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Abstract 
The World Health Organization lists radon as one of the 19 most 

important substances that cause cancer. As a naturally occurring harmful 

gas, Radon mostly exist in rocks, making caves, mines, etc. However, 

since Radon gas has great ability to dissolve in water, radon can travel to 

anywhere. This thesis introduces a newly designed Radon detector and 

tests its function. The detector is designed base on an alpha particle 

sensitive diode and the principle of electrostatic capture. The detector’s 

function is tested in both simulation and experiment. The diode size used 

in this experiment is 10*10mm2. The measured detection sensitivity is 

approximately 0.903 (counts/Bq/m3/h) with a channel height of 10mm, 

which is also verified by simulation.  For a channel height of 12 mm the 

simulation gives 1.06 (counts/Bq/m3/h) but the measurement gives a 

much lower value. The reason for that is not yet known. The detector is 

just a basic model, there are many ways to improve the detector 

performance in the future.  
 

Keywords: Radon, detector, alpha particles 
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Terminology  

Acronyms 

EIC                                 Electret Ion Chamber  

MCNPX                         Monte Carlo N-Particle extended Transport Code 

RH                                  Relative humidity 

SSNTD                           Solid State Nuclear Track Detector 

WHO                              World Health Organization 

PIN                                 Positive Intrinsic Negative 

 

Mathematical notation 

Symbol  Description 

e+ Positron 

e-                                         Electron 

P                                         Probability 

t                                          Time 

V                                         Volume 

ve Neutrino 

𝑣𝑒 Electron antineutrino 
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1 Introduction 

1.1 Background and problem motivation 

The objective of this paper is measurement of Radon in air. Radon is a 

naturally occurring as radioactive inert gas, it is colourless and odourless. 

When inhaled, acting on the bronchial and alveolar epithelial cells, it can 

cause various injuries, as to induce lung cancer. The World Health 

Organization lists radon as one of the 19 most important substances that 

cause cancer. Radon comes mainly from the decay of natural 

radionuclides such as Uranium and Thorium contained in rock and soil 

[1]. Although the element can be far from its source due to its good 

solubility in water. Since radon is a gas, it can be found everywhere: soil, 

water and air, so people use different methods to measure its 

concentration. 

 

Since radon is an alpha emitter, the measurement system developed in 

this work is based on the use of a silicon PIN photodiode as a radon 

detector. Silicon PIN photodiode is suitable for radiation detection, 

especially alpha particles. It has low cost, good quantum efficiency and 

good energy resolution. It can also be used with a low bias voltage. It is 

very important to measure radon and its daughters in the air, especially 

from the perspective of radiation protection, to prevent people from being 

exposed to radon gas.  

 

1.2 Overall aim  

The project aims to investigate whether it is realistic to expect that the 

designed Radon detector could be used for Radon detecting in the future. 

The designed Radon detector is used for people who works in places like 

mines. The detector needs to be small and light so that people can carry 

along. At the same time, it is better to use a low voltage. The high voltage 

usually has more energy consumption than the low voltage, and the low 

voltage is also safer. The detection sensitivity must be good enough for 

future implementation.  
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1.3 Scope 

 The study has its focus on the sensitivity of the designed Radon detector. 

The designed measurement system is tested with samples in the 

laboratory where conditions such as temperature and humidity are 

controlled. 
 

1.4 Concrete and verifiable goals   

The test will include two parts, simulation and measurement. Simulation 

can provide an approximate probability of the designed Radon detector 

detection efficiency. The physical measurement tests the detection 

efficiency of the detector and other common facts about Radon and its 

daughters.  
 

1.5 Outline 

Chapter 2 describes some basic concepts which are used in the 

experiment such as decay process. It also introduces some other radon 

detectors.  

Chapter 3 gives the basic principles of the designed detector. 

Chapter 4 introduces the simulation and implementation of the detector.  

Chapter 5 shows the results of each step.  

Chapter 6 discuss the performance of the detector based on the results.  

Chapter 7 gives the finale conclusion and future work for this project. 
 

1.6 Contributions 

This thesis project is guided by Professor Christer Fröjdh and Göran 

Thungström. The designed Radon detector tube used in this experiment 

is made by Göran Thungström. The simulation and measurement are 

done by me.  
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2 Related work 

2.1 Radioactive decay 

The phenomenon in which the nucleus spontaneously emits various rays 

is called radioactivity. When studying the properties of radioactive rays 

in a magnetic field, it was found that the radioactive rays are mainly 

composed of three kinds of rays of α, β, and γ. 

 

An isotope that spontaneously emits various rays is called a radioisotope. 

The process by which radioactive isotopes emit various rays and undergo 

nuclear transformation is called radioactive decay. The radioactive 

isotope before decay is called the mother, and the new isotope produced 

during the decay process is called the radiogenic isotope or called the 

daughter. Only alpha decay was used in this work since radon’s isotope 
222Rn is an alpha emitter. 

 

2.2 Alpha decay 

When alpha decay occurs, an alpha particle ( 𝐻𝑒2
4 ) will be emitted from the 

nucleus, a nucleus consisting of two protons and two neutrons; after the 

alpha decay occurs, the mass of the nucleus is reduced by 4, and its atomic 

order is also reduced by 2. The following reaction formula (1) is an 

example of alpha decay. For example, the attenuation of uranium-238 by 

alpha particle emission to form thorium-234 can be expressed as:  

𝑈92
238 → 𝑇ℎ90

234 + 𝐻𝑒2
4   (1) 

Formula (1) can also be expressed as: 

𝑈92
238 → 𝑇ℎ90

234 +α  (2) 

 

2.3 Beta decay 

Beta (β) decay is a process in which radioactive nuclei emit electrons (beta 

particles) and neutrinos (𝑣𝑒) and then transform into another nucleus. The 

process emits a positron (𝑒+) is called "positive beta decay" and the release 

of electrons (𝑒−) is called "negative beta decay." In positive beta decay, a 

proton in the nucleus transforms into a neutron, releasing a positron and 

a neutrino; in a negative beta decay, a neutron in the nucleus transforms 

into a proton, releasing an electron and an electron antineutrino (𝑣𝑒). 
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In addition, electron capture is also a type of beta decay called electron 

capture beta decay. The examples of three beta decay types are shown 

below: 

𝐶𝑠55
137 → 𝐵𝑎56

137 + 𝑒−+ 𝑣𝑒 (beta minus decay) (3) 

𝑁𝑎11
22 → 𝑁𝑒10

22 + 𝑒+ +𝑣𝑒  (beta plus decay) (4) 

𝑁𝑎11
22 + 𝑒+ → 𝑁𝑒10

22 + 𝑣𝑒  (Electron capture) (5) 

Since beta particles are electrons, and the mass of electrons is much 

smaller than the mass of a nucleus, the mass of a beta nucleus is only 

slightly reduced after a nucleus releases a beta particle. 

 

2.4 Gamma decay 

Gamma decay, also known as γ decay, is a type of decay of radioactive 

elements that emits gamma rays during the reaction. Since this decay 

does not involve mass or charge changes, there is no particularly 

important chemical reaction, but it can still be written as: 

𝑋∗ → 𝑋+ γ  (6) 

The * represents the active state of a substance X. 

 

The gamma ray released by gamma decay is an electromagnetic radiation 

that is a specific frequency of electromagnetic waves generated by the 

interaction of subatomic particles, such as from electron pair annihilation 

and radioactive decay. Gamma rays are generated at most from the 

interstellar space. 

 

2.5 The decay chain of 226Ra 

The most important isotope is 222Rn from the Uranium chain.  
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Figure 2.5: Radon decay chain 

In the radon decay chain (Figure 2.5), 218Po with a half-life of 3.05 minutes 

and emission energy of 6MeV has 0.019% possibility to emit beta particles 

which can be neglected. In this experiment, alpha particles from mainly 
222Rn, 218Po and 214Po will be used. An alpha particle sensitive silicon diode 

can be used as a detector. The unit of radon concentration is Bq/m3 which 

means the decay amount per second per cubic meter. As Radon decay 

daughter, 88% of freshly formed 218Po are positive charged and the rest 

are neutral at 20 Celsius and 30% RH (relative humidity) [2]. 
 

The standard method to measure radon in a building defines a 

measurement period of three months during winter. The reason is the 

strong variations in radon level over time and that the measurement 

should be done with minimum ventilation. Long-term measurements are 

used to discover the radon problem in the building, continuous active 

measurements are very helpful in determining the cause of the problem. 

[3] 

 

Charcoal canisters, electrets, and alpha-track detectors are widely used 

methods to measure indoor 222Rn concentration, they all require long-

term (48h to 3 months) exposure durations. [4] An improved solid state 

nuclear track detector (SSNTD) combine with electrostatic collection still 

need nearly a week to do the measurement. [5] 
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2.5.1 Charcoal canisters 

Charcoal canisters utilize the adsorption capacity of activated carbon to 

absorb radon gas, the absorbed radon can be measured by gamma 

spectrometry of emissions from 214Pb and 214Bi, or desorption followed by 

scintillation counting. [6] 

 

2.5.2 Electrets 

An electret is the electrostatic equivalent of a permanent magnet, with a 

permanent surface charge, resulting in a surface potential of several 

thousand volts. A teflon electret is placed at the bottom of a conducting 

plastic chamber (EIC), Radon diffuses into the chamber and the electret 

loses charge due to the general air ionization produced by radon and its 

decay products in the chamber. The readout data can be easily influenced 

because of the dust on the charged surface of electret can discharge the 

electret. [6]  

 

In an ionization chamber, an electric field is built between two or more 

electrodes. The filtered air is allowed to diffuse into the chamber or be 

pumped into the chamber and detect the current caused by the gas in the 

ionization chamber. The ionization is caused by the decay of radon and 

its decay products. The total ionization in the chamber is measured, or 

the pulses generated by a single alpha particle are calculated separately. 

If the relevant electronic device is set to reject the count of 214Po, fast 

response time can be obtained. The response time of the instrument also 

depends on the air replacement rate in the ionization chamber. In recent 

years, commercial ionization chamber has been widely adopted as the 

secondary standard of radon calibration laboratory. [6] 

 

2.5.3 Alpha-track detectors 

Alpha-tracked detectors use a plastic material (LR-115 and CR-39 are 

generally used) to records the tracks of alpha particles from Radon and 

its decay products. Then etching the plastic in a solution of NaOH or 

KOH to reveal the damages caused by the alpha particles. [6] 
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2.5.4 Electrostatic collection SSNTD 

The principle of solid nuclear track method is same as an alpha-track 

detector. Charged nuclear particles through the insulating solids, along 

with their trajectory caused by atomic radiation damage, if the damage 

has high enough density, after appropriate treatment, it will form a track 

for observation. Charged particle detectors developed according to this 

principle are called solid state nuclear track detectors (SSNTD). [5] 

 

Electrostatic collection SSNTD: The inner wall of the sampling chamber 

is a positive electrode and the copper electrode is a negative electrode, 

allows the positive charged particles move towards the negative electrode 

under the action of a high-voltage electric field. The alpha particles 

produced by decay bombard the detector, resulting in tracks on the 

plastic material, then by chemical etching and optical microscopy to 

determine the concentration of Radon concentration. [5] 

 

There is measurement time comparison of radon detectors mentioned 

above.  

 

Detectors Measurement time 

Charcoal canisters 2-7 days 

Alpha-track detectors Over a month to a year 

Ionization chamber Depends on the air replacement 

rate and device setting 

SSNTD(solid state nuclear track 

detectors) 

3 months 

Electrostatic collection SSNTD 4-5 days 
Table 1. Comparison of different Radon detectors 
 

The detectors above all need follow-up treatment to get the radon 

concentration which is not convenient.  

 

The idea is to allow people to carry a detector around a cave or mine to 

make sure they're safe. Thus, the detector has to be small, light and the 

most important, accurate enough. The design is a 10cm long, 1.2cm wide, 

and 1.2cm high channel.  
 

The detector can measure both radon gas and its daughter products. 

Ideally, the amount of 218Po and 214Po should be equal to the total 

concentration in the channel.  
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‘‘MCNPX is a general purpose Monte Carlo radiation transport code 

designed to track many particle types over broad ranges of energies’’ [7]. 

Applications for the code are quite broad and easy to handle. In this 

experiment, MCNPX is used to track alpha particles to simulate the 

Radon decay process.  
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3 Methodology 
Electrostatic collection is a method of applying a voltage to the detector 

and grounding other locations to form a small electric field that makes 

charged particles more attracted to the detector. The schematic of 

electrostatic collection is shown in Figure 3.1. 

 
Figure 3.1 The schematic of electrostatic collection 

 

 
Figure 3.2 Typical silicon photodiode structure 
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The essence of a PIN silicon photodiode is a reverse biased semiconductor 

diode compared to the structure of a PN silicon photodiode (see Figure 

3.1), except that there is a sandwich between the heavily doped P and N 

regions. The layer is called the semiconductor of the intrinsic layer (i 

layer). When the PN junction is exposed to light, the photons interact with 

the semiconductor lattice atoms. When the incident photon energy 

exceeds the forbidden band width of the silicon material, electron-hole 

pairs are generated in the depletion region (or within a diffusion length 

from the edge of the depletion region). For high energy photons or 

charged particles one electron-hole pair is generated for each 3.61eV of 

deposited energy. This electron-hole pair is pulled apart by an applied 

electric field, the electrons drift toward the N region, and the holes drift 

toward the P region. When the carrier moves through the depletion layer, 

a photocurrent is formed in the external circuit. This is the simple 

working principle of PIN silicon photodiodes. Since the PN silicon 

photodiode can select the thickness of the depletion layer (i.e., the i layer) 

to optimize sensitivity and response speed, it is a superior detector than 

the PN silicon photodiode. [8] The 16V is added by external device.  
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4 Design   

4.1 Simulation 

The emission energies of 222Rn, 218Po and 214Po are 5.5MeV, 6MeV and 

7.7MeV, respectively. In MCNPX, simulate the decay process by emitting 

different energy alpha particles.  

     
Figure 4.1 Channel model in 3D           Figure 4.2 yz sectional view of the model 

 
Figure 4.3 xz sectional view of the model 

 

The model in 3D shows like Figure 4.1 the Yellow part is Al channel, the 

blue part is air. The diode cannot be seen in this view. 
 

Figure 4.2 and Figure 4.3 show yz and xz sectional view. The red part is 

Al channel, the green part is air, and the blue part is a diode. The diode is 

a 10*10*0.5mm3 cube. The channel inside width is 12mm, length is 10cm 

and the height changes. 

 

The alpha particles with different energy fill within the air as source. 

Assume all the alpha particles are evenly distributed in the channel. The 

simulation is done with 1 million particles. 
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4.2 Implementation 

 
Figure 4.2 A schematic picture of the measurement setup 

 

Figure 4.2 shows the schematic picture of the whole measurement setup. 

A photodiode is used as an alpha particles detector. The diode is placed 

on the top surface in the middle of a 10cm*12mm*12mm tube made by 

Aluminium. It is easier to operate when the diode is placed on the top of 

channel and the transmission of data is also less affected.   

 

The diode and the channel must be in a dark environment while the 

measurement is going on since the diode is light sensitive. And the tin 

cardboard covers the ends of the channel and the top of the diode to 

prevent light from entering the diode. The grounding is achieved by 

connecting the Aluminium channel and the meatal part of amplifier 

signal wire with meatal wires. The wires are tightly wrapped together for 

better grounding.  

 

The diode is connected to a read-out equipment, Medipix2 USB Interface 

[10] which also gives the diode a 16V bias voltage which helps the diode 

attract the alpha particles. The Radon eye [11] can provides the reference 

Radon concentration in the chamber.  
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5 Results 

5.1 Simulation 

Figure 5.1(a,b,c) show the Radon energy deposition in the detector for 

radon and its decay products with different channel heights and same 

diode size in the simulation. The diode size is 1*1cm2. In the simulation, 

F8 gives the probabilities of each energy bins, thus, the pulses also are 

the probabilities. More will be discussed in next chapter.  

 
Figure 5.1(a) Decay products readout in 8mm channel height. Diode size is 1*1cm2, 
222Rn, 218Po, and 214Po are marked, and the rest are similar 

 
Figure 5.1(b) Decay products detect readout in 10mm channel height 

Rn-222 

Po-218 

Po-214 



Project on Radon dosimetry 

Dongxue Guo 

 Results 

2020-02-02 

 

15 

 

 
Figure 5.1(c) Decay products detect readout in 12mm channel height 

 

It can be seen that when the channel height increases, the wider the 

energy distribution width of each daughter isotope and the lower the 

energy peaks or probability. There are areas that includes both 222Rn and 
218Po especially between 4~5.5MeV.  

 
Figure 5.2 Decay products readout in 12mm channel height. Diode size is 10*1.2cm2 
 

A larger diode has better statistics like Figure 5.2 shows. It has similar 

performance with smaller diodes. 
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5.2 Measurement 

 
Figure 5.3 Measurement readout with 10mm height channel (remove partial noise) 

 

 
Figure 5.4 Original measurement readout with 12mm height channel 

 

Figure 5.3 and Figure 5.4 show the original result with the 12mm height 

tube. The whole result can be divided into four parts like Figure 5.3 

shows. The first part is noise which would not be discussed, the last three 

parts are Radon decay products, 222Rn, 218Po and 214Po. There might be 

some 218Po mix with 222Rn in 222Rn part. The tail of 214Po (few values before 

the peak) is that the air absorbs some energy resulting in a decrease in 

energy or the attachment of particles to the side of the silicon wafer.

Noise 

Rn-222 

Po-218 

Po-214 
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6 Discussion 
Both simulation and measurement results have noises or values that are 

too low, the calculation will choose the most concentrate parts of each 

decay products and give up the other parts.  

6.1 Simulation 

 
Figure 6.1 Comparison of probability with different channel heights and diode sizes 

 

Figure 6.1 combines with the probability using various diode sizes and 

heights.  

 

It can be seen that the detection probability inside the channel increases 

gradually with the increase of diode area and the decrease of channel 

height. When the area is the largest and the height is the lowest, the 

probability is the highest. The simulation results also show that the 

probability for detection of Polonium is higher than that of Radon at the 

same height.  
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In the simulation results, the probability of Polonium detection is slightly 

higher, while the number of Polonium and Radon inputs is the same. The 

reason that Polonium has a higher probability may be that Alpha particles 

emitted by Polonium has less air consumption than Radon, so Polonium 

is more pronounced in the results.  

 

The important quantity is the sensitivity which gives the number of 

counts for each time unit in the detector for a given Radon concentration. 

Sensitivity is determined by the channel volume and the efficiency which 

in this case is probability to detect a Radon decay in the channel. Figure 

6.2 gives the comparison of sensitivity in different channel heights and 

diode sizes.  

 
Figure 6.2 Comparison of sensitivity with different channel heights and diode sizes 
 

Based on the Figure 6.2, as the diode size expands, the sensitivity 

increases, and Polonium has higher sensitivity than Radon within the 

same channel height, just like the probability. But when the channel 

height is high, the sensitivity has better performance.  
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6.2 Measurement 

Channel 

height 

(mm) 

Average 

Radon 

concentration 

(Bq/m3) 

Measure 

time  

(hour) 

Rn-222 

decay 

amount 

Po-218 

decay 

amount 

Po-214 

decay 

amount 

Total 

detection 

sensitivity 

(counts/Bq/ 

m3/h) 

10* 2116.4 78 227.5 111.5 156 0.903 

12 1789.329 78 175.5 91 107 0.680 

Table 6 Measurement result (*in the implementation, 10mm height is the distance 

between diode and the bottom tube, channel height is still 12mm) 
 

The decay amounts in Table 6 are integrated from counts with respect to 

channel. The 222Rn, 218Po and 214Po area are shown in Figure 5.3. Average 

Radon concentration values are from Radon eye. And as same as 

simulation, the total amount of Polonium is higher than Radon amount. 

The sensitivity is calculated with total Radon and Polonium amount and 

efficiency from simulation. Smaller volume has higher sensitivity. Since 

the counts of 12mm channel measurement are less, they could greatly 

affect the results, which is most evident in terms of sensitivity. Radon 

concentration may also have a little impact on sensitivity.  

 

6.3 Comparison 

 
Figure 6.3 Comparison of simulation and measurement results with different 

channel heights 
 

Figure 6.3 using total data of Radon and Polonium to calculate each 

quantity in each situation. Simulation results show that higher volume 

has higher sensitivity. While measurement results show that the trend of 

sensitivity decreases slightly while channel volume increases.   
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Measurement has much less counts compared to the simulation. The 

difference leads to unexpected trend in measurement results.  There are 

other factors may influence the results but not as much as the counts. 

Simulation use assumed Radon concentration and measure time since 

MCNPX cannot set up these two variables, thus the simulation results are 

easier to observe compared to measurement results.  

 

6.4 Social aspects 

The designed Radon detector is aimed to help people like miners to detect 

Radon concentration to avoid dangerous situation. The detector is meant 

to be carried with workers, thus the volume of the detector is small, and 

the weight is light. The detector connects with low voltage is also good 

for user safety.  

 

6.5 Ethical aspects 

The Radon detector is designed to detect Radon concentration to prevent 

people from inhaling high concentration of Radon that can lead to cancer.  

However, the detector used is made of silicon, and the waste generated 

when making silicon detector may be harmful to humans.   
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7 Conclusions  
The experimental results show that detector detection probability and 

sensitivity are related to the volume of the channel, the diode size and 

Radon concentration. 

7.1 Simulation 

1. Total measured Polonium amount is bigger than Radon amount. It 

may be the result of air absorption of particles.  

2. When the channel height increases, the wider the energy distribution 

width of each daughter isotope and the lower the energy distribution 

peak.  

3. The energy distribution width changes a little when the diode size 

changes. 

4. There are areas that concludes both 222Rn and 218Po especially between 

4~5.5MeV.  

5. Diode area affects detection probability and sensitivity, the larger 

diode area, the higher detection probability and sensitivity.  

6. Detection sensitivity has better performance when channel volume is 

larger.  

 

7.2 Implementation 

1. Most physical measurement performance is consistent with the 

simulation, such as the tail of each decay product, and the relationship 

between probability and channel height.  

2. Total Polonium amount is bigger than Radon amount. 

3. The tail of each isotope (the values before the peak) may be due to the 

adhesion of particles to the sides of the chamber, or the absorption of 

some energy by the air to cause a reduction in energy, or a 

combination of the above two situations.  

4. The performance of the machine detector is worse than the simulation. 

It may be that the measurement data is easily affected by human 

operation during the experiment like poor grounding or poor 

connections.  

5. It is hard to get conclusion of the effects of Radon concentration and 

channel volume since they have quiet big difference in simulation and 

implement.  
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7.3 Future work   

1. The grounding in the experiment is important, different grounding 

effect may affect the results.  

2. Even if the shading protection is not completely air isolated, different 

air flow may change the measurement time.   

3.  A set of experimental data may be affected by some manual 

operations, so more data can provide more reliable results.  
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Appendix A: MCNPX Code 
 

c ******cell cards****** 

1 1 -2.329 -1                    $detector 

2 2 -0.0012041 -2            $air 

3 3 -2.7 -3 #1 #2              $Al 

4 0 -4 #1 #2 #3                $outer void 

 

C *******surface cards******* 

1 box -0.5 -0.5 0.05 1 0 0 0 1 0 0 0 0.05    $detector 

2 box -5 -0.6 0.1 10 0 0 0 1.2 0 0 0 0.9      $air 8mm,10mm,12mm 0.9 1.1 1.3 

3 box -5 -0.7 0 10 0 0 0 1.4 0 0 0 1.1         $Al 1.1 1.3 1.5 

4 so 100                                                      $outer void 

 

c ******data cards******  

MODE a 

IMP:a 1 1 1 0 

M1 14000.  1   $ Si 

M2 7000.02p -0.755636 8000.02p -0.231475 18000.02p -0.012889   $ Air 

M3 13000.  1   $ Al 

SDEF PAR=a ERG=5.5 POS=-5 0 0.1 X=d2 Y=d3 Z=d4    $ 5.5, 6, 7.7 

si2 -5 5 

sp2 0 1 
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si3 -0.6 0.6 

sp3 0 1 

si4 0.1 0.9                                                  $ 0.9, 1.1, 1.3 

sp4 0 1 

c ******tally information****** 

F8:a 1  

E8 0 1e-5 1000i 8 

nps 1000000 

 

 

 

 

 

 

 

 


