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ELECTROSTATICS 

Dielectric material in a parallel plate condenserc 

When a dielectric (or insulator) is placed betvmen the plates of a 
parallel plate condenseril the electric field existing betiveen those plates ca~es 
dipoles to formo The dielectric is said to be polarized~ This polarization P 
consists of many dipoles, each consisting of equal and opposite charges, q, 
separated by a displacementcf: 

The polarization of a small volume ,,Jithin the dielectric may be defined 
as·lo) the electrical moment per unit volume; or 2o) the net quantity of electricity 
flovdng through unit area normal to the surfaee of this volumeo 

The net charge density ~~ at any point in the dielectric is give~ by: 

~ I 
div P ~ ~p 

~ 4 
If P is unifo:rm, div P = 0 and the net charge in any small volume remains 

zeroo 
~ --:> __..,;. 

At the surface of' the dielectric P is discontinuous and div -p = ) P J ; 
therefore we vJill· f'ind a chai'ge q accumulated thereo Take a very short cylinder . 
at the surf'ace of the dielectricil as shovm in the sketch below., The surface area 
oi~ the cylinder will be essentially the area.~~ 2dSll o.f its ends and 1:.re may assume 
that all the lines of fl1X.le P .11 flovJing into or out of the cylinder pass through these 
endsc 
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DISCLAIMER 

This document was prepared as an account of work sponsored by the United States 
Government. While this document is believed to contain correct information, neither the 
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assumes any legal responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or represents that its use would not 
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process, or service by its trade name, trademark, manufacturer, or otherwise, does not 
necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States Government or any agency thereof, or the Regents of the University of 
California. The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof or the Regents of the 
University of California. 
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Since g di v P ~ I P ) 
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\ P I • dS s f 1 dv :;;1 dq 
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~ surface charge due to 
polarization. 

~ 
We derived~ in a previous lecture~ the expression k

0 
div E = f' for a 

condenser with free space between the plates. The insertion of-a dielectric does 
not change the equation except that we must consider both the density of the free 
charges~ ~ ~ and the density of those charges~ f'1 ~ which appear automatically 
v1hen the dielectric i.s polarized., Therefore vre will now viTite the equation as: . 

.-.+ 
k 0 div E ::: f + r'l 

• ~ I 
But~ dJ. v p ~ - ( . 

~ ..;. 
Thereforeg: k0 div E ~- ~ ~ div P 

- -+ -+. 
org div (k0E + P) ~ f 

~ 
Now vle will define a ne~or vector D vThich has been called the "electric 

displacement vector 11 o 
~ 4- ~ 
Dgk0 E+ P 

We see that div -t ~ ,P- p ioeo $ the electric displacement vector D depends 
upon the free charges and is unaffected by the charges due to polarization .. 

Most materials ara non·=isotropic::> and it i.s easier to distort their crystal 
lattices in certain direc~ns than in other directions. As a result of this non~ 
isotropy the polarization P may not be in the direction of the electric field 7 
~d consequently D will b~paral~l to neither., However~ in an isotropic material 
P will be collinear with E~ and D will be collinear with both. 

~ By using the short cylinder devise -vre can shm;r that the normal component of 
D must be continuous across a boundary where there are no free charges~ q, on that 
boundaryo Take a cyli.nder of volmne dV l..rhich _is very short so that the area of its 

, surface is essentially equal to the area of its endsr~ and let these ends be parallel 
to the boundaryo From the expression div If's f _,..we see that if there are no free 
charges in the volume dV t~normal component of D entering one end must be the same 
as the normal component of D leaving the other endo 

(See sketch on following page) 
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.....,.. 
D 

~ 
Similarly$> from rthe expression curl E ::: o, v1e see that the tangential 

component of ~must be continuous across an uncharged boundary9 

The law of refraction far lines of force can now be shown. 

~ ~ ~ ~ 
'0\E.LEC.. TR\C. K2.. 

D1 -~ KEi and D2 c KE2 

~ ~ ? 
Normal component of D is continuous::. K1E1 cos G : K

2
E

2 
cos j1 

-+ 
Tangential component of E is continuous:·~ -+ 

E1 sin G ~ E2 sin ¢ 

ENERGY IN ELECTRIC-FIELD 

The energy associated with a system of point charges is equal to the 
total vrork required to bring them from infinity 9 

W ~ -[ w1 + w2 + w3 + .. c o o o o oWn 

W ~ energy of the system 

Wn g energy required to bring up the Nth charge, eno 



w2 = ~e2 
rl-2. 

Vi= Voltage due to aggregate 
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Ho~>mver~ the energy is associated 1rrith the electric spade field rather 
than with the individual chargeso. 

The energy density in free space is U ::: ko 

of the system is W : ~ dv where v = volume 
2 

v 

2 . 
E and the total energy 

~ 
(This expression is valid even if E is a function of timeo) 

The energy of formation of the point charges is infinite. and the value 
of the integral would be infinite if the tot§l energy density were consideredo 
However, the above expression for U does not include this energY. of formation of 
the point charges and equation © is equivalent to equation @ . · 

~lllple I:: Parallel plate condenser with voltage differ.enc,e'·.v1 - v2, 
Elates separated by vacuuma 

-e, 



By egu§.tion (J:) 
w {';: 1/2 L_ ei vi 

w., J/2 [et (v1 - v~ 
e -Wr;:........J:_V 
2 

But capacity C : ~ 
e 

w e: 1/2 ·c v2 

]2y eguat;i,g~ 

Wr: }uav 
.V! 

k E2. 
u .~ ,_,0;-,__ 

·z 
~ 

Butg: E I'll V 
d 

Then W c 

w :: 1/2 kbA v2 
d 

k A 
But C a ciwo 

d 
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v:;: Ad 

d = Dist~nce between· 
· plateso 

A :;: Area of condenser 
plate so 
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Example II:- Same condenser· with dielectric inserted bet-vreen _.platest 
dielectric constant = K 

W :: 1/2 G v·"' is still valid but value of C is changedo 

G: K k 0 A 

d 

K k
0 

A. 1;··?-w c 1/2 -~- v 
d 

V .:;;: E d 

2 
W : 1/2 K k

0 
E (Ad) 

u c ·w 
Volume Ad 

~ ~ 
D := K k0 E (if dielectric is isotropic) 

~ ~ 
U = 1/2 D .. E' 

Therefore to obtain large energy storage (large capacity) use low 
spacing between plates, high voltage, and high dielectric constant. 

FORCES ON DIELECTRIC 

From. the potential energy function, W:; } 11F dv, forces on the dielectric 
v 

can be determinedo Since the stable state .for any system is obtained vJhen the 
potential energy = minimum, the charges will try to move to that configuration 
vJhich make W :: mino · The force acting on a charge is proportional to and in the 
direction of the gradient of w. 
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Let us see 1.rhat happens if dielectric is placed betueen the plates of a 
condenser Hhen the charge e1 on.that condenser is a constanto 

WrrHOUT DIELECTRIC WITH DIELECTRIC 

~-+ 
W:::DoE A 0 d 

2 

It is obvious that W is decreased by the ratio 1/K >.rhen the dielectric 
is inserted., 

As a result the force on the dielectric tends to pull it into the conden
~r.. The energy expended on the dielectric is obtained from the electric field 
~which has decreased by the factor 1/K .. 

..... 
The force pulling the condenser plates together Fp : e

1 
E is also reduced 

by the factor 1/K but since these· plates do not move no energy is expended on 
themo 

If the condenser had been connected across a battery the voltage, rather 
than the charge~ -vmuld be constanto 

W c 1/2 k 0 v2 .JL i.Ji thout dielectric 
it 

W ~ ~2 K k0 v2 ~ with dielectric 
A 

The potential energy of the condenser has increased, however, this 
energy 1.-1as derived from the battery rather than from an external force on the 
dielectric., 

plc 
4/24/52 




