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This work pro poses a math e mat i cal func tion for de scrib ing the de pend ence of mass at ten u a -
tion co ef fi cients vs. en ergy for com pos ite ma te ri als in the range of 100 keV to 2 MeV. The ob -
tained re sults show that the pro posed func tion is ca pa ble of ac cu rately de scrib ing the data
with a co ef fi cient of de ter mi na tion of ap prox i mately 1 for all in ves ti gated ma te ri als. Us ing
the pro posed math e mat i cal func tion, the mass at ten u a tion co ef fi cients were in ter po lated and
com pared with the re sults from the Monte Carlo sim u la tion. The re sults show good agree -
ment when the sim u lated to in ter po lated mass at ten u a tion co ef fi cient ra tios are in the range
from 0.95 to 1.05. More over, the val ues of in ter po lated mass at ten u a tion co ef fi cients have
also been com pared with the ex per i men tal data in the pre vi ous works which in di cates that
most of these ra tios range from 0.9 to 1.1.
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IN TRO DUC TION

Gamma ra di a tion is widely ap plied in many fields
such as in dus try [1-3], ag ri cul ture [4, 5] and med i cine
[6-8]. Since a gamma-ray has high en ergy and can eas ily
pen e trate into mat ter, it is used in many ap pli ca tions, es -
pe cially struc tural in ves ti ga tions of ma te rial [9-11], test -
ing tube de fects [12, 13], de ter min ing ma te rial thick ness
[1], and de ter min ing liq uid den sity [14]. How ever, the
wide spread use of a ra dio ac tive source brings hid den
haz ards to hu man health. Re cent works on ra di a tion
shield ing found new ma te ri als for re duc ing ra di a tion
haz ards. These works fo cus on in ves ti gat ing the at ten u a -
tion prop er ties of var i ous types of com pos ite ma te ri als
such as glass ma te rial groups, in clud ing PbO-BaO-B2O3

glass sys tems [15], gad o lin ium-based ox ide and
oxyfluoride glass sys tems [16], bo rate-tellurite-sil i cate
glass sys tems [17]; the mix ture ma te rial group, in clud ing
Port land ce ment [18], ce ment and con crete [19], gran ite
[20], and the poly mer ma te rial group, in clud ing Kapton
and polymethyl methacrylate (PMMA) [21]. Pre vi ous
works have ex am ined the shield ing prop er ties of com -
pos ite ma te ri als for only cer tain en er gies, there fore
study ing the change of shield ing prop er ties in a wide
range of gamma-ray en ergy is very nec es sary.

The mass at ten u a tion co ef fi cient (MAC) is the
most im por tant pa ram e ter for eval u at ing the shield ing

prop er ties of ma te ri als. This pa ram e ter de pends not
only on the com po si tion of ma te rial, it also de pends on
ra di a tion en ergy. The works re lated to these prob lems
were per formed. How ever, pro pos ing a math e mat i cal
func tion, for de scrib ing the de pend ence of MAC vs. en -
ergy for com pos ite ma te ri als in a cer tain en ergy range,
has not been con sid ered in the pre vi ous works.  

In this work, a math e mat i cal func tion was pro -
posed which is ap pro pri ate to de scribe the change of
MAC vs. en ergy for com pos ite ma te ri als in the en ergy
range from 100 keV to 2 MeV. For en er gies un der 100
keV, it is very dif fi cult to find a func tion for de scrib ing
the en ergy de pend ence of MAC due to the ab sorp tion
edges from con stit u ent el e ments. In fact, the en ergy
range of 100 keV to 2 MeV is large enough to cover the
en er gies emit ted from com mon iso tope sources in the
en vi ron ment. More over, gamma-ray sources hav ing
en ergy rang ing from 100 keV to 2 MeV are widely used
in ra di og ra phy, den sity and thick ness gauges. There -
fore, it is rea son able to study the at ten u a tion fea ture of
ma te ri als in this en ergy range.

For stud ies on ra di a tion shield ing prop er ties of
com pos ite ma te ri als, it is ex tremely use ful and sig nif i -
cant to have a math e mat i cal func tion which de scribes
the change of MAC vs. en ergy. And more im por tantly,
it al lows quick and ac cu rate cal cu la tions of MAC at
con cerned en er gies us ing the in ter po lated method.

The re li abil ity of the pro posed func tion was
eval u ated via co ef fi cients of de ter mi na tion, R2, and in -
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ter po lated the MAC cor re spond ing to var i ous en er -
gies. The com par a tive re sults be tween the in ter po lated 
MAC, the sim u lated MAC and the ex per i men tal data
were used as the ba sis for val i dat ing the pro posed
func tion.

MA TE RI ALS AND
COM PU TA TIONAL METHOD

Ma te ri als

The com pos ite ma te ri als used in the pres ent
works were di vided into two groups. The first group in -
cludes the com pos ite ma te ri als in which MAC de -
creases sharply with the in crease of en ergy (group A).
This group in cludes PbO-BaO -B2O3 glass sys tems
[15], gad o lin ium-based ox ide and oxyfluoride glass
sys tems [16], and bo rate-tellurite-sil i cate glass sys tems
[17]. The sec ond group in cludes the mix ture and poly -
mer ma te ri als in which MAC de creases steadily with
the in crease of en ergy (group B). This group in cludes
Port land ce ment [18], ce ment and con crete [19], gran ite 
[20], Kapton and PMMA [21]. The chem i cal com po si -
tion and den sity of these ma te ri als were pre sented in
tabs. 1 and 2. The ef fec tive atomic num ber of the ma te -
ri als are  in the range from 3 to 23. With a to tal of 30
sam ples, the ob tained data is re li able enough for eval u -
at ing the suit abil ity of the fit ting func tion.

The o ret i cal back ground

When a nar row beam of gamma rays passes
through mat ter, its in ten sity is at ten u ated ac cord ing to

the Lam bert-Beer law. Math e mat i cally, the in ten sity
of the trans mit ted pho ton beam is de fined as fol lows

I x I e x( ) ( / )= -
0

m r r (1)

where I0 and I are the in ten si ties of the in ci dent and
trans mit ted pho ton beam, re spec tively, (m/r) is the
MAC, and r and x are the den sity and thick ness of tar -
get, re spec tively.

From eq. (1), the MAC can be re writ ten
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To de ter mine the MAC, the ra tio I0/I is re quired.
It is im por tant that the in ten sity I of the pho ton beam
trans mit ted through mat ter with out in ter act ing is
oblig a tory. The spec trum re corded by the de tec tor
should be the at ten u ated spec trum of the trans mit ted
pho ton beam (known as pri mary pho tons). Any con tri -
bu tion of sec ond ary pho tons to the re corded spec trum
will de crease the ac cu racy of re sults. The com mon so -
lu tion for lim it ing the con tri bu tion of the sec ond ary
pho tons is to use a de tec tor collimator of a small in ner
di am e ter. An other so lu tion used in our pre vi ous works 
is the ad vanced spec trum anal y sis tech nique [1]. By
us ing this tech nique, the sec ond ary com po nent was
con sid er ably re moved from the ob tained spec tra.

A math e mat i cal func tion of
the mass at ten u a tion co ef fi cient vs. en ergy

In this work, we pro pose a math e mat i cal func -
tion for fit ting the MAC cor re spond ing to var i ous en -
er gies for com pos ite ma te ri als. This func tion (known
as the Gen er al ized Hy per bola func tion) is de fined as
fol lows

( / )
( ) /

m r = -
+

a
b

cE d1 1
(3)
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Ta ble 1. Chem i cal com po si tion of com pos ite ma te ri als of group A (ma te ri als with MAC de crease sharply with the in crease
of en ergy)

Chem i cal
PbO-BaO-B2O3 glass system 

(xPbO-(50-x)BaO-50B2O3) [15]
(weight %)

Gad o lin ium-
based ox ide and
oxyfluoride glass

sys tems [16]
(weight %)

Bo rate-tellurite-sil i cate glass sys tem
(xBi2O3-(80-x)B2O3-5TeO2-15SiO2)

[17] (weight %)

Re ferred
code P1 P2 P3 P4 P5 P6 P7 P8 P9 L1 L2 B1 B2 B3 B4 B5 B6

PbO 5 10 15 20 25 30 35 40 45 – – – – – – – –

BaO 45 40 35 30 25 20 15 10 5 – – – – – – – –

B2O3 50 50 50 50 50 50 50 50 50 45 45 30 25 20 15 10 5

Li2O – – – – – – – – – 30 30 – – – – – –

SrO – – – – – – – – – 10 10 – – – – – –

Gd2O3 – – – – – – – – – 15 – – – – – – –

GdF3 – – – – – – – – – – 15 – – – – – –

Bi2O3 – – – – – – – – – – – 50 55 60 65 70 75

TeO2 – – – – – – – – – – – 5 5 5 5 5 5

SiO3 – – – – – – – – – – – 15 15 15 15 15 15

Den sity
[gcm–3] 4.318 4.460 4.602 4.744 4.886 5.028 5.17 5.312 5.454 3.27 3.03 4.98 5.09 5.19 5.31 5.56 5.77



where a [cm2g–1], b [cm2g–1], c [keV–1], and d are the
pa ram e ters ob tained by fit ting eq.(3) with the MAC,
cor re spond ing to var i ous en er gies, and E is the en ergy
of gamma-ray pho tons.

The val i da tion of the fit ting func tion is based on
the R2 value. Nor mally, this pa ram e ter is used to eval u -
ate the agree ment of the fit ting func tion with the data.
How ever, the R2 pa ram e ter shows how close the data is 
to the fit ted curve. A high value of R2 is not enough for
stat ing whether the fit ting func tion is to tally suit able.
Hence, the ob tained fit ting func tion was used to in ter -
po late the MAC at var i ous en er gies and used to com -
pare the Monte Carlo sim u lated re sults and ex per i -
men tal data. This com par a tive data is the ba sis for
val i dat ing the pro posed func tion.

The Monte Carlo sim u la tion

The Monte Carlo sim u la tion us ing the MCNP5
code [22] was used to cal cu late the MAC with the aim
of val i dat ing the in ter po lated re sults ob tained from the
fit ting func tion. The MCNP5 code al lows the build ing
of the sim u la tion model to be fa mil iar with the real
model of ex per i men tal ar range ment. Us ing the avail -
able li brary of the MCNP5 code, we can sim u late the

in ter ac tion of the pho ton beam with mat ter. The ob -
tained spec trum is the pulse height spec trum (PHS)
when us ing Tally F8 in the MCNP5 code. From the ob -
tained PHS, we can cal cu late the in ten sity of the pho -
ton beam be fore and af ter go ing through mat ter. From
this, we can cal cu late the MAC at var i ous en er gies.

The pa ram e ters de clared in the in put file of the
MCNP5 code in clude pa ram e ters of source, pa ram e -
ters of the mea sured ma te rial and spec i fi ca tions of the
de tec tor. These blocks are de scribed in de tail in fig. 1.
The spec i fi ca tions of the NaI(Tl) scin til la tion de tec tor
used in this work were val i dated in our pre vi ous works
[23, 24].

The ob tained PHS from the sim u la tion is in the
form of a his to gram. To ob tain the spec trum in the
form of Gauss, we ap ply the FT8 GEB card in the
MCNP code by us ing the FWHM (full width at half
max i mum) func tion. Math e mat i cally, FWHM is de -
fined as fol lows

FWHM = + +a b E cE 2 (4)

where a = –0.0137257 MeV, b = 0.0739501 MeV1/2, c =
=.–0.152982 MeV–1 [1] are the pa ram e ters, which were
ob tained by fit ting eq. (4) with the ex per i men tal FWHM
data. De pend ing on the type of ma te ri als, sim u la tions run 
with 109 or 2×109 source par ti cles and the rel a tive er ror of
sim u la tion was kept be low 0.5 %.
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Ta ble 2. Chem i cal com po si tion of com pos ite ma te ri als of group B (ma te ri als with MAC de crease steadily with the in crease
of en ergy)

Chem i cal Gran ite [20] (weight %) Chem i cal
Port land

ce ment [18] 
(weight %)

El e ment
Ce ment

[19]
(weight %)

Con crete
[19]

(weight %)

Kapton
[21]

(C22H10N2

O4)n

(weight %)

PMMA
[21] 

(C5O2H8)n

(weight %)

Re ferred 
code G1 G2 G3 G4 G5 G6 G7 G8 Ce1 Ce2 Ce3 Po1 Po2

SiO2 79.9273.87 77.21 76.41 77.52 79.29 78.4777.33 F 0.2807 H – 0.9 2.6362 8

Al2O3 15.9914.79 15.45 15.3 15.52 15.87 15.7115.48 Na2O 0.7298 C – 0.2 69.1133 60

K2O 3.24 6.24 3.34 3.83 2.79 3.01 2.06 2.69 Al2O3 3.8535 O 37.0 53.6 20.9235 32

CaO 0.28 2.07 2.13 2.41 2.15 1.56 1.99 2.07 SiO2 5.9856 N – – 7.3270 –

FeO 0.24 1.36 0.86 0.91 0.94 0.01 0.81 1.09 P2O5 23.0198 Na – 0.5 – –

Fe2O3 0.17 0.98 0.63 0.66 0.69 0.01 0.59 0.80 SO3 0.1052 Mg 0.4 0.2 – –

TiO2 0.06 0.20 0.17 0.21 0.18 0.12 0.12 0.27 Cl 4.6588 Al 20.9 1.3 – –

– – – – – – – – – K2O 0.0226 Si 2.1 36.7 – –

– – – – – – – – – CaO 1.0155 S – 0.1 – –

– – – – – – – – – TiO2 55.2113 K – 0.3 – –

– – – – – – – – – Cr2O3 0.3903 Ca 27.9 5.6 – –

– – – – – – – – – MnO 0.0446 Fe 11.7 0.6 – –

– – – – – – – – – Fe2O3 0.0974 – – – – –

– – – – – – – – – NiO 0.0330 – – – – –

– – – – – – – – – ZnO 0.0060 – – – – –

– – – – – – – – – Rb2O 0.0036 – – – – –

– – – – – – – – – SrO 0.1541 – – – – –

– – – – – – – – – As2O3 0.0043 – – – – –

– – – – – – – – – BaO 0.0688 – – – – –

– – – – – – – – – V2O5 0.03048 – – – – –

Den sity
[gcm–3] 2.62 2.67 2.66 2.66 2.65 2.62 2.64 2.71 2.067 1.28 2.25 1.42 1.19



Spec trum anal y sis method

The in ner di am e ter of the de tec tor collimator
was en larged greater than usual (up to 9.5 cm). This in -
creases the ac cu mu lated counts when us ing the
low-strength source in the ex per i men tal mea sure ment. 
Ad di tion ally, the de tec tor collimator of a larger in ner
di am e ter will re duces the mea sur ing time. This is very
im por tant for the NaI(Tl) de tec tor be cause of its in sta -
bil ity to change in en vi ron men tal tem per a ture dur ing
op er a tion [25]. En larg ing the de tec tor collimator will
in crease the con tri bu tion of sec ond ary pho tons and
hence de creases ac cu racy of the cal cu lated re sults
when us ing the Lam bert-Beer equa tion. To over come
this prob lem, we have ap plied the ad vanced spec trum
anal y sis tech nique [1] to elim i nate the sec ond ary
events.

This tech nique con sists of us ing the Gauss func -
tion

G x
A x x

( ) exp
( )

= -
-é

ë
ê
ê

ù

û
ú
ús s2 2

0
2

2p
(5)

and 4th or der poly no mial func tion

poly ( ) ( ) ( )

( ) ( )

x a a x x a x x

a x x a x x

= + - + - +

+ - + -
0 1 0 2 0

2

3 0
3

4 0
4

(6)

The sim u lated spec tra were an a lyzed by us ing
Colegram soft ware [26]. The spec trum anal y sis pro ce -
dure is pre sented in fig. 2.

RE SULTS AND DISCUSSION

This work aimed to find the most suitble func tion
for de scrib ing the en ergy de pend ence of MAC for com -
pos ite ma te ri als in the en ergy range of 100 keV to 2 MeV. 
The data of MAC at var i ous en er gies was ob tained by
NIST [27]. The ob tained re sults were pre sented in tab. 3.
This data was fit ted with eq. (3) by us ing the OR I GIN
soft ware. The ob tained re sults are pre sented in tab. 4.

The re sults as shown in tab. 4 in di cate that the
pro posed fit ting func tion is per fectly suit able when the 

co ef fi cient of de ter mi na tion, R2, is ap prox i mately 1
for most of the in ves ti gated ma te ri als. For a more care -
ful eval u a tion of the fit ting func tion, the data given in
tab. 4 was used to in ter po late the MAC at cer tain en er -
gies. The ob tained re sults were com pared with the cal -
cu lated re sults from the Monte Carlo sim u la tion (see
tab. 5) and ex per i men tal data in pre vi ous works.

Figs. 3(a)-3(f) show the change of MAC vs. en -
er gies for com pos ite ma te ri als of group B. It is shown
that the MAC de crease steadily with the in crease of
en ergy. Fig ure 4 re veals that the most sim u lated to in -
ter po lated MAC ra tios [(m /r)sim/(m/r)int] of ma te ri als
of group B mostly range from 0.95 to 1.05. Es pe cially
for poly mer ma te ri als con sist ing of Kapton and
PMMA, this ra tio only ranges from 0.96 to 1.03 (the
max i mum rel a tive de vi a tion be tween sim u lated and
in ter po lated re sults of 4.3 %). These ob tained re sults
once again con firm that the pro posed math e mat i cal
func tion is to tally suit able.

The sim u lated to in ter po lated MAC ra tios
change with ma te ri als in group A in a wider range
which is mainly from 0.9 to 1.1 (see fig. 5). For this
group, the MAC de crease sharply with the in crease of
en ergy and af ter that they are nearly un changed, see
figs. 6(a)-6(c). Pre vi ous ex pe ri ence shows that in ter -

N. T. K. Anh, et al.: A Math e mat i cal Func tion for De scrib ing the De pend ence of ...
50 Nu clear Tech nol ogy & Ra di a tion Pro tec tion: Year 2019, Vol. 34, No. 1, pp. 47-56

Fig ure 1. Sche matic di a gram of the cross-sec tional view of the ar range ment in the Monte Carlo sim u la tion for
determining the MAC

Fig ure 2. The spec trum anal y sis pro ce dure



po lat ing the MAC in the range at which they re main al -
most un changed is the rea son for the dif fer ence be -
tween the sim u lated and in ter po lated MAC.

In ad di tion, when com par ing the in ter po lated
MAC with ex per i men tal data [21] of the poly mer ma -
te ri als (PMMA and Kapton), we have re al ized that the
max i mum rel a tive de vi a tion be tween them is very
small at about 5.6 % (this value is 4.3 % for the sim u la -
tion). This seems to be re lated to the type of ma te ri als.
In deed, the poly mer is a large mol e cule with a very
sim ple chem i cal com po si tion due to mul ti ple re peat -
ing units. Hence, a high ac cu racy of MAC for both the

sim u la tion and ex per i ment could be more eas ily
achieved. Mean while, the re main ing ma te ri als con -
sist ing of gran ite, Port land ce ment, ce ment are a mix -
ture of el e ments and com pounds and there fore it is
very dif fi cult to pre cisely de ter mine their weight and
chem i cal com po si tion. This caused dif fi cul ties in cal -
cu lat ing the the o ret i cal (NIST data) and sim u lated
MAC, but nev er the less the ex per i men tal to in ter po -
lated MAC ra tios [(m/r)exp/(m/r)int] are mostly in the
range from 0.9 to 1.1 for both groups of ma te ri als (see
fig. 7).
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Ta ble 3. The MAC at var i ous en er gies ob tained from NIST [27]

E

[keV]
122 145 279 320 391 511 662 835 1115 1173 1275 1332 1408 1836

MAC [cm2g–1]

Group A

PbO-BaO-B2O3

glass sys tem

P1 0.7624 0.5182 0.1668 0.1416 0.1157 0.0930 0.0780 0.0678 0.0573 0.0557 0.0532 0.0520 0.0505 0.0443

P2 0.8597 0.5816 0.1789 0.1502 0.1209 0.0958 0.0795 0.0686 0.0578 0.0561 0.0536 0.0523 0.0508 0.0445

P3 0.9570 0.6450 0.1910 0.1588 0.1262 0.0985 0.0810 0.0695 0.0582 0.0566 0.0539 0.0527 0.0511 0.0448

P4 1.0540 0.7084 0.2031 0.1673 0.1314 0.1013 0.0826 0.0704 0.0587 0.0570 0.0543 0.0530 0.0514 0.0450

P5 1.1520 0.7718 0.2151 0.1759 0.1366 0.1040 0.0841 0.0713 0.0592 0.0574 0.0547 0.0533 0.0517 0.0453

P6 1.2490 0.8352 0.2272 0.1845 0.1419 0.1068 0.0856 0.0722 0.0596 0.0578 0.0550 0.0537 0.0520 0.0455

P7 1.3460 0.8986 0.2393 0.1931 0.1471 0.1095 0.0871 0.0731 0.0601 0.0582 0.0554 0.0540 0.0523 0.0458

P8 1.4440 0.9620 0.2514 0.2016 0.1524 0.1123 0.0886 0.0740 0.0606 0.0587 0.0557 0.0543 0.0519 0.0460

P9 1.5410 1.0250 0.2634 0.2102 0.1576 0.1151 0.0901 0.0749 0.0611 0.0591 0.0561 0.0546 0.0522 0.0462

Gad o lin ium- based
ox ide and oxyfluoride

glass sys tems

L1 0.3948 0.2898 0.1302 0.1168 0.1018 0.0869 0.0755 0.0670 0.0575 0.0560 0.0536 0.0524 0.0509 0.0445

L2 0.3603 0.2683 0.1266 0.1143 0.1004 0.0862 0.0752 0.0668 0.0575 0.0560 0.0536 0.0524 0.0509 0.0445

Bo rate-tellurite-sil i cate 
glass sys tem

B1 1.6040 1.0590 0.2639 0.2095 0.1559 0.1138 0.0892 0.0742 0.0607 0.0587 0.0558 0.0544 0.0527 0.0463

B2 1.7470 1.1490 0.2793 0.2201 0.1620 0.1167 0.0905 0.0749 0.0609 0.0589 0.0559 0.0545 0.0536 0.0464

B3 1.8900 1.2400 0.2947 0.2307 0.1681 0.1196 0.0919 0.0755 0.0611 0.0590 0.0560 0.0545 0.0529 0.0465

B4 2.0330 1.3310 0.3102 0.2413 0.1742 0.1225 0.0933 0.0762 0.0612 0.0592 0.0561 0.0546 0.0529 0.0466

B5 2.1770 1.4210 0.3256 0.2519 0.1803 0.1254 0.0946 0.0768 0.0614 0.0593 0.0562 0.0547 0.0530 0.0466

B6 2.3200 1.5120 0.3410 0.2626 0.1864 0.1283 0.0960 0.0774 0.0616 0.0594 0.0563 0.0547 0.0530 0.0467

Group B

Gran ite

G1 0.1536 0.1423 0.1103 0.1045 0.0965 0.0863 0.0770 0.0692 0.0601 0.0586 0.0562 0.0549 0.0534 0.0466

G2 0.1566 0.1441 0.1105 0.1046 0.0965 0.0862 0.0769 0.0691 0.0600 0.0585 0.0561 0.0548 0.0533 0.0465

G3 0.1551 0.1433 0.1104 0.1046 0.0965 0.0863 0.0770 0.0692 0.0600 0.0586 0.0561 0.0549 0.0533 0.0466

G4 0.1553 0.1434 0.1104 0.1046 0.0965 0.0863 0.0770 0.0692 0.0600 0.0586 0.0561 0.0549 0.0533 0.0465

G5 0.1551 0.1432 0.1104 0.1046 0.0965 0.0863 0.0770 0.0692 0.0600 0.0586 0.0561 0.0549 0.0533 0.0466

G6 0.1536 0.1424 0.1103 0.1046 0.0965 0.0863 0.0770 0.0692 0.0601 0.0586 0.0562 0.0549 0.0534 0.0466

G7 0.1546 0.1430 0.1104 0.1046 0.0965 0.0863 0.0770 0.0692 0.0601 0.0586 0.0561 0.0549 0.0534 0.0466

G8 0.1553 0.1433 0.1104 0.1046 0.0965 0.0863 0.0770 0.0692 0.0600 0.0585 0.0561 0.0549 0.0533 0.0465

Port land ce ment Ce1 0.1666 0.1487 0.1101 0.1042 0.0960 0.0859 0.0767 0.0690 0.0599 0.0594 0.0560 0.0548 0.0533 0.0466

Ce ment Ce2 0.1648 0.1472 0.1091 0.1032 0.0951 0.0851 0.0760 0.0683 0.0594 0.0579 0.0551 0.0543 0.0528 0.0462

Con crete Ce3 0.1491 0.1394 0.1102 0.1047 0.0968 0.0869 0.0776 0.0698 0.0607 0.0592 0.0568 0.0555 0.0539 0.0471

Kapton Po1 0.1445 0.1379 0.1119 0.1064 0.0985 0.0885 0.0791 0.0711 0.0619 0.0603 0.0578 0.0565 0.0549 0.0478

PMMA Po2 0.1521 0.1451 0.1177 0.1120 0.1037 0.0931 0.0832 0.0748 0.0651 0.0634 0.0608 0.0594 0.0578 0.0502



CON CLU SION

With 30 in ves ti gated sam ples, we have suc -
ceeded in find ing the math e mat i cal func tion which de -
scribes the de pend ence of MAC vs. en ergy in the range 
from 100 keV to 2 MeV. The ex cel lent agree ment of
the pro posed func tion was in di cated in terms of the co -
ef fi cient of de ter mi na tion of ap prox i mately 1 for most
ma te ri als. In ad di tion, the in ter po lated MAC from the
fit ting func tion were also com pared with the ex per i -
men tal and sim u lated data that shows good agree ment. 
The ob tained re sults of this work pro vide a dif fer ent
ap proach for eval u at ing the shield ing prop er ties of
com pos ite ma te ri als.

AU THORS' CON TRI BU TIONS

The idea for this work was put for ward by H. D.
Tam. N. T. K. Anh and L. D. Nhat an a lyzed the sim u -

lated spec tra us ing Colegram. N. T. K. Anh, L. D. Nhat 
and H. T. T. Ngan made the Monte Carlo in put files us -
ing the MCNP5 code. The manu script was pre pared by 
H. D. Tam.

REF ER ENCES

[1] Tam, H. D., et al., Ad vanced Gamma Spec trum Pro -
cess ing Tech nique Ap plied to the Anal y sis of Scat ter -
ing Spec tra for De ter min ing Ma te rial Thick ness, J
Radioanal Nucl Chem., 303 (2015), 1, pp. 693-699

[2] Thanh, T. T., et al., Ver i fi ca tion of Compton Scat ter -
ing Spec trum of a 662 keV Pho ton Beam Scat tered on
a Cy lin dri cal Steel Tar get Us ing MCNP5 Code, Appl
Radiat Isot., 105 (2015), Nov., pp. 294-298

[3] Nguyen, V. H., et al., A Semi-Em pir i cal Method for
Mea sur ing Thick ness of Pipe-Wall Us ing Gamma
Scat ter ing Tech nique, J Radioanal Nucl Chem., 308
(2016), 3, pp. 1011-1016

N. T. K. Anh, et al.: A Math e mat i cal Func tion for De scrib ing the De pend ence of ...
52 Nu clear Tech nol ogy & Ra di a tion Pro tec tion: Year 2019, Vol. 34, No. 1, pp. 47-56

Ta ble 4. The cal cu lated re sults of fit ting pa ram e ters for 30 var i ous ma te ri als

 Group A
a b c d R2

PbO-BaO-B2O3 glass 
sys tem

P1 0.05411 –373518.6658 2.54556 0.43452 0.997

P2 0.05305 –103058.0587 1.51816 0.44196 0.999

P3 0.05535 –555725.6419 2.18145 0.41806 0.998

P4 0.05349 –281823.2905 1.86657 0.43082 0.999

P5 0.05377 –320071.5653 1.78642 0.42627 0.999

P6 0.05381 –521605.72     2.049 0.42362 0.999

P7 0.05612 –532252.4281 1.57967 0.40637 0.999

P8 0.05429 –456009.8201 1.69765 0.41849 1.000

P9 0.05418 –427470.6094 1.56429 0.41648 1.000

Gad o lin ium- based
ox ide and oxyfluoride 
glass sys tems

L1 0.0489 –42235.26454 9.85431 0.6013 0.995

L2 0.04776 –24770.26346 11.66105 0.63888 0.995

Bo rate-tellurite-sil i cat
e glass sys tem

B1 0.05462 –364877 1.35475 0.41325 1.000

B2 0.05602 –255615 1.00888 0.40413 1.000

B3 0.05451 –331486 1.11167 0.40611 1.000

B4 0.05441 –298306 0.99947 0.40342 1.000

B5 0.05441 –310213 0.95562 0.40074 1.000

B6 0.05424 –314257 0.91473 0.39887 1.000

Group B

Gran ite

G1 –0.06357 –0.44867 0.18277 4.13108 1.000

G2 –0.05198 –0.68008 0.8527 3.80194 1.000

G3 –0.05935 –0.58548 0.53665 4.0235 1.000

G4 –0.05773 –0.59957 0.57647 3.97463 1.000

G5 –0.05965 –0.57116 0.48651 4.0311 1.000

G6 –0.06027 –0.4167 0.13035 4.01652 1.000

G7 –0.06147 –0.5417 0.39985 4.08431 1.000

G8 –0.05854 –0.59245 0.55627 3.99915 1.000

Port land ce ment Ce1 0.00452 –3.96103 6.61614 2.08402 0.998

Ce ment Ce2 0.00323 –4.14483 7.97755 2.11055 0.998

Con crete Ce3 –0.06045 –0.56844 0.45498 4.03376 1.000

Kapton Po1 –0.02068 –0.2308 0.0106 2.48059 1.000

PMMA Po2 –0.02184 –0.24298 0.01059 2.48036 1.000



[4] Medhat, M. E., Ap pli ca tion of Gamma-Ray Trans mis -
sion Method for Study the Prop er ties of Cul ti vated Soil,
Ann Nucl En ergy, 40 (2012), 1, pp. 53-59

[5] Soane, B. D., A Gamma-Ray Trans mis sion Method
for the Mea sure ment of Soil Den sity in Field Till age
Stud ies, J agric Engng Res., 13 (1968), 4, pp. 340-349

[6] Alyassin, A. M., et al., Fea si bil ity Study of Gamma-Ray
Med i cal Ra di og ra phy, Appl Radiat Isot., 72 (2013),
Feb., pp. 16-29

[7] Russo, P., et al., Com bined SPECT/CT and PET/CT
for Breast Im ag ing, Nucl Instr Meth Phys Res A., 809
(2016), Feb., pp. 58-66

[8] Meerwaldt, R., et al., PET/SPECT Im ag ing: From
Ca rotid Vul ner a bil ity to Brain Vi a bil ity, Eur J
Radiol., 74 (2010), 1, pp. 104-109

[9] Yakalh, G., et al., Solid State Struc tural In ves ti ga tions 
of the Bis(Chalcone) Com pound with Sin gle Crys tal
X-Ray Crys tal log ra phy, DFT, Gamma -Ray Spec tros -
copy and Chem i cal Spec tros copy Meth ods, Radiat
Phys Chem., 145 (2018), Apr., pp. 89-96

[10] Dehghani, Z., et al., In ves ti ga tion of Gamma-Ray Ir ra -
di a tion on Mo lec u lar Struc ture, Op ti cal Prop er ties and
Mass At ten u a tion Co ef fi cients of Col loi dal Gold
Nanoparticles, Opt Ma ter, 70 (2017), Aug., pp. 99-105

[11] Gungor, A., et al., Flex i ble X/Gamma Ray Shield ing
Com pos ite Ma te rial of EPDM Rub ber with Bis muth
Tri ox ide: Me chan i cal, Ther mal In ves ti ga tions and
At ten u a tion Tests, Prog Nucl En ergy, 106 (2018),
July, pp. 262-269

[12] Silva, I. L. M., et al., Tube De fects In spec tion Tech -
nique by Us ing Compton Gamma-Rays Back scat ter -
ing, Nucl Instr Meth Phys Res A, 422 (1999), 1-3, pp.
957-963

[13] Xu, X., et al., A High Speed Compton Scat ter Pipe
Wall Im ag ing Sys tem, Nucl Instr Meth Phys Res A.,
353 (1994), 1-3, pp. 334-337

[14] Tam, H. D., Le, N. T. M., An Im proved Method for
Liq uid Den sity Mea sure ment Us ing NaI(Tl) De tec tor
and Low-Strength Source, J Radioanal Nucl Chem.,
317 (2018), 1, pp. 161-168

N. T. K. Anh, et al.: A Math e mat i cal Func tion for De scrib ing the De pend ence of ...
Nu clear Tech nol ogy & Ra di a tion Pro tec tion: Year 2019, Vol. 34, No. 1, pp. 47-56 53

Ta ble 5. The MAC at var i ous en er gies ob tained from the Monte Carlo sim u la tion

E [keV]
122 145 279 320 391 511 662 835 1115 1173 1275 1332 1408 1836

Group A m [cm2g–1]

PbO-BaO-B2O3 glass
sys tem
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Gran ite
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Fig ure 3. The en ergy de pend ence of MAC for ma te ri als of group B in clud ing PMMA (a), Kapton (b), con crete (c),
Port land ce ment (d), ce ment (e), gran ite (f) 

Fig ure 4. The sim u lated to in ter po lated MAC ra tios for
ma te ri als of group B

Fig ure 5. The sim u lated to in ter po lated MAC ra tios for
ma te ri als of group A
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Fig ure 7. The ex per i men tal to in ter po lated MAC ra tios for ma te ri als of group B (a) and group A (b)
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Ngujen Ti Kim ANH, Lam Duj NAT, Ho Ti Tujet NGAN, Hoang Duk TAM

MATEMATI^KA  FUNKCIJA  KOJA  OPISUJE  ZAVISNOST  MASENOG
ATENUACIONOG  KOEFICIJENTA  OD  ENERGIJE  KOD  KOMPOZITNIH

MATERIJALA,  U  ENERGETSKOM  OPSEGU  OD  100  keV  DO  2  MeV

U ovom radu dat je predlog matemati~ke funkcije koja opisuje zavisnost masenog
atenuacionog  koeficijenta  od  energije  za  kompozitne  materijale u opsegu energija od 100 keV do
2 MeV. Dobijeni rezultati pokazuju da predlo`ena funkcija ima mogu}nost ta~nog opisivawa
podataka sa koeficijentom odlu~ivawa R2, pribli`no jednakim jedinici za sve ispitivane
materijale. Koriste}i predlo`enu matemati~ku funkciju, maseni atenuacioni koeficijenti
interpolirani su, a dobijene vrednosti upore|ene sa rezultatima Monte Karlo simulacija.
Pore|ewe rezultata ukazuje na visoku korelaciju kada je odnos rezultata simulacija i rezultata
interpolacije izme|u 0.95 i 1.05. [tavi{e, vrednosti masenih atenuacionih koeficijenata
dobijenih interpolacijom upore|eni su sa eksperimentalnim rezultatima dobijenim u ranijim
radovima i ve}ina odnosa rezultata u opsegu je od 0.9 do 1.1.

Kqu~ne re~i: maseni atenuacioni koeficijent, Monte Karlo, fitovawe funkcije,
..........................kompozitni materijal


