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•ÊÏ¢ ±Éμ¢ †. •. ¨ ¤·. E6-2017-50
Œμ¤¥²¨·μ¢ ´¨¥ ³¥Éμ¤μ³ Œμ´É¥-Š ±·²μ ¨ Ô±¸¶¥·¨³¥´É ²Ó´Ò¥
·¥§Ê²ÓÉ ÉÒ ¶μ £¥´¥· Í¨¨ ´¥°É·μ´μ¢ ¢ ³¨Ï¥´¨ ®Š¢¨´É ¯,
μ¡²ÊÎ¥´´μ° ¶·μÉμ´ ³¨ ¸ Ô´¥·£¨¥° 660 ŒÔ‚

�±¸¶¥·¨³¥´É ¶·μ¢μ¤¨²¸Ö ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ Ê¸±μ·¥´´μ£μ ¶ÊÎ±  ¶·μÉμ´μ¢ μÉ
Ë §μÉ·μ´  ¢ �¡Ñ¥¤¨´¥´´μ³ ¨´¸É¨ÉÊÉ¥ Ö¤¥·´ÒÌ ¨¸¸²¥¤μ¢ ´¨° (�ˆŸˆ). Œ¨-
Ï¥´Ó ¨§ ¶·¨·μ¤´μ£μ Ê· ´  (512 ±£) ®Š¢¨´É ¯ μ¡²ÊÎ ² ¸Ó ¶·μÉμ´ ³¨ ¸ Ô´¥·£¨¥°
660 ŒÔ‚. Œμ¤¥²¨·μ¢ ´¨¥ ³¥Éμ¤μ³ Œμ´É¥-Š ·²μ ¢Ò¶μ²´¥´μ ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³
±μ¤μ¢ FLUKA ¨ Geant4. �¶·¥¤¥²¥´Ò Î¨¸²μ ÊÉ¥± ÕÐ¨Ì ´¥°É·μ´μ¢ ¨§ ¸¥±Í¨°
Ê· ´μ¢μ° ³¨Ï¥´¨, μ±·Ê¦¥´´ÒÌ ¸¢¨´Íμ¢μ° § Ð¨Éμ°, ¨ Î¨¸²μ ÊÉ¥± ÕÐ¨Ì ´¥°-
É·μ´μ¢ ¨§ ¸ ³μ° ¸¢¨´Íμ¢μ° § Ð¨ÉÒ. �¶·¥¤¥²¥´μ μ¡Ð¥¥ Î¨¸²μ ¤¥²¥´¨° ¢´ÊÉ·¨
³¨Ï¥´¨ ®Š¢¨´É ¯. �μ²ÊÎ¥´Ò Ô±¸¶¥·¨³¥´É ²Ó´Ò¥ §´ Î¥´¨Ö ¸±μ·μ¸É¥° ·¥ ±Í¨°
¤²Ö μ¸É ÉμÎ´ÒÌ Ö¤¥· ¢ μ¡· §Í¥ 127I. �·μ¢¥¤¥´μ ¸· ¢´¥´¨¥ ´¥¸±μ²Ó±¨Ì §´ Î¥´¨°
¸±μ·μ¸É¥° ·¥ ±Í¨° ¸ ·¥§Ê²ÓÉ É ³¨ ³μ¤¥²¨·μ¢ ´¨Ö ¶μ ±μ¤ ³ FLUKA ¨ Geant4.
�±¸¶¥·¨³¥´É ²Ó´μ μ¶·¥¤¥²¥´´Ò¥ Ë²Õ¥´¸Ò ´¥°É·μ´μ¢, ¢ ¨´É¥·¢ ²¥ Ô´¥·£¨° 10Ä
200 ŒÔ‚, ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ (n, xn)-·¥ ±Í¨° ¢ μ¡· §Í¥ 127I (NaI) ¸· ¢´¨¢ ÕÉ¸Ö
¸ ·¥§Ê²ÓÉ É ³¨ ³μ¤¥²¨·μ¢ ´¨Ö. �Í¥´¥´  ¢μ§³μ¦´μ¸ÉÓ É· ´¸³ÊÉ Í¨¨ ¤μ²£μ¦¨¢Ê-
Ð¥£μ · ¤¨μ´Ê±²¨¤  129I ¢ Ê¸É ´μ¢±¥ ®Š¢¨´É ¯.

� ¡μÉ  ¢Ò¶μ²´¥´  ¢ ‹ ¡μ· Éμ·¨¨ Ö¤¥·´ÒÌ ¶·μ¡²¥³ ¨³. ‚.�. „¦¥²¥¶μ¢ 
�ˆŸˆ.

�·¥¶·¨´É �¡Ñ¥¤¨´¥´´μ£μ ¨´¸É¨ÉÊÉ  Ö¤¥·´ÒÌ ¨¸¸²¥¤μ¢ ´¨°. „Ê¡´ , 2017

Khushvaktov J. H. et al. E6-2017-50
Monte Carlo Simulations and Experimental Results
on Neutron Production in the Spallation Target QUINTA
Irradiated with 660 MeV Protons

The activation experiment was performed using the accelerated beam of the
Phasotron accelerator at the Joint Institute for Nuclear Research (JINR). The natural
uranium spallation target QUINTA was irradiated with protons of energy 660 MeV.
Monte Carlo simulations were performed using the FLUKA and Geant4 codes. The
number of leakage neutrons from the sections of the uranium target surrounded by
the lead shielding and the number of leakage neutrons from the lead shield were
determined. The total number of ˇssions in the setup QUINTA were determined.
Experimental values of reaction rates for the produced nuclei in the 127I sample were
obtained, and several values of the reaction rates were compared with the results
of simulations by the FLUKA and Geant4 codes. The experimentally determined
�uence of neutrons in the energy range of 10Ä200 MeV using the (n, xn) reactions
in the 127I(NaI) sample was compared with the results of simulations. Possibility of
transmutation of the long-lived radionuclide 129I in the QUINTA setup was estimated.

The investigation has been performed at the Dzhelepov Laboratory of Nuclear
Problems, JINR.
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1. INTRODUCTION

There is an increasing interest in the application of Accelerator-Driven Sys-
tems (ADS) to operate the subcritical nuclear reactors fueled by thorium or nat-
ural uranium and to transmute long-lived radioisotopes in spent nuclear fuel into
shorter-lived or stable nuclei. High-current, high-energy accelerators or cyclotrons
are able to produce neutrons from heavy elements by spallation. A signiˇcant
number of research facilities which explore this phenomenon already exist, and
there are plans for more advanced ones [1Ä5]. In this process, a beam of high-
energy protons (usually E > 500 MeV) is directed at a high-atomic-number target
(e.g., tungsten, tantalum, depleted uranium, thorium, lead, leadÄbismuth) and up
to one neutron can be produced per 25 MeV of the incident proton beam energy.
A 1000 MeV beam will create 20Ä30 spallation neutrons per proton. Measurement
of �uence of high-energy neutrons is an important task to be investigated. Nuclear
reactions, such as (n, xn) reactions, occur only when the neutrons have energies
above a particular threshold energy. In many cases, these reactions lead to a
production of radioactive nuclei which can be measured after the irradiation. We
can use these reactions to determine the �uence or energy spectrum of fast neu-
trons. In this work we used the 127I(n, 2n)126I, 127I(n, 4n)124I, 127I(n, 5n)123I,
127I(n, 7n)121I, 127I(n, 8n)120I and 127I(n, 9n)119I threshold reactions to deter-
mine the �uence of fast neutrons. One of the most important aspects of the ADS
project needed for the design of the demonstrator is the experimental veriˇcation
of the simulation. In this paper, we present new experimental data and com-
pare them with the results of simulations performed by the FLUKA [6, 7] and
Geant4 [8Ä10] codes.

2. STRUCTURE OF THE SETUP QUINTA

The uranium assembly QUINTA is presented in Fig. 1. It consists of ˇve
sections of hexagonally shaped aluminum containers with an inscribed circle of
diameter 28.4 cm. The containers are ˇlled with cylindrical rods of natural
uranium, having a sealed aluminum shell (external dimensions: 3.6 cm diameter,
10.4 cm length, and 1.72 kg uranium mass). The containers are made of 5 mm
thick aluminum. The ˇrst section, facing the proton beam, contains 54 uranium

1



rods and has a central beam window, 80 mm in diameter, installed in order to
reduce its albedo and to reduce the leakage of neutrons from the target. Four
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Fig. 1. General view of the QUINTA setup

subsequent sections are struc-
turally identical and each sec-
tion contains 61 uranium rods.
The mass of the natural ura-
nium in each of these sections
is 104.92 kg, and the total mass
of uranium in the entire target
is 512.56 kg. The void ˇlling
factor of the 2nd, 3rd, 4th, and
5th uranium sections is about 0.8,
and that of the entire assembly
is 0.6. The uranium target is
surrounded with a lead shielding
of 10-cm thickness and a weight
of 2545 kg and with a beam en-
trance window of the dimensions
of 15 × 15 cm. There is a win-
dow of the 15×15 cm size in the
side wall of the shielding near the
third section, where the experi-

mental samples can be placed. The upper part of the lead assembly has a special
hole for mounting and dismantling of experimental samples as well as for their
installation inside the uranium assembly between sections.

3. EXPERIMENT

During the experiment 127I(NaI) and 129I(NaI) samples were placed inside
the window on the left side of the QUINTA setup (see Fig. 1). Masses of the 23Na
and 127I isotopes in the 127I sample are respectively 0.23 g and 1.27 g, and masses
of the 23Na and 129I in the 129I sample are respectively 0.067 g and 0.339 g. The
total number of incident protons colliding with the target was determined by the
standard method of activation of aluminum foil by the reaction 27Al(p, x)24Na. At
the end of the irradiation lasting 300 min, the total number of incident protons was
2.4(3)E + 15. The γ-ray spectra of the samples were measured using the Canberra
HPGe detector with a relative efˇciency of 19% and the energy resolution of
1.8 keV at the 1.33 MeV 60Co line. Energy and efˇciency calibrations of the
detectors were performed using a set of the γ-ray standards (54Mn, 57Co, 60Co,
88Y, 113Sn, 133Ba, 137Cs, 139Ce, 152Eu, 228Th, 241Am). We measured nine γ-ray
spectra with different time durations, and the cooling time of the ˇrst spectrum is
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32 min. The initial analysis of the measured γ-ray spectra was performed using
the DEIMOS32 code [11]. The program allows one to determine the areas under
the peaks and their positions (channel number). After that, by using a software
package [12], the spectra were calibrated for energy and corrected for the detector
efˇciency, and separate γ-ray lines of the produced nuclei were identiˇed as they
were produced in the samples as a result of interactions with secondary neutrons.
Experimental count rates of the individual γ-ray transitions were corrected for
the nuclear decay during the irradiation as well as for the self-absorption of the
γ-rays measured, and for the true coincidence summing [13]. All these procedures
are described in detail in [12, 14, 15]. For determining the experimental reaction
rates, the following equation was used [15]:

R(Ar, Zr) =
Q(Ar, Zr)

NtNp
, (1)

where Q (Ar, Zr) is the production rate of the radioactive nucleus (Ar, Zr), Nt

the number of atoms in the sample, and Np the number of incident protons on
the target.

4. MONTE CARLO SIMULATIONS

The FLUKA hadronÄnucleon interaction models are based on resonance pro-
duction and decay at energies below a few GeV, and on the Dual Parton model at
energies above. Two models are also used in hadronÄnucleus interactions. At mo-
menta below 3Ä5 GeV/c the PEANUT package [16, 17] includes a very detailed
Generalised IntraNuclear Cascade (GINC) and a pre-equilibrium stage, while at
high energies the GribovÄGlauber multiple collision mechanism is included in a
less reˇned GINC. Both modules are followed by equilibrium processes: evapora-
tion, ˇssion, Fermi break-up, γ-ray de-excitation [18, 19]. Transport of neutrons
with energies lower than a certain energy is performed in FLUKA by a multigroup
algorithm. The energy boundary below which multigroup transport takes over de-
pends in principle on the cross section library used. In the FLUKA neutron cross
section library, the energy range up to 20 MeV is divided into 260 energy groups
of approximately equal logarithmic width (31 of which are thermal).

The Bertini Intranuclear Cascade Model in Geant4 is a re-engineered version
of the INUCL code [20] and includes the Bertini intranuclear cascade model with
excitons, a pre-equilibrium model, a nucleus explosion model, a ˇssion model, and
an evaporation model. It treats nuclear reactions initiated by long-lived hadrons
(p, n, π, K , Λ, Σ, Ξ, Ω) and γ's with energies between 0 and 10 GeV. In
the simulations by the Geant4 code, the neutron transport class library simulates
the interactions of neutrons with kinetic energies from thermal energies up to
20 MeV. The interactions of neutrons at low energies are split into four parts
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in analogy to the other hadronic processes in Geant4. Radiative capture, elastic
scattering, ˇssion, and inelastic scattering are considered as separate models. All
cross-section data are taken from the ENDF/B-VI [21] evaluated data library. The
high-precision (HP) neutron models depend on the evaluated neutron data library
(G4NDL) of cross sections, angular distributions and ˇnal state information and
used when data are found in the library. When data are missing, low-energy
parameterized neutron models are used and these alternative models cover the
same types of interaction as the originals, that is, elastic and inelastic scattering,
capture and ˇssion.

5. RESULTS AND DISCUSSION

Neutron leakage energy spectra have been obtained in the simulations by
the FLUKA and Geant4 codes. Figure 2 shows the spectra of leakage neutrons
from the natural uranium assembly (included backscattered neutrons from the
lead shielding) and from the lead shielding. Simulated neutron energy spectra
have a good agreement, excluding low energy region (up to 1 keV). By FLUKA
simulations the total number of leakage neutrons from the sections of natural
uranium target is 144 and by Geant4 simulations it is 134 neutrons per proton.
The total number of leakage neutrons from the lead shielding is respectively 38
and 44 neutrons per one incident proton.

The results of simulations also provide detailed information about the number
of ˇssions in each natural uranium cylinder of the QUINTA setup. Table 1 gives
results of simulations by the FLUKA code about the number of ˇssions for natu-

Fig. 2. Energy spectrum of leakage neutrons from the natural uranium assembly (1) and
from the lead shielding (2)
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Table 1. Number of ˇssions for natural uranium cylinders per one 660 MeV proton

No. of U bars Section No. 1 Section No. 2 Section No. 3 Section No. 4 Section No. 5

U01 4.15E-03 6.88E-03 7.07E-03 4.11E-03 1.86E-03
U02 5.25E-03 9.18E-03 9.31E-03 5.01E-03 1.96E-03
U03 6.09E-03 1.12E-02 1.06E-02 5.32E-03 2.14E-03
U04 6.46E-03 1.13E-02 1.02E-02 5.07E-03 2.03E-03
U05 5.83E-03 9.60E-03 8.45E-03 4.33E-03 1.88E-03
U06 4.84E-03 8.07E-03 8.43E-03 4.81E-03 2.03E-03
U07 6.97E-03 1.26E-02 1.25E-02 6.33E-03 2.47E-03
U08 8.81E-03 1.81E-02 1.64E-02 7.48E-03 2.61E-03
U09 1.03E-02 2.16E-02 1.78E-02 7.52E-03 2.67E-03
U10 1.03E-02 1.93E-02 1.54E-02 6.50E-03 2.38E-03
U11 7.99E-03 1.31E-02 1.09E-02 5.05E-03 2.02E-03
U12 4.87E-03 8.42E-03 8.80E-03 5.04E-03 2.04E-03
U13 8.04E-03 1.46E-02 1.47E-02 7.29E-03 2.54E-03
U14 1.26E-02 2.57E-02 2.38E-02 1.00E-02 3.12E-03
U15 1.70E-02 4.13E-02 3.25E-02 1.14E-02 3.36E-03
U16 2.00E-02 4.65E-02 2.99E-02 1.01E-02 3.18E-03
U17 1.61E-02 2.94E-02 2.00E-02 7.53E-03 2.58E-03
U18 9.78E-03 1.64E-02 1.24E-02 5.45E-03 2.12E-03
U19 4.62E-03 7.67E-03 7.95E-03 4.64E-03 2.03E-03
U20 7.67E-03 1.37E-02 1.40E-02 7.10E-03 2.59E-03
U21 1.36E-02 2.73E-02 2.61E-02 1.14E-02 3.17E-03
U22 6.34E-02 6.00E-02 2.06E-02 4.45E-03
U23 1.86E-01 8.71E-02 1.76E-02 4.09E-03
U24 9.11E-02 9.13E-02 4.12E-02 1.13E-02 3.18E-03
U25 2.09E-02 3.45E-02 2.12E-02 7.83E-03 2.46E-03
U26 9.91E-03 1.57E-02 1.19E-02 5.16E-03 2.05E-03
U27 3.82E-03 6.04E-03 6.33E-03 4.00E-03 1.76E-03
U28 6.32E-03 1.07E-02 1.12E-02 5.96E-03 2.34E-03
U29 1.18E-02 2.07E-02 2.06E-02 9.42E-03 2.98E-03
U30 4.75E-02 4.76E-02 1.71E-02 3.78E-03
U31 2.60E-01 1.95E-01 2.64E-02 4.60E-03
U32 6.08E-01 9.88E-02 1.62E-02 3.96E-03
U33 8.03E-02 7.39E-02 3.34E-02 9.98E-03 2.91E-03
U34 1.62E-02 2.56E-02 1.69E-02 6.57E-03 2.31E-03
U35 7.87E-03 1.15E-02 9.41E-03 4.38E-03 1.83E-03
U36 4.63E-03 7.42E-03 8.09E-03 4.74E-03 2.00E-03
U37 7.62E-03 1.40E-02 1.40E-02 7.02E-03 2.58E-03
U38 1.34E-02 2.72E-02 2.60E-02 1.14E-02 3.20E-03
U39 6.33E-02 5.98E-02 2.07E-02 4.52E-03
U40 1.85E-01 8.65E-02 1.77E-02 3.96E-03
U41 9.06E-02 9.15E-02 4.11E-02 1.15E-02 3.20E-03
U42 2.09E-02 3.45E-02 2.12E-02 7.87E-03 2.55E-03

5



Table 1 (continued)

No. of U bars Section No. 1 Section No. 2 Section No. 3 Section No. 4 Section No. 5

U43 9.87E-03 1.53E-02 1.17E-02 5.01E-03 2.09E-03
U44 4.97E-03 8.52E-03 8.68E-03 4.95E-03 2.07E-03
U45 8.16E-03 1.48E-02 1.44E-02 7.33E-03 2.63E-03
U46 1.26E-02 2.60E-02 2.34E-02 1.01E-02 3.11E-03
U47 1.68E-02 4.16E-02 3.28E-02 1.16E-02 3.34E-03
U48 1.96E-02 4.61E-02 2.98E-02 1.01E-02 3.10E-03
U49 1.61E-02 2.93E-02 1.99E-02 7.59E-03 2.51E-03
U50 1.00E-02 1.61E-02 1.23E-02 5.38E-03 2.07E-03
U51 4.81E-03 8.10E-03 8.18E-03 4.69E-03 1.99E-03
U52 6.87E-03 1.27E-02 1.24E-02 6.19E-03 2.36E-03
U53 8.71E-03 1.78E-02 1.61E-02 7.47E-03 2.56E-03
U54 1.03E-02 2.14E-02 1.77E-02 7.50E-03 2.55E-03
U55 1.02E-02 1.94E-02 1.54E-02 6.60E-03 2.37E-03
U56 7.85E-03 1.29E-02 1.09E-02 5.07E-03 1.98E-03
U57 4.07E-03 6.69E-03 6.99E-03 4.00E-03 1.81E-03
U58 5.13E-03 9.06E-03 9.02E-03 4.83E-03 2.05E-03
U59 6.13E-03 1.10E-02 1.03E-02 5.21E-03 2.05E-03
U60 6.30E-03 1.12E-02 1.02E-02 4.95E-03 2.01E-03
U61 5.82E-03 9.48E-03 8.43E-03 4.34E-03 1.85E-03

Fig. 3. Marking of natU bars of the
QUINTA setup for the deˇnition of ˇssion
numbers

ral uranium cylinders per one 660 MeV
proton. Marking of the cylinders is
shown in Fig. 3. The total number of
ˇssions in the setup generated by one
660 MeV proton is 5.52, and 1.65 ˇs-
sions of them are generated with high-
energy (E > 20 MeV) particles. From
the ˇssions with high-energy (E >
20 MeV) particles, 0.79 ˇssions are gen-
erated by protons, 0.84 ˇssions are gen-
erated by neutrons, 5.59 · 10−3 ˇssions
are generated by the positive pions and
1.08 · 10−2 ˇssions are generated by the
negative pions. The total number of ˇs-
sions per incident proton is 0.75 in the
1st section, 2.59 in the 2nd section, 1.51
in the 3rd section, 0.51 in the 4th sec-

tion and 0.16 in the 5th section. The number of ˇssions with high-energy
(E > 20 MeV) particles is 0.18 in the 1st section, 0.84 in the 2nd section,
0.46 in the 3rd section, 0.13 in the 4th section and 0.04 in the 5th section.
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Figure 4 shows cumulative experimental reaction rates for the residual radio-
nuclides produced in the 127I(NaI) sample. Among the identiˇed radionuclides
24Na and 22Na are produced in the reactions 23Na(n, γ)24Na and 23Na(n, 2n)22Na.
Table 2 gives the independent values of reaction rates for products of the reactions
127I(n, γ) and 127I(n, xn) and comparison with the results of simulations. The
independent values of reaction rates for the 123I, 121I, and 120I radionuclides are
determined by considering the number of the 123Xe, 121Xe and 120Xe radionu-
clides, identiˇed in the experiment and for 119I used from the ratio of produced
120I to 120Xe. The radionuclides 128I, 126I and 124I cannot be produced via
β+ decay or electron capture, and therefore we obtained the independent values
of reaction rates in the experiment. The results of simulations for the 127I(n, xn)
reactions are in good agreement with the experimental results. We assume that
for the 127I(n, γ) reaction the difference between the results of simulations and

Table 2. Independent values of reaction rates for the products of the reactions 127I(n, γ)
and 127I(n, xn) and comparison with the results of simulations

Nuclear Experimental Exp./Calc. Exp./Calc.
reaction reaction rate (FLUKA) (Geant4)

127I(n, γ)128I 1.68(9)E-27 0.36(1) 0.21(1)
127I(n, 2n)126I 5.28(23)E-29 1.02(4) 0.41(2)
127I(n, 4n)124I 1.86(4)E-29 1.14(2) 0.90(2)
127I(n, 5n)123I 1.50(8)E-29 1.19(6) 0.91(5)
127I(n, 7n)121I 8.43(36)E-30 2.71(12) 1.34(6)
127I(n, 8n)120I 1.77(18)E-30 1.42(14) 0.69(7)
127I(n, 9n)119I 1.47(14)E-30 1.89(18) 1.04(10)

Fig. 5. Energy spectrum of neutrons in the sample 127I(NaI)
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experiment is caused by insufˇcient statistics for the accurate determination of
the low-energy (up to 1 keV) neutron �uence, which have a high capture cross
section for the 127I nuclei. The simulated neutron energy spectra in the sam-
ple 127I(NaI) are shown in Fig. 5, and the results of both the codes are in good
agreement.

For experimental determination of the neutron �uence we used 80% of the
experimental independent values of reaction rates, because the results of simu-
lations by the FLUKA code show that neutrons in the energy interval ΔE add
80(3)% contribution to the reaction rate. Dependencies of (n, xn) reaction rates
on the energy of secondary neutrons in the sample 127I(NaI) are shown in Fig. 6.
The neutron �uence is deˇned by solving equation (2). The averaged values of

Fig. 6. Dependencies of some 127I(n, xn) reaction rates on energy of neutrons

Table 3. Detailed table for the determination of the neutron �uence using the 127I(n, xn)
reactions. 0.8R Å 80% of independent values of reaction rate R(exp.), σ Å averaged
values of reaction cross sections for energy interval ΔE, ϕ Å �uence of neutrons
(n/MeV · p · cm2)

Nuclear reaction 0.8R ΔE, MeV σ, b ϕ
127I(n, 2n)126I 4.23(19)E-29 10Ä30 0.668 3.16(63)E-6
127I(n, 4n)124I 1.49(3)E-29 30Ä80 0.306 9.7(19)E-7
127I(n, 5n)123I 1.20(7)E-29 40Ä90 0.282 8.5(17)E-7
127I(n, 7n)121I 6.75(29)E-30 65Ä140 0.105 8.5(17)E-7
127I(n, 8n)120I 1.42(14)E-30 80Ä180 0.021 6.8(14)E-7
127I(n, 9n)119I 1.17(11)E-30 90Ä200 0.023 4.62(92)E-7
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the cross sections for the energy interval ΔE are obtained from the results of
simulations by the FLUKA code:

R(Ar, Zr) =

Emax∫

Ethr(Ar ,Zr)

σ(Ar , Zr, En)ϕ(En) dEn, (2)

where σ(Ar , Zr, En) is the reaction cross section and ϕ(En) the neutron �uence.
Table 3 gives detailed information for the determination of neutron �uence, and
Fig. 7 shows the �uence of neutrons in the sample 127I(NaI) for the energy range

Fig. 7. Fluence of neutrons in the sample 127I(NaI) (with green lines showing energy
intervals ΔE, where values of the cross sections were averaged)

Fig. 8. Cumulative reaction rates for residual radionuclides in the sample 129I(NaI)

10



of 10Ä200 MeV determined in experiment using the 127I(n, xn) reactions and
results of simulations.

The results of simulation show that the capture of neutrons represents 92(2)%
of the total interactions of neutrons with nuclei 129I (except elastic scattering) in
the 129I(NaI) sample. Ratio of the mass of produced 130I to the mass of 129I is
determined, in order to experimentally assess the possibility of transmutation by
the 129I(n, γ) reaction. The ratio is 2.59(4)E-12 for the case of 5-hour irradiation
time with 1.33E+ 11 proton/s beam intensity. Figure 8 shows the cumulative
reaction rates for residual radionuclides in the 129I(NaI) sample obtained from the
experiment.

6. CONCLUSIONS

The natural uranium spallation target QUINTA was irradiated with protons
of energy 660 MeV. The simulations were performed by the FLUKA and Geant4
codes. The results of simulations by the FLUKA and Geant4 codes on the leakage
of neutrons from the sections of uranium assembly and from the surface of the
QUINTA setup are in good agreement. In the case of the 127I(NaI) sample, ratios
of the experimental reaction rates to results of simulations by the FLUKA and
Geant4 codes for the (n, γ) reaction are 0.36 and 0.21, and for the (n, xn) reactions
they are in the range of 0.41Ä2.71. The results obtained for the determination of
neutron �uence, using 127I(n, xn) reactions in the experiment, are in reasonable
agreement with the neutron spectra obtained from simulations by the FLUKA and
Geant4 codes.
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