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Scope of this lecture
About 5000ΨǊƻƻƳ ǘŜƳǇŜǊŀǘǳǊŜΩ ƳŀƎƴŜǘǎ όрл ллл ǘƻƴƴŜǎύ ŀǊŜ ƛƴǎǘŀƭƭŜŘ ƛƴ ǘƘŜ /9wb ŀŎŎŜƭŜǊŀǘƻǊ ŎƻƳǇƭŜȄΣ 

in about 20 km of beam lines

There is a large variety (about 500different types), with different technologiesto address different needs

¢ƻŘŀȅΣ ǿŜ ǿƛƭƭ Ƴŀƛƴƭȅ ŦƻŎǳǎ ƻƴ ΨǊƻƻƳ ǘŜƳǇŜǊŀǘǳǊŜΩ ƳŀƎƴŜǘǎ ƛΦŜΦΣ normal-conducting(iron-dominated) 
electro-magnets, and on permanent magnets

3



N
o

rm
a

l-c
o

n
d

u
c
ti
n

g
 a

c
c
e
le

ra
to

r 
m

a
g

n
e
ts

Jé
ré

m
ie

 B
a

u
c
h

e
 &

 T
h

o
m

a
s 

Z
ic

k
le

r,
 C

E
R

N
B

A
S

IC-
C

A
S

1
1t

h
M

a
rc

h
 2

0
2

4

Outline

ÅProducing magnetic fields

ÅMagnet technologies

ïElectro-magnets (EM)
» Coil dominated vs. iron dominated

» The iron yoke

» Magnet types in accelerators

ïPermanent magnets (PM)
» Materials

» PM types in accelerators

» Comparison EM vs. PM

» Tuneable PM

ÅSpare slides
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Outline

ÅProducing magnetic fields

ÅMagnet technologies

ïElectro-magnets
» Coil dominated vs. iron dominated

» The iron yoke

» Magnet types in accelerators

ïPermanent magnets (PM)
» Materials

» PM types in accelerators

» Comparison EM vs. PM

» Tuneable PM

ÅSpare slides
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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, B and E effects are equivalent if  

ï to produce effect of B = 1 Tyou need E= оϊмл8 V/m = 300 MV/m !

Χ ǇǊŀŎǘƛŎŀƭ ƭƛƳƛǘŀǘƛƻƴ ƻŦ 9 ƛǎ ƻƴƭȅ ŀ ŦŜǿ a±κƳ Ą use magnetic fields!

╕ ▲╔ ○ ║

Ὁ ὧὄ

6

Cartoon by B.Touschek

╕

○

║

αRight hand ruleά ŀǇǇƭƛŜǎΣ ōǳǘΧ
pay attention that for a negative 

charge, Ὂis reversed!

αLeft hand ruleά ǿƛǘƘ ǘƘƛǎ ǎŎƘŜƳŜ 
also works!

aȅ ƳƴŜƳƻƴƛŎ ƛǎ άCΦ.ΦLΦέ ǿƘŜǊŜ L 

replace ὺby Ὅwhich stands as a 
flow (current) of positive charges

╕

○

║
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aŀȄǿŜƭƭΨǎequations

DŀǳǎǎΨ ƭŀǿ ŦƻǊ ŜƭŜŎǘǊƛŎƛǘȅΥ

DŀǳǎǎΨ ƭŀǿ ƻŦ ŦƭǳȄ ŎƻƴǎŜǊǾŀǘƛƻƴΥ

CŀǊŀŘŀȅΨǎ ƭŀǿ ƻŦ ƛƴŘǳŎǘƛƻƴΥ

!ƳǇŜǊŜΨǎ ƭŀǿΥ

ẗɳὈ ”

ᶯ Ὁ
‬ὄ

‬ὸ

ẗɳὄ π

ᶯ Ὄ ὐ
‬Ὀ

‬ὸ

7

Ὀ ‐Ὁ

In 1873, Maxwellpublished "Treatise on Electricity and Magnetism" where he summarized 
discoveries of Coulomb, Øersted, Ampere, Faraday, et. al. in four mathematical equations:

James C. Maxwell
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Magnet vocabulary

IEEE defines the following terms and units:

ÅMagnetic field:

ïH (vector) [A/m] (1 Oersted = 79.58 A/m)

ïmagnetizing force produced by electric currents

ÅMagnetic flux densityor magnetic induction: 

ïB (vector) [T or kg/(A·s2)] (1 Gauss = 10-4 T)

ïdensity of magnetic flux driven through a medium by the magnetic field

ïNoteΥ ŦƭǳȄ ƻǊ ƛƴŘǳŎǘƛƻƴ ƛǎ ŦǊŜǉǳŜƴǘƭȅ ǊŜŦŜǊǊŜŘ ǘƻ ŀǎ ϦaŀƎƴŜǘƛŎ CƛŜƭŘά

ÅPermeability:

ïH andB relate by the constitutive law for materials:   B = µH 

ïµ = µ0 µr

ïpermeability of free space µ0 = 4·̄ ·10-7 [(V·s)/(A·m) or (kg·m)/(A·s2)]

ï relative permeability µr (dimensionless):µair = 1; µiron > 1000(not saturated)
8



N
o

rm
a

l-c
o

n
d

u
c
ti
n

g
 a

c
c
e
le

ra
to

r 
m

a
g

n
e
ts

Jé
ré

m
ie

 B
a

u
c
h

e
 &

 T
h

o
m

a
s 

Z
ic

k
le

r,
 C

E
R

N
B

A
S

IC-
C

A
S

1
1t

h
M

a
rc

h
 2

0
2

4

Producing the magnetic field

Maxwell & Ampere:

α!ƴ ŜƭŜŎǘǊƛŎŀƭ ŎǳǊǊŜƴǘ ƛǎ 
ǎǳǊǊƻǳƴŘŜŘ ōȅ ŀ ƳŀƎƴŜǘƛŎ ŦƛŜƭŘά

9

ᶯ Ὄ ὐ
‬Ὀ

‬ὸ
ὄ ‘Ὄ ᶯ ὄ ‘ὐ

https://lewebpedagogique.com/https://lewebpedagogique.com/

αCorkscrewά όƻǊ αwƛƎƘǘ ƘŀƴŘέύ ruleŀǇǇƭƛŜǎΧ
!ƴŘ ǘƘƛǎ ǘƛƳŜΣ ƴƻ άƭŜŦǘέ ŀƭǘŜǊƴŀǘƛǾŜΗ
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Generator

10

Analogy of electromagnetism with other domains

voltage 

supply

lamp 

(resistor)

wires

current

pump
hydraulic 

resistor
pipes

water 

flow

Hydraulic circuit Electrical circuit Magnetic circuit

Load

air 

gap

Transmission line

Flow
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Analogy of electromagnetism with other domains

11

{ƛƳƛƭŀǊ ŀƴŀƭƻƎƛŜǎ ŜȄƛǎǘ ǿƛǘƘ ƳŜŎƘŀƴƛŎǎΣ ŜƭŜŎǘǊƻǎǘŀǘƛŎǎΧ
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Magnet technologies

Magnets

Electro-magnets

Superconducting Normal-conducting

Permanent magnets 

12

Å adjustablefield amplitude
Å zeroelectricalresistance
Å no ohmic losses
Å very high current densities
Å require cryogenic cooling

Å adjustablefield amplitude
Å limited by the ohmic losses
Å dissipatedpower to be removed
Å only moderate current densities
Å require air or water cooling

Å fixed field amplitude
Å do not require powering
Å do not require cooling
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Outline

ÅProducing magnetic fields

ÅMagnet technologies

ïElectro-magnets
» Coil dominated vs. iron dominated

» The iron yoke

» Magnet types in accelerators

ïPermanent magnets (PM)
» Materials

» PM types in accelerators

» Comparison EM vs. PM

» Tuneable PM

ÅSpare slides
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Coil dominated ςIron dominated

In coil-dominated magnets, the magnetic 
field in the aperture is shaped by the 
position of the conductors respectively the 
current distribution around the aperture

-> often superconducting
14

³ ³³

In iron-dominated magnets, the 
magnetic field is shaped by the 
geometry of the poles, which are 
surfaces of constant scalar potential

-> often normal-conducting

B1: normal dipole B1: normal dipoleB2: normal quadrupole B2: normal quadrupole
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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 < 0.1 T *

Iron dominated

B  < 2 T

Permanent magnets 

15

* Typical values
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The magnetic (iron) circuit

16

The magnetic (iron) circuitserves several 
purposes:

Åconfinethe magnetic flux in the circuit to 
avoid stray flux

Åshapethe magnetic field distribution in 
the region of interest

Åenhancethe magnetic effect induced by 
currents in the coils
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Creating the magnetic field

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

17
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Confining the magnetic field

Coils hold the electrical current
Iron holds the magnetic flux

18
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Shaping the magnetic field
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From DŀǳǎǎΩ ƭŀǿΣ !ƳǇŜǊŜΩǎ ƭŀǿ ŀƴŘ ǘƘŜ ŎƻƴǎǘƛǘǳǘƛǾŜ ǊŜƭŀǘƛƻƴΣ ǿŜ Ŏŀƴ ŘŜǊƛǾŜ ǘƘŀǘ the flux lines in free space always 
meet a material with infinite permeability perpendicularto the surface (άǎǳǊŦŀŎŜ ƻŦ Ŏƻƴǎǘŀƴǘ ǎŎŀƭŀǊ ǇƻǘŜƴǘƛŀƭέ)

Conversely: If we can shape a material with infinite permeability such that its surface is everywhere perpendicular
to our desired field configuration, then the only field that can exist around the material will be this desiredfield!
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Enhancing the magnetic field

I = 32 kA
Bcentre = 0.09 T

I = 32 kA
Bcentre = 0.80 T (for 50 mm of aperture)

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

20
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ɚ

h

!ƳǇŜǊŜΩǎ ƭŀǿ and with

leads to 

assuming, that B is constant along the path

If ‘ ᴼЊ then

then: 

Excitation current in a dipole

ὔὍ
ὄὬ

‘

ὌẗὨὰ ὔὍ ὄ ‘Ὄ ‘ ‘‘

ὔὍ
ὄ

‘
ẗὨὰ

ὄ

‘
ẗὨὰ

ὄ

‘
ẗὨὰ

ὄὬ

‘

ὄ‗

‘

21

‗

‘
ᴼπ

ɚ

h
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0

1

2

3

4

5

6

7

8

0 100 200 300 400 500 600 700 800 900 1000

F
lu

x 
d

e
n

si
ty

 B
 [

T
]

Excitation current NI [kA]

without iron

with iron (constant permeability)

with iron (non-linear)

Permeability

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

GG
m=

rmmm 0=

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

22

Consequence 1: 
The path in the iron 
can no longer be fully 
neglected

Consequence 2: 
The flux lines will no 
longer meet the iron  
perpendicularly,creating 
field imperfections

Saturation: Increase of B
above 1.5 T  in iron 
requires non-proportional 
increase of H

ὔὍ
ὄὬ

‘
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Ideal vs. real magnets

23

Ideal magnets have infinite permeability, and the poles areextended to infinityin all directions

Real magnets have high, but finite andnon-linear permeability, and the poles are truncatedto provide 
space for the coils
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Purpose: bend or steer the particle beam

Applications: synchrotrons, transfer lines, spectrometry, beam scanning

Equationfor normal (non-skew) ideal (infinite) poles: y =  ὬȾς

Ą straight line with h = gap height

Magnetic flux density in aperture:B 
ʂАπ.)

Ąʂ  πȢωψ ÆÏÒ ÎÏÎ-saturated yoke

Magnetic flux density components: Bx = 0; By = B1  ÃÏÎÓÔȢ  ÆÏÒ ȰÎÏÒÍÁÌȱ ÄÉÐÏÌÅȟ ÉȢÅȢ (

Dipole

24

S

N
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Purpose: focusing the beam (horizontally focused beam is vertically defocused)

Equationfor normal (non-skew) ideal (infinite) poles: ςὼώ=  ὶ

Ą hyperbola  with r = aperture radius

Magnetic flux density in aperture:B 
ςʂАπ.)ÐÅÒÐÏÌÅ

(ʂ  πȢωψ ÆÏÒ ÎÏÎ-saturated yoke)

Magnetic flux density components: ὄ y ; ὄ x   ÆÏÒ ȰÎÏÒÍÁÌȱ ÑÕÁÄÒÕÐÏÌÅ

Quadrupole

25
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PurposeΥ ŎƻǊǊŜŎǘ ŎƘǊƻƳŀǘƛŎ ŀōŜǊǊŀǘƛƻƴǎ ƻŦ ΨƻŦŦ-ƳƻƳŜƴǘǳƳΩ ǇŀǊǘƛŎƭŜǎ

Equationfor normal (non-skew) ideal (infinite) poles: σὼώ ώ ὶ

(r = aperture radius)

Magnetic flux density in aperture:B 
σʂАπ.)ÐÅÒÐÏÌÅ

(ʂ  πȢωψ ÆÏÒ ÎÏÎ-saturated yoke)

Magnetic flux density components: ὄ xy ; ὄ ὼ ώ ȰÎÏÒÍÁÌȱ ÓÅØÔÕÐÏÌÅ

Sextupole

26
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Pole shape Field 
distribution

Pole equation B Bx , By

y =  °r  = °h/2 
B 
ʂАπ.)= 

ʂАπ.)ÐÅÒÐÏÌÅ Bx = 0
By = B1 = const.

2xy = °r 2

B 
ςʂАπ.)ÐÅÒÐÏÌÅ

ὄ y 

ὄ x 

3x 2y ɀy 3 = °r 3 B 
σʂАπ.)ÐÅÒÐÏÌÅ

ὄ xy 

ὄ ὼ ώ /

4(x 3y ɀxy 3) = °r4

B 
τʂАπ.)ÐÅÒÐÏÌÅ

ὄ σὼώ ώ

ὄ ὼ σὼώ/

Summary of magnet types

x-axis

By

x-axis

By

x-axis

By

x-axis

By
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Outline

ÅProducing magnetic fields

ÅMagnet technologies

ïElectro-magnets
» Coil dominated vs. iron dominated

» The iron yoke

» Magnet types in accelerators

ïPermanent magnets (PM)
» Materials

» PM types in accelerators

» Comparison EM vs. PM

» Tuneable PM

ÅSpare slides
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Permanent magnet materials

29

In 600 b.C.Σ ǎǘƻƴŜǎ ƻŦ άƳŀƎƴŜǘƛǘŜέ όƛǊƻƴ ƻȄƛŘŜύ ŦƻǳƴŘ ƛƴ aŀƎƴŜǎƛŀ ŀǊŜŀΣ ƛƴ DǊŜŜŎŜΦ

Most popular PM materials:
AlNiCo: alloy of Al, Ni, Co

Ferrites: ceramic compound mixing iron oxide and one 
(or more) of Sr, Ba, Mn, Ni, Zn

Rare earths: Lanthanides group (elements 57 to 71 in 
periodic table)

For accelerator magnets:
Samarium-Cobalt: SmCo5 and Sm2Co17 (Variants exist 
with Cu, Fe or Zr instead of Co)

Neodymium-Iron-Boron: Nd2Fe14B

Courtesy: Vacuumschmelze GmbH
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PM characteristics
Å5ƛǎǘƛƴŎǘƛƻƴ άǎƻŦǘέ ŀƴŘ άƘŀǊŘέ όƛΦŜΦ taύ ƳŀƎƴŜǘƛŎ ƳŀǘŜǊƛŀƭǎΥ Hc soft < 200 Oe < Hc hard

Å BHmax is the maximum possible energy product, i.e. the capacity to produce magnetic field

Å Br is the maximum flux densitythat the PM can achieve in a closed magnetic circuit

Å Hcb is the coercivity which tells how much opposite H field is needed to cancel the Br

Å Hcj is the intrinsic coercivity which tells how much opposite H field is needed to fully 
demagnetize the magnet

For accelerator magnets:

Samarium-Cobalt:
ï BrҒ мΦм ¢ κ IcbҒ мл ƪhŜ κ .ImaxҒ  он aDhŜ ό{Ƴ2Co17)

ï Good radiation and corrosion resistance

ï Small temperature coefficient: -0,03 to -0,05 %/°C

Neodymium-Iron-Boron:
ï BrҒ мΦр ¢ ŀƴŘ IcbҒ мн ƪhŜ κ .ImaxҒ  рн aDhŜ 

ï Strong magnetic field

ï Larger temperature coefficient: -0,09 to -0,12 %/°C

30

BHmax

b

.
. .
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Magnet technologies

Magnets

Electro-magnets

Coil dominated Iron dominated

Permanent magnets 

PM dominated Iron dominated

31

Å The position of the 
conductorsdefine 
the field pattern

Å The position of the 
iron poles define 
the field pattern

Å The position of the 
permanent magnet 
blocks define the field 
pattern (Halbach)

Å The position of the 
iron poles define 
the field pattern
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PM-dominated magnets

Halbach: field pattern defined by position and orientation of PM blocks

32

Evaluation of dipole field:

B = BrΦ Ŏƻǎόˉκaύ Φ ƭƴόwκǊύ

Br: remanent field
M: number of segments
R: external radius
r: internal radius

Magnets are placed around 
aperture with magnetization 
axis oriented along the flux 
line path (low ext. stray field)

Ą Very compactdesigns

Ą Sensitiveto magnetization 
orientation of PM blocks

Klaus Halbach

Halbach designs: dipole (left), quadrupole (centre), sextupole (right)

PM dipole design of FASER experiment ςP. Thonet LINAC 4 PM quadrupole
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Iron-dominated PM

The field pattern is defined by the iron 
pole geometry(like in an iron-
dominated EM)

The PM blocks only provide the 
magnetization of the magnetic circuit

Ą Field qualityis independent of errors of 
magnetization orientation of the PM 
blocks

Ą Field amplitude can be increased w.r.t. 
Br of PM block with tapered poles

33

N-tof separation dipole ςP. Thonet

AD target quadrupole ςP. Thonet
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Comparison EM vs. PM

PM have significant advantages over 
EM, but also some limitations for 
their use in accelerator magnets

Main advantages of PM:

ïNo power consumption

ïNo powering and cooling 
infrastructure

ïFail safe and maintenance free

ïRelatively compact and cheap

Main limitations of PM:

ïFixed field

ïField stability (T° dependence)

ïSafety (magnetic hazards)

34
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Tuneable PM

Magnets

Electro-magnets

Hybrid magnets

Permanent magnets 

Tuneable field Fixed field

35

Å the magnetic circuit 
geometry is static

Å the field amplitude is 
tuned by powering 
auxiliary coils

Å the magnetic circuit geometry 
is variable

Å the field amplitude is tuned by 
modifying the magnetic circuit 
(with controllers, motors and 
mechanical linkage)
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Mechanically tuneable PM

Mechanical modification of the magnetic circuit to tune the field amplitude

Can be made in two ways:

ĄChanging the reluctance of the magnetic 
circuit:
ï Moving yoke pieces (1)

ĄDeriving the magnetic flux to a parallel 
circuit:
ï Moving yoke pieces (2) 

ï Moving the PM blocks (3)

Main limitations:
ï Management of the forces and tolerances

ï Reliability and time response of motors

ï Cost (magnet and control system)
(3) ZEPTO quad. 

B. Shepherd

(1) AD target quad. ςP. Thonet

(2) SPring-8-II dipole 
T. Watanabe, et al.
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Hybrid EM - PM

37

Combining coils with PM blocks in the same magnetic circuit to create a hybrid magnet

Main advantages:

ïMain field can be tuned to a 
significant part of the nominal 
(up to ± 20 - 30 %)

ïPM temperature dependence 
can be compensated by the coils

Main limitations:

ïRisk of demagnetizing the PM 
blocks

ï In designs where the PM and 
coils are in series in the magnetic 
circuit, the coil ampere-turns 
scale with the gap for the PM

CLIC final focusing quadrupole ςA. Vorozhtsov, M. Modena
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Many thanks for your attention!

Χ ƳƻǊŜ ƛƴŦƻǊƳŀǘƛƻƴ ƛǎ ŀǾŀƛƭŀōƭŜ ƛƴ ǘƘŜ 
spare slides!
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Spare slides
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Hysteresis cycle
Hysteresis loop of (ferro-)magnetic materials:

ÅCƛǊǎǘ ƳŀƎƴŜǘƛǎŀǘƛƻƴ όάǾƛǊƎƛƴ ŎǳǊǾŜέύΥ
ïDotted line

ÅSaturation
ïNo more amplification of B by the material

ÅRemanence:
ïResidual magnetic flux density when H = 0

ÅCoercive force
ïNecessary opposite H to cancel remanence

ÅHysteresis loop
ïRelation of B to H when the material is excited 

sequentially to +H and ςH. The surface 
corresponds to the dissipated power of the 
hysteresis losses

41



N
o

rm
a

l-c
o

n
d

u
c
ti
n

g
 a

c
c
e
le

ra
to

r 
m

a
g

n
e
ts

Jé
ré

m
ie

 B
a

u
c
h

e
 &

 T
h

o
m

a
s 

Z
ic

k
le

r,
 C

E
R

N
B

A
S

IC-
C

A
S

1
1t

h
M

a
rc

h
 2

0
2

4

Conventional nc-magnet layout

42

Excitation coilscarry the electrical current creating H

Iron yokesguide and enhance the magnetic flux 

Iron polesshape the magnetic field in the aperture 
around the particle beam

Auxiliaries for cooling, interlock, safety, alignment, ...

Tapered poles

Straight poles

Figure-of-eight
or

Collins

H-type

C-type

O-type
or

Window frame
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Design process

Å Field strength (gradient) and magnetic length
Å Integrated field strength (gradient)
Å!ǇŜǊǘǳǊŜ ŀƴŘ ΰƎƻƻŘ ŦƛŜƭŘ ǊŜƎƛƻƴΨ
Å Field quality:

Áfield homogeneity
Ámaximum allowed multi-pole errors
Ásettling time (time constant)

ÅOperation mode: continous, cycled
Å Electrical parameters
ÅMechanical dimensions
Å Cooling requirements

Electro-magnetic design is an iterative process:

Collect input 
data

Analytical 
design

Numerical 
2D/3D 

simulations

Mechanical 
design

Drawings & 
specifications

43

Magnet

Beam 
Optics

Power

Cooling

Vacuum

Survey

Integration

Transport

Safety

Certification

A magnet is not a stand-alone device!
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Costs and optimization

Focus on economic design!

Design goal: Minimum total costs over projected magnet lifetime by optimization of capital 
(investment) costs against running costs (power consumption)

Total costs include: 

44

ὖέύὩὶθὧόὶὶὩὲὸὨὩὲίὭὸώAttention:

Decreasing current density means:
ü increasing coil cross section
ü increasing material (coil & yoke) cost
ü increasing manufacturing cost 
But:
ü decreasing capital costs for power 

converter and cooling system
ü decreasing operation costs

capital costs of 
magnets

capital costs of 
power 

converters

capital costs of 
power 

distribution

capital costs of 
cooling system 

operation costs 
of power 

converters 

operation 
costs of 

cooling system
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Massive vs. laminated yokes

Historically, the primary choice was whether the magnet is operated in 
persistent mode or cycled (eddy currents)

+ no stamping, no stacking

- time consuming machining, in particular for 
complicated pole shapes

- difficult to reach similar magnetic            
performance between magnets

+ less expensive for prototypes and small series 

+ steel sheets less expensive than massive blocks

+ steel properties can be easily tailored

+ uniform magnetic properties over large series

- expensive tooling

+ less expensive for larger series

45
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Yoke manufacturing

46

Stamping laminations

Stacking laminations 
into yokes 

Gluing and/or welding

Assembling the yoke 
parts
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Excitation coils manufacturing
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Conductor 
selection

Conductor 
insulation

Coil winding

Ground insulation

Epoxy 
impregnation

Testing



N
o

rm
a

l-c
o

n
d

u
c
ti
n

g
 a

c
c
e
le

ra
to

r 
m

a
g

n
e
ts

Jé
ré

m
ie

 B
a

u
c
h

e
 &

 T
h

o
m

a
s 

Z
ic

k
le

r,
 C

E
R

N
B

A
S

IC-
C

A
S

1
1t

h
M

a
rc

h
 2

0
2

4

Coil cooling

Cooling is required to remove the dissipated electrical power from the coils

(Temperature acceptance of typical insulating materials is ~60°C)

Air cooling by natural convection:
ïOnly for low densities: j < 1 to 2 A/mm2,depending on coil size

ïCooling enhancement 
ÅHeat sink with enlarged radiation surface
ÅForced air flow (cooling fan)

ïOnly for magnets with limited strength (e.g. correctors)

Direct water cooling:

ïTypical current density jҖ10 A/mm2

ïRequires demineralizedwater
(low conductivity) and hollow 
conductor profiles
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Fig. 9:  

 

 Final pole proýle.

 

Paying extreme attention to tolerances and in general to very sound engineering of any single

component was, I believe, of capital importance not only for the success of the PS but also for all the

subsequent machines at CERN. It taught all of us how to tackle technical design and construction on

the basis of an attitude which was one of the facets of J. B. Adamsôs personality, a óconstructive

pessimismô, just the opposite of óblind optimismô. Indeed John was a pessimist not in a negative way,

but in the sense that he believed that Nature had no reason to make gifts to accelerator designers.

Therefore the correct attitude consisted in understanding the ýnest details of each problem in order to

make a design leaving nothing to chance on the way to success. Some people confused this with

conservatism and overcautiousness. But how can one consider as conservative one of the most

extraordinary engineers of our time, a man who undertook to construct the ýrst proton AG synchrotron

in the world, the ýrst underground large accelerator and, ýnally, the ýrst pp collider?

The apparent simplicity of the magnet system masked a fair degree of sophistication, requiring

many studies and a lot of experimental work. Complication was due to:

i) determination of the pole proýle in the presence of some saturation by means of a model with

movable plates (no electronic computers available) (Fig. 10);

ii) a fairly low injection energy, with the consequence of an injection ýeld too close to the

remanent ýeld. The large þuctuations to be expected for the remanent ýeld would have

prevented the machine from working, if no special precautions had been taken. This meant

that a steel store had to be constituted where the laminations were arranged in a number of

piles equal to the number of the laminations in a block. A block was assembled by picking a

lamination from each pile;

iii) two types of blocks (óopenô and óclosedô) being required with somewhat different magnetic

behaviour, especially at low ýelds due to the inþuence of the remanent ýeld;

iv) the need to determine experimentally the acceptable lamination thickness for the envisaged

acceleration rate (Fig. 11);

v) the idea that no galvanic loop should embrace a varying þux, which led to the gluing of the

pile of laminations of a block with a new miracle material, Araldite. This complicated the

construction by adding a few steps to the process, some of which were particularly difýcult,

like the removal of the excess polymerized glue around the block.

NC-magnetsin the 1950-60s
CERN PS (1959), 25 GeV, 628 m

ω Combined function magnet: dipole + 
quadrupole + higher order multi-poles

ω Water cooled main coils + Figure-of-Eight 
windings + Pole-face windings

ω Magnetic field B: 0.014 T ς1.4 T

ω 100 + 1 magnets in series 
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