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Fig. 8. Neutron separation-energy contours with Sn = 1, 2, 3, and 4 MeV in the
FRDM(1992) and FRDM(2012). Most of the staggering in the contour lines seen for
FRDM(1992) are absent in the FRDM(2012) results.

Fig. 9. Analogous to Fig. 3, but for the FRLDM, which contains no Coulomb
redistribution terms. This leads to the systematic negative deviations for proton-
rich nuclei in the heavy region, which indicate that these calculated masses are
systematically too high.

The FRLDM(2012), which does not treat Coulomb redistribution
effects, is somewhat less accurate than the FRDM(2012), with an
18% larger �th, as is seen in Fig. 9 and, in nuclear-chart format, in
Fig. 10, aswell as in Fig. 11. It is particularly in the heavy region that
the FRLDM(2012) extends farther away from the zero deviation
line, than does the FRDM(2012). There is also a systematic
isospin effect on the differences, an effect which is absent in the
FRDM(2012), which is especially clear in Fig. 11. This is a sign
that the Coulomb redistribution effect is not treated in the FRLDM,
which results in too low binding energies for heavy proton-rich
nuclides [88]. We will further illustrate this issue in Section 5.1.

But, in contrast to the FRDM, we can calculate fission barriers
in the FRLDM. We have recently published a calculation of fission-
barrier heights for 5239 nuclides for all nuclei between the proton
and neutron drip lines for the region 171  A  339 [61].
This calculation was carried out exactly like here with the minor
differences that (1) we have now improved the calculation of the
ground-state correlation (‘‘zero-point’’) energies and readjusted
the macroscopic parameter set. That is, the shape space for the
ground-state and fission saddle-point determinations are the same
in the published barrier study as here.We include axial asymmetry
corrections at the ground state in both calculations. We expect a

Fig. 10. Top panel: Difference between experimental masses from the AME2012
evaluation and masses calculated in the FRLDM(2012). Bottom panel: We compare
here the previous FRLDM(1992) to the same experimental data evaluation. (For a
color version of this figure the reader is referred to the web version of this article.)

negligible effect on barrier heights if they were calculated in the
precise current model version. We have checked this for 180

80Hg100,
for which we tabulated in Ref. [89] a barrier height 9.81 MeV.
With the current parameter set and the other features here we
obtain a barrier height 9.65 MeV. We use the same experimental
barrier data set as in Ref. [57] in our adjustment to barrier heights.
We show in Table C and in Fig. 12 a comparison of the calculated
barriers to the experimental data set.

Conventional wisdom has usually assumed that because the
Coulomb and surface-energy terms in the macroscopic energy
contribute with the same sign one cannot accurately determine
the surface-energy constants from an adjustment to masses alone
Rather one would need to also adjust the model parameters to
fission-barrier heights because the terms contribute to the barrier
heights with different signs. Obviously, if we were dealing with
a completely accurate model this would not be necessary. We
have tested this conventional wisdom by adjusting the FRLDM
macroscopic constants (the usual 6 of them) considering only the
AME2003 data set of 2149masses and excluding fission barriers. In
such an adjustment we obtain �th = 0.6364 MeV for the FRLDM.
It is somewhat remarkable that the agreement with experimental
fission-barrier evaluations does not deteriorate greatly; we in this
case obtain an rms deviation of 1.475 MeV with respect to the 31
barriers, which probably indicates the robust character of ourmass
models. We plot these deviations as (red) diamonds in Fig. 12.

5.1. Extrapability

One test of the reliability of a nuclear mass model is to compare
differences between measured and calculated masses in new
regions of nuclei that were not considered when the constants of
the model were determined. It is common to characterize a mass
model error (or accuracy) in a certain region of nuclear masses
by the rms deviation. However, as we pointed out in Section 2.1

Predicted	deformation	in	the	
rare-earths	and	peak	formation

Connecting RIB facilities with the cosmos 43

relevant mass region are strongly deformed (for the even-even nuclei this corresponds

to a large quadrupole deformation �2) which may lead to a localized enhancement in

stability that causes the rare earth peak to form. Another possible formation mechanism

is strongly asymmetric fission of neutron-rich actinides.

The significance of these two formation mechanisms is that they are intimately

coupled to the astrophysical conditions. While the dynamical mechanism can potentially

operate in both hot and cold freezeout conditions, the fission formation mechanism

requires more extreme conditions where fission recycling can occur, such as the tidal

ejecta of neutron stars. Further, the dynamical mechanism formation can be studied

in the laboratory at RIB facilities o↵ering a path forward in ruling out this possibility

(e.g. in the case that no feature is found in nuclear structure) and in understanding the

late-time r-process conditions. In either case, the properties of the involved nuclei play

an important role for understanding the r-process.

During extremely neutron-rich conditions, rare-earth nuclei with Sn ⇠ 2 � 3 MeV

will set the r-process path. In this phase, the nuclear properties shape the peaks and

troughs in the abundance pattern [329]. During freeze-out, the radioactive progenitor

nuclei will decay to stability and form the final r-process abundance distribution. As �-

decay drives the abundances towards less neutron-rich nuclei, the shapes of the relevant

nuclei may change. This induces changes in trends for nuclear masses and neutron

capture rates that a↵ect the final abundances. However, the location of these shape

transitions on the chart of nuclides are predicted di↵erently by various theoretical

models.
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Figure 4. Quadrupole deformation �2 as predicted by the mass models FRDM [330],
SkM⇤ [331], SLy4 [332] and UNEDF0 [333]. Note that the quadrupole deformations
of odd-A and odd-odd nuclei are interpolated from the predicted values for even-even
nuclei in the last three models. The dotted-dashed line marks the limit of known
(neutron-rich) nuclei (as given on the NuDat website, http://www.nndc.bnl.gov/
nudat2/).
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• Astrophysical	trajectory:	
hot low	entropy	wind	as	from	a	NSM	
accretion	disk
(s/k=30,	t=70	ms,	Ye=0.2)

• 50	parallel,	independent	MCMC	runs

Orford,	Vassh,	et	al.	(Phys.	Rev.	Lett. 120,	
262702	(2018));	Vassh et	al	(in	preparation)

MCMC	method:	
rare-earth	masses	to	form	
peak	in	hot and	similar
astrophysical	conditions



Sm	(Z=62)

MCMC	method:	
rare-earth	masses	to	form	peak	in	
distinct astrophysical	conditions

• Astrophysical	trajectories:	
low	entropy	winds	as	from	a	NSM	accretion	disk	
with	hot,	cold,	and	in	between dynamics

Vassh et	al	(in	preparation)

Isotopic	chains	and	features	of	
importance	in	peak	formation
• Rare-earth	elements	(Z~57	to	63)	with	isotopes	at	

N~100	to	117

• FRIB	Day	1	can	reach	the	N=104 feature	forming	the	
peak	in	hot	conditions

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



Early	time

Later	time

Vassh et	al
(in	preparation)

(n,𝛾)	equilibrium	 (dependent	 on	Sn)	 												most	abundant	nuclei

neutron	capture												photodissociation 𝛽-decay

Peak	formation	example:	hot wind	dynamics	

(colored	by	the	
dominant	
reaction/decay	
channel	at	the	time)



along and near stability. A case-in-point is the photodisintegration-driven p-process operating in
supernovae, which is currently the favored creation mechanism of the so-called p-nuclides whose
origins cannot be explained by the s and r processes [29]. Sustained e↵orts have reduced the
nuclear physics uncertainties of this process, where the focus has generally been on constraining
the Wolfenstein-Hauser-Feshbach reaction theory that provides essential input to astrophysics
models in the absence of experimental data (e.g. Refs. [34, 35]). Additional measurements on
and near stability have focused on reducing the uncertainties in nuclear weak rates that limit
the ability to describe the mechanisms through which supernovae operate (e.g. Ref. [36]). Here
theory calculations have provided important guidance, identifying the most essential nuclear
data and filling in the large gaps left by insu�cient experimental information [31].
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Figure 2. Predicted FRIB production rates in particles per second [37]. See Ref. [38] for a
similar prediction for FAIR.

5. FRIB, FAIR, and the future

Roughly 100 years after its inception, nuclear astrophysics research continues to enhance our
understanding of nature. At present the field is poised to build upon our current body of
knowledge by leaps and bounds, in no small part due to upcoming developments such as
new recoil separators [32, 39], underground laboratories [33], and storage rings dedicated to
nuclear physics studies [38]. Frontier nuclear physics facilities such as FRIB and the NuSTAR
experiments at FAIR will play a central role in this advancement by providing unprecedented
access to ever more exotic nuclides (See Fig. 2.). Meanwhile, stable beam facilities will continue
to play a complementary role in answering astrophysical questions both new and old. In the
near future, together with advances in observation and theory, experimental nuclear astrophysics
studies from dripline to dripline promise to o↵er profound insight into how our universe operates.
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Meisel (2016)

Vassh et	al	(JPG	2019,	arXiv:1810.08133)

Will													reach	some	fissioning nuclei	of	relevance	to	the	r	process?

2007	Long	Range	Plan:
“FRIB	will	play	a	critical	role	both	in	providing	access	to	a	range	
of	nuclei	and	the	tools	to	study	fission	barriers,	and	also	in	the	
production	of	neutron-rich	superheavy elements	to	allow	the	
study	of	their	lifetimes	and	decays”	

Nuclei	with	high	fission	flow	(rate	x	abundance)	when	
average	over	30	dynamical	ejecta	trajectories	from	a	
NSM	simulation	given	four	mass/fission	barrier	models	



When	is	254Cf	strongly	populated?
Heavy	element	fission	barriers	in	the	r process

Vassh et	al (JPG	2019)

Zhu	et	al (ApJL 863,	L23	(2018))

• Low	fission	barriers	during	𝛽-
decay	feeding	(along	dotted	path)
à low	254Cf	abundance

• Effective	heating	going	 into	
kilonova light	curve	calculations	
depends	on	abundance

• 254Cf	on	edge	of	experimental	
data;	can	local	barriers,	half-lives,	
and	branchings be	explored?
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Are	there	other	species	which	undergo	spontaneous	
fission	with	half-lives	on	order	of	expansion	timescales?
• 260Md	also	undergoes	SF	(100%	branching)	with	half-life	tens	of	days	but	not	

populated	due	to		theoretical	𝑄% < 0 of	its	𝛽-feeder;	can	this	be	verified?

• This	is	largely	unexplored	 territory,	perhaps	pushing	experimental	bounds	
could	find	 long-lived	species	such	as	254Cf	to	not	be	so	“anomalous”

Zhu	et	al (ApJL 863,	L23	(2018))



FRIB	will	reduce	nuclear	data	uncertainties	which	impact	
important	open	questions	in	r-process	heavy	element	production

Can	mergers	account	for	all	the r-process	
material	observed	in	the	galaxy?

Where	are	actinides	
produced?	
How	heavy	of	nuclei	can	the	
r process	ultimately	
produce?	(need	information	
at	N=126	and	beyond)

At	what	site(s)	and	under	what	
conditions	does	heavy	element	
nucleosynthesis	occur?	What	
determines	the	relative	ratios	of	
lanthanides	such	as	the	rare-earth	
elements?


