Chapter 28

Magnetic Fields
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28-1 Magnetic Fields and the Definition of B

The Definition of B

The Field. We can define a magnetic field B to be a vector quantity that exists when it
exerts a force Fg on a charge moving with velocity v. We can next measure the
magnitude of Fg when v is directed perpendicular to that force and then define the

magnitude of B in terms of that force magnitude: F
B = i

~lalv’

where g is the charge of the particle. We can summarize all these results with the
following vector equation:

Fy = qv X B;

that is, the force Fg on the particle by the field B is equal to the charge g times the
cross product of its velocity v and the field B (all measured in the same reference
frame). We can write the magnitude of Fg as

FE = ||‘_‘_?|'I-"B Eiﬂ {ﬁ!
where ¢ is the angle between the directions of velocity v and magnetic field B.
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28-1 Magnetic Fields and the Definition of B

Finding the Magnetic Force on a Particle

Force on positive Force on negative
Cross v into B to get the new vector vV x B . particle particle

B
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Fy = qv X B;

This equation tells us the direction of F. We know the cross product of v and B is a
vector that is perpendicular to these two vectors. The right-hand rule (Figs. a-c) tells
us that the thumb of the right hand points in the direction of v x B when the fingers
sweep v into B. If q is positive, then (by the above Eq.) the force Fg has the same
sign as v x B and thus must be in the same direction; that is, for positive q, Fg is
directed along the thumb (Fig. d). If q is negative, then the force Fz and cross
product v x B have opposite signs and thus must be in opposite directions. For
negative g, F is directed opposite the thumb (Fig. e).
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28-1 Magnetic Fields and the Definition of B

Finding the Magnetic Force on a Particle
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Fy = qv X B;

A
‘J The force FE acting on a charged particle moving with velocity v through a
magnetic field B is always perpendicular to v and B.

Z Checkpoint 1 Answer:
The figure shows three sit- ' ¥ (a) towards the

¥
uations in which a charged — B .- .
particle with velocity ¥ J/‘E ﬂ/ positive z-axis
" * - (b) towards the
/'L : /L negative x-axis

travels through a uniform
magnetic field B. In each

(c) none (cross
product is zero)

situation, what is the di-
rection of the magnetic
force Fj on the particle?
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28-1 Magnetic Fields and the Definition of B

Magnetic Field Lines

We can represent magnetic fields with field lines, as we did for electric fields. Similar
rules apply:

(1) the direction of the tangent to a magnetic field line at any point gives the direction
of B at that point

(2) the spacing of the lines represents the magnitude of B —the magnetic field is
stronger where the lines are closer together, and conversely.

Two Poles. The (closed) field lines enter one end of a magnet and exit
the other end. The end of a magnet from which the field lines emerge is
called the north pole of the magnet; the other end, where field lines enter

the magnet, is called the south pole. Because a magnet has two poles, it
is said to be a magnetic dipole.

an
Y

Opposite magnetic poles attract each other, and like magnetic poles repel
each other.

(0)

Courtesy Dr. Richard Cannon,
Soul h M souri State

(a) The magnetic field lines for a bar magnet. Cniversity Cope Girarden

(b) A “cow magnet” — a bar magnet that is intended to be slipped down |nto the rumen of a cow
to recover accidentally ingested bits of scrap iron and to prevent them from reaching the
cow’s intestines. The iron filings at its ends reveal the magnetic field lines.
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28-2 Crossed Fields: Discovery of The Electron

A modern version of J.J.
Thomson’s apparatus for
measuring the ratio of mass to
charge for the electron. An e —
electric field E is established by ' -
connecting a battery across the sorin ,
deflecting-plate terminals. The | Screen S |
magnetic field B is set up by |
means of a current in a system of
coils (not shown). The magnetic
field shown is into the plane of the
figure, as represented by the
array of Xs (which resemble the
feathered ends of arrows).

If a charged particle moves through a region containing both an electric field and a
magnetic field, it can be affected by both an electric force and a magnetic force.

When the two fields are perpendicular to each other, they are said to be crossed
fields.

If the forces are in opposite directions, one particular speed will result in no deflection
of the particle.
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28-3 Crossed Fields: The Hall Effect

As we just discussed, a beam of electrons in a vacuum can be
deflected by ad magnetic field. Can the drifting conduction
electrons in a copper wire also be deflected by a magnetic
field? |
In 1879, Edwin H. Hall, then a 24-year-old graduate student at -—d—]
the Johns Hopkins University, showed that they can.

This Hall effect allows us to find out whether the charge
carriers in a conductor are positively or negatively charged.
Beyond that, we can measure the number of such carriers per
unit volume of the conductor. x

Figure (a) shows a copper strip of width d, carrying a current i
whose conventional direction is from the top of the figure to the | _
bottom. The charge carriers are electrons and, as we know, 1 l
they drift (with drift speed v,) in the opposite direction, from L.
bottom to op. o OR—.

As time goes on, electrons move to the right, mostly piling up
on the right edge of the strip, leaving uncompensated positive

charges in fixed positions at the left edge as shown in figure (b).
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28-3 Crossed Fields: The Hall Effect

When a uniform magnetic field B is applied to a conducting strip
carrying current i, with the field perpendicular to the direction of
the current, a Hall-effect potential difference V is set up across
the strip. |
The electric force F¢ on the charge carriers is then balanced by -«
the magnetic force Fg on them.

The number density n of the charge carriers can then be
determined from

bt <
Xy X
X

X

_ B
Vie' X

in which | (= A/d) is the thickness of the strip. With this equation
we can find n from measurable quantities.

X
x  High x
x Low X

X
X
X

When a conductor moves through a uniform magnetic field B 1 l
at speed v, the Hall-effect potential difference V across it is

V = vBd,

Where d is the width perpendicular to both velocity v and
field B.
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28-4 A Circulating Charged Particle

A beam of electrons is projected into a
chamber by an electron gun G. The
electrons enter in the plane of the page
with speed v and then move in a region of
uniform magnetic field B directed out of
that plane. As a result, a magnetic force
Fg- q (vxB) continuously deflects the
electrons, and because v and B are always
perpendicular to each other, this deflection
causes the electrons to follow a circular
path. The path is visible in the photo
because atoms of gas in the chamber emit
light when some of the circulating electrons

CO I | i d e With th e m . Copyright © 2014 John Wiley & Sons, Inc. All rights reserved.

Applying Newton’s second law to the circular motion yields glvB = mv_
. ; . mv

Therefore the radius r of the circleis r= qIB”
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28-5 Cyclotrons and Synchrotrons

it EJEETiiﬂiL f)nl;tvﬂzrd _The (_Zyclotron: _The figure is a top vi(f,-w of the region of a cyclotron

energy in the gap. in which the particles (protons, say) circulate. The two hollow D-

shaped objects (each open on its straight edge) are made of sheet
= copper. These dees, as they are called, are part of an electrical

i * 1 \% ¥ oscillator that alternates the electric potential difference across the

Ay ’\\ S ‘ gap between the dees. The electrical signs of the dees are

<./ alternated so that the electric field in the gap alternates in direction,

first toward one dee and then toward the other dee, back and forth.

The dees are immersed in a large magnetic field directed out of the

St plane of the page. The magnitude B of this field is set via a control
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on the electromagnet producing the field.

The key to the operation of the cyclotron is that the frequency f at which the proton
circulates in the magnetic field (and that does not depend on its speed) must be equal
to the fixed frequency f .. of the electrical oscillator, or

— s
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Deflector
plate | ]

f=fue (resonance condition).

This resonance condition says that, if the energy of the circulating proton is to
increase, energy must be fed to it at a frequency f .. that is equal to the natural
frequency f at which the proton circulates in the magnetic field.
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28-5 Cyclotrons and Synchrotrons

Proton Synchrotron: The magnetic field B and the oscillator frequency f_.,
instead of having fixed values as in the conventional cyclotron, are made to vary
with time during the accelerating cycle. When this is done properly, (1) the
frequency of the circulating protons remains in step with the oscillator at all
times, and (2) the protons follow a circular — not a spiral — path. Thus, the
magnet need extend only along that circular path, not over some 4 X106 m?,
The circular path, however, still must be large if high energies are to be
achieved.
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28-6 Magnetic Force on a Current-Carrying Wire

A straight wire carrying a current i in a uniform
magnetic field experiences a sideways force

F:H =il XB {(force on a current).

Here L is a length vector that has magnitude L
and is directed along the wire segment in the
direction of the (conventional) current.

Crooked Wire. If a wire is not straight or the field
IS not uniform, we can imagine the wire broken
up into small straight segments. The force on the
wire as a whole is then the vector sum of all the
forces on the segments that make it up. In the
differential limit, we can write

dF, = idL X B.

and the direction of length vector L or dL is in the
direction of I.

A force acts on
a current through
a Bfield.

(@) ©) ()
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A flexible wire passes between the
pole faces of a magnet (only the
farther pole face is shown). (a)
Without current in the wire, the wire
Is straight. (b) With upward current,
the wire is deflected rightward. (c)
With downward current, the
deflection is leftward.
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28-7 Torque on a Current Loop

7 As shown in the figure
- (right) the net force on the

sie1 __~"  |oop is the vector sum of

f,\ ; the forces acting on its four

b _— sides and comes out to be
— J,\Sideg - Zero. The. net torque acting
on the coil has a

@ & magnitude given by

7= NiAB sin 8,

&

where N is the number of turns in the coil, A
Is the area of each turn, i is the current, B is
the field magnitude, and 6 is the angle
between the magnetic field B and the normal
vector to the coil n.

The elements of an electric motor: A
rectangular loop of wire, carrying a
current and free to rotate about a fixed
axis, is placed in a magnetic field.
Magnetic forces on the wire produce a
torque that rotates it. A commutator (not
shown) reverses the direction of the
current every half-revolution so that the
torque always acts in the same
direction.
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28-8 The Magnetic Dipole Moment

A coll (of area A and N turns, carrying current i) in a uniform magnetic field B

will experience a torque r given by

7=HEXB,

where u is the magnetic dipole moment of the coil, with magnitude y = NiA

and direction given by the right- hand rule.

The orientation energy of a magnetic dipole in a magnetic field is

U(g) = —ji-B.

If an external agent rotates a magnetic dipole
from an initial orientation 6, to some other
orientation 6; and the dipole is stationary both
initially and finally, the work W, done on the
dipole by the agent is

W,=AU=U,— U,
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The magnetic moment vector
attempts to align with the
magnetic field.

Highest Lowest
energy energy
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28 Summary

The Magnetic Field B

* Defined in terms of the force Fg
acting on a test particle with charge
g moving through the field with
velocity v

F,=qix B Eq. 28-2

A Charge Particle Circulating in

a Magnetic Field
* Applying Newton’s second law to
the circular motion yields

2
lg|vB = ’”r" Eq. 28-15

* from which we find the radius r of

the orhit circle to be
_ FR
g|B "

r

Eq. 28-16

Magnetic Force on a Current

Carrying wire

A straight wire carrying a current i in
a uniform magnetic field
experiences a sideways force

F, =il X B Eq. 28-26
« The force acting on a current
element i dL in a magnetic field is

dF, = idL % B. Eq. 28-28

Torque on a Current Carrying

Coil

» Acoll (of area A and N turns,
carrying current i) in a uniform
magnetic field B will experience a
torque r given by

F=nx B  Eq.2837
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28 Summary

The Hall Effect Orientation Energy of a

« When a conducting strip carrying a Magnetic Dipole
current i is placed in a uniform « The orientation energy of a
magnetic field B, some charge magnetic dipole in a magnetic field
carriers (with charge e) build up on is B
one side of the conductor, creating uie) = —k-B. Eq. 28-38
a potential difference V across the - If an external agent rotates a
strip. The polarities of the sides magnetic dipole from an initial
Indicate the sign of the charge orientation 6, to some other
carriers. orientation 6; and the dipole is

stationary both initially and finally,
the work W, done on the dipole by
the agent is

W,=AU=U,-U. Eq.28-39
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