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Ultrashort burst laser pulses are important for applica-
tions in laser processing and spectroscopy. However, exist-
ing burst generators face limitations in pulse time interval
tunability and coaxiality. Here, we present a burst pulse
generator that delivers coaxial ultrashort pulses with tun-
able pulse time intervals using a single translation stage.
The constructed system produced eight femtosecond pulses
with uniform intervals tunable from 100 fs to 1.93 ns, equiv-
alent to burst-internal repetition rates spanning 10 THz
to 0.52 GHz. We further demonstrated interval-dependent
plasma emission in air filamentation, providing a compact
platform to study burst-laser-induced phenomena. © 2026
Optica Publishing Group. All rights, including for text and data mining
(TDM), Artificial Intelligence (Al) training, and similar technologies,
are reserved.

https://doi.org/10.1364/0L.592952

Ultrafast laser—matter interactions involve processes on fem-
tosecond to nanosecond timescales, including carrier excitation,
electron—phonon coupling, lattice heating, plasma expansion,
and shockwave generation [1,2]. Burst pulses provide a way to
couple selectively to these dynamics, and the pulse time interval
is therefore a critical parameter [3]. At sub-picosecond to few-
picosecond delays, pulses interact with carriers before equilibra-
tion with the lattice, enabling coherent excitation such as optical
phonons and terahertz emission [4]. At picoseconds to tens of
picoseconds, interactions with melt formation and early plasma
expansion can influence surface morphology and induce regular
periodic surface structures [5,6]. At hundreds of picoseconds to
nanoseconds, pulses couple to slower responses: during thermal
relaxation, they can drive ablation cooling and enhance material
removal efficiency [7,8], interaction with the expanding plasma
can increase emission signals in laser-induced breakdown spec-
troscopy (LIBS) [9], coupling to the hydrodynamic response can
reinforce shockwaves [10], and appropriately timed pulses can
facilitate discharge guiding [11]. These examples show that di-
verse applications, including laser processing, LIBS, discharge
guiding, and phonon excitation, are strongly dependent on the
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pulse time interval, highlighting the importance of sources that
can tune delays from femtoseconds to nanoseconds.

The generation of burst pulses can be broadly divided into two
approaches. The first relies on controlling the repetition rate of
the seed laser using modulators such as electro-optic or acousto-
optic devices, followed by amplification [12,13]. This technique
has been widely applied in industrial laser systems. However,
the achievable control over the pulse time interval and pulse en-
ergy is restricted by distortions introduced in the gain medium
and the risk of optical damage during amplification. The sec-
ond approach is based on shaping a single femtosecond pulse
into multiple sub-pulses using free-space optics [14-21]. Var-
ious schemes have been demonstrated, including Fabry—Perot
cavities [14,15], free-space delay loop [16], free-space angular-
chirp-enhanced delay [17], and spectrum shuttle [18]. These
methods can generate bursts with adjustable intervals and coax-
ial output, although they generally face difficulties in achieving
pulse time intervals shorter than about 10 ps. Other free-space
designs, such as Deathstar [19] and dual parallel reflection [20],
can extend the interval from the femtosecond to the nanosec-
ond regime. However, the pulses emerge from different spatial
positions and are therefore not coaxial. Multiple Michelson in-
terferometers [21] can provide coaxial ultrashort bursts with
femtosecond-to-picosecond intervals. However, extension to the
nanosecond regime requires long delay paths exceeding a meter,
and the use of multiple interferometer stages demands indepen-
dent tuning for each stage, which complicates operation. A com-
pact comparison of these methods is provided in Supplement 1
and Table S1.

In this Letter, we present a burst delay line (BDL) that pro-
vides coaxial ultrashort pulse bursts with interval tunability
from femtoseconds to nanoseconds, corresponding to pulse-to-
pulse repetition rates spanning the terahertz (THz)-to-gigahertz
(GHz) range. In the BDL, multiple Michelson geometries are
combined so that each pulse undergoes a different number of
round trips through a single translation stage, enabling adjust-
ment of the pulse time interval by operating only one stage.
Using this configuration, we generated an eight-pulse burst with
femtosecond pulse duration and demonstrated tunability of the
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Fig. 1. Schematic of a burst delay line (BDL) for generating
eight-pulse bursts. 4/2, Half-wave plate; BS1-3, beam splitter 1-3;
MS1-8, Mirror set 1-8; PBS, polarizing beam splitter. The dotted
line marks the reference stage position for equal optical paths.

pulse time interval across the femtosecond—nanosecond range.
Furthermore, we applied the system to investigate pulse time
interval-dependent side plasma emission in air filamentation in-
duced by burst pulses. The BDL provides a versatile platform
for investigating interval-dependent ultrafast phenomena across
multiple regimes of light—matter interaction.

Figure 1 shows a schematic of the BDL for generating eight-
pulse bursts. The system consists of two half-wave plates, three
beam splitters (BS1-3), a polarizing beam splitter (PBS), and
multiple mirrors, which are grouped into eight mirror sets
(MS1-8) for clarity. A single input pulse is first adjusted by a
half-wave plate so that the pulses are S-polarized at BS1-3. At
BS1, one path passes through the delay implemented by MS1
before reaching BS2, while the other path is reflected by MS2 on
the translation stage and then directed to BS2. At BS2, the pulse
is again divided: one path passes through MS3 before reaching
BS3, and the other undergoes two round trips between MS4 on
the fixed mount and MS5 on the translation stage before enter-
ing BS3. At BS3, the pulse is further divided: one path passes
through MS6 before reaching the PBS, while the other under-
goes four round trips between MS7 on the fixed mount and MS8
on the translation stage before arriving at the PBS. By rotat-
ing the polarization of one path with a half-wave plate, the PBS
finally combines all eight pulses into a coaxial output.

In this configuration, the round-trip paths are arranged par-
allel to the translation stage motion. The delays of MS1, MS3,
and MS6 are designed such that, at a specific reference posi-
tion of the translation stage, the two optical paths at each of the
three splitting points are equal. Consequently, the eight pulses
experience different numbers of round trips (0—7) between the
stage-mounted and fixed mirrors, and the resulting pulse time in-
terval 7 depends on the stage displacement L from the reference
position as

T=—, (1)
c

where ¢ is the speed of light. Thus, by translating the stage
over distances ranging from tens of micrometers to hundreds of
millimeters, the BDL enables tuning of the output burst pulse
interval from the hundreds of femtoseconds to the nanosecond
regime. The pulse duration of the output burst is affected by the
positive dispersion of the BDL. By using negatively pre-chirped
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input pulses, the output pulses can be temporally compressed,
allowing the generation of ultrashort burst pulses. The relative
intensity of each output pulse with respect to the incident pulse,
referred to here as the throughput per pulse, is determined by
the splitting ratios of the beam splitters together with the trans-
mission and reflection losses of the optical components. The
throughput 7; /I, for the k-th pulse can be expressed as

I/l = []‘[il C; (BS; ()] Ay 2

Here, C; (BS; (k)) represents the transmission or reflection coef-
ficient of BSi depending on whether the k-th pulse is transmitted
(T;) or reflected (R;). The sequence of transmission/reflection at
BS1-3 for the eight pulses is given as follows: pulse 1 (T-R-R),
pulse 2 (R-T-R), pulse 3 (T-T-T), pulse 4 (R-R-T), pulse
5 (T-R-T), pulse 6 (R-T-T), pulse 7 (T-T-R), and pulse 8
(R-R-R). A denotes the cumulative loss of all other opti-
cal components along the path of the k-th pulse, including the
mirrors, the half-wave plates, and the PBS. With 50:50 beam
splitters and low-loss optics, the BDL enables efficient genera-
tion of uniform-intensity burst pulses with high throughput. In
the output burst, pulses 1-4 are P-polarized and pulses 5-8 are
S-polarized with respect to the PBS. The BDL can be extended
to 16 pulses by adding one splitting stage, although scalability
is limited by alignment sensitivity, optical loss, and dispersion.

We constructed the BDL within a footprint of 450mm x
700 mm. To provide flexibility with respect to the source wave-
length, the system was designed to operate at both 800nm and
1030nm by replacing only the half-wave plates (WPHI10M-
808 or WPH10M-1030, Thorlabs). For S-polarized input, the
beam splitters BS1-3 (BSS11R, Thorlabs) were measured to
have transmission/reflection ratios of 60%/40% at 800nm and
61%/39% at 1030nm. The PBS (PBS252, Thorlabs) was used
to combine the pulses coaxially. The mirrors in MS1-8 were
protected silver mirrors, including a plane mirror (PF10-03-P01,
Thorlabs), a right-angle prism mirror (MRAK25-PO1, Thor-
labs), and a roof mirror (HRS1015-PO1, Thorlabs). The current
optics support approximately 700-1050nm; replacing the BS,
PBS, and half-wave plates could extend the reflective BDL ge-
ometry over the 450 nm—2 um mirror range. The translation stage
was a 300 mm linear stage (DDS300, Thorlabs), and the delays
of MS1, MS3, and MS6 were adjusted so that 7= 0 corresponded
to a stage position 10mm from one end, allowing a maximum
travel of L = 290mm (7 = 1.93ns). As light sources, we used
a mode-locked Ti:sapphire laser with a chirped pulse amplifier
system (Astrella-USP-1K, Coherent), operated at 100Hz and a
central wavelength of 800nm with a negatively chirped pulse
duration stretched from 40 fs to 260 fs, and a Yb-based laser
(Tangor, Amplitude), operated at 200kHz and at 1030nm with
a compressed pulse duration of 500 fs.

We first evaluated the tunability of the pulse time interval us-
ing the 800nm wavelength band. The interval T was varied by
adjusting the translation stage displacement L. For T > 50 ps,
the time intervals were measured with a 1.2-GHz photodiode
(818-BB-21, Newport) and an 8-GHz oscilloscope (MSO64,
Tektronix). For T < 20 ps, the time intervals were determined
using frequency-resolved optical gating (FROG) with a tempo-
ral resolution of 10 fs. In the FROG measurements, two pulses
were selected at a time, and their separation was measured. By
repeating this procedure, the intervals among all eight pulses
were obtained. As shown in Fig. 2, the measured pulse inter-
vals from 100 fs to 1.93 ns agreed well with the theoretical line
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Fig. 2. Pulse time intervals T varied by adjusting the translation
stage displacement L. The error bars indicate the minimum and
maximum values of the intervals among the eight pulses.
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Fig. 3. Temporal waveforms of the eight pulses measured at
800 nm.

calculated using Eq. (1). This corresponds to pulse-to-pulse rep-
etition rates from 10 THz down to 0.52 GHz. From the specified
bidirectional repeatability of the translation stage (+0.25 um),
the pulse-interval repeatability was estimated to be +1.7 fs.

We next evaluated the pulse duration of the compressed burst
pulses. Using negatively chirped input pulses at the 800nm
wavelength band, we demonstrated the generation of com-
pressed burst pulses. The temporal profiles of the eight pulses
were independently retrieved using a FROG (Fast FROG PS1,
Femto Easy). The obtained waveforms are shown in Fig. 3, con-
firming that ultrashort burst pulses with an FWHM duration of
49.0 + 3.0 fs were achieved. The small pulse-to-pulse waveform
differences in Fig. 3 are attributed to residual path-dependent
spectral amplitude and phase variations; nevertheless, disper-
sion arising from different BS transmissions was estimated to
cause less than 1% temporal broadening for the measured 50-fs
pulses.

We next evaluated the throughput per pulse at both 800 nm
and 1030nm wavelength bands. The energies of the incident
and output pulses were measured with energy meters (PE10-
C, Ophir, for 800 nm; FL250A-BB-35, Ophir, for 1030 nm), and
the throughput per pulse was calculated. The results are shown
in Fig. 4, together with the theoretical values calculated using
the measured transmission/reflection ratio of the BSs and the
manufacturer-specified losses of the mirrors and PBS, demon-
strating good agreement. The variation in throughput among
the pulses originates from the transmission and reflection ra-
tios of the beam splitters; pulse 3 is higher because it follows
the T-T-T path for a 60%/40% splitting ratio. The over-
all throughput was 48% at 800nm and 53% at 1030nm. The
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optical loss mainly arose from multiple reflections at the mirrors
(reflectivity 95-97%), which could be improved by employing
mirrors with higher reflectivity.

At 800 nm, the output pulses showed near-field centroid shifts
within 500 pm and pointing angles within £150 prad over
the full tuning range (see Supplement 1, Fig. S1). We then
demonstrated the applicability of the BDL to the investigation
of interval-dependent phenomena by exploiting its ability to
deliver coaxial ultrashort burst pulses with tunable pulse time in-
tervals from the femtosecond to nanosecond regime. As a repre-
sentative example, we formed air filamentation with burst pulses
and spectrally measured the plasma emission. Filamentation is a
highly nonlinear process that is sensitive to pulse-to-pulse tim-
ing, and this demonstration highlights the potential of the BDL
for systematically probing interval-dependent plasma dynamics.
Using the 800 nm wavelength band, eight pulses with a total en-
ergy of 2.2 mJ were focused by a 150mm focal length lens, as
shown in Fig. 5(a). Side plasma emission was collected by a
24 mm focal length lens and detected with a spectrometer (Iso-
Plane, Princeton Instruments) with a gate width of 20ns. The
pulse time interval was varied from O to 1933 ps on a loga-
rithmic scale, and for each interval, 10° shots were acquired
in synchronization with the 100 Hz laser repetition rate. Here,
T = 0 ps denotes the nominal zero-delay position extrapolated
from the measured 7 = 100 fs condition, where pulses may
overlap coherently or nonlinearly. Only the pulse interval was in-
tentionally varied; pulse-to-pulse waveform and peak-intensity
differences may affect absolute emission intensities but were not
independently controlled.

Figure 5(b) shows the side emission spectra of filamentation
generated by eight pulses for different pulse time intervals. In the
measured range of 320—480nm, the emission exhibited strong
dependence on the interval. The 391 nm line from ionized ni-
trogen was strongest at 20-500 ps, when the subsequent pulses
interact with a plasma of high electron density, enhancing ionic
excitation. In contrast, the 337nm line attributed to neutral ni-
trogen became prominent at 500-1000 ps, where plasma expan-
sion and reduced electron temperature favor neutral-state emis-
sion. Furthermore, a broad continuum appeared in the longer-
wavelength region around 200-500 ps, which can be attributed
to recombination radiation and electron—ion bremsstrahlung in
the well-developed plasma. To further examine the interval de-
pendence, Figs. 5(c) and 5(d) compare the emission intensities
at 337nm and 391 nm for eight pulses, four pulses (pulses 1-4),
and two pulses (pulses 1 and 2). Although the overall depen-
dence was similar irrespective of the number of pulses, the
interval dependence became more pronounced as the number
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Fig. 5. Interval-dependent plasma emission from air filamen-
tation induced by burst pulses. (a) Experimental setup. (b) Side
emission spectra obtained with eight pulses at varying pulse time
intervals. (c) Normalized emission intensity at 337nm and (d) at
391 nm as a function of the pulse time interval for eight, four, and
two pulses.

of pulses increased. These results demonstrate that by adjust-
ing the pulse time interval, the emission of specific species can
be selectively enhanced. Such controllability suggests poten-
tial applications in remote atmospheric sensing, where selective
enhancement of molecular or ionic emission lines is valuable,
as well as in plasma-based light sources and filament-assisted
discharge guiding.

In this study, we developed a burst delay line (BDL) capable
of generating coaxial ultrashort pulse bursts with tunable pulse
time intervals from the femtosecond to nanosecond regime,
corresponding to THz-to-GHz pulse-to-pulse repetition rates.
We verified its performance through measurements of interval

Vol. 51, No. 11/1 June 2026/ Optics Letters 3167

scaling, pulse duration, and throughput, and we demonstrated its
applicability in air filamentation by resolving interval-dependent
plasma emission. The ability to flexibly tailor the pulse time
interval while preserving ultrashort duration makes the BDL a
powerful tool for burst-laser—induced phenomena. In particular,
it opens new possibilities for applications in laser processing and
manufacturing, where ablation efficiency and surface quality
depend strongly on pulse timing, and in laser-induced break-
down spectroscopy, where selective enhancement of molecular
and ionic emission lines is valuable. More broadly, it provides a
compact platform for advancing ultrafast science and technology
across diverse light—matter interactions.
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