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Linear theory of gyro-traveling-wave-tubes with distributed losses
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A small-signal theory describing two-stage gyro-traveling-wave tiggso-TWT9 with the first

stage having distributed losses is developed. In addition to the study of a small-signal gain in this
device, the self-excitation conditions for parasitic backward waves are also analyzed. The theory is
illustrated by using it for describing the performance of the gyro-TWT designed at the Naval
Research Laboratory. The results show a very good agreement between the predictions of analytical
theory and a thorough numerical analysis based on the use of well-developed cod2801©
American Institute of Physics[DOI: 10.1063/1.1381423

I. INTRODUCTION Il. GENERAL FORMALISM

As is known, the studies of electromagne&M) wave Since the linear theory of multi-stage forward-wave am-
amplification in devices based on the cyclotron maser instaPlifiers was recently considered in detail in Ref. 18, below
bility were started in the late 1950'$ (see also revieWld ~ We will outline only the most important steps in the deriva-
for references An active development of gyro-traveling- tion of_ the corresponding equations. We will consider the
wave-tubeggyro-TWT's) based on the above-mentioned in- operation far enough from cutoff, when the nonsynchronous
stability began in the late 1970°°During the 1990's these interaction of electrons with the backward wave can be ne-
tubes were most actively developed at the Naval Researdpjected. We will also neglect the electron spread in velocities
Laboratory (NRL),™* the University of California(UC), and guiding center radii and the space charge effects. Then, a
Davis?? and at the National Tsing Hua Universit)THU) corresponding self-consistent set of linearized equations can

H 8
Taiwan®'* Recently the work at NTHU culminated in the be writtert® as
development of Ka-band gyro-TWT with 70 dB gain and 3% dw -

bandwidth'® It was possible to realize such an ultra-high d_gz_F’ @
gain due to the use of distributed wall losses for the suppres-
sion of spurious oscillations. The impressive results achieved d@ S,
at NTHU stimulated the interest of NRL researchers in this g7 = (1~bA)W+ 5 F, @
concept: their design of a Ka-band gyro-TWT is presented in
Ref. 16. dF - (s \_

In spite of the presence of numerous experimental results g7 ~ IAF=—lo|i6— (5 - b) W] - ©)

and numerical simulations, a simple linear theory of a gyro- _
TWT, in which a part of the waveguide has finite losse¥, ~ HereW and # are perturbations in slowly variable electron
has not been developed yéAs a certain step towards this €nergy and phase averaged over initial electron phases, re-
theory, Ref. 17 which analyzes a gyro-TWT with nonuniform spectively;F is the wave amplitude normalized to the input
distributed losses should be mentioned. wave amplitudeF, (so and @ are also normalized t5,),

In the present paper an attempt to develop such a theoryis the normalized axial coordinatg,is the cyclotron reso-
is made. The paper is organized as follows. Section Il connance harmonic number, parameter characterizes the
tains the formalism describing a small-signal operation of thechanges in the electron axial velocity with the change in
two-stage gyro-TWT, in which the first stage has distributedelectron energy andl, is the normalized beam current pa-
losses. In Sec. IIl the results of the gain and bandwidth studrameter given elsewhef&:2
ies are presented. In Sec. IV the backward wave excitation is L1 (1—hg.3
considered. In Sec. V the theory is applied to the NRL gyro- lo= 162 — (1- EZO)
TWT design'® Finally, Sec. VI contains a summary of re- mc he?  yoB7,
sults. In Appendices the relation between dispersion equa-
tions for the gyro-TWT and conventional TW{Rppendix
A) and the operation at the grazing po{#ppendix B are

as—l

2
(s—1)!25} Gep-

Here |, is the beam current3, , and B,, are, respec-
tively, the initial orbital and axial electron velocities normal-
ized to the speed of light anch=k,/(w/c) and «

discussed. =k, /(w/c) are the normalized axial and transverse wave-
numbers, respectively. Alsea=Kk, r =s«kB, o/(1—hpB,) is

dElectronic mail: gregoryn@glue.umd.edu the normalized Larmor radius ar@, is the coupling im-
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pedance, which for a thin annular electron beam in a cylinventional TWT'9 but also on the changes in the electron
drical waveguide is equal tdfnis(kL RO)/(vz—mz)Jﬁq(v). axial velocity and on the direct action of the wave field on
Herev=k, R, (R, is the waveguide radiliss thep-th root  the phase.

of the equation;,(»)=0 for the TE, ,-wave. After calculating the coefficient€, determined by Egs.

In Egs.(2)—(3) A is the normalized cyclotron resonance (7) one can find, by using Eq$6), the electron energy and
mismatch between the Doppler-shifted wave frequency phase and the wave amplitude at the end of the first stage.
—k,v,0 and the resonant harmonic of the electron cyclotronThese values then should be used as the boundary conditions
frequency sQq: A~w—kup,—sQy. Therefore, in the for the same variables at the entrance to the second stage.
waveguide section with distributed lossks, and corre- Below we will neglect the wave reflection at this interface.
spondinglyA, are complex, while in the lossless section Recall that the propagation constahjsfor the second, loss-
and A are real. When the operating voltage and the axialess waveguide section should be found from the dispersion
wavenumber are not too largeA=(2/8?,)(1—hB,,  equation(4) with the real mismatctA. Correspondingly, the
—sQy/w). (The above-mentioned assumptions correspon@ain of such a two-stage gyro-TWT can be determined as
to h?, h,0<1.) Correspondingly, the imaginary part Af G=G;+G, where

] tS)

which is responsible for losses, is equal td
2 " " i H H
=(2B,0/BTo)h" whereh”=ck}/». The normalized axial Gl=20Iog[
is the gain of the first stage of the lengtff), and
e

coordinate ii=(,8f0/2/320)(wz/c), so the product ofl and
L is justklz.
19-21
(D =A)(I?+1gb) sl +15=0. (4) s the gain of the second stage in the device of a total length
{out- ROman indices | and Il designate here the first and

As is known®~?* considering perturbatiori®, 6 andF
to be proportional to expl({) yields the cubic dispersion
G,=20lo
Second stages, respectively, for which the propagation con-
stantsl’; and coefficient<C, should be calculated separately,

equation for propagation constardts
as discussed above.

3
S et
I=1

3
> el Cour tow
I=1

Recall that, first, at small values of the beam curren
parametel , this equation can be redu¢do the standard
dispersion equation for linear-beam TW#¥s:

Y2 (y—8)+1=0. (5)

[In Eq. (5) y=T/15° and 5=A/15°, the relation between | occ i) Ts

parameters used in the theory of gyro-TWTs and linear-beam”

TWTs is given in Appendix A. Second, this cubic disper- Our study was focused on the effect of distributed losses
sion equation can also be obtained from the original fourthon the gain and bandwidth of the two-stage gyro-TWT. Be-
order dispersion equatiétr®’in which the interaction with  fore starting to consider the effect of significant losses, let us
the backward wave is not ignoréthis equation is discussed consider analytically the effect of small losses. This is the

in Appendix B. B B case when the complex detunidg can be represented as
So, perturbation§l, @ andF can be represent&tias A’+id and the loss parameter d can be treated as a small
3 parameter in the dispersion equati@t). Such a treatment
C . ~ C 1 s|. i n
=i —'e'w, =3 L (1—bA) = — Sleili¢, was done for the case of.exact synchronls_m between elgc
= = r 2 trons and the wave in the linear-beam TWT in Ref. 23 and in

(6) the gyro-TWT in Ref. 26(Note that in the latter paper the
o3 _ condition of exact synchronism was called the grazing con-
F:|21 Cie'e. dition.) The important conclusion from this treatment was
that for small losses the reduction in the gain of the growing
HereT, are the roots of Eq4) andC, are the coefficients, wave from the gain in dB for zero loss is 1/3 of the circuit
which should be determined by the boundary conditions. attenuation in dB. For TWT's this statement, being ex-
For the first stage of the device, the absence of modulaPressed in terms of Im [recall that for exp(y) perturba-
tion in electron energies and phases at the entrance, as wéPns the growing wave has Im<0], can be written as
as the presence of the input wave, yield the following bound-
ary cor?ditions(cf. Ref. 18p: g ’ [Im | =[Im ¥ = zdrwr- (10
3 3 Here vy o) is the solution which follows from Eq5) when
Sc=1 3 EZO D (l—bA—§F|)E§|=0. 6'=d=0 (&' is the real part of the detuniigthe loss pa-
=1 = I N 2 )T rameterdn,t relates to the gyro-TWT loss parametéras
(7 drwr=dngs.

, . . In order to estimate this effect in a certain frequency
The first two equations here are the same as in the theory %fand we carried out a similar analysis for nonzero detun-
the linear-beam TWT? while the last one is more compli- s, ie. we considered y
cated because, as follows from E@), the phase perturba- gs. 1€
tion depends not only on the energy perturbatias in con- Y=7Y0)(8") —drwry)(d"). (12
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FIG. 1. First-order corrections to real and imaginary parts of propagation
constantgfor the case of small losseas functions of the normalized cy-
clotron resonance detuning.

Here y(o)(6") is the solution of Eq(5) for d=0 but nonzero
8', which can be found elsewhef®,and Y1)(9") is the
solution of the first-order equation, which follows from Eq.
(5). Both, real and imaginary parts ¢f{;, as functions of the
detuningé (the prime is omitted belopare shown in Fig. 1.
As is seen in Fig. 1, a#=0 Im y;)=1/3, which corresponds
to known result$>?® at positive§'s, where the efficiency is
higher?! the effect of losses on the growth rate is a little
stronger. Taking into account that, at least, up4e 0.1 the -3 -2 -1 0 1 2
solution of Eq.(4) is close enough to that of E¢5),%® one Normalized Detuning, A

should expect from solving Ed4) results similar to those . . .
. . FIG. 2. An imaginary part of propagation constants as the function of the
shown 'n. F'g' 1. normalized detuning for several values of the loss parameter d and(gnall
For finite values of the loss parametérEq. (4) was  1,=0.03 and largeb) 1,=0.3 values of the normalized beam current pa-
solved numerically(lt was assumed here and below tlat rameter.
—0.) Corresponding imaginary parts of the complex rdots

are shown as functions of the detuniagfor several values : . .
Y the total gain by less than 3 dB and simultaneously increase

of d in Fig. 2. Here Figs. @) and 2b) correspond to the , - 0
normalized beam current parameter values 0.03 and 0.3, r(tahe range oft’s at the—3 dB level by 20% and more. Cor-

. R respondingly, in the case of the bandwidth expressed in
spectively. Note, that these results are quite similar to thOSFermS of A's. it means that the losses increase the qain-
for conventional TWTs shown in Figs. 8.1-8.3 in Ref. 23. ’ 9

. . L :
From the results shown it follows that losses decrease thgandmdth product by about 10%. Bearing in mind that the

maximum growth rate of the wave but, at the same timerelatlon between the real frequency bandwidth and corre-

increase the range of resonance detunings, in which the Wa\?gqndlng range of detuning depends on the operating

e . . point (as shown in Ref. 28, at the grazing point the frequency
amplification is possible(The latter conclusion was also - :
. deviation does not affed at all), we would like to empha-
made in Refs. 16 and 26.

: ; . size here that our results show only that an enhancement of
Since the losses simultaneously decrease the gain an

increase the bandwidth, it is interesting to check how the € gain-bandwidth product due to distributed losses is pos-

losses affect the gain bandwidth product, which is the figure—S'bIe' in principle. Concrete estimates will be made below.

of-merit of microwave sources for various applicatio(igo

the best of our knowledge, such an analysis has not beeW' BACKWARD-WAVE EXCITATION

done previously.To estimate the effect of the losses on the A parasitic excitation of backward waves is the most
gain-bandwidth product, let us compare results shown irtritical issue in  the development of high-gain
Figs. 3a) and 3b). In both figures the gain as the function of gyro-TWTs*~6 Since it is preferable to have an amplifier
detuningA is shown for the same beam current parametewhich operates stably even in the absence of the signal, be-
Io=0.3 and several lengths of the waveguidg,. Figure low we will study the start of oscillation conditions in our
3(b) corresponds to the case when the first waveguide stagevo-stage gyro-TWT in the absence of forward waves. In
has the normalized leng 'Jt=5 and the loss parametdr this study we describe a so-called zero-drive stability of the
=0.3. So the total length in both cases is the same for cordevice.(The effect of the forward wave on the starting cur-
responding curves shown in Figsi@Band 3b). The com-  rent of backward wave oscillations was recently analyzed in
parison allows us to conclude that the given losses decreagef. 29)

-iml’
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T T T T FIG. 4. BWO self-excitation conditions: the starting length of the second
(b) section is shown as the function of loss paramdttar several values of the

normalized beam current and different lengths of the first sedsofid,

dashed and dotted lines correspond.te=5, 10 and 15, respectively

starting length of the second stage strongly depends on the
length of the first stage. However, starting from the loss pa-
rameter valuesi=0.5, the length of the first stage does not
play any role. This indicates that the first stage becomes so
lossy that the oscillations appear just in the second, lossless

Gain (dB)

stage.
15 : . . . The results illustrating the effect of losses on the self-
2.4 1.8 1.2 -0.6 0.0 0.6 excitation of the first section are shown in Fig. 5. Here the
Normalized Detuning, A starting length of a single-stage gyro-BWO is shown as the

. . _ function of losses for several values of the normalized cur-
FIG. 3. The gain as the function of the normalized cyclotron resonance . f | fth h
detuning forl ;= 0.3 and several values of the interaction leng#hlossless _rent par'a}meter. As is seen, for any value of t e current there
waveguide, its total length is given in the figufd) the first section of the IS @ critical value of the losses, above which the self-
lengthL; =5 has the loss paramett=0.3; the length of the second section  excitation is impossible for any length. This is the case when
Is given in the figure. the attenuation rate caused by losses is larger than the beam-
induced growth rate of the wave.

In general, a similarity of the dispersion equation fory. ANALYSIS OF THE NRL-GYRO-TWT
gyro-backward-wave oscillatorggyro-BWQ’s) to that for

linear beam BWOQO's allows one to study the starting condi-
tions in gyro-BWOs by the methods known for conventional
BWO’s.2 Such a method was used for analyzing the startin
conditions in single-stage gyro-BWO's elsewh&té? (The
case of mismatched boundary conditions for the wave wa
considered in Ref. 33.

We applied the same formalism for studying a two-stage
gyro-BWO with the first section having distributed losses. 18.0
As above, it was assumed that the values of the electron
energy and phase and the wave amplitude at the end of the
first stage can be used as the boundary conditions for corre-
sponding variables in the second stage. Recall that in the
case of backward-wave interaction two last terms in the dis-
persion equation, Ed4), have opposite sigh$because pa-
rameterd ; andb change their signs. The results of calcula-
tions are presented in Fig. 4 as the dependencies of the
length of the second stage, at which the self-excitation starts, 4.51
on the loss parameter for several values of the normalized r T T
current parametdr, and several lengths of the first stage. In 0.0 0.2 . 0.4 0.6
Fig. 4 solid, dashed and dotted lines correspond to the nor- Normalized Loss Parameter, d

maliz_ed Iength of the _ﬁrSt_ stage equal to 5, 10 and 15, rerg, 5. The starting length of a lossy waveguide as the function of the loss
spectively. As is seen in Fig. 4, when the losses are small thgarameted for several values of the normalized beam current.

Let us now illustrate the general treatment given above
by considering a Ka-band gyro-TWT designed at NRL.
This tube is driven by a 70 k6 A electron beam with the
gorbital-to-axial velocity ratio of about 0.71. The interaction
gircuit is a circular waveguide of 2.72 mm radius and of a 27

13.51

9.0 4

Starting Length
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FIG. 6. Dispersion diagram for the operatifi§,,-wave and spuriou$ E,;- T T T T T T
and TEy-waves for the gyro-TWT desighf. (b)

-
1
1

cm total length. The first 22 cm of this waveguide have cold
circuit losses of 3.45 dB/cm, which for the central frequency
35 GHz corresponds to the loss parameter0.553, and the
last 5 cm are free of losses. The operating mode is the
TE;,-wave. The dispersion curve for this mode and two
parasitic waves are shown in Fig. 6; there are also shown the
cyclotron beam lines for the resonances at first three cyclo-
tron harmonicss=1,2 and 3. The case of grazing for the

operating wave at the fundamental resonance, which is 0.1 33 34 35 36 37 38
shown in Fig. 6, corresponds to the external magnetic field
By=12.08kG.

As is seen in Fig. 6, in the region of backward-waveFIG. 7. (a) Dependence of the normalized detuningon the operating
interaction, theTE,;-wave can be excited closer to cutoff frequency for several values of the external magnetic fiéti)jnqrmalized
than other modes; so one can expect that this wave is t beam current parameter of the operatifig;,-wave as the function of fre-

! ency.
most troublesome parasite. Indeed, the analysis of backward-
wave self-excitation conditions showed that for this mode

the normalized beam current paraméigrs equal to 0.0137 peam current parametés becomes smaller. In spite of this
sections are equal to 26 and 5.92, respectively; at the samge normalized current of the most dangerous parasitic
time the starting length of the second, lossless section i$E, -wave by more than an order of magnitude.

equal to 7.3, i.e., exceeds the real length by about 20% only. The resulting gain calculated in accordance with Egs.

For the backwardl'E;;-wave at the second cyclotron har- anq (9) is shown in Fig. 8. As follows from this figure, the
monic the normalized lengths of two sections are equal to

14.0 and 3.2; and the normalized beam current parameter is
0.0029 only. Correspondingly, the starting length of the sec- T T T T T T
ond section is about 14.0; so there are huge safety margins. 704 PR

As it was mentioned in Sec. lll, to correctly evaluate the :
bandwidth of the device one should know the relation be-

Normalized Current, |,

Frequency (GHz)

tween the normalized detuning of the cyclotron resonance —~ 604 : ]
. . . . m N .

and the wave frequency. This dependence is shown in Fig. i : ‘

7(a) for several values of the external magnetic figlglin _%

terms of its ratio to the grazing valig, . Note that, although O

Fig. 3 given above demonstrates a significant gain at both
positive and negative detunings, nonlinear calculations
presented elsewhérepredict a high efficiency at positive
A’s only. This indicates that, as follows from Fig(ay, it is
preferable to operate at magnetic fields equal or slightly be-
low the grazing value. Figure(®) shows the dependence of Frequency (GHz)

the normalized beam current of the operating whyen the FIG. 8. Gain as the function of frequency for the NRL gyro-TWT design

operating fr_equ_enCY- As the frequency increases, _the WaVef. 16. The results of Ref. 16 are shown by the dashed line. The dotted
group velocity increases as well, and correspondingly, thdine shows the lossless gyro-TWT results.
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bandwidth at the-3 dB level is about 3 GHz and the maxi- 1 ely
mum gain is about 50 dB. For the sake of comparison, there kz_kzO:(w_kzvzo_sgo)2 © Mmu,oN

are also presented in Fig. 8 by a dashed line the design data, ) ) )

which correspond to calculations of the output power for a X{[G2d*(1— B20) ~Gus °BL o~ (GsGs
small value of the input poweR;,=0.9 W (see Fig. 12 in *

Ref. 16, which is the case closest to the small-signal opera- G 4sGzs) BBz} (A1)

tion. As is seen, there is a good agreement between the 9aifgye k andk,, are the axial wavenumbers in the presense
calculated by the two methods. The gain found in Ref. 16 iS4 absence of an electron beam, respectively. Nis® the

a little smaller, possibly, first, due to the effect of 4% veloc- o of the wave ands.. and G,. are, respectively, the
I Zs S 1 ’
ity spread and second, becaus®gt=0.9W we can already yja| and azimuthal components of the Lorentz force acting

observe in Fig. 11 of Ref. 16 some saturation effects. The ., alectrons in the case of cyclotron resonance atstife

fact that the bandwidth calculated in Ref. 16 is a little largery 5 rmonics. Assuming that the beam perturbs the axial wave-
(about 3.6 GHE than that found in our simulations, can be \,mper only slightly and that the operation is close to the

attributed to the down-taper of the external magenetic field irl:yclotron resonance condition, we can introduce small mis-
the region of the lossless waveguide, which we ignored Ny atchess and e (|8],]¢|<1) by

our theory.(Note that this taper, as is shown in Fig. 10 of
Ref. 16 and discussed in its text, may even cause the appear- k,—k,o= 6k,
ance of the second peak in the dependence of the output
power upon the operating frequency. and
In Fig. 8 the dotted line shows the small-signal gain in
the lossless gyro-TWT of the same length. Certainly, the ®—Kzv 20~ 500 =£K,00 50
gain is much higher: as follows from Fig. 8, the maximum .
gain in the presence of losses is about 2/3 of that for a Ioss@nd rewrite EQ(A1) as

less gyro-TWT.(Recall that the backward wave excitation el, w

occurs in a lossless tube of such a lengtHowever, the S(e—8)%=— meﬂGzJZ(l—B%)
gain-bandwidth product in the tube with losses exceeds its 20720

value in a lossless counterpart by more than 10%. This — B%01Gsl?— BB o( GGt GEG, o)}
agrees well with the results of Sec. Ill. s s e
VI SUMMARY Introducing I'=¢— & and 1= (el,/mc®)(w/ B3k%N),

A small-signal theory of two-stage gyro-TWTs with the allows us to rewrite Eq(A2) as

first stage having some distributed losses is developed. Als A

the analysis of self-excitation conditions for spurious back-Pz(F_s)_I{|GZS|2(1_'B§°)_ﬁidef”S|2

wa_rd oscillations is ca_rn_ed out. An gxample is (_:on3|dered — BB o(GysGE+ G5.G,9}=0. (A3)

which shows that predictions of this simple analytical theory

may agree well with the results of a thorough numerical  In the case of the gyro-TWT operating in a TE-mode, as

analysis based on the use of accurate codes. shown in Ref. 34, the expression in figure brackets can be
In conclusion, let us note that our formalism was focusedreduced to— 82 [ (w/c)?—k2]|(V, ¥),|> where W is the

on two-stage gyro-TWTs because just such gyro-TWT conmembrane function describing the transverse structure of the

figurations are currently under development at various laboeperating mode. So, bearing in mind thatharacterizes the

ratories. This formalism can easily be generalized on the casgyclotron resonance mismatch, one can easily reduce Eq.

of three-stage gyro-TWTs with a central lossy section. RecallA3) to Eq. (5).

that in the past such configurations of linear-beam TWTs In the case of the linear-beam TWT we should, first,

were actively developed. consider a TM-wave, and second, assytng=0. Then, we

should recall that in this case the cyclotron harmonic number

s is equal to zero, se is proportional taw ,,—v 5, While the

Pierce parameteb?® is proportional t0v,,—vg,. Also,

This work is done in the framework of a Multidisci- Pierce considered perturbations in the foefﬁ“FZ, which

plinary University Research InitiativéMURI) on innovative  corresponds t@“%0? in his notations, while our perturba-

vacuum electronics sponsored by the Air Force Ofiice oftions are presented a(“!~k2)~e %0z~ eilk0Z S0, our

ACKNOWLEDGMENT

Scientific Research. iI" corresponds to PierceG4. With all this in mind one can
reduce Eq(A3) to

APPENDIX A: RELATION BETWEEN THE DISPERSION 1

EQUATIONS FOR THE GYRO-TWT AND P= (A4)

LINEAR-BEAM TWT 16—Db+id

As shown in Ref. 22, the approximate dispersion equawhich is Eq.(7.14) from Ref. 23 for the case of negligibly
tion for the gyro-TWT can be written as small space-charge effects.
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APPENDIX B: WAVE AMPLIFICATION AT THE one should be kept. As knowhthis term is responsible for
GRAZING POINT M-type effects in cyclotron resonance masg@fMs).

The dispersion equation describing the cyclotron maseng o, Twiss, Aust. J. Phyd.1, 567 (1958.
instability has been derived and studied in many paffefé.  2J. Schneider, Phys. Rev. Le,. 504 (1959.

In particular, in Ref. 25, with the use of this equation, the JA- V. Gaponov, lzv. Vyssch. Uchebn. Zaved. Radioflz836 (1959.

o : A. V. Gaponov, M. |. Petelin, and V. K. Yulpatov, Radiophys. Quantum
absolute anstability was analyzed and the conclusion WaSEigctron. 10, 794 (1967,

made that the maximum growth rate occurs in the case 0by. | Granatstein, B. Levush, B. G. Danly, and R. K. Parker, IEEE Trans.
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