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The ob jec tive of this study was to an a lyze the de pend ence of the neu tron dose from the ge om -
e try of the sec ond band of the maze us ing dosimetric mea sure ments of neu trons and Monte
Carlo sim u la tions, and based on those re sults to de sign a novel ra dio ther apy room lay out.
Mea sure ments of  the  neu tron dose at a  two-band maze ther apy room were per formed for a
15 MeV pho ton beam only. Monte Carlo sim u la tions were per formed us ing the GEANT4
toolkit. In or der to ob tain the ge om e try de pend ence, we were chang ing the sec ond band an gle 
while we kept the length, height, and width the same as in re al ity. Re sults show that the high -
est cal cu lated dose was ob tained for the 60° an gle of the sec ond maze. It is 17 % higher than
for stan dard 0° an gle. For 30° it was 30 % smaller and for 90° was 10 % smaller. Al though the
low est dose was ob tained for 30° band an gle with cal cu la tions, it is not very prac ti cal for clin i -
cal use. Clin i cally the most in ter est ing would be the 90° an gle which is prac ti cally a short
three-band maze, which could be prom is ing from the per spec tive of neu tron ra di a tion pro tec -
tion since it could of fer a com pact con struc tional so lu tion, and better op ti mi za tion of the
avail able space.
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IN TRO DUC TION

Med i cal ther apy ac cel er a tors work ing at en er -
gies higher than the en ergy thresh old for (g, n) nu clear
re ac tions, pro duce a mea sur able num ber of neu trons
[1]. These neu trons are mainly pro duced in pri mary,
sec ond ary collimators, jaws, and other ma te ri als with
high Z which can be found in the ac cel er a tor head [2].
Neu trons are pro duced via dif fer ent re ac tion mech a -
nisms like gi ant di pole res o nance (GDR), quasi-deu -
teron (QD), delta res o nance (DR), etc. Neu trons pro -
duced through the GDR mech a nism are sim i lar to
evap o ra tion neu trons from the com pound nu cleus [3].
Lead is one of the ma te ri als com monly used in ac cel er -
a tor heads, and the en ergy thresh old for (g, n) re ac tion
is 6.7 MeV for iso tope 208Pb [1]. The neu trons are un -
charged and are not ab sorbed with the ac cel er a tor's
head ma te ri als [4]. Pro duced neu trons un dergo scat -
ter ing with low Z ma te rial: treat ment vault walls un til
they are thermalized and fi nally cap tured [2].

To re duce the ra di a tion dose near the en trance door
and pro tect staff at ra dio ther apy de part ments ac cel er a -
tors are in stalled in the maze-de signed bunk ers [1]. Stan -

dard ge om e try is with one band maze. Oc ca sion ally
two-band maze rooms are used [5]. There are a num ber
of pub li ca tions con sid er ing stan dard one-band maze de -
sign which is ex ten sively in ves ti gated [6-10]. Pub li ca -
tions with two-band maze are not so com mon [11-12]. 

Ac cord ing to Amgarou et al., [13] the pro duced
photoneutrons spec tra have a strong de pend ence on ac -
cel er a tor de sign, op er at ing en ergy, and head com po nents 
(tar get, flat ten ing fil ter, jaws, collimator, and bend ing
mag net).  As the aim of this manu script was to in ves ti gate 
the de pend ence of the dose at the en trance door and not
the neu tron spec tra, there fore for sim u la tions ver i fied
mea sured neu tron spec tra were used.

The pur pose of this study was to an a lyze the de -
pend ence of the equiv a lent neu tron dose from the ge -
om e try of the sec ond band of the maze us ing dosimetric
mea sure ments of neu trons and Monte Carlo (MC) sim -
u la tions and based on the re sults to pro pose a novel de -
sign of the treat ment room.

MA TE RI ALS AND METH ODS

Neu tron equiv a lent dose was mea sured in the
ther apy room at Ra dio ther apy de part ment, In sti tute of
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On col ogy Vojvodina, Sremska Kamenica, Ser bia. The 
scheme of the ther apy room with all the di men sions is
pre sented in fig. 1. In side the room, Elekta Versa HD
(Elekta, Craw ley, UK) ac cel er a tor is in stalled, which
pro duces 6 MV, 10 MV, and 15 MV pho ton en er gies.
The height of the vault is 3.95 m. The in ner walls of the 
room are cov ered by 2 cm dec o ra tive wooden plates.
Part of the wall is cov ered by a 2 cm thick layer of PVC
(poly vi nyl chlo ride) to mod er ate neu trons. Ap prox i -
mately this area is 20.3 m2. 

Neu tron equiv a lent dose was mea sured for 15 MV
pho ton en ergy since it pro duces the high est num ber of
neu trons and there fore the high est dose.  Ori en ta tion of
gan try was 0°.  Field size at the isocenter was 10×10 cm2.
For each mea sure ment, the de liv ered dose was 3 Gy,
since Elekta Versa HD op er ates at the dose rate of ~600
MU per minute the mea sur ing time was 30 seconds. 

Mea sure ment of the neu tron dose at a two-band
maze ther apy room was con ducted us ing the Me rid ian
model 5085 sur vey me ter (Health Phys ics In stru ment,
Goleta, Cal., USA). The do sim e ter was po si tioned 1 m
above the floor. The nat u ral back ground in the ther apy
room is sig nif i cantly lower than the in stru ment thresh -
old, there fore it can be ne glected. The de tec tor has 15
% de clared ac cu racy in the user man ual. Be fore any
use of the sur vey me ter, the cal i bra tion fac tor was
checked in our lab o ra tory us ing a 252Cf source [1].

The MC sim u la tions were per formed us ing an
in ter nally de vel oped so lu tion based on GEANT4
toolkit.

The GEANT4 was orig i nally de vel oped for the
high-en ergy phys ics com mu nity, but over the years, its

phys ics mod els have been con stantly ex panded to cover 
ap pli ca tions at lower en ergy. In re cent years it has been
suc cess fully used also to de scribe the trans port of neu -
trons from ther mal en ergy to GeV en er gies [14]. 

Most pub li ca tions found in lit er a ture used to re -
con struct the whole ac cel er a tor head and to use pro duced 
neu trons in form of phase space for fur ther sim u la tions
[2, 15-18]. This method is com pu ta tional power and
time-con sum ing. Since the full sim u la tion of the whole
ac cel er a tor head was not the fo cus of this pa per and to
over come this prob lem, an ex ter nal ver i fied neu tron
spec trum was used. The ex act ge om e try of the ther apy
room was re con structed us ing con struc tive solid ge om e -
try (CSG), which is easy to use and nor mally gives su pe -
rior per for mance. The CSG sol ids are de fined di rectly as
three-di men sional prim i tives. They are de scribed by a
min i mal set of pa ram e ters nec es sary to de fine the shape
and size of the solid. The NIST com pound da ta base ma -
te ri als were used for MC sim u la tions, ac cord ing to man -
u fac turer spec i fi ca tions. All di men sions of the vault were 
re con structed us ing data pro vided by de tailed con struc -
tion draw ings. Gen eral par ti cle source was used as a pri -
mary gen er a tor of neu trons with ex ter nally mea sured
spec tra [19]. Neu trons were emit ted isotropically from a
sphere with 60 cm di am e ter which was po si tioned at the
isocenter. All sim u la tions were per formed us ing
HadronPhysicsQGSP_BIC_HP and EMStandard Phys -
ics phys ics lists [20]. The de fault en ergy cut in range
value was 0.1 mm. As a do sim e ter, a PMMA sphere with
a 30 cm di am e ter was used, fig. 2. A mea sured dose at the
en trance door was used to ob tain sim u la tion pa ram e ters
(num ber of pri ma ries, etc.). The num ber of pri ma ries
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Fig ure 1. Scheme of ther apy room (all di men sions in cm) and neu tron dose mea sure ment points



was 1010 and it was es ti mated to ob tain sta tis ti cal un cer -
tainty be low 2 %. To ob tain the ge om e try de pend ence we 
were chang ing the sec ond band an gle keep ing the length, 
height, and width the same as in re al ity. Dashed lines rep -
re sent wall po si tions for dif fer ent an gles in MC sim u la -
tions in fig. 3(a).

RE SULTS

Mea sured neu tron dose at the en trance door was
0.0027 mSv, fig. 3(a) [1]. At sev eral con trol points in -
side the maze of the room, neu tron dose was mea sured. 
These con trol points were placed at the be gin ning of
the first band, mid dle, and end of the first band. Also,
one con trol point was placed in the mid dle of the sec -
ond maze, fig. 1. Those points were used to check the
agree ment be tween cal cu la tion and mea sured neu tron
doses. The dif fer ence was up to 5 % for all points. We
nor mal ized the doses ob tained from MC sim u la tions,
to the mea sured one. Nor mal ized neu tron doses are de -
picted in fig. 3(b). Our re sults show that the high est
cal cu lated dose was ob tained for the 60° an gle of the
sec ond maze. It is 17 % higher than for stan dard 0° an -

gle. A pos si ble ex pla na tion for this is the fact that the
dif fer en tial dose albedo (wall re flec tion co ef fi cient) is
high est for this an gle. For 30° it was 30 % smaller and
for 90° was 10 % smaller.

DIS CUS SION

In our work, MC sim u la tions gave good agree -
ment with mea sured data. There fore, MC sim u la tions
may be a very pow er ful method for test ing the new de -
sign of the treat ment room. The only is sue that au thors
found is that they are quite a time and com pu ta tional
power-con sum ing, even if the sim pli fied sim u la tions
setup is used. Al though it is time-con sum ing it al lows
eval u a tion of dif fer ent bunker ge om e tries to de fine the 
most op ti mal so lu tions for the avail able space.

Al though the low est dose was ob tained for 30°
band an gle with cal cu la tions, it was not very prac ti cal
for clin i cal use. Clin i cally the most in ter est ing would
be the 90° an gle which is prac ti cally a short three-band 
maze. This ge om e try could be very prom is ing as it
could of fer a com pact con struc tional so lu tion, and
better op ti mi za tion of the avail able space (re sources).
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Fig ure 2. Re con structed ther apy
vault in MC sim u la tions and
novel three-band maze lay out

Fig ure 3. (a) Scheme of the
two-band maze ther apy room.
A is the isocenter po si tion.
Mea sure ment was con ducted at
po si tion 1. The MC sim u la tion
was per formed for po si tions 1-4.
Dashed lines rep re sent wall
po si tions for dif fer ent an gles in
MC sim u la tions, and
(b) nor mal ized neu tron dose
ob tained from MC sim u la tions



With this sig nif i cant dose re duc tion, even a doorless
sys tem may be used, which im proves pa tient ac cess,
the safety of the ra di a tion ther a pists and re duce the
cost of a heavy shield ing door in com par i son with a
stan dard one band maze or ad di tional door shield ing in 
case of two band maze bunker. The po si tion of the
door in three-band maze could be to wards the con trol
con sole, which al lows con stant live mon i tor ing of ac -
cess of the doorless sys tem, which sig nif i cantly im -
proves the safety of pa tients and staff.

CON CLU SIONS

In this pa per, the mea sure ment of the neu tron
equiv a lent was per formed in two-band maze room.
Based on this mea sure ment re sults MC sim u la tion was 
per formed to an a lyze the de pend ence of the equiv a lent 
neu tron dose from the ge om e try of the sec ond band.
Al though MC sim u la tions are time and com pu ta tional
power-con sum ing, they are very pow er ful meth ods
for treat ment room de sign and ra di a tion pro tec tion. It
al lows test ing and op ti mi za tion of the new de sign be -
fore con struc tion.

In our case, the low est dose was ob tained for 30°
band an gle, which is not very prac ti cal for clin i cal use.
Clin i cally the most op ti mal so lu tion would be the 90°
an gle which is prac ti cally a short three-band maze.
This ge om e try may pro vide the most op ti mal use of
avail able space; also, it could pro vide a doorless so lu -
tion that may re duce the costs, in crease pa tient flow,
and im prove the safety of patients and staff.
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NOVI  DIZAJN  RADIOTERAPIJSKE  SOBE  ‡  PREDLOG
SA  TRI  KRIVINE HODNIKA

Analizirana je doza neutrona u zavisnosti od geometrije druge krivine radioterapijske
sobe uz pomo} dozimetrijskih merewa i Monte Karlo simulacija i na osnovu rezultata dizajnirana
je nova soba.  Merewe neutronske doze u radioterapijskoj sobi sa dve krivine izvedeno je za energiju
od 15 MeV. Monte Karlo simulacije izvedene su uz pomo} softvera GEANT4. Da bi dobili
geometrijsku zavisnost mewan je ugao druge krivine, pri tome du`ina, visina i {irina drugog
hodnika su ostale iste.  Rezultati pokazuju da je najve}a doza dobijena za ugao druge krivine od 60°,
koja je 17 % ve}a od standardne geometrije sa 0°.  Za ugao od 30° doza je 30 % mawa, a za 90° je 10 % mawa.  
Iako je najmawa doza dobijena za ugao druge krivine od 30°, ona klini~ki nije zanimqiva. Klini~ki
je najinteresantniji ugao krivine drugog hodnika od 90°, {to prakti~no predstavqa sobu sa tri
krivine, koja mo`e biti va`na sa aspekta za{tite od neutrona budu}i da nudi kompaktno
konstrukcijsko re{ewe i boqu optimizaciju raspolo`ivog prostora.

Kqu~ne re~i: radioterapija, za{tita od zra~ewa, Monte Karlo metoda


