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1 Abstract
In the outer solar system, cosmic rays shower a variety of subatomic
particle matter—atomic nuclei from various elements, electrons,
protons, positrons, and other secondary particles such as muons. This
project involved designing and executing a procedure to determine
the lifetime of a muon and to confirm Einstein’s theory of relativity,
specifically the concepts of time dilation and length contraction. In
this experiment, apparatus were calibrated, original code was written
to calculate the muon lifetime from raw data, and then muons
were captured at various altitudes for the relativity experiment.
The experimental muon lifetime was found to be 2.65 μs ± 1.05 μs,
which has a 21% difference from the accepted lifetime of 2.2 μs. This
experiment also confirmed Einstein’s theory of relativity.
2 Introduction
2.1 Background
In the 20th century, Albert Einstein proposed his theory of relativity,
changing our understanding of time and space. Einstein’s theory
includes the ideas of length contraction and time dilation. Length
contraction refers to how an observer views objects moving near the
speed of light as shortened in length. For example, a farmer observes
a train traveling at relativistic speeds with a passenger standing on the
roof of the train. The passenger’s measurement of the train is greater
than the farmer’s measurement. Time dilation describes how the
elapsed time between two events is different for observers in different
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reference frames. The twin paradox is a classic example of time dilation.
Of a set of twins, one twin launches into space, traveling near the speed
of light, and the other twin remains on Earth. When the former twin
returns from space, she will be younger than the Earth bound twin
because space and time are intertwined concepts; time passes more
quickly for objects that travel through less space. Time and space are
related through the following equation:
invariant 2 = time 2 - space 2
Time is measured by units of meters of light traveled, therefore time is
seconds = meters/speed of light. Observers in various reference frames
will measure different values for the space and time difference between
two given events, however the invariant will be a constant value in all
frames. Several experiments have been conducted in order to support
Einstein’s theory. In this project, we will perform a muon lifetime
experiment to confirm the theory of relativity.
2.2 Purpose
The muon was discovered at Caltech in 1936 by Carl. D. Anderson and
Seth Neddermeyer. Anderson and Neddermeyer noticed that cosmic
ray particles changed direction in electromagnetic fields. Electrons,
being light particles, bent sharply, while other heavier particles, later
named muons, bent less sharply [3]. In 1937, the existence of the muon
was confirmed in a cloud chamber experiment by J. C. Street and E. C.
Stevenson, in which they noticed tracks in the chamber for particles
with unique ionization densities and magnetic deflections [4].
Cosmic rays are high energy radiation that emanate from beyond
the boundaries of our solar system. Cosmic rays travel at speeds
approaching the speed of light and constantly strike the Earth’s
atmosphere. The rays contain atomic nuclei from various elements as
well as electrons, protons, positrons, and other secondary particles.
In 1912, Victor Hess conducted an experiment in which he sent an
electroscope through the atmosphere in a balloon. He noticed that the
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electroscope discharged faster as the balloon reached higher altitudes,
and believed that this was caused by radiation entering the atmosphere
from all directions [4]. When cosmic rays collide with the nuclei of
atoms in the atmosphere, pions (π0, π -, π+) are created. Pions decay
into muons (µ) and muon neutrinos (ν). Muons then decay into at
least one electron and two neutrinos.

Figure 1: Pion and muon decay Feynman diagrams.

Time dilation predicts that moving muons should have a longer lifetime
than stationary ones. In the Rossi-Hall experiment, Bruno Rossi and
D. B. Hall measured muons in relativistic decay. Using the momentum
and lifetime of the moving muons, they were able to determine an
average lifetime for muons in the laboratory reference frame [5]. In the
more detailed Frisch-Smith experiment, Frisch and Smith measured
the muon density at a high and a low altitude (that differed in height
by 1907 m). Through comparing the predicted and observed densities,
they measured the time dilation factor of the moving muons.
In this project, we recreate aspects of the Rossi-Hall and FrischSmith experiments. We will use a cosmic ray detector to slow down
showered secondary particles and determine the lifetime of a muon
in the lab frame. Then, we will capture muons at various altitudes to
confirm special relativity. Replicating previously seen results is useful
to the scientific community because it allows the community to obtain
more accurate numerical values (for lifetime, time dilation factor, etc.),
employ unique procedures, and teach new generations of scientists
about the apparatus and theory of high energy physics.
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2.3 Significance
The theory of relativity has changed how we view our world and explain
phenomena, and has led to important advancements. Gravitational
redshift, gravitational lensing (the bending of light in a gravitational
field), and the role of the laws of physics in various reference frames
can all be understood through Einstein’s theory [6]. The theory has
also played a role in the growth of the Global Positioning System
(GPS). Because the GPS satellites (approximately 20,000 km above
Earth) experience weaker gravitational forces, their clocks are able
to tick slightly faster than a clock on the Earth’s surface by a couple
of microseconds per day. Inaccuracies of this scale would lead to
practical navigational errors. Because of the theory of relativity, we
make calculations to correct for any errors [7]. As humans develop
novel technologies and penetrate further into space, Einstein’s theory
will help make predictions and explain discoveries.
3 Design
3.1 Detector
The cosmic ray detector is comprised of a scintillator and a photomultiplier tube. The scintillator is made of a thin layer of plastic with
fluorescent dye in the middle. When a charged particle collides with
this plastic the fluorescent material absorbs its energy and becomes
ionized. This causes electrons to reach an excited state. When the
electrons return to ground state the scintillator re-emits the absorbed
energy in the form of a photon [8]. The scintillator material is such that
the emissions leave through its side walls.
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Figure 2: Cosmic ray detector paddle with the scintillator and photomultiplier tube.

These few photons then hit the photocathode of the photomultiplier
tube. Inside the photomultiplier tube is a photocathode, a plate coated
with a light-sensitive material with a low work function. Thus, it does
not take much energy input to excite the ion enough to release an
electron. This emission of an election due to an incidence of light is
called the photoelectric effect. The photoelectric effect refers to the
ejection of electrons from the surface of a metal in response to incident
light, in this case, the photon from the scintillator. Energy contained
within the incident light is absorbed by electrons within the metal,
giving the electrons sufficient energy to be emitted from the surface
of the metal. This concept of the photoelectric effect won Einstein the
Noble Prize in 1921 for his 1905 paper on the subject.
These electrons ejected from the photocathode are then channeled
through a high voltage electric field toward another plate, a diode,
where each electron produces several more electrons by the process
of secondary emission. A theory of secondary electron emission
from metals is based on the Sommerfeld free-electron model. The
momentum transfer between electrons and their lattice structure
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scatters more electrons than originally hit. Upon striking the first
dynode, more low-energy electrons are emitted, and these electrons are
in turn accelerated by the electric field toward the second dynode. The
geometry of the dynode chain is such that a cascade occurs, therefore
exponentially increasing the number of electrons being produced at
each stage. This multiplication continues through any number of stages
or diodes (8 to 15) until sufficient current is generated at the anode to
produce a signal of up to a few hundred millivolts [9].

Figure 3: Diagram illustrating the amplification of a photon into a voltage signal using
the photoelectric effect through a head-on photomultiplier tube [10].

Because of the sensitivity of this material there is frequent electronic
noise picked up by the photomultiplier tubes that can be caused by
a small spike in input current. Therefore, by using multiple cosmic
ray detector plates to detect a coincidence, the chance of all paddles
having noise at the exact moment is slim to none. This ensures that
the spikes in voltage are caused by charged subatomic particles, not
background noise. This voltage signal is then read by the DAQ board for
interpretation. In addition, each scintillator is covered with heavy duty
aluminum foil and layers of black tape and paper. The foil’s reflective
surface prevents both external light from entering the scintillator and
photons created by particles from exiting.

THE MENLO ROUNDTABLE

65

3.2 Data Acquisition Board
The DAQ board provides a logic link between the scintillators and the
PC. This board reads in signals from each of the paddles and triggers if
the voltage is above the threshold. The board also determines if these
triggers coincide across all of the connected scintillators. The DAQ
board outputs a series of text lines reporting event data: trigger time,
rising and falling edge times for each pulse recorded, and data from
the GPS and internal clocks [8]. These text lines are then read in by a
computer equipped with terminal emulator software.

Figure 4: DAQ board with major components indicated [11].

3.3 Terminal Emulator Software
The terminal emulator software, Z term, sends commands to the DAQ
board and receives the data outputted by the board. With a series of
commands, the user can control the board as well as the type of output
read on the terminal. The software displays the text line output of the
board and then converts these lines into a text file that can be further
analyzed. This text output is formatted in 16-word hexadecimal data
lines. The lines are composed of a timestamp from the on-board clock,
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the rising and falling edge times of the pulse for each counter, and 9
words which are ignored because they have to do with the GPS, which
was not used.

Figure 5: Three sample lines of text file output from the terminal emulator software.

The first sample line translated out of hex into base 10 reads:
Time stamp R0 F0 R1 F1 R2
104473930 128 0 35 0 32

F2 R3 F3
0 0 0 0 0 0 0 0 8 0

This means that at time 104,473,930 LBS units, there was a rising edge
for paddles 1 (R0), 2 (R1), and 3 (R2) at 128 volts, 35 volts, and 32
volts respectively. There were no falling edges because falling edge 1
(F0), falling edge 2 (F1), falling edge 3 (F2), and falling edge 4 (F3) all
have values of zero. The other words are irrelevant for our experiment
because they pertain to GPS.
3.4 Data Analysis
After taking in the text file created by the terminal emulator software, a
computer program was written in Java Eclipse to sift through the lines
and determine the muon incidences. For the lifetime experiment, if
a cluster occurs, the program will see if a secondary charged particle
(assumed to be an electron) hit occurs at a later time in one of the
paddles, which would most likely mean that a muon decayed in the
paddle, thus producing an electron. This time difference between the
initial cluster and the electron hit can be analyzed to determine the
half life of the muon. For the relativity experiment, the program will
also detect a cluster with the rising and falling edges of the counter and
record this number for the allotted time stamp. By determining the
number of incidences, this program can be run at different elevations
and the differences between these muon counts can be analyzed.
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3.5 Voltage Regulator
A voltage regulator was created to consistently provide 5 volts to the
DAQ board. In case of accidental adjustments to the power supply,
the voltage regulator ensures that the DAQ board will only receive 5
volts, thus ensuring the safety of the expensive equipment. This was
executed using a 5-volt regulator connected to an input voltage from
a power source. The regulator takes in the current as it goes through
a resistor in series with a diode (or series of diodes). Due to the
logarithmic shape of diode V-I curves, the voltage across the diode
changes only slightly due to changes in current drawn or changes in
the input, thus effectively regulating the voltage. The regulated voltage
then consistently outputs 5 volts, which is connected to the power of
the DAQ board.

Figure 6: Circuit diagram of voltage regulator.

3.6 Part Connections
The components of the design described in Figure 6 are connected as
depicted in Figure 7. The three working detectors are connected to
the black power supply which provides the detectors with 0.3 to 1.8
volts. The optimal voltages for each detector was determined through
a plateau experiment (see section 5.3). The black power supply is
in turn connected to a 12-volt AC wall plug. The detectors are also
connected to the DAQ board on channels 0 through 3. The DAQ board

68		

Simran Arora & Jessica Fry

is also connected with a USB output port to the computer that has the
terminal emulator software configured. The DAQ board is connected
to the 5-volt regulating circuit that powers the whole board. The
voltage regulator in turn is connected to the power supply, which acts
as a power source drawing in current from the wall plug.
1. Four detectors
2. 0.3 to 1.8-volt power supply
3. DAQ Board

4. Computer with terminal emulator software
5. 5-volt regulator
6. Power supply

Figure 7: Picture of the cosmic ray detector design and set-up.

4 Theory
This project is based upon the relativity subconcept of time dilation.
Muons are negatively charged subatomic particles with a spin of 1/2
and an accepted lifetime of 2.2 µs. These charged particles form as a
by-product of cosmic ray collisions with atomic nuclei. Muons travel at
99.3% the speed of light, but even given this relativistic speed, should
only travel about 655 meters before decaying, which is far less than the
60,000 meters needed to travel through the Earth’s entire atmosphere.
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D = v x t = (0.993 x 3x108) x (2.2 µs) = 655 m << 60,000 m
With a distance of around 60,000 meters to travel, the proportion
of muons that are able to shower down to Earth to be observed by
humans should be approximately 4.0 x 10-28.
half-lives =

d
(v x lifetime)

=

60,000 m
(0.993 x 3x108) x (2.2 µs)

= 91 half-lives

I / Io = (1/2)half-lives = (1/2)91 = 4.0 x 10-28

But as observed experimentally, about 10,000 muons reach every
square meter of the Earth’s surface per minute. This creates a paradox
as presumably very few muons should be able to reach the Earth’s
surface, but in actuality muon events are quite common. This paradox
can be resolved with the theory of relativity. While in the Earth’s free
float frame the muon must travel 60,000 meters, in the muon’s free
float frame there is no space separation between the muon’s creation
and its decay. Thus, the proper time between the muon’s creation and
decay is around 2.85 x 10-5 seconds or 8,550 meters.
y

=

lab time
proper time

=

1
.
√(1-0.993c)

proper time = 2.85 x 10-5 seconds = 8,550 meters

Therefore, in the muon’s frame it takes 2.85 x 10-5 seconds to reach
Earth. Therefore, 7.8 x 10-3 percent of muons should be observed on
Earth when taking into account relativity.
half-lives

=

d
(v x lifetime)

=

60,000 m
= 7 half-lives
(0.993 x 3x108) x (2.85 x 10-5 s)

I / Io = (1/2)half-lives = (1/2)7 = 7.8 x 10-3
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This calculation of muons showering Earth is much closer to the real
number of muon incidences observed on the Earth’s surface, thus
supporting the relativity principle of time dilation. In this project,
we will show how the muon density varies with altitude in order to
confirm the theory of relativity.
5 Results
5.1 Initial Calibration
As we began our project, we read numerous papers and manuals in order
to gain a thorough understanding of the relevant theory and apparatus.
To gain familiarity with the cosmic ray detector, we plugged three
paddles (A, C, and D) into an oscilloscope. Paddle B had not yet been
repaired when the calibration tests were performed. The oscilloscope
displays the voltage signals versus time for the three photomultiplier
tubes of the paddles in three different colors (Figure 8).

Figure 8: Sample oscilloscope reading of an event.
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When the three paddles spiked together, we assumed that an event,
a collision of a particle with the paddles, had occurred. It is highly
unlikely that noise or some source of experimental error would cause
all three paddles to record a spike in their voltages. For these initial
tests with the cosmic ray detector, the paddles were stacked above
one another in the order paddle A, paddle C, and paddle D from top
to bottom. The x-axis on the oscilloscope output represents time. In
Figure 8, the voltage of paddle A begins spiking before the voltage of
paddle C, and the voltage of paddle C begins spiking before the voltage
of paddle D. This is consistent with the assumption that a particle has
collided with the topmost paddle (A) and then continued traveling
through the additional paddle layers (C and D).
A trigger level of approximately -4 volts was set on the oscilloscope.
Using this trigger, 24 unique events were captured. For every event, the
peak voltage (maximum amplitude) for each paddle, and time period
(width of the spike) for each paddle were recorded. A segment of the
data table is pictured in Figure 9. The entire data table is included in
Appendix B.

Figure 9: Sample output of the data table for each event recorded with the oscilloscope.

After recording data for 24 events, histograms were created in order to
look for Gaussian distribution and determine the mean and standard
deviation of the data. Six histograms were created for paddle A time,
paddle A voltage, paddle C time, paddle C voltage, paddle D time, and
paddle D voltage. Sample graphs for paddle C are pictured in Figure
10. The graphs for all paddles are included in Appendix C.
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Figure 10: Sample graphs for paddle C’s duration and voltage of muon incidence.

5.2 Cosmic Ray Detector Paddle Repair Procedure
In order to perform our experiments, we needed to repair the fourth
paddle, paddle B. This involved replacing the photomultiplier tube
and soldering the appropriate connections needed for the paddle
to function with existing apparatus. Taking a photomultiplier tube
and square scintillator, the following procedure was used to create a
functioning paddle.
1. Clean the scintillator opening with alcohol
2. Spread a thin coat of optical grease on the scintillator opening
3. Orient the photomultiplier in direct contact with the scintillator 		
opening and durably tape the two parts together
4. Completely cover the scintillator with heavy aluminum foil
5. Cover the layer of aluminum foil with thick black paper and
tape everything
6. Crimp 50 Ohm BNC Crimp Jack 4 Pc. for RG174 Cable
7. Solder power cables
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When using the paddles with the DAQ board, it is important to use
a 50-ohm resistor for the best results. Each scintillator is covered
with heavy duty aluminum foil and layers of black tape and paper.
The foil’s reflective surface prevents both external light from entering
the scintillator and photons created by particles from exiting. Before
using the paddle, we performed a plateau experiment to determine its
optimal functioning voltage.
5.3 Plateau Experiment
The optimal voltages for paddles A, C, and D were taken from a reference
paper, and an original design and procedure were created to determine
the optimal voltage for paddle B (see Figure 12) [2]. The optimal voltage
represents the voltage at which each paddle records the most rising edge
counts per unit time while minimizing electrical noise.
The DAQ board commands to obtain the raw data for this experiment
were as follows:
WC 00 13
WT 01 00
WT 02 04
WC 03 00
WC 02 0A
TL 4 500
ST 3 3

//set to measure 2-fold coincidences between channel 0 and 1
//set the time delay to 4
//gate width to 10
//set the voltage threshold to 500 mV
//measure coincidence rate between A and B for 3 minutes

To determine paddle B’s voltage, we plateaued it against paddle A,
which had a known optimal voltage of 1.100 V. The voltage of paddle
B was increased from 0.5 V to 1.5 V in increments of 0.05 V. For each
increment, recorded values included: paddle B’s voltage, the single
incidence count for paddle A, the calculated incidence frequency
of paddle A, the single incidence count for paddle B, the calculated
incidence frequency of paddle B, the coincidence count for paddles A
and B, and the calculated coincidence frequency for paddles A and B
(Figure 11). Data was collected for two one-minute segments at each
increment and then the values were averaged.
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Paddle B
Voltage

Single A
(Count)

Single A
(Hz)

Single B
(Count)

Single B
(Hz)

Coincidence
Counts

Coincidences
(Hz)

0.800V

3463

57.7167

2758

45.9667

566

9.4333

0.800V

3253

54.2167

2589

43.1500

492

8.200

Figure 11: Sample raw data for plateau experiment.

A graph of coincidence frequency versus the voltage in paddle B was
plotted (Figure 12). The start of the plateauing portion of the graph
gives the optimal voltage as the number of recorded coincidences
approaches the actual number of muon coincidences. In this case, the
optimal voltage was 1.000 V.

Figure 12: Coincidence frequency versus paddle B voltage plateau graph.
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Following is a summary of the voltages used for each paddle in the
lifetime and relativity experiments (Figure 13).
Paddle

Optimal Voltage (V)

A

1.100 V

B

1.000 V

C

1.225 V

D

1.050 V

Figure 13: Optimal voltages for paddles A, B, C, and D.

5.4 Lifetime Experiment
The purpose of this experiment was to determine the lifetime of a
muon. The accepted muon lifetime is 2.2 µs. If the experimentally
obtained muon lifetime matches the accepted lifetime, it can be
determined that our cosmic ray detector and data analysis program
are correctly obtaining results specific to muons, rather than pions or
some other charged particle.
To perform the lifetime experiment, we have decided on the following
paddle geometry to maximize efficiency (Figure 14). Baking soda was
chosen as the filler material because of its high density: between 1121 and
1281 kg/m3 [12]. The purpose of the filler material is to slow the muon
so that it can decay into neutrinos and electrons within this material.
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Figure 14: Paddle geometry CAD for lifetime experiment.

Figure 15: Photograph of paddle geometry.
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The DAQ board commands to obtain the raw data for this experiment
were as follows:
WC 00 0F
//record single coincidences
WT 01 00
//set the time register to D = 40 nanoseconds
WT 02 02			
WC 02 02
//set gate width to 400 nanoseconds
WC 03 00
TL 4 500
//set threshold values for recording data to 500 millivolts

After running the cosmic ray detector for approximately 24 hours, the
raw data was run through lifetime analysis code. The program begins
by reading in each line of the inputted Z-term file and saving it in the
following data structure (Figure 16).

Figure 16: Data structure to save the text file.

The photomultiplier tubes send voltage signals to the DAQ board, which
interprets the signals and outputs a 16-word text line (Figure 5). In the
code, a single line is separated into 16 strings. The 16 strings are saved in
an array of length 16. The string array variable is called “sentence.” Each
string array, representing a new timestamp of data from the DAQ board,
is saved in an array list. The array list variable is called “paragraph.” Array
lists were used because their sizes are not predetermined.
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The DAQ outputs words in hex, or base 16. Once the text file is saved
in the data structure (Figure 16), all the data is converted from base 16
to base 10. The base 10 values are saved as Integers in Integer arrays
of length 16, called “btsentence.” The Integer arrays are saved in an
array list called “btparagraph.” This process results in an analogous
data structure (Figure 17).

Figure 17: Converted data structure from base 16 Strings to base 10 Integers.

To perform the lifetime experiment, the code looks for a spike in the
rising edge of paddle A, then in the rising edge of paddle B, and then
the rising edge in either paddle C or D because the electrons produced
by the decaying muon can spurt out at any angle. Taking the converted
array lists, the program looks for a rising edge in paddle A. If found,
the program saves the timestamp of the rising edge as a temporary
variable. It also begins looking for a rising edge in paddle B starting
from the timestamp of the rising edge of paddle A. While the time
is still within range, the program steps through additional data lines.
If the program sees a falling edge in paddle A before a rising edge in
paddle B, the incidence does not reflect a muon event. If instead the
program sees a rising edge above threshold “THRESHOLD_R1” in
paddle B (no a falling edge in paddle A), then the program begins to
analyze paddle C and D. If a rising edge is found in either C or D, it
means that a muon has gone through paddle A and B, decayed within
the baking soda, and the resulting electrons were captured by paddle
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C or D. The timestamp from either paddle C or D is then recorded. To
calculate the lifetime of this particular muon, the timestamp of paddle
B is subtracted from paddle C or D. This time is then converted into
microseconds and recorded. The conversion is 24 nanoseconds per
each time unit. See Figure 18 for a graphic of this code.

Figure 18: Diagram of code for lifetime experiment.
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From 24 hours of running the cosmic ray detector, the program
determined there were 276 muon events that decayed within the cosmic
ray detector. The 276 lifetimes obtained from the program were then
binned in the R application with the following commands (Figure 19).

Figure 19: R code to parse data.

Figure 20: Histinfo output with 0.5 bin μs bin size.

Then a table was created that contained the measured muon decay
binned time and the counts of lifetimes within each of these decay time
bins. A graph of the number of muon decays versus decay time was
plotted with a chosen bin size of 0.2 µs (Figure 21).
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Figure 21: Muon lifetime exponential model of muon count versus measured
decay time.

The muon’s time of flight before it entered the detector is of no concern.
Though decay time is not the entire lifetime, plotting the number of
decays as a function of decay time results in the same exponential
decay [8]. Thus from the graph, the exponential decay function of a
muon can be derived. The equation for this exponential graph is N(t)
= N0 × e -t/Γ + C where Γ is the mean lifetime. The experimental muon
lifetime is ln(2)/t and t is obtained through an exponential curve fit
model.
N(t) = N0 × e -t/Γ + C
N0 / 2 = N0 × e -t/Γ + C
ln(1/2) = ln(e -t/Γ + C)
ln(2) = Γ
The equation from the graph was y = 33.45 × e -0.2480 x - 8.783. The
experimental muon lifetime from this data was determined to be
2.65 µs ± 1.05 µs. For each bin, the error bars were calculated by
taking the number of muon counts ± the square root of the number
of muon counts.
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Statistical and systematic error values were calculated based on the
lifetime data. The statistical error is the standard error for the obtained
“t” value in the previous equation above (0.2480). The Graphical
Analysis application calculated the standard error for the “t” value to
be ± 0.1725. This is the equivalent of a ± 1.05 µs statistical error from
the experimental muon lifetime of 2.65 µs. Further, the bin size of 0.5
µs was chosen because it provided an appropriate amount of degrees
of freedom for the exponential model (18 degrees of freedom). To
correct for errors from choosing just one particular bin size, lifetimes
were calculated from four different bin sizes (0.05 µs, 0.1 µs, 0.2 µs, and
0.5 µs). A percent difference for each of these experimental lifetimes
from the accepted muon lifetime of 2.2 µs was calculated (Figure 22).
The average percent difference was used to determine the systematic
error in our muon lifetime. The average percent difference was 25.55%,
which correlates to a systematic error of ± 0.5613 µs.

Figure 22: Lifetime values were obtained for various bin sizes. The table above includes
the bin size used, the ‘t’ value from the equation N = Noe-t/τ, the calculated lifetime
based on this value (ln(2)/t), and the percent difference from the accepted muon
lifetime of 2.2 μs. The average percent difference is used to determine the systematic
error in our experimental muon lifetime.

There are sources of error in the lifetime experiment. If electrical noise
led to a coincidence in the paddles, this would result in a false muon
incident. A background experiment can be used to correct for this source
of error. Through comparing the rising edge frequency for each paddle
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individually to the four-fold coincidence frequency for all paddles
together, we can determine the probability of electrical noise causing
a false muon incident. While we collected data for this background
experiment, we ran out of time to complete the calculations.
5.5 Relativity Experiment
The purpose of this experiment was to confirm Einstein’s theory of
relativity. In order to achieve this goal, the following scintillator
geometry was used to capture fourfold muon coincidences at varying
altitudes (Figure 23).

Figure 23: CAD of stacked paddle geometry for counting incidences.
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Figure 24: Physical paddle geometry and mobile relativity experiment set-up.

The relativity experiment was conducted on Mt. Hamilton in San Jose.
Mt. Hamilton is around 1280 meters in altitude. Without the theory
of relativity, one would expect an initial population of muons to be
reduced to dramatically over the 1280 meter interval. Because of the
relativistic speeds of muons, in reality more of the initial amount of
muons can be seen in a change of altitude of 1280 meters. To prove
this, data was collected at 150 meter intervals up Mt. Hamilton. At each
elevation, the cosmic ray detector was run for 15 minutes ±10 seconds
and data was then parsed through code to determine the number of
fourfold coincidences.
The DAQ board commands to obtain the raw data for this experiment
were as follows:
WC 00 3F
//record four fold coincidences
WT 01 00
//set the time register to D = 40 nanoseconds
WT 02 02			
WC 02 05
//set gate width to 100 nanoseconds
WC 03 00
TL 4 500
//set threshold values for recording data to 500 millivolts
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First, the program searches through each line of the text file until it
reaches a place where the rising edge of paddle A is above a threshold
value “THRESHOLD_R0”. After seeing a rising edge for paddle A, the
program begins searching for a rising edge in paddle B. While the time
is still within range, the program steps through additional data lines.
If the program sees a falling edge in paddle A before a rising edge in
paddle B, the incidence is deemed complete. The program does not save
anything for those text files and loops back to look for new rising edge
in paddle A. If instead the program sees a rising edge above threshold
“THRESHOLD_R1” in paddle B (no falling edge in paddle A), then the
program begins to analyze paddle C. Paralleling the previous process,
while the time is still within the time range, the program continues
stepping through data lines. If a falling edge is found in either paddle
A or paddle B, the incidence is deemed complete. The program does
not save anything for those text files and loops back to look for new
rising edge in paddle A. If instead the program sees a rising edge above
threshold “THRESHOLD_R2” in paddle C (no falling edges in paddle
A or B), then the program begins to analyze paddle D. Paralleling
the previous process, while the time is still within the time range,
the program continues stepping through data lines. If a falling edge
is found in either paddle A, paddle B, or paddle C, the incidence is
deemed complete. The program does not save anything for those text
files and loops back to look for new rising edge in paddle A. If instead
the program sees a rising edge above threshold “THRESHOLD_R3”
in paddle D (no falling edges in paddle A or B or C), the incidence
is deemed four-fold and thus complete. The timestamps for paddles
A, B, C, and D are saved in their respective array lists (“motifOne,”
“motifTwo,” “motifThree,” “motifFour”). This process is diagrammed
in Figure 25.
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Figure 25: Diagramming how the program extracts incidences.
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Next, the program creates an incidence array list called “incidence”.
The array list contains arrays representing fourfold muon events. From
this array list of fourfold incidences, the program counts the number
of coincidences and calculates the muon flux using the elapsed time
from the time stamps. From this code, the frequency of fourfold muon
coincidences per elevation was obtained (Figure 26).
Altitude (m)

Frequency of a 4-fold Paddle Coincidence (Hz)

120

4.555

330

5.054444444

427

2.981111111

636

5.014444444

766

5.202222222

940

5.148888889

1087

5.948888889

1282

5.776666667

Figure 26: Table of altitude vs. frequency of 4-fold coincidences.

In order to compare this data to the expected flux at each of these
points, the decay model found in the lifetime experiment was used.
To calculate flux at varying altitudes without relativity, the highest data
point at 1282 m was used as the baseline for the calculation. Thus, the
N0 (initial flux) was set to be 5.7766 Hz and the initial altitude was
chosen to be 1282 m. The change in distance the muon experienced
can be written then as (1282m - d1).
N(t) = N0 × e -t/Γo + C
Γ0 = 2.7 μs
N0 = 5.7766 Hz
t = v/Δd
d0 = 1282 m
v = .993 × c
N(d) = 5.7766 × e - [(1282 - d1)/vΓo]

88		

Simran Arora & Jessica Fry

The flux was also calculated at varying altitudes taking into account
relativity. Because the time dilation experienced by each subatomic
particle is different given their individual relativistic speed, each
particle has a particular time dilation factor. A muon’s time dilation
factor γ is 8.8 given by the equation:
γ = 1 / √(1-v2)

This time dilation factor can be multiplied by the experimental lifetime
of a muon in order to derive the muon’s lifetime within its own frame.
Γr = ΥΓ0 = 8.8 × 2.7 μs = 23.79 μs

To personify the muon, as the muon is showering down to Earth at
0.993 percent the speed of light, it sees its own lifetime as 23.79 μs
in its individual reference frame. Observers on the ground that are
not moving at relativistic speeds, experience the muon lifetime as
the accepted value of 2.2 μs because the observers are in a separate
reference frame.
Thus, the same decay equation can be used, except in this permutation
taking into account relativity, the lifetime of a muon is 23.76 μs.
Nr (t) = N0 × e -t/Γo + C
Γr = 23.79 μs
N0 = 5.7766 Hz
t = v/Δd
d0 = 1282 m
v = .993 × c
N(d) = 5.7766 × e - [(1282 - d1)/vΓr]
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By applying this equation to every altitude, two calculated fluxes
were obtained for each altitude, one without relativity and one taking
into account relativity. These calculated and experimental values are
organized into the data table below (Figure 27).
Altitude (m)

Experimental
Flux (Hz)

Calculated Flux
without Relativity (Hz)

Calculated Flux
with Relativity (Hz)

1282

5.7766

5.7766

5.7766

1081

5.9489

4.242

5.577

940

5.148

3.361

5.431

766

5.202

2.552

5.263

636

5.014

2.077

5.141

427

2.981

1.492

4.951

330

5.054

1.279

4.865

120

4.5

0.917

4.684

Figure 27: Table of experimental and calculated muon flux with and
without relativity.

By graphing these expected and experimental fluxes, Figure 28 was
obtained. At each altitude, there were around 4,500 fourfold muon
events recorded which allowed for an error of ± 7%, a fairly precise
measurement of flux. Using these error bars for our experimental flux,
the calculated flux values without relativity were not captured in any of
these error bars besides the base point on which the calculations were
made. This makes it highly unlikely, given our data, that relativity does
not exist. Conversely, 8 out of 9 of the calculated flux with relativity fit
within the error of our data. This leads to the conclusion that Einstein’s
theory of relativity holds. Thus, our experiment reconfirms relativity.
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Figure 28: Muon flux versus altitude of experimental, calculated with relativity, and
calculated without relativity data.

To improve the reliability of our results, radiation stability was observed
at each altitude. Extraneous radiation could potentially cause false
muon incidences, affecting the muon flux value. At each altitude, it was
determined that there were no significant spikes or changes in radiation.
Furthermore, each of the four scintillators had a constant surface area and
they were consistently arranged in the same stacking order: A, B, C, and
D (from top to bottom). At each altitude, data was recorded for enough
time to obtain approximately 4000-5000 muon events. This number of
muon events ensures a smaller statistical error value. Statistical error is n
± √n, where n is the number of independent events.
As shown in Figure 28, the experimental muon flux calculated at 427
m is an outlier. There are a few sources of error in this experiment. The
paddle orientation angle was not held constant. Different directions
could have resulted in various amounts of incoming cosmic rays.
Furthermore, the experiment was conducted between 7:00 AM and
4:00 PM, therefore the muon flux would have naturally changed based
on the time of day and sun placement. Finally, the cosmic ray detector
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collected data for approximately 15 minutes ± 10 seconds at each
altitude. Flux is inversely proportional to the time of data collection,
so variations in time could have created minor errors.
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8 Appendices
8.1 Appendix A: Part List
Part Description

Purpose

Cost

Cosmic Ray Detector

Captures showered secondary particles

no cost

Photomultiplier Tube

Amplifies charge from electrons and
outputs a voltage signal

no cost

Oscilloscope

Obtains range values for the average
event voltage signal and time length;
data will be used in coding

no cost

DAQ Board

Interprets voltage signals from the
Cosmic Ray Detector and output data
to the Z-term application

no cost

R Studio Application

Creates histograms with and statistical
values for the oscilloscope data

no cost

Z-Term Application

Communicates with the DAQ board

no cost

5 Volt Voltage Regulator

Inputs power for the DAQ board

no cost

BNC Connector

Connects new photomultiplier tube

$8

Cobra Battery Inverter

Powers portable relativity experiment

$25

13 Boxes of Baking Soda

Dense filler material for
lifetime experiment

$11
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8.2 Appendix B: Data for Events Captured Using Oscilloscope
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8.3 Appendix C: Histograms for Data Obtained Using the Oscilloscope

