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STUDY GUIDE SELF-PACED PHYSICS

P | STEP | NAME P [ STEP | SECTION SEGMENT 24
0.1 | Reading: *HR 29-1/29-5 7 A B C D
SW 28-3
SZ 26-3; 26-4
AB 37-1; 37-2
0.2 | Information Panel, "Work in an
Electric Field"
T T F 8 A B C )
(ans)
1.1 If correct, advance to 5.1; 1if
not, continue sequence.
9 A B C D
o
oll 2
-
g
[
3
a3, (ans)
H
S
) > 10 T F
s
-
'8 _
H (ans)
g (ans)
Slos
:5 10.1|{ Information Panel, "Potential
o Due to a Point Charge"
8 (ans) {171
e LE3 A B C D T F
[ u
@ A B C . D T F
g . |
@]
i {
FJ .
-
(NI
'g 11.1| If your first choice was correct
= advance to 14.1; 1if not, con-
'8' 5.1f Information Panel, '"Potential tinue sequence.
g Differevnce" ' A 8
'g . T F 12 C D
ol &
[aT]
|
0 (ans)
0
8 6.1 If correct, advance to 10.1; if
2 not, continue sequence.
O
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. ) STUDY GUIDE SELF-PACED PHYSICS
P | STEP | NAME P | SYEP | SECh1ON SEGMENT 24
13 A B (‘_"J D 19 ) ‘A B C D
14 A B C D T F 20 A B C D T F
14.1| Information Panel, "Potential 20.1{ Homework: HR 29-8
Due to Combination of Charges" .
15
A B C D T F
15.1| If your first choice was correct,
advance to 20.1; 1if mot, con-
tinue sequence.
16
(ans)
17
(ans)
18 A B €

2 of 2




STUDY GUIDE SELF-PACED PHYSICS

P | STEP| NAME ' P | STEP | SECTION SEGMENT 25

~0.1|Reading: *HR 29~6/29-9 6.1{1f your first choice was cor-
*SW 28-3, 28-4 rect, advance to P 10; if not,
SZ 26~2; *26-6 continue sequence.
0.2|Information Panel, "Potential 7
Gradient" A B C D
1 A B C D T F
8

1.1{If your first choice was correct,
advance to 5.1; 1if not, continue
sequence.

-~
>
-]
(o]
o

-

n

10.1|1f your first choice was cor-
4 : | rect, advance to 13.1; 1if not,
continue sequence.

. 11
(ans) A B C D
5 T F -
12
A
(ans) B8 C D
"5.1|Information Panel, "Potential
Due to Distributed Charges"
E 13 A . . T T
A B C D T O B ¢ ] F

13.1|Information Panel, ''Applications
of the Concept of Electric Poten- |
tial Energy"

"Access * Produced Under License from the Meredith Corporation
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STUDY GUIDE

SELF-PACED PHYSICS

P | STEP | NAME P | STEP | SEZTION SEGMENT 25
14 TF
(ans)
14.1| If correct, advance to 18.1; if
not, continue sequence.
15
A B C D
16
A B C D
17
(ans) | [ ] ¢
18 T F
_ (ans)
18.1] Homework: HR 29-16
2 of 2
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STUDY GUIDE SELF-PACED PHYSICS
P | STEP| NAME P | STEP | SECTION SEGMENT 26
0.1 Reading: #!MR 30-1, 30-2 6.1 | If vour first choice was correct,
sW 30-1, 30-2 advance to 9.1; if not, continue
sz 27-1/27-3 sequence.”
AB 37-4, 37-5
0.2| Information Panel, "The Meaning ‘ A B c D
of Capacitance"
0.3| fadiovisual, CAPACITORS
1 8
= A B C D T F A 8B € D
1.1| 1f your first cho%ce was corr@ct, 9 A 8 c D T F
advance to 5.1; if not, continue
sequence.
2 A B C D
9.1 | ITnformation Panel, ''Equivalent
Capacitance - Series and Paral-
lel” ‘
3 A B C D 9.2 | Audiovisual, THE CAPACITOR IN
‘ACTION
10 T F
4
(ans)
(o1.5) 10.1|If correct, advance to 14.1; if
not, continue sequence.
A B C D
(ans)
5.1| Information Panel, "Calculation 12
of Capacitance"
6 A B c D T F
(ans)

1 of 2
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STUDY GUIDE SELF-PACED PHYSICS
P [ STEP| NAME P | STEP | SECTION SEGMENT 26
13 20
A B C
(ans) [-_—]
14 T F 21
A B C
fans)
14.1) Information Panel, "Analysie of 22 T

Capacitor Circuits" ' F

L T F
(ans)

22.1] Homework: HR 30-10
(ans)
15.1] If correct, advance to 22.1; if
not, continue sequence.
16|
A B C D
17
A B C D
18
A B C D
19

A B C D

2 of 2
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STUDY GUIDE SELF-PACED PHYSICS
P | STEP | NAME P | STEP | SECTION SEGMENT 27
0.1 Reading: HR *30-3, 30-4, 30-5; 7
*30-7
SW 30-3, *30-4
SZ 27-4, *27-5;, 27-8
] (ans)
0.2| Information Panel, "Energy :
Storage in Capacitors” 8
1 T ¢
(ans)
(ans) || 9 T F
1.1} 1f correét, advance to 5.1; if
not, continue sequence.
) (ans)
A B c D 9.1 {Information Panel, "Effect of
Capacitor Dielectric"
10
- A B C D T F
3
A B C D
10.1|If first choice was correct,
'4 advance to P 16; if not,
A B C D continue sequence.
11
A B C D
5 ] F
12 A B C
(ans) D
5.1| Information Panel, "Transfer of
Energy in Capacitors"
5l vofF U3 |
A B c D
(ans)
6.1| If correct, advance to 9.1; if
not, continue sequence.
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SELF-PACED PHYSICS

STUDY GUIDE
P | STEP | NAME P | STEP | SECTION SEGMENT 27
14
(ans)
15
A B Cc D T F
16) T F
(ans)
16.1] If correct, advance to 18.1; if
not, continue sequence.
17
A B C D
18 T °F
~ (ans)
18.1} Homework: HR 30-28

2 of 2 .




SEGMENT 24 1

INFORMATION PANEL Work in an Electric Field

CBJECTIVE

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 students starting their
work in this subject is confusion with respect to the algebraic signs
given to the various vectors involved in the ¢quutions. We shall try
to clarify some of these cencepts in this Information Panel.

Starting with a test charge q, immersed in a gpiform electric field of
intensity E as shown in Figure 1, we
can draw on our past studies to state
— that the force F' exerted Dy the

E field on the cha:gze is given by:

vl

F'=qE (1)

——— We shall be interested in the work
required to bring the charge from
some distant point toward the source
Figure 1 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, tue external force is

o shown as F, having a magnitude equal
to that of F' but opposite in direc-
tion. This force has been made equal
in magnitude to the force F' because
we are interested in the wock done
without accelerating the test charge.
- The qualification is that there be no
E change in the kinetic energy of the
particle during its journey inyard.
Since F is equal and opposite f', we
can then write:

v

re
——

||

Figure 2

|
-
s

D@
o

—_—
-> -> ,
F = -qE (2)

Figure 3

next page



2 SEGMENT 24

continued

To find the work done on tuc puiticle, it is necessary to sum up ali ‘ne
elements of work involved in moving through all the elements of displuace-
ment ds as shown in Figure 3. That is:

>
W = F-ds (3
Substituting equation (2) into
equation (3) gives us:
i b “» -
E, ds’ 9 E W= -qfs-dé (4)
L -

A 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
Figure 4 displacement vector is 180°, hence:
-> -> °
E*ds = Eds cos180 (5)
Refer now to Figure 5. When the system
y is referred to coordinate axes, the
: element of displacement inward (d$) is
ds’ equal in magnitude but opposite in
D Em— direction to the distance element dx
0 ° x along the x-axis so that we may say:
a3 qo
> ->
> ds = -dx (6)
and substituting equation (6) into
Figure § " equation (5):
R .
E+ds = E(-dx) (1) (7)
hence,
->
E+ds = Edx (8)

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

X,
W=—q°f E dx
x

This 1s 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 X, to another
position X, against an electric field.
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PROBLEY"

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

£=104
X

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

2. A charge q = +30 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?

o=10 mul/m2
+ + + + +

B
‘)‘o 3m
A 4m C

=10 coul/m2

3. A charge q = +30 coul is ncved from point A to o as shown in the
diagram of the preceding quescion. How nuch work is performed in moving
the charge if triaagle ALC 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.

[O%)



4 SEGMELT 4

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 ¢ m the origin? : %
A, 10X %

B. 3.72 x wu° i

C. -10.0 x 10'° %

, 3

D. -3.72 x 10 ?

y

!

i

INFORMATION PANEL Potential Difference

OBJECTIVE

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

I1f a charge is moved berween 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

A
path, work will be done on it by the
+9, field. If there is no restraining
A {D 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-

b agency that supplies this force. This
work will be identical in magnitude
\ 4 with that needed to move it from a
to b, hence the electric field is a

Figure 1 eonservative field so that the law of

conservation of energy applies to the
movement of charged bodies in such a field. :

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 «! irgc moved, we may now define

a no f two points in a field in these terms.

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

Vap = Yap/4,

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

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

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

Work done against the electric field by the ov side agency is considered
positive while work done by the electric field on the outside agency is
taken &s negative. If there is no difference of potential between the
two cousidered 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:

_ x>
wab = =9, Eeds

and then dividing the work thus obtained by the magnitude of the test
charge q,- Thus,

next page



6 SEGMLNT 24

continued
The problems 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 ficld;

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

6. Tw parallel plates each with a surface charge density ¢ = 10 coul/u.
form a -egion of uniform electric field as shown in the diabram. Calculate
the poteutial difference Vap & Vg = V, in volts.

o =10 coul /m?

+ + + + +
B

‘9& 3m
A L 4m JC

=10 coul/fm’

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,
from q¢ to b, b (Recall that a test charge is defined as a small
positive chagge.)

Ae Vo -V, = Vg, =W /q

B. Vy =V

m

Vab Wab

m

C. Vp = Va = Vgp = qoWyp

m

Do Vy = ¥y = Vgp = Wgp/qp
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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 w).
The volt can be expressed as the

A. J/coul N
B. J~coul
C. coul/J
D. J2/coul

10. Two parallel plates each wigh a surface charge of 0 = 10 coul/m2
form a region of uniform electric field as shown in the diagram.

Calculate the potential difference YN between points A and B in.
volts.

=10 coul/m2
+ + + + +
oB

ot

g=10 coul/m2
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INFORMATION PANLL Potential {Cue to a Point Charge

OLJECTIVE

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 V, at a given
point. The potential at a point is the difference between tie 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 levcl 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: Vb - Va = if E-dg
a

but by taking point a at infinity, this may be rewritten:
R . . b - e d
Potential at point b: V=-1 L-ds

since V, is zero by convention.
How consider a point chiarge q enveloped by its own electric field. This
field is radial and th= potential at some position at a distance r from
the point charge is given by:

V= q/4neor

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 specific distance.
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11. Recalling that the potential difference between two points ' anu .
is given by the expression

B~> -»
V3 WA T ( grds - (1)

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

B .
v=-f L-ds (2)

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

1
4dreg

aRYs)

B, V=-i-9

biey r?
1
c. V= — qr
brz, :
1 2
V] =
2. V 4nao'r

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

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

B. The potential difference between that point and some arbitrary
reference pdimt, the potential at the reference point taken to
have an infimity value.

C. The potentizl differemce between that point and a point at
infinity, ffiee latter taken as the zero-potential reference
point.

D. The potentis?l difference betweem that point and the origin of
- a coordinatie system, that origin taken as the zero-potential
reference yoint.
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13. What is the electric potential at a distance of 5.0 x 10~° m from
a point charge 3q,? (Recall that q, = -1.6 X 107'? coul.)

A. 8.6 x 10! volts
B. 9.6 x 10~'° volts
C. 8.6 x 107° volts

D. 1.1 x 10~%" volts

14. What is the value of an isolated positive point charge producing a
potential of 1.0 % 10° volts at a distance of 1.0 meter?

A. 1.1 x 107" coul
B. 1.1 x 107!'® coul
C. 9.0 x 10~% coul

D. 471 x 1073 coul

ITNFORMATION PANEL Potential Due to Combination of Charges

OLJLCTIVE

To calculate the potential at a point located between or outside cf two
or nore 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 follows that potential is a scalar quantity
as well.

next page
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continuad

The potential at a point in space due to the proximity of two or more
point charges is, therefore, merely the algebraie sum of the potentiuls
produced by each individual poiunt charge. The value of each individual
potential i calculated without referring to the other charges that may
be present at the same tine.

A second consequence -of 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 straigat line. It
is important to remenber, 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:

V = 9
4EQY

Then the addition process would be written as follows:

a4 47 ‘
= +.0n
4neor1 bregr,
which reduces to:
q q
V:zl—_ _1...*.__2-*-‘..
ey \ Ty T,

The charges indicated by q;, qy, etc., may be either (+) or (-). Clearly,
this nakes it possible for the quantity inside the parenthesis to equal
zero for the rroper combination of charge values and distances. As a
result, tihe 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 & line joining
two given charges where the potential V = 0;

(b) determination of the potential at a point on a 1ine joining
two charges, given the magnitudes of the charges and the required
separation distances;

next page
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continued

(¢) calculation of the potential of a point on the yv-axis, given

the magnitudes of two charges and their separation digtances on tie

X-axis,

(d) sclection of the proper equation for finding the potential at

a point that is randomly placed with respect to an electric uaipole,

(e) selection of the proper equation for finding tne potential at

a point that is randomly placed with respect to threc 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 and -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- 3"
Y.

A. 1 m left of +q, 0.5 m right of +q
. 0.5 n left of +q; 1 m right of +q
C. 0.5 m right of +q

D. 1 m left of +q




SEGMENT 24 13

16. Two charges q; = 1.0 x 10°8.coul and q, = -2.0 x 1078 coul are separated
by a distance of 5 cm. What is the electric potential in volts at point P
shown in the diagram below.

9 Scm q2 10 cm P
- —— ——

17. Two charges q; = 1.0 x 108 coul and g, = -2.0 » 1078 coul are 12 cm
apart. Find the electric potential in volts due to the system of charges
at point P shown below.
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18. Two equal charges g, of opposite sign, are separated by a very short
distance 2a. This system of charges is called a dipole. VWhat is the
potential at a point P at distances r; and rp from the positive and the
negative charges, respectively?

| A vt (a4
' 4rie rlk .

B, v=-1_.[9 _4a
bre, r, r,
c. V = 1 a4+ 3
bueg T, r,

19. What is the potential at a point P due to three point charges
qy5 4y and q3? The distances between the cnarges and P are ry, r,,
and r,, respectively.

1
. +
A hue, (ql q, + Q3)
bueg (ry + 1, + 13)
1 q q q
c. L2423

4me, r, r, ‘r3

1 9, 9, 45
D. Zme lr 2 *t7T. 2 tT.2

o
—
N
w
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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

+q

|
w ]
!
|

T+F

s

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

quadrupole.
A q 2a?
* 4meg r(r2 - a?)
2a2
B. 4. <2
bmey r2

q 2(2r? - a?)
C. Zme, 4(r2 - a2)

q 1 2, _ 1
D. 4rey <(r - a)? tat (r + a)2>
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[a] CORRECT ANSWER: 3.4 x 10'2? volts

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

Vap = Vg - VA = Wpp/qo (1)
Work done can be found from
dW = F-ds
where f is the force applied to move the charge q, from A to B. Therefore,

dW = F ds cosé6

qoE cosf ds
Integrating, we obtain

Wpp = qoE cosb S,

where
5, =3m
E:.q_
€o
and
cosb ='0.8

Therefore,

VAB = VB - VA = WAB/qO = E cosf Sl (2)
Substituting the numerical values, we obtain

Vyp = 3.4 x 102

Note that the potential differcn. 1is incependent of the test chovge
qq- In fact, the potential difference is equal to work done on .
unit positive charge.

TRUE OR FALSE? The magnitude of q, must be unity to obtain this answer.




[a]

[b]

SEGMENT 24

CORRECT ANSWER: A

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

up to obtain

V=__q,< L 2, 1 >
4neo r-a r r+a

q 2a® - _4d 2a®
4me (r - a)r(r + a) 4re, r(r? - a?)

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

1 2a%q
4neo rs

which may be written as

V= 4re 3

where Q = 2a2q. ~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.

CORRECT ANSWER: C

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

r r T 3q dr 3q. (T
v=-J E-d§=—f Edr=-f 4qe 2=4qe
/. o 4TET mer |

o0
Substituting the giver nvmerical values

n . . ~19
Ve — - 1.6 x 10 = 8.6 x 10”5 volts

5.0 x 10~°

17



[a]

[b]

18 SEGMENT 24

CORRL \ .o A
The e.. ield intensity due to a point charge q at a distance r
from -- . 2 is

S«

£g T2
Noting .e path ds is in opposite direction to both dr and E,
we obt

= E dr
Thus,

B, v
—J_ E-d§=—f Edr=——9——J L ar
breg ) e

s 0] w

_ 9 [_1]r=_9_l
r

bme r

TRUE OR: ¥- -L? The expression V = 32— = jg cinensionally incorrect.

4dmeg T
CORRFC™ - . R: . -1200
In g - .2 can write the potential at any point due to two charges
q) & ‘
PR S ST )

4regy \ X Xy

where x, and x, are the distances of q; and q, from the point under
consideration,

Substituting numerical values, we get

1x 1078 2 x 10-8

15 - = = -1200 volts

V=9 x 10°



Ly,

ANSWER: Zero

,late the problem :nto three steps by ing each side oI the
ric gle ABC separately. Therefore,

Wapca = Waz + “Bc * Wca (1)
Taoa priof problem we Zmund that
Wag = ¥Wcs
Th=refore,
Wag = -Wpe

4:.. >, we found that Woe = 0. Using this information in equation (1),
we ind that

Wapca = 0

“i 3 is an important finc¢ing because it shows us that electrical forces
alre -onservative forces. In other words, work done by a conservative
Zor« . along a closed path is zero. Another example of a conservative
forre is the gravitational force.

CORRECT ANSWER: A

The expression for the potential due to a point charge at distance
~ .8

v=—9
4ﬂeor

Thu:: -

fal
1]

4ﬂ€or v

6 .
= §-%QI6§ = 2.1 x 107Y% coul

TRUL: LR F.. E? The fractidéih ¢ s @y ¢ measured in volts.
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[a] CORRECT » IER:

The potent..al 4. to this two-charge systzm is
r, - r
v . ./.9.___.9_=q 2 .
R T~ brey, 13T,
\ 2
If we comsic=r ;ints whers r >> 2a, so tr.o
r - - 2a cos: and r-r. = r?
then zhe zc e 31 reduces to
¥ = _2a cost = 1 p_cosb
< r2 4o r2

where p = lz2; iz called the dipc..e momert.

[b] CORRECT ~¥< "R: A

Let us reqnli che definition of electric potential diffs~ence

- _ VB

The units ©f wark and charge are the joule (J) and the zoulomb (coul),
respectiveziy. Thus

T Voit =1 J/coul

[c] CORRECT ANSSZR: A

The electri¢ perential differemce between two points is defined as the
work requires; per unit charge ix movinc a charge from one point to the
other (wizhimr changing the kimetic en=rpv of the charge). Ihe reason
a test (-mzll positive) charge was brougnt into the question is that we
do®": wamt che imtroduction of the wharwe which we use to measure the
po: ntgal diffememce to chamge =i «mv:-iti.ent significamtly.

ERIC

Aruitoxt provided by Eic:
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[a] CORRECT ANSWER: 3.4 x 107
The potential difference between points B and A is ‘¢ ..1ad as work
required to move a test charge qp from A to point & : - _ded by the
test charge qg. Thus,

W
Vap = Vp - Vy = 2B (1)
o
The work done to bring charge q, from point A t = iz
-+ >
WAB = F-§
where f; the force exerted by the extermal agen:. s =gual to -qOE and §

is the displacement. However,

for the region between parallel plates. Therefare

-

Wop = =QoE*S

= ~q,E(-S)
Wag = qoES
=40 ¢ . (2)

Substituring equation (2) in equation (1) we finr

quS

AB = Vg ~ Vi

l

3.4 x 102 yolts

where S = 3 m.

Note that t"e potential difference is independent of the test charge q,

In fact, the potential difference is equal to work dome on a unit pOS1t1ve
charge. .

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




_ S GMINT

—_—

la. COz-ilT ANSWER: 9.9
We can imagine the fo.!_ .wing =izaation:
| |
| | |
l | |
| E | F |
-_— - <— -© —_— ——— —X
! | <9
X ds |
| |
| | l
sm 10 m

We would like to calculate the work done by the ext=rnal agent ir moving
a charge q from = = 10 m to 5 m. The work done msy 7e expressed as

>
W =.(F-ds

where F is the force the external agent must_apply to keep the charge ¢
from accelerating and is exactly equal ‘to —qE.

Thus, work done may be expressed as

W= J?-»dé = —qff'dg

ds = -dx

Simce

we hawve

(23
[a N
n
]

Eds cosl180° = E(-dx)(-1)
= Tdx

Ttms, the integral becomes

S = 1D
W=—qudx —J;—x—qu
10 fand

- 10q n <%9> = 10q In 2

and the work done is
W= 6.9 joule

TRUE OR FALSE? 1In rhis solutzon, the velocity w=f the cnarge q i:. constant.




to
L

v
[

g~

[a. COA_ZZT ANSWER: 1.0. . 4 3

» zawing of the charz:  route to point E ~ould be a big help in the
s$2 u=ion I this probl-

oy
).B
/
o
q c:
7
/7
| 7
'8/ —
el ___ __Y9 _

In order to calculate wmrk, one must very carefully outline the force
perfaorminmg the work. .In cther words, in this oroblem the field applies
a forwe to the charge g in the downward direction. The agemt doing the
work applies a forcz up to move the charge from A to B. Draw a diagram
inclwding rhese two rorzes and the displacz=ment vector.

Worik done ran be .ound From
dW = F-ds

witers ¥ is the Tsrce applied to mowe the chazr= from A to B. In any
IUERTIRCE, iE{ = Zg , —herstore,

dW = ¥ ,ds; cosd

FIeTE
S=5n
and
~ c
E=—
€o

Substiituting the imoswn values results in

W= (36m > 10%)(10)(30)(.6)(5) = .0 x 10'* J




[a]
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CGaRRECT ANSWER: A

Q[ F q qg
— e - < o-
i G —F6
ds
| —»
| dx’

The orientation of :ze various vectors involved in this problem are shown
above. F is the force the external agent must zpply tr «ecp the charge q
from accelerating and is exactly equal to —qE. Zotice that F and ds are
in tine same cirect._onjy however, ds =nd éx are in opposita directioms.
Thersfare, ds = —ix. We wish to calculate the work ‘- uired to move the
+1 coulomb charge fr-w infimity to the point on the x-.xis 9 cm from the
origin. Therefore,

0.09 TDO9 N
W =J~ Fres = @ ( E-ds

BN -3t

and
E-ds - E ds c0s180° = Z dx
and
E = ——
AuEOXZ

SubsTituting, we obtain

a09
(7 -uq 9=

- e ox’

Imtegvation of this term lssmis to
x= 0.09
W = [_Qs_]
| -4megX
-y ™
Substituting the quwantities given in this problem wields
W= +1,00 x 1012 joules

The plus sign is i&portanf &ince it indicates that the outside force has
to do work on the system of charges.

TRUE OR FALSE? 1In chis solution, the angle between dx and ds is 180°.
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to
(W)

[a] CORRECT AMSWER: 1 = 10!% 3

The total work in going from A tc B te C can best be calculated in parts.
For example,

Fac3 = ¥ac * Wes

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

AF
L =2
£o
Therefore, : —
. .- S‘
WAC = —(;]:.'S7 Ae ".C
= qE x §; » cos30°
_ —
=0 VqE
Since
F = ~qF
The work Wny is ? _______ ?B
Weg = -alSp }52
= gE x S, x cosC® z
5 4nqus, A_,,
-9 €o S2 = bme F
=1 = 10" j __,----lc
where
Sz = 3 m
—
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CORRZCT ANSWER: A

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

9__39 -9

X x + 2 (1)
giving

x=1m

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

9_ 39 .9 (2)
X 2 - x

yielding
x = 0.5m

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

- (-3q) | .
4dreg [TﬂT * x ~-d ] 0
or
1 _ 3
TIxl Tx -4

Squaring and cross-multiplying, we obtain
x2 + d% - 2xd = 9x?
or

8x2 + 2xd - d2 =0

next page

g



(a]

[b]

SEGMENT 24

ho
~J

continued
Thus,
-d = v/d2 + 38d?
x:
f

or

X, = d/4 = 0.5m (to the right of +q)

X, = -d/2=-1m (to the left of +q)

TRUE OR FALSE? 1In equation (1), x is the distance of q from the point
where V = 0.

CORRECT ANSWER: =900

The expression for the potential due to the two charges is

where

r. =r - V82 + 62 =10 cm = 0.1 m

Substituting the numerical values, we obtain

-8 -8
V=09 x 10° (1"10 -2"10 )=—900volts

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.



[b]
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CORRECT ANSWER: C

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

vt (3149 49

breg \ 1y r, r,

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 referance;
hence, the term "ground".

2



note

ALL WRITTEN MATERIAL APPLICABLE TO

THE FOLLOWING SEGMENT IS CONTAINED

IN THE PAGES BETWEEN THIS COLORED
SHEET AND THE NEXT,




SEGMENT 25 1

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 = Fis (1)
Also, the electric intensity at any point in the field is:
E="F/q (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/hs (%)

This may be interpreted verbally as follows: As we move through an eiec-
tric field along a line of force, the rate of change of potential with
distance traveled is equal to the magnitude of the electric field in that
direction. In addition, since the direction of E (oufward 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, = -dV/ds
As shown by this expression, an aiternative unit for electric intensity
is the volt per meter; thus:

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 Line
of force.

Extensive use is made of :!.:se concepts in the solutions of the problems
in the section that follcws.
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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

1 p cos®
V= Zae r?
"Fo
where p = 2 aq and r2 = x? + y? and 6 is measured from +y axis.
What is the y component of the electric field Ey at p?
_ P [ %% - 2y?
Ao By = - Treol(x2 + y2)372 !
i '
_ P x2 - 2y2
B. Ey T T bueg|(x2 4+ y2)572
2
: = . _P Y
€. By bregy | (x2 + y2)3]2]
= - P X
Do By = - T |Gz + gy 372

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

A Eg = dV/ds
B. Eg = -dV/ds
C Eg = (1/4mey) dV/ds
D. Eg = (-1/4mey) dV/ds
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3. The potential difference between points A and B can be calculated
from the electric field E by the line integral

8 5 s
Vg - Vy = -} 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
L only upon the end points
4, The electric potential V at a point P (x,0) on the x-axis due to a

charge q at the origin is

=1 g
v ey x

If x=2mand q =2 x 1076 coul, find the magnitude of electric field Ey
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

- d
4mey (x2 + y2)172

Ifx=3m y=4 m and q = 5 X 10~ coul, find the magnitude of the
y-component of the electric field.Ey at the point P (3 m, 4 m).



SEGMENT 5

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 t=e objective of determining potentials due to charges distri-
buted in different ways. '

To assist vwu in these solutions, we have listed a group of equations
with whicfi vou have already had some contact. Although this list is
neither comp.ete, nor is it without some overlap, it should provide a
basis for operations in this section. To avoid undesirable cueing,

the order <  listing is mot necessarily that of sequential development.

~.n2ntial due to a point : v=_1_4
~res drey v
v :ntial due to any type v e 1 dq
continuous charge: : breg ) r

otemtia_ due to a dipole:

_EL__ILfgéﬁ (p = 2aq)

4neo

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

F
"
,0—'

Vg - Vo =

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

VB"VA—

1
‘ 1
———
> -]
(RS
e

Electric intensity between

oppositely charged paral-
lel conducting plates:

o
n
m,Q.
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6. Two concentric, conducting spherical shelis have radii r and R, re-
spectively (R > r). The respective charge= in the shells are +q and -q.
What is the potential difierence between iz two spheres?

_q(ll)
A. Ve - VR=Zme \R™ T

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

b Ll
+ + + + + + |
d
A = = = — = ‘-:=== §
-q
A. €094
B. i
Aeo
c. 44
ZEOA
D. qd
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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?

v

]_

N

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 cyl.nders of
radii a and b (b > a) and length L. The cylinders carry charges of +q
and -q respectively.

a(b -~ a)
A. 2me, L
Bl 1
* 4mey (b - a)

1 1 1
c. 4me_ 3 <b a)
: )

-9 g, b
D. Jre L " 2
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10. The potential at a point a distunce r from ine center of a non-con-
djucting sphere of radius R, charged uniformly wita a total charge Q, is
proportional to

A. r? fe- r < 23 1/r for r > R
B. 1/rf forr = R; 1l/r forr > R
C. - forr  R; 1/r? for r > R

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

11. Derive an expr: ssion 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.

L
2 L
L dy
4 h
-t
*
Li2
A, v=-3 —dx
4me L U2 /<2 * y2
;LI
B. v=_-9_ dx
4me L x2 + y2
-L/2
c v - q { L/2 d
) T 4wegl x2 + y2
—=L/2
- L2
D. V= - —dy
e L ey
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12. A circular metal ring has a radius a .nd total charge q uniformly

distributed cver the ring. What is the e =ctric potential at a point

on the ‘axis at distance y from the :-lane : I the ring?
_ 1 q
A VS 4rey ye + al?
-1 q
B V= bre, (v- + a2)1/?
1 q
C vV = A.nso (y.' + a2)3/2
D vV = L q (y2 + a2)1/2
breg

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 o.

A v = g R
| 4meo /a2 + R2
B. V=-2 (/aZ + R2 - R)
2e,
C. V= >
) " 2e0 /a2 + R?

g
D. V=3 az TR
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INFORMATION PANEL Applications of the Concept of Eleciric

Potential "nergy

OBJECTTIVE

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

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 charze, we can at once
start the discussion by giving
the electric notential V at point

® r P ? separated from an isolated
q charge q, by & distance r as in
! Figure 1. The potential at P
is
Pigure 1 v e 19
4'7?80 r (l)

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

V =W/q (2)

the work done on q, by the external agency is:

W = Vg, _ (3)

Combining equations (1) and (3):

T bme,  x (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 cenfiguration. lence, the electric potential
energy is:
1 9 9
U= ey~ x (5)

To extend this concept to configurations consisting of three or more
chorges, it 1is necessary to calculate the work done in assembling
each chiarge separately. The total work done is then the algebratc
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 q, in position with all

q O — I, >»Oq the other point charges at infin-
AN S itv. We then calculate the work
N / needed to bring q, into position
n{\ /" where the distancc separating
r \ 7 the charges is r,,. Next, we
12 /’\. T34 find the work required to bring
| / N ' q; into the position where it
/r23 \\ is separated from q; by r,, and
K/ v from q, by r,,. Finally, we .
q2()<4, T ><)q4 comPute the.wgrk nee?ed to bring
q, into position against the
, forces produced by the three
Figure 2 charges already there.

All of these are then added algebraically:

U=1U,,+U

12 + U

+ U + U

13 23 14 24 F Usy

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 10727 kg and charge qp = 1.6 « 1979 coul)
with an initial velocity v = 2.00 x 107 m/sec is directed towards a fixed
charge Q = 1.00 x 107™% coul a distance r = 1.00 n from the initial position

of the proton.
fixed charge Q.

Find the distance of closest approach for the proton to tic

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

figuration?
A.
B.
C.
14
D.

U = q?/41ega
U=3 q2/4naoa
U=20-

U= q2/2wsoa

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

-Q +Q A.
o+——d
B.
C.
d d
D.
d

+Q -Q

Q2/sod
-.21 Q*/e d
0

—Q2/sod
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17. Thr-.e positive charges each of magnitude q 3.0 » 107 c¢oul 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 < 10~ coul
to the fourth corner P of the square from infinity?

q9 oP

ql« lcl

-~ a=2.7m  ——
18. Consider a system of a fixed proton (m_. = 1.64 x 10™2% kg and
qp = 1.6 x 10719 coul) and an electron (mg = 9.10 x 10731 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.)



14 SEGMENT 25

[a] CORRECT ANSWER: b

The relation between tle field intensity and potential is given by

o . Qv
V=~ [ E.d E, = - 2%
f s or s s (1)

We note from the illustration

V = constant for r < R

T ar 1
Vo« :/” —z =7 forr >R
« T r

>
We can obtain E from equations (1)

and

E=0 r <R
and

1
E « 2 r >R

These field relations are true for a charged conducting sphere. 1In 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: E, = 4.5 x 10° nt/coul

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

E =—_d_v_

X dx
Differentiation of the given potential with respect to x yields

E =--1_ 49
X 4me, x2

Substitution of the numerical data results in

Ey, = 4.5 x 10 nt/coul




[a]

(b]
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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)

2
S B
i 4reg d

and there are four such pairs.

The potential enerzy for each pair across the diagonal is

1 Q%

U2 = 4neo /7 d

and there are two such pairs. Thus,

2
<= 4 = - (4 __2
U = 4L, + 2U, e (d > d)

- 2
.21 Q /eod

CORRECT ANSWER: D

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

> o
Vap = Vp -V, = - | Eeds = Ed
Therefore

g
v, =2
ab = 5. (1)

However,. the total charge q

oA. Substituting the value of ¢ into (1)
yields ,

d
Vb=_g__.
a €0l
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[a] CORRECT ANSWER: B

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

o 1 dq 1 A ds
V = = . ——
/ d 4ﬁ€0 r 41,'50 (y? -+ a..})x;/
= 1 ﬂ ds

4duney 2ma (y2 + a?)1/z

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

"

v 1 q 2na ds 1 : q 1 A 27a ;
imeo 2ma )4 (a% +y2)1/2 " dmeg 2ma (yZ2 + 2)T/2) 98

L q
4re, (y2 + a2)1/2

[b] CORRECT ANSWER: 1.44 x 10% nt/coul

The electric field in the y-direction is given by
. “V
E = - 2Y
y oy

Therefore

= -9 [_4_ 1
Ey- oy (lmso (x2+y2)r/2)

qy
4re,(x2 + y2)3/2

1.44 x 103 nt/coul

u

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.




[a]

(b]

CORRECT ANSWER: B
It is evident irom the diagram that

Y _ hd

2 >
r (x? + y2)1/2

r = x* + y° and cosi =

Thus, the potential becomes

= P v
T obmey (k% 4+ y?) /2

\Y

The y~component of the field is obtained by

+1 _3 2v?

P
4ﬂ€0

v _
T dy

P _[x2+y?-3y?)  p o x? - 2y?
dregl(x2 + y2)°/2 |7 4ﬂ€0[(x2 + y2)5]/2

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

CORRECT ANSWER: 10 m/sec

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

where v = escape speed, or

qu e 1/2
" 4uegrm (1)

2 1.6 x 10719 x 1.6 x 10-12 x 9 x 109 | 1/2
= 5 x 9.1 x 10-31

<
[}

10 m/sec

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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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 samc as iif
all of the charge were concentrated at the center. Thus,

1
47e

- forr v R
2
o ¥

For r < R from Gauss's law we

obtain
> >
EOfE‘dS=q
or
EOE(Aﬂrz) = q
or

E = q/4ﬂ€or2

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

3 Q r3

=4 3. _ 4 ) =0 Lo
CIF TP =3 T s RS

Thus, substituting (3) into (2)

1 Qr
E = -—no <
4ﬂ€o R3 for r R

We can use the relationship

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

_ 1
Aﬂeo

' Q
\Y o (r > R)

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

()

(2)

(3

(4)

(5

(6)

next page
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SEGMEXNT 2:

continued

V(at r) - V{at R)

il
|
- -
Ul
o,
n.,
]
{
)
B
A Ve
>
el
o] -
-
45
~

]
|

r
0 1 w] Q .
- . = r/ = - ': _ (r" — R;)
47¢ R [2 R BHLORi

Finally, using the fact that V(at R) = Q/4rc R we obtain

v 0 1_ 2 1
4=ey \ R 2R3 2R

_ .30 Qr?
T 8me R T 8meyR3

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

CORRECT ANSWER: 1.1 » 135 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

9 -
4riegr qéf a jﬁ?
Therefore i
V=t (s_+&+_q_) '
bre, a a /7a ;
& ;
or
=9 <2. ._l)
v Aneoa 1 + ox
and : L, Aiv
- - .49 2 1 9 9
w=vg=-32_ ——-)
4neoa 1 V2

L]
p—
.

o
X
p—
o

[%,]
—
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[a] CORRECT ANSWER: B

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

v = -Jﬁ-d‘é

Thus, their relation in a differential form becomes

dav
T

The subscript s simply denotes that Eg is the electric field intensity
in the direction of the vector s.

-5
The general relationship between E and V, in rectangular
coordinates, is

> > 2
E=—VV5—<—¥1+

[b] CORRECT ANSWER: D

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

EO§E-dS = q

For the cylindrical Gaussian surface of radius r, the surface area is
2nrL. From this E is equal to

= q
2megLlr

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

a 5 5 a
V=- Eedr = - 5%——- dr _ i_fLif SLn-E
b " Jp T TE, a

TRUE OR FALSE? 1In the above solution, the electric potential was
obtained by differentiating the expression for electric field intensity.




SEGMENT 25 21

[a]l] CORRECT ANSWER: 30.1 cm

As the proton approaches the positive charge Q it is decelerated untii

its velocitv 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 :

2 Q _ _
: + =
mv 4reor  4me R (1)

rOf

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

% mpy? ='% 1.67 x 10727 x 4 = 10'% = 3,34 = 10717 j
and
aQ 1.6 x 10712 x 1 x 107 x 9 x 109 . -1 .
4regr 1 = 1.44 x 10 j
Therefore
99 _ - (3.34 + 1.44) x 10713 j

bmegR

4.78 x 10713 3

Solving for R we obtain

R - 5Q
4re x 4.78 x 10713
or
p o 1:6 x 10719 x 1 x 107 x 9 x 109
- 4.78 x 10713 m
R = 30.1 cm

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




[a]

[b]
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CORRECT ANSWER: B

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

1
bregy

|0

since the potential inside a shell due to its own charge is tie same .-s
that on the shell itself. Thus, the total potential on the smaller shell
is

=1 9,1 (-q)=_9_/£_l)
v r + 4nso E breg \ r R

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

its own charge, i.e., Z:g—ﬁ and in part by the charge on the smaller shell,
TE
)
i.e., 1 . Therefore the total potential of the outer sheil is V. = O.
4re R R
Thus,

Vo -Vg=V, = _ﬂ__(.l_.l_)

r 4re, \r R

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

CORRECT ANSWER: D

The relation between work wAB and the potential difference is

W B, .
-—Aﬁ = - : = — L ]
%0 VB VA J E-d2

To define the electric potential difference uniquely, wAB and Vg - VA
must be independent of thke path and depend on the end-points only.
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CORRECT ANSWER: D

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

(1)

where rj is the distance of charge q; from the puint i1 question. In the
case of a continuous charge distribution we consider the contributions of
infinitesimal charge elements dqj. The summation in (1) becomes an inte-
gration

av = 4reg T (2)

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

dq = X dy = (q/L) dy. (3)
Also the distance of dq from the field point P is
e TR (4)

Thus, the integral in (2) becomes

L/2
V:Jdv:J‘ ﬁl__ﬂL
~L/2 4me L/xZ + y2 4 (5)

The constant factor, q/4neoL may be taken outside the integral.

From integral tables we find that

— & - (x + vx2 + y2) (6)
Vx2 + y2
Using this in (5) above we find

L/2
v

q V2 + 2
e 1 in (x + vx2 + y;)
o -L/2

a__ oo [L/2 + /(1722 ¥ %2
hme L L/2 + AL/DZ ¥ x2




[a]

CORRECT ANSWER: B

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

(5« (2)7 -

d =
Thus,
1 q% _ 3q¢2
U=3>(4 L:Fﬂ__
e, a TE L8
A detailed calculation of the potential energy in tevn=: [ the work required
to assemble the charges follows. 1t is offerad . =al enrichment
matertal.
This coniizuratics csm ;. issermbled =n “hree Steps, ~ . 4riiuzg .rom the

premise tinat xall ttve charpos are ir.tlally located at infinitv.

Qa
+ael0-32]
— - /_.
(o] e o

q
+q14;—]

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 -~q at (0, -a/2) is

F, = - g
1 7 4me, (y + (a/2))2

(1)

next page
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to
wn

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 the path of integration is taken to be parallel to
the force so that f -ds = Fyds; so

y = (a/2) y = (a/2) ,
W, = =JF +ds = - F.dy = - q dy
® J 1% | e (v F (al2))2

y = y = o

_q 1 @2 1 ¢

Cobrey v+ (a/2)) | 4me, a (2)

iii) one now brings the third charge to the point
( 1%Ta, 0) .along the x-axis from x = 4+«

At a point (%,0) the force on this charge due to the other two charges

already assembled:

2 32 2 g% x 2 q2x
F = COSG E —t L = -
2 c 2 2 _3]2
2 4neo r 4nvo re r 4neo (x2 +4 2 ) (3)

Thus, the work required to move this charge into position
/3 ' /3

2. ]
Wy = - 27 g2 2xdx _ ¢ (- 7) 2 @
- dre (x2 + 32 a2 )3/7 4re (x2 + ___)

-]

|
77 }

= 4dmeg a : (4)

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

3 42
4rey a (5

U= Wl + Wz =
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{a] CORRECT ANSWER: B

The contribution to dV due to a charge element dq = s5dA consisting of a
flat circular strip of radius

P, x and width dx is
av = dg
buegy vxZ + B2
R and dq may be expressed as
/__ dq = odA = 5 (27x) dx
< Thus,
a qv = o(2~x) dx

brey vx2 + R2

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

a
V = dVv = i. _Xd‘{ = __i_ (Vaz + R2 - R)
J- 250 jo V=2 + R2 2e,

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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SEGMENT 26 !

INFORMATION PANEL The Meaning of Capacitauce

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 poten-ial
of each one will be determined partially by its own charge and partially
by the charge, size, shape, and positions of every other nearbv 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 capacito: ‘

C=q/V

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) = 1076 ¢
1 nanofarad (nf) = 10-9 f
1 picofarad (pf) 10712 ¢

next page
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continued

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

1 micromicrofarad = 1 picofarad = 107!2 farad
The capacitance of a parallel plate capacitor is given by:
C = eOA/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 = RLOA/d
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 plar: capacitor consists of two parallel conducting
plates of area A sepiiiated by a distance d. The plates carry charge +q
and -q respectively. Dertve the expression for capacitance ia terms of
€5, 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 =

x>

€o

€A
B. C=-2-
d

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 thc following
equations defines the capacitance of the system?

A. C=1/qV
B. C =1V/q
C. C=qV
D. C=q/V

3. In the MKS system, the basic unit of cdpacitance 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
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4, A 1.2-uf 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 differemce 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. 1In many cases, the second step may be
omitted if the potential difference for the partlcular geometry has
already been derived.

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

V=——g-——(-ll:-%> 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
beteen 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 éxpression 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 = dwey (b -~ a)

B C = 2me L 2n (b/a)
ZHEOL

C. C= ¢n (b/a)

¢n (b/a)
D. R Sk e
¢ 2me L
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7. What is the capacitance of a charged, isolated conducting sphere
of radius a carrying charge q?

A. €08

B. 4neoa

C -9
4neoa

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

ya !A\

_bI  COPPER  |d

A C = eoA (d - b)
€A
= —Q
B C i -1
C cC=20
_ EQA
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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_(l_l)

4meg \r R
rR
B. =
C = 4mey R -t
C. C = bmegyr
D. C = 4meyR

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
in Figure 1, each terminal of each
capacitor may be considered to be
joined to the source terminal through
C, C, C, a resistanceless conductor. Under

these conditions, there will be no
fall of potential along the connect-
ing wires, hence the potential dif-
ference across each capacitor will
be that of the source. The equiv-
alent capacitance of & ;arallel
configuration of capacitors may be found from:

—O < O—

Figure 1

C=C +C,+C i+, ..Cy

next page
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continued

SERIES CONNECTION: (Figure 2)
Again specifying resistanceless con-
C, ductors between source and capacitors,
and between individual capacitors,
all of the voltage drops that appear
\Y; R in the circuit will be present across

C2 the individual capacitors. The sum
of these voltage drops is equal to
the source voltage. The equivalent

— capacitance of a group of capacitors
"‘25; connected in series is given by:

= + +
Figure 2 1/cC l/C1 + l/C2 l/C3 . 1/Cn
When capacitors are connected in series-parallel, the equivalent capaci-
tance may be adetermined by reducing the circuit to either straight series
or straight parallel (devending 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.

10. For the circuit shown below, what is the equivalent capacitance
in uf? : '

2uf

__J1“f 2uf Juf

!
5
T [ 1Ss 1
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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 C;, C,, and C5 have values

4 uf, 8 uf, and 16 uf respectively.

1
¥

—c,

What is the equivalent capacitance of this combination of capacitors?

13. In the network shown, the capacitors C;, C,, and C3 have values
4.0 uf, 8.0 uf, and 16 uf respectively. What is the equivalent capaci-

tance of this combination of capacitors?
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4. For the circuit shown below, what is the equivalent capacitance?

‘ C; = 10.0 uf

C2 = 5,00 uf
i e,
Vv ! —l Cy = 4.00 uf
—_— : c3
C2 ’

F

INFORMATION PANEL 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= Vl = V2 = V3 = . ..

Charge (q): The total charge provided by the battery or other source
of electrical energy is shared among the capacitora in the parallel
circuit and is equal to the sum of the individual charges

q9=9 +q, +q;+. ..

The charge acquired by each individual capacitusr is directly rroportional
to the capacitance so that

9 = GV - 4y =GV, qy=CV, o etc.

next page
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continued

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

C = C1 + C2 + C3 + .
Capaciiors in Series

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

V=V RV, 4V,

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:

vV, = Q/Cla v, = q/Cz, V3 = q/C3, etc.

Charge (q): The charge -cquired by each capacitor is the same as that
transferred by the source frem one of its terminals to the other:
Q= 4q =9, =q3 = . .

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/¢ = 1/Cy + 1/C, + 1/C5 + . .

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

1 2 i

The problems in this section of your work involve the relationships
given in this Information Panel, plus the technigues 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?

| L

| IC, V = 12 volts

C1 = C3 = 2.0 uf
C2 = 1.0 uf

V aspen
C2 C3 C Cy = Cg = 3.0 uf

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

<
l
ol
|

——1 -wg’? —-‘—c:’ where C; = C, > Cq4

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 Cj
B. - voltage across each of the capacitors is the same
C. voltage across C3 > voltage across Cé = voltage across C1

D. -voltage across C1 = voltage across C, > voltage across Cj
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17. 1In a series array of capacitors, as shown below,

e
C, C, Cs
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 comhination is equal to
the sum of voltage drops across ‘ue individual capaci-
tors.

c. More charge can be stored in this combination, for the

same overall voltage drop, than in any of the single
capacitors.

D. The voltage drop across C, is zero since the net charge,

supplied to it by the battery connected across points
A and B, is zero.

13
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18. A series array of capacitors is shown in the diagram. With a given

| | |
[ 2 . 4
A | | R | | B
Cl Cl Cl
overall potential difference V across points A and 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 constituentc.

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, pecause
the capacity of the combination is more than that of
any one of its constituents.

C. since that portion of Cy; which is joined to Cy, and
that of C, 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. 1In the diagram below, the charges on C], C,, C3, C,, and Cq
respectively are (all in ucoulombs)

I IC,
V = 12 volts
Vu— C, = Cy =2 uf
C, G, C, : ’
C, = 1 uf
| | C, = Cg = 3 uf
| ic,

A. 12, 6, 4, 2, 12
B. 12, 2, 4, 6, 12
c. 12, 12, 12, 12, 12

D. 6,12, 6, 4, 4

20. 1In the diagram below, the potential differences (in volts) across

€ C2, C3, Cy» and CS are respectively
|
| lc,
V = 12 volts
V ! ?
Cc
¢ G . C, =1t
I lcs'

A. 12, 12, 12, 12, 12
B. 24, 4, 8, 12, 24
C. 6,12, 6, 4, 4

D. 6, 2,2, 2,4

f

r

»
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21. A potential difference of 10 volts is applied between points

ICQI C1=C2=3uf
' C, =8 uf
X, 3
o H '(? ’l . _
A oy 1] B Cu = Cs =5 uf
¢ Ca Cs:

A and B of the circuit shown above. Calculate 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-puf capacitor (1 uuf = 10712 f) jg 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 uupf)
of this second capacitor?
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[a]

(b]

SEGMENT 26 . 17

CORRECT ANSWER: 1

The arrangement shown in the drawing can be broken into three parts, one
of them consisting of capacitors C», C3, and C,. The latter capacitors
are connected in parallel so their equivalent capacitance may be found
by adding their capacitances arithmetically; 1i.e.,

Co =Cy+Cy+C, =6 uf (1)

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

||
Lo

———o
| |
!
o

l
I
5

n——-——

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

1,1 .1
e e = =
C, Cg Cs

ol
)

1
+—6-+

=
Wl
I

=1 (2)

Therefore
C =1 uf

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

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.



(a]

[b]
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CORRECT ANSWER: B

The capacitance in general is given by the expression

=4
=3

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

v=—9_
4meqa

Thus
; C = 4neoa

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.

CORRECT ANSWER: A

We redraw the given circuit in the form shown here. We note the complete
symmetry between the
X upper and lower braach
of the diamond ("bridge'").
: Since the two branches
2 3 are completely symme-
trical we expect the
charge stored in each
A . \ B of the capacitors with
'__,._.5 equal capacitance to be
the same. If each of
the 3 pf capacitor has
the same charge stored
2 3 - in it, the potential
difference across each
Y : : of them will be the
’ same. Thus, points X
and Y are at the same
potential. The potential difference across the 8 uf capacitor, there-~
fore, 1s zero.
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L [a] CORRECT ANSWER: B

The capacitance of a capacitor is given by

=4
C=y3 (1)

Since the electric field 1s constant between the plates of the paral-
lel-plate capacitor, the potential difference is given by the expres-
sion

> >
V = —J;-ds = Ed
where the electric field is

,_0 q
E=s—=——
€6 EOA

Thus

= ad_
' = (2)

From (1) and (2), we obtain

C = _q_'. = q = EOA
\' qd/'EOA d
TR.. OR FALSE? For a given separation d, the pci-: il difference be-

tween the plates varies inversely as the aréa of ¢ - plate.

[b] CORRECT ANSWER: 2.3 uf

Since the capacitors are connected in series, the equivalent capacitance

C is
1 1 1 1
Som T
c°¢C, "¢ T,
1,1, 1
== =
4 8 16
or’

(@]
]

2.3 uf
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[a] CORRECT ANSWER: B

You have seen this configuratiou pefore. The equivalent capacitance of
C,, C3, and C, in parallel is 6 uf. This equivalent capacitance in
series with C; (2 uf) and Cs (3 uf) yields a total circuit equivalent
of 1 uf. Hence, from

q=CV
the total charge stored by the 12-volt battery is
q =1 uf x 12 volts = 12 pcoul

Capacitors C; and Cs will have a charge equal to that supplied by the
battery, namely 12 pcoul. The three capacitors in parallel (C,, Cs,
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: 1076

The capacitance of a parallel~plate capacitor is given by

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

€ A

C = d

<o

Thus, the charge on the plare is
. e, A
«-

Substituting numerical values with the area A = mr2 = 7 x 9 x 1072 we get

o X WX 9 x 1077 x Q0
q = 1573 soe=b4mey x 9 x 103

= 51pg X § * 103 = 1075 coul

TRUE OR FALSE? If both the areca and separation of the plates of a paral-
lel-plate capacitor are tripled, the capacitance will be tripled. .




[a]

[b]

[c]

SEGMENT 26 21

CORRECT ANSWER: A

The definition of the capacitance of a capacitor is

-9
C=y3

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

CORRECT ANSWER: B

The.potential difference between two spherical shells is

S . l-l)
v 4meg <r R

Using the definition of capacitance

C = ¢/V
we obtain
-1 -1
1 1 R-r
C—lmeo[?—EJ —lmeo[ R ]
rR
bueg R =1

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

CORRECT ANSWER: 28 uf
Since the capacitors are in parallel, the equivalent capacitance C is

C = C1 + C, + C3 = (4 + 8 + 16) uf = 28 uf
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[a] CORRECT ANSWER: 12

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

| |
[

where

C6=C2+C3+Cq=6-0uf

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

1 1 1
- - -_ -_—= 1
ot ot e 1.0

(o] I

C 1.0 uf

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

1.2 x 1073 coul

q =CV= (1.0 x 107% £) x 12 volts

12 pcoul

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

[b] CORRECT ANSWER: B
Potential Jrops are additive in a series combination. If V; equals the
potenti.li drop across the first capacitor, and V, across the second capa-

citor, and so on, the overall potential drop across the combination is

VAB =V, + V2 + V3
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[a] CORRECT ANSWER: 100 uuf

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

definition

=9

¢ \Y

4:’/,- ————o\\\ﬁ>f
100mm 100uuf — —j00  100MBf Lon :l:
volts c volts C
Before ) After

Thus,

q = {100 x 10712 £) x (100 volts) = 10~8 coul

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

-8 = =
10 —q1+q2—(Cl+C2)V

(10710 4 ¢,) x 50
and
€, = 1GJ puf
TRUE GR FALSE? 1If 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.




[a]

[b]
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CORRECT ANSWER: C

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

v, ., (b
-j E-dS =j E dr
a a

V=
Using
-9
21enrl
this becomes
b dr b
V= _—ﬂ___.=—3_£n_
a ZnEOL r ZWEOL a

Thus, from the definition of capacitance, we get

q ZWEOL
¢ = V. tn (b/a)

TRUE OR FALSE? 1In this solution, q/2meyL is constant for any cylindérs
tha- may be selected for use.

CORREC1 ANSWER: A

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

1 1 1 1
SE—d ==+,
C C C G

it follows _iat this value is less than that of any one of the components
Cy» C2, C3, etc. vhus, the charge storirg eapucity of the combination is
less than that of any individual component, provided that same potential

difference is applied across them ih both cases.

Let us check this with a simpie example, Suppose C; =2uf, C, = 3 uf,
and C3 = 6 uf, then

11,1
c-z%t3*

o=
"
—

Thus, C =1 pf, which is obviously less than any individual component.



[a]

[b]
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CRECT ANSWER: 3.6 x 1073

From the definition of capaci:iance

C = y/v
we obtain
q=0C
Thus,
‘q = 1.2 x 1076 x 3 x 103 = 3.6 x 10~3 coul

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 simnly

V==5({d ~-Db) (1)
and

- =9 _ .49

E €6 EoA - (2)

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

v=-1l(d-b) (3)
EoA

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




[al

7
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CORRECT ANSWER: C = 7,33 uf

The series combination of C; and C, can be replaced by a capacitor with
an equivalent capacitance C, which is given by the equation

1 1 1

|
l

or

C, = 3.33 uf

Thus the original circuit may be replaced by the circuit below:

0
A

v —
c, c,

v

-

The equivalent capacitance for this circuit and, therefore, for the
original ~<ircuit is

C=20C3+C, =4.00+ 3.33 =7.33 uf

" TRUE OR FALSE? The equivalent capacitance of C, and C, must turn out

to be smaller than either Cl or 02 alone.

CORRECT ANSWER: D

The capacitances of t1e five capacitors are given (in uf) as 2, 1, 2, 3,
and 3, respectively. 1In addition, we found that the respective charges -
stored in these capacitors are (in ucoul) 12, 2, 4, 6, and 12. Using
the relationship

vV =gq/C

we obtain the respective potential differences (in volts) the values
6, 2, 2, 2, and 4.



[a]

[b]
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CORRECT ANSWER: D

A capacitor czn 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 ener;y. By dafinition,
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.

CORRECT ANSWER: C

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 Capacitors

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=gq'lC ' (2)

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

q
W =.[ 4 dq'
0 C
or
_1g? |

next page
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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
J = - q-
b=l (5)

N —

where U is electric potential energy.

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

U = —%-cv2 (6)

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

U =< qV : (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 diffecence,
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 an initially
uncharged capacitor with capacitance C, the potential difference V across
the capacitor plates will be equal to:

A. V = q/C
B. V =2C/q
C. V=c0Cq

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. Ccnsider the process outlined in the previous question until a total
charre 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

2 2 _ 42
a. w= c. w-1% ~-4a
C 2 C
B. W= 102 D. W= 14
2C 2C

5. A parallel plate capacitor of 200 uf 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 enerzy 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 sectjon illustrate this effect.

We shall be interested in a number of different energy-transfer siitua-
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. 1In 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:

_14?
E'zc

Awhere 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 connecte:! 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 thtem. 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. 1In this case, the total charge at the end of the
transier 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 actien:
of this type, the initial emergy 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 giver 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:

. o14q?
E=73 C
6.
| ] 1 il
|1, llc, lic, C, = 400 uf
02 = 400 uf
C3 = 200 uf

V=100 volts

Three large capacitors having capacitances of C; = 400 uf, C, = 400 uf

and C3 = 200 uf 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.
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7. A capacitor having capacitance C; = 10 uf is charged to a potential
difference V = 120 volts. The battery is disconnected and the charged
capacitor C; is connected to another uncharged capacitor of capacitance
C, = 30 uf as shown in the diagram. Find the difference in the energy

stored.

ol |
| |
o

8. A capacitor having capacitance C; = 1 uf is charged to V; = 200 volts
and another capacitor of capacitance C, = 2 puf is charged to vV, = 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 C; = 60 uf and C, = 30 uf 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 = ¢€q %

giving the capacitance of a capacitor in terms of plate area A and plate

seprration distance d has been derived for a capaciter 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 dielectric constant x may be defined operationally as

_ capacitance with dielectric
capacitance in vacuum

or
Ca
Co (1)

Since Cq is always larger than C,, the dielectric constant is always
greater than 1 for material substances.

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

(1) Suppose we'place a given charge ¢ on a vacuum capacitor C . The
voltage across this capacitor would then be

= q/C, (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 (C4) and, since the charge does not change, the new
voltage will be

Va = q/Cq (3)
Dividing equation (2) by equation (3) then gives us

Vo C4
V4T T, T “)
d o

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 q, to q; in order to reestablish the same voltage that was
present before the dielectric was inserted. The relationship is:

(5)

1]
(@]
<

(initial) 9,
(final) qq = C.v (6)

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

S _ % _ a0y
4§, C,

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
for the same potential difference between plates.

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

o
o B

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 plare
separation d and area A. What is the capacitance of the capacitor?
_ Eoh
A. C = i o
Ke A
B. C = 2
kd = b{k - 1)
KE A
= —. 97
c. ¢ 3
€ A
D. C=—29"
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 = ¢
plate area = A

plate separation = d

(o)

KE A
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12. An air-capacitor is connected to the terminals of a battery which
places a potential difference V, across its terminals. The battery is
then disconnected and a slab of dielectric material having a dielectric
constant x is inserted between the plates. A voltmeter connected across
the capacitor now reads a potential difference V3. Select the true
statement:

A. Vo =Vy
B. V, > V4
C. Vg >V,
D. Vg =0

“ .
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 «
B. decrease the field by a factor of 1/k
C. leave the field unaffected

D. 1increase the potential by a factor of «

14. A parallel plate capacitor is made up of two circular plates of radius

6 cm separated by a distance of

1 cm. A l-¢m thick semicircular
plate ot 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 uuf (micromicrofarad) =
10712 £.)
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15. Two identical capacitors each of 3 uf are given identical charges of
900 ucoul each. Each has its plates initially separated by a layer of air.
How 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, V4/V,?

A. 8:1
B. 1:8
c. 8:3
D. 3:8

16. An air capacitor having capacitance C; = 1.5 uf 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
ancother uncharged capacitor C, = 3.0 uf as shown in the dlagram find the
energy stored in the final system.

—
DIELECTRIC—>: _

C,

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 puched 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 uf when its | iates are
separated by a layer of air. It is fully charged to V - 600 volts
ty 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 Fji stored in series situation is

-1 A2
E; = 5 cv ¢))

where equivalent capacitance C is given by
C,C, + C,C; + C,C,

4 x 4 x 2 x 10712 4
=06 +8+8) x108=10"¢£

Substituting the numerical values in equation (1) we obtain

By =3 x 107% x 104 = 0.5 J (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' = C; + C» + C3. However, since all the positively charged
plates are connected together no charge is neutralized and, hence,

Q=Q1+Q2+Q3

where Q;, Q,, and Q3 are the charges on capacitors Cy» Cy, and C4 initially.
Since Cj, Cjy, and C3 were connected in series initially, the charges

Qp =Q =Q3 = Qg

Therefore,
Q = 3Qg
The charge QS is obtained from
Vagi
C
1 1 1
- —_—t =+ =
% <;1 C2 Ca)
or L

Qg = VC = 100 x 10~% = 10-2 coul

next page
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SEGMENT 27

continued

The final energy is

/ 2
Q> 1 (30)
o 2 (Cp+Cy+ Cy)

1
Ef=-é-

9 x 10°%
T2 x 10 x 107k

It

0.45 j
The loss in storcd energy is given by

E, - 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? 1In 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.

CORRECT ANSWER: D

The fact that the capacitance of a capacitor is multiplied by x maxes
certain materials with high dielectric constant extremely useful in
t.. 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.)

15
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CORRECT ANSWER: B

Previously we found that for a ‘itor with a charge q, the work
required to transfer an add’ ona. 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,

dw = vdq = 1 4q

o
and
Q
W i/r -% dq
0
Thus,
19
W >

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 arrangément of the conductors with respect
to each other, and

(c¢) the electrical properiies of the material between the
conductors making up the capacitor.
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CORRECT ANSWER: 0.12 j

" The initial

Q)
and
Q

The initial

charges on the capacitors C; and C, are

= (" "><2x102

2 x 107" . al (1)

= C,V, = 2 x 1078 x 4 x 102 = 8-x 107" coul

energy E; of the system of two separate capacitors is

-1 2 1 2
= C1Vi% + 3 CoVy (2)
= 18 x 1072 j

When the capacitors are connected with plates of oppositersign together,
some of the charge ic neutralized and the net Q -0
2 1

charge Q = Q, - Q; will be distributed on the

plates of capacitors C; and Cp. 1In terms of
equivalent capacicance C = C; + C, the energy +
stored in the final system Ef is —_— 1
G ~Ic, [+
Eeg = = o— 1
£~ T¢
1 (6 x 1074)2 o .
=S =2 =6 % .
2 3 x 1076 10773 3)
Therefore,
E; - Efg = 12 x 1072 j = 0.12 j

the loss in stored energy. .
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[a] CORRECT ANSWER: B

The dielectric constant x 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 fii:+d with air, since
for air k=~1). Since the batterv has been removed tiie charge on the
capacitor will remain constant. Thus,

Vo = q/Cy

and

Vg = q/Cq

Dividing the two equat: ns, we obtain

Therefore
s0

since for any material

kK > 1

[b] CORRECT ANSWER: B
The work required to move a ciurge dq across a potential difference V is
dW = V dq

Now, using the result of ti:e preceding question we find for the potential
difference across a capacitor with capacitance C carrying a charge q

=g
v c

Therefore,

=94
dw ¢ dd
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CORRECT ANSWER: A

To verify this let us compare the energy stored in the capacitor before
and after the dielectric is inserted. The situation consiaci.-w. .5 a
charged isolated air gap capacitor (i.e., disconnected from the battery).

The energy stored in the capacitor is

(L

Ua=

NI
mo PQN

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

c‘?}%

2 U
Ud=_l. .__1.9__=_A (2)
2 2 kCq4

K

or

Ua = KUd

Since k¥ > 1, it follows that U, > Ug. 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

+ 4+ 4+ + - polarizc.ad rougl.lly as st}own
schematically in the figure.
\:& %Q Thus at the top, the -"
charges of the internal
<G @ %% dipoles come closer to the
F /C? "+' charges of the capacitor
45&—— with similar arrangement ‘at
———————— 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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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

and the electric field strength inside the dielectric slab is

E
E=-2°2=-_9 _
K

EOAK

Thus, the potential difference between two plates is

> >
V = —fE-ds

E,(d - b) + Eb

4 @-b)+-9—b
€ ,AK

€A 0

= _ﬂ____ -
v [k(d - b) + b]

)
Thus, from the equation
=9
C=v
we obtain
q EOAK EOAK

C=v".<(d—b)+b=.<d—b(.<—1)

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

the other of capacitance

KELA
C, =
2 =%

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

'The energy stored in a capacitor is equal to work dcne in charging che

capacitor. Therefore,
- )
Energy stored = 1 = 3 Ccv
Substitutirng, we have

=200 x 1076 £ x (500)2

N

Energy

25 j

Energy
Note that the expression

1 .2
5 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 = % QV2

CORRECT ANSWER: B

The insertion of a dielectric does not change the charge on the capacitor.
Thus, the ratio of the potential differences is
Va _¥Cq _Ca _cEA/d 1 3

V2= Q/C, Cq «keohld « 8

where the subseript 4 and a refer to dielectric and air respectively.
(We have tmken k for =ir to be equal to 1.)

TRUE OR FALSE? 1f the air-dielectric wapacitor had been a vacuum-
dielectric type, the ratio V /V_ wouid have been much smaller than
1:8.



[a]

[b]

22 Si.. T 27

CURRECT ANSWER: 0.16 j

The initial charges on the capacitor plates C, and C, are
Q =C\V

ard

Q2 CZV

respectively. When the capacitors are reconnected with plates of opposite
sign together, some of the charge is neutralized and the net charge

Q = Q; - Q, will be redistributed on the plates of capacitors C; and C,.
In terms of equivalent capacitance, C = C; + C,, the energy stored in the
final system Ef is

_1¢?
Ef =3 C

1 v, - c1?
2 ¢, +¢C,

_ 2
(C1 c2)

=—V2
2 V" + o,

1180 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.

CORRECT ANSWER: B
If a dielectric slab is introduced into an electric field, the followinmg
relationship ‘may be applied:

E \Y

G (o]
E v. X

where E, and V, represent the values aof electric field and potential before
time insertiom of a dielectric.

These,, E = Ej/x. The original electric Imtensity is reduced by z factor
of ifw¢. :
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[a] CORRECT ANSWER: 0.25 j

The cnarging process is carried gut by transferring small positive charges
from the plate at lewer potential to the plate at higher potcntial. During
this process, when the total quantity of charge has reached 4 the potential
difference between the plates has reached V, where q and V .re 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 =1 qdq (3)
C
The total work done W when the charge on the capacitor plate reaches ( is

Q
j qdq

W

li
Ol
(<)

(4)

li
N
ok:

S

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

o
I
<lo

(5)

Therefore, equation (4) becomes

10V _ 1
2 2 @

W 2
Q

]

% (5 x 10~3 coul) x 100 volts

]

Q.25 j

TRUE OR FALSE? As equation (4) indicates, the work required to transfer
a charge Q from one plate to another is inversely proportiomal to the
capacitance between plates.




{a]

24 . SEGMENT 27

CORRECT ANSWER: 0.054 j

Initial energy stored in capacitor C, is

_1 2
E; =3 c,V (1)

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

Q +Q, =Q=2¢C,V (2)

where Q, and Q, are the new charge distributions on the plates of C, and
C,, respectively. However, Q, and Q, may also be computed from

Q = C,Vf and Q2 = C,Vg ' (3)

where Vy is the new potential difference across €, and C,.

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

C,Vg + C,Vs = C,V

or

c

The fimal stored energy Ef is

_ 1 2 .1 2
Ef = 5 CVg? + 5 Cy¥g

Substituting equation (4) for Ve,

c,?v?

1 1

Ef == (C; + Cp) —m—
£27 G *G (C; + C,)2

or

c

=4 2 1
Bg=5 GV (c, +¢,) (5)

Therefore, the di=ference in stored energy is

next page
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continued
Alternate Solution:

The final energy Ef may be written as

Ef—

o 4=
°f,

where C is the equivalent capacitance, that is C = C; + C, and Q is the
charge on 'the plates of equivalent capacitor which in this case is the
original charge Q = C,V. Therefore,

2y2
Ef-lE‘L
2C + Cy

which is the same as equation (5) above.

CORRECT ANSWER: .09 j

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

(1)

L1

1
Ef='§'

where C¢ is the capacitance of the capacitor when it is iwmersed in oil
that is

Ce = «C _ . (2)
and Q, the original charge on the capacitor, is given by

Q=1VC , | (3)
Substituting expfessions (2) andi(3) in equation (1), we obtain

g = 1Y¥%? .
~f 2 «C , (A

_1ov?
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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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
I in parallel. The area of
each circular plate is

Ag = mr2 (1)

— E’ZZ and the area of each
semicircular plate is

A= Ay/2 = 1r2/2  (2)

Now for a parallel plate
capacitor

C=_2 (3)

where A is the area as given in (2), d is the separation of the plates
and is the same for both halves, €g is the permittivity constant given
by €5, = 8.85 x 10712 or

1

4weo

=0 x 109 (4)

and x is the dielectric constant; namely k; ~ 1 and for the dielectric
K2=4'. '

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

_ Kleowr2/2 k,r?
€1 = g = 4meg 57—
.1 1 x 36 x 107% _ -11 ¢
S TR T0T X T h o — = 0.5 x 10711 £ = 5 pf (5

For computing C, we must use K2 = 4, so the result will be
C, = 20 pf - (6)

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

C=Cy +Cy= 25 pf
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CORRECT ANSWER: 1.5 x 1073 j

The total charge in the capacitor system remains unaltered since €, is
originally uncharged. Thus, the net charge on each plate of an equiva-
lent capacitor C is

Q=CV (1)
The equivalent capacitance of the final system is
C = KCI + C2 (2)

where kC1 is the capacitance of the capacitor C; with the dielectric of
dielectric constant «k added. Thus the final stored energv of the system
may be obtained from

) .
Eg = 8— (3)

Nt

Substituting the values of Q and C from equations (1) and (2) inte
tion (3) yields

C12 y2

= —_— = =3
TR T

Ef

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



