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Abstract. The cross section measurement of 144Sm (p, γ) 145Eu has been car-
ried out around proton energies 2.6−6.8 MeV using the activation technique.
Measured cross sections are compared with the previous measurement and the-
oretical predictions using TALYS 1.96. The molecular deposition method was
used to prepare the enriched 144Sm targets of thickness 100−350 µg/cm2 on Al
backing.

1 Introduction

Most of the heavier elements (above iron) are produced mostly via the slow (s)- or rapid
(r) neutron capture process. But there are around 35 stable nuclei, between 76Se and 196Hg,
which are not produced via this s or r-process and are called p-nuclei [1]. These nuclei
have relatively low solar abundance in comparison with the neighbouring s or r-process seed
nuclei. The typical abundance of these p-nuclei in the 34 ≤ Z ≤ 50 region is 1% and less than
0.3% in the higher (Z>50) region. Heavier p-nuclei are produced mainly through a series
of photodisintegration processes, viz. (γ, n), (γ, p), and (γ, α). The temperature required
for such processes is between 1.5−3.5 GK, and generally occurs in the O/Ne layer of type II
supernovae. Although abundances of p-nuclei decrease with the increase in atomic number,
there are a few, like 92Mo and 144Sm, which have relatively higher abundances of 14.52% and
3.08% respectively. More precise and detailed information about the reaction cross section is
extremely important in order to study the reaction rate for these nuclei. Molecular deposition
technique was used to prepare the 67% enriched 144Sm targets of thickness 100−350 µg/cm2

on a 25 µm Al foil. Measured 144Sm(p, γ) cross sections were compared with the theoretically
predicted values using TALYS 1.96 [2].

2 Experiment

The experiment was performed at the K130 Cyclotron facility at VECC, Kolkata, using the
activation technique [3]. The minimum available proton energy from the Cyclotron was 7
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(a) Setup used for multiple target irradiation between
4.2 and 6.8 MeV.

(b) Setup used to irradiate sin-
gle (one at a time) 144Sm targets
below 4.2 MeV.

Figure 1: Setups used for multiple (a) and single (b) 144Sm target irradiations.

Table 1: List of γ-rays used for cross section measurement of 144Sm(p, γ)145Eu reaction [4].

Reaction Product nuclei Half-life (T1/2) Detected γ-rays (%)
144Sm(p, γ) 145Eu 5.93(4) d 653.5 (15%)

896.7 (66%)

MeV, and the stacked foil degradation method was used to irradiate targets at lower energies
[5]. Irradiation was carried out for a few hours to a couple of days with a beam current of
approximately 1 µA.

Two different types of irradiation setups were used, as shown in figures 1a and 1b. Fig-
ure 1a was used to irradiate multiple 144Sm targets simultaneously between energies 4.2
and 6.8 MeV in two sets (five energies). Copper foil (99% pure) of thickness 7 µm was
used in between targets to calculate the irradiation beam current using the activity of 65Zn
(T1/2 =243.93(9) days) produced via the 65Cu(p, n)65Zn reaction. Whereas the setup shown
in figure 1b was utilised to irradiate a single (one) 144Sm target at a time for energies below
4.2 MeV (four energies). A stack of Al foils was placed as a degrader in front of 144Sm tar-
gets to reduce the proton energy. The current information for the second setup was collected
from the faraday cup placed at the end. A −500 V electron suppressor was used to suppress
the secondary electrons coming out of the faraday cup. Proton energy after degradation and
energy straggling were calculated using LISE ++ code [6]. γ-rays coming from 144Sm(p,
γ)145Eu reaction used for cross section determination are listed in Table 1. Irradiations were
done for 17−45 hours.

3 Results

After the irradiation, targets were cooled for an hour to a couple of days before measuring the
γ-activity. The activity was measured using a CANBERRA HPGe detector having 40% rela-
tive efficiency and shielded by 7.5 cm thick lead bricks. The data acquisition was carried out
using CANBERRA DSA1000 (a digital signal processing module) and a spectroscopy soft-
ware suite named GENIE 2000. A typical γ-spectrum is shown in figure 2a. Cross sections
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Figure 2: (a) A typical γ-spectrum for 144Sm(p, γ) reaction at ∼5.9 MeV proton energy; (b)
The measured cross sections compared with previously measured by Kinoshita et. al [7] and
Hauser-Feshbach calculations obtained from TALYS 1.96 and NON-SMOKER database [8].

of the reaction were calculated using equation 1,

σ =
Cγ λ

φb Nt Iγ εd (1 − e−λtirr )(e−λtcool − e−λ(tcool+tmeas))
(1)

where Cγ and λ are the peak area count for Eγ and decay constant; φb, Nt are beam intensity
and number of atoms in the target. Iγ, εd are γ-intensity and detector efficiency for Eγ; tirr, the
irradiation time; tcool, the cooling time between the end of irradiation and the start of counting;
tmeas, the counting time. Measured cross section values are compared with the theoretical
predictions obtained from TALYS 1.96 (Figure 2b). The error in the measured cross sections
reported in this article is calculated by considering all possible uncertainties, like counting
statistics, target thickness, etc. Energy uncertainty (due to straggling) is significantly small
due to the use of a 7 MeV proton instead of a 14 MeV beam like Kinoshita et al.

Acknowledgement

The authors would like to acknowledge Prof. Chandi Charan Dey for providing the en-
riched material. We acknowledge the support provided by the K130 Cyclotron staff at VECC,
Kolkata, and Mr. A. A. Mallick of the Analytical Chemistry Division, BARC; VECC, for his
assistance during the experiment.

References

[1] M. Arnould and S. Goriely, Physics Reports 384, 1-84 (2003)
[2] Arjan Koning et al., Eur. Phys. J. A 59:131 (2023)
[3] Gy. Gyürky et al., Eur. Phys. J. A 55, :41 (2019)
[4] National Nuclear Data Center: NNDC, https://www.nndc.bnl.gov/
[5] T. Bar et al., arXiv:2401.03525 [nucl-ex] (2024)
[6] O. B. Tarasov et al., Nucl. Inst. Meth. A 376 185–187 (2016)
[7] N. Kinoshita et al., PHYSICAL REVIEW C 93, 025801 (2016)
[8] T. Rauscher and F. K. Thielemann, At. Data Nucl. Data Tables 79, 47 (2001)

3

EPJ Web of Conferences 297, 02002 (2024)	 https://doi.org/10.1051/epjconf/202429702002
ISNA23


