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STUDY GUIDE

SELF-PACED PHYSICS

P | STEP | NAME P | STEP | SECTION SEGMENT 19
0.1| Reading: *HR 26-1/26-7 7
SZ  24-1/24-6 A B € D
Sw 28
0.2| Information Panel, '"The
Electrical Charge"
— 8
1 A B C D
A 8 C D T F
_ 9
2 T F A B C D
(ans)
10
2.1| If correct, advance to Problem 5; A 8 c o T F
if not, continue sequence.
3
A B C D
10.1{ View single concept loops
(Ealing) dealing with electro-
static fundamentals entitled
"Introduction to Electrostatics",
4 "Insulators and Conductors",
"Electrostatic Induction"
A B C D T F
10.2| ‘Informaticn Panel, *Coulcmb's
Law"
H i1 T F
A B C D T F
(ans)
5.1{ Information Panel, "Conservation 11.1| If correct, advance to 14.1;
of Charge" if not, continue sequence.
5 _ |
A 8 C D T F 12 A B c D
{
6.1 If first choice was correct, .
advance to 10.1; if not, 13 A B Cc D

continue sequence.

1l of 2



STUDY GUIDE

SELF-PACED PHYSICS

P | STEP| NAME : P |STEP | SECTION SEGMENT 19
14 T F
(ans)
14.1| Information Panel, "Applications
of Coulomb's Law'
15 T F
(ans)
15.1| If correct, advance to 19.1;
if not, continue sequence
16
A B C D
17
(ans)
18
(ans)
19 T F
- (ans)
19.1] Homework: HR Problem 26-6

2 of 2




STUDY GUIPE

SELF-PACED PHYSICS

P | STEP | NAME P | STEP | SECTION SEGMENT 20
0.1 Reading: *HR 27-1/27-4 7
SW 28-2 A B c D
SZ, 25-1/25-3
0.2| Information Panel, "The Electric
Field" '
_ 8 -
1 T F A B C D T F
(ans)
8.1 | Information Panel, The Electric
1.1 If correct, advance to 4.1; if Field Due to Point Charges"
not, continue sequence. ]
9 T F
2
A B c D
(ans)
9.1 | If correct, advance to 12.1; if
3 _ not, continue sequence.
A B C D
10
4 .
A B € D T F (ans).
11
4.1 Information Panel, "Lines of (ans)
Force"
- 12
2 A B D T F
A B C D T F <
12.1] The following are optiomal.
5.1 If first choice was correct, They amplify ideas already
advance to 8.1; if not, presented.
continue sequence.
12.2] Information Panel, "The Electric
6 . _ , . Field Due to Distributed Charges"
A B C D ' >
’ 12.3{ AV, CALCULATION OF E FOR AN
INFINITE UNIFORMLY CHARGED WIRE

1 of 2



SELF-PACED PHYSICS

ACCESS Produced Under License frm the Meredith Corporation

14

advance to 17.,1; if not
continue sequence.

A B C D

15

16

17

17.1| Information Panel, "The Solid

Angle"
18 A~ B € D T
18.1| If first choice was correct, .

advance to 20.1; if not,
continue sequence.

STUDY GUIDE
P | STEP| NAME P |STEP | SECTION SEGMENT 20
—1
13 A B ¢ D 1 19 A B C
4
13.1} If first choice was correct, 20 A 8 c D 1 F

20.1] Homework:

HR 27-7

2 of 2




ACCESS - Produced under license from the Meredith Cornaratian

o STUDY GUIDE SELF-PACED PHYSICS
P | STEP| NAME P | STEP | SECTION SEGMENT 2i
0.1 | Reading: *HR 27-4, 27-5 6
.*SW 28-2 A B Cc D
Sz 25-1
0.2 | Information Panel, "Electric
Field Problems - Type 1"
— 7 A B C D
1 T F l:—
(ans)
8
1.1| If correct, advance to 4.1; A B C 0
if not, continue sequence.
2
A B C D
9 T F
3 (ans)
9.1 | Information Panel, "Motion of
Charged Particles in an Elec-
(ans) tric Field"
4 T F |10 T °F
(ans) (ans)
4.1 Audiovisual, CALCULATION OF E FOR|. [10.1{ If correct, advance to 13.1;
AN INFINITE UNIFORMLY CHARGZD WIRE if not, continue sequence.
4.2 ] Information Panel; "Electric 11 :
Field Problems - Type 2 A 8 < 0
5 T F
12
(ans) A B c 0
5.1} If correct, advance to 9.1;
if not, continue sequence.
i

1l of 2




ACCESS - Produced under license from the Meredith Corporation

17.]] Homework: HR 27-28

STUDY GUIDE SELF-PACED PHYSICS
P | STEP| NAME : P | STEP | SECTION SEGMENT 21
13 A B C D T Ok
13.1 Audiovisual, DEFLZCTION OF AN
ELECTRON IN AN ELECTRIC FIELD
14 T F
(ans)
If correct, advance to 17.1; if T
not, continue sequence.
15
(ans)
16
A B C D
17
A B C D T F

Se——
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advance to 8.1; 1if not,
continue sequence

STUDY GUIDE SELF-PACED PHYSICS
P [ STEP | NAME P | STEP | SECTION SEGMENT 22
0.1l{Reading: *HR 27-4; 27-6; 28-1 6 -A B C D
SW 28-8; 29-1
SZ 26-7
AB 37-3
0.2|Information Panel, "'Dipoles and
Dipole-Moments" 71
A B C D
= A B € D T F J
.8 -
A B C D T F
1.11If first choice was correct,
advance to Problem 4; if not
continue sequence.
2 o 8.1 |Information Panel, ''Calculation
A B c D of Electric Flux"
9
A B c D T 'F
3 . .
A B (o D T F
9.1|1If first choice was correct,
advance to Problem 14; if not
— continue sequence,
4
A B C D T F |10
A B C D
4.1{Information Panel, "Electric Flux"
. 11
4,2 |Audiovisual, FLUX A B Cc D
5
A B C D T F
12
A B C D
5.1|If first choice was correct,

1 of 2




SELF-PACED PHYSICS

STUDY GUIDE
P | STEP| NAME P | STEP | SECTION SEGMENT 22
13
A B c D ‘T F
14 F
(ans)

if not, continue sequence.

15

14.1| If correct, advance to 17.1;

A B ¢ D
16
(ans)
17 T F
(ans)
17.1} Homework: HR 28-3

2 of 2




STUDY GUIDE SELF-PACED PHYSICS
— —_ -
rl’ STEP | NAME P | STEP | SECTION SEGMENT 23
0.1| Reading: *HR 28-2/28-6 7
SW 29-2 A B Cc D
SZ 25-4
0.2| Information Panel, "Distribution
of Charge in Conducting and Non-
conducting Bodies' 8
_ A B C D T F
L A B C D T F
v
8.1| The followiug material on
Gauss's Law is optional,
1.2 | 1f first choice was correct,
advance to 4.1; if not, 8.2| Audiovisual, CALCULATION OF B
continue sequence, USING GAUSS'S LAW
2 9
3 A 9.1| If first choice was correct,
B ¢ D advance to 16.1; if not, con-
tinue sequence,
10 .
A B C D
4
A B C D T F
i ‘
11
A 8 [~ D
4.1| Information Panel, 'Charging
Processes'
5 ,
A B C D T F 12 .
A B C D
5.1 | If first choice was correct,
advance to 8.1; if not, 13
continue sequence. A a C D
& A - 8 C D |

1l of 2




STUDY GUIDE SELF-PACED PHYSICS
P | STEP | NAME P | STEP | SECTION SEGMENT 23
14 . T
20.1| Information Panel, ""Furiher
Applications of Gaus - Law"
‘ . .
21
(ana) A B C D
15
A ) C D
7
16
A L] C D T F '
(ans)
73
16.1 Information Panel, "Simple
Applications of Gauss's Law' (ans)
ﬁ L
= A B c D T OF |4
(ans)
17.] 1f first choice was correct, o5
advance to 20.1; if not, — A a c D
continue sequence.
18
A B C D
25.1| Homework HR 28-11
19
A B8 (4 D
20 T F
(ans)

2 of 2




SEGAENT 19 : 1

INFORMATION PANEL The Elactrical Charge

OBJECTIVE

To develop the concept of electrical charge and answer simple descriptive
and numerical problems relating to it.

A given body in an isolated system of bodies is acted upon by a resultant
gravitational force. As long as ‘the masses in the system, and their rela-
tive positions and separation distances, do not change, this resultant
gravitational force remains fixed in magnitude and direction. Should an
observer in such a system detect a variation in the gravitational force
vector, he would be justified in assuming .that a mass transfer had occurred.
Mass is the source or origin of the gravitational force.

Similarly, charge may be considered to be the source or origin of the elec-
trical force in any system where such a force is detectable. But unlike
the phenomenon of gravitation, the presence of charge does not necessarily
or automatically signify that a resultant electrical force also exists. A
neutral body contains equal positive (+) and negative (-) charge magnitudes
and does not exert an external electrical force on neighboring bodies.
Thus, the presence of a resultant electrical force signifies an imbalance
of charge, either in the form of a positive-to-negative ratio other than
unity, or in the form of unbalanced charge deployméﬁ:,\or both.

Electrical charge is quantized. The elementary negative charge is taken

as that of an isolated electron; the elementary positive charge, numeri-
cally equal to the charge on electron, is the charge on an isolated pro-
ton. lu the MKS system, the unit of charge magnitude is the coulomd
(abbreviated "coul") and will be rigorously defined in a later segment.

For present we shall have to be satisfied with the approximation that

one coulomb of charge contains 6.25 X 10'® elementary charges as previously
described. Conversely, the magnitude of charge on a single electron or

a single proton is approximately

?;?E;%TIBT— coul = 1,60 x 10”!? coul

When a standard 100-watt incandescent lamp is operated in the average U.S.
home, about 5/6 of a coulomb of charge passes through it each second.

This will help you establish in your own mind the: relatlve magnitude of
the coulomb in more or less familiar terms.

. next page



2 SEGMENT 19
continued
You will find in this tion questions relating to the
(a) nature cha
(b) magnitude of tue elementary charge;
(c) relationship between the coulomb and the elementary charge;
(d) nature of conductors and insulators.
PROBLEMS
1. Charge is
A, a unit of electrical force.
B. a source of electrical force.
c. a unit of current.
D. an electron,
2. Millikan's 0il Drop experiment suggests that chargé is quantized.

How many discrete electrons comprise a coulomb of charge?

3. Select the correct definition for quantization from the following

list.

A. A unit amount of physical property.

B. The existence of a physcial property in integral multiples
of discrete, fixed amounts.

C. The smallest value of a physical property.

D. A very small quantity of a physical property.

4, The absolute value of the charge on an electron in the MKS system is

g w >

1018 coul

109 coul
x 10719 coul

6 x
8.9 x 10~12 coul
9 x
1.6




SEGMENT 19 3

5. In an ideal insulator

A. charges are fixed at all times.
B. charges are free to move within the insulator.

C. chare end to be displaced fron their equilibrium
under the action of applied electric fields.
L. charges tend to spread over the surface of the insulator

rather than remain localized.

INFORMATION PANEL Conservation of Charge

OBJECTIVE

To recognize and apply the priciple of conservation of charge to a number
of relevant electrical phenomena.

All the experimental evidence relating to the nz:ure and behavior of charged
bodies strongly indicates rhat, in the charging discharging process,
charge is neither created nor destroyed but onlv transferred from one loca-
tion to another. The principle of conservation of charge has withstood
every test imposed upon it in the sub-atomic as well as the macroscopic
world.

The process of charge transfer demands mobility on the part of elementary
charges. 1In the usual electrostatic phenomena involving solid pieces of
rubber, glass and similar materials, and in the utilization of current
electricity in power applications, communication, and related activities,
electric charges move from one place to another to provide the observed
effects. In most solid marerials (there are some important exceptions),
tihe elementary negative chazrges are the mobile cmes so that it is essen-
tially correct to say that charge is transferred within a solid, or from
one solid to another, by the motion of electrons rather than by shifting
elementary positive charges.

Consider this very simple example: an initially neutral glass rod is
stroked with neutral silk cloth. The glass is then found to be carry-

ing a positive charge. In conformity with the conservation principle,

we would then say that there has been a transfer of charge from one object
to the other and, as noted above, mobile negative charges account for it.
Thus, the glass rod has lost electrons to the silk cloth, the rod becomes
positively charged, the cloth acquires an equal negative charge, and the
total charge of the system remains unchanged. Alternatively, the cloth
now carries an excess of electrons while the rod has a deficiency of
electrons, compared to the initial state for each object.

’

next page



4 SEGMENT 19

continued

The questions in this section require that you apply the principle of
conservation of charge to various situations in which mobile charges
are involved.

6. Two uncharged metal spheres are in contact. A hard rubber rod is
strokaed with fur and brought very near to one of the two metal spheres
(no contact between rod and sphere). The spheres are then separated,
and the rod removed from the vicinity., Which of the following can now
be said abo:t the metal spheras?

A. Tc . spheres will attract one another.

B. The spheres will be negatively charged.

C. The spheres will be positively charged.

D. The spheres will repel one another.

7. The pri ..:!. of conservation of charge can be stated as:

A. charges always appear in pairs.

B. like churges repel; unlike attract.

Cc. the cuantity of work done on a charge by an externally
ger, ...ed field is constant.

D. the quantity of charge in a closed system does not
change.

8. When a glass =d is charged by stroking with a silk cloth, what charge
does the silk cloti develop?

. posit .¥g
negative
neutral

none of these

oW




SEGMENT 19 5

9. An uncharged metal ball is attracted by a negatively charged rubber
rod. Upon making contact with the rod, the ball moves away quickly. Why?

A, The metal ball was inherently charged and therefore repelled
by the rubber rod.

B. Upon contacting the rubber rod, the metal ball became nega-
tively charged. The rod and ball are now both negatively
charged and repel one another,

C. The ball and rod after making contact became oppositely
charged. This causes the observed repulsion.

D. The rubber rod is a non-conductor while the metal ball is a
conductor. When contact is made, the total charge is zero
causing the ball and rod to collide. Since momentum is
conserved, the ball and rod separate quickly.

10. Two uncharged conducting pith balls are touched by a glass rod that
has been rubbed with silk. If the pith balls were in contact before being
touched by the glass rod, what happens immediately afterwards?

A. The pith balls remain uncharged.

B. The pith balls repel one another.

C. The pith balls are negatively charged.

D. One pith ball is negative and one is positive.

INFORMATION PANEL Coulomb's Law

OBJECTIVE

To apply Coulomb's Law to the solution of problems which entail the expli-
cit and implicit relationships stated by this law.

In its basic form, Coulomb's Law is written

9,9 .
F = k-—%El for point charges

next page



6 SEGMENT 19

continued

It is essential that you recognize the proportionalities stated in this

form, i.e., that the electric force is directly proportional to the pro-
duct of the charge magnitudes and inversely proportional to the JaCe
between the point charges. Clearly, k is a constant of proportionality.

To modify Coulomb's Law so that it is more convenient to use in deriving
subsequent "working' equations, we replace the constant k with the expres-—

sion 1/4me, so that

F = 1 q]qz
bme, 2

The quantity €, is a constant often called the permittivity of a vacuwn
and har the value (to 3 significant digits)

€y, = 8.85 x 10712 coul?/nt ~ m2

in the MKS system. You are urged to check the dimensional accuracy of
the last equation using newtons for force, coulombs for charge, and
meters for separation distance.

. To simplify numerical problem solutions you may use the fact that

4meg 4 x 3,14 x 8.85 x 10-12
so k = 9.0 x 102 nt ~ m2/coul?

and thus F=09.0 x 109 qlzz
r

becomes the final statement of Coulomb's Law to be used in solving prob-
lems.

The problems in this section are aimed at having wou

(a) determine the force between point charges of given magnitude
and position;

(b) state what happens to the magnitude of the electric force
with given changes in charge and position;

(c) calculate the way in which a given charge should be split -
for given positions in order to achieve the maximum electric force.



SEGMENT 19 7

11. A certain charge Q is to be divided into two parts, q and Q-q.
Fird the ratio Q/q if the two parts, placed a given distance apart, are
to display maximum electrostatic repulsion.

12. Charges of +5 and -€ jcoul are 3 m apart. What is the force between
them?

A. 3 x 1072 nt, attractive
B. 3 x 1072 nt, repulsive
C. 3.3 x 107!2 nt, repulsive
D. 3.3 x 107!2 nt, attractive

13. Two small spheres carrying unequal positive charges repel each
other with a force of 0.30 it when r meters apart. If the charge on each
sphere is doubled, and the distance between ther is tripled, what is the
force of repulsion?

A. 0.07 nt
B. 0.2 nt
C. 0.4 nt
D. 0.13 nt

14, ‘Two chaxrges +q and —-q are a distance r apart. Imagine a third
charge Q placed between the two charges on a line joining them. Where
must Q be placed so the resultant force on it is a minimum?

INFORMATION PANEL Applications of Coulomb's Law

OBJECTIVE

To apply Coulomb's Law to e solution of problems that include the.
elactric force as one of sasweral parameters.

next page




8 TEGMENT

continued
The electric force F as given by

F=9.0x 10° Slé}—

r
often appears in problems which deal essemtially with mechanics. The
fact that the electric or "coulomb" force originates in charges, rather
than masses or muscles, does not affect the way in which it is used in
approaching force problems of any type.

Since Coulomb's Law is valid only for point charges it can be applied with
good approximation to other bodies only if they are very small as compared
with the distance separating them. In this portion of ycur work, you may
assume that the conditions imposed by this constraint are met.

Suppose, for example, that you were asked to find how close the upper pith
ball (see diagram) will finally come to rest above the lower one for the

. conditions shown. The upper
ball slides frictionlessly on a
nylon guide while the lower one
rests oa a perfect insulator.
You might approach this problem
in this way

(1) For the final rest condi-
tion (equilibrium), the weight
mg of the upper ball must be
equal in magnitude to the elec-
tric force of repulsion F, or

F = -mg
(2) Since F is the coulomb
force, then
Q92 _
k =7 = "8
Pl
—Jl_ng %+q2 (3) Solving for r
NN r = f-x 1192
INSULATOR V mg

(4) Substituting 9.0 x 10 for k and -9.8 for g

9.0 x 10° x 974>
r= 5.8 x m
_ next page




SEGMENT 19 | 9

continued

You will find the problems in this section to be of this and similar
types -in which the coulcmb force is treated as any other force in its
mechanical involvement.

15. In the accompanying diagram, two equally charged balls are sus-
pended from a common point by (weightless) rods 0.40 meters long.

When the balls come to rest, they are 0.40 meter apart. The magnitude
of the charge in microcoulombs on the balls is approximately

VAN AR A A A A B A A A A A A |

my

L.=0.4 meters

16. The value for the permittivity constant €, in Coulomb's Law in the
MKS system of units is

A. 8.9 x 10~'2 coul?/nt - m®
B. 9 x 10° nt - m?/coul?

Cc. 8.9 x 10° coul?/ nt - w?
D. 9 x 10”!2 nt - m?/coul?




10 SEGMENT 19

17. Two pith balls are suspended from the same point by weightless,
inextensible, insulated strings and receive equal charges of -3 X 10~¢
coul. The coulomb force causes them to separate a distance of 0.2
meter. What is the magnitude of the coulomb force each ball experiences
when equilibrium is reached?

18. How far apart must two electrons be if the force of electrostatic
repulsion on each electron is just equal in ma§nitude to the weight of
the electron? (The electron mass is 9.1 x 107 3lkg).

19. Four equal positive charges, each of magnitude q = 1.00 X 10”7 coul
are placed at the corners of a square of side a = 0.500 m. Find the mag-
nitude of the resultant force actiny on any one of them.



SEGMENT 1¢ 11

[a] CORRECT ANSWER: B

The pith balls are lightweight, conducting spheres. When the positively-
charged glass rod touches either pith ball, the excess positive charge on
the glass rod removes electrons from both pith balls. Both spheres are
then positively charged and since they are free to move, they rcpel one
another so that they move apart.

TRUE OR FALSE? When the experiment described above is repeated with small

metal balls instead of pith balls, the end result is an attractive force
between the spheres.

[b] CORRECT ANSWER: B
When a physical property such as charge exists in discrete '"packets"

rather than in continuous amounts, the property is said to be quantized.
Mass contains quantized packets such as the electron and proton.

LN

[c] CORRECT ANSWER: D

The initial configuration gives

1 99
F 4ns0 r2

The new configuration calls for doubling both q, and q, and tripling r,

hence
Fo= 1 41 x299) _ 1 (49192)
2 4meg, (3r)2 4bne, (3r)¢
Therefore 4 o
so that 4 x 0.30 = 0.13 nt

9



(a]

(bl

[c]

12 SEGMENT 19

CORRECT ANSWER: D

Since one couloab is the combined charge of 6.25 x 10'® elementary charges,
each elementary charge (electron or proton) must have a magnitude of

1

.25 x 1018 -~ 16X 10-}3 coul of charge.

TRUE OR FALSE? The charge on a proton equals 1.6 x 10!° coul.

CORRECT ANSWER: 5.1 m

The magnitude of the electrostatic force F on each electron due to the
presence of two electrons each of charge e = 1.6 x 10719 coul, a dis-
tance R apart is

2
F = 2 2
4meg R

and the weight of the electron is mg. Therefore for the given condition
equality we obtain

__e?
éneo R2

1

R=e 4me mg
1.6 x 10'19\/

5.1

= 5.1m

= mg, wherem = 9,1 x 10"31kg.

or

x 109
10-31 x 9,8

O

x

CORRECT ANSWER: B

When a glass rod and silk cloth are brought into close contact, the cloth

is able to attract some electrons from the rod. Upon separation, the rod
is deficient in electrons, and thus positively charged, while the cloth

now has an excess of electrons and is negatively charged. Since electrons
are merely transferred from the rod to the cloth the total number of charges
in the cloth-rod system does not change and charge is conserved.



[a]

(b]

[c]

SEGMENT 19 13

CORRECT ANSWER: B

Clectrical charge is a difficult phenomenon to define. The fact that elec-
trical forces are always associated with charge makes our definition oper-~
ational in nature. This choice should hardly be considered final, but

will encourage precise extention as our understanding of electrical forces
improves.

TRUE OR FALSE? As the work in electricity proceeds, a new and more
rigorous definition of charge will be developed.

CORRECT ANSWER: A

Rubber rod Metcl Balls

The presence of the negatively charged rubber rod near the left metal

sphere causes electrons to migrate away from the left sphere and concen-
trate on the right sphere,leaving excess positive charge on the left sphere.
If the spheres are now separated, they will be oppositely charged, and
therefore attract one another.

TRUE OR FALSE? If both spheres had been perfect insulators, no migration
of charge would have occurred, hence the spheres would not have attracted
one another after separation.

CORRECT ANSWER: 6.25 x 1018

The charge of an electron is a very small but definite negative quantity
of magnitude 1.60206 X 107'? coulombs. The important item to remember
is that all charge is an integral multiple of the charge on an electron.
One coulomb is the sum of the charges on 6.25 X 10! electrons.

TRUE OR FALSE? Certain rare sub-atomic particles are known to have a
charge equal to 2.5 electronic charges.



[a]
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CORRECT ANSWER: 6.90 x 10™“nt

Let the corners of the square be labeled as A, B, C, and D as shown in
the diagram. The force acting on charge q at A due to charge q at B is

S o’
AB  4me, al
and its direction is shown in the diagram.
Similarly
2
a9 3
FAD 4"€° a2 <‘an °
q
and F - q?
AC * 47e, 2a2 —_ _
ch VFE.o
The total (resultant) force acting on the charge
at A is '
- F - >
F = AB + FAD + Fac
From geometry we find
_ 2 2
F = ’FAB'*'FAD + Fpc
2 2
q q
= +
¢Q14neo a2 = 4meq 2a2
1 q?
= 2'+ = —_—
«/1 2) (4neo a2>
1\ (9 x 10% x 1 x 10714
= 1.41+—) ( )
( 2 «25
* = 6.90 x 107" nt
TRUE OR FALSE? 1In all of - 'ns above, q? represents the pro-

duct of two equal charges.



[a]

(b]

[c]

SEGMENT 19 ‘ 15

CORRECT ANSWER: A

Notice that the permittivity constant €, has this particular value for
a vacuum. In a dielectric material (insulator), other values of the
permittivity constant are possible.

For direct insertion into Coulomb's Law, it will be useful to remember
that "1/4me, has the value of 9 x 109 at m?/coul?.

CORRECT ANSWER: A

In reality all materials will conduct charge. Those which offer little
resistance to the movement of charge are called conductors, while those
which exhibit large conduction resistance are called non-conductors or
insulators. Although there are no perfect insulators, the ability of
quartz to insulate charge is about 1025 times as great as that of copper,
so that for many practical purposes some materials behave as if they were
perfect insulators.

TRUE OR FALSE? There are no perfect insulatorsl

CORRECT ANSWER: A

According to Coulomb's Law, the force between two charges q, and q2 at
a distance r apart is given by

Substituting the numerical data given, we find

Fa (9109 (5x 107%) (-6 x 1076)

F=-3 x10"° nt

Thus, the force between them is 3 x 1072 nt and is attractive



16 SEGMENT 19

[a] CORRECT A:: 7 7,32 ucoul
A diagram ¢ - orces acting on one of the balls would be as follows:
H
I ‘;l T
z /
)
\ I
d I
4#%.‘2 I \0=600
- - - - —_—— —_——— —X

mg

The ball I st.w:: -ary and thus we can write

q2

4neor2

-

wx . cosb -

=0

-

- sin(6) - mg = 0.

Solving fc ¢ yields

q =t J4ne r? mg coté

Substituting the data given:

e 4. [0:16 x 1.0 x 1073 x 9.8 x 0.577
== 9 x 109

0.32 x 107% coul

-+

q-=

q =% 0.32 ucoul

TRUE OR FAT - se horizontal vector in the diagram represents the
coulomb fou. 4.t ween the charged spheres.
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: RECT ANSWER: 2

et the distance bezween point charges d Q-q be R. The magzitude of
he coulomb force of repulsien F (like . zes) i=
F = 1 = (0-q)
breg R2 @R

Zquation (1) gives cthe force as a function of q, since all other quanci-
ties, namely, Q, K, and ¢, are constant.. Henmce, in order to maximize
zhe function, we differentiate F with r=spect to q and equate to zero.
Thus

4dF _ _ 0 29

o - =

dq  4me,R? 4TeyR?

Therefore

% = 2 for maximum electrostatic repulsion.

TRUE OR FALSE? In tt right~hand term of equation (1), only q is con-
:7idered a variable.

‘[b] CORRECT ANSWER: D

This principle is often loosely stated as "charge cannot be created or
destroyed, but only transferred from one point to another."

[c] 7“ORRECT ANSWER: B

Te negative rod has: an excess of electrons while the metal (conducting)
zall is nmeutral--neither excess nor deficiency of electrons. Upon con-~
—act, some excess electrons transfer o the ball and spread out on the
zouducting surface leaving b th bodies negatively charged. The result
+6 repulsion between bodiex = like ::2rge.



[a]

[b]
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e

CORRECT AlL.. .IXRC

If we plazca the . irge Q betwes=n two charge: ctnen the forces from both
chargeé ¥i..1 . - the same direction and —mus, the resultam= —orce
will be 2 mi: .2z some point between them. Let X be the distance
of the chamgz 7m +q, tmen zhe force on J is

r

X2 (r-x?

2

c b [39 ;.__q&_J

To find & pcin: -ere F is minimem, differemtiate F with -=sspect to X
and equatse too o

-

1 Toe 2
! . qQ 3J =0

47720 XJ (r - X)

—_—

Thus the feorc - am the charge Q is —inimuc when Q is midwi, between the
charges. We :arn satisfy ourselves that thiis is a minimuwr rather than
a maximzz L, aoting that the force approzches infinity zz ) approaches
either cmarge.

TRUE OR 7# SE?7 = it turns out, Q must lie on the same st=aight line
as the othe - <wwo charges in order for the forces to add a.ssbraically.

CORRECT ANZNER: I nt

Data from this problem cam be substitutec directly into Coulomb's Law

T e 1 .g.l_q.l
-’k-TEE:o r?

- o9 x 10%) (-3 » 107%) (-3 x 107%)
0.04

o3 x1073

F
4 x 1072

= 2 3t
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IZFORMATION PaNEL Electric Fileld
JBJECTIVE
To develop the cocmcxpt I e zlectric fizic; t zarnlv field theor : -

fundamental questicr.s @ad tToblems in whizh zhi: cimcept is a useful
tool.

Aithcugh Coulomb's law znables us to calculas ne -~ orce that one cha-ged
body exerts on anothar, it does not pretend »scrm_pe the mechanisc

bw mezns of which this Zorce is applied. A of charged bodies ex-
ert forces on one another—this is an experimszzzl fact~-bul no one can

explain vhy this force exists. We know It is zm=r= and we znow hov tc
calcuiate its magnitude, bwut neither Nature ncr —eason provides the ip-—
sight needed to isolate the cause of the phencmz=non.

This apparent impasse does not prevent us from speculzting about ths
mechanism of force action, however. We may no- be atle to explair out
we can still describe. To do this, we need to ser up = workable mechan-
ism that is Zully compatible with the experimental evidence available to
us.

—

‘*\\,—_—
Thas in physics we find it mast helpful to azproach electric phenomena
via the concept of the zlectric field. Ir t*= mest general sens=a, -
fi=ld is commidered as z region of space hawrrng —srrain physiczal prop-
erties. An electric fiizld in particular is characterized by =ha ability
to exert forces on charged particles withir it; these forces == i--
dependent of any gravitatioanzl forces that =ay be present. An .mchzrged
particle experiences no fozce in an electri.: field.

Essentially, the field concept deemphasize= the charges that aze zhe
origin of the field and =mphasizes instead the swp=:: itself. It is =of
Interest that this sirift »f emphasis is oftem rsoms.:osred to hmve paw=d
the way for Clerk Maxwel’"s mathematical amalvsis =i alectric fields.
The importance ana significamce of the field apprenach may be imtterex
from the quotation beiow zaken from the classic bc »< by Einstein anc
Infeld:

"In the beginning, ‘= field concept was wx marre than a means

of facilitating the wmderstanding of phen.mewa from the mmecham-
ical point of view. Im the new field Laswzmage it is the descxmg- -
tion of the Field between two charges, sr’ not the: charges tham-
selves, which is essertial for an umnderstaanding w: their actionm.
The recognition of the mew concepts grew ismaadilw, until substance
was overshadowed by the field. It was rez_ized “hat something

next page
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2rmt. onued

=7 grz=at importance .=s happening in phvsics. A new reality was

reated, a new con. >t for which there .:s no place in the mechan-
ircral description. “imwly and by a stzucgle the field concept
established for itss:If a Zeading ple i iz physics and has re-

m=ined one of the =musir physical cco==ats. The electromagnetic
field is, for the mzdewn physicZist. =z real as the chair on
which he sits."”

%ow ‘mzagime & point charg: which demonstrzces -y its obsarved behavior
thaz Zz is being subjecte: o a force of o»ze ma=wtoen. Instead of se=king
some co=ner cnarge which can account for tm.s -srce. we merely say that
our Zicwm charge is locat=d in an electric iz..d capable of bringing to
bear on iz a force of one mewton. At this “oiat we nead to establish
the mesming of fZeld intemwity or field strz:agzh. This is readily done
whex =r is recognized thzmt the force acting on a unit charge is really
what ‘w& mezm by the intemsiiy of the field. So, if the charge in ques-
tiom were exactly one cumlemb and the force one newton, we could then
say that the field inteusity is one newton per coulomb. Symbolically,

E =F/q

wherz E is zhe magnitude of the electric field (wmr field intensity), F
is tne magnitude ¢’ the Seowce, amd 4 is the magzitude of the charge on

wiich the force accs. Eimce force ds a vector quantity and charge is
scalar, the defimitimme :nf field intensity is oetter written

<> =

t =Flz,

wimen= g, = the cmerge or a small possitive tesT body. The direction of
E is che direction of F.. The direczion of the elec:ric intensity, then,
i= muomally determined Dy the direction in wiiich a positive test charge
would move If iz were Zree to do so in the field. The unit of field
igtensity im the MKS svaitem is, as iIndicated, the newton per coulomb

L frcont) .

The: prablems in this secmzion require that you
‘a) rercognize the =urrect defimition = an electric field;

{b) be able to state how the difirectior @f s electri- rield
i8 degermined;

(c) solve a problem inwolving the equ...iw=ium of a particle of
given mass in an~eleid§it field of given inmemssity.
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PROBLEM<

1. What must be the ciarge on a p?ticig of mass 2.00 gm if ic is to
remain stationary ino the .aboratory waen placed in a downward-directed
electric field of iatemsicy 500 nt/coul?

2. We define el=actric teld strength as
A, the numizer of i1:mes of force leaving the sourze of the field

3. the force per umit charge actimg om a chargs placed in the
field

C. the nummer of limnes of force per unit area passing through an
imagimarv Sphere surrounding the source of the field

D. the forc~ exerted on a single electren placmd n the Zield.

3. Select che stazcrement whire most fully expresse:s toee concept of
electric fis.i dir=ctiom.

A. The elerrric field is in the directiom aif the force experi-
enced by a small charged particle placad in tiae field.

B. The electric field points towar3 or away from the charges
generating it.

C. The sleectric fie)d direction is chosen» =o ke the directi: a
' which a pessitive charge wou.d tend o mowe if placed in
Lne "f i%ld .

D. The electric fimidd is a scalar field.
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4. A uniform (constant) electric field exists in the region between two
oppositely charged plane parallel plates. A 1.0 gm particle having a charge

g = -9.8 % 1077 coul is observed to move horizontally with a constant velocity.
The electric field in the regiom musz therefore be

A. 10" nt/coul upward
B. 10" nt/coul downward
C. 107 nt/coul upward
D. 107 nt/coul downward

INFORMATION PANEL Lines of Force

OBJECTIVE

To recognize and amalyzs the effect of an electric f: :1d on neighboring
charged particles wusing the lines of force concept.

Since the imitroductiorn. @f Faraday's model of the elec.tric field--a model
associated with imaginary lines of force--a number of comventions have
been accepted and are now used more or less umiversally. In any given
region in an electric field, the way in which the lines of force are
represented provides the followimg informations:

(1) The cdirecticn of the field intensity vector E is indicated by
an arrowhead or the lines through the point or region under examination.
This is the direction in which a posiziwe test charge temds to move
under the imtluence of rhe <:ald.

(2) The electric field aroumd an isolated sphe~ical charged body
is radial. If the body is positive, the line directiom is outward;
if negative, the lime direction is inward.

(3) The spacimg betweem lines of force indicates the magaitude
of the field intensmity in that region. The density of the lines, i.e.,
. the number of lines passing throwgh the area under consideration, is
proportional to the intensity.

(4) The direction of a givem line of force at a given point is
the direction of the tangent drasx through that poinz.

next page
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ccntinued

(5) When a lines-of-force diagram involving two or more charged
bcdies is drawn, each line must be shown originating on a positively
ckarged body and terminating on a negatively charged body.

(6) A negatively charged body in a field tends to move in a2
direction opposite that of the intensity vector at that point.

The questions that follow emphasize

(a) the analysis of lines-of-force diagrams to determine their most
likely source or sources;

(b) the observations required to determine relative intensities in
different parts of an electric field; similarly, observations to deter-
mine field direction.

5. A portion of an electric field line diagram (below) has been erased.
Of the four choices given below, which is most likely responsible for
the 1llustrated field?

. two positive charges
two negative charges
. a single positive charge
. a single negative charge

Nl
i

(= Mo W --M =

N
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6. In the figure below, a positive charge is most likely located at
which of the following positions?

~
A. A and B
* B. B and D
c. A, C, and E
D. B only

®

\
=
=0

”
A7

LINES OF FORCE

7. Charges are embedded in insulators to produce the electric field
depicted below. Where is the electric field intensity highest?

-+ ++ +++ + F ++F

p =
4=
( C

A. At point A.
B. At point B,
c. At point C,
D. At point D.



SEGMENT 20 7

8. Refer to the electric field lines ¢rawn below. What observation can
be made about the electric field at point P?

T T 1 17717777777
[ )
o
YV YV YV VV V
T I lrrir7/ifle

A. There is no electric field at this point since no line
of force passes through this point.

B. The electric field at this point is curved similar to
the nearby lines with intensity approximately twice that
of the field within the gap.

C. The electric field points downward with intensity smaller
than that of the electric field within the gap.

D. The electric field at this point is curved similar to the

nearby lines with intensity approximately one-half that
of the field within the gap.

INFORMATION PANEL Electric Field Due to Point Charges

OBJECTIVE

To solve problems involving the intensity and direction of the resultant
field due to two or more charges.

As you move more deeply into field theory and applications of the electric
field concept, it becomes more possible to tie up some of the loose ends
we still have with us. '

next page
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continued

A more rigorous definition of ckarge can now be stated: electric charges
are the sources and sinks of electric fields. This definition implies
that electric fields originate and terminate on electric charges (see
item e in the Information Panel, "Lines of Force'.) By convention, the
charges on which electric fields originate are positive and are called
sources; those on which fields terminate are negative and are called
sinks. Charges produce a field which in turn applies a force on another
charge immersed in it. We consider that charges do not influence each
other directly but only through the field they produce which acts as

an intermediary, even in a vacuum.

The resultant electric field due to two or more point charges is the
vector sum of the individual fields at the point where the resultant is
to be determined. That is '

> > ->
E=E1+E2+'°0En

If the particles lie on the same straight line, their magnitudes may be
added directly without resorting to vector methods. The magnitude of
an electric field (electric intensity) due to a point charge q is given

by
E = q/4neor2

in which r is the distance between the source of the field and the point
at which the intensity is to be determined. For many problems in this
area, where vector addition is required, the x- and y-components of the
field due to each particle at the point of interest are determined, and
the resultant found using the relation

le| =VEZ + Ey2
where E is the magnitude of the resultant field intensity.

The direction of the resultant field is, of course, readily obtained from
the trigonometric relationships in the problem.

The fundamental requirements of the problems in this section are that you
be able to )

(a) calculate the ratio of point charges, given the magnitudes
of the charges, the required distances, and the field intensity at a
point in space resulting from the presence of these charges;

next page
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contiriued

(b) determine the resultant field intensity due to several point
charges not located on the same line;

(c) find the magnitude of the electric field intensity at a given
point on the same line on which the point charges are placed.

9. Two point charges q; and q, are one meter apart. The electric field
intensity at a point one meter to the right of q, and on a line joining
q; and q, is zero. What is the ratio q,/q,?

1 meter I meter

10. Two positive charges are located at (0,1) and (2,0) and produce elec-
tric field intensities of magnitudes 5 nt/coul and 12 nt/coul, respectively,
at the origin. What is the magnitude of the resultant field intensity?

1l. Three equal charges each of +4.00 ucoul are located at three corners
of a square 2.00 meters on an edge. What is the magnitude of the elec-
tric field intensity E at the fourth corner? '
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12. What is the magnitude of the electric field at the point x in the
diagram?

o r ._l<g 3r =0

l S +9
+q X
A, 10 _4d
9 4me,r2
B 2_49 _
3 4mer2
-2 q
C. -
9 b4regr2
p. 8_49
9 4w€°r2
INFORMATION PANEL Electric Field Due to Distributed Charges
OBJECTIVE

To solve problems in which the resultant electric field intensity at a
specified point in space is to be found when the source is a regular
geometric body carrying uniformly distributed charges.

The determination of resultant field intensity due to distributed charges
of bodies of various types is somewhat more complex than the same process
for point charges. Nevertheless, it is possible to follow a general pat~

tern which applies equally well to a number of special cases, especially
those in which symmetry may be utilized.

When the charge distribution is continuous, the body is visualized as
being divided into individual point charges, each.of which carries the
charge dq and produces an element of electric intensity dE. The elec~-
tric intensity due to each "point charge' is then given by

next page
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continued
dE = dq/lmcor2

in which r is the distance separating the charge element dq from the
point at whicn the resultant field is to be calculated. The resultant
field at this point is then obtained by integrating the field contribu-
tions of all the elements so that

t= [dE

This integration is, of course, a vector process and must be so handled.
You are urged to study (not merely read) the problem examples presented

in your reading to develop the strategies used in performing this integra-
tion for bodies of different shapes. The problems presented in the

pages that follow include the determination of resultant fields for
charged rings, and for rods of finite and infinite lengths. Before you
tackle these seriously, be sure you understand the development in the
examples mentioned above. '

13. The electric field E for a point on the axis of a uniformly charged
ring (see diagram) with total charge q and radius a at a distance x from
its center is :

_ 1 qx
AT!EO (a2 + x2)3/2

normal to the axis

1 qx
4re, (a2 + x2)3/2

along the axis

Yéo

1 q
4me . a2 + x2

o]

normal to the axis

1 9q
bmey a2 + x2

along the axis
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14. A thin non-conducting rod of finite length { carvies a total charge
q, distributed uniformly along it. The magnitude of the electric field
at point P on the perpendicular bisector as shown in the figure is

b A. &= An:oV[]21 2
; + x
N
z B E= 2n:°x

! g = :g c. E= 4:%\/—2—21 4x2
E P E= 2“:oxJ221+ 4x2
.

1

15. The electric field at point P a distance R from an infinitely long
wire having a uniform line:charge density A coul/m is

y . : A A in the x direction
+o 4[] * 4me R
B. © in the x direction
c. 2AR ‘in the x direction
CHARGE - R . TEq
DENSITY = A —0 X
P D. A in the x direction
2m1egR
-w*L

16. A segment of wire, with uniform charge-per-unit-length A, is bent
into a semi~circle of radius R. The magnitude of the electric field at
the midpoint of the diameter which joins the ends of the semi~circle is:

A. A/neoR | |
B. M 2me R .
C. A/3me4R

D. 2A/3neoR
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17. A charged ring with radius a has a total charge of q. Charge q, is
distributed uniformly over half the circumference of the ring and charge
q, is distributed uniformly over the other half (q; + qp = q).

The component of the electric field Ey at point P is

Y W g ool (1 -apa
, « By T Zmag, %2 + a2)3/2
[
|
AR _ 1 (92 +4)a
q ,/ T \\ B. By 2n2e | (x2 + a2)3/2
v oa -
/ \ Ey=? C. E. = 1 (92 - 9y)a
! l —_————X Y 4meg (x2 + a2)1/2
- X —p
D. Ey =
9,

g

INFORMATICY -al The Solid Angle

OBJECTIVE

and inside «harged spheres.

The core problem in thé following section deals with the field inside a
hollow, charged, conducting sphere. The solution requires some under-
standing of the nature and characteristics of solid angles.

The definition of a solid angle parallels that of an angle in & plane to

a great extent. Let's review the latter briefly. As illustrated in
Figure 1 at the left, the angle 6 is
defined as the intercepted arc length
divided by the radius of the circle,
or

'<ljull|!i 8 = s/r

Since s and r are both lengths, then
the ratio s/r is dimensionless. The
unit of angle measure is, of course,
the radian. :
Figure 1
next page
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continued

To define the solid angle in similar terms, we fizsr picture a section
of a sphere of -adius r containing

with the apex of =% cone at the cen-
ter of the sphieme==. The cone cuts an
area A on the su=Zzce of the sphere
and since this am=a -3 proportional
to the square of =he wadius, that is

A o B
then the ratio :/R? 2= Fimensionless

and may be convenienty msed as the
measure of the solid amzfe w. Thus,

Filgur
igure 2 w = A/R?

and, if A and R? are in the same units, the angle magnitude is then in
steradians. (In popular usage, the steradian is sometimes referred to

simply as a "radian",

Based on this definition, the solid angle subtended by the surface of

the entire sphere is the total surface area 47R2 d:vided by Rz, or simply

47 steradians,

For an irregularly shaped surface, the solid angle subtended at the
center by a area element dA is defined as

dw = dA.N/r2 = dA cos6/r2

is the normal projection of dA, and
8 is the angle between the planes of
the two elements of area.

This section contains problems in
which you will be asked to

(a) find fhe field inside a hollow,
spherical charged conductor;

|
| \
I

Figure 3

(b) determine the magnitude of the component of E parallel to
an infinite, uniformly charged plane, given the charge density and the
position of the point where the component is to be found;

(c) the perpendicular component of the electric field at a given
point with relation to an infinite charged plane, given the charge dens~
ity on its surface, .

an inscribed wixze as shown in Figure 2,

oy

As Figure 3 indicates, the element dAN

e~

Ve mret

Tt
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18. What is the electric field inside a mnllow charged spherical con- ,
ductor of radius R, surface area A, and total charge Q, distributed so
that the charge density is ¢?

cA
A. 4meyR2

cA
B. 21 RZ
C. 4WEGR2Q

D. nome of these

19. At a point near the surface of an infinite, uniformly charged plane
with charge density o, the magnitude of the electric field E parallel to
the plane is

A.  o/2¢

B 0

C /;- o/2e,
D. /e,

20. The y component of the electrlc field at point p at a distance y
from an infinite plane having uniform surface charge demsity o is

(Hint: The infinite plane may be imagined to be composed of an infinite
number of concentric annuli.)

A. 0/25:o
B. O
C. 0/2e,/y

D. . /;7250
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CORRECT ANSWER: D

Both charges produce & Ifield at the point x.
same axis, but wpposirtely directed. We want

12=i§l+*::2

=z = e O the right

to the left.

Amiding these vectors yields

q q .
- - - ight
4me Tl 36me,r2 to the rig
= z_4 to the right.
9 wsorZ

TIRIUE OR FALSE?

SEGMENT 20

Th= fields are along the
the magnitude of E, where

At point x, the resultant electric field is taken as -

directed to the right because 3r is a larger quantity than r.

CORRECT ANSWER: C

Even though lines of force are imaginary, they do help us get the picture

of what's happening.

The relationship between the lines of force and the
electric field strength vector is as follows:

(1) Direction of E is the same as the tangent to the line of

force at that point.

(2) Magnitude of E is proportional to the density of the lines

of force.

The lines at P are further apart than those within

the gap, indicating less density, hence a field with less

intensity.

TRUE OR FALSE? The field contained within the gap is essentially uniform

in intensity.
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CORRECT ANSWER: B

Each segment of wire of length RA3 contributes an amount

—

AR__ cing A8 to E, .

4we R2

-
The total x-component of E is given by an infinite sum of such contribu-
tions:

A
E_ = Limit I
X A8 +0 4ns°R

i
sind A8 ; A — sing do.
- O TTEO

Note that the integration limits are chosen so that © sweeps over the
entire semi-circle; that is, over all charged segments of the wire. We
have

E, = — "'6d6=-—x—— ! 2 (-1)=1] = ——
X 4ne°R 0 Sin 4neoR [ cose]O 4ns°R [ 11 ZneoR *

The component E may be evaluated in a similar manner. However4 for
every component” of E that is up, there is another component of E that is
down. The sum of all of these components will be zero.
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CORRECT ANSWER: =3.,92 x 10 ° coul

We are told that the particle is stationary, therefore, the sum of the
forces acting on the particle is zero. The forces acting om the particle
are its weight and the electrostatic force ?e due to the presence of
electric field. Therefore

fe+$=0

FLo= % (1)
or, where

w = mg.,

In order to have an electrostatic force acting upward om a charged parti-
cle in an electric field that acts dowmward, the charge om the particle
must be negative. The magnitude of the charge is obr=ined by substituting
the expression for F, amd w in equatiom (1). Thus

-qE = mg
or
-q = %&
(2 x 1073 kg) (9.8 m/sec?)
1=- 500 nt/coul
q=-3.92 x 1073 coul

TRUE OR FALSE? The product -qE represexts an electric force acting up-
ward on a negative particle in an electric field that also acts upward.

"CORRECT ANSWER: A

Lines of force give a vivid picture of the way in which E varies through-
out a given region of space. In order to obtain an intuitive picture

of nature, man often builds these conceptual models with which further
predictions can often be made. A single (+) or (-) charge would produce

.a line pattern which would resemble the spokes of a perfectly circular

wheel rather than the pattern shown. Two (-) charges would yield a
configuration similar to that shown, but the direction of each force
line would be inward instead of outward. :

TRUE OR FALSE? This pattern could be made to represent the field around
a single negative charge merely by reversing the directions of all the
lines of force. '




[a]

[b]
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CORRECT ANSWER: B dE

The contribution to the field strength dE at P from an area element dx dz
is

1 dq
4me (x2 + y2 + z2)

dE =

where
dq = g dx dz

The x-component of the field is

2 2
dE, = dE sin = dE X212
Vx2 + y2 + 22

Let us now take another element of area dA' at the same distance from the
y-axis in the negative x and z directions. The x-component of the field
at p due to this element is exactly the same in the magnitude but opposite
in the direction to that of the first one. Therefore, the total contribu-
tions at p due to these two area elements cancel out. Since the contribu-
tions from the remaining charges can be paired off in a similar manner,
the x-component of the field at a point near the surface of an infinite,
uniformly charged plane is zero.

CORRECT ANSWER: C

This statement is merely a re-wording of the definition of electric
field. The important item to remember is that the test charge must be
positive. When in doubt about the direction of the electric field at

a point, simply imagine your positive test charge placed at the point in
question. Now decide the direction in which the charge will move.

4

W
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CORRECT ANSWER: D

{
L] L ——
]

+ + * * + + 311353

=

-+

L

The magnitude of the field dE due to the charge element dq = %'dy is

.1 _d_ 1 4 dy '
dE = 4re, 12 e, [ (yi + x2) (1)

The resultant field E can be obtained by integrating over the entire rod.
The y-component of the field vanishes because every charge element on the
upper half of the rod has a corresponding element on the lower half such
that their field contributions in the y-direction cancel. Thus E points
entirely in the x-direction. Integrating (1) over the entire rod, we have

/
1 9 (7 dy

l 9 o= xdy
e = — —_— W e 2
S T VA c020 = Treq gfl vz + x2)372
L .

where

X _ X
cosO T 7;§?fﬁﬁ§
has been substituted. Therefore é{
' 2

y

ﬂz_
NN
q 1

E =
TregX J17 + ax?
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CORRECT ANSWER: B

Recall that by convention, that is, by agreement among physicists, lines
of force are drawn close together where the electric field is intense
and, conversely, further apart where the field is less intense.

There is, however, no agreement on how many lines to draw in order to

represent a given electric field intensity. Generally, we draw enough
lines to make the field configuration clear, but not so many that the

diagram is crowded.

For example, if a typical field intensity for some charge distribution
is 100 nt/coul, we might choose to draw lines separated by 1/2 cm to
represent this intensity. Then on the diagram (as below) regions where
the lines are closer together, say 1/4 cm apart, would be representing
electric field intensities of 200 nt/coul.

£ cm separation %-cm separation
implies 200 nt/coul implies 100 nt/coul

Nz—\.
/4\///%

1 cm separation
implies 50 nt/coul
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[a] CORRECT ANSWER: A

Let us first write down the contribution to dE, due to an annulus of
inner and outer radii r and r + dr, respectively. The total charge in-
cluded is dq = odA = o 27rdr and the field strength is

dE dE = dq - grdr
P 4re (r2 + y2)  2e,(r?2 +y2) (1)
'?\ and the y-component of the field
\ strength is
Y \
\
\ dEy = dE cosf = dE ———
N y = cosf = —
Jr2 + y2 (2)
r dr ’

Substituting the expression for dE from (1), we have

= gr y dr
y  2e(r2 + y2)3/2 (3)

dE

Now if we integrate over r from zero to infinity, we get the required

result
Eu = @ oy r dr .0
y 0 2¢_(r2 + y2)3/2  2¢

TRUE OR FALSE? The area of a given annulus with radius r is r dr.

(o}

(b] CORRECT ANSWER: B

The operational measurement of the field strength at a point might pro-
ceed as follows: '

Place a charge q, at the point in space where the field strength is to be
measured. Use a spring balance to measure the force F on the charge qg .
Then the electric field strength becomes:

lEl =.E__
90

Although this method might be conceptually sound and quite appropriate to
our present thinking, you probably can imagine the difficulty of attaching
the spring balance to a charged particle. A more practical method of
measuring IE| will be discussed later.
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CORRECT ANSWER: 13 nt/coul

Notice that this problem emphasizes the important aspects of superposi-
tion. When two vector fields overlap at a point (in this problem at the
origin), the fields can be superimposed giving a resultant field. If

the quantities are scalar, they may be added directly. However, since

the quantities of the field are vectors, then vector addition is necessary.
In our problem the following diagram tells the story:

IY
|
|
|
°q
_ ~¢l2nf/c¢:aul e o

Snt/coul 9,

NOtice that the direction of the field due to each positive charge is
a¥ay from the individual charges. The resultant electric field can be
found by:

2 2
ER = E1 + E2

ER = f(5)2 + (iZ)2 = 13 nt/coul
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[a] CORRECT ANSWER: A

" We can consider the ring to consist of two half rings carrying charges
q, and q,, respectively. The resultant field can be found by adding the
contributions from each half-ring vectorially. The component of the field
dEly due to the charge element dq; can be expressed as

1 dq . 't dq, .
dEly Aﬂeo ;il sin¢ Gme, %2 + a2 sin¢
where
dq, = Sl—ds e dl a dé
Ta Ta
and
a sin$ a sinb
sing = =
¢ r /x2 + a2
Thus

l a sinf
-n(x2 +a?) 17 4 a2
Integrating over 6 from 0 to m, we obtain the total contribution to Ely:

1 q a |
Ely = 4me_m (%2 + a2)3/2[" sinb dé
0

- 1 q;a
212, (x2 + a2)3/2

dE

The total contribution from the other half ring can be obtained in a
similar manner:

E. = 1 9za -
2y 2m2e, (x2 + a2)3/2

next page



[a]

SEGMENT 20 25

continued
Thus, the net component of the resultant field in the y-direction is:

1 (92 - 9y)a
Ey = Ezy - Ey-= 2n260 (x2 + a2)3/2

TRUE OR FALSE? For the conditions described above, dE, has not been
calculated.

CORRECT ANSWER: -4

Again we have superimposed two electric fields at a point and this time
the resultant field is zero. We can restate the information of this prob-
lem in equation form by writing:

§1 + EZ = 0 (at the point in question).

Since both vectors are on the x-axis, we can add their magnitudes directly.
Thus,

Q4B

2
4“50?12 4neor2

Solving this equation for the desired ratio yields

.

But, we can see that r, = 2 r2 and by substituting back into the above
equation we obtain

S_l.z—[;
q2

Notice that either charge could be negative.

TRUE OR FALSE? There is no peint between q, and q, on the line Joining
them where E = 0 in this problem.
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CORRECT ANSWER: D

The magnitude of the field dE due to charge element dq = Ady distributed
over dy is

=_1 dq
dE = e 12
(o]
! Ady
4neg (RZ2 + y2) (1)

The resultant field E can be obtained by integrating over the entire wire.
As before, the y-component of the field Ey vanishes because every charge
element on the upper half of the wire has a corresponding element on the
lower half such that their field contributions in the y-direction cancel.
Thus E points entirely in the x-direction.

Integrating equation (1) over the entire wire, we have

E-Ex=-/;iEx=/dEcose

_j/‘ R dE
VR2 + y2 2)

Substituting the value of dE.from equation (1) we have

+0 o
E_/ AR dy
_w4neo (R2 + y2)3/2

A

2neoR

and points in the positive x-direction.
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[a] CORRECT ANSWER: 17.2 X 103 nt/coul

This diagram should be helpful.

We want to find the magnitude of the resultant electric field at the
corner of the square shown above. In equation form, this electric
field is
> > -
ﬁ-E1+E2+E3.

From the diagram we can see that the x-component of the resultant elec-
trie field will be

E |E3| + [E;| cos 45°

x
=93 (¥2/2) qy_
4megT2  4me (/2r)2
Realizing that q1 = q, we can reduce this expression to

_ 9 2
"% T Tre_rz [1 + 4] :

The y-component of the resultant electric field is in the negative direc-
tion but has the same magnitude as the x~component., Finally, the magni-
tude of the resultant electric field is

lE| = VE2 + Ey?

= —‘172— (1.915) = 17.2 x 103 nt/coul.
[o]

|E| 4re
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[a] CORRECT ANSWER: B

We are told that the particle is moving with a constant velocity, there-
fore the sum of the forces acting on the particle is zero. The forces
acting on the particle are its weight and the electrostatic force ?e

due to the presence of the electric field. Therefore

Fo+w=0

Fo = —w (1)
or
where W = mg

In order to have an electrostatic force acting upward on a negatively~-
charged particle, the electric field must be acting downward. The magni-
tude of the electric field is obtained by substituting the expression for
F, and w in equation (1). Thus

4E = mg

or mg

E=s—

_ (1 x 1073 kg) (9.8 m/sec?) -

9.8 x 10~7 coul 10* nt/coul

E

and its direction is downward.

TRUE OR FALSE? The resultant force acting on the particle described
above 1is zero.

[b] CORRECT ANSWER: D

The lines of force around a positive charge point outward and their density
indicates the strength of the electric field in that region. The symmetry
of the pattern implies that there are no charges present at A, C, or E.

The charge at D cannot be positive because the lines are directed toward
that point.
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[a] CORRECT ANSWER: D

Let us construct two narrow cones
with their vertices at some arbitrary
point P. Both cones include the

same solid angle w and they intercept
areas A, and A, on the surface of the
sphere. Let o be the charge per unit
area so that

Q

0 = %7R2

The magnitudes of the electric field E, and E2 due to charges oA, and
oA, at P are

E oA .
1 4neor12 0D)
and
E = oA
2 bmegr,2 (2)

and they are oppositely directed. The projections of these areas normal
to the axes of the cones are A; cos@ and A2 cosf respectively and hence

A, cos@ A, cosB

2
W = =
2 2
1‘1 r2
or
A L A
r 2 3
1 r2

2
and since they are oppositely directed, we may write
-
E, +E, = 0.

The contributions from the remaining charges on the surface may be paired
off in a similar manner. Consequently, the field at an arbitrary point
inside a hollow, charged, conducting sphere is zero.

TRUE OR FALSE? If P had been at the geometric center of the sphere, it
wornld not have been necessary to project the subtended areas normal to
the cone axes.
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ds
CORRECT ANSWER: B

Let us first consider the field dE at p due to a differential line ele-
ment ds of the ring:

dE:: 1 9&: 1 dq
breg r2  4meg x2 + a2
where
q
= —d
dq 2ra s

and the direction of dE is along the line connecting ds and § as shown.

The resultant field E at p due to the entire ring can be obtained by
adding all the contributions from these differential elements, i.e.,
integrating over the ring. From the symmetry of the ring, it is easy to
see that the total contributions to the field component perpendicular to
the axis cancel out and only the component along the axis will remain
after the integration. Thus

1 dq X
E = () dE cosf =
/ lmeofx?- + a2 Ty x2

S | X q ds
4ﬂeo (x2 + a2)3/2 27a

and since

fds=2'na ,

dmeq (x2 + a2)3/2

then

E

TRUE OR FALSE? 1In the second equation, the term q/2ra might be described
as wne force per unit length of the ring.
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INFORMATION PANEL Electric Field Problems - Type 1

o CTIVE

To solve basic problems involving the electric field around certain spe-
cific charged bodies, and the force exerted by this field on neighboring
charges.

The electric field produced around certain configurations of charges is

relatively easy to evaluate. For example, i infinitely long line of
charges--typified by am infinite wire t. : -« ¢ close approximation--
gives rise ra a field wruse (wigecity cinovc sTitten asi
F = .‘_._.'A\_.—.__
lnegr (1

in which A is the charge per unit length in coul/meter, and r is the
perpendicular distance between the line of charge and the point at which
the intensity of the field is to be dsterwined.

Lf there is a point charge at the pajnt for which fhe magnitude of the
field intensity has been calculated, the magnitude of the electric force
exerted on this charge due to its presence in the fZeld is given by:

F = Eq (2)

in which q is the magnitude of the charge. Thus, to find the force on

a point charge q located at some distance r from a line of charge having

a charge density A, equation (1) is substituted into equation (2) and

the resulting equation solved for F. It is also clear that a charge
located in a field-free region, i.e., in a region where the field intensity
is zero, is not subjected to any electric force at all.

Suppose, however, that it is desired to find the resultant field some-~
where between a given line of charge and 2 given point charge. Ib this
event it would be necessary to determine the vector sum of the fieids
due to both charged bodies, or:

- - .
E=El+ﬁ2 (3)

giving careful attention to the direction of each field as well as to
their relative magnitudes.

In the problems that follow you will be asked to determine
(a) how a charge embedded in an infinitely long wire carrying a
certain charge density of its own can produce a field of zero intensity

at a given distance from the wire; '

next page
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continued

(b) the magnitude of the force acting on a charged particle at the
center of a hollow charged spherical conductor;

(c) the magnitude of the force on a charged particle at a given dis-
tance from an infinitely long charged wire;

(d) the field intensity at a point between a charged infinite wire
and a charged warticle near it. :

1. An infinitely lemg wire has a uniform charge density of

A = 43,0 x 1076 coul/m. When a point charge Q is embedded in this wire,
the electric field is measured to be zero at all points on a circle of
radius 2.0 meters perpendicular to the axis of the wire. If Q is om the
wire and at the center of the circle, what is the value c{ the charge Q?

2. What is the force acting on a charge q = 10 Hcoul placed at the
center of a hollow charged spherical conductor of radius R and total
charge Q? Note: The table in the INFORMATION PANEL on page 3 may
be helpful. "

A 207q

D. zero
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3. Find the magnitude of the electric force acting on a charge
q = 2.0 x 1076 coul placed at a distance r = 2.0 m from an infinitely
long wire having a uniform line charge demsity X = 3.0 x 1076 coul/m.

4. A point charge g = 8.0 x 107% coul is placed at distance d = 4 m
from an infinitely long wire having a uniform line charge density

A =2.0 x 1076 coul/m. Find the electric field at point P midway be-
tween the point charge and the infinite wire.

IR
—_—
E=?
2m o+—2m—r0
P q
INFORMATION PANEL Electric Field Problems - Type 2
OBJECTIVE

To solve problems relating to the electric field and the force produced
by such fields orns charged particles near large parallel conducting plates
carrying a charge, uniformly charged rings, uniformly charged spheres,
and point charges.

next page
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continued

To assist you in solving the forthcoming problems in this section, you
may refer to the chart below where we have summarized the relationships
needed.

Charge Distribution Distance from  Magnitude of the
Causing Electric Field Charges E-Field
Point charge q T E = l g
- 2
: bre, T
Charge q uniformly dis- r <R E=0
tributed on the surface
of conducting sphere of r >R E = 1
radius R bmey 12

Infinite (very long)
wire having line charge T E = 1 A
density A 21eq

Infinite charged sur-~
face having surface T g
charge density g 2eq

Note: If the sur-
face is a conductor,
the field inside the
material is zero and
E outside is twice
as great, that is,

E = o/eq

Ring of conducting X E = 1 ax
material with uni- (distance from 4rey (a2 + x2)§T2
form line charge center of ring (field along axis of
A and radius a along axis) ring)

In addition to the above information, it will help you to remember that,
in dealing with problems involving atomic nuclei, the atomic number is
equivalent to the total number of protons in the nucleus. A proton car-
ries the same magnitude of charge as the electron but is positive.

next page
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. corn.tinued

To solve the problems that follow in this section successfully, it will be
necessary for you to

(a) apply the relevant electric field equations to parallel charged
plates to find the force they exert on a charged particle between them;

(b) use the field equation for a sphere of charge to determine the
force acting on a proton on the surface of the sphere;

(c) apply vector methods to calculate the field due to two charges
and the force acting on a third charge on a line between them;

(d) apply the field equation for a ring of charge in order to cal-
culate the electric field at some point on the axis of the ring.

5. Twe arge parallel metal plates adjacent to one another carry uni-
form surface charge densities +0 and -0, respectively, on their inner sur-
faces. The magnitude of o is 10 coul/m2. A charge, q = 3.0 X 10-6coul,
is placed between these two plates. What is the magnitude of the elec-
tric force on it?

6. Ernest Rutherford in 1911 found that the nucleus contains all the
positive charge of an atom. His experfmens“indicated that the nucleus
of the gold atom had a radius of about 107 ~ meter. If gold has an
atomic number of 79, what is the repulsive force on a proton located
on the "surface'" of the nucleus? Assume that the charge due to the
protons is uniformly distributed over the surface of the nucleus,

and solve the problem to one significant digit.

A. 2x 1073 nt
B. 200 nt-

C. 3 x107%% nt
D. & x 10=3" nt
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7. Two Charges q, and q, are separated by a distance L as in the fig-
ure whe?® q, = 4q, and L = 1.0 m. At what point on the line joining q,
and q, should one place a third charge Q such that the electric force on
Q is zero?

q, | q,

1
|
|
|
»!

}_—_"°
r

50 cm to the left of q,
67 cm to the right of q,
25 cm to the right of q,
75 cm to the right of q,

Cow>

8. In the diagram are two large parallel pPlates, with surface charge
densities of 10.0 coul/m® and -10.0 coul/m®. What are the magnitude and
directiof of the electric field at point A? :

0=100coul/m2
+ A+ FFFFFF TR

e A
==10.0coul/m2
A. 1.13 X 1012 nt/coul vertically down
B, 1,17 X 10® coul/m vertically up
C. 1,28 x 102 nt/coul vertically up
D. 5,60 » 101! nt/coul vertically down
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9. A circular ring has a uniform charge of 10 coul and a radius of
25 cm. A charge of =20 coul is located at its center as shown in the
diagram. What is the force on an electron located at point P, 1.0 m
away, on the axis of the circular ring?

+10 coul

P
-
1.0m -
electron
INFORMATION PANEL Motion of a Charged Particle in an Electric Field

OBJECTIVE

To combine the principles of dynamics with those of electric fields in
solving problems in which these principles are interrelated. .

It may be assumed, in dealing with situations where the influence of

the electric field between two large, parallel, charged conducting plates
is to be evaluated, that the field is uniform throughout the space
between the plates. The magnitude of this electric field in general is:

E=—

€

and when there is a charged particle between the plates, the force acting
on it is given by:

-> -+
F = Eq

If the particle is an electron or a proton, the magnitude of the force

is:

F = Ee

where e is the elementary charge (a proton and electron have equal and
opposite charges).

next page
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continued

A few familiar facts linking dynamics and kinematics to electric forces
bear repetition here:

(1) A positive particle held between two charged parallel plates
has no kinetic energy. When released, it will accelerate in the direc-
tion of ithe field, the magnitude of its acceleration being:

a=ﬂ£

m

where m is the mass of the particle and q is its charge, The same equa-
tion holds for a negative particle, but the acceleration will ocecur in a
direction opposite that of the field.

(2) Conservation of kinetic energy may be assumed unless otherwise
noted. That is, the final kinetic energy of a particle released in a
uniform electric field is ‘equal to the work done on the particle by the
field or:

1/2 mv? = qEd

where d is the distance traversed by the particle throughout the time
that the force acts.

(3) A charged particle projected at right angles to a uniform field
will have a trajectory similar to that of a projectile in a gravitational
field. For example, when a charged particle is projected horizontally
(ignoring gravitational effects) through a uniform vertical electric field
its horizontal velocity remains uniform while its vertical motion is uni-
formly accelerated. Thus, an electron projected horizontally between a
Pair of parallel charged plates lying in horizontal planes undergoes a
vertical deflection y which can be determined from the relationship:

, “at?
Yy = Yo F Voy + 5

and since a = qE/m, then:

Eq .2
y=yo*t Voy * f% t

It is important to note that the horizontal component of the velocity
of the particle does not influence the deflection y. We might add that
An many problems the x-axis is taken to be that of the initial path of
‘the particle so that Yo = 03 furthermore, if the particle starts its

next page
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continued

vertical motion on the x-axis, v,, = 0, too. Hence, for this special

oy
but not unusual case:
= Eq 2
y 2m t

(4) A charged particle projected parallel to an electric field
(ignoring gravitational effects) will be either accelerated or decelerated
depending on the nature of the charge and the direction of the field. The
magnitude of the acceleration is:

a=4dE
m
so that any of the pertinent equations of kinematics or dynamics may be
readily applied.

The problems in the succeeding section are varied in nature. To solve
them, you are expected to be able to calculate

(a) the acceleration of a charged particle moving through an
electric field;

(b) the kinetic energy acquired by a charged particle moving
" through an electric field;

(c) the deflection of a charged particle moving at right angles
to an electric field (uniform);

(d) the net change of velocity of a charged particle moving paral-
lel to an electric field.

10. Two oppositely charged metal plates are placed parallel to one .

another separated by a distance of 1.0 x 1073 m. The uniform electric
field between the plates has an intensity of 1.0 x 103 nt/coul. If a

proton is released very close to the positive plate, what will be its

kinetic energy at the instant it collides with the negative plate?
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11. A particle with charge q and mass m is projected horizontally with
velocity v, at right angles to a uniform electric field of magnitude E.
Which of the following is the correct expression for the vertical deflec- —
tion y during elapsed time t?

A. y=_9§-t2

mvg

12. A uniform electric field E acts upon a particle of mass m and charge
q. If the velocity of the particle at t = 0 is equal to zero, what is
the general expression of the velocity of the particle as a function of
time? (No other fields or forces are present.)

A. v(t) = 355

- 9Et
B. (t) >m
C. wv(t) = E‘-;:li

D. wv(t) =

NLE
[x5]
(a4
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A uniform electric field E = 1.0 nt/coul is directed along the posi-
tive x-axis. An electron is shot along the positive x-axis with an ini-
tial velocity of +100 m/sec. If the initial x~displacement of the elec-
tron is equal to 2.0 m, what is the x-displacement after 30 seconds?

- 13.

A. 1.8 x 103 cm

B. 7.9 x 1013 cm
C. -1.8 x 103 cm
D. =7.9 x 1013 cm

14.

The figure below shows an electron projected with speed

Vo = 1.00 x 107 m/sec at right angles to a uniform field E. Find the
deflection of the beam on the screen when the length % of the plate is
2.00 cm, the distance d from the end of the plates to the screen is

29.0 cm, and E = 1.50 x 10% nt/coul. (Neglect the gravitational effect.)

L+ + + + + <+ ]
—ip-
v, E
CC———————1

L
Screen

15. An electron is shot with a speed of 5.00 x 108 cm/sec parallel to
uniform electric field of strength 1.00 x 103 nt/coul, arranged so as to
retard its motion. How far will the electron travel in the field before
coming (momentarily) to rest?
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16. An electron is shot horizontally with a speed of 10.0 m/sec between
two flat, charged plates each of which is 1.00 meter long. If the elec~
tric field intensity between the plates is 1.00 x 10~3 nt/coul, what is

the y-velocity of the electron as it leaves the plates on the other side?

Yy
~ L=Im —
+ + + + + + + + + + +
¥%=10.0|m/sec E=1.00x10"nt/coul

MR x

A. 20 m/sec up

B. 1.76 x 107.1‘+ac up
C. 3.77 x 102 m/sec up
D. 38.6 m/sec down

17. Two parallel plates are one meter apart. The electric field between
the plates is 10.0 nt/coul. If a proton enters the field midway between
the plates with a horizontal velocity of 100 m/sec, how far will it travel
in the horizontal direction before hitting one of the plates?

A. 3.23 x 107%
B. 6.26 x 1071
C. 3.23x1073 p
D. 3.23x 192 g



{a]

[b]
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CORRECT ANSWER: B
The force acting on the chaiged particle in the y-direction is
F = Eq (assuming the field is vertically upward).

The y-acceleration can be determined from Newton's second law,

a=f=-E
m m

Since the field is uniform, the force on the charge is. constant through-
out the field of motion. For a constant force, we may use the following
expression for displacement:

]

. a .2
y yo“'Voyt‘f-‘;’:t

Since Voy = 0 and y, = 0, we may write

Eq
2m t

y

Notice that the horizontal component of velocity v, does not influence
the deflection y.

CORRECT ANSWER: B

The atomic number indicates the number of protons in an atom. Since
the protons are evenly distributed over the surface of a sphere of
radius 10~} meter, the field at the surface will be

79e
4me r?

E =

where e is the charge on a proton. The force on a proton at the surface
can be found from

79¢2

F=Fq =
9 4ne°r2

Substituting, we find

o 19¢1.6 x 10719)2
e (107142

F = 200 nt to one significant digit.
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CORRECT ANSWER: C

This looks very much like the old projectile problem again, and in fact
it is very similar. The following items must be considered:

(1) the x-velocity remains at v, = 100 m/sec,

X

(2) the y-displacement at the time of impact is
y¢ = 0.5 meters,

(3) the y-acceleration is

a upward, and

d:

y
(4) the initial y-velocity is zero.

Now to combine these observations we can write

The x-displacement at this time interval would be

2y

Xpax = Vxt = V¥ ay

. Substituting for the acceleration yields

TRUE OR FALSE? The acceleration ay as given above is Eq,
m



{a]

(b]
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CORRECT ANSWER: D
The force ¥ on a charge q placed at a point where the field E is given by

F = qE. The field at the center of a hollow charged spherical conductor
is zero, hence ¥ = 0.

CORRECT ANSWER: D

The force on the electron at all:times in the electric field can be
expressed as

F = Fq
and thus the acceleration is

at.—.&

Notice that the force on a charge is constant in a uniform electric
field. Since the acceleration is also constant, we may write

= a .2
X = X, + Vot +'§ t

Substituting the proper values we obtain

1(-1.6 x 10719y 2
2 + 100 x 30 + =55 37 16-31) {30)

»
]

-7.9 x 1013 m

X

TRUE OR FALSE? The expression x = x, + v,t +-% t2 is valid for either a
uniform or non-uniform field.



(a]

(b]
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CORRECT ANSWER: A

The electric field near a large, charged surface is independent of the
distance from the surface. We found that the magnitude of the field near
a plate with surface charge density o is

Now we have two parallel plates and must add the effect of each plate at
the point A. Thus

-> ->
E, = E) +E

-
Bcth ﬁl and EZ will haye a vertically downward direction. (Check this
with a positive test charge.) Adding the two vectors, we obtain

o] o
n——_-‘.-_
EA 2€° 2€° downward

EA =2 downward
€o

Notice that the field at A is independent of position.

CORRECT ANSWER: E = 0

-> .
Let ﬁl and E, be the electric fields due to the line charge A and point
charge q respectively at point P. The resultant field at point P is

I
E=E +E

where

A 2.0 x 1076 x 18 x 10°

t _§ t _§ l'
El = ZTI’EO(d/Z) 2 1.8 x 10 nt/coul

and

- q . 8.0 x107% x 9 x 10°
2 % 4ne_(d/2)2 22

E = 1,8 x 10" nt/coul

next page
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continued

and theilr directions are shown in the diagram

1A
E,
- —- > e
P q
u .
> > g
thus, E = E1 + E2 =0

TRUE OR FALSE? The electric field intensity at P due to the infinitely
long wire is symbolized by ﬁz'

[a] CORRECT ANSWER: A

GIVEN: (1) uniform electric field E
(2) att =0, v =20

FIND: v(t) = velocity as function of time.

If the acceleration was known as a function of time, we can solve for the
velocity. The force acting on the charged particle is

-
E:f = qE = ma
a = 3dE
m
Since
a = dv/dt

_ t t g
v(t) = J’ adt = 4= 4¢
0 0 m

v(t) =%+c

g

Using our initial condition for the velocity, v = 0 at t = 0 yields

gEt

v(t) = o
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CORRECT ANSWER: ~12 ucoul

The accompanying diagram shows the long wire and the circle of points

where the electric field is found to be zero. The electric field of

thée charge Q is shown (ﬁz) as well as the electric field of the line
1)+ To put all the given information into symbols, we might say,

> - g \
(at r = 2.0 m) \
,—

For a line of charges,

E. = A |
1 2me r

- ->.
E, +E, =0
for ali points

For a point charge Q, \ 2n_c1rc1e radius
|
EZ = 4—-—9—2 ,
'neor )
7/

Since both of these vectors are in
the radial direction, we may add
their magnitudes directly. There-
fore, we require that

A, Q .y
2me,r  4Meqr

Solving for Q yields
Q=<2r)

Q = =12 uUcoul

TRUE OR FALSE? When Q = =12 jicoul, £, +E, = QO at r = 2 m.



(a)
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CORRECT ANSWER: 1.6 x 10719 j

The kinetic energy of the proton just before it crashes into the negative
plate is

1 2
K 2 mpv

v may be found from the equation of kinematics
v2 = 2ad
where d is the distance between the plates.

Simt: ¢ e initial speed of the proton is zero and a is given by the expres-
sion:

eE
aﬂ-——
mp
Therefore we obtain

1 -
7 mpv? = eEd = 1.6 x 107!2 joule

TRUE OR FALSE? The expression a = EE is a restatement of Newton's second
law, P



[a]
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CORRECT ANSWER: 0.071 m

The word uniform immediately alerts us that the electric field will be
constant throughout the distance traveled by the electron. The retarding
force on the electron can be found by the relationship

Fy = Eq = ma

assuming that both the field and the velocity of the electron are directed
along the positive x-direction. Both the charge and mass of the electron
are given on the inside of the cover of HR. The acceleration is, there-
fore

[
ll
*Is

Since the acceleration is constant, we may write

vf2 = viz + 2 ax

where the final velocity is equal to zzro.

Solving fir x, we obtain

2 2
- -\ m
- i

2a 2Eq

X =

Insgrting the given values,

L _ (5 x108)2 (9.11 x 10731y
X= " 20 x 109) (-1.6 x 10-19)

x= ,0/1lm

This problem could also be solved by energy considerations. You may have
used such a technique.
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[a] CORRECT ANSWER: 5.4 x 102 nt

->
The force ¥ on a charge q in a field E
is given by

F=qE

5
The magnitude of the field E at a distance
r from the infinitely charged wire is

A
= 2meor

E

and its direction is shown in the diagram.
Therefore,

F=—92

2megQr

_ (2.0 x 107%) (3.0 x 1076) (18 x 109)

2
F=5.4x10"2 nt

and it is directed away from the wire.

21
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CORRECT ANSWER: 3.4 x 10°® nt

The force on the charge may be obtained by first calculating the field
at that point and then using the equation

F = qE

The electric field near a large, charged surface is independent of the
distance from the surface and is given by

Since we have two parallel plates, the resultant field is obtained by
adding the effect of each plate at the point

E=E +E,
> >
Both E; and E, will be directed vertically downward. Thus,

g o] o
E Teq + Teq o downward

Therefore

. o
F =qE = ¢ = 3.4 x 10% nt vertically downward
)

o ‘
TRUE OR FALSE? The expression E = T above shows that the force acting
o

on a charged particle when it is near a large charged plate is iarger
than it is when the particle is slightly further away.



{a]
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CORRECT ANSWER: B

The only force experienced by the electron as it travels between the two
plates is the force due to the electric field. The electric field is
directed vertically down, so we write

Fy = -Eq = m ay
thus

a = :—E&
y m (L

Both m and q refer to an electron, and the values of these quantities can
be obtained on the inside cover of HR. The y-velocity of the electron
after passing between the plates would be found from

Vy = Voy + a, t (2)

where v, = 0, and t is the time required to travel a horizontal distance
equal to" 1 meter. Since the horizontal velocity does not change,

L=wv t, or‘ t = L
oxX v
0x (3)

Substituting the results of (1) aad (3) into (2), we obtain

v. ="E¢ L
y m Vox

Substituting the known values yields

v = -1073(-1.6 x 1071%) (1)
y (9.11 x 10731) (10)

vy = 1.76 x 107 m/sec

Notice how the signs take care of the final direction of the electron's
travel. You should have expect ' that a negative charge would go up in

- an electric field that is direci2d downward.



{a]
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CORRECT ANSWER: B

If the total force on chaxy. 3 is zero, then
F=qQt=0

>
Thus, we must look for a point where the resultant field E is given by

~
3,
"

-+
E= El + EZ = 0 v
or

* +
B, = -E

2

This tells us that the fields must be oppositely directed. Now we can
equate the magnitudes

q; = d,
4mre ox2 4we (L - x)2?

where x is measured to the right of qp-.

Letting q) = 4q2, we have

LD S
xZ (L - x)2

or
2(L - x) = #+x
and this yields

2
X 3 L or X 2 L

->
The latter solution will not give E = 0; only the former is the physically
acceptable solution for this case. ' ’

Thus

¥ = % L=67 cn &5 vhe rightmof.ql
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CORRECT ANSWER: Yy = 15.8 cm

) AYNEAT SO Y ANAETALA SN A M I AN ISIVO A TR |

Y, {
Vy Y
cosoooeee’ v, . T T T
v cooseseeeeee®? X Y
— X 000000000000 e — —

LR LI RN T AP I CEANOETT VN 2N RIS T C A BEP] ™ T e e e e e

e Y/ >

- d

Y

=

Since the electron is initially moving horizontally and the electric force
acts vertically, the horizontal component of the electron's velocity re-
mains Constant: v.. = 107 m/sec. The time t; that the electron spends in
the uniform field between the deflecting plates is therefore, t; = 2/vx,
and the time t, required for the electron to traverse the distance d from
the end of rhe deflecting plates to the screen is t, = d/vyg.

During the passage through the uniform field between the deflecting plates,
the electron experiences a constant upward force Fy = eE and hence

where m is the electron mass.

The upwérd displacement y, of thc «lectron as it leaves the electric field
is

1, .2 _1leE /z__)z
Y]. 2 aytl 2 m \Vx

and the y-component of the electron velocity at that point is

v.. = a.t :EE_!‘__
y Yl oom vy

next page
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continued

The upward displacement y, of the electron in the field-free region is

Yo % Vyt,

eE 12 + eEf

o v.2
m vy mvy2

eEL
x

d =

o
2 (d + l/:.)

TRUE OR FALSE? The vertical component of the velocity of. the electron
is iconstant throughout its path.
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[a] CORRECT ANSWER: 1.6 x 107 at

First calculate the resultant field at P due to the charged ring and the
point charge, and then use the equation ’ '

F = qE
to obtain the force F acting on the electron.

-
The total field E is

> >
. E=E +E,
where L.
. 9 o
EI = 4“Ecx2 “where Q Chdrge‘op cent;al particle
and
1 qx

E, ‘where q = charge on ring

B 4me, (a2 + x2)3/2

The latter is obtained in the following manner:

The contribution to the electric field at P from a charge elemea’ dq of
the ring is '

, 1 d
dx L. I
“ T Gne, Tx2 + a2)

next page
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continued

The resultant field at P is found by integrating the effect of all the
elements of the ring. It is clear from the symmetry of the ring that the
resultant field must lie along the ring axis. Thus only the component

of dE' parallel to the axis contributes to the final result.

E, = JdE' cosb

where
cose = _x___.
v’x2 + a2

Thus

. . ! xd - qx
E, J’dE cosb hsoj'(';r.,.—}ﬁm 4re,(x2 + a2)3/2

The two vectors fl and fz are in opposite directions along the x-axis,
thus the resultant field is

ax

E=--—3 -+
4megx bre,(x< + a2)3/2

Substituting numerical vélues, we obtain
_E = -9.8 x 1010 nt/coul
and
F=¢eE=1.6 x 1078 nt

TRUE OR FALSE? In this solution %% is shown that both resultant fields
acting on the electron lie along the x~axis.
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INFORMATION PANEL Dipole and Dipole-Moments

OBJECTIVE

To define a dipole and the dipole axis; to solve a basic problem involving
the dipole moment.

In the most general terms, an
,—b electric dipole is made up of a
g pair of charges of equal magnitude
7 but opposite sign as illustrated
Gi) at the left. From a practical
~"_q point of view, electric dipoles
+9 ,,” are most significant in the study
@’ of atomic and molecular physics.
7 ' The hydrogen atom, for example,
P is a true electric dipole since
P it comprises a single electron
a and a single proton--a pair of
equal charges oi [ ,usite sign--located relatively close to one another.
For the same reason, a molecu.le of hydrogen chloride (HC1l) also exhibits
the properties of an electric dipole.

The dipole axis is defined as a line of indefinite length passing through
the electrical center of both charges. The indefinitely long line ab in
the drawing above is the dipole axis.

Ly P
: T PERPENDICULAR BISECTOR OF DIPOLE AXIS FROM +q T0 -q
[ o |
1
_qu
1
= v ~VE

When the charges formiug the dipole are separated by a very short distance
compared to the distance along the perpendicular bisector of the line join-
ing them where the resultant electric field is to be determined (point P in’
the diagram above), it can be shown that the resultant electric field
intensity is:

-1 2aq
(magnitude) E RTINS
(direction) parallel to the dipole axis, from (+) to (-)

next page
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continued

The characteristics of the charge distribution is given by the product

2aq, where a is the distance from the charge to the perpendicular bisector
and q is the charge magnitude. Regardless of the method used to study E

at various distances from the dipole, it is never possible o determine

a and q separately; only the product 2aq can be deduced from such analyses.
Thus, 2aq appears to have the characteristics of an entity that is worth
describing as such. This product is called the dipole-moment, usually
symbolized by p, so that:

dipole moment = p = 2aq (magnitude)

The dipole-moment vector is directed from the (-) toward the (+) charge
along the dipole axis.

It is important to remember that the equation for the magnitude of the
electric intensity given on the previous page is valid only when the
distance to point P is very much greater than a.
In the questions that follow, you will be asked to

(a) recognize and describe the dipole axis;

(b) recognize and describe the dipole-moment;

(¢) =zolve a.problem involving the dipole-moment vector.
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PROSBLEMS

1. Which of the following choices is the direction of the axis of an
electric dipole?

A. An imaginary line drawn perpendicular to the line
joining the %wo charges with the positive charge fo
the left of this perpendicular line.

B. The direction defined by an imaginary straight line
drawn from the negative to the positive charge -forming
the dipole.

C. The direction defined by an imaginary line drawn from
the positive to the negative charge forming the dipole.

D. The direction defined by an imaginary line drawn
perpendicular to the line joining the two charges that
form the dipole, with the positive charge to the right
of this line.

2. For the dipole configuration shown in the figure, the axis of the
dipole is parallel to the:

A. x axis
B. y axis
C. 2z axis
D. -y axis

z
‘(//. 1£(L//'ELECTR0N
— Y
1A

/" ‘Z—PROTON
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3. For the electric dipole shown in the previous diagram, what is the
direciion of the dipole mnment vector?

A. +x axis
B. -x axis
C. +z axis
D. -z axis

‘//' //L)/EZECTRON

-y

10" m

‘2——PW0T0N

X

The electric dipole-moment, ;, of the coAfiguration is
A. 3.2 x 10729 coul-m; -z axis
B. 1.6 x 10729 coul-m; +x axis
C. 1.6 x 10729 coul-m; +z axis

D. 3.2 x 10729 coul-m; -x axis
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INFORMATION PANEL Electric Flux

OBJECTIVE

To describe and define the flux of an electric field.

Flux is a general term, applying to any vector field and a surface that

is immersed in the field. Descriptively, one may envision lines of elec-
tric force due to an electric field cutting through any hypothetical surface
within the field; the flur is measured by the number of lines of force that
cut through the surface. Quantitatively, the flux ¢ is defined as the

surface integral of the dot product BedS (scalar)
all over the surface through which the lines of
force pass. That is

. > >
¢ = fE'dS

The use of the surface integral implies that the surface under considera-
tion is to be divided into infinitesimal elements of area dS and that the
scalar product E*dS be evaluated for each element of area‘and the sum be
taken for the entire surface area.

For closed surfaces (spheres, cylinders, cubes, etc.), the flux ¢ is

taken as positive if the lines of force point outward for a given element,
and negative if they point Zmward. It is also to be noted that the vector
direction of an area or surface vector is perpendicular to the surface.

In this section you will be asked to

(a) calculate the flux through a surface of given dimensions
immersed in a given .electric field;

(b) recognize the definitions of electric flux and the vector
direction of an area vector;

(¢) recognize the semi-quantative definition of electric flux.
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5.

The vector field A shown in the diagram has a constant magnitude and
direction at every point in space. The directign of X is always parallel

to the x-axis. What i1s the flux of the vector A through the surface §
shown in the diagram?

210 3
176
435 k y ! _
500 /Vlz,erf
W s & L
= H &
‘\\\\\\ s
NNEZ

Y vV
<//

\/
X

6.

The vector direction of a surface (area vector) has been defined as:

A.

the direction of a line tangent to the surface at the
point in question.

the "average'" direction of the lines emanating from the
surface.

the direction of a vector perpendicular to a surface.

a surface cannot have a direction.
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7. Electric flux is a measure of

A. the field strength of a field at a unit distance from
the surface.

B. the number of lines of force that cut through any
hypothetical surface. :

C. the number of electrons passing through a closed surface
that surrounds a charge.

D. the magnitude of the electrical force that is exerted on
a unit charge placed in a electric field.

8. 1In a "semi~quantitative" way, the electric flux may be defined
analytically as: :

A. ¢ = E:E-Ag A3 = element of surface cut by the
electric lines of force representing £
B. ¢ =2.QF 2 ¢ = electric flux
' ->
C. ¢ = E:QE-AS E = electric field strength

D, ¢ = L EE Q = charge
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INFORMATION PANEL _ - Calculation of Electric Flux

OBJECTIVE

To deal with problems involving the total flux passing through various
types of surfaces having various orientations to the electric field.

It has been shown that flux ¢ is defined by the relation

Problems requiring the calculation of ¢ may take on a great variety of

forms but we have limited our presentation to a few of the simpler types.
The information that follows should assist you in recognizing the individual
characteristics of each of these.

(1) Flux through a plane perpendicular to the electric fteld. 1In this case,
all of the lines of force in the field are perpendicular to the surface so
that the total aumber of lines Passing through the surface is equal to E.
Since the angle 6 between the area vector and the field vector is everywhere
zero degrees, the total flux is given simply by

¢ = ES

(2) Flux through a plane parallel to the electric field. Here, the field
vector is perpendicular to the area vector, the angle 6 is 90°, and no lines
of force pass through the surface. Thus,

¢$=20

(3) Flux through a plane inclined at an angle 6 to the electric field.
In the diagram at the left, the
S surface is a plane inclined to the
field at an angle 6. Clearly, the
number of lines of the field E that
pass through this plane is equal to
9 the number that pass through the
) > E projection of the plane perpendicular
to the field vector. Thus, the number
of lines per unit area is

L

6 . A Eg = E cosb

next page
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continued
so that the total flux may be obtained from
o = ¢ (E cosB) ds

and since the surface is a plane for which all elements of area have
the same vector direction, then

¢ = ES cos®

(4) Flux through curved surfaces. In this variety of problem, the
relationship between the field intensity and the surface area through
which the lines of force pass must be established in such a way as to
make the integration possible. As a basic first step, you should select
the differential elements of area with a view to keeping the perpendicular
component of E the same for all of them. If you have difficulty with the
first core problem of this group, you would be well advised to study the
solution with a great deal of care.

(5) Flux through closed surfaces. The solutions to the problems involv-
ing the flux through a cubical box immersed in a uniform electric field
indicate a very important aspect of this subject: in general, if a closed
surface does not contain an internal charge of its own, the total flux
passing through it while in an electric field is zero. This follows from
the fact that there are as many lines of force leaving the surface
(assigned a positive sign) as there are entering it (negative), hence the
net flux is taken as zero. However, you are urged to study the solutions
carefully since they tackle the problems from a basic point of view in
order to show that, in the absence of sources or sinks, the total flux
through a closed surface is zero.
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9. In the accompanying figure, a shell is shown which consists only of
half a cylinder with no end surfaces. What is the value of ¢y?

A. 360 nt-m2/coul . l

b4
B. 420 nt-m?/coul I
C. 785 nt—mz/coul o
. O
D. 500 nt-m?/coul /
E=10int/eou] §
> 2.5m /

Ve
7/

Z
ve .

-
10. In the accompanying diagram, a D-field is shown parallel to the
x-axis. What is the f£lux of the vector ) through the surface shown in

the diagram? y

A. Zero
B 500
c. 317
D. 176
7
) -» Ve
D=10i
>

je——10m—»
' l

X
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11

11. An electric field E =10 nt/coul in the x~direction is shown in the
diagram below. What is the flux (¢g) of £ through the surface?

J

A. 500 nt/coul
B. 353 nt-m?/coul
c. 276 nt-m2/coul

D. 363 nt-m%/coul

E=10int/coul

e Son—— co—— —
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12. A vector field B as shown in the diagram is parallel to the x-axis,
A surface S consists of two parts: §S; parallel to the yz-plane, and

S, parallel to the xz-plane. What is the flux of the vector B through
the surface S?

A. 2000 :
B. 500 14

C. 300 I
D. 700

0&//;:4—15i?
B=107 sm/////)/

13. A hemispherical shell vith a radius of 2 meters has its edge on the
xz-plane. An electric fielé¢ exists throughout the space in which the
shell is located and has a magnitude of 10 nt/coul parallel to the y-axis.
What is the flux, ¢g, through the spherical shell? The shell consists
only of the spherical surface. z

- 7
A. 62.8 nt-n?/coul E=10j nt /coul
B. 502.4 nt-m?/coul
C. 251.2 ant-m?/coul

D. 125.6 nt-m?/coul
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14. A cubical surface 5 meters on edge is shown in the diagram. What
is the value of the electric flux ¢g through the cubical surface?

Y
E=10i nt/coul
—

7
3 7
/7
/ d z
x

15. For a closed surface, which of the following is true?

A.

The flux is considered positive if the lines of force point
everywhere outward (are emergent) and negative if all the lines
of force are pointing inward.

Even though the charge that produces the lines of force remains
constant, the lines of flux may move about the closed imaginary
surface surrounding the charge.

The number of lines of flux emanating from a source may vary
even though the source of the lines is stationary.

Doubling the charge enclosed by it will not result in a
doubling of the number of lines of flux emanating from it.
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16. In the diagram two electric fields exist simultaneously in space.
Both fields are parallel to the x-axis, but are oppositely directed as
shown. What is the total ¢p through a 4 x 5 meter surface which lies
completely in the yz-plane? .

-
E‘ =10 nf/coul

SEGMENT

N\

— 5 —B

2= 20 M/coul

mJ

P x

22
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17. A cubical surface 5 meters on edge is placed in an electric field.
What is the value of ¢E through the cubical surface?

/
/
| 7
E = 10int/coul | /7
—p | 7
— |,
y— ———
D> /7
/
—_— /
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[a] CORRECT ANSWER: D

-»> > >
The flux of any field vector A is equal to the term A°*dS integrated over
the total surface, S. That is,

A =)(A dS cosb

-> -> -
where 8 is the angle between A and dS. 1In this problem the magnitude of
A 1s constant, and the angle 6 = 0. Therefore, the integral becomes

AJ:iS = AS

%5 = 500 (scalar quantity)

L7

TRUE OR FALSE? In this solution, the angle between the field vector
and surface vector is zero over the entire surface.

[b] CORRECT ANSWER: D

You could solve this problem by computing the flux which goes through the
spherical shell directly. However, that involves using spherical coordinates
and their attendant complexities. Therefore, let us evaluate the flux in

the following manner: The flux which comes out of the spherical surface
must go through the flat opening of the spherical shell first. Thus,

% = ¢|spherical = ¢|f1at face of
shell spherical sghell

Thus, we obtain

S
¢E -onds = E'nrz r 125.6 nt-mzlf,'OUI
f

lat face of
spherical sghell

TRUE OR FALSE? The spherical shell descrited above 1s a closed surface.



(a]

[b]
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CORRECT ANSWER: B
In finding the flux of a vector through a surface, we are free to divide

the surface into convenient parts if necessary. In this problem we might
best consider

o = 41 * ¢

where

and

4, = fﬁ-d’éz

. -
For the first surface, we see that the vectors ¥ and dS; are in the same
direction. Therefore,

¢1 ‘le .

N :
For the second surface, we see that B is perpendicular to the area vector

-d§2; therefore,

¢ =0
Finally,

¢g = BS; + 0
and

¢g = 500

CORRECT ANSWER: A

The electric flux is equal to the component of the electric field
perpendicular to the element of surface area AS times the magnitude
of the element of surface area AS and this product is swmmed for all
elements of surface area. That is,

¢ = 2 E.08

In effect, this says symbolically what the previous sentence says
in words.

TRUE OR FALSE? The semi-quantitative expression ¢ = Z:E-Ag may be
made fully quantitative by writing it as

¢ = §§°d§



[a]

(b]
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CORRECT ANSWER: -200 nt-m?/coul

This problem, for the first time, highlirhi the question of positive or
negative direction of the suriace area vector dS. For a flat plane as
shown in the figure accompanying the problem, we will assume dS points
along the positive x~direction. When a closed surface is involved, we

will specify that the area vector always points outward. Some examples of

closed surfaces are an empty box with six sides, a cylindrical shell with
ends covered, or a spherical shell.

In the problem discussed here we can divide the task into two steps.

9 = ¢ 4

¢, = E;S cos0°® = E;S
¢, = £,5 cos180° = -E,S
Therefore,
¢E = EIS - E28
Alternatively, the vector fields fl and ﬁz can be added
> - ->
E = El + E2

and the resulting field can be used in the expression’

> >

¢g = E*S

CORRECT ANSWER: Zero

In the absence of sources or sinks, the flux through any closed
surface must be zero. This really says that for continucus flow
"what goes in the closed surface must come out."

TRUE OR FALSE? Regardless of the orientation of the cubical box,
as long as it is immersed in the field the total flux through it
is zero.

e st

[
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[a] CORRECT ANSWER: T

Let us look a his rem closely by studying a side view.

\

}_/'\ >E
| ds

Notice carefully that E and d§ have a different angle between them for
nearly all positions on the cylindrical shell. We must chogse differential
elements of area over which the perpendicular component of E will be a

constant. Strips of width r d6 and as long as the cylindrical shell
{say L) have this desired property. Then,

ds = (r d8) L

The relationship for flux,

+ >
9g =-JTE°dS

/2.
¢E=f Er L cosb6 d6

-T2

becomes,

Since E, r, and L are all constants, this becomes,
2

¢p = Er L sin9]
E ~n/2

next page
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continued

or

'~ . L= 500 nt-m*/coul
One thing you should notice immediately is that E(2 r L) is really the
axial cross-sectional area of the cylinder times the vector magnitude
of E. O0f course, the conclusion would be that the flux through the-

vertical plane in the above diagram is equal to the flux through the
curved, cylindrical shell,

TRUE OR FALSE? The axial cross-sectional area of this cylinder is
equal to 2mrL.

CORRECT ANSWER: B

-1

The magnitude of the charge on an electron and = .roton is 1.6 X 10
coul, and from the figure we see that the charge: are 107!° m apart.
Therefare, the electric dipole-moment is

p = 2aq = 2(% x 10710 m)(l.6 X 107'° coul)

= 1.6 x 10°2%° coul-m
and is in the direction of the +x-axis.

TRUE OR FALSE? In the expression for dipole moment, p = 2 aq, a is the
distance between the two charges. :

CORRECT ANSWER: B

This direction*pf the axis is also the direction of the electric dipole
moment vector p.

TRUE OR FALSE? A separate (+) charge placed on the dipole axis would
tend to move at right angles to the axis.




[a]
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CORRECT ANSWER: B

Notice that E could be any field vector which is everywhere parallel to
the x-axis. The surface S is placed at an angle of 45° with one edge
parallel to the z-axis. Let's view the set-up from the side.

Yy

ds’
\45° —
—31 E

The sui*"ce area is flat; therefore, one vector a3 perpendicular to the
surfiice wi .l be perpendicular at all points. The E-vectors are constant
in m..guitude and at 45° to the surface at all points. The flux of the
E-vector becomes

6 =f'ﬁ-d§

where & indicates the integral of dS ower the whole surface. Therefore,

4
¢ =§E dS cos45°

Since E is a constant and the integral of dS is simply the total area,
this becomes

¢ = E § cos45°

You car: see that E cos45° is the component of E perpendicular to the
surface €.
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FLAT SURFACE

THREE DIMENSIONAL SIDE VIEW

"

CYLINDRICAL SURFACE

SPHERICAL SURFACE
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CORRECT ANSWER: B

Flux might better be introduced as the result of a mathematical property
of vectors. Let us discuss the vectors that are involved in this manipu-
lation. One vector that is always involved in flux is the ¢ Ll
vector, usually noted as 3.

We define this area vector as a vector with direction perpendicular to

the surface and with magnitude equal to the surface area. If the surface
is curved, we must divide it into elements of a sire small enough so that .
the vector representing the area is perpendicular at all points on the
element of area. For instance, consider the surfaces on the opposite page.
For a flat surface, there is, of course, need for only one vector to
represent the total area. For the cylindrical area we must divide the
surface into mauy small (differential) ‘'strips.' Notice that the area
veCtor {now a differential element of area) will be constant along the
entire strip. TFor a spherical area, differential "strips" will not be
good enough; therefore, we divide the surface into small (differential)

- squares.

Again, an area vector must have magnitude and direction. The magnitude
of the area vector is the actual numerical value of the area involved,
and the direction is perpendicular to the surface area.

The other vector involved in flux calculations can really be any vector
quantity that has a specific value at every point in space. This is
the definitioa of a vector field. Good examples of this type of vector
field would be the velocity field of a moving fluid, or the electric
field that we have been studying.

Now that we have established the two vectors involved in flux, the
mathematical expression for flux ¢ of vector field E through area S is

6 = J_’E-d§

where the integration is taken over the whole surface S. Notice that
flux is a scalar quantity.



(a]
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CORRECT ANSWER: Zero

The cube shown in the problem is « vlos.u surtacce. We could easily
consider the problem in six steps by saying

G = 91 T 02+ 03+ ¢y + 95 + 9¢
where
¢; = flux through the side facing the E-field
$ps ¢3, ¢y bg = flux through the sides with edges
parallel to the x-axis
and

¢g = flux through the side on the back of the cube
from the E-field

The area vector dS is pointing outward from all the surfaces and

consequently we-can see the surfaces 2, 3, 4, and 5 all have area
vectors perpendicular :to the electric field. Therefore,

0, =93 =9, =¢5=0
Through siée one,

¢1 = EScosl180°
or

$1 = -ES

Through side six,

¢ = ES cos0°
or

6g = ES
Finally,

¢E=—ES+O+ES
or

¢ = 0

We know that in the alssence of sources a~ sinks, the total flux through
any closed surface will be zero.

TRUC OR FALSE? This Sglution makes use .of the fact that, when the field
vecror is perpendimilar to the area vector. the flux through the surface
ts = maximum, :



(a]

Ib]

[c]

[d]

[el
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CORRECT ANSWER: A

The axis is defined as the line joining the two charges of the dipole.

CORRECT ANSWER: 4

If we look closely at the diagram we will see that D is perpendicular to
the area vector d§ at all points. Since the co0s90° is zero, B-d$ will
be zero at all points on the surface. Therefore, there is no flux of
the vector D through the surface.

CORRECT ANSWER: A

Remember that a line of foree is an imaginary line drawn in such a way
that its direction at any point (i.e., the direction of its tangent) is
the same as the direction of the field at that point. Consequently, a
§Zgn is now being attached to the meaning of flux in such a manner that,
if the field vector at the surface points outward, the flux is positive.
If the electric field vector at the surface points inward, the flux is
negative. )

CORRECT ANSWER: C

Arother helpful way to describe the direction of the area vector is to
say that it is direction of the "outward normal" to the surface.

CORRECT ANSWER: A

The dipole moment vector7; is always drawn from the negative charge'to
the positive charge.

TRUE OR FALSE? The position of the dipole axis depemnds upon the
magnitudes of the dipole charges.

!
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INFORMATION PANEL Distribution of Charge in Conducting and
Non-conducting Bodies

OJBECTIVE

To answer questions relating to surface charge density and electric field
intensity for conductors and non-conductors carrying charges.

Surface Charge Density

When a non-conducting body is given an electric charge, the charges tend
to remain where they have initially been placed. For a solid object,
the charges may be found scattered throughout the substance in various
concentrations depending upon the original charging process. Charges
transferred to a conducting body, however, will be found to distribute
themselves on the surface of the object if it is solid. The surface
charge density on a conducting solid sphere, for example, is uniform
over the entire surface and is given by the expression:

6 = q/4mr?

Most real conducting bodies do not display uniform charge density on their
surfaces, however , Certain geometries such as spheres, iong cylinders, and
large flat plates may be considered to carry uniform charge densities but,
in general, charge density varies from -point to point when the object in
question is asymetrical. ' .

Internal Charges

As a consequence of the freedom of motion of charges in a conducting mater-
ial, they tend to concentrate on the outside surfaces due to coulomb force
repulsjon. When electrostatic equilibrium is established, the electric
field E is zero everywhere inside the conducting body. On the other hand,
assuming that the initial charging process placed charges uniformly through-
out a body made of a perfect dielectrie (non-conductor), the internal

charge distribution will remain uniform. For instance, if a non-conducting
sphere is given a uniform charge, the charge density within it is:

total charge (q) _ 3
® total volume 3q/4“R-

in which R is the radius of the sphere,

next page
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continued

The questions in this section call for responses which indicate under-
standing of

(a) the nature of the surface charge on conducting and non-con-
ducting bodies;

(b) the electric field within a conductor in electrostatic equi-
librium.

1. A non-conducting uniformly charged sphere (p = +3 coul/m3) has a
radius of one meter. The sphere is plunged into a very cold solution

(temperature = 1° K) and becomes a conductor. What is the surface
charge, o, of the sphere?

1 coul/m?
3.78 coul/m?
0.025 coul/m?
3 coul/m3

UOw>

2. The surface charge density on a conductor
A is constant at any point of the conductor's surface

B. is not a meaningful quantity since the charge is distributed
throughout the conductor

C. is constant for any given conductor of given total charge

D. may vary from point to point depending on the shape of the '
surface of the conductor

S

W
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3. For a charged, insulated conductor in electrostatic equilibrium,

A, there is an electric field both inside and outside the
conductor

B. the electric field intensity 1s zero everywhere outside
the conductor

C. . the electric field inside the conductor is less than
(excluding zero) the electric field outside the conductor

D. the electric field is zero everywhere inside the con-
ductor

4., Two uniformly charged spheres A and B each carrying a total charge
q have identical radii. If sphere A is made of a conducting material
and sphere B of a non-conducting material, the charge densities associ-
ated with spheres A.and B are

3
A. p = Z;%g and 0 = Z%ﬁf respectively
B. o = Z%ﬁg and 0 = Z%ﬁf respectively

= 39 T
) and p AmR3 respectively

D. o= Z%if and p = Z%%? respectively

INFORMATION PANEL Charging Processes

OBJECTIVE

- To describe the nature of the charge transferred from a charged body to
an ur-harged pody by contact; by induction.

next page



continued

Charging by Contact

SEGMENT 23

When a charged conductor is touched to the surface of a second uncharged
conductor, charges are directly transferred so that the sccond conductor

assumes a charge of like sign.

(This assumes that the conductors are
insulated from any discharge paths that may exist).

Thus, a negatively-

charged rod touched to an uncharged metal sphere will cause the sphere to

assume a negative charge;

mobile electrons flow from one body to the

other as a direct consequence of the coulomb force that exists between

like charges.

A positively-charged rod touched to the same metal sphere

"draws" electrons from the sphere, leaving the latter with a deficiency
of electrons--hence a net positive charge.

Charging by Induction

In the process of charging by induction, the charged body is merely
brought close enough to the neutral body to disturb its charge distribu-

tion.

CHARGING BODY NEUTRAL BODY

T+ + v v+ +++] (q) o=~ -+ +++7]

=] ) == =]

The two diagrams below will help to establish the descriptive

relationship. In (a), an insulated
uniformly charged positive rod is
laid near an initially neutral bar
of metal (insulated from its sur-
roundings.) Electrons move from
the far end of the bar to the near
end, making this end negative and
leaving the far end positive.

When the charged rod is removed

the charges in the bar redistribute
themselves to re—establish neutrality.
In (b), the negatively charged rod

repels the electrons in the initially neutral bar to the remote end,

leaving the near end positive.

Thus, in the induction process, that por-

tion of the body being charged always takes on a charge opposite that of

the adjacent portion of the charging body.

The questions that follow

require that you recognize the difference between the two charging pro-
cesses and apply this knowledge to specific experiments.
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5. The aluminum foil of a negatively charged electroscope is observed
to have a deflection of 45°. Imagine that you have been walking on a
rug on a dry winter day and then bring your hand near the knob of this
electroscope, causing the angle of deflection to drop to 10°., Which
of the following is true about the charge on your hand?

A.
B.
C.
D.

Positively charged

Negatively charged

Not charged

It depends on whether you have rubber soled shoes or not

6. The charge from a previously charged metal ball touched to the in-
side surface of a large conducting can

A.

B,

will transfer to the outside surface of the can by virtue
of Coulomb's law

will essentially disappear since a charge cannot reside on
the inside of a conductor

will not be transferred to the can because a charge cannot
reside inside the surface of a conductor

will remain totally with the metal ball

7. A metal ball (uncharged) introduced into a charged conducting pail

will

A.

be repelled from the innex surface of the pail
be attra:. - "e inner surface of the pail
have no ele. ri  orces acting upon it

become charged




8.

charged electroscope.

A negatively charged rod is brought near the knob o
What happens to t'.2 leaves of the

There is no effect

The leaves spread further apart

The leaves come closer together

The leaves drop to the zero deflection.

Uoaow»
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f the negatively
electroscope?

9. The net charge enclosed in a Gaussian surface is q. The general
form of Gauss's law is
. qu-ﬁ.dg
1 > >
B. q-= fa-ds
4neo
->
c. {E-ds =9
€o
> >
D. q == @ E*dS
€o
10. A Gaussian surface is best defined as anyv_

surface near a charge
real surface enclosing a charge
hypothetical surface enclosing a net charge

o0 ™

charge present

closed hypothetical surface, whether or not there is a
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11. T v ionship between the flux ¢g through a closed surface and the
net chs 1closed within the surface is given by
A o9dE
B i
4meg
C 9
)
D SN |
12. In .. :uation for Gauss's law, the q term indicates
A. charge exterior to the Gaussian surface
B. -+ net charge enclosed by the Gaussian surface
<. um 1et charge enclosed by the Gaussian surface and any

¢ ~r charges in proximity to the Gaussian surface

¢ absolute value of the net charge enclosed by the
aussian surface

13. . For a spherical Gaussian surface surrounding a point charge at its
center,

A. the Gaussian surface acts as a source of electric field lines

B. the magnitude of the electric field strength is constant every-
where on the surface

C. the outward flux from a positive point charge through the
“nre is taken in the negative sense

L G .aussian surface acts as a sink of electric field : ‘ues



positive charge of 2 coulombs is p. -« at the crigin of the coor-
system shown in :hie diagram. If a : :rical surface (r = 1 n)
:s center at the crigin, what is the e tric flux ¢ through the
-ur :ce in nt - m2/coul?

23. For a Gaussian surface centered around a spherically symmetric charge
gdiszribution, the electric field E has

A, the same value as it would if all the charge were concen-
trated at the center of the distribution

B. a larger value than it would if the charge were concen-
trated at the center, since concentrating the charge at
the center of the charge distribution would make some of
the charge more distant from the surface

C. a smaller value than it would if the charge were concen-
tratxd at the center .of the charge distribution because
in the latter case, the charge has a greater '"average
distance" from the reference point.

. no connection with the size o0f the surface area
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16. .a al; : particle (qa = +2e = 3.. » 10719 coul) is . ocated a: the
cen: of ° spherical Gzussian surface of radius r = 2 m. Use Gauss's
lzs tto fit+ the magmitude of the electric field at the surface of tae

sphere:.

A . 3 x 109 nt/ecoul
3. .6 x 10710 pr/coul
e .2 x 10”10 at/coul

. 5 x 1073 nt/-oul

INFIREEETIQT PANEL Simple Appl - zrions of Gauss's Las

OBJECTIVE

To app.y Gauss's law to the solutian of fundamenta. 3roblems in which
thiv ! .w s a key tool.

Gauz 5's lamw applies to any closed surface and is used to provide r* rela—
tiozship between the flux ¢y through that surface anz the net char, en-
clos== inside the surface., The law states that

But =ince it has also been shown tiizt

-

then emmatioms (1) and (Z: can be combined to yield the most useful form

of Gavess's law:
- -
eofﬁvd‘s = q 3)

next page
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continued

Among the more significant of the descriptive ouitcimes of Gauss's law is
the following:

The total flux passing outward throug . o zlosed
surface equals 1/e, times the net electr” ¢ charge
inside the closed surface.

In the questions that follow, you will be exmsctes ot

(a) answer descriptive questions relati . ..r e interpretation of
Gauss's law as applied to specific examples;

(b) solve fundamental problems in whick :zusss’'s law serves as a
tool for determining electric intensity insids z ¢ osutside charged bodies.

17. The diagram below shows the magnitude of the =TIectric field plotted
as a function of distance. Which of the follmming objects could produce
such an electric field?

A uniformly charged, non-conducting =mmnere
An infinitely large, charged plate

A charged conducting cylinder

An infinite line of charge

Cow>

Ecacr EcC —r’g

E (nt/coul)

 r {meters)
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3. A spherical comuzctor ‘radius = r ) carries ar excess charge of Q
zoulombs. What is === magmizude of the elec=ric  .2i¢ for points
T>r?

s

A. Zero

Q 1

bregr ~ LTz

B.

Aneorz

2
4neor2

~19. Look at time diagram below and determine what =ffect a Sphericallw
symmetric shell Qf charge between R; and R, would nmwe am the eleczric
field intensity E at a point r < Rj.

-
A. E is a function of r

+

B. E is a constant but mot zero

-
C. E is zero and hence will be the same with or without the
sheil

D. The correct amswer would depend upcn knowing wirether or
not the charge is pasitive oxr negative. This is becaus=
one may act as = sfmk of the electriz fiels.

spherically symmetric
chawge distribution



12 SEGMENT 23

. 4 nom-conducting 7 .:.re of rzdius 2 m c¢-ntains a total charge 8 coul

win o is wniformly cisz: .:ted throughout th. sphere. Use Gauss's law

tv =.zulaze the magniz : of E at distance . m from the center of the

INFOEATTON PANEL Foozer Applications of Gauss's Law
OBJECTIVE

To agmly Gauss's law ts T solution of prz_l=ms involving the determima-
tiox =f the intemsity of tize electric field osurside and between a numbe
of dZfferextly shapel cmmductors.

In this course ia ooysics, we shall attempc to anply Gezuss's law only to
objects of inigh symmetrr for which the evailuaziom of the surface integral
is remsonably simple. Tn general, vou should fimd it possible to solve
the problems that .ollow by adherimg to a stramigmtforward pactern of
apmroach which incliucies rhe followimg steps:

ia) Sketch or Zmszine a closer Gaussianp surface such that the
e wcr—ic field Ir whzcn you are inz=rested (E. is constant at all points
orn. =ke surface.

((bp» Choosz tz:e natture and orientation of the Gaussian surface so
thmt the electric field 1is either perpendicular or parallel to the sur—
face at all poim< .

(z; Comsicde: onlv the charge enclosed within the Gaussian surface
ag aaving awy effsct or the flux through ths surface.

_ ‘d) Note that the =ffect of (a) above s to enable you to place
£ nursdide the integral =tgn thus:

- >
q = egE @ dS
so that you are left wiith the simpl=r prob: = of expressimg the surface
area in terms of the givem quantities. Thuz. r is usually possible to
write the fluax through the Gaussian surface =s simply:

ES = q/e,

next page
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continued

You will find e sEzuiremenits o e problIzms iz this section to be the
determination o =zlercTric inteénsity E (or cme force on a charge in such
a field) for

{a) th= outsZde of an infimitely long wire conductor;

{b) <zhe outs=de of a large tonducting plate;

(c) the spar= between two large conducting plates;

(d) the spme= between two hollow condircting spheres;

(e) tine spaz= bztween two hollow conrentrirz cylinders of
metal.

21. Consigier an infinitely lomg straight wire of radius "a". Apply
Gauss's law to fimd the magnitude of the electric field E at a distance
r, sizere : > a. The Linear charge density is A caul/m.

A, E =~ A
Zﬁada

B. E A
am;nrz

E . Z = )\
ZKEO

L E = A

- n =
21re°r

Z2. A thick, flat plate is constructed of capper (a good conductor).

The serface dimensioas of che plate are 1T = = i) w. If a harge of four
cow!'ombs is plaxed or. the plate, what is vhe wiectric field strength one
meter from the flat surface of the plate im nticoul?
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23. Two large sheets of copper are shown
very thin and are oppositely charged. (o
of the copper sheet.) Using Gauss's law,,
midway between the two plates in nt/coul?

in the diagram. The sheets are
= 3 coulombs per square meter
what is the magnitude of E

+F + + 4+ o+ 4

+ + + + 4+

-+

BAITERY




24. An electron is placed
mi_ way between the two con-
ce stric spheres as shown at
ri:ht. What is the magni-
tuue of the force in newtons
or. the electron if the
:stance from the center of
tke concentric spheres is
1.5 m, and each sphere has
a charge of +10 coulomb
distributed over its surface?

el

=N

ik
g
F

—

G

25. Two coaxial hollow metal cylinders of length L with radii a and b
(b > a) carry charges +q and -q respectively. The magnitude of the
electric field (neglecting edge effects) at a point a < r < b, measured
from the common axis is

A _GL !
2
4ﬂ€0r I
|
g. —34
2me rL 4
(o]
| |
c. gL [ :
) 21T€0 :—-r_l__».
|
. | I
r
p. —i | | L
ZneoL

T
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CORRECT ANSWER: 22.6 x 1019

To calculate the flux through the sphere we write

¢ =J§’E-d§
E

The vectors E and dS are parallel at all points on the sphere since E
and dS are both radially outward. From the symmetry it is obvious that
the magnitude of E is constant and found from Coulomb's law to be

E = awsorZ

Therefore

= 2
E Aneor

6 —5L—-—-J’ds
'For a sphere, the surface area is found from

S = 4rr?

Substituting, we find that

=3 2 = 22.6 x 10'°
g €, 8.85 x 10712

Notice how the flux is related to the magnitude of the charge enclosed
within the surface. This says, in effect, that the flow ie directly
related to the strength of the source.

CORRECT ANSWER: B

When the negatively charged rod is held close to the negatively charged
knob, the negative charges in the knob move downward toward the leaves. The
leaves then repel one another with more force and therefore spread further
apart.

TRUE OR FALSE? The motion of charges described above is made possible by
the conducting material of the knob arid leaves.
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[a] CORRECT ANSWER: D

Since charges are able to move about freely in a conductor, there is a
tendency due to the mutual repulsion, for any excess number of charges
(either positive or negative) to move to the surface. At equilibrium
all the excess charges are spaced in such a manner that no net force
acts on any one charge. The shape of the surface of the conductor is
very important. You might imagine that on symmetrical objects such as
spheres, long cylinders, and large flat plates the charges will be dis-
tributed evenly and the surface charge density, 0, will be constant
over the entire surface. For non-symmetrical surfaces, the charge
density will not be constant.

[b] CORRECT ANSWER: 6.4 X 107'° nt

Let's construct a spherical Gaussian surface concentric to both spheres
and with a radius of 1.5 m. Notice how Gauss's law is used frequently
to find the magnitude of the E-field. Once we determine the E-field,
we can calculate the force on the electron located midway between the
spheres. The flux through the Gaussian surface can be written as
ES = -
€o

where q is the net charge on the inner sphere. Substituting the value
of the surface area of the Gaussian sphere yields

E-_q_
4ﬂe°r2

The force on the electron then becomes

Fa_d9 a 10 x 1.6 x 10°19 = 6.4 X 10710
4ne°r2 4m(8.85 x 10-'2)(1.5)*

where

qe = 1.6 X 10~!% coul



[a]

[b]
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CORRECT ANSWER: A

When the material becomes a conductor, all the charges will distribute
themselves evenly on the surface. Therefore

0 = 4qr2

In this case, q is the total charge that was initially spread throughout
the total volume of the dielectric (non-conducting) sphere. Therefore,

The surface charge density then becomes

L L4/3)1edp _or
4mr2 3

TRUE OR FALSE? The symbol "p" in this problem is charge per unit area.

CORRECT ANSWER: C

You can derive Gauss's law from the relationship between charge and flux.
Charge is proportional to flux,

qQ =€, (1)
but from the definition of flux,

6 =j'€-d§ (2)

Combining (2) with (1), we obtain
> > '
q = €, E«dS
which is Gauss's law.

TRUE OR FALSE? We may rewrite equation (1) above as q = ¢e, in which ¢
1s a constant of proportionality.
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[a] CORRECT ANSWER: C
A uniformly charged spherical shell does not contribute (v the electric
field in the interior of the shell. This can be seen by applying Gauss's
law.
Use these guidelines:

(1) A closed Gaussian surface is necessary.

>
(2) The Gaussian surface is chosen such that |E| is constant
at all points on the surface.

(3) The Gaussian surface is chosen such that E is either
perpendicular or parallel to the surface at all points.

(4) Only the charge enclosed by the Gaussian surface has
any effect on the total flux through the surface.

> >
q=€, § EdS=¢ E [dS

- 2
q = E,4Tr E

Thus

Since q = 0 inside a spherical Gaussian surface of radius r < R, we
obtain E = 0.

[b] CORRECT ANSWER: A

From Gauss's law, one can show that the electric field outside of a
uniformly charged sphere could be represented by

.
4me, r?

o
where Q.is the total charge, and r is the distance from the center of
the sphere. This means that for all points outside of the ¢harged

sphere, the electric field decreases as 1/r%. This same expression
would be used if all charge were concentrated at the center.



{a]

(b]
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CORRECT ANSWER: B

Construct a coaxial cylindrical Gaussian surface of length L with radius
a <r <b. The magnitude of the electric field may be obtained by using
Gauss's law. Thus,

>
q=c, fﬁ-ds (1)

because the sum of the charges enclosed by the Gaussian surface is +q.
From symmetry, it is clear that the magnitude of § is constant at all
points on the curved Gaussian surface (neglecting edge effects). The
direction of the electric field is from the inner cylinder carrying +q
charges to the outer c¢yliander carrying -q charges. The area of the curved
Gaussian surface is 27rL. The contribution to the integral in equation
(1) due to the top_.and bogtom parts of the Gaussian surface is zero be-
cause the vectors E and dS are perpendicular to one another. Substituting
the above results in equation (1) we find :

q =€ .ElJ’dS
curved surface

= g E 2nrL

(o}

Therefore

= 2meorL

CORRECT ANSWER: B

It is important always to determine the total charge enclosed by Lhe
Gaussian surface while being careful to maintain all signs of p081tive
and negative charges.

A



[a]

[b]
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CORRECT ANSWER: D

All the excess charge on a conductor resides on the surface and thus the
surface charge density o is associated with the conducting sphere A. The
magnitude of o is

_ total charge
~ surface area

.

4R2
In a dielectric (non-conductor) the excess charge remains embedded where-
ever it is placed. 1In the dielectric sphere B the charge is uniformly

distributed throughout the volume of the sphere. Hence, the volume ‘charge
density p is associated with the dielectric sphere B and is given by

- total charge
e total volume

= -39
47R3

TRUE OR FALSE? The quantity Z%ii is measured in coul/m2.

CORRECT ANSWER: C

Choosing a spherical Gaussian surface of radius r, we write

9—=f§-d’s'
€o

In this case E and dg are parallel, and from symmetry, E, the magnitude of
the electric field is constant at every point on the Gaussian surface.
Therefore, ‘ :

¢E=‘9—=ES

(o}

We know that for a sphere
S = 47r?
Therefo:e

E =
4ne°r2

It is important to observe that an electric field due to spherical charge
distribution acts as if all the charge were located at the center for r > rg.
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CORRECT ANSWER: 2.26 x 109
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The four coulombs will spread evenly over the surface of the plate (see
figure). The surface charge ¢ on each side of the plate is

4 2
0 = 3710 x 10y = 0.02 coul/m

Notice that the factor of 2 in the denominator comes from the fact that
there are two surfaces of the thick plate over which the four coulombs
will spread. In order to determine the electric field at points away
from the surface of the flat plate we construct a Gaussian cube as
shown. There is no field imside the conducting plate. Outside, the
field is perpendicular to the.plate so that we may write

¢g= 0 + g5 =L
inside outside °

next page
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continued
The total charge enclosed by the Gaussian cube is
q = 0S

Therefore we can write that

Es = &
e0
or
E=Sm 02 o526 x 10°
e, 8.85 x 10

CORRECT ~SMER: D

In a comdiictwi, charges are free to move under the influence of forces.
If an excess af charge is placed on a conductor, the charges will repel
each other resulting in a distribution of charge on the surface of the
conductor amd electrostatic equilibrium will be established. At electro-
static ezastilibrium, the electric field t is zero everywhere inside the
conam tOT .

CORRECT ANSWER: C

This equation is a statement of Gauss's law. The flux through any =losed
surfaces is related to the algebraic sum of the sources (positive charges)
and sinks (negative charges) which are located within the closed surface.



[a]

(b]
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CORRECT ANSWER: 9 x 10° nt/coul

Using a Gaussian surface with radius r izside the non-conducting sphere,
we may write Gauss's law as

)
o
\—G»\
(2
a.
741
B
£

€Eo 4Tr2 E = q = p %1 r3
and
= PTr_
E =3 (1)

where p is the charge density. This charge demsicy can be expressed in
terms of the total charge q and the radius R as
p=_—q_
(4m/3)R3 (2)

From (1) and (2), we obtain

E = —34L__
4me  R3

and substitution of the given data yieldg the answer:

= L3 = 9

Gme R 9 x 107 nt/coul
TRUE OR FALSE? Knowledge of the actual radius of this non-conducting
sphere is not necessary to solve this problem.

CORRECT ANSWER: A

Like charges, because of the repelling forces, have a tendency to move

as far away from each other as possible. The movement of charges from
the metal ball to the can allows the charges to increase their separation
distance,
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[a] CORRECT ANSWER: C
The flux on the surface of the sphere will be

+2e
B e
bg co
where
e = magnitude of the charge on an electron,

The flux through the spherical surface may be written in terms of the
electric fieid as follommes:

> >
%=§E-&s

For a point charge at the center of the sphere, E and dg are parallel,
and from symmetry, the magnitude of the electric field E is constant at
every point on the Gaussian surface. The integral over the surface
yields the area of a splere. Therefore,

¢ = ES = E(47r?)
and

E(471r2) = 2e/eo
Solving for E yields

2e

E = ———
4ne°r2

Substituting the values known,
E=7.2 x 10710 nt/coul

TRUE OR FALSE? 1In the last symbolic equation above, the only variable
on the right hand side is e.

[b] CORRECT ANSWER: B

Lines of E emanate radially from an isolated point charge. The magnitude
of E is dependent upon distance (|f| « 1/r2). When the distance r is
constant, is constant also. '
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26 © SEGMENT 2

CORRECT ANSWER: 3.39 « 101!
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In the diagram, a long symmetric Gaussian surface S; in the form of a
right parallelogram is shown. The electric field E at the long parallel
edges of the Gaussian surface is perpendlcular to the surface. There~
fore, the contribution to the integral, 6 Ee dS due to the four long
parallel sub-surfaces is zero. For the end surfaces we can write

E-d§ = L

€90
end surfaces (1)

However, the total charge enclosed by the parallelogram is

q = 051 + (-0)8;

=0 (2)

Substituting equation (2) in equation (1), we find

> >
J{;-ds =0

end suxfaces

(3)

->
From the symmetry of the chosen Gaussian surface, the electric field E
at the end surfaces (if it egists) should be constant; therefore, the
only conclusion is that the E field is zero outside the charged parallel
plates.

next page
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continued

In order to find the magnitude of the electric field at a point B midway
between the plates we construct a Gaussian surface in the form of a right
parallelogram S;. As we have seen before, the electric flux through the
long sides of the parallelogram is zero. For the ends of the parallelo-
gram we may write

! .
E381! - o\ =~-‘el;-
B

c

where the lines indicate the end surface. Notice that we have used the
infermation from the first part of the solution, i.e., that the flux
at C is zero. Therefore,

(o S1

E,S, =
B”1 o

or

This same result could be obtained by adding the electric fields at point
B due to each plate.

§3-§++E-

The fields due to the positive and negative plates are both in the.same
direction and equal to U/Zeo. Therefore,

Eg = 2, + 2¢,
or
g
S

The E-field between two parallel plates of opposite but equal charge is
just twice the field due to the individual plates. .



(a]

(b]

{c]
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CORRECT ANSWER: A

When the deflection decreases, we can conclude that each leaf has less
negative charge than before. The
negative charge must have been
"pulled'" into the knob. The pre-
sence of a positively charged hand
would cause the negative charges to
move to the knob.

TRUE OR FALSE? When the hand is removed, the deflection of the leaves
will be restored to its original angle.

CORRECT ANSWER: D

Gauss's law states that the flux of a vector through a closed surface
depends upon the magnitude of the source or sink. enclosed within the
surface. Gauss's law relates specifically to the electric field vector,
and any closed surface will suffice in applying Gauss's law. We will
see later that certain surfaces are more convenient than other surfaces.

CORRECT ANSWER: C

Since all the charge is located on the surface of the conducting can,
there will be no electric field inside the can. The uncharged metal ball
will not experience any electric forces.

P S

.
L
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[a] CORRECT ANSWER: D

I
!

A sample solution of the problem is given below. In the diagram, we
have sketched a Gaussian surface of radius r. We may write

> >
¢ = § EedS = I~
B f €0 (1)

Now A is the charge per unit length on the wire. Therefore,
A= q/%
or
q = AL
Substituting this into equation (1) yields
xz-eo§ﬁd§' @
Since our Gaussian surface is a cylinder; the area of the curved surface is
S = 2rrd

because of symmetry, E is constant on the curved surface, so that the
integral in equation (2) becomes

AL = € E 27nrk

Solving this expression for E gives Ehe desired result.
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CORRECT ANSWER: A

For E inside the sphere, we use a Gaussian spherical surface with radius
r < R. Applying Gauss's law, we may write

eo§f-d§= q

or

€ E(4nr2) = p(4/37r3)

. where p is the charge density. Solving for E we obtain

E =22

— r <R
350

For E outside the sphere, we use a Gaussian spherical surface with radius
r > R. Again applying Gauss's law

> >
CO§E-dS=q

E 4712 = q

yields

€o

or

E r > R

=
4mer2

where q is the total charge on the non-conducting sphere.

TRUE OR FALSE? The same two equations for E (when r < R and when r > R)
are obtained for a uniformly charged conducting sphere,



