B. Sc. Physics (H.R.K) Chapter 28: TheElectric Field

THE ELECTRIC FIELD

28.1 Electric Field
The region or space around a charge in which itecant the force of attraction or
repulsion on other charged bodies is called eketigid.

28.2 Electric Field Intensity
The electrostatic force on unit positive charge apecific field point is called the

electric field intensity. In order to find out etdac field intensity due a point chargg’, a test
charge g, is placed in its electric field at a field poiffthe electric field intensiti due to a

point charge(q’ is expressed as,

F
E = — .
do
whereF is the electrostatic force between the source eigfgand test chargegy’

The test chargeg,’ should be very small, so that it cannot disturb field produced

(1)

by source chargey'. Therefore the electric field intensity can bdtn as,
F
---------------------- (2

E = lim
qO_)O do

28.3 Electric Field Intensity Due To.a Point Charge
Consider a test chargeg,’ placed at point P in the electric field of a poamarge ¢

at a distancer’® apart.

> Qo

R

We want to find out electric field intensity at pbiP’ due to a point chargeg™
The electrostatic forcé” between ¢’ and ‘q,’ can be find out by using expression,

1 4% 3

4mtEy T2
The electric field intensityE’ due to a point chargey® can be obtained by putting the

value of electrostatic force in equation (1),
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( 1 CIQO)
ameg 12

E =
do
_ra
E= 4TEy T2 4

This expression gives the magnitude of electritdfiatensity due to a point charge

q’. In vector form, the electric field intensitg” will be:

E=— % (5)

41TEy T2

wheref is the unit vector which gives the direction ddattic field intensity.

28.4 Electric Field dueto Many (n) Point Charge

Letqq, 2,Q3,cvvvnnn. ,qn are the ‘n’ point charges as shown in the figure.

The electric field intensity due to assembly of pjoint charges at a specific field
point can be determined by following the proceduentioned below;

» Calculate the electric field intensity at a fieldit due to each charge separately by
assuming that the other charges are absent.

» Calculate the total electric field intensity by itadk the vector sum of intensities of
individual point charges.

Now if E{, E;, E,........ , E, be the electric field intensities at a field pothte to
the point charges,, 2,93, .......... ,qn respectively. Then, the total electric field mgey
due to assembly of ‘n’ point charges will be;

E=E;+ E, + Ezg+........ SR o (6)

where

1
E; = Electric Field Intensity at a Field Point due tarR&harge §," = 2 — 1

TTEY T
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1 ~
E, = Electric Field Intensity at a Field Point due tarR&harge §,’ = q—ZZTZ
4TTEY T
1 ~
E; = Electric Field Intensity at a Field Point due tarR&harge §3’ = q—327‘3
4TTEY T3
N . . . . , 1 dn -~
E, = Electric Field Intensity at a Field Point due tarR&harge §¢,," = —
Putting values in equation (6), we get
__ @ 1 42 1 45 1 n
T Amey 142 1 Amrey 15,2 2 aATEy 132 T3 Fenn + AmEy Th?2 Tn
1 (i | B2 43 an A)
= ameg (r12 rn o+ y r, + 2 T3 +ooonn + 2 Tn
__1 gyn 4$i~
_4n€0 l=1 riz n (7)

This equation gives the total electric field .intiéypdue to assembly of ‘n’ point

charges at a specific field point.

28.5 Electric Field dueto a Dipole
Two equal and opposite charges separated by a shstdince form an electrical

dipole. Consider two point charges; and- g of equal magnitude lying distantg apart as

shown in the figure below.

E, sin8

We want to determine the electric field intenditydue to a dipole at point ‘P’. The

point ‘P’ is at a distance ‘X’ along the perpendicibisector of the line joining the charges.
Let the electric field intensities at point P dwethe chargestq and-q be E, andE_

respectively.
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The total electric field intensity at point P dwethe charges-g and-q is given by
the expression.
E=E,+E = e (8)

For the present casg, = E_ because the point P is equidistant for the chatges

and - q. Therefore,

E, = F = —~ 4
T 4qe, 12
1 q

= — —————= e 9

o (9]

From the figure it is clear that the—components of, and E_ will cancel the effect
of each other while the —components of, and E_ added up to give of resultant electric
field intensity of electric dipole. Therefore,

E = E, cosO + E_cos@

E, = E_
E = 2E, cosf = - (10)
From figure,
d/2
cos = —
d/2
cosf = / -
2+ (3)

By putting the value of, andcos6 in equation (10), we get

dj2 _ d
E = 2E, ~ E, =
x?+(3) x2+(3)
1 q d \
E—47T£0_2 d\? ] dZ/
* (2) | \WxE %)
1 qd
 Amey . 2_%
2+ (3)
The quantityp = qd is called dipole moment. Therefore,
1 P
 4me, 215
2+ )]
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_ 1 p
 4me, 3

el @) |

3
1 p| d\*] 2

- ok i
4dme, x3 +2xl

By using binomial expénsion, we get

= [ (5) ()
 4me, x3 i 2) \2x
If we neglect the ¥ and higher terms, then
_ _1 b
- 47'[80 x3 ---------------------- (11)

This is the expression of electric field due tapote.
28.6 Electric Field Intensity dueto an Infinite Line of Charges

Consider an infinite line of positive charge aswghan the figure below.

0O
I-\'

We want to calculate the electric field intensitypaint ‘P’ at a perpendicular distance

‘x’ from the line of charge. As the charge is disttdd uniformly over it, so it has constant
linear charge density;

[+ + + ++ ¢ ++++]
J\
8 o)
’

_ Charge q
k= Length L
For an infinitesimal length elementy’ having chargedgq’
_ 4q
dq = pdy
The electric field intensity due to this lengthrelnt at point ‘P’ is given by;
1 d 1 d
dE = == £
47'[80 T 477.'80 T
_ 1 udy
dE = Ame, x2+y2 T (12)

The rectangular components @&’ are
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dE, = dE cos6 and dE, = dE sinf

If we consider identical charge elements symmeétyidacated on both sides of ‘O’,
then they —components of electrical field intensity will cahagut each other and its
x —components are added up to give the total elefiglid intensity due to this continuous

charge distribution. Therefore, the total elecfietd intensity will be

y=0
[
y=—00

y:OO
f dE cosf
y=—00

E=E,

y:OO
Zf dE cos6
y=0
Putting value of dE’ from equation (12), we get
y:OO 1 d
E = Zf z,u 4 > cos6
y=0 dmtey x*+ y

_ 1 (y=c pdy
T 2mey Jy=0  xZ+y2

COSO —mmmmmmmmi e (13)

From figure,

Y tan6

X

y = x tanf

dy = x sec?6d0
Putting values in equation (13), we get

u  (Y=°  xsec?0dd
f —— 7 7 cosb

- 2mey Jyo x>+ y
u jy=°° x sec6d0O

= v\
27'[50 y=0 x2 (1 + y_2>
X
~ L =tanb
X
E = U fyz‘” secHd6
. 2me, y=0 x(1 4+ tan?6)
_u y=o sec6do
- 2megx y=0 sec?6
y:OO
E = s cos6dé
2mEgX Jymy
=~ considering % = tanf
~wheny =0, 0=0
-~ wheny = oo, 6 =§
Therefore,
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9:
= a f cos6do
2megx Jo—g
U ; /2
= 2meq |Sln9|g
_H L
E = megx (smi sin 0)
E=-t_(@1-0
2mEYX
_ u
2mEYX

This is the expression for electric field intensatypoint ‘P’ due to an infinite line-of charge.

28.7 Electric Field Intensity dueto a Ring of Charge

Consider a ring of positive charge of radiR$as shown in the figure below.
4 dE siné

e
dE cosé g/'

We want to find out the electric field intensitygint ‘P’ which is at the distancez*
from the plane of ring.

As the charge is distributed uniformly over it,isbas constant linear charge density
u. For an infinitesimal length elemernts” of ring,

_ 44
K= ds
dq =uds
The electric field intensity due to the charlgpat point ‘P’ is given by;

1 d 1 ds

dE = == £=

4TTEY T2 4mEy T2

1 ds

dE = e (14)

4mey z%+ R?
The rectangular components @&’ are
dE, = dE cosf anddE, = dE sinf

If we consider the identical charge elements latate the opposite end of tne

diameter, ther E;,, components will cancel out each other @i components are added up
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to give the final value of electric field intensifg point P. Therefore, the total electric field

intensity will be
E=E,= j dE,

=de cos@

Putting value of dE’ from equation (12), we get

. 1 f uds 9
~ 4me, ) z2+ R2 €os

From figure,cos@ = %

1 ds z
E= 4meg fZ;:_ 2 r T (15)
From figure,z? + R? = r?
_pz ([ ds
 4me, r3

Uz
E=—— |d
4mreyr3 f s

E = (2nr)

" 4megr3
_ Qrru)z
E = 3
dmeg(22+ R%) 2
E = 4

5 o232
4meg(z4+ R)
total charge ¢

TH= total length  2mr
L2nru=q
When the point P is far away from ring, i.23> R so thatR? can be neglected.
Z
E = 3 3
Ameg(22) 2
qz
E =
41reyz3
__1 a
4y 72

Which is the expression for the electric field mggy, when the field point is far away
from the ring. Thus, the charged ring acts likeompcharge when the field point is at the

large distance.

28.8 Electric Field Intensity dueto a Disk of Charge

(
E
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Consider a circular disk of uniform surface chadgmsity as shown in the figure
below. We want to find out the electric field insély at point P’ which is at the distance ‘2’
from the plane of disk.

Z — axis

doj=—]
w

> V— axis

:nj/N

Consider a small element of the disk in the ringpghof radiusw’ and width dw’. If

‘dq’ is the charge on this element of ring, then

_ 4q

77 da
~ where dA.s the is the area of length element
dqg =0 dA
dq = 0 (2rnw dw)
~dA = 2nwdw
We know the electric field-intensity due to thegriof charge is given by;

E = < = 1A — (16)

3
4reg(z24 w?) 2
Consider the ring as the differential part of tiekdthe equation (16) becomes
zdq

dE = -
Atey (22 + w?) /2

By putting the value ofdq’, we get

zo (2nw dw)

dE = 3
Amtey (22 + w?) /2

_zao (2w dw)
49 (22 + w2)3/2

=22 (24 w) 2 (20 dw)
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Now total electric field intensity at point P due whole disk can be calculated

integrating the above expression from= 0tow = R’
w =R
E= f dE
w=0

w=R
i j (z2 + w?) ~% Qw dw)

deg  Jy-o
34
zo |(z%+ w?)2
E= 4e -3
0 21
_1,R
zo |(Z*+w?) 2z
E=— |/——=——
480 —
2 0
E = zo 1 R
2e IWz2+ w?ly

. za( 1 1 )
260 \WzZ+ R?2 Vz2+4 0

F= 27 <;_l>

260 \WzZ+ R2  zZ
F= Zo (1 1 )
28 \z  \zZ ¥ R?

o z
E= -2 (1 - —)
2¢ Vz% + R?

fR>zie,z=0

Then\/z:L R \/02(-)l- RZ - Q
Hence
o
FTE

It means wher = 0, the disk of charge behaves like infinite sheetharge.
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28.9 Torqueon a Dipolein a Uniform Electric Field
Consider an electric dipole consiststaf and- g separated by a distandeis shown

in the figure below.

When an electric dipole is placed in an externetteic field, the force on the positive
charge will be in one direction and the force om tlegative charge in another direction. The
force on+q and- g have the equal magnitude but opposite.in-directidrerefore the net
force on the dipole due to external field is z&rlee magnitude of each force is

Fy =F, =qE

These two forces make a couple and so the torggeoacthe dipole. The magnitude
of this torque is given as

Torque = ( Force ) ( Moment Arm)

T = F (d sinf)
T = qEd sinf
T = pE sinf

=~ Dipole Moment p = qd
In vector form,
T=pXxE s (17)

The direction-of torque of dipole in a uniform dlecfield is determined by right hand rule.

28.10 Energy of Dipolein a Uniform Electric Field
Consider an electrical dipole is placed in a umfalectric field. We want to calculate the
work done by the electric field in turning the dipdhrough an angléd’. The work done by

the electric field in turning the dipole from antial angled;to the final angle; is given by;

W=]dw

O
W=—f Td6O
6

i
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Where 7’ is the torque exerted by the electric field. Tiegative sign is necessary
because the torque tends to decr®a®dso
T = pE sinf
Therefore,
Or
W = —L pE sin6 df

Assuming that the dipole is revolve from initialgad; = gto the final angl@; = 6. W‘Ngn

]
W = J;T pE sinf db 6%
2

o SO
W = pE fgsme do \
N

_ 0
W = pE |cos6 |n/2 Qrb
W = pE [cos6 — cos—
= pE [ cos cos 2] ) ’
_ \xé”
W = pE cosf ‘b’
Since the work done by the agent that pr xternal field is equal to the negative of

the change in potential energyof the sy@.

U=—-W = —pE cosb YY
Therefore b

Potential Energy/ = @ ------ (18)
This is the expression 9&& ntial energy of tipwlé in a uniform electric field.

District <hushab
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