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1. Introduction

The formation of about half of the solar system heavy elementabundancess has long been
attributed to rapid neutron capture, orr-process, nucleosynthesis [1, 2]. However, much remains to
be learned about this process, both in the astrophysics of the environment(s) in which it occurs and
in the nuclear physics of the thousands of unstable nuclei produced. Here we focus on the latter.

It has traditionally been assumed that nuclear masses and beta-decay rates are the most im-
portant pieces of nuclear data for ther process. In the classic picture of ther-process (see, e.g.,
[3]), neutron captures on seed nuclei proceed in conditionsof high temperature and free neutron
density, such that equilibrium obtains between neutron captures and photodissociations. While this
(n,γ)-(γ ,n) equilibrium persists, the nuclear abundances along an isotopic chain are determined
by the neutron separation energies, via the Saha equation. The nuclear masses are therefore key in
shaping ther-process abundance pattern. The isotopic chains are linkedby beta decays; beta-decay
rates therefore determine not only the relative abundancesof the isotopic chains but also the overall
timescale for ther-process to proceed from iron-peak seeds to theA = 195 peak.

In contrast, the importance of neutron capture rates has only recently begun to be recognized.
In the traditional view, ther-process abundance pattern is largely set by time(n,γ)-(γ ,n) equilib-
rium begins to freeze out, and so individual values of the neutron capture rates are thought to have
limited impact. However a number of groups [4, 5, 6, 7] have investigated simultaneous modifi-
cations of all capture rates, and it has been found that this can alter the time until freezeout. In
addition, modern dynamical nuclear network calculations demonstrate that important changes in
the r-process abundance pattern take place as material falls outof (n,γ)-(γ ,n) equilibrium, e.g.,
[8], and in some cases, such as in a coldr-process [9],(n,γ)-(γ ,n) equilibrium may never even be
established. In [10], we introduce the basic theory behind how individual neutron capture rates can
influence the globalr-process abundance pattern during freezeout from(n,γ)-(γ ,n) equilibrium.
While in [10] we focused on neutron capture in theA = 130 region, the mechanisms by which the
influence occurs are more general and apply to nuclei in all three peak regions. Here we review the
two basic mechanisms, and we show that they operate in the same way in theA = 80 region.

2. Neutron capture effects during freezeout

In [11, 10], we identify two basic mechanisms by which an individual neutron capture rate can
influence the globalr-process abundance pattern, for anr-process that freezes out from(n,γ)-(γ ,n)

equilibrium. The first, a photodissociation effect, operates at the onset of freezeout, while most
(populated) nuclei are still in equilibrium but material has begun to shift from the very neutron-rich
back toward stability. The second, a neutron capture effect, happens later in freezeout, during the
capture of the final remaining free neutrons.

To illustrate the photodissociation effect, we consider the example of131Cd in a baseline su-
pernova neutrino-driven wind simulation characterized byentropys/k = 100, timescale 0.1 s, and
Ye = 0.26. Just before freezeout the most populated nuclei in the simulation are at the top of the
N = 82 closed shell region,129Ag, 132Cd, and133In, as depicted in Fig. 1. As the free neutrons
are used up, equilibrium favors less neutron-rich isotopes, and material begins to shift toward sta-
bility. If the temperature is still fairly high (∼ 109 K) while the neutrons are depleted, as in this
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Figure 1: Shows the nuclear flow in the region of
131Cd and131Sn for the baseline simulation. The
dark shaded squares show the isotopes of maxi-
mum abundance for each element at the beginning
of freezeout from(n,γ)-(γ,n) equilibrium, and the
lighter shaded squares show the most populated iso-
topes at a somewhat later time. Red arrows indicate
photodissociation, the purple arrow indicates neutron
capture, and the blue arrow shows beta decay [10].

simulation, the shift to stability will begin with photodissociation to less neutron-rich isotopes.
Nuclei with slower-than-average photodissociation rates, therefore, will be ’stuck’, particularly if
the beta-decay lifetime is also long. This is the case with132Cd in our baseline simulation. We
then run a second simulation, in which the neutron capture rate of 131Cd is increased by a factor
of 10. This acts also to increase the photodissociation rateof 132Cd by the same factor, as the two
are related by detailed balance. In the second simulation, material is no longer trapped at132Cd as
equilibrium fails; it photodissociates to131Cd and then to130Cd, as depicted in Fig. 1. Since132Cd
is so abundant, this releases many neutrons that are then available for capture elsewhere. The left
panel of Fig. 2 shows the rate of neutron captures relative tothe baseline simulation for theA = 130
peak region and the region above theA = 130 peak. The increased rate of132Cd photodissociations
compared to the baseline simulation causes a sharp decreasein the captures in theA = 130 peak
region and a corresponding increase in the number of captures elsewhere.

Figure 2: Shows the rate of neutron capture within (solid red line) andabove (purple dashed line) the
A = 130 region relative to the baseline simulation, for simulations in which a single neutron capture rate is
increased—that of131Cd by a factor of 10 (left panel, photodissociation effect) or of 131Sn by a factor of 100
(right panel, neutron capture effect) [10].

At later times in the same baseline simulation, the temperature drops, and material moves
back toward stability primarily via beta decay. However, neutron capture has not entirely ceased,
as the free neutron abundance is replentished slightly at late times by beta-delayed neutron emis-
sion. Abundant nuclei with high neutron capture rates can drain these last available neutrons. For
example, at late times131Sn becomes highly populated as it is a beta-decay product of the closed-
shell nucleus131In, as depicted in Fig. 1. A simulation where the neutron capture rate of131Sn
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is increased by a factor of 100 shows a significant increase inthe rate of neutron capture in the
A = 130 peak region compared to the baseline simulation, with a corresponding decrease in the
neutron captures elsewhere, as shown in the right panel of Fig. 2.

3. Influential neutron capture rates

In [10] we identified a subset of nuclei in theA = 130 region whose capture rates have sig-
nificant leverage on the globalr-process abundance pattern, for a range of wind parameters and
nuclear data sets. These nuclei are shown in Fig. 3.
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Figure 3: Shows the nuclei that have neutron capture rates which effect a∼ 5% or more abundance change
for a rate increase or decrease of a factor of 10 (dark coloredsquares), a factor of 50 (medium color squares),
and a factor of 100 to 1000 (light color squares) [10].

4. A = 80 region

We have recently begun similar neutron capture sensitivitystudies for theA = 80 region.
While the wind conditions required to reproduce the solar abundance pattern in this region are
quite different, our preliminary studies show the same neutron capture mechanism operates here
as well, as shown, for example, in Fig. 4. These studies also suggest that the larger sensitivity to
odd-N capture rates to the left of the closed shell region, as seen in theA = 130 [10] andA = 195
[8] cases, is also found in theA = 80 region.

Figure 4: Shows the effect of increasing the neu-
tron capture rate of78Cu by a factor of 100 rela-
tive to a baseline simulation taken from [12]. The
solid red line shows the rate of neutrons captured
in theA = 80 peak region relative to the baseline
simulation and the dashed purple line shows the
rate of neutrons captured above theA = 80 region.
This is an example of the neutron capture effect,
similar to the right panel of Fig. 2.

5. Conclusion

The r-process abundance pattern is shaped by nuclear physics. While beta decay rates and
nuclear masses may have the greatest leverage on this pattern, we have shown neutron capture
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rates also play an important role in finalizing the abundancedistribution. We have described two
mechanisms by which individual neutron capture rates can impact the globalr-process abundance
pattern—an early time photodissociation effect and a late time neutron capture effect—and we have
identified a set of influential rates in theA = 130 region. We look forward to future theoretical and
experimental efforts to improve cross section values and further clarify these effects.
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