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Background: One of the primary objectives of the field of Nuclear Astrophysics is the study of the elemental
and isotopic abundances in the universe. Although significant progress has been made in understanding the
mechanisms behind the production of a large number of nuclides in the isotopic chart, there are still many open
questions regarding a number of neutron-deficient nuclei, the p nuclei. To that end, experimentally deduced
nuclear reaction cross sections can provide invaluable input to astrophysical models.

Purpose: The reactions %1% Ag(p,1)!%11°Cd have been studied at energies inside the astrophysically relevant
energy window in an attempt to provide experimental data required for the testing of reaction-rate predictions in
terms of the statistical model of Hauser-Feshbach around the p nucleus '%Cd.

Methods: The experiments were performed with in-beam y-ray spectroscopy with proton beams accelerated
by the Tandem Van de Graaft Accelerator at NCSR “Demokritos” impinging a target of natural silver. A set of
high-purity germanium detectors was employed to record the emitted radiation.

Results: A first set of total cross-section measurements in radiative proton-capture reactions involving 7' Ag,
producing the p-nucleus 'Cd, inside the astrophysically relevant energy window is reported. The experimental
results are compared to theoretical calculations, using TALYS. An overall good agreement between the data and
the theoretical calculations has been found.

Conclusions: The results reported in this work add new information to the relatively unexplored p process.
The present measurements can serve as a reference point in understanding the nuclear parameters in the related

astrophysical environments and for future theoretical modeling and experimental works.
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I. INTRODUCTION

The bulk of heavier elements can be produced by two
distinct neutron-capture processes, known as the s and r
processes [1,2]. Despite the success of these processes in
describing the production of the majority of the known isotopes
in the nuclear landscape, they fail to produce approximately
35 stable neutron-deficient nuclei between *Se and '“°Hg
[3]. Consequently, another process was suggested to explain
the origin of these nuclei [1], called the p process. The
p process practically involves every mechanism able to
synthesize a p nucleus. The p nuclei [4,5] are those isotopes
that are characterized by a mass number A > 74, lie on
the neutron-deficient side of the valley of stability, and are
bypassed by the neutron-capture chains (s and r processes).
The nuclei synthesized by the p process, despite being stable,
are remarkably less abundant than the ones produced by s and
r processes, typically in the range of 1073 to 10! [6,7].

Several mechanisms have been proposed to explain the
production of the p nuclei in various astrophysical environ-
ments (see, e.g., Ref. [8]). The dominant theory suggests
that massive stars can produce p nuclei through photodis-
integration of pre-existing intermediate and heavy nuclei
in type II supernovae (SN) [4,9-12] or type Ia SN [13].
This procedure is known as the “y process” and the most
explored astrophysical site is the explosive O/Ne burning
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layers of core-collapse SN. Photodisintegrations can create
p nuclei, either by destructing their neutron-richer isotopes
through sequential (y,n) reactions (which are the predominant
photodisintegration processes for most stable nuclei) or by
flows from heavier elements via (y, p) and (y,«) reactions and
B decays. Additional mechanisms may be responsible for the p
nucleosynthesis, such as the rp process [14,15], the pn process
[16], and the vp process [17], not necessarily occurring in SN
astrophysical environments.

One of the most important factors that needs to be
understood in detail is the reaction flows to, from, and around
p nuclei. Reaction flows depend critically on the nuclear
cross sections of the reactions taking place. To obtain a clear
view of the general picture, a complex web of interwoven
nuclear reactions has to be studied and detailed descriptions of
each particular mechanism driving the participating reactions
need to be achieved. Reaction cross-section measurements
that are of specific interest include proton- and neutron-
induced reactions on stable as well as on neutron-rich and
neutron-deficient nuclei up to a few MeV [18]. Especially for
the y process, cross-section measurements of proton-capture
reactions, as well as of their inverse (y, p), which are related
through the detailed balance theorem, are equally important
for the study of the p process.

In this rather general framework, the study of the p
nucleus '%Cd is of special astrophysical interest because it is
characterized by a relatively small abundance [6,7], while its
predicted solar-system abundance is found to be significantly
smaller than the observed one [10].
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The present work is focused on the reactions
107, IOQAg(P, y)]()g, 1 IOCd. The 107, 109Ag(p’n)107, 109Cd reac-
tions for proton energies between 2.0 and 6.7 MeV have been
studied in Ref. [19] along with the elastic scattering in the
same energy regime. The measured (p,n) cross sections have
been compared with previous results by Johnson et al. [20]. In
addition, production cross sections of '’Cd by proton-induced
reactions on ""Ag in the energy range from a threshold value
of 2.22 MeV up to 40 MeV have been reported in Ref. [21].

The experimental investigations of the reactions
107109 Ao(p, )18 10Cd reported in this work have been
conducted with the in-beam y-ray spectroscopy technique
[22-27] (see experimental details in Sec. II). In the recent
past, similar studies in neighboring nuclei have used the
activation technique [28-36] and the 47 y -summing technique
[25,37-40]. The latter, together with a novel technique using
a storage ring which has been introduced recently [41], offers
opportunities for reaction measurements on unstable nuclei.

Cross sections of proton-capture radiative reactions can be
estimated theoretically, using the statistical Hauser-Feshbach
(HF) model [42]. Under certain conditions, this model involves
three important physical quantities as inputs to calculate the
cross section, i.e., the Optical Model Potential (OMP), the
Nuclear Level Density (NLD), and the y-ray Strength Function
(ySF). In Sec. III, various combinations of models for these
quantities have been employed in a set of HF calculations,
using the TALYS [43] code. Both experimental and theoretical
results are discussed in Sec. IV.

II. EXPERIMENTAL DETAILS
A. Beams

The experimental study of the '°71%Ag(p,y)!%110Cd
reactions was carried out with proton beams delivered by the
Tandem Van de Graaff Accelerator at NCSR “Demokritos”.
Three proton-beam energies 2.2, 3.5, and 4 MeV were used.
These energies are nicely located inside the astrophysically
relevant energy window (Gamow) which was found to be
1.6 MeV < E, < 4.7 MeV for the present case. This energy
window corresponds to temperatures inside the range 1.7 <
Ty < 3.3 (Ty = 10° K), which is the typical temperature range
of the O/Ne shell of a type II core-collapse supernova [4].

B. Target

A target of natural silver (51.839% '’ Ag, 48.161% ' Ag
[44]) has been used for this particular experiment. The target
thickness & was measured before and after the experiment
[45] using the Rutherford backscattering technique [46] and
was found equal to £ = (458 & 33) ugem 2.

The target was turned by 30° with respect to the beam so
as to avoid having any of the detectors (particularly the one
placed at 90°, read below for details) masked by the target
aluminum frame, thus resulting in an effective thickness of

et = LO = (529 £ 38) pgem 2. (1)
cos 30

0s3

The energy loss of the beam in the "Ag target was
calculated using SRIM 2013 [47], resulting in an average
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FIG. 1. A schematic representation of the experimental apparatus
with the HPGe detectors and the target chamber.

Detector 2

value AE in the range 32-22 keV for the respective proton
energy range E, = 2.2-4MeV in the laboratory frame. For
targets with a relatively small thickness (=500 pg cm™2), it is
reasonable to assume that the beam reacts with the target with
an effective energy:

AE
Eef = E, — —. 2
2
The beams were stopped by a thick backing behind the
silver target, consisting of gold (Au) and tantalum (Ta) layers
with minor impurities of °F, having sufficient thickness to
ensure a reliable and accurate charge collection. For the same
reason a suppression voltage of —300V was applied upstream
on the beam line. The target and backing were altogether
mounted on an electrically isolated aluminum heat sink that
was kept cool during the experiment by pumping air externally.
The y rays emitted during reactions of the beam with the
backing materials were identified in the spectra to ensure there
was no overlapping with the y rays of interest, i.e., those
emitted during reactions of the beam and the "Ag target. In
addition, a dedicated beam run with just the backing confirmed
that there were no y rays overlapping with the transitions of
interest.

C. Detection apparatus

The emitted y rays were detected by three high-purity
germanium (HPGe) detectors of 100% relative efficiency. The
detectors were placed at 0°, 90°, and 165° and at respective
distances of 30, 20, and 20 cm from the target (Fig. 1).
All detectors were calibrated with a '>?Eu point-like source
placed in the target’s position, before and after the experiment.
Absolute efficiency curves were carefully deduced for each
detector from these data sets. No gain shifts were observed.

At each angle, two different 4k-long spectra per detector
were recorded by splitting the preamplified signal into two
amplifiers having different gain settings (“low” and ‘“high”
gain) and feeding each amplified signal to a dedicated analog-
to-digital converter unit. The low-gain spectrum included y
rays with energies up to about 18 MeV and was used solely
to detect the primary transition yy, from the entry state to the

035806-2



FIRST CROSS-SECTION MEASUREMENTS OF THE ...

} | E" + 8¢
EC.HL 2+2
4%,
R
;" A4 A
2 |18 |2
107 s S ©
Ag+p ot
Q=8135keV > !
-~
Yo g
© 0+g.sA
10804

FIG. 2. A partial level scheme showing the measured transitions
feeding the ground state of the produced nucleus from the reaction
07 Ag(p,y)!®Cd [48]. The broadening of the entry state due to energy
loss of the beam inside the target can be found by transforming Eq. (2)
in the center-of-mass frame and is represented with Je.

ground state of the produced nucleus (Fig. 2). The high-gain
spectrum focused on y rays up to 4 MeV. The relevant part of
a typical “high-gain” spectrum is shown in Fig. 3, along with
the part of our interest of the respective low-gain, showing the
occurrence of the primary transition y; and its corresponding
escape peak (EP).

III. ANALYSIS AND RESULTS

The total cross section o7 of each reaction can be deduced
by measuring the intensity of every photopeak feeding directly
the ground state of the produced nucleus. The absolute yield
of a transition i can be calculated by

_ Ny
N,e(;)

where, at a measuring angle 6;, N;(6;) is the dead-time-
corrected intensity of a photopeak of interest, €(6;) is the
absolute efficiency of the detector, and N, is the number
of incident protons on the target. Once the intensity N; is
measured the integral yield Y; can be deduced. Then, by
summing over all transitions i, the total absolute yield Yy
can be found:

3

i

Yo=Y Y, )

where n is the total number of y transitions feeding directly
the ground state of the produced nucleus. The total number of
target nuclei per unit area is

_ &eirNa

N, = M, )]
The total cross section can now be evaluated from
or = L Yiot, (6)
N a6esr
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FIG. 3. Consecutive parts of a typical high-gain spectrum of
the studied reactions at a proton beam energy of 2.2 MeV and
an angle of 90°. Photopeaks of interest resulting from the reaction
07 Ag(p,y)!®Cd are marked with an asterisk (+), while those from
the reaction 109Ag(p,y)“OCd are marked with a hash (#). In inset (a)
amore detailed view of the area of our interest is presented. The peak
of 2"Bi is from the natural background, while the ones from '*’Cs
and *Co originate from calibration sources placed rather far from the
apparatus and used to check on gain shifts during the runs. In inset
(b), the part of the respective low-gain spectrum with the '%Cd y,
and its respective escape peak is shown. The primary transition for
10Cd was not observed.

where M, is the atomic mass of the target (in amu), N4 is
Avogadro’s constant, and &.¢ is the effective thickness of the
target [Eq. (1)].

Another useful quantity used in nuclear astrophysics is the
astrophysical S factor, defined by the relation

S(E) = Ea(E)exp(2rn), 7

where 7 is the Sommerfeld parameter. The astrophysical S
factor varies more smoothly with energy compared to the
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TABLE 1. Cross sections and S factors of the reaction
7 Ag(p,y)'®Cd vs energy. E p(lab) is the proton beam energy in the
laboratory system, E.g(lab, c.m.) is the proton beam energy corrected
for energy loss in the target [Eq. (2)] in the (lab, center-of-mass)
system, respectively.

E,(lab) E s (lab) Eg(c.m.) o S factor
(keV) (keV) (keV) (ub) (10" MeV b)
4000 3989 3952 103(10) 0.58(6)
3500 3488 3455 33(3) 0.82(8)
2200 2184 2164 3.6(3) 41(4)

cross section and allows for extrapolation to experimentally
inaccessible energies.

A. The reaction 1°7Ag( p,y)wst

For the case of ' Ag(p,y)'%Cd, the two lowest transitions
to the ground state [48], 2?' — O;rs (E, = 633keV)and 2;' —
Ogs (E, = 1602keV), as well as the primary transition yp from
the entry state to the ground state, were observed. In Fig. 3 the
corresponding photopeaks from these transitions are shown for
proton-beam energy equal to 2.2 MeV (lab) and the detector
at 90°.

The reaction yield was determined for each detector
angle after carefully measuring the photopeaks of interest,
as described in the beginning of this section. No significant
angular dependence was observed.

The final total cross section and the corresponding S factor
values for each beam energy are shown in Table 1. Quoted
errors have been deduced from the statistical error arising
from photopeak integration, the aggregated uncertainties of
the detector absolute efficiencies, the uncertainty of the charge
collected on the target (5%), and the uncertainty of the target’s
thickness [see Eq. (1)].

B. The reaction 1(’E'Ag( p,y)“oCd

Experimental data for the reaction 'Ag(p,y)"°Cd suf-
fered low statistics, mainly due to the inherently very low cross
section of the reaction, in particular at 2.2 MeV. However, for
the sake of completeness, extractions of total cross sections
from the data were attempted. Results were obtained for all
beam energies.

In this case, y rays from the 2] — 0;; transition (E, =
658 keV) could be measured, exclusively. All other transitions
ending at the ground state of ''°Cd were below the detection
limit and considered negligible in the analysis. The total cross
section for each beam energy was obtained in the same manner
as previously. Final values of total cross sections and S factors
are shown in Table II.

C. Theoretical calculations with TALYS

Theoretical calculations of the cross sections for the (p,y)
reactions have been carried out with the latest TALYS version
(v1.8) [43], using various combinations of models for the
three quantities considered by the Hauser-Feshbach model,
i.e., OMP, NLD, and ySF. Several default options in TALYS
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TABLE 1II. Cross sections and S factors of the reaction
19 Ag(p,y)!1°Cd vs energy. Columns are as in Table 1.

E,(lab) E(lab) Eg(c.m.) o S factor
(keV) (keV) (keV) (ub) (10" MeV b)
4000 3989 3952 20.6(46) 0.12(3)
3500 3488 3456 7.2(24) 0.18(6)
2200 2184 2164 0.14(59) 1.6(67)

have been tried for both reactions (corresponding to nearly 100
different combinations for each isotope) with a 5-keV energy
step between 1.5 and 6 MeV. From the aggregated results,
a region bounded by the maximum and minimum values at
each energy value was formed, indicated as a shaded area
in Fig. 4. The OMP is expected to have a dominant effect
on the total cross section at low energies; therefore for the
higher energies in this study, particular focus has been given
to understanding the effect different NLD and y SF models
have on the calculated cross sections.

For the production of 18cd and ''°Cqd, experimental
data are compared to calculations with various ySF options
coupled to the optical model proposed by Bauge, Delaroche,
and Girod (BDG) [49] and nuclear level densities by either
Hilaire et al. (THFBG) [50] or Ignatyuk et al. (GSM) [51]
(see Table III). The global semimicroscopic OMP by BDG
is based on the microscopic OMP by Jeukenne, Lejeune,
and Mahaux [52], while the THFBG NLD is based on the
Hartree-Fock-Bogoliubov model using the effective nucleon-
nucleon interaction D1M Gogny and a temperature-dependent
treatment, which provides a way to deal with the modifications
of the structure properties with increasing excitation energy.
The particular combinations seem to produce values relatively
close to the experimental ones, as reported in the present work,
and have been investigated more thoroughly by considering
several options of Y SF.

IV. DISCUSSION AND CONCLUSIONS

In the framework of the present work, an experimental
attempt to study two radiative proton-capture reactions, i.e.,
07 Ag(p,y)'%Cd and ' Ag(p,y)"'°Cd, was carried out. The
experimental results for the total cross sections and the
astrophysical S factors of the two reactions are summarized
in Tables I and II. In Fig. 4, the experimental data are
shown together with theoretical calculations using TALYS.
These calculations correspond to combining four different
¥ SF models with the microscopic BDG’s OMP and Hilaire
et al.’s [50] microscopic nuclear level densities (temperature-
dependent Hartree-Fock-Bogolubov with Gogny’s force)
(combinations TALYS1-TALYS4). The ySF models combined
with BDG + THFBG are the empirical model by Kopecky and
Uhl [53] (TALYS1); two microscopic models, which describe
the ground-state properties of the nucleus by Hartree-Fock
(HFB) (TALYS2) or Hartree-Fock-BCS (HFBCS) (TALYS3) and
the excitation modes by quasirandom-phase approximation
(QRPA) [54]; and the model Gogny DIM HFB + QRPA
[55], which uses the finite-range DIM Gogny force and a
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FIG. 4. Comparison between theoretical calculations with TALYS and experimentally deduced cross sections (in pb) for the reaction
07 Ag(p,y)'®Cd (left panel) and the reaction ' Ag(p,y)''°Cd (right panel). Incident energy is expressed in the laboratory frame. See Table ITT
for an explanation of the legend entries. Please note that y-axis scales are different in the plots. The shaded area is bounded by the maximum

and minimum values found for each energy step during calculations.

folding of the QRPA strength by a normalized Lorentzian
function (TALYS4). Further consideration was given to the
combination of the BDG OMP with the GSM NLD [51] and
four more options for the ySF (TALYSS5-TALYS8). The GSM
in its phenomenological option attributes its success to the
inclusion of shell model, collective, and superfluid effects. The
four employed y SF models are Kopecky-Uhl [53] (TALYSS);
HFB [54] (TALYS6); the hybrid model by Goriely et al. [56],
which unifies a low-energy description and a Lorentzian
high-energy shape (TALYS7); and the self-consistent relativistic
mean-field (RMF) model with the relativistic random phase
approximation (RRPA) [56] (TALYSS). Table III summarizes
all combinations mentioned above.

There is an overall good agreement between the data and
the theoretical calculations. This holds even for the case of
19 Ag(p,y)'Cd despite the large uncertainties. The trend of
experimental data is well reproduced by the theoretical calcu-
lations. Especially for ''°Cd, the TALYS] combination (OMP:
BDG; NLD: GSM; ySF: Kopecky-Uhl) seems to follow the
data rather closely, both in trend and magnitude. It is necessary

TABLE III. Combinations of models used for calculations with
TALYS for the "1 Ag(p,y)!%11°Cd reactions

Model OMP NLD ySF

TaLYsl  BDG*  THFBG® Kopecky-Uhl [53]
TALYS2 BDG THFBG HFB tables [54]

TALYS3 BDG THFBG HFB-BCS tables [54]
TALYS4 BDG THFBG Gogny DIM HFB + QRPA [55]
TALYSS BDG GSM* Kopecky-Uhl

TALYS6 BDG GSM HFB tables

TALYS7 BDG GSM Goriely’s hybrid model [56]
TALYS8 BDG GSM RMF + RRPA [57]

“BDG: Bauge-Delaroche-Girod [49].
"THFBG: temperature-dependent HFB, Gogny force [50].
°GSM: generalized superfluid model [51].

to stress that the existing large experimental uncertainties do
not allow for a firm conclusion on which combination is the
best choice. This is also true for the p nucleus 'Cd, where
no unique combination of models reproduces the experimental
values very well. It should be mentioned that in TALYS4 there is
consistency in the calculation of the NLD and the y SF with the
use of Hartree-Fock-Bogolubov and the D1M Gogny effective
interaction. Also, one can realize that at least in the case of
108Cq there is almost no sensitivity in the NLD comparing
the combinations TALYS1 and TALYSS, which use the ySF
Kopecky-Uhl and THFBG and GSM as the NLDs, as well
as the combinations TALYS2 and TALYS6, which use the y SF
HFB tables and the two NLDs: THFBG and GSM. In any
case, a full-scale sensitivity analysis is beyond the scope of
this article and requires careful consideration of all possible
models involved in the calculations, possibly by fine-tuning
the input parameters incorporated in these models.

For the reaction of protons with '“7Ag the competitive
(p,n) channel has a known energy threshold at 2.219 MeV
and several neutron resonances exist above this value. Below
this threshold, all combinations converge rapidly onto each
other, showing the expected indifference of the underlying
mechanism to all quantities but the optical model potential.
Such a threshold for the case of p + '®Ag appears at a lower
energy (1006.68 keV [48]) than the region of interest, as is also
evident by the smoother curves illustrated in the right-hand
panel of Fig. 4.

Theoretical calculations for the 107Ag (p,n) '97Cd reaction
have been carried out simultaneously with the ones for the
respective (p,y) channel. The results are shown in Fig. 5.
In the same figure, previous experimental (p,n) data by
Hershberger et al. [19] have been included, and the agreement
with the TALYS results is evident. It is worth-mentioning that the
cross section of the reaction '’ Ag (p,n) '%’Cd for laboratory
energies between 3 and 6 MeV has been evaluated in Ref. [19]
by using a Hauser-Feshbach code (HELGA) and including the
compound elastic channel. Its value is comparable to the one
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FIG. 5. The solid squares correspond to experimental cross
sections (in mb) for the reaction '? Ag (p,n) '%Cd from Ref. [19].
The curves are TALYS1-TALYS8 output data produced simultaneously
with the ones shown in the left-hand panel of Fig. 4 for the competing
(p,y) channel. The shaded area is as in Fig. 4.

for the 'Ag (p,n) '%7Cd for laboratory energies around
3 MeV, but it gets smaller as the energy increases towards
6 MeV. Moreover, the extracted theoretical curves show good
agreement with similar work on the (p,n) channel carried out
for a more extended energy range by Leng et al. [58]. Among
other things these researchers used various phenomenological
OMPs to calculate cross sections for the (p,n) channel in a
higher energy range (up to 340 MeV).
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An important remark about the present analysis is the
strong effect the choice of model combination has on the
calculated cross sections. The roles of the NLD and ySF
are pronounced at higher energies, while they become less
important in lower energies as can be seen clearly in the
case of the '%Cd production. It is perhaps redundant to claim
that further investigation is required for the nuclei examined
here to provide firm evidence on specific mechanisms driving
these processes, both at an experimental and a theoretical
level. However, the underproduction of p nuclei in this mass
region is a persistent motivation to continue researching,
especially when the scarcity of data, even for stable nuclei, is
considered.

It is generally accepted that with this particular technique
some weak transitions may be absent from the spectra,
resulting in missing strengths. Such cases require further
investigation with complementary techniques. The present
results provide new information on the intriguing and relatively
unexplored p process. Contributing to future endeavors, these
measurements in this work offer an important starting point in
understanding the nuclear parameters defining dynamic astro-
physical environments, serving at the same time as benchmark
values for theoretical modeling and future experimental works.
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