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Theory of the anomalous Doppler cyclotron-resonance-maser amplifier with tapered parameters
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The theory of a slow-wave cyclotron-resonance-m#&6&M) amplifier employing an initially linear elec-
tron beam is developed. In such a device, the electrons radiate electromagnetic waves under the anomalous
Doppler effect. In order to maintain the cyclotron resonance between the radiating electrons and the amplifying
electromagnetic wave, we consider a system with tapered waveguide parameters. The self-consistent set of
equations results in one equation describing the efficiency of the anomalous Doppler CRM interaction as a
function of the waveguide length. The efficiency limit approaches 100% in the ideal case. A practical scheme
of the anomalous Doppler CRM amplifier is proposed as a stripline waveguide with a slight tapering of the
strip width. This scheme is analyzed numerically, and it is shown that the efficiency of this device may exceed
30%.[S1063-651X%99)00302-5

PACS numbg(s): 84.40.1k, 52.75.Ms, 52.75.Va

[. INTRODUCTION can be produced even by initially linear electron beaifike
same effect was also considered by Pierce when he studied
Cyclotron resonance masefG@RM’s) are sources of co- the transverse motion of electrons @rtype traveling-wave
herent electromagnetitEM) radiation based on the cyclo- tubes[9].) This is an important conclusion because the qual-
tron resonance interaction between electrons gyrating in ajty of linear electron beams formed by Pierce electron guns
external constant magnetic field and an EM wasee, e.9., can be much better than that of the beams of gyrating elec-
Refs.[1, 2]). A large number of various CRM'§including  trons produced by magnetron injection guns. Also in Ref.

gyrodevicep are based on the operation when the normaj7] the range of parameters corresponding to the efficient
Doppler effect takes place. In the cyclotron resonance CoMgperation of AD-CRM’s was briefly discussed.

dition, A systematic analysis of the same model of the AD-CRM
was done in Ref 10], where two configurations, a traveling-
wave amplifier and a backward wave oscillator, were stud-
ied. It was found[10] that the maximum efficiency of the
AD-CRM can be realized in the extreme case, when the ex-
ternal magnetic field is vanishingly small. Also, in the am-
plifier configuration, at large amplitudes of the input signal

electron axial velocity and gyrofrequency. In CRM's bas’(_}dthe.electrons maI§e only about one orbit in the interaction
on the normal Doppler effect, the radiating electrons losd€dion before their dgparture from the cyclotron resonance
both orbital and axial components of their momentiwhen ~ du€ to the changes in electron energy. Such a regime of
k,—0 the axial momentum remains unchangethese de- operation, certalnly, cannot .be realized at mpderate volta}ges.
vices have been studied in numerous pagsee, e.g., Refs. _La.ter, some experiments W|th.AD-CRM’s driven by relativ-
[1-5] and references thergirMuch less attention has been IStiC electron beams were carried ¢iL—13, and some the-
paid to CRM’s based on the anomalous Doppler effect. ~ oretical issues were also analyZgdi]. AD-CRM effects in

In CRM'’s based on the anomalous Doppler effésb-  periodic waveguides were discussed in REfS, 16.
CRM'’s) the Doppler term in Eq(1) exceeds the frequency. The issue of a practical realization of efficient AD-CRM’s
This means that the phase velocity of the wawgy, operating at reasonably low voltages, where electrons should
= wlk,, is smaller than the electron axial velocity. Corre- make many orbits and efficiently interact with an EM wave
spondingly, the resonant cyclotron harmonic numizer of a moderate amplitude, has not yet been addressed. Since
should be negative. As is know®], when oscillating elec- such a regime cannot be realized in AD-CRM's with con-
trons radiate EM waves under the anomalous Doppler effecgtant parameters of the interaction regi@rhich were stud-
they lose their axial momentum and gain the orbital momenied earliej, we suggest to taper these parameters. In the
tum. present paper we consider an AD-CRM with a variable axial

The first approach to the theory of AD-CRM’s was donewave number of the wave, and show that such a device can
in Ref. [7], where the interaction between ultrarelativistic efficiently operate at moderate voltages. The idea to taper
gyrating electrons and a plane, transversely homogeneous,(z) to ensure the cyclotron resonance between the wave
circularly polarized EM wave propagating in a medium with and decelerating electrons, certainly, is similar to the ideas of
the refractive index=c/v,, was considered. In Refi7], as  tapering the parameters of a slow-wave struct®&S used
well as in Ref.[8], it was mentioned that the cyclotron ra- in isochronous traveling wave tub§$7,18 (see also Ref.
diation under the condition of the anomalous Doppler effect9], p. 167, tapering the wiggler parameters in free electron

0—Kkup,=sQ, )

this corresponds to the operating frequeacharger than the
Doppler termk,v,, so the resonance occurs at positive cy-
clotron harmonics £>0). In Eq. (1) k, is the axial wave
number of the wave, and, and (), respectively, are the
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lasers(FEL’s) [19,20, and profiling the external magnetic Below we will restrict our consideration by the analysis of
field in relativistic gyrotrong21] and traveling-wave CRM'’s interaction with TEM and TE waves. For these waves, as
[22]. known (see, e.g., Ref$7, 10, 5, 25, 2§, the changes in the

In periodic slow-wave structurdthe helix-type SWS, the electron energy and axial momentum are related as
coupled-cavity SWS, and waveguides with periodically cor- )
rugated wallg the tapering can be realized by a slow varia- h d_W+ %_
tion of the period. Another class of attractive slow-wave dz  dz
structures which can be tapered for our goals are stripline
waveguides which were successfully used in BBl and ~ When the axial wave number is constant, from Ez).one
CRM [24] experiments. The stripline waveguides used inobtains the autoresonance intedi2f—29
these experiments had a uniform cross section. The stripline ,
waveguide has various advantages compared to conventional hw+p,=B. (6)
dielectrically loaded and periodic waveguides. Operation a{N

the quasi-TEM mode provides a linear dispersion and, thus hen the optimally taperetl obeys Eq.(4), from Eq. (5)

the interaction may occur in a wide bandwidth of frequen-one can obtain the following relation between electron en-

. : S " ; ergy and axial momentum:
cies. Also, this mode eliminates parasitic Cherenkov interac- oy

tions. From the technical point of view, the metallic strips pL2= B2 — 2B oW+ W2, )
protect the dielectric material from electron bombardment z z ?

and charging. In this paper we suggest to taper the width of orrespondingly, from the general equatiph=1+ y3(p/?
the strip in order to maintain the cyclotron resonaritie +p;2) one can derive for the orbital momentum of an elec-

along the interaction region. Analytical and numerical analy-qn with initial zero orbital velocity the following equation:
sis may form a basis for further experimental design of the

AD-CRM amplifier in the tapered stripline waveguide. pizzz(ho,gzo_l)wzzﬂw_ 8
Our paper is organized as follows. In Sec. Il we present a
general formalism describing the AD-CRM with an arbitrary Equations(7) and (8) establish the relations between the
slow-wave structure and a tapered axial wave numiger changes in the electron energy and components of electron
Section Il is devoted to the analysis of a practical scheme ofnomentum. For initially gyrating electrons the correspond-
the AD-CRM device employing the tapered stripline wave-ing equations are given elsewhgg?].
guide. Section IV demonstrates a numerical example, and Since the electrons radiating EM waves under the condi-
Sec. V concludes our work. tion of the anomalous Doppler effect lose their axial momen-
tum and gain the orbital momentuf8], the maximum en-
ergy which can be withdrawn from a radiating electron
corresponds t@,=0 in the final stage. As follows from Eq.
Our consideration is based on the assumption that the t47), the corresponding maximum value of the electron effi-
pering of the slow-wave circuit provides the exact cyclotronciency,
resonance between decelerating electrons and an EM wave.
(A practical realization of this tapering is discussed in Sec. 1
[Il.) The corresponding dependence of the optimal normal- =
ized axial wave numbeh=Kk,c/w on the electron energy
and velocity, as follows from Eq(l) for s=—1, can be s gqual to
determined as

®)

Il. GENERAL FORMALISM

w, 9

1/2

(ho— Vh2—1). (10)

Note that, in accordance with E¢4), to realizep,—0 one
Here3, is the axial electron velocity normalized to the speegShould operate at infinitely lardes. Since in experiments
of light, « is the ratio of the electron cyclotron frequency at IS always limited by a certain finite valugn.,, the corre-
injection to the operating frequency, andis the electron SPonding maximum efficiency is determined by
energy normalized to the rest energy. At the entrance to the

’yO+1
Yo—1

)

Yo ) Nmax—

interaction region Yot1)? 2 =2

gion, ma=| ~—7 | [ho=V(h§-1)/(1=h:3)). (@D

1
Nopt=ho=7—(1+ ). (3)  Also note that using the cyclotron resonance condition given
Bzo by Eq.(3), Eq.(10) can be rewritten as

Introducing normalized electron momentupi=p/mgycy, 1 —
and the energy change function=(yo— )/ o, and com- max= 71 [1+p—V(1+p)?—(1- v D] (12
bining Egs.(2) and(3), one can obtain the following equa- Yo
tion for Nop: In a similar way one can also rewrite Ed.1).

, Recall that in the case of the tapered slow-wave structure
Nop= (hoBzo—W)/p; . (4 the electrons stay in the region of the anomalous Doppler
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effect during all the process of their decelerationcontrast dw p, A'L_, i

to the case of a constatt [10]). Correspondingly, when 4z p, e{ o © ' ] (160
electrons lose all the axial momentum their orbital momen- z

tum is equal top] =2uwnae This agrees with Eq(12),

from which it follows that7,,—1 whenu—0, i.e., in op- dA” el, ¢ [L%;p, , 16
timal regimes the magnetic field should be small. Az Moty N \ 2k p, © | (169

After these preliminary remarks we can consider the
equations describing the evolution of the normalized electrog ;.o a7 — eAmycwy, and k=k, c/w are the normalized
energy change, the normalized orbital momentupt , the  aye amplitude and the normalized transverse wave number,
slowly variable phas@=k,z— wt— 9 (9 is the electron gy-  regpectively(The derivation of similar equations for various
rophasg and the normalized wave amplitude along the nor-ersions of CRM amplifiers is given elsewh¢Be22,30,31.)
malized axial coordinate’=wz/c (below, the primes in |, Eq. (16d), |, is the beam current, angular brackets mean

pJI_,Z andz’ will be Om|tted Corresponding eXpI’ESSiOHS for averaging over the beam cross Section’ and
the components of the Lorentz force with which the wave

acts on gyrating electrons were derived elsewh25e26,30Q. ¢ (wl/c)?h

We will represent the electric field of the wave &s 27 K

=Re[A(DE(Nexi(wt—k2)]}. Here the vector function

EC(F) describes the transverse structure of the wave electri Eﬂe norm of the wave. Now, IeF us dencél _ /2« by
e'*, whereF and « are, respectively, the absolute value

field, and can be represented ﬁ;;:ikV\Pxi where the 54 phase of this combination, and introduce
membrane functionV (1) is the solution of the Helmholtz
equation el, |L_4% c®

| vwpas @
SL

0~ 3 2 2 (18)
AL‘P‘l‘kJZ_\I’:O, (13) moc Yo 4K w N
Here and below we will consider a beam of electrons for
with the corresponding boundary condition. In E43), k, ~ which the transverse inhomogeneity of the wave Lorentz
=w./c is the transverse wave number amg is the cutoff ~ force is not important. Correspondingly, the transverse drift

frequency. The components of the Lorentz force, as can bef electron guiding centers can be ignoreste, e.g., Ref.
found elsewherf25,26,30, are proportional to the wave am- [30]), andL_; can be considered as a constant value. This

plitude A, to the coefficient allows us to rewrite Eq$163—(160) in the following forms:
1/(9 S Isl dp, hg,—1 —
S Nl R —_= F , 1
=k (ﬁX-H E W” (X,Y), (14) az 5. cos ¢ (199
dw p, —

which describes the transverse structure of the Lorentz force rE F cosé, (19b
acting on an electron with transverse coordinates of the guid- Pz
ing centerX andY, and to the Bessel functionk(¢) and dE b -
their derivativesl (¢) (hereé=k,r_, andr_ =v, /Q is the —=l, == cosd, (190
Larmor radius of electron This representation of the Lor- dz Pz
entz force components stems from the multipole nature of —
the EM field rotating synchronously with gyrating electrons. % __ ('_0 i) Py sin . (19d)
In our cases=—1, so dz F 2w/ p, ’

_ Here 6= 60— a, SO Eq.(190 is obtained by superposition of
L—l_q ((9_)(_' (?—Y)\P(X,Y). (15 Eg. (16b) and the imaginary part of Eq16d).
Equations(19b) and (190, properly combined, yield the

. . . energy conservation law for the system “electron beam plus
We will also assume that the normalized gyroradiuss gy 4 P

EM ”
small enough §<1), and hence,J_,(&)=—J,(¢)= wave
—&/2. ) ) z dw
Under these assumptions a self-consistent set of gyro- F —Fo=2fo|o a7 9% (20

averaged equations describing a properly tapered traveling-
wave AD-CRM with an initially linear electron beam can be which in the case of a constah§ reduces to the standard

written as (see, e.g., Refd10, 25) form F2—F3=2low. In Eq. (20)
dp, hg,—1 AL and below,F, is the wave amplitude at the entrance. Note
el e{ 1 —'9}, (169  that the gain of the device& =20 logo(F/F), can be large
dz B 2k only when the normalized currehj is large enough.

Also note that whet andp, obey, respectively, Eq$2)
and(8), one can rewrite Eq19d) using Eqs(199 and (190
as

de hg,—1 A'L_
s

B 2k

[ —i0
pL dZ_ BZ S ]1 (16b)
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(hg—1)Y2 (w)

ho(hoB0—W)
. _ . where the functionf(w)= B,0— V85— 2hoB,oW+W?, as

From here one can readily derive the equation follows from Eq.(7), describes the changes in the normal-

ized axial momentum. In accordance with E(3) and(24),
the wave amplitude can be determined from Ef) as

(hg_ 1)1/2f H

. (29

a6 sing 1 d(DLF). f(w)+ (hZ—1)Y28,, arcsir{
dz  cosgP.F dz

d _
— (p_F sin 6)=0,
dz 1/2

F:FO

2_1\12 H
which gives the integral of motion 1+I{f+(h° b BZOarCS'{ ho(hgB,0— W)

p.F sin §=const. 2Y) wherel =2hgl ,0/F2. Now we can come back to E¢L9b),

introduce the normalized axial coordindte Fyz and, using

Since at the entrance, =0 to fulfill Eq. (21) for nonzero Eqgs.(25), (7) and(8), rewrite it as

p.’s in the process of interaction, it is necessary to hédve
=0. This conclusion makes the device under study quite dif- dw 2(hoB—1)W
ferent from previously analyzed CRM'’s with tapered param- d—§= B2 2hoBoW W2
eters operating in the region of the normal Doppler effect 20 <70~20
where the tapering should provide the condition of synchro-

nism for a so-called “synchronous” electron around which X,BZOarcsir[
an electron bunch is formed. In those devices with initially
gyrating electrons the stationary phase of the synchronouE

electron need not be equal to zero. Therefore, for any initia nd1, one can study the axial evolution of the electron en-

amplitude of the wavé, the initial phasef, can be chosen ergy and, correspondingly, calculate the efficiency given by
so thatFosin.Bo will be the same, as pointed out in RE31].  Eqg. (9). [Recall thaty, in Eq. (9) and 8, in Eq. (26) are
Correspondingly, the changes in the electron energy and thyg|ated 337021/*/1—&20]- By inverting Eq.(26) one can

the tapering given by Eq2) can be the same for ay,. On  aiso find the lengtti,, required for complete deceleration of
the contrary, the operation of the AD-CRM with an initially 17751[1/F(w)]dw Here F(w) denotes the

linear electron beam, as follows from our conclusion abouf!€ctronséc= /[,

#=0, seems to be sensitive to the input power. rigf;;t-harlltd sifde of Eq(2|6). lculati f E(@6 h :
Now we can come back to the set of E¢s99—(19d), esults of numerical calculation of E(26) are shown in

— , Figs. 1, 2, and 3. Figures(d and Xb), respectively, show
and note that assuming=0, and using Eqsl7) and(8) for e qependence of the efficieney[defined by Eq(9)] and
p, andp, , respectively, and the balance equati@af) for F,

the corresponding tapering of the normalized axial wave

we can reduce this set of equations to one gquation for thﬁumberh [derived from Eqgs(4) and(7)] on the normalized
normalized electron energy change. To do this we should, iByial coordinater for different initial values ofB,0ho. In

particular, specify the tapering of the normalized current pay, e calculations, the accelerating volt&geand initial cur-

rameter 4 in Eq. (20). _Below we will assume that the device o parametet are equal to 40 KV and 100, respectively.
operates atzfrequenmes not 2so far frpm the cutoff freq”enc)ﬁigures 2a) and 2b) show, respectively, the dependence of
w; whereh”<1, and hence«"~1. This means that the ta- he efficiency and the axial wavenumber on the axial dis-
pering of a slow-wave structure may cause significaniynce for different values of the current paramétavhereas
changes in the normalized current param(_iegeonly dueto e accelerating voltage and the parameggsh, are con-
the Eapenng oh [see Eqs(17) and(18)], while the changes  giant and equal to 40 kV and 1.1, respectively. It should be
in ki are negligibly small. Then, as follows from Eq4.7),  noted that the cases of different values of the current param-
(18), (4), and(7), the normalized current parameter can begter differ only by the interaction lengd) whereas the effi-
represented as ciency and wavenumber remain unchanged. Figu@sa®d
3(b) show the efficiency and axial wave number, respec-
_ 0 7 5 tively, as functions of the coordinatefor different voltages
10=10o hoBso—W VB2~ 2NoBroW+ W2, (22 V,, and constant(100) andB,oho(1.1).
Before closing this section let us note that E26) does
wherel y, is the value ofl, at the entrance. Since E(2)  hot contain the initial amplitude of the wavEy; however,

determines the dependence lgfon w it is reasonable to the coordinate/ is normalized toF,. So the solution ob-
rewrite the right-hand side of E20) as tained for a fixedZ will correspond, in the case of different

Fq's, to different axial positions.

1+1

f+(h§—1)%2
(hg—1)Y%

]1/2
ho(hoBo—W) ] ' (26

y solving only this equation with three parametbgs B,

wooo w B 2hoBow’ +w' )
2 lo(w")dw' =2145hg dw’. I1l. ANOMALOUS DOPPLER CRM INTERACTION
0

!
0 Moo =W 293 IN A TAPERED STRIPLINE WAVEGUIDE

A practical scheme for the anomalous Doppler CRM am-
This integral, as follows from Ref32], is equal to plifier is proposed in this section. This scheme employs a
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FIG. 1. The dependence of the maximal efficiengya) and
optimal wave numbeh (b) on the normalized axial coordinatefor optimal wave numbeh (b) on the normalized axial coordinateor
different initial values ofhyB,9. The accelerating voltag¥, and different initial values of the normalized initial current parameter
normalized initial current parametérare 40 kV and 100, respec- The accelerating voltag¥, and parameteh,8,, are 40 kV and
tively. 1.1, respectively.

FIG. 2. The dependence of the maximal efficiengya) and

stripline waveguide with a slight tapering of the strip width order to exclude the transverse wave number from the ex-

along the interaction region. The proposed device and thBressions. Also the normalized amplituiemust be rede-
waveguide cross-section are shown schematically in Figdinéd- The general expressions describing the anomalous
4(a) and 4b), respectively Doppler CRM interaction = —1) could be written in the

Striplines and microstrips are commonly used as trans®™MS

mission lines in modern microwave integrated circ(i3g]. dp 1
The fundamental mode of the stripline is the hybrid EM L __B_ REAE 1o+ B,H 1, ]e %, (279
z

mode, and various analytical and numerical methods have dz
been developed in order to find the exact wave solution
cluding axial componentsn such structure$34—36. Nev-
ertheless, at low frequenciéshen the transverse sizes of the

do 1 ’ —i6
P EZ_B_Re{A [E_1r+BoH _1,—BH_14]e7'%,
stripline are smaller than the wavelengthe wave propagat- z

. " . . (27b)
ing along the stripline can be approximated by a quasi-TEM

mode with a linear dispersiof83,37]. Its transverse wave q

numberk, is negligible. Consequently, Eq$16a—(16d), aw_ P Re[A'E_, e, (270

(17), and(18) must be rewritten for the quasi-TEM mode in dz
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FIG. 3. The dependence of the maximal efficiengya) and
optimal wave numbeh (b) on the normalized axial coordinateor
different initial values of the accelerating voltalyg. The initial
values of the normalized current paramdtend parameteh,3,,
are 100 and 1.1, respectively.

dA’ ely, ¢/ . p o,
Az M3y 0N <El€ 0, e"). (279
In Egs. (279—(27d, E_1;, E_19,H_ 3, H_ 14, andH_4,

are polar projections of coefficienl§,l and I:Ll in the
coordinate frame associated with the guiding ceptel of

electron gyromotion. These vectdts ; andH _; are related
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tapered metallic strip

0 w2

(b) -2 -W/72

a

X

FIG. 4. () Schematic of an anomalous Doppler CRM amplifier
with a tapered stripline waveguidéhe side and upper waveguide
walls are omitted in this drawing(b) Schematic of the stripline
waveguide cross section.

- 1 (2

—- 75 —id
=2/, H.e '"dd.

(28b)

Hered is the electron gyrophase introduced in Sec. II, which
can also be treated as the azimuthal coordinate in the refer-
ence frame associated with the electron guiding center. The
corresponding expression for the norm of the waMe,is
given by

C > - - = ~
N= L ([E.xH*]-[AXE*]}-2dS,. (29
ai

For pure TE or TEM modes,
E_ 19+ BH 1, =(1-hB,)E_44 (303
and

E_ 19+ BH_1,=i(E_,+B H 1,—B,H 1), (30D

and from the equation sdR73—(27d) we arrive at Egs.
(169—(16d. (Note that for the TEM mode{d _;,=0). The

cduasi-TEM mode is not a rigorous mode, but a practical
tric, E_C, _and magnetich, fields[see the representation of %ﬁ%%oexmztslgqéfMlt}nﬂggf:gnigﬁgﬁ E@noo;) zz:;sgljgf)%ﬁtsly
electric field given above, before E(L3)], as is a consequence of the transverse inhomogeneity of the
waveguide partially filled by the dielectric material. Never-
theless, at low frequencies the quasi-TEM mode approxima-
tion is close to the real EM field of the stripline, and we can
assume that Eq309 is valid. Hence takingge_,, as the
source function, we define the current parameter as

to the functions describing the transverse distribution of ele

- 1 (2

_ T2 i
Sy E.e 'VdY

(28a

and
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el ) c® and b and H are heights of the waveguide and dielectric
|o=m E-1ol” 2y (3D medium, respectively, as shown in Figl# The integral

equation (353 holds for each x in the interval
and the amplitudé and phasex by Fe“=A'E_,,. Then [ —W/2;W/2] and can be solved by various numerical meth-

we arrive at the same set of equatigh93—(19d) as for the ods. Finally, the total linear charggis obtained by integrat-
exact mode. ing the charge density(x) given by Eq.(348 over the strip

To specify parameters in E26) for numerical calcula- Width as follows:

tions, one needs to derive analytical expressionétqrﬁc,
andE_ 4, (they are included in the expression for the current Q=2 > —sin
parametet). This can be done by using the wave analysis of n=13..
a cold stripline waveguide. In this analysis we assume th
the tapered width of the strig/ is slowly varying along the
axis. Hence the local solution for the axially uniform strip
provides a reasonable approximation for the tapered striplin
waveguide.

A general method for the stripline analysis is presented i
Ref. [33]. The axial wavenumbek, of the fundamental
quasi-TEM wave is given by

W

a“'he total charge on the strip in the air-filled wavegui@g,
is obtained by a similar procedure as Qrwith £,=1 ev-
Srywhere inside the waveguide. Note that in addition to the
Straightforward calculation of the effective permittivity de-
nscribed above, several approximate formulas have been de-
rived [33,37].

The electric and magnetic components of the quasi-TEM
mode are determined by the electrostatic potedtighnd the
w axial component of the vector potentigl,, respectively.
K,= Ve < (32)  These potentials obey Laplace equations

VZd=0 37
where the effective permittivitye . depends on the trans- + 373

verse geometry of the stripline waveguide and on the relativgyq
permittivity e, of the dielectric substrate. It is defined by

Q
8e“:Q_O' (33 The potential functions are zero on the waveguide walls and
constant on the metal strip surface. The normal derivative of
whereQ and Q, are the total linear charges on the strip of the electromagnetic potentidl, is continuous on the inter-
the stripline waveguide and corresponding air-filled striplineface between the vacuum and dielectric regions, and has a
waveguide(without dielectric material inside respectively. step change on the strip surface, whereas the normal deriva-
The values ofQ and Q, are obtained using a Fourier series tive of the electrostatic potentid is not continuous on both
expansion method as follows. The charge density on théhe strip and dielectric surface. Note that boundary condi-
strip, p(x), can be expressed as an infinite sum of transverstons for the electrostatic potentidt have been used in the

V2A,=0. (37b

harmonics, derivation of Eq.(359. Using Eqgs(34) and(35), the poten-
tial functions® andA, can be expressed as
p(X)= 2 pnCOgwyX), (343 X,
n=13,.. O(x,y)=4m7 >, Prbn.Y) (383
n=1,3,... onTy
where its harmonics coefficients, are given by
and
1 (w2
pn—a f, lzp(X)COS{wnX)dX. (34b) A Pn¢n(X-Y)

ALxy)= (38b)

V€ eff n=13,... wnS|le(wnb) '
In Egs. (34), a is the half of the waveguide width and,

=mn/2a. Assuming that the voltage on the strip and wave-respectively, where the harmonic profile functiosg are
guide walls isV#0 and zero, respectively, the charge den-defined as follows:
sity p(x) is obtained from the integral equation

dn(X,y)=C0g w,X)

A sinh w,H)sinh(w,(b—H))
V- T cOg wX) sin(wy(b—H))sin(w.y),  y<H
nmh3 non sinh(w,H)sinh(wy(b—y)), H<y=b.
w2
xf p(x')cog wx')dx =1, (359 (39
—W/2
The transverse electric and magnetic fields are obtained from
where the harmonic coefficien®s, are defined as Egs. (383 and(38b) as follows:
T,=sinh(w,H)cosHw,(b—H A X,
n Nw,H) Hawn( ) E(Xy)= — 2 Pn@n( Y), (403

+&,cosiw,H)sinh(w,(b—H)), (350 |E| n=T3. T,
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and the norm of the wave at the input of the waveguide

4ar X, ;
Eylxy)=— 2 w, (400 results in
|E| =1,3,... Th
Np= i (46)
41 X, (R
Hyc(X,y)=— — w (419 |Eol[Hol
|H|‘/Seff n=13,.. sinh(w,b) ' .
where P;, is the input power of the EM wave, and the sub-
script O denotes initial values.
4 Pn®n(X,Y) ; i
Hyo(X,y)= fnrm ™ r7 (41b) The tapering of the waveguide parameters, as a method
yerr |H*|‘/geﬂ n=13,... sinr(wnb)’ for efficiency enhancement, is, in particular, limited by re-

flections. The axial nonuniformity of the tapered stripline
where the harmonic transverse profilgsandy,, are defined ~ results in backward EM wave reflections along the wave-

as guide which may lead to spurious oscillations due to absolute
instability caused by this internal feedback. The expression
en(X,y)=sin(wyX) for reflection coefficienf” of the stripline waveguide, back
) ) to the input, is derived in Ref33]. Using normalized vari-
{S'”h(“’n(b_H))s'”k(wny)' y<H, ables introduced in Sec. I, it can be rewritten as
sinh(w,H)sinNw,(b—y)), Hsysb
1 (max i) 1dh
(429 r=-3 fo e hdz de, (47)
and
where{axiS the normalized length of the waveguide. Hence
Un(X,y) =cog wpX) the assumption of a slowly varying axial wave numkgin
, the tapered stripline requires tH&y < 1. This limits the gen-
[_.S'nh(“’n(b_ H))coshwny),  y<H, eral solution for the efficiency; given by Eqs(26) and(9).
sinh(w,H)coshw,(b—y)), H=sysb, Another limitation of the analytical solution of E426)

(42p  stems from the following considerations. The EM field of the
stripline is largely concentrated in the vicinity of the strip.
respectively, and the amplitudé&| and |H| correspond to Hence, in order to design a high-efficiency device of a rea-

the maximal values of these fields inside the waveguide crosionable lengthL, the electron beam must be injected as
section. The ternE _,, can be derived from Eq$40g and ~ closely as possible to the strip surface. On the other hand, the

(40b) as follows: high efficiency of the anomalous Doppler interaction is ob-
tained when the external magnetic field, and consequently
20 o the cyclotron frequency), are small. Hence, the Larmor
E_1p=— 2 on sinh(w,H)cog w,(X—i(b—Y))]. rgdius of electron rotaj[iomL, which is inversely propor-
|E| n=13.. T, tional to (), may result in a large value even if the induced

(43)  transverse velocity, is small. In order to prevent the elec-
) ) tron bombardment of the strip and the dielectric material,
Numerical evaluation of Eq440)—(42) shows that the EM  gne needs to limit the device length and, correspondingly,
field of the quasi-TEM mode is largely concentrated in thethe efficiency. These two effects contradict one another, and

vicinity of the strip. It should be noted that since the quasi-the contradiction results in decreasing of the AD-CRM effi-
TEM mode is not the pure EM mode, the electric and magijency.

netic field amplitudes are not equal. Moreover, the transverse
profiles of the electric and magnetic fields are different, and

consequently, in the general c4&4 and|H| could not cor- _ . _
respond to the same poiryy of the waveguide cross section. ~ The above analytical expressions enable one to design
Nevertheless, using the previous assumption of the lowpractical schemes of the anomalous Doppler CRM amplifier

frequency limit, we can usbfl|s|§|zA where the ampli- in tapered stripline structures. Figures 5—8 show results of
tude A of the E'M wave was introduced in Sec. IL. numerical simulations of the device with the initial param-

The power flowing through the waveguide is defined by eters.s_ummarized in Table I. F_iggre 5 show_s the effective

permittivity e ¢ oOf the tapered stripline waveguide as a func-
fo . tion of the strip widthW. The effective permittivity varies

P= yp f [EXH]-zdS, . (44  from ~30 to ~43. This corresponds to change of the nor-
S malized wavenumbeh from ~5.5 to ~6.6. It should be

noted that the assumption of the quasi-TEM mode limits the
width of the stripW, hence it could not exceed5 mm for a

10-GHz frequency (the corresponding wavelength\

IV. NUMERICAL EXAMPLE

For the quasi-TEM mode of the stripline waveguide, this
power, as follows from Eqg40)—(42), is equal to

2 =30 mm).
pP= 2ma Pn sinhw,(b—H))sinh(w,H), ~ Figures 6—8 show the output characteristics of the device
Vegft N=13... @nTn in their dependence of the axial coordinatén these figures,

(45  the solid lines correspond to possible change of characteris-
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FIG. 5. The dependence of the stripline waveguide effective FIG. 7. The dependence of the normalized electron axial and
permittivity €. on the strip widthW. The waveguide parameters transverse velocitie®, and 8, , respectively, and the EM wave
are listed in Table I. phase velocityy;,, on the axial coordinate (for initial parameters

as in Fig. 6.

tics taking into account the above limitations. The dashed

lines show the asymptotic behavior of characteristics whictradiusr; and the number of electron gyro-orbits are shown
cannot be realized practically in the device under considerin Fig. 8. As follows from this figure, the electron motion is
ation. Figure 6 shows the calculated values of the efficiencgharacterized by a large number of gyro-orbits. Hence the
n and the tapered optimal normalized wave numbgy. highly efficient anomalous Doppler interaction in the tapered
The corresponding dependencies of the normalized electromaveguide differs from those in axially uniform structures,
velocities3, and 8, , and the EM wave phase velociBy,, for which a small number of electron orbits is typical.

are shown in Fig. 7. According to the nature of the anoma- The distance between the electron beam and the strip at
lous Doppler effect, the axial electron velocigy is larger  the waveguide entrance is 2 mm. Hence, as follows from Fig.
than the EM wave phase velocify,. These two velocities 8, the maximal length of the devideis limited by ~1.5 m.

are decreased along tlzecoordinate and approach zero at The corresponding normalized wave number and efficiency
Zma=1.8 m. This corresponds to the complete axial decelare equal to~6.5 and~30%, respectively. The calculated
eration of the electron. The axial evolution of the Larmorreflection coefficient is small['|<0.02). Consequently, the
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FIG. 8. The dependence of the electron Larmor radjusnd
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initial parameters as in Fig.)6
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TABLE |. Example of anomalous Doppler CRM amplifier parameters.

Stripline waveguide

Dielectric substrate width H 1 mm
Initial strip width W, 0.5 mm
Final strip width W, 5 mm
Relative dielectric permittivity &, 50
Outer tube
Width 2a 70 mm
Height b 10 mm
Length L 1.5 m
EM wave
Frequency f 10 GHz
Input power Pin 5 W
Electron beam
Accelerating voltage Vp 10 kv
Initial current Iy 0.5 A
Position inside the waveguide X 0 mm
Y 3 mm
Axial magnetic field Bg 252 G
Normalized parameters
Initial norm of the wave(normalized No(w?/c3) 6.5x10 4
Initial amplitude Fo 6.9x10°®
Initial current parameter I 6.8x 10°
hoBzo 1.07

proposed design of the anomalous Doppler CRM amplifieing a stripline with a tapered width is proposed for a further
with a tapered stripline seems to be a promising scheme fagxperimental verification. The stripline waveguide has the

further experimental realization. advantage of a wide tunability. Numerical calculations show
that taking into account the limitation of the amplifier's
V. CONCLUSION length(as explained in Sec. I\Vthe efficiency of this device

) can be about 30% for a 10-kV, 0.5-A electron beam, and a
_The analytical model of an anomalous Doppler CRM am-5_\y input EM power. This corresponds to-&25-dB power

plifier with tapered waveguide parameters is derived for anyain. Hence the presented analysis forms theoretical basis for
EM wave of a moderate amplitude and an axially injected; gesign of the compact, low-cost, high-efficiency CRM de-
nonrelativistic electron beam. The linear electron beam has Gce.
better quality, and its usage simplifies the design of the The model of an anomalous Doppler CRM with tapered
anomalous Doppler CRM amplifier as compared to convenparameters can be implemented to other schemes as well. In
tional CRM devices employing the normal Doppler effect. particular, other waveguides with variable dielectric loading,

The tqpering of the EM wave numbéky provideg the Con-  and tapered periodic waveguides could be considered.
servation of the anomalous Doppler synchronism condition

along the interaction region. It is shown that operation of

such a device results in the high efficiency, which may as-

ymptotically reach 100%. The electron motion is character- This work was supported by the U.S.-Israel Bi-National

ized by a large number of gyro-orbits. Science FoundatioiBSH under Research Grant No. 95-
A practical model of an anomalous Doppler amplifier us-00438.
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