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ABSTRACT
The relative intensity of the electron beam in the spiral sector model has
been determined over a large part of the machines Z)x - 7)2 stability region in
order to study the effects of various resonances. The mean field index k has been
varied from about 0. 2 to 1. 16 and the flutter has been varied from about 0.57 to 1. 6.
This has produced an observed variation in the radial betatron frequency, Qxy from

1.18 to about 1.8 and in the vertical betatron frequency, 9 from< 0.4to >1.9.

Z’

The beam is completely destroyed everywhere along the integral resonance ( ﬁz = 1).
The half integral resonances observed are 2 az =1, 2 ﬁz =3, 2 ax = 3, ﬂx + Qz = 2,
and Dx + Dz = 3, of which only 2 Dz =1 and Qx + Dz = 3 show complete destruction
of the beam along their entire length. The beam is alsc observed to be effected at the

positions of theaX + 2 D g = 4, z)x + 2 7)z =5, and 3 = 2 third integral non-linear

z

resonances. Some effect of the Walkinshaw difference resonance ( z)x -2 I)z = 0) is

observed.

*AEC Research and Development Report. Research supported by the Atomic
Energy Commission, Contract No. AEC AT(11-1) 384.
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A detailed measurement of the variation in intensity over a large part of the

QX - Dy stability region of the Mark V spiral sector FFAG model has been made
in order to study the effectis of various resonances. Preliminary measurements of
1

this type were earlier reported by Stump and Waldman.,

PROCEDURE

The working point of the machine was varied by changing the mean field index
k and/or the flutter factor f. This was done by altering the currents in the appro-
priate tuning coils. The median plane field of the spiral sector model is represented
approximately by the following equations:

B,

r k . 1 r
B, (K) [1 + I sm(;vln ro -NB)]

B B

T 9;09

where r is the radius from the center of the machine, k is the mean field index,

f is the flutter factor, %;, = N tan g , N is the number of sectors around the
machine, 5 is the spiral angle and 8 is the azimuthal angle as measured from the
center of the machine.

The electrons were injected into the machine at a radius of 31 cm. For this
experiment the current in the k tuning coils was varied from -1.4 to +1. 8 amps
corresponding to varying k from about 0.2 to 1.16. The effect of different values
of k on the field distribution along the median spiral of a sector is indicated in
Fig. 1. The k tuning coils are wound such that no change is prcduced in the field
at a radius of 25 cm. The average energy of the electrons increases at the injection
radius and also at the detection radius as k is increased.

The effect of the flutter coils on the azimuthal field distribution along a
constant radius of the machine at the median plane is shown in Fig. 2. As the flutter
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is decreased the average value of the field, and therefore the average value of

the electron energy, increases. The flutter coils were designed for a k of 0. 7.
since no A k - Af coils were built, scaling errors are introduced which increase
in magnitude as larger Ak and Af currents are used. For this experiment the
flutter current was varied from -1.7 to +1.7 amps corresponding to a flutter
change from about 0. 57 to about 1. 6.

Since the change in k produced by the Ak coils varies with radius, it was
decided to make the measurements fairly close to the injector. A radius of 37 cm
was chosen as about the nearest one could get to the injection orbit and still clearly
differen tiate the accelerated beam from particles which were ejected from the
machine at injection time. The beam intensity was estimated by the integrated

1 inserted in the vacuum tank.

pulse height from a plastic scintillation detector
During the intensity survey the injector filament current was kept low and constant;
likewise the betatron core voltage, the gas pressure and the injection time were

kept constant. The injector and inflector voltages were adjusted at each working

point so as to peak up the beam. The magnet currents were cycled off and on four
times after each adjustment to a new working point.

The next step after obtaining the intensity as a function of the tuning currents
was to determine the values of the vertical and radial betatron frequencies correspond-
ing to the various machine operating points. This was done (following the method
described by Cole, et al2 and Hammer, et alB) by rf resonance excitation of the
betatron oscillations. An rf voltage of from 60 to 100 volts was applied on two
small parallel plates inserted 120 degrees around the machine and at approximately

the same radius as the scintillation probe. The rf frequency was then varied until
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it was the proper value to enhance the amplitude of the betatron oscillations. To
aid in differentiating vertical from radial knockout a push-pull type oscillator was
designed by C. Nielsen and built by P. Nielsen. Vertical knockout was observed
most strongly when this oscillator was connected symmetrically across the parallel
plates and radial knockout was observed most strongly when both plates were fed at
the same potential with respect to the ground of the vacuum tank. Vertical knockout
of the beam was identified by a decrease in the intensity of the beam hitting the
scintillation probe. This decrease in intensity was caused by the electrons with
their increased vertical amplitude of oscillation hitting the walls of the vacuum tank
or the vertical scanning probe. Radial knockout of the beam was identified by a
shift in the time of arrival of the beam at the detector. The frequency of the rf
oscillator corresponding to the various knockout frequencies was determined by
mixing its signal with that from a Hewlett Packard Model 608D VHF Signal Generator
and observing the resulting beat signal obtained on an oscilloscope. These frequency
measurements could be reproduced to within about 0. 2%. The frequencies at which
resonance enhancement of the betatron oscillations was observed, in terms of the
betatron oscillation frequencies, are of the form

fp = pﬁxiq Dz-ﬂ;m fo,
where p and q are 0, 1, or 2; m is a positive integer, and fo is the particle revolu-
tion frequen'cya Two rf oscillators were used to cover a frequency range from about
12 megacycles to about 74 megacycles. The electron frequency of revolution at the
detection radius (37 cm) varied from about 42 megacycles to about 58 megacycles
over the tuning range covered by this experiment. A typical set of frequency measure-

ments, assignments and results for a particular working point is given in Table I.
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In order to obtain Dx and PZ from these measurements their approximate value

must be known by other measurements.

TABLE I. Determination of ;x and 92 from rf resonance frequencies measured at

the working point requiring no tuning coils.

Measured Character Assignment
Fr(el\(/}lé()ency Knocﬁfmt (ﬁ\?[c) frf/foav relto fesuts
50,53  z strong 49.25 1.025 Dz 2 =1.025
47.96  z strong 974 2- 2, 1.026
27.48  z medium 19.24 559  2-(D, + D) D +>z= 2. 441
21.76 z strong . 442 (Dx + Dz) -2 2. 442
29.74 z medium 49, 40 . 604 1- ('Dx - -Dz) 1)x - Dzz . 396
19, 66 z strong . 399 -Dx - Dz . 399
49, 27 49, 27 1.00 fo

770,23 x very strong  49.42 1.426  ©, 2)  =1.426
28.63 X very strong 49.43 . 581 2 - »x 1.419
20, 80 x very strong . 422 'Dx -1 1.422
41.13 x strong 49. 26 . 835 2 7>x -2 : 2 7>x = 2,835
57. 38 x medium 1.163 4 -2 Dx 2.837
46.40  x medium 941 3-22, 22, =2.059
75. 43 x medium 1.530 5- (2 bz + 2{) 7
Average 49,3 \fx = 1,420

2, =1.026

RESULTS

The intensity survey as a function of the tuning currents was taken in a series

— of runs where one of the tuning currents was kept constant (generally that for the k
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tuning coils) and the other was varied over most of its range in such a way as to
determine most of the maxima and minima of intensity. A typical plot obtained
by this procedure is shown in Fig. 3. This plot shows the relative beam intensity
measured by the scintillation detector as a function of the current in the flutter tun-
ing coils for the case where there was no current in the A4 k coils. The experi-
mentally measured flutter at three points is indicated at the bottom of the graph.
The vertical and radial betatron frequencies measured by the rf resonance method
are indicated above the curve. Locations of certain resonances are also indicated
on the graph.

The composite result of the intensity survey as a function of the tuning currents
is given in Fig. 4. The darkest regions represent areas of maximum intensity, the
lighter regions represent lesser intensities. Adjacent areas differ in intensity by a
factor of the square root of 10 exce pt for the least intense region which represents a
change in intensity of a factor of 10. The approximate measured values of k and
flutter corresponding to the tuning currents are shown on the graph. The values for
the flutter were obtained when there was no A k current and the values for the mean
field index k wefe obtained when there was no Z flutter current.

By measuring the betatron frequencies as a function of tuning currents it was
possible to obtain interpolation graphs which could be used to transfer points from
the intensity survey as a function of the tuning currents to an intensity map in terms
of the betatron oscillation frequencies. The graph in Fig. 5 shows how the vertical
and radial betatron frequencies depend on the tuning currents. The resonance
diagram which was obtained by use of the interpolation procedure is shown in Fig. 6.

The relative intensity scale indicated on the figure is the same as that for Fig. 4. The
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increasing width of the resonance regions as one goes from the center of the plot
is mostly a result of the increasing non-scaling of the field as the tuning currents
are increased. This is in agreement with the observation that the resonance regions

1 who worked at a larger

are broader on the diagram cbtained by Stump and Waldman
radius and therefore should have a greater non-scaling effect. An indication of the
scaling effect without tuning coils is given in Fig. 7 by the curves showing measured

frequency as a function of radius.

DISCUSSION

One source of uncertainty in all of these measurements is that the amplitudes
of the betatron oscillations were not sufficiently controlled. In the measurement of
intensity as a function of the tuning currents the injector and inflector voltages were
adjusted for each point so as to obtain the maximum intensity. For a given working
point the amplitude of the radial oscillations increases as the injection energy in-
creases. The amplitude of the vertical oscillations may increase or decrease. The
maximum amplitude of the vertical oscillations was limited by the walls of the vacuum
tank during the intensity survey. When the measurements were made of the fre-
quencies of the betatron oscillations at the various working points no quantitative
attempt was made to return to the same injection energy as was used in the intensity
measurement other than to attain again the conditions for maximum intensity. To
observe the vertical knockout clearly it was generally found desirable to reduce the
vertical aperture by means of the vertical scanning probe to a point where it was
just beginning to affect the beam observed at the scintillation detector. The betatron
frequencies as a function of the amplitude of oscillaticn at the design point are pre-

sented in the curves in Fig. 8. If is seen that though the variation of the x tune
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with amplitude is small, the variation of the z tune with amplitude is considerable.

It is estimated that there is about a 1% to 2% indeterminancy in the values of 2 2
obtained as a result of this variation of frequency with amplitude. The indeterminancy
in the value of 9 x caused by this effect is probably much less.

Upon investigation of Fig. 6 it is observed that the positions of the resonance
lines often do not coincide with the center of the troughs of minimum intensity. One
obvious reason for this effect is the non-scaling of the fields which can cause the
trough to shift one way or the other from the position determined by frequency
r;aeasurements at the detection radius. Another possible cause is the interpolation
method used to obtain the resonance diagram from the intensity survey. Because
of the difficulty observed in interpreting knockouts near a resonance all operating
points for which vertical and radial betatron oscillation frequencies were obtained were

in good beam regions. It has been observed by C. H. Pruett with the radial sector

relationship to the tuning currents often departs

model that the measured ;x - Dz

from a smooth relationship (such as indicated in Fig. 5) near a resonance. A further
source for shifting the apparent position of the resonances is the dependence of the
tune on the amplitude of oscillation as discussed above. The betatron frequencies
were in general measured with a restricted vertical amplitude whereas the intensity
measurements were made with the vertical amplitude restricted only by the walls

of the vacuum tank. Therefore there is a spread in frequency present at any given
working point which would be expected to narrow any resonance and, depending upon
the position of the vertical scanning probe when measuring knockout frequencies

with respect to the minimum and maximum vertical amplitudes, to shift the apparent

position of the center of the resonance.
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Further observation of the resonance diagram in Fig. 6 shows that the integral

resonance has the strongest effect on the beam, which is what one would expect.
Near an integral resonance a field inhomogene{ty or misalignment which introduces
inhomogeneous terms in the equations of motion causes large displacements of the
equilibrium orbit. When the tune is exactly integral, no closed equilibrium orbit
exists with such inhomogeneities. The only integral resonance observed with cer-
tainty here, the QZ = 1 resonance, completely desiroys the beam over a fairly
large stop band which however, is considerably narrower than the AD= + 0.1 stop
band widths observed for the integral resonances in the radial sector model.
Though the range of the flutter coils was such that one would expect to detect the
location of the Dz = 2 resonance, the non-scaling of the tuning coils, especially
at the relatively high tuning currents required, make observations in this region
uncertain,

The half integral resonances which are driven by terms introduced chiefly
by imperfections in the mean field index k are represented here by the 2 Dz =1,

2 Dz = 3, and 2 9){ = 3 resonances and also by the linear sum resonances

9}{ + 92 2 and Dx + Dz = 3. The Dz + Dx = 3 machine ( or imperfection)
resonance coincides, in this machine, with the 4th integral 2 'Dx + 2 Dz =6

(2 G_x + 2 G‘z = 2 ) sector (or essential) resonance and may be the reason this
resonance appears to have a much stronger effect than the other half integral
resonances. Only the ;x + ;z = 3 and the 2 ‘DZ = 1 half integral resonances
show complete desiruction over their entire lengih of action on the diagram. This
differs from the results obtained with the radial sector model where all half integral

resonances observed destroyed the beam with a stop band width of + .01. One
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reason for the half integral resonances in general not showing complete destruction
along their entire length may be the non-scaling character of the various field coils.
Because of this non-scaling character the resonances are crossed somewhere be-
tween the injection of the electrons and their detection. This would have the effect

of making the resonance regions broader and shallower. A second reason for the
resonances not appearing any sharper than they do is the spread in tune of the machine
at each working point due to the change in betatron frequency with amplitude of oscilla-
tion. A third effect which would gause the resonance regions to be less effective in
reducing the beam intensity might be correct shimming of the field,

The effects of several third integral non-linear resonances are seen. They are
the .Dx + 2 Dz = 4, Dx + 2 Dz 5 and 3 Dz = 2 resonances., It is somewhat
surprising that the Dx + 2 ;z = 3 non-linear resonance does not appear equally as
strong.

The "Walkinshaw" resonance ( Dx -2 Dy = 0) does not by itself cause instability,
but couples radial and vertical motion. This coupling can drive the motion to a differ-
ent resonance because of the variation of tune with amplitude, so that the Walkinshaw
resonance can indirectly cause instability. There appears to be clear evidence for
the Walkinshaw from the resonance diagram in Fig, 6. It is felt that the effect of
this resonance may be as small as it is because of the care that was taken with the
shimming of the fields. This can be investigated by placing planned bumps in the field.
The Walkinshaw is the only sector resonance that can be clearly differentiated in this
machine as all other sector resonances coincide with imperfection resonances because
of the choice of six sectors.

It is interesting to note that the design working point (indicated by the cross in

Fig. 6) is in the center of the largest region of highest intensity indicating that a good
10
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choice was made for the design parameters. The experimental working point (that
with no tuning coils) is indicated by the x on the diagram and is seen to be fairly
close to the design point. The chief reason for the difference in location of the two
points is that the experimental flutter is about 5% lower than the design flutter.

It is a pleasure to acknowledge the helpful discussions and suggestions of
F. T. Cole, R. O. Haxby, F. L. Peterson, K. R. Symon and other members of the

MURA group.
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