Magnetism is a force which acts on moving charges in the presence of a magnetic field B. The latter is similar to a gravitational field g (which acts upon mass) and an electric field E
(which acts upon charges). Like gravitational and electric fields, magnetic fields are also sourced by the same type of entity that they act upon i.e. moving charges.

Although magnetic effects have been experienced and recorded since antiquity, the connection to electricity was perhaps first made by Hans Christian @rsted in 1820. He noticed that
compass needles were deflected from magnetic North when placed in the presence of a current carrying wire. If an electric field is essentially ‘where a charge will accelerate at a
particular location in space’, a magnetic field is where a compass needle would align. Iron filings will readily align with a magnetic field, and indeed will cluster where

the field is strongest. The strength of a magnetic field is measured in Tesla.

A current carrying wire will result in a magnetic field which forms loops around the conductor. We can use the right hand grip rule to predict the direction of the magnetic field.
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This is called a solenoid. strength of the magnetic field
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The magnetic field of the solenoid is very similar to that of a permanent bar magnet, or indeed the Earth itself. It appears to be the case that, unlike charges, sources of magnetic fields are always paired
with sinks. In other words, a magnetic dipole appears to be the basic element of magnetism. A North pole is defined to be a magnetic field source and a South pole a magnetic field sink.

The magnetic field of the Earth
results from the movement of
charged fluid within its liquid
interior. The interior field is very
complex, but outside the Earth it
resembles a dipole. At present
magnetic North is close to the
geographic North.
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The spin of the electrons (a form of intrinsic magnetism which is either ‘up’ or ‘down’ ) is what distinguishes paired electrons.
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A moving charge in a magnetic field will feel a force
in proportion to the strength of the magnetic field,
and also the velocity of the charge.

X

If the conductor is not perpendicular to the magnetic

® FE—Bllsing| field then the net force will vary as sine of the angle

i.e. the degree of perpendicular projection.

We can generalize the

force on a current carrying S
7\ B conductor element dl
; Lorentz
Electric .
force magnetic dF=1dIxB
force
; An electric motor is a practical application of the split rin
: : Hendrick Antoon / Lorentz force, which results in a turning moment on pitring
The magnetic force acts in a mutually Lorentz / Q o ' il which is f ithi commutator
perpendicular direction to both the charge 1853-1928 acurrent _cafr_rylglgAcm IW ich Is lree to rotate within he directi
velocity and the magnetic field. a magnetic field. A split ring commutator swaps the direction
of current once every half revolution to maintain torque, and hence
Since direct current is the flow of positive - rotation, continuously in the same anticlockwise or clockwise direction. + -

The maximum force is when current and field are perpendicular.
To optimise, a practical motor will have curved magnets, and coils
in different orientations

charge, we can easily understand the
geometric relationship of these quantities
using Fleming’s Left Hand Rule.

Left Hand Rule Application of the Lorentz force — the Hall Efffect

current Dirgction - A semlc?on_ductor of width w and height h is placed in a Example calculation: . Vv, can be a ratio of near-
magnetic field B. Current | passes through the a3 I it tit hich
. . n=7x10*m unity quantities, whic
semiconductor as shown.The Lorentz force on charges will .
. S . ; are readily measureable
cause a charge separation, which in turn will result in an g=e=16x10"C i.e. B fields not too many

) St John Ambrose ter:ectric fieltdd!E pt:.rpendicular to both the magnetic field and h=01mm orders of magnitude less
Maghetic Fleming € current direction. than 1.0T can be
Heid 1849-1945 o ) ~.gnh =|0.112 easily measured.
j Equilibrium is reached when the electric force and
\ Lorentz magnetic forces balance.

of Current N A Semiconductor
gE =qvB with n charges
If electric current | flows ~E=vB The electric potential B per unit volume
at velocity v through a cylinder Vv resulting frorﬁ the Each charge has q
of cross section A and length |, E=-H separated coulombs
/ and the charge density is n w charges is called the \ - - F
> coulombs per unit volume | = qnWhv Hall Voltage N gE
=nAl I
| . B q | V=
) gnw w VB
I=nAv .v=— A oo q+ + N h
P nA vV, B |
..F =qvB ifvand B perpendicular “w  gnwh /
|
Force on current - F =nAl XL B Vo= 1B |,
carrying wire into page na H gnh l f =
N A
F =Bll B— gnhv, It is possible to measure the Hall effect in a small semiconductor, so the effect Edwin Hall
- | can be used to determine the how a non uniform magnetic field varies in time 1855-1938

and space.
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Application of the Lorentz force — the mass spectrometer
The charge g to mass m ratio of the molecular constituents of a
material can be determined using a mass-spectrometer.

The material is incinerated and then a beam of the resulting
particulates is accelerated through an electric potential V.

The accelerated beam is then bent into a circle via the Lorentz
force, resulting from a uniform magnetic field of strength B.
The charge to mass ratio can then be determined from the
diameter of the circle.

particle beam

——

Detector placed here ﬂ

By Newton’s second law, and noting
acceleration is centripetal since the motion
of the particle beam is uniform and circular:
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“NVrelm) M Req? effects ignored
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Application of the Lorentz force — velocity selector

An alternative system for determining the charge g to mass m ratio of the molecular constituents of a

material is the velocity selector. In this case a second electric potential is varied until the Lorentz force balances the electric field
between two plates, which are placed in a uniform magnetic field. When these forces balance, a particle beam will not be deflected

and can therefore be de

tected.

Force balance

+ + + + + + + + +
article
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—~_ q
N\
Vi, Qs Y \ 2qV,
Iu oo T o o - N smvi=qV, . .v=,[—
Detector m
placed
here cyclotron B=0.1T V=100kV f=1.56575MHz

Application of the Lorentz force — Cyclotron

A Cyclotron is a space efficient mechanism

for accelerating charges
like a mass-spectromete

to high speeds. Much
r, a beam of charges

are bent into a circle. However, in this case

the charges receive a bo

from a alternating potential between two halves

ost twice per cycle

(‘Dees’) of the cyclotron.

For a given arc of radius r, beam enters gap between

the Dees with velocity U

mv? mv
—=qvB [r=—

r qB
imvi=imui+qV  cfv= u2+2qTV

cyc

B |y __9B
27zm

Since the cyclotron frequency is independent of

radius, an alternating potential of

V(1) =V, cos(

qB ]
27zm

will always provide a maximal boost in the
right direction when the particles exit the dees.
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Paths of a proton beam

cyclotron. ‘Dee’ separation

is 0.1m
m =1.637 x107 kg

q=1.602x10"C

Note many modern particle
accelerators (e.g. the LHC in
CERN) are Synchnotrons.
Time varying magnetic fields

maintain a fixed circular
beam as charges are
accelerated. As of 2015
energies of 6.5TeV per
beam at the LHC.

’

BOMBARDMENT CHAMBER

~
e
Gt

~ NEGATIVE
CHARGE
THIN ALUMINUM
FOIL WINDOW OEFLECTION
Pi

(IF BEAM 1S TO
PASS INTO AR,
WITH BLUISH
GLOW )

LA
(ATTRACTS BEAM )

“TARGET" TO BE
BOMBAROED
PLACED HERE

BOMBARDMENT
CHAMBER

TOP VIEW OF DEES

HELICAL PATH
OF ION, STARTING
AT "A"

SECTION OF DEES

===

==

MAGNETIC
FIELD

\ l

10N ORBIT

TWO METAL
HALVES (DEES)
INSULATED FROM |\
EACH OTHER

MAGNET COIL

OSCILLATOR

Note as particles approach the speed of light, relativistic effects become significant*

*Multiplying B by the Lorentz factor y,‘or alternatively dividing the cyclotron frequency by y, can optimize power transfer as v

approaches . Note most modern high energy sources are typically Synchrotrons. However, these are much less compact!
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Calculating magnetic field strength

A current will generate a magnetic field, as indicated by the Right hand grip rule.
But what is the field strength B a radial distance r away from a current carrying

wire?

Ampeére’s Theorem, combined with Maxwell’s Displacement Current when

electrical fields vary with time, describes this relationship

$B-dl =gl + e, | %US

loop surface

/

i.e. an open surface bounded
by a loop corresponding to the
integral on the left hand side

If there are no magnetic monopoles (i.e. magnetic fields are closed loops and

ds

—

T

all magnets come in dipole, quadropole etc sets of North,South pairs)

B-dS=0

closedsurface

Note this is different from electric fields, which are sourced by charges

Eds=2

closedsurface & 0

Gauss’s Law

Magnetic
quadropole

If nearby electric fields are static so we can ignore the Displacement current

¢ B-dl =y

loop

Ampére’s Theorem

For a current carrying wire, the magnetic field strength
at distance r from the wire is therefore given by carrying current |, when r <a.
| Bx27zr =yl
By = 26! . .
r .B(r) T I —Iaz S Bx2zr =yl
B . |
B B- Ir __r
2rzra’ 2ra’
A magnetic field of
exactly 2 x 107 Tesla is
therefore produced at a LS r<a
distance of 1m from a 2ra’
wire carrying current of B= I
1A K rxa
2rr

Carl Friedrich Gauss
1777-1855

André-Marie Ampere
1775-1836

A similar result follows for a uniform cylinder of radius a,

When r < a, the current closed by a loop of radius r is

a<—

Another useful expression for calculating magnetic fields from current

elements is the Biot-Savart law

ol dlxr
C4zor
r=|r|

dB

James Clerk Maxwell
1831-1879

/]\Idl s
T

For a arbitrary current carrying line

B(r)='u—°| dlx(r—:’)
47 ipe |r—r

We can use the Biot Savart

law to compute magnetic fields
for more complex geometries,
such as a coil of current carrying
wire bent into a torus.

Note we can find the field inside
the torus easily with Ampére’s

theorem — see page 8
g = HotNI

2zr

Solenoid ring
Colour scale is Iog10 of Bfield in Tesla

y/m

-4.5

4 is the permeability of free space. It is defined to be 4, =47 x107 NA?

N being Newtons and A being Amps
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Magnetic field inside a solenoid of n turns per unit length and radius a carrying current .
Unlike the finite solenoid in the simulation plot below, let us consider an infinitely long. We might
anticipate this to be a good approximation to a finite solenoid in terms of the field within the coils.

Magnetic field on axis from a current loop
of N turns and radius a, carrying current |

On the z axis, the only

magnetic field direction C D —
; Fanti olenoi
/ Cf"m be in the z direction B Colour scale is Iog10 of B field in Tesla
\9// since the circular symmetry
of the situation means Biot-Savart Law
_____ magnetic field in the X and y | . dlx(r—r' b o
directions must cancel B(r) = o _[ # : Ko e 0.4 -4
A% e |r—r == A
i s N
a r=z2, r'=a(cosgx+singy) A gyl d AN 45
Pl
. \ 1
Ir—r|=r P K
-5
7\ dl = ad¢(—sin ¢k +cos ¢y) A R \_>l
N loops 2d 4% line element and loo| 1|IF
' p vector (]
dl xr N d¢Z are perpendicular 55
Let us define a loop ABCD which passes
through the solenoid. Let us assume 6

dl xr =adg(—sin g% +cos¢y) x 22
=azdg(sin gy +cos¢x)

dix(r—r")=azdg(singy + cosgR) + a’d g2
ji:dl x(r-r')=2ra’2

the magnetic field is uniform within the : . 0.2
solenoid tending to zero outside. We will take a loop 0\ /0 '

where CB and DA distances tend to infinite lengths.

(ﬁ B-dl =zl xnl  Ampeére’s Theorem

ABCD

[(B-di=—['B-dl, ['B-dI—>0
[’B-dl~BlI - § B-di~BI

ABCD

Integral of cos and sin terms
over full period is zero

Biot-Savart becomes: Golstirseais:is Icg:ngofoieId in Tasia "Bl =gl xnl Typical magnetic field strengths in Tesla
0 P =
N NI c2r . Interstellar space 1010
|3:Bz:'uo_3 _Odlx(r_r) has B unl r<a
4rr = 0 r>a Earth’s magnetic field 105
#4,NI 2
B==2 r x2rma -5 Small bar magnet 10?2
r=+a*+7° Within a sunspot 0.15
-5.5
a’ Small Neodymium magnet 0.2
B=34NI : Y g
2 2\2
(a tz ) 6 Large electromagnet 1.5
NI Strong laboratory magnet 20
~BO) =3, — 6.5
a Surface of a Neutron Star 108

Magnetar 1011
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The field of a Magnetic dipole is mathematically very similar
to that if an electric dipole (see Electric dipole notes).

Electric dipole

A

0

\/f

\
\ N
\¢@ r
\

\ [

m i\

\
\

S o\ The mathematical difference

between the electric and
magnetic dipoles is the quantity
d
95 um
0

m is the magnetic dipole moment

For a magnetic dipole formed from a
small current loop (or indeed solenoid)
of radius a

In general for a volume with current density J
(current per unit area) in a particular direction

m=4 [ rxJdxdydz

volume

E= %(Zf’sin O—GCOSH)
4rer

| In both cases assume I is
| much greater than the

I dimensions associated

: with the dipole

For an atom, the diamagnetic moment (i.e. the effect of a magnetic field on an atom, and not inter-atom
effects that give rise to ferromagnetism in iron, nickel etc) is:

For a charge g of mass M orbiting
e? around a circle of radius r
B m=-——27(r")B
m, =9.109 x10"kg 6m, AN 3= Mrv - v:i$ angular
e=1.602x10"C | \ mean squared Mr  momentum J
Atomic  orhital radius 27r
Electron mass and charge number T= N orbit time
Many magnetic effects can be understood in terms of the magnetic q qv qJ
moment of an electron. Note this is really a quantum mechanical l=—=—= 5
attribute and therefore it is perhaps unwise to imagine an electron T 2zr_ 2zMr
consisting of a tiny current loop! 2 qJ
m=lzr'=m=——

m A . N
B=th 3(2rsm9—9c039)
47r
0.2
35
0.15
-4
0 45
0.05} 5
E 55
>
-0.05} &
6.5
0.1
4
-0.15 75

x/m

volume element
dxdydz

Volume

The torque on

an electric dipole
in a magnetic field
is:

T=mxB

2M

e
m ~——gJ

e 2me g \
g=2 "spin"
g=1 orbitalangular momentum

Total angular momentum vector
Note this has the same symbol as
current density. Take care to avoid
confusion!

—

Forces between magnetic dipoles
Probably the most basic property of magnetism is that
‘Like poles repel, opposite poles attract’, but with what force?

F
\FF

Attraction

e.g. electromagnets

— :

Repulsion

$d $\

For a magnetic dipole m in a magnetic field B, the force depends on the local gradient
of the magnetic field. B can't be locally uniform because there would be an equal and opposite
force on either poles of the dipole. The force is given by:

F
If m and B are parallel:

F=(m-V)B m=mX, B=BX

vzl 9l 9] g _ 9B

AN Ox Toy oz dx q

|
gradient . 1 dB
vector For a small bar magnet near a wire: The force b_etween B o F . Fo E
operator two magnetic

P B= LOI ~F o dj F = £ dipoles (e.g. k

2xr dr r? two bar magnets)  -{F = =
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i.e. how magnetism varies

- with temperature
ilflfifct)iwgfvvri?laegxziett):f3tig’r::agnetism i.e. the effect Modification to magnetic field Curie’s Law and Paramagnetism / P
of an applied magnetic field on electron orbits is to equations to include an isotropic Consider an isotropic magnetic medium with magnetic dipoles
produce a magnetic field which opposes the applied field. cores of relative permeability u aligned in random orientations. Let a magnetic field be applied of strength B.
However, many materials will form magnetic dipoles that will The magnetic energy of a dipole is given by m
align with an applied field, strengthening it. This is caused B
paramagnetism. For a few ferromagnetic materials |[E=-m-B=-mBcosé| 0
(such as steel) the alignment persists even when A \ /
the field is removed, creating a permanent magnet. i
gap g :& :ﬁ Pierre Curie The average magnetisation aligned with the field is therefore:
|
To account for magnetisation effects, the net magnetic — = :: 1859-1906 e d
field B is defined as the sum of a magnetisation field M and 7 = <m//> - Io mcosé x p (9) 0
an applied field H K I ) (0)d9 _ A27rrsin ordo § e:kaecTusg
A
B=u, (H + M) P ——iene®] /1 4zt AR Boltzmann factor
— l+
i1 N
10 1 > . -
If a material is isotropic in a magnetic sense, we ( c /B d: gﬁfeﬁfﬁifﬁﬁﬁ&iﬁf 1= _[0 p (6’)d9
might sensibly assume magnetisation effects are £y Normalization of
parallel to the applied field. hence: B pnl r<a \ to polar angles of & probability density
0 r>a = mBcoso function
B = uH p(0)=1Asinge '
‘Infinite’ solenoid of n
turns per unit length 1=C0S6, X= mB ~du=-singde
Relative permeability ol
p(0)do=1A(-du)e”

Material Relative
permeability p
1

Air, wood, water, copper X
A h = ["mcosOx p(6)do=—"_[" u1e™d
Nickel, carbon steel 100 Paul Langevin sinnx (m,)= .[0 xp(0)do = sinh x L,u; H
\ 1872-1946 )
Ferrite (Fe,O3, usually > 640 mx . L e
combined with Nickel, i.e. within the <m//> = %sinh X ;e - L (1)7(1/1
Zinc...) dotted B field L::ngevin function of average dipole moment aligned with field -1
1
Pure iron > 5,000 loop there are N | . mx [2coshx [e*
wires exiting, <m,,> =3 h — |
each carrying 08 1 sinn x X X,
Ampere’s current | 0.7 .
Theorem <m > o5 < >:% mx ZCOShX_ZSInhX
e 7 "I Fsinhx U x x?
e / ‘f’ H-dl=1 solenoid bent into m o5 ] 1
magnetisation 1oop atorus with N turns 0.4 - {(m,)=m| cothx—= Langevin function
effects then we K 03 X
must use H not B H x27r = NI :
o uNI 0.2 1 So when T is large, no magnetisation, when
. B = H =g — i | | T . . . . .
HoH 2T 015 05 ; 5 2 25 3 Tis small, the material will align with the
T, applied field.
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