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STUDY GU DE SELF-PACED PHYSICS

P STEP NAME P STEP SECTION SEGMENT 24

i

2

3

4

5

6-

0.1

0.2

1.1

5.1

6.1

Reading: *HR 29-1/29-5
SW 28-3
SZ 26-3; 26-4

AB 37-1; 37-2

Information Panel, "Work in an
Electric Field"

T F

7

8

9

10

IT-

12

10.1

11.1

A B C D

A B C D,----

(ans)

.

A B C D

If correct, advance to
not, continue sequence.

5.1; if

I

T F

(ans)

(ans)
-

(ans)

Information Panel,
Due to a Point

A B C

Charge"
"Potential

T F
(ans)

A B C T F ) F-1 I I

If your first choice
advance to 14.1; if

tinue sequence.

A B C D

was correct
not, con-

Information Panel, "Potential
Difference"

el,

T F

1

_
(ans)

If correct, advance to 10.1; if
not, continue sequence.
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SEGMENT 24

13

14

14.1

15

15.1

16

17

18

B C

....1

Information Panel, "Potential
Due to Combination of Charges"

C

If your first choice was correct,
advance to 20.1; if not, con-
tinue sequence.

(ans)

(ans)

F-1

cp
I-1

19

20

20.1

A=ar

C D

CPOInu
Homework: HR 29-8
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P STEP NAME P STEP SECTION SEGMENT 25

4

5

0.1

0.2

1.1

5.1

Reading: *HR 29-6/29-9
*SW 28-3, 28-4
SZ 26-2; *26-6

Information Panel, "Potential
Gradient"

A B C D T F

9

10

11

12

13

6.1

.

10.1

.

13.1

If your first choice was cor-
rect, advance to P 10; if not,
continue sequence.

A B C D

Li
A B C

1 .",,

._
If your first choice was correct,
advance to 5.1; if not, continue
sequence.

A B C D

A B C D T F

I 1111

I

A B C D T F

B C D .

If your first choice
advance to

continue sequence.

A B C

13.1;

D

was cor-
if not,

$

T F

(ans

I
T F

A B D(ans)

Information Panel, "Potential
Due to Distributed Charges"

B C D T F
B C D

----

.

Information Panel, "Applications
of-the Concept of Electric Poten-
tial Energy ".

.

.

1 of 2
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P STEP NAME P STEP SPZTION SEGMENT 25

14

15

16

17

18

14.1

18.1

T F

.

.

.
(ans)

If correct, advance to 18.1; if
not, continue sequence.

ABCD
nnn

.ABCDinn
I

(ans)

T F

(ans)

Homework: HR 29-16

2 of 2
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P STEP NAME P STEP SECTION SEGMENT 26

1

2

3

4

5

0.1

0.2

0.3

1.1

5.1

Reading: f:!IR 30-1, 30-2

SW 30-1, 30-2
SZ 27-1/27-3
AB 37-4, 37-5

Information Panel, "The Meaning
of Capacitance"

'idiovisual, CAPACITORS

A B C T F

7

10

11

12

6.1

9.1

9.2

10.1

.

If your first choice was correct,
advance uo 9.1; if not, continue
sequence.

A B C

I I n ----

A B C D

I. 1

A B C D T F
If your
advance
sequence.

A

first choice
to 5.1; if not,

B C D

was correct,
continue

1--- 1--1

Information Panel, "Equivalent
Capacitance Series and Paral-
lel"

Audiovisual, THE CAPACITOR IN
ACTION

T F

I

A B C D
----

n
(ans)

[

If correct, advance to
not, continue sequence.

A B C D

14.1; if(ens

F

I

FL

(ans)

Information Panel, "Calculation
of Capacitance"

A B C D T F

(ans)nn

1 of 2
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rL

13

14

15

16

17

18

19

STEP NAME P STEP SECTION SEGMENT 26

220

21

22.2.

A B D

1

[---1 [

14.1

15.].

,

(ans)

T F iABCD
I ICans)

T F

Information Panel, "Analysis of
Capacitor Circuits"

T F

22

(ans)

Homework: HR 30-10

(ans)

If correct, advance to 22.1; if
not, continue sequence.

ABCD
[---]----

ABCD
I

ABCD
nnnn

B C D

I
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P STEP NAME P STEP SECTION SEGMENT 27

2

0.1

0.2

1.1

5.1

6.1

Reading: HR *30-3, 30-4, 30-5;
*30-7

SW 30-3, *30-4
SZ 27-4, *27-5; 27-8

Information Panel, "Energy
Storage in Capacitors"

T F

9

10

11

12

13

9.1

10.1

(ens)

(ans)

T F(ans)

ifIf correct, advance to
not, continue sequence.

A B C D

5.1;

T

(ans)

Information Panel, "Effect of
Capacitor Dielectric"

A B C D T

A B C D
.

.
----

If first choice was correct,
advance to P 16; if

continue sequence.

A B C D

not,

.----

A B C D

A B C D
(ans)

of

F

Information Panel, "Transfer
Energy in Capacitors"

T

A B C D

1111

..1(ans)

If correct, advance to 9.1; if

not, continue sequence.

1 of 2



STUDY GUIDE SELF-PACED PHYSICS
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14

15

16

17

18

16.1

18.1

(ans)

ABCD T

...

T F

(ans)

If correct, advance to 18.1; if

not, continue sequence.

A BIC D.

T

[
I
4

(ans)

Homework: HR 30-28
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SEGMENT 24

INFORMATION PANEL Work in an Electric Field

OBJECTIVE

To calculate the work done by an external agent in moving a charge over
a given distance in an electric field.

One of the principal sources of difficulty for studonts starting their
work in this subject is confusion with respect to tne algebraic signs
given to the various vectors involved in the eqnations. We shall try
to clarify some of these concepts in this Information Panel.

Starting with a test charge go immersed in a uniform electric field of

intensity E as shown in Figure 1, we
can draw on our past studies to state
that the force "P' exerted by the
field on the chazi,e is given by:E

Figure 1

F'

qo

Figure 2

go

-E4.1
..

4e

go

Figure 3

1.

cicA (1)

We shall be interested in the work
required to bring the charge from
some di3tant point toward the source
of the field; that is, in the work
done against the field by some
external agent which exerts a force
F on the charge in a direction
opposite that of the field. Referring
to Figure.+2, Coe external force is
shown as F,..*having a magnitude equal
to that of F' but opposite in direc-
tion. This force has beercmade equal
in magnitude to the force F' because
we are interested in the work done
without accelerating the test charge.
The qualification is that there be no
change in the kinetic energy of the
particle during its journey inward.
Since F is equal and opposite P, we
can then write:

F " -cloE (2)

next page



2 SEGME:;T 24

continued

To find the work done on tut: pulLicle, it is necessary to sum up all 11!

elements of work involved in moving through all the elements of dispktco-,
went ds as shown in Figure 3. That is:

W = Pd;

g o

Figure 4

0

y

d -s4

dx qo

Figure 5

x

hence,

(3)

Substituting equation (2) into
equation (3) gives us:

W=-qPd-S' (4)

Now, to put this equation into scalar
form, it is noted (Figure 4) for this
simple case that the angle 0 between
the electric intensity vector and the
displacement vector is 1800, hence:

Eds = Eds cos1800 (5)

Refer now to Figure 5. When the system
is referred to coordinate axes, the
element of displacement inward (d) is
equal in magnitude but opposite in
direction to the distance element dx
along the x-axis so that we may say:

a (6)

and substituting equation (6) into
equation (5):

Eds = E(-dx) (-1) (7)

= Edx (8)

so that equation (4) may now be written in scalar form as:

x2
W -qof E dx

This is the form of the work equation which is most often used in problems
in this course. You may now proceed to the core problem which deals with
the work required to move a given charge from some position xi to another
positiOn x2 against an electric field.



SEGMENT 24 3

PROBLEr

1. A particular electric field can be described by the following
equation:

E =
10

x

How much work must be performed to move a charge q = +1 coul from
x= 10 m to x = 5 m?

2. A charge q = X30 coul is moved from point A to C and then to B as
shown in the diagram. How much work is performed in moving the charge
if triangle ABC is 3 meters by 4 meters by 5 meters?

Q =10 COW /M2

B

MOD OW' ONO MIA

Q= m coul /m2

3. A charge q = +30 caul is moved from point A to d as shown in the
diagram of the preceding question. How much work is performed in moving
the charge if triangle ABC is 3 meters by 4 meters by 5 meters?

4. Refer to the diagram in question 2 above. How much work must
be done by an outside agent to move an alpha particle from A to B
to C and back to A again (a complete loop)? The triangle ABC is
3 meters by 4 meters by 5 meters.
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5. A charge Q of 10.0 coulombs is located at the origin of an x, y, z

coordinate system. How much work in joules must be performed to place
another charge ' q = +1.00 coulomb at a point located on the positive
x-axis 9.00 c m the origin?

A.

B. 3.72 x 134

C. -10.0 x 10"

D. -3.72 x 10'

INFORMATION PANEL Potential Difference

OBJECTIVE

To calculate the potential difference between two points in an electric
field.

If a charge is moved between two points in an electric field, work is
generally done. Specifically, for the simple electric field shown in
Figure 1, a positive test charge moved from point a to point b in some
random path, the motion will be against a component of the electric
field--against an outward force--and work will have to be done by some
outside agency to move the charge. It is one of the most important
properties of the static field that this work is completely independent

of the path taken by the test. charge.
If the charge moves back from b to a
along the path shown or any other
path, work will be done on it by the
field. If there is no restraining
force on the charge, it will accelerate
and gain kinetic energy; if its energy
is to be kept constant, a restraining
force will have to be applied to it
and work will then be done on the
agency that supplies this force. This
work will be identical in magnitude
with that needed to move it from a
to b, hence the electric field is a
conservative field so that the law of
conservation of energy applies to the

movement of charged bodies in such a field.

Figure 1

next page



SEGMENT 24 5

continued

Since the work required to move a charge between two given points in a
field of constant intensity is always the same, and since the work varies
in proportion the magnitude of the chlrge moved, we may now define
a 11,- two points in a field in these terms.

The potential difference val between points a and b
in a steady electric field ts the ratio of the total
work done and the magnitude of the charge moved.

V
ab = Wab /go

Clearly, this is essentially the same as stating that potential difference
is work per unit charge.

Conventionally, go is always taken to be a positive test charge of small
magnitude.

In the MKS system, work is measured in joule (abb. J) and charge is
measured in coulombs (coul), so that the unit If potential difference
is the joule per coulomb, or the volt. One v, , therefore, is the
potential difference between points in an elec- is field such that one
joule of work must be done to move a charge of lie coulomb between the
points considered.

Work done against the electric field by the ou side agency is considered
positive while work done by the electric field on the outside agency is
taken as negative. If there is no difference of potential between the
two considered points in the field, the work required to move the charge
between them is zero.

In general, calculating the potential difference between two points
requires that the work from a to b first be determined by 'properly
applying the relation:

Wab =

and then dividing the work thus obtained by the magnitude of the test
charge go. Thus,

Vb - Va = - E.ds
fr

next page
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continued

The prob2ems in this section require that you

(a) calculate the potential difference between two points in a
uniform electric field when the line connecting these points is not
parallel to the field;

(b) be able to define clearly the meaning of potential difference
and understand the units used to express it.

6. Tw parallel plates each with a surface charge density c = 10 coul/;::
form a -eglon of uniform electric field as shown in the diagram. Calcuiate
the potential difference VAB E VB - VA in volts.

47= 10 Coui/M2

c= 10 couli m2

7. Write an expression for the electric potential difference between two
points a and in terms of the work required to move a test charge q

o
from a to b, . (Recall that a test charge is defined as a small
positive chazgt.)

A. = Vab = Wab/go

B. Vb - Va E Vab = Wab

C. Vb Va =
Vab = W

go Wab

D. Va Vb E Vab = Wab/q0
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8. The work term that appears in the previous question is

A. positive
B. negative
C. zero
D. any of the above

9. In the MKS system, the unit of electric potential is the volt (V).
The volt can be expressed as the

A. J/coul

B. J-coul

C. coul/J

D. J2/coul

10. Two parallel plates each with a surface charge of a = 10 coul/m2

form a region of uniform electric field as shown in the diagram.
Calculate the potential difference VAB between points A and B in.
volts.

= 10 coul /m2
+ + + + +

TB

3m

!q

0 = 10 coul/m2
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INFORMATION PA:sal Potential Eue to r Point Ch..re.

OBJECTIVE

To determine the potential of a point in space immersed in an electric
field due to a point charge.

Instead of considering the potential difference between two points, it
is often advantageous to think in terms of the potential Vb at a given
point. The potential at a point is the . difference between the electric
potential at that point and some arbitrarily chosen reference zero. Thus,
the potential at the point is the work done per unit charge during the
motion from the arbitrary zero reference to the point in question.

For many situations, the zero reference le\Al for electric potential is
taken at infinity. Thus, the definition of potential stems directly
from the expression for potential difference, as follows:

b
Potential difference

:

V
b Va = E.ds

a

but by taking point a at infinity, this may be rewritten:

Potential at point o: V= f Eds
co

since Va is zero by convention.

Now consider a point charge q enveloped by its own electric field. This
field is radial and the potential at some position at a distance r from
the point charge is given by:

V = q/47ear

In this section, the problems deal with

(a) evaluation of the potential of a point in a field due to a
point charge;

(b) determination of the magnitude of a point charge given the
potential it produces at a sperif-ic distance.
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11. ;recalling that the potential difference between two points
is given by the expression

B
V
A

=
VB (1)

we can define the electric potential by taking point A to be at infinity,
so that VA = 0

B

V = -f ids (2)

'Using this definition, calculate the potential due to a point charge q
at a distance r from it.

A. V = 4760 r
1 q

B. V =
1

4neo r2

C. V
1

, qr
47o

1
D. V r 2

One

12. Uhich of the following is the conventional definition of the electric
potential at a point?

The potential difference between that point and a point at
infinity, the latter taken as the infinite-potential reference
point.

D. The potential difference between that point and some arbitrary
reference polmt, the potential at the reference point taken to
have an infllatiry value.

C. Thia potentL6.2 difference between that point and a point at
infinity, Vile latter taken as the zero-potential reference
point.

D. The potent" difference betweeft that point and the origin of
a coordinate system, that origin taken as the zero-potential
reference :potent.
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13. What is the electric potential at a distance of 5.0 x 10-5 m from
a point charge 3qe? (Recall that qe = -1.6 x 10-19 coul.)

A. 8.6 x 10-10 volts

B. 9.6 x 10-15 volts

C. 8.6 x 10-5 volts

D. 1.1 x 10-24 volts

14. What is the value of an isolated positive point charge producing a
potential of 1.0 x 106 volts at a distance of 1.0 meter?

A. 1.1 x 10-4 coul

D. 1.1 x 10-16 coul

C. 9.0 x 10-6 coul

D. 47 x 10-3 coul

INFORMATION PANEL Potential Due to Combination of Charges

OLJECTIVE

To calculate the potential at a point located between or outside cf two
or more point charges.

The potential at a point, or the potential difference between two points,
is defined in terms of work per unit charge. Since work and charge are
both scalar quantities, it fo2lows that potential is a scalar quantity
as well.

next page
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continued

The potential at a point ia space due to the proximity of two or more
point choyges is, therefore, merely the algebraic sum of the potentials
produced by each individual poitlt charge. The value of each individual
potential i calculated without referring to the other charges that may
be present at the same time.

A second consequenceof the scalar nature of potential is that the rule
for algebraic addition is valid for configurations of charges whether or
not they and the point in question lie along the same straight line. It

is important to remember, however, that attention must be given to the
algebraic sign of each potential thus computed.

Since the potential due to a single point charge is:

qV
471.E o r

Then the addition process would be written as follows:

q1 q2
V = , +

4
+...

LIWE 0 r 1 WCOr2

which reduces to:

1 qV 4(11
2

=
r
2

WE
0

r
1

The charges indicated by ql, q2, etc., may be either ( +) or (-). Clearly,

this makes it possible for the quantity inside the parenthesis to equal
zero for the ;roper combination of charge values and distances. As a
result, the net potential at the point would then become zero. To find the
point or points where such a potential null exists, it is necessary only to
set the parenthetical quantity equal to zero and solve for the distance.

The problems in this section involve the

(a) determination of the position of two points on a line joining
two given charges where the potential V = 0;

(b) determination of the potential at a point on a line joining
two charges, given the magnitudes of the charges and the required
separation distances;

next page
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continued

(c) calculation of the potential of a point on the y-axis, given
the magnitudes of two charges and their separation distances on the
x-axis,

(d) selection of the proper equation for finding the potential at
a point that is randomly placed with respect to an electric dipole,

(e) selection of the proper equation for finding the potential at
a point that is randomly placed with respect to three individual point
charges;

(f) selection of the proper equation for finding the potential at a
point lying outside, but on the same line as, an electric quadrupole.

15. Two charges of magnitude q am.; -3q are separated by a distance of 2 m.
Find the two points on the line joining the two charges where the potential
V = 0.

d

+q -3q

A. 1 m left of +q, 0.5 m right of +q

D. 0.5 m left of +q, 1 m right of +q

C. 0.5 m right of +q

D. 1 m left of +q
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16. Two charges ql = 1.0 x 10-8 coul and q
2
= -2.0 x 10-8 coul are separated

by a distance of 5 cm. What is the electric potential in volts at point P
shown in the diagram below.

c11 5 cm q2 10 cm

17. Two charges ql = 1.0 x 10-8 coul and q2 = -2.0 x 10-8 cold are 12 cm
apart. Find the electric potential in volts due to the system of charges
at point P shown below.

8 cm

qt i
q2

12 cm gm
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18. Two equal charges q, of opposite sign, are separated by a very short

distance 2a. This system of charges is called a dipole. What is the

potential at a point P at distances r1 and r2 from the positive and the

negative charges, respectively?

E0 ( r 2

1

47
A. V =

B V = 1 (a_ ... a_)
47c0 r1 r,

C V = 1 (s- + s-)
4.aco r

1

r
2

D. V = 0

19. What is the potential at a point P due to three point charges
ql, q2, and TheThe distances between the cnarges and P are rl, r2,

and r3, respectively.

1
A.

4ffe 0 (q1 q2 q3)

1 ((11 (12 (13)
B.

/vac° (r1 + r2 + r3)

1
C.

(2-1 q3

4
+

q2 +
r
3

)
ffc r

20 r
1

1 (11 q2 q3
D.

torco r12 r
2
2 ' r

3
2
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20. A system of charges, consisting of two electric dipoles are so

arranged that they almost, but not quite, cancel each other in their

electric effects at distant points. This system of charges is called

an "electric quadrupole."

P

r

Calculate the potential at a
point P on the axis of the
quadrupole.

A. -2--
2a2

4760 r(r2 - a2)

q 2a2

4760 r2

C. 47E0 4(r2 - a2)
q 2(2r2 - a2)

_S__. ( 1 2 1
D. 47E0 (r - a)2 r2 (r a)2
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[a] CORRECT ANSWER: 3.4 x 1012 volts

The potential difference between points A and B is defined to be the work
required to move a test charge qo from A to B divided by q0. Thus,

VAB VB VA = WAB /qo (1)

Work done can be found from

dW =

where F is the force applied to move the charge qo from A to B. Therefore,

dW = F ds cos0

= q0E cos0 ds

Integrating, we obtain

WAB

where

= q0E cos0 SI

S1 = 3m

E =
co

and

cos0 = 0.8

Therefore,

VAB VB VA = WAB /qo = E cos0 S (2)

Substituting the numerical values, we obtain

V
AB

= 3.4 x 1012

Note that the potential diffelen is independent of the test charge

go. In fact, the potential difference is equal to work done on
unit positive charge.

TRUE OR FALSE? The magnitude of (10 must be unity to obtain this answer.
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[a] CORRECT ANSWER: A

We simply write down the potential due co each charge and then add them
up to obtain

V =
( 1 2 1

47c
o
r-a r r+ a

-a- 2a2 2a2
Ore

o
(r a)r(r + a) 47c

o r(r2 - a2)

If P is far away; i.e., r >> a, this potential becomes

V -
47e

o
r3

1 2a2q

which may be written as

V =
Ore r3

where Q = 2a 2
q. Q is known as the quadrupole moment.

TRUE OR FALSE? The quadrupole moment and the moment of an electric
dipole are evaluated by exactly the same expressions.

[b] CORRECT ANSWER: C

The potential due to a point charge is given by the expression

V = -sr ÷E.ds = - Edr = - fr
3qedr

3cle r1co

00 Ore r2 O
0

re r

Substituting the giver nrmerical 'falues

V =
1.6 x 1019

8.6 x 10-5 Volts
5.0 x 10-5
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[a] CORRi. A

The e.

from

ield intensity due to a point charge q at a distance r
is

'co r2

Notin le path as is in opposite direction to both dr and ,

we obL

Thus,

= E dr

r
rr

1-
S = -f E dr -21.--.1 1 dr

47c r2

.--

m m o co

g [ 1 q 1

47c0 r 4Trto r
co

TRUE art E? The expression V =
1

is dimensionally incorrect.
47to r

[b] CORREC, a: -1200

can write the potential at any point due to two charges

1

(1.))
4Trto xi x2

where x1 and x2 are the distances of q1 and q2 from the point under
consideration.

Substituting numerical values, we get

(

8 x 1-8
V = 9 x 109 1 x

15

10 2

.1

0 = 1200 volts
.
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ANSWER: Zero

date the problem Lnto three steps by ing each side of the

zle ABC separately. Therefore,

WABCA WA3 WBC WCA

a prior problem we f.sund that

WAB WCB

Therefore,

WAB -WBC

(1)

we found that WAC = 0. Using this information in equation (1),

we ind that

WABCA = 0

_ is an important fine'_ng because it shows us that electrical forces
aite conservative forces. In other words, work done by a conservative

ffor,- along a closed path is zero. Another example of a conservative

fore is the gravitational force.

CU2RECT ANSWER: A

The expression for the potential due to a point charge at distance
_s

ThuL,

V =
Lracor

q = 471-cor V

106

9 x 109
x 10-4 coul

TRV 7E? The fractloin measured in volts.



[a] CORRECT

-EGMENT

The potent: -.z1 to this twocharge system is

"k
ri r2 4TrE0 rir2

r2 r

If we cottlsi:r :ints where r >> 2a, so

2a cos:: and r,r- ti r
2

then -Lae 7e reduces to

2a cosh =_ 1 p cos&=
r2 r2

where p = i= called the dipo_e moment.

[b] CORRECT \v'-. R: A

Let us rec;nli 2:he definition of electric potential diff=ence

WAB

go

The units ± 4-mik and charge are the joule (J) and the coulomb (coul),

respective-:.av- Thus

= 1 J/coul

[c] CORRECT ANSwc-4(: A

The electrits pozential differett.ce between two points is defined as the
work requiroi:- per unit charge if movinn a charge from one point to the
other (wlioloar -4:banging the kinetic en=,- ,v of the charge). The reason
a test (,17...--11 positive) charge was broL4ght into the question is that we

wamt ticie introduction of the Char?7e 4which we use to measure the

atUal. diffemace to Chavave mbe qloomsent significantly.,
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[a] CORRECT ANSWER: 3.4 x 1012

she potential difference between points B and A is
required to move a test charge go from A to point
test charge go. Thus,

VAB = VB VA =
WAB

go

The work done to bring charge go from point A t

WAB = FS

where F, the force exerted by the external agen._
is the displacement. However,

E = a
co

for the region between parallel plates. Therefun,

WAB

-cloE(-S)

WAB = goES

= go S
Eo

Substituting equation (2) in equation (1) we fin:

qoaS
VAB VB VA =

= oS

co

= 3.4 x 1012 volts

where S = 3 m.

_led as work
wed by the

(1)

to -goE and

(2)

Note that t%e potential difference is independent of the test charge go.
In fact, the potential difference is equal to work done on a unit positive
charge.

TRUE OR FALSE? Potential difference may be measured in work units.



C07_2_1.: CT ANSWER : 6.9

We can imagine the fc,1_,:wing ,11:1.1ation:

1

1

1 1

1 e 1 F
1

-OPP. 11111--o
4/14-6 Idr

1

in 1 0 M

X

We would like to calculate the work done by the ex=einal agent in mnving
a charge q from x = 10 m to 5 m. The work done mi7 '2e expressed as

irW = F-d-s.

where F is the force the external agent must to keep the charge c

from accelerating and is exactly equal 'to -qE.

Thus, work done -may be expressed as

W = i .-T----d- = -q J fcl

S iiace

we have

ds = -dx

E-ds = Eds cc,1g..0c = E(-dx) (-1)

= Edx

Taus, the integral becomes

W = -q E =
5

ciac

10

= wog
5

(10) = 10q iinn 2

and the work done is

W= 6.9 joule

TRUE OR FALSE? In this solution, the velocity nf :the charge q is constant.
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il_NSWER: 1.0
4 j

of the charms route to point E .4ould be a big help in the
.._=fLon cf this probL-

A.4 ile

In 'order to calculate wurk, one must very carefully outline the force
perfarmimg the work. ln ether words, in this oroblem the field applies
a furze tc, the charge q in the downward direction. The agent doing the
work applies a fore up to move the charge from A to B. Draw a diagram
incluiding ffhese rwu forces and the displacemerit vector.

WoriR done an be ,)wed

dW = r-ds

wh'iere F is the aomlied to mare the char-m from A to B. In any
11.1 3# 1-ils.reffore,

ftere

atid

dW = LLs, close

:lase .ds

we CDtLin

= Ec cost

S = 5 m

E =
EG

"Substituting the 'Iratwan values results in

Cdi = C367 109) (10)(30)(.6)(5) = :-.0 x 1014 J
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[a] COaREC: ANSWER: A

c) F q qir
44 a

The orientation of L:_le various vectors involved in this nrohlen ar-2 shown
above. F is the force the external agent must i(e,r.p the charge q-
from accelerating flnd is elca,=Ey equal to -qE. 1 ana ds are
in tip same 6drect_Jn; however. ds and a are in opposte directdoms.
Therefare, ds = Wie wish to calculate the wore uired to move the
+1 coulomb charge fltri infinity= to the Inoint on the x,xis 9 cm from the
origin. Therefore,

and

and

f0. 01?
= = -c Eds

- -
E-ds = E ds cos180° = = dx

E
47 nox2

Subszituting, we obtain

1,1x
471e0x:

IntggratIon of this term IsimMs tom.

Qq

x = 0.:09

V -
11-4Trcox

Substitutimg the cmantities given in this problem- 71e1ds

-= +1.00 x 1012 joules

The plus sign is important sdnce it indicates that the outside force has
to do work on the system of charges.

IABE OR FALSE? in dais solution, the angle between dx and ds is 180°.
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[a) CORRECT ANSWER: 1 x 1014 j

The total work in going from A tc 3 tc, C can best be calculated in parts.
For Example,

WACB WCB

--

The electric field exerts a force qE om the charge as shown. To keep the
charge from accelerating an external agent must apply a force F chosen to
be exactly for all positions on the charge. The magnitude of the
electric field for parallel plates is

E = --
£o

Therefore,

44AC = -CL--

= qE x Si cos90°

= 0

Since

f = -q2

The work wca is

WCB =

= qE x S2 x cost"

where

= q S, =
Eo 4nE0

4wqmS,

= a x to I4 j

S2= 3m

A.

qE

VqE



[a] CORRECT ANSWER: A

First let us assume that the point P where V = 0 is at the left of +q.
Then we have

giving

x = 1 m

(1)

Considering now the possibility that P will lie to the right of +q,
we obtain

yielding

_ 3q - 0
x 2 - x

x= 0.5m

(2)

Thus we find that there are two points where V = 0, one at 1 m to the left
of +q, and the other at 0.5 m to the right of +q.

A more formal, but also more complex, way of solving this problem follows.
You may skip it if you so desire.

If x is the position of the sought point(s) with respect to charge +q, the
position of that (those) point(s) with respect to the -3q charge will be
x - d. Thus, the potential there is

or

4wco lx1

1 [ q (-3

x - d

1 3

-V Ix - di

-o

Squaring and cross-multiplying, we obtain

x2 + d2 2xd = 9x2

or

8x2 + 2xd - d2 = 0

next page
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continued

Thus,

or

-d Ira2 + 8d2
x =

x = d/4 = 0.5 m

x
2

= -d/2 = -1 M

(to the right of +q)

(to the left of +q)

TRUE OR FALSE? In equation (1), x is the distance of q from the point
where V = O.

[a] CORRECT ANSWER: -900

The expression for the potential due to the two charges is

where

V 1 (Cli
q2

r
2

2
47reo r

1

r
1
= r

2
= 182 62 = 10 cm = 0.1 m

Substituting the numerical values, we obtain

(

1
x
.1

10-9 2 x.10 10-9V = 9 x 109 1 900 volts

[b] CORRECT ANSWER: D

The work required to move a positive charge from a to b may be positive,
negative or zero. Its sign depends on whether the electric potential at
b is respectively higher than, lower than, or equal to the potential at a.
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[a] CORRECT ANSWER: C

The potential at P is sum of the potentials due to each of the charges.
Therefore,

92 93)V = i
91

tort (r r. ro 1
r3

[b] CORRECT ANSWER: C

We are free to assign any value to the potential at a point and then
measure the potential at other points in terms of that assigned value.
The choice of the reference value as well as the reference point, however,
should be a convenient one. The reference value is chosen to be zero for
simplicity. The reference point is taken at infinity since the electric
field due to a point charge is also zero there. This, of course, is not
general. Quite often the Earth is taken as the zero-potential reference;
hence, the term "ground".
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INFORMATION PANEL Potential Gradient

OBJECTIVE

To solve problems involving the relationship between electric intensity
and electric potential in various field configurations.

An electric field can be mapped by means of a network of lines of force
or by a series of equipotential surfaces. For example, the electric

field around a point charge is radial
outward from the point if the latter
is positive as in the diagram, and
the equipotential surfaces are con-
centric spheres with the charge at
the common center. Imagine that
the equipotentials in this example
have been drawn with the electrical
spacing between them equal to some
constant potential difference AV.
Suppose further that we let As rep-
resent the perpendicular distance
between any two equipotentials.
The potential difference between
any two equipotentials, as pre-

viously defined, is merely the work per unit charge to move the test
charge from one to the other,or:

V = w/q = FAs

Also, the electric intensity at any point in the field is:

E = F/q

(1)

(2)

or force per unit charge. Solving both these expressions for q and equa-
ting enables us to write:

AV = EAs or As = AV/E (3)

The last expression indicates that as the electric intensity E is made
larger, the smaller becomes the perpendicular distance As between the
equipotentials. Thus one can visualize a strong electric field as one
in which the equipotentials are very closely spaced and a weak field
as one in which the equipotentials are more widely separated.

next page
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continued

Equation (3) may be rewritten as:

E = AV/As (4)

This may be interpreted verbally as follows: As we move through an eec-
tric field along a line of force, the rate of change of potential with
distance traveled is ey.;11 to the magnitude of the electric field in that
direction. In addition, since the direction of E (outward from the point
charge in our example) is that of decreasing potential, a negative sign
precedes the right member:

E = -AV/As (5)

and, in the differential limit, we can say that:

E
s

= -dV/ds

As shown by this expression, an alternative unit for electric intensity
is the volt per meter; thus:

1 1
volt newton
meter coulomb

In summary:

Electric lines are perpendicular to equipotential
surfaces.

The direction of the electric intensity vector is
from higher to lower potential.

The magnitude of the electric intensity is the space
rate of change of potential along an electric Zine
of force.

Extensive use is made of 1-:..tse concepts in the solutions of the problems
in the section that follows.
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1. At a point P the electric potential due to a dipole located at the
origin of an xy-plane system is given by

V -
1 p cose

4ve
o

r2

where p = 2 aq and r2 = x2 + y2 and 0 is measured from +y axis.

What is the y component of the electric field Ey at P?

P r x2 2y2
1Ey 471E0 1(x2 + y2)3/21A.

B. E
p

x2 2y2
Ey = - 4u601(x2 + y2)5/2J

C. Ey = Y
2

'Y 4wP ej(x2 + y2)3/2I

D. Ey = - P

Y 4ved[ (x2 + y2)3/21

2a

2. Es is a component of the electric field intensity at a point on a
differential path element ds in the direction of the path. Es may be
found from the potential V from the relationship

A. Es = dV/ds

B. Es = -dV/ds

C. Es = (1/4ve0) dV/ds

D. Es = (-1/4ved dV/ds
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3. The potential diffeence between points A and B can be calculated
from the electric field E by the line integral

B

VB VA = E .ds

A

The value of this integral for an electric field depends

A. upon the choice of reference point

B. only upon the length of the path of integration

C. upon the integration path

E only upon the end points

4. The electric potential V at a point P (x,0) on the xaxis due to a
charge q at the origin is

V
1 q

4Treo x

If x = 2 m and q = 2 x 10-6 coul, find the magnitude of electric field Ex
at point P.

5. The electric potential V at a point P (x,y) due to a charge .q at the
origin of the coordinate system is

V
1

4Treo (x2 + y2) 112

If x = 3 m, y = 4 m and q = 5 x 10-6 coul, find the magnitude of the
ycomponent of the electric field E

Y
at the point P (3 m, 4 m).
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INFORMATION PANEL Potential Due to Distributed Charges,

OBJECTIVE

To solve a group of problems in which potential or potential difference
is to be determined for various distributions of charge.

Problems through 13 are varied in nature and requirements, but they have
in common tme objective of. determining potentials due to charges distri-
buted in different ways.

To assist yt_I in these solutions, we have listed a group of equations
with which you have already had some contact. Although this list is
neither caupete, nor is it without some overlap, it should provide a
basis fcr aerations in this section. To avoid undesirable cueing,
the order listing is not necessarily that of sequential development.

..,antial due to a point 1

47E:0 r

',ntial due to any type
V 1 dg

.:ontinuous charge: 476.0 ilr

,.otentia: due to a dipole:

fotential difference be-
tween two points in line
with an isolated point
charge:

Relation of potential dif-
ference and electric inten-
sity:

Electric intensity between
oppositely charged paral-
lel conducting plates:

q p c se
(p = 2aq)4E0

- V (
1 1 )

47E0 rB rA /

8

ir

--). -4-
VB - VA = - Edl

E =
Co

A
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6. Two concentric, conducting spherical shells have radii r and R, re-
spectively (R > r). The respective charg=m, in the shells are +q and -q.
What is the potential difference between =ie two spheres?

q /1 1
A. V - V

r R 47Teo 1 R r

(1 1\B.V - V =
r R /vac() \r RI

C. Vr VR = 0

1 2q.
D. V - V

r R 4 Treo r

7. Two oppositely charged, parallel plates each of area A are separated
by distance d. If charges are +q and -q, find the potential difference
V
ab between the two plates. (Neglect edge effect.)

b

a

A.
cocIA

B. -9
Aeo

C
2e0A

D. .gcj--

coA

+q

-q
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8. The diagram below shows an electric potential plotted as a function
of distance. Which of the following objects could produce such a poten-
tial?

0 1it

A. A uniformly charged, non-conducting sphere

B. A uniformly charged conducting spherical shell

C. An infinitely long charged conducting wire

D. A charged conducting cylindrical shell

9. Calculate the potential difference between two coaxial cylinders of
radii a and b (b > a) and length L. The cylinders carry charges of +q
and -q respectively.

A.
q(b - a)
2.11.E0L

1
B.

Loreo (b - a)

C.
1

Lore
o

4

D. V = kn 12
27reL a
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10. The potential at a point a distance r from L.ae center of a non-con-
iucting sphere of radius R, charged uniformly wi: :i a total charge Q, is
proportional to

A. a; l/r for r > R

B.. L/r2 for r R; 1/r for r > R

C. r for r 1/r2 for r> R

D. constan or r < R; 1/r for r > R

11. Derive an expr, .;sion for the electric potential at a point P on the
perpendicular bisector of a line charge of length L and total charge q.
P is a distance x from the line.

q

j-L/2

A. V
/oreoL x2 + y2

B. V = q
L/2

dx
toreoL x2 + y2

-L/2

q
C L/2

dy
C. V -

loreoL
--L/2

x2 + y2
- L/2

L/2
dx

D. V q
dy

47re
o
L 60 + y2-L/2
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12. A circular metal ring has a radius a _ind total charge q uniformly
distributed over the ring. What is the e2ctric potential at a point
on the'axls at distance y from the ;lane the ring?

A. 'V
1

47E0 y + a2

B. V
41s

C. V -
147E0

1

D.

q
+ a2)1/2

q
+ a2)3[2

1

V 47E0 q (Y
2

a
2)1/2

13. Calculate the electric potential at point P at a distance R on the
axis of a uniformly charged circular disk of radius a whose surface
charge density is a.

A. V ,

47TE0 a2 R2

a

B. V =
2E

(a2 + R2 - R)

C. V n
LE0 a2 + R2

a
D. V - 2c0(a2 + R2)
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INFORMATION PANEL Applications of tale Concept of Electric
Potential -ner,jy

OBJECTIVE

To study the potential energy of various charge distributions; to solve
problems involving both mechanical and electrical .energy.

Since electric forces are conservative, it is possible to base the calcu-
lation of the electric potential energy of a given charge configuration
on the work required to assemble the charges in forming the configuration.
In the simplest case, a point charge (positive) brought: from infinity into
the neighborhood of another similar positive point we can at once

start the r1-T.Acusion by giving

the electric pztential V at point

E)
P separated from an isolated
charge ql by a Jistance r as in
Figure 1. The potential at P
is

Figure 1

47E0 r (1)

Now consider a second charge q2 initially located at infiLmity and brought
to point P where it comes to rest. The agency that moves must do posi-
tive work in the process of moving it to point P since both charges ate
positive. From the definition of electric potential

V = W/q

the work done on q2 by the external agency is:

W = Vq2

Combining equations (1.) and (3):

1 ql q2.
W 4Treo r

(2)

(3)

(4)

next page
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continued

and since this is a conservative action, the work W is precisely the same
as the energy stored in the configuration. Hence, the electric potential
energy is:

U
1 ql

q2
4Treo (5)

To extend this concept to configurations consisting of three or more
chorges, it is necessary to calculate the work done in assembling
each charge separately. The total work done is then the algebraic
sum of the individual works since energy is a scalar quantity. Thus,.

the total potential energy of the configuration is the sum of the
individual energies of the particles.

For example, to assemble the configuration shown in Figure 2, we first
picture q1 in position with all

q \0 r
M

1'

p q
3

the other point charges at infin-
,

1'14

\ /
/

t

where the distance separating
needed to bring (12 into position
itv. We then calculate the work

/

\ / the charges is r19. Next, we
11)2

/
/
\

r
34 find the work required to brine

Ir: Q

coq
is separated from q1 by r13 and

/ \ q3 into the position where it

I/ from q, by r23. Finally, we
compute the work needed to bring

CI20*-- r2,1 4 (14 into position against the
forces produced by the three

Figure 2 charges already there.

All of these are then added algebraically:

U = U
12

+ U
13

+ U
23

+ U
14

+ U
24

+ U
34

The relationship given in equation (5) is used to evaluate each of these.

The problems in this section involve

(a) determining the electric potential energy in specific charge
configurations;

(b) combining the mechanical energy of moving charges at a specific
point with the electrical potential energy at the same point to determine
escape velocity or the point of reversal of the motion of one of the char-
ges.
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14. A proton (mass m = 1.67 x 10-27 kg and charge qo = 1.6 x 10-Ig cou:)
with an initial velocity v = 2.00 x 107 m/sec is directed towards a fixed
charge Q = 1.00 x 10-4 coul a distance r = 1.00 m from the initial positionof the proton. Find the distance of closest approach for the proton to the
fixed charge Q.

15. What is the electric potential energy of the following charge con-
figuration?

A. U = q2/47Ttoa

B. U = 3 q2/47coa

C. U = 0

D. U = q2/27rcoa

16. Calculate the work required to assemble the four charges shown in
the following diagram, starting with the charges at infinity.

-ea
d

+Q

d
+ -Q

A. Q2/cod

B. -.21 Q2/cod

C. 0

D. .._Q2/cod



SEGMENT 25
13

17. Thr e positive charges each of magnitude q = 3.0 x 10- coul are
situated at three corners of a square of side a = 2.7 m as shown in the
diagram. What is the work required to bring a charge Q = 4 x 10-3 coul
to the fourth corner P of the square from infinity?

q
a 2.7m

18. Consider a system of a fixed proton (m, = 1.64 x 10-24 kg and
qp = 1.6 x 10-19 coul) and an electron (me -4- 9.10 x 10-31 kg and
qe = -1.6 x 10-19 coul) separated by a distance r = 5.0 m. Find the mini-
mum speed of the electron at that point where it will just escape from
the attraction of the proton. (Neglect the gravitational effects.)
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[a] CORRECT ANSWER:

The relation between tl.e field intensity and potential is given by

-0.

V = -fEds -0- or

We note from the illustration

and

V = constant for r < R

3V
Es

P0s

f
r

V« dr

r

1
r2 for r > R

We can obtain E from equations (1)

and

E =0 r< R

1

2 r > Rr

(1)

These field relations are true for a charged conducting sphere. In a
conductor, the excess charge distributes itself on the surface of the
conductor. A charged conducting sphere, therefore, will consist of a
neutral body with all the charge distributed on the surface; hence
will be the same as a charged spherical shell.

[b] CORRECT ANSWER: Ex = 4.5 x 103 nt/coul

The electric field in the x-direction is given by the equation

dV
'x dx

Differentiation of the given potential with respect to x yields

E - 1 qx 4760 x2

Substitution of the numerical data results in

Ex = 4.5 x 103 nt/coul
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[a] CORRECT ANSWER: B

The work required to assemble a charge configuration is equal to the po-
tential energy of the configuration. In computing the potential energy
we must take every possible pair into account. The potential energy be-
tween neighboring charges is (for each pair)

1 Q2
U1 - -

4Trco d

and there are four such pairs.

The potential energy for each pair across the diagonal is

1 Q2

U2 2 47re0 vy d

and there are two such pairs. Thus,

2 / 4
U = 4U1 + 2U2

47rEo d d

= -.21 Q.2/ed

[b] CORRECT ANSWER: D

Since the electric field is constant between the charged parallel plates,
the potential difference is given by the expression

Therefore

Vab = Vb Va Eds = Ed

a
Vab d

0 (1)

However,-the total charge q = A. Substituting the value of a into (1)
yields

qd
Vab

coA
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[a] CORRECT ANSWER: B

Let us write down the potential at P due to a segment of the ring

1 dam_ 1 dsdV =
41160 r 4re (y2 + a2)=77

1 q ds
4760 2Tra (y2 4. a2)-777

The total contribution to the potential due to the ring is obtained by
integrating over the entire ring

1 q
2na

ds 1 q 1
27a

V
4760 2na (a2 + y2)1/2 47E0 2ua (y2 + a2)1/2 ds

1

47E0 (y2 + a2)1/2

[b] CORRECT ANSWER: 1.44 x 103 nt/coul

The electric field in the y-direction is given by

3VE -
Y Dy

Therefore

E= - a-- --q-- 1

Y 4)), \ 4760 (x2 + y2) r/2 )

0

clY

4760(x2 y2)3/2

= 1.44 x 103 nt/coul

TRUE OR FALSE? The electric potential at point P (3 m, 4 m) varies directly
as the charge magnitude at the origin of the coordinate system.
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[a] CORRECT ANSWER:

It is evident from the diagram that

= x2 + y2 and cos0 = =
r (x2 y2)1/2

Thus, the potential becomes

V -
47e0 (x2 + y2)V2

The y-component of the

311
E- - \--- =
Y oy

47e0

field

p

is obtained

i +1
(x2 + y2)777

- 321....

by

3 2v2
47E0

x2 + y2

2 (x2 + y2)5/

x2 2y2

I (x2 + y2) 5/ j 47reol(x2 + y2) 5/2

TRUE OR FALSE? For this problem, p2 = 2 aq.

[b] CORRECT ANSWER: 10 m/sec

The excape speed is the speed which makes the total energy of a particle
zero at that point. Therefore,

1 2 cIP _
mev 41;cor

where v = escape speed, or

2qp qe 1/2

4leorm

2 x 1.6 x 10-19 x 1.6 x 10-19 x 9 x 109 1/2

5 x 9.1 x 10-31

= 10 m/sec

(1)

Note that the negative sign in equation (1) when multiplied by the nega-
tive sign of the electron charge yields a positive number.

TRUE OR FALSE? At the instant when a charged particle achieves escape
speed, enabling it to move out to infinity, its potential energy is zero.
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[a] CORRECT ANSWER: A

We may use Gauss's law to determine the dependence of E on the distance r
from the center of the sphere. For r > R the situation is the same as if
all of the charge were concentrated at the center. Thus,

E =
1

for r > R (])
47E0 r2

For r < R from Gauss's law we
obtain

or

or

cofEdS = q

6 E(47r2) = q

E = q/47cor2 (2)

where q is the charge inside the Gaussian surface. Since the charge is
uniformly distributed we have (p is the charge density)

4
3

r3
q = - Trr 3 p =

4
- 'itr

3

IT (3).

(4/3)7123

Thus, substituting (3) into (2)

E -4 for r < R
7c

o
R3

We can use the relationship

r

V = E.ds
00

to determine V. For r > R, however, we know that

1 0
V = 47c

o
(r > R)

To find an expression for V inside the sphere (r < R) we use Equation (4)
and (5). Thus,

(4)

(5)

(6)

next page
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continued

r r
V(at r) V(at R) -= - Eds = _47( r dr-).

R

fR
.1 R -0

[ 1
r

(r- 12 )
r2]

=
47c oR 2 87E0TO

Finally, using the fact that V(at R) = Q/47c0R we obtain

Q 1 r2 +1
47c0 R 2R3 2R

3Q Qr2
87e0R 87rcoR3

TRUE OR FALSE? For r < R, we can consider that all of the charge Q is
located at the geometric center of the sphere.

[a) CORPECT ANSWER: 1.1 Y 1:-;5 j

The work required to bring the charge Q to point P is.given by W = VO,
where V is the electric potential at the point P. An electric potential
at a distance r from a given point q is given by

Therefore

Or

and

4ncor

( q+ s_
Liweo \a a r-

Y2a1

V = __a__ (1.
4ncoa 1 /f/

2 1 1

W VQ LoreqQ
0
a 1 fT

)

= 1.1 x 105 j
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[a] CORRECT ANSWER: B

The relation between the potential V and the field E is given by

V = -.1[E-ds

Thus, their relation in a differential form becomes

E
dVs = -
ds

The subsc/ipt s simply denotes that Es is the electric field intensity
in the direction of the vector s.

4.

The general relationship between E and V, in rectangular
coordinates, is

E
3V ^

= - = +
311y + k

)

[b] CORRECT ANSWER: D

The electric field in the region between the two cylinders cah be obtained
by the application of Gauss's law (the Gaussian surface will be a cylin-
drical surface between the two charged cylinders).

ofE.dg= q

For the cylindrical Gaussian surface of radius r, the surface area is
271-rL. From this E is equal to

qE
znsoLr

Now using the definition of potential to calculate the potential differ-
ence between the two cylinders, we obtain

a _,.

q
a

dr
V = - Edr = - Zn2ns r 2nsoL a

b

TRUE OR FALSE? In the above solution, the electric potential was
obtained by differentiating the expression for electric field intensity.
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[a] CORRECT ANSWER: 30.1 cm

As the proton approaches the positive charge Q it is decelerated until
its velocity is zero. It will then turn back due to the repulsive force.

-The distance of closest approach is, therefore, achieved when the kinetic
energy of the proton is zero. Therefore, using the conservation of energy
principle we find

1 2 4, qQ qQ
m v 47cor 47r.oR (1)

where R is the distance of closest approach. Substituting numerical val-
ues in each term itL the left hand side of equation (1) yields

and

Therefore

2 1

f
-y mPv = 1.67 x 10-27 x 4 x 1014 = 3.34 x 10-13 j

qQ 1.6 x 1019 x 1 x 10-4 x 9 x 109
4Tcor 1

- 1.44 x 10-13

qQ
(3.34 + 1.44) x 10 -13

4weoR

= 4.78 x 10-13 j

Solving for R we obtain

Or

R - qQ
4Tre

o
x 4.78 x 10-13

1.6 x 10-19 x 1 x 10-4 x 9 x 109
R -

4.78 x 10-T3 m

R = 30.1 cm

TRUE OR FALSE? In this solution, the quantity 1/2 mv2 is the kinetic energy
of the proton at the point of closest approach to Q.
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[aj CORRECT ANSWER: B

The potential on the smaller shell is produced in part by the charge n it
and in part by the charge on the outer shell. The contribution of the
latter is

1

4rco R

since the potential inside a shell due to its own charge is the sa:ne
that on the shell itself. Thus, the total potential on the smaller ,;hell
is

1 q 1 (-q) / 1 \
Vr 471E0 r irrco K 477E:0 R/

On the other hand, the potential of the outer shell is caused in part by

its own charge, i.e., 172-- and in part by the charge on the smaller shell,
4TreoR

i.e., q Therefore the total potential of the outer shell is V
R
= 0.47coR

Thus,

V
r

- Viz = Vr = -
r tore r Ro /

TRUE OF FALSE? As R is increased, q and T remaining unchanged, Vr de-
creases.

[b] CORRECT ANSWER: D

The relation between work WAS and the potential difference is

WAD
V
B A- V = - E-d2.

go A

To define the electric potential difference uniquely, WAB and VB VA
must be independent of the path and depend on the end-points only.
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fa] CORRECT ANSWER: D

The electric potential at a point due to a collection of charges is found
by calculating the contribution of each charge to the potential and then
summing up the contributions; i.e.,

V
I] 1

q1
i 47E0 ri

(1)

where ri is the distance of charge qi from the point 1:1, question. In the
case of a continuous charge distribution we consider the contributions of
infinitesimal charge elements dqi. The summation in (1) becomes an inte-
gration

dV -
47E0 r

1 dq

(2)

In the present problem the line charge is along the y-axis, so we laay
write

dq = A dy = (q/L) dy.

Also the distance of dq from the field point P is

r = v/x2 + y2

Thus, the integral in (2) becomes

L/2
V = jeldV =

1 q dy

-L/2
4Treo Lx2 + y2

The constant factor, 04TreoL may be taken outside the integral.

From integral tables we find that

dy
= Zn (x + 4t7;37)-

ix2 y2

Using this in (5) above we find

V
4Tre

q
L
kn (x + 4777)

L/2

-L/2

[ L/2 + i(L/2)2 + x2 ]
Ore

o
L

-L/2 + )/(L/2)2 + x2

(3)

(4)

(5)

(6)
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[ a] CORRECT ANSWER: E

There are three possible pairs of positive charges, anc .tance
between the charges in each pair is a:

Thus,

U = 3 x 1 q2 3q2
41-rt

o a 47c 0a

A detailed calculation of the potential energy in tev.,, the work required
to assemble the charges follows. It i!; offered enrichment
materiaL

This confiuratio Isser16,Ni -Three steps, rom the
premise ti,at I 1 tNe. ,:aazg-os .are ir,A:iaily located at infinity.

i) A charge ("+q") is brought from infinity to the
point (0, -a/2). Since no forces act on this
charge, the required work is equal to zero (why?)

ii) Another charge ("+q") is brought to the point
(0, a/2) from y = Now, however, one must
do work against the (repulsive) force exerted by
the first charge. The force on a charge +q loca-
ted at (0, y) due to a charge -11 at (0, -a/2) is

1 q
2

F -
1 4nco (y + (a/2))2 (1)

next page
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continued

Remembering the sign convention

(work done on a system) = - (work done by the system)

and using the work-energy theorem, one gets the work supplied to the
system. Note that thepath of integration is taken to be parallel to
the force so that .i -ds = F1ds; so

y = (a/2) y = (a/2) 2
dvcds = - F1dy = - I

47E0 77+ (a/2))2
y= co y = W

1

417E0 + (a/2))

(a/2)

00

1 q-
-
47c0 a

iii) one now brings the third charge to the point

( 2 a, 0).along the x-axis from x = +0.

(2)

At a point ;%,,O) the force on this charge due to the other two charges
already assembled:

2 e =
ex

F =
2 e

cose -
2 47c

o
r2 47c

o
r2 r 47c 2 a2 3/2

0 (x + )
4

Thus, the work required to move this charge into position

13-a
2xdx -2- a

q
2 (-2)

W2 =
co

47c 2 a2 3/2o (x ) 47c 2 a2 1/2 I

0 (x ) I.
4

2 q2

47c0 a

(3)

(4)

The total potential energy of the configuration is given by the sum of
equations (2) and (4); namely,

3 (12

U = W
1
+ W

2
-

47c0 a (5)
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[a) CORRECT ANSWER: B

The contribution to dV due to a charge element dq = r;c1A consisting of a

flat circular strip of radius
x and width dx is

dV
dq

47rE0 /x2 P7

and dq may be expressed as

dq = adA = a(27x) dx

Thus,

dV
a(27x) dx

47E0 X2 R2

The potential V is found by integrating over the area of the disk:

V= dV =
a

xdx
( a2 + R2 - R)2e0

J 47..T-17-7FT 2e0

Note also that this is the only dimensionally correct choice.

TRUE OR FALSE? The area of the charge element is taken as the
product of the circumference and width of the element.
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INFORMATION PANEL The Meaning of Capacitance

OBJECTIVE

To define capacitance; to become familiar with the units of capacitance;
to solve simple problems involving capacitance.

If several charged conductors are brought near each other, the potenial
of each one will be determined partially by its own charge and partially
by the charge, size, shape, and positions of every other nearby con-
ductor. For example, the potential of an insulated conductor will be
raised if a positively charged body is brought close to it; the poten-
tial of an insulated conductor will be reduced if a negatively charged
body approaches it.

Any device in which a static charge resides or can be made to reside may
be called a capacitor and may be said to have capacitance. Thus, any
insu ..ted conductor has capacitance. In general, however, for its sim-
plicity and utility, the special case of two near-by conductors given
equal amounts of charge of opposite sign is usually discussed in much
detail. The simplest form of a capacitor made up in this way comprises
two flat, parallel plates separated from one another by a dielectric
material. Qualitatively, the capacitance of a capacitor is a measure
of its ability to store electrical charge. For a structure of given
dimensions and dielectric material, capacitance is a constant and does
not depend upon applied potential differences or any other external in-
fluences.

A capacitor may be charged by connecting its plates through wires to
any source of potential difference such as an electrostatic machine,
a rotary generator, or a battery. During the charging process, charges
are transferred from one plate to the other, the work being done by
the source of potential difference. The ratio of the amount of charge
transferred (q) to the potential difference across the plates (V) at
any instant during the charging process is constant and, by definition,
is the capacitance C of the capacitor

C= q/V

In the MRS system where q is in coulombs and V is in volts, the unit of
capacitance is the coulomb per volt, renamed the farad (f). Since one
farad is a tremendous capacitance from the point of view of practical
capacitors, you will find sub-units of the farad commonly used:

1 microfarad (uf) = 10-6 f
1 nanofarad (nf) = 10-9 f
1 picofarad (pf) = 10-12 f

next page
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continued

For many years, the work micromicrofarad (,...Af) was used instead of.pico-
farad and is still to be found in much of the literature you will read.
Thus,

1 micromicrofarad = 1 picofarad = 10-12 farad

The capacitance of a parallel plate capacitor is given by:

C = c
o
A/d

in which A is the area of one of the plates and d is the distance separ-
ating them. This expression is valid for a capacitor having a vacuum
dielectric but may be used with little error when air is present between
the plates. For capacitors in which other dielectrics are employed, the
value of the constant in the above equation depends upon the nature of
the material. The relationship is generally written:

C = Kr. oAid

for capacitors other than air or vacuum types, in which K is specific
for the dielectric material and is called the dielectric constant.
Tables of dielectric constants are readily available in textbooks and
in the standard handbooks of physics.

The problems in this section call for the

(a) the definition of capacitance in terms of q and V;

(b) understanding of the units used to measure capacitance;

(c) calculations required to relate C, q, V, d, and A.
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1. A parallel plat capacitor consists of two parallel conducting
plates of area A sep;ilated by a distance d. The plates carry charge +q
and -q respectively. Derive the expression for capacitance in terms of
co, plate area, and distance between plates, then select the correct
answer.

(Note: Unless you can derive the required equation without help, you
are to work problems 2, 3, 4, and 5 which follow.)

A. C
Eo

E,A
B. C =

C. C = coAd

D. C = cod

2. Consider two charged conductors separated by a non-conductor. The
charge on one conductor is +q and that on the other is -q. The poten-
tial difference between the conductors is V. Which of the following
equations defines the capacitance of the system?

A. C = 1/qV

B. C = V/q

C. C = qV

D. C = q/V

3. In the MKS system, the basic unit of capacitance is the farad. One
farad (1 f) is equivalent to

A. 1 coul/volt

B. 1 coul - volt

C. 1 volt/coul

D. 1 coul/volt2



4 SEGMENT 26

4. A l.2-pf television set capacitor is subject to a 3000-volt poten-
tial difference across its terminals. What is the magnitude of the
charge in coulombs on each plate of the capacitor?

5. A parallel-plate capacitor consists of two circular plates of 30 cm
radius separated by 1.0 mm. What charge in coulombs will appear on the
plates if a potential difference of 400 volts is applied?

INFORMATION PANEL Calculation of Capacitance

OBJECTIVE

To derive equations for the capacitance of capacitors having various
geometries.

Recognizing that

C = q/V

one can usually approach the problem of deriving an equation for the
capacitance of a capacitor made of conducting surfaces of any shape by
first writing the electric field equation for the particular case, sec-
ond writing the potential difference between the surfaces in terms of
the electric field, and finally substituting the value for V thus ob-
tained in the above equation. In many cases, the second step may be
omitted if the potential difference for the particular geometry has
already been derived.

For example, the potential difference between two concentric, conducting
spherical shells is

V . -S__,( 1

4.Tre

1

o
r

T) where R > r

Thus, to obtain the capacitance of a capacitor made up of two concentric,
spherical conductors with a vacuum or air dielectric, this value for po-
tential difference need be substituted in the first equation above to
obtain the correct relationship.

next page
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continued

It is worth remarking here that the insertion of conducting material
between the plates of a capacitor has the effect of altering the effec-
tive spacing between the plates. For example, if a good conductor
like copper is formed into a slab of thickness t and inserted midway
bet,reen the plates of a parallel-plate capacitor, the effective spacing
between the plates is then d - t, where d is the actual measured distance.

You will be required to derive the expression for the capacitance of

(a) two concentric, conducting, cylinders

(b) two conducting, concentric shells;

(c) an isolated conducting sphere;

(d) a parallel-plate capacitor with a slab of metal between plates.

6. Derive the equation for the capacitance of a capacitor formed by
two concentric hollow cylinders of length L with radii a and b (b > a);
then select the correct answer.

(Note: Unless you can derive this equation without help, you must work
problems 7, 8, and 9 which follow.)

A. C = 4wco (b - a)

B. C = 27reoL 2n (b/a)

2we
o
L

C. C -
(b/a)

D. C
(b/a)

271-coL
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7. What is the capacitance of a charged, isolated conducting sphere
of radius a carrying charge q?

A. Eoa

B. 47c
oa

c. 47ca

D. 4ffc a2

8. A uniform slab of copper of thickness b is thrust into a parallel-
plate capacitor as shown in the figure. It is exactly halfway between
the plates. The capacitance after the slab is introduced is

A

br COPPER id

A. C = coA (d - b)

cflA
B. C

d - b

C. C = 0

D. C- co
d



SEGMENT 26 7

9. What is the capacitance of the capacitor formed by the two concen-
tric conducting, spherical shells of radii r and R (R > r)?

A. C = 1 (1 )
4Treo r R

B. C = 4Treo
rR

R - r

C. C = tumor

D. C = itireoR

INFORMATION PANEL Equivalent Capacitance Series and Parallel

OBJECTIVE

To determine the equivalent capacitance of a number of given capacitors
connected in series; to determine the equivalent capacitance of a num-
ber of given capacitors in parallel.

PARALLEL CONNECTION: As indicated
I in Figure 1, each terminal of each
Qj capacitor may be considered to be

joined to the source terminal through

72 73 a resistanceless conductor. Under
these conditions, there will be no
fall of potential along the connect-
ing wires, hence the potential dif-

Figure 1 ference across each capacitor will
be that of the source. The equiv-
alent capacitance of a ,drallel

configuration of capacitors may be found from:

C = CI + C2 + C3 + . . . Cn

next page
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continued

V
c2

1 73
Figure 2

When capacitors are connected in series-parallel, the equivalent capaci-
tance may be determined by reducing the circuit to either straight series
or straight parallel (depending on the nature of the configuration) by
finding the equivalent capacitance of individual groups that make up
the complex circuit. Two of the problems in this section deal with such
circuits in order to provide basic practice in this simplification pro-
cess.

SERIES CnNNECTIOV: (Figure 2)
Again specifying resistanceless con-
ductors between source and capacitors,
and between individual capacitors,
all of the voltage drops that appear
in the circuit will be present across
the individual capacitors. The sum
of these voltage drops is equal to
the source voltage. The equivalent
capacitance of a group of capacitors
connected in series is given by:

1/C = 1/C1 + 1/C2 + 1/C3 +
. . 1/Cn

10. For the circuit shown below, what is the equivalent capacitance
in pf?
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11. The equivalent capacitance of a combination of capacitors can be
defined as:

A. the capacitance of several capacitors wired in series
with the same capacitance as the original combination.

B. the capacitance of several capacitors wired in paral-
lel with the same capacitance as the original combin-
ation.

C. the capacitance of a single capacitor which could re-
place a group of capacitors in an electrical circuit
without changing the performance of the circuit.

D. the capacitance of the single capacitor which has
capacitance equal to the sum of capacitance of all
the original capacitors.

12. In the network shown, the capacitors Cl, C2, and C3 have values
4 pf, 8 pf, and 16 pf respectively.

41:, ic
T T'

What is the equivalent capacitance of this combination of capacitors?

13. In the network shown, the capacitors C1, C2, and C3 have values
4.0 pf, 8.0 pf, and 16 pf respectively. What is the equivalent capaci-
tance of this combination of capacitors?

CI C2 C3
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14. For the circuit shown below, what is the equivalent capacitance?

INFORMATION PANEL

C3

C1 = 10.0 uf

C2 = 5.00 uf

C3 = 4.00 uf

Analysis of Capacitor Circuits

'OBJECTIVE

To study various capacitor circuits in terms of total and individual
charges, potential differences, and equivalent capacitances.

Analysis of capacitor circuits can be substantially facilitated by working
with a logical itemization of certain individual characteristics of
series and parallel circuits. A useful listing appears below:

Capacitors in Parallel

Potential difference (V): The potential difference across each capacitor
is the same as that of the source of potential difference.

V = V1 = V2 = V3 = .

Charge (q): The total charge provided by the battery or other source
of electrical energy is shared among the capacitors f..:n the parallel
circuit and is equal to the sum of the indiv!dual charges

q ql (12.# q3 '

The charge acquired by each individual capacitor is directly li-roportional
to the capacitance so that

q1 = C1V, q2 = C2V,
q3

etc.

next page
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continued

Equivalent capacitance (C): The equivalent capacitance is the sum of
the individual capacitances:

C = C
1
+ C

2
+ C

3
+

Capacii)rs in Series

Potential difference (V): The sum of the individual potential differ-
ences is equal to the potential difference of the source:

V= V1 + V2 + V 4.
3

Furthermore, the potential difference that appears across the terminals
of each of the capacitors in series is inversely proportional to the
capacitance of the capacitor:

V1 = q /C1, V2 = q/C2, V3 = q/C3, etc.

Charge (q): The charge 'cquired by each capacitor is the same as that
transferred by the source from one of its terminals to the other:

q ql (12 (13

Thus, each capacitor in a series group acquires the same charge as every
other in the group, and this charge is the same as that supplied by the
battery to the circuit as a whole.

Equivalent capacitance (C): The equivalent capacitance is given by:

1/C = 1/C1 + 1/C2 + 1/C3

The arithmetic may sometimes be simplified by using the relationship be-
low for two (and two only) capacitors in series:

C1C2
C

+ C
2

The problems in this section of your work involve the relationships
given in this Information Panel, plus the techniques used to reduce
series-parallel circuits to simple series or simple parallel arrange-
ments, whichever is the more logical.
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15. For the circuit shown below, what is the total charge in micro-
coulombs supplied by the battery?

V = 12 volts

C1 = C3 = 2.0 of

C2 = 1.0 of

C4 = C5 = 3.0 of

16. Consider the combination of capacitors in parallel shown in the
diagram:

V T T where C1 = C2 > C3

A voltage V is maintained across the terminals of the combination. The
relationship among the voltages across each capacitor is:

A. voltage across C1 > voltage across C2 > voltage across C3

B. voltage across each of the capacitors is the same

C. voltage across C3 > voltage across C2 = voltage across C1

D. voltage across C1 = voltage across C2 > voltage across C3
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17. In a series array of capacitors, as shown below,

A.-I 1 I 1-.13
Cl C2 C 3

which of the following is true?

A. The charge stored by the combination is equal to the
sum of the charges stored by the individual capacitors.

B. The voltage drop across the combination is equal to
the sum of voltage drops across individual capaci-
tors.

C. More charge can be stored in this combination, for the
same overaZZ voltage drop, than in any of the single
capacitors.

D. The voltage drop across C2 is zero since the net charge,
supplied to it by the battery connected across points
A and B, is zero.
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18. A series array of capacitors is shown in the diagram. With a given

1

overall potential difference V across points A and B,

B

A. less charge is stored by the combination than would be
stored by any one of the elements if it had the same
potential difference V across its terminals, because
the capacity of the combination is less than that of
any one of its constituents.

B. more charge is stored by the combination than would be
stored by any one of the elements if it had the same
potential difference V across its terminals, because
the capacity of the combination is more than that of
any one of its constituents.

C. since that portion of C1 which is joined to C2, and
that of C2 which is joined to C3, are not connected to
the battery, they have no net charge, and so do not
influence the charge storage capacity of the network.

D. the charge stored by the combination is equal to the
average of the charge which would be stored by each one
of the components if the same potential difference V
were applied across it.
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19. In the diagram below, the charges on C1, C2, C3, C4, and C5
respectively are (all in ucoulombs)

vT

C2

A.

B.

C.

D.

12,

12,

12,

6,

6,

2,

12,

12,

4, 2,

4, 6,

12,

6, 4,

12

12

12,

4

12

V = 12 volts

C3 C4
C1

C2

C
4

= C3 =

= 1 pf

= C
5

=

2 of

3 uf

20. In the diagram below, the potential differences (in volts) across
C1, C2, C3, C4, and C

5
are respectively

vT

Cl

C2

I I C5

C3

A.

B.

C.

D.

12,

24,

6,

6,

12, 12, 12,

4, 8, 12, 24

12, 6, 4, 4

2, 2, 2, 4

12

C4

V = 12 volts

C1 = C3 = 2 pf

C
2
= 1 pf

C4 = C5 = 3 pf
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21. A potential diff6rence of 10 volts is applied between points

A
c

C2

C3 C5.

Cl = 3 of

C
3
= 8 pf

Cu = C9 = 5 pf

A and B of the circuit shown above. Calcu:ate the potential differ-
ence across capacitor C3 (between points X and Y).

A. Zero

B. 5 volts

C. 10 volts

D. 16 volts

22. A 100 -ppf capacitor (1 ppf = 10-12 f) is charged to a potential
difference of 100 volts; then the charging battery is disconnected and
the charged capacitor is connected to a second capacitor. If the po-
tential difference drops to 50 volts, what is the capacitance (in ppf)
of this second capacitor?
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[a] CORRECT ANSWER: 1

The arrangement shown in the drawing can be broken into three parts, one
of them consisting of capacitors C3, and C4. The latter capacitors
are connected in parallel so their equivalent capacitance may be found
by adding their capacitances arithmetically; i.e.,

C6 = C2 + C3 + C4 = 6 pf (1)

Thus, the original circuit may now be replaced by the one below.

CI
1

V C
6

II

C5

This new arrangement clearly involves three capacitors connected in
series; their equivalent capacitance C is given by

Therefore

1 1 1 1 1 1 1_= + + = + = 1
G C C6 C5 Z 6 3

C= pf

(2)

TRUE OR FALSE? If C2, C3, and C4 had been 2 pf each, the final answer
for C would have come out the same, 1 pf.

[b] CORRECT ANSWER: B

In diagrams we connect circuit elements (such as capacitors) with lines..
These lines are to represent conductors with zero "resistance"; i.e.,

charged particles can move along these conductors without expending any
energy. These conductors, therefore, are equipotential lines, giving
the same potential difference across each capacitor.
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[a] CORRECT ANSWER: B

The capacitance in general is given by the expression

C =

The potential of a charged, isolated conducting sphere is given by

Thus

V= ---1
4ncoa

C = 4Tre
o
a

In other words, the capacitance of a charged sphere is proportional to
its radius.

Usually, we calculate the potential difference between two conductors.
In this case, however, we found the potential difference between the
sphere and a point at infinity.

[b] CORRECT ANSWER: A

We redraw the given circuit in the form shown here. We note the complete

B

iiiacisecostie

upper and lower branch
of the diamond ("bridge").

are completely symme-
trical

the two branches

A

difference across each
of them will be the
same. Thus, points X
and Y are at the same

potential. The potential difference across the 8 of capacitor, there-
fore, is zero.
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[a] CORRECT ANSWER: B

The capacitance of a capacitor is given by

C = (1)

Since the electric field is constant between the plates of the paral-
lel-plate capacitor, the potential difference is given by the expres-
sion

V = = Ed

where the electric field is

Thus

E = a CI

E E0 0

V=
EoA

From (1) and (2), we obtain

E A
C --Q

V qd/e0A d

(2)

TR,-1. OR FALSE? For a given separation d, the p(71..: A. difference be-
tween the plates varies inversely as the area of u plate.

[b] CORRECT ANSWER: 2.3 of

Since the capacitors are connected in series, the equivalent capacitance
C is

or

1 1 1 1

c C + C +

=1 1 1

4 8 16

C = 2.3 of
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[a] CORRECT ANSWER: B

You have seen this configuration before. The equivalent capacitance of
C7, C3, and C

4
in parallel is 6 uf. This equivalent capacitance in

series with C1 (2 uf) and C5 (3 uf) yields a total circuit equivalent
of 1 pf. Hence, from

q = CV

the total charge stored by the 12-volt battery is

q = 1 of x 12 volts 12 ucoul

Capacitors C1 and C5 will have a charge equal to that supplied by the
battery, namely 12 ucoul. The three capacitors in parallel (C2, C3,
and C4) must share 12 ucoul. The charges on these capacitors are pro-
portional to their capacitances which are in the ratio 1/6:2/6:3/6
respectively. The corresponding charges become 2, 4, and 6 ucoul.

[b] CORRECT ANSWER: 10-6

The capacitance of a parallel-plate capacitor is given by

C El:1A

where A is the plate area, --ad d is the distance between the plates. The
capacitance is related to the potential difference and charge by

0 c A
c = =

V d

Thus, the charge on the plate is

E A
o v
d

Substituting numerical values with the area A = wr2 = 11. X 9 x 10-2 we get

x x 9 x 10-2 x 00

q- = liwco x 9 x 103

1
x 9 x 103 = 10-6 cowl9 x 109

TRUE OR FALSE? If both the area and separation of the plates of a paral-
lel-plate capacitor are tripled, the capacitance will be tripled.
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[a] CORRECT ANSWER: A

The definition of the capacitance of a capacitor is

C = S-y

i.e., the amount of charge which raises the potential of the capacitor
by one unit.

Since the unit of charge is the coulomb (coul) and that of potential is
the volt, we have

1 f = 1 coul/volt

[b] CORRECT ANSWER: B

The potential difference between two spherical shells is

V
q

(1
1

itireo r

Using the definition of capacitance

we obtain

C 011

-1

C 47TE I 1 1
O = rR r 1-1

rR

= 4ireo
rR

R - r

TRUE OR FALSE? As the final expression indicates, if R = r then the
capacitance would become zero.

[c] CORRECT ANSWER: 28 of

Since the capacitors are in parallel, the equivalent capacitance C is

C= CI + C2 + C3 = (4 + 8 + 16) of = 28 uf
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[a] CORRECT ANSWER: 12

The original circuit may be replaced by the new one shown below:

where

Cll

C6 = C2 C3 C4 = 6.0 Lif

C6

This new arrangement clearly involves three capacitors connected in
series and the new capacitance C is

1 1 1 1
- , + C5 = 1.0

C = 1.0 uf

Since the equivalent capacitance of the circuit is equal to 1.0 if, i.e.,
C = 1.0 of and we know that the battery maintains a potential. of 12 volts,
we can easily determine the charge from the equation

q = CV = (1.0 X 10-5 f) X 12 volts = 1.2 X 10-5 coul

= 12 pcoul

TRUE OR FALSE? It is clear from this solution that, in general,
of x volts = PCOU1.

[b] CORRECT ANSWER: B

Potential drops are additive in a series combination. If V1 equals the
potenti,,i drop across the first capacitor, and V2 across the second capa-
citor, and so on, the overall potential drop across the combination is
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[a] CORRECT ANSWER: 100 ppf

23

The figure below shows the situation described in this problem. We must
first find the initial charge on the 100-ppf capacitor by the use of the
definition

100
volts

Thus,

C = s-

100u f

Before

C

0
100 100110 volts
volts

/

After

q = (100 x 10-12 f) x (100 volts) = 10-8 coul

7E-

After the charged capacitor is connected to the second capacitor, the
potential will be the same on both capacitors; namely, 50 volc.s and
consequently the initial charge will be distributed between the two
capacitors. Therefore,

and

10-8 = ql + q2 = (C1 + C2) V

= (10-10 + C,) x 50

C2 = 1(+J ppf

TRUE OR FALSE? If we had started with a battery of 50 volts, we would
have found a potential difference of 25 volts across C at the conclu-
sion of the action.
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[a] CORRECT ANSWER: C

The potential difference between the two cylindricd surfaces can be
obtained as follows:

b

V = E.dS =1 E dr
a a

Using

E - q
2wcorL

this becomes

V
a

b
dr b

2Tre
0
L r 2weoL a

Thus, from the definition of capacitance, we get

2TreoL
C = -

V 2n (b/a)

TRUE OR FALSE? In this solution, q/27reoL is constant for any cylinders
that. way be selected for use.

[b] CORREC1 ANSWER: A

Since the value of the equivalent capacitance of a series chain of capa-
citors is given by

1 1 1 1

C Cl C2 C3

it follows ::gat this value is leas than that of any one of the components
Cl, C2, C3, etc. Thus, the charge stori,,g capacity of the combination is
less than that of any individual component, provided that same potential
difference is applied across them in both cases.

Let us check this with a simple example. Suppose C1 = 2 if, C2 = 3 pf,
and C3 = 6 if, then

1 1 1 1
= + + - 1

Thus, C = 1 pf, which is obviously less than any individual component.
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[a] CtIRECT ANSWER: 3.6 x 10-3

From the definition of capacance

C = q/V

we obtain

Thus,

q = CV

q = 1.2 x 10-6 x 3 x 103 = 3.6 x 10-3 coul

[b] CORRECT ANSWER: B

Since copper is a good conductor, the electric field inside the copper
slab is zero. Thus the potential difference between the two capacitor
plates is simoly

and

V =i (d - b) (1)

E= _a_ - _g_.

co coA

From equations (1) and (2), we may write

V = (d - b)
soA

(2)

(3)

Substituting (3) into the defining equation for capacitance of a capa-
cito.r, we obtain

- c°AC
d - b
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[al CORRECT ANSWER: C = 7.33 of

The series combination of C1 and C2 can be replaced by a capacitor with
an equivalent capacitance C4 which is given by the equation

or

1 1 1

Z7, 6;

C4 = 3.33 of

Thus the lriginal circuit may he replaced by the circuit below:

O

V
C4 C3

The equivalent capacitance for this circuit and, therefore, for the
original 'Arcuit is

C = C
3
+ C4 = 4.00 + 3.33 = 7.33 pf

TRUE OR FALSE? The equivalent capacitance of C1 and C2 must turn out
to be smaller than either C1 or C2 alone.

[133 CORRECT ANSWER: D

The capacitances of I e five capacitors are given (in pf) as 2, 1, 2, 3,
and 3, respectively. In addition, we found that the respective charges
stored in these capacitord are (in pcoul) 12, 2, 4, 6, and 12. Using
the relationship

V = q/C

we obtain the respective potential differences (in volts) the values
6, 2, 2, 2, and 4.
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[a] CORRECT ANSWER: D

A capacitor cLn be thought of as a device which stores electric charge
and thus, establishes an electric field around it. Therefore, poten-
tial difference, V, exists between the two conductors of the capacitor
indicating the storage of electric potential ener0y. By cWinition,
the capacitance of a capacitor is the amount of charge required to
raise the potential of the capacitor by unity, or better, capacitance
is charge per unit potential difference.

[b] CORRECT ANSWER: C

27

This correct answer has a subtle point that you should note. The equiva-
lent capacitor is to be capable of replacing a group of capacitors "with-
out changing the performance of the circuit." This means that the equiva-
lent capacitor must have the same capacitance as the group of capacitors
which it might replace. Specifically, for the same electric potential
difference, the equivalent capacitor must be able to hold the same charge.
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INFORMATION PANEL Energy Stcrage in Cuacitors

OBJECTIVE

To relate the work done in charging a capacitor to the magnitude of the
energy stored by it; to solve problems in which this relationship is
involved.

During the charging process involving a capacitor and a source of electrical
energy such as a battery, charges are transferred from one of the two
capacitor conductors (plates) to the other. Since each element of charge
transferred causes the potential difference V between plates to increase,
and since transfer occurs in a direction opposite that of the electric
field being developed between conductors, work must be done to accomplish
the transfer. Furthermore, as the charge increases, the work required to
transfer each additional element of charge also increases. This is clearly
a case of work done against a varying force.

Consider a capacitor that already possesses a charge q' as a result of
previous transfers of charge elements. An additional charge element dq'
is now to be transferred in the same direction so that the amount of work
required to do this is:

dW = V dq' (1)

where V is the already established potential difference between the
conductors (i.e., energy per unit charge already present).

Making use of the relationship for a capacitor, namely,

V = q'/C (2)

in which C is the capacitance, we may rewrite equation (1) as follows:

dW = (q' /C)dq' (3)

To find the total work W required to transfer a total charge q in this
manner, it is necessary to integrate equation (3) between the limits of
zero and q, thus:

or

q a ,

w = dq'
C q

0

2
1

W = 2
C

(4)

next page



SEGMENT 27

continued

Equation (4) is a much-used relationship in electrostatics. If the
charging process described above has been carried on in a conservative
way, that is, if care has been taken to avoid loss of energy due to
heating effects, it may be assumed that the energy stored in the capaci-
tor is equal to the work done in charging it so that

_2
U =

2 C

where U is electric potential energy.

(5)

Knowing that q = CV enJoles us to write equation (5) in the alternative
form:

1U = 2 CV2

And finally, the fact that C = q/V yields a third form:

VU= qV

(6)

(7)

In this section, you will be required to solve problems in which it
will be necessary to

(a) find the work done in charging a specific capacitor to
produce a specified charge;

(b) find the work done in charging a specific capacitor to a
specified potential difference;

(c) make use of the relationship between potential difference,
charge, and capacitance.
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PROBLEMS

1. Find the work done in charging a parallel plate capacitor to produce
a final charge magnitude Q = 5 x 10-3 coul on each plate and a potential
difference between the plates of V = 100 volts.

2. If a charge q is moved from one plate to the other of :in initially
uncharged capacitor with capacitance C, the potential difference V across
the capacitor plates will be equal to:

A. V = q/C

B. V = C/q

C. V = Cq

D. none of the above

3. If, in the capacitor of the previous question, an additional charge
increment of charge "dq" is moved from one plate to the other, in the
same direction as q was moved, the work required to make this transfer
is given by:

A. dW = dq/V = (q/C)dq

B. dW = Vdq = (q/C)dq

C. dW = dq/V = (C/q)dq

D. dW = Vdq = (C/q)dq
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4. C:,,risider the process outlined in the previous question until a total
chard Q has been transferred from one plate to the other. The total
work :equired to charge the capacitor (i.e., starting with an initial
zero charge to end up with a charge Q) is given by

A. W

2_
B. W= 2

C

Q2 n2
C. W=

D. W =
1 n_2

2 C

5. A parallel plate capacitor of 200 of capacitance is charged to 500
volts by means of a battery. Find the energy stored in the capacitor.

INFORMATION PANEL Transfer of Energy in Capacitors

OBJECTIVE

To study the laws that govern the transfer of energy from one charged
capacitor system to another, or when capacitor connections are changed
from series to parallel and vice versa.

In actual electrical circuits containing capacitors, the charging and
discharging processes always carry with them some energy losses in the
form of heat generated by the moving charges in the connecting wires
(and other components that may form part of the circuit). The problems
in the forthcoming section illustrate this effect.

We shall be interested in a number of different energy-transfer situa-
tions. These are outlined below; the listing has been arranged to
conform with the order in which corresponding problems appear in this
section.

next page
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continued

(1) Capacitors may be charged in series, disconnected from the charging
source, and then reconnected in parallel. When this is done, charges will
move through the connecting wires as they redistribute themselves in the
new configuration. An important consideration in this type of energy
transfer is that the total charge of the system remains the same; charge
is neither gained nor lost as a result of the redistribution. In general,
to solve a problem of this variety, one must calculate the total charge
that resides on the equivalent capacitor formed by the newly connected
units. Once this has been determined, the final stored energy is obtained
from:

E = 1 g_2_

2 C

where q = the total charge and C = the equivalent capacitance of the
combination.

(2) A capacitor or group of capacitors may be charged from a known
voltage source, disconnected from the source, and then connected to an
uncharged second capacitor or group of capacitors. After the charges
have been redistributed, the total charge is again the same as it was
before the connections were changed, but.in this case it will be shared
between the two capacitors instead of residing only in one of tl.em. To
find the difference in stored energy for the two conditions, one determines
the original stored energy and the final stored energy, and then subtracts
one from the other. Here, again, one finds that less energy appears in
the final configuration because some energy has been dissipated in the
form of heat in the connecting wires.

(3) Two capacitors of different capacitance may be individually charged
to different voltages, and then connected to one another with oppositely
charged plates joined. In this case, the total charge at the end of the
transfer will not be equal to the original total charge because some of
it will be neutralized. To find the loss of stored energy in an action
of this type, the initial energy of the two separate capacitors is
first calculated. The residual charge magnitude is then obtained by
subtracting the smaller initial charge from the larger initial charge on
the individual capacitors (i.e., determining what is left after one charge
has partially neutralized the other). The final stored energy is then
calculated in the usual manner, and the loss of energy then obtained by
subtraction as before.

next page
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continued

(4) Two capacitors of different capacitance may be charged in parallel
from a given source of voltage. They may then be disconnected from the
source and each other, and reconnected with plates of opposite sign
joined together. The final stored energy may be determined by first
calculating the magnitudes of the charge on each capacitor before the
reconnection is accomplished, finding the residual charge due to partial
neutralization after reconnection, and then determining the final stored
energy by properly applying:

2-E 1
C

6.

FET-1 IC, C3

V=100 volts

C
1
= 400 pf

C2 = 400 uf

C
3
= 200 uf

Three large capacitors having capacitances of C1 = 400 uf, C2 = 400 uf
and C3 = 200 of are connected in series across a 100-volt battery. After
the capacitors are charged, the battery is disconnected and the capacitors
are connected in parallel with the positively charged plates connected
together. Find the difference in stored energy in the system of three
capacitors in the two situations described above.



SEGMENT 27 7

7. A capacitor having capacitance C1 = 10 of As charged to a potential
difference V = 120 volts. The battery is disconnected and the charged
capacitor C1 is connected to another uncharged capacitor of capacitance
C2 = 30 of as shown in the diagram. Find the difference in the energy
stored.

CI C2

8. A capacitor having capacitance C1 = 1 of is charged to V1 = 200 volts
and another capacitor of capacitance C2 = 2 of is charged to V2 = 400
volts. If the charged capacitors are connected, positive plate of each
to negative plate of the other, find the loss of stored energy.

9. Two capacitors having capacitances C1 = 60 of and C2 = 30 of are
connected in parallel across a 180-volt battery. After the capacitors
are charged, the battery is disconnected and the capacitors are recon-
nected in parallel with plates of opposite sign together. Find the
energy stored in the final system.
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INFORMATION PANEL Effect of the Capacitor Dielectric

OBJECTIVE

To define dielectric constant; to observe the effect of changing dielectric
constant upon capacitance; to use the dielectric constant in capacitor
calculations.

The equation

C = eo

giving the capacitance of a capacitor in terms of plate area A and plate
sepo-ation distance d has been derived for a capacitor in which the space
between plates contains a vacuum only, or air for a close approximation.
When a solid or liquid dielectric fills the space between the plates, it
is found that the capacitance C increases to an extent determined by the
nature of the dielectric substance.

The dielectri,. constant K may be defined operationally as

or

K = capacitance with dielectric
capacitance in vacuum

Cd
K =

CO (1)

Since Cd is always larger than Co, the dielectric constant is always
greater than 1 for material substances.

Several types of experimental observation should be mentioned at this
point.

(1) Suppose weplace a given charge q on a vacuum capacitor Co. The
voltage across this capacitor would then be

V
o

= q/C
o (2)

next page
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continued

We now slip a slab of some dielectric such as mica or polystyrene between
the plate:. to fill the gap completely. The capacitance will then be
larger than before (Cd) and, since the charge does not change, the new
voltage will be

Vd = q/Cd

Dividing equation (2) by equation (3) then gives us

Vo Cd
=

C
K

Vd
0

(3)

(4)

so that it is evident that the dielectric constant is also expressed as
the ratio of the voltage in vacuum to the voltage with dielectric (same
charge).

(2) Suppose now that we place a given charge on a vacuum capacitor in
order to obtain some predetermined voltage. With the voltage measuring
device connected across the plates, we then slide in a slab of dielectric
and observe that the voltage decreases. We then raise the charge magni-
tude from qo to qd in order to reestablish the same voltage that was
present before the dielectric was inserted. The relationship is:

(initial) qo = CoV

(final) qd = CdV

Dividing equation (6) by equation (5) yields:

gd Cd

go Co K

(5)

(6)

(7)

thus showing that the dielectric constant is also given by the ratio of
the charge on the capacitor with dielectric to the charge in vacuum for
fo) the same potential difference between plates.

Since the dielectric constant K may be defined as in equation (1), we
can also write:

C = KC° 121

as the capacitance of a capacitor in which the space between plates is
filled with a material of dielectric constant K.
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10. A dielectric slab of thickness b and dielectric constant < is
inserted between the plates of a parallel-plate capacitor of plate
separation d and area A. What is the capacitance of the capacitor?

coA
A. C =

d b

B. C =
KE oA

Kd - b(K - 1)

KE0A
C. C=

coA
D. C =

K(d - b)

11. What is an expression for the capacitance of a parallel-plate
capacitor in terms of the following quantities?

dielectric constant = K
permittivity of free space = e0
plate area = A
plate separation = d

, AK
A. = ---

cod

B. C =
KAd

o

C. C =

D. C

K

toAd

KE
o
A
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12. An air-capacitor is connected to the terminals of a battery which
places a potential difference Vo across its terminals. The battery is
then disconnected and a slab of dielectric material having a dielectric
constant K is inserted between the plates. A voltmeter connected across
the capacitor now reads a potential difference Vd. Select the true
statement:

A. Vo = Vd

B. Vo > Vd

C. Vd > Vo

D. Vd = 0

4

13. If a dielectric is placed in an electric field, induced surface
charges appear which tend to

A. increase the electric field by a factor of K

B. decrease the field by a factor of 1/K

C. leave the field unaffected

D. increase the potential by a factor of K

14. A parallel plate capacitor is made up of two circular plates of radius
6 cm separated by a distance of
1 cm. A 1-cm thick semicircular
plate of dielectric material

with dielectric constant K = 4.0
fills half of the 'space between
the plates. Calculate the capaci-
tance of this capacitor. (Give
your answer in picofarads (pf)
where 1 pf = 1 ppf (micromicrofarad) =
10-12 f.)
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15. Two identical capacitors each of 3 of are given identical charges of
900 icoul each. Each has its plates initially separated by a layer of air.
Now a sheet of mica (K = 8) is inserted into the air space of the second
capacitor, completely filling it. What is the ratio of the potential
difference across the capacitor with dielectric to that of the other;
namely, Vd/Va?

A. 8:1
B. 1:8
C. 8:3

D. 3:8

16. An air capacitor having capacitance C1 = 1.5 of is connected to a
100-volt battery. After the capacitor is fully charged it is disconnected
from the battery and filled with a dielectric material of dielectric con-
'stant K = 3.0. If the capacitor with the dielectric is now connected to
another uncharged capacitor C2 = 3.0 of as shown in the diagram, find the
energy stored in the final system.

DIELECTRIC*
C2

17. Which is the correct statement concerning the insertion of a
dielectric into the air gap of a charged capacitor?

A. The dielectric is pulled into the air gap by attractive
forces.

B. Work is done by an external agent, i.e., the dielectric must
be pushed into the gap.

C. No work is done either on or by the external agent inserting
the dielectric.

D. Initially an external agent must exert a force to get the
dielectric halfway into the gap. Thereafter, the dielectric
is pulled into place by an attractive force which, on the
average, is equal to the force required to push it halfway
into the gap.
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18. A capacitor has a capacitance C = 1.5 pf when its 1 J;,tes are

separated by a layer of air. It is fully charged to V 600 volts

by a battery. If the charged capacitor is first disconnected from
the battery and then immersed in an oil of dielectric constant
K = 3, find the energy stored in the capacitor.
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[a] CORRECT ANSWER: 0.05 j

The initial energy Ei stored in series situation is

1E. =
2
CV 2

where equivalent capacitance C is given by

C -
C1C2C3

C
I
C
2
+ C

2
C

3
+ C

3
C

1

4 x 4 x 2 x 10-12
(16 + 8 + 8) x 10-8 10-4 f

Substituting the numerical values in equation (1) we obtain

El -
1

x 10-4 x 104 = 0.5 j

(1)

(2)

(3)

In order to calculate the energy Ef in the parallel configuration, we
will calculate the total charge Q that will reside on an equivalent
capacitor C' = C1 + C2 + C3. However, since all the positively charged
plates are connected together no charge is neutralized and, hence,

Q Q1 Q2 Q3

where Q1, Q2, and Q3 are the charges on capacitors C1, C2, and C3 initially.
Since C1, C2,. and C3 were connected in series initially, the charges

Q1 = Q2 °Q3 = Qs

Therefore,

= 3Q8

The charge Qs is obtained from

" Q
v

s

C

°Qs
+1+1)

(5
1-

2 C3

Or

Qs VC xi 100 x 10-4 10.2 coul

next page
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continued

The final energy is

1 1 (3QS )

\ 2

Ef 2 C I 2 (C 1+ C2 + C3)

9 x 10-4
2 x 10 x 10-4

= 0.45 j

The loss in stored energy is given by

Ei - Ef = 0.5 - 0.45 = .05 j

The energy difference appears as heat in the connecting wires as the
charges move through them. We shall learn about this heating process
in later segments.

TRUE OR FALSE? In this solution we make use of the knowledge that the
total charge stored by a group of capacitors in series is equal to the
sum of the individual charges.

[a] CORRECT ANSWER: D

The fact that the capacitance of a capacitor is multiplied by K makes
certain materials with high dielectric constant extremely useful in
CA. construction of capacitors. Other factors, of course, must be
considered, as mentioned earlier.

In general, the capacitance of a capacitor depends upon:

(1) the geometry of each element of the capacitor. (For

parallel plates the area, A, and separation of the
plates, d, enter in the expression for the capacitance.)

(2) the material filling the space between the elements of
the capacitor. (The dielectric constant K enters the

expression.)
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:a] CORRECT ANSWER: B

SEGMENT 27

Previously we found that for n 'itor with a charge q, the work
required to transfer an addi Jun_ ge dq across the plates is

dW = Vdq

Now if we want to find the total work required to charge the capacitor
from zero charge to a charge Q, we must recognize that q will vary as
the capacitor is being charged. Thus,

and

Thus,

dW = Vdq = dq

Q
W dq

0

w= 1 91
2

b] CORRECT ANSWER: A

This answer stems directly from our definition of capacitance,

C = V/q

You should remember that capacitance depends upon the following:

(a) geometry of each conductor making up the capacitoz,

(b) the geometrical arrangement of the conductors with respect
to each other, and

(c) the electrical properties of the material between the
conductors making up the capacitor.
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[a] CORRECT ANSWER. 0.12 j

The initial charges on the capacitors C1 and C2 are

and

= 2 x 102 = 2 x 10-'4 ( (1)

Q2 = C2V2 = 2 x 10-6 x 4 x 102 = 8x 1n-4 coul

The initial energy Ei of the system of two separate capacitors is

1E.= C1 V1 2+
-f

C2 V2 2

= 18 x 10-2 j

(2)

When the capacitors are connected with plates of opposites sign together,
some of the charge neutralized and the net

.charge Q = Q2 - Q1 will be distributed on the Q2 -- 41)7

plates of capacitors C1 and C2. In terms of
equivalent capacicance C = C1 + C2 the energy +
stored in the final system Ef is

= 02
Ef -

1 (6 x 10-4)2 6 x 10-2 j
2 3 x 10-6

Therefote,

Ei - Ef = 12 x 10-2 j = 0.12 j

the loss in stored energy..

C2

(3)
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[a] CORRECT ANSWER: B

The dielectric constant K can be defined as the ratio of the capacitance
of a capacitor with its gap filled with the dielectric to the capacitance
of the same capacitor with its gap evacuated (or fi;i,d with air, since
for air K=1). Since the batter, has been removed the charge on the
capacitor will remain constant. Thus,

Vo = q/Co

and

Vd = q/Cd

Dividing the two equati ms, we obtain

Vo q/Co Cd
K

Vd q/Cd Co

Therefore

Vo = KVd

SO

Vo > Vd

since for any material

K > 1

[b] CORRECT ANSWER: B

The work required to move a c.rli=ge dq across a potential difference V is

dW = V dq

Now, using the result of tao p_ .ceding question we find for the potential
difference across a capacitor with capacitance C carrying a charge q

V =

Therefore,

dW = dq
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[a] CORRECT ANSWER: A

To verify this let us compare the energy stored in the capiwiLor before
and after the dielectric is inserted. The situation consiou.i..,, a

charged isolated air gap capacitor (i.e.; disconnected from the battery).
The energy stored in the capacitor is

s_2
Ua

2
(1)

a Ca

The dielectric is now inserted in the capacitor. Since the charge remains
fixed, the new energy stored in the capacitor is

Ud =
2 1 q2. . EA.g_

cd 2- KCa K

or

(2)

Ua = KUd

Since K > 1, it follows that Ua > Ud. Thus, some of the electric energy
stored in the capacitor originally has been lost. This lost energy was
used to do work on the agent placing the dielectric into the gap. The
figure below may help you visualize how this comes about. As the

dielectric is brought near
the capacitor, it gets
polarized roughly as shown
schematically in the figure.
Thus at the top, the ""
charges of the internal
dipoles come closer to the
"+".charges of the capacitor
with similar arrangementat
the bottom. This brings
about a new inward force
since, on the average, unlike
charges (attraction) come

closer than like charges (repulsion). The dielectric is thus pulled in.
The net force will be zero when the dielectric ends are equidistant
from the ends of the capacitor plates.
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[a] CORRECT ANSWER: B

In order to find the capacitance of the capacitor, we have to find the
potential difference between the two capacitor plates. The electric
field strength in the gap between the plates and dielectric slab is

E

and the electric field strength inside the dielectric slab is

E,
E

K E
0
AK

Thus, the potential difference between two plates is

V = -JrE.ds = Eo(d - b) + Eb

= (d - b) +
AK

b
EOA E0

A [k(d- b) + b]A
Thus, from the equation

we obtain

C =1.

o
AK

o
AK

C
V ic(d - b) +b-Kd- b(K - l)

This problem can also be solved by considering the total capacitance
as that of two capacitors in series, one of capitance

e A
CI- --Q----

d-b

the other of capacitance

K£ 0A
C2

TRUE OR FALSE? The electric field intensity inside the dielectric slab
is less than the field intensity in the air gap between plate and slab.
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[a] CORRECT ANSWER: 25 j

The energy stored in a capacitor is equal to work done in charging the
capacitor. Therefore,

1
Energy stored = = -2. CV

2

Substituting, we have

Energy = 1 200 x 10-6 f x (500)2- -

Energy = 25 j

Note that the expression

1 2
CV

was used for the work done since the data was given in terms of C and V.

TRUE OR FALSE? If the data had been presented in terms of Q and V, then
the relationship would have been:

Energy =
1
QV

2

[b] CORRECT ANSWER: B

The insertion of a dielectric does not change the charge On the capacitor.
Thus, the ratio of the potential differences is

Vd Q/Cd Ca EoA/d
1 1-

Va Q/Ca Cd KE0A/d K

where theaubscript dand a refer to dielectric and air respectively.
(We have taken K for air to be equal to 1.)

TRUE OR FALSE? If the air-dielectric capacitor had been a vacuum-
dielectric type, the ratio Vd/Va wailld have been much smaller than
1:8.
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[a] coRRECT ANSWER: 0.16 j

The initial charges on the capacitor plates C1 and C2 are

Q1 CIV

a:7d

Q2 = C2V

respectively. When the capacitors are reconnected with plates of opposite
sign together, some of the charge is neutralized and the net charge
Q = Q1 - Q2 will be redistributed on the plates of capacitors C1 and C2.
In terms of equivalent capacitance, C = C1 + C2, the energy stored in the
final system Ef is

1 12_

Ef 2 C

1 [V(C1 - C2)]2

2 Ci + C2

1 2 (C1 C2)2
-2- V C +C2

1 180 x 180 x 900 x 10-12
2 90 x 10-6

= 0.16 j

TRUE OR FALSE? The net charge present in the system after reconnecting
the capacitors as described is greater than it was just prior to
reconnection.

[b] CORRECT ANSWER: B

If a dielectric slab is introduced into an electric field, the following
relationship may be applied:

Eo V
o

---- = K
E V

where E0 and To represent the values of electric field and potential before
t insertion. of a dielectric.

Thmo, E = Eo/K. The original eleTric lutensity is -reduced by factor

of:Jvc.
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[a] CORRECT ANSWER: 0.25 j

23

The charging process is carried out by transferring small positive charges

from the plate at lower potential to the plate at higher poit.ntial. During
this process, when the total quantity of charge has reached q the potential
difference between the plates has reached V, where q and V .ire related by

q = CV (1)

The symbol C in equation (1) is the capacitance of the parallel plates
and is a constant depending upon the geometry and the nature of the

dielectric. The work dW to transfer an element of charge dq is

dW = Vq (2)

Substituting the expression for V from equation (1) yields

dW = qdq (3)

The total work done W when the charge on the capacitor plate reaches Q is

W

Co

o
qdq

1 Q2
2 C

(4)

However, the given data is in terms of Q and V and not C. The expression
for C in terms of Q and V is

C
V

Therefore, equation (4) becomes

1 Q2Q V 1

2
QVW

2 '`

= 2 (5 x 10-3 coul) x 100 volts

= 0.25 j

(5)

TRUE OR FALSE? As equation (4) indicates, the work required to transfer
a charge Q from one plate to another is inversely proportional to the
capacitance between plates.
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[a] CORRECT ANSWER: 0.054 j

Initial energy stored in capacitor C1 is

E.1 = 1 C V 22 (1)

The original charge Q - CIV, will now be shared by the two capacitors
so that

Q1 Q2 = = CIV (2)

where Q1 and Q2 are the new charge distributions on the plates of C1 and
C2, respectively. However, Q1 and Q2 may also be computed from

Q1 = C1Vf and Q2 = C2Vf

where Vf is the new potential difference across C1 and C2.

Combining equations (2) and (3) and solving for Vf we obtain

C1Vf + C2Vf = CIV

or

V
Cl

f Cl C2

The final stored energy Ef is

1
Ef = -2- C1Vf

2 1+ C2Vf 2

Substituting equation (4) for Vf,

Ci2V2
Ef = (C1 C2)

(C1 C2)2

or

1 CI
E C V2f 2 1 (C1 + C2)

Therefore, the difference in stored energy is

1 2 1 2 C1Mi - Ef ==7 civ - civ c
1 2

C
CIV2(1

+ C2

= 0.054 j

(3)

(4)

(5)

next page
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continued

Alternate Solution:

The final energy Ef may be written as

1Ef
2

where C is the equivalent capacitance, that is C = C1 + C2 and Q is the
charge on the plates of equivalent capacitor which in this case is the
original charge Q = CO/. Therefore,

1 C 2V2
Ef

which is the same as equation (5) above.

[a] CORRECT ANSWER: .09 j

The energy Ef stored by the capacitor after immersion in oil may be
calculated from

Ef
1 21
2 Cf

where Cf is the capacitance of the capacitor when it is immersed in oil,
that is

(1)

Cf = KC (2)

and Q, the original charge on the capacitor, is given by

Q = VC (3)

Substituting expressions (2) anti (3) in equation (1), we obtain

1 V2C2
2 KC

1 CV2

2 K

= 0.09 j

TRUE OR FALSE? The amount of stored electrical energy decreases when a
charged, isolated air capacitor is immersed in an oil dielectric.
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[a] CORRECT ANSWER: 25 pf

We can consider the given capacitor as made up of two capacitors, one
with the dielectric filling its gap. Since the plates of the given
capacitor "short out" the respective sides of the two "halves," the

arrangement is similar to
the one shown here; i.e.,
two capacitors connected
in parallel. The area of
each circular plate is

Ao = 7r2 (1)

and the area of each
semicircular plate is

A = A0/2 = 7r2/2 (2)

Now for a parallel plate
capacitor

KE A
C = 0

d
(3)

where A is the area as given in (2), d is the separation of the plates
and is the same for both halves, co is the permittivity constant given
by Co = 8.85 x 10-12 or

1

41TE
o

- 9 x 109
(4)

and K is the dielectric constant; namely K1 = 1 and for the dielectric
K2 = 4.

Using equations (2), (3) and (4), we obtain

K
1
E
o
7r2/2 K1r 2

.CI -
d

- 47rt
0 8d

1 x1 36 x 10-4_
0.5 x 10-11 f = 5 pf (5)9 x 109 8 x 10-2

For computing C2 we must use K2 = 4, so the result will be

C2 = 20 pf
(6)

Recalling that for capacitors in parallel the capacitances are added
arithmetically we obtain

C = CI + C2 = 25 pf
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[a] CORRECT ANSWER: 1.5 x 10-3 j

The total charge in the capacitor system remains unaltered since C, is

originally uncharged. Thus, the net charge on each plate of an equiva-
lent capacitor C is

Q = CO/

The equivalent capacitance of the final system is

C = KC1 + C2

(1)

(2)

where KC1 is the capacitance of the capacitor C1 with the dielectric of
dielectric constant K added. Thus the final stored energy of the system
may be obtained from

=
02

Ef
2

(3)

Substituting the values of Q and C from equations (1) and (2) int,

tion (3) yields

r 2 T,2

'1 v
Ef

2(KC1 + C2)
1.5 x 10-3 j

TRUE OR FALSE? The final stored energy in the system is the same as the
initial energy stored in Cl.


