Chapter 5
Electric Potential
and Capacitance
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INTRODUCTION

When an object moves in a gravitational field, it usually experiences a change in kinetic energy
and in gravitational potential energy due to the work done on the object by gravity. Similarly,
when a charge moves in an electric field, it generally experiences a change in kinetic energy and
in electrical potential energy due to the work done on it by the electric field. By exploring the
idea of electric potential, we can simplify our calculations of work and energy changes within
electric fields.

ELECTRICAL POTENTIAL ENERGY

When a charge moves in an electric field, unless its displacement is always perpendicular to the
field, the electric force does wotk on the charge. If W, is the work done by the electric force,
then the change in the charge’s electrical potential energy is defined by

AU, =-W.

Notice that this is the same equation that defined the change in the gravitational potential
energy of an object of mass 7 undergoing a displacement in a gravitational field AU, =-W).

Example 1 A positive charge +4 moves from position A to position B in a uniform

electric field E:
............................................ =
A B
—-O— 5 > ey > E
+q
------------------------------------------- )

What is its change in electrical potential energy?

Solution. Since the field is uniform, the electric force that the charge feels,
F, = 4E, is constant. Since g is positive, F, points in the same direction as E, and, as the figure
shows, they point in the same direction as the displacement, 7. This makes the work done by
the electric field equal to W, = F,r = 4Er, so the change in the electrical potential energy is

AU, = —qEr
Note that the change in potential energy is negative, which means that potential energy has

decreased; this always happens when the field does positive work. It’s just like dropping a rock
to the ground: gravity does positive work, and the rock loses gravitational potential energy.
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Example 2 Do the previous problem, but consider the case of a negative charge, —.

____________________________________________ >
A B

----- O L » ------------>
—

____________________________________________ >

Solution. In this case, an outside agent must be pushing the charge to make it move, because
the electric force maturally pushes negative charges against field lines. Therefore, we expect
that the work done by the electric field is negative. The electric force, F; = (~¢)E, points in the
direction opposite to the displacement, so the work it does is W, = —F,r = —qEr = —qEr. Thus, the
change in electrical potential energy is positive: AU, = —W,, = —(~¢E7) = qEr. Because the change
in potential energy is positive, the potential energy increases; this always happens when the field
does negative work. It’s like lifting a rock off the ground: gravity does negative work, and the
rock gains gravitational potential energy.

Example 3 A positive charge +4 moves from position A to position B in a uniform

electric field E:

d=rcos@

What is its change in electrical potential energy?

Solution. The electric force felt by the charge ¢ is F, = gE, and this force is parallel to E
because ¢ is positive. In this case, because F, is not parallel to 7 (as it was in Example 1), we will
use the more general definition of work for a constant force:

\VE=FE-1'=FErc089=qErc059

But rcos 8 =4, so

W, = gEd and AU, = -W, = —qEd

5. Electric Potential and Capacitance
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Because the electric force is a conservative force, which means that the work done does not
depend on the path that connects the positions A and B, the work calculated above could have
been figured out by considering the path from A to B composed of the segments roandr,;

Along r,, the electric force does no work since this displacement is perpendicular to the force.
Thus, the work done by the electric field as 4 moves from A to B is simply equal to the work it
does along r,. And since the length of r, is 4 = 7 cos 6, we have W, = F,d = qEd, just as before.

Electric Potential Energy of a System of Two Point Charges

Example 4 A positive charge, 4, = +2 - 10 C, is held stationary, while
a negative charge, g, = -1 - 10~ C, is released from rest at a distance of
10 cm from ¢,. Find the kinetic energy of charge ¢, when it’s 1 cm from q,-

Solution. The gain in kinetic energy is equal to the loss in potential energy; you know this
from Conservation of Energy. Previously, we looked at constant electric fields and were able
to use the equation for work from a constant force. However, when the field {and therefore
the force) changes, we need another equation. The electric potential energy of a system of two
point charges separated by a distance 7 is given by

Equation Sheet

U, = 1 449, :k%qz

4dme, r r
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Therefore, if g, is fixed and ¢, moves from 7, to 7;, the change in potential energy is

AU, =U,-U,

_ 4 (2 o
dreg\ry 7.

A

_ 17 1 1

dre, \ 1y 7y

:(9><109N-m2/(:2)(+2><104C)(—1><10‘8C)( E ! ]
0.0lm 0.10m

=-0.016]

Since g, lost 0.016 ] of potential energy, the gain in kinetic energy is 0.016 J. Since ¢, started from
rest (with no kinetic energy), this is the kinetic energy of 4, when it’s 1 cm from 4.

Example 5 Two positive charges, 4, and ¢,, are held in the positions shown
below. How much work would be required to bring (from infinity) a third positive
charge, g, and place it as shown so that the three charges form the corners of an
equilateral triangle of side length s?

3
O

Solution. An external agent would need to do positive work, equal in magpitude to the negative
work done by the electric force on g, as it is brought into place, so let’s first compute this quantity.
Lets first compute the work done by the electric force as g, is brought in. Since g, is fighting
against both ¢’s and g,’s electric field, the total work done on ¢, by the electric force, W, is equal
to the work done on g, by ¢, (W,_,) plus the work done on ¢, by g, (W,_,)- Using the equation

W, =-AU; and the one we gave above for AU, , we have

W s+ Wyy =—AU ;+-AU, 4
_ass Ly [ 1,
4me, s 4re, s
L 495, 1 99
4drne, s  4ng, s

Therefore, the work that an external agent must do to bring ¢, into position is

W = 1 W 1 4,9
P 4me, s 4me, s
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NOT the Same
Electric potential and
electric potential
energy, although very
closely related and
having similar names,
are not the same thing.
Even the units are
measured differently—
electric potential is
measured in joules per
coulomb and electric
potential energy in

joules.
|

Equation Sheeﬂ

ELECTRIC POTENTIAL

Let W, be the work done by the electric field on a charge ¢ as it undergoes a
displacement. If another charge, say 24, were to undergo the same displacement,
the electric force would be twice as great on this second charge, and the work done
by the electric field would be twice as much, 2W,.. Since the work would be twice as
much in the second case, the change in electrical potential energy would be twice
as great as well, but the ratio of the change in potential energy to the charge would
be the same: W, /g = (2W,)/24. This ratio says something about the work done by
the field and the displacement but not the charge that made the move. The change
in electric potential, AV, is defined as this ratio:

AU,
q

AV=

Potential Difference
Finding the potential

at a certain point in
space is meaningless.
With potential, what

IS more important is

an initial position and
final positian. Just

like in gravity, finding
the potential energy

at a certain point is
meaningless if there

is no relation to
another point. Once we
establish this potential
difference, when we
move a charge across it,
WEe can generate energy.
This will be key in the
next chapter, when
patential difference is
needed in order to have
an electrical circuit.

There is a similar concept with gravitational fields. The work done by gravity (near the Earth)
on an object as it changes its position is W = mgh. If twice the mass were moved, the work
would have to be W = (2m)gh. The ratio of the work to the mass moved is technically the
“gravitational potential,” but near the Earth, this quantity is simply the gravitational field
strength, g, multiplied by the change in the height of the object. Electric potential is the electrical
equivalent of a change in beight.

Electric potential is electrical potential ener er unit charee; the units of electric
p p gy &
potential are joules per coulomb. One joule per coulomb is called one volt

(abbreviated V), s0 1 J/C=1V.

Electric Potential from a Point Charge
Consider the electric field created by a point source charge Q. If a charge g moves
from a distance 7, to a distance 7, from Q, then the change in the potential energy is

UB_UA_&(LLJ

drngg\r, 1,

The difference in electric potential between positions A and B in the field created by Q is

VB_VA:M:_Q_[LLJ

q gy \ny 7,
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If we designate V, — 0 as r, — oo (an assumption that’s stated on the AP Physics 2 Exam), then
for a point charge Q, the electric potential at a distance 7 from Q is

VE——l

4re, 7

Note that the potential depends on the strength of the source charge making the field and the
distance from the source charge.

Example 6 Let Q = 2 - 10 C. What is the potential at a Point P that is 2 cm
from Q?

Solution. Relative to V'= 0 at infinity, we have

2x107° C
)_

m

y=—1 g=(9x109 N-m*/C?

=900V
4ne, r

This means that the work done by the electric field on a charge of ¢ coulombs brought to a
point 2 cm from Q would be —~9004 joules.

Note that, like potential energy, electric potential is a scalar. In the preceding
example, we di.dn’t have to specify the direction of the vector from the position Equipotential surfaces
of Q to the point P, because it didn’t matter. Imagine a sphere with a surface of are often imaginary.

2 cm from Q; at any point on that sphere, the potential will be 900 V. These spheres Whether we put a
around Q are called equipotential surfaces, and they’re surfaces of constant metal sphere in that
potential. The equipotentials are always perpendicular to the electric field lines. location or whether we
visualize a sphere that
isn't really there doesn’t
change the electric
potential in that region.

Remember

Example 7 How much work is done by the electric field as a charge

moves along an equipotential surface?

Solution. If the charge always remains on a single equipotential, then, by definition, the
potential, V] never changes. Therefore, AV = 0, so AU, = 0. Since W, = -AU, the work done by
the electric field is zero.

5. Electric Potential and Capacitance
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Addition of Electric Potential

individual potentials, we’re simply adding numbers; we’re not adding vectors.

The formula V' = kg/r tells us how to find the potential due to a single point charge, 4. Potential
is scalar (we will not be concerned with direction, just the sign of charge). When we add up

Equation Sheet V=

4me, 7,

~

Just like g,=4 nC and ¢,= -6 nC)?

Gravitational
Potential Energy
The electric force

is conservative. Al b
we care about is the i 3cm
change in position bl

when calculating the b
change in potential bl

.

Example 8 How much work would it take to move a charge
g =+1- 107 C from Point A to Point B (the point midway between

134

energy. O """""""" =R L O v
b B /p)
Ammmeemeeenaas 4 cm ------------- >

Solution. AU, = 4AV] so if we calculate the potential difference between Points A and B and
multiply by g, we will have found the change in the electrical potential energy: AU, _; = gAV, .
Then, since the work by the electric field is —AU, the work required by an external agent is AU.

First, we need the potential at point A, V. Since there are two charges, ¢, and ¢,, contributing
to the potential at point A, we calculate the contribution of each using V = £#Q/r and sum the
results. Remember that the potential is a scalar quantity, so no vector addition is required here.
It is very important to keep track of the positive and negative signs, however.

9~ -9
v, 1 zi=/e 4.9 =(9.0><109N‘—’;‘z) 4x%10 C+ 6x107C
4me, T'r, noon C 0.05 m 0.03 m

V. =-1080 V

A similar calculation can be carried out for point B, although the distance from the charges
will be different for point B than they were for point A.

._‘J - _‘)
A =(9.0><109N'—T2) 4x10 C+ 6x107C
noon ¢ 0.02 m 0.02 m

Va:inzk(

4re, T r,

¥, =900 V
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AV, =V, -V, = (900 V) — (-1080 V) = +180 V. This means that the change in electrical

A—>B
potential energy as ¢ moves from A to B is

AU, 5 =qgAV, 5 = (+1-102C)(+180 V) = 1.8 ]

—B

This is the work required by an external agent to move ¢ from A to B.

EQUIPOTENTIAL CURVES AND EQUIPOTENTIAL MAPS

Electric field diagrams are a simple way to represent a sometimes very complex result of the
influence of a charge distribution created by several charges. A similar image may be formed
using isolines of electric potential instead of electric field vectors. In a downward gravitational
field, if an object were to move from one position on a line at a constant height to another
position on the line, no work would be done because the displacement would be perpendicular
to the gravitational field. Electric equipotential curves are similar. A charge may be moved from
one position on an equipotential curve to another without any work being required. A drawing
of several equipotential curves at various values of the potential for a charge distribution (which
may or may not be specified) is called an equipotential map. These images may look somewhat
familiar as they are very similar to topographical maps, which plot lines of constant height in a
uniformly downward directed gravitational field.

Here are the electric fields (which should look very familiar from Chapter 5) and some
equipotential lines for isolated positive or negative point charges. The field lines are shown in
solid and the equipotentials are shown as dashed lines.

The equipotential map for an isolated positive charge is exactly the same shape as that for an
isolated negative charge. Both equipotential maps are made of concentric circles. Notice that
everywhere the equipotential curves meet the field lines, the two types of curves meet at a
right angle. This must be the case for an equipotential curve to require no work to move along.
Imagine if a field component were directed opposite the motion along an equipotential curve.
Then an external agent would have to push harder to maintain the same speed along the curve,
and that would mean some outside work was being done. Despite the fields for positive and
negative charges being identical, it is possible to determine whether the charge at the center is

5. Electric Potential and Capacitance
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positive or negative whenever two or more of the equipotential lines are labeled with values. By
definition, the potential will be higher (or more positive) close to a positive charge, and lower (or
more negative) close to a negative charge.

Below is the equipotential map and some electric field lines for an electric dipole.

Example 9 Describe the equipotential lines in areas where the electric field is
relatively strong compared to the areas where the electric field is relatively weak.

Solution. The electric field is strong where the field lines (solid in drawing above) are densely
packed (center of image) and weak where they are spread out (left and right edges of drawing).
Therefore, using the dipole field shown above as a reference, the field is strong between the two
charges and weak off to the sides. Comparing the equipotential lines at those two locations,
we can conclude that where the equipotential lines are close together, the field is strong, and
as the distance between adjacent equipotential lines increases, the field strength decreases.

AV

—|> as the equipotential map shows lines at a

9
This is consistent with the relationship FiE

%
E

constant electric potential difference AV, so the field strength, | E |, is strong when the distance,

7, between the lines is small.
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is uniform and given by the equation

(o}

2¢,

plates) relative to the potential of the sheet itself?

Example 10 Consider a very large, flat plate that contains a uniform surface
charge density 6. At points that are not too far from the plate, the electric field

What is the potential at a point which is a distance 4 from the sheet (close to the

Solution. Let A be a point on the plate and let B be a point a distance o from the sheet. Then

Ve—V, = p

Since the field is constant, the force that a charge 4 would feel is also constant, and is equal to

g
FE=qE=qZ
0

~Wg 4 OR G

charged plate

Therefore,

This says that the potential decreases linearly as we move away from the plate.

5. Electric Potential and Capacitance
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Example 11 Two large flat plates—one carrying a charge of +Q, the other -Q—
are separated by a distance 4. The electric field beeween the plates, E, is uniform.
Determine the potential difference between the plates.

Solution. Imagine a positive charge 4 moving from the positive plate to the negative plate:

+Q !

0O |E

—Q 4 y + Y .

<-- -

Since the work done by the electric field is

W, =Fd=qEd

E,+

the potential difference between the plates is

74 _
1/__1/+= E+o- qu=—Ea’
q q

This tells us that the potential of the positive plate is greater than the potential of the negative
P P P g P g
plate, by the amount £4. This equation can also be written as

Therefore, if the potential difference and the distance between the plates are known, then the
magnitude of the electric field can be determined quickly. The magnitude is simply

E

q

uation Sheet E-=

AV
Ar

_IA_V
A
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CAPACITORS AND CAPACITANCE

Consider two conductors, separated by some distance, that carry equal but opposite charges,
+Q and —Q. Such a pair of conductors comprises a system called a capacitor. Work must be
done to create this separation of charge, and, as a result, potential energy is stored. Capacitors
are basically storage devices for electrical potential energy.

The conductors may have any shape, but the most common conductors are parallel metal plates
or sheets. These types of capacitors are called parallel-plate capacitors. We'll assume that
the distance 4 between the plates is small compared to the dimensions of the plates since, in
this case, the electric field between the plates is uniform. When this is not the case, you must
account for the fringing fields, which are discussed later in this chapter. The electric field due to
one such plate, if its surface charge density is 6 = Q/A, is given by the equation E = 6/(2¢)), with
E pointing away from the sheet if ¢ is positive and toward the plate if o is negative.

Therefore, with two plates, one with surface charge density +0 and the other —o;, the electric
fields combine to give a field that’s zero outside the plates and that has the magnitude

(o) (o3 o

=t —=—

oml
% 2e, 2g, g,

in between.

total

g . Q
sOA

In Example 11, we learned that the magnitude of the potential difference, AV, between the
plates satisfies the relationship AV = Fd, so combining this with the previous equation, we get

A
.S o AV _o AV QA Q _&d
& d g d g AV d
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Equation Sheet

Equation Sheet

What Determines
Capacitance?
Capacitance does NOT
determine the charge
on the capacitor, 4, or
the potential difference,
V across it. It only
shows a relationship
between Qand V. The
greater the potential
difference applied to a
capacitor, the greater
the amount of charge
the capacitor can hold.
Think of capacitance
as a property of

a physical object.
Physically, capacitance
is determined by three
things: the area of the
plates, A; the plate
separation, d; and the
dielectric constant, x.

Q s the total charge stored on cither plate of a capacitor, and AVis the potential difference between
the plates. The ratio of Q to AV, for any capacitor, is defined as its capacitance (C).

C=QIAV

The capacitance measures the capacity for holding charge. The greater the capacitance, the more
charge can be stored on the plates at a given potential difference. The capacitance of any capacitor
depends only on the size, shape, and separation of the conductors, and the “dielectric constant,” k
(the Greek letter kappa), which depends on what material is between the plates of the capacitor. For
a parallel-plate capacitor, we get

An insulator (called a dielectric in this context) may fill the area between the plates,
or the space between them may be in vacuum. When there is nothing in the gap
between the plates except vacuum, then % = 1. When an insulating material is in
the gap between the plates, then « > 1. From the definition, C = Q/AV, the units of C
are coulombs per volt. One coulomb per volt is renamed one farad (abbreviated F):

1C/V=1F

Example 12 A 10-nanofarad parallel-plate capacitor holds a charge
of magnitude 50 ocC on each plate.

(@) What is the potential difference between the plates?

(b) If the plates are separated by vacuum with a distance
of 0.2 mm, what is the area of each plate?

Solution.

(@) From the definition, C = Q/AV, we find that
~Q _50x10°C
“C 10x10”F
(b) Because k = 1, we have the equation C = 804, and can calculate the area,
A, of each plate: d
Azc_dz (10x10™ F)(0.2x107 m)

& 8.85x107™"* C*/N-m*

AV =5000V

=0.23 m*
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ELECTRIC FIELD AND CAPACITORS

For point charges, the electric field created by one or more point source charges
varies, depending on the location. For example, as we move farther away from the
source charge, the electric field gets weaker. Even if we stay at the same distance
from, say, a single source charge, the direction of the field changes as we move
around. Therefore, we could never obtain an electric field that was constant in
both magnitude and direction throughout some region of space from point-source
charges. However, the electric field that is created between the plates of a charged
parallel-plate capacitor is constant in both magnitude and direction throughout the
region between the plates; in other words, a charged parallel-plate capacitor can
create a uniform electric field. The electric field, E, always points from the positive
plate toward the negative plate, and its magnitude remains approximately the same
at every point between the plates, whether we choose a point close to the positive
plate, closer to the negative plate, or between them.

Example 13 The charge on a parallel-plate capacitor is 4 - 10-¢ C. If
the distance between the plates is 2 mm and the capacitance is 1 yF,
what’s the strength of the electric field between the plates?

Solution. Since C = Q/AV, we have AV = Q/C= (4 - 10~ C)/(10-° F) = 4 V. Now, using the

equation AV = Ed,

E=AVid=(4V)/(2-107° m) = 2000 V/im

AP Physics 2 Premium Prep

“Uniform electric
field” is only
approximately true.
The electric field is only
constant everywhere in
space for an infinitely
large sheet of charge,
and such a thing is
impossible to construct.
However, whenever the
observation location

is sufficiently close

to the plates, or the
edges of the plates are
sufficiently far away,
the constant electric
field appraximation
holds true.

strength is 10* V/m?

Example 14 The plates of a parallel-plate capacitor are separated by a distance of
2 mm. The device’s capacitance is 1 guF. How much charge needs to be transferred
from one plate to the other in order to create a uniform electric field whose

Solution. Because Q = CAV and AV = Ed, we find that
Q=CEd=(1" 10-°F)(1 - 104V/m)(2 - 10°m) =2-10°C =20 uC

Fringing Fields

The mathematical analysis of capacitors up until now assumes that the plates of the capacitor
are infinitely large. Because of this approximation, the analysis is very good in the region near
the centers of the plates, but is not as precise near the edges of the plates. In the areas beyond
the edges of the plates, we can approximate the field as the sum of the capacitor field and a

dipole formed by the charges at the edges of the plates.

5. Electric Potential and Capacitance
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THE ENERGY STORED IN A CAPACITOR

To figure out the electrical potential energy stored in a capacitor, imagine taking a small amount
of negative charge off the positive plate and transferring it to the negative plate. This requires
that positive work be done by an external agent, and this is the reason that the capacitor stores
energy. If the final charge on the capacitor is Q, then we transferred an amount of charge equal
to Q, doing work to move the charge through a potential difference at each stage. If the final
potential difference is AV, then the average potential difference during the charging process
is %AVE so, using the definition of potential difference, AV = AU, /Q, we can write that for a
capacitor AU . =Q - %AV = %QAV. At the beginning of the charging process, when there was

no charge on the capacitor, we had U=0,50AU_=U—-U=U-0= U therefore, we have

E

q

1
uation Sheet U.= EQAV

This is the electrical potential energy stored in a capacitor. Because of the definition C = Q/AV,
the equation for the stored potential energy can be written as

4 N

U.= %(CAV)- AV = %C(AV)Z

or

O

1 Q*
U.==Q->=>
c 2Q 2C

S J

Interestingly, this work is typically done by a battery as the external agent. The battery supplies
a total work of QAV; but the capacitor ends up storing only half of this energy. The other 50%
of the energy supplied by the battery is dissipated as heat during this charging process.
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CAPACITORS AND DIELECTRICS

One method of keeping the plates of a capacitor apart, which is necessary to maintain charge
separation and store potential energy, is to insert an insulator (called a dielectric) between the

plates.

/.

/////

dielectric

/////

7

Insulator?

Why not a conductor? A
capacitor stores energy
by holding charges
apart from one another.
If a conductor is placed
between the plates, the
charges are no longer
separated and the
device is no longer a

capacitor.

A dielectric always increases the capacitance of a capacitor.

Let’s see why this is true. Imagine charging a capacitor to a potential difference of AV with
charge +Q on one plate and —Q on the other. Now disconnect the capacitor from the charging
source and insert a dielectric. What happens? Although the dielectric is not a conductor, the
electric field that exists between the plates causes the molecules within the dielectric material
to polarize; there is more electron density on the side of the molecule near the positive plate.

The effect of this is to form a layer of negative charge along the top surface of the dielectric and
a layer of positive charge along the bottom surface; this separation of charge induces its own
electric field (E), within the dielectric, which opposes the original electric field, E, within the
capacitor.

So the overall electric field has been reduced from its previous value: E__ =E+ E,and E__ =
E — E. Le’s say that the electric field has been reduced by a factor of « from its original value
as follows:

E, = Q Equation Sh

eet

5. Electric Potential and Capacitance
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Since AV'= Ed for a parallel-plate capacitor, we see that AV must have decreased by a factor

of k. But C= Ay e if AV decreases by a factor of k, then C increases by a factor of k:

e o =xkC o
with dielectric ‘withour dielectric

The value of «, called the dielectric constant, varies from material to material, but it’s always
greater than 1. In general, the capacitance of parallel-plate capacitors is

L Equation Sheet C

I}

A

m
SN
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Chapter 5 Review Questions

Answers and explanations can be found in Chapter 11.

Section I: Multiple Choice
[:lMarkfor Review

An experiment is conducted and data is gathered for the
electric potential V at various positions r away from a
uniformly charged sphere. All measurements are taken
outside of the sphere. Which of the following graphs yields
a straight line?

E] Mark for Revigw

A section near the center of a parallel-plate capacitor is
shown below. There are 4 labeled positions between the
plates shown as A, B, C, and D. Relative to A, which point
has the largest potential difference and why?

+Q
r 1 )
@ V as a function of .
L r D .
V as a function of l c®
Y
r A@ B@®
© V as a function of r
\ J
- ~ | _Q
@ V as a function of 2

Point A because the potential difference is infinite
when the position between points is 0 m

m Mark for Review 2

Negative charges are accelerated by electric fields toward

~

Point B because it is the same distance from the —Q
~ plate as A

[ @ points of lower electric potential - -'
y 7 A
r ~ © Point C because it is farther in distance from
points of higher electric potential Point A
L ¥ L »
{ ' ' TN
© points where the electric field is weaker @ Point D because it is closest to the +Q plate
L J L -
r N

@ points where the electric field is stronger

N J

[:] Mark fdr Reviéw

A charge g experiences a displacement within an electric
field from Position A to Position B. The change in the
electrical potential energy is AU, and the work done by the
electric field during this displacement is W,. Then

@ V- Ve=4qW,

Va—-Vy=aW,

\ >

=
© VA_VB=AUE/q
L

=
® V,-V,=aUyq
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Hj EI »Markv for Review

+0

le

°3

-0
Which points in this uniform electric field (between

the plates of the capacitor) shown above lie on the same
equipotential?

r@ 1 and 3 only

2 and 4 only

© None lie on the same equipotential.

(
@ 1,2, 3, and 4 all lie on the same equipotential since
the electric field is uniform.

\ J
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A charge Q creates an electric field through which a second
charge g moves, as shown below. g is initially at point B
and is moved to point A, farther away. The potential from
O at position A is V, = 100 V and at B is V,, =200 V. The
charge on ¢ is negative. What is the sign of Q and the sign
of the work done by the electric field of Q as g is moved
from B to A?

' R’
@ Q is positive and the work done by the electric field
is positive.

\ J

o

Q is positive and the work done by the electric field
is negative.

.

© Q is negative and the work done by the electric field
is positive.

| N— v

@ Q is negative and the work done by the electric field
is negative.

\ J
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In Figure 1, four charges, each of magnitude Q, are situated at the corners of a square with side lengths s. The two charges
on the top of the square are positively charged, while the two on the bottom of the square are negatively charged.

Figure 1
A s B
@ =mmme B ©
3
Qeemmmmee 1)
D C

A. These charges were assembled in order by first bringing in charge A, then bringing in charge B, then bringing in
C, and finally bringing in charge D. Rank the amount of energy in the charge distribution in the presence of only
charge A, only charges A and B, only charges A, B, and C, and in the presence of all four charges. Negative numbers
should be taken as smaller than positive numbers. Justify your answer.

Greatest (most positive) Least (most negative)

B. Show that the potential at the exact center of the square is 0 V by calculating the potential from each charge at that
location.

C.  Sketch (on the diagram) the portion of the equipotential surface that lies in the plane of the figure and passes o
through the center of the square.

D. Asshown in Figure 2, solid conducting bars are placed to connect points A to B and also to connect points C to D.
The charge is allowed to distribute over these conductors. Sketch the electric field at each of the dots. Explain why
the field is constant at the dots in the center but not at the dots on the edges.

Figure 2

+20
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Figure 1 shows the isolines of electric potential surrounding two charged spheres, labeled L and R. The spheres carry
opposite charges and the potential difference between adjacent pairs of lines is AV = 15 V. The isolines with electric
potentials of —25 V and 10 V are indicated.

Figure 1
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A.  Sketch in the line of potential 0 V on the drawing,

Approximately what is the value of the potential at the point labeled A?

1. Which sphere, L or R, carries a negative charge? Explain your answer.

ii. Which sphere, L or R, carries a greater magnitude of charge? Explain how you know.

i. Draw arrows to indicate the electric fields at the points labeled L, M, and N.
ii. Rank the magnitude of the electric field strength at points L, M, and N. Explain your answer.

E.  If the sphere labeled L were replaced with another sphere to have the same magnitude of charge but of the opposite

sign, would the value of the potential at the point labeled N be larger, smaller, or stay the same? Justify your
answer.
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A solid conducting sphere of radius a carries an excess charge of 0.
A. Determine the electric field magnitude, E(r), as a function of r, the distance from the sphere’s center.

B. Determine the potential, V(r), as a function of r. Take the zero of potential at r = w.

C. On Figure 1, sketch E(r) and V(r). (Cover at least the range 0 < r <2a.)

Figure 1

E(r)

Vir)
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Chapter 5 Summary

o Electric potential energy is a type of energy arising from the interaction of a charge and an external
electric field. As with all types of energy, it may be converted into other types of energy or may be
added to the system or removed from the system through work.

o The electric potential difference (commonly referred to as the voltage) is defined as the change in
electric potential energy per unit of charge: AV = AU, / 4.

o  The electric potential energy is defined by AU, =-W, or AU, = ¢gAV. For a pair of interacting
| 44

point charges g, and g,, the electric potential energy in the system is U, = T
0

o 'The work done moving a charge ¢ through a uniform electric field E for a distance 4 is given by
W=qEd.

o Equipotential surfaces are surfaces along which the potential is constant. Moving a charge at a
constant speed along an equipotential surface results in no change in energy of the charge.

o Equipotential surfaces are always perpendicular to the electric field at any point on the surface.

o 'The electric field is strong where the equipotential lines are close to one another and weaker where
the lines are farther apart.

o Capacitors are devices that store electric potential energy in electric fields. Capacitance is given by
C TAV For parallel-plate capacitors, the capacitance is C = ke, 7

o A parallel-plate capacitor has a uniform electric field between the plates for regions close to the plates
and far from the outer edges of the capacitor.

1 1
o  The electrical energy stored in a capacitor is given by U = EQAV = EC (AV)".

o When a capacitor is filled with a dielectric, its capacitance increases from the capacitance it had when
it had a vacuum between its plates.
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