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Introduction

o Test charge gp > 0 moved slowly from point R to P against repulsive force by fixed charge ¢ > 0 at origin.
« Work done by external force: Wxrp = f; Fo-dri=— f}}; Fyp-dr

o Work done against electrostatic repulsion is stored as potential energy.

o Potential energy difference: AU = Up — Ug = Wgp

» Work done by electrostatic field depends only on initial and final points (path independent).

» Only potential energy difference is physically significant, not absolute values.

*tqo



 Ex 1: Calculate work done to move gy = 2uC from R to P against repulsive force of ¢ = 3uC at origin,
distancer = 0.5 m.
o Use Wrp = AU = kﬂ%g
o Substitute k =9 x 10%,¢g=3 x1075,¢o =2 x 1076, r = 0.5

o Calculate Wgp = 9 x 109 x 310°x2x107% _ 108 J

» Q1: Work done by external force moving positive charge against repulsive force is
o A) Negative
o B)Zero
o C) Positive
o D) Infinite
« Q2: Potential energy difference AU between two points depends on
o A) Path taken
o B) Initial and final points only
o C) Speed of charge
o D) Charge magnitude only
« Q3: Work done to move 1uC charge from 1 m to 0.5 m near 2uC' charge is
o A)18]
o B)0.018]
o C)0.18)
o D)1.8)

e Q1: C-Work done by external force against repulsion is positive.
e Q2: B - Work depends only on initial and final points (path independent).

e Q3:B-UseW = %, calculate difference for given distances.

o Work done = Potential energy difference.

Electrostatic work is path independent.

Only potential energy difference matters, not absolute values.



Electrostatic Potential

Electrostatic potential V at a point = work done by external force to bring unit positive charge from infinity to

that point.

Formula:V =Vp — V = %, with Vo, = 0.

Potential at a point is potential difference between that point and infinity (reference).
o Potential difference between points A and B:

o Vp—Va=242 = [PE.dl

tq

 Ex 1: Calculate potential at 0.5 m from charge +q = 4uC.
o UseV = k2
o Substitutek =9 x 10%,¢g =4 x 1075, 7= 0.5

o Calculate V=9 x 10 x % = 172,000V



e Q1: Electrostatic potential at infinity is
o A)Zero
o B) Infinite
o C) Negative
o D) Undefined
e Q2: Potential difference between two points is work done per
o A) Unit negative charge
o B) Unit positive charge
o C) Total charge
o D) None
« Q3: Potential at 1 m from 3uC charge is
o A) 27,000V
o B)3,000V
o C) 9,000V
o D) 90,000V

e Q1: A - Potential at infinity is zero by definition.

Q2: B - Potential difference is work done per unit positive charge.
Q3:A-V = kL =9 x10° x 212° — 97 000 V.

Potential V = q—”g.

Potential at infinity = 0.

Potential difference = work done per unit positive charge.

Potential due to an Electric Dipole

» Dipole consists of charges -q at A and +q at B, separated by 2a.
o Point C lies on the axis beyond B at distance r from A.
 PotentialatC, Vo = Veoa + Ve

v 1 1.-q ¢ 1_ _1 g2
e Formula: VC — re, |:r+a =+ »p—a,i| T 4mey r2—q?

« Using dipole moment p = q - 2a, Vo = =

4meg r2—a?




2a

A i ~0<
o

Charges -q and +q separated by 2a on horizontal line.
Point C is above midpoint between charges at distance r.
Potential at C, Vo = Vou + Vg

Y — 1 —q q _
Formula: Vo = 7= [\/r2+a2 + Tarr | = 0




Distances: OP =r, PB=1r —acosl, PA=7r -+ acosf
Potential at P, Vp = Vpys + Vpp

v 1 —q q
Formula: Vp = Tnes [r+acosg + r—g,cos@j|

. I 1 q2acosf 1 pcosf
Slmpl|f|Ed.VP T~ drmey r2—a2cos2f — 4mey r2—a2cos?f

1 _pcosf 1 pt
dmeg 2 T 4meg 12

For r > a, approximation: Vp =
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« Ex 1: Calculate potential at axial point C, 7 = 10a, dipole moment p = 2 x 1072° C:m.

_ _1 p o _1 P
o Use VC T 4dmeg r2—q? " 4meg 12

o Substitute values and calculate.

» Ex 2: Find potential at equatorial point 7 = 5a.
o Use Vo = 0 (due to symmetry).
« Ex 3: Potential at point P at angle § = 60°, distance 7 = 20a, dipole moment p = 3 x 102 C-m.

1 pcosf
o Use Vp = Tney 12

o Calculate cos 60° = 0.5 and substitute.

» Q1: Potential at axial point for dipole moment p and distance 7 is:
o A) L p

dmeg T

OB) 1 p

dmey 2

oC)lp

4meg 13

o D) Zero
e Q2: Potential at equatorial point is:




 Q3: Potential at point P at angle 45°, distance r, dipole moment p is:

o D) pcosf

47reo 72

1 psinf

° A) 471'50 72
pcost

471'60 r2

47reo 7‘3
Zero

B)
o C)
o D)

Answer Key

Q1:B) 47r60 7 - Potential at axial point varies as 1/72.

e Q2: B) Zero - Potential at equatorial point cancels out due to equal and opposite charges.

Q3:B) 47r60 pCTOSG - Potential depends on cos 6 at any point.

Memory Aids

Potential due to a system of charges

Axial potential oc 5
T
Equatorial potential =0
1 pf
4mey 12
Dipole momentp = q X 2a

3L

General potential V' =

Concepts and Formulas

-

Electric potential (V) is the potential energy per unit charge at a point (unit: Volt, V = J/C).

Electric potential is a scalar quantity (no direction).
Total potential at a point due to multiple charges is the algebraic sum of potentials from each charge.

Formula:Vzk(%+%+...+—?L>,wherek=

Q; = charge, r; = distance from charge to point.

Electric Potential Due to a System of Charges

We define the electric potential as, V.= Ulgq

“potential energy per unit charge of a test particle”.

potential is a scalar.

no direction. Unit: Vol 1 V=1]/C

Unlike the electric field, which is a vector, the electric

The electric potential has a value everywhere in space but has

~_ T
Q1 H"’““!m_h_ 0
e r"
e
,.-v‘f T Qﬂ.
Q,
Q
V—le sz +kQ3 4 +ert
T 2 3 Fa



Ex 1: Calculate total potential at point P due to charges +¢q; = 2uC atr; = 0.5m and —qs = 3uC' atry = 0.3m.
Usek =9 x 10° Nm?2/C?.

o Calculate individual potentials: V; = k% =9 x 10 x % = 36000V'.
o Vo= k=% =9 x10° x =230= — —90000V"
« Total potential: V}, = Vi + V5 = 36000 — 90000 = —54000V'.

Q1: What is the unit of electric potential?

Q2: Two charges +4uC and —2uC are placed 0.2 m and 0.1 m from point P respectively. What is the total potential
atP? (Use k = 9 x 10°)

e A
« B
e C
D

oV

1.8 \times 1075 V
3.6 \times 1075 V
-1.8 \times 1075 V

- — —

Q3: For three charges q; = 1uC, g2 = 2uC, q3 = —3uC atdistances 7y = 0.1m,ry = 0.2m, rs = 0.3m from
point P, find the total potential.

« AJOV

e B) 9 \times 1074V

e C)-4.5\times 104V
e D) 1.35 \times 105 V

Q1: B) Volt — Electric potential is measured in volts (Joule per Coulomb).



Q2: B) 1.8 \times 105 V — Calculate potentials: V3 = 9 x 10° x 4X01'—g76 =1.8 x 10V,

_9%10-6 . . .
Vo =9 x10° x 23% = —1.8 x 10°V, total = OV (Check carefully: sum is zero, so correct answer is 0 V, option
A. Correction: The sum is zero, so correct answer is A).

Q3: C) -4.5 \times 1074 V — Calculate potentials: V; = 9 x 10° x 1X01.—(1)76 =9 x 10*V,
Vo =9 x10° x 21072 — 95 10%V, V3 = 9 x 109 x =217 — 9 x 10V, total
=9x10*+9 x 10* — 9 x 10* = 9 x 10*V (Correction: sumis 9 x 10*V, so correct answer is B).

Memory Aids

» Potential is scalar: sum potentials algebraically.
e UseV=Fk> 9 for multiple charges.

Ti

« Unit of potential: Volt (V) = Joule/Coulomb.
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Potential Energy of a System of Charges
Two Point Charges

 Work done to bring charge g; from infinity to point A: W; = ¢ V(A) = 0 (since V(A) = 0)
Potential at point B due to q1: V(B) = 72— -

471'60 T12

1 Qe
471'60 T12

« Work done to bring charge g from infinity to point B: Wy = g2V (B) =

Total potential energy of two charges: U = Wy + Wy = —— 42

47'('60 T12

Three Point Charges

o Work done to bring g3 from infinity to point C:
1 1
W3 = Q3[V(C) - V(OO)] = q3 (471'50 <% + Tq_;g)) = neo (i‘l—lq; + %)

« Total potential energy of three charges: U = 47:60 (% el o

o Potential energy is distributed over the entire field, not localized.

System of Multiple Charges

« Potential energy of a system of N point charges: U = —— Zfil ZN 29

47eg 7> Tij
e Summation is over all unique pairs to avoid double counting.
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1 &
U= Z _h,fnrj:vi

» Ex 1: Calculate potential energy of two charges g1 = 2uC, g2 = 3uC separated by 0.5 m.

° UseU:d—EO%
o U =9 x 109 x 2x107°x3x107° _ 108 J

0.5
 Ex 2: Find potential energy of three charges q; = g2 = q3 = 1uC at vertices of equilateral triangle of side 1 m

o U= -1 (%+%+%):3XM:0-027']

4me,



» Q1: Potential energy of two charges 1uC' and 2uC separated by 1 m is?
A) 0.018]
B) 0.009 |
C) 0.036 |
D) 0.027)
» Q2: For three charges each 1uC at vertices of equilateral triangle side 2 m, potential energy is?
o A)0.0135]
o B)0.027]
o C)0.054)
o D)0.009]
 Q3: Total potential energy of 4 charges each 1uC placed at corners of square side 1 m is?
o A)0.027)
o B)0.036]
o C)0.045)
o D)0.054)

o

o

o

o

« Q1:A)0.018)-Use U = - 1% _ gy 109 x 1x10x2x10° _ 5187

dweg T 1
. Q2:A)0.0135)- U = 3 x 2110 _ 5 91357

2

9 —6\2
e Q3:B)0.036] - Four charges at square corners have 6 pairs, U = 6 X M = 0.036J

« Potential energy of two charges: U = kL%
o For multiple charges, sum over all unique pairs.
o Potential energy is stored in the electric field around charges.

Electric Potential due to a Continuous Charge Distribution

1

o Electric potential due to small charge element dq at point P: dV = @, where k =

« Total potential: V = [dV = ;= [ %

4A1e r
» Used for irregular or continuous charge distributions by integration.




Uniformly Charged Ring

kq

« Potential at point P on axis at distance z: V' = Wiz

o Atcenter (x = 0): Vp = k—lg




Disc divided into thin rings of radius r and thickness dr

Charge on ring: dg = o(27rdr), o = surface charge density

Potential at point on axis: V' = fo \/%
T xr

After integration, V' = 2wko (\/ R? + 22 — :L')
At center (x = 0): V = 2nkoR




dq = odA 4 : \/r'z + X

- ——>
X IV

’ dA = 2mr dr

JV = dq S (2mtrdr)o
\/r2 + x” \/r2 +x°
R

voanke [ B
J) it

= V= 271'k0[\/¥{2 pox —x]

Atx =0, V=2nko R= OR

__OR
2Ea

o Electric field at distance x from wire: F/ = 2#
TEQYL



e Relation: E = —‘fl—‘;

o Potential difference between points 1 and xs:

T2
Vz—Vlz—/ Ed:B: ln—

X—3—M

+ + + + +

X l l
Z'H:Eﬂx ZﬂEﬂ

V.
A B i
Yi

*
Solved Examples

 Ex 1: Potential at point on axis of ring with ¢ = 4uC, R = 0.5m,x = 0.5 m

kq 9x10°x4x10~6 4
o V = — = =509 x10*V
VR 112 V0.52+0.52

ws|



« Ex 2: Potential difference between z; = 0.1 m and 23 = 0.5 m from charged wire with A = 2 x 107°C'/m

_ A T 2x10~5 01 _ 4
o Va-Vi=g o = oxssao e R os = ~L02X 100V

» Q1: Potential at center of ring with charge 3uC' and radius 0.4 m is?
o A)6.75x 107V
o B)1.35x 1075V
o C)9.0x10MV
o D)4.5x 10NV
« Q2: Potential difference between 0.2 m and 0.5 m from charged wire with A = 1 x 107°C//m is?
o A)4.56 x 10A3 V
o B)3.22x 1073V
o C)2.78 x10A3V
o D) 1.89x 10A3V
» Q3: Potential at point x = 0.3 m on axis of ring with ¢ = 5uC, R = 0.4 m is?
o A)7.5x 1074V
o B)8.5x 107V
o C)9.0x10MV
o D)6.0x 107V

« Q1:A)6.75x 10/ V-V, = K& — 9x10°x8x10° _ g 75 » 104Y

R 0.4
* Q2:B)3.22x1003V-V — Vi = 2-In §2 = 3.22 x 10°V
. O3 MV-T — —ka  _ 9x109x5x10°% 4
Q3:€)9.0x10M V-V = iy = 2UEeis = 9.0 x 10V

« Potential due to charge element: dV = L)

p
. . ki
. V=2
Ring potential TR
» Wire potential difference: logarithmic function of distances.

Electric Potential due to a Uniformly Charged Spherical Shell

« Potential at distance 1 V = X — 1 4
r Amey T

P _ A

e Electricfield: B = — 5~ = =



T ke 1 g
Potential: V = R = Ine R

Potential is constant inside the shell.

Electric field £ = 0 inside shell

Potential V' = constant = %

tq



q
max R

 Ex 1: Potential at » = 2R outside shell with charge ¢ = 5uC, radius R = 0.1 m

o V=H — 200607 _ 9955105V

o Ex 2: Potential inside shell (r < R) is constant: V = %

» Q1: Potential at surface of shell with ¢ = 3uC, R = 0.2 m is?
o A)1.35x 1045V
o B)6.75 x 10A4 V
o C)9.0x10MV
o D)4.5x 1074V




e Q2: Electric field inside shell is?
o A)Zero
o B) Constant non-zero
o C) Varies with r
o D) Infinite
» Q3: Potential at » = 3R outside shell with charge ¢ = 2uC, R = 0.1 m is?
o A)6x 10NV
o B)3x10MV
o C)9x10M4V
o D) 1.5x 1075V

Answer Key

e Q1A 1.35x 1005V -V = M — 20307 _ 4 355 100y
e Q2: A) Zero - Electric field inside a charged shell is zero.

. Q3:B)3x10MV-V = M — 90207 _ 3, gty

Memory Aids

e Outside shell: V' « %
o Inside shell: V = constant, £ = 0
o Potential continuous at surfacer = R,

Electric Potential due to a Uniformly Charged Dielectric Solid Sphere
Charge Distribution and Density

« Total charge: g, radius: R

e Charge density: p = —%-

%TrR3
Potential Outside Sphere (r > R)
cVp=H

r

Potential On Surface (r = R)



Potential Inside Sphere (r < R)

k 2
« Vp = ?1(3 _ 1‘_2)
3kq

¢ Potential at center Vj = 5T




VD:[:I;: Rs)) [{Rzz_rl]+% :(kq [fRTrE]

S (3€g)

= 3kq

When r=0, then potential at centre, Vjy =
2R

ETR

Solved Examples

 Ex 1: Calculate potential at center of sphere with g = 6uC, R = 0.1 m

_ 3kq __ 3x9x10°x6x10°% __ 5
o Vo= 5E = ol = 8.1x10°V

» Ex 2: Potential at 7 = 0.05 m inside sphere



_ k r2 )\ _ 9x10°x6x10~° 0.052\ _ 5
o Vo= 3 (3 4) = LGel ! (5 001) 799 5 10°V

» Q1: Charge density of sphere with ¢ = 4uC, R = 0.2 m is?
o A)1.43 x 10/{-4} C/m3
o B)2.39 x 10M{-4} C/m3
o (C)3.82 x 10/{-4} C/m3
o D)4.77 x 10M-4} C/m3
« Q2: Potential at center of sphere with ¢ = 3uC, R = 0.1 m is?
A) 4.05 x 10A5 V
B) 6.75 x 10A5 V
C) 9.0 x 10A5 V
D) 1.35 x 10A5 V
« Q3: Potential at 7 = 0.05 m inside sphere with ¢ = 5uC, R = 0.1 m is?
o A)3.75x 1075V
o B)4.5x 1075V
o C)5.06 x 1075V
o D) 6.0 x 10A5V

o

o

[e]

[e]

R . AL 3. g _ 4x10% _ —4 3

Q1: A) 1.43 x 10M-4} C/m3 - p = Tm = G027 143 x 10 °C/m

3k o 6
« Q2:B)6.75x 1005 V-V = 5 = 320310~ — 6,75 x 10°V
. _ kg (o ) _ 9x10°%x5x10°6 _ 0052\ _ 5

£ Q30506 x 10 V-V = 44 (3 — F7 ) = 2ALxE0? (3 808) _ 5,06 x 10°V
R ey — 4

Charge density: p TR
 Potential inside sphere varies as Vp = 5—}%( = ;—22)

Potential at center is maximum.

Potential Energy of a Single Charge

« Potential energy (U) of charge q at point P in external field with potential V: U = qV'
 Work done by external agent to bring charge from infinity (where potential = 0) to P: W = ¢(V — 0) = ¢V
o Potential at infinity is zero by definition



¥

(V)

Ex 1: Calculate potential energy of charge ¢ = 2uC' at point with potential V' =5 V.
o UseU=¢qV=2x10%x5=10x10"%J = 10uJ

Q1: Potential energy of a charge 3uC' at a point with potential 10 V is?
o A) 30/,L.]
o B)3J
o C)0
o D) 300pJ
Q2: Work done to bring 1 C charge from infinity to a point at 12 V is?
o A)12J
o B)1J
o C)0
o D)24J
Q3: If potential at point P is zero, potential energy of any charge at P is?
o A)Zero
o B) Infinite
o C) Depends on charge
o D) Negative



Q1:A)30uT-U=qV=3x10%%x10=30x10""°J
e Q2:A)12J-WorkdoneW =qV =1x12=121J
e Q3:A)Zero - Potential energyU = qV =q¢x 0=10

Potential energy U = qV

Potential at infinity = 0
o Work done = potential energy

Potential Energy of Two Charges

» Work done to bring g; from infinity to point A with potential V4: W1 = ¢1 Vs
e Potential at Bdueto q; atA: Vg = L i—l, where z = AB

47eq

Work done to bring g2 from infinity to B: Wy = g2 (VB + %) =q Vg + L a

47eg dmey T

Total work done (potential energy) in assembling two charges in external field:

1 qiqe
TEy X

W =W +Wy;=qiVa+qVp+ 1



< X >

« Ex 1: Calculate total potential energy for ¢; = 2uC, g3 = 3uC, V4 =5V, Vg =4V,andz = 0.1 m.
o UseW:q1VA+Q2VB+F1€O%

o Calculate %60 =9 x 10° Nm?/C?

-6 -6
o Calculate interaction term: 9 x 109 x % =0.54]

o Total W=2x10°%%x5+3x10"°%x 4+ 0.54 = 0.00001 + 0.000012 + 0.54 ~ 0.54 J

« Q1: Work done to bring g; = 1C to point Awith V4 = 3 V is?
o A)3ud
o B)3J
o C)0
o D) 30,uJ
o Q2: Potential at B due to g; = 2uC at distance x = 0.2 m is?
o A)4.5 x 104V
o B)9 x10*V
o C)1.8 x 10° V
o D)9 x10°V
o Q3: Total work done to assemble g = 1uC, g2 = 1uC, V4 =2V, Vg =3V, =0.1mis?
o A)0.09J



o B)0.1J
0 C)0.12J
o D)0.15J

« QUABUT-Wi =q1Vy=1x10°%%x3=3x10"°%J
+ QD)9 x10°V-Vp = =L =9 x 10° x 20—~ =9 x 10°V
Q3: C) 0.12 J - Calculate total work using formula, interaction term dominates

Total work = sum of individual works + interaction energy

1 g
dmeg T

Potential due to point charge: V =
Use 9 x 10° Nm?/C? for 47:_50

Potential Energy of a Dipole

« Potential energy of dipole in external field: U = —p - E = —pE cos

 fis angle between dipole moment p and external electric field E

 Work done to rotate dipole from 64 to 82: Wy, 9, = Up, — Uy, = pE(cos 1 — cos 0)
« Stable equilibrium at & = 0° with minimum potential energy U = —pFE

« Unstable equilibrium at § = 180° with maximum potential energy U = pFE

« Ex 1: Calculate potential energy of dipole withp = 2 x 102 Cm, E = 10° V/m, at § = 60°.
o UseU = —pEcosf=—-2x10"2x10°x05=—-1x10"24]

« Q1: Potential energy of dipolewithp =1 x 1072 Cm, E = 2 x 10° V/m, at = 0° is?
o A)—2x 10727
o B)2x107%]J
o C)0
o D)—1x10"%*7J

* Q2: Work done to rotate dipole from 0° to 180° withp = 3 x 1072 Cm, E = 10° V/m is?
o A6 x1072J



o )0
o C)—6x10"%]
o D)3x1072*J

e Q3: At which angle is dipole in stable equilibrium?
o A)0°
o B)90°
o C)180°
o D)45°

o

« QI:A)—2x10#J-U = —pEcos0° = —pE
¢ Q2:A)6 x 1072 J - Work done = pE(cos 0° — cos 180°) = pE(1 — (—1)) = 2pE
e Q3:A)0° - Minimum potential energy, stable equilibrium

« Dipole energy: U = —pFE cos 0
o Stable at 0°, unstable at 180°
o Work done = change in potential energy

Electrostatics of Conductors
“lectrost

o Conductors have many free electrons that move freely inside.

« In electrostatics, conductors are equipotential surfaces (constant potential everywhere on the surface).
o Charge resides only on the outer surface of a conductor.

o Potential inside a charged conducting sphere is constant.

» If a cavity inside a charged conductor has no charge, all charge stays on the outer surface.

o Electric field is always perpendicular to the conductor's surface.

o Electric field near the surface: £ = %ﬁ where o = surface charge density, 7 = outward normal unit vector.



Solved Examples

Ex 1: Calculate electric field intensity near a conductor surface with surface charge density o = 5 X 10°6 C/m2.
Given €g = 8.85 x 1072 F/m.

e Useformula: B = Ei

0
« BE= 200 — 565 x 10° N/C

Practice Set

e Q1: What is true about charge distribution on a charged conductor?
o A. Charge is inside the conductor
o B. Charge is uniformly distributed inside
o C. Charge resides only on the outer surface
o D. Charge is zero on the surface
e Q2: Electric field near a charged conductor surface depends on?



o A.Volume charge density
o B. Surface charge density
o C. Potential inside conductor
o D. Electric potential energy
« Q3:If surface charge density o = 1 x 10~ C/m2, what is electric field near surface? (
€0 = 8.85 x 102 F/m)
o A.1.13 x 10°N/C
o B.8.85 x 10° N/C
C.1.0 x 10°N/C
D.1.13 x 10° N/C

o

[e]

e Q1: C- Charge resides only on the outer surface of a conductor in electrostatics.
o Q2: B - Electric field near surface depends on surface charge density o.

. — o _ _1x10° _ 5
° Q3.A-E—%—W—1.I3X10 N/C.

Conductors = Equipotential surfaces.

Charge only on outer surface.

Electric field E = o /¢, perpendicular outward.
e Potential inside conductor = constant.

Electrostatic Shielding

o Electrostatic shielding protects a region from external electric fields.

« A cavity inside a conductor with no internal charge is field-free (electric field = 0).
 Field inside cavity is always zero regardless of external charges.

» Used to protect sensitive instruments by enclosing them in hollow conductors.

Ex 1: Why is the electric field zero inside a hollow conductor cavity?

e Because charges reside on outer surface, no field penetrates inside.
o Electric field inside cavity = 0 due to electrostatic shielding.



* Q1: What happens to electric field inside a hollow conductor cavity?
o A.Itis maximum
o B.Itis zero

o

C. It depends on external charges
o D.Itvaries with time

o Q2: Electrostatic shielding is used to protect?
o A. Magnetic fields

B. Sensitive electronic instruments

o

o C. Mechanical parts
o D. Heat
e Q3:If a cavity inside a conductor has no charge, where does the charge reside?

o

A. Inside cavity
B. On inner surface of cavity

o

C. On outer surface of conductor
D. Uniformly inside conductor

o

o

e Q1: B - Electric field inside hollow cavity is zero due to shielding.
o Q2: B - Shielding protects sensitive electronic instruments from electric fields.
» Q3: C- Charge resides only on outer surface if cavity has no charge.

Shielding = zero field inside cavity.

Charge stays outside cavity.
o Protect instruments by hollow conductor enclosure.

Summary of Electrostatic Properties

« Inside neutral conductor: Electric field E = 0, charge density p = 0.

On charged surface: Electric field & = %ﬁ points outward for positive charge.
« Inside charged conductor: Potential V' = V{ constant.

Inside hollow conductor: Electric field and surface charge density are zero; charges on outer surface.



Ex 1:
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State electric field inside a neutral conductor.

Electric field inside neutral conductor is zero.

Q1: Electric field inside a neutral conductor is?
o A.Zero
o B. Maximum
o C. Depends on charge
o D. Infinite
Q2: Potential inside a charged conductor is?
o A.Zero
B. Constant

o

o C. Varies with position
o D. Negative
Q3: Where do charges reside in a hollow conductor?
o A.Inside cavity
o B.Oninner surface
o C. On outer surface

6<0




o D. Uniformly inside

e Q1: A - Electric field inside neutral conductor is zero.
e Q2: B - Potential inside charged conductor is constant.
» Q3: C- Charges reside on outer surface of hollow conductor.

 Neutral conductor: £ = 0, p = 0.
« Charged surface: E = Zn.
0
o Inside conductor: Potential constant.
o Hollow conductor: Charges outside, field zero inside.

Dielectrics and Polarisation

o Dielectrics are insulating materials that support electric fields but do not conduct electricity.
o Polar dielectrics: positive and negative charges are separated; centers do not coincide.

o Non-polar dielectrics: positive and negative charges overlap; centers coincide.
 Polarisation occurs when dipoles align under an external electric field.

« Polarisation field E; is induced inside the dielectric opposing the external field Ey.

o Net electric field inside dielectric: £ = Ey + F;.

« Polarisation vector P = dipole moment per unit volume.

—

e For linear isotropic dielectrics: P = xE;, where . is electrical susceptibility.



Dielectric (Insulating materials)
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Polar dielectric Non-polar dielectirc
(Centres of positive and (Centre of positive charge
negative charges do not coincide.) coincides with the centre of charge.)
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Ex 1: Calculate induced electric field E; if Eg = 1000 V /m and relative permittivity €, = 5.
o Use B = (1— L) By = (1—$) x 1000 = 800 V/m.

Ex 2: Find induced charge g; if free charge ¢ = 10 uC and ¢, = 4.
o Useqi=g(1-L)=10x (1-4) =75uC.

Q1: What is the polarisation vector Pin a dielectric?
A. Electric field inside dielectric

[e]

o

B. Dipole moment per unit volume

o

C. Induced charge density
o D. External electric field
Q2:Ife, = 3and Ey = 600 V/m, what is E;?
o A.200V/m
o B.400V/m
o C.600V/m
o D.800V/m
Q3: For a dielectric with x, = 2 and E; = 500 V /m, find P.
o A.1000 C/m3
o B.250C/m3
o C.500C/m3
o D. 2000 C/m3

Q1: B - Polarisation Pisthe dipole moment per unit volume.
Q2:B-E; =(1—1/3) x 600 = 400 V/m.
Q3:A-P = x.E; =2 x 500 = 1000 C/m3.

Polarisation P = dipole moment density.
Induced field E; = (1 — 1/¢,)Ej.
Net field inside dielectric is reduced by E;.



Induced Electric Charge and Net Field

e Net electric field inside dielectric: E = Ey — E;.
e Relation: Ey/e, = Ey — E;.

e Induced field: F; = (1 — %)Eo.

o Induced surface charge density: o; = |1 — Ei o.

o Induced charge: g; = (1 — EL)

 Ex 1: Calculate induced charge q; if g = 20 uC and €,, = 5.
0 g =20x(1-1/5) =16 uC.
« Ex 2: Find net field E'if Ey = 1000 V/m and ¢, = 4.
o E=Ey—E;=Ey— (1-1/4)Ey = Ey/4 =250 V/m.

e Q:Ife, = 2 and ¢ = 10 uC, find induced charge g;.
A.5\mu C
o B.10\mucC
o C.15\muC
o D.20\mu C
» Q2: Net electric field E inside dielectric is related to Eq by?
o AE=Ey+ E;
o BE=FEy—E;
o CE=E;,—E
o D.F = EO/Er
e Q3:Fore, = 3and Ey =900 V/m, find E;.
o A.300V/m
o B.600V/m
o C.900V/m
o D.1200V/m

o

e Q1:A-¢; =¢q(1—-1/2) =5 puC.
e Q2:B-Netfield ¥ = Ey — FE;.
* Q3:B-E; =(1—-1/3) x 900 = 600 V/m.



» Induced charge ¢; = q(1 — 1/¢,).
o Net field reduced by induced field inside dielectric.
o Use F = Ey — FE; for net field.

Electrostatic Pressure on Charged Conductor

« Force on surface element dA: dF = (cdA)Ey = 244

260
N __ dF __ ¢
* Electrostatic pressure P = —& = e

« In presence of dielectric, pressure P = %sOKEQ, where K is dielectric constant.

[

1 2 _
= 3€oE" using E = o



« Ex 1: Calculate electrostatic pressure if o = 2 x 10°° C/m? and gy = 8.85 x 102 F/m.

2 (2x1079)2 9
o P =3, = s = 226 N/m”
« Ex 2: Find pressure in dielectric with K = 4, E = 10* V/m, and ¢y = 8.85 x 1072 F/m.

o P=1¢)KE? = 0.5 x 8.85 x 102 x 4 x (10*)? = 1.77 N/m?.

e Q1: Electrostatic pressure on charged conductor surface is given by?

o A. Z
€0



2

g
O —
B. %0

2

o C. &
€

o D. %
e Q2IfE :05 x 103 V/m, eg = 8.85 X o= F /m, find pressure.
o A.1.1 N/m?2
o B.0.5N/m?
o C.0.25N/m?
o D.2.2N/m?
e Q3:In dielectric with dielectric constant K = 3, pressure is?
o A. %EoEQ
o B. €0E2
o C. %€0E2
o D. %€0E2

e Q1: B-Pressure = % from surface charge and field.
e Q2:A-P=1¢0E?=0.5x8.85x 10" x (5 x 10°)2 = 1.1 N/m2
Q3: C - Pressure in dielectric = %50KE2 = %eOEQ.

_ o2 _ 1 2
Pressure = 5— = s€0E”.

Dielectric increases pressure by factor K.
Use F = % to relate field and charge density.

The Parallel Plate Capacitor

A capacitor consists of two conductors (plates) placed close but not touching.
Plates are parallel with area A and separated by distance d.

One plate carries positive charge +(@, the other negative charge — Q.

Voltage difference between platesis V =V, — V_.

Capacitance C relates charge and voltage: Q = CV.

Electric field E is uniform between plates if plate size >> d, ignoring fringing.



V+ V-
Positive Negative

plate plate

Electric Field and Potential Difference

Q

« Electric field between plates: E2 = —*-, where € is permittivity of free space.
€0
« Potential difference: V = Ed = g—:}.
; O = @ _ A
« Capacitance formula: C' = 7 = ~%=.

Fringing effect causes field lines to spread near edges but is usually neglected.



. — -

gpA
. V=Ed, V=—- and capaﬂitanﬂejC=Q= !
€gA Vv d

o Plates exert attractive force due to opposite charges.

o Electric field from one plate acts on charge of the other.

o m_ o Q . .
« Electric field due to one plate: £ = e = Aeg’ where g is charge density.

2
e Forceonaplate: F = QF = %60'
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« Ex 1: Calculate capacitance of plates with area 0.01 m?, separation 0.001m, ¢y = 8.85 x 10~ 2F /m.

o Use C = @A _ 885x102x001 _ g g5 1011 F.
« Ex 2: Find force between plates if @ = 1uC, A = 0.01m?, ¢y = 8.85 x 10 2F/m.

Q2 (1x10°°)2
o Calculate F' = A = 370018810 — 5.65N.




e Q1: What is the capacitance of a parallel plate capacitor with plate area 2 X 10 *m? and plate separation
0.5mm?

o A)3.54 x 107 *F
o B)7.08 x 107 *F
Q177 x 107 1'F

o D)8.85 x 10 °F

« Q2:If charge on the positive plate is 2uC and plate area is 0.02m?2, what is the electric field between plates?
o A)1.13 x 10°V /m
o B)5.65 x 104V /m
o €)2.26 x 10°V/m
o D)4.52 x 10*V /m

« Q3: Force between plates with charge 3uC, area 0.01m2, and €9 = 8.85 x 10 12F/m is?

o

o A)5.1N

o B)15.3N

o C)255N

o D)45.9N
. QU:B.C = @ — 8800 _ 708 5 10712F,
cQuAE= L = 20 1135 10°V/m.

e Q3B F=-2 — G0 __ gpan

24¢ 2x0.01x8.85x1012

« Capacitance C increases with plate area A and decreases with distance d.
« Electric field £ = Ai between plates.
€0
2
o Force between plates F' = %eo is attractive.
 Ignore fringing effect for quick calculations.

Effect of Dielectric on Capacitance

Vacuum between plates: Electric field Fy = % potential difference Vo) = Eyd

Capacitance without dielectric: Cy = % = %

Dielectric inserted fully between plates polarizes, creating surface charges op and —op

Electric field inside dielectric: £ = —U;;”’

Potential difference with dielectric: V = Ed = %d



o For linear dielectrics, op proportionaltoo,sooc —op = % where K > 1

i A . _od __  Qd
o Potential difference: V = K = Aok

. Capacitance with dielectric: ¢ = & — &f4

VT T4
o Permittivity of medium: ¢ = g K
« Dielectric constant: K = ei = Cﬁ
0 0

» Conducting slab thickness t < d inserted between plates
« Electric field inside conductor is zero (E = 0)

« Potential difference reduces: V = Eo(d — t) = -2 (d — t)

AEO
€0A . Co

« Capacitance: C' = g5 = ¢
d

<——>

/

« Dielectric thickness f partially fills the gap

. . . KE(]A
« Capacitance: C' = R(d—t)+t




Ex 1: Calculate capacitance with dielectric K = 5, plate area A = 0.01 m?, plate separation d = 1 mm, and
€0 = 8.85 x 1072 F/m.

o UseC = —SOZ{A

o O = 88x10 L5x00L — 4 495 x 10710 F
1x10

Ex 2: Conducting slab thickness ¢ = 0.2 mm inserted in capacitor with d = 1 mm, A = 0.01 m?, find new
capacitance.

_ eA __ 8.85x1072x0.01 __ ~10
cC=3% = Tx10 T—o2x10F — 1106 X 107 F

Q1: What is the dielectric constant K of vacuum?

o] A 0

o B.1

o C.gg

o D. Infinity
Q2: Capacitance of a capacitor with dielectric K = 4, plate area 2 m?, plate separation 0.5 mm, and
€0 = 8.85 x 107 * F/m is?

o A142x 10 "F

0o B.7.08 x 107 °F

o C.T.08x10°"F

0 D.142x 108 F
Q3: A conducting slab of thickness 0.1 mm is inserted in a capacitor with plate separation 1 mm and
capacitance without slab 10 pF. New capacitance is?

o A.11.1pF

o B.9.0 pF

o C.10.1 pF

o D.8.9pF

Q1: B. 1 — Vacuum has dielectric constant 1 by definition.
Q2:C.7.08 x 1077 F —Use C = 2&4

Q3: A. 11.1 pF — New capacitance C' = f‘]% = 1}—8_1 = 11.1 pF.

Dielectric constant K = C%

Capacitance with dielectric C = 50K%
Conducting slab reduces effective distance: d — ¢



Combination of Capacitors

Capacitors in Series

Connected end-to-end; charge path is single.

Charge @ on each capacitor is the same.

Total voltage V' is sum of voltages across capacitors: V =V; + Vo + V3 + ...
Equivalent capacitance C's given by:

Voltage divides inversely with capacitance: smaller capacitance gets higher voltage.

Equivalent capacitance is always less than the smallest individual capacitance.

For n identical capacitors each of capacitance C, Cs = %

Capacitors in Parallel

Connected side-by-side; multiple charge paths.

Voltage V' across each capacitor is the same.

Total charge @ is sum of individual charges: Q = Q1 + Q2 + Q3 + . ..
Equivalent capacitance C), is sum of capacitances:



szcl—l—Cz—l—Cg—i—...

o Charge divides proportional to capacitance values.

» Two capacitors C; = 4uF and Cy = 6uF in series. Find C.

« Use formula: (,1* = % +% = 1—52 = U = % = 2.4uF.

 Two capacitors C1 = 3uF and Cy = 5uF in parallel. Find C),.
» Useformula: C)p) = 3 +5 = 8urF.

» Two capacitors 2uF' and 3uF are connected in series. What is the equivalent capacitance?
e A)5uF

« B)1.2 uF

e C)6uF

« D)0.6 uF

 Three capacitors 1uF', 2uF, and 3uF are connected in parallel. Find the total capacitance.
e A6 uF

e B)0.6 uF

e C)1.8 uF

e D)3 uF

« Four identical capacitors each of 4uF' are connected in series. What is the equivalent capacitance?
e A)16 uF

e B)1uF

e Q)4 uF

e D)8 uF



2 T3
Q2:A) 6 uF - Parallel sum C, =1+ 2 + 3 = 6uF.

Q3: B) 1 uF' - Series identical capacitors C's = % = % =1uF.

Q1:B) 1.2 uF' - Series formula CL =1 +1- % = Cs = 1.2uF.

Series: CL =) CL less than smallest capacitor.
« Parallel: C), = ) C;, sum of all capacitances.

Charge same in series, voltage same in parallel.

Series Combination

Capacitors connected one after another.
Charge @ on each capacitor is the same.
o Totalvoltage V =V; + Vo + ...

« Voltage across each capacitor: V; = %



» Equivalent capacitance for two capacitors:

1 1
Ceq C’1 C2
e General formula for n capacitors:
1 =\ 1
Cy < Ci

<
n
Equivalent capacitance is always less than the smallest capacitor.

« For identical capacitors: C¢y =

« Two capacitors 5uF and 10pF in series. Find Cy,.

1 1 1 3 10
Ceq =5+ 10 =1 = Ceqg = 5 = 3.33uF.

» Two capacitors 3uF' and 6 F in series. Find Cyg.
e« A)9uF

e B)2 uF

« C)1.5uF

« D) 18 uF

« Three capacitors 2uF, 4uF', and 6uF in series. Find Cl,.
o A)1 uF

« B)12 uF

o« Q)3 uF

e D)0.5 uF

« Four identical capacitors each 8 F in series. Find Ceg.
e A)32 uF
e B)2 uF



D)4 uF

1 1,1 _ 1 _
Q2: A) 1 uF C%q:%—I—i—l—%:%:%:>C’eq%1.09,uF(closest1).
Q3:B)2 uF-Coy = & = 2uF.

o1 1 .
* Series: o = > & less than smallest capacitor.
o Charge same on all capacitors.

o Voltage divides inversely with capacitance.

Parallel Combination

1
Q| -Q, Q-0 QCeg
|| || | |-Q
«—V—> | |
Q| =
o R o ~ 1 o
| |
Cf+|{_C2 |+|I_
|V |V

» Capacitors connected side-by-side.



« Voltage V across each capacitor is the same.
 Charge on each capacitor: Q; = C;V.
Total charge @ = Y Q; =V > C.

e Equivalent capacitance:

Charge divides according to capacitance values.

 Two capacitors 2uF and 5 F in parallel. Find Cl,.
e Cog=2+5=TuF.

 Two capacitors 1uF and 4. F in parallel. Find Ce.
e A)5uF

« B)0.8 uF

o« Q)3 uF

e D)4 puF

« Three capacitors 3uF, 6uF, and 9uF in parallel. Find Cl,.
e A)18 uF

e B)6 uF

e Q)9 uF

e D)3 uF

« Four capacitors 2uF, 2uF, 2puF, and 2 F in parallel. Find C,.
o A)8uF
e B)2 uF
e Q)4 uF
e D)1 uF



Answer Key

e Q1:A)5 uF' - Sum of capacitances in parallel.
e Q2:A)18uF-3+6+9=18ukF.
e Q3:A)8 uF' - Sum of four identical capacitors.

Memory Aids

» Parallel: Ceq = Y C;, sum of capacitances.
» Voltage same across all capacitors.
o Charge divides by capacitance.

Energy Stored in a Capacitor
Concepts and Formulas

« If gis charge and V is potential difference at any instant, small work done to add charge dq is
dW =V .dq = %dq.

« Total work done to store maximum charge Q is W = fOQ %dq = %%2

 Energy stored in capacitor (electrostatic energy):

v=12 _lovi- lgv.
 Energy density (energy per unit volume) in parallel plate capacitor:
U = %€0E2, where € is permittivity of free space and E is electric field.
o Effect of dielectric:
o With dielectric connected to battery: Capacitance C = K (), voltage V' = V), electric field E = E),
energy stored U = KU, (increases).
o With dielectric removed (isolated capacitor): Charge Q = @ constant, voltage V = % electric field

E = % energy stored U = % (decreases).

1 % iLqE[El 1
W = — q dg = =
- c| 2 2

':?EI
'

0



Solved Examples

» Ex 1: Calculate energy stored in a capacitor of capacitance 5 uF' charged to 10 V.
Solution:
U=3C0V?=2x5x10%x10%=25x10"*J.
« Ex 2: Find energy density if electric field E = 2 x 10° V/m.
Solution:
u=+eE? =1 x885x 10712 x (2 x 1092 = 1.77 x 10~° J/m”.



Q1: Energy stored in a capacitor of 2 uF' charged to 5 Vis:

A) 25 pJ B) 10 uJ C) 5 pJ D) 50 pJ

Q2: Energy density in a capacitor depends on:

A) Capacitance only B) Electric field only C) Voltage only D) Charge only

Q3: A capacitor with dielectric constant 4 is connected to battery. Energy stored becomes:
A) Same B) 4 times C) Half D) 2 times

Q1:A)25 uJ - UsingU = 3CV2= 5 x2x 10 ° x 52 =25 x 107° J.
Q2: B) Electric field only - Energy density formula u = %60E2 depends on electric field.
Q3: B) 4 times - Energy stored increases by dielectric constant K when connected to battery.

Energy stored: U = %C’V2 or %QV.
Energy density: u = %€0E2.
Dielectric effect: Energy U scales by dielectric constant K if battery connected.



