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Measurements of Gain for Slow Cyclotron Waves on an Annular Electron Beam
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Gain was measured for fast and slow waves propagating in a dielectric-loaded TED' ax(.—

symmetric waveguide penetrated by an annular electron. beam. This measurement is the
first reported in the slow-wave regime, where axial velocity modulation dominates the
azimuthal bunching. Small-signal gain at 6.0 GHz of over 30 dB, instantaneous bandwidth
of 3.7%, and tuning bandwidth of over 11% are reported. In a feedback-amplifier configur-
ation gain of 53 dB, power output of 20 kW, and 10% electronic efficiency are also re-
ported.

PACS numbers: 41.70.+t, 52.35.Hr, 85.10.Hy

Considerable effort over the past decade has
been directed towards understanding the convec-
tive instability for fast cyclotron waves interact-
ing with electrons on orderly helical orbits in a
uniform magnetic field. ' This interaction is
fundamental to the design of novel millimeter-
wave gyrotron amplifiers. ' The physical mechan-
ism responsible for electromagnetic gain for
this system originates with relativistic mass
variations with energy which give rise to azi-
muthal phase bunching for orbiting electrons. '
A competing physical mechanism, originating
with axial velocity modulations, tends to oppose
the azimuthal phase bunching, but the former
mechanism dominates the latter so long as the
wave's phase velocity exceeds the light velocity.
These mechanisms have been carefully examined
and contrasted by Chu and Hirshfield. 4

For waves with phase velocity below the light
velocity, the two mechanisms interchange their
roles and the mechanism due to axial velocity
modulation dominates the electromagnetic growth.
This paper reports results of the first experiment
deliberately designed to demonstrate this gain
mechanism for slow electromagnetic waves. In
fact, both slow and fast waves could be studied
on the apparatus and their properties compared.
The slow-wave mechanism has the potential for
allowing wide-bandwidth operation, ' a property
not shared by the fast-wave interaction. How-
ever, a tapered-structure/tapered-field variant
based on the fast-wave mechanism has shown a
bandwidth of 13'%%uo at 35 6Hz'; gain is limited to
about 20 dB for these fast-wave devices because
of the need to use signal injection at the output
in order to access the amplifying region in the

device.
The apparatus built to study the slow-wave

interaction is shown schematically in Fig. 1. The
electromagnetic wave was guided by an axisym-
metric structure consisting of a precision-bore
Pyrex tube (interior diameter 3.10 cm; wall
thickness, 0.20 cm), surrounded by a high-per-
mittivity dielectric annulus (thickness, 0.29 cm),
in turn surrounded by a helix waveguide formed
by a closely spaced winding of No. 34 A%G cop-
per wire. The helix waveguide was used to sup-
press lower modes, such as TE». At one end
this composite waveguide tapered out gradually
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FIG. 1. Schematic outline of experimental configura-
tion (not to scale). Magnetron injection gun at left
generated annular electron beam (wiggly lines) which
penetrated dielectric-loaded TEo~ circular waveguide
with 60-cm uniform length. The Pyrex tube (& =4.7) is
surrounded by a dielectric layer (& =19), which in turn
is surrounded by a fine-pitch helical winding of No. 34
A WG copper wire.
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to a cylindrical copper waveguide of radius 3.7
cm. A mica vacuum window sealed with a gold
0 ring provided reflection-free output coupling,
and a Marid coupler provided output conversion
from TE„circular mode to TE„rectangular
mode. The Pyrex tube was coated on its interior
with a thin carbon film (deposited from a dilute
Alkadag solution) to drain off intercepted electron
charge. The dc resistance of the film along the
entire tube length was about 2 MQ. The film was
scraped off in thin axial stripes to minimize
attenuation for the TEnI circular mode (TE „and
TM modes were heavily attenuated). Microwave
input signals (5-8 GHz) could be injected in the
output guide or by means of a two-port coupler
(shown in Fig. 1), with ports driven 180' out of
phase to allow selective coupling to the TEpy
mode. Dielectric pyramids were used to aid in
coupling into the dielectric layer. Even so, the
cold input coupling loss was about 10 dB, and the
cold tube insertion loss was also about 10 dB.

The measured dispersion characteristic for this
dielectric-loaded waveguide is shown by the heavy
curve in Fig. 2(a); it is indistinguishable from the
calculated curve. Mode filters were used to in-
sure that TEpy was the only propagating mode,
both in cold and hot operation. The dispersion
curve was obtained by inserting a thin metal foil
cylinder between the Pyrex and the dielectric
annuli; this foil acted as a movable short circuit
allowing measurement of the guide wavelength
at each frequency.

The annular electron beam was injected along
the dielectric-loaded waveguide from a magnetron
injection gun. This gun, procured from an in-
dustrial manufacturer, ' was built to operate at
60 kV, 5 A, 10 ' duty cycle under which condi-
tions it was designed to produce a beam of mean
radius 0.95 cm, annular thickness 0.75 cm,
=v~/v

II
=2.0, and relative (rms) parallel velocity

spread of 5%. As shall be seen, the gun operat-
ing conditions under which the data shown in this
paper were obtained were different from the
specified values, The gun was driven with -5-
Jtf,sec pulses at 100 sec ' derived from a MIT
model 9 modulator' feeding a 4:1 step-up pulse
transformer. The gun's intermediate anode volt-
age was derived from the cathode voltage with a
resistive voltage divider, and operated typically
between 40% and 60% of cathode voltage. The
beam collector was insulated, so that cathode
current and transmitted current could be con-
tinuously monitored; for the data to be presented
here the two were indistinguishable. Cathode cur-
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FIG. 2. (a) Measured dispersion curve (heavy line)
and typical beam lines a = 0/y+k~e for fast- and slow-
wave couplings. (b) Calculated gain characteristics in
the fast-wave (A.) and slow-wave (8) regimes, for five
values of parallel velocity spread 2AII/IIO, for the ap-
paratus described. For curves A, u=0.0920c, e =4.2,
I =8.0 A, 0/yc =1.10 cm ' (i.e. , V=48.8 kV, II =2.048
kG); for curves 8, II = 0.0920c, cI =8.0, I = 8.0 A, 0/yc
=1.17 cm (i.e., V=67.6 kV, B =2.259 kG). C. Note:
f (GHz) =4.775(~/c) (cm ).]

rent was measured with an integrating current
transformer, and cathode voltage was measured
with a compensated capacitive voltage divider.

Before and after cathode activation the entire
apparatus was baked at 250 C for 48 h. System
pressure, under continuous turbomolecular pump-
ing, was -10 ' Torr with the gun off, and & 5

&10 ' Torr with the gun under full power. The
electron beam was formed and guided along a
magnetic field pr ovided by five independe ntly
energized solenoid coil systems. Along the 60-
cm inter action region a -2-kG field was adjusted
to +2-G uniformity. Three coils around the gun
provided the requisite broad field minimum of
about 400 G at the cathode surface. Four-place
digital measurement of all coil currents was
essential for reproducibility.

Electronic gain was measured for this apparatus
by injecting cw power at each frequency of inter—
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est and then inserting whatever series attenua-
tion was required to return the fast-rise-time
output crystal-detector voltage to its value with
the electron beam off. This method of measure-
ment is independent of the detector linearity and
is limited in accuracy only by the calibration ac-
curacy of the attenuators used. Calibrated attenu-
ators were placed in both the input and output
guides to insure both linearity and absence of
spurious oscillations.

A detailed small-signal theory has been devel-
oped for spatial amplification on axisymmetric
wave guides penetrated by tenuous electron beams
in a uniform magnetic field. ' This theory applies
to dielectric-. loaded waveguides supporting TE,„,
TM,„, and EH „modes and to empty waveguides
with finite wall conductivity supporting TE „and
TM „modes. The theory allows arbitrary input
and output boundary conditions to be specified,
so that the so-called input coupling loss arising
from division of the input signal amongst several
copropagating modes in an amplifier is auto-
matically taken into account. Actual beam geom-
etry (i.e. , thick annulus, solid beam, radial den-
sity profile, etc. ) may be included. Finite axial
velocity spread is also included, modeled accord-
ing to the equilibrium distribution function

f,(y, u) =A, 5(y —y, )(b,u)'f(u-u, )"+(au)"] ',
where y is the total electron energy in units of
mc', u is the axial velocity variable, 26u is the
full width at half maximum for the distribution,
y0 and u, are constants, A., is a normalizing con-
stant, and s is a parameter which governs the
smear in fo: For s=1 the distribution is Lorentz-
ian with its extended wings; as s - ~ the distribu-
tion approaches a box function, zero outside the
interval u0+ 4u. Examples of the predictions of
this theory for the geometry of the apparatus
described here are shown in Fig. 2(b), in which
gain in decibels versus frequency is shown for
two different sets of operating conditions (fami-
lies of curves A and B) and for five values of
parallel velocity spread 26u/u, . (The five cases
meld together for family A. ) The distribution
with s =2 was chosen for these examples as one
which could reasonably approximate that pro-
duced by the electron gun used in the experiments.
From the dispersion curve [Fig. 2(a)] one can
determine that 5.80 GHz is the frequency at which
~/k, = c; the gain curves of family A are thus
for fast waves (u /c &1.215 cm ') and those of
family B for slow waves (e/c &1.215 cm '). As
remarked earlier, gain is not predicted at ~/c
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FIG. 3. Measured electronic gain vs frequency for
six values of cathode voltage I.

—V (kV)] and axial mag-
netic field [B (kG)] . A. : V=34, B =190; B: V=397,
B =1.95; C:: V=39.7, B =2.00; D: V =42.0, B~ =2.06;
E: V =42.0, B =2.12; E: V =45.4, B, =2.17. For all
cases I =5 A. Solid curves connect measured points.
Typical error bar is shown.

=1.215 cm '. Notable in Fig. 2(b) is the sensi-
tivity of gain to velocity spread in the slow-wave
region. The examples shown are for conditions
of intersection between the dispersion curve and
the beam line & =Q/y+k, u, where A=eB, /m.
Two such intersections are shown in Fig. 2(a) for
fast- and slow-wave couplings. Examples are
not shown here for cases of grazing incidence be-
tween dispersion and beam lines, a circumstance
known to give rise to slow-wave gain characteris-
tics with wide bandwidth, even for moderate
parallel velocity spread. ' This is bees.use no
substantial gain could in fact be observed for the
grazing-incidence condition, a point we shall
attempt to explain below.

The experimental results obtained are shown in
Fig. 3. Six sets of data (A-E) are given, cor-
responding to six combinations of gun voltage and
magnetic field (values listed in the caption to Fig.
3). Both fast-wave ( f& 5.8 GHz) and slow-wave

(f &5.8 GHz) interactions were observed, but
gain at 5.8 GHz (where ~ =k, c) was not observed,
as predicted by theory. Experiments above -6.6
GHz could not be performed, because of limits
on the magnet power supplies; the tuning width
in the slow-wave region is thus greater than the
700 MHz shown in Fig. 3, i.e. , greater than 11%.
The instantaneous -3 dB bandwidth for curve D
is 220 MHz, or 3.7%, at a peak gain of 32 dB. In
the fast-wave region (curve A) a bandwidth of 150
MHz, or 2.7%, was observed at a peak gain of
about 30 dB. These values compare favorably
with gain and bandwidth values reported' for fast-
wave gyro traveling-wave amplifiers, i.e., 24 dB
and 1.4%.

It remains to explain why the anticipated wide-
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bandwidth values (-20%) were not observed in
the slow-wave region. The conditions for wide
bandwidth require grazing incidence between
beam and guide lines (cf. Fig. 2). For this to be
possible for the dispersion curve shown would
have required a lower magnetic field (1.9 kG)
and a higher slope, corresponding to n =2, V
=60 kV. But with n =2, our theoretical calcula-
tions indicate that beam velocity-spread values
higher than 5% will severely degrade the gain;
for the gun available the momentum spread, al-
though not measured, was probably higher than
5%." Thus to observe gain in the presence of
large velocity spread evidently required higher
a values, making the grazing condition inaccessi-
ble in these experiments. For intersecting con-
ditions, such as those shown in Fig. 2(a), higher
values of n result; gain can then occur even for
large velocity spread. Beyond these qualitative
points, a more detailed comparison between theo-
ry and experiment is probably not justified since
the actual distribution function f,(y, u) was not
known.

In a subsequent experiment, the apparatus was
arranged as a feedback amplifier, with a portion
of the output signal returned to the input. With
suitable phase adjustment, this arrangement al-
lowed effective gain values as high as 53 dB to be
observed at 6.2 GHz. Self-sustained oscillations
did not occur since the gun voltage pulse did not
remain at the gain condition for more than about
50 nsec. Under this high-gain condition, the
amplifier power output was 20 kW, corresponding
to an electronic efficiency of 10%.
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