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Experiments have demonstrated the reduction of the beam-breakup (BBU) instability growth rate by
coupling the main cavities, through which an electron beam passes, to identical dummy cavities. When
seven of the ten main cavities are coupled, an average reduction of about 6 dB in BBU microwave
growth, from 36 to 30 dB, is observed. This reduction is consistent with a simple mode coupling theory.
The electron beam parameters are 750 kV, 210 A, 0.5 us, with solenoidal focusing of 3.4 kG.

PACS numbers: 41.75.Ht, 41.85.Ja, 52.70.Gw

Beam breakup (BBU) [1-7] is a major instability that
limits the current and pulse length of linear accelerators.
Several methods have been found to reduce such instabili-
ty growth, including stagger tuning [2,7-9] of the cavity
resonant frequencies and cavity loading in which the
dominant deflecting mode is heavily damped by slots [10]
or by ferrite [11]. Betatron frequency spreads have also
been shown to lower BBU growth [8,12-14].

[t has been recently predicted [15] that, by simply cou-
pling the accelerating (main) cavities to identical dummy
cavities, BBU growth may be reduced. This reduction
occurs, according to the conjecture given in Ref. [15], be-
cause the dummy cavities share the power of the
deflecting mode excited by the beam, thereby lowering
the deflecting mode amplitude in the main cavities that
drives the electron beam unstable. It should be em-
phasized that BBU control by coupled cavities is purely

reactive instead of dissipative, the latter having been ex-
tensively pursued with the use of lossy materials or slots.
This paper reports our experimental investigation of this
concept, using a long-pulse (0.5-1 us) electron beam of
extracted current 40-400 A, guided by a solenoidal mag-
netic field of 1-4 kG. These parameters span the inter-
mediate regime, where the effect of focusing field is mar-
ginally important.

The experiment is driven by the Michigan Electron
Long-Beam Accelerator (MELBA) [16], which operates
with diode parameters of voltage = —0.7 to —0.8 MV,
diode current=1-15 kA, and flattop pulse length of
0.5-1 us. The experimental configuration is shown in
Fig. 1. The electron beam is produced by a velvet button
cathode on the hemispherical end of the cathode stalk. A
graphite aperture defines the 2-cm injected beam diame-
ter and yields extracted currents of 40-400 A. The
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FIG. 1. Schematic of experimental configuration (lower) and magnetic field profile (upper).
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anode cathode gap is about 10.2 cm. The diode chamber
is immersed in a uniform solenoidal magnetic field that
can be varied from 0.5 to 1.2 kG. The beam transport
chamber is a stainless-steel tube wound with pulsed
solenoidal magnetic field coils. These coils produce a
magnetic field that can range from 1 to 4 kG.

Within the transport chamber are ten brass pillbox res-
onant cavities with a radius of 6.9 cm and a length of 2.0
cm. Separating each cavity is a smaller-radius (1.9 cm)
copper tube of length 6.5 cm used to prevent electromag-
netic cross talk (—26 dB measured) and thus eliminate
the regererative BBU instability. Inside each cavity is a
small loop antenna (0.7 cm diameter) oriented to be sen-
sitive to the TM ;0 mode for cold-testing and e-beam ex-
periments. The average cold-test TMjjo resonant fre-
quency is 2.5075 +0.0026 GHz. A small annulus of mi-
crowave absorber is loaded into the cavities to lower the
deflecting mode quality factor Q to an average of 215
+45.

The coupling loop in the first cavity is utilized for prim-
ing the TM ;o mode with the signal from a kW-level mi-
crowave pulse generator. The priming microwave pulse is
generally 3 us long, and begins before the e beam is
present. The coupling loops in the second and tenth cavi-
ties are used to measure the growth of the microwaves
corresponding to the frequency of the TM;;p beam-
breakup mode [17]. The microwave signals are propagat-
ed out of the transport chamber by coaxial cables and
transmitted to a Faraday cage by S-band waveguides. At
the waveguide termination the microwaves are sent into a
filter which passes 2.5075 £0.0115 GHz, thus ensuring

FIG. 2. Experimental data for uncoupled cavities: (a) Elec-
tron beam voltage (310 kV/div); (b) microwave diode detector
signal in the second cavity, filtered at 2.5075 +0.0115 GHz (50
mV/div); (c) microwave diode detector signal in the tenth cavi-
ty filtered at 2.5075 3+ 0.0115 GHz with 36-dB attenuation (50
mV/div); (d) transported current leaving tenth cavity (92
A/div) from a different shot. Applied solenoid field is 3.4 kG.

that any measured growth is due to only the BBU signal
of the TM 9o mode resonant frequency. The microwave
signals are then attenuated to a level appropriate for
measurement on crystal detectors. For the coupled-cavity
experiments, the coupling loops on the internal, interven-
ing seven cavities (3 through 9) are connected to seven
identical external dummy cavities by a set of equal-length
(161) coaxial cables. For baseline experiments the cables
are disconnected between the internal (main) and the
seven external (dummy) cavities.

The beam current is measured in five places along the
beam path. A B-dot loop in the MELBA oil tank mea-
sures the cathode stalk current. Calibrated Rogowski
coils are used to determine the current injected into the
transport chamber immediately after the apertured
anode, just before entering the first cavity, and just after
exiting the last cavity. After exiting the cavity structure,
the beam propagation is terminated by a carbon collector
plate grounded by a cable which passes through a Pear-
son current transformer.

Typical experimental data are presented in Figs. 2 and
3. In order to compare the BBU growth for the
uncoupled-cavity baseline case to the coupled-cavity case,
a typical experimental run alternated between three shots
for each case. Figure 2 shows data signals from an
uncoupled-cavity shot, while Fig. 3 presents correspond-
ing signals from the consecutive shot in which seven pairs
of cavities were coupled. The uppermost trace (a) is the
MELBA diode voltage in which the flattop occurs at 750
kV and lasts for 500 ns. The second trace (b) shows the
microwave power in the second cavity after passing
through a frequency filter. The third trace (c) shows the
microwave power in the tenth cavity after passing

FIG. 3. Experimental data for externally coupled cavities:
(a) Electron beam voltage (310 kV/div); (b) microwave diode
detector signal in the second cavity, filtered at 2.5075 = 0.0115
GHz (50 mV/div); (c) microwave diode detector signal in the
tenth cavity filtered at 2.5075+0.0115 GHz with 36-dB at-
tenuation (50 mV/div). Applied solenoid field is 3.4 kG.
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through a frequency filter; the microwaves have been at-
tenuated by 36 dB. Note the approximately 4 times
reduction in rf power in the tenth cavity between Figs.
2(c) and 3(c). The last trace, Fig. 2(d) is a typical trans-
ported current signal with a flattop corresponding to 210
A.

A summary of beam-breakup-instability microwave
growth data from some forty shots is presented in Fig.
4(a). The data show a consistent reduction of BBU
growth from an average of 36 dB (o= % 1.5 dB) for the
uncoupled case to an average of 30 dB (o= * 2.4 dB) for
the coupled-cavity case. Therefore, we measure an aver-
age BBU growth reduction of about 6 dB for the present
system in which seven main cavities are coupled to dum-
my cavities. The variations in experimental BBU signal
growth amplitudes could be related to pulse-to-pulse vari-
ations in e-beam current amplitudes, shown in Fig. 4(b).
All shots were taken with a solenoidal magnetic field of
3.4 kG. The B-field profile is shown in Fig. 1.

Theoretical research on coupled cavities [15] has pre-
dicted a growth rate reduction by up to a factor of 2, de-
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FIG. 4. (a) Growth (dB) of the 2.5-GHz microwave power
for forty different electron beam pulses showing uncoupled
shots (open circles) and externally coupled shots (solid
squares). (b) Transported electron beam current (A) for the
corresponding shot numbers of (a).
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pending upon the coupling strength x between the main
cavity and the dummy cavity. A simple theory of the
BBU instability including coupled cavities may be
developed by starting with the force law in the continuum
description [1,4-7]:

—yllw—ke)?—wflé=4, (1)

where A denotes the complex amplitude of the deflecting
mode in the main cavity, & is the transverse deflection of
the beam, k is the wave number, v is the e-beam velocity,
y is the usual relativistic mass factor, w is the angular
frequency of the injected signal which undergoes BBU
growth, and wg is the relativistic betatron frequency. The
main cavity is excited by the beam’s transverse displace-
ment ¢ and by the dummy cavity when coupling is
present. Using a simple mutual inductance model for
cavity coupling, A4 is governed by [15]

LA=2yodet+xwdD , (2)

where D denotes the complex amplitude of the dummy
cavity field, ¢ is the dimensionless parameter that mea-
sures BBU strength [18], wg is the TM|;o mode angular
resonant frequency, and L=d?/dt>+ (wo/Q)d/dt + w§ is
the familiar operator. In this model, the equation for D
reads

LD=xwiA . (3)

Equations (1)-(3) constitute three equations in three
unknowns, 4, D, and £&. The BBU dispersion relation
may be obtained which yields the spatial exponentiation
rate k; as a function of w. At resonance, @ =wg, and for
sufficiently large wpg, it reads

o o 1

“op 0+x207) @

ki=

v

which shows that the BBU growth rate is reduced by a

factor 1+ x2Q? when cavity coupling is present (k=0).
This reduction has a simple interpretation. First note

that at resonance (w =wy), L =jwd/Q, and Eq. (3) gives

2
_ power leaked to dummy cavity ()
power in main cavity ’

D

2h2 —
KOT=1T

Thus, the factor 1/(1+x2Q?) in Eq. (4) becomes the
fraction of rf power that resides in the main cavity in a
coupled-cavity system. In other words, the BBU growth
reduction, according to Eq. (4), is a result of the sharing
of rf power by the dummy cavity [19].

Experimental measurements were made of the power
sharing by a pair of model cavities each having two cou-
pling loops. The signal from an HP-8510 network
analyzer was fed into one cavity which was coupled by
type .405/U cable to the second cavity. The received
power in the second cavity was found to correspond to
13% of the first cavity’s power, or k2Q2=0.13 according
to Eq. (5). Thus, for an uncoupled BBU growth of 36
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dB, the theory predicts a coupled-cavity BBU growth of
31.9 dB, consistent with the data given in Fig. 4(a). The
inferred value of « is 0.17%.

In conclusion, the coupling of seven pairs of cavities
gave an experimental reduction of the beam-breakup-
instability in general agreement with a very simple
theoretical model. While we have made no attempt to
optimize the degree of cavity coupling, it is interesting to
note that a value of x as low as 0.17% already leads to
appreciable BBU reduction in a seven-cavity system, as
observed in the present experiment. One may wonder if
this technique of coupled-cavity beam-breakup-instability
reduction would also have the tendency to control
higher-order BBU modes.
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