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Outline

« Shape-coexistence with the FRIB Decay Station (FDS, current FDSI).

» Single-particle strength distribution via particle transfer reactions, (d, p)
and (d, t) with the SOLenoid spectrometer Apparatus for Reaction
Studies (SOLARIS).

 Phenomenological shell-model interaction.

a Facility for Rare Isotope Beams
U.S. Department of Energy Office of Science
m Michigan State University

R.S.Lubna, May 2023, FRIB TA workshop, Slide 3



Outline

« Shape-coexistence with the FRIB Decay Station (FDS, current FDSI).
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@ Michigan State University
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Measurements from 38 decay

2n ‘
VV’Y
\K A-2(Z+l)
VVY
Al(Z+1)
Y Bxn branches:
t1/2 = ns « Understand the process of B-
y/ EO delayed neutron emission.

@‘ Facility for Rare Isotope Beams
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@ Michigan State University
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Measurements from 38 decay

2n ‘
VV’Y
~_ A2(Z+1)
VVY
Al(Z+1)

Y B-delayed y transitions:

t1/2 = ns * B-delayed y rays accompanied with

v/ EO 0, 1, 2 neutrons.
v vy — « Level structure of the descendant
A(Z+1) nuclei.
 GT and FF transition strength.

@‘ Facility for Rare Isotope Beams
U.S. Department of Energy Office of Science
@ Michigan State University

R.S.Lubna, May 2023, FRIB TA workshop, Slide 6



Measurements from 38 decay

2N ‘
VV’Y
~_ A2(Z+1)
VVY
Al(Z+1)
Y Ground-state half-life:

ty2 = NS - First insight into the structure.

v/ EOQ « Shell-structure and evolution.

@‘ Facility for Rare Isotope Beams
U.S. Department of Energy Office of Science
@ Michigan State University
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Measurements from 38 decay
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Isomers and Shape co-existence:
* B-decay can populate isomers.
Can decay via B, y or IC/ IPF.
Provide Insight into shape
coexistence.

@‘ Facility for Rare Isotope Beams
U.S. Department of Energy Office of Science
@ Michigan State University

R.S.Lubna, May 2023, FRIB TA workshop, Slide 8



FRIB Decay Station, FDS (current FDSI)

* Measurements from the decay experiments with
the fast beam delivered.

* A high-efficiency multi-detection system.

» y-ray spectroscopy with HPGe and
LaBr3, VANDLE, implantation detector.

< .r=
a‘ FaC”lty for Rare ISOtOpe Beams Photo credit: FDSi collaboration
6 U.S. Department of Energy Office of Science
‘ﬁ, Michigan State University
R.S.Lubna, May 2023, FRIB TA workshop, Slide 9



Proton Number

Discovery Potential
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Proton Number

Discovery Potential
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ldentification of isomers: Shape Coexistence
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Michigan State University

Il level energies
E2 strengths
EO strengths
transfer cross sections
quadrupole moments

B quadrupole invariants

Low-lying states with different
shapes correspond to different
configurations.

Isomers can be attributed to the
shape coexistence.

Discovery potential with the
beams delivered to the FDS.

https://doi.org/10.1016/j.ppnp.2021.103931

R.S.Lubna, May 2023, FRIB TA workshop, Slide 12
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Identification of B-decaying isomers

: : : Implantation and
« A B-decaying isomer in 3°Al. Ge detectors

+ 6.9(10)ms SﬁMg

. Spin-parity all based on shell |%?

model. -
o o x+657,(1N_N 8 36,
* B-decaying isomer in this x, 7.0(8)ms !©@) S6A| 12.0(20)ms
region only seen in Al. 0 4) B 0
B ;
————2518, (3)
2518, (2*) — o
Future: S %
- Determine spins with y-y 1408, 2" = 1408, 2"
angular correlation in 34Si. = =
— —
| | 0,0 — 0, 0"
« Constrain the parent spin. 36Si 36Si ’

I R I B g‘ Facility for Rare ISOtOpe Beams R.S.Lubna, submitted to Phys. Rev. C
U.S. Department of Energy Office of Science
w Michigan State University

R.S.Lubna, May 2023, FRIB TA workshop, Slide 13



ldentification of isomers due to EO transition

Implantation
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g‘ Facullty for Rare ISOtOpe Beams Half-life Pictures: T. Ogunbeku.
U.S. Department of Energy Office of Science
@ Michigan State University 1. Phys. Rev. Lett. 109, 092503

R.S.Lubna, May 2023, FRIB TA workshop, Slide 14



Shape Coexistence through EO transition

Excited O*levels are good probe for shape coexistence.

Prospects to study more shape-coexisting 0* levels in more exotic nuclei with

higher rates.

41A|

(3/2, 5/2)*

w\
(O+, 2+’ 4+)

672

1624 ——
986 —T— (2%
Y
0~ o
4OSi

Y

g, (712:302)

Facility for Rare Isotope Beams

FRIBY
&@ Michigan State University

U.S. Department of Energy Office of Science

I I I [

« SDPF-MU’

<% oL | successfully
a* < i predicts first
gt ] excited 2* along the

Si Isotopic chain.

0= | | = « How well 0*levels
can be predicted.

1. Experimental levels from https://www.nndc.bnl.gov/
2. Phys. Rev. C 86, 051301(R) (2012).

R.S.Lubna, May 2023, FRIB TA workshop, Slide 15



Outline

» Single-particle strength distribution via particle transfer reactions, (d, p)
and (d, t) with the SOLenoid spectrometer Apparatus for Reaction
Studies (SOLARIS).

a‘ Facility for Rare Isotope Beams
U.S. Department of Energy Office of Science
m Michigan State University

R.S.Lubna, May 2023, FRIB TA workshop, Slide 16



Solenoid Spectrometer, SOLARIS

* Facilitate the measurements from direct
reaction with the Re-accelerated beams.

 Work with inverse kinematic, doesn't
suffer from the lack of stable target.

« Can measure (d, p) and (d, t)
simultaneously.

» Discovery potential with the beams
provided by the FRIB.

@‘ Facility for Rare Isotope Beams
U.S. Department of Energy Office of Science
@ Michigan State University

R.S.Lubna, May 2023, FRIB TA workshop, Slide 17



Particle transfer reactions, simultaneous
(d, p) and (d, t) measurements

1H
> ®
\
3H

—_— Gy —

» Single particle properties near N = 28 deformed region is not well probed.
« Spectroscopic factors will assess the fragmentation of single particle strengths.

« Effective Single Particle Energy (ESPE) with simultaneous (d, p) and (d, t).

@‘ Facility for Rare Isotope Beams
U.S. Department of Energy Office of Science
@ Michigan State University

R.S.Lubna, May 2023, FRIB TA workshop, Slide 18



Particle transfer reactions, simultaneous (d, p) and
(d, t) measurements

« Two experiments approved in FRIB PAC Il, focused on the simultaneous
(d, p) and (d, t) measurements to probe the fragmentation of the single
particle strengths.

. 403(d, p) (d, )41S, 2°S and 42S (d, p) (d, t) 43S, 4S.

« 46Ca(d, p) (d, t) ’Ca, %5Ca.’

a Facility for Rare Isotope Beams 1. R.S.Lubnaetal , FRIB PAC Il approved proposal.

U.S. Department of Energy Office of Science 2. AJ. Mitchell et al, FRIB PAC Il approved proposal.
@ Michigan State University

R.S.Lubna, May 2023, FRIB TA workshop, Slide 19



Particle transfer reactions, (d, p) and (d, t):
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U.S. Department of Energy Office of Science
Michigan State University
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A g
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a7

— 32

S isotopes near N = 28 are
well known for
deformation.

41S and S will be
investigated via (d, p) and
(d, t) reactions.

4S assigned solely based
on theory.

1. R.S.Lubnaetal, FRIB PAC Il approved proposal.

R.S.Lubna, May 2023, FRIB TA workshop, Slide 20



Particle transfer reactions, (d, p) and (d, t):
Future

41 43 45

1 t E 1g + |§ t
: . | N |
0.1 1 1 | P s A 3 01F I - N 1 .l 1 X 1 R E i | I.| ) ! 1 2 1 A
| T |
Ie B 1 T “ Ie [ -
Lok 1 ' 4 Poi} l : 4 Cof '
s L L N /i " [ R 3 M 1 X 1 ‘] | 1 1 . 3 " 1 B ll " 1 L | A
1 . 1 1
E - 3 E | N E -
@ f ]« F i 1= :
01 L . 1 s | l | h 3 0y R a I lJI ; \ , 3 01 I |I ! el ;
1 1 t 3 1 T
g L, I i I g p Ry NG I T SRS B PRSI SR
0 1 2 3 48 5 0 1 2 Su 3 4 5 0 1 2 5"3 4
E, (MeV) - E_ (MeV) E_ (MeV)

2
« Spectroscopic factors predicted by model.
 Whether theory can predict the spectroscopic factors properly for 1S and 43S.

e 45(d, p)(d, t)*S will provide stringent test to the models with the ultimate
beam rates provided by the FRIB.

Michigan State University

g‘ Facility for Rare Isotope Beams 1. RS.Lubnaetal, FRIB PAC Il approved proposal.
6 , U.S. Department of Energy Office of Science 2. Phys. Rev. C 86, 051301(R) (2012).

R.S.Lubna, May 2023, FRIB TA workshop, Slide 21




Outline

« Phenomenological shell-model interaction.

a Facility for Rare Isotope Beams
U.S. Department of Energy Office of Science
@ Michigan State University

R.S.Lubna, May 2023, FRIB TA workshop, Slide 22



Phenomenological model: Data can be invaluable

v 47 48 [ 49
i1 ) tarlisr 1 . .
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a Facility for Rare Isotope Beams
U.S. Department of Energy Office of Science Lo Pl Rieve slessenll 2 thesn 2 G
@ Michigan State University

R.S.Lubna, May 2023, FRIB TA workshop, Slide 23



Phenomenological model: Data can be invaluable

 Reproduce N =20 lol phenomena successfully.
« Successful in reproducing opposite parity levels.

FRIBE .
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B =

Phys. Rev. Research 2, 043342 (2020).
Phys. Rev. C 100, 034306 (2019).
Phys. Rev. C 86, 051301(R) (2012).
Phys. Rev. C 102, 034320 (2020).
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Phenomenological model: Data can be invaluable

FRIBE .
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Not successful for very exotic isotopes.

Facility for Rare Isotope Beams
U.S. Department of Energy Office of Science
Michigan State University

B =

Reproduce N = 20 lol phenomena successfully.
Successful in reproducing opposite parity levels.

Phys
Phys
Phys
Phys

. Rev. Research 2, 043342 (2020).
. Rev. C 100, 034306 (2019).

. Rev. C 86, 051301(R) (2012).

. Rev. C 102, 034320 (2020).
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Phenomenological model: Data can be invaluable

4000

(@)
3000

E@2,) keV
3
>
>
=
I

1000

l EXP
A—A FSU Interaction

®
=3
==

 Reproduce N =20 lol phenomena successfully.
« Successful in reproducing opposite parity levels.

* Not successful for very exotic isotopes.

 Fit more parameters.
* Introduce mixing.
 Expand model space.

@‘ Facility for Rare Isotope Beams
U.S. Department of Energy Office of Science
@ Michigan State University
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Phenomenological model: Data can be invaluable
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 Reproduce N =20 lol phenomena successfully.
« Successful in reproducing opposite parity levels.

* Not successful for very exotic isotopes.
 Fit more parameters.

* Introduce mixing. Need more
« Expand model space. experimental data

g‘ Facility for Rare Isotope Beams
U.S. Department of Energy Office of Science
@ Michigan State University

B =

34Sj positive parity

34Si negative parity
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Conclusion

« B decay can be used
to study shape
coexistence.

 With the FRIB
enhanced beams
rates of the exotic
nuclei, we aim to
populate and study
O* excited levels with
the FDS.

« Do we have a
consistent model
that can interpret
their configurations?

a‘ Facility for Rare Isotope Beams
U.S. Department of Energy Office of Science
m Michigan State University
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FRIBE

B decay can be used .
to study shape
coexistence.

With the FRIB

enhanced beams .
rates of the exotic

nuclei, we aim to

populate and study

O* excited levels with .
the FDS.
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consistent model

that can interpret .
their configurations?

Facility for Rare

Michigan State University

Conclusion

(d, p) will provide single-
particle strength distribution
for the nuclei in deformed
region.

Simultaneous (d, p) and (d, t)
will probe the occupancy of
the initial isotope.

FRIB Re-accelerated beam to
SOLARIS will study the
fragmentation of the single-
particle strength.

Need models that can explain

consistently the properties
extracted. .

Isotope Beams

U.S. Department of Energy Office of Science

R.S.Lubna, May 2023, FRIB TA workshop, Slide 29



FRIBE

B decay can be used
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coexistence.

With the FRIB
enhanced beams
rates of the exotic
nuclei, we aim to
populate and study
O* excited levels with
the FDS.

Do we have a
consistent model
that can interpret
their configurations?

Conclusion

(d, p) will provide single-
particle strength distribution
for the nuclei in deformed
region.

Simultaneous (d, p) and (d, t)
will probe the occupancy of
the initial isotope.

FRIB Re-accelerated beam to
SOLARIS will study the
fragmentation of the single-
particle strength.

Need models that can explain
consistently the properties
extracted. .

Facility for Rare Isotope Beams
U.S. Department of Energy Office of Science
Michigan State University

Data will provide
stringent test and
challenges to the
models.

Data can be used
as invaluable
inputs to the
phenomenological
model.
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Proton Number

Discovery Potential
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Identification of isomers (MS)

Implantation and
MS isomer: Ge detectors

« A pusisomer present in 32Na beam.

200
. prompt ﬂash/' Ty, = 24(2) ps
* Confirmed for the delayed y ray
emitted. o 1001
% 60
300 30 3
(a) 450 O 4
2501 > 400 108 25 = 30
22001 N 3 300 20 = 250 100 50 0 50 100 150 200 250 300
B * g % Time since implant (us)
g 3| £ 250} 2 E
) 150' = w 15 8 . . .
2 St 1 = * Spin-parity could not be determined.
£ 100 150 L B Ay 10 &
= -50 0 50 100 150 = .
E - Time since implant (us) I B Theory suggested either 6- or 0*.
0 o  Need more theoretical guidance along
0 250 500 750 1000 1250 1500 1750 2000

Energy (keV) with the experimental confirmation.

I R I B @( FaCi"ty for Rare Isotope Beams T.J.Gray, accepted, Phys. Rev. Lett.
U.S. Department of Energy Office of Science
w Michigan State University
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Identification of isomers (ns)

Implantation, Ge
and LaBr detectors

~1-100 ns:

 Measure time delay between isomeric state
following B decay and y emission in coincidence
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w Michigan State University
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Identification of isomers (ms)

Implantation and
ms Isomers:

A B-d o 36 Ge detectors
* -aecaying isomer in . i 36
0.0" 6.9(10)ms Mg

« Spin-parity all based on shell

r~
model. 4657, (1) g .
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I R I B a FaCiIity for Rare |S°t°pe Beams R.S.Lubna, submitted Phys. Rev. C
U.S. Department of Energy Office of Science
w Michigan State University
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Phenomenological model: Data can be invaluable

.

Replaced sd part
with USDBgand

fp part with g)q)fla4
interactions.

Varied 70 parameters,
including 4 SPE for
fp-shell orbitals.

No SPE for Op-shell
or sd-shell was varied.

Total 40
linear combinations
were allowed.

Fitted to the
270 data points compiled
From "°C through 51Ti.
with a RMSD of ~200 keV.

FRIBE

1.
Facility for Rare Isotope Beams 2.
U.S. Department of Energy Office of Science 3. Phys. Rev. C 74, 034315 (2006).
Michigan State University

FSU shell-model within the
spsdfp model-space using the
data fitting procedure.

Hamiltonians from the existing
models were used as a starting
point

Data fitting performed within the
p-sd-fp model-space.

A total of 70 parameters fitted by
using 270 experimentally
observed levels.

Phys. Rev. Research 2, 043342 (2020)
Phys. Rev. C 46, 923 (1992).

4. Eur. Phys.J A 25,499 (2005).
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Phenomenological model: Data can be invaluable
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Phenomenological model: Data can be invaluable
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