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Fig. 1. Schematic of the ATAS setup (HHG, high-order harmonic generation; MCP, microchannel plate). Metal foils (e.g., alumin-

um, indium, or zirconium, chosen by spectral range) block the driving light. A toroidal mirror focuses the attosecond pulses onto

the sample, and a hole mirror combines the femtosecond beam with the attosecond pulses.
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Fig. 2. (a) Schematic energy level diagram of light-induced states (LISs). Reproduced with permission from Ref. [38]. The black

dashed line indicates the LISs, which couple the ground state to the lsns and 1snd states via absorption of one XUV photon

(purple) and absorption or emission of one NIR photon (red); (b) ATAS spectrum of He, showing AT splitting and time-delay-de-

pendent absorption features of the LISs. Here, “+” denotes NIR photon emission and “~” denotes NIR photon absorption. Repro-

duced with permission from Ref. [40].
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Fig. 3. (a) ATAS spectrum of CHsl: the top scale marks the valence state (6*) and Rydberg states (6pe, 6pa,, 7p); the absorption
profile between 53-57 eV turns Fano-like. Reproduced with permission from Ref. [43]. (b) The original ATAS and (c) ATAS after
indirect path elimination of Ne atom. Reproduced with permission from Ref. [34].
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Fig. 4. (a) Schematic of the R-I potential energy curve; (b) absorption spectrum of ~C3H;I between —4 and 160 fs delay: gray curves
shift toward blue with delay, the dashed line marks the iodine transition; (¢) ATAS spectrum of -C3H;I with state-specific molecu-
lar features and their convergence toward atomic transitions (arrows) labeled using the Region 1-3 scheme. Reproduced with per-

mission from Ref. [47].
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Fig. 5. Schematic of (a) vibrational and (b) electronic co-

herences. Reproduced with permission from Ref. [48].

ATAS i 9 T 52t BRER IR Bz 3 A9 A A 05
B, IR B i A AL R A A, ELE A
T AE BB AE N B B AR RE AL T T A B B PR 3D
PRSI, Wei 5 10200 X fg S A ) o i1 2 iz
AT TN, =W TR0 2 TR R I
MTE. 2T B eRe iz st ] LA ATAS #E173RAE,
B4 Peng & PL2HF5E T Ny, Oy Al Hy W #E 5 J%
FLIYRHE, 725250 ESCEL T X731 Rydberg Z5%f

FRPERGFEIN, I I3 1 A ] DA s i i
LR

X i 7 HL S | R R B A IR Y F 9 AL T A
B ATAS FiAR. U Holler 25 531 F1] FH Bl A0 ik w7 471
WELH He Ji 15 U I W LA A% NIR G
FBPIRG, UEB T B 7 A 32 B O 11 I
. WFFE & P PR S 32 B I T B Ak o 7 471
A= GRS R 2E fL T3 A0 195, Sabbar 45 04 1
ATAS PRS0, BREE T WP 2 A -
HUA SRR B R 5K, s o
FEHE AT LA MG s TR 8 AN RT3 R 2 pL A v
Az IBAT DA AT Al A% o=

ML IR SR T LA 4 7% 1 M TR A R 56
—2#&, Hollstein %5 23 g fF55 £ 8, FIH ATAS 1
7 1 AR S 0 AT DL A 5 3 A e L B
TE AT R ECSE P A OCIRE, M ARAS AT H far B RS 11
IR %%, Kobayashi 45 P6) M\ FRIS AT T 215
W AR A AE BT RS HR B ey 32 B8 rh A 4 . 3 A X
ICCBr iy &t b1 53 3R, 78 1-4d 1 Br-3d #
BRBOETER 1 Z MAEE—AMEE R ~ A 25, &
I ZOGIEE O NI T HOR B S AR,
Xof 7 2 F, - B AR 41 T A Br S 2 [BliF A 10 1
WG, L EE T AT o 2.

3.2 ATAS BARFELZBBE RPN A

B TAESAA R TR, ATAS FORTERER
AR AR )z . AR LA BT RG] 5} [1] 3 5%
S VINNIE S X NS R S0 iR D) WA = B i)
BRI BRI ALE], BRI T AR R Y F T
SRIGRBIK e J5 A5 U 46 R v ey el Y 9 AH BLAE
sl

5 B B R ) o ) RUBE R 8% A A 2 It
iz A, -2 O A s IR R SR, B TR
S 3 AR T A Bl 2SR R RUAH B AR D 5 BT A i (]
Oy PERAAEM. ATAS 8 13 7 3 6K H 7
(valence band, VB) k|57 (conduction band,
CB), 45 BP0 00 90 4= 3h )17 53
TR 5 BT TS PR S5 ) SE R AR . Schilutze 45 28
JeJaXT SiOy F Si Hr i 37 ik ih i & F5 2 - Y e
BT THRSE, 5, MR T 4 fs 59 NTR Sk
AL 72 as (1 XUV kbt SiO, #E47 T 2 A,
RI 109 eV ARG REFT CB i1 MR LI F) 57 47
23LA NIR 3K 5h 37 1) A5 BUR ATk, HAR%

153302-7


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 74, No. 15 (2025) 153302

BAEIK S I A R, e L RIS LA
(R ZESRPELE L. X AR PR T 33 MR SE T HA )
PRI E 37 SRR B, S R 2% 5
SOV RE T H AR BT R 2014 4E, fliT8
Xt Si (A B s J12E 00 T TS, SRR AN A 6(a)
FER 29, I T 100.35 eV Abif it e MR &
B, 5 3 A 46 AH 7 B I B O L R % )
A, Gl 6(b) Fizs. @i & BB TR AT S

LA CB W #f -2 i T I E R Y
AFIA]RUEE BB 450 as( 6(b) PRI, K2k 1
BT HEAER] (<450 as) FERA IR (29 60 fs)
PR HILT] S BT BR A LRS00 AF 4 5, JIESE T LT
IR ] 7 5 it s SAE 3 M 7 114 2 T, 2 A R 2 ok i
] R T S 25 RS W AR SR b A5 5 1 TR R S
43 = AR T A0 JE R 95 Mashiko 45 26 36 F]
FI ATAS HAR, B i #E 2/ A a 2k SR RN
1.16 PHz mH WA TR 55, 8 VB fil CB
= ) [ oy S0 o i i s e e /e A A ]
PEHI A SRR, X e B A L 3 AT AR BT RD A

) ROBE E b AT 445, S PHz Y6 i {5 5 Ab R
RELE T W Hi LAt

TESRKIRIA R, ATAS BoRWEILL IS
{B. Jager & BU S MUY My 5 3G WS AR
TEIBEE T VO, M4 2R 3 4 8 A AS i 2, KBt
IR R AR (264-6) fs OAERTEIE |, 5 Mott
AAHLHIFTT (AFFE Peierls AHASHL), 40 6(c)
FIPE 6(d) B, HOMRBLJE (initial) MR T
YERG (final) ML FEAE ST 1 F AL 25 5. 31X —
K BUA BT BRA# VO, AHAE ML, JFER T FIH
ATAS WFFEsR AR A 5 24 7. 5
b, Volkov %5 B0 Fi| ] P 52 J2 BR T XoF B Wie Rl Ay
B, BFSE T U A R I 2R Tl 12, R
Whkh 250 Ti b d Pl F @B Rik, 5
R Ge Y L T4 R DL R AR AR B 3 e N 7E e
b Z R e RUBE - plf& ek, ERH T #E LAk
2 A4 AR Hl - S T R

ATAS FARX A R A —E 2ok (JLT
KR, X TR B B ERE A (k£ R),

(2) > T (b, 0
¥ - 3 0.34F [\
) - L 042 7 mewnw = 450 as
= > N y \
= © (.40 [os8F
g b
Edirect = 3.2 eV Conduction s 0.38 0321
————— > o, = . . ] : ) ) ) ) \
i -] 0.36 P03 = s
77777777777 1l777777 - g 0.34 } Delay /fs
indirect _ )
Eipdirect = 1.1 eV i % oml
0 g
2 0.30 b
3 [PEEEN PN
£ 0.28} Tu/2| Te/2| Ti /2
-8 —6 —4 =2 0 2 4 6 8
Delay/fs
= (c) = 12f (d)
> g
> =
©9 :»j 5 8t Final
=l B 5
g A
~ o | B
‘@ =5 |k T 4 .
04& < H, :a Initial
Q@*« = 5 0
—98.32 eV € Si 2ps2 - : )
—98.72 eV — Si 2py)2 0 100 200

Time delay/fs

B 6 (a) Siarkizh 2= 0 MRS L (1 SC#Ek [29], EREEAN); (b) 100.35 ¢ V 4 XUV 32 5 04 B[R] A0 B (H 1 SCaik [29],
TR R, WG B R T 0 B BK LTS IR A LA () H8ZkAH 30 J7 2447 o 3L 44006 (B A SCik [31], &3R4 40); (d) H i
B F R T 09 Mott AR 2R, PEA ) M BK 8h T 40 78 23 8] b 1587 43 T LURE #CES F A% (f—To + Tecreening)- 111 F1 3CHK [31],

B R

Fig. 6. (a) Principle of attosecond probing of band-gap dynamics in Si. Reproduced with permission from Ref. [29]. (b) XUV trans-

mission at 100.35 eV over time; the inset illustrates a fit for the step rise time. Reproduced with permission from Ref. [29]. (¢) A

two-component fit for the dynamics behavior of insulating phase. Reproduced with permission from Ref.[31]. (d) Schematic of free-

carrier screening-mediated Mott transition, Coulomb forces drive the carriers redistribute spatially to screen the ion cores (#—t) +

Tsereening)- Reproduced with permission from Ref. [31].
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Fig. 7. (a) Principle of attosecond probing of oxygen K-edge electrons in liquid water; (b) AX-ATAS spectrum of liquid water at

0.6 fs delay. Reproduced with permission from Ref.[60].
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SPECIAL TOPIC—Instrumentation and metrology for ultrafast atomic and molecular spectroscopy

Attosecond transient absorption spectroscopy: an ultrafast
optical probe for revealing electron dynamics”
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Abstract

Attosecond transient absorption spectroscopy (ATAS) is an all-optical pump-probe technique that employs
attosecond pulses (from the extreme ultraviolet to soft X-ray) to excite or probe a system, enabling real-time
tracking of electronic transitions, quantum state evolution, and energy transfer processes. This approach
possesses some key advantages: 1) ultrafast temporal resolution (sub-femtosecond) combined with high spectral
resolution (millielectronvolt level); 2) broadband excitation of multiple quantum states, allowing simultaneous
detection of multiple energy levels; and 3) element- and site-specific insights provided by the measurements of
inner-shell to valence transition reveal charge transfer dynamics, spin state changes, and local structural
evolution. To date, significant breakthroughs have been achieved in atomic/molecular physics, electronic
coherent dynamics, and strong-field physics by using ATAS. This paper systematically reviews the technical
principles and theoretical models related to ATAS by using medium intensity near-infrared pulses, analyzes the
recent progress of the applications in gas-phase systems and condensed-phase systems, and explores their future
prospects in ultrafast physical chemistry and quantum materials. In gas-phase environments, the ATAS has
demonstrated significant capabilities in probing energy level shifts and population transfers in atomic systems,
as well as capturing nonadiabatic dynamics and charge migration in diatomic and polyatomic molecules. While
in condensed-phase systems, this technique has been effectively used to study the ultrafast dynamics of carriers
in semiconductors and to examine the interaction dynamics of localized electrons in insulators and transition
metals. Given the rapid evolution of attosecond laser technologies and the unique advantages of the ATAS
detection method, this paper also outlines potential future directions. These prospects are expected to further
expand the frontiers of ultrafast spectroscopy and drive advancements in a range of disciplines in basic research

and technological applications.
Keywords: attosecond transient absorption spectroscopy, electron dynamics, attosecond pulses
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