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Cosmic Ray Detector

Jake Rudolph  

1  Abstract

In this project, a cosmic ray detector was used in order to attempt various 
experiments on muons, a type of fundamental particle. Cosmic proton 
collisions in the atmosphere release showers of secondary particles, 
including muons, which then proceed towards Earth, where they can 
be measured. While multiple experiments were attempted, including 
one that would have measured muon flux rates at different altitudes 
in order to show the effects of relativity, the one that was carried out 
was to find the lifetime of muons. This experiment worked by trying 
to trap muons inside the detector, forcing them to slow down to non-
relativistic speeds, and thus decay. The time between the hit in the first 
two paddles (the muon) and the last paddle (the electron emitted from 
the decay) is the lifetime, which is then fit to an exponential graph, 
allowing the true lifetime to be extrapolated. A measured lifetime for 
the muon was found to be 1.553µS + 0.303µS - 0.198µS ± 0.203µS. 

2  Introduction

2.1  Motivation

Particle physics is not an oft-studied topic at the high school level. Thus, 
I was excited by the opportunity to do an experiment involving particle 
physics. The cosmic ray detector allows for exciting experiments on 
these interesting topics to be run by a high schooler such as myself. 
Using it, experiments can be run on elementary particles flying in the 
atmosphere. These particles come from collisions between cosmic 
protons, coming from any major energy source such as the sun or even 
a distant supernova, and atmospheric atoms. These collisions result in 
secondary particles, ranging from pions, to gamma rays, to muons, 
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which are the ones studied by this detector. Muons are basically heavy 
electrons, having all the same characteristics (spin, charge, etc.) except 
for mass. One experiment that can be run, the one eventually carried 
out in this project, actually measures the lifetime of muons. By detecting 
the initial muon, forcing it to decay within the detector, and then 
detecting the decayed particle, one can determine the lifetime as the 
difference between the initial muon hit and the secondary hit. Another 
exciting experiment, one I initially intended to do, can measure the 
effects of special relativity. Muons travel at extremely fast speeds (very 
near the speed of light). Although their measured lifetime should only 
allow them to travel a few hundred meters in the atmosphere, they 
end up reaching the surface, which is around 30 kilometers below the 
collision sites. This happens because the muons are travelling so fast 
that from their reference frame, time is passing slower, and thus they 
are able to travel much longer according to our reference frame. This 
is exactly what special relativity describes. By measuring flux rates at 
a high altitude (approximately 1800 meters), and a low altitude (sea 
level), and comparing the two, proof of special relativity can be shown 
since the muons have to travel a distance longer than they should based 
on their lab frame lifetime. Using certain equations, this experiment 
can also be another measure of the lifetime of the muon.

2.2  Cosmic Ray History

Cosmic rays were first discovered in the early 1900s when scientists 
started measuring increased radiation at higher altitudes that could 
not have been from Earth’s radiation. The most famous of these 
experiments was by Victor Hess, who went up in a weather balloon 
to measure ionization rates, and found that they were significantly 
higher than at the surface, and concluded that this radiation must 
come from outside the atmosphere. In the 1920s, Robert Millikan did 
similar experiments, and theorized that this radiation was caused by 
gamma rays coming from by-products of hydrogen fusion, and thus 
dubbed the radiation cosmic rays. In 1927, it was proven that cosmic 
rays are deflected by the geomagnetic field, and therefore must be 
charged particles, not photons. In the 1930s, Bruno Rossi performed 
experiments that showed that intensities of cosmic rays were greater in 
the west part of the sky than the east, and thus cosmic rays are positively 
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charged. Rossi and other scientists over the next two decades were able 
to determine that most cosmic rays are protons, and that they produce 
the secondary particles electrons, photons, and, of course, muons. 
Since then, cosmic rays have been used to study many other cosmic 
objects. By looking at changing flux rates, one can learn about solar 
activity. By attempting to track high energy cosmic rays, scientists are 
trying to track the paths of these particles in order to find supernovae 
in our galaxy [1].

3  Theory

As mentioned earlier, muons (μ-) are an elementary particle. They are 
similar to electrons, with the same spin (½) and charge (-1), but with 
significantly more mass, and they have a lifetime of approximately 
2.2μs. The muons detected in this project are created from protons 
and alpha particles colliding with atoms in Earth’s atmosphere. While 
some of these particles come from the sun, many come from distant 
supernovae in our galaxy. As these charged particles are emitted, ones 
of substantially high energy will be accelerated by cosmic magnetic 
fields and will follow a spiral path before colliding into Earth. This 
spiral path is due to the fact that force from the magnetic field is 
perpendicular to the field and to the velocity, so it acts as centripetal 
force accelerating the particles in a circle. As shown in Figure 1, the 
atmospheric collision results in a neutron (n) and various types of 
pions (π-, π+, and π0). While the π+ and π0 decay into an antimuon and 
gamma rays , the π- decays into a μ- (and a muon neutrino). 

  
Figure 1: The process through which a cosmic ray proton collides with an atom in the 
atmosphere leading to the production of a muon [2]. 
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Figure 2: The distance a muon should travel given its speed and lifetime is 
about 659m. 

These muons travel at about 0.998c. As the equation in Figure 2 shows, 
with this velocity and lifetime, the muons should travel only about 
659m. Due to time dilation, the muons can travel much farther. As 
Figure 3 shows, if a muon is traveling at 0.998c, when 2.2μs pass in the 
reference frame of the muon, 34.9μs pass in the Earth frame. This gives 
the muon enough time to reach the Earth’s surface and be detected by 
the cosmic ray detector [3][4].

Figure 3: When 2.2μs pass in the muon’s reference frame, 34.9μs have passed in Earth’s 
frame, allowing the muon to reach the surface. 

4  Design

4.1  Detector
 
The detector itself is a paddle made up of a scintillator and a 
photomultiplier tube. A scintillator, like the one shown in Figure 4, is 
a piece of plastic with a fluorescent dye in the middle. When a charged 
particle goes through the scintillator, it causes the dye to fluoresce. This 
happens because the charged particle ionizes the fluorescent material, 
exciting the electrons momentarily. Those electrons then drop to 
their ground orbital, releasing a photon [5]. These photons are then 
guided to the photomultiplier tube by total internal reflection and the 
surrounding tinfoil. 
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Figure 4: A plastic scintillator, much like the one in the cosmic ray 
detector paddle. 

A photomultiplier tube, diagrammed in Figure 5, amplifies a few 
photons into a considerable electric current by using the photoelectric 
effect and secondary emission. The photons from the scintillator hit the 
photocathode, which uses the photoelectric effect to produce electrons. 
The focusing electrode then guides the electrons to a series of dynodes. 
The electric field increases the energy of the electrons between each 
dynode, with each dynode being held at a higher voltage. Thus, due to 
secondary emission, when the higher energy electrons hit a dynode, a 
larger number of electrons are emitted. The electrons then flow into the 
anode, creating a considerable current, and thus a voltage signal [6].
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Figure 5: This diagram depicts how a photomultiplier tube amplifies a few photons 
into a voltage signal using the photoelectric effect and secondary emission [7]. 

The paddle is constructed so that only high energy particles, such as 
protons, electrons, and muons, can get into the scintillator. Luckily 
there are few errant protons and electrons, so most high energy signals 
are presumed to be muons. Furthermore, the only way the photons 
created by the fluorescence can get out is through the photomultiplier 
tube, as discussed above. As Figure 6 shows, the scintillator is covered 
with blackout paper and a considerable amount of tape, ensuring 
that no low energy photons can get in. Inside that blackout paper is 
tinfoil so that any photons that do escape are directed back into the 
scintillator. Since there is no way for them to get out, they will bounce 
around until they reach a hole at the corner of the plastic that leads 
into the photomultiplier tube, housed in the PVC pipe in Figure 6. By 
attaching the photomultiplier to something that reads the voltage (be 
it the DAQ board or an oscilloscope), we can see when a particle hits 
the paddle.
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Figure 6: This is an example of a fully constructed paddle used for the cosmic ray 
detector. The muon goes through the scintillator, exciting photons to be guided into  
a photomultiplier tube, creating a voltage signal. 

So far I have spent much of my time hooking up the paddles and 
checking function and voltage output using the oscilloscope. When 
the paddles are aligned, there should be a simultaneous drop in voltage 
from each paddle, as shown in Figure 7. This showed me that in three 
of the paddles, both the scintillators and the photomultipliers are 
working properly, and thus they are ready for detection experiments 
(the fourth paddle is having issues to be discussed in the next section).
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Figure 7: There is a simultaneous drop in voltage from all three paddles connected, 
showing that the components of these three paddles are fully functional and ready  
for experiments. 

4.2  Data Acquisition Board
 
The Data Acquisition Board (DAQ) is basically the computer of the 
cosmic ray detector. It reads in signals from each paddle, decides if 
the signal from each paddle is above the voltage threshold or not, 
then decides if near simultaneous signals are coincidental noise or 
actual hits. From there it will output data to an actual computer to be 
analyzed. At this point I do not fully understand the DAQ board, but 
I have a general idea of its setup. It consists of a voltage amplifier, a 
discriminator, a time to digital converter (TDC), a fast logic complex 
programmable logic device (CPLD), and a slow logic microcontroller. 
First, the voltage signal is amplified. Then, the discriminator decides if 
the voltage signal is above a certain threshold, indicating it is a probable 
muon hit and not just noise. Next, the TDC keeps track of the timing 
of a hit. When the voltage is first detected above the threshold, a crystal 
starts oscillating at a period of 1.5ns. The crystal stops oscillating when 
the voltage is detected below the threshold again. Thus, the number 
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of times the crystal hits each side in between these two events is 
calculated, giving the time of the hit. Since the period is 1.5ns, and we 
look at half-periods, the resolution of this timer is 0.75ns. The time 
information is then sent to the CPLD, which examines whether or not 
near simultaneous hits on each paddle are actual muon hits, or just 
coincidence noise. Finally, if the data pass that test, they are sent to the 
microcontroller, which sends the data to a terminal on the computer 
so it can be read. This board is highly static sensitive, and should such 
be handled carefully. A static leash was thus used to connect the user 
to ground.
 

Figure 8: The Quarknet Series “6000” data acquisition board used to count signals 
from the paddles. 

4.3  Terminal Emulator Software
 
In order to send commands to the board and receive data from the 
board, a terminal emulator software was required. A terminal emulator 
is, as it sounds, a program that emulates a terminal, like the one you 
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would see on your computer. This is needed to communicate with the 
board, sending it commands, and reading out data from the board. The 
process of setting this up was problematic, to put it mildly. Initially, 
an additional driver was needed in order to download any terminal 
emulator on a Mac, but this software was not easy to find, given that 
the cosmic ray detector community is not exactly expansive. When 
the software was finally installed, it did not allow the user to enter any 
commands. Thus, a Dell laptop was found, and the ZTerm terminal 
emulator software was installed on that computer. While this worked 
well for a while, the software trial ran out right before the relativity 
experiment was about to be performed at high altitude, negating any 
ability to do that experiment. Finally, all problems were fixed, and the 
system was able to work in time to run the lifetime experiment. 

4.4  Output Data

Data from the software is output in 16 word hexadecimal data lines. 
The lines consist of a timestamp from the on board clock, rising and 
falling edge times for each counter, and nine words which were largely 
ignored because they all had to do with the GPS, which was not used. 
An example of a data line is shown below in Figure 9, and many 
different lines can represent just one event. 

00421134 BC 00 3D 00 00 00 00 00 6EC1D5E1 000000.000 000000 V 00 8 +0000
00421135 2A 28 00 2D 00 00 00 00 6EC1D5E1  000000.000 000000 V 00 8 +0000

Figure 9: Here is an example of two lines from a stream of data. This is clearly 
a  particle that went directly through the paddles connected to channel 1 and 2, 
considering it has a near simultaneous rising edge in each channel, and then a 
falling edge a clock tick later. Everything from the second long hex word to the 
right is ignored, and channel 4 was not used. 

4.5  Data Analysis

Once the experiment was run, a python program was written in order 
to analyze all the data. It took in a text file of over 13.7 million lines of 
the data words above, and looked for events that followed the decay 
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guidelines. The program looks at chunks of data called clusters to see 
if that cluster has an initial muon hit, and then a secondary electron 
hit some time later. The program reads through the data one line at a 
time. The first line it reads in sets a bound 500 clock ticks away, which 
is 12 µS, saying that this will be the end of the cluster (basically no 
lifetime can be longer than this). Looking at each line, the program 
checks each channel to see if the sensor went off, and if not all went 
off in one line, the program appends the line to the cluster. Once the 
timestamp exceeds bound, the program checks the cluster to see if it 
is an actual event or not (and then also resets the bound for the next 
cluster). In order for a cluster to be considered an event it has to go 
through a long test: it must have all sensors go off at some point; the 
length of the cluster must be greater than zero (which seems obvious 
but the code was running into trouble with this); the lines in the cluster 
must be greater than 20 ticks (0.48 µS), because that is just noise; the 
last line of the cluster must have the third sensor go off, because that 
means it ends with the secondary hit; finally, the timing of signals in 
the cluster must be so that there is an initial hit with only channels 
one and two, and then another hit later with at least channel three, 
and also not all the channels. Due to this extremely strict test, many 
events were likely left out, but also very few incorrect events, if any at 
all, were allowed into the data. In the end, just 128 events were found, 
leading to a small sample size to analyze the data, which lead to a less 
precise answer. Had there been access to a more powerful computer, 
the code would do much more analysis on the data in order to find all 
events, for example not checking just chunks of 500 lines sequentially, 
but checking every possible chunk of 500 lines. 

4.6  Commands

•  RE: Reset the board to its default settings.
 
•  RB: Resets the coincidence counters and the “clock.” (This was   
 often used to test communication with the board while setting up  
 the terminal software).
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•  CE: Counters enabled, data lines written directly to the 
 terminal screen.
 
•  CD: Counters disabled, stops lines from being written to 
 terminal screen.
 
•  WT 01 _ _, WT 02 _ _: Sets the time delay of the DAQ board. This  
 delays the output of a signal so that the board can “look back in  
 time.” Basically, when counter 1 gets a signal, it will “hold on” to  
 that signal for the length of the time delay, looking for a signal from  
 counter 2 or 3, which would make it a coincidence. Otherwise, the  
 board would lose the data from counter 1 before it knew there was  
 a signal from counter 2 that made the event a coincidence. WT 02  
 - WT 01 sets the time delay, so WT 01 00 and WT 02 11 would be  
 17 clock ticks (remember that all commands are in hexadecimal).
 
•  WC 00 _ _: Set the coincidence level, and the desired enabled   
 channels. The first character sets whether there will be 1-fold  
 coincidence, which is just singles events (0), 2-fold coincidence, 
 which means an event must go through two channels (1), 3-fold  
 coincidence, an event must go through 3 channels (2), or 4-fold  
 coincidence, which means it must go through all four channels   
 (3). The second character sets which channels will be enabled.
 The hex character, translated into binary, will give a four bit binary  
 code. Starting from the right, a one signifies the channel is open,  
 and a 0 that the channel is closed. Thus, D would translate into   
 1101, which means that all channels are enabled except channel 2.  
 Often used in this experiment was 7, which translates to 0111,   
 which all channels open except the fourth. The final command   
 would be something like WC 00 27, which would mean the board is  
 looking for 3-fold coincidences with channels 1 through 3 open.
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•  WC 02 cd, WC 03 ab: These commands set the gate width. The 
 gate width is the length of time that the board will measure the   
 voltage of the signal after the initial edge. Basically, this is the 
 length of the voltage drop resulting from the event, which can 
 be seen on an oscilloscope in figure 7. WC 02 writes the second  
 8 bits of the binary number, and WC 03 the first 8, so the example  
 command would be abcd in hexadecimal. 
 
•  TL 1 __: Sets the threshold for the voltage signal. The first number  
 sets which channel the threshold is being set for (1 for channel 1, 
 2 for channel 2, 3 for channel 3, and 4 for all channels), and the   
 second number sets the actual threshold in millivolts. 
 
•  ST 3 __: Measures the scalars events from each paddle, as well as  
 the number coincidences, in the given period of time that the 
 user enters. For example, the command ST 3 3 would let the   
 detector run for three minutes, and then would display the 
 singles events through each counter, and the total coincidences 
 in that time.

5  Experiments

5.1  Relativity Experiment
 
The experiment that was initially attempted was the muon mean lifetime 
experiment, which is significant because it is experimental evidence 
for time dilation, as described above. The idea in this experiment is to 
compare the flux rates of muons at significantly different altitudes. By 
doing this, the flux rates can be plugged into the equation shown in 
Figure 9, and the Earth reference frame lifetime of the muons can be 
found, thus showing the effects of time dilation.

Figure 10: This equation shows how flux rates at different altitudes are related to muon 
lifetime. Flux1 is the flux rate at the higher altitude, Flux2 is the flux rate at the lower 
altitude, t is the flight time from one altitude to another, and τ is the lifetime of the muons [8]. 
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5.2  Lifetime Experiment
 
Another way to find the lifetime is to try and trap a muon inside the 
detector, forcing it to slow down to non-relativistic speeds, and thus 
decay within the detector. For the final configuration, reams of paper 
were simply put directly in between two of the paddles. Basically, it is 
the plateau configuration, except there are reams of paper in between 
paddle 2 and 3. If there is a coincidence between the first two paddles, 
and then a hit in the third a few microseconds later, it means that a 
muon went through the first two, decayed in the paper, and then an 
electron was emitted and picked up by the third paddle. The time in 
between the coincidence and the third paddle hit is the lifetime of the 
muon. Muons follow the radioactive decay model, so by plotting decay 
length against number of hits, an exponential curve can be fit in order 
to find the lifetime, as shown in Figure 11.

Figure 11: This equation shows the probability for decay lifetimes of the muon.  
The equation makes it easy to isolate the lifetime (τ) in a graph model. 

Originally, this experiment was set up by putting the paddles in a 
triangular formation with paper in between, as shown below in Figure 
12. The idea was to have the initial trigger be in the top paddle, and 
then the secondary hits in the two paddles below. However, efficiency 
was sacrificed for simplicity. 
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Figure 12: The original configuration for the lifetime experiment had the paddles in 
a triangular formation, with the top paddle being the muon trigger and the bottom 
two being secondary electron detectors. This configuration was more complicated to 
program with the board, so it was scratched for a simpler method.

6  Plateauing

Plateauing is the process through which the optimal operating voltage 
is found for the photomultiplier tubes in the paddles. With too high 
a voltage, most of the signals picked up become noise as opposed 
to actual muons. Too low a voltage and actual muon hits become 
lost. To do this, the paddles are first stacked directly on top of each 
other as shown in Figure 13. Then, coincidence rates are measured at 
incrementing voltages. Voltage is then graphed against coincidence 
rate, and the graph has a visible plateau for a range of voltages. Within 
this range is the optimal voltage. An example of a plateau graph is 
shown in Figure 14, and the remaining graphs, as well as the raw data 
for the three paddles, is shown in the Appendix. The optimal voltages 
for all paddles is shown in Table 1.
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Figure 13: The plateau configuration stacks the paddles directly on top of each other 
and close together since it is simply detecting coincidences between paddles.

 

Figure 14: This is the plateau graph for paddle D. The graph clearly shows a plateau 
between 1000mV and 1100mV, leading to the choosing of an optimal voltage at 
1050mV. 
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Paddle Voltage (mV)

A 1100

C 1225

D 1050

Table 1: The optimal voltages for each paddle found through the plateau process.

7  Procedures

7.1  Equipment Setup Procedure

1. Setup paddles in the experimental configuration chosen.

2. Wear static leash in order to handle the DAQ board.

3. Holding the board in leashed hand, attach the BNC connectors 
from the paddles to the BNC channels on the board.

4. Attach the board and the voltage control box, with the male end of 
the cable in the box and the female end in the board.

5. Connect the computer USB port the the Serial port on the board.

6. Plug the board into power with the 120V AC to 5V DC 
converter cable.
 
7.2  Terminal Emulator Setup Procedure

1. Set Bits per second or baud rate to 115,200 (115.2k). 

2. Set Data bits to 8.

3. Set Parity to none.

4. Set Stop bits to 1.

5. Set Flow control to Xon/Xoff.
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7.3  Lifetime Experiment Procedure

1. Configure paddles with paddle A and C aligned on top, as close 
together as possible, with reams of paper below C, below that 
paddle D in the same alignment as the other paddles.
 
2. Use wooden blocks and clamps in order to ensure paddles 
remain aligned.
 
3. Follow equipment setup procedure.
 
4. Follow terminal setup procedure.
 
5. Set readout time to 48nS using command WC 02 02, WC 03 00.
 
6. Log the data lines to a text file.
 
7. Use the command CE (counters enabled) to print out the data lines.
 
8. Allow to run for approximately a day.
 
9. Enter command CD (counters disabled) to stop the data stream.
 
10. Unlog the file.
  
11. Upload data into analyzing program to analyze it.

7.4  Plateau Procedure

1. Follow the equipment setup procedure.

2. Find the voltage for paddle A that yields an approximate singles 
rate of 40Hz.
 
3. Align paddle A directly above paddle B.
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4. Ensure paddle A is plugged into channel 0 on the DAQ board.
 
5. Using the terminal emulator, set the board to measure 2-fold 
coincidences between channel 0 and 1 using the command WC 00 13.
 
6. Set the time delay to 4 using the command WT 01 00, WT 02 04, 
and the gate width to 10 using the command WC 03 00, WC 02 0A.
 
7. Set the voltage threshold to 500mV using the command TL 4 500.
 
8. Set the tube voltage of B to 800mV.
 
9. Measure the coincidence rate between A and B for 3 minutes, using 
the command ST 3 3.
 
10. Repeat step 7 with increasing voltages at increments of 50 mV 
until 1500 mV.
 
11. Plot Voltage vs Coincidence Rate, locate the middle of the plateau, 
and use that as the optimal tube voltage for paddle B.
 
12. Repeat steps 3-11 for the remaining paddles, using an already 
plateaued paddle as the trigger.

8  Results

Lifetime = 1.553µS + 0.303µS - 0.198µS ± 0.203µS

In order to obtain a value for the lifetime of the muon, all the data was 
put into bins of various sizes based on their decay time, and the counts 
in those bins were graphed as a function of the decay time. This graph 
was given an exponential fit, and lifetime was extrapolated using the 
calculation shown in Table 2.
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Figure 15: Measured decay time vs. counts per bin with bin size 0.5µS. The C value of 
this curve fit is used to find the lifetime.

8.1  Calculations

Decay Equation: Curve Fit Model:

N = No * exp^-t/τ

τ = Lifetime
y = A * exp-Cx

y = A * exp-x/(1/C)

1/C = τ = Lifetime

C = 0.6439
1/C = 1.553 = τ
Lifetime = 1.553μS

Table 2: The comparison of the exponential decay equation and the curve fit equation, 
which are compared to extrapolate the lifetime. 

8.2  Error

To determine the total error on this lifetime calculation, two types 
of error were taken into account. The first is statistical error. This is 
found simply from the error on the C value (which was what was 
used to find the lifetime) in the curve fit. By calculating the different 
lifetimes with the error on that C value, an error is found of + 
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0.303µS and - 0.198µS. The other type of error is systematic error, 
which is calculated by finding the percent error of different methods 
used in the experiment and analysis. Due to the time spent on this 
experiment, only one method was used, but in analysis, different bin 
sizes for the lifetime counts were tested. Thus, systematic error is 
based purely on the different bin sizes tested. Below in Table 3 is a 
calculation of this systematic error, which turned out to be 0.203µS. 

Bin Size (µS) C Value Lifetime (µS) Percent Error

0.5 0.6439 1.553 0

0.3 0.7104 1.408 9.3

0.2 0.5514 1.814 16.8

Total Percent Error Total Systematic Error

13.05% ± 0.203µS

Table 3: The differences for the lifetime when changing bin size, as well as the total 
percent error, and thus the systematic error. 

9  Conclusion

In conclusion, this experiment found the lifetime of the muon to be 
1.553µS + 0.303µS - 0.198µS ± 0.203µS. While the mean value is nearly 
thirty percent off the accepted value of 2.2 µS, with error the value gets 
as close as 2.059 µS. While this value is not as close as desired, it is 
not terrible for the first experiment. Run again, the experiment would 
be optimized in order to get a more accurate value. Mainly, the test 
would be run for significantly more time in order to get significantly 
more events. Furthermore, a more powerful computer would be found 
to run more efficient analysis in order to find all events in the data. 
Another change, given more time, would have been to find a more 
efficient configuration in order to capture more muons. 

Overall, however, this experiment was incredibly interesting to run. I 
learned a lot not only about the experiment itself (the muons and the 
paddles and such), but also things that are more applicable outside of 
this experiment, such as some aspects of the DAQ board (TDCs and 
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other interesting bits of technology) and analytical approaches used 
by the terminal emulator (gate width and time delay). Furthermore, I 
gained a lot of skill and experience in simply running such a complicated 
experiment, learning how to approach each piece of the setup and figure 
out how to implement what I want to do. Finally, I was also able to learn 
a lot about python through analyzing the data, an experience that I am 
sure will be invaluable going forward in data analysis.

While it was a great experience, there are definitely things I would do 
differently next time. My biggest issue was getting caught up in setting 
up software early in the project, and thus my progress was slow for a 
long time. While the software itself was frustrating, it would have been 
a good opportunity for me to be more forward-thinking in figuring out 
my experimental setup and learning about the different aspects of the 
commands. This would have allowed me to run the experiment much 
earlier, and hopefully collect more data and thus get better results. 
Furthermore, having more time would have allowed be to implement 
some of the aforementioned changes that also could have improved 
the experiment. 

In the end, this was a valuable and fulfilling experience. It was incredibly 
interesting to be able to do an experiment on particle physics, and 
ultimately be able to measure the lifetime of a fundamental particle!
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11  Appendix - Additional Plateau Data

 
Figure 16: A plateau voltage for paddle A was chosen at 1100mV, erring on the side of 
less noise.



116                 Jake Rudolph

 

Figure 17: Although a less pronounced plateau for paddle C, the optimal voltage was 
chosen at 1225mV.

Voltage 
(mV)

Singles A 
(count)

Singles A 
(Hz)

Singles C 
(counts)

Singles C 
(Hz)

Coincidences 
(counts)

Coincidences 
(Hz)

850 772 4.289 8971 49.839 545 3.028

900 1704 9.467 9022 50.122 1211 6.728

950 2911 16.172 9036 50.2 1588 8.822

1000 4354 24.189 9135 50.75 1591 8.839

1050 7052 39.178 8881 49.339 1546 8.589

1100 10532 58.511 9024 50.133 1681 9.339

1150 14485 80.472 8988 49.933 1681 9.339

1200 18982 105.456 8856 49.2 1592 8.844

1250 26301 146.117 8909 49.494 1707 9.483

1300 53071 294.839 8990 49.944 1801 10.006

1350 151113 839.517 8842 49.122 1831 10.172

1400 327270 1818.167 9183 51.017 1939 10.772

1450 556354 3090.856 9221 51.228 1990 11.056

1500 739405 4107.806 8893 49.406 1978 10.989

Table 4: Paddle A plateau procedure raw data, with paddle C as trigger and held at 
1225 mV. 
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Voltage 
(mV)

Singles C 
(count)

Singles C 
(Hz)

Singles D 
(counts)

Singles D 
(Hz)

Coincidences 
(counts)

Coincidences 
(Hz)

850 49 0.272 7402 41.122 25 0.139

950 556 3.089 7665 42.583 389 2.161

1050 2257 12.539 7396 41.089 1415 7.861

1100 3246 18.033 7197 39.983 1503 8.35

1150 5091 28.283 7543 41.906 1638 9.1

1200 7418 41.211 7298 40.544 1643 9.128

1250 10308 57.267 7549 41.939 1697 9.428

1300 13310 73.944 7394 41.078 1629 9.05

1350 17610 97.833 7529 41.828 1717 9.539

1400 22503 125.017 7234 40.189 1666 9.256

1450 30061 167.006 7578 42.1 1854 10.3

1500 41113 228.406 7283 40.461 1803 10.017

Table 5: Paddle C plateau procedure raw data, with paddle D used as the trigger and 
held at 1054 mV. 

Voltage 
(mV)

Singles D 
(count)

Singles D 
(Hz)

Singles C 
(counts)

Singles C 
(Hz)

Coincidences 
(counts)

Coincidences 
(Hz)

850 515 2.861 9124 50.689 337 1.872

900 1592 8.844 8974 49.856 1091 6.061

950 2739 15.217 8919 49.550 1551 8.617

1000 4301 23.894 8916 49.533 1620 9

1050 6953 38.628 8889 49.383 1637 9.094

1100 10654 59.189 8838 49.1 1645 9.139

1150 16358 90.878 9043 50.239 1752 9.733

1200 24379 135.439 9138 50.767 1770 9.833

1250 54209 301.161 8985 49.917 1823 10.128

1300 355994 1977.744 8804 48.911 1885 10.472

Table 6: Paddle D plateau procedure raw data, with paddle C used as the trigger and 
held at 1225 mV.




