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HHGHEAT TIEUHIR, IS T8 R gRay b
FLfk(isolated attosecond pulse, IAP, X 3| FHHGH)
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15 YR VR T8 e DA i AL BT A g ek ] 2 o5 RN 0 o 138 25,
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7150 as. BRI HBFFTSN, BURMK o= g 54
PRME R Tt — I, BT bk o 14 fik v i R Al
TEAWTEZE0E. 20124F, Zhao%e A345 T k5567 as
RO RS SR WAE, P ER B RS S T
160 asARST ik, 3502 [ P9 B YR BT Rk v 26 B S 55
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B /K E BB BKTE 53 asPIIz kb, J& Bl
FIr A 2 IR BT RS Bk o e Be s 22 5% TRl AR
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A0SR, IR A 20204F, R R H
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BONE. PRI, 5 R S A RUBE Jok bl 2 P
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836
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AL S 5E3E A RABITT(reconstruction of attosecond
beating by interference of two-photon transitions)Jy
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Feik= TEHOCIK AR Pk BF, WY LA S 214
RSB s U 2 (B B AR, 22 5 IR ST A L 3K
FEEXUVIGIER Z A C R, G iR AR
AR R SR SO C BRI, 4G HAR AR
REZE AT IR BIARAIOC R, JREh & Bt An 4 i e
T E kb A EERAE B %075 F200 14F i Paul % AP
RS PARISEEL, AR IR T Bk e
250 asPyBaTAbfK AR . SEEGH(E1), H0iE 800 nm.
[k 5E40 fsHIKHZAK S, 8 AR5 1 iE R T
PRSI 7 A UaR G B, G LA
WIREDGHYSREE; fon, 8 BRI B S A B AR
SHE ARG, JRHERT HL AT IR ] A PR

RABITTAE Ry — AR GF 1 BT AR fik e i 38 £ 200 45
T, BB ZNH, BEE AR R A5 Tt, Ak
HiftRainbow RABITTH Ak H R 67 T4 7
ZREHEERIA T TR SR, X TR LE M PR 1
MIRERAIIN S, W74 T 28 s B & 1
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Bl 1 RABITTHSERR S, Bk AT HOERR M CHB o AN IR 5 B4y, BREHR 5 T 7= A I (XUV). ST DS TSNk ol s Ut
P FLRE BRI CR D BOCH B R AR5 AR B, ARG T8 RTINS 5 (time-of-flight, TOF)HRM 2. #7181 7R T 1E4
TAVEARE A PR A G TR T 42, Reprinted with permission from AAAS

Figure 1 The experimental setup of RABITT™. A beam of a titanium-sapphire laser is split into an outer, annular part and a small central part. The
annular part generates harmonics (XUV). Only the central part of the IR pulse and harmonics propagates into a magnetic-bottle spectrometer. The light
is refocused onto a second argon (Ar) jet, and the photo-electrons are detected by the time-of-flight (TOF). The inset shows the quantum paths
contributing to the photoelectrons generated in the second argon jet. Reprinted with permission from AAAS

{5, DS X6 30 S AR 3 B, DT S i) e 2 AR 0] 2
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AV,

B 2 S BK SO 0T 45 R HE L g 9 BT Ik i FEL S H DI AL A R
W B R AN IR S A RS S BE S (v, v,), SR IMER
Ye35h9434ii. Copyright (2021) by the American Physical Society
Figure 2  Effect of a strong laser field on the photoelectrons ionized by
the X-ray pulse at a given phase (p,-[zj]. Dashed circle denotes drift
velocity distribution (v,,, v,,) of the photoelectrons without the laser
field; solid circle denotes distribution with the laser field. Copyright
(2021) by the American Physical Society
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P, e L — AP BRIk v T T 2~3 1 4k
. SIS AERTRY H A G R AR, E
TOFHRM A AL A HE B 1) = U U 37 T i B A5 31 7Y
NBE TR B AR S, JEHFE T8l 55
EXINE SR, 45 G B 2 A5 14 BT RD ik ol e 725
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PISCER, SRMTREE HOAR ) R, AR Z CRb bk i i s
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W B, Wkoh 5 B A E T 5k 2 BT RbFE Z fk of, Park5F
NBTIF20 1 8AFHE 7 — ) 5k 00 ik O ok o S5 L
I %, BFRVETIPTOE(tunneling ionization with a
perturbation for the time-domain observation of an
electric field)(1%13). %75 53k T/ 0l bk v 5 “UAAE ]
RS - R O R SR QU TR 7 s 9
FLk #i(fundamental pulse)5 155k #fi(signal pulse); H:
h, Bk ePRERROR, FEERE, MES ke s
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Metal plates No (Ref. ch.)
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B 3 TIPTOEJ EHISHEH . AST OBkt s Sk B 515 S Bk th Es. 165 %038 P, FL B BN (G i Sk o fE P LA ;72
HSmIE T, B e B o 5 45 S kb [ /TS 2. Reprinted Fig. 2 with permission from Ref. [37], © The Optical Society
Figure 3 Scheme of TIPTOE"". Incident laser pulse is separated into the fundamental pulse Ey and the signal pulse Eg. In the reference channel, the
ionization yield N, is measured using only the fundamental pulse. In the signal channel, the ionization yield is measured using the fundamental and
signal pulses. Reprinted Fig. 2 with permission from Ref. [37], © The Optical Society

Wk oG BT &, AR EE M ES RS
Wi R4, IF HE5 R 54h %062/~ I 8% (petahertz op-
tical oscilloscope)” " FIE-45 5 H X 15 51 T HIE.

W 2 DA b 32 3 0% BT Jok vl it 2y S8 A, — ok
PRSI [RIRE by TR ik v g 0 AR AL 1B A LB 81
11, 20014F, ScrinziZs A4 1! Attosecond cross correla-
tion technique. AATTIA R, K BT AR ik v 5 HEBR B 0 [R)
BHER T BARRUER, o SRR C 3R,
EICIEAFRE R AE XUV TR, 55 Il IRSEot
Dk 5 BT J e P SEE B R s TR OGBS -1 7 %, R
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10 nmPAF, 3X0& Yi AR RInY. BT ZriEh =
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TG EEBEA R RS Z X0, BRERC R %, I
Hb, 2T T AR )45 i B i A Ok )
DR AT ik v R 14 K b i

20034F, Bandrauki‘f‘%}\HO]EFHTDSE(time-depen—
dent Schrédinger equation) XTI 4k KFME 5 XUVETFS
Pk bRV E 2R o AR R B, RO
LML, e LR oy 1 R R S
)7 A B F BT A B U — b e RS X PR R &
5 TXUVIKI KT RI(5 B, IRt &R,
TG H FEICE X FR FR B0 Z M G 2R e BT Dk o st
W5 B BT R PR VEasymmetric photoionization meth-
od. &5 R EREIHA N R FDE 5 XUVEK i Z [l
FER, (AN L ST 0] 5 )5 ) i H R AT, Ak
T HTIR A B R B R OGRS 40T

B2, HIERN LI AT 5 A5 0 S Al
SARBER IS I, 125 TR AE BT RD kil 2 11 5 i
YR RS T Re.

AN, A E AR ERT RS SPIDERZ: (attose-
cond spectral phase interferometry for direct electric-field
reconstruction)”®. % FSPIDEREAE KAPK il (1 A
B, AT s FLT RS FE A s . SR T 7R
“CHPSPIDERIM HE b, A Ik s Z oy RS 5 A —ERY
TERS5HF, A RESRS TR S IFAL BIAT B Ik 5E (5 .
SR 37 Sl ib (A R e S WS el EAR ) T 2 S
Tk 4 SRS SIS S50 W] DGR it AR Ze A B LA
05 T B ARk i B R AU XU VIEBE, 33X S84 BB 2 H
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BAIRD SR SCHBLA M B R th K, 3E 3 VALK i o E 7
DI BTRP Ik 2 i T RETE RO RAS 5,
YD e U AWAN/NE WG SR o S S A vl
INE T RETEAR LLAL, PG URE R felm, iR
T 1 T AR AL R 22 RS /N BT AR K AR 37 1 R 25
j‘JFiﬂAU.I':H [9,10,12,14,25].

TEBTRD 2R SORPLAR, TPl APk i B 7K
FPIR S E T BRI, XA AR E 157
PR N

i0,%(r) = —%Vz—%—rE(t) w(r), (1)

Hoh, E(n=ErtE,, (46 DL EMBFHOEIZE,.

fi X 77 R N5 37530 fBA (strong field approximation,
SEA)H &, 22 PRl R BT A SR AS, B T B
BB R ELL, W 20 RS H A E, WALl
ST BRI ) FL TR A 1 [ A 2

1 .7)= ‘jjix(t)d(ﬁ + A+ 7))
2

exp(id(p , 1+ 1))exp (—i(p2 241, )t)dt

$p . t+1)= —L:O[p' A+ %Az(t’)]dt’, %)
Horp, E0dp +A@+o)&m i i 1 34,
exp(ig(p , ¢ + 7)) ML T AL TR K SHOEAE FT T Y AHAL
JEH, 1@, o) RIS 500 515 2 1) SR S0 RE .
Mairesse Fl1Quéré 1200544 1 Y FROG-CRAB
A (frequency resolved optical gating for complete
reconstruction of attosecond bursts)fif & 1T KAP K il
HPFROG T, I HOL B EXUVIEE, w0
PR . XA EEOR A (2) L T L
KA BURBEAF RS B, IR BOLH 774k
AT 7E R BT RR ik )iy 98 H ARl 8, B X(2)
A +A (¢ + )N EEOFR IS, R AT
B B TP (RIEp B e AR A 18 T Texp(ig(p, ¢ + 7)) Y p,
R sl Xk, Q) fkh
Siroc(@,7) = UjP(r)G(t +7)exp(—icot)dr ’ , 3)

Hrr, P(r) = E(t— o) NRFIN BTARMIK ;- G(r) = PO
7 RRD K X LT A A R R T T . 125 bR
BoE SR SN i Y 2 80 5 FROGTHRAR 21 Y 4540
KI5 2%

840

€FROG # ; ]Z::l[SCALC(a)i’ T/) ~ Srroc(@; T_,‘)] . 4)

TEFROGH, il i) 52 57 (generalized projec-
tion algorithm, GPA)S-$&— 41PNk P(H) FIER 563
G(e)lif5i5 22 s i/, BRI T (&4):

(1) 25 —4UN BRI iR B ARk vh () AKX 31D
G(1), FEANTTRI MR B 1h L P

(2) BRI IR R AR L AR 4, A ) R Y BT

(3) PREAREIS T A AROL I, B B A S 1
AL

(4) XPHTREIS A T e, T B ke
ARBUHT — AR AL I P()FIG(0).

FROG-CRABL{7{E—LE8i. — i TrLsliE
ARl B T e v BT AR bk o BT AL B i S R
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Attosecond pulses have potential applications in the fields of physics, chemistry, biology, and medicine owing to the
extremely high time resolution brought by their extremely short pulse widths. The generation and measurement technology
of attosecond pulses provides a powerful means for the study of electron dynamical process in atoms. Since the date of its
birth, the time width of an attosecond pulse has become shorter and shorter, making its measurement a challenging task.
Although attosecond pulses are more and more widely used in the study of ultrafast dynamics and more interest is attracted
into the field of attosecond science, it is undeniable that there are still difficulties and challenges for the measurement of
attosecond pulses. This review is divided into two parts. The first part presents the development of technics for
characterizing attosecond pulses, and briefly describes several experimental principles, setups and results for acquiring
time-domain information of attosecond pulses, including RABITT (reconstruction of attosecond beating by interference of
two-photon transitions) and laser-assisted lateral X-ray photoionization for measuring attosecond pulse train, attosecond
streak camera for measuring single attosecond pulses, TIPTOE (tunneling ionization with a perturbation for the time-
domain observation of an electric field) for measuring time-domain information of periodic pulses, as well as theoretical
proposals such as attosecond cross correlation, asymmetric photoionization method, and SPIDER (attosecond spectral
phase interferometry for direct electric-field reconstruction). The second part introduces the principle and structure of
inversion algorithms for extracting time-domain information of attosecond pulses from spectrograms obtained with an
attosecond streak camera, including FROG-CRAB (frequency resolved optical gating for complete reconstruction of
attosecond bursts), PROOF (phase retrieval by omega oscillation filtering), VTGPA (Volkov transform generalized
projections algorithm), PROBP-AC (phase retrieval of broadband pulses with autocorrelation) and CVGN (conditional
variational generative network). We also evaluate the calculation time and accuracy of the algorithms. Finally, we
summarize the experimental and theoretical challenges of the characterization of attosecond pulses, and look forward to the
future development of attosecond pulse measurement.

attosecond pulse characterization, attosecond streak camera, phase retrieval of attosecond streaking trace, photo-
ionization
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