Physics 4B Lecture Notes

Chapter 23 - Electric Fields

Problem Set #2 - due:
Ch23-1,2,5,8, 14, 19, 26, 30, 31, 35, 38, 39, 50, 58, 61, 62

The motion of an electric charge is determined by the forcesthat act onit. Theforcesit feelsthat are
exerted by all the other charges can be described in terms of the electric field due to the other charges.

Lecture Outline

1. The Definition of Electric Field

2. Electric Field Lines

3. The Electric Field Due to Point Charges

4. The Electric Field Due to Continuous Charge Distributions
5. The Force on Chargesin Electric Fields

1. The Definition of Electric Field

Theideaof afield isrequired in order to explain the "action at a distance.”

Recall theidea of gravitational field.
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In this view, Earth creates aforce on themassm. Thisis“insane.” Earthisn't even touching the mass.
So we introduce the idea of a gravitational field.
Om
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Now we take the view that the field due to Earth, g, is exerting the gravitational force on the mass. Since

theforceis IEg = mg, the gravitational field is defined as, go 5 .
m
Let’ s take the same approach with the electric force.
q q
1

O r O >
Fe

Instead of thinking of q; exerting the force on gy, we think of g1 creating afield and the field exerting the
force on p.
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Mathematically, we can write F»; = q,E; b E; ° % which isthe definition of the electric field.
2

EO

o7

The Definition of Electric Field

Note that the field is the force felt by each Coulomb of charge.

2. Electric Field Lines
We need amore descriptive image of the field. The most useful ideais*“Electric Field Lines.”

Beyond the Mechanical Universe (vol. 29 ch 11 & 12)

Field Lines or Lines of Force are used to visuadize the field. Therulesfor drawing them are:
1. The tangent to the field line pointsin the direction of the force on a positive test charge.
2. The density of linesis proportional to the strength of the field (bigger charges make more lines).

Example 1. Sketch the field due to a positive point charge.

r'\
strong
field test charge
N wesk
‘ \\/ field ’
v

Example 2: Sketch the field dueto a dipole.

A dipole consists of two
equal and opposite charges.

Noticethat al the field lines that
leave the positive charge end
on the negative charge.

Beyond the Mechanical Universe (vol. 29 ch 14)
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3. The Electric Field Due to Point Charges
We have now reduced the problem of figuring out what a charge will do, to a problem of finding the field
that it feels. The next step isto develop techniques to calculate the fields created by charges.

4 Starting with the definit[on of the electric field
g0t
El d2
< >3T> Using Coulomb's Rule, Ife: k%?,weget the
21
% 2 electric field caused by the point charge, s,
0192 -
. k=T
v El = r = kq—%f
4z r

r

E=k—?  E-Field of aPoint Charge |

Example 3. Calculate the eectric field felt by the electron in a hydrogen atom.
r = 0.052nm and g = 1.6 x 10-19C P4

. — o O E
Using the definition of electric field,
= A= dp .
E° kTP By k37 . ‘/,:e
Ep = 5.3 x 101IN/C
Notice the directions of Ep and F.

For acollection of point charges, E = E; + E,+--+Ey. Notethat thisis avector sum.

Example4: Find the electric field felt by the charge on the bottom-left corner of the square shown
below.

F7a a 7o Ay
a a
415° E3 " ’X
4
- -al3
l-q ’a > %
E, =
45° | By

v
q

Using the field due to a point charge, E= kr—zf , find the magnitude of each field vector.
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g 9 _E g
Ei=k—, Ep = =1, E;=k= =E,.
1 a2 2 2a2 2 3 a2 1

Adding up the vector components,

=~

1 1
E, =E3- E,cosq=E - E;—= =E/(1- —=
X 3 2C0Sq 1 2\/_ 1( 2\/5)

. 1
Ey =-F - Eysnqg=-E - B —%= J_ - E(1+ Zﬁ)
_ i 1 -
E=El@1- —)i - 1+— IV orinterms of m nitude and direction ,
-t =
E:El\/(l- 2—‘1/_2)2+(1 25_2 3E1andq arctan _ Zi/_ = - 64° from the x -axis
1 2\/-)

Example5: Find the electric field due to a dipole along the perpendicular bisector of itsaxis.

Use the field due to a point charge, E= k 4 5T, to find the magnitude of both field vectors. Notice
they are the same magnitude, E+ =E. =k— g 5.
as+x

Adding up the vector components,
E, =E,cosg- E_cosq=0

— — _ q a
Ey =-E,sing- E_sinq=-2E,sing =- 2k 2+ 2.0
E=- ki\g] =-k & 31 where p° 2gaisthe “dipole moment.”

(x* +a’ (x*+a’)?

Check thelimitsasx® Oandx ® ¥ .

pe° qa The Definition of Electric Dipole Moment

where disthe displacement vector from the negative charge to the positive charge.
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4. The Electric Field Due to Continuous Charge Distributions

Consider a charge distribution as a collection of small point charges, Dq .

For maximum accuracy we want the Dg's to become smaller and smaller. In thislimit, the sum becomes
an integral.

E= k(‘)c:—g? E-Field of a Continuous Charge Distribution

Example6: Find the electric field due to a line of total charge, g, and length, 7, at a distance, /,
fromthe center of the line (a)along the line and (b)perpendicular from the center.

TY
l >
dq
[ — } - >—>X
—dxe— dE

ya X 3¢ r' N

ya /g N
@

= .dq.
We need the field due to a continuous charge distribution, E = kor—gr

Thefield is along the x-direction so we can ignore the vector signs. The charge in a small
segment, dg, isto the total charge, g, as the length of the segment, dx, isto the total length, 7,

49 _ d; b dg= qu

The distance between the charge element, dqg, and the point where we want thefieldis, r = /- x.

I~

E:k(‘)gxi2 letu=/-xthendu=-dx
2! (f' X)
2
q qelu_,qel o5 _,q'1 19 qi2 24 4,9
E=-kdqy2qu=k3&u-de 2 v2_, 0.2 -~ _ O u_2,.49
% séul - rer- x ! z:; SENI; e 3p 3 R
2
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TY
(b)Using the field due to the point charge dq, dl'—Z\
dE = k%?. The symmetry of this problem , Y

requires that the x components will cancel out
leaving only the y components,dE, = k%cosq. q
Again, the charge in a small segment, dq, isto the /
total charge, g, as the length of the segment, dx, is
to thetotal length, 7,

dq o — P dg= qu
a ¢ dq
The distance between the charge element, dq, and M :d ! —> X
the point where we want the field is, r = J/* + x . HX__>)Xh
N /g 7

_ g dX
dEy—kzxmcosq

Now we need to express x in terms of g to complete the integration.

192 4+x2 = 62(1+tan2q) = (1?sec? q

X =/tang P i
Tdx = £sec? gdq

dE, —qu—qdqcosq chosqdq
% sec? q

Now we can add up the contributions from all the other dg's by integrating over the angle,

Ey qz(‘)qc’cosqdq 2k qzsmq0 Wheresinqo—Jl_ P E, 2 k— g

\/_562

Example 7: Find the field on the axis of a ring of charge, g, and radius, a, as a function of the
distance from the center, x.

Using the field due to the point charge dq, dE = k% r. By the symmetry of this problem the field

will only point in the x-direction so we only have to worry about the x-components,
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dE, = k%cosq. Notice that r isthe same for al the dg's and cosq is aso the same for al dg's
so the integral Isstrai ght forward
= ko— cosq = k qu Kk qzcosq

X _ X
Notethat r? = a® +x* and €osq = =—= So we can write E, —k—I X

3 -
+ -—
a X (a2+x2)2

Check the answer by examining the limits as x goes to zero and to infinity.

Example 8: Find the electric field a distance, x, away from an infinite plate of charge density,
s(C/m2).

dqg

From example 10 we know the field due to aring of charge, so break the plane up into an infinite
number of rings with charge, dg, radius, r, and thickness dr. Each ring creates a field,

dE = k—299 _
(2 +f?

The charge on each ring can be found by multiplying the charge density by the area of the ring
dq=s2prdr.
dE = K Xs2prar X s2prdr

P E =2pskx \¥r_dr
( +Xz)§’z Q(rz+xz)%'

2

Theintegration can becompleted by lettingu =r° + x2 b du=2rdr

¥
2 u
E= pska2 /zdu— pskx = pskxé = 2psk Thisisaconstant!

euy2 U2
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Example 9: Find the electric field inside and outside two large, paralld, equal but oppositely
charged plates.

E
_
(_E_,_x?) " —x—

s, S.

From example 8 we know the field due to aparallel plate. We just need to add the fields from each
plate.

1Ho

(6]

Ein :E++E_ :2pSk+2pSk:4psk :ei and Eout =E+ _ E_ —

5. The Forceon Chargesin Electric Fields

The force on asingle charge, as shown at the right, can now be written in terms of

B L qO—F,
thefield it feels. According to the definition of eectric field, E °© % P F =qE. = 8

Example 10: The Earth has an electric field of about 150N/C pointed downward. A 1.00um radius
water droplet is suspended in calmair. Find (a)the mass of the water droplet, (b)the charge on the
water droplet and (c)the number of excess electrons on the droplet.

(8)Use the definition of density and the volume of a sphere, TFe

ro v_rcr)]l b m=r(vol) = r 4pr® = (1000)4 p(1.00x10 °)* = 4.19x10 **kg £ O

(b)Theforces on the droplet are its weight and the eectric force.
Using Newton’s Second Law, SF=mabP F,- £ =0pP F,=F

Using the definitions of the electric and gravitationa fields,
mg _ (4.19x10 *)(9.80)

E=mab q=—2 =2.74x10 *°C
g 9= 9 E 150 —_ y
. . . 2.74x10°
(c)Sincechargeisquantized, g=Ne b N= % = W =1710 electrons
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> A dipolein aconstant electric field as shown at the left. It feels no net
E @ N ? force because the two forces on it caused by the field are equal and
B’ / . opposite. The dipole doesfeel a net torque, however. Thistorque tends
/ﬁ 7 toalign Lt with thefield.
Fu > a t =(asing)(qE) + (asing)(gE) = 2agEsing = pEsing
F > This torque points into the paper so we can write the torque on the dipole
as,

f= p° E TheTorqueonaDipole

The potential energy of the dipole can be found from the definition of potential energy, DU © - W,.
The work done as the dipole rotates through an angle, dq, is, dW =t dq = - pEsing dq.

Thetotal work done asthe angle goesfromp/2toq is, W = - (‘Bq/ pEsinq dq = pEcosq.
2

The potential energy is DU = U(q) - U(P%) = - pEcosqb U =-p- E, where the zero for potential
energy isq = 05,.

=-p- E ThePotential Energy of aDipoIeI

Example 11: Water molecules have a dipole moment of 6.20x10* C-m. Find (a)the maximum
torgue on a water molecule in the E-field of Earth and (b)the potential energy lost as the molecule
moves from the position of maximum torque until it aligns with the field.

(a)Thetorque on adipolein acongtant fieldis t = p” E . The maximum occurs when the di pole
moment is perpendicular to the figld, t = PE = (6.20x10"*)(150) = 9.30x10 N >m

(b)The potentia energy of adipoleisU =-p- E. When the moment is perpendicular to the field

thisis zero. When the moment is aligned with thefield U = - pE = - 9.30x10°J. Thisthenisthe
energy that islost U, = 9.30x10°*J.

Chapter 23 - Summary

The Definition of Electric Field E ©

olT

Drawing Field Lines

The Electric Field due to a Point Charge E = krﬂzf

~ .dg.
The Electric Field due to a Continuous Charge Distribution E = kor—gr
The Definition of Electric Dipole Moment p° qd

TheTorqueonaDipolet =p” E

The Potential Energy of aDipoleU =-p- E
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