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Currently industrial X-CT system is designed according to characteristics of test objects, and test objects determine industrial
X-CT system structure, X-ray detector/sensor property, scanning mode, and so forth. So there are no uniform standards for the
geometry size of scintillation crystals of detector. Moreover, scintillation crystals are usually mixed with some highly toxic impurity
elements, such as Tl and Cd.Thus, it is indispensable for establishing guidelines of engineering practice to simulate X-ray detection
performances of different scintillation crystals. This paper focuses on how to achieve high efficient X-ray detection in industrial X-
CT system which used Monte Carlo (MC) method to study X-ray energy straggling characteristics, full energy peak efficiency, and
conversion efficiency of some scintillation crystals (e.g., CsI(Tl), NaI(Tl), andCdWO

4
) after X-ray interactedwith these scintillation

crystals. Our experimental results demonstrate that CsI(Tl) scintillation crystal has the advantages of conversion efficiency, spectral
matching, manufacturing process, and full energy peak efficiency; it is an ideal choice for high efficient X-ray detection in industrial
X-CT system.

1. Introduction

Industrial X-ray computed tomography (X-CT) system is
an advanced nondestructive measurement technique; it
has been widely used in aerospace, weapons, metallurgy,
machinery, electric power, geology, and so forth [1–5]. X-ray
detector/sensor is an important component of industrial X-
CT system, which determines X-ray detection efficiency in
data acquisition. CT image quality relies on X-ray detection
efficiency [6]; thus how to achieve the high efficient X-ray
detection is a key technique in industrial X-CT research field.

In current industrial X-CT system, X-ray detection
method is transforming X-ray photons into visible light
photons via scintillation crystals or screens (e.g., CsI(Tl),
NaI(Tl), and CdWO

4
) [7–9] at first and then converting

light signal into electrical signal by means of photoelectric
conversion devices (e.g., photomultiplier tube (PMT), pho-
todiode (PD), and charge coupled device (CCD)) [10–13]. In

order to improve resolution and signal to noise ratio (SNR)
of CT images, it is necessary to select proper thickness of
scintillation crystal [14–16]. If the thickness of scintillation
crystal is too thick, it will affect the resolution of CT images.
Meanwhile, if the thickness of scintillation crystal is too thin,
it will reduce the luminous efficiency of scintillation crystal,
which determines the SNR of CT images.

How to select proper thickness of scintillation crystal
depends on the design of industrial X-CT system. Generally,
the design of industrial X-CT system is determined by test
objects, and the diameter range of test objects is from several
millimeters to several hundredmillimeters; the density range
of test objects is from several kg/m3 to several hundred kg/m3.
Thus, the X-ray energy and detection range are different for
different industrial X-CT systems; it is difficult to make a
uniform standard for the geometry size of scintillation crys-
tals. Different scintillation crystals have different properties
of X-ray detection, and some scintillation crystals have been
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Figure 1: A typical X-ray detection model based on scintillation crystals in industrial X-CT system.

mixed with impurity elements (thallium (Tl) or cadmium
(Cd)) which are harmful to people’s health, especially CsI(Tl),
NaI(Tl), and CdWO

4
.

In order to study how to keep enough X-ray energy
deposition in CsI(Tl), NaI(Tl), and CdWO

4
scintillation

crystals and transform more X-ray photons into visible light
photons to obtain high spatial resolution of CT images in
industrial X-CT system, it is a reasonable scheme to simulate
the photonic properties of CsI(Tl), NaI(Tl), and CdWO

4

scintillation crystals using Monte Carlo (MC) method [17–
26]. Monte Carlo (MC) methods are stochastic techniques,
which can be used in nuclear physics to analyze interaction
between X-ray photons and scintillation crystals.

2. Materials and Methods

There are several X-ray detection modes in industrial X-CT
system according to different data capture patterns, which
mainly include linear array detector and area array detector.
Generally, the X-ray detection mode based on CsI(Tl),
NaI(Tl), or CdWO

4
scintillation crystals adopts linear array

detector or area array detector in industrial X-CT system [10–
13], and a typical X-ray detection model is shown in Figure 1,
which mainly contains X-ray source, collimator, scintillation
crystal detector, and so forth.

When X-ray photons and scintillation crystals interact
with each other, due to photoelectric effect, Compton scatter-
ing, and electron pair effect, X-ray attenuation characteristics
can be expressed as

𝜇 = 𝜌(
𝑎𝑍
3.8

𝐸3.2
+ 𝑓KN (𝐸)) , (1)

where 𝜇 is X-ray linear attenuation coefficient, 𝜌 is the
electron density, 𝑎 is a fitting parameter, 𝑍 is the effective
atomic number, 𝐸 is X-ray photon energy, and 𝑓KN(𝐸) is
the Klein-Nishina function which yields the electronic cross
section of Compton scattering. Finally X-ray photons are
transformed into visible light photons detected by back-end
optoelectronic devices. When the X-ray photon energy is
lower than 1MeV, it will be easy that photoelectric effect
and Compton scattering occur. If photoelectric effect occurs,
the optoelectronic device will record collective charges
directly. If Compton scattering occurs, scatting photons will
be calculated to compensate incident photons at first and
then the optoelectronic device will record collective charges

X-ray Scintillation crystal 0.3 cm

Figure 2: The Monte Carlo simulation model in our study.

as incident photons. The interaction patterns between X-
ray photons and scintillation crystals are random, but the
occurrence probability depends on interaction cross section.

Generally, the scintillation crystal used in array detector
of industrial X-CT system adopts cylinder design [27, 28]. In
ourMonte Carlo simulation study, we assume that the energy
of X-ray source is monochromatic and adjustable, the X-ray
beam is a parallel beam after X-ray passes through the front
collimator, the diameter of scintillation crystal is 0.3 cm, and
the length of cylinder could be changed, as shown in Figure 2.
Then we studied photonic properties of CsI(Tl), NaI(Tl), and
CdWO

4
scintillation crystals which interacted with different

energy X-ray photons, and we assume that detector to object
distance is 100 cm, and X-ray source to object distance is
also 100 cm in our simulation. In our study, the number of
photons produced by the X-ray source is 5 million; the cut-
off condition of photons includes energy cut-off and position
cut-off, which means in our simulation program we will not
track these particles if the energy of photons is less than
0.001MeV, andwewill also not track these particles if photons
escape from scintillation crystal. The cut-off condition of
fluorescent photons is the length cut-off, which means in
our simulation program we will cut this fluorescent beam if
fluorescent transmission distance is more than 150mm.

3. Results and Discussions

In our simulation, we focus on photonic properties of scintil-
lation detector. It is essential to design the physics and math-
ematics model of X-ray detection at first, and then we utilize
a Monte Carlo software (EGS) to analyze characteristics of
interaction between X-ray photons and scintillation crystals
[17–26]. In this paper, we study three scintillation crystals
CsI(Tl), NaI(Tl), and CdWO

4
; the physical properties of the

three scintillation crystals are shown in Table 1.

3.1. Energy Straggling Characteristics. We simulated X-ray
energy straggling characteristics after the three scintillation
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Figure 3: The simulation results of X-ray energy straggling characteristics after the three scintillation crystals interacted with X-ray incident
photons.

Table 1: The physical properties of the three scintillation crystals.

Items CsI (Tl) NaI (Tl) CdWO4

Density 4.53 g/cm3 3.67 g/cm3 7.99 g/cm3

Atomic number 54 50 64.2
Tl concentration 0.1% 0.1% /
Refractive index 1.79 1.85 2.3
Peak wavelength 560 nm 410 nm 540 nm

crystals CsI(Tl), NaI(Tl), and CdWO
4
interacted with X-ray

incident photons. We assume that the X-ray incident photon
energy is 450KeV and the length of scintillation crystal is
1.5 cm.The simulation results of X-ray energy straggling char-
acteristics are shown in Figure 3; from Figure 3 we can see
that X-ray energy straggling characteristics are similar after
the three scintillation crystals interacted with X-ray incident
photons, and the number of survival 450KeV photons is

muchmore than other energy photon numbers. However, the
three scintillation crystals CsI(Tl), NaI(Tl), and CdWO

4
have

different photonic properties; after 450KeV X-ray incident
photons interacted with CsI(Tl), NaI(Tl), and CdWO

4
, the

number of survival 450KeV photons which interacted with
CdWO

4
is much more than numbers of survival 450KeV

photons which interacted with the other two scintillation
crystals (CsI(Tl) and NaI(Tl)), and the number of survival
450KeV photons which interacted with CsI(Tl) is more than
the number of survival 450KeV photons which interacted
with NaI(Tl).

3.2. Full-Energy Peak Efficiency. In Monte Carlo simulation
study of full-energy peak efficiency, we assume that the
lengths of CsI(Tl), NaI(Tl), and CdWO

4
scintillation crystals

are 0.3 cm, 0.5 cm, 1.0 cm, and 1.5 cm, respectively, and the X-
ray source energies are 120KeV, 160KeV, 220KeV, 320KeV,
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Figure 4: The simulation results of full-energy peak efficiencies of three scintillation detectors with different lengths.

and 450KeV, respectively; Figure 4 shows the simulation
results of full-energy peak efficiency.

From Figure 4, we can see that full-energy peak efficien-
cies of the three scintillation detectors decrease rapidly with
the X-ray energy increasing.When energies of X-ray incident
photons which interacted with the three scintillation detec-
tors are the same, the CdWO

4
scintillation detector has the

highest full-energy peak efficiency, and NaI(Tl) scintillation
detector has the lowest full-energy peak efficiency. The three
scintillation detectors have different full-energy peak efficien-
cies due to the different physical properties of three scintil-
lation crystals. In particular, after CsI(Tl) crystal interacted

with X-ray photons, the peak wavelength of visible emission
spectrum is 540 nm, it is easy to match spectral response
of CCD devices, which is benefit for improving SNR of CT
image.

3.3. Scintillation Crystal Conversion Efficiency. To simulate
the three scintillation crystal conversion efficiencies using
Monte Carlo method, we assume that the lengths of CsI(Tl),
NaI(Tl), and CdWO

4
scintillation crystals are 0.3 cm, 0.5 cm,

1.0 cm, and 1.5 cm, respectively, and the X-ray source energies
are 120KeV, 160KeV, 220KeV, 320KeV, and 450KeV, respec-
tively. The simulation results are shown in Figure 5.
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Figure 5: The simulation results of conversion efficiencies of the three scintillation crystals CsI(Tl), NaI(Tl), and CdWO
4
.

From Figure 5, we can see that the conversion efficiencies
of the three scintillation crystals decrease gradually with X-
ray photon energy increasing regardless of scintillation crys-
tal type and length, and CdWO

4
has the highest conversion

efficiency. When the length of the crystal is 1.0 cm or 1.5 cm
and the X-ray photon energy is 120KeV, the conversion effi-
ciency of CdWO

4
could reach almost 100%. Interacted with

the same energy incident photons, the conversion efficiency
of CsI(Tl) is lower than that of CdWO

4
, and the conversion

efficiency of NaI(Tl) is the lowest. However, the refractive
index of CdWO

4
scintillation crystal is only 2.3 which affects

visible light transmission in scintillation crystals, and the
average wavelength of visible emission spectrum is 480 nm
which is not easy to match spectral response of CCD devices.

4. Conclusions

In industrial X-CT system, it is necessary to make personal-
ized design due to different test objects.There are no uniform
standards for the geometry size of scintillation crystals, and
the crystals are mixed with some highly toxic impurity
elements, such as Tl and Cd. Thus, it is indispensable for
establishing guidelines of engineering practice to simulate X-
ray detection performances of different scintillation crystals
using Monte Carlo method.

In this paper, we study X-ray detection performances
of scintillation crystals CsI(Tl), NaI(Tl), and CdWO

4
using

Monte Carlo method; the experimental results demonstrated
that CdWO

4
scintillation crystals show good performances
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in full-energy peak efficiency and scintillation conversion
efficiency, which could be widely used in high-energy (above
2MeV) X-ray detection of the industrial X-CT system.
NaI(Tl) scintillation crystal has lower full-energy peak effi-
ciency and scintillation conversion efficiency, and it is easily
deliquesced, so NaI(Tl) scintillation crystal is unsuitable for
X-ray detection in industrial X-CT system. The full-energy
peak efficiency and conversion efficiency of CsI(Tl) crystal
are better than those of NaI(Tl) scintillation crystal, and
CsI(Tl) scintillation crystal has the advantage of nondeliques-
cence andmanufacturing process, which is a benefit for X-ray
detection and detector structure design in industrial X-CT
system. In our simulation study, CsI(Tl) scintillation crystal
adopts cylinder design, whose diameter is 0.3 cm. When the
length of CsI(Tl) scintillation crystal is 1.5 cm and X-ray
photon energy is 220KeV, the full-energy peak efficiency can
reach 79.6% and the conversion efficiency can reach 85%.
Thus, CsI(Tl) as a scintillation crystal is an ideal choice for
high efficient X-ray detection in industrial X-CT system.
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