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Abstract The 87Rb(p, γ )88Sr reaction was measured for
the first time at astrophysically relevant energies in an in-
beam experiment at the high-efficiency HPGe γ -ray spec-
trometer HORUS at the University of Cologne. To determine
total cross sections of the 87Rb(p, γ )88Sr reaction, proton
beams at six different energies between Ep = 2.0 MeV and
5.0 MeV were provided by a 10 MV FN tandem accelerator,
spanning nearly the entire Gamow window relevant for the
astrophysical γ -process. These total experimentally obtained
cross sections were then compared to calculations performed
using the talys 2.0 code. In comparison, the measured total
cross-sections are found to be lower than those predicted by
different models used as input parameters for the talys 2.0
code for Ep = 2.0 MeV to 3.5 MeV.

1 Introduction

The majority of nuclei heavier than iron are produced via neu-
tron capture processes. These processes bypass the so-called
p-nuclei, a set of 35 stable, neutron-deficient nuclei [1]. The
p-process describes a variaty of processes that account for
the production of the p-nuclei. One of these is the γ -process
which is mainly responsible for producing p-nuclei via dif-
ferent combinations of photodisintegration reactions such as
(γ, p), (γ, n) and (γ, α). The number of involved reactions
for describing the synthesis of p-nuclei is often higher than
10 000. The most favoured sites for this process, where the
required temperatures of 2 GK to 3 GK for photodisintegra-
tion reactions are reached, are O-Ne layers of type II super-
novae [2,3].
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However, lighter p-nuclei in the A ≈ 90 mass region, such
as 92Mo, are significantly underproduced [4]. A process that
has been proposed to resolve this issue is the νp-process [5].
The p-nuclide 92Mo lies in the N = 50 isotonic chain and
shields 92Nb, an extinct radionuclide, from being produced in
the rp- and νp-processes [6], if one neglects (n, p)-processes.
Recently, the influence of exploding massive stars has been
discussed [7].

As the 87Rb(p,γ) reaction is also located in the A ≈
80−100 mass region as five of the p-nuclei and as 92Mo in the
N = 50 isotonic chain, the results might help to understand
the production mechanisms of those and help to improve the-
oretical model calculations by constraining the cross sections
and the input parameters in this mass region relevant for the
p-process. The latter is crucial since statistical model calcu-
lations are often the only way to predict the cross sections for
all the reactions involved in the huge network of reactions.
As sensitivity studies show, there is a strong (γ, n) and (γ, p)
flux towards the N = 50 isotonic chain followed by a series
of (γ, p) photodisintegrations [8].

When calculating the stellar reaction rates from cross-
sections it needs to be taken into account that due to high
temperatures in a stellar plasma, a considerable thermal pop-
ulation of excited states is expected. However, the cross-
sections measured in the laboratory are only on the ground
states, why the ground-state contributions to the stellar rates
need to be known. Combining theory and experimental data
can be used to calculate the stellar reaction rate, if there is a
contribution from excited states. Since the ground-state con-
tributions are in general higher, if not ≈ 1, for the reaction
direction with positive Q-value depending on the tempera-
ture, measurement of these reactions, as in our case (p, γ )
instead of (γ, p), help to constrain the stellar reaction rates
more precisely [6,9].

An increased production of 87Rb and 88Sr, with +47%
and +7% respectively, has been found in massive-star mod-
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els using new neutron-capture cross sections on Kr-isotopes,
which also leads to an increase of +24% for the p-nucleus
84Sr during the O-shell burning [10]. During the C-O shell
merger, the temperature is about 2.5 GK and 87Rb and 88Sr
are abundant, which indicates, that a better understanding of
the 87Rb(p, γ )88Sr or its inverse reaction, can as well help
to constrain the stellar reaction rates for 84Sr since 87Rb and
84Sr are linked by a sequence of reactions [11,12].

2 Experimental setup and method

The 87Rb(p, γ )88Sr reaction was investigated at the 10 MV
FN tandem accelerator at the University of Cologne’s Insti-
tute for Nuclear Physics, Germany. The HORUS γ -ray spec-
trometer, which is equipped with a dedicated target chamber
for nuclear astrophysics experiments, was used for the inves-
tigation of the reaction [13]. Fourteen HPGe detectors were
employed, positioned at the six faces and eight vertices of a
cube. Six of the HPGe detectors were equipped with BGO
shields for active Compton suppression. The current was read
out at the target, the chamber and a Faraday cup situated fur-
ther downstream behind the target. To prevent δ electrons
from exiting the chamber, a suppression voltage of – 400 V
was applied to it.

2.1 Target properties

Due to the low melting point of pure rubidium of only 39.3◦C,
rubidium carbonate (Rb2CO3) with a melting point of 837◦C
was used. The target, with an isotopic enrichment in 87Rb of
99.2(1)%, was produced by evaporating Rb2CO3 onto a gold
backing in our in-house target laboratory. The gold backing
with a thickness of 90 mg/cm2 was used to stop the beam
to avoid further beam induced background due to widening
of the beam behind the target. In the following, this target
will be referred to as T1. After the experiment, Rutherford
Backscattering Spectrometry (RBS) [14] was performed at
the RUBION facility in Bochum, Germany [15], to deter-
mine the Rb target thickness. The results of this measure-
ment indicated that gold from the backing had diffused into
the Rb2CO3 layer during irradiation, thereby making it more
challenging to determine the thickness for T1, as can be
seen in Fig. 1. The thickness of a second similar target of
Rb2CO3, in the following denoted as T2, that had not been
exposed to a beam prior to this experiment, was determined
to be 642(64) µg/cm2 and showed no gold admixture visi-
ble in the RBS spectra. Its gold backing has a thickness of
85 mg/cm2. Note, that the thickness of each gold backing
was not measured via RBS but given after the target pro-
duction, since it solely needs to be thick enough to stop the
beam. In a subsequent experiment, T2 was irradiated with
protons at Ep = 3.5 MeV. Consequently, the thickness of

Fig. 1 Relevant part of the RBS spectra measured at the RUBION
facility in Bochum, Germany [15], to determine the Rb target thickness
for the targets T1 and T2. The spectra are well reproduced by simulations
performed with SIMNRA [16]. T1 displays an additional layer that is
not present in T2. The simulation of this layer proved to be a significant
challenge. Consequently, the method outlined in the text was employed
to determine the thickness of T1

T1 could be determined by normalizing the reaction yield
for the 87Rb(p,n) 87Sr reaction obtained with T1, at the same
beam energy, to that obtained with T2. This leads to the fol-
lowing equation:

Nγi ,2

Np2 · NT2

= Nγi ,1

Np1 · NT1

⇔ NT1 = Nγi ,1

Nγi ,2
· Np2

Np1

· NT2 ,

(1)

where Nγi , j is the γ -ray yield observed in the detectors
placed at 90◦, Npj is the number of projectiles, NTj is the
number of target nuclei per area with j ∈ {1, 2} and i denotes
the used γ -ray transitions. The effective thickness of T1 has
thus been determined to be 727(72) µg/cm2.

2.2 Beam properties

During the continuous irradiation of the 87Rb target nuclei
with protons of different energies Ec.m. as given in Tab. 1,
highly excited compound nuclei are formed with an excita-
tion energy of

Ex = Ec.m. + Q, (2)

where Q is the Q value of 10 612.8 keV for the radia-
tive proton-capture reaction on 87Rb [17] and Ec.m. denotes
the center-of-mass-energy. The effective proton-beam energy
assuming an energy loss of �E in the target is given by

Eeff = Ep − �E

2
, (3)

123



Eur. Phys. J. A           (2025) 61:142 Page 3 of 9   142 

Table 1 The detailed beam characteristics for the different effective proton-beam energies Eeff, where Ec.m. denotes the center-of-mass-energy, I
denotes the total current and t denotes the irradiation duration for the in-beam measurement

Eeff [MeV] Ec.m. [MeV] I [nA] t [h]

1.970(23) 1.947(23) 620(31) 14.8

2.776(23) 2.744(23) 610(31) 20.3

3.480(22) 3.440(22) 430(22) 9.9

3.982(22) 3.936(22) 360(18) 11.8

4.483(22) 4.432(22) 170(9) 8.2

4.984(22) 4.928(22) 140(7) 15.6

which has been used to calculate the center-of-mass-
energy Ec.m.. Here, Ep is the proton-beam energy provided
by the accelerator. Srim [18] was used to calculate the aver-
age energy loss �E in the target, which ranges between
34 keV to 64 keV depending on the proton-beam energy.
If statistics are high enough, Ec.m. can also be determined
using prompt γ rays and the formula

Ec.m. = Eγ − Q + Estate, (4)

where Eγ is the energy of the prompt γ ray and Estate is
the energy of the state that is populated by the prompt γ -ray
transition. With this knowledge, the offset of the proton-beam
energy from the accelerator can be estimated. For the uncer-
tainty of the beam energy we assume 20 keV. The uncertainty
of the energy loss in the target is the standard deviation of the
Srim [18] simulation and is almost insignificant compared
to the other uncertainties. More details can be found in Ref.
[13].

The de-excitation of the compound nucleus was inves-
tigated via high-resolution in-beam γ -ray spectroscopy to
determine total cross sections for six different proton-beam
energies between Ep = 2 MeV and Ep = 5 MeV. These
proton-beam energies have been selected to cover the region
of the astrophysically relevant Gamow window for the
87Rb(p, γ )88Sr reaction, which lies between 1.28 MeV and
3.17 MeV at a temperature of T = 3.0GK.

The proton-beam energy, proton current, and irradiation
time details for the six measured beam energies can be found
in Tab. 1. Note that the current is increased with decreasing
beam energy in order to partly compensate for the decreasing
cross section. This was possible because with smaller beam
energy the heat deposition in the target backing, which stops
the beam, is smaller and the rate of undesired reactions, and
especially the neutron production, is also reduced.

2.3 Spectra

Accurate knowledge of the full-energy peak efficiency for
γ rays up to 16 MeV is required for determining total and
partial cross sections. The efficiency of the low-energy part,

up to 2.5 MeV, has been calibrated using a 226Ra standard
calibration source. By in addition using 56Co and 66Ga stan-
dards the detection efficiency of γ -rays can be determined
precisely up to an energy of 4.8 MeV. The half-lives of these
sources are 77.2 days [20] and 9.3 h [21], respectively. Fit-
ting the efficiencies determined from these standards with a
function of the form

ε
(
Eγ

) = a · exp
(−b · Eγ

) + c · exp
(−d · Eγ

)
(5)

leads to the full-energy peak efficiencies. This function is
then used to extrapolate up to γ -ray energies of up to 16 MeV,
where the uncertainty of the full-energy peak efficiency is
about 12% in contrast to the uncertainty of 2% at Eγ =
1.3 MeV. For this experiment the total detection efficiency
of HORUS is about 2.2% at Eγ = 1.3 MeV.

The digital data acquisition that is used at the HORUS γ -
ray spectrometer consists of two CAEN S.p.A. V1782 dig-
itizers for which details can be found in Refs. [22,23]. The
events are stored in ROOT-tree format.

A schematic illustration of the reaction and the γ decays
to the ground state that have been observed in 88Sr [19] are
shown in Fig. 2.

3 Data analysis

The experimental yield Y (Eγ) of the 87Rb(p, γ )88Sr reaction
is obtained by determining the peak volume for each ground-
state transition visible in the γ -ray spectra. Two typical spec-
tra are shown in Fig. 3 for beam energies of Ep = 2.0 MeV
and Ep = 5.0 MeV with irradiation times of 14.8 h and
15.6 h, respectively. Given that 87Rb has no stable isotopic
neighbours, the only competing reaction at these energies
is 87Rb(p,n)88Sr. As expected, for a proton-beam energy of
2.0 MeV the contribution of the (p, n) reaction is signif-
icantly lower than for higher beam energy. This behavior
is consistent with statistical model calculations performed
using the talys 2.0 code [24], which predict a reduction
by approximately a factor of 2000. Other transitions being
visible stem from proton-induced reactions on 197Au used as
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Fig. 2 Schematic illustration of the proton-capture reaction on 87Rb.
The highly excited compound nucleus contains many unresolved reso-
nances and has a width of about �E

2 , with �E being the energy loss. It
can de-excite directly to the ground state of 88Sr via a single transition
(γ0) or into excited states followed by various γ -ray cascades. Here,
only states for which the ground-state transition was observed are dis-
played. The thicker the arrow the more dominant are the branchings.
The data are taken from Ref. [19]

Fig. 3 Comparison ofγ -ray spectra obtained at beam energies of Ep =
2000 keV and 5000 keV. The different symbols represent the different
origins of some peaks. A noticeable decrease in the (p, n) reaction cross
section with decreasing energy is observed. Note that the 96Mo lines
stem from an old contamination inside the target chamber and not the
target itself

backing. Since the cross sections are very small, especially at
low beam energies, lines resulting from natural background
radiation, such as that of, e.g., 40K and 226Ra, as well as from
target contaminants like 23Na, are clearly visible. The 96Mo
lines stem from a contamination inside the target chamber
caused by a previous experiment. At higher beam energies,
however, transitions in the (p, n) product 87Sr dominate the
γ -ray spectra.

In order to obtain the total cross sections, it is necessary
to determine the peak volumes of all ground-state transitions

Fig. 4 High energy part of the in-beam γ -ray spectrum for the detec-
tors placed at 90◦ for a proton-beam energy of Ep = 3.5 MeV. The
positions of primary γ -rays to certain discrete states in 88Sr are labeled

for each beam energy. Figure 2 shows the relevant part of the
level scheme in 88Sr for this analysis.

3.1 γ -ray spectra

The γ -ray line at Eγ = 1836 keV from the 87Rb(p,γ ) reac-
tion is partially contaminated with the de-excitation of the
excited 3

2
+

state at Ex = 3602 keV stemming from the
87Rb(p,n) reaction. This level de-excites to the 5

2
+

level at
Ex = 1770 keV with Eγ = 1832 keV [25]. This line is
clearly visible in the γ -ray spectra for Ep = 5.0 MeV and
Ep = 4.5 MeV and makes the determination of the num-
ber of γ -ray transitions stemming from the proton-capture
reaction for the 1836 keV transition more challenging.

The de-excitation of the 3−
1 level in 88Sr to the 2+

1 level
could be observed via a transition with Eγ = 898 keV. Due
to the known branching ratio the contribution of the direct
decay to the ground state could be estimated to be about
0.7% to 1.7%.

The nucleus 87Rb has a ground-state spin of Jπ
0 = 3

2
−

.
Consequently, the majority of states populated after the s-
wave proton capture are those with Jπ = 1− and 2− decay-
ing into the ground state with E1 and M2 transitions, respec-
tively. The former is a likely decay and thus, the prompt γ

decay to the ground state could be observed if the statistics
in the γ -ray spectra were high enough. This was used as
explained in Sec. 2 to approximate the offset of the acceler-
ator since the direct decay of the compound nucleus to the
ground state of 88Sr, known as γ0, could be observed for beam
energies between Ep = 2.8 MeV and Ep = 5 MeV. A high
energy spectrum for the measurement with a proton-beam of
Ep = 3.5 MeV is shown in Fig. 4, where the γ0 and other
primary γ -rays to certain discrete states in 88Sr are visible.
In addition, this limits the uncertainty for the beam energy
since with an approximated offset, Ec.m. can be determined
in two ways as explained.
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Fig. 5 Application of the γ γ -coincidence method on the
87Rb(p, γ )88Sr reaction for a proton-beam energy of Ep = 2.8 MeV.
Gating on the 2+

1 → g.s. transition at Eγ = 1836 keV in the original
spectrum reveals many transitions feeding this state. The width of the
gate is marked with light grey lines. Different γ -ray cascades of higher
lying states that de-excite into the 2+

1 level can be identified. They are
labeled in the figure

With the NuDAQ system [23] single spectra as well as γ γ -
coincidence matrices can be generated. The latter are used
to identify γ -ray cascades and consequently correlate these
γ -ray transitions to a certain isotope. Further details on the
used hardware and software for the analysis can be found in
Ref. [23].

Moreover, they can be used to reduce beam-induced back-
ground and identify γ -ray transitions buried in the Compton
background and estimate the intensity of these transitions.
An example of the application of the γ γ -coincidence method
with a gate on the 2+

1 → g.s. transition at Eγ = 1836 keV
for a proton-beam energy of Ep = 2.8 MeV is shown in
Fig. 5. As explained before, there is a noticeable background
reduction such that the population of the different states can
be observed in detail.

3.2 Angular Distribution

The total cross-section of the (p,γ) reaction is given by

σ(p,γ )tot
= N(p,γ )

Np · NT1

, (6)

where N(p,γ ) is the number of proton capture reactions, Np

is the number of projectiles and NT1 is the number of tar-
get nuclei per area. The de-excitation of the highly excited
compound nucleus occurs via the emission of γ rays, which
follow an angular distribution W (θ) with respect to the beam
axis [26]. This angular distribution W (θ) was sampled by
groups of detectors placed at five different angles relative to
the beam axis. The experimental yield of each detector group
was determined as follows:

W (θ) = Y (Eγ )

ε(Eγ ) · τ
, (7)

Fig. 6 The de-excitation of the highly excited compound nucleus via γ

rays follows an angular distribution. The experimental yield is measured
at five different angles and a sum of Legendre polynomials it fitted to
it. The upper figure a) shows the measured angular distribution W (θ)

for the 2+
1 → g.s. transition, whereas the lower figure b) shows the

measured angular distribution W (θ) for the 3−
1 → 2+

1 transition in 88Sr
for a proton-beam energy of Ep = 2.8 MeV

whereY (Eγ ) is the total number of detected γ -rays of energy
Eγ at the angle θ , ε(Eγ ) is the full-energy peak efficiency
and τ is the dead time correction of the data acquisition.

A sum of Legendre polynomials is fitted to the experimen-
tal values in order to obtain the angular distribution

W (θ) = A0 ·
⎛

⎝1 +
∑

k=2,4

αk Pk(cos(θ))

⎞

⎠ (8)

and especially its integral A0. The angular distributions for all
γ -ray transitions at each beam energy are obtained. Figure 6
shows the experimentally determined angular distributions
W (θ) for the 2+

1 → g.s. and the 3−
1 → 2+

1 transitions in 88Sr
for a proton-beam energy of Ep = 2.8 MeV at five different
angles.

4 Results and Analysis

The different measured contributions to the population of the
ground state can be seen in Fig. 7. For this, all A0 coefficients
of Eq. (8) for one beam energy for the observed ground state
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Fig. 7 The different contributions to the population of the ground state
from different excited states of the 87Rb(p, γ )88Sr reaction at the six
beam energies. Between 80% and 95% of the observed population of the
ground state originate from the 2+

1 → g.s. transition at Eγ = 1836 keV.
Note that for Ep = 2.0 MeV only the 2+

1 → g.s. transition was visible
in the spectra due to low statistics. Therefore, only a reliable lower limit
can be given

transitions are summed. This represents the total number of
proton captures N(p,γ ). As expected from the funnel effect
[27], the contribution of the 2+

1 → g.s. transition yields the
greatest contribution to the total cross section since many
high-lying levels de-excite via γ -ray cascades that end up in
the 2+

1 state, which de-excites with Eγ = 1836 keV to the
ground state. Since the 2+

1 state is populated by a considerable
contribution of different γ -ray cascades, the decay into the
ground state shows a more or less isotropic behavior and the
effect of the angular correlation is rather small as can be seen
in Fig. 6 a). Due to the very low cross section at a Ep =
2 MeV, statistics are only sufficient to observe the 2+

1 →
g.s. transition. Considering the trend in Fig. 7, we have to
assume that about 25% of the produced 88Sr nuclei de-excite
via different ground-state transitions and therefore cannot be
accounted for. Consequently, the cross section determined at
this energy is a lower limit.

Fig. 8 Total experimental cross-section values σtot,exp for the
87Rb(p, γ )88Sr reaction obtained in this work (black circles). For more
details see text. The results are compared to different statistical model
calculations using the talys 2.0 code [24]. The microscopic level den-
sity from the combinatorial model by Hilaire and Goriely [28] and two
different photo strength functions [29,30] have been used in addition to
the talys 2.0 default to compare experimental data to calculations. The
different models are in fair agreement with the measured cross-section
values

4.1 Total cross-section values

The measured total cross-section values obtained in this work
are listed in the second column in Tab. 2. The uncertainties of
the experimentally obtained cross-section values σtot,exp are
influenced by the uncertainties of the number of projectiles
(≈ 5%), the target thickness (≈ 10%), the full-energy peak
efficiency (≈ 0.5 − 11%) and the statistical uncertainty for
the fit of the Legendre polynomials (≈ 1−10%). It should be
noted that some of these uncertainties are energy dependent.
Until now there are no other reported experimental data on
this reaction. Figure 8 shows the results of this work in com-
parison with different statistical model calculations using the
talys 2.0 code [24].

Table 2 Total experimentally obtained cross-section values σtot,exp for
the 87Rb(p, γ )88Sr reaction depending on the center-of-mass energy
Ec.m.. For the beam energies between Ep = 2.8 MeV and Ep =
4.5 MeV five ground-state transitions have been observed, for the
beam energy of Ep = 5.0 MeV four ground-state transitions have
been observed, and for the beam energy of Ep = 2.0 MeV only the
2+

1 → g.s. transition with Eγ = 1836 keV has been observed. The

single cross-sections for the observed ground-state decays are listed for
each observed de-excitation. In the scope of talys calculations using
version 2.0, the cross-section of the de-excitation 2+

1 → g.s. has been
calculated [24] and is listed in the fourth column. For this calculation
the microscopic level density from the combinatorial model by Hilaire
and Goriely [28] and the temperature-dependent Skyrme-Hartree-Fock-
Bogoliubov model [29] have been used

Ec.m. [MeV] σtot,exp[μb] σ1836keV[μb] σtalys,2+
1
[μb] σ2734keV[μb] σ3485keV[μb] σ4035keV[μb] σγ 0[μb]

1.947(23) 0.307(41)∗ 0.307(41) 0.298

2.744(23) 4.5(11) 3.45(39) 5.27 0.041(5) 0.42(5) 0.164(33) 0.39(6)

3.440(22) 18.7(40) 15.1(17) 28.9 0.26(3) 1.64(20) 0.77(10) 0.93(18)

3.936(22) 85(14) 78(8) 70.9 0.61(7) 3.06(34) 1.38(18) 2.7(4)

4.432(22) 154(27) 144(26) 135 1.31(14) 3.82(50) 2.24(29) 2.4(4)

4.928(22) 156(54) 143(17) 207 2.6(3) 7.4(24) 3.3(5)

∗ lower limit
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4.2 Statistical model analysis and discussion

The results of the calculations and their outcome depends
mainly on the selected models for the nuclear input param-
eters. The most important input parameters are the nuclear
level density (NLD) and the γ -ray strength function (γ -SF),
which contain fundamental information about nuclear struc-
ture and decay behavior. As sensitivity studies as performed
in Ref. [9] show, the 87Rb(p, γ )88Sr reaction is very sensi-
tive to the γ -width, which is derived from the γ -SF. In the
talys 2.0 code [24], a variety of models for NLD and γ -SF
are implemented. The following models have been selected
since they are reliable and have proven their predictive power
in previous studies [31–34]: The microscopic level density
stems from the combinatorial model by Hilaire and Goriely
[28]. Two different photon strength functions have been
chosen, namely the temperature-dependent Skyrme-Hartree-
Fock-Bogoliubov model [29] and the Gogny-Hartree-Fock-
Bogoliubov model [30].

The experimental cross-section values σtot,exp for the
87Rb(p, γ )88Sr reaction obtained in this work are presented
in Fig. 8 together with different statistical model calculations
utilising the talys 2.0 [24] code. The models employed for
the level-density and the γ -SF have been selected in accor-
dance to the above mentioned criteria. The different mod-
els are in fair agreement with the experimentally determined
cross-section values. The choice of the NLD and the γ -SF
deviating from the talys 2.0 [24] default seem to improve
the agreement slightly. All calculations seem to overestimate
the cross sections at lower beam energies.

In addition to these calculations, the cross-section of
different levels de-exiting to the ground state have been
calculated using the talys 2.0 code [24] utilizing the
microscopic level density from the combinatorial model
by Hilaire and Goriely [28] and the temperature-dependent
Skyrme-Hartree-Fock-Bogoliubov model [29]. These calcu-
lated cross-sections are compared to the measured cross-
sections tabulated in Tab. 2 and shown in Fig. 9. The com-
parison shows that the talys 2.0 code [24] predictions for
the different observed levels for the cross-sections are in fair
agreement. Furthermore, talys [24] predicts additional de-
excitations from discrete level to the ground-state. This is
especially interesting since the states at Ex = 3378 keV and
Ex = 3485 keV are located at a similar energy and show a
similar cross-section for the decay to the ground-state, but
experimentally only the de-excitation of Ex = 3485 keV to
the ground-state was observed. Similar applies for the fol-
lowing levels: Ex = 3218 keV, Ex = 3522 keV, Ex =
4035 keV, Ex = 4226 keV and Ex = 4262 keV. They all
share a similar calculated cross-section σEγ and for some
similar energy for the decay to the ground-state, however,
only the de-excitation to the ground-state of Ex = 4035 keV
was observed in the experiment. This indicates that the cal-

Fig. 9 The cross-sections of different levels de-exciting to the ground-
state from calculations using the talys 2.0 code [24] utilizing the
microscopic level density from the combinatorial model by Hilaire
and Goriely [28] and the temperature-dependent Skyrme-Hartree-Fock-
Bogoliubov model [29] compared to the measured cross-sections σEγ

of the observed de-excitations. The measured and calculated cross-
sections σEγ are in fair to good agreement, depending on the de-exciting
level Ex . The trend for the different energies Ec.m. is reproduced well
for most of the energies Eγ

culations using the talys 2.0 code [24] cannot reproduce
the experimental observations. It seems that talys takes too
many ground-state decays into account for the cross-section
calculation. Moreover, as shown in Fig. 4 for Ep = 3.5 MeV
no primary γ -rays have been observed to discrete levels that
the talys 2.0 code [24] predicts in addition to the observed
levels, that de-excite to the ground-state.

Previous studies of 92Mo and 88Sr showed deviations for
the low-energy part of the measurement, too, as shown in
Fig. 10. Therefore, a re-evaluation of the NLD and the γ -
SF in this region could be useful to better understand the
production mechanisms of 92Mo and 92Nb. Most likely, no
enhancement in the low-energy limit is observed in the γ -SF
for 88Sr. This is in contrast to 94Mo, where the low-energy
enhancement is required [32].

5 Summary and conclusion

In this work, the total cross-sections of the 87Rb(p, γ )88Sr
reaction have been studied experimentally at six proton-beam
energies between Ep = 2 MeV to 5 MeV for the first time.
By studying the radiative proton-capture on 87Rb the nuclear
physics characteristics of 88Sr can be accessed. It has been
demonstrated that the employed level-density model from the
combinatorial model by Hilaire and Goriely [28] provides
decent predictions regarding 88Sr. The total cross sections
for the 87Rb(p, γ )88Sr reaction can be described by statis-
tical model calculations using the previously mentioned set
of parameters. It was concluded that a possible low-energy
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Fig. 10 Comparison between
different measured total cross
section values σtot for (p, γ )
reactions on the following nuclei
in the N = 50 isotonic chain:
87Rb (This work), 88Sr [35,36],
89Y [37–39], 90Zr [40–43], and
92Mo [44–48]. The results are
compared to statistical model
calculations using the talys 2.0
code [24], where the
microscopic level density from
the combinatorial model by
Hilaire and Goriely [28] and the
photo strength function from
Ref. [29] have been used

enhancement of the γ -SF in 88Sr would have at most a neg-
ligible effect on the cross-section values. A more systematic
comparison between the various measured cross-sections of
the stable N = 50 nuclei as shown in Fig. 10 can deepen the
understanding of the underlying nuclear physics and can help
to improve the underlying models for the statistical model
calculations within a certain mass region. Therefore, a com-
parison of cross-sections and the robustness of the used mod-
els for the 87Rb(p, γ)88Sr reaction with the 85Rb(p,γ)86Sr
reaction is planned. The influence of the obtained cross sec-
tions σtot,exp on the stellar reactions rates will be studied in
detail in the future.
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