Pre prints.org

Technical Note Not peer-reviewed version

Study of the Calibration of
Semiconductor Survey Meters
Using Medical X-ray Equipment

Katsunao Suzuki - , Toru Negishi, Yoh Kato , Yasuhisa Kono , Michiharu Sekimoto
Posted Date: 25 September 2023
doi: 10.20944/preprints202309.1575.v1

Keywords: semiconductor survey meter; calibration; medical X-ray system; calibration factor; time constant

Preprints.org is a free multidiscipline platform providing preprint service that
is dedicated to making early versions of research outputs permanently
available and citable. Preprints posted at Preprints.org appear in Web of
Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This is an open access article distributed under the Creative Commons
Attribution License which permits unrestricted use, distribution, and reproduction in any
medium, provided the original work is properly cited.



https://sciprofiles.com/profile/3159983

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 25 September 2023 doi:10.20944/preprints202309.1575.v1

Disclaimer/Publisher’s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and

contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting
from any ideas, methods, instructions, or products referred to in the content.

Technical Note
Study of the Calibration of Semiconductor Survey
Meters Using Medical X-ray Equipment

Katsunao Suzuki 2%, Toru Negishi 2, Yoh Kato 2, Yasuhisa Kono ! and Michiharu Sekimoto 3

I Department of Radiological Technology, Kariya Toyota General Hospital 5-15, Sumiyoshi-cho, Kariya-shi,
Aichi, 448-8505, Japan

2 Tokyo Metropolitan University, Graduate School of Human Health Science, Department of Radiation
Science, 2-10, Higashi-Ogu, 7-chome, Arakawa-ku, Tokyo, 116-8551, Japan

3 Department of Radiological Technology, Faculty of Medical Technology, Niigata University of Health and
Welfare, 1398 Shimami-cho, Kita-ku, Niigata-shi, Niigata, 950-3198, Japan

* Correspondence: k.suzuki0966@gmail.com

Abstract: In recent years, semiconductor survey meters have been developed and are in increasing demand
worldwide. This study aimed to investigate whether it is possible to calculate the time constant of the
semiconductor survey meter using the X-ray equipment installed in each medical facility and whether it is
possible to calibrate the semiconductor survey meter. Attach an additional filter to the medical X-ray system
to satisfy the standards of N-60 to N-120, add more copper plates from there, and calculate the first and second
half-value layers to compare with N-60 to N-120 values. Next, we will measure the leakage dose using a
medical X-ray system and calculate the time constant of the survey meter. The survey meter is then calibrated
and compared with the calibration factors in industrial X-ray system. Per experimental results, it is possible to
reproduce the N-60 to N-120 radiation quality using a medical X-ray system and to calculate the time constant
from the measured results assuming actual leakage dosimetry using that radiation quality. We also found that
the calibration factor was equivalent to that of an industrial X-ray device. It was revealed that semiconductor
survey meters can be calibrated using a medical X-ray system.

Keywords: semiconductor survey meter; calibration; medical X-ray system; calibration factor; time
constant

1. Introduction

Semiconductor survey meters are more sensitive, fast-responding, compact, and lightweight
than ionization chamber survey meters. They are also less affected by atmospheric pressure and
humidity; so, they are widely used in the nuclear, medical, and industrial fields [1-3]. Thanks to their
high sensitivity, fast response, small size, and light weight, they are considered useful for measuring
weak leakage radiation; however, they are highly energy- and temperature-dependent [4-7].
Therefore, it is difficult to make a correct assessment of leakage radiation unless the survey meter is
traceable and has been calibrated and valued in the radiation reference field described below.

JIS Z 45112018 is a Japanese Industrial Standard based on ISO 4037-1-1%%, ISO 4037-2-1%97, ISO 4037-
3199, and ISO 4037-42004, with the technical content modified according to the conditions of use in
Japan. It stipulates the setting of the air kerma standard field, the method of calibrating the dose
equivalent (rate) measuring device used for the radiation protection field and personal monitoring,
and the test method of the response to photon energy and the radiation incident angle [8-12]. The
standard also applies to air-absorbed dose (rate), air kerma (rate), and irradiation dose (rate)
measuring instruments.

The calibration of survey meters used in radiation therapy and nuclear medicine facilities in the
medical field is usually performed with 662 keV y-rays emitted from '3’Cs sources. However, leaked
X-rays in the general radiographic X-ray region have a narrow spectrum of about 60 keV to 120 keV,
which is 1/5 to 1/10 of the energy of 1¥Cs sources. To rephrase, semiconductor survey meters need to
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be calibrated with radiation qualities equivalent to N-60 to N-120 of the N-series in JIS Z 45112018
because the lower the energy, the stronger the energy dependence.

Comparing the number of calibration facilities and the number of survey meters, the latter is
overwhelmingly large; so, the time and expense required for calibration cannot be overlooked. The
X-ray equipment recommended by JIS Z 4511-2'8 is an industrial X-ray equipment; however, if the N-
series can be reproduced on the medical X-ray equipment installed in medical facilities, it will be
possible to check and calibrate survey meters that have already been calibrated. However, it has not
been clarified whether or not it is possible to calculate the time constants of semiconductor survey
meters and calibrate them using medical X-ray equipment.

In this study, we sought to determine whether it is possible to reproduce the radiation quality
of N-60 to N-120 using a medical X-ray system and whether it is possible to calculate the time constant
and calibrate a semiconductor survey meter.

2. Materials and Methods

2.1. Equipment used

The medical X-ray system will be UD150B-40 (Shimadzu), and the semiconductor survey meter
will be RaySafe452 (Fluke Biomedical). EMF520R (EMF Japan)(checked in June 2020 ) will be used as
the electrometer, a one-liter chamber for the reference dosimeter: TN32002 (PTW)(calibrated in June
2020 ), and copper(Cu), aluminum(Al), and tin(Sn) plates (with a purity of at least 99.9% for each
material) will be used for additional filters. The RaySafe452 was calibrated in October 2021 using a
137Cs source and radiation quality of N-100 .

2.2. Evaluation of continuous X-ray standard fields

To verify whether it is possible to create the N-60 to N-120 radiation quality with a medical X-
ray system, we set up an experimental system as shown in Figure 1, referring to JIS Z 45112018 [8].
Since the total filtration of the medical X-ray device used is 3.7 mm Al, Al, Cu, and Sn plates are
placed as additional filters according to the N-60 to N-120 standard. Based on this state, Cu plates are
sequentially added, and attenuation curves are created from the measured values to obtain the first
half-value layer (HVLi1) and the second half-value layer (HVLz2) (mm Cu). We used the following X-
ray irradiation conditions: tube current: 100 mA, irradiation time: 2.0 s, large focus, and the
measurement values were averaged over five measurements to minimize the measurement error.
Equation (1) is used to calculate HVL1, and Eq. (2) is used for HVL2 [13]. These values are compared
to the reference values of N-60 to N-120.

HVL,
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HVL,
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Io: Measured value when irradiated without a Cu plate

I (Is): Measured value when slightly larger than Io/2 (lo/4).
I> (Is): Measured value when slightly less than Io/2(Io/4).
t1(t3): Thickness of Cu plate when I1(I3) is measured.

f2 (t4): Thickness of Cu plate when I2(l4) is measured.
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Figure 1. Side view of experimental setup.

2.3. Calculation of time constants for semiconductor survey meters

It is said that a measurement time of 3 to 4 times the time constant is desirable for accurate
measurement with a survey meter. However, X-ray imaging in the diagnostic field is a short
exposure. Therefore, it is necessary to measure leaked X-rays in a very short time, and it is not possible
to secure a measurement time that is 3 to 4 times the time constant.

Therefore, we devised a method of calculating the time constant by calculation. The indicated
value of the survey meter is 1-exp(-#/T) [14] with respect to the final indicated value, where f is the
measurement time and T is the time constant. Therefore, if x is the measured value at time ¢ and X is
the final indicated value, it can be expressed as the following equation.

X

-x(1-9(-5)

By transforming Eq. (3), the time constant T can be expressed as the following equation.

T
___t 4)
In(1-%)

The time constant calculated from the calculation can be expressed as in order to verify the
agreement between the calculated time constants and the measured values, a system similar to that
shown in Figure 2 was established assuming actual leakage X-ray measurements. In this system, the
irradiation time was varied from N-60 to N-120 from 0.20, 0.28, 0.36, 0.50, 0.63, 0.80, 1.0, 1.2, 1.6, 2.0,
and 2.5 s, and the measured values were compared with the measured values. The largest measured
value is used as X. Although the time constant can be obtained by extracting only one measurement
point from each irradiation time, the calculation result is expected to differ greatly depending on the
extracted measurement point because the indicated value of the survey meter is 1-exp(-t/T)[14] with
respect to the final indicated value. Therefore, the average value of the calculation result of Eq. (4) at
each irradiation time is used as the time constant. Measurements are taken 10 times, and the average
value is calculated after excluding outliers using the interquartile range. For irradiation durations of
1.6 seconds or longer, the measured value was stable, so the average value of five measurements is
used, taking into account the load on the X-ray tube.
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Figure 2. Geometry assuming leaked dosimetry. (a)Top view of experimental setup. (b)Positional
relationship between medical X-ray equipment and PMMA viewed from the side. (c)Positional
relationship between RaySafe452 and PMMA viewed from the side.

2.4. Calibration of semiconductor survey meters

To verify whether it is possible to calibrate a semiconductor survey meter with a medical X-ray
system, a survey meter is installed in the same position as in the experimental system shown in Figure
1. There are several methods for calibrating survey meters, but in this study, the substitution method
is used to reduce the calibration uncertainty [15]. The same irradiation conditions as in 2.2 are used,
and the measured value is the average of five measurements to reduce the measurement error. The
calibration factor (CF) is calculated from the results of this study and 2.2 using Eq. (5) and compared
with the energy characteristics of RaySafe452. In addition, since the measured value of the 1L
chamber is mGy/2s, it is converted to mSv/h, which is the unit of the measured value of RaySafe452.
The relative expanded uncertainty of the calibration for each of N-60 to N-120 is also calculated
[16,17].

N4 -1800-h"x D, 5
=—— ¢ <G ©)
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Na: Measured value for 1 L chamber

Ns: Measured value for RaySafe452

h*x: Air kerma-dose equivalent conversion coefficient

Ca: Tube current for 1 L chamber measurement

Cs: Tube current for RaySafe452 measurement

Da: Source-to-detector distance when measuring in 1 L chamber

Ds: Source-to-detector distance when measuring in RaySafe452

dies involving animals or humans, and other studies that require ethical approval, must list the
authority that provided approval and the corresponding ethical approval code.
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3. Results

3.1. Evaluation of continuous X-ray standard fields

Table 1 shows the comparison between the measured values in this study and the reference
values for N-60 to N-120. The results show that HVL: and HVL: in the measured values of this study
slightly differ from the reference value of N-60 to N-120 but the difference is at most 1.92% and within
+5%; so, they can be regarded as the same radiation quality [8]. Therefore, it is clear that the radiation
quality of N-60 to N-120 can be reproduced using a medical X-ray system.

3.2. Evaluation of the calculation of time constants for semiconductor survey meters

Figure 3 shows a graph comparing the measured values for each N-60 to N-120 and the
calculated values using the time constant calculated from Eq. (4), with the horizontal axis
representing the X-ray irradiation time (s) and the vertical axis representing the dose rate (mSv/h).
The time constants were 0.73(s) for N-60, 0.82(s) for N-80, 0.75(s) for N-100, and 0.73(s) for N-120, or
about 0.7-0.8 seconds, which were consistent with the RaySafe452 specification[18], and the
calculated values obtained from the calculated time constants were also almost consistent with the
actual measured values. Therefore, it is clear that the time constants of the RaySafe452 can be
calculated using a medical X-ray system. This section may be divided by subheadings. It should
provide a concise and precise description of the experimental results, their interpretation, as well as
the experimental conclusions that can be drawn.

Table 1. Comparison of measurement values and N-60 to N-120.

. . ISO 4037-
X-ray series This work ; Error(%)
N HVLi1 (mm Cu) 0.24 0.24 -0.42
HVL> (mm Cu) 0.27 0.26 1.92
N80 HVLi1 (mm Cu) 0.58 0.58 -0.34
HVL> (mm Cu) 0.62 0.62 -0.16
HVLi1 (mm Cu) 1.11 1.11 0.45
N-100
HVL> (mm Cu) 1.17 1.17 0.09
HVLi1 (mm Cu) 1.73 1.71 -1.35
N-120

HVL2 (mm Cu) 1.79 1.77 0.85
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Figure 3. Comparison of measurement value and calculated value. (a)N-60 (b)N-80 (c)N-100 (d)N-
120.

3.3. Evaluating the calibration of semiconductor survey meters

Table 2 shows the calibration results and calibration uncertainties of the survey meter in the
medical X-ray system. The calibration factors were 1.03 for N-60, 1.04 for N-80, 1.03 for N-100, and
1.01 for N-120, which were found to be in close agreement with the energy characteristics of
RaySafe452 [18]. Also, the horizontal axis is the average energy E (keV) and the vertical axis is the
calibration constant. The relationship between the industrial and medical X-ray systems is shown in
Figure 4. The calibration factors for the industrial X-ray system were 1.08 for N-60, 1.08 for N-80, 1.06
for N-100, and 1.02 for N-120, indicating that calibration using the medical X-ray system is almost as
accurate as that for the industrial X-ray system.

Table 2. Survey meter calibration results.

Relative
Calibration
X-ray series expanded
factor
uncertainty (%)
N-60 1.03 9.23
N-80 1.04 9.23
N-100 1.04 9.23

N-120 1.01 9.25
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Figure 4. Relationship between calibration factors and energy characteristics of RaySafe452. (This
figure is used with permission from the manufacturer.).

4. Discussion

When the radiation quality of N-60 to N-120 was reproduced using a medical X-ray system, the
values of the first and second semi-valent layers were almost consistent with the reference values in
JIS Z 4511-2018 [8]. This could be because the current inverter-type X-ray systems have a rise and fall
time of less than 1 ms, which greatly improves the short-time characteristics [19], so that the output
is stable even with short irradiation durations and meets the conditions specified as a continuous X-
ray standard field. In this study, experiments were conducted by attaching aluminum, copper, and
tin plates, which are additional filters, directly to the movable X-ray aperture. Once the experimental
system is set up, the radiation quality can be reproduced by adjusting the tube voltage and switching
to the corresponding additive filter.

In the method of determining the time constants of the survey meter by calculation, some
variation in the measured values was observed, especially in short-time imaging. This is thought to
be because RaySafe452 has a time constant for the stabilization of the measured values according to
the dose rate, and the dose rate in the experimental system of this study did not allow sufficient time
for stabilization [18]. It is considered necessary to pay attention to this point when calculating the
time constant with RaySafe452. Especially when the irradiation time is short, it is necessary to
increase the number of measurements as in this study, and to obtain the measured value using the
interquartile range to remove the influence of outliers. As mentioned at the beginning of this
discussion, it is possible to reproduce the radiation quality of N-60 to N-120 with a medical X-ray
system. Since the method of calculating the time constant is a reproducible system, if there is a
scatterer such as PMMA in addition to the filter, it can be implemented in every medical facility. The
method proposed in this study is considered useful for improving the accuracy of leakage dose
measurement during short-time radiography.

The calibration constants of RaySafe452 with the medical X-ray system were almost the same as
those with the industrial X-ray system. This is thought to be because the radiation quality of N-60 to
N-120 is reproduced even with a short irradiation duration and because the RaySafe452
measurements reach a plateau and measure stable values. This indicates that the time constant of
RaySafe452 is up to 2 s [16]; however, it is less than 1 s for the dose rates irradiated by the experimental
system in this study, which is consistent with the calculated results. Since the irradiation conditions
in this study can be reproduced by the medical X-ray systems installed in each medical facility,
calibration using medical X-ray systems is considered possible. However, according to JIS Z 4511-201,
X-rays must be generated by an X-ray device with a ripple tube voltage of <10%. Thus, it is necessary
to confirm that the medical X-ray equipment to be used meets this requirement [8]. In addition, it is
necessary to pay attention to the loading of the X-ray tube, especially at 100 kV and 120 kV, by spacing
the irradiation intervals.

There are several limitations to this study. (1) The RaySafe452 used in this study has only a dose
rate mode for measurement; so, we were not able to study the totalization mode. (2) The method of
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determining the time constant by calculation requires an X-ray irradiation duration of about 2
seconds; so, the method developed in this study cannot be used for X-ray systems with a maximum
irradiation duration of less than 2 seconds. The dose rate of the N-60 to N-120 radiation quality
reproduced using an X-ray system for medical treatment is about 45 to 190 mSv/h. Therefore, we have
not been able to study dose ranges other than those mentioned above. These will require further
investigation in the future.

5. Conclusions

We found that it is possible to reproduce the N-60 to N-120 radiation quality using a medical X-
ray system, calculate the time constant using the radiation quality, and calibrate a semiconductor
survey meter with the same accuracy as an industrial X-ray system. Since the experimental system
used in this study can be reproduced in the radiography room of each medical facility, it is suggested
that the survey meters can be calibrated in each facility via the use of reference dosimeters and
additional filters.
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