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When exposed to a magnetic field, charged particles such as electrons experience a force. If that
particle is also moving at the time that force becomes a force known as a Lorentz force, which
for the case of a magnetic field generated by a Helmholtz coil, will cause electrons to engage in
cyclotron motion. Determining the radius of this motion and knowing the velocity and magnetic
field strength can allow the charge to mass ratio to determined. As the average radius of motion
and the square root of accelerating voltage over the magnetic field strength has a linear relationship
that is proportional to the ratio of electron charge and mass. The determined ratio was found to be

Ratio = (1.004 + .2509) x 10'* C/kg.

I. INTRODUCTION

Electrons are a fundamental particle that orbits the nu-
clei of atoms. They are known in the modern day for car-
rying the energy that we see as electricity through metals,
and on a fundamental level having a negative charge, and
being very light compared to protons or neutrons. How-
ever, not long ago, electrons weren’t even known to exist,
instead their effects were observed through their interac-
tions with matter (again, electricity). The discovery of
the electron as a discrete particles occurred in 1897 by
J.J Thomson who was studying how electricity moves
through cathode ray tubes[1]. Specifically, Thomson was
using EM-fields inside a cathode ray tube to manipulate
the path of the what we now know as an electron beam.
A cathode ray tube consists of a metal filament that is
heated in a low pressure environment. When heated suf-
ficiently, the filament would release a beam of electrons
dependent on the temperature and type of material in
an effect known as thermionic emission [2]. The EM-
fields cause deflections in the path of the electrons, which
Thomson measured and through several experiments was
able to quantify the ratio of charge to mass of the mem-
bers of this beam [3]. From these results, Thomson was
able to conclude that the beam had to be made up of
small discrete particle which he called “corpuscles.” This
was because the ratio was constant and much larger than
other materials [3]. The physical results that Thomson
discovered paved the way for many advancements in the
fields of nuclear physics and the discovery of the first
sub-atomic particle. Because of its significance, this ratio
is found today in many experiments to show the physi-
cal characteristics of electrons. This experiment seeks to
replicate Thomson’s results, with perhaps more modern
equipment. Instead of a cathode tube of different ma-
terials, an electron gun in a low pressure vessel will be
used as an electron source, and a Helmholtz coil with a

constant magnetic field as a source of deflection.

II. METHODS AND RESULTS

Quantifying these physical results can be easily un-
derstood using some basic mathematical principles. It
is known that any particle with charge traveling with
respect to a EM-field, will have experience a mutually
orthogonal force to the direction of travel and EM-field.
This force is known as the Lorentz Force, for the case
the traveling charge is exposed to no electric field once it
has reached its starting velocity. Therefore, the Lorentz
force can be described by the equation

F =|¢|vB (1)

where ¢, is the charge of the particle, B is the magnetic
field, and v is the velocity of the particle. In this experi-
ment, the uniform magnetic field will always be orthogo-
nal to the direction of travel and will therefore cause the
force to act centripetally. This allows the simplification
of the expression to only the magnitude and using the
form of centripetal force. This leads to the simplification
of (1) to be the magnitudes of the vectors always point-
ing in the centripetal (mutually orthogonal to v and B
direction.

Fr, =|q.|vB (2)

Where F7, is the magnitude of the Lorentz force, g, is the
charge of an electron, v is the magnitude of an electron’s
velocity, and B is the magnitude of the magnetic field
strength.

The other simplification that comes from the Lorentz
force acting centripetally, is that the magnitude of the
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force is equivalent to a centripetal force, therefore:
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For this experiment, an electron gun applies a voltage
which electrons being charged particles accelerate across.
This process gives the particles an amount of kinetic en-
ergy proportional to the voltage and the magnitude of
the charge of an electron. This amount of kinetic energy
is also proportional to the velocity, and combining the
two expressions can yield: v
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where r is the radius of the centripetal motion that the
electron undergoes. V.. is the accelerating voltage, and
me is the mass of an electron.

Substituting in for the factors of velocity in the Lorentz
force, a final function for the resulting centripetal radius
as a function of magnetic field strength and accelerating
voltage can be found.
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The experiment performed was as discussed, a refined
version of the ones performed by J.J Thomson. The ap-
paratus used is a Uchida TG-13 with a diagram in 1. It
consists of a Helmholtz coil, which generates a uniform
magnetic field within the bounds of its coil, this provides
a magnetic field that varies with the current applied to
the coil to deflect with. The apparatus includes a coeffi-
cient to convert from the applied current to the magnetic
field strength (B = CpglI), with the coefficient having a
value of Cp = 4.804 x 10~* 5. This means that (7) can
be expressed in terms of current on the Helmholtz coils
by the expression:

Vv acc
ICB |qe

(1, Vaee) = (8)
with Cp being the magnetic coefficient from the TG-13.
However for purposes of data analysis and visualization,
the equation will be expressed in terms of the magnetic
field strength (B). The electron gun is the accelerat-
ing component placed at the bottom of a low-pressure
glass bulb. Once the excited electrons are engaged in
centripetal motion, the radius of the resulting circle can
be observed with a ruler attached to the back of the
Helmholtz coils. Combining these measurements of ra-
dius, coil current, and accelerating voltage, (7) can be
used to develop a linear relationship between the values.
This relationship can be leveraged to solve for the desired

ratio of 1%l
Me
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FIG. 1. Diagram of the Uchida TG-13 experimental appa-
ratus, with the key components for the experiment, and the
uninterrupted and actual electron path noted. In addition
the vector directions of key quantities are also present on the
diagram

Vace (V) I(mA) Left Radius (cm) Right Radius (cm)
219 131 46 £ .5 49 £+ .2
219 16.7 46+ .5 3.7+ .2
219 14.0 45+ .5 4.4+ .2
259 153 46+ .5 44+ 2
259 172 41+ .5 3.9+ .2
281 148 47+ .5 4.7 £ .2
281 172 44+ 5 42+ 2
296 148 47+ .5 49 £+ .2
296 172 44+ 5 43 £ 2
296 222 34+ 5 3.2+ .2
256 222 29+ 5 29+ .2
224 225 28+ .5 2.7+ .2

TABLE I. Compiled experimental data consisting of: electron
gun voltage, Helmholtz Coil current, and observed radius at
two points, left and right with uncertainty

Experimentation was performed for different electron
gun voltage, and at each voltage multiple currents were
used, and the resulting radii recorded. The plot shown
below in 2 is the average observed radius over the ra-
tio of the square root of voltage over the magnetic field
strength, the linear regression least squares fit, and the
propagated error to the fit of the least squares fit inter-
cepting at the weighted mean of the data set.

From these measurements, data analysis was per-
formed [4] by using the relation in (7) with the linear
regression line of best fit that was produced. Using this
relation it could be found that the slope of the best fit

me

line was equivalent to Using this relation, com-

bined with propagating the error through the slope and
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FIG. 2. r vs g plot with the least linear regression best
fit line and the associated error to the slope based on the
propagation of error from the initial measurements. The slope
of the least squares fit line is m = 3.16 x 107® £ 9.86 x 107

<2 and a portrayed intercept of b = .257, however as seen in

VvV,

T
the supporting documentation [4] the intercept is taken to be

0 for its physical meaning and ignored otherwise.

onto the final value. The magnitude for this value for this
quantity was found to be Ratio = (1.004 £ .2509) x 10!
C/kg. Based on more precise measurements taken by
NIST, an accepted value for this quantity is taken to be
NIST Value = 1.758 x 101! £ 3.1 x 107!% C/kg. This
places the experimentally found value to be within 57%
of the NIST value. While the relative uncertainty of the
measured value is 43.6%, this suggests that the calculated
value was somewhat close to the reference value. The re-
maining difference could suggest some form of systemic
error to the experiment, such as defects in the equipment
used or interference from the environment affecting the
path of the electrons.

IIT. CONCLUSIONS

In summary, the use of electric and magnetic fields,
can be used to guide and control electrons. In this case,
electrons were accelerated from an electron gun by a con-
stant voltage (V) in a low pressure environment. Once
accelerated, they were subject to a constant magnetic
field orthogonal to their path of travel, produced by a
Helmholtz Coil with magnetic field strength (B) running
through it. This magnetic field caused the electrons to
orbit around a center point in centripetal motion, which
provided a measurable radius, from which, the ratio of
charge to mass was found. That ratio was found to be
Ratio = (1.0044.2509) x 10*! C/kg. Within a serviceable
range to the reference value of NIST Value = 1.758 x 101!
+ 3.1 x 1071% C/kg. This ratio was determined by fit-
ting a least linear squares regression to the collected data
as graphed in Fig. 2 and using (7). Future experiments
making the same measurement would benefit from sev-
eral improvements to improve the accuracy of the data.
One major improvement would be a more precise way
to measure the radius of the electron path, the current
method is prone to bias based on the measurer. A better
method would be to use some reference to track the path
of the electron, such as a checkerboard and see where it
intercepts instead of attempting to align a reflection, this
could allow for more reproducible and consistent results.
Finally, a way to reduce error in the system is increasing
the number of points at which each circle is measured,
since with more measurements the average uncertainty
falls to a point.
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formation on uncertainty analysis can be found in the
supplemental materials. [5]
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