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A B S T R A C T   

Background: In diagnostic X-ray computed tomography (CT) imaging, some applications, such as dose mea
surement using the Monte Carlo method and material decomposition using dual/multi-energy approaches, rely 
on accurate knowledge of the energy spectrum of the X-ray beam. In this regard, X-ray detectors providing an 
accurate estimation of the X-ray spectrum could greatly impact the quality of dual/multi-energy CT imaging and 
patient-specific dosimetry. 
Purpose: The aim of this study is to estimate the intrinsic efficiency and energy resolution of different types of 
solid-state gamma-ray detectors in order to generate a precise dual-energy X-ray beam from the conventional x- 
ray tube using external X-ray filters. 
Materials and methods: The X-ray spectrum of a clinical X-ray tube was experimentally measured using a high 
purity Germanium detector (HPGe) and the obtained spectrum validated by Monte Carlo (MC) simulations. The 
obtained X-ray spectrum from the experiment was employed to assess the energy resolution and detection ef
ficiency of different inorganic scintillators and semiconductor-based solid-state detectors, namely HPGe, BGO, 
NaI, and LYSO, using MC simulations. The best performing detector was employed to experimentally create and 
measure a dual-energy X-ray spectrum through applying attenuating filters to the original X-ray beam. 
Results: The simulation results indicated 9.16% energy resolution for the HPGe detector wherein the full width- 
at-half-maximum (FWHM) of the energy resolution for the HPGe detector was about 1/3rd of the other inorganic 
detectors. The X-ray spectra estimated from the various source energies exhibited a good agreement between 
experimental and simulation results with a maximum difference of 6%. Owing to the high-energy discrimination 
power of the HPGe detector, a dual-energy X-ray spectrum was created and measured from the original X-ray 
spectrum using 0.5 and 4.5 mm Aluminum external filters, which involves 70 and 140 keV energy peaks with 8% 
overlap. 
Conclusion: The experimental measurements and MC simulations of the HPGe detector exhibited close agreement 
in high-energy resolution estimation of the X-ray spectrum. Given the accurate measurement of the X-ray 
spectrum with the HPGe detector, a dual-energy X-ray spectrum was generated with minimal energy overlap 
using external X-ray filters.   
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1. Introduction 

Advances in detector technologies and accurate extraction of the 
energy spectrum of radioactive sources or X-ray generators have 
improved the quality and accuracy of X-ray imaging. In this regard, due 
to the low detection efficiency of gamma-ray detectors, the calibration 
of organic detection devices is still considered a significant challenge for 
gamma-rays with high energies. The reason for this is that the scintil
lation detectors do not generate any photopeak in their spectral 
response, especially for gamma rays with energies above 100 keV 
(Peyvandi et al., 2015). Precise knowledge about the X-ray energy 
spectrum of a diagnostic X-ray beam could aid to enhance the image 
quality and reliably estimate the absorbed dose to the patient (Arabi and 
Asl, 2010). In preclinical imaging researches, varieties of X-ray spectra 
are employed depending on the subjects under study and the end-point 
of the tasks which may be far different from the ones used in clinical 
practices (Jia et al., 2009). 

Sodium Iodide activated with Thallium, NaI(Tl), is the most widely 
used scintillation material. The NaI(Tl) and high pure germanium 
(HPGe) detectors, in addition to their applications in radiation and 
dosimetry systems, are considered ideal gamma-ray detectors owing to 
their good energy resolution and detection efficiency. HPGe detectors 
are made of extremely pure p-type or n-type germanium, wherein the 
active volume of these detectors is large enough for efficient and high- 
energy resolution gamma-ray spectroscopy. HPGe detectors have two 
advantages over germanium crystals were doped with lithium ions 
(GeLi) detectors: 1. they are able to function properly in the ambient 
temperature and 2. The production cost and procedure are much 
cheaper and easier. The energy resolution of an HPGe detector is 
usually expressed as the full width at half maximum (FWHM) for the 
1332.5 keV energy peak of the Co-60 source. However, the energy 
resolution for a scintillation detector is usually expressed as the per
centage of the relative efficiency for the energy peak of a Cs-137 source 
(Hossain et al., 2012; Ješkovský et al., 2019). This parameter defines the 
capability of the detector to distinguish the different energy peaks in a 
multi-energy photon beam. In general, the energy resolution is 
commonly determined/affected by the factors such as; 1) fluctuation 
in the light generation for the same mono-energy irradiation, 2) the 
non-proportionality of light response, 3) statistical fluctuation in 
charge collection in the anode of the photomultiplier tube and 4) 
electronics noise. In Monte Carlo simulation (particularly MCNP 
platform), Gaussian energy broadening (GEB) is a special order for 
tallies to better simulate a radiation detector whose energy peaks 
exhibit Gaussian energy broadening. Estimation of the Gaussian en
ergy broadening parameters of the gamma-ray detectors plays a crit
ical role in accurate modeling and interpretation of the resulting 
energy spectra (Ješkovský et al., 2019; Taheri et al., 2016). 

In this regard, an energy broadening model for Bismuth germanium 
oxide (BGO) detector was developed by Askari et al. (2018a) wherein 
the GEB parameters for a 10 × 10 BGO array were calculated for the task 
of spectral response analysis in the presence of the wide energy range of 
gamma-rays in a simulation setting. Bugby et al. (2016) conducted a 
comparison study between Thallium activated Cesium Iodide (CsI:TI) 
and Gadolinium oxysulfide (GOS) scintillators for the use in a portable 
gamma camera using the GEB parameters of the Taheri et al. study 
(Taheri et al., 2016). This study demonstrated that the major difference 
between these two types of scintillator lies in their intrinsic spatial 
resolution, which was calculated to be 230 μm for the CsI:Tl scintillator 
and 1090 μm for the GOS scintillator. Goodle et al. (Goodell et al., 2017) 
validated a Monte Carlo model for HPGe detector in order to predict the 
product ratios (chain) of activities in Fe, Cr, Ni, and stainless-steel foils. 
Ordonez et al. (Ordóñez et al., 2019) investigated the full energy peak 
efficiency curves for an HPGe detector using MCNP6 and GEANT4. A 
Monte Carlo simulation of the efficiency of the HPGe detector was 
conducted by Azbouche et al. (2015) to measure a large volume of 
environmental samples. The GEB parameters of an HPGe Detector were 

estimated by Eftekhari Zadeh et al. (EftekhariZadeh et al., 2014) to 
measure the energy resolution of GMX (GAMMA-X) series of coaxial 
detector systems. 

Since the GEB parameters and detector energy resolution are the 
determining factors for accurate modeling of the detector response, the 
precise estimation of these parameters is the key for reliable evaluation 
of these detectors (Ordóñez et al., 2019; Askari et al., 2018b). There 
have been always interests in designing detectors with the highest 
possible sensitivity (to detect very low activity concentration) and high 
spatial resolution (to localize the spatial distribution of the activity 
concentration). Normally, there is a fundamental tradeoff between im
provements in sensitivity and spatial resolution of a detector, wherein 
strategies such as reducing the field of view (FOV) or modifying the 
distances between detector, object, and X-ray source (variable magni
fication) have been adopted to find an optimal compromise between 
these two key parameters (Lohrabian et al., 2019; Arabi et al., 2015; 
Arabi, KAMALIASL, Aghamiri; Kamali-Asl et al., 2009; Arabi et al., 
2011; Sanaat et al., 2020). 

HPGe is one of the highly accurate detectors for reliable measure
ment of the gamma-ray radionuclides and X-ray energy spectra (Boson 
et al., 2008; Olivares et al., 2017). Monte Carlo simulation is normally 
employed for precise modeling of the HPGe-based detection systems and 
estimation of the outcome spectra typically using either the Monte Carlo 
N-Particle radiation transport code (MCNP) or the Geant4 toolkit 
(Goorley et al., 2012). Determination of the X-ray spectrum plays a key 
role in Monte Carlo-based dose calculations, dual- and/or multi-energy 
CT imaging, and material decomposition. Currently, there is a growing 
interest in patient-specific dose estimation from CT scans as well as 
patient-specific material/tissue decomposition using dual-or multi-
energy CT imaging in clinical practices. Therefore, accurate X-ray 
spectroscopy approaches are highly required for such applications. 
However, due to the high photon flux, normally used in X-ray imaging, it 
is challenging to directly measure the spectrum of a CT scanner X-ray 
source. Different methods have been developed to estimate CT spectra 
which could be classified into two different groups, namely model-based 
(generating spectra from empirical or semi-empirical physical models), 
measurement-based (reconstructing/estimating spectra from measured 
data) (Duan et al., 2011). 

One of the key components of CT scanners is the detection system 
which greatly contributes to the quality of the resulting images. Cad
mium zinc telluride-based (CZT) semiconductor detectors are widely 
used in medical imaging systems owing to their excellent energy reso
lution, the capability of providing high spatial resolution, and proper 
detection efficiency for a wide range of gamma-ray energies (Bushberg 
and Boone, 2011). Other types of gamma-ray detectors introduced in CT 
scanners are inorganic scintillators crystals NaI (Tl) and Bismuth 
Germinate (BGO). 

The attenuation coefficients, estimated from CT imaging, depend on 
the energy of the X-ray and the physical properties of the materials/ 
tissues (mass density and atomic number). However, different materials 
can have the same attenuation coefficient at a certain X-ray energy range 
while they have distinctive physical properties. For this reason, dual- 
energy techniques have been introduced in industry and clinical set
tings to accurately identify the underlying physical properties of the 
materials/tissues. The application of dual-energy CT imaging would be 
material differentiation (Johnson et al., 2007; Gholamiankhah et al., 
2104) such as bone removal in angiography and bone marrow edema, 
material optimization such as metal artifact reduction and detection of 
urinary stones (Arabi and Zaidi, 2021; Ghorbanzadeh et al., 2105), 
material decomposition such as iodine maps generation and kidney 
lesion characterization, and generation of atomic number or stopping 
power map for proton (heavy ions) radiation therapy in clinical practice 
(Sanghavi and Jankharia, 2019; Arabi and Zaidi, 2020). Moreover, 
dual-energy CT imaging is used for material decomposition, detection, 
and characterization (such as luggage/cargo control) in the industry 
(Fuchs et al., 2013). The generated dual-energy X-ray spectrum in this 
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study is intended to be used for clinical applications, in particular, 
stopping power generation for proton radiation therapy as well as ma
terial decomposition. 

Today, dual- and/or multi-energy CT imaging systems have become 
a popular approach to discriminating biological tissues in clinical and 
research settings. In this framework, the image is formed by two 
different energies, wherein an algorithm of image processing is 
employed to extract/detect specific tissue types separately. The under
lying idea behind this approach is to use two specific energy ranges with 
the maximum separation between their spectra. Hence, the accurate 
extraction of the X-ray tube spectra plays a key role in the overall per
formance of this approach (Clark et al., 2018). To achieve dual-energy 
CT imaging, two X-ray source/detector systems rotate simultaneously 
to acquire images at different X-ray energy. Each set of source/detector 
system is intended to generate a specific energy range and capture the 
corresponding data. Alternatively, a single set of source/detector could 
be used, where the X-ray source would switch between two defined 
energy levels to enable dual-energy CT imaging. Moreover, external 
filters could be used with the conventional X-ray sources to generate 
favorable X-ray spectrums. By changing the filter thickness, layers, or 
materials, different X-ray spectrums could be generated (Goo and Goo, 
2017; Rebuffel and Dinten, 2007). To acquire images at two different 
X-ray energy levels, gas detectors, solid-state X-ray detectors (amor
phous silicon and germanium), scintillator-based detectors are used for 
measurement/detection of X-ray intensity (Pfeiffer et al., 2020; Åslund 
et al., 2010; Alvarez et al., 2004). Owing to the superior energy reso
lution of the high-purity germanium detector, this detector could be an 
excellent option for dual-energy CT imaging (Panth et al., 2020). 

In this research, we set out to measure the X-ray spectrum of a mini- 
CT scanner using several detector models in order to generate a dual- 
energy X-ray source through applying attenuating filters to the X-ray 
beam. To this end, Monte Carlo simulation was employed to evaluate 
different detector types and then the detector with the best/satisfactory 
performance was chosen for the practical experiment. The focuses will 
be on the evaluation of the key detection characteristics such as intrinsic 
efficiency and energy resolution. The comparison of the different de
tector types was carried out in Monte Carlo simulation as well as prac
tical experiments. 

2. Materials and methods 

The major goal of this study is to extract the energy spectrum of an X- 
ray tube in order to generate a dual-energy X-ray beam with two sepa
rates energy peaks. To this end, four different radiation detectors were 
examined in the MC simulation environment to choose/select the de
tector with the highest energy resolution and detection efficiency. The 
HPGe exhibited superior performance and hence was selected to 
experimentally measure the energy spectrum of the X-ray tube. To 
validate the experimentally obtained results, the X-ray tube was simu
lated in the MC simulation environment to create a baseline for com
parison. Given the experimentally obtained X-ray spectrum, external 
attenuating filters were designed and applied to create a dual-energy X- 
ray beam with separate energy peaks of 70 and 140 keV. In the 
following, we elaborate on each of the above-mentioned steps to 
generate a dual-energy X-ray spectrum. 

2.1. Gamma-ray detectors 

In order to detect and monitor ionizing radiation at higher energies, 
bulky scintillator materials were introduced in the form of a single 
crystal such as Tl-doped NaI and CsI single crystals (Van Sciver and 
Hofstadter, 1951). One of the important parameters in the simulation of 
the scintillators with the MCNPX (MCNP is an open-source Monte Carlo 
N-Particle simulation code) is the Gaussian energy broadening (GEB) 
(Taheri et al., 2016; Ordóñez et al., 2019). The estimation of this 
parameter would aid precise simulation of the spectral response of the 

scintillator using the Monte Carlo framework. The focus of this study is 
on the inorganic as well as HPGe radiation detectors. They are several 
solid-state detectors such as Bismuth Germinate (BGO), sodium iodide 
(NaI), and Lutetium-yttrium oxyorthosilicate (LYSO) which are mostly 
used in SPECT, PET, CT, bone densitometers, and medical probes (Per
ez-Andujar and Pibida, 2004). 

The X-ray spectrum of a mini-CT scanner for the energy range of 20 
keV–160 keV was measured in a laboratory setup using several scintil
lator gamma-ray detectors listed in Table 1 with their major specifica
tions. Moreover, the energy spectrum of a portable cone-beam X-ray 
tube (Medex instrument, model GemX-160) with a focal spot area of 0.5 
× 0.7 mm2 (500 μm nominal focal spot) was estimated in the MC 
simulation environment (MCNPX platform). The X-ray tube with a LiPo 
battery power supply of 28–35 Vdc was employed which is capable of 
generating X-ray beams with energies ranging from 20 to 160 kVp 
(typically 30–140 kVp), with a maximum beam current of 2 mA (typi
cally 0.1–2 mA). The spectrum of the X-ray tube was also estimated 
using the gamma- or X-ray detectors listed in Table 1 using the Monte 
Carlo simulation. The HPGe detector exhibited the highest energy res
olution compared to other semiconductors or scintillation detectors. 

2.2. Measurement of HPGe detector characteristics 

HPGe is the only radiation detection medium that provides sufficient 
information to accurately and reliably identify radionuclides from their 
mono-energy gamma-rays. HPGe detectors have almost 20 to 30 times 
more energy resolution than sodium iodide detectors. The detector used 
in this study was a GMX series HPGe coaxial detector system (GAMMA- 
X) which is a coaxial Germanium (Ge) detector with an ultra-thin 
entrance window. While most coaxial detectors have entrance win
dows from 500- to 1000-μm thick, the entrance window of the GAMMA- 
X detector is a 0.3-μm-thick and ion-implanted contact which extends 
the lower range of useful energies to around 3 keV. The characteristics of 
the HPGe detector are presented in Table 2. 

One of the limitations of the HPGe detectors is the loss of sensitivity 
or efficiency when they are exposed to high flux radiation. To address 
this issue in the experimental setting, a collimator is used to reduce the 
photon flux, which is normally made from lead or tungsten. The diam
eter of the hole created on the lead surface should meet two specific 
criteria: (1) the diameter aperture is sufficiently large to supply the 
detector with an acceptable flux of photon. (2) The diameter of the 
aperture is small enough that the photon flux does not saturate the 

Table 1 
Specification of the γ & X-ray crystals (Bugby et al., 2016; Askari et al., 2018b; 
Perez-Andujar and Pibida, 2004; Ryzhikov et al., 2005). The emission peak of a 
detector refers to the maximum wavelength of the photons that the detector 
emits.  

Detector BGO LYSO NaI CWO GOS 

Effective atomic 
number 

75 66 56 65 61.1 

Density (g/cm3) 7.13 7.1 3.67 7.9 7.3 
Emission Peak (nm) 480 428 415 475 545 
Chemical formula Bi4Ge3O12 Lu2(1- 

x)Y2xSiO5 

NaI 
(Tl) 

CdWO4 Gd2O2S  

Table 2 
Characteristics of the HPGe detector.  

device type model component Dimension 
(mm) 

detector model 
number 

GMX40P4- 
83 

Ge crystal 
diameter 

69.8 

preamplifier model A257N Ge crystal length 89.5 
cryostat configuration CFG-PG4-1.2 Core hole diameter 11.6 
HV filter model 138 EMI Aluminum end cap 1.5  
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detector. One of the practical issues when working with HPGe is that the 
radiation source should be in the form of a point source in order to avoid 
the early saturation of the HPGe detector. In this regard, a lead block 
with a thickness of 7 cm and a hole with a diameter of 1.5 mm was 
placed against the x-ray tube beam to render a parallel and/or needle- 
shaped beam as illustrated in Fig. 1. 

To obtain the final X-ray tube spectrum based on the signals acquired 
from the HPGe detector, certain corrections/modifications pertinent to 
the material and geometry of the detector should be made. These 
modifications include I. correction for the counts related to the char
acteristic X generated by the photoelectric interactions, II. Correction for 
the absolute efficiency of the detector depending on various factors such 
as the size, material, and radiation energy, and III. Correction for the 

background radiation. Fig. 2 shows the escape fraction curve at different 
energies and the absolute efficiency of the HPGe detector obtained from 
the algorithm proposed in (EftekhariZadeh et al., 2014). 

2.3. X-ray spectral analysis using IPEM78 

A wide range of computational software has been developed for 
extraction and estimation of the X-ray spectrum through the selection of 
different filters as well as source and beam properties such as the half- 
value layer, energy, mAs, and exposure levels. In this study, we uti
lized the models of Birch and Marshall (IPEM Report 78) (Tucker et al., 
1991) which employs an XCOM database to estimate linear attenuation 
coefficients for numerous materials as well as wide ranges of radiology 
and mammography X-ray spectra (Chen et al., 2012). The spectra for 
tungsten target at the tube voltages varying from 30 kV to 150 kV and 
target angles from 6◦ to 22◦ were generated for this study. The entire 
spectra were generated at an energy step/bin of 0.5 kV. 

2.4. X-ray spectral analysis using Spektr 

The Spektre toolset, based on the TASMIP algorithm of Boone and 
Seibert (Punnoose et al., 2016), provides realistic X-ray spectra across a 
wide range of kVp and beam filtration, wherein a databank for atomic 
number elements (Z = 1–92) and combinations of materials from the 
National Institute of Standards and Technology (NIST) is exploited. This 
toolset was used to generate X-ray beams in the energy range of 1–150 

Fig. 1. A) The X-ray tube and the lead block to render a point source. B) HPGe coaxial detector model number GMX40P4-83. C) X-ray tube, lead block, and HPGe 
detector under test condition. 

Fig. 2. A) Absolute efficiency curves as a function of photon energy and B) the escape fraction of X-rays.  

Table 3 
Gaussian energy broadening of some radiation detector.  

Crystal Energy range 
(MeV) 

Fitting 
parameter (a) 

Fitting 
parameter (b) 

Fitting 
parameter (c) 

BGO 0.059 keV- 
1.33 MeV 

1.56E-03 1.216E-01 2.455 

LYSO 20 keV- 1.43 
MeV 

− 6.387E-03 1.097E-01 6.574E-01 

NaI 0.062keV- 
1.35 MeV 

− 2.4E-03 5.165E-02 2.858 

HPGe 40 keV-1.46 
MeV 

5.868E-04 3.951E-04 7.467  
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kV with 1 kV energy steps. 

2.5. Monte Carlo simulations 

The modeling of various inorganic scintillators and semiconductor 
detectors was performed using the MCNP software. There are three 
different methods for evaluation of the detector efficiency, namely the 
semi-empirical, Monte Carlo simulation, and the direct mathematical 
methods. In this study, the Monte Carlo simulation was employed to 
evaluate the response of the different detectors wherein the same 
simulation settings such as positioning, distances, and sources were 
utilized. Gaussian Energy Broadening (GEB) of all radiation detectors 
according to Table 3, were incorporated in the MC simulation (Taheri 
et al., 2016; Askari et al., 2018a; Ordóñez et al., 2019; EftekhariZadeh 
et al., 2014). The detector efficiency was determined using F8 tally, 
which is specific for pulse height analysis without any variance reduc
tion. The geometry sought to simulate the detectors was a cylinder with 
a size of 7.62 cm (height) × 7.62 cm (diameter). The absolute detector 
efficiency was calculated by the pulse-height distribution per photon 
emitted from an X-ray source with kVp = 140 (typical CT scan X-ray 
spectrum). 

The statistical uncertainty was less than 1% in the entire MC simu
lations. The energy cutoff was set to 0.5 and 0.01 MeV for electrons and 
photons, respectively. In order to achieve sufficient statistical accuracy, 
single energy source simulations were performed using 137Cs and 
241Am sources. Other sources, namely 60Co and 152Eu, were employed 
for multi-energy simulations. Total history numbers of 108 and 109 
were considered for single and multi-energy simulations, respectively, to 
minimize the statistical uncertainties. No variance reduction method 
was used and the relative uncertainty did not exceed 0.6%. Since the 
objective is to detect the peak energies of 57.5 and 69 keV (K-edge 
related to the Anode (Tungsten)), the X-ray cut-off energy was set to 
0.01 MeV within the simulations. This cut-off energy has no significant 
impact on the resulting spectra and improved the statistical un
certainties. Fig. 3 illustrates the schematic sketch of the simulated HPGe 
detector. 

2.6. Detector efficiency 

Detection efficiency is one of the key parameters in spectrometry and 
X-ray imaging systems which is specified by the intrinsic and geometry 
efficiency. Intrinsic efficiency is the probability that an incident photon 
in the detector will produce a meaningful pulse/signal. Geometry effi
ciency is the fraction of arrived photons on the detector surface per 
number of emitted photons from a source. The product of the intrinsic 
and geometry efficiencies gives absolute efficiency which depends on 

photon energy and source to detector distance. The detector efficiency 
can be determined via the count rate measurement of a calibrated source 
(with known energy spectrum) or Monte Carlo (MC) simulations. 

Normally the entire emitted radiations wound not arrive at the de
tector’s surface and all of the incident radiations would not interact in 
the sensitive volume depending on the detector sensitivity and distance 
from the source. Detector efficiency is divided into two intrinsic and 
geometric components. Detector efficiency usually depends on material 
density, sensitive volume size, radiation type, radiation energy, and 
connected electronic systems (Boson et al., 2008; Olivares et al., 2017). 

The intrinsic efficiency (Eq. (1)) is defined as the number of recorded 
photons in the detector per number of incident photons to the surface of 
the detector. 

εint =
number ​ of ​ recorded ​ on ​ detector
number ​ of ​ incident ​ on ​ detector

(1) 

The geometry efficiency (ϵg) only depends on the detector size and 
the distance from the source. This also depends on the solid angle of the 
detector seen from the actual source position which is obtained from Eq. 
(2) (Knoll, 2010): 

εg =
1
2
(1 −

d
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
d2 + R2

√ ) (2)  

Where d is the distance between source and detector and R is the de
tector radius. If the number of recorded events on the active volume is 
calculated per number of photons emitted by the source, a new 
parameter could be defined as absolute efficiencies (εabs) formulated in 
Eq. (3) (Knoll, 2010). 

εabs = εint × εg (3)  

2.7. Energy resolution 

Radiation spectrometry can also be examined by recording the 
response to a monoenergetic source of radiation. This procedure can be 
repeated for different levels of energy. In this regard, the energy reso
lution is defined as the ability of the detector to accurately determine the 
energy of the incident radiation (Knoll, 2010). Solid-state semi
conductor detectors can have an energy resolution of less than 1%, while 
scintillation detectors used in gamma-ray spectroscopy normally exhibit 
an energy resolution of 3–10% (Moszyński et al., 2016). 

The energy resolution of a detection system is determined by a 
combination of noise contribution from electronic devices, variation in 
the efficiency of charge collection, and the inherent stochastic behavior 
of charge carriers. In Monte Carlo MCNP simulation code, to better 
model a radiation detector and energy distribution, Gaussian energy 
broadening (GEB) (which is a special treatment for tallies) is employed. 
This tool broadens the distribution of energy through sampling from a 
Gaussian function (Eq. (4)). The Gaussian width is defined by full width 
at half maximum (FWHM) in Eq. (5), which is determined by Eq. (6) 
using a set of user-defined constants (a, b, and c in Eq. (6)). The constant 
parameters used for simulation of the different detectors were obtained 
from (EftekhariZadeh et al., 2014). 

The response function of a detector in a laboratory setting is nor
mally expressed in the form of a Gaussian function. The Gaussian energy 
broadening, which is the key parameter to accurately simulate and 
assess the different detector performance, is formulated in Eq. (4). 

f (E)=Ce− (
E− E0

A )2
(4) 

Here, E is the broadened energy, E0 is the energy of the source, C is a 
normalization constant, and A is a factor related to the full width at half 
maximum (FWHM) of the Gaussian function calculated by Eq. (5). 

A=
FWHM
2

̅̅̅̅̅̅̅̅
ln 2

√ (5) 

Fig. 3. Schematic geometry of the simulated HPGe detector.  
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The FWHM in Eq. (5) is calculated from Eq. (6) wherein a, b, and c 
are the specific parameters of the GEB, and E is the energy recorded in 
the detector. These parameters are shown in Table 3 for some well- 
known detector examples. 

FWHM = a + b
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
E + cE2

√
(6) 

The energy resolution of the detector is defined as the FWHM divided 
by the photo-peak centroid Hmax. The energy resolution (R) is thus 
calculated from Eq. 7 

R%=
FWHM

Hmax
(7)  

2.8. Dual-energy CT 

Dual-energy CT (DECT) is one of the commonly used techniques in 
the medicine and industry for the separation/decomposition of the un
derlying elements of the material. The primary goal of the DECT scan is 
the decomposition and/or discrimination of the different elements or 
biological tissues. To this end, it is necessary to create two spectra with 
different energies that are able to render maximum differentiation be
tween the different materials or tissues. In DECT imaging, two images 
are obtained with two different X-ray spectra, which can be generated by 
modifying the X-ray tube voltages or altering the X-ray spectrum using 
external filters. In this research, different spectra have been created by 
applying external filters to the X-ray beam. 

The X-ray source (GMX-160) used in this experiment was able to 
produce X-ray spectra ranging from 20 kVp to 160 kVp. To create the 
maximum separation between the two X-ray spectra for the purpose of 
dual-CT imaging, aluminum filters with optimal thicknesses of 0.5–4.5 
mm were employed to attenuate the original X-ray beam. These filters 
(thicknesses of the aluminum filter) have been optimized through Monte 
Carlo simulation using the NIST (National Institute of Standard and 
Technology) library. 

3. Results 

In order to record the spectrum of the X-ray with an HPGe detector, 
the different channels connected to the detector must first be calibrated 

with known energies. Regarding the energy range generated by the X- 
ray source, an Americium-241 source was employed with γ-ray energies 
of 59.5 (35.9%) keV for the primary radiation and 13.9 keV (13%), 17.6 
keV (20.2%), and 26.4 keV (5.2%) for the secondary’s. The distance 
between the source and the detector was set about 2 m to avoid satu
ration of the detector due to high photon flux and maintaining good 
statistics at the same time. After the calibration of the HPGe energy 
channels, the X-ray tube was set at an energy of 140 kVp, a current of 
0.1 mA, and an exposure time of 10 s. The spectrum of the resulted X-ray 
beam was recorded by the calibrated HPGe detector. The calculated 
pulse height distribution (the spectrum of the tube at specific energy) for 
a 140 kVp X-ray source is depicted in Fig. 4. 

The Monte Carlo simulation results exhibited superior energy reso
lution of the HPGe detector over the other detectors as shown in Table 4. 
Thus, the HPGe detector was selected to experimentally measure the 
spectrum of the X-ray tube. To validate the spectra obtained from the 
practical experiment, the measured GEB parameters were utilized in the 
Monte Carlo simulation (using the MCNPX package). As Fig. 5 shows, 
the HPGe detector resulted in remarkably higher energy resolution 
compared to the other detectors. In Fig. 4 two energy peaks of 57.6 and 
69.2 are clearly visible/distinguishable in the energy spectrum obtained 
from the HPGe detector. The simulation results confirmed the experi
mental measurements where the maximum difference of 5% in energy 
resolution was observed for the HPGe detector. 

Table 4 summarizes the energy resolution and FWHM obtained from 
the simulation of the different detectors. It should be mentioned that the 
reported results are corresponding to the pulse height distribution of the 
detector response function for 140 and 70 kVp X-ray energies calculated 
by Eq. (8) (Hmax is the pulse height distribution). Moreover, Supple
mental Table 1 presents the results obtained from 120 to 80 kVp X-ray 
energies. 

Resolution=
FWHM

Hmax
× 100 (8) 

Fig. 4. The spectrum of the X-ray tube at the energy of 140 keV recorded by the 
HPGe detector. 

Table 4 
FWHM and energy resolution for the different detectors measured for an X-ray beam with energies of 140 and 70 kVp.  

Detector FWHM140keV (%) FWHM70keV (%) Resolution140keV (%) Resolution70keV (%) Hmax 

HPGe 0.55 0.49 9.16 8.16 0.060 
NaI 1.4 1.49 23.33 24.83 0.060 
LYSO 2.2 2.36 36.66 39.33 0.060 
BGO 3.7 3.9 61.66 65 0.060  

Fig. 5. The pulse height distribution of different solid-state radiation detectors 
for 140 kVp X-ray radiation obtained from MC simulation. 

V. Lohrabian et al.                                                                                                                                                                                                                              



Radiation Physics and Chemistry 189 (2021) 109666

7

In the field of computed tomography imaging, one of the important 
applications of X-ray spectroscopy is to perform dosimetry using the 
Monte Carlo method as well as the analysis of the materials by dual- 
energy and multi-energy scanning approaches. In this study, HPGe de
tector was employed to carry out the X-ray spectroscopy experimentally 
as well as using Monte Carlo, IPEM78, and Spektr simulation platforms. 
Fig. 6 illustrates the comparison between the spectra measured experi
mentally by the HPGe detector and by the Monte Carlo, IPEM78, and 
Spektr modeling software’s for X-ray energies of 60, 80, 100, and 140 
KVp. 

For the task of dual-energy CT scanning, the key issue is to generate 
two X-ray spectra with a minimum overlap which leads to maximal 

discrimination of the underlying component of the subjects under study. 
Fig. 7 shows the generated dual-energy X-ray spectrum obtained from 
applying the external filters (aluminum filters with thicknesses of 
0.5–4.5 mm) to the original X-ray beam with an energy of 140 Kvp. This 
spectrum has been measured by the HPGe detector which exhibits two 
separable peaks with minimal tails overlap. Regarding Fig. 6, some 
differences between the results of experimental and simulation mea
surements were observed. These discrepancies could be attributed to the 
differences between nominal and actual properties/characteristics of the 
sources and detectors such as impurity in the filters or uncertainty in the 
calibration of the sources. The observed differences between the Monte 
Carlo simulation and the experimental measurement (reported in Fig. 6) 
are within the normal ranges reported in the literature. Similar differ
ences between experimental and Monte Carlo-based measurement of the 
CT spectra have been reported in previous studies (Skrzyński, 2014). 

4. Discussion 

The Monte Carlo method is a powerful and precise tool for the 
calculation and analysis of the X- and gamma-ray spectra. These spectra 
would be used for the tasks of dosimetry, image formation/correction, 
and material decomposition using dual- or multi-energy CT scanning. 
This study focused on MC simulation and comparison of the several 
detectors for the energy ranges commonly used in clinical CT scanning. 
The pulse high distribution increased when the energy of the X-ray beam 
increased for the entire detectors up to the energy of 60 keV and then 
dropped to zero at 140 keV energy. The reason for this observation 
might be due to the incorporation of the Gaussian Energy Broadening 
(GEB) into the MC simulation. Regarding the characteristics of the de
tectors such as density, effective atomic number, and different GEB 
parameters, there was a particular pulse high spectrum for each detec
tor. However, there would be the same pulse high spectra for all 

Fig. 6. Comparison of x-spectrum estimated by MC simulation, experimental measurement, Spektr, and IPEM 78 tools for the X-ray energies of A) 60 kVp B) 80 kVp 
C) 100 kVp D) 140 kVp. 

Fig. 7. The dual-energy X-ray spectra obtained from applying 0.5 mm and 4.5 
mm external filters (Al) to the original X-ray beam with the energy of 140 kVp 
(measured by HPGe detector). 
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detectors, if we do not consider the GEB parameters in the MC 
simulation. 

Crystal characteristics, impurity, traps, degradation due to long time 
usage, and instability of the temperature could be the contributory 
factors to determine the energy resolution of a detector quantified by 
FWHM. The results suggest that high purity germanium crystal (HPGe) 
has a narrow energy FWHM compared to the other crystals measured in 
the same situations, owing to the physical characteristics of the HPGe 
detector which is made of semiconductor materials. These types of de
tectors allow for fast, high energy, and spatial resolution image acqui
sition due to the small and efficient detection medium. On the other 
hand, the MC simulation results showed a poor energy resolution (large 
FWHM) for the Bismuth Germinate (BGO) detector, though this detector 
has a high density as well as the atomic number which render this de
tector highly sensitive to the incident radiation. The low light gain of the 
BGO detector is its major disadvantage which results in poor energy 
discrimination power. Nevertheless, this detector is widely used in nu
clear medicine imaging and dosimetry. The Sodom Iodide (NaI) crystal 
has relatively good energy resolution (exhibiting relatively small energy 
FWHM) when using a 140 keV X-ray beam. The NaI crystal is trans
parent with a relatively high light gain which makes it a scintillator 
detector with good energy resolution. However, NaI crystal is not suit
able for CT scanner because this crystal should be coupled with PMTs. 

A key factor in measuring X-ray energy spectra is to establish stable 
and reproducible experimental conditions such as source to object and 
object to detector distances, temperature, ambient noise, exposure time, 
acquisition parameters (mAs and kV), and signal processing. Regarding 
the separate measurement of the 70 and 140 kV spectra, the pileup effect 
may be significant when the measurement is performed in a real con
dition (e.g. dual-energy CT imaging) on the combined spectra. Previous 
studies showed about 12% differences between separate and combined 
measurements of the 70 and 140 kV spectra, where mostly occurred 
within a small overlapped energy range between these two spectra 
(McCollough et al., 2015). Our observation in this study demonstrated 
negligible pileup effects on the precise detection of the energy peaks 
when the two spectra were combined. Though up to 13% differences 
were observed when the energy spectra were combined, this alteration 
in energy detection only occurred in a small energy range where the two 
spectra overlapped. Owing to the high energy resolution of the pure 
germanium detectors, the peak energy detection did not change signif
icantly when the two energy spectra were combined. 

In dual-energy CT imaging, selection of the energy peaks plays a key 
role in the identification of the underlying components of mediums/ 
tissues. The selection of the energy peaks depends on 1) type of study/ 
application such as human, animal, or industry 2) underlying compo
nents of the medium/tissue which determine the cross-section or prob
ability of photoelectric or Compton interactions 3) k-edge of the 
components, and 4) differences between effective atomic number and 
electron density of tissues/materials at different energies (or different 
CT numbers). Energy peaks of 70 and 140 kV are of special interest in 
clinical application since they are commonly used in mammography and 
whole-body CT imaging. These energy peaks enable maximum differ
entiation of the underlying component of the biological tissues for a 
wide range of clinical studies. In the future study, dual-energy CT im
aging would be employed for the determination of the proton stopping 
power for biological tissues. Dual-energy CT imaging is regarded as a 
reliable technique for estimation attenuation coefficient map in proton 
radiation therapy. In this regard, energy peaks of 70 and 140 kV were 
selected to enable accurate estimation of the proton stopping power 
(providing maximum differentiation of the underlying components) for 
biological tissues (Mohan and Grosshans, 2017; Royce and Efstathiou, 
2019). 

The simulated X-ray spectra were compared with spectra generated 
by Spektr, IPEM78, and practical measurement at the same kVp. The 
experimental energy spectrum measurement exhibited good agreement 
with the Monte Carlo simulation results which demonstrates the 

superior capability of the HPGe detector to resolve the significant 
properties of the X-ray energy spectrum. Fig. 8 shows the comparison 
between the X-ray spectrum obtained from different experimental 
measurements and simulation models including the simulation and 
experimental estimation conducted by Ay et al. (2004), 
Expectation-Maximization modeling by Duan et al. (2011), PENELOPE 
simulation by Jia et al. (2009), practical measurement by Primak et al. 
(2010), the model developed by Punnoose et al. (2016) based on Spektr 
version 3.0 platform. The graphs in Fig. 8 exhibited good agreement 
between the X-ray spectra observed in this study and the different 
analytical models and experimental measurements reported in the 
literature. The small differences in these graphs were due to the different 
types of filters used for the X-ray beam and the different detector 
materials. 

5. Conclusion 

In the present work, Monte Carlo simulations of some commonly 
used detectors, namely HPGe, BGO, LYSO, and NaI were carried out to 
calculate the detector efficiency and energy resolution of these detectors 
for the photon energy ranging from 20 keV to 140 keV. Given the su
perior energy resolution of the HPGe detector, this detector was selected 
to practically measure the energy spectrum of a mini-CT scanner in order 
to generate a dual-energy X-ray beam. The practical spectrum obtained 
from the HPGe detector was in close agreement with the Monte Carlo 
simulation. External attenuating filters (0.5 and 4.5 mm Al) were 
applied to the X-ray beam which resulted in a dual-energy X-ray spec
trum with minimal overlap and two distinct energy peaks. 
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