Comnstraining neutron-capture
reactions for the astrophysical
r-process

Artemis Spyrou

National Science Foundation
ichi University Artemis Spyrou, Trento 2018, Slide 1




Overview

* R-process nucleosynthesis.
* Neutron-star merger
* Kilonova

* Neutron-captures
* Beta-decay rates

* Experimental techniques
* FRIB

Credit: Erin O’Donnel, NSCL
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Stellar Nucleosynthesis
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The site of the r-process ?¢?

Core Collapse Supernova?
(maybe ... require magnetorotation)

Neutron Star Merger?

Credit: Erin O’Donnell, MSU

Kasen et al, Nature 2017

Martinez-Pinedo et al. PRL 109, 251104 (2012)

. Credit: NASA Goddard
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r-Process

In neutron-star mergers
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r-process in neutron-star mergers

Blue component:
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Nuclear Input for r-process

* masses
* | beta-decay rates s e e
* | beta-delayed neutron emission probabilities | '

* | neutron capture rates 'EL'E:::E::EE::'_'.:::E: """"

Proton Number

e fission rates
 fission product distributions
* neutrino interaction rates

e Equation of state
figure by M. Mumpower
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R-process sensitivity to neutron-captures

Monte-Carlo variations of
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Neutron-capture sensitivity
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Current (n,y) measurements
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Current (n,y) measurements

Z numher of protons
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Neutron capture reactions

AN AN
70G_a 72Ga 73Ga 74(}a 75(}a 76Ga 77Ga 78Ga 79Ga 80Ga
GSZn 69Zn 7lZn 72Zn 73Zn 74Zn 7SZn 77Zn 7SZn 81Zn
64Cu 66Cu 67(:].;l 68Cu 69Cu 70Cu 72C11 74C11 76Cu 78(:].1
“Ni “Ni “Ni [“Ni ["Ni “Ni *Ni "Ni /=28
60C0 62C0 64C0 66C0 70C0
59Fe 65Fe N=50
SGM
N=40
. Stable <s 510 10-20 . 20-100 . >100

* Variation of theoretical predictions using TALY S, changing NLD and ySF
* Predictions diverge moving away from stability
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Indirect Techniques for (n,y) reactions

TARGET TARGET Figure credit: Riccardo Avigo
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Surrogate Technique

Oslo-type

Compound nucleus

[ Reaction

“Surrogate” (A,Z-1)

reaction

A. Ratkiewicz, J. Cizewski, et. al. EPJ WoConf- 2015 (A,Z)
J. Escher et al. PRL 2018

Spyrou, Liddick, et. al., PRL 2014
Guttormsen et al, NIMA, 1987
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Neutron Captures within the Statistical Model

Hauser — Feshbach R
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Oslo method

((dp) (CHe3He) | SiR
(P (3He,*He)
_ (p,"He)

v

(ny)

(A-1,7)

T.G. Tornyi, M. Guttormsen,et al., PRC2014
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s Traditional Oslo method

» 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
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Oslo method in inverse kinematics
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Oslo method in inverse kinematics
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(A,Z)
Populate the compound nucleus via B-decay (large Q-value far from stability)

 Spin selectivity — correct for it

0y = 12.3 MeV

 Extract level density and y-ray strength function

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

*Need Total Absorption Spectroscopy
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Experimen
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Weak r-process measurements

R. Surman, et al., , AIP Advances 4, 041008 (2014)
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First Results ©%7°INi

Level Density p(E) (MeV-1)

- 69N\li 20 69N\li . . .1
oo Ni (@) " (b) Ni o Gorily 200 Normalizations far from stability:
f L SuN data 18 — :
E —— Known levels E *  Goriely 2008 hd USC S}’StematICS
HERREREEED rom Gori . . ~ 16
el nem el craraose g . * rouneasons || ¢ Some model dependence
E =) n Byl . .
= NLD =M: * Power: simultaneous extraction
I T [
_ g : of NLD and ySF
10 = E 10 S p IN YS
C L EJ, 8 1
1 8 C*
: § 6:— 69,7ON | B
L E ak- % “NiSuN data - present work
10 C © I °Ni SuN data, lower,upper, Liddick et. al.
3 2~ o 4+ ®NiE1, Rossi et al. (2013)
c T R O T R A B P I R T B 0: T s senas i T T T’]\‘_ N : """"" 68Ni E1, AChakOVSkiy et al. (2015)
0 1 2 3 4 5 ) 2 4 6 8 10 12 14  ——— "®NiE1, Achakovskiy et al. (2015)
Excitation Energy E, (MeV) Spin 3
5 = Ni SuN data (HFB G -
10 "ONi SUN dgtg,(uppe)r/lower (HFB) (@) > -
YOI o "Ni SuN data, FG upper =107
Ni| 1oF — B o MoV = F
-------- HFB upper (lower), 8 = -0.6(-1.0) MeV w C
~— 10° -
S 1078 =
S 0 -
= 10 109
C 1 It.,l | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1
1 0 2 4 6 8 10 12 14
E, (MeV)
107El e Liddick, Spyrou, et al, PRL 2016 Spyrou, Larsen, et al, JPG 2017

Artemis Spyrou, Trento 2018, Slide 24

N
B L
NSCL



Reaction Rate (cm®s'mol™)

First (n,y) Results
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r-process in neutron-star mergers
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The pandemonium effect

John Milton’s "Paradise Lost
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The pandemonium effect: solution
‘ﬁ,i’ (A, Z-1)
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The pandemonium @ff@@{t in action

e R R
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The pandemonium effect in action

% y-ray emission

’¢fé III (A, Z_l)
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e Sensitivity study to identify important nuclei —
* More measurements needed
* Impact on kilonova observations? (A,Z)
F National Science Foundation
@m Michigan State University Artemis Spyrou, Trento 2018, Slide 31

NSCL



Co PB-decay Intensity
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Co PB-decay Intensity
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OCo P-decay Intensity
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Co PB-decay Intensity
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Neutron — v competition
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Neutron — v competition
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Neutron — v competition
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Neutron — v competition
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Summary

Nuclear Physics input is essential for understanding the r process
B-Oslo: Indirect Technique to constrain neutron-capture reactions
Kilonova: More data needed to interpret the observations
Neutron-gamma competition — how important is it?

Future...
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Facility for Rare Isotope Beams
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FRIB Rates
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