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Questions

How does nuclear structure change as one approaches the drip line and how are
those changes reflected in nuclear reactions?

How do collective excitations evolve/emerge with increasing neutron number? Examples include GDR,
PDR, other multipolarities. What can we learn about the interplay of single-particle and collective
excitations in nuclei from theory predictions? How can we test the predictions experimentally?

How do we get all the information we need to calculate cross sections needed for applications? Do we
need to revise our reaction theory or can we get away with better inputs?
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Integrated structure & reaction theory for medium-mass and heavy nuclei

= We need to predict reactions involving nuclei across the isotopic chart
> guide experiments, which in turn provide stringent tests for theory
> study evolution of shell structure, deformation, collective excitation modes

> generate inputs for astrophysical simulations, which in turn provide insights
into stellar evolution, origin of elements

» complement measurements to populate databases for applications

= For light nuclei we have seen substantial progress with RGM approaches
> Treat structure and reactions simultaneously, account for correlations
» Consistent use of interactions based on yEFT

» Symmetry-adapted bases provide path forward to medium-mass nuclei

= For heavier nuclei we ignore the internal structure of the interacting nuclei
» Focus on improving reaction mechanisms: transfer, inelastic scattering, breakup

> Include higher-order reaction processes: multi-step, coupled-channels,
breakup-fusion, etc.

=50
Adapted from Rini,
Physics (2022)

We need to take advantage
of state-of-the-art structure
theories to improve reaction
descriptions!

For both direct and
statistical reactions!
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Direct reactions: Inelastic scattering is a valuable tool to study collective nuclear excitations

= Collective modes studied via direct inelastic scattering

= Dipole resonance important for photonuclear reactions
and capture reactions

= |soscalar monopole resonance related to nuclear matter
compressibility, impact models of neutron stars

= Unresolved questions to be addressed for unstable
isotopes and exotic modes of excitation.
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How does collective motion emerge and manifest itself?
Even dipole excitations are poorly understood: GDR, Pygmy and toroidal resonances
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How does this picture change with increasing neutron excess?

How do the resonances affect our calculations of neutron capture rates for astrophysics simulations!



Coupled-channels framework provides approach to
integrate structure and reaction theory

Nuclear Structure

Nuclear Reactions

QRPA code

v

* HPC calculation
* QRPA projection

* 1+2-step reaction
formalism

* Projectile-target
effective
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Structure predictions from HFB: ground state properties of the Zr isotopes

Chimanski, In, Escher, Peru, Younes (to be submitted)
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Structure predictions from HFB: ground state properties of the Zr isotopes

Chimanski, In, Escher, Peru, Younes (to be submitted)
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Structure predictions from HFB+QRPA for highly-excited states in Zr isotopes:
electromagnetic response and transition densities for °%Zr

Chimanski, In, Escher, Peru, Younes

Responses for multipoles A=0-4
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Structure predictions from HFB+QRPA for Mo isotopes:
Can we understand the nature of the various resonances? In, Chimanski, Escher, Peru, Younes (wip)
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Can we expect to get agreement between theory and experiment?
An old problem appears to persist....

It has been long known that 2®pb(p,p) 20°
RPA + DWBA does not
Q) . ] i Bertsch & Tsai, Phys.
reproduce measured inelastic z Rep 2, 125 (1975)
cross sections at higher E., g RPA vs experiment
=

What is the challenge?
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Inelastic scattering predictions using QRPA transition densities and folding
Escher, wip (2023)
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Inelastic scattering predictions using QRPA transition densities and folding -

supplemented by two-step reaction contributions

Escher, wip (2023)

Angle-integrated cross section
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Statistical reactions and Hauser-Feshbach calculations

« Hauser-Feshbach (HF) theory describes compound-nuclear reactions that can
be statistically averaged

» HF calculations are essential component of nuclear data evaluations

» Astrophysics simulations rely on neutron capture rates calculated with HF
(n,y) cross sections
for select stable isotopes (ENDF/B-VII)
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resonances

* Requires structure models

le+08
le+06
10000

—
[=}
(=]

Neutron capture cross section [b]

11— s8Ni 10 n rameter
ool ™ 907+ (x10%) 1 || “ ‘ ‘ \/\ and parameters
T 1sseaioty | J\ ) “1‘ ‘ — | f
0.0001F— 183W (x10°) A ‘Wﬂ)w - 7ERO Gax = ZJ s GQCN (E,J,TE) : GCNX(E,J,TC)
le-06 208Pb (x10°) ‘ N ——— BOMBARDING )
—— 209Bi (x1) 0 IR
1e-08 H— 241Am (x10%) _| o) 2 \E 'Y—‘ . . . . _
ol vl e e Gl vl 1l : WFC omitted here to simplify notation.
1e09 1e08 le07 1le06 le05 00001 0001 001 0.1 1 10 ] FOR g+4 piity
. Neutron energy [MeV] —_—
Inputs needed:

» Optical-model potentials
» Level densities (LDs) and y-ray strength functions (ySF) .

ENERGY LEVELS
« Constraints: Dy, <I",)>, cross section data e
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Getting sufficient experimental constraints for all isotopes is a daunting task

= Measuring Dyand <I", > requires stable targets

= Convolution of LDs and ySF causes ambiguities when
extracting components

= Partial level densities are often needed or measured

o, (mb)

= Brink-Axel hypothesis is liberally used for ySF
= Conflicting results from different methods

= Can we extrapolate OMPs away from stability?

= Too many nuclei to measure them all!

Zilges et al, PPNP 122 (2022) 103903
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Optical-Model Potentials

= Expected influx of data for reactions on unstable isotopes from
FRIB requires developing new OMPs for neutron-rich isotopes,
including fission fragments.

= The status of OMPs was reviewed at a Topical Program at FRIB and
findings were published in a review paper:
C. Hebborn et al, “Optical potentials for the rare-isotope beam
area,” J. Phys. G. 50, 060501 (2023).
https://arxiv.org/abs/2210.07293

= The publication discusses state-of-the-art potentials, identifies
shortcomings, and charts a path for future theoretical and
experimental work.

Known isotopes

W Stable isotopes
ReA Coulomb barrier beams > 500 pps
FRIB fast beams > 1 pps

# Koning and Delaroche
= ',-u‘ = 4
I T La = I
..--. . 5
g

_

Astrophysical rprocess
Astrophysical p-process
Astrophysical s-process
Astrophysical rp-process

Estimates of the reach of FRIB (left) and paths of
astrophysical processes (right). Nuclei whose properties were
used to constrain the widely-used Koning-Delaroche OMP (in
pink) highlight the dramatic extrapolations made. Fission
fragments lie between r-process isotopes (teal) and stable
isotopes (black).
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https://arxiv.org/abs/2210.07293

Optical-Model Potentials

= Expected influx of data for reactions on unstable isotopes from
FRIB requires developing new OMPs for neutron-rich isotopes,
including fission fragments.

= The status of OMPs was reviewed at a Topical Program at FRIB and
findings were published in a review paper:
C. Hebborn et al, “Optical potentials for the rare-isotope beam
area,” J. Phys. G. 50, 060501 (2023).
https://arxiv.org/abs/2210.07293

= The publication discusses state-of-the-art potentials, identifies
shortcomings, and charts a path for future theoretical and
experimental work.

Mass Energy D. | Mic. | UQ
KD 24 < A <209 lkeV<E<200MeV | X | X X
KDUQ 24 < A <209 1 keV < E <200 MeV | X
DOM C, O, Ca, Ni, . -
(STL) Sn, Pb isotopes —oc0o< E<200MeV |V | X v
MR 12< Z <83 E <200 MeV | X X
MBR 12< Z <83 E <200 MeV | X X
NSM | “Ca, ¥Ca, 2®Pb E < 40 MeV |/ X
SCGF | O, Ca, Ni isotopes E < 100 MeV a4 X
MST-B A<20 E Z 70 MeV X | v X
MST-V 41<A<16 E =z 60 MeV X | v X
WLH 12< A <242 0 < E <150 MeV X| v v
JLMB A>30 lkeV< E<340MeV | X | V/ X
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Uncertainty-Quantified (UQ) Optical Potentials:
KDUQ and CHUQ Pruitt, Escher, Rahman, PRC 107, 014602 (2023)

1" oo After training (left), the UQ optical

| potential, shown as blue bands, spans its
training data and performs well against
test data not used in training (not shown).

=  We developed well-calibrated uncertainties for
two widely used optical potentials

10°
10% E

10° 3

(mb)

= Advances include outlier identification,
assessment of unaccounted-for uncertainty

do
dQ2

102 E

Uncertainties can then be propagated
_ forward to transmission coefficients

109 | (below left) and capture cross sections
: (below right), here for 8" Sr(p,y)88Y.

10" 3

=  We can now pinpoint how optical-potential
uncertainties impact compound (low-energy)
and direct (higher energy) reactions within a
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A global phenomenological dispersive OMP is under development.

Dispersive OMPs connect to bound-state properties - which helps address the lack of data for exotic nuclei.



Predicting level densities and y strength functions:
Advances in shell-model theory allow us to address these challenges

Gamma-ray strength function (ySF, M1)

well-reproduced in truncated basis: 7°Ge
le—9

The shell model provides a microscopic predictions for LDs and ySFs

H . 6
= Smart truncations and modern computers increase reach of shell model _ - PANAsH
L 4
. . o . . =
= |[nnovative combination of moments method with Lanczos algorithm enable 22
new LD calculations — . =
10'E Moments method o 1 2 3 4 5 6 7 8

E, (MeV)

Shell-model advantages: + Lanczos: 4Ge
— Includes important correlations

— Yields total and partial level densities

Level density (LD) is approximated in
same truncated basis : 7°Ge

Ormand &

P(E) (MeV™)
=

— Gives low-energy YSF 10 Brown, PRC = 8997 _« panasH
— Provides insights into structure 10 . 122,14315 g 6007 €
0o 2 4 6 8 10 2 400
E_(MeV) g
= Challenges: S 200
— Model space sizes for very heavy nuclei , 3
InteractiF())ns needed ! ! Smart truncation e
f to small fraction of FCl model space *© * 2 *_ &.,° °¢ 7 °
Gorton et al,

arxiv:2210.05904

Ni63 Subspace dim. Used
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Surrogate reactions provide a viable method to extract information
on neutron capture rates from indirect measurements

Determining capture rates for unstable nuclei directly is hard Neutron capture on s-process branch point 957r from
*  Short-lived target make measurements difficult/impossible inelastic scattering
. . _ . .
Statl.f,tlgal Hauser-Feshbach (HF) (_:a_\lculatlons lack Neutron capture Surrogate reaction
predictive power away from stability ® °
® ?
Surrogate reactions provide a solution n \ P P
* Atransfer or inelastic scattering experiment produces the 9%67¢
compound nucleus and the decay is measured 957y %67/
*  Advanced reaction theory turns this data into constraints unstable stable
for calculations of the desired neutron capture rate
Outcomes:
*  Capture cross sections have been obtained from surrogate
reactions using (p,d) and (d,p) transfers and inelastic
scatte ring. . (p d ) PHYSICAL REVIEW LETTERS 121, 052501 (2018)
. Cross sections for capture involving isomers have been ’
. Constraining Neutron Capture Cross Sections for Unstable Nuclei with Surrogate
Obta | ned . Reaction Data and Theory
*  Level densities and y strength functions can be obtained. T s . Sammonan w1 o T 0
*  Work is underway to apply the approach to inverse-
kinematics experiments. - (a a’) YSICAL KEVIES LETTERS 125, 122502 003 . (d’p) PHYSICAL REVIEW LETTERS 122, 052502 (2019)
7
b Applications tO fiSS|On are planned. Towards Neutron Capture on Exotic Nuclei: Demonstrating (d py)

Simultaneous Determination of Neutron-Induced Fission and Radiative Capture Cross

as a Surrogate Reaction for (n,
Sections from Decay Probabilities Obtained with a Surrogate Reaction s ()

R. Pérez Sénchez," B. Jurado®,"” V. Méot,* O. Roig,>> M. Dupuis,** O. Bouland," D. Denis-Petit,> P. Marini,? A. Rmkiewicz,"l‘ JA. Cizewski,2 J.E. Esc:her,1 G. Potel,“ J.T. Burke,' R.J. Cabperson,'
. 'y . 0 . > g 3 . 3 - 3 . = 23 . s 5 -6 2 1.7 . 2 .8
L. Mathieu®, L Tsekhanovich,' M. Aiche,' L. Audouin®,® C. Cannes,” S. Czajkowski," S. Delpech®,” A. Gorgen M. McCleskey,” R. A.E. Austin,” S. Burcher,” R. O. Hughes, " B. Manning,” S. D. Pain,
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Surrogate reactions method for neutron capture

ON 3He’ From To be
CN Surrogate theory determined
populated reaction

reached by I 1
1 emission m A Surrogate experiment gives |

= 3

— | (= He P aHe,aHey) (E) = 2y 1 F ate,3ney™N(E,J,m) GON, (E,J, ) '\

- < | /

- Sh NZr Erom 907Zr(n,y) cross section: |
N+2YLr
v % experiment Gy = a1 Onstarget™ (E.J,m) - GN(E,J,m) ,/
*'Zr 1466 keV ] \\ \\
Eex . 01 . The new cross  Well modelled from
o s ] section we want  nuclear theory
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Zr 005 |- 1 ﬂﬂ ﬂﬂ | -
S T
1 s o | ]
0 _£ PR .: EHII HLINHHi II} 1 I: L H L } | l 1 [\ I |
Concept: Escher et al, RMP 84 (2012) 353; 0 5 10 15 20 25 30 35
EPJConf 122 (2016) 12001 E MeV]
: : *Width fluctuation corrections are omitted ¥V Qi
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Inelastic scattering theory will enable indirect measurements for neutron capture and other
reactions on unstable isotopes

Benchmark: 29Zr(n,y) from 91Zr(3He,3He’) WIP: #5Zr(n,y) from 96Zr(p,p’)
1U§ T
E — From (3He,3He’) E
B e Boldeman 7
Le N Neutron capture Surrogate reaction
- ®
= i N~
= 0lf . P » P
g i 9Zr
: - 95
2 001 Zr %67y
S E unstable stable
0.001;
0.000] ]
' Neutron energy [MeV]

Lawrence Livermore National Laboratory N A‘ &0‘5“ 22
LLNL-PRES-xxxxxx

National Nuclear Security Administration




Surrogate reaction method gives LDs, YSF, capture cross sections, isomer cross sections,
(n,n’) and (n,2n) cross sections

Escher et al. PHYSICAL REVIEW LETTERS 121, 052501 (2018)
E ' '('f')T”Z ( ,') ' o — ’I’h};wa;k : E o I o E
bl “o-Eeia | 1L i (LTI
+ Ematirs| 2 :
& o1 ‘ Ohgama (2005) . .5 01k i gt e unstable _;
5 - E
A i Range of fit 1
0 L g 001 , 4 | Key features:
] 2] S - |—— This work e =2 i ipti
IO 11 11| e 0001 TENDL 5015 ZZ7H | Advanced theoretlcal descr_lptlon of
Jll & \ p (== Rosfond 2010 | ] surrogate reaction mechanism.
000011 .;.(\)‘.l‘ . e el 0.0001 0.1 ] 10| ¢ Uses experimental observable
“ E, [MeV] indicating decay into channel of
v Benchmark: °°Zr(n,y) from 92Zr(p,dy) Application: 87Y(n,y) cross section from 8%Y(p,dy) interest.
e B R B B e B B PHYSICAL REVIEW LETTERg  eukiewics, Cizewsk, * Bayesian parameter detgrmma’gon
o YSF for 917r Escher et al. (2019) for decay model - UQ s built-in!
ool | o s o * The Surrogate method does not use
100f v Benchmark: auxiliary quantities which are
g o 3 9%Mo(n,y) cross unavailable for unstable isotopes.
E £ 10} — WO section from
& Ny Theory
1e-08 | § =+ Kapchigashev (1964) \\\ ” M O(d ’ p’Y)
= 1072F &+ De L. Musgrove (1976) Theory X
—--- ENDF/BVIII.O \
Weisskopf-Ewing Approximation N\
: i ‘ : ‘ : : . ‘ —— 9Mo(d, p) Surrogate Data (this work) A
109 2 4 6 8 10 12 14 16 18 1075= 76T 760
Gamma-ray energy [MeV] Neutron Energy (MeV)
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We need to address the limitations of Hauser-Feshbach calculations

Problem 1: HF calculations make an averaging assumption, but problems
occur for low energies, closed shells, light nuclei, far from stability

We need:
 Criteria for estimating the limits of validity for HF

« Usable prescriptions for treating compound reactions proceeding
through isolated or weakly-overlapping resonances, bridge to HF

« Structure information for calculating direct-reaction contributions
« An assessment of uncertainties and experimental information

Problem 2: Some reactions fail to produce a compound nucleus. Pre-
equilibrium neutron reactions are known to have limitations. Indirect
measurements may be affected.

Consider:
When do doorway states proceed to damp?

- Transfers, inelastic scattering have been studied for surrogate reactions
- B-decay may be of concern

Neutron capture cross section [b]

(n,y) cross sections
for select stable isotopes (ENDF/B-VII)

T T T T T T T T T T T T 77T LB LY LA LR RLL LY R
le+14 — —

lesl2)-
le+10 - N -
1e+08 |~ \\/} R
1e+06 [~
10000

100 -
L s8Nix10
— 90Zr (x10°) ‘ \

({1 ‘ ‘

00H 15564 (x10%

0.0001§ — 183W (x10°) VI AN ”‘ -
3 \!
I 208Pb (x10°7) .
1e-06 209Bi (x1)
le-08 { — 241Am (x10) -
le09 1e-08 1e07 1le06 le05 00001 0001 001 0.1 1 10

Neutron energy [MeV]

Hauser-Feshbach regime

» Assumes strongly overlapping
resonances

* Requires structure models
and parameters
= ZJ,R c,°N(E,J,r) - GCNX(E,J,n)

ax

*WFC omitted here to simplify notation.
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Statistical models underpredict 3-delayed y spectrum

Gorton, Johnson, Escher (wip)

94Rb
Z A

Beta decay

v
Qp=10.18 MeV

9457.*

Z+L, A

Continuum

14

A4

Delayed
gammas

@
936y E % = . 2_
Z+1, A-1 5 [__l_. 1 0_1 | .
o - = | Experiment
O ~ -
o) >~
T © L‘ -2 =
Delayed v 4(.3 ~ 10 E
neutrons NIk’ 8 E
' kS 3|
Delayed gammas E 1 0 E
5.=6.83 MeV X -
_g 10-4 l — . I O P P
o 7 72 74 76 7.8 82 84
E, (MeV)

Theory (Hauser-Feshbach)

Valencia, et al., 2017 https://link.aps.org/doi/10.1103/PhysRevC.95.024320

See also: Robert Grzywacz et al.
nonstatistical nature of neutron
emission near 134Sn
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https://link.aps.org/doi/10.1103/PhysRevC.95.024320

Why are we getting this so wrong?
BDNE is a powerful test for nuclear structure and reactions

Gorton, Johnson, Escher (wip)

94Rb 94-Sr* 935-1,*
Z,A i Z+1, Al = Does B-decay fail to create
a well-equilibrated
| |
N , = (statistical) nucleus?
¥ | Continuum E i v
—TN e, N Delayed i
netrons 1 W = Does an unexpectantly
v large “forbidden” B-decay
Q . : layed .
: —37 S —— block neutron emission?
 y "
v v = |s the y-ray decay strength
Delayed greatly enhanced?
gammas

(24

\/ o
NIYSE s
National Nuclear Security Administratic

istration
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To model nuclei beyond the standard shell model, approximate truncation
methods are being developed

Gorton, Johnson, Escher (wip)

w w
o w
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N
wn

B(GT) Cumulative strength (unitles)
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=]
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1

Co-63 (7/2-)
— Fal
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94Rb 94Sr*
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% ....'*
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But we will need new interactions!

Delayed
neutrons
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‘» 400
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—"2 200 1
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Items on my wish list

Generally:
Systematic trends (single-particle properties, collective
properties,...)

Inelastic scattering:

* Charged-particle scattering off a chain of isotopes,
angular distributions

* Protons, deuterons, 3He, 4He

e Careful assessment (elimination?) of background

e Coincident measurements of decays (y, particle emission)
for surrogate applications

Surrogate reaction development:

e Multiple measurements producing the same compound
nucleus

* Information on low-lying states and their decays

Optical potential development:
e Elastic scattering angular distributions
* Single-particle energies

Shell-model development:
e data to build new interactions

Challenging:
e Tests of equilibration of nucleus in 3-decay and
reactions

e Brilliant ideas for dealing with the limits of statistical
averaging
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Thank you!

A thank you to my collaborators:

LLNL: E. In, C. Pruitt, A. Thapa, W. Younes, R. Casperson, J. Harke, R.
Hughes, G. Potel, A. Ratkiewicz, N. Scielzo, |.J. Thompson, B. Alan,
BNL/NNDC: E. Chimanski

Rutgers U.: J. Cizewski

SDSU: O. Gorton, C. Johnson

UTK/ORNL: S. Pain, R. Grzywacz, J. Heideman

CEA/France: M. Dupuis, S. Peru
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Hauser-Feshbach (statistical reaction) formalism for compound reactions

0y (B) = ) 0§V(E,],m) G5V (E,],m)
jm

Formation of CN
oSN(E,], ) = mA w. Z T..
ls

Probability for decay of CN
Need 2s

] !
Tyrs Pr(U)
GEN (E,J,m) = ’

xl's
Z)(Hl”S” f T)iulusu pI”(U,) dEX”

* Transmission coefficients T, for all channels y:
neutron, proton, charged particles, , fission

* |evel densities
* Discrete levels with J, 7

* Width fluctuation correction WFC factors

Lawrence Livermore National Laboratory Width fluctuation corrections are omitted
LLNL-PRES-xxxxxx

ctions are omitted  \J Y G 30
here, but accounted for in applications. LA LN o




Beta-delayed neutron emission is important for astrophysical element
synthesis — and FRIB reaches many high-impact nuclei

75 |

[T
[ o o

70

65

60 |

55

Proton Number (Z)

50 |

il NN

45 P

. Sensitivity to B-delayed n emission

60 0 80 90 100 110 120 130

Neutron Number (N)

FRIB sensitivity line

It’s important to have a strong theoretical description of BDNE

Mumpower, et al., 2015 https://doi.org/10.1016/j.ppnp.2015.09.001
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https://doi.org/10.1016/j.ppnp.2015.09.001

Proton and Neutron Approximate Shell Model (PANASH)

H = H, + Hy + Hyy

Bipartite Partitioning

(Orders of magnitude smaller!)

Proton Hamlltoman

/’

Hp Jp p Jp

f:

Neutron Hamiltonian

Hnl]n) — Enl.in)

H|U) = E|T). ~~——,

Full Configuration Hamiltonian

Wave functions factorize into PN-partition eigenstates
Coefficients decay exponentially

Proton neutron entanglement decreases when N>Z
(arxiv 2210.14338)

|]p]n|]) |]p> X |]n)|

J -j coupled basis

d<D

W)~ > capljp)lin)

ab

(There is some freedom in the sum)
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