A. Karimian, ef al.: Environmental Dose Rate Assessment of ITER Using the ...
34 Nuclear Technology & Radiation Protection: Year 2014, Vol. 29, No. 1, pp. 34-39

ENVIRONMENTAL DOSE RATE ASSESSMENT OF
ITER USING THE MONTE CARLO METHOD

by

Alireza KARIMIAN ', Amir BEHESHTI %2, Mohammadreza ABDI 3, and Iraj JABBARI

'Department of Biomedical Engineering, Faculty of Engineering, University of Isfahan, Isfahan, Iran
®Department of Nuclear Engineering, Faculty of New Science and Technologies,
University of Isfahan, Isfahan, Iran
3Department of Physics, Faculty of Science, University of Isfahan, Isfahan, Iran

Scientific paper
DOI: 10.2298/NTRP1401034K

Exposure to radiation is one of the main sources of risk to staff employed in reactor facilities.
The staff of a tokamak is exposed to a wide range of neutrons and photons around the toka-
mak hall. The International Thermonuclear Experimental Reactor (ITER) is a nuclear fusion
engineering project and the most advanced experimental tokamak in the world. From the
radiobiological point of view, ITER dose rates assessment is particularly important. The aim
of'this study is the assessment of the amount of radiation in ITER during its normal operation
in a radial direction from the plasma chamber to the tokamak hall. To achieve this goal, the
ITER system and its components were simulated by the Monte Carlo method using the
MCNPX 2.6.0 code. Furthermore, the equivalent dose rates of some radiosensitive organs of
the human body were calculated by using the medical internal radiation dose phantom. Our
study is based on the deuterium-tritium plasma burning by 14.1 MeV neutron production
and also photon radiation due to neutron activation. As our results show, the total equivalent
dose rate on the outside of the bioshield wall of the tokamak hall is about 1 mSv per year,
which is less than the annual occupational dose rate limit during the normal operation of
ITER. Also, equivalent dose rates of radiosensitive organs have shown that the maximum
dose rate belongs to the kidney. The data may help calculate how long the staff can stay in such

an environment, before the equivalent dose rates reach the whole-body dose limits.
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INTRODUCTION

In recent years, efforts have been made to deter-
mine and estimate the dosimetric data of staff employed
in nuclear facilities and radiation treatment centers
[1-3]. It is important to recognize that all nuclear facili-
ties, in addition to having to abide by regulatory dose
limits, are also required to set a program for maintaining
prescribed occupational doses. These limits have re-
sulted in prescribed doses considerably lower than the
allowed annual limits for typical nuclear facility staff.
The adopted average annual occupational effective
dose limit recommended by the International Commis-
sion on Radiological Protection (ICRP) is 20 mSv per

year [4].
Situated in the Cardache forest in France, Inter-
national Thermonuclear Experimental Reactor

(ITER) is the most advanced global experimental nu-
clear fusion engineering project involving a tokamak
device. The machine is expected to achieve a Q-factor
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of 10, something that has not been achieved with the
Joint European Torus (JET) tokamak or any previous
fusion reactor. During normal operation, it produces a
deuterium-tritium fusion power of 500 MW, with an
injection of 50 MW of auxiliary power. It is predicted
that the DT plasma will achieve a neutron flux in the
range of about 10'* cm™2s7! [5].

Superconducting coils are major components of
the Cardache tokamak. Both toroidal and poloidal
field coils magnetically confine, shape, and control the
plasma inside the plasma toroidal vacuum vessel. This
magnetic confinement system comprises toroidal field
coils, a central solenoid, external poloidal field coils,
and correction coils. Other components, such as blan-
ket modules, divertor cassettes and port plugs are situ-
ated within the vacuum vessel. The tokamak hall is
shielded by a 2 m thick bioshield wall made of remov-
able specific concrete.

In the research done by Arione et al., [6], dose rate
assessments for ITER have been calculated solely by
considering the transport of emitted particles from the
plasma. The produced delayed gamma radiation due to
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the equally important neutron activation of solid ITER
structures has not been considered by Arione ef al.
Therefore, the aim of this research is the assessment of
the amount of the equivalent dose rate behind the
bioshield wall that the staff involved might receive dur-
ing a normal operation of the ITER (taking into account
neutrons, delayed gammas and photonuclear particle
production inside the ITER). To achieve this, the ITER
system and its components were simulated by the
Monte Carlo method using the MCNPX 2.6.0 code.
Also, in order to assess the equivalent dose rate of the
staff, a medical internal radiation dose (MIRD) phan-
tom with appropriate details was used in the simulation.

MATERIALS AND METHODS

At ITER, nuclear radiation during operation is
mainly due to the neutrons of plasma interactions, i. e.
prompt and delayed gammas generated by the radioac-
tive nuclides during neutron irradiation. Therefore, to
calculate the total dose rate, a coupled neutron and
photon transport code is needed.

This study was based on the Monte Carlo
method/ MCNPX 2.6.0 code (Monte Carlo All-Parti-
cle Transport Code). The advantage of this version of
the MC method is its ability to trace the production and
transport of delayed gamma rays. According to our re-
sults, certain nuclides such as Co, Mn, Mo, and Ni
which comprise the components of SS316 and

SS316L (tab. 1), have considerable cross-sections to
produce delayed gammas. The data required to study
delayed gamma calculations was taken from the
CINDERGL library (delayed gamma data library) of
the MCNPX.

The tokamak considered in this study is a com-
plex and huge fusion reactor based on several last gen-
eration technologies. However, to simulate this sys-
tem, the use of a model such as the one used in the
previous study [6] is convenient. To ensure the reli-
ability of particle transport mechanisms, special com-
positions and thicknesses of system materials were
also applied.

In the present study, the ITER geometry used is
similar to the ones mentioned in refs. [5, 6], meaning
that the ITER system was simulated by using concen-
tric finite cylinders. The said cylindrical surfaces have
the same axial alignment and a height of 24 m. Each re-
gion between the two successive cylindrical surfaces
was filled with the appropriate material in order to rep-
resent the different layers of each component along the
radial reactor direction, as mentioned in [5]. A typical
sample of a simulation for this geometric model has
been shown in fig. 1. The system itself consists of a
central solenoid (CS), blanket (BLK), vacuum vessel
(VV), toroidal field coils (TC), cryostat (CRY), and a
bioshield wall (BSD).

Some of these materials are composed of base
metals or elements with a specific atomic or weight

Tablel. Composition and thickness of the simulated tokamak [5, 7]

Structure Thickness [cm] Composition (% of volumes)
Insert module 80-90 27% NbSS?_ Y&gﬁgﬁ&l?‘_yﬁgiﬁfg? S8316+
cs Superconductor and insulator 90-180 45% Nb3Sn + 50% Incoloy 908 + 5% Al,O5
Support 180-200 SS316
Wall box 220-229.5 SS316
TC Superconductor and insulator 229.5-310.5 45% Nbs;Sn + 50% Incoloy 908+ 5% AL,O5
Wall box 310.5-320 SS316
Wall 320-328.8 SS316
\'AY% Filling 328.8-350.5 84% SS316L + 16% H,0
Wall 350.5-356.5 SS316
Shield block 356.5-399 60% SS304 + 40% H,0
BLK Waster heat 399-401 Copper
First wall 401-402 Beryllium
PLASMA - 402-853 Vacuum
First wall 853-854 Beryllium
BLK Waster heat 854-856 Copper
Shield block 856-898 60% SS304 + 40% H,0
vV Wall 898-904.5 SS316
Filling 904.5-967.5 84% SS316L + 16% H,O
Wall 967.5-975.5 SS316
Wall box 975.5-985.5 SS316
TC Superconductor and insulator 985.5-1065.5 45% Nb;Sn + 50% Incoloy 908+ 5% ALO4
Wall box 1065.5-1075 SS316
CRY Wall 1400-1410 SS304
BSD Wall 1455-1655 Concrete
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Figure 1. Typical view of the simulated tokamak
geometric model. Stars show the locations of ring
detector tallies

fraction. This was noticed in the simulation of the com-
position of materials used and equivalent density calcu-
lations. For instance, Incoloy 908 includes Fe, Ni, Cr,
Nb, Al, Ti, Si, and C. Also, 70% of the resin weight is
made of polystyrene, while the remaining weight frac-
tion is made of polyethylene. All materials used, as well
as their compositions, have been determined in tab. 1.

The composition of concrete used in this simula-
tion has been studied in the previous research [8] and is
considered to be an alternative for a specific shield of
the fusion plant. In this study, the composition of con-
crete in the bioshield wall of ITER contains boron with
a density of 0.1 g/cm?.

In this simulation, a ring-shaped neutron source
was used. Its cross-section is square and its height and
width are 0.6 m, respectively. The position of the
source was set at the central part of the plasma cham-
ber. It emits neutrons isotropically and its spectrum is
Gaussian, with a mean energy of 14.1 MeV. According
to Wu and his team [9], despite this simplicity, the neu-
tron flux density in the plasma chamber is acceptable.

The parameters of the emission spectrum were
adjusted by MCNPX through the choice of special
source probability functions. For this purpose, a
Gaussian fusion energy spectrum was used. The said
spectrum is shown in eq. 1. By choosing the appropriate
values for parameters a and b (¢ =—-0.01, b =—1), ac-
cording to calculations done by MCNPX 2.6.0 and us-
ing eq. 1, the D-T fusion energy for plasma temperature
was calculated to equal an average energy of 10 keV

P(E):Ce_(E;bj (1)

Various types of neutrons and photons around the
tokamak hall constitute the main source of the staff ab-
sorbed dose. In this research, to classify the neutrons in
various bins of energy, meaning fast, epithermal, and
thermal neutron fluxes, the TECDOC 1223 was used.
According to this, the following energy group subdivi-
sions have been used: fast group, £, > 10 keV; epither-
mal group, 1 eV < E, < 10 keV; and, thermal group,
E, <1¢eV[10]. However, the total neutron flux density
was calculated in this research, too.

In order to calculate staff organ doses, a
MIRD-MIT phantom [11] simulating the human head

and torso was used. Over 60 cells were employed to
measure the equivalent dose rates of specific organs
during the normal operation of the tokamak. The
MIRD-MIT body phantom used represents a human
male, as shown in fig. 2. He is comprised of the MCAT
phantom plus testes, thyroid, legs, bladder, and intes-
tines. Equivalent dose rates have been calculated for
some important organs such as the head, brain, thy-
roid, liver, kidneys, testes, lungs, and skin.

Figure 2. Three views of the MIRD-MIT phantom used

Because ITER is rotationally symmetric in rela-
tion to the co-ordinate axis, in this study, the total dose
rate and neutron flux density were calculated by a ring
detector tally. Ring detectors can be used in most axial
symmetry geometries, because a ring detector en-
hances the efficiency of point detectors concerning
problems rotationally symmetric to the co-ordinate
axis [12]. A geometry-splitting/Russian-roulette vari-
ance reduction method was also used to reduce the er-
rors. A weighting factor equal to 10 was used in the
variance reduction technique applied in our study. By
using these methods, relative errors in the vicinity of
the bioshield were reduced to 3%, a value acceptable
by international standards. Also, radiation dose rates
were calculated using the flux-to-dose conversion fac-
tors (DE/DF cards) based on ICRP-21 reports [13].

All computations have been performed on a 320
core cluster consisting of 5 nodes of quad Opteron CPU
running at 2.2 GHz, each equipped with a 128 GB
memory. The MCNPX code was executed in a parallel
mode and all calculations of 10° source-particle histo-
ries were also studied. The Fusion Evaluated Nuclear
Data Library (FENDL 3.0), taken from the IAEA Nu-
clear Data Services, was used for all MCNPX calcula-
tions in this study.

RESULTS AND DISCUSSION

Neutron flux density and dose rates were calcu-
lated in all cylindrical surface zones along the radial
direction of the machine, from the plasma chamber to
the outer surface of the bioshield, by ring detectors.
The results are presented in tabs. 2 and 3.
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Table 2. Neutron flux densities from plasma chamber to bioshield wall
Component Position [cm] Neutron flux density [em2s™']
Plasma chamber 602 4.132E+13"
BLK-shield block 875 1.691E+12
VV-filling 935 5.100E+09
Vacuum 1200 9.604E+07
Inside bioshield 1432 4.520E+07
Outside bioshield 1660 1.859E+02
“Note 4.132E+13 read as 4.132:10"
Table 3. Total equivalent dose rates from plasma chamber to bioshield wall
Component Position [cm] Total equivalent dose rates [Sv/h]
Plasma chamber 602 6.228E+04"
BLK-shield block 875 3.825E+04
VV-filling 935 5.742E+01
Vacuum 1200 9.067E-03
Inside the bioshield 1432 8.264E-03
Outside the bioshield 1660 1.8786E-06
"Note: 6.228E+04 read as 6.228-10*
10 77
. . . B+n —"Li(0.84 MeV) +
As shown in tabs. 2 and 3, depending on the posi- thermal ( V)
tion, both the neutron flux densities and total equiva- +a(147MeV)+y(048 MeV) (2)

lent dose rates (neutron and photon dose) are reduced
on the way from the plasma chamber toward the
bioshield wall.

Neutron and photon equivalent dose rates along
the radial way after passing the bioshield wall are
shown in fig. 3. Both equivalent dose rate curves have
a downward trend from the center to the outer layers.
Depending on its position and specific materials used,
the slope of curves varies. In fig. 3, it can be seen that
the photon equivalent dose rate is greater than the neu-
tron equivalent dose rate after the bioshield wall. The
exact figures for neutron and photon equivalent dose
rates after the bioshield wall are 5.89-10~7 Sv/h and
1.11-10° Sv/h, respectively. Therefore, the photon
dose rate in this region is about two times greater than
the neutron dose rate, due to the existence of boron in
the concrete mixture (2.9% weight fraction) and the
production of gamma rays according to eq. 2 [14]
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Figure 3. Neutron and photon equivalent dose rate
values along the bioshield wall toward the tokamak hall

Furthermore, in fig. 3, equivalent dose rates of
photons and neutrons in the tokamak hall seem con-
stant and slow to reduce. This is due to the diminishing
values of equivalent dose rates in this region which
have remained within the range of background values.

Table 4 shows the total equivalent dose rates of
some radiosensitive organs such as the testes, thyroid
and brain of the human body. These data have been
calculated by a MIRD phantom.

Table 4. Total equivalent dose rates of some
radiosensitive organs

Organ name Total equivale}llt Organ name Total equivaleplt
dose rate [Svh™'] dose rate [Svh ']
Head 6.7032E-07" Liver 9.6040E-07
Brain 1.2024E-07 Kidney 1.0608E-6
Thyroid 4.0964E-07 Testes 8.7906E-07
Lung 5.1450E-07 Skin 1.8889E-07

"Note: 6.7032E-07 read as 6.7032:1077

CONCLUSIONS

In this research, the total dose rates of neutrons
and photons in various positions of the ITER, from the
plasma chamber toward the outside of the bioshield
wall, have been calculated. Furthermore, dose rates re-
ceived by radiosensitive organs of the ITER staff
while in the tokamak hall were also calculated. To our
knowledge, no assessments of radiation dose rates in
multiple and discrete locations of the body have been
done up to now. By performing this simulation, it is
possible to estimate how long before the body absorbs
high-risk levels of radiation the staff may remain in
such high-risk environments.



A. Karimian, ef al.: Environmental Dose Rate Assessment of ITER Using the ...
38 Nuclear Technology & Radiation Protection: Year 2014, Vol. 29, No. 1, pp. 34-39

It should be noticed that the contributions due to
the presence of slits between blanket modules and the
various holes in the cryostat and bioshield were not
considered in our calculations. These simplifications
decrease the actual values of dose rates that would be
obtained if they were taken into account. In the pres-
ence of slits and holes, by passing more radioactive
particles from these ports and holes, their dose rate
values would have increased. The bioshield wall
causes a reduction of an order of 4 on the total dose
rates, as presented in tab. 3. As demonstrated in fig. 3,
photon dose rates are dominant (about two times
higher) in relation to neutron dose rates after the
bioshield wall, due to the high boron concentration in
the concrete. Our results also show that the environ-
mental equivalent dose rate level near the outside of
the bioshield wall of the tokamak hall seems constant
and amounts to about 1 mSv per year, less than the
limit set for the annual occupational dose rate during
normal operation of the ITER.
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Ampesa KAPUMMNJIAH, Amup BEXEIITU, Moxamanpe3a AbJIU, Upaj IIABAPU

MNPOLEHA JAYUHE NIO3E Y OKOJUHU UTEP MOCTPOJEIHA
MOHTE KAPJ/IO METOJOM

M3znarame 3payemy jefja je off IIIaBHUX U3BOpa PU3UKa 32 0COOJbE 3alI0CIEHO Y peaKTOPCKUM
nocrpojebuMa. Ocobibe ToKaMaKa U3JI0KEHO je IIMPOKOM OICeTy HeyTPOHa U (POTOHA OKO TOKaMaK XOJIa.
MebyHnapopan TepMoHykiepHu ekcniepumerTanuu peaktop (MTEP) npefcrasiba MHKEHEPCKU IPOjeKaT
(py3MOHOI peakTopa W HajHANPEHWjH EKCIEepUMEHTATHN Tokamak y cBeTy. Ca pagumoOMONOmKOr
CTaHOBMUIIITA MMOCEOHO je 3HavajHa nmporeHa jaunue fo3e M TEPA-a. [{uss oBor pajia je mpolieHa KOTuInHe
3paueway UTEP-y TokoM HOpMaTHOT pexkuma pajja y pajujasHoM Opasly, Off IlIa3Ma KOMOpe Ka TOKaMak
xanu. [Ja 6u ocrBapunu oBaj umib, U'TEP cucreM n meroBe KoMmnoHeHTe cumynupane cy Monre Kapno
meTosioM omohy MCNPX 2.6.0 kopa. IToTom, jaunHa eKBHBAJEHTHE A03€ HEKHWX PAAMOCEH3UTHBHUX
oprasa JbY/ICKOT Teja u3paudyHara je kopuithetsem MIRD ¢anToma. Haile npoyyaBame 3acCHOBaHO je Ha
[EeyTepUjyM-TPULKjYM IJIa3Ma caropeBamy U NpOU3BOAKU HeyTpoHa eHepruje of 14.1 MeV, kao u Ha
(pOTOHCKOM 3pauemy yClIef HEeyTpPOHCKe akTmBanuje. Kao mTo Hamm pe3yiTaTd MOKasyjy, YKyIHa
roJyIlIkHa €EKBUBAJIEHTHA 032 Ca CIIOJbHE CTPaHe OMOJIOLIKOT HITUTA TOKaMak Xaje n3Hocu oko 1 mSv, mro
je Mamwe o rpaHulie TOJUIIbE J03€ 3a poecroHaaHa JI1la TOKOM HopMaslHor pexkuMa paga UTEP-a.
Taxkobe, jaunHa ekBUBaNIeHTHE 03¢ PaAMOCEH3UTUBHMAX OpraHa rnokasasna je ja je Hajeha jaunHa gose y
O0yOpesuma. IToganum Mory nomohu nmpu nmpopauyyHy KOJHMKO JIyTO 3alOCIE€HH MOT'Y OCTaTH Yy OKOJIMHU
IIOCTPOjekba IIPe HETO LITO €€ JOCTUIHE BPEJHOCT FPaHULIE 103€ 32 LEJIO TEIO.

Kmwyune peuu: miokamak, 0o3a, 003nu ¢parniiom, MCNP 2.6.0 iipozpam




