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Introduction
Why and when to measure
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Know your magnetic field

Magnetic measurements
-real object or close representative, under controlled laboratory conditions
-;GKLKӆ <=N=DGHE=FL G> AFKLJME=FL9LAGFӅ HGO=J KMHHDA=KӅ ;GGDAF?Ӆ LJ9FKHGJL ӈӄ E9FHGO=J ń. of test cases

FEM/BEM simulations
-Highly idealized object
-Costs: mostly setup 
ӦK;JAHLK Ἅ K;9D9:D= H9J9E=LJA; 9F9DQKAKӧ

Beam-based measurements
-Full set of actual objects
ӦỪ 9DD L@= J=KL 9JGMF< L@=E ӈӧ
-Costs: beam time (expensive!)
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Beam-based measurement: examples

Solenoid axis tilt (ISOLDE REX)
Å Tilt could not be measured in-situ due to mechanical constraints

Å Beam Position Monitors measure beam deflection angle Ŭby 
scanning the entry direction

Å Radial field Br approx. by 1st order Taylor expansion

LHC multipole polarity check
Å Triggered by anomalies detected in early injection tests

Å Beam prepared with low intensity and emittance;
large momentum offset to enhance sensitivity

Å Suspected multipoles set to excite betatron oscillations at 
opposite polarities

Å Trajectory difference compared to MADX simulations

Å Effective but ỀPHỀFẼANỀ
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R. Calaga, Polarity checks in Sectors 23 & 78, LHC Performance Note 010, 2009
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Beam-based measurements: summary 

Advantages

Åby definition, the beam sees allL@9LӐK J=D=N9FL AF L@= 9;LM9D GH=J9LAF? ;GF<ALAGFK
ÅBeam measurement can deal quickly with the unexpected 
ÅThey may be the only option : e.g. old magnets with no spare, no FE model

Limitations

Ådifficult interpretation : all effects  integrated by the beam, unique inversion may not be possible 
Å require very precise instrumentation (e.g. ppm tune measurements, 10-50 mm BPM), stable machine,

as many correctors as possible, dynamic aperture margin
Å require well-known optic model (obtained from previous magnetic measurements !)
Åonly non-linearities small enough not to cause beam lifetime issuescan be measured
ÅGood Field Region corners cannot be explored well due to the finite size of the beam
Åvery time consuming (e.g. LEP bump FFT took 2 months) hence extremely expensive
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Numerical models ªMeasurements

Numerical models

Å Object does not need to exist !
but beware: the final object will be always different from the model due to
geometrical tolerances, material properties variations

Å Arbitrary operational parameter range

Å Arbitrary range and resolution of results
(space/time)

Å 1QKL=E9LA; Ӧ9F< ӑJ9F<GEӒӧerrors
- modelling errors: approximated or missing physical phenomena (e.g.
hysteresis) and couplings (e.g. magnetothermal, -mechanical, -electrical);
- approximation errors: truncation, simplified solutions 
- discretization errors: triangulation, outer domain boundaries
- numerical errors: roundoff, instabilities (corner singularities)

Å Cost driver: setup and validation
- initial effort ranges from trivial to near-impossible
- scripted iterations do not require manpower
- computation cost normally scales with h2~3, 1/dt

Å Best at: relative differences and changes
- parameter space exploration, optimization

Measurement

Å -:B=;L ӑ9K :MADLӒ
but beware: a proto/spare may not represent well the mean of a series)

Å Practical limitations :
9N9AD9:D= L=KL :=F;@Ӆ HGO=J ;GFN=JL=J NGDL9?=Ӭ;MJJ=FLӅ LAE= ӈ

Å Practical limitations :
- overall sensor size, sensing volume shape and size, mechanical positioning
- sensor sensitivity, linear range, bandwidth

Å Systematic and random measurement errors:
- transduction (S/N) and acquisition noise (ADC linearity, quantization)
- acquisition chain errors: preamplifier gain, frequency response
- calibration and numerical post-processing errors

Å Cost drivers: setup and operation
- adapted high-precision instrumentation often requires specific R&D
- repeated tests (parametric studies, series runs) consume proportional resources

Å Best at: absolute results
with proper traceable calibration chain
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Example: CERN PS main unit

Å Combined-function dipole + F/D quadrupole
Å 10 × angled blocks ӛjust one big end region
Å 1+1+2+2 magnetically and inductively coupled excitation circuits 
Å1LADD FG ;GEHD=L= ґ" <QF9EA; EG<=D 9L 9?= ҔҎỪ ӈ

Block gap

hyperbolic shape poles

figure-of-eight loop

Pole face windings
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10 mm/100 mm gap error ­ 10-4 field error at low field

Impact of model uncertainties

Analytical 1D model (neglecting leakage) ὄ
‘‘ὔ)

Љ ‘Ὣ

5% mr error ­ 5Ö10-4 field error at low field
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impact of material property uncertainties
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impact of geometrical uncertainty 
(mechanical tolerances, assembly errors)
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Material properties uncertainty

variation of the coercivity/peak permeability over 50 ktonsof 
MAGNETIL steel sheets for LHC cryomagnets

ǧHc/ Hc= 40%

Giuseppe Peiroet al., Toward the Production of 50 000 Tonnes of Low-Carbon Steel Sheet for the LHC Superconducting 
Dipole and Quadrupole Magnets, IEEE TRANSACTIONS ON APPLIED SUPERCONDUCTIVITY, VOL. 12, NO. 1, MARCH 2002
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Courtesy Giuseppe Montenero, CERN

Add: difference between actual hysteresis loop and initial curve
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FE ªmeasurements: CERN PSB bending dipole
2D FE with nominal B(H)

(tweaking the curve does not work !)

B(H) of typical low Si electrical steel (M1200-100A)

steel plates to be reinforced to
equalize the rings at high field

(+110% @ 2 GeV w.r.t. design value !)

Courtesy A. Newborough, R Chritin

Integral
flux loops

4-ring main bending dipole
of CERN PS Booster

Outer rings (higher saturation)
2% mismatch FE/MM

Inner rings
(high field, little saturation)

0.3% mismatch FE/MM
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FE ªmeasurements: MedAustron Bending Dipole
Åmodelling issues more complex for dynamic phenomena (eddy currents)
Åmedical hadrontherapy machine requirements: fast energy changes, high accuracy and stability 
Åsettling time: measured  200 °20 ms, computed 150 ms

G. Golluccio, A. Beaumont et al., Overview of the magnetic measurements status for the MedAustronproject, IMMW18
T. Zickleret al., Design and Optimization of the MedAustronSynchrotron Main Dipoles, IPAC11

Integral PCB fluxmeter

Measured eddy current
decay transient

~ 2M elements, 80 h running time


