Lecture 4

2. Charged particles in magnetic fields

2.1 Basics
2.2 Magnets
2.3 Multipole expansion

2.4 Superconducting magnets
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2.1 Basics

Lorentz force
Maxwell’s equations
Magnetic boundary conditions
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Macroscopic Fields in Accelerators

E has a similar effect as v B.
i p= q(E +VxB) For relativistic particles B = 1T has a similar effect as
dt

E =cB =3108 V/m, such an electric field is beyond
technical limits.

® Electric fields are only used for very low energies or

® For separating two counter rotating beams with
different charge.

+
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Maxwell’s equations (I)
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Maxwell’s equations (II)
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Static magnetic fields in accelerators

otatc: E/E)_ -0 =
2t !

640-734%{(’)/’)6% reos Lo d ‘=0 /V,://[Y:/

V)(B /44///0[J+£4/;.__——)—-O

,) 3> Com be witten o, L o{,&»ﬁ‘ e

-S[ﬁ/O\/ PD “[4»476'[ W(N-)/ ji? _ V>7/[’)TJ)

(2 ©x V’}P- oa-ll,,,,,;O
Z
Dalr: P.E-0 = V’z/y/(,,):o

i e e e e NN

=0

(x=0,z=0) is the beam’s design curve
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Boundary between vacuum and a material with high
permeability (I)
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Boundary between vacuum and a material with high
permeability (II)
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Green’s Theorem

Green function: ﬁgG(F,FO) =O(F -T,)
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Knowledge of the field and the scalar magnetic potential on a
closed surface inside a magnet determines the magnetic field for
the complete volume which is enclosed. -> shape of magnetic
poles fixes magnetic field pattern near beam line!
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Potential Expansion

If field data in a plane (for example the horizontal midplane of a
cyclotron or of a beam line magnet) is known, the complete filed is

determined: feld
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Data of the magnetic field in the plane z=0 is used to determine by(x,s) and b,(x,s).
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2.2 Magnets

solenoid
dipole
quadrupole
sextupole
combined function
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Multipole expansion of B,(x,z=0)

* éKPﬂmﬂ( ’}‘Vmcjm({:é \C‘cld Fn Vl'c/'a.‘,'{7 "Fé‘(aﬁ—;
= 2 éﬂf'ﬁdw;i

A4 —o) — d Dz ;{ P; J)IPL
X Bg (X, 220) = Ugo + Ax/ 2T 5 7' 9\(2)): "

(L R R R DI A A AR
P dx|s P21 dxt P 21 |, 7

l
- [ 2 [ 7
= + kx + - —ox’ 4
Q X 21 X "I"?I X

:Av'y,a&-##ul(!vvyv[/‘f' g{y‘éhloob + o¢C \lnrm(,{ t..-

Matthias Liepe, P4456/7656, Spring 2010, Cornell University Slide 12




Magnetic Multipoles in Accelerators
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Solenoids {sin(0-¢)-dependence}
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C, Symmetry /!\ '
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Different Dipole Magnets

C-shape magnet: H-shape magnet: Window frame magnet:
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Dipole Fields: Limitations

Saturation of

B <1 T: Region in which B, = u, n_I

B < 1.5 T: Typically used region

B =2 T: Typical limit of iron yoke magnets, since the
field becomes dominated by the coils, not the iron.

iron yoke!
0 Limiting j for Cu is about 100A/mm?
0 current [ . . G HEl
‘ 5 B > 2T: (superconducting) “air coil” magnets
Cw ] ¥
\ useful field region )
- ., [ .
' ' / : 210 ¥
g\s/\/ o
AB
N B useful field region Shims reduce the space that is
_ shims "\ open to the beam, but they also
x ot x reduce the fringe field region.
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\
Matthias Liepe, P4456/7656, Spring 2010, Cornell University Slide 17

* HERA Tunnel
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Quadrupoles {sin(2-¢)-dependence}
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In a quadrupole particles are focused in one plane and defocused in the
other plane. Other modes of strong focusing are not possible.
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Quadrupole Fields
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Quadrupole Fields (1I)
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Real Quadrupoles
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quadrupole not a rotated or skew
quadrupole.
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Sextupoles {sin(3:¢p)-dependence}
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i) Sextupole fields hardly influence the particles close to the center, where one
can linearize in x andy.

i) Inlinear approximation a by Ax shifted sextupole has a quadrupole field.

i) When Ax depends on the energy, one can build an energy dependent
quadrupole.
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Sextupole fields
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Real Sextupole
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