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Observations suggest 
the r-process site: 
•  produces a robust 

A>130 abundance 
pattern  

•  was in operation early 
in galactic history 



e.g., Lattimer & Schramm (1974, 1976), Meyer (1989), Frieburghaus et al (1999), Goriely et al 
(2005), Wanajo & Ishimaru (2006), Oechslin et al (2007), Nakamura et al (2011), Goriely et al 
(2012), Korobkin et al (2012), Rosswog el at (2013), Wanajo et al (2014) 

Korobkin et al  
(2012) 

neutron star-neutron star or 
black hole-neutron star 
mergers 

r-process astrophysical site: compact object mergers? 

Goriely et al (2012) 
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PNS 

ν 

€ 

p + ν e ↔ n + e+

n + ν e ↔ p + e−
late-time ν fluxes from Keil et al (2003) 

e.g., Meyer et al (1992), Woosley et al (1994), Takahashi et al (1994), Witti et al (1994), Fuller & 
Meyer (1995), McLaughlin et al (1996), Meyer et al (1998), Qian & Woosley (1996),  Hoffman et al 
(1997),  Cardall & Fuller (1997), Otsuki et al (2000), Thompson et al (2001), Terasawa et al (2002), 
Liebendorfer et al (2005), Wanajo (2006), Arcones et al (2007), Huedepohl et al (2010), Fischer et al 
(2010), Roberts & Reddy (2012), Wanajo (2013), Martinez-Pinedo et al (2014), etc. 

supernova neutrino-driven wind 

r-process astrophysical site: core-collapse supernovae? 
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Compact object mergers have plenty of neutrons, but may not 
evolve on short enough timescales to explain the halo star data 
 
Core-collapse supernovae evolve on the correct timescale to 
explain the halo star data, but may not produce enough neutrons 

  

r-process astrophysical site: current status 
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r-process abundance pattern: site vs nuclear data 

neutron star merger 
hot wind 
cold wind 
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Mumpower, Cass, Passucci, 
Surman, Aprahamian (2014) 

Nuclear masses
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‣FRDM (Möller et al. 1995)

‣ETFSI-Q (Pearson et al. 1996)

‣HFB-17 (Goriely et al. 2009)

‣Duflo&Zuker 

hot wind

ns merger

Given astrophysical conditions,
comparison of abundances 
based different mass models

Can we link masses (neutron 
separation energies) to the 
final r-process abundances?
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equilibrium path: 
 
 
 
 
steady beta flow: 

classic (n,γ)-(γ,n) equilibrium r process 
R Surman 

ARIS 2014 
2014 June 4  



Mumpower, McLaughlin, & 
Surman (2012) 

Surman & Engel (2001) 

  
�  rare earth peak forms 

�  main peaks can shift, spread, 
or narrow  

freezeout from (n,γ)-(γ,n) equilibrium 
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β decay contours 
 
neutron separation energy 
contours 

Mumpower, McLaughlin, and Surman, PRC 
(2012) 

HFB-17 

FRDM 

                  no REP formation 

freezeout and nuclear data 
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β decay contours 
 
neutron separation energy 
contours 

Mumpower, McLaughlin, and Surman, PRC 
(2012) 

HFB-17 

FRDM 

                  no REP formation 

freezeout and nuclear data 

describe them up to exotic nuclei in the study of the
mercury isotopes [46].

SPY has now been applied to all the neutron-rich nuclei
of relevance for r-process nucleosynthesis. It is found that
the A ’ 278 fissioning nuclei, which are main progenitors
of the 110 & A & 170 nuclei in the decompression of NS
matter, present an unexpected doubly asymmetric fission
mode with a characteristic four-hump pattern, as illustrated
in Fig. 2. Such fragment distributions have never been
observed experimentally and can be traced back to the
predicted potential energies at large deformations of
the neutron-rich fragments favored by the A ’ 278 fission.
The two asymmetric fission modes can also be seen on the
potential energy surface (Fig. 3) obtained from a detailed
microscopic calculation [50] for 278Cf in the deformation
subspace (elongation hQ̂20i, asymmetry hQ̂30i). This cal-
culation uses a state-of-the-art mean-field model with the
Gogny interaction. The two fission valleys indicated by
arrows in Fig. 3 lead to asymmetries similar to the distri-
butions presented in Fig. 2 obtained with SPY. The

symmetric valley, corresponding to a nil octupole moment,
is disfavored by a smaller barrier transmission probability
linked to the presence of a barrier, hidden in this subspace
by a discontinuity [51].
Finally, we show in Fig. 1(b), the SPY prediction of the

average number of evaporated neutrons for each sponta-
neously fissioning nucleus. This average number is seen to
reach values of about four for the A ’ 278 isobars and
maximum values of !14 for the heaviest Z ’ 110 nuclei
lying at the neutron drip line.
Nucleosynthesis calculations.—Due to the specific ini-

tial conditions of high neutron densities (typically Nn ’
1033"35 cm"3 at the drip density), the nuclear flow during
most of the neutron irradiation will follow the neutron-drip
line and produce in milliseconds, the heaviest drip-line
nuclei. However, for drip-line nuclei with Z # 103,
neutron-induced and spontaneous fission become efficient
[Fig. 1(a)] prohibiting the formation of super-heavy nuclei
and recycling the heavy material into lighter fragments,
which restart capturing the free neutrons. Fission recycling
can take place up to three times before the neutrons are
exhausted, depending on the expansion time scales. When
the neutron density drops below some 1020 cm"3, the time
scale of neutron capture becomes longer than a few sec-
onds, and the nuclear flow is dominated by ! decays back
to the stability line (as well as fission and " decay for the
heaviest species). The final abundance distribution of the
3$ 10"3M% of ejecta during the NSM is compared with
the Solar System composition in Fig. 4. The similarity
between the solar abundance pattern and the prediction in
the 140 & A & 180 region is remarkable and strongly
suggests that this pattern constitutes the standard signature
of r processing under fission conditions.
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FIG. 2 (color online). FFDs from the SPY model for eight
A ¼ 278 isobars.

FIG. 3 (color online). 278Cf potential energy surface as a
function of the quadrupole hQ̂20i and octupole hQ̂30i deforma-
tions. Both asymmetric fission valleys are depicted by the red
arrows.
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FIG. 4 (color online). Final abundance distribution vs atomic
mass for ejecta from 1:35–1:35 M% NS mergers. The red squares
are for the newly derived SPY predictions of the FFDs and the
blue circles for essentially symmetric distributions based on
the 2013 GEF model [52]. The abundances are compared with
the solar ones [56] (dotted circles). The insert zooms on the rare-
earth elements.
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Choose a baseline simulation 
Vary one piece of nuclear data by a set amount, rerun the simulation, 
and compare the final abundance pattern to the baseline 
Repeat for each nucleus in the network 

neutron capture rates 
 Beun, Blackmon, Hix, McLaughlin, Smith, Surman, J. Phys. G (2008) 
 Surman, Beun, McLaughlin, Hix, PRC (2009) 
 Surman, Sinclair, Hix, Jones, Mumpower, McLaughlin, CGS-14 (2011) 
 Mumpower, McLaughlin, Surman, PRC (2012)  
 Surman, Mumpower, Sinclair, Jones, Hix, McLaughlin, AIP ‘Stardust’ (2014) 

masses/neutron separation energies 
 Brett, Bentley, Paul, Aprahamian, Surman, EPJA (2012) 
 Surman, Mumpower, Cass, Aprahamian, ICFN5 proceedings (2013) 
 Aprahamian, Bentley, Mumpower, Surman, AIP ‘Stardust’ (2014) 

beta decay rates 
 Cass, Passucci, Surman, Aprahamian, NIC proceedings (2012) 
 Mumpower, Cass, Passucci, Surman, Aprahamian, AIP ‘Stardust’ (2014) 

masses/capture rates/beta decay rates 
 Surman, Mumpower, Cass, Bentley, Aprahamian, McLaughlin, INPC proceedings 
  (2013) 
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nuclear data uncertainties far from stability 

Brett, Bentley, Paul, Aprahamian, 
Surman, EPJA (2012) 

Möller et al (2003) 

one-neutron separation energies 
for the tin isotopes, compared to 
FRDM values 

!r l!!1n "
i!1
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#r l
i"Mr l$

2" 1/2,
!r l
10!10!r l %mean fluctuation #factor$& ,

'r l!!1n "
i!1

n

#r l
i$2" 1/2, and

'r l
10!10'r l % total error #factor$& ,

where Mr l is the average position of the points and !r l is the
spread around this average. When we prefer to represent the
error by a single number we use the measure 'r l

10 for the
‘‘total’’ error factor. The spread !r l can be expected to be
related to uncertainties in the positions of the levels in the
underlying single-particle model. The use of a logarithm in
the definition of r l implies that these two quantities corre-
spond directly to distances as seen by the eye in, for ex-
ample, Fig. 4, in units where one order of magnitude is 1.
After the error analysis has been carried out we want to
discuss its result in terms like ‘‘on the average the calculated
half-lives are ‘a factor of 2’ too long.’’ To be able to do this
we must convert back from the logarithmic scale. Thus, we
realize that the quantities Mr l

10 and !r l
10 are conversions back

to ‘‘factor of’’ units of the quantities Mr l and !r l, which are
expressed in distance or logarithmic units.
We are now in a position to analyze the deviations be-

tween our calculations and experiment. An analysis of the
half-life comparisons in Fig. 4 is given in Table I and of the
(-delayed neutron-emission probability comparisons in Fig.
5 in Table II. The half-life comparison shows, as earlier
%8,9&, that the mean deviation of the calculated half-lives
from the experimental values is approximately zero, that is,
Mr l)0. Thus, no ‘‘renormalization’’ of the calculated (
strength is indicated. This is true both for the GT calculation,
and in particular for the GT#ff calculation. A large mean
error is obtained for the GT calculation when nuclei with
very long half-lives are included. This does not indicate a
need for a general renormalization, because the calculated
half-lives of nuclei with short half-lives are correct on the
average. Rather, the deviations of the mean half-lives occur
because the effect of ff strength is not considered in GT-only
calculation. When the ff strength is included, the mean de-
viation is always very close to zero. In addition, in the GT
#ff case the total error factor 'r l

10 increases only very slowly
when nuclei with very long half-lives are included in the
calculations. This increase is expected because when the Q(
window becomes increasingly small the calculated half-life
values are more sensitive to small errors in the calculated
positions in energy of the GT transitions.
For delayed-neutron emission there are fewer data points

available than for (-decay half-lives. However, the more
than 100 data points %41& are sufficient to allow us to draw
several conclusions. First, just as for the half-lives we find
that the calculations are more accurate for decays corre-
sponding to large Q( values; that is, far from stability, where

β− decay (Theory: GT + ff) 

Total Error = 4.82  for 546 nuclei, Tβ,exp < 1000 s 
Total Error = 3.08  for 184 nuclei, Tβ,exp < 1 s 
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β− decay (Theory: GT) 

Total Error  = 21.16 for 546 nuclei (13 clipped), Tβ,exp < 1000 s 
Total Error  =  3.73 for 184 nuclei, Tβ,exp < 1 s 
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FIG. 4. Ratio of calculated to experimental ("-decay half-lives
for nuclei from 16O to the heaviest known in our previous and
current models. The (-decay rates of r-process nuclei are normally
shorter than 150 ms.

β− decay (Theory:GT + ff) 

Total Error = 3.52 

10 − 2 10 − 1 100 101 102 
Experimental Neutron Emission Probability Pn,exp (%) 

10 − 3 

10 − 2 

10 − 1 

100 

101 

102 
103 

P n
,c

al
c 
/ P

n,
ex

p 

β− decay (Theory: GT) 

Total Error = 5.54  
10 − 3

 

10 − 2 

10 − 1 

100 

101 

102 

103 

FIG. 5. Ratio of calculated to experimental (-delayed neutron-
emission probabilities Pn for nuclei in the fission-fragment region
in our previous and current models.

PETER MÖLLER, BERND PFEIFFER, AND KARL-LUDWIG KRATZ PHYSICAL REVIEW C 67, 055802 #2003$
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hot wind r process  
parameterized as in Meyer (2002) 
with s/k = 100, Ye = 0.25 

F =100× Xbaseline(A)− X(A)
A
∑

 Surman et al (2013) 

equilibrium phase only 
 
 
full simulation 
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hot wind r process  
parameterized as in Meyer (2002) 
with s/k = 100, Ye = 0.25 

F =100× Xbaseline(A)− X(A)
A
∑

 Surman et al (2013) 

equilibrium phase only 
 
 
full simulation preliminary 



Mumpower, Fang, 
Surman, Beard, 
Aprahamian, submitted 
(2014) 

a change in the mass of nucleus (Z, A) also modifies: 
neutron separation energies for (Z, A) and (Z, A+1) 
neutron capture rates for (Z, A) and (Z, A-1) 
beta decay rates for (Z, A) and (Z-1, A) 
beta-delayed neutron emission probabilities for (Z-1, A)-(Z-1, A+3) 

2

cused on the uncertainties of nuclear inputs individually.
For instance, neutron separation energy and binding en-
ergy studies where mass influences have not been prop-
agated to other properties have been performed in the
context of both supernova and neutron star merger r
process scenarios [14, 15]. Individual neutron capture
rates have been studied in the context of both weak [16]
and main r-process components [17–19]. Studies of beta-
decay rates have been performed around closed neutron
shells [20, 21] as well as for main r-process components
[22]. In all of these studies the most influential nuclei are
populated either during equilibrium or during the last
stage of the r process known as ‘freeze-out’, when nu-
clei decay back to stability. For a main r process these
important nuclei are found to lie near closed shells and
in the rare earth region A ⇠ 160. Here we perform a
complete sensitivity study of nuclear masses focusing on
nuclei near the N = 82 shell closure.

In an r-process wind, extreme conditions activate nu-
clear reactions and can potentially produce equilibrium
between neutron captures and their inverse reaction,
photo-dissociation. In a ‘hot’ wind this equilibrium oc-
curs for a long duration whereas in a ‘cold’ wind the
equilibrium is short lived or non-existent [23]. Equilib-
rium occurs when temperatures are high and so �-decays
which move the nuclear flow to higher atomic number,
Z, control the timescale for heavy element production.
Nuclear masses are particularly important during this
phase as they directly set the r-process path along with
the temperature and density. In this special case, the
abundances along an isotopic chain can be computed via
the nuclear Saha equation [2]. Once the supply of free
neutrons is consumed the r-process path, or set of most
abundant isotopes, begins to move back to stability. The
criterion of neutron exhaustion signals the start of the
freeze-out phase of the r process in which key abundance
features are formed, such as the rare earth peak [24].
Additional neutrons during this time come from photo-
dissociation, neutrons emitted promptly after �-decay, or
in very neutron-rich scenarios, by fission [25]. r process
winds could occur in a number of environments including
supernova, neutron star mergers or black hole accretion
disks.

In order to study masses in the N = 82 region in a
hot wind r-process we employ a one dimensional model
from [26]. This trajectory has entropy of 200 kB , elec-
tron fraction of Ye = 0.3 and timescale of 80 ms yielding
the production of heavy elements which extends beyond
the region of interest but is not neutron rich enough to
consider fission recycling. We use a dedicated r-process
reaction network code first described in [27, 28], and up-
dated for recent studies [19, 29, 30].

To provide a consistent basis for our calculation of nu-
clear properties we use FRDM masses [31]. This model
has an RMS error of around 650 keV compared to known
nuclear masses a part of the latest Atomic Mass Evalua-

Neutron capture Separation energy β-decay Pjn

FIG. 1: Shows the quantities of neighboring nuclei of impor-
tance to the r-process that are altered by a change in mass of
nucleus with Z protons and N neutrons.

tion (AME) [32]. We use these theoretical masses for all
nuclei in our network since an artificial jump would be
introduced by attempting to supplement with measured
masses. This is also why our results show sensitivities
for known masses in the 2012 AME despite some being
known to better than 100 keV.
In our study when a nuclear mass is varied we recal-

culate all the relevant nuclear properties of neighboring
nuclei that depend on the changed mass. Specifically, if
the mass of a nucleus (Z,N) with Z protons and N neu-
trons is varied then it leads to changes in the neutron
capture rates of (Z,N) and (Z,N � 1), the separation
energies of (Z,N) and (Z,N + 1), the �-decay rates of
(Z,N) and (Z � 1,N + 1), and �-delayed neutron emis-
sion probabilities of (Z,N), (Z�1,N +1), (Z�1,N +2),
(Z � 1,N +3), (Z � 1,N +4) and (Z � 1,N +5). This is
shown visually in Fig. 1.
Nuclear masses go into the calculation of neutron cap-

ture rates via the dependence on separation energy of
the compound nucleus and reduced mass. The separa-
tion energy change plays the biggest role, contributing to
the transmission coe�cients while the change in reduced
mass modifies the level density to a lesser extent. It is
instructive to point out that a change to the separation
energy of the target nucleus does not propagate to the
capture rate calculations. For example, the capture rate
of (Z,N +1) does not change when the mass of (Z,N) is
varied since this mass variation does not alter the separa-
tion energy of the compound nucleus (Z,N + 2). Across
the chart of nuclides we use neutron capture rates calcu-
lated with the publicly available statistical model code,
TALYS [33] with photo-dissociation rates calculated by
detailed balance. To propagate the changes to the neigh-
boring neutron capture rates we invoke the ‘massnucleus’
command in TALYS.
The dependence of weak decay properties on nuclear

masses can be derived from following formula [34]:

�� ⌘ ln(2)

t1/2
=

X

i

f I
!i
CI(!i) (1)
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Mumpower, Fang, 
Surman, Beard, 
Aprahamian, in 
preparation 
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Mumpower, Fang, 
Surman, Beard, 
Aprahamian, in 
preparation 

Mumpower, Fang, 
Surman, Beard, 
Aprahamian, in 
preparation 

preliminary 
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hot wind r process  
parameterized as in Meyer (2002) 
with s/k = 100, Ye = 0.25 

F =100× Xbaseline(A)− X(A)
A
∑

Surman and Mumpower, 
in preparation 



β-delayed neutron emission: instantaneous freezeout  
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no bdne 
with bdne 

Surman and Mumpower, 
in preparation 



β-delayed neutron emission: dynamical freezeout  
R Surman 

ARIS 2014 
2014 June 4  

hot wind, fully dynamical calculation 

hot wind, instantaneous freezeout 
Surman and Mumpower, 
in preparation 

no bdne 
with bdne 



β-delayed neutron emission: dynamical freezeout  
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hot wind 

cold wind 

Surman and Mumpower, 
in preparation 

no bdne 
with bdne 
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Surman and Mumpower, 
in preparation 

hot r process 

cold r process 

Here BDNE is 
switched off for 
ranges of nuclei 
(0-5, 5-10, 10-15, 
etc. neutrons 
from stability) 



summary 

The site of the r process remains one of the greatest mysteries of 
nuclear astrophysics 
 
After decades of progress the question is still unanswered: mergers or 
supernovae? (or both??) 
 
Advances in spectroscopic observations, radioactive beam 
experiments, and the nuclear theory of neutron-rich nuclei have 
opened up a new avenue of approach to solving this mystery 
 
Once nuclear physics uncertainties are reduced, we can exploit how 
the abundance pattern is finalized during freezeout to constrain the r-
process astrophysical conditions 
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