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Abstract 
We present a non-destructive method (NDM) to identify minute quantities of 
high atomic number (Z) elements in containers such as passenger baggage, 
goods carrying transport trucks, and environmental samples. This method re-
lies on the fact that photon attenuation varies with its energy and properties 
of the absorbing medium. Low-energy gamma-ray intensity loss is sensitive to 
the atomic number of the absorbing medium, while that of higher-energies 
vary with the density of the medium. To verify the usefulness of this feature 
for NDM, we carried out simultaneous measurements of intensities of mul-
tiple gamma rays of energies 81 to 1408 keV emitted by sources 133Ba (half-life 
= 10.55 y) and 152Eu (half-life = 13.52 y). By this arrangement, we could detect 
minute quantities of lead and copper in a bulk medium from energy depen-
dent gamma-ray attenuations. It seems that this method will offer a reliable, 
low-cost, low-maintenance alternative to X-ray or accelerator-based techniques 
for the NDM of high-Z materials such as mercury, lead, uranium, and tran-
suranic elements etc. 
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1. Introduction 

Contaminations of high atomic number (Z) materials are of concern for both se-
curity and health reasons [1] [2]. Governments and industries are paying much 
attention to detecting these elements in goods during transportation or present 
in our surroundings, either water resources or agricultural environments. Cur-
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rently, nuclear detection techniques mostly involve the use of X-ray beams of a 
few hundred keV, while high-energy gamma rays, or neutron beams from par-
ticle accelerators are considered as candidate tools [1] [2]. However, the latter 
technologies involve high-energy accelerators requiring high maintenance, large 
real estate, and the associated high costs of infrastructure and operations. They 
are also beset by the low yields of nuclear interactions. In this work, we suggest 
that multi-energy gamma-ray tomography, making use of photon emissions of 
radioactive isotopes of a few years of half-life, offers a promising tool. Below, 
we present the background physics, our choice of radioactive isotopes for the 
current work, and experimental data with a single detector to mimic a travel-
er’s suitcase inspection and comparison of the experimental data with the stan-
dard theoretical XCOM database [3] results, which can be extended to a to-
mographic setting. We also present the results of our XCOM based calculation 
for plutonium contraband material smuggling and mercury contamination in 
water. 

Background Physics 

As is the case with X-rays, multi-energy gamma-ray tomography relies on the 
variation of photon intensity attenuation coefficients in material media. The in-
tensity I of photons of energy Eγ  as they pass through a thickness x in a ma-
terial medium of density ρ  and atomic number Z can be written as: 

( ) ( ),
0, , , e E Z xI E Z x I ρ γµ ρ

γ ρ − ⋅=                    (1) 

where 0I  is the intensity at the entrance of the medium, 2cm gρµ     is the 
mass attenuation coefficient of the medium which varies with photon energy. It 
should be noted that the mass attenuation coefficient ρµ  is specific to the 
atomic number of the medium and the photon energy. It does not depend on the 
density nor on the physical state (solid, liquid or gas) of the medium. The mass 
attenuation coefficients for pure elements can be found for energies in the range 
1 keV - 100 GeV from the XCOM database [4], which can be easily extended to 
compounds and mixtures through Bragg’s formula [5]. XCOM also provides the 
data for compounds and mixtures. 

In Figure 1, we plot the mass attenuation coefficients of 1 keV - 10 MeV pho-
tons for six elements: carbon (Z = 6), oxygen (Z = 8), aluminum (Z = 13), cop-
per (Z = 29), tin (Z = 50) and lead (Z = 82) covering nearly the entire periodic 
table of stable materials of interest. Two conspicuous features present them-
selves: 1) for low energies of 0.1 MeVEγ < , the mass attenuation coefficients 
vary by a factor of about 10 - 100, and they exhibit discontinuities characteristic 
of absorption edges of the elements, 2) the coefficients are nearly constant for 

[ ]1 MeV 10Eγ< < , with an overall change in the attenuation coefficients of less 
than three for the entire periodic table. These features indicate that the attenua-
tion of gamma rays of 1 MeVEγ >  in a medium of certain linear thickness is 
not sensitive to the elemental composition, but it is strongly affected by density  
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Figure 1. Photon mass attenuation coefficients for select elements of Z = 6 to 82 extracted 
from XCOM website [4]. 

 
of the medium. On the other hand, as is well known, low-energy photon attenu-
ations are sensitive to the atomic number of the medium as the slope and dis-
continuities of attenuation coefficients are unique to each element. We, thus, 
conceive of a system where we may combine the density effect of high-energy 
photon intensity losses with the atomic number sensitivities of low-energy pho-
tons in a single measurement to detect small components of high-Z elements in 
a given medium. As we perform relative intensity measurements with respect to 
a reference medium devoid of the contaminants under investigation, our results 
are free from the variation of detection efficiencies, source strengths and/or 
source-absorber-detector geometries. 

2. Experimental Method 
2.1. Choice of Radio Isotopes 

To be able to exploit the dual sensitivities, i.e. a region of high energies  
( 1 MeVEγ > ) where the attenuations depend on the bulk of the medium and 
the low energies where the elemental constituents reveal themselves, an ar-
rangement of radioactive source(s) emitting photons over a wide range of dis-
crete energies is suggested. In this arrangement, a measurement of relative in-
tensities of the full-energy peaks of the sample in question with a reference sam-
ple is made. A detector system of moderate energy resolution will suffice. 

We used 152Eu (T1/2 = 13.5 years) and 133Ba (T1/2 = 10.55 years) as the pair of 
gamma-ray sources. Table 1 lists the energies and intensities (>2%) of the gam-
ma rays emitted by these isotopes1. 152Eu emits five gamma rays (779, 964, 1086,  

 

 

1The nuclear data is available at the Brookhaven National Laboratory website.  
https://www.nndc.bnl.gov/. Accessed 29 July 2021. 
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Table 1. Energies and intensities (Iγ > 2%) of gamma rays emitted by the 152Eu and 133Ba 
isotopes [6]. 

Isotope 
Gamma Ray Emissions 

Energy, Eγ [MeV] Intensity, Iγ [%] 

Ba-133 0.0810 35.6 

Eu-152 0.1218 28.5 

Eu-152 0.2447 7.5 

Ba-133 0.2764 7.2 

Ba-133 0.3029 18.3 

Eu-152 0.3443 26.5 

Ba-133 0.3567 62.0 

Ba-133 0.3839 8.9 

Eu-152 0.4114 2.2 

Eu-152 0.4440 3.0 

Eu-152 0.7789 12.9 

Eu-152 0.8674 4.2 

Eu-152 0.9641 14.5 

Eu-152 1.086 10.1 

Eu-152 1.112 13.7 

Eu-152 1.408 20.9 

 
1112, 1408 keV energies) of high intensities that can be used to judge the inte-
raction thickness 2g cmxρ     of the material. 133Ba and 152Eu together emit 10 
high-intensity gamma rays in the range of 81 to 444 keV which can be used to 
determine the Z of the material. The 81 keV gamma ray proved to be very useful 
as it, along with the 121 keV gamma ray of 152Eu, overlap with the absorption 
edges of high-Z elements and their attenuations are sensitive to the presence of 
mercury, lead and transuranic elements, as we discuss below. 

2.2. Experimental Setup 

Figure 2 shows the top view of the experimental setup; consisting of a high-reso- 
lution HPGe (high-purity germanium) gamma-ray detector, a 50 cm long trough 
to hold absorber materials, and the 133Ba, 152Eu radioactive sources. Each source 
is point-like and of about 5 μCi (185 kBq) activity. The geometry is such that the 
detector sees only those gamma rays passing through the absorber medium. 
During data taking, the detector was shielded with 10 cm lead blocks to minim-
ize the room background contributions. 

To mimic a suitcase of interest for security checks at airports, etc., small bricks 
of organic material were made by compressing cotton cloths with a hydraulic 
press to approximately one third of their original size (blocks in Figure 2). Each  
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Figure 2. Top view of the Experimental Setup. Left to right: source holder, trough with 
organic blocks, HPGe detector. 

 
block of organic material had an average density of 0.4 g/cm3. The overall densi-
ty thickness of blocks is chosen to correspond to an average suitcase of about 30 
kg in weight and dimensions usually stipulated by the commercial airlines. Rough 
measurements indicate that moderately packed cotton material has a density of 
about 0.3 g/cm3. A common dimension for a large passenger suitcase is 70 cm 
tall, 46 cm wide, and 30 cm in depth. A density of 0.3 g/cm3 and dimensions of 
(70 × 46 × 30) cm corresponds to 29 kg. Most standard check-in baggage allow-
ances are a maximum of 32 kg. Assuming moderate packing, the density thick-
ness through the depth of the suitcase is 9 g/cm2 and the density thickness 
through the width of the suitcase is 13.8 g/cm2. The organic cloths used were 
made up of unknown proportions of cotton (cellulose C6H10O5) and polypropy-
lene (C3H6). During the experiment foreign elements of our interest were in-
serted in between the blocks. The data acquisition system comprised of conven-
tional NIM electronics and an ORTEC—Maestro ADC based program2. 

3. Data Analyses 

When calculating theoretical values of attenuation coefficients for the simulated 
suitcase materials from XCOM database, a 50% cotton (cellulose), 50% polypro-
pylene mixture was assumed. To ensure that such assumption is not erroneous, 
we made XCOM [4] calculations for pure cellulose, pure polypropylene and 50% 
admixtures of each of them. As seen in Figure 3, for 81 to 1408 keV photon 
energies of our interest, the difference in mass attenuation coefficients between 
the three materials is monotonous and less than ~3%. Clearly, these small varia-
tions of attenuation coefficients for possible uncertainties in the relative compo-
sitions of cotton and polypropylene are of no consequence for the data analyses 
and interpretations. 

The organic and absorber materials were measured to determine their linear 
[ ]cmx  and density-thicknesses 2g cmxρ    . The reference spectrum was  

 

 

2See ORTEC—Maestro User’s Manual for information:  
https://web.archive.org/web/20211002065539/https://www.ortec-online.com/-/media/ametekortec/
manuals/a65-mnl.pdf  
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Figure 3. Mass Attenuation Coefficients for pure cellulose, pure polypropylene, and 
50-50 admixtures in the organic material (calculated from the XCOM interactive database 
[4]). 

 
obtained with only organic blocks between the radioactive sources and the de-
tector. The absorber spectra were measured by placing various low-Z (graphite, 
aluminum), medium-Z (copper, tin), and high-Z (lead) materials in the trough 
along with the organic blocks. The spectra were collected such that the error in 
the counts of each peak measurement was less than 2%. 

3.1. Determination of Absorber Role on Intensities 

The number of gamma rays of a certain energy, Eγ , seen by the detector de-
pends on three factors: 

1) Yield, ( )Y Eγ —characteristic of decay modes of the isotope, which deter-
mine the branching ratios for the intensities of photons of energy Eγ . It also de-
pends on the activity of the source (expressed in Becquerels [Bq] or Curies [Ci]) 
and the source-medium-detector geometry. In our experiment, the 50 cm separa-
tion between the detector and source was maintained constant throughout. 

2) Attenuation—characteristic of the absorbers placed between the detector 
and the source. This parameter depends on the material constituents of the me-
dium, both for their elemental composition and their thickness ix , density iρ , 
and attenuation coefficient ( ), iE Zρ γµ , which as seen in Figure 1 is specific to 
photon energy Eγ . The mass attenuation coefficient of any compound or mix-
ture can be calculated from XCOM data for elements and by assuming Bragg 
additivity applies, written as [5]: 

( ) ( ),i i
i

E w E Zρ γ ρ γµ µ= ⋅∑                    (2) 

where iw  is the fraction by weight of the ith atomic constituent and ( ), iE Zρ γµ  
is the corresponding mass attenuation of the ith element. The mass attenuation 
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coefficient of a compound or mixture is the sum weighted by the composition. 
For a gamma ray of energy Eγ , passing through multiple absorbers, each of at-
tenuation coefficient ( ), iE Zρ γµ , the overall attenuation is given by: 

( ),
e

i i i
i

E Z xρ γµ ρ− ⋅∑
                         (3) 

where i ix ρ  is the density thickness of ith absorber in the setup. 
3) Full energy peak efficiency, ( )Eγε —depends on the intrinsic detection ef-

ficiency of the detector, which varies with photon energy. The net area of an ob-
served full-energy peak ( )Y Eγ  is then: 

( ) ( ) ( )
( ),

e
i i i

i
E Z x

Y E I E E
ρ γµ ρ

γ γ γε
− ⋅∑

=                 (4) 

The ratio of areas of two full-energy peaks at energy Eγ  collected using ab-
sorbers 1 and 2 maybe written as: 

( )
( )

( ) ( )
( )

( ) ( )
( )

,

1 1

,
2

2

e

e

i i i
i
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 
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            (5) 

which reduces to: 

( )
( )
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1 1
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i i i
i

j j j
j

E Z x

E Z x

Y E

Y E

ρ γ

ρ γ

µ ρ

γ

µ ρ
γ

− ⋅
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∑

∑

 
     =

      
  

                  (6) 

where the subscripts 1 and 2 refer to the two spectra with absorber 1 and 2, 
respectively. This ratio does not depend on the intensity ( )I Eγ  of the gam-
ma ray nor on the full-energy peak detection efficiency ( )Eγε . Thus, it is 
simply the statistical errors of detected events which enter into the final re-
sult. The peak yield in the numerator of the ratio (spectrum 1) is referred to 
as the absorber spectrum: it is of the spectrum of gamma rays passing through 
the medium under investigation. The peak yield in the denominator (spec-
trum 2) is referred to as the reference spectrum, which is devoid of high-Z 
materials. 

An experimental reference spectrum (spectrum 2 in Equations (5) and (6)) 
was measured by placing materials in the trough that are “expected” to be there. 
In the case of airport security, organic material (clothes, plastic, etc.) ought to be 
expected. The experimental ratio of the areas of peaks between the absorber and 
reference spectra were then calculated. 

Figure 4 shows a spectrum with the reference material (upper) and an absor-
ber spectrum which includes a 0.435 mm lead sheet (lower). A conspicuous fea-
ture is that the 121 keV gamma ray in the spectrum with lead absorber is more 
attenuated than the 81 keV gamma ray, as compared to their relative intensities 
in the reference spectrum. This is understood as due to smaller attenuation  
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Figure 4. The 152Eu + 133Ba gamma-ray spectrum with reference organic material (upper) and a thin 
sheet of lead inserted (lower). The 81, 276, 302, 356, 384 keV full-energy peaks are of 133Ba and the 
other energies are of 152Eu decays. The unmarked peaks near 81 keV are due to Pb fluorescence, the 
rest of the unmarked peaks are due to background radiation. 

 
coefficient for 81 keV gamma ray at the lead absorption edge (see Figure 1), 
while 121 keV gamma ray is outside the absorption edge. All other peaks at 
higher energies show a monotonous trend for the peak ratios. 

The attenuation coefficients of the materials were obtained from XCOM and 
in some cases, calculated using the Bragg additivity formula (Equation 2). The 
theoretical ratio of the peaks between the absorber and the reference spectra 
were then calculated using Equation 6. 

3.1.1. Z-Dependence of the Attenuation 
To examine the Z-dependence of intensity variations, we measured two spectra 
one each with a copper sheet (0.508 mm = 0.455 g/cm2) and one with a lead sheet 
(0.435 mm = 0.491 g/cm2) inserted in the absorber sample. Note that the copper 
and lead sheets used are of nearly same density thickness. Figure 5 shows the ra-
tio of intensities with respect to the reference absorber (Equation (6)). Also 
shown are the XCOM results as curves. Two things are worth noting. First, 
XCOM calculations are in excellent agreement with the data. Secondly, as ex-
pected, for energies above about 800 keV, there is no difference between the cop-
per and lead absorbers. At lower energies, the intensities of lead absorber decrease 
much more steeply than with the copper absorber. Furthermore, the lead absorber 
shows a minimum ratio at 121 keV with an enhancement at 81 keV, not seen in 
the spectrum with copper sheet. This is understood as due to X-ray absorption 
edge of lead at 82 keV, which is not to be found in copper or other low Z-elements. 

3.1.2. Density Thickness Dependence 
It is of interest to examine the influence of density thickness of organic medium 
and the level of concentration of foreign materials. To this end, the ratios pre-
sented in Figure 6 were collected using absorber samples consisting of 22.1 cm 
(8.8 g/cm2) and 31.0 cm (12.4 g/cm2) of organic blocks each with a 0.435 mm 
thick lead sheet (0.493 g/cm2) inserted, and a sample containing 44.9 cm (18.0  
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Figure 5. Measured intensity ratios of 22.1 cm reference material (8.8 g/cm2) + 0.508 mm 
copper (0.455 g/cm2), and reference + lead sheet (0.493 g/cm2) with respect to the refer-
ence material. Also plotted are the XCOM calculation results. The sensitivity of the ratios 
to the Z-value of absorber at low energies is clear. 

 

 
Figure 6. Experimental and theoretical (XCOM) intensity ratios of organic block medium 
(reference material, 22.1 cm, 8.8 g/cm2) and the effect of a thin lead sheet (0.435 mm, 
0.493 g/cm2) inserted. At each energy, the data are normalized to yields with the reference 
material: triangles 22.1 cm organic medium (8.8 g/cm2) + lead, diamonds 31.0 cm organic 
medium (12.4 g/cm2) + lead, and squares 44.9 cm organic medium (18.0 g/cm2). The solid 
points are experimental data. The curves are corresponding XCOM calculations. 

 
g/cm2) of organic blocks only. The spectrum of 22.1 cm organic blocks with no 
lead sheet is used as the reference spectrum. Superposed on the data in Figure 6 
are the XCOM calculation results normalized to the 22.1 cm organic block ref-
erence spectrum at each gamma-ray energy. 

A few observations of the results are in order: 
1) The XCOM and experiment are in excellent agreement. The attenuations 

for all thicknesses with and without lead sheet are well accounted for. 
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2) For photon energies above about 800 keV, the ratio with respect to the ref-
erence spectrum decreases to 96% - 98% for 22.1 cm organic block + lead, and to 
72% - 78% level for 31 cm organic block + lead and to 60% level with no lead. 

3) At photon energies below 400 keV, the samples with lead show steeper de-
crease in the intensity with decreasing energy, while the 44 cm block without 
lead sheet has nearly continuous change with no steep decrease. 

4) As indicated above, the organic blocks with lead sheet shows enhanced in-
tensity of 81 keV peak relative to 121 keV, which is understood as due to an 
X-ray absorption edge. 

It is thus clear that the presence of high-Z materials significantly attenuates 
the low-energy photons without much change at high energies, while increase of 
the mass density alone brings down the overall intensities. It is also seen that the 
high-energy gamma rays show the sensitivity to density thickness xρ  of the 
absorber. XCOM database shows attenuation coefficients for atomic numbers Z 
= 1 - 100 behave very similarly around 1 MeV but with dramatic variations at 
low energies. 

If the density thickness of two absorbers is same, then their ratio of peak in-
tensities above about 1 MeV will be nearly the same. This is demonstrated in 
Figure 7, where we plot the XCOM results for 1 mm thick absorbers of graphite 
(Z = 6, ρ = 2.27 g/cm3), aluminum (Z = 13, ρ = 2.7 g/cm3), copper (Z = 29, ρ = 
8.96 g/cm3), tin (Z = 50, ρ = 7.31 g/cm3), gadolinium (Z = 64, ρ = 7.90 g/cm3) 
and lead (Z = 82, ρ = 11.34 g/cm3). The data points in Figure 7 indicate the 
photon energies of the 133Ba and 152Eu sources. As seen in Figure 7, the intensi-
ties of spectra with copper (Z = 29, ρ = 8.96 g/cm3), tin (Z = 50, ρ = 7.31 g/cm3), 
and gadolinium (Z = 64, ρ = 7.90 g/cm3) absorbers are within 1% at about 1 
MeV, while the three spectra clearly separate the three distinct materials at low 
energies below about 200 keV. This confirms that the high-energy gamma rays  

 

 
Figure 7. Theoretical XCOM calculations of ratios of peak intensities per 1 mm of absor-
ber elements. Data points are 133Ba and 152Eu gamma-ray energies. 
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are insensitive to changes in Z. If the data is taken using solely high-energy or 
low-energy gamma rays, the effects due to different densities and different Z- 
numbers are indiscernible. The wide energy range of gamma rays emitted by the 
133Ba and 152Eu sources make the evaluation of both the Z-number and density of 
the absorbing material possible. 

4. Calculations for Transuranic Elements and Mercury 

While we did not perform experiments with uranium, plutonium, or mercury 
for logistic reasons, we extend our calculations of XCOM for plutonium and 
mercury, representing a security and a health risk, respectively. 

4.1. Presence of Plutonium as Trace Element 

Plutonium (Z = 94) and uranium (Z = 92) are neighboring elements and solid 
materials. Our calculation for plutonium is readily applicable to uranium and 
nearby transuranic elements such as americium. We use the same reference ma-
terial (organic block of 22.1 cm) to examine the response to plutonium as for-
eign element. In Figure 8 we see an indication of a high-Z material as an X-ray 
absorption edge kink, even with plutonium of 10-micron thickness. The 100-micron 
foil will show the characteristic X-ray absorption structure. For larger thicknesses, 
the steep drop of intensities below 500 keV is a clear indication of the presence 
of high Z-materials. 

4.2. Presence of Mercury as a Contaminant 

Globally, there is a serious concern of mercury contamination in water as a ha-
zardous substance [6] likely to cause serious health effects. About 128 countries 
signed legally binding agreements to limit mercury concentrations. We explored  

 

 
Figure 8. XCOM calculations for attenuation of 133Ba and 152Eu gamma rays for various 
plutonium thicknesses embedded in the reference material. The Pu content: circles (10 
microns, 0.02 g/cm2), squares (100 microns, 0.2 g/cm2), and triangles (1 mm, 2 g/cm2). 
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the possibility that multi-energy gamma-ray attenuation techniques could be a 
potential tool for detecting low concentrations of mercury. The occurrence of 
mercury in aqueous solutions, say water, is a volume effect and one must treat it 
as a mixture. One concerns here with concentrations less than one part per bil-
lion (ppb) in water. The X-ray absorption edge of mercury is close to 133Ba’s 81 
keV gamma ray. Figure 9 shows the results of XCOM calculations for 1 cc water 
with admixtures of 0.001%-1% of mercury by volume. While the arrangement 
can detect concentrations of higher than 0.1% (one part in 1000), or better, it 
became obvious that this technique is not competitive against other technologies 
which can detect contamination levels of much less than a few parts in billion [6] 
[7]. 

5. Discussion 

The experiment and XCOM calculations clearly indicate that a simultaneous 
measurement of gamma-ray intensity attenuations over a range of energies, about 
80 to 1500 keV, can discern the presence of high-Z elements in otherwise dense 
medium. The test arrangement can be easily achieved with the simultaneous use 
of two radioactive isotopes of a few years lifetimes. 

Below we compare the sensitivity of this method to that of more commonly 
used techniques such as the continuous spectrum of low-energy X-rays and 
nearly monoenergetic high-energy gamma rays. X-ray tubes provide a conti-
nuous energy spectrum of photons below about 200 keV and have long been 
used to identify materials. While the low-energy photons are very sensitive to the 
atomic number of a medium, they are easily attenuated. Table 2 compares the 
response of the low-energy photons to that of 152Eu emissions for media of 20 cm 
thickness. The low transmission of X-ray energies is its limiting factor for use in  

 

 
Figure 9. XCOM calculations for attenuation of 133Ba and 152Eu gamma rays through a 1 
cc water column, mercury contaminants indicated by volume [mL/mL]. Hg concentra-
tions: circles 10−5 [mL/mL], triangles 10−4 [mL/mL], diamonds 10−3 [mL/mL], square 10−2 
[mL/mL]. 
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bulky media. 
In comparison to 152Eu gamma rays, the X-ray tube would have to be run for 

almost a factor of three times longer for low-Z materials (C-6, Al-13) and many 
orders of magnitude longer for medium to high-Z materials in order to achieve 
the same sensitivity. For X-ray tubes producing photons at energies lower than 
200 keV, the run times will be even longer. The US military uses a cobalt-60 
(60Co) source to probe vehicles3. This isotope emits two gamma rays of nearly 
the same energy (1173 and 1333 keV) which, as we have seen above, are insensi-
tive to the atomic number Z of absorber elements. In Table 3, the transmission 
of gamma rays produced by 133Ba, 152Eu, and 60Co sources through 1 mm of various 
materials is calculated. It is seen that the relative transmission for C:Al:Cu:Sn:Pb are 
1.0:0.998:0.962:0.977:0.95 and 1.0:0.98:0.523:0.113:0.066 respectively for 1333 
and 81 keV gamma rays. This observation clearly illustrates that the high-energy 
( 1 MeVEγ > ) gamma rays are not sensitive to the medium’s atomic number.  

 
Table 2. Transmission of 200 keV X-rays and select 152Eu gamma rays through a 20 cm 
thick sample of select materials. 

Source 
Transmission Through 20 cm of Material ( ) [ ]( ), 20 cme E Zµ ρ− ⋅ ⋅  

Energy, E 
[keV] 

C  
(Z = 6) 

Al  
(Z = 13) 

Cu  
(Z = 29) 

Sn 
(Z = 50) 

Pb 
(Z = 82) 

X-ray Tube 200 3.80e−3 1.35e−3 7.36e−13 2.13e−21 4.36e−99 
152Eu 344 1.01e−2 4.84e−3 1.02e−8 2.06e−9 6.04e−31 
152Eu 779 1.48e−2 1.48e−2 1.16e−6 7.17e−6 5.10e−13 
152Eu 1086 6.25e−2 4.12e−2 3.96e−5 3.16e−4 3.16e−7 
152Eu 1408 6.47e−2 4.28e−2 4.50e−5 3.55e−4 4.35e−7 

 
Table 3. Transmission of 60Co and select 133Ba, 152Eu gamma rays through a 1 mm thick 
sample of select materials. 

Source 
Transmission Through 1 mm of Material ( ) [ ]( ), 0.1 cme E Zµ ρ− ⋅ ⋅  

Energy, E 
[keV] 

C  
(Z = 6) 

Al  
(Z = 13) 

Cu  
(Z = 29) 

Sn 
(Z = 50) 

Pb 
(Z = 82) 

133Ba 81 0.9642 0.9469 0.5048 0.1096 0.0644 
152Eu 122 0.9680 0.9596 0.7543 0.4725 0.0203 
152Eu 1086 0.9862 0.9842 0.9506 0.9605 0.9279 
152Eu 1112 0.9864 0.9844 0.9512 0.9611 0.9294 
60Co 1173 0.9868 0.9848 0.9525 0.9622 0.9324 
60Co 1333 0.9876 0.9857 0.9554 0.9647 0.9383 
152Eu 1408 0.9879 0.9861 0.9566 0.9657 0.9404 

 

 

3See for example, Science Applications International Corporation (SAIC) website:  
https://web.archive.org/web/20071011181039/http://www.saic.com/products/security/pdf/mobile-V
ACIS.pdf  
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While the low-energy photons are sensitive to atomic number, the high attenua-
tion renders them impractical for dense materials. The advantage of a multi-energy 
photon arrangement for energies of about 80 keV to 1.4 MeV to discriminate the 
contribution from high-Z materials versus high density materials is clear. 

6. Conclusion 

From experiment and XCOM calculations we demonstrated that a radioactive 
source arrangement of multi-energy photons can detect small quantities of high-Z 
contraband materials in otherwise low-Z media, such as suitcases. While the 
high-Z contaminants such as mercury in water or other environmental samples 
can also be detected, nano technology [7] and diverse analytical methods [6] 
may be more competitive than the gamma-ray attenuation methods. In compar-
ison to X-ray tubes or particle accelerators, the radioactive source arrangement 
has practical advantages in that the sources are fail-proof, continuously operat-
ing systems, and require very little maintenance. Once procured, they can oper-
ate for years without additional investment due to their long half-lives. On the 
other hand, X-ray machines or accelerators require substantial maintenance, re-
pairs, and elaborate power supply schemes; high-energy photon machines re-
quire large infrastructures. As an example, an X-ray scanner comprises of an 
X-ray tube and an X-ray detector, both of which consume power and require 
regular maintenance. An X-ray tube running at 100 kVp and 100 mA would 
consume at least 10 kW. It is safe to assume that the entire X-ray tube system 
would consume much more power. In our set-up of radioactive sources and a 
detector, only the detector and electronic assembly consume power, which can 
be drawn from a wall power outlet. The 133Ba and 152Eu sources only need to be 
replaced once or twice every half-life (T1/2 = 10.55 y for 133Ba, T1/2 = 13.52 y for 
152Eu). Also, a combination of 154Eu (T1/2 = 8.59 y) emitting six gamma rays of 
123 - 1205 keV energies along with 133Ba can be a useful pair of isotopes. Of course, 
one can employ more than two sources without loss of information. Needless to 
say, fewer the number of sources, easier it is to handle. While we performed 
these tests with a single detector in a laboratory setting, the technique can be 
easily extended to a multi-detector ring system for tomographic reconstructions. 
In the field implementation, this system can be operated by a person or at most a 
few people. 
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