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ABSTRACT: The mass attenuation coefficients (μ/ρ) and effective atomic numbers 

(Zeff) of Cu–Ag, Cu–Zn and Ag-Zn alloys were experimentally studied with Compton-

scattered gamma photons from a 662 keV ¹³⁷Cs source. By changing the angle of 

scattering from 45° to 0°, we had scattered photon energies in the range of (479−662) 

keV. Spectra were accumulated as an attenuated spectra with a resolution exceeding 256 

channels using the NaI (Tl) scintillation detector coupled to the multichannel analyser 

(8K). FLUKA simulation and maximum-likelihood expectation-maximization (MLEM) 

deconvolution were used for photopeak reconstruction and peak discrimination 

enhancement. Mass attenuation coefficients were determined both experimentally by the 

Beer–Lambert law, and theoretically through the mixture rule and reference attenuation 

values. Then, atomic and electronic cross-sections were calculated in order to estimate 

Zeff for each alloy composition. The measured attenuation coefficients exhibited a 

decreasing trend with increasing photon energy and were in good agreement with 

theoretical values. Results validate the utility of MLEM-complemented Compton-

scattering measurements in describing photon attenuation in metallic alloy and suggest 

applicability to radiation-interaction, shielding and nondestructive-evaluation studies. 

 

1.INTRODUCTION:  

The wide spread utilization of gamma radiation in medical dosimetry, industries and basic sciences is becoming key aspects in 

handling radioactive sources. Therefore, needs accurate measurement of attenuation parameters such as µ/ρ and Zeff. These 

parameters have immense importance for highly penetrating gamma radiations. The scattering of attenuated photons corelated 

with density and effective atomic mass number of absorbers. The electron density is important in radiography, imaging and in 

metrological science.  

Hubbell and Seltzer (NIST, 1995) compiled theoretical mass attenuation coefficients (μ/ρ) for elements and selected biological 

materials over the 10 keV–100 MeV photon energy range. Shivalinge Gowda et.al (2004) measured photon attenuation 

coefficient with effective atomic number of thermo luminescent dosimetric compounds using range wise interpolation (best 

fit) method. The P. Limkitjaroenporn et.al (2012) measured mass attenuation coefficients and hence effective atomic numbers 

for Ag, Cu and Zn alloys at various composition by using Compton Scattering geometries. Singh et.al. (2008) measured 

attenuation shielding parameters for barium-borate fly ash glasses in the gamma ray energies (356 keV to 1332 keV) using 
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scattering method. I. Han (2009) determined µ/ρ and Zeff electron numbers for several alloys at gamma energies sources Am221 

and Cd109 . V.P Singh (2012) calculated Zeff electron densities of some gases and biological sample from 10 keV to MeV photons 

for dosimetry interest.  The spectral quality of Compton scattered gamma rays has wide FWHM which degrades resolution of 

scattered peak. Therefore Sangam et.al. (2019), Deshpande et. al.  (2026) used deconvolution of attenuated spectra to improve 

resolution of attenuation parameters which mostly depends on geometrical factors. 

In this study the µ/ρ and Zeff of 3d and 4d metal alloy of AR grade Cu, Zn and Ag have measured at gamma ray photon in the 

range of 479-662 keV generated by Compton scattered photon of energy 662 keV radioactive source. The photo-peak generated 

after and before attenuation of spectra were analyzed by employing FLUKA and MLEM deconvolution software on counts 

respective channel energy of spectrum. The result obtained were compared with theoretical values given by Hubbell. 

2. METHODOLOGY:  

The effective atomic numbers were calculated from total photon attenuation coefficients µ/ρ for metal alloys were computed 

by Bear-Lambert exponential law in terms of mass thickness (ρt) of alloys with I0 and I incident and transmitted counts without 

and with alloy foil absorber is  

(
𝜇

𝜌
) =

1

𝜌𝑡
𝑙𝑛 (

𝐼0

𝐼
),  cm2/gm  (1) 

where I0 and I are the intensities of attenuated counts before and after attenuation of absorber and thickness of absorber t=ρ.x 

(gm/cm2). The mass thickness of alloys is kept homogeneous during chemical process to prepare alloy foils.  

The total mass attenuation coefficient of alloy has calculated theoretically by using mixture rule to elemental (µ/ρ) alloy values 

given in (NIST 1995). 

[
𝜇

𝜌
] = ∑ 𝑊𝑖

𝑛
𝑖 (

𝜇

𝜌
)   (2) 

where Wi is the fraction by weight for ith element of homogeneous mixture. 

The fraction by weight Wi by considering impurities present in pure metal is 

𝑊𝑖 =
𝑛𝑖𝐴𝑖

∑ 𝑛𝑗𝐴𝑗𝑗
   (3) 

Where W1+W2+W3------------Wn=1, ni is the number units in alloy w.r.t. ith atomic weight (Ai).  

Total atomic cross section (a) of metal alloys in terms of mass attenuation coefficient is  

                                                𝜎𝑎 =
(

𝜇

𝜌
)

𝑛𝑖 ∑ (
𝑤𝑖
𝐴𝑖

)𝑎
𝑖=1

   (4) 

and electronic cross-section is 

                                         𝜎𝑒 =
1

𝑁𝐴
∑

𝑓𝑖𝐴𝑖

𝑍𝑖

𝑛
𝑖=1 (

𝜇

𝜌
)                         (5) 

where Zi is the atomic weight of ith element in alloy fi is the number of ith atoms w.r.t. Zi and NA is Avogadro’s number. 

The effective atomic numbers for gamma photons is given by ratio of equation (4) and (5)  

                                          𝑍𝑒𝑓𝑓 =
𝜎𝑎

𝜎𝑒
=

(
𝜇
𝜌)

𝑛𝑖 ∑ (
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𝐴𝑖

)𝑎
𝑖=1

1
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𝑓𝑖𝐴𝑖
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        (6) 

The effective electron number (Neff) is given by 

                                          𝑁𝑒𝑓𝑓 =
𝑁𝐴

𝑁
𝑍𝑒𝑓𝑓 ∑ 𝑛𝑖 =

(
𝜇

𝜌
)

𝐴𝑙𝑙𝑜𝑦

𝜎𝑒
                         (7) 
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3. MEASUREMENTS  

A] Experimental Arrangement  

The radioactive source (Cs137) castle, aluminum scattering foil with table and 2’’ x 2’’ planar NaI (Tl) detector with lead shield 

are mounted on goniometer setup shown in figure 1. The radioactive source of energy 662 keV having activity 10 mCi is 

encapsulated in lead shield container. The scintillation head and source castle are mounted in opposite manner such that they 

can move angularly. The goniometer arms designed to rotate detector head by keeping position of source and aluminum 

absorber constant on angular scale. 

The Compton scattering of 662 keV gamma rays by aluminum absorber at various angles is shown in Fig 1. 

 

Fig. 1. Experimental setup 

The output of detector is coupled to amplifier scalars, converters (ADC) and 8K multichannel analyzer. The distance between 

source to aluminum foil absorber is 8.3 cm and absorber to NaI (Tl) window surface is 9.6 cm. The collimator C1 and C2 has 

0.8 cm entrance diameter so as to get fine narrow beam of photons. The aluminum absorber foils positioned in line with beam 

and is held in the place with the movable support stand in the circular angular scale. The geometry is shielded by 3mm thick 

lead foil to prevent background radiation from cosmic rays. The NaI (Tl) detector bin consisting of preamplifier, scalars, 

scintillation head, high voltage power supply, ADC converter and 8K Multi channel analyzer (MCA) are arranged so that the 

whole scattering histogram along with 662 keV energy photo peak is visible on computer screen. The goniometer scattering 

angle is selected between 0o to 45o to get inelastic photons. 

Initially the MCA setting was calibrated with known gamma energy sources Co57, Cs137 and Na23. The accumulation time is 

selected 600 seconds. The accumulated scattering spectra has Photomultiplier tube (PMT) thermal noise, background spectra 

and Compton scattered peaks needs unfolding by means of MLEM deconvolution to get resolute peak described in earlier 

work15. 

The Compton scattered spectrum comprising number of interaction peaks such as back scattered peak, blast current noise and 

interested Compton peak. The poor resolution of detector could not discriminate the nearby counts because of limitations 

assigned by the multichannel analyzer (MCA) software. The incoherent differential scattering cross sections as a function of 

scattering angle have been measured with a NaI (Tl) scintillation detector coupled to a goniometer. FLUKA simulation software 

was used to model the exact experimental setup and generate the Compton scattering peak for accurate determination of 

attenuation counts and MLEM simulator to have correct peak position and pulse height ratio analysis.  

The multiple detector spectrum has scattering effect which is minimized by adjusting the distance between source to target and 

scatterer to detector face with minimum scattering angle. The differential cross-sectional counts have elastic and inelastic 

scattering peak. In this experiment inelastic scattering region counts were used for our investigation. The small correction angle 

was applied to attenuated spectra. 
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 The non-uniformity of the alloy absorber contributes to a fractional uncertainty of about half the root mean square deviation 

in mass per unit area. The deviation in mass attenuation coefficient (µ/ρ) because of non-uniformity is given by relation (R.W. 

Carter 1967) as 

                                ∆ (
𝜇

𝜌
) =

1−𝐵𝑄𝑄(
1

𝛼
∙(

𝜌

𝜇
)∙𝑠𝑖𝑛ℎ(𝛼∙

𝜌

𝜇
))

𝑙𝑛(𝑅)
                        (8) 

where R is the mean transmission ratio for obtaining the value of (µ/ρ), α is the maximum deviation in absorber thickness and 

ρ is the density of the absorber. The maximum uncertainty in the measured mass per unit area is 2 to 3 %. The experimental 

values of mass attenuation coefficient, σa, σel and Zeff for various alloys combinations at different gamma energies are shown in 

Table 3 to 6. 

B] Deconvolution of Compton scattered photo-peak 

The Compton Scattered interest photo-peak counts respective to energy channels (E) is given in terms of intensity of scattered 

spectra S(E) and detector response function R(n,E) in integral form as  

                             𝑀(𝑛) = ∫ 𝑆(𝐸). 𝑅(𝑛, 𝐸). 𝑑𝐸
𝐸𝑈

𝐸𝐿
                              (9) 

Where EL and EU are lower and upper energy of selected limits photo peak. 

If the alloy foil of having mass thickness X (ρ.t) is placed between aluminum scatterer and detector, then the mass attenuation 

coefficient w.r.t. channel counts A(E,X) is written as  

                                𝐴(𝐸, 𝑋) = −𝑒
[−(

𝜇

𝜌
).𝑥]

            (10) 

 Equation (8) in terms of channel intensities becomes  

                        𝑀(𝑛,𝑥) = ∫ 𝑆(𝐸). 𝑅(𝑛, 𝐸). 𝐴(𝐸, 𝑋). 𝑑𝐸
𝐸𝑈

𝐸𝐿
              (11) 

The equation (11) in terms of summation given by 

                        𝑀𝑖(𝐸) = ∑ 𝑅𝑖𝑗𝑆𝑗
𝑛
𝑖=1                            (12) 

The interested photo-peak has small range of energy channels. The Compton scattering photo-peaks response matrix for linear 

counts energy for small linear portion of energy range the equations (11) can be written as matrix form as 

                                  [

𝑀1

⋮
⋮

𝑀𝑖

] = [

𝑅1 ⋯ ⋯ 𝑅𝑖𝑗

⋮ ⋯ ⋯ ⋮
⋮ ⋯ ⋯ ⋮

𝑅𝑖 ⋯ ⋯ 𝑅𝑖𝑗

] [

𝑆1

⋮
⋮

𝑆2

]                  (13) 

The matrix Mi are the MCA counts, Rij is the response function of the detector and Sj is the continuous distribution of incoming 

photons. The matrix Rij is constructed such that ith rows represents counts corresponding to respective channels and jth columns 

are incident photon energies. The true counts per energy channel can be obtained by multiplying equation (13) by inverse matrix 

(Rij)-1 gets 

                                              S=R-1M                                                   (14) 

The bins of spectrum is adjusted such that rows and columns are equal number to have square matrix. The true counts bins 

will be affected by quantization error generated by ADC converters. 

To retrieve true nearby energy peaks needs unfolding peak counts by applying MLEM deconvolution procedure given by L.B. 

Lucy (1974) is applied to equation (12).  The MLEM maximizes the likelihood for each bin or intervals of equal width for 

appropriate counting statics given by spectra. The interactive algorithm is applied for spectrum to obtain best fit.  

The MLEM algorithm15, at every iteration, a new value of Xe
(n+1) computed and this process continues until the tolerance value 

is attained. The tolerance value (Tol) in algorithm is calculated 
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                                  𝑇𝑜𝑙 =
∑ (𝑋(𝑗+1)

(𝑛)
−𝑋𝑗

(𝑛)
)

2
𝑁
𝑗=1

∑ (𝑋
𝑗
(𝑛)

)
2

𝑁
𝑗=1

                               (15) 

The iterative unfolds the spectral peaks with better resolution. The resolution of the photo-peak and the corresponding mass 

attenuation coefficient of the Al absorber at different scattering angles, before and after MLEM deconvolution, are summarized 

in Table 1. 

C] Graphical estimation of Zeff : 

Elemental cross section exhibits nonlinear dependence on both gamma photon energy E and atomic number Z, therefore 

relation of this type expressed by 

                                            𝜎𝑎 = 𝐴𝐸−𝐵                                        (16) 

where A and B are constants of energy variation in equation (16) and may be described as 

                                     𝑙𝑛(𝜎) =  𝑙𝑛(𝐴) − 𝐵 ∙ 𝑙𝑛(𝐸)                 (17) 

If B >0 the graph decreases with energy then B should come negative. If the graph slopes downward B<0. Equation (17) has 

straight line nature slope B and ln A as intercept. The obtained values of A and B are given in Table 2. 

Further ln A is a function of atomic numbers then it can be written as, 

                                          𝐴 = 𝐴1 𝑍𝐵1                                                  (18) 

Plotting graph of ln(A) versus ln(Z) has a nature of straight line with best fit. The coefficient A1 and B1 were obtained graphically 

from equation (18) for various compositions of Cu-Ag and Cu-Zn alloys. 

Therefore, it can be written as, 

                                   𝜎𝑎 = 𝐴1 ∙ 𝑍𝐵1 ∙ 𝐸−𝐵                                       (19) 

The effective atomic number Z(eff) obtained from equation (16) 

                                       𝑍(𝑒𝑓𝑓) = [
𝜎𝑎∙𝐸𝐵

𝐴1
]

1
𝐵1

⁄

                             (20) 

Table 1.: Resolution of photo-peak and mass attenuation coefficient of Al absorber after MLEM deconvolution at various 

scattering angle. (Thickness of Al=324 mg/cm2 ) 

 

Scattering 

angle 
 

Scattering 

Energy           

in Kev 

 

Klein-Nishina 

Differential 

Cross-section 

(×10⁻²⁹)Barn/S

r 

Intensities of Photopeak (MCA) 

Intensities of 

Photopeak (After 

MLEM) 
 

Counts 

without 

Al 

Counts 

with Al 

FWHM 

in keV 

Resolutio

n 
Counts Resolution 

0 662.0000 1.59048 9800 8500 8.69 1.54 9800 6.23 

5 658.7525 1.59227 9450 8100 10.45 1.59 9450 8.26 

10 649.2223 1.59764 9100 7700 12.06 1.6 9100 10.60 

15 634.0127 1.60662 8700 7300 13.06 1.62 8700 10.72 

20 614.0272 1.61930 8200 6800 14.71 1.64 8200 10.85 

25 590.3450 1.63597 7700 6300 17.78 1.66 7700 11.00 

30 564.0937 1.65717 7200 5800 19.27 1.69 7200 11.20 

35 536.3414 1.68384 6700 5300 21.96 1.73 6700 11.45 
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40 508.0236 1.71743 6200 4800 22.15 1.77 6200 11.75 

45 479.9039 1.75998 5800 4400 24.04 1.83 5800 12.10 

 

Table 2: Best fit coefficients for various Cu-Ag and Cu-Zn alloy at gamma energy range 479-662 keV. 

Alloys of 

elements 

Alloy ID Zeff 
 

A B ln(Z) ln(A) Constants 

Cu-Ag Alloy1(Pure Cu 100) 47.00000 848.09961 0.63986 3.85015 6.74300 
A1= 4.1349× 105 

Alloy2(Cu75-Ag25) 43.01088 452.98755 0.56660 3.76145 6.11586 

Alloy3(Cu50-Ag50) 38.70797 355.52891 0.53892 3.65605 5.87361 
B1=-4.134977 

Alloy4(Cu25-Ag75) 34.05272 192.34986 0.47881 3.52791 5.25932 

Cu-Zn Alloy5(Pure Cu 100) 30.0000 184.08978 0.49594 3.40120 5.21542 
A1= 0.66837 

Alloy6(Cu75-Zn25) 29.7051 195.08978 0.49514 3.39132 5.27346 

Alloy7(Cu50-Zn 50) 29.4435 212.1359 0.50903 3.38247 5.35723 
B1=-1.6872 

Alloy8(Cu25-Zn75) 29.2099 163.71583 0.46946 3.37451 5.09813 

 

Table 3 : Mass Attenuation Coefficient for various alloy compared with theoretical values. 

 

Table 4: Effective atomic cross-section for various alloy compared with theoretical values. 
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Table 5 : Effective electronic cross-section for various alloy compared with theoretical values. 

 

Table 6:  Zeff values for various alloy combination 

  

 

Graph 1 : Variation of mass attenuation coefficient of Cu-Ag and Cu-Zn alloys with Scattering energy. 
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Graph 2 : Energy dependence of the atomic cross section for Cu–Ag alloys. 

 

Graph 3 : Variation in atomic cross-section of Cu-Zn alloys with various energy. 

 

Graph 4 : Effect of gamma-ray energy on the electron cross section of Cu–Ag and Cu-Zn. 
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alloys.  

Graph 5 : Effective atomic number of Cu-Ag and Cu-Zn alloys as a function of gamma-ray energy. 

4. RESULT AND DISCUSSION 

The energy absorption in a given medium can be calculated if certain constants are known. These necessary constants are Zeff 

and electron density Ne of the medium. Therefore, the study of Zeff numbers of the biological samples is so useful for many 

technological applications and calculation of medical dose in radiation therapy. The measured experimental µ/ρ and Zeff values 

for Cu, Zn and Ag alloys samples for gamma ray energies 479 keV to 662 keV are shown in Table 3 and 6 respectively, compared 

with the theoretical values3 calculated by using mixture rule. The values of Zeff are estimated graphically with best fit method 

are shown in Table 2, shows the nonlinear response due to small span of energy. The metrological process for preparation of 

alloy samples through number of processes may change basic chemical and morphological properties. Over the photon energy 

range of 479–662 keV, it was observed that the effective atomic number Zeff values, which were computed from the ratio of the 

experimental atomic cross section (𝜎𝑎) to the electronic cross section (σel) remained almost constant. The values of Zeff is best 

fit parameters obtained in plot of σa versus gamma ray energies are mentioned in Table 2. The variation in Zeff values for Cu, Zn 

and Ag alloys are shown in Graph 5. The trend in graph is linear with small variation with respect to energy.  The effective 

atomic number is generally useful for low Z material encountered in medical dosimetry. Zeff is calculated in the Compton domain 

so that variation is observed in the Zeff measurements. For Cu-Ag alloy, the variation of Zeff in Alloy 2 and 3 is less as compared 

to alloy1 and 4. Similarly the variation of Zeff is less in alloy 5 and 6 as compared to alloy 7 and 8. From graph 1 ,it is observed 

that Cu–Ag and Cu–Zn alloys' experimental mass attenuation coefficients show a steady declining trend as the gamma-ray 

energy increases, the separation among alloy curves is greater at lower energies and the curves gradually converge near 662 keV. 

Alloy 2 and 3 trends of atomic cross section are closer as compared to alloy 1 and 4. The mass-energy absorption of energy 

during interaction is higher at lower energy and tends to decrease towards higher energy side. 

5 CONCLUSION: 

In the present work, the Zeff values for the various combination of alloy samples are measured by using experimental (µ/ρ) values 

in gamma energy range 479 keV to 662 keV by employing Compton scattering geometry. In this energy region the Compton 

scattering effect is more dominant. The accuracy in measurement may depend on elemental composition of mixture of alloys, 

purity and homogeneity. The uncertainty in mass attenuation calculation is near about 2 to 3 %. The pure copper and silver 

element have partially filled d-orbitals in its neutral state. However, Zn has completely filled 3d10 shell into ground state. The 

electronic configuration of alloys slightly differs µ/ρ and Zeff values from theoretical values3. The results are in accordance with 

the theoretical values3 also highlights the MLEM and FLUKA applications on accumulated PHA spectral analysis. An integrated 

framework for advanced radiation shielding studies and non-destructive evaluation of alloy systems has been established by the 

successful application of the MLEM algorithm for effective atomic number (Zeff) determination, demonstrating its dependability 

as a useful tool for calculation of attenuation parameters. 
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