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A Monte Carlo method which allows the calculation

of the solid angle subtended by a collimated detector
from surface and distributed
sources is presented. The method utilizes total variance reduction and its
validity is demonstrated
for cylindrical and disc sources. The effect of rotation and displacement
of the
source on the solid angle is investigated for small and large sources. A measure of tolerance on the
reproducibility
of the experimental
set-up in activity quantification
is discussed.

Introduction
In order to establish
an absolute or rather noncomparative
method for the determination
of multielemental concentrations
using, for example, prompt
gamma-ray
neutron
activation
analysis (PGNAA)
good and accurate knowledge
of all the relevant
nuclear parameters
involved and reliable as well as
reproducible
experimental
conditions
are required.
In particular, it is important to determine whether the
size and orientation
of the target have any effect
on the absolute full energy peak efficiency of the
detector.
The aim here is to relate any variation in the solid
angle between source (target) and detector, as the
target orientation is changed, to any variation in the
geometrical
efficiency. The solid angle is evaluated
for a cylindrical target whose centre is located on the
axis of a collimated detector, as shown in Fig. 1. The
work is based upon a Monte Carlo method which
utilizes total variance reduction (Wielopolski,
1975;
Nicolaou, 1983).
In the PGNAA experiments
a collimated beam of
neutrons
impinges upon a target and the prompt
y-rays produced
in the capture process (n, y) are
collimated, by a straight bore hole collimator made
of lead (20 mm dia.), to fall on a Ge(Li) detector. The
semiconductor
detector in our experimental
set-up is
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at 200 mm from the target. The target can be oriented
at any angle between 0” and 90” with the neutron
beam direction.

Solid Angle for an Inclined
Cylindrical Target
The computer
program
simulates
the isotropic
emission of photons
uniformly
distributed
in the
target. A random
number
generator
is used to
generate points of disintegration
and the random
directions
of the emitted
photons.
Referring
to
Fig. I, the variable position of the generated points
is given as follows
z =%.(X1
Rl=

-0.5)

RS.JXZ

and

/I =2.a.X3

where Xl, X2 and X3 are three independent
random
numbers equidistributed
in [0, 11. For an arbitrary
angle of inclination
(6) of the target the variable
position of the selected point is
P*=Z*+Rl*-(Z.cosc
H = HO+Z.cosc

+Rl.sinc.sinfi)*
+ Rl.sinc.sinp

The program by utilising total variance reduction,
forces the randomly selected directions originating
from the target to go through the collimator aperture.
For isotropic emission into a unit sphere
P(6, cc).dO .dol =;
dR=sinO.dO.du

1219

G. E. NICOLAOIJel al

1220

There is also a critical angle 0,,, below which r
may vary over 2rt and above which its variation is
limited to 2amaxr where
HCR, = arctan
At first a particular

selection

of H will allow the

determination
of amax. Defining X as a random
ber equidistributed
in [0, 11, 0 is given by

num-

” sin 0
2
d0
s0
“mdlsin 0
2.d0
s (1

x=

:. 0 = arccos [I - X ( 1 - cos Q,,,)]
The weighting factor associated with this selection
H is

s
i)rndx

sin

01

t)

2.d()

Wl=
Fig. 1. Geometrical configuration of a collimated detector
and a cylindrical target.

O

li sin0
T,dCI
s0

and
where 0, a are the longitudinal and horizontal angles
respectively and P(t), CC)is the joint probability density distribution
for isotropic emission (Wielopolski,
1977). Then

P(a)

=$I

o<ci<2n

(2)

The random directions
are chosen by sampling
equations (1) and (2). However, the free selection of
fl and a has to be restricted so that the sampled
direction intercepts the collimator aperture and the
detector. Associated with the restrictions on 0 and a
are their respective weighting factors WI and W2.
The total weighting factor for any particular selection
of 0 and c( is then Wi = W 1. W2 where Wi represents
the solid angle subtended
by the detector for the
particular
selection. The solid angle Q(P) for the
configuration
is
n(P)=;,

$ Wi
/-I

where N is the number of sampling histories.
In order to calculate the solid angle of the target
subtended
by a collimated
detector,
two cases are
considered.

WI =
Wl =

1 - cos II,,,

,

2
1 - cos I),,
2

’

for

O,,, < (I,.,

for

O,,, > 0, ,

where Oc, = arctan [(RO + P)/H]; if for a particular
selection of 0,O > 6,, then Wl = 0.
Once 0 has been selected, the weighting
factor
associated with the selection of LYis determined,
a: [0,2x]

and

W2=1

if 0 > OCR,, a ,< 2a,,,

and

W2 =k

if 0 < f&i,

The solid angle
equation (3).

for this selection

is then

7[
given by

Case B
The point is located outside the aperture at P2.
Fig. 3 (P 2 RC).
Given X as a random number equidistributed
in
[0, 11, the angle a is determined
from

Case A

The point is located above the aperture at P 1, Fig.
2 (P < RC). In this case Qmnxremains constant and is
equal to

.‘. a = amax.(2X - l),
where
TV,,, = arctan

-urnax < a < rmax
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side view

Fig. 2. Geometrical configuration of a point source above the aperture of the collimator.

The weighting
selection if c( is

factor

W2 associated

this

Once CLhas been determined,
obtained from Fig. 3, then

WI =

ernln and

B,,,

are

H-(Q

(
P.cos

O,,, = arctan
(

+D)

a + J(RC’

WI =
>
WI =

- P2.sin2 a)

H-Q

>

angle OCR2exists which tests whether the
chosen direction intercepts
the detector,
P.cos a + J(RO* - P2.sin2 u)
H

>

associated

with

this

s

umaxsin e
-.de
2
Ln
* sin 8
-.dB
0
2
s

and

P ‘cos u - ,,/(RC2 - P*.sin* a)

8,,, = arctan

&a2 = arctan

The weighting
factor Wl
particular selection of e is

.., W2=Clmax
71

w2=-

A critical
randomly

with

cos emin
- cos emax
3

2

cos emin - cos ecR2
2

foremar
<OCR2

, for emax2 eCR2

As
u +u,,,

then

WI-O.

Results and Discussion
The method was tested by making the geometry
approach that of a bare detector and the cylindrical
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of a point source above the colhmator.

target that of a disc shape. For the case when t = 0
(disc target parallel
to detector),
a comparison
bctwecn the results obtained and those found in the
literature is given in Table 1, The results are in good
agreement.
To conhrm the results obtained by this method, an
experiment
was conducted.
A uniformly distributed
“‘Cs disc source of radius 1.35 mm was prepared.

HO

0

The area under the 662 keV was recorded at tv,o
different inclination angles 0 and 90 The ratio ot
the peak area at 90 to that at 0 was measured to be
I. 14 t_ 0.02. The calculated ratio of the avcragc solid
angle subtended at the detector by the source at 90
to that at 0 was found to be I .I6 +- 0.02. The two
ratios are in good agreement as expected. since in
general, the detector response is proportional
to the
solid angle. This result confirms the validity of’ the
method and emphasizes the importance
in considering the orientation
of the target when absolute
measurements
are to be carried out.
In activity measurements.
high detection ethciency
is achieved by placing the target close to the detector
in order to maximise
the solid angle subtended
between them. However, this results in the solid angle
being sensitive to the reproducibility
of the expert-
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mental set-up. The effect for displacement,
along the
x-axis, and rotation of the target on the solid angle
is investigated for a small target (in-oitro case) and a
large target (in-ho
case) relative to the collimator
and target to detector distance.
(a) In-vitro

case

The effect of target rotation on the solid angle, for
different target thickness (SL). is shown in Fig. 4. In
the regions [0°, lo’] and [80’, 90’1 a plateau exists
over which the solid angle is independent
of rotation.
Over the region [0”, 90”] the variation of the solid
angle with target thickness
ClOmm
is less than
1.5%. An optimum target position, with respect to
rotation, may then be defined at 90” f IO- over which
range the solid angle has a maximum value and is
independent
of both rotation and target thickness.
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Fig. 5. Variation of solid angle with displacement
of a disc
target for different angles of inclination,
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Fig. 6. Variation
of solid angle with target rotation
different target thickness (SL), in-oioo case.
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The effect of displacement
of a disc target on
the solid angle, for different angles of inclination,
is shown in Fig. 5. For small target displacements
(< 3 mm), the variation reveals a plateau over which
the solid angle is independent
of displacement.
For displacements
greater than 3 mm the variation is
rapid, the curves intersect each other and at this point
the solid angle is virtually independent
of rotation.
However, small changes in displacement would introduce large error in the solid angle. Since a target
position may be reproduced with a tolerance of less
than 3 mm the optimum position at zero displacement is not difficult to achieve.
(b) In-vivo

case

The variation of solid angle with target angle of
inclination, for different target thickness, is shown in
Fig. 6. In the region [O’, 20”] a plateau exists over
which the solid angle is independent
of rotation.
However, the solid angle is dependent on the target
thickness. For an angle of inclination
39” + 3” the
solid angle, for the three cases considered, is the same
to within + 1.5% and becomes independent
of the
target size. This is an important
result since in the
in-viva measurements
the dimensions
of the organ
being analysed cannot be known very accurately.
Also in comparative measurements
any differences in
size, to within k lS%, between the organ and a
phantom will have no effect on the final result. The
effect of displacement
on the solid angle is less than
1% for displacements
up to 30 mm.
The method can be easily modified to account for
different geometrical
configurations
and targets of
unusual shape. The scheme presented does not include self-absorption
and scattering inside the target,
although
these can be included when generating
points within the target (Nakamura,
1970; Horowitz,
1975). Non-isotropic
sources, which emit radiation
with an angular distribution,
may be considered
in

G. E. NICOLAOU et al.

1224

the analysis by using the appropriate
probability
density function
for this distribution
in place of
equations
(1) and (2). The execution
time of the
program is directly proportional
to the number of
sampling histories (N) which in turn controls the
error on the estimate of the solid angle (Wielopolski,
1975). For example,
for N = 1000 and 6000 the
execution times on our main frame computer were
of the order of 2 and 7s, and the error 3 and 1%
respectively.
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