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Abstract A recent study found a new, purely empirical cor-
relation between two-neutron separation energies and neu-
tron capture cross sections in keV neutron energy regimes.
In shape/phase transition regimes, such as that near A= 150,
S2, values show an anomaly—a flattening of the normal near
linear decrease with neutron number. This paper addresses
two questions: (1) Using this new correlation, is this anomaly
in Sy, values sizeable enough to produce an observable effect
in capture cross sections? and (2) Can the correlation be used
to quantitatively reproduce the cross sections in the transi-
tion region? It is found that the answer to both questions is in
the affirmative. Possible relations to the r-process are briefly
discussed.

1 Introduction

Recently, an advance in quantitatively linking Sy, values with
neutron capture cross sections has been the discovery of a
new, purely empirical, correlation between neutron capture
cross sections at neutron energies relevant for nucleosynthe-
sis and two-neutron separation energies, So,, [1,2]. We refer
to Ref. [2] below as CCC21. In Ref. [2], a simple exponential
fit function (given below in Eq. 1) was developed to describe
this correlation. Figure 1 illustrates this correlation for one
mass region. Figure 1 (top) shows the S;, values for nuclei
from Nd through Win the N = 84— 112 rare earth region [3].
It shows that a clear deviation from linearity in S,, occurs in
the shape/phase transition region near A = 150, for N from
88 to 92 where the Sy, values plateau for the nuclei Nd to
Dy. This is well understood as due to an increase in binding,
relative to the downward trend, as these nuclei evolve from
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spherical to prolate deformed (see, for example Ref. [4]). Fig-
ure 1 (middle) shows the correlation between S,,, values and
neutron capture cross sections at 30 keV for this region. The
capture cross sections are the 30 keV Maxwellian averaged
cross sections (MACS) taken from Ref. [5]. Note that the
So,, values in the plot for capture on a nucleus (Z, N) are for
(Z, N +2) as discussed in Ref. [1]. Figure 1 (bottom) shows
a comparison of the measured 30 keV MACS cross sections
and those calculated with the experimental S,, (N+2) values
using Eq. 1.

The correlation is striking, extending over a range of cross
sections that spans an order of magnitude. We will discuss
this further below. For now we note, as shown briefly in
Ref. [1] and in considerable detail in Ref. [2], the same cor-
relation persists for all neutron energies in the range from
kT = 5 — 100 keV and for almost all non-magic nuclei
above A~110 [2].

The purpose of this paper is to carry out a specific test to
see if this correlation is sensitive enough to imply significant
changes in neutron capture cross sections due to anomalies
in Sy, and if our correlation could be exploited to accurately
reproduce capture cross sections in such regions. To do this
we choose a region near stability, with well-known S,,, values
and neutron capture cross sections, as a test bench.

While this region centers on stable nuclei with known
neutron capture cross sections, the present results can pro-
vide an indication of what might happen in newly found
regions of Sp, anomalies where the capture cross sections
are unknown. In such regions, cross section estimates cur-
rently rely on Hauser-Feshbach theory, but are difficult to
determine reliably [6,7].

Notably, though the test region is far from the locus of
the r-process, such a test could provide a useful indication
of what may be expected in a shape-changing region fur-
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ther from stability where r-process nucleosynthesis is taking
place.

2 Methods and results

We proceed in a very simple way. Knowing the Sj,-cross
section correlation in this mass region and a fit function that
describes it, we simply plot the cross sections predicted by
it for the experimentally measured S, values and compare
those to what would have been obtained by the same fit func-
tion if we substitute a linear dependence of S;, for nuclei
between N=86 and N=96. For the fit correlation function we
use the expression shown in Eq. (1) from Ref. [2] (updated
from Ref. [1]).

Ofit = Ppo- P (S2ntp2) 1)
where pg is 0.0106£0.0005, p; is 0.764440.0035 and p; is
zero for even-even deformed nuclei in the rare earth region.
For transitional even-even nuclei in the rare earth region py =
—1.92 [2]. Note that these values were obtained earlier in
CCC21 for entire regions of nuclei and are not fit to the
specific nuclei discussed in this paper. The results, shown
for Gd (those for Nd and Sm are similar) in Fig.2 (left), are
striking. Note that there is a large difference in the predicted
cross sections. It amounts to ~500 mb in the actual transition
region between N= 88 and 90 and the reductions in cross
sections there, relative to those obtained for the actual Sj,
values, are 35-50%. That is, the non-linearity in S,, changes
the neutron capture cross sections by as much as a factor of
two.

The remarkable agreement seen in Fig. 1(bottom), and
noted earlier, extends, in particular, to the roll-over in cross
sections for Gd and Sm near N = 90 in comparison to the
smooth behavior of other nuclei in regions without anomalies
in Sy,.

2.1 Comparison with TALYS calculations

A related issue is whether this effect would be visible or
impactful if considered in the framework of another method
to calculate cross sections generally and MACS in particular.
We chose to compare to the TALYS reaction model code as
it is extensively documented and freely available [8]. Shown
in the middle panel of Fig. 2 is a comparison of the CCC21
fit function, TALYS, and the experimental MACS 30 keV
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Fig. 1 (Top): The Sy, values from Ndto W inthe N = 84 —112 region
[3]. The neutron numbers corresponding to the phase/shape transition
in Nd-Dy are shaded. (Middle): Experimental neutron capture MACS
cross sections at 30 keV [2] versus Sp,(N+2) values [3] and a corre-
sponding fit using Eq. 1. (Bottom): Experimental and predicted neutron
capture MACS cross sections at 30 keV [5] against neutron number
for even—even nuclei from Nd through W. The neutron capture cross
section of 158Dy has not been measured [5]. For this reason, the 156Dy
and '%Dy data points are connected with dashed lines
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Fig. 2 (Left): Comparison of predicted 30 keV MACS neutron capture
cross sections in the even Gd isotopes, based on the S;,-0(N) correla-
tion reported in Ref. [2], for two sets of Sy, values: the experimental
values (black), and those that would be obtained with a linear interpo-
lation of Sy, in Fig. 1 from N = 86 — 96 (red). The value p>=0 is used
for the deformed and transitional rare earth nuclei, with N> 88, while
p27#0 is used for N<88. (Middle): In addition to the left panel, exper-

kT cross sections [5]. For TALYS, the values are based on
the default TALYS parameters. TALYS shows a clear devi-
ation relative to the measured cross sections for N=88, but
largely reproduces the remaining cross section values. We
also performed TALYS calculations using the “best” param-
eter option. The largest impact compared to the default cal-
culations was at N=88, where the “best” parameter option
brought the TALYS result more in line with the measured
value. However, since the parameters are individually tuned
nucleus by nucleus, they were not available in Gd isotopes
outside of 88 < N < 96. Thus, this approach lacks predic-
tive capability. As such, we focus the rest of our discussion
on trends shown in TALYS default calculations.

For the CCC21 parameterization, linearizing S,, allowed
a straightforward way to estimate the effect of removing a
known phase transitions. With TALYS, a slightly different,
but equivalent, approach is needed since TALYS uses single
neutron separation energies and mass excesses. Thus, we lin-
earized Sy, over the same range of neutron numbers, now
including the odd neutron number nuclei. We used these val-
ues to determine mass excesses needed by TALYS to obtain
results applicable in the absence of the phase/shape transi-
tion. The results of this are shown in the right panel of Fig. 2.

There are several features to note. One, as expected, the
change reduces the calculated cross section for N > 88. Two,
the overall shape is largely unchanged, and is broadly similar
to the result of removing the phase transition in the calcula-
tions with the CCC21 predictions (seen in the left and center
panels of Fig. 2). The absolute magnitude of the change using
alinearized Sy, is initially somewhat larger in the case of the
CCC21 calculations, while the cross sections reach similar

s?;? 92 94 96 84 86 88 ?;(l) 92 94 96

imental MACS and TALYS calculations using the AME mass values
[3] are shown. (Right): Comparison of the TALYS-AME calculations
(same as the middle panel) with TALY'S results using masses obtained
by linearizing S, values in the shape transition region. The mass excess
values that give the linear function in S, were changed manually in the
TALYS program (see text for further details)

or even smaller levels in CCC21 by the time one reaches
N=96. Further, the cross section evolution in CCC21 falls
more smoothly than that seen in the default TALYS calcu-
lations. This indicates that, while the CCC21 parametriza-
tion relies on nuclear mass changes, the phase transition is
enforced in a more complex way in the TALYS representa-
tion. More simply, our correlation requires less input exper-
imental information (masses) than TALYS.

3 Discussion

The comparison above was developed in a region of the chart
of nuclei where the experimental basis is largely complete,
with rich information on structure and reactions on the nuclei
of interest. In contrast, in an r-process environment, the avail-
able structural data will be largely absent, with perhaps only
mass measurements to guide calculations. As such, a more
transparent, simple approach like CCC21 that directly trans-
lates mass information into capture cross section predictions
may offer increased predictive power for such cross sections
in regions where new phase transitions may be observed in
the future.

3.1 Potential astrophysical implications

It has long been recognized that nuclear structure is inti-
mately involved, and its effects are observed, in the synthe-
sis of the chemical elements in astrophysical environments.
Early seminal works recognized the transition from charged
particle fusion to neutron induced reactions that was observed
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at the sudden abundance drop at the iron peak [9, 10]. Heavy
element peaks in regions of neutron capture nucleosynthesis
were tied directly to neutron shell closures (see e.g. [9—12]).

For the rapid neutron capture process, much of the buildup
of heavy elements takes place under conditions of nuclear
statistical equilibrium (NSE), where the environment is hot
enough that the photon bath allows photodissociation to
compete with neutron capture. More precisely, neutron cap-
ture proceeds on a single elemental chain (Z) towards pro-
gressively lower neutron separation energy until the photon
energy and density allows (y, n) reactions to become com-
petitive with further neutron capture, a very steep function of
S,.. Once (y, n) <— (n, y) equilibrium is achieved, further
neutron capture is inhibited until 8-decay takes place. Decay
moves the nucleus to higher Z and lower N, consequently
moving to larger S,; the process again continues.

In effect, the temperature sets a photon energy and density,
which in turn sets an S,, at which the (y,n) <— (n,y)
equilibrium will be achieved.

As a result, NSE nucleosynthesis proceeds almost exclu-
sively at an S, value fixed by the temperature, and the pri-
mary nuclear physics inputs needed to define the r-process
path during NSE are the nuclear masses (from which S,, is
derived) and the S-decay lifetimes [13—17]. As many authors
have discussed, anomalies in the normally smooth behaviour
of S, arising from nuclear structure changes, like sudden
shape changes, will give rise to changes in the r-process
nucleosynthesis path if the structure change takes place in
nuclei near the r-process path or if the S, shift propagates to
much higher N. Similar effects can also shift the positions
of the r-process abundance peaks due to changes in shell
closures. Notably, Surman and collaborators showed that the
rise of the rare-earth peak in the r-process abundance distri-
bution came from exactly this type of S,, anomaly, or “kink”,
as they described it [15].

Subsequently, it has been observed that while NSE con-
ditions are important for the majority of the build-up of the
heavy elements in the r-process, after falling out of NSE,
there can still be an adequate neutron exposure (population
of free neutrons) to shift abundances; in this case, individual
neutron capture cross sections play an enhanced role [7,18-
20]. Depending on the astrophysical environment, different
effects can give rise to the neutron exposure. It could be
a “cold” r-process, such as is postulated in the tidal out-
flow from a neutron star merger, where the rapid cooling
results in a relatively high neutron:seed ratio at fallout from
NSE. It could be driven by 8-delayed neutron emission in the
B-decay towards stability post freeze-out from a traditional
“hot” r-process. Regardless of its origin, the critical condi-
tions are that there is a significant neutron exposure to drive
rapid neutron capture and the temperature is sufficiently low
that the photon energy is too low to drive photodissociation
at the dominant S,,.
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Under these conditions, individual neutron capture cross
sections once again play a critical role in the determination of
the abundances of the r-process nucleosynthesis. Synthesis
proceeds along a path where neutron capture and S-decay
compete, much more like a traditional s-process path, albeit
at a significantly higher neutron density, over a much shorter
time, and farther from stability.

When we combine the observations that (1) individual
neutron capture rates impact r-process nucleosynthesis out-
side of NSE with (2) our work demonstrating that S,, anoma-
lies are an indicator of neutron capture cross section changes,
we see a specific example of how nucleosynthesis is con-
nected to the behaviour of nuclear structure observables, par-
ticularly Sy, . Past studies have observed that phase changes
which impact S,, move the position of NSE nucleosynthesis
(see [15,17], e.g.). If future mass measurements discover a
new region of phase transition, then our correlation would
predict that the corresponding neutron capture cross sections
would also be affected in a way not predicted by current
Hauser-Feshbach formalisms. This would be an indicator that
this region of abundances warrants additional study, with par-
ticular attention to the neutron capture cross sections and the
role of non-NSE capture in setting the final abundances.

4 Conclusions

With existing and new radioactive beam experiments, some
of the first measurements on new nuclei will be masses and
hence new values for Sy,. If anomalous (e.g., non-linear)
changes in Sy,, especially in neutron rich nuclei, are found,
the present results suggest that such anomalies could have an
appreciable impact on neutron capture cross sections, which
could affect calculated r-process abundances, and that our
correlation between S, and the capture cross sections may
provide an improved way to estimate these effects.

Of course, whether this would be visible in the overall
abundances would need to be considered in each case.
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