Structural Evolution of Neutron-rich
Calcium Isotopes

Jenny Lee

The University of Hong Kong

The 29t International Nuclear Physics Conference (INPC 2025)

May 25-30, 2025



Shell Evolution in Ca Isotopes
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What Is next ?

How strong is N = 34 shell closure ?
Neutron knockout reaction from >4Ca: >*Ca(p,pn)>3Ca

Towards °°Ca ?
First spectroscopy of °6:58Ca: >7°9Sc(p,2p) *°°8Ca

Evolution of v-f,, orbital along Ca ?
Unbound states of >3°°Ca: *+>°Ca(p,pn) *3>°Sc*

Data from SEASTAR campaign experiment
“Shell Evolution And Search for Two-plus energies At RIBF”
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DALI2" & MINOS

MINOS target system: DALI2* array:
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A. Obertelli et al., EPJA 50, 8 (2014)
C. Santamaria et al, NIMA 905, 13 (2018)

e 150 mm liquid hydrogen e 226 Nal(TI) crystals
e 300 mm Time Projection Chamber e 7% (FWHM) res. at IMeV
e 5mm (FWHM) res. z_vertex o 34% eff. at IMeV

o &, ~91%, g, ~ 70%
e center-of-target energy ~220MeV/u



SAMURAI Spectrometer
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|. How strong is N = 34 shell closure ?

D. Steppenback et al., Nature 502,207 (2013)
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3Ca populated via °°Sc—> >3Ca
(Not direct reaction)

- No structure information from cross sections
- No spin-parity assignment



|. How strong is N = 34 shell closure ?

Direct probe of the g.s. wave-function of **Ca
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Neutron knockout from **Ca

Momentum distributions of >*Ca(p,pn)®3Ca channel
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P, from Distorted wave impulse approximation (DWIA) calculations (K. Ogata)



Cross sections of **Ca(p,pn)>3Ca

Data K. Ogata T. Otsuka V. Soma
DWIA GXPF1Bs NNLO,, NN + 3N (Inl)
J* —1In O_in Osp E, (keV) C?S (r‘_hln E, (keV) (S rr'_hl,, E, (keV) C(C?S rr‘_"]”
g.s. 1/2 P12 15.9(17) 7.27 0 1.82 13.2 0 1.56 11.3 0 1.58 11.6
2220(13) 3/2 P32 19.1(12) 6.24 2061 355 222 2635 3.12 18.5 2611 3.17 17.0
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Little f wave component in **Ca g.s. = strong N = 34 shell closure in >*Ca
Consistent with shell-model and ab initio calculations

S. Chen, J. Lee et al., Phys. Rev. Lett. 123,142501 (2019)



Il. Approaching ®°Ca ?
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preserved in 9°Ca?

o Following N =40 isotonic chain: First spectroscopy of 62Ti
- Small decrease of quadrupole collectivity in 62Ti

- Favors ®°Ca NOT being doubly magic M. L. Cortés, et al., Phys. Lett. B 800, 135071 (2020)

e Following Z = 20 isotopic chain: First spectroscopy of °6:°8Ca



First spectroscopy of *°°8Ca

RI beam intensity

e >'Scintensity 13.6 particles/sec e °9Scintensity 0.3 particles/sec
e °'Sc Energy@F7 252 MeV/u e °59Sc Energy@F7 242 MeV/u
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First spectroscopy of *°°8Ca

Parallel Momentum Distribution for 3"Sc(p,2p)
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First spectroscopy of *°°8Ca

a 4 + 4 GXPF1Bs (T. Otsuka), neutron pf shell
2 energy level |
% 3| o exp. 1 VS-IMSRG (J.D. Holt)
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g 2 —— GXPF1Bs
t I —— vs-IMSRG | CC coupled-cluster theory (G. Hagen)
1r " cc 1 (2PR/2PA-EOM), 1.8/2.0 (EM) interaction
0 L ] L " ] ] ] ) ] ] ! ] ] L | L
40 50 60 70
E.(2%) drops from >6Ca to 8Ca ! e
V8o
Particle-hole symmetry breaks _4° ::;:::'__):::: .
- non-isolated f, orbital 2; oo— v,
> No N=40 shell closure 00—
00000000 /..
Ca(A>54)

S. Chen, F. Browne, P. Doornenbal, J. Lee et al.,
Phys. Lett. B 843, 138025 (2023)
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First spectroscopy of *°°8Ca

| E,(2%) drops from *¢Ca to %Ca !

S. Chen, F. Browne, P. Doornenbal, J. Lee et al.,
Phys. Lett. B 843, 138025 (2023)
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N=50 shell closure



First spectroscopy of *°°8Ca

4+ _
> 1 e Sensitivity of the neutron Ogg, single-
2 3 - particle-energy (SPE) characterized by
~ T varying up to £2 MeV
N 2F ] . .
S| - o Positive shifts 0gy,, SPE lead to too
1+ - low E(2*,) and S,,, of *°Ca
o- | | ] o Negative shifts 0gy, SPE lead to
! ' ASDAdINnt high neutron Oggy/, occupation in
201 — ASDAtint.  — ggp-2MeV ] 54Ca, quenching of N = 34 shell gap
- -- A3DA-m int. Jo/2 - 1 MeV
151 ge2+1MeV 7| o Indicate the vanish of N = 40 shell in
> 1oF T Goz+2MeV 60Ca, and drives the dripline of Ca
3 isotopes to at least 7°Ca
- 5F Two-neutron -
%) separation energy
0 _____________________________
5+ u 1 dripline position .
L - Y T

S. Chen, F. Browne, P. Doornenbal, J. Lee et al.,
mass number, A Phys. Lett. B 843, 138025 (2023)



[11. Evolution of v-f,,, orbital along Z = 20

Vs,

34
o VP12

32
—0000— |,

28 Vi,
00000000

Ca (Z=20)
IMP & Shell Model (GXPF1X)

-> full v-f,;, strength concentrated in 7/2-
state at and immediately beyond N=28

Single-particle nature of 7/2- state



[11. Evolution of v-f,,, orbital along Z = 20
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Ca (Z=20)
IMP & Shell Model (GXPF1X)

-> full v-f,;, strength concentrated in 7/2-

state at and immediately beyond N=28
Single-particle nature of 7/2- state

H.L. Crawford et al., Phys. Rev. C 95, 064317 (2017)

1 I 712,

=

=)
II|III

H

G¥PF1 pfgq-z MM+3M pf MMN+3M Experiment

n-knockout; ¥Ca = 47Ca, °°Ca = 4°Ca
C?S for v0f,;,: 6.4 (*/Ca), 3.4 (*°Ca)

Reduction of v-f,/, strength in 4°Ca than 4’Ca



[11. Evolution of v-f,,, orbital along Z = 20

H.L. Crawford et al., Phys. Rev. C 95, 064317 (2017)
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> full v-f,,, strength concentrated in 7/2- CXPF1 - Plo NNaN - IR Bxperiment
state at and immediately beyond N=28 n-knockout: 4Ca = 47Ca, 5°Ca > %°Ca
Single-particle nature of 7/2- state C2S for v0f,,, : 6.4 (*’Ca), 3.4 (+°Ca)

Reduction of v-f,/, strength in 4°Ca than 4’Ca

% 52Ca(p,pn)>Ca > C?S for v0f,;, hole state: 6.6 (10) — consistent with 4’Ca
M. Enciu, H.N. Liu et al., Phys. Rev. Lett. 129, 262501 (2022)

What is vOf, strength in more n-rich Ca isotope ?



Counts / 40 keV

Evolution of v-f,, orbital along Z =20

v spectrum of >*Ca(p,pn)>3Ca

v spectrum of >6Ca(p,pn)*°Ca
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First invariant-mass measurement in >3Ca

%4Ca(p,pn)>*Ca"—>2Ca+1n
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*4Ca(p,pn)>*Ca"—>?Ca+1n
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Counts/40 keV

First invariant-mass measurement in °>°Ca
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PMD and o,

p. from DWIA(K Yoshida, K. Ogata)
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Shell evolution in Ca to Ni for pf orbitals

V075,
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Shell gap f,, -p5, orbitals = ~3 MeV
—> robustness of N=28 shell closure with deeply bound v-f,,, orbit

Persistence of Of,,, single-particle strength up to >*Ca

- absence of 0f;,, 0gq, cOmponent — evidence for N= 32, 34 magicity

Contraction with 4°Ca result— considerable reduction of 0f, strength

P. Li, J. Lee et al., Phys. Lett. B 855, 138828 (2024).
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» The presence or absence of the =nf,,, orbital has significant consequences on the

strength distribution of single-particle orbitals(especially for N

residue

>31) .

P. Li, J. Lee et al., Phys. Lett. B 855, 138828 (2024).




Conclusions

How strong is N = 34 shell closure ?
« Neutron knockout reaction from >*Ca confirms strong N = 34 shell closure

Towards ®°Ca ?
« First spectroscopy of °6:°8Ca indicates the vanish of N = 40 shell in 6°Ca, and
drives the dripline of Ca isotopes to at least "°Ca

Evolution of v-f,, orbital along Ca ?
« Probing unbound states in °3°5Ca by neutron removal from deeply bound
orbitals shows persistence of 0f,, single-particle strength up to >*Ca

* Robustness of N=28 shell closure
« Another evidence for N= 32, 34 magicity
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Upcoming Experiment

Coulomb excitation of >*34Ca: E2 strength beyond N=28

Spokesperson: Sidong Chen (University of York) June 2025,
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New High Resolution Scintillation Array

HYPATIA : HYDbrid Photon detector Array
To Investigate Atomic nuclei

Talk by Pieter Doornenbal
Towards next-generation in-beam gamma-ray

spectroscopy at the RIBF with HYPATIA
May 27 (Tue), 12:10 PM
Room 1: 2F Grand Ballroom #201-202
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