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In this ar ti cle, we pres ent a novel method to cal cu late the num ber buildup fac tor for ar bi trary
ma te ri als in gamma-ray trans mis sion mea sure ments us ing a nar row beam ge om e try. The
MCNP6 code was used to sim u late pho ton trans port within a collimated trans mis sion con -
fig u ra tion, which in cluded a NaI(Tl) scin til la tion de tec tor paired with a 137Cs or 60Co ra dio -
ac tive source. From these sim u la tions, the num ber buildup fac tor val ues were com puted for
var i ous ma te ri als at gamma-ray en er gies of 661.7 keV, 1173.2 keV, and 1332.5 keV, with sam -
ple thick nesses rang ing from 0.1-7.0 cm. At each spe cific gamma-ray en ergy and ma te rial, the
num ber buildup fac tor val ues ex hib ited a strong lin ear re la tion ship with the sam ple thick ness. 
Fur ther more, the slope of these lin ear re la tion ships can be ex pressed as a prod uct of mass den -
sity and a cu bic poly no mial func tion of the atomic num ber. Based on these find ings, we de vel -
oped a fit ting for mula to cal cu late the num ber buildup fac tor us ing the in put vari ables of sam -
ple thick ness, mass den sity, and atomic num ber. The ac cu racy of the fit ting for mula was
eval u ated by com par ing its re sults with num ber buildup fac tor val ues com puted by MCNP6
code. The com par i son showed rel a tive de vi a tions be low 1 % for all the in ves ti gated cases,
dem on strat ing the high ac cu racy and re li abil ity of the fit ting for mula.

Key words: gamma-ray trans mis sion, Monte Carlo sim u la tion, MCNP6,
NaI(Tl) de tec tor, nar row beam ge om e try, num ber buildup fac tor

IN TRO DUC TION

Gamma-ray trans mis sion (GT) tech nique is ex -
ten sively used in non-in va sive and non-de struc tive
meth ods to mea sure the prop er ties of ma te ri als. The
sig nif i cance of this tech nique has been well ac knowl -
edged across var i ous ap pli ca tions, in clud ing in dus trial 
qual ity con trol, ag ri cul ture, and ra di a tion pro tec tion.
In in dus trial qual ity con trol, the GT tech nique is cru -
cial for ac cu rately de ter min ing the thick ness [1-4],
den sity [5-8], and po ros ity [9, 10] of sam ples. This
helps to en hance pro duc tion ef fi ciency and en sures
that in dus trial prod ucts con sis tently meet strin gent
qual ity stan dards. In ag ri cul ture, the GT tech nique is
an ef fi cient tool for analysing soil pa ram e ters [11-13].
It pro vides valu able in sights into soil char ac ter is tics,
aid ing in the op ti mi za tion of ag ri cul tural prac tices.
Ra di a tion pro tec tion has be come a cru cial topic in re -
cent years, fo cus ing on en sur ing safe en vi ron ments

and min i miz ing ra di a tion ex po sure risks for those
work ing with nu clear re ac tors, ra dio ther apy fa cil i ties,
and nu clear waste man age ment. Con se quently, re -
search ers are ac tively de vel op ing dif fer ent ma te ri als
to im prove shield ing against gamma rays [14-21]. In
these stud ies, the GT mea sure ments were used to de -
ter mine the mass at ten u a tion co ef fi cient (MAC) at
gamma-ray en er gies of 661.7 keV, 1173.2 keV, and
1332.5 keV. The MAC is a fun da men tal pa ram e ter for
eval u at ing the gamma-ray shield ing prop er ties, help -
ing re search ers to iden tify ma te ri als with su pe rior
shield ing ca pa bil i ties.

In the GT mea sure ments, gamma rays with an
en ergy E0 are typ i cally collimated into a nar row beam
as they tra verse through the ab sorb ing me dium. A por -
tion of these gamma rays will un dergo in ter ac tions
such as pho to elec tric ab sorp tion, Compton scat ter ing,
Ray leigh scat ter ing, and pair pro duc tion within the
me dium, while the re main der, known as trans mit ted
gamma rays, pass through with out any in ter ac tion.
Sec ond ary pho tons, in clud ing an ni hi la tion gamma
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rays, flu o res cence X-rays, and scat tered gamma rays,
may reach the de tec tor. In par tic u lar, Compton or Ray -
leigh scat tered gamma rays with small an gles have en -
er gies close to E0, mak ing them in dis tin guish able from 
the trans mit ted gamma rays due to en ergy res o lu tion
lim its of de tec tor. Pre vi ous stud ies [22, 23] have found 
that the in flu ence of scat tered gamma rays can not be
ig nored in GT mea sure ments, even with nar row beam
ge om e tries, for gamma-ray en er gies in the ranges of
8-60 keV and 661.7-1332.5 keV. Ad di tion ally, these
stud ies con cluded that dis crep an cies be tween mea -
sured and com puted val ues of the MAC are due to the
in ter mix ing of scat tered gamma rays with trans mit ted
gamma rays reach ing the de tec tor. There fore, care -
fully con sid er ing the con tri bu tion of scat tered gamma
rays is es sen tial to en sure the pre ci sion of mea sured re -
sults in ap pli ca tions uti liz ing the GT tech nique.

The con cept of the buildup fac tor was first in tro -
duced by White [24]. De pend ing on the phys i cal quan -
tity of in ter est, buildup fac tor can be clas si fied into
four cat e go ries: num ber buildup fac tor (NBF), ex po -
sure buildup fac tor (EBF), en ergy ab sorp tion buildup
fac tor (EABF), and dose buildup fac tor [25]. From the
per spec tive of ap ply ing the GT tech nique to non-de -
struc tive test ing, the (NBF) is used to ac count for the
con tri bu tion of scat tered gamma rays to the to tal in ten -
sity of gamma rays with en er gies ap prox i mately E0
reach ing the de tec tor. It is de fined as the ra tio of the to -
tal in ten sity of gamma rays (trans mit ted plus scat tered
gamma rays) to the in ten sity that would be cal cu lated
if only the trans mit ted gamma rays were pres ent. In ap -
pli ca tions re quir ing high pre ci sion, the NBF is added
as a cor rec tion fac tor to the Lam bert-Beer law, en -
abling ac cu rate de scrip tions of the re la tion ship be -
tween peak ar eas in mea sured spec tra and the prop er -
ties of the sam ples un der ex am i na tion. There fore,
de vel op ing a con ve nient and ef fec tive method to cal -
cu late the NBF for GT mea sure ments with nar row
beam ge om e try is es sen tial.

Monte Carlo sim u la tion is one of the most re li -
able meth ods for cal cu lat ing the NBF. The MCNP
code, which is de vel oped based on the Monte Carlo
sim u la tion method, has been widely uti lized to com -
pute buildup fac tors for var i ous geo met ri cal con fig u -
ra tions, ma te rial types, and gamma-ray en er gies
[26-28]. Over the years, Los Alamos Na tional Lab o ra -
tory has con tin u ously up graded the MCNP code, re -
leas ing new ver sions that in cor po rate ad di tional fea -
tures, pro vide more de tailed de scrip tions of phys i cal
in ter ac tions, and up date the da ta bases [29]. There fore, 
the MCNP code, par tic u larly the lat est ver sions, is an
ex cel lent choice for com put ing the NBF us ing Monte
Carlo sim u la tion method. How ever, Monte Carlo sim -
u la tions re quire long com pu ta tion times. For ex am ple, 
com plet ing the sim u la tion for one of our MCNP in put
files us ing a com puter with an Intel® Core™ i9 Pro -
ces sor takes ap prox i mately five days. Such long com -
pu ta tion times make the Monte Carlo sim u la tion

method un suit able for cal cu lat ing NBF across ar bi -
trary cases with vari a tions in ma te rial type, ab sorp tion
thick ness, and gamma-ray en ergy. In stead, this
method should be re served for spe cific cases, which
can then be used to cre ate a ref er ence da ta base for
broader ap pli ca tions.

One so lu tion to the above prob lem is to de velop
fit ting for mu las based on ex ist ing data, en abling the
con ve nient and rapid cal cu la tion of NBF for var i ous
sce nar ios. In the past, re search ers have pro posed sev -
eral fit ting for mu las, such as the Tay lor form [30],
Berger form [31], and Geo met ric Pro gres sion form
[32], to cal cu late buildup fac tors for the ge om e try of a
point iso tro pic source in an in fi nite ho mo ge neous me -
dium. How ever, these for mu las are un suit able for GT
mea sure ments us ing nar row beam ge om e tries. To the
best of our knowl edge, very few stud ies have fo cused
on eval u at ing buildup fac tors in nar row beam ge om e -
tries. This gap in re search may lead to un der es ti mat ing
the in flu ence of the buildup fac tors, which is of ten as -
sumed to be equal to 1 in such ge om e tries. It should be
em pha sized that this as sump tion is un re al is tic be cause
most prac ti cal ge om e tries can not elim i nate the con tri -
bu tion of scat tered gamma rays, as dem on strated in
stud ies [21, 22]. Fur ther more, we were un able to find
any fit ting for mu las for the buildup fac tors in nar row
beam ge om e tries in the ex ist ing lit er a ture.

In the pres ent study, we in tro duce a novel
method that com bines Monte Carlo sim u la tion with
fit ting for mula to cal cu late the NBF for ar bi trary ma te -
ri als in GT mea sure ments us ing nar row beam ge om e -
try. Ini tially, the MCNP6 code is used to com pute the
NBF for var i ous ma te ri als at gamma-ray en er gies of
661.7 keV, 1173.2 keV, and 1332.5 keV, with sam ple
thick nesses rang ing from 0.1-7.0 cm. The sim u la tion
re sults pro vide prac ti cal in sights into NBF val ues
across dif fer ent ma te rial types, thick nesses, and
gamma-ray en er gies. Sub se quently. The NBF val ues
for sin gle-el e ment ma te ri als serve as a ref er ence da ta -
base for de vel op ing a fit ting for mula. This for mula en -
ables the rapid cal cu la tion of the NBF based on in put
vari ables such as thick ness, mass den sity, and ef fec -
tive atomic num ber. The ac cu racy of the fit ting for -
mula is eval u ated by com par ing its re sults with NBF
val ues com puted by MCNP6 code for ma te ri als not in -
cluded in the da ta base.

MA TE RI ALS AND METH ODS

The o ret i cal back ground

In this sec tion, we pres ent the o ret i cal back ground 
to un der stand the re la tion ship be tween the NBF and the
prop er ties of the sam ple, in clud ing thick ness, mass den -
sity, and com po si tion. For GT mea sure ments us ing nar -
row beam ge om e try, the gamma rays with en er gies ap -
prox i mately E0 reach ing the de tec tor con sist of two
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com po nents: the trans mit ted gamma rays and the scat -
tered gamma rays. Be fore reach ing the de tec tor, the
scat tered gamma rays may un dergo ei ther sin gle
Compton or Ray leigh scat ter ing, or mul ti ple Compton
and Ray leigh scat ter ing within the sam ple. It should be
noted that the prob a bil ity of gamma rays un der go ing
mul ti ple scatterings while re tain ing en er gies of ap prox -
i mately E0 and then reach ing the de tec tor is very low.
There fore, in the the o ret i cal for mu las, we only con sider 
the con tri bu tion of gamma rays that have un der gone
sin gle Compton or Ray leigh scat ter ing.

The in ten sity of the trans mit ted gamma rays, de -
noted as ITran, can be ex pressed by the Lam bert-Beer law.

I I m E d
Tran e 

0
0m r( ) (1)

Fig ure 1 il lus trates the sin gle Compton or Ray -
leigh scat ter ing at point P within the sam ple. Here,
point P acts as a source emit ting sec ond ary gamma
rays. The in ten sity of Compton and Ray leigh scat tered 
gamma rays trav el ing from point P to the de tec tor, de -
noted as dIScat, is cal cu lated by eq. (2)
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where I0 is the in ten sity of the in ci dent gamma rays, mm –
the MAC of the sam ple, r and d are the mass den sity and
thick ness of the sam ple, re spec tively, x and x are the path
lengths of in ci dent gamma rays and scat tered gamma
rays within the sam ple, re spec tively, dx – the dif fer en tial
path length of the in ci dent gamma rays from point P, dur -

ing which scat tered gamma rays are emit ted, 
( )d ds qa

C W  and  ( )d ds qa
R W  are the dif fer en tial cross

sec tions of Compton scat ter ing and Ray leigh scat ter ing
with a scat ter ing an gle q, re spec tively, W – the solid an gle 
sub tended by the de tec tor at point P, and dW – the dif fer -
en tial solid an gle around scat tered gamma rays with a
scat ter ing an gle q, A – the atomic weight, NA is Avo ga -
dro's con stant, E0 – the en ergy of the in ci dent gamma rays 
and the Ray leigh scat tered gamma rays, E – the en ergy of
the Compton scat tered gamma rays.

The in ten sity of Compton and Ray leigh scat -
tered gamma rays reach ing the de tec tor, de noted as
IScat, is cal cu lated by in te grat ing dIScat over the en tire
thick ness of the sam ple
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In eq. (3), the term W is a func tion de pend ent on
x, the sam ple-to-de tec tor dis tance (de noted as L), and
the di am e ter of the de tec tor collimator (de noted as D),
which is given by eq. (4)
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with a given sam ple thick ness, W var ies over a range
from D d L2 24[ ( ) ]  sr to D L2 24( ) sr.
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Fig ure 1. Il lus tra tion of a sin gle Compton or Ray leigh scat ter ing in
GT mea sure ments us ing nar row beam ge om e try



The pres ence of these vari ables com pli cates the
integrals in eq. (3), mak ing it im pos si ble to rep re sent
them us ing an a lyt i cal ex pres sions. How ever, eq. (3) can
be sim pli fied if the mea sure ment ge om e try meets the fol -
low ing con di tions (i) L  d and (ii) L  D. When con di -
tion (i) is sat is fied, W can be treated as a con stant with its
value ap prox i mately equal to D L2 24( ). When con di -
tion (ii) is sat is fied, the scat ter ing an gle qmax ap proaches
0. This means that only gamma rays scat tered at very
small an gles can reach the de tec tor. Con se quently, we
can use the ap prox i mate ex pres sions (5)-(7)
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Ap ply ing the above ap prox i ma tions to eq. (3),
we have eq. (8)
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The to tal in ten sity of gamma rays with en er gies
ap prox i mately E0 reach ing the de tec tor, de noted as I,
can be cal cu lated us ing eq. (9)
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Fi nally, the re la tion ship be tween the NBF (de -
noted as B) and the sam ple prop er ties can be ex pressed 
as eq. (10)
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For sin gle-el e ment ma te ri als with atomic num -
ber Z, the Compton scat ter ing cross sec tion is pro por -

tional to Z, while the Ray leigh scat ter ing cross sec tion
is pro por tional to Z2 [33]. In ad di tion, the ra tio of
atomic num ber to atomic weight (Z/A) var ies with Z, as 
shown in fig. 2. The atomic weights of var i ous el e -
ments with Z rang ing from 2 to 100 are sourced from
ref er ence [34]. Con se quently, for a fixed GT ge om e -
try, the term k can be con sid ered a func tion of Z.

For multi-el e ment ma te ri als such as al loys, mix -
tures, and com pounds, the atomic num ber is re placed
by a pa ram e ter known as the ef fec tive atomic num ber,
de noted as Zeff. This pa ram e ter is typ i cally cal cu lated
by tak ing into ac count the pro por tion of each el e ment
in a ma te rial and their re spec tive atomic num bers, re -
sult ing in a sin gle rep re sen ta tive value. In ra di a tion
phys ics, Zeff is cru cial for re flect ing the over all be hav -
iour of a multi-el e ment ma te rial in terms of in ter ac tion
with ra di a tion. Nu mer ous the o ret i cal ex pres sions for
cal cu lat ing the Zeff are avail able in the lit er a ture
[35-38]. In this study, we ap ply eq. (12) to de ter mine
Zeff and eval u ate its ap pli ca bil ity in cal cu lat ing the
NBF.
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where wi, Zi, and Ai are the weight frac tion, atomic num -
ber, and atomic weight of the i-th el e ment, re spec tively,
n – the num ber of el e ments pres ent in the ma te rial.

Monte Carlo sim u la tions

We used the MCNP6 code to sim u late pho ton
trans port  within  a  GT  con fig u ra tion,  as  de scribed  in
fig. 3. This sim u la tion con fig u ra tion was de signed to rep -
li cate our ac tual GT sys tem, with de tailed in for ma tion
pro vided in a pre vi ous study [4]. In the sim u la tions, the
source is set to emit pho tons at an en ergy of 661.7 keV
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Fig ure 2. The vari a tion of the ra tio of atomic num ber to
atomic weight with re spect to atomic num ber [34]



for 137Cs, or at both 1173.2 keV and 1332.5 keV for 60Co. 
A model of the NaI(Tl) scin til la tion de tec tor was es tab -
lished based on the op ti mized pa ram e ters from our pre vi -
ous study [39]. De tailed phys ics of the pho ton in ter ac -
tions, en com pass ing pho to elec tric ef fect, in co her ent
scat ter ing, co her ent scat ter ing, pair pro duc tion, brems -
strah lung pho ton and flu o res cence emis sion fol low ing
pho to elec tric ab sorp tion, were in cluded in the sim u la -
tions. The da ta bases for pho ton in ter ac tions and atomic
re lax ation are sourced from ENDF/B-VI.8. The cut-off
en ergy for pho ton trans port was set at 1 keV. To achieve
good sta tis ti cal ac cu racy with un cer tain ties be low 0.5 %
for the data of in ter est, each sim u la tion emit ted 10 bil lion
pho tons from the source.

The F8 tally, avail able in the MCNP6 code, was
em ployed to ob tain the pulse height dis tri bu tion spec -
tra for the NaI(Tl) de tec tor in the sim u la tion con fig u -
ra tion. Ad di tion ally, the sim u la tions in te grated cru cial
char ac ter is tics of ex per i men tal spec tra ob tained from
an ac tual NaI(Tl) scin til la tion de tec tor, in clud ing the
po si tion and width of the peaks. It should be em pha -
sized that the pre vi ous study [4] con firmed an ex cel -
lent agree ment be tween the ex per i men tal spec tra and
the sim u lated spec tra. This in di cates that the re sults
ob tained from this sim u la tion con fig u ra tion are fully
ap pli ca ble to the real GT sys tem.

To ob tain di verse data for eval u at ing the NBF,
we con ducted sim u la tions on 32 dif fer ent sam ple ma -
te rial types. This in cluded 24 sin gle-el e ment ma te ri als
with atomic num bers rang ing from 3 to 83 and 8

multi-el e ment ma te ri als with ef fec tive atomic num -
bers rang ing from 12.70 to 74.27. The atomic num ber
and mass den sity of the sin gle-el e ment ma te ri als are
given in tab. 1. The com po si tion, el e men tal weight
frac tion, ef fec tive atomic num ber, cal cu lated by eq.
(12), and mass den sity of the multi-el e ment ma te ri als
are pre sented in tab. 2. For each ma te rial type, the sam -
ples have di men sions of 10 cm × 15 cm, with thick -
nesses of 0.1 cm, 0.5 cm, 1.0 cm, 1.5 cm, 2.0 cm, 2.5
cm, 3.0 cm, 3.5 cm, 4.0 cm, 4.5 cm, 5.0 cm, 5.5 cm, 6.0
cm, 6.5 cm, and 7.0 cm. The sam ple was po si tioned
per pen dic u lar to the gamma-ray beam, with a sam -
ple-to-de tec tor dis tance of 10 cm. Ad di tion ally, sim u -
la tions were also per formed with out a sam ple pres ent
be tween the source and the de tec tor.

Cal cu la tion of the num ber buildup
fac tor us ing sim u la tion data

To cal cu late the NBF, it is es sen tial to know both
the to tal in ten sity of gamma rays (in clud ing trans mit ted
and scat tered gamma rays) and the in ten sity of the trans -
mit ted gamma rays. The to tal in ten sity of gamma rays
reach ing the de tec tor can be de ter mined by analysing the
ar eas un der the rel e vant peaks in the sim u lated spec tra
and ap ply ing the full-en ergy peak ef fi cien cies of the de -
tec tor. How ever, from the sim u lated spec tra, we can not
sep a rately es ti mate the in ten si ties of only trans mit ted
gamma rays or only scat tered gamma rays.
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Fig ure 3. Sim u la tion
con fig u ra tion of the GT
sys tem in this study

Ta ble 1. Atomic num ber and mass den sity of sin gle-el e ment ma te ri als used in the Monte Carlo sim u la tions

Ma te rial Atomic num ber Mass den sity [gcm–3] Ma te rial Atomic num ber Mass den sity [gcm–3]
Lith ium 3 0.534 Nickel 28 8.902

Be ryl lium 4 1.848 Cop per 29 8.96
Car bon 6 2.0 Zinc 30 7.14
So dium 11 0.971 Ger ma nium 32 5.323

Mag ne sium 12 1.74 Zir co nium 40 6.506
Alu mi num 13 2.699 Tin 50 7.31

Sil i con 14 2.33 Ter bium 65 8.229
Scan dium 21 2.989 Thu lium 69 9.321
Ti ta nium 22 4.54 Lutetium 71 9.84

Man ga nese 25 7.44 Haf nium 72 13.31
Iron 26 7.874 Lead 82 11.35

Co balt 27 8.9 Bis muth 83 9.747



To ad dress this is sue, we as sume that high-en ergy
gamma rays are not sig nif i cantly at ten u ated when trav el -
ing through dry air. In deed, the lin ear at ten u a tion co ef fi -
cients of gamma rays with en er gies of 661.7 keV, 1173.2
keV, and 1332.5 keV in dry air are 0.000093 cm–1,
0.000071 cm–1, and 0.000066 cm–1, re spec tively. These
very low val ues in di cate that the in ten sity of the gamma
rays will not change sig nif i cantly af ter trav el ing 35 cm
from the source to the de tec tor through dry air. There -
fore, the in ten sity of the gamma rays reach ing the de tec -
tor in the ab sence of a sam ple can be con sid ered equal to
the in ten sity of the in ci dent gamma rays (I0). Un der this
as sump tion, eq. (9) can be re writ ten to yield eq. (13)

N I t I t B N Bm md d   e e m r m r
0 0( ) ( )e e (13)

where N and N0 are the ar eas un der the rel e vant peaks in
the sim u lated spec tra ob tained with and with out a sam -
ple, re spec tively, e – the full-en ergy peak ef fi ciency of
the de tec tor, t – the spec trum ac qui si tion time.

Con se quently, the NBF can be cal cu lated by

B
N

N m d



0e m r

(14)

The un cer tainty of the NBF, de noted as sB, is de -
ter mined ac cord ing to the law of un cer tainty prop a ga -
tion

 s s s
m r m rB d N d N

N

N

Nm m
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0
2 2

2
2

0
4 2

2
0( ) ( )e e

(15)

where sNand sN2
are the un cer tain ties of N and  N0, re -

spec tively. Here, sN N 389.  and sN N
0

389 . 0.
It should be noted that the val ues of µm, r and d have no 
un cer tain ties. Con se quently, in eq. (15), we only con -
sider the un cer tain ties of N and N0.

To cal cu late the NBF and its un cer tainty us ing
eqs. (14) and (15), it is nec es sary to know the MAC
val ues of the ma te ri als un der ex am i na tion. In this
study, we used the XCOM web pro gram, de vel oped by 
NIST [40], to cal cu late the MAC at gamma-ray en er -
gies of 661.7 keV, 1173.2 keV, and 1332.5 keV.

Be sides, we analysed the sim u lated spec tra to
de ter mine the ar eas un der the rel e vant peaks. For the
661.7 keV peak of the 137Cs source, we se lected a re -
gion of in ter est (ROI) span ning from the chan nel 823
to the chan nel 974 in each spec trum, as il lus trated in
fig. 4(a). In the cases of the 60Co source, the ROI
spanned from the chan nel 1465 to chan nel 1664 for the 
1173.2 keV peak and from the chan nel 1666 to the
chan nel 1879 for the 1332.5 keV peak, as il lus trated in
fig. 4(b). The ar eas un der the rel e vant peaks were then
de ter mined by sum ming the counts within each ROI.
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Ta ble 2. Com po si tion, ef fec tive atomic num ber, and mass den sity of multi-el e ment ma te ri als used in the
Monte Carlo sim u la tions

Ma te rial Com po si tion (Zi – wi)
Ef fec tive atomic

num ber
Mass den sity

[gcm–3]
Sil i con car bide 6-0.299547, 14-0.700453 12.70 3.21

7075-T6 alu mi num al loy 12-0.025, 13-0.8925, 14-0.00234, 22-0.00117, 24-0.0023,
25-0.00176, 26-0.00293, 29-0.016, 30-0.056 16.27 2.81

Ti ta nium car bide 6-0.200548, 22-0.799452 20.51 4.94

321 stain less steel 6-0.0008, 14-0.01, 15-0.00045, 16-0.0003, 22-0.0015, 24-0.18,
25-0.02, 26-0.67695, 28-0.11 25.81 8.0

NRX 600 (Ni-Cr-Fe al loy) 24-0.15, 26-0.08, 28-0.77 27.34 8.55
C27000 cop per al loy 26-0.0007, 29-0.6575, 30-0.3408, 82-0.001 29.59 8.47
Bis muth germanate 8-0.154126, 32-0.17482, 83-0.671054 72.89 7.13

Lead tungstate 8-0.140642, 74-0.404011, 82-0.455347 74.27 8.24

Fig ure 4. The re gions of in ter est in the sim u lated spec tra
for: (a) 137Cs source and (b) 60Co source



RE SULTS AND DIS CUS SIONS

De vel op ment of a fit ting for mula
for cal cu lat ing the num ber buildup fac tor

Us ing data ob tained from the Monte Carlo sim u la -
tions, we cal cu lated the NBF and its un cer tainty for var i -
ous ma te rial types, sam ple thick nesses, and gamma-ray
en er gies. Sub se quently, for a given gamma-ray en ergy,
we analysed the vari a tion trends of the NBF with re spect
to sam ple thick ness, mass den sity, and atomic num ber of
the ma te rial. Based on these trends, we pro posed a fit ting
for mula to cal cu late the NBF.

Fig ure 5 shows the val ues of the NBF for sin gle-el -
e ment ma te ri als at an en ergy of 1173.2 keV, across the
sam ple thick nesses rang ing from 0.1 cm to 7.0 cm. Sim i -
lar re sults are also ob served at the en er gies of 661.7 keV
and 1332.5 keV. The NBF val ues start at ap prox i mately 1 
for small sam ple thick nesses and in crease lin early as the
sam ple thick ness in creases. This trend is con sis tent for
all ma te rial types and gamma-ray en er gies ex am ined.
No ta bly, this find ing agrees with the the o ret i cal back -
ground out lined in eq. (10), which shows a lin ear re la -
tion ship be tween the NBF and the sam ple thick ness.

Based on the previous anal y sis, we em ployed the 
least-squares method to fit the NBF val ues against
sam ple thick ness for sin gle-el e ment ma te ri als us ing
the lin ear func tion

B SdFiting  1 (16)

Here, the sym bol BFit ting is used to dis tin guish it
from the sym bol B in eq. (14); and S is a fit ting pa ram e -
ter that rep re sents the slope of the lin ear re la tion ships.
Val ues of the pa ram e ter S and its un cer tainty are de ter -
mined by the least-squares method.

The re sults show a good agree ment be tween the
data points and the lin ear fit ting lines, with R2 ap prox i -
mately 1.0 for all the in ves ti gated cases. In ad di tion, the
av er age rel a tive de vi a tions (RD) be tween the NBF val -
ues and the fit ting val ues are 0.11 %, 0.05 %, and 0.04 % 
for gamma-ray en er gies of 661.7 keV, 1173.2 keV, and
1332.5 keV, re spec tively.

Be sides, tab. 3 pres ents val ues of the pa ram e ter S
and its uncertainties for the sin gle-el e ment ma te ri als at 
gamma-ray en er gies of 661.7 keV, 1173.2 keV, and
1332.5 keV. We ob serve a fol low ing trend: as the mass
den sity and atomic num ber of the ma te ri als in crease,
value of the pa ram e ter S also in creases. This trend is
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Fig ure 5. De pend ence of the NBF on the sam ple thick ness for
sin gle-el e ment ma te ri als at an en ergy of 1173.2 keV



en tirely con sis tent with the the o ret i cal back ground.
In deed, by com par ing eq. (10) and eq. (16), we can de -
rive eq. (17)

S k f Z r r( ) (17)

It is known that the term k is a func tion of the
atomic num ber Z, de noted as f (Z). There fore, the pa -
ram e ter S is pro por tional to both the mass den sity r
and the func tion f (Z). This re la tion ship ex plains the

ob served trend. To de ter mine the form of the func tion f 
(Z), we ex am ined the vari a tion of the S/r ra tio with Z
for gamma-ray en er gies of 661.7 keV, 1173.2 keV, and
1332.5 keV, as shown in fig. 6. Sub se quently, we iden -
ti fied the cu bic poly no mial func tion as the most suit -
able choice for fit ting these data

S A A Z A Z A Zr    0 1 2
2

3
3 (18)
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Ta ble 3. Val ues of the pa ram e ter S and its un cer tainty for the sin gle-el e ment ma te ri als at gamma-ray
en er gies of 661.7 keV, 1173.2 keV, and 1332.5 keV

Ma te rial Val ues of S [cm–1] at 661.7 keV Val ues of S [cm–1] at 1173.2 keV Val ues of S [cm–1] at 1332.5 keV
Lith ium 0.000304 (2) 0.000604 (6) 0.000364 (4)

Be ryl lium 0.000886 (5) 0.00198 (1) 0.00114 (1)
Car bon 0.001180 (4) 0.00250 (1) 0.00139 (1)
So dium 0.000697 (2) 0.00119 (1) 0.000714 (8)

Mag ne sium 0.001250 (5) 0.00216 (1) 0.00125 (1)
Alu mi num 0.001910 (7) 0.00331 (1) 0.00191 (1)

Sil i con 0.001810 (5) 0.00304 (1) 0.00177 (1)
Scan dium 0.00270 (1) 0.00386 (1) 0.00230 (2)
Ti ta nium 0.00411 (2) 0.00592 (1) 0.00349 (3)

Man ga nese 0.00730 (3) 0.01005 (2) 0.00574 (5)
Iron 0.00819 (3) 0.01104 (2) 0.00640 (5)

Co balt 0.00942 (3) 0.01260 (2) 0.00724 (5)
Nickel 0.01026 (3) 0.01340 (3) 0.00782 (5)
Cop per 0.01015 (3) 0.01291 (2) 0.00755 (5)

Zinc 0.00865 (3) 0.01049 (2) 0.00624 (6)
Ger ma nium 0.00637 (3) 0.00737 (2) 0.00437 (3)
Zir co nium 0.01018 (2) 0.01012 (3) 0.00609 (4)

Tin 0.01431 (2) 0.01261 (3) 0.00772 (5)
Ter bium 0.02278 (9) 0.01793 (5) 0.01079 (6)
Thu lium 0.02854 (14) 0.02185 (9) 0.01309 (5)
Lutetium 0.03152 (19) 0.02392 (11) 0.01410 (5)
Haf nium 0.04354 (38) 0.03296 (21) 0.01980 (5)

Lead 0.04549 (42) 0.03348 (23) 0.01952 (4)
Bis muth 0.04023 (35) 0.02891 (18) 0.01686 (4)

Note that 0.000304 (2) means 0.000304  0.000002

Fig ure 6. De pend ence of the S/r
ra tio on the atomic num ber for
sin gle-el e ment ma te ri als
at gamma-ray en er gies of 661.7 keV,
1173.2 keV, and 1332.5 keV



where A0, A1, A2, and A3 are fit ting pa ram e ters. The
val ues of these pa ram e ters and their un cer tain ties at
gamma-ray en er gies of 661.7 keV, 1173.2 keV, and
1332.5 keV are de ter mined us ing the least-squares
method and are pre sented in tab. 4. It is ev i dent that the
value of the pa ram e ter Ai (i = 0, 1, 2, 3) var ies with the
gamma-ray en ergy. How ever, the cur rent re sults are
in suf fi cient to es tab lish a de fin i tive re la tion ship be -
tween these quan ti ties.

By com bin ing eqs. (16)-(18), we de rive a fit ting
for mula to de ter mine the NBF

       B A A Z A Z A Z dFitting     1 0 1 2
2

3
3( )r (19)

The un cer tainty of BFit ting, de noted as sFit ting, is
de ter mined ac cord ing to the law of un cer tainty prop a -
ga tion

s s s s s rFitting    ( )A A A AZ Z Z d
0 1 2 3

2 2 2 4 2 6 2 2 2

(20)

where s s s sA A A A0 1 2 3
, , , and are the un cer tain ties of

A0, A1, A2, and A3, re spec tively.
The fit ting for mula, eq. (19), can be used to de -

ter mine the NBF of a given sam ple if the sam ple thick -
ness, mass den sity, and atomic num ber of the ma te rial
are known. For sam ples com posed of multi-el e ment
ma te ri als, the ef fec tive atomic num ber (Zeff) should be
used in stead of the atomic num ber (Z) in eq. (19). Note

that the fit ting for mula is valid for sam ple thick nesses
rang ing from 0.1 cm to 7.0 cm and for ma te ri als with
atomic num bers or ef fec tive atomic num bers be tween
3 and 83.

Val i da tion of the fit ting for mula

The fit ting for mula is val i dated by com par ing its
re sults with NBF val ues com puted us ing the MCNP6
code for var i ous multi-el e ment ma te ri als, in clud ing
sil i con car bide, 7075-T6 alu mi num al loy, ti ta nium
car bide, 321 stain less steel, NRX 600, C27000 cop per
al loy, bis muth germanate, and lead tungstate. These
ma te ri als were not used in the de vel op ment of the fit -
ting for mula, thereby en sur ing ob jec tiv ity in val i da -
tion. Fur ther more, their ef fec tive atomic num bers
range from 12.7 to 74.27 (see tab. 2), thus pro vid ing a
di verse dataset for val i da tion.

Ta bles 5-12 pres ent the NBF val ues cal cu lated us -
ing both the fit ting for mula and the MCNP6 code, along
with the (RD) be tween them, for the multi-el e ment ma te -
ri als at gamma-ray en er gies of 661.7 keV, 1173.2 keV,
and 1332.5 keV. The re sults clearly show that the fit ting
for mula val ues are in ex cel lent agree ment with the
MCNP6 val ues. The RD are less than 0.5 % for ma te ri als
with ef fec tive atomic num bers be low 30. For bis muth
germanate (Zeff = 72.89) and lead tungstate (Zeff = 74.27).
The RD in crease slightly but re main be low 1 %. These
re sults con firm the high ac cu racy of the pro posed fit ting
for mula in cal cu lat ing the NBF.
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Ta ble 4. Val ues of the pa ram e ters A0, A1, A2, A3 and their un cer tain ties at gamma-ray en er gies of
661.7 keV, 1173.2 keV, and 1332.5 keV

Pa ram e ters Val ues for 661.7 keV Val ues for 1173.2 keV Val ues for 1332.5 keV
A0 0.00047 (3) 0.00106 (6) 0.00064 (2)
A1 0.000017 (4) 0.000018 (6) 0.000005 (2)
A2 0.00000013 (13) –0.0000003 (2) 0.000000022 (56)
A3 0.0000000023 (14) 0.0000000047 (16) 0.0000000009 (4)

Ta ble 5. Com par i son of NBF val ues cal cu lated us ing the fit ting for mula and MCNP6 code for sil i con car bide at
gamma-ray en er gies of 661.7 keV, 1173.2 keV, and 1332.5 keV

Thick ness [cm]
Re sults for 661.7 keV Re sults for 1173.2 keV Re sults for 1332.5 keV

Fit ting for mula MCNP6 RD [%] Fit ting for mula MCNP6 RD [%] Fit ting for mula MCNP6 RD [%]
0.1 1.0002 1.0002 0.01 1.0004 1.0005 0.01 1.0002 1.0003 0.00
0.5 1.0012 1.0011 0.01 1.0020 1.0022 0.02 1.0011 1.0013 0.01
1.0 1.0023 1.0022 0.01 1.0040 1.0044 0.04 1.0023 1.0026 0.03
1.5 1.0035 1.0034 0.00 1.0060 1.0065 0.05 1.0034 1.0039 0.04
2.0 1.0046 1.0047 0.00 1.0080 1.0085 0.05 1.0046 1.0050 0.04
2.5 1.0058 1.0058 0.00 1.0100 1.0106 0.06 1.0057 1.0062 0.05
3.0 1.0069 1.0069 0.00 1.0120 1.0127 0.07 1.0069 1.0075 0.06
3.5 1.0081 1.0081 0.00 1.0140 1.0148 0.08 1.0080 1.0085 0.05
4.0 1.0092 1.0095 0.02 1.0160 1.0169 0.09 1.0092 1.0097 0.06
4.5 1.0104 1.0105 0.01 1.0180 1.0188 0.09 1.0103 1.0109 0.06
5.0 1.0116 1.0117 0.01 1.0200 1.0210 0.10 1.0115 1.0119 0.05
5.5 1.0127 1.0125 0.02 1.0220 1.0229 0.09 1.0126 1.0129 0.03
6.0 1.0139 1.0136 0.03 1.0240 1.0249 0.09 1.0138 1.0139 0.02
6.5 1.0150 1.0146 0.04 1.0260 1.0269 0.09 1.0149 1.0149 0.01
7.0 1.0162 1.0158 0.04 1.0280 1.0288 0.08 1.0161 1.0162 0.01
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Ta ble 6. Com par i son of NBF val ues cal cu lated us ing the fit ting for mula and MCNP6 code for
7075-T6 alu mi num al loy at gamma-ray en er gies of 661.7 keV, 1173.2 keV, and 1332.5 keV

Thick ness [cm]
Re sults for 661.7 keV Re sults for 1173.2 keV Re sults for 1332.5 keV

Fit ting for mula MCNP6 RD [%] Fit ting for mula MCNP6 RD [%] Fit ting for mula MCNP6 RD [%]
0.1 1.0002 1.0002 0.01 1.0004 1.0004 0.00 1.0002 1.0002 0.00
0.5 1.0011 1.0010 0.01 1.0018 1.0018 0.00 1.0010 1.0011 0.01
1.0 1.0023 1.0020 0.02 1.0036 1.0037 0.01 1.0021 1.0022 0.01
1.5 1.0034 1.0030 0.03 1.0054 1.0055 0.01 1.0031 1.0032 0.01
2.0 1.0045 1.0043 0.02 1.0072 1.0072 0.00 1.0041 1.0042 0.01
2.5 1.0056 1.0053 0.03 1.0090 1.0089 0.01 1.0052 1.0053 0.01
3.0 1.0068 1.0064 0.03 1.0108 1.0107 0.02 1.0062 1.0063 0.01
3.5 1.0079 1.0074 0.05 1.0126 1.0123 0.03 1.0073 1.0073 0.01
4.0 1.0090 1.0085 0.05 1.0144 1.0142 0.03 1.0083 1.0082 0.01
4.5 1.0101 1.0097 0.04 1.0163 1.0159 0.04 1.0093 1.0091 0.02
5.0 1.0113 1.0107 0.06 1.0181 1.0176 0.05 1.0104 1.0101 0.02
5.5 1.0124 1.0116 0.08 1.0199 1.0191 0.07 1.0114 1.0110 0.04
6.0 1.0135 1.0126 0.09 1.0217 1.0209 0.07 1.0124 1.0118 0.06
6.5 1.0146 1.0134 0.12 1.0235 1.0224 0.11 1.0135 1.0125 0.09
7.0 1.0158 1.0144 0.13 1.0253 1.0240 0.12 1.0145 1.0134 0.11

Ta ble 7. Com par i son of NBF val ues cal cu lated us ing the fit ting for mula and MCNP6 code for
ti ta nium car bide at gamma-ray en er gies of 661.7 keV, 1173.2 keV, and 1332.5 keV

Thick ness [cm]
Re sults for 661.7 keV Re sults for 1173.2 keV Re sults for 1332.5 keV

Fit ting for mula MCNP6 RD [%] Fit ting for mula MCNP6 RD [%] Fit ting for mula MCNP6 RD [%]
0.1 1.0004 1.0003 0.01 1.0007 1.0007 0.01 1.0004 1.0004 0.00
0.5 1.0022 1.0019 0.03 1.0033 1.0034 0.02 1.0019 1.0020 0.01
1.0 1.0045 1.0040 0.05 1.0066 1.0066 0.01 1.0038 1.0039 0.01
1.5 1.0067 1.0061 0.06 1.0099 1.0095 0.04 1.0057 1.0058 0.01
2.0 1.0089 1.0081 0.08 1.0132 1.0127 0.05 1.0076 1.0076 0.00
2.5 1.0112 1.0103 0.09 1.0164 1.0161 0.03 1.0095 1.0093 0.02
3.0 1.0134 1.0124 0.10 1.0197 1.0194 0.03 1.0114 1.0113 0.00
3.5 1.0157 1.0145 0.11 1.0230 1.0227 0.03 1.0133 1.013 0.01
4.0 1.0179 1.0164 0.15 1.0263 1.0260 0.03 1.0152 1.0149 0.02
4.5 1.0201 1.0184 0.17 1.0296 1.0291 0.04 1.0171 1.0165 0.06
5.0 1.0224 1.0205 0.18 1.0329 1.0321 0.08 1.0189 1.0186 0.03
5.5 1.0246 1.0224 0.21 1.0362 1.0355 0.06 1.0208 1.0202 0.07
6.0 1.0268 1.0240 0.28 1.0395 1.0381 0.13 1.0227 1.0214 0.13
6.5 1.0291 1.0258 0.32 1.0428 1.0408 0.18 1.0246 1.0232 0.14
7.0 1.0313 1.0269 0.43 1.0460 1.0444 0.15 1.0265 1.0244 0.20

Ta ble 8. Com par i son of NBF val ues cal cu lated us ing the fit ting for mula and MCNP6 code for
321 stain less steel at gamma-ray en er gies of 661.7 keV, 1173.2 keV, and 1332.5 keV

Thick ness [cm]
Re sults for 661.7 keV Re sults for 1173.2 keV Re sults for 1332.5 keV

Fit ting for mula MCNP6 RD [%] Fit ting for mula MCNP6 RD [%] Fit ting for mula MCNP6 RD [%]
0.1 1.0008 1.0008 0.01 1.0011 1.0012 0.00 1.0006 1.0007 0.00
0.5 1.0042 1.0040 0.02 1.0056 1.0056 0.00 1.0032 1.0033 0.01
1.0 1.0084 1.0082 0.02 1.0111 1.0110 0.01 1.0065 1.0068 0.03
1.5 1.0126 1.0123 0.03 1.0167 1.0167 0.01 1.0097 1.0101 0.04
2.0 1.0168 1.0167 0.01 1.0222 1.0223 0.01 1.0129 1.0135 0.06
2.5 1.0210 1.0207 0.03 1.0278 1.0281 0.03 1.0162 1.0168 0.06
3.0 1.0252 1.0251 0.01 1.0333 1.0337 0.03 1.0194 1.0203 0.09
3.5 1.0294 1.0292 0.02 1.0389 1.0395 0.06 1.0226 1.0235 0.08
4.0 1.0336 1.0330 0.05 1.0444 1.0450 0.06 1.0258 1.0266 0.07
4.5 1.0378 1.0363 0.14 1.0500 1.0504 0.04 1.0291 1.0291 0.00
5.0 1.0420 1.0408 0.11 1.0555 1.0554 0.01 1.0323 1.0318 0.05
5.5 1.0462 1.0454 0.08 1.0611 1.0615 0.04 1.0355 1.0349 0.07
6.0 1.0504 1.0497 0.07 1.0666 1.0670 0.04 1.0388 1.0378 0.09
6.5 1.0546 1.0540 0.06 1.0722 1.0726 0.04 1.0420 1.0404 0.15
7.0 1.0588 1.0577 0.11 1.0777 1.0784 0.07 1.0452 1.0445 0.07
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Ta ble 9. Com par i son of NBF val ues cal cu lated us ing the fit ting for mula and MCNP6 code for
NRX 600 at gamma-ray en er gies of 661.7 keV, 1173.2 keV, and 1332.5 keV

Thick ness [cm]
Re sults for 661.7 keV Re sults for 1173.2 keV Re sults for 1332.5 keV

Fit ting for mula MCNP6 RD [%] Fit ting for mula MCNP6 RD [%] Fit ting for mula MCNP6 RD [%]
0.1 1.0009 1.0009 0.00 1.0012 1.0013 0.01 1.0007 1.0008 0.01
0.5 1.0047 1.0046 0.01 1.0060 1.0062 0.02 1.0035 1.0038 0.03
1.0 1.0094 1.0095 0.02 1.0120 1.0124 0.03 1.0070 1.0076 0.06
1.5 1.0140 1.0145 0.04 1.0180 1.0187 0.07 1.0105 1.0114 0.08
2.0 1.0187 1.0193 0.06 1.0240 1.0251 0.11 1.0140 1.0151 0.11
2.5 1.0234 1.0240 0.06 1.0300 1.0316 0.15 1.0175 1.0188 0.12
3.0 1.0281 1.0290 0.09 1.0360 1.0379 0.18 1.0210 1.0228 0.17
3.5 1.0328 1.0338 0.10 1.0420 1.0443 0.22 1.0245 1.0261 0.15
4.0 1.0374 1.0379 0.05 1.0480 1.0506 0.24 1.0281 1.0295 0.14
4.5 1.0421 1.0428 0.06 1.0541 1.0562 0.21 1.0316 1.0327 0.11
5.0 1.0468 1.0479 0.11 1.0601 1.0627 0.25 1.0351 1.0359 0.09
5.5 1.0515 1.0536 0.20 1.0661 1.0693 0.30 1.0386 1.0394 0.08
6.0 1.0562 1.0581 0.18 1.0721 1.0756 0.33 1.0421 1.0426 0.05
6.5 1.0608 1.0627 0.17 1.0781 1.0818 0.34 1.0456 1.0471 0.15
7.0 1.0655 1.0672 0.16 1.0841 1.0885 0.41 1.0491 1.0493 0.02

Ta ble 10. Com par i son of NBF val ues cal cu lated us ing the fit ting for mula and MCNP6 code for
C27000 cop per al loy at gamma-ray en er gies of 661.7 keV, 1173.2 keV, and 1332.5 keV

Thick ness [cm]
Re sults for 661.7 keV Re sults for 1173.2 keV Re sults for 1332.5 keV

Fit ting for mula MCNP6 RD [%] Fit ting for mula MCNP6 RD [%] Fit ting for mula MCNP6 RD [%]
0.1 1.0010 1.0009 0.01 1.0012 1.0013 0.00 1.0007 1.0008 0.00
0.5 1.0049 1.0047 0.02 1.0061 1.0061 0.01 1.0036 1.0037 0.02
1.0 1.0099 1.0098 0.01 1.0121 1.0121 0.00 1.0071 1.0075 0.04
1.5 1.0148 1.0148 0.01 1.0182 1.0184 0.02 1.0107 1.0113 0.06
2.0 1.0197 1.0199 0.02 1.0242 1.0246 0.04 1.0142 1.0150 0.08
2.5 1.0246 1.0247 0.01 1.0303 1.0309 0.06 1.0178 1.0188 0.10
3.0 1.0296 1.0300 0.04 1.0363 1.0372 0.08 1.0213 1.0227 0.13
3.5 1.0345 1.0349 0.04 1.0424 1.0433 0.09 1.0249 1.0263 0.14
4.0 1.0394 1.0398 0.03 1.0484 1.0494 0.09 1.0284 1.0298 0.13
4.5 1.0443 1.0440 0.03 1.0545 1.0554 0.08 1.0320 1.0326 0.05
5.0 1.0493 1.0494 0.01 1.0606 1.0611 0.05 1.0356 1.0356 0.01
5.5 1.0542 1.0543 0.01 1.0666 1.0679 0.12 1.0391 1.0392 0.01
6.0 1.0591 1.0598 0.06 1.0727 1.0738 0.11 1.0427 1.0424 0.03
6.5 1.0640 1.0638 0.03 1.0787 1.0802 0.13 1.0462 1.0460 0.02
7.0 1.0690 1.0692 0.02 1.0848 1.0861 0.12 1.0498 1.0495 0.03

Ta ble 11. Com par i son of NBF val ues cal cu lated us ing the fit ting for mula and MCNP6 code for
bis muth germanate at gamma-ray en er gies of 661.7 keV, 1173.2 keV, and 1332.5 keV

Thick ness [cm]
Re sults for 661.7 keV Re sults for 1173.2 keV Re sults for 1332.5 keV

Fitting formula MCNP6 RD [%] Fitting formula MCNP6 RD [%] Fitting formula MCNP6 RD [%]
0.1 1.0024 1.0020 0.03 1.0018 1.0017 0.00 1.0011 1.0010 0.01
0.5 1.0119 1.0103 0.16 1.0089 1.0083 0.06 1.0053 1.0051 0.03
1.0 1.0238 1.0209 0.28 1.0177 1.0162 0.14 1.0106 1.0102 0.04
1.5 1.0357 1.0318 0.38 1.0266 1.0247 0.18 1.0159 1.0151 0.08
2.0 1.0475 1.0426 0.48 1.0354 1.0334 0.20 1.0212 1.0204 0.08
2.5 1.0594 1.0538 0.53 1.0443 1.0421 0.21 1.0265 1.0256 0.09
3.0 1.0713 1.0644 0.65 1.0531 1.0504 0.26 1.0319 1.0307 0.11
3.5 1.0832 1.0748 0.78 1.0620 1.0596 0.23 1.0372 1.0361 0.10
4.0 1.0951 1.0861 0.83 1.0709 1.0676 0.30 1.0425 1.0407 0.17
4.5 1.1070 1.0982 0.80 1.0797 1.0766 0.29 1.0478 1.0456 0.21
5.0 1.1188 1.1099 0.81 1.0886 1.0847 0.36 1.0531 1.0503 0.27
5.5 1.1307 1.1206 0.90 1.0974 1.0931 0.40 1.0584 1.0544 0.38
6.0 1.1426 1.1318 0.95 1.1063 1.1028 0.32 1.0637 1.0590 0.45
6.5 1.1545 1.1437 0.94 1.1151 1.1113 0.35 1.0690 1.0637 0.50
7.0 1.1664 1.1557 0.92 1.1240 1.1207 0.30 1.0743 1.0684 0.55



CONCLUSIONS

In the pres ent study, we suc cess fully de vel oped a 
novel method that com bines Monte Carlo sim u la tions
with fit ting for mula to cal cu late the NBF in GT mea -
sure ments us ing nar row beam ge om e try. The ad van -
tage of us ing Monte Carlo sim u la tions with the
MCNP6 code lies in its con ve nience, flex i bil ity and
pre ci sion for com put ing the NBF across var i ous geo -
met ri cal con fig u ra tions, ma te rial types, and gamma-
-ray en er gies. The fit ting for mula, de rived from sim u -
la tion data, en ables the rapid cal cu la tion of the NBF
for any sam ple, given that the sam ple thick ness, mass
den sity, and atomic num ber are pre cisely known. The
RD be tween the NBF val ues cal cu lated us ing the fit -
ting for mula and those ob tained with the MCNP6 code 
were con sis tently found to be less than 1 % across all
the in ves ti gated cases. These re sults are suf fi cient to
con firm the high ac cu racy of the pro posed fit ting for -
mula in cal cu lat ing the NBF. 

Be sides, this study pro vides prac ti cal in sights into 
NBF val ues in GT mea sure ments us ing nar row beam
ge om e try, across var i ous ma te rial types, sam ple thick -
nesses, and gamma-ray en er gies. It is im por tant to em -
pha size that the in flu ence of the NBF can not be ig -
nored, even in well-collimated GT ge om e tries. In deed,
the NBF val ues ob tained from the MCNP6 sim u la tions
can ex ceed 1.03 for sam ples with sub stan tial thick -
nesses, high atomic num ber and large mass den sity.
Even, the max i mum NBF value can reach up to 1.34 for
lead ma te rial at an en ergy of 661.7 keV and a sam ple
thick ness of 7 cm. Note that an NBF value of 1.03 in di -
cates that the to tal in ten sity of gamma rays in ci dent on
the de tec tor (I) is 3 % greater than the in ten sity of the
trans mit ted gamma rays (ITran). This can lead to sig nif i -
cant er rors in mea sure ment re sults for ap pli ca tions
based on GT mea sure ments us ing nar row beam ge om e -

tries if the NBF is not taken into ac count. There fore, our
method should be use ful for ap pli ca tions re quir ing high
pre ci sion, such as mea sur ing thick ness, mass den sity,
and MAC.
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Hujw Diw ^UENG, Le Ti Ngok TRANG, Ngujen Ti Truk LIW,
Vo Hoang NGUJEN, Tran Tien TAW

NOVA  METODA  ZA  IZRA^UNAVAWE  FAKTORA UGRADWE  U  MEREWIMA
PRENOSA  GAMA  ZRA^EWA  KORI[]EWEM  GEOMETRIJE  USKOG  SNOPA

Predstavqena je nova metoda za izra~unavawe faktora ugradwe za proizvoqne
materijale u merewima prenosa gama zra~ewa kori{}ewem uske geometrije zra~ewa. Kori{}en je

6 kod za simulaciju transporta fotona unutar kolimirane konfiguracije prenosa, koja je
ukqu~ivala  scintilacioni detektor uparen sa 137  ili 60  radioaktivnim izvorom. Iz
ovih simulacija, izra~unate su vrednosti faktora ugradwe za razli~ite materijale pri energijama 
gama zraka od 661.7 , 1173.2 keV i 1332.5 , sa debqinama uzorka u rasponu od 0.1  do 7.0 . Kod 
svake specificne energije gama zra~ewa i materijala, vrednosti faktora ugradwe pokazale su jaku
linearnu vezu sa debqinom uzorka. Nagib ovih linearnih zavisnosti mo`e se izraziti kao
proizvod gustine mase i kubne polinomijalne funkcije atomskog broja. Na osnovu ovih nalaza,
izvedena je odgovaraju}a for mula za izra~unavawe faktora ugradwe kori{}ewem ulaznih
promenqivih: debqine uzorka, gustine mase i atomskog broja. Ta~nost aproksimativne formule
procewena je upore|ivawem wenih rezultata sa vrednostima faktora ugradwe izra~unatim

  kodom. Pore|ewe je pokazalo relativna odstupawa ispod 1 % za sve istra`ene slu~ajeve,
{to pokazuje visoku ta~nost i pouzdanost aproksimativne formule.

Kqu~ne re~i: prenos gama zra~ewa, Monte Karlo simulacija, MCNP6, NaI(Tl) detektor,
..........................geometrija uskog snopa, faktor ugradwe


