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High efficiency and wideband gyro-traveling-wave-tube amplifier
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A model is presented for a wideband gyro-traveling-wave-tube amplifier. The model’s output bandwidth is
comparable to that of the existing wideband model, but its efficiency is improved a lot. In this model, after
choosing a proper initial magnitude, the axial magnetic field has a slightly linear decrease from a given position
in the interaction section. The interaction mechanism of the beam wave is analyzed and verified by numerical
simulation. When the beam current is 7 A, voltage is 90 KV, the velocity ratio is 1.0, and the axial velocity
spread is 2%, numerical results show a constant bandwidth of 20% with an efficiency of 42%; the peak power
and gain are, respectively, 260 KW and 47 dB.

PACS number~s!: 84.30.Le, 41.75.Fr, 52.75.Ms
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I. INTRODUCTION

A gyro-traveling-wave tube~TWT! can produce high fre-
quency output and has high power handling capacity du
its fast-wave interaction. Its bandwidth is wider compar
with other gyrotron devices, so the gyro-TWT is the mo
promising device for the future high resolution radar a
high density communication system. But these applicati
need a wider bandwidth and at the same time a higher
and efficiency.

There are two major schemes to modify a gyro-TWT
wideband output. The first scheme is the distributed gy
TWT @1,2#. Both the axial guiding magnetic field and th
waveguide cross section should be tapered to maintain
chronism. Using a two-stage structure, a bandwidth of 2
at 35 GHz is achieved, with the peak output power, gain,
efficiency being, respectively, 8 KW, 26 dB, and 16%@1#. In
this scheme, it is complex to adjust precisely the magn
field and the circuit, and if using a single-stage structure,
needs to input the seed signal from the exit. The second
is the dielectric-loaded gyro-TWT. It reduces the circuit d
persion by partly filling the waveguide with a dielectr
layer. In Ref.@3# a saturated bandwidth of 14% is obtained
10 GHz, with the peak output power, gain, and efficien
being 55 KW, 27 dB, and 11%. The dielectric charging
fect may appear in this scheme and a waveguide loaded
periodic metal posts@4# was put forward to mitigate this
problem. In addition, a two-stream gyro-TWT@5# is put for-
ward for wideband output where two electron beams are
putting simultaneously into the waveguide; its gain is mu
higher. Spiral waveguides@6# are also used for wideban
generation. In this device operation sensitivity to the elect
beam spread is reduced a lot.

In this paper we present a model to widen the bandwi
of a gyro-TWT and at the same time increase its efficien
In this model the initial magnitude of the axial magnetic fie
B0z is slightly larger than its valueBg at the ‘‘grazing’’
point. And from a given position in the interaction sectio
the axial magnetic field has a slightly linear decrease. I
different from the distributed gyro-TWT that we taper th
guiding field only from a given position and the wavegui
is uniform; it is also different from the field tapering fo
PRE 611063-651X/2000/61~4!/4450~4!/$15.00
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efficiency increase@7# because the rule of choice of the in
tial value of the axial magnetic field is to make the electro
resonate with the radiation field over a wider frequen
range. The paper is organized as follows: theoretical anal
and numerical simulation are made in Secs. II and III,
spectively; Sec. IV is a brief summary of the paper.

II. MODEL AND ANALYSIS

A. Model

The basic principle of our model is just the same as c
ventional gyro-TWT’s: When a gyrating electron beam tra
els through a uniform waveguide under the guiding of
axial magnetic field, it stimulates the eigenmode in the wa
guide and amplifies the input signal. As we have known,
operating point of a gyro-TWT is often set at the grazi
point for high gain and wide instantaneous bandwidth, a
the axial guiding field is set slightly below its valueBg at the
grazing point. In this paper, in order to broaden the ba
width further and increase the efficiency, we choose the fo
of the guiding field as

BW ~z!5H Bz0ẑ, z,L0

2 1
2 Bz0dr r̂ 1Bz0@11d~z2L0!# ẑ, z>L0.

~1!

In the entrance section, the guiding fieldBW is a constant,BW
5Bz0ẑ; here we demand thatBz0 is slightly aboveBg , Bg
5vcmcg/sgze, wherevc is the cutoff frequency,g is the
electron’s relative mass factor,gz5(12bz

2)21/2, bz5vz /c,
vz is the axial velocity of the electrons,c is the light velocity
in vacuum, andd is the amplitude of tapering. From a give
position z5L0 , the axial magnetic field decreases sligh
and a small radical component is generated at the same t
At the end of the interaction section, the axial magnetic fi
Bz is less thanBg . We define the regionz,L0 as the con-
stant region andz.L0 as the taper region.

In the constant region, due toBz0.Bg , the dispersion
curves of a single waveguide mode and the electron be
mode will have two intersection pointsA andB at two reso-
nant frequenciesvR1 andvR2 ~see Fig. 1!. The expressions
4450 © 2000 The American Physical Society
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of the two resonant frequencies and their corresponding a
wave numbers are as follows@8#:

vR1,R25sgz
2VS 17bzA12

1

e2D , ~2!

kz1,z25sgz
2 V

c S bz7A12
1

e2D , ~3!

where s is the electron cyclotron harmonic number,V
5eBz0 /mcg, e5sgzV/vc5Bz0 /Bg . Here we require tha
both kz1 and kz2 are greater than zero, so both modes w
frequenciesvR1 andvR2 propagate in the forward direction
From Eq.~3!, e should satisfy the condition

e,gz . ~4!

Furthermore, we also require thate21 is small enough tha
the electron cyclotron line will not intersect with the dispe
sion curve of the higher waveguide mode nearest to the
erating mode. Since the initial magnitude of the axial guid
field we need is just slightly larger thanBg, i.e., e→1, the
value ofe always satisfies the requirements mentioned ab
for electron beams with moderate voltage and velocity ra

On entering the taper region, with the axial guiding fie
decreasing slightly, the electron cyclotron resonant line s
downward slowly and intersects the waveguide dispers
curve at a series of resonant frequencies. See Fig. 1. W
Bz is lowered toBg , the two dispersion curves are tangent
at pointC; the relevant frequencyvR3 is

vR35sgz
2Vg5gzvc . ~5!

With the axial guiding field decreasing further, there are
intersection points anymore. For signals whose frequenc
betweenvR1 andvR2 , there exists a local section where th
electron beam can resonate with the signal. According to
~2!, we will have

FIG. 1. The dispersion relation between the waveguide and e
tron beam mode, curve I:Bz51.032Bg ; curve II: Bz5Bg .
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vR3
5

vR22vR1

vR3
52bzAe221. ~6!

We can see from Eq.~6! that even ife is slightly greater than
unit, the electron beam will be able to resonate with t
radiation field over a relatively wider frequency range in t
waveguide. For example, whene51.032, the beam voltage
V590 KV, the velocity ratioa51.0,Dv/vR3519%; when
e51.024,V5135 KV, a51.0, Dv/vR3519%. The device
will generate wideband output if the signals in the who
unstable frequency rangeDv can be amplified efficiently.

B. Theoretical analysis

In this section we will analyze the amplification mech
nism of a signal whose frequency is nearvR1 , vR2 , or vR3
in detail. For signals with frequency nearvR1 andvR2 , they
will be amplified efficiently in the constant region (z,L0)
just as conventional cyclotron autoresonance maser amp
TWT is. Compared with signals with a frequency nearvR1 ,
for signals nearvR2 , their axial wave numberkz is relatively
large and the axial bunching effect will suppress the a
muthal bunching@9#, so the gain is relatively low. Taperin
the axial guiding field from a proper position can increa
the efficiency and lower the operation sensitivity to the ax
velocity spread@7#. In our model, the length of the consta
region is close to the saturation length of the signals w
frequency nearvR2 . For signals with frequency nearvR3 ,
though, the electron beam and the radiation field are ma
edly off resonance and beam-wave interaction is weak,
due to the existence of both force bunching and iner
bunching, the electron beam may bunch well@10#. When the
prebunched electron beam passes through the taper re
there exists a local region where the beam and the radia
field is at or near resonant, so high output power will
generated. In summary, for signals with frequency nearvR1
and vR2 , the input signal is amplified preliminary in th
constant region and further enhanced in the taper region
signals with frequency nearvR3 , the electron beam is firs
prebunched in the constant region and releases en
mainly in the taper region.

From the theoretical analysis above, by properly choos
the initial value of the axial magnetic fieldBz0 , the length of
the constant regionL0 , and the amplitude of taperingd, high
output power will be obtained over a wider frequency ran

III. SIMULATION RESULTS AND DISCUSSION

In this section we will verify by numerical simulation tha
our model can generate high efficiency and wide bandwi
output. In the simulation process, we assume that the e
tron beam is an infinite thin ring, its pulse is long enoug
and only the first cyclotron harmonic interaction exists, i.
s51. We select the low lossTE01 mode in a circular wave-
guide as the operating mode, and neglect the space-ch
effect. Unless where otherwise stated, the following para
eters are used: the electron beam voltageV590 KV, the
beam currentI 57 A, the velocity ratioa51.0, the electron
guiding center radiusr g50.75r v , rv is the radius of the
waveguide cross section, the axial velocity spread is 2%,

c-
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FIG. 2. ~a! Radiation power
revolution for different frequen-
cies; curves 1, 2, and 3 stand fo
v/vR350.94, 1.0, and 1.12.~b!
The bunching parameterb versus
the interaction length atv5vR3 .
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initial magnetic fieldBz051.032Bg (e51.032), the ampli-
tude of taperingd50.184%r w ~cm!, the input powerPin
55 W, andL0554r w . If we specify the center frequenc
vR3 at 35 GHz, then the waveguide radiusr w55.683 mm
and the initial magnetic fieldBz0512.94 kGs. A frequency
sweep is performed to examine the instantaneous bandw
of the amplifier. The main results are as follows.

In accordance with the theoretical analysis, the amplifi
tion characteristics of signals in different frequency rang
are different. From Fig. 2~a!, whenv'vR1 , the gain is high
th

-
s

and the radiation power has a local maximum beforez
5L0 , which is less than the value at saturation; whenv
'vR2, besides a small decrease at the beginning, the ra
tion power is amplified gradually with the increasing of th
interaction length till saturation; whenv5vR3 , the radiation
power has a great dip at first because the force bunch
effect is much stronger than the inertial bunching due to
relatively large off resonance in the entrance section. T
radiation power also has a small oscillation before saturat
The bunching parameterb at v5vR3 increases monotoni
e
,

-

FIG. 3. Output power versus
frequency. In~a! curves 1 and 2
stand forPin53 and 7 W; in~b!
curves 1, 2, 3, and 4 stand for th
axial velocity spreads are 2%, 3%
4%, and 5%, respectively, rel
evantPin are 5, 9, 18, and 25 W;
in ~c! d50.184%/r w~cm! for
curve 1 andd50.155%/r w~cm!
for curve 2; in ~d! the beam cur-
rent I 57 Å for curve 1 and I
510 Å for curve 2, and the beam
voltageV5135 KV for curve 3.
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cally along the interaction section until it reaches saturat
@Fig. 2~b!#.

From Fig. 2~a! we can also find that after saturation th
synchronous oscillation of the radiation power is relative
small, so the output bandwidth and power are not sensitiv
the circuit length. ChoosingL5114r w , the calculated con-
stant bandwidth and the efficiency of the amplifier can re
20% and 42%, respectively, and the peak power and gain
260 KW and 47 dB. Due to the low loss of theTE01 mode,
the peak cw wall loading at the end of the last interact
section is less than 100 W/cm2.

When the input power is varied from 5 W to 3 W or 7 W,
from Fig. 3, the output power in the high frequency ran
increases with the increasing of the input power, while
output power in the low frequency range is almost u
changed. The peak power and bandwidth are 260 KW
19% whenPin53 W and are 268 KW and 20% whenPin
57 W, respectively; whenDnz /nz53%, the bandwidth is
18% with a peak power 252 KW. Despite the fact that t
efficiency at the high frequency range has a relatively la
decrease, it is still higher than 20%. When the axial veloc
spread increases further@Fig 3~b!#, the output power is again
affected slightly in the low frequency range, while the outp
power in the high frequency range has a marked decre
because of large axial wave numberkz , and leads to the
relevant decrease of the bandwidth. Though the decrease
be compensated to some extent by increasing the in
power, beams with velocity spread less than 4% are wan
in the proposed model. This requirement is not tough c
sidering the development of the magnetron injection g
these days@11#. A high quality beam is a common require
ment in most wideband amplifiers@11,12#. Decreasing the
peak output power and bandwidth may also be mitigated
some extent by adjusting such parameters asd, L0 , andr g .
-
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Fixing all the other parameters, we vary the amplitude
taperingd from 0.184%/r w ~cm! to 0.155%/r w ~cm!; both
the peak power and the bandwidth are nearly unchan
@Fig. 3~c!#. When the current is raised to 10 A, we can s
achieve wideband and high efficiency output@Fig. 3~d!#.
From the results above, we know that the operation of
model is insensitive to such parameters as the amplitud
tapering and beam current. Increasing the beam voltage
propriately, the peak power can be enhanced correspo
ingly. For voltageV5135 KV, e51.024, other parameter
remaining unchanged, the calculated peak power and b
width are, respectively, 369 KW and 18%, and the gain a
efficiency are 48 dB and 39%@Fig. 3~d!#.

Both theoretical analysis and numerical simulation sh
that our model can generate high efficiency~;40%! and
wideband output~;20%!. The form of the tapering magneti
field it used is simple and not difficult to realize.

In our model, although the initial magnetic field is slight
above its value at the grazing point, it decreases linearly a
a relatively short length; thus the stability of the device w
not be affected obviously. At present there are many way
suppress oscillations in a gyro-TWT, and one of the m
effective ways is to use a lossy waveguide@13#.

IV. CONCLUSION

A model is presented for a wideband gyro-TWT. Th
model’s bandwidth is comparable to that of the existi
wideband mode, but its efficiency is improved greatly. T
interaction mechanism of the beam wave is analyzed
verified by numerical simulation. When the beam current i
A, the voltage is 90 KV, the velocity ratio is 1.0, and th
axial velocity spread is 2%, numerical results show a c
stant bandwidth of 20% with an efficiency 42%; the pe
power and gain are, respectively, 260 KW and 47 dB.
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