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Fig. 1. Schematic diagram of the velocity imaging spectro-
meter. The gas sample is injected into the main chamber
through an ultrasonic molecular beam or a hollow needle.
After interacting with the light, the electrons and ions pro-
duced by the gas sample fly to the fluorescent screen de-
tectors at both ends under the guidance of an electric field.

The experimental images are recorded by two cameras.
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Fig. 2. Photoelectron images of Kr: (a) The left half of the image is the raw image, and the right half is the momentum spectrum

obtained after the inverse Abel transformation. The red double-headed arrow in the middle indicates the polarization direction of

the free electron laser. (b) The electron energy spectrum obtained by integrating the momentum spectrum over all angles.

B ML g 2 43 FT1Y B®(cylindrical mirror electron
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R AHIXT R T 23 314 0.4, 4.6 F1 0.08, R4 B9
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Table 1.  Angular distribution of photoelectrons
and Auger electrons of Kr and CCl,.

GNP Kr

fiEg%  3p 3pAug 3d 3dsat 4p 2p 2p Aug 3p

CClL-Cl

B* 0.15 -0.16 093 0.75 1.5 0.96 0.05 1.63

BrBl 05 0.8 1.5 1.2 1.6

Kr 3p i g SC8 B8 T 0, e T HAR 55
AT R G X, 2 B2 0 TR HERTEL. A,
3p HREK AL T 125 10 SRS N -0.16, # T4 [ [F]
PEAT, £56 BIE T,

3.2 Kr WBFRiE

TPX3 CAM HHHLIC % Kr &+ AT [A] i,
DR 2 S, SRkt S il 25 B R, B i3
B TAETA1 s X, Bl R K 1 h.
F TOF 5 Fiff L IR W IE HE R, 3648 Kr it
TP 3 frR. B s Kot Keltg TR
ZET Kret, KettA Koo, B 5 N T 2SR A7
A Wi AT HE. AR S Tamenori 55 BT 238 (1) 2§+ 7
FEE, Kr 3d Pl f B85 A il Ko i Ko 88+
FIMER N 67% F1 32%; Kr 3d satellite HL B 5
A Ke2t A Ke3 g 1Ry 22% F 77%; Kr
3p HUEHEE NN 1% 1 63.5%. 54 & 2 e+
AT 3d, 3d satellite Fl 4p 704 A RS AR (43
SR 7.34, 2.27 A1 0.64), THE AR E] Ke2t A Krd+ g
TR RN 5.4:4.5 = 1.2. XF TOF 1%0& 371
g7, Kext 5 Kot g AR e o 1.1, 5i@abth
FIFAE R IE (1.2) MEV S . KRR E
B, AR SEEfd ] TPX3CAM AHHLIAS 1 1% 5
Tamenori 28 B 1 240 eV G TRER T 18 1045
TERUFARL, B R0 —3, B Per
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Fig. 3. ToF mass spectrum of Kr.
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3K, DAL BRASTE DL SR A i i 25 <

i Andor FHHLAKECHE FERMG S, 53100 —
Y JFR PR | Shi i A K — 4k f T RE IS an 5] 4 Br
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0 B b SEERIAR R C1 2p A 3p SEHL 4%
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Fig. 4. Photoelectron images of CCly: (a) The left half of the image is the raw image, and the right half is the momentum spectrum

obtained after the inverse Abel transformation. The red double-headed arrow in the middle indicates the polarization direction of

the free electron laser. (b) The electron energy spectrum obtained by integrating the momentum spectrum over all angles.
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SERAIE ST T TR CCLY L CCLY I8 %2, X T I5%
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Y, LA B B A 4
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Fig. 5. (a) The ToF mass spectrum of CCly; (b)—(g) the ion momentum images within the gray area of the mass spectrum.
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SPECIAL TOPIC—Instrumentation and metrology for ultrafast atomic and molecular
spectroscopy

Composite velocity imaging spectrometer on Shanghai
soft X-ray free electron laser facility”
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1) (Center for Transformative Science, ShanghaiTech University, Shanghai 201210, China)
2) (Suzhou Laboratory, Suzhou 215128, China)

( Received 29 August 2025; revised manuscript received 7 November 2025 )

Abstract

Temporal- and angular-resolved photoionization experiments are essential for probing the geometric
configuration and electronic state evolution of atoms and molecules, which requires measuring the full spatial
angular distributions of electrons and ions in free electron laser (FEL) experiments. Here, we present the first
experimental results from the composite velocity imaging spectrometer (CpVMI) on the Shanghai soft X-ray
free electron laser facility (SXFEL). The study demonstrates its ability to capture energy and angular
information of electrons and ions with high resolution and full solid-angle collection.

Krypton (Kr) atoms and carbon tetrachloride (CCl,) molecules are ionized using FEL pulses at 263.8 eV.
Electron momentum images are recorded with an Andor Zyla 4.2 PLUS camera, and ion time-of-flight mass
spectra and momentum distributions are acquired using a TPX3CAM. For Kr, the electron spectrum contains
peaks from 3p, 3d, and 4p photoionization, as well as the Auger electrons from 3d and 3p levels. The measured
anisotropy parameters () of these electrons show good agreement with previous theoretical Hartree-Fock
calculations. The ion abundance in the time-of-flight mass spectra of Kr is consistent with the ratio derived
from the intensities of the corresponding photoelectron peaks.

For CCly, the electron spectrum contains Cl 2p photoelectrons, 2p Auger electrons, and valence-shell
photoelectrons, with their angular distribution parameters also aligning with theoretical predictions. The
TPX3CAM can directly measure the momenta of fragment ions without the need of inverse Abel
transformation. By integrating the high-resolution flight time mass spectrometry and momentum imaging data
obtained from TPX3CAM, we successfully visualize and analyze the key photodissociation pathways of CCly
molecules under the action of soft X-ray FEL. In particular, it can distinguish between direct two-body
dissociation and multi-step dissociation processes, and observe the unique angular distributions and kinetic
energy release characteristics of different dissociation channels.

In conclusion, the experimental results clearly show that the CpVMI fully meets the technical requirements
for FEL user experiments in terms of energy, angular distribution, and momentum measurement, providing a
platform for FEL light-induced dynamics research. Future enhancements, including improved light focusing and
the use of supersonic molecular beams, are expected to further improve the performance of the instrument.

Keywords: X-ray free electron laser, velocity imaging spectrometer, angular distribution of charged particles
PACS: 32.80.-t, 32.80.Aa, 32.80.Hd, 07.81.+a DOI: 10.7498/aps.74.20251176
CSTR: 32037.14.aps.74.20251176
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