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Abstract: The spectra of g-rays attenuated by soil, water, sand and cement in a broad beam geometry have been measured 
and analyzed at the energies 0.662 MeV from 137Cs and 1.173, 1.333 MeV from 60Co. The ratios of the photopeak to four 
main portions of the spectra were analyzed as a function of the material effective atomic number Zeff and the g-ray energy. 
The broad beam mass attenuation coefficients µb/ρ were compared with the theoretical values µ/ρ as a function of the 
effective atomic number Zeff and g-ray energy. The photopeak ratios have maximum values for photons scattered in the 
forward directions and decrease gradually for larger scattering angles. An inversion trend IT (maximum intensity build-up) 
in the peak ratios as a function of g-ray energy holds, in agreement with earlier results, where a decrease at the energy 
region 0.662 to 1.173 MeV changes to an increase at the energy region 1.173 to 1.332 MeV. These trends vanish gradually 
at larger scattering angles. The build-up factor B decreases with increase in the g-ray energy. Correlation between the 
build-up factor B and each of the effective atomic number Zeff and the  g-ray energy was registered and discussed. 
Extensive attention to preparing collimated beam to measure μ/ρ might be saved if the measurement is performed under the 
conditions of minimum build-up factor B (maximum photopeak ratios). 
Keywords: Gamma-ray spectrometry, Mass attenuation coefficients, Peak ratios, Effective atomic numbers, Build-up 
factor. 
 

 

1 Introduction 

On passing through the material, g- rays undergo 
attenuation because of their interaction with the material 
atoms. This interaction depends on the g-ray energy, the 
material atomic number, and the experimental set-up. The 
mass attenuation coefficient µ/ρ is a measure of the 
probability of interaction between incident X- or g- rays and 
the sample atoms. The accurate values of µ/ρ are required 
to provide data in diverse fields. Investigation for 
measuring µ/ρ was performed to gain shielding data for the 
constituents of concrete in the g-ray energy range of 0.662 
to 1.332 MeV. It was concluded that beach soil is the best 
sand type for making concrete of ionizing radiation 
shielding [1]. The 33, 662, 1173 and 1332-keV g-rays were 
employed as single and dual-energy broad beams to study 
the attenuation of applied mixed materials. It was 
concluded that soft X-rays, 33- keV as a single energy and 
33-1250 keV as dual-energy produce the most sensitive 
responses to concentrations [2]. The main processes of 
interactions are absorption, scattering (single or multiple), 
emission of fluorescence radiation, the annihilation of 

positrons, generation of bremsstrahlung which give rise to 
secondary photons that are evaluated through a build-up 
factor [3]. It simply compares between the intensity of the 
photons at a certain point with the collisions to the intensity 
without collisions at the same point, therefore its minimum 
value is one. The arrangement is an open angle and broad 
beam geometry mostly applied in the environmental, 
dosimetric, shielding, radiotherapy, mining studies. The 
mass attenuation coefficients µ/ρ and the mean free path l 
are directly affected by the build-up in the intensity so that 
µ/ρ becomes smaller than the theoretical values and l 
becomes larger. The background under the peak, the 
Compton valley, and the Compton plateau correspond to 
different scattering angles and can be utilized to be 
compared with the photopeak. The peak-to-valley ratios for 
three different HPGe detectors were measured for the 
assessment of 137Cs deposition on the ground and the 
impact of the detector field-of-view [4]. This is necessary 
for the problem of quantification of the total deposition of 
radioactivity after the release of radioactive material to the 
environment. Broad beam g-ray spectra were studied before 
and after passing through vital materials and the variations 
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in the photo peak ratios to different parts in the spectra 
besides measuring µb/ρ at the three energies 0.662, 1.25 and 
1.332 MeV [5]. The photopeak ratios to the forward 
scattering parts in the spectra revealed inversion trend, IT, 
from decrease at 0.662-1.25 MeV region to increase at 
1.25-1.332 MeV region. Properties of environmental, 
biological, industrial materials are often evaluated and 
compared against each other by consideration to Zeff. This 
method was applied, on water and dosimetric gels [6]. 
Broadening of the peaks can be caused by overlapping of 
peaks of nearby energies either from the same isotope or 
from another one, besides the increase in the back ground. 
Fitting algorithms are used to analyze this overlap to 
determine physical quantities as for example the specific 
activity of 137Cs in a radioactive material [7]. Determination 
of g-ray spectrometric parameters e.g. the effective atomic 
numbers, the effective electron numbers, the total atomic 
cross-sections and build-up factor of some compounds and 
some building materials at different g-energies was 
performed in [8,9]. It was reported that an increase in the 
beam collimator diameter causes increases in the build-up 
factor [8].  
In the present work the attention is directed to: 
 

1- Investigate the development of g-ray spectra in an 
open angle geometry where the material is put 
between the source and the detector.  

2- Verify the existence of minima in the ratios of the 
photopeak to selected regions of the attenuated		g- 
ray spectra at the energy interval 0.662-1.332 MeV 
[5]. 

3- Measure the broad beam mass attenuation 
coefficients µb/ρ and compare them with the 
theoretical values µ /ρ. 

4- Correlate between the build-up factor B, the 
effective atomic number Zeff and the g-ray energy 
Eg. 

 
2 Experimental Section 
2.1 Theoretical Background 
 
The dominant mode of interaction at the energies applied is 
the Compton scattering. An overview of the contributions 
of interactions for the atomic number Z=8 (oxygen) and 
Z=13 (aluminum) indicates that the ratio of photoelectric 
interaction to the Compton interaction ranges between 10-2 

and 10-3. The ratio of pair production to Compton scattering 
at 1.173 and 1.333 MeV is of the order 10-3 [10]. The 
energy loss in one collision depends on the g-ray energy E γ 
and the scattering angle θ according to the relation, 

𝐸 =
𝐸*

1 + -𝐸* 𝑚*	𝑐01 2 (1 − co s 𝜃)
																																					(1)	

E0 and E represent the g-ray energy before and after 
scattering at an angle θ and m0 c2 is the rest mass energy of 

the electron. The differential scattering cross section 
𝑑s(	𝐸. θ)

𝑑W1  depends on the energy and the angle of 
scattering according to the Klein- Nishina formula, 
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r0 is the classical electron radius. dΩ represents the solid 
angle corresponding to the scattering angle θ. This equation 
shows no dependence on the atomic number Z or the 
density ρ of the attenuator, however, the Compton cross 
section is proportional to Z. According to [11], the number 
of scattered photons is proportional to each of the scattering 
angle and the thickness of the attenuator. Therefore, the 
Compton continuum occurs in the energy spectrum of the 
attenuated photons, depending on the Z number and the g-
ray energy. A build-up factor B, (with minimum value @1) 
was developed to quantify this quantity from comparison 
with the forwardly scattered photons in a parallel (narrow) 
beam geometry, according to the relation 𝐵 = HIJKLMNJO

HPKQPMQKRJO
, 

where 𝐼𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 represents the measured intensity from the 
broad beam geometry and 𝐼𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑 represents the 
corresponding measured intensity from a parallel beam 
geometry. The build-up factor B relates the narrow 
(theoretical) beam to broad beam mass attenuation 
coefficients as follows, 

𝐼Z[\]^=[_ = 𝐵	𝐼 \a`^a\b[_	𝑒
c-de2b																																						(3) 

 
 
		𝐵								 = 𝑒[(h/j)c	(hk/j)]b																																																			(4) 

 
t is the material thickness. 
A basic quantity related to µ/ρ is the effective atomic 
number Zeff. It is used to describe the properties of a 
composite material in terms of its constituents. General 
expressions have been obtained for the description of 
effective atomic number Zeff [12].  
 
  
 
 

 

 

 

 
 

Fig.1: Schematic diagram of the experimental set-up. D: 
Detector, L: Lead shield, M: Material, S: g-ray source. 
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The sources used are 137Cs and 60Co of activities 580 and 
180 µCi respectively. The g-ray spectra were measured 
using 3″x3″ NaI (Tl) detector. The attenuator was packed in 
a plastic container with thickness 14 cm and mounted in 
contact between the source and detector in an open angle 
geometry. Using the definition, l th= 1/µ th, the thickness 14 
cm of water is equivalent to 1.2 times the theoretical mean 
free path, mfp, l th at Eg= 0.662 MeV and is equivalent only 
to 0.910 and 0.86 times Its value at Eg=1.173 and 1.332 
MeV respectively. The densities for water, soil, cement, 
and sand are respectively 1, 1.33, 1.44 and 1.74 g cm-3. The 
g-ray source was enclosed in a lead shield with a pin hole 
on the side facing the detector. The acceptance angle at the 
detector is 15.340 and the corresponding solid angle= 0.64 
sr. Figure 1 shows a schematic diagram of the experimental 
set-up. The detector resolution is 7.8% for 0.662 MeV and 
5.3% for 1.173, 1.332 MeV photons. The peak to Compton 
ratio as well as the resolution specification are presumably 
reasonable. The size of the active cone in the material= 201 
cm3. The sizes of the active cone (cone tractors) based on 
the experimental geometries in [5] are 12.52, 154 and 
527.12 cm3. Additionally, the sum peak of energy 1.25 
MeV (representing the two cascade of energies 1.173 and 
1.332 MeV in the decay scheme of 60Co is replaced in this 
study by the peak of 1.173 MeV photons. 
The photopeak was compared with: 

i) The background in its region to get the peak 
to back ground ratio, PtBG.  

ii) The sum of the photopeak plus background in 
its region to get the peak to total ratio PtT.  

iii) A nominated energy range in the Compton 
valley to get the PtV ratio.  

iv) A nominated energy range in the Compton 
plateau to get the PtC ratio. 

The regions of interest are normalized to allow 
comparisons and evaluations.  
 

Table 1: Regions of interest, ROI for the peak ratios.  
E γ 
(MeV) 

Photopeak 
(MeV)  

Valley 
(MeV) 

Plateau 
(MeV) 

0.662 0.566-0.766 0.500- 0.548 0.218- 0.266 

1.173 1.082- 1.256 1.025- 1.17 0.650-0.811 

1.332 1.241-1.460 1.025- 1.170 0.650- 0.811 

Table 1 lists the energies of regions of interest. The peak 
ratios obtained from the number of counts per channel per 
second were calculated to verify behaviors of the peak 
ratios obtained from the regions of interest. The peak 
centroids for the attenuators are close to each energy but 
quite shifted from the corresponding backgrounds because 

of photon energy loss ∆Eg, which is~ 0.04 MeV at Eg= 
0.662 MeV and~ 0.023 MeV at the two energies 1.173, 
1.332 MeV. The broad beam mass attenuation coefficients 
μb/ρ were measured and illustrated in Fig. 1.  
 
Table 2: The effective atomic numbers for the attenuators  
[12-15]. 
Attenuator Photo 

electric 
effect 

Compton Pair 
production 

Water 7.98 7.22 7.89 
Soil 12.77 12.77 12.77 
Cement 15.7 13.65 14 
Sand 12.3 10.8 11.63 
 
The theoretical values of the mass attenuation coefficient 
μ/ρ were calculated using the chemical compositions in 
[12-15] and XCOM program [10]. The effective atomic 
numbers Zeff were calculated according to the expressions 
given by [12] and the chemical compositions from [13-15]. 
Table 2 lists the values of effective atomic number Zeff. The 
build-up factor B was calculated using μ/ρ, μb/ρ and 
equation 4, see table 3. 
The errors in μb/ρ have been calculated from the 
propagation of errors according to the relation given in [8]. 
 

∆-
µo r1 2 = -−1 r	𝑡1 2 p[(𝐼	∆𝐼* − 𝐼*	∆𝐼)/𝐼𝐼*]

+ 𝑡∆r	ln	(
𝐼
𝐼*
)r	 

                                                                                           (5) 
where t is the container thickness, I0 and I are the numbers 
of counts without and with the material, the errors from 
typical cases are less than 6%.  
 
3 Results and Discussion 
3.1 Peak ratios as a Function of Effective Atomic 
Numbers 
 

Generally, the peak ratios results are inversely proportional 
to the Eg and Zeff. The relatively large source-detector solid 
angle W allows prevailing Compton continuum to be 
achieved by the detector. Consequently, it was necessary to 
choose small ROI which yielded large values of PtV and 
PtC. 
This paragraph is the caption of figures 2. It has to be 
moved to be directly below figures 2A,2B,….., 2E as a 
function of Zeff. The inversion trend, IT reported in [5], 
takes place where the PtT ratios for the energy 1.332 have 
values near the values of 0.662 MeV and larger than the 
1.173 MeV values. For each group 
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Fig. 2: A the PtT ratios for the three energies 0.662, 1.173 and 1.332 MeV as a function of Zeff. B PtBG ratios for 
the three energies 0.662, 1.173 and 1.332 MeV as a function of Zeff. C Peak ratios for the energy 0.662 MeV as a 
function of Zeff. D Peak ratios for the energies 1.173 and 1.332 MeV as a function of Zeff. E Peak ratios per (channel 
second) at the energy 1.173 MeV as a function of Zeff. 
 
 
 
 

0.5

0.55

0.6

0.65

0.7

0.75

7 9 11 13

Pt
T 

Ra
tio

s

Z eff

2A

PtT 0.662 PtT 1.17 PtT 1.33

0.8

1.3

1.8

2.3

2.8

7 9 11 13 15

Pt
BG

 R
at

io
s

Z eff

2B 

PtBG 0.66 PtBG 1.17 PtBG 1.33

0.5

1

1.5

2

2.5

7 9 11 13

Pe
ak

 ra
tio

s

Z eff

2C

PtBG 0.662 PtV 0.662 PtC 0.662

0

0.5

1

1.5

2

2.5

3

7 9 11 13

Pe
ak

 ra
tio

s

Z eff

2D

PtBG 1.17 PtBG 1.33 PtV 1.17
PtV 1.33 PtC 1.17 PtC 1.33

0.4

0.6

0.8

1

1.2

1.4

7 9 11 13

Pt
BG

 ra
tio

s (
ch

an
ne

l-1
s-1

)

Z eff

2E

PtBG 1.173/Ch S PtV 1.173/Ch S
PtC 1.173/Ch S



 J. Rad. Nucl. Appl. 4, No. 2, 73-80 (2019) / http://www.naturalspublishing.com/Journals.asp                                                              77 
 

 
        © 2019NSP 
         Natural Sciences Publishing Cor. 

 

of photons, both transfer and absorption of energy occur. 
The net result is that the accumulated energy transferred 
initially builds-up with depth to a maximum value and then 
decreases by absorption. The maximum build-up 
corresponding to 1.173 MeV exceeds the maxima at 0.662 
and 1.332 MeV. The single (forward) scattering produces 
the main contribution in the background under the 
photopeak. In Figure 2B, the PtBG plots are ordered 
systematically as occurred in the PtT plots shown in Figure 
2A but with larger ratios. In Figure 2C the multiple 
scattering let the Compton continuum grows-up, 
correspondingly the peak ratios for 0.662 MeV decrease 
from PtBG to PtV to PtC. According to Klein-Nishina 
formula 2, the differential scattering cross section is 
subjected to decrease with larger scattering angles and 
increase in g-ray energy. According to Figure 2D the peak 
ratios are more divergent with respect to Zeff at 1.332 MeV 
than 1.173 MeV. From the measured spectrum, the 
intensity in the peak plus background at 1.173 MeV is 
larger than at 1.332 MeV owing to an increase in the 
Compton continuum but the background in 1.173 MeV is 
relatively higher than at 1.332 MeV. Consequently, the  
ratios PtBG at 1.332 MeV are larger than at 1.173 MeV, 
this is not the case for the PtV and PtC ratios. Irrespective 
of the build-up effect, from comparison with the XCOM 
calculations [10], the ratio of Compton cross sections at 
1.173 MeV to 1.332 MeV for soil as an example= 0.937. 
Similar results are found in [3], the shield Kernel B (μ r) 
exp (-μ r) in infinite water has maximum values (inversion 
tends) as a function of the distance from the source for g-
ray energies between 0.03 and 0.3 MeV. The greatest shield 
Kernel was registered at 0.08 MeV. The results are 
analyzed from another point of view, Figure 2E illustrates 
the peak ratios for the g-ray energy 1.173 MeV according to 
the counts per (channel second) in the photopeak, valley 
and Compton regions at the energy 1.173 MeV. It shows 
that PtBG˃ PtV˃ PtC, which agrees with the sequences 
shown in Figures 2C- 2D. This leads to understanding that 
the IT is a matter of the scattering angle because it is the 
unique varying parameter in the set of data. 
 
3.2 Peak Ratios as a Function of Energy 
 
Despite a quite variation with the same rate occurs between 
the PtV and PtC, in the Zeff versus peak ratios plots, more 
details concerning the ratios are derived from the plots of 
peak ratios versus energy. It is worth to note that the 
smooth curve of the detector efficiency shown in given by 
[16] does not play a role in IT. 
 
Figure 3A shows the PtT ratios for the background and the 
attenuators as a function of energy, the plots decrease from 
0.662 to 1.173 MeV and increase from 1.173 MeV to 1.33 
MeV. The ratios indicate to a sensitivity of the build-up at 
0.662 MeV where the ratios are distant from each other and 
are approached at 1.173 and 1.332 MeV. Figure 3B shows 
the PtBG, PtV, and PtC ratios for all attenuators. Figure 3C 

shows the features of the photopeak ratios for water. The 
ratios PtBG display the IT where the values at 1.33 MeV 
are clearly larger than at 1.173 MeV, which is not the case 
in the PtV and PtC ratios. The increase with respect to the 
Zeff (and Z) holds most clearly in the PtBG ratios. The PtV 
and PtC ratios, on the other hand, show no clear IT, this is 
attributed to the significant increase in the Compton 
continuum at larger scattering angles and not to Zeff.  
 
3.3 Mass Attenuation Coefficients 
 
The chemical composition of the materials [13-15] was 
employed to determine the theoretical mass attenuation 
coefficients μ/ρ using XCOM program [10]. 
Figures 4A and 4B show respectively μb/ρ and μ/ρ as a 
function of Zeff. The theoretical plots show similar trends at 
the three energies, the broad beam plots, on the other hand, 
show maximum at cement with the g-ray energies 1.173 
and 1.332 MeV which is not the case at Eg= 0.662 MeV. 
This result agrees with the minima in PtT and PtBG ratios 
found in Figures 2A and 2B at the g-ray energy 1.173 MeV. 
The relative attenuation of photons by the photoelectric 
absorption to incoherent scattering does not exceed few  
10-2-10-3, for the materials and energies under study. One 
can correspondingly think of prevailing Compton 
continuum in the spectral variations under study. The larger 
Z materials generate more build-up photons causing 
decrease in μ/ρ side by side with photon removal from 
reaching the detector till some sort of saturation is attained 
at a Zeff of about 12.7. The mean free paths l in broad beam 
geometry are respectively lb= (1/µb) =12.53 and 13.67 cm 
for the 1.173 and 1.332 MeV photons passing in soil. 
Figures 4C and 4D show respectively μb/ρ and μ/ρ as a 
function of g-ray energy. The g-ray build-up causes the 
rates of decrease of μb/ρ with respect to Eg to be varying 
more than μ/ρ. In this respect, it should be mentioned that 
the scattering angle θ is constant in this case. 
 

3.4 Build-up Factor 
 
The build-up factor B= e[(μ/ρ) -(μ b/ρ)]t, Equation 4, 
represents the capability of attenuation by the material. The 
build-up factor B has been calculated from the values of the 
mass attenuation coefficients given above (μ/ρ from XCOM 
program and μb/ρ from present work). The values of B are 
listed in table 3. B has largest values at the g-ray energy 
0.662 MeV and smaller values at higher energies in 
accordance with Klein-Nishina formula where the 
differential scattering cross section (for certain scattering 
angle θ), increases appreciably with decrease in incident 
photon energy, consequently, μb/ρ is decreased [17]. The 
theoretical values at soil, cement and sand coincide and the 
value for water is larger, the build-up on the other hand 
folds the μb/ρ for the different materials besides reducing 
their values. 
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Fig. 3: A the PtT ratios for all materials as a function of g-ray energy. B Peak ratios for all materials as a function 
of g-ray energy. C Peak ratios for water as a function of g-ray energy. 
 

Table 3: The build-up factor according to the present study. 
Eg (MeV) B Water B Soil B Cement B Sand 

0.662 1.394 1.322 1.237 1.186 

1.173 1.124 1.135 1.051 0.982 

1.332 1.237 1.081 0.999 1.044 

 

 
 

 



 J. Rad. Nucl. Appl. 4, No. 2, 73-80 (2019) / http://www.naturalspublishing.com/Journals.asp                                                              79 
 

 
        © 2019NSP 
         Natural Sciences Publishing Cor. 

 

 
 

 

 
 
 
 
 

4 Conclusions 

The present results provide contribution to the open field 
measurements as the environmental, shielding, dosimetric, 
and mining studies. The PtT and PtBG ratios correspond to 
forward scattering while the PtV and PtC ratios correspond 
to increasing scattering angles. Comparison between the 
ratios at the three energies 0.662, 1.173 and 1.332 MeV let 
it be concluded that PtT and PtBG ratios are the largest 
sensitive to variations in the experimental conditions, 
(geometry, attenuator properties, gamma-ray energies etc). 
The ratios are inverted from decrease at the region of 
energy 0.662- 1.173 MeV to increase at the region 1.173- 

 

 

 
 
 
 
 
1.332 MeV. This trend gradually disappears at the PtV and  
PtC ratios. From the results of μ/ρ and μb/ρ the intensity 
build-up is maximum at lower g-ray energy and lower Zeff 
material. At the energies 1.173 and 1.332 MeV μb/ρ are 
maximum (B is minimum) with Zeff= 12.5. Extensive 
attention to prepare collimated beam to measure μ/ρ and 
determine g-ray spectrometric parameters might be saved if 
the dimensions of the experimental set-up, the photon 
energy and the material characterization are chosen so that 
B is minimum. This corresponds to the conditions of 
maximum photopeak ratios. In in-situ measurements, on the 
other hand, large intensity is demanded, and the 
experimental set-up is suggested to match with the 
inversion trend, IT. 
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Fig.4:A the broad beam mass attenuation μb/ρ as a function of Zeff. B the theoretical mass attenuation μ/ρ as a function of 
Zeff. C the broad mass attenuation μb /ρ as a function of g-ray energy. D the theoretical mass attenuation μ/ρ as a function 
of g-ray energy.  
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