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Cross section measurements of proton capture reactions on Se isotopes relevant to the astrophysical
p process
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Cross sections of proton capture reactions on 74Se, 78Se, and 80Se have been measured at incident beam energies
from 2 to 6 MeV, 1.7 to 3 MeV, and 1.5 to 3.5 MeV, respectively. In the case of 78,80Se, cross sections were obtained
from in-beam γ -angular distribution measurements, whereas for the 74Se isotope they were derived from off-beam
activity measurements. The measured cross sections were compared with calculations performed with the nuclear
reaction code TALYS (version 1.6). A good agreement between theory and experiment was found. Astrophysical
S factors and reaction rates deduced from the experimental and calculated cross sections were also compared
and the impact of different nuclear ingredients in the calculations on the reaction rates was investigated. It was
found that, for certain combinations of nuclear input models, the reaction rates obtained at temperatures relevant
to p-process nucleosynthesis differ by a factor 2 at the most, differences that are well within the acceptable
deviations of calculated p-nuclei abundances and observations.
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I. INTRODUCTION

The vast majority of the trans-iron nuclei are synthesized
in cosmos by the s and r processes [1,2] by either “slow” or
“rapid” neutron radiative captures, respectively. In both cases,
the (n,γ ) reactions are followed by β− decays of unstable
nuclei produced either close or far away from the valley of
stability. The “pathways” formed by these nuclear processes
never cross 35 proton-rich stable nuclei lying between 74Se
and 196Hg. These isotopes are known as p nuclei and their
synthesizing mechanism is referred to in astrophysics as the p
process [3].

As already comprehensively reviewed by Arnould and
Goriely in [3], the p process evolves through a huge network
of more than 20 000 nuclear reactions involving almost 2000
isotopes between iron and bismuth. This network comprises
a huge number of coupled differential equations containing—
as coefficients or unknown parameters—the decay rates of the
involved unstable isotopes, the rates of the reactions through
which nuclei are produced or destroyed and the abundances of
the isotopes involved. The reactions entering the network are
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neutron, proton, α-particle photodisintegrations, their compet-
ing capture reactions, as well as electron captures and β decays.
Solving the network is required for the reproduction of the
p-nuclei abundances in the stellar environment of interest.

The p-process network is taken [3] to operate at stellar
temperatures between ≈1.8 and 3.3 billion degrees, i.e., at
explosive stellar environments such as supernovae of type
II (SN II) just before or during their explosion. Apart from
that of a SN II site, some other stellar environments have
been proposed as additional candidates hosting p-process
nucleosynthesis. In some of these cases, additional types of
nuclear reactions have been considered. Nevertheless, as of
today, most of the latter scenarios are still under investigation
and it is fair to say that any attempt to understand the origin of
the p nuclei and the details of their creation in cosmos still faces
a major problem, i.e., to explain the discrepancies between the
abundances of the p nuclei predicted by the various p process
models and those observed in the solar system.

It is well accepted that successful calculations of p-nuclei
abundances may deviate from the observed ones within an
overall factor of 3 (see, e.g., in [3]). So far, however, none
of the p-process models is capable of achieving this for all p
nuclei; Instead there are some striking cases like, e.g., 92Mo,
for which the elimination of the strong discrepancies observed,
partly up to two orders of magnitude, may require unrealistic
parameters in the description of the astrophysical conditions.
Such discrepancies indicate serious deficiencies either in the
pure astrophysical modeling of the p process or they refer
to large nuclear physics uncertainties entering the abundance
calculations.

These considerations have motivated a large number of
cross section measurements of proton capture reactions (see,
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e.g., Refs. [4–6]), and to a lesser extent α-particle induced
nuclear reactions at energies close or within the Gamow
window associated to the p process. In the (p,γ ) cases this
window ranges from ≈1 to 5 MeV and is shifted to the
≈5–12-MeV region for (α,γ ) reactions. The primary goal of all
these experimental studies is to investigate the nuclear physics
uncertainties, i.e., to constrain all nuclear parameters, notably
the optical model potentials (OMPs) and the nuclear level
densities (NLDs) that are used to calculate theoretical cross
sections within the statistical model for all reactions involved
in the reaction network: Apparently, it is impossible to measure
the cross sections of all these reactions, especially because
their vast majority refers to unstable target nuclei. Instead, the
Hauser-Feshbach (HF) theory [7] is almost exclusively used
for this task.

The present paper reports on a systematic study of proton-
induced reactions on Se isotopes. It complements our previous
studies of capture reactions in nuclei with mass numbers A
ranging from ≈60 to ≈120.

II. EXPERIMENTAL SETUPS AND MEASUREMENTS

Three different sets of cross section measurements have
been performed in the present work. In the first and second
sets, the cross sections of the 78Se(p,γ )79Br and 80Se(p,γ )81Br
reactions were determined for the first time from γ -ray angular
distribution measurements. The energy of the proton beams,
delivered by the 4-MV single-ended Dynamitron accelerator
that operated previously at the University of Stuttgart, ranged
from 1.5 to 3.5 MeV. In the third set of measurements, which
have been carried out at the 5.5-MV T11/25 Van de Graaff
Tandem Accelerator Laboratory of NCSR “Demokritos,” the
activation technique was used to determine cross sections at
energies from 2 to 6 MeV. The energy calibration of both
accelerators was performed by nuclear magnetic resonance
measurements (NMR) at the “plateau” of the 992-keV reso-
nance of the 27Al(p,γ )28Si reaction, as described, e.g., in [8].
In both cases, the uncertainties in the incident proton energy
did not exceed 2 keV.

A. γ -ray angular distribution measurements

The experimental setup consisted of four hyper-pure Ge
(HPGe) detectors mounted on a rotating table at distances
ranging from 13 to 20 cm from the target. The relative
efficiency was almost 100% for the three of them and 76%
for the fourth one. The Compton background was suppressed
by using four BGO (Bi4Ge3O12) crystals surrounding the Ge
detectors. A detailed description of the experimental setup is
given in [9].

By rotating the table by 15◦ in the case of 78Se(p,γ )79Br,
and 10◦ in the case of 80Se(p,γ )81Br, γ -singles spectra were
measured at eight angles with respect to the beam direction.
At each angle, two different γ -singles spectra per detector
were taken by guiding the corresponding pre-amplifier output
signal into two different amplifiers of different gains that
further fed two different analog-to-digital (ADC) converters.
This way, a low- and a high-gain γ spectrum were obtained
from each detector at each angle and beam energy. The former

spectrum included γ rays with energies up to ≈12.3 MeV in
the case of 78Se(p,γ )79Br and ≈15.5 MeV for 80Se(p,γ )81Br.
These spectra were used to obtain mainly the yields of the
corresponding primary γ transitions, i.e., γ rays deexciting the
“entry state” of the produced nucleus. The high-gain spectrum
included γ rays up to ≈4 MeV and was used for the analysis
of secondary γ transitions, i.e., γ rays deexciting discrete
levels that are fed by primary γ transitions and, as such, lie
below the entry state. At each energy, additional spectra were
taken at each one of the eight angles with the proton beam
impinging on a blank backing, in order to investigate possible
yield contributions from reactions occurring in the backing
material. The latter were found to be negligible.

The absolute efficiency of our detector setup was deter-
mined as described in our previous papers (see in Refs. [9,10]).
Furthermore, effects due to coincident summing were checked
with a 57Co radioactive source following the procedure de-
scribed in [11] and found to be negligible. The targets used
for the γ angular distribution measurements were prepared
by evaporating highly enriched isotopic material onto 0.2-
mm-thick tantalum disks with a 4-cm diameter. The isotopic
enrichment of the 78Se target was 97.8%, whereas that of 80Se
was 98%. The areal densities ξ of the targets, often referred to
in the following as the “target thicknesses,” were determined
using the x-ray fluorescence (XRF) technique (see, e.g., in
[12,13]). The areal densities of the two 80Se targets, which
were placed at 90◦ with respect to the beam direction, were
106 ± 11 and 132 ± 13 μg/cm2. The 78Se target was placed
at 105◦ to the beam axis; thus its effective areal density was
90 ± 9 μg/cm2. According to the well-established code SRIM

[14], the energy loss of a 3-MeV proton bombarding energy in
these targets was 6, 7, and 5 keV, respectively.

During the measurements, the beam current ranged between
3 and 15 μA and the diameter of the almost circular beam
spot was ≈4 mm. To avoid loss of target material due to
target heating, the Ta backings were cooled directly with water
throughout the measurements. Moreover, the thickness of the
targets was checked at regular time intervals by collecting
in-beam γ spectra at 2.4 and 2.5 MeV to compare the yields
of some strong γ transitions from reactions induced on the
target material by the proton beam: It was found that, within
statistical errors (�5%), no target deterioration occurred.

Typical low gain γ -singles spectra of the 78Se(p,γ )79Br
reaction measured at Ep = 3 MeV and the 80Se(p,γ )81Br
reaction taken at Ep = 1.7 MeV are shown in Figs. 1 and 2,
respectively. Both spectra were measured with the detector
placed at an angle θ = 90◦ with respect to the beam axis.
Hereby, the peaks coming from γ transitions feeding the
relevant ground state are all contained in panels (a) and are
marked with numbers corresponding to their energy in keV.
Both spectra include also peaks resulting from the (p,p′γ )
reaction of the proton beam on Ta (backings) and 23Na.
These peaks are labeled with the symbols 181Ta and 23Na,
respectively. Moreover, the γ lines from the (p,p′γ ) reaction
on the target isotopes are marked with 78Se and 80Se in Figs. 1
and 2, respectively. In both figures, there exist also peaks
arising from the 19F(p,γ )20Ne and 19F(p,αγ )16O reactions.
19F is a common impurity in Ta foils, while 23Na is usually
deposited on the targets during their preparation. In addition, a
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(a)

(b)

(c)

FIG. 1. Typical low gain γ spectrum of the 78Se(p,γ )79Br reac-
tion measured at Ep = 3 MeV. The accumulated charge was 10.5 mC
(see Sec. II A for details).

strong γ line at ≈3.5 MeV appears in panel (b) of Fig. 2. This
peak arises from the 12C(p,γ )13N reaction resulting from the
reaction of the protons impinging on the carbon deposited by
the beam on the target surface.

The primary γ rays, i.e., the γ transitions depopulating the
entry state of the produced 79Br and 81Br compound nuclei and
feeding lower-lying discrete levels are indicated in panels (c) of
Figs. 1 and 2 as γi . The integer index i indicates the accession
number of the populated ith discrete state according to the
level listing of [15] for 79Br and 81Br. Hence, the peak labeled
as γ0 in panels (c) of these figures is the primary γ transition
to the corresponding ground states. It is worth emphasizing
that γ0 was present in all in-beam γ spectra collected in the
present measurements. In Figs. 1 and 2, some single- (SE) or
double-escape (DE) peaks are also visible. In the case of the
primary γ transitions the corresponding peaks are labeled as
SEi and DEi , respectively.

The peak in Fig. 1(a) labeled with 133Ba is the 356-keV γ
transition emitted by a 133Ba radioactive source that was used
as a “clock” to determine the corresponding dead time and
accordingly correct the intensities of the peaks of interest. The
vast majority of the unlabeled peaks shown in Figs. 1 and 2
refer to secondary γ transitions not feeding the ground state.

(a)

(b)

(c)

FIG. 2. Same as in Fig. 1 but for the 80Se(p,γ )81Br reaction
measured at Ep = 1.7 MeV. The accumulated charge was Q =
22.6 mC (see Sec. II A for details).

It is worth noting that some primary γ transitions, such as
the γ1 and γ9 in 79Br expected to appear at energies 9.094 and
8.541 MeV, respectively, have not been observed in the spectra:
The centroid of γ1 is indicated in Fig. 1(c) by a dashed arrow
and γ9 should appear between the single-escape peaks SE2 and
SE3. The lack of some primary γ transitions in the spectra is to
be attributed either to a very weak intensity or to the large spin
difference between the entry and the corresponding final state
that may suppress the connecting γ ray. The aforementioned
γ9 transition is a typical example of such a case: Because of the
low energy of the beam, the projectiles are s-wave protons, i.e.,
their angular momentum l is zero. This value, in conjunction
with the spin and parity of the ground state (Jπ = 0+) of the
target nucleus 78Se, results in a Jπ = 1/2+ entry state of the
produced nucleus 79Br. Since the ninth excited state of 79Br
has Jπ = 7/2−, the primary γ9 transition would correspond to
a spin difference �J � 3, a difference that may explain the
absence of this transition.

B. Activation measurements

Proton-induced compound nucleus (CN) reactions with a
neutron-emission channel opening at relatively high energies
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FIG. 3. Drawing of the scattering chamber employed in the
activation measurements (see Sec. II B for details).

are best suited for a sensitive test of different optical model
potentials (OMPs), since the (p,γ ) channel is the strongest
over a broad energy range. This is mostly the case when the
target nucleus is the lightest isotope of the element of interest.
Such a paradigm is the p nucleus 74Se, for which the (p,n)
channel has a threshold at 7.79 MeV. For comparison, the same
threshold amounts to 5.82, 2.18, 4.41, 2.69, and 0.89 MeV for
the heavier stable Se isotopes with mass number 76, 77, 78,
80, and 82, respectively.

Gyürky et al. [16] have already reported experimental (p,γ )
cross sections on Se isotopes determined using the activation
technique at proton energies Ep ranging from 1.3 to 3.6 MeV.
The data published in this work for the case of 74Se were in the
1.3–2.8-MeV range. Hence, the remaining “test” region up to
7.79 MeV has not been covered and this motivated the present
activation measurements.

The experimental setup used in the present activation
measurements is sketched in Fig. 3. It consists of a cylindrical
scattering chamber made of aluminum with an outer diameter
of 80 cm and a height of 35 cm. The chamber can host
up to eight surface barier detectors which are mounted onto
aluminum rails so that their distance to the target can be
adjusted by moving them on a rail. Samples to be irradiated
were mounted on a target holder positioned at the center of the
chamber that can move vertically. Every sample was cooled
by a copper block attached on its back side. Between the
sample and the block a thin mica foil was placed to achieve
electrical, but not thermal, insulation. This way, targets are
cooled indirectly by induction. The beam of the irradiating
protons was collimated twice: the first collimator (Ø = 5 mm)
downstream is located at a distance of ≈80 cm from the sample
position, whereas the second one (Ø = 3 mm) is mounted
at the entrance of the chamber followed by an antiscatterer
(Ø = 3.5 mm). They are all made of tantalum.

The samples used in our activation measurements had
a diameter of ≈20 mm and were produced at the target
preparation facility of the Tandem Accelerator Laboratory of
NCSR “Demokritos” by evaporating metallic Se onto Al or
Si wafers. The thickness of both backings was ≈0.3 mm. The
areal densities of the Se layers were determined using the XRF
technique [12,13] with an accuracy of ≈5% and found to vary
between 484 and 646 μg/cm2. More details on the targets used

TABLE I. Areal densities ξ of the targets used in the irradiations
of the present work at incident proton energies Ep . �E is the
corresponding beam-energy loss in the target and Q is the charge
accumulated by the end of the irradiations, whereas Nt is the number
density of the natSe target.

Ep Areal density �E Number density Q

(MeV) ξ (μg/cm2) (keV) Nt (1016 at/cm2) mC

2.0 604 ± 30 43 461 ± 23 12.8 ± 0.9
2.5 484 ± 24 30 369 ± 18 7.74 ± 0.54
3.0 539 ± 27 30 411 ± 21 8.45 ± 0.59
3.5 582 ± 29 30 444 ± 22 7.15 ± 0.50
4.0 555 ± 28 26 423 ± 21 6.55 ± 0.46
4.5 646 ± 32 28 493 ± 25 6.80 ± 0.48
5.0 534 ± 27 22 407 ± 20 2.12 ± 0.15
5.5 548 ± 27 21 418 ± 21 3.26 ± 0.23
6.0 486 ± 24 17 371 ± 19 1.89 ± 0.13

are given in Table I. During all irradiations, water cooling
was applied to avoid material loss of the targets. Rutherford
Backscattering Spectrometry (RBS) was, furthermore, applied
to monitor the thickness and stability of the targets. For this
purpose, RBS spectra were taken in frequent time intervals
with a 300-μm-thick Si surface-barrier detector that was placed
inside the chamber at a distance of ≈30 cm from the target and
at an angle θ = 170◦ with respect to the beam direction. From
the comparison of the different RBS spectra it was found that
target deterioration effects were not significant and were kept
below 5%. A typical RBS spectrum is shown in Fig. 4.

The beam current ranged from 100 to 900 nA and was
kept stable during each irradiation. The accumulated charge
Q was measured with a current integrator (CI) and was subse-
quently digitized and recorded in multichannel scaling mode
(MCS) within short time intervals �t by using a “multiscaler”

FIG. 4. Typical Rutherford backscattering spectrum (RBS) mea-
sured with a 2.5-MeV proton beam impinging on a 484-μg/cm2-thick
natSe layer evaporated on a 0.3-mm-thick Si wafer. The black solid
curve is the corresponding simulation performed using the code
SIMNRA [17].
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FIG. 5. Typical γ -activity spectrum taken at Ep = 4 MeV (see
Sec. II B for details).

electronic unit connected directly after the CI to monitor the
beam stability and correct for fluctuations of the beam flux
	 in the subsequent data analysis. The uncertainty of the CI
reading was ≈7%, whereas the bins �t were constantly 100
s. For a reliable current integration, a suppression voltage of
+300 V was applied for the electrons emitted by the target and
the beam collimator located at the entrance of the chamber, as
shown in Fig. 3. The irradiation time (tb) of the targets lasted
4 h in each beam energy.

The induced activity of the samples was measured after
every irradiation with a HPGe detector, which was was placed
at a distance of ≈15 cm from the sample and was shielded
with Pb blocks in order to reduce the background induced by
natural radioactivity. Its relative efficiency was 50% and its
absolute efficiency was determined using a calibrated 152Eu
source placed at the same sample position to ensure the same
geometry conditions as in the activity measurements. The time
interval tw (“waiting time”) between the end of each irradiation
cycle and the start of the off-beam activity measurements
ranged from 6 to 15 min. A typical γ activity spectrum taken
for ≈3.9 h after a 4-h-long irradiation of a 555-μg/cm2-thick
natSe target with 4-MeV protons is shown in Fig. 5. Hereby,
the strongest γ transitions are marked with the corresponding
decaying “mother” isotope. Most of these peaks were used to
extract cross sections.

III. DATA ANALYSIS AND RESULTS

A. γ -ray angular distribution measurements

The total cross section σT of a capture reaction measured by
means of the γ -ray angular distribution technique is derived
by

σT = A

NAξ
Y, (1)

where A is the atomic weight of the target in amu, NA is the
Avogadro number, ξ is the areal density of the target in g/cm2,
and Y is the total reaction yield, i.e., the absolute number of the
produced nuclei per beam particle. Y is the sum of the absolute

yields Yi of all transitions feeding the ground state and is given
by

Y =
N∑

i=1

Yi =
N∑

i=1

Ai
0, (2)

where N is the number of transitions feeding the ground
state and A0 are the absolute coefficients of the correspond-
ing γ -angular distributions. The latter consist of data points
I (θ,ε,Np) at a number of angles θ with respect to the beam
axis, corrected for the absolute efficiency ε, the corresponding
number of the incoming beam particles Np, and dead time. Np

is determined from

Np = Q/Zqe, (3)

where qe is the charge of the electron, Z is the atomic
number of the bombarding particles, here Z = 1, and Q is
the accumulated charge determined by measuring the beam
current and further integrating it over the measurement time
by means of a current integrator. Hence,

I (θ,ε,Np) = A(Eγ ,θ )

εγ (Eγ ,θ )td (θ )Q
, (4)

where td is the dead-time correction factor, A is the area under
the peak of the γ transition with energy Eγ detected at angle
θ , εγ (Eγ ,θ ) is the corresponding detector efficiency, and Q is
the accumulated charge.

The absolute A0 coefficients, i.e., the absolute intensities of
the γ transitions of interest, result from the fitting of the sum
W (θ ) of Legendre polynomials Pn(cosθ ) to the corresponding
γ -angular distribution, i.e.,

W (θ ) = A0[1 + a2P2(cosθ ) + a4P4(cosθ )], (5)

where the a2 and a4 coefficients result from the fit and depend
on the angular momentum of the initial and final state.

Figures 6 and 7 depict the level schemes of 79Br and 81Br
used in our data analysis to identify the γ transitions of interest.
The numbers shown at the right of each level included in these
figures indicate the corresponding excitation energy in keV,
whereas the relevant spins and parities, if given in [15], are
indicated at the left of the level.

In these figures, only the excited states feeding the ground
state together with the corresponding transitions (dashed ar-
rows) are included. These transitions are those that were taken
into account to determine the cross sections by first determining
Y from Eq. (2) and then applying Eq. (1). Depending on the
energy of the incident protons, the energy of the entry states
observed in the present work ranged between 8 and 9.3 MeV
for the 78Se(p,γ )79Br reaction and from 8.99 to 10.98 MeV
for 80Se(p,γ )81Br.

In Fig. 7, an additional γ transition is shown with a curly
arrow that deexcites the metastable state of 81Br at 536.2 keV
(T1/2 = 34.6 μs) and feeds its first excited state. This transition
was included in the level scheme for completeness as it was
analyzed in order to determine the corresponding partial cross
section σm of the production of 81Br in the aforementioned
metastable state.

Typical γ -angular distributions measured in the present
work for the 78Se and 80Se nuclei are shown in Figs. 8 and 9,
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FIG. 6. Level scheme of the 79Br nucleus containing all the γ

transitions (dashed arrows) observed in the present work to populate
its ground state. These transitions were used to determine the total
cross section of the 78Se(p,γ )79Br reaction as described in Sec. III A.

respectively. As shown there, the angular distribution effects
were almost negligible. In fact, fitting W (θ ) [Eq. (5)] to almost
100 randomly selected γ -angular distributions, it was found
that the resulting A0 coefficients were within less than 5%
equal to the weighted mean W of the data points I (θ,ε,Np) of
the corresponding γ -angular distribution. Hence, the absolute
yields Yi [Eq. (2)] of all (≈600) γ -angular distributions mea-
sured in the present work were derived by simply determining
the corresponding Wi values. In the case of the γ -angular
distributions displayed in Figs. 8 and 9, the corresponding W
values are indicated with dashed horizontal lines.

The experimental total cross sections σT and the corre-
sponding astrophysical S factors obtained from the γ -angular
distribution measurements for the 78Se(p,γ )79Br and the
80Se(p,γ )81Br reactions are summarized in Table II. The errors
given therein range between 10 and 15%. These are the result of
error propagation in Eq. (1). Hereby, the relative uncertainties
in the thicknesses ξ of the targets, the detector efficiency εγ ,
and the accumulated charge Q were 10%, ≈5%, and ≈3%,
respectively, whereas that in the total yield Y ranged between
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FIG. 7. Same as in Fig. 6 but for 81Br.

3 and 30%. The latter refer to the relative errors in the weighted
means in Wi of the data points I (θ,ε,Np) of the different
γ -angular distributions, which resulted from error propagation
in Eq. (4).

Both the total cross sections σT and astrophysical S factors
given in Table II are corrected for screening effects [18–20].
These effects result in an increase of the cross section and,
hence, a correction is necessary. This was done by dividing the
cross sections obtained from the γ -angular distributions with
the electron screening factors fs given [20] by

f (E) = E

E + Ue

exp

(
πη(E)ZtZpUe

E

)
, (6)

where Ue is the electron screening potential of ≈300 eV [18–
20], E is the center-of-mass energy (in keV), Zt and Zp are
the atomic number of the target and the projectile, respectively,
and η is the Sommerfeld parameter [18] defined by

2πη = 31.29ZtZp

(μ

E

)1/2
, (7)

with the reduced mass μ in amu.
The electron screening factors fs for the reactions investi-

gated are also given Table II. The astrophysical S factors given
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FIG. 8. Typical angular distributions of γ transitions of 79Br
measured at Ep = 3 MeV (see Sec. III A for details).

therein were determined from the electron-screening-corrected
cross sections σT using

S(E) = σT(E)Ee2πη(E). (8)

The Ec.m. values given in Table II are the corresponding
effective beam energies Eeff in the center-of-mass system
deduced from

Eeff = Ep − �E

2
, (9)

where Ep is the incident proton beam energy and �E/2 is its
energy loss at the center of the target. The latter was derived
from the stopping powers calculated with the code SRIM [14].

B. Activation measurements

Cross section measurements using the activation technique
evolve in three discrete time intervals. In the first one, a target is
irradiated for time tb, depending on the half-life of the produced
unstable “mother” nucleus that decays to the ground state or
to one or more excited levels of a “daughter” nucleus, being
usually a stable isotope. The excited states of the daughter
are subsequently deexcited by emitting γ rays that populate
lower-lying excited levels or the ground state. The detection
of the latter γ transitions takes place during the third time
interval, tm (“measurement” or “counting” time). Usually, a
short “waiting” time tw intervenes between the irradiation of
the samples and the measurement of the induced activity so

FIG. 9. Same as in Fig. 8 but for the 81Br. The corresponding γ0

transition is plotted in panel (a).

that the produced “hot” sample gradually “cools” and becomes
easy to handle, or disturbing short-lived activities decay out.

The total cross section σT can be obtained from the intensity
Aγ (net counts under the peak) of at least one of the γ transi-
tions depopulating an excited state of the daughter nucleus.
Aγ has to be corrected for dead time, absolute efficiency
(εγ ), cascade summing (ks), self-absorbtion (kγ ) in case the
thickness of the irradiated sample requires it, and possible
pile-up effects. Using these quantities, the total number ND of
the daughter nucleus produced during the irradiation, which
did not decay until the beginning of the counting cycle, is
obtained by

ND = Aγ

tdεγ kskγ Iγ

, (10)

where Iγ is the relative γ -ray intensity per decay and td is the
dead-time correction factor. ND relates to the total number N0

D
of the daughter nucleus produced during the irradiation time
tb with

N0
D = NDeλtw

1 − eλtm
, (11)

where λ is the decay constant of the produced unstable mother
nuclei.

The cross section is derived from

σ = λN0
D

N0
i (1 − e−λ�t )

[ ∑n
j=1 	je−(n−j )λ�t

] , (12)
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TABLE II. Screening corrected total cross sections σT determined in the present work at various center-of-mass energies Ec.m. together
with corresponding astrophysical S factors and the screening correction factors fs of the reactions 78Se(p,γ )79Br (first four columns) and
80Se(p,γ )81Br (last four columns). The uncertainties in Ec.m. amount to 5 keV at the most.

78Se(p,γ )79Br 80Se(p,γ )81Br

Ec.m. σT S factor fs Ec.m. σT S factor fs

(MeV) (μb) (104 MeV b) (MeV) (μb) (105 MeV b)

1.681 30.9 ± 3.6 904 ± 105 1.082 1.482 8.53 ± 1.03 119 ± 14 1.100
1.879 120 ± 13 968 ± 101 1.069 1.681 37.4 ± 4.0 110 ± 12 1.082
1.978 170 ± 18 775 ± 84 1.063 1.782 75.0 ± 8.2 111 ± 12 1.075
2.177 415 ± 43 682 ± 71 1.055 1.880 133 ± 15 107 ± 12 1.069
2.276 619 ± 65 644 ± 67 1.051 1.981 242 ± 26 109 ± 12 1.063
2.376 920 ± 96 625 ± 65 1.048 2.078 389 ± 43 104 ± 11 1.059
2.475 1141 ± 119 519 ± 54 1.045 2.180 611 ± 66 99.4 ± 10.7 1.055
2.574 1683 ± 175 525 ± 55 1.042 2.277 881 ± 97 91.6 ± 10.0 1.051
2.673 2309 ± 240 506 ± 53 1.040 2.379 1229 ± 137 82.6 ± 9.2 1.048
2.773 3026 ± 315 474 ± 49 1.038 2.476 1726 ± 191 78.4 ± 8.7 1.045
2.872 4018 ± 421 459 ± 48 1.036 2.577 2148 ± 237 66.5 ± 7.3 1.042
2.969 4614 ± 485 394 ± 41 1.034 2.627 3006 ± 329 77.7 ± 8.5 1.041

2.677 2285 ± 254 49.6 ± 5.5 1.040
2.777 1492 ± 177 23.2 ± 2.7 1.038
2.876 1335 ± 156 15.1 ± 1.8 1.036
3.076 698 ± 95 4.40 ± 0.60 1.032
3.274 624 ± 96 2.32 ± 0.36 1.029
3.473 777 ± 112 1.79 ± 0.26 1.027

where N0
i is the number of the nuclei of the isotope under

investigation in at/cm2, i.e., the target number density Nt

multiplied by the corresponding isotopic abundance 	j is the
proton flux during the j th time interval �t and n is the total
number of the irradiation time intervals (bins).

In our measurements, self-absorption corrections were not
necessary as the Se layers of the irradiated samples were
sufficiently thin. Moreover, the HPGe detector was properly
distant (15 cm) from the target surface during the off-beam
activity measurements. As a result, cascade summing and
pile-up effects were not significant and corrections were not
necessary.

The decay properties of the Br nuclei produced in our
irradiations for which (p,γ ) or (p,n) reaction cross sections
were measured in the present work by means of the acti-
vation technique are given in Table III, whereas the results
for the screening-corrected total cross sections σT and the
astrophysical S factors are given in Table IV. Hereby, we
give only for 74Se(p,γ )75Br a screening correction factor fs

(second column) since it differs only in its fifth decimal place,
i.e., less than 0.01%, from the respective values of the other
two reactions. In the last column of Table IV, the weighted
sum σ� of the total cross sections of the 76Se(p,γ )77Br and
77Se(p,n)77Br reactions is given. The corresponding energies

TABLE III. Decay properties of the Br nuclei investigated in the present work by means of the activation technique. The third column
indicates the decaying state and its spin and parity J π in parentheses. The corresponding half-life is given in the fourth column. The last column
contains the strong γ rays which, except for three superscripted with “X,” were analyzed to determine the cross section of the corresponding
reactions listed in the second column. Each γ ray is followed by brackets containing the corresponding relative intensity per decay Iγ (%)
entering Eq. (10). The latter values were taken from [15].

Product Producing Decaying Half-life Eγ (keV)
nucleus reactions state

75Br 74Se(p,γ ) Ground state (3/2−) 96.7(13) m 141.2X [6.6 ± 0.6], 286.5 [88 ± 5],
77Br 76Se(p,γ ), 77Se(p,n) Ground state (3/2−) 57.04(12) h 239.0 [23.1 ± 0.5], 520.7 [22.4 ± 0.6]

Isomeric state (9/2+) 4.28(10) m 105.9X [13.70 ± 0.19]
80Br 80Se(p,n) Ground state (1+) 17.68(2) m 665.8 [1.08 ± 0.13], 616.3 [6.7 ± 0.6]

Isomeric state (5−) 4.4205(8) h 37.1X [39.1± 0.8]
82Br 82Se(p,n) Ground state (5−) 35.282(7) h 554.3 [71.1 ± 0.8], 619.1 [43.5 ± 0.5], 698.4 [28.3 ± 0.4]

776.5 [83.4 ± 1.2], 827.8 [24.0 ± 0.4], 1044.0 [28.3 ± 0.4]
1317.5 [26.8 ± 0.4], 1474.9 [16.60 ± 0.23]

Isomeric state (2−) 6.13(5) m 619.1 [0.002 ± 0.003], 698.4 [0.034 ± 0.004]
776.5 [0.26 ± 0.03], 1317.4 [0.001 ± 0.001]
1474.9 [0.020 ± 0.003]
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TABLE IV. Screening corrected total cross sections σT and astrophysical S factors determined in the present work at various center-of-mass
energies Ec.m. for the reactions 74Se(p,γ )75Br (first four columns), 80Se(p,n)80Br (next three columns), and 82Se(p,n)82Br (next three columns).
A screening correction factor fs is given (second column) only for the first reaction since its value differs only in its fifth decimal place from
the respective ones of the other two reactions. In the last column, the weighted sum σ� of the total cross sections of the 76Se(p,γ )77Br and
77Se(p,n)77Br reactions is given. The corresponding energies given in the next-to-last column are the effective energies Eeff in the laboratory
system. The uncertainties in Ec.m. and Eeff amount to 8 keV at the most.

74Se(p,γ )75Br 80Se(p,n)80Br 82Se(p,n)82Br 76Se(p,γ ) and

Ec.m. fs σT S factor Ec.m. σT S factor Ec.m. σT S factor 77Se(p, n)

(MeV) μb (104 MeV b) (MeV) mb (104 MeV b) (MeV) mb (104 MeV b) Eeff σ�

(MeV) mb

1.952 1.065 85.3±9.8 446±51 1.954 0.147±0.014 769±73 1.978 0.168±0.020
2.451 1.046 463±51 229±25 2.455 1.21±0.11 598±55 2.485 0.898±0.086
2.945 1.034 1203±131 105±11 2.948 5.06±0.75 461±66 2.949 5.28±0.48 481±44 2.985 3.15±0.30
3.438 1.027 2209±240 54.6±5.9 3.442 18.8±2.2 466±53 3.443 16.1±1.5 399±36 3.485 9.57±0.90
3.933 1.022 3804±411 33.2±3.6 3.937 51.5±5.9 450±51 3.939 41.2±3.8 360±33 3.987 24.6±2.3
4.426 1.019 4276±468 15.9±1.7 4.430 71.3±8.2 266±30 4.431 67.1±6.1 251±23 4.486 32.1±3.0
4.922 1.016 6585±719 11.9±1.3 4.927 252±29 458±51 4.929 147±13 267±24 4.989 59.3±5.6
5.416 1.014 7980±870 7.87±0.86 5.421 398±45 393±44 5.423 204±19 201±18 5.490 86.7±8.1
5.911 1.012 9042±1009 5.20±0.58 5.917 266±30 154±17 5.919 306±28 178±16 5.991 108±10

given in the next-to-last column are the effective energies Eeff

in the laboratory system. The relative uncertainties in the total
cross sections given in Table IV do not exceed 15%. They
are the result of error propagation of the statistical errors and
the uncertainties in the detector efficiency (3%), the target
thickness (5%), the relative intensity of the γ transitions
(1–12%), and the total beam charge (7%).

IV. DISCUSSION

A. Theory of compound nucleus emission

For nuclei with an adequate number of nucleons, and a
sufficiently high nucleon separation energy, capture reactions
proceed through the formation of a “compound nucleus sys-
tem” in an excited state. Assuming that thermal equilibrium
is attained inside the compound system, the subsequent decay
into any one of the open “exit” channels is treated statistically,
and is completely independent of the way the compound
system was formed in the “entrance” channel.

The cross section for the decay into one of the exit channels
β, at center-of-mass energy E, is given by the Hauser-Feshbach
(HF) compound nucleus theory [7]

σαβ = πλ2
α

1

(2s + 1)(2I + 1)

∑
Jπ

(2Jπ + 1)
T Jπ

α T Jπ

β∑
i

T
jπ

i

, (13)

where λα is the de Broglie wavelength for the “entrance”
channel, I and s are the target and projectile spins, respectively,
and T Jπ

α is the transmission coefficient summed over all orbital
and channel spins to give the total transmission coefficient for
the formation of the compound nucleus in state Jπ . Similarly,
T Jπ

β is the total transmission coefficient for the decay of the
compound nucleus into channel β, taking into account all the
states of the residual system that can be populated in channel β.

The denominator in the sum of Eq. (13) contains the sum
of the transmission coefficients for decay into all possible

outgoing channels i that are open at the given center-of-mass
energy E. Equation (13) is furthermore multiplied by the
“width fluctuation correction factor” WJπ

αβ , to account for
effects occurring when the strong elastic channel mixes with
weaker absorption channels. In the cross section calculations
presented in the following section, WJπ

αβ was taken from [21].
A compound nucleus may be excited to discrete levels

as well as to states in the continuum. In the latter case, the
transmission coefficients T Jπ

β in Eq. (13) have to be replaced
by averaged transmission coefficients obtained from an integral
over a specified level density [22]:

T Jπ

β =
ω∑

i=0

T i
β (Jπ ) +

∫ εmax

εω

∑
J ′,π ′

T i
β (εi,J ′π ′

)ρ(εi,J ′π ′
)dεi,

(14)

where the sum over the discrete levels i of the residual nucleus
is taken up to the excitation energy εω for which experimental
data exist. The upper limit εmax of the integral on the other hand
corresponds to the energy of the “entry state” of the compound
nucleus, whereas ρ(εi,J ′π ′

) is the density of nuclear states with
spin J ′π ′

at a given excitation energy εi within the integration
limits.

The transmission coefficients for particle emission are
determined by solving the nucleon-nucleus scattering problem
with an appropriate optical model potential (OMP) [23,24] for
the particle-nucleus interaction. The transmission coefficients
for photon emission, however, are obtained from the γ -ray
strength functions (γ SF) of the corresponding giant dipole
resonance (GDR) assuming the dominance of dipole E1/M1
γ transitions. Different models of γ SF (empirical and micro-
scopic) are taken from Ref. [25].

The NLDs can be obtained from microscopic calculations
that take into account the discrete structure of the single-
particle spectra associated with realistic effective potentials.
Shell, pairing, and deformation effects are treated consistently.

035806-9



V. FOTEINOU et al. PHYSICAL REVIEW C 97, 035806 (2018)

NLDs from phenomenological models are calculated using
primarily simple analytical formulas for which, however,
drastic approximations are often made, and in which shell,
pairing, and deformation effects are introduced as empirical
corrections. In any case and for practical applications, both
types of NLD formulas are often renormalized on existing
experimental data, such as low-lying levels and s-wave neutron
resonance spacings, for each nucleus.

B. Cross section calculations and comparison with experimental
results

In the present work, cross section calculations were per-
formed with the nuclear-reaction code TALYS (version 1.6)
[26,27]. The code uses state-of-the-art nuclear reaction models
and an updated nuclear data library [25], including the most
recent experimental data and systematics, to calculate reactions
in the energy range from 1 keV to 200 MeV. Information on the
ground-state properties of the target and residual nuclei, such as
masses, deformations, and matter densities, are obtained from
experimental data or from appropriate models of the nuclear
ground state as described in [26,27].

TALYS includes several OMP, NLD, and γ SF models
as options. These are listed in Table V as follows: the
nucleon-nucleus and α-particle–nucleus optical model poten-
tials are denoted (first column)nOMP andαOMP, respectively.
Table V contains two nOMP, five αOMP, six NLD, and five
γ SF models properly abbreviated and grouped in two cate-
gories, i.e., phenomenological (second column) and semimi-
croscopic (third column) models. We have used all of them
in all possible 300 combinations to assess the variance of
the cross section values obtained from TALYS when using
different nOMP, αOMP, NLD, and γ SF models. This variance
in cross section values reflects the range of “uncertainties”
in the cross section calculations arising from the OMPs,
NLDs, and γ SFs implemented in TALYS. The model sequence
nOMP–αOMP–NLD–γ SF has been adopted to refer to a
specific TALYS combination, using the corresponding model
abbreviations listed in Table V. In the comparison of our TALYS

calculations with experimental data, special emphasis was
given to the three model combinations that we consider to be
self-consistent in the sense that they combine either purely phe-
nomenological models (TALYS-1) or semimicroscopic models
(TALYS-2, TALYS-3).

TALYS-1 refers to the KD–WKD–CTFG–KU model combi-
nation of (a) nOMP of Koning and Delaroche (KD) [28], (b)
TALYS-specific αOMP based on Watanabe’s folding procedure
[30,31], (c) TALYS-specific constant temperature Fermi gas
NLD [26], and (d) the γ SF described by the generalized
Lorentzian of Kopecky and Uhl [41]. TALYS-1 is a purely phe-
nomenological combination and is the default combination of
global input parameters used by the TALYS code (version 1.6).

TALYS-2 refers to the combination
JLM-B–αOMP-III–HFBCS–HFBCS/QRPA, i.e., it combines
the semimicroscopic OMPs of JLM-B [29] and αOMP-III
[33] with the semimicroscopic global HFBCS [38] and
HFBCS/QRPA models [44] for NLDs and γ SFs, respectively.
The two latter models are based on the same HFBCS model
for the ground-state properties and are in this sense consistent.
This combination is purely semimicroscopic.

TALYS-3 is also a combination of semimicroscopic models
as it combines the OMPs of JLM-B [29] and αOMP-III [33]
with the consistent HFB [39] NLDs and HFB/QRPA [25,44]
γ SFs.

1. ( p,γ ) reactions

The experimental total cross sections σT determined in the
present work for (p,γ ) reactions are compared with the TALYS

calculations in Figs. 10, 12, 13, and 14. Except for Fig. 12,
they are all split into two panels: in the upper panels (a) we
compare the screening-corrected total cross sections with the
calculations TALYS-1 (solid curve), TALYS-2 (dashed curve),
and TALYS-3 (dotted curve). The shaded areas in the panels
indicate the range of “uncertainties” of the calculated cross
sections arising from the models implemented in TALYS, i.e.,
the area covered by the different cross section calculated values
resulting by using the 300 different model combinations of

TABLE V. Nuclear input parameters (first column) and corresponding phenomenological or semimicroscopic models used in our TALYS

calculations. The nucleon-nucleus and alpha-particle–nucleus optical model potentials (OMPs) are indicated with nOMP and αOMP,
respectively. NLD and γ SF stand for nuclear level densities and γ -ray strength function, respectively.

Parameter Phenomenological models Semimicroscopic models

nOMP 1. KD: Global model of Koning and Delaroche [28] 2. JLM/B: Lane-consistent model of Bauge, Delaroche, and Girod [29]

αOMP 1. WKD: TALYS-specific α-particle–nucleus OMP (folding 3. αOMP-I: Demetriou et al. (Table 1 of Ref. [33])
procedure of Watanabe [30,31] applied to KD [28])
2. McFS: α-particle–nucleus OMP of McFadden and 4. αOMP-II: Demetriou et al. (Table 2 of Ref. [33])
Satchler [32] 5. αOMP-III: Demetriou et al. (dispersive model in Ref. [33])

NLD 1. CTFG: Constant temperature Fermi gas [26] 4. HFBCS: Hartree-Fock-BCS [38]
2. BSFG: back-shifted Fermi gas [34,35] 5. HFB: Hartree-Fock-Bogolyubov [39]
3. GSM: generalized superfluid model [36,37] 6. HFB/T: Temperature-dependent Hartree-Fock-Bogolyubov [40]

γ SF 1. KU: Generalized Lorentzian of Kopecky and Uhl [41] 3. HFBCS/QRPA: Hartree-Fock-BCS–quasiparticle random-phase
approximation [44]

2. BA: Generalized Lorentzian of Brink and 4. HFB/QRPA: Hartree-Fock-Bogolyubov–
Axel [42,43] quasiparticle random-phase approximation [25,44]

5. HG: hybrid model of Goriely [45]
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(a)

(b)

FIG. 10. Screening-corrected total cross sections (a), and corre-
sponding S factors (b) of the 74Se(p,γ )75Br reaction (see Sec. IV B 1
for details).

input parameters listed in Table V. In panels (b), we show the
comparison of the corresponding electron-screening corrected
S factors derived from the cross sections shown in panels (a)
using Eq. (8).

In Fig. 10, apart from the experimental data obtained in
the present work (solid circles), we also plot the cross sections
measured by Gyürky et al. [16], after having corrected them for
electron-screening effects. As can be seen, both experimental
data sets are in very good agreement. In panel (b) of the same
figure, the S factors in the energy range from ≈2 to 3.5 MeV
are reasonably reproduced by the TALYS-3 calculations (dotted
curve). Below 2 MeV, the errors in the data are quite large
and thus both TALYS-3 (dotted curve) and TALYS-1 (solid
curve) are acceptable. At energies above 3.5 MeV, the data
lie between the TALYS-3 and TALYS-2 curves (dashed curve).
In addition to these three specific TALYS combinations, we plot
one more labeled as “TALYS optimal” (dashed-dotted curve)
which, according to a χ2 analysis, gives the best reproduction
of the experimental data. The combination that corresponds
to this optimal fit is JLM/B–WKB–HFB–HFBCS/QRPA, for
the nOMP, αOMP, NLD, and γ SF parameters, respectively,
as listed in Table V.

For the 74Se(p,γ )75Br reaction, there exist additional cross
section data in the literature, measured by Krivonosov et al.
[46]. They are displayed in Fig. 11(a) after having been
corrected for electron screening. As shown in this figure, they

(a)

(b)

FIG. 11. Total cross sections (solid triangles) of the (a)
74Se(p,γ )75Br and (b) 77Se(p,γ )78Br reactions reported by
Krivonosov et al. [46]. Open triangles indicate the same data divided
by a factor 2.5. For comparison, in panel (a), our present results and
those of Gyürky et al. [16] are also plotted as solid and open circles,
respectively. All plotted cross sections are corrected for screening
effects (see Sec. IV B 1 for details).

FIG. 12. Weighted sum σ� of the screening-corrected total cross
sections σ(p,γ ) and σ(p,n) of 76Se(p,γ )77Br and 77Se(p,n)77Br, respec-
tively (see Sec. IV B 1 for details).
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are by a factor of ≈2.5 higher than our present results and
those reported in [16]. It is worth noting that the 77Se(p,γ )78Br
reaction cross section data measured by the same authors [46]
deviate from the TALYS-1, TALYS-2, and TALYS-3c calculations
by a similar factor of 2.5 [see Fig. 11(b)].

As already discussed in Sec. II B, the 77Se(p,n)77Br reaction
has a neutron emission threshold at 2176 keV. As a result,
when natural Se targets are used in activation measurements
at higher proton beam energies, the yield of the γ rays
belonging to the daughter nucleus 77Se (see Table III) that are
present in the activation spectra is the sum of the yields due
to the decaying 77Br nuclei produced by the 77Se(p,n)77Br
and that of the 76Se(p,γ )77Br reaction. Hence, the activa-
tion technique, applied in the present work with natural Se
targets, allowed us to determine the cross section of the
exclusive 76Se(p,γ )77Br reaction channel only at the lowest
projectile energy measured (2 MeV). The other cross sections
obtained for the 76Se(p,γ )77Br reaction at higher energies are
in fact the sums σ� = σ(p,γ ) + σ(p,n) of the 76Se(p,γ )77Br
channel cross sections and the 77Se(p,n)77Br channel cross
sections, “weighted” by their relative isotopic abundances
(76Se : 77Se = 1 : 0.814). The screening-corrected σ� data
measured in the present work are compared with the TALYS

calculations and the corresponding data of Gyürky et al. [16]
in Fig. 12. The TALYS curves plotted in Fig. 12 are also weighted
sums of the two contributing channels as described above. The
vertical dashed-dotted line indicates the threshold (2.176 MeV)

(a)

(b)

FIG. 13. Same as in Fig. 10 for the 78Se(p,γ )79Br reaction (see
Sec. IV B 1 for details).

(a)

(b)

FIG. 14. Same as in Fig. 10 for the 80Se(p,γ )81Br reaction (see
Sec. IV B 1 for details).

of the (p,n) reaction. Hence, data points below this energy are
the screening-corrected σ(p,γ ) values. The shaded areas denote
the range of uncertainties associated with the calculated cross
sections using the 300 different combinations of nuclear input
models available in TALYS.

For the remaining two reactions 78Se(p,γ )79Br and
80Se(p,γ )81Br investigated in the present work (see Figs. 13
and 14, respectively), the findings are similar to those described
above for the 74Se(p,γ )75Br reaction. At energies below ≈2.6
MeV, the experimental cross sections of the 78Se(p,γ )79Br
reaction lie between the TALYS-1 and TALYS-3 curves. At higher
energies they are clearly closer to the TALYS-3 calculations.
The TALYS optimal calculations resulting from a χ2 analysis,
as discussed above, in the case of 78Se(p,γ )79Br, correspond to
the model combination JLM/B–WKD–HFBCS–KU as listed
in Table V. In the case of 80Se(p,γ )81Br, the TALYS-1, TALYS-2,
and TALYS-3 curves do not differ significantly at energies below
the opening of the neutron emission channel (2.686 MeV) and
lie within the experimental errors. Therefore, it is not clear
which model combination is best. In this case, TALYS optimal
refers to the combination KD–WKD–HFB/T–BA.

2. Isomeric ratios

Apart from total cross sections for the 78Se(p,γ )79Br
and 80Se(p,γ )81Br reactions, partial cross sections for the
formation of 79Br and 81Br at excited isomeric states have also
been determined in the present work. 79Br has an isomeric
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(a)

(b)

FIG. 15. Ratios σm/σT for 78Se(p,γ )79Br and 80Se(p,γ )81Br, in
panels (a) and (b), respectively. The TALYS “optimal” model calcula-
tions depicted in both panels with dashed-dotted curves correspond
to those explained in Sec. IV B 1.

state at an excitation energy of 207.6 keV with Jπ = 9/2+
and T1/2 = 4.86 s [15]. Due to the relatively poor statistics in
the corresponding γ -ray deexciting this isomer and feeding the
ground state below 2.4 MeV, the relevant partial cross section
could be determined only at higher energies. 81Br also has
an isomeric state (Jπ = 9/2+ and T1/2 = 34.6 μs) at 536.2
keV that decays to the first excited state at 276 keV [15]. The
corresponding γ transition with energy 260.2 keV was strong
enough to be analyzed at all beam energies. The ratios of the
partial (“metastable”) cross sections over the corresponding
total cross sections are plotted in Fig. 15 together with the
corresponding TALYS calculations and the associated shaded
areas, for both 78Se(p,γ )79Br and 80Se(p,γ )81Br reactions.

For completeness, in Fig. 16 we compare our TALYS calcu-
lations with the screening-corrected cross section data of Daly
et al. [47] for the 82Se(p,γ )83Br reaction. Apart from an overall
good agreement between Daly’s data and the calculations
TALYS-1, -2, and 3 in the 10–12-MeV region, in the 8–10-MeV
energy region the data deviate from the TALYS-1, -2, -3 curves
though they are still within the shaded area, while at energies
above 12 MeV the data deviate significantly from all the
calculations. The deviation observed at the higher energies,
above 12 MeV, is expected since with increasing energy other
reaction mechanisms start competing with compound nucleus

FIG. 16. Same as in Fig. 10 but for 82Se(p,γ )83Br [47].

reactions such as pre-equilibrium reactions. On the other hand,
the discrepancy of the lowest energy (≈6.5-MeV data point of
Daly et al. [47] is difficult to explain. In any case, since the
threshold of the (p,n) channel is 890 keV, the data of Daly et al.
[47] are affected by the neutron emission channel as well, and
are not suitable for testing the (p,γ ) channel cross sections.

3. ( p,n) reactions

A survey of the EXFOR database [48] reveals several
measurements of (p,n) cross sections on Se isotopes. To date,
total cross sections of (p,n) reactions on 77Se and 78Se have

FIG. 17. Comparison of the experimental screening-corrected
total cross sections σT from the literature [48,50,52] and the present
work (solid circles) with our TALYS calculations for the 80Se(p,n)80Br
reaction (see Sec. IV B 3 for details).
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FIG. 18. Comparison of the experimental screening-corrected
total cross sections σT existing in literature [16,49,53] and those of
the present work (solid circles) with our TALYS calculations for the
82Se(p,n)82Br reaction (see also Sec. IV B 3).

been reported by Johnson et al. [50] and by Blaser et al. [51],
respectively. Johnson et al. [48,50] and later on Kailas et al.
[52] have published experimental total cross sections for the
80Se(p,n)80Br reaction, whereas for 82Se(p,n)82Br, there exist
three sets of total cross section data measured by Gyürky et al.
[16], Debuyst et al. [53], and Johnson et al. [49].

In the present work, we have determined cross sections
for the 80Se(p,n)80Br and 82Se(p,n)82Br reactions using the
activation technique. The measured cross sections (listed in
Table IV) are compared with the aforementioned experimental
data from the literature in Figs. 17 and 18, respectively.

As shown in Fig. 17 for the 80Se(p,n)80Br reaction, our
first three data points (solid circles) are in good agreement
with the TALYS calculations, whereas the last four data points
at higher energies are scattered around the TALYS curves. The
data of Kailas et al. [52] (open circles) are in very good
agreement with the calculations except for the “peaks” at
Ec.m. = 3.78, 4.26, 4.81, and 5.02 MeV which correspond to
the isobaric analog resonances. Below ≈3.4 MeV the data
of Kailas et al. [52] are well contained within the shaded
area of the TALYS calculations. This shaded region almost
vanishes with increasing energy where the TALYS-1, TALYS-2,
and TALYS-3 results almost coincide. At these energies (above
≈3.4 MeV), the neutron channel is by far the dominant one and
as a result the HF cross section is sensitive only to the proton
OMP in the incident channel. Hence, the agreement between
TALYS-1 and TALYS-2 and -3 reflects the agreement between
the two proton OMPs used in these combinations, namely the
OMP of JLM/B and KD. Finally, the energy dependence of the
older cross sections of Johnson et al. [48,50] (open triangles)

(a)

(b)

FIG. 19. Total cross sections from [50,51] for the (a)
77Se(p,n)77Br and (b) 78Se(p,n)78Br reactions compared with our
TALYS calculations (see Sec. IV B 2 for details).

agrees with the TALYS calculations, however the data are by a
factor ≈1.75 lower than the calculations.

In Fig. 18, once again the various TALYS curves do not
differ significantly due to the agreement between the proton
OMPs JLM/B and KD (see Table V). In fact the cross sections
calculated with the different TALYS combinations for the
82Se(p,n)82Br reaction differ by ≈8% at the most. At energies
around 1 MeV, the data of Johnson et al. [49], which lie almost
on the TALYS curves, have relative errors between 30% and
50%. At higher energies these errors range from 10 to 20%.
Our data (solid circles) and those from Ref. [16] are lower than
the TALYS calculations by an overall factor ≈1.2 and ≈1.5,
respectively. The experimental cross sections of Debuyst et al.
[53] do not display the same energy dependence as the TALYS

predictions, however, the uncertainties in the energies are quite
large (200 keV) since the measurements were performed using
a cyclotron. The differences observed between calculations and
experimental data indicate that the nucleon OMPs JLM/B and
KD slightly overestimate the neutron emission channel.

Cross section calculations for the 77Se(p,n)77Br and
78Se(p,n)78Br reactions are compared with the corresponding
experimental data of [50] and [51], respectively, in Fig. 19.
In the former case, the experimental data up to ≈4 MeV
are in very good agreement with the calculations, whereas at
higher energies they are by a factor of 1.2–1.3 higher than the
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(a)

(b)

FIG. 20. Experimental ratios σm/(σm + σg) from Ref. [54] com-
pared in panel (a) and (b) with our TALYS calculations for
the 77Se(p,n)77Br and 80Se(p,n)80Br reactions, respectively (see
Sec. IV B 3 for details).

calculations. In the case of 78Se(p,n)78Br, the data measured
at energies above 4.7 MeV deviate from the calculations by
30–50%. From the shaded areas shown in panels (a) and
(b), it appears that in these cases the (p,n) channel is still
in competition with other open channels and hence the cross
section is influenced by other nuclear parameters apart from
the nucleon OMP, such as the NLDs and γ SFs.

Cross section ratios in 77Br, 80Br, and 82Br produced via
(p,n) reactions have been published by Skakun et al. [54,55].
Additional data for 80Br have been reported by Debuyst et al.
[53] and and Boehm et al. [56]. Cross section ratios between
a metastable and ground state could provide an additional test
of the nuclear level density (NLD) models used in Hauser-
Feshbach calculations, in particular of the spin distribution.

In the case of 77Br and 80Br, the data shown in Fig. 20
correspond to the ratio σm/(σm + σg), where σg refers to the
cross section for the production of 77Br and 80Br nuclei in
their ground state and σm for their production in corresponding
Jπ = 9/2+ and 5− metastable states at 105.86 and 85.84 keV,
respectively. The corresponding half-lives are 4.28 m and 4.42
h, respectively [15]. In the case of 80Br and 82Br nuclei,
the cross section ratios that are compared in Fig. 21 with
the corresponding TALYS calculations refer to σg/σm and
σg/(σm + σg), respectively, with the σm for 82Br corresponding
to its Jπ = 2− metastable state at 45.95 keV (T1/2 = 6.13 m).

(a)

(b)

FIG. 21. Comparison of our TALYS calculations with the experi-
mental ratios σg/σm reported in [53,56] for the 80Se(p,n)80Br reaction
and σg/(σm + σg) reported in [55] for 82Se(p,n)82Br (see Sec. IV B 3
for details).

As shown in Fig. 20, the cross section ratios obtained with
TALYS-1 and TALYS-2 for 77Br do not differ significantly and are
furthermore in excellent agreement with the experimental data.
This holds also for the 82Br case in Fig. 21(b), for which TALYS-
3 also reproduces the data. In the case of 80Br, the ratios plotted
in Figs. 20(b) and 21(a) lie outside the shaded area of the TALYS

calculations. Of the three specific combinations TALYS-1, -2,
and -3, the TALYS-2 curves deviate less from the data.

C. Reaction rates

In this section, the range of uncertainties in the cross section
calculations, i.e., the range of different cross section values
resulting from the TALYS calculations using different nOMP,
αOMP, NLD, and γ SF models, are investigated in terms of
their potential impact on the p-process nucleosynthesis calcu-
lations. These uncertainties are indicated by the shaded areas in
Figs. 10, 13, and 14. p-process abundance calculations involve
the solution of huge networks of nuclear reactions, including
20 000 reactions and 2000 nuclides. Due to the exceedingly
large number of nuclides and reaction rates involved, we have
to rely on global models of the nuclear ingredients of the HF
cross section calculations (listed in Table V), which are able to
provide—to the extent that it is possible—reliable predictions
over a wide mass range.
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The p process is assumed to occur at temperatures ranging
from 1.8 to 3.3 billion K that are maintained for about 1 s. In
the case of the Se isotopes, this temperature range corresponds
to proton-beam energies from ≈1.3 to ≈3.9 MeV. Our present
measurements cover a good part of the Gamow energy window
mentioned above, so they are most relevant for (a) testing
the global models entering the cross section calculations (i.e.,
the three global model combinations TALYS-1, TALYS-2, and
TALYS-3) and their uncertainties and, most importantly, (b) for
estimating how these uncertainties propagate into the reaction
rates, which are actually used in abundance calculations.

The ground-state reaction rates RR = NA〈σv〉, often re-
ferred to as laboratory reaction rates, were derived from the
total cross sections σT obtained using the TALYS code, for
different temperatures T by

NA〈σv〉 =
√

8

πμ

NA

(kT )3/2

∫ ∞

0
σT(E)Ee−E/kT dE, (15)

where NA is the Avogadro number, μ is the reduced mass, kT is
the thermal energy, and E is the center-of-mass energy. TALYS

also provides stellar reaction rates that are calculated using
partition functions based on experimental excited spectra,
whenever available [25], or on the basis of the nuclear level
densities obtained from the HFB plus combinatorial method
[39]. In the following, stellar rates are labeled as rr to be
distinguished from the ground-state reaction rates RR.

From the systematic comparison of TALYS-1, TALYS-2,
and TALYS-3 calculations with experimental cross sections
presented in Sec. IV B, we have found that TALYS-3 performs
fairly well, as it reproduces the experimental cross section
data satisfactorily and at the same time is global and ensures
consistency between the Hartree-Fock-Bogolyubov models
used to calculate the masses, the NLDs, andγ SFs. We therefore
use this combination to elaborate its impact on the reaction
rates. In Fig. 22 we compare the ratios RRO/RR3 for the

FIG. 22. Ratios of the ground-state reaction rates RRO over RR3

for 74Se(p,γ )75Br (solid curve), 78Se(p,γ )79Br (dashed curve), and
80Se(p,γ )81Br (dashed-dotted curve). RRO have been derived from
the TALYS “optimal” combinations. RR3 are the reaction rates deduced
from the TALYS-3 calculations.

(a)

(b)

(c)

FIG. 23. Stellar reaction rates of the 74Se(p,γ )75Br,
78Se(p,γ )79Br, and 80Se(p,γ )81Br reactions at temperatures
relevant to p process. The shaded areas and TALYS-3 calculations
(solid curves) are explained in the caption of Fig. 10 and in Sec.
IV B. The corresponding REACLIB [57] and BRUSLIB [58] rates
are indicated by the dashed and dotted curves, respectively.

three (p,γ ) reactions studied herein, where RR3 refers to
the ground-state reaction rates obtained using the TALYS-3
combination, and RRO refers to those obtained by using
the TALYS combination labeled “TALYS optimal.” The latter,
according to a χ2 analysis, gives the best reproduction of the
experimental data shown in Figs. 10, 13, 14, and 15.

From Fig. 22 one can see that, within the p-process relevant
temperature region indicated by the vertical dotted lines, the
“TALYS optimal” combination deviates from TALYS-3 by a
factor of 1.10, i.e., by 10% at most. Such a deviation is
considerably smaller than the factor of 3 that is considered
to be acceptable for deviations between calculated p-nuclei
abundances and the observed solar-system abundances.

Using Eq. (15), we calculated the corresponding stellar
reaction rates rr = NA〈σv〉i at temperatures relevant to the p
process for all 300 TALYS model combinations i (see Sec. IV A),
for all three (p,γ ) reactions investigated in the present work.
The results are shown in Fig. 23, whereby the corresponding
TALYS-3 stellar rates are indicated by solid curves, whereas the
remaining 299 sets of different stellar reaction rates form a
band of uncertainties that is indicated by shaded areas. There
is a one-to-one correspondence between the shaded areas in
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(a)

(b)

(c)

FIG. 24. Ratios ri3 of the upper and lower calculated stellar
reaction rates over the global TALYS-3 combination of the nOMP,
αOMP, NLD, and γ SF models (see text for details). The solid and
dashed curves indicate the stellar reaction-rate ratios of those given
in the BRUSLIB [58] and REACLIB [57] databases, respectively,
over the corresponding ones calculated using the global TALYS-3
combination.

this figure and those in Figs. 10, 13, and 14. In Fig. 23, we
plot also (dotted curve) the stellar rates extracted from the
REACLIB database [57] as well as those available in the
BRUSLIB [58] database. From Fig. 23 it is clear that, in the
case of 74Se(p,γ )75Br the differences between the three sets
of stellar reaction rates are very small. In fact, the BRUSLIB
rates almost coincide with those obtained with the TALYS-3
combination. On the other hand, the REACLIB values tend
to decrease with respect to TALYS-3 and BRUSLIB as we
go from panel (a) to panel (c), where they are clearly the
lowest.

In Fig. 24, we plot the ratios ri3 = 〈σv〉i/〈σv〉3, where
〈σv〉i are the upper and lower limits of all the calculated stellar
reaction rates for each of the (p,γ ) reactions, and 〈σv〉3 are the
corresponding stellar reaction rates obtained from the TALYS-3
combination.

From this figure one can clearly see that, for all three
nuclides studied herein, the uncertainties in the stellar rates
(shaded areas) due to the uncertainties in the HF calculations
are considerably reduced (dark-grey shaded areas) when the
reaction rate calculations are constrained within the max-
imum and minimum values provided by the combinations

TALYS-1 and TALYS-2 (dark-grey shaded areas). More specif-
ically, the maximum reaction-rate uncertainties in the case of
74Se(p,γ )75Br, 78Se(p,γ )79Br, and 80Se(p,γ )81Br are reduced
by 50%, 25%, and 30%, respectively. It is worth noting that,
within the p-process temperature limits, the minimum and
maximum values of the dark-shaded area vary from ≈0.5 to 1.5
for the 74Se case, ≈0.7 to 1.2 for 78Se, and ≈0.9 to 1.1 for 80Se.
The range of uncertainties due to nuclear models is thus well
within the average discrepancies observed between calculated
p-nuclei abundances and observations that range between 0.3
and 3.

In Fig. 24, we also plot the ratio of the stellar rates from
the REACLIB datebase [57] over the stellar rates obtained
using the TALYS-3 combination. Similarly, the dotted curve is
the ratio of the stellar rates from the BRUSLIB [58] database
over the TALYS-3 reaction rates. The same trend observed in
Fig. 23 for the REACLIB values is observed also in Fig. 24.
The REACLIB rates decrease with increasing mass number
of the isotope. In the case of 80Se, the ratio of the REACLIB
stellar rates over the TALYS-3 rates has a minimum value of
0.70 within the temperature range relevant to p process that
is indicated by the vertical dotted lines, while in panels (a)
and (b), it ranges from ≈0.9 to 1.1. Within the same p-process
temperature limits, the ratio of the BRUSLIB stellar rates to
the TALYS-3 rates are ≈1 for all three reactions.

For use in astrophysics applications, the ground-state
rates calculated in the present work with the TALYS-3
model combination for the 74Se(p,γ )75Br, 78Se(p,γ )79Br, and
80Se(p,γ )81Br reactions are given in Table VI, together with
upper and lower limits, which correspond to the region of
uncertainties of the TALYS calculations also shown in Figs. 10,
13, and 14.

V. CONCLUSIONS

In the present work the total cross sections of proton capture
reactions on 74Se, 78Se, and 80Se isotopes were determined
at energies relevant to p-process nucleosynthesis. In the
case of 74Se, the activation technique was applied at beam
energies from 2 to 6 MeV, whereas in the case of 78Se and
80Se isotopes, cross sections were determined by measuring
in-beam γ -angular distributions at incident proton energies
between 1.5 and 3.5 MeV. The cross section data as well as the
resulting astrophysical S factors were compared with Hauser-
Feshbach calculations obtained with the nuclear reaction code
TALYS [26] using combinations of global semimicroscopic
and phenomenological models of optical potentials (OMPs),
nuclear level densities (NLDs), and γ -ray strength functions
(γ SFs).

Although the calculated cross sections and related S factors
show a non-negligible scatter due to the uncertainties affecting
the OMP, NLD, and γ SF, it was found that the TALYS-3
combination of the semimicroscopic OMP of Bauge et al. [29]
with the microscopic HFB NLDs of Hilaire and Goriely [39]
and HFB/QRPA γ SFs reported in [25,44] gives an overall good
description of the data.

Isomeric cross section ratios were also determined for
the 78Se(p,γ )79Br and 80Se(p,γ )81Br reactions, and were
compared with TALYS results. Overall, reasonable agreement
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TABLE VI. Laboratory reaction rates RR obtained in the present work using Eq. (15). The RR values of the second, fifth, and eighth columns
are the reaction rates (in cm3 s−1 mol−1) derived for the 74Se(p,γ )75Br, 78Se(p,γ )79Br, and 80Se(p,γ )81Br reactions, respectively, using the
model combination TALYS-3. The corresponding lower (RRlow) and upper (RRhigh) limits correspond to the lower and upper limits of the shaded
areas of Figs. 10, 13, and 14, respectively (see also text).

T9
74Se(p,γ )75Br 78Se(p,γ )79Br 80Se(p,γ )81Br

RR RRlow RRhigh RR RRlow RRhigh RR RRlow RRhigh

0.1 5.79 ×10−48 5.76 ×10−48 5.80 ×10−48 8.99 ×10−48 8.99 ×10−48 8.99 ×10−48 1.78 ×10−47 1.78 ×10−47 1.78 ×10−47

0.15 1.29 × 10−31 1.28 ×10−31 1.29 ×10−31 2.05 ×10−31 2.05 ×10−31 2.05 ×10−31 3.96 ×10−31 3.96 ×10−31 3.96 ×10−31

0.2 1.92 ×10−23 1.91 ×10−23 1.92 ×10−23 3.09 ×10−23 3.09 ×10−23 3.09 ×10−23 5.61 ×10−23 5.61 ×10−23 5.61 ×10−23

0.25 1.62 ×10−18 1.61 ×10−18 1.62 ×10−18 2.62 ×10−18 2.62 ×10−18 2.62 ×10−18 4.40 ×10−18 4.40 ×10−18 4.40 ×10−18

0.3 3.33 ×10−15 3.30 ×10−15 3.34 ×10−15 5.34 ×10−15 5.34 ×10−15 5.34 ×10−15 8.31 ×10−15 8.31 ×10−15 8.31 ×10−15

0.4 5.38 ×10−11 5.31 ×10−11 5.40 ×10−11 8.41 ×10−11 8.40 ×10−11 8.41 ×10−11 1.15 ×10−10 1.15 ×10−10 1.15 ×10−10

0.5 2.10 ×10−8 2.06 ×10−8 2.11 ×10−8 3.20 ×10−8 3.19 ×10−8 3.20 ×10−8 4.01 ×10−8 4.01 ×10−8 4.01 ×10−8

0.6 1.26 ×10−6 1.22 ×10−6 1.27 ×10−6 1.87 ×10−6 1.87 ×10−6 1.88 ×10−6 2.23 ×10−6 2.23 ×10−6 2.23 ×10−6

0.7 2.56 ×10−5 2.43 ×10−5 2.61 ×10−5 3.74 ×10−5 3.72 ×10−5 3.75 ×10−5 4.34 ×10−5 4.34 ×10−5 4.35 ×10−5

0.8 2.64 ×10−4 2.46 ×10−4 2.73 ×10−4 3.81 ×10−4 3.77 ×10−4 3.82 ×10−4 4.37 × 10−4 4.35 ×10−4 4.37 ×10−4

0.9 1.73 ×10−3 1.57 ×10−3 1.82 ×10−3 2.48 ×10−3 2.44 ×10−3 2.49 ×10−3 2.82 ×10−3 2.81 ×10−3 2.83 ×10−3

1 8.26 ×10−3 7.24 ×10−3 8.90 ×10−3 1.18 ×10−2 1.15 ×10−2 1.19 ×10−2 1.33 ×10−2 1.32 ×10−2 1.34 ×10−2

1.1 3.11 ×10−2 2.63 ×10−2 3.46 ×10−2 4.46 ×10−2 4.29 ×10−2 4.56 ×10−2 5.03 ×10−2 4.96 ×10−2 5.08 ×10−2

1.2 9.77 ×10−2 7.98 ×10−2 1.13 ×10−1 1.42 ×10−1 1.35 ×10−1 1.47 ×10−1 1.60 ×10−1 1.56 ×10−1 1.62 ×10−1

1.3 2.67 ×10−1 2.10 ×10−1 3.19 ×10−1 3.98 ×10−1 3.70 ×10−1 4.19 ×10−1 4.43 ×10−1 4.31 ×10−1 4.54 ×10−1

1.4 6.49 ×10−1 4.93 ×10−1 8.07 ×10−1 1.00 9.11 ×10−1 1.07 1.10 1.06 1.14
1.5 1.44 1.05 1.86 2.29 2.05 2.50 2.51 2.40 2.63
1.6 2.93 2.08 3.95 4.88 4.27 5.44 5.30 5.00 5.62
1.7 5.60 3.85 7.85 9.71 8.32 1.11 × 101 1.04 × 101 9.75 1.12 × 101

1.8 1.01 ×101 6.73 1.47 ×101 1.83 ×101 1.53 ×101 2.12 ×101 1.94 ×101 1.79 ×101 2.12 ×101

1.9 1.73 ×101 1.12 ×101 2.61 ×101 3.26 ×101 2.69 ×101 3.88 ×101 3.42 ×101 3.13 ×101 3.81 ×101

2 2.84 ×101 1.79 ×101 4.44 ×101 5.58 ×101 4.52 ×101 6.77 ×101 5.77 ×101 5.23 ×101 6.54 ×101

2.1 4.49 ×101 2.75 ×101 7.25 ×101 9.18 ×101 7.30 ×101 1.14 ×102 9.33 ×101 8.36 ×101 1.08 ×102

2.2 6.85 ×101 4.10 ×101 1.14 ×102 1.46 ×102 1.14 ×102 1.84 ×102 1.45 ×102 1.29 ×102 1.71 ×102

2.3 1.01 ×102 5.93 ×101 1.75 ×102 2.24 ×102 1.73 ×102 2.89 ×102 2.19 ×102 1.93 ×102 2.62 ×102

2.4 1.46 ×102 8.37 ×101 2.59 ×102 3.35 ×102 2.55 ×102 4.42 ×102 3.19 ×102 2.79 ×102 3.90 ×102

2.5 2.06 ×102 1.15 ×102 3.75 ×102 4.89 ×102 3.66 ×102 6.56 ×102 4.54 ×102 3.93 ×102 5.65 ×102

2.6 2.84 ×102 1.56 ×102 5.32 ×102 6.97 ×102 5.15 ×102 9.53 ×102 6.30 ×102 5.41 ×102 7.98 ×102

2.7 3.83 ×102 2.06 ×102 7.37 ×102 9.73 ×102 7.09 ×102 1.36 ×103 8.54 ×102 7.28 ×102 1.10 ×103

2.8 5.08 ×102 2.69 ×102 1.00 ×103 1.33 ×103 9.59 ×102 1.89 ×103 1.13 ×103 9.60 ×102 1.49 ×103

2.9 6.63 ×102 3.44 ×102 1.34 ×103 1.79 ×103 1.28 ×103 2.59 ×103 1.48 ×103 1.24 ×103 1.98 ×103

3 8.53 ×102 4.36 ×102 1.77 ×103 2.38 ×103 1.67 ×103 3.49 ×103 1.90 ×103 1.58 ×103 2.59 ×103

3.1 1.08 ×103 5.44 ×102 2.30 ×103 3.10 ×103 2.16 ×103 4.63 ×103 2.40 ×103 1.99 ×103 3.32 ×103

3.2 1.36 ×103 6.71 ×102 2.94 ×103 3.99 ×103 2.75 ×103 6.06 ×103 2.98 ×103 2.46 ×103 4.21 ×103

3.3 1.68 ×103 8.19 ×102 3.72 ×103 5.08 ×103 3.46 ×103 7.84 ×103 3.66 ×103 3.00 ×103 5.25 ×103

3.4 2.06 ×103 9.90 ×102 4.66 ×103 6.39 ×103 4.31 ×103 1.00 ×104 4.45 ×103 3.62 ×103 6.49 ×103

3.5 2.51 ×103 1.19 ×103 5.77 ×103 7.95 ×103 5.32 ×103 1.26 ×104 5.34 ×103 4.32 ×103 7.91 ×103

3.6 3.02 ×103 1.41 ×103 7.08 ×103 9.79 ×103 6.49 ×103 1.58 ×104 6.34 ×103 5.11 ×103 9.56 ×103

3.7 3.60 ×103 1.66 ×103 8.61 ×103 1.20 ×104 7.85 ×103 1.95 ×104 7.47 ×103 5.98 ×103 1.14 ×104

3.8 4.27 ×103 1.94 ×103 1.04 ×104 1.45 ×104 9.42 ×103 2.40 ×104 8.72 ×103 6.95 ×103 1.35 ×104

3.9 5.02 ×103 2.26 ×103 1.24 ×104 1.73 ×104 1.12 ×104 2.91 ×104 1.01 ×104 8.00 ×103 1.59 ×104

4 5.87 ×103 2.60 ×103 1.47 ×104 2.07 ×104 1.32 ×104 3.51 ×104 1.16 ×104 9.15 ×103 1.86 ×104

4.1 6.81 ×103 2.99 ×103 1.74 ×104 2.44 ×104 1.55 ×104 4.21 ×104 1.32 ×104 1.04 ×104 2.15 ×104

4.2 7.86 ×103 3.41 ×103 2.04 ×104 2.87 ×104 1.81 ×104 5.00 ×104 1.50 ×104 1.17 ×104 2.47 ×104

4.3 9.02 ×103 3.87 ×103 2.37 ×104 3.34 ×104 2.10 ×104 5.90 ×104 1.69 ×104 1.32 ×104 2.82 ×104

4.4 1.03 ×104 4.37 ×103 2.75 ×104 3.88 ×104 2.42 ×104 6.92 ×104 1.89 ×104 1.47 ×104 3.21 ×104
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TABLE VI. (Continued.)

T9
74Se(p,γ )75Br 78Se(p,γ )79Br 80Se(p,γ )81Br

RR RRlow RRhigh RR RRlow RRhigh RR RRlow RRhigh

4.5 1.17 ×104 4.92 ×103 3.17 ×104 4.47 ×104 2.77 ×104 8.07 ×104 2.11 ×104 1.63 ×104 3.62 ×104

4.6 1.32 ×104 5.50 ×103 3.63 ×104 5.13 ×104 3.15 ×104 9.35 ×104 2.34 ×104 1.80 ×104 4.07 ×104

4.7 1.49 ×104 6.14 ×103 4.14 ×104 5.85 ×104 3.58 ×104 1.08 ×105 2.58 ×104 1.98 ×104 4.56 ×104

4.8 1.67 ×104 6.82 ×103 4.71 ×104 6.64 ×104 4.04 ×104 1.24 ×105 2.84 ×104 2.16 ×104 5.07 ×104

4.9 1.87 ×104 7.55 ×103 5.32 ×104 7.50 ×104 4.53 ×104 1.41 ×105 3.10 ×104 2.36 ×104 5.62 ×104

5 2.08 ×104 8.32 ×103 5.99 ×104 8.44 ×104 5.07 ×104 1.60 ×105 3.38 ×104 2.56 ×104 6.20 ×104

5.5 3.39 ×104 1.30 ×104 1.03 ×105 1.43 ×105 8.41 ×104 2.85 ×105 4.96 ×104 3.69 ×104 9.64 ×104

6 5.16 ×104 1.90 ×104 1.64 ×105 2.24 ×105 1.29 ×105 4.64 ×105 6.78 ×104 4.97 ×104 1.39 ×105

7 1.03 ×105 3.56 ×104 3.49 ×105 4.56 ×105 2.53 ×105 1.01 ×106 1.10 ×105 7.81 ×104 2.48 ×105

8 1.77 ×105 5.81 ×104 6.33 ×105 7.77 ×105 4.19 ×105 1.82 ×106 1.56 ×105 1.08 ×105 3.81 ×105

9 2.77 ×105 8.66 ×104 1.02 ×106 1.17 ×106 6.16 ×105 2.87 ×106 2.04 ×105 1.38 ×105 5.32 ×105

10 4.00 ×105 1.21 ×105 1.51 ×106 1.61 ×106 8.34 ×105 4.13 ×106 2.51 ×105 1.66 ×105 6.94 ×105

was found between data and model calculations implying
that the spin-dependent terms of the NLDs are reliable. For
completeness, we have also compared isomeric cross section
ratios from the literature for the (p,n) channels of 77Se, 80Se,
and 82Se. The three main combinations of TALYS global input
parameter models were able to describe the data of 77Se and
82Se, whereas in the case of 80Se, all three combinations deviate
from the data by an average factor ≈2.

Total cross sections for the 82Se(p,n)82Br and
80Se(p,n)80Br reactions have also been determined in the
present work by means of the activation technique. Our results
were compared with other data found in the literature and with
the corresponding TALYS calculations. For completeness, we
also included data from the literature for the 78Se(p,n)78Br
and 77Se(p,n)77Br reactions in our studies. We found that
in the first three cases, the TALYS cross sections are by up
to a factor ≈1.5 higher than the experimental data. In the
case of 77Se(p,n)77Br, the calculations give an overall good
description of the data. It is worth mentioning, however that,
in the (p,n) cases mentioned above, the TALYS calculations
differ by less than 10% on average. As the existing data have
comparable or even larger uncertainties, they cannot be used

to draw any conclusion on the input parameters listed in
Table V.

The impact of the different TALYS combinations of nuclear
input parameters (OMP, NLD, γ SF) on the ground-state
reaction rates was also studied and the nuclear uncertainties
propagated from the HF calculations were shown to be less
than a factor of 2 which is well below the average discrep-
ancies observed between calculated p-nuclei abundances and
observations.

Our results highlight the need for a continued effort on the
systematic study of proton-capture reactions in this energy
and mass region to reduce the range of uncertainties arising
from global nuclear models. In this regard, new independent
data related to optical model potentials, nuclear level densities,
and γ strength functions are of paramount importance to help
constrain the corresponding global nuclear models.
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