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Abstract This study presents an overview over a-nucleus
potentials which are the essential ingredient for the calcu-
lation of cross sections and astrophysical reaction rates for
a-induced reactions on intermediate mass and heavy nuclei
within the statistical model. Recent experimental data for Mo
+ o have been chosen as an example to illustrate the proper-
ties of several widely used -nucleus potentials. The delicate
role of the imaginary part of the potential at large radii is
discussed which is the origin of the widely discrepant pre-
dictions of the different potentials at low energies far below
the Coulomb barrier. The Atomki-V2 potential circumvents
the complications with the imaginary part and provides very
good predictions for the recent Mo + « data and also for most
other recent reactions and is thus an excellent basis for the
calculation of reaction rates. But further improvements are
possible, and some ideas in this direction are given in the
discussion.

1 Introduction

Reaction rates of «-induced nuclear reactions play a key
role in many astrophysical scenarios. The H(a,y)®Li and
3H(a,y)’Li capture reactions are responsible for the lithium
production in the big bang [1], and the *He(cr,y)”Be reac-
tion is essential for the understanding of the solar neutrino
production in the pp-chain of hydrogen burning [2]. Helium
burning is governed by the triple-o process via the Hoyle
state [3,4], and the resulting carbon-oxygen ratio is defined
by the 12C(oz,)/)mO reaction [5]. The 18Ne(oz,p)21N21 reac-
tion provides a route from hot CNO cycles to the NeNa and
MgAl cycles and finally to the rp-process, and subsequent
(e, p) reactions have major impact on the rp-process path
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[6,7]. The main neutron sources of the s-process are the
13C(()z,rz)160 and 22Ne(oz,n)zSMg reactions [8,9]. A common
property of all these reactions is that the astrophysical reac-
tion rates are mostly governed by individual resonances and
complemented by non-resonant contributions.

Contrary to the previous examples for light target nuclei
with their small level densities, the reaction rates of -
induced reactions for heavy target nuclei result from the con-
tributions of many overlapping resonances, corresponding to
a high level density in the compound nucleus. Under these
conditions, the appropriate theoretical approach is the statis-
tical model [10]. The most important ingredient of the statis-
tical model for a-induced reactions is the a-nucleus poten-
tial. It was found that the predictions of different potentials
showed huge variations for the calculated reaction rates. It
is the scope of this study to discuss the present status which
has improved significantly in the last few years. The present
study will not address the reactions for light targets which
are mentioned in the first paragraph above. There are mainly
two astrophysical processes where a-induced reaction rates
for heavy targets are important.

First, the so-called weak r-process produces lighter heavy
elements in the first r-process peak with Z = 38 — 47 under
moderately neutron-rich conditions. The path of the weak r-
process proceeds relatively close to the stability valley where
B-decay half-lives are much longer than the timescale of
the corresponding explosive events like core-collapse super-
novae or neutron star mergers. Consequently, S-decay cannot
drive the material towards higher charge numbers Z. As an
alternative, («,n) reactions have been identified, and a series
of theoretical and experimental studies was published in the
recent years (e.g., [11-14]).

Second, the nucleosynthesis of the neutron-deficient p-
nuclei by a series of (y,®), (v,p), and (y,n) reactions in the
so-called y-process [15—19] is strongly affected by a-nucleus
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potentials. Typically, smaller uncertainties of about a factor
of two are accepted for the (y,p) and (y,n) reaction rates,
whereas much larger uncertainties for the (y,«) reaction rates
resulted from the choice of different «-nucleus potentials [20,
21]. The stellar (y,o) reaction rates are related to the stellar
(a,y) reaction rates by detailed balance. It is much easier to
constrain the stellar («,y) rate by experimental («,y ) capture
data than to constrain the stellar (y,«) rate by experimental
(v,) photodisintegration data, because thermal excitations
of the target nuclei under stellar conditions are much more
prominent in the (y,«) channel than in the (¢,y) channel.
Thus, the following discussion will focus on («,y ) reactions
although the astrophysically important quantity for the y-
process is the (y,«) reaction rate.

The paper will be organized as follows. Sect. 2 will pro-
vide a brief introduction into the statistical model calculations
which is complemented by some remarks on the typically
underlying optical model and on the role of elastic scatter-
ing. Sect. 3 provides an overview over available «-nucleus
potentials. Sect. 4 uses the example of '%’Mo + « to illustrate
the achievements and limitations of the available «-nucleus
potentials. The results will be discussed in Sect. 5, and finally
conclusions are drawn in Sect. 6.

2 Theoretical approach
2.1 Statistical model

In a very schematic notation, the cross section o («,X) in the
statistical model (SM) is given by

o (a, X) = 0compound X bx (D

with the compound formation cross section ocompound and the
branching ratio by into the X channel. The compound for-
mation and the decay are considered as independent in the
first formulations of the SM [22,23]. Later, angular momen-
tum conservation was included in the formalism [10], thus
constraining the simplistic Eq. (1). Furthermore, correla-
tions between the incident and outgoing waves are taken
into account by a so-called width fluctuation correction fac-
tor (e.g., [24]) which is important mainly close to channel
thresholds, but remains close to unity otherwise [25] except
in a few exotic cases (e.g., [26]). The full formalism of the SM
can be found e.g. in the review by Rauscher [25]. Despite its
oversimplifcation, Eq. (1) nevertheless provides important
insight because it allows a very descriptive interpretation;
this will become obvious in the following discussion.
The branching by is given by

Tx

by =
Ty

@)
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with the transmissions 7; to the i-th decay channel. Each
transmission 7; is composed of the sum over all final states
Jj in the respective residual nucleus:

T,=) T 3)

In practice, the sum over the final states in Eq. (3) becomes
very long, and thus the sum in Eq. (3) is splitted at a well-
chosen jip, and all higher-lying levels are included by an
integral over a theoretical level density (LD):

JLD EX,
n=y 1+ [ A EVTEE @
Jj=0 E

*(JLD)

Consequently, all 7; depend implicitly on the chosen LD in
the respective residual nuclei. In practical calculations, often
a relatively small jip = 10 is chosen; i.e., only the ground
state and the lowest ten excited states are taken into account
explicitly in the sum in the first term in Eq. (4) whereas all
states above the excitation energy E*(10) of the 10" excited
state are taken into account by the integral in the second term
in Eq. (4).

The T; are calculated within the optical model (OM) for
the particle channels. As the most important channels are
the proton, neutron, and o« channel, global nucleon opti-
cal model potentials (NOMP) and global «-nucleus optical
model potentials (AOMP) are required for these calculations.
For the special case of the y channel, the transmissions 7},
are derived from the y-ray strength function (GSF).

The compound formation cross section Ocompound 1N
Eq. (1) is usually taken as the total reaction cross section
Oreac- The latter can also calculated within the OM (although
this is not a “must”, and also other approaches could be used
for the calculation of oyeac; See Sect. 3.6). Within the OM,
Oreac Scales with the transmission 7y o in the entrance channel
where the target nucleus is in its ground state in laboratory
experiments. This leads to the following proportionality for
the a-induced reaction cross section in the lab:

Tx

2 T

For the calculation of astrophysical reaction rates N4 (ov),
the entrance channel transmission 7,0 in Eq. (5) has to be
extended to take into account thermal excitations of the tar-
get nucleus at the high temperatures of stellar conditions.
This leads to the so-called stellar enhancement factor fsgp
(as e.g. defined in [27]). However, because of the Coulomb
barrier, contributions of thermally excited states in the target
nucleus remain relatively minor for («,X) reactions, lead-
ing to enhancement factors fsgr relatively close to unity
for (o,X) reactions [27]. Contrary, huge fsgr (up to fac-
tors of several thousand) are found for y-induced reactions

o(a, X))~ Tyo X (5)
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[25,28]. A detailed analysis of laboratory cross sections and
stellar reaction rates for the example of the '°O(«,y)*°Ne
and 20Ne(y,ot)wO reactions is given in [29].

Because of the above mentioned definitions of the trans-
missions 7; into the different channels, in general the (o, X)
cross section in Eq. (5) depends on all ingredients of the
SM which are the NOMP, AOMP, GSF, and LD. However,
a closer inspection of Eq. (5) shows that this equation can
be simplified under certain circumstances, leading to («,X)
cross sections which depend essentially only on one or two
ingredients of the SM. An experimental determination of the
(e, X) cross sections for these special cases allows to con-
strain the parameters of the SM in a (more or less) unique
way. Some examples will be listed below.

The first example is elastic («,«) scattering. The analy-
sis of angular distributions allows to derive information on
the AOMP. But there are also ambiguities for the obtained
parameters of the AOMP. A full discussion of elastic scatter-
ing and the resulting uncertainties for the derived parameters
of the AOMP is beyond the scope of the present paper. For
earlier work, see e.g. [30].

Another interesting information from the («,o) angular
distribution is the total reaction cross section oyeac. Its deter-
mination is less sensitive than the parameters of the AOMP
and can be achieved down to energies significantly below the
Coulomb barrier. Prerequisites for the determination of oyeqc
are the measurement of the («,«r) angular distribution over
the full angular range and a well-established deviation from
the Rutherford cross section (e.g., by about 10—20% at back-
ward angles, measured with small uncertainties below 5%).
For a discussion of the resulting uncertainties of opeac, se€
e.g. [31]. The available '%Mo(a,or) %Mo elastic scattering
data will be discussed in Sect. 2.2.

In the further examples, the branching by = T/ Zi T; in
Eq. (5) comes close to unity, thus allowing to to constrain 7y o
and the underlying AOMP. In general, because of the missing
Coulomb barrier, the transmission 7, to the neutron channel
is dominating with 7,, > T;.,, leading to ), T; ~ T,. At
higher energies above the («,2n) threshold, this changes to
Zi T; ~ T, + To,. Consequently, the («,n) cross section
below the («,2n) threshold depends only on 7y ¢ and thus
only on the AOMP, but is almost independent of all the other
ingredients of the SM like the NOMP, GSF, and LD. Above
the («,2n) threshold, the sum over the («,1n) and («,2n) cross
sections depends only on the AOMP whereas the branching
between the 1n and 2n channels is sensitive to the NOMP and
LD of the residual nuclei. Interestingly, there are two differ-
ent experimental techniques which have been used recently
for the chosen example of %Mo + «: activation determines
directly the («t,1n) cross section [32], and active-target exper-
iments measure the total Z — Z + 2 cross section which is
essentially given by the sum over the («,17) and («,2n) cross
sections [33].

The last example with by = 1 is the («,)y) cross sec-
tion at low energies below the («,n) threshold. For such low
energies, the Coulomb barrier suppresses T, whereas typical
y-ray transitions have strengths of the order eV or at least
milli-eV. This leads to T, > T, and YT = T, because
all other channels are closed. Consequently, the («,)) cross
section below the (ct,n) threshold depends only on Ty ¢ and
thus only on the AOMP, but is — somewhat contra-intuitive —
almost insensitive to the GSF.

Figure 1 shows the decomposition of the total reaction
cross section oreqce for 1%°Mo + « into the different contribut-
ing (o,X) channels. The Atomki-V2 AOMP (see Sect. 3.6)
was used for this calculation; the branchings by from other
AOMPs will be not much different.

Figure 1 is composed of three parts. The upper part a)
presents the cross sections o (E). Because of the Coulomb
barrier, o (E) decreases dramatically towards low energies,
leading to a variation of the total reaction cross section Oreac
by more than 10 orders of magnitude in the given energy
range from 3 to 20 MeV. The same data are shown as
astrophysical S-factor S(E) in the middle part b). As usual
for heavy nuclei, the total S-factor Sieac(E) decreases with
energy because the transformation from cross section to S-
factor overcompensates the energy dependence. It it obvi-
ous that the total cross section oreyc (black dotted) is mainly
composed of the («,y) cross section (red dashed) below the
(oe,n) threshold. Already a few hundred keV above the («,n)
threshold, the («,n) channel dominates (blue full line), and
about 1 —2 MeV above the («,2n) threshold the («,2n) chan-
nel (brown long-dashed) becomes dominant. Other channels
like the («,p) channel (green dotted) and compound-elastic
(light-blue dash-dotted) and compound-inelastic scattering
(magenta dashed) remain below 5% at all energies under
study. This becomes nicely visible in the lower part ¢) of
Fig. 1 where the branching ratios by for the different chan-
nels are shown in a linear scale. As explained above, there
are three different energy ranges: (i) Below the («,n) thresh-
old, the (c,y) channel dominates with b,, ~ 1. (ii) Above
the (a,n) and below the («,2n) threshold, the («,n) chan-
nel dominates with b, &~ 1. (iii) Above the («,2n) thresh-
old, the («,ln) and («,2n) channels contribute, leading to
bin + by, =~ 1. Note that the («,3n) channel opens at 20.0
MeV, i.e. at the upper end of the energy range under study.

2.2 Elastic scattering

Elastic scattering plays an essential role for the prediction of
(e, X) cross sections. The determination of all global AOMPs
is finally based on the analysis of angular distributions of elas-
tic scattering (see next Sect. 3). In practice, this is limited
to energies above or around the Coulomb barrier. At ener-
gies far below the Coulomb barrier, the differential cross
section approaches the Rutherford cross section for point-
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Fig. 1 Total reaction cross section opeac for 100Mo + o and decom-
position into the («,X) channels: The upper part a) shows the cross
section o (E); the middle part b) shows the same data as astrophysical
S-factor. The lower part c) presents the branching ratios by from Eq. (2)
in linear scale. The vertical arrows indicate the («,n), («,2n), and (o, p)
thresholds. Further discussion see text

like charges; in such cases it becomes very difficult or even
impossible to derive an AOMP from the experimental angu-
lar distribution. Even at energies around the Coulomb barrier,
often ambiguities appear in the parameters of the AOMP (see
e.g. [34]).

@ Springer

As already mentioned above, even in cases where it is dif-
ficult or impossible to determine the AOMP from the exper-
imental angular distribution, elastic scattering can be used
to determine the total reaction cross section opesc from the
measured angular distribution. But unfortunately, the avail-
able '%Mo(a,a0) %Mo elastic scattering data do not provide
much information for the calculation of («,X) reaction rates
of %Mo + « because the scattering data do not reach low
energies and do not cover the full angular range. The follow-
ing analysis will show that a reliable local optimization of the
AOMP for '"°Mo + « cannot be achieved from these scat-
tering data. And also the determination of the total reaction
Cross section oeyc 1S hampered by large uncertainties.

Three experimental angular distributions for '%°Mo(a,0)
100Mg elastic scattering are available at EXFOR [35,36]. The
angular distribution by Matsuda et al. [37] at E 1ap = 30.82
MeV covers an angular range from 17 to 72 degrees. Burger
et al. [38] provide data in a similar range from 19 to 83
degrees at a slightly higher energy of 32.15 MeV. Note that
the given energies E, 1ap in both papers have been reduced
by about 50 keV for the present analysis to take into account
the energy loss in the relatively thick targets (about 1 mg/cm?
in both works). Both data sets are listed in EXFOR without
uncertainties, and it is stated that the data had to be digitized
from the respective figures of the original works [37,38]. A
re-analysis of these data suffers from limited precision of
the re-digitization process and requires assumptions on the
experimental uncertainties. As in both cases the final OM
fitting parameters are given, we do not re-analyze these data
here, but instead use the results from the original analysis.
The angular distributions are shown together with the OM
fits in Fig. 2.

OM potentials of Woods—Saxon (WS) type were used
in [37] and [38]. (For a definition of the AOMP parameteriza-
tions, see Sect. 3.1.) Only one set of OM parameters is given
in [37] for the data at 30.82 MeV. This leads to a total reaction
cross section of oyeac = 1572 mb. At 32.15 MeV three differ-
ent fits are listed, leading to oreac between 1629 mb and 1869
mb. At first view, fit C (green dashed line) has a larger x> and
overestimates the data at larger scattering angles. However,
fit C does a better job for the forward angles below 50°, and
thus the lower oyeac from fit C cannot be excluded. From the
variations of oreyc, an uncertainty about 150 mb can be esti-
mated. Following the detailed investigation of uncertainties
for oreac from elastic scattering in [31], this uncertainty of
150 mb from the WS analysis should still be considered as a
lower limit of the real uncertainty because different param-
eterizations of the potential (like e.g. WS potentials or fold-
ing potentials) may lead to different oyeac. Furthermore, the
experimental data of [37,38] do not cover the full angular
range.

The third angular distribution at Eq 15 = 38.0 MeV by
Gontchar et al. is published in a journal which is not easily
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Fig. 2 Angular distributions of °Mo(«,r)'%°Mo elastic scattering at
Eq 120 = 30.82 MeV (upper part a, [37]) and 32.15 MeV (lower part
b, [38]), normalized to the Rutherford cross section. Fits from the orig-
inal papers lead to the given total reaction cross sections oyeyc. Further
discussion see text

accessible [39], but the data have been provided as numerical
table to EXFOR (including the original experimental uncer-
tainties). Thus, a re-analysis is feasible. The results can be
found in Fig. 3.

Three fits were made for the angular distribution at 38
MeV. (i) Similar to the lower energies, potentials of vol-
ume WS type were used in the real and imaginary part of
the AOMP. (ii) The real part of the AOMP was replaced
by a folding potential (for details, see e.g. [30]). (iii) A
model-independent phase shift analysis was made, using the
approach of [40]. All fits are unable to reproduce the exper-
imental data with x>/F = 1, see Fig. 3, upper part a). At
least the phase shift fit should achieve x2/F a 1; other-
wise, the experimental data cannot be described within the
OM. Such a result points to problems with the experimen-
tal data. The 38 MeV data show tiny uncertainties of the
order of 1% at the very forward angles, thus indicating that
the given error bars are statistical uncertainties only. Sys-
tematic uncertainties are often not included in the angular

L T /
/
: Eo=380MeV [ @) 3
(original data) / ]
10" F E
%
2
S | 0.2 L E
o L WSio =1785mb % A
SRR folding: e = 1835mb  * :
- ——— phase shift: o,c,c = 1393 mb }
e
) Eq 10 = 38.0 MeV b) 3
s (data scaled by factor 0.7) ]
(see text)
10 F BN
\\ E
\bca \\\:
(S
107 |
i
o | —— WS: 0y = 1820 mb
Foeeee folding: 0yeec = 1796 mb :
[— phaseI shift: o penc = 1738 mb 1

0 30 60 90
Ve (deg)

Fig. 3 Re-analysis of the angular distribution of '“*Mo(a,a)'°Mo
elastic scattering at Ey 15p = 38.0 MeV [39], using either the original
data (upper part a) or data with an overall scaling factor of 0.7 (derived
from the OM analysis, lower part b). Further discussion see text

distributions. Typically, systematic uncertainties are related
to the target thickness, detector solid angle, and beam cur-
rent integration. Often such uncertainties are of the order of
10—30% and affect all data points of the angular distribution
in the same way.

So we have repeated the fits, using the experimental data
with a free (fitted) absolute normalization, see Fig. 3, lower
part b). In any case, normalization factors of about 0.7 are
found. Furthermore, the fitted parameters behave more reg-
ularly; e.g., the width parameter w of the folding potential
(see [30] and Sect. 3.1) remains very close to unity whereas
a very unusual deviation from unity of 3% was found in the
fit with fixed normalization. Also the phase shift fit is much
closer to the AOMP fits at forward angles, and at angles
beyond the experimental range the phase shift fit does not
behave as strange as in the fit with fixed normalization. Fur-
thermore, now the total cross sections oyeac from the AOMP
fits and the phase shift fit agree around 1800 mb whereas
huge deviations between 1400 mb and 1800 mb were found
for the fits with fixed normalization. Finally, we adopt oyeac

@ Springer
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= 17851“280 mb where the lower uncertainty results form the
phase shift fit of the experimental data with fixed normaliza-
tion.

It is interesting to see that the AOMP fits (using either
WS or folding potentials) result in total cross sections of
Oreac &~ 1800 mb, almost independent of the normalization
of the experimental data. This can be explained by a geo-
metric interpretation of the total reaction cross section. oyeac
is given by the integrated deviation between the Rutherford
cross section (where oreqc = 0) and the experimental angular
distribution; see e.g. Egs. (4) and (5) in [31]. The Rutherford
cross section decreases dramatically with increasing scatter-
ing angle ~ sin~* (1#/2). Consequently, the ~ 90% devia-
tion from Rutherford (o /og ~ 10~!) around 30° — 50° with
og ~ 1500 — 200 mb/sr contributes roughly similar to oyeac
as the &~ 99% deviation (¢/og ~ 10~2) around 60° — 80°
with og =~ 110 — 40 mb/sr. A careful look at the upper and
lower parts of Fig. 3 shows that the AOMP fits can reproduce
the experimental angular distribution around ¥ = 30° — 50°
only for the scaled data in the lower part b) whereas the
experimental data are clearly underestimated (and thus oreac
is overestimated) for the original data in the upper part a).
This means that the model space of the AOMP fits is too
restricted to fit the original data, and any determination of
total reaction cross sections oyesc from such fits is somewhat
questionable. Contrary to the AOMP fits, the phase shift fit
is more flexible and provides a reasonable description of the
experimental angular distribution at forward angles. These
higher elastic cross sections in the phase shift fit lead to the
low Oreac = 1393 mb.

The results for the total reaction cross sections from
100Mo(or,0) Mo elastic scattering are summarized in Table
1. In addition so-called reduced energies Eyeq and reduced
cross sections opeq [41] are given which allow the comparison
of various projectile-target combinations at different ener-
gies. The last column shows that the results are close to a
reference calculation which is taken from 2°8Pb + « in [31].

Unfortunately, the results for oyeyc in Table 1 cannot pro-
vide strong constraints for the AOMPs under study in the
next Sect. 3 which predict opeqc between 1409 and 1528 mb
at30.82 MeV, 1439 and 1612 mb at 32.15 MeV, and 1538 and
1744 mb at 38.0 MeV. All predictions are somewhat lower
than the experimental values, but roughly within the exper-
imental error bars (which may still be optimistic; see above
discussion). This is a general result that various AOMPs lead
to similar total reaction cross sections oreyc at energies above
the Coulomb barrier. Major differences in the predictions are
only found for low energies far below the Coulomb barrier
which is the most relevant energy range for the calculation of
astrophysical reaction rates N4 (o v). This will be explained
below.

The findings from the analysis of the elastic scattering
angular distributions can be summarized as follows. First,

@ Springer

it is difficult to determine the total reaction cross section
Oreac from the available 99Mo(a,)!%Mo angular distribu-
tions with small uncertainties. This is related to the limited
data quality (limited angular range and uncertain absolute
normalization) and also related to restrictions of the model
space in AOMP fits. Second, oy, from elastic scattering at
energies above the Coulomb barrier are reasonably well pre-
dicted by all recent AOMPs, and thus no strong conclusion
on the AOMPs can be derived from the available elastic scat-
tering data. The latter conclusion might change if angular
distributions of excellent quality become available at ener-
gies around the Coulomb barrier.

3 Available «-nucleus potentials
3.1 Definitions

The total reaction cross section oyeac in the OM is related to
elastic scattering by the well-known formula

Orese = 75 DL+ 1) (1 =) ©)
L

where k = /2 E /i is the wave number, E is the energy in
the center-of-mass (c.m.) system, and 7y, are the real reflex-
ion coefficients. The reflexion coefficients 1y and the phase
shifts 87 are calculated by solving the Schrédinger equation
for a complex OM potential. It is important to note that the
imaginary part of the potential is essential for the damping
of the outgoing wave function, leading to n; < 1 and thus a
finite total reaction cross section oye,c in Eq. (6). A potential
without imaginary part in the OM leads to n;, = 1 for all
partial waves and thus a vanishing oresc = 0 in Eq. (6). The
interplay of the real and imaginary parts of the potential will
be discussed later in more detail (see Sect. 3.3).

The complex OM potential for the interaction of charged
particles is given by

Uom(r) =V (r)+iW(r) + Vc(r) N

where V(r), W(r), and Vc(r) are the real part, imaginary
part, and Coulomb part of the OM potential Uom (7). Typical
parameterizations for the potentials V (r), W(r), and V¢ (r)
are listed in the following.

The Coulomb potential V¢ (r) is often used in the sim-
ple form of a homogeneouslg charged sphere with the radius
parameter Rc = Rc o % AIT/ in the light-ion convention; A7
is the mass number of the target nucleus. Typically, the cal-
culations are not very sensitive to the choice of the Coulomb
radius Rc, and in many cases either Rc o = 1.3 fm is used,
or Rc is taken identical as the root-mean-square radius of
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Table 1 Total reaction cross

. Eq1ab Oreac Ered Ored Ored/Ored ()
sections oyeqe and reduced &
energies E.q and reduced cross (MeV) (mb) (MeV) (mb)
sections oreq from the analysis 30.82 1572 £ 150 220 40.5 121
of 'Mo(a,@)'Mo elastic
scattering. The last column 32.15 1744 £+ 150 2.29 44.9 1.32
shows the ratio to a reference 38.0 1785:5180 2.71 46.0 1.25

calculation for 29Pb + & in [31]

the nuclear potential V (r). In some works V¢ was also cal-
culated by a folding procedure with the Coulomb interaction;
see also Eq. (11) below.

The real and imaginary parts of the OM are widely
parametrized by the Woods-Saxon shape; e.g., for the real
part this reads

V(r) ==V x fws(x) (8)

with the potential depth V and the WS function

1
Sws(x) = rxp(x) 9

with x = (r — Ry)/ay, the radius parameter Ry = Ry o X
AlT/ 3, and the diffuseness ay. A similar definition is used
for the imaginary part of volume type with the parameters
Wy, Rw, and aw . In addition, often a surface-type imaginary

potential is added

dfws(x)
5 Hwsx)

W(r) = Ws I

(10)

with the parameters Wg, Rg, and ag. Note that maximum
depth of the imaginary surface potential W(r) at r = Rg is
Wax (r) = —Ws /4 in the definition of Eq. (10). Also square
and cubic forms of Eq. (9) and further modifications have
been used in literature.

A more microscopic approach for the real part of the OMP
is obtained from the folding procedure

Vr(r) = / f pp(rp) pr(rr) vest(s) d3rp d°rr (11)

with the nucleon densities pp 7 (rp,7) of projectile and tar-
get and an effective energy- and density-dependent nucleon-
nucleon (NN) interaction vegr(s). Finetuning of the folding
potential, e.g. for fitting of angular distributions of elastic
scattering, is achieved by the introduction of two parameters
A and w, leading to

V(r) =X Vr(r/w). (12)

A is the strength parameter of the order of A ~ 1.1 —
—1.4 leading to real volume integrals' of about Jp =~
350 MeV fm? [30,42]. w & 1 is the width parameter which
should remain very close to unity within about 1 — 2%; a
larger deviation of w from unity would indicate a failure of
the underlying folding model.

The above formalism assumes spherical symmetry of the
AOMPs and neglects deformation. It must be pointed out
that the parameters of the various AOMPs under discussion
(see below) have been adjusted to experimental data with
this assumption of spherical symmetry. Thus, deformation is
implicitly included in the obtained parameters of the AOMPs.
If deformation were added to these potentials, then the rele-
vance of deformation would be double-counted. For a consis-
tent treatment of deformation, a new deformed global AOMP
has to be determined by re-fitting the experimental data in a
non-spherical approach.

3.2 General remarks

Several AOMPs are available in literature. The present inves-
tigation will focus on selected AOMPs which are imple-
mented in the widely used computer code TALYS [43,44]
in the versions V1.80 and V1.96. In particular, the behav-
ior at low energies has to be studied for a reliable prediction
of astrophysical reaction rates. Here some general proper-
ties of AOMPs will be identified which allows to estimate
also the applicability of other AOMPs for the calculation of
low-energy cross sections and astrophysical reaction rates.
An overview of the AOMPs under detailed study is listed in
Table 2.

Three more AOMPs are implemented in TALYS. Option
“alphaomp 17 corresponds to a simplified folding approach
which is based on the analysis of high-energy deuteron scat-
tering by Watanabe [50] in 1958. “alphaomp 7 is taken from
Nolte et al. [S1] where elastic « scattering was investigated
at energies above 80 MeV and up to 172 MeV. “alphaomp 8~
was derived as an extension of the Nolte et al. AOMP from
a series of (n,«) data around target masses of A ~ 50 by
Avrigeanu et al. [52]. As these AOMPs have been derived
from scattering data at much higher energies, it is not very
surprising that the resulting predictions of low-energy reac-

' As usual, the negative signs of the volume integrals J and J; are
omitted in the discussion.
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Table 2 Overwiew of the AOMPs under detailed study in the
present investigation: McFadden/Satchler-1966 (MCF), Demetriou-
2002 (DEM) in three versions, Avrigeanu-2014 (AVR), and Atomki-

V2-2020 with the corresponding TALYS parameter alphaomp, Woods-
Saxon (WS) or folding (fold) parameterization (par.), and energy depen-
dence (ED)

Abbreyv. TALYS Ref. Real part Imag. part
alphaomp Par. ED Par. ED

MCF 2 [45] WS N WS N
DEM-1 3 [46] fold Y WS Y
DEM-2 4 [46] fold Y WS Y
DEM-3 5 [46] fold Y WS Y
AVR 6! [47] WS Y WS Y
Atomki-V2 92 [48] fold N WS N

ITALYS default option

2modified versions of TALYS-V1.80 and TALYS-V1.96; see explanation in [49]

tion cross sections are inferior to the AOMPs in Table 2. No
further discussion of these high-energy AOMPs is provided
in the present study.

In the following, the AOMPs in Table 2 are presented
in greater detail in Sects. 3.3, 3.4, 3.5, and 3.6. There are
further recent AOMPs which are not yet implemented into
TALYS, and thus these AOMPs cannot be used in a simple
way. Nevertheless, as already pointed out above, there are
general properties of the AOMPs under study which allow to
assess also other recent AOMPs. This information is provided
in Sect. 3.7.

Before we start with the discussion of the various AOMPs,
we list the energies of the Gamow window which defines the
astrophysically most relevant energies. For the chosen exam-
ple of 1Mo + «, the energies of the classical Gamow win-
dows for temperatures between 79 = 1 —5 are listed in Table
3. (As usual, Ty is the temperature in Giga-Kelvin.) For com-
pleteness it must be noted that the real Gamow windows are
slightly shifted towards lower energies because of the nega-
tive slope of the astrophysical S-factor (for details, see [53]).
The Gamow window may be further affected for («,n) reac-
tions with negative Q-values which is 0 = —4572 keV in
the case of the 1°Mo(a,n)'%3Ru reaction. This restriction is
mainly relevant for stable target nuclei whereas for neutron-
rich nuclei in the weak r-process the Q-values of the («,n)
reaction become close to zero or even positive.

3.3 McFadden and Satchler (1966)

The widely used AOMP by McFadden and Satchler (MCF)
[45] was derived in the 1960s from elastic scattering data
for target nuclei between '°0 and 233U at 24.7 MeV. WS
potentials of volume type were used throughout that study;
i.e., six parameters (depth, radius, and diffuseness of the
real and imaginary part of the AOMP) were adjusted to the
experimental angular distributions. It was found that there
are many ambiguities in the parameters of the AOMP, and
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local 4-parameter fits (using the constraints Ry = Ry and
ay = aw), S-parameter fits (using the constraint Ry = Ry ),
and 6-parameter fits are presented. At the end, it is con-
cluded that the 5-parameter fits and 6-parameter fits do not
lead to significant improvement in the description of the
angular distributions, and a global 4-parameter fit is given
as the final result: Vo = —185 MeV, Wy = —25 MeV,
Ryo=Rwo=14fm,ay =aw = 0.52 fm.

This simple 4-parameter AOMP was later used as the so-
called McFadden/Satchler AOMP in many subsequent stud-
ies, including the calculations with the statistical model code
NON-SMOKER [55] which were adopted in the REACLIB
database [56]. As the MCF AOMP was determined from elas-
tic scattering data at only one energy of 24.7 MeV, no energy
dependence was given, and consequently, the parameters of
the MCF AOMP were taken as energy-independent in all
subsequent studies.

Whereas the extremely simple MCF AOMP provides very
reasonable predictions for the total reaction cross section
Oreac at energies above the Coulomb barrier (see also Sect. 2.2
above), data far below the Coulomb barrier are dramatically
overestimated. This became first obvious in the analysis of
the pioneering experiment for the '**Sm(«,y)'*8Gd reaction
by Somorjai et al. [57]. It was found in this work that an
additional energy dependence of the depth of the imaginary
part with a so-called Fermi function leads to a much better
description of the experimental («,y ) data:

Wv.o

) = oo (Er = E)Jaz]

(13)

Here Wy o = 25 MeV is the depth of the original MCF
AOMP, and the parameters Er and ag were adjusted to the
(o,y) data. A similar parameterization of the energy depen-
dence was later used in several subsequent studies, see e.g.
[58-65]. Often, Er inEq. (13)isfixedto Er = 0.9 Ec where
Ec is the height of the Coulomb barrier; this energy Ef is
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Table 3 Classical Gamow

window (center energy E( and B kT (keV) Eo (keV) A (keV) Eorea (keV)
width A) for '"Mo + a. Eg red | 36 3666 1298 7
is the reduced Gamow energy
(as defined in [41]; see also 2 172 5820 2314 432
Sect. 2.2). Properties of Eq red 3 259 7626 3243 566
are discussed in [54] 4 345 9238 4122 685
5 431 10720 4965 795

also called E; and parametrized in [66]. The obtained param-
eter ag varies between about 2 MeV and 10 MeV, where a
smaller a g reduces the predicted sub-Coulomb cross sections
stronger than a larger ag. The impact of ag at higher energies
remains relatively minor.

The failure of the MCF AOMP at sub-Coulomb energies
and the uncertain energy dependence of the imaginary part
from the different ar has motivated us to investigate the role
of the imaginary part of the AOMP in further detail. At ener-
gies above the Coulomb barrier, the total reaction cross sec-
tion oreac in Eq. (6) saturates around 1800 mb for the chosen
example of '“°Mo + & (see Sect. 2.2). This corresponds to
absorption of a black disk with a radius Rgisc which is related
tO Oreac= nRgiSC; i.e., Rgisc &= 7.5 fm. As expected, this Rgisc
roughly corresponds to the sum of the radii of the colliding
100Mo and “He nuclei. Each AOMP with a reasonable range
is able to reproduce such oye,c above the Coulomb barrier.
This is in line with the findings in Sect. 2.2 that all AOMPs
under study describe the ore,c between 30 MeV and 40 MeV.

Atlower energies slightly below the barrier, the calculated
Oreac Tesults from the interplay of (i) the tunneling probability
of the incoming « particle through the barrier in the real
part of the AOMP and (ii) the absorption by the imaginary
part of the AOMP in the interior after tunneling. Here oyeqc
becomes sensitive to the real part and to the imaginary part
of the AOMP. But still here the differences between various
AOMPs are not too dramatic as long as the AOMPs are well
constrained from elastic scattering.

However, at extremely low energies far below the Coulomb
barrier, the sensitivity of the calculated oy, changes dramati-
cally [67]. The transmission probability through the Coulomb
barrier becomes so small that the damping of the wave func-
tion by the imaginary part occurs mainly at large radii far out-
side the colliding nuclei, but not in the nuclear interior (i.e.,
absorption occurs without tunneling). As a consequence, the
calculated oyeyc 18 sensitive mainly to the tail of the imaginary
part at large radii, but almost insensitive to the interior of the
imaginary part and also almost insensitive to the real part of
the AOMP. These findings are illustrated in Figs. 4 and 5.

Figure 4 shows the ratios of the total reaction cross section
Oreac/0reac (MCF) for different modifications of the imaginary
part of the MCF potential where oreoc (MCF) is the cross sec-
tion which is calculated from the standard MCF potential (as

T T T
L e ]
6 I Ep=12.61 MeV ]
S _
g
QPP
L 10 E
8 ]
& g — truncated at 10 fm ]
o ——— ag=6MeV ]
- -+ - ap=6MeV, trunc. at 10 fm -
10»2 L | L L L L | L L L L | L L L L
5 10 15 20
E (MeV)

Fig. 4 Ratio oyeac/0reac(MCF) for different modifications of the imag-
inary part of the MCF potential: truncated at r = 10 fm (full red
line), energy-dependent according to Eq. (13) with agp = 6 MeV (blue
dashed), and energy-dependent and truncated at 10 fm (green dotted).
The vertical arrow indicates the energy Er = 0.9 Ec = 12.61 MeV in
Eq. (13) for 1Mo + o where the imaginary strength is reduced by a
factor of two. Further discussion see text

described above). The shown energy range between 3 MeV
and 20 MeV covers 17 orders of magnitude for oreac(MCF)
from about 107!7 b at the lowest energy up to about 1 b at
the highest energy.

As first modification, a truncation of the imaginary poten-
tial at » = 10 fm (full red line in Fig. 4) is applied. This has
only minor impact at energies above the Coulomb barrier.
Contrary, the calculated oo becomes much lower towards
lower energies. E.g., at 5 MeV oyeac drops by a factor of about
4.2, whereas at 15 MeV the reduction of oesc remains tiny
with about 1%. Below about 4 MeV, less than 10% of reqc
result from the nuclear interior (» < 10 fm).

The corresponding imaginary part of the potential is
shown in Fig. 5 (long-dashed black line for the original MCF
AOMP, full red line for the truncated imaginary part). Note
that the depth of the imaginary part is only about 30 keV at
the truncation at » = 10 fm, i.e., around 0.1% of the central
depth of Wy = 25 MeV. This means that the tiny tail of the
imaginary part of the potential at large radii above 10 fm is
responsible for the dominating contribution of oy, at the
astrophysically relevant energies in the Gamow window.

@ Springer
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Fig. 5 Imaginary part of the MCF AOMP and different modifications:
original MCF (long-dashed black line), truncated at r = 10 fm (full
red), and energy-dependent with ap = 6 MeV at E = 15 MeV (light-
blue dotted) and at £ = 5 MeV (orange dashed). The upper part a)
shows a linear scale and an inset for the tail of the imaginary part at
large radii; the lower part b) shows the same data in a logarithmic scale.
Further discussion see text

Interestingly, a very similar result for oye,c is obtained
when the truncation of the imaginary part at r = 10 fm
is replaced by the second modification which is an energy
dependence according to Eq. (13). Figure 4 shows the result
using ag = 6 MeV (blue dashed) which is in the center of
suggested ag from previous work [58—-05]. At E = Ef =
12.61 MeV opeq is reduced by only 1.5% although the over-
all strength of the imaginary potential is reduced by a factor
of two at Er. Even smaller changes are found for higher
energies above E . A further truncation at » = 10 fm of the
energy-dependent imaginary part with ag = 6 MeV has rel-
atively minor impact above 8 MeV, but reduces oyeqc further
towards very low energies. Two examples for the imaginary
potential with ag = 6 MeV are shown in Fig. 5 for E = 5
MeV (orange dashed line) and 15 MeV (lightblue dotted).

Summarizing this discussion, we find that the total reac-
tion cross section oyeac at astrophysically relevant energies is
mainly sensitive to the tail of the imaginary potential at larger
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radii beyond r = 10 fm. Using the original MCF AOMP, this
leads to a dramatic overestimation of oyeac at low energies.
This overestimation can be compensated either by truncating
the imaginary part of the AOMP at r = 10 fm or by introduc-
ing an energy dependence of the imaginary potential accord-
ing to Eq. (13). As this tail of the imaginary potential (with
typical tiny strengths of 0.1% of the central depth) is not at all
constrained in the construction of an AOMP from the fitting
of elastic scattering, it seems to be more natural to use the
first approach and truncate the imaginary potential at large
radii. This is also consistent with a naive view on the forma-
tion of a compound nucleus which does not occur outside the
colliding nuclei. Furthermore, this truncation avoids numer-
ical complications. Without truncation, the calculated oyeyc
becomes sensitive to the chosen maximum radius Ryax in the
integration of the Schrodinger equation. (Such a sensitivity
may even remain completely unnoticed as long as one uses
the TALYS code which sets a well-chosen pre-defined Ryax
automatically.) This idea of truncation of the imaginary part
will be followed later in the construction of the Atomki-V2
AOMP (see Sect. 3.6).

3.4 Demetriou et al. (2002)

Demetriou et al. [46] (DEM) provide three versions of a
global AOMP which is based on a folding potential in the
real part and a WS potential in the imaginary part. The fold-
ing potential in the real part applies the so-called DDM3Y
nucleon-nucleon interaction [68,69] which leads to an intrin-
sic energy dependence of the folding potential from the cho-
sen interaction. In addition, an explicit energy dependence for
the volume integral Jp is taken from the parameterization of
[70] with refitted parameters. The imaginary part in the first
version (DEM-1) of the DEM AOMPs is taken as a volume
Woods-Saxon; a surface term is added in the second version
(DEM-2). The third version (DEM-3) uses a volume WS plus
adamped surface WS in the imaginary part; in addition a dis-
persive coupling between the real and imaginary parts of the
AOMP is applied.

The parameters of the DEM potentials were adjusted to fit
experimental data which were available more than 20 years
ago. The experimental data consisted of low-energy elastic
scattering for targets between *°Ca and 28Pb and of a series
of (a,n), (o, p), (o,y), and (n,o) reaction data. Only very few
low-energy reaction data were available for target nuclei with
masses above A =~ 100, including the Somorjai et al. data for
l44Sm(oz,y)l48Gd from 1998 [57]. In a later experiment by
Scholz et al. [71], the data by Somorjai et al. were essentially
confirmed, but there is some tension between both experi-
ments for the data points at their lowest energies. Whereas
Scholz et al. give an S-factor (all S-factors in 1026 MeVb)
of 11.6 £ 0.8 at E = 10.675 MeV, the result by Somorjai et
al.of 7.13 +2.92 at E = 10.193 MeV is roughly a factor of
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1.6 lower. Furthermore, a minor correction to the Somorjai et
al. activation data was applied in [71] to take into account a
more accurate half-life of the residual '*Gd nucleus, leading
to an even lower result of 6.8 &= 2.8.

Because of the huge deviation between the experimental
144Sm(ar,y)'*8Gd data by Somorjai et al. and the calculation
with the MCF AOMP, much efforts have been spent in the
following years to fit the energy dependence of the Somor-
jai et al. data, including the lowest data point with its very
low S-factor with 40% uncertainty. The consequence was
a strong energy dependence of the fitted AOMP to fit the
low S-factor at the lowest energy. Nowadays, combining the
lowest data points of Somorjai et al. and Scholz et al. leads
to a somewhat different behavior of the low-energy S-factor
of the '**Sm(w,y)*8Gd reaction which would also weaken
the derived energy dependence of the AOMP. Because the
144Sm(a,y)'*8Gd data by Somorjai et al. are the only fitted
(or,y) data above A = 100 in the DEM study, it is not sur-
prising that the DEM AOMPs (in all versions) have a trend to
underestimate reaction cross sections at sub-Coulomb ener-
gies.

For completeness we note that a small modification to the
DEM AOMPs was implemented in the recent TALYS—1.96
version which is not well-documented. The modification
claims to achieve better agreement with experimental data
by taking into account deformation. This is achieved by an
adjustment of the radius Ry of the imaginary potential which
increases slightly with positive deformation parameter S,.
Such an increased imaginary radius leads to increased low-
energy cross sections, thus probably compensating the fact
that the original DEM AOMPs tried to fit the low S-factor
of the Somorjai et al. data. As pointed out above, such an
addition of deformation (without refitting the whole AOMP)
may lead to double-counting the relevance of deformation.
Furthermore, for nuclei with > < 0 (as e.g. for the case of
120Te), the modification leads to smaller cross sections from
the DEM AOMPs; here the deviations to the latest experi-
mental data are increased by the modification [72].

3.5 Avrigeanu et al. (2014)

The AOMP by Avrigeanu et al. [47] (AVR) follows a very
similar approach as the previous DEM AOMPs. The basis of
this AVR AOMP is a double-folding potential in the real part
in combination with a WS imaginary part where the param-
eters were first adjusted to elastic scattering data [73]. Later,
the study was extended to («,X) and (n,o0) reactions in [74],
and the double-folding potential in the real part was replaced
by a so-called “DF-equivalent Woods-Saxon potential”. A
careful fine-tuning of the WS parameters was performed to fit
the available («,X) and (n,o0) data. Finally a many-parameter
AOMP is obtained [66]. Further improvement was achieved
by an additional investigation of the level density [47]. This

study [47] from 2014 was implemented in TALYS. Later tests
in a series of subsequent papers (e.g. in [75-77]) essentially
confirmed the obtained parameters with minor modifications.

It is interesting to note that already in the study from 2010
[66] it was noticed that “The energy dependence of the sur-
face imaginary potential depth is proved to be essential for the
understanding of the a-particle interaction behavior below
the Coulomb barrier”’. However, the essential role of the tail
of the imaginary potential at large radii was not noticed at
that time.

Compared to the previous DEM AOMPs from 2002, the
AVR AOMP could be adjusted to a much larger database for
(oe,y) and (o ,n) reaction data at low energies which became
available in the meantime. Consequently, the AVR AOMP
provides a better descrioption of the low-energy data for
many cases. However, it was noticed recently in the anal-
ysis of (a,n) data for tellurium isotopes '20-139Te that the
AVR AOMP systematically underestimates the latest exper-
imental data. This is probably related to the fact that the only
one data set for 120Te(w,n)!2Xe at that time by Palumbo et
al. [78] was used for adjustment in [47]. These data of [78]
consist of three data points only which are lower than the
latest data by Matyus et al. [72].

Summarizing, the many-parameter AVR AOMP is able to
reproduce alot of («,@), (&,n), (¢, ), and (n,a) data fora wide
range of target nuclei with very good accuracy. However, the
determination of the many energy-dependent parameters of
the AVR AOMP requires the availability of excellent reaction
data in a wide range of target nuclei and in a wide range of
energies, as close as possible to the astrophysically most rel-
evant Gamow window. Furthermore, under these conditions
the extrapolation to unstable nuclei must remain somewhat
uncertain.

3.6 Atomki-V2 (2020)

Contrary to the above DEM and AVR AOMPs, the Atomki-
V2 AOMP [48,49] is based on a completely different
approach which avoids the complications which result from
the importance of the tail of the imaginary part (as shown
above in Fig. 4 for the MCF AOMP). The compound for-
mation cross section ocompound ~ Oreac in Eq. (1) is derived
from a simple barrier transmission calculation which is also
widely used in heavy-ion fusion [79-81]; i.e., Oyeqc 1S calcu-
lated from the transmission in a purely real potential, thus
avoiding any dependence on the imaginary part which is not
required in the barrier transmission model.

Of course, the real part of the potential needs to be
well constrained in this approach. In previous work, from a
series of elastic scattering experiments at energies around the
Coulomb barrier in our institute, we have derived an AOMP
called “Atomki-V1” which turns out to be very appropriate
here [30]. The real part of Atomki-V1 is based on the fold-
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ing approach (very close to the DEM AOMP). It is energy-
independent and shows also only a small dependence on the
target nucleus with a slightly reduced strength parameter A in
Eq. (11) and volume integral Jg for magic and semi-magic
target nuclei. It is shown in [48] that this approach leads to an
excellent reproduction of the available experimental data for
heavy nuclei. This will be discussed in further detail below
in Sect. 5.

The barrier transmission approach allows to calculate the
total reaction cross section oyeac, but not the various («,y),
(oe,m), or (a,p) cross sections. The calculation of the indi-
vidual exit channels requires to use the statistical model
and a corresponding computer code. So we have decided to
complement the real part of the Atomki-V1 potential with a
deep, narrow, and sharp-edged imaginary WS potential with
Wy = 50 MeV, Ry, = 1.0 fm, and aw = 0.1 fm. This
AOMP has been added to a modified version of TALYS.

The combination of the real part of Atomki-V1 and the
sharp-edged imaginary WS potential is called Atomki-V2.
The above construction ensures that the total cross section
Oreac 1N the OM calculation is almost identical to the fusion
cross section in the barrier transmission approach. This can be
explained by the following considerations. The fusion cross
section in the barrier transmission approach results from the
tunneling through the barrier. In the OM, the incoming « has
to tunnel through the barrier in a similar way as in the trans-
mission approach. As soon as the incoming « has succeeded
to tunnel through the barrier, it is absorbed by the imaginary
potential in the interior. The above choice of a deep, narrow,
and sharp-edged imaginary part ensures that the transmission
and absorption in the OM are practically decoupled, and that
all incoming « particles are indeed absorbed (if the imaginary
part has a sufficient depth). No absorption occurs outside the
barrier because of the chosen geometry of the imaginary part
(small radius and very small diffuseness). For further discus-
sion of the relation between the barrier transmission approach
and the OM approach with a deep, narrow, and sharp-edged
imaginary potential, see also [82,83].

The Atomki-V2 AOMP is completely determined by elas-
tic scattering data at energies around the Coulomb bar-
rier [30]. Thus, it allows to predict the total reaction cross
section oyeyc Without any adjustment to (e, X) reaction data;
there are no adjustable parameters for Atomki-V2. Thus, any
uncertainties from purely constrained fitting parameters or
any sensitivity on the quality and availability of experimen-
tal («,X) data are completely avoided, leading to reliable
and robust predictions for a wide range of target nuclei. Over-
all, predictions from the Atomki-V2 AOMP typically deviate
from experiment by far less than a factor of two (with one
noticable exception of 88Sr [84]; see Sect. 5).
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3.7 Other recent AOMPs

As already mentioned above, the present study focuses on
those AOMPs which are available in the TALY'S code (or have
been implemented by ourselves in the case of the Atomki-
V2 AOMP). Such an implementation for AOMPs from liter-
ature requires at least some efforts, and in many cases it is
not even possible because the published information is not
sufficient to re-calculate the real and imaginary parts of those
AOMPs. The latter statement holds in particular for folding
potentials where a re-calculation requires to know exactly
the used densities (nucleon density or charge density) and
the used nucleon-nucleon interaction. In the following, we
briefly mention some recent AOMPs and comment on their
general properties.

3.7.1 Sdo Paulo potential (2002)

The Sao Paulo potential (SPP) [85] is intended to describe
the nucleus-nucleus interaction for a wide range of colliding
nuclei; a recent review celebrated the 20-th birthday of the
SPP [86]. The SPP is based on a folding procedure for the
real part and various phenomenological parameterizations
for the imaginary part. As the SPP is neither optimized for
o projectiles nor for low energies, one cannot expect that the
SPP is the best choice for the calculation of astrophysical
(o, X) reaction rates. Instead, a similar performance as the
DEM AOMPs should be achievable for the SPP because the
general approach is similar. As for most other AOMPs, the
predictions for low-energy cross sections will also be sen-
sitive to the tail of the chosen imaginary part (as discussed
above for the MCF AOMP). We note that a computer code for
the second version SPP2 of this potential became available a
few years ago in [87].

3.7.2 Guo etal. (2011)

Guo et al. [88] provide a fully microscopic AOMP from the
Green’s function method in combination with an effective
Skyrme interaction. It would be very interesting to see how
such a fully microscopic approach works for the low sub-
Coulomb energies which are most important for the calcu-
lation of astrophysical («,X) reaction rates, but [88] does
not yet cover very low energies. Furthermore, it is not pos-
sible to use the Guo et al. AOMP without a full repetition of
their work; thus, in practice, this AOMP is unfortunately not
accessible.

3.7.3 Durant and Capel (2022)
A recent study of the AOMP by Durant and Capel [89]

focuses on higher energies between 100 MeV and 400 MeV.
As these energies are far above the astrophysically relevant
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energy range, we do not provide further discussion of this
AOMP here.

3.7.4 Basak and Basu (2022)

The AOMP by Basak and Basu [59] is constructed at low
energies. Itis based on the MCF AOMP. An additional energy
dependence with a Fermi function, see Eq. (13), is intro-
duced, and ranges in the N Z-plane are defined where this
energy dependence has to be applied either to the real and
imaginary part or to the imaginary part only or not at all.
Basak and Basu also point out the major influence of the
imaginary potential for the low-energy cross sections. But as
we have seen in Sect. 3.3, the energy dependence of the MCF
AOMP is mainly an adjustment of the tail of the imaginary
part to existing data. Furthermore, the given N Z-ranges for
the application of the energy dependence in [59] do not look
very systematic. Especially the latter finding does not sup-
port this AOMP for the calculation of astrophysical (c,X)
reaction rates.

3.7.5 Nhu Le and Quang Hung (2022)

Again similar to the DEM AOMP, the AOMP by Nhu Le and
Quang Hong [58] (NLQH) is based on areal folding potential
and a WS potential in the imaginary part. The folding poten-
tial is based on the CDM3Y1 interaction plus a repulsive
potential, and its strength includes a dispersive contribution.
The NLQH study focuses on low energies. Similar to pre-
vious work, also NLQH conclude that the imaginary part of
the potential is essential for the calculation of the («,n) and
(o, ) cross sections at low energies under study in [58]. Also
similar to previous work, an energy dependence of the imag-
inary part of Fermi type is used to obtain a good reproduction
of several («,n) and («,y) data.

Itis pointed outin [58] that the results of the NLQH AOMP
are close to the AVR AOMP. NLQH favor their approach
because of the smaller number of adjustable parameters when
compared with the many-parameter AVR AOMP. However,
also the NLQH AOMP suffers from the sensitivity to the tail
of the imaginary part of the potential.

3.7.6 Denisov (2025)

Contrary to most other above AOMPs, but similar to the
Atomki-V2 AOMP, the AOMP by Denisov [90] is based
on the barrier transmission approach; i.e., the so-called
UMADAC (Unified Model for Alpha-Decay and Alpha-
Capture) AOMP is a purely real potential; for earlier work
on the UMADAC AOMP, see also [91,92].

The transmission in the Denisov AOMP is tested and ver-
ified against a-decay half-lives and «-induced fusion data.
Again, this approach is similar to the folding potential in the

real part of the Atomki-V2 AOMP which was also applied
to a-decay in several previous studies (e.g., [70,93-95]).

Unfortunately, the work by Denisov [90] stops at the cal-
culation of total reaction cross sections ope,c 1n the barrier
transmission approach. No attempt is made to calculate the
cross sections of the individual («,X) exit channels. From
the close similarity of the Atomki-V2 and Denisov AOMPs,
it can be expected that the introduction of a deep, narrow,
and sharp-edged imaginary part (similar to the Atomki-V2
AOMP, see Sect. 3.6) will lead to an excellent performance
of the Denisov AOMP for the prediction of low-energy (o, X)
cross sections and astrophysical reaction rates.

4 Example: 1Mo + «
4.1 Cross section and S-factor

In the following we present the results from the AOMPs
in Sects. 3.3, 3.4, 3.5, and 3.6 for the example of 100Mo
+ «. This example was chosen because two recent exper-
iments have provided reliable data using either the activa-
tion technique for the 100Mo(er,17)193Ru reaction [32] or an
active-target technique in inverse kinematics for the sum over
1OOMo(a,xn)104"‘Ru with x = 0 — 2 at the energies under
study [33] with x = 0 being the («,y) reaction.

Figure 6 shows the calculated total reaction cross sections
Oreac for the MCFE, DEM (3 versions), AVR, and Atomki-V2
AOMPs. Because ey covers almost 20 orders of magnitude
for the shown energy range, the data are presented as ratio to
the result from the Atomki-V2 AOMP. This AOMP is chosen
as a reference here because it was also recommended in the
two recent experimental studies of 100Mo + & [32,33].

The first interesting result from Fig. 6 is the nice agree-
ment of all AOMPs at energies above the Coulomb barrier.
Between 15 MeV and 20 MeV, the deviations between the
different AOMPs remain very limited with less than 30% dif-
ference between the lowest (DEM-2) and highest (Atomki-
V2) 0reac- This is an expected result (as already discussed in
Sect. 2.2).

Again expected, the MCF AOMP leads to much higher
Oreac towards lower energies. This is explained by the sig-
nificant contribution from the tail of the imaginary part, see
Sect. 3.3 and Fig. 4. The deviation between the MCF and
the Atomki-V2 AOMPs exceeds a factor of 50 at the lowest
energy of 3 MeV in Fig. 6.

Somewhat surprising, the three versions of the DEM
AOMP show completely different results. The DEM-1
AOMP behaves very similar as the MCF AOMP with a steep
increase towards low energies, reaching a factor of 25 devi-
ation from Atomki-V2 at 3 MeV. Contrary, the DEM-2 and
DEM-3 AOMPs predict lower oyeac. The deviation between
the DEM-2 AOMP and the Atomki-V2 AOMP remains small
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Fig. 6 Ratio 0yeac/0reac(Atomki-V2) for the different AOMPs in
Sects. 3.3, 3.4, 3.5, and 3.6: MCF (light-blue short-dotted), DEM-
1 (orange short-dashed), DEM-2 (green dotted), DEM-3 (magenta
dashed), AVR (blue dash-dotted), and Atomki-V2 (=1, thin full red
line). The light-grey bar indicates the claimed uncertainty of a factor
of two for the Atomki-V2 AOMP. The classical Gamow windows for
Ty = 2, 3, and 4 are indicated by horizontal arrows. Further discussion
see text

(almost within a factor of two for all energies in Fig. 6). The
DEM-3 AOMP leads to lower oreqc by a factor of 2 — 5 below
10 MeV.

The AVR AOMP remains also close to the Atomki-V2
AOMP, with deviations almost within a factor of two. How-
ever, the energy dependence of the AVR prediction shows a
surprisingly pronounced structure around 9 MeV.

The grey-shaded band in Fig. 6 indicates the claimed
uncertainty of a factor of two for the Atomki-V2 AOMP.
The DEM-3 AOMP remains within this uncertainty band
only above 10 MeV and is below for lower energies; the
DEMI1 and MCF AOMPs remain within the uncertainty band
down to about 6 — 7 MeV and are higher for lower energies.
The DEM-2 and AVR AOMPs remain practically inside the
uncertainty band at all energies in Fig. 6. Consequences for
the astrophysical reactionrate N4 (o v) will be discussed later
in Sect. 4.2.

Next, we compare the predictions of the various AOMPs
to the recent experimental data by Szegedi et al. [32] and Ong
et al. [33]. For completeness we also include the earlier data
by Graf and Miinzel [96] and Esterlund and Pate [97] which
have also been obtained by the activation technique. Graf
and Miinzel used individual targets for each energy whereas
Esterlund and Pate applied the stacked-foil technique. As
already shown in Fig. 2 of [32], these earlier data sets show
some irregularities; this holds in particular for the lowest
energy of the stacked-foil experiment where the cross section
exceeds the later data by roughly two orders of magnitude.

@ Springer

Figure 7 shows the astrophysical S-factor for the
10Mo(ar,1n)!193Ru reaction in linear (upper part a) and in
logarithmic (lower part b) scale. First of all, we note that the
recent experimental data from the activation experiment by
Szegedi et al. [32] and from the active-target experiment by
Ong et al. [33] are in good agreement within the given error
bars below the («,2n) threshold at 10.8 MeV. The earlier
activation data by Graf and Miinzel [96] and Esterlund and
Pate [97] are somewhat higher around 10 MeV and somewhat
lower at higher energies, thus showing a different energy
dependence. The lowest data point of Esterlund and Pate at
6.8 MeV exceeds the lowest S-factor by Szegedi et al. by
more than two orders of magnitude (outside the shown range
in Fig. 7), thus further questioning the energy dependence of
the earlier data at low energies.

The linear plot in the upper part of Fig. 7 shows nicely
that the energy dependence of the S-factor at low energies is
well reproduced by the Atomki-V2 AOMP whereas all other
AOMPs under study clearly deviate from the experimental
data. The MCF and DEM-1 AOMPs show a much steeper
energy dependence, and the DEM-3 AOMP shows a flatter
energy dependence. The DEM-2 and AVR AOMPs remain
relatively close to the Atomki-V2 AOMP but show surprising
structures in the low-energy range (see also Fig. 6). As this
is the astrophysically most relevant energy region, we favor
the Atomki-V2 AOMP for the calculation of astrophysical
reaction rates. This is further comfirmed by a 2 analysis of
the deviation between the experimental data and prediction
from various AOMPs in [32]. The smallest x 2 was found for
the Atomki-V2 AOMP with an overall normalization factor
of 1.21 (i.e., close to unity). Larger normalization factors had
to be used for the other AOMPs under study, and nevertheless
the x 2 of the Atomki-V2 AOMP could not be reached by the
other AOMPs.

At higher energies above the («,2n) threshold, the active-
target data by Ong et al. are higher than the activation data
by Szegedi et al. because the active-target experiment detects
all Z — Z + 2 events and thus measures the sum over
100Mo(er,xn)'%*Ru cross sections (with x = 0 — 2 in the
energy range under study). This is best visible in the cross
section plot in Fig. 4 of [33], but also visible in the S-factor
plot in the lower part b) of Fig. 7.

At higher energies, the predictions from all AOMPs under
study agree, and the predictions also agree at energies above
30MeV (see the discussion in Sect. 2.2). But the early experi-
mental data by Graf and Miinzel [96] and Esterlund and Pate
[97] are significantly higher than the predicted («,n) cross
sections above 15 MeV. A better description of the earlier
experimental data can be achieved if the calculated branch-
ing by, ~ Ty,/(T1, + T2,) towards the («,n) channel is
slightly enhanced. This can be achieved by a modified level
density in the statistical model, either by enhancing the LD
in '03Ru (thus increasing T},) or decreasing the LD in '%Ru
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Fig. 7 Cross section of the 100Mo(a,11)!93Ru reaction (shown as
astrophysical S-factor) in linear (upper part a) and in logarithmic
(lower part b) scale: Comparison of experimental data [32,96,97] to
the predictions from the different AOMPs by MCF (light-blue short-
dotted), DEM-1 (orange short-dashed), DEM-2 (green dotted), DEM-3
(magenta dashed), AVR (blue dash-dotted), and Atomki-V2 (full red
line). The lowest data point of Esterlund and Pate is far above the cho-
sen scale. The data by Ong et al. [33] contain contributions from the
100Mo(a,2n)192Ru reaction above the («,2n) threshold at 10.8 MeV; the
threshold is indicated by a vertical arrow. The classical Gamow win-
dows for 79 = 2, 3, and 4 are shown by horizontal arrows (see Table
3). Further discussion see text

(thus reducing 75,). As these energies are above the astro-
physically relevant energy range, no attempts have been made
here to optimize the calculations.

Figure 8 is essentially a repetition of Fig. 7 for the sum of
the '%Mo(er,xn)'%**Ru cross sections with x = 0 — 2. One
can see the much higher calculated cross sections from all
AOMPs at energies above the («,2n) threshold at 10.8 MeV.
The data at low energies below the («,2n) threshold are prac-
tically not affected because the 10Mo(a,y)'%*Ru channel
(corresponding x = 0) is practically negligible above the
(o, 1n) threshold at 4.57 MeV (see also Fig. 1).
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Fig. 8 Cross section of the sum of the 100Mo((>t,xrz)104'"Ru reactions
with x = 0 — 2 (shown as astrophysical S-factor) in linear (upper
part a) and in logarithmic (lower part b) scale: Comparison of exper-
imental data [33] to the predictions from the different AOMPs by
MCEF (light-blue short-dotted), DEM-1 (orange short-dashed), DEM-
2 (green dotted), DEM-3 (magenta dashed), AVR (blue dash-dotted),
and Atomki-V2 (full red line). The activation data [32,96,97] for the
100Mo(r,11)'93Ru reaction are almost identical to the summed cross
section below the («,2n) threshold which is indicated by a vertical arrow.
The classical Gamow windows for Ty = 2, 3, and 4 are shown by hor-
izontal arrows (see Table 3). Further discussion see text

4.2 Astrophysical reaction rate

After the discussion of the reaction cross sections, we now
turn to the calculation of astrophysical reaction rates N4 (o v)
for %Mo + . Two explosive scenarios (y -process and weak
r-process) have been mentioned in the introduction where
a-induced reactions on heavy target nuclei are relevant for
the reaction path. Consequently, it is important to provide
the reaction rates for explosive scenarios at relatively high
temperatures at least above To = 1.

10Mo is located at the “east” end of the stable molybde-
num isotopes on the chart of nuclides; i.e., for this example
of %Mo we are mainly interested in the relevant rates for
the weak r-process. Here the important astrophysical rate is
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Fig. 9 Astrophysical reaction rate of the Z — Z + 2 reaction which
produces ruthenium isotopes '%**Ru from the '“°Mo(er,xn)!%*Ru
reactions (normalized to the rate from the Atomki-V2 AOMP). The
predictions from the various AOMPs under study differ in particu-
lar towards lower temperatures: MCF (light-blue short-dotted), DEM-
1 (orange short-dashed), DEM-2 (green dotted), DEM-3 (magenta
dashed), AVR (blue dash-dotted), and Atomki-V2 (=1, thin full red
line). The grey-shaded area represents the claimed uncertainty of the
Atomki-V2 AOMP. The calculations stop at Ty min = 0.5 because the
rates become negligibly small at lower temperatures. Further discussion
see text

the overall transition rate from a nucleus with charge num-
ber Z to Z + 2. It plays only a minor role which of the
lOOMO(o; ,xn)104"‘Ru reactions has occurred because the high
temperatures in combination with the high neutron densities
lead to a (n,y )-(y,n) equilibrium. Simply speaking: whatever
ruthenium isotope is produced by '%’Mo(a,xn) is not really
relevant because the abundances of the individual ruthenium
isotopes approach their equilibrium distribution by (n,y) and
(y,n) reactions in a short timescale. The equilibrium distri-
bution depends only on the neutron binding energies, but not
on the production path. Figure 9 shows the Z — Z + 2 reac-
tion rates for the various AOMPs under study which is the
sum over the '°Mo(a,xn)!%*Ru reaction rates. Following
the discussion in Sect. 2.1, we point out that this Z — Z +2
rate is essentially governed by the AOMP, but is almost insen-
sitive to the other ingredients of the statistical model.

The overestimation of the cross sections by the MCF
and DEM-1 AOMPs at low energies leads to dramatically
increased reaction rates N4 (ov). This is most pronounced
towards low temperatures below Ty = 2, reaching roughly
two orders of magnitude around 7o = 0.5 at the lower end
of the present investigation. The DEM-2 and AVR AOMPs
predict cross sections lower than the Atomki-V2 AOMP at all
shown energies in Figs. 7 and 8. This leads to lower N (ov)
below Ty & 1.5, but because of the steep increase of the
S-factor towards lower energies for the DEM-2 and AVR
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AOMPs, the resulting N4 (ov) exceed the Ny (o v) from the
Atomki-V2 AOMP at very low temperatures. The DEM-3
AOMP predicts a lower N4 (ov) than Atomki-V?2 at all tem-
peratures. It has to be pointed out again that the steep increase
of the S-factor towards low energies which is responsible for
the increased N4 (ov) at low temperatures, results from the
tail of the imaginary parts of the respective AOMPs (MCF,
DEM-1, DEM-2, AVR).

The astrophysical rates N4 (ov) are well constrained by
the experimental data of [32,33] down to temperatures of
about 79 ~ 3. Below temperatures of 79 & 2, the Gamow
window is not reached by experiment. Here N4 (o v) has to
be taken from the AOMP calculations.

Although we have pointed out above that the astrophysi-
cally relevantrate is N4 (ov) for Z — Z+2, we disentangle
the contributions of the various 'Mo(a,xn) '%**Ru reac-
tions in Fig. 10 because often there is no clear distinction
between the inclusive Z — Z + 2 rate and the exclusive
(e, 1n) rate. E.g., the widely used NON-SMOKER code [55]
does not take into account multiple particle emission and
thus provides the Z — Z + 2 rate as («,n) rate. This
is also adopted for the REACLIB database [56]. Contrary,
the STARLIB database [98] provides the («,1n) rate from
TALYS as («,n) rate. This may lead to dramatic misunder-
standings if not taken into account properly in the subsequent
nucleosynthesis networks.

Figure 10 shows that the total Z — Z + 2 rate for %Mo
+ « is dominated by the '"°Mo(w,y)!**Ru reaction below
Ty =~ 1. At these very low temperatures, the Gamow window
for the '%’Mo + « system is located below the threshold of
the («,n) reaction at E = 4.57 MeV, and thus the relevance
of the (a,n) reaction becomes marginal. At higher temper-
atures between Ty ~ 2 — 6 the '%°Mo(w,17)!%°Ru reaction
dominates the Z — Z + 2 reaction rate, and at extreme
temperatures above Ty9 ~ 7 the 100Mo(er,27)'92Ru contri-
bution with its threshold at 10.8 MeV becomes dominant,
even complemented by the '°Mo(«,3n)'°'Ru reaction. All
proton-emitting reactions (summarized as Z — Z + 1 rate)
are completely negligible for all relevant temperatures.

It is trivial that the contributions of the different («,xn)
reactions depend sensitively on the thresholds or Q-values
of the respective reactions which are significantly nega-
tive for («,ln) reactions around stability. Of course, the
Q-value becomes more negative (less negative) towards
neutron-deficient (neutron-rich) target nuclei. For illustration
we repeat Fig. 10 for the neutron-deficient p-nucleus “>Mo
and the slightly neutron-rich and unstable nucleus %Mo in
Fig. 11.

Because of the strongly negative Q-value of the
2Mo(a,n)Rureaction of Q = —9.00 MeV, the Z — Z+2
rate for “2Mo + « is dominated by the 2Mo(a,y ) %Ru
reaction up to about 79 = 3. Only at high temperatures
above Ty ~ 5 the 22Mo(e,n)* Ru reaction dominates, and
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Z — Z + 2 rate is dominated by the («,y ) reaction below Ty =~ 1 (red
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discussion see text

also some contribution from the *>Mo(a, p)*>Tc reaction can
be seen in Fig. 11; this contribution is shown as summed
Z — Z + 1 rate which includes also a tiny contribution of
the («, pn) reaction.

The situation changes dramatically for the moderately
neutron-rich '%*Mo. The Q-value of the '“*Mo(a,n)!%"Ru
reaction is only slightly negative with Q = —2.13 MeV, and
thus the Gamow window for '**Mo + « is located completely
above the («,n) threshold for temperatures above 7o ~ 1.
As a consequence, the 104Mo(o:,y)mSRu reaction becomes
completely negligible, and already at the lowest tempera-
tures under study the 104Mo(oz,ln)lmRu reaction defines the
Z — Z + 2 rate. At Ty ~ 4, the contributions of the («,1n)
and the («,2n) reactions become equal, and at extreme tem-
peratures above Ty & 7 also the 104Mo(()z,_°>11)105Ru reaction
is a non-negligible contributor to the Z — Z + 2 rate. This
clearly shows that the role of («,2n) and («,3n) reactions has
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Fig. 11 Ratio of the astrophysical reaction rate N4 (ov) of different
(a,X) reactions over the total Z — Z 4 2 rate for **Mo + « (upper
part a) and 104Mo + o (lower part b). For the neutron-deficient 2Mo
the dominating reactions are 92Mo(oz,)/)%Ru at low temperatures and
92Mo(a,1n)*Ru at high temperatures with a small additional contri-
bution of the 92Mo(oz,p)%Tc reaction. Contrary, for the moderately
neutron-rich '%Mo the dominating reactions are 104Mo(a,1n) 197 Ru and
104Mo(ar,2n) '%°Ru with a significant contribution of '**Mo(e,31) ' Ru
at the highest temperatures. Further discussion see text

to be taken into account at least for neutron-rich target nuclei
several mass units “east” of stability.

The results in Figs. 10 and 11 have been obtained from the
Atomki-V2 AOMP. Results from the other AOMPs would
not be much different because the branching ratios by are
governed by the Q-values and by the other ingredients of the
statistical model (see Sect. 2.1).

5 Discussion

Two essential results can be extracted from the above pre-
sentation of the different AOMPs and the comparison to the
experimental data for the chosen example of '%Mo + o. Fur-
ther examples will be mentioned later after the discussion of
the main results.
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First, the reason for the huge range of predictions for
the («,X) cross sections at low energies and the resulting
huge range of predictions for the astrophysical reaction rates
N4 (ov) is now understood. It results from the tiny tail of the
imaginary part of the AOMP at large radii (outside the collid-
ing nuclei, with a potential depth of the order of 0.1% of the
central depth or even below). Although it has been pointed
out in many previous studies that the calculated (o, X) cross
sections are very sensitive to the imaginary part of the AOMP,
it was not realized until [48,67] that this sensitivity results
mainly from the tail of the imaginary part.

The real and imaginary parts of the AOMP are often
derived from the analysis of elastic scattering. However, such
an analysis is mainly sensitive to the nuclear surface, but
cannot constrain the tail of the imaginary part at large radii.
In practice the tail of the imaginary part results — more or
less by accident — from the chosen parameterization of the
AOMP (WS in the most cases). Often an energy dependence
of the strength of the imaginary part is introduced to repro-
duce experimental («,X) data. This energy dependence is
mainly a numerical fine-tuning of the tail of the imaginary
part. Any physical interpretation of this energy dependence
must remain somewhat questionable.

The second essential result is that the uncertainties from
the imaginary part of the AOMP can be avoided as soon
as the calculation of the total reaction cross section oyesc 1S
made in the barrier transmission model (instead of the optical
model). oyeyc in the barrier transmission model results from
the transmission through the Coulomb barrier in a purely real
potential, and it is implicitly assumed that any incoming o
particle is absorbed and contributes to opeac as soon as the
barrier is passed.

For practical reasons, the results of the barrier transmis-
sion model can be simulated in the optical model by the addi-
tion of an imaginary part which is deep, narrow, and sharp-
edged. This mimics the implicit assumption of the barrier
transmission model that all tunneled « particles are absorbed.
Returning to the OM provides the benefit that the widely used
standard codes for the calculation of reaction cross sections
and astrophysical reaction rates (like e.g. TALYS) can be
used without major modifications. The Atomki-V2 AOMP
(see Sect. 3.6) is constructed according to these considera-
tions. It is completely determined by the analysis of elastic
scattering data [30]; no adjustment of parameters to («,X)
data is required for the Atomki-V2 AOMP.

The analysis of the '%’Mo + « data in Sect. 4 clearly shows
that the Atomki-V2 AOMP is able to predict the (o, X) cross
sections with small uncertainties. Many tests have been made
on the uncertainties for the predicted cross sections in the
Supplement of [48]. Finally, it is concluded that the predic-
tions are robust within a factor of two or better. This is verified
for a series of experimental data for heavy targets in [48], and
this finding was confirmed for almost all later experimental
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data for 3°Kr [99], #"Rb [100], *°Zr [101], %Mo [32,33],
120-130T¢ [72], and 144*Sm [102] with the peculiar exception
of 38Sr [84].

The experimental ¥ Sr(a,n)®!Zr data by Fouggres et al.
[84] are lower by a factor of about 3 than the prediction
from the Atomki-V2 AOMP. This holds for the whole energy
range of the experimental data between about 8§ MeV and
13 MeV. Also other AOMPs cannot reproduce these exper-
imental data. And also in the systematics of reduced cross
sections oreq Vs. reduced energies Ereq [41], the 881 data
appear as outliers, about a factor of 3 lower than the data
for neighboring nuclei (see Figs. 4 and 5 of [84]). Because
of this peculiar behavior of 38Sr, many checks have been
made in the analysis of [84], and the experiment was partly
repeated, confirming the results. Therefore, in the meantime
angular distributions of 38 Sr(cr,or ) Sr elastic scattering were
measured at Atomki, and it is planned to derive the total
reaction cross sections oreac from three angular distributions
between 13 MeV and 20 MeV; i.e., there is overlap with the
88Sr(ae,n)°1Zr data in [84]. Tt will be very interesting to see
whether oy from elastic scattering will agree with the cross
section of the 88Sr(oc,n)er reaction around 13 MeV. Unfor-
tunately, the analysis of the 38Sr(a,a)®3Sr scattering data is
not yet completed.

The reaction rates N4 (o v) of a-induced reactions for tar-
get nuclei between iron (Z = 26) and bismuth (Z = 83)
were calculated from the Atomki-V2 AOMP [49]. Numer-
ical tables are available at the publisher of [49] with open
access. The new reaction rates with their smaller uncertain-
ties have been applied to a calculation of the nucleosynthesis
in the weak r-process [103]. Previous nucleosynthesis cal-
culations used much larger uncertainties for the «-induced
reactions in the weak r-process [11,12]. At least one order
of magnitude was estimated in [11], similar to the estimates
for the uncertainties of («,y) rates in the y-process [20,21].
It is shown in [103] that the smaller uncertainties from the
Atomki-V2 AOMP lead to acceptable uncertainties of the
resulting nucleosynthesis. Now the nuclear uncertainties of
calculated abundance ratios are comparable to the observa-
tional uncertainties which allows to draw stronger conclu-
sions on the astrophysical conditions of the weak r-process.
The larger uncertainties of one order of magnitude or more
for the a-induced reactions in previous work showed a huge
spread in the calculated nucleosynthesis yields and abun-
dance ratios, thus not allowing to draw firm conclusions on
the astrophysical conditions. As soon as experimental data
allow to reduce the uncertainties further, even stricter con-
straints will be possible; see e.g. the discussion in [101] for
the 96Zr(ot,n)gc)Mo reaction.

The Atomki-V2 AOMP provides a major step ahead
for the reliable calculation of astrophysical reaction rates
Ny (ov) for a-induced reactions. But still further improve-
ments are possible. The Atomki-V2 AOMP (as all folding
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potentials) depends on the underlying nuclear densities and
on the chosen nucleon-nucleon interaction in Eq. (11). Any
progress here is welcome. One option could be the consis-
tent description of the interaction and the resulting densi-
ties from a relativistic mean field approach as e.g. suggested
in [104]. Furthermore, deformation could be included, and a
coupled-channels approach could replace the simple barrier
transmission model. However, for consistency this requires
a complete re-determination of the AOMP by refitting all
angular distributions; simply adding deformation to an exist-
ing spherically symmetric potential would double-count the
relevance of deformation (see Sect. 3.1).

6 Summary and conclusions

The present study reviews the available «-nucleus optical
model potentials with a focus on the AOMPs by McFad-
den and Satchler [45], Demetriou et al. [46], Avrigeanu et
al. [47], and Atomki-V2 [48]. The huge range of predictions
for low-energy cross sections and for the astrophysical reac-
tion rates N4 (ov) from the different AOMPs under study is
explained by the importance of the poorly constrained tail of
the imaginary part of the AOMP at large radii (outside the
colliding nuclei). The new Atomki-V2 AOMP avoids these
complications by the determination of the total reaction cross
sections oyeae from the barrier transmission model (instead
of the optical model with the inherent uncertainties of the
imaginary part of the potential).

Cross sections and reaction rates for the chosen exam-
ple 'Mo + « are analyzed in detail. It is found that the
Atomki-V2 AOMP provides an excellent prediction of all
(o, X) cross sections under study down to the lowest ener-
gies. Typical uncertainties are reduced to less than a factor
of two whereas previously much larger uncertainties had to
be used in nucleosynthesis calculations [11,20,21,103]. This
excellent performance of the Atomki-V2 AOMP is also ver-
ified for many other heavy target nuclei (with one excep-
tion for 88Sr [841]). Further tests should also cover «-induced
reactions on unstable targets (typically measured in inverse
kinematics with a heavy projectile and an active “He target
system). Such experiments are planned for the near future.
The predictions from the Atomki-V2 AOMP have been pro-
vided to the investigators for the proposals, and these pre-
dictions were used for the countrate estimates. Finally, the
best verification of an AOMP results from the combination
of data along isotopic or isotonic chains with high-precision
data for the stable isotopes and best achievable precision for
the unstable isotopes.

The smaller uncertainties of the reaction rates from the
Atomki-V2 AOMP allow to draw stronger conclusions on
astrophysical conditions. This opens the door for new astro-
physical results. E.g., for the weak r-process it becomes pos-

sible to constrain the astrophysical conditions from a com-
parison of observed abundance ratios to the results of a nucle-
osynthesis calculation [103].

Note added in proof: During review of the present study,
a first experimental result for an («,n) cross section of an
unstable nucleus in the weak r-process was published, see
M. Williams et al., Phys. Rev. Lett. 134, 112701 (2025).
It will be interesting to see how the measured partial
94Sr(oa,n)/407)97Zr cross section is able to further constrain
the AOMPs under investigation.
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