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Analysis of a Tapered Vane Loaded
Broad-Band Gyro-TWT

Mukul Agrawal, G. Singh, P. K. Jain, and B. N. Basu

Abstract—In this theoretical paper, the wide-band low-gain
feature of a tapered smooth wall gyro-traveling wave tube
(gyro-TWT) was combined with the low beam energy, low mag-

Electron orbit

netic field, and high gain, though narrow band, feature of a vane TE-mode

loaded nontapered gyro-TWT, to propose a distributed, tapered field line

vane loaded gyro-TWT for both high gains and wide bandwidths.

The device was analyzed for the tapering of any one of the three

parameters—the waveguide radius, the vane depth, and the vane

angle—keeping the remaining two as constant. The magnetic field

was also synchronously tapered. The optimum taper and vane

parameters were predicted for a large gain and bandwidth. 0= 2mn ﬂ’l
Index Terms—DBistributed wide-band amplifier, gyrotron, Ny 2

gyro-TWT, high-power amplifier, millimeter-wave amplifier.

|. INTRODUCTION \ X Metal
ECENT years have seen intense activities in the devel- %’éiv"edgrd?gé

opment of high power, fast-wave electron beam devices
bas_ed on electron CyCIOtr(_)n resonance maser (CRM) 'nSta_b”ﬁ}f. 1. Cross section of a vane-loaded cylindrical waveguide interaction
to fill the technology gap in the development of active devicesucture of a gyro-TWT.
in the millimeter and sub-millimeter wave frequency region. In

this class of devices, the gyrotrons have been used successf%lgpmg the waveguide characteristics by means of loading the

az\?e':tjg:;c(es frgr_%ll?l.srr:)ahgizngﬁéﬁém;agﬁe;Tglgg;c’;r;avlﬁ:ler\}r\gaveguide, with a dielectric [5]-[8] or axially periodic metal
gy P P iscs or a helix [9]-[12]. In the second method, a smooth wall

for high information density radar and broad-band communica- S o . . .
tion Systems waveguide is used which is tapered in cross section along its
Y ) length. The background magnetic field is also tapered synchro-

A gyro-TWT consists of an annular beam of gyrating elecﬁously with the tapered waveguide cross section [13]-[17]. This

trons interacting with a transverse electric field supported by aethod, however, yields poor gain due to a relatively small in-

waveguide. The bunching in the device is caused by the re &raction length becoming effective for a given operating fre-

tivistic change of electronic mass. For energy conversion, t Sency

device utilizes azimuthal kinetic beam energy through |nte(r:]-A cylindrical waveguide provided with metal vanes pro-

action with a fast waveguide mode. The operating frequency... ) ) :

. : cting radially inward from its wall was suggested as the

is chosen near the cutoff frequency of the waveguide at : .
interaction structure to meet the challenge of building up

grazing intersection between the beam mode line and the wave- . o
guide mode hyperbola iw — 8 dispersion plot [1]. The de- gyrotrons with a low energy beam and low magnetic field

vice bandwidth can be maximized by optimizing the beam al%ljp n9 with good mode selectivity [18]-{21]. An azimuthally

background magnetic field parameters [2], [3]. However, stfﬂemd'c vane Ioad_mg of a smooth wall cyI|r_1dr|ca_1I Wavegw_de
i . . : enhances the device gain but does not widen its bandwidth.
wider bandwidths are not achievable unless special means

% motivates us to combine in this paper the broadbanding

used since, at the operating frequency near the cutoff frequer}%ture (though lower gain) of a tapered smooth wall waveguide

the group velocity of the waveguide increases rapidly with fr%\_/ith the high gain (though narrower bandwidth) feature of a

quency, causing a narrow-band grazing intersection or coalsghe loaded non tapered waveguide, to study the potential of a

Ci? dC:rggévgeig tggigﬁi]m zr%%?ad['j]persmn line and the Wa‘\fgbered" vane loaded waveguide interaction structure for both
9 b yp Lo . mgh gain and wide bandwidth of a gyro-TWT.
There are two methods in vogue for widening the bandwid

of a gyro-TWT. The first of these methods is by dispersion
II. ANALYSIS
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One may choose to taper the structure cross section by taperingandY, are the Bessel functions of ordey of the first and

rw, keepingry /rw and ¢y constant (taper scheme I), or bysecond kinds, respectively;, andY;, represent the differential
taperingrv /rw, keepingry and ¢y constant (taper schemecoefficients of Bessel functions with respect to their argument.
1), or by tapering¢y, keepingry andry /rw constant (taper  Once the valué:. is obtained from the solution of (1), one
scheme lll). For the tapering schemes (I, Il and IIl), we magan find the axial phase propagation constant of the structure,
define: 3, from the general waveguide-mode dispersion relatign:

3% — k¥ = 0, whereky = w/c is the free-space propagation
constantw the angular frequency, arndhe speed of light.

rwi{z} =rw {i} + <z — %) tani (taper scheme 1)

2 B. Beam and Background Magnetic Profiles
TV - TV TV z
o <7‘W{l} - 7’{4/’{0}) (7> The c_utoff _angular freq_uency,;cut{z} = k.{z}e, of the
ah v i waveguide will change with the axial distanee as per the
+ P (taper scheme II) scheme (1 or Il or Ill) of profiling. Accordingly, the back-
b b L0V 4 (o ITY — bu 0 grpund magnet|c.flu>.< densn}Bo{;{]'» has to be profiled along
dvizt = {Z} + (v ily = ov{0D) z in order to maintain the condition of cyclotron resonance.
X (7> (taper scheme I1I) We may choose to profilé3,{~} such that it maintains a

constant ratio with the grazing point magnetic flux density
wherey = tan~1(ry {1} — 7w {0}) /L is the taper angle of the By{z} = mecovweu{z}/(lelsv-{2}) [8], [22], [23]:
waveguide radius, ands the interaction length.
We use the following approximate method to quickly esti-B0 {2} = el 3= 42} Bo {2} = e {z}s7. {2} = constant
mate the effect of tapering on a vane loaded gyro-TWT. The’¢ {z} Me0YWour 12} Ywour {2} 3)

tapered interaction length of the vane loaded cylindrical waver oo, andm.oare the charge and the rest mass of an electron,

guid_e is divided into a_numberofsmall dis_crete length portior}a ectivelyw. = cBo/meo is the nonrelativistic cyclotron
of different cross sections as per the considered taper sche zfular frequencys is the beam cyclotron harmonic number:

or Il or Ill). Each section is individually treated as of uniform_ ~ 2, 2\ 2\—1/2 . 2/ 2v—1/2
cross section. We carry out the cold (beam absent) analysi o -(1- . (vf +02)/*) " andy. . (L _UZ/.C )/ are the
) ¥ Emwstlc mass factors;. andv, being the axial and transverse

the uniform cross section vane loaded waveguide for the a am velocities, respectively. It may be noted thit constant

phase propagation constihaind the cutoff wavenumbeé. We with the axial distance. This may be seen from the relation

substitute and . of the vane loaded structure obtained mtgy — 1+ |e| Vo/(meoc?), obtained by equating the relativistic

the Piece-type gain equation of the gyro-TWT [8], [22]_[24]kinetic energy with the potential energy of the electron beam,

Adding the gain contributions from individual length portions\,NhereV0 is the beam voltage [22], [23]. In view of the constancy
we get the overall device gain. of 7, we get from (3): ’

A. Cold Dispersion Relation 7:{2}Bo{z}

The method of including the effects of azimuthal harmonics weur {7}
due to azimuthally periodic vanes in the analysis of a waveguittés also implied that the beam parameters, namely the Larmor
(Fig. 1) closely follows the one used in the past to take into aradiusr;,, the hollow-beam radiusg, and the transverse beam
count similar effects due to discrete dielectric helix supports in@locity »,, will vary with the axial distance as per the mag-
conventional TWT helical structure [3], [25]. In order to find thenetic profile By{z} as follows [17], [26]:
cold dispersion relation of the structure we first find a system of 12
simultaneous equations in the Fourier components of field con- rr{z}B,’ *{z} =constant (a)
stants.hThde condition f?r the e}xirs]tence of nontLiviaI s?]lugo?]s rir{z} Bé/ 2{2} =constant (b)
gives the dispersion relation of the structure. The method that —1/2
has been outlined for tHEE,, mode in [3] and [25] when gen- uil{z}By / {z} =constant (c) ()

eralized for thel'E, (v = m + kNy) mode, withm andk as - The relations (5) (a)—(c) are valid, respectively obeying: 1) the
integers, results in the following cold (beam absent) dispersiggiabatic beam-flow condition [26]; 2) the conservation of mag-

= constant (4)

relation of the vane loaded structure: netic flux [17]; and 3) the conservation of electron magnetic mo-
ment [17].
S kerw } It is easy to express, with the help of (3) and (5), the normal-
/ e, . SN R v ) l
Tolkerviov + {(1 )Ry =, <Y,j{kcrw} ized magnetic field and beam parameters,an terms of their

corresponding values at= 0, as follows:

()= ()

- T2 Loy Y b } e () e=(x) {O}C%DI @Z%)W
O Iy kerw Y kerv ) — L {kerv Y {kerw ) ™

X Y,,{]{}c7’v}:| <if—7; — (f)v) =0 (1)

where
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rH _(rH Went{2} Bo{~} —1/2 8 with K interpreted as the interaction impedance given by [8],
()= o (C25) (Ze)  © ke

Cyo-(Fmd) (k) o ()" (12000

() 1 :<<’v2 S (o) o= ()| e ()

2 14+ 2 0 2
c v o Oéo{ })’Y . Js—u{chH}Jg{chL} 2 15
<BO{Z}> (10) Ju{kerw } '
By{0} Thus, we may identify the following normalized magnetic
vz} /e field and electron beam parameters for calculating the gain con-
=17 11
ao{z} v {z)/e (1) tribution from an individual portion of the interaction length

considered at an axial distanee

As discussed preceding (3), the magnetic flux density is ta- 1) By/B,{z} —to be used with the help of (3) to find. /7,

pered, but its value relative to the grazing point value remains  which in turn can be used to get the solutionsfotand,

the same. This makes (6) evident. The right hand side of (11) hence, also for,), 5, andés; and

may be obtained from (9) and (10) to find the beam pitch factor 2) (ri./rw){z}, Crafrw){z}, (v/e){z}, (v./e){z}, and

ap. The magnetic field taper parametBg{~}/Bo{0} occur- ap{z} — all involved in the expression (15) fdt, that

ring in (6)—(11) may be obtained from the following solution occurs in the gain equation through the gain param@ter

to the quadratic equation, which is obtained by combining (4), As the structure cross section is tapered along the interac-

(5¢), and the definitions of; and~ given the following (3): tjon length, it is the cutoff wavenumbér, of the vane loaded

See equation (12) at the bottom of the page, wherf®} and  waveguide that changes with the axial length. The value of

11{0}/c may be expressed with the help of the definitions gfye tapered vane loaded cylindrical waveguide at any cross-sec-

relativistic mass factors, given following (3), as tional plane may be found by treating the cold dispersion rela-
tion (1) as the local dispersion relation, provided the waveguide
parametersyy, rv /rw, ¢y, andNy- are known at that plane. If

) o\ —1/2 the tapering profile for the waveguide parameters is known, then
v.{o}=[1- <'72—_1> (13) the axial phase propagation constant and the cutoff wavenumber
(1+ag{0})y? k. of the waveguide can be found by solving the cold dispersion
relation (Section II-A). Subsequently the beam and the mag-
and netic field parameters can be calculated (Section 11-B), which
) ) can then be used for the gain calculation.
c/ 7 (1+a5{0})y? Il. RESULTS AND DISCUSSION

The analytical expressions presented in the preceding section
will be used in this section to evaluate the performance of a
gyro-TWT in a waveguide with or without vanes in both non-

The interaction length of tapered cross section may be dipered and tapered configurations. Three possible schemes for
vided into small portions to each of which we may apply th&pering will be examined, in which one out of the three vane
well known Pierce-type gain equatidd = A + BCN [8], parametersyy, rv/rw, and¢y is tapered along the interac-
[22], [23] , whereA = —20log, |(1 — 62/61)(1 — 83/61)|, tionlength, while keeping the remaining two as constant. (These
B = 40n(log,g e)z1, and N = g1/(2x), with [ as the inter- schemes have been labeled as |, Il, and Il in Section Il). The
action lengthéy, 6 andés are the roots of the cubic dispersiorgyro-TWT in a smooth wall waveguide can be tapered by ta-
relation of the gyro-TWT#(6 + jb)> = j) andx; is the real peringry- and may be treated as a special case of a vane loaded
part, supposedly positive, 6f. b = (3. — 3)/(8C) is the syn- gyro-TWT (ry /ry = 1) in taper scheme 1.
chronization parameter with, = (w — sw./)/v. asthebeam  For the nontapered case, the vane loaded gyro-TWT gives
propagation constant! = (K1, /4V,)/? is the Pierce gain pa- higher gain compared to the conventional gyro-TWT in a
rameter, wheré/, is the beam voltagd, is the beam current, smooth wall waveguide (Fig. 2). However, the nontapered vane

C. Gain Equation

2 v {0} )2 2 v {0} \ 2 2 wouid2} N 2 (2 {03\ ? o
o) ~+2{0} (—) + <<vz{0}( : ) ) +4(%“t{0}) (~W ) )

Bo{0} 9 (wcut[z} )_2

went {0}

(12)
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Fig. 2. Gain-frequency response of a gyro-TWT in a tapered waveguide (ta|
scheme |, withyy = 0.5°) compared with that of a nontapered waveguide
for both the vane loade@ry /ryw = 0.6, ¢, = 45°, N,, = 4) and the
smooth wall cases. The device is excited inTh&,; waveguide mode and the
fundamental beam harmonis = 1) with ry = 5.37 mm,! = 250 mm. The
beam parameters arey = 70 kV, Iy = 9 A, ao{0} = 0.5, 71 /ruw {0} =
0.1, rg/rw{0} = 0.58 (optimized for maximum gain at the beginning of

W
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(b)
10 Fig. 4. Gain-frequency response of a gyro-TWT in a tapered (taper scheme I)
I vane-loaded waveguide'v /rw = 0.6, ¢y = 45°, Ny = 4), taking the
taper angle) as a parameter (a), and the corresponding device peak gain and 3
dB bandwidth versus taper angleplots (b). The waveguide mode, radius and
L length, as well as the beam and magnetic field parameters are same as those in
0 - 1 TR Fig. 2.
10 20 30 40 50 60

Frequency (GHz) . ) .
that in a tapered smooth wall waveguide. Nevertheless, the gain

Fig. 3. Comparison between the various schemes of tapering fof the tapered vane loaded device still remains as high as that

rv/rw = 0.6, ¢y = 45° Ny = 4 in taper scheme (¢ = 0.5°); of the nontapered device in a smooth-wall waveguide (Fig. 2).
rv/rw{0} = 0.7, rv/rw{l} = 1.0, ¢+ = 45°, Ny = 4 in taper scheme

Il andéy {0} = 30°, 6y {1} = 0°, 11 /14w = 0.6, Ny = 4intaperscheme A cOmMparison between the three tapering schemes |, I, gnd
1. The waveguide mode, radius and length, as well as the beam and magnBiidor the vane loaded gyro-TWT clearly shows the superiority
field parameters, are same as those in Fig. 2. of scheme | over Il and Il from the standpoint of achieving both

high gain and wide bandwidth of the device (Fig. 3). Moreover,
loaded waveguide does not yield a wide device bandwidthe taper scheme I is the simplest to practically implement in a
(Fig. 2), since it cannot provide wideband coalescence betwegymo-TWT.
the beam and waveguide mode/3 dispersion plots, unlike, Now that taper scheme | is identified as the most suitable out
for instance a dielectric waveguide [5]-[8]. While accruingf the three taper schemes, it is of interest to further explore
the advantage of the high gain value from the vane load#s potential. We observe in taper scheme | that by increasing
structure, wider bandwidths can be achieved, if the waveguittee taper angle>, while keeping the vane parametefs/ry
cross section is tapered, say by scheme | (Fig. 2). Howevend ¢y constant, the gain frequency response is flattened but
wider device bandwidths from the tapered configuration atke gain is also reduced at the same time [Fig. 4(a)]; it is of in-
achieved only at the cost of gain, since the tapering reduces theest to note that there is a continuous increase of 3 dB band-
effective interaction length. It may be noted that the bandwidtihidth accompanied by a continuous decrease in peak gain with
of the device in a tapered vane loaded is higher than that iraa increase iy [Fig. 4(b)]. Also, using taper scheme |, for a
nontapered vane loaded waveguide, though it remains less tfiaed guide taper angl¢, the radial vane thickness-/ry- can
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Fig. 5. Gain-frequency response of a gyro-TWT in a tapered (taper scheme |,
b = 0.5°) vane loaded waveguidé{ = 45°, Ny- = 4)taking the radial vane
thicknesgrv /rw ) as a parameter (a), and the corresponding device peak gain
and 3 dB bandwidth versus the radial vane thickness plots (b). The waveguidé&3]
mode, radius and length, as well as the beam and magnetic field parameters are
same as those in Fig. 2.

[14]

be optimized for the device gain and bandwidth (Fig. 5). Thus[°]
in the example considered, a higher peak gain is obtained at
rv/rw = 0.6 than at 0.4 or 0.8 [Fig. 5(a)]. This corresponds
to an optimum radial vane thickness, which provides maximuntél
vane fringe field for beam electrons to experience in a beam of
given location(rg /rw = 0.58). Clearly the optimum value of [17]
rv /rw for maximum peak gain is not the same as that for the
widest bandwidth [Fig. 5(b)]. [18
In the example of taper scheme | studied here, we have taken
only positive values of taper angle This corresponds to the
waveguide cross section flaring up in the forward direction, tha{lgl
is, toward the output end. In principle, different small length por-
tions over the interaction length will be effective in providing the [20]
device gain at different frequency intervals over the frequency
band, irrespective of whether the waveguide cross section flares
up in the forward direction (positive taper anglgor backward  [21]
direction (negative taper angle). Obviously, however, a posi-
tive taper angle) will cause attenuation of waves propagating [22]
in the backward direction and, thus, help in preventing oscilla-
tions in the device. Moreover, the effective interaction length in[23]
the tapered configuration being small, the problem of oscilla24]
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tion due to internal feedback would be less severe in the device.
Thus, a distributed vane-loaded gyro-TWT with its waveguide

cross section suitably tapered proves to be an interesting method
of achieving wide bandwidths at reasonably high gain values.
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