PHY2049 R.D. Field

Chapter 22 Solutions

Problem 1;

A +15 microC chargeislocated 40 cm from a+3.0 microC charge. The
magnitude of the electrostatic force on the larger charge and on the smaller
charge (in N) is, respectively,

Answer: 25,25

Solution: The magnitiude of the electrostatic for is given by,

- _KQQ, _ (8:99x10° N/ C?)(151C)(3¢C)
r? (40cm)?

Remember the force on 1 due to 2 is equal and opposite to the force on 2
dueto 1.

=253N

Problem 2:
Two point particles have charges q; and g» and are separated by a distance
d. Particle g2 experiences an electrostatic force of 12 milliN due to particle
g1. If the charges of both particles are doubled and if the distance between
them is doubled, what is the magnitude of the electrostatic force between
them (in milliN)?
Answer: 12
Solution: The magnitude of the initial electristatic forceis

F =K% _omy

d2

The magnitude of the final electrostatic forceis
Ff - K(qu)(22q2) - Fi :12mN
(2d) |

Problem 3: $ 310
Two identical point charges +Q are
located on the y-axis at y=+d/2 and o] ie—
y=-d/2, as shown in the Figure. A third X
charge g is placed on the x-axis. At
what distance from the origin is the net v
force on g amaximum? ?+Q
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Answer: d /(2\/5)
Solution: The net force on q is the superposition of the forces from each of
the two charges asfollows:

F, = Kerq (cos 6% — sin 69)

F, = Kerq (cos 6% + sin 6Y)

F=F +F, =2|?&0039>“<
2 KQQx N

X
(X +(d /2)%)%?

where | used r2=x2+ (d/2)2 and cosB = x/r. To find the maximum we
take the derivative of F and set it equal to zero asfollows:

dF _ 2KQg N 3x?
dx E(x +(d/2) 232 (2 +(d/2)? )S’ZE
_ 2KQal(d/2)?-2x) _

(X2 +(d/2)2)5/2

Solving for x gives X=d/(2/2).

Problem 4:

Two 2.0 gram balls hang from lightweight
insulating threads 50 cm long from a
common support point as shown in the
Figure. When equal charges Q are place on
each ball they are repelled, each making an
angle of 10 degreeswith the vertical. What
Is the magnitude of Q, in microC?

Answer: 0.11

Solution: Requiring thex and 'y
components of the force to vanish yields
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: KQ?
Tsn6=QE = r?
T cosf =mg

Eliminating the tension T and solving for Q2 gives
_mgr?tanf _4mgL®sin® Otan6

2
and
_ \/4(2><10'3kg)(9.8m/sz)(0.5m)zsin210°tan10°  OA1UC
= 8.99 x 10° Nm? / C2 B

Problem &: PR — o0
Four point chargesq, Q, -2Q, and Q form a
square with sides of length L as shown in the
Figure. What is the magnitude of the resulting
electrostatic force on the charge q due to the
other three charges?

Answer : 0.41KqQ/L2
Solution: The electrostatic force on q isthe
vector superposition of the following three

forces,
= KgQ .
F = E X
= KgQ .
I:2 - L2 y
- 2KgQ H_ 1. 1 AH
F X+—=Y
 Wenio V2o V27O
and the net force is thus,
- KqQEL 1 0. -
F_ = ——UX-
tot L2 D &@ )
The magnitude is given by
= |_ KgQ _ KgQ
F.l= > (ﬁ —1)_0.41 T
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Problem 6:

Two 2.0 gram charged balls hang from
lightweight insulating threads 1 m long from a
common support point as shown in the Figure.

If one of the balls has a charge of 0.01 microC ©
and if the balls are separated by a distance of

15 cm, what is the charge on the other ball (in
microC)?

Answer:  0.37

Solution: The conditions for static equilibrium on ball Q2 is

Tsing =142

X
T cosf =mg
and dividing the 1% equation by the second yields
tan@ — KQ1Q2 . .
- szg . Solving for the product of the two charges gives
3 3 -3 2
0.0, = x’mg _ (0.15m)"(2x10 I;g)(92.8m£s ) _ 3.68x1075C?
2LK 2(1m)(8.99 x10°Nm~ /C*)

where | used tan® = x/(2L). Thus,
0, = 3.68x107°C?
> 0.01x10°C

= 0.368LC

Problem 7: Q@ @
A charge +Q isfixed two diagonally opposite

corners of asguare with sides of lengthL. On

another corner of the square a charge of +5Q L
if fixed as shown in the Figure. On the empty

corner achargeis placed, such that thereisno

net electrostatic force acting on the +5Q

charge. What charge is placed on the empty @) L ‘+Q
corner?
Answer: - 24/2Q
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Solution: Setting the magnitude of the net for on the +5Q charge due to the
two +Q charges equal to the magnitude of the force on the +5Q charge due
to the charge g gives

KQ(Q) _ Kla|(5Q)
2 = >
P )

and solving for the magnitude of g, |g| (and noting that g must be negative)
yields,

q=-2v2Q.

2 @
Problem 8:
Three point charges Q, 2Q, and 4Q form a S
triangle with sides of length L and 2L as
shown in the Figure. What angle doesthe - & :
resulting el ectrostatic force on the charge
Q make with the positive x-axis (in :
degrees)? F
Answer: 7.1
Solution: We see from the figure that

2KQ?/(2L)? _1

tan6 = s =
4KQ“ /L 8

and hence 8 = 7.1°.

A @ .Q
Problem 9: e .
Two identical point charges +Q are located on 2
they-axisat y=+d/2 and y=-d/2 and a third d.|et=—= .8
charge -2Q islocated at the origin as shown in 2Q s
the Figure. Thethree charged +Q, +Q, and -2Q F
form an electrically neutral system called an \ .0

electric quadrupole. A charge qis placed on
the x-axis a distance x = d from the quadrupole.
At what isthe net force on g due to the quadr upole?

KQg..
Anaver  —057 dqu
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Solution: The net force on q is the superposition of the following three
vector forces:

F, = Kqu (cos 6% - sin 69)
F, = Kerq (cos 6% + sin 69)
F, = -2 ¢

X
wherer?2 = x2 + (d/2)2 and cosB = x/r . Adding the forces gives

e X 1
F=F+F +F = ZKQQ@KXZ N (d/2)2)3/2 - NE %

__2KQqp_ 1
% (1+(o|/2x)2)3’2EQ

which at x = d yields

" ZKQQE (1+(1/2) )3’2%

ZKQq % Ez: 0578
(5/ 4)¥? d?
Problem 10:

In the previous problem, what is the magnitude of force on the charge g
when x becomes very large compared to the quadrupole separation d.
(Hint: take the limit of the quadrupole force on g when x << d.)
Answer:  3KqQd?/(4x%)

Solution: From the previous problem we see that the magnitude of the
quadrupole forceis given by

F 2KQq% E
(1+(d/2x) 2372

2KQq _2)_ 3KQge _ 3KqgQd*
= 1-(1+¢ = =
o) )= =T
where | used (1+€)3/2 ~ 1 - 3g/2 with & = (d/2x)2.
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Chapter 23 Solutions

Problem 1.
What is the magnitude (in milliN) and direction of the electrostatic force on

a-2.0 microC chargein auniform electric field given by E = (100N/C)X?

Answer:  0.2inthe-x direction
Solution: The electrostatic forceis given by,

F = gE = (-2.0uC)(100N /C)X = —0.2mNX .

Problem 2;

Two point charges, +8 nanoC and -2 6m 6m
—>

nanoC lieon the x-axisand are separated " ® - A P

by 6 meter s as shown in the Figure. What
Is the magnitude of the electric field (in N/C) at apoint P on the x-axisa
distance of 6 meter sto the right of the negative charge?

Answer: zero

Solution: The electric field at the point P is the superposition of the electric
fields from each of the two charged as follows:

_ K
E1 - _T? )A(
_ K4Q ., KQ ,
E, = X=—7%X
2 ( L)2 L2 ’
Etot = El + E2 :O
whereQ =2nCandL =6m.
Problem 3: Q1 P Q2
Two charges Q1 and Q- are separated by I e Sl

v

distance L and lie on the x-axiswith Q4 at the N

origin as shown in thefigure. Atapoint P on
the x-axisadistance L/3 from Q4 the net electric field iszero. What isthe

ratio Q1/Qo?
Answer: 0.25
Solution: In order for the net electric field to be zero it must be true that
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KQ _ KQ
(L/3)?2 (2L/3)? Whichimpliesthat Q1/Q = 1/4.

Problem 4:

A particle with acharge to massratio of 0.1 C/kg startsfromrestin a
uniform electric field with magnitude, E = 10 N/C. How far will the
particle move (in m) in 2 seconds?

Answer: 2

Solution: We know that

_Hd
F =ma=dE sothat the acceleration is a‘%@?

Thus, the distance traveled is

d=lar? =M
2 20m[

:%(O.1C/ kg)(1ON /C)(25)? = 2m

Problem 5:

A large insulating sheet carries a uniform surface charge of density

-1.2 microC/m?2. A proton (with amass of 1.67x1072 kg) is released from
rest at perpendicular distance of 1.0 m from the sheet. How much time (in
microsec) elapses before the proton strikes the sheet?

Answer:  0.55

Solution: Weknow that F = eE = Ma so that a=eE/M. We also know

that if the particle starts from rest then the distance traveled, d = at%/2.
Solving for t gives,

t:\/z \/ZdM \/4dM£O

_ |4(1m)(1.67x10™"kg)(8.85x107*C* /(Nm"))
(1.6><10'19C)(1.2><10'6C/ mz)
where | used E = 0/(2¢).

=0.55us’
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Problem 6:
At adistance of 1 meter from an isolated point charge the electric field
strength is 100 N/C. At what distance (in m) from the chargeis the electric
field strength equal to 50 N/C?
Answer: 141
Solution: We know that E1=K Q/r 1% and E>=K Q/r 5 so that

E, , L E ,100N /C

. ~on?
g, Tpz o T =My =2

Hence, I, = «/Em:l4]m_

Problem 7:

The magnitude of the electric field 300 m from a point charge Q is equal to
1,000 N/C. What isthe charge Q (in C)?

Answer: 0.01

Solution: We know that

£ KQ
r
and solving for r gives
0= (LOOON / SEZ)(BOOmZ ~0.01C
8.99x10°Nm*/C '
Problem 8:

A neon sign includes along neon-filled glass tube with electrodes at each
end across which an electric field of 20,000 N/C. isplaced. Thislargefield
accelerates free electrons which collide with and ionize a portion of the
neon atoms which emit red light as they recombine. Assuming that some of

the neon ions (mass 3.35x1072° kg) are singly ionized (i.e. have charge
e=1.6x10"1° C) and are accelerated by the field, what is their acceleration
(m/s?)?

Answer:  9.6x1010

Solution: We know that F = gE = ma, so that
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Q= gE _(16x10"°C)(20,000N /C)

— 0
- 33510 kg =96x10°m/ s
_I_ .................. _l. ................ _l_ _I_ ................ ._|_ _I_ ................ + _I_ ................. _
U R I RN I °
........................................... S SRR S R R S—
Problem 9:

Of the five charge configurations (a)-(€) shown in the Figure which one
results in the maximum magnitude of the electric field at the center of the
square? Each configuration consists of a square with either +Q, -Q, or no
charge at each corner?

Answer: d

Solution: The magnitude of the electric field at the center of each squareis
given by

@ E=232
(b) E_zﬁKL—?
© E=152
(d) E:MKL—?
© E=0

where L isthe length of the side of the square. The square with the largest
E-field at the center is (d).

Problem 10:

Two non-conducting infinite parallel rods ———

are adistance d apart as shown in the

Figure. If therods have equal and d| =rorrrer g
opposite uniform charge density, A, what ll

Is the magnitude of the electric field along 4—)\’

aline that is midway between the two
rods?

Solutions Chapter 23 Page 4 of 14



PHY2049 R.D. Field

Answer:  8KA/d

Solution: The magnitude of the electric field from asingleinfiniterod is
given by E = 2KA/r. Hence, the magnitude of the electric field along the
line midway between the two rodsis given by

2KA  2KA  8KA
E = + =
d/2 d/2 d

em . 6
Two point charges, +8 nanoC and +2 +8nC Pe—g—>+2nC

nanoC are separated by 6 meters. What is

the magnitude of the electric field (in N/C) midway between them?
Answer: 6

Solution: The electric field at the point P is the superposition of the electric
fields from each of the two charged asfollows:

El — K (8nC2:) )2
(3m)
g, - _K@nC)
(3m)
E, =E +E, =REC),
(3m)

The magnitude of the net electric field is
K(6nC) _ (8.99%x10° Nm? / C)(6x107°C)

= = =6N/C
| E[Ot | (3m)2 9m2 .
Problem 12:
Two point charges, Q and g, lieon » 2m >
the x-axis and are separated by a P tm E 13N/
distance of 1 meter asshowninthe T A .q .......................... NGy,

Figure. ThechargeQ liesat the
origin and the net electric field (on
the x-axis) from the two chargesis
zero at the point x = 0.75 m. If the
x-component of the electric field from the two charges, Ex = 13 N/C, at the
point X =2 m (on the x-axis), what is Q (in nanoC)?

Answer: 4

: E=0
i atx=0.75m
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Solution: Thefirst condition (net electric field zero at x = 0.75 m) gives
KQ __Kg
The second condition (E = 13 N/C at x =2m) gives

KQ | Ka _ KQ HL 1 15n/c
(2m)? | @m)’ (nnf%*g@:

and solving for Q yields
Q =

36(1m)2(13N / C)
13(8.99x10° Nm? / C2)

=4nC

Problem 13:

Two point charges, +4 microC and -1 microC, lie on the x-axis and are
separated by adistance of 1 meter as :

shown in the Figure. If the +4 microC

lies at the origin, at what point (or > X >
points) on the x-axisisthe net electric P e— I )
field zero? M :C

Answer: x=20m e "

Solution: Thefirst condition that

must be satisfied for the net electric -

field to be zero is that the magnitude of the E- fleld from the +4 mC charge
must be equal to the magnitude of the E-field from the —1 mC charge. This
Implies that

4 1
x> (x—1m)?
Solving for the distance x yields
L:iz _ _
(x—1m) orx=2mandx=2/3m.

The second condition that must be satisfied is that the vectors must point in
opposite directions and istrue only at the point x =2 m (at x = 2/3 m they
point in the same direction).
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Problem 14:

A -2 C point charge lies on the x-axisa
distance of 1 meter from an infinite non- P
conducting sheet of chargewith auniform Fe———> -

surface charge density 0 = 1 C/m?2 which 2¢C
liesin the yz-plane as shown in the

Figure. At what point (or points) along o=1C/m’

the x-axisisthe net electric field zero? 5

Answer: x=1.56 m

Solution: Thefirst condition that must be satisfied for the net electric field
to be zero is that the magnitude of the E-field from the infinite sheet must be
egual to the magnitude of the E-field from the -2 C point charge. This

X-axis

implies that
g K 2Ke
0] KIQL e = 2K&1Q1__1Q)
25, (x-1m) |O | 21| o |

Solving for the distance x yields X = (1£0.564)M . The second condition
that must be satisfied is that the vectors must point in opposite directions
and istrue only at the point x = 1.564 m (at x = 0.436 m they point in the
same direction).

P
£0 r
y=L/i2): e

Problem 15:

Two non-conducting semi-infinite rods lies along the x-axis as shown in the
Figure. Onerod liesfrom x = L/2 to x = infinity and the other rod lies
fromx =-L/2toand x = -infinity. The rods have charge uniformly
distributed along their length with alinear density A. What is the magnitude
of the electric field at apoint P located on they-axisat y = L/2?

Answer: 1.2KA/L
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Solution: From the symmetry in the problem we see that the Xx-component
of the electric field at the point P is zero and that the y-component of the
electric field from the two rods is twice that from one of the rods as follows,

E, = 2IdEy = ZI Krsz cosf

C_ Yy o2 L2
J (x2+y2)3’2 y \/y2+(L/2)2 H

where | used dQ = Adx and cosB = y/r with r2 = x2 +y2. Plugginginy =
L/2 yields

= 2KA

E:u - L/2 H
T LI2H JLr2)?+(L/2? H

4KA 1 KA
= -—=[F117—
L El ﬁ% L

Problem 16: el Charge +8Q
A positive charge 8Q is distributed uniformly o
along athin circular ring of radiusR. If thering

has a charge -Q located at its center (see Figure),

at what point , z, dlong the axis of the ring (other '
than infinity) isthe net electric field zero? g TS
Answer: R/+/3

Solution: The magnitude of the net electric field on the z-axis will be zero

provided
K@8Q)z _ KQ
(22 " R2)3/2 = 22 or 8z° = (22 + Rz)yz.

Taking the 2/3 power of both sided yields
47° =7* + R® and solving for z gives, Z= R/+/3.
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Problem 17:

Two identical point charges +Q are located
on they-axis at y=+d/2 and y=-d/2, as shown
in the Figure. What is the magnitude of the
electric field on the x-axis a distance x = d
from the origin?

Answer:  1.43KQ/d?

Solution: The net electric field at the point
P isthe superposition of the forces from each
of the two charges asfollows:

E, = Kr? (cos 6% - sin 6Y)

E, = Kr? (cos 6% + sin 6Y)

E=E,+E, = 2:<2Q cos 6%
2 KOX .

= X
(X2 + (d /2)2)3/2
where | used r2=x2 + (d/2)2and cos® = x/r. Setting x = d yields
B 2 2=143t2
(5/4)”“ d d® -

Problem 18:

In the previous problem, what is the magnitude of the electric field on the x-
axiswhen x becomes very large compared to the separation d between the
charges. (Hint: take the limit of the electric field when x >> d)?

Answer: 2K Q/x2
Solution: From the previous problem we see that

B KX _ 2KQ 2KQ
(XZ + (d/2)2)3/2 X2(1+ (d/2X)2)3/2 X2
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‘_ ............. L ............... - L ............... P £
Semi-infinite Rod Chargeon Rod = Q E2

Problem 19:

A rod carrying atotal charge Q uniformly distributed along its length L
(constant A) lies on the x-axis adistance L from a semi-infinite rod with the
same uniform charge density A asthe finite rod as shown in the Figure.
What is the magnitude of the net electric field at the point P on the x-axisa
distance L from the end of finite rod?

Answer:  5KQ/(6L?)
Solution: The net electric field at the point P is the superposition of the
forces from each of the two rods (finite and semi-infinite) as follows:

E>1: _’rod = KQ )’z: KQZ)’Z
x(x+ L) 2L
E,=E,, =23=X4
3L 3L
= 10K _ 5K
cog e, <L 1KY ;o SKO
30 L 6L

where | used A = Q/L and | used the fact that the point P was a distance 3L
from the end of the semi-infinite rod. :

Problem 20:

A thin plastic rod is bent so that it makes a
three quarters of acircle with radius R as
shown in the Figure. If two quarters of the
circle carry auniform charge density +A and
one quarter of the circle carries auniform
charge density -A, what is the magnitude of the
electric field at the center?

Answer: VI0KA /R

Solution: First | calculate the electric field at
the center of a semi-circle as with charge density
A asfollows:

: Semi-Circle
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/2
E = K/\ I cosfde ——ZKA
-1/ 2 R ’

where | have used dE = KdQ/R?2 with dQ = Ads
= ARdO and dEy = dEcosB. Now I calculate the
electric field at the center of aquarter-circle
with charge density A asfollows:

/4
Ex :K_A J.COSBdG :@
R .

-11/4
The net electric field at the center of the three-
quarter circleisthe superposition of the fields
from the semi-circle and the quarter-circle as follows:

| Quarter-Circle

E1 = E>sem| = ZK/\ )2
R
. _\EK/\81A 1 o[
E2 - Equarter - X = y
R 0vJ/2 V270
E=E,+E, = %(3)2—1)7)
where | used sin45° = cos45° =1/~/2 . The magnitude of the net electric
field isthus
KA
BB+ V107
Problem 21.
A non-conducting semi-infinite rod 5
liesalong the x-axisasshowninthe P

Figure (oneend at x=0 and the other
at x=-infinity). Therod has charge 5
uniformly distributed along its length S

with alinear density A. What isthe A
x-component of the electric field, Ey, 4_"_ """"""""""
at apoint P located a distance y

above the end of therod ?

Answer:  KAly
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Solution: From the figure we see that

KdQ

X K/\
K}\I(X ry )3/2dx y

where | used dQ = Adx and sin® = -x/r with r2 = x2 + y2,

Problem 22: o d »P E
An electric dipole is placed on the y-axis p 2/
with +Q at y=0and -Q at y=-d, as

shown in thefigure. What isthe
magnitude of the electric field at a point
P located at x=d on the x-axis?

Answer:  0.74KQ/d? |
Solution: We superimpose the two E- ‘ -Q
fields asfollows: ‘

*:K_Qg(
d2
. KQ@O 1, 1.
= 20?%&)( ﬁyg
E=E+E =2 ket

where | have used sin 45° = cos45° =1/+/2. Solving for the magnitude

yields,
_kQg_ 1
J@ 2f§ ELTQ =077
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Problem 23:

Asshownin thefigure1 aball + ............................
of mass M =2 kg and charge >

Q=3 C issuspended on a string G\L

of negl igi ble mass gnd length T\G

L=1 minanon-uniform

electric field E(X) = axX, X
where a=13.07 N/(Cm) isa
constant. If the ball hangs at a Y vig
non-zero O from the vertical,

what is 07 (Hint: gravity pulls

the ball down with acceleration g=9.8 m/s2.)
Answer:  60°

Solution: Requiring the x and y components of the force to vanish yields

Tsind =QE

T cos@ =Mg-
Eliminating the tension T gives
sn@ _ QE _ Qax _ QaL sin@

cos6 Mg Mg Mg
and thus
2
oSO = Mg _ (2kg)(9.8m/s%) ~05
QaL (3C)(13.07N/(Cm))(1m) ’
so that § = 60°.
Problem 24:

Two semicircular uniform nonconducting loops,
each of radius R, are charged oppositely to +Q
and -Q, respectively. The loops are now

joined end to end to form acircular loop as
shown in thefigure. What is the magnitude of
the electric field at the center of the circular
loop?

Answer:  4KQ/(TtR?)
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Solution: First | calculate the electric field at the
center of asemi-circle asfollows:

/2 ‘
__f Gde_zm 2K<23
R 0

-1/ 2

where | have used dE = K dQ/R2 with dQ = Ads =
ARdO and dEy = dEcosB and Q = TRA. Now for

two semi-circles of opposite charge, the two electric
fields add giving

2KQ | 2KQ _ 4KQ

E E1 E TRZ TRZ - 7.R2 .
L L
. T
Chargeon Rod = Q EPOi nt Erod
<+—r<+—>
Problem 25: b

A rod carrying atotal charge Q uniformly distributed along its length L
(constant A) and a point charge Q both lie on the x-axis and are separated by
adistance L asshowninthe Figure. What is the magnitude of the net
electric field at P on the x-axisa distance x = L/3 from the end of the rod?
Answer: zero

Solution: We superimpose the two E-fields (rod and point) as follows:

Erod :&)}
X(x+ L)
Epoint = KQ ),Z
(L-x)?
E = E>rod + E»point
1
= KQ - 5
x(x+L) (L-x)

At x =L/3 we have

ITI1

QP _91 _
TE? 4%2 0.
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Chapter 24 Solutions

Problem 1: Shell,S; has 1 R
Consider a spherical conducting shell S; of radius cHarge-Q

R on which charge +Q is placed. Without touching o

or disturbing it, this shell is now surrounded R
concentrically by asimilar shell S, of radius 2R on Shall S, had

which charge -Q is placed (see Figure). What isthe charge+Q
magnitude of the electric field in the region '
between the two shells (R <r < 2R)?

Answer:  KQ/r?

Solution: Gauss Law tells us that

_ = rAIA — Qenclosed
P, = fE@A— c . If we choose our Gaussian surfaceto be a
0

Surface
sphere with radiusr such that R < r < 2R then we get E(r )42 = Q/gg and
solving for E givesE = KQ/r2.

Problem 2
In the previous problem, what isthe electric field inside shell S1 (r <R)?

Answer: Zero
Solution: Gauss Law tells usthat

©. = fEM@A= ngc'm
0

. If we choose our Gaussian surfaceto be a

Surface
sphere with radiusr such that r < R then we get E(I’)4T[I’2 =0, since
Qenclosed = 0, and solving for E givesE = 0.

Problem 3:

A solid insulating sphere of radius R has charge distributed uniformly
throughout its volume. What fraction of the sphere’stotal chargeislocated
within theregionr < R/2?

Answer: 1/8

Solution: The amount of charge, Q(r), within theradiusr < R isgiven by
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r r
4
Q(r) :Ipdv :Ip4nr2dr =—1m’p
0 0 3 ’
where p is the volume charge density and dV = 411 2dr. Thus,

Q(r) g

ORO
where Q = 4TlR3p/3 Isthe sphere stotal charge. Forr = R/2, (r/R)3 =1/8.

Problem 4:

A solid insulating sphere of radius R has a non-uniform volume charge
distribution given by p(r) = ar, where aisa constant. What is the total
charge Q of the insulating sphere?

Answer: m@aR4

Solution: The amount of charge, Q, within the sphereis given by
R

Q(r) :}p(r)dv :I(ar)4nr °dr = 4ra}r3dr =maR"

Problem 5;

In acertain region of space within a distribution of charge the electric field
isgivenby E(r) =arf . It pointsradially away from the origin and has a
magnitude E(r) = ar, where a = 150N/(Cm). How much electric charge (in
nanoC) islocated inside a shell with an inner radius of 0.5 metersand an
outer radius of 1.0 meters?

Answer: 146

Solution: Gauss Law tells us that

Qenclosed = goj E EdA

=&, (47'1[22E(I'2) —4m ZE(rl)) = 4n§)(r22E(r2) - I‘le(I’l))

_ i( ) (150N /(Cm))(glm)3 - (O2 5m)°) —14.6nC
K 8.99x10°Nm?/C
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Problem 6:

In acertain region of spacethe electric field isgiven by E(r) = (a/r)f. It
points radially away from the origin and has a magnitude E(r) = a/r, where
a=90Nm/C. How much electric charge (in nanoC) islocated inside a
sphere with radius R = 0.5 meters?

Answer: 5

Solution: Gauss Law tells us that

CDE — fE mA: Qenclosed

£ . At the surface of a sphere of radius R this
0

Qurface
implies that E(R)4TR? = Q/gg and solving for Q and using K =1/(41tg))
gives,

_E(RR* _aR _ (90Nm/C)(0.5m)
K K 899x10°Nm?/C?

Q =5nC

Problem 7:

In acertain region of space within a distribution of
chargethe electric fieldisgiven by E(x) =axk. It | .
pointsin the x direction and has amagnitude E,(x) .
= ax, where a = 150N/(Cm). How much electric
charge (in nanoC) islocated inside the cube with / D
sides of length L =2 m shown in the Figure? axi

Answer:  10.6

Solution: Gauss Law tells usthat

Qenclosed = EOJ- E mA
= ¢, (E,(L)L? - E,(0)L?) = g,aL°
=(8.85x107°C?*/ Nm*) (150N / Cm)(2m)° =10.6nC

x-axis
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Problem 8: s
Consider acube of sidesL=2 m, as shown in the |
figure. Suppose that a non-uniform electric field is

present and is given by E(X) = (a+bx)X, where oo
a=1 N/C and b=0.5 N/(Cm). What isthe total net L
charge within the cube (in picoC)?
Solution: Gauss Law tells us that -axis

x-axis

— = rAIA — Qenclosed
cDE - _f E[dA= c . At the surface of the cube
SQurface 0

@ = (E(L)-E(0))L?2, and hence
Q=(E(L)-E(0) L2£O =(a+bL-a) ngo — b|_3g0
= (0.5N /(Cm))(2m)*(8.85x10™*C* /(Nm)) =35.4pC

Problem 9;

A solid insulating sphere of radius R has a
charge +Q distributed uniformly
throughout its volume (the volume charge
density p isconstant). Theinsulating
sphereis surrounded by a solid spherical
conducting shell with inner radius 2R and
outer radius 3R as shown in the Figure.
The conductor isin static equilibrium and
has a zero net charge. What is the
magnitude of the electric field at the point r = 5R/2 inside the conductor?
Answer:  zero

Solution: The electric field inside a conductor in static equilibrium is zero!

Net charge zero
on conductor

Conductor

Problem 10:

In the previous problem, what is the magnitude of the electric field at the
point r = 4R outside the conductor?

Answer:  KQ/(16R?)
Solution: Gauss' Law tells us that
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— = A — Qenclosed
e = fE@A— . For a Gaussian sphere of radius r < 3R this
SQurface €

implies that E(r)4T|r2 = Q/gg and solving for E(r) and using K=1/(4mg)
givesE(r) = KQ/r2 and plugging inr = 4R yields E = K Q/(16R?).

Problem 11.:

A thunderstorm forms a mysterious spherical cloud with aradius of 20 m.
M easurements indicate that there is a uniform electric field at the surface of
the cloud that has a magnitude of 1,000 N/C and is directed radially inward
toward the center of the cloud. What is the total net charge within the
cloud (in microC)?

Answer: -445

Solution: Gauss Law tells usthat

- = N — Qenclosed
CDE - fE [dA = c . At the surface of the cloud
0

Surface
E(R)4TR? = Q/gg and solving for Q gives,
o= ER?> _ (-1,000N / C)(20m)>
K 899x10°Nnt/C?

= -445uC

Problem 12:

A 6.0 microC chargeis at the center of acube 10 cm on aside. What isthe
electric flux (in Nm2/C) through one face of the cube? (Hint: think
symmetry and don’t do an integral .)

Answer:  1.13x10°

Solution: Thetotal flux through the cube is @z = Q/gg and symmetry tell

us that the same amount of flux goes through each of the six faces of the
cube. Hence,

— CDE — Qenclosed — 60)(10_6(:

o, =
e 6 B, 6(885x10™C?/Nnt)

=113x1°Nnt/C
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Problem 13:

A solid insulating sphere of radius R has charge
distributed uniformly throughout its volume (the
volume charge density p is constant). Theinsulating
sphereis surrounded by a solid spherical conductor
with inner radius R and outer radius 2R as shown in
the figure. The net charge on the conductor is zero.
What is the magnitude of the electric field at the
point r=3R outside the conductor?

Answer: 4K Rp/27

Solution: Gauss Law tells us that

— = AA — Qenclowd
P = fE [dA = g - Foraspherical surface outside the
0

Conductor
Zero net charge

Surface

conductor (r > 2R) we have E(r)4mr 2 = Q/gg = pATiR3/(3gp) and solving for
E(r) gives,
ATK OR®
E(r)=———
(=R

Forr = 3R weget E = 4TK Rp/27.

Problem 14:

In the previous problem, what is the magnitude of the electric field at the
point r=3R/2 inside the conductor?

Answer: zero

Solution: Theelectric field is zero inside a conductor in static equilibrium.
Thisisour definition of a conductor!

Problem 15:

In the previous problem, what is the magnitude of the electric field at the
point r=R/2 inside the insulator?

Answer:  2rKRp/3

Solution: Gauss Law tells us that

— = rAlA — Qen o
® = §E @A——gd =L For aspherical surfaceinside the insulator (r <
Qurface 0

R) we have E(r)4mr? = Q(r)/eg = p4mr 3/(3¢g) and solving for E(r) gives,
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E(r) :gnKpr _

Forr = R/2weqget E = 2K Rp/3.

Problem 16:

A solid insulating sphere of radius R has acharge +Q
distributed uniformly throughout its volume (the
volume charge density p is constant). The insulating
sphereis surrounded by a solid spherical conductor
with inner radius R and outer radius 2R as shown in
the Figure. The conductor isin static equilibrium and
has anet charge +Q. What is the magnitude of the
electric field at the point r = R/2 inside the insulating
sphere?

Answer: KQ/(2R2)

Solution: Gauss Law tells usthat

— = rAlA — Qenclosed
e = fE (A = £ . For aspherical surface inside the insulator
0

Conductor
Zeronet charge

Surface
with radiusr (r < R) we have E(r)4mr? = Q(r)/eg = p4rr 3/(380) and solving
for E(r) gives,

4 KQr
E(r) =2 rKpr =
(1) =37 =0,

where | used Q = 4nR3p/3. Forr = R/2 we get E = KQ/(2R3).

Problem 17:

In the previous problem, what is the magnitude of the electric field at the
point r = 3R/2 inside the conductor?

Answer:  zero

Solution: The electric field inside a conductor in static equilibriumis
aways zero.
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Problem 18:
A point charge +Q islocated at the Net charge +Q
center of asolid spherical conducting on conductor

shell with inner radius of R and outer

radius of 2R as shown inthe Figure. In

addition, the conducting shell has atotal

net chargeof +Q. How much chargeis

located on the outer surface (r = 2R) of

the conducting shell?

Answer: 20

Solution: We know that the net charge on the conductor is given by the
sum of charge on the inner and outer surfaces, Qg = Qi + Quui- Gauss
Law tells us that

CDE — fE mA — Qenclowd

c . If we choose our Gaussian surfaceto bea
Surface 0

sphere with radiusr such that R<r < 2R then E = 0 (inside conducting
material) which implies that Qgngosed = QintQ = 0. Thus, Q;, =-Q and
Qout = 2Q.

Problem 19:

In the previous problem, what is the magnitude of the electric field in the
regionr < R inside the hole in the conducting shell?

Answer: KQ/r2

Solution: Gauss' Law tells us that

©. = fEM@A= ngc'm
0

. If we choose our Gaussian surfaceto be a
Qurface

sphere with radiusr such that r < R then we get E(r)4mr2 = Q/gp, and
solving for E gives E = KQ/r2.
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Chapter 25 Solutions

Problem 1.

If the potential difference between points A and B isequal to

V-V = 3x10% Volts, how much work (in milliJoules) must be done
(against the electric force) to move a change particle (Q = 3 microC) from
point A to point B without changing the kinetic energy of the particle?
Answer: -90

Solution: Wag = Q(Vg-Va) = (3x100 C)(3x10% V) = 9x102 J

=90 microC. We know that the work done against the electric field must be
negative since the particle will fall from high potential to low potential.

Problem 2:

Eight identical point charges, Q, arelocated at the corners of
acube with sides of length L. What is the electric potential at the center of
the cube? (Take V = 0 at infinity as the reference point.)
Answer:  9.2KQ/L
Solution: The potential at the center of the cube is given by
Vv _8KQ 16 KQ KQ

center d _\/é L :924T,

where | used d =+/3L /2.

Problem 3:

What is the electric potential energy of the configuration of eight identical
point charges, Q, at the corners of the cube with sides of length L in the
previous problem?

Answer: 228K Q2/L
Solution: Thetotal electric potential energy is given by
13 8 3 10KQ KQ?
U, == V. =—QV =4 %3+ + =22.79
cube 2;Q| [ 2Q corner Q ﬁ @E L L
where V qorner 1S the electric potential at the corner of the cube due to the
other 7 charges.
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Problem 4:

Two point chargesQ; =Q and Q,=Q are ~
onthex-axisat x =+L and x =-L and a Q3_?¢?’~y =L
third point charge Qs = Q is on the y-axis o
a thepointy =L asshownintheFigure. o~ "8 o

What isthe electric potential difference, - 1.8 ................. .Q%Q ...... _
AV =V -V, between the point P, at the x=-L i x=L XS
midpoint of the line between Q, and Qs :

and the point P, at the origin?

Answer: 0.5KQ/L

Solution: The electric potential at P, isgiven by,

v, =3kQ

At P, the electric potentia is
2KQ ,KQ_f4 , 2 [KQ
V, = +
2" 22 d B2 1oL

where d =/(v/2L/2)% +(2L)? =+10L/2 Thus
v - 2 _ 026 KQ
v, -V, Eﬁ+\/ﬁ BET 046~

y-axis
Problem 5:
Two point chargesQ; = Q and Q,=Q
areonthex-axisat x =+L and x =-L and
athird point charge Qs = Q ison the y- _ 0 ;Q _
axis at the p0| nt y = L asshowninthe ng ................ S.Q%Q ......

previous Figure. What isthe electric x=-L
potential energy of this charge
configuration?

Answer: 1.9KQZ/L
Solution: The electric potential energy of the charge configuration, Uq, is

given by,
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KQ? 2KQ? B; KQ? KQ?
U, = + == +4/2 =1.91—<_
oL 2L 0L L -

Problem 6:

In the problem 4, how much work must be done (against the electric force)
to move the charge Qs from the point y = L on the y-axisto the origin
resulting in the configuration shown in the Figur e?

Answer: 0.6KQ2/L
Solution: The potential potential energy of this new charge configuration,
Uo, isgiven by,

_ KQ2 2KQ2 5 KQ2
U, = + — i
2L L 2 L
and thus the work required is

U, —u. =Pt R (o )R ge K
W=U,-U, % > \EET 2-+2) =050

Problem 7: o

Three identical point charges, Q, are located at the A

corners of aright triangle with sides of length L as :

shown inthe Figure. What isthe electric potential | ! "oP

at the point P that bisects the hypotenuse? (Take V

= 0 at infinity as the reference point.)
Answer:  4.24KQJL o [ Y O
Solution: The electric potential at the point P that L

bisects the hypotenuse is given by,

V :3K—Q:3\EK—LQ:4.24K—LQ
r ,

where | used I :\/ELIZZ L/\/E.
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Problem 8:

What is the electric potential energy of the configuration of three identical
point charges, Q, located at the corners of aright triangle with sides of
length L in the previous problem?

Answer:  2.71KQ?/L
Solution: The potential potential energy of the charge configuration, U1, is

given by,
2 2
U, =28 L KQ
L V2L

—h+ 1H—KQ 71K
O J20L L

Problem 9: Co
In problem 7, how much work is required to P,
move the charge located at the 90° angle of the L Q.

equilateral triangle to the point P that bisects the
hypotenuse?

Answer: 0.828K Q2/|_ e L .......... .
Solution: The potential potential energy of this
new charge configuration, Uo, is given by,

2 2
u, =K, KQ

NIRRT
B HKQ_SKQz-
2 20L 2 L

and thus the work required is

w=uU,-U, = B—Z—ig&

D\F J2o L
_H4 _ KQ?
_Eﬁ .
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Problem 10:
Threeidentical charged particles (Q = 3.0 T
microC) are placed at the vertices of an 0
equilatera triangle with side of length L= 1m S
and released simultaneously from rest as shown
in the Figure. What isthe kinetic energy (in . ‘
milliJ) of one of the particles after the triangle Q._" ____________ e,
has expanded to four timesitsinitial area? L
Answer: 405 / \
Solution: Here we use energy conservation as follows:
KQ2
Ei =0+ 3T

KQ?,
= +3——
E, =3KE +3 oL

where K E isthe kinetic energy of one of the particlesand whereL; =L and
L =2L (sincethe areaincreased by factor of 4). Setting E; = E¢ yields
KE = K_QZQ_EQ: KQ? _ (899 x10° Nnt / C?*)(3x107°C)?
L 2 2L 2(1m)

=405m)

Problem 11.: E
A uniform electric field E=10 V/m points Zn

in the x direction as shown in the Figure.
Point A has coordinates (0,1m) and point
B has coordinated (2m,2m), where points
are labeled according to P=(x,y). Whatis ----------------: SRR
the potential difference Vg-Vp (in Volts)? :
Answer: -20.0 ;
Solution: The potential differenceis equal : R
to the following line integral, :

v
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where | have chosen the path shown in the Figure. Evaluating the line
integral along AC gives zero since E is perpendicular to the path and along

the path CB E is parallel to the path so that,
C

Efdl =0
J

Ol @

and hence Vg-Vp =-20V.

Problem 12:

A uniform electric field E=400 VV/m crosses the

x-axis at a40° angle as shown in the Figure.

Point B lies on the x-axis 5 cm to the right of
theorigin A. What isthe potential difference
Vg-Va (in Volts)?

Answer: -15.3

Solution: We know that

E [dl = Ed = (10V / m)(2m) =20V

B
Ve =V, =—[EWF and hence Vg-Va = -E cos L = -(400 VV/m) cos(40°)
A

(0.05m) =-153 V.

Problem 13:

A non-uniform electric field is given by
E(x) = ax®X , wherea = 10 V/m3 as shown
in the Figure. Point B lies at x=y=3 m and
point A isat the origin (x=y=0). What isthe
potential difference V-V (in Volts)?

Answer:  -90
Solution: The potential differenceisequal to
the following line integral,

Solutions Chapter 25
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B C B
V,-V,=-|El =-|EMd -[Ed
A e T A
where | have chosen the path shown in the Figure. Evaluating the line
integral along CB gives zero since E is perpendicular to the path and along
the path AC E isparallée to the path so that,
B
-[Em =0
C
C _ _ 3 1
—IE [all = —Iaxzdx = —éa(?)m)3 Y
A 0

and hence Vg-Vp =-90V.

Problem 14:

The potential along the x-axisis given by V(x) = ax-bx?2, where a=2 V//m
and b=1V/m2. At what val ue(s) of x (in m) isthe electric field equal to
zero?

Answer: 1
Solution: The electric field is minus the derivative of the potential,
dv
E,=—=-a-2bx) =0
=g =2 =0
Solving for x gives
a 2/ I'm

=% " 2v me) o

Problem 15:

The potential is given by V(x,y) = a/(x2+y2), wherea = 2 Vm2. What is
the magnitude of the electric field (V/m) at the point, P = (x,y) = (1m,1m)?
Answer: 14

Solution: The three components of the electric field are given by,
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g =-9V._ 2xal(x* + y?)?
0X

E, = =2yal(x* + y?)?
SV
0z

and the magnitude of the electric field is
— 2 2 2 _
E=EZ+EZ+E? =

2a
(X" +y°)
At theorigin x = 1m and y = 1m the magnitude of the electric field is

2(2VnY) _
E=22") am? =J2v/m=14N/m

3/2 .

Problem 16:

The potential is given by V(x,y,z) = ax+by+cz2, wherea=3V/m, b = -4
V/m ,and ¢ = 5V/m?. What is the magnitude of the electric field (in V/m)
at the origin, P=(x,y,2)=(0,0,0)?

Answer: 5
Solution: The three components of the electric field are given by,
oV
E,=———=-a
0X
ov
E,=——=-b
ay
ov
E,=——=-2cz
0z

and the magnitude of the electricfield is
E=E2+E2+E? =ya’ +b* +4c’Z
At the origin z = 0 and the magnitude of the electric field is
E=va?+b? =+/(3V/m)2+(-4Vv /m)?> =5V /m,
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Problem 17:

Two thin concentric circular plastic rods of radius R
and 2R have equal and opposite uniform charge
densities -\ and +A, respectively, distributed along
their circumferences as shown in the Figure. What is
the electric potential at the center of the two circles?
(Take V = 0 at infinity as the reference point.)
Answer: zero

Solution: The electric potential at the center of the
two circlesisgiven by,

v -KQ | KQ, _K2mA _K2m

=2 (A -A) =0
r-1 r.2 r.1 r-2 ’
where the charge on acircular rod is Q = 21T A.
Problem 18:
A positive charge Q is distributed uniformly along Total Charge +Q
athin circular ring of radius R. A negatively onring

charged particle (charge -Q) is at the center of the

ring as shown in the Figure. What isthe electric

potential at a point on the z-axis of thering a
distance R from the center. (Take V=0 at infinity . zaxis
as the reference point.)

Answer: -0.293KQ/R

Solution: The net potential is the sum of the potential of the ring plus the
potential of the point charge as follows:

V(2 = X hichat z=Rb
\/m 7 wnic Z= ecomes
KQO1 [ KQ

V(R =" E 5 ~1= 029
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Problem 19: v

Aninfinitely long thin rod lies along the

y-axis and has a uniform linear charge « > ®
density A = 3 microC/m asshowninthe  A=3yc/m 2a

Figure. If point P, = (a,0) and point P, =
(2a,b), where P = (x,y), what is the

potential difference AV = V,-V, (in S T 3 x-axis
kiloVolts)? -
Answer: -37.4 v E = 2K\

Solution: We know that the electric field

from and infinite rod points away from the rod and has a magnitude given
by E(r) = 2KA/r. The potential differenceis equal to the following line
integral,

AV =V, -V, :—}E el :—}Emr —}EE}IT’
1 1 3

where | have chosen the path shown in the Figure. Evaluating the line
integral along 32 gives zero since E is perpendicular to the path and along
the path 13 E is parallel to the path so that,

2

—(El =0
3 2‘:[
= e p2KA
—{Em = I—x dx =—-2KAIn(2)

a
and hence

AV =V, -V, = -2KA In(2)
= —2(8.99%x10° Nm? / C?)(3x10°°C / m) In(2) = —37.4kV
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<

Charge Q on Rod

Problem 20:
A positive charge Q is distributed uniformly along athin rod of length L as
shown in the Figure. What isthe electric potential at a point P on the axis
of therod adistance L from the end of therod? (TakeV =0 at infinity as
the reference point.)
Answer:  0.693KQJ/L
Solution: The electric potential at the point P is given by

2L

V= KA _ kA In@) =In2) KQ = 0,603 K2
! X L L

where | used dQ = Adx.

Problem 21:

A circular plastic rod of radiusR hasa
positive charge +Q uniformly distributed
along one-quarter of its circumference and a
negative charge of -3Q uniformly distributed +Q
along the rest of the circumference as shown inthe Figure. What IS
the electric potential at the center of the circle? (TakeV = 0 at infinity asthe
reference point.)?

Answer: -2KQ/R

Solution: The electric potential at the center of the circleis given by,

v -KQ_3KQ__,KQ
R R R -

Problem 22:

The electric field at the surface of a solid spherical conductor (radius R = 20
cm) points radially outward and has a magnitude of 10 V/m. Calculate the
electric potential (in Volts) at the center of the conducting sphere. (Take V
= 0 at infinity asthe reference point.)

Answer: 2
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Solution: At the surface of the conductor we know that,

_KQ _ KQ
Vsurface N Esurface TR .
R R
Hence,
Vcenter :Vsurface EsurfaceR (10\/ / m) (O 2m) 2\/
Problem 23:

A solid insulating sphere of radius R has charge a total charge Q distributed
uniformly throughout its volume (the volume charge density p is constant).
If the electric potential is zero at infinity and 12 Volts at the center of the
sphere, what is the potential at the surfacer =R (in Volts)?

Answer: 8

Solution: The electric field inside the insulator (r < R) is given by

E(r) =K Qr/R3 and the potental difference between the center and the
surfaceis,

_1KQ
2 R

V,

surface center

~ KQr
=- IE o I—dQ
We know that V g rface = KQ/R which means that

_3KQ _2 _
center 5? and Vsurface - gvcenter =8V .
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Chapter 26 Solutions

Problem 1.

What is the capacitance C of asolid spherical conducting shell with inner
radius R and outer radius 2R?

Answer: 2R/K

Solution: The electric potential of the solid spherical conductor is given by

Problem 2;

An energy of 9.0x10°3 Joules is stored by a capacitor that has a potential
difference of 85 Voltsacrossit. Determine the capacitance of the capacitor
(in microF).

Answer: 25

Solution: We know that

U :%C(AV)Z’
and hence
-3
_ 2U = 2(9%10 2J) = 2 51F
(AV) (85V) '
Problem 3:

Capacitor #1 with capacitance C and initial charge Q is connected in
parallel across an initially uncharged capacitor with capacitance 2C (#2).
After the system comes to equilibrium, what is the charge on capacitor #17?
Answer: Q/3

Solution: After the two capacitors are connected their charges must
satisify
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Q+Q,=Q
Q_Q
C 2C

whre the first condition comes from charge conservation and the second
comes from the fact that the potential drop across each capacitor isthe same
since they are connected in parallel. Solving for Q4 yields

-Q
Q=3

Problem 4.

A charged conducting sphere with aradius of 5 cm has a potential of 8
kilovoltsrelative to infinity. What isthe electric field energy density
(in J/m3) at a point near the surface outside the conductor?

Answer: 0.11
Solution: At the surface of the conductor we know that,

_KQ _KQ
Vsurface - Esurface T2 .
R R
Hence, the electric field energy density is
1 , 1 V?
u=—gE" ==-¢,—
27 2°R?

_ (8:85x10™2C? /(Nm?))(8x10°V)?

3 =0.113/m’
2(5%x107m)

Problem 5;

The electric field energy density near the surface of an isolated charged

conducting sphere with aradius of 5 cm is 0.1 J/m3. What is the electric
potential (in kiloVolts) at the center of the conductor?

Answer: 7.5

Solution: At the surface of the conductor we know that,

v, =KQ g _KQ

surface — surface 2
R R

and the electric field energy density is
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1

:EsoEz_

Thus,

Vcenter :Vsurface R 2u
80

3

= (0.05m), |20 75y
8.85x10™2C? /(Nm?)

where | have used the fact that the potential is constant throughout the
conductor.

Problem 6: 1 s
In acertain region of space the electric field
isgivenby, E = AyR, L/

where A=100 V/m2. Theelectric field points yaxis
in the x direction and has a constant ° >
magnitude given by E(y)=Ay. What isthe L
total amount of electric potential energy (in
milliJoules) contained in the electric field DU N
within the cube with sides of length L=20 ‘K

meter s shown in Figure?

Answer: 47.2

Solution: The energy stored inthe electric field linesis given by

U = IudV J'—EE L°dy 1&:AZLZIydy —g, AL

and plugging in the numbers gives
U = (8.85x10"12 C2/(Nm?))(100 VV/m?)2(20 m)®/6 = 47.2 mJ.
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Problem 7: |
Given an open-air parallel-plate capacitor

of plate area A and plate separation d as
shown in the Figure. A flat dlice of
conducting material (thickness b; b<d) of d ¢ b
the same area A is now carefully inserted
between the plates parallel to them without
touching. If the charge Q on the capacitor -Q
was unchanged during this operation, must ‘

the metal slice be forced between the plates

or will it be pulled in by electrostatic forces, and what is the new
capacitance?

Answer:  ggA/(d-b), pulled

Solution: Initially the capacitor has E = Q/(ggA), AV = Ed, C; = ggA/d,
and stored energy

+0

= Q2 = Q2d
T 2C  2g,A
After the conducting material isinserted, we have two capacitorsin series
with

U

A 2gA _C_ gA

= 80 = -
¢ %d_bg @-b ad G =5 (d-b)
2 2

The stored energy is now

U, = Q’ :Qz(d-b)<u
fToc,  2gA |

Since the final stored energy islessthan theinitial stored energy, the
conducting material will be pulled in by the electrostatic force with the
difference in stored energy doing the work.
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Chapter 27 Solutions

Problem 1.

Wire B isthree times longer than wire A, and the two wires have the same
volume. If both wires are made of the same substance and if the resistance
of wire A is9 Ohms, what is the resistance of wire B (in Ohms).

Answer: 81

Solution: We know that the resistance of awire of length L, cross
sectional area A, and resistivity p is given by

whereV isthevolumn, V = LA. Thus,

2 2 2
R, =P - PEL)" _gPla _gr —g00) =810
VB VA VA .

Problem 2:
How much current passes through the 1 Q 1

resistor in the circuit shown in the Figure? |
Answer:  61/11 > [ 2&
Solution: Since the potential drop across
each resistor isthe same (i.e. paralel) we IL&
know that 3

LR =1,R, =13R; andinaddition 1, +1,+1;=1.

,+R1I1+R1I %

and solving for |1 giv&s

Hence,
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Problem 3:

Consider along straight cylindrical wire with radius R carrying the non-

uniform current density, J(r)=ar2, wherer is the distance from the center
axis of thewire. How much total current | passes through the wire?

Answer:  TaRY2
Solution: Thecurrent | isthe “flux” associated with the current density as
follows:

I :Ij m&:i(arz)andr = 2rajr3dr :%naR“_

Problem 4.

Consider along straight cylindrical wire with radiusR = 0.1 mis carrying
the non-uniform current density which points along the axis of the wire and
has a magnitude, J(r) = a/r, wherer isthe distance from the center axis of
thewire. If a=2 A/m, how much total current | passes through the wire (in
A)?

Answer: 1.26

Solution: Thecurrent | isthe “flux” associated with the current density as
follows:

R
| = [J @A E?Eznrdr = 2/8R = 271(2A/ m)(0.1m) =1.26A
0
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cut

Problem 5;

Consider the infinite chain of resistors shown in the Figure. Calculate the
effective resistance, R, (in Ohms) of the network between the terminals A
and B given that each of the resistors hasresistancer =1 Ohm.

Answer: 0.7
Solution: Wefirst
cut the infinite chain
at the point shownin
the figure and
replace the infinite
chain to the right of
the cut by its
effective resistance
R. We then combine
the three resistorsin series and then combiner and R+2r in parallel giving,

1_1 1
==+

R r R+2r-

_— R R+2r

which implies that
R2+2rR-2r?=0 and R=(-1+3) =0.73r,
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Chapter 28 Solutions

Problem 1: =

Consider the circuit consisting of an EMF

and threeresistorsshown inthe Figure. | — Ri=4Q Re= 12
How much current flows through the 4 T

Q resistor (in Amps)? | l1 I
Answer: 3 44—

Solution: The original circuit is equivalent
to acircuit with and EMF and one resistor with resistance R;qt given by

R, =3Q+R,; =3Q+3Q=6Q
where Rgrs = 3Q from
1 _ 1 N 1 _ 1
R, 4Q 120 3Q-
Thus, the current | = 24V/6Q = 4A. Now, we know thel =11 + |5 and that
AV1=11R1=AV>2=15R5and hence

|, = R I :g(4A):3A
R+R 16 '

Problem 2:

A constant power P is supplied to atransmission line of resistance R by a
power station. |If the power dissipated in the transmission line is 200 Watts
when the power station delivers an EMF of 10 Volts, how much power is
dissipated in the transmission line (in W) when the power station delivers
an EMF of 20 Volts (assuming the same power is supplied in both cases)?
Answer: 50

Solution: The powers supplied by the station is given by

I:)station - |1V1 - I2\/2,
IS constant so that
|2 — V1
Il V2 ’
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whereV1 =10V and Vo =20 V. Now the power disapated in thelineis
P=1°R so that

P2: Izéaz%gF)l:E:SO‘N
l, 2 4 '

The power station loses less energy in the line if it transmits power at a
higher voltage!

Problem 3;

A capacitor C with aninitial charge Q discharges through aresistor R.
How many time constants T = RC must elapse in order for the capacitor to
lose 2/3 of its charge?

Answer: 1.1

Solution: For an RC circuit with the charge Q(t) given by

Q) =Qe™  and
t=-1log(Q(t)/Q,) =-1log1/3) =1.1r
where T = RC and where | used Q(t)/Qqg = 1/3.

Problem 4:
The capacitor in the Figure isinitially uncharged. —
After the switchisclosed (EMF =12 V), what isthe —
magnitude of the potential difference across the
capacitor (in V) when the charge on the capacitor

reaches one-third of its maximum value? l
Answer: 4

Solution: The potential difference acrosstheisAV¢ = Q/C=¢C/(3C) =

e/3=4V,wherel used Qmax = €C.

Problem 5: | —
A charged capacitor C has aresistance R connected
acrossitsterminalsto form the RC circuit showninthe ——_
Figure. If it takes 2 seconds for the capacitor to |loose

one-half of its stored energy, how long doesit take (in )

for it to loose 90% of itsinitial charge?
Answer: 133
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Solution: The stored energy in the RC circuit is given by

Q(t)?
2C

u(t) = =U,e?"

and solving for T gives

— 2t — 2t
I=RC= L =1

In(U(t)/U,) In(05)

wheret, = 2 s. The charge asafunction of timeis

Qt)=Qe™ ad t=-TIN(Q(t)/ Q).

(= 2uIn(01) _ 2(29)In(01) _
~ In(05  In(05)

Thus,

133s

Problem 6:

A capacitor, C, is (fully) charged by connecting it N e
toal0 Volt EMF and then is allowed to discharge

through a2 Q resistor as shown in the Figure? P — IR:ZQ
What isthe current, |, in the circuit (in A) when the
stored energy in the capacitor has dropped to 50%
of itsinitial value?

Answer: 35

Solution: The charge, Q(t), and stored energy, U(t), as afunction of timeis
given by

Q(t) — Qoe—t/RC — Qoe—t/T
2
U (t) — (2?_C — er—Zt/RC — er—zt/T ,

where Ug = QOZ/(ZC) and Qo = CV,. HereV,isthe potential acrossthe
capacitor at t = 0 (equal to the EMF that fully charged the capacitor). If t,is
the time when the stored energy reaches 50% of itsinitial value, then

2t /T — 1 : : e‘ta/r —i
€ =~ and taking the square-root gives =

\/E .

The current at time t, isgiven by
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] 1 _1v 1 _5
() =1.e% =FoHL = =2 A=35A
()=l OREV2 2Q 42 2 ’

where | used |, = V/R.

Problem 7:
A "leaky" capacitor's faulty insulation allows charge to pass slowly
from one plate to the other. Suppose that a charged leaky 2.0 microF
capacitor's potential difference dropsto one-fourth itsinitial valuein
2.0 sec. What is the equivalent resistance between the capacitor plates, in
megaOhms? (Hint: the leaky capacitor forms an RC circuit.)
Answer: 0.72
Solution: Theleaky capacitor forms an RC circuit with the charge Q(t)
given by
-1
= Ut T=RC=
QD =Qe ™ and InQM)/Q,)

Solving for the resistance R gives
-t —(29)

R Q) Q) ~ (2x10°F)In(02g) _ /M.
- -
c R I c—— R I I R
left right
Problem 8:

Consider the discharging of the two capacitors shown in the Figure. Both
capacitors have equal capacitance C and both have an initial charge of 8
microC. When the switches are closed the capacitor an the left will
discharge through a single resistor with resistance R, while the capacitor on
the right discharges through two equal resistors with resistance R connected
in parallel. If the switches are closed simultaneously, how much chargeis
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on the right capacitor (in microC) when the left capacitor’s chargeis 4
microC?

Answer: 2

Solution: The charge as afunction of time on the two capacitorsis given

by
Qe (t) = Qoe_t/RC

Qright (t)= Qoe_zt/RC ’

where | used the fact the the effective resistance on theright sideis Rgfs =

R/2. Hence,
R
Q ight Q '

Thus, when the left side Q(t)/Qg = 4/8 = 1/2 the right side has Q(t)/Qg =
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Chapter 29 Solutions

Problem 1.

A charged particle, Q = 0.5 C, enters aregion with a uniform magnetic field
B =2%+3y+42 (in Teda). If itsvelocity isgiven by V = 2% + 3§ + 22
(in m/s), what is the magnitude of the magnetic force on the particle (in N)?

Answer: 3.6
Solution: We know that the magnetic force on aparticleis

Xy 2
F=QixB=0Q2 3 2=Q(6x-4YV)
2 3 |
The magnitude of theforceis

F = Q+/36 +16 = (0.5)v52N = 3.6N .

Problem 2

A charged particle, Q=0.5 C, and mass M = 200 grams enters aregion with
auniform magnetic field B=2%x-1y (in Tesla). What is the magnitude of
the magnetic force on the particle (in N), if itsvelocity is V.= 4X - 2y (in
m/s)?

Answer: zero

Solution: We know that the magnetic force on aparticleis

~ ~

X Vy Z
F=QUxB=Q4 -2 0=0
2 -1 0

Note that v isin the same direction as B and hence the magnetic forceis
zero.

Problem 3:

One end of a straight wire segment is located at (x,y,z) = (0,0,0) and the
other end isat (1m,2m,3m). A current of 2 Amps flows through the

segment. The segment sitsin a uniform magnetic field B = 2X - 1Y (in
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Teda). What isthe magnitude of the magnetic force (in N) on the wire

segment?
Answer: 16.7
Solution: We know that the magnetic force on awire segment is
Xy 2
F=ILxB=11 2 3=1(3%+69-52)Tm
2 -1 0 |

with the magnitude of the for ce given by
\ﬁ\ = 1/9+36 +25Tm = (2A)8.367Tm = 16.73N _

Problem 4.
An electric power transmission line located an average distance of 20 m
above the earth's surface carries a current of 800 Amps from east to west, in

aregion where the earth's magnetic field is 0.8 gauss due north at 60° below

the horizontal. What is the magnitude of the force per meter on theline (in

milliN/m)?

Answer: 64

Solution: We know that the force on a straight wire is given by
F=ILxB.

In this case L and B are perpendicular and hence,

% = IB = (800 A)(0.8x107T) = 64x10°N /m_

Problem 5:
A charged particle, Q=0.1 C, traveling in the x-direction with velocity
V =V,X entersaregion of space that has an electric field in the y-direction

given by E = E,¥ with Eg = 10 Volts and amagnetic field in the z-
direction given by B = B,Z with Bo=0.2 Tedla. If the particle experiences
no net force and continues with the same speed and direction, what isits
speed vg (in m/s)?

Answer: 50

Solution: The electric forceis given by
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IEE = QE,y
and the magnetic forceis
F. =QVxB=-Qv,B,y
and setting Fe + F = Oimpliesthat
E, _ 10V
° B, 02T

=50m/s

Problem 6: e rr e

A charged particle traveling in the y-direction
with amomentum of 0.01 kg m/s entersaregion e
of space that has auniform 1 Tesla magnetic °
field in the z-direction as shown the Figure. If
the particle enters the magnetic field at the point
A and then exits the magnetic field at the point B
located a distance of 0.5 m to the left of the point A, what is the charge of
the particle (in milliC)?

Answer:  -40

Solution: The radius of the circular path followed by the charged particle
calculated by setting the force equal to the mass times the centripetal
acceleration as follows,

mv 2

[QIVB =—-,
and solving for the magnitude of the charge gives
10| mv _ 2p _ 2(0.01kgm/s) — 4
RB dB (0.5m)(1T) '

where | used p = mv and d = 2R. We know that the sign of the charge must
be negative since the particle moves to the | eft.
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Problem 7: °

A charged particle traveling in the y-direction ®
enters aregion of space that has a uniform 2 °
Tesla magnetic field in the z-direction as .
shown in the Figure. If the particle hasa
charge of 0.1 C and amass of 0.2 kg how long
(in seconds) does it take for the particle to
reverse direction and exit the region?

Answer: 3.1

Solution: The radius of the circular path followed by the charged particle
calculated by setting the force equal to the mass times the centripetal
acceleration as follows,

mv mv

Q R , and solving for the radius gives OB -

Thetimeisgiven by the distance traveled divided by the speed as follows:
¢ = R _mm _ 1(0.2kg) ~ 3145
\Y QB (0.1C)(2T)

Problem 8: .
Particle #1 and particle #2 travel along the
y-axis and enter aregion of space that hasa
uniform 2 Tesla magnetic field in the z- [
direction as shown in the Figure. Both
particles have the same charge, Q=0.1 C,
and both have the same speed, v = 10 m/s.
If the particles are adistance Ax = X,-X; =
0.3 meters apart when they exit the region,
what is the difference in their mass, AM = M,-M, (in grams)?
Answer: 3
Solution: Theradius of the circular path followed by a charged particleis
calculated by setting the force equal to the mass times the centripetal
acceleration as follows,
My ? . o R M

R and solving for the radius gives B -

QvB =

Thus,
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B B
AM :Mz—MleT(RZ—Rl):?Z—VAx

_ (0.1C)(2T)
2(10m/s)
wherel usedAX = X, — X, = 2R, - 2R, = 2AR..

(0.3m) = 3g

Problem 9:

A circular loop of wire of radiusR = 1 miscarrying a
current of 2 Amps as shown in the Figure, A particle

with charge Q = 3x10°3 C is on the axis of the loop
(z-axis) adistance of d = 0.5 metersaway from the loop
and is moving with a speed of 2x10% m/s along the x-axis
(i.e. perpendicular to the axis of the loop). What isthe
magnitude of the magnetic force (in milliN) on the |
particle due to the loop?

Answer: 54

Solution: The magnetic field on the z-axis of the loop adistanced = 0.5
meters from theloop is

2K nR? _ (2x107"Tm/ A)(2A) i(1m)®
z = (22 + R2)3/2 - ((O.5m)2 +(1m)2)3/2
The magnitude of the magnetic force on the particleis
IF| = QvB = (3x107°C)(2 x10°m/ 5)(8.99 x107'T) =54mN .

=899x107'T
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Chapter 30 Solutions

Problern 1 P o p

The bent wire carries current |, as
shown the Figure. What isthe
magnetic field at point P, at distance d B

directly opposite the 90° bend
(k = po/4m? Y
Answer: kl/d, out of page

Solution: Wire A does not contribute at P since dl xf =0 and wire B
(semi-infinite wire) contributes kl/d (one half of 2kli/d).

Problem 2:

Two semi-infinite straight pieces of

wire are connected by acircular

loop segment of radius R as shown | ) N
inthe Figure. If extrapolated to e .
their intersection point straight wires

would form a 30° angle. If thewires carry acurrent |, what isthe
magnitude of the magnetic field at the center of the circular arc (k = po/4m)?

Answer: 4.62kl/R
Solution: The magnetic field at the center of the circular loop segment is
the superposition of three terms as follows:

g, =X M HO T 5 ae2) K 2 g6
R R {180° AR R R -
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Problem 3:

Three concentric current loops have radii
R, 2R, and 3R, as shown in the Figure.
The loop with radius 2R carries a current
of 2| and the loop with radius 3R carriesa
current of 3l in the same direction
(counter-clockwise). If the net magnetic
field at the center of the three loopsis zero,
what is the magnitude and direction of the
current in the loop with radius R?
Answer: 2I, clockwise

Solution: If we define the z-axis to be out of the paper then the net
magnetic field at the center of the three circlesis given by

5 27, 2mk(21) |, 27k(31) _

‘ R 2R 3R '
where | ; isthe current (clockwise) in the smallest loop. Solving for I, gives
l,=2l.

Problem 4:

Two semi-infinite straight pieces of wire

are connected by acircular loop segment

of radius R as shown inthe Figure. If the |
two straight pieces of wire are >
perpendicular to each other and if the

circuit carriesacurrent I, what is the

magnitude of the magnetic field at the :
center of thecircular arc (k = pp/4m)?

Answer: 6.71kI/R
Solution: If we define the z-axis to be out of the paper then the net
magnetic field at the center of the circular arc is given by

L L L I 4= Y
R R 2R O 2CR R

v

Solutions Chapter 30 Page 2 of 11



PHY2049 R.D. Field

Problem 5:

Aninfinitely long straight wire
carriesacurrent | 1, and awire loop
of radius R carriesacurrent |, as
shown intheFigure. If 11=4l»,
and if the net magnetic field at the
center of the circular loop is zero,
how far isthe center of the loop
from the straight wire?

Answer: 1.27R

Solution: Setting magnitudes of the magnetic field from the loop and wire
egual to each other yields

Solving for y gives

Problem 6:

Four infinitely long parallel wires each carrying
acurrent | form the corners of square with sides
of length L as shown inthe Figure. If three of _
the wire carry the current | in the samedirection L
(out of the page) and one of the wires carries 5
the current | in the opposite direction (into the

page), what is the net magnetic field at the I-out 2
center of the square (k = pp/4m)?

Answer: 5.7kl/L

Solution: From the Figure that the magnetic fields from wires 1 and 3
cancel and the magnetic fields from wires 2 and 4 add. Thus, the net
magnetic field is given by

B=22K_ -4 oM _567 K
L L L
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Problem 7:

Two infinitely long parallel wires are a
distance d apart and carry equal parallel
currents | in the same direction as shown the
Figure. If thewiresarelocated on the y-axis
aty=d/2andy = -d/2, what is the distance x
to the point P on the positive x-axis where the
magnitude of the magnetic field is maximum?
Answer: d/2

Solution: The magnetic field at the point P
ISthe vector superposition of the magnetic
field from each of the two wires as follows:

R.D. Field

B, = %(cos@fwsin 69)

L 2K

B, === (- cosk +sin 69)

wherer? = x2 +(d/2)2. Hence, the net magnetic field isin the positivey

direction with magnitude

B :ﬁg :4k|X_

neo

4KkIx

y

. 2 (x2+(d/2)?)"

where | used sin@ = x/r. To find the point where B is maximum we take the

derivative as follows,

1

dx
which implies that

dB —ox?
y :4k|E 2X

Solutions Chapter 30

OE+(d12)5)7  (E+(d/2)7)

Lo

—2x*+x*+(d/2)*=0 and x=d/2.
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Problem 8: A
Two infinitely long parallel wires are
adistance d apart and carry equal
antiparallel currents| as shown in the y o

Figure. If thewiresarelocated on the P

y-axis at y=+d/2 and y=-d/2, what is o, 0
the magnitude of the magnetic field at P —>—>
apoint x on the x-axis (assume that x

>>d and let k = pg/4m?

Answer: 2kl d/x? n @
Solution: The magnetic field at the 5
point P isthe vector superposition of the magnetic field from each of the
two wires as follows:

2Kkl

B, = ——(cos 6% +sin 69)

B, = 2% (cos@x sin 6y)

wherer? = x2 +(d/2)2. Hence, the net magnetic field isin the positive x
direction with magnitude

4k| 2kld 2kld 2kid
B, = 0s6 = 2 T 1,2 2y 2,
r r (x*+(d/2)9) X

where | used cosB = d/(2r).

Problem 9: y-axis
Two infinitely long parallel wires are a e
distance d apart and carry equal antiparallel
currents | as shown in the Figure. If the
wires are located on they-axisat y = 0 and

y = d, what is the magnitude of the magnetic : By

field at the point X = d on the x-axis? - SRR a5
Answer: ~/2kl /d P x= 1
Solution: The magnetic field at Pisthe B>

superposition of the fields from each wire as
follows:
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,o_2kip1 o1 0
1T 24 02 J2 b
- 2kl
B, = -~ —— Y
- ~ — kl R
Bw: = B, + B, :d_(x_y)
with [B| = 2K /d .
Problem 10:
A singleinfinitely long J >

straight piece of wire carrying
acurrent | issplit and bent so
that it includes two half
circular loops of radius R, as
shown in the Figure. If current | 1 goes through the top loop and current | 5
through the lower loop (with | =141+I5) and if 1, = 21 what isthe
magnitude of the magnetic field at the center of the circle (k = pg/4m)?
Answer: 7kl /(3R)

Solution: The magnetic field at the center of the loop is

. ik, _ k(1= 1) _ i

B, =
R R R 3R’

wherel used 11 =1/3and |, = 2I/3.
Problem 11: I
A singleinfinitely long /g\
straight piece of wire . . >
carrying acurrent | is split \f/
and bent so that it includes
two half circular loops of -l

radius R, as shown in the Figure. If current | 1 goes through the top loop
(and I -1 1 through the lower loop) and if the magnetic field at the center of

the loopsis B = 7kl / (2R)2 where the z-axis is out of the paper, what is
the current [1?
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Answer: /4
Solution: The magnetic field at the center of the loopsis
B = k(1 —1,) _ TKI | _ &(l - 21,) _ Kl
z R R R 2R

Hence,
|
| -2, == I, =

|
2 4

Problem 12;

Three coaxial current loops of radius R
each carrry acurrent | as shown in the
Figure. The center loop carriesthe
current in the opposite direction from

the outer two loops. If the centers of | )
the current loops are a distance R apart

what isthe magnitude of the magnetic field at the center of the middle
current loop (k = po/41D)?

Answer:  1.84kI/R

Solution: The magnetic field at the center of the middle loop isthe
superposition of the magnetic fields from each of the three loops as follows:

5. 2R . 7
1 (R2+R2)3/2 R\/§
- 21Kl .

B, =% 5

R
. 27KIR? o

2= -

B3__(R2+R2)3/2 R—\/EZ
The net magnetic field isgiven by
Tkl 1 LH ki
[l

B,=——[P-——~

RO 2 42
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Problem 13: |

Three infinitely long parallel <

straight wires lie in the xy-plane as d P
shown in the Figure. The middle <

wire carresacurrent | to the left Id y‘
while the top and bottom wires each R >x

carry acurrent | to theright. If the I

wires are adistance d apart, what is

the magnitude of the magnetic field at the midpoint P between the top and
middle wire (k = po/4m)?

Answer:  6.67kl/d

Solution: The magnetic field at midpoint P between the top and middle
wire isthe superposition of the magnetic fields from each of the three wires
asfollows:

5, =-2K 5 4,
d/2 d

s 2K Ak,

midddle d/2 d

B = z
botom - 3d / 2 3d
The net magnetic field is given by

__ 2K _20_ a7
B, = dgmz 3% 6.67

Problem 14:
In the previous problem, what is the y-component of the force per unit
length exerted on the top wire due to the other two wires (k = po/4m)?

Answer:  kI%d
Solution: The magnetic field at the top wire due to the other two wiresis

given by
é = —ﬁa—l& = —k_lz
d O 20 d
and the force on alength L of the top wire due to this magnetic field is

Solutions Chapter 30 Page 8 of 11



PHY2049 R. D. Field

kIZLy
d :

The y-component of the force per unit length isthus, F,/L = kl4/d.

xB =

i

F=lI

Problem 15:

The Figure shows the cross section of asolid
cylindrical conductor with radiusR. The
conductor is carrying a uniformly distributed
current | (out of page). Find the magnitude of the
magnetic field, B, inside the conductor a distance
r = R/4 from the center (k = pp/4m).

Answer:  KkI/(2R)
Solution: If wedraw aloop at radiusr
(r <R), then Ampere'sLaw tells us that

féﬂir =21 B(r) = Holenciosed , with | ggeeeq = 7 2J and
Loop

| o« =TR?J  whereJ isthe (uniform) current density. Hence,

2Kkl 2Kkr|
B(r) = enclosed — tot
(r) === —~al
Plugging inr = R/4 gives B = kl/(2R).

Problem 16:

The Figur e shows the cross section of a solid cylindrical
conductor with radius 0.2 m. The conductor is carrying
auniformly distributed current | (out of page). If the
magnitude of the magnetic field inside the conductor a
distance 0.1 m from the center is 0.1 microT esla, what
isthetotal currrent, |, carried by the cylindrical conductor (in Amps)?
Answer: 0.2

Solution: If wedraw aloop at radiusr (r < R), then Ampere'sLaw tells
us that
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fémr - ZmB(r) = :uOIencIosed , with Ienclosed - mz‘] and

Loop

l ot = mR?J , where J isthe (uniform) current density. Hence,

2krl _ ki,
B(r) :T” and B(R/2) —%.

Solving for | gives
_ RB(R/2) _ (0.2m)(0.1x10°°T)

Lt = - =0.2A
K 1x10°"Tm/ A
Problem 17: A N
An infinite conducting sheet of //' /)'B /' % /’/
thickness T liesin the xz-plane ARV ASY, /
and carriesauniformly ] A ,B 7 7 .

distributed current density J in S
the —z direction as shown in the
Figure. What isthe magnitude z
and direction of the magnetic field at distance d above the sheet (in the +y
direction, k = pg/4m)?
Answer: +0.5U,JTX
Solution: If wedraw an “Amperian” loop (square with sides of length L),
then Ampere'sLaw tells us that
féml = 2LB = Ul guioed = HoJTL

Loop

Solving for B gives
B =0.5u,JTX .

Problem 18:

A long straight cylindrical wire with radius R (see the
Figure) is carrying a non-uniform current density which
points along the axis of the wire and has a magnitude, J(r)
= alr, whereaisaconstant and r isthe distance from the
center axis of thewire. What is the magnitude of the
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magnetic field inside the wire adistance r from the center (0 <r < R)?
Answer: Hpa

Solution: If wedraw aloop at radiusr (r <R), then Ampere'sLaw tellsus
that

FBLEN = 2mB(r) = L) crosea |

Loop
with
s ¢ _cd
[ :IJ mA:!?Zmdr = 2rmar
Hence,
B(r) = Holsmem = o
Problem 19:

The Figure shows the cross section of a solid
cylindrical conductor with radius 3R with a
cylindrical hole of radiusR. The conductor is
carrying auniformly distributed current | (out of
page). Find the magnitude of the magnetic field, B,
at adistancer = 2R from the center.

Answer: 3kI/(8R)

Solution: If wedraw aloop at radiusr

(R <r <3R), then Ampere'sLaw tellsusthat

fémr = ZmB(r) = :uolenclosed , With I
Loop
and | = (7T(3R)? = TR*)J =8 R*J , where J isthe (uniform)
current density. Hence,

= (rmr? - 1R?)J

enclosed

2k|enCOS
B(r) =— —

Plugginginr = 2R gives B = 3kl/(8R).

— 2k(r2 - RZ)Itot
- 8rR?
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Chapter 31 Solutions

Problem 1.
A long straight wire carries current |. Nearby

and lying in the same planeisacircular loop, as
shown in the Figure. If the loop is moved o O

—>-

toward the wire, what will be the direction of the |
current induced in the loop (if any) and what

will be the direction of any electromagnetic

force exerted on the loop?

Answer: counterclockwise; away from thewire
Solution: Pushing the wire loop toward the current carrying wire causes
the magnetic flux to increase in the loop and thus the induced current will
flow in a counter clockwise direction so that the induced magnetic field
will be up (opposite to the increasing downward external magnetic field).
Theforce on the loop isin adirection that opposes the push (i.e. away from
the straight wire).

Problem 2:

A magnetic field given by B(t) = at+tb witha=1T/sandb=-1T is
directed perpendicular to the plane of acircular coil of 10 turns and radius
0.2 m. If the coil'stotal resistanceis 1.58 Ohms, how much power (in
Watts) isdissipated at timet = 1 s?

Answer: 1

Solution: The magnetic flux through the loop is ®g = NBA and from

Faraday's L aw we have,

= - o, = —NAd—B = —-NAa

dt dt
Att =1 second (actually at any timet) thisgives

| = el - Naa

R R
and power
2pA242 2 4 2
P=|2R = N"A%a” _ (100)T=(0.2)" (1T /' s) —w

1.58Q
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Problem 3;

A 25-turn coil of resistance 3 Ohms has area of 8 cm?. Its planeis
perpendicular to amagnetic field given by B(t) = 0.4t - 0.3t2 (where B isin
Teslaand tisin seconds). What is the induced current in the coil (in
milliA) at t = 1 second?

Answer: 1.33

Solution: The magnetic flux through the loop is ®g = NBA and from

Faraday's L aw we have,
A%s _ _Na B - _NA(4-061)
dt dt

Att =1 second thisgives
-4
- le] _ NA(0.2T /s) _ 25(8x107* A)(0.2T /) _ 1 33mA
R 3Q 3Q '

Problem 4:

A uniform time dependent magnetic field given by B(t) = at?witha=0.3
T/s? is directed perpendicular to the plane of a square wire loop with sides
of length 0.5 m. If thetotal resistance of the square wireis 0.4 Ohms, how
much total energy (in Joules) is dissipated by heat in the wire during the

timefromt =0tot = 10 seconds?
Answer: 18.8

Solution: The magnetic flux through the loop is ®g = BA = BL2 and from

Faraday's L aw we have,

do, _ dB
a  dt

Theinduced current in the wireis, | = Je}/R = 2atL %R, and the power

dissipated by heat in the wireis P = dU/dt = I2R = 4a2t?L4/R. Hence,

10s 10s 2421 4 2 314
U:IPdt:I4atLdt:4a(1OS) L
) R 3R

_ 4(0.3T /s%)%(10s)°(0.5m)*
3(0.4Q)

—2atL*

=18.75J
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Problem 5:

A single wire square loop with area A = 100

cm? rotates with a constant angular velocity in
the magnetic field of the earth (about 100
microT). The axis of rotation goes through
one side of the square loop (in the plane of the
loop) and is perpendicular to the magnetic field as shown in the Figure. If
the period of the rotation is one second, what isthe
maximum EMF generated in the loop (microV)?
Answer: 6.3

Solution: The magnetic flux through theloop is ®g =

BAcosO and from Faraday's L aw we have,

__dog dCOSH:BAwsinH,

= -BA
dt dt

where w= d6/dt isthe angular velocity. The
maximum EM F occurs when sin@ = 1 and is given by

o :wBA:ZT[';A
T

&

m

_ 2m(100 x107°T )(100 x10~*m)
1s

=6.28uV
where | used w= 21T.

Problem 6:

How will the answer in the previous problem B
change if one movesthe axis of rotation of the

loop from the side to the center of the loop (in

the plane of the loop) as shown in the Figure?
Answer: nochange

Solution: The magnetic flux through the loop

isstill given by ®g = BAcost and the induced EM F

IS,

__do, _ _BAdcose
dt

where w= d6/dt isthe angular velocity. The

= BAwsn@
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maximum EM F occurs when sin@ = 1 and is the same asin the previous
problem.

Problem 7: © e 00 0o °
A moveable (massless and frictionless) baris ¢ o o ./.. °

being moved at a constant velocity of 3 m/s
from left to right along two conducting rails
as shown in the Figure. The two conducting
rails make an angle of 45° with each other
and together with the moving bar forma
right triangle. If thesystemisimmersedina @ e e el e o o o
uniform magnetic field (out of the paper) with magnitude B = 0.5 Tesla and
if the bar wasat x = 0 at t = 0, what is the magnitude of the induced EMF in
theright triangle (in Volts) at t = 2 seconds?

Answer: 9

Solution: The magnetic flux through theright triangleis

®, = BA = 2x°B = Zvt?B
2 2

where | used A = x2/2 and x = vt. Now from Far aday's L aw we have,

€ |= dch - V4B = (3m/$)2(25)(0.5T) = OV

Problem 8; 7
o

A wirecircular loop with aresistanceper ©® Ow® ®
unit length of 0.5 Ohms/meter isplacedin o o BfUt
auniform magnetic field given by

B=B,2,withBy,=2Teda asshownin ¢ © ¢
the Figure (zis out of the paper). If the o o } °

radius of the circular loop isincreasing at a
constant rate given by r(t) = vt withv =0.5
m/s, what is the magnitude of the induced EMF (in Volts) at t = 10
seconds?

Answer: 314
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Solution: If | choose my orientation to be counterclockwise then the

magnetic flux through the loop is ®g = Bor 2 = Borv4t2 and from

Faraday's L aw we have,

_dog
dt

= =2mB,v’t

and
| € |= 2mB,v*t = 2rr(2T)(0.5m/ s)?(10s) = 31.4V

Problem 9:

In the presious problem, what is the magnitude (in Amps) and direction of
the induced current in the loop at t = 10 seconds?

Answer: 2, clockwise

Solution: The magnitude of the induced current is

| = le| _ 21B,rv _(2T)(0.5m/s) _
R  2mr(0.5Q/m) 0.5Q/m
The direction of the current is clockwise (opposite my orientation).

2A

Problem 10: ® o 0o 0 0 0 0 0
A moveable (massless and frictionless) bar with ¢ | ¢ *e| ¢ ¢ o o o
alength of L =1 meter is being moved at a Ve §. . o o B-gut .
constant velocity of 10 m/s from left to right RX5Q | [ by

along two conducting rails by an external force, ®\ ® :®| ®¢ ¢ ¢ ¢ ¢
F, asshown inthe Figure. If thesystemis o/ o 0/ 0o o 0 o o

immersed in auniform magnetic field (out of the
paper) with magnitude B=2 T, what is the
induced current (in Amps) inthe 5 Ohm resistor?
Answer: 4

Solution: If I choose my orientation to be counterclockwise then the
magnetic flux through the loop is ®g = BA = BXL=BL vt and from

v
—
o X o o o o o o

do
Faraday'sLaw we have, € = — dtB = —BLv and hence,
. lel _ BLv _ (2T)(Am)(10m/s) _ A
"R R 5Q S
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Problem 11.

A moveable (massless and frictionless)
conducting rod is pulled by an external
force so that it rotates with a constant
angular velocity along a semicircular loop
of wirewith radius of r = 0.5 m as shown
inthe Figure. Therotatingrodis
connected at the center of the semicircular
loop to a stationary rod that isalso in e o o o o o o
contact with the semicircular loop. If the

entire systemis placed in auniform 2 Tesla magnetic field (out of the
page), and if it takes 1 second for the angle between the two rods to go

from@=0to ©=90°, what isthe magnitude of theinduced emf (in Volts)
in the circuit?

Answer: 04

Solution: If | choose my orientation to be counterclockwise then the
magnetic flux through the circuit is

b, = 1HRZB
2 ]
and Faraday's L aw implies,
do, 1 _, de
= - =-—wR’B w=—
dt > , Where dt

Plugging in the numbersyields,
1 10m/2 2
ElF=wR"B =— 0.5m)“2T = 0.39V
€] 2 20 1s % )

where | used w= (172)/1s.
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Problem 12;

A current | flows through aresistor with R=25 kQ, a capacitor with C=4
milliF, and an inductor with L=7 Henry as shown in the Figure. At atime
when Q=8 milliC and the current 1=0.2 milliAmps and is changing at arate
dl/dt=1.0 A/s, what isthe potential difference V-V a (inVolts)?

Answer: -14
Solution: Moving in the direction of the current flow we have

V, -V, = —|R—%—L3—|t,

and
IR = (O.2><1O’3 A)(25><103§2) =5V
Q _8mC _

C  4mF
L%:(7H)(1A/s):7v

Thus, Vg-Va = -5V -2V -7V = -14V.

(10),
............... P NN, —— m IS

Problem 13:

A current | flows through aresistor with R = 333 Q, and two inductorsin
parallel withL1 =2 Henry and Lo =4 Henry asshown inthe Figure. Ata

time when the current I = 1.0 milliAmps and is changing at arate dl/dt =
-1.0 A/s, what is the potential difference Vg-Va (in Volts)?

Answer: 1
Solution: Moving in the direction of the current flow we have
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di
V.-V, =-IR-L, —
where

1 1 1 1 1 3
- n " —

L, L L, 2H 4H 4H
since for inductors in parallel you add the inverses.
Thus, L¢f = 1.33H and
- IR=-(1x10"°A)(333Q) = -0.333V
- Lg % =—(1.33H)(-1A/s) =1.33Vv

so that, Vg-Va = -0.333V +1.33V = 1V.

Problem 14:

What is the magnitude of the uniform magnetic field (in Tesla) that contains
as much energy per unit volume as a uniform 3,000 V/m electric field?
Answer: 1x10™

Solution: Setting the magnetic field energy density equal to the electric
field energy density yields

uB = LBZ = uE = EEOEZ
2U, 2
and solving for B gives
B=JueE="C = 3’0002””“ =1x107°T |
c 3x10°m/s
L,

i)
(1))

L2

w e

Problem 15:

A current | flows through aresistor with R =2 Q, a capacitor with C =3
milliF, and and two inductorsin parallel (L; =1 milliHenryand L, =3
milliHenry) as shown inthe Figure. Atatimewhen Q = 0.6 microC and
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the current | = 0.2 milliAmps and is decreasing at arate of 0.8 Amps/s,
what is the potential difference Vg-Va (milliVolts)?

Answer: zero

Solution: Moving in the direction of the current flow we have

Q dl
Vg -V,=-IR-=-L, —
B A C i
where
1 1,1 o, = bl, _(mH)BEmH) _3
L, L, L, L,+L, 1mH +3mH 4
and

~ IR = =(0.2mA)(2Q) = -0.4mV

_Q = _M = -0.2mvV
C 3mF
d__3

e mH (—0.8A/ s) = +0.6mV
Thus, Vg-Va =-04mV -0.2mV + 0.6 mV =0.

_Leff

Problem 16:

Inan LR circuit whereL =120 milliH and R= 15 ohmes, if the switchis
closed at t = 0 how long (in milli-seconds) does it take for the current to
reach 75% of itsfinal value?

Answer: 111

Solution: The current is given by

| (t) = %(1—e‘t”): | -et'r)
and thus
e''"=1-11/1,

and solving for t gives
t=-tIn(l-1/1_ )=-(8ms)In(l-0.75)=11.1ms

where |l haveused T =L/R = 8ms.
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Problem 17:

Inan LR circuit where L = 120 milliH and R = 15 ohms, if the switch is
closed at t = 0 how long (in milli-seconds) does it take for the stored
energy in the inductor to reach 50% of its maximum value?

Answer: 55

Solution: The current and the stored energy are given by

| (t) :%(1—e‘“f)

U (t) :%LI 2=y, [-et"f

et'"=1- JU/U__

and solving for t gives

t=-rInfl-JU/U,, )= -(8ms)Infl-0.5)=9.8ms

where |l haveused T =L/R = 8ms.

and thus

Problem 18: >

Consider the LR circuit shown in the ! lh l2
Figure which consists of two equal —_— L L
inductors, L, and two equal resistors, R, —EMF

andan EMF. If L =4 milliHenryand R= T
2 milliohms and if the switch is closed at
t =0, how long (in seconds) doesit take
for the total current in the circuit to reach 90% of itsfinal value?
Answer: 46

Solution: Using the“ L oop Rule’ for circuits we see that

£ - Li— ILR=0
dt
£ - L&— |, R=0
dt
and adding these two equations yields
di

2c-L—-1R=0
dt !
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where thetotal current | =1, + I,. The above equation for | is equivalent to
the following

g—Leﬁi—'t—meﬁ =0

where L« = L/2 and R = R/2 and we know the solution is given by

|(t):|max(1_e—ur):RL(1_e-m)

eff
witht = Lg/Ret = L/R = (A mH)/(2 mQ) = 2 s. Solving for the time gives
t=-tin(l-1(t)/1,_,)

= —-(2s)In(1-0.9) = 4.605s

Problem 19: >
Consider the LR circuit shown in the
Figurewhich consistsa8 Volt EMF, _1__ L = 4H
an inductor, L =4 H, and two —

resistors. |If the switch isclosed at — Ri=2Q

t = 0, when (in seconds) is the current L

through the 2 Q resistor equal to 1 R.= 40
Amp?

Answer: 0.86 l2
Solution: Thetotal current inthecircuit, | =1, + I,, isgiven by

(0 = o f-e7)= E 7).

where T=L/Rg« and

1 1 1 _ RR, _(2Q)(4Q) _ 4
- + or Rer = - =5Q
R R R, R +R, 6Q 3
The current | isgiven by
R £ -
(1) = —2—I(t)==—{1-e""
0= g7 10 =fe)

and solving for t yields
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:—TInBL RlIH BiBnBL——(ZQ)(lA)H
8v [

E 0O [4/3Q0 O

_ _ipo -
. (3s)|n§[ 4@ (35)In(0.75) = 0.863

Solutions Chapter 31 Page 12 of 12



PHY2049 R.D. Field

Chapter 32 Solutions

Problem 1.
A parallel-plate capacitor whose plates have radius R is being charged by a
current |. What is the magnitude of the magnetic field (in Tesla) between
the plates adistance r = R/2 from the center?
Answer: kI/R
Solution: We know from Ampere'sLaw (with J = 0 inside the capacitor)
that
. dod
fBH}II = Hofo gy

If I choose aloop of radiusr within the capacitor then ®z = ETr2 and

dE |
2mB(r) = Nogomzﬁ = “ogongﬁ%

where | have used E = Q/(g,A), A = TR2, and | = dQ/dt. Solving for B
gives

2klr

B(1) ="

which for r = R/2 becomes B = kl/R.

Problem 2: L
A parallel-plate capacitor whose plates haveradiusr is € —/— R
being charged through aresistor R by an EMF € as shown
inthe Figure. If theswitchisclosedatt =0, what isthe [
maximum magnitude of the magnetic field between the | |

plates of the capacitor a distance r/2 from the center? (Note: k = /417
Answer: ke/(rR)

Solution: We know from Ampere'sLaw (with J = 0 inside the capacitor)
that

C

L do
fBI]:” = HOEO th .
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If I choose aloop of radius r, within the capacitor then ® = ETr a2 and

dE |
21, B(r,) = U €U —— = U,E nrj%f—%
0€0 dt 0€0 omz ,

where | have used E = Q/(gjA), A = 12, and | = dQ/dt. The maximum
magnetic field occurs when the current is maximum and solving for B, at
ro,=rl/2gives
B = Kl e _ KE
r R’
where | used | o« = €/R (which occurs at t = 0).

Problem 3;

The potential difference, V¢, acrossa 3 Farad parallel-plate capacitor
whose plates have radius R = 2 cm varies with time and is given by V¢(t) =
at, with a=10V/s. What is the magnitude of the magnetic field (in
microT) between the plates of the capacitor a distance R from the center?
Answer: 300

Solution: We know from Ampere's Law (with J= 0 inside the capacitor)
that

do
dt
If I choose aloop of radius R within the capacitor then ®g = EmR? and

dE |
2nRB(R):usnR2—:ugnR2E57E
o0 dt o0 JIR?

where | have used E = Q/(gjA), A = nR2, and | = dQ/dt. Solving for B
gives

fBEdJIT = U &,

2k dQ _ 2k . dv
R d R dt

-7
_ 2(10 Tm/A)(_BZF)(lov /S) - 300 uV
2x10°m

where | used Q = CV which impliesthat dQ/dt = C dV/dt with dV/dt = a.

B(R) =
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Problem 4:

A 2 milliFarad parallel-plate capacitor whose plates are circular with radius
R = 0.5 cm is connected to an EMF-source that increases uniformly with
time at arate of 150 V/s. What is the magnitude of the magnetic field (in
microT esla) between the plates of the capacitor adistancer = R from the
center?

Answer: 12

Solution: We know from Ampere'sLaw (with J = 0 inside the capacitor)
that

do .

dt

If I choose aloop of radius R around the capacitor then ®¢ = EnR? and the

potential difference across the capacitor isV = Ed, where d is the seperation
of the plates. Hence,

2mRB (R) = uogonde—E = uoeonRzﬁile: u,C

fBEdJIT = U &,

dv

dt od dt g "% dt
where | have used C = g,A/d with A = iR2. Solving for B gives
B = 2_kC dl
R dt
-7 -3 _
_ 2(10 Tm/A)(2><1(?2 F)(150V /'s) — 12T
0.5x10"m
Problem 5:
Consider the situation illustrated in the figure. A ‘ o ‘
uniform electric field pointsin the z direction (out zout o -
of the paper) with avalue given by E,(t)=a- bt,  :°® W *
: o o:

wherea=18V/mandb =9V/(ms) andis
confined to acircular areawith aradiusR = 4 i
meters. What isthe magnitude and direction of R

the magnetic field (in picoTesla) at apoint P on /B/
the circumference of thecircle at thetimet = 2

seconds?

Answer: 2x10™4, clockwise

Solution: We know from Ampere'sLaw (with J = 0) that

P 3
.
A )
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- do
fBHjI = U,E, th

If I choose my orientation to by counter-clockwise then ®¢ = Err2and
,0E _ mb

dt c?

21rB(r) = [y,

and solving for B gives
B(r) = - rb2 __ (4m)(9\8/ /ms)2 = —2x107 pT
2C 2(3%x10°m/s) '
Since B is negative it points opposite the direction of my orientation
(clockwise).

Problem 6: S0 e T
Consider the situation illustrated in the Figure. A jezUl e o &
uniform electric field pointsin the z direction (out of the : o @ o:

paper) with avalue given by E,(t) =Asinat, where A= %® o g8 7
90 V/m and w=1,000 radians/sec and is confined to a ' °
circular areawith aradius R = 2 meters. What isthe
maximum magnitude of the magnetic field (in picoTesla) at apoint P on the
circumference of the circle?

Answer: 1

Solution: We know from Ampere'sLaw (with J = 0) that

- do
fBHjI = U,E, th

If I choose my orientation to by counter-clockwise then ®¢ = EnR? and

27RB (R) = uoeonde—E = HoE,TR* Aw cos( wt) |

dt
and solving for B gives
B(R) = RA(;SO cos( wt) |
and hence
B_ = RAgo _ (2m)(90V /r:)(l,OOZO/s) - 1pT
2C 2(3%x10°m/ s) '
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Problem 7:

Consider the situation illustrated in the Figure. A R N
uniform electric field pointsinthe z-direction (out " e AN
of the paper) with avaluegiven by E,(t) = at,anda ;gz-out o

uniform magnetic field pointsin the z-directionwith { , .o ° o
avalue given by B,(t) = bt. Bothfieldsareconfined 3, . e :

toacircular region with aradiusR. If a=1V/(ms)
and b = 1 T/sand if the magnitude of the induced . .
electric field at the point P on the circumference of the circle at the timet =
2 secondsis 9,000 V/m, what is the magnitude induced magnetic field (in
picoTesla) at the point P at thetimet = 2 seconds?

Answer: 0.1

Solution: We know from Ampere's Law (with | gngoseq = 0) that

0
*
S
. [ ]
-

. do
fBHjI = U,E, th
If I choose my orientation to by counter-clockwise then ®¢ = EmR? and
dE _ nR’a
2mRB (R) = pyg, MR — =
and solving for the induced magnetic field B gives
Ra
B(R) =
(R) = e
Now from Faraday's L aw we know that
e =-9e
dt
If I choose my orientation to by counter-clockwise then ®g = BriR? and
dB
21RE (R) = —nRZE =-mR’b
and solving for the magnitude of the induced electric field E gives
Rb
E(R) = —
(R) = >

Thus,
aE(R) _ (1V / ms)(9,000V /m) _

BR) = T T @9 (3x10°m/ 5)?

=0.1pT
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Chapter 33 Solutions

Problem 1.
If the total energy inan L C circuit is5.0 microJoulesand L =25 milliH,
then what is the maximum current (in milliA)?

Answer: 20
Solution: The maximum stored energy in the inductor is
_1
U max E LI max

and solving for | hax yields

I ax - 2U max - Z(SIJJ) — 20rnA
V' L \ 25mH .
Problem 2;

A 10 microF capacitor with an initial charge Qg is connected across an 8
milliH inductor. If the circuit iscompleted at timet = 0, how soon (in
millisec) afterward will the charge on the capacitor reverse sign and become
equal to -Qqg?

Answer: 0.89

Solution: For thisL C circuit Q = Qgcos(wt) which isequal to —Qg when

wt = 110 that
t=" = 7J/LC = m\/(8mH )(104F) = 0.89ms
w

Problem 3:

A charged capacitor is connected across an inductor to form an LC circuit.
When the charge on the capacitor is 0.1 C the current is0.5 Amps. If it the
period of the LC oscillationsis 2 seconds what is the maximum charge on
the capacitor (in C)?

Answer: 0.19

Solution: We know that at sometime (say t =0) that Qg =0.1Candlg=
0.5A. Energy isconsrved inan L C circuit which impliesthat at any other
timet,
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2 2
Q_+1|_| 2 :&4'1“5,

2C 2 2C 2
The maximum charge occurs when | = 0 and hence,

2 2
Qe = Q +1LI§
2C 2C 2 '

Solving for Qmax gives
Quac =/QF + (15 10%) = Q7 + (T, /(2m))*

= J(0.1C)? + ((25)(0.5A) /(27))? = 0.188C
where | used

1 2’

JLC T

where T isthe period of the oscillations.

w =

Problem 4:

A current flowsinan LC circuit with L =50 milliH and C = 4 microF.
Starting from when the current is maximum, how long will it take (in
millisec) for the capactor to become fully charged?

Answer: 0.7

Solution: When the current is maximum the charge on the capacitor is zero
and it will take one-quarter of a period for it to become fully charged. Thus,

t:%:g LC :g\/(SOXlO'SH)(4><1O'6F) =0.7ms

wherel used T = 21iMwand w=1/+JLC.

Problem 5:

A 1 milliFarad capacitor with an initial charge Qg is connected acrossa9

milliHenry inductor to form an L C circuit. If the circuit is completed at
timet = 0, how soon (in millisec) afterward will the charge on the capacitor
decrease to one-half of itsinitial value?

Answer: 3.14

Solution: We know that
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Q(t) = Q, cos(at)
where w =1/4/LC . Solving for t gives
t=cos(Q/Q,)/w=+/LC cos *(Q/Q,)
= J(9x107°H )(1x10"*F) cos *(0.5)
= (3ms)(1/3) = 3.14ms

Problem 6:

In the previous problem, if the maximum current is 3 milliAmpswhat is Qg
(in microC)?

Answer: 9

Solution: We know that the amplitude of the current oscillations, | max, IS

given by | max = Qow, where @ =1/+/LC . Hence,

Q, = lma — (3x107° A)(3ms) = 9x10°°C |
w

Problem 7:

A capacitor (C=8 milliFarads) initially charged by connecting it to a

2 Volt battery is connected to an inductor (L=2 milliHenry) to forman LC
circuit (the resistance of the circuit is negligible). During subsequent
oscillations, what is the maximum energy stored in the magnetic field of the
inductor (in milliJoules)?

Answer: 16

Solution: Since energy is conserved the maximum stored energy in the
inductor is eual to theinitial stored energy as follows:

1 1
U e = U = 5 C(AV)? = 2(8mF)(2v)? =16mJ .

Problem 8:
A capacitor C and an inductor L forman LC =
circuit asshown inthe Figure. At acertain
instant of time when the current | =2 Ampsthe C _—_Q L
charge on the capacitor isQ = 0.01 C. A short
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time later when the current | = 1 Amps the charge on the capacitor isQ =
0.02 C. What isthe frequency of the oscillations (in Hz)?

Answer: 15.9

Solution: From ener gy conservation we know that

QL1

2C 2 ' 2c 2
and multiplying by 2/L gives

W'QE 1= wiQE + 12,
where w =1/+/LC . Solving for wyields

fow 1 1217
on 2m\ Q2 -QZ

2 _ 2
_ 1 (1A)2 (2A) 2 _100 e orpy
211\ (0.01C)%> - (0.02C)> 21

2
L] 2 :&+1|_| 2

2
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Chapter 34 Solutions

Problem 1.

The electric field component of an electromagnetic wave traveling in
avacuumisgiven by Ey =Egsin (kx -at), where Eg = 300 V/m and
k=10/m. What are the frequency of the oscillations (in Hz) and the
direction of propagation?

Answer: 4.77x10Y, +x direction

Solution: The angular frequency w = 21 and the speed of lightin a
vacuum is ¢ = w'k. Hence,

Pl _ ck _ (3x10°m/s)(10"/m)
2 21 21T

= 4,77 x10% Hz |

Problem 2:
What is the value of the z-component of the magnetic field (in microT) of
the el ectromagnetic wave in the previous problem at x = 0 and

t = 5.25x10716 seconds?
Answer: -1
Solution: The z-component of the magnetic field is given by

B, = Sogin(kx—at) = - S0 = - S0V/m __ g
C C 3x10°m/s ’
where | have used

sin(kx —wt) = —sin(wt) = —sin( 2rft) = —sin(r/2) = -1,
since ft = (4.77x101/s)(5.25x1016s) = 0.25.

Problem 3;

The electric field component of an electromagnetic plane wave traveling in
avacuumisgiven by E = E, sin(kx + wt) § , where Eq = 300 V/m and k =
1.25x10/m. What is the magnetic field component of the electromagnetic
wave?

Answer: B = —(E,/c)sin(kx + wt) 2
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Solution: We know that sin(kx+ux) corresponds to awave traveling in the
—x direction and we know that the direction of propagation of an

electromagnetic wave is given by E x B and hence,
B=—(E,/c)sin(kx+wt)Z
where | also used B = E/c.

Problem 4:
What is the frequency of the electromagnetic wave in the previous problem
(inHz2)?

Answer: 6x1014

Solution: We know that ¢ = wk and w= 21f. Hence,

ke  (1.25x10°/m)(3x10°m/s)

= 6x10"Hz
21T 21T

f =

Problem 5:

How much force (in microN) will the electromagnetic wave in the previous
problem exert on one square meter of awall when it hits the wall (normal to
the surface) and is completely reflected?

Answer: 0.8

Solution: For total reflection we have

21A _ 2AE; O_ AE,
c ¢ 2HcH M

_ (Im?)(300V / m)?
(4t x10~"Tm/ A)(3x10%m/ s)?

F =

= 0.796 uN

Problem 6:

If the amplitude of the electric field oscillations 6 meter s from a point
source of electromagnetic radiation is 10 V/m, what is the power output of
the source (in Watts)?

Answer: 60
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Solution: We know

P EZ2

| = = ——"— Wwhere Pisthe power of the source. Solving for P
Amr? 2u,C P g
gives
22 2 2
p = am°Ey _ 47T(_E3m) (10V /' m) : - 60W
2U,C 2(4rx10""Tm/ A)(3x10°m/s)

Problem 7:

What is the amplitude of the electric field oscillations (in V/m) 2 meters
from a 60 Watt point source of electromagnetic radiation (assume the
radiation is a plane wave)?

Answer: 30
Solution: We know
P Eg

A 2u.c , Where P is the power of the source and where A = 41T 2,
0

Solving for Eq gives
_7 8
E, = ZHZCP :\/2(47'[><10 Tm/ A)Ex10°m/S)OOW) _ 55y /oy

4rr(2m)?

Problem 8:
Light from adistant point source of electromagnetic radiation exerts a
radiation pressure of one microN per meter squared when it is completely
absorbed by the surface S. What is the maximum value of the magnetic
field (in microT) within the radiation at S?
Answer: 1.6
Solution:  We know
p-F_1_E _B8 _ -

A ¢ 2uc’ 24 , Where P isthe radiation pressure and
where | have used E = cB. Solving for Bg gives

B, = /214, P = /2(471 x107 Tm/ A) (1N / m?) =16 4T
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Problem 9:

Light with an intensity of 1.2 kW/m? falls normally on a surface

with an areaof 1 m? and is completely reflected. The force of the radiation
on the surface (in microN) is

Answer: 8

Solution: We know that

- _21A _2(12X10°W /m?)(am)
¢ 3x10°m/ s

= 8UN

Problem 10:

A radio station delivers 75 M egaWatts of power which is distributed
uniformly in all directions to the radio waves. What is the radiation
pressure exerted by these waves (in MicroPascals) upon aflat, perfect
absorber placed perpendicular to these waves a distance of 10 metersfrom

the transmitter? (Note: 1 Pa =1 N/m?)

Answer: 199
Solution: We know that for absorption,
X
P = I_ _ PF>owgr _ 752 106W8 - 199 yPa
c 4m°c 4m(10m)°(3x10°m/s) '

Problem 11:

The sun has amass of 1.99x10%° kg and aradiation power of 3.9x10%°
Watts. What is the maximum solar radiation force (in N) on a perfectly
reflecting square piece of foil with sidesof length L = 1 meter located one
million miles from the sun (Note: 1 mile = 1,609 meters)?
Answer: 0.08
Solution: Theintensity of the solar radiation adistance R from the sunis
given by

P

Isun — S.an
4mR°
and the radiation for ce for total reflection (normal to the surface) is
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F :2Isun A= 2ng E
C 41R“C

2(3.9x10%W )(1m)?

= = 0.08N
4n(1609 x10°m)?(3x10°m/s)

Problem 12;

The sun has amass of 1.99x103° kg and a radiation power of 3.90x1026
Watts. A spaceship might be propelled in our solar system by the radiation
pressure from the sun, using alarge sail made of foil (sailing on the solar
wind). If the ship hasamass of 1,000 kg and if the sail is a perfectly
reflecting square with sides of length L, what isthe smallest value of L (in
meter s) that will allow the ship to escape the sun's gravitational attraction?

(The gravitational constant G = 6.67x10"11 Nm2/kg?.)

Answer: 801

Solution: To find the minimum sail size we set the magnitude radiation
force equal to the magnitude of the gravitational force asfollows

_ 21 _ 2P, 2P, 2 _ mM ,, _
I:radiation - ? L 4m C L =G r—z - I:gravity ,

where | have used | = Pg,/(41r2) with r isthe distance to the sun. Solving
for L yields,

L= \/GmM 2
Psun
_ \/(6 .67 x10™" Nm? / kg ?)(1,000kg )(1.99 x10* kg)2n(3><108m/s)
3.9x10%*°W
=801m
Problem 13:

A point source of light is located 10 meter s below the surface of alarge
lake (n=1.3). What isthe diameter (in m) of the largest circle on the pool's
surface through which light coming directly from the source can emerge?
Answer: 24.1
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Solution: Thecritical angle (angle of total internal reflection) is given by
sinB; = 1/n and tanB; = R/d. Thus,

2d  _ 2(10m)
JnZ-1  |/(1.3)2-1

D=2R=2dtan 0, = =24.1m

Problem 14:

A beam of light strikes the surface of a 2-
cm thick parallel-sided sheet of glass (n =
1.5) at anincident angle of 35 degrees.

What is the beams actual path length (in
cm) through the glass?

n=1.5
Answer: 2.16
Solution: We know that n1sin@q =
nosin@, and cosB, = T/L, where T isthe
thickness of the glass and L isthe path
length. Thus,
L = T Tn, _ (2cm)(1.5) _ 5 16cm

cosf, ,/nZ-sin?6, +/(1.5)2-(0.574)?
where | used n1 = 1 and 1 = 35°.

Problem 15:

A beam of light travelling through
water (n=1.33) strikes a piece of
glass (n=1.5) at an incident angle
0 asshowninthe Figure. What is
the minimum angle 6 (in degr ees)
such that the light will not reach

Water n1=1.33

. ) Glass n2=15
the air (n=1) on the other side of ]
the gl ass? Air n3=1.0
Answer: 48.7

Solution: The critical angle (total internal reflection in the glass) is given
by
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nsné., =n,sinf, =n,sin(90°)
Solving for Omin gives

Problem 16: A
A beam of light travelling through medium A

at a speed of 2.25x108 m/s strikes medium B
at an incident angle of 45 degrees as shown in 20
the Figure. If the refracted angle of the light
1S 30 degr ees, what is the speed of thelight in
medium B (in m/s)?
Answer: 1.59x108
Solution: From Snell’slaw we have N, SIN 8, = Ng SiN B and sincen,, =
c/va and ng = clvg thisimplies

snf@, _snf,

VA VB

Solving for vg gives
sin
== GBV
sinf,

B A

= SN(30Y) (5 25x10°m/s) = 1.59 x10°m/ s
sin(45°)
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Problem 17:

A light ray enters arectangular glass slab at
point A at an incident angle of 45 degrees
and then undergoes total internal reflection
at point B as shown in the Figure. What
minimum value of the index of refraction of
the glass can be inferred from this
information?

Answer: 1.22

Solution: Requiring total internal
reflection at the point B implies

nsin(rt/2-6;) =ncos(6,) =1
and Snell’s Law applied at the point A gives
nsin(6,) =sin(6,),
where n isthe index of refraction of the glass and 6, is the incident angle.
Squaring the first equation and using the second equation gives
1=n?cos’(0,) = n*(L-sin?(8,)) =n*-s€in?*(9,) .

Thus,

n=.1+sn?(6,) =+1+05=1.22

where | used sin’(6,) =sin®*(45°) =1/2.

Problem 18:

A fiber optic cable (n = 1.50) is
submerged in water (n = 1.33).
What isthe critical angle (in
degrees) for light raysto stay inside
the cable?

Answer: 62

Solution: Thecritical angle (angle
of total internal reflection) is given

by
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and thus 6 = 62.46°.

Problem 19:
A 2.0 meter long vertical pole extends from the bottom of a swimming pool
to apoint 1.0 meter above the surface of the water (n = 1.33) asshownin
the Figure. If sunlight isincident 45 degr ees above the horizon, what is the
length of the shadow of the pole (in m) on the level bottom of the pool ?
Answer: 1.63
Solution: From Snell’s law we have
: 1. _8n(45°)
Sin(6,) = ~sin(8,) ===

and hence 6, = 32°. Now the length of the shadow, d, isgiven by

d =1Im+ x=1Im+ (Im) tan 6, = Im+ (Im) tan(32°)

=1Im+0.63m =1.63m

Problem 20: o
Light of wavelength 589 nm isincident at an angle

theta on the top surface of a polystyrene block (n =
1.49) as shown in the Figure. What is the maximum
value of 8 (in degrees) for which the refracted ray will
undergo total internal reflection at the left vertical face :
of the block? (PP PERPIS

P n=149

Answer: 90
Solution: From the Figure we see that Y
T . 1
6,=—-6 sin(f6,.) =——=0.671
3 > 2 and ( 30) 1.49 )

Thus, the critical angle for 83 is 03. = 42.15°. We also know that

. 1 .
sin(6,) = msm(el) ,

which for 81 = 90° yields 6, = 42.15° which implies that 63 = 47.84° > 05
which means the maximum angle for 61 is90° (any ray that entersthe
block with 81 > O will be totally internally reflected at the left face).

Solutions Chapter 34 Page 9 of 13



PHY2049 R.D. Field

Problem 21:

A light ray enters arectangular glass
glab at an incident angle of 60 degr ees.
The glass slab has an with index of
refractionn = 1.6 and athickness T.
The beam emerging from the other side
of theglassslab is parallel to the
Incident beam but displaced by a
distance d as shown in the Figure.
What is the displacement d?

Answer: 0.54T

Solution: From Snell’s Law we know that

n,sin@, =n,sin g,

and solving for 6, gives
n,sin@, _ sin 60°
n, 16 ¢

Now if welet x be the distance the light ray travels within the glass we see
that

sinf, =

6, =32.77"

sn(8,-6,) =< g cos8, = -
X X

Solving for d gives

d = xsin(6, - 6,) = 3% =) 1

cos 6,

_ sin(60° —32.77")
cos(32.77°)

T =0.54T

Problem 22:

A ray of light isincident normally of
face ab of a glass prism in the shape of
aright triangle and with index of
refraction n = 1.7 as shown in the
Figure. If theprismisimmersedin
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water (n = 1.3), what isthe largest value of the angle @ (in degrees) so that
theray istotally reflected at face ac?

Answer: 40.1

Solution: Total internal reflection at the face ac implies

n,sinf, = n,sin 90°

and solving for the critical angle 6. gives
n, _ 1.3

snf, =—=—"— = °
“Tn, 17 or 6.=49.88"

Weseethat @ +0, =90° and thus
@=90"-6,=90"-49.88" =40.12°

Problem 23:

When the square metal tank with sides of

length L in the Figureisfilled to the top Eye
with an unknown liquid, an observer

with eyes level with the top of the tank

can just see the corner C. What isthe

index of refraction of the liquid?

Answer: 14

Solution: We seethat

nsin@=sin90° =1 sothat n=1/sinO =
1/sin45° = 1.4.

nl =15
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Problem 24

A fiber optic cable (n = 1.50) is submerged in water (n = 1.33) as shown in
the Figure. What is the maximum bending angle 0 (in degr ees) for light
raysto stay inside the cable?

Answer: 27.5
Solution: Thecritical angle for total internal reflection is given by
sing, =2 =133 _ 4 gg7
n 1.5 ’

which implies that 8. = 62.46°. The maximum bending angle is thus,
Opqg =90° -0, =27.54"

Ny = 15

Problem 25:
A beam of light strikes the surface of a 1-meter thick parallel-sided sheet of
glass (n = 1.5) at an incident angle of 45 degr ees as shown in the Figure.
How long (in nanoSeconds) does it take the light to pass through the glass?
Answer: 5.7
Solution: The refracted angle 8- is given by

sin6, = Msng, = L sin45° = 0.471

n, 1.5 ’

which implies 8, = 28.13°. The distance, d, that the light must travel is
given by
d = L _ Im
cosf, co0s28.13°

=1.134m
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and the timeisthus
nd _ (1.5)(1.134 m)

C 3x10%m/s

t:gz :5.67nS’
\Y

where | used n = c/v.
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Chapter 35 Solutions

Problem 1.

An object placed 180 cm in front of a spherical mirror produces an image
with amagnification m = 0.1. What happens to the image when the object
Ismoved 150 cm closer to the mirror?

Answer: theimageincreasesin size by afactor of 4

Solution: We know that

and hence
180 cm
f = P _ = -20cm
1-1/m, (1-10) ’
where | have used i =-mqp1, and mq = 0.1. Now, if | move the object 150
cm closer to the mirror the new object position po = 30 cm (180 cm - 150
cm) and the new image position i> will be given by
1 1 1 _ 1 1 _ 1
12cm -

I, f p, ~ 20cm  30cm
Hence the new magnification is

m, = — i, _ —(=12cm) _ 0.4
P, 30cm ’
which isfour timesthe original magnification.

Problem 2:

A converging thin lens has afocal length of 30 cm. For

what two object locations (in cm) will thislens form an image thr ee times
the size of the object?

Answer: 20, 40

Solution: We know that

and hence
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p=f@-1/m)

For m = 3 we get

p=(30cm)(1-1/3)= %(30cm) = 20 cm

and for m = -3 we get

p=(30cm)@+1/3)= %(30cm) = 40cm

Problem 3:
Y ou decide to take a picture of the moon with your 35 mm camera
using its normal lens of 50 mm focal length. Taking the moon’s diameter

to be approximately 3.5x10° m and its distance from the earth as 3.84x10°
m, how large (in mm) is the moon's image on the film?

Answer: 0.46
Solution: We know that
1,11 =L
p i f p’
andhence | = f (because 1/p isvery small) and since |m| = hij/hgy we
have
6
2h =|m|2h, = 2Nt o (3:5X107mMIS0MM) _ ¢ 456
3.84 x10°m '
Problem 4:

Which of the following types of image of areal, erect object cannot be
formed by a concave spherical mirror?

(A) Red, erect, enlarged

(B) Redl, inverted, reduced

(C) Virtual. erect, enlarged

(D) Enlarged, inverted, and farther away than 2f

(E) Virtual, inverted, reduced?

Answer: AE
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Problem 5:

A concave mirror forms areal image which is twice the size of the object. If
the object is 20 cm from the mirror, the radius of curvature of the mirror (in
cm) must be approximately:

Answer: 27

Solution: We know that

1

_.ll_\
|_\

and hence

R=2f=—2P 4P _ 5 7¢m
1-1/m 3 !
where | haveused i =-mp, f = R/2, and m = -2 (sincei is positive).

Problem 6:

An erect image formed by a concave mirror (f = 20 cm) has a magnification
of 2. Which way and by how much should the object be moved to double
the size of the image?

Answer: 5cm further from themirror

Solution: We know that

1 1 1 i
—+t-—=— m=-—
p 1 f P
and hence
1
p:fBl——H
[] m [T

where | haveused i =-mp. Thus,

1
P, = ZOCmgl—EQ: 10em 4 q

p, =20cm Bl— EH: 15cm
O 40 '
We see that the object must be moved 5 cm = 15 cm —10 cm further from
the mirror.
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Problem 7:

A diverging thin lensis constructed
with index of refraction, n, and
with radii of curvature of equal

magnitude, R, as shown in the
Figure. If an object isplaced a
distance 3R/2 from the lensforms a
virtual image that one-half the size as the object, what is the index of
refraction n?

Answer: 1.33

Solution: From the lensmakers formula we have

| SN U N = B 1 10 _-pn2
L= DEﬁ RZE (n 1)@—R R@ (n-1)=

Also, we know that
1 1 1 i
—+-—=— m=-— P

p 1 f P and hence _Hl_la,
0 m
where | haveusedi =-mp. Sincem = 1/2 we seethat f = -p = -3R/2.
Hence from the above equation,

_ _1
n-l=--F=3adn=13
Problem 8: dject
A thin lensis constructed with index T ﬂ ~~~~~~~ R
of refraction, n = 1.5, and withradiiof 1L [ 1 "
curvature of equal to R and 2R as ¢ R > \AR
shown in the Figure. What isthe

magnitude of the focal length and type

of lens?

Answer: 4R, converging

Solution: The lensmakers formulatell us that
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i:(n—l) 1—i :OSHL—LH:L
f P OR 2RO 4R
wherel usesrq =R andro=2R. Hence, f = 4R and the lensis converging

sincef is positive.

Problem 9:

What type of image is formed when an object is placed a distance 5R from
the lensin the previous problem?

Answer: Real inverted images 4 timesthe object height

Solution: We know that

i1 1_1 1 _ 1

i f p 4R B5R 20R
and hencei = 20R. The magnification is given by

-1 —20R _
p 5R
Thustheimageisreal (sincei is positive) and inverted (sincemis
negative) and 4 times the object height (since |m| = 4).

Problem 10:

Two objects placed 24 cm apart in front of a converging thin lens both
produce an image three times the size of the object. What is the focal length
of thelens (in cm)?

Answer: 36
Solution: We know that
1 1 1 I
—+t-—=— m=-——
p f P
and hence
p=f@-1/m).

For m = 3 we get
p, = f(1—1/3)=§f |
and for m = -3 we get
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p, = f(1+1/3):%f |
Subtracting the two equations yields
P, — p —24cm—ﬂf —Ef —Ef
= 3 3 3

and thusf = 3(24 cm)/2 = 36 cm.

Problem 11:

A thin lens constructed with index of refraction, n = 1.5, produces an
Inverted real image that is twice the size of an object placed 1.5 meters from
the lens. What happens to the image if the index of refraction of thelensis
changed to n = 1.25 (and the object remains 1.5 meters from the lens)?
Answer: becomesvirtual, erect, and doublesin size

Solution: Aninverted image twice the size of the object meansm = -2,
where

1 1 |
—+ - =— m= -—
| f p
and hence
ff = p _15m _
! (1-1/m) (1+1/2)
We also know that

i: (n-l)%i-i%
f o

which impliesthat for fixed r, andr,
f, = (n, =1 f, = (1.5-1) 1m =2m
(n, -1) (1.25 - 1) :
The new image position given by
1: 1 1 1 1 1
i

f, p 2m 15m ~ 6m
which meansi = -6 metersand m = -i/p = 4. The new imageisthus virtual
(sincei is now negative) and erect (since m is now positive) and twice the
size (since |m|isnow 4 instead of 2).
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Problem 12;

An object 6 cm tall islocated 10 cm in front of amirror. If the

mirror producesa 3 cm-tall upright image what kind of mirror isthisand
what is the magnitude of its radius of curvature?

Answer: convex, 20 cm

Solution: We know that

1
—+>=>= m=-—
I

| =
[EY

and hence
2 2
R=2f=—2P - =P
1-1/m 1-2
where | haveused i =-mp, f = R/2,and m = 1/2. Sincef <0 the mirroris
CONVex.

=-2p=-20cm_

Problem 13:
A nearsighted person can see clearly only those objects which lie
within 6 feet of her eye. In order to see distant objects, she should wear
eyeglasses of what type and focal length (in ft)?
Answer: diverging, 6
Solution: We know that

1 1 1 i

P f P
When p isvery largeweget f =i and in this case we want i = -6 feet which
meansf = -6 feet (adiverging lenswith |f| = 6 feet).

Problem 14:

A 2-cm-tall object is placed 400 mm from a converging lens, which is
observed to form an image three times the size of the object. To make the
Image five times the size of the object, the object-lens distance (in mm)
must be changed to:

Answer: 360

Solution: We know that
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1 1 1 |
—+t-—=— m=-—
| f p
and hence
.I:: pl :3p1
1—1/m1 4 -

where | haveused i =-mqpq, and m1 =-3 (sincei is positive).
Now, from above | know that

p, = f(1—1/m2): 3

Py (1 1+1/5)= 2P1 = 360 mm
4 10

where | have used i = -m»po, and mo = -5 (sincei is positive).

Problem 15:

A light bulb burnsin front of the center of a

40-cm wide mirror that is hung vertically

on awall asshown in the Figure. A man w =40 cm
walksin front of the mirror along aline that

is parallel to the mirror and twice as far od
fromit asthe bulb. The greatest distance he ﬁ Y
Irror

can walk (in cm) and still see the image of
the bulb in the mirror is:

Answer: 120
Solution: From the Figure we see that
w/2 X
tan 6 = =
d 2d

which impliesx =w. Thetotal pathisthus, L = 2x+w = 3w = 120cm.

Problem 16:

An object placed in front of a spherical mirror with focal length f = -20 cm
produces an image with amagnification m = 0.1. If the the object is placed
the same distance in front of a spherical mirror with focal length f = -45 cm,
what happens to the image?

Answer: theimageincreasesin size by afactor of 2

Solution: We know that
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1 1 1 |
—+t-—=— m=-—
| f p
and hence
p=f@-1/m)

For m = 0.1 we get
p=f(@-10)=-9f = -9(-20cm) =180 cm |

The new magnification is given by

- _ - (-45cm) _ 45

p-f 180cm - (-45cm) 225

so that the image increasesin size by a factor of 2.

m = =0.2

Problem 17:

A converging thin lensis constructed objedt
with index of refraction, n, and with I
radii of curvature of equal to R and 2R

as shown in the Figure. If an object — |
placed a distance 2R from the lens / R
forms areal image that has the same imege
Size as the object but isinverted, what

isthe index of refraction n?

Answer: 1.67

Solution: From the lensmakers formula we have

(RPN SRS N PN S I HE S s NPSRINE |
T—(n 1)% RZE (n DEE+RQ (n 1)2R'

Also, since m=-1 we know that i= p so that

2 2 1

P ~ SR ~ f .andthusf=R,and | haveused p = 2R. Hence,

2R 2
n-1=2r =3 adn=167.
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A
Image 1 Lens1 Lens?2
fi=+15cm f,=+15cm
Object
................... e ) e G
10cm L=6cm
Real Inverted
M agnified Image
Problem 18:

Two identical converging lenses of focal lengthsf, =f, = +15cm are
separated by adistance L = 6 cm, as shown in the Figure. A luminous
sourceis placed adistance of 10 cm in front of thefirst lens. Locate the
final image and determine the overall magnification of the system.
Answer: Imageisreal inverted and magnified (M =-2.14) and located
25.7 cm to theright of lens 2.

Solution: Ignoring lens 2 and taking p; = 10 cm we get

1_1 1 _ 1 1 i = _30
i, f, p, 15cm 10cm 2 h T TeUem.
Also,
m, = - , __—30cm _ 43
P, 10cm '

Thus, lens 1 produces avirtual non-inverted magnified image, which isto
the left of lens2. Now ignoring lens 1 and taking p, = +(30cm+6cm)= +36

cm we get
i1_1 1 _ 1 1 _
i, f, p, 15cm 36cm @d 1z =*25.7lem.
Also,
m, = _ 1y __25.71cm _ _0.71
P, 36 cm
and

M =mm, = (+3)(-0.71) = -2.14
Thus, the system produces areal inverted magnified image, whichis
located 25.71 cm to the right of lens 2.
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Lens1 Lens2
fi=+12cm f, =-32cm
Object
............. &
18 cm L =22cm
Image 1
Real Inverted
M agnified Image ¢
Problem 19:

The optical system shown in the Figure consists of two lenses, of focal
lengths f; = +12 cm and f, = -32 cm, separated by adistanceL =22 cm. A
luminous object with aheight of 2.4 cm is placed 18 cm in front of the first
lens. Find the position and the height of the final image.

Answer: Imageisreal inverted and magnified (M =-3.55) with a
height of 8.53 cm and located 24.9 cm to theright of lens 2.

Solution: Ignoring lens 2 and taking p; = 18 cm we get

1_1 1 _ 1 1 = 436
i, f, p, 12cm 18cm and 1y = +35€m .
Also,
_ . _ 3dbcm _
m=-—-+=- = -
P, 18cm

Thus, lens 1 produces areal inverted magnified image, which isto the right
of lens2. Now ignoring lens 1 and taking p, = -(36cm-22cm)= -14 cm we
get

l 1 1 1 1

i2

f, ) p, -32cm T “14cm ad I, = +24.89cm .

Also,

m, = _ 1, __24.89cm _ +1.78
P, —14cm
and
M =mm, = (-2)(+1.78) = -3.55 .
Thus, the system produces areal inverted magnified image 24.89 cm to
the right of lens 2 with height = (3.55)(2.4cm) = 8.53 cm.
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Chapter 36 Solutions

Problem 1.
Light from a small region of a 100 Watt incandescent bulb passes through a
yellow filter and then serves as the source for a'Y oung's double-slit
interference experiment. Which of the following changes would cause the
Interference pattern to be more closely spaced?

(@) Use a bluefilter instead of ayellow filter

(b) Use a 10 Waitt bulb

(c) Use a 500 Waitt bulb

(d) Move the bulb closer to the dlits

(e) Move the dlits closer together
Answer: (a) Useabluefilter instead of ayellow filter
Solution: The angular position of the bright fringesis given by

: mA
snf = —
d .
A more closely spaced pattern implies that for agiven m, @ issmaller.
Thus, we want to increase d or decrease A and from problem 15 we see that

Ablue < Aydiow-

Problem 2

The characteristic yellow light of sodium lamps arises from two

prominent wavelengthsin its spectrum, at approximately 589.0 nm and
589.6 nm, respectively. The light passes through adouble dlit and fallson a
screen 10 m away. If the dlits are separated by a distance of 0.01 mm, how
far apart are the two second-order bright fringes on the screen (in mm)?
Answer: 1.2

Solution: The position of the second order bright fringe (constructive
interference) isgiven by

: A 2A
shf=0=m—=—
d d -
where | have set m = 2 and used the small angle approximation. We aso
know that
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y
tanf = 0 = —

L .
The position of the second order bright fringe is thus

2)
=22
y=-—L

and

L 2(0.6nm )(10m
Y2_y1=2(/\2_/\1) = 2 X )

d 10 °m

=1.2mm

Problem 3:

A monochromatic light placed
equal distance from two ditsa i — $10m
distance d apart produces acentral  yonochromatic
bright spot with awidth of 1 cm Ht | < L >
on a screen located a distance L
away, asshown in thefigure. If
the entire apparatus is immersed
in aclear liquid with index of refraction n the width of the central bright
gpot shrinksto 0.75 cm. What is the index of refraction n of the clear
liquid? (Note: assume L >> d)

Answer: 1.33

Solution: We know that for double-slit interference the position of the
first dark fringeisgiven by

snf =0 = A

2d

tan 0 =0 =L

L

and hence the width, w, of the central bright spot is

AL W, _ A A 1
W=2Vy=— 2 =72 = 0 = —
Y=g ad w, A, niA, n-

wherel used A; = Ao and A, = Ag/n wWhere A, is the vacuum wavelength.
Solving for n gives
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W _ lcm _1133
w, 0.75cm '

Problem 4.
Two radio antennas are 600 m apart along @
a north-south line and broadcast in-phase T .......................... A
signals at frequency 1.0 MHz. A receiVer  4-goo mlw""8.. Y
placed 20 km to the east, equidistant from l L=20 km
both antennas, picks up an acceptable
signal (see Figure). How far due north of O

the present location (in km) would the receiver again detect asignal of
nearly the same intensity?

Answer: 10

Solution: Thisisthe same as“two dit interference’” and the condition for
constructive interferenceis

: A A
sng =0 =m—=—
d d°
where | have set m = 1 and used the small angle approximation. We aso
know that

~pg=
tang = 0 = L
Thus,
8
:iL _cL _ (3><1O6 m/s)(20 km) — 10km
d fd (10° / s)(600 m) !

where | used A = c/f.

Problem 5:

Monochromatic light isincident on atwo slits 0.2 mm apart. If the first
order bright fringe is 4.8 mm from the central bright spot on a screen
located a distance of 1.5 m from the double dlit, what is the wavelength of
thelight (in nm)?

Answer: 640
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Solution: We know that for double-dlit interference

sn@ =60 = mA
d
tan @ =6 = L
L
and hence
-3 -3
) = yd _ (4.8x107°m)(0.2x10°m) = 640 nm

mL 1.5m
where | used m =1 for the 1% order bright fringe.

Problem 6:

A soap (water!) film has refractive index 1.34 and is 550 nm thick. What
wavelengths of visible light (in nm) are not reflected from it whenitis
illuminated from directly above by sunlight?

Answer: 491

Solution: Here we set the overall phase shift equal to the condition for
maximum destructive interference as follows:

At = 2T + A4, 12 = Em +%§)\film

where Afiim = Ag/Ngoap. Solving for Ag gives

2T _ 1424 nm
Ao = N = ,
m m
which produces the following table:
m Wavelength Ag
1 1424 nm
2 737 nm
3 491 nm
4 369 nm

with visible light having 400 < Ayigpie < 700 nm.
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Problem 7:

A beam of 600 nm light isincident on the n=15

left side of aflat glass plate with refractive  —y, > ,
index 1.5 and part of it undergoes reflection

between the faces of the plate as shown in
the Figure. What minimum nonzero
thickness T (in nm) of the glass plate will e >
produce maximum brightness in the transmitted light?

Answer: 200

Solution: For constructive inter ference we set the overall phase shift equal
to the condition for maximum constructive interference as follows,

A =2T +0+0=mA
Solving for T gives

overall film -

A .
T -m film -m Amax
2 2N g

The minimum thickness occurs when m = 1 giving

T, = 2me - 0000M _oph m

" 21 gy 2(1.5)

Problem 8:; o
A beam of red light (Aeg = 600 NM) ——epp-
and a beam of blue light (Apjue =

blue ' bl
450 nm) are incident on the | eft —>

side of aflat glass plate with
refractive index 1.5 as shown in the

Figure. An observer on the other <>

side of the glass plate sees a bright T

blue light (maximum constructive interference) > >
and sees no red light (maximum destructive —>

interference). What isthe thickness T (in nm)
of the glass plate? PRI
Answer: 300
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Solution: For the blue light and constructive inter ference we set the
overall phase shift equal to the condition for maximum constructive
interference as follows,

Agear =2T +0+0=mAg,
Solving for T gives
A
T =m film =m Amax :mM: m(150 nm)
2 2N, 2(1.5) -

For the constructive interference of the blue light we have the following
possible thickness' of the gl ass:

m T

1 150nm
2 300nm
3 450nm
4 600nm

For the red light and destructive inter ference we set the overall phase shift
equal to the condition for maximum destructive interference as follows,

Ay =2T+0+0=(m+1/2)A
Solving for T gives

film -

Afilm /\
T=(m+1/2) =(m+1/2)—
film
600 nm :
=(m+1/2)———=(m+1/2)(200 nm
( ) 2(L5) ( ) )

For the destructive interference of the red light we have the following
possible thickness' of the gl ass.

m T

0 100nm
1 300nm
2 500nm
3 700nm

We seethat T = 300 nm satisfies both conditions.
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Problem 9:
A thin film of gasoline with athickness of 400 nm floats on a puddle of
water. Sunlight falls almost perpendicularly on the film and reflects into
your eyes. |f ngs = 1.4 and nyaer = 1.33, which of the following
wavelengths will be missing from the reflected beam due to destructive
interference?

(@) 280 nm (b) 320 nm (c) 373 nm (d) 400 nm (e) 560 nm

Answer: ace
Solution: For destructive interference we set the overall phase shift equal
to the condition for maximum destructive interference as follows,

A, =2T+A. [2+0=(m+1/2)A

Solving for A = Asiym/Nsiim gives

)= 2MNgy, __ 2(400nm)(1.4) _ 1120nm
m m m '

Thus, the following wavelengths are missi ng due to destructive interference:
A
1120nm
560nm (e)
373nm (c)
280nm (a)
224nm

overall film film -

GIENISINNITE =R |

Observer Observer | | |
InC|dent light ray Incident Ilght ray Incident light ray

T 6/ IT " t T =2
Observer
Problem 10:

Three experimentsinvolving athin film (in air) are shown in the Figure. If
T indicates the film thickness and A is the wavelength of the light in the
film, which experiments will produce constructive interference as seen by
the observer?
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Answer: | and Il
Solution: For | and |1 setting the overall phase shift equal to the condition
for maximum constructive interference gives:

A geran = 2T + A 12 =mAg,, .
Solving for T gives
A
T — Hm _ i film
N 20 2

which produces the following table (where A = Asijm):

| & I1: Constructive
T

A4
3N4
SA/4
A4

Nlw|N|—|3

For |11 setting the overall phase shift equal to the condition for maximum
constructive interference gives:

A = 2T = mA

overall film -

Solving for T gives

T = MA fim
2 ’
which produces the following table (where A = Asijm):

[11: Constructive
m T
1 A2
2 A
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Problem 11: Incident Light Iq
Two observers are on opposite sides <4+— —
of aflat glass plate with refractive red Plue
index 1.5 asshown inthe Figure. If

the light isincident from the left and if

the observer on the left sees maximum <>
constructive interference for red light

(Aregd = 600 Nm) and the observer on the right sees maximum constructive
interference for blue light (Apue = 450 Nm), what is the thickness T (in nm)
of the glass plate?

Answer: 300

Solution: For the observer on the right we have blue light and constructive

Inter fer ence so we set the overall phase shift equal to the condition for
maximum constructive interference as follows,

A =2T +0+0=mA

overall film -
Solving for T gives
A
T=m—"" =pm Ama — m 220 m _ m(150 nm)
2 2N, 2(1.5) -

For the constructive interference of the blue light on the right we have the
following possible thickness' of the glass:

m T

1 150nm
2 300nm
3 450nm
4 600nm

For the observer on the left we have red light and constructive interference
we set the overall phase shift equal to the condition for maximum
constructive interference as follows,

AL
A =2T + ;m+0:m)\

overall film .

Solving for T gives
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A
T=(m-1/2) g"‘ = (m-1/2) 2me

film

= (m —1/2)600”””_( ~1/2)(200 nm)

2(1.5)
For the constructive interference of the red light on the left we have the
following possible thickness' of the glass:

m T

1 100nm
2 300nm
3 500nm
4 700nm

We seethat T = 300 nm satisfies both conditions.
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Chapter 37 Solutions

Problem 1.

If monochromatic light of wavelength 500 nm isincident on a single narrow
dlit 0.02 mm wide, what is the width of the central bright spot (in cm) on a
screen that is 3 meter s from the dlit? (Hint: the width of the central bright
spot is equal to the distance between the two first order minima.)

Answer: 15

Solution: The angular position of the first dark fringeis given by

: A y
snf =0 = — tan @ = 0 = =

Thus, the width of the central bright spot, D = 2y, is given by

-9
=24, 200010 M) 30~ g50m

D=2
Y W 0.02 x10 °m

Problem 2:

Monochromatic light of wavelength 600 nm isincident on asingle narrow
dlit and produces a diffraction pattern on a screen 2 metersaway? |f the
screen ismoved 1 meter further away from the slit, what wavelength of
monochromatic light (in nm) will produce a diffraction pattern with all the
diffraction minima at the same points on the screen?

Answer: 400

Solution: The angular position of the dark fringesis given by

: mA y
snf =0 = — tan 6 =0 = —
W and L

Solving for A gives

A = ﬂ
mL
and for fixed y, W, and m we have
/\2 — Ll
Al I—2

so that
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A =tip =—2M  600nm) = 400 nm
L, 2m+1m '

Problem 3:

Bluelight (A = 470 nm) fallson awall with asingle dlit of width 0.18 mm
and produces a diffraction pattern on a screen located a distance L from the
dit. If the color of light is changed to red (A = 650 nm), the width of the
central bright spot on the screen increases by 1.0 cm. What is the distance
L to the screen (in meters)?

Answer: 5

Solution: The angular position of the first dark fringeis given by

: A y
sn@z@zw,andtanezez—_

Thus, the width of the central bright spot, D = 2y, is given by
2A 20

D=2y=—L AD = ——L
y w - and W ,

where AD = Dy — D and AN = Ao — ;. Solving for L gives
_ ADW _ (1x10 °m)(0.18 x10 °*m) _

5m
20 2(180 ><10‘9m)

L
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