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ABSTRACT

Most diagnostic devices in the medical field use X-ray sources, which emit energy spectra. In radiological 
diagnosis, the quantitative and qualitative analyses of X-rays are essential for maintaining the image quality and 
minimizing the radiation dose to patients. This work aims to obtain the X-ray energy spectra used in diagnostic 
imaging by Monte Carlo simulation. Various X-ray spectra are simulated using a Monte Carlo simulation tool. 
These spectra are then compared to the reference data obtained with a tungsten anode spectral model using the 
interpolating polynomial (TASMIP) code. The X-ray tube voltages used are 50, 60, 80, 100, and 110 kV, 
respectively. CdTe and a-Se detector are used as the detectors for obtaining the X-ray spectra. Simulation results 
demonstrate that the various X-ray spectra are well matched with the reference data. Based on the simulation 
results, an appropriate X-ray spectrum, in accordance with the tube voltage, can be selected when generating an 
image for diagnostic imaging. The dose to be delivered to the patient can be predicted prior to examination in 
the diagnostic field.
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Ⅰ. INTRODUCTION

In radiology, various devices have been used for 
detecting lesions in the human body. The diagnostic 
systems used in medical applications require X-ray 
generating sources. These machines use different 
X-ray energy ranges for mammography, computed 
tomography (CT), digital radiography (DR), and 
panoramic X-ray devices. In radiological diagnostics, 
the quantitative and qualitative analyses of X-rays are 
essential for maintaining the image quality and 
minimizing the radiation dose delivered to patients. 
Therefore, the amount of radiation emitted from the 
target at a given voltage, current is significant in the 
development of diagnostic systems. In addition, the 
radiation detected from the emitted radiation is 

critical.

X-ray spectra measurements have been performed 
by other researchers. In a previous work, the spectral 
distribution of a X-ray beam was extracted by 
measuring the transmission data from a step wedge.[1] 
The energy deposited by X-ray photons was measured 
by a photon-counting detector.[2] As described in 
previous works[3,4], X-ray spectra were measured to 
predict the detected spectral distribution, thereby the 
trade-off between the image quality and radiation dose 
was determined. In addition, for determining the 
X-ray spectra before the examination is performed, 
the proposed method, which obtains the spectral 
distribution by Monte Carlo simulation can be simple 
and useful. The detected output spectra have been 
proved by Monte Carlo N-particle radiation transport 
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computer code (MCNP) and Penetration and ENErgy 
Loss of Positrons and Electrons (PENELOPE). Their 
results could be expected to assuming the X-ray 
spectral distribution. As a Monte Carlo simulation 
tool, Geant4 application for tomographic emission 
(GATE) has been mainly used to assist not only 
SPECT and PET but also X-ray imaging and radiation 
therapy dose monitoring.[5,6] GATE has a possibility to 
detect diagnostic X-ray energy spectra.

Tungsten anodes are the most extensively used target 
material in X-ray tubes. Cadmium telluride (CdTe) and 
amorphous selenium(a-Se) detectors are used in X-ray 
imaging. CdTe detectors are fabricated using a novel hybrid 
method, in which CdTe is pre-deposited onto a glass 
substrate and then connected to a thin film transistor (TFT) 
substrate, whereas a-Se detectors are fabricated using direct 
deposition on a TFT substrate.

The purpose of this simulation study is to acquire the 
X-ray spectra for various tube voltages and two detector 
materials. We propose simulation for obtaining the X-ray 
spectra prior to measurement. The initial X-ray tube 
voltages used are 50, 60, 80, 100, and 110 kV, 
respectively. CdTe and a-Se are the detector materials used 
for detecting the X-ray photon energy. The initial X-ray 
spectra are generated using the model of Fewell et al.,.[7]

Ⅱ. MATERIALS AND METHODS

1. Incident X-ray spectra

The incident X-ray spectra of a commercial X-ray 
tube (ROTANODETM, Toshiba, Japan) were generated 
with a tungsten-anode spectral model, using the 
interpolating polynomial (TASMIP) model.[3] The 
technique for interpolating the spectra is identical for 
all anode material. Let   be the photon fluence 
(photons/mm2) at energy, E, when a voltage, V, is 
applied to the X-ray tube. At each energy 'bin' (1 keV 
intervals were used), a polynomial function was 
defined as follows:

         (1)

The coefficient arrays    ,    ,    , and     

define the polynomial coefficients for each anode material. 
We generated the initial X-ray spectra (50, 60, 80, 100, and 
110 kV) using this model as shown in Fig. 1.

Fig. 1. Initial X-ray spectra for tube voltages of 50, 
60, 80, 100, and 110 kV, respectively. 

2. Process for calculating the detected 
spectrum

The detected spectra are dependent on the detection 
efficiency, D(E), of the detector, which yields the relative 
signal amount generated by a quantum of energy, E. For an 
ideal integrating detector, D(E)=E. However, for practical 
detectors D(E) has a more complex, and should be 
calculated or measured for a precise description. By 
parameterizing the source and detector, we can describe the 
measurement process. The measured spectra are given by

      (2)

where w(E) is the detected photon for each energy, 
E. S(E) is the initial X-ray spectrum emitted through 
the window of the X-ray tube, and D(E) is the 
detection efficiency of the detector. The detection 
efficiency of a material can be calculated by the 
following equation:



291

"J. Korean Soc. Radiol., Vol. 12, No. 3, June 2018"

pISSN : 1976-0620,  eISSN : 2384-0633

      (3)

where  is the linear attenuation coefficient of the 
detector material, and x is its thickness. CdTe 
(XR100T, Amptek, US) and a-Se (FDXD 1417, 
DRtech, Korea) were used as detector materials for 
detecting the X-ray photons. The thicknesses of the 
CdTe and a-Se material were 1 mm and 500 μm, 
respectively. We calculated the detected spectra from 
the incident spectra for 50, 60, 80, 100, and 110 kV, 
respectively, using equation 2.

3. Monte Carlo simulation 

X-ray beams were produced by a TASMIP model 
with reference to a Toshiba tube. CdTe and a-Se 
detectors, sized 1˟1˟1 ㎣ and 1˟1˟0.5 ㎣, 
respectively, were used for measuring the X-ray 
spectra at different tube voltages. GATE was used as 
the simulation tool for detecting the X-ray spectra. 
The energy distributions of the emitted X-ray photons 
were obtained from the spectra produced by 
simulating the X-ray generation. Their directions are 
randomly distributed within a fixed solid angle. The 
source to detector distance (SDD) was 100 cm. The 
X-ray spectra were detected for tube voltages of 50, 
60, 80, 100, and 110 kV, with CdTe and a-Se 
detectors, respectively.

Ⅲ. RESULTS

The X-ray spectra acquired by Monte Carlo 
simulation were compared with the reference X-ray 
spectra, which were calculated using equations (2) and 
(3). The results of the X-ray spectra acquired by 
Monte Carlo simulation and the reference results 
detected by the CdTe detector are illustrated in figures 
2 (a–e). The total photon counts were normalized to 
unity and the energy interval was 1 keV. In the 
figures 2 (a) and (b), the simulation spectra are 
well-matched with the reference spectra. In figures 2 

(c), (d), and (e), tungsten K-edge energy peaks appear 
at 59.31 (Kα) and 67.23 (Kβ) keV. The K-edge energy 
peak is more obvious in the reference spectra than in 
the simulation results.
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Fig. 2. (a-e) are the X-ray spectra estimated by Monte 
Carlo simulation and the calculated data detected by a 
CdTe detector for 50, 60, 80, 100, and 110 kV, 
respectively.

Figures 3 (a-e) depict the X-ray spectra estimated 
by Monte Carlo simulation and the reference results 
detected by an a-Se detector. In figures 3 (a) and (b), 
the K-edge energy peak does not appear because the 
tube voltage is below 60 kV. The simulated spectra 
agrees with the reference. In figure 3 (c), a tungsten 
K-edge energy peak appears at 59.31 (Kα). Figures 3 
(d) and (e) show tungsten K-edge energy peaks at 
59.31 (Kα) and 67.23 (Kβ) keV. In this case also, the 
K-edge energy peaks are more obvious in the 
reference spectra than in the simulation results.

Fig. 3. (a-e) are the X-ray spectra obtained by Monte 
Carlo simulation and the calculated data detected by 
an a-Se detector for 50, 60, 80, 100, and 110 kV, 

respectively.

The simulated and reference spectra, for all the 
tube voltages, were compared with respect to the 
normalized root mean squared deviation (NRMSD), 
which is defined as[8]

 max
 min 







  




 


(4)

where 
  is the simulated spectrum, 

  is the 

reference spectrum, and N is the number of data 
points.

The mean energy difference and NRMSD results 
between the simulation and reference spectra are listed 
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in table 1. On increasing the tube voltage, the mean 
energy difference as well as the NRMSD between the 
simulated and reference spectra increased. The mean 
energy difference, as well as the NRMSD, between 
the two spectral distributions detected by the CdTe 
and a-Se detectors was increased with the tube 
voltage.

Table 1. Comparison of the simulation and reference 
data.

kV
Mean energy difference NRMSD (%)

CdTe a-Se CdTe a-Se
50 0.1 0.1 1.1 1.1
60 0.1 0.1 1.1 1.2
80 0 -0.1 2.1 2.1

100 -0.1 -0.4 3.5 3.7
110 -0.2 -0.6 4.7 5.7

Ⅳ. DISCUSSION AND CONCLUSION

X-ray spectral distributions were assessed by Monte 
Carlo simulation and their results were compared to 
the reference data calculated using equations (2) and 
(3). 

Figure 2 shows the X-ray spectra obtained using a 
CdTe detector. The K-edge energy peak dose not 
appear in figures 2 (a) and (b) because the tube 
voltage is below the K-edge energy of the tungsten 
target whereas these peaks are present in figures 2 
(c), (d), and (e). In figure 2, there is an increase in 
both the mean energy difference and NRMSD 
between the simulated and reference spectra, with the 
tube voltage. This is due to the reduction in the 
K-edge peak energy in the simulation results, which 
increases both the mean energy difference and 
NRMSD, as observed in table 1. The results of the 
X-ray spectra detected by an a-Se detector exhibit the 
same trend, as shown in figure 3. The differences 
between the simulated and reference spectra can be 
attributed to the imperfect charge collection in the 
detector. Therefore, realistic simulations should 
include the rejection of the interactions near the 
cathode.

It is important to estimate the X-ray spectra related 
to the radiation dose, when selecting the X-ray tube 
voltage for diagnostic examination. Knowledge of the 
X-ray spectrum is crucial for several diagnostic X-ray 
imaging applications. Therefore, interest in estimating 
the patient dose from the X-ray imaging system 
continues to grow. However, because of the high 
photon flux produced by X-ray tubes, the direct 
measurement of the spectra from an X-ray machine is 
difficult. We assessed the Monte Carlo simulation 
method for estimating the X-ray spectra emitted from 
a tube and detected the X-ray spectra using two types 
of detectors. The simulated spectra were well matched 
with the reference obtained by calculating the spectral 
emission with a measurement model. Further study 
can include the charge collection in the detector.
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요  약

대부분의 진단용 방사선 장치는 엑스선을 사용하며, 엑스선은 다양한 에너지를 갖는 스펙트럼을 갖는다. 
진단 영상에서 엑스선의 정량적 및 정성적 분석은 선량을 줄이면서 영상 화질을 유지하는데 필수적이다. 
본 연구의 목적은 진단 영상에 사용되는 엑스선 스펙트럼을 몬테칼로 시뮬레이션으로 측정하는 것이다. 다
양한 엑스선 에너지 스펙트럼이 몬테칼로 시뮬레이션으로 측정되었다. 이 스펙트럼들은 다항식을 보간 한 
양극 텅스텐 모델에 의해 계산된 결과와 비교하였다. 엑스선 관전압은 50, 60, 80, 100, 110 kV 였다. 검출기
로는 카드뮴 텔루라이드와 비정질 셀레늄 물질을 사용하였다. 엑스선 에너지 스펙트럼의 시뮬레이션 결과
는 참조 결과와 일치하였고, NRMSD 값은 최소 1.1%에서 최대 5.7%를 보였다. 시뮬레이션 결과에 의하면 
진단 영상을 획득할 때 적절한 관전압의 선택을 가능하게 할 것이다. 또한, 영상 획득 전 환자에 전달되는 
선량을 예측하는데 기여할 것이다.
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