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Medical electron accelerators for cancer radiation therapy operating at energies above S-10 MeV produce secondary neutron 
radiation via (y, n) and fe, e’n) reactions in the various materials of the gantry. The spatial distribution of the neutron flux in the 
treatment room can be evaluated by the Monte Carlo method. The influence of the materials constituting the bremsstrahlung 
target and the gantry shield on the angular and the spatial distributions of the direct component of the flux has been evaluated by 
the MCNP code. The effect of room geometry and composition of wall materials on the scattered component has also been 
investigated. 

1. Introduction 

A growing number of clinical electron accelerators 
operating at energies above the threshold of neutron 
production (8-10 MeV) is being employed for cancer 
radiation therapy both with electron and photon beams. 
Neutrons arise from (y, n) and (e, e’n) reactions taking 
place in the bremsstrahlung target, flattening filters, 
shielding materials and collimators inside the treat- 
ment head. This “unwanted” neutron radiation, whiIst 
contributing a whole body dose to the patient undergo- 
ing radiotherapy, also influences the design features of 
the treatment room, i.e., thickness and composition of 
the shielding walls as well as access design. 

A number of neutron measurements at medical 
electron accelerator facilities are reported in the litera- 
ture [l-8]. However, exhaustive neutron measurements 
are quite complex so that routine radiation protection 
surveys are normally limited to the evaluation of the 
gamma dose. Even a rough estimate of the neutron 
dose equivalent in the surroundings of the radiation 
therapy room is usually not easy to obtain, since 
portable neutron monitors such as rem counters of the 
~dersson-Braun type are not adequate due to the 
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low radiation levels outside the shields. Neither can 
such an instrument be correctly employed to monitor 
the neutron field inside the treatment room, partly 
because of the high level of scattered electromagnetic 
radiation and partly because of the time-pulsed emis- 
sion of the radiation field. Even more difficult is the 
determination of the neutron component associated to 
the gamma dose delivered to the patient in one or 
more limited fields for therapeutic purposes. 

The transport of neutrons in the room and through 
the shieidings can alternativeIy be evaluated by Monte 
Carlo simulations. In this case some estimates have to 
be made on the neutron source and some simplified 
assumptions on the geometrical description of the 
problem are usually necessary. Once the neutron flux 
at a given point is calculated, the dose equivalent can 
be estimated via appropriate conversion factors. The 
validity of the computationa approach has been con- 
firmed by experimental measurements 17-91. 

The neutron field inside the room partially consists 
of neutrons directly coming from the target and par- 
tially of neutrons scattered by the walls. The former 
component is obviously influenced by the composition 
of the shielding materials of the gantry. In the present 
work an evaluation is given of the effect of the struc- 
tural components of the accelerator head (shielding 
materials and target) and room geometry on these two 
neutron contributions, with the aim of providing some 
indications for the design of a treatment room. 
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Since most of the photoneutrons are generated in 
the bremsstrahlung target, a point source placed at the 
centre of a hollow spherical shield will be considered. 
This simplified representation does not introduce sig- 
nificant errors, since the actual geometry of the shield- 
ing enclosure of the target is often roughly spherical. 
On the other hand, it offers the advantage of being 
sufficiently general and independent of the gantry type, 
so as to be applied to different situations. 

The simulations were performed for the 25 MV X 
ray beam delivered by the GE-CGR Saturne 43 elec- 
tron linear accelerator. 25 MeV is approximately the 
maximum photon energy presently employed in cancer 
radiation therapy, so that the results given in the 
present paper can be considered as conservative for 
most of the clinical situations encountered. 

2. Effect of target and shielding on the direct flux 

The spatial distribution of the neutron flux in the 
treatment room 4(r), has been described by the law [9] 

4(r) = P/(4Tr2) + Q/s, (1) 

where P and Q are constant values and S is the 
surface area of the room. The first term of expression 
(1) accounts for the neutrons directly emitted from the 
source, while the second term refers to the contribu- 
tion of the scattered neutrons. This expression loses 
validity in the case of corridors, mazes, room corners 
and in the proximity of the walls. Alternatively, the flux 
distribution can be represented in energy groups E,, so 
that eq. (1) becomes [7] 

6( r, E,) =pj/(4.rrrz) + qj/‘S, (2) 

in which Cjpj = P and Cjqj = Q. The pj and qj coeffi- 
cients are given for different energy groups. 

The effective distribution of the neutron flux in a 
spherical concrete room has previously been investi- 
gated through theoretical considerations on the neu- 
tron track lengths under different angular distributions 
of emission and tested by Monte Carlo simulations. 
The theoretical bases underlying this approach are 
described in ref. [lo]. The mean track length of a 
neutron emerging from a hollow spherical shield can 
be expressed as: 

v/2 

(l(r, R)) = 1 I( cos 8; r, R)P(cos S) d cos 0, (3) 
0 

where (see fig. 1) I(cos 0; r, R) is the neutron track 
length, R is the outer radius of the shield, 0 is the 
angle between the normal to the shield and the track 
directions and P(cos t9) is the angular distribution 
function of the emitted neutrons. The azimuthal angu- 
lar distribution is assumed constant. In particular the 

Fig. 1. Geometry of the target-shield assembly. T = target, 
R = shield outer radius, r = radius of the sphere considered, 

I = neutron track length. 

angular distribution can be expanded in a cosine power 
series: 

P(cos e) d cos e = 2 (k + i)coske d cos e 
k=O 

= k~oPk(cos e) d cos 8. (4) 

The spatial distribution of the direct component of 
the neutron flux, (b&r, R), for one source neutron, is 
obtained by calculating the derivative of the mean 
track length (l(r, R)) with respect to the spherical 
volume V = 4dr 3 - R3)/3 between the outer radius R 
of the shield and position r (see fig. 1). 

Hence every cosine power term corresponds to a 
particular spatial behaviour of 4dir(r, RI. It should be 
noticed that a significant difference from the normally 
assumed l/r* law arises from the lower power terms 
[lo]. The flux would behave as l/r* only if each 
neutron is emitted from the shield in radial direction, 
i.e. only if: 

P(COS e) d cos e = ~COS e - 1) d cos e 

where S is the Dirac delta function. 

(3 

A number of Monte Carlo simulations were carried 
out by the Monte Carlo Neutron Photon (MCNP) code 
[ll] to asses the effect of the structural components of 
the treatment head (target and shield) on the spatial 
distribution of the neutrons directly emitted from the 
source. The MCNP code simulates particle transport in 
one of the three following modes: neutron transport, 
photon transport and coupled neutron-photon trans- 
port, for photons produced by neutron interactions. 
The three-dimensional code geometry is based on cells 
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Table 1 
Nuclear temperature T and neutron binding energy S, for 
different bremsstrahlung targets 

CU W Pb Ref. 

T(MeV) 1.0 0.5 1.2 D41 
S,(MeV) 10.56 7.34 7.42 [51 

obtained by intersections between first, second and 
some fourth degree surfaces. The code makes use of 
~ntinuous energy cross section data 112,131. The out- 
put data are normaIized per source particle and can 
either be: (i) surface current, (ii) surface and cell flux, 
(iii) energy deposition into cells, (iv) fission and heat- 
ing. The energy range for the source particle is from 
10-s eV to 20 MeV for neutrons and from 1 keV to 
100 MeV for photons. 

As pointed out earlier, the simulations assumed a 
point source placed at the centre of a hollow spherical 
shield with inner radius of 10 cm and outer radius of 
20 cm, to approximate the gantry of the GE-CGR 
Saturne 43 treatment unit. The following source energy 
spectrum was considered: 

where PJE,) is the evaporation component, P&Q 
is the direct neutron emission component and c,, and 
cdir are two constant values taking into account that 
Pdir is assumed to be 12% of Pev as recommended in 
ref. [S]. In particular, 

P,,(&) dE, = ( E,/T2)exp( -K/T) dE, (7) 

where T, the nuclear temperature, depends on the 
mass number of the nucleus, and 

Pdir(En) dE,=P(Ex=E,+S,) dE, 

fnlW(& + &>I = 

I Ex-s”In[E,/( E, + S,)] d E, 
f (81 

0 

Fig. 2. Source photoneutron spectra for the three targets 
considered. The maximum X-ray energy is 25 MeV. 

Fig. 3. Angular distributions of the neutrons produced by 25 
MV X-rays in a tungsten target and emerging from either a 

tungsten or a lead shield. 

where E, is the maximum X-ray energy and S, is the 
binding energy of the emitted neutron. Table 1 reports 
the values of T and S, for the target materials consid- 
ered in the simulations, nameIy copper, tungsten and 
lead. The source spectra are plotted in the histograms 
of fig. 2 for a maximum X-ray energy of 25 MeV. The 
total area of each histogram is normalized to unity for 
one source neutron. 

The Monte Carlo simulations provide the angular 
dist~bution of the neutron current density at the outer 
surface of the gantry shield. The materials considered 
were tungsten and lead. The output data were then 
fitted by the cosine power series of eq. (4) with each 
term normalized in the interval (O-1). Figs. 3, 4 and 5 
show the results of the simulations along with the fitted 
curves for different targets and shielding materials. 
The data in the cosine interval (0.95-l) were not 
considered in the fitting procedure because they are 
contamined by unscattered neutrons. The Y axis repre- 
sents the mean value of the angular distribution times 
the angle interval: 
~=“(~)A~ = P&cos S) A cos B 

= 
I 

6+AeP(cos 6) d cos 8. (9) 
0 

0.X 

f / 

Fig. 4. Angular distributions of the neutrons produced by 25 
MV X-rays in a copper target and emerging from either a 

tungsten or a lead shield. 
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Fig. 5. Angular distributions of the neutron produce by 25 
MV X-rays in a Lead target and emerging from either a 

tungsten or a lead shield. 

In the interval (0.95-l) the collided and uncollided 
neutrons are grouped together and represented with a 
square symbol, According to the target and shielding 
material the following simple formuiae were found to 
hold with good accuracy for the angular distribution of 
the neutrons emerging from the shield: 

P,,(cos e> 

= k,,{ti[ P,(cos e> - P,(cos e,] i t_h(cos B)f 

+ h,,d(cos B - l), GOa> 

P,(cos 0) 

=kw(l.47[~P,( cos e) - fiP3(cos e> 

+P*(cos @)I} + h,G(cos 8 - l), (lob) 

where P,,(cos Bf and P,(cos @) refer respectively to 
the neutrons escaping from a tead and tungsten shield. 
Coefficients k and h depend on the target material 
and are given in table 2, with the terms h,, and h, 
accounting for the unscattered ~mponent of the distri- 
bution. Skos 8 - 1) accounts for the unscattered neu- 
trons that emerge from the shield with a radial distri- 
bution. The attenuation factors 12 for lead and tungsten 

Table 2 
Coefficients of the angular distributions (eqs. (9) and (IO)1 
and attenuation factors 

Target Shielding material 

cu 

W 
Pb 

Pb W 

kl’b hPb aPb kw hw aw 

0.869 0.131 1.000 0.736 0.015 0.751 
0.860 0.141 1.000 0.713 0.015 0.728 
0.865 0.130 0.995 0.748 0.016 0.764 

Fig. 6. Spatial distribution of the direct com~nent of the flux 
for a tungsten target and a tungsten shield. The l/r2 Iaw is 

also plotted. 

respectively can be obtained by integration of eqs. 
(lOa) and (lob): 

a Ph = OIPp,(~os 6) d cos 0 = k,, + h,,, 
/ (lIa> 

aw= 
I 

lPw(~os 8) dcos t3=kw+hw. 
0 

WI 

The results are also given in table 2 within 1%. Lead 
has a negligible abso~tion effect on the direct neutron 
Bux, whiIe the mean attenuation of tungsten was found 
to be 0.75 against a value of 0.86 reported elsewhere 
[9). This difference may be expiained by the fact that in 
ref. [9] a different code (MORSE) was used, possibly 
with another set of cross section data. 

The spatial distribution of (bdir for a photoneutron 
source from a tungsten target is shown in figs. 6 and 7 
respectively for a lead and tungsten shield. The results 
for copper and lead targets are very similar. It should 
be noted that the flux does not follow the l/r2 law for 
r/R < 1.5. For a shield whose outer radius R is at a 
distance of 20 cm from the target, the direct flux 
differs from the I/r2 law up to a distance of about 30 

Fig. 7. Spatial distribution of the direct component of the flux 
for a tungsten target and a lead shield. The l/r2 law is also 

plotted. 
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cm from the shield. It should also be pointed out that 
the effective flux is about 1.5 times larger than the 
l/r’ flux at the outer surface of the treatment head 
shield. As a consequence, Cp, may result greater than 
a. 

As an example, the analytical expression of (bdir for 
k = 0 [lOJ is, apart from a l/4pR2 constant factor: 

#dir.k=a(r* R) = ln[(a + l)/(a - 1)]/(2a), (12) 

where a! = r/R. For r =R, the limit is 4hdir,k=,J = m. 
This is because of the contribution of the neutrons 
emitted with a nearly grazing angle to the shield. The 
terms for k > 1 are expressed by the iterative formulae 
given in ref. [lo]. 

3. Effect of wall composition and room geometry on the 
scattered component of the neutron flux 

The influence of the wall materials and of the 
geometry of the treatment room was investigated 
through various Monte Carlo simulations and the re- 
sults were then fitted by eq. (2). The dimensions and 
wall composition of the radiotherapy room of the GE- 
CGR Saturne 43 linear accelerator of the Niguarda 
Hospital in Milan0 were considered as a reference 
situation. The maze was not considered in all the 
simulations described in the following. 

The spatial distribution of the scattered component 
can be determined in the same way as done for the 
direct flux in the previous section [lo]. The term 4,/S 
of eq. (2) is exact for a spherical geometry, when the 
angular distribution of the scattered neutrons is de- 
scribed by an “inward cosine” law: 

P(cos S) d cos 0 = 2 cos 0 d cos 8. (13) 

A point neutron source with the same energy spec- 
trum described in the previous section, with a maxi- 
mum X ray energy of 25 MeV and a tungsten binding 
energy S, of 7.34 MeV was considered. The source was 
placed at the centre of a hollow spherical shield 10 cm 
thick composed of 70% tungsten and 30% lead, with a 
circular aperture with a 5 cm diameter facing the 
isocentre, i.e. pointing towards the floor. This aperture 
is included to represent a typical case of patient irradi- 
ation, when the collimator jaws are opened. 

The walls of the room, 150 cm thick, are made of 
standard concrete with density of 2.31 g cms3. The 
concrete composition used in the calculations has the 
following weight fractions: hydrogen 0.6%, carbon 
l&l%, oxygen 36.6%, magnesium 2.5%, aluminium 
1.0% silicon 2.6%, calcium 38.0%, iron 0.6%. 

The qj coefficients appearing in eq. (2) were deter- 
mined taking into account distances up to 2.50 cm from 
the isocentre and the results are shown in table 3. The 
energy groups under 1 eV were not considered, be- 

Table 3 
Coefficients p, and qj of equation 2 for a “reference” paral- 
lelepiped radiotherapy room with walls made of standard 
concrete 

Energy group P, % 

l-10eV (41 2)x 10-j (646rt 17)x lo-” 
10 -100 eV (6-I: 2)x lo-’ (681 _t 17)x io-” 
0.1-I keV 16i_ 2)x lo-’ (741*17)x lo-.” 
I -10 keV (17, 3)x lo-’ (841+20)x lo--” 

10 -100 keV (144+ 7)x 10-3 (1223_t36)xlO-” 
100 -500 keV (427flO)xlO-’ (1236+48)x 10 -’ 

0.5-l MeV (217+ 6)x10-’ (374+29)x10_” 
l-2 MeV (146+ 5)x lo-” (113?24)xlO-” 
2 -5 MeV (37& 3)x 10-j (30+14)x10--” 
5 -10 MeV uoa 1)x 10-3 0 

10 -17 MeV (2rt 1)x 10-3 0 

CJ?, = 1016X lo-’ TEqj = 5887 x 10 -- 3 

cause their contribution to the dose equivalent can be 
neglected. It can be noticed that the qj values are 
roughly constant in the first fanJr energy groups and the 
p, values approach zero and consequently the spatial 
distribution of the. flux is uniform up to 10 keV. The pj 
values, accounting for the direct flux component, are 
also reported in table 3 for completeness. 

The sum 24, = 5.9 has to be compared with the 
result of ref. [9] in which Qj = CI ’ 5.4, where a = 1 and 
a = 0.85 for lead and tungsten respectively. Taking into 
account the mean attenuation factor a of the shield 
(70% W -t 30% Pb): 

a = (0.3 X 1 t 0.7 X 0.75) = 0.825, 

a value Y&I, = a - 7.1 is obtained. The difference be- 
tween this value and the value obtained by McCall, 
Jenkins and Shore [9] can be attributed either to the 
different Monte Carlo code used (MCNP versus 
MORSE) or to possible differences in the concrete 
compositions considered, besides the lower attenuation 
coefficient for tungsten obtained in the present work. 
In addition, the surface area of the room may affect 
Eqj as described in the following. 

The effect of different room geometries on the 
scattered component of the flux was also investigated. 
In this case the source was kept at a constant distance 
from the ceiling and both the same shield geometry 
and wall thickness of 150 cm were considered. The 
following four geometries were investigated: 
(i) a spherical room with the same surface area of our 

“reference” room, 
(ii) a spherical room with the same volume, 
(iii) a cubic room with the same surface area, 
(iv) a parallelepiped room with a surface area four 

times as large. 
Table 4 shows the ratios between the qj coefficients 
resulting from the present simulations and the corre- 
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sponding values of the reference room. The pj caeffi- 
cients are obviousIy unchanged. The fact that in table 4 
the ratios for cases (i> and (iii) are close to unity means 
that a spherical or cubic geometry is well suited to 
simulate the neutron flux of a typical radiotherapy 
room with the same surface area. In particular the 
spherical geometry turned out to be most appropriate 
for the verification of the theoretical calculations re- 
ported in ref. [lOI and has the clear advantage of being 
particularly simple to represent in the MCNP code. 

The qj values for case (iv) are remarkably higher 
than one. This fact can be more easily understood if we 
refer to a spherical geometry, where the scattered 
neutrons are thought as emitted by the walls and if the 
diffused flux can be considered separately. As stated 
above, qj = ~~i~~(~~~ is constant for an “inward cosine” 
distribution. In the limiting case of “inward” radial 
emission, i.e. Pkos Bldcos 8 = G&OS e - lldcos 8, the 
diffused ffux ~~i~~(~) behaves as l/r2 and it is inde- 
pendent of the surface area S. Therefore qj is propor- 
tional to R2/r2, R being the radius of the room. ff a 
realistic angular distribution is assumed, i.e. a distribu- 
tion more peaked around the value cos @ = 1, the qj 

values increase with increasing S. 
A Monte Carlo simulation was performed to investi- 

gate the effect of the wall composition on the scattered 
component of the flux (i.e., the qj values). This was 
done for the usual reference room with walls made of 
baritic concrete (density 3.35 g cm-“). The walls are 
150 cm thick and their compositjon has the following 
weight fractions: hydrogen l.O%, oxygen 33.0%, 
r3sbarium 49.0%, sulfur 12.0%, silicon LO%, iron LO%, 
calcium 3.0%. The rest&s are reported in table 5. A 
value T=q, = 3.8 = a .4.6 is obtained in this case. in the 

Table 4 
qj coefficients for different room geometries normalized to 
the values of table 3 

Energy group 

l-10 eV 

Room geometry a 

<iI (iiIJ (iii) (iv) 

0.93 0.81 0.98 1.38 
10 -100 ev 0.91 0.83 0.98 1.50 
&l-l keV I.00 0.81 1.02 1.60 
1 -10 keV 1.04 0.85 1.04 1.68 

10 -100 keV 1.03 0.78 1.03 1.62 
100 -500 keV 1.04 0.78 1.04 1.92 

0.5-l MeV 1.07 0.69 1.00 1.92 
l-5 MeV 1.19 1.00 1.07 2.06 
5-10MeV - - - - 

IO-17MeV - - - - 

a fi) Sphericat room with the same surface area of the ‘“refer- 
ence” room, (ii) spherical room with the same volume as the 
“reference” room, (iii) cubic room with the same surface 
area as the “reference” room, (iv) parallelepiped room with 
a surface area four times as large as the “reference” room. 

Table 5 
Coefficients qj of eq. 2 for a “reference” paralieiep~ped 
radiotherapy room with walls made of baritic concrete 

Energy group 

l-10 eV 
10 -100 eV 
0.1-l keV 
l-10 keV 

10 -100 keV 
100 -500 keV 

0.5-I MeV 
1-2 MeV 
2 -5 MeV 
5 -10 MeV 

10 -17 MeV 

qj 
(430*14)x 10-3 
(486i_lS)X xi-” 
1517+_ 16)X io--’ 
f582+ 18)x ID-’ 
(785+37)x 10-3 
(737*54)x 10-a 
(245+_32)xlO-s 
(75*31)x10--” 

0 
0 
0 

13qj=3858x10-3 

cross section libraries [l&13] the only barium isotope 
available is ‘38Ba, whose abundance is 71.66%. These 
results are practically unchanged by fictitiously varying 
the wall density, since the scattering process in the 
above geometry attains a saturation condition. From 
the values of tables 4 and 5 it can be seen that the 
diffused neutron flux is 30% lower in a baritic room 
with respect to a standard concrete room. As far as the 
total neutron dose equivalent (estimated from the di- 
rect and diffused fluxes) is concerned, the results show 
a dose reduction of about 5% from 0 to 50 cm from the 
isocentre and up to 1.5% at 200 cm. This behaviour is 
clearly due to the direct flux contribution, independent 
of the wait com~sition and predominant at the smaller 
distances from the isocentre. Consequently, from the 
point of view of total neutron dose, to build the whole 
radiotherapy room with baritic concrete, besides being 
unnecessarily too expensive, has little effect in reduc- 
ing the neutron dose equivalent to the patient. On the 
other hand, the dose equivalent near the walls is lower 
and the attenuation will be stronger in the maze and 
~OnseqLlently in the proximity of the entrance door. In 
any case the sections of the walls which can be directly 
exposed to the photon beam are usually loaded with 
barium in order to increase the shielding efficacy with 
respect to gamma radiation and this at the same time 
reduces the number of scattered neutrons. 

4. Conclusions 

The Monte Carlo approach is playing an increasing 
role in clinical dosimetry for radiation therapy and 
radiation protection. Neutron transport inside a treat- 
ment room can be comprehensively studied by Monte 
Carlo simulations so as to estimate the dose equivatent 
dist~bution inside the room. In order to reach a satis- 
factory accuracy in the calculations a correct under- 
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standing of the influence of the shielding materials on 
the spatial distribution of the neutron field as well as 
that of the wall composition on the scattered compo- 
nent is essential. It has been shown that the usually 
assumed l/r2 dependence of the direct component of 
the flux is not valid in the proximity of the source 
shield. The effect of the target and shielding materials 
on the angular distribution of the emitted neutrons has 
also been investigated. It has also been proved that 
approximating the room with a spherical geometry 
does not introduce significant errors on the scattered 
component of the flux, whilst any subsequent theoreti- 
cal considerations on the flux are greatly simplified. 
Obvious simplifications are also obtained in the geo- 
metrical description in the code. 
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