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Nuclear Structure
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Ab-Initio Approach to Nuclear Structure

Provided strong understandings of the nuclear
forces, H, experienced by each nucleon

We can solve the Schrodinger equation:
HY = E¥
For all A nucleons

Tremendous advancements in recent years,
but extending to heavier nuclei remains difficult

phys.org

So for now, we must rely on models to
describe the structure of heavy nuclei

SSGF Program Review 6/22/22 3



g% RUTGERS

The Shell Model

SSGF Program Review

Many observables in
atomic nuclei imply a shell
structure, with particularly
stable numbers of protons
and neutrons at the magic
numbers: 8, 20, 28, 50,
82, and 126

6/22/22
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The Shell Model

SSGF Program Review

Many observables in
atomic nuclei imply a shell
structure, with particularly
stable numbers of protons
and neutrons at the magic
numbers: 8, 20, 28, 50,
82, and 126

Very similar to electron
shells in atomic physics!

6/22/22
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Building Shell Structure—\Woods-Saxon Potential

Vo

1+exp(T;R)

Vws(r) = —

e V, ~50MeV
e R=1,A"3 1y ~ 1.25 fm .

e a ~ 0.65 fm, “diffuseness”

This is the mean-field potential
experienced by all nucleons

-Vo | 4daln 3

vy

K.S. Krane, Introductory Nuclear Physics, 2nd ed. (John Wiley & Sons, 1988).
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The Woods-Saxon Potential

112
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40 ’ I8

20

N S.H.O, + Woods—Saxon

S.M. Brown, PhD Thesis (2010)
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Spin-Orbit Coupling

. /Z* However, adding in a
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Spin-Orbit Coupling
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&

However, adding in a
spin-orbit potential of
the form

Vsol - s
splits orbitals
according to their total
angular momentum

—lts=l4o

The magic nhumbers
are reproduced
exactly!
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Shell Model Applications

Okay, but what is the Shell Model good for?

SSGF Program Review 6/22/22 10
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Shell Model Applications—Nuclear Astrophysics

commons.wikimedia.org

The rapid neutron-capture process (r-process) is
responsible for the synthesis of approximately half
of all elements heavier than iron

SSGF Program Review

How are the chemical
elements made?

Stable nuclei
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Number of Neutrons
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From F. Timmes
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Shell Model Applications—Nuclear Astrophysics

commons.wikimedia.org

The rapid neutron-capture process (r-process) is
responsible for the synthesis of approximately half
of all elements heavier than iron

We cannot measure neutron-capture reactions on
all the isotopes of importance

SSGF Program Review

How are the chemical
elements made?

Stable nuclei
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Shell Model Applications—Nuclear Astrophysics

commons.wikimedia.org

The rapid neutron-capture process (r-process) is
responsible for the synthesis of approximately half
of all elements heavier than iron

We cannot measure neutron-capture reactions on
all the isotopes of importance

Can we predict them instead?
SSGF Program Review

How are the chemical
elements made?

Stable nuclei
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commons.wikimedia.org J. Carlson, et al., Prog. Part. Nucl. Phys. 94, 68 (2017).

All the most important neutron-induced reactions affecting the production of stockpile stewardship diagnostic '44Ce
involve highly unstable isotopes

Can we predict these reactions?
SSGF Program Review 6/22/22 14
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Direct/Semi-Direct (DSD) Neutron Capture

* Neutron is captured directly into a low-
lying, bound, single-particle state
— Gamma ray emitted to conserve energy

* Requires low level density and highly
single particle-like structure

— Thus, DSD capture is the dominant
mechanism of neutron capture on nuclei
near shell closures

— DSD capture can be constrained using
measurements or accurate predictions of
single-neutron structure properties

2 +1 Snj

Opc,total = 20 +12j +1 Opc,th
nlj '

SSGF Program Review 6/22/22
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Shell Model Applications

Okay, but what is the Shell Model good for?

SSGF Program Review 6/22/22 16
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go RUTGERS

Shell Model Applications

Okay, but what is the Shell Model good for?

An accurate Shell Model enhances predictions of nuclear properties that cannot
be measured in the laboratory

commons.wikimedia.org

SSGF Program Review 6/22/22 17
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How do we know when the Shell Model is correct?

SSGF Program Review 6/22/22 18
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How do we know when the Shell Model is correct, and how do
we improve it?

SSGF Program Review 6/22/22 19
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How do we know when the Shell Model is correct, and how do

we improve it?
We test it!

SSGF Program Review 6/22/22 20
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g RUTGERS
How do we know when the Shell Model is correct, and how do

we improve it?
We test it!
Example: 133Sn

129Xe 130Xe '131Xe 4 e

#2Xe

If the shell model is valid
in this region, then 133Sn
should have a purely

single-neutron structure

...... G e+1 3e+1
fEENNEEEE

|:| Long-lived

_ Estimated

‘mpd WPy WP P4 wPd [IEE

Modified from people.physics.anu.edu/~ecs103/chart-beta/

Log of Half-life [s]
-2e+1  Ge+0  b5e+0 2e+

6/22/22 21
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Proton
60 cD (5/27) 2,005 keV
2 s
(9/2) 1,561 keV
. _ target (1/2) 1,363 keV
20 132g h‘“' . 3/2" 854 keV
beam 133g
- 40 beam 7/2 0 keV
=
3
o = \
f
20 - "
- - i
10 Y 3
U + = .!“u: ‘*ﬂ - -L“: "”"‘.. . + + +
i -1 0 1
Q (MeV)
K.L. Jones, et al., Nature 465, 454-457 (2010).
6/22/22
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1328n(d , p)1338
d

g.s. b

Define a spectroscopic factor, S

10 10
S, — (ﬂ) / (ﬂ)
;=
aq) exp 239} theory

B — 2f,,, (0.86) — 2f,,, (1.22)
E | = 30,2055 | | [ e 3Dy (0.92)
2 |e 1,363 keV d 2,005 keV
3

10 10

— 21 (1.1)

0 20 40 60 80 100 0 20 40 60 80 100
B (deg)
Modified from K.L. Jones, et al., Nature 465, 454-457 (2010).
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10

10

|| [QJTGERS

1328n(d,p)1338

g.s.

—2f,,(0.86)

10

854 keV

— 21, (1.22)
----- 304, (0.55) ===+ 3Pasm (0.92)
c 1,363 keV 2,005 keV
— 2f 1, (0.9) — 2 (1.1)
----- 312 (1.1) 23Dy, (1.4)
0 20 40 60 80 100 0 2{].4(] ED. 80 100
B (deg)

Modified from K.L. Jones, et al., Nature 465, 454-457 (2010).
SSGF Program Review
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Define a spectroscopic factor, S

S = (d_ff) /(@)
' aq exp a theory

S =~ 1 for all states indicates purely
single-neutron structure!

C.C. Ummel
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1328n(d , p)1 333
d

g.s. b

854 keV

Define a spectroscopic factor, S

10 10
doi doj
i = (@), / (@)
aq exp aq theory
5 — 21, (0.86) 2, (122) S =~ 1 for all states indicates purely
e | LF e 303, (088) | [ [ e 3ps (0.92) single-neutron structure!
% c 1,363 keV d 2,005 keV
- E, (keV)

" 0 7/2~ 0.86 + 0.16
854 3/2” 0.92 + 0.18

1363 + 31 (1/27) 1.1+ 0.3

—2f,., (0.9) | —2h, (1) -
_____ ) A 2005 (5/27) 1.140.2
0 20 40 60 80 100 0 20 40 60 80 100
B (deg)
Modified from K.L. Jones, et al., Nature 465, 454-457 (2010).
25
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1328n(d,p)1333

g.s. b 854 keV i .
2 Define a spectroscopic factor, S
10 10
doj do;
. — (29 aoi
v ‘ (dﬂ)exp/ (dﬂ)theory
5 — 21, (0.86) 2, (122) S =~ 1 for all states indicates purely
I T e 3py(055) | | [ e 3ps, (0.92) single-neutron structure!
% c 1,363 keV d 2,005 keV
3 E, (keV)
" e 0 7/2” 0.86 + 0.16
854 3/2” 0.92 + 0.18
1363 + 31 (1/27) 1.1+0.3
| —a2h, (1) _
_____ B (1.4 2005 (5/27) 1.1+ 0.2
e A (deg‘;' 70 40 G0 90 1o 1335n perfectly exhibits the pure single-neutron

Modified from K.L. Jones, et al., Nature 465, 454-457 (2010). structure predICted by the shell model

SSGF Program Review 6/22/22 26
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Shell Model Tests

Example: 133Sn

20xe| |2oxe| | #ixe | [2xe

Log of Half-life [s]

-2e+1  -Qe+0 Ge+0  2e+1 3e+1

B L] ]
|:| Long-lived

] | | Estimated

- Unknown

Modified from people.physics.anu.edu/~ecs103/chart-beta/
SSGF Program Review 6/22/22
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Shell Model Tests

Example: 13°Xe

Log of Half-life [s]
-2e+1 24

. | -9e+t0  5et0 e+1 3e+1

. . B ] ]
|:|L0ng-lived
B I Estimated
g pa g e e

Modified from people.physics.anu.edu/~ecs103/chart-beta/
SSGF Program Review 6/22/22

What happens when
we move further from
the shell closures?
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135X e

13>Xeg, has a single, unpaired neutron

lying just below the N = 82 shell gap

SSGF Program Review
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liyz/2

3p1/2
3p3/2

2f7/2
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=2Xeg; has a single, unpaired neutron
lying just below the N = 82 shell gap

liyz/2

3p1/2
3p3/2

Single-neutron excitations will require .
7/2

crossing the shell gap

SSGF Program Review 6/22/22
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Gammasphere-ORRUBA: Dual Detectors for Experimental
Structure Studies (GODDESS)

ettt
g
g

From S.D. Pain, et al., Physics Procedia 90, 455 (2017).
SSGF Program Review 6/22/22 31
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Oak Ridge Rutgers University
Barrel Array (ORRUBA)

(Micron)

22 %X Super X3
1T mm

4 x QQQ5 CD, /l

1T mm Target /

\v/ i Beam 5

5 x BB10
65 um 1 x QQQ5
v 1 mm
\
!: ; ; 1 x QQQ5

22 x Super X3 T mm
1 mm 1x QQQ5

100 pum
SSGF Program Review 6/22/22 32

Target 1 x QQQ5
/ Ladder 100 um
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Oak Ridge Rutgers University
Barrel Array (ORRUBA) ‘Gammasphere

N

22 %X Super X3
1T mm

4 x QQQ5 CD, /l

1 mm Target /

\v/ i Beam 5

5x BB10
65 um 1 x QQQ5
v 1T mm
\
E : ; 5 1 x QQQ5

22 x Super X3 1 mm
1 mm 1x QQQ5

100 pm
SSGF Program Review 6/22/22 33

Target 1 x QQQ5
/ Ladder 100 um

1 x QQQ5
<— 1 mm
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Preliminary Results

SSGF Program Review 6/22/22 34
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Preliminary Results—Si E;,; vs. 6

p)  (d.d) (C,C)
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Preliminary Results—Si E;,; vs. 6
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—~
O

Illjl Iilll
:’ |

—_ff_ =—=_;=-— = _—TITo- - -
14000 = : SN =

|* I||“||

12000

:Il |I|I|I II ‘IIII|H

II I1|'|'|II:

by

10000

Laboratory Energy (keV)

8000

6000

II"|| I IIII I
IR AR e

4000 10

!
|

2000

IIIII

h

o

160 180
Laboratory Angle (deg.)

o
M
o
B
o
(a)]
o
o
o
- | U
o
o
—
()]
o
—
.
o

SSGF Program Review 6/22/22 37



.; .. KUTGERS C.C. Ummel

Preliminary Results—'3°Xe Excitation Energy Spectrum

Ez 7000 :— S, = 6.364 MeV
L]
= —
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Xe Excitation Energy (keV)
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Preliminary Results—Gamma Rays
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Preliminary Results—Gamma Rays
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Preliminary Results—Gamma Rays

E E 288
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Preliminary Results — Coincidences!
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Preliminary Results — Coincidences!
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E, (keV)

Counts/100 keV

Preliminary Results — Coincidences!
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Counts/100 keV

Preliminary Results — Coincidences!
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Angular Distributions
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Angular Distributions
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Angular Distributions
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Angular Distributions
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Angular Distributions
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Angular Distributions
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Angular Distributions
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Angular Distributions
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The ordering of the single-neutron orbitals is the same as in 133Sn!
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Summary
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* The Shell Model is a powerful tool for predicting
nuclear structure observables op- 3108
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Summary
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