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ABSTRACT

Improving the repetition rate of a pulsed laser is an important issue in measurement and processing, as it leads to increased average power.
However, in general, the heat generated by high-power lasers that use Q-switches cannot be ignored as the repetition rate increases, limiting
the repetition rate. Therefore, in this study, we propose a new method of constructing a cavity in which an optical amplifier is inserted sepa-

rately from the laser resonator, for generating a laser pulse train inside that cavity. By injecting a single laser pulse into this cavity, we were ‘CE
able to create a pulse train of up to ~50 pulses. In addition, we confirmed that using the generated pulse train as the pump beam for a tera- 3
hertz parametric source is useful to achieve a high average output. By selecting the appropriate amplifier inside the cavity, it is possible to 3
a
create a pulse train from any wavelength or pulse width of the laser beam. This method makes it easier to achieve high average power from g
lasers when increasing the repetition rate is difficult and will contribute to the expansion of laser applications. @
a
a
© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0261964
I. INTRODUCTION pronounced when the repetition rate is increased, making stable
Pulse lasers are used in a wide range of fields, including mate- operation dlfﬁc}llt' Cutting out from a ser_m(;ond.uctor laser b(?am
: o : 2 . 3 allows modulation to any frequency, but it is difficult to achieve
rial processing, medical applications,” and optical measurement, . . . e
e . o high output with this approach, as it is limited by the damage
due to their high peak power. Increasing the repetition rate not . . . "
. . . . threshold of the device. Thus, achieving both a higher repetition
only improves the signal-to-noise ratio of measurements and . - . :
. ; . rate and higher output power is a fundamental issue in laser
reduces processing times but also improves the average output technology
power , guring wavelength conversion using nonlinear optical Recent advances in power-scalable gain media have begun to
feffects.. However, ‘tbere are many technical issues 1nYolved in bridge this energy-frequency divide. In terms of amplification
increasing the repetition rate .Of a lfiser system “flth high Pulse methods for mode-locked lasers, chirped pulse amplification (CPA)
energy. Thermal management, in particular, is a major constraint. has long played a central role. Yb:YAG CPA systems achieve both
Currently, the most common methods for generating pulsed-  hjgh repetition rates and high pulse energy; however, further
laser operatlf)n are mode-locking, Q—sw1tch1ng,. and cutting OL}t scaling is again limited by thermal effects. To address this issue,
from a semiconductor laser beam. Mode-locking technology is thin-disk amplifiers and fiber amplifiers have been incorporated
effective for generating short pulses and is capable of achieving into the CPA systems, enabling the generation of high-output
extremely high repetition rates; however, the laser’s output power is  pulses at the joule level with kilohertz-order repetition rates.”” In
limited by the susceptibility of the optical elements to damage as addition, alternative approaches have been proposed, such as
the peak power increases. Lasers that use Q-switching can achieve divided-pulse amplification, in which a pulse is split into multiple
high-power pulses, but the thermal effect becomes more sub-pulses, individually amplified, and then recombined,'™"" as
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well as coherent pulse stacking, where the output of a mode-locked
laser is phase-matched and stacked inside a passive enhancement
cavity to increase the output power.12

On the other hand, achieving both high pulse energy and high
repetition frequency remains challenging for single-wavelength
Q-switched lasers with pulse durations longer than sub-
nanoseconds. Although repetition rates on the order of 10-100 kHz
have been reported using Nd:YVO, as the gain medium, the pulse
energy remains on the order of 100uJ.™"” For higher pulse energy,
devices have been developed that bond Nd:YAG, the gain medium,
with sapphire, which has excellent thermal conductivity, allowing
for efficient heat dissipation even under high-energy pumping con-
ditions."* While the output levels in the joule class have been
achieved with such devices, the repetition frequency remains
limited to around 2 Hz.

Against this background, a method has been proposed to
increase the repetition rate by dividing a single pulse into multiple
pulses and create a pulse train by splitting the laser beam with a
beam splitter and recombining it."'> However, because this
method divides the energy of a single pulse into multiple pulses,
the energy of each pulse is the reciprocal of the number of pulses
(1/number of pulses), making this approach unsuitable for increas-
ing the average power. In this study, we attempted to install a cavity
structure with an integrated amplifier, separate from the laser reso-
nator. This configuration allows a single laser pulse to be converted
into a pulse train, and the pulse energy to be maintained as the
amplifier is located inside the cavity. Thus, using the proposed
method, it is possible to increase the repetition rate substantially
while maintaining the same high pulse energy as a Q-switched
laser, which was previously difficult.

Il. PULSE TRAIN GENERATION USING A FABRY-PEROT
CAVITY

In this study, we used a Fabry-Pérot cavity'~ to create a pulse
train from a laser pulse, as shown in Fig. 1. Although resonance
between the two mirrors is not utilized in this setup, we refer to the
system as a “cavity” for convenience. A quarter-wave plate and a
polarizing beam splitter (PBS) are inserted into a cavity that is
composed of two mirrors, and laser pulses enter and exit the cavity
via the PBS. A laser pulse that enters the cavity travels back and
forth through the quarter-wave plate and returns to the PBS. At
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this time, the S-polarized component (perpendicular to the figure
plane) of the laser pulse is reflected by the PBS and fed back into
the cavity, while the P-polarized component (parallel to the figure
plane) passes through the PBS and is output from the cavity.
Because the beam passes twice through the quarter-wave plate, the
accumulated phase shift becomes m, effectively making it function
as a half-wave plate. By rotating the quarter-wave plate, the polari-
zation of the incident linearly polarized beam can be rotated to any
desired linear polarization, and the feedback-to-output ratio can be
controlled. The ratio of the laser energy incident on the cavity to
the energy fed back into the cavity is referred to here as the “feed-
back rate.” However, due to the nature of this cavity, the first pulse
that is incident from the outside is P-polarized, but the second
pulse and subsequent pulses are S-polarized; thus, the feedback rate
takes on the exact opposite values for the first pulse and the second
and subsequent pulses. It is possible to create a pulse train using
this cavity; however, if there is only a waveplate in the cavity, the
energy of the subsequent pulses will decrease exponentially, and
the average power will not change from the initial value. Therefore,
to flatten the pulse train and increase the average power, a solid-
state amplifier composed of a Nd:YAG gain medium excited by
three 300 W semiconductor lasers was installed inside the cavity. In
this setup, the thermal lensing effect induced by the amplifier was
compensated using a pair of lenses placed inside the cavity.
Collimated beam was injected into the cavity, and the lens pair was
adjusted so that the beam inside the cavity also remained as colli-
mated as possible. The beam divergence was kept below approxi-
mately 0.3% per meter. The presence of a gain medium inside the
cavity makes the system function similarly to a laser oscillator,
leading to spontaneous oscillation caused by amplified spontaneous
emission. To prevent this, a saturable absorber (Cr:YAG) was
inserted into the cavity. Three types of Cr:YAG with transmittances

of 30%, 60%, and 80% were used. Notably, Cr:YAG is widely !

employed as a saturable absorber in lasers and is considered to
have sufficient long-term durability. A Faraday rotator and a polar-
izing beam splitter (PBS) were placed in front of the cavity to
output the pulse train. The light source used was a microchip Nd:
YAG laser (wavelength: 1064 nm; pulse width: 500 ps; repetition
rate: 11 Hz). The cavity length was determined based on the
required pulse interval. In this experiment, it was set to 6 m, which
corresponds to a pulse interval of 40 ns, equivalent to a repetition
rate of 25MHz. Since the cavity was not designed to achieve

Fabry—Perot Cavity

Cavity length : 6 m

FIG. 1. Setup of pulse train generation.

Faraday
PBS rotator N2
Micro-chip |__ _ Nd:YAG
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optical resonance, neither the phase shift introduced by the wave
plates nor the cavity length required strict control. Instead, the
wave plates were adjusted to achieve the desired feedback ratio, and
the cavity length was set to realize the target pulse interval. The
laser beam reflected from the output PBS was amplified by booster
amplifiers placed outside the cavity. The amplifiers were of the
same type as the solid-state amplifiers used as the gain media
inside the cavity and served to compensate for the energy loss
caused by the insertion of Cr:YAG inside the cavity. The pulse
train output generated with this configuration maintained the same
single longitudinal mode as the incident beam, with a Gaussian
transverse mode profile (M”<1.5). Although an active feedback
control of the cavity mirrors was not implemented in this experi-
ment, such a control should be considered if long-term stability is
required.

lll. RESULTS AND DISCUSSION

To use this configuration to create a train of laser pulses, we
optimized the parameters of each element. The three values that
needed to be adjusted were the Cr:YAG concentration, the feedback
rate, and the amplification rate of the amplifier. The results of each
measurement are shown below. The output was measured using an
energy meter, and the number of pulses and the pulse train wave-
form were observed using a PIN photodiode.

First, we investigated the effect of the Cr:-YAG concentration.
The concentration of Cr:YAG and, in turn, its transmittance,
affects the ease with which the cavity oscillates. To maximize the
pulse energy and the number of pulses in a pulse train, it is neces-
sary to inject external pulsed light into the amplifier while storing
as much energy as possible within the amplifier. To achieve this,
the power input to the amplifier must be maximized within the
range where oscillation does not occur in the cavity. We, therefore,
investigated the relationship between the transmittance of Cr:YAG
and the oscillation threshold of the resonator (the threshold of the
excitation energy of the amplifier). We compared five conditions
(i)-(v): (i)-(iii) the insertion of Cr:YAG with transmittance values
of 30%, 60%, or 80%, (iv) when no Cr:YAG was inserted, and
(v) when all three Cr:YAG (30%, 60%, and 80%) were inserted. The
oscillation threshold current increased as the transmittance of Cr:
YAG decreased (Fig. 2). Although lower transmittance leads to
greater attenuation of the injected pulse train, the total energy
absorbed by Cr:YAG before reaching its saturation fluence—the
point at which the saturable absorber becomes increasingly trans-
parent—was still smaller than the energy that could be supplied by
the amplifier under maximum pump current conditions. In other
words, since the amplifier was able to deliver more energy than was
lost due to absorption in Cr:YAG, the use of low-transmittance Cr:
YAG was appropriate. Moreover, the presence of Cr:-YAG also
helps to prevent energy from concentrating into a single pulse and
contributes to flattening the pulse energy distribution across the
train. Based on these results, we conducted the subsequent experi-
ments using all three Cr:YAG absorbers.

Next, we measured the effect of the feedback rate on the pulse
train waveform. The current of the amplifier was set to the oscilla-
tion threshold at each feedback rate, and the transmittance of Cr:
YAG was set to 14% with all three absorbers inserted. The
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FIG. 2. Dependence of the cavity oscillation threshold on the transmittance of
the Cr:YAG saturable absorber.

relationship between the feedback rate to the cavity from the
second pulse onward and the pulse train waveform (number of
pulses, maximum pulse energy) is shown in Fig. 3(a). The actual
pulse train waveforms for feedback rates of 31%, 49%, and 67% are
shown in Figs. 3(b) and 3(d), respectively. The results show that
lower (higher) feedback rates were associated with fewer (more)
pulses and more concentrated (dispersed) energy. Ideally, both the
number of pulses and the energy should increase, but there is a
trade-off between the two. Therefore, it is necessary to adjust the
feedback rate according to the type of the pulse train waveform
required.

Next, we investigated the effect of the amplifier’s amplification
rate on the pulse train waveform. For the measurement, the cavity
feedback rate was set to 49% to provide a good balance between the
number of pulses and the pulse energy, and the Cr:YAG transmit-
tance was set to 14% with all three absorbers inserted. The number
of pulses and the maximum pulse energy with respect to the excita-
tion energy of the amplifier are shown in Fig. 4(a); the actual pulse
train waveforms for the excitation energy of the amplifier of 1080,
1220, and 1440 m] are displayed in Figs. 4(b) and 4(d), respectively.
The results show that the lower (higher) the amplification rate, the
fewer (greater) the number of pulses and the more concentrated
(dispersed) the energy. Therefore, to create the desired pulse train
waveform, it is necessary to adjust the amplification rate as well as
the feedback rate.

The pulse train output from the cavity was amplified further
by a booster amplifier installed outside the cavity. Figure 5 shows
the pulse train waveform before and after amplification by the
booster amplifier. Overall, the pulse train energy was amplified;
however, a much higher amplification was observed in the front
pulses. We speculate that because the pulse that enters the amplifier
first consumes the amplifier gain preferentially, the amplification
rate is higher than that of the subsequent pulses. However, the gain
and the position within the pulse train where the gain begins to
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FIG. 5. Pulse train waveform (a) before and (b) after the booster amplifier.
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decrease depend on the input power to the booster amplifier.
Therefore, when generating a pulse train, the amplification charac-
teristics of the booster amplifier must be taken into account and
the various parameters adjusted accordingly.

Figure 6 shows the pulse train waveform when the parameters
of each element in the cavity and the booster amplifiers were opti-
mized to maximize the number of pulses. The results show that a
pulse train of more than 50 pulses was produced. There was bias in
the pulse-energy distribution, but this was related to the feedback
rate and amplifier gain. To increase the number of pulses, it is nec-
essary to increase the feedback rate of the pulses after the second
pulse; however, this is the same as decreasing the feedback rate of
the first pulse so that energy is concentrated in the output compo-
nent of the first pulse. The energy peaked again around the 35th
pulse (Fig. 6), and the pulse energy decreased gradually. This was
attributed to the depletion of the amplifier’s gain and a reduction

(a)

T Fabry-Perot cavity

ARTICLE pubs.aip.org/aip/jap

Intensity

0 1000
Time [ns]

2000

FIG. 6. The pulse train waveform generated that maximized the number of
pulses (>50 pulses).

in the feedback component. In this configuration, the first pulse
shows significantly higher energy, which remains a challenge to be
addressed. To improve pulse flatness while securing several tens of
pulses, the use of an output coupler with fixed reflectivity indepen-
dent of polarization, or the insertion of a saturable absorber before
the booster amplifier, could be considered.

Finally, as an application example, we introduced the pulse
train of the pump beam into an injection-seeded terahertz (THz)

(b)

I 1
Faraday : :
PBS rotator | Cavity length : 6 M I
| - ]
1
Micro-chip | 1 ﬁ : NA:YAG | NN g g
Nd:YAG laser amplifier -ﬂ :
N4
500 ps, 11 Hz R 1
0.7 mJ/pulse _P_Bf_______Sr_.Y_A?____________.
Na ) (THz generation
Nd:YAG 0
amplifier |l - 5 | % threshold)
PBS Booster Pyroelectric E -ttt ———

amplifier

Pump
beam

detector F
R /Q(THZ wave

il “lu..

Seed
beam

MgO:LiNbO;

0 100 200 300 400 500

i’q

ECLD+Amp.

Photodetector Time [ns]

FIG. 7. (a) Setup of an injection-seeded terahertz (THz) parametric generator (is-TPG) with pulse train pump beam. (b) Pulse train pump beam used for THz-wave gener-

ation (PBS: polarizing beam splitter; ECLD: external cavity laser diode).

GG'15'80 GZ0Z dunr 61

J. Appl. Phys. 137, 213107 (2025); doi: 10.1063/5.0261964
© Author(s) 2025

137, 213107-5


https://pubs.aip.org/aip/jap

Journal of
Applied Physics

(a) (b)

80

ARTICLE pubs.aip.org/aip/jap

70 r
60 -
50
40 -
30
20

®

10 '
O—J

Intensity
THz wave output [a.u.]

L

| Conventional

is-TPGt

Pulse train generation

FIG. 8. (a) Temporal waveform of the
output Stokes beam. (b) Input-output
characteristics of a conventional
injection-seeded terahertz (THz) para-
metric generator (is-TPG) and a pulse
train is-TPG.

Estimated output per
pulse of pulse train

0

100 200

Time [ns]

0 300

parametric generator (is-TPG).'*™'” An is-TPG is a THz-wave
source with high peak power output and broadband frequency tun-
ability that is expected to have a wide range of applications due to
its ability to perform real-time spectroscopy’””' and to perform
measurements through obstructions.”””” The THz waves generated
by an is-TPG depend on the pump beam’s intensity; however, the
incident pump power is limited by the damage threshold of the
MgO:LiNbOj; crystal. Therefore, we increased the number of pulses
while keeping the energy per pulse below the damage threshold of
the crystal by making the pump beam into a train. As such, we
improved the average output power of the THz waves.

The experimental setup for the is-TPG using a pulse train
pump beam is shown in Fig. 7(a). The conditions required for the
pump beam are as follows. First, the pulse intensity must exceed
the threshold for generating THz waves. Second, each pulse must
have a similar intensity. Third, the number of pulses should be as
high as possible. We optimized the conditions for each of the
optical elements in the cavity mentioned above and compensated
for the energy loss by amplifying the energy outside the cavity. The
resulting pulse train pump beam is shown in Fig. 7(b). The opti-
mized conditions were Cr:YAG transmittance: 14%; feedback rate:
50.9%; excitation energy of the intracavity amplifier: 1330 mJ; and
excitation energy of the booster amplifier: 1250 m].

In addition to the pump beam, an is-TPG also requires an
injection seed beam. For this, we used a continuous wave laser of
approximately 500 mW, which was amplified from the output of an
external cavity laser diode (ECLD). THz waves were generated by
injecting the pump pulse train and the seed beam into a MgO:
LiNbO; crystal at an angle that satisfied the non-collinear phase-
matching condition. A pyroelectric detector was used to detect the
THz waves. Because a pyroelectric detector cannot acquire the tem-
poral waveform of a THz wave, the THz-wave time waveform was
approximately observed by measuring the Stokes beam (near-
infrared beam) using a PIN photodiode, as the Stokes beam is gen-
erated with the THz wave as a pair in the parametric process.

Figure 8(a) shows the temporal waveform of the Stokes beam.
We confirmed that the THz waves were generated by all five pulses
that exceeded the generation threshold, as shown in Fig. 7(b). The

10

20 30

Total pump energy [mJ]

Stokes beam intensity decreased only for the fifth pulse because the
pump energy was small. The results of comparing the THz-wave
output of a conventional is-TPG with that of the pulse train
is-TPG are shown in Fig. 8(b). The black dots represent the mea-
sured THz-wave output of the conventional is-TPG as a function
of input pump power, while the orange dots indicate the total
THz-wave output generated by the pulse train. The red dots show
the estimated THz-wave output per pulse, calculated by dividing
the total output of the pulse train by the number of pulses.
Comparing the per-pulse THz-wave output of the pulse train
is-TPG (red dots) with that of the conventional is-TPG (black
dots), we find that the efficiency of the two approaches is nearly
the same, and that the total output increases proportionally with

the number of pulses. This implies that by further increasing the ¢

number of pulses, it would be possible to obtain a THz-wave
output with higher average power while maintaining sufficient
pulse energy, thus demonstrating the usefulness of a pulse train
pump beam for achieving a high average output from an is-TPG.

IV. CONCLUSION

In this study, we sought to increase both the pulse energy and the
repetition rate, which can be difficult to achieve simultaneously in a
pulsed laser. It is generally difficult to increase the repetition rate of
lasers with high pulse energy, such as Nd:YAG lasers, due to thermal
effects. Therefore, we installed a laser cavity containing an amplifier
outside the laser to create a pulse train. By optimizing the Cr:-YAG
transmittance, the feedback rate, and the amplification rate, we created a
pulse train with a maximum of >50 pulses. When this pump pulse train
was applied to an is-TPG to generate THz waves, an improvement in
average power was observed compared to that provided by a conven-
tional is-TPG configuration, demonstrating the usefulness of the pulse
train pump beam. This method can be applied to generate pulse trains
from a laser pulse of various wavelengths and pulse widths, not only
1064 nm, by selecting an appropriate amplifier in the cavity. Thus, this
approach enables high average power in laser systems in which it was
previously difficult to increase the repetition rate; further applications
are expected.
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