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Based on a theoretical model of Q-switched laser with the influences of the driving signal sent to the Pockels cell and
the doping concentration of the gain medium taken into account, a method of achieving high energy sub-nanosecond Q-
switched lasers is proposed and verified in experiment. When a Nd:YVOq crystal with a doping concentration of 0.7 at.% is
used as a gain medium and a driving signal with the optimal high-level voltage is applied to the Pockels cell, a stable single-
transverse-mode electro—optical Q-switched laser with a pulse width of 0.77 ns and a pulse energy of 1.04 mJ operating at
the pulse repetition frequency of 1 kHz is achieved. The precise tuning of the pulse width is also demonstrated.

Keywords: milijoule level sub-nanosecond laser, kilohertz repetition frequency, doping concentration of laser

crystal, tunable pulse width
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1. Introduction

Solid state lasers with kilohertz (kHz) level pulse repeti-
tion frequency (PRF), sub nanosecond (ns) pulse width (PW),
and pulse energy higher than 1 milijoule (mJ) are very attrac-
tive for a variety of applications, such as laser ranging, mi-
croprocessing, nonlinear frequency conversion, photoacoustic
imaging, surface physics, and material science.!!8]

Many techniques, including electro—optical (EO) Q-
switching, passive Q-switching using saturable absorber, 10
mode-locking,!''!  and stimulated Brillouin scattering
(SBS),!"2I can be used to build the lasers with PW at ns or pi-
cosecond level. In comparison with the others, EO Q-switched
lasers have a lot of advantages, e.g., better controllability,
easy-to-realize synchronization, high stability and reliability,
etc. A feasible method of shortening the PW of an EO Q-
switched laser operating at kHz PRF is to reduce the cavity
length by employing small-scaled gain medium and Q switch.
Zayhowski and Dill demonstrated a coupled-cavity EO Q-
switched laser with a cavity length of 1.34 mm producing
12-uJ pulses of 115-ps duration at 1-kHz PRE.I'3! However,
the pulse energy of this kind of laser was excessively low due
to the poor absorbed pump energy. Horiuchi ef al. presented
an alternative method by using an EO deflector,!'* a pulse
laser with 100-kHz PRF, nearly 0.02-mJ pulse energy and 6.4-
ns PW was obtained due to the short cavity length and the high
speed of loss switching of the deflector. Another method fre-
quently used to build EO Q-switched lasers with short PW is to
employ output coupler (OC) with high transmission. Liu et al.
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reported a side-pumped EO Q-switched pulse laser with 1-kHz
PRF, 1.15-mJ pulse energy, and 1.3-ns PW at the equivalent
output transmission of 80% and peak pump power as high as
100 W.I151 In this case, the pump power should be very high,
so high that it exceeds the pump threshold and reaches a high
gain-to-loss ratio, but high energy consumption and problems
such as serious thermal effects of gain medium and thermal in-
duced depolarization of Pockels cell (PC) may take place and
need solving.!'®!7l Besides the cavity length and OC trans-
mission, the PRF is also an important factor that influences
the PWs of lasers. Usually, the pulse buildup time and dura-
tion will be increased when the laser operates at higher PRF.
One way to circumvent this problem is to use the technique of
cavity dumped Q-switching with the advantage that high PRF
and enhanced pulse energy can be obtained simultaneously.
McDonagh et al. demonstrated a 0.94-mJ cavity dumped Q-
switched single-transverse-mode (TEMyy) laser with a pulse
width of 6 ns at 50-kHz PRE.I'®! Liu ef al. reported a pulse
width adjustable Q-switched cavity dumped Nd:YVO, laser
with a pulse width adjustment range of 4.8 ns—7.8 ns at 10-kHz
PRF by rotating an intracavity quarter-wave plate (QWP) and
PC."! Another method named as active-passive Q-switching
was also proposed and employed to narrow the pulse width of
lasers at high PRF. Using both a 3-BaB,04 (BBO) EO modu-
lator and a GaAs saturable absorber, Li et al. demonstrated a
doubly Q-switched YVO4-Nd:YVOy laser with a pulse width
of 2.5 ns and a pulse energy of 0.75 mJ at 2-kHz PRF.1?°! By
employing the same apparatus, Li e al.>! and Zhang et al. ]
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built the pulse laser with a modified method called dual-loss-
modulated simultaneously Q-switching and mode-locking, the
PW of the 1-kHz pulse laser became as short as 339 ps, while
the pulse energy was 0.38 mJ. However, there is no report on a
single-cavity laser that can deliver a laser pulse train repeated
in kHz level frequency with sub-ns PW and 1-m]J pulse energy
by using the technique mentioned above, to the best of our
knowledge.

In this paper, a novel method of achieving high energy
sub-ns EO Q-switched lasers is proposed based on a detailed
theoretical investigation on the laser behaviors. A sub-ns, 1-
m] level EO Q-switched TEMy laser with a common cavity
length and a moderate output transmission is built up after a
series of experimental optimizations.

2. Theoretical analysis of EO O-switched laser
2.1. Rate equations

The rate equations of a four-level Q-switched laser sys-

tem can be written as[?3!
dn/dt = —ynco0, (1)
d¢/dl‘ ZnCGse(Pl/lc_(bCS/ (210)7 2

where n and ¢ are the population inversion density and photon
density, respectively, ¥ is the inversion reduction factor, c is
the light speed in vacuum, O is the stimulated emission cross-
section of gain medium at the laser wavelength, / = 8 mm and
lc =72 mm are the geometric length of the gain medium and
the optical length of laser cavity, respectively, and € is the loss
factor per round trip.

To solve the rate equations, the pump pulse is assumed
to be in an identical square-wave shape for simplicity, and the
initial values of n and ¢ are given with the consideration that
the rising edge (initial time) of the Q switching appears after
the end of the falling edge of the pump pulse with a time delay
of At:

Poti[1 —exp(—al T, 21
ny = lan[ CXp( a )] |:1 —exp (_ p>:| 0)12 R L (3)
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[ dQ At
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where P, is the incident pump power, 7¢ is the fluorescence
lifetime of Nd:YVO; crystal, ¢ is the pump absorption coeffi-
cient, hV, is the energy of pump photon, 7}, is the pump pulse
width, ®,, and @ are the average beam radii of pump and laser
beams inside the laser crystal, respectively, d€ represents the
solid angle of spontaneous emission that makes contribution
to the stimulated emission.

2.2. Influence of loss parameters

Generally, € is comprised of the dissipative loss (J, set
as 1% in simulation), the transmission of output coupler (7,

set as 60% in simulation), and the time-dependent loss of Q-
switch (8qs).

In an EO Q-switched laser with the cavity-Q switched at
rising edge of the PC driving signal, dqs is just the equivalent
transmission at the polarizer and can be read as

Bus (1) = cos” (Z;(/’D : )

where V) /4 indicates the quarter wave voltage of PC, V() is
the driving signal sent to PC with a high-level voltage of Vj,
the normalized driving signal (V(¢)/V},/4) can be assumed to
be a super-Gaussian function.

A7 4
V([ (1)
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where 7, is the rise time of the driving signal, and 74 is a con-
stant determined by the duration of V() = V.

In common cases, the EO Q-switched laser is controlled
by adriving signal with Vy equal to V}, /4. A typical normalized
signal provided by a commercially available PC driver (Eksma
Co Ltd, Model: PCD-UHR1-400-1.5) is recorded by a digital
oscilloscope (Tektronix, DPO7254) and given by solid curve
in Fig. 1. The dashed curve in Fig. 1, which is the simulated
driving signal as a function of #, fits well with the measured
signal by using Eq. (6) and setting 7, = 4 ns, #qs = 160 ns, and
Vi = V) /4. The dotted curve in Fig. 1 represents the simulated
driving signal as a function of ¢ with the same settings except
Vi = 1.6V;L/4.
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Fig. 1. Driving signal of Pockels cell, where solid curve denotes mea-
sured data, and dashed and dotted curve refer to simulated results from
Eq. (6).

Using Egs. (1)—(6) and the following parameters: P, =
20W, Oe = 17.5x 10712 ecm?, a = 10 cm ™!, 7 = 98.42 ps,
T, =250 ps, At =0, y=0.66, wp, = 290 um, o = 230 pm,
and dQ = 1 mrad, the relations of the normalized laser in-
tensity to time (¢) at different values of Vj, are simulated and
shown in Fig. 2. It is apparent that the driving signal with
Vi = Va4 is not the best choice. The laser pulse shape

presents a relatively wide falling edge and the simulated pulse
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width of laser is 1.02 ns. For V), /4 < Vi < 1.4V, 4, the pulse
width of laser is found to be narrowed with V;; increasing, and
reaches 0.98 ns at V},; = 1.4V, /4 However, if Vj,; further in-
creases to a value higher than 1.6V, /4, the significant broad-
ening of the rising and falling edges will lead the laser pulse
width to increase.

1.0F — Vu=Viu
. PW =255 ns — V= 142‘/)\/4
| PW =1.09 Ik — V= 1.4V)\/4
0 PW =0.98 n Vin=1.6Vy4
' — Vi =1.8Vy
0.6
PW =1.01 ns

0.4F
PW =0.99 ns

0.2

1 1 1 1 1
0 2 4 6
Time/ns

Normalized laser intensity/arb. units

Fig. 2. Simulated pulse shapes of an EO Q-switched laser at different values
of Vhl-
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Fig. 3. Time-dependent losses of Q-switch at different values of V4.

To understand the pulse shape variations of lasers shown
in Fig. 2, the time-dependent losses of Q-switch as a func-
tion of time at Vyy = V), /4, 1.4V} /4, and 1.8V, 4 are calculated,
and the results are shown in Fig. 3. It can be seen that when
the Q-switched laser is operated in the “common mode”, i.e.,
Vi = V)4, the loss decline from 1 to 0 is finished in a du-
ration of 2.3 ns and the “zero-loss” state lasts nearly 240 ns.
Since the transmission of OC is 60% in our investigation, 40%
of the laser photons generated during the Q-switching process
will be reflected back into the cavity, leading to a wide falling
edge. By contrast, when a driving signal with Vi = 1.4V, 4
is sent to PC, the loss decline from 1 to O is finished in a du-
ration of 1.5 ns, and another process that dgg rises from O to
0.34 in a duration of 1.3 ns takes place immediately. Hence, a
portion of the laser photons reflected back into the cavity will
no longer circulate in the cavity, but be coupled out at the po-
larizer. However, when the value of W is higher than 1.6V, J4s
e.g., 1.8V, J4s another mechanism is dominated. Since the du-
ration of the loss decline is further shortened and the value of

Ogs at the final state is raised up to 0.9, the build-up process
of the laser pulse is disturbed. Due to the low gain-to-loss
ratio, ¥ the buildup time of the laser pulse will increase and
both the rising edge and the falling edge of the laser pulse will
be broadened with V4 increasing. From theoretical simula-
tions, it can be concluded that the optimizing of the high-level
voltage of the driving signal sent to PC is a convenient and
feasible method to narrow and adjust the pulse width of an EO
Q-switched laser with a common cavity length and a moderate
output transmission.

2.3. Influence of doping concentration

To optimize the doping concentration (Cy, in units of
atomic%) of the gain medium, the Cy-dependent spectro-
scopic parameters, such as the stimulated emission and ab-
sorption spectra, the fluorescence lifetimes of a series of
Nd:YVOq crystals are determined. The absorption coefficient
of Nd:YVOy crystal for a typical laser diode with a center

wavelength of 808 nm can be given by !>

o =20Cq (em™'). 7

The fluorescence lifetime at 1064 nm as a function of Cy
can be obtained by linear fitting of the data in Ref. [26]:

T =—16.5C;+106.67 (us). 8)

The stimulated emission at the laser wavelength of a se-
ries of Nd:YVOq crystal is measured experimentally by using
an fluorescence spectrometer (Model: Omni-A 3005, Omni-A
500, Zolix).[?”) Figure 4 shows the relationship between o,
and Cy4 denoted by red spheres, and the black curve is the fit-
ting by using a polynomial function as follows:

O = 1.49082C3 — 10.28183C3 +22.2149Cy
+8.36075 (x 107 m?). )

24 F
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Fig. 4. Stimulated emission cross-section versus doping concentration
at laser wavelength.

Using Egs. (1)—(9) and setting Vi;/V,, /410 be 1.4, the Cy4-
dependent PW and pulse energy emitted from the output cou-
pler are simulated respectively at incident pump power values
of 20 W, 22.5 W, and 25 W, and the results are shown in Fig. 5.
It can be seen that the favorite range of Cy corresponding to
both narrow PW and high pulse energy is generally from 0.5%
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to 1%. Moreover, when the pump power is below the ther-
mal threshold that causes serious thermal effect, higher pump
power is expected to be helpful in achieving the narrower PW

and higher pulse energy.
3.0 0.8
g ZOF----o Tl Jos 3
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Fig. 5. Laser pulse width and pulse energy versus doping concentration.

3. Experimental setup and results

An EO Q-switched laser pumped by a laser-diode (LD) is
fabricated as shown in Fig. 6. The pump laser provided by a
commercially available laser diode (LIMO, Model: LIMO60-
F400-DL808-EX1126) with a center wavelength of 808 nm is
delivered into the gain medium through a fibre with a core
diameter of 400 um and a lens combination (F1, F2) with
a magnification ratio of 4:5. The “L’-shape cavity is com-
posed of two mirrors, a polarizer, a gain medium and an EO

Q-switch. The input coupler is a volume Bragg grating (VBG)
with a wavelength bandwidth of 0.3 nm and diffraction effi-
ciency higher than 99.5% at 1064 nm. The OC is a concave
mirror with a curvature radius of 1000 mm and partial reflec-
tion coating at 1064 nm (R;p64 nm = 60%). The polarizer is a
45° thin film polarizer (TFP) with polarization distinction ra-
tio higher than 1000: 1. The gain medium is a composite a-cut
Nd:YVOq crystal formed by an undoped end cap of 2 mm and
a Nd-doped portion of 8 mm. During the experiment, three
crystals with identical parameters except for the Nd** con-
centration are employed. Both end faces of the crystals are
polished and anti-reflection coated at 808 nm and 1064 nm
(Rs08 nm < 2%, R1p64 nm < 0.2%). The Nd:YVOy4 crystal is
mounted in a temperature controlled copper cooler 5 mm far
from VBG, while the optical length of the cavity is 72 mm.
The EO Q-switch, which consists of a QWP and a PC formed
by a pair of thermally compensated RbTiOPO,4 (RTP) crys-
tals, is positioned between TFP and OC. To overcome the ther-
mal depolarization originating from the nonuniform pump and
laser absorption of the two RTP crystals in the PC, the precise
temperature control of the PC is also needed.?®! The PC with
V)./4 0f 860 V is driven by a commercial available high-voltage
driver (Eksma, Model: PCD-UHR1-400-1.5) with a rise time
of 4 ns. Note that a delay generator (SRS, Model: DG645) is
employed to synchronize the PC driver and the pulsed current
driver for the laser diode, both are operated at 1-kHz PRF.

y [B
v BS

] oc PDI1

| |
- delay —»PC driverf — |
diode array I 1 |
pulsed current [« - fpulse generator | | PC
driver | | (RTP)
X temperature | |
: controller I Il
| |
O A e "5 PD3
| | ‘ ﬁ‘ | PD2 2
VAR I — J é TFP &2 PBS EM
808 nm LD F1 F2VBG YVO,+Nd:YVO, k y g
BS BS

Fig. 6. Schematic diagram of EO Q-switched laser. VBG: volume Bragg grating; TFP: thin film polarizer; OC: output coupler; QWP: quarter
wave plate; PC: Pockels cell; BS: beam splitter; PBS: polarization beam splitter; PD: photodiode; EM: energy meter.

Figure 7 shows the laser pulse shapes detected by three
high speed photodetectors (PD1, PD2, PD3, Newport, Model:
818-BB-35) and recorded by an oscilloscope (Tektronix,
Model: DPO7254) synchronously at an incident pump power
of 25 W, pump duty cycle of 25%, and a doping concentra-
tion of 0.5 at.%. More specifically, figure 7(a) shows the pulse
shape of output from OC when the laser is operated in the “tra-
ditional mode” and there is no output from TFP. Figures 7(b)
and 7(c) display the pulse shapes of outputs from OC and TFP

in the case of Vi = 1.4V} 4, respectively. Figure 7(d) shows
the pulse shape of the combination of the two outputs detected
by PD3. It can be seen that when the PC driving signal is
modified by simply raising up Viy from V; 4 to 1.4V} 4, the
PW of laser can be narrowed from 1.03 ns to 0.78 ns. It is
worth noting that when the EO Q-switched laser is operated
in this new mode, beside an s-polarized pulse laser coupled
out from OC, a p-polarized pulse laser with almost identical

pulse shape is coupled out from TFP simultaneously. A time
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delay of 0.1 ns is observed between the start times of the two
laser pulses. When the two pulse lasers are combined on a
polarized beam splitter (PBS) with the time delay being com-
pensated, the recorded pulse shape gives a PW of 0.78 ns, the
pulse energy is measured by an energy meter (EM, Newport,
Model: 1935-C) to be 890 pJ, while the energy of the laser
operated in “traditional mode” is measured to be 1.1 m]J.

e o

eo

oo

L (d)

Normalized intensity/arb. units
oo
OB XOR®O R DOk P
T
N
S
o

Time/ns
Fig. 7. Single pulse shapes at different values of Vii: (a) Vi = Va4, (b)
laser from OC at Vi = 1.4V 44, (c) laser from TFP at Viy = 1.4V, 44, (d)
combination of the laser from OC and TFP at Vi = 1.4V, 4.

The continuous tuning of the PW and pulse energy of the
laser combinations under 25-W pumping is also demonstrated
by varying the value of V1 /V} /4, and the results are shown in
Figs. 8(a) and 8(b). Three gain media with the doping concen-
trations of 0.5 at.%, 0.7 at.%, and 1 at.% are chosen according
to the simulation results in Fig. 5. The measured data cor-
responding to the three doping concentrations are denoted by
balls, squares and triangles, respectively. The theoretical pre-
dictions corresponding to the three doping concentrations are
denoted by black, red, and blue curves, respectively. It can
be seen that the dependence of laser PW or pulse energy on
Vh/Va, /4 shows the same tendencies in the three cases, and the
theoretical predictions accord well with the measured data in
a major part of the tuning range when the gain media with the
doping concentrations of 0.5 at.% and 0.7 at.% are used. How-
ever, the experimental results corresponding to Cq = 1 devi-
ate significantly from the theoretical predictions, and this phe-
nomenon may be caused by the serious thermal effect since
the measured thermal focal length of the gain medium with
a doping concentration of 1 at.% is much shorter than those
of the other two gain media. In the three cases, the PWs al-
ways vary slowly in the range of Vi /V), /4 from 1 to 1.5, but
rise up steeply in a range of Vi1/V; /4 from 1.5 to 1.8. Conse-
quently, when the EO Q-switched laser is operated with vary-
ing Vh/V) /4, the PW of laser is not only narrowed signifi-
cantly, but also adjustable. For example, it can be adjust from
0.78 ns to 1.3 ns when the gain medium with the doping con-
centration of 0.5 at.% is used. Note also that the narrowest PW
of 0.73 ns is achieved when V4, /Vj, /4 is set to be 1.4 and the
gain medium with a doping concentration of 0.7 at.% is used.
Moreover, when the value of Vi, /V), /4 varies from 1 to 1.8, the
pulse energy always decreases monotonically.

L.6f ¢y =05 (a)
—C4=0.7
14F —Cy=1

1.2

1.0p

Pulse width/ns

0.8F

0.6 1.0 1.2 1.4 1.6 1.8 2.0

Vi/ Vs

Pulse energy/mJ

1.0 1.2 1.4 1.6 1.8 2.0

Vi/ Vs
Fig. 8. (a) Pulse width and (b) pulse energy of pulse laser combination
versus Vi /Vy, /4 for three different values of Cy.

To balance the narrow PW and high pulse energy, the op-
timal design is implemented by using the gain medium with
a doping concentration of 0.7 at.% and setting V;/V), /4 to be
1.2. And in this case, the PW and pulse energy of the laser are
0.77 ns and 1.04 mJ, respectively. The beam qualities of the
sub-ns laser are also measured by using a laser beam analyser
(Spricon, Model: M2-200-BB; CCD: GRAS-20S4M-C), and
the results are shown in Fig. 9. The beam quality of the laser
combination is M? = 1.26 along the horizontal direction and
Mf, = 1.32 along the vertical direction at the output energy of
1.04 m]J.

1400

—a— ¢ direction
—e— y direction

—

[\~}

o

o
T

1000
800
600
400
200

Beam radius/pm

400 450 500 550 600 650
Position of beam/mm

Fig. 9. Plots of measured beam radius versus beam position in x and y di-
rections for the combination of pulse lasers.

4. Conclusions

In this work, we investigated the influences of the driv-
ing signal sent to PC and the doping concentration of the gain
medium on the performance of an EO Q-switched laser numer-
ically and experimentally. Both the numerical simulations and
the experimental results reveal a fact that the traditionally used

084205-5



Chin. Phys. B Vol. 29, No. 8 (2020) 084205

high-level-voltage of the driving signal (V4;), which equals the
quarter wave voltage of PC, is not the best choice for its corre-
sponding laser pulse shape presenting a relatively wide falling
edge. When a driving signal with an approximate square wave
shape and theoretically determined optimal V4 is applied to a
PC mounted in an EO Q-switched laser and a gain medium
with an optimal doping concentration is employed, significant
compression of laser PW is observed as expected. It is also
found that in this new operation mode, the s-polarized laser
coupled out from OC and the p-polarized laser coupled out
from TFP have almost identical pulse shapes. When the two
lasers are combined with the time delay being compensated, a
stable TEMqg laser source with PRF of 1 kHz, PW of 0.77 ns,
and pulse energy of 1.04 m] is realized. Moreover, by tuning
the value of V;, the laser PW can be precisely and quickly
adjusted in a certain range. This kind of high energy sub-
ns EO Q-switched laser has the advantages of low-cost, low
energy-consumption, high stability and reliability, easy-to-be-
synchronized with the other detectors. As a consequence, it
promises to have applications in the fields of satellite-based
ranging and imaging, outdoors measurement like vehicle lidar,
etc.
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