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How nucleosynthesis codes work / post-processing

Rosswog+13

NSM dynamical ejecta

Hydrodynamic simulations 
provide us with a “trajectory”: 
density / temperature / radius 
as a function of time

Both experimental + theoretical 
nuclear data input: reaction 
rates (temp grid), all decay rates 
with branching ratios taken into 
account, nuclear masses, fission 
rates (temp grid), fission yields 
and prompt neutrons

§ Standard outputs include final abundances (Y), Y(t), and “flows” 
(rate x abundance) as a function of time

§ The need for nuclear data is not isolated to the data run by the 
nucleosynthesis network: outputs are post-processed further to 
evaluate nuclear heating, light curves, gamma spectra…

r-process 
path
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is expected since the three calculations do not necessar-
ily span the range of Hauser Feshbach parametrizations
that the Monte Carlo calculation includes. However, it
is notable that the Monte Carlo abundances vary sim-
ilarly to the three single reaction rate calculations in a
few mass regions, while they are surpassed in variation by
the spread of single calculations in one mass region. For
example, a similar magnitude of abundance variation is
observed in the case of the low-entropy wind of figure 13a
for isotopes with 130 < A < 140, 180 < A < 195, and
A ⇡ 200. The non-Monte Carlo results diverge even more
than the Monte Carlo study in the NSM dynamical ejecta
scenario of figure 13b for nuclei with 125 < A < 135.
These observations serve as a suggestion that the Monte
Carlo technique does not globally overestimate the nu-
cleosynthesis yield variation. The Monte Carlo results
are within the range of what could be obtained by per-
forming traditional network calculations using theoretical
neutron capture rates, and its use as a tool to explore the
sensitivity of abundance yields to the model uncertain-
ties inherent in Hauser Feshbach extrapolations seems
justified.

The Monte Carlo calculations of figure 13 can be com-
pared with the study of figure 1 in the Introduction. The
pink band of results suggests an abundance uncertainty
for most isotopes that is comparable to the results ob-
tained by randomly varying each reaction rate within a
factor of 10 uncertainty in the sensitivity study of figure
1. Within the uncertainty band, the nucleosynthesis cal-
culation for both astrophysical scenarios generally agrees
with the shape of the r-process abundances pattern for
145 < A < 190. However, the magnitude of the uncer-
tainty does not allow to extract any conclusion regarding
the detailed shape of the calculated abundances in the
region of agreement.

V. CONCLUSION

E↵orts to solve the puzzle of the synthesis of elements
heavier than iron depend critically on the micro-physics
input to astrophysics models. Ideally, a reliable set of
experimentally measured neutron capture rates for most
of the nuclei involved in the r-process is required. Due
to the technological limitations that prevent us from de-
veloping a reaction target made out of neutrons or some
other equivalent accelerator apparatus, we can not cur-
rently use the available radioactive beams to measure
neutron capture reactions on short-lived nuclei directly.
Hence, neutron capture rates for r-process currently come
from theoretical calculations that contain a large number
of parameters that are not adequately constrained. It is
the consensus of the community that these calculations
infer large uncertainties to astrophysics calculations.

To evaluate the yield outcome of various astrophysics
scenarios we need to be able to reproduce in nucleosyn-
thesis calculations, complex features of abundance yield
patterns. For such comparisons to be meaningful, un-

(a) Results for a low-entropy hot neutrino driven wind
environment.

(b) Results for a neutron star merger environment.

FIG. 13: Monte Carlo study of the e↵ect of the reaction
rate uncertainties identified in this work for two

nucleosynthesis scenarios. The study is compared with
single network calculations using specific neutron

capture rates. Abundances are plotted as a function of
mass number. Pink area: Monte-Carlo. Red line: single
network with reaction rates from Rauscher et al [38].
Blue line: idem, by Mumpower et al [39], Green line:

idem,with rates by Beard et al [40]. Circles: Normalized
r-process abundances based on [41]

certainties in the nuclear input that a↵ect nucleosyn-
thesis calculations have to be identified, and their in-
fluence evaluated. To address this need, we investigated
the sources of uncertainty that are most influential to
the extrapolation of Hauser-Feshbach calculations away
from stability and traced them back to the description of
model ingredients that mostly influence neutron capture
reaction rates, namely the level density, and the gamma-
ray strength distribution. We calculated reaction rates
using a number of adequate level density and gamma
strength models for the neutron-rich isotopes of elements
from oxygen to uranium. For this extensive list of iso-
topes, we compared the results of di↵erent calculations
for each reaction rate and calculated the ratio of mini-
mum to maximum result for temperatures up to 10GK.
We found results that vary up to a few orders of magni-
tude for each reaction rate and studied how the combined
e↵ect of inconsistent model predictions for the level den-
sity and the �-ray strength created increased uncertainty
and reduced the reliability of neutron capture rates away
from stability. Based on these results it is clear that
improvements in the current reaction theory and in par-
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Studies examining variations in theoretical 𝛄-strength 
functions and nuclear level densities show the large 

impact of (n,γ) rate uncertainties on astrophysical neutron 
capture processes (i-process and r-process)

Spotlight on neutron capture



Spotlight on 𝛽-decay

half-life,
hot wind

Mumpower+15
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Heating rates for NSM light curves given three 𝛽-decay models

r-process calculations sensitive to:
𝜷-strength functions, Qb-values, half-lives, Pn

values, and 𝜷-gamma spectra
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sion, it is the sum of the incident neutron energy, En,
and the neutron separation energy, Sn, with En + Sn on
the order of a few MeV, except for the most neutron-rich
nuclei near the neutron dripline. For �-delayed fission,
the excitation energy (denoted here as hEi�) can be as
large as 9 MeV.

Prior evaluations of cumulative neutron-induced fission
yields (after both prompt neutron emission and delayed
emission from the �-decay of fission products) indicated
that the yields become more symmetric with increasing
incident neutron energy [57]. However, a more recent ex-
periment saw the cumulative fission yields for 239Pu(n,f)
in particular to have a non-monotonic energy dependence
on the energy of the incident neutron [58]. Thus the en-
ergy dependence of the fission yields may be more com-
plicated than previously assumed.

Neutron-induced fission in the r process occurs late
in time at low temperatures, corresponding to incident
neutron energies between ⇠ 0.01 � 0.2 MeV, with most
fission taking place at ⇠ 0.1 MeV. Although the r-process
indeed occurs over a range of temperatures, and the neu-
trons are characterized by a thermal distribution rather
than a single energy, the variation in fission yields over
the energy range important for the r process is small.
Figure 1 shows that for the incident neutron energy range
of relevance to the r process, even a very neutron-rich
nucleus such as 279Pu with a low separation energy will
not exhibit significant di↵erences in its fission fragment
yields. Percent-level di↵erences begin to appear when
comparing yields at ⇠ 0.1 MeV and ⇠ 1.0 MeV, however
1.0 MeV (⇡ 10 GK) is not a temperature at which fission
participates in the r-process since here the environment
is governed by nuclear statistical equilibrium (NSE) and
has yet to synthesize fissioning nuclei. The di↵erences in
the yields of a less neutron-rich nucleus with a separation
energy on the order of MeV, such as 258Pu, are even less
relevant. In this case, even a neutron incident energy of
⇠ 1.0 MeV produces di↵erences on the sub-percent level
relative to En = 0.1 MeV. Therefore, unless the r-process
proceeds through conditions in which nuclear reheating
produces a rise in late time temperatures which reaches
NSE values, the variance in the fission yields over the
temperature evolution of the r process can be safely ig-
nored. Thus we apply a constant incident neutron energy
of ⇠ 0.1 MeV.

Even though the incident neutron energy of relevance
to the r process is low, the excitation energy of neutron-
induced fission is typically a few MeV, considerably
higher than the zero excitation energy of spontaneous
fission. One could thus expect a di↵erence in the sponta-
neous and neutron-induced fission yields. The resultant
fission product yields are shown in Fig. 2. Some increased
asymmetry is seen in the tails of the neutron-induced
yields. For the neutron-rich nuclei of interest here, the
GEF 2016 systematics suggest a global trend of tran-
sition from asymmetric toward symmetric yields along
most isotopic chains, with a region of primarily sym-
metric yields near the shell closure at N = 184. Along

FIG. 1. (Color online) The fission yield for 278Pu(n,f) with
an incoming neutron energy of 0.1 MeV (black) as compared
to 0.2 MeV (red), 0.5 MeV (blue), and 1.0 MeV (orange).

an isotonic chain in this neutron-rich region, on average
the yields become increasingly symmetric with increasing
Z. This behavior can be further demonstrated by exam-
ining the trend in the width of the yields, represented
in Fig. 3 by the most probable mass number di↵erence
between the light and heavy fragment. To obtain this
value, we find the maximum, A0, of the yield distribu-
tions shown in Fig. 2, which gives a most probable width
of |A0 � (Af � A0 � ⌫̄)| where Af and ⌫̄ are the mass
number and average neutron multiplicity of the fission-
ing nucleus, respectively. Since, as can be seen in Fig. 2,
many of the GEF 2016 yields in the neutron-rich regions
contain both a symmetric and asymmetric component, a
metric based on the maximum of the yields will not fully
capture their complex behavior. However Fig. 3 is still
representative of the dominant yield trends predicted for
r-process isotopes. In Section III, we will examine the
impact that such asymmetric-to-symmetric yield trends
have on the r-process abundance pattern and will show
that the enhanced asymmetric yield contributions for fi-
nite excitation energies appear in key regions for a fission
cycling r process. We note that for some nuclei the fission
yields predicted by other versions of the GEF code can
be significantly di↵erent from those of GEF 2016. Nev-
ertheless, the general arguments we lay out in this work
remain the same.

We now turn to neutron emission from the fragments
and the resulting fission product yields. First we discuss
how we modify FREYA to make use of the GEF 2016 fis-
sion fragment yields. We then discuss how neutron emis-
sion di↵ers in the two codes and how, even though we may
start with identical yields in both GEF and FREYA, we
may end up with di↵erent fission product yields and av-
erage neutron multiplicities, ⌫. The di↵erence in neutron
emission is important for the r process because prompt
fission neutrons can be a substantial fraction of the late-

Fission in the r-process exemplifies 
the diversity of data needs for 

nuclear astrophysics
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Prompt neutron emission predictions in neutron-rich regions 
using the same fission yields, barrier heights, and TKE6

FIG. 4. (Color online) The average prompt neutron multiplicity for fission induced by the capture of a 0.1 MeV neutron
(right panels) compared to the multiplicity from spontaneous fission (left panels) using the energy sharing and de-excitation
treatments of GEF 2016 (top panels) and FREYA (bottom panels).

Because FREYA does not have any systematic way
of setting the parameters for unknown isotopes, we ad-
just dTKE in FREYA to match the known ⌫ in two
specific cases, 252Cf(sf), for spontaneous fission, and
239Pu(n,f), for neutron-induced fission, while leaving the
other FREYA parameters (x, c, cS , and e0) fixed at their
default values for these isotopes. In these two cases, it
was found that the dTKE required in FREYA when using
the GEF 2016 yields was negligibly small, and the calcu-
lated average neutron multiplicity in both models agreed
with each other and with the data. We use the 252Cf(sf)
parameters for all spontaneous fission and the 239Pu(n,f)
parameters for all neutron-induced and �-delayed fis-
sions.

Because FREYA and GEF employ di↵erent methods
of fragment de-excitation and the FREYA parameters
are not fixed for each isotope, it is clear that we will not
obtain the same neutron multiplicity from FREYA and
GEF aside from our two matching points. Indeed, there
are no data for us to test the parameter values in either
model. However, we can take any di↵erences between
the fission product yields and neutron multiplicities in
FREYA and GEF as an indication of the fission uncer-
tainties a↵ecting the r process.

Figure 4 shows the resulting neutron multiplicities
for spontaneous (left panels) and neutron-induced (right
panels) fission from GEF 2016 (top panels) and FREYA
(bottom panels). In both cases the multiplicities are
generally higher for neutron-induced fission, with 1 � 2
more neutrons emitted than for spontaneous fission. In
the very neutron-rich region, in many cases the neutron
multiplicities can be quite high, with some nuclei emit-

ting 8� 10 neutrons, presumably because the outer neu-
trons are not strongly bound and thus emission is more
probable. It is also clear that more neutrons are emit-
ted through the de-excitation process in FREYA than in
GEF, even starting from the same initial fission fragment
yields. Both GEF and FREYA see a diagonal region of
systematically higher neutron emission near N = 184
which comes from the ability of the asymmetric yields
seen in this region (recall Fig. 3) to emit more neutrons
from a neutron-rich light fragment. We now describe
where the di↵erences in multiplicity may come from and
discuss possible consequences of this di↵erence later.

Recall that the model of excitation energy sharing in
GEF is replaced in FREYA by the constant parameter
x. We note that in FIFRELIN and CGMF, the excita-
tion energy sharing is also parameterized but, in those
cases, mass dependent ratios are derived from data on
the measured neutron multiplicity for specific isotopes as
a function of fragment mass, ⌫(A). Both FREYA’s x
and the parameterized ratios in FIFRELIN and CGMF
can reproduce the “sawtooth” shape of ⌫(A) in gross or
fine detail, depending on which approach is employed.
The sawtooth shape is thought to arise from closed nu-
clear shells, in particular at A = 132 where there is a
doubly closed shell and ⌫(A) is at a minimum because
closed-shell nuclei are harder to excite than highly de-
formed nuclei, resulting in fewer neutrons emitted. The
x parameter in FREYA gives more excitation energy to
fragments with A < 132, resulting in a higher neutron
multiplicity for the light fragment in spontaneous and
thermal-neutron-induced fission, as suggested by data
on well-studied nuclei such as 252Cf(sf), 235U(n,f) and
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Gammas > 3.5 MeV: signature of prompt and 
delayed fission gammas in an astrophysical event! 

Wang,Vassh+20 (ApJ Letters)
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r-process calculations need:

Spotlight on fission

Fission yields and rates for n-induced fission, 
𝜷-delayed fission, and spontaneous fission for 
n-rich nuclei (sensitive to barrier height)

Neutron emission probabilities, fission 𝛄
spectra, and masses of n-rich products

𝜷-spectra of n-rich products

Vassh+19; 
See also fission sensitivity studies Ward,Vassh+22 (in prep)



Some ways to support nuclear 
astrophysics data needs: 

*open source experimental and theoretical data 
(want to apply the most up-to-date and vetted datasets!)

*training for nuclear astrophysics data users

*more user friendly (= student friendly) data formats and 
evaluation documentation 
(noting choices made during evaluation, easy access to citations, 
guides on best place to find specific data types) 

*peoplepower (nuclear astrophysics students / postdocs)

*funding topical collaborations like FIRE


