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Introduction
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Main assumption: 2D field (i.e thin lens approximation, L ,qnet << Apetatron)

o0

O(H =R >

n=1

K n
n-1 n
rref

C einS

{C.=B +iA_}

Measurement(s)
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[see also: lecture by A. Wolski]
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Result analysis
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Azimuthal sampling over N points + inverse FFT

[L. Bottura, LHC-XMT-ES-0001]

Calibration

Finding the {k_ } needed to infer the {C_} from ®_ (within a certain accuracy)
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idealfcoll"geometry

o = coil aperture angle %

S (rotation axis)

Further assumptions: _in%

. a
N- L in= ,
N7 n ny __ 'NT n 2 n ingy
o Kk, =—(2,-z)=——| Rye * —R/e e
e Perfect rectangular geometry n N ( 2 1 ) 2 1
e Infinitesimally thin winding cross-section
[A. Jain, HARMONIC COILS, CAS Measurement and Alignment of Accelerator and Detector Magnets 1997]

Finite winding size correction

if square cross-section <1 mm?, R, > 10 mm, n<6 =
no correction for a dipole, , << 103 for higher harmonics
The correction can be either ignored or computed from the nominal geometry (no special calibration necessary)

[L. Deniau, CERN LHC-MTA IN 98-026, Coils calibration correction factors for rectangular windings ]
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n radial coil tangential coil tangential coil
©o=0 @o=7/2, W=2Rpsino/2 ©o=m/2, ax0
K1 NtLw NtLw NtLw
K2 % N, LWR, i cos% N, LWR, iN, LWR,
W2 2 1 2 2
i3 N, L o+ R: —5(1+ 20s ot )N, LWR? — N, LWR
w? 2 - o 3 . 3
K4 N, LwWR, T+ R, —|003acosE N, LWR; —IN; LwR,
4 W2 R2
s NTLW(\éVO = O +R] %(1+ 2c0sa + 2¢0s 2a )N LWR} N, LwR,
4 .
5 :
< | N, LwR, (‘1"—6 +oWR + Rg‘j é N, cos%(4 cos? & —1)LWRS iN, LWRS

e All coefficients can be calculated from coil length L, width w and radius R,
 All coefficients proportional to total coil area A.=N.Lw
e All coefficents increase like radius R,"!

NB: calibration coefficients can be used at any field level — inherently linear sensor

However: S/N at calibration gets better at high field
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compute from definition:

N- L in% -in% ) .
=——|Rje 2—Re 2 "

Kn
N Coil geometry L
tr ~r w H —
Geometry nominal=
measurements N, L,wW,Ry,Pq
+imperfections 2 Coil
_ _ 6 _ £ factors
Ac_Kl’Weff_ ’RO_
N, L A ko)
Magnetic
IEEES IR compare directly measurements to known reference field:
n-1
2rfef LIJn+1
K, =
N C,

o Geometry measurement: practically only L is accurate enough (10-3~10-4).
Moreover: if coil completely within or outside the magnet, precise determination of L not necessary.
e Geometry may be the only option when no suitable reference magnet is available
(e.g. large or curved coils ...)
» Magnetic measurement: best option when possible (all non-idealities automatically included in the result)
Reference dipole and quadrupole are the norm; sextupole sometimes used
e Computation of «, from geometry: done for the orders where no reference comparison is available.
In this case, accuracy is estimated from calculations, repeatability, cross-checks with different instruments
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Finite Length Effects
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Bd/ f

_ = = 1,
= N, | W(s)B(s)ds = BW, L = BLW, =1l Bl
L
Aot o [, Nyw(s)B(s)ds o

=

jOL B(s)ds Bd/

JL A = LWy

\

e The flux corresponding to a given coil position can be obtained in various ways (flipping or rotating the coil, pulsing the
field from zero)
e L can be considered as known from mechanical measurements
e General case: unless B(s) or w(s) are constant and can be taken out of the integral sign, the flux cannot be obtained
from average width and average field: )
1 jo w(s)B(s)ds

[ B(s)ds [ w(s)ds

e Define: effective width (N, gets lumped in for convenience) = average of width weighted with the field

#1

considerations made here for a dipole field hold true for other components as well
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® =W, Bd/=BA,

L. << Ly

L. > L,

error made if B(s)

calibration

most favourable case: B=const. €rror = _T

= B(s)

measurement

Wo

local measurement

if we can assume B=constant (during both calibration and
measurement), then the calibrated value A can be used
in any magnet to obtain the average field.

Usage:

- local field quality (diagnostic tool for SC coils)

- integral measurement by scanning

O\

scanning required, w(z) unimportant, wavg sufficient

i :
I
IE

J

integral measurement

W, depends on both w(s) and B(s) — accurate absolute
measurements cannot be done even if w(s) is known perfectly
Usage:

- precise and efficient determination of the field integral

S

for relative measurements

- absolute cailbration may be done with another instrument |
(stretched wire) — to be repeated if B(s) changes

CERN
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rectangular (default) racetrack

« precise definition of coil length

« best practical solution to reconstruct field . well-defined geometry facilitates winding
integral from multiple longitudinal . calculations more complicated
measurements (eg. gap between coils in long SC hould b d onlv if th ds fall irel
dipoles must be a multiple of twist pitch) S 'ohu. € used only If the ends fall entirely

. sharp corners spell wire problems: risk of ST S= @F BEEnEr. THIen
breakage, bulge out, bond does not tak

Rounded ends: BdL can be measured precisely only if B is constant or linear over the end regions.

®=N; '[21/——5 B(s)ds+ N, WjB(S)ds+N j \/——(S—L) B(s)ds
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e superconducting magnets made with Rutherford cable develop a periodical field modulation, due to non-uniform
interstrand current distribution, with period A=twist pitch length and relative amplitude of order 10-3

e to measure the integral correctly, coil length and gap must be integer multiples of A

e to correctly fill in the gaps by interpolation/extrapolations, gaps must occur in the flat (central) field region

P. Pugnat, INVESTIGATION OF THE PERIODIC MAGNETIC FIELD MODULATION INSIDE APERTURES OF LHC SUPERCONDUCTING DIPOLE MODELS, EPAC 2000
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Quality Control
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Quality conitrol

Quality control = acceptance test to verify broad conformity with specifications
not necessarily a precise quantitative measurement (go/no go)
done routinely after manufacture and during operation (periodical or on-call checks)

Routine controls carried out at CERN:
Visual Inspection

e Regular winding geometry
e Epoxy polymerized uniformly, no air bubbles, cracks or swellings

Geometrical Controls

e Mechanical measurement of length, width of winding form/finished coil.
Derived quantities: total coil area, winding thickness (including the epoxy bonding)

» Microphotogrammetry gives a lot of information, but it is destructive.
Carried out occasionally to measure cross-section parameters to be used for the calculation of finite cross-section
effects.

e Radiographic photogrammetry: might be useful (non-destructive), but is costly
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Geometry of winding form and finished coils checked systematically
by mechanical means

Coil fixed to precision support with calibrated pins

A sliding spring-loaded feeler is used to take horizontal and vertical
micrometric measurements at the bottom of the groove
Measurements from both sides are averaged to cancel out systematic
errors

Mechanical area is computed at the center line of the measured
winding thickness and compared with magnetic calibration

coil flipped to take measurements on both sides

coil position referenced by precision pins

g |
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wedge-space er to reach the
bottom of | nm wide groove

“Manufacturing and calibration of search coils - Part //” marco.buzio@cern.ch Page 15/65 ( g @
CAS on Magnets, Bruges, 76-25 2009 e TEChnO[Ogy Department



Example: mechanical 'survey ol dipolercolls for'CHE

A
Y

Coil width = 8.56 + 0.07 mm

Winding width = 0.63+ 0.06 mm PR
(variations in wire diameter, bonding thickness, ..) —> et AL = 2L S LS Ll

1150 mm LHC dipole coils - 2007 series (15 units)

Core width — Coil width (middle Iine)‘

9.0
X
€ X/é
E %
<
S
2
8.2
8.0 3 x & x X ,»é £ %
X P
7.8 I I I I I 1
0 200 400 600 800 1000 1200

z [mm]
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Total Coil Surface Cross-Check
148 units, 1150 mm, 3x3 turns

o

o

O

(e)}
|

0.094

0.092 -

Magnetic Surface (m2)

0.090 - * v
<

0.088 - o .

0.086 -

0.084 -

0082 I I I I I

0.082 0.084 0.086 0.088 0.090 0.092 0.094 0.096
Geometrical Surface (m2)

Obtained area ~1% larger than
specified on average

Magnetic area 0.25% larger than
geometric on average

Spread (including outliers) is
about 1% of the nominal value
Even excluding outliers, about
0.7% spread of the difference
between geometrical and
magnetic values is = this kind of
mechanical measurements
cannot be used as a reliable
predictor of magnetic area.
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B
desired sharp profile B(s) < risk with fully symmetric geometry !

i k capture the full return leakage = zero total flux !

____________________ L \\\/”—_~________________ S
‘ EREF I

— D

O =N, [ wS)BE)ds~N; [ Ws)B()ds ~ N;w(s)[ . B(s)d )=
= W(S)b(S)dS = J. W(S)b(S)dSs = WSI S)ds W(S ) =
T T e T <
0 S-A/2 \S‘A/Zdv b E— N Bd/ rof
B gref

Apply a local magnetic field to obtain an indication of the width variations
Relative measurement — absolute width may be obtained from average w calibrated in a reference dipole
Potentially preferable to mechanical measurements — takes into account all non-idealities

Flux signal can be obtained in different ways (flipping the coil in a constant field, translating the coil at
constant velocity, applying a pulsed or AC field)
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Qualrty Conitrol="Magnetic determination o the lecalwidth
¥

permanent magnets

4

A possible implementation of the idea: a simple

permanent magnet-based dipole

Leakage flux must be pushed as far away as possible

(better if perpendicularly to the coil)

Additional iron screens may improve the gradient
dB/ds at the boundaries

D)
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Electrical Controls

Resistance of CNAO Fluxmetre Coils
2.550 m, 90 turns, dia 0.04 mm, T=17.3 C

e Continuity test

1.6600

e Resistance measurement: difficult to detect single-turn shorts
(e.g: 1 inter-turn short on a 400-turn coil = 0.25% R drop
equivalent to 0.5 °C !II)
Re = 7r(£e W, D) PNy -
l 8RC _ 1 e 1 2 3 4 5 6 7 8 9 10 11 12 13 14
R aNT B |\|T Example of R variability in a batch of equal coils
C

¢ Inductance measurement: no material property dependence, 2xsensitivity (actually better than that, as the shorted
turns add a mutual inductance in phase opposition). 1 oL 2
cC __

Lc :7/L(€c'Wc’@w):u0N'I?

L. oN, N,

e Measurement of the time constant of the inductive discharge (t2=L/R) may be useful
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—

"Quality Control ="Coll"Wiring Polarity

e

Polarity checkér for coil assemblies

up to ~20 connector assemblies in series —
very easy to get inversions

check phase of V induced in the coil vs.
source
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-

Example: calibration bench for long shaft at CRN- (518)

Calibration bench conceived for quick on-site magnetic and electrical verification of 15-m long coil shafts for
LHC cryomagnets during the series test phase |
0.5 T horizontal field over 1.5 m, very good uniformity (b3<2 units), travelling magnet

Calibration of field direction for long shafts + verification of strength (— coil area);

realistic coil voltages for electrical checks

g |
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Viagnetic-Quality 'Conitrol

[

HEAGUREHENT ‘RESULTS

[ =
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15.3E-3Y
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avEerage |~ average ] Analysis togis %

& Drift correction Measure Type
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-10.0E-3 |
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-15.0E-3 Eﬂ

-20.0E-3 Efll m centering
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Example of application: intermittent open circuit during
. e . . sector
the rotation due to failing connection — a nightmare to [
find otherwise ! B Sue vollaae ey REIE- L)
IR B4R LT vvu:\_:guﬁ TR ] 3 13497050 i - - ] . Abs armor (max) TAB35E-3 (V)
i 5: 13:47:25M Cmp yoltage (max) 44923E-2 (V) 1.3453E+1 (%)
B: 13:47:45M Abs drif 1.5293E-2 (V) ZAZT1E2 (%)
7o 13:48:05M Cimp efror {ma) ~1.5909E-Z (V) -4 7641E+0 (%)
Cmp drift 2.0436E-4 (V) 2.842SE+0
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All measurements have been successfully ACK fdd B View Export _Optical Relu
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Metrological Aspects
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Sihunits

Derived units
S| BASE UNITS without special S| DERIVED UNITS WITH SPECIAL NAMES AND SYMBOLS
names Solid lines indicate multiplication, broken lines indicate division
I,.....urnll""““"'““""'”J,"'""""llln.,,.
kilogram grpnparninne 7 N,
kg (kg-m/sz) pascal @ (N/m?) gray @(J/kg) sievert@ (J/kg)
MASS .
PRESSURE, ABSORBED DOSE
STRESS DOSE EQUIVALENT
meter
m
watt (J/s) becquerel (1/s) hertz (1/s)
LENGTH v@ .( @
ENERGY, WORK, :" POWER, ACTIVITY ‘5" FREQUENCY
second S QUANTITY OF HEAT = HEAT FLOW RATE (OFA RAD-’ONUCUDE)
TIME katal (\Vs) henry (Whb/A) tesla (Wb/m?)
| @ @ . Josephson effect:
mole mol CATALYTIC MAGNETIC ~\ INDUCTANCE MAGNETIC
ACTIVITY FLUX 5 FLUX DENSITY V—nf(I)0
AMOUNT OF
SUBSTANCE e "“?,"-\" s ””\I/f)ll (W/A)
ampere o ( ) .
A EhaT 3 POTERTIAL Quantum hall effect:
ELECTRIC CURRENT CHARGE | . ELE%E%DHV R=n®/e
degree (K) farad (C/V) ’, ohm (V/IA)  siemens (1/W)
kelvin K Celsius %, ® @
_-_.__.-___ IR
CONDUCTANCE
THERMODYNAMIC TEWED%?;#&RE CAPACITANCE RESISTANCE
TEMPERATURE t/°C = T/K-273.15
candela
cd lux (Im/m?)  lumen (cd-sr) Steradlan(@(m@m ) .(m/m =1)
LUMINOUS INTENSITY

ILLUMINANCE LUMINOUS SOLIDANGLE PLANE ANGLE

WWW.hist.gov Sl
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Possible requirements

Absolute calibration

the “real” value of the magnetic field (according to some objective reference standard) is required to
compare the result with an external source

Examples:

- field of a spectrometer (must provide absolute beam energy values)

- matching the energy between chained accelerators

Relative calibration

the value of the magnetic field in comparison to a local reference fulfils the purpose of the measurement
Examples:

- integrated strength of the main magnets of a synchrotron (they must be equal to guarantee the same
bending radius/focusing when they are powered in series)

- field mapping to compute homogeneity/harmonics

relative measurements are both easier to do and more precise
differential measurements allow the cancellation of a number of error sources
null methods allow to work in the most linear range of the instrumentation

In both cases: open-loop (geometry-based) calibration does not well enough for harmonic coils =
recourse to appropriate reference magnets is necessary

Also: applications where few % calibration is sufficient (e.g. measurment in pusled magnets, which are self-

calibrated - relative)

CERN
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Reference standards of any physical quantity must fulfill three basic requirements:

1. Realize the quantity in a useful range
2.0/ot = 0 (long term stability)
3.0/0x = 0 (transportability)

Physical The instrument to be calibrated is checked directly or indirectly.

Reference
Standard

1)

An instrument calibrated with a reference standard is used to charcterize
ﬁ> Reference a user field source, which can then be used as a reference
@ Instrument Coil + instrument = the reference

Any t

Field Source
In-situ calibration: using symmetries, the
ﬁ> Any g> Measurement instrument and the magnet are calibrated
<7 Instrument - Results simultaneously.

In practice: cross check of different instruments, confidence comes from redundance.
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Viagnetic Field 'Reference

Flux Density [B] = [M]* [L]°[T]?[I]* 1 Tesla=1N/Am=1Wb/m2

No official primary standard. The established secondary standard is the proton gyromagnetic ratio
v,=42.5759 MHz/T, at the basis of the NMR measurements (e.g. Metrolab teslameter). In practice, one has to
realize their own reference by taking a dipole magnet and mapping it. Main limitations: absolute accuracy 5
ppm; tracking rate 1%/s; homogeneity 13 ppm/mm.

Trmew wm

NMR Field Map of CERN Reference Dipole

Py i

0
1: | me g g E"‘“""MA&\

Map 05-2000 )
25 — Map. 01-2007
i ~ Map 09-2002 Y

30 // + Map 09-2001 T
Map 05-2003

AB/BO [1.e-4]

300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000 2100 2200

Position (mm)
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Magnetic Flux [©] =[M]* [L]2[T]3[I]? 1Weber=1Vs=1HA=1Tm2=11]/A

No official primary standard. Secondary standards of flux and (equivalently) mutual inductance employed routinely as
calibrators (e.g. Hibbert’s standards, Campbell coils, or more modern calculable sources). The flux quantum is logically a
candidate to replace the old standards, but for the moment it is impractical to use it directly.

NB: realizations of the Vs can be obtained with high precision, and are used to calibrate acquisition electronics; since
they do not represent physically a magnetic flux, however, they cannot be used to calibrate directly a coil.

¢ Historical Note: Hibbert's flux standard

R e Narrow annular gap in a permanent-magnet based iron circuit
: : e Coil can slide between mechanical stops on a rod into and out of
A = ) 4 the field
C 2y b Q o A few %o reproducibility with artificial ageing to improve long-
7

il term stability

N

gap - ... an exaggerated

TN rough treatment, consisting of boilings, shocks, blows, being
allowed to fall, repeated magnetisation, and the like ; this treat-
ment may be called arfificial ageing; magnets thus treated

permanent B ), B usually keep better.
magnet — &5 Du Bois, The magnetic Circuit in Theory and Practice, Longmans, 1896
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Helmoltz Colls

Two circular coils of radius R separated by a distance R

Zero sextupole at the center — 6% AB/B, at z=R/2

Excellent accessibility of the homogeneous field volume

Can be used in reverse mode as a search coil (e.g. for measurement of small
permanent magnets) — it will be sensitive mainly to the dipole component only
Square arrangement of conductors carried small penalty

e Calculable system — suitable for use as a reference

Magnetic field lines for %
Helmholtz coils. Cret iy

3D Helmoltz coil system
http://www.laboratorio.elettrofisico.com

S. R. Trout, "Use of Helmholtz Coils for Magnetic Measurements”, IEEE Trans Magnetics, V.24, No.4, Jul 88
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Doeuble'Helmoltz Coil'Systemr (CERN)

Two perpendicular Helmoltz coils can create combinations of hormal and skew dipole + quadrupole field
2D geometry — optimal spacing between coils is 1/v3 of the distance between conductors
2400x120%x240 mm coils, 30x30 mm cross section, 150x

64 turns of 4 mm2 air-cooled Cu conductor, hominal current I=20 A = max. modulus field = 0.76 T
Force on each conductor = 6.5 kN — needs a strong structure

Must be kept far from metallic masses

3 2 1
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e Many variations on the Helmoltz theme with different coil numbers, arrangement and optimization criteria
e Braunbeck Coils: 4 coils in series used to cancel Earth’s field to better than 1 nT — used for instrument

calibration inside a large volume.

N %

"“’I!.

/

! .
/

3-axis Braunbeck coil system
arbitrary B vector direction

j en.html
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Calibration in a Dipole
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EliprCoaill"Method

e Not a novel technique ...

e Find the total flux linked in a given
position

e Relates coil area and average field

e Returning back to the original position
allows estimation and correction of
integrator drift

e Equivalent to harmonic (rotating) coil
measurement with two sampling points
180° apart

e Works in any field: use to calibrate
(B—A) is possible only if B is known
precisely ...

- [Vdt=0-(-0)=2AB

Fia. 22.—Earth Coil for use in Ballistic Measurements,

Transform an integral w.r.t. time into another w.r.t. position (same as for harmonic coil method)
guarantees insensitivity to speed and trajectory fluctuations

JA Ewing, « Magnetic Induction in Iron and Other Metals», Van Nostrand, London, 1900
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-Field of 1 Tesla (@ 310 A),1=2,5m
-Permanently monitored with NMR-probe
-Probe @ 70 mm max.

-Up to 5 coils simultaneously
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best accuracy if parameters are
consistently tracked (current,

Reference temperature, ...) e may require transportation of the
magnet best convenience — doubts can be instrument
dispelled by a quick check
can be done offline
in sity most accurate ¢ not always practical (geometry reasons)

¢ adds time to series measurements
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Reference Dipole

NMR Probe

y4

7 S ——

0 <
5 P / B

S

0
= 900m
c -15 // ' \
2 20 / \
VA \
c -25 /
S a9 1/
@ / !
= -35 /
_i -40 /
@ -45
L -50
O O O O OO OO0 O 0O 0O 0O 0O 0O 0O 0O o o o o
N O W W WL WL L 0 non.nunnuonu®onuwouwowowv w
N O & O © N 0 OO O -~ N M < 1B © N 0 0O O v
-— A -— -— -— -— -— -— -— — (q\| AN AN
position (mm)
Field mapped yearly and checked continuously with a local NMR (used for scaling) Ac — A_E)
Monitor temperature and current during the measurements ! 2 B1

CERN
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Individual coils are calibrated in a NMR-mapped reference dipole
fringe fields are excluded

LHC dipole field integral is measured in the same conditions with:
15 m coil shaft (12 coil sectors) + Single Stretched Wire (SSW)
The SSW provides an independent calibration standard for integral
fields only (precision comes from high-precision translation stages
~1 um/10 mm. No direct comparison between SSW and NMR-
mapped magnet is possible

copper-beryllium wire two translation stages move the wire
stretched through the magnet from A-A to B-B with micrometer accuracy

Magnetic Field

integrated voltage (Vs) is
proportional to the average field
across the area

spanned by the wire

induced voltage V in the wire loop
proportional to both magnetic field
and speed of movement

N/

integrator to multiply the voltage V
times the duration of the movement to get flux
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Comparison between SSW and harmonic coils gives an indication of absolute accuracy
In this particular case: RMS spread = 2:104

Bl with 15m Leng Coll Shaft [Tm]

119.36 ,
119.35 -
119.33 -
119.32
119.31 1
119.30 -
119.29 -
119.27 -
119.26 -
119.25 -
119.24 1
119.23 -
119.2 -

119.20

P

'3"?'?'.9'.9'?'?

Main Dipole BdL correlation: Long Shafis ve. SSW

iDunt

+ measurements
...... best fit (unit slope)

PEPSP IS

BdL with Singla Stretrhed Wire [Timi]

cross-checks with multiple instruments are an essential tool
to get independent confirmation of calibration accuracy

CERN
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X

—1

_

coil 4 coil 5

\
0.5 mm alignment pads can be filed to kapton sheet shims
adjust parallelism within 1~2 mrad

coil 1

Connect coils with equal nominal area in series opposition
K; = A(cosg, +ising,) =~ A (l+ig,)
K‘12 = A [1+ig)

Flip the array 180° to measure A®. Choose initial phase ¢,= w/2 to be insensitive to area differences.

AD = 2%R(x" B,e™ )= 2B, (AACOS@, — AA&sin g, )

kM =k — Kk ~ AA+iAAg

Compute the tilt angle difference. File and/or shim, then iterate. AD

E=——
2AB,

NB: the tilt of the reference coil remains unknown (see field direction calibration later on)

CERN
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Calibration in a Quadrupole
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Calibrationfin a guadrupoele

Precisely controlled
r _
horizontal displacement B, = e CI)(O’XO +Ax) - (0, Xo)

to calibrate the gradient AX A

D(9) = Rix,Be" +x,B,e”" )= AB: [y cosg+1R, cos29
1=1 272 r 0 2 0

ef

_AB, 1 D(0)— D
CD(O)_ rref (X0+2R0j XOeref (/)A\CB (ﬂ-)
B 2

Tt L 27 (0)+ ()
aF T
CD(?Z')I A;_Crfz (— XO+%R0j RO = 2rref ACBZ

Assume for simplicity a purely horizontal rotation axis offset

It is essential that the rotation axis be the same during calibration and measurements (same ball bearings)
Typical accuracy cross-checked via SSW about 17 units.

No reference standard for field gradient: use a SSW validated previously with a NMR (Guy ?)

SSW and rotating coil check: 1.7 units of difference on field integral
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Calibration of field direction
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Calibratienrefmainfield direction

No standard reference (despite being the oldest magnetic
measurement in the world ...)

Main alternatives:

- exploit symmetries (must have fixed rotating coil axis or
an attached reference e.g. gravity)

- use a reference magnet (stretched wire method) or re-
calibrate in situ.

Rotation of the reference magnet allows one to verify
polari '

tal b d s YNy, 10.'_“' "

- bt S—
) _..__J'M\‘f ;

A
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Olmeas

desired reference
g. gravity, mechanics)

instrument reference
(e.g. start trigger of angular encoder)

1 2
_ A neas ~ Xmeas
1 1 Aa o=—+
Apeas = & — ) 2 2
2 1 2
A eas =r—-a+Aa Aa:_£+ameas+ameas
N 2 2

e Measurement affected by unknown internal offset (e.g. mechanical tilt angle of inclinometer to encoder zero)
e Turning the instrument by 180° allows to measure the wanted angle + calibrate the offset
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Calibration of axis
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e No standard reference — ad-hoc techniques needed.

o Reference benches with quadrupole and higher
multipole magnets

¢ Allow easy translation of the magnets for verification of
polarity and gain

e Cross-check with multiple systems: rotating coils, AC
coils, stretched wire

Leica ° ®
Laser e —go RQ fiducials o Fiducial
tracker ™ (Badger)
42
V)

\d

N
\—( Badaer —
Reference
point (total
number 5)

S g

iy
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Vieasuremenit o magmneticraxis

e Main axis measurement methods: harmonic feed-down from rotating coil data, morgan-coil type signal
balance (AC or pulsed), stretched wire (AC or DC), Hall probe (null technique)

e Measured harmonics contain information about the null field region

e Assuming small offsets and one dominant harmonic, a linearized equation provides the center as a function
of the strength of the dominant harmonic and the next lower one

e The computed Az is relative to the coil rotation axis — this must be transferred (mechanically or optically) to
an external frame of reference (magnet fiducial references).

oo
yt C1

For a purely normal magnet: \
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Examplercalibrationefrtransliatienal effsets

e Reverse by 180 one of the reference systems (the probe in the example below)
e As Az is re-measured, the precise location of the vertical rotation axis is irrelevant
e Add an optical target (fixed w.r.t. the coil rotation radius) measured in an external reference (X,Y)

external reference system

X = Xy +AX + X,
X, = Xy +AX, — X,
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Example:rcalibrationreilmac drft tuloes

Linac4 currently in construction at
CERN

Drift tubes include permanent quads
Must be aligned in each DFT tank to
better than 0.08 mm

M. Vretenar, “Linac4 - a new linear accelerator for the CERN complex”

bbb -
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Example: calibration offlinac drrfttulbes

(x,y) = rotating coil reference frame

(X,Y) =DT reference frame

X
Y : :
drift tube stem axis
..................................... N
magnetic field X
B=(By+iBy)
AV
e Magnetic Center
R (XCM’YCM)
N (LtoS)
R 8 unknowns:
» magnetic center (Xcw,Ycnm), field direction v
» coil axis (AX,AY), angular encoder offset y, support tilt B
e stem perpendicularity error ¢
S (support rotation axis)
CERN “Manufacturing and calibration of search coils - Part //” marco.buzio@cern.ch Page 52/65
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Drift Tube Measurement —"Horizontal Flip

(x,y) = rotating coil reference frame

(X,Y) =DT reference frame

Y

drift tube stem axis

magnetic field
B=(By+iBy)

N(Ltos)

| S (support rotation axis)

Position 0 - nominal

X=AX+X—-ay
Y =AY +ax+y

y=p+a

Position 1 — flip around X

X'=-2R + X +2&Y
Y'=-Y +2¢X
W=r—@Q—-a+2¢

CERN ‘“Manufacturing and calibration of search coils - Part //” marco.buzio@cern.ch
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S Dt TTube Measurement —Vertical Elip e

Position 2 — flip around S Position 3 — flip around X and S

X"=2BR-X+28Y {X"':—Z(ﬂ+5)R—X+2(,B+g)Y
Y'"=Y + 28X "=_2(f+e)X =Y
v=—0+a+2 w=-r1+@+a+2(f+¢)
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S DritTue Measuremenit— Calculationreffcalibrated meastrement re sulits .

Substitution of measurement results in position 0,1,2,3 and linearization of the

equations:
Xen =AX + X, — ~ AX + X
Pos.0 o °
—AY+ax0+y0 ~AY +Y,

Pos.1 X = 2R+ (AX + X, —ay,) + 2e(AY + ox_+Y,) ~ —26R+ AX + X,
Y, —Zg(AX +X, —ay,)— (AY +ax, +Y,) ~—AY -,
Pos.2 X =2R - (AX +X, —ay,) +28(AY + X, +Y,) ~ 2R —AX — X,

Y, = 28(AX + X, —ay,) + (AY +axX, +Y,) ~AY +,
Pos 3 X, =—2( ,B+5)R (AX + X, —ay,) +2(B+ AY +ax, +Y,) =-2(B+&)R—-AX —X,
oY, :—2,B+g)(AX+x —ay,) - (AY +ax, +Y,) ~—-AY -y,
fl// p— 8 unknO\Lv-ns, 1i eq(u;tio:s: | e drect
. e magnetic center , , field direction
) y=r-p-at+e e coil axis (AX,AY), acrlrlgulcawrI encoder offset y, support tilt

W=—@,+a+ 28 e stem perpendicularity error ¢

v =—rm+p,+a+2(f+e)
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Field direction measurements = calculation of calibrated angular parameters

(] -1 -1 -1 1] -¢, | W} magnetic field direction in the DT reference frame
al 1|11 -1 1 1|l -7 Y=o+ offset angle between encoder @ and support
3 ¥=§ 0 -1 0 1 > (this is a fixed quantity useful to check stability)
¢ & € 1 error of stem w.r.t. fiducial line T,-T,
v 0 0 -1 1|-¢,+7] (can be cross-checked with geometry survey results)
Magnetic center measurements = calculation of calibrated linear parameters
i X, — X X, — X X, + X
X =pR+2L—2=—(f+2)R+21—2 AX=2pR-2 2
;o 2 2 N. =—RfB+ AX
— — +
ch _ yO Y1 — Y, y3 AY = — Yty SC =R+ AY
\ 2 2 2
o (XemrYem) magnetic axis position in the DT reference frame
* (No,So) coordinates of the coil rotation axis in a frame fixed to the test bench
(another built-in parameter useful to check system stability)
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Calibration of fixed coils
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In principle: calibration coefficients work whatever the source of o®/ct, so all previous considerations apply
Field mapping techniques require normally repeated measurements in different coil positions — one has to
worry about the repeatability of the magnetic field:

- stability of power supply (10-4~10-2)

- accuracy of current measurements

- reproducibility of hysteresis cycle (dependence upon history, time, temperature, ramp rates, ripple of the
power supply — minor hysteresis loops)

Magnets must be stabilized into a reproducible magnetic state by suitable pre-cycling (a few to a few dozen
cycles may be needed)

Variable-field measurements with moving coils are possible, but the analysis is much more complicated
[BNL]

The start and stop currents must be chosen in a range where the power supply is stable — no ripple
(unipolar power converters may be unstable close to zero current)

Integration lengths should be integer multiples of the period of the dominant perturbations

(50 Hz mains, converter ripple ...)

L L 1 et
jo B(s, I (t))ds — jo B(s, I,)ds = o jovcdt

CAS on Magnets, Bruges, 76-25 2009
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Example:r calibration eirCNAGHHUXmeter

e Main problem: long curved coil shape — whole coil
calibration inside a reference magnet impossible.

e Worse: in-situ comparison with a stretched wire systems
also impossible !

e Solution: relative measurements w.r.t. a reference coil

e Surface area is expected to change ~10-3 due to the bending |
(wire is stretched outboard and compressed inboard). Area EREEREREELRAL
change should be systematic — coils sorted based on CRRRERRE
original areas

e Three best coils at the centre and extremities of the goos f
field region to minimize error. The reference chosen as the g [ 1
closest to the average.

e A caveat: moving the coil is difficult and likely to affect
mechanical stability and calibration.

the
support N Dwlta
Coll assembly | of the | Suraces | gsurfaces
| ordering | {mmj) Coll {m’}) (Feu)
13 80
1z 75 24 23674 -10.86
11 60 18 Z.3934 0.01
10 45 23 Z.4191 10.74
a ) 11 24117 7.67
8 15 18 Z.4041 4,49
T 0 17 7. 5034 0.00 G F R
3 15 13 Z 4015 342
& 30 [F] Z. 3803 5,44
4 45 15 Z.4131 8,24
= ) P 73023 0,43 _
z 78 16 Z 4216 11.76
1 20 14 23554 -15.86 i
H” Deita
caoil Raeference | of the Surface | surface
ordering | support coll () ()
14 o 21 FETT R 2.40
Gelta |
Spare Surface | surface
Caoll [m®) (e ]
20 FETL] ER 1]
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Relative calibratior

e Reference and calibrated coils are placed symmetrically w.r.t. midplane — assuming allowed harmonics only,
they see the same field (automatic compensation of power supply instability, magnetic history, drifts ..)
e A measurement in series opposition gives therefore:

o o - AD’ ABdl! @ Wy D' K,
— = = Wi =Wg|l+ m— = ——1=—-2-1
W, W T o Bd/® ®° Wk D° k,

%/_J
K;

e Important advantage: each calibration takes into account the proper profile B(s) for each position
("in situ” concept: the reference follows the instrument)

AB/Bo(y)
BEAE Reference Coil
4_ _________ r_ ............................................. -
SN e Coil j
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e Curved magnets with parallel end generate strong quadrupole component (fringe field L ends)
e Nominal shimming with linear + parabolic profile to offset quadrupole and sextupole

7-block shim pieces

0.5 -

ﬁ"r;f: r‘_l_' . “; " l . b D0

ﬁ'\@

\ —p [TV EAS L FEMEN T

Nominal shim profile

1‘; _+Op-era

16
14

.0

Thickness (mm)

25 d

-123 -82 -41 0 41 82 123

Horizontal position (mm)

.. why bother measuring if the simulation is good ?
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Bi-metal screws

-
¥

rectified
weld

4

e Nasty surprise — effect of stainless steel shim bolts on field uniformity curves
¢ Solved resorting to bi-metal screws — iron half engages into the yoke, steel half remains outside

w
-

Homogénéité du rémanent & Y= 28mm Homogénéité du rémanent a Y=28mm

(gauss) (gauss)

—e— Déplacement bobine réf. —e— Déplacement bobine réf.

****** —=— Sonde de Hall B i B ¢ & [ = Sonde de Hall

——Polynomial (Déplacement
,,,,,,,,,,,,,,,,,,,, 0. [ | bobine réf.)

—— Polynomial (Déplacement
025 - — - bobine réf.) L

b
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Trackingrmeasuremenits

SS\0t aoos

Relative measurement of BdL w.r.t. reference magnets

Obijective: shim all main dipoles to ensure an uniform BdL (accuracy of the beam orbit, facilitates

maintenance)

Method used with long-term success in many other cases (e.g. SPS).

.

Fluxmeter inside the magnet to be shimmed

Reference inside the reference dipole

dB/Bref (1.E-3)

2.0 4

1.5 A

1.0

0.5 1

0.0

_05 4

'1.0 |

tracking test CNAO MBS 05 - ABdL wrt reference

@

0 500 1000 1500 2000 2500 3000

I1(A)
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Final Remarks
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conciusions

e Like for a magnet, good measurements start with good mechanics
e The two biggest enemies of accuracy: time and temperature — do your best to control them
e Cross-checks with multiple systems are a good practical way to find out and eliminate systematic errors

e Carry out calibration and actual measurement changing conditions as little as possible (environment,
electronics, magnet ...)

e Good quality assurance practice is the hallmark of a professional work: track and record everything, who
does what, when and with which equipment
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