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Conceptual Coil Design
Shape Optimization
Persistent Current Calculation
Quench Simulation

Coil-Head Optimization
End-Spacer Design

Inverse Field Computation
Data-Driven Modeling
Product-Cycle Engineering
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Improved Pre-Processor
CCT Coil Generator
Search-Coil Design
Strongly Curved Magnets
Python Interface

Maxwell Stresses




ROXIE Features

Automatic generation of coil and yoke geometries

Feature-based design

Field computation especially suited for magnet design (BEM-FEM)

No meshing of the coll, no artificial boundary conditions

Higher order quadrilateral meshes, parametric mesh generator, morphing
Modeling of superconductor magnetization

Permanent magnets

Quench simulation of long accelerator magnets (2.5 D)

Mathematical optimization techniques

Genetic optimization, Pareto optimization, Search algorithms

Simulation of magnetic measurements
CAD/CAM interfaces
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BEM-FEM Coupling

BEM

{Q} = ~[GIT'[HH{A} + [G]H{As}

FEM

[K{A} = [TI{Q} = {F(M)}

(K] + [TI[G] ' [H] ) {A} = {F(M)} + [T][C] T {As)

[K{A} = {F(As, M)}



HL-LHC Model D2

[Btot] (T)
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New ROXIE23 Features

Dynamic memory allocation

Zonal harmonics for solenoid design
K-values of search coils

Maxwell stress tensors

CCT magnets

External HMO files (HyperMesh Interface)
Wigglers and Undulators

Quench simulation update

Python interface (post-processing, multiphysics, traceability)
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Material databases
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Adiabatic Quench Simulation

Main Options
_I 3D geometry (LEND) a4 i Time transient (LPERS)
i Quench simulation (LQUENCH) i Optimization (LALGO) I Quench 0-D (LQUENCHOD)
Cable datapath : /home /russ/testcases/QUENCH/roxie.cadata Browse View file
Fl 2D Options
1" Fields & forces in coil (LPEAK) i Margin to linear Jc-approx. (LINMARG) 1 Margin to Jc-fit (LMARG) -
_1 Self field in strands (LSELF) _i Enthalpy margins (LMGE) F Inductance and energy (LINDU) Average magnetic flux density in condutor (T)
r i Axi-symimetry (for solenoids) (LSOLE) _i Aux-linkage in search coil (LFLUX) b e
7 Block Data 20
@ Block Groups = 7.983
7.644
Ha| Symm Type(xy) Blocks ] -
1|Dipole ~|n1l v 1-6 A | | a;sss
~ - | -
=l = 4 0D Quench simulation 2307/24 10:12 - .
@ Iron Yoke B s
GRAPHNO: 1. 2. 5611
T Design Variables w0 = ain
m Transformations L 4.933
F —] 4595
T Block Restriction (peak fields, plots) 160 |- — P
n - e
£ Quench 0D N yd 3917
Cond. in which quench initiates 15 Operating temperature, K 1.8 140 - // :2
Quench detection delay, s 0.1 Magnet length, m 2 o yd = 2901
Maximum siope, Kis 20 Maxinum time step, 0.01 120 — /" = 2802
Stop at minimum curr. factor 0.05 C = 2223
@ Virtual Devices 100 |— / — 1.884
L 1.545
F Graph r
No | Type X value M| Na | ¥ value Nia N/a| Plot number | Axes Weight £ 80 . . - ROXIEz
1 Device ~||QTIME [¢] 0 THOT 0 0 1 Mormal = 1 L 7
2 Device ~|[oTIME 0 0 TEBULK 0 0 1Normal =+ 1 o0 g
3 |Device ~||QTIME ] 0 QCUER 0 Q 2 Normal « 154 o P
C 4 0D Quench simulation 230724 10:12
More options : 40
[t st Valne | 1 ahel [ Goranh -l GRAPHNO: 3.
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Multiphysics Quench Simulation (2.5 D)
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Multiphysics Quench Simulation (2.5 D)
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User Manual for Quench Simulation

User Manual for ROXIE Quench Simulations

Deepak Paudel,! Stephan Russenschuck®

1 Installing and Executing ROXIE

The latest ROXIE23 version is installed on a dedicated machine at CERN; access requests
to be adressed to Matthias Borona (matthias borona@cern.ch).

worktemscOl.cern.ch

Logging in (first confirm that the X11 display server (XQuartz, Xming, Xlunch, or
Xserver) is running in the local machine background):

$ ssh -Y user@uorktemscOl.cern.ch.
The ROXIE executables must be specified by adding the following line to ~ /. bashrc.

source /eos/project/r/roxie/distribution/roxie_23.6.0.bl1/alma8
/roxie_env

The required input files are the cable data (myfile.cadata), the BH data (mfile.bhdata),
coil geometry (myfile.data), and iron geometry (myfile.iron). Launch ROXIE by typing

$ Xroxie myfile.data

To run ROXIE in command mode, type
§ runroxie model.data

2 Running Quench Simulations

Select the quench simulation module from the main options as shown in Figure [1|

“The European Organisation for Nuclear Research, deepak. paudel@eern.ch.
2The European Organisation for Nuclear Research, stephan.russenschuck@eern.ch.

Tin ot (LPERS)
ok 00 (LOUENCHID)
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tench simulations.

or modify it using [View file| according
1t, strand, and cable definitions are as
perties for quench simulation using the
igure % These properties include the
nductivity and Cu electrical resistivity,
nds in the cable.

r quench simulation.

select CUDI, NIST, or MATPRO fit
5 [1) of the used materials. Select the

1 to Je-fit, Inductance and energy, as

UINMARG) ¥ Margin tn Jc-Bi (LMARG)
 ihactance st energy (LNOU)
1) (LSOLE) _j P kg in ssrch cod (LFLUK)

quench simulations.

; 211 Uy
+1U3 Lo m}w
2 ————>" | Iner ()

a3 212 Ui,
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1e quench-simulation widget is shown in Figure[10. The meaning
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iistance of the energy extraction system.
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le 1D heat diffusion problem.
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Figure 10: The quench simulation menu.
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Validation of the Vector-Hysteresis Model
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12T Robust End Optimization (winding trials)

Unconstraint optimization More upright, less k_n Compromise

GRAPHNO: 1. 2 "
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Maxwell Stress Tensor on Circle and Line Elements

6000 —

Nm-1 E e 3

4000 —

+ Cartesian (X,¥,2) coordinates . Polar (R,C,2) coordinates

Lower X limit -440 Upper X limit. 440 MNo. points between limits 16
Lower Y limit -440 Upper ¥ limit. 440 MNo. points between limits |16 -
Lower Z limit I Upper Z limit [TO50 " Ho. points between limits [77 2000 —
Field all R} L
Field along a path :
No| Type I X start| ¥ start | Xend| ¥end| Nia| Nsteps | Field =] |
1Line 2D ¥ 400 ~400 400 200 0 100all v] 4000 0yl b b s b beaa bean bea
2 Line 20 ¥ 400 400 -400 400 0| 100 all -
3Line 20 ¥ -400 400 -400 -400 0| 100 all - 0 W W W A0 S0 & T0 0 mm
4Line 20 ¥ -400 -400 400 -400 0| 100 all | 5 —
More options :
Ho| String Nia| Wa =]
B Fig. 4.14: Left: Round conductor of r = 200 mm, carrying 40000 A in a 0.1 T dipole field.
Hom The total force in the x-direction is 4 kN per meter length of the conductor. Right: Component
ot ffese He  Welee W Wedmeeslie e o) fx of the force density per meter length, along the four sides of the de-centered rectangle.
2/0th >|GINT 1 0 [GINT 0 o 2w 1 = 1 i i i - =
2focher e 2 ] S J < Zhorer 3 L Integration over the arc length s and summing up yields -2107 + 1176. + 4075 + 856 = 4000 N,
4D ~|RRCL 2 0 Ml [ [ 3 Nermal v 1
5 D:Zizz ~|RRCL 3 0 M2 [ [ 3 Nii::l ~ -1 as expeCtEd.
6|Device ~|RRCL 4 0 il [ [ 3 Normal v -1
7 Other ~|/GINT 3 0 [GINT [ [ 4Nermal v 0.001
8|0ther ~>|GInNT 4 0 [GINT [ [ ENormal ¥ 0.001
9|0ther ~>|GInNT 5 0 [GINT [ [ 6Normal ¥/ 0.001
10 0ther ~>|GInT [ 0 [GINT [ [ 7 Normal ¥/ 0.001
11 Device >|BRCL 1 [ I¥:1] 1 [} 8 Mormal ¥/ 1
12 0ther ~>|GInT 11 0 [GINT [ [ 9 Normal ¥/ 1
13 Device ~|PHL 1 0 BPHI o a 10 Normal | 1
14 Device ~|PHL 1 0 MY o a 11 Normal | 1
15 Device ~|PHL 1 0 MY o a 11 Normal | 1
16 Device ~|PHL 1 0 MXHT o a 11 Normal | 1
17 Device ~|PHL 1 0 MxHN o a 11 Normal | T4




S,-Value of Search Coll

Hie Edit Display Run

L o amim o Ly

1 upmmeauun (Lo g

Cable data path : /home /russ/roxie_cct/datab/roxie.cadata

2D Options

[ Block Data 2D

Mo | Type NCab
1 Rect | 200 1
2|Rect - 200 1
3Rect  w| -200 2.
More options :
No | String Hia | Nia
1 PCRKE 1011
2 |PCREE 102
3 |PCREE 103
) Block Groups
Ho | Symm
1 Dipole
2Dipole
3|pipole
T Iron Yoke
7l Design Variables
@ Transformations
l Biock Restriction (peak fields, piots)
[ Virtual Devices
i Hanmonic coil (LHARM)
J7 K-Value of search coil (LKVAL)
K-Values
Mo Length angle |
1 150 90
2 150 0
3 150 90
Run ROXIE

~ o %

2.4
-1.616

ol olal

) e up ey

Browse View file

Current| Cable name

| Type(xy) (L2 55

¥||One coil |
¥/ One coil x|2
v|one coil -

_I Field vector matrix (LMATRF)

Rref KniSn | Block Groups
2.64008 5n ¥|1
2.64008 5Sn ¥|2
2.64008 Sn ¥ 3

View Calculations

— Bu(ro) cos(nwt +n®) + Ay (ro) sin(nwt +n®)| .

View Postscripts

0 [NEDM1 o
0 NEDM1 -
0 NEDM1 -

i Field along a path (|

M| 2| imag | Tumm
2| 2|0 [A
2[ 20 0
2| 2|0 0
o0® . Preview [fhome/russ/testcases/K-values/PCB_coil.data]

[view

: XY Section
Humbering: None
Cable: Bare

12... Cable
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0.04

CONFIGURATION NO: 3.

S P P P BT P P PP I
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/\ =

v W -

FIFITE NI AN AN ATSrATE AT AT A A A
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New Coil Macros

Bedstead Cranked sattel

Cos ® Flared Flex PCB

Racetrack CCT

Racetrack P
hard way 6

soft way




Pre-Processor and Mesh Generator

e Edit View files Preferences

Type: Var. Hode Line Area Others

®: 0.0

« Add point and connect
« Snap to grid
¢ AUtO save e .Mdkeypoints
Line: - N_E-ml.:ttrdef. }:;I;_Mar | [ §
* Undo e
Auto-it Grid size 0.1 - |7 Point snapping _| Show Grid
- Delete kp (and dependent T
* lines and areas) ok 1t




GRAPHNO: 1.
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Improved Extrusion Modes

A (Tm)

0.1

0 -

0 200 400 600 800 1000 1200 1400 1600 1800 2000

-

@ Iron Yoke

@Exuwiun
MNo | Area name z start | zend| Bias| N elem. | Material | =]
1|aR1 -270 270 0.5 & BHIROWZ |
2 |BR1 550 1116 0.5 & BHIRONZ ]
]

| 7 Design Variables

@ Transformations

|/ Block Restriction (peak fields, plois)




CCT Magnets

Mo | Type HGah X Y a Current | Cable name H1 NZ | Imag Tum Disc| He B
1Heliz = 1 123 6.38 G4 16100 FUSILLO | 1| 11 60 o 1
2|Helizx = 1 148.35 6.38 G4 -16100 FUSILLC ~| 1, 11 -60 o2
- -
More options :
No | Siring Nfa | Nfa =]
e EEC e
\\ i i ‘\\\\ :\\\ I\ 3 Block Data 3D

P Ne | Type A Bo Zo i Wo Hwed Horder | B
1|Helix - 1] -1100 [+] 1] 0 [+] 1
2|Helix A 1] -1100 [+] 1] 0 [+] 1

More options on 3D & Helix/CCTs :

Mo | String Nfa | Nfa =
1|CCTRL 20|1-9 901-309
2 |CCTRL 10|9-15 20%-91%5
3|CCTRL 10|16-22 916-922
4 |CCTR2 20|1-9 901-309
5 |CCTE2 10(9-15 209-91%
6 |CCTR2Z 10|16-22 916-922
7 HZDIs 3000(1-2

Transformations

Frenet and Darboux frames, _ o
ID/OD alignment Higher-order multipoles Pitch variation at the ends




CCT Coll Types

Darboux frame Frenet frame Frenet frame
hard way soft way




CCT Magnet Design (Issues)
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Dynamic Memory Allocation

« 30 elements in straight section

25 elements in coil heads

o« 28 blocks in cos ®

e 304 Conductors

1500 elements in CCT coils
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Curved Magnets
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Curved Magnets Il




Extracting the Legendre Polynomials

_ o _pgcos(na)cos(mtf?)ﬁr,_a sinh(7) ., . (cosh(T n% i ™ (cosh(r
o= Am( g s {2&?6 Q4 (eosh() + rdo Q@ ( ())D

0
Mo sin(no) cos(me)k.,» -sinh(f) ™ 10 m
e (_ a@(eosh(m)) | e, Q”‘é(""“h("'”+"f‘“aTQn—é(°°Sh(T”D

1
2

Lo cos(na) sin(meo)k. o -Sj.l]_h(‘l') m 10
+Cn.,_m (_ G'.Q:l_ (COSh(TU)) I 251%?0 Qn—%(COSh(T)) + KT.o %Qn_%(COSh(T))j|)

1
2

aQr_% (cosh(m)) | 2k2, B

Dy (_ o sin(no) sin(me)k, o sinh%(T) Q™ 1(cosh(7)) + né‘a%Qﬁ_ s (oosh(r))j| )
[

-A'n.,_m - C}A,n,_m(T} a, ¢) + Bﬂ.,_‘m - cf,n,_m(T} a, ¢)

+ Cﬂ|m ’ cf,n,m (T! a, qs) + Dﬂqm : c'rp,n,m(T! g, é)]

oo MUQ:‘_l(cosh(T))oos(mqfs)nr,g sin(a f _
Boo= 2 A (_ 2@, (cosh(r0)) [ (‘)“’S(ng)_”é‘“mw)D

m=0,n=0 251:_3,_0
o, (cosh(r)) cos(mo» [sn(s) %
+Bh.m (— aQ:‘_%(cosh(Tg)) { +— sin(no) + nf,ancos(na)‘|)

252,0’
c B #UQr_% (cosh(r)) sin(me)kr,s sin(o)
T aQ™ , (cosh(7g)) 3

i 267 o

( MUQ:‘_%(COSh(T))SiD(mé)KT,a |:sin(o')
+Dn,_m -

cos(no) — né‘an sin(na)} )

i
T sin(no) + kZ0n oos(na)‘| )

aQ", (cosh(ro))
= Z [ m cﬁn,_m(T? a, @) + Bn,_m . Cf?n‘m(‘l', a, qu)
m=0,n=0

+Cﬂum ’ cgfn,m(T: a, ¢) + Dﬂ,m . CUD,_n,m.(T: a, ¢)]



Curved Magnet Study (Rotational Symmetric)

MATN FIELD (T) ................ 0. 924326
MAGNET STRENGTH (T/(m~(n-1}) .. 00243 |Btot| {T)
IBMI m NORMAL RELATIVE MULTIPOLES {1.D-4):
b 1. 1000000000 h 2 ~0.13532 b 3: -0.15851
b4 0.00002 h S 0.01623 h 6: 0. 00443
b7 000846 b & 0.00396 b O: 0. 00173 [ 2
3 10 -0.00179 kil -0.00437 k12 -0 00483 1.894
[ ] bl3 -0.00337 hid -0.00051 his: 0.00277 Il
—] 1.884 blE 0.00471 Bi7 0.00473 hig: 0. 00262 1.789
1.789 b19 -0.00058 hZ0 -0.00350 b [ ] 1,684
- 1.684 SKEY RELATIVE MULTIPOLES (1.D-4) - 1.578
1.578 2l 0.00000 a2 0.00000 =a 3: 0. 00000 B
[ a4 -0.00000 = & -0.00000 = 6 -0, 00000 1.473
1.473 a7t -0.00000 = 8 -0.00000 = 9- 0. 00000 || 1.368
. a1l -0,00000 all 0.00000 all: -0, 00000 :
- al3 -0.00000 =14 0.00000 alS: -0, 00000 1.263
1.263 . ‘ al6 -0.00000 alf 000000 alf: -0. 00000 R |
1157 ' ald -0.00000 220 0.00000 = 1.157
1.052 SURFACE OF ALL FEM-ELEMENTS (MM**Z) ...... ........ 460541, 9852 1.052
0.947 0.847
0.842 (a2
| L -
0.736 d
0.631 0631
0526 0.526
0421 o421
I [
- 0315 - 0.315
0210 0.210
[ | 0.105 TURNLNG ANGLE UF HAKMUNLG GULL (LK) ... ......... TR, [ ]
[ | MEASUREMENT TYPE . ....................... ALL FIELD CONTRIEUTIONS ] 0.105
0. EEROR OF HARMONIC ANALYSIS OF Br ................... 0.1003E-03 o
RleE SUM (Brip) - SUM (An cos(np) + Bn sin(np))
2
MAIN FIELD (T} ..o oooooe ot 0. 972557 ROXIE =
MAGNET STRENGTH (T/ (M~ (n-133 ..o oooooeo 09726 .
NOFMAL RELATIVE MULTIPOLES (1.D-4):
b 1. 10000.00000 b 2: -0.23264 b 3: -0.10184
b 4: 0.02140 b 5: 0.00746 b &: 0. 00376
e 000804 b &: 0.00366 b 9: 0.00201
b10: -0.00176 hll: -0.00436 h1Z: -0. 00453
bi13: -0.00321 hid: -0.00052 hi5: 0. 00268
bl6: 000455 h17: 0.00454 h18: 0. 00251
bi1g: -0.00055 hZ0: -0.00337 b

SEEW RELATIVE MULTIPOLES (1.D-4}:
a1l -0.00000 = 2: 0.00000 a 3: -0.00000
1 meter ad: 0.00000 = &: -0.00000 & &: -0.00000




The Avatar and Twin (classical black-box measurement)

Physical object

(magnet)

Magnetic flux density in
the magnet bore

Capture noise
(random,
systematic)

Transducer

Read-out noise
(electronics, maiinly
Raw signal random=
(voltages)

AD-conversion
v 4= — — = = { Digital integration,

Drift correction
| Processed data (fluxes)

" Modelling,
Calibration,
Approximation errors

2 K )
Bu(ro) = & Y Br(ro, gx) sinngy
k=1




The Avatar and Twin (tracing of manufacturing
tolerances and errors)

Manufacturing
tolerances/errors

Num. magnet model (as built)

bl 2 Num. magnet model (design) > Fn?gg'ncgl)(’bjem

QA
| — Magnetic flux density in
the magnet bore

Approximation errors

Discretization errors
- Capture noise

= Prediction Solver

Post-processor F|e|d
— Transducer
Magnetic flux
density in Q
- —-—-—-- | Read-out noise
Observation :
function Raw signal
(voltages)

AD-conversion
v 4= — — = = { Digital integration,
Drift correction

| Processed data (fluxes) |

Simulated 7?7?77 Measured



The Avatar and Twin (generalized field description)

Physical object (magnet)

Boundary Sources (Single and Double-layer Potentials, or
Harmonic coefficients on trivial domains)

r, w— Iy Magnetic flux density in the
= —— . magnet bore
\ Ly
Iy

Prediction Observation function
\ 4 \ 4
Avatar Magnetic flux density in Field

trivial domain Q Expected voltages in

: transducer, including Transducer
B(r) = /I (B[r")-n’} grad (', ) dd’ uncertainty

7./|_ (n' x B(r') x grad yu (¢, r) da’
\ J Raw signal
| (voltages)
) ) Comparable
Quantity of interest quantity *

| Processed data |

Weighted least-
squares

Inverse field problem




Data-Driven Systems and Product-Cycle Engineering

Design & Design & Magnets & Instrumentation & DAQ &
Transducers maghnetic EQEWSIS

analysis numerical Devices
software modelling measurements software

Material data Model Design
Raw data
Input files Prototype Calibration
(models) Protocols
Uncertainty

Series
Input files(as analysis Validation

Carpenter
FFMM

Offline
Post-

Snapshots

Product-generation engineering

Model-based systems engineering

} }

Asset management, Version control (Gitlab)

built) l
processing
Notebooks &

Knowledge management




Prerequisites for Model-Based Systems Engineering

Collaborative efforts are required to establish MBSE

Ownership
Co-authorship of a paper is not enough
Released and traceable data

Accessibly

Files and software exec is not enough
MBSE with extended interfaces
Virtual machines via Docker
Gitlab repositories

Sustainability

Model-based systems engineering

A ppt presentation or paper is not enough Product generanon engineering
Product cycle engineering
Jupiter notebooks




Home Systems

MBSE Database of ROXIE files

System Information

hip and linked files.

§ fome  Systems
Home Systems

Ly P]

System Overview

SIGRUM

Systems ng 311
hall re

System Information
Type Name Created at .

Details, ov d linkec

Download

SAMPLE Iding 311 cali i , ) 2:59 pm View

Project owner
- ot . Stephan Russenschuck

Home  Systems Description Sigrum design study (straight version). Including variants for
the coil heads for winding tests.
SIGRUM Quench Test m
Tags Dipole  Nb-Ti

Model Information Model Updates

5, description and linked file: All changes made to the madel over time

Latest version

Type ROXIE e 3y Stephan Russenschuck View
age

o ;i E——
partof SIGRUM . All mo ciated with the v M

Jens Kaeske added 1305 = 30« Dipole

Description Initial quench test for SIGRUM
@  Stephan Russenschuck Desi
Commented § esign Latest
fommente 8 Type Name 9 Created on 5
simulation of revised coil Step version

Inputs Adiabatic qu

cross section (computation with iron yoke).
Plot of average and peak temperature as
Graphs

roxie.bhdata

ROXIE View

roxie.cadata Download

Sig.ron

ROXIE 2D iror

3:17 p.m View

Sig-2D-iran-quench.data Download




Example: Differential-geometry-based coil design

ROXIE Python API

e Structured access To Roxie data files
» Modify blocks, flags, plots, etc
e Combine files

« Structured output
« XML output of run information, results and plots

» Associated parser for data access

 |Interface to execute Roxie from code
* On local machine
* Via Docker




Eddy current solver

« Eddy current computation in yoke and
endplates (2D and 3D)

« Skin effect in conductors in 2D

« Skin effect in pancake coils in 3D

» Post processing

time = 0.04 sec.

oooooo : * Visualization
« Python (2D)
« Vik (3D)

0
xinm

Python script

time = 0.04 sec.

Initialization
FEIEIEIEE f:I:i Edyson files Result
' .cor files
edytrans .ele .dyn
.inp lop
Geometry Mesh file .bdr .out

(iron) .hmo
Biot-Savart Source file

((Xe]])] .src

Evaluation Eval loc file
locations loc

xinm




Field Computation for Accelerator Magnets

H Stephan Russenschuck Wiley-VCH
- Linear algebra s o B
» Vector analysis Field Computation for

« Harmonic fields Accelerator Magnets

Analytical and Numerical Methods for Electromagnetic
« Green’s functions and the method of images DesigurandQptisolzation
« Complex analysis
« Differential geometry
* Numerical field computation
« Hysteresis modeling
 Coupled (thermo, magnetic, electric) systems

« Mathematical optimization




New Edition, Autumn 2024

® Fleld harmOHICS Stephan Russenschuck
« Toroidal harmonics Field Simulation for
Accelerator Magnets

» Pseudo-multipoles , _
Theory of Fields and Magnetic Measurements

« Coil Magnetometers Volume

Stephan Russenschuck

e Stretched-Wire Measurements Field Simulation for

Accelerator Magnets

Methods for Design and Optimization

« Synchrotron Radiation

 Faraday Paradoxes

Volume 2

* Iron-dominated magnets

» Wigglers and Undulators
 Coil-dominated magnets
« CCT Magnets

« Strongly curved magnets




Things for/from the Wishlist

 Hypermesh (External mesh generator)

 Quench computation (validation and user documentation)

* Curved coils & iron & harmonics

* Fast transient analysis with eddy currents

* Iron remanence calculation for very low field magnets (FCC-ee collider and booster)
* Simple optics to ROXIE, “beam-based magnet optimization”.

e Anisotropic BH (packing factor possibly in pre-defined direction, and grain-oriented
steel).



