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An R-C Circuit (Discharging)

Now, let’s start with a fully charged

capacitor in an open circuit with no (@) Capacitor initially charged
battery. Switch
Initially, there is charge Q, on the open
capacitor. o o—

At some time, t=0, we will close the
switch, and charge will begin to flow
around the circuit, through the resistor

d back to the other side of th
an z.ac o the other side of the N +0, -0y
capacitor. i =0
—\\\/\—e o
a R b C
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R-C circuits: Discharging a capacitor:
Slide 2 of 4

* At some 1nitial time ¢ = 0 we close the switch, allowing the
capacitor to discharge through the resistor.

* As t increases, the magnitude of the current decreases, while
the charge on the capacitor also decreases.

Switch

closed

Pm——— : )
When the switch 1s

i closed, the charge
on the capacitor
and the current
l +qg —c both decrease
S q —¢q

A & H over time.
a R b G
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Magnets

(a) Opposite poles attract.

* We can begin our exploration by
reviewing the most basic
experimental observations.
— Magnets have two “poles”. S e E_
— Opposite poles attract, and like 1
poles repel. E_ﬁ
* This makes us wonder if perhaps
magnetic forces are just
somehow caused by electric (b) Like poles repel.
fields (since we have seen the F
whole like charges repel thing el N
before). -
* Well, it turns out that thereis a "E
relationship, but it is much more
complicated.

"




Magnets and Non-magnets

 But, if your refrigerator > - 7§
door isn’t made of a
magnet, why do magnets Bl s f
stick to it?

* |n a similar way that
electric fields can polarize
neutral objects and create
a force...

* We will return to this later
and be more quantitative.




Magnetic Fields and Field Lines

Magnetic fields are vector fields — at
every point in space there is a
direction and magnitude for the
magnetic field.

The earth has a magnetic field, and a e
compass will align itself to the
direction of the field.

Magnetic field lines follow the |
direction of the field (the field is - P
always tangential to the lines), and | , |
the density of lines (how closely 2 S L™ o
spaced they are) is an indication of / s
the field strength. g |
Remember that the field IS NOT THE "™

LINES! The field is a set of vectors at ‘i’
every point in space. The lines are just

a way of representing the field.




Magnetic field lines

* We can I‘epresent any At each point, the The more densely
magnetic field by field line 1s tangent the field lines are
. g to the magnetic- packed, the stronger
magnetic field lines. field vector B. the field is at that point.

* We draw the lines so that
the line through any point
1s tangent to the magnetic
field vector at that point.

* Field lines never intersect.

At c.uch point, the ... therefore, magnetic
field lines point in field lines point away
the same direction a from N poles and
compass would ... toward S poles.
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CPS 27-1

At which point is the magnitude of the magnetic field the largest?

mo o w >




Magnetic Flux

* Yes, back to flux, which
means back to surface
integrals.

* We can define the magnetic
flux in the same way that
we defined the electric flux:

D, = j B-dA
Surface J / /
* Let me go through an
example or two...



Magnetic Field “

e So, if there is no source or
sink of magnetic fields,
there can be no NET flux
through a closed surface
(every field line that
enters a closed surface
must eventually exit the
closed surface)!

Sources”

At each point, the The more densely
field line is tangent the field lines are
to the magnetic packed, the stronger
field vector B. the field is at that point.
. R
B
*u
»
BM
o J
"‘V ﬂ ‘
At e.ach point, the . . . therefore, magnetic
field lines point in field lines point away
the same direction a Jrom N poles and

compass would . . . toward S poles.



Gauss’s Law for Magnetic Fields

* Then, given what we
understand about Gauss’s
Law for the electric field, B
we can deduce that:

<j>B’-de=o
* |n other words, there is

no magnetic charge
(magnetic monopoles).




Units of magnetic field and magnetic flux

* The SI unit of magnetic field B is called the tesla (1 T), in
honor of Nikola Tesla:

ltesla=1T=1N/A-m

 Another unit of B, the gauss (1 G=10"*T), is also in common
use.

» The magnetic field of the earth is on the order of 1074 T
or 1 G.

o The SI unit of magnetic flux @, is called the weber (1 Wb),
in honor of Wilhelm Weber:

1 Wb=1T - m?

© 2016 Pearson Education Inc.



Magnetic Force

- . @
Magnetlc flelds have an affeCt On mOVIng A charge moving parallel to a magnetic field
Charges. — — ;\pc;‘i:ncc.\ l(‘l‘(: = - —

F=qgVxB _—

. . . . =y ~ B
Since it has been a while since we dealt 40_@%
with cross products, let’s take a few .
minutes to review what this means. ®)
There is no force on a charge movingin L L L
the same direction as the magnetic field. magnitnde F = \glo, B = el singh
The force on a moving charge in a r— \i
magnetic field is perpendicular to both ety B
the field direction and the direction of swiB ) NE B
motion. T .
The direction of the force on a negative ©
Charge |S OppOSite to that on a p05|t|Ve A charge moving ])tl‘p(n(ll(lllll‘ to a magnetic
charge moving in the same direction. e ;)\1‘;:;‘&;:\ il dagnst fes
Since the force is perpendicular to the Fuax = quB. g
direction of motion, no work is done by =
the magnetic force. z

v
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Magnetic field lines are not lines of force

e It 1s important to remember that magnetic field lines are not
lines of magnetic force.

 The force on a charged particle 1s not along the direction of a
field line.

Cie
—

—»

F;< RIGHT! B

-
Y

‘l
The direction of the magnetic force depends
on the velocity v, as expressed by the
magnetic force law F = gv X B.
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Motion of charged particles in a magnetic field

e When a charged A charge moving at right angles to a uniform B
particle moves in a field moves in a circle at constant speed
magnetic field, it 1s
acted on by the
magnetic force.

because F and v are always perpendicular to
each other.

* The force 1s always
perpendicular to the
velocity, so 1t cannot
change the speed of the
particle.




Consequences and Applications

* A beam of charged particles will
move in a circle at constant
speed when they are sent into it
perpendicular to a magnetic

field.
F=qgVxB=md=
VB| 2
|c_i| = M = V— = (b) An clectron beam (seen as a white arc)
m R curving in a magnetic field
my
r="Y
qB
i m i i m ] m
S S S
= = =\m
C-T C. N kg -m [ ]
L 1L Aml |c. s’
C % "
m
L A} _




HW - Cyclotron

Charge Moving in a Cyclotron Orbit

Description: General problem, which goes through charged-particle motion perpendicular to a magnetic field; reviews cyclotron frequency derivation. Goes

through kinematics and frequency invariance. rhr_B convention used.

Learning Goal:

To understand why charged particles move in circles perpendicular to a magnetic field and why the frequency is an invariant.

A particle of charge ¢ and mass m moves in a region of space where there is a uniform magnetic field é = Bol; (i.e., a magnetic field of magnitude By in the
® 00 0
® ® 0 00

+Z direction). In this problem, neglect any forces on the particle other than the magnetic

_»
Which way is F?

a) + x-hat
b) - x-hat
c) + vy hat
d) -y hat
e) - k hat

Part A

£

> X

At a given moment the particle is moving in the +x direction (and the magnetic field is always in the +z direction). If g is positive, what is the direction of the

force on the particle due to the magnetic field?



Helical motion

« If the particle has velocity components parallel to and
perpendicular to the field, its path 1s a Aelix.

* The speed and kinetic energy of the particle remain constant.

This particle’s motion has components both
parallel (v)) and perpendicular (v, ) to the
magnetic field, so it moves in a helical path.
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The Van Allen radiation belts

 Near the poles, charged particles from these belts can enter the
atmosphere, producing the aurora borealis (“northern lights”)
and aurora australis (“southern lights”).

Charged particles Protons trapped
from sun enter earth’s in inner radiation
magnetic field e\ belts

Electrons trapped in
outer radiation belts
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When both electric and magnetic fields present

(a) Schematic diagram of velocity selector

Source of charged particles

(b) Free-body diagram for a positive particle
Only if a charged
x By the right-hand rule, Fgp=qE Fp = quB particle has v = E[B
the fotee of the B Beld do the electric and magnetic
I + : - forces cancel. All other
= II >_<> on the Charge points to particles are deflected.
I + B tl‘le rlgl]t. © 2012 Pearson Education, Inc.
X ><E+|I XL | X
| <—=—+ The force of the E field
XX 1 A, | X on the charge points to
| the left. R R
X & X X —
B F,=qvxB
I 4 . 0’ I . 0- —_— —_—
w | =+ | x Fo1 a nebfmve charge, P oF
| the directions of both r—q
| e——+ e T Are TEVeTQe
X |lX | XM X forces are reversed.
T




HW Velocity Filter
* Only charged particles of a certain velocity pass through

Electromagnetic Velocity Filter

Description: Find the velocity of a charged particle that is undeflected in crossed electric and magnetic fields. Lock at relation between mass, charge, and
acceleration as charged particle traverses the fields.

When a particle with charge ¢ moves across a magnetic field of magnitude B, it experiences a force to the side. If the proper electric field E is simultaneously
applied, the electric force on the charge will be in such a direction as to cancel the magnetic force with the result that the particle will travel in a straight line. The
balancing condition provides a relationship involving the velocity ¥ of the particle. In this problem you will figure out how to arrange the fields to create this
balance and then determine this relationship.

Part A

Consider the arrangement of ion source and electric field plates shown in the figure. The ion
source sends particles with velocity ¥ along the positive x axis. They encounter electric field plates
spaced a distance d apart that generate a uniform electric field of magnitude E in the +y direction.

To cancel the resulting electric force with a magnetic force, a magnetic field (not shown) must be <0l|?rn‘c | Ll '33:
added in which direction? Using the right-hand rule, you can see that the positive z axis is directed g™ |
out of the screen. B it 7 AEERCESTETEReRe e IS ->
\
- \
Choose the direction of B. | I \
| V=Ed slit



HW - Mass Spectrometer

Mass Spectrometer

Description: Potential V accelerates charged particle to speed u, then measure radius in magnetic field to find m/q.

J. J. Thomson is best known for his discoveries about the nature of cathode rays. Another important contribution of his was the invention, together with one of his
students, of the mass spectrometer. The ratio of mass m 1o (pesitive) charge g of an ion may be accurately determined in a mass spectrometer. In essence, the

spectrometer consists of two regions: one that accelerates the ion through a potential difference V' and a second that measures its radius of curvature in a
perpendicular magnetic field as shown in .

The ion begins at potential V' and is accelerated toward zero potential. When the particle exits the
region with the electric field it will have obtained a speed u.

Part A

With what speed u does the ion exit the acceleration region?
Find the speed in terms of m, ¢, V, and any constants.



Mass-spec

 R=mv/qB

Magnetic field separates particles by mass;
the greater a particle’s mass, the larger 1s
the radius of its path.
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Magnetic Force on a Current
Element

In electronics, we rarely deal with “beams” of
charged particles, but rather deal with current

in a wire xf X X
But current is just moving charged particles. Dr1ft Ve1001t
A Vitle & & X
F,=qv,xB of charge A |
The total force on the wire segment of length carriers >/ x| |x
dl is just the sum of the forces on all the v
moving charges: x X XI5 %
dF =n(V)qv, xB ’ di
=n(Adl)qv, xB " ”
But nqv, is just the current density, and the
current density times the area is just the x x xB x B [x
current: N N | v
dF =n(Adl)gv, x B X X X TRTX_ X
L | ﬁf B
dF = Idl xB X X X g X X

2 Pearson Education, Inc.

Where we have designated the direction of dl
to be in the same direction as the current.



Magnetic Field “Sources’

* The smallest source of a
magnetic field is a magnetic
dipole — there is still no
beginning or end to the
magnetic field lines!

* As we will learn in the next
chapter, the source of
magnetic fields is a moving
charge, and in a magnet, it
is the electrons in the
atoms that cause the field.

(b)
%
// / & s b -;»\\
vl TN
f Y
Y Y @ A
"\
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Magnetic field of a straight current-carrying wire

To represent a field coming out of or
going into the plane of the paper, we
use dots and crosses, respectively.

"4 B directed out of plane
] ® o o o

1 I

KON N N

“B directed into plane
X K K XK

P —>a ) =>

Perspective view Wire in plane of paper
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