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In this study, a 100-kHz narrow-linewidth burst-mode laser system combined with a
master oscillator power amplifier (MOPA) structure was reported with a stable pulse burst
profile over 2ms duration. A theoretical model was established to characterize and
compensate the variation characteristics of coefficient of variation (COV) within a burst
envelope for the double-pass three-stage ampilification system, in terms of different
parameter factors. Simulated results yielded similar tendency with the measured ones.
For a stable burst envelope with a COV of 2.72% and 2.93%, output pulse energy at a
100 kHz repetition rate was scaled up to 1.08 and 4.38 mJ in the case of an input average
pulse energy of 8.6 and 116.51 nJ, respectively. Corresponding M, and M,? values with
2.2 and 2.4 were endowed with 1.08 mJ output single-pulse energy and 2.7 and 2.1 for
4.38 md pulse energy. The spectral linewidth of amplified pulses was measured to be less
than 83.1 and 67.9 MHz, with respect to output pulse duration of 10.3 and 96.1 ns,
respectively.

Keywords: burst-mode, narrow-linewidth, double-pass amplification, MOPA, COV

1 INTRODUCTION

The parameter measurements (e.g., temperature, velocities, and mixture fraction) for high-speed
flows have greatly boosted the advancements of aerospace and scramjet by use of optical imaging
techniques [1-6]. Especially, the solid-state laser system, with a high rate and high energy [7-11], has
great potential for optical diagnostic applications, such as planar laser-induced fluorescence (PLIF)
[12-14], particle imaging velocimetry (PIV) [15, 16], and filtered Rayleigh scattering (FRS) [17, 18].
Among those measuring techniques, FRS serves as a promising approach in imaging high-speed
reacting flames and non-reacting jets for its strong suppression in background noise, with the same
wavelength as an input laser, from the Mie scattering and windows and highlights weaker broadened
Rayleigh-Brillouin scattering (RBS) signal intensity. Typically, the turbulent reacting and non-
reacting flow fields are commonly featured with frequencies up to hundreds of kilohertz [19], and the
adopted laser sources are required with high-rate operation to enable high temporal resolution for
sufficient analysis of time-varying flow information via the FRS imaging technique. In addition, the
collected FRS imaging intensity is dependent on pulsed laser energy, which allows for the laser system
with high-energy pulses to enhance the signal-to-noise ratio (SNR) in supersonic-hypersonic flow
fields. As a result of advancement in the diode-pumped solid-state (DPSS) laser, it is capable of
producing a pulsed laser with frequencies up to tens to hundreds of kilohertz [20, 21]. However,
severe thermal loading at the high repetition rate comes into formation in the gain module to further
constrain high-energy pulse laser generation.
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The burst-mode technique, coupled with DPSS sources, can
provide an effective method for both high-rate and high-energy
pulsed laser, which is filled with multiple benefits featured with
high efficiencies and significant beam characteristics compared
with a traditional repetitively Q-switched continuously pulsed
laser. Hence, such an effective pulse burst laser has attracted
much more interests for achieving high repetition rate with
significant pulse energy at low average power, by integrating a
series of pulses into a burst envelope and reducing the duty cycle
for thermal dissipation. In 2014, Slipchenko et al reported a 100-
kHz dual-wavelength diode-pumped Nd:YAG burst-mode laser
centered at 1,064 nm, with average pulse energy as high as 40 m]
per pulse over 100 ms burst duration [22]. In 2017, Wu et al
illustrated a 100-kHz cavity-dumped burst-mode laser system
with 2 ms burst duration, realizing the maximum pulse energy of
9.47 m] per pulse and the energy extraction efficiency of 30% [23].
In 2019, Smyser et al investigated a burst-mode laser system for
generating a high-peak power pulse laser, from which peak power
reached 1.24 GW at the 100-kHz repetition rate over 1 ms burst
duration with a transform-limited pulse width of 234 fs [24].

In supersonic-hypersonic flow field diagnosis, the FRS scheme
necessitates to put forward some additional requirements for
performances of laser sources further (e.g., narrow spectral
linewidth, stable burst envelope, and so on). Specifically, such
narrow-linewidth sources can enhance the transmission purity of
stimulated RBS with a temperature-based thermal broadening
spectral profile, when a molecular iodine vapor cell serves as a
filtering narrow-linewidth background with a similar spectrum to
that of the input laser and stable pulse-to-pulse intensity
distribution benefits a series of time-relevant uniform FRS
imaging intensity within recorded length. In the burst-mode
laser system, a short-cavity oscillator based on Q-switching
could provide with high-energy pulses, as illustrated in [25,
26], while seeding of those Q-switching lasers is restrictive of
their applications in which narrow-linewidth is requisite. During
burst-mode amplification, it is interestingly found that the first
several pulses are endowed with higher- or lower-intensity
distribution, resulting in inhomogeneous intensity variation
within the burst envelope, which could further yield significant
fluctuation of collected imaging intensity for flow field diagnosis.
Hence, a theoretical model is built to give possible investigation
and compensation for pulse intensity variation in terms of
multiple factors, resulting in dynamic equilibrium in both
pumping and amplification for a stable burst envelope. The
burst-mode laser could play a significant component in optical
diagnosis based on the FRS imaging technique, especially for
these measuring relevant to multiple parameters in high-speed
flow fields. In 2018, Feng et al illustrated the FRS intensity
sensitivity to temperature and pressure in hot jets by utilizing
a burst-mode source with total burst energy of 20 mJ per burst
and 30 pulses within a burst at 63 MHz spectral linewidth [27].

In this work, a 100-kHz burst-mode master oscillator power
amplifier (MOPA) laser was illustrated with narrow spectral
linewidth for a stable burst envelope. Pulse intensity variation
was investigated within the burst envelope theoretically and
experimentally for multiple parameter factors. A stable burst
envelope was characterized with the coefficient of variation

Narrow-Linewidth Uniform Burst-Mode Laser

(COV) of 2.72% and 2.93%, with respect to the burst energy
of 217.08 and 880.38 m]J per burst at 2 ms duration, respectively.
Relevant spectral linewidth was measured to be less than 83.1 and
67.9 MHz.

2 THEORETICAL ANALYSIS

In terms of burst envelope intensity variation, it is investigated
starting from pulse amplification. The process of amplification is
first based on the energy stored in the gain medium before the
arrival of the input beam, and then the pulse is amplified with
depletion of some particles when passing through an amplifier.
For stored energy, the basic expression illustrated in the study
mentioned in reference [28] has been deduced by Mance et al by
means of solving the differential equation. If we take into account
the necessary energy transfer factors, the stored energy Egpe
could be further developed and presented in Eq. 1, where E; is
initial energy storage in gain medium, 7y is upper-level
fluorescence lifetime of the Nd:YAG crystal, P is pump peak
power, 7, is absorption efficiency of the input pump beam in
active medium, 7, is Stokes transfer efficiency, and 7, is expressed
as quantum transfer efficiency.

t t
Egore (t) = E; exp< - T—f) + Prfl//arlan<l - exp( - ;)) (1)

Output energy after amplification could be illustrated by the
Frantz-Nodvik formula [29, 30] in the case of known input
energy E;,, saturation energy fluence E,,,, pump area S,, and small
signal gain factor Gy, the expression of which is given by

Ein
fu-rsnfiefon( ) Ja) o
satOp

where the small signal gain factor G, is determined by stored
energy E.op., saturation energy fluence E,,,, and pump area S,.
The nonlinear relationship among these parameters is denoted as
follows:

EStOYK

Gy exp(Esmsp) (3)

The pump and amplification cycle for the pulse burst laser is
exhibited in Figure 1A. To simplify the cycle process, some
assumptions are carried out for neglecting the amplified
spontaneous emission (ASE) effect and ignoring pump time
during pulse laser duration. Initially, there is no energy stored
in gain medium, resulting in E; = 0, before pump injecting into the
active medium and then stored energy comes into formation
during pump time 7 (delay time between pumping and the first
pulse amplification) by using E; = 0 in Eq. 1; after that the first
pulse within the burst envelope is amplified through Eq. 2 on
basis of accumulated energy storage. Meanwhile, the remaining
energy is endowed as E; to prepare stored energy for the next
pulse during pump time 7,, and the second pulse reaches its
amplification with energy being extracted. Such an iteration
process is repeated continuously within the burst envelope
until output pulses obey convergence distribution featured
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FIGURE 1 | (A) Schematic of the pump and amplification cycle for the pulse burst laser; (B) COV versus pump time zand pulse interval; (C) COV versus pump time ¢
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TABLE 1 | Basic parameter values used in the simulation.

Ein (nJ) Esat (J/cm?) g (%) 1a (%) 1s (%)

116 0.667 230 90 85 76

7 (M)

with stable tendency. As for double-pass or multistage
amplification, an additional process is supplemented here such
that the output from the first pass is the input of the second pass
and output of the previous stage becomes the input for next stage.
Therefore, a model suitable for pulsed pumped amplification
could be established to investigate the intensity variation within
the burst envelope in diverse burst-mode amplification
configurations.

Figure 1B illustrates the dependence of COV (defined as the ratio
of standard deviation within the burst envelope into the mean) on
pump time 7 and pulse interval in the double-pass, three-stage
amplification system over 2ms burst duration based on the
aforementioned model. In this simulation, the adopted basic
parameter values are given in Table 1, and amplifiers are
provided with pump areas of 0.071, 0.071, and 0.283. With
increasing pump time 7 from 1 ps and decreasing from 2,500 s,
the variation of the COV exerts a gradual upward and downward
trend, respectively and then finally possesses relatively stable
distribution at approximately 500 us (dashed white line) in the
range of the pulse interval from 1 to 200 ps(5 kHz-1 MHz)
toward the amplification system with pump peak power of
900 W, 900 W, and 2800 W for constant energy transfer factors.
At higher pump time 7, the first few pulses could obtain more stored
energy due to high gain in active medium, resulting in less energy for
subsequent amplification. Moreover, the opposite could occur in
burst-mode amplification with lower pump time 7. The obvious
COV variation for different pump time 7, at a specific repetition rate,
is mainly due to the lack of dynamic equilibrium in pumping and

amplification. Typically, it is conducive to reach high-energy pulse
amplification for a low repetition rate. In that case, relatively high
pump time 7 is required to compensate for the excessive energy
extraction to sustain dynamic equilibrium between pumping and
amplification within the burst envelope at the low repetition rate
compared with high frequency. Hence, there is an increasing trend of
pump time 7 at stable COV distribution (red line) based on
simulated results, with respect to a pump interval range of
1-200 ps (5 kHz-1 MHz).

The COV versus pump time 7 and input seed energy is
presented in Figure 1C at a 100-kHz repetition rate. The
COV variation also shows a trend of decreasing first and then
increasing in the case of increasing pump time 7 from 1 to
1,000 ps for different input laser energy (1 nJ-1 yJ), induced by
non-equilibrium for pumping and amplification. At stable COV
distribution, pump time 7 versus input seed energy is indicated
with a red line. With increasing of input laser energy from
1nJ-1yJ, the pump time 7 for achieving a stable envelope
shows a decreasing trend, moving away from the white dashed
line gradually (7 = 500 ps). Due to increase of input laser energy,
the saturation effect tends to come into formation in pulse
amplification, resulting in the burst envelope close to steady-
state distribution. Consequently, lower pump time 7 is required to
compensate for weaker variation within the burst envelope at
higher input laser energy. In addition, the variation of the COV is
endowed with approximately decreasing tendency at specific
pump time 7 for increasing the input laser energy in the range
of 1 nJ-1 yJ, which might also be attributed to saturation effect.

3 EXPERIMENTAL SETUP

The schematic of the fiber-bulk MOPA burst-mode laser system
is presented in Figure 2. The fiber laser seed is provided with 24-
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FIGURE 2 | Optical layout of the burst-mode laser system. Ol: optical isolator, LD: laser diode, WDM: wavelength division multiplex, YDF: Ytterbium-doped fiber,
AOM: acousto-optic modulator, HWP: half-wave plate, PBS: polarizing beam splitter, QWP: quarter-wave plate, AMP: amplifier module, DG: delay generator, and LDP:
laser diode power supply.

mW continuous wave (CW) laser centered at 1,064.201 nm with
spectral linewidth of less than 10 kHz. The spectral wavelength is
tunable over a spanning of 30 GHz by adjusting the voltage
imposed on a piezoelectric transducer (PZT) to match the
seed laser wavelength. Both the 975-nm laser diodes (LDs) are
coupled into two Yb-doped fiber amplification stages to scale CW
seed power up to the watt level. A fiber-coupled acousto-optic
modulator (AOM) is introduced into the optical path for the
slicing-amplified CW laser into a pulse train with arbitrary
duration, which is directly controlled by an AOM driver that
is dependent on an external SRS DG645 delay generator. The
AOM is preferred in enhancing the contrast ratio of laser
intensity to the background due to its faster falling edge than
the electro-optic modulator (EOM) can do. For an all-fiber
system, the used gain fiber and transmission fiber are featured
with single longitudinal mode and polarization maintenance,
which is with respect to the fiber size of 5/130 pm and a
numerical aperture (NA) of 0.12 for gain fiber and 6/125 um
and 0.1 in transmission fiber.

The pulse amplification system consists of three LD side-
pumped Nd:YAG modules, with Nd** doping concentration and
rod dimensions of 1 at% and ®3 x 67 mm” (AMP1 and AMP2), 1
at% and ®6 x 85 mm” (AMP3), respectively. First, two amplifier
modules are involved with three diode arrays distributed at an
angle of 120° for each other, and the third contains seven diode
arrays arranged symmetrically in different directions. All the
amplification stages are designed in double-pass configurations
for realizing the high-gain pulsed laser. Two pairs of plano-
convex lenses (f;; = +50 mm and fj, = +50 mm; fi3 = +50 mm
and fi4 = +50 mm) are responsible for delivering excellent beam
characteristics for pulses amplification, while another one (fis =
+100 mm, fi¢ = +200 mm) is used for matching the pulsed laser
with AMP3. The optical isolator (OI) is placed in front of each

generator.

4.1 Seed Characterization

amplifier so as to prevent feedback of backward beam
propagation. Amplified pulses are returned through a 0°
reflector with high reflectivity (HR) coated at 1,064 nm and
then passed through a quarter-wave plate (QWP) the second
time and are eventually reflected by a polarizing beam splitter
(PBS), close to AMP3, with the maximum polarization extinction
ratio (PER) of more than 30 dB. The operation temperature was
set to 25°C for the burst-mode laser amplification system.

For time-sequence controlling of the burst-mode laser system,
an SRS DG535 is utilized to offer two channels with a delay time,
one is first connected with laser diode power supplies (LDP) for
synchronous triggering of pumping, and another one is applied to
DG645 for AOM modulation after a delay time. The time
controlling on the whole is accomplished using the SRS
DG535 delay generator combined with an SRS DG645 delay

4 RESULTS AND DISCUSSION

Output single-pulse energy was measured and plotted in Figure 3
for different repetition rates over 2 ms burst duration. From the
measured results, the obtained pulse energy was provided with an
approximately linear increase with the increasing of absorbed
pump power and possessed similar distribution at different
repetition rates. In Figure 3A, the maximum output pulse
energy was expressed as 8.61, 8.47, 8.67, and 8.64nJ for
absorbed pump power of 2.53 W at the injected modulation
signal with single-pulse duration of 10 ns, with respect to the
repetition rate of 10kHz, 20kHz, 50kHz, and 100 kHz,
respectively. In the case of injected electric signal varying into
100 ns, the corresponding maximum output pulse energy reached
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FIGURE 4 | Recorded output pulse-burst profile at different repetition rates in terms of electric signal input with duration of 10 and 100 ns, respectively. (A) At
10 kHz repletion rate for 10 ns electric signal input. (B) At 20 kHz repletion rate for 10 ns electric signal input. (C) At 50 kHz repletion rate for 10 ns electric signal input.
(D) At 100 kHz repletion rate for 10 ns electric signal input. (E) At 10 kHz repletion rate for 100 ns electric signal input. (F) At 20 kHz repletion rate for 100 ns electric

signal input. (G) At 50 kHz repletion rate for 100 ns electric signal input. (H) At 100 kHz repletion rate for 100 ns electric signal input.

116.75, 115.92, 116.94, and 116.41 n] as exhibited in Figure 3B,
from which the enlarged resulted from the higher-duty cycle in
the injected modulation signal.

Figure 4 presented the recorded output burst envelope with
2 ms duration in the range of repetition rates from 10 to 100 kHz,
consisting of pulses counts with 21-201. It could be seen that
there was no obvious emergence of pulses loss in burst train
distribution. As shown in Figures 4A-D, the output burst
envelope was uniformly distributed with a COV of 0.91%,
0.89%, 0.82%, and 0.86% for the electric signal input of 10 ns,
corresponding to 10 kHz, 20 kHz, 50 kHz, and 100 kHz repetition
rates, respectively. In terms of the input modulation signal

changing into 100 ns, the relevant burst train with a COV of
1.04%, 0.84%, 0.97%, and 0.95% was further formed and
exhibited in Figures 4E-H, respectively. The recorded output
burst envelope was possessed with uniform and flat distribution
at the repetition rate of 10-100kHz, indicating the stable
modulation characteristics for the external electric signal input
with arbitrary duration.

At the 100-kHz repetition rate, the output individual pulse
waveform approximately exerted Gaussian-like distribution as
shown in Figure 5C due to the faster rising/falling time of 10 ns
for the AOM in the case of the external square wave signal input
with 10 ns in Figure 5A. Moreover, the nearly flat-top pulse
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profile distribution is presented in Figure 5D for an external
electric signal input of 100 ns shown in Figure 5B. The output
pulse laser duration was measured as 10.8 and 98 ns, with respect
to the output pulse energy of 8.64 and 116.41 nJ, respectively.

4.2 Free-Space Operation

The output burst envelope during 2 ms duration, through a
double-pass, three-stage amplification construction, was
recorded and presented in Figure 6 at different pump time

(pump time before burst envelope), with the average input pulse
energy of 116.51 nJ for the repetition rate of 10kHz, 20 kHz,
50 kHz, and 100 kHz. In the first few pulse distribution, it was
exerted with gradually increasing intensity distribution at pump
time T of 0.2 ms as shown in Figures 6A-D, which was induced
by weaker amplification of the initial pulse to accumulate more
stored energy for subsequent pulses. However, the relatively
higher intensity dispersion occurred in the first several pulses
due to excessive compensation brought by higher pump time 7 of
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1 ms, resulting in a convex burst envelope with the triangle-like
distribution. For a horizontal comparison at pump time 7 of
0.5 ms, the pulse burst distribution in Figure 6E was different and
induced by inadequate compensation, while the excessive
compensation occurred in Figures 6F-H. Compared with
pump time 7 of 0.2 and 1 ms, it yielded decreasing variation
of the COV within the burst envelope for different repetition rates
at a pump time 7 of 0.5 ms. Such a variation trend of COV was
consistent with the simulated results. Also, it was found in later
experiments that the dispersion of the recorded burst envelope
was provided with similar variation tendency for input pulse
energy varying into 8.6 nJ.

For stable pulse burst profile output, it is exhibited in Figure 7
at repetition rates of 10 kHz, 20 kHz, 50 kHz, and 100 kHz in
terms of the input pulse energy of 8.6 and 116.51 nJ. The COV of
recorded burst train, from Figures 7A-D, was measured to be
2.69%, 2.75%, 2.38%, and 2.72% at 8.6 nJ] pulse energy input,

corresponding to a COV with 2.53%, 2.29%, 2.33%, and 2.93%
presented in Figures 7E-H for 116.51 nJ pulse energy input. At
stable burst envelope distribution, the required pump time 7
versus the repetition rate was investigated and given in Figure 8A,
with respect to different pulse energy input. There was a
decreasing trend for pump time 7 with increasing of the
repetition rate from 10 to 100 kHz, also shown was endowed
with decreasing tendency of pump time 7 for higher pulse-energy
input, indicating the consistent trend with the simulated ones in
the abovementioned section. At the 100 kHz repetition rate, the
output single-pulse profile with a duration of 10.6 and 96.1 ns is
recorded in Figures 8B, C, respectively. Here, it could be seen that
relatively steep distribution emerged for leading edge compared
with the trailing edge at the output pulse temporal waveform with
96.1 ns duration, resulting from consumption of more inversion
particles in leading edge during approximately flat-top pulse
amplification.
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The double-pass output laser energy was measured and
plotted in Figures 9A, B at different repetition rates for the
stable burst envelope distribution, in terms of the input single-
pulse energy of 8.6 and 116.51 nJ respectively. The amplified
single-pulse energy at a lower repetition rate was provided with
obvious advantages over a higher repetition rate with the
increasing of input pump peak power, while the contrary
tendency occurred in variation of burst envelope energy. In
the case of the input single-pulse energy of 8.6 nJ, the
maximum output single-pulse energy, at total input pump
peak power with 4600 W, was measured to be 1.52 and
1.43 m] for repetition rates of 10 and 20 kHz, 1.22 and 1.08 m]J
at a repetition rate of 50 and 100 kHz, which corresponded to the
burst envelope energy of 31.92, 58.63, 123.22, and 217.08 m],
respectively. Moreover, it was scaled up to as high as 10.1, 7.08,
5.92, and 4.38 mJ due to the higher input single-pulse energy of
116.51 n], respectively, resulting in burst envelope energy with
212.1, 290.28, 597.92, and 880.38 m]J. At the 100 kHz repetition
rate, the resulting amplification factor (the ratio of output pulse
energy into input pulse energy) was endowed with 1.26 x 10
(51 dB) at the input single-pulse energy of 8.6 nJ and 3.76 x 10*
(45.75 dB) was provided for 116.51 nJ single-pulse energy input.

The spectral profile of the MOPA output, at the 100 kHz
repetition rate, was measured by means of the scanning
Fabry-Perot interferometer with a free spectral range (FSR) of
10 GHz and resolution of 67 MHz. From Figure 10A, the
measured spectral linewidth, FWHM of Lorentz fit, was
expressed as 83.1 MHz for 1.08 mJ pulse energy output,
operating with 10.3 ns pulse width. At the output pulse energy
of 4.38 m]J, the measured spectral linewidth with 67.9 MHz,
approximately the spectral resolution, is shown in Figure 10B,
with respect to pulse duration of 96.1 ns In fact, the obtained
spectral profile could be regarded as the convolution between the
Fabry-Perot resonator mode and Fourier transform of relevant
pulse duration from the actual MOPA output, resulting in the
broadened spectral profile. Hence, the actual spectral linewidth

was less than the measured ones for the 100-kHz repetition rate at
maximum MOPA output.

Utilizing the 90/10 knife-edge method [31-33], the obtained
M? curves of the output beam on the different directions are
presented in Figure 11A and Figure 11B at the 100 kHz
repetition rate for different output laser energy, respectively.
As shown in Figure 11A, the measured M” values, on the x
and y directions, were expressed as 2.2 and 2.4 at a maximum
output 1.08 mJ single-pulse energy with a pulse duration of
10.3 ns Moreover, the M> values were measured to be 2.7 and
2.1 with the maximum output single pulse energy of 4.38 m]J for a
pulse width of 96.1 ns in Figure 11B, respectively. The inter-burst
interval was set as 100 ms to allow for the release of thermal
loading. There was no emergence of serious beam distortion for
recorded two-dimensional (2D) beam profiles with
approximately smooth mode distribution.

5 CONCLUSION

In summary, a burst-mode MOPA laser system was characterized
with excellent output characteristics in this study. Relevant
characteristics for burst envelope distribution were simulated
and discussed in detail under the action of multiple
parameters (input pulse energy, repetition rate, and pump
time 7), indicating the steady-state distribution approximately
approaching 0.5ms pump time 7. A double-pass, three-stage
amplified burst envelope over 2 ms duration, at different pump
time 7, was investigated in the experiment for the repetition rate
from 10 to 100 kHz, corresponding to the input pulse energy of
8.6 and 116.51 nJ, respectively. Here, it could be illustrated that
the COV variation tendency was consistent with that of the
simulated ones. Maximum output pulse energy reached 10.1,
7.08, 5.92, and 4.38 m] at the repetition rate of 10 kHz, 20 kHz,
50 kHz, and 100 kHz, respectively. In terms of the 100-kHz
repetition rate, the output beam was endowed with uniform
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mode distribution with M,? and My2 of 2.2 and 2.4 at 1.08 mJ
pulse energy and 2.7 and 2.1 for 4.38 m]J pulse energy output. The
relevant spectral linewidth was less than 83.1 and 67.9 MHz, with
respect to output pulse duration of 10.3 and 96.1 ns respectively.
It was believed that such a burst-mode laser system could possess
great potential for its application in high-speed field diagnosis
based on the FRS technique.
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