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ABSTRACT

Low frequency modes of a single cell 500 MHz cavity
are examined. All monopole. dipole, and guadrupole modes
below 4 GHz are found. Of these, four modes are found 1o
be trapped in the cavity in spite of being above 1he
waveguide cut-off frequency of the beam tubes. The results
are compared to URMEL! predictions.

Introduction

accelerator for a high average
power Tree electron Jaser, one is driven to use high averagc
currents since the beam energy is constrained by other con-
siderations. Beam breakup instabilities (BBU) are likely to
be the limiting factor in transporting high currents through
an accelerator. so we are led to base our design on high gra-
dient, Jow frequency, single cell cavities to raise the BBU
threshhold’. BBU occurs as the beam interacts with higher
order modes {HOMSs) in the cavity. feeding energy into the
modes and thereby increasing the strength of the interaction.
If the amplitude of the HOMs can be suppressed, either by
damping the modes as they grow or by preventing their
growth in the first place, BBU can be prevented.

In designing a linear

HOMs grow to large amplitudes in the cavity only
when they are resonantly driven by the beam bunches. A
resonance occurs whenever a HOM frequency falls on (or
sufhciently near) a harmonic of the beam bunch frequency.
This has an impact on how the accelerator is run: filling
every N¥ RFE bucket will yield & basic bunch frequency of
f./ N. where f, is the fundamental cavity frequency. N
subharmonic bunching increases the number of potentially
dangerous frequencies by a factor of N over the case when
every RE bucket is filled.

The guestion arises as 1o how far out in {requency one

must go belore ore can stop worrying about the HOMs.,
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tne fundamental frequency with appreciabic R/Qs, so this
cannot be rehicd upon @s a ariterion for terminating the
investigation.  Second. one could assume that all modes

above 1he waveguide cut-off of the beam tube simply pro-
pagale oul 10 a load and can thus be ignored. Since this
study shows the existance of trapped modes up to at least
the cut-off frequncy, this is clearly a
assumption. Finally, one can consider a Gaussian eleciron
bunch with a temporal structure exp(—12/ 2T%"; such a bunch
contains 99.5 percent of the chargv in a length 4T. The
induced fields fall off as exp(—w?T?/ 2). so that only frequen-
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HOM investigation. Even so, T must be quite large to keep
fmax low and the number of modes to a reasonable number.
Fortunately, in order 1o reduce the emitlance growth of the
beam due to space charge, we chose to design the accelerator
around long beam bunches. To reduce
the long bunches, we use harmonic acceleration®. For a bunch
length of 250 ps (T=62.5 ps) f{m.. = 3.6 GHz, or about 71,
Had we chosen a 30 ps bunch length and single frequency
cavities, the investigation would have had to extend to 30
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Finally, one asks what type of modes are likely 10 be a
em. The coupling to the longitudinal motion of the
beam goes as (r/ a)®, where 1 is the displacement from the
cavity axis, a is a scale length, and m is the azimuthal mode

number of the HOR Once dipole modes are suppressed.
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eliminating BBU. quadrupoles and higher m-value modes can
still cause undesired emittance growth of the beam. We
have chosen 1o terminate the investigation at m=2 for the
present, although it is clearly extendable to higher mode

numbers.

Experiment Design

A simple system was chosen for diagnostic develop-
ment. The basic cavity geomeiry is that of a right circular
cylinder with beam tubes. The cavity radius is 23.6 ¢m,the
cavily length is 25.0 cm, the beam tube radius is 9.0 cm,

and the length of each beam tube is 15.0 ¢m,

and th The cavity is
Constructed of 6061 aluminum alloy. The sidewalls are
demountable, as are the beam tube end plates. Eight holes
were drilled in the equator at 45 degrec intervals 10 provide
probe access.
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end wali. The plate provides @ reflecting boundary at which
the electric held is normal. This is a "worst case” simula-
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boun( ary 1s absorbing; power ﬂm»mg out of the cavity is
not refiected and the Qs of the untrapped modes drop. This
boundary is formed by terminating the beam pipes in
matched loads.

Both eleciric antennas and magnetic ioops are used,
depending on the axial symmetry properties of the modes
launched and detected. The magnetic loops are balanced to
eliminate coupling to radial electric fields. The electric
probes couple 1o the antisvmmetric TM modes and the
antisymmetric TE m=0 modes. The loop probes couple to
all symmetric modes. The antisy mmetric TE modes can also
be measured by rotating the loop probes 90 degrees to detect
the H, fields.

A single probe on the equator will launch or detect any
mode of a given axial symmetry, irrespective of azimuthal

PAC 1987



or radial mode number. Because the number of modes is so
jarge {there are 210 m=0,1.2 modes between 0.5 and 4 GHz,
excluding TE,,. modes), it is desirable to excite and detect
only speciic m-valued modes. This is done by placing
matched probes symmetrically around the equator and driv-
ing them with the proper phases using power splitters and
180 degree hybrid couplers. For example. consider four
probes placed 90 degrees around the equator. Driven in
phase, they will produce only m=0,438,... modes; if two
adjacent probes are driven in phase with each other but with
a 180 degree phase shift with respect to the remaining 1wo,
m=1,3,... modes are produced. If probes opposite to each
other are driven in phase with each other but 180 degrees
out of phase with respect 1o the remaining two. T =2.0,...
modes are generated. Similar configurations can be used 1o
combine the signals al the other four remaining probe posi-
tions, thereby discriminating against unwanted modes both
in launching and detection. Typically, at least 20 dB
altenuation of unwanted modes is achieved.

Experimental Results

Figure 1 demonstrates the advantage of using selec-
tivity in isolating modes with specific m-values. The tlop
trace shows a scan of the ratio of transmitted to incident
power versus frequency, using just one launching probe and
one detecting probe. The lower traces show the same {re-
guency range, but selectivity has been used to substantially
reduce the sensilivity 1o undesired modes. A larger number
of probes around the equator would allow discrimination
against higher m-value modes as well.
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FIGURE 1: SELECTIVITY IS USED [N 1SOLATING
AND IDENTIFYING MODES

Figure 2 is a detailed comparison of P/ P, for the meas-
ured modes 1o the results predicted by URMEL for the
antisy mmetric m=0 modes. Figure 3 1s the same. but for the
antisvimmeliric mi=1 modes. Both figures show only thos
modes detectable with electric probes on the equator: three
m=0 modes and ten mi=1 modes were below the detection
threshhold (although they were easily delected with the
loop probes) and are not included. P/ P is not actually cal-
culated by URMEI . since this is @ number that is dependent
upon the degree of coupling between the probes and the cav-
ity. we. a geometric factor. The unknown probe coupling
coeficient is found by using the computed electric field at
the probe position, the computed stored energy, the meas-
ured Q and the measured P,/ P, 10 calculate Tor each mode
what should be a mode-independent quantity. The average
of these values is used 10 compute a coupling coefficient.
Given this coupling coefficient, P,/ P, for each mode is com-
puted using quantities calculated by URMEL.
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Figure 4 shows P,/ P; versus frequency for the m=0
antisymmeltric modes, both with endplates and with the
matched load termination. Only the trapped modes are left
as the Q of the untrapped modes drops. The detection
threshhold for these measurements was 1.2x107%; the
transmitted power drops as Q7 for weak coupling so a large
drop in Q is not necessary to drop the signal below the lim-
its of detection.
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ANTISYMMETRIC MONOPOLE MODES
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Table 1 e all trapped modes below 4 Gllz that were o : 1P 82 md Q =
found  experimentalis Modes  below  cui-ofl  are defined as l" k b prop prop 1,150,000
coupled 10 the terminations in the ! :

trapped even thouvh they
experiment. Presumably longer beam pipes would greatly reduce
this coupling. Note that power flow out the beam pipe can only
limit the Q of the monopole mode a1 3856 MHz 10 150.000, in
spite of the fact that its frequncy is three limes cut-off.

In an attempt 1o understand why these trapped modes above
cut-off were not coupling to the beampipe. we expanded the the
fields at the enlrance to the beampipe (as calculated by URMEL)
in the eigenvectors of circular waveguide. Figure 5 shows the
field pattern and the result of the decomposition of the fields into
the waveguide basis for both an untrapped mode and a trapped
mode. The untrapped cavity mode couples strongly to a pro-
pagating waveguide mode. The trappgd cavity mode couples
poorly 1o the propagating waveguide mode; the amplitudes of the
evanescent modes are comparable in the two cases. When the
total power asscociated with the propagating waveguide modes Is
calculated, 1t ts found that for trapped modes the power flowing
toward the endplates is small compared to the power dissipated in
the cavity walls. For the untrapped modes the wall losses are
only a small fraction of the propagating power. When the cavily
Qs are recalculated assuming that the axially flowing power is
lost, thereby modelling the absorbing boundary. the experimental
results are reproduced. These investigations are conlinuing.

Conclusions

A mode-seleclive technique was used to isolate and examine
210 modes below 4 GHz 48 m=0 modes (3 trapped above cut-
off), 83 m=1 modes (1 trapped). and 79 m=2 modes (none
trapped). All the modes were predicted by URMEL, with no
more than 0.5 percent difference between the calculated and the
measured frequencies; this diflerence is probably due to the uncer-
tainties in the cavily dimensions as much as lo any inaccuracies
associated with URMEL. The existance of trapped modes above
the waveguide cut-off frequencies has been clearly demonstrated.
These modes, which occur over a wide range of frequencies, must
be accounted for when designing cavities 1o handle high average
beam current.
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UNTRAPPED AND TRAPPED CAVITY MODES.

AMPLITUDES OF WAVEGUIDE MODES,

PROPAGATING POWER AND Qg ARE SHOWN
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