% 43% H 3H/2023 &£ 2 B/REHER
E 2 IR
e DR 1L 5% 21 B4 N £ 8 o fk o ORI RK B K I 52
BE AR R R, G50

VG R A R SE B R S B R 2 B, S 1Y )1] 6100315
MEEEAABE R R TSI, WHE 1 610041
P RS RS KRR B S ERAE B, AR 1Y)l 610031

TEE A 2T H Ik i WA WK S R AR A O B R PR 2 S A 52 5 T o B A e B T vk G A Dl £ v Ik e
WK S Ao R A AR B3 e DR RO AR A [ AL, SR A B2 2 = 5 1% T i 4 Sl 2 8 Rt Ok e ) WK R AR AT 5 o 1 2 20 T ik
inf ] Kk 2 gk 25 2 MO R O Ik oo A2 i e R A S < TN R O TR ol % I A Y A 0 4% 0 A [ 0 e Mk e W Wk 2
Y TS L, JE— 2P PR T AN (R0 R ok o 2 W 4 G e 1] D)) 25 R R WK 2 4k 46 5 3R 55 0 T TR0 208 ) 32 A P B TUORS B2 o AR

WFSEH 8 1 s UK 8l 5 1 R WOGAT g BUN 5 T A A DA o T HhORR K b B R A S AR TR S
KR AN JRLr S KK iR s BRI M % ARt E s R

RESES 0437 XEARERD A

1 5 E

R L R ) IO Tk p R R RO 2 K s S 5 ) A
HAE AR N Hod S 8 TR bk ok
R (OPCPA) H AR JE—Fh 12 32 FI 10 #8 5 D1 R ik
PR AR OPCPA 8 % F AR 2 M i RS2 B A
{37 DT E ) ok vh 2 R 7 % R RS e A
ik b 2 A5 RE A ARG S RO S
WE WK Jik nh i K (FOPCPA) 3 AR J2: 55 — Fh e ) 2 BF 95 1
W] WK JK v e R AR 38 a6 21 1) A Rk S B R ORK bk v
SRR AR FOPCPA a] #2 (0 5 0 3% 25 1
Fo, R B R E R R G T S B A S Tk b Y it
KT DU TR A R B FOPCPA i 2 v 38 i
ALk P i R FOPCPA RFE X IH S
ETIBIRATE 2 E S O I N VB G A B X R )
S Ik e A R P AL i S R G A AR L, R K
PR e R 4 R P O T B O A T A Bh 40 A 1
M vk S5 B 7 15 T e K S B B (HZ 7 R A7 A
ARG R SRR T RS

LAk, TR 9K Bl 1 TR B 2 > O vk Ok O ik
AR 2 A e R AR RN BB S I . Rl &
W0 2% 4 1 FH T 06 21 v O ik o =l 4 1 A% d g e A0
b AR ERIERY AN | FE2 F P Y o s e O I T
B A 0 1) UR BE 2 20 O 12k ml R i R A R HE S
ol 4 A TR () B A% i 3 s (AT 0N IR Bl A AR R

DOI: 10.3788/A0S221454

M H LR R 3K 2 7 Tk AR R 5 2) e ad e i Ak A TR EE A
25 [ 4% BT A S B v R R T A ] B A e R R AR AL
Wk T TR 3 TR 2R S A ] SE IR R G
F4) St o ity R AL 3R s RILRE A O B 3 R R A
£ mEERNELE ARERITERENE S [F
I VR B 2 2 Jr e g T B0 G £F 2 i KAt AR
6k b Y A% fir R 2R AF ST R R TIRIE
R FOPCPA S8, A FF ¥ i 54 5K 3 Jr i A2 8 4
ik b ke R sk R 4 R R A R R R R G K b ) R A BT
Ptk B PR B 5T 4L SR

A SCTF R e F U BE 2 ) 7 15 1 FOPCPA B Al
8 5 K v AR F R IEIY . e AT FOPCPA R4 5
WG A5 TR B2 FF U R R TR S R S
R AL FE B M o I 2R OR B S AR 4 4% IR G
TIE AR R 6] 400 4 Jik o R Rk 2 s T O TNRE . B R R
R Z I A SR [F v IR bk op 2 1& 4 58
(FWHM) (g TR K WS & | it iR g &
TR 2 I 24 1) 327 Ak M R T 00 %

2 AR

2.1 TS EWEW R G K RE

BET VY PR AR B G EF S 4 R (FOPA) ¥ 5
T OGAE 56 78 2045 500 b L SE I S O06 oKk, If
7oA IR B PRBOE , B FOPA i 72 n] Kl 1 O 19
EREE | A Ey eSS B

Wi EHE . 2022-07-11; B HHEI: 2022-08-05; KABH: 2022-08-22; MELEHEZHE: 2022-09-02
EemB.: FEAESP LR (2019YFB1803500) P I 45 BH4E 14135 B (2020YJ0016)

BIS1EE . hnzhu@swijtu. edu. cn

0319001-1


https://dx.doi.org/10.3788/AOS221454
mailto:E-mail:hnzhu@swjtu.edu.cn
mailto:E-mail:hnzhu@swjtu.edu.cn

& 43 % 2 3H1/2023 4 2 B /KR

A, i A, 1 , S
A T =y [ar A A zaaieslng)). @
A, i A, 1 | : : : o |
- +5322W+5a/\2:1y{[m2| +2(| Asf +] Al )JA2+A3A;exp(—1Aﬁz)}, (2)
A, i DA, 1 | : z z o |
re JFE stJrEaAs:l)’{DA:J Jr2<|A2| +] A, )JA3+A2AIexp(*1Aﬁz)}, (3)

P ALCAL A2 5 O Z O AR S O AN TR RO ik
i, 2 0948 718 R MR 5 o DR DG T B S B K5 B B L B
73 9 R 6 A 5 O6 R IR OG5 B £ AR R
AR =P, + By — 23, AL ME B A AL VE TE R %y OB ET

F AR LM 28 80 T Oy BB Ik b LARE % B2 B 9 2 IR
F% BRF 8] 88 5 = O A5 SRS o DL PP SR A i RO 27
SHNFE 1R,

F1 BT Y SR 2T S8

Table 1  Typical fiber parameters used in simulation

Nonlinear coefficient /  Fiber loss coefficient /

Dispersion slope /

Zero dispersion Pump Signal
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Fig. 1 Ultrashort pulse chirp amplification process. (a) Signal pulse propagation; (b) pump pulse propagation
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Fig. 3 Predicting ultrashort pulse chirp amplification based on deep learning. (a) Deep convolutional network structure;

(b) convolutional block structure
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Table 2 Datasets with different signal pulse parameters

Full width at half-
Case ) Peak power /mW
maximum /ps

Chi Total sample Total sample
ir
P number for training  number for testing

1 10 0.01
2 8-12 0.01
3 10 0.01-0.05
4 8-12 0.01-0.05

—10-10 161 40
—5-5 871 200
—5-5 871 200
—5-5 2041 500

Normalized error
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Fig. 4 Normalized error on testing set for different C,
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Signal pulse propagation process when C,;=—9. (a) Predicted result of network; (b) theoretical result; (c) difference between

predicted result and theoretical result
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Table 3 NRMSE on testing set under different cases

NRMSE
Epoch
Case 1 Case 2 Case 3 Case 4
2000 0.1349 0.1343 0.1797 0.2010
6000 0.0435 0. 0585 0.0774 0.0920
10000 0.0261 0. 0400 0.0497 0. 0584
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Fig. 7 Signal pulse propagation when FWHM, peak power, and C, of initial pulse are 8. 8 ps, 0. 02 mW , and —4, respectively.

(a) Predicted result; (b) theoretical result; (¢) difference between predicted result and theoretical result
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Table 4 Normalized computing time on testing set for different

cases

Normalized computing time

Method
Case 1 Case 2 Case 3 Case 4
SSF (split-st
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P sed d
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Abstract

Objective  Fiber optical parametric chirped pulse amplification (FOPCPA) is a widely studied ultrashort pulse
amplification technique. The FOPCPA can provide excellent gain bandwidth and achieve ultrashort pulse amplification
with a more compact and stable system design. The basic principle of the operation relies on a degenerate phase-matched
four-wave mixing process mvolving one strong narrow-bandwidth pump wave, a weak stretched signal, and a generated
idler wave. The FOPCPA process can be described by the nonlinear Schrodinger equation. However, the FOPCPA
system is highly sensitive to the initial parameters and fiber parameters. Consequently, the traditional numerical methods
(i. e., split-step Fourier method and finite-difference method) of analyzing the ultrashort CPA in an FOPCPA system
require a huge amount of computation and become less efficient. Nowadays, deep learning (DL) methods have been
developed to model and predict nonlinear pulse dynamics and thereby reap the benefits of purely data-driven methods
without any underlying governing equations. This study focuses on modeling the ultrashort CPA in fiber by a DL method.
The proposed method is expected to broaden the application of DL methods in the prediction of laser behavior and provide

an alternative for studying the characteristics of ultrashort pulses in fiber.

Methods A deep convolutional neural network is constructed in the present study. This network contains three parts: five
convolutional blocks, a reshaping layer, and three fully connected layers (Fig. 3). Each convolutional block contains a one-
dimensional (1d) convolutional layer, a batch normalization layer, a rectified linear unit activation function, and a 1d max
pooling layer. The intensity distribution of the initial chirped pulse is used as the input of the neural network. After five
convolutional blocks and three fully connected layers, the predicted ultrashort pulse propagation is obtained. For better
feature extraction, the real and imaginary parts of the initial pulse are simultaneously used as the input of the deep
convolutional neural network. The weights and biases of the proposed network are updated by the back-propagation of the
root-mean-square error between the predicted pulse propagation intensity and the ground truth. In the training phase, this
study uses the Adam optimizer and sets the learning rate of the network to 0. 0001. The whole program is implemented in
the Pytorch framework with a 2080Ti GPU. Four cases are considered to test the performance of the proposed network
(Table 2). In all these cases, the training sets and testing sets are independent of each other, namely that no duplicate

samples are used.

Results and Discussions Specifically, the prediction precision in the four cases is discussed. As training epochs increase,
network weights are gradually optimized, and the prediction error of the deep convolutional neural network is gradually
reduced. After training for 10000 rounds, the normalized errors on the testing sets in the four cases are all smaller than 1X
107" (Fig. 4 and Fig. 6). Even in the most complex case (different initial pulse power, width, and chirp), excellent visual
agreement is achieved between the predicted pulse propagations and the real ones where all the temporal distributions
include details. The prediction error is mainly concentrated in the propagation range after 350 m and is distributed in the
range of the pulse peak, with a maximum value smaller than 10 mW (Fig. 7). In conclusion, the normalized root-mean-
square errors of the 500 testing samples are smaller than 0. 0584. The results show that the proposed network can predict
the process of ultrashort CPA under complex initial pulse conditions with high precision. Furthermore, the computation
efficiency of the proposed DL method is investigated and compared with that of the traditional split-step Fourier method.
The computation time of the proposed DL method for 500 independent samples is less than 1/10 that of the traditional split-
step Fourier method, demonstrating that the DI method has clear advantages over the conventional approach in

computation efficiency.

Conclusions In this study, a DL method is employed to model ultrashort CPA in fiber. A deep convolutional neural
network that consists of convolutional blocks and fully connected layers is designed to predict ultrashort pulse propagation
under different initial parameters with high precision. Specifically, the paper analyzes the propagation characteristics of the
chirped ultrashort pulse and the influence of initial chirp on pulse evolution. The prediction precision and computation

efficiency of the proposed method are further studied under different initial pulse parameters. Without compromising
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generality, the study selects the case of different initial pulse power, width, and chirp to present the testing results. The

results show that the neural network constructed performs well in both prediction precision and computation efficiency. On
500 independent testing samples, the proposed deep convolutional neural network achieves normalized root-mean-square
errors smaller than 0. 0584 and takes less than 1/10 the computation time of the traditional split-step Fourier method. The
proposed method extends the application of DL methods in laser technologies and ultrafast optics and provides an

alternative for modeling ultrashort pulse propagation in fiber.

Key words nonlinear optics; optical parametric chirped pulse amplification; convolutional neural network; nonlinear

Schrodinger equation
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