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Abstract

Rapid advancements in high-energy ultrafast lasers and free electron lasers have made it possible to obtain extreme
physical conditions in the laboratory, which lays the foundation for investigating the interaction between light and matter
and probing ultrafast dynamic processes. High temporal resolution is a prerequisite for realizing the value of these large-
scale facilities. Here, we propose a new method that has the potential to enable the various subsystems of large scientific
facilities to work together well, and the measurement accuracy and synchronization precision of timing jitter are greatly
improved by combining a balanced optical cross-correlator (BOC) with near-field interferometry technology. Initially,
we compressed a 0.8 ps laser pulse to 95 fs, which not only improved the measurement accuracy by 3.6 times but also
increased the BOC synchronization precision from 8.3 fs root-mean-square (RMS) to 1.12 fs RMS. Subsequently, we
successfully compensated the phase drift between the laser pulses to 189 as RMS by using the BOC for pre-correction
and near-field interferometry technology for fine compensation. This method realizes the measurement and correction of
the timing jitter of ps-level lasers with as-level accuracy, and has the potential to promote ultrafast dynamics detection
and pump—probe experiments.
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1. Introduction performed attosecond pump-probe experiments and

explored the application of this novel technique in ionization

With the development of laser technology, the peak
power of laser pulses has been increased to terawatt,
petawatt or even exawatt levels!' !, which has promoted
the progress of high-field ultrafast laser science by
driving particle acceleration!*®!, secondary radiation
such as electromagnetic pulses emission!”), terahertz
systems®19 quasiparticles emission!'!!, and extreme
electric and magnetic fields excitation''”'?!. On the other
hand, free electron lasers (FELs) have been proven excellent
detection light sources due to their wide and continuously
adjustable spectral coverage, high beam quality and short
pulse duration!'!, Recently, researchers have successfully
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dynamics'"®!. High-precision time synchronization is the
key factor for successful implementation of ultrafast pump—
probe experiments, which have been performed more and
more frequently on laser facilities and FELs. Reducing
the timing jitter between laser pulses is invaluable for
enhancing the performance of lasers, thus achieving efficient
and stable operation in areas such as precise measurement
and high-field ultrafast laser physics. In scientific research
projects that involve large-scale time synchronization, such
as FELs and particle accelerators, the active correction of
timing jitter plays a crucial role!'®!. By precisely correcting
timing jitter, it is possible to ensure that all systems achieve
accurate collaborative operation, thereby liberating the full
value of large-scale scientific facilities. Furthermore, for
applications related to the laser field, such as the generation
of high harmonics!'”! and attosecond pulses!'®!, optical
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phase-locked electron emission’ and attosecond electron
pulse generation!'”], the timing jitter needs to be controlled
within one optical cycle, that is, at the attosecond level.

The balanced optical cross-correlator (BOC), which was
introduced in 20031/, has played a pivotal role in the
synchronization of laser envelopes with its unique advan-
tages and has shown broad application prospects in practi-
cal applications. In 2022, Yang et al!*'! characterized the
timing jitter of a self-made high-repetition-rate solid-state
fiber laser, which had a pulse train timing jitter root-mean-
square (RMS) of 130 as using the BOC technology. To
prevent signal distortion or errors caused by time devia-
tion and maintain excellent accuracy and stability during
transmission, precise measurement and control of timing
jitter are necessary. In 2024, Wu et al!*’! combined a
novel heterodyne method with BOC technology to determine
the out-of-loop timing jitter performance of a free-running
Ti:sapphire laser, with out-of-loop integrated timing jitter of
11.9 as from 10 kHz to the Nyquist frequency (50 MHz).
Interferometry, as an excellent measurement technology that
utilizes the coherence of lasers to measure phase fluctuation,
can also capture extremely minuscule timing jitters by ana-
lyzing changes in interference patterns. In 2013, Chosrow-
jan et all>*! demonstrated using coherent beam combining
technology in high-power multi-channel amplifier systems
to increase pulse power as a proof of principle, and utilized

propagation distances. These approaches not only necessitate
costly equipment, but also fail to convincingly demonstrate
their applicability and scalability in large-scale laser sys-
tems. Precise control of both noise and timing jitter is
necessary for large laser systems operated in complex and
ever-changing environments. Therefore, the development of
a method to measure and correct the timing jitter of the
pulse trains that have longer duration and longer prop-
agation distances is essential to ensure the stability and
reliability of laser systems in high-precision experiments and
applications.

In this article, we introduce a synchronization technology
that combines the BOC and interferometry measurement to
characterize the time fluctuation of the laser pulse envelope
and phase. With time-delay feedback loops, the time drift
between picosecond laser pulses is compensated to 189 as
(1/18). Benefiting from the advantages of the BOC in terms
of large correction range and interferometry in phase sensi-
tivity, this technology offers strong anti-interference ability
and high measurement accuracy. Fine compensation of tim-
ing fluctuation provides a basis for pump—probe experiments
of attosecond accuracy and phase sensitivity.

2. Experimental setup, results and analysis

the near-field interference method to compensate for the
timing jitter of the optical phase introduced by laser systems,
realizing RMS timing jitter control of approximately A/25. In
2020, Liu et al.”*! proposed double-humped spectral beam
interferometry to simultaneously measure the absolute time
delay and the relative time delay, and the RMS deviation of

approximately 70 as was achieved.

The aforementioned methods for measuring and control-
ling noise and timing jitter either require identical lasers or
are tailored specifically for femtosecond lasers with short
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The experimental setup is shown in Figure 1. The sys-
tem is driven by a Yb:yttrium aluminum garnet (YAG)
laser with 0.8 ps pulse duration, 740 pJ pulse energy and
1030 nm center wavelength. The BOC technology is adopted
to characterize the time fluctuation. The cross-correlation
intensity of BOC measurement has a linear characteristic
within a specific delay range, which is attributed to the
overlap of two laser pulses in time. It is worth noting that
the slope of the linear region represents the measurement
accuracy. A shorter pulse duration makes it easier to acquire
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Figure 1. Schematic illustration of the experimental setup. BS1-BS4, beam splitters; L1-L4, lenses; CM1 and CM2, curved mirrors; MPC, multi-pass
cavity; DM1 and DM2, dispersive mirrors; ODL1 and ODL2, optical delay lines.
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Figure 2. Temporal characterization after compression. (a) Measured FROG traces. (b) Retrieved FROG traces. (c) Retrieved spectrum (red line) and phase
(blue line) together with the measured spectrum (black line). (d) Temporal intensity (red line) and phase (blue line).

steep slopes and improves measurement accuracy!>’. Thus,
further compressing the laser pulse duration is an effective
way to increase measurement accuracy.

A Herriott-type multi-pass cavity (MPC) is employed for
pulse duration compression, as depicted in Figure 1. It is
made up of two concave mirrors with a 600-mm curvature
radius and 2-inch diameter. The MPC is built in atmosphere,
and air is used as the nonlinear medium. Taking into account
the ionization threshold of air and the safe operation zone
of the MPC, the pulse energy is set to 650 wJ and the
distance between cavity mirrors is 750 mm. The spectrum is
continuously broadened due to self-phase modulation (SPM)
when the laser pulse performs 22 round trips in the MPC,
equating to a distance of 33 m in the air. The dispersion is
compensated by a pair of dispersive mirrors, which offer a
dispersion of —12,000 fs2.

The pulse temporal profile is characterized by a sec-
ond harmonic generation frequency-resolved optical gating
(SHG-FROG), as shown in Figure 2. The measured and
retrieved FROG traces are shown in Figures 2(a) and 2(b)
with a FROG error of 0.9%. As shown in Figure 2(c),
the measured (black line) and retrieved (red line) spectra
are in good agreement. The pulse duration at full width at
half-maximum (FWHM) is 95 fs, as shown in Figure 2(d).
The output pulse energy is 590 pJ, yielding about 90%
transmission efficiency.

The compressed laser pulses are split by a beam splitter
(BS1) and imported into different paths. After approxi-
mately 10 m of propagation, the timing fluctuation can arise
from several factors, with the major contributions typically
being atmospheric turbulence, mechanical vibrations of the
mirror holders and thermal drift caused by environmental
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temperature. Environmental temperature, in particular, is a
significant source of timing errors, as the refractive index of
air varies with temperature, leading to changes in the optical
path length. Mechanical vibrations are also important, as
even minor displacements of optical elements can alter the
optical path length and introduce timing jitter. While atmo-
spheric turbulence also plays a role, ensuring mechanical
stability and a constant temperature environment is often
the main concern in minimizing timing errors. Therefore,
the timing fluctuation needs to be actively compensated
through feedback control systems. Subsequently, the beams
are reflected by BS2 and BS3 into a BOC for time fluctuation
measurement. In addition, the BOC signal is analyzed to
control a feedback loop for the synchronization of pulse
envelopes.

Figure 3(a) depicts the detailed setup of the noncollinear
BOC. A 50:50 beam splitter splits the incident laser pulses
into two arms of the BOC. The laser beams are focused
noncollinearly on 0.5-mm-thick type-1 (6 = 23.4°,¢ = 0°)
beta barium borate (BBO) crystals for sum frequency gener-
ation (SFG). The noncollinear setup eliminates the influence
of second harmonics. A glass plate is inserted into one
of the transmitted beams for the reference of time offset.
The SFG signals are subtracted by a balanced photodetector
(PDB450, Thorlabs Inc.) to characterize the timing jitter.
Measurement error caused by energy drift is significantly
reduced by balanced detection.

To compare the BOC measurement accuracy for long and
short pulses, the cross-correlation ‘S’ curves are measured
with and without pulse duration compression (yellow dashed
lines in Figure 1), as shown in Figure 3(b). The correspond-
ing accuracy is 14.57 mV/fs (0.8 ps) and 52.5 mV/fs (95 fs),
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Figure 3. (a) Schematic of the noncollinear BOC. M, mirror; BS, beam
splitter; GP, glass plate; BBO1 and BBO2, beta barium borate crystals; PhD,
photodetector. (b) Measured cross-correlation curves at 0.8 ps and 95 fs,
respectively. (c) Timing drift of 0.8 ps when the feedback loop is off (gray
line) and on (black line) together with the timing drift of 95 fs when the
feedback loop is on (red line).

which indicates a 3.6 times improvement in measurement
accuracy by compressing the laser pulse duration from
0.8 ps to 95 fs via an MPC compressor. Analysis control
unit 1 includes a data acquisition card, which captures the
voltage amplitude output from the balanced photodetector
and converts it into timing jitter using the measurement
accuracy, thus determining the required movement distance
for ODLI1. This process forms a closed-loop feedback sys-
tem. The time fluctuation is corrected by the feedback loop,
in which the BOC signal is analyzed and a delay line
with 10 nm accuracy is controlled to compensate for the
drift. As shown in Figure 3(c), with higher measurement
accuracy, the corrected time fluctuation decreases from 8.3
to 1.12 fs RMS in 2 hours, which is shorter than one optical
cycle.

On this basis of the BOC-based feedback loop,
interferometry-based feedback is applied to further improve
the timing accuracy to attosecond level and realize phase
synchronization between laser pulses. Interferometry
benefits high precision in phase measurement by converting
the fluctuation of interference fringes to relative phase drift.
Assume that a laser propagates along the z-axis, which is
perpendicular to the plane formed by the x-axis (horizontal
direction) and the y-axis (vertical direction). The horizontal
spatial electric field distribution of the laser when it is
incident at a certain angle on the laser beam profiler can
be written as follows!>*¢!:

E(x) =A(x)exp[jkx+¢)], (1)

where A(x), k and ¢ represent the amplitude, wave vector
and phase of the laser on the x-axis, respectively. When laser
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Figure 4. (a) Schematic diagram of interference fringe intensity distribu-
tion with (red line) and without (black line) phase drift (inset shows the
coherently combined). (b) Time difference when the BOC system is ON
and when both BOC and interferometry are ON.

beams are incident on a camera with a small included angle,
the intensity of interference fringes is as follows:

109 =3 An@?+2) 0 3 Au)An()
-cos [2max/A+ (¢ — dm)]. 2

where X is the laser wavelength, Ap = 2rax/A + (¢ — Pm)
is the laser phase difference and « is the angle between
the two incident lasers beams. The interference period
D = ) /sin«. The optical path difference § = d x sin«, where
d is the movement distance of the interference fringes!>*l.
Thus, the timing jitter is converted to the movement distance
of the interference fringes.

As in the experimental setup shown in Figure 1, the trans-
missions of BS2 and BS3 are reflected onto a camera (Ophir-
Spiricon, BeamGage) with a small included angle to record
interference fringes. The fringes are analyzed by analysis
and control unit 2, which also includes data acquisition and
processing cards, captures the interference fringe data output
from the camera and calculates the movement distance d
of the fringes between consecutive moments, and optical
delay line 2 is controlled to compensate for the laser phase
drift.

The interference fringes are shown in Figure 4(a) with a
beam pattern as the insert. Phase shift between laser pulses
is characterized by the offset of interference fringes, as
indicated by the red dotted line in Figure 4(a). The shift of
interference fringes is converted to optical path difference
by § = d x sina. The included angle o = 0.13° is calculated
by an interference period of 439 wm. By fine adjustment of
the interferometry-based feedback loop, the time fluctuation
is compensated to 189 as RMS over 30 minutes, which
represents A /18 for a laser wavelength of 1030 nm, as shown
in Figure 4(b).

In the closed-loop feedback system, feedback bandwidth
plays a vital role in ensuring that the system operates
accurately, stably and efficiently. The feedback bandwidth
mainly depends on the performance of a series of
components in the experiment, including the photodetector,
data acquisition card, camera acquisition frequency,
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proportional-integral-derivative (PID) algorithm and the
response speed of the motor. Limited by the stepper motor
speed and camera acquisition speed, the feedback bandwidth
is 1 kHz and 10 Hz in the BOC and interferometry-based
feedback loops, respectively. The bandwidth can potentially
be further increased by improving the speed of the detection.
Furthermore, owing to the features of the optical delay line,
the timing jitter can be compensated for up to 66.7 as, which
ultimately determines the best compensation effect that
the synchronization system can achieve. The timing jitter
compensation capabilities can be further enhanced in the
future by further compressing the pulse duration as well as
improving the feedback bandwidth.

3. Conclusions

In conclusion, we demonstrate a mixed BOC and interfer-
ometry approach for active correction of the timing jitter to
the attosecond level. This method combines the advantages
of both, exhibiting robust anti-interference properties and
providing large-scale correction and fine compensation of
timing jitter. By compressing the pulse duration from 0.8 ps
to 95 fs with an MPC compressor, the timing measure-
ment accuracy is improved by a factor of approximately
3.6. In addition, the synchronization accuracy is increased
from 8.3 to 1.12 fs RMS. On this basis, an interferometry-
based feedback loop is used to compensate for the phase
fluctuation to 189 as (1/18) RMS. As a result, it would
be a valuable scientific exploration to combine the BOC
with interferometry technology to achieve ultrafast optical-
to-optical synchronization with attosecond-level accuracy.
The technology not only demonstrates extraordinary perfor-
mance and synchronization accuracy, but also opens up a
new route for active synchronization of large-scale scientific
facilities and FELs.
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