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Laboratory 2: Lorentz Force
Lorentz Force
In 1897, only 120 years ago, J.J. Thomson discovered the electron and measured its charge to mass
ratio, e/m. The electron was the first sub-atomic and first elementary particle discovered. You
will repeat this Nobel Prize winning experiment as part of today’s lab and write a report on your
findings. Measuring e/m makes use of the Lorentz Force on a particle with charge q traveling at
velocity v through magnetic field B.
F = qE + qv × B

(1)

FB = −e(v × B)

(2)

The magnetic part for electrons

is “non-Newtonian” in the sense that the force vector is not along the line connecting two charges or
masses, but rather is perpendicular to both the electron velocity and the direction of the magnetic
field. Use the right hand rule to figure out the direction of the force. If the magnetic field is strong
enough to bend the beam into a circle with radius R, we can equate the magnetic force to the
centripetal force required for uniform circular motion Fc = mv 2 /R. The geometry is optimized so
that the electron velocity is always perpendicular to the magnetic field, so
evB =

mv 2
R

(3)

From this we can measure the charge to mass ratio of the electron, e/m. See Figure 1 and use the
right-hand-rule to check that the direction of the magnetic force is indeed in the direction required
for uniform circular motion.
Cathode Ray Tube (CRT) and Electron Gun
The apparatus is a form of cathode ray vacuum tube (CRT). The electron beam, or cathode ray,
is created by an electron gun similar to the diagram in Figure 2. Electrons are boiled off a glowing
filament or a cathode coated with a good electron emitter. Look behind the electron gun from the
side and you will see the glowing filament. An anode biased a few hundred volts V positive relative
to the cathode pulls electrons from the cathode and accelerates them in one direction. The electrons
emerge from an aperture in the anode with a kinetic energy equal to eV or below. Electrons are
not visible directly, but they can scatter from and excite the low pressure mercury gas in the tube.
The electron beam can be deflected by electric and magnetic fields. Our e-gun has two deflection
plates in front of the anode aperture. Look at them and try to figure out the electric field direction
at the aperture if the top plate is positive relative to the bottom plate. What direction is the
electric field at the beam? Without electric or magnetic fields, the beam will follow a straight path
and hit the glass. Don’t allow the beam to hit the same spot on the glass for many minutes at a
time. It can drill a small hole and destroy the vacuum in the tube.
Make sure the magnetic field current is off. Turn up the voltage on the deflection plates (knob
at the bottom, left hand side). Turn up the accelerating voltage slowly until the beam appears
moving to the left. Use the polarity rocker switch to apply the deflection voltage to the plates and
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Figure 1: The metal electron gun at the bottom produces a narrow beam of electrons with energy
eV, where V is the acceleration voltage. There is a uniform magnetic field into the page. The
magnetic part of the Lorentz force produces a centripetal acceleration, bending the electron path
into a circle. The electrons can not be seen but their trajectory is made visible by a small amount of
mercury vapor in the evacuated tube. Some of the electrons collide inelastically with the mercury
vapor, exciting it to emit light.

note the deflection direction. When done, turn both voltages down to zero and put the rocker in
the center position.
Turn up the magnetizing current to the two large coils to about 1 amp clockwise. Use the right
hand rule to figure out the direction of the magnetic field at the location of the beam. Note the
direction in your lab notebook. Turn up the beam accelerating voltage until the beam appears.
Note in your lab notebook qualitatively how the radius of the beam changes with accelerating
voltage and magnetizing current.
Grasp the tube at the bottom plastic base and carefully rotate it in its socket. Describe the electron
beam motion in your notebook. Discuss how this motion follows from the Lorentz Force equation.
The initial velocity of the electron beam has components along the magnetic field and components
perpendicular to the field. v = vk + v⊥
Align the tube so that the circle lies in a plane perpendicular to the magnetic field. vk = 0 This
alignment is important for the measurements to follow.
In your notebook, starting from evB = mv 2 /R, show that if V is the accelerating voltage
e
2V
= 2 2
m
B R
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(4)

Figure 2: The electron gun uses thermionic emission and an electric field between the anode
and cathode to produce a narrow beam of electrons with energy eV. Our electron gun also has
electrostatic deflection plates in front of the cathode which can be used to create a vertical electric
field.

.
Helmholtz Coils
The magnetic field strength is controlled by the current I to two large coils. The intent is a very
uniform magnetic field over the path of the electron beam. The configuration which optimizes the
uniformity of the field in the midplane is called a Helmholtz coil. The two identical coils of radius
Rc are spaced a distance Rc apart. The magnetic field at the center is then given by 1
8µ0 IN
B= √
5 5Rc

(5)

where N is the number of windings in each coil. Our coils have a radius of .140 m and N=150 turns.
Helmholtz coils are widely used in sensitive experiments to cancel the earth’s magnetic field. Three
orthogonal pairs can create or cancel fields in any direction. Should we be worried about the earth’s
field in our measurement of e/m? The earth’s field is about 0.5 gauss, or 50 µT.
Measurement of e/m
Find an expression for e/m in terms of the accelerating voltage V, the coil current I and the beam
radius R. The general idea is to set the acceleration voltage and the coil current, and then measure
the radius of the electron beam. Develop a plan to take data for at least 6 different settings that
cover the range between 100 to 200 V and 1 and 2 amps. Each person should make at least two
measurements, but analyze all 6. The key to making a good measurement is overcoming parallax
in the radius measurement. Fix the ruler at the correct height. Position your eye directly in front
of the left side of the beam. Slide the index to the left side of the arc and sight down the groove
in the top of the index. Read the scale and then repeat on the right side to the right edge. The
difference divided by 2 is the radius. Record the Voltage, Current, and radius. Use multimeters
connected to the banana jacks on the back for accurate measurements. Make sure the multimeters
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Deriving the relationship between the radius of the coils and their optimal distance apart for the most uniform
field in the center is a common homework or exam problem. We start from the equations from Biot-Savart for the
2
0 IN Rc
magnetic field due to a loop of radius Rc , on axis, a distance x away B = 2(xµ2 +R
2 −3/2 . Using superposition, we can
c )
write the field in the center when the coils are 2x away from each other. To optimize the field, the gradient and the
curvature, the first and second derivatives of B with respect to x, are set to 0 and x is solved for.
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are set up correctly to make the Voltage or Current measurement and that the range is correct. If
the meters aren’t set correctly, they can effect the performance of the CRT. For each set of values
of V, I, and R, you will calculate e/m.
Written Assignment: Write a short lab report about your e/m measurements and results.

Diodes and transformers
A common problem is to design a DC power supply for a given circuit. Typical electronic circuits
operate at a low voltage and DC (Direct Current). The wall plug provides 120 Volt 60 Hz AC
(Alternating Current). For example, the Lorentz Force apparatus has at least three power supplies.
Starting with 120 VAC from the wall plug, it generates 6.3 V for the filament current, low voltage
DC amps for the Helmholtz coils, and up to 250 Volts DC for the accelerating voltage. For the rest
of this lab you will investigate circuits that can be used to change voltages and convert AC to DC.
Observations should go in your lab notebook and will not be part of the lab report due next week.
The first step in making a DC supply is usually a transformer. In this part of the lab we use a
step-down transformer that converts 120 VAC to 12 VAC. Find the transformer in a black case on
the lab bench. Unplug it and take off the top so you can inspect it. Transformers have two coils,
a primary and a secondary. The primary coil plugs into the wall and handles the full 120 V. The
secondary coil connects to the output. Find the primary and secondary coils on this transformer.
They are wrapped around a laminated iron core to duct all the magnetic flux from the primary to
N
the secondary. The output voltage is determined by the turn ratio of the coils. Vout = Nsecondary
Vin
primary
Read the removable top of the transformer. It gives information about the transformer input and
output and how much power the primary and secondary can handle before melting. We are using
a 1 amp fuse on the secondary to protect the transformer and circuit.
Connect a 5 kΩ resistor across the output wires and read the voltage across the resistor on the
oscilloscope. Set the scope to trigger off the AC line. Note the voltage and other characteristics of
the signal in your lab notebook and compare to the label on the transformer.

Figure 3: The orientation of a diode and the diode symbol. The band on the physical diode is the
cathode end. The diode only conducts (forward bias) when the anode end is at least a diode drop
higher than the cathode end. A typical silicon diode drop is 0.7 V.
Next add a single diode (Figure 3) to the circuit between the fuse holder and the resistor as shown
at the top of Figure 4. Again, display the voltage across the resistor on the scope and note the
waveform. Try switching the direction of the diode and see what happens. Diodes are non-Ohmic
circuit elements that conduct primarily in one direction (the forward bias), and block current in the
other direction (the reverse bias). This behavior is called rectification and can be used to convert
an AC current to a DC current. The voltage drop across a diode when conducting is called the
diode drop. It is typically about 0.6 - 0.7 volts for silicon diodes.
The next step is to build the full-wave rectifier shown at the bottom of Figure 4 or 5. Before testing
your circuit, add a 1 kΩ resistor in series with the secondary before the diodes. This is to protect
the circuit in case you hook the diodes up wrong and short the secondary. After you have the
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Figure 4: Two ways to convert Alternating Current (AC) to Direct Current (DC). The top shows
half-wave rectification achieved with a single diode. The bottom shows full-wave rectification
achieved with four diodes

Figure 5: A simple DC power supply using a diode bridge. The diodes are wired the same as in
Figure 4, just drawn differently.

correct waveform shown in the figure, you can remove the 1k resistor. Trace out how the current
flows in this circuit for the cases where the top of the transformer is positive or negative. The top
of the resistor should always be positive with respect to the bottom of the resistor.
Finally, add the 47 µF electrolytic capacitor in parallel with the 5k resistor as shown in Figure 5
and observe what happens on the scope. Careful, electrolytic capacitors are polarized and can only
be used in DC circuits. The white band with arrows shows the negative terminal of the capacitor.
Make sure the negative lead is connected to the negative side of the diode bridge. (Reverse biasing
an electrolytic capacitor can cause it to fail or explode from gases generated internally.) You should
see a constant DC voltage with a ripple on top. Record the DC level and the magnitude of the
ripple.
When done, unplug the transformer and return the circuit elements into their proper location.

Lab Assignment
This lab assignment will consist of a series of questions intended to be answered in your lab notebook
and checked by the TA before leaving lab. You will also need to submit a lab report online within
a week.
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Lab Notebook
• What is the direction of the magnetic field at the location of the beam?
• Qualitatively, how does the radius of the beam change with accelerating voltage and magnetizing current?
• Describe the spiral motion. How does it follow from the Lorentz Force equation when the
velocity of the electrons have components along the magnetic field and components perpendicular to the field. v = vk + v⊥ ?
• Starting from evB = mv 2 /R show that if V is the accelerating voltage

e
m

=

2V
.
B 2 R2

• e/m data
• What is the transformer secondary signal compared to voltage rating?
• Record the DC level and the magnitude of the ripple for the simple DC power supply.
Lab Report on e/m Measurement
For the lab report, you are tasked with presenting data before and after manipulation, and explaining important results. Additionally, you must introduce the experiment, explain the experimental
setup and data collected, analyze the data, and draw conclusions from the numerical analysis.
1. Cover Page
• Descriptive title
• Date the lab was performed
• Your name, and your lab partners’ names
• Your TA’s name and lab section
2. Introduction
The introduction section explains, in your own words, the purpose of your experiment and
how you will demonstrate this purpose. Try and be as brief as possible, yet still get your
point across.
3. Experimental Description and Results
This section should briefly explain what was measured and how the data was collected (diagrams of the experimental set up may be helpful), present the raw data in graphical form (if
possible) including uncertainty values with all numbers. Your graph should include labels on
both axes that include units. Label your graphs as Figure 1, Figure 2, etc, so that you can
refer to them in your text. In the text, explain the meaning of the variables on both axes
and include an explanation that makes it clear to the reader how to interpret the information
displayed on in the plots.
Along with a description of the experimental setup, your report should contain:
• Table of experimentally relevant values (Vaccel , Icoils , electron beam radii R, e/m values)
• Plot of Vaccel as a functin of B 2 R2 /2.
7

4. Analysis
This section should present any calculations performed on the raw data, including uncertainties using propagation of errors (although this calculation need not be shown). Example: if
you are testing Ohm’s Law V = IR, and you measured V and R, then here you calculate I.
If you have a theoretical value for your calculated quantity (I in this example), state whether
it is within your uncertainty range. Also, answer any questions proposed in the lab manual.
This section should include:
• Experimental mean value of e/me from all measurements with uncertainties.
• Results of linear regression of Vaccel as a function of B 2 R2 /2.
• Compare the two methods of determining e/m. Which is more accurate?
5. Conclusion
State how your results demonstrate (or fail to demonstrate) the objectives you presented in
the introduction section.
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