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FIELD MAPPING OF THE IUCF 200 MEV CYCLOTRON *
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Surmary

Megnetic field mapping of the Indiana main stage
cyclotron is performed on & Cartesian grid using a b
by 4 array of Hall protes. Tae apparatus, driven by
torque movor-assisted, nigh-speed steppirg motors, maps
one eighth of the cyclctron beaic area in 6 hours.
Positioning accuracy is maintained by encoders at-
tached to the stepping motor drive shafts and abso-
lute probe locations are determined using magnebic
fiducials on the izagnet pole tip. The wapper is inter-
faced to a digital computer for automatic position
control and for field data acquisition, reduction and
storage. On-line data reduction includes conversion
of Hall voltages to field values, ellowing for indivi-
dual differences in the sensitivity and non-linearity
oI the probes, and corrections in the fields for mea-
sured errors in tne relative probe positions. Ex-
amples of the field data quality obtained are pre-
sented.

Introduction

The Indiana University 200 MeV Cyclotron is a
separated sector, variable energy machine capable of
accelerating particles ranging throughout the peri-
odic table. The accelerations of such a large racge
of particies and energies requires one to shape the
magnetic t'ield to the relativistic profile of particle
and =nergy involved. The ease with which the various
beams can be extracted from the cyclot=on depends to
a large extent upon the acquisition of a complete
and accurate set of magnetic field data of the cyclo-
tron magnets and trim coils. The purpose of this
report is to describe the apparatus used to cbtain
that set of field data.

The design of the mapping apparatus was dictated
in zany ways by the design of the cyclotron wagnets
shcwn in Figure 1. The separated magnets, each re-
guiring spacers in the nagnet gaps, make a *60° -9
wapping system located at the machine center a prac-
tical problem. Therefore, a cartesian zrid coordi-
nate mapper is used, in which the drive elements
are wmounted on  the top yoke of the magnet. The
probes used to measurc the field are placed on the end
of an elurinum arm that o2xtends frow tae drive systen
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The area mapped out by the system consists of 1/2
a magnet, bounded by the magret center line, and 1/2
o a valley, oounded by the valley ~enter line, and
is 1/u of the area occupled bty beam in the machine.
lal waps gives a field
representing the cyclotren configuration for calcu-
lational purposes. This procedure is valid sincs the
magrets are located syazetrically about the machine
center, and wvssentially behave in an identical manner
when enerzized, particularly when driven into satur-

avion.

An isportant consideration in tae mapper Je-
gl is the time required to sbtain tos ficld data
which <degcribes the properties of the 2yciotren. To
xeep this time to a minimis, a srid-coordinate
st se cassen tnat is small encush to yield define
itive intorration about the tields, yet Zeep the nun-
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Hall Probe Assembly

The development of the Hall generator over the
years has made it an accurate tool for measuring mag-
netic fields. Tnhe probe we used is an F.W. Bell,
Inc. Model BHT-$10 high performance transverse Hall
zenerator. It is a low sensitivity probe caosen for
our purposes because of its high degree of lipearity
and low temperature coefficient. The proves have a
field operating range of +30KG, which more than covers
the range of fields produzéd vy the cyclotron magnets
(17 KG Max).

Historically, one of the most troublesome aspects
of using Hell probes for field measurements over long
periods o time has been the large fluctuations of out-
put Hall voltage with ambient temperature changes.

The mean temperature ccefficient of the Hall voltage
for the BHT-910, however, is qucted as +50 ppm/oc.

At the nmaximum expected fields, tnis co;}esponds to

a +.35 gauss maximum error in the measured field per
OC of temperature change. At lower fields, the effect
becomes insignificant. The observed temperature vari-
ations in the cyclotron vault during a twenty-four
hour period is typically 3 to SOC. Thus a maximum
error in the measuring field of approximately 4 gauss
can be expected due to room temperature changes

during a set of maps. These temperature variations
generally cccur over long periods of tiwe and thus

the field errors will show up as zap to map differences
rather than as distortions of a given map. No attempt
was made to correct the cutput voltage of the Hall
generstors for temperature variations, nor are they
mounted in a temperaturs controlled envircnment.

The sixteen Hall probes are wmounted on a .25
inch thick fiberglass board. The probes are powered
in series by a 15 volt, 100 mA constant current supply.
The power distribution network and linearizing re-
sistors for the probes ars also mounted on this toard.
The required position accuracy of the protes on tle
one inch grid is of thegrder of +.005 inches. The
provler of locating the probe precisely on the one
inch grid amounts to locating the centver of the active
area of each Hall generator. This is done by pro-
ducing a local field "bump" in an otherwise unitorc
magneticz field. The Zield "bump", roughly Geussian in
shape and bavingg a FWHM of 2.10 lncles, ls generabted
oy an iron pin (calied a fiducial pin) 1/1dth inch
in diameter by 1/16th inch long placed on one poie
tip. The center of the Hall probe active area is
determined ty finding the point which gives tae uax-
imum Hall voltage outpul, corrcsponding to placing tae
conter of the active arsa of The pro at tao i
field point. Using this technique, the prove centers
were located on the desired grid wita a precision of
+.00% inches, and their positions are <nown with an

acouracy oif +.901 inches.

Hall Probse ZJalitrations

Zhe quantity mecasuared oy
the intersity of the ma metic sensitivity
of the Model BHT-JLO probes wre abtout 0.0uV/0 + 304
and are generally slowly varying funeticns of the
intensity. The guoted linearity is +0.17 and is about
a factor of 10 larper than roquired To sged without
correcticns over the range oi ficids urcd in the
cyelotron. In addition, the zero rield output volta

varies tron probe to probe and . also be detersined.
Because of tneir low sensitivity, tie Hall cutput
voltage of the probec are measired with a orecision



integrating digital voltmeter. The DVM has an accuracy
of +imicrovolt , or at .3wV/G, a field measuring
accuracy of +1.2 gauss.

The calibrations of the Hall probes were carried
out in the main cyclotron magnet. This was done so
that the effects of the magnet warming when excited
and of the Hall plate warming when powered would be

inherent in the calibrations The nrobee ware cali-
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brated ageinst a Spectro-Magnetics 5300 NMR digital
Gauss Meter which has an operating range of from

2 tc 20 K Gauss and a field measuring accuracy of 0.01%.
The mapper drive system was used to position each
prove in series at a point in the magnet gap least
affected by saturation. The probes were calibrated
at field intervals of approximately 1500 Gauss from
7 K Gauss to 16.75 K Gauss. The data at each point
were normalizedby the output of another Hall probe,
fixed in positicn in the magnet to monitor flue-
tuations in the field.

The zero field output voltage of the probes was
measured by placing the probes in a region of zero
magnetic field and measuring the output voltage.
These voltages were also normalized to the input Hall
current of 100 mA.

The Hall constant ¥y was found to vary smoothly
by as much as +0.15% over the range of fields pro-
duced by the cyclotron nagnets. In order to inter-
polate between the measured values of ¥, , the data
for sach probe were fit with a quadratic of the form;

2
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The value of A 1is 7, to first order, while B
and C_ are a measure of the non-linearity of the probe
sensitivity. B_was found to be negligibly small in
all instences, while C_ was significant for most
probes. This quadrati¢ equation was used to deter-
mine the Hall constant at each value of the output
voltage measured during a normal field mapping sequence.

Mapper Mechanical Design

The x~-y cocrdinate system of the mapping apparatus
is defined by a pair of crossed lathes whose drive
mechanisms have been removed. The larger lathe (9 ft.)
is located on top of the yoke of the magnet and is
aligned parallel to the magnet centerline, defind as
the x axis. The smaller (7 ft.) lathe is mounted on
the saddle of this lathe and is aligned perpendicularly
to the magnet center line, defined as the y axis. An
o" diameter aluminum arm is mounted on the saddle of
the y axis lathe and extends 15.5 feet down to the mid-
plane of tne magnet. The apparatus is illustrated in

Figure 1.
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The drive motors and gear boxes for the lathes
have been replaced with high-speed stepping motors,
coupled directly to the warm gear which drives the
lathe paddles. Since the output torque of the steppin
motor 1s inversely proportional to the input pulse
rate, the maximum rate of linear motion is determined
by the torque required to move the lathe saddle. For
the X axis, this occurs at 500 pulses per second or at
a linear velocity of 0.07 inches per second. A smooth
acceleration is required to go from a standing stop to
the desired velocity because of the minimum response
time of the stepping motor and to prevent vibration
of the boom. The time required to move the boom 4"
along the X axis, including a smooth acceleration and
deceleration, is 60 seconds.

The y axis saddle is driven by a smaller stepping
motor coupled directly with the output of a torque
motor. The output torque of the motor is slightly
less than that of the stepping motor, so that the
stepping motor cannot be over-ridden. This step/
torque motor combination is capable of driving
the y axis saddle at a linear velocity of 0.30 inches
/Sec. Thus, a 4" move along this axis, including a
smooth acceleration, is accomplished in approxlmately
16 seconds.

The position sensing is monitored by optical
incremental shaft angle encoders coupled directly to
the output shafts of the stepping motors. The en-
coders have a resolution of 256 pulses per revolution,
and are direction sensing. The outputs of the encoder
are fed into 20 bit up-down counters for overall po-
sition sensing. The position resoluticn of the system
using these encoders is 0.13 x 10~° inches/count and
0.065 x 10-3 inches/count for the x and Yy axes re-
spectively.

Computer Control

The mapping hardware is interfaced to the Data-
craft 6024/1 acquisition computer for automatic contro
The computer is a disk-oriented system containing a
fully operaticnal disk monitor. Hence, the mapping
programs are written in a sub-routine format and arc
stored on the disk. A general Fortran "scanning"
program is then used to access the sub-routines as
required to perform the various field maps. Under
computer control, the motions of the probe, data
acquisition, reduction and storage all occur auto-
matically. The outputs of the up-down counters are
monitored for continuous position control. The in-
foruation as to where to "scan" is contained in a
data file called a "drive" file. Therefore, different
areas can be mapped by the construction of different
drive files. Such problems as the removal of back-
lasn in the gears of the drive mecharism, lathe stall
detection and restart, the rate cf acceleration and
deceleration of the axes and the ccnversion of Hall
voltages to fiecld values, including correctiors for
the non-linearity of the Hall probe outputs, mis-
aliynment voltages and fluctuations in the fixed Hall
probe or the Hall current, are all conveniently
handled on-line via the computer. In addition,
the scan program is put into a hold, or wait state,
if large changes in the field are detected by the
tixed prove (i.e. if the magnet power supply should
go out of regulation or shut =ff) or if the lathe
apparatus falls Jor any reason. When the problem is
corracted, the scan may be continued frow that point.
The field data are transferred to magnetic tape ror
storage and fature use.

The computer is alsc used to autoumstically "seek"
the maximum field produced vy an iron fiducial. The
program sweeps Hall probe in .OL inch steps across the
fiducial pin from -.25 to +.25 inches, recording the
Hall voltage at each step. The resulting peak 1s it
with a gaussian, whose centroid is determined. Two



give the location of the fiducial pin (and hence the
probe assembly) which is always reproducible to +.00L
inches.

The precise alignment and the location of the
apparatus relative to the magnet pole tip was done in
two steps. First, the x-y grid coordinate system de-
fined by the lathes
to the magnet center line. The 16 probe assembly was
then aligned to overlap that grid. The key to these
alignment procedures is the use of a set of iron fi-
ducials on the magnet pole tip at precisely known lo-
cations relative to the machine center and the magnet
pole edges. The x-axis lathe was aligned parallel to
the magnet center line using the fiducial pins placed
at 33.5 inch and 133.5 inch distances from the machine
center. Using the fiducial seek programs, the x axis
lathe was located parallel to the axis defined by the

s » 1"
fiducials to .002

them. The y axis lathe was aligned to be perpendicular
to the magnet center line using a right triangle of

20 inches on a side with fiducial pins located pre-
cisely at the corners. One side of the triangle was
aligned parallel to the x axis, and the y axis was
adjusted until it was parallel to the other side to with-
in +.001 inches. During the alignment of the y axis,
however, the distance between the Tiducials measured
mechanically and by the mapping apparatus differed

by .00 inches in 20. This discrepancy was caused

by a rotation of the y axis lathe about the x axis
when the 300 lb. boom moved from one end to the other
along the y axis. Because of the 15.5 ft. moment arm,
rotations of a fraction of a degree result in large
horizontal deflections at the probe tip. The y axis
lathe was also found to "droop” about its point of
support on the x axis saddle. Both effects were of

the same order of magnitude, and the amount of ro-
tation varied slightly as a function of its position
along the x-axis. The errors caused ty these effects
were mapped as a function of the x and y location in
the grid and two data Tiles, AX (x,y) and AY (x,y),
were compiled and stored on the computer disc. Another
subroutine was written into the "scan" program which
accessed these data files and made corrections for

the rotations during each move. The error routine

was checked against the right angle fiducial plate

at various locations in the magnet. From these data,
an x or y axis position accuracy of no vetter than +
.005 inches can be claimed for the total area avail-
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abvle to the mapper. Following the alignment of the
lathes, the probe assembly was aligned to overlap

that grid. Using the 4 corner probes, the l-inch rect-
angular grid of the probe assembly was positioned to
overlap the grid defined by the lathes to within .028
degrees, the accuracy obtainable with the fiducial
seeking program.

Concluding Remarks

There are 462 moves per 1/8 MAP, or at 16
field points per move, T4OO data points per scan. At
each grid point, the 16 Hall voltages are read, along
with the input Hall current, the magnet current shunt
voltage, and the fixed Hall probe voltage. The
total time required for a full 1/8 map is 5 hours and
45 minutes. With this system usually 3 maps per day
were made and when necessary, even 4 maps per day were
obtained. When the scan is complete, it comes back
to the fiducial at the front of the pole tip to with-
in .005 inches in both axes.

The precision of the probe to probe calibrations
are verified by a close serutiny of the field data in
the flat part of the field, and in the valleys. 1In
the valleys, where the field is approximately zZero,
probe to probe differences were less than a gauss.

In the hills, the probe to probe differences were
about +2 gauss. The accuracy and sensitivities

and probes are amply demonstrated in the high field
regions of the pole tips by their being able to see
the machining errors in the pole tips. The pole tips
were machined with 9" diameter mill bits which left
grooves in the poles having a depth of about .0OLl5

inches. Thus, the pole tip gap varies with a
reguler longitudinal amplitude of .003 inches. This
is 0.1 percent of the total gap of 3 inches. At an

average field of 7 Kg in the gap, these machining
errors cause the magnitude of the field in the gap
to vary with an amplitude of 7 gauss at a period of
9 inches. These field fluctuations show up clearly
in the field data, as shown in Figure 2. Ancther
sensitive test of the probe to probe calibration

is to look at the derivatives cf the field data.
Oscillations in the derivatives having a periocdicity
of 4 inches are a result of probe calibration dif-
ferences. Examples of this oscillation for the probes
along the x axis are given in Figure 3. Figure 4 is
a photograph of typical field data as displayed on
the scope of the Datacraft computer. Note that in
all of these data, the 4 x 4 array of the 16 probe
asgembly cannot ve observed.
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Figure ha Figure kb

A three-dimensional oscilloscope plot of field data
showing oscillations in megnet field caused by pole
tip machining srooves. Main current is HOO Amps,
maximum field is 13.9 Kgauss. Plot is on an off-
set scale showing the field from 13.9 to 13.53
Kgauss. The data shown in figure 2 was plotted
from this same field map.

scilloscope plot of the same data on a scale of
to 1k Kgauss max. Figure 3 is a hill center
ine section of this data.
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