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Structurally Interesting! Broader Impacts: Neutrinoless
Double-beta Decay

Why study the Ge isotopes?

= Soft/Rigid Triaxiality

= Shape Transition t ,odd-odd
. \ , even-even
= Shape Coexistence eal i
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Triaxiality in 7°Ge

PHYSICAL REVIEW C 87, 041304(R) (2013)
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Triaxiality in 7°Ge
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Triaxiality in 7°Ge Shell-Model Calculations by Alex Brown

jj44b Hamiltonian

Ground-state deformations:

Experimental result
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Shape Coexistence in Ge Isotopes

E(MeV)

Excited state structures with a different
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Z. Podolyak et al., Int. J. Mod. Phys. E 13, 123 (2004).
K. Heyde and J. L. Wood, Rev. Mod. Phys. 83, 1467 (2011).

Are there
bands built
on the excited
O* states?



’6Ge OvPP candidate @
A ‘odd-odd

\ , even-even
Implications for Ovf3[3 Decay ek g
' S 76

— \ \ / { K

6Ge — 76Se + 2B+ 2v N S
-70

76 76 —
Ge — °Se + 2B =
= 72
Is the neutrino its own antiparticle? % ]

What is the mass of the neutrino? 74

—1
i (0 = 00| =6 By )M )|

32 33 34 35 36

M. Agostini, et al. Rev. Mod. Phys. 95 025002 (2023).



Calculated Nuclear Matrix Elements
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Comparison with 7°Se

Ground-state deformations: Shell-Model Calculations by Alex Brown

jj44b Hamiltonian A.D. Ayangeakaa, et al.,

60° 76Se 60° Phys. Rev. C 107, 044314 (2023)
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Experimental Techniques
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* 7 MV Model CN VDG ii%

UKAL - Laboratory overview

*p, d, 3He, and a beams

L7
*D.C. (¥50 uA)
* Pulsed beams (~5 nA)

Primarily perform neutron scattering »
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UKAL — Laboratory overview * New CAEN digital data acquisition system

e Compton-suppressed HPGe * New y-ray timing capabilities

* Flux monitors: long counter, NE213 CaF2_E230_90_TAC\_HPGo._sut
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INS DSAM Lifetimes
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INS Angular Distributions
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INS Excitation Functions
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UKAL - Inelastic Neutron Scattering

Inelastic Neutron Scattering Advantages:

(n,n'y) .
* No Coulomb barrier

DSAM lifeti . . .
EHmeEs e Statistical population of all states up to ~J* =6

Mixing ratios .
Branching * Population of non-yrast states

ratios

Identify and * Level lifetimes (fs-ps) measured using the
characterize ] .

all states up Doppler-shift attenuation method

to J*=6" Transition

* Multipole mixing ratios also measured from

probabilities

Transition probabilities for: y-ray angular distributions

. ConStraining OVE’B nUCIGar matriX ° Eliminate erroneous states
element calculations
» |dentifying shape coexistence



A Comprehensive Approach Ii%

= Eliminate the erroneous states.
» States are populated statistically and non-selectively in INS.

= Thus, we see population of states with J = 0 — 4 within ~100 keV incident
E. of the level energy and states with J = 5,6 within ~400 keV.

» |[f we do not find at least the most intense y ray(s) purportedly emitted from
the state at the appropriate energies, we refute the level, labeling it an

“‘erroneous state”.
= The y ray is likely misplaced in the level scheme.
= Coincidence data, while very helpful, are not generally required.

= |dentify all of the excited states up to some energy (e.g., 3 MeV) in as many
nuclel in the region as possible, but certainly those near the nucleus of interest.

» Characterize them as completely as possible.
= Compare these data with theoretical model calculations.
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Experiment (INS) + ENSDF 76Ge Shell Model (JUN45)
B.A. Brown
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’eGe(n,ny)

3.0

Erroneous ]

States

2.0

E, (MeV)

1.0

Experiment (INS) + ENSDF
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Shell Model (jun45)
B.A. Brown
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76Ge(n,n"y) and Shell Model B(E2) values greater than 1 W.u. .
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’6Ge(n,n’y) and Shell Model

5+ 2933 5" 2933

o 6" 2684

2489 4+ 2425
I 1844 4"

J1364
ot 2"
oF o 0" o

(a) JUN45 (b) Experiment (c) 1)44b

B(E2) comparison with experiment shows good agreement.
Reinforces band structure from a microscopic basis

S. Mukhopadhyay, B. P. Crider, B. A. Brown, et al.,
PRC 95, 014327 (2017).



’6Ge(n,n’y) and Shell Model

Experimental mixed-symmetry
state is 2.767 MeV 2" state

jj44b fragmented M1 strength,
dominant component 2.69 MeV

JUN4S5 single 2.47 MeV level

S. Mukhopadhyay, B. P. Crider, B. A. Brown, et al.,

PRC 95, 014327 (2017).

0.6
0.4
= 02
0.0
E 200
NQ)
~ 100
0
3000
£ 2000
< 1000
0




Experiment (INS) + ENSDF 74Ge Shell Model (JUN45)
B.A. Brown



Erroneous State Example

4Ge: First 10 States

2006 ENSDF Evaluation

Ei(level) I E, I Ef I
505.850 2% 595.847 6 100 0.0 o
1204.205 2 608.353 5 100 / 505.850 2%
1204208 12 46 3 0.0 0o

1463.759 4% 867.898 6 100 595.850 2°F
1482 .81 0t 887.19 7 100 595.850 2*
1482.6 0.0 0Ff

1697.140 (3)* 233395 J2 212 1463.759 4%
492 936 6 58 1 1204205 2*

1101.267 12 100 / 595.850 2

| 1724954  (0) 520744 12 100 1204.205 2%
2165.259  (3.4)F 468.11 3 6.53 1697.140 (3)F
701.487 6 427 3 1463.759 4%

961.055 10 100 / 1204.205 2

2197.933 2% 715.17 3 352 148281 0t
734.17 4 25 4 1463.759 4*

993.67 6 100 5 1204.205 2*

1602.0 2 45 4 595.850 2*

2197.95 8 82 10 0.0 ot

222777  0* 1021.9 / 38 1204.205 2*
1631.89 /2 100 595.850 2+

2403.5 1 2403.5 4 0.0 ot

Mult. " Comments
E2 B(E2)(W.u.)=33.0 4
Mult.: from y(pol.#).
E2+M] +3.44  BMD(W.u)=0.00099 /5; B(E2)(W.u.)=43 6
&: from ¥y(#) in "*As & decay. Other: +2.2 3 from (n.n"y).
E2 B(E2)(W.u.)=0.71 1/
E2 B(E2)(W.u.)=41 3
E2 B(E2)(W.u.)=9 +9-6
EO From ce data (1983Pal0).
Liyicer: <0.006 from ™As e decay.
Qi (EO/E2)<0.12, X(E(/E2)<0.052, 2 (E0)=0.032 (2005Ki02, evaluation).
(MI+E2) +1.3 4 o: from y(8) in (n.n"y) (1970Ch15). Other: 2.0 +3-6 or .75 +15-6
(1987Dol4).
Mult.: D+Q from y(#). AJ"=no from placement in level scheme.
(M1+E2) +0.34 5 6: from v(#) in (n.n"y) (1970Ch15). Other: 0.47 5 (1987Do14).
Mult.: D+Q from y(#). AJ"=no from placement in level scheme,
(MI(+E2)) o: from (&) in (n,n"y) (1987Do14).
Mult.: D+Q from y(#). AJ"=no from placement in level scheme,
(E2+M1) =282 & yy(6) in "As . Mult from AJ”.

Mult.: D+Q from y(#). AJ"=no from placement in level scheme.

AUSNH Wol]




Erroneous State Example

* Reported
520.744(12)
keV y ray from
a 1724.954(14)
keV (0*) state

(0*) 1724.954

520.744

2° 595.850

9000

8000

7000
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5000
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4000

3000

2000

1000

74Ge

E_=3.0 MeV
0 = 90°

540



4Ge: First 10 States
2006 ENSDF Evaluation

Erroneous State Example

E;(level) 7 E, I, Ef 1 Mult. o Comments
595.850 27 595.847 6 100 0.0 0F E2 B(E2)(W.u.)=33.0 4
Mult.: from y(pol.#).
1204.205 27 608.353 5 100 1 595.850 27 E2+MI +3.4 4 B(MD(W.u)=0.00099 /5; BIE2)}(W.u.)=43 6
&: from ¥y(#) in "*As & decay. Other: +2.2 3 from (n.n"y).
1204208 12 46 5 (3.0 0* E2 B(E2)(W.u.)=0.71 1/
1463.759 47 867.898 6 100 595.850 27 E2 B(E2)}(W.u.)=41 3

887.19 7 100 595.850 27 E2
1482.6 0.0 07 EO

148281 0F B(E2)(W.u.)=Y +9-6

From ce data (1983Pal0).

Liyicer: <0.006 from ™As e decay.

qE{E{'HEE}Ic:[]. 12, X(EOVE2)<0.052, ;JEEE{'}}}{}.[HZ (2005K102, evaluation).
1697.140 (3)7 2 1463.759 47

233.395 12 2.1
8 1 1204.205 27

AUSNH Wol]

492936 6 bt (M1+E2) +1.3 4 d: from y(#) in (n.n"y) (1970Ch15). Other: 2.0 +3-6 or 0.75 +15-6
(1987Dol4).
Mult.: D+Q from y(#). AJ"=no from placement in level scheme.
1101.267 12 100 [/ 595.850 27 (MI1+E2) +0.34 5 &: from y(#) in (n,n"y) (1970Ch15). Other: 0.47 5 (1987Do14).
Mult.: D+Q from y(#). AJ"=no from placement in level scheme,
2165.259  (3.4)" 468.11 3 6.53 1697.140 (3)°
701 487 6 4273 1463.759 47
961.055 /10 100 [/ 1204.205 27 (M1(+E2)) 0.01 1 &: from (@) in (n,n"y) (1987Do14).
Mult.: D+Q from y(#). AJ"=no from placement in level scheme,
2197933 27 715.17 3 352 1482.81 0OF
734.17 4 25 4 1463.759 47
993.67 6 1005 1204205 2  (E2+MI)  -282 & yy(#) in "*As &. Mult from AJ".
Mult.: D+Q from y(#). AJ"=no from placement in level scheme.
1602.0 2 45 4 595.850 2*
219795 & 82 10 0.0 0F
2227.77 0* 1021.9 | 38 1204.205 2°
1631.89 /2 100 595.850 2°
2403.5 I 2403.5 4 0.0 0F




Erroneous State Example

- 2404.5 — . —
¢ 2403-5(4) keV y ray 150 I I saoal
was previously L] [N ]
assigned as a [] ~ 24035
- 100 |- g
grour]ql state ' |
transition from a - 24032 keV _
spin-1 state in “Ge 2 [ 24025 T =94(5)fs
g I | | | | | | | |
1 2403.5 = - ol 42 0675 05 025 0 025 05 075
E 1 1 1 1 1 1 1 1 ] COS(B)
"g _ X 3001
:c%] I r X X
0+ 0 g 00T x 3000
Z. i
>
* Peak should have 400 - = 1000 1 ke < 29991
84|
~10k cts at 2.5 MeV i S
2998
200 |-
¢ 2999 kev 'Y ray is =i T N T A I AR R T B T 2997_1 ' _0|75 : —0|5 : _0|25 : (I) : 0'25 : OIS : 0|75 :
newly observed 3.0 3.1 32 33 34 35 3.6 3.7 38 39 ' . . cos(®) . .

E (MeV)



Erroneous State Example

90 AD 3.4 MeV 3.40 MeV 90 AD 3.4 MeV 3.40 MeV 90 AD 3.4 MeV 3.40 MeV
2403.2 keV transition 2403.2 keV transition 2403.2 keV transition
I 1 1 ]
' 0.05 | 4 1.0=>20 100 F3. 3
1.05 F . 3.0=> 2.0 .
i = 10 & E
\ 0 » " : ;
L !
i 1 £
-0.05 | - :
0.95 | 0.1 F E
o 1 1 l | N 1 M 1 g 1 | 1 1 | | 1 | | E
50 100 150 0 0.05 0.1 -1000.0 -2.0-1.0-0.5 0.0 0.5 1.0 2.01000.0
AO: 633.7 a2: 0.0444 a4: —0.0121 A2: 0.0444  A4: —0.0121 CHSQ: 0.54 Ei= 2999. o
CHISQ 0.54 0.0201 0.0262 0.0201 0.0262 Ef= 596.
90 AD 3.4 MeV 3.40 MeV 90 AD 3.4 MeV 3.40 MeV 2+ 2999
2999.0 keV transition 2999.0 keV transition
T T LI 2 0=> 0. = ] ]
] 2%2%% v'Excitation functions
1.2 - s -
o f g 2403 & thresholds
N | : v'Lifetimes
| 2+ 596 v Spins from angular
) -0.2 F R
08 f | - distributions
5 = % w e 0* o VvEnergies
0: 132.0 2: 0.3679 4: —0.1121 A2: 0.3679  A4: —0.1121 CHSQ: 0.81 Ei= 2999. . . =
ngso 0.81 ° 0.0503 ° 0.0676 0.0503 0.0676 E|f= — A CO“S'Stent plCtu l'e



74Ge(n,ny)
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Erroneous
States

2.0

E, (MeV)

1.0

Experiment (INS) + ENSDF 74Ge Shell Model (JUN45)
B.A. Brown
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74Ge(n,ny) and Shell Model

1-to-1
correspondence
of theoretical &
experimental

2.0
levels up to -
~2.8 MeV =

=
LI_IX
1.0
0

=
—

=
_—

I|
F+ 4+ + ++++ + +

B —
- C
e —————————————————————————— - 4+
iy - :- : 0+
— O
2+
- 0

Experiment (INS) 74Ge Shell Model (JUN45)

B.A. Brown
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74Ge(n,ny) and Shell Model
shape-coexisting

shape-coexisting Y
Y band band band
4+ ground 4* Calculations by

band 5*
band 5+ | . band ! | ‘ Alex Brown
6+ 14 6 22 13 - -
-I— 30 | | 13 . with no input
0 . l 5+ . —4 —I—l—2+ from our

experiments

36 17
22 .20 3" 9
3 4+ 2377 O ) Excellent
+ <66 + + '
A /<13O M _l_‘_o | 2+—‘—\— agreement!
3 7

The only *Ge data used for

7—Y—L 2" 42 13
38 <3 55 43 the SVD fit were the ground-
l state binding energy and the
27 R — excitation energies of the
lowest two 2* states.

33% 1L J
O“_‘—l— 0+—1— ——  EEP, B.A. Brown, et
Experiment 74 Shell Model (JUN45 al., Phys. Rev. C 1009,
P Ge ( ) 054318 (2024).



74Ge(n,n’y) Shell Model

74Ge

experiment

|

2+

l

0+

jun45

— 2+

= 0+

]j44b

EEP, B.A. Brown, et al., Phys. Rev

. C 109, 054318 (2024).

(&)

w A

L 2

0 2 10 O 5 10
E,_(MeV) E, (MeV)

Erroneous

states in
ENSDF

red = positive-parity states

blue = negative-parity states
black lines = total for both parities
greens points = experimental data
A. V. Voinov, et al.

Phys. Rev. C 99, 054609 (2019).

were
Included.

Level densities also in
great agreement



74Ge Spin-1 States NRF @ HIyS I dse2-0 @

[ back

: : °oT 18620 4900 -0
Polarization plane E1 ol
*{e ; 20 F
4840 4860 4880 4900 4920
B . . E, (keV)
e Polarized photon scattering allows the

get?

‘ determination of parities of spin-1 states
@Duke University

unambiguously




74Ge Spin-1 States NRF & SM

2

Number of 1 ~ states per 20 keV

(a)
0 L L
2
(b)
0 1 | | 1
2
(c)
| ‘ ‘ H ‘ IH“
03000 3500 4000 4500 5000 5500

Energy (keV)

Distribution of 1- states

S. R.
B. A.

25F (d) :
i
o |
20
I5F — Experiment
-===s JUN45S
—-==jj44b
10
5 -
|m———-
0 Ex ] ] ] ] ]
3000 3500 4000 4500 5000 5500
Energy (keV)

50

/\40—
£
530-
< 20+
10 F

Running sum of 1~ states

Johnson , R. V. F. Janssens, U. Friman-Gayer,
Brown, et al., PRC 108, 024315 (2023).

50

A40'
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2 30

p—r

< 20
10
0
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Distribution of 1~ states well reproduced by

both interactions.
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Concluding Remarks

* The nuclear structure is complex (and interesting!) for the Ge
nuclei, but

* The shell-model JUN45 and jj44b interactions do an excellent job
reproducing experimental data in this isotopic chain.

* This results lends confidence in using these interactions for
calculating the Ov[33 NME.
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