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Abstract Interventional radiology has been beneficial for

patients for over 30 years of age with the combination of

diagnostic and therapeutic methods. The radiation affecting

occupationally exposed workers should be evaluated by

means of the energy spectra and flux of X-rays in the

treatment room. The present study aims to obtain the

energy spectra of interventional procedures and study the

capability of some detectors to evaluate the dose in inter-

ventional procedures. These measurements were taken by

silicon-drift, CdTe, and CdZnTe detectors. The energy

spectra were corrected by the energy-response curve of

each detector. The energy-response curves of silicon-drift

and CdTe detectors provided by the manufacturers

specification were used. The energy response of the

CdZnTe detector was measured by 133Ba and 152Eu c
sources. The experimental data were compared with the

simulation results, and their perfect agreement provides a

way to correct the energy or dose response, which can be

used for the personal dosimeter developed by our group.

Moreover, the measured energy spectra can be used in

individual radiation protection. The present study shows

that the CdZnTe detector is a good candidate detector in

interventional procedures.

Keywords Interventional radiology procedures � Energy-
response curve � Energy spectrum � Radiation protection

1 Introduction

Interventional procedures using ionizing radiation have

revolutionized medicine in the last few decades for diag-

nosis, therapy, and palliation, resulting in the ability to

offer to many patient treatments that were not possible
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previously [1]. However, it is associated with high radia-

tion doses to patients and staff, due to extended fluoroscopy

times and the large number of radiographs. The need for

measurement and evaluation of patient and staff doses is

apparent [2].

The skin dose received by the patients was studied by

Barrera-Rico et al. [3]. They used the Gafchromic XR-RV3

film and TLDs to determine the entrance surface dose in

patients who undergo interventional radiology procedures.

These doses were evaluated from the direct exposure;

however, the scattered radiation occupies all of the treat-

ment rooms and contributes to eye, thyroid, skin, and other

organ doses. To evaluate the doses received by the staff

and explore effective protection, the energy spectrum of

scattered X-rays should be measured.

For X-ray detection, several detectors have been used,

such as the Si (Li) detector, silicon-drift detector (SDD),

and CdTe and CdZnTe detectors. The Si(Li) detector

exhibits good energy resolution; however, its low effi-

ciency and need of cooling make it unsuitable for many

cases [4]. CdTe and CdZnTe detectors [5–7] show worse

energy resolutions than the Si(Li) detector. However, the

detection efficiencies of CdTe and CdZnTe detectors are

much higher than that of Si (Li) detector. Moreover, the

possible usage in room temperature makes it more suit-

able in many applications than Si (Li) detector. Therefore,

SDDs [8, 9] which combine a large sensitive area with a

small value of the output capacitance are well suited for

high resolution and X-ray spectroscopy with high counting

rate. Servoli et al. [10, 11] studied the CMOS active pixel

sensors as potential detectors for diffused X-rays during

interventional radiology procedures, which cover an energy

range from 15–20 keV to several tens keV. The detector

response showed less than 5% precision with respect to the

other commercial active dosimeters. In recent years,

CdZnTe detectors have been widely used in the measure-

ment of X- and c-rays in national security, medical imag-

ing, and astrophysics because of their excellent

characteristics: high mean atomic number (Z � 50), high

density (q ¼ 5:78 g/cm3), and high band gap

(Eg ¼ 1:57 eV), combined with high resistivity [12]. Here,

the possibility of a CdZnTe detector for applications in

interventional procedures needs to be studied. To evaluate

performance of CdZnTe detector in interventional proce-

dures, the measurement was compared with that of several

commercial X-ray spectrometers, such as SDD and CdTe.

CdZnTe detector is very suitable to the personal dosimeter

which can cover the energy range of 10–1500 keV, the

energy-response curves are crucial. A personal dosimeter

based on the CdZnTe detector is being developed by our

group. Tomal et al. [13] studied the energy-response

functions of Si(Li), SDD, and CdTe detectors in the

mammographic energy range (5–40 keV) through Monte

Carlo simulation. The simulation for the energy-response

curve of CdZnTe detector was performed in Ref. [14]

during the measurement of high dose rate response to

X-ray. There are no experimental studies about the energy-

response curve for CdZnTe detector. This is very important

for the concerned applications. On the basis of this con-

sideration, this paper studied the energy response of the

CdZnTe detector experimentally; thus, it provides the ref-

erence data for the application of CdZnTe detectors.

This paper is organized as follows. Section 2 describes

the experimental procedure. The data analysis and discus-

sions are presented in Sect. 3. The summary is given in

Sect. 4.

2 Experiment

To measure the environmental energy spectrum of

interventional radiology procedure, a CdZnTe detector and

two commercial spectrometers were used. The SDD

(Amptek, X-123SDD) covers the energy range from sev-

eral keV to 30 keV [15], and the CdTe detector (Amptek,

X-123CdTe) detects the X-rays with energy higher than 30

keV [16]. Because the single detector used above cannot

cover the whole energy range, two detectors were used in

the measurement. The X-123SDD and X-123CdTe spec-

trometers can be controlled by the Amptek ADMCA dis-

play and acquisition software. This software completely

controls and configures the detectors and downloads and

displays the data. The CdZnTe detector (Imdetek, DT-

01C1) has a wider energy range from 10 keV to 1.5 MeV

[17]. The output of CdZnTe detector was readout by

preamplifier module. The amplified signal by spectroscopy

amplifier was connected to a waveform digitizer (CAEN

DT5730 Desktop Digitizer, eight channels, 14 bits, 500

MHz) to record the waveform of each event. The waveform

was analyzed along the given gated time; therefore, the

pulse height of the c rays in the CdZnTe detector can be

obtained via DPP-PHA firmware. The geometry size of the

CdZnTe detector is 10� 10� 5 mm3. The operation

voltage of CdZnTe detector is - 2000 V. Before the

measurement, CdTe and CdZnTe detectors were calibrated

by using c sources including 241Am, 133Ba, 137Cs, 22Na ,

and 60Co sources. The SDD was calibrated by an X-ray

tube by adjusting the high voltage and changing the filters

to produce the characteristic energies of some elements

(Al: 1.49 keV, Ti: 4.51 keV, Cu: 8.04 keV, Mo:

17.44 keV). The experiment was performed on a Siemens

Artis Zee multi-purpose system where the X-ray tube and

image intensifier are mounted on a C-arm. Here, a phantom

was used during the experiment. The voltage and current of
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this high-voltage generator were adjusted automatically

depending on the phantoms used to obtain a better image

quality. The high voltage for the tube is set to 73.0 kV and

the current is 105.6 mA, which are very similar to those in

practical situations. The dose rate is approximately 56.6

mGy/h. To study the dependence of distance for scattered

X-ray radiation, the detectors were placed at several points

with the distance to the edge of radiation field. The distance

range covered from 0 to 200 cm.

The energy-response curve of the CdZnTe detector is

primary for the personal dosimeter development. This

energy-response curve can be explained by the relative

efficiency of given detector. In practical use, several

CdZnTe detectors with different geometry sizes were used

in the dosimeter development. To obtain the energy

response more conveniently, the simulation was used. The

simulation was performed by the Geant4 toolkit [18]. On

this basis, the relative efficiencies should be compared with

the experimental measurement to evaluate the simulation.

Furthermore, the energy spectra during in interventional

radiology procedures should be corrected.

Here, in the simulation the component of CdZnTe

detector is Cd0:9Zn0:1Te, the average atomic number is

49.1, and the density is 5:78 g/cm3. In the simulation, the

aluminum entrance window with a thickness of 0.5 mm for

the CdZnTe detector was taken into account. The c rays

were emitted from a plane source and hit the detector

perpendicularly. The energy range was from 10 keV to

1.5 MeV. The photoelectric, single Compton scattering,

and electron pair effects were taken into account in the

electromagnetic procedure physics list. The number of each

physical interaction type was recorded. Because the main

mechanism of low-energy X-rays in the CdZnTe detector is

the photoelectric effect, the number of particles with the

photoelectric effect was compared with the full-energy

peak area. Here, the geometry size of the CdZnTe detector

in the simulation is 10� 10� 5 mm3.

3 Results and discussion

The data were analyzed within the ROOT data analysis

framework [19]. First, the energy resolution was also

obtained with c sources, including 137Cs, 22Na, and 60Co, in

our measurements. The peak area for each energy peak was

fitted by the Gaussian function. The energy resolutions

were obtained and are listed in Table 1. This shows that the

energy resolution can reach 1.34% at 1112 keV for 152Eu.

For low energy, such as 39.4 keV of 152Eu and 59.5 keV of
241Am; it is approximately 16%.

To determine the energy spectrum of interventional

procedure by CdZnTe detector, the energy-response curve

should be obtained. The 152Eu and 133Ba sources were

usually used in the nuclear structure [20]; therefore, these

sources were used to calibrate the efficiency of the CdZnTe

detector. The energy spectrum of 152Eu, which is shown in

Fig. 1, and that of 133Ba were measured by the CdZnTe

detector. For each peak in Fig. 1, the peak area was

obtained by the fitting. The Compton scattering and

background components, which were represented by the

linear function, are obvious in this measurement and con-

tribute to the area of full-energy peak. The full-energy

peaks were represented by a Gaussian function. Therefore,

the fitting function contains a linear and Gaussian func-

tions. The same fitting was performed to 133Ba source.

Thus, the area of each full-energy peak can be obtained.

Because of the limitation of energy resolution, some peaks

cannot be separated, and so the intensities of the corre-

sponding peaks were summed. The linearity of CdZnTe

detector was also obtained and is shown in Fig. 2. Here, the

peaks contain 59.54 keV of 241Am. A linear function was

used for fitting. It is obvious that the linearity of this

detection system is good. The maximum deviation is

approximately 2.9% for 39.4 keV of 152Eu. The deviations

of other peaks were less than 1.0%.

According to the references, intensity of each peak of
152Eu [21] and 133Ba [22] can be obtained. Ip1, Ip2, and Ip3
represent the intensities for peak1, peak2, and peak3,

respectively. The relative efficiencies �1, �2, and �3 for

peak1, peak2, and peak3, respectively, can be obtained by

Table 1 Measured energy resolution for 137Cs, 22Na, and 60Co c
sources by CdZnTe detector

Sources Peaks (keV) Resolution (FWHM) (%)

152Eu 39.4 16.97

121.8 5.09

244.7 3.05

344.3 2.77

443.97 2.45

778.9 1.97

964.1 1.98

1085.9 2.14

1112.0 1.34

1408.0 1.67

241Am 59.5 15.39

22Na 511 2.80

1275 1.43

137Cs 662 2.35

60Co 1173 2.00

1332 1.91
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Ip1 : Ip2 : Ip3 : � � � ¼ �1Ap1 : �1Ap1 : �1Ap1 : � � � ; ð1Þ

here, Ap1, Ap2, and Ap3 denote for the peak area for peak1,

peak2, and peak3, respectively. Thus, the ratio of the fitting

area to intensity of 152Eu and 133Ba was obtained and is

shown in Fig. 3. Here, the obtained ratio was normalized

by the maximum value.

It is shown that the efficiency decreases sharply around

200 keV. The slope of the decrease was consistent with the

simulation. The relative efficiencies at low energy were

affected strongly by the thickness of entrance window of

the detector. Here, the cut value for the simulation was set

to 10 lm in the Geant4 toolkit. This cut value does not

affect the relative efficiencies. The photoelectric effect

cross section was much higher for CdZnTe at low energies.

The simulated results were consistent with the measured

data throughout the whole energy range. The measured

data of 133Ba and 152Eu show a similar trend to each other.

In the simulation, only the events that interacted with the

detector by the photoelectric effect were recorded. In the

data analysis, only the area of full-energy peak was con-

sidered for the experimental data. The experimental data

agree well with the simulated results except at some points.

Owing to the lack of c sources below 30 keV, it is difficult

to verify the agreement between the simulation and mea-

surement. The present comparison indicates that the

energy-response curve can be obtained by simulation for a

given geometry size and energy.

Depending on the energy-response curve of the CdZnTe

detector, the directly detected energy spectrum for the

interventional procedure was corrected by the simulated

curve discussed above. The corrected spectrum is shown in

Fig. 4. The efficiencies for SDD and CdTe can be found in

Refs. [15, 16]. The energy-response curves of the SDD and

CdTe detectors were given by a series of points. These

points were fitted by polynomial functions in several ran-

ges to obtain good fitting results. The energy spectra were

corrected according to the detection efficiency for the SDD

and CdTe detectors, respectively. As the measurement time

and efficiency were different, the obtained spectra for each

detector were different. Here, we normalized the energy

spectrum of SDD to connect the energy spectrum of CdTe

detector. The energy spectrum combined with SDD and

CdTe detectors is shown in Fig. 5. The distance to the

radiation field was 7 cm for SDD and CdTe detectors.

Figure 5 shows that the spectrum obtained by the CdZnTe

detector is similar to the results by SDD and CdTe detec-

tors. The peak around 20–30 keV agrees well with those by

SDD and CdTe detectors. This indicates that the scattered

Fig. 3 The comparison of relative efficiency between the simulated

results by Geant4 and measured data for CdZnTe detector with 152Eu

and 133Ba sources. The solid line denotes the simulation results by

Geant4, and the open circles and squares represent the experimental

values of 152Eu and 133Ba, respectively. Here, the error bars of the

experimental area were obtained by fitting. The error bars of the

simulation originate from simulated event number. The statistical

errors for simulation were approximately 1/
ffiffiffiffiffiffiffi
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Fig. 1 The obtained energy spectrum of 152Eu by CdZnTe detector
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Fig. 2 The linearity of CdZnTe detector with 152Eu and 133Ba

sources. The error bars are small compared to the symbol size and not

visible
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X-rays contribute mostly to the energy spectrum. The

energy spectra of SDD, CdTe, and CdZnTe detectors on

different distances were compared. The only difference is

the count rate, and the energy peak position does not

change obviously; therefore, the spectra on other distances

are not shown here. Compared to the CdTe detector, an

obvious peak around 60 keV was observed in the mea-

surement of CdZnTe detector. This peak originates from

the Compton scattering of 73-keV X-rays, which was

confirmed by the simulation. Because the efficiency of

CdTe detector decreases sharply around 60 keV, this peak

cannot be detected. This indicates that the CdZnTe detector

is more suitable during interventional radiology proce-

dures. The measured spectra will be meaningful to the

radiation protection for occupational interventional staff.

4 Summary

The scattered X-rays contribute mostly to the occupa-

tional radiation in interventional procedures. To evaluate to

doses of staff in these procedures, the measurements of

energy spectra are necessary. However, the low-energy

X-rays around 10–30 keV can only be detected by some

semiconductor detectors. A suitable detector which can be

used in interventional procedures is studied in the present

paper. The energy spectra of the interventional procedures

were measured by using the silicon-drift, CdTe, and

CdZnTe detectors and compared. The relative efficiencies

of the CdZnTe detector were simulated by the Geant4

toolkit and compared with the measurement results in this

study. The measurement shows that the linearity and cov-

ered energy range of the CdZnTe detector is suitable for

this application. The trend of the simulated energy-re-

sponse curve of the CdZnTe detector agrees well with that

of experimental results throughout the measured range.

These corrected energy spectra show the true radiation

environment in the interventional procedure. These mea-

surements are meaningful for radiation protection for the

staff. The relative efficiency curve plays an important role

in the energy- or dose-response correction of the personal

dosimeters by the CdZnTe detector.
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Fig. 4 Energy spectrum for interventional procedure obtained by

CdZnTe. Upper one represents the measurement which is within the

radiation field, and lower one represents the measurement with a

distance of 7 cm to the field
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Fig. 5 Energy spectrum obtained by the SDD and CdTe detectors

near the edge of the radiation field
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