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Superconducting LHC Magnets
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3D Eddy currents and hysteresis
-> strange wipe-out properties
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Solving of Boundary Value Problems

1. Governing equation in the air domain t

VZAE —_ 0,

2. Chose a suitable coordinate system

» 0% A; PCLE PA; _

0
or2 or T d? ’

I

3. Make a guess, look it up in a book, use the method of separation:
That is: find eigenfunctions. Coefficients are not know yet

Az(r,9) =) 1" (Apsinng + By, cosng).

n=1
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Solving of Boundary Value Problems

4. Derive the radial field component

1 aAz > -1 .
T 90 = Y " (Ay cosng — By sinng),

n=1

Br(r, ¢) =

5. Measure (or calculate) the field on a reference radius and perform Fourier
analysis (develop into the eigenfunctions). Coefficients are known here.

By(rg, @) = i (Bn(rg)sinng + Ay (rg) cosneg),

n=1
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Solving the Boundary Value Proble

6: Compare the known and unknown coefficients

1 0A; >
B, (r, ¢) = 7 99 ; nr" (A, cosng — B, sinng),
B, (70, @) 2 (Bu(ro)sinng + Ay (rg) cosne),
1 —1
An = 1 Aﬂ(rn)f B, = — Bﬂ(r{])'
nry nr,

7. Put this into the original solution for the entire air domain

_ il (:_0)" (Bu(rg) cosng — Au(rg) sinng).
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Solving the Boundary Value Proble

8: Calculate fields and potentials in the entire air domain

Az(r, @) = — i 0 (L)n (By(rg) cosng — Ay (rg) sinng).
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(Bu(ro) sinng + Ap(rg) cosng)

n=1 v
o0 n—1
) = ﬂ;(%) (Bu(rg) cosng — Ap(rg) sinng)
) ; n—1
) = n; (a) (Bu(ro)sin(n —1)¢ + Ap(rg) cos(n —1)¢)
— i (ri (By(rp)cos(n —1)p — Ap(rg)sin(n —1)¢)
n=1\'0
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Solving Boundary Value Proble

Take any 2xn periodic function and develop according to

Dy

n=1

n(ro)sinny + Dy, (rg) cosnyp) .

Bi" B;‘p BI B,y Az ¢m
Bn = Cn D“ C’ﬂ—] -DTL—]. %DDH _ﬂ;jr:?cn
An — Dn _Cﬂ Dn_] —Ln—1 ﬂ —_RFDD“
0 ™0

We can use fields, potentials, fluxes, or wire-oscillation amplitudes as
“raw data”.
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Rotating Coil Measurements

Tangential coll Radial coil
Radial flux Tangential flux
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Integrated Harmonics

b?- scaled (wrong !)
- Local transverse

o harmonics calculated at

S different reference radii
and scaled with the 2D
laws
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(

Integrated Harmonics

2
vV fm(xy,2) dx2 oy? 9z2

Zp

Pm(xy) = | gm(x,y,2)dz

P (xy) | PP (xy) [ (PPm | FPm
oxZ T ay: ./;gﬂ ( nZ oy2 )dz
_ [P (_%m) 4, Wm
= _zﬂ(‘ 32 )dz__¥

= H,(—20) — Hz(z0) = 0.

The 2D scaling laws hold for the integrated harmonics
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Rotating Coil Mapper (alias Toy Tra

Experimental characterization (magnetic compatibility, electrical
interference, rotation quality) of a rotating coil transducer for local multipole
scanning

Prototype transport system
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Pseudo-Multipoles (Fourier Bessel Series

B 0 1 pr n+2k
In(pr) —kg) kK'T(k+n+1) ( 2 )
qu — Z Z rn+2k(cn+2k,n (Z) sin ne + Dn+2k,n (Z) COS nqo)
k=0n=1
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Recursion for Cn,n

Crakn(2) (1 + 20 =) +C 2y 5, (2) =0,

Dy ok (2) ((” T Zk)z — nz) T D,ﬁ)zk_z,n (z) =

1 (2k)
C — C ,
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Pm = i { i . ! C,,(fff) (z)}r“ sin ng

= C,%,)I(z) 2
gm = (G 5,
Cr(zilr)t(z) 4 C,Ef,% (2) 6 o
T RurDmr2)  But D+ 13 *"'}” Sm e
. 2)
Dun(z) 5
+ﬂ;{p”'”(z) int1)
(4) (6)
Dyn(z) 4 Dy u(z) 6 n
TR Dm+2) Bt (n+2)nt3) +"'}” cos e,
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The Leading Term is NOT the Measured ©
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Field Components from Pseudo-M

(0.0}

(1, @) = Y r"(Cu(r,z) sinng + D, (z) cosng) .

n=1

By(r,¢,2) = —po Y _ r"Y(Cp(r,2z) sinng + Dy (r,z) cos ne),

n=1
By(r,9,2) = —po Z nr"1(C,(r,z) cosng — Dy(r,z) sinng),
B - (r,z) . 0Dy, (r,2)
B.(r,9,2) = —ug Z ( sin ¢ 4 —— = cos n(p)
Co(r,2) = nCoa(z)~ D@ 2, (159G s
sl 4(n+1) 32(n+1)(n+2)
5 Cin(2) o Can(d) 4
Cn(r,z) :=Cnn(z) — n+ 1)7' — 3201+ 1)1 +2)r .
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Extraction of Cn,n from Transversal Field M

m+2)c3(z) ., (n+4)C
dnr1) 0T Rm 1)
2 o

« & £ & £ - &
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Extraction of Cn,n from Transversal Field M

—F{Bu(r0,2)} F{Ku(ro,2)}

"— n+2)(iw)? n+4)(iw)? .
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Longitudinal Field Reconstruction (second
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Longitudinal Field Reconstruction (6 ore
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Search Coils Must be Saddle-Shaped

COIL LENGTH
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Translating Fluxmeter
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The Translating Fluxmeter (Prototype)
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Longitudinal Profile Measurements

Absolute profile measurements for the 5 coil
I T I T I I I I I

Absolute for the 5 tracks

1.0005

0.9995

Field [T]

0.999

0.9985

0.998

0.9975

Go return

-3 Reproducibility measurements with the remnant Meld
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Mid-Plane Field

—1
—By(x,y=0,2) =
” y (X, Y )
2 4 6
Cra(z) — Cl( 1) (z) 2 Cl(,l) (z) 4 Cl( 1) (z) 6
! 8 192
3¢ (z) , 3¢ (2)
2 3,3 4 3,3 6
+3C33(z) x T + 0 X
5¢12(z)
4 %55 6
+ 5 C5,5 (Z) X o X
+ 767,7 (Z) X
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Longitudinal Field Reconstruction (comp:

=

A
I

L]
"
o~

5

|

0.5 ", - - Bz |
" # +  Toy-train
s ,,"' .
%, & *  Mid-plane
-1 -"‘-q._-ﬂ".. N
| ! ! ! ! ! ! !
-0.2 -0.15 -0.1 -0.05 0 0.05 0.1 0.15 0.2
m
T T T o | T
1+ A -
e 05F . A .
= o - - T s
=] vy o ", - Praes”, s
= 0 -~ .. -'..""""*o . . -.___;...n'-:-ﬂ" s . "
2 l . st
E Lossaesssanscennnssans®® 1-. !. - .“..o
2 -05F ot - ]
. g = Toy-train Bz - Bz
b oS *  Mid-plane Bz - Bz i
"..‘
| ! ! ! ! L 1 !
-0.2 -0.15 -0.1 -0.05 0 0.05 0.1 0.15 0.2

(C Stephan Russenschuck, CERN TE-MSC-MM, 1211 Geneva 23 @)
\‘x.h_--

@Tﬂchn(:]ogy Department



Solenoid Field Transducer

(iw)?  (iw)* 3)

F{Br(r0,2)} = o F(Con(@)} (Lo + St
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Technical Problems to Overcome

Iso-perimetric (saddle-shaped) search coils

Different analogue bucking scheme as radius scaling is no more valid
No feed-down correction for axis misaligment

Induced voltages in connectors, wiring

Accuracy in longitudinal coil positioning

Interference with martensitic/conducting elements in the transducer

20 L B L 7

Effect of measurement errors on deconvolution and field reconstruction
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