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ELECTRIC FIELDS

Learning Objectives ( THE ELECTRIC FIELD )

22.01 Identify that at every . 22.03 Explain how a small
point in the space surrounding positive test charge is used (in
a charged particle, the particle principle) to measure the
sets up an electric field E, electric field at any given point.
which is a vector quantity and . 72 04 Explain electric field lines,
thus has both magnitude and including where they originate
direction. and terminate and what their
22.02 Identify how an electric spacing represents.

field E: can be used to explain
how a charged particle can
exert an electrostatic force F
on a second charged particle
even though there is no
contact between the particles.
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22-1 THE ELECTRIC FIELD
What Is Physics?

** Figure 22-1 shows two positively charged particles.

** From the preceding chapter we know that an electrostatic ® ®

force acts on particle 1 due to the presence of particle 2. 4 0

We also know the force direction and, given some data, we  Figure 22-1 How does charged particle 2
can calculate the force magnitude. However, here is a leftover Egsfﬂz't’;;,_ﬁ"gm particle 1 when they have
nagging question.

**How does particle 1 “know” of the presence of particle 2? That is, since the particles do
not touch, how can particle 2 push on particle 1—how can there be such an action at a

distance?
One purpose of physics is to record observations about our world, such as the magnitude
and direction of the push on particle 1. Another purpose is to provide an explanation of

what is recorded.
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** Our purpose in this chapter is to provide such an explanation to this nagging
question about electric force at a distance.

** The explanation that we shall examine here is this: Particle 2 sets up an electric
field at all points in the surrounding space, even if the space is a vacuum.

If we place particle 1 at any point in that space, particle 1 knows of the presence of
particle 2 because it is affected by the electric field particle 2 has already set up at that
point.

** Thus, particle 2 pushes on particle 1 not by touching it as you would push on a
coffee mug by making contact. Instead, particle 2 pushes by means of the electric field
it has set up.

** Our goals in this chapter are to

(1) define electric field,

(2) discuss how to calculate it for various arrangements of charged particles and objects,
(3) discuss how an electric field can affect a charged particle (as in making it move).

Copyright © 2014 John Wiley & Sons, Inc. All rights reserved.



ELECTRIC FIELDS

The Electric Field

A lot of different fields are used in science and engineering.

Example:

** A temperature field for an auditorium is the distribution
of temperatures we would find by measuring the
temperature at many points within the auditorium.

** A pressure field in a swimming pool.

Such fields are examples of scalar fields because
temperature and pressure are scalar quantities, having only
magnitudes and not directions.

In contrast, an electric field is a vector field because it is
responsible for conveying the information for a force, which
involves both magnitude and direction

This field consists of a distribution of electric field vectors f,
one for each point in the space around a charged object.

In principle, we can definef, at some point near the charged
object, such as point P in Fig. 22-2a, with this procedure:

The rod sets up an
electric field, which
can create a force
on the test charge.

t)

Electric field
at point P

()
Figure 22-2 (a) A positive test charge g,
placed at point P near a charged object. An
electrostatic force F acts on the test charge.
(b) The electric field E at point P produced
by the charged object.
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** At P, we place a particle with a small positive charge g0, called a test charge because
we use it to test the field.

(We want the charge to be small so that it does not disturb the object’s charge
distribution.)

We then measure the electrostatic force that acts on the test charge.

The electric field at that point is then

-~ F
E = — (electric field). (22-1)
4y

** Because the test chargeis positive, the two vectorsin Eq. 22-1 are in the same direction,

so the direction of E is the direction we measure for F.

** The magnitude of at point P is F/q0.

** As shown in Fig. 22-2b, we always represent an electric field with an arrow with its tail
anchored on the point where the measurementis made.

* Electric force is a push or pull.

* Electric field is an abstract property set up by a charged object.

** From Eq. 22-1, we see that the S| unit for the electric field is the newton per coulomb

(N/C).
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** We can shift the test charge around to various other points, to measure the electric
fields there, so that we can figure out the distribution of the electric field set up by the
charged object.

** That field exists independent of the test charge. It is something that a charged
object sets up in the surrounding space (even vacuum), independent of whether we
happen to come along to measure it.

** For the next several modules, we determine the field around charged particles and

various charged objects.
First, however, let’s examine a way of visualizing electric fields.

Copyright © 2014 John Wiley & Sons, Inc. All rights reserved.



ELECTRIC FIELDS

Electric Field Lines

** Michael Faraday, introduced the idea of electric fields in
the 19th century. He envisioned lines, now called electric field
lines, in the space around any given charged particle or object.

** Figure 22-3 gives an example in which a sphere is uniformly
covered with negative charge.

** If we place a positive test charge at any point near the
sphere (Fig. 22-3a), we find that an electrostatic force pulls on
it toward the center of the sphere.

Thus at every point around the sphere, an electric field vector
points radially inward toward the sphere.

** We can represent this electric field with electric field lines
as in Fig. 22-3b.

At any point, such as the one shown, the direction of the field
line through the point matches the direction of the electric
vector that point.

F
Posidve

test charge

Y

E
Electric \

field lines
(&)

Figure 22-3 (a) The electrostatic force F
acting on a positive test charge near a
sphere of uniform negative charge.

(b) The electric field vector E at the
location of the test charge, and the electric
field lines in the space near the sphere.
The field lines extend foward the negative-
ly charged sphere. (They originate on
distant positive charges.)
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The rules for drawing electric fields lines are these:

(1) At any point, the electric field vector must be tangent to the electric field line through
that point and in the same direction.

(This is easy to see in Fig. 22-3 where the lines are straight, but we’ll see some curved
lines soon.)

(2) In a plane perpendicular to the field lines, the relative density of the lines represents
the relative magnitude of the field there, with greater density for greater magnitude.

If the sphere in Fig. 22-3 were uniformly covered with positive charge, the electric field
vectors at all points around it would be radially outward and thus so would the electric
field lines.

So, we have the following rule:

0 Electric field lines extend away from positive charge (where they originate) and
toward negative charge (where they terminate).

Copyright © 2014 John Wiley & Sons, Inc. All rights reserved.
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Electric Field Lines

In Fig. 22-3b, they originate on distant positive charges that are not shown.

For another example, Fig. 22-4a shows part of an infinitely large, nonconducting sheet
(or plane) with a uniform distribution of positive charge on one side.

** If we place a positive test charge at any point near the sheet (on either side), we find
that the electrostatic force on the particle is outward and perpendicular to the sheet.

** The perpendicular orientation is reasonable because any force component that is, say,
upward is balanced out by an equal component that is downward.

** That leaves only outward, and thus the electric field vectors and the electric field lines
must also be outward and perpendicular to the sheet, as shown in Figs. 22-4b and c.

o . N .
" Positive test - I T o - -
t charge - ¥ ¥ _;.:: " - =
th ot i A -
+ t F - ¥ N - —
* + ' + _ + o — -
’ | - I I —
t i t L
() (&) (e)

Figure 22-4 (a) The force on a positive test charge near a very large, nonconducting sheet
with uniform positive charge on one side. (b) The electric field vector E at the test
charpe’s location, and the nearby electric field lines, extending away from the sheet.
{c) Side view.
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** Because the charge on the sheet is uniform, the field
vectors and the field lines are also.

** Such a field is a uniform electric field, meaning that the I
electric field has the same magnitude and direction at every
point within the field. =

**Of course, there is no such thing as an infinitely large

sheet. That is just a way of saying that we are measuring the

field at points close to the sheet relative to the size of the  FuureZ® Field lincs for two particles with
equal positive charge. Doesn’t the pattern

sheet and that we are not near an edge. itself suggest that the particles repel each
other?

** Figure 22-5 shows the field lines for two particles with equal positive charges.
Now the field lines are curved, but the rules still hold:

(1) the electric field vector at any given point must be tangent to the field line at that
point and in the same direction, as shown for one vector.

(2) a closer spacing means a larger field magnitude. To imagine the full three-
dimensional pattern of field lines around the particles, mentally rotate the pattern in
Fig. 22-5 around the axis of symmetry, which is a vertical line through both particles.

Copyright © 2014 John Wiley & Sons, Inc. All rights reserved.



Learning Objectives (THE ELECTRIC FIELD DUE TO A CHARGED

PARTICLE )

22.05 In a sketch, draw a charged 7 3 |dentify that the equation
particle, indicate its sign, pick a nearby given here for the magnitude of
point, and then draw the electric field an electric field applies only to
vector E: at that point, with its tail a particle, not an extended
anchored on the point. object.

22.06 For a given point in the electric 75 09 If more than one electric
field of a charged particle, identify the field is set up at a point, draw
direction of the field vector E: when the each electric field vector and
particle is positively charged and when then find the net electric field
it is negatively charged. by adding the individual electric
22.07 For a given point in the electric fields as vectors (not as scalars).

field of a charged particle, apply the
relationship between the field
magnitude E, the charge magnitude
lg/, and the distance r between the

point and the particle.
Copyright © 2014 John Wiley & Sons, Inc. All rights reserved.
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22-2 THE ELECTRIC FIELD DUE TO A CHARGED PARTICLE
The Electric Field Due to a Point Charge

To find the electric field due to a charged particle (often called a point charge),we place
a positive test charge at any point near the particle, at distance r.

From Coulomb’s law (Eq.21-4), the force on the test charge due to the particle with charge g is

— 1
F= ddn -

i g e
dme, I
o
As previously, the direction of F is directly away from the
particle if g is positive (because g0 is positive) and directly
toward it if g is negative. o L
From Eq. 22-1, we can now write the electric field set up by !'
the particle (at the location of the test charge) as N : %
. F 1 g . Figure 22-6 The electric field vectors at
E = = I ({charged particle). (22-2) various points around a positive point
g 4‘?]?3 ."2

charge.
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** The direction of E matches that of the force on the positive test charge: directly away
from the point charge if g is positive and directly toward it if g is negative.

So, if given another charged particle, we can immediately determine the directions of the
electric field vectors near it by just looking at the sign of the charge q.
We can find the magnitude at any given distance r by converting Eq. 22-2 to a magnitude
form:

1 al
dqe, 1

E= {(chareed particle). (22-3)

** Figure 22-6 gives a number of electric field vectors at points around a positively
charged particle, but be careful.

** Each vector represents the vector quantity at the point where the tail of the arrow is
anchored.

** In general, if several electric fields are set up at a given point by several charged
particles, we can find the net field by placing a positive test paﬁ; cle at the point and then
writing out the force acting on it due to each particle, suchas  due to particle 1.

Forces obey the principle of superposition, so we just add the forces as vectors:

E=E1+Fﬂﬂ+-..+?ﬂﬂ'

Copyright © 2014 John Wiley & Sons, Inc. All rights reserved.
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** In general, if several electric fields are set up at a given point by several charged
particles, we can find the net field by placing a positive test paLticIe at the point and then
writing out the force acting on it due to each particle, such as £, due to particle 1.

Forces obey the principle of superposition, so we just add the forces as vectors:

E:EI‘I‘FT]E"_""F?D‘.:.

To change over to electric field, we repeatedly use Eq. 22-1 for each of the individual forces:

. E E, E E

E: U= m-'- I:E_|_-.._|__':.II:

dn o o Ly
=E +E+---+E. {22—4}

** This tells us that electric fields E. also obey the principle of superposition.
**If you want the net electric field at a given point due to several particles, find the
electric field due to each particle (such as  due to particle 1) and then sum the fields as

vectors.
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|ZI Checkpoint 1

The fipure here shows a proton p and an electron ¢ on an x axis. What is the direction of
the electric field due to the electron at (a) point

S and (b) point R? What is the direction of the —-—G—- QO x
net electric field at (c) point R and (d) point 57 3

a) Rightward
b) Leftward
c) Leftward
d) Rightward

Copyright © 2014 John Wiley & Sons, Inc. All rights reserved.
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22-3 THE ELECTRIC FIELD DUE TO A DIPOLE

The Electric Field Due to an Electric Dipole

** Figure 22-8 shows the pattern of electric field lines for two particles that have the same
charge magnitude g but opposite signs, a very common and important arrangement known

as an electric dipole.

** The particles are separated by distance d and lie along
the dipole axis, an axis of symmetry around which you can
imagine rotating the pattern in Fig. 22-8.

** Let’s label that axis as a z axis. Here we restrict our
interest to the magnitude and direction of the electric field
at an arbitrary point P along the dipole axis, at distance z
from the dipole’s midpoint.

Copyright © 2014 John Wiley & Sons, Inc. All rights reserved.
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Figure 22-8 The pattern of electric field lines
around an electric dipole, with an electric
field vector E shown at one point (tangent
to the field line through that point).
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Figure 22-9a shows the electric fields set up at P by each
particle.
** The nearer particle with charge +q sets up field E(+) in
the positive direction of the z axis (directly away from the
particle).
** The farther particle with charge -g sets up a smaller
field E(-) in the negative direction (directly toward the
particle).

**We want the net field at P, as given by Eq. 22-4.
However, because the field vectors are along the same
axis, let’s simply indicate the vector directions with plus
and minus signs, as we commonly do with forces along a
single axis.

The magnitude of the net field at P as

E= E¢)— Eq
1 g 1 q
4, rEEﬂ darey r{z_j
if if

" dmede 17 Amez + 347 (22-5)

Copyright © 2014 John Wiley & Sons, Inc. All rights reserved.
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P
3
v Eq
Tis)
z
T Up here the +gq
field dominates.
@ +7 @
| ]
R Dipole T
Cenver
@7 =
Down here the —g
field dominates.

(a) ]

Figure 229 (a) An electric dipole. The elec-
tric field vectors E[+ yand E{_] at point P on
the dipole axis result from the dipole’s two
charges. Point P is at distances r;, and r,_,
from the individual charges that make up
the dipole. (b) The dipole moment 7 of the
dipole points from the negative charge to
the positive charge.
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After a little algebra, we can rewrite this equation as
q 1 1

B (R R
2z 2z

After forming a common denominator and multiplying its terms, we come to

(22-6)

R T

** We are usually interested in the electrical effect of a dipole only at distances that are
large compared with the dimensions of the dipole—that is, at distances such that z >> d.

(22-7)

** At such large distances, we have d/2z << 1 in Eq. 22-7.
Thus, in our approximation, we can neglect the d/2z term in the denominator, which

leaves us with

1 gd
E = Yo o

(22-8)
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ELECTRIC FIELDS

** The product gd, which involves the two intrinsic properties q and d of the dipole, is
the magnitude p of a vector quantity known as the electric dipole moment j of the

dipole.
The unit of 5 is the coulomb-meter.

Thus, we can write Eq. 22-8 as

1
E = (electric dipole). (22-9)

_271'5,] z

3

** The direction of 7 is taken to be from the negative to the
positive end of the dipole, as indicated in Fig. 22-9b.

** We can use the direction of p to specify the orientation of
a dipole.

** Equation 22-9 shows that, if we measure the electric field
of a dipole only at distant points, we can never find q and d
separately; instead, we can find only their product.

The field at distant points would be unchanged if, for example,

g were doubled and d simultaneously halved.
Copyright © 2014 John Wiley & Sons, Inc. All rights reserved.
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field dominates.
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Down here the —g
field dominates.
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** Although Eq. 22-9 holds only for distant points along the dipole axis, it turns out that E for
a dipole varies as 1/r3 for all distant points, regardless of whether they lie on the dipole axis;
Here r is the distance between the point in question and the dipole center.

**Inspection of Fig. 22-9 and of the field lines in Fig. 22-8 shows that the direction of E for
distant points on the dipole axis is always the direction of the dipole moment vector.

This is true whether point P in Fig. 22-9a is on the upper or the lower part of the dipole
axis.

** Inspection of Eq. 22-9 shows that if you double the distance of a point from a dipole,
the electric field at the point drops by a factor of 8.

** If you double the distance from a single point charge, however (see Eq. 22-3), the
electric field drops only by a factor of 4.

** The electric field of a dipole decreases more rapidly with distance than does the electric
field of a single charge.

The physical reason for this rapid decrease in electric field for a dipole is that from distant
points a dipole looks like two particles that almost—but not quite—coincide. Thus, because
they have charges of equal magnitude but opposite signs, their electric fields at distant
points almost—but not quite—cancel each other.

Copyright © 2014 John Wiley & Sons, Inc. All rights reserved.
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Learning Objectives
( THE ELECTRIC FIELD DUE TO A LINE OF CHARGE )

22.16 For a uniform distribution of 22.18 Explain how
charge, find the linear charge density A symmetry can be used to
for charge along a line, the surface simplify the calculation of
charge density o for charge on a the electric field at a point
surface, and the volume charge density near a line of uniformly
p for charge in a volume. distributed charge.

22.17 For charge that is distributed
uniformly along a line, find the net
electric field at a given point near the
line by splitting the distribution up into
charge elements dqg and then summing
(by integration) the electric field
vectors dE set up at the point by each

element.
Copyright © 2014 John Wiley & Sons, Inc. All rights reserved.
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22-4 THE ELECTRIC FIELD DUE TO A LINE OF CHARGE

The Electric Field Due to a Line of Charge

** We deal with a thin (approximately one-
dimensional) object such as a rod or ring which is
charged with a huge number of particles, more than we
could ever even count.

** Figure 22-11 shows a thin ring of radius R with a
uniform distribution of positive charge along its
circumference.

It is made of plastic, which means that the charge is fixed
in place.

** The ring is surrounded by a pattern of electric field
lines, but here we restrict our interest to an arbitrary
point P on the central axis (the axis through the ring’s
center and perpendicular to the plane of the ring), at
distance z from the center point.

Figure 22-11 A ring of uniform positive
charge. A differential element of charge
occupies a length ds (greatly exagperated for
clarity). This element sets up an electric field
dE at point .

Copyright © 2014 John Wiley & Sons, Inc. All rights reserved.
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ot Table 22-1 Some M f Electri
** The charge of an extended object is often conveyed e me Measures of Electric

Charge
in terms of a charge density rather than the total :
MName Symbol 81 Unit
charge.
Charge q C
% % : . Linear charge
F?r a line of charge, V\{e use the !mear charg.e density A Cim
density A (the charge per unit length), with the Sl unit Surface charge
of coulomb per meter. density o C/m?
Volume charge
: i
Table 22-1 shows the other charge densities that we density P C/m

shall be using for charged surfaces and volumes.

First Big Problem.
Now take a look at the ring in Fig. 22-11, clearly is not a particle and so Eq. 22-3 does not
apply.

So what do we do?

The answer is to mentally divide the ring into differential elements of charge that are so
small that we can treat them as though they are particles. Then we can apply Eq. 22-3.

Copyright © 2014 John Wiley & Sons, Inc. All rights reserved.
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Second Big Problem.

We now know to apply Eq. 22-3 to each charge element dq (the front d emphasizes that
the charge is very small) and can write an expression for its contribution of electric field
(the front d emphasizes that the contribution is very small).

However, each such contributed field vector at P is in its own direction.

How can we add them to get the net field at P?

The answer is to split the vectors into components and then separately sum one set of
components and then the other set.

Third Big Problem.
There is a huge number of dg elements in the ring and thus a huge number of
components to add up, even if we can cancel out one set of components.

How can we add up more components than we could
even count?

The answer is to add them by means of integration.

Copyright © 2014 John Wiley & Sons, Inc. All rights reserved.
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Do It.

** We arbitrarily pick the charge element shown in Fig. 22-11.

**Let ds be the arc length of that (or any other) dqg element.

Then in terms of the linear density A (the charge per unit length), we have

dg = Ads. (22-10)

An Element’s Field.
** This charge element sets up the differential electric field at P, at distance r from the
element, as shown in Fig. 22-11.

in terms of our new symbols dE and dq, The field magnitude due to the charge
elementis

1 dg 1 Ads

dJF = —
dre, re drey re

(22-11)

Then we replace dq using Eq. 22-10.

Notice that the illegal symbol r is the hypotenuse of the right triangle displayed in Fig.
22-11. Thus, we can replace r by rewriting Eq. 22-11 as

1 A s

= e @1 R

(22-12)

Copyright © 2014 John Wiley & Sons, Inc. All rights reserved.
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** Because every charge element has the same charge and the same distance from point
P, Eq. 22-12 gives the field magnitude contributed by each of them.

** Figure 22-11 also tells us that each contributed JE leans at angle © to the central axis
(the z axis) and thus has components perpendicular and parallel to that axis.

Canceling Components.
** Now comes the neat part, where we eliminate one set of those components.
In Fig. 22-11, consider the charge element on the opposite side of the ring.

** It too contributes the field magnitude dE but the field vector leans at angle © in the
opposite direction from the vector from our first charge element, as indicated in the side
view of Fig. 22-12.

Thus the two perpendicular components cancel.

**All around the ring, this cancelation occurs for every charge element and its symmetric
partner on the opposite side of the ring.

So we can neglect all the perpendicular components.

Copyright © 2014 John Wiley & Sons, Inc. All rights reserved.
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Adding Components.

** All the remaining components are in the positive
direction of the z axis, so we can just add them up as
scalars.

** Thus we can already tell the direction of the net
electric field at P: directly away from the ring.

From Fig. 22-12, we see that the parallel components each
have magnitude dE cos ©:

F _ F
r {32 + RE)I.’I !

cos f = (22-13)

Figure 22-12 The electric fields set up at P
by a charge element and its symmetric
partner (on the opposite side of the ring).
The components perpendicular to the z
axis cancel; the parallel components add.

** Multiplying Eq. 22-12 by Eq. 22-13 gives us the parallel field component from each

charge element:

7A
ds
Ame, (77 + R*)™"

dE cos § = (22-14)

Copyright © 2014 John Wiley & Sons, Inc. All rights reserved.
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Integrating.

** Because we must sum a huge number of these components, each small, we set up an
integral that moves along the ring, from element to element from a starting point (call it
s =0) through the full circumference (s=2 m R).

** Only the quantity s varies as we go through the elements; the other symbols in Eq.
22-14 remain the same, so we move them outside the integral.

J' zA J‘ 2R
E = dEmﬂH_-ﬂl«:rgu{zﬂ+R2]3"? ; ds
zA(27R)
— i 22-15
dmey(z® + RY) ( )

This is a fine answer, but we can also switch to the total charge by using A = g/(27R)

q< .
E= -14:'20(;:2 n Rz]m (charged ring). {ﬂ—]ﬁ]

** If the charge on the ring is negative, the magnitude of the field at P is still given by Eq. 22-
16. However, the electric field vector then points toward the ring instead of away from it.

Copyright © 2014 John Wiley & Sons, Inc. All rights reserved.
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Let us check Eq. 22-16 for a point on the central axis that is so far away that z>>R.
For such a point, the expression z> + R’ in Eq. 22-16 can be approximated as z2, and Eq.
22-16 becomes

1
E = i {charged ring at large distance). {EE—]?:I

_4‘?3'5’1: Z

This is a reasonable result because from a large distance, the ring “looks like” a point
charge. If we replace z with r in Eq. 22-17, we indeed do have the magnitude of the electric
field due to a point charge, as given by Eq. 22-3.

Let us next check Eq. 22-16 for a point at the center of the ring—that is, for z = 0.

At that point, Eq. 22-16 tells us that E =0. This is a reasonable result because if we were to
place a test charge at the center of the ring, there would be no net electrostatic force
acting on it; the force due to any element of the ring would be canceled by the force due
to the element on the opposite side of the ring.

By Eq. 22-1, if the force at the center of the ring were zero, the electric field there would
also have to be zero.

Copyright © 2014 John Wiley & Sons, Inc. All rights reserved.
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|ZI Checkpoint 2 ! ! !

The figure here shows three nonconducting rods, one circular and -0 +Q tQ
two straight. Each has a uniform charge of magnitude (J along its top
half and another along its bottom half. For each rod, what is the
direction of the net electric field at point P?

(a) (8) (e)

(a) Toward positive y; (b) toward positive x ; (c) toward negative y

Copyright © 2014 John Wiley & Sons, Inc. All rights reserved.
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Learning Objectives
(THE ELECTRIC FIELD DUE TO A CHARGED DISK)

22.19 Sketch a disk with uniform
charge and indicate the
direction of the electric field at a
point on the central axis if the
charge is positive and if it is
negative.

22.20 Explain how the equation
for the electric field on the
central axis of a uniformly
charged ring can be used to find
the equation for the electric
field on the central axis of a
uniformly charged disk.

22.21 For a point on the
central axis of a uniformly
charged disk, apply the
relationship between the
surface charge density g, the
disk radius R, and the
distance z to that point.
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22-5 THE ELECTRIC FIELD DUE TO A CHARGED DISK
The Electric Field Due to a Charged Disk W dE

** Now we switch from a line of charge to a surface of charge Pe
by examining the electric field of a circular plastic disk, with a
radius R and a uniform surface charge density o (charge per
unit area, Table 22-1) on its top surface.

[

** The disk sets up a pattern of electric field lines around it,
but here we restrict our attention to the electric field at an
arbitrary point P on the central axis, at distance z from the
center of the disk, as indicated in Fig. 22-15.

** We could proceed as in the preceding module but set up a
two-dimensional integral to include all of the field Figure22-15 A disk of radius & and unifor

contributions from the two-dimensional distribution of Positive charge.The ringshown has radi
and radial width dr. It sets up a different

charge on the top surface. electric field 4E at point P on its central
axis.

** However, we can save a lot of work with a neat shortcut
using our earlier work with the field on the central axis of a
thin ring.
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** We superimpose a ring on the disk as shown in Fig. 22-15, at an arbitrary radius
The ring is so thin that we can treat the charge on it as a charge element dgq.

** To find its small contribution dE to the electric field at point P, we rewrite Eq. 22-16
in terms of the ring’s charge dq and radius r:

4‘?1'5.].{;;1 + rz}s.rz '

dE (22-22)

The ring’s field points in the positive direction of the z axis.

** To find the total field at P, we are going to integrate Eq. 22-22 from the center of the
disk at r = 0 out to the rim at r = R so that we sum all the dE contributions (by sweeping
our arbitrary ring over the entire disk surface).

** However, that means we want to integrate with respect to a variable radius r of the
ring.
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We get dr into the expression by substituting for dq in Eq. 22-22.

Because the ring is so thin, call its thickness dr.

Then its surface area dA is the product of its circumference 2nr and thickness dr. So, in terms
of the surface charge density o,we have

dg = odA = o(Zardr). (22-23)

After substituting this into Eq. 22-22 and simplifying slightlyy, we can sum all the dE
contributions with

E = f dE = % L (22 + r2)37%(2r) dr, (22-24)

where we have pulled the constants (including z) out of the integral. To solve this integral,
we cast it in the form [ X dx bysetting x = (z2+ 2, m= -3 anddX= (2r)dr.
For the recast integral we have

_X?rr+l
m+ 1

[ amax -

= [(‘32 Ll M ]H. (22-25)

de,

and so Eq. 22-24 becomes E=

1
3 0
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Taking the limits in Eq. 22-25 and rearranging, we find

— < ,
E= 2¢, (1 = m) (charged disk) (?2—25]

as the magnitude of the electric field produced by a flat, circular, charged disk at points on
its central axis. (In carrying out the integration, we assumed that z 2 0.)

** If we let R - oo while keeping z finite, the second term in the parentheses in Eq. 22-26
approaches zero, and this equation reduces to

E = (infinite sheet). {EZ—E?}

EEG

** This is the electric field produced by an infinite sheet of uniform charge located on

one side of a nonconductor such as plastic. The electric field lines for such a situation are
shown in Fig.22-4.

** We also get Eq. 22-27 if we let z -0 in Eq. 22-26 while keeping R finite. This shows that
at points very close to the disk, the electric field set up by the disk is the same as if the
disk were infinite in extent.
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22-6 A POINT CHARGE IN AN ELECTRIC FIELD
A Point Charge in an Electric Field

** Our objective is to determine what happens to a charged particle when it is in an electric
field set up by other stationary or slowly moving charges.

What happens is that an electrostatic force acts on the particle, as given by
F = gE, (22-28)

g is the charge of the particle (including its sign)
E the electric field that other charges have produced at the location of the particle.

(The field is not the field set up by the particle itself; to distinguish the two fields, the
field acting on the particle in Eq. 22-28 is often called the external field.

** A charged particle or object is not affected by its own electric field.) Equation 22-28
tells us

0 The electrostatic force F acting on a charped particle located in an external electric
field E has the direction of E if the charge g of the particle is positive and has the

opposite direction if 4 is negative.
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Ink-Jet Printing
** Figure 22-17 shows a negatively charged drop moving between two conducting
deflecting plates, between which a uniform, downward-directed electric field has been set
up.
** The drop is deflected upward according to Eq. 22-28 and then strikes the paper at a
position that is determined by the magnitudes of and the charge q of the drop.

** In practice, E is held constant and the position of the drop is determined by the charge g
delivered to the drop in the charging unit, through which the drop must pass before
entering the deflecting system. ‘

The charging unit, in turn, is activated by electronic signals that encode the material to be
printed.

Input
. . signals
Ink-jet printer. Drops shot from generator G Deflecting plate

receive a charge in charging unit C. An input E | LE/
=N

signal from a computer controls the charge
and thus the effect of field E on where the S

drop lands on the paper. plate

Figure 2-17 Ink-jet printer. Drops shot from generator & receive a charge in charging unit
C.An input signal from a computer controls the charge and thus the effect of field E on
where the drop lands on the paper.
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|ZI Checkpoint 3

(a) In the figure, what is the direction of the electro- ¥

static force on the electron due to the external
electric field shown? (b) In which direction will the

k=l

electron accelerate if it is moving parallel to the y axis
before it encounters the external field? (c) If, instead, e

the electron is initially moving rightward, will its e
speed increase, decrease, or remain constant?

a) Leftward
b) Leftward
c¢) Decreases
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Learning Objectives

22.25 On a sketch of an
electric dipole in an external
electric field, indicate the
direction of the field, the
direction of the dipole
moment, the direction of the
electrostatic forces on the
two ends of the dipole, and
the direction in which those
forces tend to rotate the
dipole, and identify the value
of the net force on the
dipole.

( A DIPOLE IN AN ELECTRIC FIELD)

22.26 Calculate the torque on an
electric dipole in an external
electric field by evaluating a
cross product of the dipole
moment vector and the electric
field vector, in magnitude-angle
notation and unit-vector
notation.

22.27 For an electric dipole in an
external electric field, relate the
potential energy of the dipole to
the work done by a torque as
the dipole rotates in the electric
field.
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Learning Objectives (Contd.)( A DIPOLE IN AN ELECTRIC FIELD)

22.28 For an electric dipolein - 22.29 For an electric dipole in an
an external electric field, external electric field, identify
calculate the potential energy the angles for the minimum and
by taking a dot product of the maximum potential energies and
dipole moment vector and the angles for the minimum and
the electric field vector, in maximum torque magnitudes.

maghnitude-angle notation
and unit-vector notation.
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22-7 A DIPOLE IN AN ELECTRIC FIELD
A Dipole in an Electric Field

** We have defined the electric dipole moment 7 of an electric

dipole to be a vector that points from the negative to the v~ G =
positive end of the dipole.
.--: _q.. [

** The behavior of a dipole in a uniform external electric field can =+ -
be described completely in terms of the two vectors E and 7 , " - -
with no need of any details about the dipole’s structure. The dipole s being
torqued into alignment.

F —_—
2] E

** We consider an electric dipole in a uniform external i o .
electric field , as shown in Fig. 22-21a. We assume that the Figwe 2-21 (a) An electric dipole in a
dipole is a rigid structure that consists of two centers of Lors ot el but apposio charee ve sopa-
opposite charge, each of magnitude q, separated by a ::;ﬁ;ﬁ;ﬁ:&;ﬂg;L“:CEET{EE;‘;,EE*
distance d. E causes a torque 7 on the dipole. The di-
The dipole moment 5 makes an angle © with field E . L‘;,“:LTSE.;EF} '(“@“f”"‘* page,as represented

Electrostatic forces act on the charged ends of the dipole.
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Because the electric field is uniform, those forces act in opposite directions (as shown in
Fig. 22-21a) and with the same magnitude F = gE.

** Thus, because the field is uniform, the net force on the dipole from the field is zero and
the center of mass of the dipole does not move.

However, the forces on the charged ends do produce a net torque = on the dipole about

its center of mass.
** The center of mass lies on the line connecting the charged ends, at some distance x

from one end and thus a distance d - x from the other end.

From Eq. 10-39 (7= rFsin ¢) , we can write the magnitude of the net torque T as

7= Fxsin @ + F(d — x)sin @ = Fd sin 6. (22-32)

We can also write the magnitude of 7 in terms of the magnitudes of the electric field E and
the dipole moment p = qd.
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To do so, we substitute qgE for F and p/q for d in Eq. 22-32, finding that the magnitude of T is

7= pEsin 6. (22-33)

We can generalize this equation to vector form as

—_—
— —

T = p X E (torgue onadipole). (22-34)

Vectors 5 and E are shown in Fig. 22-21b.

** The torque acting on a dipole tends to rotate p'hence the dipole) into the direction of
field , thereby reducing 6.

In Fig. 22-21, such rotation is clockwise.

** As we discussed in Chapter 10, we can represent a torque that gives rise to a clockwise
rotation by including a minus sign with the magnitude of the torque.
With that notation, the torque of Fig. 22-21 is

= —pEsin 6. (22-35)
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Review & Summary

Definition of Electric Field
* The electric field at any point

F
E=—. Eq. 22-1
dy

Electric Field Lines

* provide a means for visualizing the
directions and the magnitudes of
electric fields

Field due to a Point Charge
* The magnitude of the electric field E

set up by a point charge g at a distance
r from the charge is

1 gl
E= Eq. 22-3

Field due to an Electric Dipole

 The magnitude of the electric field
set up by the dipole at a distant

point on the dipole axis is

E = 21 iﬂ Eq. 22-9
ey L

Field due to a Charged Disk

* The electric field magnitude at a
point on the central axis through
a uniformly charged disk is given
by

cr i
= 1= ) Eq. 22-26
2ey ( vzl 4+ R2
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Force on a Point Charge in an Dipole in an Electric Field
Electric Field * The electric field exerts a torque on a

* When a point charge q is placed in an dipole
external electric field E
7=p X E. Eq. 22-34

F = gE. Eq. 22-28
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