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Acceleration of charged particles in an electric field 

Definitions of variables and formulas 

The electric field 

An electrostatic field exerts an electric force on any charged object within the field. The 
electric field 𝐸 at the location of a small „test” charge 𝑞0 is defined as the electric force  𝐹𝐸 
exerted on 𝑞0 divided by the test charge 𝑞0: 

𝐸 =
𝐹𝐸

𝑞0
                                                                          (1) 

The electric field is a vector quantity with an SI unit of newton per coulomb (N/C). When a 
positive test charge is used, the electric field always has the same direction as the electric 
force on the test charge. 
Once the electric field due to a given arrangement of charges is known at some point, the 
force on any particle with charge 𝑞0 placed at that point can be calculated from a 
rearrangement of equation (1): 

𝐹𝐸 = 𝑞0𝐸                                                                      (2) 
 

The electric potential energy 

The electric potential energy of a system of point charges is defined as the work required 
assembling this system of charges by bringing them close together, as in the system from an 
infinite distance. Consistently, the electrostatic potential energy of a point charge at a position 
is defined as the negative of the work done by the electrostatic force to bring it from a 
reference position (usually taken at infinite distance) to the given position in the absence of 
other (non-electrostatic) forces. 
The change in the electric potential energy, 𝛥𝑃𝐸, of a system consisting of an object of charge 
𝑞0 moving through a displacement 𝛥𝑥 in a constant electric field 𝐸𝑋 is given by 

𝛥𝑃𝐸 = −𝑞0𝐸𝑥𝛥𝑥                                                            (3) 
where 𝐸𝑥 is the 𝑥 component of the electric field and 𝛥𝑥 = 𝑥𝑓 − 𝑥𝑖   is the displacement of 

charge along the 𝑥 axis. 
 

Electric potential difference 

Electric potential is closely related to electric potential energy, since it is simply the electric 
potential energy per unit charge. The electric potential difference 𝛥𝑉 between points 𝐴 and 
𝐵 is the change in electric potential energy as a charge 𝑞 moves from 𝐴 to 𝐵 divided by the 
charge 𝑞: 

𝛥𝑉 = 𝑉𝐵 − 𝑉𝐴 =
𝛥𝑃𝐸

𝑞
                                                        (4) 

The SI unit of electric potential is joule per coulomb or volt (J/C or V). Because electric potential 
energy is a scalar quantity, electric potential is also a scalar quantity. 
Alternately, the electric potential difference is the work per unit charge that would have to be 
done by some force to move a charge from point 𝐴 to point 𝐵 in the electric field. Thus, in the 
process of moving through a potential difference of 1 V, the 1 C charge gains 1 J of energy. 
For the special case of a uniform electric field such as that between charged parallel plates, 
dividing equation (3) by 𝑞 and combining it with equation (4) gives 
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𝛥𝑃𝐸

𝑞
= 𝛥𝑉 = −𝐸𝛥𝑥                                                                 (5) 

Equation (5) shows that potential difference also has units of electric field times distance. It 
then follows that the SI unit of the electric field, the newton per coulomb, can also be 
expressed as volts per meter: 1 N/C = 1 V/m. 
 

Work done by an electric field 

Since the Coulomb force is conservative and the work done by a conservative force on an 
object depends only on the initial and final positions of the object and not on the path taken 
between these two points, the 𝛥𝑃𝐸 change in the electric potential energy equals to the 
negative of the work 𝑊𝐸𝐹 done by the electrostatic force: 

𝛥𝑃𝐸 = 𝑃𝐸𝑓 − 𝑃𝐸𝑖 = −𝑊𝐸𝐹                                                      (6) 

where 𝑃𝐸𝑓  and 𝑃𝐸𝑖 are the final and initial electric potential energies, respectively, and 𝑊𝐸𝐹 

is the work done by the electrostatic field on the object. 
 
Explanation of why 𝛥𝑃𝐸 equals the negative of the work done by the field 
If the potential energy of an object increases (𝑃𝐸𝑓 > 𝑃𝐸𝑖), the field performs negative work 

on the object while it moves from its initial position to its final position. The work is negative 
because the force and displacement are opposite to each other, i.e. the force exerted by the 
field opposes the movement of the body. 
 
When a small positive charge placed at point 𝐴 in a uniform electric field 𝐸 moves to point 𝐵  
(as between two equally and oppositely charged parallel plates), the 𝑊𝐴𝐵  work done on the 
charge by the electric field is equal to the 𝑥 component of the electric force 𝐹𝑥  acting parallel 
to the displacement times the displacement (𝛥𝑥 = 𝑥𝑓 − 𝑥𝑖): 

𝑊𝐴𝐵 = 𝐹𝑥𝛥𝑥 = 𝐹𝑥(𝑥𝑓 − 𝑥𝑖)                                                     (7) 

When combining equations (7) and (2), 

𝑊𝐴𝐵 = 𝑞0𝐸𝑥(𝑥𝑓 − 𝑥𝑖)                                                           (8) 

where 𝑞0 is the charge and 𝐸𝑥 is the vector component of 𝐸 in the 𝑥 direction (not the 
magnitude of 𝐸). Unlike the magnitude of 𝐸, the component 𝐸𝑥  can be positive or negative, 
depending on the direction of 𝐸. Finally, note that the displacement 𝛥𝑥, like  𝑞0 and 𝐸𝑥, can 
also be either positive or negative, depending on the direction of the displacement. 
The kinetic energy of the particle accelerated from the resting state by the electric field is 
equal to the work done on the particle by the electric field, thus, it is linearly proportional to 
the accelerating voltage: 

𝐸𝑘𝑖𝑛 =
1

2
𝑚𝑣2 = 𝑊𝐴𝐵 = 𝑞0𝐸𝑥(𝑥𝑓 − 𝑥𝑖) = 𝑞0𝛥𝑉                                  (9) 

where 𝑚 is the mass of the particle and 𝑣 is the speed of the particle. 
This formula can be used to define electronvolt (eV), a unit of energy commonly used in 
electricity. Thus, 1 eV is the amount of kinetic energy gained by a single electron accelerated 
from rest through an electric potential difference of one volt in vacuum. 

Exercises with solutions 

1. Exercise 

What is the kinetic energy of an electron after being accelerated by a voltage of 200 V? 

The magnitude of the charge of an electron is 1.60x10-19 C. 
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According to equation (9) 

𝐸𝑘𝑖𝑛 = 𝑞0𝛥𝑉 = 1.60 × 10−19 × 200 = 𝟑. 𝟐𝟎 × 𝟏𝟎−𝟏𝟕𝑱 

2. Exercise 

What is the distance required for the acceleration of a test charge of 5.00x10-19 C with a mass 

of 3.00x10-25 kg to a speed of 4.00x106 m/s in an electric field of 6.00x105 N/C? 

According to equation (9) 

1

2
𝑚𝑣2 = 𝑞0𝐸𝑥𝛥𝑥 

After rearranging the formula the required distance is 

𝛥𝑥 =
𝑚𝑣2

2𝑞𝐸
=

3.00 × 10−25 × (4.00 × 106)2

2 × 5.00 × 10−19 × 6.00 × 105
= 𝟖. 𝟎𝟎 𝒎 

3. Exercise 

A test charge of 3.60x10-19 C is accelerated by a voltage of 1000 V to a speed of 7.00x105 m/s. 

What is the mass of the test charge? 

According to equation (9) 

1

2
𝑚𝑣2 = 𝑞0𝛥𝑉 

Solving the equation for the mass of charge 

𝑚 =
2𝑞𝛥𝑉

𝑣2
=

2 × 3.60 × 10−19 × 1000

(7.00 × 105)2
= 𝟏. 𝟒𝟕 × 𝟏𝟎−𝟐𝟕𝒌𝒈 

4. Exercise 

What is the work done by an accelerating voltage of 300 V on a test charge of 4.00x10-19 C? 

According to equation (5) 

𝑊 = 𝑞𝛥𝑉 = 4.00 × 10−19 × 300 = 𝟏. 𝟐𝟎 × 𝟏𝟎−𝟏𝟔𝑱 

 

5. Exercise 

What is the speed of a proton after being accelerated at a distance of 3 m if the force exerted 

by an electric field on the proton is 2.50x10-14 N? 

The mass of a proton is 1.67x10-27 kg. 

By combining equations (9) and (2) 

1

2
𝑚𝑣2 = 𝐹𝛥𝑥 

Solving the equation for the velocity 
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𝑣 = √
2𝐹𝛥𝑥

𝑚
= √

2 × 2.50 × 10−14 × 3.00

1.67 × 10−27
= 𝟗. 𝟒𝟖 × 𝟏𝟎𝟔𝒎/𝒔 

 

Exercises 

1. Exercise 

What is the kinetic energy of an electron after being accelerated by a voltage of 300 V? 

a) 4.80x10-17 J 

b) 3.20x10-17 J 

c) 300 J 

2. Exercise 

What is the distance required for the acceleration of a test charge of 4.00x10-19 C with a mass 

of 2.00x10-25 kg to a speed of 6.00x106 m/s in an electric field of 7.00x105 N/C? 

a) 25.8 m 

b) 12.9 m 

c) 2.14 m 

3. Exercise 

A test charge of 5.40x10-19 C is accelerated by a voltage of 2000 V to a speed of 2.00x105 m/s. 

What is the mass of the test charge? 

a) 1.08x10-20 kg 

b) 2.70x10-26 kg 

c) 5.40x10-26 kg 

4. Exercise 

What is the work done by an accelerating voltage of 150 V on a test charge of 8.00x10-19 C? 

a) 5.33x10-21 J 

b) 1.20x10-16 J 

c) 1.80x10-14 J 

5. Exercise 

What is the speed of a proton after being accelerated at a distance of 2 m if the force exerted 

by an electric field on the proton is 1.50x10-14 N? 

a) 3.59x1013 m/s 

b) 5.99x106 m/s 

c) 4.24x106 m/s 

6. Exercise 

What is the kinetic energy of an electron after being accelerated by a voltage of 400 V? 

a) 1.60x10-17 J 

b) 6.40x10-17 J 
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c) 400 J 

7. Exercise 

What is the distance required for the acceleration of a test charge of 5.40x10-19 C with a mass 

of 6.00x10-25 kg to a speed of 8.00x106 m/s in an electric field of 9.00x105 N/C? 

a) 25.8 m 

b) 39.5 m 

c) 19.8 m 

8. Exercise  

A test charge of 7.20x10-19 C is accelerated by a voltage of 1500 V to a speed of 3.00x105 m/s. 

What is the mass of the test charge? 

a) 2.40x10-26 kg 

b) 4.80x10-26 kg 

c) 3.60x10-26 kg 

9. Exercise  

What is the work done by an accelerating voltage of 250 V on a test charge of 1.80x10-19 C? 

a) 4.50x10-17 J 

b) 5.40x10-17 J 

c) 3.60x10-17 J 

10. Exercise  

What is the speed of an electron after being accelerated at a distance of 4 m if the force 

exerted by an electric field on the electron is 1.20x10-18 N? 

a) 3.25x106 m/s 

b) 4.24x106 m/s 

c) 7.58x104 m/s 

 

 

 


