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Direct study of the a-nucleus optical potential at astrophysical energies using the %Zn(p,a)% Cu
reaction
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In the model calculations of heavy element nucleosynthesis processes the nuclear reaction rates are taken from
statistical model calculations which utilize various nuclear input parameters. It is found that in the case of reactions
involving « particles the calculations bear a high uncertainty owing to the largely unknown low-energy o-nucleus
optical potential. Experiments are typically restricted to higher energies and therefore no direct astrophysical
consequences can be drawn. In the present work a (p,«) reaction is used for the first time to study the «-nucleus
optical potential. The measured “Zn(p,a)®'Cu cross section is uniquely sensitive to the a-nucleus potential
and the measurement covers the whole astrophysically relevant energy range. By the comparison to model
calculations, direct evidence is provided for the incorrectness of global optical potentials used in astrophysical

models.
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Although chemical elements heavier than iron represent
only a tiny fraction of the matter of our world, the un-
derstanding of their stellar production mechanism remains
a difficult problem of astrophysics. The bulk of the heavy
elements is thought to be produced by neutron capture
reactions in the slow and rapid processes (s- and r-processes)
[1,2]. While the s-process is relatively well known—although
some open problems still exist—the r-process is still very
poorly known regarding both the astrophysical site and the
nuclear physics background. The synthesis of the so-called
p-isotopes—isotopes which are not produced by the s- and
r-processes—require further nucleosynthetic processes, like
the y-process [3] or the rp-process [4].

Common in the heavy element nucleosynthesis processes is
that for their modeling huge reaction networks must be taken
into account, often including thousands of reactions. With
the exception of the s-process, these reactions mostly involve
radioactive isotopes and therefore experimental information
about these reactions is missing. Even at stable isotopes
experimental data are very scarce owing to the tiny cross
section at astrophysical energies. Consequently, reaction rates
needed for the astrophysical network calculations are obtained
from theoretical cross sections. In the relevant mass and energy
range the dominant reaction mechanism is the compound
nucleus formation and high-level densities are encountered;
the mostly used nuclear reaction theory is thus the Hauser-
Feshbach statistical model.

If the statistical model provides incorrect cross sections,
then this may contribute to the failure of some astrophysical
model calculations. This is found, e.g., in the case of the
y-process where the models are typically not able to reproduce
the observed p-isotope abundances. The problems of y -process
models triggered a huge experimental effort in the past
decade aiming at the measurement of charged-particle-induced
cross sections for testing the statistical model predictions.
Although the experimental database is still somewhat limited
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and confined to the region of stable isotopes, the general
observation is that statistical models strongly overestimate
the experimental («,y) cross sections of heavy isotopes.
Deviations of up to an order of magnitude are found [3].

Owing to the steeply falling cross section towards low en-
ergies, the cross sections are unfortunately not measured in the
astrophysically relevant energy range, but above, where cross
sections typically reach at least the pubarn range. No direct
information can thus be obtained from the measurements for
the astrophysical processes, and extrapolations are inevitable,
which involve serious difficulties.

The cross sections from statistical models are sensitive
to various nuclear physics input parameters, like optical
potentials, the y-ray strength function, level densities, etc.,
which enter into the different reaction channel widths. Detailed
studies show that the cross sections are not equally sensitive
to the different widths and the sensitivities vary strongly
with energy [5]. In the case of a-induced reactions at low,
astrophysical energies the cross sections are only sensitive
to the o width as this width is by far the smallest owing to
the Coulomb barrier penetration. At higher energies, where
y-process-related experimental o-capture cross sections are
available, however, the calculations are typically also sensitive
to other widths. The simple comparison of the experimental
results with model calculations alone therefore cannot reveal
the incorrect nuclear input parameter. The study of («,n)
reactions may help as the cross section of these reactions are
usually sensitive only to the o width [6,7, e.g.]. The probed
energy range above the neutron threshold, however, is typically
much higher than the astrophysically relevant one.

In spite of the fact that not the right energy range is probed,
modifications of the « width obtained by the modification
of the a-nucleus optical potential are used for correcting
the discrepancies between the measured and calculated («,y)
cross sections. The optical potential is considered to be the
most uncertain and therefore the key quantity in y-process
network calculations. Several different global a-nucleus opti-
cal potential parametrizations are available and these potentials
are continuously improved based on new experimental data.
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In spite of these efforts, however, there is still no global
a-nucleus optical potential which could describe the available
experimental data of y-process relevance. The study of the
optical potential directly at astrophysical energies would
therefore be highly needed but is not possible so far using
the conventional method of studying a-induced reactions.

Besides the optical potentials, an alternative solution for
the discrepancies of the measured and calculated («,y) cross
sections has been suggested recently [8]. This approach
considers direct reactions channels (like Coulomb excitation)
which are not accounted for correctly in statistical model
calculations. The argumentation suggests that the optical
potential is actually correct, but part of the incoming « flux
is removed by direct reaction channels and therefore the final
cross section becomes lower than without the inclusion of this
channel. One way of examining this possibility is to study the
a-nucleus optical potential in a reaction where the o particle
is not in the entrance channel and hence Coulomb excitation
(e.g.) cannot play a role.

Here we present the measurement of a (p,o) reaction
cross section for the first time in relation of heavy element
nucleosynthesis. The Zn(p,a)® Cu reaction has been chosen
for this purpose which has various advantages. First, this
reaction is ideal for studying unambiguously the low-energy
a-nucleus optical potential. Figure 1 shows the sensitivities of
the calculated **Zn(p,a)®! Cu cross sections to various partial
widths. For the precise definition of the sensitivity, see Ref. [9].
Shortly, the sensitivity measures the change of the resulting
cross section when a given width is changed. Zero sensitivity
means the cross section does not change at all if a width is
modified by a factor of two, while a sensitivity of one means
that the cross section changes by the same factor as the width
(full sensitivity).

As one can see in the figure, the *Zn(p,a)%'Cu cross
section is solely sensitive to the & width in the 3- to §-MeV
energy range and here it shows a full sensitivity. Measuring
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FIG. 1. (Color online) Sensitivity of the calculated

“7Zn(p,)®'Cu cross section to the variation of the various
partial widths. The shaded area shows the astrophysically relevant
energy window for the inverse ® Cu 4 « system. See text for details.
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the ®Zn(p, )% Cu cross section in this energy range provides
therefore direct information about the o width and thus for the
a-nucleus optical potential without any complication caused
by Coulomb excitation.

Moreover, the information can be obtained directly at en-
ergies of astrophysical relevance. The astrophysically relevant
energy range (Gamow window) for the inverse %'Cu + «
system is between 3.8 and 6.5 MeV for a temperature of 3.5 GK
[10] relevant for the y-process in the lower mass range [3].
Taking into account the %Zn(p,x)%'Cu reaction Q value of
844 keV, this energy window translates into an energy range
of about 3.0-5.7 MeV for the %*Zn + p process studied in the
present work. This energy range is shown in Fig. 1 as the gray
shaded area.

Consequently, by measuring the %Zn(p,a)' Cu cross sec-
tion and comparing the result with the predictions of statistical
models, information can be obtained unambiguously for the
a-nucleus optical potential directly at astrophysical energies.
Moreover, this is the first time when the optical potential is
studied in the case of an unstable nucleus in relation to heavy
element nucleosynthesis. No experimental data is available
for this reaction at all in the literature and thus the aim of the
present work was to measure this cross section in the energy
range where the cross section is only sensitive to the o« width
as described above.

The second advantage of the %Zn(p,a)®'Cu reaction is
that its reaction product is radioactive and therefore the well-
established activation method can be used for the cross-section
determination. The cross section was hence measured in
the proton energy range between 3.5 and 8 MeV using the
activation method. In this energy range the only other open
reaction channel is the radiative capture (the neutron threshod
is at 8.1 MeV). Since this “Zn(p,y )% Ga reaction also leads to
a radioactive isotope, its cross section can also be determined
with activation. Since in this energy range no experimental
data exist for *Zn(p,y )% Ga reaction either, as a side result of
the present work this cross section was also measured.

Table I shows the decay parameters of the two reaction
products. Only those y transitions are listed which were
used for the analysis. It should be noted that in the cases
of both °'Cu and ®Ga produced isotopes, the normalization

TABLE I. Decay parameters of the reaction products. Only the
strongest y transitions used for the analysis are listed. Data are taken
from Refs. [11] and [12].

Reaction Half-life E, Relative
(keV) intensity (%)
%“Zn(p,a)®'Cu 3.33h 283 1224+03+2.2
373 2.15+0.05 +0.39
589 1.17 £0.02 £ 0.21
656 10.8 0.2+ 1.9
909 1.10 0.02 £ 0.20
1185 3.754+0.07 £0.68
%Zn(p,y)*Ga 15.2 min 115 54.0£8.1£10.0
153 89+09+1.6
752 8.1+£05+15
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values of the relative y intensities have unusually high
uncertainties of 18.0% [11] and 18.5% [12], respectively.
This is shown as the second uncertainty in the last column
in Table I. These uncertainties represent by far the dom-
inant error in the cross sections determined in the present
work.

The measurements were carried out using the experimental
techniques described elsewhere [13]. Shortly, the cyclotron
accelerator of Atomki provided proton beams in the en-
ergy range between 3.5 and 8 MeV with typical beam
intensities of about 1 pA. The proton beam bombarded
thin Zn targets enriched to 99.71% in ®*Zn. The targets
were prepared by vacuum evaporation onto 2-um-thick Al
foils and their thicknesses were determined by weighing
and Rutherford backscattering spectrometry. The lengths of
the irradiations varied between 0.5 and 12 h. The number
of projectiles was determined by charge integration using
multichannel scaling with 1-min dwell time in order to take
into account the variation of the beam intensity during the
activations.

The induced y activity was measured with a cali-
brated 100% relative intensity HPGe detector equipped
with complete 4w low background shielding. Owing to
the different half-lives of the two reaction products the
y spectra measured in the first hour was used for the
%7Zn(p,y)*Ga cross-section determination, while the cross
section of *Zn(p,o)®' Cu was obtained from the spectra taken
afterwards. Typical y spectra after an irradiation at £, =
7 MeV are shown in Fig. 2 separately for the two counting
intervals.

The measured cross sections are listed in Table II and
shown in Fig. 3 in the form of astrophysical S factor. The
uncertainty of the c.m. energies comes mainly from the
beam energy calibration of the cyclotron. The most important
sources of cross section uncertainty are the above mentioned
normalization uncertainty of the relative y intensities (18.0%
and 18.5%), target thickness determination (8%), detection
efficiency (5%), charge collection (3%), decay parameters
(<5%), and counting statistics (<10%).

The figures also show the results of the statistical model
calculations carried out with the TALYS [14] and NON-SMOKER
[15] codes. The predictions of the latter code are extensively
used in astrophysical network calculations and therefore its
comparison with experiments has important astrophysical con-
sequences. In the case of the %*Zn(p,y )% Ga capture reaction
one of the codes overestimates while the other underestimates
the measured cross sections in the whole energy range. In
this energy range the radiative capture cross section is mainly
sensitive to the y width and therefore the deviation points
to, e.g., a deficiency in the y-ray strength function. Here
the result of the TALYS calculations are also shown using a
different y-ray strength function, that of Goriely [16], which
gives a somewhat better description of the present data then
the standard strength of Kopecky and Uhl [17]. The detailed
discussion of the %*Zn(p,y)®Ga channel will be the subject of
a forthcoming publication.

In the focus of the present paper is the study of the a-nucleus
optical potential through the %*Zn(p,a)®'Cu reaction. The
statistical models give a good reproduction of the measured
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FIG. 2. Activation y spectra measured on a %Zn target irradi-
ated with a proton beam of 7 MeV. The upper panel (a) shows
the first part of the counting where the spectrum is dominated
by the decay of the short-lived %Zn(p,y)%Ga reaction product,
while the lower panel (b) shows a spectrum with the decay lines
of the longer-lived ®*Zn(p,a)® Cu reaction product (see the indicated
waiting and counting times, ¢, and 7., respectively). The peaks of the
y transitions used for the analysis are marked.

data at the highest energies but start to deviate strongly towards
lower, astrophysical energies (shaded area). At the lowest
points the deviation reaches a value of a factor of about five
to ten. This result provides the first direct evidence that at
astrophysically relevant energies the statistical models (like

TABLE II. Measured cross sections of the two studied reactions.

EST 84Zn(p,a)®'Cu 84Zn(p,y)®Ga
cross section cross section
(MeV) (ubarn) (ubarn)
3.44 4+ 0.03 0.333 £ 0.075 331 £ 71
3.94 £ 0.04 4.34 4+ 0.90 427 + 92
4.43 +0.04 454 +£ 94 624 + 135
4.92 +0.05 213 + 44 672 + 145
5.41 4+ 0.05 1085 + 223 960 + 207
5.90 + 0.06 3013 + 621 928 + 201
6.40 + 0.06 5493 + 1131 889 + 192
6.89 £+ 0.07 10651 £+ 2197 822 £+ 180
7.32 +£0.08 16163 + 3328 727 + 159
7.88 £ 0.08 23746 + 4894 658 + 146

052801-3



GYURKY, FULOP, HALASZ, KISS, AND SZUCS

10000

3
o 1000
o
>
]
=
— 100
S present experiment
8 —— NON-SMOKER
“(I_) g --- TALYS
10 £ TALYS mod. o potential
s 4 5 8 7 s
= present experiment
NON-SMOKER
— --- TALYS
c 4
£ 10000 AN TALYS mod. y-strength
o] 1 > i
N
° o
=3
« 1000 5
o) ]
it 3
o
&
&) U i
(b) ot
100 T T ! . '
3 4 5 6 7 8

E_,. [MeV]

FIG. 3. (Color online) Experimental S  factor of the
%Zn(p,2)®'Cu (upper panel) and *Zn(p,y)**Ga (lower panel)
reactions and the predictions of statistical model calculations using
the standard settings of the codes and a modified o-nucleus optical
potential and y-ray strength function, respectively. The Gamow
window for the inverse ®'Cu + « system is shown again as a shaded
area.

NON-SMOKER using the standard optical potential of McFadden
and Satchler [18]) do not yield correct cross sections.

The statistical model calculations were also carried out
using different global «-nucleus optical potentials. For this
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purpose the built-in potential of TALYS were used. The only
good description of the experimental data was obtained with
the potential of Demetriou et al. using their dispersive model
[19]. This calculation is also shown in Fig. 3. (It it worth
noting that the modification of the y-ray strength function
as described above leads to the same cross section, within
about 2%. This supports the fact that the (p,«) channel is only
sensitive to the o width.)

The largely different cross sections predicted with vari-
ous optical potentials may have strong astrophysical conse-
quences. The astrophysical reaction rate of the ®' Cu(a,y )% Ga
reaction has been calculated with TALYS using the McFadden
and Satchler [18] and Demetriou et al. potentials [19]. The
two rates differ by a factor of five at 3.5 GK y-process
temperature, while the deviation goes up to one order of
magnitude at 2 GK. Since the first potential is used in many
astrophysical network calculations and the second one gives a
good description of the present experimental data, direct ex-
perimental evidence is provided for the strongly overestimated
reaction rate of the y-process network calculations in the case
of *'Cu(a, y)% Ga.

The result of the present work provides direct evidence of
an incorrect optical potential only in the case of the ®'Cu + «
system at astrophysical energies. If, on the other hand, one
takes into account the general observation that at higher
energies the standard global optical potentials lead to too
high cross sections, one can conclude that y-process models
in general use strongly overestimated rates for reactions
involving « particles. This can have strong consequences for
the prediction of p-isotope abundances. In order to put the
conclusion of the present work on a more solid ground, further
direct experimental study of the a-nucleus optical potential at
astrophysical energies is required. The further application of
(p,a) reactions introduced in this work may contribute to this
aim.
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