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ABSTRACT
Current accelerator projects will involve the construction and field measurement of up to ten thousand
magnets. A statistical analysis has shown that ir. order to optimize the performance of an accelerator
it will be necessary to measure the parameters of field strength, field uniformity and harmonic content
of every magnet. If the measurements are performed at the construction site, the magnets which
do not meet the required specifications can be repaired immediately. This paper describes a self-
contained field measurement and analysis system, based on an IBM microcomputer, which performs
all the remote control, data acquisition and data analysis functions automatically. The system is of
low cost such that each manufacturer could provide field parameters on each magnet as it is completed
thus avoiding a logistical problem at the accelerator site.

INTRODUCTION
Current accelerator projects under consideration

for funding will involve the manufacture of up to ten
thousand magnets. Of these projects the Advanced
Hadron Facilities (AHF) involve increases in circulat-
ing beam current of 100 times that presently available
at that energy. The magnetic field produced by these
magnets needs to be known more accurately than
those used for earlier projects if the loss of beam duo
to collision with the walls of the vacuum vessel is to
be avoided. The information needed to successfully
operate these new machines can only be obtained
if the magnetic field distribution of each magnet is
known. In order to reduce the spilled beam to accept-
able levels and to optimize the performance of the
accelerator it has been shown that, it will be neces-
sary to measure the field parameters of field strength,
field uniformity and harmonic content of every mag-
net manufactured [1].

The measurement of these parameters at t ho con-
struction site will serve to identify those magnets
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which exceed specified tolerances such that they may
be repaired. Further, such a scheme will avoid the lo-
gistical problem of having to measure a large number
of magnets at the accelerator site in a limited time.

The techniques used for magnetic field measurement
have change little since the 1970's, however the major
advances made in the fields of instrumentation, data
acquisition and data logging using computers can be
used together to meet the measurement requirements
of these new machines. This paper describes a field
mapping system of low cost, which can be delivered
as a turn-key unit to the magnet manufacturer. Af-
ter careful alignment of a measurement field probe all
the functions of the system including probe driving
systems, interface control, data acquisition and data
analysis are performed automatically. A data set is
logged to a hard disk and a hardcopy output sum-
marizing the field parameters is produced for each
magnet.

The system may be configured to measure dipole,
quadrupole or sextupole magnet types, it is described
in detail in the following sections, where it is config-
ured to measure the field in quadrupole magnets.



FIELD MEASURING PROBES
Beam optics calculation programs such as "Trans-

port" [2] require the effective length and harmonic
content of the magnet as input data to model the ef-
fect of beam line elements on the accelerated beam,
these parameters represent integrated values through
the length of the element. It is therefore convenient
to use probes which measure these parameters di-
rectly and quickly. The field measuring probes used
are of the fluxmeter type i.e they work on the prin-
ciple of Faraday Induction. The theory of operation
of the probes will will be found in the appendix. A
description of the geometry of the probes follows.

Differential Field Probe
The purpose of this probe is to measure the uni-

formity of field gradient dBy/dx on the x axis and
SBx/<9y on the y axis of the quadrupole aperture.
The probe consists of a pair of long coils, wound
on formers as mechanically symmetrical as possible.
The coils are shown in Fig. 1. The coils are longer
than the axial length of the magnet to be measured
so that they also sample the fringing magnetic field.
In this way the field gradient measurements are inte-
grated over the effective length of the magnet. The
height and width of the coils are made as small as
possible so that an approximation is made to a line
integral through the magnet. In practice the formers
must accommodate enough windings to give a signal
output which is larger than any electronic noise.

FIGURE 1 Differential field probe.

The coils are placed together side by side and held
rigidly together. The windings of the coils are con-
nected together in opposition so that their net output
is proportional to the field gradient at the position of
the coils In practice the coils are stationary and the
flux linking them changes as the current in the mag-
net coils is ramped. The changing output voltage is
recorded bv the svstem.

Harmonic Measurement Probe
This probe consists of an insulating cylinder of

plexiglass, which is machined so that its outer surface
is accurately symmetrical. The radius of the probe
is chosen to be close to the aperture radius of the
magnet. Shallow grooves are milled along the length
of the cylinder at angular separations of 45 degrees.
Single wires are placed in the grooves in such a way
that the winding has the same symmetry as the mul-
tipole component being measured, Fig. 2 shows the
probe.

FIGURE 2 Multipole field probe.

Three separate windings corresponding to dipole,
quadrupole and octupole are wound onto the cylin-
der. These windings are fixed into place in the
grooves using an epoxy resin. The winding termi-
nations are connected to a printed circuit board at
the end of the cylinder. The probe rotates in a static
magnetic field once every 6 seconds and the alternat-
ing voltages produced are recorded by the system.
To measure the output voltages a 6 conductor rib-
bon cable is attached to the printed circuit board and
wrapped several times around the end of the probe.

MECHANICAL DETAILS

The field mapping station is shown in Fig. 3. It
consists of two linear translating tables mounted one
on each side of the magnet to be measured. The

FIGURE 3 Field mapping station



tables move on linear bearings parallel to each other
along two ground steel rods set perpendicular to the
longitudinal axis of the magnet.

The base of each translating table consists of a
block of aluminum tapped to accommodate a 3/4
inch diameter threaded rod. The rod is fixed to the
base frame of the station at one end via bearings,
the other end is connected through an antibacklash
gear to a stepping motor which drives the table to
the required position. The stepper motor receives
200 pulses for one rotation of its shaft, this results
in a table movement of 0.1 inches (2.5mm) A single
pulse from the motor controller therefore results in
a linear displacement of 0.0005 inches (0.01mm) The
positions of the translating tables are determined us-
ing commercially available optical graduation typo
scales. A scale was attached to each of the translat-
ing tables so that the position could be read at any
time with an accuracy of 0.0002 inches (0.005tnin).

For positioning the field mapping probes in the Y
(vertical) and Z (longitudinal) directions, micrometer
adjustable translation tables of the type found on op-
tical benches were used. Field mapping probes were
then supported from holders attached to the smaller
translators and the micrometers adjusted to align the
probe within the magnet aperture.

The base frame of the field mapping station con-
sists of a ground stainless steel one inch plate to
which the translating tables and magnet support cra-
dle are fixed.

INSTRUMENTATION

In recent years advances in the speed, resolution
and accuracy of analogue to digital converters have
increased dramatically. It was decided that a modern
analogue to digital converter (ADC), an integral part
of a high accuracy digital multimeter, could perform
data collection quickly and accurately so that record-
ing of pulse information could take place in real time.
Thus electronic integrators, which can be inherently
unstable and represent the weak link in this type of
apparatus are no longer required in the measurement
process. This section describes the voltmeter and
other instrumentation associated with the measure-
ment system.

Voltmeter
The digital voltmeter used in the system is a

Hewlett Packard HP3457A, which has a maximum
resolution of 6-1/2 digits. In this application the
A/D converter samples at a rate of 50 samples per
sec which allows 5-1/2 digit resolution and an accu-
racy of the voltage recorded of 0.02%. The voltmeter
is remotely controlled via an IEEE-488 interface. In

practice, the instrument makes a number of readings
after receiving an external trigger from the magnet
current supply, it then transfers these readings to the
controlling computer over the bus. In the case of field
gradient measurements, static probes are positioned
in time-varying magnetic fields. In the case of multi-
pole measurements rotating probes are positioned in
static magnetic fields. In either case a time varying
voltage is produced by the probe which is samoled
by the digital voltmeter.

Position Readout
The positions of the motorized X direction trans-

lating tables are read out via a Mitutoyo GR15 op-
tical graduation type position encoder. The encoder
allows the position of the tables to be read with an
accuracy of 0.005 mm. The position of each table in-
formation is sent on demand to the controlling com-
puter via an RS-32C serial interface.
Motor Controller

Stepper motor control is accomplished using an in-
house designed motor controller. The unit can supply
the series of pulses required to drive up to three Step-
per motors. Two of these motors are used to drive
the X direction translating tables. A third motor is
used during a rotating coil survey to drive the har-
monic probe. The motor control unit is computer
controlled via an 8 bit parallel digital interface.

Current Supply
Current is supplied to the magnet from a Bruker

Corporation BMN-02 current supply. The unit sup-
plies current via an impedance matching transformer
and is stable to 1 part in 106 over a period of 1 hour.
An IEEE-48S interface is provided for computer con-
trol of the current supply.

Controlling Computer
A single computer is used for instrumentation con-

trol, data acquisition and analysis. It consists of an
IBM-PC/XT containing IEEE-488, + RS232C inter-
face cards. A Data Translation DT-2801 card pro-
vides 8 bit digital output. A 25MB hard disk is used
for storage.

INTERFACING
The standalone instruments i.e the linear trans-

lation table position readout, the digital voltmeter
and the the magnet current supply, transfer informa-
tion to the computer over digital to digital interfaces.
The computer and the devices assert "handshaking"
signals to control the flow of information between
them. The interfaces are of two types, a serial in-
terface (RS232) and a parallel interface (IEEE-488).
The devices have the advantage that data taken by



the standalone instrument may be kept in a small
memory buffer within the instrument until requested
by t he computer. As the number of devices and inter-
faces connected to the computer increases, this fea-
ture is particularly useful. Information is transmitted
over these interfaces in ASCII format. The stepping
motor controller is computer controlled but contains
no information buffer, it is controlled over an 8 bit
parallel digital interface.

The linear translating table readout sends data to
the computer using the RS232 interface.

The IEEE-488 Interface is a general purpose in-
terface standard for sending byte serial commands
and data between instruments. Its main advantage
is that is has a bus structure i.e several devices can
be placed along the same sot of parallel lines and may
communicate with each other.

8 Bit Parallel Interface
The stepping motor controller is an in house design

for providing power for up to three stepping motors.
It is remotely controlled by an eight bit parallel inter-
face using TTL logic levels. The eight lines of input
are divided so that each motor may be given single
pulses to produce single steps, or a line may be set
that drives the motor continuously. Another line on
the interface determines the direction of rotation of
the shaft of the motor.

SOFTWARE
The data acquisition and instrument commands

functions are controlled by software based on a com-
mercial software package called ASYST. The syntax
of the program is similar to that of FORTH and APL.
The main advantages of the software are (1) It con-
tains a set of interface control subroutines which can
be easily called to control the interface cards mounted
in the computer. (2) It has built in analysis functions
which can perform, for example. Fourier transforms
on the acquired data. (3) It has a set of graphics rou-
tines which can be used to quickly display the results
of operations on acquired data. Asyst is based on the
concepts of a stack and routines known as "words".
Higher order words may be defined a.s a series of lower
level words, previously known to the system, these in
turn call lower level words until machine language is
reached at the lowest level. Words are thus inter-
preted as they are entered. The system may then be
"saved" on disk as a new system to which the added
word is "known". In practice a word entered at the
terminal, for example READ.X.POSITION will per-
form a series of functions. In this example the sys-
tem first raises DTR on the serial port. This has the
effect of requesting the multiplexer of the linear ta-
ble position readout to take a position measurement.

The ASCII data are transferred over the serial link
and stored in a string array also previously defined
within the software system. A word previously de-
fined which translates ASCII data to numerical data
is executed, and another word displays the results on
the computer terminal and stores them in another
previously defined array for readout at the end of a
series of measurements.

In this way complex sequences of instrument con-
trol and data acquisition and manipulation can take
place through relatively simple programs

FIELD MAPPING PROCESS

This section describes in detail the sequence of
events which result in a map of the field gradient
and harmonic content of the magnet.

Field Gradient Mapping Process
The field gradient measurement probe is aligned in

the magnet aperture so that its center line coincides
with the mechanical axis of the magnet, and su^h
that it is equidistant from the pole tips of the magnet.

Single Measurement. The sequence of words de-
scribed below are called by the word MAKEMEAS
whose function is to perform a single reading of differ-
ential field. The command word M0V+1MM sends a
series of 80 pulses spaced by 50 ms along two lines of
the 8 bit parallel output port of the computer, which
is connected to the stepping motor controller. These
pulses are processed so that they represent logic lev-
els 1 and 0. The other 6 lines of the parallel output
are arranged high or low so that the desired result oc-
curs, the driving of the two translating tables simul-
taneously through + lmm. A compensation routine
(COMPENSATE) is executed until the positions of
the translating tables agree with the required posi-
tion to within 0.005mm (0.0002 inches). The probe
position is then read (READPOS) and stored as the
first element in an array.

After READPOS and COMPENSATE have com-
pleted, further commands and acquisition take place
on the GPIB bus. The current supply is instructed to
supply current to the magnet on receipt of the com-
mand SETI250A. As the current in the coils begins
to ramp, a rapidly increasing voltage is developed
across the magnet coils, this voltage is processed to
provide an external trigger to the digital voltmeter.
This process takes place before the signal from the
field probe has risen above the level of the pickup
noise.

The digital multimeter begins a series of 256 read-
ings which it makes over an interval of 6.0 seconds.
After this time the current supplied to the coils, and



the resultant magnetic field are both constant and
the output from the differential field probe has re-
duced to zero. The readings from the digital volt-
meter are in ASCII form and are sent to the string
array in computer memory as they are taken.

The differential field is proportional to the individ-
ual voltages e, read from the probe. This number is
evaluated and stored in an array in computer mem-
ory where the index of the array is the same as that
for the position measurement.

Full Aperture Measurement. The probe position is
incremented by 1.0 mm and the measurement pro-
cess (MAKEMEAS) repeated until the entire mag-
net aperture has been surveyed. This results in two
arrays, one contains the positions of the probe and
the second, a voltage proportional to the values of
differential field at those positions. After performing
the measurements the program plots the differential
field vs. position data on the computer console.

The individual coils within the probe were wound
to be as symmetrical as possible, in practice accu-
rate symmetry is difficult to achieve. To cancel the
effect of the asymmetries of the two coils, the mea-
surement is repeated with the coils rotated through
180 degrees. The average of the values correspond-
ing to differential field (at each position X,) for each
orientation of the probe is calculated and displayed
versus position to show the uniformity of differential
field in the aperture of the magnet. The differential
field uniformity for a quadrupole element used in a
proton microprobe arrangement is shown in Fig. 4.
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FIGURE 4 Uniformity of differential field in the
aperture of a quadrupole magnet used in a micro-
probe arrangement.

Harmonic Content Measuring Process
The harmonic measuring probe is aligned so that

its axis coincides with the mechanical axis of the
magnet. The harmonics present in the field will
be unaffected by the misalignment. For every har-
monic present a second series of harmonics will be

be produced. The second series will appear an order
lower than the magnetic field harmonic which pro-
duced them, e.g a quadrupole harmonic will generate
a dipole term. In general these additional harmonics
will be very small compared to the harmonics due to
the Rm term [3].

The Asyst word MPOLE calls a series of lower
words to perform the multipole measurement. As
the probe rotates in a static magnetic field, an alter-
nating signal is produced from each of the windings.

Consider the situation where the harmonic probe
is positioned in the aperture of the magnet. Let the
starting angle of the measurements (6 — 0°) be that
where the windings of the probe are at their clos-
est position to the pole tips. The number of read-
ings taken by the voltmeter is arranged so that just
as the voltmeter has taken 30.̂  readings, the probe
has rotated through 360 degrees. The measurement
process is repeated 5 times over a period of a few
minutes. If one assumes that the magnetic field has
remained stable over this period (the current supply
is stable to 1 part in 106 over periods of 1 hour) then,
if the voltmeter trigger pulse occurred at a well de-
fined angular position, the 5 output waveforms will
be identical apart from random electronic noise. Fur-
ther, if the average of these 5 signals is taken at each
angular position, then the signal to noise ratio will be
reduced. Finally, if one takes the Fourier transform
of the measured waveform, the harmonic content of
the magnetic field may be determined. This mea-
surement is performed by the system as described
below.

The harmonic probe is driven by a stepping mo-
tor such that one revolution of the probe occurs in
4.175 seconds. The probe is rewound to an angular
position of-10 degrees (10 degrees anticlockwise from
the desired starting point). The Asyst word ROTl
rotates the probe through an angle of 370 degrees.
For the signal averaging technique to work the volt-
meter must be triggered at precisely the same angular
position for each measurement. To accomplish this
an angular encoder was mounted on the opposite end
of the harmonic probe shaft. The encoder provides a
pulse output as the probe passes through 0 degrees.
This pulse is fixed with respect to the angular po-
sition of the shaft and has a width corresponding to
0.001 degrees. The pulse is fed to the external trigger
of the voltmeter.

As the Asyst word ROTl executes, the pulse trig-
gers the voltmeter which samples the output signal
from the probe over a single rotation. Data from
successive revolutions of the probe are added to a
numerical array and the average value calculated.



After the data have been acquired the Asyst word
FOURIER performs a fast Fourier transform (FFT)
on the values stored in the array. For the quadrupole
winding for example, the stored signal represents two
oscillations of a cosine waveform with some pertur-
bation due to higher order multipoles. The signal
output from the quadrupole winding is shown in Fig.
5. The Fourier transform of this array is determined
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FIGURE 5 Signal output from quadrupole winding.
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FIGURE 6 a) Fourier transform spectrum of
quadrupole winding. b) Ratio of harmonic
coefficient to quadrupole coefficient Cn/C2 for
quadrupole winding.

and the magnitude of the Fourier components are
plotted versus harmonic number. The heights of the
first 20 peaks are read by the program. From these
data the harmonic component of the magnetic field
may be determined. The Fourier spectrum of the
signal from the quadrupole winding is shown in Fig.
6.

SUMMARY

A field measurement and analysis system has
been designed and constructed in the Department
of Physics, University of Manitoba. The system can
be used to measure the representative parameters of
quadrupole focussing magnets, it does so completely
automatically once the magnet has been aligned in
the system bed.

The unit was constructed for a fraction of the price
of currently avaliable systems, while performing the
same measurements with the same accuracy. This
feature will make the system attractive when many
magnets need to be rapidly measured with high ac-
curacy in a relatively short period of time.
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