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Introduction

Understanding the behavior of charged particles in electric fields is fundamental to the fields of physics
and electrical engineering. When particles such as electrons and protons are placed in a uniform
electric field, their motion is governed by the principles of Coulomb's law and classical mechanics. This
scenario provides valuable insights into the nature of electric forces, particle acceleration, and energy
transfer. In this article, we analyze the dynamics of an electron and a proton initially at rest in a
uniform electric field of known magnitude, exploring their accelerations, velocities, displacements, and
the implications for broader applications such as particle accelerators, cathode ray tubes, and electric

field measurements.
Context and Importance

The study of charged particles in electric fields is crucial for multiple scientific and technological

domains:

- Fundamental Physics: Understanding forces at the microscopic level and the behavior of particles
under electromagnetic influence.

- Electronics and Semiconductor Devices: Electron motion under electric fields forms the basis of
diodes, transistors, and integrated circuits.

- Particle Accelerators: Manipulating charged particles with electric fields for research in high-energy

physics.



- Medical Technologies: Electron beams in radiation therapy.

- Measurement and Instrumentation: Electric field measurement techniques and particle detectors.

The scenario involving an electron and a proton initially at rest in a uniform electric field serves as an

ideal model to analyze fundamental forces and motion equations, providing a basis for more complex

systems.

Basic Principles and Assumptions

Before delving into the calculations, it’s essential to outline the assumptions and principles:

- The electric field is uniform and constant in magnitude and direction.

- Both particles are point charges with negligible size.

- The particles are initially at rest at the same position or specified initial positions.

- The effects of magnetic fields, gravity, and other forces are neglected.

- The particles do not interact with each other unless specified; i.e., Coulomb interaction between the

charges is ignored unless analyzing their mutual influence.

Given these assumptions, Newton’s laws and Coulomb’s law govern the particles' motion.

Electric Field and Force on Particles

The magnitude of the electric field \( E \) is given, and the particles experience a force due to this field:

\[

\mathbf{F} = q \mathbf{E}

\

where:

-\( g\) = charge of the particle



- \( \mathbf{E} \) = electric field vector

Charges involved:

- Electron charge: \( q_e = -1.602 \times 107{-19} \, \text{C} \)
- Proton charge: \( q_p = +1.602 \times 107{-19} \, \text{C} \)

The force magnitude on each:

\[
F=1lql E
\]
Direction:

- Electron accelerates opposite to the electric field (since charge is negative).

- Proton accelerates in the same direction as the electric field.

Masses:

- Electron mass: \( m_e = 9.109 \times 107{-31} \, \text{kg} \)
- Proton mass: \( m_p = 1.673 \times 107{-27} \, \text{kg} \)

Calculating Accelerations

Using Newton's second law:

\[

a = \frac{F{m}
\]



for each particle:

- Electron:

\[
a_e = \frac{|g_e| E{m_e}
\]

- Proton:

\[

a_p = \frac{|q_p| E{m_p}

\

Since the charges are equal in magnitude but opposite in sign, the accelerations differ because of their

mass difference.

Time Evolution of Motion

Assuming initial velocities are zero at \( t = 0\), the particles' velocities and displacements at time \( t )

are given by kinematic equations:

\[
x = \frac{1{2} a t"2
\]

where \( x \) is the displacement from the initial position.



Calculations with Specific Electric Field Magnitude

Let’s consider an example with a specific electric field magnitude, say:

\[
E = 1074 \, \text{V/m}
\]

This is a typical value used in laboratory experiments.

Calculations:

- Electron acceleration:

\[

a_e = \frac{(1.602 \times 107{-19} \, \text{C}) \times 104 \, \text{V/m}}{9.109 \times 10M-31} \, \text{kg}}
\approx 1.76 \times 10M16} \, \text{m/s}*2

\]

- Proton acceleration:

\[

a_p = \frac{(1.602 \times 10*{-19} \, \text{C}) \times 1074 \, \text{V/m}}{1.673 \times 107{-27} \, \text{kg}}
\approx 9.58 \times 10M11} \, \text{m/s}*2

\

Observation:

- The electron's acceleration is vastly larger due to its much smaller mass.

- The proton accelerates more slowly but in the same direction as the electric field.



Velocity and Displacement After a Time Interval

Suppose we examine the motion after \(t = 1\, \mu s \) (microsecond):

- Electron:

\[
v_e = a_e \times t = 1.76 \times 10*{16} \times 10"{-6} = 1.76 \times 10*{10} \, \text{m/s}
\

- Proton:

\[
v_p = a_p \times t = 9.58 \times 10*{11} \times 10"{-6} = 9.58 \times 10*{5} \, \text{m/s}
\]

Displacements:

- Electron:

\[
x_e = \frac{142} a_e t*2 = 0.5 \times 1.76 \times 10*{16} \times (10*{-6})*2 = 8.8 \times 10*{3} \,
\text{m}

\

- Proton:

\[

x_p = 0.5 \times 9.58 \times 10~{11} \times (10~{-6})"2 = 0.5 \times 9.58 \times 10*{11} \times 107{-12}
= 0.479 \, \text{m}

\



Implications:

- The electron moves a significant distance (~8.8 km) in 1 microsecond.

- The proton moves less than a meter in the same time frame.

Realistic Considerations

In actual experiments, particles do not reach relativistic speeds within microseconds because:

- The velocities calculated (~10*10 m/s) surpass the speed of light (\( ¢ \approx 3 \times 1078 \,

\text{m/s} \)).

- To account for relativistic effects, relativistic dynamics must be used at high velocities.

Relativistic Effects

As particles accelerate to speeds approaching the speed of light, classical mechanics becomes invalid,

and special relativity must be applied.

Relativistic momentum:

\[
\mathbf{p} = \gamma m \mathbf{v}
\]

where:

\[

\gamma = \frac{1}{\sqrt{1 - v*2/c*2}}

\

The equations of motion become more complex and require integrating the relativistic force equations.



Mutual Interactions and Coulomb Repulsion

In many practical scenarios, the electron and proton are initially at different positions or interact

through their Coulomb forces:

- Coulomb Force:

\[

F _{C} = \frac{k e”2}{r"2}

\

where:

-\(k = 8.99 \times 1079 \, \text{Nm}*2\text{C}*2 \)

- \( r\) = separation between particles

- When particles are close, Coulomb repulsion or attraction significantly influences their trajectories and

can lead to complex motion.

- For initial conditions where particles are initially separated, the external electric field dominates their

motion.

Applications and Broader Impacts

Analyzing such particle dynamics is essential for:

1. Designing Particle Accelerators

Understanding how electrons and protons accelerate under electric fields helps optimize accelerator

components like linear accelerators (linacs) and cyclotrons.



2. Electrostatic Devices

Devices like cathode ray tubes and electrostatic precipitators rely on the principles of charged particle

motion in uniform fields.
3. Electric Field Measurement Techniques

Using charged particles as probes to measure electric field strength depends on accurate modeling of

their behavior.

4. Fundamental Physics Research

Experiments involving particle beams test theories of electromagnetism and special relativity.

5. Medical and Industrial Technologies

Electron beams are utilized in cancer radiotherapy, sterilization, and materials processing.
Conclusion

The motion of an electron and a proton initially at rest in a uniform electric field offers a window into
the fundamental interactions between charge and electric forces. While classical calculations provide
initial insights, real-world applications necessitate considering relativistic effects and particle
interactions. Understanding these principles is vital across physics, engineering, and technology,

underpinning innovations from particle accelerators to medical devices. As research progresses, more

sophisticated models continue to deepen

Frequently Asked Questions



How does a uniform electric field influence the motion of an electron
and a proton initially at rest?

A uniform electric field exerts a force on both particles, causing them to accelerate in opposite
directions due to their opposite charges, with the magnitude of acceleration dependent on their

respective charges and masses.

What is the significance of the initial rest condition for the electron
and proton in analyzing their motion in the electric field?

Starting from rest allows for straightforward calculation of their acceleration and velocity over time,

since initial velocity is zero, simplifying the application of kinematic equations.

How can the difference in mass between the electron and proton
affect their acceleration in the same electric field?

Since acceleration is proportional to force divided by mass (a = F/m), the lighter electron experiences
a greater acceleration than the heavier proton under the same electric force, leading to different

velocities over time.

What formulas are used to determine the velocity and displacement of
the particles after a certain time in the electric field?

Using kinematic equations: v = a t and s = (1/2) a t*2, where a is the acceleration (a = gE/m), with q

as charge, E as electric field magnitude, m as mass, and t as time.

How does the electric field magnitude influence the particles'
acceleration and subsequent motion?

A stronger electric field increases the force on each particle, resulting in greater acceleration, higher

velocities, and larger displacements over the same time interval.



What are the practical applications of understanding the motion of
electrons and protons in electric fields?

This understanding is fundamental in designing electric accelerators, cathode ray tubes, mass

spectrometers, and various devices in electronics and particle physics research.

Additional Resources

Two Particles, An Electron And A Proton, Are Initially At Rest In A Uniform Electric Field Of Magnitude
is a classic physics problem that offers deep insights into electromagnetic forces, particle dynamics,
and energy transfer mechanisms. This scenario provides a foundational understanding of how charged
particles behave under the influence of electric fields, making it a vital case study for students and

professionals alike who are exploring electromagnetism, classical mechanics, and related fields.

In this detailed guide, we will explore the problem comprehensively—from the fundamental principles
involved to the step-by-step solution methods, and finally to the interpretation of results. Whether
you're preparing for an exam, developing simulation models, or simply seeking to deepen your

understanding of electric forces, this article will serve as a thorough resource.

Introduction to the Problem

Imagine placing an electron and a proton initially at rest in a uniform electric field of magnitude \( E \).
The particles are separated at some initial distance, say \( d \), along a specific axis, and the question

is: how do they accelerate, move, and interact under the influence of the electric field?

This setup is not just a theoretical exercise; it approximates many real-world phenomena, such as

particle accelerators, plasma physics, and the behavior of charges in electric circuits.



Fundamental Concepts and Principles

Electric Field and Force

- A uniform electric field \( E \) exerts a force \( F \) on a particle with charge \( q \) given by:

\[

F =qE

\

- The direction of the force depends on the sign of the charge:

- For a positive charge (like a proton), the force points in the same direction as the electric field.

- For a negative charge (like an electron), the force points opposite to the electric field.

Newton’s Second Law

- The acceleration \( a \) of a particle with mass \( m \) under force \( F \):

\[
a = \frac{F{m}
\

- Since the forces are constant (due to the uniform field), the particles undergo constant acceleration:

\[
a_{\text{electron}} = \frac{-eE}{m_e}
\]
\[



a_{\text{proton}} = \frac{+eE}m_p}
\

where:

-\( e ) is the elementary charge (~\( 1.602 \times 10%{-19} \) C),

-\( m_e\\) is the electron mass (~\( 9.109 \times 10"{-31}\) kg),
-\( m_p ) is the proton mass (~\( 1.673 \times 10°{-27} \) kg).

Step-by-Step Analysis

1. Initial Conditions

- Both particles are initially at rest (\( v._0 = 0))

- They are separated by a distance \( d \)

- The electric field \( E \) is uniform and constant over the region of interest

- No other forces (like gravity) are considered for simplicity

2. Equations of Motion

Since the particles start at rest and experience constant acceleration, their velocities at time \( t\) are:

and their displacements:

\[



x(t) = \frac{1{2} a t"2
\

for each particle, with the appropriate sign of \( a \).

3. Velocity and Displacement of Electron and Proton

- Electron:

\[

v_e(t) = - \frac{eE}{m_e} t

\

\[

x_e(t) = - \frac{1}{2} \frac{eE}{m_e} t"2
\

- Proton:

\[

v_p(t) = \frac{eE{m_p} t

\

\[

x_p(t) = \frac{1}{2} \frac{eE}{m_p} t"2
\

Note: The displacements are relative to the initial position, which, for simplicity, we can set as the

originat\(t=0\).

4. Relative Motion and Separation



The relative position between the proton and electron at time \( t\):

\[

d(t) = x_p(t) - x_e(t)
\

Plugging in the expressions:

\[

d(t) = \frac{1}{2} \frac{eE}{m_p} t*2 - \left( - \frac{1}{2} \frac{eE}{m_e} t*2 \right) = \frac{1}{2} eE t*2 \left(
\frac{1K{m_p} + \frac{1{m_e} \right)

\]

This shows that the initial separation \( d \) increases over time due to the particles' accelerations.

5. Time to Reach a Certain Separation

Suppose the particles are initially separated by \( d_0\). To find the time \( t\) when they reach a

particular separation:

\[
d_0 = \frac{1}{2} eE t"2 \left( \frac{1}{m_p} + \frac{1}{m_e} \right)
\]

Rearranged:

\[

t = \sgrt{ \frac{2 d_O}eE \left( \frac{1}{m_p} + \frac{1}{m_e} \right)} }
\



This expression allows us to compute the time evolution of their separation.

6. Energy Considerations

Kinetic Energy of Particles

- Electron:

\[

KE_e = \frac{142} m_e v_e"2 = \frac{1{2} m_e \left( \frac{eE}{m_e} t \right)*2 = \frac{1K2} m_e
\frac{e”2 E*2}{m_e"2} t*2 = \frac{1}{2} \frac{e”2 E*2}{m_e} t"2

\]

- Proton:

\[

KE_p = \frac{1K2} m_p v_p”"2 = \frac{1{2} m_p \left( \frac{eEX{m_p} t \right)*2 = \frac{1}{2} \frac{e”2
EA2}{m_p} t"2

\]

The total kinetic energy:

\[

KE_{total} = KE_e + KE_p = \frac{1}{2} e*2 E*2 t*2 \left( \frac{1}{m_e} + \frac{1}{m_p} \right)

\

Potential Energy

The potential energy stored in the electric field between the particles is:



\[
U = \frac{e”2}{4\pi \varepsilon_0 d}
\]

where \( \varepsilon_0\) is the vacuum permittivity.

As particles move apart, the potential energy decreases, converting into kinetic energy, consistent with

energy conservation.

7. Effects of the Electric Field Strength

- Stronger Electric Field:

- Increases the acceleration of both particles.

- Leads to faster separation.

- Results in higher kinetic energies over shorter times.

- Weaker Electric Field:

- Particles accelerate more slowly.

- Separation occurs over longer times.

- Less kinetic energy gained in the same time interval.

8. Additional Considerations and Real-World Complexities

Coulomb Interaction



In reality, as the particles accelerate and get closer or farther apart, their mutual Coulomb attraction or
repulsion can influence their motion, especially if the initial separation is small and the particles are

free to interact.

- In this simplified analysis, we neglect Coulomb interaction assuming the external field dominates over

mutual forces or that particles are sufficiently separated initially.

Radiation and Relativistic Effects

- At high accelerations, particles emit electromagnetic radiation (Larmor radiation), leading to energy
loss.
- For very high fields or velocities approaching the speed of light, relativistic effects need to be

considered.

Boundary Conditions and Field Non-Uniformities

- In practical setups, fields may not be perfectly uniform, and boundary effects may influence particle

motion.

9. Summary of Key Results

- Both particles accelerate under the electric field, with accelerations proportional to their charge-to-
mass ratios.

- The electron, being much lighter, accelerates significantly more than the proton.

- The relative separation grows quadratically with time, influenced by the field strength and initial
separation.

- The kinetic energy gained by each particle depends on the duration of acceleration and the field
magnitude.

- Energy conservation links the initial potential energy stored in the system to the particles' kinetic



energies.

10. Practical Applications and Extensions

This analysis underpins many technological and scientific tools:

- Particle Accelerators: Utilizing electric fields to accelerate electrons and protons.

- Plasma Physics: Understanding charge separation and particle dynamics.

- Fundamental Physics: Exploring Coulomb interactions, energy transfer, and relativistic effects.
Extensions of this problem could include:

- Considering initial velocities or non-uniform fields.

- Including mutual Coulomb forces explicitly.

- Analyzing relativistic regimes where particle speeds approach the speed of light.

- Studying quantum effects at small scales.

Conclusion
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