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Fig. 1. Schematic representation of the surrogate reaction
method.
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Fig. 2. The 6-¢ distribution of the double differential cross
section for %Y(p, «) (the black box indicates the detect-
able region covered by two sets of detectors).
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JR 8K Clover R 47 R B2 5

Fig. 3. Energy resolutions of various detectors (characterized by the FWHM of the 1332.5 keV characteristic peak of “Co, where G

represents HPGe coaxial detectors, C represents Clover detectors, and the suffix denotes the module number of the Clover

detector).
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Fig. 4. The vacuum target chamber and experimental equipment layout: (a) Schematic representation of two sets of AE — E tele-

scopes in vacuum target chamber; (b) physical diagram of the target chamber placed in the Gamma detector array.
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Fig. 5. The identification achieved in the telescopes at 60°
through the energy loss (AE) versus residual energy (E).
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Fig. 6. Technical route.
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Fig. 7. Front-back energy correlation diagram of DSSD:
(a) Before the self-normalization; (b) after the self-normaliz-

ation.
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Fig. 8. DSSD energy calibration: (a) The DSSD at 60°; (b) the DSSD at —100°.
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Fig. 9. Energy resolution of the DSSD detector: (a) The detector at —100°; (b) the detector at 65°.
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Fig. 10. Equivalent neutron energy: (a) The DSSD at 65°; (b) the DSSD at ~100° (no further analysis).
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Fig. 11. Calculated « emission energy spectrum of the p +

89Y reaction: (a) Classified by reaction channels; (b) classi-

fied by reaction mechanisms.
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Fig. 12. Coincidence 7-ray spectrum, the red line is the

background.
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Fig. 13. (a) The o particle count corresponding to neutron energy point E, = (0.62 £ 0.15) MeV; (b) the peak of 1.076 MeV
gamma ray with neutron energy at E, = (0.62 + 0.15) MeV and background obtained by using ROOT program (red line); (c) the

peak of 1.076 MeV gamma ray after subtracting the background and the Gaussian fitting (green line).
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Fig. 14. Normalized 7 decay probability as a function of
neutron energy (red line represents characteristic v with en-
ergy 1.076 MeV; blue line represents characteristic 7 with
energy 1.153 MeV; black line shows ¥ decay probability ob-

tained by statistical weighting of each characteristic 7).
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Fig. 15. n + %Sr compound nucleus formation cross section
as a function of neutron energy (calculated by the UNF

program).
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Fig. 16. Neutron-capture cross section as a function of neut-
ron energy by W-E approximation. The black line corres-
ponds to the data of JENDL-5 and the blue line corres-
ponds to the data of ENDF-6.
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Fig. 17. The 7-decay probabilities of each spin-parity of
86Sr* calculated by the TALYS program.
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Fig. 18. Spin-parity population probabilities of *Sr* popula-
tion for the #¥Y(p, o) and neutron capture reactions at E, =
0.02-1.22 MeV.
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Fig. 19. Revised ®Sr neutron capture cross section.
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Measurement of %°Sr(n, 7) cross sections of unstable nuclei in
HI-13 tandem accelerators by surrogate-reaction method”
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Abstract

Neutron capture cross sections, as important parameters for describing the probability of neutron-nucleus
reactions, play a key role in multiple scientific fields. In astrophysics, neutron capture cross section data are
essential elements for understanding stellar nucleosynthesis processes. In particular, in extreme environments
such as supernova explosions and neutron star mergers, accurate neutron capture cross sections can reveal the
secrets of heavy element formation. In the field of national security, neutron capture cross sections are crucial
for the design of nuclear weapons and the security of nuclear materials. By accurately grasping the neutron
capture characteristics of different nuclides, the nuclear reaction process can be optimized to ensure strategic
security. In addition, in the simulation of nuclear power generation, neutron capture cross section data are the
basis of reactor design and operational analysis. Through in-depth research on and precise measurements of
neutron capture cross sections, the safety and efficiency of nuclear reactors can be improved, thus promoting the
sustainable development of nuclear energy. At present, there is little research on the neutron capture cross
sections of nuclides with half-lives of only a few years or even shorter, mainly due to the complexity of
measurement techniques and the instability of the nuclides themselves. The neutron capture cross section data
of these nuclides are crucial for reactor design, nuclear medicine applications, and nuclear waste treatment.
Further research requires the development of more advanced detection techniques and theoretical models to
accurately measure and predict their neutron capture behavior.

The surrogate-reaction method, as an effective measurement means, plays an important role in studying

reaction cross sections of short-lived nuclides. Its basic idea is to indirectly obtain the reaction cross section

* Project supported by the National Basic Research Program of China (Grant No. 2023YFA1606603), the Key Program of the
National Natural Science Foundation of China (Grant Nos. 12235013, 11875214), and the Continuous-Support Basic
Scientific Research Project, China (Grant No. BJ010261223282).
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information of short-lived nuclides by measuring the specific particles emitted by stable nuclides. Specifically,
when stable nuclides are bombarded by high-energy particles, nuclear reactions will occur and specific particles
will be released. By accurately measuring the energies, angles, and numbers of these particles, the cross sections
of short-lived nuclides in the corresponding reaction can be inferred. This method can not only overcome the
technical difficulties in directly measuring short-lived nuclides, but also improve the accuracy and reliability of
the measurement results, which provides important support for nuclear physics research. In addition, the
surrogate-reaction method also shows broad application prospects in the fields of nuclear technology application
and nuclear data assessment.

The experiment is carried out on the Beijing HI-13 tandem accelerator at the China Institute of Atomic
Energy. ¥Y is bombarded with 22 MeV protons, and the Sr(n, 7) cross section is measured through the (p,
o) reaction. The telescope array composed of silicon strip detectors can effectively identify the reaction
products. By precisely measuring parameters such as the energies and angles of particles, the array can
distinguish different nuclides, thus determining the outgoing particles. Combined with the 7-ray energy
spectrum analysis of the HPGe detector, the (n, ) reaction cross section data of ¥Sr under the Weisskopf-
Ewing (W-E) approximation are extracted. Due to the mismatch of the Jr population between the existing
alternative reactions and direct reactions, it is necessary to compensate for this mismatch and then correct the
results. In order to obtain relatively reliable results, the Jn population calculated by TALYS is used to revise
the experimental data of the (n, ¥) cross section.

These results indicate that the cross section of ®Sr(n, 7) varies with neutron energy in a specific energy
range, which is consistent with the trend of the existing international evaluation library data. This validates the
effectiveness of cross section measurement as an alternative reaction method, thereby providing an important
experimental basis for further exploring the nuclear reaction mechanism and nuclear data application. This

method has reference significance for the cross section measurement of other nuclides.
Keywords: neutron-capture cross section, surrogate reaction method, short-lived radioactive nuclei
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