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Neu tron  con tam i na tion  of  radiotherapeutic  pho ton  beam  oc curs  when en er gies higher than
10 MeV are used in ra dio ther apy. To cor rectly as sess the neu tron doses that med i cal per son nel
and pa tients re ceive, it is highly im por tant to know the spec tra of the pro duced photoneutrons.
One of the most com mon ways to de ter mine such spec trum is to per form Monte Carlo sim u la -
tions of the ac cel er a tor. Ma jor is sue in the Monte Carlo mod el ling is that the man u fac tur ers of ten
does not pro vide full spec i fi ca tions of the ac cel er a tors head, so some parts of the head are omit ted
from the sim u la tion. Within this pa per we pres ent a model that in cludes head cover com pared to
the one where it is omit ted, as it can of ten be found in the ref er ences. Neu tron fluxes, spec tra,
mean en er gies and place of or i gin are com pared in isocenter, at the point 1 m above tar get and the
point 1 m aside from the tar get, in both mod els.
In all the con sid ered planes the flux change was found to be more than 20 %, with a sig nif i cantly
change in neu tron en ergy, what is also im por tant in neu tron do sim e try. Ig nor ing the head cover
in the Monte Carlo mod el ling of the high en ergy elec tron lin ear ac cel er a tors in ra dio ther apy, will
in tro duce a large un cer tainty of neu tron doses as sess ing a pa tient, or a med i cal pro fes sional.
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IN TRO DUC TION

As it has been re ported pre vi ously, high en ergy
elec tron med i cal lin ear ac cel er a tors can pro duce un de -
sired neu tron con tam i na tion of the pho ton ther a peu tic
beams [1-3]. This oc curs due to the photonuclear ef fect,
caused by pho tons with en er gies higher than 10 MeV[4].
These pho tons in ter act with an atomic nu cleus with high
atomic num ber, such as lead and tung sten, that are com -
monly used for con struc tion of the lin ear ac cel er a tor
head [1]. Other el e ments such as cop per, alu mi num and
iron, that are also pres ent in the ac cel er a tors head, have
neg li gi ble prob a bil ity for photoneutron pro duc tion [5].
The photonuclear ef fect be comes even more clin i cally
sig nif i cant when in ten sity mod u lated ra di a tion ther apy
(IMRT) is em ployed, since a higher num ber of mon i tor
units is used, and pro duc tion of photoneutrons is pro por -
tional to the beam-on time [6].To de scribe neu tron con -
tam i na tion, Monte Carlo (MC) sim u la tions of a med i cal
lin ear ac cel er a tor are fre quently used, since they can pro -

vide pre cise in for ma tion about the photoneutron prop er -
ties, such as place of or i gin and spec tra [4, 5, 7, 8].

In MC mod el ling ac cel er a tor, some parts are of -
ten omit ted for sev eral rea sons: sim plic ity of the
model, shorter cal cu la tion times and the fact that man -
u fac tur ers of ten does not pro vide full spec i fi ca tions of
the ac cel er a tors head. This is es pe cially true for the
head cover, since in some stud ies it is mod elled fully
[4, 9-11], and yet, in the ma jor ity of the oth ers, it is
com pletely ig nored [8, 12-18], re gard less what was
the pri mary goal of the sim u la tions. To the best of our
knowl edge, none of the mod elled Siemens ac cel er a -
tors have the head cover in cluded in the sim u la tions
and within this study the Siemens Oncor lin ear ac cel -
er a tor is mod elled. Also, there is no study that shows
the in flu ence of mod el ling the head cover on the
change in neu tron spec tra, or mean en er gies, that
would lead to the er rors in es ti ma tion of the doses that
are re ceived by the pa tients or med i cal staff.

The aim of this study is to de ter mine the in flu ence
of head cover pres ence on neu tron flux around Siemens
Oncor med i cal lin ear ac cel er a tor head, place of or i gin
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of neu trons, in two dif fer ent ap proaches and changes in
neu tron spec tra in both cases. These data are rel e vant
for de ter min ing the ex act dose that the pa tients and
med i cal per son nel re ceive from the neu trons, in fa cil i -
ties where high en ergy med i cal lin ear ac cel er a tors are
in stalled, es pe cially if these doses are de ter mined us ing
highly de pend ent pas sive de tec tors [3].

MA TE RI ALS AND METH ODS

The MC model of the ac cel er a tor Siemens
Oncor, used at Uni ver sity hos pi tal of Osijek ra dio ther -
apy de part ment, was built us ing MCNP611®[19]
code, as it was de scribed in pre vi ous stud ies [3]. That
model was built with out the head cover (empty model
in fur ther text) and in the model pre sented in this pa -
per, we in cluded the head cover (full model in fur ther
text), for com par i son of the two mod els.

The di men sions and the struc ture of the ac cel er -
a tor head cover was not avail able from the man u fac -
turer, so we were forced to ac quire nec es sary di men -
sions for add ing the head cover into the MC model,
man u ally. Only the outer di men sions of the head cover
were mea sur able, af ter dis as sem bling the ac cel er a tor
lids,  and  there fore,  the  head  cover  was  mod elled as
a  rect an gu lar  box with di men sions 45 cm ´ 50 cm ´
´.30 cm. On the top of the head cover there was a 6 mm 
thick tung sten plate (20 cm ´ 24 cm), and it was also
in cluded in the model (fig. 1). Due to lack of in for ma -
tion and ge om e try spec i fi ca tions of the head cover in -
te rior, we mod elled it ac cord ing to the pre vi ously pub -
lished data [20]. The walls of the head cover were 10
cm thick and the re gion be low the tung sten plate was
as sumed to be filled with lead. Two ad di tional tung -

sten shields, near the pri mary collimator, were in -
cluded in the sim u la tion [20].

Neu tron flux de tec tors within this model were
placed in a square, with sides 2 m long, and the in ter -
sec tion of square di ag o nals was set on the top of the
tar get. De tec tors were 1 cm ´ 1 cm ´ 1 cm in size and
were placed each 10 cm in three dif fer ent planes, the
pa tient plane, the plane above the ac cel er a tor head,
and the plane on a side of the ac cel er a tor (fig. 1).
DXTRAN spheres, with both in ner and outer ra dius of
1 cm, were set around each de tec tor, to im prove the
par ti cle sam pling in the de tec tor re gion. Sim u la tions
were per formed us ing 10 cm ´ 10 cm pho ton field. 

Neu tron spec tra were de tected in 56 en ergy bins
rang ing from 1×10–9 to 2×102 MeV in log a rith mic scale
that cor re sponds to the NCRP flux to dose con ver sion
fac tors en ergy bins [21].

Sim u la tions were per formed for at least 3×108

his to ries (elec trons in ci dent on tar get), or un til the R
value in all the de tec tors falls be low 0.02 and all 10 sta -
tis ti cal checks were sat is fied. Con tin u ous en ergy neu -
tron cross-sec tions li brary ENDF/B-VII (Eval u ated
Nu clear data file B-VII) [22] was used to per form the
sim u la tions of photoneutron trans port.

RE SULTS

Neu tron pro files were ob served in three planes
of in ter est (square edges). Neu tron fluxes nor mal ized
per source par ti cle (elec tron that hits the ac cel er a tor
tar get) are shown in fig. 2. 

To an a lyze data shown in fig. 2, the neu tron
place of or i gin in both cases was de ter mined  (fig. 3). 
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Fig ure 1. Po si tion of the ob served planes (left) and the cross-sec tion of ac cel er a tor head (right); black col our rep re sents
stain less steel, grey is tung sten and dark grey is lead, small squares around the head are the de tec tors for neu tron flux at
three planes



There is no sig nif i cant change in neu tron place
of or i gin for the neu trons that are com ing at the
isocenter in both mod els, but for two other points there
is a dif fer ence. While in the empty model there is no
head cover to be come a source of neu trons, in a full
model a sig nif i cant num ber of neu trons, that come in
up per and side de tec tor, are pro duced in the head
cover. The ma jor dif fer ence in the or i gin of neu trons
de tected in the cen ter of the up per plane co mes due the
fact that the head cover stops a sig nif i cant num ber of
neu trons that orig i nate from the jaws and the pri mary
collimator. In the side plane there was only a slight re -
duc tion in the num ber of neu trons pro duced in the pri -
mary collimator, while the num ber of neu trons that
come from the jaws re mains con stant. When the neu -
trons pro duced in the head cover are summed up, the
to tal flux in the side plane is in creased by 20 %.

Fig ure 4 shows neu tron spec tra in isocenter at
the, point 1 m above the head, and 1 m aside. It can be
seen, that in the full model lower en er gies are more
pres ent in the than in the empty. All these re sults can be 
cor re lated with the mean en er gies shown in tab. 1.

The neu trons with high est en er gies al ways come
from ei ther the flat ten ing fil ter or the tar get, fol lowed
by the neu trons pro duced in the ac cel er a tors jaws of
the pri mary collimator. Low est en er gies al ways come
from ei ther the jaws or the head cover (if pres ent). It is
also no ta ble that the pres ence of the head cover re -
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Fig ure 2. Neu tron pro files for three ob served planes.
Flux is given in neu trons per source par ti cle per square
centi metre, and the dis tance is given in centi metres
rel a tively to the cen ter of each square edge; black line
rep re sents full model and light grey line rep re sents
empty model

Fig ure 3. Neu tron place of or i gin for both mod els where
the full model is shown in the up per and the empty model
in the lower chart; jaws are rep re sented in dark grey,
pri mary collimator (PC) in grey, flat ten ing fil ter (FF) in
black with white dots pat tern, tar get in white with black
dots pat tern and head cover (HC) in light grey

Fig ure 4. Neu tron spec tra for two dif fer ent mod els in
three points of in ter est; black line rep re sents full model
and grey line rep re sents empty model



duces the over all mean en er gies in all the ob served
points, sig nif i cantly. 

DIS CUS SION AND CON CLU SIONS

As it can be seen from the pre sented re sults, neu -
tron flux that co mes from the ac cel er a tor head in all di -
rec tions is not neg li gi ble. Neu tron pro files, in the
plane above the ac cel er a tor head and in the plane
aside, show that neu tron flux drops slower, than in the
pa tient plane, when mov ing away from the cen tral
point, fig. 2(a-c). In other words, neu tron con tam i na -
tion is even more sig nif i cant around the ac cel er a tor
head than in the pa tient plane.

In the pa tient plane the flux is higher when the
ac cel er a tor head cover is mod elled, fig. 2(a), namely at 
the cen tral point it is 20 % higher, and in at the more
dis tant points the flux is dou bled. In the plane above
the ac cel er a tor, the re sult is very rea son able since the
flux is higher in the empty model, when there is noth -
ing to stop the neu trons, and lower in the full model,
when neu trons can not pass freely to the de tec tors. In
this plane, flux is re duced by 25 % in at the cen tral
point and up to 50 % in at more dis tant points. In the
side plane, the ex pla na tion is com bi na tion of the two
pre vi ous. In the up per part of the ac cel er a tor (dis tance
pre sented from –100 to 0 in fig. 2(c) the empty model
has higher fluxes, which are al most dou bled when
com pared with the full model, since there is no head
cover ma te rial to stop the neu trons. In the lower part of
the ac cel er a tor, sit u a tion is just the op po site, and the
flux in empty is re duced by av er agely 30 %.

Ac cord ing to the neu tron spec tra, shown in the
fig. 4, it can be con cluded that more neu trons with
lower en er gies ap pear in the full model for all 3 ob -
served points. Also, at the points above and aside,
there is are sig nif i cantly less en er gies higher than 1
MeV pres ent in the neu tron spec tra, af ter add ing the
head cover. Rea son for this re duc tion co mes from the
fact that the head cover stops the neu trons orig i nat ing
from ac cel er a tors tar get and flat ten ing fil ter, that have
higher mean en er gies than the neu trons pro duced in
other parts of the ac cel er a tors head (tab. 1). 

If the changes in neu tron spec tra and flux are
both ac counted, one can con clude that the ab so lute
num ber of neu trons in each en ergy bin will not be the
same. This could be very im por tant, es pe cially if the
neu trons are de tected trough a con verter that is highly
en ergy de pend ent (like 10B) [23, 24]. So, if the neu tron
spec tra, ob tained in these three points of in ter est, are
mul ti plied by bo ron cross sec tion, the dif fer ence in
num ber of the de tected neu trons be tween the full and
empty model could be 28 % in isocenter, 24 % in the
up per de tec tor and even 74 % in the side de tec tor.

Pre sented re sults in di cate that the ac cel er a tor
head cover should not be ig nored when per form ing
Monte Carlo cal cu la tions. Omit ting the head cover
will un der es ti mate neu tron flux and over es ti mate neu -
tron en ergy that co mes from the ac cel er a tors head.
This will be true in the pa tient plane, but even more
pro nounced in the planes above and aside of the ac cel -
er a tor head. Hence, ig nor ing the head cover in the MC
mod el ling, of the high en ergy elec tron lin ear ac cel er a -
tors in ra dio ther apy, will in tro duce a large un cer tainty
as sess ing a pa tient, or a med i cal pro fes sional neu tron
doses. In the fu ture, we will in clude hu man phan tom in 
the sim u la tions to de ter mine im por tance of sim u lat ing
the head cover in the staff and pa tients' neu tron dose
equiv a lent es ti ma tions.
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Ta ble 1. Mean en er gies ob tained from both sim u lated mod els, en er gies of neu trons that come from dif fer ent parts of the
ac cel er a tors head are shown in the ta ble (head cover (HC), pri mary collimator (PC), flat ten ing fil ter (FF), mon i tor
cham ber (MC)), and over all mean en ergy is given in the last col umn

En ergy [MeV]

HC PC FF MC Jaws Tar get Over all

Full

Isocenter 0.27 0.77 1.06 0.29 0.40 1.03 0.55

Above 0.36 0.55 0.79 0.14 0.38 0.69 0.50

Aside 0.38 0.51 0.55 0.19 0.47 0.55 0.46

Empty

Isocenter 0.00 0.84 0.90 0.25 0.43 1.10 0.59

Above 0.00 0.74 0.95 0.21 0.42 0.90 0.71

Aside 0.00 0.75 0.89 0.39 0.69 0.96 0.75
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Hrvoje BRKI], Mladen KASABA[I], Ana IVKOVI],
Dejan AGI], Ivana KRPAN, Dario FAJ

UTICAJ  ZA[TITE  GLAVE  AKCELERATORA  NA  NEUTRONSKI  DOZNI
EKVIVALENT  U  MONTE  KARLO  SIMULACIJAMA  VISOKOENERGETSKIH

MEDICINSKIH  LINEARNIH  AKCELERATORA

Neutronska kontaminacija megavoltnih fotonskih radioterapijskih snopova pojavquje
se pri energijama ve}im od 10 MeV i uti~e na ozra~ewe medicinskog osobqa i pacijenata. Da bi se
ta~no procenila doza koju primaju medicinsko osobqe i pacijenti, vrlo je va`no poznavati
spektar proizvedenih fotoneutrona. Jedan od uobi~ajenih na~ina utvr|ivawa spektra i foto-
neutronskog toka je Monte Karlo simulacija akceleratora. ^est nedostatak pri Monte Karlo
modelovawu radioterapijskih snopova je taj {to proizvo|a~i naj~e{}e ne daju ta~ne i potpune
specifikacije glave akceleratora, pa neki delovi glave nisu ukqu~eni u simulacije. U ovom radu
predstavqen je model koji ukqu~uje za{titu glave akceleratora i upore|ewe s modelom u kojem je
za{tita izostavqena, budu}i da se takvi modeli vrlo ~esto mogu na}i u publikacijama. Neutronski 
tokovi, spektri, sredwe energije i mesto nastanka neutrona upore|eni su u izocentru, ta~ki 1 m
iznad mete i ta~ki 1 m bo~no od mete, u oba modela. 

U svim razmotrenim ravnima utvr|ena promena u fluksu iznosi vi{e od 20 %, sa
zna~ajnom promenom u energiji neutrona, {to je tako|e va`no u neutronskoj dozimetriji. Zane-
marivawe za{tite glave akceleratora, u Monte Karlo modelovawu visokoenergetskih linearnih
akceleratora u radioterapiji, uvodi veliku mernu nesigurnosti pri proceni doza koje primaju
medicinsko osobqe i pacijenti.

Kqu~ne re~i: Monte Karlo simulacija, detekcija neutrona, za{tita glave akceleratora,
..........................radioterapija


