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How and where are heavy elements formed?

Answer “Extreme radiation environments with ultra-high neutron fluxes”

Neutron star merger Flux > 103"/cm?/s
(Neutron density >102%/cm3 @ 1GK)

LLNL-CFPRES-2019261
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Isotopic “fallout” from extreme events

The task
Given radiochemical evidence,
determine the event (neutron source) that produced it

Number of 102 Larsen Prog. Part. Nuc. 107 (2019), 68-108;

each isotope f‘ Arnould Phys. Rep. 450 (2007), 97-310
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Hydrodynamics versus nuclear physics uncertainty

Task Given radiochemical evidence, determine the event that produced it

3 hydro simulations (2 NS mergers, 1 supernova) + 1 source of nuclear uncertainties*
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Nuclear physics needs

Need to know: How do exotic nuclei get heavier?
< How do exotic nuclei decay?

Neutron captured
< Heavier

e

\ ‘/

Neutron re-emitted
< No change

94Sr*

Neutron absorbed

9SSr

Optical model Radiative strength functions,
Level densities,
Optical model
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Optical potentials with uncertainties have
led the way for physics-informed UQ in reactions

Optical model

KDUQ global optical potential

56 . 90
2 Fe g Zr
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From Pruitt, Escher, Rahman PRC 107 014602 (2023)
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Physics-informed UQ in reactions:
learn physical parameters, predict observables

do
dq)

): Scattering data, 0(10%)

I OMP parameters w, 0(10?)

ply’(0)]: Global nucleon transmissibility,
0(10>3)

Optical model
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Astrophysics applications with 500+ cross sections
from physics-informed uncertainties

56 I T Ba 1.0
Neutron-capture rates with UQ 54 O 0O [T [ xe

from the KDUQ potential* 521 L+24 O 00 [
50 e o o 08

N 48 0 O O 1- I:Cd
- 461 ] 0 O L Pd
O 44 0 CTT O
Q42 0
£ 40
c 381 ]
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% 341 =

c 32- O
o 304 || |
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Figure from Atul Kedia (NCSU) 26_!
arXiv:2602.12428 3‘2‘ zal L g
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The other inputs for nuclear reactions

Need to know: How do exotic nuclei get heavier?
< How do exotic nuclei decay?

—d
@ — .—»
\

Neutron absorbed

Optical model Radiative strength functions,
Level densities,
Optical model
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Large-scale nuclear shell model (LSSM)
can provide these inputs

e
62 o
-

Radiative strength functions,
Level densities,
Optical model

10
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Physics-informed UQ from shell model:
learn physical parameters, predict observables

L(BE,E,): Bound state data, 0(103)

p[y’(x)]: RSFs and NLDs, 0(10~3)

Gorton, Kravvaris PRC 112, 014302 (2025)
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We published the first
shell model interaction with uncertainties

Distribution of energy-level predictions
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Now we compute structure inputs for reactions:
Nuclear Level Densities (NLDs)

Density of states 10° F——
(1/MeV) '

Predicted uncertainty
(%)

0.0 State energy (MeV) 15.0
Gorton and Kravvaris (2026) arXiv:2604:09935
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Now we compute structure inputs for reactions:
Radiative Strength Functions (RSFs)

x10~®
. 1.00 _' LI B R L R R R R NN R RN R B N R A R R DAL T T T 1
Photon strength function [ —— AL-27 / E1TALYS

(1/MeV3)

Predicted uncertainty
(%)

10 £

O:l||||||||||||||||||||||||||||
0.0 Photon energy (MeV) 15.0

Gorton and Kravvaris (2026) arXiv:2604:09935
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Developing workflows to propagate uncertainty
from microscopic theory to applications

, 10_2‘;
Capture Cross section i A

(1024 cm?)

Modern
statistical methods
enhance credibility

Data library
This work

$  1968,1.Colditz
1967,G.Peto
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How to compute Radiative Strength Functions
with the LSSM

e .
@ — —
. \ -

@
Neutron absorbed
Optical model Radiative strength functions,

Level densities,
Optical model
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EDITORS' SUGGESTION
Radiative strength functions from the energy-localized Brink-Axel hypothesis

Oliver C. Gorton, Konstantinos Kravvaris, Jutta E. Escher, and Calvin W. Johnson

Phys. Rev. C 113, 044327 (2026) - Published 29 April, 2026

Radiative strength functions (RSFs) are crucial inputs for statistical
/i nuclear reaction codes but are difficult to calculate because they

1/(By, Ey) . — require wave functions of highly excited states. The authors used
’,;/ \‘.\ Ey large-scale shell model calculations to identify a key result of the
_,/.:' \75. energy-localized Brink-Axel hypothesis: the shape of the RSF evolves
I qu \‘ smoothly with wave-function energy. Combined with an efficient
= E. > Lanczos strength-function method, this insight leads to a practical

new approach for computing RSFs which was validated for Mg and
provided novel results for *Fe. The method is expected to simplify RSF
calculations while motivating the use of energy-dependent RSFs in
modern reaction codes.

18
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Radiative decay must be described
for nuclei excited to 10s of MeV

\ ‘
Neutron absorbed

Radiative strength functions,
Level densities,
Optical model

-~

19
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Many highly-excited wave functions participate

“An exact theoretical description of [radiative transitions
to or from highly excited levels] is impossible, since the
radiative transition probabilities can be calculated only if
the nuclear wave functions are known”

— Blatt and Weisskopf, 1952

27 A 2
Tc—>d — f <.d|Hext.‘.c>

20
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Radiative strength functions approximate
the bulk electromagnetic response of excited nuclel

27 A 2
b :EAE/Q T£—>d — F <‘d‘Hext. ‘.c>

(Energy-averaging)

XL . . H
fd (Ey) Radiative strength function

21
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Brink-Axel hypothesis approximates the general RSF
with the ground-state RSF

2T A 2
n Tc—>d — f ‘<‘d‘Hext.‘.c>
Cgﬂ' (Ey) Radiative strength function

v gs fi=gs(Ey)

LLLLLLLLLLLLLLLLLLL



Photo-absorption cross section
is directly related to fj—, ¢

(aabs (Ey)) =CE, ffjg_s_(Ey) Radiative decay to g.s.: Photo-absorption from g.s.:

(C handles time reversal) c ¥ c ¥EC + AFE/2

Ly

23
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The Giant Dipole Resonance (GDR) is observed
In photo-absorption — but it misses something

Lorentzian shape(s) used in Hauser-Feshbach

O
@)

Pu-239 Photoabsorption (b)
S 2o @
Pt [\®) (U8

o
o

S
I

ke

10

E (MeV)

20
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E.+ AE/2

g.s.
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Standard Lorentzian lacks low-energy strength
Important for reactions

NEUTRON CAPTURE

CROSS SECTION (mb)

1000

500

100

50

10

0.

197Au(n, ¥ )

Kopecky & Uhl PRC 41 5 (1990)

1

0.5 1
E, (MeV)

Kopecky-Uhl GSF shape used in Hauser-Feshbach

(Explicit violation of BA hypothesis)

10—55_----| T

“.. (Low-energy corrections)

. . .
L | L . L L 1 L L " L 1

T T T T T -

C¥Ec o

v 7
E, ]

d v Ed

v g.s.
1

o 5 10 15
E, (MeV)

LLNL-CFPRES-2019261
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From the Bartholomew definition
to a shell-model-friendly definition

XL <FXCL> Je

BartholomeW(E7> — EQL_|_1 IO(EC7 ]c)
Y

(emee)) | L

1 g.s.
EQL—I—l AE’ Z 0; c’]ch<—c

E.+ AE/2

gl)fj'[;(Ev) —

Energy-averaged decay width to level ‘d” as a function of E),

LLLLLLLLLLLLLLLLLLL
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What to do with the dependence ond and j.?

1 1
XL .
d,jc(E’Y) — E%L+1 AE ;dcfjcr

Brink-Axel hypothesis:
* Use any level (e.g. the ground state)
* Average many levels (think Oslo method)

Energy-localized Brink-Axel hypothesis:
* Average all levels nearby in energy

LLNL-CFPRES-2019261

XL
d<—c’

VVY

E.+ AE/2

g.s.

27
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Brink-Axel Hypothesis: average over levels (d)
24Mg

Average — ks
Standard deviation
1077
)  — 14, (LDF)
% R f lgﬁtholomew
=)
5
=
—

Standard deviation

Ey (MeV)

28
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Simplified definition reveals individual contributions

_ e g=1Mev) (F'=1MeV)
f(sa) fz=1,E,=o.00 f1=239,E,=17.05

Ey, (MeV)

LLNL-CFPRES-2019261
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We can now apply the well-known
Lanczos Strength Function (LSF) method

Key advantage:

Instead of computing thousands of wave functions -

(1) Compute a single wave function, (2) apply constant number of Lanczos iterations
This has already been done for “d=g.s.”. The new insight is to apply it to “d > 0.

LSF : computes the strength distribution of an operator by modifying the Lanczos algorithm
Inputs:

[Wa): Excited wave function

|lv) = E1|y,): Pivot vector

Lanczos iterations: Outputs: Application:

EidH2|7|7>> glpcllEl Ilpd) 27 N 2
aH" v —_ Y2l E1Ypa) =——> T, =" |(@|Hex: |®.

(YaH |v) (We3|EL [hg) ’ h e

1 1
XL Y — E 5. . XL
(WaHY E1 [tho) (Yen| ET [hq) . () F2LAT AR £ erdet die

30
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Apply LSF method to excited states too!

e (I'=1MeV) o (I'=1 MeV)
Jsa) J d=239,E;=17.05 ILSFEd:n.os

Ey (MeV)

LLNL-CFPRES-2019261
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Energy-Localized Brink-Axel Hypothesis (ELBAR)
allows us to approximate the RSF with few states

(T=1 MeV)
Jisa) ( ILSF>Ed:15.4,16.O,16.9,17.1,17.7

Full calculation:
Converged 5000 wave functions

E LSF method:
- Converged 5 wave functions

Ey (MeV)

LLNL-CFPRES-2019261
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S6Fe

M1 shape evoluation?

To ground state

Average over
first 500 levels

Average over
first 2000 levels

Average over
3 high-energy
levels

LLNL-CFPRES-2019261

(a)
108 3

————————_

L

————— LSF|

L
1000 iterations)
E;=0.00

S ol M1 DIM QRPA T =0

[ (b)

. — [ WEA 500 levels

R M1 DIM QRPA T >0

————+—+—

SA)

. —— fY1) WEA 2000 levels ]
A R

Tt

(200 iterations) -
ILSF . E;=10.0,12.3,15.0
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Evolution of low-energy M1 strength:

(1) nearness to closed shell
(2) restricted valence space

Midtbg, Larsen, et al. (2018)
PRC 98, 064321

Closed shells ="

[a—
(a)
[—y

[U—
)
[=)

sd-shell: biggest M1 upturn
"5 hear closed shells

Rel. amount of low-energy strength

34
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Evolution of low-energy M1 strength:

(1) nearness to closed shell
(2) restricted valence space

3
£, (MeV")
S

IIIIIIII IIHIIIII [ TTTT
]

5

IIIHII| IIIIIIIII llrlllllll
|

-

-- "'V, F742, £, , shell, J=0-8
**V, GXI1A, pf shell, J=0-8

- %Fe, GX1A, pf shell J=0-8

estricted fo 1 orbit
|

-
— . Hy

LLNL-CFPRES-2019261

10

Karampagia, Brown, Zelevinsky (2017)
PRC 95, 024322

pf-shell: exponential shape damped
by orbital mixing

35



M1 shape flattens with energy
because single-particle orbits

become entangled

56F@a

Strength flattens

when decaying to excited states

LLNL-CFPRES-2019261

(@

S
IIIIIIII
: Pl

— 1 r r T T 1 T T
_____ (1000 iterations)
LSF E;=0.00

- MIDIMQRPAT =0 A

[ (b)

L —— fML WEA 500 levels |
L M1 DIM QRPA T >0

} } } } } } } }
T T T T T T T T T

. —— fML) WEA 2000 levels |
- L

—— ILSF!

————+—+———+—+
200 iterations) 4
Avg. E;=10.0,12.3,15.0
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What about the
Oslo-type data?

°Fe

M1 cannot explain
observed up-turn
according to LSSM

— M1 DIM QRPA T = 0

T T T T T T T T T T T

F (1000 iterations)
LSFE —0.00

3
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E1 RSF to excited states
now possible with LSSM

Fe-56

No adjustment

No folding

sdpf model space (dimension 1019)

+ Energy-based configuration truncation (500 M)
+ ILSF method (5 semi-converged wave functions)

For your consideration:
* Interaction (sdpfmu-db) not tuned for pf nuclei
* Missing g9/2 orbit:
 May shift E1 mean-energy up
 Should not affect low-energy
* What could generate observed strength?
* Would need to modify total M1

LLNL-CFPRES-2019261

1(1000 iterations) -
LSFSI —0.0 3

. El -
DIM+QRPAEL |\ o ]

ol |
I v
.....
"
»
.

“
*
“
.

X E1(1000 iterations each) .
ILSF o E;=9,10,11,12,14 MeV ]

1(WEA 500 levels) -
(SA) .
..... . E1+M]1 ]

DIM+QRPA+0LmE MY o ]
I 1 1 1 1 I 1 1 1 1 I

e [LSFEL

10 15 0
Ey (MeV)
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Radiative strength functions and ELBA hypothesis
Takeaways:

1. Radiative strength (E1 and M1) increases
at low E,, relative to photo-absorption

(see Kopecky-Uhl model) A

f(Evv Ef) -
2. Exponential shape (M1) related to AN
single-shell transitions; ,ff ‘\ Ly
changed by orbital entanglement: _“/':' A 75
* Open shells (see Midtbg 2018, Karampagia 2017) Ef:: < “\‘
» Level energy E (this work) L E 4

3. The energy of the level Er matters,
not the number of levels; use Lanczos!
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Eﬁ Makes low-energy differences irrelevant?

103

107>

Ty(Ey)

Ty(Ey)p(Ey)

S . E1+M1
DIM+QRPA+0limy; ' 5 vev

1—4-....|....|....|....|..
0 0.0 2.5 5.0 7.5 10.0

Ey (MeV)
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Energy-localized Brink-Axel hypothesis
from sum rules

T 1 T 1 T 1,3 0r ™
M1 isoscalar @ 1 L ]
41 T - L i
i 1 50 .
3= 40 .
_ i 4 i ]
3 i - 20 |
S 1 | . ]
5 B - 10 __ —_
g 0 0 |
Q o — - .
81000 | - 600 _
g 1 : 72
& 800 |- -+ 0 L 7
600 B J “er o binned ]
- 4 300 — —— linear —
400~ 1 200F . quadratic ]|
- E2 isovector §
200 [~ -1 100+~ — B 1 4
0 - - 0 - . | 1 | . | L 0 | ! | ! | ! | ! | | ! | | | | |
0 20 40 60 0 20 40 60 EE?O iy \0] 40 80 120
E. (MeV) . (MeV)

From C. Johnson PLB 750 (2015) 72-75
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Spin-independence of RSF seems valid for M1;
apparent violations caused by width-fluctuations

1 1
XL _ XL
fd,jc (Ev) - E$L+1 AE 20;5jc/jcrd<—c’

Averaged overd < 2000
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