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Abstract. Photon mass attenuation coefficients of some thermoluminescent dosimetric
(TLD) compounds, such as LiF, CaCOg3, CaSO4, CaS04-2H20, SrSO4, CdSO4, BaSOy,
C4HgBaO4 and 3CdSO4-8H20 were determined at 279.2, 320.07, 514.0, 661.6, 1115.5,
1173.2 and 1332.5 keV in a well-collimated narrow beam good geometry set-up using a high
resolution, hyper pure germanium detector. The attenuation coefficient data were then
used to compute the effective atomic number and the electron density of TLD compounds.
The interpolation of total attenuation cross-sections of photons of energy E in elements
of atomic number Z was performed using the logarithmic regression analysis of the data
measured by the authors and reported earlier. The best-fit coefficients so obtained in the
photon energy range of 279.2 to 320.07 keV, 514.0 to 661.6 keV and 1115.5 to 1332.5 keV
by a piece-wise interpolation method were then used to find the effective atomic number
and electron density of the compounds. These values are found to be in agreement with
other available published values.

Keywords. Thermoluminescent dosimetric compounds; mass attenuation coefficients;
effective atomic number and electron density.

PACS Nos 31.70.-f; 32.10.-f; 32.80.-t; 32.90.4a

1. Introduction

The mass attenuation coefficient, the effective atomic number and the electron den-
sity are basic quantities required in determining the penetration of X-ray and pho-
tons in matter. The measurement of attenuation coefficients of photons in biological
and other materials is of significant interest in industrial, biological, agricultural
and medical applications. Accurate values of photon mass attenuation coefficients
are needed to establish the regions of validity of theory-based parametrization, in
addition to providing essential data in such diverse fields such as tomography, y-ray
fluorescence studies and radiation biophysics. The mass attenuation coefficients are
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also widely used in the calculation of photon penetration and energy deposition in
biological, shielding and other dosimetric materials [1-9]. In order to select the
most suitable material for radiation dosimetry, the characteristics of the various
materials must be known [10,11].

The scattering and absorption of y-radiations are related to the density and effec-
tive atomic number of the material. The effective atomic number and the electron
density of a composite material are very useful parameters in the dosimetric cal-
culation of radiation dose in radiotherapy [12] and also in medical imaging, where
the cross-sectional anatomy is generated by computer-aided tomography (CAT).
These parameters have physical meaning and their numerical value allows many
characteristics of a material to be visualized. Several commercially available ther-
moluminescent and photoluminescent materials are used as radiation detectors in
biological and industrial dosimetry of ionizing radiations.

Hine [13] pointed out that, in photon interaction in the composite materials, the
atomic number cannot be represented uniquely by a single number across the entire
energy region, as in the case of pure elements. This number for composite materials
is called the effective atomic number and it varies with the energy. Following Hine’s
suggestions, many attempts have been made to determine effective atomic number
(Zogr) for partial and total interactions in alloys and compounds [6,14-18]. Some
empirically deduced formulae have also been reported in literature [19] but their
validity is limited to the experimental conditions used in that work. Tabulations of
photon mass attenuation coefficients and interaction cross-sections have been pub-
lished for several elements and composite materials, which are of dosimetric and
radiological interest [20]. Berger and Hubbell [21] have developed a computer pro-
gram, XCOM, which calculates photon cross-sections and attenuation coefficients
for pure elements and mixtures in the energy range of 1 keV to 100 GeV.

In this paper, we report accurate measured values of total attenuation coeffi-
cients (cross-sections), effective atomic numbers and the electron densities of TLD
compounds at the energies 279.2, 320.07, 514.0, 661.6, 1115.5, 1173.2 and 1332.5
keV obtained by experiments. These attenuation coefficient values were used to
determine the effective atomic number and electron density of several TLD com-
pounds as indicated earlier. The E- and Z-wise interpolation of total attenuation
cross-sections of the elements was performed using the logarithmic regression anal-
ysis of the data measured by the authors and reported earlier [22-25]. The best-fit
coefficients so obtained in the energy range of 279.2 to 320.07 keV, 514.0 to 661.6
keV and 1115.5 to 1332.5 keV by a piece-wise interpolation method, were then used
to find the effective atomic number and electron density of the compounds.

2. Theory

As the materials are composed of various elements, it is assumed that the contri-
bution of each element of the compound to total photon interaction is additive,
yielding the well-known ‘mixture rule’ [26] that represents the total mass attenua-
tion coefficient (11/p). of any compound as the sum of the appropriately weighted
proportions of the individual atoms. Thus,
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(). —2W (5). 1)

where (p/p). is the photon mass attenuation coefficient for the compound, (u/p);
is the photon mass attenuation coefficient for the individual elements in the com-
pound, and W; is the fractional weight of the elements in the compound. For any
compound, a quantity called the effective atomic cross-section, o,, is defined ac-
cording to [2]. Clearly, in calculating o,, averaging is carried out over atoms of all
the elements in the compound. Thus, we have,

o = (1/p)e

= ———" (2)
Nay, %

where Ny is the Avogadro’s number and A; is the atomic weight of the constituent
element.
Similarly, the average electronic cross-section, o, is given by

1 Ai (1
Oel = m;fzz (;)

where f; = (n;/}_;n;) and Z; are the fractional abundance and atomic number
respectively of the constituent element. Here, n; is the total number of atoms of the
constituent element and > ;nj are the total number of atoms of all types present
in the compound as per its chemical formula. The effective atomic number, Z.g,
can now be written as

(3)

)
i

Oa
Do = —. (4)

Oel

Other expressions for the effective atomic numbers are found in [6,12,14,16]. The
effective electron number or density, N (number of electrons per unit mass) can
be found from

Ny = WP (5)

Oel

3. Experimental set-up and measurements

The radioactive sources 2°3Hg, ®'Cr, 8°Sr, 137Cs, %5Zn and %°Co were used in the
present investigation. Each ~-ray of energy 279.2, 320.07, 514.0, 661.6, 1115.5,
1173.2, 1332.5 keV emitted by the above radioactive isotopes were collimated and
detected by an ORTEC model 23210 ‘Gamma-X’ high-purity germanium detector
having energy resolution of 2.5 keV at 1332.5 keV. The signals from the detector
were suitably amplified and analysed with 8K-multichannel analyser.

In the photon transmission experiment, the photon spectra were recorded for each
source by placing the empty container and the container filled with the sample
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TLD compound alternately in the path of the incident beam. This procedure was
repeated at least ten times for each sample. The intensities of the incident and
transmitted photons were determined by choosing the counting time such that,
at least 10°-10% counts were recorded under the photo peak. Thus the statistical
uncertainty was kept below 0.3%.

The compounds under investigation were confined in cylindrical plastic contain-
ers of inner diameter 1.5 cm. The inner diameter of each container was determined
separately with the help of a travelling microscope. It was found that the attenu-
ation of the photon beam by the material of the empty containers was negligible.
Each sample thus prepared was weighed in a digital balance capable of weighing
up to a fraction of a milligram. The weighing was repeated a number of times to
obtain consistent values of the mass. The mean of this set of values was taken to be
the mass of the sample. By using the inner diameter of the container and the mean
value of the mass of the sample, the mass per unit area was determined for each
sample. The thickness of the sample was chosen such that the product ut < 0.4 for
all the samples to minimize the effects due to multiple scattering.

From the measured values of unattenuated photon intensity Iy (with empty plas-
tic container) and attenuated photon intensity I (with sample), the mass attenua-
tion coefficients (u/p). of all TLD compounds were calculated by using the relation

(£)- ().

where pt = mass per unit area in g/cm?. The values of the mass attenuation
coeflicients so obtained for all compounds are listed in table 1 along with the XCOM
values obtained at all photon energies of current interest shown in brackets [21] and
other experimental values available at 661.6 keV [10]. An agreement of less than
+3% between the present and the published values [10] was observed on comparison
at photon energy of 661.6 keV from '37Cs for most of the TLD compounds.

4. Results and discussion

Apart from multiple scattering effects and counting statistics, there are several other
possible sources of error in the present method. These are due to (a) small-angle
scattering contributions, (b) sample impurity, (c¢) non-uniformity of the sample, (d)
photon build-up effects, (e) dead time of the counting instrument and (f) pulse pile
up effects. These were evaluated as follows:

(a) Small-angle scattering: By keeping a distance of 50 cm from the detector to
the source, the maximum angle of scattering from the source to the detector was
brought down to 30 min. According to theoretical estimates [27], the contribution
of coherent as well as incoherent scattering at such angles in the measured cross-
sections at intermediate energies is negligible. Hence no small-angle corrections
were applied to the measured data.

(b) Sample impurity: The error due to sample impurity can be high only when a
large percentage of high-Z impurities is present in the sample. In all the compounds
used in the present study, the content of high-Z impurities was <0.005%. Hence,
sample impurity corrections were not applied to the measured data.
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(¢) Non-uniformity of the sample: The non-uniformity of the sample material in-
troduces a fractional error of about half the root mean square deviation in mass per
unit area. The error A(u/p) in the mass attenuation coefficient due to absorber’s
non-uniformity was calculated using the relation [28]

A (g) _1- (p/aﬁ %nhw/p)’

(7)

where R is the mean transmission ratio for obtaining a value of (11/p), a is the max-
imum deviation of absorber thickness, and p is the density of the absorber. Since
the uncertainty in the mass per unit area is <0.05% in the present investigation,
the error due to non-uniformity of the sample calculated using eq. (7) is <0.05%
for all energies of interest.

(d) Photon build-up effects: Any sample kept in the path of the photon beam
will present an effective mean free path for its interaction. In a good geometry of a
narrow beam, most of the incident photons are absorbed and a few are scattered.
The absorbed photons can release K-, L-, or M-shell electrons by the photoeffect in
the sample followed by bremsstrahlung. The scattered photons can cause multiple
scattering, resulting in several energy-degraded photons, which can contribute to
the low-energy tail of the photopeak. These complex secondary events result in a
net photon build-up inside the sample material. This photon build-up is a function
of thickness and atomic number of the sample and also the incident photon energy,
which combine to determine the intensity and spectrum of secondary photons seen
by the detector in addition to primary photons. Since the multiple scattering effects
are corrected, and also an optimal count rate and counting time as well as a detector
of good resolution were employed, it is expected that the effects of photon build-up
are negligible in the present study.

The photon build-up effects were kept to a minimum by choosing optimum count
rate and the counting time. The photon build-up depends on the atomic number
and the sample thickness and also on the incident photon energy. It is also a
consequence of the multiple scattering occurring inside the sample. Since multiple
scattering effects have been corrected and a detector of good resolution was used
with optimum values of count rate and counting time, it is expected that the effects
of photon build-up were negligible in the present study.

(e) Dead time of the counting set-up: The dead time of the multichannel analyser
is a combination of the rise time of the pulse, the conversion time in the analog-to-
digital converter and the data processing time. In the multichannel analyser used
in the present study, there was a built-in provision for dead time correction. The
percentage data correction was always <2% in the present study.

(f) Pulse pile up effects: The pulse pile up effects were kept to a minimum by
selecting an optimum count rate and counting time, as discussed earlier.

Using the mass attenuation coefficients listed in table 1, the mean values of the
atomic cross-sections, also called the effective atomic cross-sections o, in barn per
atom were determined by the relation

M
O S— ) (8)
0.60225%,n; \p /.
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where M = > n;A; is the molecular weight of the compound, n; is the total number
of atoms of the ith element in the molecule and A; is the atomic mass of the ith
element in a molecule. These values are listed in table 2.

5. Estimation of effective atomic number and electron density

The effective atomic number for each sample was determined by using the effective
atomic cross-section o,. In this method, the effective atomic number of the sample
was simply taken to be the value of the atomic number of an element whose o,
matched with that of the sample in a given energy range. Clearly, this method re-
quires a large pool of the elemental cross-section data over a wide range of energies.
For this purpose, data for 38 elements in the atomic number range 1 to 83 measured
earlier in this laboratory at the energies 279.2, 320.07, 514.0, 661.6, 1115.5, 1173.2
and 1332.5 keV were used [22-25]. The elemental cross-sections show a non-linear
variation with respect to photon energy E and atomic number Z. Therefore, we
can assume that the relation for o could be of the type

o= A(Z)EB?), (9)

where A(Z) and B(Z) are constants with respect to energy and vary with atomic
number. Equation (9) can be further written as

Inc=nA(Z)+B(Z)lnE (10)

and it represents a straight line with slope B(Z) and intercept In A(Z).

For presentation of results, the photon energy region of interest was divided into
three, viz., (a) 279.2 to 320.07 keV, (b) 514.0 to 661.6 keV and (c) 1115.5 to 1332.5
keV. Within each of these regions, the values of Ino were found to vary linearly
with In E. So, a logarithmic regression analysis was performed between Ino and
In E in all the three energy regions and the best-fit values of the slope B(Z) and the
intercept In A(Z) were determined. Further, we assume that the values of In A(Z)
and B(Z) are simple functions of atomic number and are given by the relations

mA(Z)=InA;+ B InZ (11)
and
B(Z):lnA2+B21HZ (12)

Equations (11) and (12) represent straight lines with slopes By and Bs and corre-
sponding intercepts In A; and In A respectively. In the first two energy regions,
the range of elements is divided into three groups whereas in the last energy region,
it is divided into two groups as is shown in table 3. This ensures the linearity in
the selected region so that the best-fit values of In A1, By,In Ay and By could be
obtained for the E and Z region of interest. These values are shown in table 3.
Using these best-fit values further, we obtained the formula for Z.g of the form
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Thermoluminescent dosimetric compounds

‘uostreduwroo 10 umoys are (, Aq paxreur) [QT] ‘JoI WOI senfep

8€G'0 F GL6°LT
0670 F 6¥€ 91

VEV'0 F 80971
ove0 + 16€°11

0750 + 9¢0°'8T
€67°0 F T¥¥ 91

GEV'0 F 60971
0ve0 + ¥ve'1l

GEG'0 F €C6LT
L87°0 + 0Lg'9T

CEV'0 F VY VI
6€€°0 F+ TI€'TT

«68€'0 F 81161
GVS0 F T1LE°8T
00S°0 F €89°91

«€0€°0 F L8T'GT
6€7°0 F TL6'V1

LEC0 F GLT'TT
*9LT°0 + ¥C8'8

TLG0 F 9TT'6T
919°0 F VLT LT

cIv'0 F €TV et
8€€'0 + 91¢'T1

€0L°0 F €6V'€C
TLG0 F L2061

8470 F 60¢°GT
I7e0 + vLETT

9GL°0 F 1¢e'ST
009°0 F 986°61

0L7'0 F 899°CT
7e0 + vOV'T1

rOosed
YOSPD

YOS1S
YOseD

9920 F 7168 TLZ0 F €€0°6 L92°0 F 096'8 GLT0 F €8€6 0620 F 799°6 TTe0 F 08L°0T  OVE0 F 09¢'TT  OCHS YOSPDE
«8L1°0 + 806'8

¥ve0 F €91'8 LVT'0 F 992°8 €VC'0 F €LT'8 T9¢°0 F+ 8¢6'8 0820 + ¢8¢E'6 cre0 F 0SV'IT  €LE°0 F T19°CI YOedoH"D

00€°0 + ¢¥0°'0T  TOE0 + 00T  00¢°0 + 0T0°0T ¢0€'0 + ¢S0°0T  ©0€0 + TTT°'0T 00€'0 F+ STO0T  TOE0 + ¢90°0T 00D
«9V1°0 + 02€°L

G120 F 0¢e'L 91¢°0 F v.LEL 9120 F 89¢°L G1¢°0 F 19¢°L 0220 F 12€°L 02¢°0 F LLE°L 1220 + Lev'L OCHZ "OS®D

LLT°0 F 996°¢ 8LT°0 + ¥¢6°'¢ LLT'0 F €L6°C 8LT'0 + 886G 08T°0 + L86°G 9LT°0 + 1€6°G 8LT°0 + 6L6°G AT

G'CeET CELIT G GITT 9199 0vis L0°0ce C'6LC punodwop

(A®Y) AS19u0 UOIOYJ

‘uojoyd 10§ spunodurod (I, owWos jo ‘B ‘sroquinu oruwroje SAI0OYH F S[qel,

037

Pramana — J. Phys., Vol. 63, No. 3, September 2004



Shivalinge Gowda et al

€80°0 + €8L°¢ ¥80°0 + T6L°¢ ¢80'0 + GLL'C G800 F+ ¢¥8'C  L800 + 096'¢c 60T°0 + LE9'E GIT0 F G06°€ rOosedq
780°0 + €€8'¢  €80°0 F 6¥8°¢ G800 F+ 0¢8'¢ 9800 F ¢68'¢c 0600 F ¥66'c 660°0 F 86¢'€ €010 F ¥9¥°€ TOSPD
980°0 F 798¢ ¥80°0 F #48'C G800 F I¥8'C L80'0 F §¥6'C 0600 F ¥€0'€ 680°0 F ¢10°€ T160°0 F ¥80°€ YOS1S
L80°0 + €10°€ 6800 + TI0'€ 880°0 +800°€ 680°0 F €66'c 0600 + ¥00'¢ 160°0 + 610°¢ 060°0 + Lc0'€ rOseD
L80°0 F 066'c  880°0 F 696'C G80°0 F ¢¥6°'C T600 F ¥80'C G60°0 F €21°¢ GOT'0 F €¥9'€ TITO F ¥€L'¢ OCH8TOSPDE
980°0 F L88'¢ 8800 F €¢6'¢ 9800 F 906'¢ €600 F LST'€ 660°0 F 8I€'€ T1¢T'0 F L60F CET'0 F STv'¥y TORIOH"D
880°0 F+ T20'€ 6800 F 9T0°€ 0600 F+ ¢T10°€ 6800 F ¥¢0'€ 0600 F L¥0'€ 0600 F €10°¢ 1600 F L30'€ £0D®D
¢60°0 F 890°¢ €600 F I60°€ 0600 F ¥80'¢ €60°0 F 980°¢ €600 F 680°€ 160°0 F 160°¢ €600 F €IT¢  OHTTOS®D
180°0 F TLLC @800 F 164°Cc 180°0 F ¥.L'C €80°0 F I8L'C ¢80°0 F 08L°C C80'0 F 95.'C €80°0 F 8LL'C GLg!
G'geeT GELTT G'GITT 9199 0vis L0°0ce c'6LT
(A®Y) AS10U0 UOYOYJ punodwo))

"spunodwod (],], 9WOs 10§ panseswt (3/suo13oo[ . 01) PN ‘A}SUSP U01309[0 OAIRHH G O[qRL

Pramana — J. Phys., Vol. 63, No. 3, September 2004

938



Thermoluminescent dosimetric compounds

Zcff = |:A1EIHA2

(13)

where d = B; + By In E and FE is the photon energy expressed in keV.

In obtaining this formula, we have assumed the equivalence between Z.g of the
sample and the Z of the equivalent element as discussed earlier.

Using the so-calculated Z.g the effective electron density was calculated using

the relation

Ze
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Figure 1. Variation of effective atomic
number Z.g with energy for CaCOs,

CaS04-2H20 and LIF.
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Figure 3. Variation of effective atomic
number Z.g with energy for BaSOy,
CdSOy4 and SrSO4.
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The values of Z.g and N, are listed in tables 4 and 5 and compared with the other
available experimental data. Plots of the present values of Z.g and N vs. energy
are also shown in figures 1-6 along with the XCOM values [21].

6. Conclusions

In the present work, the Z.g values and the electron densities of the TLD com-
pounds were obtained using the measured values of their mass attenuation coeffi-
cients in the photon energy range 200 to 1500 keV. The values of effective atomic
numbers and the electron densities of TLD compounds are in agreement with the
other available data at energies of interest. To our knowledge, the data presented
are the first of their kind and have not been reported earlier.
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