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Abstract 
 
This investigation continues research done at Bristol University into the possibility of 
producing a particle detector suitable for use in secondary schools as an experimental 
demonstration during the teaching of the particle physics section of the A-level 
syllabus. This work is focussed on the prototyping of a resistive plate chamber that 
could be used for this purpose, taking into account the particular constraints of safety 
and cost imposed by the schools market. We produced a working prototype glass 
chamber RPC with a 2mm gas gap and resistive electrodes, made from static 
dissipative spray (with a resistivity of 3×106W/square), that could be run on a safe, 
Freonless gas mix containing only butane and argon. We found its maximum 
efficiency to be with a mix of 43% butane and 57% argon at a supply voltage of 
approximately 8300V. The cost of a usable unit to schools is estimated to be between 
£100 and £200. 
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1 - Introduction 
 
This investigation is part of a series of projects undertaken at Bristol University under 
the heading of An Affordable Particle Detector for Education and continues work 
done last year [1, 2] on designing and building a resistive plate chamber (RPC) within 
constraints of cost, safety and other practical considerations, such that it would be 
suitable for use in secondary education. Previous projects have looked at scintillating 
oils as a cheaper alternative to solid scintillating materials [3, 4, 5] and cloud 
chambers [6].  
 
All A-level physics syllabuses in the UK contain sections on particle physics but it 
can seem that particle physics experiments can only be done in a large collider 
meaning that often pupils do not get to see any particle physics demonstrations first-
hand in the classroom. Therefore, the common purpose and challenge of the 
Affordable Particle Detector for Education projects is to produce a piece of apparatus 
that can be made available to schools at low cost and allow them to demonstrate 
aspects of particle physics to pupils safely, conveniently and visually in the 
classroom. 
 
Currently the most used classroom particle physics demonstration is the cloud 
chamber, but these require either liquid nitrogen or dry ice, both of which are not 
available to most schools1. Cloud chambers do provide a very good visual 
demonstration of ionizing particles but logging data is difficult as there is no 
electronic detection system. A video camera can be used, but this requires human 
analysis of the video whereas both a scintillating material connected to a 
photomultiplier tube and a resistive plate chamber offer the potential for electronic or 
computer logging of particle events. 
 
 
1.1 - Aims 
 
From previous Affordable Particle Detector for Education projects, the RPC is the 
solution that has shown the most promise, so our investigation builds on the work of 
last years students and attempts to refine the design and methods to obtain a working 
prototype within the constraints necessary to the project. 
 
This investigation aims to prototype a working, easily manufactured resistive plate 
chamber and associated signal processing techniques within the constraints of safety, 
environmental concerns and financial cost that are necessary for it to be suitable for 
use in education. Specifically we aim to establish a robust chamber design, test the 
properties of different resistive electrodes and examine the experimental properties of 
the chamber when filled with different gas mixes to find the mix that gives optimal 
properties. 
 
 

                                                 
1 A survey undertaken last year showed that around 45% of  the 35 schools surveyed had access to dry 
ice and around 5% had access to liquid nitrogen [1] 
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1.2 - Resistive Plate Chambers 
 
Resistive plate chambers consist of a thin planar gas chamber with high voltage 
resistive parallel plates either side of it. Ionizing particles passing through the 
chamber result in a spark across the chamber that is detected by either a 
photomultiplier tube or a readout plate that detects the spark by electromagnetic 
induction.  
 

 
Figure 1:  Typical design of a resistive plate chamber 

 
Resistive plate chambers have been used recently to detect muons produced in a 
number of high-profile accelerator experiments such as ATLAS at LHC and BaBar at 
PEPII. They are popular due to their high gain, good spatial resolution and high rate 
capability. They are also very simple to design and build and generally use low cost 
materials and have low running costs. 
 
The design of RPCs used in such accelerator experiments is generally low cost, as 
required in our aims, but will need some adjustment to produce an RPC that is 
suitable for use in schools. Our main considerations are safety and cost so the 
problems that need to be remedied are outlined below. 
 
The gas chamber component of the RPC poses the following problems: 
Firstly, the gases used are generally a mixture of argon, butane and a Freon (or some 
other electronegative gas) and the presence of butane represents a potential hazard as 
it is highly flammable in air2. Oxygen is required for combustion, so a mix of argon, 
butane and Freon is not flammable as long as the concentration of butane remains 
above its upper flammability limit or there is no oxygen present. Therefore, the 
chamber must be gas tight.  
Secondly, Freon and the alternatives used in RPCs are ozone-depleting and also can 
result in damage to the RPC in the presence of water vapour (see section 4.5) so it is 
desirable to eliminate their use by using alternative quenchers or a mix that does not 
require them.  
Thirdly, RPCs conventionally have a through flow of the gas mix to slow the ageing 
of the detectors. This is not practical for our RPC and would significantly increase the 
cost to schools and we therefore propose a sealed gas chamber. Glass has good 

                                                 
2 Butane is flammable in air at concentrations between 1.8% (lower flammability limit) and 8.4% 
(upper flammability limit) [7] 
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resistance to ageing and, if the chamber could be made as an entirely glass 
construction, would be the only part of the detector exposed to the gas mix. 
 
The other major problem that would need to be remedied is that a high voltage (up to 
10kV) is required to run a resistive plate chamber but schools are limited in the high 
voltages they can use. Research from last year (see section 1.3) suggests that 5kV is 
the maximum voltage supply available to most schools. 
 
 
1.3 - Previous Work 
 
Other than the work carried out in previous years at Bristol, previous resistive plate 
chamber research has been more concerned with studying and improving efficiency 
and time resolution (e.g.[8]) than with building RPCs under strict constraints of 
budget or safety as in our case. Efficiency and resolution are important in this 
investigation but maximising these is secondary to the aim of producing an RPC that 
is safe and affordable for schools. 
 
A previous investigation into using Freonless gas mixtures [9] suggests that it is 
possible to build a functional RPC that uses a gas mix of just argon and butane. The 
best mixes were found to be 50/50 and 60% argon, 40% butane. This same 
investigation also suggested that a 1mm electrode gap had some benefits in efficiency, 
time resolution and operating voltage over a 2mm electrode gap. 
 
Other relevant studies have looked at resistive cathode transparency [10] and the 
quenching properties of gas mixtures containing Freon [11]. 
 
 
1.4 - Constraints 
 
A preliminary study carried out last year [1] attempted to quantify the constraints 
necessary in the design of this affordable RPC by surveying a sample of 35 UK 
secondary school physics teachers. The results of the survey are outlined below: 
 

·  The budget available in the schools surveyed for such a detector varies largely, 
but 75% of schools had £100 available and 50% of schools had £200 
available. The “affordable” limit for the detector is between £100 and £200. 
Any more expensive and the available market is small. 

·  The RPC requires a high-voltage power supply. The survey suggests that 
around 70% of schools have a suitable power supply. There is the alternative 
of a custom built supply to be included with the RPC, but this increases costs. 
Alternatively, it could be sold separately to schools that needed it. 

·  Nearly half of teachers stated that they would use the detector for 
demonstration only while the rest would want it to be suitable for investigation 
as well. The high voltages required for the RPC mean that it would be difficult 
to design it to be suitable for use by students. 
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2 - Theory 
 
2.1 - Cosmic Ray Muons 
 
2.1.1 - Muons 
 
Muons are subatomic particles and are part of the lepton classification. Like electrons, 
they have a spin of 1/2 (they are fermions) and a negative electric charge, but the 
muon mass is around 207 times that of the electron.  
 

 Rest Mass Charge Spin Lifetime 
Electron 0.511 MeV/c2 -1 ½ Stable 

Muon 105.67 MeV/c2 -1 ½ 2.20 × 10-6 s 
 

Table 1: Properties of electrons and muons [12] 
 
 
2.1.2 - Cosmic Rays 
 
“Cosmic rays” is the general name given to particles coming into our atmosphere 
originating from outside the Earth. The large majority of cosmic rays are single 
protons (H+) but alpha particles (He2+), other heavier atomic nuclei, electrons, 
photons, neutrinos and any other particles arriving at the Earth’s atmosphere from the 
universe outside come under the “cosmic rays” classification. Some cosmic rays 
originate from the Sun (solar cosmic rays), but most come from sources outside our 
solar system (galactic cosmic rays). 
 

 
 

Figure 2:  Major components of the primary cosmic radiation [13] 
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The RPC is used to detect the muons that are produced when cosmic ray protons 
decay to pions3 which have a short lifetime and therefore decay further to muons. This 
decay process, called an extended air shower, is shown in Figure 3. A table of pion 
decay modes is found in Appendix A. 
 

 
 

Figure 3:  Production of muons from the decay of a cosmic ray in the atmosphere [14] 
 
 
2.1.3 - The Muon Lifetime 
 
The lifetime of a muon is 2.20 × 10-6 seconds [12] so, even if a muon was travelling at 
the speed of light (3 × 108 m/s), it would have a range of just 660m. This means that, 
ignoring all other effects, it is very unlikely that a muon will reach the surface of the 
Earth. 
 
However, muons produced in air showers travel at relativistic speeds and the resulting 
time dilation means they have a large enough range to reach sea level. An example 
calculation for the relativistic range of a 2.0GeV muon is shown in Figure 4. 
 
 

                                                 
3 Pions are the lightest mesons and are made up of combinations of up and down quarks and antiquarks 
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Figure 4:  Calculation for the relativistic range of a 2.0GeV muon with a rest mass of 
0.1GeV and a lifetime of 2.2 × 10-6 seconds [15] 

 
 
Muons are weakly interacting with matter except by ionization. As they pass through 
the Earth’s atmosphere they lose energy at a rate of about 2MeV/g/cm2 through 
ionization interactions with other particles in the atmosphere. The vertical depth of the 
atmosphere is about 1000g/cm2 so they lose about 2GeV of energy as they pass 
through to sea level [15]. The mean energy of muons at sea level is 4GeV [13] and 
they arrive with a flux of approximately one muon per cm2 per minute. 
 

 
 

Figure 5:  Vertical fluxes of cosmic rays in the atmosphere with energies greater than 
1GeV [13] 
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2.1.4 - Muon Interactions 
 
Energy from muons is deposited in a number of ways, ionization being just one of 
them. The majority of a particle’s energy is deposited through ionization as long as it 
has energy less than a particular critical value, Ec, that depends on the particle and the 
material through which it is travelling. If the particle has a value above Ec, energy is 
deposited through Bremsstrahlung, pair production and photonuclear events. 
 
For muons, Ec is much greater than 4GeV for the gases that will be used in the RPC, 
so ~100% of the energy deposited in the RPC will be through ionization. As shown 
below, at 4GeV, stopping power for the other processes is typically around 0.1% each 
of that for ionization [16]. 
 

Gas Ionizn Bremms. Pair Prod. Photonucl. Ec / GeV 
Argon 2.054 0.003 0.002 0.002 572 
Butane 2.928 0.001 0.001 0.002 1557 

 
Table 2:  Components of energy loss for a 4GeV muon in Argon and Butane (units for 

stopping power values are MeV.cm2/g) [16] 
 
When ionization is the dominant energy depositing process for a charged particle 
passing through matter, the Bethe-Bloch equation can be used to determine the 
average stopping power.  
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The Bethe-Bloch equation [17] 
 
In the Bethe-Bloch equation, dE/dx is the stopping power, a is the fine structure 
constant, r  is the density of the medium the particle is travelling through, z is the 
charge number, Z the proton number and A the atomic mass number of the absorber 
atom. I is the ionization energy of the absorber atom and emax is the maximum kinetic 
energy that can be imparted to an electron in a single interaction. 
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Figure 6: General shape of a plot of stopping power against momentum (bg) for a 
charged particle including Bethe-Bloch region [18] 

 
If the particle is travelling in a mixture or compound such as the gas mixture used in a 
resistive plate chamber, Bragg additivity can be used to calculate the stopping power 
by modelling the mixture as thin layers in the correct proportions and simply 
summing the stopping powers [18]. 
 
 
2.2 - Electrical Breakdown of Gas in Ionization Chambers 
 
2.2.1 - Ionization 
 
The process of electrical breakdown across a gas starts with ionizations. In the 
resistive plate chamber, a large potential difference is applied across a chamber filled 
with a mix of gases. When a muon passes through the gas mix, it may ionize one or 
more atoms resulting in unbound electrons and positive ions. Due to the large 
potential difference across the gas, the electrons will accelerate to the anode and the 
ions to the cathode.  
 
To cause ionization, the incident muon must impart to an electron sufficient energy 
that it can break free from its atom. This energy is the minimum ionizing energy of 
the atom. A muon will only ionize a small number of atoms as it passes through the 
chamber, resulting in just a few electron-ion pairs. However, if the potential 
difference across the gas is large enough, a Townsend avalanche may result. 
 
 
2.2.2 - Townsend Avalanche 
 
If the potential difference is large, the electrons will be accelerated such that their 
energy reaches the minimum ionizing energy. This energy can be imparted to an 
electron in an atom and cause a further ionization. This new free electron is then also 
accelerated by the voltage and the process, called avalanche multiplication, can 
repeat. The number of electron-ion pairs produced in the avalanche is proportional to 
the number of initial ionizations caused by the incident muon. 
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2.2.3 - Streamer 
 
The current growth for an avalanche in a uniform field is described by exp(ax) [19] 
where a is the Townsend coefficient of first ionization and x is the electrode gap. This 
is only valid when the avalanche is small. As the avalanche grows, the space charge 
of the positive ions (which move much more slowly than the electrons) becomes 
significant and distorts the electric field between anode and cathode. This distortion 
causes intense ionization and excitation of the gas atoms in front of the avalanche and 
then the ions begin to recombine instantaneously with electrons emitting energetic 
photons. These emitted photons produce secondary electrons by photoelectric 
ionization of the gas. If the photons have moved laterally from the main avalanche, 
they produce new avalanches but these are generally suppressed by a reduced electric 
field and quencher molecules (see section 3.2.1), however, if they ionize gas atoms 
above or below the main avalanche, they experience an added field parallel to the 
applied field and produce further avalanches until eventually the avalanches meet and 
form a continuous streamer between the electrodes. 
 
 
2.2.4 - Arcing 
 
When the tip of the streamer reaches the cathode there is a high-potential wave which 
passes up the pre-ionized conducting channel to the anode. This spark greatly 
increases the number of electrons present in the channel and this number is no longer 
related to the initial ionization. The channel therefore becomes highly conducting and 
if the electrodes continue to supply sufficient current, the temperature will rise such 
that recombination of ions and electrons does not occur and the channel will be 
maintained as an arc across the ion plasma [20]. 
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3 - Design of Resistive Plate Chambers 
 
3.1 - Resistive Plates 
 
Unlike many other spark chamber ionization detectors, the electrodes in the RPC are 
not made of metal but of a resistive material. The reason for this is that a sustained 
spark or arc will mean the detector is not detecting any further muons during that 
time. The advantage of the resistive electrodes of the RPC is that when a spark occurs, 
the current available to it is limited because of the large resistance between the high-
voltage supply and the area of the electrodes where the spark occurs. Therefore, the 
spark is quenched when all the available charge is used up and then the discharged 
area on the electrodes charges again slowly from the HV supply. There is a dead time 
in that area of the detector during the recharging of the electrodes, but it is a localised 
dead area.  
  
 
3.2 - Gas Mixes 
 
In general, the main constituents of the gas mixture in an RPC are Argon and Butane 
or Iso-Butane (C4H10). The gas mix has a large effect on the working properties of the 
RPC and adjusting the gas mix will affect the working and breakdown voltages, gain, 
rate capability (dead time) and signal-to-noise ratio. 
 
Argon is the gas in the RPC that is ionized by the incident muons resulting in the 
avalanche and spark. Argon is used for a number of reasons. It is inert so it will not 
react with other gases or cause components of the RPC to deteriorate.  Noble gases 
require the lowest electric field for the formation of an avalanche because they have a 
high specific ionization factor. Argon is chosen from the noble gases because it has a 
very low cost. 
 
 
3.2.1 - Quenchers 
 
As described in section 2.2.3, secondary avalanches can be created by energetic 
photons emitted by recombination of electron-ion pairs from the primary ionization 
process. These secondary avalanches are not desirable in the detector as it may 
produce two signals for one muon ionization, counting the muon twice. To suppress 
these secondary avalanches, a quencher gas is added. The quencher gas is typically a 
polyatomic molecule such as Butane (C4H10) or Boron Trifluoride (BF3) which 
quenches the secondary avalanches by absorbing the emitted photons and dissipating 
their energy through dissociation or elastic collision. These molecules are photon 
quenchers. 
 
In some RPC designs, a second quencher is added in the form of an electron 
quencher. This is usually an electronegative gas such as Sulphur Hexafluoride (SF6) 
or a Freon. These gases increase the gain of the readout detector by absorbing both the 
emitted photons and the electrons. 
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3.2.2 - Mixing Proportions 
 
The proportion of each different gas used in resistive plate chambers varies greatly, 
depending partly on the use of the RPC. The chambers used in the Belle detector have 
a mix of HFC-134a (62%), Argon (30%), and Butane-silver4 (8%) [21] while those 
used in BaBar have a mix of Freon 13B1 (4%), Argon (59%) and Iso-Butane (37%). 
 
A gas mix with not enough quencher will result in the chamber having a lower 
breakdown voltage and a larger number of noise pulses in the signal, while having too 
much quencher will result in a decreased efficiency and a low gain signal. A balance 
has to be found between these factors for a successful gas mixture. 
 
 
3.3 - Readout plate 
 
Another feature of the RPC that is different from many detectors is the way an output 
signal is obtained when an incident muon causes a spark in the chamber. The spark 
can be detected using a photomultiplier tube to detect the photons emitted by the 
spark, but far more common is to use an inductive readout plate. The readout plate is a 
metal plate insulated and completely isolated from the supply of the RPC. It is placed 
above the top electrode and when a spark crosses the gas chamber, a current is 
induced in the metal plate and this induced current can easily be detected. The usual 
positioning of the readout plate is shown in Figure 1. 
 
The advantages of having the detector electronics electrically isolated and separate 
from the high-voltage supply of the RPC are that fluctuations in the HV supply do not 
interfere with signals and high voltage capacitors are not needed to remove the supply 
voltage from the signal. Using a readout plate system, it is also possible to detect 
sparks in different parts of the chamber because the readout plate can be any size and 
above any part of the electrode and the resistivity of the electrode localises the signal 
to a small area. It is possible to have a number of small readout plates connected to 
separate electronics detecting signals from different areas in the chamber. 
 

 
Figure 7:  A matrix of readout plates 

 

                                                 
4 Butane-silver is a mixture of approximately 70% n-butane and 30% iso-butane. The cost of butane-
silver is one tenth of the cost of 99.5% pure iso-butane [21] 
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An improvement on this idea is to use two perpendicular sets of readout strips. This is 
better as it gives the same ability to pinpoint the ionization but with fewer plates and 
so fewer signals to process. For example, in Figure 8, if a muon were to ionize the 
chamber at P, the resulting spark would be detected by readout plates H2 and V3 so 
the ionization is known to have happened within the area of their overlap. 
 

 
Figure 8:  Perpendicular readout strips 
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4 - Building our RPC Experiment 
 
4.1 - Gas Chamber design 
 
The gas chamber of the RPC is made from two plates of float glass and a glass spacer 
layer. Glass was used because of its longevity, its good heat resistance and because it 
has a suitable resistivity of about 1012 Wm. There is also a very good glass workshop 
at Bristol University meaning construction was both quick and accurate. 
 

 
 

Figure 9:  Design of the glass chamber 
 

Gas is supplied into and vented out of the chamber through glass tubes that run 
through holes drilled in the top plate of the RPC. In other RPC designs, gas is often 
supplied through the spacer, but our spacer, being made of glass, is fragile and 
therefore having the gas supplied through the top simplified construction 
significantly. 
 
 
4.2 - Resistive Coatings 
 
As stated in section 3.1, the electrodes of the RPC are made from a resistive material 
so that when a spark occurs, the current available to it is limited and so it is quenched 
when the available charge is used up. The resistivity of the electrode has an optimum 
value. Below this value, the spark will be sustained for longer, increasing the dead 
time of the detector, but above this value, there may not be sufficient charge for 
sparking across the chamber. Previous research [10] suggests that this optimum 
resistivity value is between 105 and 106W/square.  
 
In the manufacturing process of sheet glass, molten glass is allowed to flow over a 
bed of molten tin5. This results in one side of the glass being coated with a thin layer 
of tin which will affect the resistivity of our electrodes (which are applied directly 
onto the glass). The tinned side of the sheet can be determined because there is a haze 
under ultraviolet light.  
 
Out of the possible electrode materials tested last year (photocopier toner, graphite 
paint and a variety of Indian inks) the coating with the most appropriate resistivity 
was found to be Dr Martin’s Bombay ink with a resistivity of 30kW/square. We were 
able to reproduce this result, but the ink had to be applied with an airbrush and it was 

                                                 
5 This float glass process was invented in 1959 by Sir Alaistair Pilkington and produces much flatter 
glass sheets than were previously available 
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difficult to obtain an even layer coating. The resistivity of this ink is lower than 
required, so we initially looked at the possibility of mixing it with an ink of higher 
resistivity to produce a blend with the required value. However, we then obtained and 
tested a static dissipative coating [22] with a higher resistivity and its own aerosol, 
making application significantly simpler, and found this produced the required results. 
 
According to the manufacturers, the surface resistivity of the static dissipative coating 
is 107W/square at 50 microns. Experiments with the coating showed that the surface 
resistivity was significantly smaller when applied to the tinned side of the glass than 
when applied to the non-tinned side. Glass samples prepared with the spray applied to 
the tinned side were found to have a resistivity of approximately 3×106W/square. This 
value is dependent on the thickness of the applied layer and, although easier than with 
the airbrush, we were still limited in how consistent the applied layer thickness could 
be. However, when coating the RPC plates, the electrode coatings were applied to the 
tinned side of the glass and both electrodes were found to have a resistivity 
sufficiently close to the previously found value and suitable for use as electrodes in 
our RPC. 
 
To make the electrodes on the RPC plates, a square 180×180mm area in the centre of 
the glass plate was measured and the rest of the glass masked off (see Figure 10). The 
static dissipative spray was then applied evenly to the glass, covering each area twice 
as this was found to give acceptable and consistent results. According to the 
manufacturers, the drying time for the coating was “touch dry” in 20 minutes and 
maximum properties after 12 hours. The plates were therefore left until the following 
day before the next step. 
 

 
 

Figure 10:  Applying the resistive electrode coating to the glass chamber 
 
In order to ensure good electrical contact with the resistive coating and allow all areas 
of the electrode to recharge as quickly as possible after a spark, copper tape was 
applied all around the outer edge of the electrode and conductive paint was applied to 
ensure an electrical connection between the tape and the coating (see Figure 11). The 
design of the chamber housing meant that the HV supply contacts fell on the copper 
tape on both sides of the chamber. 
 
The construction of the chamber from its component parts was done in stages so that 
construction quality could be checked as the chamber was put together. The method 
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for gluing the spacer to the plates was to apply slow drying epoxy6 to the spacer, place 
it in position on the bottom plate and then heat it to 100°C while it dried. The gas inlet 
and outlet tubes were then glued in place on the top plate using quick drying epoxy7. 
Slow drying epoxy was then applied to the top side of the spacer, the top plate placed 
in position and the whole assembly heated to 100°C again. This method allowed the 
gluing to be checked while the chamber was put together and any excess glue that had 
strayed inside the chamber as it dried removed. 
 
The method of heating the slow drying epoxy as it dried was recommended to us as it 
reduces the viscosity of the glue resulting in a thinner and better seal than using quick 
drying glue. A number of tests were done on spare strips of glass prior to gluing the 
RPC to find out the best application method and amount of glue to apply to ensure a 
good seal but avoid spillage out of the edges of the join. 
 

 
 

Figure 11:  Photograph of completed chamber 
 
The complete dimensions of the chamber are detailed in Appendix B. 
 
 
4.3 - Readout plate 
 
As already discussed, it is possible to design a system of readout plates that can detect 
where in the detector the ionization has occurred using either small readout plates or 
readout strips. However, in building an affordable particle detector for education, 
knowing where within the chamber the muon interacts is not important and the more 
complicated electronics required to make sense of the signals from readout strips 
would increase the cost of the signal processing electronics significantly. 
Therefore, for the purposes of this investigation, it was only required that the readout 
plate detected a muon interaction within any part of the RPC. The readout plate used 
was, therefore, just a large copper plate mounted on a sheet of 1mm plastic to insulate 
it from the HV electrodes. The dimensions are shown in Appendix B, Figure 29. 
 

                                                 
6 Slow drying (blue) Araldite which dries in approximately 2 hours 
7 Quick drying (red) Araldite which dries in approximately 5 minutes 
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4.4 - Chamber Housing 
 
In order to reduce noise signals and for safety in using the high voltages required, the 
chamber and readout plate were placed inside an assembly that provided both 
electromagnetic shielding and insulation between the high voltage contacts and the 
outside of the assembly. 
 

 
 

Figure 12:  Schematic of RPC housing and spring-loaded contacts for HV supply and 
readout plate 

 
As shown in Figure 12, the housing assembly consisted of 10mm thick aluminium 
plates above and below the chamber which provide electromagnetic shielding of the 
chamber and provide an earthed casing for the chamber for safety. It also provides 
protection for the fragile glass chamber inside. 
 
Between the aluminium plates and the chamber was a layer of 6mm thick cork and a 
sheet of 1mm thick plastic (not shown in Figure 12, see Appendix C, Figure 31) to 
insulate the outer aluminium plates from the high voltage supplied to the resistive 
plates.  The top plastic layer had the readout plate (a 100×100mm copper plate) 
attached to it and the plastic served to insulate it from the resistive plates as required. 
 
To supply the high voltage to the resistive plates and to detect the signal from the 
readout plate, holes were drilled through the aluminium, cork and plastic and rubber 
bungs with spring-loaded point contacts through their middles placed in the holes 
such that they made contact with the required plates but were insulated from the 
aluminium casing. The spring-loaded contacts were connected at the other end to HV 
connectors (a BNC connector for the readout plate signal) and enclosed in aluminium 
boxes for shielding and safety. 
 
The entire assembly was bolted together to hold the chamber in place and ensure good 
contact between the spring-loaded contacts and the readout plate and copper tape on 
the resistive plates and to keep everything in place while experiments were carried 
out. 
 
Detailed dimensions of the housing assembly are shown in Appendix C. 

HV supply 
connector 

HV supply 
connector 

Readout plate 
connector 

Bolt 
Rubber bung 
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Figure 13:  Photograph of RPC and housing assembly set up with HV supply and 
detector cables, gas supply tube (blue) and the top scintillating paddle and 

photomultiplier tube of the cosmic ray telescope 
 
 
4.5 - Gas mixes 
 
The gas mix used in our RPC must be suitable for use in schools and must fit within 
the constraints of our budget. In this case, safety and cost are more important 
considerations than efficiency. 
 
Freon was not used as its use is banned because it is ozone depleting. It is also not 
desirable because it has been shown to form an acid with water in RPCs resulting in 
etching of the glass electrodes [23] and also to form deposits on electrodes that reduce 
efficiency [24]. As this chamber was required to have a good life-time, addition of 
anything that caused components of the RPC to deteriorate was not acceptable. 
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Figure 14: AFM pictures of deposits on glass electrode surfaces. (a) anode (freon), 

(b) cathode (freon), (c) anode (freonless), (d) cathode (freonless), (e) brand new glass 
[24] 

 
A further consideration in the choice of gases is flammability. Butane is flammable in 
air at concentrations between 1.8% (lower flammability limit) and 8.4% (upper 
flammability limit) [7]. Inside our chamber, there should be no oxygen if it is 
completely filled with the gas mix and the gas mix is pure. It is likely that in this 
investigation, there was a very small amount of oxygen present in the chamber due to 
the difficulty of flushing air out of the chamber and gas system and small gas leaks 
allowing gas to diffuse in. Considering the low oxygen levels, the probability of an 
ignition of the butane was small, but the concentration of butane in the gas mix was 
always kept well above the upper flammability limit to eliminate this risk.  
 
 
4.6 - Gas mixing and delivery system 
 
A gas system is required to mix the gases and pass the mix to the RPC. The gas mixes 
used in our investigation were argon and butane. The argon was from a standard high-
pressure cylinder from BOC with a Saffire regulator, but the butane used was from a 
smaller camping gas cylinder with its own regulator. For safety, all our experiments 
were carried out in a fume cupboard with the door closed and vented gas was always 
carried in tubing directly to the fume cupboard’s outflow vent. 
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Figure 15:  Gas manifold 
 
For the purposes of pumping gases from the cylinders to the delivery system, and to 
allow extra gas cylinders to be connected if required, a gas manifold (shown in Figure 
15) was used. This was simply a number of inlet taps that could be connected to gas 
cylinders and an outlet that connected to the gas reservoir of the gas delivery system. 
 

 
 

Figure 16:  Schematic of RPC gas mixing and delivery system 
 

In order to mix the gases in the correct proportions, a volume calibrated water 
reservoir system consisting of two bell jars was used. As shown in Figure 16, one bell 
jar is raised above the level of the top of the other and they are connected with a 
length of tubing. Jar B is initially full of water and when gases are pumped into it, the 
water is displaced into jar A. 
Jar B was calibrated using a large measuring cylinder and marked such that the water 
level indicates the volume of gas pumped into it (i.e. the zero on the calibration is 
when the jar is full of water). The amount of water in the system was set such that 
there was only enough to fill one bell jar so that the risk of water reaching the RPC by 
accident was greatly reduced.  
To fill the reservoir with gas, the tap connecting it to the rest of the system was closed 
and the three-way valve turned to allow gas in from the manifold. The desired 
amounts of gases could then simply be pumped into jar B from the cylinders through 
the manifold resulting in a measured gas mix in jar B ready for use with the RPC. 
A problem encountered at this stage was that the regulator on the butane cylinder did 
not allow the pressure to be sufficiently high to displace water up to jar A. This was 
remedied by lowering jar A to the level of jar B while pumping the butane in and 
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pumping in an amount such that, when jar A was raised back to its normal level, the 
indicated change in volume was the desired amount of butane8. 
 
To further reduce the risk of water reaching the chamber, a water collection cylinder 
was included in the system between the gas reservoir and the chamber to catch any 
excess water before it reached the RPC. A problem with using a gas reservoir that 
used water was that it was very likely that water vapour would become part of the gas 
mix. To stop this water vapour reaching the chamber, a silica gel dessicator was added 
to the system. In order to allow the dessicator to be removed and dried easily, quick 
release connectors were added on either side of it and a make-shift tubing size 
converter fabricated that allowed the connectors to be fitted into the rest of the 
system. 
 

 
 

Figure 17:  Dessicator and quick release connectors 
 
The delivery system used allows the RPC to be run with a through-flow of gas or with 
a single volume of gas. Most of the time it was filled with gas and then only the outlet 
tap closed (the taps between the gas reservoir and the RPC open) so that it was over-
pressured. Unwanted gas leaks in the system when this was the case were negligible 
over the period of our experiments after a further layer of epoxy was applied around 
the edge of the gas chamber. 
 
The tubing used in the gas system was 8mm inner diameter rubber tubing where 
possible although some of the glassware had an outer diameter slightly less than 8mm 
so joints were made gas-tight using a layer of electrical tape between the glass and 
rubber tubing. This seemed to provide an effective seal. Ground-glass joints on the 
bell jars were sealed using silicone grease. Joints and bungs were frequently checked 
and tightened if necessary. 
 
 
4.7 - High Voltage Supply 
 
The power supply used in this investigation was a LeCroy HV4032A unit that was 
capable of providing voltages of up to ±7kV. This power supply was used for both the 
RPC and the photomultiplier tubes on the scintillators of the cosmic ray telescope that 
we were using to test the RPC. The voltage for the photomultipliers was supplied 
from a -3kV pod9 with a maximum current of 2.5mA. The voltage for the RPC was 
supplied through a +7kV pod10 and a -7kV pod11 with a maximum current of 500mA. 

                                                 
8 This allows for the change in pressure on the gas mix when the height of jar A is changed 
9 HV4032A1N 
10 HV4032A7P 
11 HV4032A7N 
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The maximum voltage rating of the HV cables used was 5kV, so no experiments were 
carried out using higher RPC plate voltages than this. 
 
 
4.8 - Cosmic Ray Telescope 
 
When the gas inside the RPC breaks down, a pulse is seen in the signal from the 
readout plate. A breakdown of the gas is not necessarily caused by a muon passing 
through the detector and causing an ionization. In order to be able to discriminate 
between signal pulses caused by muons and noise pulses while testing the chamber, at 
least a second muon detector is required. 
 
In this case, a cosmic ray telescope was used. This consisted of two scintillating 
polymer paddles with effective area of 100×100mm optically connected to 
photomultiplier tubes. A muon passing through the paddle releases photons and the 
photomultiplier tube produces an electrical signal. These two paddle detectors also 
suffer from noise signals however, if placed one above the other and connected to a 
coincidence unit, noise signals can be removed and the electronics set up such that 
only a pulse from the top paddle followed closely by a pulse from the bottom paddle 
results in a coincidence signal being registered. If there are coincident signals from 
both paddles, this represents a muon passing through one then the other. By placing 
the RPC between the two paddles it is possible to see how many of the muons 
detected passing through the paddles (these must also pass through the RPC) are also 
detected by the RPC. 
 
The efficiency of the paddles in detecting the muons that pass through them is, in part, 
determined by the voltage supplied to the photomultiplier tubes. If this voltage is too 
small, the number of muons passing through the scintillators that result in a signal 
from the photomultiplier is small. If the voltage is increased, the efficiency is 
increased but the amount of noise pulses in the signal is also increased. To find the 
optimum voltages for the paddles, they were placed one on top of the other and the 
voltage supplied to one varied while that to the other was kept constant. The number 
of coincident counts and the number of pulses from the varied paddle were recorded 
for each voltage. The results are shown in Figure 18a and 18b. 
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Figure 18a:  Results from experiment to find the optimum supply voltage for the top 

photomultiplier tube – bottom PMT voltage held at 1600V 
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Figure 18b:  Results from experiment to find the optimum supply voltage for the 

bottom photomultiplier tube – top PMT voltage held at 1500V 
 
For both paddles, as the voltage is increased, there is a peak in the number of 
coincidence counts followed by a plateau as the efficiency reaches its maximum. At 
voltages higher than the peak voltage, the total number of counts is seen to increase 
rapidly as the amount of noise in the signals from the photomultiplier tubes becomes 
large. The approximate optimum voltages for our paddles were found to be 1550V for 
the top paddle and 1650V for the bottom paddle and these were the voltages used 
when testing the RPC. 
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The efficiency of the paddles is not 100%, but this does not matter when testing the 
efficiency of the RPC as we will find the number of muons detected by the cosmic ray 
telescope that are also detected by the RPC. However, the RPC may sometimes detect 
muons that were not detected by one or both of the paddles and this will affect the 
signal-to-noise ratio estimates for the RPC. 
 
 
4.9 - Signal Processing Electronics 
 
In order to produce useful information from the cosmic ray telescope and RPC 
signals, various electronics systems (parts of a NIM crate joined with LEMO cable) 
were used. 
 

 
 

Figure 19:  Schematic of processing electronics for determining RPC efficiency – top 
counter shows number of coincident signals in paddles, bottom counter shows number 

of coincident signals in paddles and RPC 
 
The first stage is to convert the signals from the paddles and RPC into signals that can 
be used by the subsequent electronics. The systems that do this are discriminators and 
their function is to output a short (50ns) pulse when the input voltage goes above a 
specified threshold value12 and so the discriminators allow the background noise to be 
removed from the signals. The output pulse is a -1V square pulse suitable for 
triggering NIM units. 
 
In order to detect when there is a signal from both paddles or from both paddles and 
the RPC, coincident units are used. These are AND gates that output a negative square 
pulse when there is a signal at both inputs. The pulses from the different detectors will 
arrive at slightly different times but are close enough together to trigger the 
coincidence units. 
 
The final stage is counters that display the number of pulses they have received. 
These are reset to zero at the start of any experiment and were used to obtain the 
required data for calculations of efficiency and signal-to-noise ratio. 

                                                 
12 Through our experiments, the threshold voltage was maintained constant at 0.381V. 
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A high bandwidth digital storage oscilloscope was also used to view the signals 
coming from the coincidence unit for the cosmic ray telescope and directly from the 
RPC readout plate. This allowed us to see in greater detail what was happening inside 
the RPC and save oscilloscope traces of muons being detected in the RPC. 
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5 - Results 
 
The results detailed in this section were obtained with our 2mm gas gap resistive plate 
chamber with resistive electrodes of the static dissipative coating and gas mixes of 
butane and argon only. 
 
 
5.1 - Breakdown Voltage 
 
After a number of preliminary experiments, the RPC was found to have its best 
efficiency close to its breakdown voltage. The breakdown voltage is the potential 
difference between the RPC electrodes at which there is continuous sparking across 
the chamber. In this investigation, this was taken to be the voltage at which the safety 
cut off of the power supply caused it to trip off. 
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Figure 20:  Plot of RPC breakdown voltage against percentage of butane in the 

butane/argon gas mix 
 
These breakdown voltages were found by increasing the voltage supplied to the RPC 
in 100V increments until the supply tripped. These results were taken after recording 
each result from the efficiency investigation (section 5.2). 
 
 
5.2 - Efficiency 
 
The most important property of the RPC that is affected by changing the gas mix is its 
efficiency. In order to find the gas mix that gives the highest efficiency, we tested the 
RPC for gas mixes ranging from 25% butane, 75% argon to 40% butane, 60% argon. 
Outside this range the RPC was found to have very low efficiency or not function at 
all. 
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Figure 21:  Plot of RPC efficiency against the percentage of butane in the 
butane/argon gas mix 

 
The efficiency is calculated as the percentage of muons detected by the cosmic ray 
telescope that are also detected by the RPC. The results in Figure 21 are averaged 
from five 10 minute runs with each gas mix taken at a voltage approximately 200V 
below the breakdown voltage13. The oscilloscope trace for a typical coincidence event 
(a muon detected by the RPC and cosmic ray telescope) is shown in Figure 22.  
 

 
 

Figure 22:  A typical muon detection coincidence event. Trace 1 is the output from the 
cosmic ray telescope coincidence unit and trace 2 the output directly from the RPC 

readout plate. 

                                                 
13 It was not possible to know exactly the trip voltage before doing the efficiency experiment as 
increasing the supply voltage to breakdown affected the properties of the chamber thereafter such that 
the supply voltage had to be decreased by a large amount (>500V) before it would not trip the supply 
again. 
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5.3 - Signal to Noise Ratio 
 
For each experiment, the discriminated signal for the RPC was also connected to a 
counter allowing a measurement of the noise in the RPC to be taken. The RPC signal-
to-noise ratios shown in Figure 23 were calculated from the number of muon 
detection pulses divided by the number of noise pulses. 
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Figure 23:  Signal to noise ratio for the RPC plotted against percentage of Butane in 
the butane/argon gas mix 

 
 
5.4 - Streamer and Avalanche Mode 
 
When viewing the output signal from the RPC during the investigation on the 
oscilloscope, two distinct pulse sizes were observed without varying the gas mix or 
supply voltage. Two example traces are shown in Figure 24. 
 

 
 

Figure 24:  Example of the two different pulse sizes observed on the oscilloscope 
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It is likely that these different signals represent the two different operating modes of 
the RPC, streamer and avalanche modes, the small pulses being associated with 
signals induced by avalanches and the larger pulses being associated with signals 
induced by streamers.  
 
 
5.4.1 Deposited Charge 
 
It is possible to calculate the charge deposited in the RPC readout plate by a spark in 
the chamber from the resulting oscilloscope trace. An example of this calculation is 
shown in Figure 25. The RPC signal is terminated at the oscilloscope in a 50W 
resistance. 
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Figure 25: Example calculation of the charge deposited in the readout plate by a RPC 

breakdown spark 
 
The amount of charge deposited for the small (avalanche) pulses was typically around 
6×10-10 C, while that deposited for the larger (streamer) pulses was typically around 
1×10-9 C. 
 
 
5.5 - Errors 
 
The error bars in the x-axis direction on Figures 20, 21 and 23 represents an estimated 
±0.25% uncertainty in the percentage of butane due to the parallax error when 
measuring gases into gas reservoir bell jar which is made of thick glass. 
 
The errors in the y-axis direction on Figures 20, 21 and 23 are calculated from the 
formula for the standard error of the mean which is equal to the standard deviation of 
the sample divided by the square root of the number of data in the sample. In all these 
cases the sample size was 5. 
 
When considering the signal to noise ratio of the RPC, the fact that the paddles are not 
100% efficient means that some of the noise pulses may actually have been muons 
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that passed through both cosmic ray telescope paddles and the RPC, but were not 
detected by one or both of the paddles. The geometry of the set up also allowed for a 
muon to pass through the RPC without passing through one or both of the cosmic ray 
telescope paddles. The large majority of cosmic ray muons arrive at an angle close to 
vertical, so the number of muons that pass through the RPC but not the paddles is 
relatively small. Combining these possible errors adds a potential positive-only14 error 
to the signal to noise ratio so the top error bars for the points on this graph are slightly 
larger. 
 
 

                                                 
14 For these two reasons, it is possible that some of the noise pulses recorded were actually caused by 
muons and so are not classed as noise. This means they result in a noise value higher than it should be 
or a signal to noise ratio lower than it should be but do not affect the lower limit of error for the value 
of the signal-to-noise ratio. 
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6 - Discussion 
 
Figure 20 shows a linear increase in the voltage at which the chamber has continuous 
breakdown as the concentration of butane in the gas mix increases. This is expected as 
butane is the only quencher in the chamber so, if there is less butane, breakdowns will 
not be quenched as effectively so the chance of a breakdown developing that is 
sufficient to cause the HV supply to trip is increased. 
 
The plot of RPC efficiency against the percentage of butane in the butane/argon gas 
mix (Figure 21) suggests that there is a definite peak in the efficiency of the RPC for 
butane concentrations between 40% and 45%. This is in agreement with the results of 
a previous study [9] that found a 40/60 mix of butane/argon give better results than 
50/50, but results for 45/55 are not available. For our particular RPC design, it 
appears that the butane and argon gas mix that gives optimal efficiency is 43% butane 
and 57% argon. According to Figure 20, such a gas mix should be run at a chamber 
voltage of approximately 8300V. 
 
The signal to noise ratio for the RPC increases with increasing butane concentration 
(Figure 23). This represents a decrease in the number of pulses from the RPC that are 
noise per pulse caused by a muon-induced ionization as the concentration of butane in 
the gas mix increases. The fact that the amount of noise in the signal shows a 
dependence on the gas mix suggests that at least some of the noise is caused by 
sparking in the chamber not caused by muons. The increased number of noise signals 
per muon signal at low butane concentrations is therefore expected because the lower 
level of quencher results in a higher chance for gas breakdown, especially as the 
chamber was being run at a voltage close to that which results in continuous arcing 
(the HV supply trip voltage). 
 
It is likely that some of the noise in the RPC signal was caused by electrical noise in 
the system. This would have been difficult to eliminate entirely, but the aluminium 
shielding and good electrical contacts of the chamber housing design showed a large 
improvement over the noise levels found last year for a similar chamber. However, 
the majority of the noise was probably due to breakdowns in the chamber caused by 
ionizing particles other than muons and often noise pulses viewed on the oscilloscope 
had the same characteristic shape as those resulting from muon-induced ionizations 
(Figure 26). 
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Figure 26:  A noise pulse in the signal from the RPC 
 
To decrease the amount of noise in the RPC signal, the concentration of butane in the 
gas mix should be as high as possible. However, the peak in efficiency at around 43% 
butane means that this decrease in noise would be at the cost of reduced chamber 
efficiency. At 43% butane, the signal-to-noise ratio is approximately 0.0137, which 
represents 73 noise pulses per signal pulse. As this number is relatively small (smaller 
than the equivalent value for the paddles used in the cosmic ray telescope, for 
example) it would not be worth sacrificing efficiency for a small gain in signal-to-
noise ratio. 
 
As the experiments to obtain the numerical results detailed in section 5 were carried 
out, the signals from the RPC and the cosmic ray telescope coincidence unit were 
viewed on a digital storage oscilloscope. The signal pulses from the RPC were not 
always single peaks such as that in Figure 22. 
 

 
 

Figure 27:  Oscilloscope trace of an RPC pulse, obtained with 30% butane, that 
suggests secondary avalanches in the RPC 

 
At lower concentrations of butane, signals such as that shown in Figure 27 were seen. 
A possible cause of secondary peaks is reflections of the signal along the cable 
connecting the RPC to the scope and back again. Such a reflection would take 
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approximately 30ns15 to arrive back at the oscilloscope, and would have a smaller 
voltage than the original pulse. However, the signal shown in Figure 27 has peaks that 
are not separated by 30ns and the size of the peaks increases and this was usually the 
case for secondary peaks. A signal such as this could only be caused by secondary 
avalanches within the chamber and the fact that these pulses were more common at 
lower butane concentrations confirms this. 
 
 
6.1 - Estimated Costs 
 
To establish whether the aim of this project to produce an affordable particle detector 
has been achieved, it is necessary to examine the costs of the components used to 
build the final resistive plate chamber detector to be supplied to schools. To do this, it 
has been assumed that it would be possible to produce a “sealed unit” gas chamber as 
the inclusion of the gas mixing and delivery system and the need for schools to buy 
bottled gases and fill the chamber themselves would certainly put the system outside 
the reach of most schools. 
 

Item Estimated Cost 

Resistive Plate Chamber £14.50 

Glassware 
(plates, spacer) £6.00 

Static dissipative spray £1.50 
Copper tape £2.00 
Araldite £2.00 
Readout plate 
(1mm plastic, copper plate)  £3.00 

 

Chamber Housing £50.00 

Aluminium plates (×2) 
(350×350×10mm each) £20.00 

Aluminium enclosures (×3) £15.00 

Cork insulation £10.00 

Fixings £5.00 
 

Total Cost £64.50 

 
Table 3:  Breakdown of estimated cost of chamber and housing 

 
To use the RPC designed in this investigation in schools, two chambers would be 
required16 so that they could be positioned one above the other and a muon passing 
through would cause ionizations in both. The resulting coincident pulses could then 
be detected to find the number of muons passing through the combined detector. It 
would be possible to modify the housing to accommodate two chambers with only a 
                                                 
15 This time is calculated from the length of the cable (3m) and the speed of a signal in the cable (~0.66 
times the speed of light). 
16 With only one chamber, muons can not be distinguished from noise 
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small increase in cost. I estimate that the cost of materials for such a dual chamber 
unit would be, at a maximum, around £90. The manufacturing cost needs to be 
investigated but should not be too high as the process is not complex. 
 
As stated earlier, around 70% of schools have access to a high voltage power supply 
(5kV). The operating voltage of the 2mm gap RPC was significantly higher than the 
voltage available from these power supplies at around 8kV. The need to produce and 
supply a safe high voltage supply with the RPC detector would increase the cost 
significantly. A better option is to reduce the operating voltage of the RPC by 
decreasing the size of the gas gap. This is discussed further in section 7.
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7 - Conclusions 
 
7.1 - Further Work 
 
As our investigation progressed, it appeared that we may have time to investigate the 
properties of a 1mm gap RPC of the same design as the 2mm gap RPC. 1mm 
thickness glass for the spacer was not available but we did eventually manage to build 
a chamber with a 1mm PVC spacer. Unfortunately, this chamber only produced one 
result but then stopped working on subsequent experiments and could not be fixed 
before time ran out. However, the result obtained was with a 50/50 gas mix and at a 
supply voltage of 4400V across the gap and suggested an efficiency of approximately 
42%. It is likely that the efficiency characteristics of a 1mm gap RPC with respect to 
gas mix would be similar to that for a 2mm gap RPC so if we had been able to fix this 
1mm gap RPC within the time available, there is an indication that it could have 
detected muons with a similar efficiency to the 2mm gap RPC but at a significantly 
lower supply voltage. This would be of benefit due to the limit on voltages that can be 
used in schools. 
 
The possibility of producing a sealed unit chamber with the butane/argon gas mix 
already present must be investigated. It seems that most schools do not have access to 
the gases or the facilities necessary to fill the chambers themselves. The long term 
properties of these sealed chambers would need to be investigated as it is possible 
their detection ability would decay over time. Establishing the potential for a sealed 
unit chamber is crucial for the success of this RPC as a particle detector for use in 
schools. 
 
Custom electronics for the processing of signals from readout plates of the two 
chambers could be designed and would be fairly elementary and inexpensive as it 
would simply need to be a coincidence unit that detected pulses from the readout 
plates of the two chambers and counted the number of coincident ionizations in the 
chambers. This number is equivalent to the number of muons passing through the 
detector. A custom high voltage power supply could also be designed and this could 
be made available as an option to schools that did not already have a suitable power 
supply. 
 
 
7.2 - Final Conclusions 
 
We set out to answer three technical questions and to contribute to understanding 
whether a suitable product could be produced and kept within the budgets of 
secondary schools. 
 
We have made significant progress in the following areas: 
 

Chamber design 
We were able to prototype a working resistive plate chamber from commonly 
available and cheap materials. The chamber was found to perform reliably and 
robustly. As an improvement to the final design, the areas of the readout plate and 
the electrodes should be increased to cover the whole gas chamber as this would 
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increase the active area of the RPC meaning that the rate of detecting muons 
would increase. 
 
Gas mix 
As was our aim, we were able to determine a non-flammable gas mix that 
produced a good efficiency without the need for a Freon quencher. The 2mm gas 
gap resistive plate chamber was found to have its optimum efficiency with a gas 
mix of 43% butane and 57% argon with an operating voltage of approximately 
8300V. Although this gas mix does not give the optimum signal-to-noise ratio, 
having optimum efficiency is deemed to be more important in this case as the 
amount of noise in the RPC signal is relatively small. 
 
Electrode coating 
The static dissipative spray was found to be a suitable coating to use for the 
resistive electrodes with an approximate resistivity of 3×106 W/square when 
applied to the tinned side of the glass plates (depending on thickness of 
application). This is a reasonably cheap and already available product that can be 
used without modification and can be applied easily making the static dissipative 
spray a much more appealing alternative to the Indian ink used previously. 

 
The fact that the voltage required by the RPC is larger than that available from most 
schools’ HV power supplies (5kV) is a significant problem, but it is likely that it can 
be solved by simply decreasing the size of the gas gap. This seems to significantly 
lower the operating voltage of the RPC, as evidenced by the result obtained with our 
1mm gap RPC at 4400V. 
 
Further work into manufacturing costs and market demand is required, but we have 
shown that a reliable, safe and effective resistive plate chamber, designed to help A-
level students better understand particle physics, can be produced and, depending on 
profit margin, the cost to schools could be kept within the £100-£200 bracket we 
originally aimed for. 
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Appendix A:  Pion Decay Processes and Associated Probabilities 
 
 

Decay Mode Probability  
  
� + => µ+ + � µ 99.98770 ± 0.00004 % 

� + => µ+ + � µ + �  2.00 ± 0.25 × 10-4 

� + => e+ + � e 1.230 ± 0.004 × 10-4 
� + => e+ + � e + �  1.61 ± 0.23 × 10-7 

� + => e+ + � e + � 0 1.025 ± 0.034 × 10-8 

� + => e+ + � e + e+ + e- 3.2 ± 0.5 × 10-9 

� + => e+ + � e + �  + �   <5 × 10-6 

  

� - => µ- + � µ  99.98770 ± 0.00004 % 

� - => µ- + � µ  + �  2.00 ± 0.25 × 10-4 

� - => e- + � e   1.230 ± 0.004 × 10-4 

� - => e- + � e   + �  1.61 ± 0.23 × 10-7 

� - => e- + � e   + � 0 1.025 ± 0.034 × 10-8 

� - => e- + � e   + e- + e+ 3.2 ± 0.5 × 10-9 

� - => e- + � e   + �   + �  <5 × 10-6 

  

� 0 => �  + �  98.8% 
 
 

Data from CosmicRays.org [14] 
(http://www.cosmicrays.org/muon-rays2.php) 
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Appendix B:  Dimensions of the Resistive Plate Chamber and 
Readout Plate 

 
 
 

 
 

Figure 28:  Dimensions (in millimetres) of the RPC top glass plate with resistive 
electrode (bottom plate is identical but without glass tubes) and glass spacer plate 

 
 
 
 

 
 

Figure 29:  The readout plate dimensions (in millimetres)  
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Appendix C:  Dimensions of the Chamber Housing Assembly 
 

 
 

 
 

Figure 30:  Dimensions (mm) of top and bottom plates of chamber housing (holes for 
bolts are 15mm from edges; dashed square represents outline of cork insulation) 

 
 
 
 

 
 

Figure 31:  Diagram of RPC, readout plate and aluminium shielding with associated 
thicknesses (Glass used is 2mm thick) 
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