X. Q. Tang, et al., Simulation and Measurement of X-Ray Scattered Radiation ...
Nuclear Technology & Radiation Protection: Year 2023, Vol. 38, No. 2, pp. 125-134

125

SIMULATION AND MEASUREMENT OF X-RAY
SCATTERED RADIATION IN RADIODIAGNOSIS

by

Xian Qiang TANG 2, Rui ZHAO 2, Wei Feng ZHU 7,
Bin GUO 2, Feng QIN 23, Bo LIU?, and Jin Jie WU 2"

1 Chengdu University of Technology, Chengdu, China
2 National Institute of Metrology, Beijing, China
3 China Jiliang University, Hangzhou, China

Scientific paper
https://doi.org/10.2298/NTRP2302125T

This work aims to measure the scattered radiation energy spectrum and radiation dose at dif-
ferent positions during radiological diagnosis through the Monte Carlo simulation and ex-
periment. The results show that the average energy of the scattered radiation energy spectrum
increases with the increase of the tube voltage and decreases with the increase of the scattering
angle, but it changes very little with the measuring distance. It is not unified for the scattered
radiation distribution in the space around the water phantom at the same tube voltage, and
the exposure to scattered radiation is greater on the side closer to the water phantom or the
X-ray tube. This indicates that the radiation exposure is not unified for medical staff in the
scattered radiation field. The scattering energy spectrum and dose distribution are helpful to
evaluate the scattered radiation exposure and enhance the self-protection awareness of medi-
cal staff in practice.
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INTRODUCTION

With the development of modern medicine, diag-
nostic radiology plays an increasingly important role in
medicine. The examination time is increasing in
neuroradiological, cardiological and orthopedics using
X-ray fluoroscopy [1, 2]. As an important means of dis-
ease diagnosis, computed tomography (CT) is used more
and more frequently. The use of X-ray will inevitably
lead to the increase of radiation exposure of medical
staff, which increases the risk of radiation damage. Re-
search shows that the risk will increase for a brain tumor,
melanoma and breast tumor in the long-term exposure to
low levels of an effective dose [3]. In 2011, the Interna-
tional Committee on Radiological Protection (ICRP) fur-
ther adjusted the annual dose limit for the eye lens, which
was reduced from 150 mSv to 20 mSv [4]. This reduction
of the annual dose limit is to prevent the occurrence of
cataract caused by radiation damage to the lens. Some
studies have shown that long-term radiation exposure
may lead to cataract formation, because cataractogenesis
is not a long-term assumed deterministic effect but tends
to be a stochastic effect [5]. As the annual dose limit of
the eye lens is greatly reduced, a large number of medical
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staff will probably exceed this limit. The results of
Sanchez ez al. [6] indicate that more than 50 % of radiolo-
gists received doses higher than the dose limit of 20 mSv
per year from 2004 to 2010. This means that we could
better perform dose monitoring to avoid underestimating
the dose received by medical staff after understanding
the scattered radiation exposure of medical staff.

In the past, there have been many studies about
scattered radiation exposure in radiological diagnosis. In
1996, Marshall et al. [ 7] used the Monte Carlo method to
simulate the scattered X-ray energy spectrum of patients
in radiological diagnosis, and obtained the scattering en-
ergy spectrum of the X-ray tube above and below the pa-
tient couch. In 1997, Fehrenbacher et al. [8] measured
the average energy of the scattered X-ray energy spec-
trum in radiological diagnosis and found that the average
energy decreased toward the X-ray tube side regardless
of any tube voltage. In 2019, Masterson et al. [9] mea-
sured the scattered X-ray energy spectrum in therapeutic
radiology and studied the relative response of
dosemeters to changes in the scattering energy spectrum.

In radiation medicine, the radiation exposure for
medical staff is mostly due to scattered radiation from
patients [10, 11]. The efficiency of scattered radiation
protection for medical staff mainly depends on
whether the protective equipment is worn properly
and the size of the scattered radiation in the space.
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Anti€ [12] proposed a new method of installing pro-
tective screens, which is more reliable and effective
for scattered radiation protection.Therefore, enhanc-
ing the understanding of the scattered radiation field is
beneficial to enhance the efficiency of scattered radia-
tion protection.

In this study, the scattering energy spectrum in the
direction of the 90° scattering angle and the scattering
dose at different scattering angles are measured. In addi-
tion, the distribution of the scattering energy spectrum in
the space around the water phantom is also obtained
through the Monte-Carlo program. The information of
scattered radiation distribution is explored in radiologi-
cal diagnosis through experiment and simulation. The re-
sult could help medical staff to evaluate the scattered ra-
diation exposure during the practice and ensure
reduction of unnecessary irradiation.

PRINCIPLE AND METHOD

Measurement devices and materials

The filtration X-ray spectrum is generated with a
COMET MXR-320/26 X-ray tube, which has a tung-
sten anode with an angle of 20° and inherent filtration
of 3 mm of beryllium. The high voltage was provided
by two 160 kV and 45 kHz high-frequency generators.
The X-ray is collimated through a beam limiting aper-
ture made with lead, where the primary beam limiting
aperture has a diameter of 1.9 cm and a thickness of
2 c¢cm. The collimated X-ray forms a uniform radiation
field at the reference plane, where the diameter of the
uniform radiation field is 9 cm at 1 m from the focal
spot. In addition, the detector is positioned with multi-
ple lasers. The cylindrical water phantom was used as
a scattering medium with a diameter of 20 cm and a
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height of 20 cm [13], and the center of the water phan-
tom is 100 cm from the tube focus. The experimental
set-up is shown in fig. 1.

The scattered radiation dose was measured
through a standard ionization chamber detector TW
34069 (PTW, Freiburg, Germany). The sensitive vol-
ume was 6 cm® and connected to the outside air. The
X-ray measurement of the ionization chamber ranges
from 25 keV to 150 keV, and its energy response is less
than 4 % within the measurement range, and the value is
traced to the X-ray air kerma standard. Three directions
0of 60°, 90°, and 120° with the incident X-ray radiation
were selected for measurement under the condition of
80 kV, 100 kV and 120 kV. The scattered radiation
doses were obtained at 30 cm, 45 cmand 60 cm from
the center of the water phantom in each direction.

A portable X-123 CdTe spectrometer detector
(Ametek-Ortec, PA, USA) with a sensitive volume
size of 5 mm x 5 mm X 1 mm is used for measuring the
scattering energy spectrum. It is a high performance
X-ray and gamma-ray detector with an energy resolu-
tion of less than 1.5 keV full width at half maximum
(FWHM) at *’Co (122 keV). The collected pulse sig-
nals are processed by a DP5 digital pulse processor,
which has the advantages of better resolution, higher
count rate and better stability than the shaping ampli-
fier and multi-channel analyzer (MCA) in most analog
systems. To reduce the photon fluence and prevent sat-
uration of the detector during measurement, a 3 mm
aperture lead pinhole collimator was used to collimate
the detector. The CdTe detector was placed in the di-
rection of 90° with the incident X-ray radiation direc-
tion. The tube voltage was setat 80kV, 100kV and 120
kV, and the tube current was 0.5 mA. The scattering
spectra were measured at 30 cm, 45 cm, and 60 cm
from the center of the water phantom.

Water phantom

Figure 1. Diagram of the
RN experimental set-up

1 Spectrometer
) 90°
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Monte-Carlo simulation

Geant4 is a Monte Carlo toolkit for simulating
radiation transmission, which is mainly used for simu-
lation of particles' interaction and transport in high en-
ergy physics, medical physics, space research, and
many other fields [14]. The diagnostic X-ray scattered
radiation simulation was constructed based on a medi-
cal procedure framework in Geant4 to simulate the
scattered radiation in the surrounding environment af-
ter the incident X-ray reacts with a water phantom. In
order to reduce the simulation time and increase the
detection efficiency, the X-ray energy spectra of
80 keV, 100 keV and 120 keV were used as input
sources. The physical list in the simulation uses the of-
ficial QBBC provided by Geant4, which includes the
photoelectric effect, Compton scattering and Rayleigh
scattering. The cylindrical water phantom with a di-
ameter of 20 cmand height of 20 cm was used as a scat-
tering medium, which was composed with a thickness
of a 0.5 cm polymethyl methacrylate (PMMA) wall
and a water filled inner layer. It is placed at a distance
of 100 cm from the particle source with the center on
the same horizontal line as the particle source. In order
to obtain the scattered radiation around the water
phantom, the measurement positions were set at differ-
entangles (45°,60°,90°,120°, and 135°) and different
distances (30 cm, 45 cm, 60 cm, and 100 cm). A circu-
lar plane with a diameter of 30.4 mm was constructed
at each measurement position, and the momentum of
scattered photons across the plane was recorded to ob-
tain the scattering energy spectrum. The mean energy
ofthe scattering energy spectrum was calculated [15].

The mean energy of the X-ray is calculated by

E=—2—— ()

where @ is the total fluence of the photon with energy
between 0 and E, and E — the energy.

Figure 2 shows the positional relationship be-
tween the medical staff and the patient, which is the
experimental results and explain the correspondence
between the experiment and the actual situation. The
measurement distance of the water phantom scattering
angle 90° direction is equivalent to the distance be-
tween the medical staff and the patient during the
study. The scattering angle from the 45° to 90° direc-
tion corresponds to the upper body space of the medi-
cal staff, and from 90° to 135° the direction corre-
sponds to the lower body space. The X-ray tube is
located below the patient's couch.

The X-ray radiation qualities

The beam quality of an X-ray machine depends
on the total filtration during the irradiation process,
which includes intrinsic and additional filtering. Inher-
ent filtration helps to absorb the low energy part of the
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Figure 2. Diagram of the location between medical staff
and patients

X-ray beam when passing through the X-ray tube. This
absorption occurs in the oil, glass, window and other
parts of the X-ray tube, which is determined by the char-
acteristics of the X-ray machine itself. The function of
additional filtering is to adjust the filtered X-ray energy
spectrum distribution to obtain the required radiation
quality. The ASTM Standard F2547-06 recommends
the use of tube voltages from 60 kV to 130 kV for radia-
tion attenuation measurements, as they span the energy
range used for medical X-ray imaging, excluding mam-
mography. This experiment was conducted under the
X-ray lead equivalent reference radiation [16]. Three
radiation qualities of tube voltage 80 kV, 100 kV, and
120 kV were selected to measure the scattering energy
spectrum and scattering dose.

RESULTS AND DISCUSSION

Results of the measured and simulated
scattered radiation energy spectrum

The characteristics of the spectrometer used
need to be determined before measuring the scattering
energy spectrum. The results of the study indicate that
detectors may be too sensitive to photon fluence or
may not have sufficient energy resolution [17, 18],
while those suitable detectors may be expensive or
bulky, resulting in the inability to use suitable detec-
tors in experiments. The sensitivity of the detector to
photon fluence is affected by its pulse-counting capa-
bility. If the detector wants to record two independent
photons during measurement, there needs to be
enough time delay between the two events to ensure
that the two pulses do not combine into one pulse or
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lose the second pulse while the first pulse remains un-
changed. However, if the second event occurs before
all the charges of the first event are collected the semi-
conductor detectors, the carriers generated by the sec-
ond event will be added to the pulses generated by the
initial event, resulting in no difference between pulse
stacking and dead time [19]. The fast channel pulse
resolution time of the DP5 digital pulse processor
reaches 120 ns in the experiment. When detecting the
scattering energy spectrum, a collimator with a 3 mm
aperture was added in front of the detector to reduce
the intensity of photons reaching the detector surface
to prevent saturation of the detector. The dead time of
the final detection was less than 3 %, which meets the
requirements of the experiment.

Firstly, the scattering energy spectrum was mea-
sured and simulated at different distances (30 cm,
45 cm, and 60 cm) from the center of the water phan-
tom at a scattering angle of 90°. Due to the collimator
of the spectrometer, there is no need to consider sec-
ondary radiation from the floor, walls, and ceiling, nor
leakage radiation from the X-ray tube during the mea-
surement process. However, when measuring the scat-
tering energy spectrum, it is difficult to keep the scat-
tered X-rays in the same horizontal line with the
collimator aperture and the detector. The scattered
X-ray is obliquely incident on the collimator and
passes through the edge of the aperture resulting in
distortion of the measured scattering energy spectrum
[17]. At the same time, there is an L-series characteris-
tic peak of tungsten in the incident energy spectrum,
which affects the low energy part of the measured en-
ergy spectrum. Figure 3 shows the scattering energy
spectrum without additional filtering at a voltage of 80
kV at a measurement distance of 60 cm. There is no
need to consider the secondary radiation of the sur-
rounding environment and collimator, as well as the
L-series characteristic peaks of tungsten, and the ideal
photon fluence spectrum is ultimately obtained. The
measured and simulated spectral data at the same mea-
surement distance are normalized and compared, and
the trends of the two were in good agreement, which

Energy [keV]

indicates the correctness of the established detection
scattering energy spectrum model. At the same time, it
is also observed that with the increase of tube voltage,
the characteristic peaks in the scattering energy spec-
trum are more obvious. Figure 4 shows the normalized
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Figure 4. Comparison of the measured and simulated
scattering energy spectrum at 30 cm
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Figure 5. Scattering energy spectrum for varying
spectrometer distance under 80 kV; (a) measured spectra
normalized to maximum counts obtained at 30 cm and
(b) simulated spectra normalized to maximum counts
obtained at 30 cm

measurement and simulated energy spectrum at 30 cm
from the center of the water phantom.

Figure 5 shows the measured and simulated scat-
tering energy spectrum at a tube voltage of 80 kV. In
fig. 5, the scattering energy spectrum trends are
roughly the same at different distances. However, the
energy spectrum counts decrease with the increase of
the measurement distance. The counts of the measured
energy spectrum decreased by 23 % and 44 % at dis-
tances of45 cm and 60 cm, respectively, and the counts
of the simulated energy spectrum decreased by 51 %
and 71 %, respectively. The results show that the num-

ber of scattered photons will decrease rapidly with the
increase of measurement distance.

The measured scattering energy spectrum is af-
fected by the L-series characteristic peaks of tungsten,
and the calculated average energy of the energy spec-
trum will have a large error. The distortion of the mea-
sured energy spectrum needs to be processed to reduce
the error. The average energy of the processed mea-
sured and simulated energy spectrum was compared as
summarized in tab. 1. The average energy calculated
from the measured and simulated energy spectrum
was in good agreement, and the maximum relative de-
viation was 2.44 %. It can be seen from the table that
the average energy of the measured and simulated en-
ergy spectrum varies less with the increase of mea-
surement distance at the same voltage. The average en-
ergy of the energy spectrum increases with the
increase of the tube voltage at the same measurement
position, and compared with the tube voltage 80 kV,
the average energy of the tube voltage 120 kV and 100
kV increases by about 11 % and 19 %, respectively.

Scattered radiation dose measurement results

Medical staff are exposed to scattered radiation
from patients during diagnostic radiology, and may re-
ceive potentially harmful radiation doses. Therefore, it
is very important to evaluate and measure the scattered
radiation exposure of medical staff [20-23]. At the
same time, the evaluation and measurement results are
also helpful increasing awareness of radiation expo-
sure prevention of medical staff. We obtained the scat-
tered radiation doses at different distances and angles
around the water phantom. The measurement results
show that when the water phantom is closer to the ion-
ization chamber, and the corresponding measured
charge was larger, that is, the scattered radiation dose
was large. The charge increases with the increase of
the scattering angle at the same measurement distance.

Figure 6 shows the variation trend of the charge
measured with the change of the measurement dis-

Table 1. Comparison of average energy of measured and simulated scattering spectra at a 90° scattering angle

Dist . " Angle of scattered radiation [90°]
Ehiﬁigmr([)grln] ’ Tube voltage [kV] ; Mean energy [keV1 - Relative deviation [%)]
Experiment Simulation
30 80 43.22 43.09 —0.32
45 80 42.00 42.66 1.59
60 80 41.73 42.49 1.84
30 100 47.34 47.67 0.68
45 100 46.91 47.25 0.72
60 100 46.56 46.99 0.92
30 120 49.96 51.13 2.34
45 120 49.73 50.64 1.83
60 120 49.37 50.57 2.44
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Figure 6. Accumulated charges for different scattering
angles under 80 kV

tance at the tube voltage of 80 kV and the same scatter-
ing angle direction. The change trend of charge at tube
voltages of 100 kV and 120 kV is the same as that of
80 kV. The measurement results indicate that the
charge decreases significantly with the increase of the
measurement distance. The charge amount measured
at45 cmand 60 cm distances decreased by about 52 %
and 68 %, respectively, compared with those at 30 cm
distances in the direction of 60°. It is reduced by about
42 % and 68 %, respectively, in the direction of 90°
and by about 48 % and 72 %, respectively, in the direc-
tion of 120°. This is consistent with the results of
Dorman et al. [24] who found that the measured scat-
tered radiation is a non-strict inversely proportional to
the distance from the radiation source. Therefore, it is
very important for medical staff to maintain sufficient
distance from patients during the radiological diagno-
sis, which can greatly reduce the scattered radiation
exposure of medical staff.

Figure 7 shows the variation trend of charge with
the change of the scattering angle at the tube voltage of
80 kV and the same measurement distance. The
change trend of charge at tube voltages of 100 kV and
120 kV is the same as that of 80 kV. The measured
charge was higher with the approaches one side of the
X-ray tube of the scattering angle direction, that is, the
charge increases with the increase of the scattering an-
gle. The charge at the 120° scattering angle was gener-

-h
B
o

—_ - -
T 120 ®= 30 cm L
= - ®-45¢m »”
§ 1001 - a=60cm ol
© -
S 804 S R A T
o -
£ - -9
B 604 mcevemenemennnns -__.-—-' e PR s
g =" I
§ 404 _‘_—’_'_—,——r e —--_——‘—
< i SIS e i

20 g am e R i

0 < T T

60 90 120

Scattering angle [°]

Figure 7. Accumulated charge for different measure-
ment distances under 80 kV

and it is necessary to wear radiation protection tools
such as protective clothing and lead glasses.

Simulation results of the scattering
energy spectrum at different angles,
distances and tube voltages

Monte Carlo simulation is used to obtain the
scattering energy spectrum information at different
angles, distances and tube voltages, which is helpful to
evaluate the average energy and radiation exposure of
scattered X-rays that medical staff may be exposed to
during practice. The energy distribution of photons in
the scattering energy spectrum is a combination of
both attenuation and scattering properties of incident
X-rays in the water phantom. The variation of the en-
ergy spectrum between the incident energy spectrum
and the scattering energy spectrum are mainly affected
by two effects. The first effect is Compton scattering,
where the incident photons are scattered to a lower en-
ergy, thereby reducing the average energy of the en-
ergy spectrum. The second effect is the photoelectric
effect, the low-energy scattered photons are absorbed
during the process of reaching the surface from the in-
terior of the water phantom, leading to the transfer of
average energy to high energy [9, 10]. The proportion
of these two effects depends on the applied tube volt-
age and the considered scattering angle.

By comparing the average energy of the incident
X-ray energy spectrum and the energy spectrum of dif-
ferent scattering angles, it is found that the average en-
ergy of the scattering energy spectrum at the scattering
angle of 45° and 60° is generally transferred to higher
energy except that the average energy of the scattering
spectrum and the incident spectrum is not much differ-
ent at the tube voltage of 120 kV and the scattering an-
gle of 60°. The average energy of the scattering energy
spectrum is generally lower than that of the incident
energy spectrum at the scattering angles of 120° and
135°. Table 2 showed the average energy of the scat-
tering energy spectrum and the incident energy spec-
trum at 100 cm from the center of the water phantom.

Figure 8 shows the variation trend of the average
energy with the increase of the scattering angle at the
same voltage and the measurement distance. The
change trend of average energy at tube voltages of
100 kV and 120 kV is the same as that of 80 kV. The
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Table 2. Average energy of scattering and incident energy
spectrum at 100 cm

Tube Mean energy [keV]
voltage Primary Angle of scattered radiation [°]
[kV] | beams | 45 | 60 | 90 | 120 | 135
80 4230 | 45.79 | 44.89 | 42.29 | 39.95 | 39.30
100 48.40 | 51.03 | 50.00 | 46.84 | 44.24 | 43.39
120 53.54 | 55.25 | 53.22 | 50.40 | 47.46 | 46.49
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Figure 8. Average energy of simulated scattered spectra
under 80 kV

average energy of the scattering energy spectrum
gradually decreases with the increase of the scattering
angle at the same voltage and distance, and the de-
creasing trend is almost consistent. Compared with the
scattering angle of 45°, the average energy in the scat-
tering angles of 90° and 135° is reduced by about 8 %
and 15 %, respectively. The average energy of the scat-
tering energy spectrum changes little with the increase
of the measurement distance at the same angle and
voltage, and the maximum change of the average en-
ergy between the detection distance of 30 cm to 100
cm is 0.81 keV. The average energy of the scattering
energy spectrum increases with the increase of the
tube voltage at the same measurement position. Com-
pared with the tube voltage of 80 kV, the average en-
ergy in the tube voltage of 100 kV and 120 kV is in-

creased about 11 % and 19 %, respectively. Table 3
shows the simulated average scattering energy.

Figure 9 shows the average energy of the scatter-
ing energy spectrum measured under different experi-
ments. The measurement results at a tube voltage of 80
kV in this experiment are consistent with those of
Fehrenbacher et al. [8] and Nowak et al. [27]. The av-
erage energy gradually decreased with the increase of
the scattering angle at the three experiments, and the
decreasing trend is almost the same. However, the con-
ditions for measuring voltage and distance are not
completely the same in each experiment, and there will
be some differences in the average energy of the same
scattering angle.

Figure 10 shows the ionizing radiation levels
around the water phantom at a tube voltage of 80 k'V. Fig-
ure 11 shows the scattering energy spectrum measured at
the different scattering angles at the tube voltage of 80
kV. The ionizing radiation level distribution and the
change of scattering energy spectrum at tube voltages
100 kV and 120 kV are similar to those at 80 kV.

Figures 10 and 11 show that the scattered radia-
tion exposure is higher with the larger scattering angle
or closer to the water phantom. At the same tube volt-
age, the photon number of the scattering energy spec-
trum at the measurement distance of 100 cm is approx-
imately 90 % lower than that of 30 cm, and the number
of photons in the scattering angle 135° direction is
generally two to three times higher than that in the di-
rection of 45°. This indicates the non-uniform distri-
bution of scattered radiation around the water phan-
tom. Therefore, if the dose in one direction of
scattering is used to represent the dose in the other di-
rections, there will be a high probability that the dose
in the other directions will be incorrectly estimated.
This means that different parts of the body should
wear different dosemeters, the article of Nowak et al.
[27] shows that special dosemeters are recommended
for better monitoring of different parts of the body.

Table 3. Average energy of the scattered spectra for different angles

Mean energy [keV]
Distance from the Tube voltage Angle of scattered radiation [°]
phantom [cm] [kV]
45 60 90 120 135
30 80 46.28 45.40 43.09 40.47 39.47
45 80 46.24 45.25 42.66 40.26 39.33
60 80 46.11 45.17 42.49 40.08 39.26
100 80 45.79 44.89 42.29 39.95 39.30
30 100 51.41 50.26 47.67 44.79 43.66
45 100 51.43 50.10 47.25 44.53 43.53
60 100 51.32 49.99 46.99 44.34 43.48
100 100 51.03 50.00 46.68 44.24 43.39
30 120 55.48 53.37 51.09 48.04 46.80
45 120 55.65 53.25 50.63 47.75 46.70
60 120 55.44 53.25 50.56 47.66 46.65
100 120 55.25 53.22 50.40 47.46 46.49
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Figure 9. Comparison of average energy under different
conditions

Figures 10 and 11 show that the distribution of photon
fluence at different scattering angles is more uniform
when the distance from the center of the water model is
100 cm. This indicates that the dose results for a partic-
ular scattering angle direction can be used to replace
the dose results for other parts of the body only when
the medical staff is more than 100 cm away from the
patient generating the radiation field.
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Figure 10. Photon fluence distribution map for the
different scattering angles under 80 kV
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Figure 11. Scatter energy spectrum for varying spectrometer distance under 80 kV
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CONCLUSIONS

This article obtains the diagnostic X-ray scat-
tered radiation energy spectrum and dose distribution
under tube voltage of 80 kV, 100 kV, and 120 kV
through Monte Carlo simulation and experimental

measurement. The average energy and trend of the
measured and simulated energy spectrum are in good
agreement at the scattering angle of 90°, and the rela-
tive deviation is less than 2.44 %, which indicates the
correctness of the established detection scattering en-
ergy spectrum model. The average energy of the en-
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ergy spectrum increases with the increase of the tube
voltage at the same measurement position. The aver-
age energy of the scattering energy spectrum gradually
decreases with the increase of the scattering angle at
the same voltage and measurement distance. The aver-
age energy of the scattering energy spectrum changes
little with the increase of the measurement distance at
the same angle and voltage, and the maximum change
of the average energy between different measurement
distances is 0.81 keV. The radiation field around the
water phantom is characterized by the measured scat-
tering dose and the simulated scattering energy spec-
trum, and the results showed that the radiation expo-
sure around the water phantom was not unified. The
measured scattering dose indicates that the charge at a
measurement distance of 60 cm is approximately 70 %
lower than that at 30 cm. The number of photons in the
scattering angle 135° direction is generally two to
three times higher than that in the direction of 45°, and
this indicates that the exposure to scattered radiation
was greater on the side closer to the water phantom or
the X-ray tube. This study provides an estimate of the
scattered radiation exposure of medical staff in prac-
tice and enhances the self-protection awareness of
medical staff, and reduces the scattered radiation ex-
posure of medical staff.
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Cjen hAHI' TAHT, XKyej IIAO, Bej ®EHI' I1Y, bun I'YO, ®enr hIH, bo /bY, Hun BE BY

CUMYJIAIMJA 1 MEPEILE PACEJAHOI' PEHATI'EHCKOTI
3PAYEIbA Y PAIMOINIJATHOCTNIIA

OBaj paj UMa 3a Wb MEeperhe eHePTeTCKOT CIIeKTpa pacejaHor 3paderha W 103¢e 3padcmha Ha
Pa3IMYUTEM NO3MIjaMa TOKOM pPajiHoJIONIKe fujarHo3e, kopuinhewmeM MonTe Kapmo cumymnanuje u
ekcrnepuMeHarta. PesynraTu nokasyjy ga mpocedHa eHepruja ClieKTpa eHepruje pacejaHor 3pauera pacre
ca II0pacToOM HaIlOHa IIEBH U OTajia ca moBehameM yIiia pacejama, ajli ce BPIIO MaJlo MEHa ca PacTojambeM
Mepewa. Takobe, pacnopena pacejaHor 3padyerna HUje YpaBHOTEXXEHA Y IPOCTOPY OKO BOAECHOT (haHTOMa
IIPY NCTOM HAIIOHY LIEBH, a M3JI0KEHOCT pacejaHoM 3pauemy je Beha Ha crpaHu Gimke BOJleHOM (haHTOMY
WM peHATeHCKOj 1ieBu. OBO yKasyje fla H3JI0KEHOCT 3padyekhy HHje jeIUHCTBEHA 32 MEAUIMHCKO 0CO0IBE Y
HOJbY pacejaHor 3padema. EHepreTcku crnekTap pacejamba W pacmofena f03e MOMaxy y NpOIeHH
M3JI0KEHOCTH pacejaHoM 3padermy M moBehaBajy cBecT MEIMIMHCKOT 0co6iba O CaMO3alITHTH Y
OpAUHALM]H.

Kmwyune peuu: paouooujazrociiuxa X-3apaversem, pacejano 3paderse, Monitie Kapao, enepzeiticku
cllexiuap, usaazarbe 3paders)y.



