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Ex po sure to ra di a tion is one of the main sources of risk to staff em ployed in re ac tor fa cil i ties.
The staff of a toka mak is ex posed to a wide range of neu trons and pho tons around the toka -
mak hall. The In ter na tional Ther mo nu clear Ex per i men tal Re ac tor (ITER) is a nu clear fu sion
en gi neer ing pro ject and the most ad vanced ex per i men tal toka mak in the world. From the
radiobiological point of view, ITER dose rates as sess ment is par tic u larly im por tant. The aim
of this study is the as sess ment of the amount of ra di a tion in ITER dur ing its nor mal op er a tion 
in a ra dial di rec tion from the plasma cham ber to the toka mak hall. To achieve this goal, the
ITER sys tem and its com po nents were sim u lated by the Monte Carlo method us ing the
MCNPX 2.6.0 code. Fur ther more, the equiv a lent dose rates of some radiosensitive or gans of
the hu man body were cal cu lated by us ing the med i cal in ter nal ra di a tion dose phan tom. Our
study is based on the deu te rium-tri tium plasma burn ing by 14.1 MeV neu tron pro duc tion
and also pho ton ra di a tion due to neu tron ac ti va tion. As our re sults show, the to tal equiv a lent
dose rate on the out side of the bioshield wall of the toka mak hall is about 1 mSv per year,
which is less than the  an nual oc cu pa tional dose rate limit dur ing the nor mal op er a tion of
ITER. Also, equiv a lent dose rates of radiosensitive or gans have shown that the max i mum
dose rate be longs to the kid ney. The data may help cal cu late how long the staff can stay in such
an en vi ron ment, be fore the equiv a lent dose rates reach the whole-body dose lim its.
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IN TRO DUC TION

In re cent years, ef forts have been made to de ter -
mine and es ti mate the dosimetric data of staff em ployed
in nu clear fa cil i ties and ra di a tion treat ment cen ters
[1-3]. It is im por tant to rec og nize that all nu clear fa cil i -
ties, in ad di tion to hav ing to abide by reg u la tory dose
lim its, are also re quired to set a pro gram for main tain ing 
pre scribed oc cu pa tional doses. These lim its have re -
sulted in pre scribed doses con sid er ably lower than the
al lowed an nual lim its for typ i cal nu clear fa cil ity staff.
The adopted av er age an nual oc cu pa tional ef fec tive
dose limit rec om mended by the In ter na tional Com mis -
sion on Ra dio log i cal Pro tec tion (ICRP) is 20 mSv per
year [4].

Sit u ated in the Cardache for est in France, In ter -
na tional Ther mo nu clear Ex per i men tal Re ac tor
(ITER) is the most ad vanced global ex per i men tal nu -
clear fu sion en gi neer ing pro ject in volv ing a toka mak
de vice. The ma chine is ex pected to achieve a Q-fac tor

of 10, some thing that has not been achieved with the
Joint Eu ro pean To rus (JET) toka mak or any pre vi ous
fu sion re ac tor. Dur ing nor mal op er a tion, it pro duces a
deu te rium-tri tium fu sion power of 500 MW, with an
in jec tion of 50 MW of aux il iary power. It is pre dicted
that the DT plasma will achieve a neu tron flux in the
range of about 1013 cm–2s–1 [5].

Super con duct ing coils are ma jor com po nents of
the Cardache toka mak. Both to roid al and poloidal
field coils mag net i cally con fine, shape, and con trol the 
plasma in side the plasma to roid al vac uum ves sel. This
mag netic con fine ment sys tem com prises to roid al field 
coils, a cen tral so le noid, ex ter nal poloidal field coils,
and cor rec tion coils. Other com po nents, such as blan -
ket mod ules, divertor cas settes and port plugs are sit u -
ated within the vac uum ves sel. The toka mak hall is
shielded by a 2 m thick bioshield wall made of re mov -
able spe cific con crete.

In the re search done by Arione et al., [6], dose rate 
as sess ments for ITER have been cal cu lated solely by
con sid er ing the trans port of emit ted par ti cles from the
plasma. The pro duced de layed gamma ra di a tion due to
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the equally im por tant neu tron ac ti va tion of solid ITER
struc tures has not been con sid ered by Arione et al.
There fore, the aim of this re search is the as sess ment of
the amount of the equiv a lent dose rate be hind the
bioshield wall that the staff in volved might re ceive dur -
ing a nor mal op er a tion of the ITER (tak ing into ac count
neu trons, de layed gammas and photonuclear par ti cle
pro duc tion in side the ITER). To achieve this, the ITER
sys tem and its com po nents were sim u lated by the
Monte Carlo method us ing the MCNPX 2.6.0 code.
Also, in or der to as sess the equiv a lent dose rate of the
staff, a med i cal in ter nal ra di a tion dose (MIRD) phan -
tom with ap pro pri ate de tails was used in the sim u la tion.

MA TE RI ALS AND METH ODS

At ITER, nu clear ra di a tion dur ing op er a tion is
mainly due to the neu trons of plasma in ter ac tions, i. e.
prompt and de layed gammas gen er ated by the ra dio ac -
tive nuclides dur ing neu tron ir ra di a tion. There fore, to
cal cu late the to tal dose rate, a cou pled neu tron and
pho ton trans port code is needed.

This study was based on the Monte Carlo
method/ MCNPX 2.6.0 code (Monte Carlo All-Par ti -
cle Trans port Code). The ad van tage of this ver sion of
the MC method is its abil ity to trace the pro duc tion and 
trans port of de layed gamma rays. Ac cord ing to our re -
sults, cer tain nuclides such as Co, Mn, Mo, and Ni
which com prise the com po nents of SS316 and

SS316L (tab. 1), have con sid er able cross-sec tions to
pro duce de layed gammas. The data re quired to study
de layed gamma cal cu la tions was taken from the
CINDERGL li brary (de layed gamma data li brary) of
the MCNPX.

The toka mak con sid ered in this study is a com -
plex and huge fu sion re ac tor based on sev eral last gen -
er a tion tech nol o gies. How ever, to sim u late this sys -
tem, the use of a model such as the one used in the
pre vi ous study [6] is con ve nient. To en sure the re li -
abil ity of par ti cle trans port mech a nisms, spe cial com -
po si tions and thick nesses of sys tem ma te ri als were
also ap plied.

In the pres ent study, the ITER ge om e try used is
sim i lar to the ones men tioned in refs. [5, 6],  mean ing
that the ITER sys tem was sim u lated by us ing con cen -
tric fi nite cyl in ders. The said cy lin dri cal sur faces have
the same ax ial align ment and a height of 24 m. Each re -
gion be tween the two suc ces sive cy lin dri cal sur faces
was filled with the ap pro pri ate ma te rial in or der to rep -
re sent the dif fer ent lay ers of each com po nent along the 
ra dial re ac tor di rec tion, as men tioned in [5]. A typ i cal
sam ple of a sim u la tion for this geo met ric model has
been shown in fig. 1. The sys tem it self con sists of a
cen tral so le noid (CS), blan ket (BLK), vac uum ves sel
(VV), to roid al field coils (TC), cryostat (CRY), and a
bioshield wall (BSD).

Some of these ma te ri als are com posed of base
met als or el e ments with a spe cific atomic or weight
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Table1. Com po si tion and thick ness of the sim u lated toka mak [5, 7]

Structure Thickness [cm] Composition (% of volumes)

CS

Insert module 80-90 27% Nb3Sn + 30% Incoloy 908 +30% SS316 +
+.10% Res ins + 3% Al2O3

Superconductor and insulator 90-180 45% Nb3Sn + 50% Incoloy 908 + 5% Al2O3

Support 180-200 SS316

TC

Wall box 220-229.5 SS316

Superconductor and insulator 229.5-310.5 45% Nb3Sn + 50% Incoloy 908+ 5% Al2O3

Wall box 310.5-320 SS316

VV

Wall 320-328.8 SS316

Filling 328.8-350.5 84% SS316L + 16% H2O

Wall 350.5-356.5 SS316

BLK

Shield block 356.5-399 60% SS304 + 40% H2O

Waster heat 399-401 Cop per

First wall 401-402 Be ryl lium

PLASMA – 402-853 Vac uum

BLK

First wall 853-854 Be ryl lium

Waster heat 854-856 Cop per

Shield block 856-898 60% SS304 + 40% H2O

VV
Wall 898-904.5 SS316

Filling 904.5-967.5 84% SS316L + 16% H2O

Wall 967.5-975.5 SS316

TC

Wall box 975.5-985.5 SS316

Superconductor and insulator 985.5-1065.5 45% Nb3Sn + 50% Incoloy 908+ 5% Al2O3

Wall box 1065.5-1075 SS316

CRY Wall 1400-1410 SS304

BSD Wall 1455-1655 Con crete



frac tion. This was no ticed in the sim u la tion of the com -
po si tion of ma te ri als used and equiv a lent den sity cal cu -
la tions. For in stance, Incoloy 908 in cludes Fe, Ni, Cr,
Nb, Al, Ti, Si, and C. Also, 70% of the resin weight is
made of poly sty rene, while the re main ing weight frac -
tion is made of poly eth yl ene. All ma te ri als used, as well
as their com po si tions, have been de ter mined in tab. 1.

The com po si tion of con crete used in this sim u la -
tion has been stud ied in the pre vi ous re search [8] and is 
con sid ered to be an al ter na tive for a spe cific shield of
the fu sion plant. In this study, the com po si tion of con -
crete in the bioshield wall of ITER con tains bo ron with 
a den sity of 0.1 g/cm3.

In this sim u la tion, a ring-shaped neu tron source
was used. Its cross-sec tion is square and its height and
width are 0.6 m, re spec tively. The po si tion of the
source was set at the cen tral part of the plasma cham -
ber. It emits neu trons isotropically and its spec trum is
Gaussi an, with a mean en ergy of 14.1 MeV. Ac cord ing 
to Wu and his team [9], de spite this sim plic ity, the neu -
tron flux den sity in the plasma cham ber is ac cept able.

The pa ram e ters of the emis sion spec trum were
ad justed by MCNPX through the choice of spe cial
source prob a bil ity func tions. For this pur pose, a
Gaussi an fu sion en ergy spec trum was used. The said
spec trum is shown in eq. 1. By choos ing the ap pro pri ate 
val ues for pa ram e ters a and b (a = –0.01, b =.–1), ac -
cord ing to cal cu la tions done by MCNPX 2.6.0 and us -
ing eq. 1, the D-T fu sion en ergy for plasma tem per a ture
was cal cu lated to equal an av er age en ergy of 10 keV

P E C

E b

a( ) =
-

-æ

è
ç

ö

ø
÷

e

2

(1)

Var i ous types of neu trons and pho tons around the
toka mak hall con sti tute the main source of the staff ab -
sorbed dose. In this re search, to clas sify the neu trons in
var i ous bins of en ergy, mean ing fast, epi ther mal, and
ther mal neu tron fluxes, the TECDOC 1223 was used.
Ac cord ing to this, the fol low ing en ergy group sub di vi -
sions have been used: fast group, En > 10 keV; epi ther -
mal  group,  1 eV  £  En  £  10  keV;  and,  ther mal  group,
En < 1 eV [10]. How ever, the to tal neu tron flux den sity
was cal cu lated in this re search, too.

In or der to cal cu late staff or gan doses, a
MIRD-MIT phan tom [11] sim u lat ing the hu man head

and torso was used. Over 60 cells were em ployed to
mea sure the equiv a lent dose rates of spe cific or gans
dur ing the nor mal op er a tion of the toka mak. The
MIRD-MIT body phan tom used rep re sents a hu man
male, as shown in fig. 2. He is com prised of the MCAT
phan tom plus tes tes, thy roid, legs, blad der, and in tes -
tines. Equiv a lent dose rates have been cal cu lated for
some im por tant or gans such as the head, brain, thy -
roid, liver, kid neys, tes tes, lungs, and skin.

Be cause ITER is rotationally sym met ric in re la -
tion to the co-or di nate axis, in this study, the to tal dose
rate and neu tron flux den sity were cal cu lated by a ring
de tec tor tally.  Ring de tec tors can be used in most ax ial
sym me try ge om e tries, be cause a ring de tec tor en -
hances the ef fi ciency of point de tec tors con cern ing
prob lems rotationally sym met ric to the co-or di nate
axis [12]. A ge om e try-split ting/Rus sian-rou lette vari -
ance re duc tion method was also used to re duce the er -
rors. A weight ing fac tor equal to 10 was used in the
vari ance re duc tion tech nique ap plied in our study. By
us ing these meth ods, rel a tive er rors in the vi cin ity of
the bioshield were re duced to 3%, a value ac cept able
by in ter na tional stan dards. Also, ra di a tion dose rates
were cal cu lated us ing the flux-to-dose con ver sion fac -
tors (DE/DF cards) based on ICRP-21 re ports [13]. 

All com pu ta tions have been per formed on a 320
core clus ter con sist ing of 5 nodes of quad Opteron CPU
run ning at 2.2 GHz, each equipped with a 128 GB
mem ory. The MCNPX code was ex e cuted in a par al lel
mode and all cal cu la tions of 109 source-par ti cle his to -
ries were also stud ied. The Fu sion Eval u ated Nu clear
Data Li brary (FENDL 3.0), taken from the IAEA Nu -
clear Data Ser vices, was used for all MCNPX cal cu la -
tions in this study.

RE SULTS AND DIS CUS SION

Neu tron flux den sity and dose rates were cal cu -
lated in all cy lin dri cal sur face zones along the ra dial
di rec tion of the ma chine, from the plasma cham ber to
the outer sur face of the bioshield, by ring de tec tors.
The re sults are pre sented in tabs. 2 and 3.
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Fig ure 1. Typ i cal view of the sim u lated toka mak
geo met ric model. Stars show the lo ca tions of ring
de tec tor tal lies

Fig ure 2. Three views of the MIRD-MIT phan tom used



As shown in tabs. 2 and 3, de pend ing on the po si -
tion, both the neu tron flux den si ties and to tal equiv a -
lent dose rates (neu tron and pho ton dose) are re duced
on the way from the plasma cham ber to ward the
bioshield wall.

Neu tron and pho ton equiv a lent dose rates along
the ra dial way af ter pass ing the bioshield wall are
shown in fig. 3. Both equiv a lent dose rate curves have
a down ward trend from the cen ter to the outer lay ers.
De pend ing on its po si tion and spe cific ma te ri als used,
the slope of curves var ies. In fig. 3, it can be seen that
the pho ton equiv a lent dose rate is greater than the neu -
tron equiv a lent dose rate af ter the bioshield wall. The
ex act fig ures for neu tron and pho ton equiv a lent dose
rates af ter the bioshield wall are 5.89×10–7 Sv/h and
1.11×10–6 Sv/h, re spec tively. There fore, the pho ton
dose rate in this re gion is about two times greater than
the neu tron dose rate, due to the ex is tence of bo ron in
the con crete mix ture (2.9% weight frac tion) and the
pro duc tion of gamma rays ac cord ing to eq. 2 [14]

10 7 084

147 048

B Li MeV

MeV MeV

thermal+ ® +

+ +

n ( . )

( . ) ( . )a g (2)

Fur ther more, in fig. 3, equiv a lent dose rates of
pho tons and neu trons in the toka mak hall seem con -
stant and slow to re duce. This is due to the di min ish ing
val ues of equiv a lent dose rates in this re gion which
have re mained within the range of back ground val ues.

Ta ble 4 shows the to tal equiv a lent dose rates of
some radiosensitive or gans such as the tes tes, thy roid
and brain of the hu man body. These data have been
cal cu lated by a MIRD phan tom.

CON CLU SIONS

In this re search, the to tal dose rates of neu trons
and pho tons in var i ous po si tions of the ITER, from the
plasma cham ber to ward the out side of the bioshield
wall, have been cal cu lated. Fur ther more, dose rates re -
ceived by radiosensitive or gans of the ITER staff
while in the toka mak hall were also cal cu lated. To our
knowl edge, no as sess ments of ra di a tion dose rates in
mul ti ple and dis crete lo ca tions of the body have been
done up to now. By per form ing this sim u la tion, it is
pos si ble to es ti mate how long be fore the body ab sorbs
high-risk lev els of ra di a tion the staff may re main in
such high-risk en vi ron ments.
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Table 2. Neu tron flux den si ties from plasma cham ber to bioshield wall

Component Position [cm] Neutron flux density [cm–2s–1]

Plasma chamber 602 4.132E+13*

BLK-shield block 875 1.691E+12

VV-fill ing 935 5.100E+09

Vac uum 1200 9.604E+07

In side bioshield 1432 4.520E+07

Out side bioshield 1660 1.859E+02

*Note 4.132E+13 read as 4.132×1013

Ta ble 3. To tal equiv a lent dose rates from plasma cham ber to bioshield wall

Component Po si tion [cm] To tal equiv a lent dose rates [Sv/h]

Plasma chamber 602 6.228E+04*

BLK-shield block 875 3.825E+04

VV-fill ing 935 5.742E+01

Vac uum 1200 9.067E-03

In side the bioshield 1432 8.264E-03

Out side the bioshield 1660 1.8786E-06

*Note: 6.228E+04 read as 6.228×104

Fig ure 3. Neu tron and pho ton equiv a lent dose rate
val ues along the bioshield wall to ward the toka mak hall

Ta ble 4. To tal equiv a lent dose rates of some
radiosensitive or gans

Or gan name To tal equiv a lent
dose rate [Svh–1] Or gan name To tal equiv a lent

dose rate [Svh–1]

Head 6.7032E-07* Liver 9.6040E-07

Brain 1.2024E-07 Kid ney 1.0608E-6

Thy roid 4.0964E-07 Tes tes 8.7906E-07

Lung 5.1450E-07 Skin 1.8889E-07

*Note: 6.7032E-07 read as 6.7032×10–7



It should be no ticed that the con tri bu tions due to
the pres ence of slits be tween blan ket mod ules and the
var i ous holes in the cryostat and bioshield were not
con sid ered in our cal cu la tions. These sim pli fi ca tions
de crease the ac tual val ues of dose rates that would be
ob tained if they were taken into ac count. In the pres -
ence of slits and holes, by pass ing more ra dio ac tive
par ti cles from these ports and holes, their dose rate
val ues would have in creased. The bioshield wall
causes a re duc tion of an or der of 4 on the to tal dose
rates, as pre sented in tab. 3. As dem on strated in fig. 3,
pho ton dose rates are dom i nant (about two times
higher) in re la tion to neu tron dose rates af ter the
bioshield wall, due to the high bo ron con cen tra tion in
the con crete. Our re sults also show that the en vi ron -
men tal equiv a lent dose rate level near the out side of
the bioshield wall of the toka mak hall seems con stant
and amounts to about 1 mSv per year, less than the
limit set for the an nual oc cu pa tional dose rate dur ing
nor mal op er a tion of the ITER.

AU THOR CON TRI BU TIONS

The idea and work plan for the re search are to be
at trib uted to A. Karimian. The Monte Carlo sim u la tion 
and pro cess ing of data were done by A. Beheshti, un -
der the su per vi sion and ad vi sory of A. Karimian, M.
Abdi, and I. Jabbari. The manu script, in clud ing fig -
ures, ta bles and text were pre pared and writ ten by A.
Karimian and A. Beheshti.
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Alireza KARIMIJAN, Amir BEHE[TI, Mohamadreza ABDI, Iraj XABARI

PROCENA  JA^INE DOZE  U  OKOLINI  ITER  POSTROJEWA
MONTE  KARLO  METODOM

Izlagawe zra~ewu jedan je od glavnih izvora rizika za osobqe zaposleno u reaktorskim
postrojewima. Osobqe tokamaka izlo`eno je {irokom opsegu neutrona i fotona oko toka mak hola.
Me|unarodni termonuklerni eksperimentalni reaktor (ITER) predstavqa in`ewerski projekat
fuzionog reaktora i najnapredniji eksperimentalni toka mak u svetu. Sa radiobiolo{kog
stanovi{ta posebno je zna~ajna procena ja~ine doze ITERA-a. Ciq ovog rada je procena koli~ine
zra~ewa u ITER-u tokom normalnog re`ima rada u radijalnom pravcu, od plazma komore ka toka mak 
hali. Da bi ostvarili ovaj ciq, ITER sistem i wegove komponente simulirane su Monte Karlo
metodom pomo}u MCNPX 2.6.0 koda. Potom, ja~ina ekvivalentne doze nekih radiosenzitivnih
organa qudskog tela izra~unata je kori{}ewem MIRD fantoma. Na{e prou~avawe zasnovano je na
deuterijum-tricijum plazma sagorevawu i proizvodwi neutrona energije od 14.1 MeV, kao i na
fotonskom zra~ewu usled neutronske aktivacije. Kao {to na{i rezultati pokazuju, ukupna
godi{wa ekvivalentna doza sa spoqne strane biolo{kog {tita toka mak hale iznosi oko 1 mSv, {to
je mawe od granice godi{we doze za profesionalna lica tokom normalnog re`ima rada ITER-a.
Tako|e, ja~ina ekvivalentne doze radiosenzitivnih organa pokazala je da je najve}a ja~ina doze u
bubrezima. Podaci mogu pomo}i pri prora~unu koliko dugo zaposleni mogu ostati u okolini
postrojewa pre nego {to se dostigne vrednost granice doze za celo telo.

Kqu~ne re~i: toka mak, doza, dozni fantom, MCNP 2.6.0 pro gram


