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Abstract; A compact end-pumped Electro-optical Q-switched Nd: YAG laser was designed in this paper. In
order to achieve compact construction, laser diode arrays( LDAs) with collimated fast axes were used as pum-
ping source. A spherical lens with a focal length of 40 mm and a cylinder lens with focal length of 25 mm were
used as a group for the coupling lens. The LDAs’ beam profiles on the incident and exit faces were calculated
using Tracepro software. The simulation results indicate that when taking a @ 6 mm X 30 mm Nd: YAG with a
doping concentration of 1. Oat. % as the gain medium, the spots on the incident and exit faces were 5 mm
(slow-axis) x4.5 mm( fast-axis) and 3 mm( slow-axis) x 6 mm(fast-axis) , respectively, and the absorption
pumping power was about 83% . Dynamic temperature field distributions of Nd: YAG larer in 360 s at 22 C
and 60 °C were simulated by Ansys software. Output pulsed energy of 30 mJ and 25 mJ were achieved while
the repetition frequencies were 30 Hz and 50 Hz, corresponding to a slope efficiency of 11. 6% and 14.71% .
The pulse durations were 18 ns and 16 ns, respectively. The experimental results show that the designed com-
pact laser in this paper can achieve stable pulse laser output.
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1 Introduction

Pulsed lasers with output wavelength of 1 pm
are widely used in the military, scientific research,
the civil environment and other fields, with usages
such as laser ignition, laser ranging, laser radar de-

tection and laser cutting' '’

. Electro-optical Q-swit-
ches can be used to generate pulsed lasers under
high gain conditions and are widely used in solid-
state lasers'’"".

Pumped Nd: YAG crystals mainly achieve laser
output in two ways; side pumping'”’ and end pum-

%) The side pumping method is limited by the

ping
length of the pump light’s absorption path. Com-
pared with end pumping, side pumping has low ab-
sorption efficiency, thereby limiting the laser’s con-
version efficiency. In 2017, Wu Wentao et al. at
the Harbin Institute of Technology achieved laser
output by side-pumping Nd: YAG crystals. When the
pump energy was 1.8 J and the pulse width was
2 ms, the output energy was 2 mJ and the repetition
frequency was 5 kHz using cavity emptying technolo-
gy. The light conversion efficiency was 11% """,
Compared with the side pump structure, the
end-pumped laser crystal has the advantages of good
pattern matching and high absorption efficiency. In
2012, Chang Lang et al. at Beijing University of
Technology achieved 22.7 W, 1 064 nm pulsed la-
ser by using end-pumping Nd: YAG crystal fiber-
coupled laser diode( LD ) as the pump source and e-
lectro-optic  Q-switched modulation with a pump

power of 59.5 W and a repetition rate of 10 kHz.
The light conversion efficiency was 38.1%. At a

repetition rate of 2 kHz, the maximum pulse energy
and the narrowest pulse width were found to be
5.1 mJ and 14. 5 ns, respectively'”'. In 2017, Ma
Jian et al. used a fiber-coupled LDAs end-pumped
Nd: YAG crystal and electro-optic Q-switch to obtain
a maximum pulse energy of 11 mJ and a repetitive
frequency of 100 Hz at a pump energy of 84.3 m].
The corresponding slope efficiency was 18. 6% .

Although fiber-coupled LDAs end-pumping can
be used to achieve a better beam quality and higher
efficiency, it is difficult to achieve miniaturization of
the laser structure due to the volume limitations of
the pump source. Direct pumping of the gain medi-
um with free space output LD is one of the effective
ways to solve this problem. In 2007, the US Army
Laboratory Night Vision Laboratory directly pumped
Nd: YAG laser crystals with light-guided LDAs and
used an electro-optic Q-switch to achieve pulsed la-
ser outputs of 50 mJ and 100 mJ, corresponding to a
repetition rate of 20 Hz'''. In 2018, Peng Chao
and others from Beijing University of Technology
used a light guide to couple 4 kW multi-wavelength
LDAs into an Nd: YAG crystal. A pulse output of
37 =74 m] could be obtained in the range of 25 —
55 °C, corresponding to a repetition frequency of
5-20 Hz'™'. Tt can be seen that large energy out-
put can be obtained by using LDAs end-pumped
Nd: YAG, but there are few reports on using Ansys
simulations to attain the dynamic temperature field
distribution of an Nd: YAG shell.

In this paper, a two-lens coupled pump optical
pulse laser is studied. A semiconductor laser output
was directly coupled from free space into an

Nd: YAG crystal using a ball lens and a cylindrical
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lens, and Q-switching was done using a potassium
dideuterium phosphate ( DKDP) electro-optical crys-
tal. The temperature field distribution of the de-
signed Nd: YAG laser shell was simulated by Ansys
software. At ambient temperatures of 22 °C and 60
C, after 360 s, the maximum temperature of the
shell reached 45 °C and 75 °C, respectively, 23 °C
and 15 °C higher than initial ambient temperature,
which meets the temperature difference allowed by
the TEC' s normal operation. Using the proposed
housing, the designed Nd: YAG laser attained a
maximum pulse energy of 30 mJ and 25 m] at a rep-

etition frequency of 30 Hz and 50 Hz, respectively.

2 Experimental Equipment

Fig. 1 is a schematic diagram of the experimen-
tal setup of the Nd: YAG laser used in the experi-
ment. The pump source is an 8-Bar LDAs ( Focus
Light Technologies; FLO0O0581) with a center wave-
length of 808 nm and a spectral line width of 3 nm.
Fiber rods with diameter of 200 um were used to
compress the angle of divergence in the LDAs’ fast
axis direction. The divergence angle was less than
5° after fast axis compression and the Bar strip spac-
ing was 0. 73 mm. At a supply current of 200 A, the
peak output power was 1 100 W. In order to evenly
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(a) Input end surface of Nd: YAG

distribute the pump light in the Nd: YAG crystal, the
pump light was coupled into the laser crystal using a
spherical mirror with a focal length of f =40 mm and
a cylindrical mirror with a focal length of /=25 mm.
The focusing lens was adjacent to the incident end

face of the crystal.
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Schematic of the experimental setup
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In order to fully absorb the pump light and to
improve the efficiency of the laser, Tracepro software
was used to calculate the absorption of different
lengths of Nd: YAG crystal. When the crystal length
was 30 mm, the absorption efficiency exceeded
83% . Considering the influence of the size of the

pump light and the thermal effect of the end face,
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Fig.2 Normalized distribution of the pump source at Nd: YAG end surface
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we selected a Nd: YAG crystal with a diameter of
6 mm. Fig.2 (a) and 2 (b) show the normalized
distribution of the pump light at the input end face
and the output end face of the Nd: YAG crystal, re-
spectively.

The pump light at the Nd: YAG ecrystal’s input
end face has a spot size(FHWM) of 5.0 mm ( slow
axis) x 4.5 mm (fast axis). Since the optical pa-
rameter product of the LDAs’ fast axis and slow axis
is greatly different, and because of the reflection of
the pump light inside the crystal, the spot( FHWM)
of the pump light at the output end surface is 3 mm
(slow axis) x6 mm( fast axis) after passing through
the Nd: YAG crystal.

The cavity is a flat cavity structure with a length
of 325 mm. The input mirror( M1) is coated with an
antireflection film in the 808 nm band and a reflec-
tive film in the 1 064 nm band. O. C. is an output
coupler with transmittances of 60% and 70% at

100,00 (mm)

(a) PR3 7 2 21

(a) Grid division results

(o) e oA (R ARLEE 4 60 °C)

(c) Temperature distribution (Initial temperature of 60 °C)

1 064 nm.

The gain medium is an Nd: YAG crystal with a
doping concentration of 1. Qat. % . The crystal size is
@ 6 mm x30 mm and the end faces are plated with
antireflection films of 808 nm and 1 064 nm. In or-
der to improve the heat dissipation capabilities of the
crystal, the side of the crystal is wrapped with indi-
um foil and fixed by a copper fixture. The tempera-
ture of the crystal is controlled to (25 +2) °C using
thermo-electric cooler (TEC). The oscillating light
in the cavity is set to a linear polarization state by in-
serting a film-type polarizing beam splitter thin film
polarizer(TFP) into the cavity. A DKDP crystal is
used as the electro-optic Q-switch ( LeiLingJiGuang ;
¢ 8 Xx20 mm) and a quartz lens and a Teflon plastic
seal are used to prevent deliquescence. The DKDP
crystal’s end face and sealed quartz lens are coated

with 1 064 nm anti-reflection film.

(b) ISEH A (FIARELSE K 22 °C)
(b) Temperature distribution (Initial temperature of 22 °C)
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Fig.3 Dynamic thermal simulation of Nd: YAG shell
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In order to make the laser compact and porta-
ble, and so that it can function normally in high-
and low-temperature environments, it is necessary to
consider the temperature field distribution of the la-
ser under adiabatic conditions. The heat source of
the laser is LDAs and Nd: YAG crystal and the gen-
erated heat is mainly transmitted to the laser’s cas-
ing. Therefore, the housing of the laser is not only
used to affix the components within the laser but also
to absorb heat. Based on this, we designed an Nd:
YAG laser housing and performed dynamic thermal
calculations on it. In order to reduce the complexity
of the calculations, the non-heat source parts, such
as the lens and the electro-optic Q-switch are ig-
nored. The designed shell module was simulated u-
sing Ansys software, and the results are shown in
Fig. 3. The housing is made of aluminum alloy mate-
rial (T4) and has a size of 220 mm (length) x 110
mm ( width) x68 mm ( height) and a total weight of
2.2 kg.

Since the TEC is used to cool the LDAs and the
crystal fixture, the thermal load calculation for the
housing should consider not only the heat load of the
LDAs and the crystal fixture but also the heat gener-
ated by the TEC itself. LDAs and laser crystals were
separately cooled using TEC ( TEC1-06308 ) ( TECI -

12706). During operation, in consideration of the
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(a) Repetition frequency of 30 Hz,
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excessive current, the heat is reversely conducted.
Therefore, during the cooling process, the current is
usually controlled such that it does not exceed 80%
of its capacity. When the heat source was applied to
the casing, the heat load power of the LDAs portion
and the laser crystal portion was set to 30 W and 10
W, respectively. After the frame was analyzed by
the Ansys software ‘s frame-making program, the
number of frame nodes was found to be 36 970 and
the number of frames was 16 416. The initial tem-
perature was 22 °C and 60 “C to approximate ambi-
ent temperatures, and the shell was insulated. The
simulation results are shown in Fig. 3. When the ini-
tial temperature was 22 °C and 60 °C respectively,
the maximum temperature after 360 s reached 45 °C
and 75 °C, respectively. The temperature difference
from the initial temperature was 23 “C and 15 °C,
which meets the allowable temperature difference

during normal operation of the TEC.

3 Experimental Results and Discussion

The output obtained by the LDAs’ end-pumped
Nd: YAG crystal is shown in Fig. 4. The LDAs oper-
ate quasi-continuously. At 30 Hz and 50 Hz, the
voltage pulse widths are 300 s and 200 s, respec-
tively; and the corresponding duty cycles are 0. 9%
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(b) Repetition frequency of 50 Hz,
pulse width of pumping light of 200 ps

Fig.4 Output characteristics of directly pumped crystals
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and 1. 0% , respectively. It can be seen from Fig. 4
that as the pump energy increases, the output pulse
energy increases linearly, and no ground state
bleaching or gain saturation occurs. The laser oper-
ates stably.

In order to achieve higher laser conversion effi-
ciency, the pump pulse width should be greater than
the Nd: YAG upper-level lifetime ( about 230 ps).
When the LDAs work normally, the duty ratio
should satisfy <1.0% . Thus the pulse width should
be slightly larger than the pump level lifetime at a
duty cycle of less than 1.0% , in order to ensure
maximum population inversion. Therefore, when the
LDAs are retransmitted at 30 Hz and 50 Hz, the
pump pulse widths are set to 300 ps and 200 s,
respectively.

When the LDAs are at a repeated frequency of
30 Hz and the output coupler’s transmittances are
60% and 70% , the designed Nd: YAG lasers have
corresponding slope efficiencies of 43.29% and
38.76% , respectively; and the output pulse ener-
gies are 111. 7 mJ and 100 m]J, respectively.

When the LDAs are at a frequency of 50 Hz
and the output coupler’s transmittances are 60% and
70% , the designed Nd: YAG lasers have slope effi-
ciencies of 29.51% and 25.96% , and the output

pulse energy is 66.4 mJ and 58. 4 m].
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Compared with the repetitive frequency of
30 Hz, the slope efficiency of the pump with a re-
petitive frequency of 50 Hz is slightly reduced,
which is mainly due to the increase of the duty ratio
corresponding to the operation of the LDAs from
0.9% to 1.0%. At identical pump powers, com-
pared to the continuous pumped Nd: YAG laser, the
low-duty cyelical pulse-pumped Nd: YAG pump pow-
er is more efficient, and the crystal is subjected to
lower average pump power, resulting in a relative
higher density of ground state particles. So the qua-
si-continuous pumped laser has a large gain. It is
difficult to insert the acousto-optic Q-switch into the
cavity to make the loss exceed the gain and achieve
Therefore, a DKDP

with an extinction ratio of 500:1 is used. The elec-

high-efficiency Q-switching.

tro-optical Q-switch is used to achieve the Q-switc-
hing of the laser and create pulsed output.

Due to the electro-optic Q-switch, the oscilla-
tion light in the resonant cavity needed to be linearly
polarized. Therefore, a TFP is inserted into the ex-
perimental cavity where the insertion loss is less than
5% . The triggering signal provided by the power
supply is used to control the opening time of the
electro-optic  Q-switch, thereby attaining the Q-
switching operation. The corresponding output re-

sults are shown in Fig. 5.
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O —O— PW(T=70%) 1160

—8— E(T=60%) 1140
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o N B-S:Q:D 420

L 0
40 60 80 100 120 140 160 180 200 220 240
Input energy/mJ
(b) EEHIA 50 Hz, FEHAKTE 200 ps
(b) Repetition frequency of 50 Hz,
pulse width of pumping light of 200 ps

Fig.5 Output results of Nd: YAG laser with an electro Q-switch
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When the repetition frequency of the pump
source is 30 Hz, the pulse width is 300 ws, the
maximum input energy of the pump light is 342 m],
and the output coupler’s transmittance is 60% , the
maximum single pulse energy of the Nd: YAG laser is
30 mJ, the pulse width is 18 ns, the efficiency is
11.63% and the light-to-light conversion efficiency
is 8. 77% . When the output coupler’s transmittance
is increased to 70% , the maximum single pulse en-
ergy output of the Nd: YAG laser is 20 m], the cor-
responding pulse width is 15 ns, the slope efficiency
is 7.75% , and the light-to-light conversion efficien-
cy is 5. 85% , as shown in Fig. 5(a). The laser spot
output by Nd: YAG is 4. 2 mm( fast axis) X 1.7 mm
(slow axis) , and the divergence angle is 1. 8 mrad.
When the pump energy is less than 200 m], the
pulse energy output during Q-switching increases lin-
early with the pump energy. As the pump energy
continues to increase, the laser’s slope efficiency
decreases.

When the output coupler’s transmittance is in-
creased to 70% , the slope efficiency is further low-
ered. This is due to the decrease in gain due to the
insufficient number of ground state particles in the
laser crystal, which causes the slope efficiency of the
laser to decrease. The slope efficiency can be in-
creased by reducing the output mirror transmittance
but this also increases the optical power density in
the cavity, which may damage the optical film in-
side.

In Fig. 5(b), when the pump pulse width is
reduced to 200 ws, the maximum input energy of the
pump light is 225 m], the output coupler’s transmit-
tance is 60% , the maximum single pulse energy of
the Nd: YAG laser is 25 m], the pulse width was
16 ns, the slope efficiency is 14.71% , and the
light-to-light conversion efficiency is 11.11%.
When the output coupler’s transmittance is increased
to 70% , the maximum single pulse energy of the

Nd: YAG laser is 20 mJ, the pulse width is 15 ns,

the slope efficiency is 11. 76% and the light-to-light
conversion efficiency is 8. 89% . The Nd: YAG out-
put laser spot size is 4. 8 mm ( fast axis) x 2.8 mm
(slow axis) and the divergence angle is 1. 1 mrad.
Compared with the 30 Hz repetition frequency, the
divergence angle is lower, mainly because the ther-
mal lens effect is weakened due to the decrease in
pump energy, thus reducing the divergence angle.
For output transmittances of 60% and 70% , the
slope efficiency is still lower when the pump energy
is higher than 170 mJ, which is for a similar reason
to that of Fig. 5(a). The damage threshold of the
cavity optical film is the main reason for the energy
limitation of the Q-switched pulse output of the la-
ser.

At equal output coupler’s transmittances, the
output energy at the repetition frequency of 30 Hz is
higher than that of 50 Hz. The pump pulse width
used at 30 Hz is 300 ws, which is slightly higher
than the upper-level life time of Nd: YAG crystal. At
50 Hz, the pump pulse width is 200 ws. The pump
pulse width is smaller than the lifetime of the crys-
tal. So the inverted population does not reach the
maximum limit of the crystal; while the the inverted
population reaches the limit at the pulse width of 300
ws at 30 Hz, more than that of 50 Hz, so the single

pulse output energy is larger.

4  Conclusion

In this paper, Tracepro software is used to sim-
ulate the normalized pumped light of a Nd:YAG
crystal’s input end face and output end surface.
Nd: YAG laser housing is designed and the tempera-
ture distributions of the initial temperature for 360 s
continuous operation at 22 °C and 60 °C are simula-
ted using Ansys software. The temperature rise is
23 C and 15 °C, respectively, which satisfies the
temperature difference allowed by the TEC during

normal operation. Simulation results show that the
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laser structure using the housing can achieve stable
and efficient pulsed laser output. A pulsed laser out-
put with a maximum energy of 25 m] is obtained at a
repetition frequency of 50 Hz by delaying the trigger
signal loaded into the electro-optic Q-switch. The
corresponding pulse width is 16 ns and the corre-

sponding slope efficiency and light-to-light conver-
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