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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 numbd(s): 84.30.Le, 41.75.Fr, 52.75.Ms

[. INTRODUCTION efficiency increas¢7] because the rule of choice of the ini-
tial value of the axial magnetic field is to make the electrons
A gyro-traveling-wave tub&€TWT) can produce high fre- resonate with the radiation field over a wider frequency
guency output and has high power handling capacity due téange. The paper is organized as follows: theoretical analysis
its fast-wave interaction. Its bandwidth is wider comparedand numerical simulation are made in Secs. Il and Ill, re-
with other gyrotron devices, so the gyro-TWT is the mostspectively; Sec. IV is a brief summary of the paper.
promising device for the future high resolution radar and
high density communication system. But these applications
need a wider bandwidth and at the same time a higher gain
and efficiency. A. Model
There are two major schemes to modify a gyro-TWT for

wideband output. The first scheme is the distributed gyro- The basic principyle. of our model i.S Just the same as con-
TWT [1,2]. Both the axial guiding magnetic field and the ventional gyro-TWT’s: When a gyrating electron beam trav-

waveguide cross section should be tapered to maintain syﬁ-IS through a uniform waveguide under the guiding of an

chronism. Using a two-stage structure, a bandwidth of 200/f')atxial magnetic field, it stimulates the eigenmode in the wave-
at 35 GHz is achieved, with the peak output power, gain, an
efficiency being, respectively, 8 KW, 26 dB, and 16%. In

II. MODEL AND ANALYSIS

(gwde and amplifies the input signal. As we have known, the
operating point of a gyro-TWT is often set at the grazing

this scheme, it is complex to adjust precisely the magneti(?Oint f_OT hig(;‘_ ga]ic_n Gn-d Witdel_inhst:ar:)talneo_tis ba}ndwitd:g, and
field and the circuit, and if using a single-stage structure, onéhe axial guiding field is set slightly below its val& at the

needs to input the seed signal from the exit. The second Or%r_azing point. In .this paper, in qrder to broaden the band-
is the dielectric-loaded gyro-TWT. It reduces the circuit dis- Width further and increase the efficiency, we choose the form

persion by partly filling the waveguide with a dielectric of the guiding field as

layer. In Ref[3] a saturated bandwidth of 14% is obtained at B,o2 7<Ly
10 GHz, with the peak output power, gain, and efficiency é(z): o 1)
being 55 KW, 27 dB, and 11%. The dielectric charging ef- —1B,orf+B,[1+8(z—Lo)]2, z=L,.

fect may appear in this scheme and a waveguide loaded with
periodic metal post$4] was put forward to mitigate this R .
problem. In addition, a two-stream gyro-TW35] is put for-  In the entrance section, the guiding fieddis a constantB
ward for wideband output where two electron beams are in=B;0Z; here we demand thd,, is slightly aboveBy, B,
putting simultaneously into the waveguide; its gain is much=©.mcy/sy,e, wherew, is the cutoff frequencyy is the
higher. Spiral waveguides] are also used for wideband electron’s relative mass factog,=(1—2) Y2 B,=v,lc,
generation. In this device operation sensitivity to the electron, is the axial velocity of the electrons,is the light velocity
beam spread is reduced a lot. in vacuum, and’ is the amplitude of tapering. From a given
In this paper we present a model to widen the bandwidttposition z=L,, the axial magnetic field decreases slightly
of a gyro-TWT and at the same time increase its efficiencyand a small radical component is generated at the same time.
In this model the initial magnitude of the axial magnetic field At the end of the interaction section, the axial magnetic field
Bo, is slightly larger than its valud, at the “grazing” B, is less tharB,. We define the regiog<L, as the con-
point. And from a given position in the interaction section, stant region and>L as the taper region.
the axial magnetic field has a slightly linear decrease. It is In the constant region, due #8,,>B, the dispersion
different from the distributed gyro-TWT that we taper the curves of a single waveguide mode and the electron beam
guiding field only from a given position and the waveguide mode will have two intersection poinsandB at two reso-
is uniform; it is also different from the field tapering for nant frequenciemg, and wg, (see Fig. 1 The expressions
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We can see from Ed6) that even ife is slightly greater than
unit, the electron beam will be able to resonate with the
radiation field over a relatively wider frequency range in the
waveguide. For example, whes=1.032, the beam voltage
V=90KYV, the velocity ratioa=1.0, A w/ wrz3=19%; when
€=1.024,V=135KV, a=1.0, Aw/ wgz=19%. The device
will generate wideband output if the signals in the whole
unstable frequency rangew can be amplified efficiently.

B. Theoretical analysis

In this section we will analyze the amplification mecha-
nism of a signal whose frequency is neag;, wr,, Or wrs
in detail. For signals with frequency neag; andwg,, they

FIG. 1. The dispersion relation between the waveguide and ele(i,-\”“ be amp“fled effiCiently in the constant regioa{ I—O)

tron beam mode, curve I:B,=1.03B; curve Il: B,=By.

of the two resonant frequencies and their corresponding axi%

wave numbers are as follow}8]:

1
le,RZZSY§Q< 158,01 ?> , 2
L0 1
kzl,zZZS'yz? B+ 1_? ) 3

where s is the electron cyclotron harmonic numbe®,
=eB,g/mcy, e=sy,Q/w.=B,/By. Here we require that

just as conventional cyclotron autoresonance maser amplifier
TWT is. Compared with signals with a frequency negy; ,

r signals neatwg,, their axial wave numbdy, is relatively
large and the axial bunching effect will suppress the azi-
muthal bunchind9], so the gain is relatively low. Tapering
the axial guiding field from a proper position can increase
the efficiency and lower the operation sensitivity to the axial
velocity spread7]. In our model, the length of the constant
region is close to the saturation length of the signals with
frequency neamwg,. For signals with frequency neargs,
though, the electron beam and the radiation field are mark-
edly off resonance and beam-wave interaction is weak, but
due to the existence of both force bunching and inertial
bunching, the electron beam may bunch W&0]. When the

both k,; andk,, are greater than zero, so both modes withprebunched electron beam passes through the taper region,

frequencieswg; and wg, propagate in the forward direction.
From Eq.(3), € should satisfy the condition
4

€e<vy,.

Furthermore, we also require that-1 is small enough that
the electron cyclotron line will not intersect with the disper-

there exists a local region where the beam and the radiation
field is at or near resonant, so high output power will be
generated. In summary, for signals with frequency negy

and wg,, the input signal is amplified preliminary in the
constant region and further enhanced in the taper region; for
signals with frequency neavgs, the electron beam is first
prebunched in the constant region and releases energy

sion curve of the higher waveguide mode nearest to the ogh@nly in the taper region.

erating mode. Since the initial magnitude of the axial guiding

field we need is just slightly larger thay, i.e., e—1, the

From the theoretical analysis above, by properly choosing
the initial value of the axial magnetic fiell,, the length of

value ofe always satisfies the requirements mentioned abov&€ constant regioh,, and the amplitude of tapering high
for electron beams with moderate voltage and velocity ratio®UtPut power will be obtained over a wider frequency range.

On entering the taper region, with the axial guiding field

decreasing slightly, the electron cyclotron resonant line slips
downward slowly and intersects the waveguide dispersion

curve at a series of resonant frequencies. See Fig. 1. Wh
B, is lowered toB, the two dispersion curves are tangential
at pointC; the relevant frequencyrs is

©)

_ 2 _
WR3= S'yZQg_ YzWc -

IIl. SIMULATION RESULTS AND DISCUSSION

In this section we will verify by numerical simulation that

Ylr model can generate high efficiency and wide bandwidth

output. In the simulation process, we assume that the elec-
tron beam is an infinite thin ring, its pulse is long enough,
and only the first cyclotron harmonic interaction exists, i.e.,
s=1. We select the low los§Ey; mode in a circular wave-
guide as the operating mode, and neglect the space-charge

With the axial guiding field decreasing further, there are nceffect. Unless where otherwise stated, the following param-
intersection points anymore. For signals whose frequency isters are used: the electron beam voltage 90KV, the

betweenwg, andwg,, there exists a local section where the

beam current=7 A, the velocity ratioa=1.0, the electron

electron beam can resonate with the signal. According to Ecguiding center radius 4=0.75,,, r,, is the radius of the

(2), we will have

waveguide cross section, the axial velocity spread is 2%, the
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initial magnetic fieldB,,=1.03B; (¢=1.032), the ampli- and the radiation power has a local maximum befare
tude of taperingéd=0.184%,, (cm), the input powerP;, =L,, which is less than the value at saturation; when
=5W, andL,=54r, . If we specify the center frequency =~ wg,, besides a small decrease at the beginning, the radia-
wgrs at 35 GHz, then the waveguide rading=5.683mm  tion power is amplified gradually with the increasing of the
and the initial magnetic field8,,=12.94kGs. A frequency interaction length till saturation; when= wg3, the radiation
sweep is performed to examine the instantaneous bandwidffower has a great dip at first because the force bunching
of the amplifier. The main results are as follows. effect is much stronger than the inertial bunching due to the
In accordance with the theoretical analysis, the amplificarelatively large off resonance in the entrance section. The
tion characteristics of signals in different frequency rangesadiation power also has a small oscillation before saturation.
are different. From Fig. @), whenw~ wg,, the gain is high  The bunching parametdy at w= wgs increases monotoni-

300 300
250 =
m L.
)
§ 150 |
<
o
100 |
5 r FIG. 3. Output power versus
frequency. In(a) curves 1 and 2
009 2 stand forP;,=3 and 7 W; in(b)
i curves 1, 2, 3, and 4 stand for the
axial velocity spreads are 2%, 3%,
4%, and 5%, respectively, rel-
evantP;, are 5, 9, 18, and 25 W;
300 450 in (c) 6=0.184%tf,(cm) for
a00 b curve 1 and§=0.155%tf,,(cm)
250 | for curve 2; in(d) the beam cur-
350 | rent I=7 A for curve 1 andl
200 | 300 F =10A for curve 2, and the beam
£ g 250 | voltageV=135KV for curve 3.
g 150 f 8
100 150 F
100 |
w -
w L
0 0
09 085 1 105 11 115 12 09 1.2

wfw

(©




PRE 61 HIGH EFFICIENCY AND WIDEBAND GYRO-. .. 4453

cally along the interaction section until it reaches saturation Fixing all the other parameters, we vary the amplitude of
[Fig. 2(b)]. tapering 6 from 0.184%f,, (cm) to 0.155%f,, (cm); both
From Fig. Za) we can also find that after saturation the the peak power and the bandwidth are nearly unchanged
synchronous oscillation of the radiation power is relatively[Fig. 3(c)]. When the current is raised to 10 A, we can still
small, so the output bandwidth and power are not sensitive tgchieve wideband and high efficiency outdéfig. 3(d)].
the circuit length. Choosing =114, the calculated con- From the results above, we know that the operation of our
stant bandwidth and the efficiency of the amplifier can reactinodel is insensitive to such parameters as the amplitude of
20% and 42%, respectively, and the peak power and gain atéPering and beam current. Increasing the beam voltage ap-
260 KW and 47 dB. Due to the low loss of tHéEy, mode, propriately, the peak power can be enhanced correspond-

the peak cw wall loading at the end of the last interactionnd!y- For voltageV=135KV, e=1.024, other parameters
section is less than 100 W/@m remaining unchanged, the calculated peak power and band-

When the input power is varied o5 W to 3 W or 7 W width are, respectively, 369 KW and 18%, and the gain and
from Fig. 3, the output power in the high frequency range€fficiency are 48 dB and 39%ig. 3d)]. _
increases with the increasing of the input power, while the Both theoretical analysis and _numer_lc_al simulation show
output power in the low frequency range is almost un-that our model can generate high efficiency40% and
changed. The peak power and bandwidth are 260 KW an ideband outpu¢~20%). The form of the tapering magnetic

19% whenP,,=3 W and are 268 KW and 20% whe® leld it used is simple and not difficult to realize.
—7W, respectively: whem v, /v,=3%, the bandwidth is " our model, although the initial magnetic field is slightly
’ ’ z z 1

18% with a peak power 252 KW. Despite the fact that the@bove its value at the grazing point, it decreases linearly after
efficiency at the high frequency range has a relatively Iarg@ relatively short Ie_ngth; thus the stability of the device will
decrease, it is still higher than 20%. When the axial velocitynot be affecteq ol_;wou;ly. At present there are many ways 1o
spread increases furthigig 3(b)], the output power is again SUppress oscnl_atlons in a gyro-TWT, and one of the most
affected slightly in the low frequency range, while the outputfféctive ways is to use a lossy wavegulds].

power in the high frequency range has a marked decrease
because of large axial wave number, and leads to the
relevant decrease of the bandwidth. Though the decrease canA model is presented for a wideband gyro-TWT. This
be compensated to some extent by increasing the inpuhodel's bandwidth is comparable to that of the existing
power, beams with velocity spread less than 4% are wantegiideband mode, but its efficiency is improved greatly. The
in the proposed model. This requirement is not tough coninteraction mechanism of the beam wave is analyzed and
sidering the development of the magnetron injection gunverified by numerical simulation. When the beam current is 7
these day$11]. A high quality beam is a common require- A, the voltage is 90 KV, the velocity ratio is 1.0, and the
ment in most wideband amplifiefd1,12. Decreasing the axial velocity spread is 2%, numerical results show a con-
peak output power and bandwidth may also be mitigated tatant bandwidth of 20% with an efficiency 42%; the peak

IV. CONCLUSION

some extent by adjusting such parameters$,ds,, andry. power and gain are, respectively, 260 KW and 47 dB.
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