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Intelligent Technologies Enhancing Femtosecond Lasers:
Characterization and Control (Invited)
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State Key Lab of Advanced Communication Systems and Networks, School of Electronic Information and

Electrical Engineering, Shanghai Jiao Tong University, Shanghai 200240, China

Abstract Femtosecond lasers have extremely high application value in both academic and industrial fields. Accurate and
rapid characterization, as well as precise control of femtosecond lasers, hold vital position in their diverse applications.
Conventional characterization methods for femtosecond pulses rely on nonlinearities thereby involving complex optical
setups. The control over femtosecond pulses often relies on open-loop manual tuning, where the stable optimal control is
not guaranteed. As a result, the application of femtosecond lasers is greatly limited. In recent years, the emergence of
intelligent technologies has provided a new paradigm for femtosecond laser research. Through introducing intelligent
technologies properly, the single-shot full-field characterization over the low-energy, high-repetition-rate femtosecond
pulse train and the on-demand intelligent control over femtosecond pulses can be expected in the future.
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Fig. 1 The experimental setup of ultra-short pulse measurement based on TS-DFT and time-lens'
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Fig. 2 DNN architecture and supervised/unsupervised learning processes”". (a) DNN architecture; (b) supervised learning process;

(¢) unsupervised learning process
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Fig. 3 The experimental setup of TPA™. (a) Intensity autocorrelation; (b) interference autocorrelation; (¢) the training curve

L-M 75 B 150 1% % LA pR AR 2 IR b e X S bR AR
S HTEARVC EL S T HUR I A S S S SR T il
FH B2 0 45 19 T 7 325 00 A 1k R S 50 v a4 I 2R
WEMRH 107,

2022 4F, Stanfield %" ) IR B 2% ) o 4 4 J ik
AL, AL R 8 ) (SPM) 51 (14 38 28 1 6 3% A8
o VIR BT FR 19 45 B0 5008 SR 00 4 Bl AL AH 057 F 6 1
ik w5 B N 8. 5 fs F) 65 fs, I H 76 M PRI R 4= 4k
() S K0 s B UEAT TIRIE . R I gt B R R PR, A R
M) U AR AV g 30 3 1 A b A R ) 1 B T AT 4 Bk
P A ) AR Al HE DL AT O B i {E R I 2 H ]
VIR 52 FEAR 7 FRAE o X S84 6 1%, AR 4 SPM RIS 1Y
T I 5 R SR RS 43 5 R A 2 I 4% 43 il I 2, L
FR — A T A B ok e AR A T S — A T A 4 ik b iR
FE . it 5 FROG 5250 80408 B X5 b & B, #f 48 ) 4% 7
T SPM i b 44— 30, 9 B 2% LT A [
TER A T B AL Al el 0 246 B A 407 B4 s ) N
F 10 ms, PRI ) 12 190 2 A5 00 mT LAk 5 S92 e s

) A, A 20 3 g e o B A% i O R S A 2
25 W25 AR EE A, B L T 42 IR 2 110 OB K el S o

b S =)
7 FEL RN P A Ca) BT R CRD ik o i S
A
O 5]
SSMFZ v Iz
(@)

i — AR AR BB LF (SSMF) L 2 2 SSMF1L, i
UENACINY Y QUL 2ok (3 ) SR /) 7 UL o & DA
BN, 25 photo detector(PD) J , i J8 5 JiE 7]
DA 7 % #% 5% analog-to-digital converter( ADC) 2K 4 .
BE 5, BCRL A B Jiko i 22 5 20— BebR ik RO £ AT
TR HAZ 0 /E SSMF2. F 48 bk Fl i BUlE R 4R 4
HPIAPD MPIAS ADC, 73 5l R 46 15 3] 4 3 5 — B
55 B BOLE 5 R kb B RS 2O I Lo W
AR 22 S S R IB N
1 L—1
Ipp=—"

P L
S A2, FH T30 A 0 G5 BOIG 27 1O T I A 5
SR L OZOCE R BE o e I 5 B 22 v B A
22 0 255 1) B A BCHE K TRRD K e 14 R B A A S
BTN Bl 15 LS R i ik B K8 AR
25 00 285 T A5 2 B AR K ik 3 BOHE 22 ) Y 207 R 2
(MSE) , B FEAE g 45 5 (8 I 2 I S8 1 28 9 246 14 A
SR AP 22 25 PR RE , S B T K SEE AL 100 fs 2
1.5 ps F9 8 bk v 5it B2 Y BTN S, 4R 5] 4 (b) ~(e) BT
N o TR K e E R A 2 T AR IR ZE AL 8. 14 fs A L T
I RE AR T T 3L L

(1)

L}

(b, (©),

2 =4 —— Ground Truth
E] = —— Prodction
g‘n \ g‘n‘s A

£ H

i I =
(d} ! !‘r»m:wsl? (e)‘ ?T-mnrns]? ‘

Intensity (aw.)

P4 RSk s B Ty T (a) KA Ik e TR AR 22 4 5 (b)~(e) XK FE S 100 £s.500 fs. 1 ps. 1. 5 ps i1 KA fik wht
Sl iR JBE 114 B R SRAIE

Fig. 4 Single frame measurement scheme for femtosecond pulses”. (a) Residual network for single frame measurement of

femtosecond pulse intensity; (b) - (e) single-shot characteriza

tion of time-domain intensity of femtosecond pulses with pulse

widths of 100 fs, 500 fs, 1 ps, and 1.5 ps

0114006-4



0B B TR ik AR A7 T A ik
EWE ST WA S %6 T W (SRSD |, 4% — 4
i 5 B Dense-1D-U-Net #ft 28 [ 4% |, 38 i 45 & & L 1)
i T - i T DO 2 45 0 A 5 |k R T X X 4 P e
AT Ak . Dense-1D-U-Net #f1 28 W 4& 40 [€] 5 fif i, LA
— Yk A R 28 W 45 1) G B - B 45 A U-Net i HE 42
g FB o A RS R e Oy R BT Y B A R A
B 1024 A7 B G5 T A8, 3 4 AT % i

skip connection

E615E 1H/2024 £ 1 B/BEXRBFEHE
J2, v a2 W 4 B 64 06 {5 R T R FEARAE SR, &
R E RN 9, B K R 1o B i 6 A8 A7
AR L A BE AR 2, BT U T 48 B 1Y K B ok
B RS E R o A EE T 58 36 m O A B I ZR gl
S TP SR A7 B AL A B 5 B Y R R A6 Y
1B MR, 3 F Dense-1D-U-Net [ I BE 22 3 7 3 L A%
4 SRSIF LB W I 75 , MSE 115 45 R 22— 2 W
MEE G

l

] -

I I] dense block I upsample

512

1024

(a)

[
[
I
= =p =
2 3 1 Dl o
E2 )
El

I conv l tanh

mp max pool

drop out
BN +ReLll = up conv

VT

1024

o, > ®

K5 Dense-1D-U-Net #1245 (a)Dense-1D-U-Net fl 2 [ 48 B R B84y 5 (b) T 55 i 454514

Fig. 5 Dense-1D-U-Net neural network ™. (a) The architecture of Dense-1D-U-Net neural network; (b) dense connection structure

A9, Geffert 374 T X AN 1 J5 AL RAR
Tk T RAR K R G O 1, AR S AR i i
Rz AR R, DR R AR K A A EL A T 6 G i (1]
FEERHEAT ARAL o 3% T ARl i 55 37 Fi B UK Bl A 1 A G B
WWFFE T CRP ST L0 AN Dk i ) R AE , R 28 — 1k
J B 7 g 2 T SR AU A AT A SR LR
I — RO S H AR R X e ik
N — R S 1) A 23 18] 2 15047 {78 (VSNIC) 1 HL A% 2
BRI 2R FRAE KB B RO R . T
D7 AR B IE 13207 3k 00 AL, X i ) 1A G AR 5
£ Jok R B8 A0 D' 3% B B A A BRI RE Ty o AR, 3
T EEALER X Z g U, 4 A R B DL R L
BT Y 2 B ) R g 3T B A

25 LTIk R R REROR 51 A AR K i AL oAl
RN FETHPERE , G035 F A0 B R JEE 5 % e s A HIR B fiE
J145
S ) Lk il
3.1 BHPERAR

AR 1 3k 1 AN 6], AML 19 BIF 58 7T L4
32, R AML BFSE K 2 5 o I S0k, i s
FRBCRBR B W EZA B, BEH AML 9K
1 AN W K i, (8 IO A 030 1 i R R O A L R
T LG T 0 B RO & B e ok AL 1
EVIES NI FIE SIS

3.1.1 AT m ke AML

£ AML 1 50T B B, 0 1 o5 22 1Y) 2 i I B 3k,
B AL — A 7E I P 25 8] 3k g D I SR BR (9 2ok #R L 7E S 8K
i [Ty (0 2o A v 4 e 3 IR AS o e o
58 % Jok e A ST AR R G S B R R
X 3 T 04 5 VA AR AR G, (R AT DL R B 2
RS A5G 0B (FML) |38 % B4 (HML ) 25
kA L Hor — SE BT L FE 8% ) 5 1 S Y
FRVED B an A L BT (MCU ) 5K 81 3 1 2 72
ITEES (FPGA) AR S 5l vl 4 T ADC 3R B 15 48
P o 3 S A R SR B 1 O 2 b TR A 0 S 18 Bl AR B
J7 BN 2y f A

AML i Hellwig %782 5, filLfi145 & 7 3 F NPR
M MLFL, 7E WA T A 2 9% 45 il &5 (APC) , X
B — ol He H 0N B i i A RS o B A T B B AR
APC #E A7 JR 4, 8 I 4k 25 5 W06 28 2 B0 Sk
SR, S IR RS R AS  DRE E 7 o AFLR AE T B ]
IR TS R S5 25 S BB S A 2R A3, AL O v A B AR e
BORAR o

20124, Shen 25 52 P T 18 Yb B 47 9 NPR H 3
BB . N Y D R 45 B OT A5 e R A R AR
(EPC), 5 APC 281, 33 S 38 358 XoF i {4 B n el e, 0 1
CAE A S8 3 i R A5 0 A . MCU i i digital-to-
analog converter(DAC) £ ] EPC % , Jf i 1o Jik b3t
BNy e AT BB e o Dy T 2y ] A A ]

0114006-5



T EPC /) B/~ 38 18 o R oE A7 Dy, 9 2% 60 i MCU
BB — A B R R BRSO R KR
T R R s O 2 E T T s s D OR #8 R i
P 4%, PR it B ) R

UAE LI TH A EPCSEEL T AML, EE
A%k 6. 238 MHz, 3% HLff F MCU £ Sy £ 41 ol
O U5 T TR Ry A S P AT AR e I B
B P ) HE BUBT T ] R 90 s, KRR TF T BT AYRLR .
SR T A B3 02 R RE 2 7 TG TS SR A7 AR AR R AR T 28 1), btk
A FWALRF FML A1 HML .

2017 4F, Shen %k — B 0l 38 T Z 10 B OGS %
e SLE Ml H EPC B 34N dEF7 2 — H L B A
6 AT B AR RG B M 3R B R G kT g T
LLIE #ff X 43 FML R &S 5 % 22 )% . Q-switched mode-
locking (QML ) Al 2 ik wfiR 2, I 2 — 25 9% 1 962 11
S o BRINTZ T 2 0000 bR BRI (] R KL JF B R G2
i IR BR 25 23 32 B3R B LAAM ) & (AN 3 0 ) 45 ) 52
M), DRI b e ol M BE T S RE AR R AR

2018 4F , AR B A SE M T AL FML L By
HML ., =B HML 7€ W /Y H sh S8 3O6 48 | i 4 8806
AE Sk 2 i #5 R AT A8 0 I i %, #A2 0 %K 6. 85 MHz,
faf b T 5 L B S5 4, R — A ADC R4 il 1% 5|
PC. R P ot 75 vk, 78 4 48 S B fb =5 1l v, 2t
SEBCHE AT s AN [R) e R B X I A Bk iR 25 3l 5 e
AT Jok etk 285 1 L R 28 T, S 30N [) ) Sk etk 2 1
PIge . Xk FML AR 51 4 fok wh A~ B8, 1 X6 s Y38 il
49 AT R, 0 S ) P PR s e B AR e (R R T ) 2R UM 3 1
B K B n [y HML A9 25 KR A9 1% 28 i 1 A K

2018 4F , Wu %6 5 T NPR 8l A5 80O %5 S 9 12
W 75 fpk op R FMIL R0 A A o M S ko 5 FMIL
B4 25 0 78 T B0 F W i 5 5 1Y 22 B, 2 M s ok ol ) R

Optical
Isolator

F61EF1H/2024 F1 B/BAERBEFEHRHRE

I W Y B R AR 2, IR e ff FH GaAsP #y — % & oF
ARG I B2 A5 v DAAR B M IX 4328 FML RS e e
3.1.2 A FHAHZ8 AML

Jg T HE— 2 BT AML Y B IE] M fE L O Tk A Bk
I AML 455K, 38 o 00 1k B% A2 78 B R BY 2 802 1)
FEN HARIRAS B S B, AT 48 R Br s 9 ik e] . 5
R (GA)™ R AML &tz & ) 2 i B2 —,
SR N ENSR TN R G2 W A R D B ST S @)
AN TR] ok R A 1 %

2013 4F , Fu 2 7 BLIS 15 B A oL 72 op 4038 1
i T s B 24 NPRJEW £ 2174k, FL H 1
JE AR T Bk v B S A0 0 R RS B Ll G X PP o ik
AT LA 550 b 28 53 oL K o ) BB o, 10— A5 B sk A ) £
ok A FeoE e, DT 4R T R G 0 AR e M R . X
BB U8 A BBk N T AML A A SC A 5T .

20154, Andral 4" B I FE 5L 50 Hh BOR T AL R
ERVE AL B R GAB R — A0 3, 3% 3t
LSRR BELE N I 2 ARG . LR E
W& 6 7~ , 4d A4S EPC F1— A T 30 i 7% 2 ) 28 11
Tyl N PR . B4 EPC i 34 IR 3, GA
Ak 3 AR 0 T WA EPC 2k 6 4~ 2 % i e, L A 3h
BUEBOLR . B R GBI (SHG) 15 5 5 E AR
Ry 3T 7 R RRER, RIAE I i Ak g E i BBO(8-BaB,O,)
rn R A S S S . FMLARZS W] LU= AR 5w 21
1 SHG {5 %, B 3l i Ak EPC 11 6 A4~ H e ok 52 88 i
K SHG 55, i BOE 8 S &b ZHBOIRE . SR,
QML R W A7 A Pl BE 2 T4 X FML A9 ) g, A 1t 38
of B B B B FET 2645 1 B 25 [y BBl (FSR) 5 45 45
Tk i, FSR 58 B2 A4 S BT A0 35 N B pR B, X RE
AL U8 QML AR . (Hl T GA M E &M E K
NYES A A ), W06 Bl B R OR K o

DCF

B EPC1 Manual
‘ 44 Polarizer
Controller
Voltage () &COZI‘_
Control
e o | 3% l 2\
L Output e Output
SHG or
Oscillosco
& 5 Voltage
N ) (‘ Control
O - ]

6 A S mLEE ) S b5 i e £ Ok SR

Fig. 6 The schematic diagram of fiber laser with computer-controlled feedback™
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Fig. 7 Real-time intelligent MLLFL". (a) The experimental setup; (b) state search results shown from left to right, FML, second-order
HML, third-order HML, QS, and QML; (¢) comparison of initial lock time, recovery time and number of regimes between
recent AML studies and our study; (d) schematic diagram of human-like algorithm; (e) time consumption of FML states on
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Fig. 8 Real-time AML based on genetic algorithm™. (a) The experimental setup; (b) The flow chart of modified genetic algorithm;

(c) comparison of time-consuming performance between ARS and improved genetic algorithm
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(a) The experimental setup; (b) comparison between optimal spectra obtained after

optimizations for merit functions with different «

2022 4F AR BUAH B T e R M RO A S
A Sh A IR RACRER T AR . T
e A AT R Sk e £y B R S IS 1) B M T SRR SRR R
A 3 9 5 RCE /D R I T B R AR ADC, SR T
I ADC AR 5 5t HEIR & 4%, R % e H b
BEAEARCRAFE R 00 5 A UR Mk b % TR
3R PD KAWL , 20 ) S To AR {5 5 0 1 8 D 2
£ (o 1R B, R B IR B A SR e, IR R X
il 75 i 55 )7 X529 T 400 MSa/s R kEF T X 48 MHz

@
=
WDM EDF
980nm Pump

! —
Jazue|od
Jajdno)

—

2 D
]
CTR (a.u.)
=4
) i
> ]
|
4
4
Amplitude (a.u.)

A RO B B, S 25 M i 10(a) B
IR o X Bk O R T R R (E S I (CTR) ,
HE— 251X A3 AT T AN [FR AR R BB I T EUBE T
By O, 18 10(b) B 7R T 500 MSa/s By [ 5 SR A # A
10 GHz 1y [# 2 4 58 T, B A 0 @ 80 I ot &
(LR FLEA 3 Z g B B A IO #8 (2148 1y il
bS5 CTRIARfL . & 10(c) B/ T 500 MSa/s
() [ G RAE R R . CTR S5 AR %[ 10 GHz(#
28) 3 GHz(#& W2k ) . 1. 25 GHz( %4 ) .200 MHz( %

(b) @

o 170 340
Dispersion (ps/nm)
: (8],
—a= 10 GHz —+—1.25 GHz —+— 100 MHz ~=-1 G5a/s
3GHz 200 MHz ~+—500 MSa/s i
= 200 Msa/s Uy
= . E] =
3 _“:* ~e Z g5 =T \‘—-n.\‘
N\ & |/
g \;\ 7
=

L] 170 340 o 170 340

Dispersion [ps/nm) Dispersion [ps/nm)

F10 s o AR OG5 920 [ BB 52, () BB 9 R F 48 MHz [ 8B 92 568 5 (b) 500 MSa/s [ 5 R A 5T R[] i
GO S @ ELE S5 CTR AL ; (¢) 500 MSa/s B [E G RAEAR T, Ak (CTR 5 A [ 98 2 [0 1Y 5C & 5 (d) 8 E KA
HEFNAT 9T B — AL PIE RS HE () 100 MHz #Y [ € 4 98 T (i \CTR 5 78 [R] R AR 48 Z 1] Y 5 &

Fig. 10 Real-time AML for high repetition rate lasers"”. (a) The experimental setup for the pre-stretch technique enabled 48 MHz
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of normalized waveforms at a fixed sampling rate and bandwidth; (e) relationships between the dispersion, CTR, and different
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different algorithms
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Real-time comprehensive control over soliton molecules™. (

a) The experimental setup for real-time comprehensive control

over soliton molecules; (b) the spectra of soliton molecules (left) with inter-soliton separations ranging from 2 ps to 58 ps,

accompanied by the corresponding autocorrelation traces (right); (c) the spectra of soliton molecules (left) with inter-soliton

separations ranging from 3.0 ps to 3.7 ps with the interval of merely 0.1 ps, along with the corresponding autocorrelation

traces (right); (d) comparison of target separations and searched separations (top), errors between target and searched

separations (bottom)
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