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Neu tron and cap ture gamma ray dose equiv a lent along the maze and en trance door of a ra di a -
tion ther apy room made of high den sity con crete was cal cu lated us ing an a lyt i cal and Monte
Carlo meth ods. The room ge om e try and the 18 MV pho ton beam of a Varian 2100C/D linac
were sim u lated us ing MCNPX MC code. Four an a lyt i cal meth ods in clud ing Ker sey, French,
Mc Call, and Wu-McGinley meth ods were used in the cur rent study.  Av er age dif fer ence of
13-30% was seen be tween an a lyt i cal and MC meth ods along the maze for photoneutron cal -
cu la tions. The dif fer ence be tween Wu-McGinley and MC meth ods was about 17% for cap -
ture gamma ray cal cu la tions. It was con cluded that the an a lyt i cal meth ods over es ti mate both
neu tron and cap ture gamma ray dose equiv a lents com pared to MC. More over, it was shown
that the an a lyt i cal meth ods can be used as con ser va tive es ti ma tors for neu tron and cap ture
gamma cal cu la tions.
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IN TRO DUC TION

Photoneutrons and cap ture gamma pho tons are
pro duced in high en ergy pho ton beams as con se -
quences of photoneutron in ter ac tions be tween high en -
ergy pho tons and linac head com po nents, con crete
walls and pa tient it self [1, 2]. Sev eral meth ods have
been pro posed and cur rently be ing used to cal cu late the
dose equiv a lent of these harm ful ra di a tions in the maze
in ner en trance and at the maze en trance door [3, 6]. The
de sign and ge om e try of a ra dio ther apy room de pends
strongly on used pho ton en ergy, work load and other in -
stal la tion site char ac ter is tics. Ra dio ther apy rooms are
nor mally de signed with stan dard di men sions pro posed
by linac man u fac turer and are built with nor mal con -
crete with the den sity of 2.35 g/cm3. While space is the
first pri or ity and a room can not be built in its stan dard
size, high den sity con crete with dif fer ent den si ties can
be em ployed to cre ate re quired shield ing with lower
thick ness in com par i son to or di nary con crete. There are
sev eral com po si tions of high den sity con crete that are
com mer cially avail able in the mar ket [7]. Their com po -
si tions en tail some high atomic num ber ma te ri als such
as iron and bar ium which give higher den sity to con -

crete with com pa ra ble struc tural prop er ties. To eval u ate 
the shield ing ef fi cacy against neu trons and cap ture
gammas, sev eral an a lyt i cal for mu las have been pro -
posed. Re cently the re port of In ter na tional Atomic En -
ergy Agency (IAEA) No. 47 has pro posed an a lyt i cal
meth ods to cal cu late the neu tron fluence in dif fer ent
points of ra dio ther apy rooms [8].

To tal photoneutron fluence jA  at the in ner maze
en trance per Gy X-ray at the isocenter [n0m–2 Gy–11]
can be cal cu lated  by [8-10]
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where d [m] is the dis tance from the isocenter to point
A in in ner maze  (see fig. 1 ), S [m2] – the in ner sur face
area of the treat ment room , and QN – the photoneutron
source strength in terms of n0/Gy. Photoneutron source 
strength, QN, is the num ber of pro duced photoneutrons 
per 1 Gy pho ton dose ab sorp tion at the isocenter. Ad -
di tion ally, QN for dif fer ent mod els of ac cel er a tors has
been pub lished in the lit er a ture [11, 12].  

In all an a lyt i cal meth ods, it is con sid ered that
con crete walls of ra dio ther apy room are made of or di -
nary con crete with the den sity of 2.35 g/cm3. The ef -
fect of con crete wall on neu tron pro duc tion, scat ter ing
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and ab sorp tion can be in flu enced by its atomic com po -
si tion be cause the cross-sec tion of photoneutron in ter -
ac tions var ies with atomic num ber of con crete el e -
ments [5]. Con se quently, a ques tion arises: how well
the neu tron dose can be cal cu lated by the pro posed
for mula if the den sity and com po si tion of con crete are
dif fer ent from or di nary con crete?

A ra dio ther apy bunker was made us ing high den -
sity con crete com posed of hematite in the busy part of a
cos mo pol i tan city with lim i ta tion in re quired space for
stan dard linac in stal la tions. In or der to ful fill the re -
quire ments for high en ergy pho tons shield ing, the
shield ing bar rier cal cu la tions for pri mary and sec ond -
ary pho tons, as well as neu trons and neu tron cap ture
gamma ray were per formed based on IAEA re port No.
47. How ever, the cur rent Monte Carlo (MC) study was
con ducted to ver ify the photoneutron and cap ture
gamma ray shield ing cal cu la tions us ing the above men -
tioned re port. More over, the ac cu racy of some an a lyt i -
cal meth ods was as sessed com par ing to the MC re sults.

MA TE RIAL AND METH ODS

Monte Carlo sim u la tion

In the cur rent study we used the MCNPX MC
code (2.4.0) with LA150U li brary file to sim u late the
18 MV pho ton beam of Varian 2100 C/D linac and the
treat ment room made of a high den sity con crete (he -
ma tite) (figs. 1 and 2) [13]. The MCNPX, a gen eral
pur pose MC code is ca pa ble to sim u late the
photoneutron gen er a tion from pho ton in ter ac tions as
well as cap ture gamma from photoneutron in ter ac -
tions within treat ment room and maze. Linac head
com po nents in clud ing tar get, pri mary collimator, flat -
ten ing fil ter, and sec ond ary collimator jaws were sim -
u lated us ing the data pro vided by linac man u fac turer
(fig. 2). The ra di a tion beam di rec tion was down ward
for all sim u la tions. The model was val i dated by com -

par ing the cal cu lated and mea sured per cent depth dose 
and beam pro files. It should be noted that the model
was used in our pre vi ous study [14]. The mod el ing
pro ce dure was in ac cor dance to other pub lished works
on linac MC mod el ing [15-17].

Ap pli ca tion of full MC model of linac to per form
photoneutron cal cu la tions re quires a long time and the
sta tis ti cal un cer tainty of the re sults is not ac cept able in
most cases. So, to speed up the photoneutron cal cu la -
tions within the maze, the full model was run and QN

value and photoneutron spec tra around the head were
cal cu lated. The method used for QN cal cu la tion was
iden ti cal to our pre vi ous study [14]. The cal cu lated neu -
tron spec trum is shown in fig. 3. The MC cal cu lated QN

value was used for other MC cal cu la tions.  An iso tro pic
photoneutron source was de fined at the tar get po si tion
and linac head com po nents were de leted from treat ment 
room ge om e try. Us ing this sim ple photoneutron source, 
photoneutron and cap ture gamma ray doses were tal lied 
at points along the maze (fig. 1). For photoneutron and
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Fig ure 1. Geometry of the bunker used in the cur rent
study; the scor ing cells with ra dius of 10 cm were lo cated
at height of 100 cm from the floor

Fig ure 2. Sche matic rep re sen ta tion of the sim u lated head 
of Varian 2100 C/D

Fig ure 3. Photoneutron spec trum cal cu lated by MCNPX 
MC code at the dis tance of 1 m from the tar get; the spec -
trum was used in our pre vi ous study [14]



cap ture gamma ray  dose  cal cu la tions,  spheres  with the 
di am e ter of 10 cm were de fined along the maze and
were filled with wa ter. The photoneutron and cap ture
gamma ab sorbed doses were cal cu lated in terms of
MeV/g per ini tial neu tron and then their val ues changed 
to Gy per ini tial neu tron. By mul ti ply ing the MC cal cu -
lated dose by QN value, the ab sorbed dose from
photoneutrons in dif fer ent points per 1 Gy X-ray at the
isocenter were cal cu lated.

The sta tis ti cal un cer tainty of MC re sults was less 
than 2% in its worst case for point 3 at the maze en -
trance door.

For photoneutron sim u la tions, the en ergy cut-off 
of 7 MeV was used for both elec trons and pho tons, be -
cause the thresh old en ergy of photoneutron re ac tions
for main com po nents of linac is higher than 7 MeV.
For pho ton ab sorbed dose cal cu la tions at dmax the pho -
ton and elec tron en ergy cut-offs were set to be 10 keV
and 500 keV, re spec tively. The en ergy cut-off of pho -
tons was not ap plied for cap ture gamma dose cal cu la -
tion to score full en ergy range of cap ture gammas.

AN A LYT I CAL METH ODS

For neu tron dose cal cu la tion we used four an a -
lyt i cal meth ods in clud ing French, Mc Call, and Ker sey
and Wu-McGinley meth ods. Cap ture gamma dose was 
also cal cu lated in maze us ing Wu-McGinley method
which was rec om mended by IAEA re port 47.

Neu tron dose cal cu la tion meth ods

(1) In Wu-McGinley method which is used for
sin gle-bend mazes, ex po nen tial at ten u a tion of
photoneutrons is con sid ered by [18]
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where Dn is the photoneutron equiv a lent dose at the
maze en trance [SvGy–1] and Ar and S1 are cross-sec tion 
ar eas [m2] of in ner maze en trance and the maze, re -
spec tively. d2 is the dis tance from point Ar to the en -
trance door of maze (point 3) (fig. 1). In the cur rent cal -
cu la tions, jA de rived from for mula (1) and the QN

value of 1.2×1012 [neu trons per 1 Gy X-ray] rec om -
mended for Varian 2100 linac were used [14]. 

(2) Ac cord ing to Ker sey method [19], the neu -
tron dose equiv a lent at the en trance door of the maze is
given by
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where H0 [Sv] is the dose equiv a lent due to neu trons ,
mea sured at the isocenter, d0 [m] – the dis tance  from
the tar get to the isocenter, d1 [m] – the dis tance  from

the isocenter to a point at the cen tral line of the in ner
maze en trance (point 1). d2 [m] is the dis tance  from
point 1 to the en trance door of the maze (point 3). T/T0

is the ra tio be tween the small est and big gest cross-sec -
tional area of the maze. The value of H, is the dose
equiv a lent at the maze en trance door from neu trons
per ab sorbed dose of X-rays at the isocenter. It con sid -
ers only the con tri bu tion of di rect neu trons to the dose,
which means that scat tered and ther mal neu trons are
not con sid ered.

(3) French  pro posed a method for neu tron dose
cal cu la tion at the maze en trance door of ra dio ther apy
room which can be ex plained by this [20]
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where An [m
2] is the area of scat ter ing sur face n, H [Sv]

– the neu tron dose equiv a lent at the maze en trance
door , H0 [Sv] – the neu tron dose equiv a lent at 1 m
from the source , Ra [m] – the dis tance from the tar get
to the mid-wall for sur face n  (fig. 1), Rb [m] – the dis -
tance from the mid-wall to the maze en trance door for
sur face n , and adn [m] – the dose albedo for sur face n .

(4) Mc Call method  [21] in the cur rent study was
ex plained in the re cent pre vi ous study of Waller et al
[22]  and the fol low ing for mula was used
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where H [Sv] is the neu tron dose equiv a lent at the
door way, F0 [ncm–2] – the neu tron fluence at 1 m from
the source, A' [m2] – the area of maze il lu mi nated by
the source, A" [m2] – the cross-sec tional area at the end
of the maze, C – the fluence to dose equiv a lent con ver -
sion fac tor, ac – the cur rent albedo, Ra [m] – the dis -
tance from the tar get to point 1, and Rb [m] – the dis -
tance from point 1 to the en trance door of the maze .

Cap ture gamma dose
cal cu la tion method

 To de ter mine the dose of cap ture gamma rays,
the pro posed method by Wu-McGinley  was used [18]
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where j1 is the to tal photoneutron fluence at point A,
d2 [m] – the maze length , and H [Gy] is in terms of Gy
per pho ton dose  at the isocenter.

Treat ment room sim u la tion

The walls, roof and the maze’s wall were built
from heavy con crete with the den sity of  4.2 g/cm3

achieved by add ing 78% of he ma tite min eral to or di -
nary con crete com po si tion. The com po si tion of the
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used con crete was: 0.23% – H, 13.27% – O, 1.54% –
Si, 5.6% – Ca, 0.63% – Mn, 1.03% – Al, 75.67%  – Fe,
1.59% – Ti, and 0.64% – Va. This com po si tion was
used in ma te rial def i ni tion of walls in MC sim u la tions.
The height of the room was 3.65 m and the dis tance
from X-ray source to the roof was con sid ered 0.75 m.
Di men sions of the sim u lated ge om e try are shown in
fig. 1.

The max i mum re sis tance that a con crete struc -
ture will sus tain, when loaded ax i ally in com pres sion
in a test ing ma chine, at a spec i fied rate, is mea sured as
the com pres sive strength. The com pres sive strength of 
our con crete was pro vided by the pro ducer and it was
299 kg/m2. Its col lapse load was de ter mined to be
55000 kg.

RE SULTS AND DIS CUS SION

The com par i son be tween MC and four dif fer ent
an a lyt i cal meth ods for neu tron dose equiv a lent cal cu -
la tions along the maze is shown in fig. 4. In this study,
the MC method was con sid ered to be more ac cu rate
method, as well as the ref er ence for all com par i sons. 
As can be seen, there is a close agree ment be tween MC 
and Wu-McGinley method in all cal cu la tion points
within the maze. How ever, a no tice able dif fer ence ex -
ists near the in ner en trance of the maze. Com par ing
other meth ods with MC re sults shows that the French
method acts better than Mc Call and Ker sey meth ods.
The re sults of Ker sey method were better than the
other meth ods near the maze en trance door, but in
other points it over es ti mated the neu tron dose equiv a -
lent in com par i son to all other meth ods. To have more
quan ti ta tive com par i son be tween stud ied meth ods, the 
re sults in three points and the dif fer ence of cal cu lated
doses rel a tive to MC method were tab u lated in tabs. 1
and 2. Three points were se lected for com par i son in -
clud ing points at in ner maze (A), mid dle maze (2) and
at the maze en trance door (3). It is seen that among the
stud ied an a lyt i cal meth ods, the Wu-McGinley and

then French meth ods pro vide better re sults com par ing
to MC re sults for neu tron dose equiv a lents at the maze
en trance door. The re sults were very sim i lar to the re -
sults of Mul ler-Runkel et al, who showed that the
French method acts better than Ker sey and Mc Call
meth ods in a ra di a tion ther apy room with 20 MeV
pho tons [23]. Monte Carlo and ex per i men tal stud ies
have shown that an a lyt i cal meth ods over es ti mate the
neu tron dose equiv a lent at the maze en trance door
[14]. 

Cap ture gamma dose equiv a lent was cal cu lated
by MC and Wu-McGinley methods. Fig ure 5 shows
that Wu-McGinley method over es ti mates the cap ture
gamma dose along the maze. The dif fer ence re mains
con stant from the in ner maze (point A) to ward the en -
trance door and its av er age dif fer ence along the maze
was 17% com pared to MC method. Ad di tion ally, at
the maze en trance door the dif fer ence was also 17%.  

A. Mesbahi, et al.: Photoneutron and Cap ture Gamma Dose Cal cu la tions for a ...
150 Nu clear Tech nol ogy & Ra di a tion Pro tec tion: Year 2011, Vol. 26, No. 2, pp. 147-152

Fig ure 4. Com par i son of cal cu lated neu tron dose
equiv a lents be tween an a lyt i cal meth ods  and MC method

Table 1. Cal cu lated neu tron dose equiv a lent [mSvGy–1]
in three points in clud ing in ner maze en trance, mid dle of
the maze, and en trance door

Method Point A Point 2 Point 3

Kersey 6.75×10–2 8.85×10–3 1.71×10–3

French 6.35×10–2 8.09×10–3 1.48×10–3

McCall 8.16×10–2 9.80×10–3 2.86×10–3

Wu-McGinley 6.10×10–2 7.81×10–3 1.08×10–4

MCNPX 5.63×10–2

±2.9×10–4
6.5×10–2

±3.6×10–5
9.48×10–4

±1.3×10–5

Ta ble 2. The dif fer ence in cal cu lated neu tron dose
equiv a lent be tween an a lyt i cal meth ods and MC method

Method Difference at the
door (Point 3)

Average difference
along the maze

Kersey 44% 30%

McCall 65% 53%

French 35% 23%

Wu-McGinley 12% 13%

Fig ure 5. Com par i son of MC and IAEA rec om mended
method (Wu-McGinley Method) for cap ture gamma
dose cal cu la tions along the maze



Our re sults were in close agree ment with the re -
cent study on ap pli ca tion of MC method for cal cu lat -
ing the neu tron and gamma doses in dif fer ent room ge -
om e try [14]. It was shown that the re cently
rec om mended Wu-McGinley method re sults in more
ac cu rate es ti ma tions in com par i son to other an a lyt i cal
meth ods.

To have a prac ti cal ap pli ca tion for our cal cu lated 
data and eval u ate the shield ing re quire ments for maze
en trance door, the to tal dose equiv a lent from neu trons
and cap ture gammas was cal cu lated for the stud ied
case. It was cal cu lated with as sum ing a work load of
600 Gy per week. The dose equiv a lent of 0.57 mSv per 
week was ob tained at the maze en trance door. If the
dose limit of 0.1 mSv per week is con sid ered for con -
trolled area ad ja cent to maze en trance door, it will be
needed to take into ac count the neu tron and cap ture
gamma shield ing in the maze en trance door de sign. 

McGinley et al. [24] have tested the Ker sey
method in 13 ac cel er a tor rooms. Mea sure ments were
done by us ing both ac ti va tion de tec tors and a neu tron
rem-me ter. The re sults showed a dis crep ancy be tween
mea sure ments and Ker sey method. Neu tron dose level 
cal cu lated for 7 of 13 fa cil i ties was within the range of
18 to 20% of the mea sured value and the cal cu lated
value ex ceeded the mea sured value by more than 20%
for the six re main ing ac cel er a tors.

It can be con cluded that all the an a lyt i cal meth -
ods, in gen eral, pro vide con ser va tive es ti ma tions of
the max i mum neu tron dose equiv a lent at the en trance
door of an ac cel er a tor maze. How ever, among the
stud ied meth ods the Wu-McGinley method cal cu la -
tion was very close to the MC method.

CON CLU SIONS

In the cur rent study the ac cu racy of dif fer ent
an a lyt i cal meth ods in cal cu lat ing neu tron and cap -
ture gamma dose equiv a lents in a bunker made of
high den sity con crete with he ma tite was eval u ated
and com pared to MC re sults. The re sults showed
that the an a lyt i cal meth ods over es ti mate the neu tron 
and cap ture gamma dose rel a tive to MC re sults and
they can be used as con ser va tive es ti ma tors in de -
sign ing maze outer door for ra di a tion ther apy with
high den sity con crete. Fi nally, the use of
Wu-McGinley for both neu tron and cap ture gamma
dose equiv a lent cal cu la tions is rec om mended for
bunk ers made of he ma tite.
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Asghar MESBAHI, Hosein GIASI, Sejed RABI MAHDAVI

PRORA^UN  EKVIVALENTNE  DOZE  U  RADIOTERAPIJSKOJ  SOBI
NA^IWENOJ  OD  TE[KOG  BETONA

Primenom analiti~kih i Monte Karlo metoda izra~unate su ekvivalentne doze od
neutrona i prate}eg gama zra~ewa du` lavirinta i ulaznih vrata sobe za radioterapiju, na~iwene
od betona velike gustine. Geometrija sobe i snop 18 MeV-skih fotona iz linearnog akceleratora
Varian 2100C/D, simulirani su kori{}ewem MCNPX Monte Karlo programa. ^etiri analiti~ke
metode – Kersijeva, Fren~ova, Mekkolova i Vu-Mekginlijeva, kori{}ene su u ovoj studiji. Razlike
izme|u analiti~kih i Monte Karlo metoda u prora~unu fotoneutrona du` lavirinta iznosila su
13-30%, u sredwem. U prora~unu prate}eg gama zra~ewa, razlika izme|u Vu-Mekginlijeve metode i
Monte Karlo simulacije bila je oko 17%. Zakqu~eno je da analiti~ke metode upore|ene sa Monte
Karlo simulacijom, precewuju ekvivalentnu dozu i neutrona i prate}eg gama zra~ewa, te da mogu
biti upotrebqene u ciqu konzervativne procene doza.

Kqu~ne re~i: fotoneutroni, Monte Karlo modelovawe, terapija zra~ewem


