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Abstract: For ultrashort laser pulses, accurately characterizing their temporal characteristics (temporal width
and phase) is crucial for their generation and application. Self-referenced spectral interferometry (SRSI), first
proposed in 2010, utilizes the measured light itself to generate suitable reference light through third-order
nonlinear optical processes, and employs Fourier transform spectral interferometry algorithms to reconstruct
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the input pulse. It has the advantages of single-shot, accuracy, and high sensitivity. This article provides an
overview of the implementation of SRSI from two main aspects: the optical path and the reconstruction al-
gorithm. On the optical path level, from the earliest proposed self-referenced spectral interferometry based on
cross-polarization wave generation (XPW-SRSI) to the self-referenced spectral interferometry based on tran-
sient grating effect (TG-SRSI) with a compact total reflection configuration, the sensitivity, wavelength cov-
erage, and compactness of the implementation path have been continuously iteratively upgraded. On the al-
gorithm level, from pulse reconstruction methods targeting near Fourier transform limits to reconstruction al-
gorithms for large chirp pulses with temporal broadening exceeding twice the Fourier transform limit, three
evolutionary paths are discussed: spectral stitching schemes, reconstruction schemes incorporating super-
vised deep learning, and neural networks without training embedded in physical forward models. The latter
achieves single-shot accurate reconstruction in large chirp and high noise scenarios without any pre-training
dataset. In the face of emerging new beam characterization demands, the temporal measurement of ultrashort

laser pulses still require significant attention in the future.
Key words: ultrashort laser pulse measurement deep learning

1 SPIDER

03 FROG
SPIDER —

20 60 70
self-referenced spectral

“ interferometry, SRSl Oksenhendler 2010

frequency-resolved optical gating, FROG P!

spectral
phase interferometry for direct electric-field recon- (o
struction, SPIDER © cross-polarized wave generation, XPW
- XPW
FROG fourier-trans-
form spectral interferometry, FTSI
[5,7,8]
3
0.2 rad™
SPIDER SRSl +400 fs 50 dB
12 SRSI
5.9 XPW-SRS|0: 23] SR-

SI self-diffraction SRSI, SD-SRSI 1



SRSI transient-grating SRSI, TG-SRSI
TG-SRSI BOXCARS

1.8 um 10 fs

SRsI
2 SRsI
XPW TG FTSI
3
XPW-SRSI TG-
SRsI 4
5
2 SRSI
21 SRSl

spectral interferometry, Sl

Optical setu
(@ O sewp ~
Delay \
Input .
laser pulse adjust
Recombination
Image
spectrometer|
Reference
laser pulse

- /

1 (Sl) (SRsI)

1

Sl

(b)

s e
SRSI
[10] 13
1(b) SRSI
E.
®
E,
[10]
XPW SD TG
L@/ 150 A A
B Optical setup i
/ Delay \
adjust
Replicas

generation

Recombination

Image
spectrometer

Reference
self-generation /

@) Sl
(b)SR-

Fig. 1 Schematic comparison of traditional spectral interferometry (SI) and self-referenced spectral interferometry (SRSI). (a)

Optical setup of conventional SI. One beam serves as the reference pulse (provided by an external independent source),

and the other is the unknown pulse. After passing through an adjustable delay line, it is combined with the reference

pulse and directed into a spectrometer to generate interference fringes. (b) Optical setup of SRSI. A small portion of the

unknown pulse generates a self-referenced pulse via a third-order nonlinear process, which acts as the reference pulse.

The remaining part is delayed, combined with the reference pulse, and sent into the spectrometer, forming spectral in-

terference fringes that carry phase information.
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Fig. 2 Principles of (a) cross-polarized wave generation (XPW), where a polarizer is used to separate the generated XPW. (b)
Self-diffraction (SD) process, where kss and ksgare the first- and second-order SD signals, respectively. (c) Transient-
grating (TG) process, where Krg is the generated TG signal.
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Fig. 4 Procedure for extracting amplitude and phase in fourier transform spectral interferometry.
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Fig. 5 Flowchart of the iterative phase retrieval algorithm in SRSI. The algorithm iteratively updates the spectral phase of the
unknown pulse until convergence. The initial phase is set to the phase difference ' g (};) obtained from Fourier trans-
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Fig. 8 (a) Measured spectra of the TG signal (green dot) and the testing-pulse (red dash-dot-dot), the retrieved spectrum of the

3.2 Extended TG-SRSI

testing-pulse (solid black), the spectral phase obtained by TG-SRSI (short-dot), WIZZLER (dash) and the calculation
(dash-dot) when introduced at 0 fs2 (center and black), +500 fs2 (up and magenta), -500 fs2 (down and blue) in the
testing-pulse, respectively. (b) Retrieved temporal profile of the testing-pulse at 0 fs2 (thick and thin black solid),
+500 fs2 (magenta dash-dot), -500 fs2 (blue short-dot); three different conditions. The red dot and the black dash-dot-
dot lines are the FTL temporal profile of the testing-pulse and the TG signal, respectively. (c) Measured spectra of the
TG signal (blue dash-dot), the testing-pulse (black solid), and the retrieved spectrum of testing-pulse (red short-dot).
Retrieved spectral phase by TG-SRSI with (black short-dash) and without (magenta dash-dot-dot) the Brewster-angle
located 1 mm thick fused silica plate. Cyan dashed line is the calculated spectral phase without the glass plate. (d) Re-
trieved temporal profile of the testing-pulse with (thick and thin black solid) and without (magenta dash-dot-dot) the
1 mm thick glass plate, which are 10.6 and 15.1 fs, respectively. Blue dashed and red short-dot lines are the FTL tem-
poral profile of the testing-pulse and the TG signal, which are 9.6 and 6.8 fs, respectively™.
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Fig. 10 (a) Spectral intensity of the test beam (red curve), the TG signal (blue curve), and the interference between them
(black curve) measured directly with the spectrometer. (b) The spectrum retrieved (black solid curve) and the spectral
phase (black dotted curve) by using TG-SRSI. The spectrum retrieved (blue solid curve) and the spectral phase re-
trieved (blue dotted curve) by using SHG-FROG. The red curve is the spectrum of the test beam measured directly by
the spectrometer. (c) The temporal profiles (solid curves) and phases (dashed curves) retrieved by using TG-SRSI
(black curves) and SHG-FROG (blue curves). (d) Spectra of three TG signals measured directly by the spectrometer.
Spectra from the bottom to the top correspond to when the input pulse energies are 65, 75, and 85 nJ, respectively?.
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Fig. 17 Measurement results of vanilla SRSI and FROG. (a) Measured normalized spectra of interferogram, unknown pulse,
and reference pulse generated with zero delay. (b) Spectral phases of 28th, 29th, and 30th iterations. (c) Measured and
retrieved spectra by FROG. Spectral phases retrieved by vanilla SRSI and FROG. (d) Retrieved temporal profiles of
unknown pulse by vanilla SRSI and FROG. (e, f) Measured and retrieved FROG traces®!.
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Fig. 18 Measurement results by improved SRSI. (a) Measured normalized spectra of interferograms, unknown pulse, and ref-
erence pulses. (b) Spectral phases extracted from interferograms with negative and positive delay (c) Spectral phases
after subtracted the first-order and zero-order component. (d) Spectral phases of 4th (red line), 5th (red dashed line),
and 6th (red dotted line) iterations. (e) Spectral phase differences of the 4th and 5th iterations (red line), and the 5th
and 6th iterations (red dashed line). (f) Measured and retrieved spectra by FROG. Spectral phases retrieved by im-
proved SRSI and FROG. (g) Retrieved temporal profiles by improved SRSI and FROG?,
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Fig. 22 Simulation results verify that the left column shows simulation verification results under small chirp, and the right
column shows those under large chirp. (a) The black solid line represents the spectrum of the simulated pulse, and the
blue solid line represents the phase of the simulated pulse. In this case of small chirp, the corresponding reference
pulse spectrum (red solid line) is wider than the simulated pulse spectrum. The red dashed line represents the recon-
structed phase by UNNP, which is consistent with the simulated results. (b) The difference between the simulated ref-
erence pulse spectrum and the extracted phase (blue solid line and dashed line), and the difference between the recon-
structed reference pulse spectrum and the phase (red solid line and dashed line), are consistent with each other. (c) The
time-domain structure of the simulated and reconstructed pulses. (d) The black solid line represents the spectrum of
the simulated pulse, and the blue solid line represents the phase of the simulated pulse. In this case of large chirp, the
corresponding reference pulse spectrum (red solid line) is significantly narrower than the simulated pulse spectrum.
The red dashed line represents the reconstructed phase by UNNP, which is consistent with the simulated results. (e)
The difference between the simulated reference pulse spectrum and the extracted phase (blue solid line and dashed
line), and the difference between the reconstructed reference pulse spectrum and the phase (red solid line and dashed
line), are consistent with each other. (f) The time-domain structure of the simulated and reconstructed pulses.
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