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The design studies related to a prompt y-rays #z vive neutron activation analysis facility
are described. The designs were based on two neutron sources: 252Cf and 241Am-Be,
four collimator materials: polyethylene, 5% boric-acid doped polyethylene, graphite,
and the heavy water, two collimator shapes: pyramidal and rectangular, and two con-
figurations: unilateral and bilateral. The aim of this work was improving the unifor-
mity of the gamma production rate distribution with depth in a large biological sam-
ple. For the sample, a water phantom measuring 32 cm x 16 cm x 100 cm was
simulated. The simulations were performed by MCNPX 2.4.0 Monte Carlo code. This
study recommends the prompt y-rays IVNAA facility in the bilateral configuration
with graphite as a collimator material and 24!Am-Be as neutron source.
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INTRODUCTION

In vivo neutron activation analysis (IVNAA) has
become the “gold standard” method for the measure-
ment of certain body elements which are unique con-
stituents of body components, e. g. nitrogen in protein
and calcium in the skeleton [1-7]. IVNAA has been ap-
plied and continues to be applied as an appropriate
method in the measurement of trace body elements or
toxic ingested elements in individuals with simulta-
neous (prompt) or delayed counting [8-11]. One of the
most effective parameters on the measurement accu-
racy is the uniformity of the gamma production rate
distribution with depth, especially for large samples
such as human body [12-15]. The uniformity is the
most significant factor of measurement accuracy when
whole body counting is performed. The activation rate
depends dominantly to the thermal neutron flux. Ther-
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mal neutrons are made from moderating the fast neu-
trons, emitted from the source, during collisions with
the collimator material and body elements. The mod-
erating is principally performed by elastic scattering
from hydrogen atoms. Thermalisation and capture of
neutrons in the body induces the prompt y-rays which
would be detected. Ifthe neutron capture rate is greater
than the thermalisation rate, the thermal neutron flux
decreases with the depth of the body, while the activa-
tion rate and subsequent thermal neutron flux should
be as uniform as possible. From this view, incident fast
neutrons are necessary for large biological samples.
But such fast beams usually cause high doses in the
body and could be, consequently, unusable.

In the presented work, a prompt y-rays IVNAA
facility was simulated by MCNPX 2.4.0 [16] Monte
Carlo code. The scope of the work was to find a facility
configuration which improves the uniformity. To
study the effects of neutron source type and collimator
material and shape on the uniformity of activation rate,
24 different configurations were investigated.

MATERIALS AND METHODS

To improve the uniformity of the activation rate in
a given sample, the appropriate incident neutron spec-
trum should be obtained. The incident neutron spec-
trum depends on the source type, collimator shape and
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material properties. To study the effect of these parame-
ters, the dose calculations were performed for two fast
neutron sources: 2>>Cf and **'Am-Be and for four
collimator materials: polyethylene (CH,), 5% bo-
ric-acid doped polyethylene (CH,-B), graphite (C), and
the heavy water (D,0). The production rate of neu-
tron-induced photons (numbers per cm’s) and thermal
(E<0.5eV), epithermal (0.5 eV <E<10keV), and fast
neutron (£ > 10 keV) fluxes was also computed as a
function of depth in that part of the phantom which was
exposed to the neutron source. Neutron fluxes were es-
timated per one source neutron. Two shapes of
collimator were considered: pyramidal and rectangular.

Facility description

The schematic diagram of the prompt y-rays
IVNAA facility is shown in fig. 1. The collimator is the
inverted, rectangular pyramidal void cast in the 40 x 40 x
60 cm® block which includes the collimator material. The
neutron source is positioned at the apex of the 45 cm deep
inverted pyramid. The collimator makes a 40 x 20 cm?
aperture at the level of the bed. The aluminum bed is cen-
trally placed 50 cm above the source. A water phantom
measuring of 32 x 16 x 100 cm? is placed centrally on the
scanning bed. Two pairs of Nal(TI) detectors are posi-
tioned bilaterally to the phantom. Since the neutron
source is horizontally placed between two pairs of
Nal(T1) detectors, there is no vertical cross-section of the
facility which contains the source and the detector simul-
taneously. So, the neutron source is shown at the apex of
the pyramidal collimator void hole designated with the
dotted lines.

Phantom

4——— Photo-multiplier tube

Nal (T1)
detector

Neutron source 85cm

[ Collimator material I Lead

[E===] Concrete E==5] Borated paraffin wax

Figure 1. Schematic diagram of the prompt y-rays
IVNAA facility. The dotted lines show the pyramidal
collimator void hole. The neutron source is placed at the
apex, centrally under the phantom. The borders of the
rectangular collimator void hole are represented with
the dashed lines

Another shape of collimator studied in this work
was composed of orthogonal parallelepiped void cast
of 40 x 20 cm” cross sectional area. The borders of the
rectangular collimator void hole are represented with
the dashed lines in fig 1. The neutron source position is
fixed for both collimator shapes.

Monte Carlo simulations

MCNPX 2.4.0 code was used to simulate the
IVNAA setup and estimate the dose and neutron
fluxes. MCNP codes are general purpose, continuous
energy, generalized geometry, coupled neutron/pho-
ton/electron, and time-dependent Monte Carlo trans-
port codes. The cross-sections used in this project
were chosen from the ENDF/B-VI libraries. Also, for
neutrons below 4 eV, S(a, () the scattering treatment
was applied (MTm card).

The neutron energy spectrum of 232Cf was as-
sumed to be of a Watt distribution with the parameters
a=1.025 and b =2.926 [16]. The >>Cf prompt y-rays
spectrum was simulated, corresponding to the report
Valentine [17]. The neutron energy spectrum of
241 Am-Be source was chosen from the IAEA report
403 [18]. The 4.43 MeV prompt y-rays from '>C* were
also considered.

The specific absorbed dose rate and specific am-
bient dose-equivalent rate were estimated for neutrons
and photons by kerma assumption. In kerma approxi-
mation only the neutron and the neutron-induced pho-
ton transport is considered and the secondary charged
particles are ignored (mode np). F6 tally (track length
cell energy deposition tally) was employed for neutron
and photon specific absorbed dose rate (pGy/h Bq) es-
timations. The specific ambient dose-equivalent rate
(pSv/h Bq) was calculated using F4 tally (track length
estimate of cell flux tally) modified by DE4 and DF4
cards (dose energy and dose function) according to
conversion factors of ICRP74 [19].

The neutrons flux (1/cm’s) and the production
rate of neutron-induced photons (1/cm’s) were as-
sessed by the use of F4 neutron tally along with the E4
and appropriate FM4 multiplier cards, respectively.

RESULTS AND DISCUSSION

The main point in IVNAA method, especially
for total body scanning, is the uniformity of the sample
activation in the region of interest. So, the main aim of
this work is the study on the uniformity in different set-
ups. The data were compared on the basis of U index
which was defined as the ratio of root mean square
(rms) to the arithmetic mean of the estimated
depth-distribution of gamma production rate (activa-
tion rate):
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where x.s, X, and o, are the rms, arithmetic mean, and
the standard deviation of the depth-distribution of
gamma production rate in the phantom, respectively.

If the desirable uniformity is obtained, then the
dose data would be investigated. Tables 1 and 2 list the
results of all unilateral setups for 2>2Cf and 2*! Am-Be
neutron sources, respectively. The neutron and gamma
specific ambient (H, and H,) and absorbed (D, and
D,) dose rates together with the uniformity and ther-
mal neutron flux in the exposed region of the phantom
are recorded. For more information, the maximum to
minimum ratio of gamma production rate values is
listed as R in the uniformity column. In each table, two
collimator shapes and four collimator materials are
considered.

The preliminary calculations showed that by de-
creasing the collimator length from 45 cm, the thermal
flux increased but the gamma production rate unifor-
mity decreased. Moreover, the thermal neutron flux to
dose ratio was not significantly changed. So, the 45 cm
depth is considered for all collimator shapes and con-
figurations.

All results in this work were estimated with the
uncertainties less than 1%; therefore, the data errors
are not shown in the tables and figures. These uncer-
tainties are based on 150 million particles.

252Cf and >*' Am-Be neutron sources

Figure 2 depicts the gamma production rate ver-
sus the depth of the sample in the small cells centered
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Figure 2. Gamma production rate vs. the depth of
the sample for graphite material in the unilateral
configuration

Table 1. Effect of collimator material and shape in unilateral configuration for **' Am-Be source

Specific absorbed Specific ambient @, »
Collimator | Collimator Uniformity dose rate dose equivalent rate | @, .10 Hft 10
shape material [pGyh'Bq'] [pSvh—'Bq'] 21 T
[om™s] [em2s~!/pSvh~'Bq']
U R D, D, H, H,

CH,-B 1.10 9.32 2.68 1.06 30.60 1.11 4.15 1.31

P idal CH, 1.14 12.67 2.67 1.43 30.97 1.50 5.31 1.63
yramida C 1.18 18.47 3.61 1.75 4522 1.82 11.04 2.35
D,0 1.27 28.85 2.88 1.82 35.93 1.90 11.43 3.02

CH,-B 1.17 9.82 2.62 1.40 32.06 1.48 7.39 220

R | CH, 1.24 15.39 2.61 1.88 32.60 1.96 8.97 2.60
ectangular |~ 1.19 12.07 3.66 2.02 48.28 2.11 13.61 2.70
D,0 1.28 19.64 2.82 2.07 37.25 2.16 13.54 3.44

Table 2. Effect of collimator material and shape in unilateral configuration for **>Cf source
Specific absorbed Specific ambient @, 6
Collimator | Collimator Uniformity dose rate dose equivalentrate | g .10 —.10
shape material [pGyh'Bq '] [pSvh'Bq'] [clrlirzs*l] Hy
[em2s~!/pSvh'Bq!]
U R D, D, H, H,

CH,-B 1.12 12.47 1.69 0.92 23.60 1.04 4.66 1.89

p idal CH, 1.17 17.17 1.68 1.34 24.03 1.47 6.00 2.35
yramida C 1.21 24.15 2.29 1.65 35.54 1.78 12.45 3.34
D,0 1.29 36.46 1.78 1.75 28.17 1.89 12.51 4.16

CH,-B 1.21 14.00 1.59 1.39 24.15 1.56 8.40 3.27

1 CH, 1.29 21.85 1.58 1.95 24.89 2.13 10.37 3.84
Rectangular |~ 1.23 17.36 2.37 2.10 38.79 2.29 16.03 3.90
D,0 1.32 26.27 1.72 2.15 29.11 2.34 15.51 4.93
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above the source. The curves plotted in this figure in-
clude the activation rate for two neutron sources and
two collimator shapes. The collimator material is
graphite. As can be seen, 2*! Am-Be shows the better
uniformity than 232Cf for both collimator shapes. Ta-
bles 1 and 2 also indicate that >! Am-Be source has the
advantage of better activation rate uniformity in com-
parison with 232Cf source for other collimator materi-
als. However, thermal neutron flux and then activation
rates in all situations are higher for °>Cf. Besides, the
ambient and absorbed doses received by the phantom
for 2! Am-Be are greater than for 232Cf source.

Neutrons which are emitted from 2*'Am-Be
have higher energy than those of 232Cf. These high
neutrons guarantee the activation rate uniformity upto
8 cm depth. On the other hand, the significant part of
the neutron absorbed dose is produced by the fast ones.
Table 3 lists the normalized neutron fluxes (NNF) in
exposed region of phantom for the four ICRP energy
ranges: 0-0.01 MeV, 0.01-0.1 MeV, 0.1-2 MeV, and
2-20 MeV. Also, the normalized neutron absorbed
doses (NAD) from these neutrons are recorded for
four setups in fig. 2. Evidently, from this table, more
than 96% of the neutron absorbed dose is due to fast
neutrons (0.1-20 MeV) with less than 18% of neutron
population, for all cases. The conversion factors for
the ambient dose equivalent are greater for fast neu-
trons than for low energy neutrons. Therefore, fast
neutrons are more effective for the ambient dose
equivalent (which dominantly resulted more from
neutrons than from photons) in comparison with the
absorbed dose.

In other words, for the choice of the incident rel-
ative fast neutron flux, the compromise should be per-
formed between the uniformity and the neutron dose.
Nevertheless, due to the importance of activation uni-
formity with depth, 24! Am-Be source was chosen for
the next setup designs in this study. Another advantage
of 2! Am-Be neutron source is the long half-life of 342
years in comparison with 2.65 years of 23Cf.

Collimator material

The collimator material is very effective on the
incident neutron spectrum. It is observed from tabs. 1
and 2 that for both neutron sources and both pyrami-

dal and rectangular collimator shapes the activation
rate is more uniform when borated-polyethylene is
the collimator material. Polyethylene, graphite and
heavy water are the next selections in the pyramidal
shape. But for the rectangular configuration, graphite
shows better uniformity than polyethylene. This is
different from the report of Stamatelatos et al. [15] in
which the graphite is the best choice. It probably de-
pends on the sample size. In large samples, such as
the phantom studied in this work, the thermal neutron
flux and thereupon activation rate are sharply re-
duced, so that their values are nearly the same in deep
regions for all situations and independent of the inci-
dent flux (see, for example, fig. 2). Therefore, in-
creasing the incident thermal neuron flux increases
the distance between thermal fluxes at the shallow
and deep zones and so decreases the uniformity with
depth, while the thermal neutron flux indeed in-
creased with increasing the incident thermal flux
upto 7-8 cm depth (small samples).

Although borated-polyethylene makes the activa-
tion rate curve more uniform in comparison with other
materials, uniformity is not acceptable yet. Particularly,
R values show that the activation rates in shallow and
deep regions differ for the order of about 10.

Collimator shape: pyramidal and
rectangular

The effect of the collimator shape is investigated
in pyramidal and rectangular forms. The shape of
collimator is effective on the estimated parameter in
the phantom.

Tables 1 and 2 compare the rectangular and py-
ramidal forms in the unilateral configuration. For two
neutron sources and two materials, borated-polyethyl-
ene and polyethylene, the switch from the pyramidal to
rectangular configuration worsens U and R values. U
values have the same manner toward graphite and
heavy water, but slower. For R data this process is in-
verted.

Thermal neutron flux is increased when the rect-
angular shape is selected, for all cases. This situation
could be due to the emitted neutrons which do not
reach the collimator aperture directly. In the case of the
rectangular shape, the collimator material can moder-

Table 3. Normalized neutron absorbed dose and relative number of neutrons in exposed region of phantom for graphite

collimator material and unilateral configuration

241 Am-Be 241 Am-Be 252CF 252CF

I?\t/f%al Pyramidal Rectangular Pyramidal Rectangular
e

[ ] NAD NNF NAD NNF NAD NNF NAD NNF

0-0.01 0.003 0.790 0.003 0.811 0.005 0.839 0.006 0.858

0.01-0.1 0.017 0.029 0.018 0.028 0.029 0.030 0.032 0.028

0.1-2 0.302 0.089 0.337 0.086 0.509 0.091 0.538 0.082

2-20 0.679 0.091 0.642 0.076 0.458 0.040 0.424 0.032




H. M. Hakimabad, L. R. Motavalli: Improving the Uniformity of the Gamma Production Rate Distribution with ... 123

ate such neutrons and also reflect them toward the
body, while there is a small probability that these neu-
trons can escape from the collimator material if the
collimator shape is pyramidal.

The neutron and gamma specific ambient dose
equivalent rates and gamma absorbed doses are
greater for the rectangular than pyramidal shape, while
neutron specific absorbed dose rates, except for graph-
ite, are higher for the pyramidal shape. In spite of the
ambient dose equivalent increment, thermal neutron
flux to total ambient dose equivalent ratios increase
during the conversion from the pyramidal to rectangu-
lar form.

Up to now, for the unilateral configuration, bo-
rated-polyethylene in pyramidal collimator has the
best activation rate uniformity with U= 1.1. However,
itis not sufficient for the precise [IVNAA experiments.

Unilateral or bilateral configuration

Figure 2 represents another point: the gamma
production rate decreases to about half of its prelimi-
nary value (1 cm depth) exactly in the middle of the
sample. Then, at the end (16 cm depth), the gamma
production rate is less than 10% of the preliminary
value. This decline process inducts the use of the bilat-
eral schema, because the outcome is very uniform if
the curve of the gamma production rate vs. depth adds
to its inverse (using the same setup at the other side).
However, the conditions of the superposition principal
are not completely established in this discussion.

The new MCNP runs were performed for the bi-
lateral configuration and two 2*'Am-Be neutron
sources. These results are listed in tab. 4, in the format
of tabs. 1 and 2. Four collimator materials and two
shapes are investigated. To compare the data in tabs. 1
and 4 just upon facility configuration (unilateral/bilat-
eral), the estimations are performed for one neutron
emitted per second from both sources. The results can
be summarized as follows:

— the pyramidal shape presents more uniform acti-
vation rate distribution with depth,

— borated polyethylene shows the better uniformity
of the activation rate, followed by graphite, poly-
ethylene, and heavy water. However, there is a little
advantage of borated polyethylene over graphite,

— for R data, graphite has smaller values compared
with borated polyethylene,

— the neutron dose data are the same as unilateral
cases (the similar situations in tabs. 1 and 4). This
is reasonable because fast neutron flux which has
a dominant role in neutron doses is approximately
the same for two configurations,

— similarto tabs. 1 and 2, gamma absorbed doses are
of the order of the neutron absorbed doses in all
cases, while the ambient dose equivalents come
from neutrons more significantly than from pho-
tons,

— the rectangular configuration presents greater
thermal neutron flux and dose data. The thermal
neutron flux to specific ambient dose equivalent
rate ratio is higher in the rectangular shape be-
cause the thermal neutron flux increases more rap-
idly than the specific ambient dose equivalent rate
through switching from the pyramidal to rectan-
gular configuration, and

— though, the specific ambient dose equivalent rate
is higher for graphite, thermal neutron flux to the
specific ambient dose equivalent rate ratio is the
biggest one after heavy water data. It is due to the
great thermal neutron flux when graphite is a
collimator material. Thermal neutron flux is
greater for graphite than borated polyethylene by
the factor of 2 in both pyramidal and rectangular
forms. These data for thermal neutron flux to the
specific ambient dose equivalent rate ratio are
about 1.4 and 1.2 for the pyramidal and rectangu-
lar forms, respectively.

Figure 3 depicts the gamma production rate ver-
sus the depth of the sample for the bilateral configura-
tion. Two collimator materials (borated polyethylene
and graphite) and two collimator shapes (pyramidal
and rectangular) are considered.

It seems that the graphite is the best choice for
the collimator material because of the very good uni-

Table 4. Effect of collimator material and ahape in bilateral configuration for >*' Am-Be source

Specific absorbed Specific ambient o P
Colli - Uniformity dose rate dose equivalent rate | @, -10-3 —-10
ollimator | Collimator Rl Rl el
shape material [pGyh™'Bq [pSvh™'Bq ] [em2s71] et -1Bg-
p [em2s7!/pSvh'Bq!]
U R D, » H, H,
CH,-B 1.002 1.190 2.75 1.29 32.23 1.36 5.79 1.72
. CH, 1.008 1.418 2.72 1.64 32.36 1.71 6.71 1.97
Pyramidal C 1.002 1.185 3.47 1.83 43.59 1.91 11.22 2.47
D,0O 0.013 1.533 291 1.86 36.23 1.94 10.88 2.85
CH,-B 1.003 1.251 2.92 1.56 35.75 1.65 8.33 223
CH, 1.017 1.648 2.88 2.05 36.10 2.15 10.14 2.65
Rectangular |~ 1.004 | 1.240 4.19 2.21 5523 | 231 15.41 2.68
D,0 1.023 1.785 3.14 2.26 41.67 2.36 15.41 3.50
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Figure 3. Gamma production rate vs. the depth of the
sample for 21 Am-Be source in bilateral configuration

formity (in the pyramidal shape, the best one) and the
high thermal neutron flux to dose ratio. The pyramidal
form shows the better uniformity, but with a little risk
in uniformity the rectangular shape can decrease the
scan time due to higher thermal neutron flux and the
ratio of it to the dose. So, the bilateral pyramidal
collimator shape with graphite as a collimator material
and >*' Am-Be as a neutron source is suggested for an
IVNAA facility, especially in total body counting.
This situation with the rectangular shape has a little de-
cline in uniformity (about 0.2% in U) with about 9%
increment in the thermal neutron flux to dose ratio.

CONCLUSIONS

This paper studies the effects of the neutron
source type and collimator material and shape on the
uniformity of the activation rate distribution with
depth in a large biological sample. The dose calcula-
tions are also performed for the specific absorbed dose
rate and the specific ambient dose equivalent rate.

The 2*! Am-Be neutron source, due to its wide
fast neutron spectrum, is recommended to improve the
uniformity. Borated polyethylene as a collimator ma-
terial presents the best uniformity (the least U) in all
situations. The pyramidal collimator shape has better
results of uniformity (U and R) in comparison with the
rectangular form, in all cases. Unilateral forms do not
show acceptable uniform curves of the activation rate
with depth, so this form is not suggested, particularly
for total body scanning. Evidently, the bilateral form,
as expected, gets desirable U values for borated poly-
ethylene and graphite collimator materials. The bilat-
eral shape is necessary for total body scans. In the bi-
lateral shape, graphite as a collimator material presents
the uniformity as good as borated polyethylene, while
the thermal neutron flux and its ratio to the specific
ambient dose equivalent rate are higher for graphite.

So, the graphite is selected as the collimator material.
Between the pyramidal and rectangular forms with
graphite collimator material, one can choose the rect-
angular shape with the acceptance of about 0.2% dete-
rioration in U instead of 9% increment in the thermal
neutron flux to dose ratio.
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Xamem Mupu XAKNMABAJ, Jlane Pagar MOTABAJIN

NOBO/BIMAILE YHU®OPMHOCTHU PACIOJAEIE NNPOU3BEJIEHOT
IT'AMA 3PAYEBA IO AYBUHU BEIUKOI' BUOJOIKOI' Y30PKA
Y IVNAA IIOCTPOJEBY

Y papy cy onucane IpojeKTHE CTy/Hj€ KOje ce O[HOCE Ha TPEHYTHO ramMa 3payuehe y IOCTPOjehy 3a
UM 6UB0 HEYTPOHCKY aKTHBAIMORY aHanm3y. [IpojekToBame ce 3achuBaio Ha »>>Cf u ! Am-Be neyTponcknm
U3BOpUMA U Ha YETUPH KONMMATOPCKA MaTepHjaja: MONUETUIIEHY, TIONUETUIIEHY HATOITbEHOM 5% OOpPHOM
KHICENUHOM, IpachuTy U TEIIKOj BOAK; TaKObhe, Ha MIpaMUAAIHOM U PEKTaHTyIapHOM OOJIMKY KOJIUMAaTOpa y
YHUJIATEPAHO] W OwmiarepaiHoj KoHgurypanuju. Lnms paga je 6mo jga ce moGosbiia yHU(OPMHOCT
pacrnojiesie FHTEH3UTETa TPOU3BEIEHOT raMa 3padeHsa 110 JyOUHM BEUKOT OMOJIOUIKOT y30pKa. Kao y3opak,
CUMYJIHpaH je BOAeHU hpaHTOM AuMmeHsuje 32 cm x 16 cm x 100 cm. Cumynanuja je o6aBmbena MCNPX 2.4.0
Monte Kapio xopom. ITpoyuaBame je npenopyumno IVNAA noctpojeme ca TPeHYTHAM rama 3pauckeM,
OunaTepaiHe KOH(Urypanyje ca rpachuTHEM KOITUMaTopoM 1 2*!Am-Be HeyTpOHCKUM M3BOPOM.

Kwyune peuu: iipouseoora zama 3pauersa, 600eHu gparitiom, MCNPX ko0, akiiusauuoxa anaiusa



