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Abstract

The HEM11 modes responsible for beam breakup
{1,2] instabilities in electron linacs are generally
standing wave excitations even in traveling wave li-
nac structures. In constant gradient structures,
moreover, the modes which couple most strongly with
the beam tend to be concentrated in the upstream end
of the section[l]. If the upstream beam pipe of the
section is made appropriately large, these dipole
modes can be coupled out without coupling appreciable
accelerator mode power. We describe such an arrange-
ment, in which we incorporate antenna probes to en-
hance the loading of the dipole modes and enable ob-
servation of higher order modes (HOMs) excited by the
beam.

Introduction

Average beam current in electron linacs is lim-
ited by the beam breakup instability which results
from interaction between the beam and the HEM1l (di-
pole) modes of the accelerator structure. 1In single
pass accelerators, this interaction gives rise to
two types of instability, regenerative and cumu-
lative.

The regenerative instability occurs within the
confines of a single linac section. In the steady-
state 1imit, it can easily be shown that there is a
threshold or "starting" beam current Is above which

the instability grows until limited by beam loss, and
that this starting current is inversely proportional
to the loaded quality factor QL of the HEM1l mode[2];
i.e.,

ISQL =K (1)

where K is determined by other system parameters
including the details of the accelerator structure
geometry and the beam energy profile in the section.

The cumulative instability involves the action
of many accelerator sections, each of which slightly
amplifies the transverse modulation of the beam at
the HEM11 frequency. The increase of beam displace-
ment amplitude with position along the accelerator
is generally characterized by an e~folding factor
which depends on the product of beam current and
quality factor of the HEM1l mode(l] (as long as the
HEM11 resonant frequencies of different sections dif-
fer by amounts small compared to the bandwidth).
Therefore, for a given acceptable total gain in the
displacement amplitude, the product of allowed beam
current and loaded quality factor is fixed and egn.
(1) above describes cumulative as well as regener-
ative beam breakup.

When this inverse proportionality between limit-
ing beam current and QL holds, reducing QL for the

HEM11 mode will result in a corresponding improvement
in starting current, independent of whatever other
measures are taken to raise it (through increasing K
in egn. (1)).
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Characteristics of the HEM11l Mode

Even in traveling wave structures, the HEM1l ex-
citation is generally a standing wave because the
structure terminations are matched only for the ac—
celerator (TM01) mode. Traveling wave accelerator
structures are generally of the constant gradient type
characterized by a programmed taper of the beam hole.
This taper is again determined by MOl mode
considerations, and typically has drastic effects on
the HEM11l band. Often the two or three lowest fre-
quency (highest phase shift/cell) HEMl1 modes will be
below the low edge of the band for the downstream end
of the structure where the cell-to-cell coupling is
low, and the excitation profile of these modes will be
weighted towards the upstream cells of the struc-
ture[2].

It is important to keep in mind that the dipole
excitations of the structure exist in two orthogonal
polarizations, and that both of these must be succ-
essfully loaded in order to improve the starting cur-
rent. The input and output couplers of a traveling
wave accelerator structure are generally coplanar and
probably constitute the dominant departure from azi-
muthal symmetry. The dipole mode polarization axes
will then be aligned with the coupler plane and the
couplers will couple preferentially to one of the two
polarizatons.

Techniques for Loading HEM11 Mode

The general problem in HOM loading is to couple
effectively to the HOM without coupling much power
from the accelerator mode. In standing wave accel-
erating structures, this may be done by placing loop
coupling probes in cells which are unexcited by the
accelerator mode[3]. Another technigue employs
coupling loops in excited cells, but the loops are
fitted with band stop filters([3] which do not pass
power at the accelerator mode frequency.

An alternative loading technique, which does not
require placing probes in the accelerator structure
proper, allows the higher order mode to propagate
down the beam pipe to a load external to the struc-
ture. The beam pipe is sized to be above cutoff for
all but the accelerator mode. The cutoff frequencies
for the TMOl and TEl1l modes of a circular waveguide
are given by

_ 0.383 (2)
fc(TMOl) 3¢
and
. _0.293 .
fC(T&ll) = T (3)

where a is the radius of the waveguide and c is the
velocity of light. Evidently, dipole excitation can
propagate down the beam pipe at even lower frequency
than monopole excitation, yet the lowest frequency
HEM11 modes of the accelerator structure are typically
at half again the accelerator mode frequency.

This suggests that there should be an appro-
priate beam pipe size which is well below cutoff for
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the accelerator mode, yet well above cutoff for the

HEM11 mode. One might forsee some problem in arran-
ging for the HEM1l mode, which is generally thought

of as resembling the TM110 mode of a pillbox cavity,
to couple to a TE-type excitation of the beam pipe.

However, the hybridization due to the beam apertures
allows this coupling to occur.

Beam Pipe Loading of HEMll Modes in the Boeing Linac

Our particular accelerator structure is a 35—
cell, 3-meter, constant gradient, traveling wave
structure which operates at 1.3 GHz, with a cell-to-
cell phase shift of 3m/4. The cells of this struc—
ture have a rounded contour, nose cones, and rela-
tively large beam apertures (tapering from roughly
2.5 in to 2.0 in). Beam excitation studies on an S~
band scale model of this structure were reported at a
previous conference[4]. Bench tests on the S-band
model, which was equipped with coupling loops in each
cell, show the characteristic front end concentration
of the lowest frequency dipole modes.

Our dipole mode loading method employs an over-—
size beam pipe on the front end of the structure.
This pipe is a 4-in 0.D. by 1/16-in wall stainless
steel tube which flanges to a multi-ported vacuum
chamber built of similar sized tube, as shown in
figure 1. The vacuum chamber connects to a cryopump
and contains sundry vacuum gauges, viewscreens, a
viewport, and ports for four electric probes which
couple to RF fields propagating through the tube.
Application of egns. 2 and 3 give cutoff frequencies
of 2.34 GHz and 1.79 GHz for the TMOl and TE1l modes
respectively, taking the 1/16-in wall thickness of
the chamber into account (inside diameter is 9.83
cm). The tube is therefore above cutoff for the
HEM11 mode, hbut below cutoff for the accelerator
mode, whose strength falls off at a rate of 3.5 dB/cm
as one moves down the beam pipe away from the
structure.

Experimental Technigue

The four electric probes in the 4~in vacuum
chamber are numbered 1 through 4, with even numbered
probes on the top and bottom, and odd numbered probes
on the sides. The top and bottom probes couple ef-
fectively to one of the two polarizations of the HEM-
11 mode, while the left and right probes couple to
the other. The main input coupler on the side of the
first cell of the structure couples strongly to the
left-right polarization and weakly to the up-down
polarization.

Stimulus-response measurements were made by
driving the structure with a leveled signal from a
Hewlett Packard Model 8341A synthesized sweep gener-
ator applied to cne of the electric probes or to a
small loop placed in the main input coupler wave-
guide, while analyzing the signal present in one of
the other probes with a Hewlett Packard Model 71200A
modular RF spectrum analyzer. This spectrum ana-
lyzer is equipped with digital storage and a maximum
hold function which retains the highest response seen
in each frequency bin. The spectrum analyzer dis-
play was copied using a Hewlett Packard Model 7475A
digital plotter connected directly to the spectrum
analyzer.

Figure 2 shows the response of the system when a
0-dBm signal was injected at the main coupler and the
spectrum analyzer was connected to one of the side
electric probes (no. 3). The signal generator swept
slowly over the 200-MHz frequency span, requiring
100 s to complete the sweep, while the spectrum ana-
lyzer swept rapidly (50 ms sweep time) over the same

0

span. At a typical point during the measurement, the
spectrum analyzer display was as shown in the bottom
trace in figure 2. The width of the response was det-
ermined by the 300-kHz resolution bandwidth of the
spectrum analyzer, the injected signal being very
narrow in frequency. The upper trace in figure 2
shows the maximum signal retained during previous
sweeps of the signal generator.

Observations

Figure 2 shows the spectrum of HEM1l modes in the
polarization which couples more strongly to the main
input coupler. An enlarged view of the band of HEM11
modes in this polarization can be seen in figure 3,
where a 0-dBm signal was again injected at the main
input coupler, and where the response spectra of
probes no. 3 and no. 1 appear as the top and bottom
traces. Although the probes themselves are practi-
cally identical, they yield somewhat different spec-
tra, probably because of the departure from symmetry
of the 4-in vacuum chamber introduced by the tee to
the cryopump flange on the bottom of the chamber. As
a general rule, however, the transmission loss for the
stronger modes could be roughly set at 35 dB or so.

The corresponding spectra for the top and bottom
probes are shown in figure 4. For these spectra, the
input power was increased to +10 dBm. The transmis-
sion loss for the lower modes in the band was on the
order of 50 dB, or 15 dB more than for the other
polarization.

The loading of an HEM1l mode due to the lossy
vacuum chamber can be calculated from the 3-dB band-
widths of the mode. We selected modes which coupled
weakly tc the main input coupler in order to avoid
measuring loading due to the coupler. For example,
the next to the lowest frequency peak in figure 4 is
shown in figure 5, where the two diamond shaped
markers are positioned 3 dB below the peak. The
readout shows that they are about 140 kHz apart,
indicating a loaded quality factor of Q = 1955/0.15

= 13000. In the S band model structure, the HEM11
modes all showed QL values of about 13000, which we

can take to be approximately the Qo of the mode in

that structure (external coupling being very weak).
Scaling to L-band, we expect the QO to rise in in-

verse proportion to the root of the frequency ratio

H

0, (L-band) Qo(s—band)V2856 MHz,/1300 MHz

21000

The reduction in QL from the unloaded value is there-

fore a factor of .62 for the measurement in figure 5.
Conclusions

From the simple observations reported above, it
appears that the use of a large diameter beam pipe
can appreciably reduce the QL of the unwanted dipole

modes associated with the beam breakup instabilities.
As no effort was expended in optimizing the interface
between the coupler cell and the beam pipe for HEMI1

coupling, we expect that substantial further improve-
ment can be realized, for example by making the aper-
ture between the beam pipe and the coupler cell some-
what larger than its present size.

The electric probes in the beam pipe will provide
a very useful diagnostic indication of any
beam-induced HEM11 modes during operation of the
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accelerator, as they show very good rejection of the
1300~MHz accelerator mode.
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Fi1g. 1. Schematic of the Boeing contoured cell trav-

eling wave accelerator structure and the large diame-
ter vacuum chamber containing electric antenna probes.
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