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Magnetic Fields

> Magnetism ha.s been observed since roughly 500 B.C.

> Certain rocks on the Greek peninsula of Magnesia were noticed to attract and repel one another

> Hence the word Magnetism

> S0 just like charged objects, magnetized objects can exert forces on each other - repulsive or attractive

> A magnet has two poles m NORTH and SOUTH

> Similar to electric charges but magnetic poles always come in pairs

v

> No single pole (called magnetic monopole) has been observed in nature

Like poles repel and opposite poles attract

N
‘ Break in half We get two magnets, each with two poles!




> Electric charges produce electric fields £ and magnets produce magnetic fields B

> We used a small positive charge (test charge) to determine what electric field lines look like around

a point charsge

> Can we do a similar thing to determine what the magnetic field lines look like around a magnet??

YHES!! We can use a small magnet called a compass!!

> Compass needle is free to pivot, and its tip (North pole) will point toward South pole of another magnet




> Fields lines around a bar magnet look like this

Magnetic
field lines

B |
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Properties of Magnetic Field Lines

Magnetic l

Q.

Sk

They point away from North poles and point toward South poles

&ﬁ)) The compass needle will line up in the direction of the field!

Magnetic field at any point in space is tangent to the field line at that point
The higher the density of field lines, the stronger the field

Thus, the strongest field is near the poles !!

4.

North magnetic pole

The field lines must form closed loops, i.e. they don’t start or stop in mid space

There are no magnetic monopoles!

>Since a compass needle points North on the surface of earth, earth must have a magnetic
field, and its South pole, called Magnetic North, must be in northern hemisphere

North geographic pole

> Magnetic north does not coincide with geographic north,

and it tends to move around over time

> Harth’s magnetic field is not well understood

Magnetosphere

> May be due to distribution of currents flowing in liquid nickel core




Magnetic Force

> Charges feel forces in electric fields

> Magnets feel forces in magnetic fields

Until 1820, everyone thought electricity and magnetism had absolutely nothing to do with each other

But, it turns out that eléctrical charges WILL also feel a force in magnetic fields, under certain conditions

1. The charge must be moving i.e. has a nonzero velocity

There is no magnetic force on a stationary charge!

. The charge’s velocity must have a component that is perpendicular to magnetic field




> If a charge is moving in a magnetic field, but it moves along same direction as the field (parallel to it)
there is no force

» Magnetic Field A » Magnetic Field
> X >

/
q v > F=0 A . F#0
> q >

> S0, if there is a force on a moving charged particle in a magnetic field, how do we calculate that force?
F=qvxB=qgvBsind

F = q vBsin 0 B is the magnetic field

0 is the angle between B and v

> Units of B - o4 _
B_ Force N-s

= [Tesla|=|T]

Chargex Velocity | | C-m_

> 1 T is a pretty big field

>We also use another unit of magnetic field m gauss

Earth’s magnetic field is ~ 0.5 gauss




Direction of Force on a Charge Particle in a Magnetic Field

Use Right Hand Rule 1 (RHR-1)

F'=quvBsinf

> This is the procedure to follow when charge is positive

> If charge is negative, do everything exactly the same, but then reverse direction of force at end

=t > B > B
> /"1 >
> >

0 > s >

+q > -q O >

Force? ©Force is into the page ® Force? Force is out of the page ®



An electron moving with speed v= 1.5 x 104 m/s from left to right enters a region of space where a

uniform magnetic field of magnitude 7.5 T exist everywhere into the page

What direction is the force on the electron?

Left

Right

. Up

Down

Into the pasge

. Out of th
o O e Pags XXXXXXXXXD

electron XKXXXXXXXX
’ L O XXXXXXXXX
XKXXXXXXXX
XKXXXXXXXX
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An electron moving with speed v= 1.5 x 104 m/s from left to right enters a region of space where a

uniform magnetic field of magnitude 7.5 T exist everywhere into the page

What direction is the force on the electron?

Left
Right
. Up

: OW'/

' page

. Out of th
o O e Pags XXXXXXXXXD

electron XKXXXXXXXX
’ L O XXXXXXXXX
XKXXXXXXXX
XKXXXXXXXX
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Motion of a Charge Particle in Electric and Magnetic Fields

The force on a charged particle in an electric field is directed along the field, either parallel or antiparallel

F=qF

F|FE

tq

The force on a charged particle in a magnetic field is always at right angles to the velocity and field,

Everywhere into the page F=qvBsin6
S XXXXXXXXXD
+‘q 7 j: j(( § j(( j(( § j(( § j(( Use RHR-1 to show that the force on the particle is initially upward

XXXXXXXXKX LV ana I LB
XXXXXXXXX



> L,et’s use both fields at the same time

> Keep the magnetic field the same, but reverse the direction of the electric field

The force on the positive charge due to the electric
field will now be down, and the force on the charge
due to the magnetic field (RHR-1) will be up

O

v
>X X X X X
>X X X X X
>X X X X X

E ' By adjusting magnitude of £ and B,
I can find a combination where F); = F'p
such that net force on charge is zero m

charge moves through the fields with no

> This is call a, velocity selector deflection at all!
W/ Fr

ry =1y D/JVBSM;Q:/E jv:E/B




Work Done By Fields

W = F x d where Fis along direction of motion and it is constant over displacement

BElectric case

> When positive charge enters field, force is downward

V~> > Charge accelerates m it is velocity increases
E
T 14 Thus, positive work is done on the charge!
F
<
XXXXXXXXXB
XXX XXX )(V X X > When positive charge enters magnetic field, force is initially up
XXXXXXXXX | -
+ X X .2{) X X X X > This bends particle upward, but force changes direction m
(N F it must always be perpendicular to V
xx%ﬂxxxxx Y5 D BETP
F > This force continues to bend particle around



> Keep applying RHR-1 w particle just keeps bending around into a circular path!
XXXXXXXXXXXXXXXXXX b

........

XXXXXXXXXXXXXXXXXX
XXXXXX‘XXXXXXXXXXXX
XXXXXXX“)f_)(_._{(.XXXXXXXX
XXXXXXXXXXXXXXXXXX
XXXXXXXXXXXXXXXXXX
XXXXXXRXXXKXXXXXXX
KXXXXXXXXXXXXXXXXX

> Force is always at mght angles to veloolty SO it is never along the direction of motion

—————— — e -

Thus magnetm force does no work on partlcle |




> Consider again our positively charged particle moving at right angles to a magnetic field

>Velocity is always tangent to particle’s trajectory

XXXXXXXXXXXXXXXXXX

xxxx‘xxxxxxxixxxxx
XX XX X X X y XX X X X X X X X >Whenever we have circular motion,
XX XXX X 2 XX X X XXX XXX we can identify a Centripetal Force
XXXXXXXXXXXXXXXXXX

KXXXXXXXXXXXXXXXXKX
_ Centripetal force is not a new force, but it is vector sum of radial forces

> Here, centripetal force is solely due to magnetic force, thus,

. m\/x . 1 my
F.=F,6 = F.=gvBsinfl = =g¥Bsnld —l|r=—
C M c =49 r %/ }'14 v

Thus, larger B is, the tighter the circular path (smaller r)



3k A beam of protons moves in a circle of radius 0.25m

3k Proton moves perpendicular to a 0.3-T magnetic field

(a) What is the speed of each proton?

(b) Determine the magnitude of centripetal force that acts on each proton
(a) y = ﬂ
qB
B Br 1.602x107"C-0.307-0.25
p=22T _ - —- M —7.19%10°m/ s
m m, 1.67x10" kg

() F=qvBsin@ (60=90°)
F=evB



> Jonized particles are accelerated by a potential difference V

>

Mass Spectrometer

By conservation of energy, we know that this potential energy goes i

1

B (out of paper)

ﬂ, e

> Solve this for speed,

Detector

> This is speed particle has when it enters magnetic

ield

source

AK =AU = §mv

nto kinetic energy of particle

2:qv

2qV
m

1V —

> [t then gets bent into a circular path whose radius is given by previous equation
v .
— f;n_B rearrande  1m — qr5 Plug in U from here:

sl
AV

qr-

2V

()

>

> Thus, mass of deflected ion is proporcional to B?

By changing B, we can select a certain mass for a given radius



Manhattan Project

Mass spectrometers have three bascis parts

1. ion source and accelerator
&. a velocity selector

4. an ion separator

| B2

| I ——

Ion generation and
acceleration chamber

4
L4
o & o o o
L 4
’f
e 6 & o o

--

Ion detector plate

velocity selector chamber

mass spectrometer
ion separation chamber



Manhattan Project

> Uranium isotopes, uranium-245 and uranium -239, can be separated using a mass spectrometer

> Uranium-235 isotope travels through a smaller circle and can be gathered at a different point than
uranium-239

> During World War II, Manhattan projects was attempting to make an atomic bomb

> Uranium-235 is fissionable but it makes only 0.70% of uranium on Earth

> A large mass spectrometer at Oakridge, Tennessee was used to separate uranium-2395 from raw

uranium metal

> Uranium-235 and uranium-239 ion, each with a charge of +2 are directed into a velocity selector

wich has a magnetic field of 0.250 T and an electric field of 1.5 x 107 V/m perpendicular to each other
> Jons then pass into a magnetic field of 2.00 mT

What is the radius of deflection for each isotope?



> A charge of +2 means that each ion has two electrons

q=x+1.60x 1019 C=+3.20 x 10-19C
> Since each proton and neutron has a mass of 1.67 x 1087 kg, mass of each isotope is

Mazs5= 35 X (1.67 X 10R7kg) =+3.9245 x 1025kg

Maz9 =39 X (1.67 X 10R7kg) = +3.9913x 10:5kg
> BFor velocity selector

Fg = Fy
q‘ E ‘ = CIVB“

v _E_ 1.25x10" v/
> For ion separator B . 0.250T

=5.00x10" m/

v = ma
mv?

qvB, = ,

_ myv
qB,
uranium -39 uranium -39
~_(3.9245x10%°kg)(5.00x107 ;) | _ (3.9913x10™kg)(5.00x10" ;)
#57(3.20x10™ C) (2.00x10°T)  °7  (3.20x10™ C) (2.00x10°T)

. =3.07%10*m e =3.12%x10°m

r




Force on a Current

> Moving charges in a magnetic field experience a force

> A current is just a collection of moving charges, so a current will also feel a force in a magnetic field

RHR-1 is used to find the direction of the force on a charge moving in a magnetic field,
or to find the direction of the force on a current carrying wire in a magnetic field

i

o F=1ILBsin 6@

> Notice that 0 is the angle between the current and the magnetic field

> Force is maximum when field is perpendicular to the wire!

> | is the current and L is the length of the wire that is in the field N

Direction of force? Into the screen! &

vV v v Y




3k A current (I =5A) runs through a triangular loop a:

nd place in a uniform :

(a)Find the force acting on each side of triangle

(b)Determine the net force

= F=ILBsin@

Magnetic forces act on two side only: L1 and Lz

F,=IL,Bsin90°=54-2.0m

tan 55°-27 = 28.56 N

2.0m

F, =1L Bsin55°=54-

cosS5°

(b) Since Ez—}i; ZFzO

B-field (-

.
F3x F1o

3 = 2T)

>B

55°

:2T7sin 55° = 28.56 N

2.0m



Magnetic Fields Produced by Currents

> Moving charges experience a force in magnetic fields F = qvBsin0

> Current also feel a force in a magnetic field F = ILBsinO

> Until 1820 everyone thought electricity and magnetism were completely separate entities

> Then Hans Christian Oersted discovered the following

Electric currents create magnetic fields!

A more general statement is that moving charges create magnetic fields

otationary charges create Electric Fields

Moving charges (constant v) create Magnetic Fields

This discovery helped create the field of Electromagnetism



> We determine the direction of magnetic field around a long current carrying wire by using RHR-2

\ Electric current I f
B Magnetic field i\¥

your fingers wire showing the direction of the fleld lines |



> What do the magnetic field lines look like around along, straight, current-carrying wire?

The current produces concentric circular loops of magnetic field around the wire

_ Magnetic field vector at any point is always tangent to the field line!

1 / The current I is coming out at you
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8 Left hand | 2

A

B

Use (A) a right-hand rule of thumb to determine the direction of magnetic field around a convencional current
and (B) a left-hand rule of thumb to determine the direction of a magnetic field around an electron current




Ampere’s Law

> Consider any (arbitrary) closed path around current

> Imagine path being made up of short se§ments each of length JAV/

> We take product of length of each segment times the component of magnetic field parallel to that

segment }
I |

> If we now sum all these terms = result equals:

0 times the net current Il.. that passes through the surface enclosed by path g,J

N

Z BH Al = ,U()]encl c1osedpat{’\/

made up of Area enclosed
losed segments of by the path

path length A/ A A
Iy | I

lengths Al are chosen small enough so that B is essentially constant along each length

T-m

Ho is the permeability of free space m | 11 =47 %107 "




Field Due to a Straight Wire

Z B Al = polena

closed
path

As path to be used we choose circle of radius r m because at any point on this path E will be tangent

to circle

For any short segment of the circle m B will be parallel to that segment so BH =5 T’

Assume we break the circular path down into 100 segments

(B Al)1 + (B Al)s+ (B Al)s+ -+ (B Al)100 = polenc © p

B(Agl —|— Agg —|— Agg —|— T —|— Agl()()) T HOIencl |

B - 277 = piolenc l,

_ 0 Iencl
27T

B
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Field Inside a Solenoid

> Solenoid = long coil of wire with many loops or turns

[ Agya
—_
B oy g N ORREEOEEEEEEEEEOOCEEO0R
3 17 ) B —————
I S o A e e
B W e R R R
N o

> Total field inside solenoid = sum of fields due to each current loop

> If solenoid has many loops and they are close together

field inside will be nearly uniform and parallel to solenoid axis except at ends



Field Inside a Solenoid

> Close path made up of four straight seSments m sides of the rectangle: ab, be, c¢d, da
Current

oloNoNoNoNoNoNoNoNoNo g

—

B
C———— o —————d
I

R XXX R R X ®T® X ®\Current
| .

1nto

% ) »{ page

(BH Al)ap + (BH Al)pe + (BH Al)cq + (BH Al)ga = tolenc

> If current I flows in wire of solenoid = total current enclosed by our path abed is NI

> N is number of loops (or turns) Amperian path encircles

> First term in sum m nearly zero because field outside solenoid is negligible compared to field inside

> é is perpendicular to segments bc and da = these terms are zero too
poN 1

4

(BH Aé)cd — BY v Bl = ,u()N] = b =



Magnetic Force between Wires

> S0 electrical currents create magnetic fields of their own

> This fields can affect the motion of other moving charges or currents

> As an example, let’s look at two long parallel wires each carrying a current in the same direction

D 5) e Wire 1 creates a magnetic field that affects wire &

e Wire & creates a magnetic field that affects wire 1

> Thus, there wi

> What is the value of magnetic field (B;) where I, is?

> LLikewise

11 be a force on each wire due to magnetic field that other produces

F,=1LB,sind,
F, =1,LB,siné,,

1
B1 — luo 1
27

1
B2 — lLlo 2
27

How about directions??



3L

Parallel Currents Attract and
Anti-parallel Currents Repel




More on Right Hand Rule
"axb *Force

b
A

14 I 11 b I o




Sbraphical Explanation of Force’s Direction
For Currents in Same Direction




Principle of Superposition

Magnetic field E at point P due to individual currents 77 and %9 is vector sum of El, _EQ -fields
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