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(ENAM Cosmic Formation of the Elements:
Open Question at the Beginning of the Century

Elements from “lron” to Uranium:

Half by slow neutron capture (s-process)
* Inred giant stars

Half by rapid neutron capture (r-process)
e Site?
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A New Picture of Nucleosynthesis — A Continuum
(Zoo?) of Processes

Evidence from metal poor stars — fossils of chemical evolution
+ current understanding of nuclear physics
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The New Picture:
- Continuum of neutron capture processes
slow (s), intermediate, rapid n-capture processes
- Independent weak r-process?
— Vvp-process?
- Need nuclear physics to disentangle




dENAM

A More Complex (complete?) Picture of the Origin of

the “r-process” Elements is Emerging

Hydrogen
ingestion in
stars:
i-process

White Dwarfs:
i-process
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Rapidly Accreting

Supernovae

*  Vp-process
*  Weak r-process

NS Mergers —r-rpocess

Dynami j
Wind ejecta
Disk ejecta

— Rare Isotopes are Key in All These Possible Sites

Strong dependence of
nucleosynthesis on
properties of dense
matter

Accreting neutron stars

+ NS Mergers
Kilonovae
Gravitational waves

+ X-ray pulsars

+ Heavy ion collision
experiments




(Enam,  Major Advances in Broad Range of Areas Across Fields
Coincide — Unique Opportunity for Nuclear Astrophysics

\ FRIB Rare Isotope Beams ~ €

NICER, XRISM, ... COSI: y-ray .
X-ray observations Observatorle e

LIGO/VIRGO
Gravitational Waves |

~Large Scale .Survey's.
gl Stellar Spectrosopy |

Computmg g_
Multi-D
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Virtual
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- Close international collaboration across
field boundaries

- Need to build a new expanded
interdisciplinary nuclear astrophysics
community

Inderground |




The new CeNAM Collaboration builds on the Joint Institute for
Nuclear Astrophysics to form such a community

L ENAM

Center for Nuclear Astrophysics Across Messengers CeNAM
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International Research Network for Nuclear Astrophysics (IReNA)

BRIDGCE UK
70 members from 19
institutions

*\m... AN Canadian Nuclear Physics for
Astrophysics Network
10 Groups from 6 institutions

BRIDGCE

UK NETWORK

EU COST Action

Nuclear Astrophysics Network
Headquartered at Keele
University UK

30 European Countries

Extreme Matter Institute
Headquartered at GSI
Darmstadt, Germany

13 Institutions, 400 scientists

Japanese Forum for
Nuclear Astrophysics
16 Institutions

119 Scientists

The Milky Way System
Astronomy Network
Headquartered in Heidelberg,
Germany

5 Institutions, 70 scientists

Computational Network

| Pl: Edinburgh UK, Victoria
Canada, Budapest Hungary,
York, UK, 55\5[% UK
24 Institutions, 64 scientists

CeNAM will take advantage of the
International Research Network for Nuclear
Astrophysics (IReNA), a NSF AccelNet network
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IReNA will links 8 international networks in
nuclear astrophysics spanning 41 countries
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(ENam, A New White Paper for Nuclear Astrophysics

Horizons: Nuclear Astrophysics in the 2020s and

Beyond Organized by JINA, IReNA Partner Networks
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= * White Paper: 165 co-authors from 20
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Facility for Rare Isotope Beams (FRIB) Provides
New Opportunities for Nuclear Astrophysics

204

* FRIB is a $730 million scientific user facility funded by

10

the Department of Energy Office of Science (DOE-SC),
Michigan State University, and the State of Michigan
and located at Michigan State University in the US

* First FRIB experiments have begun in May 2022

* Unique opportunities for Nuclear Astrophysics

Facility for Rare Isotope Beams
U.S. Department of Energy Office of Science
Michigan State University
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FRIB Provides Fast, Stopped, and Reaccelerated Beams

Fast Beams:
- Indirect astrophysical reaction measurements (>~30 MeV/u)

Stopped Beams:
- Nuclear decays, masses
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FRIB Provides Fast, Stopped, and Reaccelerated Beams

ReA3 reaccelerated beams: - 7 L.
- Direct measurements of astrophysical 8 d‘m

reaction rates <~3 MeV/u) | | ‘ 0 SN
FRIB

- Indirect measurements at low energy .
LT — T A AR —— = Ll ReA6 beams:
=" | Bty T | — ==8 Indirect
measurements

i Gas | ~ ~3.6 MeV/u
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Fast Beams:
- Indirect astrophysical reaction measurements (>~30 MeV/u)
Stopped Beams:

- Nuclear decays, masses
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' ReA Standalone Capability:
ReA3 accelerator can run in parallel with FRIB LINAC
Batchmode ion source for long lived (10+ days) radioactive beams available —

(also from FRIB harvesting)
Beams so far: ’Be, 19Be, 32Si, and 2°Al
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Are Neutron Star Mergers the Site of the Main R-process?
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Direct Evidence for synthesis and ejection of large amounts of heavy elements

Open nucleosynthesis questions:

* What elements do NS mergers make?

* Are NS mergers the only source of r-process elements? (Probably not)

« What do observed heavy element features tell us about the engine and dense matter?

- All these require nuclear physics




Models Identify r-process Nuclear Physics
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Nuclear Uncertainties Prevent Meaningful
Prediction of Elements Created in NS Mergers

Rare isotopephysicsidentified:

Example: nuclear masses for the r-process
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FRIB Experiments:
FRIB Decay Station Initiator

Future: Full FDS
(ORNL +ANL,MSU led)
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S800 Spectrometer

— Future: HRS
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Mass-measurement mode
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Complementary Techniqgues used at FRIB to directly
measure (o,n) reactions with reaccelerated beams

HABANERO Neutron Detector

W Ledby: sGa(o,n)
» Zach Meisel (Ohio)
F. Montes (MSU)

T. Ahn (IBS, Korea)
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SECAR Recoil Separator Enables Direct Measurements

of p,y and a,y-Astrophysical Reactions at FRIB
Notre Dame — MSU — LSU - Colorado School of Mines — ORNL — CMU- Ohio U collaboration

K. Chipps, M. Smith, ORNL
U. Greife, CSM

Lead %

G. Berg, M. Couder, Notre Dame S oot
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New device scientist
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SECAR with Neutron Detection for (o,n) and

(p,n) Reaction Measurements

LENDA plastic scintillators Liquid scintillators

86Kr(a,n) reaction

an Recoils with neutron coincidence
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I-Process: Need n-Capture and n-Source Rates

i-PFOCGSS path Challenge: n-capture rates on unstable nuclei
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FRIB Will Address Reactions in Explosive
Stellar Burning

Open Questions:

- What are the abundances of long-lived y-ray emitters in
supernova ejecta?

- What would observations with y-ray observatories (e.qg.
future COSI) tell us about supernova physics?

Reaction frpact Tsotopo Affacted Key reactions for broad range of

KoK s ik y-ray emitters identified

Ti(e,p)*'V 2.61,1.31,1.12 Ti, **V, ¥V

SK(p)Ca 251 s (Hermansen et al. 2020)

B Cu(p,y)*Zn 2.16 FINi

2K (p,n)*2Ca 2.13 8K

23Na(e,p)**Mg 2,12, 1.14, 1.13, 1.124 K, 4T8¢ ¥V, SFe

27 Al(ar,p)*0Si 1.91, 1.584 BK, Y5

2 Al(p,a)® Mg 1.89, 1.374 BK, ¥Sc
Reaction Tmpact Isotope Affected B d f t d d
T T s road range of reactions needed.
I Ti(n,p)*Sc 1.85 4Tg¢ -  Rare |SOt0pe beam eXperImentS
B Cr(a,p)*'Mn 1.84, 1.16% By Sler - . .
S1Mn(poy)2Fe 176 st - Some beams sufficiently long-lived for batch
- K(pay Ar 1.72 oK mode production

K(n,»)**K 1.65 K .
“Seniy)Tse 155 se - Stable beam experiments
405(:(]),1’1)46“ 1.45 47SC
33Fe(n,p)>*Mn 1.41 53Mn
“IMn(p,y)*'Fe 1.34 Oy
SN 12 o —> Close collaboration between RIB and
“La(ny a . C .
oo 131, 1291 K s stable beam facilities needed
Py .

67 FRIB Laboratory, Michigan State University
q 2 , U.S. Department of Energy Office of Science

National Science Foundation



Accreting Neutron Stars are Unigue

Laboratories for Dense Matter

NICER@ISS / X-rays from accreting neutron stars
* €. probe response of neutron star to

accretion

* Complementary dense matter
messenger to GW/EM signatures
from NS mergers

* Opportunity with FRIB to pin down
much of the nuclear physics

* New observations e.g. NICER,
XRISM (launch date 2022) — key as

not all data suitable for precision

comparisons




Transition to Quantitative Analysis of Observations
— Need Rare Isotope Nuclear Physics

Precision X-ray Burst Observations

GS 1826-24 - -

Ma

Redshift tching peck s, ]
. l?ata

e _J variation

Zamfir et al. 2012 Time (s)

- Model template comparison to extract
surface red shift

- Constrains compactness of neutron star
and equation of state

6’ FRIB Laboratory, Michigan State University
6 2 , U.S. Department of Energy Office of Science

National Science Foundation

Models highly sensitive to
Nuclear Physics

Luminosity (x10% ergs s!)
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¥-ray flux
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- Direct reaction =
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Recent progress on (a,p) reaction rates at NSCL

» Indications from indirect experimental data on nuclear excitation levels that (o,p) rates are
currently overpredicted by theory factors of 100 or more (e.g. Matic et al. 2011)

- - 22
AT-TPC: **Mg(a,p) JENSA + ORRUBA 34Ar(a.,p)
Randhawa 2020 @ NSCL AT-TPC Browne, Schmidt, Chipps et al. @ NSCL JENSA
1F (a) o — —
= ——
-~
/ L ]
a\ 10 43 / u_.J;rrﬂE‘H-Hllll 100 : / %
c ! : 5
§ Data (this work) £ +
\6 10°F / o Weighted Energy | ) 4 34CI(a,p)37Ar, TALYS
1 w== + Non-Smoker # 3Ar(a,p)7K, TALYS
10 E 4 === Non-Smoker/8 i 7 Combined, TALYS
l s TALYS optimized Combined, This Work ————
Y Y S — T T 1 10 , |
2 4 . 6 MSV 10 12 4.5 5 5.5 6 6.5 7
nergyc,M,( ev) Ecm (MeV)
- x8 lower than HF predictions - Agreement with HF predictions within x2

« Factor of 100 overprediction by theory not confirmed
« Significant discrepancy with Hauser-Feshbach predictions in some cases
* More data needed, especially at lower energies, Gamow window for <1 GK not reached

€ * National Science Foundation
m Michigan State University

FRIB



Transiently Accreting Neutron Stars Provide Additional Observables
that Depend on Rare Isotope Physics

Observed with 12 yr later
Chandra
Turned off in 2001

KS1731-260
-




During Quiescence: Cooling Observations
Reveal Neutron Star Interior

Observing the cooling crust

_I | | L I| | | | L | | | I_I -
Hor . Unknown heat source
- >.. was added (1-10 MeV/u)
1201~ .2 Fast cooling > pure crust
i ok Superfluid
. - neutrons? -
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80 I~ Pasta (Horow/itz 2015)?
i ‘ Core? :
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Crust Becomes Pure Beyond Neutron Drip Depth
Solves one Observational Puzzle

T - - -4 A, o o N o -

Calculate crust composition as a function of depth: )1

« EC/B strength: QRPA (S. Gupta, P. Moeller, W. Hitt) Heavy rp-process ashes
« Masses: AME2012, FRDM (P. Moeller) |

* n-capture rates: TALYS (S. Goriely, Y. Xu) .|

with corrections from P. Shternin
« Pycnonuclear fusion rates: M. Beard, A. Afanasjev, -
L. Gasques, M. Wiescher, D. Yakovlev
« Code: H.R. Hix, R. Lau, M. Beard, S. Gupta, H. Schatz
Lau et al. 2018
Roggero & Reddy 2016 on impurity affecting thermal g
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Critical Nuclel in Accreted Neutron Star Crusts

Within FRIB Reach
SO [ [IT Critical il
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- Mass Measurements (LEBIT, S800, HRS)
- Decay measurements (FDSI/FDS)

FRIB Laboratory, Michigan State University
U.S. Department of Energy Office of Science
National Science Foundation
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- EC transition strengths
Led by R. Zegers



Summary

» Confluence of advances in nuclear science, astronomy, computational science
that creates unigue opportunities for progress in nuclear astrophysics towards
a theory of nucleosynthesis

* In Nuclear Science a new generation of rare isotope facilities and capabilities
will be critical for nuclear astrophysics

» The breadth of the nuclear science facility landscape with complementary
facilities for rare isotope beams, stable beams, neutron beams, gamma-
beams is essential for nuclear astrophysics
» Coordination and collaboration across all facilities is important

= [nterdisciplinary coordination and collaboration with facilities and groups
across nuclear science (experiment and theory), theoretical astrophysics,
observational astronomy in its full breadth, gravitational wave physics, cosmo-
chemistry .... is important

* This requires special efforts to build the necessary scientific communities that do not
necessarily interact with each other
« The CeNAM collaboration and the IReNA network will be important to take full
advantage of the extraordinary scientific opportunities in this area
FRIB Laboratory, Michigan State University

q 2 , U.S. Department of Energy Office of Science

National Science Foundation



