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Evolution of Nuclear Shell Structure

Nuclear shell gaps and hence the magic numbers are not constant as they were
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Nuclei with high N/Z = Normal magic nhumber disappear; new magic humber can
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Evolution of Nuclear Shell Structure

* Nuclear shell gaps and hence the magic numbers are not constant as they were

N T & s believed to be.
e - e * Nuclei with high N/Z = Normal magic number disappear; new magic number can
e emerge.
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Evolution of Nuclear Shell Structure
Highlighted region Z<20, N>20

http://www.nuclear.csdb.cn/nuclear/index.asp
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Evolution of shell structure in light neutron-
rich systems led to the discoveries in
dramatic changes in magic numbers.
Studies conducted near N = 20, huge
prospects close to N =28 with the
radioactive ion beam.
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Experimental Signatures of Structural Evolution
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Experimental Signatures of Structural Evolution
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Experimental Signatures of Structural Evolution
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in decay properties
at heightened N/Z
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Data-driven Shell-model interactions and
modifications
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Data-driven Shell-model interactions and
modifications

WBP — WBP-b

Adjusted single-particle energies (SPE) of 0f,,, and
1p,,, orbitals to better reproduce energy states of
odd-mass Si isotopes.

Reduced SPE of 0f,, by 1.4 MeV and raised 1p,,, by
0.4 MeV.

Provided satisfactory interpretation of the negative-
parity intruder energy levels.
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Data-driven Shell-model interactions and

modifications

1 2 3.0
WBP—— WBP-M
* Adjusted single-particle energies (SPE) of fp-shell orbitals to better 20
reproduce energy states of 2’Ne. $
* Reduced SPE of 0f-1p shell orbitals by 0.7 MeV. A
* For the nearby isotopes, it required 1.0 MeV reduction.
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Experiment

S.M.Brown et al., Phys. Rev. C 85, 011302(R) (2012).

SDPF-M[12]  WBP[27]

WBP-M
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Data-driven Shell-model interactions and

modifications

1 5 30 1;2:“
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* Adjusted single-particle energies (SPE) of fp-shell orbitals to better 20 S
reproduce energy states of 2’Ne. R
« Reduced SPE of 0f-1p shell orbitals by 0.7 MeV. ok 1t
* For the nearby isotopes, it required 1.0 MeV reduction. ——
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Data-driven Shell-model interactions and
modifications
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EXP THEORY  EXP THEORY  EXP  THEORY interesting to develop a new interaction that would succeed

in reducing the effective gap between the Odz;p orbital and
the O0f-1p shell in a natural way, without the need for ad
hoc changes.
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Quest for a Comprehensive Shell-Model Interaction

Replaced sd part Varied 70 parameters,  Empirical shell-model interaction FSU"*
— | with USDB'and | —— | including 4 SPE for was developed within spsdfp model-
fp part with gxpfl35 fp-shell orbitals. space using data fitting procedure.
interactions. - A modified version of the WBP®
Interaction was used as the starting

No SPE for Op-shell point.

or sshell was varled. . sd-shell TBME replaced with USDB..*

« Fp-shell TBME replaced with gxpfla.’

Total 40 « Data fitting was performed within the p-
sd-fp model-space.

 Alinear combination of 70 parameters
were fitted by using 270 experimentally
observed states compiled from the

linear combinations
were allowed.

NNDC.’
Fitted to the :
270 data points compiled
13 51l - 1. R.S.Lubnaet al., Phys. Rev. C 100, 034308 (2019)
From ~C through " Ti, 2. R.S.Lubnaet al., Phys. Rev. Research 2, 043342 (2020)
a x 3. E.K.Warburton and B. A. Brown, Phys. Rev. C 46, 923 (1992).
with a RMSD of ~200 ke V. 4. B.A Brownand W. A. Richter, Phys. Rev. C 74, 034315 (2006).
5. M.Homaet al., Eur. Phys. J A 25, 499 (2005).
6. www.nndc.bnl.gov
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Quest for a Comprehensive Shell-Model Interaction

| ! | ! | ! 1 L 1
-0.4 -0.2 0 0.2 0.4

Difference (MeV)

FIG. 1. Histogram of the differences in excitation energy be-
tween experiment and the FSU interaction fit. The root-mean-square
deviation is 190 keV.

Fitted to the
270 data points compiled

d 70 parameters,
ling 4 SPE for
Il orbitals.

'E for Op-shell
shell was varied.

40
combinations
illowed.

From C through 5I'I‘i,. *
with a RMSD of ~200 keV.
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Empirical shell-model interaction FSU"”
was developed within spsdfp model-
space using data fitting procedure.

A modified version of the WBP®
Interaction was used as the starting
point.

sd-shell TBME replaced with USDB.”
Fp-shell TBME replaced with gxpfla’
Data fitting was performed within the p-
sd-fp model-space.

A linear combination of 70 parameters
were fitted by using 270 experimentally
observ6ed states compiled from the
NNDC.

R. S. Lubnaet al., Phys. Rev. C 100, 034308 (2019)

R. S. Lubnaet al., Phys. Rev. Research 2, 043342 (2020)

E. K. Warburton and B. A. Brown, Phys. Rev. C 46, 923 (1992).
B. A. Brown and W. A. Richter, Phys. Rev. C 74, 034315 (2006).
M. Homa et al., Eur. Phys. J A 25, 499 (2005).
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Quest for a Comprehensive Shell-Model Interaction

. 47 48 | 49
:i R.S. Lubna et al., Phys. Rev. C 100, 034308 (2019) 5 = :{;I = e - Empirical shell-model interaction Esy”’
Se P was developed within spsdfp model-
ca ° e space using data fitting procegure.
K b A modified version of the WBP
r wlopu i8]y interaction was used as the starting
a aleo|alal 2 point. 4
S wisfulsrsel i * sd-shell TBME replaced with USDB. )
p IR R * Fp-shell TBME replaced with gxpfla.
s - B o « Data fitting was performed within the p-
Al - . i sd-fp model-space.
e L . .  Alinear combination of 70 parameters
Na = = | were fitted by using 270 experimentally
. ] 5 observed states compiled from the
¥ .I?. Iz:l i NNDC.
i i B s
¢ [lE i 4 B A Brown and W. A Richtor. Phys. Rev. ¢ 74, 034315 (2006).
N=8 N=20 5. M.Homaet al., Eur. Phys. J A 25, 499 (2005).
6. www.nndc.bnl.gov
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Quest for a Comprehensive Shell-Model Interaction

R. S. Lubnaet al., Phys. Rev. Research 2, 043342 (2020)

Experimental E(2+) and B(E2)

2F 4
o i values for the N=20 isotones
ol 13 compared to the predictions
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=

occurs between Z=10 and 12, % % 3 3% 3
suggesting that the N=28 shell
gap shifts to N=24 with lower Z.
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Quest for a Comprehensive Shell-Model Interaction

R.S. Lubnaet al., Phys. Rev. Research 2, 043342 (2020) P.T.MacGregor et al., Phys. Rev. C 104, L051301 (2021)
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Crossing between 0f,, and 1pg, & . ¥ .  Stat lated in 2°M
, J : , , ates populated in g
occurs between Z=10 and 12, o — = ” % + via (d. p) reaction
A y .

suggesting that the N=28 shell

gap shifts to N=24 with lower Z. * Opposite-parity states

provide test to the models.

Facility for Rare Isotope Beams
& U.S. Department of Energy Office of Science | Michigan State University
@ 640 South Shaw Lane * East Lansing, Ml 48824, USA R. S. Lubna, 19 July 2024, Slide 17
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FRIB

Are we there yet?

Do we have a comprehensive model for the s-p-sd-pf model space?
Short answer is “Not yet”

Major limitations lies in predicting structural properties for

Higher ratio of N/Z.

Mid-shell nuclei.

Opposite-parity intruder states.

And many more...

Require ‘useful’ data from experiments.

Facility for Rare Isotope Beams

U.S. Department of Energy Office of Science | Michigan State University
640 South Shaw Lane « East Lansing, Ml 48824, USA

frib.msu.edu
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B- Decay in Exploring Shell Evolution

B- decay grants access to very exotic isotopes

Bxn branches:

« Understand the process of B-delayed neutron emission.
B-delayed y transitions:

» Level structure of the descendant nuclei.

« GT and FF transition strength.

Ground-state half-life:

« First insight into the structure.

» Shell-structure and evolution.

Isomers and Shape co-existence:

» B-decay can populate isomers.

« Can decay via B, yor IC/ IPF.

* Provide Insight into shape/ configuration coexistence.

Facility for Rare Isotope Beams
& U.S. Department of Energy Office of Science | Michigan State University
& 640 South Shaw Lane - East Lansing, Ml 48824, USA
FRIB frib.msu.edu
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B decay of neutron-rich Cl isotopes, 4°CI
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Facility for Rare Isotope Beams

U.S. Department of Energy Office of Science | Michigan State University
640 South Shaw Lane « East Lansing, Ml 48824, USA

frib.msu.edu

115
110

B-y-v counts/2 keV

Complete spectroscopy performed
at FRIB followed by B-decay of 4°Cl.

I. Cox et al., Phys. Rev. Lett. 132, 152503 (2024)
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B decay of neutron-rich Cl isotopes, 4°CI

200

U.S. Department of Energy Office of Science | Michigan State University
640 South Shaw Lane « East Lansing, Ml 48824, USA
frib.msu.edu

3 330 150 T =
g (a) DEGA 25 B Complete spectroscopy performed — Exp. %01 (3/2)> ®Ar
3 120 % at FRIB followed by B-decay of 4°Cl. - SDPF-MU [dec'}‘i =3‘?+
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(C) VANDLE  Increased Sgabove “Ar S was interpreted as
i Y. TYNT the GT transition populating “°Ar states with a
) k s |’Im 1 ] ]
BT ""'. _:g,.:_ proton excitation across N=20 shell gap
] U A - Comparison of experimental Sg of 4°Cl to
el e theoretical prediction with different models.
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Facility for Rare Isotope Beams Cox et al., Phys. Rev. Lett. 132, 152503 (2024)

R. S. Lubna, 19 July 2024, Slide 21



800

600

400

Counts/1keV

200

400

Counts/50keV

300

200

100

Counts/1ns

—100 == = $ ' f }
40 60 80 100 120 140 160 180 200

FRIB

200

B decay of neutron-rich Cl isotopes, 4°CI
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Facility for Rare Isotope Beams

U.S. Department of Energy Office of Science | Michigan State University
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10° Cumulative S, (s”)

Complete spectroscopy performed
at FRIB followed by B-decay of 4°Cl.
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—*¢Cl (dec.) --- *°Cl (ret.)
10001 | — 47K (dec) - 7K (ref)
500
0 . . |

E ox (MeV)

Cumulative Sg for odd-Z decays
along N=28, calculated using a
modified version of SDPF-MU"
interaction.
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Increased Sgabove *°Ar S, was interpreted as
the GT transition populating “°Ar states with a
proton excitation across N=20 shell gap
Comparison of experimental Sg of 4°Cl to
theoretical prediction with different models.

Cox et al., Phys. Rev. Lett. 132, 152503 (2024)

640 South Shaw Lane « East Lansing, Ml 48824, USA

frib.msu.edu

*Y. Utsuno et al., Phys. Rev. C 86, 051301(R) (2012)
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B decay of neutron-rich Cl isotopes, 4/Cl

(a) POSS'bIe f|rst_f0rb|dden decay Decay channels of 3/2+ Decay channels of 1/2+ 3 20 0|, A
channel in the single-particle picture | | » A - 2 ]
of 47C| 7/2 54— {72 A E
(b) Cumulative B-feeding probability of 32 —e—Y e a3 ee Y/ N '°‘4'_4_,——f
47Cl with SDPF-MU? shell-model s1/2 —ee— A s12—e—F A g 5 Ly
interaction. d5/2 —rrii- i d5[2 st 3 . — =32
n Vv e v bl T ¥ T T
(a) (b) ° ' Eatken
* Role of First Forbidden transitions in determining P, values and T,,, values.
* Understanding the delayed neutron spectrum and its relation to the B(GT)
strength distribution.
« Understand the structure of the descendant nuclei.
Facility for Rare Isotope Beams 1. Y. Utsuno et al., Phys. Rev. C 86, 051301(R) (2012)
ﬁ" U.S. Department of Energy Office of Science | Michigan State University
& 640 South Shaw Lane « East Lansing, MI 48824, USA R. S. Lubna, 19 July 2024, Slide 23
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Systematics of odd-mass Cl and K isotopes

N=22 N=24 N=26 N=28 N=30 N=32
1722 5/2* .
1669 5/2 161¢ 5/
1515 5/2*
1301
5/12*
941 5/2* + 970 | 3/2%,5/2%
$91 52" 929 5/2
879 32"
765 3/2*
34 +
P8 12 329 3/2* 350 1/2*
1304 3/2° 132 | | [y12t a8 12
3/2* 1/2* 112* 3/2* 3/2* 3/2*
39cl 4]C] 43Cl 45CI 4TCI 49Cl

FRIB

Spin-parity assigned mainly following
systematics, y-ray decay pattern, B-decay,
theory predictions.

No direct measurements were conducted.

Facility for Rare Isotope Beams

U.S. Department of Energy Office of Science | Michigan State University
640 South Shaw Lane « East Lansing, Ml 48824, USA

frib.msu.edu

Vandana Tripathi et alPhys. Rev. C 109, 044320 (2024)
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Systematics of odd-mass Cl and K isotopes

N=22 N=24 N=26 N=28 N=30 N=32
1722 5/2* .
1669 5/2 161¢ 5/
1515 5/2*
1301
5/2*
941 5/2* 5/2* 970 | 3/2%,5/2%
891 5/2* o2
879 3/2*
765 3/2*
34 +
396 1/2 120 312" 350 1/2*
1304 3/2° 132 | | [y12t a8 12
3/2* 112* 112* 3/2* 3/2* 3/2*
39cl 4]C] 43Cl 45CI 4TCI 49Cl

* Spin-parity assigned mainly following
systematics, y-ray decay pattern, B-decay,
theory predictions.

* No direct measurements were conducted.

Facility for Rare Isotope Beams

d‘m U.S. Department of Energy Office of Science | Michigan State University

640 South Shaw Lane « East Lansing, Ml 48824, USA

FRIB frib.msu.edu

Ground-state spin inversion between 3/2* and 1/2* in odd-mass

K and Cl isotopes.

Experimental energy differences compared with the shell model
performed with the SD-PF-SDG" interaction.

lﬂn“ ] | T T I 1 T Ll
0
; J
¥
£ 1
w: -1000 —
= I ® @ odd-A Cl(Exp) :
2000 B m odd-A K (Exp) —
I — odd-A C1{SM) T
— odd-A K (SM) 1
_;U““ I L | L | I I L L | 1 |
) 18 20 22 24 26 28 30 32 34

Neutron Number (N)

Vandana Tripathi et alPhys. Rev. C 109, 044320 (2024)
*S. Yoshida et al., Phys. Rev. C 97, 054321 (2018)
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do/dw (mb/sr)

FRIB

Particle-transfer reactions can provide guidance

J.L.Yntema et al., Phys. Rev. C 4, 1621 (1971)
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« 46Ca(d,°He)*K reaction to
study K.

* Ground-state configuration
dominated by unpaired
proton in d,.

Facility for Rare Isotope Beams

frib.msu.edu
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P.Doll et al., Nucl.
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48Ca(d,*He)*’K reaction to study 4’K.
Ground-state configuration
dominated by unpaired proton in s;,.

U.S. Department of Energy Office of Science | Michigan State University
640 South Shaw Lane « East Lansing, Ml 48824, USA
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Particle-transfer reactions can provide guidance

10 BT T T T ™ L MELAME B SR I Bl S | :l"”rﬁ“r LI ]
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3 [ g =52Mev ] o /\/\ I ﬁ  No experimental data for higher
i ] 10. -_EA P | P It 1 | T | - - -
bbb bbb s masses available from direct reaction.
i o 1 ool TS somv ] « Radioactive lon (RI) beams can help.
F0OL E I mp ] 0 Ura 3
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« 36.3840Ar(d,3He)3537:39C| reactions provide measurement of proton pickup.
« Ground-state configuration dominated by unpaired proton in d.

Facility for Rare Isotope Beams
6‘ U.S. Department of Energy Office of Science | Michigan State University
&ﬁ’ 640 South Shaw Lane * East Lansing, Ml 48824, USA R. S. Lubna, 19 July 2024, Slide 27
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Particle-transfer reactions can provide guidance
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o 363840Ar(d,3He)3>37.39C| reactions provide measurement of proton-hole states.
« Ground-state configuration dominated by unpaired proton in d,.
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 Proton removal reactions can provide direct
insight into the proton shell evolutions.

Pz
[ esle>
0d,;,— —0000—

1/2

46Ar(d,2He)*Cl

reaction to study the
ground-state proton
configuration of 4°Cl.

G.MAirle et al., Nucl. Phys. A 565, 543 (1993)
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Particle-transfer reactions can provide guidance
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 Proton removal reactions can provide direct
insight into the proton shell evolutions.

« For neutron shell evolutions, some best choices
are neutron adding/removal reactions.

P =18 N =28
P32
f7/2 00000000
0d,;,— —0000—
1/2

46Ar(d,2He)*Cl

reaction to study the
ground-state proton
configuration of 4°Cl.

G.MAirle et al., Nucl. Phys. A 565, 543 (1993)

1psp,
">
0d3,2—o— —0000—

Sy, 99

44CI(d,p)**Cl reaction to
study the emptiness or
fullness of the f,,, psp,
evolution of the fp-shell
orbitals.
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N=28 shell gap migration via particle-transfer

L. Gaudefroy et al., Phys. Rev. Lett. 97, 092501

reactions

g 7y | 1) [

g [ foe—Lis « Evolution in SPE and spin-orbit
- 242 (SO) splitting between 1p,;, and
af — 1p,, around N=28 isotones were

E Py 5.15 StUdled
°r « Systematics around N=20 was
o 0n explored. |
’ I * Single nucleon transfer reaction
-0 fre 295 is one of the best approaches.
49Ca 47Ar
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(a) . (b)
2 I 20! P
>
5 e 7% g Bg; @
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Binding energy of 1p,,, (MeV)
J. Chen et al., Phys. Lett. B 835, 138678 (2024)

Facility for Rare Isotope Beams

U.S. Department of Energy Office of Science | Michigan State University
640 South Shaw Lane « East Lansing, Ml 48824, USA

frib.msu.edu

*Y. Utsuno et al., Phys. Rev. C 86, 051301(R) (2012)
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N=28 shell gap migration via particle-transfer
reactions

L. Gaudefroy et al., Phys. Rev. Lett. 97, 092501

g O O
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af : 1p,, around N=28 isotones were
; Py 5.15 StUdled
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o 0n explored. |
’ I * Single nucleon transfer reaction
-0 fre 295 is one of the best approaches.
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Binding energy of 1p,,, (MeV)
J. Chen et al., Phys. Lett. B 835, 138678 (2024)
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 Sisotopes around N=28 are well known for their deformed

nature.

* (d,p), (d,t) reactions can extract single particle properties.

« Determine spin-orbit splitting from SPE of the fp-shell orbitals.
 Fragmentation of single particle strength.

« Energy, spectroscopic factors predicted with the SDPF-MU

interaction”.

*Y. Utsuno et al., Phys. Rev. C 86, 051301(R) (2012)
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Neutron Number, Z

FRIB

120

oo
o

Unlocking Potentials...

. Stable nuclei
Known nuclei
- | Drip line
| @ S, =2MeV Z=82
- SV-min

~3000 known isotopes

Nature volume 486, pages 509-512 (2012)

Neutron Number, N

Facility for Rare Isotope Beams

U.S. Department of Energy Office of Science | Michigan State University
640 South Shaw Lane « East Lansing, Ml 48824, USA

frib.msu.edu

80 120 160 200 240 280

Huge discovery potential with the rare
isotope (RI) beams and state-of-arts
detection systems.

More exotic isotopes can be explored.
Unconventional structural properties.
Can provide crucial role in developing
comprehensive models to track the

structural trajectories from stable towards
drip-line nuclei consistently.
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Thank you

Sincere thanks to the collaborators.

Work supported by the U.S. Department of Energy, Office of Science,
Office of Nuclear Physics, under Grant No DE-SC0020451 (FRIB).
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Type L | Amr | Fermi AI | Gamow-Teller AI | Log ft
Superallowed O | No 0 0 2.9-3.7
Allowed 0 | No 0 0,1 4.4-6.0
1st Forbidden 1 | Ye 0,1 0,1,2 6-10
S
2nd 2 | Ye 1,2 1,2,3 10-13
Forbidden S

FRIB

Facility for Rare Isotope Beams

frib.msu.edu

U.S. Department of Energy Office of Science | Michigan State University
640 South Shaw Lane « East Lansing, Ml 48824, USA
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346j positive parity

FRIB

34Si: Transitional Nucleus along N = 20

8037____2*
5191__0°
4452 2ot
366 y .
332 : 6_23450 o* 35450
2718 0" 2580 o*

1
EXP FSU SDPF-U-MIX SDPF-MU VS-IMSRG

Facility for Rare Isotope Beams

frib.msu.edu

34Gj negative parity

Compared the experimental levels with some modern theoretical models.

SDPF-U-MIX, SDPF-MU, VS-IMSRG calculations consider mixing. FSU calculations do
not consider any mixing in different types of excitations.

FSU, SDPF-U-MIX and VS-IMSRG well predicts the first excited 0* and 2* with the 2hw

excitation.

6993 5

61363
6025—4

57605

55103

5310——4"
4949

4970 5 4
4948 5
4466 3

4378y
42543

4361__3

4012___ &
3714 5

EXP FSU SDPF-U-MIX2 SDPF-MU3 VS-II‘\IISF{G1

U.S. Department of Energy Office of Science | Michigan State University ; :;:z: Ezz'ﬁigg' g;::g: ggi;i

640 South Shaw Lane « East Lansing, Ml 48824, USA 3. Phys. Rev. C 86, 051301(R) (2012).

The first negative parity 3,4, 5
states are dominated by the 17w
excitation with the dominant

configuration (vdi) 1Q (vfz) 1
2

2
All except for FSU interaction fail to

predict opposite parity states.
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Particle transfer reaction with SOLARIS at FRIB
Simultaneous (d, p) and (d, t) with 4942S beams (Accepted)

S isotopes around N=28 are well known for their
deformed nature.

The advantage of simultaneous measurements is a
reliable extraction of the effective single-particle
energies (ESPE) of the neutron fp-shell orbitals.

FRIB

2000
* Determine spin-orbit splitting from ESPE of the fp-shell
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Particle transfer reaction with SOLARIS at FRIB
Simultaneous (d, p) and (d, t) with 4942S beams (Accepted)
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Compared the experimental levels with two modern theoretical models.

Lowest 3, 4°, 5 states are dominated by the 1Aw excitation with the
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Evolution of SPE and spin-orbit spacing
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Interpretation of the experimental observables

P.T.MacGregor et al., Phys. Rev. C 104, L051301 (2021)
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