Beta-decay and neutron emission - a stratred great relationship
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1939: Discovered...

R. B. Roberts, R. C. Meyer, and
P. Wang, Phys. Rev. 55, 510
(1939) in n-induced fission

...and explained (7).

3w probable

Exci hl-mn
probability

[ i A 34 5 b

Fi6. 9. The distribution in excitation of the product
nuclei following beta-decay of fission fragments is esti-
mated on the assumption of comparable matrix elements
for the transformations to all excited levels. With sufficient
available energy Eo and a small enough neutron bindin
L, it is seen that there will be an appreciable number o
delayed neutrons. The quantity plotted is probability per
unit range of excitation energy.

N. Bohr and J. A. Wheeler, Phys.
Rev. 56, 426 (1939).
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T. Kowano, P. Mdller, and W. B. Wilson,

Phys. Rev. C 78, 054601 (2008)
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Beta-delayed neufron emission becomes
the dominant decay channel far from stability |

. Access to isotopes with large P é NUCloosynThesis via
' ' =80 T Ciss S
. Increasing @ and decreasing S,. 5 | "PO°ess e T
‘.-.-‘-._" < 60 : -
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20 = [] B3n
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- 8 r-process ot ko b o

Neutron Number

Prevalent decay mode for
most of the neutron-rich nuclei.

QB—Sn M, number of neutrans

Qp-Sn <0 Qp-Sn >0 NNDC
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Phase space factor
B(GT) -shell structure
GI- selection rules.
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Angular momenftum
conservation
Transmission coefficients
Reaction mechanism
(direct or compound)

Bohr’s model of a neutron-nucleus
collision , Nature 137, 351 (1936).




Selective Gamow-Teller
fransformations
populate highly exited

states in daughter nucleus.

Particle emission from C.N.
modeled with Hauser-Feshbach

formalism, depends only on spins,
I parities and E*...

T. Kowano, P. Mdller, and W. B. Wilson,
ys. Rev. C 78, 054601 (2008)

Semppael =
—_— e — —-000— % — =
= ==
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L st ST ST s
... direct neutron emission,
may depend also on details of

“Evidence of nonstatistical neutron emission following B-decay near doubly magic 132Sn” nUCIGGr STFUCTUFG.
J. Heideman et al. (IDS Collaboration) Phys. Rev. C 108, 024311(2023)

Z.Y. Xu et al. Phys. Rev. Lett. 133, 042501 (2024)
P. Dyszel et al. Phys. Rev. Lett, (2025)
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Can beta-delayed neufron emission
be used as surrogate reaction ?




v occupied =1t empty

Heavy and medium mass nuclei:
Beta decay populates highly-excited,neutron unbound, particle-hole states,

GT. spin-orbit partners only
= pin®, ==
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GT - fransitions generate highly excited states in
neutron-rich nuclei !

ARIEL 2026 Grzywacz



f(ZVA

Large P, requires significant amount of strength S, above S !
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—_

Traditionally used to study
B-strength distribution.

(electrons and neutrinos are lousy observables)



TOF-based (digital) neufron defectors:
energy measurements (<o MeV)
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FACILITY FOR

RARE ISOTOPE BEAMS

% 5E (5/2) — 2Ne” ES” =4.18 MeV — Experiment ES“ =418 MeV |
g . L E : 0.8 -{==-- USDB (Original)
E . § 20 0. — - SDPF-M (Original)
g § P :; ' - '
£ : . 2BF
104 @ o (c) :
1w : 9 4o e
3 §:
0 HAN “ 1M £ 00 ¥ .
) |, %‘015 | : % —— Experiment : 'i_r'
Tire of Flight farty unite) ,E_ 3 0-87--- usoB (Modifed 1)} I'
39 1 E, (MeV) S 0.10 4 : 0.6 4 — - USDB (Modified 2) __i:l-'
—_ 3 0. . .
g T F Neutron Singles = ' !
T 2000 5 ) : 041 @
5 2005 : :
& H 0.2 et
w . o
- i A i et el
81000 flast 000 % 2 4 6 8 003 2 4 6 8
E,, (MeV) Eex (MeV)
L] -
B No evidence for disappearance of the N=16 shell
w
closure for 4O, 25F and *Ne
‘% Contents lists available at ScienceDirect
1] . .
5 N=16 shell quenching suggested by: | ety
1. L. Tang, et al.
k- B il H OW D iffere n.l- is 'I'h e Core Of 25 F fro m 240 g . S . ? , ;[;l-ll:e evidence of N = 16 shell closure and f-delayed neutron emission from
: Phys. Rev. Lett. 124 (2020) 212502. T —
T s. Neupane ““, J.M. Allmond*“, J. Christie“”, A.A. Doetsch ™, P. Dyszel*”, T. Gaballah =",
10 | T.T. King“®, KéKolos @, séNA Liddick™®, M. Madurga*®, T.H. Ogunbeku =,
- 50 100 1—"50“— 260 750 B.M. Sherrill ", K. Siegl *'
Neutron TOF (ns)

ARIEL 2026 Grzywacz



Very efficient multi-neufron detection
BRIKEN Insensitive to gamma-rays

and n-scattering effects.

Pln>P2n
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Neutron number
‘o FRDM+QRPA & RHB+prQRPA §  This work
—=— FROM+QRPAYHF  —— RHB+pnQRPA+HF 3 Previous
A. Tarifeno-Saldivia et al. J. Instrum. 12 P04006 (2017) , R. Yokoyama et al. Phys. Rev. C 100, 031302(R) (2019).
A. Tolosa-Delgado et al. NIM A 925, 133(2018),
B. C. Rasco et al. NIM A 911 79 (2018) R. Yokoyama et al. PRC 108, 064307 (2023)
V. H. Phong et al. Phys. Rev. Lett. 129, 172701 13
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A. Tolosa-Delgado et al. NIM A 925, 133(2018), R. Yokoyama et al. Phys. k
B. C. Rasco et al. NIM A 911 79 (2018) R. Yokoyama et al. PRC 108, 064307 (2023)
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A. Tarifeno-Saldivia et al. J. Instrum. 12 P04006 (2017) ,

A. Tolosa-Delgado et al. NIM A 925, 133(2018),
B. C. Rasco et al. NIM A 911 79 (2018)
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Neutron Efficiency (%)

Super-3Hen@FDSi

Very efficient
multi-neutron detfection
Insensitive to gamma-rays
and n-scattering effects.
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MCNP - James Huffmman (MSU)
GEANT4 - Charlie Rasco (ORNL)
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A. Tarifeno-Saldivia et al. J. Instrum. 12 P04006 (2017) ,
A. Tolosa-Delgado et al. NIM A 925, 133(2018),
B. C. Rasco et al. NIM A 911 79 (2018)
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J. M. Allmond & R. Grzywacz (2025) The FRIB Decay Station: New
Horizons with Rare Isotopes, Nuclear Physics News, 35:2, 24-27,
DOI: 10.1080/10619127.2025.2454222

Detector: Flatness up to 5 MeV
~&— Super3Hen Hybrid: 1.13
~¥- BRIKEN Hybrid: 1.33
~m- Compact-3Hen: 1.52
~®- Hybrid-3Hen: 1.73
~w%- NERO: 1.63

V. H. Phong et al.
Phys. Rev. Lett. 129, 172701
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v occupied =1 empty

Heavy and medium mass nuclei:
Beta decay populates highly-excited,neutron unbound, particle-hole states,

GI: spin-orbit partners only
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132G 78N

Neutron emitting staftes are very narrow (“long” lived) due fo
small wavefunction overlap between emitter and daughter

e.g. FM. Nuh et al. Nuclear Physics A293(1977) 410, M. Piersa et al. Phys. Rev. C 99,(2019) 024304 17
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Selective Gamow-Teller
fransformations

populate highly exited \
states in daughter nucleus.

o - @ == @

W - —W-

- -
| © I

Particle emission from C.N.
modeled with Hauser-
Feshibach formalism, depends

only on spins, parities and E*...

Bohr’s model of a neutron-nucleus
collision , Nature 137, 351 (1936).

... direct neutron emission,
may depend also on details of
Nnuclear structure.

“Evidence of nonstatistical neutron emission following B-decay near doubly magic 132Sn”

J. Heideman et al. (IDS Collaboration) Phys. Rev. C 108, 024311(2023)
Z.Y. Xu et al. Phys. Rev. Lett. 133, 042501 (2024)
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Z.Y. Xu et al. Phys. Rev. Lett. 133, 042501 (2024)

Neutron emiffing states are indeed very narrow (“long” lived) due 1o
small wavefunction overlap between emitter and dughter.

e.g. FM. Nuh et al.  Nuclear Physics A293(1977) 410, M. Piersa et al. Phys. Rev. C 99,(2019) 024304
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Counts per Channel

Channel (~Energy keV)

Fig. 12. The MTAS spectrum of '*7I decay (black) with the simulated response
function of MTAS to the s-delayed neutrons (yellow—all gn neutrons, other colours
—mono energetic neutrons). Inset shows the resulting neutron intensity per
100 keV vs. neutron energy (red) in comparison to the literature data based on [20]
(blue). (For interpretation of the references to color in this figure caption, the
reader is referred to the web version of this paper.)
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the data !
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Decay of %K:
Enhanced population of 2+ in 2Ca
Reduced population of 0+(g.s.) in °Ca
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Z. Y. Xu et al. Phys. Rev. Left. 133, 042501 (2024)
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What determines relative 1n/2n  «cq g
emission probability? e BGCe  BGe - HGe

Infermediate C.N. nuclei ? s [ Tls -
e en sl
B |7 n 4 g8 ||
(N2) / f M f Z=E 418
B- N 1 = =SimE_
5 LY = il e
HE S % \ (N-3.Z+1) I o
n [ =
i (N-2.7+1)
S, —_
0 l -

NIZe)
R. Yokoyama et al. Phys. Rev. C 100, 031302(R) (2019).

R. Yokoyama et al. PRC 108, 064307 (2023) 29
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What determines relative 1n/2n  «cq g

emission probability? s YGe  *Ge  MGe
/ | E o< BRs o E i =
no | / S04F oen i SHLLHHEE
f cisiza = | . stat model il i
__[;-\‘ /\‘ & [ (default level density) \ eniil e
> \ 03 stat model 1T 0 A I 0 O
g _, - (it to shell-model) + i G 12345675859
ol Q ! \ 0.2F J
| e T 01' +
s & &
e i ’ L 1 4567 8 9
0 : TR "B 35 B6 &,
Shell-model level
densities R. Yokoyama et al. Phys. Rev. C 100, 031302(R) (2019).
R. Yokoyama et al. PRC 108, 064307 (2023) 23
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First f-Delayed Two-Neutron Spectroscopy of the r-Process
Nucleus '*In and Observation of the iy, Single-Particle Neutron State in '¥Sn
R PM Jone
134G TR
S. Okumura, T. Kawano, P. Jaffke, P. Talou, S. Chiba; Journal of Nucl. Sci. and Tech., 55 1009-1023 (2018)
A. E. Lovell, T. Kawano, S. Okumura, I. Stetcu, M. R. Mumpower, P. Talou; Phys. Rev. C., 103 14515 (2021)
C.D. Pruitt, J. E. Escher, R. Rahman; Phys. Rev. C., 107 14602 (2023)
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Mono-energetic neutrons at the University of Kentucky

With 292Cf source at UTK
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Spin-parity assignments
from B-decay asymmetry

(N-2,Z+1)

(N-1,Z+1)

DeVITO
(ISOLDE)

Monika Piersa-Silkowska (CERN)
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Hirayama et al., PLB 611, 239 (2005).

Angular distribution of B particles:
W(6) ~1+agPcosé (allowed f transitions)

Asymmetry parameter az depends on the spins

-1 (lr=1;-1)
=1/(h+1) =21/} J(; + 1)
ag= 1+12 (e =1)
I.
! Ir=1i+1
7 — mixing ratio of the Fermi and GT transitions



Expanding the scope: B-decay — neutron emission

Neutron emission strongly hindered (103-10%) — statistical emission.
The mechanism of forming C.N. after 3-decay not understood.
Strong departures from C.N.-decay observed (3K, #S, 134n).

Theory collaborations:

T. Kaowano (LANLD), J. Esher (LLNL) — statistical model

J. Okolowicz (IR)), M. Ploszajczak (GANIL) - Gamow-SM, continuum coupling
A. Ravlic, Y. Saito, W. Nazarewicz (FRIB) — QRPA, structure

T T T T T

8 65 O 05 10
1343n) (MeV)

af

7
Eex

« Explore neutron-gamma competition
Total absorption spectroscopy
High-resolution neutron and gamma detection

« Measure widths directly (lighter nuclei)
Direct measurements possible >10 keV with TOF

« Barely explored 32n
Data for astrophysics from neutron counters
First 32n emission study with TOF ('*4In)

» Orientation studies
Spin assignments for beta decay
Confirm L-values for neutron emission

« Detector development
IDS and FDSi workhorse TOF detectors
Improvement of resolution and efficiency with NEXT
New-generation NEXT for FDS
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