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Introduction 
​ The electron was first theorized in the mid-19th century as scientists studied the nature of 
electricity and atomic structure. In 1897, the English physicist J.J. Thomson made the 
groundbreaking discovery of the electron through experiments with cathode ray tubes. He 
demonstrated that these rays were composed of negatively charged particles, which he called 
"corpuscles," later known as electrons. This discovery revealed that atoms were not indivisible as 
previously thought, but contained smaller subatomic particles. Thomson’s work led to the 
development of the plum pudding model of the atom, which was later refined by further 
research, notably by Ernest Rutherford’s nuclear model and Niels Bohr’s atomic theory. The 
electron's discovery was pivotal for the evolution of quantum mechanics and modern 
understanding of chemical bonding and electricity. 
 
Principle 
​ A charged particle placed in a uniform magnetic field will move in a circle. This is due to 
the Lorentz force, which is exerted on the particle as it travels through the magnetic field and is 
always perpendicular to both the particle's velocity and the magnetic field itself. Since the force 
acts at right angles to the velocity, it continuously changes the particle's direction without 
affecting its speed, causing the particle to follow a circular trajectory. The magnetic force acts as 
a centripetal force, which is responsible for keeping the particle in circular motion. The radius of 
the circular path depends on the particle’s mass, velocity, charge, and the strength of the 
magnetic field, as described by this equation: 

          𝑟 = 𝑚𝑣
𝑞𝐵   =>   𝑒

𝑚 = 𝑣
𝑟·𝐵

The particle’s speed remains constant, but the continuous change in direction leads to circular 
motion. Here is a diagram detailing the forces: 
 
 
 
 
 
 
 
 
 
 
 
 
If the quantities for velocity, orbital radius, and external magnetic field can be measured, then the 
fundamental constant  can be calculated.  𝑒

𝑚

 



Experimentation and Procedure 
 
​ In order to utilize the behavior of an electron in a uniform magnetic field, an apparatus 
must be built allowing for the measurement of the above quantities. This experiment involves a 
diode with a heated metal cathode that emits electrons with negligible speed. The anode, which 
is a metal disk with a small hole in the center, is positively charged, and accelerates the electrons 
across the gap between cathode and anode. The speed of the electrons is calculated from the 
electron’s energy. Some of the electrons pass through the hole in the anode at high speeds. The 

equation  uses the potential difference between the anode and cathode to find the 𝑚
2 𝑣2 = 𝑒𝑉

kinetic energy of the electrons. Now, only the magnetic field is left to be measured, which can be 
done by measuring the diameter of the electron’s orbital path, as well as the radii of two circular, 
parallel, coaxial coils, each with radius R and N turns, which produce magnetic field B. Once all 
of these quantities are measured, the electron's charge/mass constant can be calculated using the 

equation . Once the data is plotted, uncertainties in the slope must be 𝑒
𝑚 = 1. 46 × 108 𝑉𝑅2

𝐼2𝑟2

accounted for as well.  
 
 

 



Data 
 

​ The first measured quantity was the diameter of the coils, which was 30.5 cm ± 1mm. 
This will be used later in the analysis. Here are the data tables collected for the 5 trials: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
[Table 1 is the data table for the first trial using an electron ring of radius ~ 5 cm, with the I, I2, 
V, and uncertainty values shown, as well as the slope and intercepts for the linear estimations of 
the I2 versus V graphs.] 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
[Figure 1 is the graph of Voltage versus Current for the first trial, with the accompanying slope 
value.] 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
[Table 2 is the data table for the second trial using an electron ring of radius ~ 4.5 cm, with the I, 
I2, V, and uncertainty values shown, as well as the slope and intercepts for the linear estimations 
of the I2 versus V graphs.] 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
[Figure 2 is the graph of Voltage versus Current for the second trial, with the accompanying 
slope value.] 
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[Table 3 is the data table for the third trial using an electron ring of radius ~ 4 cm, with the I, I2, 
V, and uncertainty values shown, as well as the slope and intercepts for the linear estimations of 
the I2 versus V graphs.] 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
[Figure 3 is the graph of Voltage versus Current for the third trial, with the accompanying slope 
value.] 
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
[Table 4 is the data table for the fourth trial using an electron ring of radius ~ 3.5 cm, with the I, 
I2, V, and uncertainty values shown, as well as the slope and intercepts for the linear estimations 
of the I2 versus V graphs.] 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
[Figure 4 is the graph of Voltage versus Current for the fourth trial, with the accompanying slope 
value.] 
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
[Table 5 is the data table for the fifth trial using an electron ring of radius ~ 3 cm, with the I, I2, 
V, and uncertainty values shown, as well as the slope and intercepts for the linear estimations of 
the I2 versus V graphs.] 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
[Figure 5 is the graph of Voltage versus Current for the fifth trial, with the accompanying slope 
value.]  



Analysis 
 

​ The equation, , has a slope component of . Rewriting the 𝑒
𝑚 = 1. 46 × 108 𝑉𝑅2

𝐼2𝑟2 𝑀 = 𝑉

𝐼2

previous equation, you can equate the slope created by plotting the values of current and voltage 

measured in-lab with the known values of R and r: . For each of the five 𝑒
𝑚 = 1. 46 × 108 𝑅2

𝑟2 𝑀

trials (R = 5, 4.5, 4, 3.5, 3 cm), slopes were calculated to be 124.18, 103.46, 83.77, 65.39, and 
44.11. Plugging these values into the new equation gives the following estimations for the ratio 
of electron charge and mass: 
 
 
 
 
 
 
 
 
 
 

The accepted values for the mass and charge of an electron are 9.1093 × 10-31 kilograms 
and 1.6022 × 10-19 coulombs, with a ratio of 1.7588 x 1011 coulombs per kilogram. Typically, 
when working with a value of this scale, procuring a measured value that’s merely of the same 
order of magnitude is enough to prove the relative accuracy of an experiment, or of the 
measurements that were taken. In this case, the found values were delightfully accurate. The 
error percentages and found values are in the above table, and, notably, the average  value had 𝑒

𝑚

the corresponding error percentage of 1.35%. Considering the nature of the experiment, and the 
inaccuracy of the human eyes and hands, this low of an error percentage is particularly 
surprising, proving this experiment to be highly successful.  

To determine the uncertainty of the final value, this equation is utilized: 

                   ∆( 𝑒
𝑚 ) = 𝑒

𝑚 * (4( ∆𝑅
𝑅 )

2
+ ( ∆𝑀

𝑀 )
2

+ 4( ∆𝑟
𝑟 )

2
)

Where  is the uncertainty in the radius of the coils (±1mm),  is the uncertainty of ∆𝑅 ∆𝑀
the slope (±.81), and  is the uncertainty in the radius of the electron ring (±3mm), two of ∆𝑟
which were all measured during the experiment. The uncertainty in the slope was not measured 
directly, rather, the uncertainty in the voltage was measured, and was accounted for in the 
calculation of the slope, producing uncertainty in the slope. These values in quadrature with one 

another, multiplied by the found value for , produce an uncertainty in the value of . This 𝑒
𝑚

𝑒
𝑚

value was found to be ± 2.097*109 C/Kg, which seems like a significant amount, but when 



comparing to the found value of , the uncertainty is two orders of magnitude smaller than the 𝑒
𝑚

found value. A better demonstration of  can be seen when finding the uncertainty in error ∆( 𝑒
𝑚 )

percentage by using the difference of ± 2.097*109 C/Kg on the found value for , and finding 𝑒
𝑚

the difference in error percentages when accounting for ± 2.097*109 C/Kg. This changes the 
average error percentage from 1.35% to 1.35% ± 1.21%, which seems like a much more 
reasonable value for the uncertainty of electron mass-charge ratio.  

This ratio should also be completely independent from the radius of the electron path. As 
the radius decreases, the value for the slope ( ) decreases, as different amounts of current 𝑀 = 𝑉

𝐼2

and voltage are required for different electron path radii. Fortunately, the collected data does 

appear to have random error, suggesting this independence to be true. The found values for   𝑒
𝑚

neither increase nor decrease as the path radius decreases through the trials.  
 

Post-Lab Questions 
​  
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=>                                   = , where N = 130 turns 
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2.​ The lifetime of the excited state of helium is typically on the order of nanoseconds (10-9 
s). Using the root-mean-square velocity formula for helium at room temperature gives an 
average thermal velocity:  
 
 

=> ​ ​ ≈ 
 
 
For a time duration on the order of 10-9 s, a helium atom would move approximately 
0.125 micrometers before emitting a photon. The visible path created by an electron in a 
magnetic field is primarily due to the diffusion of emitted photons from excited helium 
atoms. The displacement of helium atoms (0.125 µm) during the excitation-emission 
process is much smaller than the diffusion length of photons in the gas, as well as the 
spatial resolution of typical detection methods (e.g., the human eye or imaging 
equipment). Therefore, the motion of helium atoms does not significantly affect the width 
of the visible path. The width is dominated by the distribution of emitted light and any 
spreading of the electron beam itself. 
 

3.​ After an electron excites a helium atom, it loses some of its kinetic energy, which slows it 
down and can slightly alter its direction due to momentum conservation. In a magnetic 
field, the electron continues along a helical trajectory, but with a smaller radius because 
the reduced velocity decreases the centrifugal force balancing the magnetic force. Over 
time, as the electron undergoes more collisions with helium atoms, it gradually loses 
more energy, its path becomes more randomized, and it eventually slows to thermal 
velocities if it remains in the system. 

 



4.​ The centripetal force is provided by the Lorentz force in a magnetic field: 
 
 
 
 

​ Rearranged for v: 
 
​ ​ ​  

=>  
 

 
​ Since the magnetic field in this experiment changes depending on the inputted current 
and voltage, the speed of the electron varies as well, so for the time being, the B will remain a 
variable.  
​ ​  
​ ​ ​ =>  
 
The time T to go around the circle is the circumference of the path divided by the speed: 
 
 
 
 
 
Substituting v: 
 
​ ​ =>  
 
 
 

 
​ ​ =>                              
 
 
For larger magnetic fields, the time around the circumference decreases proportionally. With an 
average current of 1.5 A running through the coils, the magnetic field produced is roughly 
5.75x10-4 T, or 5.75 G. For the sake of these questions, this value for B will be used in 
calculations. Thus, electron speed v is ~5x106 m/s, and the period T is 6.2x10-8 seconds.   

 



5.​ Substituting v into the classical equation for angular momentum gives:  
 
​ ​  
 
 
 
​  

=>  

 
According to quantum mechanics, the angular momentum of an electron in a bound state is 
quantized, and its magnitude is given by: 
​ ​ ​  
​ ​ ​ ​  
 
 
Compare L to ℏ: 
 
 
 
 
The angular momentum of this free electron is not quantized because the electron is not in a 
bound quantum state, like in an atom. Instead, it follows classical mechanics. The magnitude of 
L is enormously larger than ℏ, with L/ℏ proportional to B. For any realistic B field, L remains 
much greater than ℏ. 
 

6.​ De Broglie wavelength for a particle is given by: 
​  
​  
 
 
Substituting for classical momentum and the previous velocity value gives: 
 
 
 
 
​ =>         
 
With a path length of  m, the de Broglie wavelength is roughly 9 orders of 2π(. 05) =. 314
magnitude smaller than the path length, highlighting the classical nature of the electron's motion 
in this experiment.  



7.​ The formula for the magnetic field at the center of a Helmholtz coil is given by: 
 
 
 
 
Where N = 130 turns, R = 30.5cm, and the average lowest and highest currents run through 
during the experiment were 1.114 A and 1.781 A. Thus, the magnetic field in this experiment 
ranges from roughly 4.14 G to 5.89 G. The Earth's magnetic field is typically between 0.25 and 
0.65 Gauss, so the magnetic fields produced by the coils are roughly 6.4 to 9 times stronger than 
the Earth’s magnetic field.  
 
 
Conclusion 
 
​ This experiment was remarkably successful. The Helmholtz coil proved efficient in 
measuring the ratio of the electron charge to mass yielded the result 1.73518x1011 C/Kg with an 
error rate of 1.35% ± 1.21% and an uncertainty of ± 2.097*109 C/Kg. This level of precision 
suggests that the experimental setup and methodology were effective in obtaining an accurate 
measurement. The relatively small error margin reflects the reliability of the equipment and the 
accuracy of the measurements, while the associated uncertainty accounts for potential minor 
inaccuracies in the system, such as variations in the magnetic field strength or electron trajectory. 
Overall, the results were consistent with theoretical predictions, and the small error rate 
demonstrates the successful application of the Helmholtz coil for this measurement. 


