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Transit Time Isolation of a High Power Microwave Amplifier
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We report experimental results from a high power A-band traveling wave tube amplifier designed
to eliminate sidebands due to reAections from its output. The amplifier has a very low energy
velocity, such that the time it takes a wave to be rejected from the output to the input is of the
order of, or greater than, the electron beam pulse duration. The bandwidth of the output spectrum
is limited by the very narrow passband of the periodic structure. The amplifier has been operated
at power levels of up to 160 MW at 9 GHz for pulse durations of 50 ns.

PACS numbers: 85.10.3z, 41,75.Ht

The high power microwave requirements of the next
linear collider (NLC) are very demanding, typically of
order 200 MW per meter of acceleration structure. This
is expected to correspond to a gradient of 100 MV/m
for a pulse duration of more than 100 ns. The general
trend in this area of research [I] is to expand beyond the
9-band klystron to frequencies in the range 10—35 GHz.
The main reason for this trend is that for a given ac-
celerating gradient the necessary microwave power varies
qualitatively as the inverse of the operating frequency
squared (P oc f ). Thus an increase by a factor of
3 in the frequency can lower the necessary power by I
order of magnitude. This increase in the frequency is ac-
cornpanied by a corresponding reduction in the physical
dimensions of the klystron's cavities and drifting region.
This becomes a significant drawback when rf breakdown
is considered. The smaller the volume of the cavity, for a
given stored energy, the larger the electric fields and thus
the probability of rf breakdown increases. This problem
becomes acute in the extraction cavity.

In order to overcome this problem it is possible to re-
place the extraction cavity by a traveling wave structure,
i.e., a disk loaded waveguide, Unlike the klystron where
the cavities are electromagnetically isolated (by the drift
region which is below cutofF) the traveling wave structure
is a set of coupled cavities. In this case the beam-wave in-
teraction is distributed along the entire interaction length
whereas in a klystron it is limited to the close vicinity of
the cavity.

The use of traveling wave amplifiers for the produc-
tion of high power microwave radiation in the X band
has been reported previously [2—5]. In a single stage arn-
pliCier, which consists of a section of corrugated wave-
guide, driven by a 0.85 MV, 0.8—1.6 kA, 100 ns electron
beam, total power levels of up to 150 MW were mea-
sured. Beyond these power levels the system was noisy
and prone to oscillation. In addition, for output powers
above 80 MW the output spectrum showed the develop-
ment of sidebands.

The coupling between the cavities also permits a back-

ward electromagnetic wave to propagate. At very high
gain this wave may cause the system to oscillate. To
avoid the single stage oscillations, which are caused by
the reHection of an electromagnetic wave from the out-
put end of the amplifier to its input, a two-stage severed
amplifier was developed. This device consists of two rip-
pled wall waveguides isolated from each other by a sever,
consisting of a lossy section of waveguide operated be-
low cutofF. The space charge waves, which develop along
the beam in the first stage, propagate through the sever
whereas the electromagnetic mode is strongly (—25 dB)
attenuated. In addition, the sever attenuates the re-
flected wave from the output end of the second stage,
and prevents system oscillation due to feedback. With
this device total power levels of up to 400 MW were
achieved for beam currents of 0.8—1.2 kA and with an
eKciency of more than 40%. Sidebands were observed at
all output power levels in the two-stage amplifier, with
the output spectrum extending over 300 MHZ. The side-
bands were asymmetrically located with respect to the
input frequency and at the highest output levels carried
up «50% of the power.

In parallel with these experiments, theoretical analysis
[6—9] has shown several interesting results: (i) As a result
of the interaction process the energy spread of individ-
ual electrons can be as high as 60% of the initial beam
energy, while the average energy of the beam is reduced
by less than 10% [6]. (ii) When end efFects are included
the pure electromagnetic transmission characteristics of
a slow wave structure are dominated by reHections which
cause a frequency dependent standing wave pattern. This
results in waves of certain frequencies being preferentially
transmitted, whereas others are partially rejected. The
separation of the transmission peaks, Af, is determined
by the total length of the structure d and the group ve-
locity (Vs, ) by the relation 6f = Vs, /2d. In the presence
of an electron beam the peak value of the transmission
coeKcient increases due to the gain but the separation
of discrete peaks remains unchanged. Consequently, the
effective bandwidth of the interaction becomes narrower
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FIG. 1. Dispersion relations for a broad band and for a nar-
row band periodic structure, illustrating the decrease in band-
width of an amplified signal in a low group velocity structure.

I"IG. 2. Schematic showing the assembly of a two-stage sev-
ered amplifier. The first stage uses a dielectric loaded ampli-
fier and the second stage a 10 period narrow band (low group
velocity) structure. (1) Electron beam diode, (2) dielectric
first stage, (3) silicon carbide sever, (4) narrow band struc-
ture, (5) output horn, (6) input waveguide, (7) magnetic field
coils.

by the gain factor [7]. (iii) The ideal picture of an am-
plifier is a device in which the wave amplitude grows in

space but remains constant in time, whereas in an ideal
oscillator the amplitude grows in time but is constant in
space. Any practical device operates somewhere between
these two limiting cases [8].

Based on these studies we developed a qualitative
model which explains the presence of the asymmetric
sidebands. The essence of the model is as follows. The
electrons are bunched by the wave and, depending on
their phase relative to that of the wave, are either ac-
celerated or decelerated. In this process they acquire a
broad range of velocities. As they traverse the periodic
structure the electrons generate spontaneous radiation in
a frequency range which is directly related to their veloc-

ity spread: 6u/w —
& /(1 —Vo/Vs, ) where Vo is the aver-

age velocity of the electrons. The electromagnetic output
spectrum is determined by the frequency selection due to
the refIections and the subsequent amplification of the ra-
diation by the beam. The selected frequencies correspond
to the peaks in the transmission coefIicient and thus the
amplified noise is revealed as asymmetric sidebands, since
the transmission peaks are determined primarily by the
geometry, and not by the input frequency.

Since an output spectrum wider than 100 MHz is not
acceptable for most applications of interest, we designed
[9) an amplifier to eliminate the unwanted reflections.
In a 15 cm long amplifier with a structure group veloc-
ity of Vg, ——0.007c, it takes about 75 ns for a refIected
wave to reach the input. This is approximately equal to
the electron pulse duration, and consequently the beam
is unafFected by the time the refIected wave amplitude
becomes significant at the input to the amplifier. An
equivalent interpretation relies on the dispersion relation
of two periodic structures; see Fig. 1. If the passband
is 1.7 GHz, as in the original amplifier [2,3], an elec-
tron velocity spread between 0.8c and 1.0c can generate
noise in a 600 MHz frequency range, whereas in the nar-

row passband (200 MHz) structure described here, the
noise generated restricts the coherent signal to a width
of 60 MHz. Transit time isolation in free electron lasers
has been used previously to isolate the diagnostics from
the input signal [10]. In the remainder of this Letter we
report experimental results which show that the transit
time isolation design eliminates sideband development.

Figure 2 shows a schematic of the experiment. The first
stage is a medium power Cherenkov amplifier [9] which
consists of a 1.6 cm radius waveguide partially loaded
with STYCAST HIK dielectric material (e = 5.0). It is
30 cm long including a 5 cm taper at the input, and is fol-
lowed by a 15 cm silicon carbide sever. The narrow band
amplifier serves as the second stage of the system and
consists of a ten period iris loaded waveguide. The struc-
ture has a 1.2 cm period, and a 1.42 cm external radius.
Each iris is 0.6 cm long with an internal radius of 0.62 cm.
To couple the power out of the narrow band structure,
the length of the last iris is reduced to 0.1 cm. This mod-
ification is essential for efIicient output coupling. The
system is driven by a 1 MV, 1 kA, 50 ns, 0.6 crn diam
electron beam. The microwave input signal is provided
by an X-band magnetron which injects 30 kW into
the dielectric first stage. The output power of thi. s single
stage alone is of order 3—5 MW, and has been increased
to 50 MW before rf breakdown occurs on the dielectric.
The main reason for the use of this Cherenkov amplifier
was to prebunch the beam, and as a simple method to
control refIections from the ends of the first stage.

The output power of the two-stage amplifier is deter-
mined using far field measurements of the gain. Fig-
ure 3 shows this power as a function of input frequency.
Power levels from independent calorimetric measure-
ments [11,12] correlate well with the gain data up to
65 MW. Above this level the pressure transducer in the
calorimeter saturated. Output powers of 160 MW at
8.9 GHz have been measured for the full 50 ns electron

2667



VOLUME 71, NUMBER 16 PHYSICAL REVIEW LETTERS 18 OCTOBER 1993

L

O
CL

200

100

~ Far Field
Calorimeter

36

33
CQ

cd

600

450—
ED
T

300—I-
LL
LL

150
20

8.80
I

8.90
Frequency (GHz)

26
9.00

FIG. 3. Measured frequency response of the two-stage am-
plifier. The triangles indicate calorimetric data and the circles
data obtained from the far field measurements. The calorime-
ter output saturates at about 65 MW.
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FIG. 4. Fast Fourier transform of the measured output sig-
nal from the two-stage amplifier showing the single frequency
output.

beam duration. Pulse shortening has been observed at
higher power levels of 180 MW. This may indicate the
onset of rf breakdown problems. The frequency content
of the sampled output signal is measured with a double
balanced mixer using heterodyning techniques. A typi-
cal fast Fourier transform (FFT) is illustrated in Fig. 4.
The signal is at the input frequency and has a width of
48 MHz. The 50 ns pulse width of the output signal
introduces a minimum FFT width of 20 MHz and will
produce side lobes in the transform. If we interpret the
secondary peaks of the FFT at 9 GHz as sidebands, a
worst case scenario, then the sideband level has been re-
duced by at least 10 dB compared to that achieved in
our earlier work [4].

The interaction in the narrow band structure has been
studied both analytically and with the particle-in-cell
code MAGIc. The analytical results indicate that a gain
of 5—7 dB/cm can be expected compared to 1—2 dB/cm
in the broad passband structure. This results from the
high impedance (Z I/Vs, ) of such narrow bandwidth
amplifiers which, in turn, leads to high values of electric
field in the structure. Calculations show that for output
powers of 200 MW the electric field on the wall will be
200 MV/m. In order to reduce the interaction impedance
and hence the electric stress on the walls a number of op-
tions may be available. The design can be modified to
maintain the bandwidth, but increase the radius of the
iris sections. Alternatively, operation at the first spatial
harmonic of the structure may also be considered.

The sever section plays a crucial role in determining
the output power level by introducing a change in the
phase angle between the current density modulation and
the longitudinal E field compared to that in the traveling
wave tube section. Our 1D code indicates that the output
power may range from 190 MW down to a few MW as
the phase shift changes from 300' to 150 at the input
to the narrow band structure.

Numerical simulations using the MAGIC code con-
firm that the sidebands have been essentially eliminated

through the use of narrow band structures. The high
gain feature within the passband is also confirmed, with
the output power level dropping to 6 MW outside the
passband. At present we are unable to model the details
of the sever within the particle-in-cell code and cannot
make a detailed numerical comparison with our experi-
mental results. Further work is in progress to adequately
model the sever to include, not only the electromagnetic
isolation of the input from the output, but also its inhu-
ence on t,he space charge modes.

In conclusion, we have developed a novel technique,
transit time isolation, which may be used to eliminate
sideband phenomena in high power traveling wave am-
plifiers. This method may be extended to longer pulse
durations than those reported here, but is clearly not
appropriate where microsecond pulses may be required.
The experimental results are consistent with the main
features of analytic and MAGIC code simulations of the
amplifier.
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