CONDUCTORS IN
ELECTROSTATIC EQUILIBRIUM

OBJECTIVES

— Establish the electrostatic properties of conductors:
field, potential, and energy.

— Study the properties of a system of two conductors
under mutual influence.

— Apply these results to capacitors: properties,
capacitance, forces on the plates.




|- CONDUCTOR IN ELECTROSTATIC EQUILIBRIUM

1- Definitions

=>» A conductor is a material that contains mobile charges.
These charges begin to move as soon as they are in an
electrostatic field.

* examples: = metal: — charge carriers = free electrons
- lonization o -
I . C = = L5 —b'- ]
= lonized gas: —charge carriers = ions S
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|- CONDUCTOR IN ELECTROSTATIC EQUILIBRIUM

= A conductor Is In equilibrium when all the free charges it
contains are at rest.

* . Free charge: barycenter of a set of charge carriers.



2- Properties of a conductor in equilibrium

=» The electrostatic field is zero inside any conductor Iin
equilibrium:

— Free charges are at rest F=0 < E=0

=» The potential is constant inside and on the surface of a
conductor in equilibrium.

dV = —Edl = 0 —> E=0 = V=Ct inside
By continuity, V = C& at the surface

* The surface of a conductor in equilibrium Is an
equipotential.

* The field lines to the surface for a charged
conductor are perpendicular A



=>» If the conductor in equilibrium is charged, this charge can
only exist on its surface.

# Eint n dSg = glz Qe Eint — 6 — Z Qine =0
0
56 (Q;u = Qine)
->» Case of a charged hollow conductor:

E-0 = Vv=c= everywhere

— The Inner surface Is an
equipotential.

— There can be no charge on
the inner surface of the cauvity.

-> Applications:
* Charging a conductor, initially neutral, by contact.




3- Field near a conductor
a- Coulomb’s theorem :

S Lateral

=» Hence, the field near a conductor Sp1
In equilibrium presents a
discontinuity across the surface.

e S close surface Sbi+ Sbi+Siateral

e M infinitely close to the surface of the conductor.
e n normal to the surface in M.

—~— 0 oS
¢:§]?>E.dS=th d=FS, =—2
€0 €0

hence

E-°2 .5 Field in the vicinity of a
€g conductor in equilibrium
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b- "Power of Points”

This phenomenon can be explained by considering two R
conducting spheres with radii R, and R, (R; > R,), connected R

by a long thin conducting wire. Consequently, the two

spheres are at the same potential; and since they are very Fil

far from each other, we can write:

(JdS odS
1=V2 2
Vi=V2 < dme, ff 4;;;8 ffd5=5=4nR
O.R O
<~ 1 l= ZRQ
80 SO

O, R,
P _1=R~ ——> Ry »R,—> 0,»>0,— E,>»E,

—

This last equation shows that the sphere with the smallest radius carries the greatest
charge density, therefore a stronger field.



Applications.

Peak power is used to facilitate electrical discharge; this is the function of lightning rods
installed on buildings to protect them from lightning.

Lightning is a phenomenon of electrical
discharge that occurs during a
thunderstorm  between two clouds
charged with static electricity, or between
an electrically charged cloud and the
Earth, which is an electrical conductor.

*During a thunderstorm, the components
of a cloud—rain droplets, hailstones, and
ice particles—collide at very high speeds
and become electrified through
triboelectricity. The discharge occurs
when the potential difference between the
cloud and the Earth, for example, exceeds
a certain threshold (several million volts).
Lightning is accompanied by a luminous
phenomenon ( the flash), and a
detonation (the thunder).




Candle experiment: electric wind

Near the tip, the electric field is so intense that the air becomes
lonized. The ions with the same charge as the tip are repelled.
This results in a movement of air, an "electric wind," which is
capable of blowing out the flame of a candle placed near the

tip."
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c- Electrostatic Pressure

Let us take a surface element dS of a conductor in equilibrium.

Let's find the force dF applied to the charge dq carried by dF
dS:

E(M) ==
&g
dF=dq-E, =—-dS:-n
2¢,
- dF o° . :
=>» By definition, p=—=— Is the electrostatic pressure
dS 2g,

* dF always directed following T

* |f o Very large, the charges leave the conductor
= emission by field effect 13



The electric charge is distributed
over the surface

Q 205 /0— Field line
/
+ 4
+ , 3
3 + (”' g
. p=—=
Electric field near ‘ V=Cont + (,/.S‘ 28,.,

a conductor
+ + .
| Electrostatic

= 0=
[ =—n ' + 4 Dpressure
£ + +

Equipotential
surface



4- Capacitance of a conductor in equilibrium

For a point M on an equilibrium conductor with surface S and
charge density g, the potential is given by:

1 d 7
V(M) = 055 + +
47'[80 JOST +
The total charge is Q= || _c-dS i
gt
If o > ko then: v (M) “ V(M) — Q = Q =C*
' Q'=k-Q vV V
eHence, the capacitance of an isolated conductor is defined as:
Q_c
V

*x C >0
* Unity: Farad (coulomb.volt)
* Example: C., . =4nggR =710 pF 15




Consider an isolated conductor carrying a charge Q, which
creates a potential V.

Q=C.V Example: Calculate the self-
\ capacitance of a spherical
_ conductor of radius R.
0 Self-capacitance
C = F of conductor

- 0] ~ Coulomb(C)
TVl Volt(v)

[C] = Farad (F)

ImF = 1073F
1uF = 107°F
InF = 10°F
1pF = 107 12F
1fF =10~ °F




Potential : Calculation of the Earth's

capacitance

dv = —E .dr

Viry=— | E.dr+ 1= + A / \\
||' |

V() =0> A=0 | |

Vi=VE) = 4;}2 \-/

Q 1
C = =475k K = = 9x10” S.1
41e,
. R
The capacitance depends on C =—=071mF
the geometry and the material K

of the conductor.
4eyR



5. Electrostatic Energy of a Charged Isolated Conductor

The electrostatic energy of an isolated conductor is the work required to
charge with a charge Q.

dEp=qu
Q 1 Q
p=f qu=gfqdq
0 0
ForQ=CV
' E =i c=—(CV*==QV
po2C 2 2

In the case of n conductors in equilibrium, we have:

n
1
E,=5 )
=1



6. Electrostatic Influence Phenomena

|

a) Definition

Electrostatic influence

Change in the surface charge density of a conductor
under the influence of another charged conductor.

Charged (influencing)

III

s
/_FN
+ : ‘a||

F oL

"

Neutral (influenced)




b) partial influence

<« +K ||+ —

— +IL'1I |'J|+ --_._‘_______}
* +

Only some of the field lines leaving A

arrive at B.

—s

ﬁ=—eE

* +
I
V oy

F

ofe
)

F=¢eE
.|.
]
Result:

|
- Neutral

line
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Discharging a polarized conductor | R)Totalinfluence

All of the field lines leaving A
arrive at B.

) B QA.int ’ QA.ext?




The total charge of A
Q/,1 = QA.int g QA.ext

According to the conservation law for A.
Qy=0Q4=0

QA.int + QA.ext =0
QA.ext = _QA.int m QB

- (A) initially neutral (Q, = 0) - (A) Initially charged (Q4 = Q)

As before

ﬁﬁ ndS; =1ZQ-SG

i &p i QA int — QB
S¢
T 1N SG _ According to the conservation
Eint_o—)ZQint_O J

T P —
Qs =04 =0

QA.int T QB =0 - QA int — QB

QA ext — QO T QB




The capacitors

Definition : A set of two conductors in total influence

23



7. The capacitors

A capacitor is a device used to store electrical energy. It is widely used in

electronics and electrical engineering.
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Consider a conductor Awith capacitance C, maintained at a potential V,
(V,>0) It carries a charge Q,.

The charge of the capacitor Q = |Q4| = |05l

The capacitance of the capacitor




2- Calculation of Capacitance
a- General method

® — Calculate the electric field E between the plates
(Gauss's theorem).

@ —> Calculation of the circulation of E between the plates.

—_  —

V.-V, =| "E-d
® — Calcul de C.

Qzﬂsc-dS et
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b- Parallel-Plate Capacitor

— Plates A; and A,: parallel plates with surface area S, separatet
by a distance e (where S >> e), held at potentials V1 and V2.
— Uniform charge densities: +c on A; et —G on A,.

E, E,
* A% 'L Y * Y l
= G - - Vo= = = - =11 A
Elziz—n T
g B R } ] B,

@ R SN Ezggn nT“ rET fEF 1 4 1€
S O 0 v
=, ol ViF[F[F[F[F[F[F[F A

0 vy 2 v A v 1Y

@ V,-V,=["E.di=E-e=2%

® Q=0-S = C=

27



c- spherical capacitor

— Plate A;: sphere of radius R;.
— Plate A,: sphere of radius R.,.

® ¥ Gauss surface of radius r =

E-_L Qg
Are, 1

@ Circulation of E between A, and A,

J‘Azé‘a:zvl_vzz Ql J‘RZd_Zr
drg, R 1

®C=— g [ PR
V R, -R,

28



1</ Field calculation

. 1
E. "W dSg = — E Qe
O
S

E.S, = @ > FE = <
Eo 4 TEQT <
2=/ circulation calculation
Vg R .
f dv = — f E.7f.dr
" a )4
Q Rz gy
vV, — V., — —_—
e | = ] .?I'EG R P
Q Rz dgr
V., — Vo, = —
“ B 4re0 Jg, -
QJ ( 1
V., — Vo, —
3°/ Capacitance calculation
R, R
C = < = 4 7req == )
VA — FE Rz — Rl )




8. Stored energy in a capacitor

To calculate this energy, we use:

1 mn
E, =2 ) QY.
i=1

Vi Q4 | | Q- v,

L J

1
Ep - E (Q1V1 + Q; Vz)
Q1 =0Q=-0Q;

1
Ep =5 —12)Q

"2

1
Q=C(V,—V,) Ep = EC(V1 - Vz)z




9. Capacitor combinations

There are two types of capacitor arrangements: series and parallel.

b) parallel connection

l'fllQil
| |
V, & Va=Ve Vg
Cop |
||
Q>

Q=0+

/

C(VA - VB)
C1 (VA - VB) + Cz (VA - VB)

Vy # Vg
C=0C +GC

For n capacitors:

C:ZQ

n
1=1




b) series connection

6 oy, 0
C C
VAC 1II & II_Z‘VB

< <

VA_VD VD _VB

>
)

VA - VB

Vo=V =V, =Vp)+ (Vp —Vp)

/

¢ G @

C ¢, G,
Q=0,=0#0

1_1,1 . _ GG

C G ¢ TG+

For n capacitors:

1
C.

1
C

—

n
=1




Example 1: For each case, calculate
the equivalent capacitance between
points A and B.

GG
() Immls
N Y
3
[
| |
, GG ;G

= C =
C, +C, AB Q+@+

(b) L..f”'

(c)
B B
CE C Ea —'B
B =B
El o
Av—oI| c C
C'=C,+C Can = GO
— w3 3 AB — Cl n Cr
(d)
BC - B
lljiL P
A
Ae IIBII | B
A A



Example 2: Calculate the charge and

potential difference across each capacitor.

Cy
1 1
pa— C’
Vl .’.:
M Sk R AT ‘
E — — GV
V4 EE?_JC4|
CH
= =t V, =Vo+V, |
] Ci 2 3 4
E=V+V, Q@3=0
R
3+ Cy
" —C 4 C =, 4 3
e 2 G+ Gy

Ir C_I_C.”'
0 @ _Q1(1 )

E = — 4 — =
Cl C” C]_C”

.ff Vl M
— C" =V, Q"=10,
Q”
Q C]_C” E C”‘ E
o ﬁ'ﬁ o
Loc 4+ ¢ Lo 4"
VE — E — VI
(y ()
V, = E —
2 +C" > & C, +C"
Q; 0 C3 + Cy
2180 (G
C3 (4 C3C4
CyCy
=0, = V,=CV
Q3 =04 C1C? 2
Gy v G
3T C+C, Y4t



N, A,: E=33VJCI‘=1.11F

= > =26V
C'1

- C
o Vo=CVy, > |Q3=0Qs=12p
QS:Q4_C3+C4

v,-% L[y —ay

3 CE

V=2 L[v,=3v

4 [:.4







