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Impact of individual nuclear masses on r-process abundances
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We have performed for the first time a comprehensive study of the sensitivity of r-process nucleosynthesis to
individual nuclear masses across the chart of nuclides. Using the latest version (2012) of the Finite-Range Droplet
Model, we consider mass variations of ±0.5 MeV and propagate each mass change to all affected quantities,
including Q values, reaction rates, and branching ratios. We find such mass variations can result in up to an order
of magnitude local change in the final abundance pattern produced in an r-process simulation. We identify key
nuclei whose masses have a substantial impact on abundance predictions for hot, cold, and neutron star merger
r-process scenarios and could be measured at future radioactive beam facilities.
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I. INTRODUCTION

One of the most challenging open questions in all of physics
is the identification of the site or sites of rapid neutron capture,
or r-process, nucleosynthesis [1,2]. Production of the heaviest
r-process elements requires on the order of 100 neutron captures per seed nucleus; exactly where and how such rapid neutron captures occur have yet to be definitively determined [3].
One attractive potential site is within the cold or mildly
heated tidal ejecta from neutron star or neutron-star–blackhole mergers [4]. Current state-of-the-art simulations show a
vigorous r process with fission recycling in the merger ejecta
[5–8]. The resulting abundance pattern is relatively insensitive
to variations in the initial conditions, which naturally explains
the consistent 56 < Z < 82 pattern observed in the solar
system and r-process-enhanced halo stars [9,10]. Vigorous
production of radioactive r-process nuclei can also lead to
an observable electromagnetic transient accompanying the
merger event [11–13], an example of which may have already
been detected [14,15]. It is less clear whether mergers happen
often enough or early enough in galactic history to fit all of the
observational data [16–18]. The neutrino-driven wind within a
core-collapse supernova is perhaps the best-studied alternative
[19,20], though the combination of moderate neutron-richness,
high entropy, and fast outflow time scale required to make the
heaviest r-process elements does not appear to be achieved
in modern simulations [21–24]. Instead attention has shifted
to more exotic sites connected to the deaths of massive stars,
including neutron-rich jets [25], supernova neutrino-induced
nucleosynthesis in the helium shell [26], and collapsar outflows
[27,28].
In principle, the proposed environments have such distinct
astrophysical conditions that their abundance pattern predictions should be clearly distinguishable. Currently simulations
lack this precision [29,30], in large part due to uncertainties in
the required nuclear data. Properties such as masses, neutron
capture rates, β-decay rates, and β-delayed neutron emission
probabilities are needed for thousands of neutron-rich nuclear
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species from the valley of stability to the neutron drip line.
Presently there is little experimental information available
for the vast majority of these quantities. Simulations must
instead rely on extrapolated or theoretical values, where
different approaches can produce markedly different (and often
divergent) predictions.
Nuclear masses are particularly important for the r process
as they enter into the calculations of all of the aforementioned
nuclear properties, which shape how each phase of the
r process proceeds. In a classic r process, an equilibrium is
established between neutron captures and photodissociations,
and nuclear masses directly determine the r-process path
through a Saha equation:


G(Z,N + 1) Nn
Y (Z,N + 1)
Sn (Z,N + 1)
∝
,
exp
Y (Z,N )
2G(Z,N ) (kT )3/2
kT
(1)
where G(Z,N ) are the partition functions, Nn is the neutron number density, kT is the temperature in MeV, and
Sn (Z,N + 1) is the neutron separation energy, the difference in binding energy between the nuclei (Z,N + 1) and
(Z,N ). Each isotopic chain is connected to its neighbors by
β decay, and thus the β-decay lifetimes of nuclei along the
r-process path set their relative abundances. Modern nuclear
network calculations show that this equilibrium picture is an
excellent approximation for early-time r-process evolution
in many astrophysical scenarios. Eventually (n,γ )  (γ ,n)
equilibrium fails, or in some scenarios is not established at all,
and then neutron capture, photodissociation, and β decay all
compete to shape the final abundance pattern.
The roles of these individual pieces of data in r-process
nuclear network simulations have been examined via sensitivity studies. In these studies, baseline astrophysical conditions
are chosen, a single nuclear property is varied, and the
simulation is rerun with the nuclear data change and compared
to the baseline. Sensitivity studies highlight the pieces of data
with the most leverage on the final abundance pattern and
elucidate the mechanisms of influence. They have so far been
performed for neutron capture rates [31–34], β-decay rates
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[34,35], and photodissociation rates via their dependence on
nuclear masses [36–38] and are in progress for β-delayed
neutron emission probabilities [39]. All of these investigations
conclude that the details of the final abundance pattern depend
critically on the individual nuclear properties of nuclei along
the r-process path and nuclei populated as material moves
back to stability during the last stage of the r process known as
freeze-out. The sensitivity of abundances to individual nuclear
properties has been explored over a range of astrophysical
conditions and nuclear models that show the robustness of
these conclusions [34,37]. Sensitivity studies of individual
nuclear properties are distinct from and complementary to
studies of the influence of groups of nuclear properties,
e.g., Refs. [40,41], global theoretical model predictions, e.g.,
Ref. [42], or global variations in a Monte Carlo approach
[29,30] that can quantify correlations between nuclear physics
inputs [43].
The sensitivity studies described above looked for the
individual nuclear properties with the greatest impact on the
r process by considering variations of one piece of data at a
time. However, we know that modifying a single nuclear mass
alters all of the nuclear properties that depend on that mass.
Here we perform nuclear mass r-process sensitivity studies in
which variations in individual nuclear masses are consistently
propagated to all affected nuclear properties, including neutron
capture rates, photodissociation rates, and β-decay properties.
This approach was developed in Ref. [44] for spherical nuclei
and is extended for the first time in this work to the entire chart
of the nuclides between Z = 30 and Z = 80. Our new studies
capture the full impact of the uncertainties in individual masses
on the r process and provide a comprehensive astrophysical
motivation for the most important masses to measure in present
and future experimental campaigns. Additionally they place
direct constraints on the precision needed for measurements
of nuclear properties and theoretical models, to improve
r-process predictions and, eventually, distinguish between
possible astrophysical sites.
II. BASELINE R-PROCESS SIMULATIONS

Each sensitivity study begins with a choice of the baseline
astrophysical trajectory. We investigate several astrophysical
conditions including a low-entropy hot wind, a high-entropy
hot wind, a cold wind, and a neutron star merger (nsm). While
this set of astrophysical conditions is by no means exhaustive,
it does provide a wide range of distinct environments where
the impact of nuclear masses can be explored. We discuss the
details of these conditions below.
In a hot wind an equilibrium is established between
neutron captures and their inverse reaction, photodissociation,
and the β decays that move the nuclear flow to a higher
atomic number, Z, control the time scale for heavy-element
production. Nuclear masses are influential during equilibrium
because they directly set the r-process path for a given
temperature and density, as shown in Eq. (1). To explore
nuclear mass uncertainties in a low-entropy hot wind we use a
parametrized wind model from Ref. [45] which has an entropy
of 30 kB , an electron fraction of Ye = 0.20, and a time scale of
70 ms. This trajectory yields the production of heavy elements

out to the third peak but is not neutron rich enough to lead
to fission recycling. The high-entropy hot trajectory uses the
same parametrization with an entropy of 100kB , an electron
fraction of Ye = 0.25, and a time scale of 80 ms. In a cold
wind the (n,γ )  (γ ,n) equilibrium is short-lived because
the temperature drops quickly and photodissociation becomes
negligible. The r-process path moves far from stability where
a new quasiequilibrium can be established between neutron
captures and β decays. To study nuclear masses under these
conditions we employ the neutrino-driven wind simulation
of Ref. [46] with an artificially reduced electron fraction of
Ye = 0.31 to produce a main r process. We also consider
a neutron star merger environment using a trajectory from
Bauswain and Janka, for which the mildly heated ejecta is
sufficiently neutron rich to undergo fission recycling [5].
In all cases, once the supply of free neutrons is consumed the
r-process path 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 [47,48]. Additional neutrons during this
time come from photodissociation, neutrons emitted promptly
after β decay, or fission [49]. During this freeze-out phase
the reaction flows are sensitive to individual masses of nuclei
between the r-process path and stability.
Our studies employ a dedicated r-process reaction network
code [47,50] that has been updated in recent studies [49,51]
and includes a schematic treatment of fission [52]. For the
baseline nuclear masses we use the 2012 version of the
Finite-Range Droplet Model (FRDM2012) [53]. The rootmean-square (rms) error of FRDM2012 to known masses from
the Atomic Mass Evaluation (AME2012) [54] is 0.57 MeV.
When available, we use measured masses from the AME and
keep these masses unchanged during our calculations. The
use of experimental (AME2012) and theoretical (FRDM2012)
mass values requires some care to avoid large discontinuities.
Therefore when calculating quantities that depend on two
masses of different origin (theory and experiment), we make
sure to consistently calculate that quantity within a given
data set. For example, if a measured mass is available for
(Z + 1,N − 1) but not (Z,N ), the β-decay Q value for (Z,N )
is calculated from the FRDM2012 masses only.
The baseline neutron capture rates are calculated with the
publicly available statistical model code TALYS [55] using
FRDM2012 and the latest compilation of measured masses
from the AME2012 as described above. We use the default
settings for the level density, the γ -strength function, and
the particle optical model. The default level density model
used in TALYS combines a constant nuclear temperature at
low energies and matches it with a back-shifted Fermi gas
model using systematics [56]. Masses can enter into this level
density model via the definition of the constant temperature,
which, as used in the TALYS code, is proportional to one over
the square root of the shell correction term: dW (Z,N ) =
M(Z,N ) − MLDM (Z,N ), where M(Z,N ) is the mass of the
nucleus and MLDM (Z,N ) is the predicted mass to a spherical
liquid-drop. Additionally, the level density parameter, a, is
proportional to dW and hence the nuclear masses. The default
γ -strength function used in TALYS is the formulation set out
in Kopecky and Uhl (KU) [57]. Nuclear masses enter into this
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FIG. 1. (Color) The quantities of neighboring nuclei of importance to the r-process that may be altered by a change in the mass of the
nucleus with Z protons and N neutrons.

parametrization of the giant dipole resonance via the nuclear
temperature term, which prevents the γ strength from going
to zero as γ energy decreases. The nuclear temperature itself
is proportional to the square root of the neutron separation
energy, Sn , as well as a, evaluated at Sn .
Photodissociation rates are calculated from neutron capture
rates by detailed balance:


Sn (Z,N )
σ v(Z,N−1) ,
λγ (Z,N ) ∝ T 3/2 exp −
(2)
kT
where Sn (Z,N ) = M(Z,N − 1) − M(Z,N ) + Mn is the
one-neutron separation energy, M(Z,N ) and M(Z,N − 1)
are masses of the nuclides, Mn is the mass of the neutron, T
is the temperature, σ v(Z,N−1) is the neutron capture rate of
the neighboring nucleus, and k is the Boltzmann’s constant.
The baseline photodissociation rates use FRDM2012 and
AME2012 masses and the neutron capture rates as calculated
above.
For the baseline β-decay rates we use experimental values
[58] where available and theoretical estimates everywhere else.
Theoretical rates are calculated as in Ref. [59]:
ln(2)  I I
=
fωi C (ωi ),
(3)
λβ ≡
t1/2
i
where λβ is the β-decay rate, t1/2 is the half-life, i denotes
the ith excited state of the daughter nucleus with energy
Ei , ωi = (Qβ − Ei )/me is the β-decay energy to this state
in units of electron mass, I is the type of the decay, either
Gamow-Teller (GT) or first-forbidden (FF), f is the phase
space factor, and C is the β-strength function. We use the
β-decay strength data from Ref. [59] and calculate the phase
space piece using FRDM2012 and AME2012 masses as
described above. Neutron emission probabilities are calculated
by combining the quasiparticle random-phase approximation
(QRPA) model of Ref. [59] with a Hauser-Feshbach (HF)
model from Ref. [60] that has been extended to the neutron drip

line in this work. This combined QRPA-HF approach produces
larger predictions of average neutron emission towards the drip
line compared to older (QRPA) methods, because it follows
the statistical decay until the initial available excitation energy
is exhausted.

III. MASS VARIATION PROPAGATION

For the sensitivity studies of this work we consider mass
variations of ±0.5 MeV, approximately equal to the rms
error of FRDM2012. Because measured masses tend to have
experimental uncertainties much smaller than this, we restrict
our individual mass variations to nuclei with extrapolated or
unknown masses.
When an uncertain nuclear mass is varied we recalculate
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 neutrons is varied then it
can lead 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 β- decay rates of (Z,N ) and (Z − 1,N + 1), and the βdelayed neutron emission probabilities of (Z,N ), (Z − 1,N +
1), (Z − 1,N + 2), up to (Z − 1,N + 12) as shown in Fig. 1.
To propagate the changes to the neighboring neutron
capture rates we invoke the “massnucleus” command in TALYS
and continue to use the default settings for the level density,
the γ -strength function, and the particle optical model with the
varied mass. A ±0.5 MeV mass variation results in a change in
neutron capture rates of a factor of approximately 2 to 5. Note
that this corresponds to the uncertainty in the neutron capture
rates due only to uncertain nuclear masses; larger variations in
the rates come from the choice of statistical model components
and the treatment of direct capture [61]. The impact on the r
process of these larger neutron capture rate uncertainties are
addressed in earlier studies [32,33,50].
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FIG. 2. (Color) Nuclei that significantly impact final r-process abundances for four astrophysical conditions. The intensity of the color
denotes the maximum F value, Eq. (4), resulting from individual ±0.5 MeV mass variations. Light gray denotes the extent of measured masses
from the 2012 AME and stable nuclei are colored black. For reference, estimated accessibility limits are shown for the upcoming Facility for
Rare Isotope Beams (FRIB) (black line shows the intensity of 10−4 particles per second [62]).

For the β-decay rates, all measured half-lives remain
unchanged during our mass variations and we adjust only
the affected theoretical rates. For the theoretical values, the
majority of the dependence on nuclear mass is contained in

the phase space piece, which goes as f (ω) ∼ ω5 for allowed
decays. This is a significantly stronger dependence on masses
than appears in the nuclear matrix elements calculated in the
QRPA [44]. Therefore when updating the theoretical rates
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with the mass variations we recalculate only the phase space
factors and leave the β-strength functions unchanged. This
greatly reduces the numerical cost of the calculation while
still capturing most of the dependence of the half-lives on the
masses. We find mass variations of ±0.5 MeV lead to changes
in the half-lives by a factor of roughly 2 to 4.
We recalculate the affected β-delayed neutron branching
ratios in our QRPA-HF approach, assuming the structure of
the ground state does not change with the mass variation.
Modifications come from a change in the β-decay Q value of
the parent nucleus or from a change to the neutron separation
energies of the daughter nuclei. A general dependence of
neutron emission probabilities on changes in mass using
QRPA-HF is thus entangled with the inclusion of γ -ray
competition at each neutron emission stage.
IV. MASS SENSITIVITY STUDY

With the required baseline nuclear data generated as
described in Sec. II and the computational tools in place to
propagate the mass variations to the affected nuclear properties
as described in Sec. III, we begin our sensitivity studies with
the baseline astrophysical trajectories identified in Sec. II. For
each nuclear species (Z,N ) we repeat the baseline r-process
simulation twice: once where the mass M(Z,N ) is increased
by 0.5 MeV and once where the mass is decreased by 0.5 MeV.
We then compute the metric

|X(A) − Xb (A)|,
(4)
F = 100
A

where Xb (A) is the final isobaric mass fraction in the baseline
simulation, X(A) is the final isobaric mass fraction of the
simulation when all nuclear inputs have been modified based
off the change in a single mass, and the summation runs over
the entire baseline pattern [44]. As defined here, the F metric
quantifies the impact of the mass on the global r-process
pattern. This procedure is then repeated for every nuclear
species from the limits of the AME2012 experimental values
to the FRDM2012 neutron drip line.
Figure 2 shows the results of the full-chart mass sensitivity
studies run for our four choices of astrophysical conditions.
The shading of each rectangle represents the largest of the
two F values that we obtained when we calculated the
r-process abundances for the reference mass (FRDM2012)
(1) plus 0.5 MeV and (2) minus 0.5 MeV. Roughly 1100
nuclei are included in each study with 30  Z  80 and
60  N  130. As a general result, we find influential nuclear
masses lie along the equilibrium r-process path as well as along
the decay pathways back to stability, most of which are within
the predicted experimental reach of the upcoming Facility
for Rare Isotope Beams (FRIB) [63]. This is particularly
evident around the closed neutron shells where we find the
largest global impact of nuclear masses. F values are also
large in the rare earth region A ∼ 160, even for cold and
merger trajectories, indicating a strong dependence on nuclear
masses for the production of the rare earth peak. Qualitatively,
the overall distribution of influential nuclear masses in the
four cases reinforces the conclusions from our previous work
[36,38,44]. The pattern of most impactful nuclei for the hot

TABLE I. Important nuclei from Fig. 2 with Fmax  20. The
abbreviation nsm denotes neutron star merger.
Z

N

A

Fmax

Trajectory

48
50
49
49
49
49
49
49
48
46
48
46
46
48
46
50
46
48
48
48
48

84
86
84
86
85
87
88
89
88
86
86
86
84
90
85
88
84
88
85
87
89

132
136
133
135
134
136
137
138
136
132
134
132
130
138
131
138
130
136
133
135
137

101.39
83.68
74.59
73.82
72.84
71.04
68.08
66.43
58.42
55.56
52.38
48.67
43.73
37.86
34.81
29.64
24.19
24.10
23.38
21.12
20.63

High-entropy hot
High-entropy hot
High-entropy hot
High-entropy hot
High-entropy hot
High-entropy hot
High-entropy hot
High-entropy hot
Low-entropy hot
nsm
Low-entropy hot
Cold
Cold
Low-entropy hot
Cold
High-entropy hot
nsm
Cold
Low-entropy hot
Low-entropy hot
Cold

wind r process shown in the top panel of Fig. 2 is directly
comparable to that from Refs. [36,38].
Our new studies show several key improvements that
come from addressing the limitations of these early studies.
References [36,38] considered the propagation of mass variations to photodissociation rates only, which underestimates
the resulting sensitivity measures, especially in cold wind
or merger r-process scenarios where photodissociation is
suppressed. In these cases, the influence of masses on the
r process occurs via the decay properties and neutron capture
rates—an effect which was captured for the first time in
Ref. [44] but only for closed-shell nuclei. Thus our new studies
are the first reliable full-chart estimates of the impact of nuclear
masses in cold and merger r-process scenarios. In addition, the
hot wind studies show higher mass sensitivities in the rare earth
region compared to the earlier studies, due to the interplay of
β decay, neutron capture, and photodissociation that forms
the rare earth peak [47,49]. The exact mechanisms by which
each piece of nuclear data influences the final abundance
pattern in different types of r processes are explored in Refs.
[31–33,35,36,38,39,44].
Any nucleus with an impact parameter above F ∼ 10
(purple shading) implies a significant global change to the
abundances. Only palladium (46 Pd), cadmium (48 Cd), indium
(49 In), and tin (50 Sn) isotopes show sensitivities above F = 20
in our studies. Table I includes the F measures of these most
impactful nuclei.
V. ABUNDANCE PATTERN PREDICTIONS

We now use the above sensitivity study results to examine
the variances that can arise in the final abundance pattern due
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FIG. 3. (Color online) Variances of the ensembles of final abundance patterns (shaded bands) for the four sensitivity studies described in
this work, compared to scaled solar r-process residuals (black circles) from Ref. [64].

to uncertainties in nuclear masses. In each sensitivity study we
first select the nuclei for which F  0.1 as shown in Fig. 2. We
create an ensemble of abundance patterns from the simulations
that includes the individual mass changes ±0.5 MeV of these
nuclei. We then compute the variance of this reduced ensemble
of abundances for each value of A. The variance in the final
abundance patterns for the low-entropy hot wind, high-entropy
hot wind, cold wind, and neutron star merger studies is
shown in Fig. 3 compared to the solar isotopic r-process
residuals.
The dependence of r-process predictions on the uncertainties in nuclear masses is shown by variance bands for
four different astrophysical conditions in Fig. 3. These four
trajectories have distinct r-process paths and dynamics during
freeze-out which means the variance in abundances in each
environment comes from a different aspect of the dependence
on nuclear masses as mentioned above. This result is only
obtainable by using our approach of consistently propagating
uncertainties from nuclear masses to all of the relevant nuclear
quantities for the r process.
One may be tempted to rule out the hot conditions as the
variance bands are clearly offset for the third (A = 195) peak.
However, we note that our approach here actually underestimates these bands in all scenarios—larger uncertainties from
reaction rate calculations are not included, which are particularly important for the hot scenarios, and mass changes in these
studies are done on an individual basis. Methods that rely on a
global Monte Carlo approach have the ability to resolve these
drawbacks. Preliminary work [29] in this direction suggests
details of the abundance pattern can be clearly resolved if

mass uncertainties are reduced to less than 0.1 MeV. The next
generation of nuclear mass measurement campaigns will be
crucial in the progress toward this ambitious goal.
With this caution in mind, Fig. 3 confirms our previous
results that mass model uncertainties are currently too large
for precision abundance pattern predictions capable of differentiating between r-process conditions [44]. For example, the
formation of the A ∼ 160 rare earth peak can in principle be
used to constrain the r-process site [48]; however, the variance
bands in Fig. 3 are larger than the peak itself. This indicates
that the features of the mass surface in this region responsible
for rare earth peak formation are likely on the order of the rms
value of FRDM2012 or smaller.
The new FRDM2012 mass model used in this work includes
substantial refinements from the 1995 version. The most
notable advances of the new mass model that impact r-process
calculations come from an enhanced description of deformation and the inclusion of ground-state triaxiality. Simulations
of the r process with the new FRDM2012 masses show
marked improvement over the FRDM1995 masses in matching
features from the solar pattern, as is clear from a comparison
of the final abundances of Fig. 3 to those in Ref. [44]. This is
particularly evident for nuclei in the transition region between
the N = 82 closed shell and the rare earth region.
VI. CONCLUSION

In summary, we have shown for the first time how uncertainties in individual nuclear masses propagate to influence
and shape the r-process abundance distribution across the
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chart of nuclides. We consider variations of individual nuclear
masses and recalculate consistently all relevant Q values,
neutron capture rates, photodissociation rates, β-decay rates,
and β-delayed neutron emission probabilities, as shown in
Fig. 1. We find mass uncertainties of ±0.5 MeV have a
significant impact on r-process abundance predictions as
summarized in Fig. 2. In terms of our metric, a value of F ∼ 20
represents a large local change or a global shift in r-process
abundances.
We explore changes to masses of ±0.5 MeV from
FRDM2012 in four astrophysical trajectories: a low-entropy
hot wind, a high-entropy hot wind, a cold wind, and a neutron
star merger (nsm). Shifts in the equilibrium path play the
dominant role in a hot r process, and our results here mirror
earlier studies [36,38] where mass variations were propagated
only to the photodissociation rates. Changes to weak decay
properties and neutron capture rates are essential to include
particularly in the cold wind and merger cases where the
photodissociation channel is suppressed. We find a similar
dependence on nuclear masses for all astrophysical conditions
studied, as shown in Fig. 3, due to the propagation of mass
uncertainties to all relevant quantities. The nuclei with the
most impactful masses lie along the equilibrium r-process
path, as expected, and also along the decay paths to stability.
This result strongly reinforces our conclusions from previous
studies that understanding freeze-out is critical for predicting
r-process abundances under any astrophysical conditions.
This work is intended to provide guidance for experimental
campaigns as many of the influential nuclear masses identified

in our studies will be accessible to future radioactive beam facilities. These measurements have the potential to dramatically
improve the precision of r-process simulations. Still, some
masses will remain beyond experimental reach. It is therefore
also of key importance to improve global mass models. This
work provides additional motivation for strengthening efforts
in improving the global description of nuclear masses because
it clearly shows that current mass model uncertainties are
still too large for the finer details of the isotopic r-process
abundance pattern to be resolved. The following question
then arises: how well do we need to know nuclear masses
to predict a final composition of the r process? Current studies
that address this question strongly point to the resolution of
abundance features if global model uncertainties are reduced
to less than 0.1 MeV [29,44]. Future studies that consider
the correlation of nuclear masses and abundance predictions
via variation of model parameters will provide supplemental
insight into theoretical mass models. Thus, a concerted effort
is required by the community to analyze model inputs and
physical assumptions to achieve reliable calculations as close
to this threshold as possible [65–67].
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