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Ultrahigh Gain Gyrotron Traveling Wave Amplifier
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Mode competition in the gyrotron traveling wave amplifier is shown to be intricately connected to the
interplay between the absolute/convective instabilities, circuit losses, and reflective feedback. Physical
origins of spurious oscillations are analyzed and characterized. Fundamental understanding of these
processes leads to a device concept which provides zero-drive stability at ultrahigh gain. The scheme
was verified in a proof-of-principle experiment in tike band, producing 93 kW saturated peak power
at 26.5% efficiency, 70 dB gain, and a 3 dB bandwidth of 3 GHz. [S0031-9007(98)07703-5]

PACS numbers: 84.40.1k, 84.40.Fe

The millimeter-wave region of the electromagnetic spec- Feedback due to reflections at structural nonuniformities
trum is a relatively unexploited band between the mi-presents a different source of oscillation in the high gain
crowave and optical frequencies. A myriad of applicationgegime (referred to as the reflective oscillation). Reflec-
[1] of millimeter waves are being conceived which requiretive oscillations can be effectively eliminated by a sever as
powerful sources well beyond currently available technol-has been a standard practice in TWT’s. However, the ab-
ogy. The electron cyclotron maser mechanism discoveresolute instability is basically different from the reflective
in the 1950s has since evolved from a basic relativistioscillation in that the backward wave associated with the
physics effect into a new class of millimeter wave devicesabsolute instability is internally generated by the ac elec-
referred to as the gyrotron. Consider an electron beam itron beam current. With the beam providing an internal
which electrons move in helical orbits in an external mag-path, the sever cannot really quite separate the interaction
netic field. Because of the relativistic mass dependencstructure into two isolated sections to produce a substan-
of the cyclotron frequency, the electrons in the rf fieldtial stabilizing effect. Recently, an interaction structure
will bunch in their gyrational phase space and thereby am¢Fig. 1) with distributed wall losses was shown to be ef-
plify the rf field which causes the bunching to occur. Thefective in suppressing both types of oscillations [13]. In
gyrotron traveling wave amplifier (gyro-TWA) is an am- Fig. 1, the lossy sectiofL;) and conducting-wall section
plifier version of the gyrotron which features a fast-wave(L,) comprise the linear and nonlinear stages of the am-
structure for high-power and broad-band interaction [2—6]plification, respectively. Like the sever, the lossy section
The current paper reports studies of the key physics issuesits off the path of the reflective feedback loop. In con-
of the gyro-TWA as well as the experimental demonstrairast to the sever, however, it forms the linear amplification
tion of the gyro-TWA as a millimeter-wave amplifier of stage. To the predominantly backward power flow of the
unprecedented capabilities in power, gain, bandwidth, andbsolute instability, the lossy section also functions as an
efficiency. effective energy sink.

In contrast to conventional linear beam microwave de- We shall show that the distributed-loss structure can also
vices such as the traveling wave tube (TWT), the electroryield ultrahigh stable gain. The scheme is based on the
beam employed in the gyrotron possesses a transverse ndifferent responses to wall losses between the cold tube and
tion at the electron cyclotron frequency. It is this property
that allows the beam to selectively interact with a high
order waveguide mode at a high cyclotron harmonic by | | |
properly matching the resonance conditions. However, the | Ly | Lz !
additional degree of freedom provided by the multitude of
cyclotron harmonics can also generate numerous spurious_| >~~~ =~ ot __ _
oscillations. Interactions with backward waves are sources Z; 72
pf abso!ute instabilities [7—12], whereas the forwe_trd WaVe ~ 1 Schematic of &Ka band, TE, mode, fundamental
interactions are normally, but not always, convective instag rmonic gyro-TWA. Lossy sectioft, and conducting-wall

bilities [12]. The various absolute instabilities can easilysectionL, form the interaction region. The ends are tapered
be the dominant sources of oscillations in the gyro-TWA.for broadband coupling.
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hot tube modes. The cold tube mode has all of its energiRef. [13]. However, the qualitative features are of a gen-
in the electromagnetic fields. In a hot tube, however, thesral nature.
energy of the beam generated mode resides not only in the Reflective oscillations of a global nature start when
electromagnetic fields but also in the oscillatory motion ofthe total gain exceeds the reflection at the input/output
the electrons, the latter being an integral part of the hot tubends plus the attenuation in the lossy section (all in dB).
mode. The lossy wall absorbs the electromagnetic energyigure 2(a) shows the field profile of a typical global re-
but not the oscillatory kinetic energy of the electrons.flective oscillation. Calculations indicate that the oscilla-
Thus, wall losses attenuate the reflected wave (basicallifon can be stabilized by lowering the operating currgnt
a cold tube mode) significantly more than they reduce thgFig. 3(a)] and magnetic fiel®, [Fig. 3(c)], or by increas-
gain of the amplifying wave (a hot tube mode). It caning the wall resistivityp [Fig. 3(b)].
be shown analytically [14] that the reduction in hot tube The conducting-wall sectiofiL,) by itself is subject
gain due to wall losses is only one third of the cold tubeto localized oscillations due to reflections at the lossy-
attenuation over the same distance. Such unequal effeatmll junction on the left and the output structure on the
can be exploited to simultaneously achieve both high gaimight. Figure 2(b) illustrates the field profile of such an
and stability in a scheme in which the linear secti@n) oscillation in the TE;; mode. Since the oscillation is
is made sufficiently long to provide the desired gain, whilelocalized to the conducting-wall section, the oscillation
the nonlinear sectioii,) is constrained to a minimum power is found to be nearly independent of the length
length to enhance the threshold of absolute instabilities. [Fig. 4(a)] and wall resistivityp [normalized to that of
We first analyze three types of oscillations based on theopperp., = 1.72 X 1078 Qm, Fig. 2(b)] of the lossy
configuration of Fig. 1 by employing the trajectory tracing section. These two features are in contrast to the high
technique [15-17] to follow the beam and wave dynam-sensitivity of the global reflective oscillation o, andp.
ics throughout the entire structure. Imposition of physicalFigure 4(c) demonstrates the sensitivity of the oscillation
boundary conditions at both ends allows the evaluation opower and frequency versus the operating magnetic field.
a self-consistent rf field profilg¢(z) to account for wave

reflections at all interfaces and nonuniformities. Such de- 160

tails in the modeling allow oscillations of various ori- (a)
gins to be studied on the basis of the overall rather than 120E [, /p0 =7500
sectionalized interaction structure. Properties of oscilla- & E P %n
tions are illustrated below for the structural dimensions of 2 #F
Q?4o§
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Z(cm) FIG. 3. Calculated power of global reflective oscillations

(TE;; mode, s = 1) versus (a) beam current,, (b) wall
FIG. 2. Calculated profiles of the rf field amplitudig(z)| in resistivity p of the lossy section, and (c) magnetic field
the structure of Fig. 1 for (a) the global reflective oscillation, By. Parameters used are (refer to Fig. L) = 9.73 cm,
(b) the localized reflective oscillation, and (c) the absoluteL, = 7.73 cm, V, = 100 kV, a = 0.85, r. = 0.09 cm, and
instability. Av, /v, = 0, wherer, is the guiding center position.
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E (c) 2/5555000 1 verified with a calorimeter (agreement was withi$%).
~T15E mErS em E RN Atthe operating beam current of 3.5 A, the gyro-TWA was
E 4881 found to be zero-drive stable from all three types of insta-
T 10E ] ) [ . . . . L

s = N 329 bilities in the optimum range of operating magnetic field
aS sE NP, 1.8 (12.65 < By < 12.75 kG). As the magnetic field was in-

£ stable 357 creased, a localized reflective oscillation was observed and

O ey g i 925 identified to be the TR, mode of the conducting-wall
Bo(kG) section (Fig. 6). Atstill higher magnetic field, mode jump-

ing was also observed. Note that in Fig. 6 characteris-

) : ) tics of the observed oscillation power and frequency are
(TE;;; mode, s = 1) in the conducting-wall section versus L . - .
(a) lengthL, of the lossy section, (b) wall resistivity of the V&Y similar to the theoretically predicted behavior shown
lossy section, and (c) magnetic fieRh. I, = 3 A and other  in Fig. 4(c).
parameters are the same as in Fig. 3 unless denoted otherwise. Figure 7 plots the saturated output power and gain (dots)
as functions of the frequency. The peak power of 93 kW
corresponds to a saturated gain of 70 dB and efficiency of
26.5%. The ultrahigh gain, 30 dB beyond that previously
achieved, permits the use of solid-state sources as drivers.
The full width at half maximum bandwidth is 3 GHz,
“approximately 8.6% of the center frequency. Measured
data are closely matched by theoretical predictions (solid
line) using the simulated beam parameters [¢8F 1,
Av,/v, = 5%, andr. = 0.09 cm, whereAv, /v, is the
@lectron velocity spread and. is the radial position of

FIG. 4. Calculated power of localized reflective oscillations

The gyro-TWA under study (Fig. 1) is most suscep-
tible to the TR, mode absolute instability at the second
cyclotron harmonic [10]. Figure 2(c) illustrates the field
profile of such an oscillation. Figure 5 displays the start
oscillation current(Z,;) versus the electron pitch angle
a (= v, /v,) for different values op. I, decreases with
increasinga as expected. Again, the wall resistivity is
shown to have a strong stabilizing effect. Increasing th
wall resistivity will allow stable operation at high& and
a values, hence achieve higher power and efficiency.

An experimental gyro-TWA was assembled to verify 40

the ultrahigh gain scheme just described. A mechanically Sose 533'5
tunable magnetron injection electron gun [18] was at- - 30F cexx X X 7989 ~
tached to the interaction structure of Fig. 1. Lengths & E .. H33.1 £
of the graphite-coated lossy sectioh;(= 20 cm with & z2o0f S e . iz
~100 dB loss corresponding tp = 3.6 X 10* p.,) and g E . /,'.- . EN
the conducting-wall sectiofi., = 4 cm) were chosen to ™~ 70F . Pgee ° . PR
achieve high gain as well as overall stability. Input/output £ stable .IIIT..p—sz
waves were coupled af andz, through the side walls with 125 127 129 131 133 135 137
oscillation-free couplers which also function as convert- B,(kG)

ers between circularly and linearly polarized waves. Th
tic field was provided by a superconducting magne IG. 6. Measured power (dots) and frequency (crosses) of
magne p Yy p g g purious oscillations at zero-drive power versus the magnetic

Output power at low duty was measured with a calibratedield. Optimum operating magnetic field of the gyro-TWA (for
crystal detector (with estimated accuracy ©6%) and Figs. 7 and 8) lies in the stable region.
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_100 Figure 8 shows the measured output power versus the

E I input power (dots). Linear and saturated behaviors are

5 80 consistent with the calculated data (solid line). Again,

§ a =1, Av /v, = 5%, andr. = 0.09 cm were assumed

s 60 in the calculations. In all the measurements for Figs. 7 and

§ 0 8, we have not deFec'Fed any spurious .oscillation. _

5 e easured Th_eS(_a stud_les indicate that a basic understandlng_ of

S sol caleulated(a=1, the intricate interplay between the absolute/convective

© Dy, /v, =5%,1,=0.090m) instabilities, circuit losses, and reflective feedback is of
ol fundamental importance to the scientific demonstration of
33 34 35 36 37

the potential capability of the gyro-TWA. Significantly
higher power can be obtained by employing the harmonic
80 cyclotron maser interaction [6,19].
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