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Activation rate uniformity is the first property which is considered in the design of a prompt
y-rayin vivo neutron activation analysis facility. Preliminary studies on the activation rate dis-
tribution in the body can be done by use of Monte Carlo codes, such as the MCNDP. In this pa-
per, different bilateral configurations of an IVNAA system are considered in order to im-
prove the activation rate uniformity in a water phantom measuring 32 cm x 100 cm x 16 cm.
In the best case, uniformity parameters are U = 1.003 and R = 1.67, with the mean activation
rate of 1.85-10-6 cm-3. In more accurate calculations, the water phantom is replaced by a body
model. The model in question is a 5 year-old ORNL phantom filled with just soft tissue. For
uniformity studies, the internal organs are not simulated. Finally, uniformity parameters in

this case are U = 1.005 and R = 12.2.
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INTRODUCTION

The prompt y-ray in vivo neutron activation anal-
ysis (IVNAA) method has been employed for body
composition measurements of humans and animals for
the past forty years. At present, there are only seven
IVNAA facilities around the world, built by individual
research groups [1]. This non-destructive technique is
a gold standard method for determining the total body
nitrogen and one of the most precise ways to measure
other essential body elements (such as hydrogen, car-
bon, calcium, ezc.) [2-11]. So, the Neutron Activation
Research Centre of Ferdowsi University of Mashhad
has decided to develop a prompt y-ray IVNAA facility.
The three major points of prompt y-ray IVNAA
method that warrant the accuracy of measurements
are: uniformity of activation rate distribution in the
body, homogeneity in prompt y-ray detection, and the
low dose received by the patient. Therefore, in the first
step, studies of activation rate uniformity in the body
are in progress at present. Several researches were
done on the smoothing of the activation function, par-
ticularly concerning depth [12-15]. However, less at-
tention was paid to the uniformity of the activation rate
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distribution in the whole body. This paper and the pre-
vious one [16] are reports on design studies of an
IVNAA system aimed at improving the activation rate
uniformity. In this work, the ! Am-Be is chosen as a
neutron source in a bilateral configuration. In order to
obtain the proper thicknesses of pre-moderators, mod-
erators, and reflectors and determine the suitable
collimator aperture, uniformity was investigated in
depth, width, and length arrays of a water phantom
(32 cm x 100 em x 16 cm), in several setups. Also,
collimator material was selected on the basis of unifor-
mity parameters for the activation rate distribution in
the entire body. Finally, instead of a water phantom, an
anthropomorphic model was chosen. Uniformity pa-
rameters for the activation rate distribution in the en-
tire body were estimated for a 5 year-old ORNL phan-
tom [17, 18]. Calculations were performed using the
MCNPX 2.4.0 Monte Carlo code [19].

MATERIALS AND METHODS
Facility description
The prototype of the prompt y-ray IVNAA facil-

ity is assumed according to the recommendations of
the previous work [16]. A water phantom measuring
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32 cm x 100 cm x 16 cm is irradiated via a collimated
neutron field produced by a bilateral configuration, up
and down to the phantom. On each side, the collimator
isan orthogonal parallelepiped void castina40cm x
x 40 cm x 60 cm block which includes the collimator
material. The 2! Am-Be neutron source is positioned
at the centre of a 45 cm deep, 20 cm X 40 cm area
graphite collimator. The 1.5 cm thick polyethylene
pre-moderator is placed at 50 cm from the source (in
the lower side, it is used as a bed). Two pairs of
Nal(TI) detectors are bilaterally positioned to the
phantom.

To estimate the activation rate distribution, the
phantom was latticed to about 3.200 cells of 4 cm x
x4 cm x 1 cm (LAT, U, and FILL cards).

To improve the uniformity of the activation rate
in the exposed region of the sample, especially along
its length and across the width, some of the system’s
parameters, such as the dimensions of the collimator
aperture and collimator material, are changed. More-
over, moderators and reflectors are added to the phan-
tom surfaces in order to reduce neutron losses and in-
crease the thermal neutron flux near the surfaces.
Figure 1 indicates the final version of the [IVNAA fa-
cility designed in this paper.

Monte Carlo simulations

The MCNPX 2.4.0 code [19] was used to simu-
late the IVNAA setup and estimate the activation rate.
MCNP codes are general purpose, continuous energy,
generalized geometry, coupled neutron/photon/elec-
tron and time-dependent Monte Carlo transport codes.
The cross-sections used in this project were chosen
from the ENDF/B-VI libraries. Also, for neutrons be-
low 4 eV, the S(a, 8) scattering treatment was applied
(MTm card). The neutron energy spectrum of a
241 Am-Be source was chosen from the IAEA report
[20]. This paper focuses on activation rate distribu-
tions, thus the gamma rays from the source were ig-
nored. The production rate of neutron-induced pho-
tons was assessed by use of a F4 neutron tally, along
with the appropriate FM4 multiplier card.

Uniformity assessment

The uniformity of the activation rate in the re-
gion of interest should be as uniform as possible. To in-
vestigate the effects of the system’s parameters on uni-
formity, activation rates are assessed in the cells of the
latticed phantom for several configurations. The data
were compared on the basis of the U index, defined as
the ratio of the root mean square (rms) to the arithmetic
mean of the estimated activation rate distribution

2 _ =2 2
Xims =X~ +0;

x .\
o=t e %
X X

source

5cm | Nal(TI)

Moderator/
reflector 50cm
objects

85 cm

B Lo
[ Borated paraffin wax
EEEEEE] Latticed phantom

S Graphite

[E—9 Concrete
I Pre-moderator

Figure 1. Schematic diagram of the final version of the
IVNAA facility designed in the current study

where X, x and o, are the rms, arithmetic mean, and
the standard deviation of the distribution of the
gamma production rate in the phantom, respectively.
For more information, the maximum-to-minimum ra-
tio of activation rate values is presented as R for all cal-
culations.

ORNL phantom

In order to study the effects of sample size and
shape on the activation rate distribution, the water phan-
tom is replaced by a more accurate model of the body.
Since the 5 year-old ORNL model [17, 18] is a good
match in size (its height or length is about 110 cm, its
width and depth are about 24 ¢cm and 15 cm, respec-
tively) with the water phantom, collimator aperture and
other parts of the IVNAA facility, in this work, this
phantom was selected as the sample.

This model was described in a series of ORNL
mathematical phantoms by Cristy and Eckerman in
1987 [17] which follow the format of MIRD-type
phantoms and represent adults and children of six age
groups. A later, unpublished description, including
modifications to the phantom models made subse-
quent to that publication (e. g., refinements in the head
and neck model) is presented in [18].

The phantom is composed of three major sec-
tions: (1) an elliptical cylinder representing the trunk
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and arms which can be seen in fig. 1, (2) two truncated
circular cones representing the legs and feet, and (3) an
elliptical cylinder capped by a half ellipsoid represent-
ing the head, placed on top of a circular cylinder repre-
senting the neck. Attached to the leg section, there is a
small region with a planar front surface containing the
testes. Attached to the trunk, portions of two ellipsoids
represent female breasts.

For uniformity studies, the internal organs were not
simulated and the phantom was latticed to about 22.000
cellsof I cm % 1 cm X 1 cm. The whole body is filled with
soft tissue whose elemental composition and density were
chosen from table A-1 of ORNL/TM8381 [17].

RESULTS AND DISCUSSION

Preliminary calculations show that depth distri-
butions of the activation rate for all depth arrays (cells
with the same width and length) in the latticed phan-
tom exhibit the same behavior. In spite of some differ-
ences in the values of the gamma production rate, other
parameters, such as U, show general similarities. The
same goes for width and length distributions. Hence,
studies on the effects of collimator aperture size,
pre-moderators, moderators, and reflectors are done
on the basis of the three given arrays: a depth array
which lies at the centre of the sample and at the width
and length arrays crossing points at the mid-depth of
the phantom. This choice allows us to acquire a better
understanding of the effects each of these variations in
facility parameters have on the activation rate distribu-
tion. Besides, the required time for the MCNP pro-
gram has been considerably reduced. Data uncertain-
ties, in all cases, amount to less than 3%.

Depth distribution of the activation rate

Previously, the prompt gamma-ray IVNAA fa-
cility was improved in relation to the uniformity of the
depth distribution of the activation rate [ 16]. Pre-mod-
erators, positioned depth-wise next to the phantom
surfaces, have the principal role of smoothing depth
distribution in the given setup. The pre-moderator was
a 15 mm-thick polyethylene which covered the upper
and lower side of the exposed area of the phantom.
Figure 2 compares the depth-functions of the gamma
production rate on the basis of uniformity parameters,
with and without the pre-moderator. Five pre-modera-
tor thicknesses are considered: 5 mm, 8 mm, 10 mm,
15 mm, and 20 mm.

When the pre-moderator is absent, activation
rate data in surfaces bellow 1cm of the phantom show
great discrepancies with other points. The presence of
polyethylene pre-moderators increases the thermal
flux in the surface layers of the sample [13]. This ther-
mal flux increment is caused by the slowing down of
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Figure 2. Activation rate distributions vs. the depth of the
sample with their uniformity parameters for different
pre-moderator thicknesses

some of the fast incident neutrons which penetrate the
body in the absence of the pre-moderator. Such fast
neutrons are thermalized and then captured in the
deeper points of the phantom. Therefore, activation
rate increment in the shallow regions is accompanied
by its induction in the deeper zones. By increasing
pre-moderator thickness, the thermal flux and gamma
production rate near the surfaces are enhanced and the
activation rate at the internal part decreased. At first,
this process makes uniformity better, but only after
given thickness distances between activation rates of
deep and shallow points are increased. In the cases
studied, the best thickness was 8 mm with good unifor-
mity parameters: U = 1.001 and R = 1.16. From that
point on, all simulations were done with a 8 mm thick
polyethylene pre-moderator.

Collimator aperture

The effects of collimator aperture dimensions on
the activation rate distribution have been investigated.
As shown in fig. 3(a), for the 20 cm % 40 cm cross-sec-
tional area, the uniformity of width distribution is not
satisfactory, because gamma production decreases ex-
tremely at distances greater than 10 cm from the phan-
tom centre, while the length distribution in the 18 cm
area around the sample centre (36 cm in length) is uni-
form, with U= 1.002, see fig. 3(b), up to the region of
40 cm from the centre, with a linear slope of about
3.5% relative to the centre activation rate. At a dis-
tance of 40 cm to 50 cm from the sample centre, the
slope decreases to about 1.3%. Judging by the results
of length distribution, aperture size specifies the re-
gion where uniformity is achieved. Besides, beyond
the aperture, activation declines at an admissible rate.
Ifthis is true, then the activation reduction near the lat-
eral surfaces of the 30 cm thick phantom is justified.
To examine the idea, a 30 cm width for the aperture
was selected to cover the thickness of the phantom.
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Figure 3. Activation rate distributions in four collimator
aperture sizes versus (a) width and (b) length of
the sample

Also, in order to extend the uniform part of the distri-
bution length of the activation rate function, a length
of 60 cm was tested. Accordingly, the collimator aper-
ture was adjusted to dimensions of 20 cm X 40 cm, 20
cm X 60 cm, 30 cm x 40 ¢cm, and 30 cm X 60 cm.
Table 1 lists U and R values for depth and width
distributions of the activation rate. For length distribu-
tions, U values for the three intervals around the body
centre are introduced as uniformity parameters. These
intervals specify 22 c¢cm, 26 cm, and 30 cm distances
from the body centre that, respectively, represent 44 cm,

Table 1. Uniformity parameters of depth, width, and length
distributions of the activation rate, for different collimator
aperture sizes. U values of the length distributions are listed
for three intervals around the body centre

Uniformity parameters of activation rate

Collimator distributions
ap elt‘glrlez]sme Depth Width  |U values of the length

U R U | R |22:22-26:26-30:30

20 x40 |1.001| 1.14 [1.072|3.30| 1.005 | 1.014 | 1.030
20x 60 |1.001]1.16 [1.070|3.26| 1.001 | 1.003 | 1.006
30 x40 |1.001] 1.16 [1.057|2.83 | 1.005 | 1.013 | 1.028
30x 60 |1.001]1.16 |1.056|2.85| 1.001 | 1.002 | 1.005

52 cm, and 60 cm long regions throughout the
mid-depth of the phantom.

As expected, U and R values of the depth distri-
butions do not meaningfully change in the studied
cases because these four situations differ only in
transversal parameters. Table 1 shows that expanding
the aperture cannot, in itself, significantly affect width
distribution parameters, either: U values improve for
about 1.3% and 1.4% in the case of 40 cm and 60 cm
long apertures, respectively. Figure 3(a) clearly illus-
trates that width distribution functions for 30 cm wide
apertures are not acceptable. The increment in aper-
ture widths increases activation rates less than re-
quired. For example, the largest increment of about
15% occurred near the surface, while the value needed
is around 70%. So, the uniformity of the width distri-
bution of the activation rate should be dependent on
other variables which are studied later.

Ascanbe seen from fig. 3(b), lengthwise, activa-
tion rate distributions are constant when length param-
eters of the facility remain unchanged. Besides, the ex-
pansion of the aperture changes the shape of
distribution functions. As aresult, the uniform part ex-
tends to the distance of up to 26 cm from the sample
centre, with U= 1.003 for 60 cm long apertures. Also,
beyond the uniform region similar to the 40 cm long
apertures, the linear slopes of curves are about 3.1%
relative to the centre activation rate. Nevertheless, the
activation rate of the uniform region is too great to be
ignored. The 30 cm x 60 cm collimator aperture was
selected for simulations presented next; however the
desired uniformity has not been achieved, as of yet.

Transverse distribution of activation rate
Uniformity in the exposed region

Figure 3(a) shows that aperture size cannot sig-
nificantly improve the reduction of activation rates
near the lateral surfaces, unlike the smoother length
distributions in the 60 cm-long collimator apertures.
Upon further reflection, it seems that the intrinsic dif-
ference between width and length thicknesses of the
phantom may be the cause of this dissimilarity. In
other words, the presence of the sample material be-
yond the aperture, as a very good moderator, length-
wise, guarantees the thermal neutron flux in a rela-
tively broad interval. While, when width is concerned,
neutrons are lost at the surface of the subject. There-
fore, in order to increase the thermal flux in this region
and reduce neutron losses, moderator/reflector objects
which cover the sides of the exposed area are intro-
duced. The moderator should be sandwiched between
the sample and the reflector, so as to slow down the fast
neutrons scattered toward the sample by the reflector.

To find a suitable moderator/reflector object,
water (H,O) and polyethylene (CH,) as moderator ma-
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terials and graphite (C), as a reflector material, are ex-
amined in different compositions and thicknesses.
Figure 4 illustrates some more smoothed width distri-
butions. In first simulations, 30 cm x 60 cm dimen-
sions are considered for the collimator aperture. But as
can be seen from fig. 4, the activation rate near the sur-
faces does not increase as expected, even for the most
uniform distribution. One way to solve this problem is
to extend the collimator aperture width in order to en-
hance the neutron flux received by the moderator/re-
flector objects. So, new calculations were done for a
collimator aperture of 40 cm x 60 cm. Table 2 summa-
rizes U and R values of the activation rate distribution
in connection to the width for eleven different modera-
tor/reflector objects. The data is sorted on the basis of
ascending values of uniformity.

Table 2 reveals that the employment of 40 cm
wide collimator apertures makes the width activation
rate distribution more uniform, with U values less than
1.002. It is, thus, clear from this table that in spite of the
similarity between water and polyethylene data, water
shows better values. This can, partly, be attributed to the
greater density of water (1 g per cm™ in comparison to
0.94 g per cm™>). Besides, the most uniform cases have
an 8 cm-thick moderator/reflector object. Therefore, a
5 cm-thick water and a 3 cm-thick graphite modera-
tor/reflector object was selected for the next setups. The
collimator aperture width was adjusted to 40 cm.

Activation in the unexposed region

In whole body scanning, uniformity is necessary
in activation rate distribution at all points. It is desir-
able to design a facility so that the uniformity of the ac-
tivation rate is achieved entirely in one phase. In such
states, one measurement is enough. If it is not possible
to attain uniformity in a single phase, measurements
should be performed in several stages. The body is di-

35107 1
T
S 30107
o)
®
5 "
= 25107
=
©
<
2.0107° 1
—s— without mod./ref. (30 wide aperture
1510°¢ =# -3 cmH,0 +4 cm C (30 wide aperture
. 1 —*— 5 cm CH, + 2 cm C (30 wide aperture)
~¥-3cm Hz(fl + 4 cm G (40 wide aperture)
5cm H,O + 3 cm C (40 wide aperture)
1.010° . ; . | ‘ r ‘
-20 -15 -10 -5 0 5 10 15 20

Width [em]

Figure 4. Comparison of width distributions of activa-
tion rates for different configurations with various lat-
eral moderator/reflector objects and two values of
collimator aperture width (30 cm and 40 cm)

Table 2. Uniformity parameters for several configurations
of lateral moderator/reflector objects and two collimator
aperture widths

Aperture Moderator Graphite Uniformity
width ; thickness
[cm] |Material Thizlsnn]ess [cm] U R
40 H,0 5 3 1.001 1.10
40 H,0 4 4 1.001 1.12
40 H,0 3 5 1.001 1.13
40 CH, 4 4 1.001 1.15
40 H,0 3 4 1.002 1.17
40 CH, 4 3 1.002 1.17
30 H,0 3 4 1.004 1.29
30 CH, 5 2 1.005 1.30
30 CH, 3 4 1.005 1.31
30 CH, 7 - 1.005 1.32
30 - - 7 1.016 1.63

vided into several regions and in each step only one re-
gion of the phantom is irradiated. It is ideal that the ac-
tivation rate distribution be smoothed for each phase
and, also, that the activation in other regions is
ignorable. The latter condition is necessary because, if
the activation in the unexposed region is considerable,
induced gamma rays in that region will be detected
more than once. In other words, the total activation
rate distribution, which is obtained from all measure-
ments, will not be uniform. This is a problem that oc-
curs in all length distributions of the activation rate.

As shown in fig. 3(b), one cannot specify a given
length interval wherein the activation rate distribution is
uniform and its values are thus greater than the outer ones.
This is true even for 40 cm-long collimator apertures. Ex-
tending the collimator aperture enlarges the uniform re-
gion lengthwise, but the activation rate beyond it also in-
creases. Hence, the aim is to design the prompt gamma
neutron activation analysis facility so that the entire uni-
formity of the activation rate is achieved in one phase. As
can be observed, fig. 3(b), the reduction of the activation
rate, especially beyond the collimator aperture area, de-
stroys uniformity. Figure 5 shows that the 110 cm-long
collimator aperture is not effective. Thermal neutron atten-
uation includes capture, scattering, and inverse square law
effects, making the 75% reduction in the activation rate
near the surfaces relative to its centre value. To reduce the
thermal flux attenuation, in each up and down part of the
facility, two similar neutron sources toward the length,
four neutron sources totally, are utilized.

At each of the points of the phantom, activation
rates from the two sources are superimposed and the
minimum value occurs at the point most distant from
both sources, i. e. in the middle. If the activation rate
from each source decreases to 50% of its maximum
at the middle point, it is expected that the activation
rate distribution within the sources distance will be-
come more smoothed. So, at first, for the distance be-
tween the two sources, for each of the sides, a distance
of 80 cm was selected, based on the full width half
maximum of the activation rate function of one neu-
tron source. Each source is positioned at a distance of
40 cm from the collimator centre along the length and
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Figure S. Length distribution of the activation rate ob-
tained from one neutron source in each up and down part
of the facility in comparison with the ones estimated for
two neutron sources of various distances.

Appending moderator/reflector objects to the front and
back surface of the body is also being considered

ata 10 cm distance from the surface. But, especially at
20 cm from the body centre, the activation rate de-
creases (see fig. 5). Thus, the two sources become
closer and calculations were repeated for both 70 cm
and 50 cm sources distances. The reduction of the two
sources distance (TSD) increases the activation rate in
the middle of the phantom. The most smoothed func-
tion, within the 40 cm interval from the body centre,
belongs to the facility with a 70 cm sources distance.
Nevertheless, activation rate values near the body sur-
faces severely decreased in all cases. The same prob-
lem occurred in width distribution. In this study, two
moderator/reflector objects with similar characteris-
tics to those of the lateral ones are applied for length
surfaces. Activation rate distribution is shown in fig. 5.
As can be seen, appending the moderator/reflector ob-
jects does not change the middle of the activation func-
tion, while its values near the surfaces increase signifi-
cantly. Uniformity parameters of these situations for
the whole body length are listed in fig. 5. The results il-
lustrate that the activation rate distribution becomes
uniform (U = 1.001, R = 1.20) by the use of two
sources in each collimator and a moderator/reflector
object. The lengthwise design of the facility was ad-
justed based on the last studied case, namely a 70 cm
TSD and a 5 cm thick water and 3 cm thick graphite
moderator/reflector object.

Collimator material

Collimator material is the other factor investi-
gated in this work. Polyethylene (CH,), 5% boric-acid
doped polyethylene (CH,-B), and graphite (C) are the
three materials upon which the uniformity of the acti-
vation rate is based. All suggestions from the previous
sections were taken into account in the following cal-
culations. In the new MCNP runs, activation rate val-

and 60% growth relative to borated polyethylene and
polyethylene, respectively. Therefore, graphite re-
mains in force as a collimator material with good uni-
formity characteristics and a great activation rate to its
advantage.

Table 3. U and R values of activation rate distributions in
the whole body with their mean values for three collimator
materials

Collimator | Uniformity parameters  \Mean activation rate
material U R [10°cm3]
C 1.003 1.67 1.43
CH,-B 1.004 1.70 0.92
CH, 1010 2.13 1.15
ORNL phantom

The design of the IVNAA facility is based on a
simple water phantom. The differences in size and
shape between the phantom and the real body defi-
nitely have a considerable effect on the activation rate
distribution. It is, thus, clear that a more accurate
model is necessary for the investigation of uniformity
in the body. In this work, a 5 year-old ORNL model
[17, 18] was chosen for the role of the anthropomor-
phic phantom. The parameters of the facility were ad-
justed as recommended in this paper. In the final calcu-
lation, the activation rate distribution is estimated
throughout the latticed ORNL phantom for 22.000
cells, approximately. The said cells’ volumes were
chosen to be 16 times smaller than the previous ones,
because some regions of the body, such as the neck,
upper part of the head and lower parts of the legs are
much less thick than some other parts of the body. It is
expected that the variety of dimensions will reduce the
thermal neutron flux and activation rate in the shallow
cells of these slight parts because of the reduction in
soft tissue which is a very good moderator. Such ef-
fects happened when width and length distributions in
the water phantom were considered. So, the question
remains: can moderator/reflector objects really im-
prove uniformity?

To find the answer, whole body calculations by
means of an ORNL phantom were done under three
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different circumstances: (1) according to the final sug-
gestions in the previous sections, (2) without the mod-
erator/reflector objects, and (3) without moderator/re-
flector objects and pre-moderators. Table 4 lists the
uniformity parameters for the three cases. Results
show that uniformity parameters for the ORNL model,
U=1.005 and R = 12.2, increase in comparison to the
water phantom. However, one cannot ignore the effect
of moderator/reflector objects and pre-moderators on
activation rate uniformity. Without moderator/reflec-
tor objects, the activation rate distribution is almost
non-uniform and the removal of pre-moderators
would only worsen the situation.

Table 4. U and R values of activation rate distributions in
the ORNL phantom for three different situations

Moderator/reflector Uniformity parameters
- Pre-mod
objects U R
Yes Yes 1.005 12.2
No Yes 1.034 19.6
Yes No 1.044 24.4

For a more detailed study, fig. 6 displays a 3-D
plot of activation rate values in a two dimensional ar-
ray (32 width by 110 length) crossing at the mid-depth
of the phantom. As expected, the absence of body tis-
sue in the neck, upper part of the head and, especially,
lower parts of the legs, reduces the thermal neutron
flux and activation rate in these regions. In addition to
this, the reduction of tissue thickness in lateral sides
decreases the activation rate at the boundaries.

The use of a water phantom for improvement the
uniformity led to the optimized [VNAA facility. The sim-
ple geometry of this model made following the optimiza-
tion process easier, but there was concern that this sim-
plicity was far from reality. Table 4 indicates optimized
IVNAA facility increases uniformity of the activation
rate distribution in the real body, although further studies
are necessary in order to improve the uniformity to the
more acceptable level.

CONCLUSIONS

This paper takes into consideration the design of a
prompt y-rays IVNAA facility aimed at improving the
uniformity of the activation rate distribution in large bi-
ological samples. Activation rate values are calculated
in the cells of a latticed phantom by using a MCNPX
code. The effect of pre-moderator thickness is studied
in relation to both depth distribution and 8 mm thick
polyethylene, with U= 1.001 and R = 1.16 selected for
the next setups. In order to smooth transverse distribu-
tions, width and length, two factors are tested:
collimator aperture size and appending moderator/re-
flector objects to body surfaces. Width distribution can
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Figure 6. 3-D plot of activation rate values in a two
dimensional array (32 width by 110 length) at mid-depth
of the phantom

be uniform with a 5 cm-thick water and 3 cm-thick
graphite moderator/reflector and a 40 cm-wide
collimator aperture. Uniformity parameters are U =
=1.001 and R = 1.10. When length distribution is con-
cerned, the one phase measurement is chosen to prevent
the activation of the unexposed region of the body. Two
neutron sources with a 70 cm distance in each of the up
and down sides are employed and the length of the
collimator aperture is adjusted to 110 cm. The modera-
tor/reflector objects applied for length surfaces have
similar characteristics to the lateral ones. The U and R
values for length distribution become 1.001 and 1.20,
respectively. Whole body calculations are done for
three collimator materials. Graphite shows the smallest
U and R values (1.003 and 1.67, respectively) and the
greatest mean activation rate (1.85 -107° cm™). There-
fore, graphite is confirmed for the next configuration
studies. In more accurate calculations, the water phan-
tom s replaced by 5 year-old ORNL model. Uniformity
in the more real phantom is reduced to that of parame-
ters U=1.005 and R =12.2. So, it can be concluded that
there is a necessity for continuing studies on the unifor-
mity of anthropomorphic phantoms.
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Xamem MUPU XAKNUMABAJ]L, lare PADAT MOTABAIJIN,
Keunxangokt KAPUMMU MAXPU

YHUOPOPMHOCT JAYMHE AKTUBAIIMIE Y BUJIATEPAJIHOM IVNAA
INOCTPOJEBY 3A IBA AHTPOIIOMOP®HA ®AHTOMA

YHuhOpMHOCT aKTHBaI]j€ je HajBaXKHUjU TapaMeTap y IpojeKToBawy ypebaja 3a aHanu3y rama
3paka MHAYKOBAaHUX UH-6U60 HEYTPOHCKOM aKTuBanujoM. [IpennMuHapHa aHanu3a pacrofiese jaunHe
aKTHBAIMje y TeJy MOXKe ce cripoBecTn KopuirheteM MonTe Kapno kofgosa xao mro je MCNP. Y oBom
pajpy pa3maTpaHe cy koHdpurypanuje cucrema IVNAA ca Ba HeyTpOHCKa U3BOPa, Y LJbY NOOOJbIIAKA
YHU(OPMHOCTH jauMHE aKTHUBalMje Yy BOREHOM (paHTOMy AmMeH3mja 32 cm x 100 cm x 16 cm. Y
HajIIOBOJbHUjEM ciyuajy, napameTpu yHugopmuoctu n3noce U = 1,003 u R = 1,67, y3 cpeamy BpegHOCT
jaunne aktuBanyje of 1,85 -107° cm™. Y numby go6ujama TauHKjUX pe3yaTaTa, BOfeH! (haHTOM je 3aMeHheH
MOJIEJIOM JbY/ICKOT TeJja. Y CBOjeHH Mofesl mpefcraBba neT roguHa crap ORNI-oB ¢anTOM HcnymeH
MEKUM TKUBOM. Y OBOM CJyuajy YHyTpallkhi OpTaHu HUCY cuMyaupanu. KoHauHe BpelHOCTH mapaMeTapa
yHUPOPMHOCTH 32 0Baj Moaen u3Hoce U = 1,005, u R = 12,2.

Kwyune peuu: ynugpopmuociu jauure axiuusayuje, [VNAA ca GpomiiiHum z2ama 3payuma,
bunaitiepanna konguzypavuja, MCNP tipozZpam, paritiom




