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STUDY GUIDE

SELF-PACED PHYSICS

P |stEp

P | STEP| NAME ‘ SELTION SEGMENT 32
0.1] Reading: HR 33-1, 33-2; 7 :
33-6/ 33-8 & 8 C (o]
SZ 30-5, 30-6; 30-11
SW  34-9
'0.2| Information Panel, "Force on a
Cbafgsd Farticle in a Magnetic 8 A B c o Y F
Fielid
0.3 Audiovisual, "DEFINITION OF A
B-FIELD"
1: 8.1 ! Information Panel, 'The
A B ¢ b T F Cyclotron'
REE
1 A B C D. T F
1.1| 1If your first choice was correct,
advance to P 4; if not, continue
sequence,
9.1 If your first choice was correct,
2 R _
A B C b a?vance to 15.1; 4if not, con
tinue sequence.
10
3
A B C D T F (ans)
1]
A B C D
A
- A B C D T F
12
4.1| If your first choice was correct,
advance .to 8.1; if not, continuel- (ans)
sequence. ' !
: 13
3 A B C D A B € D
. 14 T
6 A B C D
(ans)
1 of 2



. - STUDY GUIDE SELF-PACED PHYSICS
P | STEP | NAME P |sTEP | sECTION SEGMENT 32
15 T F 22 A B C D T F
(ans)
15.1; Audiovisual, MOTION OF AN 2Z.1 { Homework: UWR 33-31
| ELECTRON IN CUMBINED E AND B ‘
FLELDS
25.1! Information Panel, '"Meaasurement
of Electronic Charge to Mass
Ratio (e/m)
16| _ T F
(ans)
1€.1| If correct, advance to 22.1;
if not, continue sequence.
17
A B L D
18
A 8 C D
19
A B C D
20
A- B C D
|
21
A B c D

2 of 2




STUDY GUIDE SELF-PACED PHYSICS

P | STEP | NAME | e |ster | secTiON SEGMENT 33
C.1| Audiovisual, "DEFINITION OF A B- || 6 A B C D
FIELD"
0.2| Reading: *HP 33-1/33-4 3
SZ 30-1; 30-3; 30-4, \
| 3i-1; 3i-3; 31-5; i
| i 31-6; 31-8 I 7| _
p SW  34-1; 354-2; 54-4, | ! ]
! 34-E l }
AB 4-7: 38-2; 1361, -
39-2 . _ _{ans)
'0.3| Information Pasel, "Units for [ 3 . T F
Magnetic Fields"
1 T Ok
(ans)
L-_--J : . 1]
8.1 Information Panel, "Torque on a
(ans) Current-Carrying lLoop"
1.1} If correct, advance to P 5; if .g ' T F
not, continue sequeace, \
2 A B o D
(ans)
9.1| If correct, advance to 13.1; if
rot, continue sequence.
3 A B C (0] 10
(ans)
4 T F 11
(ans) _ {ans)
5 A B ¢ ¥
- D F 12 A B C D
5.1 | If your first choice was correct, 13 T F
advance to 8.1; if not, con-
tinue sequence.
(ans)

ERIC | 1 of 2




STUDY GUlDE A SELF-PACED PHYSICS
P | STEP| NAME [| ¢ isrer|secrion SEGMENT 33

13.3 Informacior Panel, "Magnetic
Moment cf a Current Loop"

pr—

i

i L T F |

14 _J '
ROy Sl B S | Dl L A IS . Lt S ST . Lol SR SOV '

16,11 It correct, zdvaacs €2 3/.1;,  1if
not, coutinue s&quente.

15 e e e 1o
| I
L

(ans)

1€ A B € D * |
[

17 . f F

(ans) : >

17.) Homework: HR 33-6
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STUDY GUIDE ‘ SELF:PACED PHYSICS

” P | STEP | NAME P | STEP | SECTION SEGMENT 34
0.1 [Reading: #*HR 33-4 6] A B c D
SW 34-3%: 34-4
5Z 31-3; 34-10 .
0.2 | Information Panel, "Average Vaiue
of Torque on a Current-Carrying {
Loop" 7‘ A“ B C D
i
I A B € b T F [ “
8 T F
1.1 1 TIf your first choice was correct,
advance to 4.1; 1if pot, continue
sequence, (ans)
2 A B C D 8.1} Information Panel, "Magretic
Flux*
9] T F
3 A 8 C D
(ans)
9.1| If correct, advance to 12.1, if
- not, continue sequence.
4 A B C D T F 10
(ans)
4.1 |information Panel, "Work and Enerd| 11
gy Considerations for Current- '
Carrying Loops in Magnetic Fields'
E T F _ (ans)
12 T F
(ans)
5.1 |If correct, advance to 8.1; if (ans)
not, continue sequence.
' 12.1 | Information Panel, "The Magnetic
Field of the Earth"
O

‘ : ‘ 1 of 2




STUDY GUIDE

SELF-PACED PHYSICS

.
P | STEP| NAME il P |STEP | SECTION SEGMENT 34
13 A B8 . C D T F

113.1}1f your first choice was correce,

-advance to 19.1; 1if aot, contin-
! ue Sequence.
14 A B C D
15 A ] C D
16 A B C D
17 A B C D
18 A B C D
19 A B C D L F
19.1|Homework: SW 34-3
2 of 2




STUDY GUIDE SELF-PACED PHYSICS
P | STEP| NAME P | STEP | SECTIOM SEGMENT 35
0.1} Reading: #*HR 34—;/34—4 6.1| If your first choice was
SZ 32-¢ correct, advance to 9.1; if
not, continue sequence.
C¢.2| Informarion Panel, "Aupere's
Law" 7
G.3| Audiovisual, AMPERE'S LAW
APPLIED TC A LONG STRAIGHT
CONDUCTOR. ; (ans)
- |
1 T F 8 ,
- I ! A B C D
{ans)
1.1} If corvect, advance to 5.1; if 9 T F
not, continue sequence.
2
A B c ) (ans)
l___] 9.1| Information Panel, "Forces
Between Current-Carrying
Conductors"
3
A B € © 9.2| Audiovisual, FORCE BETWEEN
PARALLEL CURRENT-CARRYING
CONDUCTORS
10
4 — A B C D T F
A B C D I
10.1| If your first choice was
5 T F correct, advance to P 15; if
not, continue sequence.
11
(ans) - A B C D
3.1| Information Panel, "Applying
Ampere's Law" .
6 12
A B ¢ D T F A B C D

1 of 2



STUDY GUIDE SELF-PACED PHYSICS
P | STEE | NAME P | STEP | SECTION SEGMENT 35
13 A B c D
14
A B C D T _F
15 T F
(ans)
15.1| If correct, advance to 19.1; if
not, continue sequence.
16
A B Cc o]
117
[ A B Cc B
18 A B ¢
19 A B C D T F
15.1| Homework: HR 34-11
2 of 2



STUDY GUIDE SELF-PACED PHYSICS

P | STEP | NAME P | STEP | SECTION SEGMENT 36
0.1 | Reading: *HR 34-5, 34-6 7
Sz 32-1, 32-2 A B ¢ o
32-4; 32-6
0.2 [ Infromation Panel, "The Magnetic
Field of a Solenoid and Toroid"
8
1 T F A B C 2)
(ans)
9 T F
1.1 |If correct, advance to 5.1; if
not, continue sequence.
2 _ ‘ (ans)

9.1 [Audiovisual, "THE LAW OF BIOT-
SAVART"

(ans)

9.2 | The following problems are op-
3 - ftivnal and provide further prac-
tice in the use of Biot-Savart.

, 10 A

T
(ans) 8 < 0 F
4
10.1| If first choice was correct, ad-
(ans) vance to P 15; if not, continue
sequence.
5
A 8 C D T F 11
‘ (ans)
5.1 |Information Panel, "The Biot-
"
Savart Law 12 A B C D
3
A B C D T F
13 A 8 C D
6.1 |If first cholce was correct,
advance to 9.1; if not, continue
sequence.
o 1 of 2




STUDY GUIDE

SELF-PACED PHYSICS

P | STEP| NAME IP STEP | SECTION SEGMENT 36
14 T o |
] — !
L -.4
15 A B ¢ D T F
N
16 A B ¢ D T F
16.1| Homework: HR 34-20
)
Y 2 of 2




SEGMENT 32 i

INFORMATION PANEL Force on a Ch-rred Particle in a Magnetic Field

OBJECTLIVE

To determine the path of charged particles in magnetic fields by finding
the magnitude and direction of the force acting on them.

Several definitions and criteria should be emphasized before you begin
work on this Segment. The first of these answers the question, "How does
one know when a magnetic field exists in a given region of space?"

A magnetic field is said to exist at a point if
a force over and above any electrostatic force
is exerted on a moving charge at that point.

The second item deals with the direction of the magnetic field and may be
- stated as follows:

The direction of a magnetie field is that direction
in which a charged particle may move through it
without experiencing any magnetic force.

Thus, an electron, a proton, a deuteron, or an alpha particle moving
parallel to the magnetic lines of force of a field at any instant is
not acted upon by a force due to the presence of the magnetic field.

A third important consideration suitable for inclusion here is:

When the velocity veetor ¥ of a moving charge is
perpendicular to the magnetic field, the force
acting on the charge is perpendicular to the
plane containing ¥ and 3?

"A fourth item essential to a proper approach to this subject is:
The magnitude of the force acting on a charged
particle q moving with velocity ¥ perpendicular

to a magnetic field B i8 given by the relation
F = Bqu.

next page




2 : SEGMENT 32

continued

In the second statemen- iove, we have given a method of deciding the
direction of a magn. . »1d on the basis of the absence of force
acting on a charge part moving through the field. In order to
specify the sense oi th. scld, however, it is necessary to state the

relationships between the force ﬁ, the .charge q, the velocity v and
the magnetic intensity B vectorially:

» >

e
F=qv >3B

Applying the rule for cross-products, the magnitude of the magnetic force
for any direction of motion of the charged particle through the field is
given by the equation:

F = qvB sint

where 0 is the angle between the velocity vector Vv and the magnetic
induction vector B.

In a given situation, the direction and sense of the magnetic force may
be determined from any one of the '"rules'" developed thus far in this
course or from the 'palm rule” described below. In general, for a
positive particle in motion through a magnetic field, as V is rotated
into B through the smaller angle between them, the direction of ¥ is at
right angles to the plane containing V and B and its sense is that of
the advance of a right-handed screw undergoing this rotation.

To use the palm rule, extend the thumb of the right hand outward, point
the fingers in the direction of the magnetic field and the thumb in the
direction of motion of the positive charge, and the sense of the thrust
of ‘the palm will then indicate the sense of the force.

When the moving particle is negative, the sense of the force is opposite
that obtained for a positive particle.

A charged particle entering a magnetic field perpendicularly with uniform
velocity will follow a circular. path while in the influence of the field.
The magnetic force is centripetal in direction and sense in this case so
that we may write:

my?

Frp = B = 2
B qv. r

in which m is the mass of the particle, v is its velocity perpendicular
to the magnetic field, and r is the radius of the arc it describes.

next page



SEGMENT 32 .

continued

The radius of the path is then given by:

) " ' or substituting momentum p for mv

= P_
gqB

This equation expresses the radius of the particle's circular path in
terms of its momentum and charge in a given field. Another useful
expression in which the radius is given in terms of the kinetic energy
of the particle rather than its momentum is obtained this way:

mv?/2

L}

Since kinetic energy K

then K (p)v/2

but v may be expressed as p/m so ttit we can write

¢ = (p)(p/m)
2
hence P = V2mK

Thus,'the radius of the circular path can be expressed as

2}

The unit of magnetic field intensity ‘is the Tesla, symbol T, and
corresponds to the units weber/m? found in older texts.



SEGMENT 32

PROBLEMS

1.

the electron? (Recall that qe¢.

An electron in a television picture tube has a speed of 6 » 10° m/sec.
The tube is orientod so that the electrons move horizontally from west to
east.
ward and has an intensity of B = 5 x 10-> T. What is the force exerted on

The vertical component of the Earth's magnetic field points down-

e = -1.6 x 10-19 coul.)

A. 9.6 x 10°%* nt; north

— B. 4.8 x 10~!® nt; north
B |
J C. 9.6 x 107'* nt; south
’ E
z > D. 4.8 x 107'? nt; south
[y
.L_’

2.

X

The proton is positively charged and 1836 times as massive as the

D.

negatively-charged electron.
% X x Each is released with its
velocity in the plane of the
paper, there being a uniform
magnetic field directed

X X perpendicularly into the
plane of the paper. Whichn
of the following statements

x s X X correctly describes the

v, .

e—— ° 5 motion of the particles?

mPl q-e
X X X

The electron spirals clockwise, the proton counterclockwise,
along the direction of B.

The electron spirals counterclockwise, the prbton clockwise,
alomg the direction of B.

The electron rotates clockwise, the proton counterclockwise,
in a circular path parallel to the plane of the paper.

The electron rotates counterclockwise, the proton clockwise,
in a circular path parallel to the plane of the paper.
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3. In the absence of gravitatignal and electric fields, if we fire a
test charge q  with a velocity v through a point P in space and
observe no change in the test charge's velocity, then we can conclude
that

A. if there is a magnetic field at P, it must be uniform

B. if there is a magnetic field at P, it must be directed
parallel to

<v

¢C. if there is a maggetic field at P, it must be directed
perpendicular to v

D. there is no magnetic field at P.

4, The proton is positively charged and 1836 times as massive as the
negatively-charged electron.
Each is released with its

X X
velocity in the plane of the
paper, there being a uniform
magnetic field directed
X x perpendicularly into the
plane of the paper. If the
proton and the electron are
X X 7 X X released with equal kinetic
o P energies, the electron's
m,, q:=@ orbit is
X X X X

A. larger than the proton's orbit
B. smaller than the proton's orbit
C. the same size as the proton's orbit

D. no conclusion can be drawn about the relative sizes
of the orbits
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5. A proton is accelerated from rest through a potential difterence V,
between the two plates shown in the diagram. It leaves the plate at the
right with a velecity v, and then enters a circular region where a magnetic
field exists. What must be the direction of the magnetic field if the
proton must follow the circular path shown in the figure?

A. same at the direction of V
B. opposite to the direction of v
C. out of the page

D. into the page
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6. The proton is positively charged and 1836 times as massive &t
W ry=charged vlectron.

X X % Each is released with its
velocity in the plane of the
paper, there being a uniform
magnetic field directed

X x X perpendicularly into the
plane of the paper. 1If the
electron is released with a

X X - X X  speed three times the speed

" e Ve > : of the proton, then the
my, q:e radius of the elec;ron's
x x x X ?rbit will be, approximately

A. three times larger than the radius of the proton's orbit
B. nine times larger than the radius of the proton's orbit
C. the same as the radius of the proton's orbit

D. six hundred z=imes smaller than the radius of the ﬁroton's
orbit :

7. 1If the proton and electron of the previous problem have the same
speed, then the frequency with which the electron revolves in its

orbit is
s X %
X X X
X X 1; X x
——>
mg, q=€ .
X X X X

A. gmeater thzam the proton's frequency
B. l=ss than thee proton's frequency
C. the same as the proton's frequmssy

D. no conclusii® can be drawn about the relative frequencies
of the parmtiicles
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8. The radius of the proton's circular path in the accompanying diagram
is 5 meters and its period is 20 microseconds. What was the potential
difference V through which it was accelerat=d before entering the magnetic

field region?

v
‘A. 2.06 x 10~15 volts
B. 2.06 x 10~13 ev

c. 1.29 x 10" volts

D. 1.29 x 10% eV

INFORMATION PANEL The Cyclotron

OBJECTIVE

To study the mechanicél and electrical relationships needed to solve
various problems dealing with the cyclotxron.

Before starting this section of your work, it is imperative that you study
carefully all of the materdial #n all of the referemeed reading indicated
in the Study Guide for this Segment. A discussion m=f the cyclotron cannot
be undertaken here, except to pinpoint a few bits of information which you
will need in solving the probkems.

next page



SEGMENT 32 9

continued

The electron volt is an energy unit used extensively in connection with
accelevators like the cyclotron. It is abbreviated eV and is frequently
encountered in more convenient multiples:

1 MeV = 10¢ eV
1 BeV = 10? ev
. o 1 GeV = 10!2 ev

The definition of the electron volt is most conveniently obtained by
considering that the kinetic energy K of a charged particle q that has
moved from one point to another between which a potential difference Vv
exists is given by:

K = qV

where K is in joules, q is in coulombs, and V is in volts. For an electron
the charge 1is e so that: '

K = eV
Thus, from this equation we have:
1 electron volt = (1 unit of electronic charge) (1 volt)

and it is seen that the electron volt is the amount of energy gained by
an electron as it falls through a potential difference of 1 volt. Since
the electronic charge is 1.60 x 10~!2 coulomb, then the magnitude of one
electron volt is 1.60 x 10-!% joule.

It will also be helpful to remember the relative masses of a few of the
charged particlies other than the electron used in accelerators. Taking
the mass of the proton as unity for purposes of comparison, the relative
masses of the other particles are:

electron: mg = I%%g

deuteron: mp 2mp

 a~particle: m, = 4mp

next page




10 _ SEGMENT 3.

continued

As developed in the previous Information Panel, you will recall that the
radius r of the circular path followed by a charged particle q of mass m
moving with velocity v perpendicularly to a field of magnetic induction
B is expressed by:

The angular velocity w of the circling particle is given by:

v
W= T
r

hence w is then:

w=948
m

and this equation can be given in terms of frequency f (say in revolutions
per second) as

wherein it should be noted that the frequency does not depend on the
speed of the particle.

For the oscillator of the cyclotron to add energy to ‘the particle at the
proper point in each revolution, its frequency f, must be in resonance
with the frequency of revolution so that the oscillator frequency is
(for resonance)
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e = e - 1

9. 1If the oscillator frequency of a cyclotron is fixed at 15.3 MHz but the
magnitude of the magnetic induction can be changed from zero to 1 T and its !
direction can be reversed, for which of the following particles, other than
the proton, can this cyclotron be used? :

A. only the electron

B. only the electron and deuteron

C.. only the deuteron and the a-particle

D. all three (electron, deuteron and a~particle)

10. If a cyclotron which employs an accelerating potential of 1.0 » 10°
volts has a dee separation of 5 cm, what is the magnitude of the electric

field set up between the dees? (In volts/meter.)

11. What is the ratio of the magnitudes of the magnetic and the electric
forces on the proton, during its passage through the gap?

vB
A, E
B. VE

B
c. BE

v
p. B
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12, What is the work per cycle done on the proton by the magnetic tield
when a proton is being accelerated in a cyclotron? Here are some data you

may need: vp = 5 X 10° m/sec, B = 1T and R = 45 cm

13. If a cyclotron which has an accelerating potential of 1.0 x 105 volts is
used to accelerate protons, deuterons, or a-particles to an energy of 10 MeV,
how many passages through the gap must each particle make?

A. proton, 100; deuteron, 200; o-particle, 400
B. - proton, 100; deuteron, 100; o-particle, 50
C. proton, 100; deuteron, 50; wa-particle, 50

D. proton, 100; deuterom, 100; o-particle, ‘100

14, The mass and charge of the proton are 1.67 X 10727 kg and
1.60 x 107!'? coul respectively. What must be the minimum dee radius
to accelerate a proton to 10 MeV if the magnetic induction is 1 T?7

15. What must be the frequency of the oscillator in MHz if the cyclotron
is to be used to accelerate protons to an energy of 10.0 MeV using a
magnetic induction of 1.00 T?




SEGMENT 32 173

INFOR&ﬂQ}S@{Jﬂ@ﬂgi Measurement of Flectronic Charge ton
Mass Ratio (e/m).

OBJECTIVF.

To study the mechanism of the Thomson e/m experiment; to use the vqua-
tions applicable to this experiment in solving relevant problems.

The reading assigned for this Segment contains extensive discussions of
the mechanics and mathematics of the Thomson e/m experiment and will not
be repeated here. However, to save vou the effort of digging out the
"derivation of one.of the key relationships involved in theé Thomson equip-
ment, we shall present a concise development here.

A beam of electrons moving with uniform velocity is made to enter a uni-
from electric field between two charged, parallel metal plates. As the
particles continue to move through the field, they experience a deflecting
force which produces a deviation of the path. They ultimately strike a
fluorescent screen, producing a spot of light which is displaced from the
position it would have occupied had the electy!sc field been absent,

Refer to the accompanying diagram.

) ..r
o® [
o® Y]
°® /
.. 9
oo® jy.
o0® ] 72
o® /
o %
o0® ]
°®
. e® d
POSITIVE PLATE .o" ]
+ + + + + + + + o‘o\ .
R I I I I I I e el T eI IaY Im.. ______________________________________ .
°
o/0® 4
Olp oj0 ojoo/ecjos0®® % A
L ——_—>x
v, |
x | E ¢
A Y
I iy ’
; NEGATIVE PLATE } 3
| |
|- l |- —
I D ¢
|- L :j

'The electrons enter the region between plétes at the origin 0 with a velo~-
city vyx. Since the x-component of the force acting on the particles is
zero, then ax = 0 and vy is therefore constant. Thus; in time t

X = vyt : (D)

next page
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continued
The y-component of the force is given by the expression:

Fy = eF, (2)

where e. is the charge on the electron. Since the acceleration is the
force divided by the mass, or

ay = = (constant) (3)
then in time t
vy =y, + (vylot + —;— ayt? (4)
But v, = 0 and also (Vy)o = 0, then
y = % ayt2 ‘ (5)

Substituting eE/m from eﬁuation (3) in place of a, in equation (5):

eEt?
7 (6)

Eliminating t between equations (1) and (6) permits us to write:

ek ’ o)
| y = Tmv 2 © X“. (M

We shall define the quantity y, as the value of y when x = £. As the
electrons pass beyond the deflecting plates, the trajectory becomes a
straight line because they are now moving in a region where there is no
electric field. The value of Y, is D tan® where D and 9 are defined as
shown in the drawing.

The slope of this straight line is the ratio of the y-component of the
velocity of an electron to the x-component of the velocity when the elec-
tron is about to leave thw * where x = £. These components are
vy (constant) and

vy = ayt , (¢

Refer again to equation (1). This tells us that when x = £, then
t = ﬁ/vx. Combining this with the value of ay from equation (3), we
obtain:

ekl ‘ .

next page
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continued
Now since tanfi = vv/vx, we can substitute and get:

el?

tanf = 5

mvy (1m

Thus, we know the value of y, to be as shown below from equation (7):

eE?
Yy T 55 (11)
1 2mvy 2
and the value of y, now to be:
_ DeEXL
X
Since the total deflection Yg = Y, +y,, then
_ _eE?_ DeEfL a
YE 2mv 2 mvx?
or
ekt ?, )
== (= +
Ve = me (74P | (19)

Instead of using D, the distan~e from the plate ends to the screen, it
is frequently more convenient to use L, the distance from the origin to
the screen: - When L is used, equation (13) then becomes

- eE2 _ L)
E " mvy2 (L 2) (14)

In the Thomson experiment, the electron beam was also acted on by a uni-
form magnetic field. A similar approach leads to the analogous equation
for magnetic displacement yp:

_eB (i _2) ’
M T mvy (L 2) (15)

For balanced fields, where the beam deflection is zero, we have finally:

YE-yM=0 (16)



|6

6. A beam -
electric and .
ditection of -
are mutually nn

leave the res.ion

B=1.0 x 10—
to be deflect:
trons in coul

SEOMENT s

rons enters a region where it is acted upon bv an

ic field simultaneously. The initial velocitw, :he
tric field and the direction of the magnetic ric¢ld
ular to each other. The electrons are found to

sngth ¢ = 10 cm undeflected if E = 50 nt/coul and
the B field is turned off, the electrons are found

. stance y = 1.7 mm; find the ratio e/m for thes elec-

17. An ele .o

horizontal z:i+

gravitationa®

» has an initial velocity v o= 3.25 x 107 m/sec in the
‘on. What is the deflection of the electron due to the
ivrce between x = 0 and x = 0.31 m? (Take the upward as

the positive direction.)

-1.9 v 10718

~5.6 x 10~17 n

~4.5 % 10-16

0.1m
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i . particle of mass m enteri the shadec -ea shown in the diagram at
:ipin and with a velocity vg = vai. P eem x = ) and x = ¢, it
. -» P

---Xpet ~iences a constant acceleration a = a *

Dexrive an expression
Y for the parti:le's

v-coordinate when it
leaves the shaded

L/ region (x = ¢).
::::///// A. a2.2/2vo2
///// B. Vot
/<;: . C. at/v,
°U, (L0) (1,00 *

L/v

o

(o}

9. A wparticle of mass m enters the shaded area at the origin with
wetocitv Go =-v01. _Between x = 0 and x = f, it experiences a constant
sacceleration a = a j. After passing the point (2, a22/2v02), the parti-
¢le experiences no further acceleration. What is its y-coordinate when
x = L? Neglect gravitational acceleration.

A al? f
- Zvo2
B. 2L @ -9
Vo
'3 2 2
c. —a——L-—)
\2Y3 ( 2
0 a2
: 2v02
. x




1+ v OMENT

20. A beam . chay wed particles moves with coostant velocity
v = 1.3 v ) i g/uec throsgh a repion which contains uniform magnetic
and electric “/leld« If B=-2.76 » 1073 | T, what must the electric
field be?
b4
| ~
B
—
Y > X
A. z ' 70 « 10% k nt/coul
B. £ = -3.70 x 10% k mx/coul
C. % =5.97 v1071% i nt/coul

D. £ : 291 x 107!5 j nt/coul

13
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21. An electric field E is directed aiong the: nositive y-axis. A charge
q is fired along the positive z-axis with a =pe=d v.

y
4 E
 x
V=vk

. -+
What is the minimum value of B and its rmorre=pomding direction such that
the velocity of the particle does not clhampe?

A. B =0

B. B =2

<|m

, _1; in xz-plane makimg an angle of 45° with the x-axis

o
w
"
I

E s B anywhere in the xz-pi=me

D. B = % R B along the negative x—siirectiom



The dimemsions of the above apparatus to measure the =iiectron's charge
to mass ratio, e/m, are £ = 2.00 cm, L = 31.0 cm. Whenr am electric
field of magnitude E = 1.00 x 10° nt/coul is applied, The deflection
of the electron beam is measured on the screen to be y= I0.0 cm

_eEL ;. 0
&y - a - |

A uniform magnetic field is applied between the defiecting plates along
the negatiwe z-axis, B = -B k (into the paper). The magnitude of the
magnetic finduction s increased until the electromr teeam returns to its
undefIected positiom. The fiedd required is meassmed to be
B = 3.88 x 1073 T. What is tlee corresponding value of =/m?

A.  (1.758796) x 10!! coml/ke

B. 3.25 x 107 coul/kg

C. 1.77 x 10%! coulifke

B. 5.43 x 107 coulifke



fa}l COBERTUTT ANSWTER: A

For # m—lotran, the force =@muation is given ber
2

m- oo mmzR = qu

Tmerefore, ‘the frequency i= -

0

= 48
27m

r|®

far q/m, wnich is the quantity that varies as we chamge particles. We
find

q _ 2mv
m B
Twe frequency v is fixed, so that as we vary 3 from zero to its maximum

vmalue (1 T, which puts the cyclotron in resonance for protons), g/m
waries from #mfinizy to

g 2mv_ - Zw x 15.3 - 108
m -~ Bpax i
= 9.6 « 107 coul/k
= T sFrotmn)
Im ontiter words, timis cvciotrom can be wused for =mv particles whose ¢/m

ratim is equal ta, cr grester than 9.6 x 107 coml/kg.
“The g/m ratic for the nrowton is

A L6 - 1607
1.6

. == = 9.6 x 107 coul/kg
mp . A lﬂ—.‘

Thee .q/qrratio of the thre= particles in questazm are (relative to the
proron’s) 3 '

az; Electron:

#); Deuterom:

next page
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continued

=

c¢) a-particle: _—— = -~ =
m ., 2 My

do _ Hp 1 (‘_‘z\
Hermce, we mote that omlv the electron has a q/m ratio larger tham that

of the proton.

TRUE OR FALSE? The q/m ratii of an a-particle is half as great as the
same ratio for an elecrron.

[a] CORRECT ANSWER: A
This is a review quesstion em kimematics. Using the equatioms
= gy 2
X = Xo + vt ™ 7 Byt (1)

with ay =0, x, = 0 mad wgxy = Vo We obtain
X = Vi (2)

Thus,. the particle rexches thwe line x = £ at time == Mm:m

For the mmidon im the y-directieme, we have y = 0, Vgy =P and a, = a,
50 i
y = % at’ . (3
Substitutimg (2) imto (3) we obtzn
r
R S A 2 e
Yy =3 a-ﬂvo .@véﬁ (4)

10
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CORRECT ANSWER: D

-» - e - ->
The magnetic force is given by F = gqv x B. The vectors v and B here
are mutuallv perpendicular and vV x %vpoimts to the north. However,
the direction of the force on the meeatively charged partigle is in the
direction of -v x ﬁ, or south. Finmally, the magmitmde of F is

(1.6 x 1019 coml) x {6 x 105 mfsec) x (5 x 107> T)

F = qvB

4.8 x 10718 nt

TRUE OR FALSE? The direction of the magnetic force on an electron is
opposite that on a proton moving im the same dimrection.

CORRECT ANSWER: C

Since the electron beam is undeflected, we kmow thet tlee electric and
magnetic forces are equal in mwagnitude and oppossitz im direction. Now

¥y

qu x B = (-e)vBi.!_(—ﬁ) = -evBﬁ

and

¥

> >
Setting Fp = -FE, we find

L

g = qE = (=e) (-Ej) = eEj

8F = evB
or
_E_1.00 x 105 _ . @7
v =3 =308~ @7 -7 X 10" migec

Since

eEL [ R A
y m@"‘i) .10

we may solve for eifm

z
e b 0ll ;
—_ — = 1.7F % 10 fCOUl‘I:&g
m gL - L/2)

Note that chofice A has too mamy sipmificant figures for the data given.

TRUE OR FALSE? If the length £ of the deflectding plates is increased,
the magnitude of y will decrease.

23
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(NRRECT ANSWER: B
The force on a moving charged particle in a magnetic field is given by

Fg=qv x B P (1)

<

—d

From this it is clear that v and FB are alyays perpendicular to one another
since, in this case, v is perpendicular to B Therefore, the charged
particle will describe a circular path of radius r given by the equation

mv ?

Fp = qvB = = (2)
“Thus,
=V _D_
r =3B b 3
where p = mv and represents the particle's momentum,
Using the relation between momentum and kinetic energy
p = V2mK (4)
we can rewrite (3) as
K
- ¥Zm (5)

qB
From (5) we see that for equal q, B, and K, the radius increases with
mass. Therefore, the radius of the electron's orbit is smaller than

that of the proton by a factor of v1836.

TRUE OR FALSE? In the solution above, K is a constant of proportionality.



[a]
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CORRECT ANSWER: A
The magnitudes of the magnetic and electrical forces are respectively

Fg

-» -» - > &>
lqv * B| = quB (since v is normal to .B)

and

FE Iqﬁ| = qE

The ratio of the twe is therefore

CORRECT ANSWER: 15.3

For a cvclotron, the force equation is

E%— = ms“R = quB (1)

The oscillator must be in "resonance' with the proton's orbit. The
frequency from (1) is

= 4B
v 27Tm ’ (2)

After one-half of a revolution of the proton, the oscillator must have
one through cne-half of a cycle; namely,_from maximum magnitude of
% in one direction to maximum magnitude of in the opposite direction

in order to accelerate the protou as it re—~enters the gap. Thus,

o =y =GB _ (.6x10719 coul) x (1 T)

o 2mm 21 x (1.67 x 1027 kg) 15.3 Mz

TRUE OR FALSE? For resonance to occur, the frequency of the proton's
revolutions must be equal to the oscillator frequency.



[a]

[b]
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CORRECT ANSWER: D

The magnetic force on any moving charged particle is given by

Fy = av x B (1)

> -5
From this it is clear that v and Fy are always perpendicular to each
other. The charged particle will Rescribe a circular path of radius r

given bv the equation

. or

2
mv
F = B = —
B T @V -
r =3V
qB

Thus, the electron’s and proton's orbital radii are given respectively
by

meVe
Te = "oB
and 4
m_ v (1836 m_) x (v_/3) 612 m_ v
r = PP _ e e - eVe
P eB eBeB eB

We have used the fact that the magnitudes of the two particles' charges
are equal and that the electron has a speed three times that of the pro-
ton. Dividing rg by Ty, we obtain

Te meve/eB . 1 1

rp ~ 612 meve/eB T 612 ~ 600

That is, the radius of the electron's orbit is only 1/600 that of the
proton's orbit.

/

CORRECT ANSWER: zero
A magnetic field never does work! From
i‘tB = q.\; X.ﬁ

it follows that the magnetic force is perpendicular to the velocity and
therefore to the displacement. Hence,

Wy = SFgedd = 0



[a)

(b]
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CORRECT ANSWER: C

Since to the right of the line ¢ = 0 the particle experiences no acceler-
ation, we can write

X = %g + vy, (t - tg) (M

and

<
1§

Yo * Voy (t - t)) | (2)

for t >t = L/v.

We already know that x, = &, y, = a9,2/2v02 and v, To find Voy
we use the fact that for t < tg, vy = at, so at t, = 27v, Voy = as/v.
Equations (1) and (2) now become
X = vo (B = t)) (3)
and
alz
y = +~—(t—t) (4)
2v0 Vo

We can solve for the time at which the particle reaches the line x = L.
From equation (3), we find

t =ty + (L ~2)/vg = L/vg
Using'this time into (4) we obtain

a2 a (L [}
Y(atx=L)=2V2+Vo(VO—V)

o
af 13 at L
=V02(-§+L-2)-;;—§-(L--2-) (5)

CORRECT ANSWER: C

The magnetic force on the proton is given by:

F=quxi
Since q is positive, the direction of v x B will be the same as that of
the centripetal force. Using the right-hand rule, if we curl our fingers
from the direction of ¥V into the page, our thumb points upward. If we
curl them oyt of the page, on the other hand, the thumb points dowuward.
Therefore, must be directed out of the paper.
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CORRECT ANSWER: C

The fact that the particles move in planar orbits follows from the fact
that both the initial velocitv and the acceleration,
> >
_ qv x B
m

-
a =

3|+

>
areain a plane normal to B. The orbit is a circle because é is normal
to v, which means that it will not affect the magnitude of v, only its
direction. Thus, the speed will be uniform, and as we know, this type
of acceleration results in a circular motion. The sense of rotation is
obtained by assuming a direc~
tion for v and realizing
that the center of the circle
is in the direction in which
the force, F= q¢ X ﬁ, points.
For positive q; F is upward
in the diagram (counterclock-
wise rotation). For negative
v q, T is downward (clockwise
rotation).

-—
vXB

|

CORRECT ANSWER: C

The proton was accelerated from rest by a potential difference V, so
using the definition of potential and the work energy theorem, we obtain

qV = W = AK = = mv? : (1)

N~

For circular motion, the velocity is related to the radius and the period
by

v = 21r/T (2)

Solving (1) for the potential difference and using (2), we obtain
v=nlx_2._m_(ﬁ_r_>2_£m(1£)"

- T T q \T
Now we substitute’ in the numerical values.

2 x 1,67 x 10727 / 7. x 5 \2
V= 1.6 x 10-19 (TX 10-5) = 1,29 x 10“ volts.

TRUE OR FALSE? In uniform circular motion, the velocity of the circling
particle is directly proportional to the period of rotation.




[a]
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CORRECT ANSWFR: D

The velocitv of the particle will not change if the total force on it is
ZCro. '

Thus,
0="F-= qﬁ + qz x B (1

or

dv x B = -¢E ‘ (2)

Since t is directed along the positive y-axig, this tells us that v ~ R
must bg along the negative y-axis. Now V x B is perpendicular to bogh
¥ and B, so B must lie in the xz-plane, and so oriented relative to v
that the product vx B is opposite to E.

y

e

‘ - >
Letting & be the angle between v and B, we may write equation (2) as:

vB sinf = E
or
. _E '
B = v sin® ' . (3)

Now E and v are fixed. However, the values of B and sin® in (3) can be
adjusted (within limits). It is to our advantage to use the full influ-
ence of By that is to-apply the required force with a minimum B. For
minimum B in (3) we must have a maximum value for sin®; namely, sinf = 1
or 8 = 90°. Thus, ‘

3=E1
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[a] CORRECT ANSWER: 0.46 m

The kinetic energv of a particle in circular motion with radius R in a
uniform magnetic field is '

92B2R2
2 m

Thus, the dee radius necessary to accelerate a proton to an energy of
10 MeV is

/ZmK _ /(2 x 1.67 x 10727 kg) x (10 MeV) x (1.6 x 10~!3 j/MeV)

R= qB (1.6 x 10719 coul) x (1 T)

0.46 m = 46 cm

[b] CORRECT ANSWER: C

The deflection is given by
N
y 7 gt

because Voy = 0. However,

t =

< |

where L = Ax

Thus,

__gl2 _ 9.8 x (.31)2
y 2v 7 x (3.25 x 107)2

= ~4.5 x 10716

[c] CORRECT ANSWER: 2 x 10°

The equation for the potential difference, V, between two points separated
by a displacement d in a uniform electric field_ﬁ is :

v=td
> . .
For d along E and the values given, we obtain
5
E = \J 100V _ 2 x 106 volts

d® 5 x 102 m meter




[a]

(b]

[c]

SECMENT 32 31

CORRECT ANSWER: A

In the preceding problem we derived the equation

r = Eg . 1)

1

The frequency of revolution of the particle is given by

_w v __ v _gs
VEor T Tar 2mmv/qB  2mm (2)

For the proton and electron q and B are the same but the mass, m, is not.
From (2) we see that the frequency is inversely proportional to the mass

" of tiwe particle, so the frequency of revolution of the less massive par-

ticles (the electron) will be higher than that of the proton.

CORRECT AMSWER: B
From the definition of the magnetic induction ﬁ,
Ifl = qol ﬁl = qo VB sind

we see that for v # 0 and B # O, F becomes zero only if sinf® = 0. This
is satisfied when 6 = 0° or 180° that is when ¥V and B are parallel or

"anti-parallel.

TRUE OR FALSE? The presence of even a small component of B perpendicular
to v would cause a change in the velocity of the test charge.

CORRECT ANSWER: B

The work done on a particle of charge q in passing through a potential
d1fference V is equal to its change in kinetic energy and is given by

= AK = qV, independently of the mass of the particle. (The velocity
with which the particle emerges depends upon its mass.) For AK = 10 MeV,
and V= n x 100 KV (and since 1 eV = 1.6 x 10719 joule) we have

107 x 1.6 x 10719 § = qn x 105 volts

or

For q = e and 2e we obtain n = 100 and 50, respectively.
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[a] CORRECT A=sweR: 1.7 - 101!

Initially the resultant force on the electron is zero. Therefore

» » ?
Fp + Fp = 0 g
or v, &
- > > ’
eF + e(V x B) =0 ( _;

Y - . :
where v is the initial speed of the electrons. Since E, v, and ﬁ are

mutually perpemdicular to each other, equation (1) yields.
eE = evh

or
E

Eial- (2)

When»the B ‘iwld is turned off, the electrons are acted upon only byv
the F; forcw wmirh causes The electrons to accelerate in the upward

direction (Wn1= electroms are negatively charged particles). The

acceleration i< constant, directed upwards and its magnitude is

s

a=_ (3)

where m is the mass of an electron. The deflection v is given by

. :
v= 5 at? (4)

t = (5).

Note: The electrons have no initial speed in the y-direction. Substi-
tuting the expression for t, a, and v in equation (4), we obtain

~leE ¢
: Y= 7 v?
ov
. 1 ek 22 B2
Y= 2w TE?

Solving for e/m we obtain

e - _2yE _2x1.7 %107 x50
m 22 B2 (.10)2 x (1.0 x 10-5)2

= 1.7 x 101! coul/kg

TRUE OR WALSE? The equation v = E/B is valid only if E, 3, and B are
mutually- perpendicular to each other.
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CORRECT ANSWER: A

Since the velocity of the beam is constant, we comclude that the resul-
tant force on the beam is zero. Thus

F=quxB+qfi=0
Solving for ﬁ, we obtain

F=-vxB=-(1.34x 107 {) x (<2.7% x 103 j)

= (3.70 x 10%) (i x ) = 3.70 x 0% k ;M=oul
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SEGMENT 33 1

INFORMATION PANEL Units for Magnetic Fields

OBJECT:VE

Tz define the units to be used in working with magnetic fields; to solve
groblems .uwelving the force that acts osn electric charges moving through
a magnet’ - field.

A number .f definitions of quantities used in the study of magnetism
parallels those developed in the analysis of electric fields. A logical
place to :-tart the work that now lies before us is the definition of
rmagnetic - iduction B. A magnetic field may be visualized as a region
permeated by lines of magnetic force. If we designate the magnetic
induction B as the number of field lines that cross perpendicularly
through a unit area, and the magnetic flux as the total number of

lines perwmendicular te twe area A, then the relation:

_ 9%
B=3
follows directly. In the MKS system, the unit of flux ¢ ié the webir

and, since the unit of area is the square meter, magnetic inductimm
is measured in webers per square meter.

By international agreement, the weber per square meter is to be called the
tesla (abb. T). 1In basic MKS units, the tesla is equivalent to:

nt

1T=1—
amp-~m

This equivalence can be derived from the relationship between the fbrce*?
acting on a wire carrying a current 7 in a magnetic field of intensity B:

dF = i (@l x B) (1)

> . ->
wherein d? is a differential element of length and dF is the force accing
on di. Proper integration of this expression will yield the force acting

on linear or nonlinear conductors.

In the special case of a current-carrying straight wire at right angikes
to B, equation (1) reduces to the scalar form:

F.= 24B

.or for a straight wire at any other angle to the direction of ﬁ

F = i(dd x B)

‘next page
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cont inued

The fovce % is directed at right angles to the plame formed by the
line of the current-carrying wire and the direction of B. The di-
rection of the force may be determined by the usual method involving
the advance of a right-hamded screw as one vector ism rotated into
the other, or by using time palm rule described in your supplememtary
reading.

The CGS unit of magnetic induction is sometimes enceuntered in problem
solving and shouid be comverted into teslas. This wnit is called
the gauss and is related to the tesla as follows:

1 gauss = 107% T

In the problems to be sodved in this section you will want to remember
that the symbol e represents the absolute value of the electronic
charge. Thus, for the electron

and for the proton
= +e
Ip
where e = 1.69 x 107! coul.

The problems. that follow require that you

(a) calculate the force acting on a straight wire of given dimen-
sions carrying a given current in a given magnetlc field, or any varia-
tion of this general relationship;

(b) determine the direction of the force on a :current-carrying
wire from a descriptive diagram;

(c) decide what will happemr to the force on a current-carrying
wire if the cross-sectional area of the wire changes, all other factors
‘remaining the same.

34
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PROBLEMS
1. A metal wire of length 50 cm and mass 20 gm carries a current of
0.1 amp. 1t rests on
r a pair of frictionless

rails inclined at an
angle of 60° to the
horizontal (the xy-
plane is the horizon-
tal plane and the wire
is parallel to the
x~axis). A horizontal

Y  umiform magnetic field
exists in the region,
What must be the magni-
tmde of the field in
teslas and its direc-
time if the wire is
mot o slide up or down
the incline?

2. In the situation shown in the diagram below, what is the direction of
the force on the wire?

—> A. Imnto the paper

B. Out of the paper
0O 0 0 0O
— ——ﬂ—-p i C. Upward

O @ @ Q . - D. Downward

3. The magnetic force on a wire of length £ which carries a current <

that is perpendicular to a megnetic field B has magnitude F = i¢B. If

-the cross—-sectional area of the wire is doubled, but the current remains

the same, the magnitude of the force '
A, remains the same

B. is doubled

c. is multiplied by 4

. D. is h
E MC is haived
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4. A cube of side L = 2 m is in a uniform magnetic field B = .5 T, paral-
lel to the x-axis. A wire abcd carries a current 7 = 3 amp in the direc-
tion as shown in figure below. Find the force acting on the wire abcd.




Y
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5. A circular looo of radius 40 e¢m carries a current of 1 milli-
ampere in the sense shown in the diagram. The logp is placed in a
symmetricallv diverging magnetic field such that B is everywhere per-
pendicular to the loop itself and makes an angle of 60° with the plane
of the loop (the plane of the loop is the xz-plane, and the magnetic
field lines meet at a point P on the negative y-axis. The magnitude of
B at the site of the loop ig 0.1 T. What is the net force on the loop?

A. 27 x 1075 § nt
B. -2m x 1075 j nt Y
C. 4m x 1075 j nt

D. =47 /3 x 105 j nt

=]
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af

— ‘ "
> dF = 4.5 x 107" nt

Consider a current element of length 1.0 cm and carrying a current of

0.25 amp. When oriented along the positive y-axis, dt = ds i, the ele-
ment experiences no force. But when it is oriented along the positive
z-axis, at = de k, it experiences a force in the positive x direction,

d¥ = 4.5 x 10~7 i nt. Assuming there is a uniform magnetic field through-
out the region, find its magnitude and directiomn.

A, B=-1.8x1063 T
B. B=18x10"73T
c. B=1.8x10%3 T

D. B=-1.8x10""3T
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7. A ripid conducting wire carries a current of 0.50 amp in the i direce~
' tion. The v-com-
Yy . ponent of the magne-
tic field near the
A origin is as sketched
4 * in the diapram;
namely,

B, = (20 - 3x) T
The z-component of

i the field is zero.
If the wire is 4.0 m
-2 =1 1 2 x long and is centered

' at the origin, what

is the magnetic
force on the wire?

8. A wire bent in the form of a semicircle with radius 10 cm carries
current 7 = 2 amp and is placgd in a uniform magnetic field of magnitnde
2 T as shown in the diagram. What is the total force on the wire?
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INFORMATTON PANEL Torque on a Current-Carrying loeop

OBJTL.CTIVE

To calculate the torque acting on a current-carrying loop immersed in a
magnetic field.

Students beginning their study of the forces and torque acting on a cur-
rent—carrying loop in a magnetic field are often confused in their inter-
pretation of the schematic diagrams that illustrate the orientation of
the loop and its current in the magnetic field. Perhaps the simplest

wav to represent the assemblv is to show it in two steps. In Figure 1,
the loop is displayed in a broadside view showing the direction of the
current (light arrows) and the direction of the uniform magnetic field
(into the plane of the paper as indicated by the "x's.") Figure 2 is
obtained by rotating the whole diagram clockwise as seen by looking .t
the loop in the direction indicated by the heavy arrow. After a 90-degree
clockwise rotation, the loop would appear as shown in figure 2.

X X X X x X X X F, —
X X X XUX X X X -
Q¢ /
X [ S— ) X _ A
‘ \\\ A
X X X X X X X - —
AXIS AXIS 0
— 3 — — e —
X X X X X X X 5 \ -
X X X X X X ||X AN ——
X \& ——— EJ X e u_________;.
| a l f
X X X X X X X| X - -
{_,
X X X X X X X X X F -
Figurellv Figure 2

To investigate the forces acting on the loop, we'll start with side df
which, in Figure 2, 1s nearest the reader. The current in thisg side is
directed downward at the angle of the loop so that the force acting on
this wire is outward, toward the reader. (Check this with the palm rule.)

IERJ!:‘ » next page
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cont inued

llowever, side ce, which is directly behind df in Figure 2 and therefore
not visible to the reader, experiences an equal foree into the p ane of
tae paper; this is evident from the symmetry of the assemblyv. Since
these forces have the same line of action, the resultant force and the
torque are both zero. Thus, these sides mav be ignored in the remainder
of the analysis.

Now, let's look at sides cd and ef. Both of these sides are perpendicu-
lar to the field, hence equal and opposite forces are exerted on them,
but the lines of action of these forces are not the same. Since, as
seen in Figure 1, the length of cd is designated as a, the force on side
cd is: :

F = Bia
The force on side ef is exactly the same in magnitude but is oppositely

directed. The moment arm of each force is the perpendicular distance to
the axis 0, or

moment arm = sinb

N o

Thus, the torque due to the force on both cd and ef is given by:

-1
1}

(2) (Bia) (% sinﬁ)

B. (ab) sin®

-1
1}

il

T BZA sinf
in which A is the area of the loop given by the product ab.

Since the same torque acts on every turn of a multiturn loop, if the loop
is replaced by a coil having N turns, the torque would then be

T = NBZA sin®
Please note carefully when working on the problems in this group, that

the angle 6 is measured from the normal .to the plane of the loop to the
line of action of the magnetic induction vector.
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9. A rectangular loop of sides 5 cm and 6 cm carrying a current

i = 2 amp, is placed in a uniform magnetic field B = 2 T directed along
the z-axis as shown. The normal to the plane of the loop makes a 30°
angle with the direction of B. What is the torque in nt - m on the loop
about axis AA'?

10. A rectangular loop of wire, 10 cm by 5.0 cm carrying a current
7 = 2.0 amp lie§ in the x-y plane as shown in the diagram. If a uniform

magnetic field B = -0.5 3 T crosses the plane of the entire loop, find
A the net force acting on the loop.
Y
X X X X
10cm

>
i
>
>
ey 1
>
-—50cm—s
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11. A rectangular loop of wire, 10 cm bv 5.0 cm carrying a current
7 = 2.0 amp lies in the x~y plane as shown below. If a uniform magneti:

field B = -0.5 k T crosses the plane of the loop, find the torque acting

on the loop.
y

- —]10cm —————»
|

50cm

|

b 4

12. In which of the cases below is the torque a maximum?  (In all cases
the loops are identical, the currents are the same, and the magnetic
fields have the same magnitude.)

A- "‘,._ Bo

X X X X X
=

X x [Ix xllx
—

B e

X x [Ix x|} x

jr—e —

X X X x X

c. D.

™ (:}

o
=]

Y
1
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13. In the simple motor shown in the diagram, the coil has n = 50 turns.
The rectangular coil is 10 cm by 5.0 cm and carries a current of 0.50 .mp.
The magnitude of B field is 0.50 T. Calculate the instantaneous magnitude

of the torque in nt - m acting on the loop.

D.C. SOURCE

INFORMATION PANEL Magnetic Moment of a Current Loop

OBJECTIVE

To define and exemplify the magnetic dipole moment of a current loop; .to
use the magnetic moment in solving certain types of problems.

When an ordinary magnetic compass is placed in a magnetic field at some
angle to the B vector, a torque acts upon it and causes it to rotate so

next page
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continued

that its north-seeking (N) and south-seeking (S) poles line up along
the B lines. (Figure 1). In this action, the axis of rotation of the

AXIS OF
ROTATION

Figure 1' (a) » Figure 1 (b)

BEFORE IMMERSION IN‘EZFIELD AFTER IMMERSION IN EiFIELD

compass is to be visualized as perpendicular to the paper, hence perpen-
dicular to the B field, too.

A current loop with its axis of rotation similarly oriented, and the
direction of current flow as shown in Figure 2 (a) experiences a torque
in exactly the same direction as the magnetic compass in the example
above. The loop will then rotate so that the axis perpendicular to

its faces lines itself up with the B field just as did the compass.

T

Figure 2 (a) Figure 2 (b)

BEFORE IMMERSION IN B-FIELD AFTER IMMERSION IN'E:FIELD

A compass is a magnetic dipole; it is quite analogous to the electric
dipole previcusly studied in the subject of electric fields. The be-
havior of the current loop suggests that this may also be considered as
a magnetic dipole. Furthermore, the torque acting on it can be anal-
yzed in a manner similar to that used for the electric dipole.

next page



14 . SEGMENT 33

continued

1n the previous Information Panel, it was shown that the torque 1 acting
on a current loop carrying a current % in a magnetic field of B magnitude
is:

T = B7A sin® (L)
where A is the area of the loop. Tf the loop has N turns, then
1 = NBZA sinf (2)

The magnitude of the torque acting on an electric dipole in an E field
is given by:

t = pF sind €))

where p is the electric dipole moment. The similarity between equation
(1) and_equation (3) is apparent: they both contain field intensity
terms (ﬁ in one case., B in the other), and in both cases the intensity
of the torque is related to the sine of the angle between the field
lines and the dipole axis. This strong analogy enables us to designate
iA for a single turn loop, or NZA for a loop of N turns, as the mag-
netic dipole moment just as p in equation (3) is called the electric
dipole moment. If 7ZA (or NZa) is symbolized by u, then the torque on

a current loop may be written as:

T = uB sinb (magnitude). 4y

or in vector form as:

> > ->

T=1ux23: (5)

It is clear that the magnetic dipole moment Vis a vector; it is directed
along the axis of the loop (perpendicular to the loop faces) and its di-
rection is such that it can alwavs be determined by applying the so-called
right~hand rule for loops:

With the thumb of the right hand extended, encircle
the loop in the direction of the current. The
extended . thumb will then point in the direction of
the magnetic moment vector, i

The relation:
¥ = NiA

will be used in some of the problems that follow. As a further note, it
should “e remembered that an electron circling a nucleus in an atom is an

elementary current loop to which the concept of magnetic dipole moment
may be applied.
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14, 1In the Bohr model of the hvdrogen atom, an electron revolves around
a nucleus in a circular orbit of radius r = 5.00 x 10~!1 m, 1If the elec-
tron has a speed v = 2,25 x 10% m/sec, find the magnitude of the magnetic
moment (in amp - m2) of the electron (orbital). Assume the circulating
charge to be equivalent to a tiny current loop of radius r.-

15. In the Bohr model of the hydrogen atom, the electron makes
6.0 x 1015 rev/sec around the nucleus. Find the average current in
amperes at a point on the orbit of the electron.

16. A circular loop of radius 2.0 cm carriés a current of 2.0 x 10™° amp.
What is the magnitude and direction of the magnetic dipole moment of the
loop?

A. 2.5 x 107° amp - m? in the negative z-direction
B. 2.5 % 10°° amp - m? in the positive z-direction
c. 4.0 x 10™° amp - m? in the positive z-direction

D. &.0 X 10_5 amp - m? in the negative z-direction
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17. An elliptical current loop has 3 turns, each carrying a current of
2.0 x 10~° amp. The semi-major and semi-minor axes of the ellipse are
a=60cmand b =40 cm, What is zhe magnitude of the magnetic dipole
moment ¥ of the loops in amp - m?? (The area of an ellipse is wab.)

a=60cm
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CORRFCT ANSWER: -0.8 j nt

B4
The segment of wire of length di em the arc has a force dF on it. 1Its
magnitude is

dF = iBd%
and its direetion is radially ¥eward O, the center of the arc. Since the
horigontal component of this force is being canceled by ar. oppositely
directed component associated with & vorrespondinf ar¢ sé€zment on the

other side of 0, only the negative y-component of the force will remain.
Thus the total force on the wire is pointing downward and the magnitude

is
w T w
Fy =j dFy j dF sin® =5 1B sin® d2
o ) o

Since & = RO, then d%

Rd6 and the integral becomes
m m .
Fy =.§ 1B sin6 dgf = 7B sin® Rd® = 2iBR
o ]
Substituting numerical values, we obtain

Fy = 27BR = 0.8 nt

TRUE OR FALSE? Each negative y~component of the magnetic: force has a
balancing y~component on the other side of the wire arc.
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o RRECT ANSWER: A

Looking at the expression giving the magnetic force on a current—carrying
wire,

F =7 < B

we note that this force does not depend on the cross-sectional area of
the wire. Increasing the area, therefore, will not alter the force as
long as 7, ¢ and ™ remain the same.

What follows is a derivation of the above expression starting from a
microscopic point of view. It is given for review purposes and consti-
28 uptional reading.

From the relation 7 = {8 = nevyS, the drift speed must halve when §
doubles in order that : remain the same. (The number of conduction elec-
troftls per unit volume is fixed for a given conducting material and the
electronic charge is a constant.) But the force on the witre is equal to
the number of electrons times the force on each electron, or

F = (nS%) -~ fevq®) = (nevygS) R = 4B

Thus the force remains the same. It is a function of Z, %2, and B alone,
just as the expression
-3

F =il xB

says.

CORRECT ANSWER: 9.6 x 107"

The average current ¢ is the net charge, Q, passing a point on the orbit
in time T. Therefore,

i=2 (1)

Let us find the current averaged over a period of one sec. Hence, ( is
the net charge passing the point in one sec. For every revolution, the
amount of charge passing through the point is 4o, the charge of electron.
Therefore,

Q = qef (2)
where f is the frequency. Thus
7 = qef
1.6 x 1019 x 6.0 x 1015
9.6 x 10-" amp
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CORRECT ANSWER: A

The expression giving the torque on a loop is, as we saw in the preceding
questions as

t=1%]|4 » B] = 7AB sin®

where ¢ is the current, A is the area of the loop, B is the magnetic
field, and 6 is the angle between the normal to the plane of the loop

and the magnetic field induction vector. The normal to the loop is taken
along the direction that the right-hand thumb points when the fingers
curl around the loop in the direction of the current.

Let us examine the various cases presented in the diagrams:

A. We redraw the diagram here. From the indicated direction of
’ the current we find the nor-

>< XAX X - mal to the loop (along unit
n

vector n). We note that n is

X X‘}gg >< parallel to the page, while

s B points into the page. Thus

;X: . ,€>< ><' ‘ A = 90° and sin® has its maxi-

mum value. Hence the torque

X >< >< X has its maximum value in this

case.

B. From the direction of the current we note that the ("positive")
i normal to the loop is pointing
out of  the page, while the
field B is pointing inZo the
page. Thus, 6 = 180° and

sinf® = 0, which makes v = 0.

C. In this case the normal, ﬁ, is pointing parallel to the field
: ‘B, Thus, 8 = 0° and sinf = 0,
which again makes 1t = 0,

next page



(a}

(b]

20 SECMENT 33

continued

D. The direction of the normal is shown below. It makes an angle
8 with B. Thus, the torque is
not zero. Nevertheless, 1 does
not have its maximum value
which occures when € = 90°,

"

czi_u

> s,
©
\
|

o

v

Y

CORRECT ANSWER: C
The force on the small element is given by
©dF =1 di x B , (1)

From the fact that dF = 0 when di = d? j, we conclude that the angle
between j and B is either 0° or 180°; 1i.e.,

B = *B j (2)
Using this field for the differential length dE = dg ﬁ, we obtain
df =7 df xB=17ds k x (#Bj) =F{ de B i (3)

We were given, however, that this force is along the positive x-direction
(+i). Therefore, the lower (+) is the appropriate sign in (3), and from
(2) we see that % = -Bj. Now we use the fact that in this situation

dF = 4.5 x 1077 nt to solve for B. Thus,

dF _ 4.5 x 1077

= = —H
Tdi 025 %102 L8x10TT

B =

CORRECT ANSWER: D

The magnetic induction B is coming out of the paper and the vector E is
in the direction of the current; i.e., to the right. Turning 1 into ﬁ,
we see that a right-handed screw would advance downward. This is the
direction of the force

> >

e d
F=120xB
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CORRECT ANSWER: 4.5 x 107°
The magnitude of the magnetic dipole moment of a current loop is

u = NZA
where A is the area of the loop, 7 is the current and N is the number of
loops. This expression holds for any plane loop, irrespective of its
shape. The area of an ellipse is given by

A = mab

SO

u = NZa

4.5 x 1073 amp - m?

TRUE OR FALSE? 1If this problem had dealt with a 30-loop arrangement,
the v~lue of u would have been 0,045 amp - m2.

CORRECT ANSWER: O

The forces as calculated in the preceding problem are shown in thg dia-
gram. The torque T by

y . definition is
fT=FxF
Xd X X c X where F 1s the magnitude
—_— of a pair of "common mag-
nitude'" forces and r 1is
‘ i?d 7 the moment arm when the
X |l X \ 4 ¢ N M— X~ forces do not have the
— Ao — same line of action. How-
Fde Fab Fbc ever, both the pairs of
forces in this problem
a “b have common lines of action
X X X X and hence, the net torque

due to each pair of forces
1s zero.
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[ XS]
(R

[a] CORRECT ANSWER: 9.00 x 102"
The magnitude of the magnetic moment is
o= 1A ] (n
where A is the area of the equivalent current loop, i.e.,
A = nr? (2)

and 7. the current of the equivalent loop, is the rate at which the
charge passes any given point. Therefore,

i = qef (3)

where f is the frequency of the revolving electron. The frequency f in
terms of radius r and speed v may be obtained from

2rf =w=2Y
r
or
f =" (4)
Substituting the expressions for A, %7, and f from equations (2), (3),

and (4) respectively into equation (1), we find

) q.v
u = Tl['2 _.e._.. .
2nr

r g
2

_ (5 x 10"l m) (1.6 x 10719 coul) (2.25 x 10% m/sec)

9.00 x 10724 amp - m?2

TRUE OR FALSE? The quantity represented by the symbol f is dimension-
less. :
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~N

COKRECT ANSWER: 6 x 10~3

The force d¥ on the element d% equals 7 df x f, and its direction is paral-
lel to the x-axis toward the right. The magnitude of total force on
side of length a is

F=1 aB

A force of the same magnitude but in the opposite direction acts on the
opposite side of the loop. The forces on the sides b are of magnitude

1 bB and are oppositely directed, but along the same line of actionj that
is, along the y-axis. B

The total force on the loop is clearly zero, but the forces on the sides
of length a do not have the same line of action and have torque T about
axis AA':

1
%-b sin 30° F + 7 b sin 30° F

>+ >
T=|r x F|

b sin 30° F = £ abB sin 30° = 6 x 10~3 nt - m

You should note that this torque may be written as
T =14k x B)

where & represents the area and the direction is normal to the plane of
the area,

TRUE OR FALSE? The loop is in translational but not rotational equili-
brium, ’
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[a] CORRECT ANSWER: C

Let us draw the cross-section of the loop as viewed down the z-axis.

It is obvious from the symmetry of the problem that all points along the
loop are equivalent. Let us analyze the point where the loop crosses
the positive x-axis. The current, and therefore d?, comes out of the
page, d4 = k d2. ' The magnetic induction vector lies in the xy-plane and
can be written as '

- - ' -
B =1 B cos60° + j B sin60°
Therefore, the force exerted on this element of the loop is

qF =7 dt x B =7 de B k x (i cos60° + j sin60°)

]

i de B (J cos60° - i sin60°)

This force has a component upward (along 5) and one radially inward
toward the center of the circle (at this point, along -i). It is
clear, from symmetry considerations, that this latter component will
sum to zero as we integrate around the loop, so we conclude that F
is along j and has the magnitude

F=/d% 7 B cos60®° = 7 £ B cos60° = 2nr 7 B cos60°

1
2m x (0.4 m) x (1073 amp) x (0.1 T) x 3

4w x 107° nt

TRUE OR FALSE? The ‘radial component of the magnetic force in this exam-
ple has a net value equal to the component along j.
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[a] CORRECT ANSWER: 6.25 x 1072

Let the length and width of the loop be £ and w, respectively. The force
acting on a current-car-
rying conductor df in a_
uniform magnetic field B
is

dF = (% » B)

Therefore, the forces

acting on sides bc and
da are both zero. The
forces acting on sides
ab and cd are

Fab = nuiB
and is directed out of

the plane of the paper
and

! (l;.c. SOURCE Feg = nieB

and is directed into the
. - plane of the paper.

The total force on the loop is clearly zero, but the forces F ap and ch
do not have a common line of action and constitute a torque T which is
given by °

> > >

T r x F

5 . where F is the magnitude of the force F_ = Fcq and r is the moment. arm.
Therefore, the magnitude of the torque acting on the loop is

wniiB

6.25 x 1072 nt - m

Note that the coil will rotate in counter-clockwise direction; note also
that the torque may be written as. ‘

S >
T = ni(A x B).
5>
- . where A is the vector area of the loop.

TRUE OR FALSE? Only two of the four sides of the loop contribute to the
torque.
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CORRECT ANSWER: zero 14

The force on a straight condyctor 2 carrying a current 7 1n the presence
of a uniform magnetic field B is

> . >
F=4i[2 x B)

In computing the force on e&ch segment of the conductor it is conven-
ient to resolve the vector £ into its components. Thus the force F
acting on segment ab is

P

F, =4[L§ x B i]

o

= -{LB k

(NOTE: § x i = k)

Foo = 2l i-1Lk) xBi]
= —{LB j
and
-> . ~ - ~
Fq=t[(Lk-13 xBi)
= {LB j + iLB k
Hence '~~—j

L4

b+ Foc + Fed = ~iLB k = iLB J +<1B § + LB k
=0

TRUE OR FALSE? This solution specifically indicates that j x i

]
=~
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CORRECT ANSWFER: 3.92 j
The mapnetic force on a current-carrying wire is given by
> > >
F=12¢x B (l-)

Since B is horizontal and the current “lows along the positive x-direc-
tion, % = +0 i, the direction of B that will yield maxigum force {go
that 3 minimum B is required) must be perpendicular to £ (recall that
IE x B| 5 2B sin0). Thus, the two possible directions of B are j and
-j. I1f B =3B j, then

>

F, = 2eB[(+]) x §] = 72B Kk (2)
On the other hand if B = —Bj, then
F o= i9B[(+1)-x (-§) = -8B k (3)

There is an additional force acting on the wire; namely, the gravita-
tional force (the weight) given by '

w = -mg k ' (4)
For the wire to remain stationary

> ES

F+w=20

or

oy
]

1
<

(5)
Thus

~

+ > .
F=Fy=10B k

The magnitude of B may be obtained from (5)
4B = mg

Thus

mg _ .02 x 9.8

78 0.1 x .50 3:923T

B =

TRUE OR FALSE?' The magnetic force on the wire must be exactly balanced
by the gravitational force.
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[a] CORRECT ANSWER: 32 k nt

The force on an infinitesimal segment of the wire is

d¥

7d8 x B = (£ dx 1) x (By i+ By j+B, Kk

i dx(0 + By k - B, )

But B, = 0, so Lhe force is in the z-direction (df = dF, k), and
dF, = z B dx

We can now integrate this expression from x = -2 m to x = 2 m to
obtaln

(20 - 3x?) dx

]
N
1]

I '
N )
Q.
=]

<
(o 9
”
n
I
N )

=4 (40 - 8 - (<40 + 8)]

Using 7 = 0.5 amp, we obtain

F. = 32 nt
z
or
> R
F =32 k nt

CORRECT ANSWER: B

The ﬁagnitude of a magnetic-dipole moment of a current loop is given by
the expression

U =N A

where N 1s the number of turns of the loop and A 1s the area of the loop.
The direction is given by the rule that if you let your right-hand fingers
curl around the loop in the direction of the current, the direction of the
extended right thumb will be that of V.

Thus is our case, the magnitude of u is
u=7<mr? =2,5x 107 amp - m?

directed along the positive z-axis
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[al CORRECT ANSWER: 0 4

)

Let the length and wic:': of the loop be & and w, respectively.

The force acting on a current-carrying conductor d% in a uniform magnetic
field B is

-> . > >
dF = ¢ (d% x B)

Hence, the forces acting on sides ab, bc, cd, and da of the loop are,
respectively,

> . o
ab = ¢ QB'J
ﬁbc = - wB i
. o A
ch = =1 ZB j
* . .
Fda =17 wB'1

Therefore, the net force ¥ is

FaF +F +F +F, =0

124
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SEGMENT 34 1

INFORMATION PANEL Average Value of Torque on a Current-
Carrying Loop

OBJECTIVE

To discuss and evaluate the average torque that acts on a current-carry-
ing loop in a magnetic field.

It has been shown that the magnitude of the torque T, on a single turn
(loop) of wire in a magnetic field is given by the expression:

1, = BZA sin® (1)

in which A is the area of the loop and 6 is the instantaneous angle be-
tween the normal to the loop area and the magnetic induction.

In building practic " dc motors, it is advantageou: to arrange conditions
so that the torque remains reasonably constant throughout each rotation
of the armature. 1In practice, this condition is closely approximated by
using a large number of loops wound arsund a soft-iron core, each loop
oriented at a slightly different angle to the magnetic field at any given
instant. Current is led into and out of these loops through graphite
brushes that make contact with a cylinder on the shaft called the com-
mutator. The commutatcr is an automatic switching device which maintains
the currents in the loops in the proper direction to produce the desired
torque at all times as the system rotates.

The average value of the torque for N loops in such an arrangement is
equal to the average value of the torque for one loop (Fl) multiplied
by N: It can be shown that the average value for one loop is given by:

w
* S Ty do
T, =29

T, = (2)
S' de
o)
Combining equations (1) and (2), we can then write:
. T
T, = BtA S sinb do (3)
T o

and by integrating this expression, obtain an equation for average torque
into which numerical values may be directly substituted for evaluation

of a specific example. As stated, the average torque for N loops may then
be obtained merely by multiplying equation (3) by N.

next page
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continued

The core question in this portion of the segment is based upon the re-
lationships given above. The enabling questions review the application
of magnetic dipole moment to the solution of problems requiring the cal-
culation of the torque on & current loop in a magnetic field.

1. In order to develop a fairly constant torque in a dc motor, 1t iIs
customary to wrap a large number, N, of rectangular current loops around
a cylinder (the armature), which necessitates a correspondingly more
complicated commutator. In the limit of very large N, the torque is
constant and equal to its average value. Derive an expression for this
average value of T for N loops. The loop area is A. '

A. T = NZAB

B. v = 2NZAB
C. 1 = NZAB/m
D. 1 = 2NZAB/n

ERY
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2. A current loop has a magnetic moment i of magnitude 4.5 < 107" amp-m-.
When it is placed in the plane of the paper in a uniform magnetic field
as shown, the torque on the ccil then is

- i;:: 0.27

A. zero
B. 9 x 10™% nt-m upwérdl
C. 9 x 107" nt-m downward

D. 9 x 10™* nt-m out of the page
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3. A rectangular coil has 50 turns and carries a current of 10 amp.
It is hinged so that it is free to rotate about the y-axis (see diagram).

40 cm

20cm
d=30°

There is a uniform magnetic field in the region given by 3= 3.8 x 1073 k T.
What is the torque on the coil at the instant the angle between the plane of
the coil and the xy-plane is ¢ = 30° (toward the negative z-axis)?

A. -76 x 107% § nt-m

B. 76 x 10" % nt-m in the xz-plate at 30° to z—axis and 60° to x-axis

C. 132 x 10" ? nt-m in the xz-plate at 30° to z-axis and 60° to x~axis

D. -132 x 107% j nt-m

e mand

Y

i
—— e ad

-y

-9

e

-3
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4, The diagram shows a prototype of the dc electric motor. The cur-
rent loop 1s free to rotate about the z-axis; the magnetic field is
uniform and along -i. The commutator, C, is a device for switching the’
direction of the current in the loop so that the current in a given

side of the loop is always toward the commutator when it is on the right
and away from the commutator when it is on the left.

D ——
-
—
M B
——
s
X

Which of the following statements about the torque exerted by the mag—
netic field on the loop is correct?

A. The torque always has magnitude 72wB and is directed along
k. .

B. The torque always has MagnitUQe 12wB, but half of the time %2
the torque is directed along k, and half of the time along
_ko - o

C. The magnitude of the torque varies between zero and i%wB, but
the torque is always directed along -k.

D. The magnitude of the torque varies between zero and 14wB and
half the time the torque is directed along k and half the
time along -k. : .
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INFORMATION PANEL Work and Energy Considerations for Current-

Carrying Loops in Magnetic Fields

OBJECTIVE

To determine the work done in rotating a loop through a given angle in
a magnetic field.

Reviewing briefly: the torque on a current loop immersed in a magnetic
field may be vxpressed in vector form as:

-'F =.—ﬁ X _ﬁ ' (l)

in which ¥ is the magnetic dipole moment and B is, as usual, the magnetic
induction. The magnetic dipole moment lies along the axis of the loop
and its direction is given by the right-hand rule:

When the fingers of the right hand curl avound the loop in
the direcviion of the current, the extended thumb then points
in the direction of the magnetic dipole moment.

Thus, in the accompanying diagram, the magnetic dipole moment points at
right angles to the rectangular current loop. The current loop shown,
' if free to rotate about axis ab, would
do so as indicated in the diagram, i.e.,
in a counterclockwise direction as
a viewed from above. Since torque acts
E; f\\\E‘\ \\_’} on a current loop, it follows that
\\\\ﬂ\ . work must be done by an external agent

if this agent is to change the orien-

. 'l tation of the loop in the field.
Whether this work is to be .considered
-~ ! T' positive cr negative depends upon
|
b

7

whether the potential.energy of the
loop increases or decreases. The
zero~potential energy position is
arbitrarily taken as_the position of
the loop when U and B are at right
angles to one another, or when 6 = 90°.

Thus, the magnetic potential energy possessed by the loop in any position

8 can be defined as the work that the external agent wust do to rotate the
loop from its zero-energy position where 6 =.90° to the new position 6.

As shown in your assigned reading, the potential energy U is thus expressed:

U=-1¢+3 | (2)

next page
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continued

To find the work done by an external agent on the loop (positive or nega-
tive), it is therefore necessary to find the change in potential energy
that occurs as the dipole is rotated through the given angle. It follows
that:

W= Ue - Ui
where the subscripts represent the final and initial potential energies,
respectively.

The core problem in this section of the segment deals with the situation
described above. The enabling questions are concerned primarily with a
review of the methods used to calculate the force acting on a current-
carrying conductor in a magnetic field.

5. If a current loop of magnétic moment ‘Y = 4,5 X 107° amp—m2 is free

to rotate about its minor axis in the B fieid of 0.2 T magnitude as shown,
it will do so according to the right-hand rule; i.e., 1f the thumb of
your right hand points in the direction of the torque, the loop will
accelerate in the sense your fingers curl. How much work in joules is
done by the magnetic field in turning the loop through one quarter of a
revolution from the rest position shown?

s \\c\‘ N

g
m
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6. A single loop of radius R, carrying a current 7 is placed in.a
uniform magnetic field B as shown in the diagram. What is the expres-
sion for the potential energy of the loop in the magnetic field?

> -

A, U=-u-* B

—- > >

. : B. U=-ux28
\

v o > ->

ﬂ' - C. U=y -8B

-—)
.
\0 - B D. U= ﬁ X B

Y

v 7. A small current loop of magnetic moment ﬁ is placed in a uniform
magnetic- field B. The potential energy U of the system as shown in
diagram (a), (b), and (c) are:

(a) y () (c)

~<

e

A. U =0, U =0 and U, =0 ;%§pective1y

=]
[=}
[
=
>~}
[}
i

b 0 and U, = 0 respectively

a

[}
[

(=]

[}
o
[

pB and Uc UB respectively

D. U, =0, U, = ~UB and U, = uB respectively
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8. A circular coil with radlus 10 cm is carrying a current 2.0 amp,
The magnetic moment vector 1 of the coil makes an angle of 6 = 60° with
a uniform magnetic field B of magnitude 4 T. How much work is required
to turn the coil from its initial position to a position such that the
vector U makes an angle of 120° with the B field.

INFORMATION PANEL . Magnetic Flux

OBJECTIVE

To calculate the magnetic flux through given surfaces in a field of known
magnetic induction.

The f” :. associated with a magnetic field is define” as "he surface inte-
gral - . the magnetic induction or

=§§-d'§ (1)

The integral is taken over the entire surface, closed or open, through
which the flux passes. For the special case where the magnetic induction
is uniform and normal to a finite surface S, the flux across the area is:
¢ = BS (2)

When B is measured in teslas (T) 4nd the area in square meters, the flux
is expressed in webers (Wb). Th: weber may therefore be defined as

the magnetic flux through a plane surface of 1 square meter
area normal to the magnetic field of intensity 1 T.

next page
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continued

Expressed in scalar form, equation (1) is usually written:
¢ = L{B.cose'ds (3

in which 6 is the angle between the magnetic induction vector B and the
element of area dS.

Since magnetze lines have no begznntng or end but form closed
curves in space, the net magnette flux passing outward through
any arbitrary closed surface is zero.

The problems in this section involve calculations of flux in circum-
stances for which the information provided above is essential.

9. A hollow‘hemispherical bowl of radius 15 cm is placed in a uniform
magnetic field of magnitude
2.0 T. The open (flat) end

- » of the bowl is normal to the
field. Calculate the magnetic
"‘""‘"—“’//' T flux through the bowl.
7 .
.._._—_—_)—'/ 7 ———-—
L — s / e
B ——— e ———

10. A closed sphe. _al surface 5 cm in tadius is placed in a uniform
magnetic field of magnitude 0.5 T. -3 v :'ste the magnetic flux through
the surface.
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11. A uniform magnetic field of magnitude 5.0 T makes an angle of 20°
with a plane surface S of area 3.0 m’. Calculate the flux 4y through S.

12. The magnetic induction (in T) in the region shown is B = 3.0 j.

What is the magnetic flux through the surface abcd?

04m
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INFORMATION PANEL The Magnetic Field on the Earth

OBJECIIVE

To answer questions and solve problems involving inclination, declina-
tion, and other characteristics of the Earth's magnetic field.

The accompanying diagram, adapted from one of your source tewts, should
be very helpful to you in visualizing the vectors into which the magnetic

NORTH

>
B

.
By

field of the Earth may be resolved. The sequence of drawings will be
of most assistance to you if you scan them from left to right as the
discussion proceeds." '

(A) The shaded area at the top of the block of "Earth" is to be
taken as the surface with a point of observation at 0. The actual mag-
netic vector of the B-field of the Earth has been drawn in po%nting down-~
ward and slightly to the e¢ast. This vector is identified as

(B) The magnetic. vector of the Earth's field B has bsen resolved
to show its vertical component, labeled Ve ' A dipping needle at the point
of observation would point along the vector B. Theoretically, and By
would coincide only at the north magnetic pole of the Earth.

(C) In this drawing, the ve%tor B has been projected on the surface
to show its horizontal component . An ordinary magnetic compass, held
horizontally, points along this component. 81 is the dip or inelination
angle.

O
. next page
ERIC next pag
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cont inued

(D) Finally, the horizontal component has been resolved into its
northerly component BN and its easterly component éF The angle 0p is the
angle of declination. Th: angle of declination measures the deviation of
the horizontal component from true north.

The relationships among the various components and the actual field vec-
tor may be listed as follows:

EH = 3 cosfy
By = -B sindp
EN = ﬁH coseb
By = -By sinfyp

You will find the relationships presented above helpful in solving the
forthcoming problems in this section of your work.

13. The magnitude of the Earth's magnetic induction at Cambridge,
Massachusetts is B = 58 uT. The inclination and declination are 73°
north and 15° west, respectively. What are the eastward (Bg), north-
ward (By) and upward (or vertical B,) components of B there?

17 wT ; B, = 55 uT

A. BE = 17 UT M BN = =

B. Bg=20 5 By =17 wT ; By = 55uT
C. Bgp=-14:T i By=54ul ; By =~17 uT
D Bp = -4.4 wT ; By =16 uT ; By = =55 uT
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14. The herizontal component of the Earth's magnetic field is gener-
ally directed

A northward in the northern hemisphere and southward
in the southern hemisphere

B. southward in the northern hemisphere and northward
in the southern hemisphere

C. northward in both hemispheres

n. southward in both hemispheres

15. The vertical component of the Earth s magnetic field is generally
directed

A. downward in the northern hemisphere and upward in the
southern hemisphere

B. upward in the northern hemisphere and downward in the
southern hemisphere

C. downward in both hemispheres

n. upward in both hemispheres

\

16. Select the statement which correctly desc;ibes the variation of
the magnitudes of the horizontal and vertical components of the Earth's
magnetic fi=ld B as you travel from the magnetic equator to the magne-~
tic poles.

A. By decreases from 32 uT to O; B, decreases from 70 uT to O.
B. By increases from 0 to 35 uT; B, increases from O to 70 uT.

C. By decreases from 35 uT to 0; B, Jncreases from 0 to 7J uT.

D. Bh increases from 0 to 35 uT; B, decreases from 70 uT to O.
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17. <The declination (or variaticn} at Cambria; =, Massachusetts is 15°
west. This means that

A. the north end of a cc.i 58 needle points 15°
west of north

B.. the north end of a compass needle points 15°
north of west

C. the north end of a dipping'needle aligned toward
the west dips 15° below the horizontal

D. the north end uf a dipping needle aligned 15°
west of north will dip below the horizontal

18. The inclination (or angle of dip) at Cambridge, Massachusetts is
73° north. (The declination there is 15° west.) This means that

A, the north enc of a dipping needle, aligned 15° south
of wes dips 73° below the horizontal

B. the north end of a dipping neeule, aligned in the
south to north direction, points 73° above downward

C. the north end of a dipping needle, aligned 15° west of
north, dips 73° below the horizontal

D. the north end of a dipping nee&le, aligned 15° west of
north, points 73° above downward

19. How should a straight current-carrying wire be oriented so as to
achieve the maximum upward force on it by the Earth's magnetic field at
Cambridge, Mass.”?” The inclination and declination at Cambridge are 73°
north and 15° west, respectively.

A, horizontal with the current in a direction 15° north of east
B. horizontal with the current in a direction 15° west of north

C. 17° above horizontal with the current in a direction 15°
north of east

D. 17° above horizontal with the current in a direction 15°
west of north




{a]

(b}
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CORRECT ANSWER: zero
The definiticn of flux is

b = /B+dS = /B cosh dS ¢h)
where 8 is the angle betwezen B and the element of area dS. Looking at
the diagram, we
note that for everv
element of area,
dgl, making an angle
f with the uniform
magnetic field B,
there is a diame-
trically opposite
element of area,
ds,, which makes
an angle 7-8 with
B. Since

cosf = —cos(n-R)

the contributions of thes v elements of area to the integral in (1)
cancel each other. Thus when the integration is carried out over the
whole surface of the sphere it yields zero. Hence, the flux is zero.

This result in fact is independent of the shape of the surface. The
flux through any closed surface placed in a magnetic field is zero.
You may, of course, recall the same result for closed surfaces placed
in a uniform electric field.

CORRECT ANSWER: A

The lines of magnetic induction have the same direction as the north
end of a dipping needle. In general, the north end dips in the northern
hemisphere and the south end dips in the southern hemisphere. Therefore
the vertical component of the Farth's magnetic field is downward (into
the ground) in the northern hemisphere and upward (out of the ground) in
the socuthern hemisphere. Due to the fact that the geographic and magne-
tic equators do not coincide, there are some positions on the Earth's
surface where the vertical components have directions opposite to the
above, but this is not the geaeral case.

1
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CORRECT ANSWER: 9 ~ 107"

For a current loop in a magnetic field, the potential energy is given
by

U= -u-B
Thus, initially

U; = -uB cos90° = 0
whereas, after one-quarter revolution

Ug = -uB cos0° = -iB

= 4.5 x 1073 amp-m? x 0.2 T = -9 x 107* J

The work done by the magnetic field on the loop is

W= -(Ug -Uy) =9 x107"J

Note the work done by the loop is Ugf - Uy, which is the negative of that
done by the field.

TRUE OR FALSE? The magnitude of the work done by the loop on the field
is the same as the magnitude of the magnetic induction.

CORRECT ANSWER: B

By the right-hand rule, the direction of the magngtic dipole moment of
the loop is out of the page. Rotating this into B would advance a right-
hand screw upwards. Hence, the torque

o ) -
T=uXB

is directed upward. Since U and B are perpendicular, the angle between

them, 6, is 90°. Using the given value of u we obtain

T = uB sind = (4.5 x 1073 amp—mz) x (0.2 T) x (sin90°) = 9 x 10" nt-m
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CORRECT ANSWER: A
The force on a wire-carrying current

- -> ->
F=104xB8
-> >

is perpendicular to both £ anc B. Therefore, the_ vertical component of
B cannot cgntrlbute to the vertical component of F. The horizontal com-=
ponent of B can, however, contribute to the horizontal component of F.
(The reason is that by "horizontal" we mean some direction in a plane,
whereas by "vertical" we mean a single direction). Whereas

-> > >

F =128 th

is a maximum for all orientations of E perpendicular to gh’ it is maxi-
mun and vertical only when 2 is perpendicular to B and, at the same

time horizontal. Now Bh is 15° west of north, so i must be (see diagram)
15° north of each in order for it to be normal to By &nd_at the same

* time x B be point-
ing up. Note that
N although the vertical
A component of the force

is now a maximum, the
total force is not

- : vertical. Its hori=~
B, zontal component is
given by
> . ->
Fh = ‘LI X B
:5° which is, in fact,

greater than the
vertical component,

ts|

. . >
15° »E FV = J X Bh

-

since £ is perpen-
. dicnisr to both B,.
and Bh and BV > Bh'

-

’

. ST . .
TRUE OR FALSE? Since I is perpendicular to both B, and By, the force
yectox on the wire due to the magnetic field of the Earth lies within the
By - B, plane.



(a)

(b]

[c]

SFEGMENT 34 | 19

CORRECT ANSWER: D

-»
The potential energy of a small current loop of magnetic moment U
when blaced in a uniform magnetic field B is

U=-@( B

Therefore.

ey
-
=
[N
~

Uy, = -
Ub-.-.—(ui‘B{)

U == (-pi-«Bi

=UB

CORRECT ANSWER: C

The field lines run generally from the south to the north magnetic pole.
At various positions on the Earth's surface there is an east-west compon-
ent, and due to the fact that the maguetic and geographic poles do not

coincide exactly, the lines are even sometimes directed southward, but
this is not the general case.

CORRECT ANSWER: C

From pictorial representations of the Earth's magnetic field shown in
your textbooks, it is readily seen that the field is horizontal at the
magnetic equator and vertical at the magnetic poles. Closer examination
of the figures also reveals that the field lines are denser at the poles
than at the equator.

bl
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CORRECT ANSWFR: D

The average value of 1 for N loops is equal to N times the average value
of t for one loop. The magnitude of the torque T, for one loop is

T, = 1AB sinf

where A is the area of the loop and 0 is the instantaneous angle between
the normal to the area and the B field. An average value for one loop
is given by

m
Tl deé
- %0

Therefore,

— 1 m 1 m
T = iAQ-;.y sin® d6 = 7AB ;-(-cose)
) )

= iAB L (1 + 1) = 248
is is

The average torque for N loops is thus

= N 7. = 2NLAB
™

™ 1

TRUE OR FALSE? 1In the above solution, 6 is the instantaneous angle be-
tween the plane of the loop and the magnetic field vector.

CORRECT ANSWER: 5.1 Wb
For a uniform magnetic field over a surface of area S
bg = BS cos6
where 6 is the angle between ﬁ and the normal to’S. If 6' is the angle

which B makes with the surface S, then 6' + 6 = 90°, so cosf = sind'.
In our case, 8' = 20°, so :

15 sin20° Wb

¢p

(]

5.1 wb

i
[

Lk [

e #

ik WS Ili‘-

“*
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CORRECT ANSWER: 0.14 Wb

We can use the definition of magnetic flux

> >
dp =-f£~ds ¢9)

to solve the problem. The given surface is open, of course, so that
the result cannot be zero. We can simplify the problem considerably
by noticing that the prOJectlon of the hemispherical surface on a
plane normal to B is the "equatorial' plane of the bowl which is a
circle of radius r. The area of this circle is mr2 y» So the flux is

¢, = mr?B = m x (1.5 x 107! m)2 x (2.0 T) = 0.14 Wb (2)

What follows 18 a calculation of the flux by integrating (1). For our
element of area we choose a
strip of the spherical sur-
face. The mean radius of
this "circular" strip is

a=r sind 3)
and its width 1is

dw = rd6 W

Thus, the differential of
area becomes

u
v

—

dS = 2madw = 27r sin® rd6 = 2mr? sinb d6 (5)

The direction of dg, ﬁ,'is not constant but it makes a constant angle
with B all around the strip, so

BedS = 2mr? sind® dO (B cosB) = r?B sin26 d (6)
Integrating (6) from 6 = 0° to 6 = 7/2, we obtain

/2 - /2
TrB s sin26 d6 = mr2B (- Egggg)

]
B 0 2 0

mr’B -.%-(-l -1) = mr?B
Compare this with the expression evaluated in (2).
TRUE OR FALSE? In the latter part of the solution above, it is shown that

the flux through the entire inner surface of the hemispherical bowl is equal
in magnitude to the flux through the equatorial" plane.



la]

(b}
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CORRECT ANSWER: A

The torque on a turrent loop is

=T x 1

-~}

where
b= ik
The magnetic potential energy at an angle ® 1s defined as the work that

an external agent must do to turn the current loop from its zero-energy
position (6 = 90°) to the given position. Thus

3] 3] '
U =.§ T d6 = 5 1AB sinf d6 = -uB cosf = -1 3
90° 90° ’

CORRECT ANSWER: C

The dipping needle is aligned 15° west of north; i.e., in the direction
of the horizontal component of the Earth's field, so that it is free to
rotate into the direction of the resultant field, which is necessarily
in the plane formed by the vertical and horizontal components of the
Earti's field. The resultant here is 15° west of north and 73° below
of horizontal.

CORRECT ANSWER: C

The torque is given by i = ﬁ X ﬁ,*so its magnitude is T = uB sin6, where
8 is the angle between Y and B. } is not always normal to B. Instead,
sinB oscillates between 0 and 1 as the loop rotates. The angle is dactually

. restricted to lie between 0° and 180°, because U changes direction when

the direction of the current switches; so the angle which would have
been 181° becomes 1°. The purpose of the commutator is to arrange that
the torque i1s always in the same direction; in thkis case, along -k.

"TRUE OR FALSE? One function of the commutator is to cause the current

in the loop to change direction when 6 passes through 180°.
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la] CORRECT ANSWER: 0.24 Wb

7 04 m

Clatiegend

The equation for the magnetic fiux, ¢p, passing through a surface S is

e ad

= [B-dS (1)

the integral being over the surface S.

[Ey
b 3

For a uniform magnetic field, let § be the angle between B and the normal
to S. Then

%

¢ = /B cos® dS = BS cos® . (2)

Now we use the fact that the triangle ab0' (or dcO) is a right isosceles
triangle so that the length ab is 0.4 Y2 m. The area abcd is thus 0.08 v2 m2.

%5 = (3 T) x (0.08 ¥2 m?) cos45°

0.24 Wb

Note that S cosf is the projection of area on the xz-plane which is 00'ad
in the diagram. Therefore

= 3x0.2x0.4=0.24W

TRUE OR FALSE? The flux through the base of the right triangular prism is
twice the flux through ifs largest face.
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{a] CORRECT ANSWER: 0.25 j

The work required is the difference in potential energy between the two
positions. The potential energy may be written as:

+
U=_u-B‘

where

1A

u

Thus the work is

W =1Ug = 120° - Uy = 60°

(-uB c0s120°) = (-uB cos60°)

2 7AB cos60° = 0.25 j

TRUE OR FALSE? - It is quite possible for the resultant force on a current-
carrying loop in a magnetic field to be zero yet have a torque acting on
it.

[b] CORRECT ANSWER: A

We wish to calculate the torque from

> -> ->
T=uUuXB

: N .
so we must first calculate y., The magnitude of the magnetic moment is
Bo=Ni§ = 50 x 10 x (.20 x .40) = 40 amp-m?

Its direction is given by the direction in which a screw advagces when
rotated in the sense of the current. For ¢ = 0°, u is along k. There~
fore, for ¢ = 30°. '

v = |7 % B| = 4B sind = (40 amp-n?) x (3.8 x 107° 1) x 3

76 x 10" ° nt-m

The direction of T is that in which a screw advances when rotated from
u into B i.e., along —j Therefore,

t=-76x10 ° § nt-m
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fa] CORRECT ANSWER: D

We choose a right-handed coordinate system with origin located at Cambridge.

. z{up)
[
T —
—T15° |
' 73° : y(N)

: |
' - I,
B | By

|

x(E)

]

>
The vertical and horizontal components of B are given by

-B sin73° = ~(58 uT) x 0.957 = =55 uT

L;a.\“_;:ti
3

By,
and
B cos73® = (58 uT) x 0.292 = 17 uT

Bh

[ |
" !

where ghe negative sign for B, denotes that it is downward. We now re-
solve By into components along east and norch.

Ui

B = -Bp s1nl15° = =(17 uT) x 0.259 = =4.4 uT
—{ and
1 By = By cosl5® = (17 uT) x 0.966 = 16 uT
- TRUE OR FALSE? The inclination of the Earth's field at Cambridge is
1 represented by the direction of B, in the figure.
‘&‘ .

[b] CORRECT ANSWER: A

A declination of 15° west means that the north end of a compass needle
points 15° west of north. "Magnetic north" is 15° west of geographic
(true) north at this location. That is why declination is also known
as variation; it gives the magnitude (here 15°) and direction (here
west) of the variation of magnetic compass needle from true north.
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INFORMATION PANEL ' Ampere’s Law

OBJECTIVE

To define and relate the quantities that appear in the statement of
Ampere's Law.

This Information Panel is intended to serve as a supplement to your read-
ing on the subject of Ampere's law. It is concerned specifically with
the definitions uf the terms used in the statement of the law, and with
interpretations of the relationships among these quantities.

Ampere's law is a quantitative relationship which gives the connection
between an electric current and the magnetic field. produced by this cur-
rent. In its most basic form, it may be stated descriptively as follows:
<>

The line integral of the magnetic induction B around any closed

path is directly proportional to the net current through the

area bounded by the path. '
Symbolically,

>
j Bedl = k D17 ‘ | (1)

in which z:i is the net current; this is further explained below.

The proportionality constant is specifically symbolized by Uy as in

-> —)-. ’

j Bedl = n, P : (2)
where U is known as the permeability constant and is assigned a value
‘of :

By = 4w X 10”7 webers/amp-m ' (3)

In explaining the significance of the
terms, reference 1is made to Figure 1.

The closed path of integration is so
labeled. 1Inside the area bounded by

this path are, say, three conductors
carrying currents while, outside the

area is anotker current-carrying con-
ductor. The currents in two of the

three conductors inside the area (centered
dots) are directed out of the paper;

next page
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continued

these are 7; and 7,. .The remaining two conductors carry current into the
plane of the paper. As stated in Ampere's law, the line integral of the
magnetic induction is proportional to the net current through the area
bounded by the path of integration. Thus, current 7, which is nufs7de
the path makes no contribution to the magnetic induction whatever. The
net rurrent is therefore given by
7 = 7:] + 7:? - i? (4)

Note the algebraic signs and their meanings. If, for example, the mag-
nitudes of these currents were, respectively, 2 amperes, 3 amperes, and
5 amperes in that order, the net current through the bounded area would
be zerp. Hence the magnltude of the B field would also be zero.

You will note in your reading that the formalized quantitative statement
of Ampere's law as given in equation (2) is derived in your texts for

the special case of the field around a long, straight current-carrying
conductor. Experiment shows, however, that this equation is valid for
any magnetic field shape, any combination of current-carrying conductors,
and any path of integration.

Except for configurations of high symmetry, Ampere's law is seldom applied
for the purpose of determining magnetic flux densitv. However, for situa-
tions in which symmetrv considerations make it possible, the law is ex-
tremely useful. Some examples follow:

(1) SOLENOID. The field near the center of a solenoid whose length is
much greater than its diameter is given by

B = ugnt

in which n = the number of turns per unit length; and 7 is the current
in the solenoid wire.

(2) PARALLEL PLATES. The field in the region between parallel plates
and not too close to the edges 1s given by

B=util/w
o
in which © = the current in either plate; and w = the width of either
plate. This applies to parallel plates that are very much longer than
they are wide.
(3) LONG WIRE. The field near a long wire is given by

B = ugyi/2nr

in which r = the distance perpendicularly from the wire at which the
magnetic induction is measured.

i
PR

)

’1
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PROBLEMS

1. An infinitely long, thin copper wire carries a 50-amp current. What
is the magnitude of magnetic field B at a distance of 0.50 m from the
wire?
2. The magnetic field lines around a long, straight current-carrying
conductor are

A, circular in a plane perpendicular to the wire

B. elliptical in a plane perpendicular to the wire

C. parallel to the wire and in the direction of the current

D. parailel to the wire and directed opposite to the current

o

3. Which of the following rules can help you determine the sense of

the magnetic field lines generated by a current?

A.  With the thumb of the left hand pointing in the direction
of the current, the fingers will curl in the same sense
as the magnetic field lines.

B. With the thumb of the right hand pointing in the direc-
tion of the .current, the fingers will curl in the same
sense as the magnetic field lines.

C. With the thumb of the rightahand pointing in the direction
of the electron flow, the fingers curl in the same sense
as the magnetic field lines.

D. Both statements A and C above.
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> . .
4, In Ampere's law, §’§3d2 = u, %, the symbol 7 represents the net cur-
rent : ER

A. along the path of integration
B. enclosed by the contour of integfation

C. generating the field B

D. generated by field B

5. An infinitely long coaxial cable consists of two concentric conduc-
tors as shown in the diagram. There are equal and opposite currents

2 = 2 amp in the conductors. Find the magnitude of the B field outside
the cable at r = 3.0 m.

. a = 0.50 cm
b=1.0cm
c=1.5cm

ERIC

Aruitoxt provided by Eic:

i
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INFORMATION PANEL Applying Ampere's Law

OBJECTIVE

To apply Ampere's law to the solutions of problems involving configurations
of high symmetry.

Ampere's law

B4 -
J{ Bedl = u,t . (1)

may be applied and relatively easily evaluated when applied to the contigura-
tion illustrated in the accompanying
diagram. A long, cylindrical conductor
in the form of a hollow sheath lL s
cylindrical symmetry and yields to a
direct application of the law. As shown,

_ the radius of the hollow section is a,
‘ the radius of the outer sheath surface is
b, and we are interested in determining
the magnitude of the induction at some
distance r from the center. Noting that

r is larger than a but smaller than b,

we can immediately see that conducting

area enclosed in the circle of radius r
is given by:

s = 1(r? - a?) (2)

1f the total current in the conducting material is I, then the current
density j may be expressed as:

1
=17 - a0y (3)

But only a fraction of tnis total current is present within the area
enclosed by the path of integration; that is, the conducting area inside
r. This fraction, symbolized by %, is the net current required for use
in Ampere's law and is clearly: :

2 . g2 :
1= (;2 =y 1 (4)

For this case, equation (1) can be made specific by using equation (4) to
determine the net current .
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6. What is the magnitude of B at n r from the axis of a cur-
rent-carrying cvlindrical shell in whicli the current density is uniform?

The inner radius is a, the outer radius is b, and b > r > a.

A, zZero
? 2
. no(r - a_l 1
* 0 2a(b? - aM) r
R 2
e o 1
n 2n b ~r’ r
2
D _ B % 1
: 2% r? -~ a’r
7. An infinitely long cylindrical wire of diameter 1.0 cm carries a

current of 6.0 milliamperes uniformly distributed over its cross section,
Use Ampere's law to calculate the magnitude of the magnetic induction at
a distance of 5.0 cm from the center of the wire,

8. A conducting cylindrical shell with respective inner and outer radii
a and b carries a current I uniformly distributed over the cross section
of the shell. For which values of r is the magnetic induction equal to

zero?

n

A, only atr

n
o

B. only at r
!E‘ C. forr < a

D. forr < b

R

e ]
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9. Use Ampere's law to calculate the :nitude of the magnetic induc-~
tion at a distance of 2.0 mm from the center of an infinitely long cylin-
drical wire of radius R = 0.50 cm whic.. .arries a current Zg = 6.0 milli-

amperes uniformly distributed over its cross section.

INFORMATION PANEL - Forces Between Current-Carrying Conductors

OBJECTIVE

To solve problems in which the force exerted by one current-carrying con-
ductor on another current-carrying conductor is to be determined.

When two current-carrying conductors are placed parallel to one another,
each one exerts a force on the other. This force is attractive if the
current directions in the two wires are the same and repulsive if the
currents are opposite in direction. To evaluate the magnitude of this
force, we apply Ampere's law: .

Bedd = pgt (1)

in which, for this case,

J;ﬁ-di = B(2nd) (2)

Thus:
Uoi o
B = ——
7 | @
‘To render this more specific, we rewrite it in the form shown in- equation (4)
a b which then expresses the magnetic indu:-
N q tion at the location of wire a due to the
eurrent in wire b,
ia ib Holh
. By, =
b~ 2nd )
—
vl C’f . Applying the right-hand rule, we let the

extended thumb of the right hand point in
the direction of the current in wire b
o — and observe that the fingers encircle

<:) o wire b in such a manner as to point out

- of the plane of the paper at the site of
wire a., For this reason, we have placed

- . a small clrcle and a central dot on wire g
to show the direction of the magnetic field due to the current in wire b at
this point.

Q. ‘ next puge
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continued
From your previous ..., .1 know that the force acting on an element of
length d% of wire . rarr: a current 1, is giver by:
> . - - ) .
dF = z,d% x By (5)

The magnitude of the force on wire a is then:

Fa = 20 Bp - (6)
where £ is the full length of wire a.
Combining equations (4) and (6), we can write for the force on wife a:

Uoib (7

F, = 1,0 5

a

In most problems, this relation .is more useful when expressed in terms of
force per unit length. Thus,

147
a altb (8)

7 - Yo ong

.It should be observed that, although this derivation was based on considera-
tions involving determining the force on wire a due to the field produced by
the current in wire b, exactly the same relationship also gives the force on

wire b due to the field produced by the current in wire a. Aside from the
fact that the commutative relationship of 7,7, permits one to write 2,7
with equal validity, Newton's third law indicates that the force on wire a
must be equal to the force on wire b but opposite in direction.

10. Two long wires carrying parallel currents of 2.7 and 5.0 amp, respec-
tively, in the same direction are separated by a distance of 3.0 c¢m. What
is the force per unit length of each wire on the other?

A. 9.0 x 107° nt/m, attractive

B. 9.0 x 1073 nt/m, fepulsive

c. 9.0 x 1077 nt/m, attractive

D. 9.0 x 10~7 nt/m, repulsive

i
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Introductory Notes

The following four questions are related to the two parallel current-
carrying condncto- ‘hown below,

11. Two long parallel conductors separated by a distance d = 10 cm carry
parallel currents of ¢ = 3 amps and %, = 15 amps. The directions of the

a b
currents and coordinate system are as shown in the diagram. Both conductors
are parallel to the z axis and lie in the x-z plane. At the position of
conductor a, the magnetic field set up by conductor b is .

A By=3x10% T
B. ﬁb = -3 x 10-5 3 T
c. ﬁb = 6 x 10~° 3 T

p. B = 6 x 107 § T
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12, Galculate the magnetic force on a 2 meter length of conductor a in
the previous question.

- _r)"
A. F 9 x 10727 i nt

B. F. = -9~ 107% { nt
C. F.=1.8 x107" i nt

D. F.=-1.8 x 107" int

13. For the cor:iuctors shown in the diagram of question 11, what is the
force exerted on a Z meter length of conductor b due to current ia?

> -y ‘A
A. Fy = 1.8 x 10 " i nt
B. F, =-9.0x 107" int
- 5 A
c. Fb=6.mx1(3" i at
e o -y A
D. Fy = -1.% - 10 " i nt
14. 1f the dire vion of the current in conductoxr a, of the preceding
question, 1= 3 amp, is reversed, which of the fellowing statements about

the directions of the forces on a and b is correct?
A, The directioas of both forces remain umchanged

B. The directiom of the force on conductor a only is
reversed : )

C. The directiem of the fcmce on conductor b only is
reversed

D. The directiom of bo;h forces is reversed.

2
it ¢
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15. A clockwise current 7, = 2.0 amp is set up in the rectangular loop
in the accompanying diagram. What is the net force on the loop due to
the magnetic field produced by L ?

y
=3.0amp A e b—-r-—-—
0.80m
d c v —_—
P
<—-——0.50m—>|l—~0.30m—-.|'
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16. Q current-carrying wire is immersed in a uniform external magnetic
field B, as shown below

-

—_—
_—
+ —>
—_—
_—
—>
BO

The resultant field is mow B = Ei + ﬁe, where

u T
o ]
B; = Znr ©

6 being the unit vector tangent to the circle of radius r. The force
on the wire is now '

A. Zero

B. f=‘l:-l{>‘§i
A -+

C. F=12 Be
-+ > >

D. F=1¢2 x8B

JUPSS—
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17. Two infinitely long thin straight wires carry currents of 30 amp
and 50 amp, and cross each other as shown in the "y o :alculate
the magnetic induction at nmnint P, which is in the plane of the wires.

A. 1.3 uT into the maper
B. 1.5 uT into the paper
C. 5.3 uT into the paper

D. 6.2 uT into the paper

18. Two lomg parallel wires are separated by a distance of 60 cm. They
carry currents ¢, = 5.0 amp and ¢, = 10 amp, both in the same direction.

A third 2.0 m long wire is placed between the two, and parallel -to them

in such a location that when a current i3 is set up in this wire it experi-
ences no net force. How far from wire #1 is this third wire located?

e WIRE#1 p . . < WIRE %2
A. ﬁﬂ>cm N i 7
B. &0 cm
C. 30 cm
ja—x—>
D. 20 om




14 : S GMENT Y

19. What current i2 must be set up in the leop below in order that the
force exerted by the current 7, on the element ab of the loop be
5.6 x 1077 j nt?

A. 1.4 amp clockwise
B. 1.8 amp counterclockwise
C. 2.0 amp clockwise

D. 2.2 amp counterclockwise

I, =3.0am‘p 4& a i

‘0.80m

|
r-———O;SBIm—r———>:i——O.3O'm———:




(a]

{b]
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CORRECT ANSWER: 9.6 » 1078 7T

Cylindrical symmetry once again enables us to use Ampere's law to calculate
B. But herc we choose a circle of radius 2.0 mm as our integration path,
and so the current enclosed by the contour is not 6.0 milliamperes. It
is, instead, the portion of the current enclosed by the path of integra-
tion. Since the current is uniformly distributed throughout the wire, the
current density (current per unit area) is constant. Therefore,

1 r 7, R
3= ey iy constant

and
2 = 2. = (6.0 milliamperes) x EE = (6.0 milliamperes) x [ZLQJEE 2
ST R? 5.0 mm
= (.96 milliamperes .
Thus,
0.96 milliamperes = 7 = 1 'ﬁ.d‘f B x (27r)
: Ho Ho

with r = 2.0 mm, and

5o Vot _ 4m x 1077 x 0.96 x 1073
STt T T Zn x 2.0 x 1073

=9,6x 1078 T

TRUE OR FALSE? The portion of the current enclosed by the path of inte-
gration is less than the total current in the wire.

CORRECT ANSWER: A

The fact that the magnetic field lines around a long, straight current-
carrying conductor are circular in a plane perpendicular to the conductor
may be seen most graphically by performing a simple experiment. Iron
filings, strewn onto a glass plate through which a curremt-carrying con-
ductor passes perpendicularly, align themselves in the direction of the
magnetic field when a current is passed through the conductor. The con~
centric, circular pattern is readily visible.
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[a] CORRECT ANSWER: D

SEGMENT 135

A current-carrying wire vlaced in a magnetic field will experience a force

“~———d=60 cm—>

it X~ =X ——p

b O,
5| &

h==53nu: i =10 amp
or
27(d -~ x) = i,x
and
7
X=.——‘2._'d
711"‘7,2

given by

F=4{Lx58 e

It should be apparent from the
cross product that the force can
be zero if (a) the wire is para-
lel to B or (b) if B is equal

to zero. The first possibility
is ruled out since B; is directed
into the paper and gz is directed

,out of the paper while the wire

is parallel to the plane of the
paper. This means that .

B +8,=0

Now El and ﬁg are oppositely
directed, so we must find the
position at which By = B,.

Let that position be a distance
x from wire number 1. Then

we must have -

bo?) _ Moy (2)
21x © 27(d - x)

(3)

Substitutimg the given values in (3), we obtain

- 5.0 amp
(5.0 + 10) amp

‘X

X (60 cm) = 20 cm
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CORRECT ANSWFR: D

When the direction of i, changes, the field at a remains unchanged

(By' = Bp), while the direction of ¢ changes (:a' = —Ka). Therefore,
> . > > . > >
Fa' = 1,0, % By' = -l b, X By = ~F,
. - R
Similarly, the direction of the field at b due to 1 reverses,(Ba' = —Ba)
but the direction of { remains unchanges (Za' = a). Thus

i":b' = 7:b—€b' b ﬁa' = Y'btb X ﬁa = "%b'
Hence, the directions of both forces are reversed.

TRUE OR FALSE? When the direction of 7_ changes, the field at a does
not change since this field is due to tﬁe current in wire b.

CORRECT ANSWER: 2.4 x 1078 T

Cylindrical symmetry insures that the magnetic induction has a constant
magnitude along, and is tangential to, any circular path centered on the
wire. Thus, by Ampere's law, :

1107: =j}§d_ﬂ> = B(27r)

where 7 is the current enclosed by a circle of radius r and B is the mag-
nitude of the magnetic induction along the circle. A circle of radius
r = 5,0 cm encloses the entire wire, and so Z = 6.0 milliamperes. There-

fore,

_ Mol _ 4m x 1077 x 6.0 x 107° _ -6
B=Zmr T 2m x 0.050 S 2410

Note: For points that lie-outside of the conductor, the % field is inde-
pendent of the radius of conductor.
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(b]
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CORRFECT ANSWER: B

SEGMENT 35

Ampere's law for magnetism is the analog of Gauss's law for electricity.

Note the similarity:

Gauss's law

J:é-dé =L
€o

Integrate over a closed surface.

g is the net charge enclosed by
the surface.

Enables one to find E for con-
figurations of high symmetry.

CORRECT ANSWER: D

Ampere's law

> > .
Bed? = p,t

Integrate around a closed path.

¢ is the net current enclosed by
the path.

. >
Enables one to find B for con-
figurations of high symmetry.

Following the procedure (and notation) used in the previous question, we

find

F

1

¥y

iyl x B, = ipt

u. 1. % R

o “a “b

== - =
2n d 1

~

-1.8 x 107* 1 nt

uoi .
2n d 7, .

4n x 1077 x 3 x 15 -
. 37 % 10-1 *2 14

We might have come to the same conclusion by making use of Newton's third

law of motion which holds regardless of the way in which a force is applied
on a body by another ‘body; 1i.e., by direct contact or via a field as in

the present case. Since the force on conductor a was found to be .

1.8 x 10=% i nt, the force on b is opposite to that; i.e., -1.8 X 10-% { nt.

“
bomrmnsort.” L S | o

ol : is



[a] CORRECT ANSWER: A

! The force is attractive because the currents have the same direction.

i
a b
<] N Let us calculate the magnetic
, field due to the current-carrying
- wire b at a point on wire a.
Using Amper:'c law, we find
i - >
i el = = ,
! J:B d% =B 2r d Mo
or
| B dF
i - :
WL
d)g 1(0 é B = lO b
! a 2n d
§ l«—d—» The direction of the magnetic
field is out of the plane of
- aper.
. U . ’

The force acting on an element df of wire a carrying current ia is
/ dF = 2, df x B
Therefore, the magnitude of the force on a unit length is

1 . uoib ~ Ho¥atb

= = = =5 t
F=1ia 5 7nq = 9:0* 107 n /m

{ The direction of d? is toward wire b; 1i.e., attractive.

, You may similarly calculate the force on a unit length of wire b due to
{ the field generated by wire a.

TRUE OR FALSE? The force on a unit length of wire b due to the current in

1.1
wire a is also given by ng4 E%~% y but this force is repulsive.

o i,

e e,

[b] CORRECT ANSWER: C

Because of the cylindrical symmetry, Ampere's law gives B = uot/2nr, where
1 is the current enclosed by a circle of radius r. The cylindrical shell
has an inner radius a, and so ¢ = 0 for r < a. Therefore B = 0 for r < a.




[a]

(b]
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CORRECT ANSWER: C

The force on an infinitesimal element dd of the horizontal sides of the
loop is

dF =1, df x B
where
B = ugtl,/2nx
Now dE -+ 1 dx ("+" if the current is toward right and "-'" if the current

is toward left), and B =-8 k, so
dF = 4,(+ i dx) X (-B k) =% 7, B dx(1 x k) = £ £, B dx j

For the element ab of the loop the upper sign stands for clockwige, and
the lower sign for counterclockwise current. For ¥ to be along j, the

current £, must be clockwise.  In order to determine the magnitude of

the force, we must integrate dF from x = 0.50 m to x = 0.80 m. Thus
0.80 _ o %, 0.80 dx _ Yo %%, 0.80
vz Bodx = xS0

0.50 0.50 * e

4n x 1077 x 3,0 x
2

e
]

i, _ - .
- ¢n (1.6) = 6.0 x 10 1, X 0.47

2.8 x 1077 .2,
In order that F be 5.6 x 1077 nt, 1, must be 2.0 amp; i.e.,

. F 5.6 x1077 _
T2 = 3B <107 " 2.8 x 10-7 _ 20 amp

TRUE OR FALSE? The requirement that must be met in this problem is that
the vector direction of the force exerted by current %, on element ab

be along -j.

CORRECT ANSWER: C

The meaning of the symbol E in F = ii X E is just ﬁe; namely, the external
magnetic field which exists at the location of the wire.

4y



{a]

(b}
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CORRECT ANSWER: O

The magnitude of the B field may be calculated using Ampere's law
f-ﬁ'di = uoz:i (1)

From symmetry, the magnitude of the B field is constaht for every point

in a circular path of radius r centered on the inner conductor. If we

take the path of integration to be a circle of radius r, then df and B
are always tangent to the path of integration. Therefore,

- > . ——
B:df = B 2nr (2)

where B is the magnitude of the magnetic field at a distance r from the
center. However E:i enclosed by the path of integration is

2i=1-1=0 - (3)

Substituting the results of equations (2) and (3) into equation (1), we
find '

B 2nr = 0
or
B=20

TRUE OR FALSE? If the currents in both conductors had the same direction,
the magnitude of B at a distance r = 3.0 m would still be zero.

CORRECT ANSWER: C

The force on a length £ of conductor a is
> .
Fa = ‘La—I x gb

where By is the field se° o at t" position of conductor a.by current

1y, (By was calculaged i precediisy question.) Substituting the
numerical valu: -, we vo.dln
T.o=3x2kx (-3 x 1075 §)

a

"

-1.8 x 107 (k x §) = 1.8 x 107 { nt



[b)
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CORREGT ANSWE! 1075 T
The magnitude -~ ic field B may be calculated from Ampere's law:

fr\ ‘(?"?
The integrai is ... evaluated for a path consisting of a circle of radius
r centered on =, For all poigts on Ehis circle, the magnetic induc-
tion has the s: aitude, B, and B and df have the same direction;
namely, tangen- ne path of integration. Thus, the integral becomes

. R .

{B-d §d2=B2wr=uo‘L
or

B = -
Substituting nems: -2l values, we obtain

N -7
¢ . Aw x 10 50 _ -5
b= 27 0.5 - 20x10°T

TRUE OR FALS#? Yo ° is solution, the symbol u, represents the dipole
moment of the r¥s+ . of integration.

CORRECT ANSWE.-"~ B

The field of a long current wire has been calculated by Ampere's law. We
can use this result, B = uoi/2wr, for each of the wires and add the two
contrivutions vectorially. The perpendicular distance of each wire from
P (this is what "r" stands for) is '

r = (3.0 m) x sin60°® = 2.6 m

The field of the 50 amp current is into the paper; that of the 30 amp
current is out of the paper. The resultant field is therefore into the
paper and has a magnitude

T . 4w x 1077 x 20
B- 70 -30) 27 x 7.6

=1.5x 1076 T

P

g

F ool e
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ta] o ‘T ANSWER: B
“in- ¢ we have cyvlindrical syvmmetry, we can + Ampere's law to find
R = ugt/Zrr (L)
where 7 is the current
-nclosed in a circle of
radins r. The current

density is umiform, so

j = 2/S = constant (2)

The cross-sectional area
of the part of the shell
enclosed in a circle of
radius r > a is given

by
S = w(xr? - a?) (3)
J»wever, j is given by tt2 expression
I -
j= m(b2 - a’) < (4)

Substituting (3) and (4) into (2), we obtain 7:

2 _ a7
i=1%ﬁr) (3)

Thms, we can find B using (5) and (1)

ut uoI(r2 - a?)
= 2mr T 2n(bZ - ad)r.

j TRIEE OR FALSE? 1 and 7 both symbolize current, but I stands for the total
current in the conducting material.




[a]

[b].
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CORRECT ANSWE:.. 3

The magnetic fiswld o current iy Is (from Ampere's law and cylimdrical
symmetry) By = ua"p/: r, where r is the distamwz= from b. Thus at the
position of emmdi: -7 a, r = d and we have

- 4m x 1077 x 15 —
Bb =<7 . " ap xa0-1 = 3x107T

The magnetic Fizid -es~tor poinizs in the negative y direction. Thus,
the correct =mswver 1.

By =-3 107°3T

CORRECT ANSWER: &

Two points involved in this statement are worth noting. Fizrr:, we have
followed the comwemtion about current.wsed tirromghout the ~om—se; namely,
consider the diirextior that positive charges-womld move as athe direction
of the current . Serond, we hawe used the right-hand rule, whiich has

been used thromghowt the course (right-handed coordinate sysresms, cross
product, etc.)

Cumrremt i

- JMugnetic field

T

1
Heantere ] e CEN.

e
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fa] (CORRECT ANSWER: -7.2 < 1077 i nt

The force on current-carrying element df is

-

iF = 7 df v B (N

The magnetic field B is the same for the two svmme=—ic elements d¥) and
df,. However, the currents in df; and df? are cmprssite to each other.
Hence, from equation (1), the forces on thc uppet = lower segments of
the loop are equal in magnitude (corresponcump elwments of each segment
are at equal distances from the wire) and cmpoeslit=ly directed (along

+j for the upper, and -j for the lower segmert.). The force on each
vertical side is

> . > >
F=1,20>B8
-5
where B is constant along each side, but ha= #i'fferent value at each siide.

For the near side, § x ﬁn is along a . b
- Y 3 ) DL
-i and —»
) df;
7 P S N
Fn=_7r2£2nx 1
with x, = 0.50 m. Similarly, the
force on the far side is . .
‘ . h (]!
-5 UO‘L ~
= 7 — L
Ff 2 P or X, 1
£ )
with Xg = 0.80 m. ?
Therefore, the net force on the loop is
u iP‘ ‘ |
FomFytBpmip 2224 (-—+Ll )i | 4 Tc
2w Xy Xo dlg

27 0.5

-7 .
2.0 x 0.80 x 1220 3.0(- S5+ 585

= 9,6 x 107 x (~0.75) = ~7.2 x 1077 imx

TRUE OR FALSE? The forces acting on the upmerand lower segments 6f the
loop cancel one another.
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TEGMENT 3% 1

CNFORMATION PANEL The Magnet: Field of a Solenoid and Toroid

OBJE “TOVE

To calrulate the maunetic fielé ch.racteristics of several typical
solenepids; of severzi typical torm:ics.

“he derivation of the equation which gives the magnitude of the mmgnetic
milnetion for an infinitely long, id¢zl wolemoid appears in your asszgned
reading and aiso in the first of the =2namling-problem solutions that
follow. 1t will noz ibe repeated here  Several individual points of

+mf ormatiom are wortis reemphasizing, smwe=ver.

{1) The relamiomship is

B = pglan

The cwrrent svmbml is given a subscrir: to distinguish it from the me:
~urren:t that passes through the area boumderd by the path of integratiom.
The curremt I. is the currem: in the wire af the solenoid, i.e., the
curremt that would b2 measuread by an ammeter in series with the windimg.
The svmbol n is waml to represent the nsmber of turns per unit lemgth
rontaimed in tiws “sofemoid winding.

(2) Desspize the fact that the equattion was derived for an ideal
solenoid, o works quitte well ffor the m=mmetic inductiom for interma:s
moints nemr Jwe amis of the smilenoid.

{3) For pracctical solenoids, the-magnitmde of the induction does
mot deyemi w:n the :diameter or length; it may also be considered unijorm
amvosE the mrosz ssotion of the solenoid winding.

(6) The mmimer of turns per uniz length is given by the product
of thke total numbeer of turns amd the mmmber of layers, divided by the
rocal length of tie wimding. Care musz be taken to keep the units
sonsisteEnt.

Far a toroid, the smgunitwde of B is oxvained fram

B = Ui oN
2rr

in whiich N &s nthe total number of turmssand r is the distance from the
rentr of e “doughnut" to the point mside the wimding for which B is
0 e determimedl, Two important facts :should be reiterated for a toroddic

next page
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2%

continued

{1) TUnlike a solemm:id, 2 toroid davalops an imtermal field that is
=10t uniform in cross saciion. The magnetic induction far points inside
+he winding decreases in magnitude as the distance from the cemter is
increased.

() The field outsiide the toreid structure is megliigible and may
be takem as zero in probllem wmrk.
In this section, vou will encounter problems in which yom are to

{a) calculaze the wzlue of B imside a typical torvid;

(b) determime the walue of B at the cemter of a rypical solenoid;

(c) prove tihat the valwe of B outside a typical toroid is zero.
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PROBLEMS

1. A flexible solemoid of lengtkr 70 cm amd diameter & cm is bent into
a toroid (the shape of a doughnut) which has immer and outer radii of
10 cm and 14 cm respectively. If the solenoiid produces a uniform
magnetic field of B = 4 x 1@-3 T, what is the value of B inside the

toroid at a distance r = 11 cm as showm in the diagram?

SOLENOID
v h
D=
I .
g 70cm

It has 6 layers of

2. A solemcid is 2.0 m long and 3.0 cm im dilameter.
What is

windings of I®G0 turns each and castries a curremt of 2.0 amp.
the magnitude af B at its cemter?
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3. A toroid of inmer radius a and outer radius b has N turns. The
direction of current ¢, is shown in the diagram. Find the magnitude
of the B field at a point r, where r > b.

4. A solenoid which measures 20 cm in length and 5.0 cm in diameter is
wound with 4 layers of 250 turns each. How much current Z, must the
windings carry in erder to produce a magnetic field of 10~% T inside the
solenoid?

S. A toroid of inner radius a and outer radius b has N turns. The
direction of current £, is shown in the diagram. Find the magnitude of
the B field at a point r, where a < r <.b.

ol o
drr

)
B. B =72

BT o

2rr

D. B = pNig2nr
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INFORMATION PANEL . The Biot-~Savart Law

OBJECTIVE

To utilize the Biot-Savart law for solving basic problems involving the
magnetic induction produced by a current in a conductor in configurations
of low symmetry.

The Biot-Savart law replaces Ampere's law in configurations where the
latter is too difficult to apply. The Biot-Savart law may be written
in scalar form as
uoi df sing
dB = —— —
4nr2
where r°is a displacement vector from a current element to the point P
at which the induction is to be
di? determined; 6 is the angle
@ between r and the current element
as indicated in the accompanying
diagram. The direction of dB is
that of the vector df x £. 1In
vector form, the Biot-Savart law
may be written as -

& Ul df x ¢
4rr3

The resultant field at P is found

by cglculating the vector integral
of dB.

In this portion of your work, you will be asked to sclve problems in which
the magnitude of the magnetic induction is to be determined for configura-
tions like a long, straight wire, a circular loop, and a hydrogen atom
with jts single revolving electron.
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6. A wire in the form of circle of radius r carries a current i as
shown in the diagram. The expression for the magnitude of the magnetic
field at its center is

Ao
B. B=%§i
c. n -t
. B = 23?2

7. The diagram shows a circular loop which carries a current 1 in the
clockwise sense. Find the contribution dﬁ, of the infinitesimal loop
element, di, to the magnetic induction at the center of the loop.

-—
dl o

A. dB = — — out of the page

B. dB = 73 into the page
Cc. dB = —— out of the page

p. dB=-29%  into the page
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8. Find the magnetic induction at point (7.00 m, O, 0) due to a current
elemcnt 0.300 mm long which is oriented along the y-axis centered at the

origin and carries a current ¢ = 4.00 x 10-% j amp.

Y

——
ldz‘ (7m,0,0)
z
A, =2.45 x 10-15 kT
B. 2.45 x 10-15 kT
c. -1.63 x 10-!! kT
p. 1.63 x 10-!! kT

9. In the Bohr model of the hydrogen atom the electron circulates

around the nucleus in a path of radius 5.1 x 101! m at a frequency
f = 6.8 x 10!5 rev/sec. What value of B is set up at the center of
orbit? :
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10. A rectangular lcop having dimensions 60 cm x 80 cm carries a current
of 3.0 amp in thg clockwise sense. Find the magnetic induction at the
center of the loop.

A. Zero

l A : B. 9.0 x 10=7'T 1into the paper

iz|3.0amp C. 1.6 x 10~® T into the paper
L ] - c
P az60cm D. 5.0 x 10-® T into the paper

-+ b:z80cm—

11. An infinitely long, thin copper wire carries a current ¢ = 25 amp.
Using the Biot-Savart law, find the magnitude of the magnetic field
at a distance a = 2.0 m from the wire.

12. A conductor of length 6.0 m carries a current of 4.0 amp in the
direction shown. Find the magnetic induction at point-P, 42 cm along
a line perpendicular to the wire at its upper end.

a=42 cm A, 6.7 % lO“SUT out of the paper
L 35 E ~F 7
B. 9.5 x 107 T - out of. the paper
C. 1.9 x 100® T out of the paper
D.. 1.4 x 1005 T out of the paper
6.0m
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13. .A conductor of length 6.00 m carries a current.of 4.00 amp in the
direction shown. Find the magnetic induction at point P, 42.0 cm along
a line perpendicular to the wire at its midpoint.

A. 9.40 x 107® T into the paper

6.00m
T 1’ B. 2.65 x 10% T into the paper
C. 1.88 x 107 T into the paper
42.0cm pap
l D. 1.90 x 107* T into the paper
Pe--T.

1l4. A rigid wire bent into the form of a regular 18-sided polygon
inscribed in a circle of radius 20.0 cm carpjgsea current of 3.00 amp.
Calculate the magnitude of the magnetic induction at the center of the
polvgon, '

15. Three 10-m insulated wires, each carrying a current of 2.0 amp

intersect at their midpoints making angles of 60° with respect to

each other as shown in the diagram. Find the B field at point P due

to the three conductors.

A. 2.8 x 1078 T  into plane of paper
B. 5.6 x 108 T  into plane of paper
C. 2.8 x 108 T ' out of plane of paper

D. 5.6 x 1078 T  out of plane of paper

(3)
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16. A circular loop of radius a is carrying a current 1. What isvthe
magnetic field R for points on the axis?

A Uoia2 R
Hot n
1P B. 7(? +y2) J
uot ~
C: = 3(az + y2y
Mol .
D. 3-— j

H
ettt

[N
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{a] CORRECT ANSWER: C

We us~ the Biot-Savart law, which gives the field at P due to thg
infinitssimal segment df as

- w _ Mot df x ¥
l l db = 4 r3 (1)

The direction of dB is into the page at P and the magnitude is

_ Hol dg _ Mol ’
dB = T 32 sin¢ = I e? cosH df (2)

We express df and r as functions of 6, where
9 = a'tanGv df? = a sec?0 de r = a/cosf = a sech
'Substituting these expressions into (2) we obtain
Mol | a sec26 cos® d6 Mol f
B = = 6 deo
4n f a2 sec?9 4ra cos (3)

The upper and lower limits on 6 are given respectively by

tan‘{ (#2/a) = tan~! [(£3.00 m)/(0.420 m)] = tan-1 (+7.14) (&)
= tan~! (7.14) = %82°
The integral of cosf is siné, so
i_ 820 i .
B = Yot sind = Yoo [sin82° - sin(-82°)] = Hot 8in82°
4ra o 4ra 2na
-82
o 4m x 1077 x 4.00 - x 106 T

ST x 0.420. 0.990 = 1.88 x 10 (5

We notice that as the length of the wire increases, B + uoi/ZHa
as it should.
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[a] CORRECT 4MSWER: B

The fiedd dme to a current carrying element idf at the distance r is
given bv tie Biot-Savart law: .

- lJ’I. =z
gp o Pot dl x ¥
hn r3

(1)

Since df an ¢ are perpendicular to each other and d% is directed into the
plane of the¢ paper, we have

Mol dg

® =1 @
Therefare
2T . . .. 2rr .
B = Hot d2 - Ul ’ L = Mol (3)
0 4rr2 4rr2 0 2r

TRUE OR FALSE? If the current direction had been counterclockwise,
equation (1) would not have led directly to equation (2) in the solution.
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CORRECT ANSWER: D

-5
According to the Biot-Savart law the magnetmic field dB due to current
carrying element df at a distance r is givemr by

wol df x ¢
= e — X
dB I =3 (B

(3)

From symmetry, the contribution to the magnetic -fieidl at P from conductors

(1) and (2) is zero. The direction of the B Field dme the remaining con-
ductor, i.e. (3), is out of the plane of the paper. Therefore

Bol df r cos®
4n r3

dB =

= Mol cos0 df,
47 re

The magnitude of the B field due to the 10-m wire is

5 .
B = ™ Uol cosd di
_ 4n r2

From geometry we have
r = a secf £ = a tanf -amd d2 = a sec?6 de

where
a=50m . L

The limits of integration become;—n/4 to w/4.

Hence equation (1) becomes

. 4
Hot f"/ cosf a sec?8 'de
™

- -1/4 a2 sec?6

47

next page
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continued
or
= ;_]'% J"M cosO df
-n/4
Therefore

Ui
B = -2 (2 sin45°)

udi‘ﬁz o
2ra 2

5.6 x 107¢ T

]

and is out of the plane of the paper.

TRUE OR FALSE? If point P were mut at the midpoint of the arc formed by
conductors (1) and (2), this solution would not have been valid.

CORRECT ANSWER: 13.4 T

The current is the rate at which charge passes amy point on the orbit
and is given by

i=ef = (1.6 x 107'? coul) (6.8 x 10'% sac™t) = 1.09 x 10™% amp

The magnetic field B at the center of the orbit may be calcufated from
the Biot-Savart law:

Cy
H

o dp _ Ho? | (hm x 1077)(1.09 x 1073) _ 15 4 ¢

B ——— =

)& R2 2R T (2)(5.1) x 10717)

TRUE OR FALSE? If the frequency‘of revolution were half the value given
in this problem, then the magnitude of i would be twice as great.

1
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CORRECT ANSWER: 7.5 ~ 10='T

Let uws fimet caliculate the magnitude of the magnetic field of an infinitely
long solemoid vy applying Ampere's law

‘gﬁ . dy = uol

The mmtegratﬁon s to be evaluated along time roctangular path abcd shown
belmw

XX XXXXXXXXXXXX

The integral may be writtem .as

- - “b . > c 5 -> d > a ., N
B - de = B « d2 + B - d2 + B+ df + B ~ dp
a b’ c d

The first integral on the right is Bh where B is the the magnitude of ithe
magnetic field insdide the solenoid and h is ‘the arbitrary length of tive
path from a to b. The second and fourth integrals are zero because B is
perpendicular to every maith elements df. The third integral which includes
the part of the rectanglke that lies outside 'the solenoid is zero for all
external poilmts om &@n ideal solenoid. Thus, 'the integral is

§ﬁ-df=Bh=ﬁoi
where 7 is equal to 25 nh and n is the number of turns per unit length.
Thus, Ampere's law becomes

Bh = ugiy mh
or

B=uyi,n

It is interesting to note that B does not depend on diameter for an
infinitely lomg, ideal solenoid.

Substituting:®iie given data, we obtain

B

Hofo m = 4w x 1077 x 2 x 6 x 1000/2

7.5 x 10-3 T
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[a] CORRECT ANSWER: . 2.5 x 107 T

According to the_Biot-Savart law, the magnetic
field dB due to current carrying element df at
a distance r is given by
. >
Mol df x T

df = -2
4w r3

If we assume the directiom of the current
as shown in the diagram, then the B field
due to every element of the wire is into

the plane of the paper on the right side.

Therefore
dB = Mol df r sin®
47 rl
or
" bol sin
dp = -2 EimY ;
4w r2 de &

The magnitude of the B field due to the infinite wire is
go [F77 2ol sing de
- - 2 (1)
L = -
From geometry we have
r = a csch £ = ~a cot® and de =::a csc?6 de

Hence equation (1) becomes

B = ot /" sin® a csc?0 d®
0

4 a2 csc?@
or
U, m
B = e sin6 d@
0
>Therefore,
Mol
B = 2ma (2)
B=2.5x10°6T

Note: The result cpuld have been obtained using Ampefe's law without
integration due to symmetry of the configuration. However, the Biot- ‘
o Savart law is useful in obtaining the: B field for any curren distribution. -
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CORRECT ANSWER: 4 x 10~3 T
From symmetry, we know that the magmetic field inside the toroid takes the
form of concentric circles, each cirrle being uniform alomg its length.

Applying Ampere's law to the circular path of integratiom of radius r, the
magnetic field B, inside the toroid is

}ﬁl ab = i

B, 2mr = Holo N

or

Solving for B, we obtain

B < u0L0 N
1 2nr (1)

In equation (1) the product pyi, W iis unknown but may be found from an

expression for B inside a solenoid. Using Ampere's Iamm, it can be
readily shown that, imside a solemoid

Evaluating equation (2) numerically we have
Molo M = BL = (4 x 103 T) > (0.7 m) = 2.8 x 103 T-m
so that the field inside the toroid By from equation (1) is

UQ'IZO N

B, =
1 2nr

=4 x 107371
Note that the field inside a toroid depemnds on the distance from the

center whereas in a solenoid the field #s uniform.

TRUE OR FALSE? 1In a itoroid, the value of E is the same for all values
of r.
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[a] CORRECT ANSWER: 9.51 x 10~6 T

We use the result of the preceding question for each side of the polygon.
The contribution to B of
each side of the polygon is

Hw_ml-—mul 7 directed into -the page (for
— R the choice of current sense
shown) and has a magnitude

|
!
! Uoi
aj _ Lor .
' By = 2ma sind
0 l =
F=20.0 cm 'g / F=20.0cm : where a = r cos@ and

6 = 2r/2n = n/n = 7/18

Thus,

uoi m
By = 7ra tan |73

The contributions of the 18 sides add alpebraically, so

z _7 '
18 B, = %%; 18 tan <1f_> = b4m x 10 x 3,00 x 18 x 0,176

oc]
1

18 27 x 0,200

9.51 x 106 T

lim N tan <£—> = lim N <%> =T

N - o« N > o .

Note that

and so B - ugl/2r as the number of sides of the polygon increases and it
approaches a circular current loop of radius r = 20.0-cm. (For N = 18,

N tan (w/n) = 3.17 = 3.14 = n,) This agrees with the calculation for the
field at the center of a circular current ‘loop.

TRUE OR FALSE? For a polygon of 180 sides (instead of 18), we would
have N = 180, N tan (n/n) = =,
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fa]l CORRLCT ANSWER: Zero

From symmetry, the B field lines form concentric circles outside the
toroid. The magnitude of the B field at the point r may be calculated
using Ampere's law. Let us choose a circle of radius r as the path of
integration. Therefore,

= 1]07’

\-e—\
o< B2
o,
o
1

o N2y - Nio)h

or N 5
B« db =0 (1)

The magnitude_of'ﬁ ﬂif any) is constant at every point on the circle
and further B and d? are always tangent to the path of integration.
Therefore,

JE-dI=B2nr : (2)

Equating equations (1) and (2) we find

B=20

[b] CORRECT ANSWER: A

The current element is very short so we approximate dz by the element
length 0.300 mm. Applying the Biot-Savart law directly, we obtain

4B = uoi dg x ¥ - uoi de iﬁx i
4n r3 4a x2

_ o Bot 4o 4w x 10-7 x 4.00 x 10-3 x 3.00 x 10-" ¢
4n x2 4n (7.00)2

-2.45 x 10-15 kT
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r

CORRECT ANSWER: A

The magnetic field due to an element dzl at P.is given by the Biot-Savart
law as '

5 uoi d?l x ?1

dB, = — T
1 4 r13
where
r, = ;/yz + a2

and y is the distance from the plane of the loop. The angle between dil
and r; is 90° and the direction of d§1 is as shown in the diagram. The
magnitude of dB; is thus

dB; = > —L

Let us now take another line element dzz which is diametrically opposite
to d2;. Using again the Biot-Savart law we obtain

Mo dzz

dB2 = 2
4'" r22

and its direction is shown in the diagram. It is clear from the diagram
that the horizontal components of.d§1 and dﬁz are of equal magnitudes but
are pointing in opposite directions.

Thus the horizontal components will cancel out in pairs and only the axial
components will contribute to B at P, Thus,

B = I dBayial

where
Mol dg Mol do | a
dB =9 2% gin¢ = O 9% ., 8
aXiél 4n r2 b 2 r

~next page -
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continued

and the integration cver df yields B:

. . 2
- _ Mol a ot &
B = J.dBaxial T %n 13 J-df' T
Substituting
r = Yy? + a2

we obtain finally

a2
]Jo7a a

T 2(yZ + a2)3/2

pointing in the +y direction.

TRUE OR FALSE? The axial components of dﬁ] and dﬁz are equal in magnitude
and opposite in direction.

-

CORRECT ANSWER: C

_*
From symmetry considerations, the B field lines form concentric circles

~4ngide the toroid. The magnitude of B at point r may be calculated using

Ampere's law. Let us choose a circle of radius r as the path of integra-
tion. Therefore,

> > .
JB + de ol

= UON’LO (1)

The magnitude of B is constant at every point on, the circle and further B
and d? are always tangent to the path of integration. Therefore,

B.dl =B 2nr (2)

Equating equations (1) and (2) we find

_ HoNT,
27y

TRUE OR FALSE? For a given circle of integration in the toroid, the
magnitude of B is constant along its entire length.
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[a] CORRECT ANSWER: D

According to the*Biot—Savart law, the
magnetic field dB due to a current
carrying element d? at a position r

H is given by
dﬁ - ot dl x ¥
47 r2
or i
uoi cosa df
dB = —————

4n  r2

and is directed into the plane of the paper.

Therefore, the contribution to the magnetic field due to the top side is

- [0
B = 2 ugt coso di (1)
t 47 r2
0
However,
£ = (a/2) tana d? = (a/2) sec?ada r = (a/2) secw

Substituting these expressions into equation (1) we find

2 [
B. = 2 Hot J. cosa a sec’ada
¢ =

4 0 2(aZ/4) sec?o

Hot
B, = —— sin0
Ta

A similar calculation applies to each side. We note that

sinb = b/2 b

Y(b/2)2 + (a/2)2 Va2 + b2

SO

next page
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continued

The bottom side has the same geometryv as the top side; therefore,
By = By. And for the left and right sides, we need onlyv interchange
b and a to obtain

We? a/b
BO = Br = T ‘v—:?*.'*_-z- ?_

The direction of the field produced by each side is into the paper for a
clockwise current, and the contributions add arithmetically. The total -
magnetic induction at the center of the loop is

B = a2’ n ab

Mol 2 b o a)_ Wol 2 /aZ + b2
T Va2 +pZ \&8 b

Finally, substituting the given numerical values, we find

B = 41 % 10-7 x 3 2 /0.36 x 0.64

= -6
™ 0.6 x 0.8 3.0 x 1072 T

TRUE OR FALSE? In the above solution, the angle o is assigned a value
such that a = §/2.

CORRECT ANSWER: 1.6 x 10”2 amp

In the formula derived in the preceding problem for the magnetic induction
inside an ideal solenoid, B = ugtoyn, n is the number of turns per unit
length. For a solenoid wound with 4 layers of 250 turns each and of length
20 cm, -

4 x 250 _1
n=-"4373.°% 5000 m

Therefore, the current required to produce a field of 10~% T is

i = B . 10-*
©  pon 47w x 1077 x 5 x 103

= 1.6 x 102 amp
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CORRECT ANSWER: D

The Biot-Savart law states that

The vector di is in the direction of 7; iy T is the vector from the element
to the field point, The_ direction of dB is that of df x r' i.e., into
the page. Since dl and T are perpendicular, the magnitude of dB is

B = Mol ldt < =] _ Mol dg
bn r3 4n  r2

4
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CORRECT ANSWER: B

.

We use the Biot-Savart law. The field at P due to the infinitesimal segment
of the wire df is

U S P
Hol 2
I dﬁ - L0 dz X T
47 rl
[ - >

Now d& % r is out of the page
and from the diagram we see
that

|

-
‘dz x r| = r d% sind

v r d? cosB

Thus,

- ol {de r cost - Mo* [ d2 cos®
4n r3 4 r2

Let us express the variables £ and r as functions-of 6.

£ = a tanb
d2 = a sec?6 dé
r = a/cosf = a secH

Therefore,

. . (86°
g = Yot (a sec?6 cosB df _ Ho? cosf de
4 a2 gsec?8 4ma 0°

where we found the upper limit of 6 from

' 1 (% 6 m o
tan~! (;) = tan~! (5?251;) = tan~! (14.3) = 86°

The integral of cos® is sinf, so

. 86° . »
noi Ty i

B =29 gine = 22 5in86° = 22" x 0.9976
47a 0° 4ma 4ma

‘next page
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continued

Notice that as ¥ increases,

ot

-

4ma

which is just one-half the value of the field due to an infinitely long
conductor. This is reasonable, since this wire is "half" of a very long
conductor. The numerical value of B at a = 0.42 m is

- _7 » ’
B =20  0.9976 = 4n x 107" x 4 x 0.9976 _ g 5 x 10-7 1

4ma 4 x 0.42




