The Electric Landscape

A Strategic Revision of Electrostatic Potential & Capacitance
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Defining the Landscape: Potential, Energy, and Work

Electrostatic Potential (V) Potential Energy (U)
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The work done to assemble a system of
charges by bringing them from infinity to
their positions. It's the energy a charge
possesses because of its position in the
landscape.
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The work done per unit charge in
bringing a charge from infinity to a
point in the field. It's the ‘elevation’ at
a specific point in our landscape.
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Work Done (W)

The energy required to move a charge
between two points with different
potentials. It's the effort needed to
climb or descend the landscape.
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Insight: Potential is a scalar property of the field itself, defining the energy landscape.
Potential Energy is a property of a charge placed within that landscape.
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The Landscape of a Point Charge
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Case 1(Q is positive):
If ry, <rg, then V, > V. Potential decreases as distance
Increases. V, — Vg is positive.

Case 2 (Q is negative):
If r, <rg, then V, < V. Potential increases (becomes less
negative) as distance increases. V, — V; is negative.

Magnitude (E, V)

Graphical Representation

| 1 Electric Field: E o< 1/r? |

. The potential (landscape

. elevation) decreases more |
. slowly than the electric field

' (landscape steepness).

Distance (r)
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A Special Feature: The Electric Dipole

Part 1: The Dipole’s Potential Field

' Equatorial Plane Axial Line Potential Equatorial Line Potential

Derived from the sum of Always Zero.
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it :_ sis Axial Line potentials from +q and -q.
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Part 2: The Dipole's Energy and Torque in an External Field

ane (W =gV = 0).

Potential Energy Torque Work Done in Rotation

The energy a dipole has due to its The rotational force experienced by  To rotate from 6, to 65,
orientation in an external field E. mg ;::le;?sle, tending to align it with W = pE(cos(8,) — cos(8,)).
U = —pE {:DS(Q) = —p- E T — pE SiH(Q) = p X E For a 180° flip from parallel,

W = 2pE.
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Mapping the Terrain with Equipotential Surfaces

Central Definition

An equipotential surface is a
surface with a constant value of
potential at all points. It is the
topographical “contour line” of
the electric landscape.

Fundamental Properties

1. No Work Done: Work done to move

a charge along an equipotential
surface is zero.

. Perpendicular to Electric Field:

The electric field is always normal to
the equipotential surface at every
point.

Justification: If E had a tangential
component, work would be done
along the surface, which

contradicts the definition.

. Never Intersect: Intersection would

mean two different potential values
and two directions of E-field at the
same point, which is impossible.
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Visualizing the Contour Maps

Single Positive Point Charge  Electric Dipole Two ldentical Positive Charges

Concentric spheres. The spacing  Surfaces are crowded between The surfaces bulge away from
between them increases as r the charges where the field is the region between the charges,
Increases, because E decreases strong. The equatorial planeisan indicating a weak field at the

(V o< 1/r). equipotential surface at V=0. midpoint.
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Conductors: The Plateaus of the Landscape

Core Principle

In electrostatic equilibrium, the electric field inside a
conductor is zero.

Consequences

1. Constant Potential: Since E=0 inside, no work is done
moving a charge within the conductor. Therefore, the
electrostatic potential is constant throughout the volume
of the conductor and is the same as on its surface.

2. Surface is Equipotential: The entire surface of a
charged conductor is an equipotential surface.

Contrast Box

Conductor: Dielectric:

Allows electric charge to Insulating material. Transmits
move freely. Transmits electric effects (fields)
electric charge. without conducting charge.

Classic Example: The Hollow Charged Sphere

E =0 inside

V = constant

Scenario: A hollow metal sphere of radius R is charged,
with potential V on its surface.

Question: What is the potential at its center?

Answer: V. The potential is constant and equal to the
surface potential everywhere inside.
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Act III: Building an Energy Reservoir

The Challenge ,

An electric field contains
potential energy. How can we
build a device to reliably store

this energy for later use? i

Battery —— E-field
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The Solution: The Capacitor

 Definition: A system of two conductors

separated by an insulator, designed to
store electrical energy.

Mechanism: When connected to a battery,
charges (+Q and -Q) accumulate on the
plates, creating a potential difference V
and a uniform electric field between them.

Capacitance (C): The measure of a
capacitor's ability to store charge. It is the
ratio of the magnitude of the charge on
either conductor to the potential difference
between them.

Fundamental Equation: C' = v
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The Anatomy of a Parallel Plate Capacitor

Derivation of Capacitance

1. Electric Field (E):
For two large plates, the field between them is uniform:
E=0/g, whereo=Q/A.So, E = Q/ (Ag,).

2. Potential Difference (V):
The potential difference is the work done to move a unit
charge across the distance 'd: V = E * d.

3. Capacitance (C):
Substitute E into the V equation: V = (Qd) / (Ag,).
Rearranging for C = Q/V gives the final expression.

.Final Formula. |
C=g,A/d

Key Factors

» Area (A): Larger area, higher capacitance.
» Distance (d): Smaller separation, higher capacitance.

» Medium (g ): Depends on the insulator between the plates.

Distance (d)
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i
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Area (A)
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Enhancing Capacity: The Role of Dielectrics

A dielectric material (constant K) placed in an E-field becomes polarized, creating an internal
opposing field. This reduces the net E-field and potential difference, allowing more charge to be
stored for the same voltage.

Battery is Disconnected First Battery Remains Connected
(Constant Charge, Q) (Constant Potential, V)
+Qr{p++i.p—¢-¢ l +Qr/ é +Qrf:rl-++-ln-‘l-+ Iﬂ l +G|‘:|:/+++++++|?
‘L N PR PR PN PR PR PR P _____ 2. E ____;‘ — 1. o 2 TR P PR P R _____ 2. E :: g
f® || q f® | o
e Capacitance: C' = KC (Increases 1) e Capacitance: C' = KC (Increases 1)
e Electric Field: E' = E/K (Decreases ) e Charge: Q" = KQ (Increases 1)
e Potential Difference: V' = V/K (Decreases ) e Electric Field: E' = E (Unchanged <)

e Energy Stored: U’ = U/K (Decreases ) e Energy Stored: U’ = KU (Increases 1)
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Storing Energy in the Electric Field

Derivation Summary =0 /
e The work done to charge a capacitor from +Q R+ + + + + +

O to Q is stored as potential energy.
e« dW =V dq = (q/C) dq

The Three Energy Formulas

e Integrating from 0 to Q gives the total U = (1/2) * (Q?/C)
energy U. U = (1/2) * CV?2
Energy Density (u) U=(1/2) *QV e

 The energy stored per unit volume.
e u=(1/2) * g E?

Insight: Capacitors don’t store charge; they store energy. The charge is just the
mechanism to create the electric field where the energy resides.
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Problem Deconstruction: Capacitor Networks

The Problem Step-by-Step Solution
A network of four 12uF capacitors is connected to a 1. Identify Series Components:
500V supply as shown. Find (a) the equivalent C,, C,, and C are in series.
capacitance and (b) the charge on each capacitor. 1/Cs =1/C, +1/C, + 1/C4
1/C, =112 + 112 + 1/12 = 3/12. So, C, = 4 yF.
C C C 2. Identify Parallel Components:
1 | |2 | |3 The series combination (C,) is in parallel with C,.
Coq=C: +Cy

||

1 Il L Coq = 4 UF + 12 |IF = 16 PF. (Answer a)
12uF 12uF 12uF
. 3. Calculate Charges:
wF Cyq Charge on C,: It's directly across the 500V supply.
500V || Q, = C,V = 12uF * 500V = 6000 pC.
s || Charge on the Series Branch: The voltage across the
12uF series branch is also 500V.

Q. =C.\V =4pF * 500V = 2000 pC.
Conclusion: In a series circuit, the charge is the same
on each capacitor. Therefore, Q, = Q, = Q; = 2000 pC.
(Answer b)
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Advanced Application: Charge Redistribution

A capacitor (C) is charged to potential V. The battery is disconnected. It is then connected to
an identical uncharged capacitor (C).

Initial State
Charge: Ujjij; = CV
Energy: Ujjja = %CVZ

Final State

Charge Conservation: The total charge O;,,i;i4 is now
shared equally between the two identical capacitors.
%]i{ial NV

) 2

i

« Charge on each: ¢' =

Common Potential: The new Qutential across the

B e )
parallel combinationis V' = i T

Total Energy:

T T ey | 12 1 2 V2_1 9
Ufinal = Uy + Uy = 5CV"2 + 2CV2 = C(3) = ;CV

—o/a—

y ( )

+|+ +Q@Q
C
TIT_Q

The Result

Ratio:
Uinal _ (1/CV? _ 1
Upnitial  (1/2)CVZ 2
Conclusion: Half the initial energy
is lost during the redistribution

process (dissipated as heat and
electromagnetic radiation).
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The Grand Synthesis: From Charge to Stored Energy

Which Defines an Electric Potential

_

Point Charges (q)

Landscape (V)

Can be
Mapped by

Has Special
Regions like

Key Relation: E = -dV/dr

(Field is the negative potential gradient)

Create

Electric Field (E)

Energy Can Be

Stored in it using a

Equipotential
Surfaces
(Contour Lines)

Conductors
(Equipotential Plateaus)

3
[I{ey Relation: C = Q/V
A

—

Capacitor (C)

<

Stores

;
!k Key Relation: U = {1,-'2]cu2J

_ Capacity is

>

Enhanced by

=)

Electrostatic
Energy (U)

Dielectrics (K)
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Understanding the Electric Landscape is more than solving for V or C. It is about
seeing the invisible architecture of energy that powers our world. From the dipole's
symmetry to the capacitor's reservoir, each concept is a tool to map, navigate, and

o

ultimately harness this fundamental force.
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