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Understanding the fundamental forces that govern interactions between particles is essential in
physics. Among these forces, the electrostatic force between electrons plays a pivotal role in atomic
and molecular structures. The statement that two electrons repel each other with a force that varies
inversely as the square of the distance between them is rooted in Coulomb's Law, a cornerstone of
electrostatics. This article delves into the principles behind this phenomenon, exploring the underlying

physics, mathematical formulation, implications, and applications.

Understanding Coulomb’s Law: The Foundation of Electrostatic

Force

Historical Background of Coulomb's Law

- Developed by Charles-Augustin de Coulomb in the 18th century.
- Based on experiments measuring the force between electric charges.

- Established as a fundamental law describing electrostatic interactions.



Coulomb's Law provides a quantitative description of the force between two point charges. It states
that the magnitude of the electrostatic force between two charges is directly proportional to the product
of the magnitudes of the charges and inversely proportional to the square of the distance separating

them.

The Mathematical Expression of Coulomb's Law

The force \( F \) between two point charges \( q_1\) and \( q_2 \), separated by a distance \( r\), is
given by:

\[
F = k_e \frac{lq_1 q_2|{r"2}
\]

Where:

-\( F\) is the magnitude of the electrostatic force.
-\(g_1\) and \( g_2\) are the magnitudes of the charges.
-\( r\) is the distance between the charges.

-\( k_e\) is Coulomb's constant, approximately \( 8.9875 \times 1019 \, \mathrm{N\,m#2/C~2} \).

This formula illustrates that the force diminishes with the square of the distance, emphasizing the

inverse square relationship.

Physics Behind the Inverse Square Law for Electrons



Nature of Electron Charges

- Electrons are negatively charged particles with a charge magnitude of approximately \( -1.602 \times
10M-19} \) coulombs.
- All electrons possess the same magnitude of charge, leading to repulsive interactions when they are

close.

The repulsive force arises because like charges repel each other according to Coulomb's Law. When
two electrons are brought closer, the force pushing them apart increases rapidly due to the inverse

square dependence.

Electrostatic Force and Electric Field Concept

- An electric field \( E \) is created by a charge, influencing other charges in the vicinity.

- The electric field intensity due to a point charge is given by:

\[
E = k_e \frac{|q|}{r"2}
\]

- The force on a second charge placed within this field is:
\[
F=q {2} E

\

This relationship emphasizes how the electric field diminishes with the square of the distance, directly

influencing the force experienced by other charges.



Why the Inverse Square Law? The Geometrical Perspective

- The inverse square nature stems from the fact that electric field lines radiate uniformly in all
directions in three-dimensional space.

- The surface area of a sphere with radius \( r\) is \( 4\pi r*2\).

- As the distance increases, the same amount of electric flux spreads over a larger spherical surface,

reducing the field strength proportionally to \( 1/r*2\).

This geometrical perspective explains why the force diminishes with the square of the distance: the

flux density decreases proportionally to the surface area over which it is spread.

Implications of the Inverse Square Relationship in Electron

Interactions

Atomic and Molecular Structures

- Electrons orbit nuclei due to electrostatic attraction; similarly, electrons repel each other.
- The balance of repulsive forces and attractive nuclear forces determines atomic stability and size.

- Electron-electron repulsion influences the shape and energy levels within atoms and molecules.

Quantum Mechanical Considerations

- While Coulomb's Law describes classical electrostatics, quantum mechanics accounts for electron

behavior more accurately.



- The inverse square law still underpins Coulomb potential energy in the Schrodinger equation:
\[
V(r) = \frac{k_e q_1 q_2}r}

\

- The potential energy varies as \( 1/r \), correlating with the force's inverse square dependence.

Electrical Force in Large-Scale Systems

- Electrostatic interactions are crucial in understanding phenomena such as plasma physics,
electrostatic shielding, and static electricity.
- The inverse square law enables calculations of forces in systems ranging from microscopic particles

to macroscopic charged objects.

Applications of the Inverse Square Law in Modern Technology

Design of Electronic Devices

- Semiconductors and transistors rely on understanding electrostatic forces at microscopic scales.
- Capacitors and insulators are designed considering electric field distributions governed by inverse

square relationships.



Electrostatic Precipitators and Pollution Control

- Devices that remove particulates from industrial exhaust gases use electrostatic forces to attract
particles.

- The efficiency depends on the predictable behavior of electric fields decreasing with distance.

Medical and Scientific Instruments

- Electron microscopes utilize electrostatic lenses that manipulate electron beams based on Coulombic
principles.
- Particle accelerators depend on precise understanding of electrostatic forces to control charged

particle paths.

Safety and Static Electricity Management

- Understanding how static charges dissipate over distance helps prevent electrostatic discharge
hazards.
- Grounding and shielding techniques are applied based on inverse square principles to protect

sensitive equipment.

Mathematical and Theoretical Extensions



Inverse Square Law and Gravitational Analogy

- Newton's law of universal gravitation shares a similar inverse square form:
\[
F_g = G \frac{m_1 m_2}{r"2}

\

- The mathematical similarity underscores the fundamental nature of inverse square laws in physics.

Mathematical Derivation of the Law

- Based on Coulomb's experiments, the inverse square law can be derived using principles of
symmetry and flux conservation.

- Gauss's law for electricity states:
\[
\oint \vec{E} \cdot d\vec{A} = \frac{Q_{enc}}{\varepsilon_0}

\

- For a point charge, the electric flux through a spherical surface is proportional to \( 1/r*2\), leading

directly to the inverse square dependence.

Summary and Conclusion

The relationship that two electrons repel each other with a force inversely proportional to the square of



the distance is fundamental to understanding electrostatics and atomic physics. Coulomb's Law
encapsulates this principle, mathematically expressing how the force diminishes as electrons move
farther apart. This inverse square relationship is a consequence of the geometry of electric field lines
spreading uniformly in three-dimensional space, influencing a wide range of phenomena from atomic

structures to large-scale electrical systems.

The significance of this law extends beyond pure physics into practical applications, including
electronics, pollution control, medical imaging, and safety protocols. Its universality and mathematical
elegance highlight the interconnectedness of physical laws governing forces at microscopic and
macroscopic levels. Recognizing the inverse square law's role is vital for scientists, engineers, and

students aiming to comprehend the natural world's fundamental forces.
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Frequently Asked Questions

What is Coulomb's Law and how does it describe the force between
two electrons?

Coulomb's Law states that the electrostatic force between two charged particles, such as electrons, is
directly proportional to the product of their charges and inversely proportional to the square of the

distance between them. Mathematically, F = k |q1 g2| / r?, where k is Coulomb's constant.

Why do two electrons repel each other with a force that varies
inversely with the square of the distance?

Because electrons are negatively charged particles, they repel each other due to electrostatic forces



described by Coulomb's Law, which states that this force decreases with the square of the distance

separating them.

How does increasing the distance between two electrons affect the
repulsive force?

Increasing the distance between two electrons decreases the force of repulsion proportionally to 1/r?,

meaning the force becomes weaker as they move farther apart.

What role does the inverse square law play in electrostatics?

The inverse square law in electrostatics indicates that the strength of the electric force diminishes
rapidly with increasing separation, which explains phenomena like the weakening of forces over larger

distances.

Can the force between electrons be attractive under any conditions?

No, electrons always repel each other because they carry the same negative charge. Attraction occurs

between opposite charges, such as electrons and protons.

How is the concept of force variation with distance important in
atomic and molecular physics?

It is fundamental for understanding atomic structure, chemical bonding, and interactions at the
microscopic level, as the forces governing electron behavior determine the stability and properties of

atoms and molecules.

What is the significance of the constant 'k' in Coulomb's Law?

The constant 'k', known as Coulomb's constant, determines the strength of the electrostatic force in a

given medium. Its value in vacuum is approximately 8.99 x 10|:| N-m?/C2.



How does Coulomb's Law compare to Newton's law of universal
gravitation?

While both laws describe inverse-square relationships, Coulomb's Law governs electrostatic forces
between charges, which can be attractive or repulsive, whereas Newton's law describes gravitational

attraction, which is always attractive between masses.

What experiments demonstrated that the electrostatic force between
electrons varies with the inverse square of their separation?

Coulomb's experiments in the 18th century measured the force between charged spheres at varying

distances, establishing the inverse square relationship that forms the basis of Coulomb's Law.

How does understanding the inverse square law help in designing
electrical and electronic devices?

Knowing how electrostatic forces diminish with distance allows engineers to predict and control electric

fields, optimize device layouts, and ensure safety and efficiency in electrical systems.

Additional Resources
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Between

In the realm of atomic and subatomic physics, the behavior of electrons—fundamental particles that
orbit the nucleus of an atom—has fascinated scientists for centuries. One of the most intriguing aspects
of their interaction is the electrical force they exert on each other. This force, governed by the
principles of electrostatics, follows a precise mathematical relationship: it varies inversely with the
square of the distance separating the two electrons. This seemingly simple law underpins much of

modern physics and chemistry, influencing everything from the stability of atoms to the formation of



molecules. Understanding this inverse-square law not only sheds light on the microscopic world but

also reveals the elegant consistency of natural laws that govern the universe.

The Nature of Electric Charge and Coulomb’s Law

What Is Electric Charge?

At the core of the electrostatic force between electrons lies the concept of electric charge—a
fundamental property intrinsic to particles. Electrons possess a negative electric charge, quantified as
approximately -1.602 x 10*-19 coulombs. This negative charge is identical in magnitude across all
electrons, making them indistinguishable in terms of their electrical properties. The concept of charge
is central to understanding how particles interact electrically: like charges repel, while opposite charges

attract.

Coulomb’s Law: The Mathematical Foundation

The force between two point charges is described by Coulomb’s Law, formulated by the French

physicist Charles-Augustin de Coulomb in the 18th century. The law states:

> The magnitude of the electrostatic force ($F$) between two point charges ($q_1$ and $q_29%) is
directly proportional to the product of the magnitudes of the charges and inversely proportional to the

square of the distance ($r$) between them:
> \[
F = k_e \frac{|qg_1 q_2|{r"2}

\

where



- $F$ is the magnitude of the electrostatic force,
- $q_1% and $q_2$ are the magnitudes of the charges,
- $r$ is the distance between the charges,

- $k_e$ is Coulomb’s constant, approximately $8.9875 \times 1079 \, \mathrm{Nm"2/C"2}$.

For two electrons, both with charge $-e$, this simplifies to:

\[
F = k_e \frac{e”2}{r"2}
\]

Since both charges are negative, the force is repulsive, pushing the electrons away from each other.

The Inverse-Square Law: Why It Matters

The Significance of the $1/r*2$ Relationship

The inverse-square nature of Coulomb’s law implies that the force diminishes rapidly as the distance

between electrons increases. This mathematical relationship has profound implications:

- Locality of Interactions: The strongest forces occur when electrons are very close, such as in atomic
orbitals.

- Predictability: The inverse-square law allows scientists to predict how electrons will behave as they
move relative to each other.

- Universality: This law is not unique to electrons; it applies to all point charges and even other force

fields like gravity.

Visualizing the Force Variation



Imagine two electrons initially close together. As they move apart, the force they exert on each other

drops dramatically:
- At twice the original distance, the force becomes one-fourth.
- At three times the original distance, it decreases to one-ninth.

- At ten times the original distance, it reduces to one-hundredth.

This steep decline underscores why electrons tend to stay close within atoms, yet also why their

interactions weaken with increasing separation.

The Physical Basis of Electron Repulsion

Quantum Mechanical Perspective

While Coulomb’s law provides a classical description, the true behavior of electrons involves quantum

mechanics. Electrons are described by wavefunctions, which encode the probability of finding an

electron in a particular region of space.

- Pauli Exclusion Principle: Electrons are fermions and cannot occupy the same quantum state

simultaneously, which influences how they distribute themselves within atoms.

- Electrostatic Repulsion: The Coulomb force acts as a fundamental repulsive component, preventing

electrons from collapsing into each other.

Electron Clouds and Orbitals

Electrons are not tiny particles following precise paths but are better represented as "clouds" of

probability:

- The shape and size of these clouds depend on energy levels and orbital types (s, p, d, f).



- The electrons in these clouds repel each other, maintaining a certain average distance governed by

Coulomb’s law.

This repulsive force balances attractive forces between the electrons and the positively charged

nucleus, leading to stable atomic structures.

Implications of the Inverse-Square Law in Chemistry and Physics

Atomic Structure and Stability

The inverse-square electrostatic force is fundamental in determining atomic stability:

- Electron Orbitals: Electrons occupy regions where the balance of electrostatic repulsion and attraction

to the nucleus allows for stable configurations.

- Energy Levels: The energy associated with electrons depends on their distance from the nucleus,

which is influenced by their mutual repulsion.

Chemical Bonding

Electrostatic forces dictate how atoms bond to form molecules:

- Covalent Bonds: Electrons are shared between atoms, with repulsive forces influencing bond angles

and lengths.

- lonic Bonds: Electrons transfer from one atom to another, creating ions that repel or attract each

other according to Coulomb’s law.

Forces at Macroscopic Scales

While Coulomb’s law primarily describes microscopic interactions, its principles extend to larger



systems:

- Electrostatic Levitation: Devices that manipulate charged particles use inverse-square laws to control
particle trajectories.
- Electrostatic Shielding: Materials can shield sensitive electronics from external electric fields based

on these principles.

Experimental Evidence and Applications

Measuring the Force

Scientists have verified Coulomb’s law through countless experiments:

- Torsion Balance Experiments: Early experiments by Coulomb used a torsion balance to measure the

force between charged spheres.

- Modern Techniques: Advanced instruments like atomic force microscopes measure electrostatic

forces at nanometer scales.

Practical Applications

Understanding how electrons repel each other has led to technological innovations:

- Capacitors: Devices that store electric charge rely on the principles of electrostatic repulsion.

- Semiconductors: Electron behavior underpins the operation of transistors and integrated circuits.

- Electrostatic Precipitators: Pollution control devices use electrostatic forces to remove particles from

exhaust gases.



Broader Context and Theoretical Significance

Unification with Other Fundamental Forces

Coulomb’s law exemplifies how inverse-square laws appear across physics:

- Gravity: The gravitational force between masses also follows an inverse-square law.
- Electromagnetism: Coulomb’s law is a component of Maxwell’s equations, which describe

electromagnetic phenomena comprehensively.

Limitations and Quantum Corrections

While Coulomb’s law is remarkably accurate for many conditions, quantum electrodynamics (QED)

provides a more precise framework:

- Quantum Corrections: At very small scales or high energies, deviations from the classical inverse-
square law can occur due to quantum effects.
- Virtual Photons: Interactions are mediated by virtual photons, which are quantum particles facilitating

electromagnetic interactions.

Conclusion: The Elegance of the Inverse-Square Law

The fact that two electrons repel each other with a force inversely proportional to the square of their
separation is more than a mathematical curiosity; it is a cornerstone of our understanding of the
universe at the smallest scales. From explaining the structure of atoms to guiding cutting-edge
technology, Coulomb’s law exemplifies the beauty of natural laws—simple in form yet profound in
implication. The inverse-square relationship continues to inspire scientists, engineers, and thinkers,
reminding us of the underlying order that shapes the fabric of reality. As research advances, our grasp

of these fundamental forces will deepen, unlocking new frontiers in science and technology.
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