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The Niirnberg Funnel

No “cooking recipes”

Less powerpoint

More interaction

If needed: Less subjects
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Course Outline

Introduction and overview

Mappings, Real functions, Linear algebra

Vector analysis, Harmonic fields, Complex analysis
Foundations of electromagnetic fields, the Maxwell equations
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Normal conducting magnets

Magnetic field measurements

Field of line-currents, Biot-Savart

Coil fields of superconducting magnets, field harmonics
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Principles of numerical field computation

Numerical field computation for accelerator magnets

Post-processing: Inductances, persistent, interstrand coupling currents
Quench simulation
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CMS (Class 1 Magnets)
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String of LHC Magnets in the Tunnel (Class 2 Magnets)

{ptgev/c = 0.3{Q}e{R}m{Bo}T

High field and high current density
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Livingston Plot
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Coil Dominated Magnets

B=4T B,=3.69T
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Iron Dominated Magnets
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LEP Dipole
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H Magnet (LHC transfer line)
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Super-Ferric H Magnet
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Window Frame Magnet
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Cos 6 (Warm iron yoke) - Tevatron Dipole
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HERA Dipole in its Cryostat
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RHIC Dipole in its Cryostat
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LHC Coil Test Facility for LHC (Based on HERA/RHIC Magnet Te
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LHC Two-in-one Dipole
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Cross-section of Cryodipole
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Conventional and Superconducting Magnets

=» Conventional magnets
— Important ohmic losses require water cooling
— Field is defined by the iron pole shape (max 1.5 T)
— Easy electrical and beam-vacuum interconnections
— Voltage drop over one coil of the MBW magnets =22V

=» Superconducting magnets
— Field is defined by the coil layout
— Maximum field limited to 10 T (NbTi), 12 T (Nb;Sn)
— Enormous electromagnetic forces (400 tons/m in MB for LHC)
— Quench protection system required
— Cryogenic installation (1.8 K)
— Electrical interconnections in cryo-lines
— Voltage drop on LHC magnet string (154 MB) 155 V
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Comparison (EM-Design)

=» Conventional magnets
— ldeal pole shape known from potential theory
— One-dimensional (analytical) field computation for main field

— Commercial FEM software can be used as a black box (hysteresis
modeling)

=» Superconducting magnets
— Decoupling of coil and yoke optimization
— Accuracy of the field solution
— Modeling of the coils
— Filament magnetization
— Quench simulations
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A Multiphysics Problem

=» Beam physics

=» Material science: Superconducting cable, Steel, Insulation
=» Mechanics and large-scale mechanical engineering

=» Vacuum technology

=» Cryogenics (Superfluid helium)

=>» Metrology and alighment

=» Field measurements

=» Electrical engineering (Power supplies, leads, buswork, quench
detection and magnet protection

=» Analytical and numerical field computation
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Analytical and Numerical Field Computation

Linear algebra _

> 4
Stephan Russenschuck Wiley-VCH
=» Vector analysis e
3 Harmonic fields Field Computation for
Accelerator Magnets
=> Green’s functions and the method of Do e e o L e e ctamagie
esign and Optimization
images
=» Complex analysis
=» Differential geometry
=» Numerical field computation
=>» Hysteresis modeling
= Coupled (thermo, magnetic, electric)
systems
= Mathematical optimization
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A Short Self-Test

= What is a vector? An arrow, a tuple of numbers, a quantity having
direction and magnitude, a solution of a linear equation system, a
contravariant tensor?

=» What is more fundamental, B or H?

= What is a (linear) field

=» |Is there a difference between coefficients, components, and
coordinates?

= We know how to add vectors represented as arrows by means of the
parallelogram law. Can we add a force vector at the tip of the position
vector?

=» What is between the field Imes

=>» In Maxwell’s equation we find J da and B da. Is there a difference
between these vectorial surface elements.

= What is a “convention recepteur”.
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Flux Tubes of Mother Earth (or what is a magnetic field)
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Earth Magnetic Field (better representation)

Erdmagnetfeld
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Different Renderings of the Same Vector Field
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Framework of our Vectorfields E;

=>» E; has the structure of the affine point space

=>» It carries the vector (linear) space structure of its associated
vector space

=>» It is equipped with a metric that gives rise to distance and angles

; . l. l ;;:*\\ AU B #' ;
SNINININE R ¥ i A
=> If an origin and basis is selected, the NN | 7 A4
. . oy ST RSy R
projection of the position vector on ';;:Q‘t{i?::j”,;;:: :
the basis yields the coordinates (it R’ ;.J;t?:'?.,‘il?. e
| = l L L \
) I
. . N=—20N
=» The canonical basis can be made to a :-\.:..l_‘_if;fl«é
basis field by translation . :'22'? :
: iy )1
=» The components of the field at some SILLah

point are then the projection on this
basis field
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Vector and Scalar Fields

a:Q — R :r—a(r):a(r) = (a'(r),a?(r),a’(r))

0 cC R3

JL
\L
/\L

o0 =R
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Different Incarnations of Maxwell’ s Equations

d d
aﬁ{H-dr:f ]-da+—/ D-da, Vi (047) = (/) + ¥ (),
d
aﬁ’E dr = — fB da, U(det ) = — 3 d(oF),
B-da=0, DY) =
44
.da — = (7).
fa:VD da fnypdV. Y(07) =Q(¥)
curlH—]—kED
7ot
d
l1E=——B
cur 5B
div B =0,
div D = p.
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Mathematical Foundations of Magnet Design

Maxwell Equations

Integral Form Local Form \ Global Form
Laplace’ s Equation The Curl-Curl
/ \ Equation
Harmonic Fields Green’ s Functions Weak-
‘ ‘ Forms
Kichhoff’ s
1D Calculation of Field Quality in The Field of Theorem
NC Magnets Accelerator Magnets  Line-currents
Coil-Dominated
Magnets
FEM BEM DEM
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Faraday’ s Law (Inner Oriented Surface, Voltage along its Rim)

d
U0 ) = ——D(H)
dt
The potential to induce a voltage
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Ampere’ s Law (Outer Oriented Surface; Current crossing)

Vm(aﬁ) — I(ﬁ)

The current needed to cancel the longitudinal field component
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Gauss Law (Outer Oriented Volume; Electric Charge that can be
influenced)

¥(07) = Q(7)

The capacity to induce charge
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Magnetic Flux Conservation Law (Inner Oriented Volume)

Conservation of flux

CE/RW Stephan Russenschuck, CERN TE-MSC-MM, 1211 Geneva 23
JUAS-2013




Maxwell’ s Extension

A d Rate of change of
e Vm(aﬁ) — I(ﬁf) dtlf(ﬁ) cr?arge
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Maxwell’ s Equations in Global Form

d
Ampere Vm(@a) = I(a) + &\U(a)
Faraday U(Oa) = —%Cb(a)
Flux conservation dPOV) = 0
Gauss VoV) = Q(V)

Conservation of charge / Kirchhoff law

Vn(0(0V)) = 0 =I(8V) + SQ(V)

In words: The current exiting a volume is equal to the negative rate of the
charge in that volume
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Electromagnetic Fields

Global quantity | Sl unit Relation Sl unit Field

MMF 1A Vm(#) = [,H-dr || 1Am™! Magnetic field

Electric voltage | 1V U.) = [ E-dr 1Vm™! Electric field

Magnetic flux 1Vs &) = [,B-da 1Vsm™2 | Magnetic flux density
Electric flux 1As Y(«) = [, ,D-da || 1A sm~2 | Electric flux density
Electric current | 1A () = [, J-da 1Am2 Electric current density
Electriccharge | 1As Q) = [yp-dV || 1Asm™ | Electric charge density

Interrupt: The vectorial line and surface elements, and the volume element
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Maxwell’ s Equations in Integral Form

d

H.dr = -da-Jr—f D -da, -
» o T a oo e

E-dr = _ 4 B -da, /
0./ dt /o q

B-da=0, Vm(aﬁ):ﬂﬁ)ﬂLaT(ﬁ)r
oY

d

D -da = / odV. U(0) = _Eq)(ﬁ)’

i v
d(07) =0,

8 Equations T(a’y) B Q(V) .

16 Unknowns

Exercise: Ampere’s law in integral form
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Maxwell’s House

Volume
. P El
Point ot
J
0
. — 37 - Surface
D~ 5
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9 L Line
of
Surface 0
Point
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Volume
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Constitutive Equations

B = uH, D = ¢E, J = E,

U] =1VsA ' m ' =1Hm™},
] =1AsV Im},
#] =1AV Imt=10"m™

Linear (field independent, homogeneous (position independent),
lossless, isotropic (direction independent, stationary

H = HrHo, € = &€y,

o =47 x 1077 Hm™}, g = 8.8542... x 1072 Fm™1,
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Hysteresis
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B = jioH + Pm(H) = po(H+M(H)),
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M(H) and B(H) for Permanent Magnets

3 1.4
(12 T
sy |2 | "
T'B 1o B
}{HM(H} : M Neodymium [ron Boron L]
Ho 0.8
M B 0
HX || HC iy
, Samarium Cobalt AlNICo
| 0.4
2
Fermnte 02
-3 2 -1 0 1T 2 3 H  kA/m -1000 800 600 400  -200. 0"
jioH — ol Y104 12 10 08 06 04 02 0
Br ,HUHE'{ H']:S (BH}max (BH)}gax Tc
T T T K m™3 K m™3 °C
AlNiCo 1.3 0.06 0.06 50 336 857
Ferrite 0.4 0.4 0.37 30 32 447
SmCos 0.9 2.5 0.87 160 161 727
Sm,Cory 1.1 1.3 0.97 220 241 827
NdFeB 1.3 1.5 1.25 320 336 313
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C

B(H) Measurement

H = NI1/27tr within the specimen, which is

E?W

7 NI )
"= 27(ry —11) " (E)
d d
U = E(I) e aB{I,
[ Udt = Ba

B = E1:r|urs:::15 + Bcnrr-

Always check conditions of measurements

Temperature T | Stress | Coercive field H,? Remanence B, | max i,
K MPa Am™! T
300 0 68.4 1.07 5900
77 0 79.6 1.12 5600
4.2 0 85.1 1.06 4800
4.2 20 110 0.67 2460
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Nonlinear Iron Magnetization
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Continuity Conditions (1)

Applying Ampere’s law [, H-
dr= | o ] - da to the rectangular loop, yields for § — 0

H, - d fH-d:/H—H -d:—/ « ) -dr,
fﬂzr+ﬁ11‘y(1 p) - dr y(ﬂ“)f

where the surface normal vector n points from (), to ()

Hﬂ:th — I‘lX(Hl—Hg):U
CE/RW Stephan Russenschuck, CERN TE-MSC-MM, 1211 Geneva 23
\ JUAS-2013
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Continuity Conditions (2)

B-da=0 o — 0
oV

/ O‘magda — / B1 . da1 —|— BQ . daQ
a a

— /(Bl —B5) -nida
a

Holds for any surface a if

0 omag = (B1—B>3)'n
l12 = [B-n];;
Bn1i=Bn2 = (B1—B2) n=0 = [B-n];,=0
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Continuity Conditions (3)

No surface currents:

By Hy
tanay B, HMiB,

nl __

tanﬂﬂz - h - ﬂzh B

Bn2 Bn2

H2 > 11

N1 ~ O! of X2
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Continuity at Iron Boundaries
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Stacking Factor for Yoke Laminations

HY = H{® = H;

_ 1 _ _
’ t = ——— (lFeprHt + lopoHt
< ] lFe + o ( : )
-
y. W N B = Bf¢ =B,
W b
N | _ 1 B, B,
. Hy=-—F"—|lpe— +lo—
.. lre + o v 1o
| X
S0 lre + lo
71L B
* e = Ap+ (1 — Mpo

=
N
[

A 1—A) !
= (it )
TR
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Main Field in Normal Conducting Dipole

B : - H-drzf -nda,
\\ L?iron X L* j{;ﬁ ﬁ]

h u f H-dr+f H-d::f_ J-nda,
'-?Emn *-gﬂﬂ ﬁl.‘_‘-l:lﬂ

Hiron Siron + Hoso =N I,

L4 1 1
—— Biron Siron + —Boso = N I,
HOHr Ho
, u
7
’ ) . NI
e t S B _ P:[]
k N — .
50
Interrupt: Ampere-turns
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Gradient in Normal Conducting Quadrupole

= N1,
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LEP Dipole and Quadrupole

A (Tm) :
B oo030- 004 =
I oo037- 003 :
I oo034- 0037 .
Bl oo032- 0034 y
I oo030- 0032 s
B ooe- o030 [NIU! ISR 3
[ o.025- 0028 £
0023- 0025 LY | LN 0 &
0.021 - 0.023 -2
0.018- 0.021 i 8
0.016- 0.018 T3
[ oota- o016 T
[ oo12- 0014 .
0.009 - 0.012 S —- - Ik Btot](T)
- O‘W. o‘m - - - - - NT Lo pempemepempeey ..
I o.005- 0.007 - 5
B oo003- 0005 Bl 1oso- 2078
B osse- ooos Bl ies0- 1.060
B o1:- ossd Bl r7so- 1.8s0
Bl 164- 175
Bl 1531- 164
B 1422- 1531
Bl 1313 1422
1.203- 1.313
1.094- 1.203
. 0.984- 1.004
Interrupt: Exercise c-core S o o
. . 0.766 - 0.875
- [ o0es6- 0766
dipole; comparison to o
I 1 0.438 - 0.547
ROXIE simulations - gl
B o219- o032
Il o110- o219
Bl o0ss4- o110
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Dipole with Varying Cut-Section

ZHSZ—NI
1=0
' B, @
( /\ Mg a; g
® P _NI:Vm
( /Q Zazﬂz
] 1
Ohm’'s law: I} 7 a,{:U

1

NI=®
Z; Qg g

Conclusion: Magnet with large air-gap is stabilized against variations in permeability
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Permanent Magnet Excitation

HOSO—I—HmSmZO

’ Bmam = Boag = poHoao
HOSO — —Hmsm,
1 a
a, m
S —Bm—SO — —HmSm,
1200) ag
! a Sm aQ
; Bm = —po——Hm,
SO a4m
B Sm a
m _ _°M%0 _p
poHm S0 am
Bm Sm ag M(1—-N)
8§ = —— = polP’ = —po——— = 1o
Hm S0 am Hn—NM
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B, oM

1.4

| | | | B
| | | |
I S I I E I
| | | | g -2 T
| | | | T
e 1.0
Necodymium Iron Boron L/
| | |
0.8

TSy

- = 4 — — + — 0.6

|
- | 0.4
l Bmam = Bopag = poHoag
e \ 0.2
| |
| | Hposp = —Hmsm
H kAm J000  S00 o0 a0 200 0" 0°0
—poH “T 14 12 1o o8 o6 04 02 0 —Hpso
Bmamsm = poHpoag————
m
2
max * ’ 0O — =
4po to(aoso) Ho Vo

CE/RW
\
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Permanent Magnet Circuits
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Surface charges and Surface Currents

« = —n x [M]p

[ oM 0m = —pon - [M]12
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Optimal Position of Permanent Magnets

P, (k4)
15.
13.42
11.84
10.26
8.604
7.105
5526
3.947
2.368
0.789
-0.78
-2.36
-3.84
-5.52
-7.10
-6.68
<10.2
118
-13.4
«15,

Bl (T)

o
=

1.326
1.252
1.178
1.105
1.031 °
0.957 °
0.884 .
0.810
0.736
0.663
0.589 '
0.515 -
0.442 . " ; ' own - : 4
0368 ' . : \ .
0.294 =i\ _\

0.221 : L & i
0147 : . - A Y w - - - - - - - A

0.073
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Maxwell’s House Again

Volume
. 0
Point | o 3
_ % Surface
E e I
. _ 9
Line € of
B U H _
9 Line
ot
Surface 0
Point
0
Volume
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Coordinate Free Definition of Grad, Curl, and Div

S P P
[ a-dr= /ﬁl gradg-dr= [ "dp= () ~ 9(P)

-d
n- curlg = lin% faﬁ{ﬂ r,
1—
Jay 8- da

div g = %rill'b v ,
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Grad, Curl and Div in Cartesian Coordinates
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Curl in Cartesian Coordinates

-d
3 n- curlg = lim Jous & r;
/ a—0 a
€y Az

© ' i Jow 8- dr

W
L J

8yAy + (gz + %‘Ay) Az — (gy + %&Z) Ay — g2z

(98 98y dgx 98z dgy  0gx
C“ﬂg_(ayaz ex dz  ox eyt dx  dy €z
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Differential Operators in Coordinates

‘ ‘ Cartesian ‘ Cylindrical
‘ ul u? ud ‘ X, Y,z ‘ r,Q,z
ds? dx? + dy? + dz? dr? + r2d¢? + dz?
dV dxdydz rdrdedz
grad ¢ e+ ¢EF+ Lo | 2 Er+}§$ e+ 3te;
div g G 12(rg)+ 152 + %
curlg | (% —F)e, 1% _ %e)e,
HE =)o | HE ey
(e | +(12(rgp) = 15
V2 R R 120+ 358+ 52
(iw Stephan Russenschuck, CERN TE-MSC-MM, 1211 Geneva 23
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Kelvin-Stokes Theorem

Smooth vector fields, smooth surfaces with simply connected,
closed, piecewise-smooth and consistently oriented boundaries, and
volumes with piecewise-smooth, closed and consistently oriented
surfaces.

.dr = d -d:/ d dr,
./a.@?’g ! ﬁ‘ig e J??zg ' 5"11g o yzzg '

1 I
1
.dr = li .dr = li Aa;—— d
[, 8 dr=fim Y [ gedr=tim 3 dug [ gedr

I

I
= lim ) (curlg); -nAa; = fﬁ( curlg-da.

[—oo!

i=1
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Gauss’ Theorem

Smooth vector fields, smooth surfaces with simply connected,
closed, piecewise-smooth and consistently oriented boundaries, and
volumes with piecewise-smooth, closed and consistently oriented
surfaces.

-d:f d -d:f d d
./a’:&fg a ﬂ‘ig a-—+ %g a ﬂhg a-+ Mng a

I I
1
‘da=li / “da= lim Y AV, / -d
/an;fg 1 ILH;I; a«;gg 2 ILHJOI.; "AV; a:&gg y
I
— Tim (divg)g&Vf:f divgdV.
[=o0 i3 v
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Maxwell’ s Equations in Differential Form

d
H-dr:f ]-da+—f D - da,
f curlg - da—f g -dr, / 0/ dt Jos

T Edr—— /Bda

fdwng f g-da, i f B.da—0
oV
_D-d :f dv.
a ?Vp
%)
fﬁcurlH-da—/ (J+8t )-da, 3

curlH =]+ —D,

f curlE-da:—/ %B da, aat
o 7 curlE:—a—B,
/dideV:U, f
¥ : div B = 0,
fydedV:fypdV. divD=p
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Lemmata of Poincare

div curlg = 0. curl grad¢ =0,
Jd(dY) =@, d(0e) =
| grad ¢ - da = d¢-dr = =0,
/ﬂf curl grad ¢ - da .y grad ¢ - dr ¢’|a(aﬁf’)

di ldV:/ l-d:/ dr=0
[y/ iv curlg |, curlg-da a(amg r

In 3D: also connected boundaries
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Maxwell’s House

Faraday

Point

Line

Surface

Volume

CE/RW
\

NS

-grad

curl

div

b 0
9 div
A J
K
E = D curl
B U1 H
-grad
0 ¢
=
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Good field region

™
o
©
>
()
c
[
o
—
—
o
—
=
5
O
)
=
L
T
pd
o
LLl
©)
X
@)
>
=
&)
%)
c
Q
)
%)
S
o
c
@®©
=
oL
-
n

o™
—
o
By
)
<
o)
=
b S T S T S o= Sl
WENCNNEN S fFr e vz
A T T 1t sz
NRERA N t 7777
NNN NN t 1777
NNNANDY P Q0
NNNANAYN S0 R A
SANNANNLY [/ 7 7s
SONNNN NS VRt
SOANONNNYON VR
SONNNNNONY ettt
NN A PP
e e e e e
AT N
———— - — LA o o e
———————— e
oaewms < <
ol -~ " m
A A s d
ittt e e — e e e e e T —_—
et al ol et o e AR AR ., )
Sl LS RSN N N _lﬂ
S ettt r NN
hd S S S EE A NN NN
S s S ; PN NN
C 7 0 2 ) NNNNN
2777 NN
= 277/ NN NANN
Q P40 37 B AT R N NN
i VAN
7277 AN MR NN
w ¥ ol L S LR RN
S8 L O 4 VX NN
2
L.




Maxwell’s Facade

div ,ugra,d Om =0

curl l(:url A=1J

podivgrad ¢, = 0

7
1
—curlcurlA =J
H0
. A J
V2A — graddivA =0
5 curl v curl
VA, =
B‘ L
div m _erad
{) ¢ m
%E/R;\lwl Stephan Russenschuck, CJEUF'RAI\é;'(I)Ell;/ISCMM 1211 Geneva 23
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Solving of Boundary Value Problems

1. Governing equation in the air domain

VZAE — 0,

2. Chose a suitable coordinate system

d?A 0A, J*A
2 z z z
or2 T7 or T dg? -

e

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

o0

Az(r, @) = Y (Ent™ + Fur™™)(Gnsinng + Hy cos ng).
n=1
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Solving of Boundary Value Problems

4. Incorporate a bit of knowledge and rename

0o

Az(r, @) = 2 r"( Ay sinng + By, cosng).
n=1

2. Calculate a field component

1 aAz s H—l .
B,(r,¢) = = Y n"(Apcosng — Bysinng),
rde =
dA; >
. . n—1 .
By(r, @) = — ol Z nr- (A sinng + B, cosng),
n=1
S ——— e, e
\\_R\-:;:"::':?’f;f,//,/ 2 N
| \‘g‘ﬁ e NS
[ i ‘;Es;z':zz‘:uri | I;ii :
- .Hﬁ;?}i::_:lli%:ﬁ‘{u s
=\ b
g = =
CE/RW Stephan Russenschuck, CERN TE-MSC-MM, 1211 Geneva 23
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Solving of Boundary Value Problems

T 50 — E nr" (A, cosng — By, sinng),

n=1

B, (r,¢) =

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

o0

By(ro, @) = E(Bn(rg) sinng + Ay (rg) cosne),
n=1

CE/R&WI Stephan Russenschuck, CERN TE-MSC-MM, 1211 Geneva 23
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Solving the Boundary Value Problem

4. Compare the known and unknown coefficients

By (r,¢) = %Baz’-'(i; =) nr" 1 ( Ay cos ng — By, sinng),
n=1
By (ro, @) = Z (Bn(rg)sinng + A, (rg) cosneg),
n=1
1 —1
An = ﬁﬂn(rﬂ)f B, = ﬁBn(TO)-
nry nry

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

o0 ¥ ¥ n '
Az(r, @) = — Z ;ﬂ (a) (By(rg) cosng — Ay (rg) sinng).
n=1

CE/R&WI Stephan Russenschuck, CERN TE-MSC-MM, 1211 Geneva 23
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Solving the Boundary Value Problem

6: Calculate fields and potential in the entire air domain

Az(r, @) = — i o (i)n (By(rg)cosng — Ay(rg) sinng).

00 y n—1
By (r,¢) = Z (—) (Bu(rg)sinng + Ay, (rg) cosng)

I
e

S |~

(Bu(ro)sin(n —1)¢ + Ay(ro) cos(n — 1))

By(r, @) = i (i) " (By(rg) cosng — Ay(rg) sinneg)
Bx(r, 9) (

S—
=
.

-
|
j—

¥

(m) (Bu(ro) cos(n — 1) — An(ro) sin(n —1)g)

CE/R&WI Stephan Russenschuck, CERN TE-MSC-MM, 1211 Geneva 23
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Fourier Series (an Infinite Dimensional Vector Space)

By(rg, @) = Z (By(rg) sinng + Ay, (rg) cosng),
n=1
1 27T
Ay(rg) = E[ B, (ro, @) cosnede, n=1273,...,
0
1 27T
Bn(rg):E/D B, (rp, @) sinng de, n=1273,....

And on the computer: Discrete setting (don’t bother with the FFT)

9*)1::2;\?{, k=0,12,...,N—1.
An(rﬂ ~ = (3“0, qu COS N @,
Nk:
) N—

By(rg) = — Z (70, k) SIN Ny

Z

Interrupt: Expansions; orthogonality, completeness, convergence
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The Road Map to Convergence of Fourier Series

=» The trigonometric functions are orthogonal
=» The Fourier polynomial Pn of grade n is the best approximation of fin V

=» The projections onto the trigonometric functions (scalar product) induces a norm
(the RMS error)

=» Riemann Lebesque Lemma: Within this norm, the coefficients converge to zero.
= 3 Convergence theorems

— For a C! function Pn converges uniformly to f(x)

— For “clean jumps” Pn converges pointwise to 0.5 (f,(x) + f(x))

— The Pn converges for every square integrable function in the RMS sense

CE/RW Stephan Russenschuck, CERN TE-MSC-MM, 1211 Geneva 23
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Trigonometric Functions as Orthogonal Function Set (from Wikipec

. — —~ +1 m
| \/\/\/ | o f cos(ma) cos(nx)dxr = moun,
H‘ah__,x’f \”\‘__,f'f Pl

: . - f” sin(maz) sin(nz) dz = T8,

(where ¢y is the Kronecker delta), and

fﬂt sin(2z)sin(lr) de =0 .
. f cos(mz) sin(nx)dr =0;
—r

cosasin ff = % (sin(a + B) — sin(a — 3))

L L L _
f cos 0 sin 0 gy = lf sin (m + n)mrdm — l/ sin (m ﬂ)ﬂ.md:c
L L L 2 ) L 2 )L L
L L
1 (—cos{m"}ﬂ) 1 (—CDS {mfjm) 0
2 (mtn)m 2 (m—n)m -
L L L L
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The Fourier Polynomial Pn is the best Approximation in Vn

Ul Th ul
1 5 1 5 E
- - 1 —
0 4 / 0 - /
-1 \/ -1 \/
T T T I T = T T T I T I= D | =
0 5 t 0 5 t 0 5 f
ul u. vl
1 4 1—:/\/\ / -
] ] 15
0 0 5
-1 -1 \/\_/ |
T L] T L] I 1 I:'- L] L] L] L] I 1 I: 0 T L] I >
0 5 t 0 5 t 0 5 f
vl Th ul
1 1 —:[\/\/‘\ /‘ .
- 1_
0 0 4 |
1 -1 \/\f\/
T T T T | T I= T T T T | T I= U | 1
0 5 t 0 5 t 0 5 f
ul U] ul
14 1—:/\,\,\/\ {\ :
£ '
ﬂ __ﬂq@{; ﬂ : \,WJ ‘
-1 -1
L] L] L] L] I T :: L] L] L] L] I T I:: U T ! T II I
0 5 t 0 5 t 0 5 f
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Projection of the square wave
onto the “shape” of the
trigonometric functions

f;-z is the shortest distance to
the projective plane




The Riemann Lebesque Lemma

The Fourier coefficients
tend to zero as n goes to

e 10l -
infinity
107 .
s | A 4 K A
10 A A b
1077 LA )
107 .,
10—11 - A,
10—13 I
107" [ 4 . * R faa
* *
17 ;***:***4***1*1*1* **I*i***:*t S K
10 x R o
10—19 III|IIII|IIII|IIII|IIII|IIII|IIII|IIII
5 10 15 20 25 30 35 40
n —p
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Series Measurements of the LHC Magnets
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Rotating Coil Measurements

Tangential coil Radial coil

Radial flux Tangential flux
CE/R&V Stephan Russenschuck, CERN TE-MSC-MM, 1211 Geneva 23
\ JUAS-2013




Rotating Coil Measurements

¢ = wt+ 0O, N/B da—N/ curlA-da=N [ A-dr

= NU[Az(91) — Az(97)],
2 Dim version of Stoke’s Theorem
— 10 (12 " .
d(¢p) = NY [Z (—) (Bn(rg) cosng, — Ay (rg) sinng;)

B i ro (rl)ﬂ(Bn(rD)cosnfpl An(rn)SiH”‘P’l)] :
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Rotating Coil Measurements

[i & (r—z)ﬂ n(r0) cosnga — An(ro) sinngy)

_ i o (rl)ﬂ(Bn(rD)cosngm An(fo)Siﬂ”fPI)] ’
n=1

e

[K"ad (Bn(rg) cosng — Ay (rg) sinneg)

ﬂ:

K;‘,,a“ (Bu(ro) sinng + Ap(rg)cosne)| ,

N

Kgpd = ;[ra’* cos 1@z — g) =1} cos n(g1 —g)|,
N
== |1

ry sin n(@y — @) —r{ sin n(¢@1 — q?)] ,

CE/R&WI Stephan Russenschuck, CERN TE-MSC-MM, 1211 Geneva 23
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Rotating Coil Measurements

p+0/2
C[):Né’/ Br(rc, @) rcde
p—06/2
i 4
=) K@ [B (ro) sin(nwt +n®) + A, (ro) cos(nwt + H@)] ,
n=1 r[}
do
u=-="
dt

— Z Ktan et [ By (rg) cos(nwt +n®) + Ay (ro) sin(nwt + n@)]

CE/R&WI Stephan Russenschuck, CERN TE-MSC-MM, 1211 Geneva 23
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Rotating Coil Measurements

#
/

0.6

/
&

0.5

0.4

0.3

0.2

0.1

#
R
™,
e,

I|III|III|III|III|III|III|II.l.l\-.T----I""+—1JJ_J..-‘I"'

2 4 6 8 10 12 14 16 18 20
MULTIPOLE ORDER

-0.1
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Multipoles and Scaling Laws

) y n—1
B:(r, @) = Z (—) (Bu(rg)sinng + Ayp(rg) cosne)

00 n—N
B,(r,¢) = Bn ) () (by(ro) sinng + a, (rg) cosneg).
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Integrated Harmonics

20 [
10 [
0 [ Local transverse
: harmonics calculated at
el different reference radii
20 £ and scaled with the 2D
- laws
0F
20 |
40
" " n—N
60 - bn(ry) - = (—) bn (7o),
N o
80 e
_I 11 | 1 11 | 1 11 | 111 | 111 | 111 | 111 "I. 'I'I 11 | 1 11 | 1 11
0 40 80 120 160 mm 200
z. —_—
wrong
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Integrated Harmonics

Ppm(x,9,2) | Pom(x,y,2) | Ppmny.2) _

2 _
Vi (% y,2) = ox2 Iy? 9z2

Z0

{;_bm(xf y) ::f ¢m(I;y;E)dZ.

s 25 Z0 2 2
(X y) | TP (X Y) :f (a fm , ‘P“‘) dz

dx?2 Iy? —zy \ ox? dy?
z 2 Zy
_ [ (_a 4;;){1::_3(;&“
—2g oz 0z |_,

= Hz(—zo) — Hz(20) = 0.

The 2D scaling laws hold for the integrated harmonics
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Separation (in Cylindrical Coordinates)

2 _ dA;  dp(r)
V24 =0, A =p(r)g(p) = %==L o)
'] %A,  d?p(r)
a2 = a9
?A 0A, %A 2 2
2 z z z _ d°A; d*¢(¢)
o T T =Y a2 ~ dgz P

3 _’

- T + _—

p(r) ' d2 " dr (p) dg?
I
eriﬁ(zr) +rd,c;£r) _np(r) = 0, on(r) = Ay 1+ By r
d’:'jcpqu) +2p(p) =0, = ¢n(@) = Cy sinng + D, cosne.
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Cartesian Components

VZ¢pm = 0. Ppm = X(x)Y(y) .
aZ(Pm angm aZ(P 1 dZX(x) N 1 sz(y) _0
a2 dy? Tt 20 = X(x) dxz  Y(y) dy? |
P —p?
p:HZ_?T:: nko, Xp(x) = Cpcos px + Dysin px,
A Yp(y) = Eycosh py + Fpsinh py,

(— Ay sin (nkgx) + By, cos (nkgx)) sinh (nkoy) ,

v

-
—_
‘H
=
T

|
-

=
gk

—
2 1

By(x,y) = po )_ (Ancos (nkox) + By sin (nkox)) cosh (1koy) .
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Ideal Pole Shape of Conventional Magnets

Cauchy Schwarz inequality | (a,b) [<|[a]b],

Thus for the directional derivative ovp| < \gradq')\ v |

This implies that the directional derivative is maximal when v points in the
direction of the gradient. But the gradient points in the direction of the
steepest ascent of @ and is thus normal to the surface of equipotential.

Remember also, that B exits a highly permeable surface in normal
direction. Therefore the pole shape can be seen as an equipotential of the
magnetic scalar potential.
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Ideal Pole Shape of Conventional Magnets

oo rﬂ '
¢m(r,¢) = — Y, —(Ancosng — B, sinng).
n=1 Ho
o3 r[} ¥ i)
Om(r, @) = — Z ﬂ (a) (An(rg) cosne + By(rp) sinng).
n=1
Pm(x,y) = ——(B1y + A1x)
y
y = const.
h X
T woa
(iE/R;\lwl Stephan Russenschuck, %%FQA%;;';,ASCMM 1211 Geneva 23




Ideal Pole Shape of Conventional Magnets

1
2ugTp

Om(r,9) = 5— (Ba(ro) 22y + Aa(ro) (<" — 7)) -
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Combined Function Magnet (Feed Down)

The magnet has a field gradient of 5 Tm!anda dipole field
of 1.5 T at nominal excitation of 6000 A.

eSS ER R RN R R R RNV 7 e A NNNNS NNy

--.s:-.:*..‘--..xﬁ-f“/{- = - : — -*::-z :

E—— i [\

. i I~

e S NN Ay

=) NE

XN SIS

! o A N Ly : 'Y

X' =x—Xxg: | N

E;zgij’ - L W
1 ,:r"/ A E t

/ / A T

By(x') = . (B2(r0)x" + Ba(r0)x4) - RN i I

0 - ¥

- /s

»

~—— gl 7

===/ \ ////! ! Yo

ey 3 e A ,,flf jﬁ' { o

=N 2=

Dokl acaist /il n wd
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Complex Potentials

Theorem 9.2 Real and imaginary parts of a holomorphic function are harmonic func-
tions.

Proof. If f(z) = f(x,y) = u(x,y) + iv(x,y) is holomorphic, the Cauchy-
Riemann equations yield

J [odu d [du v 0 00
2 0 [O0u o (ouy _ g0 g (_9v) _
V= o (a::)*a;, (ay) (ay)+ay( ox ) v 5-59)
0
+

9
dx
d [9v AU d il d [ ou
2. 0 (00 9 (9v\ _ 9 ([ _du 9 (ou) _
VU= o (ax) y(ay) ax( By)+ay (ax) >

u _ v ou _ _ov D(zg) = &f _9f1
dx oy’ dy  ox’ f(z0) = ox oy i
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Complex Potentials

H= —grad¢ = —a—¢ex — a—¢ey,

ox dy
0A 0A
B = curl (e;A;) = a;ex — a; ey.
This implies
dA; P 0A; dp

Y BEAPY: and dx :PD@’

Wich are the Cauchy Riemann equations of

w(z) :=u(x,y) +iv(x,y) = Az(x,y) +ipod(x,y).

dw 0A; . d¢p  JA: ¢
—— = =i = B
dz

—1lUp=— = — U= X + 1By (x —: B(z).
ax P ax ay "H ay y( ;];a’) I( fy) ( )
CE/R_W Stephan Russenschuck, CERN TE-MSC-MM, 1211 Geneva 23 -
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Complex Representation of the Field in Accelerator Magnets

BI:BrCDS(‘()—Bq;SiHQJ, By:Brsirlgr)Jqu;msq),

B, +iBy = (By +iBy)e '?.

00 n—1
By +iBx = ), (Bu(ro) +i Au(ro)) (r) !

|
gk
3
-
—
.
—
e
+
T
.
=
—
T
VN
|m
~
-
N

n=1
00 ~ n—1
= BN ) (bu(ro) +iay(ro)) (—) ,
— ro
n—=1
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Feed-down (Holomorphic Continuation)

>
i
—
=
|
e

/- By = By !
x+iy=(x"4+x3)+i(y" +ya) ny — n! < <
(%) T for0<p<mn
X4 3 X!
Ya
"X / Z4 24\
CG=CG+2CG | — ) +3C |—) +---,
o o
cw Stephan Russenschuck, CERN TE-MSC-MM, 1211 Geneva 23
\ JUAS-2013

Nl A



Feed-down: Proof

n=1 "o n=1"0
= G o (n=1) k1 ek
— Z Z
VIR e PP e
==t \k—1
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Where we are

=» We have studied the mathematical foundations of magnetic fields
— Vectorfields
— One dimensional techniques for normal conducting magnets
— The Laplace equation
— Field harmonics in accelerator magnets

=>» So far we assumed that the fields on the domain boundary where known
(from measurements or calculations)

=» Now we need to address how to calculate these fields
— The field of line currents and the Biot Savart law
— Development of these field solutions into the Eigenfunctions

CE/RW Stephan Russenschuck, CERN TE-MSC-MM, 1211 Geneva 23
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Rutherford (Roebel) Kabel, Strand, Nb-Ti Filament

Cable

CE/RW Stephan Russenschuck, CERN TE-MSC-MM, 1211 Geneva 23
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Cabling Machine for Rutherford Cables
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Turk’ s Head
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The Field of Line Currents

r i ¢(|r—r)) grad ¢(Jx —¥[) = — grad y p(|r — ¥,
' — ¢(|r—1'|) diva(|r —r'[) = —divya([r—1']),
curla(|r —1'|) = —curly a(|r —71'|),

VZ(lr—r'|) = Vi g(Jr—1'|).

Why bother?
Reciprocity; except for
sign it does not matter if
we exchange the source
and field points

Interrupt: Diracs & function

CE/R&WI Stephan Russenschuck, CERN TE-MSC-MM, 1211 Geneva 23
\ JUAS-2013

Loz



Greens Functions of Free Space

Lop(r') = —f(¥)
LoG(r,¥) = —d(r—1),
|, oG ) fr)av = - [ se—)fmadv = —f(r).
Log(¥) = [ LoGrr)f(dAV =Ly [ Glrr)f(r)aV,
= [ G )f(mav.

B 1
G(rr)—iln(lr rl), Gs(r,v') = 7

271 . 47t|r

CE/R&WI Stephan Russenschuck, CERN TE-MSC-MM, 1211 Geneva 23
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Green’s Functions of Free Space

But what if boundaries are present?

p(r) = | Glr¥)f(Y)aV’
+/ )owG(r1") + Glx,¥') 2y () )da

CE/R&WI Stephan Russenschuck, CERN TE-MSC-MM, 1211 Geneva 23
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Biot-Savart’s Law

1
47t|r — 1’|

VZA = —po], Gs(r, 1) =

A (I') HD/ II(IJ) dVI;

47t Jy |r — 7|

_ ko [ IO o

This works only in Cartesian Coordinates

B(r) = curlA(r) = f—ﬂ [‘H curl (Ir](—rrt)’fl) dv’

40 = 45 | e ka(r)(ez (1) - ex(r')) 4V’ AV

_m Jkl)/\kl—wdvr
it Jy  |r—1'J3

CE/R&WI Stephan Russenschuck, CERN TE-MSC-MM, 1211 Geneva 23
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Biot Savart’ s Law

But wait a minute: Are we finished? Are we sure that the
divergencearatthepvedioy potemtalszzabo asghwgiageéquired for the
Laplace equation?

div A(r)

= —&f J(r) da’.

ATt Joy =1

Current loops must always be closed and must not leave the problem domain

CE/R_W Stephan Russenschuck, CERN TE-MSC-MM, 1211 Geneva 23
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Biot-Savart’s Law for Line Currents

Ho J(r')

B(r) = #—ﬂ[f dr’ (r_rf),

lr—r3

CE/R&WI Stephan Russenschuck, CERN TE-MSC-MM, 1211 Geneva 23
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Biot-Savart’ s Law and the Linking Number

K K
NI=1Y) link(deZ,%;)=1) int(e,%),
k=1 k=1

int(of,€;) = Z.Ef'l’"l%} 11

_ 1 dr’ x (r—1r)
link (0.7, %) = H/.;M[;ﬁ o e

CE/RW Stephan Russenschuck, CERN TE-MSC-MM, 1211 Geneva 23
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Vector Potential of a Line Current

Au(x,y,2) = pol /f’ dz. ygI/ dzc
’ 4t Ja |r—| VA2 + 2+ (z —z0)?

b

—upgl
42‘? In ((z —Ze) A/ X2+ Y2+ (z —zc)z)

ygfmz—ﬂ+\/x2+y2+(z—a)2
4T z—b+ T+ 2+ (z— D)7

a

Caution: Infinitely long line currents
have infinite energy

CE/R&WI Stephan Russenschuck, CERN TE-MSC-MM, 1211 Geneva 23
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Field of a Line Current Segment

I I ®2 I
B(Z) = o _/_g Cgsadr’ Fo cosrxdac — Ho (sinap —sinaq)n

47 "% 9 47IR 47TR
pol cosay 4+ coswy sinwy — sinwq

— n
47t R COS iy + COS i1

:ygI ( 1 N 1) sin(ap — aq) o
47

11| [r2[ /) 1+ cos(az — )
_ Mol ( 1 1 ) sin(ay —aq) 11 X 1)
— 0T :

r1|  |r2 1+ ‘rll‘ |r22| |rq| [r2] sin(ag — aq)
_pol nf[ 4| X

AT ||| 411 || ||’

CE/R_W Stephan Russenschuck, CERN TE-MSC-MM, 1211 Geneva 23
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Field of a Line Current

2
—at VAR =) —a+ |aly/1+ 25

Iim In = lim In
bz bt AR D ey [y e
| —a—a(HHf ) 2
= lim In = Iim In >
a,b—=o0 b—l—b( + ) a,b—+oco _b_|_b_{_u.'L
= lim In —4ab

ab—too X% 4y
_ 2, .2
Ax(xy) = Tim Pl (20 ) il Ay
ab—stoco 47T x5+ 477 X5 + Y
ol x? + 12 ol r
A 1 = 1
(xfy) 4?T n(x%+y%) ez Z?T H( ref) ez,

Problem solved, but reference radius has physical significance:
Return path for sum-currents

CE/R_W Stephan Russenschuck, CERN TE-MSC-MM, 1211 Geneva 23
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Field of a Line Current

I /2 2sin?yYP —1
gtrz) = el [P 2,
T/ (r+1:)2+22 Jo

\/1—1;251'112?

Appearance of elliptic integrals:
To be solved numerically.

On axis:
ygIr r
Aglr 2) = 4 2, 23
(ré +2°)
I 2
B.(z) = K- ¢

3
(12+72)°

In the center:

B,(z = 0) = ggf

CE/R&WI Stephan Russenschuck, CERN TE-MSC-MM, 1211 Geneva 23
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Magnetic Dipole Moment

Far field approximation

2 . .
uolrcmsm®  pgm sint
(R, 0) 4ar  R?2 471 R2

R=+vr2+z2andsin® = r/R,
[H’I] — 1 Am2 Definition m 1= Irg}'[

m — Ja,

mzéérxdr,

M( dm 1 I
r): = — = —r x J(r),
dv 2
CE/R&WI Stephan Russenschuck, CERN TE-MSC-MM, 1211 Geneva 23
\ JUAS-2013
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Solid Angle and Magnetic Scalar Potential

Solid angle (easy to compute) gives the magnetic scalar potential of a current
loop

- @) B - (2 X 13)

r1raf3 + (1'1 '1'2)1"3 + (1‘1 '1'3)1”2 - (I'z : 1‘3)‘1“1 '

CE/R_W Stephan Russenschuck, CERN TE-MSC-MM, 1211 Geneva 23
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Notes on the Imaging Method

=» Domain 1: Domain with current sources
=» Domain 2: Highly permeable material
— All imaging currents must be in domain 2

— The sources and the images must create a field that satisfies the continuity
conditions at the interface between domains 1 and 2

— The image of the image must be the original source

— The field generated in domain 1 is identical to the source field plus the field
from the (iron) magnetization.

— The field generated in domain 2 has no physical significance

CE/RW Stephan Russenschuck, CERN TE-MSC-MM, 1211 Geneva 23
\\_/ JUAS-2013



The Imaging Current Method

A Ar)G(x, TY') = A(r)G(Tr, 1)

T:E3—E3:Y—Tr=1Y—-2n(n-v),

CE/R_W Stephan Russenschuck, CERN TE-MSC-MM, 1211 Geneva 23
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The Imaging Current Method
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The Field of a Line Current (2D)

ol (=01)
27T I'ref

I y I &1 /r\"
Az(r, @) = —%m (_‘:) + zlﬂ Z — (—) cosn(@ — @c)

Fref Fe

I 7 n—1 I n—1 .
By (rg) = Ho ( D) cosng., Anl(rg) = 1o (r[}) SIN 711
C

r 27Tre \ T
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Ideal Current Distributions

re 27 j
By (7o) :/ra /0 —#0—2: L:(B) — 4 (BC2 _ B) COS NP red e dre

{ {
B = %jhtcrt ]c (TE — Ta) — }_Dfitﬂtd (BcZ T B) (rE o rﬂ) ’

2

-
-
-

I rre=="
I rm="

- -

_ﬁ“-bﬂ—‘l’ Y 4

————— Lo
RS iR
.\-.\-\-‘—s-s el e
WA Wy =
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Coil-Block Approximations
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Generation of Multipole Field Errors

K n—1 2n
Iy r r
By(ro) = — E ok o 1+ Ay ok COS NP¢ i,

B3 (10E4T) B5 (10E-5T)
= 10.22 = 36.30
- - & s
— R — y ‘ '
g e " “v
— 3714 13.24 » ‘
2.630 8.404
by by g E
sk 212 = i
=i = .
Y — 4 .
=i E N é
- 3 » » o -
— e m > y ! ‘ b
= |21 il -29.0 h \
- - ¥
B7 (10E5T) B9 (10E-6T)
- -
= 1021 = 34
R @ ’ & & - 2 s .
et g ¢ o > »' 4 #
2,067 - [ 5803 - -
o o g = 4 .
-2.00 g y - -C:M 1 F
= -3.36 ) " - 128 S &
= i - L = - -
. e 5 - .. " €
= a7 @ , ‘ 6\ = 310 ’ 7 e\ (
= -10.1 ] -35.6 '
— -115 i3] -40.2
-128 448
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Sensitivity to Manufacturing Errors

K FDII( T,H—] Tl{;’k 2n
B, (ro) = — Z > fn 1+ Ay (—) COS NPk,
ck

1 2
aBn(rD) _ _;”ka H{g\ (1 n (E) ﬂ) SIN NP,
| r
Y

OBy (ro) _ polxmry (1 - (rc)zn) CoS N .

Iy

Increase of the azimuthal coil size by 0.1 mm produces (in units of 107):
by=-14, b;=12 bs=003

Specified tolerances on coils: £ 0,025 mm
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Coil Winding and Curing
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Field of a Ring Current

On axis:
AZ
Agp(r,z) = MH% d
(P r - r
o242 4
I 2
BE(Z) _ HO re

5 -
2 (12+22)
In the center:

I
B.(z=0) = E:C .
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Critical Surface of NbTi
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Critical Current Density, A/mm?2
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Working Point of LHC Dipole Magnets

3500 1085
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Enthalpy Margin (m.Jcm3) Heatl Margin (mddem®)
—fE -
mm 7B R
. 2 —
= 2473 — 1162
2327 11341
- B
18.81 104.0
17.32 101.0
13.83 a7.9a
14.34 84 .85
12.66 -‘..I am
11.37
= i = i
mm 240 mm 527
— — R
B — R
mm 5% mm
2452 70.63
Enthalpy margin Heat reserve (copper, SC and helium)
CE/R&WI Stephan Russenschuck, CERN TE-MSC-MM, 1211 Geneva 23
\ JUAS-2013




CE/R&V Stephan Russenschuck, CERN TE-MSC-MM, 1211 Geneva 23
JUAS-2013




7,
()
=
O
- -
©
()
wfd
)
)
2

J.“..a.wq- i IR
v‘/ b..d(QVvv

<
////,/‘ \W\J » >

A
\\‘ \\\\

////// kY v

,,\ : =

Stephan Russenschuck, CERN TE-MSC-MM, 1211 Geneva 23
JUAS-2013

Cﬂ
\



Coil Block, Pinning Centers in Filaments

Magnetization

Grading of current density
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Superconductor Properties

E/Ec
=» Hard Superconductors (Type 2) N
— Magnetic field can penetrate P IR B Vel B
— Magnetization with hysteresis
) _
=» Critical current density J. PootE

— Current density at spec. electric field (E.=1 g\

uv/cm)

=» Critical surface

— Dependence of J.on Tand B

Temperature ~
Margin
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Bean’s Critical State Model (CSM)

= Baxt

I

A

'I.II“' = \
(02 / i) } il i)

q.d/2
i) (b} (<) () il
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Superconducting Magnetization (Hysteresis Model)

— strand measurement
-0.04 —strand magnetization

—filament magnetization
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The LHC Excitation Cycle
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Eddy Currents in Rutherford Cables
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Field Generated by ISCC
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2-D Transient Field Computation for GSI-001

AB3 (Tesla)
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Rogoswki Profiles
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Finite-Element / Boundary-Element Coupling
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Magnet Extremities
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Corrector Magnets

Octupole

Sextupole-spool pieces

CE/R&WI Stephan Russenschuck, CERN TE-MSC-MM, 1211 Geneva 23
JUAS-2013




The CERN Field Computation Program ROXIE

CERN

Cockpit 1.1 [fhome/russ/Genetic/geneblock_postp.data]
[

- F20.4

100000

-l obiective

function
0.15557E+04

IS
Xhermes - [fhome/russ/analytfortyC_core_saturation]

10000 —|
] Show Labels |
fi144)=1301.0
1000 — Auto-fit |
T T T T T T T T ] T
50 100 150
}\l = W Full Graph | Hodes |
ES 200 T 0o ¥ 556 PHIU T - .
Wersion 1.29/04 of HIGE started ' Edges
PLOTTING OF CONVERGENCE: i
F3LIN) _j CNC Mag Finite Elements |
FIRST OBJECTIVE RED, SECOND BELUE,
THIRD MAGENTA, ALL OTHERS ELACK gz -l Ansys (L
I Virtual R Triangles Allowed |
) 1 Extend
& END OF THIS ROXIE CALCULATION & _{ Input dat Morphing
| [TAT) _| Strips fro
<1 JKPIT)
Close |
Session Edit View Bookmarks Settings Help
Roxie run completed ok {Time elapsed 00:00:06). Click on Close to continue. 4 0 [l
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Objectives for the ROXIE Development

=» Automatic generation of coil and yoke geometries
— Features: Layers, coil-blocks, conductors, strands, holes, keys

=» Field computation specially suited for magnet design (Ar, BEM-FEM)
— No meshing of the coil
— No artificial boundary conditions
— Higher order quadrilateral meshes, Parametric mesh generator
— Modeling of superconductor magnetization

= Mathematical optimization techniques
— Genetic optimization, Pareto optimization, Search algorithms

=>» CAD/CAM interfaces

— Drawings, End-spacer design and manufacture

CE/RW Stephan Russenschuck, CERN TE-MSC-MM, 1211 Geneva 23
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Integrated Design

=» Feature based geometry modeling

=» Conceptual design using genetic optimization

=» Minimization of iron saturation effects (BEM-FEM)
=» Calculation of superconductor magnetization

=» Eddy-currents in Rutherford cables

=» Quenchsimulation

=» 3D-Coil geometry and yoke optimization

=» Sensitivity analysis

=» Making of drawings, rapid prototyping

=» Inverse field computation

CE/RW Stephan Russenschuck, CERN TE-MSC-MM, 1211 Geneva 23
JUAS-2013
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The Model Problem (1-D)

d?u(x)
dax? - f(:I'), r € {2
_ du _
u(:z:)|$:[] = U u(i')‘gg:1 = U1 or E » — 1
/ .,
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Shape Functions

Unp,

Un—1
HJ(T) — lejl + El:‘jgilf T & Qj
Up—1 = Q1 + Qj2Typ_ Up = Q1 T Qay
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Shape Functions

Up—1 Ty
4 nolned Cramer’ s rule
1 Un In
i1 =
71
|
1 =z,
LInlin—1 Ip—1Un
x i1 =
> Lp — Tp—1
Tp—1 Ly
U U Uy
| Up—1 (jp = n n—1
Tn In-1
uj(x) = ajy + oo hn—1 n

What have we won? We can express the field in the element as a function of the
node potentials using known polynomials in the spatial coordinates
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The Weighted Residual

d?u(z)
R(x) = 17 - f()
2
f w(z)R(z)dQ = f () 1) 4o / w(z) f(z)dQ =0
0 Q da? 0
P L _ du(@) _
oY de =[], — [ dvda w(z) = ¢ T = U

dw(z) du(r) du(r)]* [ B
_/Q . T d€) + [‘EU(T) dr ]D—/ﬂu(m)f(fg)dﬂ_o

What have we won? Removal of the second derivative, a way to incorporate
Neumann boundary conditions
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Galerkin’ s Method

dwy(x) AN (x) ) 10— f | )
/ﬂ dor ) —qy v A= . wy(x) f(x)d€y;, =12

3 T k=12 ' i

/ ngl*“’(T)quQ - /Njk(f)f(T)dQ [=1,2
0 &I

J dz &12

del dN;.'l del deg /'T”
n— Ly, d.: —_— — N ; d
( dr dz ™1 + dr dz ! 2, nflw)de

/ (dN;,-Z dNJl g deQ degun) dr = / ﬂ’ NjZf(*T)d‘T
Ln—1

Unp—1
daxr dr dxr

Linear equation system for the node

killui b =115} potentials
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Numerical Example

4 finite elements €2;, 7 = 1, ..., 4 of equidistant length L

A
0 |
»-
x . dil\"jl dil\'rjl dil\'rjl dil\'rﬂ
B T T T T .
[fl".]] o /; d;"\e'rj-g Cl;"'\«'rjl d:n\f'rjz din\f'rjE dl
Lpn—1 - - - T
FEM dr d=x dr dr
Analytic T 1 = I
Y _ ! (tp—Tpn_1)% (Tp—Tpn_1)? dr = L L
) 1 1 B —1 1
Tn—1 {117?1—117?1—1)2 (3711_37?1—1)2 'L L

i T xIr

Ty N Tn T
Vi Tp—Trn_1

{fi} = — 7l cde = -C o da
; j\,-jz L1 —Tp_1+T

Tn—1 Tn—Tp_1
Tn
. C 2rpr — T2 O [ (zn— Tp1)? B 0.5CL
2L _QTTI_]_.’F + :1*2 2L (:P?l—]. - ;’Pn)z 0.5 /fL'

Ln—1
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Numerical Example

4 finite elements €2, 7 = 1,...,4 of equidistant length L

A
0 |
4
T /1 =1 n 0 -\ AY [ e 1\
(L L 7 Y Y \ [T {U.-JL/_L;\
% % _Tl 0 0 U CL
-1 2 -1 Y
FEM I A us | =—| CL
00 F 2 || w CL
Analytic —o—=1— = et
. Essential boundary
17 0 U2 CL conditions (Dirichlet)
-1 2 -1 _ . T
T 71 ||w]|=-]CL
0 7 1) \w CL us SLL LN /CL ~0.375
Usg = — % L % CYL = —05
Uy L L 2L CL —0.375
CE/R_W Stephan Russenschuck, CERN TE-MSC-MM, 1211 Geneva 23
\ JUAS-2013




Higher order elements

(1) — 4. . .
U = X1+ X 3
71 j241 1341
ui(x) = Y Nig(x)u®
u? = &jl +&pXxy + 11’;'31% i kzzl k(%)
ul® = Kjl + &jpX3 + 11’;'31%
N (x — x2)(x — x3) (x —xp)(x — x3)
jl(x) — p Njg(iﬁ)
(x1 — x2)(x1 — x3) (x2 — x1)(x2 — x3)
X—x1)lx—x
NjB(x) — ( 1)( 2)
(x3 — x1)(x3 — x2)
2N aN, s N,
| 1 1
1 -'x { - | h-x } } } II-)-;
X X, Xq X, X, Xy xMz Xy
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Two Quadratic Elements (I =2 L)
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Weak Form in the FEM Problem

mlrll curl A — grad 1 div A=J in{
p j

L, A-n=0 only,

ldivA =0 onlpg,
[

nx(Axn)=0 onlp,

1
L n x (—(curlA) X n) =0 only,
1

{ _
[— divA| =0 only.

H Jd ai
1
— (curlA) x n| =0 only,
H Jai
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Weak Form in the FEM Problem

Curll curl A — grad 1 div A=J in{

/1 j
1 .
curl — curl A — grad — div A—J =R
J J
1 |
]Wa+(curl—c11rlA— grad—de) dQ-]wa+JdQ, a=1,2,3.
Q H H Q

Integration by parts

/lcurlwa- curlAdQ—l—/ldivwadivﬁdﬂ /wa~Jdﬂ
o M o H Q

Conclusion: 3-D is more complicated than addition just one dimension in
space; it’ s a different mathematics, and thus often a separate software

package
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Meshing the Coil
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Reduced Vector Potential Formulation

A=A.+ A, B = puoHg + curl A,

1 1
curl — curl (A; + Ag) — grad — div (A, + Ag) = J
ju ju

1 1 1
curl — curl A, — grad — div A, = J — curl — curl Ag

J Iz Iz
- -5 — curl Hy — curl —H,
TT7A — H
_|!I_,"__;_ -f’ ™, L
[T 7\
e\ Lo
zms. i = curl (HS — — S)
== e
Mt o Ll M

0 20 40 &0 80 100 120 140 160 180 200 220 240 260

Advantages: No meshing of the coil, no cancellation errors,
distinction between source field and iron magnetization
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Source, Reduced, Total Field
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Vector Potential and Total Scalar Potential

A(Tm) Phi(A)
*10%
- 0280 - 0.305 - 070 - 0.
Bl o273- o200 = 140 - 070
B o257 - o273 211 - -1.40
Bl 0241 o257 Bl 20 - 2
B 0225 o241 = 351 - 201
0209 - 0.225 422 - 351
= 0.183 - 0.200 B 2 - a2
0.176 - 0.193 -5.62 - -492
0.160 - 0.176 633 - -562
0.144 - 0.160 703 - -633
0.128 - 0.144 773 - 7.03
0 o112- oaze I 8- 73
I 0006- 0112 B o4 - s
[ oo0s0- 0008 0 00s - e
0 o00ss- 0000 I 105 - 004
B ooss- oo Bl 112 -0s
B oos2- oos B e - a2
Bl oot~ oom2 Bl 2 - 11s
Bl o - oo Bl s - 12e

Number of finite elements 60 178 449 | 787 | 2799 | 6233
Total scalar potential 65.8 72.1 13.0 | 5.0 3.8 15.7
Vector potential -40.5 | 274 | 74 | 48 | -3.8 25.0
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BEM-FEM Coupling (Elementary Model Problem)

3 BEM-domain
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BEM-FEM Coupling

SR e
ABEM - l A'IF_E;A
BEM {
| Aroos | Ao
Aperture
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Forces (N) in the Connection Ends of the LHC Main Dipole

I Fx Fy Fz
1 |[-39.7 -44.0 -45.4
2 |-6.5 3.7 -41.7
3 [-6.1 88.3 -38.2
4 |1.25 3.9 -28.5
5 |48.1 -46.7 -48.5
Sum| -2.95 5.2 -202.3

Cﬁw Stephan Russenschuck, CERN TE-MSC-MM, 1211 Geneva 23
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=» Quench: Transition from SC to normal conducting state caused by
beam losses, conductor movement, eddy currents etc.
=» Propagation:
— Normal conducting zone generates Ohmic heat

— Quench- und temperature distribution determined by loss-mechanisms
and cooling capacity

(

va
-
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Quench Mechanism and Magnet Protection
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Switches and Dump Resistors
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Electrical (External) Network

Ld(B)ji = UbDjode — (RQ(B, T) + Rp(t))f

Quenching Magnet Serial Elements
e e e e e | Ry Le ;
i iy
; REDT UL‘L‘JT
/ A
Cold Diode / Parallel Resistor

Crow Bar
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Thermal Model

'oo'o"’
_L._L.O ANEFAN
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Quench Simulation (Multi-Physics, Multi-Scale)

Temperature

*

Margin
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Material Parameters
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Validation

14000 T

350

T T T
Simulated Cument - RRR=200 with losses
Simulated Current - RRR=100 no losses --------
Simulated Current - RRR=200 no losses e
Measured Cument

Squies Tenpeaue. FRECO N s ] ° Empirical parameters:
Simulated Temperature - RRR=200 no losses

10000 250 - R R R

E - Ra/Rc

- IFCC effective res.

- heat conductivity

2000 50

- heat capacity

0 1 ] ] ] 0
0 0.1 0.2 0.3 0.4 0.5

tins

=» Different families of parameters yield exactly the same observable I(t).

=» More than one solution exists.
=» Great care must be taken to model
— all relevant phenomena,

— using realistic material parameters.
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Quench Simulation

The challenge of quench simulation:

Model all relevant physical phenomena with adequate accuracy so that we can
be confident to simulate internal states of a quenching magnet and
understand its behavior.

Validation:

Measured quantities can be reproduced with all material- and model-
parameters within their range of uncertainty,

Extrapolation and Introspection

If the above criteria are reached, extrapolated results will match
measurements without adaptation of material- and model parameters. It is
then also possible to simulate internal states of the magnet that escape
measurements.
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Introspection (Quench Margin)

0 0.05 0.1 0.15 0.2 025 s 03

Outer (1) Inner (2)
Anode right

B n A
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Introspection (Voltage Ripples)

v
Hro 2 « L Ouer (1) 600
r— m—m}m 00
I TN 200
—
ois—4 0 13 Uy 0 _ —
UaB Us | Iron-yoke =
ol U2 -400 g
01z -l Uzy -600 .
A Aue 3 T 800 . >
right A
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Mathematical Formulation of Optimization Problems

X C R (1,22, ....,25)" € X
min{ f(x)} f: X —=R
Subject to
gi(x) <0, i=1.,2,....m,
h-j(}{) — 0:' j — 1?2? ey P
Tl lower < T] <X T[ upper; [=1,2,...,n
cw Stephan Russenschuck, CERN TE-MSC-MM, 1211 Geneva 23 -
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Pareto Optimality

MIN {£(x)} = MIN {f1(x), fa(x), .., fic(x) }

A Pareto optimal solution X* is given if there exists no solution with

Je(x) < fr(x7) ke [l, K],
fr(x) < fr(x7) for at least one k € [1, K]
f(x) f,

f2 k /
1 L
2
fE* 3 kﬁ:m-oprima

f
» X -;l
sk

£y

CE/R&WI Stephan Russenschuck, CERN TE-MSC-MM, 1211 Geneva 23
\\_/ JUAS-2013

Pareto-optima




Real World Optimization Problems

=>» There are only Pareto-optimal solutions
— Decision making
— Treatment of nonlinear constraints
— Optimization algorithms

=» The objective conflict is the characteristic of real world optimization
problems

=>» Fuzzy objectives in the concept phase
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Objective Conflict Superconducting Magnets

; U e T
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Objective Weighting, Distance Func., Constraint Form.

"
min {u(f(x)) = Ztk fr(x) |x € ﬂf}
k=1

X
min { | 2(x) 5= (tr(fi(x) = fr(x))* |x € M}

k=1

min { f;(x)} st Je(x) =7 <0

Y fz & fz
f*\\ /:
y /
N rd
> g
//f] _C
1 f1
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Objective Weighting and L2 Distance Function

110 T 110 .
:11:51 - 105
100 100
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b ol r b o0
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LN 75
4000
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Optimization Algorithms

C

EfW

Search methods

Direct search ' Gauss-Seidel
EXTREM \Jacob 1982
Rosenbrock 'Rosenbrock 1960
Powell 'Powell 1965
Flexible Polyhedron search Nelder-Mead 1964
Hooke-Jeeves Hocke-Jeeves 1962
| IOIRETEETES Gradomimathods _ERe
LSteepest descend Cauchy 1847
Newton’s method Newton 1700
Levenberg-Marquard ' Levenberg Marquard 1963
Conjugate gradient (CG) | Fletcher-Reeves 1964
Quasi-Newton Davidon-Fletcher-Powell | 1959

Stochastic and neural computing

Evolutionary 'Rechenberg 1964
Genetic algorithms | Fogel-Holland 1987
Neural computing (ANN) ' Aarts-Korst 1989
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Genetics and Evolution Theory

=» Darwin (1860)
— Survival of the fittest
— Variations between individuals of species
— Reproductive populations
— Evolutionary computation (Rechenberg, Schwefel 1964)

= Mendel (1850)
— Genetic basis of variation
— Coding (Discrete units)
— Genetic algorithms (Holland 1970)
— Niching decreases selective pressure
— Niching genetic algorithms (Mahfoud 1995)
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Genetic Algorithms

Phenotype i 5 it ) Population
2y x ) z{) ) (Elder)
! ! ! |
Gene pool (0111)  (1001)  (1101)  (1011)
(Genotype) (0011)  (0001) (1110)  (1101)
il Gray coding |
Chromosomes (0100110110111110)
(0010000110011011)
| Recombination,
Crossover, Mutation, Genetic Operators Selection, Niching,
Genetic drift il Migration
Chromosomes (0100110110111110)
(0110110010110010)
il Gray decoding |
Genotype (0110)  (1011) (0101)  (0110)
(0100)  (1000)  (1101)  (0011)
! ! ! |
Phenotype .’I-'(llj* .-:.-g”* .-:.-g_”* Ll Offspring
2" 2§ 7 a2
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b(13) = (1101)

b; ifi=1
7 { b1 by ifi > 2 (1101) & (0110) = (1011)
Decimal  Binary Gray Decimal  Binary Gray
0 (0000) < (0000) 7 (0111) <« (0100)
1 (0001) (0001) 8 (1000) (1100)
2 (0010) (0011) 9 (1001) (1101)
3 (0011) (0010) 10 (1010) (1111)
4 (0100) (0110) 11 (1011) (1110)
5 (0101) (0111) 12 (1100) (1010)
6 (0110) <~ (0101) 13 (1101) <« (1011)
bi =Py g = (1011)
j=1

(1011) 4 (0101) & (0010) 4 (0001) = (1101)
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Genetic Operators: Crossover

Chromosome A: (0101001|101) (0101001) (011) (0101001]011)

Chromosome B: (1011010/|011) (1011010) (101) (1011010|101)

1100_~

1000
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Genetic Operators: Mutation

10 7 2 1 1 0 Phenotype, £
1111 0100 0011 0001 0001 0000 Genotype, g(k)

a) 10 8 2 1 1 0 Phenotype, k&
1111 1100 0011 0001 0001 0000 Genotype, g(k)

b) 13 7 2 1 1 0 Phenotype, k&
1011 0100 0011 0001 0001 0000 Genotype, g(k)

CE/RW Stephan Russenschuck, CERN TE-MSC-MM, 1211 Geneva 23
\\_/ JUAS-2013



Royal Road Algorithm
k'cseneration

Mutation
Crossover
Decoding
ROXIE/FEM2D
Objective Function
Genepool
Selection
Fairy Wheel
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Fairy Wheel Selection

Index Parent Objective  Fitness Index of Child
Population func. val. value selected Population
Chromosome

1 (1000111010) 0.3 0.30 3 (1001101101)
2 (1110101101) 0.4 0.22 1 (1000111010)
3 (1001101101) 0.5 0.18 4 (1011010010)
4 (1011010010) 0.8 0.11 1 (1000111010)
5 (0111001100) 0.9 0.10 2 (1110101101)
6 (0111011010) 1.7 0.05 3 (1001101101)
7 (0011000101) 2.6 0.04 1 (1000111010)

Likelihood of pi =

Fitness e(b) = f(x)+¢ reproduction
CE/RW Stephan Russenschuck, CERN TE-MSC-MM, 1211 Geneva 23
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Local Properties
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Niching Genetic Algorithm

k—-ﬁenera tion

Mutation

Generation

Mutation

Crossover 5%
Decoding

Crossover
Decoding

ROXIE/FEM2D 80% ROXIE/FEMZD

Objective Function
Genepool enepool

Objective Function

election Sﬁ!eﬁﬂﬂn
Fairy Wheel iching
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Niching Selection

Index Parent Objective  Hamming Index of Child
Population func. val. distance selected Population
Chromosome

1 (1000111010) 0.3 5 1 (1001101101)
2 (1110101101) 0.4 7 2 (1000111010)
3 (1001101101) 0.5 6 3 (1011010010)
4 (1011010010) 0.8 3 4 (1000111010)
5 (0111001100) 0.9 3 5 (0111011010)
6 (0111011010) 1.7 2 New (0011001010)
7 (0011000101) 2.6 4 7 (1000111010)
New  (0011001010) 1.1 0

Fo(xi) = f(x:)

~ a(d(xi.x;)

Fithess value

J

CE/RW Stephan Russenschuck, CERN TE-MSC-MM, 1211 Geneva 23
\\_/ JUAS-2013



Global Properties
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Convergence
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Different Solutions found by Niching Genetic Algorithms
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