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Particle accelerators and other high energy facilities produce penetrating ionizing radiation (neutrons and ~y-rays) that must be
shielded. The objective of this work was to model photon and neutron transport in various materials usually used for shielding,
such as concrete, iron, or graphite. The Monte Carlo method allows one to obtain particle flux and nuclear reaction rates by
simulating individual particles and recording some aspects of their average behaviour. In this work several nuclear experiments
were modelled: AVF 65 — y-ray beam (1-10 MeV) transport, HIMAC and ISIS 800 — high energy neutron (20-800 MeV)
transport in iron and concrete. Then the results were compared with experimental data.
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1. Introduction

Nuclear reactors, particle accelerators, and other nu-
clear facilities produce penetrating ionizing radiation
(neutrons and high energy photons) that could be harm-
ful to personnel. To protect people from this radiation,
protective shields that attenuate fluxes of energetic par-
ticles must be foreseen and installed [1, 2].

On some occasions it is difficult to determine what
kind and amount of protection will be needed, and it
would be very convenient to use computer simulations
to solve this problem. MCNP-4A, MORSE [3], ANISN
[4], and other codes were used to model conducted ex-
periments to see whether the results of such simulations
are reliable.

The objective of this work was to model photon and
neutron transport in various materials, usually used as
shielding, such as concrete, iron or graphite. Modelling
of neutron and photon transport in iron and concrete ra-
diation shieldings was performed by using the Monte
Carlo method. The Monte Carlo method can be used
to duplicate a statistical process (such as the interaction
of nuclear particles with materials) theoretically and is
particularly useful for complex problems that cannot
be modelled by computer codes that use deterministic
methods. In this work several high energy particle and
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photon shielding experiments were modelled: AVF 65
(AVF cyclotron Research Center of Nuclear Physics,
Osaka University) [3] — y-ray beam (1-10 MeV) trans-
port in iron and concrete, HIMAC (heavy-ion syn-
chrotron of the National Institute of Radiological Sci-
ences in Chiba, Japan) [5] — high energy neutron (20—
800 MeV) transport in iron, and ISIS 800 (ISIS inten-
sive spallation neutron source facility of the Ruther-
ford Appleton laboratory, UK) [4] — deep-penetration
of neutrons through concrete and iron shieldings. The
obtained results were compared with experimental data.

2. Methods

Calculations were done with the MCNPX [6] multi-
particle transport code using LA150 [7] and ENDF-VI
[8] cross-section libraries and the Bertini intra-nuclear
cascade model for high energies. The extended ver-
sion of the Monte Carlo N-Particle Code MCNPX is
applied to the neutron and y-particle (photon) transport
calculations. The Monte Carlo method allows one to
obtain the particle flux and nuclear reaction rates by
simulating individual particles and recording some as-
pects of their average behaviour. The individual proba-
bilistic events are simulated sequentially. The probabil-
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Fig. 1. Geometry used in calculations: (a) AVF 65 (with 50 cm long
and 7.5 cm diameter concrete collimator); (b) Self-TOF; (c) NE213
(A and B are positions for calculating the neutron flux).
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Fig. 2. Angular v-ray source distribution in the copper target in
the AVF 65 experiment. The direction of 0 degrees is towards the
collimator.

ity distributions governing these events are statistically
sampled to describe the total phenomenon. As input
data the MCNPX code requires nuclear data, materi-
als, and a detailed geometry description. For the parti-
cle flux spectra, neutron and photon transport has been
taken into account. Several different set-ups were mod-
elled for benchmarking AVF 65, HIMAC [3] (Self-TOF
and NE213 detectors), and ISIS 800 [4] experiments.
When modelling the photon flux originating from
the AVF 65 photon cyclotron the 65 MeV proton beam

was modelled 380 cm away from the shielding plates
(Fig. 1(a)). Protons from the source hit the 1.0 cm thick
(stopping length) copper target. The total neutron and
photon flux, energy, and angular distribution were cal-
culated near the copper target and used as a secondary
source in calculations afterwards (Fig. 2). Secondary
particles then pass through a 7.5 cm diameter, 50 cm
long iron-lined concrete collimator to the iron or con-
crete shielding (transverse dimensions 40 x40 cm?, and
width ranging from 10 to 40 cm). For neutron shielding
the source neutron spectrum was taken from [5]. The
calculation geometry for comparison with the results of
Self-TOF and NE213 scintillator detectors is shown in
Fig. 1(b,c), the room wall and other equipment in the
room were not considered in the simulation. The self-
TOF detector was placed 509 cm from the source. For
the NE213 detector, the neutron flux was calculated in
position (A) — 233 cm from the source and position (B)
was at 503 cm (see Fig. 1(c) for details).

The shielding was divided into several regions ev-
ery 5 cm in order to observe the attenuation of neu-
trons and v-rays and to determine the importance of
particle transport in each region. The photon flux de-
creases nearly by 6 orders of magnitude in the last re-
gion of the shielding in the low energy range, while a
somewhat smaller attenuation is observed for high en-
ergy photons. For this reason specific variance reduc-
tion techniques were needed to increase the statistics of
the Monte Carlo calculations. For example, the neutron
tracking transport importance in MCNPX was gradu-
ally increased from 1 to 10° starting from the initial to
the last region of the shielding, otherwise it would be
impossible to obtain a statistically significant result in
a reasonable computing time.

For the photon flux calculations, statistics of up to
10° particles was used, while for the neutron flux cal-
culations up to 107 particles were simulated.

3. Results and conclusions

The photon and neutron fluxes in the concrete and
iron shielding were calculated and compared with ex-
periments. Photon spectra in iron and concrete for
AVF 65 are shown in Fig. 3 (a,b). In Table 1 the total
flux in concrete and iron is compared with the exper-
iment. Here the total flux at 20 or 50 cm thickness of
the shielding was divided by the total flux at 0 cm of the
shielding. From this table as well as from photon spec-
tra (Fig. 3(a, b)) we can see that the agreement between
experiment and calculation with MCNPX in concrete
1s sufficient, but for iron the obtained difference is too
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Table 1. Comparison of shielding of photon flux in AVF 65 between experimental
and modelling results with MCNPX.

Material Concrete Iron
Ratio at different thicknesses of the shielding 20cm/Ocm  50cm/Ocm 20 cm/0 cm
Experiment 0.19 0.016 0.014
MCNPX 0.21 0.025 0.069
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Fig. 3. Photon spectra calculated with MCNPX and experimentally

measured behind (a) concrete shielding (thicknesses 20 and 50 cm)

in the AVF 65 experiment; (b) the iron shielding (thickness 20 cm)
in the AVF 65 experiment.

large and should be analysed more carefully. The large
discrepancies in calculation of the photon flux in iron
may be associated with different MCNPX modelling of
gammas coming from neutron capture compared with
real experiment conditions.

The high energy neutron spectra calculated with MC-
NPX and experimentally measured ones using the Self-
TOF detector for different thicknesses of the iron shield-
ing are presented in Fig. 4. The modelling prediction is
sufficiently good compared with experimental values.

The high energy neutron fluxes and spectra were also
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Fig. 4. High energy neutron spectra calculated with MCNPX and
experimentally measured using the Self-TOF detector for the dif-
ferent thicknesses of iron shielding.

calculated for the 60 cm thick concrete shielding of
ISIS 800 (Fig. 5). The graphite samples were inserted
between shielding plates and were used for activation
measurements. The 2C(n, 2n)''C reaction rates were
calculated with MCNPX using neutron fluxes and spec-
tra modelled previously. The reaction rates in the con-
crete shielding were compared to experimental results
as shown in Fig. 6. According to the obtained results
we can say that MCNPX modelling can be used for fast
neutron flux determination.

The neutron flux results were checked by additional
MCNPX calculations using different neutron data li-
braries: ENDF, JEFF, JENDL, LANL, and intranu-
clear cascade physics models: Bertini, Isabel, CEM2k,
and INCL. The difference was less than 5%, therefore
insignificant compared to modelling and experimental
uncertainties.

From the results introduced above it has been con-
cluded that the 1-10 MeV energy photon transport in
the concrete shielding can be adequately modelled us-
ing MCNPX, but the photon flux in iron is signif-
icantly higher than corresponding experimental data.
Such photon modelling results observed in iron may be
influenced by gammas coming from neutron capture.
Moreover, the shielding of high energy (20-800 MeV)
neutrons in iron is modelled sufficiently well by the
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Fig. 5. Neutron energy spectra on the top floor (0 cm) of the shield-
ing and behind a 60 cm additional concrete shieldings calculated
using MCNPX and experimentally measured in ISIS 800.
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Fig. 6. Distribution of the 2C(n, 2n)'1C reaction rates at different

depth () of the concrete shielding, calculated with MCNPX and
experimentally measured in ISIS 800.

Monte Carlo method. Best agreement is obtained for
neutrons with energies higher than 100 MeV. On the
whole, the results obtained show that the MCNPX code
can be successfully used for accelerator radioprotection
assessment.
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NEUTRONU IR v SPINDULIU SKVERBIMOSI PRO GELEZ] IR BETONA MODELIAVIMAS MONTE
KARLO METODU
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Santrauka

Daleliy greitintuvuose ir kituose auksty energijy irenginiuose
sukuriama personalui pavojinga jonizuojancioji spinduliuoté (neut-
ronai ir y spinduliai). Norint apsaugoti Zmones nuo Zalingo spin-
duliuotés poveikio, tokius irenginius buitina ekranuoti. Modeliuotas
neutrony ir fotony skverbimasis pro jvairias ekranavimui naudoja-
mas medZiagas, tokias kaip geleZis ar betonas. Naudotas Monte
Karlo metodas yra pagristas individualiy daleliy pernasos modelia-
vimu, o rezultatai gaunami i§ suvidurkintos $iy daleliy elgsenos. Pa-

teikiami rezultatai, kurie buvo gauti modeliuojant keleta branduo-
liniy eksperimenty, tokiy kaip AVF 65 — « spinduliy (1-10 MeV)
skverbimasis; HIMAC ir ISIS 800 — dideliy energijy (20-800 MeV)
neutrony skverbimasis pro betong ir gelezi. Modeliavimo rezulta-
tai palyginti su literattiroje pateikiamais eksperimentiniais duome-
nimis. Geriausiai eksperimento duomenis atitiko 100 MeV ir di-
desniy energijy neutrony srautai geleZyje. Rezultatai parodé, kad
$i metoda galima sékmingai taikyti, sprendZiant radiacinés saugos
uZdavinius.



