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Introduction

The Chalk River superconducting heavy-ion cyclotronl)
is designed to accelerate all ions from lithium (to 50 MeV/nucleon)

to uranium (to 10 MeV/nucleon).

Figure 1 shows a cutaway view of the mild steel magnet
with the upper flutter poles omitted for clarity. It has four
spiral sectors and the average induction at the midplane spans
the range 2.5 to 5 T. The octagonal yoke is 3.36 m from flat
to flat and the walls are 0.5 m thick. The overall height is
3.01 m and the midplane gap is 40 mm. The 300 mm diameter
central holes in the poles accommodate the coaxial tuning
lines for the radiofrequency accelerating system. The field
meésuring apparatus occupies the midplane gap and the lower
central hole when the rf system is removed. Figure 2 shows

the skirt and flutter poles in more detail.

The 6 MA turn superconducting coil is divided into
inner and outer coil pairs of equal size as shown in Fig. 1.
Coarse isochronization is achieved by adjusting the relative
excitation of these coil pairs; the magnetic field is fine
tuned by the use of movable iron trim rodgz). In the final
configuration, there are thirteen trim rods per hill. For
the measurements reported here, all the holes were bored in
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the cylindrical poles, but only three trim rod holes were
bored through each flutter pole. Trim rods were inserted

in these twenty-four completed holes, and the other eighty
holes were empty from the outside of the yoke to the outside
surface of the 100 mm thick flutter pole plate, i.e. to
within 420 mm of the midplane. The effect of these holes

in the poles is roughly a 60 mT reduction in the midplane

field3).

The magnetic field was measured using the flip-coil
technique. The field measuring apparatus was designed to .
have the flip-coil arm replaceable by sets of diametrically
opposed fixed coils that would sweep the midplane to measure
the first harmonic component of the field. However, the
reproducibility of the measurements with the flip-coils
exceeded our expectations. The Fourier components were
easily extracted from the raw field data, and the sweeping
fixed coils were not used. Most of the measurements reported
here were taken in late May and early June 1979 and represent
the first detailed field mapping of the superconducting ‘
cyclotron. Using these data, modifications to the flutter
poles were calculated which will reduce the trim rod amplitudes
required to isochronize the wide range of ions to be
accelerated. When these modifications are completed and all
the trim rods installed, the field will be mapped again.

Field Measuring Apparatus

Figure 3 shows an isometric view of the field mapping
apparatus. Forty flip-coils were distributed along an
acrylic rod (the flip-coil arm) which was supported by a
fibreglass structure and spanned the radial extent of the
cyclotron poles. (The radial positions of the flip-coils
are listed in Table I.) The section of the arm that holds
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Fig. 3 Isometric view of field measuring apparatus.




the three outermost flip-coils is removable to permit
measurements when the magnetic extraction elements are
installed. The coils were flipped by rotating the arm 180°
about its axis with a pulley driven by a pneumatic cylinder.
The arm could be positioned around the azimuth of the
cyclotron by a stepping motor mounted at the bottom of the
lower pole. The azimuthal position was measured by an

optical encoder with an accuracy of 0.044°.

Figure 4 shows an electrical schematic of the
measuring system. The currents induced in the flip-coils
were integrated by electronic integrators connected through
a relay multiplexer to a 5-1/2 digit digital voltmeter. All
actions such as positioning of the arm, flipping the coils,
triggering the voltmeter, and discharging the integrators
were initiated using CAMAC modules controlled by a PDP 11/34
computer. To reduce electromagnetic interference, all
connections between the flip-coils and integrators were

shielded, twisted pairs.

The flip-coil bobbins were made of MACOR*, a machinable
glass-ceramic, chosen because of its high resistivity and low
thermal expansion coefficient. The bobbins were 6.12 mm high
with a diameter of 4.17 mm; the outer diameter of the coils
was 8.7 mm. The height-to-radius ratio was chosen to minimize
the second order error due to the finite sizes of the
flip-coils4). Each layer-wound coil had approximately 1144
turns of AWG38 copper wire and a resistance of 53 ohms. The
magnetic centre of each coil was determined in a magnetic
field gradient and found to be within 0.02 mm of the geometric

centre, therefore no special orientation of the flip coils

on the arm was necessary.

*
Corning Glass Works, Corning, New York.
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Figure 5 is a schematic diagram of the integrator
circuit which is similar to that used to measure the
magnetic field in the Oak Ridge cyclotrons). A low noise,
wide band chopper stabilized operational amplifier (Analog
Devices AD234L) was chosen because of its low initial and
thermal offset. The integrator resistance and capacitance
were 60 kQ and 1 uF respectively with the thermal coefficient
of the RC values being -50 * 50 ppm/oc. In order to reduce
the thermal effect, the cabinet which housed these integrators
was maintained at a temperature around 40°C and constant within
0.5°c. The RC product was chosen to give a calibration
coefficient of ~ 1.3 V/T so that in the maximum fields of

v 6 T, the integrator output would be less than 10 V.

Calibration

Each flip-coil with its integrator was calibrated with
the apparatus shown in Fig. 6. The small electromagnet,
mounted on ways, could be centered over any of the 40 flip-
coils or an NMR probe located just beyond the end of the
flip-coil arm. Calibration inductions from 0.2 to 1.0 tesla
were used; at 1 T, the reduced homogeneity of the field
limited the accuracy of the NMR reading to 1 x lO-4 which was
taken as the accuracy of the calibration. The calibration
procedure was as follows: The magnet was positioned over the
NMR probe and the magnetic field measured. The magnet was
then positioned over the flip-coil to be calibrated. Under
computer control, the calibration coefficient was measured
three times, the final value stored being the average of the
measurements. The magnet was then repositioned over the NMR
probe to check for magnet drift. If the field change was
greater than 1 x 10—4, the run was not used. The calibration
procedure followed the same timing cycle as used for the

actual field measurements (see below).
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Typically four such measurements were made for each
of the flip-coils. On one flip-coil (# 20), fifteen
calibration runs were made over an interval of eight days.
All save one of these runs were within 1 x 10_4 of the
average, the exception being the calibration at the lowest
induction, 0.2 T, which was 1.07 x 10"% lower than the

average. No field dependence was apparent in these calibrations.

One year later the flip-coils were again calibrated.
The average of the 40 calibration coefficients had changed
6 x lO_5 and' 29 of the calibration coefficients were within
V2 x lO_4 of their original values. For the other eleven,
the greatest change in calibration coefficient was +6.1 x 10
and the second greatest change -4.2 x 10—4. ‘After a further

six months, the outer 28 flip-coils were intercalibrated in a

4

large dipole at an induction of 1.6 T. Four of the coefficients
differed by more than expected and these four flip-coils were

within the subset of eleven anomalous flip-coils noted above.

We interpret the larger than expected differences in

the remeasured calibration coefficients of the eleven flip-

coils as changes in the integrating capacitors. "Good" and
"bad" capacitors are a hazard in this type of apparatus and
such behaviour is not unexpectedG). The average change of

6 x 10—5 could be due to several causes - a temperature
change in the integrator temperature controlled cabinet (the
regulator was replaced), a change in the digital voltmeter

calibration or a general change in the capacitors.

We conclude that the accuracy of our calibration to
+1 x lO—4 is valid for only a finite period - at least for
eleven of our forty flip-coils, and recalibration will be

necessary before any further mapping. However, the precision
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of our measurements from individual flip-coils is much
better than 1 x 10_4 and it is this superior precision that
permits the accurate measurement of the first and second

Fourier components of the fields.

The precision of the field measurements is shown in
Fig. 7 where the distributions of the differences from the
average of 100 successive measurements taken at three
different inductions are plotted for a given flip-coil. The
1.6 T results were taken in the first dipole of the Chalk
River Q3D spectrometer, the other two in the cyclotron.
Superposed on each histogram is the normal curve of error
for the calculated probable error of the distribution which
is almost independent of induction. The two lower curves
also include a component from field fluctuations which are
obviously small compared to the main cause of error - varia-
tions in integrator drift. For measurements in the
cyclotron (B > 2 T) our"short-term" precision for individual

5

flip-coils is better than 1 x 10 °, allowing measurements

of the first and second harmonic fields with this apparatus.

The calibration coefficient of a flip-coil is
directly proportional to its area and therefore depends on
the ambient temperature. The coefficient of thermal expan-
sion of the MACOR bobbins is approximately half that of
copper, and for temperatures greater than the temperature at
which the coils were wound it is the thermal expansion
coefficient of copper that will determine the change in the
calibration coefficient. A crude check of the temperature
coefficient of flip-coil # 20 was made by warming the entire
flip-coil arm by 8°. The measured coefficient was 3.9 x lO_S/OC,
20% greater than the calculated value of 3.3 x lO—S/OC, but

within the experimental error of the measurement. The
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measurements reported here were taken with the arm
temperature 21.5 * 1.8°c. This translates into a %6 x 10

variation in the calibration coefficient (within the

5

accuracy of our calibration) and no corrections were made
for this effect. It should be noted that in terms of the
short-term precision of our measurements, the flip-coils
were enclosed by the 150 tonne magnet and temperature
changes of the flip-coils occurred with the magnet's thermal
time constant (many hours). The arm temperature was
monitored throughout the measurements and a change greater
than 0.1°C between the beginning and end of a typical

50 minute run was unusual.

Measurement Technique

The apparatus was controlled and the data collected
by a PDP 11/34 computer (operating under MUMTI - Multi User
)

Multi Task Interpreter)7 using one crate of the serial CAMAC

highway.

The magnetic field at a given azimuth was measured
using the following sequence:
1. short circuit integrator inputs and wait 3 seconds
. scan integrator outputs (v 6 seconds)
rotate arm 1800, i.e. flip coils (v 3 seconds)
. scan integrator outputs (v 6 seconds)
rotate arm back 1800, i.e. flop coils (v 3 seconds)
scan integrator outputs (v 6 seconds)
advance arm 2° in azimuth (v 3 seconds)

0 N 0 b W
o L]

. scan integrator outputs (v 6 seconds).

The readings were corrected for integrator drift by
subtracting the average of the readings taken at steps 2 and
6 from those at step 4. This procedure required approximately
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100 minutes to complete a 360O map. A faster procedure
requiring only 49 minutes for a complete map is to flip the
arm at 10° intervals and repeat only steps 7 and 8 at the
intervening 4 angles then calculate the intermediate points
from the field differences. The latter method was used for

most of the results reported here.

The method of correcting the measurements for

integrator drift assumes a constant drift rate and errors

are introduced by fluctuations in the drift rate. These
fluctuations ‘are one of the principal causes of the spread

in the results shown in Fig. 7. This was demonstrated by
initiating a series of scans of the integrators at 9 s inter-
vals and recording the difference between each reading and ’
the average of its adjacent readings. The flip-coils were

in a field free region and the arm was not flipped throughout
these measurements. The distribution of these differences

was Vv 60% of the width of the upper histogram in Fig. 7.

The stepping motor that rotates the flip-coil arm
requires approximately 10 pulses to advance the optical
encoder one bit. This feature was used to reposition the
flip-coil arm with approximately an order of magnitude
better reproducibility than the accuracy of the encoder by
the following procedure: The arm was advanced until the
optical encoder was one bit less than that required. The
stepping motor was then advanced one step at a time,
reading the encoder between each step until the encoder
readout was at the desired value. This improved
reproducibility is important, especially when comparing
Fourier components of field maps when centering the coil.
The precision of repositioning the arm was measured near a

hill edge where the azimuthal gradient is ~ 0.2 T/degree.
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Successive measurements in this gradient were made after

360° rotations of the arm and agreed to better than 0.2 mT.

The procedure of shorting the integrators after
flipping the coils back and forth ensured a relatively small
voltage on the capacitors when they were discharged. This
minimized the error introduced by the voltage transient
that appeared across the integrator output after a rapid
voltage change across the capacitors. The amplitude of this
transient is a function of the time rate of change of the
input voltage, v 1 mV per V/s, and decays with a time

constant of 1/3 seconds.

A similar voltage transient appears, of course,
after the coils are flipped. The nature of the voltage
variation with time from a flipped coil (approximately
sinusoidal) and a 300 ms delay built‘into the program after
the arm is flipped reduces the calculated amplitude of this
transient. If Vi is the final integrator voltage, then when

the first flip-coil is read, the transient is 6 x 10—'5 Vl'

and has decayed to less than 1 x lO_5 V6 when the sixth
flip-coil is read; it is less for succeeding flip-coils.
This effect was noted after the measurements reported here
were taken; future measurements will include an additional
half second delay between flipping the arm and scanning the
integrators so that for all integrators, the transient is

5

less than 1 x 10 Vi'

Centering of the Superconducting Coil and Positional Stability

The superconducting coil was centered on the axis of
the field measuring apparatus which had been centered on the
axis of the poles using the first Fourier component of the

magnetic field measured with the three outermost flip-coils.
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The first harmonic componentvin any map is the sum
of contributions from:

1) residual first harmonic from manufacturing tolerances.

2) displacement of the axis of the field measuring
apparatus from the field center.

3) lateral displacement of the upper pole from the
lower pole.

4) displacement of the superconducting coils from the
axis of the poles.

5) accuracy of the optical encoder used to position the
azimuth of the arm holding the flip-coils (difficult
to separate from 1)).

6) precision of the measured field at each point (better
than 0.1 mT).

7) effects of external elements (e.g. injection and

extraction dipoles, asymmetries in the yoke).

Fortunately, many of these are separable because the
different contributions have characteristics that differ with

average induction and radius.

The upper pole was initially positioned by passing
two trim rods through the upper pole and into the corresponding
trim rod holes in the lower pole. This procedure aligns the
two poles within 0.3 mm. The axis of the field measuring
apparatus was then adjusted to minimize the first harmonic
measured by the three outermost flip-coils at an average
induction of 1.2 T (inner-coil current = outer-coil current =
100 A). The three outer flip-coils were chosen because they
measure the field where the radial gradient is greatest at
this excitation: 2.4 T/m for flip-coil # 38, 7.4 T/m for
# 39 and 14.3 T/m for # 40. The magnet excitation of 100 A/100 A

was chosen because it is low enough to introduce only a small |
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effect from coil decentering while saturating the hills,
thereby reducing effects from variations in permeability.
Once these adjustments were completed the axis of the field

measuring apparatus was defined as the center of the cyclotron.

The superconducting coil was then centered using the
first harmonic measured at the same three flip-coils at an
average induction of 3.2 T. At this excitation, the
contribution to the induction from the coil currents is
v 2 T and we assume superposition of the iron and current
components. The gradient due to the coil currents is 1.0,

1.6 and 2.0 T/m for the radii of flip-coils 38, 39 and 40,

respectively.

Any movement of the poles or coil causes little
change in the first harmonic at interior radii where
d<B>/dR is small; the reproducibility of the first harmonic
measurements in this region was #0.035 mT or better. This
means we can detect displacements of the "poles" from the
axis of the field measuring apparatus of 0.0025 mm and
displacement of the coil of 0.018 mm. The sensitivity to
coil displacements is approximately three times the required

8)

placement accuracy of 0.05 mm ’.

The axis of the coil was initially placed 1.4 mm off
the machine axis. The first adjustment reduced this
displacement to 0.3 mm and two subsequent adjustments
further reduced this to 0.1 mm. Better positioning was not
attempted, but the sensitivity of the first harmonic to
radial displacements of the coil clearly permits more

accurate centering.

"Centering runs", consisting of a complete map at
1.2 T immediately followed by a map at 3.2 T, were taken
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periodically over a two month interval. Throughout this
period, relative to the axis of the field measuring apparatus,
the axis of the coil remained at its original displacement of
0.1 mm within #0.01 mm; we conclude that, within the #0.018 mm
uncertainty in the measurements, the coil did not move

radially.

The lower pole (on which the field measuring
apparatus is mounted) is lowered by jackscrews for normal
access to the midplane and is reseated within 0.02 mm by
linear bearings. The upper pole is bolted to the upper end
ring and is not scheduled to be dowelled to it until the
cyclotron is reassembled at its final location in the nuclear
physics laboratory. During the measurements reported here
the upper pole moved south by 0.06 mm. This displacement was
detected by the first harmonic measurement made at 1.2 T and
confirmed by the upper pole positioning micrometers. The
cause of this displacement is attributed to repeated "dishing"
of the pole under excitation. At <B> = 5 T, the attractive
force between the poles is 10 MN. Figure 8 shows, as a
function of midplane induction, the deflections of the upper
pole top surface and the closing of the midplane gapg). It
is this flexing that caused the movement of the upper pole,
but such radial motion should not occur after the pole is

dowelled to the upper end ring.

The superconducting coil is suspended from the upper
end ring by 12 hangers. As the magnet is excited, the
entire coil moves up and down with the flexing of the end
ring. As shown in Fig. 8, the range of this motion over the
operating inductions from 2.5 to 5 T is 0.1 mm, one-half of
the required alignment of the coil and magnet midplaness).
We conclude that the radial and axial stability of the coil

position is adequate.
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Mapped Fields

Figure 9 shows the inner and outer coil currents at
the 48 field mapping points. Also shown are equi-induction
contours for R = 407 mm. As a representative sample of the
reduced results Tables I, II and III list the average inductions
as well as the amplitudes and phases of the first and second

harmonic components at the 40 flip-coil radii.

Figure 10 illustrates how the radial gradient of the
magnetic field varies as a function of the difference current

and the average magnetic induction.

Figure 11 shows how well the calculated fields
agree with the measurements. The comparison of the calcula-
tions with the measurements is discussed in more detail

3)

elsewhere™’ .

Field Stability and Reproducibility

The stability of the magnetic field was measured
with the field measuring apparatus fixed at one azimuth and
measurements taken at 20 second intervals over a period of
45 minutes. As stated above, the principal contribution to
the width of the distribution in Fig. 7 is the variation in
the integrator drifts. These are random fluctuations, and '
for the stability measurements, the 40 flip-coil voltages
were summed to give a better than six-fold reduction in the
variations from instrumental effects. Figure 12 shows the
magnetic field variations thus measured at a midplane
induction of 5 T. The extreme variation was 11 ppm. The
measurement was repeated with the magnet power supply turned
off to measure the instrumental contribution. The peak to
peak excursions of the summed voltages corresponded to

3.5 ppm (compared to 11 ppm above), in excellent agreement
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with the uppermost histogram in Fig. 7 which is for a

single flip-coil.

Short-term (< 20 second) fluctuations of the
magnetic field were measured by the voltage induced in a
20-turn coil wound around the skirt on the lower pole (see
Fig. 1). These fluctuations were even less than the measure-

ments reported above.

Variations in the average magnetic field will change
the beam output energy. For the worst case (product of turns
and radiofrequency harmonic number = 400), the energy spread
so introduced is an order of magnitude less than the inherent

spread in a 3° bucket.

The 3.2 T field map from each centering run was also
used to measure the run-to-run reproducibility of the magnetic
field. The principal cause of the measured variations in the
midplane induction was due to the temperature coefficient of
the saturation magnetization of steel. This was not deduced

until near the end of the measurements and outside yoke
temperatures were not recorded. The yoke was housed in a
building that was not air-conditioned and the temperature
outside the building varied from 2° to 32°% over the period
of the reproducibility measurements. Figure 13 shows the
average induction measured with flip-coils 20 through 25 as
a function of the midplane air temperature. The thermal time
constant of the yoke is several hours and the midplane air
temperature was but an approximation to the average steel
temperature. This uncertainty in the yoke temperature
probably contributes to the scatter of the results from the
least squares linear fit (0.61 mT/OC) and to the difference
from the published valuelo) of 0.37 mT/OC. A systematic
investigation of this effect will be made when the field is

remapped.



The five measurements at the bottom .0of the figure
were taken when the temperature was relatively constant and

show a resettability within 0.2 mT.

First and Second Harmonic Amplitude

Once the coil is centered, first and second harmonic
amplitudes still exist from manufacturing and assembly
tolerances, asymmetries in the yoke midplane penetrations,
magnetic extraction channel components and the injection and
extraction dipoles. Figure 14 shows how these last four
sourceé depar£ from 4-fold symmetry. The philosophy has
been to eliminate, or reducé, the first harmonic from any
cause by an equivalent compensation and then reduce the
residual to an acceptable level with the trim rods. The
second harmonics that have been calculated (and in some cases
measured) are small enough to be tolerated without compensa-
tion. Only the effects from manufacturing and assembly
tolerances and asymmetric midplane penetrations of the yoke
are reported here - the magnetic channel, injection and
extraction dipoles were not installed for these measurements.

In Fig. 14, the two unlabeled holes in the yoke wall
on the right-hand side of the figure compensate the first
harmonic generated by the other midplane holes shown in the
figure. The first harmonic could be compensated by a single,
awkwardly shaped hole but by using two holes, fabrication was
simplified. The size of the compensating holes was calculated
at each yoke wall radius to generate an equal and opposite
first harmonic to that created by the other midplane holes at

that same radius thereby compensating at all radii.

Figure 15 shows the measured amplitude of the first

harmonic component as a function of radius for an average



Fig.

14

25

1 .

1 METRE ' (H) *

Midplane plan view of the cyclotron: A - yoke,

B - cryostat, C - probe hole, D - injection steering
magnet, E - stripping foil, F - electrostatic
deflector, G, H, I, J - magnetic extraction channel
components, K - extraction steering magnet. The

two unlabeled holes on the right are for first-

harmonic compensation.
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FIRST HARMONIC AMPLITUDES
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Fig. 15 First harmonic amplitudes as a function of radius

for an average midplane induction of 1.2 and 5 tesla.

1.8 SECOND HARMONIC AMPLITUDES

@ JN0B52 100/100 <B> = 1.27
1.6 X FMB852 2200/1800 <B> = 5.0 T

l8,| (1)

RADIUS (metres)

Fig. 16 Second harmonic amplitudes as a function of radius

for an average midplane induction of 1.2 and 5 tesla.
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midplane induction of 1.2 T and 5 T. At 1.2 T, the hills
are saturated (BHill "~ 2.2 T) but the induction in the yoke
walls is ~ 0.5 T, hence the first harmonic at all radii is
due almost entirely to flutter pole manufacturing and

assembly tolerances.

The small change in the first harmonic at <B> = 5 T
shows that the yoke wall compensating holes work well and
that coil imperfections give a negligible contribution. For
example, the calculated first harmonic from uncompensated
yoke holes at r = 650 mm is 2.1 mT, more than an order of
magnitude greater than the measured difference. The maximum
amplitude in the acceleration region, 150 < r < 650 mm, is
less than 0.4 mT, well within the capability of compensation
by the trim rods. HoweVer, because the first harmonic is
mainly due to imperfections in the flutter poles and almost
independent of field level it can be significantly reduced
by modest shimming of the flutter poles. This will be done
after the nekt round of field mapping on the modified flutter

poles.

Figure 16 shows the measured amplitude of the second
harmonic component as a function of radius for the same
excitations as Fig. 15. Again, the amplitude at <B> = 1.2 T
is caused mainly by the flutter pole manufacturing and
assembly tolerances. The amplitude at <B> = 5 T increases
to 1.9 mT at R = 693 mm and is less than half the value
calculated for the holes in the yoke walls. If the <B> =
1.2 T results and the calculated values for the midplane
yoke holes are vectorially subtracted from the <B> = 5 T
data, the resulting second harmonic has the characteristic
shape of a coil imperfection. A second harmonic of
approximately this magnitude is expected from the ellipticity
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introduced by double pancake crossovers. The magnitude of
the second harmonic over the whole operating range is well
within acceptable limits and the azimuth is such that it
will reduce the larger but still acceptable second harmonic

from the extraction system.
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Table I

Reduced Data of a Mapped Field
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Table II

Reduced Data of a Mapped Field
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Table IIT

Reduced Data of a Mapped Field
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