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Table 1: Theory developments needed for FRIB Benchmark Programs (The overarching science questions Q1-4 can be found in Sec. 2.1
and the Benchmark programs are listed in p. 7.
Topic Theory development needed Question/Benchmark
Forces E↵ective field theory (EFT) constants from LQCD; Improved optimization of chiral forces, with and without �; Consistent

operators and power counting for chiral EFT.
Q1, Q2, Q3: B1-6, B13-
15, B17

Nuclear struc-
ture

Connect realistic nuclear forces to shell model and DFT; Microscopic optical potential that incorporates many-body
correlations.

Q1, Q2: B1-6, B13-15,
B17

Medium mass
nuclei

Properties of nuclei with validated ab-initio techniques; Shell-model e↵ective interactions and operators derived and/or
constrained from microscopic interactions, with controlled uncertainties; Unified treatment of structure and reactions.

Q1, Q3, Q3: B1-6, B13-
15, B17

Heavy nuclei DFT constrained by rare isotope data and ab-initio theory; Beyond-DFT treatment of open shell systems; calculations of
Schi↵ and anapole moments.

Q1, Q3, Q3: B1-6, B13-
15, B17

Improved DFT-based adiabatic models of the large-amplitude collective motion; Implementation of TDDFT and multi-
reference DFT approaches; E↵ective field theory for collective nuclear phenomena based on powerful existing phenomenol-
ogy.

Q2: B1-6, B13-15

Implementation of proton-neutron, symmetry-projected multi-reference DFT and large-scale shell model to compute
nuclear matrix elements for double-beta decay.

Q3: B17

Masses and beta-decay rates, calculated from DFTs and combined with experiment. Q1: B6-9, B15, B16
Neutron stars Controlled calculations of the nuclear equation of state for all relevant densities including extrapolations to high densities

with known uncertainties; Improve constraints on nuclear EOS by identifying observables most sensitive to the high-
density behavior of nuclear symmetry energy; Calculate structure in neutron star crust at various densities (ground state
and response functions).

Q1, Q2: B1-6, B13-15

Reactions Ab-initio reaction theory, consistent with nuclear structure, with quantified uncertainties, adequate for many domains of
experimental interest, including radiative capture, transfer, charge-exchange, breakup of dripline nuclei and superheavy
synthesis to estimate production of nuclei at and beyond the dripline and to extract structural information.

Q1, Q2, Q3, Q4: B1-6,
B11, B13-17

Microscopic theory of spontaneous and neutron-induced fission; Ab-initio theory for light-ion fusion. Q4: B10,B11
Reaction theory for compound nucleus formation consistent with structure. Q2: B2,B14,
Reliable transport theory with quantified errors, including a quantum formulation with correlations, for heavy-ion reactions
from low to intermediate energies.

Q1, Q2: B3,B5,B6

Astrophysics Advanced simulations of compact objects; supernova, binary neutron star mergers and related explosive phenomena;
Nucleosynthesis and chemical evolution simulations with up-to-date nuclear input; Neutrino interactions with nuclei in
hot and dense nuclear matter, including neutrino oscillations; Hydrodynamics and neutrino transport in stars; Screening
in stellar plasma consistent with reaction theory.

Q1, Q2, Q3: B7-9, B16,
B17
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overview of FRIB theory 

from the FRIB Theory Alliance proposal 



nuclear astrophysics: role of theory 

astrophysical  
simulations 
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astrophysical conditions 
dense matter properties 
neutrino physics 

nuclear physics inputs:  
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fission yields 

abundance pattern predictions 
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Neutron stars 
Astrophysics 

contributions from 
Nuclear structure 

Medium mass nuclei 
Heavy nuclei 

Reactions 



overview of nuclear astrophysical processes 

rp-process 

p-process 
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Stellar fusion 

i-process 

from Frank Timmes / 
Hendrik Schatz/ 
Artemis Spyrou 
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The Nuclear Lattice EFT Collaboration is working on ab initio 
calculations of elastic α-12C scattering, near-threshold 16O bound 
states, asymptotic normalization coefficients, near-threshold 16O 
resonances, and the astrophysical S-factor for 12C(α,γ)16O.  
These calculations use the adiabatic projection method and are 
part of the NUCLEI SciDAC proposal. 

         Dean Lee, MSU 



Neutron-rich Matter in Heaven and Earth

Laboratory Experiments 
Neutron skins highly sensitive to the EOS of neutron-rich matter 
Observations of neutron star radii  
Measurements of stellar radii sensitive to EOS around 2r0 

Neutron-Star Mergers and gravitational waves 
May constrain neutron-star radii to better than 1km
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Measurements of large  
neutron skins of exotic nuclei  
at FRIB will have a dramatic 
impact on our understanding 

of the structure and composition 
of neutron stars

Jorge 
Piekarewicz
FSU 



AME 2016 

FRIB Day 1 reach 

FRIB design goal 

experimental prospects at FRIB: masses 
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experimental prospects at FRIB: masses 
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AME 2016 

FRIB Day 1 reach 

FRIB design goal 

Monte Carlo variations of 
uncertain masses 



NUBASE 2016 

FRIB Day 1 reach 

FRIB design goal 

experimental prospects at FRIB: beta decay 
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Decay Station at FRIB

Presentation to the DOE Office of Science 

Robert Grzywacz
Physics Division/UTK/JINPA

Spokesperson for FRIB Decay Station 

Collaboration

Co-spokespersons

Sean Liddick (MSU/NSCL)

Nicholas Scielzo (LLNL)

Darek Seweryniak  (ANL)

03/20/2017

Decay Station at FRIB

Strategy formulated by 14  institutions in January 2016

(ANL, ORNL,MSU/NSCL,LLNL,LBNL,UTK, Mines, FSU, MsSU,

TTU, CMU. LSU, U. Mass, U. Mich ) 

Sub-groups working on:
● identifying strong physics cases for experiments 
● detector simulations
● software development
● performance evaluations 
● demonstrating new technologies 
● preliminary design studies 
● actively pursuing FRIB-like experiments at NSCL and RIKEN

NUBASE Pn 



KADONIS 

FRIB (d,p) 

FRIB beta Oslo 

experimental prospects at FRIB:  
neutron capture  
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Liddick+2016 



Transfer	reac*ons	to	constrain	neutron	capture	
•  DSD	n	capture	from	spec.	factor	of	bound	states	
•  Benchmarking	of	(d,pγ)	as	surrogate	for	(n,γ)		

• 		95Mo(d,pγ)96Mo	measurement	[normal	kin]	
• 		CN	spin	distribu*ons	Potel	et	al,	PRC	92	(2015)034611	
• 		HF	calcula*ons	(J.	Esher)	
• 		Reproduce	95Mo(n,γ)96Mo	cross	sec4ons	

•  Inverse	kinema*cs	techniques	under	
development	with	GODDESS	

•  FRIB	
• ORRUBA+GRETINA/GRETA	coupling	
• ORRUBA	+	HAGRiD	coupling	(LaBr3	array)	

Beam	energies	≥10	MeV/A			ReA12	+	“fast”	beam	

Eγ	=	Ex	

Sn (n,n’) (n,γ) 
134Xe(d,pγ)135Xe	[inverse	kin]	
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Predicted vs. measured a-rays in 96Mo
Probabilities from 96Mo(d,p) - Gregory’s J/, Jutta’s a cascade, Andrew’s data

Wed Mar 23 13:13:55 2016

The 95Mo(d,pγ) test case
96Mo spin distribution

Benchmark cross section for 95Mo(n,γ)
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HF parameter fit to surrogate data

Data by A. Ratkiewicz, J. Cizewski, et al.
Spin distribution calculated by G. Potel

•  Excellent agreement of 95Mo(n,γ) cross section with 
benchmark

•  Starting point for exploring how to deal with incomplete 
data from inverse-kinematics experiments 
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95Mo(n,a)96Mo
Cross section determined from (d,p) data compared to direct measurement and evaluation

Mon Aug 22 21:59:58 2016

G. Potel et al, PRC 92 (2015) 034611
A. Ratkiewicz et al., EPJ Web of Conf. 93 (2015) 02012

95Mo(n,γ)96Mo	
Surrogate	cross	
sec*on	

ORRUBA+HAGRiD	

ORRUBA+GRETINA	

Steve Pain, ORNL 



 fission properties 
MÖLLER, SIERK, ICHIKAWA, IWAMOTO, AND MUMPOWER PHYSICAL REVIEW C 91, 024310 (2015)

Calculated Fission-Barrier Height
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FIG. 1. (Color online) Calculated fission-barrier heights for 3282
nuclei. The highly variable structure is mostly due to ground-state
shell effects. Ground-state shell effects are particularly strong in the
deformed regions around 252

100Fm152 and 270
108Hs162 and in the nearly

spherical region near the next doubly magic nuclide postulated to be
at 298

114Fl184. Our strongest shell effects are slightly offset to the left
with respect to this isotope.

ten-digit number, this means that the total data-storage space
needed is 5 000 000 × 10 × 5 000 = 2.5 × 1011 bytes, which
is 250 Gb of storage. When we started this type of calculation
based on millions of shapes in 1999 [2], this was indeed a
problem; now it is not.

II. OTHER FISSION POTENTIAL-ENERGY
CALCULATIONS

In most previous fission studies various schemes were
employed to avoid calculating a complete “hypercube” in
all the deformation variables considered. Such complete
calculations were impractical until computer performance had
evolved sufficiently, roughly achieved around 1995–2000. In

Calculated Fission-Barrier Height (MeV)
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FIG. 2. (Color online) Calculated fission-barrier heights for 2113
nuclei with generally lower proton and neutron numbers than those in
Fig. 1. Because the macroscopic energy contributes the major part of
the fission-barrier height for most nuclei in this region, and because
of the different energy scale compared to Fig. 1, the only shell effects
clearly visible come from the N = 126 spherical neutron shell.

macroscopic-microscopic calculations it was the norm to plot
energies versus two shape variables, for example β2 and
β3 (quadrupole and octupole deformations), and “minimize”
the potential energy with respect to additional multipoles;
typical examples are Refs. [7,8]. Although such approaches
intuitively seem promising, there are significant concerns
about the uniqueness and stability of such results. First,
when minimizations are carried out at a specific location
(β2,β3), what are the starting values of the additional shape
variables over which the minimization is carried out? A trivial
suggestion is that the values obtained for a previous point
be used, but which is the “previous point” will depend upon
the sequence in which the grid points are considered. It is
easy to visualize a surface, even in two dimensions, for which
a different result may be found by approaching a particular
point from opposite directions. Another strategy could be
that the minimizations are started at the value zero of the
additional variables at each point (β2,β3), but these approaches
would miss possible multiple deformed minima. And, even
if found, it would be impossible to display multiple minima
versus the “hidden” shape variables in a two-dimensional
contour plot. Furthermore, none of these methods, which
only access a limited part of the higher-dimensional space,
are guaranteed to find the true saddle points with reasonable
accuracy. In some cases, the saddle solutions will be correct,
but there is no way to mathematically evaluate the possible
errors inside the model framework itself. In many of these
minimization studies points that seem near each other in
the two-dimensional (β2,β3) plots are actually quite distant
in the higher-dimensional space. This is often manifested as
strong discontinuities appearing in published potential-energy
contour diagrams or plots of energy surfaces. Despite these
known deficiencies, these methods are still in routine use
today [9]. However, very recently other groups previously
employing such approximations have come to the conclusion
that the minimization method is deficient, not just in principle
but also in practice. In one recent macroscopic-microscopic
model study, the calculations were carried out for complete
multidimensional “hypercubes” and they confirmed that the
immersion methods we employ are crucial to avoiding spurious
results from the use of minimization. It is stated directly, “This
shows that the minimization is an uncertain method of the
search for saddles . . . ,” in the summary conclusions [10].

Currently, the main alternative approach to macroscopic-
microscopic calculations of fission-barrier potential-energy
surfaces and saddle points is the constrained Hartree-Fock
method introduced in 1973 [11]. Those authors state “One of
the advantages of this type of calculation is that deformation
energy curves can be calculated without making a complete
map of the deformation energy surface.” Another comment
that is often made in connection with determining fission
saddle points is that “constrained self-consistent methods
automatically take all higher shape degrees of freedom into
account.” However, these statements are misleading. Imposing
shape constraints in self-consistent methods is mathemati-
cally equivalent to the use of minimization techniques in
macroscopic-microscopic methods, which we, and now other
groups, have demonstrated are flawed. A detailed discussion is
in Ref. [1]. A very transparent discussion coming from outside

024310-2

Moller+2015 
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FIRE: Fission In R-
process Elements 

US DOE/NNSA 
Topical Collaboration 

Relative contributions to the r-process 7
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Fig. 3.— (Color online) Average final abundance patterns for
the fission recycling environment of NSM (red line), the main r-
process abundances from the MHDJ model (blue line) and weak
r-process (green line) from the NDW. These are compared with the
observed (Goriely 1999) r-process abundances in the solar system
(black dots). The thin black line shows the sum of all contributions.

the underproduction of nuclides above and below the
A = 130 r-process peak shown by the blue line is nearly
accounted for by the fission recycling (NSM) and weak
r-process (NDW) models. The final NSM r-process iso-
topic abundances from our adopted model for fission
yields exhibit a very flat pattern due to several episodes
of fission cycling. Thus, we find that fission recycling
has the potential to resolve most of the underproduc-
tion problems for the elements just below and above the
abundance peaks in models of the main r-process. The
remaining underproduction below the A = 130 peak is
most likely due to the weak r-process as illustrated on
Figure 3.
The main point of this paper is that one can deduce the

relative contributions of each r-process model based upon
their relative shortcomings. However, it is important to
ask whether the inferred fractions, of ∼79% NDW, ∼18%
MHDJ, and ∼3% NSM are plausible.
Although there are many uncertainties in the as-

trophysical and galactic chemical evolution parameters
(Argast et al. 2000; Komiya et al. 2014), it is worthwhile
to estimate weight parameters fFission and fWeak from
observed Galactic event rates and expected yields. In
particular we write

fFission ≈
RNSMMr,NSM

ϵMHDJRCCSNMr,MHDJ
, (6)

and

fWeak ≈
RCCSNMr,Weak

ϵMHDJRCCSNMr,MHDJ
, (7)

where Mr,NSM, Mr,MHDJ, and Mr,Weak are the ejected
masses of r-elements from the NSM, MHDJ, and NDW r-
process models, respectively, while RCCSN and RNSM are
the corresponding relative Galactic event rates of CCSNe
and NSMs.
The ejected mass of r-process elements in the models

of Wanajo (2013) is ≈ 2×10−5 M⊙ and nearly indepen-
dent of assumed core mass. The quantity ϵMHDJ is the
fraction of CCSNe that result in magneto-rotationally
driven jets. This was estimated in Winteler et al. (2012)

to be ∼ 1% of the core-collapse supernova rate based
upon the models of Woosley & Heger (2006). However
this is probably uncertain by at least a factor of two. In-
deed, the fraction could be larger as most massive stars
are fast rotators and the conservation of magnetic flux
should often lead to high magnetic fields in the newly
formed proto-neutron star. Hence, this fraction could
easily range from ∼ 1 to ∼ 5% which incorporates the
∼ 1% fraction of observed magnetars compared to nor-
mal neutron stars. [We treat this as a lower limit because
some fraction of observed normal neutron stars may have
had a larger magnetic field in the past.] The mass of
synthesized r-process elements from MHDJs is estimated
to be 6×10−3M⊙ (Winteler et al. 2012) while that of a
typical binary NSM is expected to be 2 ± 1 × 10−2M⊙

(Korobkin et al. 2012). If the Galactic neutron star
merger rate is 80+200

−70 Myr−1 (Kalogera et al. 2004), and
the Galactic supernova rate is, 1.9 ± 1.1 × 104 Myr−1

(Diehl et al. 2006), then one should expect fFission ∼
0.6 ± 0.4 and fWeak ≈ 8 ± 6 corresponding to relative
contributions of ∼ 80% weak, ∼ 10% main and ∼ 10
% fission recycling. Thus, although there are large un-
certainties, these fractions are plausibly consistent with
our fit parameters. This suggests that such a fit may be
a way of constraining the relative contribution of NSMs
and CCSNe to solar-system material.
We note, however, that other NSM calculations pre-

dict about 10−4 to 10−2 M⊙ of r-process material to
be ejected (e.g. Hotokezaka, et al. 2013; Bauswein et al.
2013). Adopting a value of 10−3 M⊙ could lead to
fFission ∼ 0.02, i.e. about an order of magnitude be-
low that suggested in our fit to Figure 3.
Of course, this needs to be better quantified in

more detailed chemical evolution (Cescutti & Chiappini
2014; Cescutti et al. 2015; Tsujimoto & Shigeyama
2014a,b; Komiya et al. 2014; Ishimaru et al. 2015;
Wehmeyer et al. 2015) and chemodynamical stud-
ies (Shen et al. 2015; van de Voort et al. 2015)
along with better r-process hydrodynamic models
(Winteler et al. 2012; Perego et al. 2014; Rosswog et al.
2014; Wanajo, et al. 2014; Goriely et al. 2015; Just et al.
2015; Nishimura et al. 2015). Nevertheless, based upon
the models adopted here, the inferred division of
r-process contributions remains at least plausible.

5. UNIVERSALITY OF R-PROCESS ELEMENTAL
ABUNDANCES

In the above we have not discussed a very impor-
tant clue to the origin of r-process abundances. It is
by now well established (Sneden, Cowan & Gallino 2008)
that the elemental abundances in many metal-poor stars
show a pattern that is very similar to that of the solar-
system r-process distribution, particularly in the range
of 55 < Z < 70. This however, can pose a difficulty
(Mathews, Bazan & Cowan 1992; Argast et al. 2000) for
NSM models (either in the present work or in other stud-
ies). That is because metal-poor stars are thought to
have arrived very early in the history of the Galaxy,
whereas NSMs require a relatively long gravitational ra-
diation orbit decay time prior to merger (∼ 0.1 Gyr).
Whatever the situation, it is of value to examine the im-
pact of the possible late arrival of fission recycling ma-
terial on the r-process elemental abundance distribution

Shibagaki+2016 

– 10 –

Fig. 1.— Final abundances of the integrated ejecta around the second and third peak for a NSM

(Rosswog et al. 2013; Korobkin et al. 2012) at a simulation time t = 106 s, employing the FRDM

mass model combined with four different fission fragment distribution models (see text). For rea-

sons of clarity the results are presented in two graphs. The abundances for Th and U are indicated

by crosses. In the left-hand panel the lower crosses belong to the Panov et al. (2008) model

(dashed line), while the lower crosses in the right-hand panel belong to the ABLA07 distribution

model (dashed line). The dots represent the solar r-process abundance pattern (Sneden et al. 2008).

model, in contrast, shows an overproduction of these nuclei and fails to produce a distinct second

peak. The ABLA07 model (dashed line in Fig. 1b) shows the best overall agreement with the

solar r-process abundance pattern, leading only to an underproduction of A = 140 − 170 nuclei by

a factor of about 3. In Fig. 2 we show the importance of fission in our calculations, indicating the

fission rates from two fission modes (neutron-induced and β-delayed fission). It is obvious that the

mass region with Z= 93 − 95 and N= 180 − 186 dominates. In Fig. 2c we show the corresponding

(combined) fragment production rates for ABLA07 in the nuclear chart. In Fig. 3 (and the related

caption) we also provide the fission fragment distributions as a function of A as well as the

number of released neutrons, for 274Pu (Z= 94), indicating that the model by Kodama & Takahashi

Eichler+2016 

fission rates  
fission product distributions 

 
some exp info anticipated from AT-TPC 



Lawrence Livermore National Laboratory 
LLNL-PRES-xxxxxx	

§  r-process	simulations	require	basic	(separation	energies)	and	complex	(neutron	
capture,	decay	rates,	fission)	nuclear	data	in	heavy	nuclei	

§  Density	functional	theory	is	currently	the	only	available	framework	capable	of	
providing	the	necessary	microscopic,	consistent	set	of	nuclear	data	inputs	

	 Quantified	statistical	uncertainties	of	UNEDF1	for	masses	as	
a	function	of	neutron	number	along	the	Tin	isotopic	chain	

§  Investments	are	needed	in	

•  Computational	DFT	for	large-scale	
surveys	–	including	decays	

•  UQ	methodology	

•  Training	of	US-based	workforce	

§  FRIB	data	will	constrain	DFT	models		

•  Masses	and	separation	energies	of	
neutron-rich	nuclei	

•  Low-energy	spectra	

	

Nicolas Schunck 



FRIB Day-1 Science: nuclear astrophysics challenges   

W. Nazarewicz, LECM 2017 

Priori%es	for	FRIB	theory	
•  Develop	many-body	theory	that	will	unify	nuclear	structure	and	reac%ons	
•  Produce	quan%fied	global	predic%ons	of	beta	decays,	neutron	capture,	and	fission	yields	
•  Develop	predic%ve	model	of	low-energy	cross	sec%ons		
•  Explain	proper%es	of	cluster	structures	around	the	reac%on	threshold	
Ideas/needs	for	achieving	them	
•  Development	of	spectroscopic-quality	energy	density	func%onal	for	nuclei	and	neutron	
stars	

•  Beyond-DFT	models	of	fission	yield	characteris%cs	
•  Beyond-DFT	global	models	of	beta	decays,	including	forbidden	transi%ons	
•  Beyond-DFT	global	models	of	level	densi%es	and	low-energy	mul%pole	strength	
•  Reac%on	cross	sec%ons	from	the	con%nuum	shell	model+RGM	
•  Advanced	sta%s%cal	tools	for	uncertainty	quan%fica%on,	model	development,	data	
selec%on,	and	iden%fica%on	of	key	experimental	data	needed	

•  Development	of	databases	of	theore%cal	results	and	open-source	codes	

Impact	on/alignment	with	the	experimental	effort.	Experimental	data	needed.	
•  Key	measurements:	masses	and	beta-decays	of	neutron-rich	nuclei;	neutron	capture	rates;	
measurements	of	fission	yields	for	neutron-rich	heavy	nuclei.	
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How	good	we	can	es-mate	ejected	mass?
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Figure 8. light curves in magnitude

Mej	=	0.01	Msun
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Figure 4. Comparison of line expansion opacities between HULLAC and GRASP2K calculations. For singly ionized ions (Nd ii and
Er ii), the calculations assume ρ = 1× 10−13 g cm−3, T = 5, 000 K, and t = 1 day after the merger. For doubly ionized ions (Nd iii and
Er iii), the calculations assume the same density at the same epoch but T = 10, 000 K.
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Figure 5. Line expansion opacities in the ejecta of compact bi-
nary mergers with mixture of elements (see also Figure 1). The
orange line represents the opacity in the dynamical ejecta, which
is calculated with the abundance pattern of Ye = 0.1 − 0.4. The
blue and green lines represent the opacities in the high-Ye post-
dynamical ejecta, which are calculated with the abundance pat-
terns of Ye = 0.25 and 0.30, respectively. All the calculations
assume ρ = 1 × 10−13 g cm−3, T = 5, 000 K, and t = 1 day after
the merger.
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MT+	in	prep.
We	need	(1)	mul--color	observa-ons,	and	 
																	(2)	good	theore-cal	models	for	spectra	  
																							-	mergers	and	nucleosynthesis	(long-term	simula*ons)	
																							-	hea*ng	rate	(nuclear	physics)	
																							-	radia*ve	transfer	(atomic	data,	opacity)

astrophysical conditions 
dense matter properties 
neutrino physics 

nuclear physics inputs:  
masses, halflives, reaction rates, 

fission yields 

Tanaka+  
in prep 

abundance pattern predictions 
 

comparison to astrophysical 
observables 

astrophysical  
simulations 

+ 
nuclear network 

calculations 
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The r-process of 
nucleosynthesis: 

 connecting FRIB to 
the cosmos 

 
ICNT/JINA-CEE/

MSU/FRIB 
June 2016 



•  Produce reliable astrophysical simulations of candidate nucleosynthetic 
events with realistic microphysics 

•  Strive to improve key pieces of microphysics (e.g. equation of state in dense 
matter, neutrino opacities and oscillations) that influence conditions for 
element synthesis 

•  Identify the nuclear properties with the greatest leverage on abundance 
patterns and astronomical observables to recommend for detailed 
experimental or theoretical study 

•  Develop new ideas and fresh approaches to connect FRIB measurements to 
observations 
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anticipating FRIB Day 1: nuclear astrophysics 

Impact	on/alignment	with	the	experimental	effort.	Experimental	data	needed.	
•  Key	measurements:	masses	and	beta-decay	proper*es	of	neutron-rich	nuclei;	neutron	
capture	rates;	measurements	of	fission	yields	for	neutron-rich	heavy	nuclei.	

SciDAC proposal: TEAMS 
lead P.I. R. Hix/ORNL 


