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Abstract. The NEAR Station is a new experimental area developed at the n_TOF Facility at CERN. The
activation station of NEAR underwent a characterization of the beam following the installation of the new
n_TOF Spallation Target. The commissioning of the neutron beam comprises a set of simulations made with the
FLUKA code and experimental verification. The experimental determination of the neutron spectrum was made
using activation techniques with three separate set-ups. Two set-ups were based on the Multi-foil Activation
technique (MAM-1 and MAM-2), and the third set-up relied on the process of neutron moderation and activation
of a single material (ANTILoPE). The three set-ups are presented. Also the present plans and future perspectives

of the activation station of NEAR are discussed.

1 Introduction

The n_TOF facility is CERN’s pulsed neutron source. It
is based on a 20 GeV/c proton beam, delivered by the PS
accelerator, impinging on a lead spallation target installed
inside a shielded bunker. During CERN’s Long Shutdown
2 (2019-2021), the shielding was opened and completely
overhauled in order to allow easier access to the target,
which was replaced with a new generation one. In paral-
lel, an experimental area named "NEAR" Station was de-
signed and developed[1]. The NEAR Station comprises
two sub-areas, the irradiation station (i-NEAR), located
next to the target, and the activation station (a-NEAR) lo-
cated outside the shielding, approximately 3 meters from
the target[2]. The aim of the NEAR experimental area is
to study the effect of radiation on materials and electronics
as well as to perform cross-section measurements via the
activation technique. In this work, the focus is on a-NEAR
and more specifically the determination of its experimen-
tal conditions through simulations and experimental data.
Furthermore, the future perspectives of the station will be
briefly described.

2 Commissioning

The characterization of the neutron beam and experimen-
tal conditions at the NEAR is challenging as the neutron
spectrum is difficult to measure via the TOF technique due
to the short distance from the collimator, also given the

*e-mail: pablotorres @ugr.es

wide-energy spectrum covering from meV to over hun-
dreds of MeV. In addition, the harsh radiation conditions
make it difficult to measure the spectrum with standard on-
line detectors and electronics. To this aim, a set of off-
line strategies for measuring the neutron flux at the exit of
the NEAR collimator were brought together. These were
based on activation techniques, probing the full spectrum
of interest in the NEAR Station by using several different
materials (Multi-foil Activation Measurements, MAM), or
a single material underneath a moderating device. These
first measurements serve as best candidates both for char-
acterizing the neutron beam and for testing the experimen-
tal capabilities and of work-flow of the NEAR Station.

2.1 Simulations

FLUKA Monte Carlo simulations [3-5] were performed
to retrieve the neutron flux and the homogeneity of the in-
coming beam. The neutron spectrum within a radius of 4
cm with respect to the collimator centre is shown in Fig-
ure 1. As it can be noticed, the thermal neutron flux is low
in this area because most of neutrons (with high energy)
come directly from the target, and hence, neutron scatter-
ing is limited.

The horizontal beam profile on the same position is
depicted in Figure 2, which highlights that only between
a radius of about 2 cm the neutron flux is essentially con-
stant, while at a distance of 4 cm is already several factors
lower. Moreover, Figure 2 puts in evidence that the beam
profile is not perfectly symmetric but a slight shift can
be observed to the right (negative coordinate). This out-
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Figure 1: Neutron spectrum considering a radius of 4 cm
on the external surface of the marble shielding normalized
per pulse, which corresponds to 7 - 102 protons on target.

come is better seen in the 2D homogeneity map of Figure
3, which emphasizes a slightly higher flux on the top-left
of the collimator output.
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Figure 2: Neutron beam profile in the horizontal direction
normalized per pulse.
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Figure 3: Homogeneity map of the beam within 2 cm of
radius from the centre.

2.2 Multi-foil Activation Measurements (MAM)

The Multi-foil Activation Technique is based on the use
of a set of materials whose response to neutrons is differ-
ent depending on the energy range of the neutrons. The
neutron beam under study is used to irradiate the foils, ac-
tivating the material by producing a series of radioactive
nuclides, whose activity can be subsequently measured by
Gamma Spectroscopy. The production of an isotope (V)
after neutron irradiation is controlled by the overlap be-
tween the production reaction cross-section of the isotope
(o) and the fluence spectrum (®), following the equation:

Nj =n; f(i)j(E)O'J(E)dE = I’lJf(D(E)K](E)O'](E)dE
(1
where n; is the amount of parent nuclei in the sam-
ple, and index j runs over all the produced isotopes of in-
terest. In reality, the neutron fluence noticed by the foil
®; is not the same as the neutron fluence under free-air
conditions, @, due to the presence of effects that disturb
the beam, accounted by a factor «;, mainly the neutron in-
teraction within the foil itself, that attenuates and scatters
along the foil, but also the beam changes provoked by sur-
rounding materials (e.g. another foils or scattering off the
support). The activation information obtained by Gamma
Spectroscopy of the irradiated samples can be then used to
reconstruct the spectrum. This can be performed using the
matrix form of the previous expression:

N; = Z R;;®; )

where R;; are the elements of the response matrix and
®; are the corresponding flux at each energy interval. An
unfolding procedure can then be used to obtain the flux.

2.3 Neutron Moderation Spectrometer

Another approach is the use of a moderator to slow down
the neutrons before they are captured in the irradiated foils.
Only one activation material (and therefore, one reaction
cross-section) is used in this technique, so the response of
the foils to a certain neutron energy depends on the amount
of material needed to stop it before its capture. After the
irradiation, the activation of each foil is measured to obtain
the number of captures N;. This quantity is related to the
discretized neutron flux ®; through the so-called response
matrix R;; through a relation similar to equation (2). R;;
is obtained by simulating the response of the detector, in
this case with GEANT4[6]. By solving the inverse prob-
lem with unfolding techniques it is possible to obtain the
original flux ®@;.

The widely used Bonner Spheres Spectrometer[7] is
based on this principle, but because of the characteris-
tics of NEAR it is not practical to use them. A device
called ANTILoPE (A NeuTron multi-folL. sPEctrometer)
has been designed for this matter.
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2.4 Experimental Set-ups
2.4.1 MAM-1

MAM-1 was one of the two set-ups used for the unfolding
of the neutron energy distribution via the Multi-foil acti-
vation technique as discussed in 2.2. A detailed list of the
samples that were used together with the reactions studied
for each can be found in Table 1.

Table 1: Samples and reactions used for the flux extraction
using MAM1

Sample ID Mass [g] Reactions studied

cd 1.0714 MCd(n,y)"Cd
Sc 0.0073  %Sc(n,y)**Sc
Au-1 0.0709 197Au(n,)/)l%Au,
197 Au(n,2n) ' Au,
197 Au(n,4n)'%*Au
Au-2 0.0712 197Au(n,7)198Au,
197 Au(n,2n)'% Au,
197 Au(n,4n)!% Au
Au-6 0.0550 197 Au(n,2n)'%° Au
Au-3 0.0142 197 Au(n,y)' 8 Au,
197 Au(n,2n)'%° Au
Au-4 0.0149 197Au(n,y)198Au,
197 Au(n,2n)'% Au
Au-b 0.0148 ' Au(n,y) % Au,
197 Au(n,2n)'*° Au
W 1.2349 186W(n,y)'$7W
In 0.4675 3In(n,y)!"In
Ni 0.5624  %Ni(n,p)**Co,
38Ni(n,2n)*’Ni
Al 0.1694  27Al(n,)**Na
Co 0.0348 ¥ Co(n,y)*°Co,
MCo(n,2n)*!Co,
¥ Co(n,3n)*’Co
Bi 11070 2Bi(n,3n)2Bi,

209Bi(n,4n)?"Bi,
209Bi(n,5n)?" Bi

The samples were placed in two identical Aluminium
holders, positioned inside a circular surface of 4cm diam-
eter, which corresponds to the homogeneous part of the
neutron beam. The two holders were then put in beam one
behind the other, approximately 20 cm from the collimator
exit, as can be seen in Fig. 4(a).

Following the irradiation, the induced activity of the
samples was measured with a HPGe detector. An example
of an activation spectrum is given in Figure 5. From the
activation spectra, the production rate of each nuclei of in-
terest can be extracted and then used in an unfolding code.
The code used in the case of MAMI1 is BaTMAN, details
on which can be found in [8-10].

2.4.2 MAM-2

MAM-2 was another set-up designed to extract informa-
tion about the beam exiting the NEAR collimator. The
MAMS-2 set-up consisted in a set of nine positions where

(a) MAM1 set-up (b) MAM2 set-up

Figure 4: The two experimental set-ups used for the Multi-
activation fluence extraction placed in front of the collima-
tor exit, while being aligned with the help of lasers.
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—— Background
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Figure 5: Activation spectrum, in counts per second, for
the Au-6 foil (in black). A background spectrum is also
shown (in red).

the activation samples were placed. Figure 4(b), shows
a picture of the MAM-2 set-up. The central position in-
cluded a stack of foils in order to characterize the spec-
trum using the Multi-foil activation technique. The ma-
terials used in the stack were Au, Co, Sc, In, Al and Au
(upstream to downstream). Table 2 shows the list of sam-
ples and reactions used in the MAM-2 set-up. Two Au
samples were used in the first and last positions in order to
use the black-resonance technique in the aim to improve
the energy resolution. The other 8 positions, correspond-
ing to the edges and corners of the sample holder, had an
Au sample. These samples were used to characterize the
beam spatial homogeneity at three energies correspond-
ing to the three reactions measured from Au ('’ Au(n,y),
197 Au(n,2n) and %7 Au(n,4n)). The edges and corners were
located at 3.13 and 4.17 cm from the center, respectively.
All of the samples were covered in the downstream po-
sition with a cadmium cover, in order to avoid thermal
neutron contamination from scattered neutrons in the sur-
rounding materials and walls.

After irradiation, the samples were measured by
Gamma Spectroscopy with a HPGe detector at several
times in order to extract the activity of the samples, given
the broad range of half-lives of the measured isotopes. Fig-
ure 6 shows some of the Gamma Spectra obtained from the
measurement of the samples in the central stack. The ac-
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Table 2: The samples and reactions used for the MAM-
2 set-up. All the Au samples labeled with number cor-
respond to the homogeneity analysis. For these samples,
the three reactions ('’ Au(n,y), '’ Au(n,2n), °” Au(n,4n))
were also used.

Sample ID Mass [g] Reactions studied

Au-u 0.1268 197Au(n,'y)198Au,
197Au(n,2n)196Au,
197 Au(n,4n)'** Au
Co 0.0644 ¥ Co(n,y)*Co,
Co(n,2n)*Co,
3 Co(n,3n)*’Co,
59C0(n,4n)56C0,
59Co(n,p)59Fe
Sc 0.0503 HSc(n,y)*®Sc
In 0.1309 B3In(n,3n)! ' 'n,
1B3In(n,4n)"0In,
1 151n(n,n’)1 ISmIn
Al 0.2552 27 Al(n,@)**Na
Au-d 0.1283 197Au(n,y)198Au,
197 Au(n,2n)'*° Au,
197 Au(n,4n)'**Au
Au-1 0.1167
Au-2 0.1213
Au-3 1.1154
Au-4 0.1214 197 Au(n,y)'*8 Au,
Au-6 0.1257 197 Au(n,2n) ' Au,
Au-7 0.1250 197 Au(n,4n)'%* Au
Au-8 0.1243
Au-9 0.1222

tivation data is then used as input for the unfolding of the
spectrum, performed using a Bayesian strategy. The code
JAGS for analysis of Bayesian models was used [11], fol-
lowing the design described in Ref. [9].

2.4.3 ANTILoPE

ANTILOPE is the third device designed to measure the
neutron flux at the NEAR station. The detector is basi-
cally a 15x15x30 cm?® polyethylene block to moderate the
neutrons, inside which a certain number of foils can be
inserted at different positions. Since the capture cross sec-
tion is a standard and the decay characteristics of the '°* Au
are suitable for an optimal activation measurement, '°7 Au
was the material chosen for the foils. 20 foils were in-
cluded into the set-up for the NEAR campaign, as can be
seen in Fig. 7 (left). In addition, a 10x10x2 cm? Pb block
was added to improve the sensitivity to fast neutrons. A 1
mm thick layer of Cd surrounds the whole set-up to pro-
tect ANTILoPE from capturing scattered neutrons. The
device was placed just after the NEAR collimator for the
irradiation, in the position shown in Fig. 7 (right).

After the irradiation, the activity of the foils was mea-
sured with a couple of LaBr; detectors. The number of
neutron captures per mg in the foils is given in Fig. 8,
along with the expected value obtained by simulations. An

2 —
10 E —— Al+ In Samples
L Au-u Sample
10 —— Co Sample
—— Sc Sample
—— Background

Count Rate (C/s)

P RS NSRRI SR N A0 B PR
500 1000 1500 2000 2500
Deposited Gamma Energy (keV)

Figure 6: Gamma spectroscopy measurements for the
samples in the central position of the MAM-2 set-up. The
Al and In samples were measured together in order to ob-
tain data on three short lived isotopes (**Na, t;/, = 15 h;
HOIn, = 492 h and “5”’In, = 4.486 h).

Figure 7: Distribution of the gold foils inside ANTILoPE
together with the Pb block (right) and the complete set-up
placed just after the NEAR collimator (left).

agreement within 5% is found in the first 15 foils, with
some discrepancies observed in the last ones. This might
be due because of a higher contribution of scattering neu-
trons coming back from the experimental hall and the diffi-
culty of simulating neutrons with such a high energy,which
are the ones being captured at the end of the detector. Nev-
ertheless a good agreement is found between simulations
and measurements.

At the moment, investigations regarding the unfolding
methodology are ongoing to ensure an appropriate neutron
flux calculation. The unfolding will be performed with the
code RooUnfold[12].

3 Present Plans and Future Perspectives

The very high instantaneous flux of the NEAR station
makes it an excellent candidate for performing measure-
ments that are too challenging or even impossible to
be studied with the time-of-flight technique in n_TOF’s
two experimental areas, especially in terms of signal-to-
background ratio. For those cases, integral measurements
can be performed at NEAR.

One particular category of measurements that can be
aided by the NEAR station is Maxwellian averaged cross
section (MACS) measurements of relevance for nuclear
astrophysics. About half of the elements heavier than iron
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Figure 8: Comparison between the number of captures
per mg in each foil and the expected value simulated with
GEANT4 using the FLUKA estimated neutron flux.
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Figure 9: In blue: Neutron energy distribution after plac-
ing a 5 mm thick B4C filter in beam. In red: A Maxwellian
fit of the energy distribution.

are created through a series of neutron captures on seed
nuclei and subsequent beta decays, a process known as the
"slow" process (s-process)[13, 14]. This astrophysical pro-
cess takes place in stars that are in thermodynamic equi-
librium thus the velocity of neutrons follows a Maxwell-
Boltzmann distribution[15]. With neutrons of velocities
following a Maxwell-Boltzmann distribution and a reac-
tion integral measurement, we can then determine MACS
directly in the lab.

As seen from the NEAR station commissioning pre-
liminary results, the neutron beam of NEAR is not a
Maxwellian. However, with the use of proper filters in
terms of material and dimensions, the neutrons’ energy
distribution can be "shaped" to resemble a Maxwellian
spectrum. A feasibility study to confirm this possibility
is being currently carried out, with the use of 0B enriched
B4C disks of different thicknesses used as filters. The re-
sults of a simulated flux after Smm of B4C can be seen in
Figure 9.

4 Conclusions

During CERN’s Long Shutdown 2 phase of 2019-2021, a
new high-flux irradiation station, the NEAR Station, was

designed and developed in the n_TOF facility. In order to
explore its experimental conditions, both simulations and
experimental measurements were carried out. The sim-
ulations were performed with the FLUKA code while the
experimental measurements were carried out with the acti-
vation technique using three independent set-ups based on
different principles, two of them on the multi-foil activa-
tion method and one of them on neutron moderation. The
features of the set-ups used for those measurements were
presented above. Following the commissioning measure-
ments, a new experimental campaign has been launched in
order to investigate the possibility of shaping the NEAR
neutron energy distribution into a Maxwellian-like spec-
trum, opening the way to MACS integral measurements at
n_TOF.
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