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INEN OUTLINE OF LECTURE I

" GENOVA

o SC magnet design — EM part I

o Recap of field harmonics

o How to make multipoles with current lines
o Perfect dipoles
o Canted cos6 dipoles
o Sector dipoles
o Block-coils
o Perfect quadrupoles
o Sector quadrupoles
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INEN ACCELERATOR MAGNETS

" GENOVA

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

o electromagnetic design can effectively be treated as a 2D
problem

Dodecapole  Octupole

Decapole

Sextupole

O

o coil heads can be considered as end effects

o The main accelerator magnet families are:
o Dipoles

to achieve uniform beam bending, dipoles must generate a constant . o
magnetic field across the aperture Magnets developed for High Luminosity LHC

o 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

D2 corrector Skew quad

o Sextupoles

Sextupoles generate a quadratic variation (gradient) in the magnetic field

across the aperture and correct beam chromaticity
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INEN COMPLEX NUMBERS

o 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 i*=-1.

o A complex number has two components and can be written:

o In cartesian form as z=a+ib
o In exponential form as z=re'?

o Both the notations can be represented in the complex plane:
o 1=\(a2+1?)
o G=atan(b/)

Imaginary part
G-‘ -~
Imaginary part

z=a+ib z=re'?

a Real part Real I;art
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INEN FIELD FROM A CURRENT LINE

" GENOVA

o In complex notation:

y 1 B(z — Mol 7z =reW ez, = ip
(z) Tma—zay <O eV ezyg = pe

o This can be easily checked:

| B(z) = ol
psing 1 2 (re® — pei®)
_ Hol
2rt[(rcos9 — pcos ) + i(rsin — psin ¢)]
sind _ tol[(rcos¥ — pcosp) —i(rsind — psin @)]

21[r? + p? — 2rp cos(p — )]

tol (rcosdd —pcose) —i(rsind — psin @)
rcosf pcose X ~ orR R

I
= %(siny + icosy)

= B, + iB,
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INFN FIELD FROM A CURRENT LINE inside the filament (r<p) m

" GENOVA

- Mol Mol Mol 1

o B(z) =B B, = = : — = — . :
(2) y T 15y 2n(z—2z¢) 2m(rel¥—pei®) 2mpel® 1—%e‘(19“P)
: 1 _ yo _n-1

o Ife<1: T . Zn=1 €
o By +iB, = Lol oy [o-o)|" o ol s cmpitn-no ()

21p p 2mp p

Dimensionless term that includes
_— TLT information about the location
] | R - o T where the field is calculated z = re’
o By+iBy = Ny |~ Lok emine (o) fettnno (1)
21p P Ryef

> Dimensioned term [T] that includes
information about the location of
)nfﬁé current line z, = pe'?¥

o By, +iB, = Yp-1(B, +i4,)(cos(n — 1)9 + isin(n — 1)) (Rr

ref
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INFN HARMONICS FROM A CURRENT LINE 0D

, n—1 , n-1
o By +iBy =X, |~ Lol eming (21) ”ewn—lw () ]

2TTP

P Ryer

n-—1
o By +iBy = i1 (By + idy)(cos(n — 1) + isin(n — 1)9) (R;f)

R n-—1 I /R n-—1 .
( ref) cosng and A, =2 ( ref) sinng

o With B, = — o . 275 \

21T

n n
Uol Rref Uol (Rref> .
B, = — cosn = sinn
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INFN FIELD HARMONICS

o The field harmonics B,, and A,, [T] can be rewritten in normalized multipoles
b,, and a,[dimensionless] as:

(00) o
r
By +iBy = 10™*Bp, . E(bn T iap)(cos(n = 1)d + isin(n — 1)) <Rref>
n=1

o b, are the normal components, a, are the skew components (dimensionless)

o 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.

o We factorize 10 since the deviations from ideal field in superconducting magnets for particle
accelerators should be of the order of 1%o0 (per ten thousand)

o Bg,,, is the amplitude [T] of the fundamental harmonic at the reference radius. For example, in
dipoles Bg__ ; =By, In quadrupoles Bg ;= G X Ry, etc.
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FIELD HARMONICS DECAY OF A CURRENT LINE

INEN
~ GENOVA
o Multipoles given by a current line decay with the order:

. _ Mol —ing (Rref)n_
o (B, +i4,) 2mp >
o (b, +ia,) =— Mol _10* p—ing (R_ Tef)n_l _ __mol _10* (Rr‘f’f)n _ _ _Hol _10* (Rref)n
21Tp BRref p 2TRyef BRref pel?® 2TRyef BRref Z
1l 104 R zy = pe'? is the location of the current line
o In(|b, + iay,]) = In| = + nln( ref) v
ZnRTef BRT‘ef Z —
‘;ﬁ .\\
27 4 =V
o In a semi-logarithmic scale, the slope of the T
b ° RTe - ‘\\‘\.
linear decay is In ( L ) - ~
Z0 "\__‘\_
o This explains why only low order multipoles, 001 e
\.\\‘\\‘
0.001 -
0 5 10 15
Multiple order n

in general, are relevant
o It can help can detecting assembly errors in

real magnets
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- GENOVA

n=1: Dipole

EXAMPLES OF MAGNETS WITH b,_#0

n=2: Quadrupole n=3: Sextupole

a,=0

J
: n=4: Octupole
S 1
N N .
S

(skew harmonics are obtained by rotating the magnets by m/2n)
=Z. u

180° between
poles

90° between

S S
N
60° between 45° between
poles poles poles
il /@
iﬁ N\\\\\\\\\// :
i

>

¢

®

g

©)
-
<<
/Z/ﬁl\\\\\
s

.

ﬁa\s\
/////(

Stefania Farin

@J:/
=
!——//%/’/,/

i

CAS - November 2023

10



[ 4
INFN HARMONICS FROM MAGNETIC FIELD 0D

o The function B(z) is expressed through a Fourier series, enabling the utilization of
corresponding inverse formulae to deduce the harmonic components from the

field map:
skew normal
am 2T
_ 10 fA R... 0)sinn0do b = 10*n jA R .8 046
a, = T[RrefBRref J Z( ref )Slnn n — T[R—r-efBRref ) Z( ref’ )COSTl
2TT .-
104 L0 |
= T[BRref'[ By (Ryef,0) cos(n — 1)0d6 = T[BRT-efj By (Ryer, 0) sin(n — 1)0d6
0 0
27T -
04 . 04
T nBRrefJ By (Rres, ) sin(n — 1)0d0 = "Br, j B, (Ryef, 0) cos(n — 1)0d6
0 0
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INFN INTEGRATED HARMONICS

" GENOVA

o The beam sees the field along the whole magnet: t B

o Integrated strength [T -m]: f:: B,(z)dz

Bi(z)dz
dz

5 fstrai ht part
B, = =Uene

o Main component:

fstraight part

(average over the straight part)

f_-l_;o B1(z)dz

B4 ' straight part
(length of the magnet as if there were no heads and
the integrated force was the same as that of the actual magnet) t B

o Magnetic length: L, =

+w f{/’ \\\\
: - _ [ o Bi(@)bp(2)dz <
o Average multipoles: b, = =73 , L \
f—OO Bl(z)dz

(weighted average with the main component)

\ 4

e y4
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DIPOLES

how to make dipoles with current lines
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INEN PERFECT DIPOLE 1: wall dipole

" GENOVA

o Biot-Savart law for finite conductors: _ 400
- - - 1 +
_ Ko IXT ¢ 9 A |y il oty |
4V |73 ix#=[0 0 jl=|x
X y z 0
e FEach wall contributes with: w
Ho d+w Xj d —
= xdydz >
Y 4m f f—OO (x2+y2 +ZZ)Z/2 Y p X
. [.tij d+w Z
4 Yd xdx f—OO dy f—OO (x24y2422)3/2
= —= xdx d = — xdx
4 Jd f—OO yx2+y2 21 Yd f 00 x2 +y
| rd+w T | ~d+wW 'w
= £ (T dx = = 2L [T dx = B —00
X 2 Jd 2

e mechanical structure and winding look easy

o The total magnetic field is then given by o the coil is infinite
By = UoJW (By = 0) e truncation gives reasonable field quality only for
rather large height
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INFN PERFECT DIPOLE 2: intersecting circles (ellipses)

" GENOVA

o A cylinder carrying a uniform current generates
a magnetic field given by B = pgjr/2
(Ampere’s law at r gives $ Bdt = pgl — B X 21tr = pgjmr?)

o Combining the effect of the 2 cylinders:

U ] HoJW
B, = 5 —— (—rycos 6, + 1, cos6,) = — >
B, = ﬂzj (+7r;sinf; —1,sinf,) =0

o the aperture is not circular

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

o need of internal mechanical support that reduces
available aperture
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INFN PERFECT DIPOLE 3: jcosO current density distribution

" GENOVA

o Let’s consider a current density J=jcos6 distributed in a hollow
cylinder of thickness w and inner radius R

o To calculate the resulting magnetic field, we can recall the field
harmonics of a current line

0 7'61
Bn p, 9 - — cosn 9
( ) ZﬂRref< p )

and integrate over the cross-section
[ - JdS =jcosO - pdpdb
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INFN Symmetry operation on current line

" GENOVA

Up-down symmetry

I (Ryor\" I (Rror\"
A B, = — Ho 7} cosn@ — Ho 7 cosn (—06)
jcoso y +] 2MRyer \ P 2TTRyer \ P
p® _ o Mol (Rres\"
B X = —2 2Rror ( p ) cosné
X
W
n n
+ B, = — Ho! (Rref> cosnf — Ho(=1) (Rref> cosn (r —6)
. . " 27TRref P 27TRref P
Left-right anti-symmetry n
. HOI Rref
v A Bn——an 7 l[cosn 8 — cosn (m — 6)]
_I +I re )
I (R
&ep %@ B, = — 2:}3 ( :)ef) cosnB[1 — cosnmn]
I IVl - ref
- ( n
X I (R
_<—2 Ho ( ref) cosnf ifnodd
- 2TTRyer \ P
- \ 0 if n even
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IN Em PERFECT DIPOLE 3: jcosO current density distribution m

o Let’s consider a current density J=jcos6 distributed in a hollow
cylinder of thickness w and inner radius R

o To calculate the resulting magnetic field, we can recall the field
harmonics of a current line

Uol [Ryer
0 re
B ,8 _ 9

and integrate over the cross-section
[ - JdS =jcosO - pdpdb

. n s

o B,=— 2:};’1 f}f+w (Rrpef) pdp |2 cosf cosnBdb, if n odd
ref

m/4 sen=1 o self supporting structure

since fon/ ? cos 6 cosn 6d6 = { , the only surviving term is:

RO se n#1 (roman arch)

+w

B — _4_Ho j J Ryer odp - T_ UojW o the aperture is circular, the
1 2R e ) 0 4 2 coil is compact

o winding is manageable
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INFN PERFECT DIPOLE 4: canted cos® winding

" GENOVA

o A current I flowing in an inclined solenoidal winding of equation

r cosy fi 0
P®) =<" ginﬁ , corresponds to a current density < jy = TL Tp
229_71 + A sind J, p - + A cosd

(fully developed math in DOI:10.1109/TASC.2021.3053346)

o Ina double winding with opposite inclination (+4,/—A4;) and opposite current
(£]), inner radius r; and outer radius ry:

o The solenoidal magnetic field cancels out (if the pitch is the same):
| —1
B, =pp—+uy—= 0
P P R.Meinke
https:/ /accelconf.web.cern.ch/p03/papers/ wpae025.pdf

o The axial components adds up:
tol Aq _.Uo(—l) —4; _ _.U_oI ﬁ_i_ﬁ
2 np 2 1p 2p 7y

1= —

o some conductor wasted to o aformer has grooves where the
produce the solenoidal field conductor (cable or wire) is

o easily generalized to quadrupoles wound
and higher orders e no tooling, no collaring but no
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INFN SECTOR DIPOLE - main field

" GENOVA

o Sector coils are the practical solution to approximate the cos-theta layout by
sectors with uniform current density (https://doi.org/10.15161/0ar.it/143359)

Il o To calculate the resulting magnetic field, we can recall
the field harmonics of a current line
I (Reef\"
yl B 0) = — Ho ref 0
n(p; ) ZﬂRref p cosn
and integrate over the cross-section
% W [ - jdS =j - pdpd6
R o J R+w (Ryef a 2UpjW Sin a
0 Bl__42nRreffR ( p )pdpfo cos0df = — -

@ By occcurrent density (obvious)
@ B; acoil width w (less obvious)
e B, isindependent on the aperture r (much less obvious)
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INFN SECTOR DIPOLE - higher harmonics

" GENOVA

i (R+W (Ryep\" :
° Bn=—42:£:eff W( pf) pdpfoacosné?d@ if nodd

. 2 MO]R‘ref Slnna( 1 1 )
T nn-2) w R"2  (R+w)N—2

o Normalizing to the dipole f1e1d
. 1 Ry sinna ( 1 1
n —_

nn—2) wsina R"=2 (R + w)n2

o The only free term that can be made equal
to zero is sinn a, leading to the solution B, (T umts) (umts (umts) umts

) - 10%if n odd

T T s .
a_;+k;,0<a<5,k>01nteger 771  -5.9 -914
— with one sector only one multiple can 60 ) 0 -239 61 0
Ee r(r)léf(ie eg[(;loal to zero 514 A7 632 098 0 22
° b3_0 %f 05:360 - 3 -35 1844 0 £ -17
o b=V I a=ob, 257 26 2560 431 0 -31

o b=0if @=25°7,51°4, 77°1

Stefania Farinon, CAS - November 2023
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INEN 2-SECTOR DIPOLE

o To calculate the resulting magnetic field, we can recall the field harmonics of a current line

n
B,(p,0) = — 2: };’:ef (R;ef ) cosn 8 and integrate over the cross-section | - jdS = j - pdpd6

- R+ Rre 2 . (. . +. )
° Bl=—42:£:eff W( f)pdp(f 1cost9dt9+f 3c059d9) FoJW Smalnsmaz SIn I3

o Higher harmonics
10* Ry.; (sinna; — sinna, + sinnas) ( 1 )
RN—2

b, =
O3 " nn-2) w (sinaq — sina, + sin ag) (R + w)n—2
o
e 3 components can be set to zero, as example:
i ((sin3a1—sin3a2+sin3a3)=O b; =0
w
e

J(sin5a; —sin5a, +sin5a3) =0 by =0
\(sin7a1—sin7a2+sin7a3) =0 b, =0
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B,

o Intercepting circles

2
2UgJW Sin a
T

B,

cosO distribution

B,

sector dipole

o 1-

2UoJjw (Ssin a4 —sin a,+sin a3)

B1=_

e 2-sector dipole

2#0 sin 60 _
A

6.9 - 1077 Tm/A) can be used to compare other layouts

o The 60° sector dipole (y, =

Example 1: cos distribution and intercepting circle

L

6.3-1077 Tm/A
Example 2: 2 sector dipole with a; = 43.2°,

Ye =

Q

0.1

0.05

L

=b,~0)

=b,

a, = 52.20, az = 67.3° (b3
o Y. =06.5-10"7 Tm/A

9

Example 3: the SIS300 dipole

j=347 A/mm?

=4.5T)

B,=3.35 T (without iron, with iron B,

980
https:/ /www.Inf.infn.it/sis/ preprint/ getfilepdf.php?filename

15 mm

w

6.4-1077 Tm/A

Ve =

Q



INFN EFFECT OF THE IRON YOKE

" GENOVA

o Itis possible to take into account the effect of an iron yoke of linear permeability (., inner
radius R; and thickness t;

o The correction to the field harmonics of a current line is given by:

Ba(p9) = = o (7 ) cosng [1 +k (Rﬂl)zn]
2n
e = ur—1 1_(R1R'|{t1) ~ 1 if Uy >> 1

purt+l —1 2 R; \?
1_<HMT+1> (Rl-i{tl)
o The derivation of the main physical quantities
can be found at https:/ /doi.org/10.15161/oar.it/ 143359

o The iron contribution has no additional angular
dependence, so the contribution is independent on the dipole layout

o depending on k(p/R;)*" can be relevant only for:

o small coil widths
o low order multipoles (main component)

o small collar widths
Stefania Farinon, CAS - November 2023 24



INFN EFFECT OF THE IRON YOKE

" GENOVA

e Main dipole field in presence of the iron yoke:

IR
_ Ko R+w Rref I
o By = TeRear IR [1 + k ]pdp fang ore J(8) cOSO dO A
k R+w)3 R3 R R+W
3w I w
e Field increase due to non saturated iron:
R(R+w)
o By =B(1+A4)), A= R?
o Limit of validity: 3
o Iron yoke saturation (Bgae~2 T) 25 / R=50
PP =50 mm
. 1 g .. RB L
o Shielding condition: t; = — SR e / / w=15 mm
Bsat o ,/ /
6 : . p | R=75mm
: . R B , £ g -
: s £ // t;=25 mm
U =1 % 1 7 V - B, -no iron yoke i
? /// = )f! / / —B, - linear iron yoke
2 0.5 ’f —B1 - non linear iron yoke |]
! Hy~4 000 0 ,’ ——peak fielld in iron yoke
0 0 500000 1000000 1500000 2000000 2500000 3000000 U 50 100 150 200
H (A/m) 2 25
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INFN BLOCK COILS

o A block layout has vertical cables
o Need of internal support, reducing available aperture

o Lack of roman arch gives a different distribution of forces

o Saddle shape ends - no need of wedges, very simple coil

»

o Can field quality be optimized in a block layout?

o without wedges there are 3 free parameters:
o the total width of the coil

o the height of the blocks (i.e. the cable width)
o the indentation of the upper deck

Coil 2, layer 2

Coil 2, layer 1

|

o one parameter can be used to increase the coil width, the
other two to cancel b; and b:

FRESCA II magnet cross section, E.Rochepault and P.Ferracin
https:/ /link.springer.com/chapter/10.1007 /978-3-030-16118-7_12

|
I
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INFN COMMON COILS

o The common coil design is based on the superposition of +
“racetrack coils” with simple ends that have a large bend radius

o The bend radius is determined by interbeam distance
o The dipole field is generated between the straight parts of the

racetrack coils P a
B +

o Itis an intrinsically double aperture configuration

3

o Field quality ca be optimized
piling up several racetracks with
different dimensions

133,72 Max
118,89
104,07
89238

7aMm

59,582
44,755
29,927

15,099

0,2714 Min
Von Mises stress
distribucion at
nominal field

Design studies performed for 16 T common coil dipole for FCC by F.Toral ,CIEMAT
stefania Farine ~ R.Gupta, https:/ /wpw.bnl.gov/rgupta/wp-content/uploads/sites/9/2023/09/Snowmass-common-coil-white_paper-03-16-2022.pdf

@ Mechanics can be tricky

PEENpRAPPNRRRS SRR
BEEIIBBaREESBRAues

3 Hnmnncn

XIE 102




‘ [ 4
INFN FIELD FROM A CURRENT LINE outside the filament (r>p) m

" GENOVA

o To derive other quantities (Lorentz forces, stored energy) we need to determine the magnetic field
generated by a current line at r>p

y
I B 1
o B(2) = 27‘[(Z zo) T 2n(reW—pei®)  2mret?d 1—§ei(¢—19)
I
— ing {t------------ (P,0)
° If6<1_ Y=t € =14+, =1+30_1€™ m v
R/ |
_ Mol i(p—9 Hol o ing (P\" |z (10)
° B(Z) - 2arel?d [ + Zn 1( (- )) ] 2_7_[2 [1 + Zn:l e @ (;) rsin®  |----+/~ v ——————————————
o To be noted that reost peose - x
lim B(z) = 22 as expected from a current-carrying wire
Z—00 2TtZ
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INEN OTHER QUANTITIES THAT CAN BE CALCULATED:

¥ RO Lorentz forces m

o Complete derivation for cosf and sector coils with and without iron yoke in
https://doi.org/10.15161 /oar.it/143359

o The Lorentz force density is given by f, = j x B.
o jocosO. If the current density is j = (0,0, j, cos 8) and the magnetic field is B = (B,, By, 0)

. 2 3_R3

o f(r,0) = —j,cos0 By = —MoziCOSZH {r3rz —(R+w-— r)}
2 3_p3
o fp(r,0) = +jycosd B, = — ”02]0 cos @ sinf {TSTS +(R+w— r)}
o f,(r,0) =0
o Sector dipole. If the current density is j = (0,0, jo) when 0<6<a, and the magnetic field is B =
(Brr BQ! 0)

] 2Un i’ ] 24n_p2+n (R 2-N_,.2-n
o f,(r,0) =—j,Bg = —Znodd%ﬁ]ocosne sin nay {m— n-1! +W)2_n - }

] 2Uuni2 . ] 24n_p2+n (R 2-N_,.2-n
o fo(r,0) =+joBr == 0dd i‘;’o sinné sin no, {m n—1{ +W)2_n : }
o f,(r,0) =0

Stefania Farinon, CAS - November 2023 29


https://doi.org/10.15161/oar.it/143359

INEN OTHER QUANTITIES THAT CAN BE CALCULATED:

S BENOA stored energy | m

o Complete derivation for cosf and sector coils with and without iron yoke in
https://doi.org/10.15161/oar.it/143359

o The easiest way to derive the stored energy is to calculate 22 A-7dS
¢ 2 Yconductors

o jocosO. If the current density is j = (0,0, j, cos 8) and A = (0,0, 4,) inside the conductors
o A,(r,0) = ”Ozjo cosO{r(R+w—r)+71r3—R3}

E 1.2 R+ 2
o —=—["d6 [ Ayrdr = XL {(R + w)*+3R* — 4R*(R + w))

o Sector dipole. If the current density is j = (0,0, j;) when 0<6<a,; and A = (0,0, A,) inside the
conductors

2+n_R2+n

_ 2UoJo . r n (R+w)2 Tt—p2-n
o AZ(T, 9) = Zn oddﬁcos nf sin naoy {W P

Q

1,0y R4+w _ 4pojé . - 2-n)(R+W)*+(2+n)R*—4R? N (R+w)2 ™1
==y 10 [y Agrdr = ¥ pqq— > sin’nay D)

2 Uojésin®nol, 4 4 1p3 nB?R { R+w 1 (R+w }
== R 3R* —4R>(R = 1 ——=1)+=-—-1
first order 3 T R +w)"+ (R +w)}= Ho t3 ( R ) 6( R )

L B >

30


https://doi.org/10.15161/oar.it/143359

QUADRUPOLES

how to make quadrupoles with current lines

Stefania Farinon, CAS - November 2023 31



‘ 4
INFN PERFECT QUADRUPOLE: jcos20 current density distribution m

" GENOVA

o Let’s consider a current density J=jcos260 distributed in a hollow
cylinder of thickness w and inner radius R

o To calculate the resulting magnetic field, we can recall the field
harmonics of a current line

0 7'61
Bn p, 9 - — cosn 9
( ) ZﬂRref< p )

and integrate over the cross-section
[ - JdS =jcos20 - pdpdb
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INFN Symmetry operation on current line

" GENOVA
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‘ 4
INFN PERFECT QUADRUPOLE: jcos260 current density distribution m

" GENOVA

o Let’s consider a current density J=jcos260 distributed in a hollow
cylinder of thickness w and inner radius R

o To calculate the resulting magnetic field, we can recall the field
harmonics of a current line

0 7'61
Bn p, 9 - — cosn 9
( ) ZﬂRref< p )

and integrate over the cross-section
[ - JdS =jcos20 - pdpdb

_ o _Moj  (R+W (Rrep\ E ' n
o B, = 827TRref R ( p ) pdp f04 cos 20 cosn 6d0, if n even and a odd

/8 sen=2

0 senz2’ the only surviving term is:

since fon/4 cos 20 cosn 0dO = {

R4+w

. 2 . .
UoJ Ryer T HojRrer w B,  upj w
B, = -8 dp - — = — In(1+— G = =Zln(1+—
2 2nR,,efj ( P > pPap 7y 2 n +R) » Rrer 2 n +R)
R
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4
INFN SECTOR QUADRUPOLES - dipole field m

o To calculate the resulting magnetic field, we can recall
the field harmonics of a current line

ol (Ryer\"
0 ref
B,(p,0) = — 7,
n(p,6) ZﬂRref( P ) cosn
and integrate over the cross-section
A [ - jdS =j - pdpdb
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_ _q_HoJ w ref) 4
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( 2UojRye w
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INFN SECTOR QUADRUPOLES - higher harmonics cm

o Normalizing to the quadrupole field Bj:
_ 2 R;}e_f?- sin na 1 1 4 . n ~
~ n(n=-2) sin 2a1n(1+%) (Rn_z — (R+W)n_2) - 10 if n even and > odd (n = 6,10,14,..)

o The only free term that can be made equal
to zero is sinn a, leading to the solution . bl.(;
a=<+k=,0<a<= k>0 integer (I/m) | (units) | (units) |__(units)

noon 4 30 -91 0 -32 3

— with one sector only one multiple can
be made equal to zero

o by=0if a=30°
O b10=0 if CZ=18°, 360

n

18 -62 660 0 -5
36 -100 -252 0 2

R=50 mm, w=15 mm, j=5 108 A/m?
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THANKS FOR THE ATTENTION
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