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Cross section measurements of proton capture reactions on Sr isotopes for astrophysics applications

S. Harissopulos ®,” E. Vagena®, P. Dimitriou®," M. Axiotis®, S. Galanopoulos ®,* V. Foteinou,* and A. Lagoyannis

Institute of Nuclear and Particle Physics, NCSR “Demokritos”, 153.10 Aghia Paraskevi, Athens, Greece

® (Received 15 June 2020; accepted 21 July 2021; published 18 August 2021)

Background: Abundance calculations of a certain class of proton-rich isotopes, known as p nuclei, require
knowledge of the cross sections of thousands of nuclear reactions entering a reaction network. As a result, the
solution of the latter relies on the predictions of the Hauser-Feshbach (HF) theory and, hence, on the reliability
of the models describing the nuclear parameters entering the HF calculations, notably the optical model potential
(OMP), the nuclear level density (NLD) and the y-ray strength function (y SF).

Purpose: The present work reports on a systematic study of proton capture reactions on Sr isotopes at energies
relevant to the p process which is responsible for the production of the p nuclei at explosive stellar sites. The
purpose of the work reported here is to perform a validity test of the different OMP, NLD, and y SF models
through extensive and detailed comparisons between HF calculations and experimental cross section data. This
test is necessary to understand the origin of discrepancies between the p-nuclei abundances observed in the
solar system and those predicted by the different astrophysical models, known as p-process models, aiming at
describing the nucleosynthesis of the p isotopes.

Method: Cross sections were determined from y -angular distribution measurements and from angle-integrated
y spectra taken with the 47 y-summing technique. Cross-section data and the resulting astrophysical S factors
were compared with Hauser-Feshbach calculations obtained with the latest version 1.95 of the nuclear reaction
code TALYS using combinations of global semi-microscopic and phenomenological models of optical potentials
(OMPs), nuclear level densities (NLDs), and y-ray strength functions (y SFs).

Results: Total cross sections as well as cross sections to the ground and metastable states were determined for
the reactions *Sr(p, ¥)¥7Y, ¥Sr(p, y)®¥Y, and ¥Sr(p, y)*’Y at incident proton-beam energies from 2.5 to 3.6,
2to0 5, and 1.5 to 5 MeV, respectively.

Conclusions: The experimental data reported in the present work are in very good agreement with the TALYS 1.95
calculations obtained with the default combination of OMP, NLD, and y SF models. This combination is based on
purely phenomenological models. A semimicroscopic proton-nucleus optical model potential was optimized at
low energies leading to an equally good agreement between experimental data and theoretical calculations based
solely on combinations of fully semimicroscopic models of OMP, NLD, and y SF. Our results highlight the need
for a continued effort on the systematic study of proton-capture reactions to reduce the range of uncertainties
arising from global nuclear models for as wide a range of relevant nuclei as possible. In this regard, new (p, y)
data at the lowest possible energies below the opening of the neutron channel are of key importance to improve

global proton-nucleus optical model potentials.

DOI: 10.1103/PhysRevC.104.025804

I. INTRODUCTION

Proton-nucleus and «-particle—nucleus optical model po-
tentials (OMPs), nuclear level densities (NLDs), and y-ray
strength functions (y SFs) are among the major nuclear param-
eters which are of key importance in abundance calculations
of a certain class of proton-rich isotopes, known as p nu-
clei. The latter lie between *Se and '"°Hg. According to
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the astrophysical models aiming at describing their nucle-
osynthetic mechanism termed the p process [1], p nuclei
are produced in explosive stellar sites, such as Type II su-
pernovae, under certain temperature conditions and isotopic
composition.

The key role of OMPs, NLDs, and ySFs in p-process
abundance calculations comes into play because the latter
require solving a huge reaction network of more than 20 000
reactions involving almost 2000 stable or unstable isotopes
lying between Ge and Bi (see, e.g., Fig. 4 of Ref. [2]). The
reactions entering this network are neutron, proton, a-particle
photodisintegrations, their competing capture reactions, as
well as electron captures and 8 decays. The solution of this
network means solving a system of a huge number of coupled
differential equations containing primarily the decay rates of
the unstable isotopes as well as the rates of the reactions
involved. Hence, solving this network requires knowledge not

©2021 American Physical Society
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TABLE I. Capture reactions investigated in the present work (1st column). The technique applied is given in the 2nd column. The
corresponding incident beam energies E,, covered and typical beam currents i, on target are given in the 3rd and 4th column, respectively.
The material used to prepare the targets is listed in the Sth column, whereas the radial density (thickness) & of the corresponding target isotope
and its enrichment are given in the 6th and 7th columns, respectively. The energy loss AE of a 3 MeV proton beam in the corresponding target

was calculated with the code SRIM [12] and is listed in column 8.

E, Target & Enrichment AE
Reaction Technique MeV) material (ng/cm?) (%) (keV)
Sr(p, Y)Y y-angular distributions 2.5-3.6 5-10 uA 8Sr CO; 92+7 96.89 5.6
8Sr(p, y)¥¥Y 47 y-summing 2-3.5 5-12 nA 86Sr CO; 194 + 16 96.89 12.3
YSr(p, y)¥Y y-angular distributions 2-3.6 5-10 uA 87Sr CO; 73£9 91.55 4.1
YSr(p, y)¥Y 47 y-summing 2.6-5 5-15nA 87Sr CO; 96+ 11 91.55 7.5
8Sr(p, )Y y-angular distributions 2.5-3.6 5-10 pA 8Sr(NOs), 168 &+ 12 99.84 9.5
8Sr(p, ¥)¥Y 47 y-summing 2-5 4-12 nA 8Sr(NO3), 9547 99.84 15.9

only of a very high number of half-lives but also of a huge
number of reaction cross sections from which the correspond-
ing reaction rates are derived.

The huge number of the nuclear reactions entering the
network makes the measurement of the cross section of ev-
ery single reaction of the network an unrealistic task, also
because the vast majority of the target nuclei can hardly be
reached experimentally as they are unstable. As a result, the
solution of the network relies necessarily on the predictions
of the Hauser-Feshbach (HF) theory [3] that uses OMPs,
NLDs, and ySFs as input parameters to calculate the cross
sections. Although HF calculations are straightforward using
well-established nuclear reaction codes [4-7], the resulting
cross sections may vary significantly when using different
model combinations of OMPs, NLDs, and ySFs. This was
clearly demonstrated in two of our recent communications on
(p, y) reactions on Se [8] and Mo [9] isotopes.

Under these conditions, and on top of any p-process model
deficiencies in reproducing the p-nuclei abundances observed
in the solar system, it is necessary to perform a validity test of
the models describing the nuclear properties entering the HF
calculations.

Motivated by these scientific needs, we report here a sys-
tematic study of proton capture reactions on Sr isotopes at
energies relevant to the p process. Results of this study were
first reported for the total cross section of the ¥Sr(p, y)¥y
reaction [10]. The present work complements the latter one
with additional new (p, y) cross sections. New results are also
reported for 3°Sr and ¥’Sr. All our experimental data are then
compared with the corresponding HF calculations. Hereby,
emphasis is given on testing the global character of existing
proton-nucleus OMPs, NLDs, and y SFs.

II. SETUPS AND MEASUREMENTS

Experiments reported here were carried out either at the
4 MV single-stage Dynamitron accelerator of the previous
Institut fiir Strahlenphysik (now closed) of the Univer-
sity of Stuttgart, Germany, or at the Dynamitron-Tandem-
Laboratorium (DTL) of the Ruhr-Universitit Bochum, Ger-
many. In the former case, cross sections were determined by
measuring y-angular distributions at incident beam energies
in the 2-3.6 MeV range, whereas in the latter one the 47 y-

summing technique [2,11] was employed using protons with
energies from 2 to 5 MeV.

The properties of the Sr targets used are listed in table I.
They were prepared by evaporating highly enriched isotopic
material onto 0.2-mm-thick tantalum disks with a diameter of
4 cm. The areal densities £ of the targets, often referred as to
the “target thicknesses,” were determined using the x-ray flu-
orescence (XRF) technique (see, e.g., [13]). The uncertainties
in the thickness £ given in Table I are the quadratic sum of
systematic errors (7%) due to the XRF technique and the spe-
cific setup used, statistics (1-2%) and target homogeneities,
which in the case of the 3¢Sr and 33 Sr targets were between 3
to 4% and almost 10% for the ¥ Sr target.

A. y-angular distribution measurements

The y-angular distributions were measured using the
experimental setup described in detail in Refs. [2,10]. It con-
sisted of four large-volume high-purity germanium detectors,
all shielded with bismuth germanium oxide (BGO) crystals
for Compton background suppression. Three of them had a
relative efficiency of ~100%, whereas the remaining one had
~76%. The detectors were placed on a motor-driven table
that could rotate. This way, y-singles spectra were measured
for the 3°Sr(p, ¥)¥7Y, ¥Sr(p, ¥)®®Y, and 38Sr(p, y)¥°Y re-
actions at eight angles with respect to the beam direction.
At each beam energy, additional spectra were taken at each
one of the eight angles with the proton beam impinging on a
blank backing to check for possible yield contributions from
reactions occurring in the backing material.

The absolute efficiency of the detector setup was deter-
mined at all eight angles as described in [10]. In addition,
coincidence summing effects were checked following the
procedure described in Ref. [14]. For this purpose, a >’Co
radioactive source was used in addition to '*’Cs and *°Co
sources. As expected, this effect was found to be negligible
(£1%) as the distances of the detectors from the target were
sufficiently long, i.e., between 10 and 20 cm. During the
measurements, the current of the proton beam on the targets
varied from 5 to 10 uA. The beam spot had a diameter of
~4 mm.

Typical y-singles spectra of the (p, y) reactions on 3¢Sr
and ¥’Sr, both taken with the Ge detector placed at 90° to
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FIG. 1. Typical y-singles spectrum measured at E, = 2.8 MeV
for the **Sr(p, y)¥7Y reaction with the Ge detector placed at 90° with
respect to the beam axis. The accumulated beam charge Q was 20
mC. The y transitions contained in the spectrum are explained in the
text.

the beam axis, are shown in Figs. 1 and 2, respectively. The
corresponding proton-beam energies were 2.8 and 2.9 MeV.
For the ¥Sr(p, ¥)%Y reaction, a typical y singles spectrum
measured at 3 MeV at an angle of 90° with respect to the beam
axis was already reported in [10].

In both spectra shown in Figs. 1 and 2, the primaryy tran-
sitions, i.e., y rays deexciting the entry state of the produced
compound nuclei 87Y and Y, respectively, are labeled as
y;. The integer index i indicates the accession number of
the populated excited state of the corresponding compound
nucleus according to the level listing of the IAEA’s Live
Chart compilation [15]. The primaries observed in the case
of 3°Sr(p, ¥)¥7Y are depicted in panel (d) of Fig. 1, whereas
those detected from the ¥Sr(p, y)®Y reaction are shown
in panel (c) of Fig. 2. In some cases, single escape peaks
have also been observed. These are marked with SE. As both
figures show, we were able to observe numerous primary y
rays, notably up to the 96th and 41st excited discrete levels of
87y and 8y, respectively. This was possible due to the high
efficiency of the setup used.

Ideally, the total cross section could be obtained from
the intensities of the primary transitions alone. However, we
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FIG. 2. Same as in Fig. 1 but for the ¥Sr(p, y)*Y measured at
E, =29 MeV with Q =20.2 mC. The y transitions contained in
the spectrum are explained in the text.

chose not to apply this type of analysis, not only to overcome
problems in the data analysis due to the proton decay of
unbound states after compound nucleus formation but also to
avoid systematic errors arising from uncertainties in the level
schemes—often encountered at high excitation energies—and
the very weak intensities of primary y lines that populate
high-lying discrete levels. Hence, our data analysis of the y-
angular distribution measurements was based on the absolute
intensities of the primary yy line and those of the secondary
y transitions feeding the relevant ground states. As discussed
in the next section, for the 86Sr(p, y)87Y reaction, it was
necessary to take into account the absolute intensities of the
secondary y transitions populating the first excited metastable
state of 8y having an excitation energy Ex = 381 keV, since
its half-life is T;, = 13.37 h and therefore the y-ray depop-
ulating this level could not be measured in-beam. In Figs. 1
and 2, the peaks of the secondary y transitions taken into
account to obtain the cross sections of interest are labeled
with numbers indicating the corresponding photon energies
in keV units. Moreover, peaks marked with an asterisk (*)
correspond to secondary y transitions feeding discrete states
other than the ground states of 87y and 38y and, in the case of
8Sr(p, )%y, other than the metastable state of 87Y. Peaks
marked with a circle are background y rays observed in a
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FIG. 3. High-energy part of the angle integrated y spectrum
measured for the *Sr(p, y)¥’Y reaction at a proton beam energy
E, = 3.5 MeV (see also text for details).

series of (p, y) reactions we have investigated previously.
Only y lines labeled with X are of unknown origin.

Both Figs. 1 and 2 contain also a peak labeled with '*7Cs,
which is the 662-keV y transition of a *’Cs radioactive
source that was used as “clock” during the measurements to
check the dead time. It is worth noting that the spectra plotted
in Figs. 1 and 2 include peaks resulting from the proton-
induced reactions on '8! Ta, °Fe, 2*Na, 2’ Al °F, 170, 10, and
13, All aforementioned reactions are due to the presence of
elements either in the target (O) or the backing material (Ta,
Na, F, B) or in mechanical parts of the whole setup.

B. Measurements with the 4 y-summing method

The setup employed to measure angle-integrated y rays
emitted from all three aforementioned (p, y) reactions us-
ing the 47 y-summing technique is described in detail in
Refs. [2,11]. This technique is based on the use of a large-
volume Nal(T1) detector covering a solid angle of almost 47
for photons emitted by a target placed at its center. The work-
ing principle of such a detector relies on its long time response
and its large volume. The latter enables it to fully absorb a
photon, whereas the former renders the photomultipliers un-
able to distinguish between different photons emitted within a
time interval smaller than the decay time of the crystal, which
is typically 2300 ns. As a result, the corresponding photons
are recognized as one photon having an energy equal to the
sum of their individual energies.

The main advantage of the 47w y-summing technique is
that, instead of measuring at least five y spectra to obtain
a y-angular distribution at each beam energy and further
analyzing numerous y transitions, one needs to acquire only
one spectrum and analyze only one y peak, the so-called sum
peak. Angle-integrated y spectra measured with the 47 y-
summing method for *Sr(p, ¥)¥Y and ¥Sr(p, y)®Y are
shown in Figs. 3 and 4, respectively. For the ®Sr(p, )Y re-
action, a typical angle-integrated y spectrum measured taken
at 3.6 MeV is given in [11].
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FIG. 4. High-energy part of the angle integrated y spectra mea-
sured for the 8Sr(p, )Y reaction at proton beam energies 4.2 and
3.2 MeV. The two dashed lines indicate typical linear interpolations
for the subtraction of the background below the corresponding peaks
(see also text for details).

Figure 4 depicts the angle-integrated y transitions mea-
sured with the 47 y-summing technique at E, = 3.5 MeV
and with the proton beam impinging on a *SrCOs target. As
expected, the (p, «y) reaction on I9F. which is contained in
the backing, and the (p, y) reactions on '°Q and 30 are also
included in the spectra. Single-escape peaks visible in Fig. 3
are indicated with arrows (—0.511). The peak at ~4.4 MeV
corresponds to the first excited state of '2C that is expected to
produced by the (p, y) reaction in !'B that is contained in the
backing material, as mentioned above.

The strong peak at 9.23 MeV shown in Fig. 3 is the sum
peak ys, of the ¥Sr(p, )%7Y reaction. This peak is the result
of summing all y transitions depopulating the entry state and
cascading down to the ground state of 7Y, including the y,
transition that was explained above. At an energy of 8.85
MeV, one observes a second sum peak (yyx,) resulting from
the sum of all y transitions depopulating the entry state and
cascading down to the first excited (metastable) state of 87y,
at Ex = 381 keV, as indicated in the inset of Fig. 3.

The presence of two sum peaks in the spectrum plotted in
Fig. 3 is obvious since the half-life of the metastable state
is 13.37 h, i.e., by far longer than the decay time of the
Nal crystal (=300 ns), within which different photons are
not distinguishable as discussed above. Similarly, the angle-
integrated y rays emitted by the 8’Sr(p, y)3®Y reaction result
in two different sum peaks, as shown in Fig. 4 for two different
y spectra measured at 4.2 and 3.2 MeV. These are expected
because ®8Y has a metastable state with 7j, = 13.98 ms, as
shown in the inset of Fig. 4. Due to the much higher cross
section of 3Sr(p, )Y its sum peak is also visible on the
right side of the sum peak of the 8Sr(p, y)®Y reaction. Cases
where more than one sum peaks appear in spectra taken with
the 47 y-summing method are discussed in more detail in
[16].
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II1. DATA ANALYSIS AND RESULTS

As described in detail in [2], the total reaction cross section
or is derived from the total reaction yield Yr:

A Yr

Ny &7
where A is the atomic weight in amu of the target used, N, is
the Avogadro number, and £ is the target “thickness” (radial
density). In a (p, y) reaction, the total reaction yield Y7 is
the absolute number of photons emitted by the reaction per
impinging proton.

In the case of y-angular distribution measurements, the
total yield Y7 is derived at each beam energy from the ab-
solute intensities Ay of the angular distributions of all the N y
transitions feeding the ground state of the produced compound
nucleus, i.e.,

ey

or

N
vr =4, @)

If the excitation spectrum of the latter nucleus contains a long-
lived metastable state which is deexcited via an EQ transition
or has a half-life much longer than the measurement time,
then Eq. (2) has to be applied twice, i.e., not only for the N
y transitions feeding the ground state but also for those (say,
M in number) that populate the metastable state. In such a
case, Yr is derived as

N M
Yr =Y+ Y=Y Aj+ Y A 3)
i J

If more metastable states exist at higher energies that do not
feed into the ground or other metastable states, then Eq. (3)
has to be modified accordingly.

From a comprehensive analysis of the y spectra measured
in the present work to obtain the y-angular distributions of
interest, we were able to conclude on all N and My transi-
tions feeding, respectively, the ground and metastable states
of interest. These are given in the level schemes of the pro-
duced compound nuclei 37y and #Y that are shown in Figs. 5
and 6, respectively. According to the former figure, there are
11 y transitions feeding the ground state of 87Y and seven
more y lines populating its first excited 9/21 metastable state,
whereas for 8 it was found that its ground state is populated
by 14 y rays, as shown in Fig. 6.

In the case of ¥Sr(p, y)®®Y, the total reaction yield Y
was extracted from the absolute intensities Ag of all 14 y
transitions populating the ground state of 8y, whereas in the
case of ¥Sr(p, y)®7Y it was necessary to take into account
not only the 11 y rays feeding the 1/2~ ground state of 37y
but also the seven y transitions populating its 9/2 metastable
state, which has a half-life 77, = 13.37 h. As aresult, the total
cross section o7 of the latter reaction was deduced as the sum
of the cross sections o, for the production of ¥7Y in its ground
state and o, for its production in its metastable state.

The ground state of Y produced via the *¥Sr(p, y) reac-
tion is populated by 12 y transitions and the o7 of this reaction
was determined similarly, as we reported in [10]. It is worth
noting that the Y nucleus has also a 9/2% metastable state

T
J % E, (keV)
(7/2,9/2, 11/2) 2996
3T 2409
42, 2
72%,902" 2202
(3/2) 2083
~— 2073
52° 1802
1705
72% 9t 1608
127" 1591
(71279121 1405
5/2° 1203
iz
+
52 s
32
527 794
N— AN~ O T A
— AN A — A~
SRS
T
T,,= 13.37h
> YYYVYVVVVYY T,,= 798 h 0

87Y

FIG. 5. Level scheme of the 8’Y nucleus containing all the y
transitions (vertical arrows) observed in the present work to populate
its 1/2~ ground state and the first excited 9/2" metastable level.
These transitions were used to determine the cross sections o, for
the production of 87y in its ground state and o, for its production in
the metastable state. The excitation energies in keV indicated at the
right of the levels as well as the spins and parities shown on their left
were taken from [15].

with 77/, = 15.663(5) s at an excitation energy of 909 keV,
which populates its ground state via an M4 + E5 y transition.
From the y-angular distributions of the 909-keV y transition
we were able to determine the cross section o, for the pro-
duction of 3°Y in this metastable state. This cross section
was not reported in [10] but is given in the present work.
The y-angular distributions analyzed in the present work were
obtained by measuring y -singles spectra at eight angles 6 with
respect to the beam direction. From these spectra, the areas
under the relevant peaks were determined and were subse-
quently corrected for the corresponding detector efficiency
¢ and the corresponding number N, of the incoming beam
particles. The latter quantity was determined by measuring the
beam current and further integrating it over the measurement
time by means of a current integrator. This way, the data points
1(0, e, Np) of the angular distribution of each y transition
were obtained and subsequently fitted by the sum of Legendre
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FIG. 6. Same as in Fig. 5 but for %Y. The dashed arrow indicates
the y transition deexciting the metastable state at 675 keV (Ti, =
13.98 ms). According to [15], the corresponding 442.6-keV y ray is
an E3 y transition.

polynomials P;(0) given by

W) =A0<1 + ZakPkw)). C
k

The coefficients Ay and a; entering Eq. (4) are determined
by fitting W(6) to 1(6, e, Np). Both coefficients are energy
dependent and the maximum value of index k, with k > 2,
depends on the multipolarity of the y transition in considera-
tion.

The Ay coefficients determined by this fitting procedure
were used to derive Y7 using Eq. (2) for ¥’Sr(p, )Y and
88Sr(p, )%y and Eq. (3) for 86Sr(p, 1)87Y. Some typical
y-angular distributions measured in the present work for
the *°Sr(p, ¥)¥Y and ¥Sr(p, y)®®Y reactions are shown
in Figs. 7 and 8, respectively. Typical y-angular distribu-
tions measured previously for the 33Sr(p, )%°Y are given in
Ref. [10].

As shown in Fig. 8, for many y transitions deexcit-
ing discrete levels in ®¥Yy, the angular distribution effects
were not significant. In these cases, the necessary Ay coef-
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FIG. 7. Typical angular distributions of y transitions depopulat-
ing excited levels in the #7Y nucleus produced with the ¥Sr(p, )%y
reaction at £, = 3.3 MeV. The primary y ray from the entry to the
ground state is shown in panel (x).

ficients were derived from the weighted mean W of the data
points /(6, €, N,) of the corresponding y-angular distribution.
Hence, the horizontal lines displayed in Fig. 8 for all y tran-
sitions except those in the two top panels (i) and (vi) indicate
the corresponding W used in Eq. (2) or (3). It is worth noting
that, as shown in [8], when the angular distribution effects
are negligible, the weighted mean W and the A, coefficient
derived from fitting W (0) of Eq. (4) to 1(0, €, N;) deviate by
less than 5%.

The determination of cross sections from y spectra mea-
sured with the 47 y-summing method is much simpler:
Instead of measuring at least five y spectra at each beam
energy and further analyzing numerous y transitions, one
needs to acquire only one spectrum and analyze only one y
peak, i.e., the sum peak. Its intensity Iy, is used to determine
the total reaction yield Y7 from

Is

Yr = ,
g N[,EZ

®

where N, is the number of the beam particles and ¢ is the
sum-peak efficiency.

In most of the cases, the area Y7 below the ys5, peaks (see
Figs. 3 and 4) was determined by integrating the counts in the
respective channels after subtracting the background. In the
case of the yy, peaks, it was necessary to perform a fitting
with two Gaussians to simulate the first escape peak from
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FIG. 8. Same as in Fig. 7 but for ®Y produced with the
87Sr(p, y)®¥Y reaction at E, =3.6 MeV.

the neighboring ys,. The background below the sum peaks of
interest was subtracted through a linear interpolation as shown

in Fig. 4 for the sum peak ys, of the spectrum taken at 3.2
MeV or the ys, peak measured at 4.2 MeV.

The total cross section o, is derived by inserting Y7 in
Eq. (1). In case of multiple sum peaks due to the existence of
long-lived (T1,, 2 300 ns) metastable states in the produced
compound nucleus, Eq. (3) needs to be applied accordingly. A
detailed presentation of the data analysis procedures followed
in cross section measurements that were carried out using the
47 y-summing technique is given in Refs. [2,9,11].

The experimental total and metastable cross sections and
the corresponding astrophysical S factors obtained for the
8Sr(p, )Y, ¥Sr(p, y)3Y, and ®BSr(p, y)¥Y reactions
are summarized in Tables II, III, IV, and V. The errors given
therein range between 10% and 15% and are the result of error
propagation in the used equation, depending on the method
applied. Hereby, the relative uncertainties in the detector effi-
ciency €, and the accumulated charge Q were ~3% and ~5%,
respectively. In addition to the results listed in these tables,
partial cross sections for all individual y transitions analyzed
in the present work are shown in Figs. 9, 10, and 11

Both the cross sections and astrophysical S factors given in
Tables II, III, IV, and V are corrected for screening effects
(Refs. [17-19]) as described in [8]. These effects result in
an increase of the cross section and, hence, a correction is
necessary by dividing the experimental cross sections with
the corresponding electron screening factors f;. These were
calculated as described in [8] using an electron screening
potential of 2300 eV. As this value can be questioned theo-
retically or experimentally, f; is explicitly given in Tables II,
I, IV, and V.

The astrophysical S factors given in these tables were de-
termined from the electron-screening-corrected cross sections

TABLE II. Screening corrected cross sections o7, 0, and o,,, determined in the present work at various center-of-mass energies E. . (Ist
column) together with the corresponding astrophysical S factors Sy, S,, and S, and the screening correction factors f; (2nd column), of the
8Sr(p, )Y reaction. o7 (3rd column) is the total cross section of the reaction, whereas o, (5th column) and o,, (7th column) are the cross
sections to the ground state and the 381-keV J* = 9/2* isomeric state of 87Y, respectively. The corresponding S factors are given in the 4th,
6th, and 8th columns. The uncertainties in E_ ,, amount to 5 keV at the most.

Ec4mA or ST Og Sg (o™ Sm
(MeV) fs (ub) (10° MeV b) (ub) (10° MeV b) (ub) (10° MeV b)
Results obtained using the 477 y-summing technique
2.464 1.057 178 + 31 10600 £ 1850 149 £ 33 8870 + 1960 29 £ 8 1730 + 476
2.959 1.043 697 + 98 6150 + 865 549 + 99 4850 £ 874 148 + 23 1310 + 203
3.454 1.034 1738 + 268 3530 £ 545 1294 + 283 2630 £ 575 445 + 96 904 + 195
Results From y-angular distribution measurements
2.479 1.056 183 £ 7 10190 + 374 150 £ 6 8354 + 334 33+£3 1838 + 167
2.578 1.053 255 £ 8 9304 + 294 207 £ 7 7553 £ 255 48 £ 4 1751 + 146
2.677 1.050 357 £ 10 8731 £ 249 293 £ 9 7164 + 229 64 £ 4 1568 + 98
2.776 1.047 431 + 11 7249 + 193 351 £ 11 5900 + 177 80 £ 5 1349 + 76
2.876 1.045 542 + 14 6364 £+ 165 432 £ 13 5065 + 151 111 £ 6 1299 + 66
2.975 1.043 696 £+ 17 5823 + 139 548 £ 15 4584 £ 127 148 £ 7 1239 £ 57
3.074 1.040 888 + 21 5396 + 130 687 + 19 4173 £ 118 201 £ 9 1222 + 55
3.174 1.039 1080 £ 26 4823 £ 115 837 £ 24 3738 + 106 243 £ 10 1085 + 45
3.273 1.037 1270 + 30 4243 + 102 980 £ 28 3274 £ 94 290 £ 12 969 + 40
3.372 1.035 1546 + 37 3915 + 93 1196 + 34 3028 + 86 350 + 14 887 £ 34
3.471 1.034 1842 + 43 3580 + 84 1400 £ 40 2721 + 78 442 £ 17 859 + 33
3.570 1.032 2078 + 48 3136 + 72 1573 + 44 2374 + 66 505 £ 19 762 + 29
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TABLEIII. Same as in Table II but for the ¥ Sr(p, y)*Y reaction investigated with the 47 y-summing technique in the present work. The
oy, given in the 7th column is the cross sections to the J™ = 8* isomeric state of 3y at 675 keV.

ECAmA or ST Og S (™ N

8 m

(MeV) fi (ub) (10° MeV b) (ub) (10° MeV b) (ub) (10° MeV b)
2.566 1.053 572 £ 125 21970 4+ 4783 549 + 186 21060 + 4775 24 £ 7 909 + 274
2.764 1.048 982 + 213 17275 4+ 3755 940 + 318 16531 £ 3749 42 + 12 744 + 206
2.962 1.043 1612 £ 350 14114 + 3064 1540 £ 522 13487 + 3059 72 + 19 627 £+ 167
3.160 1.039 1134 £ 242 5295 + 1128 1061 £ 360 4953 + 1124 73 £ 20 342 + 95
3.358 1.035 1289 + 278 3400 + 734 1212 &+ 415 3198 + 732 77 £ 22 202 + 57
3.555 1.032 1249 + 264 1957 + 414 1155 £ 393 1810 + 412 94 £ 25 147 £+ 39
3.753 1.030 1571 £ 336 1527 + 327 1466 £ 501 1426 + 326 105 + 29 102 4+ 28
3.951 1.028 1903 + 404 1191 &+ 253 1752 4+ 599 1097 + 251 151 + 44 95 + 28
4.149 1.026 2057 + 431 858 + 180 1884 + 641 785 £+ 179 173 £ 46 72 £+ 19
4.940 1.020 1640 + 351 175 + 37 1485 + 520 158 £ 55 158 + 37 17 £ 5
o using IV. DISCUSSION

S(E)=0(E)E £2TNE) (6) The comparison of experimental cross sections with the

corresponding HF calculations is an important step towards

The E. ., values given in Tables II, III, IV, and V are the understanding the discrepancies between the p-nuclei abun-

corresponding effective beam energies Eeg in the center-of- dances observed in the solar system and those predicted by

mass system. E.;; was deduced from the different p-process nucleosynthesis models. This is be-

cause, regardless of any shortcomings of the astrophysics

Eg =E, — AE ) 7) models, th§se discrep.an.cies coul.d be partly attribut@d to nu-

2 clear physics uncertainties entering the HF calculations. For

this reason, it is essential to perform systematic comparisons

between measured and calculated cross sections over the en-

tire Gamow energy window, which is the range of energies at

which charged-particle reactions contribute to the p process at
a given temperature.

In this work, the (p, y) cross sections of Sr isotopes

TABLE IV. Same as in Table II but for the total cross section o~ Were measured at energies in the Gamow window which

where E), is the incident proton beam energy and AE /2 is its
energy loss at the center of the target. The latter was derived
from the stopping powers calculated with the code SRIM [12].
Typical AE values for E, = 3 MeV, are given in Table L.

of the ¥Sr(p, y)®Y reaction determined from y-angular distribu-
tions in the present work. The corresponding S factors are given in

the fourth column. [ ]
103 -
EcmA or ST E E
MeV) fs (ub) (10° MeV b) 10 r b
1.982 1.080 39 +£8 29113 £5749 & F
2.081 1.074 68 + 12 27990 + 4763 3 - R
2.179 1.069 107 £ 17 25583 + 3961 |, 10'E E
2.280 1.064 182 + 27 25856 + 3860 E T S keV e 1024 keV E
2.379 1.060 244 + 35 21447 + 3100 10°L e 1802 keV -~ 1210 keV o
2.479 1.056 394 + 57 21952 + 3191 3 e 794KkeV -+ 2083 keV —-v- 1692 keV 3
2.578 1.053 523 £ 73 19104 £ 2665 C 0T w983 keV --o- 2159 keV --v-- 1821 keV ]
2.676 1.050 725 £ 95 17851 + 2345 10 7T Og --o-- 1182 keV --¢- 2211 keV --v-- 2615 keV _
2.810 1.046 993 + 142 14767 + 2114 E v On v 1203keV e 2409 ke}’ e 12 keY E
2.877 1.045 1121 £ 155 13127 + 1817 25 3.0 35
2.978 1.043 1561 + 210 12954 + 1740 E... (MeV)
3.016 1.042 1880 + 255 13777 + 1867
3.056 1.041 1419 + 196 9138 + 1264 FIG. 9. Partial cross sections measured in the present work for
3.142 1.039 1353 + 191 6669 + 939 all the y transitions observed to populate either the ground or the
3.176 1.039 1216 &= 168 5405 + 745 metastable state of 8y through the **Sr(p, y)¥7Y (see also Fig. 5).
3317 1.036 1365 + 199 4030 + 587 The energies of the y transitions in keV and the corresponding
3.373 1.035 1186 + 171 2009 + 433 symbols in the plot are given in the legend. The symbols o7, oy,
3.474 1.034 1242 + 188 2399 + 364 and o,, refer to the total cross section and the cross sections to the
3.570 1.032 1446 + 218 2185 + 329 ground state and to metastable levels, respectively, whereas y is for

the primary y ray from the entry to the ground state.
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TABLE V. Same as in Table II but for the 8SSr(p, Y)Y reaction. The o, given in the seventh column is the cross section to the
J™ =9/2% isomeric state of #Y having an excitation energy of 909 keV. The total cross sections o7 resulting from y-angular distribution
measurements were taken from our previous publication [10] and are given here again but after having been corrected for screening effects

with the corresponding factor f; given in the second column.

E. . or St o S, O S
(MeV) fs (ub) (10* MeV b) (ub) (10° MeV b) (ub) (10° MeV b)
Results obtained using the 47 y-summing technique
2.478 1.053 169 + 31 9484 + 1740 148 + 32 8306 + 1796 21 £5 1178 + 281
2.979 1.048 630 £ 83 5219 + 688 515 £ 87 4267 £ 721 115 £ 17 953 + 141
3.552 1.043 1817 + 263 2876 + 416 1428 + 276 2260 + 437 389 + 73 616 + 116
3.952 1.039 3026 + 387 1894 + 242 2285 + 406 1430 + 254 741 £ 127 464 + 79

4.561 1.035 4407 £+ 617 863 £ 121 3367 £ 648 659 £ 127 1040 £ 193 204 + 38

Results from y-angular distribution measurements

1.379 1.141 0.55 £ 0.10 57658 £ 10483 0.50 £ 0.10 52417 £ 10483 0.05 £+ 0.04 5242 + 4193
1.479 1.126 0.8 + 0.1 29958 £ 3745 0.73 £ 0.10 27337 £ 3745 0.07 £ 0.05 2621 £ 1872
1.580 1.114 20 £ 0.3 29354 + 4403 1.82 £ 0.30 26712 + 4403 0.18 £+ 0.06 2642 + 881
1.680 1.103 29 £ 04 18358 £ 2532 27 £ 04 17092 + 2532 0.20 £+ 0.06 1266 + 380
1.780 1.094 7.6 £ 0.8 22334 £ 2351 7+£038 20571 + 2351 0.60 + 0.13 1763 £ 382
1.880 1.087 144 £ 1.6 20935 £ 2326 129 £ 1.6 18755 £ 2326 1.5 £02 2181 + 291
1.982 1.080 155 £ 1.7 11637 £ 1276 139 £ 1.7 10436 £ 1276 1.6 £ 03 1201 £ 225
2.080 1.074 45 £ 5 18777 £ 2086 41 £5 17108 £ 2086 4+ 1 1669 + 417
2.180 1.069 56 £ 6 13389 + 1434 50 £ 6 11954 + 1434 6+ 1 1434 + 239
2.280 1.064 128 + 12 18214 £ 1708 114 + 12 16222 £ 1708 14 £ 1 1992 + 142
2.380 1.060 149 + 14 13056 + 1227 134 + 14 11742 £ 1227 15 +£1 1314 + 88
2.480 1.056 159 + 15 8845 + 834 137 £ 15 7621 + 834 22 £ 2 1224 + 111
2.561 1.054 196 + 18 7700 £ 707 172 + 18 6757 £ 707 24 £ 2 943 + 79
2.581 1.053 188 £+ 17 6796 £ 614 162 + 17 5856 + 614 26 £ 2 940 + 72
2.680 1.050 348 + 31 8449 + 753 300 £+ 32 7284 + 777 48 + 3 1165 £ 73
2.780 1.047 394 £+ 36 6545 + 598 341 £ 37 5665 + 615 53 £ 4 880 + 66
2.880 1.045 504 £ 49 5848 £ 569 409 £ 49 4745 + 569 95 £ 7 1102 + 81
2.957 1.043 588 + 54 5242 + 481 486 + 54 4333 + 481 102 £ 7 909 + 62
2.980 1.042 640 £+ 68 5285 + 562 520 + 69 4294 £ 570 120 + 8 991 + 66
3.081 1.040 980 £ 87 5841 £ 519 795 £ 88 4738 + 524 185 + 11 1103 £ 66
3.180 1.038 992 + 90 4363 £ 396 782 + 91 3440 £ 400 210 + 13 924 + 57
3.281 1.037 1235 + 113 4043 £ 370 972 + 114 3182 £+ 373 263 £ 17 861 £+ 56
3.354 1.035 1275 £ 120 3402 £ 320 1009 + 121 2692 + 323 266 + 17 710 & 45
3.380 1.035 1391 + 128 3456 + 318 1091 £ 129 2710 £ 320 300 + 19 745 + 47
3.478 1.034 2013 + 181 3852 + 346 1549 + 183 2964 + 350 464 + 28 888 £ 54
3.552 1.032 1714 + 163 2713 + 258 1347 + 164 2132 + 260 367 + 24 581 + 38
3.750 1.030 2117 £ 192 2076 + 188 1630 £ 195 1599 + 191 487 + 31 478 + 30
3.948 1.028 2851 + 225 1799 + 142 2136 + 229 1348 £ 145 715 + 44 451 + 28
4.146 1.026 3539 + 291 1486 + 122 2588 + 297 1087 + 125 951 £ 59 399 + 25
4.344 1.024 4551 £ 373 1309 £ 107 3292 + 381 947 + 110 1259 + 77 362 + 22
4.541 1.022 4118 £ 326 834 £+ 66 3142 + 332 636 £ 67 976 £ 62 198 £ 13
4.739 1.021 4222 £ 329 615 + 48 3270 + 334 477 £ 49 952 £+ 60 139 £ 9
4.937 1.020 2638 + 218 282 + 23 1962 + 222 210 + 24 676 + 43 72 £ 5

extends from ~2.6 to 4.2 MeV. In the case of ¥'Sr(p, )3y
and 3Sr(p, y)®°Y reactions, cross sections were measured
over the entire Gamow window, whereas in the case of
8Sr(p, ¥)®7Y they were measured up to 3.6 MeV.

The experimental cross sections were used to test the OMP,
NLD, and ySF models that enter the HF calculations. Of
special interest to nuclear astrophysics are the correspond-
ing (semi)microscopic models that are based on a more
fundamental microscopic treatment of the nucleon-nucleon
interaction and nuclear structure properties such as pairing
and nuclear deformation. Although these models also use

adjustable parameters to fit the available data, they use fewer
parameters, which combined with the microscopic nature of
the models allows for a more reliable extrapolation to mass
regions which are not yet accessible in the laboratory and for
which no measurements exist.

The reaction networks involved in the p-process abundance
calculations include almost 2000 nuclei between Ge and Bi,
s0, in addition to being semimicroscopic, the models used in
HF calculations should also be “global” in nature and repro-
duce the average properties of all these ~2000 nuclei many of
which lie beyond the valley of stability.
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FIG. 10. Same as in Fig. 9 but for the ¥’Sr(p, y)®Y reaction.
2(17324-1761+41963) corresponds to the sum of the cross sections
of the three y rays with energies given in the parentheses (see also
Fig. 6).

Our plan is to investigate the impact of global semimi-
crosopic models for nucleon-nucleus OMPs, NLDs, and y SFs
on HF calculations in comparison to global phenomenological
models in order to make recommendations for the currently
available models in the literature. This is a challenging task
mainly because of the lack or scarcity of experimental data
that would allow us to fix the parameters of the OMPs, NLDs,
and ySF models independently without having to use the
reaction cross-section data themselves. The difficulty with
using reaction cross-section data is that they are sensitive to
all three nuclear ingredients of the HF theory (OMPs, NLDs,
and y SFs) over most of the relevant energy region.

As has been demonstrated in previous works [8,46], it is
possible to distinguish between proton-nucleus optical model
potentials (pOMPs), if the comparison between measured and
calculated cross sections is conducted at properly selected
proton energies. At the lowest energies of the Gamow window
relevant to proton-induced reactions, where the (p, n) channel
is closed and the (p, p’) and (p, o) channels are much weaker
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FIG. 11. Same as in Fig. 9 but for the 38Sr(p, y)*Y reaction.

than the (p, y) channel, the HF cross section depends almost
entirely on the pOMP. In such a case, it is possible to test
the pOMPs and improve them by comparing them with the
(p, v) data data, provided the latter are reliable. If the above
conditions are not fulfilled, i.e., if the (p, y) is of comparable
strength to the (p, p’) or (p, «) or if the (p, n) channel is
open, then the other HF ingredients, i.e., NLDs and y SFs,
also influence the HF cross section and the independent im-
provement of the pOMP is not possible. In this work, we
shall optimize the parameters of a semimicroscopic proton
OMP to our measured data and use this local pPOMP in our
assessment of global semi-microscopic models of the three
HF ingredients.

For our calculations we use the latest version 1.95 of the
nuclear reaction code TALYS [5] and all the nuclear models
available therein. All the experimental cross sections used
have been corrected for screening effects, as described in [8].
This applies also to the total cross-section data reported pre-
viously by Galanopoulos et al. [10] for 38Sr(p, ¥)*Y (open
circles), and the data measured by the activation method by
Gyiirky et al. [21] (open squares).

In Fig. 12, we compare TALYS calculations with our
experimental total cross sections determined by measuring y -
angular distributions (open circles) or with the 47 y-summing
technique (black solid circles). The calculated cross sections
(dashed curves) shown in all four panels are obtained with the
default options of the TALYS code for incident charged parti-
cles, i.e., the nucleon-nucleus OMP of Koning and Delaroche
[20], the a-particle-nucleus OMP of Avrigeanu et al. [22],
the constant temperature Fermi gas model for NLDs [4], and
y SFs based on the generalized Lorentzian model of Kopecky
and Uhl [23]. For the needs of our discussion, these models are
labeled henceforth as KD, AV/I, CTFG, and KU, respectively.
Their combination, abbreviated as KD-AV/I-CTFG-KU, is
a pure phenomenological one and is referred to as “TALYS
default.”

As can be seen in Fig. 12, the TALYS default (KD-AV/I-
CTFG-KU) calculations are in reasonable agreement with our
present data and those reported in Ref. [10]. The shaded areas
shown in the figure are the areas corresponding to the HF cross
sections obtained by using all the combinations of the KD
OMP with all the tOMP, NLD, and y SF models available in
TALYS 1.95. These areas give an estimate of how certain (nar-
row area) or uncertain (broad area) our knowledge of the cross
sections is based on the models that are available in TALYS
1.95. A complete list of these models with the corresponding
notation is given in Table VI.

The arrows shown in panels (a) and (b) of Fig. 12 indicate
the opening of the corresponding (p, n) channel. For the case
of 8Sr(p, y)%Y and 3Sr(p, y)¥Y this occurs at 6.02 and
7.54 MeV, respectively. The dashed-dotted lines shown in
the figure correspond to the (p, p’) cross sections calculated
using the TALYS default model combination. The (p, «) cross
sections are negligible in the studied energy ranges, therefore
they will not be included in the discussions.

The differences observed between the cross sections mea-
sured with the activation technique [21] (open squares) and
those determined with the other two methods (open circles and
solid black circles), in the case of the 3Sr(p, )38y reaction
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FIG. 12. Comparison of experimental cross sections determined for ¥Sr(p, y)*Y, ¥Sr(p, y)®Y, ¥Sr(p, y)¥7Y, and 3Sr(p, y)¥Y with
HF calculations performed with the TALYS 1.95 code [5]. The dashed curves indicate cross sections calculated with TALYS 1.95 using the default
model combination KD-AV/I-CTFG-KU (TALYS default). The dashed-dotted curves depict the (p, p’) cross sections calculated using TALYS
default. The solid curves, labeled “TALYS-1,” were calculated using the combination JLM/Bc—-AV/I-CTFG-KU. The shaded areas depict the
area covered by the cross sections obtained using all possible combinations of the KD OMP with all the «OMP, NLD, and y SF models given

in Table VI (see also text for details).

(see Fig. 12), are resolved if the former cross sections are
multiplied by a factor *2.5.

Deviations between these different measurements are also
visible for 36Sr(p, y)®7Y. In this case, the data from the ac-
tivation technique [21] are lower than the present data by
an overall factor of &1.4. A possible explanation for these
deviations could be the lower yields measured in the activity
measurements [21] due to the significantly shorter irradiation
periods (between 6 and 24 hours) compared to the half-lives
of 87y and #Y, which are 79.8 h and 106.626 d, respectively.

A. Testing the proton—nucleus OMP

According to Fig. 12, all the combinations of the KD
OMP with the various NLD and ySFs available in TALYS
give identical results in the very low energy region, implying
that in this region the HF cross sections are sensitive to the
proton OMP in the incident channel only. The onset of effects
arising from the ySF in the proton capture channel and the
NLDs in all open channels is visible at E.,, ~ 2, 2.2, and
1.8 MeV, in panels (a), (b), and (c), respectively. Therefore,
the experimental data measured at energies below these onset
energies could be used to test different pPOMP models.

In panel (d), this onset becomes visible already at E. ,, ~
1.6 MeV. Therefore, the 84Sr(p, y)85Y reaction cannot be

used to distinguish between different pOMP models since
there are not enough data points measured below 1.6 MeV.
It is worth mentioning that these energy onsets (limits) do
not change significantly when using a different pOMP, i.e.,
when using the TALYS-1 model combination in which the
OMP of Koning and Delaroche [20] is replaced by the Lane-
consistent semi-microscopic model of Bauge, Delaroche and
Girod [35,36].

The solid curves plotted in Fig. 12 were calculated by re-
placing the phenomenological OMP of Koning and Delaroche
[20] by the semimicroscopic OMP of Bauge, Delaroche, and
Girod (JLM/B) [35,36] in the TALYS default combination.
We used the improved JLM/B OMP of Vagena et al. [46]
for this comparison, as it has been shown to improve the
proton-induced cross sections at low energies relevant to our
studies compared to the original parametrization of [35,36].
The improved proton OMP (pOMP) of [46] is based on a
re-adjustment of the parameters A, ,, of the real and imaginary
isoscalar parts of the proton OMP to reproduce the bulk of
available (p, y) and (p, n) cross-section data. Systematics of
the variation of these A, ,, parameters with respect to the mass
number A were established over a relatively broad mass re-
gion 47 < A < 162. According to [46], the adjustment factor
f» has a mass number dependence which can be described
by a second degree polynomial in the mass region A < 100
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TABLE VI. Nuclear input parameters (first column) and corresponding phenomenological or semimicroscopic models used in our TALYS
calculations. The nucleon-nucleus and «-particle-nucleus optical model potentials (OMPs) are indicated with nOMP and « OMP, respectively.
The corresponding model notation used for discussion in Sec. V is given in parentheses.

Parameter Phenomenological models Semimicroscopic models
(1) (KD): Global model of Koning and Delaroche [20] (2) (JLM/Bc): Improved semimicroscopic OMP of Bauge, De-
nOMP . .
laroche, and Girod at low energies [46]
(1) (WKD): TALYS-specific a-particle—nucleus OMP
(folding procedure of Watanabe [26,27] applied to
KD [20])
(2) (MCcFS): a-particle—nucleus OMP of McFadden and (6) (¢OMP-]): Demetriou et al. (Table 1 of Ref. [37])
Satchler [28] (7) (@OMP-II): Demetriou et al. (Table 2 of Ref. [37])
«OMP 3) (AV/I): a-particle-nucleus OMP of Avri !
) Ezz] ): e-particle-nucleus of Avrigeanuetal. gy (yOMP-III): Demetriou e al. (dispersive model in Ref. [37])
(4) (NIt): a-particle-nucleus OMP of Nolte et al. [29]
(5) (AV/I): «a-particle-nucleus OMP of Avrigeanu
et al. [30]
(1) (CTFG): Constant temperature Fermi gas [4] (4) (HFBCS): Hartree-Fock-BCS [38]
NLD (2) (BSFG): Back-shifted Fermi gas [31,32] (5) (HFB): Hartree-Fock-Bogolyubov [39]
(3) (GSM): Generalized superfluid model [33,34] (6) (HFB/T): Temperature-dependent Hartree-Fock-Bogolyubov
[40]
(3) (HFBCS/QRPA): Hartree-Fock-BCS—quasiparticle random-
phase approximation [41]
(4) (HFB/QRPA): Hartree-Fock-Bogolyubov—quasiparticle
(1) (KU): Generalized Lorentzian of Kopecky and Uhl random-phase approximation [42]
[23] (5) (HG): Hybrid model of Goriely [43]
ySF (2) (BA): Generalized Lorentzian of Brink and Axel (6) (HFB/T): Temperature-dependent Hartree-Fock-Bogolyubov

[24,25]

[42]
(7) (RMF/T): Temperature-dependent RMF [44]

(8) (DIM/HFB/QRPA): Gogny DIM
Bogolyubov—quasiparticle random-phase
[45]

Hartree-Fock-
approximation

and by a logarithmic increase for A > 100. In addition, al-
though f,, appears to have a small effect on the calculations, a
global increase by 50% improves the results for certain nuclei
without affecting the rest of the cases. In the case of the Sr
isotopes, the values of the adjustment factors are f, = 0.8 and
w = 1.5. The resulting combination of pPOMP JLM/Bc with
the other default ingredients, abbreviated as JLM/Bc—AV/I-
CTFG-KU, is henceforth referred to as “TALYS-1.”
A comparison of TALYS default and TALYS-1 combinations
in the aforementioned low energy regions in panels (a), (b),
and (c) in Fig. 12 shows that TALYS default reproduces the
experimental data well and in any case slightly better than
TALYS-1, which appears to overestimate the data. Since both
combinations differ only in the pPOMP, we conclude that the
improved semi-microscopic pOMP JLM/Bc [46] leads to a
slight overestimation of the data, at least at energies below
~2.5 MeV. This is not entirely unexpected, since the improved
pOMP [46] is based on global systematics with respect to
mass A covering a broad mass range, and the deduced values
of 1, have uncertainties associated with the limited number
and quality of the experimental available data.

In the following, we optimize the JLM/B pOMP to re-
produce our experimental data for the Sr isotopes at the low
energies below the onset of effects from the other nuclear
ingredients becoming visible. The parameters that will be
deduced will be“local,” i.e., optimal for the Sr isotopes, as
opposed to the “global” parameters of [46]. For this task, it
is important to have reliable experimental data; therefore, we
only consider the cross sections for the #Sr(p, y )%y reaction
in panel (a) and exclude the data for reactions 8’Sr(p, )3y
and ®°Sr(p, )Y in panels (b) and (c) due to the aforemen-
tioned deviations between the activation data [21] and the
cross sections determined in the present work.

The general functional form of the Lane-consistent JLM/B
OMP [35,36] is given by

U =,[VoErgoaVi]+id,[Wo £ ryiaWi ]+ Uy, (8)

where Vy, Wy and V|, W, are the real and imaginary isoscalar
and isovector components of the central potential seen by a
neutron (proton) and Uy, is the component due to spin-orbit
interaction. A, ,, and A, 4, are the normalization factors for
the real, imaginary, real isovector and imaginary isovector
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FIG. 13. Comparison of the experimental total cross sections
determined for ®Sr(p, y)¥Y in the present work (solid circles)
and in [10] (open circles) after correction for screening effects with
the corresponding calculations using the model combinations TALYS
default (dashed curve) and TALYS-1 (solid curve). The shaded area
in panel (a) depicts the range of cross section values obtained with
TALYS-1 by varying f, between 0.9 and 1.1 and keeping f,, = 1. In
panel (b), f, = 1, whereas f,, was varied between 0.9 and 1.1. The
resulting shaded area is hardly visible in panel (b). See also text.

components introduced to adjust the OMP to experimental
data. These normalization factors are energy dependent.

We adjusted only the isoscalar factors A, ,, to improve the
description of the cross-section data since the isovector A, 1
factors have been found to have a negligible effect on the cross
sections. We then used the TALYS-1 model combination and
performed two tests: first we varied A, within a range of 10%
by introducing a multiplicative factor f, that ranged between
0.9 and 1.1 and kept A,, unchanged at the TALYS 1.95 default
value; then as a second test we simply reversed the case and
varied A,, by 10% using a multiplicative factor f,, from 0.9 to
1.1 and kept A, unchanged. The results of these two tests are
shown in panels (a) and (b) of Fig. 13, respectively.

The shaded area in panel (a) of Fig. 13 depicts the range
of cross section values resulting from varying A, in the first
test, whereas in panel (b) it shows the corresponding range
obtained in the second test by varying A,, within 10%. Ac-
cording to panel (a), a variation of 10% in A, values results
in a significant increase or decrease in the cross sections at
energies below ~2.5 MeV or higher than ~5 MeV. We found
that the resulting cross sections at E.,, = 1, 2, and 3 MeV
can be smaller by up to 65%, 45%, and 20%, respectively, if
f» = 009.

TABLE VII. Semimicroscopic model combinations of NLDs and
¥ SFs used to calculate reaction cross sections in the present work. In
all combinations the local optimized OMP of of Bauge et al. [35,36]
and the a-particle-nucleus OMP-III of Demetriou et al. [37] were
used. The abbreviations given in columns 2 and 3 are explained in
Table VI.

Model combination NLD ySF
abbreviation model model
TALYS-2 HFBCS [38] HFBCS/QRPA [41]
TALYS-3 HFB [39] HFB/QRPA [42]
TALYS-4 HFB/T [40] HFB/T [42]

TALYS-5 HFB/T [40] RMF/T [44]

TALYS-6 HFB [39] DIM/HFB/QRPA [45]
TALYS-7 HFB [39] HG [43]

TALYS-8 HFBCS [38] HG [43]

As can be seen in panel (a) of Fig. 13, the slope of the
TALYS default curve becomes slightly steeper at low energies
and the agreement with the experimental data can be improved
significantly by properly adjusting A,. On the other hand, the
impact of f,, is not as important, as the cross sections do not
differ significantly when varying f,, between 0.9 and 1.1; the
corresponding shaded area in panel (b) is hardly visible. In
this case the resulting cross sections deviate less than 3% at
all energies above 0.5 MeV.

Based on Fig. 13, the pOMP of Bauge et al. [35,36] can be
optimized at low energies by identifying the optimum value
for the normalization factor A, of the isoscalar real part of the
potential. Additional fine tuning could be achieved by varying
the normalization factor A,, of the isoscalar imaginary part but
it would not affect the cross sections significantly. Our search
for an optimum value of X, yielded a value of f, = 1.1, i.e,,
a 10% increase of A,. This is a 37% increase with respect to
the global adjusted value f, = 0.8 of [46]. The A,, parameter
remains unchanged, hence f,, = 1 compared to f,, = 1.5 of
[46]; however, as was also mentioned in the latter publication,
the increase of f,, only affects very few nuclides and not the
Sr isotopes.

After having improved the semimicroscopic JLM/B OMP
as described above, we proceeded to investigate whether a
combination of purely (semi)microscopic models of OMPs,
NLDs, and y SFs can successfully reproduce the experimental
data across the whole range of measured energies. Ideally,
one hopes to find one combination of OMPs, NLDs, and
¥ SFs capable of reproducing the (p, y) cross sections for all
Sr isotopes. The semimicroscopic model options offered by
TALYS 1.95 are listed in the third column of Table VI. If we
omit « OMP-I and IT and only consider « OMP-III, which is a
dispersive «OMP, we end up with 18 model combinations.

In our analysis, however, we only used the combinations
listed in Table VII, which we consider to be to some extent
self-consistent in terms of the microscopic models used to
calculate the nuclear ground-state properties. Such is the com-
bination of the global HFBCS NLD and HFBCS/QRPA y SF
models in Table VI. Both are based on the same Hartree-Fock-
BCS model using the same effective Skyrme interaction for
the description of the ground-state properties and are in this
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FIG. 14. Comparison of the experimental cross section data determined in the present work for ¥Sr(p, y)%Y with the corresponding
calculations (blue curve) performed with the TALYS-2 model combination and f, = 1.1 and f,, = 1. The black curve indicates the TALYS
default combination, whereas the red one corresponds to the TALYS-2 combination but with f, = 0.8 and f,, = 1.5, as recommended in [46]. In
addition, the dashed black curve shows the results using the TALYS-3 model combination that was found to be the best one for the reproduction
of our previous cross section results in the Se [8] and Mo [9] isotopes. Panel (a) depicts the astrophysical Sy factor obtained from the total
cross section, whereas panels (b) and (c) show the astrophysical S, and S,, factors given in Table V. In panel (d), the experimental metastable-
to-ground cross section ratio is compared with the corresponding TALYS calculations (see also text).

sense consistent. Similarly, the combination of HFB NLDs
and HFB/QRPA ySFs is also self-consistent since they are
both based on the same HFB model for the ground-state
properties.

The «OMP-III has also been updated to include proton
and neutron density distributions based on the same HFB
model in the double-folding calculations. Therefore, combi-
nation TALYS-3 in Table VII is self-consistent among three
out of four nuclear ingredients. Obviously, it is not possible
to attain 100% consistency among all the semimicroscopic
models used for OMPs, NLDs, and y SFs, therefore the list
in Table VII contains partially self-consistent models.

The results of our attempt to optimize the semi-
microscopic OMP of Bauge, Delaroche, and Girod [35,36]
and identify a purely semimicroscopic model combination
from those listed in Table VII that reproduces successfully
the experimental data for 38Sr(p, y)®Y are shown in Fig. 14.
Hereby, we plot astrophysical S factors instead of cross
sections, for a more transparent comparison between our ex-
perimental data and these calculations, because cross sections
cover five orders of magnitude in scale in contrast to the S
factors which extend over only three orders of magnitude. In
panels (a), (b), and (c) of Fig. 14, the depicted S factors are,

respectively, the S7, S,, and S, factors, as given in Table V. In
addition, the experimental isomeric-to-ground cross-section
ratio is compared with the corresponding calculations.

The best model combination found in our analysis for
8Sr(p, y)®Y is plotted in Fig. 14 with a blue curve that cor-
responds to TALYS-2 with f, = 1.1, f,, = 1. For comparison,
the purely phenomenological TALYS default cross sections are
also plotted as a black solid curve. In every panel of Fig. 14 we
include two more TALYS calculations, plotted as dashed-black
and red curves. The former corresponds to the “standard”
(fy =1, fu = 1) TALYS-3 combination, which was found to
be the best semi-microscopic model combination in our last
two investigations in the Se [8] and Mo [9] isotopes and is
given also here for an easier systematic comparison of (p, y)
reactions below mass A = 100.

The red curves depicted in all panels of Fig. 14 correspond
to the best model combination resulting when f, = 0.8 and
fw = 1.5 are used according to the global systematics of [46].
In this case too, the best TALYS model combination for the
reaction BSSr(p, 1)%Y is TALYS-2, i.e., the same as for the
local optimization of the pOMP using f, = 1.1 and f,, = 1.

Similar analyses were performed for the 8’Sr(p, y)®®Y and
8Sr(p, y)¥7Y reactions and the results are shown in Figs. 15
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FIG. 15. Same as in Fig. 11 but for the ¥Sr(p, y)®Y.

and 16, respectively. In the former case, TALYS-3 is the best
model combination, with f, = 1 and f,, = 1, as well as with
fy = 0.8 and f,, = 1.5. For the latter reaction, we found sim-
ilarly that TALYS-5 is the best model combination.

The data for the reaction 3*Sr(p, y)®>Y that were published
in [21] were also analyzed using the same approach after hav-
ing been corrected for screening effects. In this case, however,
there is no single combination of input parameters that can
describe reasonably well all the three types of measured cross
sections, namely, the total, ground state (g.s.), and metastable
cross sections. It is not clear whether this is due to an issue
with the measurements, or due to shortcomings in the spin
distribution of the NLD models. In Fig. 17, we compare
the 34Sr(p, y)®Y data with the TALYS default and the two
TALYS-4 combinations which gave the best results among all
the other combinations in Table VII. The comparison shows
conflicting trends in the calculated cross sections to the g.s.
and metastable states that lead to large deviations between
calculated and experimental ratios of metastable to g.s. cross
sections. These findings require further investigation that is
beyond the scope of this paper.

The best combinations of NLD and ySF models found
above can be validated by comparing their results for other
derived quantities, such as total radiative widths I',,, s-wave
resonance spacings Dy, and cumulative number of low-lying
levels, which are relevant at low excitation energies below
or around the neutron separation energy. Unfortunately, for
the compound nuclei populated by the (p, y) reactions on

88.87.86,84gy isotopes, i.e., for 89.88.87.85y  there are limited
experimental data available.

Due to the lack of measured average radiative widths, in
Fig. 18 we compare the calculated average radiative widths
with systematics [47]. As can be seen in the figure, the calcu-
lated I'y, values agree with the systematics for the compound
nuclei 8%y populated in the (p, y) reactions on ¥”-#8Sr while
for 887y, populated in the respective reactions on 3+86Sr,
they disagree by almost a factor of 2. Since the average radia-
tive width is an integral over the ¥ SF and NLD, it depends
both on the ySF and the NLD model used, therefore we
cannot discern if the disagreement observed in Fig. 18 for the
lighter isotopes of Y is due to the ySF or the NLD or both
models.

On the other hand, experimental ySF data have been
extracted for #Y by means of charged-particle reactions,
NRE, and (p, y) reactions as shown in Fig. 19. The ySF ob-
tained from the HFBCS/QRPA model of [41] (in combination
TALYS-2) agrees with the experimentally extracted data within
the experimental uncertainties. These results, combined with
those shown in Fig. 19, indicate that the HFBCS/QRPA model
of [41] used in TALYS-2, can describe low-energy y emis-
sion from the compound nucleus ¥Y fairly well. Although
the extracted experimental ySF data also depend on NLD
and other model assumptions implemented in the different
measurement techniques, within the range of uncertainties
they provide constrains for the theoretical models as shown
in Fig. 19. Additional effort is needed however, to extend
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FIG. 16. Same as in Fig. 11 but for the ¥Sr(p, y)¥"Y for which TALYS-5 was found to reproduce the data the best (see also text).
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FIG. 17. Same as in Fig. 11 but for the 3Sr(p, y)%Y for which TALYS-4 was found to better reproduce the experimental data (see also text).

025804-16



CROSS SECTION MEASUREMENTS OF PROTON CAPTURE ...

PHYSICAL REVIEW C 104, 025804 (2021)

T T T T T
L‘P‘ --@-- TALYS-2 --€-- TALYS-6 b
--0-- TALYS-3 --O-- TALYS-7 :
= --B-- TALYS-4 --A-- TALYS-8 Y ISOtOpeS
o --0O-- TALYS-5 --%-- Exp. E
E
0 10% .
> E ]
= ]
cc -
. — i
o]
] i
—
— i
<
b -
@)
=
10—1 1 1 1 1 1

35 36 37 38 39
Mass number A

FIG. 18. Total radiative widths ", of 33878889y jsotopes cal-
culated with the best combinations found in the present work are
compared with systematics from Ref. [47].

such measurements to a wider range of nuclei, both stable and
unstable. The experimental y SF data used in the comparison
were taken from the online IAEA database [48].

The validation of the NLD models for the relevant com-
pound and residual nuclei 8387889y is possible at the low
excitation energies involving discrete low-lying states. In
Fig. 20, the cumulative number N, of observed low-lying
states for 83:87-88.89y are compared with the results of the NLD
models used in the best combinations found in this work,
i.e., TALYS-4, -5, -3, and -2, respectively. As can be seen in
the figures, the NLD models can reproduce the low-energy
part of the available phase space in the Y compound nuclei
reasonably well. The NLDs based on semimicroscopic models
obviously do not provide a smooth increase reminiscent of
the constant-temperature model; however, they reproduce the
overall trend and in some of the cases, such as Y, are in
excellent agreement with the cumulative number of observed
low-lying states. Due to lack of experimental Dy data for the
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FIG. 19. Comparison of the dipole strength function f; obtained
from the HFBCS/QRPA model with the available experimental data
extracted using the Oslo method [49], NRF [50], and (p, y ) measure-
ments [51]. The experimental y SFs were taken from the IAEA PSF
database [48].
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FIG. 20. Comparison of the cumulative number (Neym) of ob-
served low-lying levels with NLD models used in the best

combinations found in this work for compound and residual nuclei
85.87.88.80y,

Y isotopes, we are unable to constrain or make any mean-
ingful comparison of the NLDs at higher excitation energies
around S,,, which are more relevant to the compound nucleus
reactions at the energies studied in the present work.

B. Reaction rates

Reaction rates are the key nuclear quantities used in p-
process abundance calculations. For this purpose, reaction rate
libraries such as BRUSLIB [52] and REACLIB [53] have been
developed and widely used in the last decades. Both libraries
provide stellar rates for almost any proton capture reaction.

BRUSLIB rates are calculated with the TALYS code us-
ing the phenomenological nucleon-nucleus OMP of Koning
and Delaroche [20], the global semimicroscopic models of
Demetriou, Grama, and Goriely [37] for the «-particle—
nucleus OMP, the Hartree-Fock-Bogolyubov (HFB) model
for NLDs [39], and the E1-strength function from the
HFB/QRPA calculation of Ref. [42].

REACLIB reaction rates are calculated with the NON-
SMOKERY®® HF code (version 5.0w) [54]. This code uses
the microscopic OMP of Jeukenne et al. [55,56], the phe-
nomenological model of McFadden and Satchler for the
a-particle-nucleus OMP [28], and the phenomenological y SF
and NLD models from Refs. [57,58], respectively.

In Fig. 21, we plot various ratios of the total stellar re-
action rates from the BRUSLIB and REACLIB databases with
the corresponding rates obtained in this work with the best
semimicroscopic model combinations as well as with those
derived with the semimicroscopic model combinations using
the global values f, = 0.8, f,, = 1.5 recommended by Vagena
et al. [46].

The solid blue curve in panel (a) of Fig. 21 depicts
the ratio of the BRUSLIB [52] total stellar reaction rates of
8Sr(p, ¥)¥Y over the corresponding rates determined in the
present work with TALYS2 and the “local” values f, = 1.1,
fw = L. The solid red curve is the similar ratio of the REACLIB
[53] rates. Accordingly, the dotted blue and dotted red curves
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FIG. 21. Ratios of the stellar reaction rates of the BRUSLIB [52]
and REACLIB [53] databases over the stellar rates obtained for the
three (p, y) reactions investigated in the present work using the
semimicroscopic model combinations found to reproduce the best
the (p, y) reaction cross sections determined in the present work (see
text for details).

depict the ratio of the BRUSLIB and REACLIB total stellar
reaction rates over the corresponding ones calculated with
TALYS2 and the “global” values f, = 0.8, f, = 1.5 recom-
mended by Vagena er al. [46]. In addition, we also plot
the ratio of the TALYS-2 (global) to TALYS-2 (local) results
with a solid black curve. The legend in panel (a) applies to
the other two panels (b) and (c) for the ¥Sr(p, y)®Y and
8Sr(p, ¥)®7Y reactions investigated in the present work. The
two grey vertical lines shown in every panel indicate the
temperature region where p process occurs.

According to panel (a) of Fig. 21, in the temperature region
relevant to p process, the TALYS2 “global” rates deviate from
the TALYS2 “local” ones up to 25%. Moreover, the correspond-
ing REACLIB rates deviate the most (60%), whereas in the case
of BRUSLIB the relevant ratio does not exceed 1.35. Both the
REACLIB and BRUSLIB rates show smaller deviations when
compared with the TALYS2 “global” ones.

In the case of 8’Sr(p, y)®®Y shown in panel (b), the REA-
CLIB rates do not deviate more than 20% from the TALYS2
“local” ones and much less (5%) from the TALYS2 “global”
rates. The BRUSLIB rates deviate less than 10% in both cases,
whereas the TALYS2 “global” ones deviate from those of
TALYS2 “local” by 15% at the most. Finally, as shown by the
ratios plotted in panel (c) for ¥Sr(p, y)®7Y, the corresponding

deviations lie between those observed in the two previous
cases.

Based on Fig. 21, it can be concluded that the total stellar
reaction rates given in the REACLIB database are deviating
the most from those derived by using the semimicroscopic
model combinations that were found to reproduce the best
the (p, y) reaction cross sections determined in the present
work.

V. CONCLUSIONS

In the present work the total cross sections of proton
capture reactions on 0Sr, 8Sr, and ®Sr isotopes were deter-
mined at energies relevant to p-process nucleosynthesis from
y-angular distribution measurements and angle-integrated y
spectra taken with the 47 y-summing technique [2]. The cross
sections to the corresponding isomeric and ground states were
also determined and the relevant isomeric cross-section ratios
were derived.

Our cross-section data and the resulting astrophysical S
factors were compared with Hauser-Feshbach (HF) calcu-
lations obtained with the latest version 1.95 of the nuclear
reaction code TALYS [4,5] using combinations of global
semimicroscopic and phenomenological models of optical po-
tentials (OMPs), nuclear level densities (NLDs), and y-ray
strength functions (y SFs).

Overall, a good agreement was found between our data
and the TALYS cross sections obtained with the phenomeno-
logical nucleon-nucleus OMP of Koning and Delaroche [20],
the «OMP of Avrigeanu et al. [22], the constant tempera-
ture Fermi gas (CTFG) model for NLDs [4], and the ySFs
based on the generalized Lorentzian of Kopecky and Uhl
(KU) [23].

The Lane-consistent semimicroscopic OMP of Bauge, De-
laroche, and Girod [35,36] was optimized to reproduce our
experimental data for *¥Sr(p, y)¥Y at the lowest energies
measured, where its predictions were deviating by almost 50%
from data. This was achieved by varying the normalization
factors A, and A,, for the real and imaginary isoscalar compo-
nents of the central OMP.

This new local semimicroscopic pPOMP was then combined
with global, semimicroscopic, and consistent NLD and y SF
models to give equally good descriptions of the proton capture
cross sections for the %°Sr, 87Sr, and %8Sr isotopes as the
global phenomenological models. In addition, we used the
recently improved global semi-microscopic OMP of Bauge,
Delaroche, and Girod [35,36] by [46], which also reproduces
the low-energy cross sections for the (p,y) reactions on
86.87.885r jsotopes. An optimum combination of semimicro-
scopic NLD and y SF along with this improved pOMP was
found to describe the experimental cross sections fairly well.
The semimicroscopic models of NLDs and ySFs in these
optimal combinations were further validated by comparisons
with other available independent data on low-lying observed
levels and total radiative widths. However, it was not possible
to identify one unique combination of semi-microscopic input
models for all three Sr isotopes.

The stellar reaction rates obtained using the semi-
microscopic model combinations that were found to

025804-18



CROSS SECTION MEASUREMENTS OF PROTON CAPTURE ...

PHYSICAL REVIEW C 104, 025804 (2021)

reproduce our experimental data the best were compared with
the corresponding rates from the BRUSLIB [52] and REACLIB
[53] libraries. It was found that, in the p-process relevant
temperature region, the REACLIB stellar rates overall deviate
up to 60% in the case of 3Sr(p, y)*’Y and around 40% for
86Sr(p, y)87Y, whereas in the case of 87Sr(p, )/)88Y, they
differ by not more than 15%. The corresponding deviations
of the BRUSLIB stellar rates ware found to be 35%, 15%, and
10%, respectively.

Our results underscore the importance of performing sys-
tematic studies of proton-capture reactions for as wide a range
of relevant nuclei as possible to reduce the uncertainties of
global nuclear models. In this regard, new (p, y) cross-section
measurements at the lowest possible energies below the open-
ing of the neutron channel are of key importance to improve

global proton-nucleus optical model potentials. In addition,
independent experimental data on NLDs and ySFs are also
crucial to determining the HF ingredients at energies above
the neutron threshold.
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