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In this work, we investigated the characteristics of a continuous-wave (CW) laser diode (LD) end-pumped 1.34
um passively Q-switched Nd:YVO,4/V:YAG laser experimentally and theoretically. A four-level theoretical model
for 1.34 pm passively Q-switched Nd:YVO,4/V:YAG laser which includes the non-radiative transition, the effective
pump power, the spatial overlap effect and the thermal lens effect was demonstrated to give a transcendental
equation that can accurately reflect the output characteristics of the laser. Based on the theoretical analysis, the

spatial overlap rate was further optimized, we finally realized high-repetition-rate pulse output with time jitter of
180 ns at 220 kHz repetition rate and 200 ns at 357 kHz repetition rate. The good agreement between the
experiment results and theoretical model provides a reference for the accurate prediction of the output char-
acteristics of 1342 nm passively Q-switched laser.

1. Introduction

1.3 pym laser has been used in various fields, such as communica-
tion, detection, biosensing, and so on [1-3]. According to the ANSI
7136.1-2014 standard, the allowable power of the 1.34 um laser is 1.9
times that of the 1.5 um and 18 times that of the 910 nm laser in the
range of Class 1 power. So, it has important potential application value
in the field of laser radar [4]. Passively Q-switching is one of the
effective ways to obtain pulsed laser. Compared with actively Q-
switched, it has a simpler structure, lower cost, and smaller size. Because
NdYVOy, crystal has a large stimulated emission cross-section at 1.34 um
(7.6 x 10712 em™2) and absorption coefficient (31.4 cm™!) [5,6]. LD
pumped NdYVOy crystal is a common way to obtain a 1.3 um laser.
Researchers have done a lot of works on 1.3 um passively Q-switched
Nd:YVOy4 lasers [7]. In 2005 Lai et al. used InAs/GaAs quantum dot
material as a saturable absorber (SA), an average output power of 360
mW with a Q-switched pulse width of 90 ns at a pulse repetition rate of
770 kHz was obtained. [8]. In 2017 Lin et al. reported a 214 kHz
passively Q-switched NdYVO,4 based on graphene-oxide SA, the pulse
duration was 322 ns, and the corresponding peak power was 7.39 W[9].
In 2020 Kane et al. demonstrated a 1.82 MHz 1.3 um laser with 4.8 ns
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pulse duration and 68 W peak power [4]. Under pulsed pumping con-
ditions, a time jitter of 1 % at 11 kHz output was achieved, while for
higher repetition rates the time jitter was + 20 %. It showed the promise
of the stable output of a high-repetition-rate 1.3 um passively Q-
switched laser.

The research suggests that the strong pulse-to-pulse amplitude and
repetition rate jitters frequently observed in the diode pumped solid-
state lasers could be an intrinsic nature of the system[10]. Researchers
have proposed a lot of technical means to improve the stability of
passively Q-switched laser output, the three main techniques are as
follows:: 1. pulse LD pumping, the pulse period and pulse width are
much smaller than the upper level lifetime, the number of upper level
inversion population in the gain medium increases step by step, which
can keep the laser in a relatively stable state[4,11-13]. 2. The gain pre-
pumping technology, the direct-current component keeps the number of
inversion particles in the gain medium close to threshold until the Q
switch is turned on. The pulse component causes the number of inver-
sion particles to increase rapidly and the Q-switch to turn on quickly
[14,15]. However, the two technologies require strict control of pulse
interval, pulse waveform, increasing system complexity and usage cost.
3. In the external optical modulation, another LD is used to irradiate the
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SA, the SA can be quickly drifted in a short time, the Q switch is quickly
switched on [16,17], this requires an additional LD and control circuit,
which cannot achieve a compact structure and increases the cost. In
addition, there are self-seeding input method. ring cavity, multi-mirror
and other technologies[18-20]. These technologies require additional
devices, structures and extreme requirements for circuits. In summary,
these techniques are mainly classified into two types: stabilizing the Q-
switch and suppressing the mode competition. However, there are few
studies on the influence of mode matching on the time jitter of high
repetition rate pulses. It has been found that mode matching can
improve output properties such as beam quality and light-to-light con-
version efficiency. Therefore, we believe that pulse stability can also be
improved by optimizing mode matching without adding other devices.

In this work, we compress the time jitter of 1.34 um passively Q-
switched laser by mode matching. Firstly, a NdYVO4 laser was presented
to produce high-repetition-rate pulse output. When the pump power
raised from 2.18 W to 4.5 W, the repetition frequency was increased
from 130 kHz to 357 kHz. Secondly, we studied the influence of the
spatial overlap effect on the stability of 1.34 um pulses output and the
resonant cavity was optimized according to the theoretical predictions.
In this way, we achieved 180 ns time jitter at 220 kHz and 200 ns time
jitter at 357 kHz. Finally, the passively Q-switched rate equation was
further extended to describe and guide the experiment more accurately,
the effects of SA, output coupler (OC) mirror, pump power and the
spatial overlap effect on laser output characteristics were studied by
numerical simulation. The theory was consistent with the experiment.
At present, there are few studies on the time jitter of 1.34 um passively
Q-switched laser. This work was of good reference to the analysis and
experiment of 1.34 um passively Q-switched laser.

2. Experiment setup

The experiment setup of 1.34 um passively Q-switched laser is
showed in Fig. 1(a). A 6 W 808 nm fiber-coupler LD with a core diameter
of 105 pym and numerical aperture of 0.22 was employed as the pump
source, which was focused into Nd:YVO;, crystal by a couple of lenses
with a compression ratio of 1:1. The gain medium was 1 at.% Nd:YVO4
crystal with a dimension of 3 x 3 x 3 m®. It was wrapped with indium
foil and fixed in a TEC-cooled copper heat sink. The input side of
NdYVO4 crystal was high transmittance coated at 808 nm and high
reflection coated at 1.34 um. A V:YAG 3 x 3 x 0.5 m> was employed as a
saturable absorber with small-signal transmission To = 90 %. The
reflectivity of the output coupler mirror was 91 % at 1.34 um. The cavity
length was 15 mm. The power was measured by a thermal laser power
meter (S425C-L, THORLABS Inc., USA). A digital oscilloscope (DS1104,
RIGOL Inc., CHINA) and InGaAs photodetector (DETO8CFC, THORLABS
Inc., USA) were used to record the temporal shape of the output laser
pulse and the repetition rate. The laser spectrum was measured by an
optical spectrum analyzer (AQ6370D, YOKOGAMA Inc., JPN) as
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presented in Fig. 1(b).
3. Spatial overlap effect

The spatial overlap between the pumping and lasing was changed by
the variation of the F2 position, as shown in Fig. 2(a). d3 is the distance
between the F2 and the input side of the Nd:YVOq. Zj is the distance
between the incident face of the crystal and the pump beam waist. wpo is
the radius at the pump beam waist. Zy and w,o changed with d3 from
8.25 mm to 10.5 mm. Fig. 2 (b) shows the relationship between the time
jitter and Zy of 1.34 um passively Q-switched laser at a repetition rate
above 200 kHz. Since the refractive index of a crystal is different from
that of air, the waist position moves at different intervals inside and
outside the crystal. It can be seen from the Fig. 2(b) that the pulse time
jitter is small when the beam waist is in the range of 0.5 to 1.5 mm, and
the experimental results of the position marked by red circle in Fig. 2(b)
are shown in Fig. 2(c). The pulse time jitter was 180 ns and the average
pulse width was 7.7 ns when the beam waist was located at 0.75 mm.
When the waist of the pump beam was outside the crystal, the maximum
time jitter was 700 ns and the average pulse width was 8.4 ns.

The spatial overlap rate between pump and laser modes affects the
efficiency of the output power M2 factor and the stability of the laser
oscillator[21,22]. When the laser is operated at low power, mode
matching requires that the size of the pump light should be smaller than
or equal to the size of the oscillating light. In high-power runs, large
fundamental mode radius can significantly increase the thermally
induced diffraction losses due to higher-order spherical aberration due
to thermal effects. The size of the pump light should be larger than the
size of the oscillating light. The effective mode volume Vg and spatial
overlap coefficient 5, are defined as [23]:

Vi = ( ///s,(x,y, I, y,z)dv) B ®)

Ny = (ﬂfx,(x,yyz)r,,(x,y,z)dv)z
O (st ys 2)rp (x, v, 2)dv)

Where s;(x,y,z) and r,(x,y,2) are the normalized cavity mode in-
tensity distribution and the normalized cavity mode intensity distribu-
tion, respectively. From Fig. 3, it is obvious to observe the effect of Z,
and w,, on the spatial overlap, when Z, is in the range of 0.5-1 mm, the
spatial overlap rate of pump light and oscillating light is high. This
conclusion is in agreement with experimental results, which demon-
strate that it is easier to achieve relatively stable operation of the laser
when the overlap between the Gaussian beam of the pump and the
fundamental mode light in the cavity is high. At a pump power of 3.2 W,
the optimal location of pump beam waist of 0.5 mm can be obtained by
numerical simulation with the highest spatial overlap coefficient of 38.2
%. In the experiment, the time jitter at the same position was 200 ns.

@)

(b)

Fig. 1. (a) The schematic of 1.34 uym laser. LD: laser diode, OC: output coupler mirror; (b) 1342 nm laser spectrum measurement.
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Fig. 2. Experiment results (a) Schematic diagram of two coaxially arranged gaussian mode matching, F1. F2: focus lens (f = 10 mm), OC: output coupler mirror,
d1l, d2, d3: the distance between adjacent devices. (b) the time jitter at different positions; (c) the envelope oscilloscope traces pulses, multi-pulse oscilloscope

traces, pulse time jitter range.
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Fig. 3. Variation of spatial overlap coefficient 5, with pump beam waist radi-
uswpo and its position Zg in the gain medium.

4. Theory analysis and experimental results

To describe the passively Q-switched laser more accurately, we used
the four-level model based on the laser rate equations [10,24]. The
number of active ions in the gain medium and the non-radiative tran-
sitions between energy levels are also considered. Not all of the pump
energy is absorbed by the crystal, and some of the absorbed pump en-
ergy is turned into heat due to quantum defects. In view of these factors,
the laser rate equation can be extended as follows:

d. 1
Z P26l (N> — Ny) = 264l\Ngs — 260y (N — Ngy) —In( =+ L
dr t, R

(@9)
dN:. 1 —exp( — 64Nyl
J:Pin (M) — (Y20 +721)N2 —yocp(N, — Ny) )
dt hvrwyyl
dN
— = 1N+ 7N +yocp(N: = N) 3
dNy 1 - eXp( - o-a/).\'N()l)
—L = yNo+ 71N — Py | —— — 4
ar oMt el ( hvr@, | @

AN,
dt

=Vs (NxD - Ng:) _%ggsC(pNgs (5)
Where ¢ is the intracavity photonic densities, N2 are the instan-
taneous population densities in upper, lower and ground laser transition
states. According to [25], the total active ion (N; + Ny + Ny = 1.25 x
10%/m?) in the gain medium are calculated. 5, and o4, are the stimu-
lated emission cross-section and stimulated absorption cross-sections of
the gain medium, respectively. o and o, are absorber ground and
excited state absorption cross-sections, respectively. y = 1 is the inver-
sion reduction factor of four-level, y,47,07-; are the decay rates of the
energy levels. y; is the saturable absorption recovery rate. L is the round-
trip dissipative loss. [ is the SA length,l is the length of the resonator
cavity, L, is the gain medium length, c is the velocity of light, t. = 2I' /c is
the round-trip time of light in the resonator cavity of optical length
where I = nyl, + nl; + 1, —L. ng, is the refractive of crystal, n, is the
refractive of SA, Ny = —In(T)/(og e I;) is the total population densities
of SA, N, and N, are the ground and excited state population densities,
respectively. The relation between them is Nyg = Ng + Nes. Tp is the
small signal transmission of the SA. R is the reflectivity of the OC. The
analysis of the crystal thermal lensing effect is also essential given the
influence of the crystal thermal effect on the laser performance. For the
theoretical thermal modeling of CW end-pumped solid-state laser, the
thermal focal lens is given by the approximate expression[26] fr =
27[@2K . 1
29 dn/dT+arng’
thermal-optical coefficient, ar is the thermal expansion coefficient, P is
the pump power, ¢ is the thermal load ratio, § = 1 —exp(—oasNolg) is the
absorption rate of pump light by the crystal[27],m,, is the average radius
of pump mode in the gain medium. So, the effective pump power is
expressed as P, =P e (1 — &), hv is the photonic energy, the pump rate is

where K is the thermal conductivity, dn/dT is the

given by P, (M

hurwp

). Ag/A; is the effective area ratio of gain

medium to SA. w, is the average radius of cavity mode in the gain
medium,w; is the average radius of cavity mode in the SA. The mode size

with a distance z away from the beam waist can be expressed as w(z) =

wo,/1+ (ﬁ’}ﬂoz)z , the beam waist w, was calculated by the ABCD ma-
trix. According to the related parameters in Table 1, the numerical
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Table 1

The parameters of the numerical simulation.
Parameters Values Parameters Values
oy 7.6 x 10719 cm™2[5] £ 0.24(26]
Gabs 2.5x 10719 em™2 [27] K 5.2 W-m LK[26]
s 7.2x10718 cm™2 [5] dn/dT 3x 1076 K 1[26]
Oes 7.4 %1019 cm™2 [5] ar 4.43x 1076 K '[26]
¥ 1 ng 2.2[26]
7s 4.55 x 107 s7'[5] ng 1.82(5]
20 3359.74 s71[10] c 3 x10%ms™!
Vo1 4731.33 571[10] h 6.626 x 10734 J:s
710 5 x 107 s7'[10] 2 1342 nm
I 3 mm Ap 808 nm
Il 0.5 mm L 0.04
l 15 mm

simulation was carried out..
According to [24,28-30], the single-pulse energy E and the peak
power Pmax can be described as follows:

g =m0 (1), N ®
20y R) Ny
AL (1

P = 2

0, 0

Where A is the effective area of cavity mode, 7, is the spatial overlap
coefficient, N; and Ny are the initial and final inversion population
density of the gain medium. The average output power Py, is calcu-
lated by Ppean = E ® frep, frep is the pulse repetition rate.

Fig. 4 shows the numerical simulation results, they present the
relationship between laser output characteristics and SA initial trans-
mittance Ty, OC mirror reflectivity R. When the pump power P = 3.2 W,
the average radius of pump mode @,0 = 92um, the pulse repetition rate
and pulse width increase with the increase of Ty and R, but it is obvi-
ously to found that peak power dramatically decrease with the raising of
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To and R. It could be easy to know that higher transmittance of OC
mirror and SA leads to a larger average output power. In this work, Ty =
90% SA and R = 91% OC mirror were used to achieve high repetition
rate pulse output.

The three-dimensional surface diagram in Fig. 5 is the numerical
simulation results, showing the relationship between the laser output
characteristics and the pump power P, the average radius of pump mode
@po. The red scattered dots in Fig. 5 show the experiment results. As the
pump power was changed from 2.18 W to 4.5 W, the average output
power and the repetition rate increased from 250 mW to 410 mW, and
from 130 kHz to 357 kHz,respectively. The peak power decreased from
229 W to 125 W as the pump power increases. But the variation of pulse
width was small (about 7-8.5 ns). Because the variation of @, can affect
the size of wy and w;, overlap efficiency and the second threshold con-
dition will also be changed, the laser output properties will change
dramatically. In this experiment, when a passively Q-switched laser was
operated in the chaotic regime, the jitter of the pulse will cause the laser
output properties to deviate from the ideal value, with output power
smaller and pulse width larger than the ideal state. It demonstrates that
pulse jitter can cause severe deterioration of the laser output properties.

Based on the above simulation and experimental results, by further
optimizing and tuning the resonator, a laser with a repetition rate of 357
kHz, time jitter of 200 ns, the average pulse duration of 7.2 ns, output
power of 410 mW was realized at 4.5 W pump power, as shown in Fig. 6.

5. Conclusion

Pulse jitter is an intrinsic property of LD pumped passively Q-
switched lasers, which is more serious in high-repetition-rate pulse
output. When the passively Q-switched laser operates at a high repeti-
tion rate, the gain and loss in the cavity change rapidly, resulting in
fluctuations of the Q-switched state. Improving the coupling efficiency
reduces the energy loss and the generation of other modes, thus
enhancing the stability of the cavity. In this work, the effect of spatial
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Fig. 4. Repetition rate(a), the peak power(b), the average output power (c), the pulse width(d) versus SA initial transmittance Tp and OC mirror reflectivity R.
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Fig. 6. Experiment results (a) the envelope oscilloscope traces pulses; (b) pulse time jitter range; (c) multi-pulse oscilloscope traces.

overlap on laser performance is studied both theoretically and experi-
mentally. The laser rate equations are extended to model passively Q-
switched laser operation by considering the energy absorption rate of
the crystal, the population density in the ground state and the effective
area ratio of the gain medium to the SA. Based on the simulation results,
experiments have been carried out and it has been shown that the pulse
timing jitter was reduced when a high spatial overlap coefficient was
obtained between the pump mode and the laser mode in the gain

medium. The experimental results agree with the simulations. Finally, a
time jitter of 200 ns was achieved with a pulse repetition rate of 357 kHz
under a CW LD pump power of 4.5 W. This work shows that 1.34 ym
passively Q-switched laser can obtain high-repetition-rate stable pulse
output while achieving small size, simple structure and low cost, which
provides conditions for integration. It also provides a basis for realizing
stable pulse output at higher repetition rates.
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