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Excitation of backward waves in forward wave amplifiers
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The sources of coherent electromagnetic radiation based on amplification of traveling waves by electron
beams have unique capabilities of wide band, high efficiency operation. The most critical issue in the devel-
opment of such forward wave amplifiers is the self-excitation of parasitic backward waves in the interaction
region. The developed theory allows one to analyze the nonlinear effect of suppression of parasitic backward
waves by forward waves operating in the large-signal regime. The results of the analysis of traveling wave
tubes (TWTs) and twystrons driven by linear electron beams and the results of the study of gyrodevices
(gyro-TWTs and gyrotwystronsdriven by beams of gyrating electrons are presented. The gyrodevices are
considered in the cases when the forward and backward waves are in resonance with electrons either at the first
or second cyclotron harmonic. The results obtained allow one to estimate to what extent the coupling of an
electron beam to the parasitic wave should be decreased in order to provide a stable, high efficiency amplifi-
cation of the forward wavg.S51063-651X98)14011-4

PACS numbes): 52.75.Ms, 84.40.1k, 84.40.Fe

I. INTRODUCTION ent methods in Refd.11] and[6] for some specific sets of
parameters. The results of these simulations agreed well with
Traveling wave amplifier§STWASs) based on amplification experimental data. A more general approach based on the
of electromagnetidEM) waves by electron beams are of Hamiltonian formalism was developed in REE2]. This for-
importance for many applications, including communicationmalism allows one to study the excitation of forward waves
systems, since the bandwidth of TWAs is typically muchand the stability of operation with respect to parasitic modes
larger than that of other sources of radiation. In order tain gyro-traveling wave devices driven by relativistic electron
combine this large bandwidth with a high gain in TWAs, it is beams when the waveguide and external magnetic field pro-
necessary to have a long enough interaction region. files can be slightly tapered and the wave reflection from the
The main obstacle in realizing such large-bandwidth,output is possible. Based on this formalism the analysis of
high-gain amplifiers is the excitation of parasitic backwardthe relativistic 10 GHz, 430 kV, 240 A gyrotwystron was
waves in long waveguides where the forward waves are anmdone. However, the large number of factors taken into ac-
plified. This problem is extremely important for the sourcescount did not allow the authors to analyze in Rdf2] some
of coherent Cherenkov, or Smith-Purcell, EM radiationgeneral tendencies in the suppression of backward waves by
driven by linear electron beams, e.g., traveling wave tube$orward waves operating in the large signal regime. This is
(TWTs) and twystrongsee, e.g., Refl]), as well as for the the topic of our paper.
sources of bremsstrahlung radiation, which are driven by The paper is organized as follows. Section Il contains the
beams of oscillating electrons. The most advanced classes fifrmalism describing the excitation of small-amplitude back-
such devices are cyclotron resonance mageRMs) [2] and  ward waves in the presence of large amplitude forward
free electron laser§~ELs) [3]. Among traveling wave con- waves in gyro-traveling-wave amplifiers. In the limiting case
figurations of CRMs, the best known are gyro-traveling waveof dominant inertial orbital bunching of electrons, these
tubes(gyro-TWT9 and gyrotwystrongsee, e.g., Refl4]). equations are reduced to equations describing the excitation
Similar configurations are also known for FELs. of backward waves in TWTs driven by linear electron
Several methods are usually used for providing the stabilbeams(Note that the same equations are valid for FELs and
ity of efficient operation in traveling waves. Some of theseother sources of coherent radiation that, under certain as-
methods can be characterized by introducing lossy materialumptions, can be described by TWT equatiph3].) Sec-
(see, e.g., Ref5], and references therginr severs, which tion Ill contains the results of our study of the simplest equa-
transform a single stage device into a two or more stag¢ions in the case of two configurations: the first is a traveling
configuration (see Ref.[6], and references therginNote  wave configuration in which at the entrance an electron beam
that, as shown in Ref7], distributed wall losses are a more is not prebunched and the input forward wave has a small but
effective means for suppressing parasitic instabilities thamonzero amplitude; the second is an output waveguide of a
severs. twystron in which at the entrance the prebunched electron
Another method of preventing spurious excitation ofbeam starts to excite a forward wave with a zero initial am-
backward waves is nonlinear suppresdi®h which is based plitude. Section IV contains the results of similar analysis of
on the nonlinear effects in an electron beam caused by theelf-excitation conditions of backward waves in gyro-TWTs
presence of the forward wavélhe effect of nonlinear sup- and gyrotwystrons, including the cases when backward and
pression of unwanted modes in gyrotron oscillators was anderward waves interact with electrons at either the fundamen-
lyzed in Refs.[9] and[10].) Nonlinear interaction between tal or second cyclotron harmonic. The cases of simultaneous
forward and parasitic backward waves was studied by differinteraction at different harmonigs.g., the backward wave at
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the fundamental harmonic and the forward wave at the sec- 1—h1B0 Yo— v
ond harmonic, or vice versare also analyzed. Section V u= _Q_B 7
10

contains a discussion of these results, and in Sec. VI we
make our conclusions. The derivation of equations describgescribes the variation in electron energyy=Emyc? is

ing the excitation of backward waves in the presence of foryne electron energy normalized to the rest energy tanis

ward waves is given in the Appendix. the axial wave numbek; , normalized tow, /c); the param-
eterb,= hlﬁfO/Z,Bzo(l— h,B,0) is responsible for the recoil
[l. GENERAL EQUATIONS effect (i.e., the changes in the electron axial velocity in the

process of radiation of electromagnetic waves, is the

Bearing in mind that, as mentioned in the Introduction, ; .
g normalized forward wave amplitudé5-17, and

the equations for gyro-TWAs can be redudddi], in the
regime of dominant orbital bunching, to the equations for 0=5.0 — (wit—ki.2)— 6
TWASs driven by linear electron beams, we will start with a 10~ (03 1:2) = 1 ©
consideration of gyro-TWAs. Let us represent the electrig the slowly variable phase of the resonant harmonic of elec-
field of two waves as tron gyrations with respect to the phase of the forward wave.

otk otk The cyclotron resonance condition for the forward wave has
E= Re{Al(Z) El( ri)el(wl 1,zZ)+A2(Z) E2(ri)el(w2 2‘22)}1 the form

. , |01~ K1 2020~ 5100/ <Qo;
where A; and A, are the amplitudes of, respectively, the
forward and backward waves, which slowly vary along thein Egs. (3)—(5) the resonant harmonic numbsms well as
axis (dA/dz]<k,A) in the process of interaction with elec- other parameters are related to the forward wave. The phase
trons, functionsEy(r,) and Ex(r ) describe the transverse ¢, in Eq.(6) is determined by the transverse structure of the
structure of the waves, and, ; andk; », are, respectively, wave in the vicinity of the guiding center of a gyrating elec-
their frequencies and axial wave numbers. The equation afon. As shown in Ref[18] (see also Refd.16] and[17]),
motion for a relativistic electron moving in the external con-this structure can be described by the function
stant magnetic fieldHy=Hgyz,, and the electromagnetic

field of two waves can be written as L J L 0 51‘1, y .
N / 1=l X ) | T, @

p p . , , A
dz T p_;XZO __E{E FIAXH'] @ \which we represented dt|€'?1. In Eq. (7), ky, is the

transverse wave numbeX,andY are transverse coordinates
Here the electron momentum is normalized rgc, p’ of the guiding center, the functio#r is the membrane func-
=p/myc, 2’ =Qgz/c is the normalized axial coordinat€), tion which obeys the Helmholtz equation with the corre-
is the unperturbed electron cyclotron frequengg is the  sponding boundary condition for the [E wave at the

electron velocity normalized to the speed of lightand the ~waveguide  wall.  In  cylindrical ~ waveguides L
electric and magnetic field€' andH’, respectivelyof the  =Jm=s (k1 Ro)e™ (™ 0¥, where R, and y are, respec-
two waves are normalized 1ycQy/e(A’=eAmycQy). tively, the radial and azimuthal coordinates of the guiding

center[so ¢;=—(M—s;) ]. Also in Eq.(4), the parameter

2\ 92
. . . s1(1-h1)B7o
Since our goal is to study only the self-excitation of back- =
ward waves, we will assume that the amplitude of the back- 2B20(1—h1B)
ward waveA, is much smaller than the amplitude of the
forward waveA, . In the limiting caseA,— 0 Eq.(2) and the
equation for the forward wave excitation, which follows

A. Amplification of the forward wave

®

describes the changes in the gyrophase with respect to the
wave in the process of interaction and

from the Maxwell equations, can be reduced, as described s O
elsewherd15—17, to a self-consistent set of equations de- AFW — | 1-hyB—S1 — 9
scribing the stationary operation of gyro-TWAs: 1820 B0 @1
du (1—u)t? ‘ is the normalized initial mismatch of the cyclotron reso-
a7 - _ZW Re(F.e '), 3 nance. In Eq(5) |, is the normalized beam current param-
z i eter,
deo 1 ) 2(s1—1)
dz = m{ﬂlu_Al‘Fsl(l_U)(sllz)fl Im(F.e™'%)}, — el, (k181)% Blot
! 4) Ymee®  hy yB(1-hyB)% Tt
1 2
dF; 1 (2m (1-w%? X|———=5| G, (10)
e _ (s,—1)12%
dz’ e fo 1-byu e"ddo ® !

where the coupling parameté&r for a cylindrical waveguide
Here the variable with a thin annular electron beam is equal to
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J2 - (ke Ry) indices of both wavesn, andm,, obey the conditiori20]
= le (11) s m,# s,m, this corresponds to the averaging over electron
(v2=m%)JIn(v) distribution in azimuthal coordinates of guiding centésse

Appendix for details The phase§ in Egs.(12)—(14) relates

Here, v=Kk;, R, is the pth root of the equatiord;,(v)=0, t0 the phase determined by Eq(4) as

which is the boundary condition for the TE wave at the
waveguide wall of radiuR,,; «in Eq. (10) is the transverse - s,
wave number normalized to/c. 0= s (0+A,2").
Boundary conditions for Eq$3)—(5) depend on the con- 1
figuration of the device. At the entrance to the gyro-TWT's
interaction region, at’ =0, u=0, §= 6, (whered, is homo-
geneously distributed from 0 tor? andF =F, (whereF, is

So, the equation fof can be written as

o
eyl

the input wave amplitude At the entrance to the output ac =S,U+8,(1—u) 21 Im(Fje '), (15)
waveguide of the gyrotwystron, the energy modulation can ¢

be negligibly small ¢=0), but the phase bunching is sig- \;here

nificant: 6(0)= 6,—q sin 6,. The latter boundary condition

is given for the simplest, one-cavity prebunching cakgis 5Zo

here the entrance phase for the input cavity and the bunching 01=0+A1{", Fi= 52 F.e

parameterq is proportional to the amplitude of the input 10

cavity field multiplied by the drift section lengtiBoundary 28 25 Q

conditions for more complicated schemes are given else- Al= _}OAl _rl 1—hyB0— 51 0
where[19].) This prebunched electron beam excites in the 10 10

output waveguide a wave with a zero amplitude at the en-
trance:F(0)=0. (The latter implies the absence of reflec-
tions from a well matched output of this waveguide.

The self-consistent set of equatiof®—(5) describing the
forward interaction can be rewritten in these variables as

du
B. Excitation of backward waves - 2(1-u)*? Reg(Fie '), (16)
As mentioned above, we will assume that the amplitude
of the parasitic backward wave is much smaller than the dé, (s1/2)-1 o
amplitude of the operating forward wave. This allows us to d_gr:Slu"_Sl(l_u) V9T Im(Fe'™), (17
treat the effect of the backward wave on electrons as small
perturbations in electron motion. Under these assumptions dF!
the excitation of backward waves in gyro-TWAs, as shown i LA 1Fi=—11— o f (1—u)%e'%1dg,. (18
in the Appendix, can be described by the following equa- ¢
tions:
Here,
dﬂz 1 (1_u)<s2—1)/2|:/e—i5 (12) 28,0\
dg’ 2 = I = ly.
B Bio
—2s,(1-u)¥%p, i 22 (1 u)22-1Fse —m, The parametel; in Eq. (14) relates tol , determined by
d§ Eq. (10), after corresponding changes in indices, in the same

(13 way asl; relates tol ;.
dE! 1 2 The self-consistent set of equatiofi)—(18) has the in-
22 areroyr =TTy s2l2ai 0 tegral
a7 iASF, |227-r fo (1—u)>%e
|F112—=|Fo2=1] =— 5 f udé,, (19

S2 — .
X[—m pL+|6]d60' (14)
which corresponds to the energy conservation law. Taking
These equations are valid when both the forward and backnto account the definition af, one can show that the value
ward waves are excited at frequencies close to cufbffey
are given in a more general form in the Appenglixere the :i fzwude (20)
normalized axial coordinate ﬁ’z(ﬁfOIZBzo)z’, 0

, 2/5’20 0 in the right-hand side of Eq19), which is known as the
Ay= A,= 1+hyBp—s — orbital efficiency (see, e.g., Refs[14—17), relates to the
B BLO w3 S
total electron efficiency; as

Variablesp, and 6 in Egs. (12—(14) are perturbations in,

2
respectively, the orbital momentum and gyrophase, averaged = _fﬁo m (21)
over the phase differencg. In the case when azimuthal 2(1= v )(1=hy1B)
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So, Eq.(19) can be rewritten as However, the phase bunching caused by these changes can
' a1y be large, since the first term in the right-hand side of @g.
[Fil*=IFol*=11m., (22)  leads to the phase changes on the order®f(z')?~ 7. So,

) ) . ] in comparison with this term, the last term in the right-hand
where the input wave amplitudg, in gyrotwystrons is equal = side of Eq.(4), which is on the order oF,z’, can be ne-

to zero and in high-gain gyro-TWTs is negligibly small.  gjected. In this approximation, Eq&)—(5) are reduced to
So, first, Eqs(16)—(18), describing the large-signal for-

ward wave interaction, should be solved together with Eq. du i
(15), which determines the phagk present in Eqs(12)— H:_Z ReFie ), (25)
(14), and with Eq.(20), which determines the efficiency.
Then, this solution should be used in E¢$2)—(14), de- do
scribing the excitation of the backward wave in the small- H=,u1u—A1, (26)
signal regime.
In the absence of the forward wave in E¢52)—(14), u dF 1 2n
=0 and 6=6(0)—A4¢’. So, introducingF,=Fje'%2’, p d_z’lz_ 12—j ei’dd,. (27)
7™ Jo

=(1/2m) [3"pe%d by, 0= (1/2m) 5™ € %odd, (assuming a
nonprebunched beam at the entrgnee can reduce Egs. ) ) V3o s
(12—(14) to After introducing ¢=(11u1)?2', E=A11(11u1)*3, 0=16

+ &L, andF=[2u,/(1,1)?®]F1€'¢, Egs.(25—(27) yield

dp 1[: _
- 2
¢’ 2 d*o _ ~i,
) a2 - Re(Fe™'"), (28)
de SZ(A+'|5)
T T 5 (PTIF), dF 1 (27 —
dZ 2 . ___f i
) az i EF = il €'’df,, (29
dF . A
———iAF=15(sp+i6).

which is the simplest form of equations describing a one-
dimensional, “rigid-disk” model of the conventional TWT

For perturbations-e'%¢’, these equations yield the disper- With negligibly small space charge forcg22]. As follows

d¢’

sion equatiorn(cf. Refs.[14] and[15]) from normalization of the variables in Eq28) and(29), the
factor (1,,) Y here plays the role of the Pierce gain param-
(6—A5)8%+15—1=0, (23)  eter known in the theory of TWTR23]. The boundary con-
R ditions for Egs.(28) and (29) in the case of the TWT aré
in which 1=52I§. At small values ofl one can introducé =6y, (d6/d{)=0, F=F; and, in the case of the twystron,
= 8/1*%, A=A,N1'3, and, neglecting small terms, reduce Eq. 0= 6o—4 sin 6, (d6/d{)=0, F=0.
(23) to the dispersion equation EquathﬂS(ZS) and (29), as well as EqS(lG)-(lS), have
the integral
(6—A)8°—1=0, (24)
- - - PACASETE 30)
well known in the theory of conventional backward oscilla- dz ol

tors[21]. As is known, the starting conditions, which follow

from solving Eq.(24) together with the boundary conditions which can be interpreted as the energy conservation law.
for a nonprebunched beam at the entrance and for the baci; Eq. (30) <0>=(1/27-r)f§”§d 6, and at the entrance
ward wave at tlr/13elwgll—matched outpithe latter isF(L)  (d(g)/d¢)|,=0. Again, introducing the normalized effi-
=0, whereL =1, is the normalized length of the inter- cjency describing the electron bunching as

action region, yield L=1.97 ands=1.522. Note that for a

waveguide with Ohmic losses in the walls, the axial wave . d(o)
numberh, in the detuning) is complex; also any tapering of n= dz ’ (32)
the waveguide radius and losses can be described by the
corresponding dependence dfon the axial coordinate. one can rewrite Eq(30) as
C. Dominant inertial bunching |F|2—|Fol?=47, (32

The regime of the dominant inertial orbital bunching men-
tioned in the Introduction implies a small value of the nor-
malized beam current parametemwhen the wave amplitude
is small and efficient orbital electron bunching under the
action of this wave requires a long interaction region. In this

where the input wave intensitf |2 can usually be ignored.
As follows from Egs.(20), (26), and (31), the normalized
efficiency 7 relates to the orbital efficiency, as

. . ; ~ M1
regime the changes in electron energy are small sm’ce we can 7= (33
estimate them, as follows from E@3), as|u|~F,z'<1. (Fypeq)
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So, at small values of;, the orbital », and the totalyn
electron efficiencies are small, even when the bunching de- 9
scribed by is efficient. g
Equations(12)—(14), describing the excitation of back- n
ward waves in the regime of the dominant inertial bunching, g
can be reduced in the same way as was done with Bs. 3
(5), describing the forward wave interaction, to TE,
— ~
d20_ " —i; 2 r ]
W__er , (34 ol . . . . ()1
0.0 0.2 0.4 0.6 0.8 1.0
d|:'2' : 1 20 i Input amplitude
——i&F=IR —
d§ 52 2 o f e 0d00, (35)
18
where % ___________ \\\
3212} ~.
Fr— 2 Freifal 2§ T N
27 (syl)?R T 2306 S
@ (b)
= SZ - 0 [ NI |
0=— 120
Sy ] 0.5 1
Input Amplitude
[here,é,=A,/(1114)Y3], and where nput Ame
, FIG. 1. (a) Contours of normalized efficiency of the forward
R— Sal 5 _ Sol 2 wave operation in the TWTdotted line$ and the starting length of
- syl i - syl backward wave excitation for different values of the ratio of Pierce

gain parameters for the backward and forward wawrgsolid
is the ratio of normalized current parameters, which is prodines. (b) Normalized detuning of the backward wayg in the
portional to the ratio of coupling parametegsof electrons TWT as a function of the input amplitude of the forward wave:
to both wavegsee Eqs(10) and(11)]. For linear beam de- dashed, solid, and dotted lines correspon&+te1.0, 0.25, and 0.1,
vices, this is the ratio of Pierce gain parameteR: respectively.

— 303
=CalCy occurring when solid curves pass the top of the hill formed

by lines of equal efficiencies corresponds to the deformation
lll. EXCITATION OF BACKWARD WAVES IN LINEAR of the axial structure of the backward wave. This evolution
BEAM DEVICES of the axial structure is shown in Fig. 2 and can be associated
In this section, we present the results of the study of Eqs\_/vit_h electron overbunching ir] the field of thg traveling wave,
(28), (29), and (31) describing the amplification of the for- which occurs at tQO long dlstances._Comlng bng to Fig.
ward wave and Eq€34) and (35) describing the excitation 1(b), let us note, first, that the detuning determines the
of backward waves in the presence of the forward wave irfreduency of the backward wave, and second, that this de-
linear beam devices and in gyrodevices with dominant inerfuning strongly depends on the ratio of Pierce gain param-
tial bunching. For the TWT in Fig. (&), the contours of the €ters,R, and also on the input wave amplitude. In the ab-
equal normalized efficiency determined by E@1) are Sence of the forward wave, the startl_ng . Iength and the
shown by dashed lines in the plane of the parameters “nordetuning &, for the backward wave coincide with those
malized length versus input wave amplitude.” The detuningfound in Ref.[21].
& is taken here to equal 1.5. At this value&the normalized
efficiency 7 is a little smaller than that for the optimal value
(é0p=1.8), however, the distance at which the peak effi-
ciency is realized is much shorter. So, we choose this value
of ¢ since the stability of operation greatly improves as the
interaction length shortens. Solid lines in this figure corre-
spond to the starting length for backward wave excitation
calculated for different ratios of the Pierce gain parameters
R. As seen from Fig. (B), as this ratio decreases, the effi-
ciency of stable amplification of the forward wave increases 0.000 LM .
drastically. In Fig. 1b), corresponding detunings as func- 0 2 4 6 8
tions of the input wave amplitude are shown for different Axial Distance
R's. The fact that the starting length for backward wave os-
cillations grows as the input wave amplitude increases dem- FIG. 2. Evolution of the backward wave axial structure with the
onstrates the nonlinear effect of suppression of these oscillaacrease in the input amplitude of the forward wave: dashed and
tions by the forward wave. A rapid increase in this lengthsolid lines correspond t6,=0.2 and 0.25, respectiveljg=0.1.

0.016
0.012 | H
0.008

0.004

Backward Wave Amplitude
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s 06t S

@ (b) g

0 i ' é

0 1 2 0 . X . \
Bunching Parameter 0.00 0.02 0.04 006 008 0.10

Input amplitude
FIG. 3. (a) Contours of normalized efficiency of the forward

wave operation in the twystrofotted line$ and the starting length ° 26
of backward wave excitation for different valuesRf(solid lines. & 20
(b) Normalized detuning of the backward wagg in the twystron *E
as a function of the bunching parametgfor several values oR. E 15
T

For the twystron configuration the starting length for % 1ot
backward wave excitation is shown for several valueR wof 3 5t
the plane of “normalized length versus bunching param- 2
eters” in Fig. 3a), where also the contours of equal normal- ot ) : : :
ized efficiencies are shown by dashed lines. The deturings 0.00 002 004 0.06 008 010

- . . . Input amplitude

as functions of the bunching parameters are shown in Fig.
3(b). These figures are very similar qualitatively to Fig&a)1 FIG. 4. (a) Contours of orbital efficiency of the forward wave

and Xb); however, quantitatively, they are different: as fol- gperation in the gyro-TwTdotted lineg and the starting length of
lows from their comparison, the suppression effect in tw-packward wave excitation for different values of the ratio of nor-
ystrons is better pronounced since the forward-wave, highmalized current parameters for these waves and for the waves’ in-
efficiency operation can be realized at larger valueR.of teraction with electrons at different cyclotron harmoni¢a) s;
=s,=1, (b) 5;,=1,s,=2, and(c) 5;=2, s,=1.
IV. EXCITATION OF BACKWARD WAVES . . . )
IN GYRODEVICES A_s follows_ f_rom Fig. 4a), to realize (_)peratlon with _the
maximum efficiency when both competing waves are in the
In this section, we present results of our studies of gyrofundamental cyclotron resonance with electrons one should
TWTs and gyrotwystrons. Recall that the forward wave op-have a ratio of normalized currents about 1/4 or less. At
eration of these devices is described by H4§)—(18) and  Ilarger ratios the maximum orbital efficiendpbove 80%
(20) with corresponding boundary conditions, and the backcannot be realized; however, for any fixed value of the input
ward wave excitation is described by E¢2)—(14). wave amplitude in the range 0.84,=<0.08, the decrease in
The gyro-TWT was studied for a fixed value of the nor- the ratiol /I gives a significant enhancement in the effi-
malized beam current parametegr=0.05, which is typical ciency. When the forward wave is at the fundamental reso-
for some experimental conditions. The operation in forwardhance with electrons while the backward wave is resonant
waves and excitation of backward waves at the first and seaith the second cyclotron harmonj€ig. 4(b)], the maxi-
ond cyclotron harmonics were studied. Figurés)44(b),  mum efficiency can be realized when the ratio of the normal-
and 4c) illustrate the cases of, respectivebj,=s,=1; s;  ized currents is about 1/3 or less. Again, at larger ratios the
=1, s,=2; ands; =2, s,=1. For each value of the input increase in the achievable efficiency with the decrease in the
wave amplitudeF, the mismatchA} providing the maxi- 1,/1] ratio is very impressive, especially when this ratio is
mum efficiency was chosen. Contours of equal values of themaller than 1/2. The forward wave operation at the second
orbital efficiency , are shown in these figures by dotted harmonic, as follows from Fig. (), is less efficient: the
lines and the solid lines show starting conditions for back-maximum orbital efficiency is higher than 60%. This maxi-
ward waves at different values of the ratio of normalizedmum efficiency can be realized when for the competing
beam current parameter§/1; . backward waves, which can be excited at the fundamental
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FIG. 6. Contours of orbital efficiency of the forward wave in-

FIG. 5. Normalized detuning of the backward wawg,, in the  teraction in the gyrotwystrofdotted line$ and the starting length
gyro-TWT as a function of the input amplitude of the forward wave of backward wave excitation for several values of the rajio; :
for several values of the ratig/I; and for the waves’ interaction at (a) s;=s,=1, (b) s;=1, 5,=2, and(c) s;=2, 5,=1.
different harmonicsi(a) s;=s,=1, (b) s;=1, s,=2, and(c) s;
=2,5,=1. proximately 3/4. These numbers, being compared with cor-
) . ) responding data shown above in Fig. 4, demonstrate that the
resonance, the ratio of the normalized currégts; is about gyrotwystron is less susceptible to excitation of parasitic
1/4 or less. . backwards waves than the gyro-TWT. This feature of the
The detuningsA;, which correspond to the backward gyrotwystron can be explained by the fact that at the en-
wave self-excitation conditions, are shown in Fig¢a)p trance to the output waveguide of this device the beam can
5(b), and %c), again corresponding, respectively, to the casege well prebunched, while in the gyro-TWT, near the en-
of s;=5,=1,5,=1;5,=2; ands; =2, s,=1. trance, the effect of the small amplitude forward wave on the
Results of the study of gyrotwystrons are shown in Figs. €lectron bunching can be rather weak, which cannot prevent
and 7, where the role of the input wave amplitie(for the  the self-excitation of backward wave@his explanation is
gyro-TWT) is played now by the bunching parame@®r also valid for the TWTs and twystrons considered in Sec.
Here, the figuresa), (b), and(c) again correspond, respec- |j|.) The detuningg\, shown as the functions of the bunch-
tively, to the cases 0$,=s,=1; s,=1, 5,=2; ands;=2,  jng parameteq in Fig. 7 also exhibit the dependence, which
s,=1. The lowest peak in the orbital efficiency of the gyrot- iy 'some cases is opposite to that shown in Fig. 5 for the
wystron operating at the fundamental and/or second cyclogyro-TWT.
tron harmonic exceeds, respectively, 65% and 45%. In the
case of operation at the fundamental harmonic this efficiency V. DISCUSSION
can be realized when the ratio of normalized currents is less
than or equal to one, no matter whether the backward wave Let us briefly discuss how the results obtained can be
resonates at the first or second harmonic. In the case of thapplied to concrete microwave sources. Let us start from
forward wave operation at the second harmonic, this ratio folinear beam devices as a simpler case. The self-excitation
the parasite at the fundamental should be smaller than agonditions of parasitic backward waves here are determined
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approximation, one should use insteadwf kv, the values

%" 0.8 ¢ andé, found above, which characterize the detunings from
g 11, j/./ the exact synchronism between electrons and the waves. Re-
T;, 0.6 call that for a forward wave operating in the regime of con-

g =172 vective instability the frequency is given by the driver, so the
i 11,74 detuning ¢ determines the axial wave numbley,. On the

£ 04 contrary, for a backward wave excited due to the absolute
§ (a) instability the detuning, determines the frequency of oscil-

lations; a corresponding axial wave number should be found
from the dispersion curve.
Bunching parameter In the case of gyrodevices, the competing waves can be in
1.0 cyclotron resonance with electrons at different cyclotron har-
L= monics. Consider, as an example, the experiment described
_— _ in Ref.[8] where the competition between the forward,;TE
0.8 wave operating at the fundamental cyclotron resonance and
12:1‘/2\//"\ parasitic backward Tj wave excited at the second cyclo-
tron harmonic was studied. Recall that in this experiment an
114 electron beam with an orbital to axial velocity ratio=1,
I (b) voltage of up to 95 kV and current of up tAZamplified the
0.4 circularly polarized TE; wave in a waveguide with a 0.2654
0 02 04 06 08 10 cm radius and 17.5 cm length. A 34.712-GHz frequency of
Bunching parameter operation was set by a fixed frequency magnetron driver and
the input power was varied fno 5 W toabout 1.5 kW. The
external magnetic field was in the range of 12.5 kG. The
parasitic oscillations were observed at about 56.8 GHz and
were associated with the backward wave excitation of the
TE,; wave at the second cyclotron harmonic.

These frequencies and the waveguide radius mentioned
above yield normalized axial wave numbers of about 0.3 and
(c) 0.25 for the first and second waves, respectively. The nor-
malized length of the interaction region is slightly above 20

0 0.5 1.0 L5 20 and the normalized detuninty; for a given magnetic field is
Bunching parameter equal to 0.49, which is close to the optimal values found in
our and previous calculatiof$5—-17. To determine normal-

FIG. 7. Normalized detuning of the backward waw,, inthe  jzed beam current parametaisand!, it was necessary to
gyrotwystron as a function of the bunching parametey's;=s,  a55ume a certain guiding center radius of electrons since this
=1,(0) $1=1,5,=2, and(c) $,=2,5,= 1. radius was not specified in Ref8]. We assumedR,
by the ratio of Pierce gain parameters =1 mm, which yielded for the coupling parameters deter-
3,3 mined by Eq.(11), G;;=0.96 andG,,=0.4 for the TE; and
R=C3/Ci=Ka /Ky, TE,, waves, respectively. The ratR of normalized current

whereK; andK, are the coupling impedances of an electronParameters for this beam radius is close to 0.18. The normal-
beam to the forward and backward waves, respectively. Inized current parameter of the operating,J®ave, | ;, for
troducing the function® (r) and®, ,(r) for describing, re- the maximum current is equal to 0.062, but in a typical range
s_pectively, the transverse structure of the beam current dewyf voltages(near 90 k\f and currentgabout 1 A, | lisinthe

sity and transverse structures of the forward,) and  range of 0.02—0.04Recall that the results shown in Fig. 4
backward (b;) waves, one can readily derivef. Refs.[22,  correspond td]=0.05) The initial value of the normalized

0.2
0 02 04 06 08 1.0 1.2 14

0.6

Backward wave detuning

0.8

0.7} 1,

0.6

0.5

Backward wave detuning

04

23]) that the ratiok /K is proportional to wave amplitude, as follows from the expressions given else-
2 where[24], for a drive power 65 W to 1.5 kW is in the
K, ( f s, ¥ Pods, range of 0.0015 to 0.027.
k—’—z, (36) So, the result, which is the closest to the experimental
2z ( f 5 W D,ds, data given in Ref[8], is the curve shown in Fig.(8) for
R=0.25, which demonstrates a significant suppression of the

where S, is the beam cross section. So, by choosing tharasitic wave when the normalized input amplitude of the
radial profile of the beam properly, one can decrease thigPerating wave exceeds 0.03. It is obvious that at smBlter

ratio when the waves have different transverse structuredlis effect should appear at smalleg’s. Therefore, the ex-
Axial wave numbers in Eq(36) can be defined in a zero perimental evidence of the suppression of parasitic waves
order approximation by intersection of the electron beam diswith R=0.18 at the drive power exceeding 1 kWhich
persion linew=Kk,v, with the dispersion curves of some spe- corresponds té&,=<0.02 looks consistent with the results of
cific waves in a given slow wave structure. In the first orderour calculations.
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VI CONCLUSION gyrations one can derive for the componentsﬁgfthe fol-

The theory is developed that allows one to study the selflowing equationgcf. Refs.[15,16)):
excitation conditions of backward waves in forward-wave

amplifiers operating in a large signal regime. Such devices as (1—u)(s2- b2 o)
traveling wave tubes and twystrons driven either by linear F26=PLo " 1-bu Re[Fpe™ 2072}, (A3)
electron beams or the beams of gyrating electrons are con-
sidered. The effect of nonlinear suppression of parasitic (1—u)(s2- D
backward waves by forward waves operating in the large F2r=Plo Re(iF e (202} (A4)
signal regime is demonstrated. The formalism developed and ' 1-bu
the results obtained can be applied to a wide class of forward ) B
wave amplifiers. hyyoBio (1—u)®2 i B

The goal of the present paper was to develop a general %2~ ~ 7, B, 1-bu Re{F e~ (%207¢2)},
formalism that allows one to study the problem of stable 2P0 (A5)

operation in forward-wave amplifiers and to illustrate this

theory by a number of simple examples. The formalism car\gte that, since we assume that the amplitude of the back-
easily be generalized further for including the effects of elecyyarqd wave is much smaller than the amplitude of the for-
tron velocity spread, distributed wall losses, and other factorg,arg waves, EQA3)—(A5) do not contain perturbations in

important for operation of real devices. electron motion caused by the backward wave. This means
thatu is determined by Eq.3) and the slowly variable phase
ACKNOWLEDGMENTS of the resonant harmonic of electron gyrations with respect

This work has been supported by the DOD MURI pro- to the phase of the backward wave,
gram under AFOSR Grant No. F4962001528306 and by the

Naval Research Laboratory. 02=5,0 — (wat+kz2),

APPENDIX: DERIVATION OF EQUATIONS DESCRIBING is represented a8 o)+ ¢ and in the right-hand side of Egs.
THE EXCITATION OF BACKWARD WAVES IN THE (A3)—(A5) the perturbationd is ignored. The phase,
PRESENCE OF FORWARD WAVES IN GYRO-TWAS = 02(0)— ¢2, Which is present in EqS(A3)—(A5), can be

expressed via determined by Eq(4) as
The external magnetic field, required for the cyclotron

resonance is usually much larger than electromaguEtit) — s, S;My—S,my Sy, — S109
fields generated by electron beams. Therefore, the effect of 02=S— 0+ S + S t, (A6)
EM fields on electron motion can be treated as a small per- 1 1 1

ion in el ion. | ing th h . . . -

r_b?g?)ndlpf;c'[\:\?hne?géa?so?h en;;%cigglg?a;eid%gf 2| ei?for?%vhereg// is the azimuthal coordinate of the electron guiding
=I5 , -

cyclotron frequency, and components of electron momenturﬁemer' ith e for the bh
as p,=p, sin®, p,=p, cos, p,, one can derive from — In accord.ance.w!t EJA6), one can derive for the phase
Eq. (2) the following equations for perturbations p , ¢, 02 @n €quation similar to Ed4) for ¢:
andp, [14-1§ _
' ' %:L{ U—A,+5,(1-u)s2-1 Im(Fe %)}
di: , d_go:_j: %:f (Al) dz/ 1—bU M2 2 2 1 ’
dz/ 61 pL dZ, rs dz/ z- (A?)

Here, the normalized Lorentz forc@, acting on electrons is Where
given by the right-hand side of EQ). If we represenp] , )
¢, andp; as P =plo)* P, ¢=¢@)t ¢ andp;=pyq _ SiBio(1+hihy)
+p; (also, y=y(0)*+ v), where the subscript(0)” denotes K2 2B,0(1+hy8,0)(1—hyB,0)"
the motion in the absence of the backward wave but in the
presence of the forward opehen for perturbations caused gnd
by the backward wave we get from E@1)
~ ~ 1+ hZBZO_SZQOIwZ

dp, ,  de dp Ay=s
E:fz,aa pL(O)H:_fz,ra d_Z/Z:fz,z- (A2) 2> Bzo(1+h3B50)

Here, the index “2” refers to the backward wave. In the iS the normalized cyclotron resonance mismatch for the
reference frame whose center coincides with an electroRackward wave. Note that the presence of both axial wave
guiding center, the Lorentz force is a periodic function of thenumbers in the parameter, reflects the fact that we con-
cyclic polar coordinated. Therefore, this force can be ex- Sider the changes in the gyrophase, which are caused by the
panded as a sum of angular harmonics, among which, undérward wave, with respect to the phase of the backward
the cyclotron resonance condition, only one is slowly vari-wave. As follows from Eq(A6), the boundary condition for
able with respect to the wave. So, after averaging over fasf, can be written as
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52(0>=2—j 6(0)+

— S1My—=S;M; Srwy— S1w2
where = Y+ to.
S1 S1

(A8)

The normalized backward wave amplituéfe in Egs.
(A3)—(Ab) is equal to

1
(s,—11)2%

1+hy850
K2Y0B10Bz0

Sszﬁio)SZT ehy

1+hyB50 A9)

Here, h, and x, are, respectively, the axial and transverse EZIZ o
backward wave numbers normalized dg /c; the value of
h, is positive, thus ¥ h,8,0~s,Q)¢/w, corresponds to the
Doppler frequency down shifted operation in the backward X

wave. Note that, as follows from the equation fgrgiven in

Eq. (A2) and the equation for perturbations in electron nor-
malized energyy, which can be easily derived, these pertur-

bations are related as

P,=—hyy. (A10)
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a6 1 { Sp(1—h3) h,
dz 1-bu Bo(1+hyB,0) Bp(l—bu)
X (Ap— 112U) [+ 5p(1—u) (221 Im(Fe~102) |

(A15)

Equations(A11)—(A15) describe perturbations in the elec-

tron motion due to the field of a small amplitude backward
wave. The equation describing the excitation of this wave
can be derived from Maxwell's equations by using the
method described elsewhdr 14,15, which yields

dF, 1 (2m (1-w%2? —
f 1-bu e
o -
p. p ;-1 U .~ —
N 1_Eu+ 5~ 1=g T10|dfodbz0.
(A16)

Here the perturbation in (U) relates to the perturbation in
(7) present in Egs.(Al1l) and (A12) as u=2(1
- hﬂzo)?lﬁfoyo; the averaging ove#,, which, as follows
from Eq. (A8), is identical to the averaging ovef, corre-

Equation(A10) corresponds to the autoresonance integral fogponds either to the averaging over the azimuthal distribution

the case of electron interaction with the backward wa\A,

of electron guiding centers when azimuthal indices of the

p,c+h,E=const, .which shqws that an electron radiatir)gforward and backward waves obey the condition
backward waves increases its axial momentum while losing

the orbital one.

Using Eq.(A10) and the general relation between the nor-

malized electron energy and momentujd=1+p.2+p/?,
one can readily express perturbations n(p;=p! )
+P,) viay:

1
p e —
N Biovl—u

Yo~ Y©) |~
1+h,B0— (1+hyhy) yo( '3

(A11)

When the changes in electron energy are sma}j- 7(0)|
<1vp, EQ.(A1l) reduces to

~ _1+hyBy

p=————v
' Biovl—u

Introducing normalized perturbationsp, =p, /p, o,
P,=P,/Ps. one can derive fop from Eqs.(A2) and (A3)

(A12)

dp. _(1-u) %

L Sl A i
dz' 1—bu RdFZe 2)! (A13)
and expresp, via p, as
p,=—2b,y1—up, . (A14)

Hereb2=hzﬁf0/2320(1+ h,B,0) is the recoil parameter for

the backward wave.

The equation for the perturbation in the pha@sddenoted

as~6) follows from Eqgs.(A2), (A4), and (A7) and yields

S My #S,my, (A17)
or to averaging over the period of beatih@ws,/(S,0;
—s,w,)| if the condition(A17) is not fulfilled. The normal-
ized current parametdr, for the backward wave has the
same form ad, for the forward wave given by Eq10)
(after corresponding changessnh, x, andG).

Since Egs.(A12)—(A16) are linearized with respect to
perturbations caused by the backward wave, one can intro-
duce, as was done in RdB], perturbations averaged over

the phasey:

o 1 2m — —
= B el
P o fo p.e’dy, (A1839
_ 1 2w i; —
pzzz jO p:£ d'l’, (A18b)
1 2@ i; _
U_Zfo u,e'¥dy, (A180)
— 1 27 i; _
—EJO 0e'Vdy. (A18d)
In these variables, Eq§A12)—(A16) yield
dHJ_ (1_u)(sz—l)/2 1 _i§
97 - 1-bu 27 (A19)
p,=—2b,y1—-up,, (A20)
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_ 1 hB,0 — dé) _
2T V1T UP (A2d g7 =m0 5 (1w e
_ (A26)
do 1 { s,(1—h3) h,
dZ, l_bu 1320(1"_ hzﬁzo) ﬁzo(l_bu) ZF,Z |A FII_I2 2 f (1 u)52/2 It9
ﬂm — . S
X(Ay— o) | 55— Uu—i = s ]
2(1=hBo) ~ 2 x \/1—2_EL+i6 db,,  (A27)
. -u
><(1—u)<52’2>—1|:2e-‘02] , (A22) .- -
where 6= 0,—A,z', Fy=F,e*2?, and u,=5,8%,/2B5.

This parametep, can be eliminated from Eq§A24)—(A27)
by introducing

dF, 1 jzwl )22 ié{ PP

a7 22,

1-bu —u 1-bu
V1-u , Blo , 2B20 , [2Bx0)?
s—1 — ¢ T 28,7 Fo= _lroF |2:(E§>
= +i6]ddp. (A23)
which yield
Here, in accordance with EqéA6) and (A8), 6,=60,— . dp, 1 A 5
The phasd, is determined by the same equatidy. (A7)] a2 (1—u)s2 V2F e (A28)

as the phas#,. Certainly, the elimination of distribution in
¢ allows one to significantly shorten the computer time re-
quired for calculations.

Below, we will consider the excitation of both waves at

d0 — -
i —2s,\1—up, —i —(1 u) (221 e~ 10

k A29
frequencies close to cutoff wheh, b,—0, and hg,g, (A29)
h,B,0<1. Then Eqs(A19)-(A23) are reduced to dF} 27T

dp 1 d¢ 277
5 (1—u)'% V2Fge e, (A24)
dz S
2 — .
_ _ _ X p,+i6|dé,, (A30)
p,=0, u=2yl—up,, (A25) Ji—u 0
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