
VOLUME 81, NUMBER 25 P H Y S I C A L R E V I E W L E T T E R S 21 DECEMBER 1998

a
gdom

of
di-

cant
fre-
V,

an

5680
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
the inner surface is proposed for a gyrotron traveling wave tube (gyro-TWT). The corrugation ra
cally changes the wave dispersion in the region of small axial wave numbers. This allows signifi
reduction in the sensitivity of the amplifier to the electron velocity spread and an increase in its
quency bandwidth. AnX-band gyro-TWT operating at the second cyclotron harmonic with a 200-ke
25-A electron beam produced an output power of 1 MW, corresponding to a gain of 23 dB and
efficiency of 20%. [S0031-9007(98)07974-5]

PACS numbers: 84.40.Ik, 41.60.Cr, 52.75.Ms, 52.75.Va
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The gyrotron traveling wave tube (gyro-TWT) [1,2
is an established amplifier variant of the broad class
gyrodevices. In this device electrons move along heli
trajectories inside a waveguide, immersed in a unifo
magnetic field $H0  H0 $z0. Because of the dependenc
of electron cyclotron frequency,vH  eH0c2yE, on
electron energyE, the particles, which are influenced b
a wave, are rotating with different frequencies and gat
into azimuthal bunches. When the phase of the bunc
are correct, they are able to amplify the wave effective
An important advantage of the gyro-TWT, allowing i
operation at shorter wavelengths compared to the “usu
Cherenkov-type TWT’s, is their ability to amplify fas
waves which are not localized near a microwave struct
(e.g., waves of smooth waveguides). For this reason
gyro-TWT has attracted significant attention [3–5].

As a rule, a smooth cylindrical metal waveguide h
been used as the microwave system of gyro-TWT’s.
order to increase the frequency band, one usually oper
at grazing incidence where the beam dispersion overl
with the wave (the axial electron velocity is close to th
group velocity of the wave). For subrelativistic electro
energies (50–100 keV) the beam dispersion line interse
with the wave curve close to cutoff making the interacti
susceptible to spurious gyrotron oscillations which c
be easily excited at the low-frequency boundary of t
amplification band where the axial wave number a
group velocity are small. On the other hand, at t
high-frequency boundary of the amplification band t
axial wave number of the operating wave is rath
large leading to a significant Doppler broadening of t
cyclotron resonance line and a decrease in efficie
because of spread in the axial electron velocity. F
these reasons subrelativistic gyro-TWTs have significan
lower efficiency than gyrotrons.

For relativistic axial electron velocities the regime
grazing is far from cutoff and axial wave numbers a
even larger than in the subrelativistic case. Therefore,
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Doppler frequency shift is very important and such a gy
TWT does not differ from the so-called cyclotron aut
resonance maser (CARM) (see, e.g., [6,7]). This reg
is attractive for high-frequency radiation production, b
like free electron lasers and unlike the gyrotron it is ve
sensitive to the spread in electron velocity.

Thus, the unfavorable dispersion of the cylindric
waveguide in conventional gyro-TWT’s increases th
sensitivity to the spread in axial velocity resulting
low interaction efficiency which is a significant limitatio
to their further development. The most favorable wa
dispersion for a gyro-TWT is when the wave gro
velocity is constant and equal to the electron axial velo
in the region of close-to-zero axial wave numbers.
shown in [8,9], the necessary dispersion may be reali
over a rather broad frequency band, in an oversi
circular cylindrical waveguide with a helical corrugatio
of the inner surface:

rsw, zd  r0 1 l cossmw 1 hzd , (1)

wherer, w, z are cylindrical coordinates,r0 is the wave-
guide mean radius,l, m, and h  2pyd are the ampli-
tude, azimuthal, and axial numbers of the corrugati
respectively, andd is the corrugation period. The desire
change of the dispersion will be achieved if the corru
tion couples two partial rotating waves of a wavegu
with a radius ofr0; one partial wave is near cutoff, mod
(A), and has a small axial wave numberhA ø k, where
k  vyc, while the other partial wave, a traveling wa
(B), has a large axial wave number,hB , k. For such
conditions to be realized, the axial wave numbers
azimuthal indices of the waves and the corrugation sho
satisfy the Bragg conditions

hB ø h , mA 1 mB  m . (2)

The resonant coupling of the waves corresponds to
intersection of their dispersion curves or, more exac
the intersection occurs between the modeA and the first
© 1998 The American Physical Society
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spatial harmonic of the waveB with cutoff frequenciesv0
andv0B, respectively (Fig. 1).

A similar helical corrugation which scatters the oper
ing near cutoff mode into a traveling wave resulting
one-way output from the cavity has also been used
gyrotrons [10]. In Ref. [11] the use of a helix mounte
into the cylindrical conducting waveguide for improv
ment of a gyro-TWT wave dispersion has been discuss

If the corrugation amplitudel is small compared
with the wavelength, the field structure and dispers
characteristics of a helical waveguide can be calcula
by means of the method of perturbation [12–14]. T
eigenwavesW6 and W1 (Fig. 1), which arise as a resu
of coupling the partial wavesA and B, can then be
found. When parameters of the corrugation are prop
chosen, the waveW1 has the desirable dispersion. Th
frequency gap betweenW1 and “spurious” wavesW6 in
the region of “zero” axial wave numbers is of the ord
of the coupling coefficient of the wavess, which is
proportional to the relative amplitude of the corrugati
lyr0 and depends also on the azimuthal and rad
indices of the partial waves [12–14]. For a relative
small corrugation depth, whens # 0.1, the method
of perturbation provides good agreement with “col
experiments.

When using the helical waveguide as the microwa
system of a gyro-TWT, it is advantageous to have
amplification parameterC, which is proportional toI1y3

(I is the electron current), much smaller than the c
pling coefficients. Under these conditions,C ø s, the
electron beam does not significantly alter the dispers
characteristics, and the electrons can be coupled with
cold eigenwaveW1 as shown in Fig. 1. The attractiv
dispersion relation as represented in Fig. 1 can be
tained by tuning the magnetic field for the synchronis

FIG. 1. Dispersion diagram for a helical waveguide:A, B:
The partial near cutoff and traveling waves of a smoo
waveguide, respectively, which are coupled due to the hel
corrugation of the inner surface;W1 and W6: The operating
and “spurious” eigenwaves of the helical gyro-TWT;e:
Unperturbed electron cyclotron wave.
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v1 2 h1nk ø svH (here s is the cyclotron harmonic
number) between the desirable wave with frequencyv1
and axial numberh1 and the electrons moving with axia
velocity nk. For this situation, the fifth-order dispersio
equation of a helical gyro-TWT can be reduced to a thi
order equation

sh 2 h1d fh 2 sd 2 DHdybk0g
2

 Ĉ3h1 1 s2sbk0 yb'0

2d fh 2 sd 2 DHdybk0 gj , (3)

which is identical to that for a conventional gyro-TW
with a smooth waveguide [1].h and h1 have been nor-
malized to k0  v0yc. d  sv 2 v0dyv0 and DH 
ssvH 2 v0dyv0 are the normalized frequency and ma
netic field mismatches, respectively,bk0  nk0 yc and
b'0  n'0yc are the normalized axial and transver
electron velocities, respectively, and̂C  Csxy2d1y3 is
the modified amplification parameter of the wave. T
coefficient x  2sh1 1 Dg 2 dyh0dyf3h2

1 1 2h1sDg 2

dyh0d 2 2dg is responsible for the content of the res
nant partial modeA in the operating eigenwaveW1, where
Dg  h 2 h0 and h0  jhBsv0dj are also renormalized
to k0 [9]. In Eq. (3) h1 is a function ofd and describes
the cold dispersion of the operating eigenwave of the
lical waveguide. For the usual gyro-TWTx  1ybgr ,
wherebgr is the normalized group velocity in a smoot
waveguide.

The analysis of Eq. (3) shows that for a large regi
of electron parameters, including subrelativistic and re
tivistic energies, a very-broad frequency-band gain can
obtained by optimizing the parameters of the corrugat
and the value of the magnetic field. A good agreem
between solutions of the simplified Eq. (3) and a mo
exact fifth-order equation up tos , C demonstrates the
correctness of the approach of the dominant interact
of electrons with the eigenwave of the cold system. T
approach allows a similar simplification of the nonline
analysis which can be performed using the equations
the usual gyro-TWT with changed dispersionh1svd and
coefficientx.

It is clear from the helical gyro-TWT dispersion curve
(Fig. 1) that modeW6, having a region with a smal
group velocity, can be easily excited like an operati
mode of a conventional gyrotron-oscillator. But fo
attractive amplification regimes, when the corrugation
sufficiently deep, a large separation of curvesW1 andW6

occurs, the modeW6 can still be excited but at magneti
fields significantly higher than the operating values. T
numerical analysis shows that it is possible to oper
the amplifier without self-excitation, with a high gai
(30–35 dB) and electronic efficiency (30%–35%) over
very broad frequency band (15%–20%), even when
electron beam has a large transverse velocity spread u
40%. In order to check these predictions an experimen
the high-current direct-action accelerator at the Univers
of Strathclyde was carried out.
5681
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FIG. 2. Disperson diagram for the operating helical wav
guide: Dotted and solid lines correspond to partial and eig
modes, respectively; (r): results of “cold” measurements.

In order to enhance the mode selection a thin elect
beam encircling the waveguide axis was used. Suc
beam can excite only resonant modes with azimuthal
dices equal to the cyclotron harmonic number,mA  s.
Choosing the far-from cutoff TE1,1 wave as partial wave
B and the near cutoff mode TE2,1 as the partial modeA
the interaction at the second cyclotron harmonic,s  2
was studied. In this case, a three-fold helical corrug
tion, m  3, has to be used for effective resonant co
pling of these modes and for providing the necess
eigenwave dispersion. It is important to note that in th
case the operating magnetic field was so low that sp
ous fundamental gyrotron excitation of a TE1,1 mode was
impossible, while gyrotron excitation at higher cyclotro
harmonics can lead to some problems. A 40 cm lo
waveguide of 14.5 mm mean radius with a helical co
rugation of 1.5 mm amplitude and 37.5 mm period w
tested in “cold” and “hot” experiments. To obtain th
uncher
ing
FIG. 3. Schematic diagram of the gyro-TWT with a helical waveguide: 1: Velvet cold cathode; 2: anode; 3: wave la
(converter of TE0,1 mode of a rectangular waveguide into TE1,1 mode of a circular waveguide); 4: coils generating dc guid
magnetic field; 5: kicker; 6: operating helical waveguide; 7: deflecting magnet.
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cold dispersion of the operating waveW1, the angle of ro-
tation for the linearly polarized TE1,1 wave which passe
through the helical waveguide (similar to the Faraday
fect in optical media) was measured. The points w
phase differenceDhL  np between the rotating wave
of opposite rotation, whereL is the waveguide length
n  1, 2, . . . , and, correspondingly, the polarization ve
tor at the output of the waveguide perpendicular or pa
lel to the initial wave, are shown in Fig. 2. In order to fi
the dispersion curveW6, resonant frequencies for longit
dinal modesp  1, 2, 3 . . . of the cavity, were measured

For the operating amplification regime, the driving
signal was produced by one of two pulsed magnet
with operating frequencies of 9.4 and 9.2 GHz, maxim
power of 25 kW, and pulse duration of1 ms. Nearly
50% of the magnetron power was transported throug
long rectangular waveguide to a specially designed b
frequency-band launcher (Fig. 3) which was 90% e
cient. This circular section supported only the fundam
tal TE1,1 mode for the operating frequency. Its radius w
then adiabatically increased to the radius of the interac
region. A linearly polarized wave was injected into
helical waveguide, of which half of the incident pow
with the correct rotation of the electric-field vector, p
ticipated in the interaction. Therefore, the maxim
input power in the operating eigenwave of the hel
waveguide was approximately 5.5 kW. It is importa
for gyro-TWT operation at frequencies below cutoff
the mode W6 that all the output power is containe
in the waveW1 which is then easily transformed in
a TE1,1 mode and radiated in a nearly Gaussian w
beam. The output power was measured using attenu
and sensitive semiconductor detectors, calibrated with
magnetron. Cutoff waveguide filters were also used
measuring the radiation frequency.

A 200 keVy25 A rectilinear electron beam with a d
ameter of 8 mm and FWHM duration of 150 ns (Fig.
was produced from a “cold” velvet cathode (Fig. 3).



VOLUME 81, NUMBER 25 P H Y S I C A L R E V I E W L E T T E R S 21 DECEMBER 1998

n

-
in
e
e
or
p

ri
e

of
a

e
ie
m
e
d

fo
en
ng
w

al
tic
n
h
o
lf-
n

o

or
and
and
. A
al
c-

e
of
a
d

tute
he

m
y
98-

ve

E

E

n-
n,

.

s,

the
ter
n-

V.

v,

er-
an,

-

.

n.
FIG. 4. Oscilloscope traces of voltage, beam current, a
microwave signal.

transverse velocityb'0  0 0.6 was imparted to the elec
trons in a dc single-period bifilar spiral kicker 4.5 cm
diameter with a current variable from 0 to 100 A. Th
electron velocities and their spreads were estimated
perimentally from the imprints of the beam on a scintillat
placed at different distances from the kicker. For the o
erating transverse velocityb'0  0.5 0.6 a large spread
in axial velocity of about 30% was measured. Nume
cal simulations predict for the helical gyro-TWT with th
above parameters an efficiency of,30% and a 3 dB fre-
quency bandwidth of,10% (for a deeper corrugation the
bandwidth can be widened up to 20%–25%).

In “hot” experiments at the operating magnetic field
0.22 T the transverse electron velocity was limited to
value ofb'0  0.5 because of self-excitation of the mod
of operation as observed by oscillations at frequenc
10–10.5 GHz where the wave reflection coefficient fro
the input was relatively high. Therefore, in the regim
of zero-drive stability the achievable amplification an
power are slightly less than the calculated values
the saturation regime. It is important to note that wh
the parasitic oscillations were close to their starti
regime they were easily suppressed if the magnetron
switched on.

To study the amplification regimes of the helic
gyro-TWT, the values of the guiding and kicker magne
fields, the input rf power and the length of the electro
wave interaction were systematically changed. T
saturation of the amplification was not observed due t
combination of factors, namely the parasitic se
excitation of the mode of operation limited the electro
transverse velocity and/or the length of the interacti
d
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region, and the input rf power was a little too low. F
both operating frequencies of the magnetrons, 9.4
9.2 GHz, and fixed parameters of the electron beam
magnetic field the same output power was measured
very important measurement with the use of elliptic
waveguide polarizers in front of the microwave dete
tion system confirmed that the output wave TE1,1 had
a circular polarization with a rotation opposite to th
electron rotation in the magnetic field. In the regime
single-frequency amplification, the gyro-TWT provided
maximum output power of 1 MW, a gain of 23 dB an
an efficiency of 20%.

Further experiments are now in progress at the Insti
of Applied Physics, Nizhny Novgorod, Russia and at t
University of Strathclyde, Glasgow, UK.
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