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Gyrotron Traveling Wave Amplifier with a Helical Interaction Waveguide
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A new microwave system in the form of a cylindrical waveguide with a helical corrugation of
the inner surface is proposed for a gyrotron traveling wave tube (gyro-TWT). The corrugation radi-
cally changes the wave dispersion in the region of small axial wave numbers. This allows significant
reduction in the sensitivity of the amplifier to the electron velocity spread and an increase in its fre-
quency bandwidth. AtX-band gyro-TWT operating at the second cyclotron harmonic with a 200-keV,
25-A electron beam produced an output power of 1 MW, corresponding to a gain of 23 dB and an
efficiency of 20%. [S0031-9007(98)07974-5]

PACS numbers: 84.40.1k, 41.60.Cr, 52.75.Ms, 52.75.Va

The gyrotron traveling wave tube (gyro-TWT) [1,2] Doppler frequency shift is very important and such a gyro-
is an established amplifier variant of the broad class of WT does not differ from the so-called cyclotron auto-
gyrodevices. In this device electrons move along helicatesonance maser (CARM) (see, e.g., [6,7]). This regime
trajectories inside a waveguide, immersed in a uniformis attractive for high-frequency radiation production, but
magnetic fieldH, = HyZ,. Because of the dependence like free electron lasers and unlike the gyrotron it is very
of electron cyclotron frequencywy = eHoc?/E, on  sensitive to the spread in electron velocity.
electron energye, the particles, which are influenced by Thus, the unfavorable dispersion of the cylindrical
a wave, are rotating with different frequencies and gathewaveguide in conventional gyro-TWT's increases their
into azimuthal bunches. When the phase of the bunchegensitivity to the spread in axial velocity resulting in
are correct, they are able to amplify the wave effectivelylow interaction efficiency which is a significant limitation
An important advantage of the gyro-TWT, allowing its to their further development. The most favorable wave
operation at shorter wavelengths compared to the “usualdispersion for a gyro-TWT is when the wave group
Cherenkov-type TWT's, is their ability to amplify fast velocity is constant and equal to the electron axial velocity
waves which are not localized near a microwave structurén the region of close-to-zero axial wave numbers. As
(e.g., waves of smooth waveguides). For this reason thehown in [8,9], the necessary dispersion may be realized,
gyro-TWT has attracted significant attention [3—5]. over a rather broad frequency band, in an oversized

As a rule, a smooth cylindrical metal waveguide hascircular cylindrical waveguide with a helical corrugation
been used as the microwave system of gyro-TWT'’s. Irof the inner surface:
order to increase the frequency band, one usually operates _ — -
at grazing incidence where the beam dispersion overlaps r(p,2) = ro + Lcodime + hz), (1)
with the wave (the axial electron velocity is close to thewherer, ¢, z are cylindrical coordinatesy is the wave-
group velocity of the wave). For subrelativistic electronguide mean radiug,, m, andh = 27 /d are the ampli-
energies (50—100 keV) the beam dispersion line intersectside, azimuthal, and axial numbers of the corrugation,
with the wave curve close to cutoff making the interactionrespectively, and is the corrugation period. The desired
susceptible to spurious gyrotron oscillations which carchange of the dispersion will be achieved if the corruga-
be easily excited at the low-frequency boundary of thetion couples two partial rotating waves of a waveguide
amplification band where the axial wave number andwith a radius ofry; one partial wave is near cutoff, mode
group velocity are small. On the other hand, at the(A), and has a small axial wave number < k, where
high-frequency boundary of the amplification band thek = «/c, while the other partial wave, a traveling wave
axial wave number of the operating wave is rather(B), has a large axial wave numbérg ~ k. For such
large leading to a significant Doppler broadening of theconditions to be realized, the axial wave numbers and
cyclotron resonance line and a decrease in efficiencgzimuthal indices of the waves and the corrugation should
because of spread in the axial electron velocity. Fosatisfy the Bragg conditions
these reasons subrelativistic gyro-TWTs have significantly
lower efficiency than gyrotrons.

For relativistic axial electron velocities the regime of The resonant coupling of the waves corresponds to the
grazing is far from cutoff and axial wave numbers areintersection of their dispersion curves or, more exactly,
even larger than in the subrelativistic case. Therefore, thtéhe intersection occurs between the medand the first

I’ZBZE, my +m3=m. (2)
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spatial harmonic of the wav@ with cutoff frequenciessy  w; — hjv| = swy (here s is the cyclotron harmonic
and wp, respectively (Fig. 1). number) between the desirable wave with frequeagy

A similar helical corrugation which scatters the operat-and axial numbef; and the electrons moving with axial
ing near cutoff mode into a traveling wave resulting invelocity ». For this situation, the fifth-order dispersion
one-way output from the cavity has also been used irquation of a helical gyro-TWT can be reduced to a third-
gyrotrons [10]. In Ref. [11] the use of a helix mounted order equation
into the cylindrical conducting waveguide for improve- 5
ment of a gyro-TWT wave dispersion has been discussed? — h)[h = (6 — An)/Bj,]

If the corrugation amplitude/ is small compared = C¥1 + (25B8y,/BLA[h — (8 — Ap)/BrT. ()
with the wavelength, the field structure and dispersion
characteristics of a helical waveguide can be calculatedhich is identical to that for a conventional gyro-TWT
by means of the method of perturbation [12—14]. Thewith a smooth waveguide [1].A and h; have been nor-
eigenwavesW. and W, (Fig. 1), which arise as a result malized toky = wo/c. 6 = (0 — wp)/wo and Ay =
of coupling the partial wavest and B, can then be (sop — wo)/w are the normalized frequency and mag-
found. When parameters of the corrugation are properlyetic field mismatches, respectivelg, = »,/c and
chosen, the wavéV, has the desirable dispersion. The 8,, = v,,/c are the normalized axial and transverse
frequency gap betweeW, and “spurious” wavesV. in  electron velocities, respectively, ar@d = C(y/2)'/? is
the region of “zero” axial wave numbers is of the orderthe modified amplification parameter of the wave. The
of the coupling coefficient of the waves, which is  coefficient y = 2(h; + A, — 8/ho)/[3h7 + 2hi (A, —
proportional to the relative amplitude of the corrugations/hy) — 28] is responsible for the content of the reso-
[/ro and depends also on the azimuthal and radiahant partial modei in the operating eigenwavi&;, where
indices of the partial waves [12—-14]. For a relatively A, = h — hy and hg = |hg(wp)| are also renormalized
small corrugation depth, whew = 0.1, the method to ko [9]. In Eq. (3) &, is a function ofé and describes
of perturbation provides good agreement with “cold”the cold dispersion of the operating eigenwave of the he-
experiments. lical waveguide. For the usual gyro-TW¥ = 1/8,:,

When using the helical waveguide as the microwavevhere 8,, is the normalized group velocity in a smooth
system of a gyro-TWT, it is advantageous to have arwaveguide.
amplification paramete€, which is proportional ta/'/3 The analysis of Eq. (3) shows that for a large region
(I is the electron current), much smaller than the cou-of electron parameters, including subrelativistic and rela-
pling coefficiento. Under these condition§; < o, the tivistic energies, a very-broad frequency-band gain can be
electron beam does not significantly alter the dispersiombtained by optimizing the parameters of the corrugation
characteristics, and the electrons can be coupled with thend the value of the magnetic field. A good agreement
cold eigenwaveW,; as shown in Fig. 1. The attractive between solutions of the simplified Eq. (3) and a more
dispersion relation as represented in Fig. 1 can be obexact fifth-order equation up to& ~ C demonstrates the
tained by tuning the magnetic field for the synchronismcorrectness of the approach of the dominant interaction
of electrons with the eigenwave of the cold system. This
approach allows a similar simplification of the nonlinear
analysis which can be performed using the equations of
the usual gyro-TWT with changed dispersibn(w) and
coefficienty.

It is clear from the helical gyro-TWT dispersion curves
(Fig. 1) that modeW-, having a region with a small
group velocity, can be easily excited like an operating
mode of a conventional gyrotron-oscillator. But for
attractive amplification regimes, when the corrugation is
sufficiently deep, a large separation of cur¥ésand W-
occurs, the modé&v- can still be excited but at magnetic
‘ fields significantly higher than the operating values. The
: 3 numerical analysis shows that it is possible to operate
h 0 -a, e the amplifier without self-excitation, with a high gain

(30-35 dB) and electronic efficiency (30%—35%) over a
FIG. 1. Dispersion diagram for a helical waveguide: B: very broad frequency band (15%-20%), even when the
The partial near cutoff and traveling waves of a smoothgiaciron heam has a large transverse velocity spread up to
waveguide, respectively, which are coupled due to the helical 0%. | der to check th dicti . t at
corrugation of the inner surfacéy, and W.: The operating 0. In order 1o check these predictions an experiment a
and “spurious” eigenwaves of the helical gyro-TWE; the high-current direct-action accelerator at the University
Unperturbed electron cyclotron wave. of Strathclyde was carried out.
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cold dispersion of the operating waWg, the angle of ro-
tation for the linearly polarized Tjf§ wave which passed
through the helical waveguide (similar to the Faraday ef-
> fect in optical media) was measured. The points with
phase differencd kL = n7 between the rotating waves
of opposite rotation, wherdé. is the waveguide length,
n = 1,2,..., and, correspondingly, the polarization vec-
tor at the output of the waveguide perpendicular or paral-
) lel to the initial wave, are shown in Fig. 2. In order to find
8 . the dispersion curv®-, resonant frequencies for longitu-
g dinal modesp = 1,2,3... of the cavity, were measured.
For the operating amplification regime, the driving RF

FREQUENCY (GHz)

7 : r v r — T signal was produced by one of two pulsed magnetrons
-0.8 -04 0 04 08 with operating frequencies of 9.4 and 9.2 GHz, maximum
WAVE NUMBER (cm-1) power of 25 kW, and pulse duration df us. Nearly

FIG. 2. Disperson diagram for the operating helical wave-50% of the magnetron power was transported through a
guide: Dotted and solid lines correspond to partial and eigerfiong rectangular waveguide to a specially designed broad
modes, respectively ¥): results of “cold” measurements. frequency-band launcher (Fig. 3) which was 90% effi-
cient. This circular section supported only the fundamen-
tal TE;,; mode for the operating frequency. Its radius was
In order to enhance the mode selection a thin electrothen adiabatically increased to the radius of the interaction
beam encircling the waveguide axis was used. Such eegion. A linearly polarized wave was injected into the
beam can excite only resonant modes with azimuthal inkhelical waveguide, of which half of the incident power,
dices equal to the cyclotron harmonic numbayp, = s.  with the correct rotation of the electric-field vector, par-
Choosing the far-from cutoff TG wave as partial wave ticipated in the interaction. Therefore, the maximum
B and the near cutoff mode TE as the partial modd  input power in the operating eigenwave of the helical
the interaction at the second cyclotron harmonies 2 waveguide was approximately 5.5 kW. It is important
was studied. In this case, a three-fold helical corrugafor gyro-TWT operation at frequencies below cutoff of
tion, m = 3, has to be used for effective resonant cou-the mode W that all the output power is contained
pling of these modes and for providing the necessaryn the wave W; which is then easily transformed into
eigenwave dispersion. It is important to note that in thisa TE;; mode and radiated in a nearly Gaussian wave
case the operating magnetic field was so low that spuribeam. The output power was measured using attenuators
ous fundamental gyrotron excitation of a T[Emode was and sensitive semiconductor detectors, calibrated with the
impossible, while gyrotron excitation at higher cyclotron magnetron. Cutoff waveguide filters were also used for
harmonics can lead to some problems. A 40 cm longneasuring the radiation frequency.
waveguide of 14.5 mm mean radius with a helical cor- A 200 keV/25 A rectilinear electron beam with a di-
rugation of 1.5 mm amplitude and 37.5 mm period wasameter of 8 mm and FWHM duration of 150 ns (Fig. 4)
tested in “cold” and “hot” experiments. To obtain the was produced from a “cold” velvet cathode (Fig. 3). A

N
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FIG. 3. Schematic diagram of the gyro-TWT with a helical waveguide: 1: Velvet cold cathode; 2: anode; 3: wave launcher
(converter of Th; mode of a rectangular waveguide into ;TJEmode of a circular waveguide); 4: coils generating dc guiding
magnetic field; 5: kicker; 6: operating helical waveguide; 7: deflecting magnet.
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50 region, and the input rf power was a little too low. For
oL!&-""‘.‘ o 0 both operating frequencies of the magnetrons, 9.4 and
g -50 "\ ‘\,‘ ;"Mf < 9.2 GHz, and fixed parameters of the electron beam and
4 100 \ "\m‘“v _.,,,,«'L"; N 2 % magnetic field the same output power was measured. A
E Q\ /W' o very important measurement with the use of elliptical
g™ ¢ 3 waveguide polarizers in front of the microwave detec-
-200 W -50 tion system confirmed that the output wave TEhad
250 a circular polarization with a rotation opposite to the

0 50 100 150 200 250

TIME (ns) electron rotation in the magnetic field. In the regime of

- single-frequency amplification, the gyro-TWT provided a
"‘\ / maximum output power of 1 MW, a gain of 23 dB and

an efficiency of 20%.
Further experiments are now in progress at the Institute
\ / of Applied Physics, Nizhny Novgorod, Russia and at the
100 University of Strathclyde, Glasgow, UK.
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DERA, Gycom, Ltd., Nizhny Novgorod, Russia and by
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FIG. 4. Oscilloscope traces of voltage, beam current, and
microwave signal.
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