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In the pres ent study, the ef fect of gan try ori en ta tion on the photoneutron and cap ture gamma
dose cal cu la tions for maze en trance door was eval u ated. A typ i cal ra di a tion ther apy room
made of or di nary con crete was sim u lated us ing MCNPX Monte Carlo code.  Gan try ro ta tion
was sim u lated at eight dif fer ent an gles around the isocenter. Both neu tron and cap ture
gamma dose vary con sid er ably with gan try an gle. The ra tios of the max i mum to the min i mum 
val ues for neu tron and cap ture gamma dose equiv a lents were 1.9 and 1.4, re spec tively. On the 
other hand, com par i son of the Monte Carlo cal cu lated mean value over all ori en ta tions with
Monte Carlo cal cu lated neu tron and gamma dose showed that the Wu-McGinley method dif -
fered by 5% and 2%, re spec tively. How ever, for more con ser va tive shield ing cal cu la tions, fac -
tors of 1.6 and 1.3 should be ap plied to the cal cu lated neu tron and cap ture gamma doses at
down ward ir ra di a tion. Fi nally, it can be con cluded that the gan try an gle in flu ences neu tron
and cap ture gamma dose at the maze en trance door and it should be taken into ac count in
shield ing con sid er ations.
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IN TRO DUC TION

Ra di a tion ther apy us ing high-en ergy pho ton
beams proved to have a sig nif i cant ef fect on the qual -
ity of can cer treat ments. To de liver the pre scribed dose 
to the tar get vol ume and avoid nor mal tis sue ir ra di a -
tion, the beams are usu ally de liv ered from sev eral an -
gles  while  the  gan try  ro tates  around  the  treat ment
ta ble.  In  treat ments  with  high-en ergy X-ray  beams
(E >10 MeV)  photoneutrons  are  pro duced  through
(g, n) in ter ac tions in linac head com po nents [1-11].

There are sev eral meth ods to es ti mate the
fluence and dose equiv a lent of these neu trons in the ra -
di a tion ther apy room [4, 5]. The pro posed an a lyt i cal
meth ods for photoneutron cal cu la tions at the maze en -
trance door, do not con sider the ori en ta tion of the pho -
ton beam but, a more ap plied, down ward di rected
beam. As the neu tron dose in the maze var ies with gan -
try ori en ta tion [3], the neu tron cal cu la tions us ing only
down ward di rec tion may re sult in ei ther over es ti ma -
tion or un der es ti ma tion of the maze en trance door
shield ing cal cu la tions.

Pre vi ous mea sure ments have shown that the
neu tron dose in the maze reaches its max i mum when
the head of linac is lo cated at the clos est dis tance to the
in ner maze en trance [3]. The neu tron dose in the maze
is the low est when the gan try head is far thest away. A
dif fer ence of a fac tor of 2 could be seen be tween the
two gan try an gles. More over [3], ac cord ing to
Wu-McGinley  in the down ward di rec tion of the beam
the dose is slightly higher than the av er age of the two
ex treme cases. In a re cent study the neu tron dose at
sev eral points in side a ra dio ther apy room was eval u -
ated by Monte Carlo (MC) method [7]. How ever, the
ac cu racy of the rec om mended an a lyt i cal method con -
cern ing the gan try ori en ta tion needs to be eval u ated.
To ad dress this is sue, in the pres ent study, the ef fect of
gan try ori en ta tion on the neu tron dose at the maze en -
trance door was stud ied by the MC method. In ad di -
tion, the photo neu tron and neu tron cap ture gamma ray 
dose equiv a lents were cal cu lated with the rec om -
mended an a lyt i cal meth ods. Both an a lyt i cal and MC
meth ods were used to cal cu late the mean, max i mum,
and min i mum val ues of neu tron and gamma ray doses
in all ori en ta tions, and the re sults were com pared.
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MA TE RI ALS AND METH ODS

An a lyt i cal method for neu tron
cal cu la tion 

The In ter na tional Atomic En ergy Agency
(IAEA) in its Re port No. 47  rec om mended an an a lyt i -
cal method for cal cu la tion of neu trons fluence in the
treat ment room. This method was also rec om mended
by the Na tional Coun cil on Ra di a tion Pro tec tion and
Mea sure ments (NCRP), Re port No. 151, and is given
by eq. (1) [12]
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where QN [nGy–1]is the linac neu tron source strength
and gives a num ber of to tally pro duced neu trons when
isocenter ab sorbs 100 cGy dose, d [m] – the dis tance of 
point A to the isocenter, S [m2] – the to tal in ner sur face
area of the room, and jA [nm–2] – the neu tron fluence at 
any point A. Fig ure 1 shows the pa ram e ters used in an -
a lyt i cal method for neu tron fluence cal cu la tion.

Wu-McGinley method [3] for a sin gle-bend maze
which ex presses ex po nen tial at ten u a tion of photoneutrons 
is as fol lows
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where Dn [Sv/Gy] – the photoneutron dose equiv a lent
at the maze en trance door, jA [nm–2] – the to tal neu tron 
fluence at point A per X-ray [Gy], Ar [m2] – the
cross-sec tional area of the in ner maze en trance, S1 [m

2] 
– the cross-sec tional area of the maze door, d2 [m] – the 
dis tance from the point of mea sure ment to the point A ,
and TN [m] – the tenth value length, fig. 1. 

For neu tron cap ture gamma ray dose equiv a lent
eq. 3 was pro posed by Wu-McGinley [3]
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In this equa tion, Dj [Sv per Gy of X-ray at the
isocenter] is the neu tron cap ture gamma ray dose
equiv a lent  at dis tance of d2 [m] from point A at the in -
ner maze en trance.

Monte Carlo sim u la tions

The MCNPX (2.4.0) code was used for sim u la -
tions in the pres ent study [8]. The LA150U
photonuclear li brary of MCNPX was used in the en tire 
sim u la tions. Main parts of Varian 2100 Clinac for 18
MeV pho ton beam were sim u lated. Ini tial elec tron
beam, tar get, con tainer, pri mary and sec ond ary
collimators, mov able jaws, flat ten ing fil ter, and linac
head shield ing were the sim u lated parts for cal cu la -
tions. The model was val i dated and used in a pre vi ous
study [2, 9].  A 50 × 50 × 50 cm3  wa ter phan tom with a
source to sur face dis tance of  100 cm in side a typ i cal
12.7 × 11.5 × 4.2 m3 ra di a tion ther apy room made of
or di nary con crete were sim u lated. The com po si tion of
con crete was in com pli ance with the NCRP No. 144 
rec om men da tion con cern ing shield ing ma te rial . The
sim u lated room ge om e try is shown in fig. 1.

The gan try ro ta tion was sim u lated in clock wise
di rec tion/ro ta tion with a 45-de gree in ter val. Sim u lated
ori en ta tions of gan try are shown in fig. 2. A cy lin dri cal
wa ter cell with a ra dius of 1 cm and a height of 0.2 cm
was po si tioned at dmax, to score pho ton-ab sorbed dose
in each ori en ta tion. In ad di tion, a spher i cal wa ter cell
was po si tioned at the maze en trance door to score the
neu tron and cap ture gamma ray dose. The F6 tally was
used to score de pos ited en ergy in the scor ing cell in
terms of MeV per gram of a cell ma te rial per ini tial elec -
tron. Pho ton dose and neu tron dose were scored for
each ori en ta tion per ini tial elec tron sep a rately. Ap ply -
ing also the F6 tally, the neu tron cap ture gamma ray
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Fig ure 1. Sim u lated room lay out
and di men sions used for cal cu la tions



dose was ob tained.  In ad di tion, the forth en try of pho -
ton PHYS: CARD was set to 1 to en able the bi ased
photonuclear pro duc tion for speed ing up the sim u la -
tions. Neu tron and cap ture gamma doses were nor mal -
ized to pho ton dose at dmax in the same ori en ta tion to ob -
tain the value in terms of Gy of neu tron or gamma per
Gy of pho ton dose of isocenter. Ap ply ing the most con -
ser va tive ra di a tion weight ing fac tor of 20 based on the
ICRP Re port No. 103 for neu trons [10], dose val ues
were con verted to Sv/Gy of isocenter.

Neu tron source strength of the sim u lated linac
was set to 1.3×1012 neu trons per Gy of isocenter ac -
cord ing to the pre vi ous mod el ing [2]. Mul ti ply ing this
value by neu tron dose equiv a lent per ini tial elec tron,
re sults in the neu tron dose equiv a lent in mSv per Gy
X-ray at the isocenter. Similarly, neu tron cap ture
gamma ray dose was ob tained by ap ply ing the same
neu tron source strength.

RE SULTS AND DIS CUS SION

Neu tron and cap ture gamma dose was ob tained
by MC cal cu la tion for dif fer ent gan try ori en ta tions
(tab. 1). It is seen that neu tron and cap ture gamma dose 
equiv a lents change sig nif i cantly with gan try an gle.
The low est val ues of neu tron and cap ture gamma dose
were at tained at 90 deg., with the linac head far from
the maze en trance door while the high est val ues were
reached at 270 deg., when the dis tance be tween the
linac head and the maze en trance door was the short -
est.

Neu tron dose equiv a lent was also cal cu lated us -
ing the Wu-McGinley method and the re sults com -
pared with the MC mean value. The neu tron dose
equiv a lent de ter mined by the Wu-McGinley method
was 2.7×10–3 mSv/Gy, while the mean MC value cal cu -
lated over all an gles was 2.5×10–3 mSv/Gy, show ing a
5% dif fer ence.

Cap ture gamma dose was also de ter mined by the 
Wu-McGinley method and the re sults com pared with
those ob tained by MC method, as in the case of neu -
trons. While the Wu-McGinley cap ture gamma dose
equiv a lent was 2.2·10–3 mSv/Gy, the MC method
showed 2.1·10–3 mSv/Gy av er age over all gan try an -
gles. The re sults were very close to gether (2% dif fer -
ence) which showed that the stud ied an a lyt i cal method 
pri mar ily leads to re li able re sults for cap ture gamma
dose cal cu la tion for shield ing pur poses con cern ing
dif fer ent gan try ori en ta tions. On the other hand, min i -
mum and max i mum val ues for neu trons were 2·10–3

and 3.7·10–3 mSv/Gy. In other words, it showed that
when gan try was closer to maze-wall, there were 1.9
times more neu trons than when it was far from maze
wall. Ad di tion ally, for cap ture gamma this value was
1.4. Our MC re sults were in good agree ment with mea -
sure ments of Wu-McGinley [3]. In the study of
Wu-McGinley, the ra tio of the max i mum to the min i -
mum neu tron equiv a lent dose for dif fer ent gan try ori -
en ta tion ranged from 1.7 to 2.4 at three mea sure ment
points in the maze. In the study of Rebello et al. on the
neu tron dose, a ra tio of the max i mum to the min i mum
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Fig ure 2. The side view of room in
dif fer ent ori en ta tions of gan try

Ta ble 1. Neu tron and cap ture gamma dose equiv a lent
[mSv/Gy] for dif fer ent gan try ori en ta tions at the maze
en trance

Angle of rotation
(deg.)

Neutron dose
equivalent

Capture
gamma dose

0 (2.3 ± 0.02)·10–3 (2.1 ± 0.02)·10–4

45 (2.2 ± 0.02)·10–3 (2.1 ± 0.02)·10–4

90 (2.0 ± 0.02)·10–3 (1.9 ± 0.01)·10–4

135 (2.4 ± 0.02)·10–3 (2.0 ± 0.01)·10–4

180 (2.9 ± 0.02)·10–3 (2.3 ± 0.02)·10–4

225 (2.4 ± 0.02)·10–3 (2.5 ± 0.02)·10–4

270 (3.7 ± 0.03)·10–3 (2.8 ± 0.02)·10–4

315 (2.6 ± 0.02)·10–3 (2.2 ± 0.01)·10–4



of 1.59 was found be tween the gan try an gles of 225
and 90 deg. at the maze en trance door. Our re sults were 
higher than their re sults which can be at trib uted to dif -
fer ences in room ge om e try and MC sim u la tions [7]. It
is worth men tion ing that we have not found any study
on cap ture gamma dose vari a tion with dif fer ent gan try
an gles.

Dif fer ent stud ies on the photoneutron cal cu la -
tions for the maze en trance door have con sid ered only
one ori en ta tion in neu tron and cap ture gamma dose
cal cu la tion in the ra di a tion ther apy room. On the other
hand, the avail able an a lyt i cal meth ods do not take into
ac count gan try ori en ta tion in their cal cu la tions. How -
ever, in prac tice, sev eral gan try an gles are used for pa -
tient treat ments. Thus, the dose re ceived by the maze
en trance door would be the av er age of neu trons and
cap ture gamma rays pro duced in dif fer ent gan try an -
gles. In the cur rent study us ing the mean neu tron and
gamma dose ob tained by MC method, it was found
that an a lyt i cal meth ods can es ti mate the neu tron and
cap ture gamma dose in close agree ment with MC
method. How ever, if the max i mum val ues of both neu -
tron and cap ture gamma doses at 270 deg. are con sid -
ered for most con ser va tive shield ing cal cu la tions, the
ap pli ca tion of the Wu-McGinley method will re sult in
con sid er able un der es ti ma tion of a thick ness of the
maze door. There fore, tak ing into ac count the gan try
angulation in shield ing cal cu la tions, it is rec om -
mended to ap ply fac tors 1.6 and 1.3 to the neu tron and
gamma cal cu la tions at the zero an gle ir ra di a tion.  

Our find ing is in a close agree ment with re sults
of Mar ti nez et al., who eval u ated the neu tron dose
around two linacs for dif fer ent gan try ori en ta tions
[11]. Al though the neu tron dose at the maze en trance
was not cal cu lated in their study, their re sults con -
firmed the point that the neu tron dose is sig nif i cantly
de pend ant on the gan try ori en ta tion [11].

CON CLU SIONS

The ef fect of dif fer ent gan try an gles on
photoneutron and cap ture gamma dose at the maze en -
trance door was stud ied by MC method. Our MC re -
sults showed a con sid er able vari a tion in neu tron and
cap ture gamma dose with gan try ori en ta tion. The re -
sults of an a lyt i cal meth ods which do not con sider gan -
try ori en ta tion were com pared with the MC re sults.
The Wu-McGinley method showed re li able re sults in
com par i son to the MC re sults. It is rec om mended that
ra di a tion pro tec tion ex perts be cau tious in ap ply ing
the an a lyt i cal meth ods for neu tron and cap ture gamma
dose cal cu la tions. In ad di tion, in or der to pro vide a
more ac cu rate shield ing es ti ma tion, the ef fect of gan -
try an gles should be taken into ac count for neu tron and 
cap ture gamma dose cal cu la tion at the maze en trance
door.
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UTICAJ  POLO@AJA  PORTALNOG  KRANA  NA  EKVIVALENTNU  DOZU 
FOTONEUTRONA  I  GAMA  FOTONA  U  ULAZNIM  VRATIMA  LAVIRINTA

SOBE  ZA  RADIOTERAPIJU

U radu je procewen uticaj orijentacije portalnog krana na prora~un doze od
fotoneutrona i gama fotona u vratima lavirintskog hodnika. Tipi~na soba za ra dio terapiju,
sagra|ena od obi~nog betona, simulirana je pomo}u MCNPX Monte Karlo koda, a rotacija
portalnog krana modelovana je u osam razli~itih uglova oko izocentra. Doze od neutrona i gama
fotona zna~ajno variraju u zavisnosti od ugla portalnog krana. Odnosi maksimalne i minimalne
vrednosti doznog ekvivalenta su 1,9 za neutrone i 1,4 za gama fotone. Pore|ewe sredwih vrednosti
doza za neutrone i gama fotone, ra~unate Monte Karlo kodom i Vu-Mekginlijevom metodom po svim 
orijentacijama, pokazuje da rezultati me|usobno odstupaju za 5% i 2%, respektivno. Mo`e se
zakqu~iti da orijentacija portalnog krana uti~e na doze neutrona i gama fotona na ulaznim
vratima u lavirintni hodnik i da je treba uvrstiti u razmatrawe pri projektovawu za{titnih
barijera.

Kqu~ne re~i: Monte Karlo metoda, portalni kran, ekvivalentna doza, fotoneutroni


