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Scope of this lecture

Themain goalis to provide an overviewƻƴ ΨǊƻƻƳ ǘŜƳǇŜǊŀǘǳǊŜΩ ƳŀƎƴŜǘǎ i.e. 
normal-conducting, iron-dominated electro-magnets and permanent 
magnets

More than 4800ΨǊƻƻƳ ǘŜƳǇŜǊŀǘǳǊŜΩ magnets (50 000 tonnes) are installed in 
the CERN accelerator complex

Outline
Å Producing magnetic fields

Å Magnet technologies

Å Describing magnetic fields

Å Magnet types in accelerators

Å Design & manufacturing

Å Examples from the past

Å New concepts for future accelerators
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Magnetic units

IEEE defines the following units:

Å Magnetic field:

ï H (vector) [A/m]

ï the magnetizing force produced by electric currents

Å Electromotive force:

ï e.m.f. or U [V or (kg m2)/(A s3)]

ï here: voltage generated by a time varying magnetic field

Å Magnetic flux density or magnetic induction: 

ï B (vector) [T or kg/(A s2)] 

ï the density of magnetic flux driven through a medium by the magnetic field

ï Note:ƛƴŘǳŎǘƛƻƴ ƛǎ ŦǊŜǉǳŜƴǘƭȅ ǊŜŦŜǊǊŜŘ ǘƻ ŀǎ ϦaŀƎƴŜǘƛŎ CƛŜƭŘά

ï H, B and µ relates by: B = µH

Å Permeability:

ï µ = µ0 µr

ï permeability of free space µ0 = 4 ̄ 10-7 [V s/A m]

ï relative permeability µr (dimensionless):µair = 1; µiron > 1000(not saturated)
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A bit of history...

1820: Hans Christian Oersted(1777-1851) 
finds that electric current affects a 
compass needle

1820: Andre Marie Ampere (1775-1836) in 
Paris finds that wires carrying current 
produce forces on each other

1820: Michael Faraday (1791-1867) at 
Royal Society in London develops the 
idea of electric fields and studies the 
effect of currents on magnets and 
magnets inducing electric currents

1825: British electrician, William Sturgeon 
(1783-1850) invented the first 
electromagnet

1860: James Clerk Maxwell (1831-1879), a 
Scottish physicist and mathematician, 
puts the theory of electromagnetism on 
mathematical basis

Joseph Henry

William Sturgeon
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Why do we need magnets?

Å Interaction with the beam

ï guide the beam to keep it on the orbit

ï focus and shape the beam

Å [ƻǊŜƴǘȊΨǎ ŦƻǊŎŜΥ

ï for relativistic particles  this effect is equivalent if  

ï if B = 1 Tthen E= оϊмл8 V/m(!)

)( BvEqF
hhhh
³+=

BcE
hh

=

5

ï Permanent magnetsprovide only constant magnetic fields 

ï Electro-magnetscan provide adjustable magnetic fields



N
o

rm
a

l-c
o

n
d

u
c
ti
n

g
 &

 P
e
rm

a
n

e
n

t 
M

a
g

n
e
ts

©
 T

h
o

m
a

s
 Z

ic
k
le

r,
 C

E
R

N
C

A
S

@
E

S
I 2
0
1
8

A
rc

h
a

m
p

s, 
2

5
. 

Ju
n

e
 2
0
1
8

aŀȄǿŜƭƭΨǎ Ŝǉǳŀǘƛƻƴǎ

DŀǳǎǎΨ ƭŀǿfor electricity:

DŀǳǎǎΨ ƭŀǿ ƻŦ flux conservation:

CŀǊŀŘŀȅΨǎ ƭŀǿ ƻŦ ƛƴŘǳŎǘƛƻƴΥ

!ƳǇŜǊŜΨǎ ƭŀǿΥ
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Producing the field

Maxwell & Ampere:

α!ƴ ŜƭŜŎǘǊƛŎŀƭ ŎǳǊǊŜƴǘ ƛǎ ǎǳǊǊƻǳƴŘŜŘ ōȅ 
ŀ ƳŀƎƴŜǘƛŎ ŦƛŜƭŘά

t

D
JH
µ

µ
+=³Ð

h
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αRight hand ruleά ŀǇǇƭƛŜǎ

╕
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Cartoon by B.Touschek
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Magnetic circuit

Flux lines represent the magnetic field
Coil colors indicate the current direction
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Magnetic circuit

Coils hold the electrical current which 
induces a magnetic effect

Iron enhance these effects and guidesthe 
magnetic flux

Ąάiron-dominated magnetέ
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Magnetic circuit

I = 32 kA
Bcentre = 0.09 T

I = 32 kA
Bcentre = 0.80 T

The presence of a magnetic circuit can increase the flux density in the magnet aperture by factors
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Excitation current in a dipole

!ƳǇŜǊŜΩǎ ƭŀǿ and

leads to 

assuming, that B is constant along the path.

If the iron is not saturated:

then:

ironair

h

m

l

m
>>

0

Bh
NI

m
º

ñ =Ö NIldH
hh

HB
hh
m=

ñ ñ ñ +=Ö+Ö=Ö=
gap yoke ironairironair

BBh
ld

B
ld

B
ld

B
NI

m

l

mmmm

h
h

h
h

h
h

ɚ

h

11



N
o

rm
a

l-c
o

n
d

u
c
ti
n

g
 &

 P
e
rm

a
n

e
n

t 
M

a
g

n
e
ts

©
 T

h
o

m
a

s
 Z

ic
k
le

r,
 C

E
R

N
C

A
S

@
E

S
I 2
0
1
8

A
rc

h
a

m
p

s, 
2

5
. 

Ju
n

e
 2
0
1
8

Permeability

Ferro-magneticmaterials: high 
permeability (µr >>1), but not 
constant

HB
hh
m= rmmm 0=

Permeability: correlation between 
magnetic field strength H and 
magnetic flux density B
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Magnet technologies

Magnets

Electro-magnets

Superconducting

Coil dominated

B < 11 T

Iron dominated

B < 2 T

Normal-conducting

Coil dominated

B < 1 T

Iron dominated

B < 2 T

Permanent magnets 
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