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ABSTRACT

Optimum-thickness (OT) value for low-Z materials has been estimated in measurement of total mass attenuation
coefficient (um, cm?g™) for y-rays using narrow-beam transmission geometry at three energies viz. 661.66,
1173.24, 1332.50 keV. OT is the maximum thickness (expressed in mean free path, mfp) of a sample used in un,
measurements with good accuracy. The main objective of this study is to provide the missing information in the
literature regarding OT value for low-Z materials. Six samples of commonly used low-Z building materials have
been investigated. Monoenergetic y-rays have been obtained from two standard radioactive sources (Cs™’ and
Co™). The u,, values have been measured using narrow-beam transmission geometry for particular sample at 13
different thickness values, starting from 2cm up to 26cm thus OT remains between 0.2-3.5mfp. A self designed
and validated user friendly computer program, GRIC2-toolkit has been used for required theoretical
computations. It has been concluded that for energy-range 661.66-1332.50 keV, the u, measurements of low-Z

materials with y-ray transmission-geometry, OT of 0.5mfp is considered as optimum-thickness value.
Keywords: Gamma-Ray Shielding Behaviour, I'-Ray Shielding Parameters, Optimum-Thickness.

I INTRODUCTION

The experimental measurements of y-ray shielding parameters (GSP) with good accuracy require perfect
narrow-beam transmission-geometry. The total mass attenuation coefficient (uxm, cm?g™) is the most important
GSP, because many other GSP can be derived from it. u, is useful in applications such as non-destructive
analysis (NDA) of materials and CT-scan [1]. Thus, high accuracy of u,, measurement is essential. However,
practical y-ray transmission-geometry used for u, measurements usually deviates from the perfect-narrowness.
This deviation may be due to intermixing of scattered photons while traversing the y-ray beam through a
material, causing error in measured values of u.,. Variations of the u, values with absorber (sample) thickness
have been pointed in the literature [2-5]. In such variations, Varier et al., have reported the opposite trend than
others. But, they have not explained the cause of this type of trend. Other researchers have concluded that for

accurate measurements of up, the sample’s thickness may be up to 1mfp [2-4]. However, these results are
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restricted to high-Z materials, e.g. Fe, Cu, Hg, Pb, etc. The maximum thickness (expressed in mean free path,
mfp) of the sample placed in the narrow-beam transmission-geometry, under which it can be used for puy
measurement is termed as optimum-thickness. Thus, in other words, sample’s thickness up to its optimum-
thickness can be used for u,, measurements with good accuracy. Thus, for high-Z materials, the optical thickness
of Imfp has termed as optimum-thickness. To the best of our knowledge the information regarding the
optimum-thickness for low-Z materials was missing in the literature.

In this study the optimum-thickness values for some low-Z materials have been estimated using um
measurements with y-ray transmission narrow-beam geometry [6] at three energies viz. 661.66, 1173.24,
1332.50keV.

The uy, is the most important GSP as values of parameters such as HVL, TVL, effective atomic-number (Zg),
effective electron density (Ng ), effective atomic-weight (A¢), and BUF depend on it. For a material, the

accuracy in GSP is useful to know its y-ray shielding behaviour (GSB).

Il OBJECTIVE
The main objective of this study is to provide the missing information in the available literature regarding the

optimum-thickness value for low-Z materials.

Il THEORY
The ANS-standards [7] have defined the ‘mean free path’ (mfp) as the average distance that a monoenergetic
photon travels between consecutive interactions in a given material. Mathematically, it is equal to the reciprocal
of the linear attenuation coefficient, u of the material. As per the Lambert-Beer’s law [8-10]:

I =1, €))
Where, lg represents the incident intensity of the beam (without the slab), I represents the transmitted intensity
(in the presence of slab of material with thickness t expressed in cm) and u is termed as total linear attenuation
coefficient (cm™) of the material for y-ray. Thus, probability that a photon can travel distance t without any

interaction is given by exp(-z4), Eq. (1). Thus, the mean free path (mfp) can be calculated as:

[etdt

mfp=2 — == @
fetdt
0

Hubbell [11] has defined mass attenuation coefficient as:

H = 1l p=xIn[1,/1(0)] 3)
where, 1(x) represents the intensity of the transmitted ray noted with the thin material-slab placed in its path, x
represents the mass thickness (mass per unit area, g cm 2) of the material-slab.
The sample-thickness t (along the beam) in ordinary units (cm) can be converted into dimensionless-thickness,
the OT, (X=p.t) expressing the thickness as the number of mfp lengths [7]. Thus, for an absorber (sample) with

OT of 1mfp, its physical (linear) thickness can be obtained as: t=1/u. For a monoenergetic y-ray, it has been
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found that the x value of a low-Z material is always smaller that its value for any high-Z material [12-15]. Thus,
for the fixed energy and the OT of 1mfp, the linear thickness (t) of low-Z material is comparatively large as
compared to any high-Z material. The ANS-standards suggest that the number of scattered photons increases
with the increase in material’s thickness. Thus, for samples of similar OT thickness values, the scattered photons
contribute more for low-Z material than high-Z material. ANS-standards also support this observation by
showing a decreasing trend in BUF values, with increase in atomic-number (2).

IV MATERIALS AND METHODS

4.1 Materials

The investigation has been completed with six samples of easily accessible low-Z building materials. The easy
availability and reproducibility of the selected samples as per Indian standards [16-20] are the reasons behind
their selection. The chemical compositions of samples have been measured with WDXRF-technique (BRUKER,
model S8-TIGER) at SAIF/CIL (Sophisticated Analytical Instrumentation Facility and Central Instrumentation
Laboratory), Panjab University, Chandigarh. Fundamental details, measured values of chemical compositions of,
measured values of linear thickness (along the beam) and corresponding computed OT for the of the selected
samples have been provided in our previous publication [1].

Three monoenergetic y-rays were obtained from the point-isotropic radioactive sources, Cs™ (100mCi) and
Co® (10mCi) procured from Board of Radiation and Isotope Technology (BRIT), Bhabha Atomic Research
Centre (BARC), Trombay, Mumbai, India. The handling and storing of these strong sources were performed as
per ICRP and AERB recommendations. Gamma-ray intensities were measured and recorded with Nal(TI)
scintillation detector (Canberra, model: 802) coupled with MCA (2k channels, plug-in-card, ORTEC) and
MAESTRO computer software. The complete detector assembly was kept at suitable distances from all sides of
the laboratory viz. walls, floor, and ceiling. To protect the detector assembly from the background and other
radiations (fluorescent and scattered), the complete experimental setup was shielded with lead-alloy blocks (of
thickness~8cm). The lead-alloy blocks used to construct the first layer of the shield towards the beam, were
wrapped in Aluminium sheet (of thickness~1.15mm) to minimize the chances of bremsstrahlung radiations. The
experimental measurements were performed in the Radiation Laboratory of SLIET, Longowal. A narrow-beam
transmission geometrical setup has been adopted for the measurements using Nal(TI) detector assembly.The
stability and reproducibility of experimental setup were verified using a reference absorber (Aluminium sheet,
procured from Sigma-Aldrich) at 661.66keV. To avoid any shift in the photo-peak during the experiment,
various physical parameters of the laboratory were controlled by continuously running air conditioners. To
minimize the statistical error (<1%) the real-time of the detector was taken as 1200s for each measurement [21].

Theoretical computations have been performed using the self-designed computer program, GRIC2-toolkit [1].
GRIC2-toolkit is the modified form of GRIC-toolkit [22] with extended capabilities. Both experimental and
theoretical results have been compared to verify the influence of the sample’s thickness on the measured values
of ur, thereby ascertain the optimum-thickness value for the low-Z materials.

This investigation has been preformed for 13 thickness values of each sample, using the same experimental

setup. This was necessary to verify the influence of optimum-thickness value on GSP for low-Z materials.
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The narrow-beam transmission-geometry and test of geometry for narrowness [6] have been provided in our

previous work [1].

Table 1. The measured and computed values of densities, mass attenuation coefficients and uncertainties
at three energies, for two thickness values of samples (Mann et al., 2015b).

Sample Density Thickness

Mass attenuation coefficients (u ;) cm?g™

(gem™)  (eM) oo 66166 kev) 0Co (1173.24 keV) 0Co (1332.50 keV)
Experimental  Theo. Experimental Theo. Experimental Theo.
CcB 1.652 3.35 0.0773 £0.0024 0.0774 0.0598 +0.0028 0.0586 0.0557 +0.0016 0.0549
CB' 1.652 9.26 0.0792 +0.0027 0.0774 0.0579 +0.0028 0.0586 0.0566 +0.0016 0.0549
CwW 1.826 3.05 0.0793 +0.0024 0.0777 0.0602 +0.0029 0.0588 0.0562 +0.0016 0.0551
cw' 1.826 9.28 0.0804 +0.0028 0.0777 0.0613 +0.0029 0.0588 0.0599 +0.0017 0.0551
CY 1.743 4.59 0.0751 +0.0023 0.0768 0.0571 +0.0027 0.0583 0.0534 +0.0015 0.0547
CcY' 1.743 8.67 0.0790 +0.0027 0.0768 0.0609 +0.0029 0.0583 0.0622 +0.0018 0.0547
RM 1.855 3.94 0.0770 £0.0024 0.0769 0.0582 +0.0028 0.0584 0.0533 +0.0015 0.0547
RM' 1.855 9.16 0.0760 +0.0026 0.0769 0.0572 +0.0027 0.0584 0.0574 +0.0017 0.0547
LS 1.072 3.21 0.0788 +0.0024 0.0780 0.0592 +0.0028 0.0589 0.0555 +0.0016 0.0552
LS 1.072 9.18 0.0794 +0.0027 0.0780 0.0599 +0.0029 0.0589 0.0596 +0.0017 0.0552
PP 1.253 3.13 0.0773 £0.0024 0.0776 0.0583 +0.0028 0.0588 0.0549 +0.0016 0.0551
PP 1.253 9.43 0.0807 +£0.0028 0.0776 0.0617 +0.0029 0.0588 0.0622 +0.0018 0.0551
Table 2. Detail of computed values of additional GSP of the selected materials
Energy CcB CW CcY RM LS PP
(keV) EXxp. Theo. Exp. Theo. Exp. Theo. EXxp. Theo. EXxp. Theo. Exp. Theo.
Effective atomic-weight (A o¢)

661.66  23.628 23.867 24.081 24.826  21.396 21.612  21.323 21538  27.399 27.676  22.369  22.826
1173.24  23.619 23.858 24.322 24.818 21.390 21.606 21.317 21532 26.836 27.666  22.135 22.820

13325  23.146 23.862 24574 24822 21177 21.609  21.104 21535  26.841 27.671 22596 22.824

Effective atomic-number (Z .¢)

661.66  11.535 11.892  12.289 12413  10.455 10.778  10.419 10.741 13565 13.842  11.211 11.440
1173.24  11.530 11.887  12.160 12.408  10.559 10.774  10.416 10.738  13.421 13.836  11.322 11.436

13325  11.649 11.887  12.284 12408 10559 10.774  10.523 10.738  13.559 13.836  11.322  11.436

Total interaction cross-section, o, (barn)

661.66 3.042 3.048 3.175 3.178 2.746 2.754 2.740 2.745 3.543 3.547 2.915 2.924
1173.24 2.315 2.320 2.412 2.419 2.095 2.097 2.087 2.091 2.697 2.700 2.223 2.227

1332.5 2.174 2.176 2.263 2.268 1.965 1.967 1.954 1.960 2.524 2.532 2.082 2.088

Effective electron density, N o ¢ (x 10%® electrons g™*)

661.66 2.984 2.987 3.001 3.004 2.971 2.974 2.969 2.975 2.998 3.007 2.998 3.007
1173.24 2.980 2.986 2.994 3.003 2.970 2.973 2.968 2.974 2.997 3.006 2.998 3.007

1332.5 2.977 2.986 2.994 3.003 2.965 2.974 2.966 2.975 3.004 3.007 3.004 3.007

4.2.2 Measurements

Gamma-ray’s photo-peak intensities without any sample (l,) and with the sample (I) placed between the source

and the detector were measured and corrected for background counts. The background counts were noted for the

same real-time without placing the source in geometry. The counting-rates (counts/s) for each sample-brick

were obtained by dividing the recorded counts by the live-time of the detector. Thus, at selected energy, the un,

values of each sample were computed by putting the recorded data in Eq. (3). The measurements for each

sample and energy were repeated for at least four times. The arithmetic-mean of the computed values of u, has

considered as the experimental value. For fixed energy, variations in u, value in the sample-brick thickness, was

studied in two steps. Stepl: the measurements were made at two orientations of the same sample-brick (placing

the sample along the beam, first lengthwise and then breadth wise). The comparison of all such measured and

computed values has been shown in Fig. 1. The noted values of y-ray photo-peak-counts were normalized to the
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same energy. In above measurements, slight variations in W, values with sample-thickness were noticed. Step2:
the measurements were repeated for each sample by varying its thickness in rage (2-26 cm) using the same
experimental setup. For three y-ray energies and each selected sample, the measured values of p., were
compared with their theoretical values (GRIC2-toolkit) to establish the optimum-thickness value.

The physical parameters such as mass, dimensions and density of the sample-bricks were measured using an
electronic balance of accuracy +0.01g, and the digital vernier calipers of accuracy +0.02mm. The densities of

the sample-bricks were obtained by the standard method [23].

4.2.3. Calculations

The theoretical values of u., for the samples were computed from their chemical compositions with the aid of
self-designed GRIC2-toolkit [1]. The measured and computed values of u,, have been listed in Table 1. The
measured and computed values of some additional GSP viz. effective atomic number (Z.), effective atomic
weight (Acs), effective electron density (Ngjesr) and total interaction coefficients (o) have been provided in the
Table 2. Keeping in view the optimum-thickness, the measured values of W, for the samples were considered as

their experimental values.

V RESULTS AND DISCUSSION

5.4.1 Errors

The total error in the measured value of W, depends on the corresponding errors of incident intensity (l,),
transmitted intensity through the sample (1), thickness of the sample (t) and its density (p). The errors in the

measured values have been computed by Eq. (4) [24].

e RO R

Where Al,, Al, Ap and At are errors in corresponding quantities. These errors were mainly due to fluctuations in

counting statistics of photo-peak counts, dead time of the detector and deviation of the geometry from the

perfect-narrowness. The respective errors have been listed in Table 1.

5.4.2 Optimum-Thickness

Fig. 1 indicates that for two thickness values of each sample listed in Table 1, the measured values of u, at three
y-ray energies almost agreed with their theoretical values with minor deviations. These deviations may be either
due to statistical errors in the measured values of un, or due to the intermixing of scattered photons with
transmitted y-ray beam. In order to find the actual reason for such deviations, following approach has been

adopted:
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Fig. 2 shows a very good agreement between the computed values of x,, from sample’s chemical compositions

obtained with two techniques i.e. WDXRF and XRD-R". Thus, the chemical compositions of the sample have

been cross-checked for the accuracy of theoretical computations.

0.4 ,
| =
03 \ — Theo. (GRIC-toolkit) | |
N O Exp. (Thin Sample)
Ng 02 \ @ Exp. (Thick Sample) | |
VE
* o1 ™
. e 5
4x10° Cs-137I, . B
5 ||[—— Without Sample
g 30 ] J
3 . |l—cB
O x0T J
o
2 1x10°{ il
m%% : ' ' ' '
1.4x10°{ ~ |Co-60] ]
12x10°)  [——without Sample | S
21.0x10° 'y |[——cB i BT .
28.0x10" Yy | ——CB' ‘ A
56.0x10" T‘I J/A )“A
seoar NN e SN
2.0x10° T it/ v \
0.0 T T Y TN
N T T A
Energy (keV)
0.4 ‘
\ CYIA
03 \ —— Theo. (GRIC-toolkit) | ]
”-; O Exp. (Thin Sample)
Ng 0.2 @ Exp. (Thick Sample) | |
£
N
Yo T~
—— 2
4x10° Cs—137I, SRS SRR S 1
5 ||[—— Without Sample
2 X100 ¢y 1 4
3 B —4
© x0T i
o
2 110t J
14x10°{  {Co-60] | - o
1.2x10° - [—— Without Sample - /‘\ A
g10ox10°fy | ——CY 1 ]
58.0x10“<,m7““77CY' ‘ SINIAL
-45.6.0x10:~}'\\”t— - I e Pl
saoa0 NN, e UM
2.0x107 1 M, - m;my 4
00l T TR T s SN ¥ A
> > S & \9@ Q/QQ \P‘QQ
Energy (keV)

0.4 :
\‘ cw
03 \ —— Theo. (GRIC-toolkit) |7
N QO Exp. (Thin Sample)
“g 0.2 @ Exp. (Thick Sample) | |
§E
~—
o —e—
4x10° Cs—137I ,,,,, . f R 1
5 ||— Without Sample
g 3x10% cw J
3 . l—cw
© x0T T ]
o
2 X1 ]
0 =N
14x10°{— |CoBO} | o
1.2x10°} [/ Without Sar‘nple ) - “ - n =
21.0x10° 'y [——CW Il
§8.0x10“ fh Yy, [ ——CW ‘ el e
5 6.0x10° N H ‘ i
S4.0x10" A AL
2.0X10° -, sl W/f \W ) \\ ]
00 T R e e S A N W
S ® & ,@QQ Q,QQ ,\y@
Energy (keV)
0.4 i
\ RM'
03 \ —— Theo. (GRIC-toolkit) | ]
”-; O Exp. (Thin Sample)
“g 0.2 @ Exp. (Thick Sample) | |
VE
N
S o T~
—®— o
4x10° Cs-137|, 1
s ||—— Without Sample
g 3x10%] vy M : J
3 B —
O 20T ]
o
S 5
Z 1x10° J
| ;
1.4x10°{ [Co-60] o
12x10°{}p [ withoutSample| [\ f\ ]
210x10° )~ |——RM ]
§8.0x104~) Yy | ——RM ‘ N
~56.0x10"~f‘\”\;— e
24.0x10:<f\x“—""*m —— [ B %/ N R\‘{‘A
2.0X107 1 i et wii) | ]
0.0 4 . “""”‘"/ l B .
S & & \9@ '&@ \,@Q
Energy (keV)

526 |Page




International Journal of Advanced Technology in Engineering and Science -

Vol. No.5, Issue No. 03, March 2017 s
’ ’ jjates
www.ijates.com ISSN 2348 - 7550
0.4 ‘ 04 :
“ LS \ PP
03 —— Theo. (GRIC-toolkit) | | 0.3 \ —— Theo. (GRIC-toolkit) | 7|
EI O Exp. (Thin Sample) = O Exp. (Thin Sample)
Ng 0.2 \ @ Exp. (Thick Sample) | | e 0.2 @ Exp. (Thick Sample) | |
s s
£ t=3
S o T~ T o ™ e
S— e e | ——— = |
4x105~C3'137I~~~ R T A 4X105‘CS'137I""" o e
- —— Without S |
PRESE —_\IiVS“hOUISample ,,,,, i o] 2 3x10° —E;’I out Sample I NI
S i e
8 puol—= Il i S wmo{———— .
5 5
g 1x10°4 - N R S ] L RS O 2 1x10° 4 B Sy S ‘! B O MUt S ALl o R
1.4x10°4 - ' \Co»GOi 56 T o o s [ B 1.4x10° - [Cos0] 15 SRR RS S S S VR
PR — - NN S S Y 1| N W 12x10°4) [ ——wi T
1.2x10° 1§ ——— Without Sample { ; Without Sample
21.0x10° W |——Ls e R o gl-oxm"\\”'ippl M A
S « 1] 28.0x10" Yy, [— PP B e o AL
28.0x10 I 3 &Y™ ;
2 6.0x10° W S6.0XI0 Mgl A AL
Sioas] V1 geoar NN e
2.0x10* ] R 2-0"300‘ N o R4 \\\A
0.0l i Of
N N N N S S S N S & s & N
® ® & ® '&Q '\()9 '\/@ Energy (keV) ¥ > M

Energy (keV)
Figure 1 Comparison of theoretical and experimental values of mass attenuation coefficients for three y-ray

energies and transmission y-ray spectra (after subtracting background counts) through the selected samples (CB,
CW, CY, RM, LS and PP) for two thickness values of each sample.
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Figure 2 Similarity of GRIC2-toolkit computed values of mass attenuation coefficients for sample’s
compositions obtained by two techniques (WDXRF and XRD-R).
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Figure 3 Comparison of experimentally measured and Monte Carlo simulated values of p,, for the chosen

samples, at three energies.

5.4.2.2 Contradiction.

Table 1 indicates that the measured values of u, agreed fairly well with the corresponding theoretical values for
thin samples with OT<0.5mfp. However, for comparatively thick samples with OT>0.5mfp, the agreement was
not good. This finding has been reconfirmed by using the Monte Carlo simulation toolkit (GEANT4). Fig. 3
shows the measured and computed values (GEANT4-toolkit) of u,, for both thin (OT< 0.5mfp) and thick
(OT>0.5mfp) samples. Both toolkits (GRIC2 and GEANT4) have indicated the similar results.

Varier et al., [5] have confirmed similar variations in the experimental value of x, with the sample’s thickness.
According to them the experimental values un,, decreases with the increasing sample’s thickness above 1mfp
(1<OT<5.5mfp). However, they have not explained the cause of this trend. In contradiction, various researchers
[2-4] have reported the opposite trend that the measured values of sy, increases with the increase in the sample’s
thickness, and the true value of u,, was suggested to obtain by extrapolation of the sample-thickness to zero.
Thus, they have suggested that the sample’s thickness should remain below 1mfp to improve the accuracy in un

measurements. However, they also have not provided the explanation and cause of such observations.
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Figure 4 Comparison of the experimentally measured and computed values of mass attenuation coefficients of

the samples for Cs™".

5.4.2.3 Measurements at more thickness values.

To check the influence of the sample’s thickness on its measured up, values, the sample-brick thickness was
varied from 2-26cm (0.2<OT<3.5mfp), in steps of 2cm using 13 similar bricks of each sample. The similar
procedure has been adopted for the preparation of new bricks as adopted previously. Other parameters such as
density and transverse dimensions (breadth and height) of these bricks were in conformity with the previously
used bricks. The same narrow-beam geometrical setup [1] has been used for measurements. The average of four
measurements has been considered as the experimental value of up,. Figs. 4 and 5 have shown the theoretically
computed and experimentally measured values of u, at various OT values for all samples at three energies of y-
rays. The observed trend of u., variations with the OT is in agreement with that suggested by Varier et al., [5]
but in our case the lower limit of the OT has been modified to 0.5mfp from 1.0mfp. So it has been concluded

that for low-Z materials, the 0.5mfp OT is the optimum value of the sample’s thickness for its uy, measurement
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with good accuracy. Thus, 0.5mfp OT is termed as the optimum-thickness for low-Z materials in the selected
energy-range (661.66-1332.50keV).
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Figure5 Comparison of the experimentally measured and computed values of mass attenuation coefficients of

the samples for Co®.

5.4.2.4 Explanation of findings with mathematical model.

The positive relationship between the measured value of u,, and sample’s thickness has been attributed to the
influence of the Compton-scattered-radiations. A mathematical model has been suggested to explain the cause
of the present observations as follows:

Though, narrow-beam geometry was established for present measurements, but perfect narrow-beam geometry
can never be achieved practically. Thus, the chances of scattered-radiations are always there to enter in the
detector along with the transmitted beam, which accounts for BUF, B. In such a case, the intensity of the
transmitted beam can be explained by the modified Lambert-Beer’s law [25]:

1=B.1,.e™".
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Where, U represents the theoretical linear attenuation coefficient and t represents thickness of sample-brick
along the beam. Since, | represents experimental transmitted intensity, the term, In(lo/1)/t, gives the experimental

value of the linear attenuation coefficient, zexp.
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Figure 6 Variation of scattered to transmitted ratio with sample-thickness, at the three energies.

For practical narrow-beam geometry, ratio of scattered to transmitted (S/T) photons entering into the detector
has been evaluated by the analytical-formula [26]: S/T =Ngjesr.t.0coc. Where, Nger represents the effective
electron density of the sample, O'C’()SC:HI'OZOSCZ gives the Compton interaction cross-section of the photons,
scattered for the 6y, (scatter acceptance angle), and r, represents the electron radius, 2.818x10™°m. Fig. 6 shows
that with increase in sample’s thickness, t the value of S/T increases as a result B value also increases thereby
Uexp Value decreases (EQ. 5). Thus, it has concluded that with the increase in sample’s thickness, the measured
value of P, goes on decreasing. Thereby it has been confirmed that variation in the measured value of i, is due

to the intermixing of scattered photons with the transmitted beam.

VI CONCLUSIONS
It has been concluded that for the measurements of GSP using y-ray transmission-geometry, for low-Z materials
in energy-range 661.66-1332.50keV, the optical-thickness (OT) of 0.5mfp is considered as the optimum-

thickness value.
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The deviations between measured and theoretical values of u,, have been caused due to the influence of scattered
photons and statistical errors. The contributions of these factors go on increasing with thickness of the sample,
results in further deviation in zn,.
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