Chapter 20

Magnetic Field Forces and the Magnetic Field
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Looking at Vectors




Magnetic Forces on Objects

Magnetic fields will produce a force on an object, If the
object satisfies three criteria:

1. The object must have an electric charge.

The object must be moving.

3. The velocity of the object must have a component that
IS perpendicular to the direction of the magnetic field.

N

F=qgvxB

F =Bqv sin@ B
This shows the direction of the force @(<6’
F >V

for a positively charged particle:

Sl units of B: Tesla (T)=1 N-s/m-C=1 N/A-m, 1G=10*T






Interactive Question

An object with a positive charge
travels in the xy plane at an angle of
30° above the x axis. A magnetic
field points along the y axis. What
direction is the force that the object
feels?

A) 60° below the positive x axis
B) 120° above the positive x axis
C) Along the negative z axis

D) Along the positive z axis

E) There is no force on the object




Problem: A proton moves at 8.0 x 10° m/s along the x
axis. It enters a region where there is a magnetic field of
magnitude 2.5 T directed at an angle of 30° from the
positive y axis and lying in the xy plane. What is the
Initial force the proton feels and what is its acceleration?

B=25T

30% y
6= 60° ‘_
» v=28.0 x 105 m/s X




Interactive Question
A proton enters a region that

contains a uniform magnetic field : X X X
directed into the paper as shown. 130°
The velocity vector of the proton |
makes an angle of 30° with the |

X X
X X
X X

positive y axis as shown. What is

the direction of the magnetic force on the proton when it
enters the field?

A) up out of the paper

B) at an angle of 30° below the negative x axis
C) at an angle of 30° above the negative x axis
D) at an angle of 60° below the negative x axis
E) at an angle of 60° above the negative x axis



Interactive Question

An electron enters a region that L [
contains a uniform magnetic field |

directed into the paper as shown. 1I30/x X X
The velocity vector of the electron : X X X

makes an angle of 30° with the

positive y axis as shown. What is
the direction of the magnetic force on the electron when it

enters the field?

A) up out of the paper

B) at an angle of 30° below the positive x axis
C) at an angle of 30° above the positive x axis
D) at an angle of 60° below the positive x axis
E) at an angle of 60° above the positive x axis



Motion of a Charged Particle in a Magnetic Field

Positive Particle in Magnetic Field
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F=ma

Bgv sin@= mv4/r
Bgv = mv4/r
mv/r = B(

r =mv/Bg

T=d/v=2 /v
= 27rm/rBg

T=2m/Bq

f =Bg/2 m



Interactive Question

Two particles move through a magnetic field that is
directed out of the page. The figure shows the paths
taken by two particles as they move through the field.
Which statement concerning these particles iIs true?

A) The particles may both be
neutral.
B) A Is positively charged:
B Is negative
C) A is positively charged:
B Is positive
D) A i1s negatively charged: B Is negative
E) A Is negatively charged: B is positive




Interactive Question

Two particles of equal
mass and equal charge A

move In circular orbits In a
uniform magnetic field as
shown. Which is the

correct entry in the table?

Charge of A Charge of B Greater Velocity

A) + + B
B) + + A
C) - - B
D) - - A
E) - + A



If a particle has a component of velocity perpendicular
to the magnetic field, and also parallel to the magnetic
field, the parallel component will not be affected.

V=V TV}
R

circle straight line

which gives a
helix in a uniform B
magnetic field
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Work Done by a Magnetic Field
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Problem: An ion In a mass ’ \ o
spectrometer Is accelerated

across a potential difference of iRy i Detector
V and enters a region with a T
magnetic field B. lon Source

(a) What is the speed of the 1on when it enters the region
with the magnetic field?

(b) What is the work done by the magnetic field?

(c) What is the mass of the ion?

(d) What force does the 1on feel when it enters the field?

(e) How do things change If B is in direction of motion of
the 1on?




) Il °® °® \\ ) B
Sometimes “crossed” electric = :
and magnetic fields are placed v - x!Bx |Detector
In the same region to select xn: X E
lons with a particular velocity. | - +X
lon Source

For the 1on to go straight,

>F=ma=0

ge-qvxB’ =0

If E, v and B’are at right angles to each other,
v=E/B”’
This 1s called a “velocity selector”



Problem: A proton travels north at a speed of 4.5x10° m/s
through a 1.2 T uniform magnetic field that points west.
In the same region iIs a uniform electric field. The proton
experiences no acceleration. What is the direction and
magnitude of the uniform electric field?




Current Carrying Wire in a Magnetic Field
X X X X X X

X

X X
X X
X X

x|

X X X
X X X
X x B x
For a single particle: F = qvxB

For many particles: F = (qvxB)nV

where n Is the number per unit volume (V)
= (qvx<B)nAL

= (LxB) gvnA

[
|=
X
oy

|: current In the wire
L: length of the wire



Interactive Question

A long straight wire is placed
between the poles of a magnet as
shown. When a current is flowing

out of the page as shown, the I

direction of the magnetic force on the
wire will be:

A) toward the left
B) toward the right
C) toward the top of the page

D) toward the bottom of the page
E) out of the page




Problem: A wire with a mass of 1.00 g/cm is placed on a
horizontal surface with a coefficient of friction of 0.200.
The wire carries a current of 1.50 A eastward and moves
horizontally to the north. What are the magnitude and
direction of the smallest magnetic field that enables the

wire to move In this fashion?




Audio speakers use this principle to create sound

Rigid /

metal  /
Coil of wire frame
(attached to '
speaker cone)

Biliif

| IEERERT
WLBLLY B

Magnet -:I.ﬁj-.,__ i ._
J | ).f
Lead-in ¢ J/

. Cone
wires



Problem: A square loop of wire sits in the x-y plane with
two sides on the x and y axis and two corners at (0,0) and
(L,L). The magnetic field is given by B = (B,z/L)]
+(Byy/L)k where B, Is a positive constant. The current
moves clockwise around the wire. Find the magnitude
and direction of the force on each side of the loop and the
net magnetic force on the loop.




Magnetic Fields Produce a Torque on Current Carrying
l Wire Loops

Fi=IF  IFl=IF=F
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where A Is the area of the loop

For more than one loop of wire:

7= NIAB sing = 1B sing

T = uxB

where 1 = NIA Is called the magnetic moment



Potential Energy of a Wire Loop In a Magnetic Field

U=-W=-](-7d6 = [1B sindd@
U=-dW =-uB cosd+ C

Chose potential to be zero when 8= 90°.
U=—-uB cosfd= -l




Problem: A circular wire of 15
loops with radius 50.0 cm is oriented
at an angle of 30° to a magnetic field
of 0.50 T. The current in the loop Is
2.0 A In the direction shown.

,z:/ o
I\ AR 3_0

a) Find the magnetic moment of the loop.
b) Find the torque at this instance.
c) Find the potential energy of the loop.




Interactive Question

A rectangular loop is placed in a uniform magnetic
field with the plane of the loop perpendicular to the
direction of the field. If a current is made to flow
through the loop In the sense shown by the arrows,
the field exerts on the loop:

_.q_._;?
A) a net torque 4—/

B) a net force
C) a net force and a net torque
D) neither a net force or a net torque




Interactive Question

A rectangular loop is placed in a uniform magnetic

field with the plane of the loop parallel to the

direction of the field. If a current is made to flow

through the loop In the sense shown by the arrows,
B) a net force

the field exerts on the loop:
C) a net force and a net torque

D) neither a net force or a net torque

A) a net torque



Interactive Question

A rectangular loop Is placed in a nonuniform
magnetic field with the plane of the loop parallel to
the direction of the field at its center. If a current Is
made to flow through the loop In the sense shown by
the arrows, the field exerts on the loop:

B) a net force

C) a net force and a net torque

D) neither a net force or a net torque

A) a net torque



Interactive Question

Consider a square loop of wire
that i1s balancing at an angle & B

with only one end on the ground
In a constant vertical magnetic 9
field. What can you say about Sk

this situation?

A) This Is an impossible situation

B) A current Is moving clockwise around the loop

C) A current Is moving counterclockwise around the
loop

D) There must also be an electric field

E) It’s all done with smoke and mirrors



An Electric Motor

F No torque
tF
B:

1)
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N\
\

F
N

Change direction
of current

. ‘ V///ﬂi . i Repeat the cycle
v :




The Hall Effect

F
+’! sy o In equilibrium
Vg _ 8 Fg = Fe
- - - qv,B = qE
= E=v,B
—_— — — Bf — VH — EW — WVdB
¥+ F F

For thickness t,

| = nqv A
n=1/qv A = l/evywt = IB/etV,,









Gauss’s Law for Magnet Fields

There are no magnetic monopoles. Magnetic field lines
are continuous, and do not stop on single poles, since they
do not exist.

§BmA:o
S

®g = [BHA

Units are T-m? = Wb (Weber)









The magnetic field from a moving point charge

@ .V The field at P is
\r given by:
_ Ho Qv xt
° B -
P An r?

B: magnetic field

v: velocity of the particle

r. distance from the particle.

U, . permeability of free space

S| unit for magnetic field: “Telsa” (T).
Uy = 41tx10~" TOm/A.



Interactive Question

Protons, with a positive electric
charge, are going around In a
counterclockwise direction as
shown. At the center of the
circle, they produce a magnetic
field that Is:

A) Into the page
B) out of the page
C) to the left

D) to the right

E) zero



Interactive Question

Electrons, with a negative
electric charge, are going
around In a counterclockwise
direction as shown. At the
center of the circle, they
produce a magnetic field that is:

A) Into the page
B) out of the page
C) to the left

D) to the right

E) zero



Interactive Question
A wire starts at a point on the y

axis and extends in the negative X | dL
direction for an infinite distance —

as shown. What is the direction AN
of the magnetic field (dB) at the 00° A

origin created by the differential
current element | dL along the
negative x axis shown shaded?

A) Into the slide

B) Out of the slide

C) At an angle of 30° below the negative x axis
D) At an angle of 30° above the positive x axis
E) None of the above



The magnetic field from a current carrying wire segment
dL We now have many point
| charges moving:
\ _ Uy nV gvxP
° B - 477- r2
P

_ Hy NALg v xT
VY, e
_ M I LXT
A r?
g = Ho I dI_ZX?
Ann r
The Biot-Savart Law

d



The magnetic field from a current carrying wire

— X _ My ol dL xT
B =10
d'—, — 4nj-a r’
;?R B:,uOIFb sin @ dx
: Ap i r°
B X P=(0,R)
B:,uoljé’z sin” @sin@ R d@
tan &= —R/x 47796 sin® @ R?
Xx=—-R/tan &
x = —R cot & —f]‘%esinﬁ dé =- Z‘%cos&’z
dx =R csc26d6g 1
dx =R d@/sin2@ B = f}oﬂ (cos8, —cos8,)

r = R/sin &



dL | This can be written:
g

r\ iR _ Ml a b
| B = ATR \/ 2 2 +\/b2 2
B %¥P=(0,R) a”+R R

. ' a

If a=b: B =

27R /a® + R?

For a very long wire, use B=(y4,1/4 7R)(cos8,—cosE,) with
6,=0, 8,=rm,or, use the equation above with a>>R to get:

B:’LI—OI
2TR



Magnetic Fields are Produced by Currents

B=yll27m




Interactive Question
A battery establishes a steady current around the
circuit below. A compass needle is placed
successively at points P, Q, and R. The relative
deflection of the needle in descending order, Is

P Q
R

A) P,Q,R B) Q,R,P C)R,Q,P
D) P,R,Q F) Q,P,R



Problem: One straight wire carries a current of 10 A north
and another straight wire carries a current of 5.0 A west.
What is the direction and magnitude of the magnetic field
0.25 m above the point where the wires intersect?




Interactive Question

Four long straight wires are

parallel to each other, their cross ‘ ‘
sections forming a square of side

length 0.02 m. The point P Is at

the center of the square. Each wire ‘ @
carries a current of 8 A current In

the direction shown.

What direction is the magnetic field at P?

A) Toward the bottom left B) Out of the page

C) Toward the top right D) Toward the top left
E) It is zero



Problem: Two parallel wires, each with a current of 2.0
amps along the x axis are located in the x-y plane. One
located at y=0 and one at y=0.40 m. What Is the magnetic

field at the point (0,0,0.3)?




Two Parallel Wires Carrying Current

r
R s
B, =l 2
1o = LLB;SIn &

1 = LL(I, 142 77)
1 = ML LI 7T)

What is F,,?
Fa1= Fys

>




Problem: Two long parallel conductors are carrying
currents in the same direction. Conductor A carries a
current of 150 A and is held firmly in position. Conductor
B carries I and Is allowed to slide freely up and down
parallel to A between a set of nonconducting guides. If
the linear mass density of B iIs 0.10 g/cm, what value of
the current I; will result in equilibrium when the distance
between the conductors iIs 2.5 cm?

_ _1,=150A

t
id:250m

D

— 1,=150 A



Interactive Question

A long straight wire carries a “—1l2m—

10 A current in the direction 10 A

shown. Next to the wire Is a 2 A
square copper loop (with side
length 1 m) that carriesa 2 A 10m

current in the direction &
shown. 3

What is the direction of the net force on the loop?
A) Positive x B) Negative x

C) Positive y D) Negative y

E) 30° with respect to positive x



Magnetic field of a wire loop

Take a wire with

magnetic field like this: C

And twist it in a loop:

VO

To produce a magnetic <
field like this:
Which looks like the <3

field of a bar magnet.




| dL %7 7

dB = o == dL
471 I I JdB
dB, = Ho | dLS'zn(go)cosé’ /(6’ ;
47 r dBy y
dBy:,uOIdLR_,uO IRAL

4t v? r o Am(y2 4 g2 )2
2R U, IRdL
B, = jo 4,OT(y2 N R2)3/2
_H IR 2R
_4707(y2 +Rz)3/2 0 L At y=0,

oot IRE B:ﬁz’oR'*
2 (y2+R2)3/2




Recall p=1IA = pUB

—

T



Interactive Question

Two loops carry equal current | in the
same direction. They are held in the
positions shown in the figure and

released. Which statement describes |

the subsequent behavior of the loops?

A) The loops repel each other

B) The loops attract each other

C) Both loops move to the left

D) The loops remain in the position shown

E) The top loop moves to the right and the bottom
loop moves to the left



Magnetic Field of a Circular Arc

g=Ho "
A7R* 70

B:/JOIR¢ZIUOI¢
ATR?> 4R

Note: If @= 277 we get B=£41/2R, which Is exactly what
we got for the magnetic field at the center of a single loop
of wire.



Interactive Question

The diagrams show three circuits consisting of concentric
circular arcs of radii r, 2r, or 3r. Each circuit carries the
same current. Rank them according to the magnitude of
the magnetic fields produced at point C, least to greatest.

(1) (2) (3)
AN

C

A)1, 2,3
B)3,2, 1
C)1,3,2
D)2, 3, 1

2.1, 3



Ampere’s Law

i&BEﬂL :,uolencl
C

&B@IL :,uolencl
C

|
‘ 5 BiﬁdL:,uol
\l: R C

v B2/R = 1|

B:’lj—ol
27TR

Same as with the Biot-Savart Law



Interactive Question

In Ampere’s law, §B LdL = g4l the symbol dL is:
C

A) an infinitesimal piece of wire that carries current |
B) In the direction of B.

C) perpendicular to B.

D) a vector whose magnitude is the length of the wire that
carries current I.

E) none of the above.

encl*



Problem: A long, thick cylindrical conductor with radius
a, has a current density given by J = J,r/a. Find the
magnetic field inside and outside the wire.




Problem: What is the magnetic field inside and outside of
a toroid that has N total loops of wire?
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Interactive Question

Magnetic field lines inside the AE
solenoid shown are: | ’

A) clockwise circles as one looks down the axis from the
top of the page.

B) counterclockwise circles as one looks down the axis
from the top of the page.

C) toward the top of the page.

D) toward the bottom of the page.

E) in no direction since B = 0.



The Magnetic Field of a Very Long Solenoid

_ ﬁBml—:ﬂOlencI:O
Outside: ¢

B=0

BL = ,nLlI
B = y,nl

L

n = # turns/length



Changing Magnetic and Electric Fields

Recall Ampere’s Law 9. B-dL =

,Uol m
There Is a problem In the second case. There Is no
current, but a magnetic field will be created.
Consider the electric field in the capacitor:
Q =CV = (&A/d)(Ed) = &AE
dQ/dt = A dE/dt = & d @ /dt
James Maxwell proposed a “displacement current:”
I, = & d@./dt where @_ = [E-dA is the electric flux.




Then Ampere’s law becomes the Ampere-Maxwell law:
e B-dL = gl + p &, d@/dt = g (1 + 1)

Recall that Faraday’s law states that a changing magnetic
flux (or field) creates an electric field.

E = $E.ds = —d @/dt

Now we also see that a changing electric flux (or field)
creates a magnetic field.



Interactive Question

Displacement current exists in the region between the
plates of a parallel plate capacitor if:

A) The capacitor leaks charge across the plates.
B) The capacitor is being charged.

C) The capacitor is fully charged.

D) The capacitor is fully discharged.

E) More than one of the above is true.




Interactive Question

A magnetic field exists between the plates of a capacitor:

A) Always

B) Never

C) When the capacitor is fully charged.

D) While the capacitor is being charged.

E) Only when the capacitor Is starting to be charged.




Interactive Question

A sinusoidal emf is connected to a parallel plate
capacitor. The magnetic field between the plates

A) Is zero

B) Is constant

C) Is sinusoidal and its amplitude does not depend on the
frequency of the source.

D) Is sinusoidal and its amplitude Is proportional to the
frequency of the source.

E) Is sinusoidal and its amplitude is inversely proportional
to the frequency of the source



Interactive Question

The curves below show the current (I) charging a
capacitor as a function of time. In which case(s) will
there be a changing electric field and a changing
magnetic field between the plates of the capacitor?

e

T 5t 3

A) 1 only B) 2 only C) 3 only
D) 2and 3 E)1,2,and 3



Problem: A parallel plate 5.00 @ capacitor with 4.00 cm
radius circular plates has a voltage across it that varies
sinusoidally with a frequency of 6.00 kHz with a
maximum amplitude of 25.0 V. What is

a) The displacement current through the capacitor and

b) The magnetic field at one-half the radius of the plates,
assuming the discplacement current has a uniform
density.




Atomic Look at Magnetism

// r @\\electron L= 1A= 1772
| / | = (q/T) 772
\ nucleus //' = (qv/27T) 712
. S = gvr/2
T = (g/2m)L
Angular momentum (L) W =(g/2m)L
L=mvr b, =(-e/2m)L

There Is also an intrinsic (or “Spin’’) magnetic moment
for the electron which is purely quantum mechanical:

W LS

Both of these lead to magnetic effects in material.



Magnetization of Materials

A
M = dp/dV | ,
M = AdI/AdL = di/dL

Place the material in an external magnetic field B,

B =B, +B,
= By + tpM

In certain kinds of materials, the magnetic field from the
magnetic moment remains, even after removing the
material from the external magnetic field.



Three Types of Material

1) Ferromagnetic: Strong alignment of atomic magnetic
moments (fields). This material can have permanent
magnetism even when the external field is removed.

2) Paramagnetic: Weak alignment of atomic magnetic
moments (fields).

3) Diamagnetic: Antialignment of atomic magnetic
moments (fields).



For Ferromagnetic and Paramagnetic Material

B =B, + 14M
=By *+ XmBy

= BO(1+Xm)
= KmBO

X, IS the magnetic susceptibility
K= 14, 1s the relative permeability

Paramagnetic materials have small positive values of K,
and ferromagnetic materials have large positive values of
K., under certain conditions.



