AUTOMATED METHODSOF FIELD HARMONIC SIGNAL EXTRACTION
AND PROCESSING FOR THE MAGNETSIN SUPERCONDUCTING
SUPERCOLLIDER* 7

T.S.Jaffery, J.Butteris’, and M.Wake'
SSC Laboratory, Dallas, TX 75237 U.S.A
fHighland Technology Inc. San Francisco,CA.94122 U.SA.
T KEK National Laboratory for High Energy Physics, Tsukuba, Japan 305

Abstract

A versatilefield measurement system HAL 2 was devel oped and
used for SSC magnet measurements. The system based on V/F
converter and 32 bit counters are set on aVME /modified VME
bus. The system was capable of measuring the high ramp rate
harmonicswhichwas avita issue especialy for the construction
of SSC High Energy Booster. System description and theimple-
mentation techniques for high ramp rate applicationis presented
together with the measurement datain SSC dipole model mag-
net. The measurement up to 128 4/s was successful. Anomaly
in the eddy current quadrupole was clearly observed.

I. INTRODUCTION

M easurement of magnetic fields, generated by high field mag-
nets such as in SSC, with high accuracy is very important to
fully understand the design construction, installation and oper-
ations issues of machines in which these magnets will be used.
Many techniques and instrumentation systems have been devel -
oped and are commonly used for magnetic field quality measure-
ments. Measurement systems for SSC superconducting magnets
were mostly devel oped and used by the laboratoriesinvolvedin
R& D efforts of magnet devel opment. The descriptionof thefield
in particle accelerator ismade using aconcept of harmonic com-
ponents. Very accurate measurement of thefield isdonedirectly
measuring the harmonic components. Such method of direct har-
monic field measurement[1] in superconducting dipole magnets
was found very efficient during the TEVATRON construction at
Fermilab and became a standard method for superconducting ac-
celerator magnets. The requirement and restriction of the mea-
surement are different in every case. SSC dipolemagnetsarere-
quired to be measured in a small space of radius 1.6 cm. First
priority of measurement was the precision up to 30 polewithDC
field. However, the eddy current effect in the superconducting
cable was found to be much larger and complicated than what
was estimated in the design phase[4]. The field measurement
at high ramp rates became important. Such change in measure-
ment priority happens to superconducting magnet project be-
cause state of theart technol ogiesare a ways under devel opment.
The versatility of the measurement system is thus an important
feature for the measurement system. The system, named HAL 2,
described in this paper isthe system used for SSC magnet R& D
at Fermilab. Thissystem alowsto usevariouskindsof harmonic
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probes and measurement modes. Although the versatility of the
system iscapabl e of doing many other things, theemphasisisput
on the high ramp rate measurement of the harmonic components
inthisreport. We devel oped a technique of measuring harmonic
components under high ramp rates of up to 128 A/s using the
HAL 2 system as described here.

1. FIELD HARMONIC COMPONENTS

The magnetic field, in the long straight section of the magnet
can be considered as two-dimensional and the harmonic coeffi-
cients can be defined by following equation:
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where B, isthedipolefield strength, B, and B, arethex and
y-components of thefield, A,, and B,, arethe skew and norma
2(n+1)-pole field coefficients respectively with r, as the refer-
ence radius chosen to be 1em for SSC magnets. The z and y
direction is chosen so that the skew dipoleterm (Ay) is zero for
non-zero transport current, and the normal dipole term (By) is
positivefor positive transport current. The coefficients 4,, and
B,, are in units of Gauss evaluated at the reference radius rg.
It is customary to normalize A,, and B,, and suppress them by
afactor of 10=*. These normalized resulting multipole coeffi-
cients a,, and b,, are said to be in units. For a perfectly con-
structed di pol e having both up-down and | eft-right symmetry, al
the terms except b,, with even n are zero. Even b,, are mini-
mized in magnet design but have somefinite values. For n=0dd,
non-zero b,, and a,, are due to left-right and up-down asymme-
triesrespectively. Non-zero «,,, n=even, are caused by rotational
asymmetry. The mechanical size differences between the up-
per and lower coils can be responsible for up-down asymmetry.
The manufacturing errorsin amagnet can cause the asymmetries
which can lead to “non-allowed” multipole coefficients. Simi-
larly for aperfectly constructed quadrupol e, the skew termsvan-
ishand only thenormal termswithn = 4m+1(m = 0,1,2,3..)
are the“alowed” components.

1. MEASUREMENT SYSTEM

HAL?2 system was used to measure the field quality of SSC
R& D dipolemagnetsin Lab2 of Fermilab[6]. The probeused in
thefield quality measurement isarotating coil insidethe bore of
the magnet. Geometry of the coil is made so that the coil picks
up the field deviation from the magnet center. There are several
types of measurement coils. Multipole coil is used to pick up



particular order of multipole. Radial coil isarranged in aradia
plane so that it picks up the difference of the azimuthal compo-
nent of thefield at different radii. The one mostly used at LAB2
was a tangential coil. Tangential coil picks up the difference
of the radial components of the field at different azimuth. The
coil was made from formvared wire that were located onto the
grooved surface of G-10 cylinders which has maximum rigid-
ity in torsion and flexion. The induced voltages, duetothefield,
acrossthecoil termina sareintegrated and sampled over equally
spaced angular intervals. Signal level from the multipolefields
are smaller for slower rotation speed and to increase the signal
level the coil hasto be rotated faster. The HAL 2 rotation speed
is limited by the mechanical stability of the probe shaft system
otherwiseit can accept widerange of rotation speed. thenominal
coil rotational speed was set at 6Hz. Commonly used measure-
ment systems without integratord 3] are operated in slower rota
tion speeds not only to avoid themechanical vibration but aso to
average out the noises. Slow rotation speed in such system lim-
its the ability to measure high ramp rate harmonics, because the
magnet current changes by many amperes during arotation.

The coil cylinder is attached to G-10 shafts that are joined
together by journals made with delrin . The twisted coil leads
pass through this shaft. Bearings placed on the journals snugly
fit into the inner wall of the warm bore tube when the assem-
bly is lowered into it for measurements. The other end of the
shaft was connected to agear shaft which could travel vertically
through the entire length of the magnet bore. A stepping mo-
tor controlled by a PC moved the probe assembly vertically. A
rotationa encoder module was placed in series with the probe
gear shaft. The coil leads coming through the G-10 shaft are at-
tached to dip rings or mercury wetted contacts. The dlip rings
or contacts transfer the coil signal from the coil wiresto thesig-
nal processing system. A periodic noise introduced due to vi-
bration across the silver coated graphite slip rings may distort
the harmonic signals. However, the use of mercury wetted con-
tacts minimizesthese noise. The stepper motor, used for vertical
motion of the probe, had to be completely stopped before taking
data. Thisisnecessary to avoid the effect of stray field from the
motor which can affect the harmonics signal.

HAL2 has modular input channels with a gain/attenuator, a
V/F converter and a scaler. Normally the system was oper-
ated with 6 channels but it can increase the number of mod-
ules easily. Required number of channels depend on the con-
figuration of the pick-up coil and the pole number of the mag-
net. The gain/attenuator card convertsthedifferential coil signal
into a single ended signal with an amplitude gained/attenuated
to match the range of the V/F converter. The adjustment of
gain/attenuationiscontrolled on-line. The V/F board has abipo-
lar AD652 with 1 MHz( +5 volts) full range VV/F converter tied
toa2 MHz quartz clock for timing signal. The TTL logic pulses
from V/F converter were sent to 32 bit scalers which can inte-
grate the signal without saturation even if the signal has a offset
due to thermal emf and base V/F frequency. The scaler counts
are stored as the measurement data triggered by the encoder
pulses. One of the input channelsis used as the dummy to sub-
tract the base signal. Externa noises are also cut down by the
dummy signal subtraction. In standard configuration the rota
tional encoder with 256 pulses per revolution determined when

the data was to be sampled. Each data point represents an en-
coder angle of 1.4 degree. Other encoder pul ses such as 180/ro-
tation were also used when the availability of the memory size
islimited. Modules are installed on a digital/ana og bus (L 2bus)
and interfaced to VME bus through an Force Computer IPIO
module based on 68000 CPU. The data acquisition system used
aUNIX based red time Concurrent 6400 withaVME busand a
GPIB interface through which a HP3457A DVM read the mag-
net current. The Concurrent acts as a user interface for the data
acquisition hardware. An ethernet link on the Concurrent pro-
vided connection to MicroVax for datatransfer and off-lineanal -
ysis. The use of L2busis considered as atransient to the future
entire use of VME bus. The anaog lines of L2bus were phys-
ically separated from the digital bus and it used its own linear
power supply. Presently the VME busistoo noisy for low level
analog signals. Although there are noise problems, VME is a
widely accepted standard bus and has possibilitiesto have com-
mercial modules available without using L2-bus in the future.
We think VX1 is over for low frequency application and yet, not
quitefeasibleto low level signals. The schematic diagram of the
systemisshowninFig. 1.
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Figure. 1. System Schematic Diagram

V. DATA PROCESSING

Sincethefield quality measurement is arel ative measurement
to the central field. The signal is always processed as the differ-
ence between the data at poriferal and the reference data at the
center. It isintended to cancel the effects of mechanical noise
and dlip ring noise at the same time when the reference signal is
subtracted. The reading of the scaler count of the V/F converter
output as afunction of angular encoder pulse givesthemagnetic
flux asafunction of therotationangle. Theintegrationtechnique
, in genera, isimmune to the effects of probe speed variations.
The signalswere normalized for geometric factors and amplifier
gains.

Since the radial component of the n-pole field gives a sinu-
soidal signal of period 27 /n, the Fourier components of the sig-
nal give the harmonic components of thefield. To get harmonic
coefficients a Fast Fourier Transform a gorithm was used on the
flux data collected. Since the function is periodic and the re-
sult isa Fourier series so the encoder having 2 points per turn



issimpler to use. Any noisg, if uncorrelated, reduces with the
square root of the number of points. When the encoder is not
divided into suitable power of two increments, discrete Fourier
transformation is used. Since physical location of the rotating
coil can not be exactly at the magnetic center, thereisalways an
off center of Az and Ay. The measured harmonics have mixing
among terms because of the off center. The true harmonics are:

b, +ia, =3 2, ( f; ) (b +ial) ) (Az+iAy)* " where ',

and a/, are the components given by the Fourier analysis. Az
and Ay are determined to make unlikely polessuch as 17 or 21
poleto be zero.

V. Fast Ramp Measurement

The HAL2 system with a 3.155 em diameter tangential coil
was successfully used to measure harmonics at high ramp rates.
The encoder pulse of 180/rotation are generated to trigger the
measurement. In the standard configuration 180 data points are
taken every rotation of the coil. The current measurement of
the magnet isthe average of 10 line cycles readout by HP3457A
DV M. Themeasurement timeislimited by therate of datatrans-
fer. The data sampling rate was modified in the acquisition soft-
ware to acquire faster ramp rate measurement. The data sam-
pling frequency was cut down to 90 sampléef/rotation so that 57
points of data could be stored and analyzed at every rotation.
In this measurement method, 57 data points at the rate of 6Hz
were taken for 9.5 second with aninterval of 5 seconds to repeat
the burst. Simple software modifications allowed us to measure
harmonics in the magnet, DSA333, at 8A/s, 16A4/s, 324/s,
64A/s and 128 A/s. SSC magnets showed the existence of large
skew quadrupolecomponents[ 2]. Thiswas explained by thesize
asymmetry of the upper and lower coils. However, some of
the magnets showed unexpectedly | arge quadrupol e components
sengitive to the ramp rate. By making harmoni cs measurements
at high ramp rates we were able to show the linear dependence
of eddy current harmonics on di/dt. Fig. 2 shows the hysteresis
width of skew quadrupolefield at variousramp rates. This con-
firms that the large skew quadrupole comes from eddy current.
Skew quadrupoleiscreated by the eddy current distribution dif-
ference between upper and lower coil. If such alarge effect in
skew quadrupolecomponent is left for the accelerator construc-
tion, it isinfluential to the accelerator operation.

Thehysteresiswidthlinearly increaseswith ramp rate indicat-
ing that thereis alarge eddy current in SSC magnets. The ori-
gin of the eddy current is due to the contacts between strands.
However, thebehavior of theeddy currentisnot assimpleasuni-
form distribution. Fig. 3 showsthe ramp dependence of the sex-
tupole components. Sextupole component is supposed to have
highest eddy current by symmetry but the observed effect was
very small. Eddy current reconstruction from the measured har-
monics and the ac loss data shows quite unequal distribution of
the eddy current[5]. Contact resistance between strands have to
bedistributedin awidevariety. Control of the contact resistance
will be an important problem to be solved for the construction of
large superconducting accelerator. The magnet with larger cable
width such as LHC magnets will have more serious problemson
this matter.
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Figure. 3. Sextupoleat variousramp rate

V1. CONCLUSION

A versatilemagnetic field measurement system HAL 2 wasde-
vel oped and successfully appliedfor the high ramp rate measure-
ment of the harmonic components. Data shown aboveistheonly
set of 128 A/s datafor SSC magnets to be ever recorded, and it
was possible due to HAL2. The magnets ramped a 504/s or
higher, such as HEB of SSC, need to be measured at their op-
eration ramp rate. Magnets with wider cable will aso have the
necessity for the measurement at high ramp rate. HAL2 system,
with versatility and flexibility, showed a prototype for the mag-
netic field measurement system which is suitable for the R&D
phase of the superconducting magnet projects.

We would like to acknowledge the work of many engineers
and technicians whose efforts made it possible to present these
results.
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