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Fig. 1 Schematic of time synchronization measurement of multiple laser pulses based on all-fiber spectral interferometry
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Fig. 2 2D all-fiber spectral interferometry spectrogram

measured by 12 laser pulse time synchronization
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Abstract

Objective In the past 20 years, ultra-short ultra-intense laser technology has experienced rapid development.
However, the maximum output power of these lasers is limited by nonlinear effects, large diameter compression
grating technology, gain bandwidth limitations, and other factors. One of the most promising technologies to further
enhance output ability is coherent beam combining. Effective coherent beam combining requires strict inter-beam
synchronization. In recent years, many attempts have been made to improve synchronous measurement and control.
The research progress of most implementations has been solely based on photoelectric detection, optical balanced
cross-correlation, and temporal and spatial interferences. Nevertheless, these methods need to maintain the time
interval of the two beams in coherent time, limiting the femtosecond pulse synchronous measurement range within
1 ps. The ability of an electronic oscilloscope to achieve a time resolution less than 10 ps is difficult; therefore, it is
more difficult to accurately measure the pulse delay within 1-10 ps. In addition, for online synchronous measurement
of a multichannel ultra-short pulse coherent beam combining system, the abovementioned methods are more
complicated to implement and cannot achieve a single-shot measurement. In this paper, a single-shot measurement
method for a multichannel ultra-short pulse with large dynamic range time synchronization based on all-fiber spectral
interference is proposed. This method has a wider measurement range to measure synchronization than the nonlinear
correlation method and a larger measurement accuracy than an oscilloscope. Our method improves efficiency in
multichannel laser synchronous measurements for engineering applications and has important application potential for
multichannel ultra-short pulse laser coherent beam combining systems.

Methods First, theoretical and simulation analyses based on multichannel optical fiber array spectral
interferometry were carried out. Predictions of 7, and r,, for the designated measurement range were made
according to Equation (6). Considering the purpose of synchronous measurements, this study created the concept of
fixed time offset. The beneficial effect of this concept is that through the comparison of measured values and fixed
offset time, we can determine the absolute time difference between the referenced light and the light to be
measured. Moreover, with a fixed offset time, when the measured values were equal to the fixed offset times
introduced by optical delay lines on the referenced light fiber paths, the two pulses reached a zero-synchronization
state. In our experiment, the feasibility of the single-shot multichannel synchronous measurement method was
verified. The experimental optical path was built using the path of a four-channel pulse synchronous measurement as
an example (Fig.3). The three formed interference signals and one beam of reference light were input to the
imaging spectrometer using a multipath fiber buncher.

Results and Discussions The spectrogram in the experiments is recorded by an imaging spectrometer, which
indicates that the spectrometer has the ability to record 20 signals (Fig.4). The delay, z, between the reference and
measured beams is obtained through the data processing method described in Section 2.1. This method illustrates
that 7, is equal to 14.751 ps and 7., is equal to 1.055 ps, which determine the measurable range (Fig. 5). From
experimental results, the range that can be measured is slightly less than the theoretical interval, mainly due to
airflow disturbances, mechanical vibration, and dark current noise from the spectrometer. For measurement
precision of different offset points, the deviation of the statistical mean value of multiple measurement results is
obtained from the present value. In Figure 6, it is shown that with the increase of temporal spacing (TS) between
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the two pulses, the 8 value decreases. When TS reaches 6.139 ps, the § value is at its minimum. When TS is
greater than 6.139 ps, the §8 value increases continuously. The measured jitter, 7, is shown on the right vertical
coordinate of Figure 6 and it shows the same trend as the 3 value (Fig. 6). Measurement error is because of
uncertainty of the wavelength or frequency spacing of the interference fringe in the spectrogram caused by noise.
However, the degree of response of different fixed offset times to noise is different. Therefore, the measurement
accuracy is varied at different fixed offset times.

Conclusions This paper demonstrates that the single-shot synchronous measurement technique for a multichannel
ultra-short pulse laser based on all-fiber spectral interference is feasible through simulation and experiment. The
measuring range is determined by the spectral interference fringe spacing, and the theoretical simulation results
show that a fixed time offset is beneficial for the realization of a zero-synchronization state measurement. The
optimal solution of the offset time is obtained using experimental statistical results. Experimental data prove that
setting the fixed time offset in the center of the measurable range area can improve measurement accuracy. The
minimum time synchronization accuracy is 5.3 fs and the measurement range is 1.055-14.751 ps, which are in good
agreement with results of the theoretical analysis. The all-fiber spectral interference synchronization measurement
method combines the characteristics of spectral interference and optical fiber array in design. The advantages of the
method are easy integration of an optical fiber path, fast processing speed of spectral interference data, and low-
energy demand of signals. Our method can satisfy the ultra-short ultra-intense laser facility real-time and
multichannel measurement diagnosis requirements. The method also makes up for a small measurement range and
poor temporal resolution when measuring the synchronization state using the nonlinear correlation method and an
oscilloscope, respectively. The complexity of the configuration and difficulty of a single-shot measurement in
multichannel synchronous measurements are solved. Therefore, our method has important application prospects in
multichannel ultra-short pulse laser coherent beam combining systems.

Key words measurement; synchronous measurement; ultra-short pulse; spectral interference; fiber array; single-
shot measurement
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