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@ Numerical design

Common computer codes: Opera (2D) or Tosca (3D), Poisson, Ansys, Roxie,
Magnus, Magnet, Mermaid, etc...

— modeller, pre-processor, solver and post processors, optimizer

— mesh with tinite elements ot various snapes

{

— multiple solver iterations to simulate non-linear material properties (steel,

— dNISOtropICc material characterisation
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) .
hm Which code shall | use ?

Selection criteria:

The more powerful, the harder to learn

2D 3D
e 2D analysis is often sufficient e produces large amount of elements
e magnetic solvers allow currents e mesh generation and computation
only perpendicular to the plane takes significantly longer
e fast e end effects included
e powerful modeller
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@ Performance

Computing time increases for:

High accuracy solutions

-~ Compromise between accuracy and computing time

=~ Smart modelling can help to minimize numober of elements

[fl

FEIVI codes are poweriul tools, but be catitio

— Like Computers: they dont do what you want, but wnat you tell
— Always checK results It they are “physical FEasoria e

not to quality

0Q

— Use FEM for quantityii
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@ ; .
Vm Numerical design process

Design process in 2D (similar in 3D):

Create the model (pre-processor or modeller)

Defining boundary conditions

{Calculations (solver)

Visualize and asses the results (post-processor)

Optimization by adjusting the geometry (manually or
optimization code)
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Creating the model
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1000.0
X [mm]

UNITS
Length L mm
Flux density  : gauss
Field strength : oersted
Potential s gauss-cm
Conductivity  :Scm
Source density: A mm

Power WY
Force s kyf
Energy od

ass kg

FROBLEM DATA
Linear elerments
=Y symmetry
“ector potential
Magnetic fields
16775 elements
8532 nodes
4 regions
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Vector Fields ﬁ

software for slectromagniatic desion
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ABn=0
v Bt=0
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UNITS
Length L mm
Flux density  : gauss
Field strength : oersted

Conductivity  :Scm
Source density: A mm-
Power WY
Force s kyf
Energy od
ass kg

Potential s gauss-cm

FROBLEM DATA
Linear elerments
=Y symmetry
“ector potential
Magnetic fields
16775 elements
8532 nodes
4 regions

|1 41Junf2009 13:55:09 Page 231

Vector Fields

software for slectromagniatic desion
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Model symmetries

CLIC DB Quadrupole V3c (T. Zickler)

100.0 140.0 180.0 220.0 260.0
X [mm]

Vector Fields S

Note: one eighth of quadrupole could be used with opposite symmetries
defined on horizontal and y = x axis
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Material properties

1200-100A
Permeability:
. IH HHH — either fixed for linear solution
;,, LT — or permeability curve for non-
it %i |||||| linear solution
i i — can be anisotropic
S E .
if =||H lIIIlI =|||| — apply correction for steel
| IIM’IIII A R packing factor
s< IIIIIl [l ==IIIIIIIIIIIIIIH Conductivity:
Z® .
AT A - : :
% i =|||||||=||| il for C(?I| and yoke materlal
i IIIII .=||||| l||||I||| — required for transient eddy
2% .||||||||.|||||||| current calculations
i3 L L Mechanical and thermal
“3 MI I"“IIII wmieh properties:

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIII i

— in case of combined structural
e i o e or thermal analysis
Campo magnético (valor de cresta) (A/m)
Data source: Thyssen/Germany
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Mesh generation

Y [mm]

Y [mm]

160.0 200.0 240.0 2800 320.0 360.0 400.0
X [mm]

Vector Fields

™00.0 200.0 300.0 400.0 500.0 600.0 700.0 800.0 900.0 1060.0
X [mm]

Vector Fields
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Data processing

* |inear: uses a predefined constant
permeability for a single calculation

e non-linear: uses set permeability curve for
iterative calculations

Solution

e Static
Solver types e Steady state (sine function)
e Transient (ramp, step, arbitrary function, ...)

e number of iterations,

Solver settings e convergence criteria
e precision to be achieved, etc...
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@ Analyzing the results

With the help of the post-processor, field distribution and field
quality and be visualized in various torms on the pre-processor

moae!
— Fleld lines and colour contours plots ot flux, field, and current
denSIt
—  Grapns showing apbsolute or relative fiela aistribution
—  Flomogeneity plots

Basic Magnet Design
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Field and flux lines

Y [mm]

Sulul

50.0 100.0 150.0 200.0 250.0 300.0 350.0 400.0 450.0 500.0
X [mm]

Component: BMOD
0.0 9315.0 18630.0
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Field and flux lines

CLIC DB Quadr

Component: BMOD
0.0

Vector Fields
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@ Assessing the field quality

A S|mple Judgment of the fleld quallty can be done by plotting the

AB"  B'(x,y)-B'(0,0)

B, B'(0,0)

AB _ B, (x,y)-B,(0,0) e AB" _ B"(x,y)—-B"(0,0)
B B, (0,0) B" B"'(0,0

; ’ B, (X,y)—B'(0,0)y/x* + y° ’ 0.0)

B'(0, 0)1/x +y°

“lypical” acceptable variation Insicde the good fleld region:
A—B<001% ﬁ30.1% AB <1%

0 B'O B 0

Basic Magnet Design
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)

2.0E-04
1.5E-04
1.0E-04

5.0E-05 -

00—

-5.0E-05

-1.0E-04

-1.5E-04

-2.0E-04

X coord 00 50 100 150 200 250 30.0 350 400 450
Y coord 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Homogeneity of BMOD wr.t. value 891.8610633522906 at (0.0,0.0)

Homogeneity of BMOD wor.t. value 7472,16908069212 at (0.0,0.0)

Homogeneity of BMOD wrt. value 11189 4446720544 at (0.0,0.0)

Homogeneity of BMOD wr.t. value 15441.9247684696 at (0.0,0.0)
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— T Energy d

UNITS
Lengih L mm
Flux ﬂEl\!Ily ! gauss
Freld slrength | oersted
Patential jauss-Em
Conductiily & ér
Sowci dimsily. A mmn
Paiwer W
Force kgl

Mass hg

PROBLEM DATA
SMEB test st
Lirstar elimint s
WY symratry
“actar potential
Maanatic fielis

SH 0.6 mm, SL 12.5 mm, SP 105.0 mm, HH 65.0 mm, HR 8,0 mm, GL 84.0 mm, GH 19.6 mm

2.0E-04,

15604
50.0 _
0.0 |~ G
1.0E-04 :

50E-D5--“-‘” . i B e e

0.0
-5.0E-05
-1.0E-04

-1.5E-04

-2.0E-04 ) e

X coord B
Y coord 0
Distance 0.
Homogeneity of BY w.r.t. value 891.810633522901 at (0.0,0.0)

Homogeneity of BY w.r.t. value 7472 16952294183 at (0.0,0.0)

Homogeneity of BY w.r.t. value 11199.4431179734 at (0.0,0.0)

Homogeneity of BY w.r.t value 15441 9424583263 at (0.0,0.0)

0.0 600 600 600 600 600 58.0 530 480 430 380 330 280 230 180 130 80 3
0 50 100 150 200 250 280 280 280 280 280 280 280 280 280 280 280 28
0 50 100 150 200 250 300 350 400 450 50.0 550 60.0 650 70.0 750 800 8!

0
0
5.0

| THIELE JE |

Vector Fields ﬂ

Basic Magnet Design
© Th. Zickler, CERN



Field homogeneity

Etd DATA

0'8.0 20.0 40.0 60.0 80.0 100.0 120.0 140.0 160.0 180.0 200.0
X [mm]

Homogeneity of BMOD w.I.t. value 15441.92477 at (0.0,0.0)
-2.0E-04 0.0 2.0E-04

—:—
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Field homogeneity

Gradient error along the x-axis

5
s
5 . ____I_r_.-‘=-“‘-'
= 25 75 125
o
—— CERN pioposal VZa P=D 9%
50604 R=15mm =02 4—fsfomamd
) poles (OPEH
~ ~ ~BINP propoy M
75604 Pl o Gradient error along the GFR boundary
10E-04
1.0E03
x[mmj ~ N CERN proposal VZa P=D.98% R=15 —
T5E05 mm =8 2061 A tapered poles
N\ / {OPERA) -
50E05 - —— BINP proposal V2 (187 )R=15 mm —

E8.2031 A (MERMAID)

[ \ /
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: \ / \ /
% O_OB—m T \‘I'. T T II.’I T T I‘.\ T T .'Ir T
= 00 204 00 600 800 1000 \q\m_o 1400 /ao_o 1800
2 25E05
I"\\ , \ /

50E05 -

!
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Field homogeneity

080 20 40 60 80 100 14.0 18.0 22.0

Homogeneity of SQRT(HYDX™2+HXDY*™2) w.r.t. value 7014.171469 at (1.0E-03,0.0)
-5.0E-04 0.0 5.0E-04
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Saturation

¢ non-inear

——linear
A Saturation

-
4]

-
Saturation [%]

Flux density [B]

e
2
N

0 T i —k T T 0
0 500 1000 1500 2000 2500 3000

Cumrent[A]
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@ Multipole expansion

The amplitude and phase of the harmonic components in a magnet
nerit’ to asses the field quality of a magne

are good ‘figures o

n-1
: > : X+1y
B, +iB, =B > (b, +ia,)-
n=1 ref
I'he normal (b,) and the skew (a,) multipole coetticients are usetut

mparison with the coetilcients resulting rrom magnetic

measurements to IL UsE daCCey L.u“mt\ Of @ manuracturec Magnet

Basic Magnet Design
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@ Asymmetries

Asymmetries generating ‘forbidden’” harmonics in a dipole:
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@ Asymmetries

Asymmetries generating ‘forbidden” harmonics in a quadrupole:

. .
.
.
M
4
7
s
e

‘ e
e

o

A

\

hY

AN

N

ccntrcued

* Comprenensive studies about the Lmlu: nce of manuftacturing
=Y 2l s o - r -- L U « - -‘ ’ o . ’ - L .
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9

Pole tip design

It is easy to derive perfect mathematical pole configurations for
specific fields

In practice poles are
multipole errors d
The unitorm ftield regi

ot ideal: finite width and end effe
listurbing the main field

on is limitea to a small fraction of the pole width

Ize of the poles and derive the resulting fields

Better approach: calculate the necessary pole overnang using
a AB
\33) Xunoptimized :ZF:_O .36In—-0.90
0
X. pole overhang normalized to the gap
a: pole overnang: EXcess pole beyono
the edge of the good tield region tc
reach the required fiela unirormity
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%
@ Pole optimization

Shimming:
1. Add material on the pole edges: field will rise and then fall
2. Remove some material: curve will flatten
3. Round off corners: takes away saturation peak in edges
4. Pole tapering: reduces pole root saturation

.'-'|'il'|

Component: BMOD
0.0 15000.0
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@ Rogowsky roll-off

Creates surface of constant scalar potential

The edge profile is shaped according to:

AB

X _22_ _0.14In

—-0.25 (35)

optimized
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@ Pole optimization

Similar technique can be applied for quadrupoles:
_ 1 y
R V2 ) A\ 4
[ ) X
1 '~
Je_ |2 \/(p2+xd) +1- p° =X, (37) r
R 2\ y, Xc,Yc
X.. unoptimized resp. optimized pole overnang trom (33) resp. (35]
p: normalized gooa tield raaius r/R 40.0
Pole optimization: 40.0
— Tlangential extension ot the hyperbola 0.0
—_— Additional o 0 =
Aaditional bump = snim -
— Round off sharp edge
10.0
Tapered pole
080 10.0 30.0

Basic Magnet Design
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@ An eddy current problem...

Eddy currents:

Because of the electrical conductivity of steel, eddy currents can be generated in solid
magnet cores

=
c’
r
';
Q
r.s
(f
S

on why pulsed mq,nu, are made of laminated steel
ne parts remain massive in order to assure the mechanical sm.nuh

— Usually they can be ignore d It they don't contrioute to carry magnetic flux and hence
S igniticant mloolaz 0ssible aB/at

— l\'e\ 'Lhd ess, SOl

—

pehind the current
— lime constant T in the
IViIssing Tield: 0.5 %

3 oraer of rew nunared ms

EXplanation: eddy currents In the tension Bars welded onto the laminated Magnet YOKE
— |he partly saturated return yoke 1orces tne tlux INto the tension bars
Only aiter eaay current have m_‘-g;‘;\ ed, the flux can enter into the tension Pars anc
reauce the saturation etfects in the laminatea yoke

— Increase of the central field after the eaay currents have aecayeo
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Eddy currents - static case

UNITS
Length mm
Flux density gauss
Field strength : oersted
Potential Wh
Conductivity S
Source density. A mm=
Power W

Force N
Energy J
Mass kg

PROBLEM DATA

MA-SMB Eddy C

UNITS
Length mm
Flux density  * gauss
Field strenath . oersted
Fotertial Wh !
Conductivity = Sm”
Source density. A mmr?

Fower W
Force M
Energy J
Mass ka

Component: BMOD/10000
0.0 1.3§45

— \ —————

FPROBLEM DATA
CAOPERAMedAUstron
VSMBISMB-EC_T1tr
Quadratic elements
XY symmetry
Vector potential
Maanatic figlds
Transient solution
Case 14 of 14
Time: 10065
17381 elements
34976 nodes
T regions

T TR

Component: BMOD/10000 |
0.0

— Vector Fields ﬁ
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Eddy currents - dynamic behavior

UNITS
Length mm
Flux density  © gauss
Fiald stranath | cersted
Potential Wh !
Conductivity = S m
Source density. A mme
Power Wy
Force N
Eneray J

Mass kg

PROBLEM DATA
CAOFPERAWeadALUSTION
WSMEISMBE-EC_T1tr
Quadratic elements
A0 symmetny
Wector potential
Magnetic fields
Transient solution
Case 10 14
Time. 06 s
17381 elements
34976 nodes
T regions

Component: BMOD/10000 | [pe/Sepr008 18,1331 Page 785 |
0.0 1.3345 2.669

S I e —— Vector Fields §
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Eddy currents — field lag

Cowrbes groupées pour dildt = 1250, 2500, 5000 Msec

dvrefivref[i)

Calculated curves (OPERA 2D Transient)

—— eVt - 2500 Afsec
Ve [%]-5000 Aler . Relative field attenuation {l__ =3000 A)
0o0x

Stop imie gratewr | x 200 ms)

Measured curves (D. Cornuet, R. Chritin)

Relative fiekd srror at magnet cantre (%)
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@ 3D Design

Becomes necessary to study:
— the longitudinal field distribution
end effects in th

end effects from colls

yoke

magnets w hux the aperture is large compared to the length

a0 N

1 0000 <%
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@ Opera 3D model

Similar to 2D:
Use pre-processor or modeller to build geometry

— Diiterence: all regions with current density have to be modelled
completely
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@ Post-processing

Similar to 2D:

Field lines and color contours plots of flux, field, current density

— Graphs showing absolute or relative field distribution

— Homogeneity plots

— In adaition: particle tracking

wwwwwwww
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Isopotential surfaces

1IT. Zickler)

FIELD EVALL
Car [

potential surface

Vector Fields

scltwars for sestamagnate asign
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@ Magnet ends

Special attention has to be pald to the magnet ends:

— Therefore, it Is necessary to terminate the magnet in a controlled way by
Ing the end either by cutting away or adding material

= o
{00
P

— Ihe end Is shaped to give Increasing gap (or increasl INg lpOlL\) na lower
flelds as the end is approached T
Ihe goal or successiul snimming 1S to.
¢ adjust the magnetic lengtn
¢ prevent saturation In a Snarp Corn
¢ maintain magnetic length constant across the g

e prevent tiux entering perpendicular
currents
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10t chamterec
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5

-‘U'e’-' V/~YdEYe 00
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