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Which code shall | use?
Introduction to 2D numerical design
How to evaluate the results

A brief outlook into 3D...

Typical application examples
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Common computer codes: Opera (2D) or Tosca (3D), Poisson, ANSYS, Roxie,
Magnus, Magnet, Mermaid, Radia, FEMM, COMSOL, etc...
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Technique is iterative
— calculate field generated by a defined geometry
— adjust geometry until desired distribution is achieved

Advanced codes offer:
— modeller, solver and post-processors
— mesh generator with elements of various shapes
— multiple solver iterations for non-linear material properties
— anisotropic material characterisation <
— optimization routines ;
— combination with structural and thermal analysis
— time depended analysis (steady state, transient)

FEM codes are powerful tools, but be cautious:
— Always check results if they are ‘physical reasonable’
— Use FEM for quantifying, not to qualify
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Selection criteria:

— The more powerful, the harder to learn
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— Powerful codes require powerful CPU and large memory
— More or less user-friendly input (text and/or GUI, scripts)
— OS compatibility and lincense costs

Computing time increases for high accuracy solutions, non-linear problems
and time dependent analysis

— Compromise between accuracy and computing time
— Smart modelling can help to minimize number of elements

2D 3D
i e 2D analysis is often sufficient e produces large amount of elements
> e magnetic solvers allow currents e mesh generation and computation
é only perpendicular to the plane takes significantly longer
5 ; e fast * end effects included
% 3 e powerful modeller
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Nurnerical design process
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Design process in 2D (similar in 3D):

Normal-conducting accelerator magnets

Create the model (pre-processor or modeller)

Define boundary conditions, set material properties

Calculations (solver)

Visualize and asses the results (post-processor)

or optlmlzatlon code)
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UNITS
Length Smm
Flux density T
Field strength © A m-!
Patential Wb m!
Conductivity S m
Source density. A mm=
Poiwer WY
Farce "M
Energy 2l
hass kg

Normal-conducting accelerator magnets

PROBLEM DATA
Cluadratic elements
KX symmetry
Vector potential
Magnetic fields
Mo mesh
29 regions

| | . |
140.0 180.0 220.0 260.0
X [mm]

21 Ml /2007 12:24:25 Page 415

drupole could be used with o
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Error check display: Boundary of mesh with Material Boundaries

i iy e .

Normal-conducting accelerator magnets

50.0 1000 1500 2000 2500 3000 3500 4000 4500 5000
X [mm]

Component: BMOD
0 93150 18630.0

PROBLEM DATA
Linear elerments
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“ector potential
Magnetic fields
16778 elements
8532 nodes
4 regions

P o P P P P P P P P P P e P

[14/Junf2008 135509 Page 231

Archamps, 27. Feb. — 3. Mar. 2017

JUAS 201788




Normal-conducting accelerator magnets

JUAS 201799

© Thomas Zickler, CERN

Archamps, 27. Feb. — 3. Mar. 2017

3
=~
il
25
T @
2o
%9
g3
a2
o
§9
23
NE
58
o E
<g
275
o °
£ N
oD
g s
=0
Za
=
T
5%
zZ3
8 0
‘D @
ﬁu
-
33
s
§2
"o
@ 3
5Z
=
S 2
o
g g
=
[¥]
w
£5
E®
g2
‘3
o

=
o

0

1200-100A
Jvs.H
0 Hz

- lings
- misch
- quer

1 10 100 1000 10000 100000

Magnetische Feldstarke (Scheiteiwert) / Magnetic Field Strength
(Peak Value) / Champ magnétique (valeur de créte) /
Campo magnético (valor de cresta) (A/m)

Permeability:
— either fixed for line

or permeability curve
linear solution

can be anisotropic

apply correction for ste
factor

— pre-defined curves avai
Conductivity:
— for coil and yoke mate

— required for transie
current calculatio

Mechanical and thern
— in case of co




FE-codes — — Result evaluation — 3D-design — Examples — Summary

e . X Juas__ |
Viesn generation o

S

£0

g = element shape o T
E " element type o v
H = element size G ooy

Farce leof
Energy J
Mass ky

PROBLEM DATA
‘b“‘“““‘ Linear elements
V" XY symmetry
AA Vecturpuleﬂt\al
Vil 7000071 s
‘N"" 8532 nodes
NAV‘» 4 regiong
600,06 K AK &5%
OB
SR
SO e A
%% ‘0.0 40.0 80.0 120.0 160.0 200.0 240.0 280.0 320.0 360.0 400.0
g X [mm]
KR!
~ lelds
Ll eI
= A < 16775 smerts
= =i
«i P raAAVAS O
'. e
o HORHOSARRINIIN
=N o O YAV AVAYAY
;‘ s 100.0 200.0 300.0 400.0 500.0 600.0 700.0 &00.0 900.0 1000.0
— o X [mm]
Q £
« ©
‘&7 <
S £ Vector Fields E
= <t softwars for sleciromagnitic design 10




FE-codes — — Result evaluation — 3D-design — Examples — Summary
| , Juas
Data processing

© Thomas Zickler, CERN

e linear: predefined constant permeability for a
single calculation

e non-linear: permeability table for iterative
calculations

Normal-conducting accelerator magnets

e static
e steady state (sine function)
transient (ramp, step, arbitrary function, ...)

number of iterations,

Solver Settings e convergence criteria
precision to be achieved, etc...
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With the help of the post-processor, field distribution and field quality and be
visualized in various forms on the pre-processor model:
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— Field lines and colour contours plots of flux, field, and current density
— Graphs showing absolute or relative field distribution
— Homogeneity plots

CLIC DB Quadr

UNITS
Length mm
Flux density - T
Field strength © A m-
Potential Wb !
Conductivity = Sm
Source density. A mmr?
Power
Force I
Energy J
MWass kg

PROBLEM DATA
CAIPERAWiark NCLIC
_DBE_Quad st
Quadratic elements
2N symmetry
Wector potential
Maagnetic fields
Static solution
Case 10f 10
Scale factor = 0.096
27356 elements
55047 nodes
39 regions

Component: BMOD
0.0 D.|9 1.8
— | e — Vector Flelds =4

sl o
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of the field quality can

ting the field homogeneity

AB

0

0.0
-5.0E-05
-1.0E-04

-1.5E-04

8 5.0 100 150 200 250 300 350 40.0 450
00 00 00 00 00 00 00 00 00 00

Homogeneity of BMOD w.r.t. value 891.810633522906 at (0.0.0.0)

_ _ Homogeneity of BMOD w.r.t. value 7472.16908069212 at (0.0.0.0)

_ _ _Homogeneity of BMOD w.rt. value 11199.4446720544 at (0.0.0.0)

Homogeneity of BMOD w.r.t. value 15441.9247684696 at (0.0.0.0)

50.0 550 @
00 00 00

—<0.01%
B

0.0

ogenelty in

Juas .

Jaint Universities Accelerator School

SH 0.6 mm, SL12.5 mm, 5P 105.0 mm, HH 65.0 mm, HR 8.0 mm, GL 84.0 mm, GH 12.6 mm

2.0E-04

1.56-04

-5.0E-05
-1.0E-04

-1.5E-04

Homogeneity along GFR boundary

@ m
P dorsty s

2.0
X coord
Y coord
Distance

E-04
€00 60.0 60.0 600 600 600 3580 330 480 430 38,
00 50
00 50

0
100 150 200 250 280 280 280 280 280
100 150 200 250 300 350 400 450 500

___ Homogeneity of BY w.r.t, valus 891.810633522901 2t (0.0.0.0)
_ __ Homogeneity of BY wort, value 7472.16952204183 &t (0.0.0.0)
Homogeneity of BY w.r.t, value 11189.4431179734 2t (0.0.0.0)
Homogeneity of BY w.rt. value 15441.9424383263 2t (0.0.0.0)

PROBLEM DATA
SMB test.st
Lingar elements
WY aymmetry
Wector potential
Magnedic: felds
Statc soluton
Cazedofd
Seale factor 105
VET78 elements
8532 nodes

4 regons:

SN0 1842 26 Prge 188

Vector Fields

e e




Normal-conducting accelerator magnets

JUAS 20171414

© Thomas Zickler, CERN

Archamps, 27. Feb. — 3. Mar. 2017

>

ornogeneity in

80.0

60.0

Etd DATA,

0'8.0 200 400 600 800 100.0 120.0 140.0 160.0 180.0 200.0

X [mm
Homogeneity of BMOD w.r.t. value 15441.92477 at (0.0,0.0) [m
-2.0E-04 0.0 2.0E-04

— Vector Fields

softwars for slectromagnatic design



(%]
2
[
C
[
©
S
—
[e]
2
©
—_
Q
[
O
()
©
Qo
c
)
(S}
=)
©
c
(]
(8]
=
©
€
—
o
=z

JUAS 20171515

© Thomas Zickler, CERN

Archamps, 27. Feb. — 3. Mar. 2017

FE-codes — 2D-design — — 3D-design — Examples — Summary
- - y juas
Serturation and field quality o

Y [mim]
Also very low fields can disturb the
field quality significantly .
080 100 30.0 50.0 70.0
Homaogeneity of BMOD w.rt. value 891.810084 at (0.0,0.0)
-1.0E-04 . 00 1.0E-04

Field quality can vary with field
strength due to saturation

500 1000 1500 2000 2500 3000 350.0 4000 4500 5000 5500

Component: BMOD X [mm]
0.0 8000.0 18000.0
— x T —
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Picking up from lecture 1

. Z : 4
B, (2)+1B,(2) = 3_(B, +iA, ) | —
n=1 0
and introducing dimensionless normalized multipole coefficients

b, = 5—;104 and a, = 2—;104

with By being the fundamental field of a magnet: By gipoiey=51 By (quady="52
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we can describe each magnet by its ideal fundamental field and higher order
harmonic distortions:

n—1
: By < . Z
B B (7) =N ail
(DB, (2) =70 D (0, +iny )|

The normalized multipole coefficients 5, a, are useful:

— to describe the field errors and their impact on the beam in the lattice, so the magnetic
design can be evaluated

— in comparison with the coefficients resulting from magnetic measurements to judge
acceptability of a manufactured magnet

Archamps, 27. Feb. — 3. Mar. 2017
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The harmonic components are good indicators to asses the field quality of a
magnet i.e. to describe the deviations of the actual field from the ideal one

© Thomas Zickler, CERN
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Normal dipole: §id(x, y) = BiJ

2 3
By(z) + iBy(z) = B, + ta; + (by +iay) <r0> + (b3 + iaz) <%> + (by + iay) <%> + -

104

B B A A,
bz - _104 b3 - 104 a1 - 104 az - _104
B4 B4

R, 1
Normal quadrupole: B;;(x,y) = B,[x] + y?]r—
0

B, B, B,

- OOV
? B,(z) + iB,(z) = B, —+1—041a2 - + (b3 + iaz) 3 + (by +iay) A e
28 B, B, Ay
§§ b3=_104 b4:_104 a2:_104
<5
2 <

19
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Fleld analysis

The field quality of a magnet can be also described by:

e Homogeneity plot:
— difference between the actual field 5and the ideal field B,;, normalized by the ideal field 5,

AB  B(x,y) — Big(x,y)
B Biq(x,y)
— can be expressed by multipole coefficients: for a dipole with By,id (x) = B4

B()—B+Bl_b )+ b x2+b x3+
yx_1104'2r0 3\ 1y *\ry

1

AB
5 %) = 103

_b )
2 To

Jou (s

0

2
+ by (=
> 4(To

3
) i

 Harmonic distortion factor £} :

Fo(r) = > 4 b2(r)+a2(r,)

n=1;n=N

Note: For good field quality, F; should be a few units in 10

20
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Multipole errors can be divided into two families:
JAllowed multipoles are design intrinsic and result from the finite size of the poles

n: order of multipole component
n=N (Zm -|_1) N: order of the fundamental field

m: integer number (m>1)
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fully symmetric dipole

allowed: b,, b, b,, b, etc.  — — — " ——
non-allowed: all others

N y
fully symmetric quadrupole 3 N : y 4
allowed: bg, byg, by, byg ete. 7T AN T
N non-allowed: all others 4 : B
fully symmetric sextupole '\.\\,\:/,/‘/./ :
allowed: by, b, b,,, etc. ——/—},{:—
non-allowed: all others ‘/'// : \.\ '~

,Non-allowed’ multipoles result from a violation of symmetry and indicate a
fabrication or assembly error
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Asymmetries generating ‘non-allowed’ harmonics
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Comprehensive studies about
the influence of manufacturing
errors on the field quality have
been done by K. Halbach.

¢

¢
4

=3

e

2,3
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These errors can seriously affect machine behaviour and must be controlled!
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e (C-magnet: one-fold symmetry
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e Since NI = {»ﬁ&i = const. the contribution to the integral in the iron has
different path lengths

* Finite (low) permeability will create lower B on the outside of the gap than

on the inside

e Generates ‘forbidden’ harmonics with
n=2,4,6, ...changing with saturation

e (Quadrupole term resulting in a gradient - -

around 0.1% across the pole |
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Component: BMOD
0.0

emove some material: curve will flatten
ound off corners: takes away saturation peak on edges
Pole tapering: reduces pole root saturation -> Rogowsky profile

—Case 1
= Case 2
——Case 3
——Case 4

e Case 5
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The ‘Rogowsky’ profile provides the maximum rate of increase in gap with a
monotonic decrease in flux density at the surface, i.e. no saturation at the pole
edges!
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. , h (h X7T
The edge profile is shaped accordingto: Y= §+ — [EXP T —
T
a AB
For an optimized pole: Xoptimized = ZE =-0.14In—-0.25

0
X: pole overhang normalized to the gap
a: pole overhang: excess pole beyond the edge of the good field region to reach the required
field uniformity

h:  magnet gap
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Interference st
Becomes necessary to study:

— the longitudinal field distribution
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— end effects in the yoke
— end effects from coils

— magnets where the aperture is large
compared to the length

— spacial field distribution

— particle motion in electro-magnetic fields ——

AT Ghuscpoie V1 1T Zckiu)
a0 2 2024

10 Gauss iso-potential su_rface_ _

008 0113 127 (0L 004
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Magnet ends

2

© Thomas Zickler, CERN

Special attention has to be paid to the magnet ends:
* A square end will introduce significant higher-order multi-poles

* Therefore, it is necessary to terminate the magnet in a controlled way by shaping the
end either by cutting away or adding material — longitudinal or end-shimming

Normal-conducting accelerator magnets

The goal of successful shimming is to:
e adjust the magnetic length
* improve the integrated field homogeneity
e prevent saturation in a sharp corner
» prevent flux entering perpendicular to the laminations inducing eddy currents

Typically, shimming is an iterative process between magnetic measurments and
mechanically adjustment of the shim profile
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Normal-conducting accelerator magnets
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uation of the corrector field due to the close p

Sustace contoury: B
[ 4ErEom

Normal-conducting accelerator magnets

Courtesy of A. Vorozhtsov
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44 Case 3: Mecnanical deforrmatior
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e Mechanical deformation due to magnetic pressure can influence the field homogeneity
e Multi-physics models can help to quantify the effect
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Lirnitations of nurnerial calculation
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© Thomas Zickler, CERN

Advantages

e predict behaviour without having the physical object

» for relatively simple cases they are fast and inexpensive

Limitations

* multi-physics model: including all couplings (thermal, mechanical) and phenomena
(magnetostriction, magneto-resistivity ...) that may be relevant is very complex and
expensive

e off-nominal geometry: random assembly errors can dominate field distribution and
guality; often, a large number of degrees-of-freedom and the resulting combinatorial
explosion makes Monte Carlo prediction costly

* material properties uncertainty : inhomogeneous properties cannot practically be
measured throughout volume; even homogeneous materials can be measured only
within 2-5% typical accuracy

* numerical errors: e.g. singularities in re-entrant corners, boundary location of open
regions may spoil results; special techniques (special corner elements, BEM) require
special skills and time

* high cost of detailed 3D models (cc Ax?™3); transient simulations increase computing time
significantly
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Computer simulation targeting <10* accuracy are difficult and expensive
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e A large varity of FE-codes with different features exist — the
right choice depends of the complexity of the problem

© Thomas Zickler, CERN
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e The FE-models shall be as simple as possible and adapted to
the problem to reduce computing time

e Numeric computations should be used to quantify, not to
qualify

* Benchmarking the results with measurements is a good
practice

e Computer simulations have a lot of advantages, but also their
limitations

Archamps, 27. Feb. — 3. Mar. 2017
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