Optics & Laser Technology 35 (2003) 37-42

Optics & Laser
Technology

www.elsevier.com/locate/optlastec

Experimental study of a high-power CW side-pumped Nd:YAG laser
D.L. Yu*,D.Y. Tang

School of Electrical and Electronic Engineering, Nanyang Technological University, Singapore 639798, Singapore
Received 3 July 2002; accepted 30 August 2002

Abstract

The paper reports on the characterization of a side-pumped 40 W CW Nd:YAG laser. A side-pumping configuration with six laser
diodes is used for the laser. We show the comparison between the calculated and measured pump energy distributions in the laser crystal.
The birefringence and the thermal lens effect of the Nd:YAG crystal have been experimentally investigated, and their influence on the
performance of the laser are discussed. Output power and beam quality of the laser under different output couplings, cavity lengths, types
of cavity and different temperatures of the cooling water have been experimentally studied.

© 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Although there have been several different pump configu-
rations of high-power laser diodes (LDs) pumped Nd:YAG
lasers developed recently, the side-pumped Nd:YAG rod
laser is still a kind of compact and simple design with
high electrical-to-optical efficiency [1-7]. In order to im-
prove the pumping efficiency and the beam quality of a
diode-side-pumped Nd:YAG rod laser, several techniques
in delivering pumping beams have been proposed; gener-
ally an uniform pumping power distribution within the rod
gain medium is preferred to cancel the bifocusing of the
thermal lens [8—12]. As the thermal lens and the birefrin-
gence caused by the temperature gradients across the laser
rod play a crucial role in determining the output power and
beam quality of a laser, apart from their analytical descrip-
tion, a thorough experimental investigation of the effects on
a practical laser system such as the one reported in the pa-
per, in particular, also to relate their effects to the laser per-
formance, e.g. the experimental input—output relation, laser
efficiency, laser beam quality under different cavity para-
meters and conditions could be useful. We have set up such
an experimental system to conduct these researches.

In this paper, we will first briefly describe our compact
and simple 40 W CW Nd:YAG laser system, especially
its diode-side-pumping configuration. We will then present
our studies on the birefringence, thermal lensing and pump
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energy distribution of the laser system under non-lasing
condition. The output power and beam quality of the laser
under different cavity parameters, cooling water tempera-
ture and an adjustable aperture inside the cavity will also be
presented in the paper.

2. Side-pumping configuration of the laser

In order to pump the full cross section of the laser rod
and to achieve a high spatial overlap between the pump ra-
diation and the resonator mode, a side-pumping configura-
tion as shown in Fig. | is designed for our 40 W CW diode
pumped solid-state laser. The pump module comprises of
six 40 W CW operating LDs side pumping the laser crystal.
The six LDs are divided into two groups, which are spa-
tially displaced along the crystal axis. Each group consists
of three LDs. Within one group the three LDs are distributed
symmetrically around the crystal. The angular positions of
the LDs between the two groups have a rotation of 41°. The
laser beam from each diode laser is coupled onto the laser
rod by a cylindrical lens. A quartz tube of ¢ = 10 mm is
used to seal the cooling water of the crystal.

The pump energy distribution inside the laser crystal has
been simulated, from which the temperature distribution in
the cross section of the laser crystal could also be esti-
mated. Experimentally, the pump distributions were mea-
sured by observing the fluorescence intensity profile using
an AGEMA Infrared Systems under the condition that there
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Fig. 1. Pumping configuration (a) and schematic of the laser cavity
configuration (b) of the engineering model DPSS laser.

was no lasing of the laser. Fig. 2 shows the measured and
calculated pump distributions in the laser rod with the six
LDs pumping configuration. The experimental results show
a good agreement with the calculated ones.

3. Study of the thermally induced effects
3.1. Birefringence

After the pump distribution had been calculated and mea-
sured experimentally, we further investigated the strength
of the thermally induced birefringence in the laser. Our next
aim was to know quantitatively how strong is the effect in-
duced in our laser under the current pumping configuration,
as the appearance of the effect could cause significant de-
crease in the laser output power and the beam quality. An
experimental set up as shown in Fig. 3 was used to study
the thermally induced birefringence of the laser crystal. The
laser beam from a commercial He—Ne laser was first ex-
panded and then collimated to illuminate the laser crystal. A
polarizer was used to polarize the He—Ne laser beam before

it is incident on the laser crystal. A polarization analyzer
was used to analyze the polarization change of the He—Ne
beam after it passes through the laser crystal.

Without pumping, the polarizer and the analyzer will be
so adjusted that no light can pass through the analyzer. When
the laser crystal is pumped, because of the appearance of the
thermally induced birefringence, the probe light suffers from
depolarization when passing through it, and consequently,
will be partially transmitted through the analyzer. The trans-
mitted light forms the so-called isogyres, which display the
geometrical loci of constant phase difference. Photographs
of the transverse intensity patterns of the He—Ne laser beam
under various pump powers of our laser are shown in Fig.
4. The temperature of the cooling water in the laser system
was fixed as 16°C.

Only one ring can be seen in Fig. 4 indicating that the
phase retardation of the He—Ne laser beam is not more than
one wavelength, suggesting that the thermally induced bire-
fringence in our laser is not served. This experimental result
indicated indirectly that the pump beam distribution in our
laser is quite uniform.

3.2. Thermal lens effect

The focal length of thermal lens effect depends on both
temperature gradients and stresses in the laser rod. In order
to quantitatively measure the thermal lens effect of this laser,
we have designed an experiment similar to that shown in
Fig. 3 to measure the focal length of the thermal lens. The
experimental procedure used to measure the thermal lens is
as follows: we first expand and collimate the He—Ne laser
beam, and then let it pass through the laser crystal while
the laser is pumped by the LDs. We identify the smallest
beam waist of the He—Ne laser beam and then measure the
distance of the beam waist to the center of the laser crystal.
When the pump power strength is changed, the variations of
the He—Ne laser beam in the beam diameter could be clearly
seen on a screen. The measured thermal focal length and
its variation with increase in pumping power under different
temperatures of the cooling water are plotted in Fig. 5.

The results of the measurement show that the thermal fo-
cal length decreases with the increase of the pumping power.
The lower the temperature of the cooling water is, the shorter
is the initial focal length. However, under high pumping
power, the focal length seems not so sensitive to the tem-
perature of the cooling water and the focal length does not
vary exactly as the inverse of pumping power.

4. Studies on laser performance

Fig. 6 shows a comparison of the output powers of the
laser under different output coupling with a fixed cavity
length of 165 mm. One end mirror of the laser cavity is a
concave mirror of radius of curvature of 900 mm and re-
flectivity R = 100%.
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Fig. 2. Calculated (a) and measured (b) pump energy distributions for a six-side-pumping Nd:YAG rod.
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Fig. 3. Schematic of the birefringence effects.

The maximum output power was obtained with an out-
put mirror of 6% output coupling. Higher or lower output
coupling degrades the output performance of the laser.

In order to further study the variation of output power
with the types of laser cavity, we had also investigated the
performance of the laser with different kinds of the cavity
mirrors. A result is shown in Fig. 7.

It is to be noted that the plano/concave resonator has
the highest output power under the current cavity length.
Considering the existence of a thermal lens in the cavity,

it could be understood why this cavity configuration could
give even higher output than the plano/plano one. Obvi-
ously, the cavity configuration has the largest active gain
volume.

Figs. 8(a) and (b) show a comparison of the output powers
of the laser with different cavity lengths. Fig. 8(a) shows
the cavity with 10% output coupling and Fig. 8(b) that with
6% output coupling.

In all our experiments, we found that a cavity length of
165 mm gave the best laser output power.
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Fig. 4. Effect of the thermally induced birefringence in the laser; from (a) to (d) the pump power is increased: (a) 0 W, (b) 90 W, (c¢) 180 W, and

(d) 240 W.
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Fig. 5. Thermal focal length at different pumping powers.

The flow of cooling water takes away the heat generated in
the laser rod and on the LD holders. The temperature of the
cooling water will not only affect the value of temperature
of the thermal equilibrium in the system, but also all the
thermal effects induced in the system, such as the strength of
the focal lens, thermally induced birefringence, etc., which
in turn affect the output power and the quality of the laser
beam of the laser. Fig. 9 shows the output power of the
laser under operation of different temperatures of the cooling
water.

The other parameters of the cavity are given in the fig-
ure. It is to be noted that the laser has the maximum output
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Fig. 6. Output power at different pumping powers.

power when the cooling water temperature is about 11.0°C.
We also found from the experiments that the value of os-
cillation threshold on driving current varies as the inverse
of the cooling water temperature, showing the effect of the
temperature dependence of the LD emission wavelength. In
another experiment, we have separately cooled the LDs and
laser crystal with water of different temperatures, and found
that the optimum temperature of the water for cooling the
laser crystal is about 17°C.
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Fig. 8. Output power of the laser with different cavity lengths: (a) T=10%
and (b) 7 = 6%.

Fig. 10 shows the output beam M? value of this laser
under different pump strengths.

From Fig. 10, we could conclude that the quality of the
output laser beam degrades with the increase of the pump-
ing power. In our experiments, we found that the pure fun-
damental mode (TEMyy) operation of the laser can only
be obtained when the output power is not larger than 1 W.
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Fig. 9. Output power under operation of different temperatures of the
cooling water.
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Fig. 10. Value of M? vs. different LDs pumping power.

Otherwise multi-transverse mode operation of the laser was
observed. In order to operate the laser at the fundamental
mode and prevent the appearance of the higher-order trans-
verse modes, an adjustable aperture is inserted in the laser
resonator. As the higher-order modes have a larger spa-
tial extent than the fundamental mode, they will experience
larger loss than the fundamental mode; hence they could
be suppressed. Even though the existence of an aperture in
the resonator could prevent the appearance of the high-order
transverse modes, the thermally induced effects, such as the
birefringence and a thermal lens always exist, so with strong
pump the laser system could still not output the laser beam
of ideal fundamental mode. Fig. 11 gives the laser profiles
under different incident pump powers even with a suitable
aperture in the resonator. When the incident pumping power
is 90 W (LD driving current is 15 A), the output power
of the laser system is 0.1 W. When the pumping power is
240 W (LD driving current is 40 A) we obtained a max-
imum output power of 9.5 W. The output power is about
one-fourth of the value of the laser when no aperture was
inserted to the cavity.



42 D.L. Yu, D.Y. Tang/| Optics & Laser Technology 35 (2003) 37—42

Fig. 11. Output beam profile and output power vs. pumping power with an aperture: (a) No aperture 240-40 W (b) 90-0.1 W (c) 180-54 W

(d) 240-9.5 W.

5. Conclusion

From the above characterization and results of the laser
system, we found that the current pump configuration could
provide a good pump beam uniformity in the laser cavity,
and result in less birefringence effect in the laser crystal. An
optimized operation condition for the laser output power and
the laser beam quality was also experimentally determined,
namely the cavity length should be about 165 mm, the out-
put coupling about 6%, and the temperature of the cooling
water about 11.0°C. The possibility of using an intra-cavity
aperture to control the laser beam quality has been exper-
imentally tested. These experimental results could be use-
ful as a guideline for the design of compact, high-power
LD-side-pumped Nd:YAG lasers.
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