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The cross sections of the '2Er(a, y)lGGYb and '%2Er(a, n)'%Yb reactions have been measured for the
first time. The radiative alpha capture reaction cross section was measured from E. . = 16.09 MeV down
to Ecm. =11.21 MeV, close to the astrophysically relevant region (which lies between 7.8 and 11.48 MeV
at 3 GK stellar temperature). The '%2Er(cr, n)1%9Yb reaction was studied above the reaction threshold
between E¢ ;. = 12.19 and 16.09 MeV. The fact that the '2Er(c, 1)%Yb cross sections were measured

below the («,n) threshold at first time in this mass region opens the opportunity to study directly
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the a-widths required for the determination of astrophysical reaction rates. The data clearly show that
compound nucleus formation in this reaction proceeds differently than previously predicted.
© 2014 Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/3.0/). Funded by SCOAP3.

1. Introduction

Low-energy (o, ) and (o, n) measurements are of great inter-
est for an improved determination of certain astrophysical reaction
rates in y-process nucleosynthesis. Photodisintegration of nuclei
above Fe in explosive stellar processes (such as core-collapse su-
pernovae or type la supernovae) is called y-process [1]. While the
bulk of naturally occurring heavy nuclei is produced in neutron-
capture processes [2,3], about 35 proton-rich nuclides between Se
and Hg are bypassed by these. Hypothetically, the y-process could
be responsible for 32 among these so-called p-nuclei, with other
nucleosynthesis processes contributing to the remaining ones [4].
The main problem of the y-process is the production of the iso-
topes 92:94Mo and 95-98Ru which cannot be synthesized in core-
collapse events in an amount observed in the Solar System. There
may be further problems at mass numbers 150 < A < 165, al-
though they are less pronounced. While the y-process initially
proceeds with (y, n) reactions, at neutron numbers N > 82 (y,«)
reactions can compete at proton-rich isotopes and lead to a deflec-
tion or branching in the synthesis path.
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Theoretical studies of the nuclear uncertainties in the y-process
make use of large reaction networks with mainly theoretical reac-
tion rates (taken from the Hauser-Feshbach (H-F) model [5]). They
have shown that the reaction flow for the production of heavy
p-nuclei (140 < A < 200) is strongly sensitive to the (¥, @) photo-
disintegration rates [6,7]. Experimental information about the most
important y-induced reactions can be obtained from the study of
the inverse capture reactions and using the detailed balance the-
orem. This approach is not only technically less challenging, but
also provides more relevant astrophysical information than the di-
rect study of the y-induced reactions [8-10]. Recent experiments,
however, indicate that the H-F predictions may overestimate the
o-capture cross sections at low energies by factor of 3 to 20 and
the difference between the predictions and the experimental re-
sults are increasing with decreasing energies [11-13] (it is worth
to emphasize that the astrophysically relevant energy region, the
so-called Gamow window, lies few MeV below the experimentally
reachable energy region [23]). This would strongly impact the as-
trophysical reaction rates and through this affects the results of
the y-process reaction network studies. In summary, experimen-
tal data at low energies are urgently needed to confirm the path
of the y-process at mass numbers 150 < A < 165.

The H-F cross section calculations are sensitive to different nu-
clear properties such as «-, neutron-, y- and proton-widths [14].
At energies covered by the previous «-induced reaction studies
available above the A ~ 100 mass region (listed in Table 1), the
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Table 1

Available experimental database above the A ~ 100 mass region which can be used to constrain the alpha widths at low energies (taken from the KADoNiS database [22]),
the astrophysically relevant energy region - calculated at Tg9 =3 GK - [23] is indicated, too.

Target nucleus Gamow window (o, y) energy range (o, n) energy range (o, n) threshold Reference
[MeV] [MeV] [MeV] [MeV]

1271 6.21-8.64 9.50-15.15 9.62-15.15 7.97 [24]

1303 6.82-10.17 11.61-16.00 12.05-16.00 10.81 [25]

13914 6.91-9.17 11.96-31.59 9.82-38.49 9.34 [26]

151Ey 7.44-10.40 12.25-17.04 11.31-17.04 10.41 [27]

169Tm 7.77-10.65 11.21-17.08 11.21-17.08 10.43 [13]

168yp 7.98-11.63 12.53-14.73 12.53-14.73 12.07 [28]

162y 7.80-11.48 11.21-16.09 12.18-16.09 11.98 present work

Table 2 Experimental data

Decay parameters of the '®2Er(er, )'%6Yb and '62Er(a, n)'%Yb (which decays by
electron-capture to '%5Tm) reaction products taken from the literature [30,31] and
calculated (marked with *) using the I(Tm K X-ray)/1(82.3 keV) ratio, available from
[32,33].

Residual Half-life Energy Relative
nucleus [h] [keV] intensity [%]
166y} 56.7+0.1 82.3 16.040.7*
166Tm 7.70£0.03 80.6 11.5+£0.9
165Tm 30.06+0.03 242.9 35.540.7
297.4 12.71+0.25

cross section predictions are not only sensitive to the a-widths,
but additionally to the y- and neutron-widths. Therefore, the ex-
trapolation of the experimental data toward the astrophysically
relevant energy region could be questionable since the impact
of the different sensitivities on the cross section predictions has
to be disentangled. However, at even lower energies, the picture
changes, the uncertainty in the astrophysical (y, «) reaction rates
is completely dominated by the uncertainty in the prediction of
the subCoulomb o width, which is calculated using global alpha +
nucleus optical potentials [15-19]. On one hand the parameters
of the a-nucleus optical potential can be derived in elastic al-
pha scattering experiments at energies roughly 5-8 MeV above the
Gamow window [20] and as a second step the parameters have
to be extrapolated down to the astrophysically relevant energy re-
gion. On the other hand the subCoulomb o« width can be probed
in low-energy (o, ) and (o, n) cross section measurements [12,
21]. Despite several attempts, the bulk of the present experimen-
tal data cannot be described consistently by any global « + nucleus
optical potential, yet.

The present measurement of the '62Er(x,y)'%6Yb and
162Er(or, n)'%9Yb reactions provides another important milestone
in the test of the predicted « strengths at low energies. Not only
consistently measured (¢, y) and («,n) cross sections on the
p-nucleus '®2Er become available but for the first time in this
mass region (o, y) cross sections also below the (o, n) thresh-
old - where in the («, y) H-F predictions among all widths only
the a-widths contribute - become available. This fact was found
to be essential for an unambiguous study of the o width and its
energy dependence.

2. Experimental approach

The cross section measurement was carried out at the Institute
for Nuclear Research of the Hungarian Academy of Sciences (MTA
Atomki) using the activation technique. The electron capture decay
of the Yb reaction products is followed by y-ray emission which
was detected using a Low Energy Photon Spectrometer (LEPS). The
decay parameters of the investigated reactions are summarized in
Table 2. In the next paragraphs a detailed description on the ex-
periment can be found.

total fit
background
background + pile up

Counts

10° . A

2 4 6 é 1IO 1/'5 1I6 17
Energy [keV]

Fig. 1. PIXE spectrum measured by bombarding the Er targets with 2 MeV protons.
The peaks used for the analysis are marked. Peaks belonging to impurities in the
target and/or the backing are indicated, too.

The targets were made by reductive vacuum evaporation of
Er,03 powder enriched to 25.8% in '82Er onto 2 um thick, high
purity Al foils. The Er,03 powder was mixed with Zr powder and
placed into a C crucible heated by electron beam. The absolute
target thicknesses, the target impurities and the Zr contamina-
tion - similar to [13] - were determined using the PIXE technique
[29] and by X-ray fluorescence spectroscopy. The target thicknesses
were found to be between 114 and 188 pg/cm? and the level of
the Zr contamination was always below 4 atom%. A typical PIXE
spectrum can be seen in Fig. 1.

The Er targets were then irradiated with o beams from the
MGC cyclotron of MTA Atomki. The energy of the @ beam was
between E;;, = 11.5 MeV and 16.5 MeV, this energy range was
scanned with energy steps of 0.5 MeV-1.0 MeV using beam cur-
rents of typically 2 pA. After the beam-defining aperture, the
chamber was insulated and a secondary electron suppression volt-
age of —300 V was applied at the entrance of the chamber. The
number of incident o particles in each irradiation was between
3.9 x 10'7 and 6.1 x 10'7. After the irradiations, Twgiting = 0.25 h
waiting time was used in order to let short-lived activities, which
would impact the quality of the measurement, decay. The dura-
tion of the y-countings were about 150-160 h in the case of
each irradiation. To determine the '62Er(a, 3)'%6Yb reaction cross
section the yield of the 82.3 keV transition was measured. Fur-
thermore, the '%6Tm nucleus, the daughter of the produced un-
stable 166Yb, decays by electron capture to '%6Er with emission
of 80.6 keV y-ray, which was also used to determine the radia-
tive o capture cross section. Since the half-life of 19°Yb, produced
by the 62Er(c, n) reaction, is relatively short, to determine the
(o, n) cross section on '62Er, the decay of its daughter ('>Tm nu-
cleus) was investigated. A typical off-line y spectrum can be seen
in Fig. 2.
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Fig. 2. Off-line y spectra normalized to the length of the countings (lower panel),
taken after irradiating an Er target with 13.5 MeV « beam. The y-lines used to
determine the cross section of the '®2Er(c, y) (a) and '62Er(e, n) (b) reactions are
marked.

The uncertainty of the relative intensity of the 82.3 keV
gamma transition is missing in [30]. In [32,33] the I(Tm K X-ray)/
1(82.3 keV) ratio is given (8.68 £ 0.21 and 8.17 £ 0.23, respec-
tively), the weighted average of these data (8.44 £ 0.27) together
with the known X-ray intensities taken from [30] were used to cal-
culate the value given in Table 2. The agreement between the cross
sections based on the counting of the 82.3 keV and the 80.6 keV
y rays where always within 3.4%.

The low yields encountered in the present work necessitated
the use of short source-to-detector distances for the y -countings.
The distance between the activated target and the Be window of
the LEPS was 1 cm, the detector efficiencies had to be known
in this geometry with high precision. For this purpose the fol-
lowing procedure was used: first the absolute detector efficiency
was measured in far geometry: at 15 cm distance from the sur-
face of the detector, using calibrated 57Co, 133Ba, 152Eu, and 24'Am
sources. Since the calibration sources (especially *3Ba, 152Eu) emit
multiple y-radiations from cascade transitions, in close geometry
a strong true coincidence summing effect is expected resulting in
an increased uncertainty of the measured efficiency. Therefore, no
direct efficiency measurement in close geometry has been carried
out. Instead, in the case of the high energy irradiations (at and
above 14.0 MeV) the yield of the investigated y-rays has been
measured both in close and far geometry. Taking into account the
time elapsed between the two data collection periods, a conver-
sion factor of the efficiencies between the two geometries could
be determined and used henceforward in the analysis. Further-
more, a natural Er target was irradiated with 7.5 MeV proton beam
and via the '6Er(p, n)'®Tm reaction, a strong %6Tm source was
produced, its activity was measured at both geometries, in order
to verify the efficiency conversion factor derived for the 80.6 keV
gamma line.

The measured «-induced cross section values are listed in Ta-
ble 3. The effective center-of-mass energy in the second column
takes into account the energy loss of the beam in the target. The
quoted uncertainty in the E.n, values corresponds to the energy
stability of the ow-beam and to the uncertainty of the energy loss in

Table 3
Measured cross sections of the '62Er(a, 1)166Yb and '62Er(a, n)'%Yb reactions.

Ejap Ecm. 162Er(qr, ) 166 YD 162Er (o, n)195Yb
[MeV] [MeV] [pbarn] [pbarn]

115 11.21+0.06 1.10+0.33

12.0 11.70+£0.07 2.50+0.40

125 12.18+0.07 6.57+0.88 3.86+0.82
13.0 12.67£0.07 14.1+1.6 122+1.6
135 13.16 £ 0.06 30.24+3.3 53.0+5.6
14.0 13.65+0.06 55.2+5.9 161+14
145 14.14+£0.07 106+ 11 612 +66
15.5 15.10+0.08 327+35 3663 345
16.5 16.09+0.08 939+102 17368 £1680

the target, which was calculated using the SRIM code [34]. The un-
certainty of the cross sections is the quadratic sum of the following
partial errors: efficiency of the LEPS detector (< 7%), number of
target atoms (5%), current measurement (3%), uncertainty of decay
parameters (< 7.8%) and counting statistics (0.1-27.1%).

3. Discussion

The experimental results were compared to H-F calculations
performed with the code SMARAGD [35]. In the H-F picture,
a large number of resonances at the compound nucleus forma-
tion energy is described by using averaged widths containing all
energetically possible particle- or y-emission and -absorption pro-
cesses. In the investigated energy range, three types of averaged
widths have to be considered, in principle: the y-, neutron-, and
o-widths. The sensitivities of the reactions are shown in Fig. 3,
following the definition of sensitivity given in [14]. The calculated
cross sections are insensitive to the proton width.

Crucial for the theoretical interpretation of the data is the
fact that («,n) data above 15 MeV and (¢, y) data below the
(a, n) threshold have been consistently taken. At these energies,
the cross sections of these reactions are only determined by the
averaged o widths and thus their prediction in two energy re-
gions can be unambiguously tested. On the other hand, above the
neutron emission threshold the (o, y) cross section additionally
depends on the y and neutron widths. The (&, n) cross section be-
low about 15 MeV is also sensitive to these widths. The neutron-
and y-widths cannot be determined independently, thus only their
predicted ratio can be tested after accounting for the necessary
o width modification.

Fig. 4 compares the measured cross sections of both reactions
to the H-F calculations. In many cases, two types of reactions are
not sufficient to constrain the averaged widths required to calcu-
late the cross sections. Considering the sensitivities of the reactions
investigated here, however, it becomes obvious that it is impossi-
ble to reproduce the data without modification of the o width.
Moreover, the energy dependence has to be changed with respect
to the one obtained with the potential by McFadden and Satch-
ler [15], which was used in the default calculations shown in Fig. 4,
for the following reasons. From the '2Er(a, y)!%6Yb cross sections
below the (o, n) threshold it appears as if the o widths are pre-
dicted too large by a factor of 2.5. Scaling down the o width would
also nicely reproduce the (¢, y) data below 14 MeV but it would
destroy the agreement of the prediction with the 1%2Er(c, n)16°Yb
data above 15 MeV, which is only sensitive to the o width. There-
fore the a width seems to be well predicted above 15 MeV but
overestimated below the (&, n) threshold. This is consistent with
previously seen low-energy discrepancies between data and pre-
dictions but has never been shown unambiguously within one
measurement.

Also the use of recent global, energy-dependent o + nucleus
optical potentials [16,17] proved unsatisfactory. We were able to
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Fig. 3. Sensitivities of the '2Er(a, y)'%6Yb (A) and '®2Er(cr, n)'6>Yb (B) Hauser-Feshbach reaction cross sections to variations in the averaged neutron-, y -, and a-widths [14].

The energy regions where cross section data were measured are indicated by the arrows.
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Fig. 4. Experimental 62Er(a, 17)1%6Yb and '62Er(er, n)'®9Yb reaction cross sections
compared with Hauser-Feshbach calculations.

obtain good agreement with the data by employing the McFadden
and Satchler potential [15] but with an energy-dependent depth of
the imaginary part as previously suggested [36,12,17-19]. Similarly
to [12], this depth W is given by

B 25

o
W(C’ EC.TTI.) - 1+ e(O.gEC*Egm_)/GE

MeV, (1)

where C is the height of the Coulomb barrier as introduced in [16].
Best overall agreement with the present data was found when set-
ting ag = 2.5 MeV. With this optical potential for the & width and
increasing the ratio of the neutron to y width by 40%, the exper-
imental data are reproduced well as shown in Fig. 5. The value
of ag is close to the values used in [12,36], where ag =2 MeV was
used.

The present data clearly show the need for improvements in
the calculation of «-induced reactions at subCoulomb energies. We
want to emphasize that the physical cause of the required modifi-
cation cannot be inferred from the measurement of reaction cross
sections alone, without elastic scattering data, and thus it is not
possible to decide whether the optical potential has to be modi-
fied or an additional reaction channel has to be considered. In the
optical model formulation of scattering theory, the (complex val-
ued) optical potential describes elastic scattering on a scattering
center [37-41,9]. It also determines the total reaction cross section
comprised of all processes beyond elastic scattering. The standard
approach in reaction calculations, also followed here, is to use an
optical potential for the H-F calculations and thereby assuming

10" 5
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Fig. 5. Experimental '%2Er(er, )'%6Yb and '62Er(ar, n)'®Yb reaction cross sections
compared with Hauser-Feshbach calculations using modified widths (see text).

that the non-elastic part of the total cross section, as given by the
optical potential, is due to the formation of a compound nucleus.
The H-F model is then used to predict how the total reaction cross
section is distributed among the exit channels, such as the ones
emitting y-rays or neutrons. If a discrepancy between a measured
channel and a prediction occurs, the cause can lie in either an
incorrect prediction of the relative strengths of the exit channels
or an inappropriate optical potential leading to an incorrect total
reaction cross section. The latter could be tested with elastic scat-
tering data but this is unfeasible at low energies for heavier nuclei.
Nevertheless, for the case studied here below the (o, n) threshold
it seems that only the (, ) channel is open and thus a modifi-
cation of the optical potential is required. This view neglects the
possibility of reactions which do not proceed via a compound nu-
cleus and are not included in the H-F model. If there are such
reactions, they would contribute to the total reaction cross section
given by the optical potential but it would be inappropriate to use
the same potential in the H-F calculation. In this context our opti-
cal potential above is an effective, modified potential to be used in
the H-F calculation but not the standard optical potential as, e.g.,
derived from elastic scattering. This modified potential accounts for
the fact that part of the reaction flux is not going into formation
of a compound nucleus. In this case, were it possible to perform
elastic scattering measurements at such low energies, they would
not indicate a need for a modification of the optical potential. This
was already pointed out in [42] and the same reference suggested
low-energy Coulomb excitation as such a direct inelastic reaction
channel not included in the H-F formalism.
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4. Summary

The cross sections of the 162Er(c, 1)%Yb and '62Er(a, n)16°Yb
reactions have been measured for the first time at low energy.
It turned out to be crucial for the theoretical interpretation that
(e, ) data were taken below and above the (o, n) threshold. Thus,
it was possible to show consistently that either the o + nucleus
optical potential requires an energy-dependent modification or an
additional reaction channel is contributing at low energies. Our
conclusions support previous studies and are an important further
step to improve predictions of astrophysical reaction rates for the
y -process.
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