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Abstract

Under the supervision of Prof. Francois Corriveau, the spark chamber built at McGill University 16 years
ago is refurbished so that the university once again has a working spark chamber. The chamber is used to
analyze the trajectory of cosmic muons arriving at the surface of the Earth. A new data acquisition system
is developed, consisting of capturing and recording on video the particles’ trajectories as they pass through
the detector. As well, a new data analysis technique is developed that analyzes each frame of the video
and reconstructs the trajectory of the particles to determine the angle of incidence of each particle. Finally,
the angular distribution of cosmic rays passing through the detector is measured and compared to currently
accepted models. Besides being used as a particle detector in experiments at McGill, the spark chamber is also
a great demonstration for public events where it may be shown to fellow students and visitors to the university.
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1 Introduction

A spark chamber is an ionization detector used to detect electrically charged particles. In this case, it
is used to detect the passage of cosmic muons; particles whose origins are in outer space. In the early
1970’s, spark chambers were widely used in particle physics research. Compared to other detectors
of the time, spark chambers were less costly and had good spatial and time resolutions, making them
the favorable detectors for particle physics research. The spark chamber was later replaced by higher
time and spatial resolution detectors in the 1980’s and is now used mostly for demonstrations, where it
retains the advantage of being a relatively cheap detector to build and directly shows the physical path
of the particle.

A discharge between parallel plates was first observed in 1949 by J. Warren Keuffel, who realized that
the discharge occurred along the trajectory of the charged particle as it passed through the detector[1].
In its basic form, a spark chamber is simply a stack of parallel metal plates, with every other plate
charged to a high voltage (on the order of thousands of volts). The plates are placed in a transparent
casing, which is then filled with gas, traditionally a noble gas. As a charged particle traverses the
detector, it leaves behind a trail of ionized gas. When the high voltage is applied across the plates,
a discharge occurs at the locations of the ionized gas, creating a spark and thus directly showing the
location at which the particle traversed the detector.

The spark chamber at McGill University was first built in the summer of 1996 by Anne-Elisabeth
Granier and Pascale Sevigny under the supervision of Professor F. Corriveau. It was used for several



years following its construction, but has since been left unused. In particular, an acoustic data acquisi-
tion system was developed, but this method remains to be completed.

The main goals of this project are to refurbish the spark chamber for the purpose of measuring certain
properties of cosmic muons. In particular, this means measuring the angular distribution of cosmic rays
passing through the detector. To do this, a new data acquisition system is developed, as well as new
data analysis software. Refurbishing the detector means disassembling, cleaning and reassembling the
chamber, as well as replacing the gas within the encasing. With the chamber in working order, the next
step is to assemble the electronics, including power supplies, and calibrate the equipment.

Besides measuring the distribution of cosmic muons, the detector may also be used during public
events to show visitors to the University and fellow students the passing of cosmic muons directly. It
is not only an interesting demonstration, but is also a very relevant and educational experience since
these particles pass through us all the time, we just can’t see them.

2 Theory

2.1 Cosmic Rays

Cosmic rays are energetic particles originating in outer space, which some believe to have extragalactic
origins. There are two types of cosmic rays: primary and secondary. The primary cosmic rays are
composed of 90% protons, while secondary cosmic rays are created when the primary rays enter the
atmosphere and collide with air molecules, where particle showers occur. The protons scatter in the
atmosphere and produce pions (7, 7, 7°) and kaons (k*, k~, k°). The charged pions (7", 7~) then
decay into muons and neutrinos (see figure 1). The muons produced have enough energy to reach the
Earth’s surface and even penetrate the surface in most cases.

p—proton
n—neutron

P , w, n'—pions

p', p—muons

e —electron

e’ —positron

v —neutrino

y —gamma-ray

Figure 1: Particle shower in the upper atmosphere. When cosmic rays enter the Earth’s atmosphere, they interact with air
molecules, resulting in proton scattering. The protons scatter into pions, which then decay into muons.[2]

Although the lifetime of a muon is as short as 2.2us, muons still manage to reach the Earth’s surface



due to the fact that they travel near the speed of light and experience relativistic effects.[3]

2.2 Angular Distribution of Cosmic Muons

Of the particles that reach the Earth’s surface after passing through the atmosphere, muons are the most
abundant of the charged particles. Most are produced in the upper atmosphere and lose approximately
2GeV in their descent due to ionization.[4] For this reason, and for the reason that they are charged
particles, muons are of particular interest since they are relatively easy to detect. The measurement of
the angular distribution of cosmic muons is useful since it may provide information about the sources
of cosmic muons.

According to experiment, the overall angular distribution of muons at sea level is approximately
Iycos*¢, where ¢ is the zenith angle and Iy ~ 70 m~2?s !sr~! is the flux at & = 0.[5] The final
goal of this project is to verify the cos?¢ distribution of cosmic rays arriving at the surface of the
Earth.

3 Experimental Setup

The spark chamber itself (see Appendix A, figure 14) consists of 26 parallel metal plates, placed ap-
proximately 1 cm apart. These are placed specifically so that they are exactly parallel, held apart by
equally sized rubber stubs and held down by a weight to prevent the plates from warping upwards
at the center. These plates are connected to either a large voltage on the order of 12,000 volts or to
ground, in an alternating fashion. The plates are enclosed in a tank made of Plexiglas that is filled with
helium gas (99.999% pure). Helium is chosen because it ionizes easily and is relatively cheap when
compared to other easily ionized gases.

The encasing not only serves to keep in the gas, but also serves to keep out dust, which is an impor-
tant part of the cleaning process. Any dust that remains on the metal plates will result in a discharge
occurring at that location at all times instead of at the location of the particle’s passage, resulting in
unwanted noise.

Continuously applying a voltage across the plates results in noise due to accumulation of charge on
the plates, as well as potentially causing the metal plates to warp. In 1957, T.E. Cranshaw and J.F. De
Beer introduced the idea of applying the high voltage to the plates immediately after the passage of
the particle and leaving it off at all other times. They also developed the triggering system to do so.[6]

The trigger in this detector is achieved by reading the signal output by two scintillators (figure 15),
making sure a muon passes through both (and thus through the detector). There are two scintillating
arms (one on top of the chamber, the other on the bottom), which are composed of plastic scintillating
materials that emit photons when charged particles pass through. The photons travel along a waveg-
uide until they reach a photomultiplier tube (PMT), powered by a LeCroy power supply, that amplifies
and converts the photons into an electrical signal. This signal is then passed to the electronics. (See
figure 2 for a schematic diagram of the spark chamber).

The electronics (figure 17) consist of a discriminator that sets a threshold on the signal to reduce back-
ground noise, as well as the width of the output signal. The threshold is set to approximately S0mV
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Figure 2: Schematic diagram of the spark chamber and the corresponding electronics system.[7]

and the width to 30 ns. These values have been optimized by a previous student working on the spark
chamber.[8] This signal is output by both photomultiplier tubes and sent into the logic unit: an AND
gate that outputs a logical 1 if it detects a signal from both PMTs simultaneously. This logical 1 sig-
nifies the passing of a charged particle through both of the scintillating arms, and the detector. The
logical 1 is amplified and sent to the spark gap, which is itself connected to a high voltage power
supply (approximately 12000 volts). When a signal passes through, the spark gap is triggered and the
high voltage is applied to the plates in the spark chamber. The accumulation of charge on the plates
due to the large voltage discharges at the location of the ionized gas, therefore marking the location
at which the particle passed the plates. Immediately after the high voltage is applied, a smaller (100
volts) clearing field is applied across the plates.

The time delay between a particle passing through the chamber and the application of the high voltage
on the metal plates is on the order of nano-seconds, while the collection of the ionization charge of the
helium between the plates is on the oder of micro-seconds. Therefore, the helium is still ionized when
the voltage is applied across the plates.

Since the metal plates in the chamber are charged when a particle is detected and not kept at high
voltages at all times, the efficiency of the chamber is reduced. It takes a certain amount of time to
charge the spark gap (on the order of milliseconds), so if a particle passes after the voltage has been
applied but too soon for the spark gap to recharge, the particle will be missed.

For more images of the detector and it’s components, see Appendix A.



4 Data Acquisition System

The data acquisition system consists of capturing images of the sparks throughout the chamber to
measure the angle of incidence of the particle from these images. This technique is new to the spark
chamber at McGill. Several methods were attempted, but some proved to me more difficult than oth-
ers. Originally, an attempt to capture images with a 30 second exposure was made, so that the resulting
image is that of several sparks. (See figures 3 and 4)

Figure 3: A 30 second exposure of the spark chamber as cosmic muons pass through the detector. The purple and blue
sparks show the location at which the helium was ionized when the charged particle passed through. A total of 4 (or 5)
trajectories may be observed. The horizontal lines show the metal plates of the detector. Note that this image was taken
during a demonstration night at McGill to show sparks in the chamber and is not aligned as it would be during real data
collection (where much care is taken to ensure that the camera is perfectly aligned with the detector).

Figure 4: A 30 second exposure of the spark chamber. The image is much clearer than that of figure 3, since it was taken
in a much darker environment to hide reflections off the metal plates. A total of 4 trajectories are observed, with small
background due to reflections of light off the back Plexiglass border.



The original data analysis procedure (using Matlab) was attempted with figure 4 due to the fact that
the particle trajectories are very clear since the metal plates are not seen. Although this image may
seem simple, it often happens that 2 or 3 particle trajectories would cross over, in which case it was
difficult (even by eye) to tell the difference between the paths. Much progress was made, but the final
conclusion was that it would be easier to capture images of single sparks rather than to ask Matlab to
separate between the tracks in a dynamic fashion, and analyze them separately. For this reason, a new
attempt was made, which is to film the events and analyze the video frame by frame.

Several programs have been written and, when combined, form the visual data acquisition system
for the spark chamber. The result is a program that triggers the recording of a video, inputs it to Mat-
lab, and allows each frame to be analyzed. In order to record a good set of data, the room must be
completely dark. Therefore, a timer is used to set off the recording system so that there is time to exit
the room and ensure that the room is entirely dark. In particular, the program records 10 sets of 1500
frames each and takes approximately one hour to finish recording. It is then possible to return to the
room and make sure that the chamber is working properly (specifically that the power supply is still
working, refer to section 6) before beginning to record a new set of data.

A typical recorded event can be seen in figure 5.

Figure 5: A single event recorded during a video recording using the data acquisition system described above. The event
fills exactly one frame of the video recording.

S Data Analysis

Once the frames have been collected, a second program tests each frame to know if a passing particle
has been recorded or not. In order to test this part of the program, a frame containing a single event
(such as the one seen in figure 5) is selected. The first steps in the data analysis process are to convert
the original image to black and white (already completed in figure 5) and to reduce the background
noise, which is due to reflections off the back Plexiglass border (see figure 6).



Original Image Cleaned Image

Figure 6: The left image shows a typical event containing background noise after it has been converted to a black and
white image. This noise may be due to reflections of sparks off the back wall of the chamber as well as light leaking into
the room from outside. The noise is reduced by removing any bright spots that have an intensity lower than a set value.
A value of 50 will accomplish this without removing too much of the data since most real sparks have an intensity greater
than 80. As can be seen in the cleaned image, the background is erased, while the trajectory of the particle is still present.

The next step is to apply a linear fit to the remaining bright spots. The data may be fit using a linear
model because the muons do not curve as they pass through the detector. It is possible to include a
magnet in the experiment that will curve the particle’s trajectory as it passes through the chamber to
know the charge of the muon. In this particular case, it would be necessary to consider a non-linear fit
function. However, this is not the case with the spark chamber at McGill, so a linear fit equation may
be used.

5.1 Linear Fitting

The first fit attempted was a simple linear regression model. This basic fit uses the method of least
squares. In general, the resulting fit was appropriate, but if the data contained any outliers, the fit did
not follow the data. To account for this, a weight function is introduced and the method of robust
linear regression is used instead. In particular, the weight function w is known as the bisquare weight
function and is described as:

o x =12 af rl<1
v={4 F b g

The value of 7 in equation 1 is

y— f(z)
c-sv1—h'
where y is a data point and f(z) is the value of the fit at y so that y — f(z) is a vector of residuals from
the previous iteration. ¢ = 4.685 is a tuning constant chosen to make the coefficient estimates approx-
imately 95% as efficient as the ordinary least squares estimate, h is a vector of leverage heights from
a least squares fit and s is an estimate of the standard deviation of the error.[9] The tuning constants
were optimized by Matlab within the fit.

r =

The difference between fitting the data with the ordinary linear regression model and the robust linear



regression model is substantial (see figure 7). The difference in the measured angle of incidence can
be as large as 30 degrees in some cases. The reason for this is that the robust regression weighs the
points such that any outliers are virtually ignored. Although it is rare to have more than two or three
outliers in a single frame, it remains common to have frames with at least one outlier that affects the
fit.

\Ordinary Linear Regression vs. Robust Linear Regression\
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Figure 7: A comparison between the Ordinary Linear Regression model (red) and the Robust Regression Model (blue).
The data is shown as black crosses. An outlying spark can be seen in the bottom left corner. This spark is due to a buildup
of charge along the plates and does not represent the trajectory of the particle. The Ordinary Linear Regression model
weighs all points equally and measures an incident angle of # = 50.5° (angles are measured from the vertical). The Robust
Linear Regression model, however, weighs each point and essentially neglects outlying points. The fit better represents the
data and measures an incident angle of § = 38.5°, a difference of 12°.

5.2 Selection Criteria

Although the fit is now much better than it was previously, certain tests are in place to decide whether
to accept or reject the fit. The first test is a measurement of a value R?, called the Coefficient of
Determination.[10] In particular, this value measures to what percent the fit equation predicts the vari-
ance in the observed data. For example, a value of R? = (.89 says that the fit equation predicts 89% of
the variance in the y variable. The R? value ranges from 0 to 1. A value near 0 says that the fit is not
much better than a model of the form y = constant and a value near 1 means that the fit is good. The
cutoff R? value used in this experiment is R? = 0.9. This leads to another problem, however, since a
particle whose incident angles is at or near 90° (meaning a vertical path) will not be accepted even if
the fit follows the data perfectly. The reason this happens is that the data will be perfectly linear, so
the R? value will be very low.



The solution is to rotate any image that contains more than a certain number of bright points (approxi-
mately 10) higher than the threshold intensity limit of 50 (meaning a particle likely passed through the
detector) and has an R? value less than 0.9. A rotation of 90° will also not work since the trajectory
remains straight. Therefore, these images are rotated by 45°. Once a fit is applied and (if R > 0.9)
the angle of incidence is measured. The rotation is accounted for by rotating the angle measured back
by 45°.

The second test is one that separates the trajectory of the particle into an upper and lower region
and applies a fit to each. The data is accepted if both regions have a fit with a value of R? > 0.9 and
the angles measured for each region agree to within 10°. If both of these conditions are met, then the
fitis applied to the entire data set and the angle is measured. The angle is then recorded if it also agrees
with the angles measured for each region to within 10°.

It is now possible to measure the angle of incidence of the particles passing through the detector.
Although the final results will be presented with incident angles measured from vertical, the angles
measured at this stage are measured from the positive x-axis and are ranged between 0 and 180°
to avoid confusion between positive and negative angles in the analysis. The angle 6 is given by
6 = tan(m), where m is the slope of the fitted line through the data. The angle is later rotated to
correspond to the angle of incidence as measured from the vertical and made to range from —90° to
90°

5.3 First Order Corrections

Certain corrections have to be made to do data. The first is to account for the acceptance of the detector
and the second is to account for the lack of information in the third dimension. In other words, the
trajectories recorded by the camera are not the true paths, but are instead the projection of these paths
onto the plane parallel to the camera.

5.3.1 Acceptance of the Detector

Due to the dimensions of the detector, angles are more likely to be recorded if they are near vertical
than if they pass through the detector at an angle away from vertical (see figure 8). A vertical path
will be detected by the scintillators at all locations along the detector. In other words, it may pass
through any place along the detector of length L and it will be detected. However, a particle entering
the chamber at an angle # has less of a chance of being detected; it has a smaller surface through which
it is detected: L — Ax.

The acceptance A of the detector is

L - Az htan(6)
A= =1 2
7 7 ()
The dimensions of the detector are:
e L=62.0cm
e h=325cm

e width w =23.0 cm
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Figure 8: Sketch of the spark chamber detector. 6 is the incident angle of the particle, h is the height of the detector and
L is the length. A particle entering the detector at an angle 0 is less likely to be detected by the scintillators than one that
enters vertically. In particular, Az is the loss in length along the plate that a particle will be detected by the scintillators.

so the acceptance of the detector is A = 1 — 0.508 tan(6). For example, the acceptance of a particle
entering the detector at 0° from vertical is 1, while A — 0 as # — 90°. The data is weighted by
dividing by the acceptance.

The maximum incident angle detectable by the scintillators is

L
O ez = tan ™t (E) = 62.3° 3)

5.3.2 Projected Angles

The second correction is less trivial and must account for the fact that the sparks are viewed from one
side of the detector only. The ideal solution would be to have two cameras recording simultaneously
to produce a 3D reconstruction of the particle trajectories and may be interesting for a future project.
However, this project consists of recording the data from one camera only, so the angles recorded are
not necessarily the true angle of incidence, but are instead the projected angle along the plane of the
front of the detector. The projection angle # may be expressed in term of the true incident angle ¢ of
the particle (see figure 9 for definitions of ¢ and «):

0 = tan' (tan(a)cos(o)) 4)

Since this is the case, the cos?(¢) model does not apply to the angles measured in the experiment, as
it predicts the true angle of incidence of the particles (angle ¢ in figure 9). The angles § measured in
this experiment are the projection of the true angles onto a plane. Therefore, a Monte-Carlo sample
is created based on the theory that the incoming particles have an angle ¢ distributed according to
cos?(¢). Since the incoming particles arrive from random directions, the polar angle « is assumed to
be distributed according to a uniform random variable between 0° and 360°.

The Monte-Carlo data is designed to represent the distribution of the projected angle of incidence.
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Figure 9: Definition of the angles ¢ and « in the Cartesian coordinate system. ¢ is the true incident angle of the particle, «
is the polar angle, h is the height of the detector and r is the distance between vertical and the spark at heigh h.

The data is generated in a pseudo-random fashion by simulating real events (randomly generating an-
gles ¢ and « according to their respective distributions), and then projecting these “particles” onto
the xy-plane. The distribution of these projected angles is then compared to the collected data. The
Monte-Carlo simulation is shown in figure 10.

Monte—Carlo Simulation
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-100 -80 -60 -40 -20 0 20 40 60 80 100
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Figure 10: Monte-Carlo simulation of the cos?(¢) distribution after the projection onto the 2D plane.
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5.4 Error Analysis

In this experiment, the entries within the bins of the histogram are assumed to be governed by Pois-
son statistics. The reason this is a good assumption is because the Poisson distribution is used when
observing the number of events that occur within a certain interval of time and/or space. In this case,
we are essentially waiting for the bins of the histogram to be filled with random events. Since the
generation of cosmic muons is random in time, the events recorded are independent. Furthermore,
this allows us to assume that the mean number of events per bin is the number of entries per bin. For
the Poisson distribution, the variance equals the mean. Therefore the error on each bin is simply the
square-root of the mean, meaning for a mean \, 0 = V). Since we assumed that \ = # Entries, we
have 0 = \/# Entries. The entries are later divided by a correction factor (acceptance of the detector)
so the errors are also scaled by this factor.

The overall error on the reconstructed angle is approximately 1°, so the data is binned in intervals
of two degrees.

6 Results and Discussion

Of the 129 data sets of 1500 frames each, 3191 frames passed the criteria described above and were
accepted and analyzed. Although this may seem like a relatively low efficiency for data collection,
there are a number of reasons for the low efficiency. In particular, the sensitivity of the power supply
to the electromagnetic pickup forced the efficiency to be low since increasing the power caused it to
shut down. This effect could be reduced if the chamber were to be set up in a larger room, allowing for
a greater distance between the chamber and the power supply. It should also be mentioned that most
of the frames are blank frames since there is no triggering mechanism for the camera, and data had to
be taken continuously. However, enough time was dedicated to data collection that a large number of
events were recorded anyway.

The measured incident angles are placed in a histogram and, as described in the analysis section,
the data is adjusted to account for the acceptance of the detector. The result can be seen in figure 11.
Theoretically, the peak should be at 0° (vertical) and the distribution should be symmetric about zero.
It is interesting to note that the peak appears to be shifted towards the left (negative angles). The data
is shown alongside the Monte-Carlo simulation where the amplitude of the simulation is chosen to
follow the positive angles in the data (see figure 12).

It is clear that the positive end follows the simulation, while the negative end overshoots it. It is also in-
teresting to note that it follows the simulation right before the zero angle. Although many explanations
exist to account for this behavior, such as the orientation of the detector with respect to the magnetic
field of the Earth, a more likely explanation is a reduction in the efficiency of the scintillators on one
end relative to the other. This effect is also seen in figure 13, where the amplitude of the Monte-Carlo
simulation is now increased to match the negative angles.

As seen in figures 12 and 13, the measured angles follow the Monte-Carlo data near the end with
positive angles, and follow less towards the end with negative angles. In fact, it appears that the data
overshoots the model more and more as you move towards the negative end. A likely explanation is
that the scintillators may be damaged and trigger more often when a particle passes near the readout

13
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Figure 11: Angular distribution of cosmic muons. Data has been adjusted to account for the acceptance of the detector.
The angles are the true angles of incidence projected onto a 2D plane, as seen from the camera recording the sparks.The
bin width is 2° and error estimates are based on Poisson Statistics and are \/# Fvents per bin.
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Figure 12: Angular distribution of cosmic muons shown alongside the Monte-Carlo simulation. The amplitude of the
Monte-Carlo simulation is chosen so that the shape of the simulation may be compared to the positive angles. The positive
angles follows the simulation, while the negative ones overshoot it.

side, into photomultiplier tube. In fact, the setup of the experiment agrees with this explanation since
the photomultiplier tubes was oriented towards the left end of the detector throughout the experiment.
As seen in figure 13, this effect is even more pronounced as the data undershoots the model near § = (°
and overshoots it as § — —90°.
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Figure 13: Angular distribution of cosmic muons shown alongside the Monte-Carlo simulation. The amplitude of the
Monte-Carlo simulation is chosen to compare the negative end of the data to the simulation. The negative end undershoots
the simulation near # = 0° and overshoots it as § — —90°.

Although the data does not follow the model perfectly, the distribution of the data follows the shape of
the model if the data is evaluated at different regions separately. This suggests that an issue occurred,
likely to be an issue with the scintillators, that caused the efficiency to vary across the detector. Al-
though tests were done at the beginning of the experiment to make sure the scintillators worked, they
were tested as a whole and not as individual parts.

7 Conclusion

Many steps have been taken towards building and maintaining a spark chamber at McGill. The goal of
this project was to get the chamber working as it used to, while taking the data analysis a step further.
During this project, new data acquisition and data analysis software was written. These programs may
now be used in future experiments with the spark chamber.

The analysis in this experiment consisted of measuring the angular distribution of cosmic muons
and comparing the results to currently accepted models. Although it was not possible to confirm the
cos?(¢) model, the data offers no evidence in contrary. However, several structural limitations within
the experiment affected the results. Therefore the next step before conducting any more experiments
with the spark chamber should be to test the efficiency of the scintillators at every location along their
length. The scintillators were tested before the experiment began, but were tested as a whole and not
as individual sections.

Future projects already in motion involving the spark chamber at McGill are to improve an acous-
tic data acquisition method that was previously set up by another summer student. This project is
already set to begin and the electronics have already been ordered and received. Another interesting
project, which has not yet been suggested, would be to measure the flux of positive and negative cos-
mic muons by introducing a magnet into the experiment that would curve the muons according to their
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charge. The angular distribution of the muons may then be measured for each type.
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A Spark Chamber Equipment

Spark Chamber

Figure 14: Side view of the spark chamber, currently located in the basement of the Rutherford Physics building at McGill
University. The 26 metal plates may be seen here, separated by equally sized rubber stubs and help down by a weight to
keep the plates from bending. The plates are enclosed withing a Plexiglass case.

Scintillators, waveguides and photomultiplier tubes

Figure 15: The spark chamber is seen here with the scintillators, waveguides and photomultiplier tubes placed one on top
of the detector and one on bottom.

Piezzo-electric Sensors

17



Figure 16: Two of the six piezzo-electric sensors may be seen on one edge of the detector. Also, the tube through which
helium enters the chamber is seen on the top right of the chamber.

Electronics

Figure 17: The electronics system. The two power supplies here are the blue and red units. The bottom power supply
powers the photomultiplier tubes, while the red power supply powers the spark gap. Also, the discriminator and logic unit
can be seen.
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Spark Gap and Spark Gap Circuit Diagram

Figure 18: Spark gap
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Figure 19: Spark gap diagram
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