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Fig. 1. (a) Narrowband high-order harmonics generated by the interaction between Ar and the IR driving field; (b) magnified spec-

trum of the narrowband 25th harmonic (H25); (c) schematic illustration of the temporal structure of the attosecond extreme ultra-

violet pulse train.
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Fig. 2. (a) Optomechanical and beam path in the combination chamber; (b) absolute phase (upper) and relative phase (lower) of a

pump-probe delay with active stability measurement. Long-term stability with (black) and without (red) feedback!*’].
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Fig. 3. Schematic of two-photon transition quantum path interference, utilizing the RABBIT photoelectron spectrum of He atoms.

The photoelectrons excited by the XUV pump laser, under the influence of the IR probe laser, absorb or emit an additional IR

photon, shifting the photoelectrons from the main bands (MBs) to the sidebands (SBs). Furthermore, the intensity of the photoelec-

tron spectrum oscillates as a function of the delay between the XUV pump and IR probe.
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Fig. 6. (a) Illustration of the levels, channels, and transition processes involved in the experiment. The purple (red) arrows repres-
ent the harmonic (IR) photons. The black arrows indicate autoionization. Dashed lines mark continuum or virtual states reached by
absorption of a harmonic or a harmonic + an IR photon. Solid lines are quasibound states which may decay by autoionization.
Measured photoelectron spectra in (b) SB18 and (c) SB16 in argon as a function of delay between XUV and IR. Photoelectron spec-

tra in (d) SB18 and (e) SB16 after subtracting the mean values of the oscillations”.
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Fig. 7. Experimental results of ionizing He atoms using KRAKEN technique: (a) Photoelectron spectra with different dw probe
frequency combs; (b) the oscillation amplitude Ag,, for the spectra corresponding to different hdw values; (c¢) reconstruction of the

density matrix[*.

> >
[} Q
~ ~
& &
> >
) 19
- -
5 3
o o
5 5}
g 2
e} i
19 153
5 £
g 4 0.06
0.05
6.0 6.2 6.4 6.0 6.2 6.4 0.04 &
Kinetic energy €;/eV Kinetic energy €;/eV 0.03 &
=
0.02
4.85 0.01
> >
© 0
~ ~
& &
> >
2 2 4.65
5 )
g =}
5 5
2 2
k5] k5]
A A
~ <445
6.0 6.2 6.4 4.45 4.65 4.85
Kinetic energy €;/eV Kinetic energy €;/eV

P8 ARG S 50 I fat AR TSR He B9 %5 FERRBE AT I (a) 13 4 52 20 D00 42k 2 SR FHA) 090 285 B8 6 () A 2R 6 5% A i) i R 50
Jo , AR S G 25 R E A B B AR B () 55 F RRPAE 115 F A 09 % B B (d) 55 F RRPAE 115 T 506 7 i 2 F A4 15 3 19 % B2
Lo 500

Fig. 8. Reconstruction of the density matrix for He based on experimental measurements and theoretical calculations: (a) The density
matrix reconstructed from experimental measurement results; (b) the density matrix reconstructed from experimental results after
retrieving the corresponding function of the spectrometer; (c) the density matrix reconstructed based on RRPAE calculations;

(d) the density matrix reconstructed based on single-photon ionization under RRPAE calculations/®’..
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SPECIAL TOPIC—Instrumentation and metrology for ultrafast atomic and molecular spectroscopy
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Abstract

In recent years, the attosecond extreme ultraviolet (XUV) pulse generation and advanced spectroscopic
techniques have provided powerful tools for investigating electron dynamics. Researches on an attosecond
timescale can realize real-time tracking of electronic motion in atoms and molecules, enabling the measurement
of electron wave packet evolution and quantum characteristics, which are crucial for revealing complex
dynamical processes within atomic and molecular systems. High-resolution photoelectron interferometers based
on attosecond XUV pulse trains have played an important role in a wide range of applications due to their
unique combination of high energy and temporal resolution. These applications include the characterization of
attosecond pulse trains, the measurement of photoionization time delays in atoms and molecules, quantum state
reconstruction of photoelectrons, and laser-induced electronic interference phenomena. By integrating
attosecond temporal resolution with millielectronvolt level energy resolution, high-resolution photoelectron
interferometric spectroscopy has emerged as a key technique for probing ultrafast dynamics and quantum state
characterization. This review systematically summarizes recent advances in high-resolution attosecond
photoelectron interferometry, with a focus on the experimental approaches and spectroscopic techniques
required to access electron dynamics on an attosecond scale. These include the generation of narrowband
attosecond XUV pulse trains, attosecond-stable Mach-Zehnder interferometers, high-energy resolution time-of-
flight electron spectrometers, and quantum interference-based measurement schemes such as RABBIT and
KRAKEN. This review discusses in detail the reconstruction of attosecond pulse sequences, shell-resolved
photoionization time delay measurements in atoms, spectral phase evolution in Fano resonances, tomographic
reconstruction of photoelectron density matrices on an attosecond timescale, and control experiments of laser-
induced electronic dynamic interference effects. Through the analysis of recent studies, we demonstrate the
powerful potential of attosecond high-energy resolution photoelectron interferometry in tracking ultrafast
electron dynamics. Finally, the prospects of attosecond photoelectron spectroscopy in ultrafast dynamics and

coherent manipulation of quantum systems are discussed.
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