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Abstract 

Scintillators are high-density luminescent materials that convert X-rays to 
visible light. Thallium doped cesium iodide (CsI:Tl) scintillation materials are 
widely used as converters for X-rays into visible light, with very high conver-
sion efficiency of 64.000 optical photons/MeV. CsI:Tl crystals are commer-
cially available, but, the possibility of developing these crystals into different 
geometric shapes, meeting the need for coupling the photosensor and reduc-
ing cost, makes this material very attractive for scientific research. The objec-
tive of this work was to study the feasibility of using radiation sensors, scintil-
lators type, developed for use in imaging systems for X-rays. In this paper, the 
CsI:Tl scintillator crystal with nominal concentration of the 10−3 M was grown 
by the vertical Bridgman technique. The imaging performance of CsI:Tl scin-
tillator was studied as a function of the design type and thickness, since it in-
terferes with the light scattering and, hence, the detection efficiency plus final 
image resolution. The result of the diffraction X-ray analysis in the grown 
crystals was consistent with the pattern of a face-centered cubic (fcc) crystal 
structure. Slices 25 × 2 × 3 mm3 (length, thickness, height) of the crystal and 
mini crystals of 1 × 2 × 3 mm3 (length, thickness, height) were used for com-
parison in the imaging systems for X-rays. With these crystals scintillators, 
images of undesirable elements, such as metals in food packaging, were ob-
tained. One-dimensional array of photodiodes and the photosensor CCD 
(Coupled Charge Device) component were used. In order to determine the 
ideal thickness of the slices of the scintillator crystal CsI:Tl, Monte Carlo me-
thod was used. 
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1. Introduction 

X-rays were first discovered by Wilhelm Roentgen in Germany, in 1895 [1]. The 
constant and increasing number of applications of X-rays in many fields of hu-
man activity has stimulated the research in scintillation materials. There has 
been a rise in this field, over the last 10 years, induced by new demanding appli-
cations of medical, industrial and scientific imaging together with the develop-
ment and exploitation of powerful X-ray sources, such as synchrotron radiation. 
Thus, intense research and development [2] [3] have continued, looking for new 
scintillation materials or the optimization of the current ones, taking advantage 
of new technological methods for their preparation. Understanding the under-
lying physical mechanisms of energy transfer and storage and the role of partic-
ular material defects is of crucial importance for bringing the materials perfor-
mance close to their intrinsic limits. Further progress in the achievement of the 
ideal detector design is related to the rapid development in the field of photode-
tectors, which are an indispensable part of scintillation detectors [4].  

Detectors for X-ray application cover a broad range including Si detectors, 
compound detectors and single crystal detectors. In the low energy X-ray region 
from a few hundred eV to about 20 KeV, direct detectors such as Si PIN photo-
diodes, Si APDs, and CCD (Charge Coupled Device) area image sensors are uti-
lized [5] [6]. These detectors provide high detection efficiency and high energy 
resolution, and, hence, they are used in X-ray analysis, X-ray astronomical ob-
servation and physics experiments. The hard X-ray region with energy higher 
than soft X-rays is utilized in industrial and medical equipment due to the high 
penetration efficiency through objects. Scintillator detectors are widely used in 
these applications. These detectors use scintillators to convert X-rays into light 
and detect this light to identify X-rays indirectly. Especially in the medical field, 
the digital X-ray method, which uses X-ray detectors with large photosensitive 
area, is becoming mainstream, replacing the conventional film based method. 

Indirect digital X-ray imaging requires scintillator material and some imaging 
sensor, such as photodiodes, CCD and CMOS imaging devices, for diagnostic 
and industrial applications. Thus, among the CsI:Tl inorganic scintillators crys-
tal was elected in our research on the basis of the common favorable characteris-
tics as a scintillator: (a) good mechanical strength, (b) it is slightly hygroscopic 
and (c) its emission spectrum light coincides with the visible region: it is, there-
fore, suitable to use of CCD and photodiodes system [7]. 

Our objective was to study the feasibility of using radiation sensors, type scin-
tillators, developed in our laboratories, for use in imaging systems for X-rays. In 
this paper, the CsI:Tl scintillator crystal with nominal concentration of the 10−3 
M, grown by the vertical Bridgman technique was used in order to convert the X 
radiation into light photons. For this purpose, one-dimensional array of photo-
diodes and the photosensor CCD component, mentioned in the previous para-
graph, was used. Monte Carlo method exclusive software was used [8] for to get 
scintillator crystal thickness and the energy absorption percentage of the gamma 
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photon from a 241Am source. 

2. Methods 

The crystal growth was accomplished by means of the vertical Bridgman tech-
nique [9] [10] [11] [12]. The starting material, cesium iodide (CsI) and thallium 
iodide (TlI) were used with purity of 99.99%. The concentration of the thallium 
doping element (Tl) was 10−3 M. 

The crystals were cut in the desired dimensions for each type of experiment 
with a disk saw with diamond edge (Buehler ISOMET 11-1180). The cutting was 
done slowly, avoiding mechanical shock. The crystals were polished with ethy-
lene glycol p.A. (C2H6O2). The side surfaces were unpolished, to enhance inter-
nal reflection. The CsI:Tl crystals were cut and polished in the following dimen-
sions: (a) Slices of 25 × 2 × 3 mm3 (length, thickness, height); (b) mini crystals of 
1 × 2 × 3 mm3 (length, thickness, height); the mini crystals were introduced into 
the16 holes of the mini crystals support. Figure 1 shows the 25 mm support 
lenght. 

The diffraction analysis of X-ray CsI:Tl crystals in, order to determine the 
crystal structure, was carried out by the powder diffraction method, at room 
temperature, using a diffractometer (Rigaku RINT2000 model) in following condi-
tions: radiation: k-alpha Cu, scan rate: 2˚ min−1, voltage: 40 kV, current: 30 mA. 

In order to determine the ideal thickness of the slices of the scintillator crystal 
CsI:Tl, Monte Carlo method was used. The absorption of the X-ray energies in 
the scintillator was estimated by the Monte Carlo method. This method simu-
lates all occurrences of gamma radiation interaction in the material media. The 
following interactions of the electromagnetic radiation taken into account were: 
Photoelectric effect, Compton scattering and Rayleigh scattering. Based on these 
interactions, a program was developed to simulate the interactions in the scintil-
lator block and to estimate the level of absorption of the radiation X, as a func-
tion of the dimensions of the scintillator. Figure 2 shows the main panel of the 
program. 

The photodiodes dimensional arrangement units were mounted in a 200 mm 
line to cover the entire width of the mat of drag the sample to be analyzed. 
Another alternative used was the use of the CCD chip type, Sony model ILX551B 
2048-pixel Linear Sensor (B/W) which gives the work more simple electronic 
circuitry. 

 

 
Figure 1. Support mini-crystals. 
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Figure 2. Main panel of Monte Carlo program used to estimate the optimized dimensions of the blocks (slices or mini crystals) of 
crystal scintillator. 

 
Figure 3 shows the general scheme of the scanner used in this work. It is con-

stituted by a tube X-ray high-voltage source, able to feed it to 110 kV to 0.3 A. 
The tube and the high voltage generating unit are kept in the bottom of the 
equipment with shielding lead sheet and iron sheet, what does not allow X-ray 
leak to the environment. Above the X-ray tube, there is a collimator system that 
only allows flow of X-rays to pass in an opening of 2 mm, reaching only the area 
containing the scintillator. The unit has a mat where the objects to be analyzed 
move and pass through the X-ray beam. The entire system is controlled by a PC 
line computer, operating on the windows XP system. In this project, the detec-
tors to generate pictures were constituted of a set of 6 units, with 16 × 1 photo-
diodes in one-dimensional arrangement, totaling 96 photodiodes linearly juxta-
posed. One of the central units was reserved to introduce CsI:Tl scintillator. 
Figure 3(b). 

3. Results and Discussion 

Among the X- ray and gamma-ray converters in light photons, known as scintil-
lators, the most efficient emits photons with wavelengths close to 400 nm.  
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(a) 

 
(b) 

Figure 3. (a) Schematic representation of the scanner X-ray used in the experiments, 
showing the belt through which the objects to be analyzed; (b) Scheme of the scanner op-
erating principle is shown. 
 
Particularly among them, the CsI:Tl crystal has the best fit between the light 
emission spectrum (peak at 540 nm) and the quantum sensitivity curve of the 
photodiodes. This explains the renewed interest in using this crystal as a scintil-
lator. 

Figure 4 shows CsI:Tl crystal with molar ratio [Tl]/[CsI] = 10−3 grown by the 
Bridgman technique, at a rate of 1 mm·h−1. The crystals were cut and polished in 
the following dimensions: slices 25 mm in length, 3 mm in width and 2 mm 
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thickness; the mini crystal was cut and polished in the dimensions of 1 × 2 × 3 
mm3 (width, length, thickness). 

X-ray diffraction analysis demonstrated that the crystalline lattice of the crys-
tal grown by the Bridgman technique resulted in a centered face cubic crystalline 
structure (cfc). This evidence can be established by comparing the X-ray diffrac-
tion pattern with that described by the tables (US Joint Committee on Powder 
Diffraction Standards) [13]. The complete diffraction pattern is shown in Figure 
5, which corresponds to the structure of CsI. 

 

 
Figure 4. Slices of CsI:Tl crystal and support filled with mini crystals. 
 

 
Figure 5. Complete X-ray diffraction pattern of the CsI:Tl crystal. 
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The main purpose of the CsI:Tl crystal is its use in converting high energy 
photons from gamma rays and X-rays into light photons capable of sensitizing 
the photosensors. In order to meet this objective, the CsI:Tl crystal offers ade-
quate conditions mainly because it consists of chemical elements with a high 
atomic masses (Zcesium = 133, Ziodine = 127) and, therefore, favouring interactions 
of X radiation with the multiple electron layers (photoelectric effect and Comp-
ton). The results of the simulation analysis using the Monte Carlo method are a 
convincing demonstration of the use of these crystals. 

The results simulated by the Monte Carlo method relate the scintillator crystal 
thickness and the energy absorption percentage of the gamma photon energies 
of an Americium-241 source (241Am). This source was used because it has the 
emission spectrum of energy (Table 1) close to the X-ray spectrum of the system 
used, especially, when operated with voltages from 30 kV to 100 kV. 

The Figure 6, show the main interaction effects of the radiation with the scin-
tillator crystal of density 4.51 g/cm3 as a function of the energy photon gamma 
emitted by a 241Am source. As can be verified by the curves, the predominant ef-
fect is the photoelectric effect. The Compton effect contributed little to the inte-
ractions with the photons energy range 13.9 keV (occurrence 42.7%) and 59.5 
keV (occurrence 35.9%). 

Table 2 shows the prediction of radiation absorption determined by the 
Monte Carlo method for CsI:Tl scintillation crystals, in the form of, mini crystals 
with 3 × 1 mm2 (width, length, thickness X) juxtaposed to a matrix arrangement 
and in the form of a 25 × 3 mm2 slice, thickness X, as shown in Table 2. 

Figure 7 and Figure 8 correspond to the graphical interpretation of the re-
sults shown in Table 2. 

For the CsI:Tl crystals, at each thickness, the increase of 0.0874 mm doubles 
the absorption of the X-rays. 

Two electronic boards were specially designed for the purpose of using the 
scintillation crystals, which convert light produced into electrical signals and, 
subsequently, through these plates the data is digitized and acquired by the PC 
computer. 

Figure 9 shows part of the developed plate, with emphasis on the central part, 
where the scintillators were coupled. Two scintillation crystal couplings were  
 
Table 1. Energy photon gamma emitted by an 241Am source. 

241Am Gamma photon Frequency of emission (Yield) (%) Energy (keV) 

42.7 13.9 

2.4 26.3 

0.106 33.2 

35.9 59.5 

0.18 69.2 
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Figure 6. The main interaction effects of the radiation with the scintillator crystal. 
 
Table 2. Percentage absorption of photon energy from a 241Am source. Estimates made using the Monte Carlo method. 

Scintillator thickness (mm) 
Absorption (%) CsI:Tl* 

Mini Crystals Slice 

6 100 100 

3 100 100 

2 99.6 100 

1 99.5 100 

0.5 93.5 94.2 

0.25 79.9 78.6 

0.125 59.8 60.1 

0.05 37.4 37.8 

0.025 22 24.2 

0.01563 17.4 17.7 

0.008 9.6 9.7 

0.004 5.7 5.1 

0.0025 3.6 3.4 

0.002 2.7 2.8 

0.001 1.3 1.5 

0.0005 0.6 0.7 

0.0001 0.1 0.1 

*Absorption of each gamma ray reaching the crystal. 
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Figure 7. CsI:Tl mini crystal thickness effect and radiation absorption. 
 

 
Figure 8. CsI:Tl slice crystal thickness effect and radiation absorption. 
 

 
Figure 9. Data acquisition system containing one-dimensional photodiode array chips. In 
the center, a unit of scintillators crystals developed in our laboratory is shown. 
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made: (1) CsI:Tl crystal slice and (2) CsI:Tl mini crystals inserted into the spaces 
of a one-dimensional arrangement, to the photodiode array. 

Figure 10 shows, in detail, the coupling of the mini crystals to the chip of the 
one-dimensional photodiode array. 

Electronic board for data acquisition with CCD-type component, using simp-
ler electronic circuitry, Figure 11. 

Experiments were conducted with the imager (scanner) using array of photo-
diodes. Figure 12 and Figure 13 show the results of food casings, where some 
metallic parts were introduced and the respective result of imaging. 

Figure 12 displays the image of a food package (tuna) showing the effect of 
the insertion of a support containing mini-crystals of CsI:Tl in the imaging sys-
tem. It is possible to see the image quality, watching the relief of the metal pack-
aging. The X-ray tube was operated at 30 kV to 0.3 A. 

Figure 13 shows the image of a food package (bread), presenting the effect of 
the insertion of a slice of 25 × 3 × 2 mm of the CsI:Tl crystal, in the imaging sys-
tem. In this experiment, three metal objects with diameters 2, 3 and 4 mm were 
inserted in the bread package. The X-rays imaging identified these three objects 
with good resolution. The X-ray tube was operated at 30 kV to 0.3 A. 

The result of the imager driven experiment with CCD technology, directly  
 

 
(a)                                      (b) 

Figure 10. (a) One-dimensional array of photodiodes; (b) Support full with the mini 
crystals and coupled to the one-dimensional array of photodiodes. 

 

 
Figure 11. Data acquisition system containing a Sony CCD type Sony chip model 
ILX551B, 2048 pixel linear CCD sensor (B/W) coupled with the CsI:Tl scintillator crystal 
developed in our laboratory for this project. 
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Figure 12. Image of food package showing the effect of the insertion of a support con-
taining mini-crystals of CsI:Tl in the imaging system. 
 

 
Figure 13. Image of bread package showing the result obtained by inserting a slice of 25 × 
3 × 2 mm CsI:Tl crystal, in the imaging system. Packing was placed under three iron ob-
jects with diameters 2, 3 and 4 mm, seen in the left, highlighted. 

 
coupled to the CsI:Tl scintillator crystal, is shown in Figure 14. In this experi-
ment, a steel washer with dimensions of 12 × 6 × 1 mm3 (outside diameter, in-
ternal diameter, thickness) has been used. 

The good quality of the images obtained in experiments with X-rays imaging 
using the CsI:Tl mini-crystals and slices of the CsI:Tl crystal, coupled to 
one-dimensional photodiodes arrangement or coupled photosensor CCD, indi-
cated that this system can be used in quality control in food industry. 

detected
metals
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Figure 14. Scanner result in the CCD version of a 12 × 6 × 1 mm3 steel washer, using a 
single CCD unit directly coupled to a strip of 25 × 3 × 2 mm3 CsI:Tl crystal. 

4. Conclusions 

The experiments demonstrated that the crystal of cesium iodide doped with 
thallium grown in our laboratory showed good results, when used in imaging 
equipment with X-rays. 

The result of the analysis of X-ray diffraction on the crystal grown by the ver-
tical Bridgman technique showed a structure compatible with the standard cubic 
crystalline face centered (fcc). 

Slices of the CsI:Tl crystal, with a thickness of 2 mm and mini crystals in the 
dimensions of 1 × 2 × 3 mm3 may be successfully used in imaging. 

By means of estimates obtained by the Monte Carlo method, it has been 
shown that 2 mm slices are capable of absorbing 100% of the energy of the inci-
dent X-rays. 

Imaging with one-dimensional array of photodiodes and imaging with scan-
ner in CCD version, used with CsI:Tl scintillator crystal, showed efficiency in 
image quality. 

CsI:Tl crystals, although are commercially available, there is the possibility of 
development of these crystals in our laboratory, which allows obtaining the crys-
tals in different geometric shapes, to meet the need for coupling the photosensor, 
such as, one-dimensional array of photodiodes and CCD photosensor, with goal 
of the X-ray imaging. 

In continuation of the research will be used the CCD with dimensions A3 (297 
mm) directly coupled to a long slice of the crystal scintillator of CsI:Tl covering 
all its sensitive face, so that it is possible to obtain images of large bodies. 
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