55 51 5 1) T o Vol.51 No.1
2022 4E 1 A ACTA PHOTONICA SINICA January 2022

5] H#% 2 : YANG Yudong, WEI Zhiyi. Sub—cycle Laser Field Shaping (Invited) [J]. Acta Photonica Sinica, 2022, 51(1) :
0151109
TR AR B AR SC . W JE O Dk vh o 1 808 w9 (CReask ) [T O6F2% 4, 2022, 51(1) : 0151109

S SO ok o't 5 BB i 5T (Rf )

I E,HESL
(1A LA LS80 %, T AR A58 523808)
(2 Hp [ Bk 2 B W BEATE 5% 0, AL 2T 100190)

B EAREREARSEBRRIABARFLRAFRA P AN ETLEEETFR  BRAARA LA
BRI RGEHBHEARE LSRR FAFRRITLHELREZL—, DAPELGEBERKERE
SR R RS ABEEER VA AERIER D EI RN TR, ZRAHLSE
BHARANEA LS AR Y G FAZITERBENEARESZ L BT &g = 2 5 aish .
Sk, AT AR R BB R AT A AR B B LR I B R R Y 3 Y A s B R
— W FEITFE, KL K ERNB LRI G ETB LR, £ 2RE T B B R R
RER G TFERERG R LERARLERB YR Z P RR

KB AP T RGAE R RABRTY RS T AR &R S A

hESES 04374 SCRRARIRED : A doi:10.3788/gzxb20225101.0151109

0 58§

RO ke A AR R B TR 43 B AR A0 5 Jo b M PR Bl kBRI SR AT O TR o BB HOG Dk e ik
AIF 58 FRE A 58 v A5 30 732 0 2 T, AN ) S 36 RO ko 42 1O R B DD RERR oK o OB Bk i B IR 12 48 X
O ik R AT iR AR 7 55 e 9 R L DT A B R [RDR AR B O Bk b, USSR R A D RE . O3 — T,
X B AR A (1) SlORE 3B SRR X B 58 SR Bl 7 2 o AR 0 0 R SR A [ 9K 2 2 ok O B R 1 K R B A O
PR T SR AN TR, I Bh B BK O = A OB AR RAT T K SE 5 17 A A B D TR OGPk el o 24 ik S s 3
P AR RN oGk eh I T 58K B 2 S8 Bk O [R] B R . B BV DX ) 2 — 2, B X T
AN 45 AH ] A 30 1A ik o, G S B 9 S L A DR A T B R ARAR E o BRI, DRy T 5 4 2 4R 3 ) O Ik v
e HOGH I W 32 B9 6 . 57— 5T, S8 AT B A I BOE Bk b B 33 IR R FR i DOBOG Ik g 42
AR FHOE Ik w637 B8 HOAR I RS, AR w7 RS Y B AR B T B

F A5 14 56 3 T TT LA 3 o 92 o ' Bk w450 265 5 Ik v 482 D8 1 R 2 B0 IRONG k e 4 480 0 £ 4% AL 62 ( Carrer
Envelope Phase, CEP) SZ 8, Jf H X sk C 4 B8 W E MU G S A T AE 45 58 o % T AE R b sk
O K B BT AR A T AR ST Y R YRS I 77 A= (High Harmonic Generation, HHG ) J2 #1814 3 JF 28 ¥ o 2%
o, H S B2 BRI R e . 7E B AN B 2 0 R LR S T I R SR R R I 7 A R
WOt e M RRE T EAR R E RSOt E SR R B ESS LR FEMEEZ . YT
BB ENHOE S T A AR S B G SRR G DO E T R A SRS T2 A ARG OC S T
AT W fig 1 W) DAAY 25 A0 500 i e Ot B ORI . TR Mk B v, O HL 3 0 R IR TR S O L Y L ES A
A7 FE L T A2 S DA R B S R 52 6 R S, I e T 5 A B v O R A . BBl HHLG i 20 S 4 ik e
Y ELAAOSGH 08 OR e s B A BT RP ik oh g H o R CEP AR S B, BTRD ik o (4 250 H A9 BR 1 o — A 1

ESWE R A RS BRI (No. 91850209)
E—EE (BRMEE) MIEAR(1985—), F Wit EZB 5 T5 0] i PUHOL 5 MR+ . Email: yangyudong@sslab.org.cn
BWAEE ALK L (1963—) , 55 W98 51, [+, R E 058 07 ] Sl DU SR O B R 5 8T o Email: zywei@iphy.ac.cn
Wim B 2021 12 27; RAHEH 2022 0114
http: // www. photon.ac.cn

0151109-1



T oF

RV LAy S 0 T SR IS B A f e o T 24 X Sl S R O K e G R AR 7 B4 ] Al — R SR T e
RE T, 8 AN ' HL 37 TR i 5 1E 5K Pk B Da 3 TR HOR B A 2 o S A B b ke v 3 (4 4 S RE D B e
BIEA I B , S B X ' L 3 T IR 0 A R e L AR A0 PR AR R e e P A AR R TR T
FAE DI R 5 5 Wy SO EAE T8 %A BH R g

' 9 08 FOR 8 AR BOE R RE AT RIAE AT S8 5 W) JBAH B AR JH B0 4% i 2E 408 i B Be o x
TR AR K w7 AR AT R O SR 4 R T TR R AT e SR ROG HL g U B Y IR
IO I A el e A AR DOG TR . R SR GO K eb AT O Ot i 3 T T K S EAT B e 9
TR B TR SE IR R — BT R U BT R S A S 2 4 n TR S YR B AT . S B 4 RO Y
1 T K A A T ROE R 3 Ty RS o 28 e U B O I A O 3 R B R A
AL TN EOE Rl T AL 0 58 56 O o 5 e R S R3O Bk v DA R T A K AR G TR
S5 R 04 R AR R R B M RORR I [R) RUBEE |, 9 az P 38 0l v 7 45 o vl B A, LRI BT R AT B IR TR JEE 80
A R A R K RUBE (1 3 TR B 7 A BTRR E

SE IR OE Y Y 5 E B O e S T, A S AR 7 AR R S O B O X Ot 35 AR A R AT RS B 4
Fenh 2z b MR o L A g SRR R A R T O3 A S st T L T 4 A 45 I ) A 1 ok oo PR SIE S
W63 B 19 52 B de 28 ] LU 45 0 J) 300 de 06 bk o G 2 SR A I R IO Bk b i e A o SR Bl B —
DGR A SR S JE 31 016 Tk o 40 S D' AR BOR AT OR AT AT o R o 22 v PO [ B A S 0
ok i AT 45 9, HE T 92 37 A SRE I 91 Jik o i S OGRS A TS BB ARG B TR Y 7E
SEH b S G A T R AR S R 8 ik i, 52 B SR 81O 37 88 15 A S AR B R R PR R, AR SR &5
TR 28 S B JA U163 BOE B ke E g

1 TEHEAR A R E ERYSE37

1.1 EFmECEHEAR

XFIE ALY 58 A AR LB S WD e h 2O BT 1O S R 8 i S 3 57 7 A 1
GO Kk % B PR T R A A R 67 5 S BRI e RO K o — AR Y 0 iR R A s AR L Ol
TR 7 A G VK i 2 8] B A XA A

JE 91 O ko 5 A K K b B KA IX ) 22— 2 CEP 4 i 35 5% i J& 1 4 ik oh i ok i 3. |1,
CEP=0HR], # 0 i (A 924k , CEP=n/2 B , 8 AR AR L o OBk op dn &1 1Ca) B 7R ik 58 3K i), AN [
CEP 1§ &L F M OE bk st B 3+ 43 40, CEP 3R AN 23 W 3 BUE G B AR o B 38 O ik ol 4 4 %5, CEP X
HA, 37 19 52 Te) 32 0 0 30 . FE O K FE an 18] 1(b) Bz S AN G35 4R35 RIS B0 T, AT LA 22 21 37 T2 IR Bl
CEP #2581y 4 30T 5 (9 28 Ak o 17 25 806 Ik b 46 6 22 0F — A4k 3% R, B 1Ce) Jrs 906 HL 3 TR 4R
CEP 878 7/ 2 10 1 B A2 A SR 20 . AT AT 3 A 1A 58 4 [6] /i 3 6 ik o (e 55 0 oA B A T
JCAH B AE b B B E R R 22 5 . BT, O TR A A T O Ik e e AR A AR nT AR Y SE B0 25 AL O
CEP I 49 8l 2 o

H1 e gmixt TohmgmR e
Fig.1 The effect of CEP on the shape of laser field

0151109-2



RS NN AL UL O1H. I SUIPIR7E 3/ Z0 EACRS )

CEP 8l a2 £ A 2 J8 101 8 9Ok Jik b 07 FH A8 S 8, T DA 43 Sk =8 sh e B R g sh e B R, CEP £ 3h 8
FE FOR T S 1 HOE K CEP AL, I 48 I 34T £ 30 [ 5t LUBUE CEP. X T OB IR & % AH QR K b 2 1]
B CEP MUZE 8 Ap 25 F 2meveno/v, (v, 02 B 2 IR vepo 2 307 60 25 45 % (Carrier Envelop Offset, CEO) )., — %
KA, vero B I [R] BEHLAZS AL, PO Bk o CEP @9 i ALt 2 BENL Y . 75 2R3 55 8 CEP i i i, AT TAR 41 7]
FHf— 2/ 95 1 D0 5 75 31 1Y v, , X SO 9 J1 P 0% 8 3 B2 € HCHE AT IR 05, B8 v BIE FESE A B E A0 | A
O IR R i PN R S R A R R v IR R A O R T 2% ( Acoustic Optical Modulator, AOM ) 4 il [l
M S TR . R, AR5 5 55t 8 OB IR % #3 t n] SE 38 CEP /9 £ 8h 81 ™ . 11l 7] (Feedforward ) CEP 4
FE 7 1 MR I 4 45 B 1) vero 3K B0 75 8082 %% ( Acoustic—Optic Frequency Shifter, AOFS) , ik 6 a7 il i i &
AR o TEFCHIAL b, i TR T S A M EAE R OGRS TR R RS . R, 2
TR Voo I, B0 — AT 556 K A RS S v, , WOG B ot CEP B B E 2 0. H1 T 1] CEP 8iUE J7 125 % 38
O i 1 38 AT R IR LR O T TS AR WO IR B PR S DT DR AT DA Dy i b i CEP AR UE B
JCRGE . [FHL, i T RO IR I B A BBt fF AT ) CEP 8iUE 7 i M R Geis A7 Emkase . (H)2 , Bl
I HOCHR G 5 2R 15 CEP B2 M BOG Ik i, J5 22 19 ik o 78OR 3 B2 i Al 25 B IR CEP e Mo o 17 i b sl ik
THBOCHOER XS bk vl CEP (952 W, 75 2245 By /— 27T 95 2 52 750K WO bk i iy CEP £ 3)y, IF B 5t 310K %
{9 AH R TCAE LAREAR CEP £ 30 o SR 8 9 5K Bk b CEP £ 3 19 77 32— B vl 748 380 R 2% P 1 ik o 2 56 2%
S Z 1] Y R

5 CEP F 3 81E AR A H] , CEP # 8l 8l & B IFF AN Bl Ah 8 St 26 8 T2 A AR Ze ol 2% i # vp 2%
AWK AR 6 R PV 4l O e . 7R S Bl K (Optical Parametric Amplification, OPA ) /22 4 7% 4=
(Different Frequency Generation, DFG) ™, {5 %506 5 G Z A1 1Y CEP Z 2244 S W AE PR TG 19 CEP | 24
556 5 R MOCEAAHSER CEP MR 5] ik oy 22 5507 Az 5505 P9 A ik b ok A W] — 68, 5 % 1] ) CEP Z
ZHEE B4 OPA ¥ i th CEP FsE Y IR MG . % 3] OPA 148, CEP 9 sh 8l 2 £ R i3 AE T 2 19 s
Pk B 3RAT CEP Ao bk ol i T RE , [R]f f TR0 7 AR Ltk e B 0 N BL R 1k R is T AR . 19
it TIXEERE A, CEP B gl 8 B LE I F B ke B 32 31 4l

X U ke B R R R T AT AR B, BB SR O R 2 Y 1 O 0T, Dk i R 4 2 R PR o R e A B R
PO Wk B B 55— OB . T A B, A A SRR R I i O Bk B8 S O AR A T A
T Z A T A AN (] £ 20 T S0 e b o TR E T O A A T S BRI L X R S ' 1 R AT R
JE R S5 LT AN R BE DR 5 AT AT 09 5 R S AT X A A0 SR I ol g3 Sl e Al o /0 T IO T ol 6 R 4
LA AP LA A ok w8 R 45 51 10 Jt 31 % D3] {EL 2 38 20 I Ik e %) A KA B L SR A O S e A4 R g
A A 0 T T B R A SR A, PRI, 2D ] e e i — R P W K €5 R £ B LA 7S O T G
2 0 1L I8 I 2% (Acousto—Optic Programmable Dispersive Filter, AOPDF) . )& , W 22 A~/ J& 451 # 46 k o 8
AT HE T B, Wk i 22 T80 f9 R T AH A7 55 245 SIS 755 1, DAOR IR AR 2 6 3 % th DA B0 6 3 i W R R L D
Sl 390 Jok w2z ) 1) AR 44 B AT LA SE S 1 B A 635 T ik BEAT W, O LA AR S R S, R ok e 2z 1) B AR
Xf AR A o
1.2 BHokRkh A BIFRAR E

R PRV Ik o Y e AE R T RO ok 7 A R R P AR R T A0 T 0 PO ik oh R AE A
R 43 B 2 16 38 B R (Frequency-Resolved Optical Gating, FROG)™ ™" S i A1 7 A T B # o 3 5 4 3%
(Spectral Phase Interferometry for Direct Electric Field Reconstruction, SPIDER)""4¢ 3% #8677 gk ¥ & + 73 it
CH 2 SR R (R i D I Bk e AL EATERE B T B 2 S0 i RHE [R5 8 Ty i Y 2
ok ol ) 42 2 TG AR O HaL 37, BT TE VA SR B CEP MF B . A T AR BOG I 8 W 8 0 B ) RUBE (945 8L, a0 K
A A0 O L 3 0

FL O SR Dy R FH AR A %% R 32 21 A/ D B T B TN v 3T L SRR I v 2 T 2 A R T
YR % A 01 A% 48 (0 G RFE R B TR R T 2.2 pm A BE o S T A6 SRR AT T B A Ik e A
it KEIBER S 45 BulE 1 H G RAE 5 125, 0 08 Y S J Dl 0 10 1.2 pm o 330 A4S B0 X 30 21 41 D B fik
RO Y A A O R S N T A T A K, AT R O L 3 N T i (EE T AR

0151109-3



¥ %

XF SIS A%, TP v b SR s U ™ ARl R

T ST A CEE A Kb T B U B A R CHORE AR B O A AR S A 5 A A K ok ] e
Tk fn SR A v o A s R b S i — S Ok el I8 4 H bk e i) Sl S5 AR RO L 3 B
8 ) e DU I A0 5% A I b RO Ik b 22 T ) SEE B A8 A o A TR S IS F 1 R T A AN 18] 2 s B 4k L T RE TS
£ BT i b DO K b i 4 AR B o R B E % B RD Bk e SR AE 5k —— ik TR AR PO A TT G Y
5¢ 4% 1 #4 % (Frequency-Resolved Optical Gating for Complete Reconstruction of Attosecond Bursts, FROG-
CRAB) "/ TE 2 38 o8 A A0 52 18 55 7 I\ 32% — 2k vy R 35 v S JBORH DG 15 8., 52 B BT D ik e A R 38016 Bk e £ RALE
T3 A AT WOG I 0 B T JC T A Bl b 85 0% B i) A 7 S 38 B i T R 4k BRI H T R 9 LAl
T B 0 B 1 2 Ak 5 O L 1 O S 3R G 38 o X R e 3OO S8 O HL I R AE

M2 fH FROG-CRAB Il & ik o 37 i 2048 #9 = 4 b w T fk i 1
Fig.2 2-D photoelectron spectrogram obtained with FROG-CRAB™!
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Fig.3 HHG beam tilt angle distribution obtained with petahertz optical oscilloscope. The center of HHG tilt angle is marked with
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Fig.7 Optical waveform synthesizer with signal beam, idler beam and pump beam from a single OPA™
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Fig.10 Simulation of attosecond pulse generation with synthesized optical fields"*
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Sub-cycle Laser Field Shaping (Invited)

YANG Yudong', WEI Zhiyi'*
(1 Songshan Lake Materials Laboratory, Dongguan, Guangdong 523808, China)
(2 Institute of Physics, Chinese Academy of Science, Beijing 100190, China)

Abstract: Ultrashort laser pulses are powerful and important tools for scientific researches in many areas in
that they allow studying ultrafast dynamics in materials with extreme time resolution. Different experiments
across different research fields ask for laser pulses with very different characteristics. Ultrafast laser pulse
shaping, where the amplitude, phase or polarization of laser pulses are modulated to fulfill various
requirements of different experiments, is widely used. On the other hand, the pure quest of the technology
development and the desires for studying even faster dynamics in materials jointly motivate the
development of ultrafast laser technology. The record of the shortest pulse duration was continuously
renewed. Eventually, ultrafast lasers step into the few cycle regime thanks to the introduction of Ti:
Sapphire lasers. When the pulse duration approaches the oscillation period of the laser carrier wave, the
differences between few cycle pulses and longer pulses emerge. One of the most notable differences is that
even for two few cycle pulses with identical envelopes, the electric fields underneath can be utterly
different. Hence, full control over few cycle pulses requires direct control over the electric field, which
implies the technological leap from laser pulse shaping to sub—cycle laser field shaping. Sub—cycle laser field
shaping technology not only enables full control over laser pulses, but also makes possible direct
manipulation of strong—field physics process via tailored optical waveforms, which fundamentally enhances
the toolbox for controlling light and matter interaction. Preliminary laser field shaping can be achieved via
the Carrier Envelope Phase (CEP) of laser pulses, which is sufficient to significantly affect the electric field
and alter the outcomes of light and matter interactions. Therefore, CEP stabilization is crucial for laser field
shaping. Currently, CEP locking methods can be categorized into active stabilization and passive
stabilization. Active CEP stabilization requires feedback loops which lock the CEP mostly by tuning the
inter—cavity group velocity dispersion. In contrast, the passive CEP stabilization exploits the phase relation
between different beams in nonlinear optics process, where the idler beam of OPA/DFG is naturally CEP
stabilized if the signal beam and the pump beam shares identical CEP fluctuation. Additionally, controlling
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the spectral phase precisely further enhances the shaping capability that the electric field can be shaped to
deviate notably from sinusoidal oscillation. Complete characterization of such few—cycle/single-cycle pulses
is indispensable for utilizing them in experiments. Typical ultrashort pulse characterization methods
measure the pulse envelopes but the exact shape of the electric fields. New methods which measure the
electric field have to be developed. The field-sensitive methods are usually based on high harmonic
generation, either by exploiting the process itself or by employing the XUV radiation from HHG. Laser
field shaping targets extending the capability of direct electric field control in radio frequency to optical
frequency. Customizing optical waveforms builds on the generation of extremely broadband spectrum and
precise control of the spectral phase. Since laser pulses with broad bandwidth correspond to pulses which
are temporally compressible to very short duration, sub—cycle laser field shaping and sub—cycle laser pulse
generation share common technological ground. However, generating spectrum experimentally with
bandwidth supporting sub—cycle laser pulses with a single light source is, if not impossible, extremely
difficult. On the other hand, coherent combination, or synthesis, of several few—-cycle pulses of different
colors is the enabling technology for extremely broadband spectrum and intense sub—cycle laser pulses.
Different approaches have been proposed along the development of optical waveform synthesis. The optical
waveform synthesizer based on noble gas filled hollow—core fibers is one of the most successful attempts,
which leads to fruitful results. However, the HCF approach has its own limits which are, e.g. the pulse
energy and the bandwidth. To overcome such limits, OP (CP) As are introduced for the waveform
synthesis. After conceptual demonstration with small OPAs, the signal beam, the idler beam and even the
pump beam of more powerful OP (CP) As are employed for coherent synthesis, which takes advantage of
the fact that the beams are inherently synchronized. The full potential of a parametric waveform synthesizer
is however yet to explore. Hence, a waveform synthesizer consists of several different OP (CP) As was
built, which outputs millijoule level sub—cycle pulses and the waveform can be varied by tuning the
synthesis parameters. With the intense sub—cycle pulses, isolated attosecond pulses are directly generated
without the assistance of additional gating methods. Moreover, tunable isolated attosecond pulses are
conveniently delivered via varying the synthesis parameters. In the meantime, simulations are performed to
illustrate the shaping of the generated attosecond pulses by tailored waveforms.

Key words: Ultrafast optics; Laser field manipulation; Sub-cycle laser pulses; Optical waveform
synthesis; High harmonic generation
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