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Magnetic Force 
 
 
Introduction The electron is a true elementary particle. Even though 
protons and neutrons, for example, appear to be composed of quarks, there is 
no indication that electrons are composed of anything else. Their 
fundamental nature and the fact that electrons are responsible for the 
operation of all electronic equipment make them important and suggest that 
we study them if we can. Unfortunately, electrons are so small that we can't 
observe them directly. Fortunately, they interact with matter so strongly that 
when they are moving they often leave a "trail." In today's experiment, we 
will create a beam of electrons and study it via its "trail." That, in itself, 
should be interesting since a beam of electrons striking a material is what creates the image on 
the screen in the picture tubes (CRTs) of non-flat screen TVs and computers. We will see that a 
uniform magnetic field, B, causes a beam of electrons to travel in a circle if the velocity of the 
electrons is perpendicular to the magnetic field. In addition, we will try to verify that the 
magnetic force is given by -ev x B, where -e is the charge on the electron and v is its velocity.  
 
Equipment Images of the equipment are shown below.  

 



 
The glass tube and its internal structure are shown in the next image.  

 

 
The glass tube is hollow and has helium and electric components inside. For this experiment, the 
following four processes take place inside the glass tube. The diagram below will assist you in 
understanding the terminology 
 
1. Electrons are made available for the experiment. Inside the grid is a heating element. We can't 
readily see the heating element until the equipment is turned on, when a power supply inside the 
equipment provides a voltage across the heating element. The heating element then becomes hot 
and glows, much like the filament in a light bulb. When the heating element is hot, we can see 
the light it produces. The function of the heating element is to raise the cathode to a high 
temperature, giving some of the electrons on the cathode enough energy to escape (i.e., some 
electrons "boil off" the cathode).  
 
2. The electrons are then accelerated between the cathode and the anode. A large potential 
difference (voltage) is established between the cathode and the anode. Most of the "boiled off" 
electrons collide with the grid. However, a few electrons are going in the right direction and are 
accelerated through a hole in the grid toward the anode. A fortunate few of these electrons 
actually pass through another hole in the anode, forming the electron beam that we will study. 
Those electrons that escape to form our electron beam will have a velocity that we can calculate. 
In summary, we have electrons initially moving downward in the glass tube with a speed we can 
calculate! 
 



3. The electron beam is made observable. If the tube were at atmospheric pressure, the electrons 
would not travel far because of collisions with the air molecules. For this reason, most of the air 
has been removed. However, the path of the electrons is still not observable even with the air 
removed. To make the "trail" of electrons observable, low-pressure helium gas exists inside the 
tube. The helium enables us to see the path of the electrons because a helium atom fluoresces 
(emits bluish light) when an electron collides with it.  
 
4. The electron beam is bent into a circle. A magnetic field causes the electrons to travel in a 
circle once they exit the metal cylinder. This magnetic field is produced by an electric current in 
a large set of coils outside the tube. There are two sets of circular coils of radius R that are 
separated from each other by the distance R. Coils in this configuration are known as Helmholtz 
coils. The special characteristic of Helmholtz coils is that they produce a relatively uniform 
magnetic field near the center of the configuration. Our electron beam will be located near the 
center of the coil configuration in the uniform magnetic field.  
 
Some jargon: The electron beam is sometimes known as a cathode ray. This term is probably 
familiar since you may have heard of a cathode ray tube or CRT.  

 

Theory  
 
1. Acceleration of the Electrons between the Cathode and Anode 
 
Since there is a potential difference (voltage) between the cathode and the anode, Vcf, there is an 
electric field in that region and hence an electric force on the electrons that "boil off" the 
filament. The electric field is generally vertically upward in the diagram above.  



R1: Explain why we want the electric field to be upward rather than downward.  

 
 
Save your Responses  
 
Since the electric field (and hence, electric force) is not necessarily constant, we cannot use the 
kinematic equations for constant acceleration to calculate the speed of the electrons. However, 
since the electric force is conservative, it is relatively easy to use energy concepts. As an electron 
moves from the cathode to the anode, its change in potential energy, Ucf, is given by  

Ucf = -e Vcf (1)
 
 
where -e is the charge on the electron (i.e., q = -e = -1.6x10-19 C). This decrease of potential 
energy is accompanied by an equivalent increase in kinetic energy so that  

1/2(mv2) - e Vcf = 0 (2)
 
 
Since m is just the mass of the electron, 9.11 x 10-31 kg, eq. (2) enables us to calculate the speed 
of the electrons passing through the hole in the anode as 

 
(3)

 
 
2. (Circular) Motion of the Electrons  
 
When the electrons pass through the anode, they encounter a magnetic field that causes them to 
move in a circle of radius r as shown in the next diagram.  



 
Since we can predict the speed of the electrons from eq. (3), the acceleration and force necessary 
to move the electrons in a circular orbit can be calculated for any radius r. Specifically, the 
acceleration required to move the electrons in a circle is given by  

a = v2/r (4)
 
The magnitude of the force required to cause this circular motion is given by  

Freq = ma = mv2/r (5)

3. The Magnetic Force  

The force that actually causes the circular motion is a magnetic force. Gravitational forces are 
present, but we can ignore gravity because its contribution to the total force is negligibly weak 
compared to the magnetic force. The magnetic force acting on the electrons is given by  

Fmag = -ev x B (6)
 
But the magnetic field is perpendicular to the velocity of the electrons, so that the magnitude of 
the magnetic force is Fmag = evB. Hence, the magnitude of the force required to cause the 
electrons to travel in a circle is given by  

 

Fmag = Freq  

or 

eB = mv/r

(7)



 
R2: Referring to the previous diagram, what is the direction of the magnetic field that will cause 
the electrons to travel in the path shown? Explain your answer.  

 
 
4. The Magnetic Field  
 
As mentioned previously, the magnetic field in our experiment will be produced by Helmholtz 
coils. A front view of the Helmholtz coils is shown in the previous diagram and an oblique view 
is shown in the following diagram.  
 
R3: Referring to the previous sketch, what is the direction of the current in the Helmholtz coils 
that will produce the magnetic field that will cause the electrons to travel in the circle shown? 
Explain your answer.  

 
 
Save your Responses  
 
In order to calculate the magnetic field consider the next figure, which is a diagram of Helmholtz 
coils.  

 
 
If there is a current I in the coils, the magnetic field between the coils at a distance x from one set 
of N coils and a distance R - x from the other set of N coils is 



 

 

(8)

 
Finally, since the electron beam is located midway between the coils, x R/2. Plugging this into 
eq. (8), it follows that the magnetic field in the vicinity of the electron beam is  

 
(9)

 
N = 132 for our experiment. Again, the reason that this configuration is used is that the 
magnetic field is relatively uniform near the center of the Helmholtz coil configuration. We will 
take the magnetic field produced by the coils to be constant and given by eq. (9).  
 
Note: The equipment used in this lab is traditionally used to measure the charge to mass ratio 
for the electron. This follows because you can combine eqs. (3) and (7) to find 

 
(10)

The Experiment  

Please follow the instructions carefully. The equipment that we are about to use is very 
expensive.  
 
1. Measure the radius, R, of the Helmholtz coils and record the value in the space provided. For 
best results, it is recommended that you average an "inner" and "outer" radius.  
 

R4: R = ± m  
 
Note: r is the radius of the orbit of the electrons. R is the radius (and separation) of the 
Helmholtz coils. Do not confuse these values! 

2. Turn on the power switch to the equipment. The unit will do a 30 second self-test and will 
energize the filament. The displays will stabilize and read "000". DO NOT TAKE DATA FOR 
AT LEAST 5 MINUTES. 

Save your Responses  
 
3. Turn the voltage adjust knob until the accelerating voltage, Vcf, reads 200 V. 

4. You should see a faint bluish beam traveling downward from the bottom of the cylinder. If 
not, report this to your instructor.  



5. Next we will check the Helmholtz coils. Turn up the current adjust knob and observe the beam 
deflection. When the current is high enough, the beam will form a complete circle. Along the 
axis of the glass tube is a thin glass rod inscribed with a scale. When the beam strikes one of the 
numbers on the scale, the number will fluoresce. The numbers indicate the beam diameter in 
centimeters (not the radius!). 

6. Record the accelerating voltage, Vcf(200), in the space below: 
 

R5: Vcf(200) = ± V  
 
7. Use eq. (3) to calculate the resulting electron speed and enter the value in the space below. 

R6: v(200) = ± m/s  
 
8. Finally, we will bend the electron beam into circles of known radii. Adjust the current knob so 
the beam strikes each radius, r, listed in the table below. Record the value of the current, I, in the 
appropriate blank in the table. 
 
Save your Responses  

r (m)  I (A)  
B (T)  

Eq. (9) 

a (m/s2)  

Eq. (4) 

Freq (N)  

Eq. (5) 

Fmag (N)  

Eq. (6) 

e/m 
(C/kg) 

Eq. (10)

0.055 ± 

 

± 

 

± ± ± ± 

 

0.050 ± 

 

± 

 

± ± ± ± 

 

0.045 ± 

 

± 

 

± ± ± ± 

 

0.035 ± 

 

± 

 

± ± ± ± 

 

0.025 ± 

 

± 

 

± ± ± ± 

 

R7: Fill in the remainder of the table above using eqs. (4), (5), (6), (9) and (10). Use an Excel 
spreadsheet to perform the calculations and either print the Excel spreadsheet for turn-in to your 
instructor or email an electronic copy of the spreadsheet to your instructor. 



Save your Responses  
 
9. Turn the voltage adjust knob until the accelerating voltage, Vcf(300), reads 300 V. Now repeat 
the experiment for a greater accelerating voltage. 

10. Record the value of Vcf(300) in the space provided, calculate the speed of the electrons, and 
record the results of your current measurements, I, in the following table.  
 

R8: Vcf(300) = ± V  
 

R9: v(300) = ± m/s  

r (m)  I (A)  
B (T)  

Eq. (9) 

a (m/s2)  

Eq. (4) 

Freq (N)  

Eq. (5) 

Fmag (N)  

Eq. (6) 

e/m 
(C/kg) 

Eq. (10)

0.055 ± 

 

± 

 

± ± ± ± 

 

0.050 ± 

 

± 

 

± ± ± ± 

 

0.045 ± 

 

± 

 

± ± ± ± 

 

0.035 ± 

 

± 

 

± ± ± ± 

 

0.025 ± 

 

± 

 

± ± ± ± 

 

R10: Fill in the remainder of the table above using eqs. (4), (5), (6), (9) and (10). Use an Excel 
spreadsheet to perform the calculations and either print the Excel spreadsheet for turn-in to your 
instructor or email an electronic copy of the spreadsheet to your instructor. 

Save your Responses  

11. Turn off the power to the equipment.  

Additional Questions 

1. Are the electron speeds you calculated in R6 and R9 "high" or "low" compared to speeds we 
frequently encounter (e.g., people walking, car, supersonic aircraft, etc.)? 



R11: High Low  

R12: What are the speeds of the electrons as a percentage of the speed of light? 

 

2. Are the calculated accelerations "high" or "low" compared to those that we frequently 
encounter (e.g., falling objects, etc.)?  

R13: High Low  

R14: Is the associated force on the electrons large or small in comparison with forces you 
frequently encounter in everyday life? 

 

3. Combine eqs. (3) and (7) to show that eq. (10) is correct. 

R15: Show your calculation. 

 

4. Review the e/m ratio for all ten table entries above. 

R16: How does your average experimental value for e/m compare to the accepted value of 1.759 
x 1011 C/kg? 

 

Save your Responses  

5. The electrons moving in a circle produce a magnetic field of their own. 



R17: In what direction does this magnetic field point? How does this compare to the direction of 
the magnetic field produced by the Helmholtz coils? 

 

Ensure the power switch on the equipment is off, clean up your lab station, and check out with 
your instructor. 

 


