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Ultrashort burst laser pulses serve as powerful tools for pre-
cise laser processing, broadband ultrafast spectroscopy, and
high-speed laser-scanning microscopy. However, the perfor-
mance of conventional burst pulse generators is limited by
constraints in the pulse time interval variability, pulse energy
variability, pulse number variability, and overall system
complexity. Here, we present a compact burst pulse genera-
tor that offers a broad tuning range for pulse time intervals,
along with control over the number of pulses and pulse ener-
gies within the burst. It consists of four mirrors, two of which
are parallel to each other, and outputs pulses that are equally
spaced both temporally and spatially. We demonstrated the
generation of a burst laser pulse by shaping a single ultra-
short laser pulse into six pulses with time intervals ranging
from femtoseconds to nanoseconds. The pulse time intervals
and energies were consistent with theoretical results. ©
2025 Optica Publishing Group. All rights, including for text and data
mining (TDM), Artificial Intelligence (AI) training, and similar tech-
nologies, are reserved.

https://doi.org/10.1364/OL.557473

Recent advancements in high-power femtosecond (fs) laser
sources and pulse-shaping technologies have enabled the gen-
eration of high-energy burst laser pulses—packets of high-
repetition-rate pulses repeated at lower frequencies—spanning
applications in broad research areas and industrial fields [1,2].
For example, in laser processing, the usage of bursts of femtosec-
ond (fs) laser pulses at gigahertz (GHz) frequencies enhances
the processing precision and material ejection efficiency com-
pared with single-pulse laser processing [3,4]. In ultrafast
spectroscopy, frequency-dependent material responses in the
GHz to terahertz (THz) range can be probed using burst laser
pulses with tunable temporal spacing [5–7]. Moreover, the use
of burst laser pulses increases the data acquisition speed in
laser-scanning microscopy, where each pulse is directed toward
separate regions of a biological sample for the spatiotemporal
multiplexing measurement of fluorescence [8–12]. These suc-
cesses in various applications of burst laser pulses have led to
a growing demand for further technological developments of

the method to precisely control the time interval, energy, and
number of pulses within a burst.

However, conventional burst pulse generators often lack one
or more of the following attributes: wide tunability of the pulse
time interval, variability in the energy for each pulse within
the burst, variability in the pulse number, and system compact-
ness. The generation of burst laser pulses can be classified into
two methods: (1) adjusting the repetition frequency of the seed
laser pulse using a pulse picker [e.g., electro-optic modulator
(EOM) and acousto-optic modulator (AOM)] before entering
the laser amplifier [13,14] and (2) shaping a single amplified fs
laser pulse into sub-pulses using a free-space delay line [15–20].
While the former method is widely used in industrial applica-
tions such as laser manufacturing, unwanted pulse distortion
and optical damage to the gain medium limit control over the
pulse time interval, pulse energy, and pulse number. In meth-
ods to generate burst laser pulses using a free-space delay line
such as Fabry–Perot cavities [15,16], spectrum circuit [17,18],
spectrum shuttle [19], free-space angular-chirp-enhanced delay
[20], and Deathstar [21–23], the pulse time interval corresponds
to the round trip length of circulation or reflection. Hence, its
time interval can be easily changed by controlling the position of
the optics. However, previous methods require complicated and
large optical systems to achieve pulse time intervals of ∼10 ps
or less, posing challenges for system integration. Additionally,
large optical systems inherently increase the optical path length,
which reduces their robustness to environmental disturbances
such as vibrations and air turbulence.

In this Letter, we present a dual parallel reflection (DPR) burst
pulse generator that provides a wide tuning range for the pulse
time interval while allowing for control of the pulse energy and
pulse number. It consists of four mirrors, two of which are par-
allel to each other, and outputs pulses that are equally spaced
both temporally and spatially (Fig. 1). The first set of mirrors
consists of a reflective mirror (mirror 1 in Fig. 1) and a partially
reflective mirror (mirror 2 in Fig. 1), each with a rotation angle
around the y axis. The second set of mirrors consists of two
reflective mirrors (mirrors 3 and 4 in Fig. 1), each with a rota-
tion angle around the x and y axes. After passing through the first
set of mirrors, the pulses are aligned parallel to the horizontal
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Fig. 1. Schematic of a DPR burst pulse generator with three
output pulses. Mirrors 1 and 2 and mirrors 3 and 4 are parallel to
each other. The dashed lines indicate rays obscured by mirror 4.

direction and pass through the upper part of mirror 3. There-
after, the pulses are reflected by mirror 4 and undergo multiple
reflections in the second set of mirrors. The pulses incident on
the second set of mirrors are reflected different number of times,
resulting in a final output of pulses that are equally aligned in the
vertical direction. Consequently, the incident single pulses are
repeatedly reflected and transmitted in the parallel set of mirrors,
producing temporally and spatially equally spaced pulses.

We can widely tune the pulse time interval by changing the
distance between the second set of mirrors. The time interval of
the pulse T is expressed as

T =

(︂
Z2 +

√︁
Z2

2 − X2 − Y2
)︂
−

(︂
Z1 +

√︁
Z1

2 − X2
)︂

c
, (1)

where c is the speed of light, X is the spatial distance
between adjacent pulses after passing through the first set
of mirrors, Y is the spatial distance between adjacent pulses
after passing through the second set of mirrors, Z1 is the
distance between the first set of mirrors in the z-direction
[Z1>(2X2 + Y2)/

(︂
2
√

X2 + Y2
)︂
], and Z2 is the distance between

the second set of mirrors in the z-direction (Z2
2>X2 + Y2). Equa-

tion (1) (see Supplement 1 for the derivation of the equation) is
valid for 0<α1 ≤ π/4 and 0<α2 ≤ π/4, where α1 and α2 are the
angles of incidence of the pulses on the first and second set of
mirrors, respectively. The time delay produced by the first set
of mirrors is canceled by the second set of mirrors at Z2 = Z′

2,
where Z′

2 is expressed as

Z′

2 =
X2 + Y2 +

(︂
Z1 +

√︁
Z1

2 − X2
)︂2

2
(︂
Z1 +

√︁
Z1

2 − X2
)︂ . (2)

There is a linear relationship between the pulse time interval
and the distance between the second set of mirrors in the z-
direction when Z2

2 ≫ X2 + Y2 (Fig. 2). Moreover, without using
the second set of mirrors, it is difficult to output a burst laser
pulse with an fs-order pulse time interval for an input beam
diameter larger than a few millimeters and an output number of
pulses greater than three (see Supplement 1, Fig. S2).

The energy of each pulse within the burst can be controlled
by changing the reflectance and transmittance of the partially

Fig. 2. Theoretical plot of the pulse time interval with the distance
between the second set of mirrors in the z-direction. The offset on
the distance between the second set of mirrors (Z′

2) is subtracted on
the horizontal axis.

reflective mirror (mirror 2 in Fig. 1). The transmittance profile
of a partially reflective mirror is expressed as

Ti =
Ii

(1 − r′)I0r2M−i−1
∏︁i−1

k=1 Rk
, (3)

where i is an integer denoting the pulse number (i= 1 denotes
the pulse transmitted first through the partially reflective mirror),
Ii is the pulse energy after passing through the second mirror,
r′ is the reflectance on the back side of the partially reflective
mirror (mirror 2 in Fig. 1), r is the reflectance of the reflective
mirror (mirrors 1, 3, and 4 in Fig. 1), M is the total number of
output pulses, and Ri is the reflectance of the partially reflective
mirror in the region traversed by the i-th pulse (see Supplement 1
for the derivation of the equation). By designing a partially
reflective mirror with the transmittance profile based on Eq. (3),
the desired energy for each pulse within the burst is obtained.
Figure 3(a) shows the pulse energy of the burst laser pulse for
output pulses of 20 (M = 20). For the calculations, the energy
losses from the DPR burst pulse generator were neglected (r= 1,

r′ = 0, and I0 =
M∑︁

k=1
Ik). Three different transmittance profiles of

the partially reflective mirror were assumed in the calculations
[Fig. 3(b)]. The DPR burst pulse generator enables tailoring burst
laser pulses with various temporal patterns by designing the
transmittance profile of a partially reflective mirror. Noted that as
shown in Fig. 3(b), it is impossible to completely match the total
energy of the burst laser pulse to the pulse energy entering the

DPR burst pulse generator (I0>
M∑︁

k=1
Ik) because finite sections of

the Gaussian distribution are discretized to produce a Gaussian-
distributed burst pulse. Therefore, unlike the other transmittance
profiles of the partially reflective mirrors, the transmittance in
the area through which the 20th pulse passed did not reach 100%.

To evaluate the performance of the DPR burst pulse generator,
we constructed it in a 100 mm× 500 mm space. To the best of
our knowledge, its size is more compact than previous methods
[21–23] with a comparable pulse time interval tuning range (see
Supplement 1). As a proof-of-principle experimental setup, we
used a step-density filter (32-599, Edmund) as a partially reflec-
tive mirror to produce six pulses. The distance between the first
set of mirrors was set to Z1 = 46.8 mm, and the spatial distance
between adjacent pulses after passing through the first set of
mirrors was set to X = 4.6 mm. The spatial distance between the
adjacent pulses after passing through the second set of mirrors
was set to Y = 3.2 mm. A mode-locked Ti:sapphire laser with
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Fig. 3. Theoretical plots of the pulse energy for each pulse within
the burst. (a) Output pulse energy distribution for a pulse number of
20 (red, Gaussian; green, linear increase; blue, constant). (b) Trans-
mittance profile of a partially reflective mirror to produce the output
pulse energy distribution shown in (a). The correspondence between
the output pulse energy distribution and transmittance profile is
shown in the same color plots.

a chirped pulse amplifier system (Astrella-USP-1 K, Coherent)
was used as the light source to generate an ultrashort pulse laser
with a central wavelength of 803 nm, a bandwidth of 35 nm, and
a pulse width of 35 fs at a repetition rate of 1 kHz.

We first demonstrated the generation of burst laser pulses with
pulse time intervals ranging from femtoseconds to nanosec-
onds. The pulse time interval was changed by adjusting the
distance between the second set of mirrors in the z-direction
while maintaining the spatial distance between adjacent pulses.
The time intervals of pulses exceeding sub-nanoseconds were
measured using a 33-GHz photodiode (DPO7OE1, Tektronix)
with a 23-GHz oscilloscope (MSO72304DX, Tektronix). The
time intervals of pulses of picoseconds or less were measured
using cross correlation. For cross correlation measurements, the
pulse was split using a beam splitter before entering the DPR
burst pulse generator to create a reference pulse. A delay line
was placed in the reference beam path. The burst laser pulse and
reference pulse were focused onto a beta barium borate crys-
tal (5 mm× 5 mm× 2 mm) using a lens. A frequency-doubled
laser pulse was detected using a photodiode (DET36A/M, Thor-
labs) connected to an oscilloscope. The measured pulse intervals
agreed with the theoretical curves calculated using Eq. (1)
[Fig. 4(a); see Supplement 1].

Next, the energy of each pulse within a burst was meas-
ured. The theoretical values were calculated by substituting the
transmittance and reflectance of the partially reflective mirror
into Eq. (3). The pulse energy was measured using an energy
meter (PM100D, Thorlabs). As shown in Fig. 4(b), the meas-
ured energy of the pulses reflects the transmittance profile of the
partially reflective mirror. These results indicate that the energy
of each pulse within the burst can be controlled by the trans-
mittance profile of the partially reflective mirror. Therefore, it
is important to select a substrate of partially reflective mirror
with negligible absorption for minimizing laser power loss by
the DPR burst pulse generator.

We next compare the DPR burst pulse generator with previous
burst pulse generators. First, the DPR burst pulse generator uses
fewer optical elements and requires a shorter optical path length
compared to Deathstar [21–23], which has a similar tunable
range of the pulse time interval, pulse energy, and pulse number
within the burst (see Supplement 1). Using fewer optical ele-
ments minimizes error accumulation from mirror flatness and

Fig. 4. Producing GHz to THz burst laser pulses by a DPR burst
pulse generator. (a) Pulse time intervals ranging from 70± 20 fs to
1.000± 0.003 ns adjusted by the distance between the second set
of mirrors in the z-direction. The error bar represents the standard
deviation of the pulse intervals among six pulses. (b) Energy for
each pulse within the burst. The error bar represents the standard
deviation of the energy for 60,000 pulses.

surface roughness, while a shorter optical path length enhances
robustness against environmental disturbances such as vibra-
tions and air turbulence. However, the DPR burst pulse generator
requires an adjustment of the mirror angle in addition to chang-
ing the spacing of the second set of mirrors to change the pulse
time interval. Regarding pulse energy tunability, similar to its
use in Deathstar, the partially reflective mirror of the DPR burst
pulse generator needs to be replaced with specifically designed
one to achieve the desired energy distribution for each applica-
tion. Second, the DPR burst pulse generator outputs pulses that
are equally spaced both temporally and spatially, whereas other
burst generators such as the reverberation loop [9], Fabry–Perot
cavities [15,16], spectrum circuits [17,18], and spectrum shut-
tle [19] output collinear burst laser pulses. As a result, the full
aperture of the objective lens cannot be utilized to focus the
burst laser pulses on the sample. However, our method offers
advantages in situations where burst laser pulses are focused
with a low numerical aperture condition in applications such as
laser processing, laser-scanning microscopy, and phonon spec-
troscopy. Although the DPR burst pulse generator can output
collinear burst laser pulses by placing a retro-reflecting mirror
immediately after the second set of mirrors, such an approach
results in a power loss.

The DPR burst pulse generator is expected to have a wide
range of scientific and industrial applications. Because it can
generate burst laser pulses at fs time intervals, it can be used as a
burst generator for single-shot ultrafast spectroscopy [24,25] and
THz burst-mode laser processing [26,27]. Furthermore, the use
of burst laser pulses to generate multi-cycle longitudinal waves
can potentially enhance the acoustic signal from biological sam-
ples and increase the signal-to-noise ratio [5,21]. Therefore,
the ability to generate burst laser pulses on sub-nanosecond
timescales enables the possibility of using the DPR burst pulse
generator in phonon spectroscopy to study cell biomechanics,
where the Brillouin frequency of biological cells is typically on
the order of ∼1 GHz [28–30].

In conclusion, we presented an ultrashort burst pulse gener-
ator that provides a wide tunable range of pulse time intervals
while allowing control of the pulse number and pulse energy.
The generation of burst laser pulses was demonstrated by shap-
ing a single femtosecond laser pulse into six pulses with pulse
intervals ranging from femtoseconds to nanoseconds, closely
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matching their pulse time intervals and energies with theoreti-
cal results. Our simple and compact burst pulse generator has
the potential to replace conventional non-collinear burst pulse
generators, enabling precise control of the pulse time interval,
pulse number, and pulse energy.
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