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History & perspective of IMMWHistory & perspective of IMMW’’ss

And a bit of "La Mola" summary

MMW1 1981 (30 years ago) 
In Los Alamos

Alec Harvey LANL
MMW1 & MMW2

Branko Berkes SIN (PSI)
MMW3 & MMW4

No documents  left
As well for 

MMW5 BNL
IMMW6 LBL
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History History –– the early timesthe early times
MMW-1 Los Alamos National Laboratory (LANL), 

Los Alamos, New Mexico, February 1981 [ 6 p.]
MMW-2 Los Alamos National Laboratory (LANL), 

Los Alamos, New Mexico, May 1982 [ 12 p.]
MMW-3 Swiss Institute for Nuclear Research (SIN now PSI),

Villigen, Switzerland, September 1983 [ 25 p.]
MMW-4 Swiss Institute for Nuclear Research (SIN now PSI),

Villigen, Switzerland, September 1985 [ 34 p.]
MMW-5 Brookhaven National Laboratory (BNL) , 

Brookhaven, New York, September 1987 [ 63 p.]
IMMW-6 Lawrence Berkeley Laboratory (LBL) , 

Berkeley, California, September 1989

• Informal discussions 

• No documents archived
Apart from Knud Henrichsen Web site
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? Prehistory ?   ? Prehistory ?   –– the early timesthe early times
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The BNL Mole @ IMMW1987 (?)The BNL Mole @ IMMW1987 (?)
(from SSC Task Force report)(from SSC Task Force report)

2 controversies

•Analog vs. digital
bucking

•DVM vs. Integrators
(disappeared)
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History startsHistory starts

MMW-1 Los Alamos National Laboratory (LANL), 
Los Alamos, New Mexico, February 1981

MMW-2 Los Alamos National Laboratory (LANL), 
Los Alamos, New Mexico, May 1982

MMW-3 Swiss Institute for Nuclear Research (SIN now PSI),
Villigen, Switzerland, September 1983

MMW-4 Swiss Institute for Nuclear Research (SIN now PSI),
Villigen, Switzerland, September 1985 (2 pictures)

MMW-5 Brookhaven National Laboratory (BNL) , 
Brookhaven, New York, September 1987

IMMW-6 Lawrence Berkeley Laboratory (LBL) , 
Berkeley, California, September 1989

IMMW-7 Gesellschaft für Schwerionenforschung (GSI) , 
Darmstadt, Germany, June 1991

? Prehistory ?   ? Prehistory ?   –– the early timesthe early times
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IMMW-7 (GSI) , Darmstadt, June 1991
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IMMW-7 (GSI) , Darmstadt, June 1991

K. Halbach :
•Poisson 2D, then 3D
•Fish then Superfish
•The Halbach type permanent magnets
•1st publication on "bucking coils"

[1979]
Mechanical imprecisions matter

• Computers were used for calculations (FFT)
• Hand-written slides (so no easy proceedings)
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Documenting Software diagramsDocumenting Software diagrams

Presently 
"Agile" 

techniques
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And Even ??And Even ??
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And Even ??And Even ??

I am 
Unfair
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Issues : Absolute Calibration, Curved magnetsIssues : Absolute Calibration, Curved magnets

Saclay Industrial Bench for ESRF Dipoles

Tedious 3D scanning                No absolute measurement
(SPS dipoles still measured against a reference dipole)

No description for curved magnets
IMMW (18 , 19, …) 
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The 1980's: Ideas were thereThe 1980's: Ideas were there

Printed 
Circuit Coils

(Argonne)

Measuring 
Yoke gap 

without conductor
(LEP Core)



L. Walckiers  - La Mola   - IMMW17  - -p. 13

GSI 1991 : More on Collaboration with Industry GSI 1991 : More on Collaboration with Industry 

• "Halbach" Bucking
• Tedious alignment of fiducials

(10 micron, 0.2 mrad precision)
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GSI IMMW : Defining our "Units"GSI IMMW : Defining our "Units"
• Rref used everywhere : 

1" for SSC , 25 mm for Hera
59 mm for LEP, 10 mm then 17 mm for LHC

• B1 = dipole in Europe, quadrupole in USA
• B2 = Gc * Rref = Field @ Rref
• b3 = B3/B2

Today : 
• formalism for undulators linking beam optics to tuning of 

manufacturing (ESRF works on it : transfer matrix ?) 
• Still missing for curved magnets

The labs (have to) define
•the measurements standards
•how they are measured and unambiguously cross-controled 
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Years of development based on external progressYears of development based on external progress

• Absolute  (costly) to 
incremental encoders
(cf. Fermilab mole)

• Air bearings
(now ceramic bearings)

• Mech. Reference  Jigs
"home made" laser line 
(now Leica or Faro)

• Stretched Litz wire
(SSW Calibration, 
coils, PCB)
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1986 (SLAC) to IMMW 19911986 (SLAC) to IMMW 1991

SSW :  
calibration 
for Gradient

•SLAC (dipole spectrometer)
•Desy for Hera
•Cern (Lep quads)
•Fermilab
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History startsHistory starts

MMW-1 Los Alamos National Laboratory (LANL), 
Los Alamos, New Mexico, February 1981

MMW-2 Los Alamos National Laboratory (LANL), 
Los Alamos, New Mexico, May 1982

MMW-3 Swiss Institute for Nuclear Research (SIN now PSI),
Villigen, Switzerland, September 1983

MMW-4 Swiss Institute for Nuclear Research (SIN now PSI),
Villigen, Switzerland, September 1985 (2 pictures)

MMW-5 Brookhaven National Laboratory (BNL) , 
Brookhaven, New York, September 1987

IMMW-6 Lawrence Berkeley Laboratory (LBL) , 
Berkeley, California, September 1989

IMMW-7 Gesellschaft für Schwerionenforschung (GSI) , 
Darmstadt, Germany, June 1991

IMMW-8     SSC, Waxahachie, Texas, September 1993
(no proceedings)

? Prehistory ?   ? Prehistory ?   –– the early timesthe early times
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Waxahachie 1993 : the quench antennaWaxahachie 1993 : the quench antenna
Use our measuring shafts (or more dedicated coils) to locate in 
the 2 D cross-section the quench or the longitudinal propagation 
(the quench gives a dipolar magnetic moment)
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MMW-1 Los Alamos National Laboratory (LANL), 
Los Alamos, New Mexico, February 1981

MMW-2 Los Alamos National Laboratory (LANL), 
Los Alamos, New Mexico, May 1982

MMW-3 Swiss Institute for Nuclear Research (SIN now PSI),
Villigen, Switzerland, September 1983

MMW-4 Swiss Institute for Nuclear Research (SIN now PSI),
Villigen, Switzerland, September 1985 (2 pictures)

MMW-5 Brookhaven National Laboratory (BNL) , 
Brookhaven, New York, September 1987

IMMW-6 Lawrence Berkeley Laboratory (LBL) , 
Berkeley, California, September 1989

IMMW-7 Gesellschaft für Schwerionenforschung (GSI) , 
Darmstadt, Germany, June 1991

IMMW-8     SSC, Waxahachie, Texas, September 1993
IMMW-9    Saclay (CEA) , France, June 1995 

IMMW'sIMMW's
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Saclay 1995Saclay 1995
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Saclay 1995Saclay 1995

Still the highest density 
(Nturns / mm2)
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Saclay 1995Saclay 1995

ESRF and BNL then SLAC



L. Walckiers  - La Mola   - IMMW17  - -p. 23

MMW-1 Los Alamos National Laboratory (LANL), 
Los Alamos, New Mexico, February 1981

MMW-2 Los Alamos National Laboratory (LANL), 
Los Alamos, New Mexico, May 1982

MMW-3 Swiss Institute for Nuclear Research (SIN now PSI),
Villigen, Switzerland, September 1983

MMW-4 Swiss Institute for Nuclear Research (SIN now PSI),
Villigen, Switzerland, September 1985 (2 pictures)

MMW-5 Brookhaven National Laboratory (BNL) , 
Brookhaven, New York, September 1987

IMMW-6 Lawrence Berkeley Laboratory (LBL) , 
Berkeley, California, September 1989

IMMW-7 Gesellschaft für Schwerionenforschung (GSI) , 
Darmstadt, Germany, June 1991

IMMW-8     SSC, Waxahachie, Texas, September 1993
IMMW-9    Saclay (CEA) , France, June 1995 
IMMW-10  Fermilab, Illinois, October 1997  

IMMW'sIMMW's
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IMMW 97  : New accelerators IMMW 97  : New accelerators 
need new or renewed methodsneed new or renewed methods

Permanent
magnet 

measurements

ILC & 
CLIC 
Small 

aperture
magnets
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Fermilab, 1997  : Axis finding (BNL)Fermilab, 1997  : Axis finding (BNL)
Colloïdal Cell Dedicated antenna for 

R.T. measurement
(precursor of CERN AC 

Mole – IMMW11-14)
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SSW became the refence method to calibrate SSW became the refence method to calibrate 
our integral systemsour integral systems

FNAL
J. Dimarco
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Fermilab, 1997  : Axis finding by Vibrating Fermilab, 1997  : Axis finding by Vibrating 
WireWire

A. Themnik
Cornell
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Fermilab, 1997  : Axis of SolenoidFermilab, 1997  : Axis of Solenoid

D. Cornuet 
CERN

Use of a shaft 
with several 
longitudinal 

coils
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Fermilab, 1997  : 2D & 3D Hall probes Fermilab, 1997  : 2D & 3D Hall probes 
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Fermilab, 1997  : Who will take over ?Fermilab, 1997  : Who will take over ?

Knud Henrichsen starts to learn Web
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MMW-1 Los Alamos National Laboratory (LANL), 
Los Alamos, New Mexico, February 1981

MMW-2 Los Alamos National Laboratory (LANL), 
Los Alamos, New Mexico, May 1982

MMW-3 Swiss Institute for Nuclear Research (SIN now PSI),
Villigen, Switzerland, September 1983

MMW-4 Swiss Institute for Nuclear Research (SIN now PSI),
Villigen, Switzerland, September 1985 (2 pictures)

MMW-5 Brookhaven National Laboratory (BNL) , 
Brookhaven, New York, September 1987

IMMW-6 Lawrence Berkeley Laboratory (LBL) , 
Berkeley, California, September 1989

IMMW-7 Gesellschaft für Schwerionenforschung (GSI) , 
Darmstadt, Germany, June 1991

IMMW-8     SSC, Waxahachie, Texas, September 1993
IMMW-9    Saclay (CEA) , France, June 1995 
IMMW-10  Fermilab, Illinois, October 1997  
IMMW-11  Brookhaven National Laboratory, New York, October 1999
(I have the CDRom)

IMMW'sIMMW's
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IMMW11 BNL 1999IMMW11 BNL 1999
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IMMW11 BNL 1999IMMW11 BNL 1999
An AC field static system for measuring the magnetic axis of LHC
superconducting magnets in warm condition

J. Billan 

Abstract

The choice of a 3D-laser tracker for controlling several delicate operations during the
fabrication process of the LHC magnets gave us the idea of using a single mole to 
measure simultaneously the centre axis of the cold bore tube and the magnetic axis of 
the magnet.
This mole houses, at the same cross-section point, four tangential coils for detecting 
the magnetic axis, a corner cube for detecting the centre of the mole and a  
mechanical system for centring the mole inside the cold bore tube. 
Here we describe the principle, the equipment and preliminary results related 
especially to the measurement of the magnetic axis.
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MMW-1 Los Alamos National Laboratory (LANL), 
Los Alamos, New Mexico, February 1981

MMW-2 Los Alamos National Laboratory (LANL), 
Los Alamos, New Mexico, May 1982

MMW-3 Swiss Institute for Nuclear Research (SIN now PSI),
Villigen, Switzerland, September 1983

MMW-4 Swiss Institute for Nuclear Research (SIN now PSI),
Villigen, Switzerland, September 1985 (2 pictures)

MMW-5 Brookhaven National Laboratory (BNL) , 
Brookhaven, New York, September 1987

IMMW-6 Lawrence Berkeley Laboratory (LBL) , 
Berkeley, California, September 1989

IMMW-7 Gesellschaft für Schwerionenforschung (GSI) , 
Darmstadt, Germany, June 1991

IMMW-8     SSC, Waxahachie, Texas, September 1993
IMMW-9    Saclay (CEA) , France, June 1995 
IMMW-10  Fermilab, Illinois, October 1997  
IMMW-11  Brookhaven National Laboratory, New York, October 1999
IMMW-12  European Synchrotron Radiation Facility, Grenoble, October 2001
IMMW-13  Stanford Linear Accelerator Center (SLAC), California, May 2003
IMMW-14  European Organization for Nuclear Research (CERN), September 2005
IMMW-15 Fermilab, Illinois, August 2007
IMMW-16  Paul Scherrer Institute (PSI),Villigen, Switzerland, October 2009 
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IMMW12 ESRF 2001IMMW12 ESRF 2001

Wigglers & Undulators

•Characterise 
permanent magnets
•3D scanners
•SSW , pulsed wire, 
Vibrating wire
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IMMW12 ESRF 2001IMMW12 ESRF 2001

Calibration of Hall sensors in three dimensions

Progress on the 3D calibration of Hall sensors.
Calibration of a large number of 3D sensors with an automated set-up.
Comparison with absolute measurements.
Results from users.
A calibrator build for a 13 Tesla solenoid at GHMFL, Grenoble and first 
results
at 4.5 Tesla.
A new high precision 3D B-sensor of high simplicity using discreet Hall 
sensors.

Primary authors : Dr. BERGSMA, Felix (CERN)

The perfect 3D Hall probe is still under development
What about arrays of Hall probes (undulators)    ?
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IMMW14 Cern 2005IMMW14 Cern 2005

Do we reach limits with Hall Probes to measure Effects on the 
beam of Undulators ?
•The perfect 3D Hall probe is still missing
•2 Hall probes on same substrate to measure gradient instead of 
field ?

Apple II undulator: a way to investigate planar and angular Hall probe effects

content :
A permanent magnet Apple II type undulator was built at Elettra and a block sorting
process was done in order to minimize the effects of magnetic errors on
Trajectories and angles of the electron beam. To check and optimize these corrections, 
Stretched
Wire and Hall Plate measurements were performed. While the Stretched Wire system
provides a clean measurement of field integrals, the Hall Plates are affected by
angular misalignment of the probes and planar Hall effect. The latter could be
separately analyzed using the possibility offered by the adjustable magnetic
undulator structure to change the direction of the main field from vertical to
horizontal. Final compensation is achieved comparing Hall Plate and Stretched Wire
field integral measurement result.

Primary authors : Dr. KNAPIC, Cristina (Sincrotrone Trieste S.C.p.A.)
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IMMW14 Cern 2005IMMW14 Cern 2005

Measurements of Field Harmonics at Very High Ramp Rates

Field quality in accelerator magnets is expressed in terms of harmonic coefficients
in a Fourier series, which are typically measured under DC conditions using a
rotating coil. The technique of rotating coils has also been extended to
measurements under AC conditions, but only for relatively slow ramps (well below
0.1
T/s). Currently, there is no well established technique for measuring all the
field
harmonics at very high ramp rates (1 T/s and above). We have developed a prototype
system to characterize the field quality of magnets at very high ramp rates. This
new measurement system consists of 16 printed circuit tangential windings which are
held stationary while the magnet is ramped. The induced signals in all the
windings
are then analyzed to obtain the field harmonics. This paper will describe the data
analysis procedure, and present the results of measurements at ramp rates of 1.5 to
4.0 T/s in a prototype dipole designed and built at BNL for operation at such high
ramp rates.

Primary authors : Dr. JAIN, Animesh (Brookhaven National Laboratory, USA)

More on Multipole measured during ramp @ IMMW15 FNAL
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Hall Probe Polarity CheckerHall Probe Polarity Checker
Polarity Testing the New Booster Corrector Polarity Testing the New Booster Corrector 

MagnetsMagnets

Andrzej Makulski, Andrzej Makulski, Dana WalbridgeDana Walbridge
FermilabFermilab

IMMW15 Fermilab 2007IMMW15 Fermilab 2007
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IMMW16 PSI (Zurzach) 2009 : Undulators IMMW16 PSI (Zurzach) 2009 : Undulators 
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IMMW16 PSI : In vacuum measurementIMMW16 PSI : In vacuum measurement
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Going smaller & smallerGoing smaller & smaller

TRU to MRU 
(Micro Rotating Unit)
To
Macro (Maxi !) Rotating …

Each factor 10
Cost 10 (?) * more 
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What is the noise limit with a coil (SSW) ?
•100 nV·s (10 nV ·s ? ≈ 1 gauss *cm2 ) for 1 s
•For t > 1 s : drift (and drift stability) issues
•For t < 1 s : noise from current supply 

or other external sources

Going smaller & smaller implies more and Going smaller & smaller implies more and 
more electronic resolutionmore electronic resolution

The Trends : the Rref are smaller going from :
•AGS , PS
•SPS then Tevatron
•SSC, Hera, LHC
•CLIC, ILC  / Undulators
Tools : from flip to rotating coils to SSW to VW
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Many thanks 
for the whole workshop


