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a b s t r a c t

A portable dose rate detector was designed to monitor radioactive pollution and radioactive environments. The
portable dose detector can measure background radiation levels (0.1 μSv/h) to nuclear accident radiation levels
(>10 Sv/h). Both automatic switch technology of a double Geiger–Mueller counter and time-to-count technology
were adopted to broaden the measurement range of the instrument. Global positioning systems and the 3G
telecommunication protocol were installed to prevent radiation damage to the human body. In addition, the
Monte Carlo N-Particle code was used to design the thin layer of metal for energy compensation, which was used
to flatten energy response The portable dose rate detector has been calibrated by the standard radiation field
method, and it can be used alone or in combination with additional radiation detectors.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Nuclear safety has become a growing concern because of the
widespread application of nuclear technology in daily life. Nuclear
facilities or radioactive nuclides can release penetrating radiation into
the surrounding environment; these rays can harm to the human body.
However, ionizing radiation cannot be perceived by the physical senses.
The use of radiation detectors is one of the most effective ways to protect
against exposure to radiation. Gamma radiation is an important part
of external exposure because of its strong penetrability [1]. Therefore,
accurate measurement of the gamma dose rate is very important.

In recent years, various gamma detectors have been widely used for
dose rate measurement, including gas detectors, scintillation and semi-
conductor detectors [2–4]. Among gas detectors, the Geiger–Mueller
(GM) counter is commonly used to monitor the gamma dose rate [5].
The GM counter is one of the oldest existed radiation detector types; this
affordable, simple, and flexible detector has numerous advantages [6,7].
The long ‘‘dead time’’ of the GM counter is its biggest weakness
because the measurement range of the dose rate is limited by it [8].
The traditional GM counters (composed of single GM counter) have a
narrow range of dose rate responses, and the effective measurement
range is approximate three orders of magnitude. Normally, personnel
need to carry dose rate detectors close to the target. This methodology
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is extremely dangerous and inconvenient. Thus, traditional detectors
cannot complete necessary missions, such as unattended operation
and online measurement in real time. In order to address the above-
mentioned problems, an innovative dose rate detector based on the
double GM counter was developed. The global positioning system
(GPS) and third-generation telecommunication (3G) functionality were
adopted to enhance the function of the dose rate detector.

2. Experimental

2.1. Instrument design

The innovative dose rate detector was composed of three parts:
GM counter, radio frequency (RF) module, and electronic system. The
electronic system (Fig. 1) included the GPS, 3G, power management,
and microprogrammed control unit (MCU). The time-to-count tech-
nology [9] was used for calculating the dose rate. Thus, the MCU is
an important part of the electronic system. The MCU determines the
measurement range of the detector. NXP LPC 1549 [10] based on ARM
Cortex-M3 [11] was adopted, with a frequency of 72 MHz. The printed
circuit board (PCB) of the electronic system was designed by Cadence
16.3 [12].
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Fig. 1. Composition block diagram of the innovative dose rate detector.

Fig. 2. Photographs of the actual dose rate detector.

The GPS and dose rate data were collected, packaged, and wirelessly
transmitted to the data terminal. The detector had two wireless trans-
mission modes. The first transmission mode is the 3G network, and the
other is the RF transmission. If the monitoring sites were not covered
by the 3G network, the data will be transmitted by RF. The double
GM counters are composed of a large-volume GM counter and a small-
volume GM counter (see Section 2.2). The large-volume GM counter
was used to measure the radiation environment of the low dose rate.
The small-volume GM counter was used to measure the radiation
environment of the high dose rate. The RF module communicated with
the electronic system via the RS-232 interface. The frequency of the
radio is 900 MHz, and the radio sensitivity is −108 dBm. The highly-
sensitive radio allows for data transfer up to 10 km. The weight of the
detector is less than 50 g and the size is about 30 cm × 7 cm × 5 cm.
The power (the data is transmitting) is 1 W, therefore two lithium
batteries can make the system work correctly for 24 h. The input voltage
of the system is wide (4–6 V). The detective limit of the dose rate
detector increases to more than 10 Sv/h, and the detector can work well
under serious nuclear accidents. Unmanned aerial vehicles and remote-
controlled robots can install the innovative dose rate detector to perform
the appropriate task. The dose rate detector can also be as the stationary
emergency system of nuclear facilities. The sensor module is shown in
Fig. 2.

2.2. Calculation of energy compensation

The photon radiation interacts with the cathode of GM counters (the
wall) by Compton scattering, as well as photoelectric and electron pair
effects. Electrons ejected from the wall into the gas volume create initial
ionization. Electron avalanche amplification is produced by ionization
of the fill gas [13]. The cathode of GM counters therefore has a very
important role in the process of gamma photon detection [14–17].
The cathode of GM counters is made of metal. Compared to tissue,
the metal has an over response below about 300 keV. Due to strong
photoelectric interaction, the GM counter’s energy response to gamma is
not flat. A thin-metal wrap is used to improve the problem of the energy

response [18]. The metal type, layer thickness, and covered area need
to be designed [19]. The main detection components of the dose rate
detector are the GM tubes. Therefore, the energy compensation needs
to be designed in relation to the specific sensor.

Four metals were chosen as candidates for the energy compensation
filler: tin (Sn), aluminum (Al), copper (Cu), and lead (Pb). The Monte
Carlo N-Particle (MCNP) code was used to design the metal type, layer
thickness, and covered area. The models of the GM counters are LND
78017 and LND 71629. The sizes of the geometric model are shown in
Fig. 3. However, the sensitive volume of GM counters, which is one part
of the GM counter, is the most important since this defines the length
of cathode that contributes, and the filling gas of sensitive volume is
a mixture of neon and bromine. The electron avalanche amplification
is only produced in the sensitive volume of GM counters. The effective
length of the large-volume GM counter is 241.6 mm, and the effective
length of the small-volume GM counter is 6.4 mm (Fig. 3).

Both large-volume and small-volume GM counters were simulated
since both had to be operated together, over their respective range to
obtained accurate results. The calculation results of 24 different gamma
energies were used to determine the material for energy compensation
and the layer thickness. Each material corresponded to four thicknesses.
The double GM counters were made of stainless steel. The sizes of
the GM counter are shown in Fig. 3 and based on the introduction
of products. Isotropic incidence was modeled because the application
is for environmental source distribution. Results will be presented in
Section 3.

2.3. Instrument calibration

Time-to-count technology and double GM counters were used to
extend the measurement range in this device. The traditional mea-
surement method uses the count rate to represent the radiation dose
rate. However, the basic principle of time-to-count technology is the
use of interval time instead of the count rate. The working process of
the instrument is that the GM counter voltage is dropped to half its
original value at the beginning of the electron avalanche; is kept low
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Fig. 3. Geometric models and geometric parameters of GM counters.

Fig. 4. Principle diagram of time-to-count technology.

Fig. 5. Calibration equipment of dose rate meter.

for a moment and then restored to its original state to complete the
process. The time interval between two adjacent processes should be
measured to reflect gamma ray intensity. The principle diagram of time-
to-count technology is shown in Fig. 4. The operating voltage of the two
GM counters was 500 V; the positive 250 V voltage and the negative
250 V voltage were produced by a DC–DC converter. The switch is
applied to control the opening or closure of the high-voltage circuit.
The pulse signals were denoised by a filter and transmitted to the MCU
to terminate the timing signal.

The GM counter is a relative measuring instrument, which requires
calibration before use. However, given the limited conditions, different
kinds of radioactive sources were applied in the calibration experiments.
Standard radiation fields were produced by changing the distance
between instruments and sources, which were Cs-137 and Co-60. The
radioactivity level of Cs-137 is relatively low, and the range of dose rate
is from 5 to 200 μSv/h. The radioactivity level of Co-60 is relatively high,
and the dose rate range is from 1 to 2.5 Sv/h. The National Institute
of Metrology and the Measurement of Jiangsu Province Academy of
Sciences provided the standard radiation fields (Fig. 5).

2.4. Outdoor experiments

The instrument has three more functions than the traditional GM
counters, namely, the 3G, RF, and GPS. To test communication and
application effect of this dosimeter, outdoor experiments were done in
an open area. The data terminal was more than 500 m from the test
area to test the RF transmission and GPS performance. In the outdoor
experiments, we placed two sources in a cleared field. This field is
a square with sides of approximately 10 m. The sources were placed
on the ground, and the detection data were transferred to the data
terminal, which is approximately 500 m from the monitoring stations.
Both sources are I-131 as shown in Fig. 6.

In an indoor experiment, the detector was placed near the source,
and the data terminal was moved to another room upstairs. We contin-
uously measured this source for the next 11 h. The dose rate information
was transferred to the data terminal every 1 s. The whole experiment did
not need to be manned, and the dose rate information was automatically
written to the database of the computer terminal. The indoor experiment
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Fig. 6. Photographs of actual environment experiments. (a) The position of outdoor
experiment on the map; (b) relative position between the instrument and source in indoor
experiment

was performed to prove the necessity of 3G. Buildings shade the signal;
thus, the RF transmission will fail.

3. Experimental results and discussions

Generally, GM counters are used as air absorbed dose rate detector.
The energy response is the ratio of the count of GM counters to the air
absorbed dose rate, and the number of electron entered into sensitive
volume is approximately equal to the count of GM counters. Therefore,

Fig. 8. Relative energy response curves of small-volume GM counters.

the air absorbed dose rate and the number of electron entered into
sensitive volume were recorded by MCNP5. The calculated relative
energy dependence (normalized at 662 keV) of the large-volume GM
counter are shown in Fig. 7.

As seen in Fig. 7, the trends of the four response curves are different;
the order of the compensation ability is Pb > Sn > Cu > Al, which
is also the order of the gamma attenuation ability. The front of the
Al-compensated curve is too high to accomplish the purpose of the
compensation. Although Cu has a better effect than Al, the energy
response of the GM counter for the 100–200 keV photons is still
relatively high. Therefore, Al and Cu are not appropriate for energy
compensation, whereas Pb and Sn showed very excellent effects. Pb

Fig. 7. Relative energy response curves of large-volume GM counters.
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Fig. 9. Relative energy response curves of GM counters after compensation.

has a very strong absorption of 90 keV gamma rays; thus, the energy
compensation is uneven. This compensation ranges from 55 to 100 keV.
Fig. 7(a) shows an obvious single peak in the curve. This non-uniformity
complicates the process of energy compensation; thus, the amount of Pb
is also inappropriate. Put simply, based on these calculations, the best
single wrapper was considered to be 2 mm of Sn of the cases simulated.

Given the above-mentioned conclusion, we can conclude that only
Sn can satisfy the energy compensation needs. The effects of four
different thicknesses Sn were simulated, and calculation processes of
small-volume and large-volume GM counters were similar.

Given the increasing thickness, the compensation effect of small-
volume GM counter in (Fig. 8) gradually improved. The end of the curve
(300–2800 keV) is quite flat. The optimal layer thickness of Sn is 2 mm.
The compensation effect of the 2 mm-thin compensation can meet the
demands of energy response.

Figs. 7 and 8 clearly show that the response to low-energy gamma
is insufficient. To resolve this problem, GM counters were usually not
completely covered by the metal layer. Some of the GM counters should
be exposed to compensate for the low-energy response. Based on Eq. (1),
we optimized the proportion of the exposed portion as:

𝑅 = 𝑝 × 𝑟0 + (1 − 𝑝) × 𝑟𝑛, (1)

where 𝑅 is the relative energy response of the completed compensation;
𝑝 is the proportion of the exposed portion; 𝑟0 is the relative energy
response of the GM counter without a metal layer; 𝑟𝑛 is the relative
energy response with the metal layer.

The ideal result after the completion of energy compensation is that
the relative energy response is 1 for each energy level. That is, the
photon energy does not have a significant effect on the measurement
accuracy. In the optimized result, the proportion of the exposed part
of the large-volume GM counter is 20%, whereas that of the smaller
counter is 15%. GM counters with the slit metal layer were also
simulated by MCNP 5; the results are shown in Fig. 9. The slit was
located in the middle of the GM counter. With the exception of the
slit, other aspects were similar to the GM counters that were perfectly
wrapped. The simulation results of the large-volume GM tube are shown
in Fig. 9(a); results of the small-volume GM tube are shown in Fig. 9(b).

After the compensation, the relative energy response of the GM
counter is almost equal to 1 at 90–2800 keV (Fig. 9). Compared with
the results in Fig. 8, the end of the response curve did not change, but
significant differences were observed before and after split in the range
of 90–300 keV. The wall of the large-volume GM counter is slightly
thicker than that of the small-volume GM counter. The sensitive volume
of the large-volume GM counter is higher than that of the small-volume
GM counter. Therefore, the slit compensation had better effects on
the large-volume GM counter than the small-volume GM counter. The
results showed that the relative energy response of the new detector is

less than 20% in the range of 90–2800 keV, and it is possible to place
with two or more metals for energy compensation in the future if higher
accuracy is needed.

The time-to-count technology converted the number of traditional
measurements to the average time of the interval time between two
pulses [20]. The reciprocal of the time interval is related to environ-
mental dose rate. Given a low dose rate, the interval time between two
pulses per unit time is both long and variable; thus, the smoothing
time is extended to 6 s to reduce the influence of randomness. The
results from the standard dose field are shown in Fig. 10. The calibration
result measured by the large-volume GM counter is shown in Fig. 10(a),
whereas those measured by the small-volume GM counter are shown in
Fig. 10(b).

The calibration curves of the standard dose field differed from
those of the traditional measurement (Fig. 10). The front slope of
the calibration curves is relatively large because the pulse number is
lower, and the statistical fluctuation affected the linear curve. Based on
the average time interval, the microprocessor automatically switched
GM tubes. Because the MCU needed time to execute the program, the
minimum resolution time is 1 μs. When changing from the large-volume
GM counter to the small volume GM tube, the average time interval
was 5 μs. In order to ensure the accuracy of the data, the average time
interval must be no too long. When switching from the small-volume
GM counter to the large volume GM tube, the average time interval
was 10,000 μs. A pairwise function showed the relationship between
the reciprocal of the time interval and the radiation dose rate, which is
composed of a quadratic function and a linear function. When the pulse
number is lower, the relation between the reciprocal of the time interval
and the radiation dose rate is a quadratic function.

In an outdoor experiment, the environment dose rate was measured
for every 1 m. GPS could offer the location information in the data
terminal. We tested 121 points to produce the dose distribution map.
As shown in Fig. 11(a), two sources could be clearly found by the color
filled contour map.

The data in Fig. 11(b) is concentrated in an area, with a slightly
decreasing trend. Given that the half-life of I-131 is approximately 8
days, the source activity gradually declined over the 11 h period. The
measurement data was more consistent. The measurement error was
usually less than 10%. These experiments proved that the portable dose
rate detector can be used for unattended tasks.

4. Conclusions

The double GM counter, the portable dose rate detector described
was developed for daily radiation monitoring and nuclear accident
emergency. It has a wide dynamic range and is straight forward to
suitable for varieties of application. This instrument is a new develop-
ment of traditional GM counter detectors. By adding the GPS, 3G, and
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Fig. 10. Calibration curve of large-volume and small-volume GM counters.

Fig. 11. Results of the experiment of the actual environment.

RF functions, the application scope was broadened. The calibration of
the standard dose rate and testing experiments demonstrates that the
detector can be applied commendably in practice.
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