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Abstract. The p type nuclei synthesis asks for a special mechanism known as p process. This
process is based on different nuclear synthesis scenarios, in which the p type nuclei are produced
mainly by (γ, n), (γ, p) and (γ, α) reactions. Some of those scenarios may involve (p, γ), (α, γ) and
(γ , n)

even (α, n), (α, p) and (p, n) reactions. Those thirty-two p type nuclei are situated between 74Se and
146Hg. 113In belongs to this family of nuclei and it is also the only p type nucleus from its isotopic
chain. The theoretical and experimental studies of 113In in the present paper have a significant role in
nuclear astrophysics. From this point of view we designed and tested three types of experimental
setups that cover all the requirements of such experiments. The first would be the setup for measuring
the angular distribution of gamma radiation, using high purity germanium detectors, the second
would be the 4π detection system using NaI detectors and last but not least, a detection system for
off-line measurement of activated targets.
We also study the (p, nγ) reaction, for its unselective character and for the fact that it is a
threshold reaction. We also obtain and analyze the level schemes for 111In, 113In, 115In, and we
compare the results with the theoretical predictions of the IBFM-1 model. Another significant result
is the lifetime measurements and as a consequence the B(σ) that we present in this paper.
The reaction cross-sections, the astrophysical factor, S and reaction rates were calculated using
the NONSMOKER code. We utilized that output for determining if the experimental measurements
can be done.
Key words: p type nuclei, nuclear synthesis scenarios, threshold reaction, Doppler shift
attenuation method, astrophysical factor, reaction rates.

1. INTRODUCTION
The nuclear synthesis of p type nuclei is a process defined in nuclear
astrophysics as a p process [1, 2]. This process consists of different nuclear
synthesis scenarios, in which each p type nucleus is preceded by a (γ, n), (γ, p) or
(γ, α) reaction. (p, γ), (α, γ), (p, nγ) and (α, nγ) reactions may be present in some of
these scenarios. There are 32 stable p type nuclei, heavier than iron and we can find
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them between 74Se and 136Hg. 113In belongs to this family of nuclei and it is the
only p type isotope in this chain (see Fig. 1). One of the major enigmas of all the
nuclear synthesis p process models is the abundance prediction of p type nuclei. At
the present time, it is well known that the nuclear synthesis models are capable of
reproducing the p-nuclei within a factor of three [3, 4]. These discrepancies exist
due to uncertainties in the astrophysical side of modeling the p processes or can
result from uncertainties of the input side of nuclear physics, used in abundance
calculations. We have to say that the capture cross section measurements are still
rare due to measurement difficulties. If we refer to (p, γ) measurements for nuclei
having A > 90, we have to underline that they have to be done using energies
smaller than 2 MeV for protons and 8 MeV for alpha particles, that is, in a region
in which the reaction cross sections becomes extremely small. In this case, the
beam intensities have to be in the micro ampere range and the irradiation time has
to be in the tenths of hours range. In conceiving and building an experimental setup
for measuring the total capture cross section for protons, which may take into account
the previous difficulties, one has to respect three important aspects: a) study such
experimental setups used at this moment in other laboratories, b) select and test the
equipment that our group owns and which can be assembled in an experimental
setup having optimum parameters, and c) finish building the experimental setup
which may be tested and used in our group projects regarding nuclear astrophysics.
In the next chapter entitled “Experimental setup”, we will describe the most commonly
used setups.

Fig. 1 – Chart of the p nuclei (black rectangles).
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2. EXPERIMENTAL SETUP AND PROCEDURES
a) The first experimental setup and the entire experimental process is
presented in S. Herissopulos’s article [5]. The article describes the proton capture
cross-section. This can be realized in satisfactory conditions, if the calibration and
efficiency are well known. For the 113Cd case, the calibration and the efficiency
calculation, to which we can add a precise knowledge of the target thickness, are
crucial for calculating the total reaction cross section:

σT = A0 A 1
NA ξ

(1)

where A is the atomic mass of the target, NA is Avogadro’s number and ξ is the
mass of the used target. We understand why in all total cross-section measurements
one has to measure the thickness of the target forward, during and after the
experiment was done by different means. Regarding the A0 value, this can be
obtained from the experimental angular distributions or from the excitation function
to the 55 degrees angle.
Based on the total experimental cross-section values, one can calculate the
astrophysical factors S, using the following equation:
S ( E ) = σT ( E ) Ee2 πη

(2)

where η is the Sommerfeld parameter, σT is the total reaction cross-section in the
center of mass. These values are compared with those obtained by calculation
using the NONSMOKER code [6].
b) Another studied experimental setup is that shown in Fig. 2, similar to that
used by P. Tsagari [7]. As can be seen in Fig. 2, the NaI(Tl) detectors are different
from those in the previous paragraph. We have to say that we already tested such
type of detectors and they can function in optimum condition. We have in our
department 4π NaI(Tl) detectors with dimensions around 12 in by 12 in. We
prepared this type of experimental setup for the case in which we can not succeed
in obtaining proton or alpha particle beam with the desired intensity.
c) The third method we take into account is that of activating the targets,
method recently introduced in nuclear astrophysics. This method uses the (n, γ),
(p, γ) and (α, γ) type of reactions for studying the p processes. For the capture
reactions, the resulting gamma radiation observation became a standard technique
due to the excellent resolution and efficiency of high purity germanium detectors.
This technique has a great advantage. It allows us to use targets with many
isotopes, those being easy to produce. This is the case of the (p, γ) reaction, used
for simultaneously measurement of 92Mo, 94Mo, 95Mo and 96Mo. It is also possible

400

I. Cãta-Danil et al.

4
Fig. 2 – a) Side view of the
4π NaI(Tl) cumming detector;
b) NaI crystal arrangement at the
horizontal plane.

a)

b)

Fig. 3 – A schematic diagram of the counting setup for activation measurement.

to measure the partial cross-section for the long lived isomers, having lifetimes
longer than the time scale for the p processes. In those cases, the fundamental state
and the isomeric state can be considered in the reaction network as different
species. A sketch is shown in Fig. 3.
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As a conclusion, we consider that we created three types of experimental
setups for measuring the total cross sections and the experimental astrophysical
factors that can be compared with the results from NONSMOKER calculation
code. Before getting to the next chapter we have to emphasize that besides the
previously mentioned (p, γ) and (α, γ) reactions, one can also use other types of
reactions, mainly (α, n) and (α, p) type. These last examples provide useful
information for nuclear astrophysics [8].
3. EXPERIMENTAL METHODS AND EXPERIMENTAL RESULTS

As previously stated, 113In is the only p type isotope from this chain.
Establishing the significant astrophysical factors is extremely important. Among
the In isotopes having odd mass, 113In was extensively studied using beta decay
methods, transfer reactions, Coulomb excitation and fusion-evaporation reactions
using heavy ions. Each studied reaction has its own selection rules populating the
final nucleus energy levels. A systematical study for 113In regarding the lower spin
has been done, using non selective (p, nγ) reactions [9]. As a result, the low spin
states have been determined up to 2.5 MeV and all the transitions from this levels
have been observed. However, for many levels the spins and parities are not
precisely determined as well as the lifetimes for the majority of the levels. In these
conditions, the main experimental objectives of our work were to determine the
previously stated unknown parameters.
The 113In levels were populated by the 113Cd(p, nγ) reaction, using two
energies, 4,4 and 4,1 MeV. The proton beam having a intensity of 20 nA was
provided by the FN Tandem Van de Graaff Accelerator in Bucharest. A foil of
112Cd was used as target, 99.5% isotopically enriched, and a thickness of 20 mg/cm2.
An HPGe detector was used for gamma radiation detection. The detector was
positioned 12 cm from the target and it had a 20% efficiency.
To obtain useful information from the astrophysical point of view, in the future
experiments one has to use lower energies, in order to reproduce the conditions for
nuclear synthesis processes. A possible case can be the 113Cd(p, n) reaction using
proton energies as low as 0.485 MeV. In these conditions one must have a very
well focused beam up to 1 μA intensity.
The energy calibration of the beam will be done by measuring a well known
resonance. To do this, one can use the 992 keV resonance from the 27 Al ( p, γ ) 28 Si
reaction.
A major problem that has to be solved in every measurement is that of
knowing the efficiency for every detector, in order to get directly from the single
spectra to the reaction cross-section expressed in barn. More exactly, the total crosssections comparable with the theoretical ones obtained from the NONSMOKER
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calculation code, has to be obtained. Until now we established a fast procedure to
determine the detection efficiency for the detectors used in previously stated
methods (a and c).
A very significant result of our measurements refers to the determination of
low lying energy levels life times for 113In. For this purpose we used unselective
(p, nγ) nuclear reactions for populating these states and we utilized the Doppler
Shift Attenuation Method (DSAM) for establishing the experimental life times. We
used the centroid shift because for this type of reaction the gamma radiation shift is
relatively small. The small shift presents a big disadvantage of the method because
it requires a very good detection tool for gamma radiation energy. On the other
hand, the use of this reaction has its advantages: i) the lack of selectivity in
populating final states and as a consequence all the states from a certain spin
interval will be excited, ii) using a threshold reaction, this can be done to such
energies in which the interesting states are not fed from above states, in this way
avoiding life time alteration of the desired state; iii) near the threshold energy, the
recoil nuclei have a narrow energy distribution in the forward direction. Much
more details can be found in our previous work [10] and in other articles published
by our group referring to other nuclei [11–14]. Consequently, we will not insist on
those aspects. Nevertheless, we will present examples of DSAM for a series of low
lying levels of 113In as we can see in Fig. 4.

Fig. 4 – DSAM measurements examples for the

113In

isotope.
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Fig. 5 shows a systematic representation of the low energy levels with
positive parity for the odd A isotopes, 111In, 113In and 115In, which allows one to
follow the evolution of two different structures. The left-hand structure is interpreted
as a rotational band constructed on the intruder orbital [431] 1/2. The states in the
center are suggested to be a part of the 2 + × g9−1 multiplet. One can notice that 111In
2

has five excited states as expected, 113In has three candidates for 7/2+ and 9/2+, and
many more for 115In.

Fig. 5 – The positive parity level systematics at low energy for the odd mass isotopes,
113In, 115In.

111In,

The position of the 2+ state for the Sn core isotope (with mass A-1) is also
shown. In the weak particle-core coupling model, the multiplet energy centroid
(determined as ( 2 I + 1) E ( I ) / ( 2 I + 1) ) where I is the spin value, has to

∑

∑

coincide with that of the 2+ state and this is approximately the case for all isotopes
in Fig. 5. In the same particle-core coupling models, for the weak coupling and
harmonic vibrator, the reduced transition probability, B(E2), has to follow simple
rules. For exciting a multiplet state having the Jf spin, the B(E2) value has to be

(

proportional to (2If + 1). Since one has, by definition, B E 2; I i → I f

) (

)

) B ( E 2;

I f → I i = 2 I f + 1 ( 2 I i + 1) , it results that value of decay B(E2) for each state has

(

)

to be equal to B E 2; 21+ → 0 +gs . It is expected that other excited states would have
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smaller values. The experimental data added to this work concern several states in
the higher excitation energy region of the multipole. In our previous work about
113In we made a detailed analysis of the excited level systematic.
Without detailing the IBFM model, we have to emphasize that we made
calculations, using the ODDA code for levels and PBEM for the electromagnetic
transition.
In Fig. 6 we undertake from our previous work [10] the comparison between
111
In and 113In level scheme and the one calculated with IBFM-1. Data and
the
detailed analysis can be found in the mentioned article. The IBFM description is

(

very close to the weak coupling vibrating core as B E 2; J f → 9 2 +gs

(

)

) predicts and

slowly deviates from B E 2;2 + → 0 +gs .

Fig. 6 – Comparison between the experimental level schemes for 111In and
(positive parity) and the calculated IBFM – 1 level scheme.

113In
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4. THEORETICAL CALCULATIONS

The prediction of the total reaction cross-section and the S factor from the
NONSMOKER model, as we previously stated, encouraged us by its promising
results in using the (α, n) and (α, p) reactions for obtaining astrophysical
information [8]; in our article we make for the first time an attempt to use the
(p, nγ) reaction for the same purpose. In Fig. 7 we show the cross-section variation
as a function of ECM (MeV) for the energy range 1.0 < ECM < 5.0. One can find out
that for this energy interval the σT varies from 10–12 to 10–2 barns, that is by more
than ten orders of magnitude. This brings out the difficulty in doing such sort of
experiments interesting from the astrophysical point of view. This difficulty is even
more obvious in the fact that for only 1 MeV (from 2 MeV to 1 MeV) variation for
ECM a 5 order of magnitude change of the total reaction cross-section is registered
(from 10–7 to 10–12 barn). From these difficulties it results our constant effort to
obtain higher intensity (tents of μA) proton and alpha particle beams for
maintaining the irradiation time within reasonable limits (tenths of hours of
irradiating the target).
In Fig. 8 we present the S astrophysical factor variation. As can be seen, this
variation is small in comparison with that of the 106 Cd ( p, γ ) reaction for a similar

Fig. 7 – The cross-section in barn, as a function of Ecm (MeV).
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Fig. 8 – The astrophysical factor S (109 keV × b) variation, as a function of the center of
mass energy in MeV for the

113

Cd ( p, nγ )

113

In reaction.

Fig. 9 – The astrophysical factor S (107 keV×b) variation as a function of the center of
mass energy between 0.5 and 4.0 MeV.
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energy interval (see Fig. 9). Otherwise we have to emphasize that discrepancies of
the theoretical values in comparison with the experimental ones are much bigger in
this mass region. Therefore, more exact and detailed measurements are required in
the future for the case of these two indium isotopes (107In and 113In).
5. CONCLUSIONS

In this work the activation technique was shown to represent an efficient tool
for the reliable determination of (p, γ), (α, γ), (p, nγ) and (α, nγ) cross sections for
p-process studies. Though mostly restricted to measurements on stable target
nuclei, this method offers the possibility to establish an extended set of data for
testing and normalizing the parameter systematic for Hauser-Feshbach interpolation
to the actual network of the p process. Despite its formal simplicity, measurements
with the activation technique require great care in technical detail if this full
potential is to be exploited. Most crucial in this respect are the preparation and
characterization of the targets, but also monitoring of the proton yield and of the of
the target performance throughout the irradiation are important. The subsequent γ
counting requires carefully calibrated detectors, including the verification of count
rate corrections due to cascade effect and/or coincident observations of the related
γ-rays. The cross section are determined with uncertainties of a few percent if this
precautions are considered.
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