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Abstract

:

Since the nuclear energy leakage that occurred at the Fukushima nuclear power plant in Japan, people have paid more attention to the danger of environmental radiation. Environmental radiation is monitored using Geiger counters, which are not easy to obtain in some areas. Therefore, this research proposes an open-source and low-cost handheld Geiger counter that uses solar energy to charge lithium-ion batteries. Our design can provide a low-cost environmental radiation monitoring platform and effectively enhance the public’s scientific education awareness of radiation hazards. The measured dose rate can be output through the serial port, allowing a LoRa wireless network to transmit data to a database. When the sensing network deployed by the radiometer detects that the radiation value of the area is abnormally increased, it can issue an alarm to the government for the first time. Moreover, the low-power radiometer design can reduce energy consumption, reduce the burden on the ecological environment caused by the deployment of the sensing network, and provide sustainability for the environment.
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1. Introduction


Long-term exposure to ionizing radiation can cause DNA damage [1], including DNA double-strand breaks, defects in the DNA repair mechanism, and increased cancer risk. Therefore, the measurement of environmental radiation can help reduce cancer caused by exposure to radiation. A radiometer-dosimeter used to monitor ionizing radiation employs a Geiger–Müller (GM) tube [2], which is a gaseous ionization detector. A high voltage is applied between the two ends of the GM tube, which does not conduct without ionizing radiation. When high-speed particles penetrate the GM tube, the energy of the particles causes the gas in the tube to ionize, allowing conduction through the wire. A rapid gas ionization phenomenon occurs between the electrode and the tube wall. At this time, the GM tube outputs an impulse signal [3]. The number of impulse signals per unit time can be converted into dose rate units. The dose rate is the biological effect on the body from radiation exposure [4], in the International System of Units (SI units), which uses the sievert (Sv) for radiation measurement.



As a long-standing dose-rate-detection device, the GM tube is still widely used in nuclear power plants, radiology, and environmental radiation monitoring because of its higher sensitivity and reliability than semiconductor-based solid-state detectors [5]. Although radiometer-dosimeter products based on GM tubes are currently available for purchase, they need calibration for different device designs and GM tube models [6]. Such closed-source commercial products require reference instruments and nuclides to calibrate the dose rate. The large-scale deployment of radiation monitoring networks, while improving public awareness of radiation, has many challenges. Therefore, an open-source radiometer–dosimeter is necessary, so that researchers can adjust the conversion factor (CF) with different GM tube models.



A comparison of radiation detection instruments is shown in Table 1. Compared with an ionization camber and proportional counter, the surrounding radiation alarm based on the Geiger counter has a low cost [7]. It is also easier to manufacture, and the device is small, making it easy to deploy with an IoT-based sensing network. Therefore, to deploy an environmental radiation monitoring network on a low-cost and large-scale basis and monitor environmental radiation anomalies in real-time, the technology based on the GM tube is more suitable than other instruments.



The flexible design of the GM tube enables a radiation monitoring network, and the widespread dissemination of proper radiation hazard knowledge to the public. As reported in past Geiger counter instrument-related research and published technical documents, a handheld Geiger counter called the Pocket Geiger [8] was developed for the Fukushima nuclear power plant accident. This device used a positive-intrinsic–negative (PIN) diode as a sensor for ionizing radiation detection. The device is connected to a smartphone, through the 3.5 mm headphone jack, to use an application for the calculation of the dose rate and record the Global Position System (GPS) location to upload the data.



An Internet of things (IoT) monitoring device was designed to monitor whether the exposure dose of radiation medical equipment in the hospital exceeds the standard during operation [9]. This design used Raspberry Pi, with integrated Wi-Fi, an Ethernet network as the central computing device. The single-board computer could convert the impulse signal generated by the M4011-series GM tube into the dose rate and upload it to the network database to realize the remote monitoring function.



Based on the design of a microcontroller [10], the PIC16F84 was used as a central dose rate computing unit, and the SBM-19-series GM tube was used to detect radiation. When the dose rate is abnormal, the computing unit could transmit data through the Universal Serial Bus (USB) interface to the back-end alarm system.



However, these designs could not combine the device’s size with low power consumption and low-cost features. Therefore, we chose to design a low-cost, handheld device that can be deployed outdoors to use solar charging with lithium-polymer (LiPo) batteries for sufficient operation at night. This device also relies on its microcontroller to compute and display the dose rate independently, without external computing equipment. At the same time, the software can modify the corresponding CF according to different GM tubes. The radiometer–dosimeter that combines these advantages can be manufactured quickly and adjusted by non-government organizations and research institutions in different regions to monitor environmental radiation. With this device, public awareness of radiation hazards will be easier to promote.



Our Contribution


Our open-source handheld Geiger counter can measure the dose rate and temperature of the environment, and researchers can adjust the CF with an easy-to-obtain GM tube. Another advantage is that the LiPo battery charging circuit designed for this device can be charged via micro-USB or with a solar panel with a voltage of 5 V and a current of 100 mAh, which improves the duration capability of the environmental radiation measurement in the field. Data can be recorded through the serial port, which can be connected to a wireless network module to become an IoT device, making it possible to deploy a network of radiation data. Furthermore, we show a feasible scheme to form a sensor network, using the LoRa module as an example. The total cost of this open-source handheld Geiger counter ranges from USD 30 to 40. The software and the hardware design have received Open Source Hardware Association (OSHWA) certification [11]. The mainstream platforms are Arduino (ATmega328P) [12] and ESP32 [13]. However, the design with limited battery size and solar panel area is unsuitable for long-term continuous radiation monitoring in the wild. We assume that the GM tube drive circuit and OLED display proposed in this study are combined with MSP430G2433, Arduino, and ESP32 to compare the power consumption [14,15]. In Table 2, the microcontroller’s MSP430 platform with relatively low power consumption can be used in the wild with solar panels. It has a longer monitoring time in the wild. Therefore, the design of the radiometer sensing network proposed in this study is more suitable for large-scale deployment. It can continuously monitor environmental radiation and contribute to the early alert, when the environmental radiation is abnormal.





2. Materials and Methods


This chapter explains our proposed device design concept. The circuit architecture is shown in Figure 1, including the printed circuit board (PCB) layout and simulation model of the device.



Figure 2 shows the top and bottom views of the handheld Geiger counter proposed in this study. Figure 2a shows the M4011-series GM tube. Figure 2b is a high-voltage (HV) generator based on LMC555. To generate an ionizing effect on the gas in the GM tube for radiation detection, 380 V must be applied to both ends of the GM tube. Figure 2c is an Organic Light-Emitting Diode (OLED) 128 × 64 pixel display to indicate the dose rate. Figure 2d is the LiPo battery charging circuit, which can be charged using micro-USB or solar panels. Figure 2e shows the microcontroller MSP430G2433, mode selection button, alarm buzzer, and flash LED. Figure 2f is the TMP35 ambient temperature sensor, which can output analog voltage and convert it to Celsius temperature by the microcontroller. Figure 2g is a solar panel with an output voltage of 5 V and a current of 100 mA, which uses sunlight to charge the battery charging circuit.



Figure 3 describes the relationship between each module in the block diagram of the handheld Geiger counter in Figure 2. There are two blocks: (i) the microcontroller and peripheral modules and (ii) the power system. The power system includes a LiPo battery charging circuit and can use solar panels or a micro-USB as a power source. When the power switch is on, the LiPo battery supplies power to the linear regulator (LDO) and outputs 3.3 V. The voltage output by the LDO provides the power supply to the microcontroller and peripheral modules. The microcontroller uses an external interrupt to detect the GM tube’s impulse signal, quantifies the impulse signal count as the dose rate, and outputs the dose rate value to the OLED display through the inter-integrated circuit (IIC) bus. The analog voltage signal output by the ambient temperature sensor is sampled by the microcontroller’s analog-to-digital converter (ADC). The microcontroller converts the voltage to temperature in Celsius and outputs it to the OLED display. The microcontroller can switch between the Geiger counter and ambient temperature measurement modes through the mode-selection button. When the GM tube generates an impulse signal, the external alarm buzzer and flash LED are controlled by the microcontroller to alert the user of the intensity of the radiation. When the intensity is stronger, the excitation frequency of the alarm buzzer and flash LED increases.



Figure 4 illustrates the initialization process of the peripheral module by the microcontroller and the operation process of the handheld Geiger counter. The microcontroller first initializes the system clock and then initializes the general-purpose input and output (GPIO), as the communication protocol of the module to which the GPIO is connected. Next, the microcontroller jumps to the main loop of the program. In the Geiger counter mode, the current counts per minute (CPM) is measured, converted to a dose rate, and output to the OLED display and the serial port; the CPM value of the internal memory is then refreshed. The temperature in Celsius is displayed in the ambient temperature mode, and the ambient temperature value in the internal memory is refreshed. The impulse signal of the radiation detected by the GM tube is counted based on interrupt events because the accuracy of CPM affects the accuracy of dose rate measurement. When the impulse signal of the GM tube is generated, the microcontroller can pause the current task, and the priority is to increase the CPM.



2.1. Solar LiPo Battery Charger


Figure 5 shows the schematic of the LiPo battery charging module. The charging circuit uses the TP4056 chip [16], and the DW01 charging protection circuit is used with the FS8205 chip integrated with two n-MOS [17,18]. According to the TP4056 specification, we connect pin-2 to a 2k pull-down resistor, and the maximum charging current set at this time is 580 mA. The LiPo battery fully charges to about 4.2 V. When the fully charged voltage threshold is reached, the charging needs to be interrupted to prevent the battery from overcharging and causing damage. The LiPo battery has a voltage of 3 V, when the power is completely consumed. At this time, the battery discharging needs to be stopped. Excessive discharging will reduce the battery capacity and may prevent the battery from being recharged. The overdischarge pin-1 and overcharge pin-3 of DW01 are connected to the two n-MOS integrated into FS8205. When the battery voltage is less than 2.4 V, it is overdischarged. At this time, pin-1 of DW01 will pull down, so the n-MOS is not turned on to stop battery discharge. When the battery voltage is greater than 4.25 V, it is overcharged. At this time, pin-3 of DW01 will pull down, to make the n-MOS turn off to stop battery charging.



The CS pin-2 of DW01 can be used to detect overcurrent. A very small battery load resistance can cause excessive current to generate heat, risking explosion. When the detection voltage of this pin is greater than 150 mV, owing to the on-resistance of the n-MOS drain-source being 23 mΩ, the discharge current is greater than 6.5 A, and DW01 will interrupt the battery discharge. The voltage of the LiPo battery is 4.2 V as VCC. After input into LDO, the LDO output is 3.3 V as VDD, which is the system voltage.



The LiPo battery used in this study has a capacity of 700 mAh, so the battery can be fully charged in about an hour when using a USB. A solar panel with an output current of 100 mA under sufficient sunlight takes about seven hours to charge the battery. The main module power consumption of the Geiger counter proposed in this study includes about 0.35 mA when the MSP430G2433 is in active mode, about 6 mA when the OLED displays the dose rate, and about 3.5 mA for the GM tube drive circuit. The power consumption of the handheld Geiger counter proposed in this study is about 10 mA, and the LiPo battery can provide nearly 70 h of operating time. With six to eight hours of sunlight, the handheld Geiger counter can operate continuously for a long time. Each charging cycle of a LiPo battery can be used for about three days, and, after 300 cycles of charging, the battery can still have a capacity greater than 80%. A battery with a capacity greater than 80% indicates that it is still in good condition. Therefore, the device uses a LiPo battery as the power source, and it can be used outdoors for three years and still retain more than 80% of the battery capacity.




2.2. MSP430G2 Microcontroller


Figure 6 shows the schematic of the microcontroller. This study uses the MSP430G2433 [19], a 16-bit low-power mixed-signal microcontroller manufactured by Texas Instruments. We connect the IIC serial data line (SDA) and serial clock line (SCL) of the microcontroller to the OLED to display dose rate and ambient temperature [20]. For the serial port (Pins for Tx and Rx labels), we use the universal asynchronous receiver and transmitter protocol [21] as the data output port of the dose rate, which can also become the data output and input standard port of LoRa network modules. Other GPIOs include the impulse signal interrupt pin of the GM tube (Pins for GM_INT labels), interrupt pin of the mode selection button, analog voltage sampling of the ambient temperature (Pins for TEMPERATURE labels), and control of the alarm buzzer and flash Toer to save power consumption, we use a controllable low-dropout regulator (LDO) to manage the power supply of the LoRa module. When the system transmits data with the LoRa module, the MCU will turn on the LDO through GPIO to power the LoRa module. The LDO model number is LD3985M33R, produced by STMicroelectronics.




2.3. Long-Range (LoRa) Network


LoRa is a long-distance and low-power wireless communication technology [22]. Figure 7 is the connection between the LoRa module and the handheld Geiger counter through the UART interface. Figure 7a is a LoRa chip (model SX1278 produced by Semtech Inc, California, U.S.), and low-power Cortex-M0+ MCU is used to bridge the LoRa chip and UART (model HC32F005C6UA produced by HUADA Semiconductor Co, Shanghai, China). These two chips are the core of the LoRa module. Figure 7b is the external antenna required by the LoRa chip. The antenna frequency is 433 MHz, and it is connected to the antenna pin of the LoRa chip with an SMA connector. LoRa chip usually only consumes 2 µA of current in sleep mode, and the current consumption during transmission is 118 mA (3 km to 5 km transmission distance). The current consumption of modules with low noise amplifier (LNA) and power amplifier (PA) is added to 660 mA (transmission distance over 8 km). Therefore, the power management method of this study is that when the Geiger counter collects the dose rate of the environment, it will periodically wake up the LoRa module. The LoRa module will broadcast the data through the UART protocol, and the gateway will receive the dose rate.



When the handheld Geiger counter can use LoRa communication, we can build a sensing network to monitor environmental radiation. Figure 8 shows a form of monitoring network [23]. Since the SX1278 chip can receive and transmit, each handheld Geiger counter can be a sensor node or a gateway. The marginal circle of the gateway has a limited range, which depends on the power of the LoRa chip. When we want to locate a target with high radiation risk, we can find the possible zone from the three gateways, effectively and quickly marking the area where radiation hazards occur.




2.4. Ambient Temperature Sensor


Figure 9 shows a schematic of the ambient temperature sensor, which is the TMP35 sensor manufactured by Analog Devices [24] in this study. We use an amplifier to increase the sensor’s output analog voltage and input it to the ADC of the microcontroller. Through Equation (1), we convert the analog voltage of the TMP35 to temperature in Celsius using the relationship between the amplifier gain and the ADC reference voltage. In addition, the typical accuracies of the TMP35 temperature sensor are ±1 °C at +25 °C and ±2 °C over the –40 °C to +125 °C temperature range. The temperature sensor can monitor the ambient temperature to detect whether the GM tube is in the applicable temperature range. When the temperature sensor detects that the ambient temperature exceeds the applicable temperature range of the GM tube, it means that the measured value of the GM tube is not available.


  T e m p e r a t u r e ( ° C ) =    V  O U T   ×   3.3   1024     1 +   33 k   10 k      



(1)








2.5. Geiger-Müller Counter Circuit


Figure 10 illustrates the LMC555 CMOS timer [25] produced by Texas Instruments. The LCM555, as an oscillator with a frequency of roughly 4 kHz, with an inductor, can generate HV and also act as a charge pump. Figure 10a shows the HV MPSA42 NPN transistor [26], the range of which can be changed by adjusting the variable resistance of subcircuit Figure 10b. Figure 10c comprises the HV generate side. The resistance value of this circuit block can be adjusted between 10 Ω and 28 Ω. The smaller resistance of this block generates a higher voltage.



Figure 11 illustrates the circuit connecting the HV generator to the GM tube. The inductance of Figure 11a is 10 mH. Storing energy through the oscillator that repeatedly opens and closes can generate 380 V, and the current consumed is on the order of microamps, so the fast-recovery rectifier’s diode, part 1N4937 [27], is also needed. To adjust the voltage according to the type of GM tube, as in Figure 11b, we connect a 5.7 MΩ resistor in series between the HV and anode of the GM tube. The internal resistance, when measuring the DC voltage with a multimeter, is 10 MΩ. Therefore, according to the voltage division rule, the suggested working voltage of the M4011 GM tube is 380 V [28], which is achieved by the HV generator when the voltage measured by the multimeter is about 242 V. The impulse signal, which is generated when the GM tube detects radiation passing through the voltage divider, turns the NPN transistor of Figure 11c on, so the microcontroller’s interrupt is triggered to increase the CPM value. The M4011 GM tube we used in this study has a maximum measurable upper limit of the gamma-ray dose rate of 1200 µSv/h and an operating temperature range of −40 to 55 °C. The background count of the M4011 is 25 CPM. Considering Equation (5), the lower limit of its measurement is about 0.16 µSv/h.




2.6. CF Calibration Method


The microcontroller can count the impulse signals generated by the GM tube in real-time through interrupt events. We can measure the counts per second (CPS) to determine the CPM. The CPS calculation method of the proposed device is to count the number of interrupts every 20 s, which is multiplied by three to determine the CPM. The internal memory of CPM data is then updated. Therefore, the frequency of data reporting is increased, improving the accuracy.



The radiation protection recommendations of the International Commission on Radiological Protection propose that, in addition to background radiation, the average person is exposed to no more than one mSv/yr [29]. Therefore, to convert CPM to sieverts, we need to measure the calibrated sensitivity of GM tube to cobalt (Co60) and calculate the CF [30]. To determine the value of CF, we use a simple method, as shown in Figure 12, for the calibration procedure of the GM tube. Place the radiometer and the cobalt sample as the standard radioactive source in the same space, and count the events generated by the gamma-ray of the cobalt sample measured every second. This count will be different for different types of GM tubes. The model we used in this study was M4011, while we obtained a cobalt-calibrated sensitivity of 22.5 CPS/mR/h for the M4011 GM tube. We perform this calibration procedure at a room temperature of 25 degrees Celsius. According to the calculation of Equation (2), we can convert milliroentgens to microsieverts and then multiply 22.5 CPS/mR/h by 60 s/min, as shown by Equation (3), to obtain 1350 CPM/mR/h. Then, dividing by 8.77 μSv/mR yields a CF of 154 CPM/μSv/h. The value for the absorption rate to be used is 8.77 for the air [31]. Therefore, as shown by Equation (4), we determined the resolution of dose rate represented by each event count for M4011 to be 0.006493 μSv/h. The microcontroller calculates the current CPM and uses Equation (5) to obtain the dose rate in μSv/h. The dose in mSv/y can be calculated by multiplying the result by 24 h/day and then by 365 days/year, as expressed in Equation (6).


  1 ⋅ m R = 8.77 ( μ  Sv )   



(2)






  C F = 154  ( cpm /  μ  Sv / h )  = 22.5 × 60  ( cpm / mR / h )  / 8.77 ( μ  SV / h )   



(3)






  1 ⋅ c p m = 1 / 154 = 0.006493 ( μ  Sv / h )   



(4)






  μ  Sv / h  = c p m ⋅ 0.0064  



(5)






   mSv / year  ≈ 8.77 ⋅ μ  Sv / h  ≈ 24 ⋅ 365 ⋅ μ  Sv / h   



(6)







The microcontroller’s firmware is compiled with the Energia software of Texas Instruments, version number 1.6.10E18. Energia is an integrated development environment (IDE), so it also provides a serial port monitor that can receive handheld Geiger counter data. Spy-Bi-Wire protocol is used to program the microcontroller firmware.





3. Results


To simplify the verification required for researchers to manufacture the handheld Geiger counter designed in this paper, we use gas mantles as the radioactive source samples for verification tests. They are coated with thorium to emit white intensity luminescence [32]. Thorium is radioactive and can, therefore, be detected by the GM tube. Gas mantles are used in portable camping lanterns and can be found in camping outdoor supply stores. Other samples that are easy to obtain, such as Pakistani marble, may also contain radioactivity [33].



Figure 13 shows the experimental setup for this study. We placed the handheld Geiger counter above the gas mantles, aligned the GM tube at the center of the gas mantles, and adjusted the height between the two to observe the intensity of the dose rate. After determining the correlation coefficient, the designers who manufactured the handheld Geiger counter in this paper could verify the same material and process, and the performance of the handheld Geiger counter in measuring dose rate was consistent.



Figure 14 applies the box plot statistical method to show the test statistics at six distances and background radiations. The measurement time of each group was 1 h, and the measurement results were output to the PC for sampling through the serial port every 20 s. As the distance between the handheld Geiger counter and the gas mantles increased, the dose rate decreased significantly. When the distance between the two was closer, the dose rate significantly increased. This phenomenon might be due to the difference in the angular direction [34] of the nuclear radiation. When the distance was closer, the detection window of the GM tube could cover more angular differences. Therefore, different GM detector geometries at the same distance would yield different dose rate measurements, such as GM pancake tubes [35].



Figure 15 shows the relation between the radioactive source’s distance and the dose rate. Dose rate and distance show an inverse proportion relation. The shorter the distance is, the greater the dose rate. Finally, we averaged the dose rate at each distance and compared the background radiation. As shown in Table 3, when the handheld Geiger counter detected the radiation source, the dose rate was several times that of the background radiation. Therefore, using the handheld Geiger counter proposed in this paper, the radiation source can be detected. The dose rate can indicate the distance between the handheld Geiger counter and the radiative target.




4. Limitations


The solar radiometer with LoRa networking capability proposed in this study is mainly used for large-scale deployment. Due to the low-cost and low-power consumption, it is easy to deploy. However, GM tubes are unsuitable for accurate dose rate quantification. So, in future studies, new devices with more accurate dose rate quantification need further development. The radiometer sensing network proposed in this study is more suitable for early warning, when the radiation of the deployment environment increases abnormally.




5. Conclusions


To improve the manufacturability of the radiometer–dosimeter and enhance the public’s awareness of radiation hazards, we designed a handheld Geiger counter that can be charged with solar energy. Researchers can select an easy-to-obtain GM tube to adjust the dose rate parameters. We also provide a performance test method using a readily available radiation source. In our test, the distance between the GM tube and the gas mantles and detection window area affected the measurement. When the window was larger and the distance was small, the GM tube was more sensitive to radiation detection. In the future, based on the serial port reserved for this device, we can make serial connections with various IoT devices to provide a low-cost solution for forming Geiger counters into a network. This study also proposes a method to form a sensor network using LoRa technology. Through solar charging, the Geiger counter can operate nearly continuously, which is a good solution for environmental radiation monitoring. Finally, the radiometer sensing node proposed in this study is based on solar energy and is widely deployed in the natural environment, which is sustainable for the environment.
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Figure 1. Circuit architecture for the PCB layout (left) and simulation model of the device (right). 
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Figure 2. Top and bottom views of the handheld Geiger counter: (a) GM tube, (b) HV generator, (c) OLED display, (d) LiPo battery charging circuit, (e) microcontroller MSP430G2433, (f) TMP35 ambient temperature sensor, and (g) solar panel. 
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Figure 3. Relationship between each module in the block diagram of the handheld Geiger counter. 
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Figure 4. Initialization process of the peripheral module by the microcontroller and the operation process of the handheld Geiger counter. 
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Figure 5. Schematic of the LiPo battery charging module. 
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Figure 6. Schematic of the microcontroller. 
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Figure 7. The connection between the LoRa module and the handheld Geiger counter through the UART interface: (a) the LoRa chip and (b) the external antenna required by the LoRa chip. 
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Figure 8. The form of monitoring network. 
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Figure 9. Ambient temperature sensor schematic. 
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Figure 10. LMC555 CMOS timer produced by Texas Instruments: (a) HV transistor, (b) variable resistance, and (c) HV generate side. 
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Figure 11. Circuit connecting the HV generator to the GM tube: (a) 10-mH inductor, (b) 5.7-MΩ resistor in series connection between the HV and anode of the GM tube, and (c) NPN transistor. 
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Figure 12. The calibration procedure of the GM tube. 






Figure 12. The calibration procedure of the GM tube.



[image: Qubs 06 00027 g012]







[image: Qubs 06 00027 g013 550] 





Figure 13. Experimental setup for this study. 






Figure 13. Experimental setup for this study.



[image: Qubs 06 00027 g013]







[image: Qubs 06 00027 g014 550] 





Figure 14. Box plot statistical method showing our test statistics at six different distances and background radiations. (The black line is minimum to maximum, the blue box is lower to upper quartile, and the orange line is median). 
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Figure 15. The relation between the distance of the radioactive source and the dose rate. 
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Table 1. Compare the different characteristics of different types of radiometers.
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	Ionization Chamber
	Proportional Counter
	GM Tube





	Sensitivity
	Low
	High
	Low *



	Voltage
	Low
	Medium
	High



	Dead time
	
	10 µs
	100 µs



	Accuracy
	High
	High
	Low



	Dose rate
	High
	High/Low
	Low



	Dependence on temperature
	Bad
	Good in the plateau region
	Good in the plateau region



	Equipment size
	Medium
	Large
	Small



	Manufacturing Cost (USD)
	5000 to 10,000
	1000 to 3000
	30 to 50







* Connecting more GM tubes in parallel increases sensitivity.
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Table 2. Compare the power consumption between our proposed and other microcontroller-based open-source Geiger counters.
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	MSP430G2433
	Arduino

(ATmega328P)
	ESP32





	Voltage (volt)
	3.3
	5
	3.3



	Current (mA)
	10
	27
	130



	Runtime (hour) *
	70
	25.9
	5.38







* With 3.7 v/700 mAh LiPo battery.













[image: Table] 





Table 3. Dose rate at each distance and background radiation.
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	Distance (cm)
	Dose Rate (μSv/h)





	3
	6.29



	5
	2.67



	10
	1.34



	15
	0.66



	20
	0.49



	30
	0.33



	Background
	0.14







Thorium-covered gas mantle.
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