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ginning of the x-ray trace before the large pulse
is a small amount of beam injected in the oppo-
site direction to the main beam.) (5) The trapped
signals on the individual magnetic probes some-
times showed individual peaks at 60-80-nsec in-
tervals as shown in Fig. 3.

Point one indicates that there was enough pri-
mary beam trapped to keep the net current rising
after the initial beam pulse. Point two indicates
that even though the decay rates of the trapped
and untrapped shots do not differ appreciably,
the decay of the trapped beam included primary
beam current whereas the untrapped decay did
not. Point three indicates the presence of a dip
in the beam current. This implies that the once-
around propagation time is long enough to avoid
any possible head-tail interaction. Point four in-
dicates that there was a distinct head to the beam
and it remained intact for at least three transits,

The characteristics of the trapped beam listed
above were evident in most shots. The decay
times of the x-ray signals and calculated net cur-
rents varied from shot to sk«t but the best con-
ditions for confinement appeared to be at 200 yum
and 3.8 kG. Magnetic fields in excess of 5 kG
can now be obtained and experiments to lengthen
the confinement time are underway. Indications
are that confinement time may lengthen with high-
er magnetic fields since injection and propaga-
tion improve with field strength. In addition there
is evidence that effects other than collisions are

limiting the confinement time. These effects may
be associated with geometry, and minor modifi-
cations to the experiment are currently under
consideration,

The data taken to date prove that the injection
and trapping of an intense relativistic electron
beam can be accomplished with the field-shaping
cathodes described. This technique provides a
mechanism for injecting large amounts of energy
into a toroidal system with a high magnetic field.

The authors would like to acknowledge the help
of Milt Johnson in running the experiment.
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Extremely high-power microwave emission is generated when a pulsed relativistic elec-
tron beam propagates down the axis of a corrugated-wall wave guide. The radiation oc-
curs at a frequency such that the phase velocities of the negative-energy space charge wave
on the beam and a low-order TM mode in the wave guide are equal. Power levels of 500
MW are generated. The conversion efficiency of electron energy into electromagnetic en-

ergy radiation is 17%.

One of the promising applications of relativis-
tic electron beams is in the generation of very
high-power microwave pulses.! Recently schemes
involving cyclotron radiation processes have been
investigated®”® both experimentally and theoreti-
cally. Although these processes are effective,
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the conversion efficiencies of electron energy to
electromagnetic energy are limited to 1-2%. A
major limitation of the cyclotron processes is
the requirement that the electron beam possess
perpendicular energy in some form, i.e., either
anisotropy or temperature inversion.
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An alternative, potentially more efficient scheme

was reported in 1970 by Nation® in which an in-
tense relativistic electron beam was coupled to a
capacitively loaded wave guide (slow-wave struc-
ture). The radiation power can be increased ap-
preciably, compared to high-power klystrons,
through a matched increase in electron energy
and beam current. In Nation’s experiment % pow-
er level of 10 MW and a conversion efficiency of
0.05% were measured in the 3-cm band. [For
comparison, low-power backward wave oscilla-
tors (BWO) have efficiencies of about 30%.] The
relatively low conversion efficiencies observed
were attributed to microwave breakdown in the
large electric fields (~15 KV/cm) associated with
the radiation and enhanced by the shape of the
slow-wave structure.

In 1973, Kovalev et al.'® achieved conversion
efficiencies of 12—-15% by coupling a relativistic
electron beam to an inductively loaded wave
guide (slow-wave structure). However, very lit-
tle information is given about the absolute power

levels, the frequency spectrum, or the experi-
mental configuration.

In the work described in this paper we have ob-
served microwave power levels of 500 MW and
conversion efficiencies of 17%. A pulsed (70
nsec) relativistic electron beam propagates along
the axis of a slow-wave structure consisting of a
corrugated-wall wave guide as shown in Fig. 1.
The energy content of the microwave pulse pro-
duced by this device can be increased by (a) in-
creasing the pulse width to a few microseconds
and (b) operating at higher electron energies. A
repetitive machine is also within the state of the
art. High-power microwave sources of this type
may be used for (1) plasma heating, (2) nonther-
mal biological effects research, and (3) generat-
ing intense infrared radiation by upconversion of
the microwave signal through scattering from the
electron beam.!

A Blumlein electron accelerator coupled to a
foilless diode has been used to produce a solid-
pencil electron beam; 1 cm in diameter, whose
parameters are given below:

Calculated? Reduced!®
Beam injection Beam injection max drift beam plasma
energy current current frequency
(keV) (kA) (kA) (cm™)
500—-900 2-15 1.8-5 10!

The electron injector impedance (see table) is 60200 . An electron beam traveling with velocity V,,
can support, in the absence of the structure, slow space charge waves with phase velocities

szw/kz Vo/[l + (w,/wy)] s

(1)

where w, w,, and k are the angular frequency, reduced plasma frequency, and axial wave number, re-
spectively, of the wave supported by the beam, while y is the relativistic factor given by y = (1 - g2)"%/2,
The vacuum properties of the corrugated-wall wave guide were approximated by the disk-loaded wave-
guide dispersion relation'*

ot (o ) o - )t o - 7] ]
L)l 29) (a2 0)] [(2) o 28) - o 2

In the above equation J, N, and I are Bessel func-
tions; w and k represent the angular frequency

) ()] @

l these modes maximizes on axis, where the beam

and wave number, respectively; c is the velocity
of light; and a@ and b are the minimum and maxi-
mum diameter of the corrugated-wall wave guide.
Equation (1) and an approximate solution of (2)
for the TM,, and TM,, modes are plotted in Fig.
2. The two low-order TM modes are of interest
since the axial electric field associated with

is located. Interaction between the slow-wave
circuit and the beam can be expected whenever
there is intersection between the negative-ener-
gy space charge wave and the structure disper-
sion relations as indicated by A and B in Fig. 2.
It is possible to deduce important properties of
the periodically loaded guide directly from the
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FIG. 1. Schematic of the experimental microwave
generator (BWO),

feature of periodicity; i.e., w versus & is a per-
iodic function with period 27/L, where L is the
corrugation period. Both points A and B in Fig.

2 represent operation of the device as a BWO.
The interaction frequency is deduced from simul-
taneous solution of Egs. (1) and (2). The trans-
verse dimensions of the corrugated guide (5 cm
0.d., 4 cm i.d.) and the period of the corrugation
(1.6 cm) were chosen from consideration of nar-
row-band frequency generation.

Since the microwave power propagates toward
the cathode, the working space of the corrugated
wave guide was separated from the beam injec-
tor by a narrow neck which is beyond the cutoff
frequency of the TM,, mode. This arrangement
makes it possible to extract the electromagnetic
radiation in the direction of the electron motion,
through a transmitting horn. The bend in the
wave guide, as well as the magnetic deflection
system (see Fig. 1), formed a beam dump and al-
S0 prevented cathode disintegration particles
from hitting the Lucite output window.

Measurement of power and frequency were per-
formed using a single-mode dispersive line'®
along with calibrated attenuators and detectors.
Figure 3(a) illustrates the observed emission fre-
quency as a function of the beam injection veloc-
ity. (The beam drift velocity is somewhat lower.)
The experimental results are also compared with
the frequency calculated earlier using Eqs. (1)
and (2). The relatively good correspondence
probably indicates that the emission is in the two
lowest-order TM modes, namely TM, and TM,.
No correlation has been found between the fre-
quency of the radiation and the axial magnetic
field strength in which the device was immersed.
The radiation power, however, is strongly de-
pendent on the magnetic field strength as shown
in Fig. 3(b). Furthermore, below the critical
magnetic field (at which the emission power is
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FIG, 2, Dispersion curves for the slow-wave struc-

ture and slow space charge wave on the beam. A and
B are the points of interaction.

maximum), the dominant mode is TM,,, while
above it TM,, is dominant. The peak in the emis-
sion could be associated with one of two process-
es:

(a) At peak emission conditions the electron
motion in the uniform axial magnetic field and
the spatially varying electric field £,(Z) approx-
imately satisfies the condition (27/L)V=Q./y,
with £,=eB/m. Consequently the possibility of
a resonant transfer of electron motion from axial
to the transverse sense maximizes close to the
peak in emission. (b) Part of the falloff in radiat-
ed power above the resonance may be due to
changes in impedance in the diode electron gun.
This impedance is shown as a function of the mag-
netic field strength in Fig. 3(c). The increase is
associated with the design of the injector system
and is determined by the intersection of the elec-
tron orbits with the neck in the ripple structure.
In this case the peak in the radiated power would
be attributed to a falloff in the beam current on
either side of the peak, the low-magnetic-field
dropoff resulting from an insufficiently strong
magnetic field to contain all of the beam and the
high-field dropoff occurring as a result of the
beam impedance increase.

In order to avoid breakdown on the air side of
the output window, a 15-cm aperture horn was
used. Even so, it is somewhat surprising that a
horn of this size can handle 500 MW without mi-
crowave breakdown on the window'® (time-inte-
grated photography of the output window showed



VOLUME 33. NUMBER 21

PHYSICAL REVIEW LETTERS

18 NOVEMBER 1974

no sign of breakdown and the microwave radia-
tion pulse lasted for the full beam duration). It
is therefore believed that the wave-guide bend
and the primitive transmitting horn cause a mode
conversion in the oversize guide used, thereby
smoothing the fields due to the wave on the out-
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FIG. 3. (a) Microwave frequency as a function of
beam velocity, assuming that the injection velocity
equals the drift velocity. Solid lines, calculated values;
dots, measured values. (b) Microwave power as a

~ function of the axial magnetic field strength. (c) Diode
impedance as a function of the axial magnetic field
strength,

put window and hence increasing the power han-
dling capabilities of the window. This is strongly
supported by the presence of both vertical and
horizontal polarization in the radiated power,
whereas only one polarization can be expected to
be present for a pure TM mode at the location of
the receiving antenna. At present only a rough
radiation pattern is available, indicating two
main lobes of 20 deg each, with minimum on ax-
is. Measurements of the emission bandwidth are
limited by the resolution of the dispersive line
which is about 4% at 10 GHz. No information is
available concerning emission in higher modes
or harmonics. The base pressure was less than
3X107* Torr and it is likely that background plas-
ma effects should also be considered.

On the basis of the experimental results we can
rule out the negative-energy cyclotron-wave in-
stability as a dominant mechanism. The results
are also consistent with the coupling of a nega-
tive-energy space charge wave on the beam to a
TM mode in the guide. The variation in the radi-
ated power with the magnetic field strength is
probably associated with the change in the beam
injection parameters with field strength. The
peak in radiated power does, however, occur at
the resonance condition for electron motion
through the rippled structure and could therefore
be associated with a fast cyclotron-wave insta-
bility, where the resonance motion effects pro-
duce free energy to drive the instability.

The efficiency of conversion from beam injec-
tion energy to radiated energy essentially follows
the curve shown in Fig. 2, peaking at 17% effi-
ciency. The conversion efficiency from beam
drift energy to microwave power is somewhat
higher and not known at this time. Based on the
figures given'” for breakdown field strengths in
superconducting cavities it would seem that high-
er powers can be achieved without gas breakdown.
Better vacuum systems and careful design of out-
put windows are needed, however, to achieve
these powers.
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