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Abstract The NEAR station, a new experimental area of the n_TOF facility, was established after the
second long shut down of CERN in 2020. This new area was created in order to exploit in situ the high
instantaneous neutron flux (originating from proton spallation into a lead target in bunches with momenta
reaching up to 20 GeV/c). The reason for the creation of the NEAR station is to utilize the neutrons for
experiments related to radiation damage on materials and nuclear astrophysics and the corresponding
neutron flux was characterized via extensive neutron multiple foil activation measurements. The irradiated
foils were subsequently measured using high purity germanium detectors (HPGe) to determine their
induced activities. Finally, the widely used SAND Il unfolding code was implemented for the
characterization of the neutron flux, using the evaluated cross sections from the IRDFF library, along with
the experimentally derived activities. The preliminary results concerning the neutron flux determined in the
present work are compared with the corresponding FLUKA simulated ones.

Keywords  SAND II, multiple-foil activation, neutron flux

INTRODUCTION

After the second long CERN shutdown for upgrade purposes [1, 2], a new experimental area at the n_ToF
facility has been installed to investigate material radiation strength phenomena and reactions relevant to
Nuclear Astrophysics by irradiation and activation of short-lived radioactive isotopes or small mass targets
[3]. Unlike the experimental areas EAR1 and EAR2, located at ~185 m and ~20 m, respectively from the
lead spallation target [4, 5], the new experimental area, called “NEAR station”, is only 3 meters away and
thus exploits the high neutron flux that the facility provides from the thermal region up to a few GeV [6,
7]. For this intense flux level and short neutron flight path, none of the time-of-flight active detectors can
provide the required neutron energy resolution, thus in this case, the multiple foil activation technique was
deemed much more suitable for the characterization of the neutron flux.

Following the foil irradiation that was performed between the 28™ of September and the 20" of October
2021 and the corresponding spectrum analysis, the unfolding SAND Il code was implemented for the
determination of the neutron flux, in the energy range between 10*° and 18 MeV [8]. The code uses the
experimentally measured reaction saturated activities from the irradiated foils, yielding the necessary
information for the flux characterization, within the energy range of each threshold and capture nuclear
reaction. In addition, accurate group cross sections for each reaction and for each SAND I energy interval
were implemented in the code. The IRDFF library, which provides group cross sections suitable for the
aforementioned code, was ideal for this purpose. It must be noted that all the relevant correction factors,
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related to the self-absorption of gamma-rays and the self-shielding of neutrons in the samples, were
obtained from MCNP simulations [9].

EXPERIMENTAL PROCEDURE

ACTIVATION

The neutron flux characterization, was based on the experimental foil saturated activities, following
the foil irradiation, using the equation:

®-0;'N = SA; = Ny

by e(1-e~Atm)e=Mw-tipr fofar fs | @)
where N, is the yield obtained from the HPGe detector, I, is the gamma ray intensity of the corresponding
isotope created from each induced neutron reaction, ty is the yield acquisition time, t. is the time between
the end of irradiation and the start of the gamma ray spectrum acquisition, tir is the irradiation time, ¢ is the
HPGe detector absolute peak efficiency with respect to each gamma ray energy, fc is a correction factor
related to the neutron beam fluctuations and fm, fs are correction factors concerning the gamma ray self-
absorption within the irradiated foil and the relative difference of the solid angle subtended by the foil
relative to the corresponding one subtended by the point source used for the determination of the detector
efficiency respectively.

The experimental saturated activities combined with the evaluated group cross-sections, which will be
discussed in the following sections, are essential for the accurate determination of the neutron flux.

FOIL USED & CROSS SECTIONS

The variety of isotopes used, and their induced activities covered a quite broad neutron energy range
but due to the SAND Il program energy interval limitations, only the reactions that occurred within the
energy range between 0 — 18 MeV were used and will be showed in this paper (Fig. 1).

It should be noted here that the foil dimensions (Table 1) were selected based on their reaction cross
section values and their half-lives.

Table 1. Foil materials used with respect to their physical properties, such as thickness, mass, and diameter.

Sample | Thickness Diameter Mass [g] Sample | Thickness Diameter Mass [g]
[mm] [mm] [mm] [mm]
In 0.5 13 0.4675+£0.002 | Au3 0.1 3 0.0142+0.0003
Sc 0.3 3 0.0073+0.0001 | Au4 0.1 3 0.0149+0.0003
W 0.5 12.7 1.2349+0.0001 | Au5 0.1 3 0.0148+0.0002
Bi 1 13 1.1070+0.0003 | Au6 0.025 13 0.0550+0.0002
Cd 1 12.7 1.0714+0.0002 Co 05 3 0.0348+0.0001
Aul 0.5 3 0.0709+0.0002 Al 0.45-0.55 13 0.1694+0.0003
Au2 0.5 3 0.0712+0.0003 Ni 05 13 0.5624+0.0001
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Figure 1. The induced reaction cross sections related to the foil saturated activities and the SAND Il code energy
range limitations.

DATA ANALYSIS

y-RAY SPECTROSCOPY

Following the irradiation, the foil activities were determined via gamma-ray spectroscopy,
implementing HPGe detectors of 80% relative efficiency at distances around ~9 cm, ~12 cm and ~15 cm
from the detector window. At such distances the contribution related to the true coincidence summing effect
was negligible. A **2Eu point source was used for the energy calibration of the spectra and the determination
of the absolute peak efficiency (&) of the detector. The obtained experimental data were subsequently fitted
using the widely used IAEA function:

B Cc D
8(E)=A+ E+E+E (2)
All the gamma-ray spectra were analyzed using the SPECTRW code [10].

CALCULATED ACTIVITIES

The neutron induced activities were calculated utilizing information related to the energy of the
impinging neutrons. It should be noted here that correction factors which were related to the self-absorption,
self-shielding, and neutron scattering effects were estimated using MCNP5 Monte-Carlo simulations.

THRESHOLD ACTIVITIES CORRECTION FACTOR

The threshold saturated activities (Table 2) had to be modified in order to correspond to the specific
portion of the neutron flux within the energy range between 0 and 18 MeV. This correction factor was
crucial in order to obtain an accurate estimation of the flux in the fast energy neutron region. For calculation
purposes, the FLUKA simulation code was utilized following the equations:

From 10-50 [MeV]: A; =X 0;  ®;* (Eiy1 — E) 3)
From 10- 18 [MeV]: A, =Y 0;* ®; " (E;y1 — E) 4)
Aq

A * Ameasurea = Asanp 11 input
2
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where A corresponds to the threshold saturated activities, E;,; — E; is the energy interval with respect to
the neutron flux @;, and the quantity o; is the reaction cross section.

Table 2. Calculated saturated activities that correspond to the neutron energy range of 0 — 18 MeV. Different foils
were placed for irradiation at different positions, and thus some of them had other foils as covers.

Sample | Reaction | Saturated Activity [Bg/TN] | Sample | Reaction | Saturated Activity [Bq/TN]
Aul (n,y) 2.994515E-16 Aub (n,y) 7.189139E-16
(n,2n) 4.509165E-18 (n,2n) 3.974748E-18
Au2 (n,y) 2.741176E-16 Cd-114 (n,y) 1.432550E-17
(n,2n) 4.343933E-18 Sc-45 (n,y) 4.425686E-17
Au3 (n,y) 2.785879E-16 Ni-58 (n,p) 4.036337E-18
(n,2n) 4.047516E-18 W-186 (n,p) 1.852110E-16
Aud (n,y) 5.039652E-16 Co-59 (n,y) 7.217969E-17
(n,2n) 3.962416E-18 (n,2n) 1.893099E-18
Au5 (n,y) 4.678819E-16 (n,p) 2.707480E-19
(n,2n) 4.031398E-18 Al-27 (n,a) 2.989190E-19

SAND 11 UNFOLDING CODE

SAND I1 BASIC ALGORITHM

The SAND |1 (Spectrum Analysis by Neutron Detectors Il) unfolding code has been developed to
determine spectra by a fully automated iterative method when a multiple foil activation technique has been
implemented. The code uses as input the already experimentally derived neutron induced activities, an
initial differential neutron flux (‘guess’ spectrum) and the grouped cross sections from the IRDFF library,
which creates the latter cross sections especially for the named code. The SAND I algorithm subsequently
adjusts iteratively the neutron flux spectrum to obtain an appropriate fit between the theoretically calculated
and the experimentally determined reaction rates, within the energy range of 0-18 MeV divided into 620
intervals (621 energy points). It should be noted here that the code is very sensitive with respect to the initial
user-supplied neutron flux spectrum, since the exact determination of the 620 interval values with a small
number of measured activities creates a non-inverse matrix problem [see eq. 5], since each activity used as
input represents an equation of 620 unknown values. In this specific work, only 13 saturated activities were
used and for reliability purposes, 4 different initial ‘guess’ neutron flux spectra were implemented, which
were closely related to the FLUKA Monte-Carlo simulation results [Fig 2].

P4
01[1] 06[;]0 Alll
: " : =1 : (5)
e ol s
620
The SAND Il iterative procedure uses the following method to determine the neutron flux:
(kK] _ plkl . =
Apj =075y (Bjaa — Ey) (6)
K k
A =3 Al ™
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SMOOTHING FACTOR Ns

As mentioned above, the determination of 620 intervals using only 13 equations is a rather difficult
task considering the limitations of the neutron-induced reactions. Thus, except from carefully chosen initial
neutron spectra, a moving linear averaging factor was adopted by means of the parameter Ns, which
contributes to the weight factor [eq. 8] where the interval [; to I is shown, includes the points which are
specified by the value of the smoothing factor Ns. This technique helped us solve the aforementioned
system of 13 equations with 620 unknown values and reach a satisfactory convergence between the 4
different initial fluxes. The moving linear averaging factor is biasing the solution of a specific flux interval
[eg. 9, 10] by considering not only the cross-section shape, but also taking into account the dominant
reaction.

The smoothing factor Ns = 20 was found to be the most reliable one among all the others, due to the
clear solution convergence we have managed to achieve between the 4 different differential flux results
within the energy range where most of the saturated activities contributed [Figs. 3-5].
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Figure 2. Representation of the 4 different initial Figure 3. Results obtained using a moving linear
differential neutron fluxes averaging factor Ns=1. Artificial neutron flux

resonances are visible due to the non-inverse matrix
problem.
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Figure 4. Results obtained using a moving linear Figure 5. Results obtained using a moving linear
averaging factor Ns=10. averaging factor Ns=20.

RESULTS AND FUTURE PERSPECTIVES

The results presented in this paper are preliminary, as more reliable MCNP 5 simulations with high
statistics are ongoing in order to provide more accurate correction factors concerning the neutron scattering
and self-shielding effects incorporated especially in the gold material foils [see Table 3]. The resulted
spectra presented [Fig. 6, 7] provide a very good estimation of the realistic neutron flux, as the code
calculated saturated activities are within a total standard deviation of 9.46%.

E‘ 1015_! |

g 10" i A Result from (1.9106/x*1.15) |

g ——— Result from (1.5*10"8/x"0.6)

E » Result from (210°7/(X*0.85)) |~ — 1

g ’ b — Result from Fluka g —— Fluka Simulation (new)

= 1074 < Confidence Level 5

= S o0t

5 10" 4 % —— SANDII - output

o 3 k. =

T 10"+ { ‘ 10"

E 10“E -

2107 R 10¢

£ 400 -

(=]
10" §— \ s 10°
10° 4 o
10° o
10* URALL BAAAL AL LR Il Bl B e e a it aen il e nd 10° I 1IoE ‘..103‘ .“1‘05 m10"’” Iw“ - 103“ .1.&2. Mm"” ‘ ”1 — 1

10™ 10° 10° 107 10° 10° 10* 10° 10% 10" 10" 10' Etergy &)
E[MeV]

Figure 6. The clear convergence in the thermal Figure 7. The preliminary SAND-II results were
and fast neutron energy region is attributed to the compared with the FLUKA simulations after
information that corresponded to the threshold and adjusting the energy interval bins.

capture reactions.
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Table 3. Saturated activities (SA) obtained from the SAND Il code with the corresponding deviation.

page 182

Sample Reaction SA [Bg/TN] SA [Bg/TN] Deviation of Measured

P Measured Calculated to Calculated SA (%)
Au-1 (n,9) 2.995 x 10716 3.508 x 1071¢ -14.63
Au-5 (n,9) 4.679 x 10716 5.262 x 10716 -11.08
Au-3 (n,9) 2.786 x 10716 2.326 x 10716 19.79
Au-6 (n,9) 7.189 x 10716 6.509 x 10716 10.45
Au-1 (n,2n) 2.958 x 10718 3.227 x 10718 -8.35
Sc (n,9) 4426 x 10717 4.426 x 10717 -0.25
Co (n,g) 7.218 x 1017 7.378 x 10717 -2.17
Co (n,2n) 7.307 x 10719 7.140 x 1071° 2.35
Co (n,p) 1.836 x 1071° 1.652 x 1071° 11.14
w (n,g) 1.836 x 10716 1.860 x 10716 -0.42
Ni (n,p) 3.871x 10718 4,100 x 10718 -5.60
Al (n,a) 2.610 x 10719 2.627 x 10719 -0.68
Cd-114 (n,g) 1.433 x 10717 1.441 x 1077 -0.56

In Fig. 7 a clear underestimation of the SAND-II neutron flux with respect to the FLUKA simulations
can be observed, roughly within the energy region of 10 — 8 MeV. The latter result obtained can be
attributed to the low cross sections of the threshold reactions we have used within that specific energy
interval [Fig.1]. However, a good estimation of the flux for the low neutron energies was obtained since a
lot of capture reactions were used. A better estimation would be feasible after utilizing the more reliable
high statistic MCNP5 simulations concerning the capture activities’ correction factors, especially in the
case of gold foils.

Thus, in order to finalize the results, the neutron flux values determined via the SAND-II code are to
be compared with the estimations of other research teams of the n_TOF collaboration, using different

approaches.
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