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Abstract

At present, the portable radioactive aerosol measuring instrument prototype
mainly adopts the cumulative measurement method, which requires personnel
to regularly replace the filter, which is not conducive to online long-term meas-
urement. Therefore, this paper designs a portable radioactive aerosol measur-
ing instrument prototype that is easy to carry, high-precision, low-power, and
small in size. Firstly, the internal and external structures were miniaturized.
Secondly, low-power design was adopted for the hardware. Finally, based on
the characteristics of radioactive aerosol particles, algorithm design and soft-
ware design were carried out. The stability, airtightness, paper feeding accu-
racy, signal quality, and multi-channel performance of the instrument were
verified through testing. The final result shows that the instrument can operate
stably and continuously.
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1. Introduction

Radioactive aerosols pose great harm to humans, especially when inhaled, causing
significant internal exposure. Accurate measurement of radioactive aerosol parti-
cle concentration is of great significance for accurately evaluating the hazards of
radon exposure in the environment [1]. At present, the cumulative measurement
method is basically used for radioactive aerosol measuring instruments in China,
which requires personnel to regularly replace the filter, which is not conducive to
online long-term measurement [2]. This article aims to develop a portable, high-

precision, low-power, and small volume radioactive aerosol continuous monitoring
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device. Used for continuous monitoring of radioactive aerosols, ensuring envi-

ronmental safety and the physical health of nuclear related practitioners.

2. Overall System Design

The overall system diagram of the designed paper-based portable radon measure-
ment device is shown in Figure 1. The portable radioactive aerosol measuring in-
strument prototype designed in this article consists of mechanical structure, signal
acquisition circuit, micro multi-channel, main control circuit, hardware equip-
ment, power system, human-computer interaction interface. The mechanical
structure includes a measurement chamber and a hardware chamber. The meas-
urement chamber is used for the signal acquisition and measurement of radioac-
tive aerosols, while the hardware chamber houses the control board, lithium bat-
tery pack, and other hardware devices. The device is powered by a 12 V lithium
battery, and a battery protection circuit and battery level monitoring circuit are
designed. The battery voltage is converted to the required voltage for other chips
and hardware devices using DC-DC, LDO, and charge pump chips. The micro
multi-channel analyzer is used to acquire the spectrum of radon progeny. It is
compact in size (20 mm x 42 mm) and has low power consumption (approxi-
mately 100 mW). A serial port screen is used as the human-machine interface,
providing measurement interface, historical data viewing interface, and testing
and debugging interface. The core chip of the control circuit is STM32F407ZETS6.
A FAT file system and an RT_thread real-time system are used for control, data
acquisition from various sensors, acquiring multi-channel spectrum data in dif-
ferent measurement modes, and finally, spectral analysis and concentration cal-

culation [3].
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Figure 1. Block diagram of the overall system of the instrument.
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3. Miniature Structure Design

1) Measurement Chamber Design

The measurement chamber is the core of the entire device and is used for sam-
pling and measurement of radioactive aerosols. The design of the measurement
chamber is based on the measurement method and mode of radon progeny. The
measurement chamber is miniaturized based on the measurement method, in-
cluding the main and driven wheels, sampling measurement device, paper feeding
device, measurement device, gas path, and external interfaces [4]. The measure-
ment chamber mainly consists of active wheels, driven wheels, DC motor, detec-
tion device (detector, charge sensitive preamplifier), solenoid valve, pressure sen-
sor, filter paper, encoder composed of photodiodes, and aviation connectors. The
measurement chamber needs to maintain a certain degree of airtightness. Rubber
rings are used as sealing materials for the casing, and communication between the
measurement chamber and the hardware chamber is established via aviation con-
nectors. Figure 2 shows the mechanical structure of the measurement chamber of

the portable continuous radon monitoring device.
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Figure 2. Measuring the mechanical structure of the chamber.

2) Sampling Chamber Design

The sampling and measuring device inside the measurement chamber is one of
the core components of the continuous monitoring instrument, used for sampling
radioactive aerosol particles and measuring signals of the continuous monitoring

instrument [5]. The sampling measurement device consists of a detector and a
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charge-sensitive preamplifier, which are used to acquire the signals of radioactive
aerosol particles, Asshown in Figure 3(a). The distance between the detector and
the bottom filter paper in the sampling measurement device is approximately 5
mm. The upper port of the sampling measurement device is designed in a tapered
shape As shown in Figure 3(b), and the internal structure is inclined [6], As
shown in Figure 3(c). The internal surfaces are polished to improve the deposi-
tion of radon progeny particles on the surface of the filter paper, enhancing the
detection efficiency of the device and facilitating the flow of radioactive particles.
These designs greatly reduce tailing phenomena, improve particle detection effi-
ciency, and lower the detection limit. As shown in Figure 3 for the instrument

sampling measurement device design.

(a) (b) (c)

Figure 3. Instrument measuring device.

3) Paper walking structure design

In order to realize the continuous monitoring instrument continuous measure-
ment function, continuous monitoring instrument design paper walking device
and paper walking length measurement device. Paper walking device using micro
DC motor and master-slave wheel combination design; paper walking length de-
vice using photodiode and slave wheel design. Instrument paper walking using
control micro DC rotation for paper walking, where the design of the master
wheel and slave wheel to guide the paper walking. In order to calculate the length
of the walking paper, specifically designed to follow the structure of the wheel, 36
teeth in its head design, when the teeth through the photoelectric encoder will
produce pulses, and then counted through the microcontroller counter, you can
calculate the length of a single walk through the program and the total length of

the walking paper. As Figure 4 for the instrument’s paper walking device.

4. Instrument Hardware Circuit Design

The hardware system of this portable continuous monitor for radioactive aerosols
can be divided into four parts: detector signal acquisition part, miniature multi-
channel part, power supply system design, main control circuit design part. Fig-

ure 5 shows the block diagram of the hardware structure of the instrument. In
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Figure 5. Block diagram of instrument hardware structure.
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this paper, the hardware structure of the continuous monitoring instrument se-
lects the passivated ion implantation silicon semiconductor detector and charge
sensitive amplifier as the front-end signal readout circuit. And this instrument
is designed with a miniature digital multi-channel for spectral operation of the
front-end signal, which is characterized by small size and low power consump-
tion. The miniature digital multi-channel is designed with a low-power chip
STM321432KBU6, LATTICE’s FPGA ICE40UP5K, a high-speed ADC and a pro-
grammable amplifier. The main control circuit uses the STM32F407ZET6 chip as
the core, and the control circuit is designed to control the rotation of the micro
DC motor, the pumping of the air pump and the switching of the solenoid valve;
the buzzer alarm circuit and the indicator light warning circuit are designed; the
mass flow meter and barometer data acquisition circuit are designed; the timer is
used to obtain the length of the paper walk; the serial port is used to obtain the
location information of the BeiDou GPS module, the battery level The mass flow
meter data acquisition circuit is designed; the timer is used to obtain the travel
length; the serial port is used to obtain the position information of BeiDou GPS
module, battery level, and spectral line data of the spectrometer; and the EEPROM
and SD card are used as data storage units. Instrument and external communica-
tion interface through the serial port and Bluetooth module [7].

The micro digital multichannel programmable gain amplifier circuit is a com-
bination of DAC and op amp, which is the same as the micro analog multichan-
nel programmable amplifier. The single-ended differential chip used here is
THS4561, which has extremely low power consumption. The input signal is con-
verted into a differential signal and sent to the ADC chip. As Figure 6 shows the
block diagram of the miniature digital multi-channel system.
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Figure 6. Block diagram of miniature digital multichannel system.

5. Radon Daughter Measurement Algorithm

1) Energy Zone Division
The energy zone of 6.00 Mev of 2¥Po is 3.00 Mev - 6.20 Mev, which is the energy
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zone 1;

The energy zone of 7.69 Mev of ***Po is 6.20 Mev - 7.90 Mev, which is the energy
zone 2;

The energy zone of 8.78 Mev of **Po is 7.90 Mev - 10 Mev, which is the energy
zone 3;

2) Channel Addressing of Energy Zones Converting Energy Zones 1, 2, 3
into Channel Addresses

Step 1: During the test phase, firstly, the original peak positions of **Po and
214Po are found manually by taking long time samples and measurements. Corre-
sponding to £ = 6.0 Me V Road address is chj; £, = 7.69 Me V Road address is
Cflz;

Step 2: Solve the equations to find the values;

azchl—chz )
El_EZ
ch —ch,
=Cch — . 2
" E-E, @

Step 3: Convert the energy to road address Utilize the following equations:
ch=aE, +b 3)

Here, denotes the particle energy in Me V; Ch denotes the corresponding chan-
nel number.

The energy intervals of energy region 1, energy region 2, and energy region 3
are converted into channel address intervals.

3) Concentration and Potential Calculation

Step 1: Sample for 15 minutes at a sampling flow rate of 3 L/min, then stop
sampling and begin measurement for 105 minutes.

Step 2: Record the cumulative spectra at the 12th, 30th, 43rd, and 105th minutes
of sampling. The cumulative spectrum at the 12th minute is designated as Spec-
trum A, the difference between the cumulative spectra at the 30th and 12th
minutes is designated as Spectrum B, the cumulative spectrum at the 43rd minute
is Spectrum C, and the difference between the cumulative spectra at the 105th and
43rd minutes is Spectrum D.

Step 3: On spectral line A, compute the sum of the counts on energy region 1,
denoted N11.

On spectral line A, compute the sum of the counts on energy region 2, denoted
N21.

On spectral line B, calculate the sum of the counts on energy region 2, denoted
N22.

On spectral line C, calculate the sum of the counts on energy region 3, denoted
N31.

On spectral line D, calculate the sum of the counts on energy region 3, denoted
N32.

Step 4: Calculate coefficients.
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H= 1
VErK

(4)

V sampling flow rate, 3 L/min, E detection efficiency 0.1987 (or measured),
membrane filtration efficiency, 0.987, K membrane self-absorption coefficient
0.978.

Step 5: Calculate the concentration of each sub-body.

Calculation: Concentrations of RaA (*®Po), RaB (*'*Pb), RaC (*“Bi), ThB

@12pp), and ThC (*?Bi)
Concentration of ?'*Po

Coozs = C; =1.5638x H x Ny (5)
Concentration of 2'*Pb
Cpbm1 = Cé =H ><(—O.1941>< N,, —0.3182x N,, +0.286 x sz) (6)
Concentration of 2Bi
Cgioy = Ci =H x(0.0291x N,, +0.3453x N,, —0.1468x N22) (7)
Concentration of ?'?Pb
Copzz = Cé =H ><(—0.0316>< N,, +0.0323x Naz) (8)
Concentration of 2'2Bi
Cgizz = Cé =H ><(0.05>< N, —0.0125x% N32) 9)

Step 6: Calculate the potential.
The total energy emitted by the a particles when all the sub-bodies of radon
decay to ?Pb is called the “radon sub-body a potential,” with the unit J-m™.

PAEC,, = 0.000579C ., +0.00285C 5., +0.002087Cy 1, (10)

The sub-body a potential of thorium is measured in J-m™.
PAEC;, =0.07097C ;,,,, +0.006735Cy;,,, (11)

Once the calculation is complete, the data is displayed, the paper is advanced,

and the next cycle begins with Step 1.

6. Software Design

The design of the instrument program can be divided into several parts: the main
control board program, the micro-digital multi-channel program, and the serial
port screen interaction design. The main control board program is the core pro-
gram of the instrument, connecting all hardware devices [8]. It controls, com-
municates, and processes data for all devices based on the measurement method,
measurement mode, human-machine interaction, and hardware device character-
istics. The overall modular framework of the instrument programis shown in Fig-
ure 7.

The main control board program uses the domestic RT_thread real-time oper-
ating system and FAT file system as the foundation, and utilizes a multi-threaded

and modular approach to program design. The main control board program can
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Figure 7. Modular block diagram of instrument program.

be divided into five parts: instrument hardware device control program, hardware
device data acquisition program, data storage and transmission program, spec-
trum processing program, and serial port screen interaction program. The instru-
ment hardware device control program includes the pump control program, so-
lenoid valve control program, motor control program, and alarm program. The
hardware device data acquisition program includes the paper length acquisition
program, mass flowmeter flow rate acquisition program, barometric pressure ac-
quisition program, battery level acquisition program, and GPS location infor-
mation acquisition. The data storage and transmission program includes the SD
card data storage program, EEPROM data storage program, serial port external
data transmission program, and Bluetooth external data transmission program.
The spectrum processing program includes the spectrum analysis program and
concentration calculation program [9]. The serial port interaction program
mainly controls the main control board to perform corresponding hardware op-

erations by sending and processing commands through the serial port screen.

7. Testing

1) Paper Advancement Error Testing

In continuous measurement mode, the instrument automatically advances the
paper. The paper advancement error needs to be controlled within a certain range
to ensure the paper is advanced accurately, to calculate the remaining paper
length, and to enable continuous measurement. Otherwise, the instrument may
not advance the paper accurately when working in continuous measurement
mode, leading to situations such as running out of filter paper, excessive remain-
ing paper, or waste. Table 1 shows the instrument’s paper advancement error ta-
ble, with the paper advancement distance, the actual paper advancement length,
and the error value calculated by taking the absolute value of the difference be-
tween the actual paper advancement length and the paper advancement distance.
The method of testing involves setting the paper advancement length via the in-

terface, and then measuring the paper advancement length with a flow standard
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caliper when the paper stops advancing. The final result shows that the paper ad-
vancement error of the instrument is approximately 0.5 mm each time. Assuming
a paper length of 10 m, with the paper advancing by 10 cm each time, a total of
100 measurements can be made with an error of 5 cm, resulting in a paper waste

rate of 0.5%, meeting the requirements [10].

Table 1. Paper error test.

Group Paper travel distance Actual paper walking Error value
1 31.4 mm 31.9 mm 0.5 mm
2 62.8 mm 63.4 mm 0.6 mm
3 94.2 mm 94.6 mm 0.4 mm
4 31.4 mm 31.8 mm 0.4 mm
5 31.4 mm 32 mm 0.6 mm

2) Stability Testing

After the system undergoes mechanical processing and installation, several
hardware device tests were conducted to ensure the normal operation of control
devices, the sensor data collection deviation of less than 1%, and the leak-tightness
during measurements. Subsequently, the instrument was tested for continuous
measurement mode, with 18 measurements set up, each lasting a half hour for
both sample collection and measurement [11]. The test results showed that the
automatic control process of the system was error-free, all devices did not over-
heat, and the system software did not crash or freeze, thus meeting the require-
ments for integrity and stability of online monitoring. The physical diagram of the

system’s operation testing is shown in Figure 8.

Figure 8. Physical diagram of system operation test.
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a) Peak Drift Testing

During the process of measuring multiple spectra of radioactive aerosols,
changes in parameters of electronic components due to factors such as tempera-
ture and electron drift may cause shifts in the peak positions of the measured spec-
tra. The drift of the peak positions can determine the stability of the instrument,
which also affects the subsequent spectrum processing [12]. Therefore, it is nec-
essary to test the peak drift performance of the system. The test involves continu-
ous air sampling, recording and statistical analysis of the peak position of the ?*Po
(7.68 MeV) characteristic peak of the radon sub-body. With a half-hour sample
collection time and half-hour measurement time for 10 consecutive measure-
ments, the test results, as shown in Table 2, indicate that the peak drift does not
exceed *1 channel. Thus, the stability of the system under this mode is relatively

good and can meet the monitoring requirements.

Table 2. Peak drift test results of filtration membrane adsorption in single operation mode
(total energy spectrum address: 1024 channels).

Measurement

1 2 3 4 5 6 7 8 9 10
number

Peak position 768 767 768 768 768 767 769 768 768 767

b) Energy Resolution Testing

Energy resolution is an important indicator, characterizing the ability of the
system to resolve nearby energy peaks [13]. A smaller energy resolution indicates
better resolution capability. In natural environments, this study mainly extracted
and analyzed the characteristic peak information of the radon sub-body ?*Po
(7.68 MeV). The experimental test results, as shown in Table 3, indicate an aver-
age energy resolution of 1.341 from three measurements, with the actual energy

resolution of the system being approximately 1.341% at 7.68 MeV.

Table 3. Actual energy resolution.

Measurement number Actual energy resolution (%)
1 1.375
2 1.297
3 1.351

8. Conclusion

This article designs and develops a portable radioactive aerosol measuring instru-
ment prototype. This study designed and developed a prototype of a portable ra-
don sub-body measurement instrument using a paper advancement method. The
instrument is composed of a mechanical structure, signal acquisition circuit, mi-
cro-multi-channel, main control circuit, hardware devices, power supply system,

and human-machine interaction interface. After testing, the performance of the
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prototype can basically meet the requirements. The next step will focus on further

optimizing the process and improving its performance.
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