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Abstract

This investigation continues research done at Bristol Univerdibythe possibility of
producing a particle detector suitable for use in secondary sclsoatsexperimental
demonstration during the teaching of the particle physicsoseatithe A-level
syllabus. This work is focussed on the prototyping of a resistive gleamber that
could be used for this purpose, taking into account the particular dotsstrbsafety
and cost imposed by the schools market. We produced a working peotpags
chamber RPC with a 2mm gas gap and resistive electrodes froedstatic
dissipative spray (with a resistivity of 3*¥Wsquare), 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 suppageocbf
approximately 8300V. The cost of a usable unit to schools is estiritabe between
£100 and £200.
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1 - Introduction

This investigation is part of a series of projects undertakBnistbl University under
the heading ofAn Affordable Particle Detector for Educati@md continues work
done last year [1, 2] on designing and building a resistive pghatalger (RPC) within
constraints of cost, safety and other practical consideratook,that it would be
suitable for use in secondary education. Previous projects have mtokeadtillating
oils as a cheaper alternative to solid scintillating magef&l4, 5] and cloud
chambers [6].

All A-level physics syllabuses in the UK contain sections otiglarphysics but it

can seem that particle physics experiments can only be danlarge collider

meaning that often pupils do not get to see any particle prdesmenstrations first-
hand in the classroom. Therefore, the common purpose and challehge of
Affordable Particle Detector for Educatigmojects is to produce a piece of apparatus
that can be made available to schools at low cost and allow theéemtonstrate
aspects of particle physics to pupils safely, convenientlywesuglly in the

classroom.

Currently the most used classroom particle physics demonstratioa ¢cloud
chamber, but these require either liquid nitrogen or dry ice, both chveine not
available to most schodlsCloud chambers do provide a very good visual
demonstration of ionizing particles but logging data is diffiaslthere is no
electronic detection system. A video camera can be used, $uedfiires human
analysis of the video whereas both a scintillating mateniahected to a
photomultiplier tube and a resistive plate chamber offer the pdtéartiglectronic or
computer logging of particle events.

1.1 - Aims

From previousAffordable Particle Detector for Educatigrojects, the RPC is the
solution that has shown the most promise, so our investigation builds worthef
last years students and attempts to refine the design and metlobtsinca working
prototype within the constraints necessary to the project.

This investigation aims to prototype a working, easily manufadttgsistive plate
chamber and associated signal processing techniques within theicisa®f safety,
environmental concerns and financial cost that are necessaryddre suitable for
use in education. Specifically we aim to establish a robustimadesign, test the
properties of different resistive electrodes and examine theimqrgal properties of
the chamber when filled with different gas mixes to find the tmat gives optimal
properties.

L A survey undertaken last year showed that aro&#él df 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 chamhbdriglitvoltage
resistive parallel plates either side of it. lonizing pétigassing through the
chamber result in a spark across the chamber that is debscesther a
photomultiplier tube or a readout plate that detects the sparletiyahagnetic
induction.

Inductive readout
plate Insulating layer

Spacer

Glass chamber Gas mix Resistive
Electrodes

Figure 1: Typical design of a resistive plate chamber

Resistive plate chambers have been used recently to detect muonggrodac
number of high-profile accelerator experiments such as ATUASIE and BaBar at
PEPII. They are popular due to their high gain, good spatial resolanid high rate
capability. They are also very simple to design and build anergiynuse low cost
materials and have low running costs.

The design of RPCs used in such accelerator experiments islgeloav cost, as
required in our aims, but will need some adjustment to produce anHaPiS t
suitable for use in schools. Our main considerations are safetpanso 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, bamaha& Freon (or some
other electronegative gas) and the presence of butane repregetestal hazard as
it is highly flammable in aft Oxygen is required for combustion, so a mix of argon,
butane and Freon is not flammable as long as the concentration of tasteies
above its upper flammability limit or there is no oxygen presdmgrefore, the
chamber must be gas tight.

Secondly, Freon and the alternatives used in RPCs are ozone-deguhetialgo can
result in damage to the RPC in the presence of water vapowse(em 4.5) so it is
desirable to eliminate their use by using alternative quesicdniexr mix that does not
require them.

Thirdly, RPCs conventionally have a through flow of the gas mstaw the ageing
of the detectors. This is not practical for our RPC and wouldfsigntly increase the
cost to schools and we therefore propose a sealed gas chanassh&d good

2 Butane is flammable in air at concentrations betw®.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 atyaitiss
construction, would be the only part of the detector exposed t@sheig.

The other major problem that would need to be remedied is that adiighe (up to
10kV) is required to run a resistive plate chamber but schoolsrared in the high
voltages they can use. Research from last year (see se&)®uggests 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, quseviesistive plate
chamber research has been more concerned with studying and imgpetiiciency
and time resolution (e.g.[8]) than with building RPCs under stigsttaints of
budget or safety as in our case. Efficiency and resolutiomga@tant in this
investigation but maximising these is secondary to the aim of grapgan RPC that
is safe and affordable for schools.

A previous investigation into using Freonless gas mixtures [9] stsyipexd it is
possible to build a functional RPC that uses a gas mix of jushagd 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 hadsoefds in efficiency,
time resolution and operating voltage over a 2mm electrode gap.

Other relevant studies have looked at resistive cathode transpfr@hapd the
guenching properties of gas mixtures containing Freon [11].

1.4 - Constraints

A preliminary study carried out last year [1] attempted to diyatfie constraints
necessary in the design of this affordable RPC by surveysagale of 35 UK
secondary school physics teachers. The results of the surveytlamed below:

The budget available in the schools surveyed for such a detectorlaeyedy,
but 75% of schools had £100 available and 50% of schools had £200
available. The “affordable” limit for the detector is betw&400 and £200.
Any more expensive and the available market is small.

The RPC requires a high-voltage power supply. The survey sadbast
around 70% of schools have a suitable power supply. There is thetaleerna
of a custom built supply to be included with the RPC, but this incseasts.
Alternatively, it could be sold separately to schools that needed it
Nearly half of teachers stated that they would use the defector
demonstration only while the rest would want it to be suitable fostigagion
as well. The high voltages required for the RPC mean thatutdabe 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 atasisifi. Like electrons,

they have a spin of 1/2 (they are fermions) and a negativeielgtarge, but the
muon mass is around 207 times that of the electron.

Rest Mass Charge Spin Lifetime
Electron 0.511 MeV/c” -1 Y Stable
Muon 105.67 MeV/c” -1 Yy 2.20x10°s

Table 1: Properties of electrons and muphz]

2.1.2 - Cosmic Rays

“Cosmic rays” is the general name given to particles commitogour atmosphere
originating from outside the Earth. The large majority of dogwmys are single
protons (H) but alpha particles (H8, other heavier atomic nuclei, electrons,
photons, neutrinos and any other particles arriving at the Eatthésphere from the
universe outside come under the “cosmic rays” classificatiomeSosmic rays
originate from the Sun (solar cosmic rays), but most come foomtss outside our
solar system (galactic cosmic rays).

Figure 2: Major components of the primary cosmic radiafitj
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The RPC is used to detect the muons that are produced when cosprictoas
decay to pionswhich have a short lifetime and therefore decay further to mioiss.
decay process, called an extended air shower, is shawigure 3 A table of pion
decay modes is found in Appendix A.

Figure 3: Production of muons from the decay of a cosmic rayeiatmosphergl4]

2.1.3 - The Muon Lifetime

The lifetime of a muon is 2.20 x $&econds [12] so, even if a muon was travelling at
the speed of light (3 x £an/s), it would have a range of just 660m. This means that,
ignoring all other effects, it is very unlikely that a muonl walkch the surface of the
Earth.

However, muons produced in air showers travel at relativistic speedhe resulting
time dilation means they have a large enough range to realdvekan example
calculation for the relativistic range of a 2.0GeV muon is shovwrigure 4

% Pions are the lightest mesons and are made upnatiinations of up and down quarks and antiquarks

10
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Kinetic  Enerzy
A
where o = ! = and u = relative  welocity
u
T
rearrange
=K+mc?=[2+l:l.lesV =21
ma 0.1GeF
Using time dilation
by =g A
Ar=21=22x10 % =4 &=10
Range % = ot
=3 0x10%n s x (4.8=10 75 =13880 m

Figure 4: Calculation for the relativistic range of a 2.0GeMan with a rest mass of
0.1GeV and a lifetime of 2.2 x $Gecond$15]

Muons are weakly interacting with matter except by ioniza#anthey pass through
the Earth’s atmosphere they lose energy at a rate of aboit/gider through
ionization interactions with other particles in the atmospherevétieal depth of the
atmosphere is about 1000g/cso they lose about 2GeV of energy as they pass
through to sea level [15]. The mean energy of muons at seadeMgeV [13] and
they arrive with a flux of approximately one muon pef @ar minute.

Figure 5: Vertical fluxes of cosmic rays in the atmosphere &nergies greater than
1GeV[13]

11
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2.1.4 - Muon Interactions

Energy from muons is deposited in a number of ways, ionization beingneof

them. The majority of a particle’s energy is deposited tHraogization as long as it
has energy less than a particular critical valyetttat depends on the particle and the
material through which it is travelling. If the particle lzagalue above Eenergy is
deposited through Bremsstrahlung, pair production and photonuclear events.

For muons, Eis much greater than 4GeV for the gases that will be used RRGg
so ~100% of the energy deposited in the RPC will be through ionizatsosh@wn
below, at 4GeV, stopping power for the other processes isatiyparound 0.1% each
of that for ionization [16].

Gas lonizn Bremms.| Pair Prod.| Photonucl.| E/ 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 Butaisefor
stopping power values are MeV %g) [16]

When ionization is the dominant energy depositing process forgethparticle
passing through matter, the Bethe-Bloch equation can be usetétmihe the
average stopping power.

dE _4pa®N,(hc)® ,rz 1 1, 2b*9°me,,, , d
=T A 22— Sp 22T efmax | p2 O
dx m, A b* 2 | 2 2

The Bethe-Bloch equatigh7]

In the Bethe-Bloch equatiodE/dxis the stopping powes is the fine structure
constanty is the density of the medium the patrticle is travelling throaghthe
charge numbet the proton number anithe atomic mass number of the absorber
atom.l is the ionization energy of the absorber atom @ndis the maximum kinetic
energy that can be imparted to an electron in a single int@ract

12
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Figure 6: General shape of a plot of stopping power against momeigriof a
charged particle including Bethe-Bloch regifi8]

If the particle is travelling in a mixture or compound suchhasgas mixture used in a
resistive plate chamber, Bragg additivity can be used to ae#dctlle stopping power
by modelling the mixture as thin layers in the correct proporémassimply

summing the stopping powers [18].

2.2 - Electrical Breakdown of Gas in lonization Chambers
2.2.1 - lonization

The process of electrical breakdown across a gas startowitations. In the
resistive plate chamber, a large potential difference iseapatross a chamber filled
with a mix of gases. When a muon passes through the gas may ibnize one or
more atoms resulting in unbound electrons and positive ions. Dueltodke
potential difference across the gas, the electrons valllaate to the anode and the
ions to the cathode.

To cause ionization, the incident muon must impart to an electranisntfenergy
that it can break free from its atom. This energy is thmermim ionizing energy of
the atom. A muon will only ionize a small number of atoms assggmthrough the
chamber, resulting in just a few electron-ion pairs. Howef/éreipotential
difference across the gas is large enough, a Townsend avataghesult.

2.2.2 - Townsend Avalanche

If the potential difference is large, the electrons will beeterated such that their
energy reaches the minimum ionizing energy. This energy cangagted to an
electron in an atom and cause a further ionization. This newelgegon is then also
accelerated by the voltage and the process, calleldnche multiplicationcan
repeat. The number of electron-ion pairs produced in the avalaphepiortional to
the number of initial ionizations caused by the incident muon.

13
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2.2.3 - Streamer

The current growth for an avalanche in a uniform field is destilyeexpéx) [19]
wherea is the Townsend coefficient of first ionization anid the electrode gap. This
is only valid when the avalanche is small. As the avalanche gtiog/space charge
of the positive ions (which move much more slowly than the electronsjries
significant and distorts the electric field between anode and cathbwedistortion
causes intense ionization and excitation of the gas atoms in frih avalanche and
then the ions begin to recombine instantaneously with electronsngnatiergetic
photons. These emitted photons produce secondary electrons by photoelectric
ionization of the gas. If the photons have moved laterally from tle awalanche,
they produce new avalanches but these are generally supdrgsseeduced electric
field and quencher molecules (see section 3.2.1), howeveeyiidhize gas atoms
above or below the main avalanche, they experience an addepidiall to the
applied field and produce further avalanches until eventually tharsles meet and
form a continuous streamer between the electrodes.

2.2.4 - Arcing

When the tip of the streamer reaches the cathode there is-pdtéegttial wave which
passes up the pre-ionized conducting channel to the anode. This spdyk great
increases the number of electrons present in the channel and thisrnsimo longer
related to the initial ionization. The channel therefore becongiyhtonducting and
if the electrodes continue to supply sufficient current, the testyoe will rise such
that recombination of ions and electrons does not occur and the civlhbel
maintained as an arc across the ion plasma [20].

14
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3 - Design of Resistive Plate Chambers
3.1 - Resistive Plates

Unlike many other spark chamber ionization detectors, the elestindhe RPC are
not made of metal but of a resistive material. The reasahifis that a sustained
spark or arc will mean the detector is not detecting any funtbens during that

time. The advantage of the resistive electrodes of the RP@tisshen a spark occurs,
the current available to it is limited because of the largsteexe between the high-
voltage supply and the area of the electrodes where the spark.oCicerefore, the
spark is quenched when all the available charge is used up and thesctizeged
area on the electrodes charges again slowly from the HV suipye is a dead time
in that area of the detector during the recharging of tlugéreties, but it is a localised
dead area.

3.2 - Gas Mixes

In general, the main constituents of the gas mixture in an R&PArgon and Butane
or Iso-Butane (¢H10). The gas mix has a large effect on the working propertidseof
RPC and adjusting the gas mix will affect the working and breakdmltages, gain,
rate capability (dead time) and signal-to-noise ratio.

Argon is the gas in the RPC that is ionized by the incident mesungting in the
avalanche and spark. Argon is used for a number of reasons. It isanewill not
react with other gases or cause components of the RPC to deteriNioble gases
require the lowest electric field for the formation of an avdiarimecause they have a
high specific ionization factor. Argon is chosen from the noble dasesuse it has a
very low cost.

3.2.1 - Quenchers

As described in section 2.2.3, secondary avalanches can be trgatezrgetic
photons emitted by recombination of electron-ion pairs from thegpyimnization
process. These secondary avalanches are not desirable in therdetdt may
produce two signals for one muon ionization, counting the muon twicaupfwess
these secondary avalanches, a quencher gas is added. The qgasdcheypically a
polyatomic molecule such as ButangKlgy) or Boron Trifluoride (BE) which
guenches the secondary avalanches by absorbing the emitted photonsipatindjs
their energy through dissociation or elastic collision. Theseaulgs are photon
quenchers.

In some RPC designs, a second quencher is added in the form eftaorel
quencher. This is usually an electronegative gas such as Sulphafiudere (SF6)

or a Freon. These gases increase the gain of the readotbdieyeabsorbing both the
emitted photons and the electrons.

15
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3.2.2 - Mixing Proportions

The proportion of each different gas used in resistive plate chandrezs greatly,
depending partly on the use of the RPC. The chambers used in ldhelddettor have
a mix of HFC-134a (62%), Argon (30%), and Butane-sf{8%) [21] while those
used in BaBar have a mix of Freon 13B1 (4%), Argon (59%) and Iso-B(8@%e.

A gas mix with not enough quencher will result in the chambenaviower
breakdown voltage and a larger number of noise pulses in the signal hatihg too
much quencher will result in a decreased efficiency and a lowsggnal. 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 detsds the way an output
signal is obtained when an incident muon causes a spark in the ch@hdsepark
can be detected using a photomultiplier tube to detect the photaecdeiyi the
spark, but far more common is to use an inductive readout plateedtheut plate is a
metal plate insulated and completely isolated from the supply &R It is placed
above the top electrode and when a spark crosses the gas charnbrentas

induced in the metal plate and this induced current can easitéeted. The usual
positioning of the readout plate is showrFigure 1

The advantages of having the detector electronics electrisalfted and separate
from the high-voltage supply of the RPC are that fluctuatiotisarHV supply do not
interfere with signals and high voltage capacitors are notedaedemove the supply
voltage from the signal. Using a readout plate systemalsspossible to detect
sparks in different parts of the chamber because the readoutatebe any size and
above any part of the electrode and the resistivity of theretkxtocalises the signal
to a small area. It is possible to have a number of small reptddes connected to
separate electronics detecting signals from differensaneilne chamber.

HIEIEIEY
. “aice
L 7
I:I |:| |:| I:I Electrode

—— Chamber

Figure 7: A matrix of readout plates

* Butane-silver is a mixture of approximately 70%utane and 30% iso-butane. The cost of butane-
silver is one tenth of the cost of 99.5% pure istahe [21]

16
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An improvement on this idea is to use two perpendicular sets of testdps. This is
better as it gives the same ability to pinpoint the ionization bhtfewer plates and
so fewer signals to process. For exampl&igure § if a muon were to ionize the
chamber at P, the resulting spark would be detected by readosthfatsnd V3 so
the ionization is known to have happened within the area of their overlap.

R I = I O

—
Vi Vv2 V3 V4
Figure 8: Perpendicular readout strips

17
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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 {lasd gnd a glass spacer
layer. Glass was used because of its longevity, its gooddsestance and because it
has a suitable resistivity of about'4@m. There is also a very good glass workshop
at Bristol University meaning construction was both quick and atzur

Gas Out
Gas In T

Top Plate
Spacer

Bottom Plate

Figure 9: Design of the glass chamber

Gas is supplied into and vented out of the chamber through glass tutes tha
through holes drilled in the top plate of the RPC. In other RPCrugsigs is often
supplied through the spacer, but our spacer, being made of glaagilesand
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 fnosne resistive material
so that when a spark occurs, the current available to it i®tinaind so it is quenched
when the available charge is used up. The resistivity of theeadechas an optimum
value. Below this value, the spark will be sustained for longerasang the dead
time of the detector, but above this value, there may not beisatfaharge for
sparking across the chamber. Previous research [10] suggestsstiogitimum
resistivity value is between 1@nd 16Wsquare.

In the manufacturing process of sheet glass, molten glalevsed to flow over a
bed of molten tih This results in one side of the glass being coated with aatyen |
of tin which will affect the resistivity of our electrodes (@eihniare applied directly
onto the glass). The tinned side of the sheet can be determineddoduoare is a haze
under ultraviolet light.

Out of the possible electrode materials tested last year @upiéo toner, graphite
paint and a variety of Indian inks) the coating with the mostoggpiate resistivity
was found to be Dr Martin’s Bombay ink with a resistivity of @@#&quare. We were
able to reproduce this result, but the ink had to be applied withtanstirand it was

® This float glass process was invented in 1959ibpRistair Pilkington and produces much flatter
glass sheets than were previously available

18
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difficult to obtain an even layer coating. The resistivityto$ tink is lower than
required, so we initially looked at the possibility of mixing itman ink of higher
resistivity to produce a blend with the required value. Howevetham obtained and
tested a static dissipative coating [22] with a higher egisand its own aerosol,
making application significantly simpler, and found this produced tngined results.

According to the manufacturers, the surface resistivith@ftatic dissipative coating
is 10W'square at 50 microns. Experiments with the coating showechthatitface
resistivity was significantly smaller when applied to tmaéd side of the glass than
when applied to the non-tinned side. Glass samples prepared withdieapplied to
the tinned side were found to have a resistivity of approximatedg®W'square. This
value is dependent on the thickness of the applied layer and, althoieghttesas with
the airbrush, we were still limited in how consistent the apjbéiger thickness could
be. However, when coating the RPC plates, the electrode goatare applied to the
tinned side of the glass and both electrodes were found to havstiitgsi
sufficiently close to the previously found value and suitable foaassectrodes in
our RPC.

To make the electrodes on the RPC plates, a square 180x180mmtheeeentre of
the glass plate was measured and the rest of the glass m#glsee@Figure 10. The
static dissipative spray was then applied evenly to the glagsting each area twice
as this was found to give acceptable and consistent results dixarto the
manufacturers, the drying time for the coating was “touch arZ0 minutes and
maximum properties after 12 hours. The plates were thereforentdfthe following
day before the next step.

Figure 10: Applying the resistive electrode coating to thesgtésmber

In order to ensure good electrical contact with the resistisérng and allow all areas
of the electrode to recharge as quickly as possible afterla spaper tape was
applied all around the outer edge of the electrode and conductive paiajpplied to
ensure an electrical connection between the tape and the dsagfiggure 11). The
design of the chamber housing meant that the HV supply contlhais fhe copper
tape on both sides of the chamber.

The construction of the chamber from its component parts was doagés so that
construction quality could be checked as the chamber was put togétaenethod

19
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for gluing the spacer to the plates was to apply slow dryingy&oxhe spacer, place
it in position on the bottom plate and then heat it to 100°C whilegtidiihe gas inlet
and outlet tubes were then glued in place on the top plate using qyiiot epoxy.
Slow drying epoxy was then applied to the top side of the sphedigpi plate placed
in position and the whole assembly heated to 100°C again. This méthwedathe
gluing to be checked while the chamber was put together andkeesseglue that had
strayed inside the chamber as it dried removed.

The method of heating the slow drying epoxy as it dried was meemaled to us as it
reduces the viscosity of the glue resulting in a thinner andrtsetal than using quick
drying glue. A number of tests were done on spare strips & e to gluing the
RPC to find out the best application method and amount of glue to appigice 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 systemaddue plates that can detect
where in the detector the ionization has occurred using eitradl Ieadout plates or
readout strips. However, in building an affordable particle detéat@ducation,
knowing where within the chamber the muon interacts is not impomadrtha more
complicated electronics required to make sense of the signalsdeatout strips
would increase the cost of the signal processing electragimficantly.

Therefore, for the purposes of this investigation, it was owjyired that the readout
plate detected a muon interaction within any part of the RPCreHueut plate used
was, therefore, just a large copper plate mounted on a sheet gblastio to insulate

it from the HV electrodes. The dimensions are shown in AppendtgBre 29

® Slow drying (blue) Araldite which dries in approtely 2 hours
" Quick drying (red) Araldite which dries in apprmately 5 minutes

20
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4.4 - Chamber Housing

In order to reduce noise signals and for safety in using the higigesltequired, the
chamber and readout plate were placed inside an assembly that ptmtided
electromagnetic shielding and insulation between the high voltagaats and the
outside of the assembly.

HV supply Readout plate
connector connector

I i I

L]
Bolt / E\
Rubber bung

HV supply
connector

Figure 12: Schematic of RPC housing and spring-loaded contadttMf@upply and
readout plate

As shown inFigure 12 the housing assembly consisted of 10mm thick aluminium
plates above and below the chamber which provide electromagnelitrshie the
chamber and provide an earthed casing for the chamber for saéd$p provides
protection for the fragile glass chamber inside.

Between the aluminium plates and the chamber was a layer ottigisiotork and a
sheet of 1mm thick plastic (not shownRigure 12 seeAppendix C,Figure 3] to
insulate the outer aluminium plates from the high voltage suppliée t@sistive
plates. The top plastic layer had the readout plate (a 100x100mnr ptgtpe
attached to it and the plastic served to insulate it from theivesplates as required.

To supply the high voltage to the resistive plates and to detesigtined from the
readout plate, holes were drilled through the aluminium, cork andgptamstirubber
bungs with spring-loaded point contacts through their middles pladbe holes
such that they made contact with the required plates but werateg@lom the
aluminium casing. The spring-loaded contacts were connectedah#reend to HV
connectors (a BNC connector for the readout plate signal) anoseddh aluminium
boxes for shielding and safety.

The entire assembly was bolted together to hold the chamber ingpld@nsure good
contact between the spring-loaded contacts and the readout platgped tape on
the resistive plates and to keep everything in place while expets were carried
out.

Detailed dimensions of the housing assembly are shown in Appendix C.
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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
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 anfit mitkin
the constraints of our budget. In this case, safety and castoaeeimportant
considerations than efficiency.

Freon was not used as its use is banned because it is 0zone dejplistaigo not
desirable because it has been shown to form an acid with w&eQds resulting in
etching of the glass electrodes [23] and also to form depositearoees that reduce
efficiency [24]. As this chamber was required to have a goedifiie, addition of
anything that caused components of the RPC to deteriorate wasaptable.
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Figure 14: AFM pictures of deposits on glass electrode surfagganpde (freon),
(b) cathode (freon), (c) anode (freonless), (d) cathode (freoniedd)rand new glass
[24]

A further consideration in the choice of gases is flammabilityaBe is flammable in
air at concentrations between 1.8% (lower flammability liidl 8.4% (upper
flammability limit) [7]. Inside our chamber, there should be nogexyif it is
completely filled with the gas mix and the gas mix is purs.llkely that in this
investigation, there was a very small amount of oxygen presére thamber due to
the difficulty of flushing air out of the chamber and gas systed small gas leaks
allowing gas to diffuse in. Considering the low oxygen levelspthbability of an
ignition of the butane was small, but the concentration of butane gathmix was
always kept well above the upper flammability limit to elinbénthis risk.

4.6 - Gas mixing and delivery system

A gas system is required to mix the gases and pass the thex RPC. The gas mixes
used in our investigation were argon and butane. The argon was ftandard high-
pressure cylinder from BOC with a Saffire regulator, butilane used was from a
smaller camping gas cylinder with its own regulator. Fogtgagill our experiments
were carried out in a fume cupboard with the door closed and vented gabvags
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 dediystigm, and to
allow extra gas cylinders to be connected if required, a gagofd (shown irFigure
15) was used. This was simply a number of inlet taps that couddriveected to gas
cylinders and an outlet that connected to the gas reservoir ofgluieliery system.

Gases from
manifold
l Vented gas
—>
Three-way valve
Desiccator Vented gas
—
—>

Taps
B

Water collection RPC

cylinder

Figure 16: Schematic of RPC gas mixing and delivery system

In order to mix the gases in the correct proportions, a voluntwaiad water
reservoir system consisting of two bell jars was used. Asisioiigure 16 one bell
jar is raised above the level of the top of the other and theypareected with a
length of tubing. JaB is initially full of water and when gases are pumped intihé,
water is displaced into ja.

JarB was calibrated using a large measuring cylinder and matadthat the water
level indicates the volume of gas pumped into it (i.e. the zero aratieation is
when the jar is full of water). The amount of water in theesysivas set such that
there was only enough to fill one bell jar so that the risk eéxwaaching the RPC by
accident was greatly reduced.

To fill the reservoir with gas, the tap connecting it to theséthe system was closed
and the three-way valve turned to allow gas in from the manifble desired
amounts of gases could then simply be pumped int® fesm the cylinders through
the manifold resulting in a measured gas mix irBjaeady for use with the RPC.

A problem encountered at this stage was that the regulator on #me lmylinder did
not allow the pressure to be sufficiently high to displace wadéo jarA. This was
remedied by lowering jak to the level of jaB while pumping the butane in and
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pumping in an amount such that, whenfawas raised back to its normal level, the
indicated change in volume was the desired amount of Butane

To further reduce the risk of water reaching the chambeaterwollection cylinder
was included in the system between the gas reservoir and theesttarnchtch any
excess water before it reached the RPC. A problem with ugiag eeservoir that
used water was that it was very likely that water vapour dvbetome part of the gas
mix. To stop this water vapour reaching the chamber, a silladegsicator was added
to the system. In order to allow the dessicator to be remawkdréed easily, quick
release connectors were added on either side of it and a makiedsing size
converter fabricated that allowed the connectors to be fittedhateest of the

system.

Figure 17: Dessicator and quick release connectors

The delivery system used allows the RPC to be run with a thiitmglof gas or with
a single volume of gas. Most of the time it was filled vg#s and then only the outlet
tap closed (the taps between the gas reservoir and the RPC @pieat)iswas over-
pressured. Unwanted gas leaks in the system when this wasthe/ere negligible
over the period of our experiments after a further layer of ep@syapplied around
the edge of the gas chamber.

The tubing used in the gas system was 8mm inner diameter rublvey wire
possible although some of the glassware had an outer diamgillydkss than 8mm
S0 joints were made gas-tight using a layer of electragm between the glass and
rubber tubing. This seemed to provide an effective seal. Groursljgiats on the
bell jars were sealed using silicone grease. Joints and bungé$resuently checked
and tightened if necessary.

4.7 - High Voltage Supply

The power supply used in this investigation was a LeCroy HV4032Ahatitnas
capable of providing voltages of up to +7kV. This power supply was usédtiothe
RPC and the photomultiplier tubes on the scintillators of the camyitelescope that
we were using to test the RPC. The voltage for the photometsphas supplied
from a -3kV pod with a maximum current of 2.5mA. The voltage for the RPC was
supplied through a +7kV pdYand a -7kV potf with a maximum current of 5@@.

® This allows for the change in pressure on thengiaswhen the height of jar A is changed
° HV4032A1N
19 Hv4032A7P
" HV4032A7N
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The maximum voltage rating of the HV cables used was 5kV, sopwariments 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 imidersign the
readout plate. A breakdown of the gas is not necessarily caysethuon passing
through the detector and causing an ionization. In order to be ableriondisite
between signal pulses caused by muons and noise pulses whilettestthgmber, at
least a second muon detector is required.

In this case, a cosmic ray telescope was used. This consisteal scintillating
polymer paddles with effective area of 100x100mm optically cordeot
photomultiplier tubes. A muon passing through the paddle releases photdhe and
photomultiplier tube produces an electrical signal. These two pddtietors also
suffer from noise signals however, if placed one above the othe@oanédcted to a
coincidence unit, noise signals can be removed and the electranigssseh that
only a pulse from the top paddle followed closely by a pulse frorhdttem paddle
results in a coincidence signal being registered. If there@ncident signals from
both paddles, this represents a muon passing through one then thByitiacing
the RPC between the two paddles it is possible to see how rhdmg/rauons
detected passing through the paddles (these must also pass thrdrBIC)here also
detected by the RPC.

The efficiency of the paddles in detecting the muons that pemsgh them is, in part,
determined by the voltage supplied to the photomultiplier tubes. Nd¢kiEsge is too
small, the number of muons passing through the scintillators that e a signal
from the photomultiplier is small. If the voltage is increasked dfficiency is
increased but the amount of noise pulses in the signal is also ettré&asfind the
optimum voltages for the paddles, they were placed one on top of thewthire
voltage supplied to one varied while that to the other was kept otriBtee number
of coincident counts and the number of pulses from the varied paddleeserded
for each voltage. The results are showkigure 18a and 18b
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Figure 18a: Results from experiment to find the optimum supjtibge for the top
photomultiplier tube — bottom PMT voltage held at 1600V
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Figure 18b: Results from experiment to find the optimum swyoistge for the
bottom photomultiplier tube — top PMT voltage held at 1500V

For both paddles, as the voltage is increased, there is a pbaknanber of
coincidence counts followed by a plateau as the efficiency redsh@aximum. At
voltages higher than the peak voltage, the total number of cows®srido increase
rapidly as the amount of noise in the signals from the photomultipbes becomes
large. The approximate optimum voltages for our paddles were found to be 50V
the top paddle and 1650V for the bottom paddle and these were the voltaes use
when testing the RPC.
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The efficiency of the paddles is not 100%, but this does not mwttar testing the
efficiency of the RPC as we will find the number of muons deteby the cosmic ray
telescope that are also detected by the RPC. However, enai? sometimes detect
muons that were not detected by one or both of the paddles and tlafevilthe
signal-to-noise ratio estimates for the RPC.

4.9 - Signal Processing Electronics
In order to produce useful information from the cosmic raygtelpe and RPC

signals, various electronics systems (parts of a NIM ¢oaied with LEMO cable)
were used.

Top Paddle ! '
! Tt T T T T T |
11— : > | .
i : > 000125 | !
1 ! > \ ,
| i | |
1 I 1
RPC (Readout Plate) : i : 000043 :
1 ! H
! i Counters
| ! Coincidence
Bottom Paddle i ! Units
1
I e < :
1
1

______________

Discriminators

Figure 19: Schematic of processing electronics for determiRinG efficiency — top
counter shows number of coincident signals in paddles, bottom counterrainoysr
of coincident signals in paddles and RPC

The first stage is to convert the signals from the paddié®Rk&C into signals that can
be used by the subsequent electronics. The systems that de ttiscaiminators and
their function is to output a short (50ns) pulse when the input voltageapose a
specified threshold valdieand so the discriminators allow the background noise to be
removed from the signals. The output pulse is a -1V square puigblsuor

triggering NIM units.

In order to detect when there is a signal from both paddles orotmpaddles and
the RPC, coincident units are used. These are AND gates tpat autegative square
pulse when there is a signal at both inputs. The pulses from thediftketectors will
arrive at slightly different times but are close enoughttoageto trigger the
coincidence units.

The final stage is counters that display the number of pulsesdveyreceived.
These are reset to zero at the start of any experimenteredused to obtain the
required data for calculations of efficiency and signal-to-ni@se.

2 Through our experiments, the threshold voltage mamtained constant at 0.381V.
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A high bandwidth digital storage oscilloscope was also used to kisignals
coming from the coincidence unit for the cosmic ray telescopéiamctly from the
RPC readout plate. This allowed us to see in greater detdilwasahappening inside
the RPC and save oscilloscope traces of muons being detected PGhe R

29



Jonathan Collins
F303

5 - Results

The results detailed in this section were obtained with our 2rsrgayaresistive plate
chamber with resistive electrodes of the static dissipabating and gas mixes of
butane and argon only.

5.1 - Breakdown Voltage

After a number of preliminary experiments, the RPC was foorméve its best
efficiency close to its breakdown voltage. The breakdown voltatipe isotential
difference between the RPC electrodes at which themntsaous sparking across
the chamber. In this investigation, this was taken to be the vatageich the safety
cut off of the power supply caused it to trip off.

10500 -
10000 -
9500 4
9000 +
8500 +

8000 -

7500 ~

Chamber breakdown voltage /V

7000 4

6500 4

6000

20 25 30 35 40 45 50 55 60 65
Percentage Butane in gas mix

Figure 20: Plot of RPC breakdown voltage against percentage of buidhe
butane/argon gas mix

These breakdown voltages were found by increasing the voltage supphedRB€
in 100V increments until the supply tripped. These results a&entafter recording
each result from the efficiency investigation (section 5.2).

5.2 - Efficiency

The most important property of the RPC that is affected bygih@rnhe gas mix is its
efficiency. In order to find the gas mix that gives the higledficiency, we tested the
RPC for gas mixes ranging from 25% butane, 75% argon to 40% ba@#bseqargon.
Outside this range the RPC was found to have very low efficienagt function at
all.
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Figure 21: Plot of RPC efficiency against the percentage of bunaihe
butane/argon gas mix

The efficiency is calculated as the percentage of muons ditectbe cosmic ray
telescope that are also detected by the RPC. The reskltpine 21are averaged

from five 10 minute runs with each gas mix taken at a voltage=ippately 200V

below the breakdown voltatye The oscilloscope trace for a typical coincidence event
(a muon detected by the RPC and cosmic ray telescope) is shbigure 22

Figure 22: A typical muon detection coincidence event. Trasdhe output from the
cosmic ray telescope coincidence unit and trace 2 the outputlglifeom the RPC
readout plate.

131t was not possible to know exactly the trip vgkzbefore doing the efficiency experiment as
increasing the supply voltage to breakdown affethedproperties of the chamber thereafter such that
the supply voltage had to be decreased by a langeiiat (>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 RPGilsasonnected to a
counter allowing a measurement of the noise in the RPC to be TdeRPC signal-
to-noise ratios shown iRigure 23were calculated from the number of muon
detection pulses divided by the number of noise pulses.

0.025 4
0.020 -
0.015 -

0.010 -

RPC signal to noise ratio

0.005 4

0.000 T T T T T T T T 1
20 25 30 35 40 45 50 55 60 65
Percentage Butane in gas mix

Figure 23: Signal to noise ratio for the RPC plotted against peegge of Butane in
the butane/argon gas mix

5.4 - Streamer and Avalanche Mode

When viewing the output signal from the RPC during the investigationeon t
oscilloscope, two distinct pulse sizes were observed without ggttygngas mix or
supply voltage. Two example traces are showiiguire 24

Figure 24: Example of the two different pulse sizes observed asthi®scope
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It is likely that these different signals represent the éifferent operating modes of
the RPC, streamer and avalanche modes, the small pulsesassdagated with
signals induced by avalanches and the larger pulses being assadihtsignals
induced by streamers.

5.4.1 Deposited Charge

It is possible to calculate the charge deposited in the RPC rgadtriby a spark in
the chamber from the resulting oscilloscope trace. An exampiesatalculation is
shown inFigure 25 The RPC signal is terminated at the oscilloscope i 50
resistance.

Q = Charge deposited

1
= ldt== Vdt
Q R

Vdt = areaof redtriangle

_ 05795 10°° 600" 10°°

\
Q 50

=577107°C

Figure 25: Example calculation of the charge depasbin the readout plate by a RPC
breakdown spark

The amount of charge deposited for the small (adle) pulses was typically around
6><10;° C, while that deposited for the larger (strearpei¥es was typically around
1x10° C.

5.5 - Errors

The error bars in the x-axis direction Bigures 20, 21 and 2Bpresents an estimated
1+0.25% uncertainty in the percentage of butanetdtiee parallax error when
measuring gases into gas reservoir bell jar whiahade of thick glass.

The errors in the y-axis direction &igures 20, 21 and 28re calculated from the
formula for the standard error of the mean whickqgsal to the standard deviation of
the sample divided by the square root of the nurobdata in the sample. In all these
cases the sample size was 5.

When considering the signal to noise ratio of tlCRthe fact that the paddles are not
100% efficient means that some of the noise putsggsactually have been muons
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that passed through both cosmic ray telescope paaaid the RPC, but were not
detected by one or both of the paddles. The gegroéthe set up also allowed for a
muon to pass through the RPC without passing throngtor both of the cosmic ray
telescope paddles. The large majority of cosmiamagns arrive at an angle close to
vertical, so the number of muons that pass thraoghiRPC but not the paddles is
relatively small. Combining these possible erratdsaa potential positive-orifierror
to the signal to noise ratio so the top error li@rshe points on this graph are slightly
larger.

14 For these two reasons, it is possible that sontleeohoise pulses recorded were actually caused by
muons and so are not classed as noise. This meanseisult in a noise value higher than it sho@d b
or a signal to noise ratio lower than it shouldolbé do not affect the lower limit of error for thalue

of the signal-to-noise ratio.
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6 - Discussion

Figure 20shows a linear increase in the voltage at whiclchi@@nber has continuous
breakdown as the concentration of butane in themgasncreases. This is expected as
butane is the only quencher in the chamber sbeifetis less butane, breakdowns will
not be quenched as effectively so the chance ofakdown developing that is
sufficient to cause the HV supply to trip is incsed.

The plot of RPC efficiency against the percentageutane in the butane/argon gas
mix (Figure 2]) suggests that there is a definite peak in theieffcy of the RPC for
butane concentrations between 40% and 45%. Tinsaigreement with the results of
a previous study [9] that found a 40/60 mix of Imet@rgon give better results than
50/50, but results for 45/55 are not available. ¢iarparticular RPC design, it
appears that the butane and argon gas mix that gptemal efficiency is 43% butane
and 57% argon. According figure 2Q such a gas mix should be run at a chamber
voltage of approximately 8300V.

The signal to noise ratio for the RPC increases initheasing butane concentration
(Figure 23. This represents a decrease in the number oépéilem the RPC that are
noise per pulse caused by a muon-induced ionizasdhe concentration of butane in
the gas mix increases. The fact that the amounbisk in the signal shows a
dependence on the gas mix suggests that at leastaithe noise is caused by
sparking in the chamber not caused by muons. Tdreased number of noise signals
per muon signal at low butane concentrations ietbes expected because the lower
level of quencher results in a higher chance ferlgaakdown, especially as the
chamber was being run at a voltage close to thathaiesults in continuous arcing
(the HV supply trip voltage).

It is likely that some of the noise in the RPC sigmas caused by electrical noise in
the system. This would have been difficult to eliatgentirely, but the aluminium
shielding and good electrical contacts of the chamhlousing design showed a large
improvement over the noise levels found last yeaafsimilar chamber. However,
the majority of the noise was probably due to breakts in the chamber caused by
ionizing particles other than muons and often npidses viewed on the oscilloscope
had the same characteristic shape as those regsintim muon-induced ionizations
(Figure 26.
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Figure 26: A noise pulse in the signal from theC(RP

To decrease the amount of noise in the RPC sitir@tLoncentration of butane in the
gas mix should be as high as possible. Howevepdhk in efficiency at around 43%
butane means that this decrease in noise woultithe aost of reduced chamber
efficiency. At 43% butane, the signal-to-noise ragiapproximately 0.0137, which
represents 73 noise pulses per signal pulse. Astiniber is relatively small (smaller
than the equivalent value for the paddles useldrcosmic ray telescope, for
example) it would not be worth sacrificing efficignfor a small gain in signal-to-
noise ratio.

As the experiments to obtain the numerical resudtaitkd in section 5 were carried
out, the signals from the RPC and the cosmic rie@g¢epe coincidence unit were
viewed on a digital storage oscilloscope. The dign&es from the RPC were not
always single peaks such as thafigure 22

Figure 27: Oscilloscope trace of an RPC pulseaot#d with 30% butane, that
suggests secondary avalanches in the RPC

At lower concentrations of butane, signals such asghown irFigure 27were seen.

A possible cause of secondary peaks is reflectibtisecsignal along the cable
connecting the RPC to the scope and back agaim &teflection would take
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approximately 30ri3 to arrive back at the oscilloscope, and would fesmaller
voltage than the original pulse. However, the sighalWwn inFigure 27has peaks that
are not separated by 30ns and the size of the prealemises and this was usually the
case for secondary peaks. A signal such as thisl@mly be caused by secondary
avalanches within the chamber and the fact thaetpakses were more common at
lower butane concentrations confirms this.

6.1 - Estimated Costs

To establish whether the aim of this project to pialan affordable particle detector
has been achieved, it is necessary to examineois of the components used to
build the final resistive plate chamber detectdnecsupplied to schools. To do this, it
has been assumed that it would be possible to pecaltisealed unit” gas chamber as
the inclusion of the gas mixing and delivery systamd the need for schools to buy
bottled gases and fill the chamber themselves woeellthinly put the system outside
the reach of most schools.

Item Estimated Cost

Resistive Plate Chamber £14.50

Glassware £6.00

(plates, spacer)

Static dissipative spray £1.50

Copper tape £2.00

Araldite £2.00

Readout plate £3.00

(Imm plastic, copper plate)

Chamber Housing £50.00

Aluminium plates (x2)

(350x350%10mm each) £20.00
Aluminium enclosures (x3) £15.00
Cork insulation £10.00
Fixings £5.00
Total Cost £64.50

Table 3: Breakdown of estimated cost of chambdrhtanusing

To use the RPC designed in this investigation osts, two chambers would be
required® so that they could be positioned one above ther@thd a muon passing
through would cause ionizations in both. The resgltioincident pulses could then
be detected to find the number of muons passiraygir the combined detector. It
would be possible to modify the housing to accomnt®dao chambers with only a

15 This time is calculated from the length of theleg8m) and the speed of a signal in the cable56-0.
times the speed of light).
8 with only one chamber, muons can not be distirfgadsrom noise
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small increase in cost. | estimate that the costaterials for such a dual chamber
unit would be, at a maximum, around £90. The manufaxg cost needs to be
investigated but should not be too high as thegs®¢s not complex.

As stated earlier, around 70% of schools have atoesigh voltage power supply
(5kV). The operating voltage of the 2mm gap RPC vgsfecantly higher than the
voltage available from these power supplies atrsatd@kV. The need to produce and
supply a safe high voltage supply with the RPC detegould increase the cost
significantly. A better option is to reduce the agigrg voltage of the RPC by
decreasing the size of the gas gap. This is disdussther in section 7.
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7 - Conclusions
7.1 - Further Work

As our investigation progressed, it appeared thatag have time to investigate the
properties of a 1mm gap RPC of the same desigmes@nhm gap RPC. 1mm
thickness glass for the spacer was not availalilevbudid eventually manage to build
a chamber with a 1mm PVC spacer. Unfortunately,dh@&@nber only produced one
result but then stopped working on subsequent exgaits and could not be fixed
before time ran out. However, the result obtainedwitts a 50/50 gas mix and at a
supply voltage of 4400V across the gap and suggestedficiency of approximately
42%. It is likely that the efficiency characterntstiof a 1mm gap RPC with respect to
gas mix would be similar to that for a 2mm gap R¥eGf we had been able to fix this
1mm gap RPC within the time available, there isralication that it could have
detected muons with a similar efficiency to the 2gap RPC but at a significantly
lower supply voltage. This would be of benefit dogtte limit on voltages that can be
used in schools.

The possibility of producing a sealed unit chambi¢h the butane/argon gas mix
already present must be investigated. It seemsribat schools do not have access to
the gases or the facilities necessary to fill thensbers themselves. The long term
properties of these sealed chambers would needitovéstigated as it is possible
their detection ability would decay over time. Edistbng the potential for a sealed
unit chamber is crucial for the success of this RB@ particle detector for use in
schools.

Custom electronics for the processing of signamfreadout plates of the two
chambers could be designed and would be fairly efeany and inexpensive as it
would simply need to be a coincidence unit thataetepulses from the readout
plates of the two chambers and counted the nunflimcident ionizations in the
chambers. This number is equivalent to the numberumns passing through the
detector. A custom high voltage power supply caldh be designed and this could
be made available as an option to schools thataicliready have a suitable power

supply.

7.2 - Final Conclusions

We set out to answer three technical questiong@odntribute to understanding
whether a suitable product could be produced antividtipin the budgets of
secondary schools.

We have made significant progress in the followirgpa:

Chamber design

We were able to prototype a working resistive ptdtember from commonly
available and cheap materials. The chamber waslfuperform reliably and
robustly. As an improvement to the final design,dheas of the readout plate and
the electrodes should be increased to cover théevgas chamber as this would
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increase the active area of the RPC meaning teattk of detecting muons
would increase.

Gas mix

As was our aim, we were able to determine a non-flablengas mix that
produced a good efficiency without the need foreoRrquencher. The 2mm gas
gap resistive plate chamber was found to have tisnom efficiency with a gas
mix of 43% butane and 57% argon with an operatirithge of approximately
8300V. Although this gas mix does not give the optimsignal-to-noise ratio,
having optimum efficiency is deemed to be more irtgot in this case as the
amount of noise in the RPC signal is relatively kma

Electrode coating

The static dissipative spray was found to be alsigiteoating to use for the
resistive electrodes with an approximate resistioft3x1¢ Wisquare when
applied to the tinned side of the glass platesdddimg on thickness of
application). This is a reasonably cheap and ajreadilable product that can be
used without modification and can be applied eas#king the static dissipative
spray a much more appealing alternative to theamdik used previously.

The fact that the voltage required by the RPCrigdiathan that available from most
schools’ HV power supplies (5kV) is a significanbplem, but it is likely that it can
be solved by simply decreasing the size of theggas This seems to significantly
lower the operating voltage of the RPC, as evidehgetthe result obtained with our
1mm gap RPC at 4400V.

Further work into manufacturing costs and marketateris required, but we have
shown that a reliable, safe and effective resigtiage chamber, designed to help A-
level students better understand particle phys&s,be produced and, depending on
profit margin, the cost to schools could be kephimithe £100-£200 bracket we
originally aimed for.
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Appendix A: Pion Decay Processes and AssociateddPabilities

Decay Mode Probability
HESRTURN 99.98770 + 0.00004 %
N TUR 2.00 +0.25 x 10
to>d+ 1.230 + 0.004 x 16
to> e+ o+ 1.61 + 0.23 x 10
to> gt o+ O 1.025 + 0.034 x 1H
f=>d+ o+ +e 3.2+05x%x 10
fo> e+ o+ + <5 x 10°
=+, 99.98770 + 0.00004 %
=S+, o+ 2.00 £ 0.25 x 18
=>e+ o 1.230 + 0.004 x 16
=>E+ o + 1.61 £ 0.23 x 10
"=>g+ o + ° 1.025 + 0.034 x 1b
=>e+ ., +te+¢€ 3.2+05x 10
=>E4+ . + 4 <5 x 10°
05 4 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 Chalper and
Readout Plate
Glass Tube
8mm diameter
55 (g 'y
1 ) 250
190 55 300 250 300
:25=
s 190 ! ]
"40 v v
) 300 . 300

Figure 28: Dimensions (in millimetres) of the RPC tihgss plate with resistive
electrode (bottom plate is identical but withoutggdubes) and glass spacer plate

Hole to allow HV
Plastic insulating supply through

sheet
\ / A

T ° (o

1
1 1
Copper readout ' '
plate 100 300 ! !
<+“—>
20
+—> Detail of gas tube holes
Holes to allow gas L O 100
inlet/outlet tubes
v
through
< >
300

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

Top Plate Bottom Plate

1 1
1 1
1 1
1 1
1 1
1 1 1
1 1 1
, | |
! 350 [ !
ST . ® O @
: : i
| 25 | 805
1 1 1
1 1 1 1
1 1 1 1
o ; R 80.5| ;
o o 125 o o o o
v A 4

350

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

Cork insulation (6mm
P (6mm)

—— Readout plate (1mm)
Glass chamber plate ——

Glass spacer — Plastic insulation (1mm)

Aluminium shielding (10mm)

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