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WIMPs formed?

Neutrons and
protons

form out of
“quark soup"

Nuclei form

Recombination:
Atoms form

First stars form: —
Stars form. Their
light liberates some
electrons from atoms.

Courtesy of H. Schatz
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3 billion yr
1 billionyrs.

Galaxies form —-

Feriodic Table of the Elements

:l v = O8

Reheating of —
intergalactic gas

Clusters of Galaxies form —
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Iron-56
Oldest stars 2 . Solar system

Iron-56
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Cowan et al. 2011

Origin of more than 50% of all the elements beyond iron

Site of r-process one of
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» N, = 8.16E+20 cm”
p = 215E+08 gem™ S, = 0.06E+01 MeV
T = B.37E+00 K Y,/Y, = 372E+07
X, = 6.20E~01 Ty/Ty = 1588415
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Proton Number, Z

Neutron Number, N

General classifications:
Hot :
. Cold: no equilibrium, competition

between decay and neutron-capture
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What are the Nuclear Physics Challenges?

Nuclear Structure
Major Shells and evolution of shells...

(n,y)

-
i

BN 1., R-process Sensitivity Studies
<1 Mumpower, Surman, McLaughlin, Aprahamian, et al.
(y,n)
S
Nuclear masses 6®s\o(®
B-decay rates O
7

n- capture o

B-delayed n-emission
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* Evolution of Nuclear shapes?
Onset of deformation
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R- -process Sensitivities and
Measurements

' '( ow do you decide which nuclei to measure
" What is the required precision?

Courtesy of N. Vassh
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® Solar Data

Baseline Calculation

. - decay rates

- Masses

- All together
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Mumpower, Surman, Fang, Beard, Moller, Kawano, Aprahamian, Phys. Rev. C 92, 035807, 2015
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Mumpower, Surman, McLaughlin, Aprahamian JINA-CEE %
Progress in Particle and Nuclear Physics 86, 2016 NSF Physics Frontiers C

Low entropy hot wind

High entropy hot wind

Cold wind

Neutron Star Merger

90 100
Neutron Number (N)

F- values available and provide motivations to rib facilities worldwide

enter
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Each sensitivity study has prompted JINA-CEE collaborations NSF Physics Frontiers Center

M.R. Mumpower et al. / Progress in Particle and Nuclear Physics 86 (2016) 86-126 Anl Apra hamlan - CPT
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Extrapolated AME2012 + FRDM2012

_#.Il

Surman, Mumpower, Aprahamian, Mazurian Lakes, 2015
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0.650 MeV FRDM1995

0.574 MeV FRDM2012

= 0.332 MeV
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= 0.406 MeV

= 0.564 MeV HFB-17

80 100
Neutron Number (N)

Mumpower, Surman, MclLaughlin, Aprahamian, Progress in Particle and Nuclear Physics 86, 2016




Y(A)

Global Uncorrelated Mass Model Uncertainties
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Progress in Particle and Nuclear Physics 86, 2016
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Neutron Number

>10,000 Hz
100 - 10,000 Hz
10-1,000 Hz
0.01 -10Hz

SZN =5 MeV
r-process path
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» Strong magnetic field provides confinement

« Addition of hyperbolic electric potentials produce
confinement

* TOF-ICR Method was standard

Phase-imaging mass measurements

Use a position-sensitive MCP with delay-line anode to
measure the position of ions when they hit the MCP.
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Known masses in the rare-earth region
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_1g TOF-ICR: JyFLTRAP JINA-CEE

Phys. Rev. Lett. 120, 262701, 2018

NSF Physics Frontiers Center

Precision mass measurements on neutron-rich rare-earth isotopes at JYFLTRAP -
reduced neutron pairing and implications for the r-process calculations

M. Vilen,}»* J M. Kelly,>:7 A. Kankainen,! M. Brodeur,? A. Aprahamian.? L. Canete,’
T. Eronen,! A. Jokinen,! T. Kuta? I.D. Moore,! M.R. Mumpower,2:® D.A. Nesterenko,!
H. Penttila,! 1. Pohjalainen,! W.S. Porter.? S. Rinta-Antila,! R. Surman.? A. Voss,! and J. Aystd!

—e— JYFLTRAP
—e— AME16
—— FRDM12
Lo Beeee WS4+

HFB-24 ]
Dufio-Zuker| ]
UNEDFO -

Neutron number N

LA S R B R (LR R R |
100

n 9. I ' o) Than . s N
E IG. 2: ,.(.c?lor online) .lwo neutron separation energies Neutron number N
San from this work (red) together with the experimental

(solid black circles) values and an extrapolated value for . . . . 9 .. .

165Th (open black circle) from AMEI6 [62]. The dashed FIG. 3: (Color online) Neutron pairing energies from

of 1% (Cd was measured in this work. with various theoretical predictions for the Gd isotopes.

No N=100 subshell closure
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Without fission recycling
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Reverse Engineering r-process calculation

Astrophysical conditions Nucleosynthesis code

Fission Yields (PRISM)

Rates (n capture, f-decay, fission....)

i |

Nuclear masses Abundance

prediction
Markov Chain Monte
\ Carlo (MCMC) /
Likelihood function
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Courtesy of R. Orford

T h e rare-eaq rt h p eaq k NSF Physics Frontiers Coter

JINA-CEE

* Two proposed ways to form the rare-earth

peak
1. Dynamical formation during freeze-out
2. Fission cycling

Dynamical formalism needs some nuclear
structure effect where material can “pile
up” as they decay towards stability.

———
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Duflo-Zuker
MCMC results
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Mumpower, McLaughlin, Surman, and Steiner, Astrophysical Journal, 833:282, 2016
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Duflo Zuker mass model
prediction

* Considered a hot r process
environment that you may
find in the accretion disk of
neutron star merger
scenario

X2 ~ 20

Abundance

* Comparing predicted
masses to measurements
allows us to say something o-2

about the astrophysical 150 155 160 165 170 175 180
environment. Mass Number (A)

Phys. Rev. Lett. 120, 262702 (2018)

Precision Mass Measurements of Neutron-Rich WNWeodymium and Samarium Isotopes
and Their Role in Understanding Rare-Earth Peak Formation

R. Orford.'-2:* N. Vassh 3T J.A. Clark.,2-4 G.C. McLaughlin,® M.R. Mumpower.®
G. Savard.? 7 R. Surman.® A. Aprahamian.® F. Buchinger.,! M.T. Burkey.2-7 D.A. Gorelov. 24
T.Y. Hirsh.,2- %% J W. Klimes.? G.E. Morgan,>* A. Nystrom.? 2 and K.S. Sharma?
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Merger accretion disk wind scenario

L L
1.0F » aAame2012
& AME2016

A CPTatCARSU

M- MDZ [MEV]

94 96 98 100 102 104 106 108

Sm (Z=62)

M- MDZ IMEV]

94 96 98 100 102 104 106 108
Neutron Number (N)

FIG. 2. (Color online) Comparison between experimental
values and theoretical predictions (red band) of the nuclear
masses relative to the Duflo-Zuker mass model for neodymium
and samarium isotopes in a merger accretion disk wind sce-

nario (s/kgp = 30, 7 = 7T0ms, and Y, = 0.2).

Varying thermodynamics has little effect

107!
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Abundance

| Duflo-Zuker, sk=30, =70 ms
Bl sk=30, t=10ms
shk=30, v=657580 ms
sh=35 r=6570,75,80ms
§ Soar

150 155 160 165 170 175 180
Mass Number (A)

102

FIG. 3. (Color online) Rare-earth peak abundances using
Dulfo-Zuker masses (black dashed) as compared to the result
for this same astrophysical trajectory after the algorithm finds
the mass predictions of Fig. 2 (solid red band). Pink and blue
curves serve to show the change in the abundance pattern
obtained from using other disk wind parameters but with the
same mass surface.
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Conclusions: Are neutron mergers the answer to the big question?

Comprehensive sensitivity studies of the r-process to individual nuclear
properties

Propagation of mass changes to all dependent properties
(self-consistence)

Identifying the site of the r-process path....
Disentangling Nuclear Physics uncertainties

from the Astrophysical uncertainties...Progress. ARS

Nuclear Science

Details of neutron merger scenario....nuclear physics 4ol 68, 2018
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R-process Sensitivities and
Measurements
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