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65 years of nuclear astrophysics

The solar composition shows signatures of many processes
—> enriched by multiple nucleosynthesis sites

P
.‘ -

fe-BURNING o TR The Origin of the Solar System Elements

\ IRON GROUP

cosmic ray fission L

exploding massive stars

r-process

C)

dying low mass stars exploding white dwarfs

= N
= N
m
!

— -0 =0 W
S g aflo
= > ™

b

rmb

N=126

e
)
@
ul
O
Z
=)
Z
5
48]
<
W
=
g
el
w
@
U,
S
=
T
=
@
<t
o
e
-d

i = & o

-~ = ~
E :

X L
= o, o BN

-
& a
-1

Drony

~ W \/s‘—\CYGLE

il 0 O o

5] - H g‘) :IJ’ E a m
w ~
-< © E

57 R sc [ 5o Qoo Jor ez fes fos Qos|foes e e [ 700 7
“La fCe Pr PNd fPm B Sm f Eu g G | T ) Oy | Ho Tor § b LY

20 o0 91 92 v o4 di — . hina left f

Ac T Pa U Pu vel'y radioactive |SOt0peS, not Ing lertrrom stars

Graphic created by Jennifer Johnson Astronomical Image Credits:
http://www.astronomy.ohio-state.edu/~jaj/nucleo/ ESA/NASA/AASNova

ATOMIC WEIGHT

Burbidge, Burbidge, Fowler and Hoyle (1957)




Many observables tied to distinct
time epochs and event types
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Milky Way and nearby
galaxies




Many observables tied to distinct
time epochs and event types

Solar Spectroscopic

Abundances
N e LN
%’Jyj /w e ;{‘,& %’
i
s
Meteorites

Outr o Deep-sea ocean crusts

Stellar abundances in the
Milky Way and nearby
L EVER

Can now see supernova and
neutron star mergers in real time

Electromagnetic Emission: Light curves
and y-rays (UV, IR, Radio, X-ray, optical...)

Gravitational Waves Neutrinos

 LIGO-Livingston [




Many observables tied to distinct
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Modeling the r-process: nucleosynthesis networks and post-processing

Hydrodynamic simulations The need for nuclear inputs is not isolated to reactions and
provide us with a “trajectory”: decays in the network:
density / temperature / position * input initial composition dependent on EOS
as a function of time * outputs are post-processed to evaluate nuclear heating, light
. . curves, gamma spectra...
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Spotlight on neutron capture

Uncertainties in y-strength functions and nuclear level

densities propagate to (n,y) rate predictions affecting
astrophysical neutron capture processes
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Spotlight on neutron capture

Uncertainties in y-strength functions and nuclear level
densities propagate to (n,y) rate predictions affecting
astrophysical neutron capture processes
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Modeling the r-process: nucleosynthesis networks and post-processing

Hydrodynamic simulations The need for nuclear inputs is not isolated to reactions and
provide us with a “trajectory”: decays in the network:
density / temperature / position * input initial composition dependent on EOS
as a function of time * outputs are post-processed to evaluate nuclear heating, light
. . curves, gamma spectra...
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Abundance

Fission yields and rates for neutron-

Yield dependent on E;
temperature on the order of 1 GK (~0.1 MeV)
important regime for r-process

induced, B-delayed, and spontaneous

(n,f) yields with excitation energy E; + S, differ from sf yields at zero
excitation energy (below from GEF 2016)
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Abundance

Fission yields and rates for neutron-induced, B-delayed, and spontaneous

Yield dependent on E;
temperature on the order of 1 GK (~0.1 MeV)
important regime for r-process
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Fission yields and rates for neutron-induced, B-delayed, and spontaneous

Yield dependent on E;
temperature on the order of 1 GK (~0.1 MeV)

important regime for r-process
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*beta-minus delayed fission has never been experimentally
observed, confirmation alone progress (note this is what prevents
r-process calcs from populating superheavies...)
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Proton Number (Z2)
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= r-process path
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FRIB reach in key regions impacting the evolution of r-process abundances
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r-process studies in the FRIB era

A centrall question of r-process studies:

*What was the main astrophysical source for heavy elements our Solar System?
Additionally this is a rich-field with many open questions.that can be systematically addressed:
*What is the nature of the last r-process event that enriched the Solar System?

*Why are Solar abundances enhanced in'the rare-earths (i.e. the so-called rare-earth peak)? Does
this point to a nuclear structure effect? Fission contributions?

*What abundance signatures can we use to isolate r-process contributions from i-process?

*What astrophysical events enriched the metal-poor stars we see in our Galaxy and nearby
galaxies? NSMs? Collapsars? Special Supernovae? Rapidly accreting WDs?

*Are actinides produced in neutron star mergers?
*Exactly how heavy of species can be produced in nature? Superheavies?

*Can we identify NSM remnants in our galaxy?

20 40 60 80 100 120 140
Neutron Number

Rate /s



Atomic Number

100

80+~

60~

40+

20r

o 20 40 80 80 100 120 140

r-process studies in the FRIB era

Neutron Number

Rate /s



Nuclear masses, nuclear structure, “f

8 H

and the rare-earth peak

Neutron Separation-Energy Contours @ 1,2,3,4 MeV
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Nuclear masses, nuclear structure,

8

and the rare-earth peak

Neutron Separation-Energy Contours @ 1,2,3,4 MeV
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Markov Chain Monte Carlo (MCMC):

Uses observational data to discern nuclear properties such as masses

as well as constrain the conditions present at nucleosynthesis sites
= Monte Carlo mass corrections
M(Z,N) = Mp; (Z,N) + aye~Z=C%/2f
" Calculate: 62, (Mapp12,M) < 02.s(MamEg12, Mpz)
= Calculate:
D,(Z,A) = (-1)42*(5,(Z,A+1) -S,(Z,4) >0
= Update nuclear quantities and rates

= Perform nucleosynthesis calculation

2
Yo, (A)-Y(A
= Calculate x* = ,ﬁ%so( o'rA(YzA)z( )

= Update parameters OR revert to last success

2 (m) E
£m) = exp (~Z2) — am) = A2

See Orford,Vassh+18 (PRL), Vassh+21 (Apl),
Orford,Vassh+22 (PRC Letters), Vassh+22 (Frontiers in Phys.)

<
>

M; — Mpz [MeV]

100'E

] [

: !ili - ..o!
10 1- | ]
-1 | |

é ﬁi A 2y Y A‘ AR

| Pl

| "V“AV :
i

130 140 150 160 170 180 190

A

1.0
0.5 4

rP o

A,

W TNAY

-1.0 l
90 92

94

96

98 100 102 104 106

Neutron Number (N) Movie by

Black — solar abundance data
Grey —AME 2012 data

N. Vassh

Red — values at current step
Blue — best step of entire run



Markov Chain Monte Carlo (MCMC):

Uses observational data to discern nuclear properties such as masses
as well as constrain the conditions present at nucleosynthesis sites

= Monte Carlo mass corrections
M(Z,N) = Mp;(Z,N) + aye~#=C*/2f
" Calculate: 62, (Mapp12,M) < 02.s(MamEg12, Mpz)
= Calculate:
D,(Z,A) = (-1)42*(5,(Z,A+1) -S,(Z,4) >0
= Update nuclear quantities and rates

= Perform nucleosynthesis calculation

2
Yo (A)-Y (4
= Calculate x* = }12250( O'TA(YZA)Z( )

= Update parameters OR revert to last success

2 (m) L
£ = xp (- E22)  a(m) = 22

See Orford,Vassh+18 (PRL), Vassh+21 (Apl),
Orford,Vassh+22 (PRC Letters), Vassh+22 (Frontiers in Phys.)
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Ejecta Outflow Parameters

Outflow Type Entropy (s/kg) Timescale (ms) Y,
Hot 30 70 0.2
Hot/cold 20 10 0.2
Cold 10 3 0.2

Temperature [GK]
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hot vs cold low entropy accretion disk winds

(moderately n-rich)
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* FRIB Day 1 can reach the N=104 feature forming the peak in hot conditions

e Future FRIB reach will cover the N=108 and N=106 features utilized with cold and in between dynamics




Abundance

M — MDZ [MEV]

Recent work:

Solar abundance variations
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Abundance

M — Mpz [MeV]

Recent work:

Very n-rich conditions with fission deposition
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Proton Number (Z2)

Current state of the r-process N=126 peak
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W 8~ decay
a decay
B spontaneous fission
201 m B decay
electron capture
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Little to no experimental data on the

neutron-rich side at N=126
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*Nuclear mass models predict different
shell closure strengths = different
amounts of elements like Au, Pt

*The N=126 shell closure is the
“gateway” to the actinides: e.g. affects
production of uranium-238, etc.




Current state of the r-process N=126 peak

The new reach of ab initio nuclear theory: N=126 masses
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*FRIB can constrain the separation energies that determine the
how strongly nuclei “pile-up” at N=126 in the r-process and how
difficult it is to capture beyond into the actinides

shell closure strengths = different
amounts of elements like Au, Pt

*The N=126 shell closure is the

“gateway” to the actinides: e.g. affects
production of uranium-238, etc.



Current state of the r-process N=126 peak

Local 3-decay and neutron capture competition near

N=126 can shift and narrow the peak :
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*FRIB can constrain the beta-decay properties (half-lives, neutron
emission, strength functions...) responsible for peak structure
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*Nuclear mass models predict different
shell closure strengths = different
amounts of elements like Au, Pt

*The N=126 shell closure is the
“gateway” to the actinides: e.g. affects
production of uranium-238, etc.
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Are actinides produced in neutron star mergers?

PHYSICAL REVIEW

Fission heating can
greatly impact light
curves

VOLUME 103, NUMBER §

Californium-254 and Supernovae*

SEPTEMBER 1, 1956

G. R. BUrBIDGE AND F. HovLE,t Mount Wilson and Palomar Observatories, Carnegie Institution of Washington,

California Institute of Technology, Pasadena, California

AND

E. M. BURBIDGE, R. F. CHRrIsTY, AND W. A. FOWLER, Kellogg Radiation Laboratory,
California Institute of Technology, Pasadena, California

(Received May 17, 1956)

It is suggested that the spontaneous fission of Cf?% with a half-life of 55 days is responsible for the form
of the decay light-curves of supernovae of Type I which have an exponential form with a half-life of
55 nights. The way in which Cf?% may be synthesized in a supernova outburst, and reasons why the energy
released by its decay may dominate all others are discussed. The presence of Tc in red giant stars and of

Cf in Type I supernovae appears to be observational evidence that neutron capture processes on both a !
slow and a fast time-scale have been necess:
abundances.

ary to synthesize the heavy elements in their observed cosmic

ATOMIC NUMBER (2)
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Burbidge, Burbidge, Fowler and Hoyle (1957)
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Are actinides produced in neutron star mergers?

Fission heating can
greatly impact light
curves

Effective Heating Rate (ergs™)
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Are actinides produced in neutron star mergers?

RS
\
Q <

Fission heating can
greatly impact light
curves

Effective Heating Rate (ergs™)
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Are actinides produced in neutron star mergers?

Effective Heating Rate (ergs™)

Fission heating can
greatly impact light
curves
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Are actinides produced in neutron star mergers?
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model variations being explored in
Wang,Vassh+23 (in prep)

Gammas > 3.5 MeV: signature of
prompt and delayed fission gammas in
a merger event!
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Gammas > 3.5 MeV: signature of
prompt and delayed fission gammas in
a merger event!

FRIB measurements of fission gamma
spectra for 254Cf and other long-lived
nuclei which undergo sf?
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More reasons to map out actinide branching ratios

Other sf fission on the
order of days?
This is largely unexplored territory,
maybe 2>*Cf not so “anomalous”
(e.g. 271Rf has theoretical sf T,/,,~7 days)
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“Weak” r-process:
multiple astrophysical sites produce these nuclei
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“Universality” or “robustness” of
r-process abundances

10 r-process rich halo stars compared to solar:
similar lanthanide,abundance ratios
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See also Roederer,Vassh+23 (submitted to Science)
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Gamma- ray em 1SSION an d k| | ONOva  Gamma-rays from nearby events and -decay of n-rich fission

fragments: how well are these measured above 3.5 MeV?
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“Curious Marie” sample of
Allende meteorite shows
excess U-235 which is a
trace of Cm-247

The nature of the /ast r-process event
that enriched our solar system

Only 4 radioactive isotopes in meteorites linked to
r process with Ty, <1 Gyr:

247Cm / 235U
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The nature of the /ast r-process event
that enriched our solar system

Only 4 radioactive isotopes in meteorites linked to
r process with Ty, <1 Gyr:

T]_/z =80 Myr
T1/2 =700 Myr

244Pu
235U

129|
247Cm

T1/2= 15.7 Myr
T1/2= 15.6 Myr

*FRIB can constrain the nuclear
properties (masses, beta-decay...)
around N=82, Z~47 affecting the
abundance of 129
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r-process studies in the FRIB era

A centrall question of r-process studies:

*What was the main astrophysical source for heavy elements our Solar System?
Additionally this is a rich-field with many open questions.that can be systematically addressed:
*What is the nature of the last r-process event that enriched the Solar System?

*Why are Solar abundances enhanced in'the rare-earths (i.e. the so-called rare-earth peak)? Does
this point to a nuclear structure effect? Fission contributions?

*What abundance signatures can we use to isolate r-process contributions from i-process?

*What astrophysical events enriched the metal-poor stars we see in our Galaxy and nearby
galaxies? NSMs? Collapsars? Special Supernovae? Rapidly accreting WDs?

*Are actinides produced in neutron star mergers?
*Exactly how heavy of species can be produced in nature? Superheavies?

*Can we identify NSM remnants in our galaxy?
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r-process studies in the FRIB era

A central question of r-process studies:

*What was the main astrophysical source for heavy elements our Solar System?

Additionally this is a rich-field with many open questions.that can be systematically addressed:

*What is the nature of the last r-process event that enriched the Solar System?
Masses, beta-decays of nuclei feeding 1291

*Why are Solar abundances enhanced in'the rare-earths (i.e. the so-called rare-earth peak)? Does

this point to a nuclear structure effect? Fission contributions?
Rare-earth elements (Z~57 to 63) with isotopes at N~¥100.to 117

*What abundance signatures can we use to isolate r-process contributions from i-process?
Constraints on neutron.Capture from indirect methods (e.g. (d,p))

*What astrophysical events enriched the metal-poor stars we see in our Galaxy and nearby
galaxies? NSMs? Collapsars? Special Supernovae? Rapidly accreting WDs?

Mass measurements 50<N<82 to constrain weak r-process and possible fission contributions

*Are actinides produced in neutron star mergers?

Mapping out n-rich actinides: 254Cf fission gammas, yields; half-life / branching of 254Bk, 271Rf...

*Exactly how heavy of species can be produced in nature? Superheavies?

Masses/ beta-decay near N=126; first detection of / constraints on beta-minus delayed fission

*Can we identify NSM remnants in our galaxy?
Gamma spectra from the beta-decay of n-rich nuclei
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