieved. 
Subsequently, high-power and high-energy lasers were 
reported, based on using a partially end-pumped slab gain 
medium [5–8], which displayed great potential for pulse 
laser and amplification in the femto to nanosecond range. 
Robust Yb:YAG lasers, featuring high beam quality and 
high efficiency, operating at repetition rates below 1 kHz 
and pulse energies exceeding 10 mJ, have applications in 
airborne and space-borne communication systems.

The thermal issues currently limit the performance of 
high-power and high-energy lasers based on Yb as the 
active ion. The thermal effect in high-power laser has been 
well studied [9–14], but the thermal effect on low repetition 
rate and high-energy laser needs more investigation. The 
steady-state thermal distribution over the cross sections of 
various slab structures has been analytically and numeri-
cally analyzed for different gain media [9–14]. Typically, it 
takes a relatively long time for the thermal distribution in 
a laser gain medium to reach steady-state conditions [15]. 
The thermal distribution in pulsed lasers has occasionally 
been analyzed by assuming these lasers as continuous-wave 
lasers (i.e., a pulse pump laser is assumed to be equivalent 
to a continuous pump laser). For this approach, the thermal 
distribution in the pulsed laser medium is considered invari-
able, i.e., at steady state. However, a Q-switched pulsed laser 
or pulsed laser amplifier always generates an output signal 
after the application of the pump pulse. To attain high gain 
and high pump efficiency, the pump duration typically has 

Abstract The transient thermal distribution and thermally 
induced beam quality (M2) degradation in low repetition 
(10 Hz) and hundred-mJ-level end-pumped Yb:YAG slab 
amplifiers with different thicknesses are discussed. Using 
Fast Fourier Transformation, the output beam quality is eval-
uated for different pump conditions, including variable pump 
power, single- or double-end pumping, and different pump 
beam widths. Simulation results show that for a slab ampli-
fier operating at low repetition rates and high pump energy 
levels, adequate thermal property and output beam quality 
can be achieved by simply increasing the slab thickness.

1 Introduction

Laser diode (LD) pumped solid-state lasers have been 
widely studied for their high efficiency, small footprint, and 
high beam quality [1]. The high pump intensity and good 
overlap between the pump and the laser modes make LD 
end-pumped slab lasers attractive candidates that can realize 
high gain and good beam quality, simultaneously. Because 
of the small difference between the pump and laser pho-
ton energies, the fractional thermal load of Yb:YAG crystal 
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to be equal to the lifetime of the upper-level of the Yb:YAG 
laser system [16]. The typical pumping duration for Yb:YAG 
is about 1 ms, which is too short for the slab gain medium 
to reach steady state [15]; thus, at the fall-edge of the pump 
pulse, the thermal distribution in a laser medium does not 
reach a steady state. Therefore, the transient thermal distri-
bution and effect should be investigated.

Thermal distribution in the optical gain medium mostly 
affects the laser operation mode through three main phe-
nomena [17], namely (1) refractive index variation due to 
temperature rise, (2) surface bulging due to thermal expan-
sion, and (3) stress-induced birefringence due to the photo-
elastic effect. For a slab laser structure employing conduc-
tive cooling through the two large faces of the slab medium, 
the thermal gradient over the slab’s cross section is typically 
high, with the highest temperature being in the center of the 
slab. The gradual thermal distribution along the fast axis 
results in thermal lensing effects. In laser oscillators, thermal 
lensing would change the laser mode in cavity and the over-
lap between the laser and pump [18], resulting in reduced 
efficiency and lower beam quality. In laser amplifiers, the 
thermal effect would also change the system parameters, 
posing the risk of formation of focal point on/in the optical 
components that might damage the optical components of 
the optical train. Therefore, thermal lensing effects must be 
thoroughly investigated, and adequate heat sink geometry 
and configuration must be designed in order to appropri-
ately dissipate the heat load and reduce the temperature and 
the thermal gradient. The thermally induced optical path 
difference (OPD) is sometimes referred to as the thermal 
lensing effect. However, it is important to mention that the 
thermally induced OPD profile is not an ideal spherical or 
parabolic distribution, and this affects the laser beam quality 
and induces aberration in the laser wavefront. These ther-
mal effects cannot be simply described through the ther-
mal lensing effect, and, with a complex pumping scheme, 
these effects cannot be expressed using simple analytical 
expressions.

In this paper, the thermally induced beam quality degrada-
tion in end-pumped Yb:YAG slab amplifiers operated at low 
repetition rates and high pump power levels is investigated 
for single- and double-end pumping, and different slab thick-
nesses. This kind of Yb:YAG slab could be used in hundred-
mJ-level laser amplifier. Transient temperature distribution 
in slab Yb:YAG gain media operating at a 10-Hz repetition 
rate and with up to 1 kW pulsed pump is evaluated, and the 
thermally induced refractive index distribution and thermal 
lensing effect are numerical simulated. The non-lensing effects 
in the slab are simulated for different pump power levels and 
beam widths. This beam quality degradation caused by the 
non-lensing effects is derived and simulated using Fast Fourier 
Transform (FFT) methods, which enable the beam quality to 
be predicted and improved through the use of compensating 

optical components, hence enabling high-performance laser 
amplifiers to be developed.

2  Distribution of temperature and optical path 
difference (OPD)

The generic structure of an end-pumped slab Yb:YAG ampli-
fier is shown in Fig. 1. 10 mm × 10 mm Yb:YAG gain slabs 
of thicknesses 1,1.5, and 2 mm (fast-axis/x-axis direction) and 
2.5 at % doping concentration were simulated. The upper and 
lower faces (10 mm × 10 mm) of the slabs were assumed 
tightly mounted and connected to water-cooled copper heat 
sinks with indium foil as thermal interface. The pump and 
laser wavelengths were assumed to be 940 and 1030 nm, 
respectively. The single-end pump power level was varied 
from 600 to 1 kW, making the maximum pump power 2 kW 
for double-end pump structures. The LD pump laser was uni-
formly distributed along the slow-axis direction (y-direction) 
and Gaussian distributed along the fast-axis (x-direction).

The equation of heat conduction is shown in Eq. 1. In the 
equation, T is the temperature distribution in the gain medium. 
k is Yb:YAG conductivity, and � and c are the mess density 
and special heat of the Yb:YAG crystal, respectively. ST is the 
heat generated in the unit volume.

The two big surfaces of the slab are tightly mounted to the 
indium foil and attached to the water-cooled heat sink. The 
other surfaces are treated as adiabatic boundaries. The equa-
tions of heat conduction on the cooling and adiabatic surface 
are shown as equations:

In Eq. 2, the subscript cf indicates the cooling surfaces, 
and HS indicates heat sink, k is the conductivity of crystal, 
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Fig. 1  Generic structure of an end-pumped slab Yb:YAG amplifier
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kin is the conductivity of indium foil, and d is the thickness 
of the indium foil.

The equations of heat conduction and boundary condi-
tions are discretized [12]. In our simulation, to obtain the 
transient temperature distribution, the time in equations is 
also discretized, and the time-dependent temperature vari-
ation is considered. With the obtained temperature distri-
bution, the thermal induced refraction index variation is 
computed [13]. With maximum slab thickness of 2 mm, the 
ratio of thickness to length is 1/5. The thermal stress could 
be computed with basic hypothesis of materials elasticity 
mechanics and thin plate theory.

Numerical simulation of the thermal distribution in the 
gain medium was performed using MATLAB software. 
The parameters used in the simulation are shown in Table 1 
[9]. For both oscillator and amplifier pulsed operations, the 
Q-switched laser pulses were always generated and ampli-
fied after the end of the pump pulses. As mentioned above, 
the pump time duration is too short for the thermal distribu-
tion to reach steady state at the end of the pump pulse. Our 
simulation results show that there is a significant difference 
between the thermal distribution at steady state and at the 
end of the pump pulse. For illustration, Figs. 2a, b shows 
the maximum temperature versus time and distance along 
the x-axis, respectively, for the 1-mm-thick gain slab, and 
for pulsed pumping (single-end pump pulses of peak power 
1 kW, duration 1000 µs, repetition rate of 10 Hz, and beam 
width along the x-axis direction 0.4 mm) and CW pumping 
at 10 W (blue line). The simulation results shown in Fig. 2a, 
b reveal that (1) the maximum temperature of the slab oper-
ating with a pulsed pump is around 2.4 K higher than that 

attained with a CW pumped slab, and (2) the thermal gradi-
ent, at the end of pump pulse is much higher than that for a 
CW pump slab, resulting in much more thermal stress and 
higher OPD.

Figure 2c shows the maximum temperature in the gain 
slabs versus time, for different slab thicknesses. Note that, in 
order to better illustrate the difference between the responses 
for different slab thicknesses, a 15-ms time interval was 
introduced in Fig. 2c. Figure 2d shows the simulated maxi-
mum temperature attained at the end of the pump pulsed 
for single-end-Gaussian-pumping at 1 kW, for different slab 
thicknesses.

It is obvious from Fig. 2 that increasing the slab thickness 
increases the maximum temperature that can be attained at 
the end of the pump pulse, and that the time required to reach 
steady state increases with increasing the slab thickness.

Figure 3 shows the OPD distribution in the x–y plane 
based on the simulated temperature distribution shown in 
Fig. 2, for a pump beam width (in the x-axis direction) of 
0.4 mm. Figure 4 a shows the OPD versus distance along the 
x-axis for different slab thicknesses. Figure 4b is a zoom-in 
of Fig. 4a showing the OPD over the 0.12–0.2 mm range 
along x-axis. It is obvious from Fig. 3 and Fig. 4a that the 
maximum OPD is 1.044 � (red color), which occurs at the 
center of the slab’s cross section, while Fig. 4b shows that, 
over the thickness of the slab, the OPD reduces as the slab 
thickness increases.

The thermal stress results under different pump condi-
tions were computed. The thermal stress results under dou-
ble-end pump (each end pump power was 1 kW) is shown in 
Fig. 5. With slab thickness of 2 mm, the maximum thermal 
stress in y-direction is about 14 Mpa, which is much smaller 
than the typical fracture limit of ~127Mpa. Also, with same 
pump width and different slab thickness, maximum stress 
difference of 2 MPa is observed. So, in our simulation, the 
changing of pump conditions would not induce the fracture 
of crystal.

3  Thermal lensing effect and wavefront distortion

The OPD ultimately affects the laser performance through 
two main phenomena, namely (1) the thermal lensing effect 
induced thermal focus, and (2) the induced wavefront distor-
tion, which degrades the beam quality. To optimize the per-
formance for high-power laser operation, it is necessary to 
take both of the above-mentioned phenomena into account. 
Perfect thermal lensing does not change the beam quality; 
however, since thermal lensing is typically imperfect, beam 
quality degradation is experienced.

The refractive index distribution in an LD end-pumped 
YAG gain medium is typically lens-like [19], which can be 
described as follows:

Table 1  Slab amplifier parameters used for the simulation of thermal 
effects

Slab sizes 1 mm (1.5 mm, 2 mm) 
×10 mm × 10 mm

Heatsink temperature 298 K
Special heat 590 J/(kg k)
Mass density 4560 kg/m3

Heat load ratio 1 − 940/1030 = 0.08
Yb:YAG conductivity 1.4 W/(m K)
Absorption efficiency 2.5at % @940 nm 2.50 cm−1

Young’s modulus 2.77 × 1011 Pa
Refractive index 1.82
Poisson’s ratio 0.25
Heat sink In thickness 0.005 cm
In foil conductivity 81.6 W/(m K)
Thermal expansion coefficient. 8.2 × 10−6/K
Stress-optic coefficient B⊥ = 0.34 × 10

−12
Pa

−1

B∥ = −0.91 × 10
−12

Pa
−1

Pump pulse duration 1000 us
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(3)n(x, y) = n0

[

1 −
k2

2k0

(
x2 + y2

)
]

The OPD distribution over the cross section of the slab 
is similar to the lens-like distribution expressed in Eq. 3. 
However, the OPD distribution in the gain medium is typi-
cally imperfect (i.e., not lens-like). The one-dimensional 
thermally induced lensing effect can be expressed using 
the following approximation [20]:

where p0 is the path length of the ray incident onto the center 
of the pump face, p1 is the linear component of path length 
associated with the optical wedging of the beam (prismatic 
deviation), p2 is the second-order coefficient associated with 
the thermal lensing, and the higher order coefficients, pk of 
Eq. 4 relate to effective aberration. The second-order term of 
Eq. 4 represents the dominant lensing effect. The power, Dp, 

(4)OPD(j) = p0 + p1j + p2j
2 +⋯ + pnj

n + �(n + 1).

Fig. 2  a Simulated maximum temperature versus a time and b dis-
tance along the x-axis, for the 1-mm-thick gain slab, for pulsed pump-
ing and CW pumping at 10 W (blue line). c Maximum temperature in 
the gain slabs versus time for different slab thicknesses. To illustrate 

the difference between the responses for different slab thicknesses, 
a 15 ms time interval was introduced. d Maximum temperature that 
can be attained at the end of the pump pulsed for single-end-Gaussian 
pumping at 1 kW, for different slab thicknesses

Fig. 3  Simulated OPD distribution in the x–y plane with the applica-
tion of a pump pulse. The OPD is simulated at the end of the pump 
pulse duration. The maximum OPD (red color) is 1.044 �



Simulation of the transient thermally induced beam quality degradation in end‑pumped slab…

1 3

Page 5 of 10 231

of a thermally induced lens of focal length  ft is determined 
by the quadratic part of the OPD function, that is

In single-end and double-end slab media pumped with 
Gaussian beams, the peak value of OPD always occurs 

(5)Dp =
1

ft
= −2p2

at the center of the pump, which is also the center of the 
beam’s Gaussian distribution. The maximum thermal gra-
dient is displayed at the edge of the pump, resulting in 
maximum thermal-stress-induced OPD. The simulated 
OPD fits very well with a lens-like profile at the center of 
the pump region with different pump beam widths along 
the x-axis direction. Two 1-mm-thick slab samples with 
0.4  mm single- and double-end Gaussian pump beam 
widths were simulated, and their OPDs are shown in 
Figs. 6a, b, respectively. For the single-end pumping, the 
pump power was 1 kW, while for the double-end pumping, 
the pump power of each side was 1 kW. In Fig. 6, both the 
simulated overall OPD (black solid line) and second-order 
component of the polynomial fitting (blue dashed line) 
are shown. To investigate the effect of beam quality deg-
radation, the OPD-induced lensing effect is ignored. The 
profiles for the OPD without the lensing effect, denoted 
ΔOPD, are shown as red solid curves in Fig. 6a, b for both 
the single-end- and double-end- pumped slabs. Near the 
origin of the x-axis, ΔOPD is almost constant. However, 
most of the distortion (high ΔOPD) is experienced near 
the boundaries of the slab (high x values). For the differ-
ent thicknesses of the slabs, the shapes of the OPD curves 
look almost similar; but their peak values are different. 
According to Fig. 6, the OPD for a slab with double-end 
pumping is approximately twice that of a slab employing 
single-end pumping.

Figure 7a, b shows the simulated ΔOPD along the x-axis 
for 1-mm-thick single-end- and double-end-pumped slabs, 
respectively, for different pump beam widths (namely, 
0.1–0.9 mm).

Fig. 4  a Simulated OPD distribution along the x-axis direction for different slab thicknesses. The pump beam width was 0.4 mm. b zoom in 
image of a 

Fig. 5  The thermal stress in y-direction under double-end pump 
with each end pump power of 1 kW. With slab thickness of 2 mm, 
the maximum thermal stress in y-direction is about 14 Mpa. Thermal 
stress difference of 2 Mpa is observed with slab thickness of 1 and 
2 mm
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When considering the overlap between the laser and 
pump signals, wavefront distortion inside the pump region 
is the dominant factor that affects the performance of the 
slab. For example, according to Fig. 7, when the pump beam 
width is 0.1 mm, the maximum ΔOPD is around 23 lambdas 
and 45 lambdas for single-end and double-end pumping, 
respectively. However, inside the ±0.05 mm pump region, 
ΔOPD is negligible.

Figure 8a, b shows the simulated maximum ΔOPD over 
the pump region for single-end and double-end Gauss-
ian-pumped slabs, respectively. According to Fig. 8, for 
a pump beam width less than half the slab thickness, the 
ΔOPD increases with the pump beam width, reaching a 
maximum before decreasing slowly with increasing the 
pump beam width. Also, note from Fig. 8 that the peak 
ΔOPD value in thick slabs is lower than that in thin slabs.

Fig. 6  Simulated OPD distribution along the x-direction for a sin-
gle-end- and b double-end-pumped slabs. The lensing effect caused 
by the OPD is represented by the blue dashed curve, and the differ-

ence between the actual OPD and the second-order component of the 
OPD, ΔOPD, is represented by the red curve. Most of the distortion 
(high ΔOPD) is experienced at the sides of the pump region

Fig. 7  ΔOPD distribution along the x-direction for a single-end- and b double-end-pumped slabs for different pump beam widths (0.1 to 
0.9 mm). The maximum ΔOPD value decreases with increasing the pump beam width
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4  The thermal effect induced beam quality 
degradation

In an end-pumped slab, the seed signal beam is typically 
focused and injected into the slab, leading to the formation 
of the far-field signal beam inside the slab. According to 
the Fourier Optics theory, the far-field beam profile is the 
Fourier transform of the near-field beam pattern. Therefore, 
using FFT enables the near-field pattern to be computed 
form the far-field beam pattern (normalized), and hence, the 
beam quality can be computed. Figure 9 illustrates the simu-
lation of the beam quality using FFT, where a lens placed in 
the near-filed plane, P1, enables the simulation of the signal 
beam at the focal plane, P2.

An incident signal beam, of beam width  2wP1, pass-
ing through a focusing element placed at plane P1 is con-
verted at the focal plane P2, to a beam of width  2wP2, with a 

far-field divergence angle of approximately  2wP1/f. Based on 
the Gaussian Beam Optics theory, the widths of the near and 
far signal beams are given by the following equation [21]: 

where I(x) is the Gaussian beam intensity, x is the distance 
from the center, x̄, of the Gaussian beam. Typically, an 
ideal  TEM00 Gaussian beam gets distorted as it propagates 
through an optical medium that comprises non-ideal opti-
cal components. The beam quality, M2, is typically defined 
as [21] 

(6)w2 = 2
∫ (x − x)2I(x)dxdy

∫ I(x)dxdy
,

(7)

M2 =
[�w]dist

[�w]TEM00

=

[
(wP1∕f) ∗ wP2

]
dist[

(wP1∕f) ∗ wP2

]
TEM00

=

[
wP1wP2

]
dist[

wP1wP2

]
TEM00

,

Fig. 8  Simulated maximum ΔOPD over the pump region for a single-end and b double-end Gaussian-pumped slabs. The pump power level is 
1 kW for the single-end-pumped slab and 2 kW (1 kW for each end) for the double-end-pumped slab

Fig. 9  Approach for the 
simulation of the beam quality 
using FFT. A lens is placed in 
the near-filed plane, P1, for the 
simulation of the signal beam at 
the focal plane, P2. The signal 
beam widths at P1 and P2 are 
2wP1 and 2wP2, respectively
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where [�w]dist and [�w]TEM00
are the beam divergence angles, 

for the distorted and incident (ideal) Gaussian beams. Note 
that the final expression of M2 is independent of the focal 
length, f. Since it is difficult to express the thermally induced 
OPD analytically, the beam quality, M2, was evaluated 
numerically. The simulation configuration, shown in Fig. 10, 
was set in order to determine the beam quality after propaga-
tion through the gain medium. For an input laser beam of 
flat wavefront injected into the slab, the output wavefront 
typically gets affected by the thermal lensing effect and other 
thermally induced wavefront errors. At the output aperture, 
a diverging lens was used to compensate the thermal lens-
ing effect. After the compensating diverging lens, the output 
wavefront, shown in Fig. 10, represents the non-lensing dis-
tortion induced by the thermal effects, which can be com-
puted using Fast Fourier Transform, as discussed earlier. The 
electric field of the distorted signal beam is given by

 
Note that Fig.  7 shows the non-lensing compo-

nent of the phase distortion e−i2�ΔOPD induced into the 
 TEM00-Gaussian-mode, which was calculated, for different 
pumping conditions, using Eq. 8 in conjunction with Fast 
Fourier transformation.

Note that the beam quality, M2, was computed for differ-
ent pumping conditions and slab thicknesses. The seed sig-
nal beam typically has uniform distribution along the slow-
axis direction and Gaussian profile with a width smaller than 
the pump beam width along the x-axis direction.

To investigate the impact of the overlap between the seed 
and pump beams on the slab’s gain, the ratio of the Gauss-
ian seed laser radius to the pump beam radius was set at 0.4, 
which is close to a practical value. Figure 11a–f shows the 
simulated beam quality factor, M2, for different pump power 
levels and slab thicknesses. Comparing Figs. 11 and 8, it is 
obvious that the trend of the computed M2 factor is similar to 
the trend of ΔOPD over the pump region; hence, the ΔOPD 
trend can be used for beam quality assessment. It is noted 
from Fig. 11 that increasing the pump power increases the 
M2 factor, and increasing the slab thickness improves the 
beam quality. This is because when the pulse repetition rate 
is low and pump power is high, the temperature distribution 
is almost independent from pulse to pulse. Also, note from 

(8)
ETEM00,distorted

= e−x
2∕w2

e−ik(z+x
2∕ 2R)−i∗arctan (z∕ f )e−i2�ΔOPD

Fig. 11 that for thick slabs, the temperature distribution at 
the sides of the pump beam becomes smoother after several 
pulses in comparison with the temperature distribution in 
thin slabs, making the OPD effect similar to thermal lens-
ing, resulting in less ΔOPD, and hence, an improved output 
beam quality.

Note also that for a slab thickness of 1 mm, the maximum 
value of M2 factor occurs for a pump beam width of 0.9 mm, 
which does not correspond to the 0.4-mm beam width at 
which ΔOPD is maximum. The reason is that although the 
peak ΔOPD value is almost the same for pump beam widths 
between 0.6 mm and 0.9 mm, the region affected by a large 
OPD is larger, making its overall effect for the pump beam 
width 0.9 mm more significant than that for the 0.6 mm 
pump beam width.

5  Conclusion

In this paper, the transient thermal distribution and thermally 
induced beam quality (M2) degradation in low repetition 
(10 Hz) and hundred-mJ-level end-pumped Yb:YAG slab 
amplifiers with different thicknesses are numerically simu-
lated and discussed. Both single- and double-end pumped 
amplifiers are considered. Simulation results have shown 
that under the same pump power and cooling condition, 
thicker slabs exhibit smaller OPD, and that the OPD curve 
shapes are almost independent of the slab thickness; how-
ever, for double-end-pumping, the OPD is approximately 
twice that the OPD of single-end-pumped slabs. Results have 
also shown that the thermally induced OPD affects the laser 
performance through two key phenomena, namely (1) the 
thermal lensing effect, and (2) the non-lensing-based wave-
front distortion, which degrades the beam quality. Moreo-
ver, simulation results have revealed that most of the non-
lensing-based wavefront distortion is concentrated near the 
boundaries of the slab, and that, for given pump power and 
slab thickness, the ΔOPD over the pump region increases 
first with increasing the pump beam width and reaches a 
maximum value beyond which the ΔOPD decreases at a 
lower rate. Furthermore, the impact of thermal lensing and 
other thermal effects on the output beam quality has been 
simulated using Fast Fourier Transformation (FFT), and the 
results reveal that the ΔOPD trend can be used for beam 
quality assessment.

Fig. 10  Proof-of-concept 
experimental model for evaluat-
ing the non-lensing distortion 
induced by the thermal effects 
and hence the beam quality of 
slab gain media



Simulation of the transient thermally induced beam quality degradation in end‑pumped slab…

1 3

Page 9 of 10 231

Fig. 11  Simulated beam quality as a function of the pump beam width for single-end and double-end pumping with different pump power lev-
els, and for different slab thicknesses
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Additionally, simulation results have shown that the ther-
mally induced effects in single- and double-end pumped 
Yb:YAG slabs operating at low repetition rates and high 
power pump levels, could, in some cases, smooth the ther-
mal distribution over the slab thickness, leading to less beam 
distortion, and hence, enabling thicker slabs to generate laser 
beams of high quality.
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