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Scope and limitations

PSI
Topics:

Object of the course: Magnets foaccelerators

Types of magnets and function

Characteristics of three types of magnets (permanent; electranagnets;
b 2 GUI HYUI e#qRUNWS WU+ qWHY21 t Jb

Magnet construction cycle : overview for the design, assembly and magne
tests

Examples taken with magnets designed at the Pa@cherrerinstitut

Not in this course :

n electromagnetic theory
N a course on superconductivity
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Role of magnets in the accelerator 4 o

Magnets are an important part of accelerator
components

Particle accelerators operate with charged particle
beams (e.g. electron, protons, ions, positrons,
antiprotonsetc)

Interaction of these charged particles and the magne
field allows manipulation of the beam
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Uses of Magnets In Accelerators

Bending Magnets can bend the paths of charged particles, allowing them to trafl
curved paths as required by the accelerator's design

n Dipoles

Focusing of BeanMagnets are used to focus beams in the arcs and at interactiNEEge
points where particles collide, enhancing collision rates and experimental efficiencyj s

n Quadrupoles

Beam Correction

n Sextupolesoctupoles decapoleX @ ¥
SFEY &/ 2YLINEaaA 2y fusedtdsdled partiolds o &spe! il

energy range by bending trajectories of particles of certain energies while allowinch®®

continue straight

n Chicanes using dipoles

Focusing and guiding charged particle bearparticularly in experiments
where precise control over the beam's trajectory and shape is required. over t
beam's trajectory and shape

n Solenoids

Beam direction for applicationMmagnets are utilized to extract particle beams from Solenoid
accelerators for various applications, such as medical therapy, materials processing . s -

n Undulators
Inducing oscillations in the particle beam to create synchrotron light
n Permanent Magnets ibkndulators(Insertion Devices)
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Davide Tomasini (CERN) 6CAS Introduction to
particle physics- Magnets Varna, 2010
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Magnet geometries
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Main field component in z -direction,
focusing by end fields



Field Distribution
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Requirementof anacceleratormagnet

Aoperationmode (continuous pulsed ramprate T/s)
Aphysicakonstraintgspacetransport,weight...)
Aphysicabperture

Astrength (field integral)

Agoodfield region(the region where the field quality has to be within certain
tolerances in generahktypical valueof 2/3 of the physical aperture radius. )

Afield quality at the different workingconditions
Aalignment (maghechaxis position)

Apower supply

Acooling

Aradiationexposure

Areliability

Davide Tomasini (CERN) 6CAS Introduction to
particle physics- Magnets Varna, 2010



Magnettechnologychoice

J PS|

[ Magnets ]

Permanent
magnets

[Electro-magnets ]

[ Normal ]

conducting

[Superconducting

Iron dominated l

Coil dominated Iron dominated Coil dominated
B>2T B<2T B<1T B<2T

A Permanentmagnets provide only constant
magnetic fields

A Electro-magnetscan provide adjustable
magnetic fields

NeXt course A Superconducting magnets: B >>T

B<2T : the field dis dominated by the iron yoke

T> T

B>2 T : the field is dominated by the current coils



Advantages Disadvantages

Permanent +
technology
+
+
+
+
+
+
Normal +
conducting +
(electro)magnets +

Superconducting
technology

+ + + +

Compact and Lightweight (no
coils, no water pipes)

No powersupply

Low operation costs (zero power
consumption, no water)

No maintenance (watepipes)
Less control systems, cables, no
high reliability and robustness
Longoperational life time*

Flexibility- Variable field
Moderate field (up to 2 T)

No need for complicated
cryogenic or vacuum systems
Wellknow technology

High fields & Variable fields
Can be made compact
Low power consumption
Often for high fields (>>2T)

* Except in radiation environment

Magnet technologies: Figures of merit

§ PS

Constant field (tuningl-2 %)
Limited in field strength (2T)
Permanent magnet
magnetizationvariability (~2 %)
Thermalstabilization needed
Radiation effect (performance)?
Magnetic coupling difficult to
compute and correct at the 0.1 ¢
level

Largertransverse size

Limited in field (upto~2T)
Moderate operating costs for
power & water

Maintenance required

Complex design

High costs for the manufacturing
and cryogenic system
complicated cryogenics, vacuun
guench protection



SLS2.0 vs SLS: Permaneamatgnets
for energy savings

alexander.gabard@psi.ch

SLS BX Dipole

 PSI

SLS2.0 Triplet = VB-BN-VB

ﬁ.

‘ ' ‘ Totalnumberof BXs:12
Totalnumberof triplets: 60 By=1.39T'; [=407A; R=58 mW/

Weight=295g
BN:By=1.35T; VBGdL=40.64 T/m Cooling=161/min
TotalWeight=125g BX:P=58 mWx (407 Af=~9.6kW
60 Triplets~TotalP=O W 12BX~TotalP:116kW

SLS3lipoles: 116 kW x 68000peratinghours; 789MWh per year

Savingdor 15Years: 11.83GWh



Permanentmagnetcomponents S|

A Permanent magnet are ferromagnetic High field
materials with higlcoercitivityand High

Magnetization values along an Easy Axis
A The magnetemotive force comes from -
intrinsic material properties s
-
Sm,Co47 1.05-115 1500 - 2100 4= I
Nd,Fe,B 1.06 — 1.45 900 - 3000 High Z{fgbmty HoH [T]

Courtesy: Chamseddine BENABDERRAHMANE

Permanent magnet for accelerator:

A PM blocks

A Thermal shunts

A Yoke (low Gsteel)

A Shims, moderator plates for tuning
the field integral (~up to few %)

\ Low Csteel 1010
ARMCO poles

Moderator plates



Permanentmagnet blocks

-magnetisation control y PS|
Temperaturestability : Radiationdamagewith time
dominated by the material (litterature -A. Temnykh
temperature coefficient (dB/BYT 0
1 3 ° NL'FCBI]IU&H g 0
1.25 —NdFeB ] 5h-0.2
= 12 —SmCo {:;_0‘4
@ 115 %-0-6 10
° £.0.8
1.1 ° =
| T Rl Pk NG
20 40 60 80 100 120 140 §-1 2+ CorreCtlvezone \
T [degC] y | | ]
_ _ 0 0.05 0.1 0.15 0.2
(Linear)reductionof 0.12 %/Cfor NdFeB Radiation Dose [MGy]

g : : : Problem after a cumulative dose 00.15 MGy ?
Temperaturestabilisation with passive NiFe

shunts But: PM blocks are not close to the beam pipe

for a relative field integral variation ©.015%/°C the dose is mostly onto the iron poles



Example: Magnets with Ngre ,B for the blocks
(SLS2.0 light source)

Thermal shunt PM block
ol ‘
<

cDgap " (DPM 3 (Dshunt

A Dblock size for all magnets: 30 mm x 47 mm x 54 n Hals

(30 mm : direction of the magnetization) [ Waterial | CurieT |B at20C
5 0.22

A Rare earth Nd,Fe B (Remanent field : ~1.3 T) TGl G
A Weight : 0.57 kg
A Coercive field : 1015 KA/m

A Temperature dependence : 0.12 &6/ o
(thermal stabilization needed) Stabilization up to 0.01 %/K

LI aaA@S GKSNXYIf aKdzydar whRGOA RhickNiFgsSips T | G
for the same crossection

1500 — : : . 34000 bhlocks

Magnetization distribution |
within +/-2 % SLS 2.0 Magnets:

PM sorting and ~90NdFeBblocks in average
distribution before the PM
insertion in the yoke

Special Fe-Ni shunt
(low Curie temperature)

THERMOFLUX (VACUUMSCHMELZE)

G.W. Foster ¢t al., EPACIS, Stockholm, Sweden, 1998

1000+

f(B)

500¢

1.32 1.34 1.36 1.38
B, [T] @20[°C]



-c Permanent magnets assembly: Safetiarning in handling g o,

strong PM magnets

strong forces of PMblocks require special tools and
Lifting table procedures for assembly and handling

Assembly table mounted around the BN magnet.

Compensating
screws

counter force
PM-block /

to be inserted

feeding J

force /
variable forces
between

iron and PM blocks



Tunability of the Field integral of a dipole
(DO tuning using shims and moderator plates
Single magnets measured/optimized with

the moving wire (Field Strength)

BN integrated field before optimization

=
- : 5 -0.57600 : L
Wy | " g 1 unit =0.01 %of the related main field
= -0.57800
~ -0.58000 :
g o0 ]35un|ts ®  ZTRRE Y W
2.-0.58200 - — -
E o0 ¢e e © _¢o o060 g
= £0.58400 eoe o ¢+ ’ °
= [ ]
‘% -0.58600
£ .0.58800 15 ~0.2 %
100 E 0.59000

1234567 89101112131415161718192021222324252627282930313233

90 ' ]

80 / Measured field integral of 33 dipoles before optimization
;Vg’m J/
z 6o /" FieldIntegral | Not Optimized Optimized
& 50 { o SLS2.0dipole SLS2.0 Dipole
: / — =Fit
g7 ! Average -0.5823 Tm -0.5724 Tm
230 /
PR s (%of the l 0.2 0.01 l

w & main field)

0 (/

0 20 40 60 80

Moderator plates position (mm)

Optimization with (0.75 -1 mm thick) shims +moderator plates successful
The field integral of a SLS2.0 dipole can be tuned at ~0.01 % level



Examples : SLS2.0 permanent magnets

Dipole BN (56) VB (120)
1.35 T: L=405 mnG=22 0.84T
40.6 T/m

y B
—= p. ;=

Triplet VB/BN/VB (60)0.861Tm

-

e

Quadrupole AN(M) (148) Quadrupole VE (24 2.1 TSuperbend (4)
72.578T/m ; @=22 mm 45.8 T/m; @=22 mm Gap =14 mm; L=405 mm
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Electromagnet
design, and
manufac

Octupole coils, KrTech
~ May 2023
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e Electromagnets

A Excitation is provided by current carrying
conductors (generally Cu Coils)

PSI

A Field lines is closed by an iron yoke and
shaped by iron poles

A Resistive losses in the conductor frequent®
require water cooling

A Basis of electromagnets is theBiot-Savart Pole
law :
B= ml Voke Current coils
2R connection Water cooling

—— M3
=

Resistive magnet:

A Copper coils

A Insulation

A Water cooling (if J> 1 A/mi)
A Poles (low Gsteel)

A Yoke (low Gsteel)

A Powering connection



e Magnetsfor accelerators. acomplex
0 P

technologicalproduct

Steps in process Integration

Input
v
Design & calculations e—

Specificvation & Cryogen'CS\_
drawings
v

Prototyping

*
Series production

S |

Cooling

\ &
Installation &

A

comissioning . 'Sl Mechanic
v Qualification | Assembly
Operation

* -
De-installation Magnet life cycle
Storage, d:struction, From Thomas Zickler (CERN) dNormal

disposal Conducting Accelerator Magnets Juas2013




Simple illustration: Electromagnet Dipole

used for theSwissFE&at PSI

O Magnet specifications from the optic (Field, Size,
aperture, length, field quality, uncertainty)

O Numerical Design (OPERA 3COMSOI™)
O Mechanical Design

Prototypes production andmagnetic
measurements

O Construction plans (CATIA V6) & technical
specifications

O Call fortender and contract award
O Assembly (if only coils are ordered in companies)

Reception tests andmagnetic measurements

PSI
maximum 200 A
current
magnetic flux 046 T
density

bending angle 5 degree

yoke dimensions | L: 250 mm, W: 400

mm, H: 228 mm

Weight 200 kg
Uncertainty <0.1%
(field integral)

DB/B (GFR) <0.05 %

Schedule for design
assembly and tests

Opera /3D

Magnetic & construction design Assembly

Example : Dipole for the bunch compressor of one PSI SwissFEL line

' Magnetic
Measurements




Steps in theMagnet Design,

Manufacturing & tests (J) PSI

Steps in the process:

1. Specifications

A Physical SizeDverall dimensions of the magnet and good field region

A Aperture: Diameter of the opening through which the beam passes.

A Field: Magnetic field strength and homogeneity in the good field region

A Harmonics Tolerance to harmonics

2. Material Choice

A Conductor Selection of material for the coils (copper, aluminum).

A Insulation: Materials for insulating the conductors.

A Steel Type of steel for the magnetic core.

A Pole and YokeMaterials and shapes of the poles and yoke.

3. Detailed Design

A FE Model OptimizationUse finite element modeling to optimize the design.

A Coil CrossSection Geometry & Coolindesign the geometry of the coil cress
section and its cooling system.

A Yoke Shape (C vs. H), Pole Shape , yoke & pole: @yptimal shape for the
yoke and poles for an optimization of the field quality



Steps in the Magnet Design,
Manufacturing & tests(2)

W PSl

5. Coil Manufacturing

Manufacturing ProcessTechnigues for winding the coills.

Insulation: Methods for insulating the coils.

Impregnation Process for impregnating the coils to enhance insulation anc
mechanical stability.

6. Yoke Manufacturing

Tolerance and Precisioibefine manufacturing tolerances and precision
requirements.

Machining Methods Techniques for machining the yoke to achieve the
required specifications

7. Reception testgvisual, hydraulic, electrical)

8. Magnetic qualification(field strength & field quality & magnetic axis)

Somepointsdetailledin the nextslides< X



Magnetic design with Finite Elements

j PSI
Translatethe beamoptic requirementsinto a magneticdesign

w Aimof the electromagnetid~Emodels:

¢ MagneticField computation: Fielohtegral field distribution,yokegeometry;
minimize high saturation zones, adjust pole shape for multipoles

¢ Optimizationof magnetdesign Coilgeometry materialselection minimizethe
total steelamount( magnetweight, raw materialcost)

¢ ThermalanalysisHeatgeneration coolingrequirements

w SomeFEsoftwarepackageshat are often used:

¢ Operafrom DassaulSystems2Dand3D commerciaklectromagnetic
simulationsoftwaresee:
https://www.3ds.com/products/simulia/opera

¢ Simulation ROXIEERNRDand3D,specializedor accelerator
magnets singlefee licensefor labs& universitiessee
ttps://espace.cern.ch/roxie/default.aspx

¢ ANSY®axwelt 2Dand3Dengineering simulatiosoftware
(commercia)

see http://www.ansys.com/Products/Electronics/ANSK@xwell

¢ COMSOMultiphysic® Simulationcommerciaimultiphysicsoftware

see:https:// www.comsol.com/comseinultiphysics



https://www.3ds.com/products/simulia/opera
https://espace.cern.ch/roxie/default.aspx
http://www.ansys.com/Products/Electronics/ANSYS-Maxwell
https://www.comsol.com/comsol-multiphysics

g
NeJ

Key Aspects of Magnet Design using Finite Element
Analysis (FEA) g PSI

0 Codes

finite elements with various mesh typésiangular, quadrilatera) tetrahedral X @ 0
multiple iterations to simulate steel nonlinearity

Preprocessing (Setting up the model, defining material properties, boundary conditions,
meshing) and pogprocessing (Analyzing results, visualizing field distributions, ..)

o Technique is iterative :
calculate field generated by an initial geometry
adjust geometry until desired distribution is achieved

o Non-Linear modeling solver:
+Accurate modeling of magnetic models.
- Long meshing time and long solve time

o Software choices dependent on cost, desired accuracy, and calculdimoa.

- Magneticfield map
of a Permanent Magnei’ "'
N triplet- OPERA 3D

Field distribution
of a sextupole magne




Magneticdesign
Finite Element Analysis (F.E.A.)

o Stepl: Modelingand meshgeneration(pre processing
Define geometry of all the regions (Coalil, Iron, Air)
Modeling coils with specified current density
Incorporateregions made o$teel toguidethe magnetic field lines
Usethe symmetry constraints on the boundaries to reduce the complexi
the model
Apply the BH curves for the steel and any other relevamaterial

o0 Step 2: Solver based calculation
Linearization of the Maxwell equations 5
Definitionof magnetic potential (thus flux density) in the mastdes
mode first with a predefined permeability curve
Optimization with the BH curve specific, taking into account Rlomear
behavior of permeability

o Step 3: Post processing analysis ' ——
Field line visualization & graphs : the field distributiand magnetidlux B
density and field strength across different regions
Contours & gradients: Field intensity and uniformity across the modeled aiea
harmonics (from a Fourier analysis around a circular path) for digddity




Conductormaterialsand coil geometry

Material : "Oxygenfree" copper grades, such as CDA 10200, : high electrical and
thermal conductivity due to their lack of oxygen content, betbeazeabilityand
weldability

Standard designrectangularhollow designwith coolingwater tube, 0.5 mm

glass tapensulation Coils are potted in epoxy to prevent damage

Purity (%) 99.95
Melting point 1083°C
Resistivity @ 20C 1.73mW.cm j = NI/A
Thermal Conductivity 3.91W/cm K J: current density

, N :Number of turns
Density 8.94 glcm? | current

A .copper surface

V Lowj I®w powerloss lessheat

V Hi g hsmall¢oil, smallmagnets
V. N hi gh voltatjepgwersupply
V NlowY Hi gurrentpowersupply

Economiccriteria !

Ben Shepherd (2016)
onventional Magnets for Accelerators



Water cooling: keyissues "

Goal:Definediameterd,,qingandlength L ofcoolingtube,pressure droP [bar],temperature
increase OT'[K], flow rate Q [I/min]takinginto accountthe power in thecoill

Cooling with waterGuidelines for efficient cooling
A Coils with current density < 1 A/nfmay not need cooling
A Max. current density for cooled conductor is ~ 10 A/fnm
ACKS LINKaadRE NRNER LI NI XK
A Water flow should be moderately turbulent (v > 225n/s)
to improve heat transfer (heat transfer through the thin film
separating the conductor surface): Reynolds > 2000
A flow velocity should be lower than 5 m/s to avoid erosion
and vibrations Q[l min]L7°

A Thetempere.lturerlse. DX 8 n AP[bar]| = 60L[m] AT

Water properties

A demineralized water :minimal ionic content and thereby reducing Blasius law
the risk of mineral deposits

ANBSaradGAGAGEe x ndm am YI AYRAOFGAGS
concentration

A narrow acidic window witlpH of 6 to 6.5 optimizing the
conditions to prevent corrosion and scaling

A Filters (reverse osmosis) to remove particles to avoid cooling ducts
obstruction




® Mineral InsulatedConductors
for radiation hard magnets

At PSimagnets close to the targets:  high energy gamma, Radiation damage on Epoxy

up to 7 MGy/week! neutrons, other hadrons

(p+,h, "7 ..)
A avoid organic \

materials
A Metals, ceramics only

Dose 0 5MGy 10MGy 30MGy 100 MGy

Increase copper corrosion
y Dissolved air w‘oz

0, Water H.CO; + CO,

C) Copper corrosion
corrosion increased further due to radiation

MIC Copper+MgO
Ainorganic

A hygroscopic

A Fragile

A Proneto shortto-ground

« Radiation hardmagnetsat the Paul Scherrer _— .
Institute », A. Gabard et al.Proceedings of IPAC2012 Copper oxide obstructs cooling channels



Iron Yokeskey functions

J PS|

1. MagneticFieldEnhancementConcentratehe magneticflux producedby the coils,effectively
increasingthe field strengthwithin the desiredregions Highpermeabilitymaterial, providesan
easierpath for magneticlines

B-H curves and saturation effect

Magnet steel begins to saturate

around 1.5 T EEESSNEEERRRRRRAAY
for B<<2 T,one hasn»>1 fn 403- d AvzaemBiins

10%), andthe iron increase the
magnetic field value

forB>2 T mi, and theiron l
HIJEY O 13t Wsa l(oeffeckan! | ..

field) H iad
curves for typical M1200100 A electrical steel

Attilio Milanese
An introduction to Magnets for Accelerators (2022)

2. Uniform Distribution: Yoke distributes the magnetic field more uniformly across the required
areas

3.MinimizingLeakageThe yoke reduces magnetic leakage, closing the flux lines: essential for
the efficiency and safety.

4.StructuralSupport:the iron yoke also provides mechanical strength and support to the
magnet structure..



Yokes: Solid cores vs laminated cores

PSI

Iron yokes (Low-Gteel) 1 min thick lamination
for SLS2.0 permanent magnets for SwissFEquadrupoles

Solid CoresSteady state magnetshigh magnetic permeabilit@+), simple manufacturing+),

Generates eddy curren(s), hinder heat dissipation leading to potential thermal stressgs
high weight and sizg), lower field uniformity ~ 0.1%)

Laminated Coresfor time varying field magnetsreduced eddy currents), better heat
dissipation(+), higher field uniformity ~ 0.01%)

Complex manufacturing), delamination(-)

Most typical material for magnet fabrication: 1010 Steel, low carbon contents << OHgh
saturation field, High permeability

Steel Laminationst.aminations coated with an inorganic (oxidation, phosphat@wy]ite or
organic (epoxy) layer to increase the resistance. These steels have good electrical resist
and magnetic permeability (from 0.5 mm to 6 mm thick).



Example of material uncertainties I
the iron yokes

450 7000 —
0l —_— 5000 p S Hc avg = 78 A/m
300" - / e~
= o kN
k-] : o
200{ 3000 —Femac= WA \&
g 1501" 2000 X
100 1000 L A
501" 3 .,
0 o e |
0 02 04 06 08 1 12 14 16 18 2 22
B (Tesla)
9000 | variationof the coercivityover 50 ktonsof
I . SampleAl MAGNETIkteelsheetsfor LHGcryomagnets
8000 1 o/o —m-Sample#2 ||
”;;‘T\t\ useppePeiroetal., Toward theProductionof 50 000 Tonnesof Low-Carbon SteeBheetfor the LHC
7000 Ll A « - Sample#3 Superconductin@ipole andQuadrupoléMagnets JEEE TRANSACTIONSON APPLIED
F “\ SUPERCONDUCTIVITY,VOL. 12,NO. 1, MARCH 2002
r' ‘|
6000 ¥ o
. )
5000 | ;‘I '\
= \
4000 ] L\
.‘ !-Q
3000 L N . < B
- )Y M. Buzio (CERN)d0o Magneti ¢ Measu
2000 |/ b Particle Acceleratorso,
100 || Variation over three ARMCO steel samples
taken from same batch ey
. it B R
0 . ]
10 100 1000 10000
H (Am™) Courtesy Giuseppe Montenero, CERN

Typicalabsoluteuncertainty on permeability valuesup to 3-5%




CommonMagnetgeometries
(dipoles quadrupoleg

PSI

Hshapemagnet

Cshapemagnet
® ACCESSibﬁity ® Mechanic Fieldquality
© Fieldquality © Accessibility

Closequadrupoles Open typequadrupoles
(®Lesssaturation @ Accessibility
(® Largecoils (® Manufacturingwork

Drawingsfrom "lron Dominated Magnets', LuisGarabito
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Field quality
measurements




Sourcef magneticfield errors

(conventionaland superconductingnagnets) PSl

A Manufacturing errors & mechanical tolerancetypically 2650 mm
for electromagnets and permanent magnets yokes

A Errors in coil geometry w.r.t to ideal cagéha dzLJS N2 y RdzO U A y 3
magnet9

A Magnetic properties of the materialgpermeability yoke,
permanent magnetsyariability of fewdo) ’ %

A Hysteretic behavior of magnetic materia{®on reproducible g3
magnetic state) :

b3 (units @ 17 mm)
(=]
%‘%f

A Magnetic couplingmulti function magnets, high density of o
magnets) f

0 4000 8000 12000

A Magnetic & mechanic deformations et (4

T 1500
‘ W /- 1300 _
T { <
! T 1100 §
‘-‘I‘I 3
- 4

A Eddy currentqfast current ramp rates)

=]
900 o
o
=1
o

O A Persistent current hysteresis (Magnetization related to Jige

b3 (units

ts @ 17 mm)
(=] - rn w B w

7

700

A Current redistribution

500
0 500 1000 1500

time from beginning of injection (s)

CSuperconductivity

L A Change of the magnetization in time at low field and 1.9 K (d




Why to measure? b

Aim: know the magnetic field in the volume occupied by the beam

o)

o)

o

Acceptancdests: verifificationof the respectof tolerancesmposedby the
machineoptic

To providefiducializationdata for installation and (pre) alignment

magnetic measurements LIS SR dzLd Y I OKA ygetaomushY A 8 & A 2
information as possible

To confirm the magnetic models obtained by computer simulations
To provide magnetic parameters to beam simulation

To monitorproductionquality of the magnet series ansteermanufacturing

Computer simulation targeting 0.01 % accuracy are difficult and expensive

o)

Geometricalincertainty (mechanicablerancesassembhs NNE2 NE 0 Mp 5
micrometers,0.5 % of error typically

Material properties uncertainty(e.g. iron yokes propertie®dFeBblocks, ARMCO
LJ2 £ S é@ngedaintyranging from 13% (n(H) variability)

Magnetic coupling tim&onsuming and sometimes difficult to simulate

Experimentalverification of the magneticfield quality is mandatory!




Specific Quantities Measured for
Accelerator Magnets

Field integral ;, || M o ey m]® w( a0
II‘ Field integrated along the magnetic Iength (what the beam sees includir

stray fields) _JTBL

Field quality field errors with respect to the main field expressed in terms of harmoni

ex dipole () errors: by,a, (quadrupolar), b;,a; (sextupolar),b,,a, (octupolar)

g PSI

Field Maps (2D,3D)Point like & line measurements for field quality homogeneity

Magnetic axis locationlocus of the zerofield (J2 f SA > Yy XxHU b
fiducialisation

= measuring the magnetic axis w.r.t. a set of references (mechanical
surfaces or optical targets) as required for alignment in the machine

Combined techniques to measure field integral, field maps, the field quality ahd the
axis | ocat i-ohack calibrdtiéns . Cross




Specificityof fields in acceleratormagnets

Harmonicerrors (multipoles)

0 Beamisin a beanpipe: the shape of the field area in the magnets is a cylindrical
volumewith long length w.r.t apertur€2D approximation)

° ~N-1
a2 . ads 0
B, +iB, =4 C,&-9
n=1 éa?ref -

/&Complex multipoles coefficients :C, = B, +iA,
he magnetic field is expressed in termgi@fl harmonics (main, multipoles)

¥ n=1, hnormal dipole,,askew dipole

N

n=2, hnormal quadrupole, skew quadrupole

B, =By (Constant) B,=By+GX B =By+Ax> n=3,nor mal sextupole v A .
Normal Dipole Normal Dipole Normal Dipole (:h Scales azr n-1 B, \ -
+ + ef (Pl'l]
Normal Quadrupole Normal Sextupole
o ~N-1 B . Z —
. .Q- . a + i O — n — A1 Am X
B, +iB, =10*B,§ (b, +ia,) B2 Q | |b, = 5| |2Ts
=1 C Rref - ref ref

ANe factorize the main componei, for dipoles,B, for quadrupoles)
e introduce a reference radiRg; for dimensionless coefficientR(~2/3 aperture magnet)
ANe factorize 18 since the deviations from ideal field ar@.01%

The coefficientsb,, a, are callednormalized multipoles
b, are thenormal, a, are theskew(adimensiona)



Selecting Appropriate Magnetic

Field Measurement Techniques

Questions to answer:

uMeasurements Field component, 100 ppm = 0.01 %

I]I:I > 0.1 mT>

total (Bx,By,By field integral to 1
measure ?
uField characteristicsStrength, 10 1

uniformity, AC/DC? £
wAccuracy needed’ or 0.01%? & 1001
wAccessWhat access do you have t@

Yy

: . 1000 A
the region measured? Precision andg
reproducibility of the positioning?
: : 10000 -
oEnvironment:cryogenic, room
temperature?
100000

AC Hall DC Hall

-a—— Magnetoinductance

- ——magnetoresistance

N EES /\
=
(=l
S
-
-
i
vV
—1
—

magneto
optical

oConstraints:Time schedule, cost,
human resources..

10" 10" 107 10° 10° 10* 10° 102 107 1 10

field (T)
From L.Bottura (CAS 2002)

[. dnodame XX XM nta10tofid dedding & Y @\




m Simplified Measurement chain

Powering Calibration 4 N\
(activation) (periodic)

Field
value

(map)

J

Post Field
rocessing | | integral

\[ s

quality

Cross-check)
(sampling) J

Measured value: Voltage




o Hall probes
P

PSI
Hall effect B cos(q)
A thin slab of semiconducting material
B q

- InAs

T v 7 - InSb

6 Q ® &
® - GaAs Sensor IC: 16x4x2 mm?
°® F\® 3D sensorfrom SENIS

Vi b= / |
\J DC current

Lorentz force F=v x B

transverse DC (Hall) voltage

Lorentz force » Steady state voltage VH

Hall probes : Field mapping, field integral, magnetic length



C

Fluxmeters |
(m PSI
V.= Mﬁ =-= jB dA:—” dA—§vacw

a4 =

Faraday’s law (total derivative) timef_l\ng;:g"'ﬁj q cozl\;i?t;;ting, translating
Voltage (integration) Y Discrete sampling of flux Y Fourier components Y main field +field
harmonics
; ; 4 )
/" o Pick up coils ) (4B | _
A Rotating (change of surfaci®) ly 9@ _J 5. A pick-up coil surface
A Fixed coils (B change in time) SOt ACVBV w rotation speed
o Wires (coil made of 1 loo C
( P) _ )

A Translating, rotating (change of surfada)
N\ ™

Moving wire measurement of

400 mm long-rotating coils (PSI/ Elettra/CERN) dipole/ quadrupole at PSI
made of 5 PCB coils

Rotating (coils, wire): Field integral, harmonics , magnetic center



Magnet measurements
at the PaulScherrennstitut

PSI



