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We have developed a 270-W 15-kHz MOPA system based on side-pumped rod-type Nd:YAG 
gain modules. The master oscillator is a 3-W 15-kHz TEM00 Nd:YVO4 laser with a pulse duration 
of 30 ns. To preserve the high beam quality during the amplification, we use image relay and polariza-
tion rotation which can simultaneously compensate for thermal lensing and thermal birefringence 
generated in the rod-type gain modules. After the amplification to 270 W with six rod-type gain 
modules, the beam quality factor (M2) of the amplified laser beam is 5-10, and the pulse duration 
is maintained at 30 ns.
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I. INTRODUCTION

High-average-power high-repetition-rate lasers with 
a good beam quality are essential tools in many applica-
tions such as laser machining, laser-induced EUV 
generation, and pumping of other solid-state lasers. In 
particular, laser-based isotope production has been one 
of the important application fields of high-average- 
power high-repetition-rate lasers. Traditionally, laser-based 
isotope production has been based on dye lasers which 
can circulate laser media in liquid form and, thus, can 
reduce the thermal problems generated in a laser medium. 
Dye lasers, however, have short lifetimes and are difficult 
to handle and maintain. A new scheme of laser-based 
isotope production, which was recently proposed for 
thallium isotopes[1], requires high-power lasers of ~1-μ
m wavelength with a short pulse duration and a high 
beam quality. In terms of wavelength and power level, 
a neodymium(Nd)-based laser system can be a good 
candidate for the new laser-based isotope production.

Generally, a high-power high-repetition-rate Nd-based 
laser system composed of a single oscillator has difficulty 
in fulfilling the requirements of a short-pulse duration 
(<30 ns), a high power (>200 W), a good beam quality 

(M
2
 <10), and a high-repetition-rate (>10 kHz) pulsed 

operation simultaneously. Although some special slab- 
type lasers can meet such requirements, they are not 
easy to develop due to their unusual schemes of laser 
medium and pumping[2,3]. On the other hand, side- 
pumped rod-type Nd:YAG gain modules are commer-
cially available and widely used[4]. Such rod-type solid- 
state gain modules, however, have intrinsic problems 
such as thermal lensing and thermal birefringence 
which lead to a degradation of beam quality and an 
increase of depolarization loss[5,6]. Although some 
schemes have been proposed for the compensation of 
the thermal birefringence[6-8], it is still challenging to 
efficiently compensate for the combined effects of the 
thermal lensing and the thermal birefringence.

In this paper, we report the development of a 270-W 
15-kHz MOPA system, ideal for the laser-based produc-
tion of thallium isotopes, based on rod-type Nd:YAG 
gain modules. The thermal lensing and the thermal bire-
fringence generated in the gain modules were simulta-
neously compensated for with a newly proposed scheme 
[9], and a good beam quality was achieved even after 
the amplification with six gain modules.
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(a)

(b)

FIG. 1. (a) Schematic of two-lens image relay. (b) 
Schematic of the image relay between two rod-type gain 
modules.

II. ANALYSIS OF IMAGE RELAY

The simultaneous compensation of thermal lensing and 
thermal birefringence can be obtained using the image 
relay with a pair of positive lenses and the polarization 
rotation between two identical rods[9]. The image relay 
with two positive lenses, as shown in Fig. 1, is a well- 
known technique[10], but needs to be analyzed with 
ABCD-matrix for the understanding of its unique char-
acteristics. The ABCD-matrix of the two-lens image relay 
can be calculated as follows.
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Because the image relay condition is satisfied when 
B=0, the image relay condition is
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If L=f1+f2, above equation becomes a well-known 
image relay formula in a confocal configuration[10] (m
ㆍd1+d2/m=f1+f2, m=f2+f1). One can see that the 
above equation is always satisfied regardless of L if 
d1=f1 and d2=f2 . This means that the input image at 
the focus position of the first lens is always relayed to 
the focus position of the second lens with any separation 
between two lenses. Therefore, the center of the first 

rod can be image relayed to the center of the second 
rod if the following condition is satisfied.

1
1

1 2
x

n
Df += , 2

2
2 2

x
n
Df += (3)

where n is the refractive index of the rod, D1(D2) the 
length of the first (second) rod, and x1(x2) the separation 
between the first (second) rod end and the adjacent lens. 
If two identical lenses (f1=f2) and two identical rods 
(D1=D2) are used, the image relay condition can be sim-
plified.

The thermal lensing induced in the rod can be inde-
pendently compensated for if the separation between 
two lenses (L) is adjusted properly, because the image 
relay condition of Eq. (3) is independent of L. Generally, 
the output beam from the first rod converges by the 
thermal lensing effect, and, thus, the input beam to the 
second rod needs to diverge for the compensation of the 
second rod’s thermal lensing. The magnitudes of the 
convergence and the divergence of the two rods should 
be identical for the precise compensation of thermal 
lensing and thermal birefringence. Such a condition can 
be found from a lens formula as follows[9].

021
2 =

−
+

f
fL

fth
(4)

where fth is the focal length of the thermal lens, and 
the thermal lens is simplified as a thin lens positioned 
at the center of the rod. Experimentally, the above 
condition can be satisfied when the focused point 
generated between two lenses is positioned exactly at 
the middle point between two lenses. With the proper 
image relay, one can compensate for thermal birefrin-
gence easily by putting a 90° quartz rotator between 
two rods[7].

III. EXPERIMENTAL COMPENSATION 
OF THERMAL LENSING AND 
THERMAL BIREFRINGENCE

We used two identical rod-type Nd:YAG gain modules 
to verify the image relay technique described in the 
previous section. Each gain module had a Nd:YAG rod 
with a 3-mm diameter and a 100-mm length, and the 
rod was side-pumped symmetrically by three laser 
diode bars. The maximal pumping power for each gain 
module was 450 W. The single-pass small-signal gain 
and the thermal focal length of the gain module were 
measured with respect to the current applied to the 
laser diode bars. As shown in Fig. 2, the maximal small- 
signal gain was 2.3, and the thermal focal length decr-
eased down to 190 mm at maximal pumping. The ther-
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FIG. 2. Small-signal single-pass gain and thermal focal 
length of the 3-mm-rod gain module.

FIG. 3. Single-pass depolarization loss caused by the 
thermal birefringence in the 3-mm-rod gain module. The 
inset is the beam pattern of the depolarized output at the 
maximal pumping.

(a) (b)

FIG. 4. Beam pattern of the depolarized output from 
the two 3-mm-rod gain modules (a) without and (b) with 
a 90fl quartz rotator between the modules.

(b)

FIG. 5. Schematic of the 270-W MOPA system. PBS, 
polarizing beam splitter; GM1-6, Nd:YAG gain modules; 
QR, 90° quartz rotator; PH, pinhole; FR1-3, 45° Faraday 
rotator; HW, half-wave plate.

mal focal length was measured by finding the position 
of minimal spot size after the module because very 
rigorous methods based on wavefront measurement 
[11,12] are not necessary in our case. Figure 3 shows 
the depolarization loss of the gain module caused by 
thermal birefringence. To measure the depolarization 
loss, we passed a seed laser beam through the gain 
module and measured the ratio of the depolarized power 
to the total amplified power as the pumping power 
increased. As shown in Fig. 3, the maximal depolarization 
loss was 11%. The inset in Fig. 3 shows the beam 
pattern of the depolarized output, which is a very 
typical pattern of thermal-birefringence induced depola-
rization[5,6].

To compensate for the thermal lensing and the thermal 
depolarization generated by the gain modules, we used 
two positive lenses with a 100-mm focal length which 
is sufficiently shorter than the thermal focal length of 
the gain module. According to Eq. 3, the separation 

between each rod’s end and an adjacent lens was set 
to 72 mm. The distance between the two lenses was 
adjusted in such a way that the focused point was 
positioned precisely at the middle point between the 
two lenses. A 90° quartz rotator (QR) was placed 
between two gain modules for the compensation of thermal 
birefringence. Figure 4 shows the depolarization patterns 
with and without the quartz rotator. Without the quartz 
rotator, a very strong depolarized output was generated 
with a depolarization loss of 21%. With the quartz 
rotator, on the other hand, the depolarized output was 
very weak (~1%), which shows a very efficient compen-
sation of thermal birefringence.

One drawback of the image relay technique is that 
the optimal condition of image relay changes depending 
on the thermal focal length of gain modules. If the ther-
mal focal length changes, the separation between two 
lenses (L) should be adjusted again according to Eq. 
(4). Otherwise, the improper image relay can lead to 
unexpected focusing of laser beam and even damage on 
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(a) (b) (c)

FIG. 6. Near-field beam pattern after the second AMP 
(a) without and (b) with thermal birefringence compen-
sation. (c) Far-field beam pattern after the second AMP.

FIG. 7. Temporal profile of an amplified output pulse.

(a) (b)

FIG. 8. (a) Near-field and (b) far-field beam patterns 
of amplified laser beam.

any optical surface. Therefore, one should fix the pump-
ing power of gain modules at which the image relay is 
properly designed.

IV. EXPERIMENTAL SETUP AND RESULTS

The experimental setup of our MOPA system is shown 
in Fig. 5. The master oscillator was a 15-kHz 3-W Nd: 
YVO4 laser pumped by a fiber-coupled LD. The pulse 
duration of the master oscillator was ~30 ns (FWHM) 
and the spatial mode was TEM00 (M

2 < 1.2). For the 
amplification of the master laser beam, we used three 

amplifying stages (AMPs). The first AMP was composed 
of three 3-mm-rod Nd:YAG gain modules (GM1-3) 
which were described in section III. We installed the gain 
modules in series and applied the image relay technique 
between the modules. All the lenses used in the first 
AMP had a focal length of 100 mm. The amplified power 
after one pass through the gain modules was 18 W. To 
extract more power from the gain modules, we made 
another pass through the modules by retro-reflecting 
the laser beam. During the retro-reflection, the image 
of GM3 was relayed to the end mirror first and relayed 
back to GM3, and we adjusted the separation between 
image-relaying lenses to make the laser beam well- 
collimated at the end mirror. For the compensation of 
thermal birefringence, we put a QR between GM1 and 
GM2. The thermal birefringence of GM3 was compensated 
for with a 45° Faraday rotator (FR), which gives 90° 
polarization rotation after retro-reflection. After double 
passing, the amplified output was boosted to 45 W.

The second AMP was composed of two 6-mm-rod 
Nd:YAG gain modules(GM4 and GM5). Each module 
was side-pumped by a total power of 1.5 kW from laser 
diode bars. The laser output from GM1 in the first 
AMP was image-relayed to GM4 with a magnification 
factor of 2, and GM4 and GM5 were configured in a 
similar way to the first AMP. Between the first and 
the second AMPs, we put a FR and a half-wave plate 
(HW) to protect the first AMP from any backward 
laser from the second AMP. The amplified laser power 
from the second AMP was 180 W. Figure 6(a) and (b) 
show the near-field beam patterns after the second AMP 
without and with birefringence compensation, respectively. 
Without birefringence compensation, the near-field beam 
pattern shows a strong depolarization pattern, and the 
depolarization loss was more than 20% in a double-pass 
configuration. With birefringence compensation, on the 
other hand, the depolarization loss was reduced to 
~5%, and the near-field beam pattern was significantly 
improved. The far-field beam pattern (Fig. 6(c)) after 
the second AMP shows weak and symmetric lobes around 
a main beam which is caused by non-uniform pumping.

We found that the first and the second AMPs generated 
self-lasing output when the master laser beam was not 
seeded into the AMPs. Because the total small-signal 
gain through the second and the first AMPs in a double- 
pass configuration is more than 1000, the incomplete 
isolation between the first and the second AMPs can 
lead to the oscillation of the depolarized portion. The 
self-lasing output was ~20 W without seeding and could 
be suppressed down to 2 W with a pinhole installed 
between GM1 and GM2. The self lasing, on the other 
hand, was suppressed down completely with the seeding 
of the master laser beam.

The final AMP was composed of a 9-mm-rod Nd:YAG 
gain module (GM6) which was pumped by a total power 
of 2 kW. The laser output from GM4 in the second 
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AMP was image-relayed to GM5 with a magnification 
factor of 1.5. The final AMP was in a single-pass confi-
guration, and the amplified output was 270 W. We could 
not use double-pass configuration in the final AMP 
because we had no FR which can be used at a high 
power of more than 200 W. We expect more than 300 
W of amplified output power if the final AMP is double- 
passed with a high power FR. The amplified pulse dura-
tion (~30 ns) was almost the same as that of the master 
oscillator, as shown in Fig 7. We used a beam profiler 
to measure the M

2
 value of the amplified laser beam 

because the pointing stability of the amplified laser beam 
(~0.3 mrad) was not good enough to measure the beam 
size with knife-edge-cutting method. The near-field and 
the far-field beam patterns are shown in Fig. 8, and 
the M

2
 calculated from the near- and far-field beam 

sizes was 5-10 roughly; the far-field beam size was difficult 
to determine precisely because the far-field beam 
pattern has relatively strong lobes.

The conversion efficiency from laser-diode pumping 
to amplified output of our MOPA system was just 
~5%, which is relatively lower than that of other laser- 
diode pumped Nd:YAG lasers. The main reason for low 
efficiency is that the laser beam size is sufficiently smaller 
than the rod diameter of the gain modules. Because a 
significant overlap of the laser beam with the rod edges 
leads to a severe degradation of beam quality, we kept 
the beam size small enough (50-60% of the rod diameter) 
during the amplification, and the poor overlap of the 
laser beam with the active volume of the rods led to 
the low efficiency.

V. CONCLUSION

In conclusion, we have developed a 270-W 15-kHz 
MOPA system based on rod-type Nd:YAG gain modules. 
The thermal lensing and the thermal birefringence gen-
erated in the gain modules were simultaneously com-
pensated for by the image relay and the polarization 
rotation. The rod center of each module was image-relayed 
to next module’s center with two positive lenses, and 
the separation between two lenses was adjusted to com-
pensate for the thermal lensing. The 90° polarization 
rotation between two identical modules decreased the 
depolarization loss caused by the thermal birefringence 
significantly. The master oscillator’s 3-W laser output 
was amplified to 270 W with six gain modules, and the 
M

2
 of the amplified laser beam was 5-10. The pulse dura-

tion of 30 ns was maintained during the amplification. 
Such a high-power MOPA system with a short pulse 
duration and a good beam quality is ideal for the laser- 

based production of thallium isotopes.
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