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New polyvalent low background y-rays set-up at UNamur: Application
to S-factor measurements for the 3C(p,y)'*N reaction

P-L Debarsy?, L. Baseil?, C. Stasser™ ", T. Tabarrant?, J.L. Colaux!, A-C Heuskin?, G. Terwagne!

1 LARN, University of Namur, 61 rue de Bruxelles, B-5000 Namur, Belgium

Abstract

The Laboratory of Analysis by Nuclear Reaction (LARN) at the University of Namur (Belgium)
is equipped with a low background y-ray detection system. This setup is made of one ton of
lead as passive shielding and plastic scintillators as an anti-cosmic active shielding which
covers a large area around a 3.5 x 3.5 inches HPGe detector. This setup makes it possible to
reduce the background level from two to three orders of magnitude, depending on the energy
range of interest. In this work, this polyvalent detection system is described and used to refine
the cross-section measurements of the 3C(p,y)*N nuclear reaction at middle and low
energies. The reaction 3C(p,y)**N plays an important role in the CNO cycle and s-process in
stellar evolution. In this work, we studied more precisely the *3C(p,y)**N ground transition
(E,= 8.06 MeV) for incident energies ranging from 147 to 574.3 keV in the centre-of-mass
system generated by the 2 MV Tandetron accelerator ALTAIS installed at the LARN. Our
measurements performed both in reverse (i.e. *H(*3C,y)**N) and direct kinematics are in good
agreement with all the data available in the literature, validating our low background
detection system.

"Corresponding author.
E-mail address: coraline.stasser@unamur.be



1. Introduction

In this work, we present the latest improvements of a polyvalent low background y-ray
detection setup developed at the Laboratory of Analysis by Nuclear Reactions (LARN) at the
University of Namur in Belgium. This system can be used for multiple applications: Depth-
profiling of light elements (*H, 3C, °N, °F for instance), characterization of low-level
radioactive samples and cross-section measurements of nuclear reactions.

Measurements of the nuclear cross-section 3C(p,y)!*N of astrophysical interest [1], both in
direct and reverse kinematics, were performed as an application example of such a system.
This reaction occurs in the CNO cycle [2, 3] along with the p-p chains [4] and provides the 1N
needed to the reaction *N(p,y)*>0, which is the slowest reaction of the CNO cycle. In addition,
the 13C(p,y)**N reaction directly competes with the 3C(a,n)*®0 reaction, which is the principal
neutron source for the s-process [5]. The 3C(p,y)**N reaction presents a resonance at 511 keV
(in the centre-of-mass system) for the 8.06 MeV energy level of N. This reaction has already
been studied in direct [6-10] and reverse [1, 11] kinematics at low energies, providing cross-
section values to be compared with our results.

In direct kinematics, it is complicated to produce very low energies close to the Gamow peak
(~100 keV) with a Tandem accelerator. Furthermore, nuclear reactions induced by protons
can produce impurities, such as fluor or sodium, acting as a source of noise in the energy
region of the gamma rays of interest (~ 8 MeV). Working in reverse kinematics solves this
issue, as the 3C* kinetic energy is 1500 keV at the Gamow energy. It however requires
producing hydrogen-rich targets, without deuterium. This can be done by ion implantation at
low energy with a magnetic deflector, making it possible to separate deuterium from
hydrogen. In addition, these targets must stay stable under beam irradiation. This problem
was solved by Genard et al. [12] and improved by Debarsy et al. [13].

The first measurements performed with a simplified detection system was carried out by
Genard at al. [1], reaching an energy of 225 keV in the centre-of-mass system. The aim of the
present paper is to measure the 3C(p,y)*N reaction cross-section at lower energies using an
improved low background gamma-ray detection system. Measurements in direct kinematics
are also presented on a reduced energy region (from 450 to 690 keV in the centre-of-mass
system) to evaluate the relevance of the detection setup.

This paper is organized as follows: section 1 describes the low background detection system
which is characterized in section 2, while section 3 focuses on an astrophysical application of
this setup — i.e. the measurement of cross-section and S-factor values of the 3C(p,y)!*N
reaction.

2. Description of the low background y-ray detection system

Low-level gamma ray spectroscopy is used for a variety of applications going from radioactive
activity analysis [14-20] to low cross-section measurements [21, 22] or material
characterization such as elemental depth profiling by resonant nuclear reaction analysis [23].



This kind of spectroscopy requires a setup that mitigates the background level to maximize
the signal to noise ratio.

2.1 Source of background in y-ray spectroscopy

The background comes from three main contributions: natural radioactivity, cosmic rays
(mostly muons) and Compton scattering. Natural radioactivity depends on the surrounding
materials and is mainly due to three remaining radioactive families (*3°U, 23 U and 232Th) and
40K [15]. The cosmic rays come from the primary flux (mainly protons and helium) interacting
with the high atmosphere and producing a secondary flux of particles. At sea level, 75% of
these particles are muons with a mean energy of several GeV. Muons can thus deposit a large
amount of energy in a y-ray detector (up to a few tens of MeV, depending on the crystal size
and density) [24], which is obviously a source of noise for y-ray spectroscopy. The last
background contribution is due to the Compton inelastic scattering of y rays inside the
detector, leading to a continuum on the left of the photoelectric peak.

There are different ways to mitigate these background sources. For natural radioactivity, it is
generally advised to surround the detector by a passive shielding, which consists of high Z
materials (e.g. iron or lead) [25]. The shielding thickness depends on the material used. For
lead, a thickness from 6 to 10 cm is generally considered. Using a thicker lead shielding is
useless because of the interaction of the muons with lead, which leads to additional sources
of noise (i.e. Bremsstrahlung and radioisotopes production [25]). One should also carefully
choose the detector and shielding materials to avoid any y-ray emissions from the materials
themselves.

Because the muons are very penetrating, a large amount of material (generally expressed in
water equivalent depth) is required to significantly reduce their flux. In addition to the muon
flux, this amount of material also reduces the neutrons coming from the secondary flux. These
neutrons can also provide y radiation by interacting with the detector or its environment [15].
Some laboratories are installed deep underground to minimize this flux. It is for instance the
case of LUNA [26-29], EMMA [30], CASPAR [31] and JUNA [32]. For LUNA, the muon’s flux is
reduced by about 6 orders of magnitude. In the case of CASPAR, the end station is equipped
with a y-summing spectrometer [33]. Another possibility to mitigate the noise from cosmic
rays is to work with an active shielding [34-36], which consists of surrounding the detector
with scintillators and performing anticoincidence measurements. This kind of system is much
cheaper and easy to develop. However, the neutrons coming from the secondary flux (due to
some nuclear reactions in the environment of the detector) and tertiary flux (due to the muon
spallation within the passive shielding) can in turn produce radioisotopes, whose
disintegration generates y-rays background [37]. Their contribution depends on the muon
and secondary neutron fluxes and the anticoincidence time window when an active shielding
is used.

Finally, the Compton scattering background can be mitigated using anticoincidence
measurements thanks to an anti-Compton detector added around the y ray main detector
[20, 38-42]. This method is beyond the scope of the present paper as the energy of the
detected y rays is high (8.06 MeV) but is the subject of a future development at the UNamur.



In the case of some cross-section measurements, an extra source of noise can also be
produced by the incident beam through parasitic nuclear reactions generated on the beam
collimation devices or impurities contained in the target. Working in reverse kinematics while
using high-purity targets would greatly help to mitigate this extra source of noise. In the
context of the nuclear reaction of interest (}3C(p,y)'*N) studied later in this paper, the signal
coming from °F and 22Na contaminants can be expected in the energy region of interest.

2.2 Low background setup at the LARN

The low background y-ray detection system developed at the LARN is shown in figure 1. A 3.5
x 3.5 inches High Purity Germanium (HPGe) coaxial detector manufactured by Canberra is
used as y-ray detector. The choice of a HPGe detector makes high precision measurements
possible thanks to its high energy resolution (0.3%) compared to other y-ray detector such as
Nal(Tl) (6%) or BGO (12%) [43]. Furthermore, thanks to its important volume, this detector
enables high detection efficiency, which is an asset for low counting rate measurements. The
relative detection efficiency given by the constructor was 132% at time of purchase.

The passive shielding used to mitigate the natural radioactivity background is presented in
figure 2. It is made of 100 mm of low activity lead (i.e. 50 Bg/kg), 20 mm of ultra-low activity
lead (i.e. 10 Bg/kg), 2 mm of copper and 4 mm of Plexiglas. The last two layers aim to stop the
X-rays produced by the decay chain of 2!°Pb and slow down the neutrons produced in lead by
high energy cosmic rays. During long measurements performed in reverse kinematics, a
nitrogen gas flow can be blown around the detector to minimize the radon concentration
inside the lead castle [44]. A hole in the lead shielding makes it possible to insert the end of
the beam line close to the sample holder, enabling the production of nuclear reactions as
close as possible from the detector inside the low background set-up. This hole could be
closed thanks to a cap with the same composition as the passive shielding. This configuration
enabled radioactive sample analysis for instance. The HPGe detector is placed on a rail which
makes it possible to slide it inside the passive shielding. Finally, our laboratory being settled
at the ground-floor of a 5-floor building, one can consider that our low background y-ray
acquisition system is located at 6 meters water equivalent (m.w.e.), which reduces the muon
flux by 40%.

In addition to the passive shielding, an active shielding was added to mitigate the background
caused by cosmic muons inside the germanium crystal. The lead castle is then surrounded by
two planar and one hemi-cylindrical plastic scintillators, all EJ-200 manufactured by Scionix,
as shown in figure 1. Both planar scintillators are mounted on pistons to raise or lower them
when moving the HPGe. Once lowered, the bottom of these scintillators is 2 cm above the
bottom of the HPGe detector.
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Figure 1: General view of the low background y-ray detector at the LARN. One can see three
plastic scintillators (in black) surrounding the lead castle (in blue). The whole system (i.e. HPGe
- lead castle - scintillators) is mounted on a sliding tray which enables to move it close to or

away from the end of the beam line.

Figure 2: Schematics (not to scale) of the passive shielding of the low background y-ray
detection system at the LARN. The different layers from the outside to the inside are 10 cm of
low activity lead (in dark blue), 2 cm of ultra-low activity lead (in light blue), 2 mm of copper
(in orange) and 4 mm of Plexiglas (in green). The central cavity where the HPGe can be inserted
appears in white.

Thanks to a numerical acquisition system from CAEN [45], it is possible to set up an
anticoincidence between the HPGe detector and the plastic scintillators. A Digital Pulse
Processing for the Pulse Height Analysis (DPP-PHA) and MC? Analyser or COMPASS software
were used to perform the measurements. With this active shielding, we expected a high
shielding efficiency against cosmic rays since the muons have a cos?(0) distribution (with 6 =
0° at the zenith) [46]. Note that, to evaluate the efficiency of our active shielding, we split the
output signal from the pre-amplifier of the HPGe and thus simultaneously recorded the
spectra with and without the veto.



2.3 Characterization of the setup

Figure 3 shows the background subtraction efficiency of the low background y-ray detector
used for this work. One can see that the passive shielding already reduces the y-ray
background by more than 2 orders of magnitude, depending on the energy region. Some
peaks, present as contaminants in materials or air around the HPGe detector, or in the
components of the detector itself, are still present, such as the “°K at 1460.8 keV, the 2*2Rn at
1764.5 keV, 2%8T| (232Th family) at 2614 keV, as well as the annihilation peak at 511 keV. The
high intensity of the annihilation peak is due to photons coming from e* - e annihilations
induced by bremsstrahlung radiations of muons interacting within the lead castle [47].
Turning ON the active shielding further reduces the y-ray background up to one more order
of magnitude for energies above 3 MeV.

Figure 4 shows spectra similar to those in figure 3, except that the energy range is respectively
from 0 to 12 MeV at high resolution (figure 4a) and 0 to 67 MeV at low resolution (figure 4b).
Figure 4 shows the typical muon spectrum expected for such experimental conditions. Below
7 MeV, the spectrum is dominated by indirect muon interactions in the lead shielding [48,
49]. Above 7 MeV, the spectrum is dominated by direct muon interaction in the Ge crystal
[48, 49]. Figure 4b highlights a broad peak observed around 60 MeV, which is ascribed to the
direct interaction of muons with the HPGe detector [24, 48]. Indeed, the muon energy loss
into germanium is about 7.3 MeV.cm™ [24, 48] and the thickness of our HPGe is 86 mm. We
can therefore expect an energy peak around 60 MeV. The width of this peak is related to the
muon path in the HPGe detector. Due to the angular distribution of muons, it is indeed more
likely that muons reach the crystal from the zenith, crossing all the width of the crystal, giving
rise to the maximum of the peak. A weaker part of the muons can take smaller or larger paths
in the crystal. This peak disappears when the active shielding is turned ON.

One can conclude that the present setup makes it possible to decrease the noise by one order
of magnitude between 3-7 MeV and by two orders of magnitude above 8 MeV.

In addition to figures 3 and 4, table 1 summarizes the detection rates (with background
correction) of characteristic y peaks and two energy regions for external (i.e. no shielding),
internal without veto (i.e. passive shielding) and internal with veto (i.e. passive and active
shielding) acquisition conditions. The “ratio” values give the internal (with or without veto)
detection rate over the external detection rate. One can see that the passive shielding makes
it possible to mitigate 98% of the background between 0.3 and 3 MeV. The mitigation of the
muon background is about 95% between 3 and 66 MeV. Due to the absence of natural
radioactivity beyond 3 MeV, this result corroborates the really good efficiency of the active
veto. The background reduction is weaker at lower energy (54%). This difference in the
efficiency of the active veto in function of the energy is explained by the indirect (below 7
MeV) and direct (above 7 MeV) nature of muon interactions in the Ge crystal.
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Figure 3: HPGe spectra of natural radioactivity outside the lead castle (in dark blue), inside the
lead castle without active veto (in red) and inside the lead castle with active veto (in green).
All spectra are normalized by the acquisition time.
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Figure 4: Counting rate (/s/100 keV) in the HPGe detector for different energy regions and for
different configurations of the detection setup. (a) HPGe detector outside passive shielding
(blue squares), inside passive shielding (red circles) and inside the passive shielding with veto
activated (black triangles) for an energy range from 0 to 12 MeV. (b) HPGe detector outside
passive shielding (red circles) and inside passive shielding with veto activated (black triangles)
for an energy range from 0 to 65 MeV. Uncertainties are calculated at 98% C.L.



It is also noteworthy that for the 609.3 keV, 1460.8 keV and 2614.6 keV peaks, the values for
the configurations with or without veto are very close to each other considering the error
bars (mainly dominated by the counting statistics for the 609.3 keV peak). This means that
the number of accidental anticoincidence is low and therefore validates our active shielding
configuration. Concerning the annihilation peak at 511 keV, it is consistent that the ratio
decreases when the active shielding is activated since this peak is partly due to the muons
generating electron-hole pairs within the materials surrounding the detector (mainly the
lead castle). It is finally important to notice that we did not observe y rays coming from
neutron inelastic scattering on 7*Ge (596 keV) and ">Ge (693 keV) [50]. While this
background contribution becomes significant in the context of ultra-low background
experiment, it is negligible compared to the background detection rate in our setup.

It is also under interest to highlight that this low background setup makes it possible to reach
a minimum detectable activity around 0.1 Bq for 13’Cs and °Co for a point-like sample located
in the lead chamber at 3 mm in the front of the HPGe detector and for less than 5 hours of
acquisition.

Table 1: Comparison of detection rates (counts per hour) for several y peaks or energy regions
for external (outside lead castle), internal (inside lead castle) without veto and internal with
veto acquisitions. Acquisition times are 63 hours for external conditions and 48 hours for

internal conditions. Uncertainties are calculated at 68% C.L.

Energy 0.511 0.609 1.460 2.614
A

(MeV) 0.3-3 3-66

Family Annihilation 214gj (238) a0y 208T| (232Th)
peak

External  1437.5+4.8  3781.0+7.7 1464.8+4.8  2572.8+6.4 2.28 105 3.88 103
Pcissive
shielding ~ 917+ 14 2.0£0.2 4.2+0.2 3.2+0.2 3.7310° 3.2510°
Ratioto 0/ 19)10°  (5.340.5)10% (2.9+0.2)10° (1.2#0.1)10%  1.61072 8.4107
external
Active 14.1+0.5 1.6+ 0.2 4.4+0.3 3.1+ 0.2 1.72 103 1.32 10?
shielding
Ratio to
passive  (1.5+0.2)107  (8+0.1) 10" (1.0+0.1) (9.7¢0.1) 10t 4.6 10" 4.110?

shielding




Finally, we compared our setup to other facilities. Table 2 shows the counting rate by kilogram
of detector and by minute of acquisition for different facilities in their experimental
conditions (depth and veto form). At energies below 3 MeV, we found that our system is
competitive compared to other systems under similar conditions (i.e. from ground level to
maximum 10 m.w.e. underground facilities). For instance, we obtained similar detection
rates, even better than those measured by Laurec et al. [51], Shizuma et al. [50] and J.I. Byun
et al. [18]. This first result is not very surprising because these facilities have an active
shielding similar to the one used on our device (almost a 4nt shielding). However, these
facilities are a bit more complex than our setup. For example, in the case of Gastrich et al.
[15], their system lies in a steel box surrounding the whole laboratory, which enables the
absorption of a part of the cosmic rays. In the case of Sivers et al. [52], in addition to their 4w
active shielding, the passive shielding is placed into a hermetic box to limit radon
contamination. The system of PRISNA [53] is the closest to ours. Indeed, their facility consists
in five plastic scintillators covering all the passive shielding, except the bottom. The passive
shielding is made of 10 cm of lead, following by 8 cm of borated polyethylene and 4 cm of
archaeological lead. The whole laboratory is in a hermetic room to avoid radon
contamination. Concerning GIOVE, from Heusser et al. [54], this system is more efficient than
ours. In addition to being located at 15 m.w.e. underground, their facility is characterized by
an active shielding inside and outside the passive shielding. Moreover, the passive shielding
is made of different layers of lead and borated polyethylene to suppress respectively y ray
and neutron background. For facilities deeper underground (>33 m.w.e.), the detection rates
are about one to two orders of magnitude lower than ours. As we can see in the table 2, these
laboratories do not need an active shielding [54-56]. The system of S. Turkat et al. [57]
achieves a very low counting rate comparable to facilities located deeper underground. This
system is close to our device but is located deeper underground (140 m.w.e.) and made of a
thicker passive shielding and an anti-radon box. One can conclude that our system is totally
suitable for applications associated with low counting rates, such as elemental depth
profiling, characterization of radioactive wastes or low cross-section measurements. When
ultra-low background measurements are required (e.g. activity measurements of a few tens
of uB/kg), systems such as Heusser and al. [54], S. Turkat et al. [57] or systems located deep
underground would be more efficient. However, these kinds of facilities are expensive.

Now looking at the energy range above 3 MeV, one can see that the detection rate is
systematically lower than other facilities. However, data above 3 MeV in literature are sparse,
so we can only refer to a small number of facilities. In the case of Kasperovych et al. [36], they
did not use an HPGe detector, but a CAWO4. Longland et al. [21] have a detection rate close
to ours. In their case, they used an active shielding surrounding the detector inside the passive
shielding. However, in addition to this active shielding, they also performed yy-coincidences
which are not considered in table 2. If this coincidence is activated, their detection rate falls
to 0.29 min kg!. Finally, one can notice that our detection rate is about three times lower
than the counting rate obtained by Genard et al. [1, 58], the previous detection device used
at the LARN. This improvement is explained by the increase in solid angle of the active
shielding.



Table 2: Comparison of the shielding efficiency (in kg min) as a function of the energy range
for different low background facilities. A part of these results comes from [15, 59]. For each

facility, the depth in m.w.e. as well as the form of the active shielding are given. The results
coming from this work were performed in our experimental conditions —i.e. a hemi-cylindrical
and two plan plastic scintillators as active shielding and at a depth of 6 m.w.e.

This work
Other facilities (6 mw.e.)
gv region Active shielding Depth References Counting rate Counting rate
(kaV) (in m.w.e.) (kg* min?) (kg* min?)
IC=2000 1 plastic sc. Ground level Miley et al. [60] 4.63 475
J-2400 1 plastic sc. Ground level N. Q. Hung et al. [19] 111.35 6.41
7-2700 5 plastic sc. 6 m.w.e Prisna [53] 8.87 6.65
3-2700 6 plastic sc. Ground level Laurec et al. [51] 9.81 6.52
2-2700 6 plastic sc. 1 m.w.e. Schwaiger et al. [61] 5.69 6.18
)-2790 4 plastic sc. 10 m.w.e. Gastrich et al. [15] 2.53 6.18
0-2700 7 external plastic sc. and 15 m.w.e. Heusser et al. [54] 0.24 6.18
6 internal plastic sc.
0-2700 5 plastic sc. 140 m.w.e S. Turkat et al. [57] 0.08 6.18
0-2790 / 500 m.w.e. Koehler et al. [55] 0.17 6.18
0-2700 / 3800 m.w.e. Heusser et al. [54] 0.05 6.18
0-2700 / 4800 m.w.e. Reyss et al. [56] 0.13 6.18
0-2700 1 plastic sc. <33 m.w.e. Semkow et al. [59] 7.66 5.89
IG-2700 6 plastic sc. 10 m.w.e. Sivers et al. [52] 1.20 5.05
0-3000 4 internal plastic sc. Ground level Shizuma et al. [50] 15.80 6.23
0-3000 5 plastic sc. Ground level J. I.Byunetal. [18] 13.86 6.23
02-5000 1 plastic sc. Ground level Kasperovych et al. [36] 0.41 0.31
05-9000 5 plastic sc. Ground level Longland et al. [21] 1.00 0.62
03-9000 1 plastic sc. 6 m.w.e. Genard et al. [1] 1.60 0.62




3. Astrophysical application

In nuclear astrophysics, values of cross-sections are required to obtain the rates of nuclear
reactions in stars [4], which enables one to make predictions about star evolution. The
reaction rate of stellar reactions is maximum in the “Gamow window”, which arises from the
convolution of the Maxwell-Boltzmann energy distribution of particles in the star and the
tunnelling probability between the interacting nuclei. This peak appears in an energy range
around few tens of keV (84.7 keV for the 3C(p,y)**N reaction). Therefore, since the cross-
section decreases with the incident energy, the measurements around the Gamow window
require a very long acquisition time for which handling the background noise becomes a major
concern. Accurate measurements at those energies require a low background setup. Even
though, it is not always possible to obtain cross-section values at Gamow energies and the
astrophysicists generally rely on the extrapolation of their data. To do this, they use the S
factor which is defined as follows:

S(E) = o(E)E exp(2mn), (1)

where o(E) is the cross-section, E the energy in the centre-of-mass and 1 the Sommerfeld
parameter. In numerical units, the exponent can be expressed as [4]:

1
2mn = 31.292,7, (%) 7%, (2)

with Z; and Z, the atomic numbers of the colliding nuclei, pu the reduced mass (in amu) and E
the centre-of-mass energy in keV. It should be noted that the S-factor varies significantly less
than the cross-section with the incident energy, which makes it easier to extrapolate to low
energies [4].

3.1 Experimental procedure

Considering the 3C(p,y)**N nuclear reaction, the number N, of detected events for a specific
y-ray transition is given by:

do(E)

N. )
an

y = Ni [C] fo Qe(E)

(3)

where N;is the number of incident ions, [Cx] the concentration of the element C within the

target, f» the branching ratio of the specific transition, Q is the solid angle of detection, &E)
do(E)

the detection efficiency and is the differential cross-section. This equation highlights

that four parameters can be tuned to maximize the detection rate, namely:

- the beam intensity, related to the ion beam source and the beam transmission
through the beamline;

- the target composition, tuneable through the target synthesis process;

- the detection efficiency;

- and the solid angle of detection.

These four parameters will be discussed in the following sections.



We measured the cross-section of the '3C(p,y)**N reaction by detecting the 8.06 MeV y
coming from the resonant level (1°) to the ground state (1*). This is a E1 transition which is
isotropic, therefore, we did not have to deal with angular dependence. As we considered only
this transition, we first determined its branching ratio by setting the beam energy to the
resonance and taking a long acquisition. We found a normalization factor f;, of 1.25, which is
in agreement with literature [6, 62]. For y-ray detection, we selected the full energy peak
region as a region of interest (ROI) for two reasons:

- thesignal-to-noise ratio is greater in this ROl than in the one including the first and second
escape peaks,

- the detection efficiency is easier to determine for a single energy than for a wide energy
range.

As a result of this choice, the counting rate is reduced.

3.2 Experimental setup

3.2.1 lon beam source and beam line description

The beam intensity relies mainly on the accelerator performance. In our case, we used the
2 MV Tandetron accelerator ALTAIS which is equipped with a Negative lons Source (SNICs)
capable of delivering beam intensities of a few YA on the target for acceleration voltages
ranging from 150 to 2000 kV.

To keep high beam intensities at low energy in the centre of mass system, it is suitable to
work in reverse kinematics. Our Tandetron accelerator is indeed better suited for working
with medium energy carbon beams (~1400 keV) rather than very low energy proton beams
(~100 keV). In addition, all collimation devices (slits and collimators) are plated with gold
(collimators) or tungsten (slits). It is noteworthy that working in reverse kinematic requires
longer acquisition time than direct kinematic, since *3C targets can reach higher concentration
than H targets (see next section).

A new beam line was designed as shown in figure 5. The LN2 cold trap is about 30 cm long
and stops at about 5 cm from the sample. It is streaked on its inner face to reduce the carbon
build-up occurring during long data acquisitions and to improve its pumping efficiency.
Regarding the collected charge determination, we added two permanent magnets (NdFeB,
10 mm diameter, 20 mm height from supermagnete) and applied a voltage of -300 V on the
LN2 cold trap to prevent secondary electrons from escaping the sample under irradiation. To
validate the current integration, a PIPS detector was set around 176° (relative to the incident
beam direction) at a distance giving a solid angle of detection equal to (9.98 + 0.11) x 102
msr. The spot size was set to about 1 cm? using square slits. The HPGe detector was aligned
with the beam line direction and the distance between its endcap and the outer surface of
the sample holder is 3 mm. In these experimental conditions, the solid angle of detection is
1.36 £ 0.04 sr.

For the measurements performed in reverse kinematics, the sample holder was cooled by
Syltherm to limit the heating of the sample under irradiation. The sample was also mounted
on a carbon sheet to ensure a good thermal contact with the sample holder.
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Figure 5: Sketch of the end-station used in this work.

3.2.2 Target description

Measuring the cross-section of the 3C(p,y)**N reaction requires to use targets that are (i)
stable under beam irradiation, (ii) have a high hydrogen or carbon concentration and (iii) have
no impurities (especially no ?H for *H targets). In this work, we chose to use solid targets that
meet all those requirements.

The synthesis of the hydrogen solid targets was carried out by implanting 5 keV H* in
amorphized silicon layer of about 300 nm thick with an implanted dose of 3 x 107 at.cm™2. All
the details about the synthesis and characterization of those hydrogen targets are presented
in reference [13], but briefly:

a) lIsotopic purity of the H* implantation beam was ensured using a 90° magnetic
deflection. The implantation was carried out with the duoplasmotron source installed
on ALTAIS and the Si target was placed on the hole beside the Low Energy Faraday
cup.

b) The use of amorphized silicon layer made it possible to increase the retained 'H dose
by a factor 2.6 compared to an equivalent implantation performed in crystalline silicon
[12].

We finally obtained solid targets containing about 30 atomic percent of 'H with a retained
dose around 2.4 x 107 at.cm™. However, even though it decreased rapidly with irradiation
time, we should highlight that the 2H contamination coming from water surface absorption
could not be avoided. It is also noteworthy that using K*3C*°N powder in the SNICs source
enabled us to easily switch from a '3C beam for cross-section measurements to a >N beam
for checking the target stability by depth profiling the hydrogen with the *H(**N,ay)*C nuclear
reaction that presents a strong and narrow resonance at 6385 keV [63].
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For measurements carried out in direct kinematics, 13C targets were synthesized by 36 keV
13C ion implantation into amorphized silicon with the same system as explain above for H*
implantation using the injector of the accelerator as an implanter. The nominal dose was 108
at/cm?. The retained dose was measured to be 9.96 x 10Y7 at.cm2. Details about the synthesis
and characterization of those 13C targets will be presented in an upcoming paper.

3.2.3 Beam line characterization and detection efficiency

The beam current integration was carried out with an Ortec 429 module which has been
proven to be accurate at 3% using the backscattered particles yield measured by the PIPS
detector.

The use of the cold finger greatly reduces the carbon build-up on the target during the
measurements. For example, the energy lost by 2170 keV *3C within the carbon build-up layer
after 7 hours irradiation with 2 pA was about 10 keV, for a pressure around 2.5 10”7 mbar.
Note that this is highly dependent of the partial pressure in the close vicinity of the target.
This energy loss can reach 50 keV for similar beam conditions at a pressure of 5.6 10”7 mbar.

The detection efficiency with respect to the y-ray energy was calculated using the version 10.1
of the Geant4 toolkit, an open-source code [64], more precisely using the Low energy
Livermore physics list. A sketch of the experimental geometry modelled in Geant4 is shown
in figure 6.

(a2} (bl (4]

Figure 6: Geant4 modelling of the experimental detection setup. The different components
are: lead (dark blue), copper (red), Plexiglas (in dark), stainless steel (in dark green),
germanium (in yellow). (a) Modelling of the HPGe detector characterized by a germanium
crystal of 86 x 88 mm?Z. (b) Modelling of the HPGe detector in the detection chamber embedded
in the passive shielding made of lead, copper and Plexiglas. (c) Position of the isotropic source
placed at the same position as the sample in a sample holder with gamma rays appearing in
light green. The distance between the sample holder and the endcap of the HPGe detector is
3 mm and the total distance between the endcap of the detector and the surface of the sample
is 20 mm.

The detection efficiency was numerically calculated for different energies using an isotropic
source of the same size as the beam spot on the target. Numerical results were compared to
experimental measurements carried out with 13’Cs (40.7 kBq), ®°Co (0.261 MBq), **?Eu (2.20
kBq), 133Ba (23.37 kBqg) and ***Am (0.380 MBq) radioactive sources placed in the same position



as the sample. In order to compare the simulated results to experimental measurements at

higher energy, we used the y ray of 8.06 MeV emitted by the '3C(p,y)'*N reaction which
presents a resonance at 511 keV in the centre-of-mass system. The value of the cross-section
being well known at this energy, and in agreement between all authors [1, 65], one can use
this reaction to derive the detection efficiency thanks to equation (3). This measurement of
the efficiency at the energy of interest made it possible to consider the drop in the HPGe
detection efficiency over time. Figure 7 shows the simulated and experimental detection
efficiency of the HPGe detector as a function of y-ray energy. Each simulated point was
obtained by sending 10° photons. The error bar for the experimental efficiency at 8.06 MeV
is related to errors on 3C concentration (8 %), current integration (~3 %) and counting
statistics (<1 %) as well as uncertainties on the reaction cross-section (~¥10%) and branching
ratio (< 1 %). One can see that simulated and experimental results are in close agreement
above 300 keV. At lower energy, there is an important discrepancy, related to the poor
knowledge of the HPGe geometry (mainly the dead layer) and the components and
dimensions of the sample holder. As shown in figure 7, a polynomial function of degree 8 is

fitted through the simulated data.
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Figure 7: Measured (red dots) and simulated (black squares) absolute detection efficiency of
the HPGe detector with respect to the photon energy in experimental conditions. The
experimental data was obtained thanks to 3’Cs, ®°Co, *°Eu, 33Ba and **Am radioactive
sources placed inside the sample holder. A polynomial function is fitted in the simulated data.
Experimental errors consider the statistical errors and uncertainties on branching ratios and
source activities. For the experimental efficiency at 8.06 MeV, the error is mainly due to the
cross-section, 13C concentration and current reading uncertainties.



For the energy under interest (i.e. 8.06 MeV), we obtained a detection efficiency of
5.575 x 1073, which is actually a mean value between the experimental detection efficiency
measured with the 3C(p,y)*N reaction and the simulated value, both represented in figure
7.

3.3 Results and discussions

In this work, we measured the cross-section of the 3C(p,y)!*N reaction respectively from 512
to 147 keV in the centre-of-mass system (with energy correction) in reverse kinematic and
from 628.6 to 397.1 keV in direct kinematic.

Measurements in direct and reverse kinematics were plotted on figure 8 with data from
Genard et al. [1], King et al. [6] and Vogl [65]. The S-factor is also represented. Vertical error
bars are related to the following contributions: the statistical errors, the hydrogen/carbon
concentration, the detection efficiency, and the current integration uncertainties. The
horizontal error bars are related to the beam energy uncertainty. Note that the average beam
energy was calculated as the incident energy lowered by half the beam energy loss in the
target, typically 70 keV, and the carbon build-up layer, typically 30 keV in reverse kinematics.
The uncertainty on the energy was estimated to 3%, considering the error on the accelerator
calibration, the uncertainty on the stopping power and the energy lost by incident particles
when passing through the stripper channel of the accelerator. The latter depends on the
pressure inside the channel which was estimated on the basis of available data [66].

Looking at figure 8, one can observe that the results are in good agreement with other
references. Indeed, one can notice that the intensity and the width of the resonance at 511
keV are in agreement with all available data.

King et al. used two accelerators to obtain all their measurements. In our case, we used a
single accelerator, which is not dedicated to astrophysical applications (for example, our
beam intensities were around few pA against several hundred pA in the case of King). In the
case of Vogl, he switched his proton beam to dihydrogen beam to keep high current at low
energies. Deuterium cannot be separated from dihydrogen by a magnetic selector, which had
as consequences to send deuterium on the target and produce background.

Tables 3 et 4 give cross-section and S-factor values respectively in reverse and direct
kinematics.
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Figure 8: Cross-section (a) and S-factor (b) measurements of the 3C(p,)'*N reaction. Our
results in reverse and direct kinematics (blue circles and black crosses) are compared to those
of Genard et al. (orange triangles), King et al. (green squares) and Vogl (red triangles). Error
bars on the S-factor are related to statistical errors, errors on the current and the thickness of
the implanted region.
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Table 3: Overview of the results in reverse kinematics for the transition coming from the

resonant level (1°) to the ground state of the 23C(p, 7)**N reaction.

Eiab Ecm Ecm Cross- Absolute  Relative S-factor Absolute Relative
keV) (keV) Error  section (b) error (b) error (%) (keV.b) error(keVb) error (%)
(keV)
7200 512.3 15.4 8.04E-04 8.7E-05 10.8 1.26E+03 1.8E+02 14.1
5500 490.2 14.7 3.77E-04 4.1E-05 10.8 6.74E+02 9.6E+01 14.2
5300 484.4 14.5 2.17E-04 2.3E-05 10.8 4.02E+02 5.7E+01 14.3
>600 469.1 141 9.83E-05 1.1E-05 10.7 2.02E+02 2.9E+01 14.4
5400 455.1 13.7 5.55E-05 5.9E-06 10.7 1.26E+02 1.8E+01 14.5
>200 440.7 13.2 3.35E-05 3.6E-06 10.7 8.43E+01 1.2E+01 14.6
>C00 425.9 12.8 2.12E-05 2.3E-06 10.8 5.98E+01 8.9E+00 14.8
3600 397.5 11.9 9.48E-06 1.0E-06 10.7 3.40E+01 5.1E+00 15.1
5208 368.4 111 4.22E-06 4.5E-07 10.8 2.00E+01 3.1E+00 15.5
180G 340.3 10.2 2.62E-06 2.8E-07 10.8 1.68E+01 2.7E+00 15.9
1408 3115 9.3 1.39E-06 1.5E-07 10.8 1.27E+01 2.1E+00 16.4
3600  250.0 7.5 4.26E-07 4.8E-08 11.2 1.03E+01 1.9E+00 18.1
2203  193.1 5.8 1.17E-07 1.6E-08 13.5 1.07E+01 2.3E+00 21.4
2588  177.9 5.3 6.66E-08 1.3E-08 19.0 9.69E+00 2.5E+00 25.8
2260 147.8 4.4 1.34E-08 5.0E-09 37.4 6.09E+00 2.6E+00 42.1
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Table 4: Overview of the results in direct kinematics for the transition coming from the
resonant level (1°) to the ground state of the 23C(p, 7)**N reaction.

Eiab Ecm Ecm Cross- Absolute  Relative  S-factor Absolute Relative
keV) (keV) Error  section (b) error (b) error (%) (keV.b) error (keVb) error (%)
(keV)
28,6 575,0 17,3 7,71E-5 1,28E-5 16,6 8,61E+1 1,60E+1 18,6
23,6 570,3 17,1 8,47E-5 1,39E-5 16,4 9,69E+1 1,78E+1 18,4
)18,6  565,6 17,0 9,53E-5 1,54E-5 16,2 1,12E+2 2,04E+1 18,2
»i3,5 560,9 16,8 1,06E-4 1,69E-5 16,0 1,27E+2 2,30E+1 18,1
08,5  556,2 16,7 1,26E-4 1,98E-5 15,7 1,55E+2 2,77E+1 17,8
G3,5 5514 16,5 1,41E-4 2,18E-5 15,5 1,77E+2 3,14E+1 17,8
68,4 546,7 16,4 1,70E-4 2,60E-5 15,3 2,19E+2 3,85E+1 17,6
83,4 542,0 16,3 2,14E-4 3,22E-5 15,1 2,82E+2 4,92E+1 17,4
8,3 537,3 16,1 2,63E-4 3,92E-5 14,9 3,57E+2 6,16E+1 17,3
83,2 532,6 16,0 3,78E-4 5,54E-5 14,7 5,25E+2 8,99E+1 17,1
»78,3  527,9 15,8 4,51E-4 6,58E-5 14,6 6,45E+2 1,10E+2 17,1
73,2 5231 15,7 5,53E-4 8,01E-5 14,5 8,11E+2 1,38E+2 17,0
68,2 518,4 15,6 7,08E-4 1,02E-4 14,4 1,07E+3 1,81E+2 17,0
63,2 513,7 15,4 7,96E-4 1,15E-4 14,4 1,23E+3 2,09E+2 17,0
58,9 509,7 15,3 7,29E-4 1,03E-4 14,1 1,16E+3 1,94E+2 16,8
58,1 509,0 15,3 7,48E-4 1,08E-4 14,4 1,19E+3 2,03E+2 17,0
58,1 509,0 15,3 7,82E-4 1,13E-4 14,4 1,25E+3 2,12E+2 17,0
»56,7  507,7 15,2 7,68E-4 1,10E-4 14,3 1,23E+3 2,09E+2 16,9
53,1 504,2 15,1 6,66E-4 9,62E-5 14,4 1,09E+3 1,87E+2 17,1
»48,0  499,5 15,0 5,17E-4 7,51E-5 14,5 8,72E+2 1,50E+2 17,2
43,0 494.8 14,8 3,99E-4 5,84E-5 14,6 6,92E+2 1,20E+2 17,3




490,1 14,7 2,71E-4 4,03E-5 14,9 4,85E+2 8,51E+1 17,5

485,4 14,6 2,36E-4 3,53E-5 15,0 4,35E+2 7,68E+1 17,7
480,6 14,4 1,71E-4 2,61E-5 15,3 3,24E+2 5,82E+1 18,0
471,2 14,1 1,21E-4 1,91E-5 15,7 2,45E+2 4,52E+1 18,4
461,7 13,9 7,65E-5 1,27E-5 16,6 1,65E+2 3,18E+1 19,2
452,3 13,6 5,71E-5 9,92E-6 17,4 1,32E+2 2,63E+1 19,9
442,8 13,3 3,41E-5 6,58E-6 19,3 8,45E+1 1,83E+1 21,7
433,4 13,0 2,59E-5 5,35E-6 20,7 6,89E+1 1,59E+1 23,0
423,9 12,7 2,21E-5 3,60E-6 16,3 6,33E+1 1,22E+1 19,3
4144 12,4 2,01E-5 3,23E-6 16,1 6,24E+1 1,19E+1 19,1
404,9 12,1 1,27E-5 2,17E-6 17,1 4,27E+1 8,57E+0 20,1
395,5 11,9 1,08E-5 1,79E-6 16,7 3,94E+1 7,79E+0 19,8
386,0 11,6 6,69E-6 1,18E-6 17,6 2,67E+1 5,52E+0 20,7
376,5 11,3 5,85E-6 9,25E-7 15,8 2,56E+1 4,93E+0 19,3
357,7 10,7 4,71E-6 8,48E-7 18,0 2,49E+1 5,31E+0 21,4
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4. Conclusions

The Laboratory of Analysis by Nuclear Reaction (LARN) at the University of Namur (Belgium)
is equipped with a low background y-ray detection setup, which can be used to perform PIGE
analysis, characterization of low-activity nuclear wastes and cross-section measurements.

The main enhancement in comparison with our former system [1] comes from the active
shielding, which covers a larger area and makes it possible, in addition to the passive shielding,
to mitigate the external background of about one to two orders of magnitude, depending on
the energy range under interest.

It is shown that results in direct and reverse kinematics are both in agreement with each other
as well as with the literature.

As an important result, we showed that it is possible to study nuclear reactions at very low
energy with a single polyvalent detection setup, which can be used either for nuclear reaction
measurement, depth-profiling of light elements or for radioactivity analysis. Furthermore, it
is possible to measure cross-section over a wide energy range (from 147 to 560 keV), reaching



energies close to the Gamow energy with this single setup. Our low background system
reaches the same performances as other facilities generally built for a single application.

To conclude, we showed that it is possible to carry out low background measurements with a
relatively low-cost and polyvalent system.
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