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Research on power improvement of a LD directly-pumped mid-infrared pulse
solid-state laser
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Abstract: An LD directly-pumped solid-state laser is considered to be one of the most promising mid-infrared
light sources because of its simple principle, small size, and compact structure for the generation of mid-infrared
(MIR) lasers in the 3-5 wm band. However, the quantum defect of LD directly-pumped MIR solid-state lasers
will be much larger than that of ordinary near-infrared LD pumped solid-state lasers, which may lead to thermal
damage and limit their development. In order to solve this problem, the methods of reducing the specific surface
area of the crystal and improving the thermal energy released by the crystal structure are discussed, and the opti-
mal length of the laser crystal is determined. The cooling structures of barium yttrium fluoride laser crystals
(Ho™.BY,F,) of different lengths were studied by thermal simulation using COMSOL software. The experimen-
tal results show that the output power can be increased and the thermal stress in the laser crystal can be alleviated
by using the laser crystal whose length is slightly shorter than that of the cooler. The final experiment shows that
when the pump repetition rate is 15 Hz and the pulse width is 90 s, the single pulse energy is 7. 28 mJ at the out-
put wavelength of 3. 9 wm, which is about 3 times as large as that of the crystal with the length of 10 mm (2. 81 mlJ).
Such results should be another breakthrough of our team since the first directly-pumped solid-state MIR laser was

realized more than a year ago. It might pave the way for the construction of a feasible MIR laser in the near future.
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Introduction

The 3-5 pm band radiation is located at the atmo-
spheric infrared transmission window and has ideal air
transmission properties. As such a band contains absorp-
tion peaks of many molecules, the laser in the mid-infra-
red band can be widely used in military countermea-
sures, remote sensing technology, laser surgery, and at-
mospheric monitoring, etc'”. In some fields, the re-
quirements are often needed on the size, outputted peak
power, and repetition rate of a mid-infrared (MIR) la-
ser. Among a variety of conventional solid-state lasers,
lamp-pumped solid-state lasers usually have the low
pump light-optical conversion efficiency and non-uniform
absorption of the laser medium, which lead to the low
output beam quality and electro-optical conversion effi-
ciency ®. And at the same time, the output power of a
lamp-pumped solid-state laser is not easy to be raised,
which is prone to a large amount of energy waste. As
most of the output bands of conventional lamp-pumped
solid-state lasers are located in the near-infrared region,
achieving the output of mid-infrared laser is basically
based on the nonlinear optical method such as optical
parametric oscillation (OPO) or optical parametric ampli-
fication (OPA) methods"*'*. Although the nonlinear op-
tical procedures have already become mature, the instru-
mentation is somewhat complex, the number of system
components is large, the price is expensive, and the mal-
functions are also difficult to avoid. Quantum cascade la-
sers (QCLs) can also be used for the realization of the
mid-infrared laser output. However, it is difficult to
build the higher beam quality and high-power laser sys-
tem at the same time for such semiconductor lasers'*”".
Being different from the lasers mentioned above, the hol-
mium-doped barium yttrium fluoride laser crystal (Ho™ :
BY,F,, Ho: BYF) directly-pumped by LDs can be ap-
plied to output the mid-infrared laser in which the optical
system is simple and the cost of the whole equipment is
relatively low ™. However, the quantum defect of the
LD directly-pumped laser configuration is much larger
than those of conventional near-infrared LD-pumped sol-
id-state lasers. As a result, more heat would be generat-
ed during the laser operation. If the heat cannot be quick-
ly dissipated, severe thermal damage may be caused in-
side the laser medium. In extreme cases, the MIR laser
medium may even be broken or blasted ™. This is one
of the primary issues that need to be urgently resolved for
the development of mid-infrared LD directly-pumped sol-
id-state lasers towards the practicality.

In order to alleviate the problems of thermal deposi-
tion of a Ho: BYF crystal and improve the power of a MIR
laser, the specific surface area and the structure of the
crystals have been theoretically examined in this paper.
We refer to the crystal with the length near to the optimal
value to obtain the laser output from the theoretical simu-
lation, and propose that the configuration in which the la-
ser crystal is shorter than the cooler might be benefit to
enhance the heat dissipation ability of the pumped MIR
crystal . And then, two experiments have been con-
ducted to verify the simulation results. In the first experi-

ment, the influence of LD pump sources on the outputted
laser power has been investigated by using Crystal-1 with
the size of 3X3X10 mm. The experimental results show
that under the conditions of the repetition rate of 15 Hz,
pulse width of 90 ws, and current of 15 A, the single
pulse energy of 2. 81 mJ can merely be obtained by an en-
ergy meter, which corresponds to the average laser out-
put power of 42. 15 mW. However, under this pumping
condition, the cracks can be observed inside the crystal,
which indicates that 2. 81 mJ should be near to the limita-
tion that the crystal can critically withstand under such a
cooling configuration in the experiment. In the second ex-
periment, results of the simulation and experiment-1
have been well considered by using the optimal crystal
length with the size of 3x3%8 mm (Crystal-I1). The ex-
perimental results show that the pulse energy of 7. 28 m]J
(corresponding to average laser output power of 109. 2 mW)
can be achieved under the repetition rate of 15 Hz, the
pulse width of 90 ws, and the current of 14.5 A, respec-
tively. As a result, a significant increase in laser output-
ted power has been successfully achieved. Note that
there is no damage in the laser crystal under the im-
proved the lasing structure. These results demonstrate
that compared with the traditional method of embedding
the laser crystal inside the cooling holder with the same
size as the crystal, the structure of the cooler with the
length little longer than that of the laser crystal can be re-
ally beneficial to improve the heat dissipation ability.
The thermal stress of the laser crystal should also be par-
tially relieved by employing this approach. The results
reported in this paper is a further breakthrough of our
team after we first reported the emission of a mid-infrared
Ho: BYF laser directly-pumped by LDs in 2021***, The
study is thought to be helpful for the future practical ap-
plications of such MIR solid-state lasers.

1 Theoretical simulation

In this paper, Ho: BYF is used to produce a MIR
laser. The energy levels of Ho: BYF are illustrated in
Fig. 1. The transition of *I; — ’I, represents the process
in which the electrons on the ground state energy level is
pumped to the upper energy level by using LDs with the
wavelength of 889 nm. Then, a 3.9 pm laser is directly
generated through the stimulated emission process of
I, — °I,. Note that both energy transfer up-conversion
(ETU) and cross relaxation (CR) are important process-
es during the laser emission. The ETU and CR make the
MIR lasing very complicated and both of them are all ex-
tremely essential for obtaining the MIR oscillation*",

The first LD-directly-pumped solid-state MIR laser
has been realized two years before by our laboratory using
a 3X3x10 mm Ho: BYF crystal. As the outputted power
was far from applications, such a MIR laser cannot be di-
rectly applied for any actual purposes. For the improve-
ment of the output power of a Ho: BYF laser, heat accu-
mulation inside the crystal is needed to study. At pres-
ent, the main methods to alleviate heat accumulation of
crystals are reducing the specific surface area of crystals
or optimizing the cooling structure. Generally, the heat
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dissipation ability of laser crystals is related to the specif-
ic surface area (surface area/volume) presented by the
following equation:

20> + 4al, 2 4

k= a’L, L " a ()
where K represents the specific surface area value of the
crystal, a represents the crystal width, and L, represents
the crystal length, respectively. It is obvious that the
shorter the crystal, the larger the specific surface area.
Thus, shortening the length of the laser crystal should ef-
fectively enhance the heat dissipation ability of the laser
crystal and laser output energy under the same pumping
conditions.

In addition, the simulation of laser dynamics is also
conducted for estimating the outputted pulse energy with
different crystal lengths. According to our conclusions in
Ref. 29, as shown in Fig. 2, the laser output energy
changes with the crystal length. When the pump energy
is set between 250 mJ and 350 mJ, the optimal crystal
length is around 8 mm.
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Fig. 2 Theoretical results of the outputted pulse energy versus
the crystal length for different pump energy'”’
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Therefore, in order to enhance heat dissipation in
crystals, the temperature and thermal stress inside the
Ho: BYF medium with two kinds of lengths should be an-
alyzed by using the same cooling configuration, as shown

in Fig. 3. The corresponding thermal simulation of heat
dissipation in crystals was carried out in detail for Crys-
tal-I and Crystal-II by utilizing COMSOL. Figures 4 and
5 show the temperature at Point A in Fig. 3 and thermal
stress inside Crystal-I (3x3x10 mm) and Crystal-II (3x
3x8 mm) under the same pumping conditions, respec-
tively. The boundary conditions for COMSOL thermal
simulation are listed in Table 1. From Fig. 4, although
Crystal-II produces a little more temperature raising,
which is also due to its smaller volume than that of Crys-
tal-I, the minimum temperature of two crystals is almost
the same before the next pump pulse reaches the crystal.
Such phenomenon indicates that changing the pump
length should be conducive to the heat dissipation of the
crystal. As shown in Fig. 5, the thermal stress of Crys-
tal-1I is less than that of Crystal-1 for the improved cool-
ing structure. This means that it should be beneficial to
alleviate the thermal stress of the crystal by adopting
such a shorter crystal.

A Ho:BYF

4.2 mm

4.2 mm

10 mm

(b)

Fig.3 Cooling structures: (a) crystal-I; (b) crystal-II
K3 RELH: ()ffiA-1;5(b)fhik-2

In order to verify the theoretical simulation results,
two experiments have been carried out for the laser media
with different lengths. Therefore, the influence of the
pulse width, driving current, and repetition rate of the
pump LDs on the outputted laser energy has been experi-
mentally explored by using such two Ho: BYF crystals.
The results will be inducted in Sections 3 and 4.
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Table 1 Boundary conditions of thermal simulation
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Parameters Values and units
Peak power 2860 W
Pulse width 90 ps
Pulse frequency 15 Hz
Beam diameter 1.2 mm
Air temperature 27 °C
Cooling temperature 27 °C
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Fig. 4 Theoretical results of the temperature variation of two
crystals under the same pumping condition
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Fig. 5 Simulated thermal stress of (a) crystal-I; (b) crystal-II un-
der the same pumping conditions
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2 Experiment-1: investigation of the
damage threshold of pump LDs for Crys-
tal-I

Figure 6 shows the clamping diagram and section di-
agram of C-C’ plane for Crystal-I. The Ho: BYF crystal
was fixed in a rhombus-shaped holder combined by the
upper and lower parts. The indium foil was intentionally
paved between the brass seat and the crystal to fill the
gaps as much as possible.
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Fig. 6 (a) Clamping diagram; (b) section diagram of the C-C'
plane for crystal-I
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The schematic diagram and the photograph of our
experimental setup are shown in Figs. 7 and 8, respec-
tively. The light of pump LDs with the central wave-
length of 889 nm was changed into a parallel beam by us-
ing the first plano-convex focus lens with the focal length
of 75 mm. Then the paralleled LD radiation was focused
by the second plano-convex focus lens (f =75 mm). The
converge pump beam with the diameter of 650 pwm enters
into a plano-concave optical resonator consisting of a rear
mirror (RM), an output mirror (0C), and Ho:BYF gain
medium, Crystal-I. And then, a MIR laser with the
wavelength of 3.9 wm can be directly obtained ™. In the
experiments, a He-Ne laser was used to calibrate the op-
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tical path of the oscillator and a silicon wafer was used to
filter out the components of the pump light mixed in the
output beam. Actually, the measured output values are
about a half of the real results because of the attenuation
of such a silicon wafer.
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Fig. 7 Schematic illustration of the experimental setup
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Fig. 8 Photograph of our experimental system
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In this experiment, the repetition rate of the pump
laser was first set to 2 Hz, and the driving current of the
pump LDs was set to 14 A, 16 A, and 18 A, respective-
ly. When the pulse width of the pump laser was changed
from 60 s to 130 s, the laser output energy was ob-
served by means of an energy meter.

Fig. 9 shows the experimental results. It can be
seen that the output energy of the MIR laser increases
with the pump pulse width roughly acting as multiple
curves. Under the same pulse width, the laser output en-
ergy increases with the driving current of the pump. With
the increase of the pump driving current, the laser output
energy changes smoother. The laser output energy can
reach up to 12 mJ when the pump driving current and
pulse width are set to 18 A and 120 ws, respectively.

Then, as shown in Fig. 10, the relationship be-
tween the driving current of the pump LDs and the laser
output energy under the repetition rate of the pump LDs
of 2 Hz was investigated using the pump pulse width of
60 s, 80 ps, 100 ws, and 120 ws, respectively. It can
be seen that the laser output energy increases with the
driving current of the pump LDs. And the curves some-
what appear to be linear forms within a certain range,
which indicates that the influence of the pump pulse
width on the laser output energy is slightly stronger than
that of the pump driving current. The variation of the la-

12

10 [

Output Energy /mJ
N

Repetition Rate =2 Hz

50 70 920 110 130
Pluse Width /ps

Fig. 9 Relationship between the pump pulse width and the laser
output energy (Repetition Rate =2 Hz)
P19 FEH DK 58 -5 0GB I A5G R (FEE WA 2 Hz)

ser output energy becomes more drastic for a wider pump
pulse width.

12

—=120 ps | Repetition Rate =2 Hz
10 |

Output Energy /mJ
&

10 12 14 16 18 20
Drive Current of Pump LDs /A

Fig. 10 Relationship between the drive current of pump LDs
and the laser output energy (Repetition Rate =2 Hz)
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Next, the laser output energy was examined for dif-
ferent pump repetition rates when the pulse width of the
pump was set to 90 ws, and the driving current of the
pump LDs were set to 14 A and 15 A, respectively. As
can be seen from Fig. 11, the laser output energy de-
creases with the pump repetition rate, and the corre-
sponding energy of the pulse laser decreases, but the av-
erage output power of the MIR laser shows an increasing
trend. The laser output energy increases with the pump
energy under the same repetition rate. When the repeti-
tive rate, the pulse width, and the drive current is 90
ws, 15 Hz, and 15 A, respectively, the pulse energy
can be obtained as about 2. 81 mJ, which is converted to
an average laser output power of 42. 15 mW. After sever-
al ten seconds under such conditions, the crystal was
suddenly destroyed and a deep crack was found at the in-
put end of the crystal, which indicates that all the param-
eters here should correspond to the destroy threshold con-
ditions that the laser crystal can withstand. Note that the
pumping energy is approximately 221. 8 m] at that time.

Combined with the results of the above experi-
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ments, it has been analyzed that the pump pulse width
and pump LD drive current have less influence on the la- Cu
ser output energy than the pump repetition rate. There-
fore, in the following experiments, the values of pump
pulse width and pump LD drive current were fixed, and Ho:BYF 4.2 mm
the pump repetition rate was taken as a variable factor. 8 mm
3 Experiment-2: improvement of laser = = e
output for Crystal-II
Figure 12 shows the schematic clamping diagram and 10 mm
the section diagram of the C-C’ plane of Crystal-Il by em-
ploying the same cooling configuration as that for Crystal-1. (b)
In order to obtain the high outputted laser energy
without damaging the crystal, the pump pulse width at Fig. 12 (a) Schematic of clamping diagram and (b) section dia-

90 s, and the pump LD drive current at 14 A and
14.5 A were set as safe values, and the repetition rate of
the pump laser was changed to observe the change of the
outputted laser energy.

Figure 13 shows the energy and power diagrams of
the laser output. From Fig. 13, we can see that the laser
output energy still shows a decreasing trend with the
pump repetition rate, while the overall output power of
the laser still shows an increasing trend. In the case of
the pump repetition rate of 15 Hz, the pulse width of 90
ws, the current of 14.5 A, the pulse energy can be mea-
sured by an energy meter as 3. 64 mJ. Taking into ac-
count that such value is the result attenuated by the sili-
con wafer, and the actual laser output energy is exactly
twice as much as the measured value, so the actual out-
put energy of the MIR laser is 7. 28 mJ (corresponding la-
ser output average power of 109.2 mW). Note that,
there is no cracks in the crystal at that time.

It can be seen that, when using a new shorter laser
crystal, the MIR laser output energy has been greatly im-
proved. The structure that the length of the laser crystal
is slightly shorter than the cooler has been proved to sig-
nificantly improve the heat dissipation capacity of the la-
ser crystal. Therefore, further optimization on the pump
structure and the shape of a laser crystal should be the
important way to achieve much higher outputted power of
our MIR laser in the future.
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4 Conclusions

In this paper, the length of a MIR medium, Ho:
BYF, has been analyzed to earn the output energy as
large as possible based on the theoretical simulations of
laser dynamics. The theoretical computation of thermal
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dynamic reveals that the suitable length of a Ho: BYF
crystal makes the output of a MIR laser be substantially
enhanced and the heat dissipation ability significantly im-
prove inside the laser crystal. The experimental results
show that with the pump repetition rate of 15 Hz, the
pulse width of 90 s, and the drive current of 14.5 A,
the pulse energy of the laser can achieve 7.28 m] for a
Ho:BYF crystal with the length near to the optimal value
in theory. Such result is about four times as large as that
in Ref. 29 for LD directly-pumped MIR lasers. Our work
might lay the technical foundation for the realization of
practical MIR solid-state lasers directly-pumped by LDs.
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