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ABSTRACT 

 

Currently, energy integrating detectors (EID) are being used for 

medical X-ray diagnosis. In principle, because the image provided by an 

EID does not derive information for each X-ray energy, precise analysis 

based on physics cannot be performed. To develop a next generation type 

X-ray diagnostic detector in which analysis of an object can utilize 

information for each X-ray energy, photon counting detectors (PCD) for 

medical imaging should be developed. In order to achieve this, we should 

be concerned with the detector’s ability to analyze an X-ray image. In this 

chapter, we will describe the importance of the response of PCDs. The 

detector’s responses were calculated by Monte-Carlo simulation that 

focused on Si and CdZnTe (CZT) semi-conductor detectors. The 

absorption efficiency of Si is relatively small for X-rays which are usually 

used for medical diagnosis, therefore the application range of this detector 

is limited. On the other hand, the absorption efficiency of a CZT detector 

is large. This is because the detector is made from materials having large 

atomic numbers. However, this characteristic also leads to cross-talk of 

characteristic X-rays between neighboring pixels, and in addition, there is 

a charge sharing effect which causes a reduction in full-energy absorption. 

As a result, the measured X-ray spectra was highly distorted from the one 

that was expected; therefore, we should try to understand these phenomena 

and reproduce them to analyze measured X-ray spectra using physics. In 

order to demonstrate the importance of physics in the PCD, we will present 

the X-ray spectra measured with a PCD using a CZT detector, and 

additional spectra reproduced using mathematical equations. The 

calculated X-ray spectra were obtained from theoretical X-ray spectra 

taking into account the following considerations; (A) interactions between 

X-rays and detector (cross-talk of characteristic X-rays), and (B) charge 

sharing effects and energy resolution in the charge collection process. 

Finally, we will describe the availability of the present contents when we 

want to analyze X-ray spectra and to obtain material information of an 

object. Material identification based on our proposed method using the 

measured X-ray spectra described above and application of preliminary 

imaging results for mimicking dental radiology are presented. In our study 

of medical X-ray imaging, a multi-pixel-type PCD has three energy bins; 

therefore, we can analyze the absorption of X-rays having three different 

energies. To analyze the absorption precisely, we corrected for the beam 

hardening effect in each energy bin. Our method can be easily applied to 

other applications using polychromatic X-rays. In conclusion, we 

described the importance of taking into consideration the detector’s 

response when we need to analyze the object using a multi-pixel-type PCD 

for medical X-ray imaging. 
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1. INTRODUCTION 

 

1.1. Traditional X-Ray Imaging for Medical Use 

 

The use of X-rays for medical imaging is currently big business, and 

therefore many companies and researchers want to develop novel imaging 

techniques. It is generally known that the development of novel imaging 

techniques such as computed tomography (X-ray CT) and magnetic 

resonance imaging (MRI) have contributed to creating novel diagnostic 

techniques, and these imaging techniques have made great breakthroughs in 

current clinical diagnostics. Additionally, medical doctors have made great 

efforts to develop analytical procedures using the images provided with new 

modalities. Because these novel medical analytical techniques have been 

developed based on biology, medical doctors can utilize these new imaging 

techniques. 

On the other hand, for plain X-ray diagnosis, there has not been any 

major technological advancement. Traditionally, an X-ray photograph is 

taken with X-ray films. Recently, a large two-dimensional digital sensor 

called a flat panel detector (FPD) has been released and was applied to 

clinical diagnosis immediately replacing X-ray film. This innovation can 

perform digital processing of X-ray images. A digital image can easily be 

processed and this innovation has various merits when compared to an 

analog image. However, the aim of most FPD’s is to improve the visibility 

of images. The reason why these innovations are limited in the ability to 

improve the image is that the principle of image generation has not changed 

from that using X-ray film. The traditional imaging detectors such as X-ray 

film and FPD work based on “energy integrating detector (EID)” technology. 

In this chapter, we will describe a photon counting detector by reviewing 

differences in detection principles. 
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Figure 1. Comparison between physics and biology based analysis of X-ray 

photographs. In traditional X-ray diagnosis, medical doctors diagnose the disease 

based on their knowledge of biology, and the X-ray image can help make diagnosis 

with an image that is easy to understand. We expect to add to the understanding of 

images using the physics for this area of diagnosis. 

 

1.2. Contribution of Physics in Medical Diagnosis 

 

Let’s start with a description of how medical diagnosis is carried out 

using traditional X-ray radiography. Figure 1 shows the concept of X-ray 

radiography of the chest. We can see this figure without any specific 

information concerning the X-ray radiograph and/or X-ray detector. You can 

understand that the lower left figure is an X-ray photograph of the chest. 

Many people have experienced taking a chest X-ray photograph as part of a 

health checkup, and imagination can help your understanding of what the 
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image is. Using the image, how do medical doctors make a diagnosis? If you 

want to diagnose the patient as medical doctors do, you should obtain a great 

deal of biological knowledge to analyze the image. Based on the knowledge 

of human anatomy, they can understand the image, and the procedure is 

supported by medical evidence. Usually, this kind of analysis is called 

“qualitative evaluation.” Although this form of diagnosis has been applied 

all over the world, it is strange that an idea to use physics to assist their 

diagnosis has not been put to practical use. 

As described in this chapter, traditional X-ray photography cannot be 

used for the analysis of physics. When we develop a next-generation type 

X-ray imaging detector which can analyze the X-ray image using physics, 

there are expectations for the creation of innovative X-ray techniques which 

will contribute to the development of medical diagnosis. We believe that a 

photon counting detector can create progress through innovation in the field 

of medicine. 

Actually, the X-ray photograph was taken with a technique based on 

physics [1]. As described in many text books concerning radiation physics 

[2-4], electric engineering and machine engineering etc., physics should be 

studied to obtain essential knowledge. Using them, medical equipment such 

as the X-ray generator and imaging detector is designed based on physics. 

Moreover, the photographic conditions such as tube voltage, tube current, 

distances between X-ray source and object etc. are determined using physics. 

As shown in the upper area of Figure 1, the area in which physics contributes 

the most during the image formation process can be explained by the 

physical phenomenon in the object (patient’s body) and the imaging detector. 

Although the physics in the object is considered to be “object contrast”, 

rarely is it the case in which the physics of the detector is taken into 

consideration when trying to understand X-ray radiography. It is surprising 

that current diagnosis using X-ray images does not utilize physics. One 

reason for that is medical diagnosis was developed based on biology, and 

the other is the problem concerning X-ray imaging detectors. Therefore, we 

want to focus our attention on the physics of the imaging detector at the 

beginning of this chapter. 
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1.3. Expectation to Develop a Novel Photon Counting Detector 

 

Now, let’s talk about detector physics. Figure 2 shows concept 

differences between (a) energy integrating detectors (EID) and (b) energy 

resolved photon counting detectors (PCD). Many conventional imaging 

detectors such as X-ray film, computed radiography (CR) system, flat panel 

detector (FPD) etc. are EID based detectors. In the procedures using EID, 

X-rays are detected pixel by pixel, and in each pixel the sum of the stored 

energies is read out at once after X-ray exposure. This image is called the 

“E image” in this chapter; the intensity of E is generally displayed as 

black and white scaled image where black is the area in which X-rays were 

detected without absorption. You can understand that the black area 

corresponds to material having low X-ray absorption such as the air. In a 

similar way, the white area is understood to be materials having high X-ray 

attenuation such as bone and teeth. In addition to this contrast information, 

the image can show structural information; therefore, broken bones can be 

easily identified using the image. From the viewpoint of medical diagnosis, 

the conventional EID detector has been useful and widely applied in clinical 

diagnosis for a long time. 

From the viewpoint of engineering, we should consider that the reason 

why the EID detector succeeded in medical application; it is possible to 

create a large sensor inexpensively. The X-ray film and CR system have 

been used for a long time because they are sufficiently light to carry, and 

these thin detectors can be easily used for various X-ray diagnosis. Detectors 

used for dental X-ray photographs need to be thin, and there should be good 

compatibility between detectors and current clinical procedures. 

Additionally, because they are not expensive, they are disposable in some 

cases. Furthermore, light weight detectors are useful for general X-ray 

diagnosis and can even be used for special situations such as home medical 

care and/or for a person who needs a wheelchair and/or stretcher. Although 

an FPD is expensive and heavy when compared with X-ray film and CR 

system, FPD is also innovative. When using a signal transfer cable or 

wireless system, an X-ray image can be transferred immediately without 

physical movement of the detector. Therefore, it is suitable for doing many 
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examinations at the same positioning such as chest radiography in routine 

use. The disadvantage of this detector is that the energy information of each 

X-ray is lost when the energy sum (E) of detected X-rays was analyzed as 

one event. In medical X-ray diagnosis, polychromatic X-rays [5, 6] having 

energies of 20-140 keV are generally used, and in the engineering viewpoint, 

all of them should be used to generate the medical image. If a monoenergetic 

X-ray generator will be developed, the traditional imaging detectors can 

analyze the medical image in the physics way. This is an important point. 

We should note that the development of PCD is valuable when 

pholycromatic X-rays are used in the medical diagnosis.  

 

 

Figure 2. Conceptual differences between (a) energy integrating detectors (EID) and 

(b) energy resolved photon counting detectors (PCD). For the EID, an X-ray image can 

be generated by the sum of energies which are absorbed by one pixel. On the other 

hand, PCDs can analyze the energy of each X-ray individually. Using this 

characteristic, PCDs are expected to be able to analyze X-ray spectrum in several 

energy bins. 
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Compared with EID, PCD has different characteristics. A schematic 

image on the right side of Figure 2 shows the concept of a PCD; as an 

example, we will explain the concept of PCD having three energy bins. In 

the PCD, each detected photon is analyzed immediately; namely, photons 

having energies of E1, E2 and E3 are independently identified as shown in 

the figure. In the present case illustrated in Figure 2, the PCD can create 

three additional images which correspond to each energy bin. Additional 

information for these kinds of images is much more important because these 

images can keep information concerning the energies of the X-rays. As 

mentioned above, medical examination diagnosis cannot use all energy 

regions of polychromatic X-rays due to engineering restrictions. Thus, it is 

important to analyze the X-ray spectrum with an imaging detector having an 

energy resolving system. The images corresponding to three energy bins are 

tentatively illustrated as colored figures such as red, blue and green, and 

additional analysis can be performed as described in later sections. 

Furthermore, a point to pay attention to is that the PCD can generate a 

traditional “E image”. Owing to this feature, we think that PCD is easily 

adaptable to current medical technology as a next-generation-type X-ray 

imaging detector.  

We think that the most attractive application is the ability to identify 

substances. Although medical CT systems can analyze a linear attenuation 

coefficient as a CT value and this modality can create three dimensional 

images of a patient, the accuracy of material identification is limited. Current 

CT uses EID; in principle the analysis of X-ray energy is weak, therefore the 

ability to identify various materials becomes weak. It is well known that 

clinical CT does not measure the linear attenuation coefficient of an object 

in absolute values; the CT value is calibrated using air and/or water under 

the condition in which a standard-type human body is set. Namely, the 

measured CT values vary with the exposure conditions, such as tube voltage 

and patient thickness. In order to solve this problem, dual energy CT, in 

which two tube voltage X-rays are used, has been developed and is 

commercially available [7-10]. Some valuable clinical results have been 

reported, but unfortunately there are limitations. Therefore, many scientists 

consider that the measurement accuracy is insufficient. Although it is at the 
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research stage, development of PCD is expected to be used as a next-

generation-type CT [11-13]. 

In the early stage of research concerning PCD, the possibility of the 

development of a material identification technique has been focused on [14]. 

Analysis of effective atomic numbers [15, 16] of an object is one of the 

attractive results of analysis. There are some studies to propose material 

identification methods [17, 18]. In these methods, materials can be identified 

using the relationship between linear attenuation coefficients () [19] and 

atomic number (Z). A detail procedure proposed by our research group will 

be presented in later sections. If material identification can be performed 

instead of qualitative evaluation, a novel methodology based on 

“quantitative analysis” using a medical image will be widely applied to X-

ray diagnosis. 

PCD requires a complex electric circuit to analyze the pulse height for 

each detected X-ray. In addition, environmental stability management of the 

detector becomes stricter because the performance of the PCD strongly 

depends on the environment such as temperature and humidity; a large 

sensor generates lots of heat when operating, and it is difficult to maintain 

stable detection conditions. Furthermore, when developing a commercial-

type modality, cost restrictions also increase. As a result, the development 

of a line sensor type PCD is considered to be more realistic rather than a 

large two-dimensional sensor. For medical application, a line sensor has 

been applied to many modalities: X-ray CT, dental panoramic equipment, 

mammography and DEXA (dual-energy X-ray absorptiometry) equipment. 

Commercialization of mammography equipment [20-22] is ahead of the 

others. In a mammography examination, photographic density (gray scale) 

of a tumor (abnormal tissue) is similar to glandula mammaria (normal tissue). 

This is especially observed in Asian people. Therefore, it is required to 

develop a novel method to identify abnormal tissue quantitatively. For 

situations like this, it is expected that PCD can be used for medical 

examinations. Another possible application of a line sensor type PCD is in 

the industrial sector of nondestructive inspection. In these fields, image 

recognition technology is highly useful. If PCD can replace EID, a large 

spillover effect on medical and industrial examinations is expected. 
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1.4. Issues of Development of the Photon Counting Detector 

(PCD) 

 

In addition to the engineering problems mentioned above, development 

of PCDs have many issues to be solved. We want to discuss them from a 

physics prospective. Generally, the following problems are known when 

using PCDs [23]. 

 

1) Pulse pile up 

2) Response function 

 

The one event corresponding to the absorption of certain X-rays creates 

only one energy signal. The pulse is collected by the electrode and analyzed 

within a limited time; in other words, a finite time is necessary to analyze 

when using a PCD under the condition in which other events do not occur 

during the time. Pulse pile up occurs when a PCD is used under the condition 

of a high counting rate. While the processing of the pulse is not finished, the 

next pulse is incident to the other one. The PCD cannot divide many events 

separately, and the signal of the next event is super-imposed on the previous 

event. In this case, the analysis of correct energy signals cannot be carried 

out and the apparent energy was not the same as the original energy. Care 

must be taken not only for the energy of the superimposing pulse, but also 

the superimposed pulse; the pile up effect also changes the energy of the 

superimposed pulse. Furthermore, the pile up effect also causes a suffocation 

phenomenon of the detector; live time of detecting varies during X-ray 

exposure and the number of observed events differs from the true one. When 

using a PCD, we analyze the number of photons with strictly determined 

energy bins. Thus, the problem of the pile up effect should be taken into 

consideration in order to perform a precise analysis of number of detected 

photons. Needless to say, one solution is to reduce the fluence of X-rays with 

the aim of lowering the probability of the pile up effect. 

There are many studies to solve and/or to analyze the pile up effect 

especially in the field of radiation measurements in nuclear physics; gamma-

ray analysis using a germanium (Ge) semiconductor detector and sodium 
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iodine (NaI) scintillation detectors need precise correction of pulse pile up 

[24, 25]. These previous studies have focused on pileup correction using a 

gamma-ray spectra measured with a multi-channel analyzer having several 

thousand (4 k-8 k) channels. On the other hand, the PCD discussed in this 

chapter is a multi-pixel type for medical imaging, and there are several 

energy bins. Therefore, the previous analytical methods cannot be easily 

applied to the multi-pixel type PCD. The pile up effect will be more severe 

in photon counting CT applications. There are some papers and patents for 

pile up rejection using multi-pixel type PCDs. Since the pile up problem 

involves a lot of engineering elements, we hope for further technological 

development in the future. 

Another problem is “response function.” An understanding of the 

response function is important when scientists want to analyze a complete 

energy region of the detected spectrum of polychromatic X-rays. Because 

absorption efficiencies of radiation detectors are not 100%, measured 

spectra are different from the X-ray spectrum being incident to the detector. 

In order to correct the measured spectrum to an ideal spectrum, response 

functions are needed. Traditionally, analysis of a beta-ray spectrum was 

performed using an EID, and these studies have been reported [26, 27]; the 

unfolding procedure was generally applied to the correction procedure of 

response function. In a similar way, analysis of X-ray spectra measured with 

PCD needs a response function; there are many applications using a single-

type CdTe semiconductor detector and measurements of polychromatic X-

rays using direct [28, 29] and indirect [30] measurement methods have been 

reported. These previous studies are not focused on multi-pixel type PCDs. 

Compared with the problem of pulse pile up, the issue of the response 

function is more essential to be solved, because there is no way to solve this 

problem in the experiment. We think that the most important thing is to 

understand physical phenomena, and then the knowledge should be applied 

to develop hardware and software to derive information of the object. 

Therefore, we will introduce studies of response functions concerning a 

multi-pixel type PCD. 
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1.5. Contents in this Chapter 

 

In this chapter, we described the necessity of considering the response 

of a multi-pixel type PCD. Currently, CdZTe (cadmium zinc telluride: CZT) 

semiconductor detectors have been studied in depth, therefore we focused 

our attention on the response of a CZT detector. In addition, a PCD using a 

silicon (Si) semiconductor detector is commercially available for 

mammography, therefore we also present the response function of a Si type 

PCD. After obtaining the response function, we will show its potential and 

demonstrate that a PCD can derive information of an object. 

 

 

2. RESPONSE FUNCTIONS OF A MULTI-PIXEL-TYPE 

 PHOTON COUNTING DETECTOR 

 

2.1. Relationship between Response Functions and 

Characteristic X-Rays 

 

The photoelectric effect plays an important role when considering the 

response of the detector. The concept of interactions between the detector’s 

elements and incident X-rays are presented in Figure 3. Polychromatic X-

rays [5, 6] were set at tube voltages of 40-140 kV, these voltages are 

conventionally used in current clinical diagnosis [1]. “Case” in Figure 3 

shows an ideal case, in which incident X-rays interact with detector 

materials and the energy of secondary electrons are completely absorbed by 

one pixel. “Case” in Figure 3 shows the concept of the incident X-ray 

spectrum. The response function of the pixel becomes very simple; only a 

full-energy peak (FEP) appears as shown in the lower spectrum. However, 

in a realistic situation, other interactions occur in addition to the FEP as 

shown in “case” in Figure 3. We will explain in detail in the following 

paragraphs. 
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Figure 3. Concept of interactions between the detector materials and incident X-rays. 

When incident X-rays are assumed to be an ideal polychromatic spectrum, the detected 

spectrum is completely different from the actual one as illustrated in this figure. 

The main interactions between X-rays and detector elements are 

photoelectric effects and Compton scattering [2-4] in the diagnostic X-ray 

region. The probability of photoelectric effects (cross sections) is 

proportional to Z’s fifth power. On the other hand, that of Compton 

scattering is proportional to the first power of Z. This fact means that high Z 

materials are likely to possess a photoelectric effect. 

It is well known that when the photoelectric effect occurs, characteristic 

X-rays are emitted, competing with Auger electron emissions [3, 4, 23]. 

Consideration of the emission of X-rays is important because there is the 

possibility that the X-rays are not completely absorbed in the pixel of interest. 

On the other hand, the ranges of secondary electrons concerning the 

photoelectric effect and the Auger electron are negligibly shorter than pixel 

pitch (size), therefore the energies of these charged particles are completely 

absorbed in the pixel of interest. When characteristic X-rays are emitted, 

parts of incident X-ray energy are taken away from the pixel of interest. 

Therefore, as shown in “case” in Figure 3, an “escape peak (EP)” which is 

made of the energy of the incident X-ray minus characteristic X-rays is 
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presented. Furthermore, the characteristic X-rays also disturb the spectra; 

namely, the emitted characteristic X-rays were incidental in the neighboring 

pixels and they are recorded as corresponding events. This means that peaks 

corresponding to the characteristic X-rays appear in the response function of 

the multi-pixel-type PCD. We should note that the FEP and EP vary with 

the energy of incident X-rays but characteristic X-rays had the same energies 

regardless of the energies from incident X-rays. 

Here again, let’s see the detected polychromatic X-ray spectrum as 

shown in blue in Figure 3. In the assumed spectrum, the characteristic X-ray 

peak should be seen clearly. Presence of characteristic X-rays depends on 

the atomic elements within the detector. In this chapter, we focus our 

attention on Si and CZT (CdZnTe) detectors. 

 

 

2.2. Basic Physical Information of Si and CZT 

 

Before discussing the response of polychromatic X-rays, we will present 

the response of a PCD when a monoenergetic X-ray is exposed to the 

detector. 

Figure 4 shows the energy levels of Si. The binding energy of K-shell 

electrons is -1.84 keV. The characteristic X-ray energies are known to be 

1.7-1.8 keV with intensities below 5%; most de-excitations occur by Auger 

electron emissions. An X-ray spectrum is presented in Figure 4, and 

numerical data is summarized in Table 1; in these data, intensities are 

defined as an emission rate when 100 vacancies are present in the K-shell. 

Original data were published in a well-known database [31]. The typical 

response function of a monoenergetic X-ray at 50 keV is presented in the 

bottom right figure of Figure 4. We can clearly identify FEP in the energy at 

50 keV, and we also can see some events below 9 keV. The latter events are 

caused by Compton scattering; the shape of the distribution is well known 

as the response functions of Si and/or Ge detectors used for gamma-ray 

measurements [23]. Let’s calculate in detail the following. When a 50 keV 

monoenergetic X-ray was incident to the detector and a Compton scattering 
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effect occurred, the scattered X-ray had an energy which can be determined 

by the following calculation: 

 

hν′ =
hν

1+
hv

mec2(1−Cosθ)
,  (1) 

 

Table 1. Summary of characteristic X-ray energies and intensities of 

Si, Cd, Zn and Te. Intensities are defined as emission rate when 100 

vacancies are present in the K-shell. Si has a lower X-ray emission 

rates compared to Cd, Zn and Te. This difference strongly affects  

the response of a PCD 

 

 
 

where h and h’ are energies of incident and scattered X-rays, respectively. 

The mec2 is the electron rest mass that is 511 keV.  is the scattering angle. 

It is known that h’ is at maximum energy when  equals 180 degree; this 

is called back-scattering. Using this formula, maximum energy of h’ is 

calculated with 42 keV when a 50 keV photon is back-scattered (=180 
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degrees). In this situation, an energy of 8 keV (=50-42 keV) is absorbed in 

the detector, and this phenomenon forms the “Compton edge” as shown in 

the figure. As described above, the response function of a Si detector is 

assumed to be very simple. Although Compton scattering events disturb the 

spectrum, it exists below 10 keV. From this fact, it is expected that the higher 

energy area of the measured spectrum using a Si detector can be analyzed 

without corrections. On the other hand, the weak point of using the Si 

detector is its low detection efficiency; a cross section is presented in Figure 

4. This value is much lower than that of a CZT detector, and exact details 

will be described later. 

 

 

Figure 4. Energy levels for Si and corresponding typical response of incident photons 

of 50 keV monoenergetic X-ray. Energy dependence of the cross-sections and 

characteristic X-ray spectrum of Si are also presented. 

Next, we will explain the response of a CZT detector. Figure 5 shows 

the physical properties of Cd, Zn and Te. The binding energies of Zn, Cd 

and Te are -9.66, -26.7 and -31.8 keV, respectively. The major components 
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of a CZT detector are Cd and Te, which play an important role in the 

calculation of the response function. The spectra of characteristic X-rays for 

Cd, Zn and Te are presented in Figure 5; energies of Cd are 23.0-26.6 keV, 

those of Zn are 8.62-9.57 keV, and those of Te are 27.2-31.7 keV. 

 

 

Figure 5. Energy levels for CZT. CZT crystals are composed of Cd, Zn and Te at a 

ratio of 0.9:0.1:1.0. Corresponding typical response of incident photons of 50 keV 

monoenergetic X-ray are also presented; there are many X-ray peaks caused by Cd and 

Te. Energy dependence of the cross-sections and characteristic X-ray spectra of Cd, Zn 

and Te are also shown. 

In these spectra, K-rays of Cd of 23.0-23.2 keV and K-rays of Te of 

27.2-27.5 keV are strongly observed in the X-ray spectra as presented in the 

upper right of Figure 5. In Figure 5 the lower left shows cross sections of 

elements Cd, Zn and Te, and of CZT in which the ratio of Cd:Zn:Te is 

0.9:0.1:1.0. This is caused by the large contribution ratios of 52Te and 48Cd 

which have high atomic numbers, Cd and Te work mainly in the CZT 

detector. On the other hand, Zn component is negligible small when 
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considering the response function. The cross section of CZT and its 

components Cd, Zn and Te are represented in the lower left of Figure 5; it is 

clearly seen that Cd and Te play an important role. As described previously, 

we need to consider the existing characteristic X-rays in the response 

function (see Figure 3). The spectrum in the lower right of Figure 5 shows a 

typical X-ray spectrum when incident energy of a monoenergetic X-ray is 

50 keV. In addition to the FEP at 50 keV, we can see the EPs caused by the 

characteristic X-rays of Cd and Te. Here, these EP energies can be calculated 

as follows: 

 

EPs caused by Cd X-rays:  

FEP-K1(Cd)=50.0-23.2=26.8 keV, 

FEP-K2(Cd)=50.0-23.0=27.0 keV, etc.  (2-1) 

 

EPs caused by Te X-rays:  

FEP-K1(Te)=50.0-27.5=22.5 keV, 

FEP-K2(Te)=50.0-27.2=22.8 keV, etc. (2-2) 

 

You can understand that these EPs have similar energies with those of 

the characteristic X-rays of Cd (K1&2: 23.2-23.0 keV) and Te (K1&2: 

27.2-27.5 keV) and they are superimposed in the response function. These 

calculations are just a demonstration of the peaks observed mainly in the 

figure. If you want to observe all of the peaks in the response functions, you 

can calculate them using the information in Table 1; the energy and intensity 

described in the table is taken from a database [31]. 

The results presented in this section are based on a detector having a 

pixel size of 200 m. We should note that these complex response functions 

depend strongly on the pixel size of the detector. When a detector having a 

large pixel size is used, the response function becomes less complex. In this 

case, spatial resolution decreases and more than anything, the problem of 

pile-up becomes serious. When deciding a pixel size, you need to take into 

consideration the counting rate and spectral quality which is necessary to 

achieve your goal [32]. Furthermore, there is basic research in which the 

improvement of problem caused from the interference from characteristic 
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X-rays was studied based on a special technique [33]; in their research, the 

time difference between FEP and characteristic X-rays is identified and used 

to simplify the response. The problem of response functions caused by 

characteristic X-rays is now a hot topic in PCD research, and there will be 

many valuable methods needed to solve this problem. In this chapter, we 

will focus our attention on basic physics, and we would like to present a 

simple solution based on spectroscopy. 

 

 

2.3. Comparison of Efficiency between Si and CZT 

 

In order to calculate the response function of a PCD, especially for Si 

and CZT detectors, we present the results from a Monte-Carlo simulation 

[34] using EGS5 (electron gamma shower version 5, KEK, Japan) code [35]. 

Our simulation conditions were set as the center of a monolithic PCD sized 

1 cm×1 cm×1.5 mmt; one pixel sized 200 m×200 m×1.5 mmt was set 

to the detection region. The irradiation area was set at 5 pixels × 5 pixels 

under the condition in which 106 photons are introduced into the pixel of 

interest. Here, we described the results of the efficiencies of Si and CZT 

detectors. The efficiencies are defined as, 

 

Peak efficiency (E) =
ID(E)

I0(E)
× 100, (3-1) 

 

Total efficiency (E) =
∫ ID(x)dx

E

0

∫ I0(x)dx
E

0

× 100, (3-2) 

 

Peak Total⁄ ratio =
Peak efficiency

Total efficiency
 , (3-3) 

 

where I0(E) and ID(E) are the number of photons having energy E incident 

to the detector and energy that interacts with the detector, respectively. The 

calculated efficiencies of Si and CZT detectors are presented in Figure 6. 

The ideal response of the detector is FEP=100% (Total efficiency=100%) 
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with peak/total ratio of 1.0. In Figure 6 (a), we can see that FEP efficiency 

rapidly decreases as energy increasing. The result for the Si detector is 

interesting. An FEP of 100% can only be obtained at 10 keV, and those for 

X-rays above 30 keV are less than 30%. From this fact it was determined 

that a Si detector can only be used for detecting low energy X-rays. Current 

mammography examination usually uses characteristic X-rays generated 

with a 42Mo target (K X-rays of Mo: 17-20 keV) [28], therefore a Si detector 

is suitable for use as a PCD [20-22]. As mentioned above, when the photon 

counting analysis is applied to clinical application, consideration of response 

function is important, and a Si detector can be used without any corrections; 

as clearly seen in Figure 6 (b), peak/total ratio of a Si detector holds steady 

at almost 1.0 for low energy X-rays (below 20 keV). On the other hand, a 

CZT detector has extremely high detection efficiencies compared to a Si 

detector as shown in Figure 6 (a); the FEP holds steady at 50% for an X-ray 

energy up to 80 keV. Additionally, the total efficiency is sufficiently high. 

Figure 6 (b) shows a comparison of peak/total ratios for Si and CZT 

detectors. The CZT detector maintains a peak/total ratio above 0.6 (60%) at 

up to 100 keV, although that of Si detector decreases rapidly in the energy 

region above 40 keV. From these facts, it can be concluded that a CZT 

detector is a more suitable PCD for medical diagnosis. However, we should 

keep in mind that the response function of a CZT detector is really complex. 

We should use CZT detectors with a proper understanding of the phenomena 

in order to apply the detector to clinical X-ray diagnosis. 

Before we present the actual responses of PCDs, we will demonstrate 

the differences between an ideal X-ray spectrum (incident spectrum) which 

is generated by a well-known formula [5, 6] and detected spectrum which is 

measured with a PCD. Dashed and solid lines in Figure 7 show a comparison 

between incident and detected spectra, respectively. Figure 7 (a) shows a 

comparison of spectra for a Si detector; because of the low detection 

efficiency of a Si detector, the intensity of detected X-ray spectrum is 

different than that of the incident spectrum, especially in the energy region 

above 25 keV. However, the shape of the detected X-ray spectrum was 

found to be smooth, and it is expected that spectral analysis will be relatively 

easy to carry out.  
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Figure 6. Calculated efficiencies of PCDs. (a) shows peak (FEP) and total efficiencies 

of Si and CZT detectors. (b) shows peak/total ratio. 

 

Figure 7. Comparison of X-ray spectra between incident to the detector and measured 

with the detector. (a) and (b) show spectra of Si and CZT detectors, respectively. These 

spectra were calculated using a Monte-Carlo simulation, in which the charge sharing 

effect and effect of energy resolution are not taken into consideration. 

Figure 7 (b) shows results for a CZT detector. It is important to point out 

that the detected spectrum shows a non-continuous trend and you can find 

strong peaks caused by characteristic X-rays. On the other hand, for the 

energy region of above 33 keV, the detected spectrum shows a continuous 

trend that looks similar in shape with that of the incident spectrum; 
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furthermore, when comparing the detected and incident spectra it was found 

that they were in better agreement than the results for the Si detector. This 

demonstration shows that the CZT detector has good potential. These spectra 

were calculated by a Monte-Carlo simulation code without taking into 

consideration the charge sharing effect and effect of energy resolution. In 

the next section, we will be focusing on the response of the CZT detector 

and we will describe actual responses while taking into consideration the 

above mentioned issues. 

 

 

2.4. Charge Sharing Effects and Energy Resolution 

 

These issues concerning the interactions between incident X-rays and 

PCD were described previously. In this section, let us deepen the discussion 

to add the charge collecting process of the PCD. In addition to the response 

function described in the former section, we should examine the charge 

sharing effect [36-41] and effect of energy resolution [23]. 

The concepts of these effects are presented in Figure 8. When the energy 

of X-rays is transferred to an electron, the electron loses its energy and 

charge cloud which is a group of ion pairs that is produced in a pixel. In a 

semiconductor detector, the energy to create one ion pair is determined as 

the physical value, therefore the number of ion pairs is proportional to the 

energy of the secondary electron. This is why we can indirectly measure the 

energy of incident X-rays by measuring the electric current which is 

produced in the pixel of interest. In this charge creating process, the number 

of generated ions (current) varies based on Poisson statistics. Additionally, 

we should be concerned with Fano-factors to estimate actual deviations, 

which are different from the theoretically expected deviations [23]. 

Furthermore, in actual equipment, electric noise adversely affects the current. 

As a result, these elements have an effect on energy resolution. The energy 

resolution can be described by Gaussian distribution: 

 

G(E) =
1

√2πσ2
Exp (−

(E−E̅)2

2σ2 ), (4) 
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where E, E̅, and  are energy, mean energy (peak center), and standard 

deviation, respectively. The relationship between full width at half 

maximum (FWHM) and  is FWHM=2.35; a value calculated by 

FWHM/peak center×100 is called “energy resolution.” In the case 

presented in Figure 8 (b), the energy resolution is 6.5%, and you can see that 

the peak area is widely distributed; this value is for a specific example. 

 

 

Figure 8. The concept of the charge collecting process of PCD. The charge cloud 

generated by the energy deposition of electrons are transported to an electrode. The 

ion-producing process and charge transporting process leads to the following two 

effects: (a) charge sharing effect, and (b) effect of energy resolution. 

Let’s turn the topic back to the charge collection process. As shown in 

Figure 8, the generated ions are transported to the electrode by a strong 

electric field within the detector; many of the PCDs collect electrons using 

an anode as the electric current. At this time, not all charges are collected by 

the pixel of interest, although all ions were produced initially in the pixel of 
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interest. As illustrated in Figure 8, the charge collecting process includes the 

charge diffusion process, and some charges escape to neighboring pixels. 

This phenomenon is known as the “charge sharing effect.” Charge sharing 

is an important problem when an X-ray spectrum measured with PCD is 

analyzed. The graph presented in Figure 8 (a) shows an example of a 

response for monoenergetic absorption of X-rays in which the charge 

sharing effect is present; in this case, the peak component is 35% and the 

remaining part is 65%. In this graph, flat distribution is assumed for the 

remaining part, because this type of distribution is measured elsewhere. 

There are many proposals for the correction of the charge sharing effect [36-

41]; although each has its own good characteristics, no definitive solution 

has been proposed. In this book we will present a simple solution, which can 

be applied without any corrections for hardware. 

 

 

2.5. Reproduction of X-Ray Spectra Measured with  

CZT Detector 

 

One way to analyze X-ray spectra measured with a PCD using theories 

based on physics is to reproduce the spectra taking into consideration the 

response function, charge sharing effect and effect of energy resolution. In 

this section, we will present the response function of a CZT detector that we 

have developed [42-44]; our CZT detector has a pixel size of 200 m×200 

m, and the thickness of the detector is 1.5 mm. A characteristic of our 

detector is that it has a relatively large pixel size; when adopting a detector 

having a larger pixel size, the response function becomes more simplified. 

A pixel size of 200 m is usually applied to general X-ray photographs for 

medical diagnosis. 

Before describing the response function, we will explain the 

mathematics which adds the effects of each element. First, (E) is defined 

as X-ray pulse height distribution (spectrum) being incident to the detector. 

Second, R1 is defined as a response function which is the deposit energy of 

electrons caused by interactions between incident X-rays and detector 

materials (see Figure 5). Next, R2 is defined as a response function for the 
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collection process of ions; because the physical process of R2 is independent 

of that of R1, R2 and R1 can be applied independently to the (E). 

Furthermore, the R2 is divided into r2,c and r2,e, namely, R2=r2,c×r2,e; r2,c 

represents a response function which includes charge sharing effect as 

presented in upper left figure in Figure 8, and r2,e represents a response 

function which includes energy resolution. Here, a folded X-ray spectrum, 

which represents absorbed X-ray spectrum by the detector, can be calculated 

as: 

 

Folded spectrum = ϕ(E) × R1 × R2. (5) 

 

 

Figure 9. Comparison of X-ray spectra between folded and experimental results. The 

theoretically expected X-ray spectrum is represented by the chain line: (E). The 

folded spectrum of (E)×R1 is represented by the dashed line, and that of 

(E)×R1×R2 is shown by the solid line. The experimental data are presented by open 

circles; this shows good agreement with the folded spectrum. 

The folded spectrum needs two important parameters. One is the rate of 

charge sharing in r2,c; the example in Figure 8 has peak components of 35% 

and the other parts are 65%. These values were optimized so as to reproduce 

the measured X-ray spectrum. In a similar way, the other parameter of 

resolution should be optimized in r2,e. Using the optimized parameters, we 

reproduced the folded X-ray spectrum and compared it to an experiment. 
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Figure 9 shows a comparison of a folded X-ray spectra and experimental 

derived spectra. The solid line, ϕ(E) × R1 × R2, is in good agreement with 

the experimental data which is shown by open circles. In this graph, (E) 

and (E)×R1 are also plotted. Comparing ϕ(E) × R1 × R2 , (E) with 

(E)×R1 shows completely different shapes. From this fact, you can 

understand the importance of the effect of charge sharing and energy 

resolution in addition to the interactions of X-rays. 

 

 

3. APPLICATIONS FOR MEDICAL IMAGING 

 

3.1. Folded Spectra of X-Rays 

 

 In this section, we will describe one of the analyses which a PCD can 

perform. In our research, we set the PCD to have three energy bins. There 

are many studies for optimizing the number of energy bins. In principle, 

PCDs having many energy bins are good for precise analysis of the 

measured X-ray spectra but the statistical uncertainty of the measured 

spectra becomes large. On the other hand, PCDs having few energy bins are 

good for reducing the statistical deviations, but this procedure does not 

necessarily enable precise analysis. This is because of the beam hardening 

effect in each energy bin, analysis accuracy without any corrections 

concerning this effect is not very good. In other words, to derive good 

performance in the analysis of the X-ray spectra, it is necessary to correct 

the beam hardening effect of each energy bin [18, 42, 43, 45]. In addition, 

you should note that the accuracy of analysis decreases due to the influence 

of the detector response regardless of the number of energy bins. In this 

section, we will present the importance of considering both the response 

functions of the PCD and the beam hardening effect of each energy bin. 

Figure 10 shows calculated X-ray spectra which are expected to be the 

same as those measured. The solid line shows incident X-ray spectrum 

without X-ray attenuation. As an example of the beam hardening effect 

when penetrating the object, the spectrum penetrating the aluminum with 
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mass thickness (t) of 5 g/cm2 is also represented by dashed line. Figure 10 

(a) shows the original X-ray spectra without taking into consideration the 

detector response. A similar figure is commonly presented in text books of 

basic radiation physics. The spectrum of polychromatic X-rays can be 

expressed as an assembled distribution of monoenergetic X-rays when you 

assume that the spectrum doesn’t take into consideration the response 

functions as shown in Figure 10 (a). Here, attenuation of X-rays in the object 

can be calculated with the following formula: 

 

ϕ(E) = ϕ0(E) × Exp (−
μ(E)

ρ
× ρt), (6) 

 

 

Figure 10. Comparison of folded X-ray spectra: the incident (solid line) X-ray 

spectrum and that penetrating the aluminum having a mass thickness of 5 g/cm2 

(dashed line). These spectra were calculated based on the theoretical spectrum having a 

tube voltage of 55 kV. (a) original X-ray spectrum without consideration of detector 

response, (b) X-ray spectra folded by R1, and (c) X-ray spectra folded by R1×R2. 

where 0(E) and  (E) are distributions of incident X-ray and penetrating X-

ray spectra, respectively. (E)/is the mass energy absorption coefficient, 

which is a physical quantity determined uniquely by an element in the 

object; there is a useful database of (E)/ [19] for substances of all atomic 

numbers. Note that if(E)/can be precisely determined using a PCD, we 

can derive which elements are presented in the object, because (E)/ is 

uniquely determined by elements [17]. In this section, we would like to 

explain that original X-ray spectra have basic substance information 

concerning X-ray attenuation. 
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Now let’s turn the topic to folded spectra. Figure 10 (b) shows X-ray 

spectra folded by R1. We can find intense peaks in the spectrum. As 

described in the previous sections, characteristic X-rays of Cd and Te (see 

Figure 5 and Figure 7) form these peaks. In the spectrum measured with an 

aluminum sample, the influence of the presence of characteristic X-rays on 

the measured spectra are clearly observed. Compared to the penetrating 

spectrum of (a), that of (b) is completely different; in the energy regions at 

around 20-30 keV, characteristic X-ray peaks appear prominently in Figure 

10 (b).  

Furthermore, we show X-ray spectra folded by R1×R2 in Figure 10 (c). 

The X-ray spectra presented in Figure 10 (c) show different shapes than 

those represented in Figure 10 (a). The folded spectra in Figure 10 (c) are 

assumed to be the actual spectra because all of effects which should be 

considered are applied to calculate the spectra. You can find that the charge 

sharing effect changes the shape of the X-ray spectra especially in lower 

energy regions of below 20 keV. These low energy signals are difficult to 

measure, therefore there are lots of information losses when PCD is used as 

an imaging detector. On the other hand, it seems to preserve the information 

of X-ray attenuations in higher energy regions. In this chapter, we introduced 

our research in which three energy bins of a detector were used. Here, the 

energy bins were set at the following conditions: low energy bin, 20-33 keV, 

middle energy bin, 33-40 keV, and high energy bin, 40-50 keV. Although 

all X-ray peaks were presented in the low energy bin as shown in Figure 10 

(b) and (c), there are no characteristic X-ray peaks in the middle and high 

energy bins. That is why we set 33 keV as the discrimination level between 

low and middle energy regions. 

 

 

3.2. Demonstration of Calculating Attenuation Factor 

 

Initial material identification can be performed by estimating the 

attenuation factor, t. Using equation (6), t can be calculated by 
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μt = Ln (
ϕ0(E)

ϕ(E)
), (7-1) 

 

μt′ = Ln (
ϕ0(E)×R1

ϕ(E)×R1
), (7-2) 

 

μt" = Ln (
ϕ0(E)×R1×R2

ϕ(E)×R1×R2
). (7-3) 

 

The calculated t using equation (7-1) is the same as the theoretical [19], 

because in this calculation the detector response is not included. The 

calculation can be carried out by the ratio of two different X-ray spectra; for 

example, the ratio of incident and penetrating X-rays in Figure 10 (a) can be 

used to calculate the theoretical t using equation (7-1). When it’s possible 

to use a PCD having ideal responses, namely all of the events are recorded 

by a data acquisition system having only FEP, you can analyze the spectrum 

using equation (7-1). However, in an actual case, this assumption is not 

correct. In order to analyze the actual spectra, we treated the spectra with the 

following procedure. 

In a similar way presented in equation (7-1), t′ and t" can be 

calculated by replacing the (E) to (E)×R1 and (E)×R1×R2, 

respectively. The evaluated attenuation factors are presented in Figure 11: 

chain line, dashed line, and solid line show t, t′, and t", respectively. We 

should focus on the differences of calculated t′ and t" from the theoretical 

value of t. In Figure 11, it is clearly seen that t′ is in good agreement with 

t when the energy range above 33 keV; this is because this range does not 

include characteristic X-rays. As summarized in Table 1, the maximum 

energy of characteristic X-rays of a 52Te detector is 32 keV, therefore the 

energy region above 33 keV does not include characteristic X-rays. On the 

other hand, in the energy area below 33 keV, t′ is much different than t. 

This fact means that information concerning the theoretical t cannot be 

derived because of distortions caused by characteristic X-rays in the energy 

region below 33 keV. The results for t′ and t" seem to be similar, but there 

is a slight difference which can be recognized; the t" is not in agreement 
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with t in the energy region above 33 keV. This is caused by the charge 

sharing effect r2,c and the effect of energy resolution r2,e. This fact means that 

some corrections must be made to the measured spectra regardless of the 

settings of the energy bins. In the next section, we will explain our idea to 

solve this problem. 

 

 

Figure 11. Calculated ts using original and folded spectra. In the energy region above 

40 keV, calculated ts from the folded spectra are similar with the theoretical value 

which is represented by chain line. On the other hand, those below 30 keV show 

completely different values than that of the theoretical value.  

 

3.3. Correction of Beam Hardening and Other Effects 

 

In order to analyze the measured X-ray spectra by means of PCD, 

measured t (t") should be corrected to equal the theoretical t. The 

theoretical t can be evaluated using the X-ray spectra as shown in Figure 

10 (a), and one example of the analyzed results is presented by Figure 11; in 

these descriptions, we did not take energy bins into consideration. At this 

time, in order to simulate actual analysis, integration of the energy bins is 

carried out; namely, equations (7-1) (7-2) and (7-3) are modified by, 
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3.3.1. Monoenergetic X-Ray 

 

μtcor = Ln (
ϕ0(E̅)

ϕ(E̅)
), (8-1) 

 

3.3.2. Polychromatic X-Rays 

 

μtmeas = Ln (
∫ ϕ0(E)dE

∫ ϕ(E)dE
), (8-2) 

 

μtmeas′ = Ln (
∫ ϕ0(E)×R1dE

∫ ϕ(E)×R1dE
), (8-3) 

 

μtmeas" = Ln (
∫ ϕ0(E)×R1×R2dE

∫ ϕ(E)×R1×R2dE
). (8-4) 

 

Equation (8-1) is similar to (7-1), but “E̅” is chosen as effective energy 

in each bin. The effective energies of low, middle and high energy bins are 

27.5 keV, 36.4 keV and 44.2 keV, respectively, when a tube voltage of 55 

kV is applied, using the theoretical X-ray formula [5, 6] and three energy 

bins were divided into the following areas: low energy bin, 20-33 keV, 

middle energy bin, 33-40 keV, and high energy bin, 40-50 keV. At this time, 

aluminum is chosen as the object because aluminum has similar X-ray 

attenuation to that of bone and/or teeth. 

We should note that these estimations are based on limitations such as 

tube voltage, energy bins, and elements in the object. The integrating area is 

defined by the energy bin, and the value is also varied for X-ray spectra 

having different tube voltages. In addition, the elements in the object greatly 

affects beam hardening in the observed X-ray spectra. Equation (8-2) is a 

modified version of equation (7-1) by replacing  with ∫ ϕdE. Here, we 

named the calculated ts as tmeas,tmeas′, and tmeas" when using 

polychromatic X-rays. Because these calculated values are integrated values, 

they are strongly affected by the beam hardening effect. Therefore, 

tmeas,tmeas′, and tmeas" should be corrected so that they equal the 

theoretical value tcor. 
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Figure 12. Beam hardening correction curves proposed by our group. The inset shows 

a schematic drawing of the correction procedure; the measured t with polychromatic 

X-rays is converted to the corrected t which corresponds to the value of a 

monoenergetic X-ray. The relationship between theoretical t and measured t is 

based on the tube voltage, energy bin and elements of object.  

The concept of a beam hardening correction procedure is shown in the 

inset of Figure 12. First, a two dimensional plot is prepared [18]; X-axis and 

Y-axis are t and t, respectively. Second, the relationship between t and 

t for a monoenergetic X-ray is plotted; in theory, tcor can be calculated by 

equation (8-1), and the relation becomes a straight line having a slope of /. 

It is important that / can be determined regardless of thickness of an 

object; this is just a function of the effective energy and atomic number (Z) 

of the object. Next, in a similar way, the relationship between t and 
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tmeas,tmeas′, and tmeas" for polychromatic X-rays are calculated using 

equations (8-2), (8-3) and (8-4). Beam hardening correction can be 

performed using the tmeas, and tcor can be obtained via the correction 

presented by the arrow path. In this correction procedure, information of 

object thickness is not needed, therefore this correction can be applied to the 

data pixel by pixel in the X-ray image. Figure 12 (a), (b) and (c) show beam 

hardening curves for low, middle and high energy bins, respectively. In 

order to calculate these curves, we simulated the X-ray attenuations of the 

aluminum samples having different thicknesses; only a specific example is 

presented in Figures 9-11. It was found that the correction ratio becomes 

smaller when the effective energy becomes higher; this trend is consistent 

with the result presented in Figure 11. Moreover, it is interesting that the 

curve of tmeas" for the middle energy bin (Figure 12 (b)) is much different 

with that of tmeas′ howevertmeas" for low and high energy bins are in good 

agreement with tmeas′. This is caused by the effect of energy resolution; in 

the ×R1 spectrum there are intense characteristic X-rays peaks in the 

energy range of 20-33 keV, they were separated using the R2 calculation, and 

they interfere with the middle energy bin. 

As described, the presence of characteristic X-rays plays an important 

role when precise analysis is performed using a PCD. What we want to 

emphasize here is this beam hardening correction procedure can be applied 

to correct the charge sharing effect and the effect of energy resolution. In 

our correction procedure shown in the inset of Figure 12, the dashed line 

curve (polychromatic) includes the effect of both R1 and R2 in addition to 

the beam hardening effect (integration in the energy bin). On the other hand, 

the solid line (monoenergetic) does not include these responses. Recently, 

correction procedures for charge sharing were proposed in many studies. 

Although charge sharing correction should be applied properly, correction 

of the beam hardening effect is needed. Therefore, we believe that all 

corrections should be carried out together using the procedure that is 

presented in Figure 12. 
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3.4. Material Identification Method 

 

Using the corrections described in the previous sections, we can obtain 

the corrected t for three different energy bins. In this section, a material 

identification method is described.  

Basically speaking, the linear attenuation coefficient strongly depends 

on the atomic number of the element. Using a PCD, we can obtain products 

of linear attenuation coefficient, “” and thickness “t”. In order to delete the 

factor t, the following values are calculated using three ts corresponding to 

low, middle and high energy bins: 

 

μLM =
μLowt

√(μLowt)2+(μMiddlet)2
=

μ27.5 keV

√μ27.5 keV
2+μ36.4 keV

2
, (9-1) 

 

μHM =
μHight

√(μHight)
2

+(μMiddlet)2

=
μ44.2 keV

√μ44.2 keV
2+μ36.4 keV

2
. (9-2) 

 

The LM and HM are normalized linear attenuation coefficients using the 

low and middle energy bins, and high and middle energy bins, respectively. 

These normalized linear attenuation coefficients do not include thickness t, 

therefore these value can be converted to effective atomic numbers. In order 

to perform this calculation, we need a reference curve. Fortunately, it is easy 

to derive a reference curve because the theoretical value of linear attenuation 

coefficient is well known and there is a useful database [19]; namely, using 

the theoretical values, 27.5 keV, 36.4 keV, and 44.2 keV for different atomic 

numbers, the calculation is performed using equations (9-1) and (9-2). 

Figure 13 shows an example of how to derive an effective atomic number; 

(a) and (b) show the results using LM and HM, respectively. The dashed line 

curve shows reference curve which is calculated using the database. 

Here, we explain the way to obtain an effective atomic number (Zeff) 

using experimental data and reference curve. In Figure 10, we presented a 

demonstration of an X-ray spectra which penetrated a 5 g/cm2 thick piece of 

aluminum (Z=13). Using the intensities measured in the low, middle and 

high energy bins, corresponding tmeass were obtained. 
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Figure 13. Methodology to determine an effective atomic number (Z) using a 

normalized linear attenuation factor. Figures (a) and (b) show conversion curves for 

using low and middle energy bins and middle and high energy bins, respectively; the 

dashed-line curves are determined by using the theoretically obtained linear attenuation 

factors for different atomic numbers. The open circle shows the original simulated data 

in which aluminum (Z=13) is measured; using the data without any corrections, a 

proper Z value cannot be obtained. On the other hand, when the data with beam 

hardening correction (Figure 12) is used, the simulated data shows a suitable atomic 

number (Z=13). 

Then using beam hardening correction curves as shown in Figure 12, 

tmeass are converted to tcors. Furthermore, using equations (9-1) and (9-2), 

LM and HM are obtained. Figure 13 shows example conversions. The 

vertical axis shows effective atomic number Zeff. In Figure 13 (a), LM 

simulated data is 0.896, in which beam hardening correction is applied, and 

this value can be converted to Zeff=13. This value is correct because the 

sample consisted of aluminum (Z=13). If the beam hardening correction was 

not performed, LM becomes 0.740 and corresponds to Zeff=3.9. This 

example clearly shows importance of the beam hardening correction. In a 

similar way using the information from the middle and high energy bins, 

Zeff=13 can be derived from a HM of 0.550 as shown in Figure 13 (b). The 

results in Figure 10 (a) and (b) are consistent with each other, but in the 

actual situation, we should pay attention to the statistical uncertainty of the 

experimental data. 
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Let’s compare the two reference curves presented in Figure 13 (a) and 

(b). We found that the rate of change of the reference curve, Figure 13 (a), 

is greater than that of Figure 13 (b). This means that the conversion using 

Figure 13 (b) with middle and high energy bins is more sensitive, and in this 

case the obtained Zeff is expected to have a lower statistical uncertainty. The 

low energy bin has many counts but there is interference from characteristic 

X-rays; using the information from the low energy bin it is expected that 

small statistical fluctuation can be accomplished, and at the same time there 

is the possibility to lose pertinent information caused by contamination from 

characteristic X-rays. One good way to utilize the low energy bin is to use 

the counts in the low energy bin to generate an X-ray image instead of 

deriving physical information. On the other hand, the high energy bin has 

relatively pure information related to X-ray intensity but lower counts that 

could lead to a larger statistical uncertainty. At the present stage, we cannot 

judge which is better to use. Further studies should be performed. 

 

 

3.5. Demonstration of X-Ray Images by Means of Prototype  

of PCD 

 

In this section, we present a demonstration of an X-ray image which was 

preliminary measured with our PCD. Figure 14 shows a schematic drawing 

of the slit-scanning-type X-ray imaging equipment. We used a line sensor, 

in which a CZT detector is used; each pixel was 200 m×200 m with 1.5 

mm thickness. In order to collimate and to reduce scattering X-rays, two slits 

are installed at the emission port of X-ray tube and just above the PCD. The 

X-ray tube has a tungsten (W) target, slits and line censer-type PCD can be 

moved in good synchronization. The object was set on a stage which is made 

from a thin carbon plate, and the stage is placed 400 mm away from the X-

ray source. The distance between the objects and PCD was 250 mm. In order 

to demonstrate our material identification method, aluminum (Z=13) and 

dental samples were measured. 
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Figure 14. Schematic drawing of a prototype of slit-scanning-type X-ray imaging 

equipment, in which PCD with a CZT detector was used. We measured the following 

objects: aluminum (Z=13) and dental samples for demonstrating our material 

identification method. 

Figure 15 shows a block diagram of the analytical procedure using our 

equipment. Using this equipment, we present the results of measuring an 

aluminum (Z=13) sample. The samples have thicknesses of 3.7 mm and 18.5 

mm, because these samples correspond to a mass thicknesses of 1 g/cm2 and 

5 g/cm2. Here, we demonstrate that our procedure can identify the material 

regardless of sample thickness. Before taking an X-ray image of the sample, 

we measured background area without the sample being present. This is 

because our method needs to measure the intensity of incident X-rays (see 

equations (8-2) to (8-4)). The corresponding X-ray image for each energy 

bin is shown by black color as shown in the left area of the figure. Then, we 

set aluminum samples on the stage, then counts and images were obtained; 

the images are depicted by gray scale.  

First, we generated a conventional X-ray image. In order to obtain the 

image using the PCD, the following calculation is performed: 

 

∑ E ≡ ELow
̅̅ ̅̅ ̅̅ ̅ × CLow + EMiddle

̅̅ ̅̅ ̅̅ ̅̅ ̅ × CMiddle + EHigh
̅̅ ̅̅ ̅̅ ̅ × CHigh, (10) 
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where ELow
̅̅ ̅̅ ̅̅ ̅, EMiddle

̅̅ ̅̅ ̅̅ ̅̅ ̅ and EHigh
̅̅ ̅̅ ̅̅ ̅ are effective energies of low, middle and 

high energy bins, and the obtained values were 27.5 keV, 36.4 keV and 44.2 

keV, respectively. In this chapter, we designated the image calculated using 

equation (10) “E image.” In the equations, “C” equals counts measured for 

each energy bin. In principle, the relationship between C, (E), R1, and R2 is 

as follows: 

 

C = ∫ ϕ(E) × R1 × R2dE. (11) 

 

 

Figure 15. Procedure to obtain an effective atomic number image by means of PCD 

having three energy bins. We used the counts of six images. Then tmeas and tcor 

images are calculated, and the effective atomic number image can also be derived. At 

the same time, E image can be created; the E image is scaled by logarithm. 

Generally, the X-ray image measured with an EID is presented in 

logarithmic scale, therefore we present “E image” in logarithmic scale. The 

image shown in Figure 15 is the same as that derived from an EID. This is 

an important point because there is traditional evidence based on “E image” 

in current medical diagnosis. We think that a novel image such as the 

effective atomic number image Z (Zeff image) should coexist with a 
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traditional “E image” for use with previous clinical findings when our PCD 

is applied to clinical diagnosis in near future. 

Next, we will explain the procedure to generate a “Zeff image”. We 

described the procedure to obtain tmeas, tcor, and Zeff using Figures 12 and 

13 and this procedure can be applied to each pixel of the measured image. 

Therefore, when applying the same calculation to a pixel by pixel setting, 

tmeas image, tcor image, and Zeff image can be derived. In Figure 15, a Zeff 

image shows Z=13 for samples which have different thicknesses of 1 and 5 

g/cm2. In equations (9-1) and (9-2), we deleted information for sample 

thickness t, therefore our method can identify materials regardless of sample 

thickness. 

 

 

Figure 16. Demonstration of analysis of dental samples using a PCD. In the effective 

atomic number image, precise structure can be analyzed as different Zeff. In order to 

obtain clinical results, basic studies using this image should be performed. 

We also present preliminary Zeff results for dental samples in Figure 16. 

Although we do not have any ideas how to use Zeff images for clinical 

diagnosis at this time, a Zeff image gives us novel information which is 

completely different from E image. In a traditional E image, parts of the 
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teeth are represented by subtle differences in shades of white. Clinically it is 

known that there is solid enamel on the surface layer of a tooth. In the Zeff 

image, the corresponding surface layer shows a higher atomic number 

around Zeff=15, although the majority of the teeth show Zeff=13. 

 

 

CONCLUSION 

 

In this chapter, the importance of considering the detector’s response 

was described when a photon counting detector (PCD) is used for clinical 

X-ray diagnosis with the aim of precise material identification. We reviewed 

the performances of Si and CZT (CdZnTe) detectors. Although the response 

of Si is not bad, the detection efficiency of incident X-rays for a Si detector 

is extremely low especially when used for medical X-ray diagnosis. We 

consider that a CZT detector is suitable for clinical application in which X-

ray energies of 40-100 keV are used. This is because a CZT detector has a 

higher detection efficiency. Unfortunately, the response of a CZT detector 

is not simple. This is due to the incident X-rays interacting with the 

detector’s elements through the photoelectric effect and the emission of 

secondary characteristic X-rays. We presented the differences between 

incident and obtained X-ray spectra. It is clearly seen that the obtained X-

ray spectrum has strong peaks corresponding to the characteristic X-rays of 

Cd and Te. Using simulated response functions, we demonstrated the 

difficulty of analysis using the measured spectrum without any corrections 

especially in the low energy regions. Furthermore, we presented the 

problems caused by the charge sharing effect and effect of energy resolution; 

these effects can be relatively easy to demonstrate. Another thing to consider 

is how to precisely perform spectral analysis, taking into consideration the 

beam hardening effect. Therefore, we proposed a beam hardening correction 

method; our method can correct not only the beam hardening effect but also 

the charge sharing effect and effect of energy resolution. Additionally, we 

presented a procedure to determine the effective atomic number. Finally, we 

demonstrated an X-ray image measured with a prototype of our PCD using 

a CZT detector. The results of aluminum samples having different 
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thicknesses and dental samples were presented. Although effective atomic 

number images were interesting and differences of objects can be precisely 

analyzed, basic studies are needed before these images can be used in the 

clinical diagnosis. 
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