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Fig. 1. Schematic diagram of attosecond interferometry. The phase stabilized extreme-ultraviolet attosecond pulse train and near in-
frared pulse are focused onto the targets, generating the ions and electrons by photoionizing, of which the momentum and kinetic

energy are measured as a function of the pump-probe delays. The inset in the left corner shows the energy diagram of the sideband

(SB) electron generation.
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Fig. 2. Normalized atomic phase shift distributions (in units of w radians) as a function of the photoelectron emission angle of

(a) helium, (b) neon, (c) argon. Each column includes the four situations with the skew-angle of 0°, 20°, 54.7° and 90° correspond-

ingly. The triangles (squares/dots) and solid lines show the experimental and theoretical results, respectively. The error bars in the

experimental results represent the standard deviation. The shaded area indicates the fitting error uncertainty and the line colors are

weighted by the yield of the photoelectron angular distribution. Figure adapted from Ref. [50].
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Fig. 3. Molecular photoionization time delays in N,O and H,0O: (a) Attosecond interferometry of N,O molecules; (b) measured pho-
toemission time delay differences between electrons removed from HOMO-1 and HOMO of N,O molecule; (c) same as panel (b) but
for H,O molecule; (d), (e) calculated photoionization time delays; (f) shape resonance of o symmetry in the photon-energy range of

25-30 eV associated with the A state of the N,O cation. Figure adapted from Ref. [12].
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Fig. 4. Attosecond photoemission time delays of N, molecules: (a) Time delay difference between XQEQ' and AZ2II§ state for

v/ = 0; (b) photoionization cross section of the X2E§ state; (c) time delay difference between v/ =1 and v/ =0 for XzEg' state;

(d) same as panel (c) but for A2IL; state. The open circles with solid line represent theoretical results and the experimental res-
ults are highlighted by the dashed line. Figure adapted from Ref. [13].
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K5  CH, BIFHDEH 71 (a) HIETHE S (b) SCO0 I CH, JGr FAEIE (E.) 5 CHT #f A 7 & 155 BE BT FP Ik vh o - IR Jik oh
17 4 B S B2 Ak () o (b) Hh BTAD St o T35 B9 3 FEL P AR S AR U () S (b) BT AR B L T 7E 2eonim AR AL 9 H — (L3R 35 4% IR
(e siek) SN EEEL), BaR G AMEHE. (o—(h) [ (a)—(d), BHFRX S H CDy. ()—0) Al (m)—(p) 43 3 BR T
CH, 5 CD, 43 Fth %R (CHY + H) 1 (CDY + D) B A HIAF A 6l F 3%, K Bam = Ee + Emol (Emot 43 T 724 (B B T 3
HE). & e F SCHR [55)

Fig. 5. Attosecond photoelectron spectroscopy of CHy: (a) Theoretically calculated and (b) experimentally measured photoelectron
spectrum (F.) of CH, in coincidence with CHT as a function of attosecond pulse train-IR delay; (c) Fourier-transform amplitude
of the attosecond photoelectron spectra in panel (b); (d) normalized oscillation amplitude (orange solid line) and phase (navy
dashed line) at 2wnr of the attosecond photoelectron spectra in panel (b), and the fitted results are shown as colored circles.
(e)-(h) Same as (a)—(d) but for CD,. (i)-(1) and (m)-(p) show the photoelectron spectra of CH; and CD, in coincidence with
(CH;" +H) and (CD;’ + D) ions, respectively, where Egm = Ee + Epol, with Eyo being the kinetic energy of the molecular

cation. Figure adapted from Ref. [55].
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Fig. 6. Laboratory-frame photoionization time delays of CF, molecules. Experimentally measured photoionization time delays of the
electron removal from 1t; (a) and 4ta (b); (c) three-dimensional orbital wave functions for the 1t; HOMO (left) and the to di-

pole-prepared wave function at the resonance energy (right); (d) same as panel (c), but for 4ta HOMO-1 and its dipole-prepared

resonant a; wave function. Figure adapted from Ref. [22].

TR Ak, DTS5 S5ORH @05 32 Ta] AH OGS B B £3F5 i .
e, TF 4t I8 P, HFR R IESE T A ESIE R
IR (a1 5 t XEFRYE) 96 5125 5800 X6 £ B 43
BB ZE [ 5 122,

I FHIURZS S HARE T A AS KRR § 30T A X
PR B RFEHR 640, Il 7 FroR, AFFE 6L 23 )
e FRERIU M 23.8—36.5 eV 1 XUV FalFb ik ef
P ST T AR bR R BTRDE B L NO 40 R i, 5%
HOMO-2 #UIEJEARILHR B I 1% 73 Ak bR FR O HL 5
B E. E 43 14 SR 15 4y 1) ' 2 S =2 T SO0 0 1)
150 as [ AT 4E 22 (A . AH G LB R0,
XA B A o R ) A2 2 S5 mT ) PR
P53 5 AR TR i 8] ¥ AH TR0

5 HHEWA: M T R

JEF R R AT I i S R R R
B TS BEPLH A BRSBTS 35 . B A k
AR 2 AL B ISR AZ 2 1T OGTE. 0 —3f
BERT T AR RAL B I 5E BY BT AR R AR 3 e 22 05
RAGW R LSRR T8 S AR FE , Ead 4

ISR DCHL T AT, 7R T LABTRD 3 B B
ARICHL A 31 7 2 A B A RE T 1. SEER B Ul
BT < I JR SR A R (R e H 5 B T R
JBH G T Z RIAEAEZY 100 as B R GTHIER | TESS
TP ANUR I SRR R A I TR,
BB T IR R BER SR R K3 1 kA Y BT A 2 A
P AR IR Z R 155 — I 5 o, BESE N B30
FHBTRD [ e i 2 70 9 B R AR B ) S
R o A o AR S A L S B TR AR 7
KBHAREHR SIS E SRR 777
ARG (212-£30) as, JF A AR A B 20 o K 52
PRI BE A AR R RE T X — LA IR N 1
ARASHEA CORURREAR 5 4 G HL 1 6 b IR AEE 14 £ 32
MO (BN B B T TR AR R b iAok
HLB SR AT, A/ AR T BRI BT 0 55— 4R
S RS IR AT R — EL B R 7R U,
W OLHYRIT S 7 0 X G AR A Wi i 5-90) a1
35 A8 7). BRI B L B Bl ) o TR —
AR BESEBUI ] Fe e, A 2 A0 i AR JCTA
PSR S BEFL 7 A L T RS (A L i
FIAZ R | A S R B A R e

243202-10


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

Y] 32 2 3R Acta Phys. Sin. Vol. 74, No. 24 (2025) 243202

— e >
300
¢
150 ¢ 4
SB22
ol T
3004 & @ ® ;
‘ 4 2 &4
150
B
= i +SB20
& ok . . . . .
E
[
150 |
4 1+SB18
ok ) .
300 ¥ - !
o & C ]
150
ol 4 +SB16
0 45 90 135 180
e/ ()

B 7 —%ALES TR0 AR FOLH BT A 51
18] 8430 R WA (N) JEF o AR (O) J&+ i & 5 19 56
P, P S 5 7 2 B30 R 7 A A0 - T P % D T i A - 32 1) £
JE 53 Bt S . P g SOk [23)

Fig. 7. Molecular-frame photoionization time delay of nitric
oxide molecules. The blue and orange dots indicate the pho-
toelectron emitted to the N atom and O atom sites, respect-
ively. The cyan dots show the angle-resolved time delays
with the light polarization averaged over all directions in

the dipole plane. Figure adapted from Ref. [23].
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Fig. 8. Illustration of the fragmentation of small water clusters following ionization (top) and mass spectrum of the water clusters,

where 7y, is the measured fragmentation radius at the detector. Figure adapted from Ref. [26].
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Fig. 9. Cluster size resolved water clusters photoionization
time delays of the 1b; electron band at (a) SB12 and
(b) SB14. The red dot in panel (b) shows the relative delay
obtained in the liquid-phase measurements 3. Figure adap-
ted from Ref. [26].
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Abstract

The evolution mechanisms of electrons in isolated atoms, molecules and complex systems on a natural time-
scale have long been a fundamental question in atomic and molecular physics, with significant implications for
the applications of quantum materials. Over the past two decades, the development of attosecond light pulses
and attosecond metrology has opened new opportunities for investigating the electronic dynamics, while also
posing new challenges. Traditional detection techniques, such as time-of-flight and velocity map imaging
spectrometers, can be used to study the attosecond scattering phase shifts in the photoemission and ionization
processes with extremely high temporal and energy resolution. However, the limitations in multi-particle
coincidence detection and three-dimensional momentum correlation limit the deeper exploration of many-body
correlations and non-adiabatic ultrafast dynamics involving electron-nuclear coupling. To enable
multidimensional and real-time observation of the three-dimensional momenta of both electrons and ions during
photoionization, the attosecond interferometry has been integrated into electron-ion coincidence systems. In this
study, we utilize an attosecond coincidence interferometer that combines an attosecond pump-infrared
femtosecond probe scheme with cold target recoil ion momentum spectroscopy. The apparatus enables
attosecond-time-resolved momentum imaging of all charged fragments in atomic and molecular systems, thereby
providing deeper insights into the dynamics of photoionization. We also highlight the recent groundbreaking
applications and advances of attosecond coincidence interferometer in studying photoionization dynamics in

atoms, molecules, and more complex systems.
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