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Rbundance

o stellar H-, He, C, O, Si-burning
stars, supernovae

S-process

He-burning in AGB stars,
massive stars

r-process

type Il supernovae,
merging neutron stars

Abundance
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Observations

stellar H-, He, C, O, Si-burning
stars, supernovae

s-process
He-burning in AGB stars,
massive stars

r-process

type Il supernovae,
merging neutron stars

cosmic rays
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Ruclear input; What do we need

o Basic nuclear properties
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ud@ar mp“utt What{ do we n@@

B decay half-lives

B-delayed neutron emission 59N
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Neutron/proton Captures

Charge
exchange
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From nucle1 to stars
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r-process

Main focus on capture reactions
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r-process simulations
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l@ﬂ@Vﬂ in GW170817 Neutron Star Merge™®
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r-process: nuclear input

* What is needed? rpieiatiine = 3 0RHES &
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r-process: nuclear input
decay . . Abundance
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What’s known?

masses
beta-decay rates

beta-delayed neutron emission probabllltles

neutron capture rates

Proton Number

| figure by M. Mumpower

fission rates

fission product distributions
neutrino interaction rates
Equation of state
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Current (n,y) measurements

Z number of protons

N, numher of neutrons
i
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B he trouble with neutron @altr

o Regular kinematics
Measuring Neutron Capture

J_RA reactions on short-lived nuclei is

tron b ALLL '
neutron eam»l heaMeus at best challenglng

Need indirect techniques

arg
Vrr( ISV Surrogate technique (d,p)-(n,y)
Measure NLD, ySF

Can also be applied to (p,y) — why?

o Inverse kinematics

)é _,4"4 o Colliding beams ?
> --- .
I Reavy recoll heavy beam A;_,.{ neutron beam

Neu%get}s 1‘14 jl("ﬂt
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Neutron capture reactions
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* Variation of theoretical predictions using TALYS code, changing model parameters
* Predictions diverge moving away from stability




R-process sensitivity to neutron captures

Monte-Carlo variations of
(n,y) rates within a factor
- 10 = 2
— darker — dark bands

13 >
\i,,om,

130 140 150 160 170 180 190
A

Liddick, Spyrou, et al., PRL 2016
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Proton Number (Z)

R-process sensitivity to neutron captures

Main r-process

| Neutron-star merger
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Indirect techniques for neutron

| capture reactions for the r process

Review article:
Larsen, Spyrou, Liddick, Guttormsen
Progress in Particle and Nuclear Physics 107 (2019) 69—108
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n‘ut[ What do we nee N

o Nuclear reactions/Astrophysical reaction rates

a + A —> B>X< — B+ )/ Radiative capture reactions

Incoming channel

Resonant : Statistical : Direct
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Hauser-Feshbach theory
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V Calculate (nyy) Cross S@@m@n

(n,y)

[
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Hauser — Feshbach

* Nuclear Level Density
Constant T+Fermi gas, back-shifted Fermi
gas, superfluid, microscopic

* y-ray strength function
Generalized Lorentzian, Brink-Axel,
various tables

* Optical model potential
Phenomenological, Semi-microscopic
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Indirect Measurements

Transfer reactions (d,n) and (d,p) for (p,y) and (n,y) reactions
respectively

B-decay feeding levels of interest and extracting branchings
Various reaction studies to extract spins of levels

Trojan Horse method for low-energy reaction rates
Surrogate Method for (n,y) reactions

Oslo/B-Oslo for (n,y) reaction studies

Various reactions for extracting nuclear level density or y-ray

strength function

Coulomb dissociation for y-ray strength
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* Formation of compound nucleus (CN)
independent of its decay
Form same CN as (n,y) via (d,p)
Study its decay
Inform the models
Applicable in regular and inverse
kinematics
Applicable a few steps from stability

Compound nucleus

dation- 96 i “Surrogate’
Vgllqatlon. »>Mo(n,Y) Mo b
Significant progress during
the last couple of years

8l Ratkicwicz, Cizewski, et al PRL 122 (2019) 052502 - | g
l Escher et al, P 121 (2018) 052501 T <Arte’mi's SDWO'Uz SNAQS 2‘,0'22;'_'26' et




| > Use reaction to populate the compound nucleus of interest
» Measure excitation energy and y-ray energy
» Extract level density and y-ray strength function (external normalizations)
& > Calculate “semi-experimental” (n,y) cross section
» Excellent agreement with measured (n,y) reaction cross sections

%"Np(n,y)***Np

—— TALYS, OCL nid&rsf
no M1 scissors
Esch et al. (2008)
Buleeva et al. (1988)
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64,
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(A, Z-1)

SuN @ MSU

* Populate the compound nucleus via B-decay (large Q-value far from stability)
* Spin selectivity — correct for it

* Extract level density and y-ray strength function

% | * Advantage: Can reach (n,y) reactions with beam intensity down to 1 pps.

Spyrou Liddick, Larsen Guttormsen et al, PRL2014 :
Artemls Spyrou SNAQs 2022 29- S




R. Surman, et al., , AIP Advances 4, 041008 (2014)
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oactive beams
Stable beams S eactions Radioactive beams
i B-decay
Reactions

N N

78Ga 79Ga 80¢a IGJSZGa 83Ga “Ga SSGa 86Ga |

"Zn Zn " Zn *Zn [¥Zn “Zn

76u "Cu “Cu

3C0 74

. Stable <5 5-10 10-20 20-100 . >100

* Variation of theoretical predictions using TALYS, changing NLLD and ySF
* Predictions diverge moving away from stability
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Radioactive Beams

Fragmentation: NSCL/FRIB, GSI/FAIR, RIKEN, HIRFL ...
Target

Fast RIB
¥ Stable beam E | > : |
Fragmentation Separation
Isotope Separation On-Line (ISOL): TRIUMF, SPIRAL, ISOLDE g ® 2

Target Extraction

@ Stable beam R Bt = 7ok

Separatlon Reacceleration
Fission source: CARIBU/ANL

Fission source Separation  Acceleration

RIB
EExtractlon

Low energy reactions: ANL, FSU, Texas A&M, Notre Dame

Target
Low energy

Stable beam
Reaction Separation?
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Current and Future Reach
Facility for Rare Isotope Beams )
Coming online soon at Michigan State University
$700M project

Rare Isotopes via Fragmentation
Access to 1sotopes never produced before
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Experiments with fast, stopped, \”
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lon source
Evaluation

400 kW
superconducting RF

Rare isotope
production area and
isotope harvesting
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Hope College } :

DSSD

Implantation-decay correlation
A Simon,, Quinn AS. el gl ucl. Instr Meth A 70 i
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Summary - Conclusions

Nuclear structure and reactions are important input in astrophysical

calculations

Techniques to solve the problem of unconstrained neutron-capture

reactions far from stability

FRIB will bring new capabilities and access to a lot more exotic nucle1 §

Spectrometer Dipoles Large-Gap Sweeper Dipole
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