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ABSTRACT

The effective atomic number (Z¢) and effective electron density (Nek) of wrought aluminum alloy 7017 has been
estimated by determining the mass attenuation coefficient (u,), experimentally using narrow collimated beam
transmission method with radioactive point sources of different y—energies [(0.0595 MeV), (0.662 MeV), (1.173
MeV & 1.332 MeV)]. The transmitted y-photons were detected and recorded by a Nal(Tl) scintillation detector
with resolution of 8.5% for 661.16 KeV of *'Cs. The linear attenuation coefficient (), total atomic cross
section (ov), total electron cross section (oe) and photon mean free path (3) for different y—energies have been
reported. The experimental results determined were compared with the theoretical values obtained using X-
COM and semi empirical approach based on mixture rule for all photon energies. The experimental values are

in good agreement with theoretical values.

Keywords: Mass Attenuation Coefficient, Linear Attenuation Coefficient, Effective Atomic
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I. INTRODUCTION

The study of absorption of gamma radiation in shielding material is an important subject in the field of radiation
physics. It is potentially useful in the development of semi-empirical formulations of high accuracy [1]. The
interaction of high energy photons with matter is important in radiation medicine, biology, nuclear engineering
and space technology. The study of parameters such as mass attenuation coefficient (u,), linear attenuation
coefficient (L), total atomic cross-section (o), electronic cross-section (o), effective atomic number (Ze),
electron density (Neg), mean free-path (A) are important parameters in understanding the physical properties of
composite materials. They are very important in many applied fields like nuclear diagnostics, radiation
protection, nuclear medicine and radiation dosimetry.

Mass attenuation coefficient is a measurement of how strongly a substance absorbs or scatters radiation at a
given wavelength, per unit mass. Mass attenuation coefficient can be used to derive other photon interaction
parameters. Linear attenuation coefficient (l,) describes the fraction of a beam of X-rays or y- rays that is
absorbed or scattered per unit thickness of the absorber.

In 1982 Hubbell published tables of mass attenuation coefficients and the mass energy absorption coefficients

for 40 elements and 45 mixtures and compounds over an energy range of 1 keV to 20 MeV. These tables,
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although widely used, can now be replaced by the Hubbell and Seltzer tabulation for elements (Z=1 to 92) and
48 additional substances of dosimetric interest [1]. Berger and Hubbell developed the theoretical tables and
computer program (XCOM) for calculating attenuation coefficients for elements, compounds and mixtures for
photon energies from 1keV to 100 GeV[2, 3]. Recently, this well-known and much used program was modified
to the Windows platform by Gerward et al. [4], and the Windows version is being called WinXCom. The
scattering and absorption of gamma radiations are related to the density and atomic number of each element. In
composite material like an alloy, it is related to density and effective atomic number. The knowledge of mass
attenuation coefficients of alloys is of prime importance in the determination of effective atomic number. A
single number therefore, cannot represent the atomic number uniquely across the entire energy range, since the
partial interaction cross-sections depend on different element numbers [5]. The parameter “effective atomic
number” has a physical meaning and allows many characteristics of material to be visualized with this number.
The effective atomic number (Z) of composite material is defined as the ratio of total atomic cross-section, to
the total electronic cross-section [6, 7]. Attenuation coefficient and effective atomic number for many materials
were reported [1-16]. In the present work, the mass attenuation coefficients and other photon interaction
parameters of wrought aluminum alloy 7017 at [(0.0595 MeV), (0.662 MeV), (1.173 MeV & 1.332 MeV)]
gamma energies are determined and are compared with the values obtained using semi empirical relations based

on mixture rule and also with the values obtained from XCOM.

Il. EXPERIMENTAL METHOD

Transmission experiments has been carried out with narrow beam good geometry setup (Gamma ray
densitometer) shown in Fig.1. The setup with the source vault, collimators and the lead vault housing, the
detector has been used for measuring the incident and transmitted intensities to determine the attenuation
coefficient. The gamma rays are well collimated using lead collimators of cylindrical shape and a circular
aperture of 6 mm diameter along the axis of the source and the detector. The signal is detected by Nal (TI)
scintillation detector of 3x3 inch crystal under a high bias voltage of 1000 volts. The detector was shielded with
a lead housing to reduce the radiation coming directly from the source scattered from the surroundings. The
attenuation measurements were made with multichannel analyzer. The weak detector pulse is fed to the
preamplifier which then enters the linear amplifier. The linear amplifier has two main functions of shaping the
pulse and amplitude gain. The multi-channel analyzer (MCA) has been designed to work in conjunction with
this setup. The amplified pulse is then fed to the MCA, which converts the analog signal into a digital signal
using an analog to digital converter (ADC). Here, software installed in the MCA, is used to control the
functions and other settings including the analysis of the spectrum. The energy and the efficiency of the system
were calibrated using a certified standard source.

The alloy studied in the present work has been prepared by ingot metallurgy route. The alloy was melted in the
air, in the induction furnace and cast iron moulds were used to obtain ingots. These ingots were subsequently
homogenized and hot rolled to obtain 12 mm — 15 mm thick plates. The dimensions of the samples were
measured with a screw gauge upto an accuracy of + 0.01 mm.The alloy plates were precipitation strengthened
by heat treatment, aging.

Alloy 7017 has chemical composition of 92.08% Al, 5.17% Zn, 2.26% Mg, 0.13% Zr, 0.28% Mn, 0.04% Fe and
0.04% Si by weight. The sample was shaped into a cuboid for measuring the attenuation. The sample was placed
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between the source and the detector. The distance between the radioactive point source with sample and the
sample to detector was 8 cm and 6 cm, respectively. The sample was irradiated with [(0.0595 MeV), (0.662
MeV), (1.173 MeV & 1.332 MeV)] photons emitted by 50 mCi Am-241, 100 mci Cs-137 and 10 mCi Co-60
radioactive point sources respectively. I, and | the intensities before and after attenuation were measured by a
high resolution detector. The measurements on sample were carried out five times at each energy value. In every
case the photo-peak had Gaussian distribution. The peak areas have been estimated from the spectrum obtained
for each measurement. Each spectrum was recorded for 30 minutes to record an adequate number of counts

under the photo peak.

Fig. 1 The Experimental Setup

I11. THEORY

The relations used in the present work are summarized in this section. Mass attenuation coefficients for the
different materials and energies are determined by performing transmission experiments. This process is
described by the following equation:
| = 1,850 (—L4,1) "

Where |, and | are un- attenuated and attenuated photon intensities

HUm = w/p (cm?/g) is the mass attenuation coefficient

t (g/cm?) is sample mass thickness (the mass per unit area)
The total mass attenuation coefficient p, for any chemical compound or mixture of elements is given by

mixture rule [6]:

H = D Wi (1),
! )
Where w; isthe weight fraction
(Um)i is the mass attenuation coefficient of ith element
For a material composed of multi elements the fraction by weight is given by
n A
w oA
> A
‘ ®)

Where A, isthe atomic weight of the i element and n; is the number of formula units.
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The total atomic cross-section (o) for materials can be obtained from the measured values of p, using the

following relation

N
o, = ,ul\rln
A (4)
Where N = Z n; A is atomic mass of materials (5)
i

Na is the Avagadro’s number.
Total electronic cross-section (o) for the element is expressed by the following equation
1 f.N, o,
Oy = Do () =
e N . Z Zi m/7i

Z eff (6)

Where f; denotes the fractional abundance of the element i with respect to the number of
atoms such that fi+H+f+f,+..... .. fi=1

Z; is the atomic number of i element

The total atomic cross-section (o;) and total electronic cross-section (o) are related to the effective atomic

number (Z) of the material through the following relation

o
Zeff = O__t
e ()
Effective electron number or electron density (Neg) (number of electrons per unit mass) can be calculated using

the following relation:

N
N :_Azeff Zni =t
N o, (®)

The average distance between two successive interactions, called the photon mean free path (L), is given by

[ xexp (- 120)dz
A=2 =—

Joo(max

©)

Where (W) is linear attenuation coefficient and x is the absorber thickness.

The uncertainty in the measured physical parameters depends on uncertainty in the furnace temperature and
measurement of the mass attenuation coefficient, which has been estimated from errors in intensities Iy, | and

thickness (I) using the following relation

2 2 2 2 %
oS5 () o) 3] e
ol |1 | | |

where 41y, A1 and 41 are the errors in the intensities |,, | and thickness | respectively. In this experiment, the

intensities 1, and | have been recorded for the same time and under the same experimental conditions.

Estimated error in these measurements was around 1%.
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Theoretical values for the mass attenuation coefficients can also be obtained by Win Xcom program [17]. This
program is based on mixture rule to calculate the partial and total mass attenuation coefficients for all elements

and mixtures at standard as well as selected energies.
IV. RESULTS AND DISCUSSION

The mass attenuation coefficients have been calculated at the photon energies [(0.0595 MeV), (0.662 MeV),
(1.173 MeV & 1.332 MeV)]  The values obtained experimentally are compared with theoretical values
calculated by using semi-empirical relations (1, 2 and 3) of section-3 and with the values of X-Com and are
found to be in good agreement, as seen in the Table 1. It is clear that mass attenuation coefficient depends on
photon energy and chemical content. The mass attenuation coefficient of a material decreases because
probability of absorption reduces with increasing incident photon energies which results in the increase in the
transmission of photons through it. The total experimental uncertainty of mass attenuation coefficient values
depend on the uncertainties of peak area evaluation, mass thickness measurements, experimental system,
counting statistics, and efficiency errors and so on. Using the mass attenuation coefficient, the parameters linear
attenuation coefficient (), total atomic cross-section (o), electronic cross-section (o), effective atomic number
(Zesr), electron density (Neg), mean free-path (1) for wrought aluminum alloy 7017 at different photon energies

have been calculated and the results have been displayed in Fig’s (2-5) as function of photon energies.
Although the dependence of o and o on the photon energy is dominant at low energies, it is negligible at

high energies The Zg and the Ngg remains constant and are found to be independent of photon energy for a
compound. The electron density is closely related to the effective atomic number and hence has the same
qualitative energy dependence, as effective atomic number. Total photon cross-section and electron cross-
section (ot and o) decreases with the increase in photon energy. Lastly, the photon mean free path (A) for a
compound found to be increasing with the photon energy. This is due to the decrease in the probability of
interaction of photons in the material with the increase in energy. The variation in mass attenuation coefficient
is due to the influence of other alloying elements present in the alloy. The agreement between the calculated
values from semi empirical relations, XCOM and experimental results is good. However the presence of
alloying elements in wrought aluminum alloy create a different environment in aluminum matrix, this could
bring a change in the binding forces, chemical surroundings and distortion in crystallinity. But these changes in
the aluminum matrix induced by the alloying elements are not considered when the values of mass attenuation
coefficients were computed by XCOM and empirical relations. But the influence of these effects, discussed
above, reflects in experimental measurements.

Hence the experimental values for the mass attenuation coefficients of aluminum alloy slightly differ from the
calculated values. Further, the difference might arise in the values of p, obtained from experiment and
calculation due to experimental setup and it’s counting efficiency errors. Measured values of other photon
interaction parameters like atomic cross section and electronic cross section show almost similar behavior as
that of mass attenuation coefficient. The linear attenuation coefficient (x) is determined for this alloy by using
um Of the alloy. From the Table-1 it is clear that the linear attenuation coefficient is inversely proportional to
energy. This is because as energy increases, the transmitted photons increase and the absorbed photons decrease,
and hence linear attenuation coefficient decreases. The linear attenuation coefficient is related to the mean free
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path which is the distance between successive interactions and mean free path is the inverse of the linear
attenuation coefficient.
Table-1
K, K, 6, 6e, Zesr , Nesr. and A values (comparison between experimental, theoretical and X-com ) of 7017

alloy at different y-energies

Fig.2 Mass attenuation coefficient vs Photon energy
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Fig.3 Total cross-section vs Photon energy
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Fig.4 Electron Cross-Section vs Photon Energy
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Fig.5 Mean Free Path vs Photon Energy

V. CONCLUSIONS

The present experimental study has been undertaken to determine the W, and related parameters for wrought
aluminum alloy 7017. It can be conclude that the W, is a useful and sensitive physical quantity to determine the
Zes and Neg and other photon interaction parameters for alloys. In the interaction of photon with matter, u,
values are dependent on the physical and chemical composition of the elements in the sample. The u, values of
alloy decrease with increase in photon energy. Also, the variation of [J; and [, with energy is identical to pp,.
The N is closely related to the Z and energy dependence of N is the same as Zgg. In the present study, it is
evident that the Wy, , Zeff and Neg are useful parameters for alloys. The results of this study will be helpful in
better understanding, of how the mass attenuation coefficients change with variation of the atomic and
electronic number for different alloy compositions. To the best of our knowledge, experimental and theoretical
investigations of the py, [y, (e, Zesr and N for wrought aluminum alloy 7017 are not available in the literature.

Moreover, the results of this work can stimulate both experimental and theoretical research for alloys.
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