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Bird’s eye view of nuclear reactions

Probe of neutron capture: breakup and transfer

Coulomb Dissociation —; .
A+Pb 5n+B+Pb 9

(o~mb)

. =
—

Probe of single-particle structure: knockout

Projectile Knockout residue

gamma ray

Probe of electron capture: charge-exchange
Charge-Exchange

.Reactlons. // p

Z1x

Virtual P OIO . A(d,p)B
t

|,f/

. / (o~mb)

/////[T .

Reactions are the
most diverse probes
to extract
astrophysics and
structure
information,
especially for
unstable isotopes...

But reaction theory
is key for
translation!



The %2Cs(n,y) case study

Constraining neutron capture rates for
r-process nuclei in the A=140 region

Muecher, Spyrou, et al., Experiment approved for TRIUMF
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r-process: how do we measure neutron
capture on unstable nuclei?

<~ (n,g) cross sections on unstable nuclei: Currently Impossible!
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reliable reaction model

(d,p)
measurement ' D

Compound nucleus (d,py) is determined through:

J,

Ja
Entrance channel compound decay

L-distributions in (d,p) are different from those in (n,y)
reaction theory provides essential input



Reaction theory maps the many-body
into a few-body problem

g ‘e

A isolating the important degrees of freedom in a reaction
Q solve the few-body dynamics exactly
A effective nucleon-nucleus interactions (or nucleus-nucleus)
usually referred to as optical potentials



Theory for deuteron induced transfer:
populating compound states in continuum

assume a two-step process

step 1 separation of the proton

Source term generates flux
from breakup

S = (Xpl(Uap — Ung + Unn)|xa®a)

step 2 propagation of n in the field of B*

Neutron in the field of the

o detector / target after breakup
elastic breakup
p non-elastic breakup p (I) . opt S

n
& Compound n B
nucleus
*
.3 .A

Potel, Nunes, Thompson, PRC92 (2015) 034611



Predictions for 1*2Cs(d,p) 143Cs* at 12 MeV

Comparing elastic and non-elastic breakup
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Potel, greefeter code



Predictions for 1*2Cs(d,p) 143Cs* at 12 MeV

Angular momentum analysis
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What do the Cs(n,y) cross sections look like?

no Cs(n,y) data for A>137
A=157 is the predicted dripline!

Cs(n,y) cross
sections are large,
well beyond A=137

Lifetimes:
139Cs 9 min
142Cs1.7 s
10Cs 81 ms

o (mb)
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Samuel Sullivan, TALYS
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Reaction theory maps the many-body
into a few-body problem

g ‘e

A isolating the important degrees of freedom in a reaction

Q solve the few-body dynamics exactly

A effective nucleon-nucleus interactions (or nucleus-nucleus)
usually referred to as optical potentials

~

main cause of
uncertainty



Optical potentials are pervasive in reaction models

Inputs necessary for (n,y); (p,y); (p.n); (n,p); (d,p); (d,n); ...
Inputs also for breakup, knockout and transfer on heavier probes

Known isotopes
m  Stable isotopes

ReA Coulomb barrier beams > 500 pps

FRIB fast beams > 1 pps
¢ Koning and Delaroche

e Lo
o Gl

Astrophysical r-process
Astrophysical p-process
Astrophysical s-process
Astrophysical rp-process

cal calibrations
obal calibrations

Reaction observables are very sensitive to details of the optical potential.

For r-process, these are needed away from stability

Hebborn, Nunes, et a

., JPG 50, 060501 (2023)



Bayesian approach versus normal distributions?

When doing Uncertainty Quantification:
statistical model + physics model + evidence

—— MCMC-x2/N
—— LM-x?/d

r (fm)
7, 4, 4

a (fm)
9, 9, <

W, (MeV)
o % B

rs (fm)

as (fm)

S QR @eg«;,ﬁe%ea.o @@@@@

The more complex the model
and the parameter space, the
less likely that the normal
distribution assumption is valid

Parameters are correlated

UQ is not determined by varying
them independently

Pruitt, Nunes, et al., PRC 110 (2024) 064606



Baye: Analysis of Ni amics

sian Analysis of Nuclear Dyn:
v Sy Ul 9N

Local calibrations of the optical potential

Bayesian Analysis of optical potential — isotopic chain approach 90-°4Zr
Exploring the energy dependence using data from 10-30 MeV
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CHOMP potential has Lane form (appropriate isospin dependence)
critical for extrapolating away from stability

Sullivan, Beyer, Nunes, in preparation



rainties in neutron capture for Zr

Uncer

Bayesian Analysis of optical potential — isotopic chain approach 20-94Zr

90Zr(n,y)%1zr

o (mb)

I C-CHOMP (68% CI)
CHUQ (68% ClI)

Uncertainties in predictions smaller
than experimental error reported

Compared to CHUQ:
modest reduction of uncertainties

Hauser-Feshbach (TALYS)

. small shift to lower (n,y) xs

Eiab (MeV)

10° 10!

Sullivan, Beyer, Nunes, in preparation
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East Lansing Model (ELM)
Global Lane-consistent optical potential including (p,n)

o Incorporated into the optical potential by Lane*

T
U(r) = Un(r) +4—==Us(r)
= Us(r) + 4%% Us(r) + 4T+T—2;T—T+ Uy (r)
N—  — - - S
(N — Z)/A dependence in elastic scattering (p, n) to isobaric analog

o Previous Bayesian analysis of global optical potential °: scattering on stable isotopes poorly constrains U3

e hence, large uncertainties for (p, n)ﬁ and for reactions on highly asymmetric isotopes

Goal: construct a Lane-consistent, uncertainty-quantified global optical potential including (p,n)ras as a
constraint

Beyer, Nunes, in preparation



Bayesian Calibration of ELM

Evidence: data curation Statistical model: likelihood

@ balance model fidelity: for now, even-even 0+

isotopes only - k
o 40 < A < 208 Inp(Dle, M) = —3 (ﬁ ‘X-A+In ((Zw] |E|))
e 10 MeV < Ej.p < 200 MeV Ai(a) = FM(mzaﬂ) - y;
@ do/dS) and A, from elastic (p,p), (n,n) Eij(@) = 8ij (Teap,i (FoUrU,)

o do/dQ with clean AJ™ = 07 from (p,n)ras
@ over 100 EXFOR entries

e X approximated as diagonal

@ unaccounted-for-uncertainty is a free parameter

1
| | | OUFU, = EE{’HM(Ei: o) + i)
github.com /beykyle /exfor_tools
@ no re-scaling of covariance or likelihood!

github.com/beykyle/rxmc

Physical model:
form inspired by Chapel Hill but separate
geometries for isoscalar and isovector

Beyer, Nunes, in preparation



ELM results: credible intervals for stable isotopes

dxsjda [karn [ steradian]

dxs/da [barn f steradian]

00178009: *Zrip, ) Nb at 45.0 MeV

Inner 90% credible intervals of ELM and CHUQ?

@ Good simultaneous description of elastic and
(Pa 'ﬂ)IAS

@ isovector potential extends ~ 0.9 fm further
than isoscalar, with little A-dependence

e isovector diffuseness stiffer(smaller) than
isoscalar

b

@ consistent with interpretation in Danielewicz
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Beyer, Nunes, in preparation



ELM: extrapolation to neutron-rich isotopes
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Cross section uncertainties dominated by model uncertainties:

grows as (N-2)/A

Beyer, Nunes, in preparation



Future Opportunities

East Lansing Model:
* need to validate for rare isotopes and connect with EOS

« improvements: dispersion relation to connect bound

states and continuum states
* integrate with existing codes like TALYS so it becomes

widely available

ELM-UQ propagation to (n,g) and to (d,p) away from stability

Impact in r-process nucleosynthesis?



Future Opportunities

Hauser Feshbach is the working horse:

» couplings between channels introduce corrections
(direct versus resonant versus compound)

« Often assumption of Gaussian Orthogonal Ensemble
(very different from Nuclear Shell Model)
Testing these assumptions

Impact for neutron capture?

Abduhrraman, Nunes



Future opportunities

Heavy nuclei away from stability are important for r-process
How can we measure (n,y) on these superheavy rare isotopes?

How to produce them in the laboratory?

Number of protons. =gy

Nickel (28) =
Betla-decay \ >

Neutron capture

Fusion processesin stars
Number of Nneutrons  ———Jp-

Paths to superheavy nuclei, Godbey, Nunes et al., JPG 2025



Work supported by NSF-CSSI, DOE-NP and MSU

The few-body reactions group at FRIB

5 : k"m" o

Filomena Nunes  Chloé Hebborn Kyle Beyer Patnck McGlynn Ibrahim Abdurrahman  Cate Beckman

> éi}é} i

Manuel Catacora Rios Andy Smith Daniel Shiu Pablo‘iuliani _ Grlgor Sargsyan Zetian Ma

Chloe Hebborn@OQrsay



backup



Bird’s eye view of nuclear reactions

C ‘III:'I‘IIII'IIII'I|IIII|IIII|IIII|IIII|IIIrvIIII|IIII|IIII|IIII|III

o . Big oldest r-process solar system

= 10° Bang[~  stars [

O ) ¢ 'y

® 10° - L A A

= : ALl

0 10° I | A

n ” AL AL A Aa

gm-lz— u .
|IIII|I|||||||||||||IIII|IIII|IIII|IIII|III|IIII|IIII|IIII|II&I|III

0 50 0 50 1000

velocity

mass number

50 100 150 200 0O

50 100 150 200

Nuclear reactions
got us from the
lightest elements all
the way to the wide
range of elements
found in our solar
system!



Extra slides: ELM physical model

N—-Z

U(r,E,A, Z)=Uy(r,E, A) + N1z

Ul(i",E,, A) + Ve

Un(r, B, A) = Vo(E)f((r — Ro(A))/a0) + iWo(E) f((r — Ru(A))/a)
— 0, Weo(B) S5 (= Ru(A))/00) +2 (0 €) Veorp (= Ruol(A) /)
Us(r, B, A) = Vi(E)(r — Ra(A))/a1) — diauWo,1 (B) - 7 ((r — Ru(4))/au)

1
1+ exp(x)

fz) = Ri(A) =ripo +1i,aAY? Ec = 6Zahc/5Rc

VD(”(E) — V(].u) — CE(E — EC)

e )

W o (E) = Wa oy / (1 + EXP( v ﬂ))




dofdQ [b/sr]

ELM: extrapolation to neutron-rich isotopes
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Uncertainties dominated by model uncertainties
defined as percent of cross section: grows as (N-2)/A

Beyer, Nunes, in preparation



The Optical Potential is an essential ingredient in

reaction theory

VNN

=) "¢

It's the projection of the many-body scattering problem on the ground
SWIE py(7 7, .. 7a) = ¢o(F) Do, ... 74)

End up with a single-channel scattering equation with potential:

1
Vopt = Voo Z Vo; — Vo

Uopt= V(R) +iW (R)

Hebborn, Nunes, et al., JPG 50, 060501 (2023)



Bayesian statistics Thomas Bayes (1701-1761)
Bayes'TTheorem(
[PuD) |
nuclear
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https://en.wikipedia.org/wiki/Thomas_Bayes
https://en.wikipedia.org/wiki/Thomas_Bayes
https://en.wikipedia.org/wiki/Thomas_Bayes

How to quantify uncertainties in

reaction theory?

We develop a hypothesis (model) optical model
with a set of parameters (priors) [T+U(R)-E]y=0

We confront it with reality (data)
typically elastic scattering angular
distributions (likelihood)

10" _

95% confidence intervals Conitgzllx(s)ccl);
Use Bayes’ Theorem + 5 '
Markov Chain Monte Carlo | "

with Metropolis to sample % 0 w0
parameter space 0 (deg)

0 /O Ruth




Setting up the UQ part
~ = @

Priors p(H): Gaussians with mean at the BG global
parameters and wide width

Data (D). real data or mock data generated from KD
global parameters with 10% error

Likelihood p(D,H): assumption that data points are
independent and errors are normally distributed

Ry f(:r:z-,@))2 0: parameters
p(DI0. f.{07}) ox exp (_1 ) 2 o: independent errors

n 5 95
) - X: angles
y: experimental cross section
f: model prediction for cross section




Bayesian: parameter posterior distributions

W MeV)

d)
]

N 1z ta 1w
W (MaV)

Create 95% confidence
intervals for observable

do/dQ (Ratio to Rutherford)




What angular information needed? g

200

- —— Full
& 10° a) b) 48 48
3 Forward 150 e Ca(n,n) Ca at 12 MeV
c ~ Reduced —_ Fouoim
Lo’ +  Data é\i Y

W
%.101
=)
©

48Ca(p,p)*8Ca at 21 MeV

107, 50 100 150 & - 50 100 150
6 (deg) 0 (deq)

Catacora-Rios, King, Lovell and Nunes, PRC (2019)



Single energy versus multiple energy sets?
Polarization versus differential cross sections?

40Ca(n,n) —
5y 12 MeV — Single —— dxsonly
10 | @ == Multiple == pol only
— X\ & Data13.9 MeV " <=+ dxs + pol
9 5 0 / 5 + Daia11.9Mev | " ¢ Data
0 £ o2y
H 5102 i"“""“'-"—:'.‘. ) S ﬁ
confidence  § T R e
N )
intervals ®
0 50 100 150 0 50 100 150

¢ Data14.5 MeV
+ Datai12.5 MeV

do/dQ (ratio to Rutherford)

0 50 100 150 0 50 100 150

King, Lovell, Neufcourt, Nunes PRL (2019)
Catacora-Rios et al. PRC 100, 064615 (2019)
Lovell, Nunes, Catacora-Rios, King, JPG (2020)
Catacora-Rios et al. PRC 104, 064611 (2021)



What prior to use?

Priors encapsulate our prior knowledge

) - ] Ws (MeV)
(e.g. a previous global parameterization)

Use gaussian distributions on parameters
How wide should these be?

C 104 ", e

O 1 . 90Zr(n,n) @24 MeV | - MG

2 -

o | P B

E 107 o NP t ¢ Dawm
10t R .

o SRTLTIN

o .

o 10°

e (deg) FIG. 2: (Color online) Comparison of the posterior distri-

butions (histograms) resulting from various prior distribu-
tions (corresponding solid lines) for a wide Gaussian (WG),

medium Gaussian (MG), and narrow Gaussian (NG) as de-
Lovell and Nunes PRC (2018) fined in Table II for ©Zr(n,n)*Zr at 24.0 MeV.



Which likelihood?

Complications: N
data correlations X = Z
systematic errors on data underestimated =
model correlations
model uncertainties

How to combine sets of angular distributions?

[Oexp(0i) — o (05, )]
[Avexp(0:)]? |

p(D|H, M) = exp [-x*/(2N)] ? p(D|H,M) = exp [-x7/2] ?

!
< 90Zr(n,n) @10 M vcpﬂw’
=100 L (hne ’CQ'; %w‘]"
= g0 “Ca(p.p) ] | oy !

Q @14 MeV s oo 0.8 . M‘ (p’d A

c &

£ 0 . . : P o

f= o £ 0.6 A O"(c )(p’c

s 40 A 3 : vNOQ \pw

8 A ° ¢ 0-X2 :E 0.4 - \,& A

. 20 . s T | g [ /,': 0)(\, /
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King et al., PRL 2019

Model uncertainty interval

Pruitt. Lovell. Hebborn. Nunes. PRC under review (2024)



Propagating uncertainties to transfer

OP constrained with elastic scattering
to obtain posterior distributions for
parameters

N (a)

15.0 40Ca(d,p)4'Ca(g.s.) — DWBA
@ 28.4 MeV T ADWA

do/dQ (mb/sr)

-
N
o

do/dQ (mb/sr)
(9] =] (_:;
o (4] o

o
[

do/dQ (ratio to Rutherford)

o
o

o
S
3
8
8
g
3

Propagate to other reaction
observables

Lovell, Nunes, Catacora-Rios, King, JPG (2020)



Uncertainty quantified global optical potential

(CHUQ and KDUQ)

Bayesian analysis using the same experimental protocol as in the

original CH89 and KD2003 parameterizations

~ = Re[CHS9] Re[CHUQ]
400 A ~— Im[CHS89] Im[CHUQ]
m Re[KDUQ]
2 pees 0 Im[KDUQ)]
g 300
i
% 200
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~I< ..
100 { e
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1 2
Energy (MeV)

Pruitt et al., Phys. Rev. C 107, 014602 (2023)
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OP uncertainties in charge exchange to IAS

« DWBA formalism
» Using parameter posterior from KDUQ

41 48Ca(p,n) 48Sc

(a) 25 MeV

4 L
L ]
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s, .
b L]
— 6
P -
é . ‘I L] ¢ .
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g *o b
To
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Comparing two-body and
three-body models for charge

exchange
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Smith, Hebborn, Nunes, Zegers, PRC accepted (2024)



Propagating uncer

 Eikonal model

» Using parameter posterior from KDUQ

32,34,46Ar on gBe @ ~70 MeVA

(a) (b) (c)
1.75 32Ar 3401 - 46
’é 1.501
51.25
'% 1.00 H * } ++
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68% (95%) credible intervals
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Hebborn, Nunes, Lovell, PRL 131, 212503(2023)



Comparing knockout and transfer: linear fit
R(AS) = aAS + b

—— Transfer 68% (95%)
intervals

-20 -10 0 10 20

Hebborn, Nunes, Lovell, PRL 131, 212503(2023)



Emulators for nuclear reactions

An emulator is a fast and efficient replacement for a complex physics model

reaction
problem

physics driven data driven

(reduced basis (CEUESIER
methods) processors)
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Data driven emulator

Breakup cross sections needed for astrophysics

Example: 8B+ 208Pb —» "Be+p + 205Pb | P
Be(p,y)"B reaction Indirect method -~
relevant for solar fusion -7

—
—_
—
—_
—_

—_
—_
—_
—_

Working horse for modeling these reactions:

Continuum Discretized Coupled Channel (CDCC)
Large scale (large memory requirements)
Long runs (many hours to days)

Impossible to do Bayesian analysis directly with CDCC!

Predictions: Angular distributions and energy distributions of fragments

.

Be
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Emulators for breakup cross sections

Bayesian Analysis of Nuclear Dynamics

"Be(p,y)®B 8B+ 208Pph —y 7Be+p + 208Ph ® p
reaction relevant for Indirect method e

solar fusion

Continuum Discretized Coupled Channel
Gaussian-processors emulator for breakup:
Angular distribution and energy distribution

uncertainty from ’Be+p interaction

mock data generated for set of interactions from
G. Goldstein et al., Phys. Rev. C 76, 024608 (2007)

TABLE I: Model parameters and their ranges.

0.50 0.75

Parameter H Label Range [p:, 7]

20

Re p1 (2, 3] (fm)

Rus p2 (2, 3] (fm) 050 0.75 °2.5 50 7.5
[0 P3 [04, Ug] (fm] Rus (fm) ays (fm)

Vso P4 [2, 8] (MBV) - Training - Test

Surer, Nunes, Plumlee, Wild, PRC106, 024607(2022)



Emulators for breakup cross sections
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300 400
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100
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600 C ( } ws ( )
<) 500
400
400
300
200 200
100
%4 0.6 0.8 0 4 6
aws (fm) Veo (MeV)
_________ Truth Prior W Posterior

Posterior distributions and correlation plots

Vo (MeV)

0.55

#3 | 0.50]

0.45

Dhlr\

Bayesian Analysis of Nuclear Dynamics

0.45 0.50 0.55
ays (fm)

Surer, Nunes, Plumlee, Wild, PRC106, 024607(2022)
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Emulators for breakup cross sections

8B+ 208Ppb > "Be+p + 208Pb 80 MeV.A
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(b) Energy distribution.
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Bayesian Analysis of Nuclear Dynamics

Continuum Discretized Coupled Channel
Gaussian-processors emulator for breakup:

Angular distribution and ene

rgy distribution

uncertainty from "Be+p interaction

601

Excellent
ol constraint
on Sy,
0= . !
0.6 0.8 1.0
ANC (fm~172)
Prior B Posterior

Surer, Nunes, Plumlee, Wil

d, PRC106, 024607(2022)



Opportunities for the future

Optical potential validated for rare isotopes:
« full UQ, global; ab-initio priors; extension to heavy-ions
Bayesian analysis for complex reactions models:
fast and accurate emulators

Uncertainty
quantification:
How to combine wide
array of data?

Model comparison:
which model is the

optimum model and Data comparison:
should we combine which data contains

them? maximum
information?
Choice of likelihood

Model mixing

Experimental design




Collaborators:

Bayesian Analysis:

Amy Lovell (LANL)

Chloe Hebborn (MSU)
Garrett King (WashU)
Manuel Catacora-Rios (MSU)
Cole Pruitt (LLNL)

Charge Exchange:

Terri Poxon-Pearson (NNSA)
Gregory Potel (LLNL)

Andy Smith (MSU)

Chloe Hebborn

Remco Zegers

Knockout:
Chloe Hebborn
Amy Lovell

Emulators:
BAND collaboration




Landscape of global optical potentials

energy A

>100 MeV|

<10 MeV
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