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SC magnet design ʒ EM part I

Recap of field harmonics

How to make multipoles with current lines
Perfect dipoles

Canted cosqdipoles

Sector dipoles

Block-coils

Perfect quadrupoles

Sector quadrupoles

OUTLINE OF LECTURE I
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Accelerator magnets exhibit a cross-section that 
extends over a length significantly greater than 
their cross-sectional dimensions:

electromagnetic design can effectively be treated as a 2D 
problem

coil heads can be considered as end effects

The main accelerator magnet families are:
Dipoles
to achieve uniform beam bending, dipoles must generate a constant 
magnetic field across the aperture

Quadrupoles
Quadrupoles generate a linear variation (gradient) in the magnetic field 
across the aperture; beam that is radially focused is vertically defocused 
or vice-versa

Sextupoles
Sextupolesgenerate a quadratic variation (gradient) in the magnetic field 
across the aperture and correct beam chromaticity

ACCELERATOR MAGNETS
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Magnets developed for High Luminosity LHC
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A complex number is an element of a number system that extends the real 
numbers with a specific element denoted i, called the imaginary unit and 
satisfying the equation i2=-1.

A complex number has two components and can be written:
In cartesian form as z=a+ib

In exponential form as z=reiq

Both the notations can be represented in the complex plane:
r=ã(a2+b2)

q=atan(b/a)

COMPLEX NUMBERS
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In complex notation:
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This can be easily checked:
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FIELD FROM A CURRENT LINE
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FIELD FROM A CURRENT LINE inside the filament (r< r)
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Dimensionless term that includes 
information about the location 

where the field is calculated ◑ ὶὩ

Dimensioned term [T] that includes 
information about the location of 

the current line ◑ ”Ὡ
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HARMONICS FROM A CURRENT LINE
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The field harmonics ὄ and ὃ [T] can be rewritten in normalized multipoles 
ὦ and ὥ [dimensionless] as:

ὄ Ὥὄ ρπ ὄ ὦ Ὥὥ ÃÏÓὲ ρ‮ ὭÓÉÎὲ ρ‮
ὶ

Ὑ

bn are the normal components, an are the skew components (dimensionless)

The reference radius is introduced to separate, in the series, the term with information on the 
current line position to the term with information about the location where the field is 
calculated. It has no physical meaning and is usually chosen as 2/3 of the aperture radius.

We factorize 10-4 since the deviations from ideal field in superconducting magnets for particle 
accelerators should be of the order of 1 (per ten thousand)

ὄ is the amplitude [T] of the fundamental harmonic at the reference radius. For example, in 

dipoles ὄ ὄ, in quadrupoles ὄ Ὃ Ὑ , etc.

FIELD HARMONICS
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Multipoles given by a current line decay with the order:

ὄ Ὥὃ Å

ὦ Ὥὥ Å
◑

ÌÎὦ Ὥὥ ÌÎ ὲÌÎ
◑

In a semi-logarithmic scale, the slope of the 

linear decay is ÌÎ
◑

This explains why only low order multipoles , 
in general, are relevant

It can help can detecting assembly errors in 
real magnets

FIELD HARMONICS DECAY OF A CURRENT LINE
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◑ ”Ὡ is the location of the current line
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EXAMPLES OF MAGNETS WITH bn 0̧, an=0
(skew harmonics are obtained by rotating the magnets by “/2ὲ)
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The function ║(◑) is expressed through a Fourier series, enabling the utilization of 
corresponding inverse formulae to deduce the harmonic components from the 
field map:

HARMONICS FROM MAGNETIC FIELD
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skew normal
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The beam sees the field along the whole magnet:

Integrated strength [T· m]:     ᷿ ὄ ᾀὨᾀ

Main component:     ὄ ḳ
᷿

᷿

(average over the straight part)

Magnetic length: ὒ ḳ
᷿

(length of the magnet as if there were no heads and 
the integrated force was the same as that of the actual magnet)

Average multipoles:     ὦ ḳ
᷿

᷿

(weighted average with the main component )

INTEGRATED HARMONICS
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how to make dipoles with current lines

DIPOLES
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Biot-Savart law for finite conductors:

ὄ ᷿
ᴆᴆ

ᴆ
Äὠ

Each wall contributes with:

ὄ ᷿ ᷿ ᷿ ȾÄὼÄώÄᾀ

᷿ ὼÄὼ᷿ Äώ᷿ Ⱦ

᷿ ὼÄὼ᷿ Äώ ᷿ ὼÄὼ᷿

᷿ ὼÄὼ ᷿ Äὼ

The total magnetic field is then given by 

ὄ ‘Ὦύ(ὄ π

PERFECT DIPOLE 1: wall dipole
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mechanical structure and winding look easy

the coil is infinite

truncation gives reasonable field quality only for 
rather large height
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PERFECT DIPOLE 2: intersecting circles (ellipses)
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A cylinder carrying a uniform current generates 
a magnetic field given by ὄ ‘ὮὶȾς
(Ampereõs law at r gives ḂὄὨЉ ‘Ὅ­ὄ ς“ὶ‘Ὦ“ὶ)

Combining the effect of the 2 cylinders:

ὄ
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ὄ
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ς
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the aperture is not circular

the shape of the coil is not easy to wind with a flat 
cable (ends?)

need of internal mechanical support that reduces 
available aperture


