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Ac ti va tion rate uni for mity is the first prop erty which is con sid ered in the de sign of a prompt
g-ray in vivo neu tron ac ti va tion anal y sis fa cil ity.  Pre lim i nary stud ies on the ac ti va tion rate dis -
tri bu tion in the body can be done by use of  Monte Carlo codes, such as the MCNP.  In this pa -
per,  dif fer ent bi lat eral con fig u ra tions of an IVNAA sys tem are con sid ered in or der to im -
prove the ac ti va tion rate uni for mity in a wa ter phan tom mea sur ing 32 cm ́  100 cm ́  16 cm.
In the best case, uni for mity pa ram e ters are U = 1.003 and R = 1.67, with the mean ac ti va tion
rate of 1.85×10–6 cm–3. In more ac cu rate cal cu la tions, the wa ter phan tom is re placed by a body
model. The model in ques tion is a 5 year-old ORNL phan tom filled with just soft tis sue. For
uni for mity stud ies, the in ter nal or gans are not sim u lated. Fi nally, uni for mity pa ram e ters in
this case are U = 1.005 and R = 12.2.
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INTRODUCTION

The prompt g-ray in vivo neu tron ac ti va tion anal -
y sis (IVNAA) method has been em ployed for body
com po si tion mea sure ments of hu mans and an i mals for 
the past forty years. At pres ent, there are only seven
IVNAA fa cil i ties around the world, built by in di vid ual 
re search groups [1]. This non-de struc tive tech nique is
a gold stan dard method for de ter min ing the to tal body
ni tro gen and one of the most pre cise ways to mea sure
other es sen tial body el e ments (such as hy dro gen, car -
bon, cal cium, etc.) [2-11]. So, the Neu tron Ac ti va tion
Re search Cen tre of Ferdowsi Uni ver sity of Mashhad
has de cided to de velop a prompt g-ray IVNAA fa cil ity. 
The three ma jor points of prompt g-ray IVNAA
method that war rant the ac cu racy of mea sure ments
are: uni for mity of ac ti va tion rate dis tri bu tion in the
body, ho mo ge ne ity in prompt g-ray de tec tion, and the
low dose re ceived by the pa tient. There fore, in the first
step, stud ies of ac ti va tion rate uni for mity in the body
are in prog ress at pres ent. Sev eral re searches were
done on the smooth ing of the ac ti va tion func tion, par -
tic u larly con cern ing depth [12-15]. How ever, less at -
ten tion was paid to the uni for mity of the ac ti va tion rate 

dis tri bu tion in the whole body. This pa per and the pre -
vi ous one [16] are re ports on de sign stud ies of an
IVNAA sys tem aimed at im prov ing the ac ti va tion rate
uni for mity. In this work, the 241Am-Be is cho sen as a
neu tron source in a bi lat eral con fig u ra tion. In or der to
ob tain the proper thick nesses of pre-mod er a tors, mod -
er a tors, and re flec tors and de ter mine the suit able
collimator ap er ture, uni for mity was in ves ti gated in
depth,  width,  and length ar rays of a wa ter phan tom
(32 cm × 100 cm × 16 cm), in sev eral set ups. Also,
collimator ma te rial was se lected on the ba sis of uni for -
mity pa ram e ters for the ac ti va tion rate dis tri bu tion in
the en tire body. Fi nally, in stead of a wa ter phan tom, an
an thro po mor phic model was cho sen. Uni for mity pa -
ram e ters for the ac ti va tion rate dis tri bu tion in the en -
tire body were es ti mated for a 5 year-old ORNL phan -
tom [17, 18]. Cal cu la tions were per formed us ing the
MCNPX 2.4.0 Monte Carlo code [19].

MATERIALS AND METHODS

Facility description

The pro to type of the prompt g-ray IVNAA fa cil -
ity is as sumed ac cord ing to the rec om men da tions of
the pre vi ous work [16]. A wa ter phan tom mea sur ing
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32 cm × 100 cm × 16 cm is ir ra di ated via a collimated
neu tron field pro duced by a bi lat eral con fig u ra tion, up
and down to the phan tom. On each side, the collimator
is an  or thogo nal  parallelepiped   void cast in a 40 cm ×
´.40 cm ´.60 cm block which in cludes the collimator
ma te rial. The 241Am-Be neu tron source is po si tioned
at the cen tre of a 45 cm deep, 20 cm × 40 cm area
graph ite collimator. The 1.5 cm thick poly eth yl ene
pre-mod er a tor is placed at 50 cm from the source (in
the lower side, it is used as a bed). Two pairs of 
NaI(Tl) de tec tors are bi lat er ally po si tioned to the
phan tom.

To es ti mate the ac ti va tion rate dis tri bu tion, the
phan tom  was  lat ticed  to  about 3.200 cells  of  4  cm ×
´.4 cm ´ 1 cm (LAT, U, and FILL cards). 

To im prove the uni for mity of the ac ti va tion rate
in the ex posed re gion of the sam ple, es pe cially along
its length and across the width, some of the sys tem’s
pa ram e ters, such as the di men sions of the collimator
ap er ture and collimator ma te rial, are changed. More -
over, mod er a tors and re flec tors are added to the phan -
tom sur faces in or der to re duce neu tron losses and in -
crease the ther mal neu tron flux near the sur faces.
Fig ure 1 in di cates the fi nal ver sion of the IVNAA fa -
cil ity de signed in this pa per.

Monte Carlo sim u la tions

The MCNPX 2.4.0 code [19] was used to sim u -
late the IVNAA setup and es ti mate the ac ti va tion rate.
MCNP codes are gen eral pur pose, con tin u ous en ergy,
gen er al ized ge om e try, cou pled neu tron/pho ton/elec -
tron and time-de pend ent Monte Carlo trans port codes. 
The cross-sec tions used in this pro ject were cho sen
from the ENDF/B-VI li brar ies. Also, for neu trons be -
low 4 eV, the S(a,   b) scat ter ing treat ment was ap plied
(MTm card). The neu tron en ergy spec trum of a
241Am-Be source was cho sen from the IAEA re port
[20]. This pa per fo cuses on ac ti va tion rate dis tri bu -
tions, thus the gamma rays from the source were ig -
nored. The pro duc tion rate of neu tron-in duced pho -
tons was as sessed by use of a F4 neu tron tally, along
with the ap pro pri ate FM4 mul ti plier card.

Uni for mity as sess ment

The uni for mity of the ac ti va tion rate in the re -
gion of in ter est should be as uni form as pos si ble. To in -
ves ti gate the ef fects of the sys tem’s pa ram e ters on uni -
for mity, ac ti va tion rates are as sessed in the cells of the
lat ticed phan tom for sev eral con fig u ra tions. The data
were com pared on the ba sis of the U in dex, de fined as
the ra tio of the root mean square (rms) to the arith me tic 
mean of the es ti mated ac ti va tion rate dis tri bu tion
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where  xrms, x and sx are the rms, arith me tic mean, and
the stan dard de vi a tion of the dis tri bu tion of  the
gamma pro duc tion rate in the phan tom, respectively.
For more in for ma tion, the max i mum-to-min i mum ra -
tio of ac ti va tion rate val ues is pre sented as R for all cal -
cu la tions.

ORNL phan tom

In or der to study the ef fects of sam ple size and
shape on the ac ti va tion rate dis tri bu tion, the wa ter phan -
tom is re placed by a more ac cu rate 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, re spec -
tively) with the wa ter phan tom, collimator ap er ture and
other parts of the IVNAA fa cil ity, in this work, this
phan tom was se lected as the sam ple.

This model was de scribed in a se ries of ORNL
math e mat i cal phan toms by Cristy and Eckerman in
1987 [17] which fol low the for mat of MIRD-type
phan toms and rep re sent adults and chil dren of six age
groups. A later, un pub lished de scrip tion, in clud ing
mod i fi ca tions to the phan tom mod els made sub se -
quent to that pub li ca tion (e. g., re fine ments in the head
and neck model) is pre sented in [18]. 

The phan tom is com posed of three ma jor sec -
tions: (1) an el lip ti cal cyl in der rep re sent ing the trunk
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Fig ure 1. Sche matic di a gram of the fi nal ver sion of the
IVNAA fa cil ity de signed in the cur rent study



and arms which can be seen in fig. 1, (2) two trun cated
cir cu lar cones rep re sent ing the legs and feet, and (3) an 
el lip ti cal cyl in der capped by a half el lip soid rep re sent -
ing the head, placed on top of a cir cu lar cyl in der rep re -
sent ing the neck. At tached to the leg sec tion, there is a
small re gion with a pla nar front sur face con tain ing the
tes tes. At tached to the trunk, por tions of two el lip soids
rep re sent fe male breasts.

For uni for mity stud ies, the in ter nal or gans were not
sim u lated and the phan tom was lat ticed to about 22.000
cells of 1 cm × 1 cm × 1 cm. The whole body is filled with
soft tis sue whose el e men tal com po si tion and den sity were
cho sen from ta ble A-1 of ORNL/TM8381 [17].

RESULTS AND DISCUSSION

Pre lim i nary cal cu la tions show that depth dis tri -
bu tions of the ac ti va tion rate for all depth ar rays (cells
with the same width and length) in the lat ticed phan -
tom ex hibit the same be hav ior. In spite of some dif fer -
ences in the val ues of the gamma pro duc tion rate, other 
pa ram e ters, such as U, show gen eral sim i lar i ties. The
same goes for width and length dis tri bu tions. Hence,
stud ies on the ef fects of collimator ap er ture size,
pre-mod er a tors, mod er a tors, and re flec tors are done
on the ba sis of the three given ar rays: a depth ar ray
which lies at the cen tre of the sam ple and at the width
and length ar rays cross ing points at the mid-depth of
the phan tom. This choice al lows us to ac quire a better
un der stand ing of the ef fects each of these vari a tions in
fa cil ity pa ram e ters have on the ac ti va tion rate dis tri bu -
tion. Be sides, the re quired time for the MCNP pro -
gram has been con sid er ably re duced. Data un cer tain -
ties, in all cases, amount to less than 3%. 

Depth distribution of the activation rate

Pre vi ously, the prompt gamma-ray IVNAA fa -
cil ity was im proved in re la tion to the uni for mity of the
depth dis tri bu tion of the ac ti va tion rate [16]. Pre-mod -
er a tors, po si tioned depth-wise next to the phan tom
sur faces, have the prin ci pal role of smooth ing depth
dis tri bu tion in the given setup. The pre-mod er a tor was
a 15 mm-thick poly eth yl ene which cov ered the up per
and lower side of the ex posed area of the phan tom.
Fig ure 2 com pares the depth-func tions of the gamma
pro duc tion rate on the ba sis of uni for mity pa ram e ters,
with and with out the pre-mod er a tor. Five pre-mod er a -
tor thick nesses are con sid ered: 5 mm, 8 mm, 10 mm,
15 mm, and 20 mm.

When the pre-mod er a tor is ab sent, ac ti va tion
rate data in sur faces bel low 1cm of the phan tom show
great dis crep an cies with other points. The pres ence of
poly eth yl ene pre-mod er a tors in creases the ther mal
flux in the sur face lay ers of the sam ple [13]. This ther -
mal flux in cre ment is caused by the slow ing down of

some of the fast in ci dent neu trons which pen e trate the
body in the ab sence of the pre-mod er a tor. Such fast
neu trons are thermalized and then cap tured in the
deeper points of the phan tom. There fore, ac ti va tion
rate in cre ment in the shal low re gions is ac com pa nied
by its in duc tion in the deeper zones. By in creas ing
pre-mod er a tor thick ness, the ther mal flux and gamma
pro duc tion rate near the sur faces are en hanced and the
ac ti va tion rate at the in ter nal part de creased. At first,
this pro cess makes uni for mity better, but only af ter
given thick ness dis tances be tween ac ti va tion rates of
deep and shal low points are in creased. In the cases
stud ied, the best thick ness was 8 mm with good uni for -
mity pa ram e ters: U = 1.001 and R = 1.16. From that
point on, all sim u la tions were done with a 8 mm thick
poly eth yl ene pre-mod er a tor.

 Collimator aperture

The ef fects of collimator ap er ture di men sions on 
the ac ti va tion rate dis tri bu tion have been in ves ti gated.
As shown in fig. 3(a), for the 20 cm × 40 cm cross-sec -
tional area, the uni for mity of width dis tri bu tion is not
sat is fac tory, be cause gamma pro duc tion de creases ex -
tremely at dis tances greater than 10 cm from the phan -
tom cen tre, while the length dis tri bu tion in the 18 cm
area around the sam ple cen tre (36 cm in length) is uni -
form, with U = 1.002, see fig. 3(b), up to the re gion of
40 cm from the cen tre, with a lin ear slope of about
3.5% rel a tive to the cen tre ac ti va tion rate. At a dis -
tance of 40 cm to 50 cm from the sam ple cen tre, the
slope de creases to about 1.3%. Judg ing by the re sults
of length dis tri bu tion, ap er ture size spec i fies the re -
gion where uni for mity is achieved. Be sides, be yond
the ap er ture, ac ti va tion de clines at an ad mis si ble rate.
If this is true, then the ac ti va tion re duc tion near the lat -
eral sur faces of the 30 cm thick phan tom is jus ti fied.
To ex am ine the idea, a 30 cm width for the ap er ture
was se lected to cover the thick ness of the phan tom.
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Fig ure 2. Ac ti va tion rate dis tri bu tions vs. the depth of the 
sam ple with their uni for mity pa ram e ters for dif fer ent
pre-mod er a tor thick nesses



Also, in or der to ex tend the uni form part of the dis tri -
bu tion length of the ac ti va tion rate func tion, a length
of 60 cm was tested. Ac cord ingly, the collimator ap er -
ture was ad justed to di men sions of 20 cm × 40 cm, 20
cm × 60 cm, 30 cm × 40 cm, and 30 cm × 60 cm. 

Ta ble 1 lists U and R val ues for depth and width
dis tri bu tions of the ac ti va tion rate. For length dis tri bu -
tions, U val ues for the three in ter vals around the body
cen tre are in tro duced as uni for mity pa ram e ters. These
in ter vals spec ify 22 cm, 26 cm, and 30 cm dis tances
from the body cen tre that, re spec tively, rep re sent 44 cm, 

52 cm, and 60 cm long re gions through out  the
mid-depth of the phan tom.

As ex pected, U and R val ues of the depth dis tri -
bu tions do not mean ing fully change in the stud ied
cases be cause these four sit u a tions dif fer only in
transversal pa ram e ters. Ta ble 1 shows that ex pand ing
the ap er ture can not, in it self, sig nif i cantly af fect width
dis tri bu tion pa ram e ters, ei ther: U val ues im prove for
about 1.3% and 1.4% in the case of 40 cm and 60 cm
long ap er tures, re spec tively. Fig ure 3(a) clearly il lus -
trates that width dis tri bu tion func tions for 30 cm wide
ap er tures are not ac cept able. The in cre ment in ap er -
ture widths in creases ac ti va tion rates less than re -
quired. For ex am ple, the larg est in cre ment of about
15% oc curred near the sur face, while the value needed
is around 70%. So, the uni for mity of the width dis tri -
bu tion of the ac ti va tion rate should be de pend ent on
other vari ables which are stud ied later.

As can be seen from fig. 3(b), length wise, ac ti va -
tion rate dis tri bu tions are con stant when length pa ram -
e ters of the fa cil ity re main un changed. Be sides, the ex -
pan sion of the ap er ture changes the shape of
dis tri bu tion func tions. As a re sult, the uni form part ex -
tends to the dis tance of up to 26 cm from the sam ple
cen tre, with U = 1.003 for 60 cm long ap er tures. Also,
be yond the uni form re gion sim i lar to the 40 cm long
ap er tures, the lin ear slopes of curves are about 3.1%
rel a tive to the cen tre ac ti va tion rate. Nev er the less, the
ac ti va tion rate of the uni form re gion is too great to be
ig nored. The 30 cm × 60 cm collimator ap er ture was
se lected for sim u la tions pre sented next; how ever the
de sired uni for mity has not been achieved, as of yet.

Transverse distribution of activation rate

Uni for mity in the ex posed re gion

Fig ure 3(a) shows that ap er ture size can not sig -
nif i cantly im prove the re duc tion of ac ti va tion rates
near the lat eral sur faces, un like the smoother length
dis tri bu tions in the 60 cm-long collimator ap er tures.
Upon fur ther re flec tion, it seems that the in trin sic dif -
fer ence be tween width and length thick nesses of the
phan tom may be the cause of this dis sim i lar ity. In
other words, the pres ence of the sam ple ma te rial be -
yond the ap er ture, as a very good mod er a tor, length -
wise, guar an tees the ther mal neu tron flux in a rel a -
tively broad in ter val. While, when width is con cerned,
neu trons are lost at the sur face of the sub ject. There -
fore, in or der to in crease the ther mal flux in this re gion
and re duce neu tron losses, mod er a tor/re flec tor ob jects 
which cover the sides of the ex posed area are in tro -
duced. The mod er a tor should be sandwiched be tween
the sam ple and the re flec tor, so as to slow down the fast 
neu trons scat tered to ward the sam ple by the re flec tor. 

To find a suit able mod er a tor/re flec tor ob ject,
wa ter (H2O) and poly eth yl ene (CH2) as mod er a tor ma -
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Fig ure 3. Ac ti va tion rate dis tri bu tions in four collimator
ap er ture sizes ver sus (a) width and (b) length of
the sam ple

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

Collimator
aperture size

[cm2]

Uniformity parameters of activation rate
distributions

Depth Width U values of the length

U R U R –22:22 –26:26 –30:30

20 ´ 40
20 ´ 60
30 ´ 40
30 ´ 60

1.001
1.001
1.001
1.001

1.14
1.16
1.16
1.16

1.072
1.070
1.057
1.056

3.30
3.26
2.83
2.85

1.005
1.001
1.005
1.001

1.014
1.003
1.013
1.002

1.030
1.006
1.028
1.005



te ri als and graph ite (C), as a re flec tor ma te rial, are ex -
am ined in dif fer ent com po si tions and thick nesses.
Fig ure 4 il lus trates some more smoothed width dis tri -
bu tions. In first sim u la tions, 30 cm × 60 cm di men -
sions are con sid ered for the collimator ap er ture. But as 
can be seen from fig. 4, the ac ti va tion rate near the sur -
faces does not in crease as ex pected, even for the most
uni form dis tri bu tion. One way to solve this prob lem is
to ex tend the collimator ap er ture width in or der to en -
hance the neu tron flux re ceived by the mod er a tor/re -
flec tor ob jects. So, new cal cu la tions were done for a
collimator ap er ture of 40 cm × 60 cm. Ta ble 2 sum ma -
rizes U and R val ues of the ac ti va tion rate dis tri bu tion
in con nec tion to the width for eleven dif fer ent mod er a -
tor/re flec tor ob jects. The data is sorted on the ba sis of
as cend ing val ues of uni for mity.

Ta ble 2 re veals that the em ploy ment of 40 cm
wide collimator ap er tures makes the width ac ti va tion
rate dis tri bu tion more uni form, with U val ues less than
1.002. It is, thus, clear from this ta ble that in spite of the
sim i lar ity be tween wa ter and poly eth yl ene data, wa ter
shows better val ues. This can, partly, be at trib uted to the 
greater den sity of wa ter (1 g per cm–3 in com par i son to
0.94 g per cm–3). Be sides, the most uni form cases have
an 8 cm-thick  mod er a tor/re flec tor ob ject. There fore, a
5 cm-thick wa ter and a 3 cm-thick graph ite mod er a -
tor/re flec tor ob ject was se lected for the next set ups. The 
collimator ap er ture width was ad justed to 40 cm.

Ac ti va tion in the un ex posed re gion

In whole body scan ning, uni for mity is nec es sary
in ac ti va tion rate dis tri bu tion at all points. It is de sir -
able to de sign a fa cil ity so that the uni for mity of the ac -
ti va tion rate is achieved en tirely in one phase. In such
states, one mea sure ment is enough. If it is not pos si ble
to at tain uni for mity in a sin gle phase, mea sure ments
should be per formed in sev eral stages. The body is di -

vided into sev eral re gions and in each step only one re -
gion of the phan tom is ir ra di ated. It is ideal that the ac -
ti va tion rate dis tri bu tion be smoothed for each phase
and, also, that the ac ti va tion in other re gions is
ignorable. The lat ter con di tion is nec es sary be cause, if
the ac ti va tion in the un ex posed re gion is con sid er able,
in duced gamma rays in that re gion will be de tected
more than once. In other words, the to tal ac ti va tion
rate dis tri bu tion, which is ob tained from all mea sure -
ments, will not be uni form. This is a prob lem that oc -
curs in all length dis tri bu tions of the ac ti va tion rate.

As shown in fig. 3(b), one can not spec ify a given
length in ter val wherein the ac ti va tion rate dis tri bu tion is
uni form and its val ues are thus greater than the outer ones.
This is true even for 40 cm-long collimator ap er tures. Ex -
tend ing the collimator ap er ture en larges the uni form re -
gion length wise, but the ac ti va tion rate be yond it also in -
creases. Hence, the aim is to de sign the prompt gamma
neu tron ac ti va tion anal y sis fa cil ity so that the en tire uni -
for mity of the ac ti va tion rate is achieved in one phase. As
can be ob served, fig. 3(b), the re duc tion of the ac ti va tion
rate, es pe cially be yond the collimator ap er ture area, de -
stroys uni for mity. Fig ure 5 shows that the 110 cm-long
collimator ap er ture is not ef fec tive. Ther mal neu tron at ten -
u a tion in cludes cap ture, scat ter ing, and in verse square law
ef fects, mak ing the 75% re duc tion in the ac ti va tion rate
near the sur faces rel a tive to its cen tre value. To re duce the
ther mal flux at ten u a tion, in each up and down part of the
fa cil ity, two sim i lar neu tron sources to ward the length,
four neu tron sources to tally, are uti lized.

At each of the points of the phan tom, ac ti va tion
rates from the two sources are su per im posed and the
min i mum value oc curs at the point most dis tant from
both sources, i. e. in the mid dle. If the ac ti va tion rate
from each source de creases  to  50% of  its  max i mum
at the mid dle point, it is ex pected that the ac ti va tion
rate dis tri bu tion within the sources dis tance will be -
come more smoothed. So, at first, for the dis tance  be -
tween the  two sources, for each of  the sides, a dis tance  
of 80 cm was se lected, based on the full width half
max i mum of the ac ti va tion rate func tion of one  neu -
tron  source.  Each source is po si tioned at a dis tance of
40 cm from the collimator cen tre along the length and
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Fig ure 4. Com par i son of width dis tri bu tions of ac ti va -
tion rates for dif fer ent con fig u ra tions with var i ous lat -
eral mod er a tor/re flec tor ob jects and two val ues of
collimator ap er ture width (30 cm and 40 cm)

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

Aperture 
width
[cm]

Moderator Graphite
thickness

[cm]

Uniformity

Material
Thickness

[cm]
U R

40
40
40
40
40
40
30
30
30
30
30

H2O
H2O
H2O
CH2

H2O
CH2

H2O
CH2

CH2

CH2

–

5
4
3
4
3
4
3
5
3
7
–

3
4
5
4
4
3
4
2
4
–
7

1.001
1.001
1.001
1.001
1.002
1.002
1.004
1.005
1.005
1.005
1.016

1.10
1.12
1.13
1.15
1.17
1.17
1.29
1.30
1.31
1.32
1.63



at a 10 cm dis tance from the sur face. But, es pe cially at
20 cm from the body cen tre, the ac ti va tion rate de -
creases (see fig. 5). Thus, the two sources be come
closer and cal cu la tions were re peated for both 70 cm
and 50 cm sources dis tances. The re duc tion of the two
sources dis tance (TSD) in creases the ac ti va tion rate in
the mid dle of the phan tom. The most smoothed func -
tion, within the 40 cm in ter val from  the  body  cen tre, 
be longs  to the fa cil ity with a 70 cm sources dis tance.
Nev er the less, ac ti va tion rate val ues near the body sur -
faces se verely de creased in all cases. The same prob -
lem oc curred in width dis tri bu tion. In this study, two
mod er a tor/re flec tor ob jects with sim i lar char ac ter is -
tics to those of the lat eral ones are ap plied for length
sur faces. Ac ti va tion rate dis tri bu tion is shown in fig. 5. 
As can be seen, ap pend ing the mod er a tor/re flec tor ob -
jects does not change the mid dle of the ac ti va tion func -
tion, while its val ues near the sur faces in crease sig nif i -
cantly. Uni for mity pa ram e ters of these sit u a tions for
the whole body length are listed in fig. 5. The re sults il -
lus trate that the ac ti va tion rate dis tri bu tion be comes
uni form (U = 1.001, R = 1.20) by the use of two
sources in each collimator and a mod er a tor/re flec tor
ob ject. The length wise de sign of the fa cil ity was ad -
justed based on the last stud ied case, namely a 70 cm
TSD and a 5 cm thick wa ter and 3 cm thick graph ite
mod er a tor/re flec tor ob ject.

Collimator material

Collimator ma te rial is the other fac tor in ves ti -
gated in this work. Poly eth yl ene (CH2), 5% bo ric-acid
doped poly eth yl ene (CH2-B), and graph ite (C) are the
three ma te ri als upon which the uni for mity of the ac ti -
va tion rate is based. All sug ges tions from the pre vi ous
sec tions were taken into ac count in the fol low ing cal -
cu la tions. In the new MCNP runs, ac ti va tion rate val -

ues are es ti mated for all cells of the lat ticed phan tom
and uni for mity pa ram e ters are cal cu lated for all data.
The re sults, sum ma rized in tab. 3, in di cate that the ac -
ti va tion rate dis tri bu tion in the body is ac cept ably uni -
form when the collimator ma te rial is graph ite or bo -
rated poly eth yl ene. Poly eth yl ene can not pro duce
gamma rays uni formly, in com par i son to the two lat ter
ma te ri als. In com par i son to bo rated poly eth yl ene,
graph ite shows lower val ues of uni for mity pa ram e -
ters. The other im por tant ad van tage of graph ite as a
collimator ma te rial is its great ac ti va tion rate. Graph ite 
shows the big gest mean ac ti va tion rate with a 100%
and 60% growth rel a tive to bo rated poly eth yl ene and
poly eth yl ene, re spec tively. There fore, graph ite re -
mains in force as a collimator ma te rial with good uni -
for mity char ac ter is tics and a great ac ti va tion rate to its
ad van tage.

ORNL phantom

The de sign of the IVNAA fa cil ity is based on a
sim ple wa ter phan tom. The dif fer ences in size and
shape be tween the phan tom and the real body def i -
nitely have a con sid er able ef fect on the ac ti va tion rate
dis tri bu tion. It is, thus, clear that a more ac cu rate
model is nec es sary for the in ves ti ga tion of uni for mity
in the body. In this work, a 5 year-old ORNL model
[17, 18] was cho sen for the role of the an thro po mor -
phic phan tom. The pa ram e ters of the fa cil ity were ad -
justed as rec om mended in this pa per. In the fi nal cal cu -
la tion, the ac ti va tion rate dis tri bu tion is es ti mated
through out the lat ticed ORNL phan tom for 22.000
cells, ap prox i mately. The said cells’ vol umes were
cho sen to be 16 times smaller than the pre vi ous ones,
be cause some re gions of the body, such as the neck,
up per part of the head and lower parts of the legs are
much less thick than some other parts of the body. It is
ex pected that the va ri ety of di men sions will re duce the
ther mal neu tron flux and ac ti va tion rate in the shal low
cells of these slight parts be cause of the re duc tion in
soft tis sue which is a very good mod er a tor. Such ef -
fects hap pened when width and length dis tri bu tions in
the wa ter phan tom were con sid ered. So, the ques tion
re mains: can mod er a tor/re flec tor ob jects re ally im -
prove uni for mity?

To find the an swer, whole body cal cu la tions by
means of an ORNL phan tom were done un der three
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Fig ure 5. Length dis tri bu tion of the ac ti va tion rate ob -
tained from one neu tron source in each up and down part 
of the fa cil ity in com par i son with the ones es ti mated for
two neu tron sources of var i ous dis tances.
Ap pend ing mod er a tor/re flec tor ob jects to the front and
back sur face of the body is also be ing con sid ered

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

Collimator
material

Uniformity parameters Mean activation rate
[10–6 cm–3]U R

C
CH2-B
CH2

1.003
1.004
1010

1.67
1.70
2.13

1.43
0.92
1.15



dif fer ent cir cum stances: (1) ac cord ing to the fi nal sug -
ges tions in the pre vi ous sec tions, (2) with out the mod -
er a tor/re flec tor ob jects, and (3) with out mod er a tor/re -
flec tor ob jects and pre-mod er a tors. Ta ble 4 lists the
uni for mity pa ram e ters for the three cases. Re sults
show that uni for mity pa ram e ters for the ORNL model,
U = 1.005 and R = 12.2, in crease in com par i son to the
wa ter phan tom. How ever, one can not ig nore the ef fect
of mod er a tor/re flec tor ob jects and pre-mod er a tors on
ac ti va tion rate uni for mity. With out mod er a tor/re flec -
tor ob jects, the ac ti va tion rate dis tri bu tion is al most
non-uni form and the re moval of pre-mod er a tors
would only worsen the sit u a tion.

For a more de tailed study, fig. 6 dis plays a 3-D
plot of ac ti va tion rate val ues in a two di men sional ar -
ray (32 width by 110 length) cross ing at the mid-depth
of the phan tom. As ex pected, the ab sence of body tis -
sue in the neck, up per part of the head and, es pe cially,
lower parts of the legs, re duces the ther mal neu tron
flux and ac ti va tion rate in these re gions. In ad di tion to
this, the re duc tion of tis sue thick ness in lat eral sides
de creases the ac ti va tion rate at the bound aries.

The use of a wa ter phan tom for im prove ment the
uni for mity led to the op ti mized IVNAA fa cil ity. The sim -
ple ge om e try of this model made fol low ing the op ti mi za -
tion pro cess easier, but there was con cern that this sim -
plic ity was far from re al ity. Ta ble 4 in di cates op ti mized
IVNAA fa cil ity in creases uni for mity of the ac ti va tion
rate dis tri bu tion in the real body, al though fur ther stud ies
are nec es sary in or der to im prove the uni for mity to the
more ac cept able level.

CONCLUSIONS

This pa per takes into con sid er ation the de sign of a 
prompt g-rays IVNAA fa cil ity aimed at im prov ing the
uni for mity of the ac ti va tion rate dis tri bu tion in large bi -
o log i cal sam ples. Ac ti va tion rate val ues are cal cu lated
in the cells of a lat ticed phan tom by us ing a MCNPX
code. The ef fect of pre-mod er a tor thick ness is  stud ied 
in  re la tion  to  both  depth  dis tri bu tion  and 8 mm thick
poly eth yl ene, with U = 1.001 and R = 1.16 se lected for
the next set ups. In or der to smooth trans verse dis tri bu -
tions, width and length, two fac tors are tested:
collimator ap er ture size and ap pend ing mod er a tor/re -
flec tor ob jects to body sur faces. Width dis tri bu tion can

be uni form with a 5 cm-thick wa ter and 3 cm-thick
graph ite mod er a tor/re flec tor and a 40 cm-wide
collimator ap er ture. Uni for mity pa ram e ters are U =
=.1.001 and R = 1.10. When length dis tri bu tion is con -
cerned, the one phase mea sure ment is cho sen to pre vent 
the ac ti va tion of the un ex posed re gion of the body. Two
neu tron sources with a 70 cm dis tance in each of the up
and down sides are em ployed and the length of the
collimator ap er ture is ad justed to 110 cm. The mod er a -
tor/re flec tor ob jects ap plied for length sur faces have
sim i lar char ac ter is tics to the lat eral ones. The U and R
val ues for length dis tri bu tion be come 1.001 and 1.20,
re spec tively. Whole body cal cu la tions are done for
three collimator ma te ri als. Graph ite shows the small est
U and R val ues (1.003 and 1.67, re spec tively) and the
great est mean ac ti va tion rate (1.85.×10–6 cm–3). There -
fore, graph ite is con firmed for the next con fig u ra tion
stud ies. In more ac cu rate cal cu la tions, the wa ter phan -
tom is re placed by 5 year-old ORNL model. Uni for mity 
in the more real phan tom is re duced to  that of pa ram e -
ters U = 1.005 and R = 12.2. So, it can be con cluded that
there is a ne ces sity for con tin u ing stud ies on the uni for -
mity of an thro po mor phic phan toms.
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Table 4. U and R values of activation rate distributions in
the ORNL phantom for three different situations

Moderator/reflector
objects

Pre-mod
Uniformity parameters

U R

Yes
No
Yes

Yes
Yes
No

1.005
1.034
1.044

12.2
19.6
24.4

Fig ure 6. 3-D plot of ac ti va tion rate val ues in a two
di men sional ar ray (32 width by 110 length) at mid-depth
of the phan tom
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Ha{em MIRI HAKIMABAD, Lale RAFAT MOTAVALI,
Keihandokt KARIMI [AHRI

UNIFORMNOST  JA^INE  AKTIVACIJE  U  BILATERALNOM  IVNAA
POSTROJEWU  ZA  DVA  ANTROPOMORFNA  FANTOMA

Uniformnost aktivacije je najva`niji parametar u projektovawu ure|aja za analizu gama
zraka indukovanih in-vivo neutronskom aktivacijom. Preliminarna analiza raspodele ja~ine
aktivacije u telu mo`e se sprovesti kori{}ewem Monte Karlo kodova kao {to je MCNP. U ovom
radu razmatrane su konfiguracije sistema IVNAA sa dva neutronska izvora, u ciqu poboq{awa
uniformnosti ja~ine aktivacije u vodenom fantomu dimenzija 32 cm ´ 100 cm ´ 16 cm. U
najpovoqnijem slu~aju, parametri uniformnosti iznose U = 1,003 i R = 1,67, uz sredwu vrednost
ja~ine aktivacije od 1,85 ×10–6 cm–3. U ciqu dobijawa ta~nijih rezultata, vodeni fantom je zamewen
modelom qudskog tela. Usvojeni model predstavqa pet godina star ORNI-ov fantom ispuwen
mekim tkivom. U ovom slu~aju unutra{wi organi nisu simulirani. Kona~ne vrednosti parametara
uniformnosti za ovaj model iznose U = 1,005, i R = 12,2.

Kqu~ne re~i: uniformnost ja~ine aktivacije, IVNAA sa promptnim gama zracima,
..........................bilateralna konfiguracija, MCNP pro gram, fantom


