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The prediction of stellar (y, @) reaction rates for heavy nuclei is based on the calculation of (a,y) cross
sections at sub-Coulomb energies. These rates are essential for modeling the nucleosynthesis of so-called p
nuclei. The standard calculations in the statistical model show a dramatic sensitivity to the chosen
a-nucleus potential. The present study explains the reason for this dramatic sensitivity which results from
the tail of the imaginary a-nucleus potential in the underlying optical model calculation of the total reaction
cross section. As an alternative to the optical model, a simple barrier transmission model is suggested. It is
shown that this simple model in combination with a well-chosen a-nucleus potential is able to predict total
a-induced reaction cross sections for a wide range of heavy target nuclei above A 2 150 with uncertainties
below a factor of 2. The new predictions from the simple model do not require any adjustment of
parameters to experimental reaction cross sections whereas in previous statistical model calculations all
predictions remained very uncertain because the parameters of the a-nucleus potential had to be adjusted to
experimental data. The new model allows us to predict the reaction rate of the astrophysically important
176W (@, y)'8°0Os reaction with reduced uncertainties, leading to a significantly lower reaction rate at low
temperatures. The new approach could also be validated for a broad range of target nuclei from A ~ 60 up to

A = 200.
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Introduction.—The astrophysical y process is mainly
responsible for the nucleosynthesis of so-called p nuclei;
these are a group of heavy neutron-deficient nuclei with
very low abundances which are bypassed in the otherwise
dominating neutron capture processes [1]. The y process
operates in an explosive astrophysical environment at high
temperatures of 2-3 GK (79 = 2 — 3). Both, supernovae of
type II [2—4] and of type I(a) [5—7] have been suggested. Up
to now, a final conclusion on the astrophysical site(s) of the
y process could not be reached. The combined uncertainties
from the stellar models and from the underlying nuclear
reaction rates still prevent reproducing the abundances of
all p nuclei [8,9].

Nucleosynthesis in the y process proceeds via a series of
photon-induced reactions of (y,n), (y, p), and (y, a) type.
In particular, most relevant for the final abundances of the p
nuclei are the branching points between (y,n) and (y, @)
which are typically located several mass units “west” of the
valley of stability for heavy p nuclei and closer to stability
for lighter p nuclei in the A =~ 100 mass region [3,4,7-10].
The astrophysical rates of photon-induced reactions are
calculated from the inverse capture reactions using detailed
balance. It is generally accepted that nucleon capture rates
can be predicted with an uncertainty of about a factor of 2,
whereas a capture rates are more uncertain by at least one
order of magnitude (see, e.g., the variation of rates in the
sensitivity study [4]).
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Astrophysically relevant energies, the so-called Gamow
window, are of the order of 10 MeV for heavy nuclei and
temperatures of 79 ~2 — 3. At these sub-Coulomb ener-
gies the prediction of a-induced reaction cross sections is
complicated because the usual statistical model calculations
show a wide range of predicted cross sections spanning
over at least one order of magnitude. This huge uncertainty
results from the choice of the a-nucleus optical model
potential (AOMP) in the statistical model (SM). For com-
pleteness it has to be mentioned that the SM calculations are
based on the total cross section o,.,. Which is calculated in the
optical model (OM) by solving the Schrédinger equation
with a reasonable complex AOMP. Here, o, is given by

2
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with the reduced mass y and the (real) reflexion coefficient
n;, for the Lth partial wave. Note that all #; = 1 and thus
Oreac = 0 in the OM for any purely real AOMP without
imaginary part.

The present study is organized as follows. In a first step,
the main origin of the huge uncertainties of (a,y) cross
sections in the Gamow window is identified for the first
time. It will be shown that the imaginary part of the AOMP
at large radii (far outside the colliding nuclei) plays an
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essential role. In a second step, a simple barrier trans-
mission model will be suggested which avoids the com-
plications with the imaginary part of the AOMP. Next, this
simple model is combined with a carefully chosen AOMP,
and total a+ nucleus reaction cross sections are calculated
at low energies, thus enabling the prediction of a-induced
reaction rates for heavy target nuclei with significantly
reduced uncertainties. As a first example, a-induced
reactions for '°7Au were chosen because a recent experi-
ment has provided high-precision data down to energies
close to the Gamow window [11]. Then, predictions of
a-induced cross sections for several heavy targets (above
A = 150) are compared to experimental data from liter-
ature. Finally, a new prediction is given for the reaction rate
of the "W (a, y)'%%0s reaction which governs the produc-
tion of the p nucleus '®'W [4]; no experimental data are
available for the unstable target nucleus '"W. The new
approach is also valid for target nuclei between A ~ 60 and
A Z 200 (see Supplemental Material [12]).

The present study uses spherical symmetry. The role of
deformation for the tunneling of a particles was mainly
investigated in a-decay studies (e.g., [31-33]). Additional
information on the relevance of deformation is given in
Supplemental Material [12].

Identification of the source of uncertainties.—Much
work has been devoted to the determination of global
AOMPs at low energies in recent years. Starting with the
pioneering work of Somorjai et al. [34] on the **Sm(a, )
1%8Gd reaction, it was noticed that the available AOMPs
overestimate the experimental data in particular toward low
energies. This holds for the widely used simple AOMP by
McFadden and Satchler (MCF) [35] and the early AOMP
by Watanabe [36] which was the default choice in previous
versions of the widely used SM code TALYS [37].
Nowadays, TALYS offers a broader choice of AOMPs,
including the AOMPs by Avrigeanu et al. [38] (present
default choice in TALYS) and by Demetriou et al. [39].
Furthermore, we modified TALYS to implement the recent
ATOMKI-V1 potential [40]. It was found that the total
reaction cross section of a -+ '/Au from the different
AOMPs varies by less than a factor of 2 at higher energies
of 25 MeV above the Coulomb barrier; however, around
10 MeV, i.e., in the center of the Gamow window at
T9 ~ 2.5, the predicted cross sections vary dramatically by
about 4 orders of magnitude [41]. Obviously, the reason for
the wide range of predictions should be understood.

For explanation, we start with the simple four-parameter
MCEF potential which uses a standard Woods-Saxon (WS)
parametrization with the real and imaginary depths of
Vo = 185 MeV, W, = 25 MeV, radius R=1.4fmxA}/* =
8.15fm, and diffuseness a = 0.52 fm. Three changes are
applied to the MCF potential; these changes show that
the tail of the imaginary part of the potential far outside the
colliding nuclei has the dominating influence on the
calculated low-energy cross sections.
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FIG. 1. Total reaction cross section o, for a+ '“7Au for

different potentials (shown as astrophysical S factor), compared
to experimental data which are taken from the sum of (a,y),
(a,n), and (a,2n) in [11,42]. (The comparison of calculated total
reaction cross sections o, to the sum of partial experimental
cross sections avoids any complications from other ingredients of
the SM calculations like the y-strength function or the level
density.) Modifications (i) and (ii) of the imaginary MCF WS
potential reduce o, at low energies dramatically (dotted red
lines); the reduction of the real MCF potential (iii) has minor
influence at low energies (dash-dotted red). The TALYS and
PBTM calculations are discussed in the text. The shaded area
represents the wide range of TALYS predictions.

(i) We truncate the imaginary part of the MCF WS
potential at r = 12 fm [with the tiny W(r) ~ 0.015 MeV or
W(r)/W, < 1073!]. This truncation has minor influence at
higher energies but reduces o,.,. at low energies by one
order of magnitude (dotted line in Fig. 1).

(i1) We change the parametrization of the imaginary part
to a squared Woods-Saxon (WS?) and readjust the param-
eters of the WS? potential such that the imaginary potential
is practically identical to the initial MCF WS potential up to
about 10 fm, but significantly weaker at larger radii; for the
WS? potential we find W, = 25.07 MeV, R, = 1.499 fm,
a = 0.623 fm. This results in a similar energy dependence
for 0., as in the previous case (i); see wide-dotted line in
Fig. 1.

(iii) We reduce the real part of the MCF WS potential
by a significant factor of 2. This reduction increases the
effective barrier, and thus—as expected—o,, is reduced at
higher energies (dash-dotted line in Fig. 1). However,
around 10 MeV o, does not change because o, results
from the tail of the imaginary potential; i.e., absorption (in
the OM calculation) occurs at large radii far outside the
colliding nuclei, before the incoming « has tunneled
through the barrier. Consequently, the height of the barrier
is practically not relevant at the lowest energies in Fig. 1.

The extreme sensitivity to the tail of the imaginary
potential at large radii is the simple explanation for the huge
range of predictions of low-energy o, for a-induced
reactions from different AOMPs (shown as gray-shaded
area in Fig. 1). It has to be noted that the shape of the
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imaginary potential is usually fixed by the analysis of
elastic scattering at energies around and above the
Coulomb barrier. These experiments, however, do not
constrain the tail of the imaginary part. For example, at
an energy of 25 MeV, the WS and WS? potentials in cases
(1) and (ii) provide 6., Within 2%, and the deviation in the
calculated angular distributions never exceeds 9% in
the full angular range. In practice, the tail of the imaginary
potential results—more or less by accident—from the
chosen parametrization in the fitting of the elastic angular
distribution where the parameters of the imaginary part are
mainly sensitive to the nuclear surface region but not to the
far exterior.

An alternative approach.—From the above discussion it
is obvious that any calculation of the total reaction cross
section o,.,. in the OM at energies far below the Coulomb
barrier must have significant uncertainties. Here, we
present an alternative approach which avoids the uncer-
tainties from the unknown imaginary potential at large
radii. A similar approach—extended by coupling to low-
lying excited states—is widely used for heavy-ion fusion
reactions, and there it was found that WS potentials are
inappropriate to describe data far below the Coulomb
barrier [43-45].

The suggested model is based on the calculation of
transmission through the Coulomb barrier in a purely real
nuclear potential; it will be called “pure barrier trans-
mission model” (PBTM) in the following. By definition,
this model assumes absorption of an incoming « particle,
as soon as the a has tunneled through the barrier from
the exterior to the interior. This assumption is reasonable
because the small tunneling probability of the a particle
prevents the a from tunneling back to the exterior; it is
much more likely that the formed compound nucleus
decays by y-ray or neutron emission. The total cross
section in the PBTM is given by

el E) = Yo = TS CLHVTL(E) (2

L L

with the barrier transmission 7 ; for comparison, see also
Eq. (1) for o, in the OM.

Technically, the calculations in the PBTM were per-
formed using the code cCFULL [46]. Minor modifications to
the code had to be made to use numerical external
potentials. For further technical details of the PBTM and
the calculations, see also [47] and the Supplemental
Material [12].

The real part of the full ATOMKI-V1 potential is energy
independent whereas the imaginary part increases with
energy around the barrier. The resulting coupling between
the imaginary and real parts is governed by the so-called
dispersion relation [48-51]. It is found that the additional
consideration of the dispersion relation has only minor
influence of less than 30% on the total cross section o, for

all energies under study because the parameters of the
chosen ATOMKI-V1 potential were adjusted to elastic
scattering data at energies around the Coulomb barrier. A
study of dispersion relations is provided in Supplemental
Material [12].

The results for '/Au + a from the simple PBTM are
compared to SM calculations using different AOMPs from
TALYS in Fig. 1. Obviously, the SM calculations using the
MCF and the ATOMKI-V1 potentials overestimate the
experimental low-energy cross sections. Lower cross sec-
tions result from the Avrigeanu AOMP [38] and from a
Demetriou AOMP [39]; the latter has been scaled by a
factor of 1.2 (as suggested in [52]). Interestingly, the simple
PBTM model in combination with the real part of the
ATOMKI-V1 potential leads to cross sections which are
close to the experimental data and also close to the
many-parameter potentials by Avrigeanu et al. [38] and
Demetriou et al. [39,52].

Encouraged by this successful application of the PBTM
for '7Au + @, we have calculated 6,., for a series of a-
induced reactions of heavy target nuclei above A = 150.
Figure 2 shows that the predictions from the PBTM are in
excellent agreement with recent experimental data [53-60].
Typical deviations are less than a factor of 2 which is
marked as a gray-shaded uncertainty band in Fig. 2.
No parameter adjustment to reaction cross sections is
necessary for the present calculations because the real part
of the ATOMKI-V1 potential is completely constrained
from elastic scattering and an imaginary part is not required
in the simple PBTM. Technical details on the calculation of
the double-folding potential ATOMKI-V1 and the chosen
density distributions are provided in the Supplemental
Material [12].

We benchmark the calculations in the simple PBTM
with the results from the AOMP by Avrigeanu et al. [38]
(shown as dotted lines in Fig. 2). This many-parameter
AOMP (>10 parameters, see Table II of [38]) has been
adjusted to most of the experimental data shown in Fig. 2.
Interestingly, a minor enhancement of the imaginary
potential was introduced in [38] for 152 < A < 190, leading
to a significantly increased low-energy S factor which is
not present for 'Eu and '°"!'%*Ir. Contrary to the many-
parameter approach of [38], no adjustment of parameters is
required in the present PBTM; nevertheless, the deviation
from the experimental data is typically less than a factor
of 2.

Again encouraged by the successful application of the
simple PBTM model to A > 150 nuclei, we finally predict
the reaction rate of the "W (a, y)'®%Os reaction which is
essential for the nucleosynthesis of the p nucleus '8'W [4].
Because of the highly negative Q value of the (a,n)
channel, the total cross section is approximately identical
to the (@,y) cross section in the astrophysically relevant
energy range. Thus, the total cross section o,.,  from the
PBTM can be directly used for the calculation of the
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FIG. 2. Total reaction cross section o, (given as astrophysical
S factor) for a-induced reactions above A = 150. The PBTM
predicts practically all experimental data [53—60] within a factor
of 2 (gray shaded). The dotted lines show the results from the
many-parameter AOMP of [38]. The arrows indicate the (a,n)
and (a,2n) thresholds.

reaction rate N4 (ov) of the (a, y) reaction. The result from
the PBTM is compared to other predictions [61-63] in
Fig. 3. The rates from literature cover several orders of
magnitude, even exceeding the range of variations in the
sensitivity study [4], whereas the present approach should
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FIG. 3. Reaction rate N4 (ov) of the "W(a, 7)'®0s reaction,
normalized to the present calculation in the PBTM. The gray-
shaded area indicates the uncertainty of a factor of 2 (see also
Fig. 2). For further discussion, see text and Supplemental
Material [12].

be valid within a factor of 2. For further details, see
Supplemental Material [12].

Summary and conclusions.—The present work has
identified the reason for the huge variations of a-induced
reaction cross sections at low energies in the statistical
model which results from the tail of the imaginary part of
the a-nucleus potential. As an alternative to the statistical
model, a simple barrier transmission model is suggested
where the total reaction cross section is calculated from
the transmission through the Coulomb barrier in a real
potential. The combination of this simple barrier trans-
mission model with the real part of the ATOMKI-V1
potential leads to predictions of total a-induced cross
sections which agree with the experimental data within
less than a factor of 2 for a wide range of heavy target
nuclei above A > 150. Contrary to previous approaches,
the present calculations do not require any adjustment of
parameters and thus predict low-energy cross sections
from a simple, but physically sound model.

The new approach is used to predict the reaction rate of
the astrophysically important "W(a,y)!'8%0s reaction
which has a strong impact on the abundance of the p
nucleus '8'W [4]. According to the small deviations from
the experimental data for all targets under study, we claim
an uncertainty of less than a factor of 2 for this rate whereas
previous predictions of N, (ov) are higher than the present
result and vary by orders of magnitude.

The present study focuses on heavy target nuclei with
masses above A > 150 where the predictions from different
a-nucleus potentials vary over orders of magnitude. For
lighter targets, the predictions of a-induced cross sections
from different potentials do not vary as dramatically, and it
was found that also the simple barrier transmission model
reproduces experimental data very well. The recently mea-
sured '"Mo(a, n)'®Ru data were predicted with similar
uncertainties as in the A 2 150 mass range [64], and data for
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%47Zn + a and *®Ni + a were also reproduced. Further infor-
mation on the applicability of the barrier transmission model
in a wide mass range and for nuclei beyond the valley
of stability is provided in Supplemental Material [12].
In conclusion, the present approach is valid for masses
above A > 58, and thus a reliable prediction of a-induced
reaction cross sections comes within reach for the whole
nucleosynthesis network of the y process. Furthermore, the
present approach is also able to provide improved reaction
rates for (@, n) reactions in the weak r process [65-68].
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