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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.
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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 ks and kg are the first- and second-order SD signals, respectively. (c¢) Transient-

grating (TG) process, where Kr¢ is the generated TG signal.
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Fig.3 Principle of XPW-SRSI. CP is a calcite plate used

to generate a delayed test pulse with polarization
perpendicular to that of the incident pulse, and P is a

polarizer.
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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 gqir(w) obtained from Fourier trans-

form spectral interferometry. In each iteration, a reference pulse E,(¢) is generated from the current unknown pulse

E,(7) via a nonlinear process (e.g., cross-polarized wave generation), and its spectral phase ¢, (w) is extracted. The up-

dated phase ¢;11 (w) is ¢qigr(w) + ¢, (w) for the next iteration.
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Fig. 6 Experimental setup of SD-SRSI for pulse at

800 nm. VND, variable-neutral density filter; BS1,

BS2, BS3, 50/50 1 mm thick beam splitters; SM1,

spherical mirror with a radius of curvature R =

=700 mm; FS, 0.1 mm thick fused silica glass plate;

ND, neutral density filter; SM2, spherical mirror

with a radius of curvature R = —1000 mm; EPP-

2000-HR, high-resolution spectrometer (0.15 nm

resolution).
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Fig. 7 (a) Schematic of TG-SRSI. (b) Experimental setup;
HI1, black plate; P1, P2, fused silica plate; M1, plane
mirror with three quarters parts silver-coated; PM,
parabolic reflector; H2, iris; L, lens; M2, plane mir-
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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
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. (¢) 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!'..

3.2 Extended TG-SRSI
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Fig. 9 (a) The optical setup of the RMO based TG-SRSI.
P1, aluminum-coated, fused silica plate; P2, nonlin-
ear material; A, black plate; L, lens; M, reflective
plane mirror; S, spectrometer; a and b are cross sec-
tions of the portions indicated by the arrows and c is
the black plate. All are seen from the right side. (b)
BOX-CARS phase-matching geometry®2.
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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. (¢) 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. 11 Experimental setup. (a) M1, special 3/4 coated reflective mirror; P1, fused silica plate, 0.5 mm thick; PM1, PM2, 90°
aluminum coating off-axis parabolic mirror, f = 25.4 mm; P2, YAG plate, 0.15 mm thick; A, aperture; L, lens, f =
200 mm; M2, reflective mirror. Inset a, the front side of M1; inset b, the shape of A. (b) Picture of the optical setup of
the device?",
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Fig. 12 Characterization results of femtosecond pulses at 1 kHz repetition rates. (a) Retrieved and directly measured spectra of

the unknown input pulse and TG reference, “R” for “retrieved spectra” and “D” for “directly measured spectra.” (b)
Retrieved temporal profile (black solid line), the Fourier transform limit pulse temporal profile (red dashed-dotted
line), and the phase of the unknown input pulse. (c) Spectra intensity of self-created TG reference pulses with input
energy of 5nJ, 4 nJ, and 3 nJ, respectively. (d) Pulse duration fluctuation in the characterization with different input

pulse energies®*.
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Fig. 13 Characterization results of femtosecond pulses at 84 MHz repetition rates. (a) Retrieved and directly measured spec-

tra of the unknown input pulse and TG reference pulse, “R” for “retrieved spectra” and “D” for “directly measured

spectra.” (b) Retrieved temporal profile (black solid line), Fourier transform limit pulse temporal profile (red dashed-

dotted line), and phase of the unknown input pulse. (c) Retrieved temporal intensity profile (black line) and Fourier

transform limit pulse temporal profile (red line) on a logarithmic scale. (d) Pulse duration fluctuation curves in the

characterization with different input pulse energies?
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Tab.2 Core Parameters Comparison of SRSI Generation Optical Path Schemes
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Fig. 14 Schematic of the experimental setup. FH1, FH2:
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Fig. 15 Limitations and improvements of the SRSI algorithm. (a) Range over which the vanilla SRSI can extract phase in

cases with large GDD. (b) Spectra of reference pulses with varied delays and their respective phase differences. (c)

Phase difference after subtracting the fitted first and zeroth-order phases.
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Fig. 16 Comparison of the retrieved phase of vanilla SRSI and improved SRSI for large chirped Gaussian pulse with high or-

der dispersion. (a) Simulated spectral profile the pulse. (b) Spectral profiles of the reference pulses generated by con-
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to zero at the center wavelength. (c) Retrieved spectral phase by improved SRSI. (d) Retrieved spectral phase by SR-
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Fig. 17 Measurement results of vanilla SRSIT 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), Sth (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 SRSIT and FROG™*,
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Fig. 19 Dense-1D-U-Net neural network. (a) Overall network structure; (b) structure of dense block.
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Fig. 21  Architectures of classic deep learning and the Untrained Neural Network Prior. (a) Classic supervised learning in-
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ing and prediction are integrated into a single-step optimization process using the measured interferogram directly.

F {5 (Early Stopping) 7 % J&: UNNP Mg 7 £
etk AL AL . SRR R AR A R rh 3R
IR e O AR AR 4 450 2K RSP B B, Y
250 15 5 Y 3 — B T IR L e 5
MG EAGEE T R s R D, D2 R
TR T S 25 v A v AR MR S R A, S AR AR
s T BOB A s rPIR AR 7S B A R Al
FERLIR B 4t A A it o F5e, AT AR AR (R L 5 e
FE AN 22 8] S S5 PV, TR AT AT A o b 2 Mk
VOBLITL
433 Ay A Ik AR 2 et B HARIR 5 K KBk

NEN

B 7 L3 A e B 22 48t i PR 5 R Wk
PEZE ik wh3zy 5t T X5 UNNP R AR B g 134T
T ARGV

AT Rl FEL A AR R ik 7 S (Pt S 5 152 249 A
Tere 2B 2ter ) Y, TG AR TR 2 Z > TR
FM, T EERARH, TEIZ S HIL A, UNNP £
AR G R B PR T A 0 o e
25 5 ETE AL - AT S AR L2 OR
— 2, HUk T UNNP ZEpRiERR 3 5 b g n] Sk

R WA R Ik ot 373 7 (I 3585 38 R A 2, o I
Z < 1XH) WS 4.0 35 B oA, R T
TG Ak £k Pk i 5 )™ A= 59 2 7% ik il 58 Mo &=
Z < 1, e GEk AR - SR, BT
A EZAbk A, ISt O AT & A R G fi
2%, HIR K 8 25 5 B I AT AR % W B . UN-
NP WA 32 Z K e sSor s i 203 HAu ik B s B
FELL FTSI A Y B S 290, I8 7R AR
DA AR H S PR I i 45 SR Sy R R, AR T2



24

RED2E (RgEs) %x %

% kb vE SRk S Z MR U SC R 5 SR e TE S OGREAR 7 it 2 S BAU A RAHAT o
HASRRW, 7RI 5T, UNNP i g )

& 22

0.6
S mdes 5 M@ < 13
j' eference 3' eference 2
< 042 < 12
205 03% 205 0 &
z 025 2 g
01 r 0 0 1
760 780 800 820 840 760 780 800 820 840
Wavelength/nm Wavelength/nm
1 '0 — Reterence 0'4 . —Reference
- () "Eetf‘e’rence(l’redicted) 0.3 = - ie;erencewredicted) 2.0
) ns < 152
205 o1 g =z 10%
E ] E 0.5 S
Q (=N Q oo
E - 0O & 0
0 0.1 1
760 780 800 820 840 760 780 800 820 840
Wavelength/nm Wavelength/nm
1.0 n -- Simulate 1.0 y -- Simulate
- © it Prediced = ® FAR Predited
<) o <)
205 | 205
z i g f0
2 [ 8 / \
5 i A= y N
0 ! ), 0 ___________________ 4 b
—400  —200 0 200 400 -400  —200 0 200 400
Time/fs Time/fs

D ELASAIRE, 7281/ (905 FLIRUESS SR, A7 51 Rk 07 OIS 2R . (a) SR EOSEEON UK P i) T, 6
LR R AR o AR NI DL, ARRL A% K b 61 (20 5020 98 TR oL . 20 Lk
>4 UNNP SEERRIE, SEHAEE RS (b) BRI S5 koot 5 5B rOAR (22 (B (S 5 LR, Ry
S KoL S AR 22 (LU S 5IRL), PIF —8. (o) B S B Rk mHSEs 1 . (d) MR ESEZ Ll ik e
FETE, dE ESEON UK AR AL . AR OCMRIR R OL, AHRLAYS 2 Bk b I (20 5240 W A TRk e
ik LLERELN UNNP A RIAI AL, SHEMAAR —2. (o) BUURISFE KMot 5 F2 M A9AH 6222 (I (5248
SIBL), EHRS MK S22 (L ESL S L), P —80 (DB B AR kP szt .

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. (¢)
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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RWEBEK K o 25 A, S g 45 2R 5 45 EC ] —
. UNNP 451 T 5 SHG-FROG Sl 5 AHAF 1Y
AR, BRI A B 5 S
TR 5 IR SCIR s SN B R 2

UESE, X 5 Geadk AR S 84 R WA k3755, UN-
NP fBHEAE IO S B e B (JCH7 SRSI-SS 1 £
FERSRAE) B RTHRE T, SRR T 0 48U IE
FRIARAIR A

&5 SRSI HAMRELGTEXIEE
Tab.5 Comprehensive Comparison of SRSI Algorithm Performance

PERETE bR &4 SRSIEE AT 12 Dense-1D-U-Net (B2 ]) UNNP(# 5 B A2 R 45)
B e SRS G RISy EARE B4R eyl A L)

R Pe(3-150%1%) DR (YR 1015 4, ZER0RE20) BAG (RS AL, S i)
R A R B — (M B R B Al -SRI 2 S B MR R L)
IRk s P ZBR(FFSRSI-SSH &%) SZINGRor A LR 24 JEHE bR SZ IR GERR LR AL

SIAINZAKRE N ACWIERITD) 55 (G Ao R0 S (Y FRIE [ LAY it — 2450

5 BH5EZ

H 2% 1% 1 ¥ 1 (Self-Referenced Spectral
Interferometry, SRSI) H 2010 4F- i Oksenhendler
S NLL XPW R A AR L PEHL I 4R H DR 0o, 28
DI 7 TR R R, T T 5 G A
R SRR R 5 AR A e R R R B 4%

TEOGREZTH, SRSLHFAT T B, REQE ., B

Bt = AR B HE Ak . XPW-SRSI K28 X
P B 197 A2 500 XPW AR A 5 7 AR i e, LA
B AR 1 T P B SR AT SRR A 0 E
At 7E A L AR B R AN 3 kAR
LB AR AL 22 0B 2 0.2 rad LAY, {H SR HHE 4%
(R BE TR T TRK RN O B 2 12 X e B () B A i 24 1 HGE
JHIG R . TG-SRSI LA RlA1 i 1Y) 85 Ak
NI AR XPW SR, RAR KR T AR A



26 HrE D (0

FExE

ALVEEL LA, 7E 800 nm AL & 37.5 fs fik vl ]
FisF, 5 0] 2 i T AE R 2 1,75 pum 2B A% 10.6 fis SE. XX
JEHA Jik b)) = BOXCARS JLAA] 44 764 Fir Tt 7 frg
M STRFEBIRIHER T AT SR A 1 A A
la)f, Extended TG-SRSI 5| A K 5= WA
FEBESE B2 15 um, A TG 15558 3 X645 B¢ i 1
7S U7 HOUHS R AL BRI 2 65 ndP2, T IR L
T AYFEH 59 SRSI . Compact TG-SRSI
HE— 2 LA 300 1 X U R e p /AL, I LA
34 BE G L MO B 5 A ), 154 150
100 mm % ERSPFES ESCI T 0.48 nJ/26.3 fs
P35 s Bk o ) BRI SR AIE (50 dB s A, £400 fs
TR 77 1) 40 SRST i FH Y MUK 2% R 484
T FE {1 28 2 A2 MK (84 MHz) B IR 7 7%

TR 2, S —, A X bR SRSI AR H %
FE R WAk vp 50 T R Z 7 3L il 2R Sk ok
B[R], SRSI-SS i i & HL -8 5 51 A Al 5 1)
[ AR, K- 22 ik ) TP C 03 6 AR ik b %
TR PN 2 B A4, U AR AL 85 F5 1 43 B Aor
PEEE R, 16292 2t B T8 IR i 5540 R
SEEL T 6 WRAEAR N A HERR S SL, A S i Ay
SHG-FROG £ % —#(»), % —, Dense-1D-U-Net
WeBt 2 2] 5 2 LABCR SR 3 1 iy 2] it BB LA S
RGBT, 76 =B BEPLIE AR A7 1 1 3 5% ok AR
A A 7 IR ZE AR X AL G ik AR L BRI A P 4K
R (Z8.48x 107, Sy LI b it JAH (v 4k R
PET HEARBARCN, 5=, TF s 2 M 2% (Un-
trained Neural Network Prior, UNNP) ¥ TG-SR-
ST Yy ¥ IE [ A5 80 B 32 i A LA FTST $2 5t h 293
H b 1) P 2 A A0 01 i, D3k T[] 22 AN ff e
(Homoscedastic Uncertainty ) F4T45 H 18 W INALU R
AR T A R S 4, A JC T AR AT Tl 5
MR, T30l B AR e bl R A 5 rh i ik
AL R . T RMEW G R4 5 SHG-
FROG 2% W) & 1) 1E 4 5 4, [ o) 3 2ok 45 BRI 4%

S LRk

{14 o e I DU P i e S X300 g 7 4 G W 41
il o WeAh, E PR - AT At % SRST 557
(35 FH IO AT T A B 4 R, il an st 2
A B ZR00 T 45 R (ClosUbk w3 3 1Rk 3,
ELI-ALPS % [ PAGE 3 7250885 T8 ] rp 2 R o7
1 IE T, 5% T 1548 SRSI BB 7E I 2 B BOGiE
48T 55| & AR AIASOR BRI, sl S 81T WLk
R e A EL IR A

AT i, BRI B, IOk b ks B
35 L 7 R AT 2 — ST HEL JS 4R AT R T
YE. SRSI &l ik R RGN L RE, TE kS,
FAE AR AE A T O A T e . T
RIR AR i 20 Biot . SR RO,
2 G KRCHROE S E 22 R G AN WHE BE, SR-
ST oA Sk 114 5 2 A% J88 Jhy [m] I e ) 68 2 ok o F s 25
WA RN EGE, 5 F, EFRFEITE S/
J7 ) F e T WV R AR, ) 403w 19390 [ 5 i el i fF
F¢ A BACKE — 2 SRST 5 i GG (A 45 &, T
SEEL TN T RO 2R 4t P s 45 LI (Spatiotem-
poral pedestals) 1= 73 FEA AU 5, 9120 Bk
T SRST ZEFHE i W AR AR 5 T 14 R 4103,
SR, T8 40 B 25 Al A D7 SR AR SR
S S R 5 5 3R -4 [A)AH 3  AiE B AT ok 4y T
PATEY, KR MG BT X — R BR, 4% SR-
ST Hp= A 22 Jik o (1 =l 2 M AL ) L2 4 T g
FHbzs b =4S4 E R
F i B 25 UL B 28O0, W] R BAG S 25 43
B R T, S BRSO — W BT A
Tk hTE B YR RS A A5 R . AR TAE/ N
£ SRSI Jr ik b 247 (AR T AR, fif3 % ik B
A T BIE F AR [RIAsE, /At % e T 1
J AR UG B 2 207285 10 L S A [ 7 0k b
IR AR R TR AR R G R 2 A
FEME R I B R, 2P R S RE O R
G 1 HEEAT N PR AL i R 55

[1]  MOUROU G A, TAJIMA T, BULANOV S V. Optics in the relativistic regime[J]. Reviews of Modern Physics, 2006,

78(2):309-371.

[2]  GERSTNER E. Extreme light[J]. Nature, 2007, 446(7131): 16-18.
[3]  MOUROU G. Nobel lecture: extreme light physics and application[J]. Reviews of Modern Physics, 2019, 91(3) :

030501.

[4] SALA K, KENNEY-WALLACE G, HALL G. CW autocorrelation measurements of picosecond laser pulses[J]. IEEE


https://doi.org/10.1103/RevModPhys.78.309
https://doi.org/10.1103/RevModPhys.91.030501
https://doi.org/10.1109/JQE.1980.1070606

5% x 7, S BSHECETW IEH TERE EOL bk 27

(5]

(6]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

(22]

(23]

[24]

[25]

[26]

[27]

Journal of Quantum Electronics, 1980, 16(9): 990-996.

TREBINO R, KANE D J. Using phase retrieval to measure the intensity and phase of ultrashort pulses: frequency-
resolved optical gating [J]. Journal of the Optical Society of America A, 1993, 10(5): 1101-1111.

TACONIS C, WALMSLEY I A. Spectral phase interferometry for direct electric-field reconstruction of ultrashort optical
pulses[J]. Optics Letters, 1998, 23(10): 792-794.

DELONG K W, FITTINGHOFF D N, TREBINO R, et al.. Pulse retrieval in frequency-resolved optical gating based on
the method of generalized projections [J]. Optics Letters, 1994, 19(24): 2152-2154.

DELONG K W, TREBINO R. Improved ultrashort pulse-retrieval algorithm for frequency-resolved optical gating[J].
Journal of the Optical Society of America A, 1994, 11(9): 2429-2437.

ANDERSON M E, MONMAYRANT A, GORZA S P, et al.. SPIDER: A decade of measuring ultrashort pulses[J].
Laser Physics Letters, 2008, 5(4): 259-266.

OKSENHENDLER T, COUDREAU S, FORGET N, et al.. Self-referenced spectral interferometry [J]. Applied Physics
B, 2010, 99(1-2): 7-12.

MINKOVSKI N, PETROV G I, SALTIEL S M, et al.. Nonlinear polarization rotation and orthogonal polarization
generation experienced in a single-beam configuration[J]. Journal of the Optical Society of America B, 2004, 21(9):
1659-1664.

MOULET A, GRABIELLE S, CORNAGGIA C, et al.. Single-shot, high-dynamic-range measurement of sub-15 fs
pulses by self-referenced spectral interferometry [J]. Optics Letters, 2010, 35(22): 3856-3858.

GRABIELLE S, MOULET A, FORGET N, et al.. Self-referenced spectral interferometry cross-checked with SPIDER
on sub-15fs pulses [J1. Nuclear Instruments and Methods in Physics Research Section A: Accelerators, Spectrometers,
Detectors and Associated Equipment, 2011, 653(1): 121-125.

LIU J, JIANG Y L, KOBAYASHI T, et al.. Self-referenced spectral interferometry based on self-diffraction effect[J].
Journal of the Optical Society of America B, 2012, 29(1): 29-34.

LIU J, LI F J,JIANG Y L, et al.. Transient-grating self-referenced spectral interferometry for infrared femtosecond pulse
characterization[J]. Optics Letters, 2012, 37(23): 4829-4831.

LEPETIT L, CHERIAUX G, JOFFRE M. Linear techniques of phase measurement by femtosecond spectral
interferometry for applications in spectroscopy [J]. Journal of the Optical Society of America B, 1995, 12(12): 2467-
2474.

JULLIEN A, CANOVA L, ALBERT O, et al.. Spectral broadening and pulse duration reduction during cross-polarized
wave generation: influence of the quadratic spectral phase [J]. Applied Physics B, 2007, 87(4): 595-601.

SHEN X, WANG P, LIU J, et al.. Self-referenced spectral interferometry for femtosecond pulse characterization[J].
Applied Sciences, 2017, 7(4): 407.

OKSENHENDLER T. Self-referenced spectral interferometry theory [J]. arXiv: 1204.4949v1, 2012. (Z5J BI_E¥EHE, R
WasE SCERISEL, RN

TREBINO R. Frequency-Resolved Optical Gating: The Measurement of Ultrashort Laser Pulses[M]. New York:
Springer, 2000.

ECKBRETH A C. BOXCARS: crossed - beam phase - matched CARS generation in gases [J]. Applied Physics Letters,
1978, 32(7): 421-423.

SHEN X, LIU J, LI F J, et al.. Extended transient-grating self-referenced spectral interferometry for sub-100 nJ
femtosecond pulse characterization[J]. Chinese Optics Letters, 2015, 13(8): 081901.

MOLLA A R, TARAFDER A, MUKHERIJEE S, et al.. Transparent Nd*-doped bismuth titanate glass-ceramic
nanocomposites: fabrication and properties[J]. Optical Materials Express, 2014, 4(4): 843-863.

SHEN X, WANG P, LIU J, et al.. Compact transient-grating self-referenced spectral interferometry for sub-nanojoule
femtosecond pulse characterization [J]. Applied Optics, 2017, 56(3): 582-586.

XU Y L, SHEN X, WANG P, et al.. Improved self-referenced spectral interferometry for large chirped pulses[J].
Proceedings of SPIE, 2023, 12760: 127600D.

SI ZH, SHEN X, ZHU J X, et al.. All-reflective self-referenced spectral interferometry for single-shot measurement of
few-cycle femtosecond pulses in a broadband spectral range[J]. Chinese Optics Letters, 2020, 18(2): 021202.

gL, WA, fR LA, F. Dense-1D-U-Net: JI T A Z 50 T3 WA K b A AL L (V] P B ik, 2022, 49(9):


https://doi.org/10.1109/JQE.1980.1070606
https://doi.org/10.1364/JOSAA.10.001101
https://doi.org/10.1364/OL.23.000792
https://doi.org/10.1364/OL.19.002152
https://doi.org/10.1364/JOSAA.11.002429
https://doi.org/10.1002/lapl.200710129
https://doi.org/10.1007/s00340-010-3916-y
https://doi.org/10.1007/s00340-010-3916-y
https://doi.org/10.1364/JOSAB.21.001659
https://doi.org/10.1364/OL.35.003856
https://doi.org/10.1016/j.nima.2011.01.007
https://doi.org/10.1016/j.nima.2011.01.007
https://doi.org/10.1364/JOSAB.29.000029
https://doi.org/10.1364/OL.37.004829
https://doi.org/10.1364/josab.12.002467
https://doi.org/10.1007/s00340-007-2685-8
https://doi.org/10.3390/app7040407
https://doi.org/10.1063/1.90070
https://doi.org/10.3788/COL201513.081901
https://doi.org/10.1364/OME.4.000843
https://doi.org/10.1364/AO.56.000582
https://doi.org/10.1117/12.2687067
https://doi.org/10.3788/COL202018.021202
https://doi.org/10.3788/CJL202249.0904002

RED2E (RgEs) %x %

28
0904002.
KUANG Q, SHEN X, XU Y L, et al.. Dense-1D-U-Net: encoder-decoder networks for self-referenced spectral
interferometry [J]. Chinese Journal of Lasers, 2022, 49(9): 0904002. (in Chinese).
[28] RONNEBERGER O, FISCHER P, BROX T. U-Net: convolutional networks for biomedical image segmentation[C].

[29]

(30]

[31]

[32]

(33]

(34]

Proceedings of the 18th International Conference on Medical Image Computing and Computer-Assisted Intervention —
MICCAI 2015, Springer, 2015: 234-241.

HUANG G, LIU ZH, VAN DER MAATEN L, et al. . Densely connected convolutional networks[C]. Proceedings of
2017 IEEE Conference on Computer Vision and Pattern Recognition, IEEE, 2017: 2261-2269.

QAYYUM A, ILAHI I, SHAMSHAD F, et al.. Untrained neural network priors for inverse imaging problems: a
survey [J]. IEEE Transactions on Pattern Analysis and Machine Intelligence, 2023, 45(5): 6511-6536.

CIPOLLA R, GAL Y, KENDALL A. Multi-task learning using uncertainty to weigh losses for scene geometry and
semantics [C]. Proceedings of 2018 IEEE/CVF Conference on Computer Vision and Pattern Recognition, IEEE, 2018:
7482-7491.

GULYAS OLDAL L, CSIZMADIA T, YE P, et al. Double-pulse characterization by self-referenced spectral
interferometry [J]. Applied Physics Letters, 2019, 115(5): 051106.

OKSENHENDLER T, BOCK S, GEBHARDT R, et al.. Spatiotemporal characterization of pulse pedestals by imaging
two-dimensional self-referenced spectral interferometry [J1. High Power Laser Science and Engineering, 2025, 13: €93.
XU Y L, SHEN X, CHEN R J, et al.. Single-shot spatiotemporal characterization of ultrashort lasers based on spectral
interferometry with fiber array [J1. Communications Physics, 2026, 9(1): 151.


https://doi.org/10.3788/CJL202249.0904002
https://doi.org/10.36227/techrxiv.14208215.v1
https://doi.org/10.1063/1.5089959
https://doi.org/10.1038/s42005-026-02581-z

	1 引　言
	2 SRSI的基本原理
	2.1 SRSI的光路结构与参考脉冲的产生
	2.2 FTSI算法的数学逻辑
	2.3 相位迭代修正算法
	2.3.1 保守有效范围
	2.3.2 递推数列的收敛性分析


	3 SRSI的光路优化
	3.1 XPW/SD/TG-SRSI
	3.2 Extended TG-SRSI
	3.3 Compact TG-SRSI
	3.4 总　结

	4 SRSI的算法优化
	4.1 基于延迟调控的光谱拼接迭代算法(SRSI-SS)
	4.1.1 迭代算法的固有测量边界
	4.1.2 延迟调控下的参考脉冲光谱位移
	4.1.3 光谱拼接的相位算法
	4.1.4 实验验证

	4.2 基于监督学习的神经网络相位重建
	4.2.1 从迭代算法到数据驱动范式的动机
	4.2.2 Dense-1D-U-Net网络架构
	4.2.3 训练数据集设计策略
	4.2.4 相位重建精度与消融分析
	4.2.5 监督学习范式的固有局限

	4.3 基于物理约束的无需训练神经网络（UNNP）
	4.3.1 从数据驱动到物理约束：范式动因
	4.3.2 UNNP方法的基本框架与SRSI物理正向模型
	4.3.3 仿真验证：近傅里叶变换极限与大啁啾脉冲场景
	4.3.4 实验验证


	5 总结与展望
	参考文献

