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Abstract

Radioactive sources of isotopes 22Na, 137Cs, 60Co, 133Ba and decay chains of Th and U are 
analyzed by means of gamma spectroscopy. The instrument used, a cylindrical NaI(Tl) scin-
tillator from Mirion Technologies (Canberra) with dimensions of 2 × 2, is characterized by 
its calibration and absolute efficiency. The peak energies of the gamma spectra obtained are 
identified and related to corresponding isotopes and matter-radiation interactions accor-
ding to nuclear and atomic databases. From these data, spectroscopic methods are imple-
mented to compute radioactive activities for each source.
Keywords: Gamma spectroscopy, decay chain, radioactive activity, absolute efficiency.

Resumen

Fuentes radiactivas de los isótopos de 22Na, 137Cs, 60Co, 133Ba y las cadenas de decaimiento de 
Th y U son analizadas por medio de espectroscopía gamma. El instrumento usado; un cen-
telleador cilíndrico de NaI(Tl) de Mirion Technologies (Canberra) con dimensiones 2 × 2 se 
caracteriza mediante su calibración y eficiencia absoluta. Los máximos de energías en los 
espectros gamma obtenidos son identificados y relacionados con sus isótopos correspon-
dientes y las interacciones radiación-materia de acuerdo con bases de datos de estructura 
nuclear y atómica. A partir de estos datos, se implementan métodos espectroscópicos para 
calcular las actividades radiactivas de cada fuente.
Palabras clave: Espectroscopía gamma, cadena de decaimiento, actividad radiactiva, efi-
ciencia absoluta.
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1. Introduction

tomic nuclei are susceptible to electromagnetic inte-
ractions in a similar way to how electrons are in lar-

ger atomic and molecular structures. Nuclei can absorb and 
emit photons of specific energies, which allows us to learn a 
great amount of information about their structure and iden-
tify certain isotopes in a given sample because, in the same 
way, there is a unique spectrum for every electronic configu-
ration, every nuclear species has its own distinctive spectrum 
as well [3, 5]. Gamma spectroscopy focuses on the detection 
and measurement of such radiation emitted by atomic nuclei 
[1,2], even though signals from atomic electronic transitions 
and matter-radiation interactions are ubiquitous and end up 
being detected along with nuclear γ-rays. Another aspect to 
consider is that only gamma-emitting samples can be objects 
of spectroscopic analysis, so these must be naturally radioac-
tive or artificially activated by specific techniques, such as 
neutron activation analysis (NAA), light nuclei bombarding 
activation, and high intensity γ-ray irradiation [6].

Due to these characteristics, gamma spectroscopy is 
applied to determine the presence and concentration of par-
ticular isotopes in radioactive sources. Its most common 
use is in analytical processes in which the samples have an 
intrinsic cultural, archaeological, academic or economical 
value and must not be destroyed chemically or by any means 
during its analysis. Additionally, for samples of sufficiently 
large dimensions for which not only the surface constitution 
but also the whole volume composition must be determined, 
gamma spectroscopy is a good option [7-9]. These techni-
ques are used in the fields of geology, archaeology, medicine, 
nuclear forensics and industry [4], [7], [10].

Prior to any application, each isotope must be associated 
with a spectrum, so in this work, a group of four synthe-
tic samples and two decay chains of naturally occurring ra-
dioactive elements were analyzed. The observed peaks were 
associated with γ-ray nuclei emissions of the highest abso-
lute intensity with the assistance of nuclear structure data-
bases [11-13] and similar references [14,15]. Subsequently, 
spectroscopy techniques are implemented to determine their 
corresponding radioactive activities.

The main purpose of this article is to show in detail how 
to perform a gamma spectroscopy analysis from the funda-

mental aspects of calibration, the efficiency of the instrument, 
expected spectra, the identification of radiation-matter inte-
ractions and activity estimation by elementary techniques as 
well as presenting some aspects to improve and perspectives 
to focus on the future. This article is presented as a more 
detailed and concise compilation of the methodologies to be 
implemented in a gamma spectroscopy exercise, which has 
been discussed in several references [3,4,5,16] but in a very 
scattered way and lacking many details in terms of the calcu-
lations and analyses. It is noteworthy that the explicit use of 
databases and the analysis presented allow this article to be 
a good pedagogical guide for beginners by providing tools 
that support and enhance their learning in this important 
experimental area.

2. Experimental setup and procedure

The instrument used was a cylindrical sodium iodide scinti-
llator doped with thallium NaI(Tl) with dimensions of 2×2 
(two inches in height and diameter) produced by the ma-
nufacturer Mirion Technologies (Canberra BNLS), which 
included the photomultiplier and amplifier [17]. This was 
located in a lead shield and connected to a computer that 
processed the measurements using the GENIE™ 2000 system. 
Photographs of the experimental setup are shown in Fig. 1.

The calibration process was performed to correctly 
identify the spectra, and the calculation of the instrument’s 
efficiency was required for the estimation of the radioactive 
activity of the samples. For the calibration, it was required to 
associate energies E with channels c of the instrument such 
that they were able to be input into a cubic polynomial of 
the form

E = b + a1c + a2c
2 + a3c

3                           (1)

The known spectra of 137Cs, 133Ba and 60Co were used for 
the energy-channel association. By a process of fitting, the 
resulting coefficients were

b = 0.1 ± 2.6
a1 = 2.074 ± 0.055

a2 = (1.27 ± 0.26) × 10−3

a3 = (−1.31 ± 0.31) × 10−6

(2)

A
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A first-degree polynomial may suffice for the calibra-
tion, as shown by the magnitudes of the parameters; howe-
ver, we selected the three parameters to have a positive value 
of b and more refined energy-channel associations. A value 
of R2 = 0.99981 was obtained. The calibration plot is shown 
in Figure 2.

Figure 3 shows the positioning used for the samples with 
respect to the crystal with the variables h = 0 and r = 1" = 2.54 
cm. The sources were considered point sources for the fo-
llowing detector efficiency treatment.

The absolute efficiency ε was defined as the ratio be-
tween the quanta of radiation detected and those emitted 
by a sample. This had two contributions: one came from a 
factor associated with the extension and geometric shape of 
the instrument, and the other came from the probability that 
once the quantum of energy entered the sensitive volume of 
the instrument, it was effectively detected [3,18–20]. They 
were denoted as the geometric factor G and intrinsic effi-
ciency εI, respectively. Then,

ε = G × εI                                       (3)

The geometric factor was given by

G = Ω
4π (4)

 
where Ω is the solid angle subtended by the detector with 
respect to the sample. In this case, the sources were consi-
dered point sources, and due to the cylindrical shape of the 
detector, the solid angle was [20].

rΩ = 2π ≈ 2π1 − cos arctan h (5)

After applying the condition h → 0, G ≈ 1/2.

Lead shielding

a) b)

Sample

Scintillator

Mounting

Figure 1. a) Scintillator, lead shielding and sample mounting. b) Experimental setup for measurement
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The intrinsic efficiency εI in turn had two contributions: 
one came from the probability I that a quantum of energy 
was transmitted to the NaI crystal by passing through the 
aluminum coating that isolated it from nonionizing radia-
tion (see Figure 1) and the other came from the probability  
M that this quantum interacted with the sensible volume of 
the crystal and was therefore measured. In the case of elec-
tromagnetic radiation, these quantities have the form [18]

I = e− µ Al (E) d1

M = 1 − e− µ Nal (E) d2
(6)

where d1 and d2 are the paths that the photons travel 
and µ (E) are the linear attenuation coefficients that depend 
on the energy of the photon in question. For the energies of 
interest, µ Al (E) has small values on the order of 10−1 accor-
ding to the National Institute of Standards and Technology 
(NIST) [21] database. In addition, the coating of the crystal 
was of a negligible thickness of d1 = 2.5 mm. Therefore, the 
approximation I ≈ 1 was considered.

For d2, we calculated the mean value of the distances 
from the center of one of the circular faces to the points of 
the other two surfaces of the cylinder, that is, all the possible 
paths of the γ-rays through the detector’s crystal. The coor-
dinate system for this calculation is shown in Figure 3.

Mathematically, this expression is

d2 = d = ≈ 1.53" ± 0.12" = 3.89 ± 0.31 cm
∫0    ∫0    d(θ,ϕ)dθdϕ2π π/2

π2 (7)

where

d(θ,ϕ) = 2 sec (θ), 0 ≤ θ ≤ arctan (0.5)
csc θ, arctan (0.5) < θ < π/2

is the distance dependent on the surface of the cylinder on 
which it is integrated. The uncertainty was computed using 
error propagation considering the diameter and height as 
2.0" ± 0.1". This calculation was equivalent to replacing the 
cylindrical shape of the crystal by a virtual hemisphere of 
radius ď.

Then, the following was obtained

(8)1 − e−3.89 × µ NaI (E)

2
ε = 

where the µ
NaI

 (E) function with units of cm−¹ was eva-
luated for particular energies [18].

The efficiency plot for a certain range of energies of in-
terest is shown in Figure 4. Due to the complex dependence 
of µ

NaI
 on E, these points were fit to a negative exponential 

whose functional form is shown in the same figure. The fit 
resulted in a value of R2 = 0.99074.

The samples used are shown in Figure 5. The thorium 
sample came from a thoriated tungsten electrode at 1-2%, 
which initially had a length of ≈15 cm and was prepared in 
≈1 cm pieces such that it approximated a point source. It was 
considered to be composed of the isotope ²³²Th and its as-
sociated decay chain because it is the Th isotope of largest 
abundance in nature, a claim verified by the obtained spec-
trum. Similarly, the uranium sample was considered to be 
composed of the isotope ²³⁸U and its associated decay chain. 
Samples of 22Na, 137Cs, 60Co, and 133Ba were artificially produ-
ced as standards for the calibration of the gamma spectros-
copy detectors. The measurements were collected for 10 mi-
nutes, except for the thorium sample, which required a time 
of 30 minutes due to its low activity. The same time intervals 
were adopted for the measurement of background radiation, 
that is, 30 minutes for thorium and 10 minutes for the others.
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ε = 0.28e −0.0018 (E − 190) + 0.21

Figure 4. Absolute efficiency of the instrument used and experimental con-
figuration

3. Results and analysis

The spectra obtained for 22Na, 137Cs, 60Co, and 133Ba are shown 
in Figures 7 to 10 with their respective diagrams of decay. The 
spectra of ²³²Th and ²³⁸U are shown in Figures 11 and 12 with 
their associated decay chains. Net counts were smoothed by 
a convolution known as the moving average. The maxima of 
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the spectra were identified based on nuclear structure databa-
ses [11-13] and similar articles [14], [15], [22].

In addition to observing the emissions of gamma 
rays from the de-excitation of nuclei after radioactive de-
cay, X-ray spectra were also observed from atomic orbital 
rearrangements and radiation-matter interactions. The latter 
was observed as positron electron annihilation (e+ e− → 2γ) at 
510.99895 keV, the Compton effect, X-rays from lead shiel-
ding of 72-87 keV [23], [24] and backscattering at approxi-
mately 0.2-0.25 MeV [3] due to the same shielding, which 
is indicated by shaded areas under the measured spectrum.

For the calculation of the activities, two methods were 
implemented to obtain the net counts of the distinguishable 
peaks of the measured spectra. These are called the strai-
ght-line tangent method and reflection method. The first 
was applied in isolated spikes on the background signal from 
the superposition of continuous Compton and backscatte-
ring. An excellent example is the ²¹⁴Bi peak at 609.320 keV 
of the spectrum of uranium. This method consisted of consi-
dering a tangent line in the minimum values of the peak such 
that it was taken as the signal of background and calculating 
the net counts of the peak by subtracting those given by such 
line [3]. This is demonstrated graphically in Figure 6.

On the other hand, the reflection method was applied 
on indistinguishable peaks, that is, those in which the widths 
at half height were overlapping. An additional condition was 
that the overlapping peaks did not overlap with other spec-
trum peaks to the right or left. Examples of cases where this 
method is applicable are those of ⁶⁰Co and for uranium those 
of ²¹⁴Pb at 351.932 keV and ²²⁶Ra at 186.211 keV. Then, the 
counts from the maximum to the minimum nonoverlapping 

peaks were multiplied by two to take into account the indis-
tinguishable part of the signal [25]. If the peaks had a signal 
background, it was also necessary to apply the tangent me-
thod simultaneously. This is shown in Figure 6.

These methods were implemented for 10 peaks of the 
spectra obtained. Once the number of counts was obtai-
ned, the activity was calculated using the following equa-
tion [18]:

A = N
TIγε (9)

where N is the number of counts, T is the measurement 
time, Iγ is the absolute intensity of a given γ-ray obtained 
from [11], and ε is the absolute efficiency of the detector ob-
tained from Equation 8.

The results for these methods are shown in Table 1. Cal-
culation of the uncertainties was performed considering the 
double of the standard deviation of each peak using Poisson 
distributions [3]. The procedure for ²²Na required a division 
by 2 of the counts N because the 510.998 keV peak corres-
ponded to the process e+e− → 2γ, where every two gamma 
rays detected corresponds to a single nuclear decay.
 
Table 1. Estimated radioactive activities of the identi fied isotopes

Isotope Activity [Bq]
²²Na 4.2 ± 0.5
¹³⁷Cs 14436 ± 19
⁶⁰Co 89 ± 2
¹³³Ba 1509 ± 5

Thorium decay chain isotopes
²²⁸Ac 41 ± 4
²¹²Pb 28 ± 2
²⁰⁸Tl 8.3 ± 0.8

Uranium decay chain isotopes
²²⁶Ra 18442 ± 80
²¹⁴Pb 9043 ± 17
²¹⁴Bi 6825 ± 20

a) b)

Figure 5. a) Thorium sample. b). Samples of 22Na, 137Cs, 60Co and 133Ba
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Figure 6. a) Tangent method [3]. b) Reflection method [25]
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Figure 8. Upper: ¹³⁷Cs spectrum. Bottom: Decay diagram. Taken from NNDC [11]
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Figure 9. a) ⁶⁰Co spectrum. b) Decay diagram
Source: Taken from NNDC [11].
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a)

b)

Figure 10. a) ¹³³Ba spectrum. b) Decay diagram. Taken from NNDC [11]
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