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Abstract. The accelerator-Driven-System (ADS) is very important to
study the neutron field and radionuclide production inside simple-geometry
uranium subcritical setups irradiated with high energy particle beams. A
subcritical setup QUINTA was irradiated with the 660-MeV proton beam
from Phasotron accelerator at the Joint Institute for Nuclear Research
(JINR). The radionuclide production in the region along the beam axis was
investigated by the activation technique. The aim was to compare (n,x)
with (p,x) reactions using activation detectors of **Co and ™Pb, and
compare experimental results with the calculated results using Monte Carlo
simulation code MCNPX 2.7.

1 Introduction

ADS studies at JINR have a long tradition. Experiments are usually performed on
simple experimental setups (consisting of a uranium or lead spallation target and uranium
subcritical blanket) which are irradiated with high energy proton, deuteron or carbon beams
from the Phasotron [1] or Nuclotron [2] accelerators. The primary beam impinges the target
and a high-intensity neutron field is generated inside the setup by spallation and fission
reactions. The first experiments were carried out with the GAMMA-2 setup [3], followed
by GAMMA-3 [4] and Energy plus Transmutation (E+T) [5]. The latest irradiations were
carried out with the QUINTA setup [6-8] and experiment preparations with the newest
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BURAN setup [9] are in progress nowadays. In this paper, radionuclide production along
the beam passage was investigated by gamma spectrometry methods. Activation foils of
*%Co were used for its sensitivity both to neutrons and protons, and foils of ™Pb were used
because the production of Bi is induced only with protons. Neutron-induced generation of
Bi isotopes from Pb is not possible.

Our aim was also the validation of Monte Carlo codes, which is an important part of the
ADS research. The codes need to be validated because they are significant for ADS and fast
nuclear reactor Research & Development.

Experiments with the QUINTA setup fluently follow the E+T setup experiments [5, 10-
15]. The E+T experiments seem to be appropriate for Monte Carlo simulation benchmarks.
Good agreement between the experimental and simulated data was reached in the last 4-
GeV deuteron beam irradiation [10]. Differences for higher energies are possible to
improve the codes. In the previous E+T experiments, the agreement is also good.
Investigations of few discrepancies are under way and overall systematics of the E+T
experiments is supposed to be prepared.

2 Materials and methods

2.1 Experimental setup

The setup QUINTA (see Fig. 1) consists of four identical hexagonal sections and one
additional section which differs from the others by an entrance beam channel of 80 mm in
diameter in the centre. The sections are of 284 mm in diameter and they are composed of
natural uranium rods of 36 mm in diameter, 104 mm in length and 1.72 kg in weight. The
total mass of uranium is 512 kg. Activation detectors are fixed to four aluminium detector
holders between the sections in air gaps of 17 mm thick and two holders in the front and
back part of QUINTA. The setup is shielded with a lead shielding of 100 mm thick with a
beam window of 150x150 mm?,
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Figure 1. Experimental setup QUINTA [16] and arrangement of cobalt and lead activation detectors.
The detectors were positioned on the edges of the aluminium holders. Width of the very front holder
is 84 mm. Width of the other holders is 68 mm thick. Red rectangles symbolize foil placements of the
CC experiment (see section 2.3). Distance between the foils on the front holder and the edge of the
holder is 2 mm. Beam enters the setup through the beam window. Dimensions are given in mm
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2.2 Data analysis

We irradiated the setup QUINTA with the 660-MeV proton beam from the Phasotron
accelerator. The advantage of Phasotron is that it can deliver a high intensity beam of 10"
protons-sec”’. The number of source particles impinging the setup is determined with
aluminium activation foils using the monitoring reaction *’Al(p,3pn)*Na [16].

Gamma spectra of the activation samples are measured with HPGe detectors, acquired
by the Genie 2000 software (CANBERRA detectors) [17] or Maestro-32 (ORTEC
detectors) [18] and analysed by the DEIMOS32 program [19]. Radionuclide production is
analysed with an in-house gamma spectrometry package [20]. Radionuclide production is
characterised by a quantity called Reaction Rate (R) which represents a number of nuclei
generated in the activation foil normalised to a primary beam particle and the number of
atoms of the activation foil. During the analysis, the necessary spectrometry corrections
have been used. For more details about the corrections and R determination see [21, 22].

2.3 Experiment

We carried out three irradiations of QUINTA. The first experiment took place in November
2015, the second one in December 2016 and the third one in June 2017. The *Co and "Pb
activation foils were positioned on the left and right sides of the QUINTA aluminium
holders as shown in Fig. 1. The difference between these three experiments is that in
December 2016, the samples were put even closer to the central axis (exactly between
sample positions of the other two experiments) and that the June 2017 irradiation was
performed without the lead shielding around the setup. Below, let us distinguish the
November 2015 experiment by a symbol "UA" (usual arrangement), the December 2016
experiment — by a symbol "CC" (closer to centre) and the June 2017 experiment — by a
symbol "WS" (without shielding).

The field of primary and secondary particles is expected to be different on the left and
right sides of the aluminium holders because QUINTA is rotated 2 degrees with respect to
the central beam axis as shown in Fig. 2. Another reason why the radionuclide production
on the left and right side detectors can be different is that the proton beam adjustment is not
the same during each experiment. Beam characteristics like coordinates of the centre of the
primary beam entrance into the target (see Fig. 2) and full width at half maximum (FWHM)
of the 2D Gaussian profile on the setup entrance of the UA and CC experiments are given
in Tab. 1. The characteristics were measured by ionization chambers and they were also
used as input parameters of the simulations. Unfortunately, the parameters are missing for
the WS experiment due to dosimetry difficulties.
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Figure 2. The 2-degree QUINTA rotation from the source beam axis (top QUINTA view, left) and
shift of the primary beam centre depending on beam settings (front QUINTA view, right). The
symbol o represents the deviation between the beam axis z and target axis z,. Sx and S, are the
coordinates of an activation sample position on the horizontal axis x and vertical axis y. d and d, are
coordinates of the beam centre on the x and y axes. The rotation is mostly made because of the

maximal use of the source beam [16, 23]

Table 1. Beam characteristics of the UA and CC experiments at the beam entrance into QUINTA. d
and dy are coordinates of the beam centre position and FWHM, and FWHM,; are full energy widths at

half maximum of the 2D beam Gaussian profile

EXPERIMENT dy, cm dy, cm FWHM,, cm FWHM,,, cm
UA 1.31 0.76 3.40 3.97
CC 1.40 0.67 3.11 3.60

Dimensions of the *Co activation detectors were 8x25 mm and "Pb detectors 8x20
mm in all of the three experiments. Weights of the **Co detectors were about 1.86 g in all of
the three experiments. Weights of the "Pb detectors were about 0.51 g in the UA
experiment, and about 2.80 g in the CC and WS experiments. Reactions **Co(n,3n)*’Co,
*Co(n,2n)**Co, *Co(n,y)*Co, **Co(p,p2n)~’Co, **Co(p,pn)**Co and "Pb(p,x)****Bi were
studied. These reactions are convenient to measure their half-lives, gamma intensities and

energies.

2.4 Simulation

Monte Carlo simulations in MCNPX 2.7 [24] were performed. A detailed model of the
QUINTA setup (Fig. 1), including the lead shielding, was prepared. Activation detectors
were defined exactly in the same positions as in the real experiments. Neutron and proton
fluxes inside the cobalt foils, and proton flux inside the lead foils were calculated. The cross
section data library ENDF/B-VIL.1 [25] and the intranuclear cascade physics model
INCL4.2 [26] and the fission-evaporation ABLA-KHSv3p [27, 28] model were used.
Reaction rates of the radionuclides R under study were calculated by convolutions of the
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flux and cross sections given by TALYS 1.6 [29]. For more information about the
convolutions see [30].

3 Results and discussion

Representative results of the Phasotron experiments are given and discussed. Both
statistical and systematic uncertainties of the experimental values are given. Statistical
uncertainties of the simulations have been usually kept below 2 %.

In Fig. 3, there are no major differences between the UA and WS experiments. The
seen differences are primarily caused due to different beam parameters (coordinates and
FWHM). Effects of the lead shielding proved to be negligible for threshold reactions
(threshold of the **Co(n,3n)*Co reaction is 10.6 MeV). The shielding effect is more
important for non-threshold reactions, like (n,y), as shown in Fig. 4, where one can notice
clearly greater values of ®*Co production for the UA experiment. Most of low energy
neutrons return to the setup after moderation in the case of the lead shielding. In Fig. 3,
there are much greater values of reaction rates for the CC experiment compared to the
samples on the left side. It means that the samples on the right side were, probably, hit more
by the primary proton beam due to the beam centre position and 2-degree QUINTA
rotation. This is also confirmed by **Co and **Bi production in Fig. 4 where reaction rate
ratios of the CC experiment for the left and right sides are much below the value of 1.

Agreement between the experimental and simulated reaction rates in Fig. 5 is not bad
for the left and right sides of the *Co production in the UA experiment (the mean value
1.68 for the left side is influenced by the first position which is often problematic because
of the beam setting sensitivity). In the CC experiment, a good agreement was reached for
the first four points on the right side. The situation on the left side seems to get better with a
greater longitudinal distance.

In Fig. 5, the disagreement for the **Bi and **Bi production on the right side of the CC
experiment is greater than for the ¥Co production. It is because the bismuth production is
sensitive just to protons and not to neutrons. The differences between the experiments and
simulations can be possibly caused not only by the MCNPX 2.7 code, but also by
inaccuracy of accelerator settings.
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Figure 3. Experimental reaction rates of *’Co production for all the Phasotron experiments for

samples on the left and right sides
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Figure 4. Experimental reaction rates of ®°Co production for UA and WS experiments for samples on
the left side and left/right side, experimental reaction rate ratios for CC and WS experiments
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Figure 5. Experimental and simulated reaction rate ratios of *’Co, **Bi and **Bi production for UA
and CC experiments. Mean values are: <Rex/Rsim>(*'Co, UA, left) = 1.68(9), <Rex/Rsim>(*"Co, UA,
right) = 0.85(4), <Rey/Ran>("Co, CC, left) = 0.55(3), <Rexy/Rum>("’Co, CC, right) = 1.54(8), <Rexy/
Run>(?"Bi, CC, right) = 3.05(14), <Rex/Rum>("Bi, CC, right) = 2.69(13)

4 Conclusion

Radionuclide production in the setup QUINTA in the region along the primary beam
passage has been studied by means of activation technique. Simulations in the MCNPX 2.7
Monte Carlo code have been made and compared with the experimental results.

The effect of the lead QUINTA shielding was assessed (see Figs. 3 and 4). It has been
proved that the increase in the reaction rate of the radionuclides produced by non-threshold
reactions can be substantial and that for the threshold reactions is negligible.

Radionuclide production in the central region of the QUINTA target along the
primary beam passage is very sensitive to the beam settings as shown in Fig. 3. Values of
¥Co production for the CC experiment where the activation foils were closer to the central
setup axis, have proved to be much higher on the right side than on the left side.

In the central region of the QUINTA target, there are some discrepancies between the
experimental and simulated reaction rates (see Fig. 5). A suspicion exists that it can be
caused more by inaccurate determination of the coordinates of the proton beam centre on
the setup entrance, and the 2-degree setup rotation rather than by the Monte Carlo
simulation code MCNPX 2.7. Therefore it is important to study the effect of the beam
parameters changes on the simulations. The activation detectors close to the beam help to
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control its parameters and decrease uncertainties of the benchmark using the neutron data
obtained from the outer part of the target.
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