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Abstract: Mass energy absorption coefficients and effective atomic numbers for photon energy absorption, Zpg4.; have been
calculated in the energy range from 1 keV to 20 MeV for human tissues, Adipose Tissue, Blood Whole, Bone Cortical, Brain
Grey/White Matter, Breast Tissue, Eye Lens, Lung Tissue, Muscle Skeletal, Ovary, Testis, Soft Tissue. Mass energy absorption
coefficients and effective atomic numbers for photon energy absorption have also been calculated for commonly used
thermoluminescent dosimeters,TLD, in the energy range from 1 keV to 20 MeV. The energy dependence of the mass energy
absorption of human tissues and TL dosimeters are shown graphically. The tissue equivalency of TLDs is investigated. The
effects of the elemental composition on effective atomic numbers for photon energy absorption and the tissue equivalency of

TLDs are discussed.
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1. Introduction

The mass attenuation coefficient, u/p, is a measure of the
probability per unit path length for interactions between the
incident photon and the matter. The mass energy absorption
coefficient related with the energy-deposition, p,,/p is a
measure of the average fractional amount of incident photon
energy transferred to the kinetic energy of charged particles
as a result of the interactions of less bremsstrahlung and other
escaping secondary photons. This imparted, charged particles
kinetic energy, is in turn, a more or less valid approximation
of the amount of the photon energy made available for the
production of chemical, biological and other effects
associated with exposure to ionising radiation. The values of
U/ p, ten/p for medical and health physics are known to be
essential quantities in calculating of the penetration and
absorbed dose of energetic photons in biological and other
materials [1-3].

The commonly used effective atomic number, labeled as
Z.p 1s determined by using mass attenuation coefficients,
u/p, which is a convenient parameter for representing
photon interaction. Some studies to determine the Z,; values

of composite materials various alloys [4,5], solutions and
amino acids [6], some biological materials [7, 8], soils and
boron ores [9,10], some dosimetric interest [11] have been
reported in the literature. A more useful effective atomic
number, labeled as Zpg,p in this work, is determined by
using mass energy absorption coefficients, y,,/p, which is a
convenient parameter in dosimetry as discussed above. Some
studies to determine the Zpg .y values of composite materials
such as thermoluminescent (TL) dosimetric compounds [12],
dosimetric intereset [13] and some biological molecules [14]
have also been reported in the literature.

In this study, the direct method is used for determination of
effective atomic numbers of human tissues and TL
dosimeters. Elemental content of human tissues studied
Adipose tissue, Blood-Whole, Cortical Bone, Brain-
Grey/White Matter, Breast Tissue, Eye Lens, Lung Tissue,
Muscle-Skeletal, Ovary, Testis, Tissue Soft and Tissue Soft-
Four Component are taken from the ICRU Report 44 [15].

Since one of the most significant properties of the TL
dosimetry materials is the tissue equivalence in the field of
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medical and radiation physics, determination of effective
atomic number of human tissues and dosimeters is crucial. In
an earlier study, effective atomic numbers of some pure
thermoluminescent dosimetric compounds have been
calculated with the interpolation method [11]. However, it is
well known that a pure material does not exhibit TL
properties. Dopants are important components of TL
dosimeters as they affect the concentration of the trapping
centers in the TL dosimeters and also the energy deposition.
The trapping centers are responsible for storing the energy
after irradiation [16]. There are no reports regarding the
Zppae of the doped TL dosimeter in the literature. Because of
this reason, Zpgq; of some commonly used pure and doped
TL dosimeters LiF, TLD-100 (LiF:Mg,Ti) [17], TLD-700
(LiF:Mg,Cu,P-0.18, 0.0024, 2.3 wt %) [16], CaF,, TLD-400
(CaF,;:Mn-2.5, 3, 4.3 % mol) [18], BaSO,4, BaSO,4:Eu,Dy (2,
2 mol %) [19], BaSO4:Sm (0.5, 1 mol %), BaSO,:Eu (0.5, 1
mol %), BaSO4:Dy (0.5, 1 mol %) and BaSO4: Tm (0.5, 1
mol %) [20], CaSO,, CaSO4Dy (0.05 mol %) [21],
CaSO4:Tm (0.1 mol %) [22] are calculated by using the
direct method in this study.

The energy dependence of u,,/p and Zpgs; of some
human tissues and TL dosimeters mentioned above is shown
graphically. Zpg,ey values determined are compared each
other in the energy range from lkeV to 20 MeV , since
photons of energy 5-1500 keV are very important in the
radiation biology, especially in diagnostics and therapy [23].
The Zpgsep values of the human tissues are compared with
that of the TL dosimeters for determination of tissue
equivalency of TL dosimeters.

2. Calculating of the Effective Atomic
Number

The effective atomic number for photon energy absorption,
Zppae, can be determined from the mass energy absorption
coefficient,u,, /p , which has been calculated for composite
materials by the additivity law [3]

Uen/ P = XiWi(ten/P)is (D

where w; and (U, /p); are the weight fraction and the mass
energy absorption coefficients of the ith constituent element,
respectively. The (4.,/p); values of the ith constituent
element have been taken from the compilation of Hubbel and
Seltzer, [2].

The total molecular energy absorption cross section, o, ep,
were then determined from the u,,/p values with the
following relation

M (Uen
Omen = - (222), @)
where M = Y;n;A; is the molecular weight of the studied
material, N, is the Avogadro number, n; is the total number
of atoms in the molecule, and 4; is the atomic weight of the
ith constituent element.

The effective atomic energy absorption cross section, g, e,

can be determined by using the equation:
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where f; = n;/¥.;n; is the fractional abundance of the ith
element. The n; and Y ; n; are the number of the atoms of the
ith constituent element and the total number of the atoms in
the studied material, respectively.

Effective electronic energy absorption cross section, g, ¢p,
can be calculated by:
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where Z; is the atomic number of the ith constituent element.
And, the effective atomic number for photon energy
absorption, Zpg.4, can be given as:

Zpgaesf = Zacen, @)

Oeen

3. Results and Discussion

The energy dependence of mass energy absorption
coefficients, p,,/p, are shown in Fig. 1 and 2 for the human
tissues and some commonly used TL dosimeters. Three
energy range photoelectric absorption, Compton scattering
and pair production are clearly seen from the diagrams.
While the photoelectric absorption is the dominant process at
low energy region, Compton scattering and pair production
are the dominant process at medium energies and high
energies, respectively [1].
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Fig. 1. The energy dependence of the mass energy absorption coefficient,
Uen/ P, of human tissues.

For the determination of tissue equivalence of TL
dosimeters, the values of Zpg,.;of the TL dosimeters are also
determined and compared in the energy range from 1 keV to
20 MeV with that of the tissues studied in this work. The
explanation of the variation of Zpg,.;with photon energy for
TL dosimeters is the same with the case for the human tissues
mentioned above. It can be seen from Figs. 3-8 that the
variation of Zpgy,; with energy is similar for the TL
dosimeters and soft tissues except for BaSO, doped with the
Sm, Eu, Dy and Tm having high atomic numbers because of
the abrupt changes near the absorption edges.
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Fig. 2. The energy dependence of the mass energy absorption

American Journal of Physics and Applications 2014; 2(6): 145-149 147

|04 L L ) B L B R AL 18— RlEEiL R L) IR L Ra) LU e ) N
= 3 F z —— LiF b
F —— BaS0, ] 16 iFd -
10° & —e— BaSO4:Eu,Dy (2,2 mol %) — C - EDRTLLFfME'cu'm ]
F —&— BaSO4:Eu(0.5mol %) 3 C S hn g =
E = 3 14 —&— Bone Cortical —
F -5 BaSO4Eu(l0mol %) C “ Breast Tissue 7
102 - - BaSO4:Dy (0.5 mol %) C —+— Byelens ]
E ~o— BaSO4:Dy (1.0 mol %) = 12 & —=— Soft Tissue =
F BaSO4:Tm (0.5 mol %) 2 E ]
10 & ~—+— BaSO4Tm (1.0 mol %) & 10 F =
3 —+— BaSO4:5m (0.5 mol %) B C ]
F —<— BaSO4:Sm (1.0 mol %) N = ]
1E 8 - =
-1 i 6 g
107 F E
E 4 - _—
s E 0090
10, E 18 t ]
10 C b ]
E 16 —#— LiF __
- =R r —&— TLD 100 (LiF:Mg.Ti) ty
10° ~6- TLD 100 (LiF:Mg.Ti) E —— Adiposc tissue n
E —&— TLD 700 (LiF:Mg.Cu,P) 14 = ~&~ Bone Cortical —
10° ; _?_S:E;Mn(z.mox%) < 12 E ' E
E ~o— CaFy:Mn (3.0 mol %) = C 1
E CaFyMn (4.2 mol %) ] 5 8 —
10 & —+ CaSO, 3 élu. WE ]
E —— CaSO;Tm (0.1 mol %) N 3 E b
LE E E ]
E 3 6 ks
a0 2 =
100 E 4 F &
S F oobwd vl v ed el il 1
107 Bl s ol o sl o ol o gl 09 107 e 10" i 10
-3 -2 -1
10 10 10 1 10 E (MeV)
E (MeV)

Fig. 4. The comparison of Zpgaey values of LiE, TLD-100 and TLD-700 with

coefficient, Zpeaey values of Adipose Tissue, Cortical Bone, Breast Tissue, Eye lens and

Uen/ P, of some commonly used thermoluminescent dosimeters. Soft Tissue.
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Fig. 3. The energy dependence of Zpge of human tissues.

4.3 % mol) with Zpgsy values of Adipose Tissue, Cortical Bone, Breast
Tissue, Eye lens and Soft Tissue.
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The maximum values of Zpg.gare 8.903 for TLD 100 and
9.346 for TLD 700 at energy 15 keV, 18.473 for CaF,:Mn
(2.5 % mol), 18.580 for CaF,:Mn (3 % mol) and 18.852 for
CaF,;:Mn (4.3 % mol) at energy 40 keV, 17.026 for
CaSO4:Tm (0.1 mol %) at energy 40 keV, 48.780 for
BaSO4:Eu,Dy (2, 2 mol %) at energy 60 keV, 46.466 and
46.798 for BaSO4:Sm (0.5 and 1 mol %) at energy 60 keV,
46.482 and 46.828 for BaSO,4:Eu (0.5 and 1 mol %) at energy
60 keV, 46.501 and 46.869 BaSO4:Dy (0.5 and 1 mol %) at
energy 60 keV, 46.508 and 46.884 fo BaSO,:Tm (0.5 and 1
mol %) at energy 60 keV, respectively. It can be seen in Fig.
4 that the values of Zpg ey for LiF, TLD 100 and TLD 700 are
approximately same with that of the Cortical Bone in the
energy range from 200 keV to SMeV. Therefore, LiF, TLD
100 and TLD 700 can be used as tissue equivalent materials
for Cortical Bone in that energy range.
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Fig. 6. The comparison of Zpge values of CaSOy and CaSOy:Tm (0.1 % mol)

With Zppae values of Adipose Tissue, Cortical Bone, Breast Tissue, Eye lens
and Soft Tissue.
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Fig. 7. The comparison of Zpgaey values of BaSO, and BaSO.:EuDy (2, 2
mol %) with Zppser values of Adipose Tissue, Cortical Bone, Breast Tissue,
Eye lens and Soft Tissue.

While the CaF, and CaF,:Mn (2.5 % mol) can be used as
equivalent material for Cortical Bone in the energy range
from 3 keV to 4 keV, CaSO4and CaSO4:Tm (0.1 mol %) can
be used as equivalent material for Cortical Bone in the
energy range from 5 keV to 40 keV as can be seen in Fig.5
and Fig.6, respectively.

Because of their elemental compositions, pure and doped
BaSO, dosimeters cannot be used as tissue equivalent
materials for the studied human tissues in energy range 1keV-
20 MeV as seen in Fig.7 and Fig.8.
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Fig. 8. The comparison of Zpgaey values of BaSO, BaSO,:Sm (0.5 and 1
mol %), BaSOy:Eu (0.5 and 1 mol %) , BaSO.Dy (0.5 and 1 mol %) and
BaSO.:Tm (0.5 and 1 mol %) with Zppaey values of Adipose Tissue, Cortical
Bone, Breast Tissue, Eye lens and Soft Tissue.

4. Conclusions

Knowledge of the tissue equivalence of TL dosimeters is
very important in terms of energy absorption. In this study,
the effective atomic number for the mass energy absorption,
Zprao and the mass energy absorption coefficients, fig,/p,
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for human tissues and some commonly used TL dosimeters
are calculated for the examination of tissue equivalence of
dosimeters. Because of the high concentration of Ca, Zpg
value of Cortical Bone is larger than that of the other human
tissues in the all energy region. LiF, TLD 100 and TLD 700
are determined in the energy range from 200 keV to 5SMeV;
CaF, and CaF,:Mn (2.5 % mol) are determined in the energy
range from 3 keV to 4 keV; and CaSO4and CaSO4:Tm (0.1
mol %) are determined in the energy range from 5 keV to 40
keV as tissue equivalent materials for Cortical Bone.

Acknowledgment

The authors would like to thanks to Scientific Research
Projects Office of Agr1 Ibrahim Cegen University through the
Grant FEF.12.003 for financial supports.

References

[11 J. H. Hubbell, “Photon mass attenuation and energy
absorption coefficients from 1 keV to 20 MeV” Int. J. Appl.
Radiat. Isot. Vol. 33, pp. 1269-1290, 1982.

[2] J. H. Hubbell and S. M. Seltzer, “Tables of x-ray mass
attenuation coefficients and mass energy absorption
coefficients 1 keV to 20 MeV for elements Z=1 to 92 and 48
additional substances of dosimetric interest” NISTIR-5632,
1995.

[3] Shivaramu and V. Ramprasath, “Effective atomic numbers for
photon energy absorption and energy dependence of some
thermoluminescent dosimetric compounds” Nucl. Instrum.
Methods Phys. Res. B vol. 168, pp. 294-304, 2000.

[4] 1 Han and L. Demir, “Mass attenuation coefficients, effective
atomic and electron numbers of Ti and Ni alloys” Radiat.
Meas. Vol. 44, pp. 289, 2009.

[5] V.R.K. Murty, D. P. Winkoun and K. R. S. Devan, “Effective
atomic numbers for W/Cu alloy wusing transmission
experiments” Appl. Radiat. Isot. Vol. 53, pp.945-948, 2000.

[6] S. R. Manohara and S. M. Hanagodimath, “Studies on
effective atomic numbers and electron densities of essential
amino acids in the energy range 1 keV-100 GeV” Nucl.
Instrum. Methods Phys. Res. B vol. 258, pp. 321, 2007.

[71 M. Rao, “Interaction of low energy photons with biological
materials and effective atomic numbers” Med. Phys. vol. 12,
pp. 745-748, 1985.

[8] S. R. Manohara, S. M. Hanagodimath, K. S. Thind, L.
Gerward, “The effective atomic number revisited in the light
of modern photon-interaction cross-section databases” Appl.
Radiat. Isot. vol. 68, pp. 784-787, 2010.

[91 A. Un and Y. Sahin, “Determination of mass attenuation
coefficients, effective atomic and electron numbers, mean free
paths and kermas for PbO, barite and some boron ores” Nucl.
Instrum. Methods Phys. Res. B vol. 269, pp. 1506, 2011.

[10] A. Un and Y. Sahin, “Determination of mass attenuation
coefficients, effective atomic numbers, effective electron
numbers and kermas for Earth and Martian soils” Nucl.
Instrum. Methods Phys. Res. B vol. 288, pp. 42-47, 2012.

[11] Shivaramua, R. Vijayakumar, L. Rajasekaranb and N.
Ramamurthyb, “Effective atomic numbers for photon energy
absorption of some low-Z substances of dosimetric interest”
Radiat. Phys. Chem. Vol. 62, pp. 371-377, 2001.

[12] Shivaramu, “Effective atomic numbers for photon energy
absorption and photon attenuation of tissues from human
organs” Med. Dosim. Vol.27, pp. 1-9, 2002.

[13] T. K. Kumar and K.V. Reddy, “Effective atomic numbers for
materials of dosimetric interest” Radiat. Phys. Chem. Vol. 50,
pp. 545 553, 1997.

[14] S. R. Manohara and S. M. Hanagodimath, “Effective atomic
numbers for photon energy absorption of essential amino
acids in the energy range 1 keV-20 MeV” Nucl. Instrum.
Methods, B vol. 264, pp. 9, 2007.

[15] ICRU, Report No 44 “Tissue substitutes in radiation
dosimetry and measurement” (International Commission of
Radiation Units and Measurements, Bethesda, MD), 1989.

[16] P.N. Mobit, A. E. Nahum and P. Maylesz, “Monte Carlo study
of the quality dependence factors of common TLD materials
in photon and electron beams” Phys. Med. Biol. Vol. 43,
pp.-2015-2032, 1998.

[17] C. Furetta, Handbook of Thermoluminescence, World

Scientific Publishing co.Pte. Ltd., Singapure, 2003.

[18] M. Danilkin, A. Lust, M. Kerikmée, V. Seeman, H. Méndar
and M. Must, “CaF2:Mn extreme dosimeter: Effects of Mn
concentration on thermoluminescence mechanisms and
properties” Radiat. Measur. Vol. 41, pp. 677 — 681, 2006.

[19] Y. R. Devi and S. D. Singh, “Synthesis and TL glow curve
analysis of BaSO :Eu,Dy phosphor” J. Lumin. Vol. 132, pp.
1575-1580, 2012.

[20] P. R. Gonzalez, C. Furetta, B. E. Calvo, M. 1. Gaso and E.
Cruz-Zaragoza, “Dosimetric characterization of a new
preparation of BaSO4 activated by Eu ions” Nucl. Instrum.
Methods, B vol. 260, pp. 685-692, 2007.

[21] S. S. Shinde, T. K. Gundu Rao, S.S. Sanaye and B.C. Bhatt,
“Tl and esr characteristics of baso4:eu co-doped with na/p:
influence of method of preparation” Radiat. Prot. Dosim. Vol.
84, pp. 215-218, 1999.

[22] K. Shinsho, Watanabe, E. and Urushiyama, A., Elucidation of
the annealing process required in the preparation of the
thermoluminescence phosphor of CaSO4 :Tm, J. Appl. Phys.
vol. 100, pp. 093514, 2006.

[23] J. H. Hubbell, “Review of photon interaction cross section
data in medical and biological context” Phys. Med. Biol. Vol.
44, pp. R1-R22, 1999.



