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Beta decay, nuclear structure, and the r-process
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* Sp (B-decay strength)& Wavefunction overlap between parent and daughter nuclei

*  f(Z Qg-E) < phase-space factor (Fermi integral)

Why studying Sg is important? J"(Z,N) A

* Nuclear structure in parent and daughter nuclei

* Sz = Gross nuclear B-decay properties (T,,, P,, etc)

* Keyinputs to understand nucleosynthesis (e.g., the r-process) | Oy ====mmmmmm-====-ffr--==-======

fCZEY)

(Z+1,N-1)
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The role of nuclear physics in nucleosynthesis

r-process
rapid neutron captures

X(n,y)Y The r-process: rapid neutron capture + B decay

proton

s A W] | | o |
SR Requires the B-decay properties of a large number of neutron-rich nuclei (out of experimental reach)
\ B decay . I:l
N Pdecay D D D Global models are employed to predict those unknown properties
. stable
) e L] | y |

N Their Sy needs to be verified by experimental measurement!
synthesis of neutron-rich nuclei
A>60

Solar —=—HFB-21+GT2

10" —e— FRDM+RPA
a
S
= 10
2
=
-3
% 10 .
10* o
105 S. Goriely, Eur. Phys. J. A51, 22 (20.1115)I »
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Experimental measurements resolve theoretical ambiguity

Similar T/, may be predicted from different Sg distribution Measuring beta-strength function in the r-process nuclei
—> Strong constrain on nuclear theories

% 10°[~ Half life of 133In @ T)5(FF) 7%In (2=49 and N=84) is special: -

= " . In 2 133Sn* - 132Sn+n: system with simple structure

~ i . - i f

s N ¢ ‘T1/2(GT) Large neutron proton. asym.metry —> a variety o _decay

= | channels that are available in the r-process nuclei

= e 4Ty p(Total, GTHFF) * A perfect beta-decay demonstrator in the southeast of 132Sn

I I ’ ‘

’c—; ‘ Doubly magic

= z T; ,2(Total)exp i

© ~162 ms :

g1 ¢ Y

{0 {0 Dashed line: deviation by a factor of 2
3 q}\,e GT: allowed Gamow-Teller transition
<v N FF: First-Forbidden transition
QO

Moller03: P. Moller et al., Phys. Rev. C 67, 055802 (2003).
Borzov16: |. Borzov, Physics of Atomic Nuclei 79, 910-923 (2016).
Marketin16: T. Marketin et al., Phys. Rev. C 93, 025805 (2016).
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Strong B-decay channels in the southeast of 132Sn (Z<50, N>82)

MeV 0
= 2hg; 1hgs
0= 3p3p
712
.4.
-61 3sip
1h d
8] 20w 10
$d5/2 """" 2ds,
-104 9712 19'”2
-124
-1 4.
19912
-161 1p1p2 1991

protons neutrons

"o RGBT 1hg,
o4  mmmmemm 3p3
—_— 2fyp,
.4-
82 82
-6+ 331/2
Thipeseaseaai e, d
8- 2dy, T iR ihfﬁz
o] | —— P S112
5/2 — 2ds
.1 0- 197/2 mmonenen g ., 19712
4] 50 50
14+
19912
1 6. 1p1/2 19912
protons neutrons
GT transitions

* A strong GT transition vg,,,= ngo,
* No other GT transitions equally competitive

* Dominates the B decay of the whole area

FF transitions
J Smaller transition matrix than the GT transition

* Large transition energy (phase-space factor) due to the
asymmetric neutron-to-proton ratio

*  Competing with the GT transition, shorten the half life
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Strong B-decay channels in the southeast of 132Sn (Z<50, N>82)

' 0T 5r oo, MeV 0T 5 oomooees
2h9/2 1 hg/2 2 2h9I2 1 h9/2

e 0000 3psr B 200 aEm==m=am 3pa

_— 2f7/2 2f712
+4 e @ 4 @ / 5
-61  3sip -6 3sip

1 133In provides a unique opportunity to study all the
| relevant channels in a single nucleus, but with a
1 simple representation (132Sn is doubly magic)!

19012 cd 19912
#9 1p1s2 1991 18 P12 _—Jé/ 19912
protons neutrons protons neutrons
GT transitions FF transitions

A strong GT transition vg,,=> gy, *  Smaller transition matrix than the GT transition

No other GT transitions equally competitive * Large transition energy (phase-space factor) due to the
asymmetric neutron-to-proton ratio

Dominates the B decay of the whole area
Competing with the GT transition, shorten the half life
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Counts / keV

Counts / keV

The main decay channel in 133In has not been observed...

P. Hoff et al., Phys. Rev. Lett. 77, 1020 (1996).

400

Counts/channel

1341 Neutron coincidences

1560.9

g}-’ e 3/2°

(5/27)

2,005 keV/
(©/2) 1,561 keV
(1/2) 1,363 keV

854 keV

72

0 keV

~90% B decay of 133In is followed by neutron emission
Strong strength (unknown) above S,

hiy, (11/2) 3,564 keV
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2000f

o
o |2 @
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Sin (9/2%) P & (0-500]ms)

160+

00
C\J \i

®1561.2

P. Hoff et al., Phys. Rev. Lett. 77, 1020 (1996).

H 133, delayed neutron spectrum
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V. Vaquero et al., Phys. Rev. Lett. 118, 202502 (2017)
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M. Piersa-Silkowska et al., Phys. Rev. C. 104, 044328 (2021)
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We aimed for the simple decay from 133In

i 133
GT: A strong transition with large matrix element Following the 8 decay of ***In, we want to

FF: many weak transitions with small matrix elements but « Determine the excitation energy of the GT state (vg,,) in '33Sn and the

large phase-space factor Bgt(vg72> 1ge2) mMatrix element.
The GT and FF channels in 13In are universal in this region

 Address other neutron-hole orbitals inside the N=82 core, and the FF

o, Single-particle orbitals decay strength to the corresponding states in 333n.
e
;22’; - Establish the first complete B-decay strength distribution in an r-process
i fro nucleus
-4+ Neutron unbound states - Neutron spectroscopy
6
%C]’s/z
-8+ 381z
dsy
-10+ 19712
124
-14s Gamow-Teller
48 1p1/2 199/2 N=82

protons

neutrons 133|n represents the r-process

nuclei in the southeast of 132Sn



Experimental at ISOLDE (IS632, Pl: Miguel Madurga and Robert Grzywacz)

1.4 GeV proton beam - At ISOLDE Decay Station (IDS)
2-uA average beam current Hall Overview { Tape system to remove long-lived activities
Fissionfraemeptarig il — Two B detectors (front and back) with 80% efficiency

Resonance ionization laser ion source (RILIS < .
(RILIS) 4 HPGe clovers + 26 Neutron detectors (INDIE*)

Mass separation by the General-Purpose Separator (GPS). o . s
Tape system at IDS to remove long-lived activities 2% vy and 10% neutron efficiency at 1 MeV

| GPS target and
separation ' ~1 meter flight path

ISOLDE Decay Station (IDS).
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Isomer selection with RILIS at ISOLDE

60kV

* 133Inin the ground state (9/2*) or isomer (1/2°) can be separated!

» Beta-decay selection rules + laser ionization = spin-parity assignment (tentative) =R

Laser beams r
Extraction

Electrode — Hot Target
T=2300K
D.C. +

1/2- - 45000

T1/2,=167 ms 573 \ o 1/2
+ > 0000

T1/27162 MS e |\ /\ . Courtesy of T. Goodacre

133|n \\ — 7/2* 35000 131|n f \\ {/ \

\ [\

\ 30000 v

¥
\* 1/2+ 25000
— ; 20000
11/2
Iﬁ 15000
10000
~— S EEEE SN NN NN EEEEEEEEEEENEN 5000
S,= 2.4 MeV 0
7/ 2 .5023953.90 1096395 1096400 1006405 1096410 1096415 1096420 1006425  10964.30
1336 Laser wavenumber (cm-1)
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First neutron spectroscopy with isomer selection using RILIS

Neutron TOF following the 33In decay Neutron energy (MeV)  simplicity:
i : No neutron-gamma or neutron-neutron cascade in the stron
765 4§ 3 2 1 5 ;

neutron peaks = A single transition directly feeding the g.s. of
133g|n (9/2*) > 133Sn* 132 (because E,, > 4 MeV).

W
o
I
—~~
Q
N

From fitting analysis:
Neutron kinetic energy = Excitation energy of the state (Ex)
Peak intensity > B-decay strength to the state (/)

N
o

—_
(=)

2+

...... Xv—

10% Counts / 0.1ns
N

0+
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Simple interpretation from the single-particle picture

Neutron TOF following the 133In decay

Neutron energy (MeV)

765 4% 3 2
301 (a)
201
10r

10% Counts / 0.1ns
N

60
nTOF (ns)

1
133g|n (9/2+) 9 133Sn*

(11/2°) @ 3560 keV
log ft = 5.8(1)

80 100

Single-particle orbitals

MeV 0O

spectators

-10=

-124

14+

-16-

19912

protons neutrons

Neutrons from hyy/,, ds/; or $1/, (N<82)
—> proton on gg/; Or p1/; (Z<50) = v2plh
FF transitions at E.,~3.5 MeV
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Simple interpretation from the single-particle picture

Neutron TOF following the 133In decay Neutron energy (MeV) Single-particle orbitals
20 7 6( 53 4% 3 2 1 I T e — Thas
- (a (7/2%) @ 5920 keV 133g|n (9/2+) > 13350 * 21 lara P32 | shectators
log ft =4.7(1) ( / ) -0-0- 27, P
20t 4 82 82
& (11/2') @ 3560 keV 6] 3sin....... .
— log ft = 5.8(1) 2 am=asan B 312
S 10 ol o — =
; -10+ 1g7l2 --------- ‘—<>‘_ 1g7/2
5 o @/ @
@)
@) 5 -144
» 190y e |
9 ol 1902
1 protons neutrons
Neutrons from g,/,, (N<82)
—> proton on gy, (Z<50) = v2plh

30 100 GT transition at E;,~6.0 MeV

60
nTOF (ns)

THE UNIVERSITY OF

TENNESSEE 8 @

KNOXVILLE



Large-scale shell-model (LSSM) calculation on 133In>1338n

Large model space + realistic NN potential

/
0 74 T e 1hsis MRV 2hg; 1hgy, e o f .h.9./.2...:
Be. 0202020 ieesees 3par 2+ P32 Frr2 :
—_— 2y, 712 AE @ N=82 :
-4+ . . -4+ hi1/, hiyp
; IIIIIIIIIIIIIIIIIIIIIIIIIIIIII I. :
S1/p - S1/p b
-6- 3S1/2 _6- 381/2 1/2 : 1/2 E
Thijpiesctae=th. 2ds, Thysz 2d3 LEVE: dyp2 :
s e 1hupe 2dg;, & ds/a } ds/2 i
-8- 2d "' 38"2 -8- 2d 381’2 S/ZE 5/2 H
1 " :::::::.( X dsy2 1 i 2ds 972 9772 :
10+ 9712 1972 -10+ 9712 1972 S ;
AE @ Z=50 AE @ N=50
124 -12s Gojot
14 14- ST e vt
19912 19912
9 P12 19012 <18 1p1s2 19912 885 r
protons neutrons protons neutrons

»  8Sr core with 12 single-particle orbits

We need to include particle-hole excitation across 132Sn!

* Single-particle energies from experimental data

*  Two-body-matrix-element from (a) N3LO (MBPT) [1], (b) Argonne V18
(MBPT) [2], and (c) V\y (private communication with Prof. C.X. Yuan) [3]
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Comparison: Experiment vs. LSSM

* Four transitions = neutron 2p1lh states (a) 9/2*— 11/2" (b) 9/2*— 7/2* * Exp
— .
e S, =1/ft (same for GT and FF transitions 2.0 —40
p=1/ft( ) A o PANSLO|
* GT and FF transition matrix elements are 15 |30 /\ V18
calculated using SM wave functions (KSH oV
MU
*  FF quenching factors from Ref. [1] 1.0 A —20 +
3.4 3.|6 3'|8 5.18 6.|0 6.12

*  GT quenching factor q=0.6 [2].

(c) 1/2™— 3/2*| (d) 1/2~ —= 1/2*
- 4.0

-1.5
— 3.5

- 3.0 &0 1.0 O

S, (10° s-1)
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Comparison: Experiment vs. LSSM

MeV 0O Zhog Thay MeV 0O Zhog Thay
v : - v
o (@) 9/2"— 11/27| (b) 9/2*— 7/2* |} Exp. 4 = p-
2.0 i
: i 0 A o YENCLO| : 1:’3 fo
-8 Sz Kl [J - N - e ~/AE0
>80% -10+ 1235,,22 _1 .5 _30 A V18 -104 AGyy, Ee2s5s GT —C— 1235,,22 45 A)
_ | 1 o/
-144 -14+
-164 & 'T -1 .0 A 20 16 :319,/22 —_— -
— )] 3.4 3.6 3.8 5.8 6.0 6.2 —
protons neutrons © | 1 1 | | 1
ey 0 ] O (c) 1/2™— 3/2*| (d) 1/2~ = 1/2* R ™
24 gzz : — 4.0 2+ ggzz
4+ (D& -1 5 -4+
-6+ %‘31332 — 3.5 -6+ %21332
>80(y -84 3sih 1.0 -8+ FF —— L ~60(y
° 404 ! 12375/': — 3.0 8% O)£ a0{ 12375/': °
12+ 12+
— 2.5 0.
< 3.4 3.6 3.8 3.6 3.8 4.0 -144
- ] | ] | | | -
e 1902 e 1902

protons neutrons Eex (M eV) protons neutrons

The simple single-particle picture is supported by LSSM
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Comparison: Experiment vs. LSSM

MeV 0T 51 —ommroens M >
e 2hgpirmmemeses ; hgr / e 2hgpiomnammees S }\12;;\
P3r2 G, 0000 jme=ssee 2

Bl 0 mmmmmem= o ~ 2 —a-o— 2,
] - (8) 9/2°— 1172 1(b) 9/2* - 7/2* |} Exp. d e 8
2.0 i
i 2ds0 0 A o YENCLO| | amEs 201
= s 8 = &
>80% -10- s 1.5 30 I /\V18 ST GT, = ‘o 45%
-124 -124
V 50 50
14+ — A 50 O MU -144
164 1q 'T '-1 0 -164
= ] 3.4 3.6 3.8 5.8 6.2
protons neutrons © | 1 1 1
b ] © (c) 1/2™— 3/2*| (d) 1/2 z W0
24 2?722 : — 4.0 .04
-4+ o -1.5 -4+
-6+ %ﬁ (D — 3.5 -6+
o/ -8 3s1)y L 81 ~60°
>80% 1 : 20y 3.0 &0 1.0 O bk 60%
-12+ -12+
: b,
< 3.4 3.6 3.8 .6 3.8 4.0 -144
el o 1 I 1 | I | ool

protons neutrons Eex (M eV) protons neutrons

The GT strength is sensitive to the amount of proton excitation (across Z=50)!
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Comparison: Experiment vs. LSSM

* Good agreement up to Ex =9 MeV
* FF below 6 MeV and GT above 6 MeV

* The discrepancy at >9 MeV might be due to the
model truncation

* Good shell-model initiator for the B decay in the
southeast of 132Sn (important for the r-process)

e Future development is demanded

133g

(e) In(9/2") — *3gn*

I Exp

1 —— NPLO GT+FF

N’LO FF

100 —
—_—
T

(7))
o 50-
o
A

Q.
o
2 60
e
o

g 40 -
5
@)

N
o
]

1 () ™°™in (1/27) — 133gn*
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Feedback to the global calculations

Exp data
Because the 7/2* state (the lowest GT state) in 133Sn is observed at 5.92 MeV:
FF partial half life: sum of B feedings up to 5.9 MeV

Ground-state decay of 133In (1™=9/2*)

—_ 3| N
g 10 i ’ *  GT partial half life: sum of B feedings beyond 5.9 MeV
S— B
[ i .
= i 0 _________ ’ __________________ ‘ ____________________________________ List of models:
“— ‘ T,,(FF) «  Moller03: P. Méller et al., Phys. Rev. C 67, 055802 (2003).
% T —— ‘ ----------------------- * Borzov1é6: I. Borzov, Physics of Atomic Nuclei 79, 910 (2016).
g i ‘ ’ T1/2(GT) * Marketin16: T. Marketin et al., Phys. Rev. C 93, 025805 (2016).
™ b L ‘ ................ e Ney20: E. Ney, J. Engel et al., Phys. Rev. C 102, 034326 (2020).
g : ’ T1/2(T°tal) e Sarriguren22: P. Sarriguren private communication (2022).
2
& 1 0 _ Different types of QRPA calculations that differ in their degree of self consistency, the

density functional used, or the method of calculation

Even for this (simple) nucleus, predicting the partial half lives of (or
the competition between) GT and FF channels is not trivial!
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Summary and conclusion

* In experiment:
« Decay of 1339In (9/2+) and 337In (1/2-) were studied at IDS with INDIE + RILIS
« Observed all the major decay channels (GT+FF) from '33|n via isolated neutron resonances in 133Sn
 Link the observation to the single-particle transitions near 32Sn

* Intheory:
 Calculate the 133In->133Sn decay with LSSM + effective NN potentials
« Well reproduced the FF decay strength at lower Ex energy.
« The GT strength at ~ 6MeV is sensitive to the amount of proton excitation across Z=50

 Feedback to global calculations:
» Different global models (for r-process simulation) predictions a wide range of the GT+FF competition

« Our measurement established the B-decay strength distribution of extremely neutron-rich nuclei
- An anchor-point measurement for the state-of-the-art models in the southeast of 132Sn
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Collaboration of 1IS632

Z. Y. Xu,! M. Madurga,' R. Grzywacz,"*? T. T. King,' A. Algora,® A. N. Andreyev,* J. Benito,”
T. Berry,® M. J. G. Borge,” C. Costache,® A. Fijalkowska,” !* A. Gottardo,'! L. Fraile,” C. Halverson,*
J. Heideman,! A. Illana,'? L. Janiak,'° T. Kurtukian-Nieto,!? A. Korgul,!° R. Lozeva,'* R. Lica, 5%
C. Mazzocchi,'® C. Mihai,® A.I. Morales,® M. Piersa,'’ P. Sarriguren,” M. Singh,! C. Sotty,*

M. Stepaniuk,'? O. Tengblad,” A. Turturica,® V. Vedia,” S. Vinals,” R. Yokoyama,! and C. X. Yuan!®

' Department of Physics and Astronomy, University of Tennessee, Knoaville, Tennessee 37996, USA
*Physics Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831, USA
3 Instituto de Fisica Corpuscular, CSIC-Universidad de Valencia, E-}6071, Valencia, Spain
4 University of York, Department of Physics, York YO10 5DD, North Yorkshire, United Kingdom
° Grupo de Fisica Nuclear and UPARCOS, Universidad Complutense de Madrid, CEI Moncloa, E-28040 Madrid, Spain
® Department of Physics, University of Surrey, Guildford GU2 7XH, United Kingdom
"Instituto de Estructura de la Materia, IEM-CSIC, Serrano 123, E-28006 Madrid, Spain
®“Horia Hulubei” National Institute for Physics and Nuclear Engineering, RO-077125 Bucharest, Romania
? Department of Physics and Astronomy, Rutgers University, New Brunswick, New Jersey 08903, USA
Y Faculty of Physics, University of Warsaw, PL 02-093 Warsaw, Poland
YIPN, IN2P3-CNRS, Université Paris-Sud, Université Paris Saclay, 91406 Orsay Cedex, France
KU Lewven, Instituut voor Kern- en Stralingsfysica, B-3001 Leuven, Belgium
Y CENBG, Université de Bordeaux— UMR 5797 CNRS/IN2P3, Chemin du Solarium, 33175 Gradignan, France
YMOSNSM, Université Paris-Sud, CNRS/IN2P3, Université Paris-Saclay, 91405 Orsay, France
S ISOLDE, EP Department, CERN, CH-1211 Geneva, Switzerland
1% Sino-French Institute of Nuclear Engineering and Technology,

Sun Yat-Sen Unwversity, Zhuhai, 519082, Guangdong, China e
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Recent activities of VANDLE

s \\\VANDLE @ NSCL/(2020)
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Detector components

plastic scintillator - BC408
* Rise/Decay time - 0.9/2.1 ns
* Bulk attenuation - 3.8 m
wrapping material:
v’ Aluminized Mylar
v Teflon Tape

Data acquisition:
v Pure Nitrocelulose Paper

= digital - PIXIE-16

photomultiplier tubes:
v' R7724:D=5cm
v’ R374:D=3cm

THE UNIVERSITY OF

TENNESSEE 8 @

KNOXVILLE



Neutron efficiency curve

0.6 1 | |l ] I 1 1
Threshold: none e
Ba Threshold: 31 =
0.5 H Am Threshold: 60 = 4
*4s
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Gamma-ray gated ToF , spectrum

1339|n ground-state decays
Gated on 2+ 0* in 132Sn

I Illllllllllll IIIIIII‘I

16 1339In ground-state decays
“ Gated on 3> 0*in 132Sn
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Gamma-ray gated ToF , spectrum

|l|l|l

133m|n jsomeric decays
Gated on 2*—> 0*in 1325n
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: §: 133m|n isomeric decays

s E- Gated on 3> 0% in 1325n
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ToF with high threshold

1

Counts /0.1ns

000r

o)
o
o

—
o
o

&)
o
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Neutron-gamma competition

Ground-state neutron spectrum

T I [ I [ I
(765 48§ 3 2 1
301~ 11/2- wi‘ssion (E=1.3 MeV, L=5h)
8 L
- B O+
u 132
% 20_— Sn
3 I EM decay (E2, E=3.56 MeV)
RS 7/2__ 4

30 40 50 60 70 80 90 100
nTOF (ns)

Ground-state gamma spectrum * Afew candidates of neutron unbound states that undergo both gamma decay

4041

aF and neutron emission.
x1 © x5 x20
> ; s * Both neutron and gamma decays from the 3560-keV state have already been
[ ]
¢ T |18 3 ° . 0 observed [1-3].
- S e Ol o 2 ) 00
) < L o0 :: ~ o
2 - of g < o © . . -
32r ucj ® © * The ratio of partial decay width can be extracted
O %)
c:? % *  Will use statistical model (Kawano et al.,) to understand the competition
% quantitatively
L
| D

i
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1 | . 1 . 1 A
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