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In conventional sources of coherent Cherenkov electromagnetic radiation, the electrons move linearly,
guided by external magnetic fields. In the absence of such fields, the electrons can move radially, being
affected by the beam self-fields as well as by the radial component of the electric field of the wave. This radial
motion can, first, improve the coupling of electrons to the field of a slow wave localized near the wall of a
slow-wave structure, and second, cause an energy exchange between the electrons and the wave due to an
additional transverse interaction. This interaction, in particular, can lead to an experimentally observed exci-
tation of nonsymmetric transverse electric waves in Cherenkov devices. In plasma-filled sources, the beam
self-fields can be compensated for by ions, leading to a known ion focusing of the beams. In such regimes, the
beam can be surrounded by an ion layer creating a potential well for electrons which can be displaced from
stationary trajectories by transverse fields of the wave. The operation of such sources when the presence of ions
and the radial electric field of the wave play competing focusing and defocusing roles, and electron interception
by the walls restricts the output power level, is analyzed in stationary and nonstationary regimes.

PACS numbeps): 41.60.Bq, 84.40.Fe, 52.75.Va, 07.57.Hm

[. INTRODUCTION for plasma-assisted slow-wave oscillatavere developed
which utilized various slow-wave structures and operated ei-

A large number of sources of coherent electromagnetither as backward-wave oscillators or as forward-wave ampli-
microwave radiation are based on the interaction of electroniers[11,12.
with electromagnetic waves whose phase veloaity, is The performance of PASOTRON oscillators and amplifi-
close to the electron velocity,. The radiation of such ers not only demonstrated the possibility of generating high-
waves was first observed by Cherenkov and Vavilov in gpower electromagneti¢€EM) radiation in the absence of
medium with a dielectric constart>1. Later, the radiation guiding magnetic fields, but also clearly showed that the ra-
from electrons propagating over the grating, which was firstlial motion of electrons can be important for the operation of
observed by Smith and Purcéll], was also understood as a these devices. In particular, this can be the only explanation
Cherenkov synchronism between electrons and a slow spatifir the excitation of transverse-electric waves observed in
harmonic of the wave in a periodic slow-wave structure.  experiments[11], since such waves cannot be excited by

Periodic (and quasiperiodic slow-wave structures linear electron beams.
(SWS's are used in practically all traveling-wave tubes  This motion may yield both positive and negative effects.
(TWT’s) and backward-wave oscillatof8WO’s). Conven- Among the positive effects is an increase in the coupling
tional TWT's and BWO's driven by low-voltage electron impedance of electrons moving outward to the wave local-
beams are classical microwave tubes well described in nuzed near the SWS walls. This effect can be especially im-
merous textbooks; see, e.g., Rdf&] and[3]. Among high-  portant for BWOSs, in which the wave amplitude is large near
power microwave sources driven by relativistic electronthe beam entrance and small near the well-matched exit.
beams, BWQO's were the first devices in which efficient op-Such an axial profile is unfavorable for the efficiency be-
eration(with efficiency above 10%was demonstrateldt,5].  cause electrons are modulated by a strong field and deceler-
Later, the efficiency of relativistic BWO's was increased toated in a weak field. Clearly, the radial displacement in such
30-40%)][6,7], and relativistic TWT’s with up to 55% effi- a case increases the Lorentz force, decelerating electron
ciency were developeB]. In all these sources of coherent bunches near the exit, and thus increases the efficiency. An-
electromagnetic radiation, linear electron beams are usedther positive effect can stem from the influence of the radial
These beams are usually guided by external magnetic fieldgectric field of the wave upon electrons moving radially.
produced by either heavy and bulky solenoids or permanerAdded in a proper phase to the electron axial deceleration,
magnets. this effect may increase the interaction between the electrons

Recently, an attempt was made to avoid the use of exteiand the wave. Correspondingly, the efficiency can be en-
nal magnetic fields for guiding intense electron beams. Inhanced, and the interaction region can be shortened.
stead, it was suggesté@él| that the beam transport be pro-  The most deleterious effect is electron bombardment of
vided by adding some plasma, which leads to ion focusing oSWS walls, which may cause rf breakdown, leading to mi-
the beam electrons, a process known as the Benneth pinciiowave pulse shortening. The latter issue seems to be one of
[10]. As a result, a number of PASOTRONhe acronym the most crucial for the development of high-power micro-
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wave source§l3,14. (Note that here, we are not discussing v is the mode eigennumber, which is determined by the

such obvious effects as the deterioration of a SWS surface byoundary condition at the wallly(v)=0 (vq;=2.405, vq,

the beam. =5.52, etc). Note that in the case of a shallow SWS, the
In this paper, we make an attempt to analyze the sourcemmplitude of the zero harmonic is much larger than the am-

of high-power Cherenkov EM radiation driven by relativistic plitudes of other harmonics everywhere, so EZ). can be

electron beams in the absence of a guiding magnetic fieldused for the field inside such an SWS. In particular, the ratio

The paper is organized as follows. In Sec. Il we consider;/a,, as shown elsewhefd5,16, is linearly proportional

some restrictions on the power level and the choice of pato |/R,, wherel is the height of the ripples.

rameters in such devices. In Sec. Ill we present equations The breakdown field at the wall of a cylindrical wave-

describing the interaction between electrons and slow EMyuide is determined by the radial component of the electric

waves in the absence of guiding magnetic field and selffield, E,(Ry)~aghyJ;1(v). So, when the maximum value for

fields of the beam. In Sec. IV we present the results of thehis field,E, ., is known, the maximum radiated power, as

small-signal analysis and large-signal simulations of theséollows from Eq.(2), can be determined as

equations. In Sec. V we discuss the creation of ions by the

electron beam, and consider the effects of ions and beam Pmac=4.169ho| “*EZ R3. (3

self-fields on the performance of devices. Finally, Sec. VI

contains a discussion of the results obtained and the conclyn Eq. (3) Pmax: Er max: @NdRg are given in GW, MV/m, and

sions. m, respectively. So, for instance, if we consider>aband
source (the wavelengthh=3 cm) operating at the TM

Il. LIMITATIONS ON RADIATED POWER AND CHOICE mode with an SWS of a radius of about 2 cm and, in accor-
OF PARAMETERS dance with Ref[17], assumeE, ,,=20 MV/m, then Eq(3)

yields P,,~0.8 GW. (Note that the breakdown field de-

In this section, we will estimate the maximum level of ends on a number of factors discussed elsewhere
radiated power allowed by rf breakdown and the parameterﬁ:_s 14,17).

of the SWS that make efficient operation of a Cherenkov 5, intriguing feature of Eq(3) is the presence diy in

radiation source possible in the absence of an external mag denominator, which indicates that a higher power can be

netic field. achieved in the case of operation near cutoff. In &y, this
. . hy appears, as usual, in the numerator. However, when the
A. Maximum radiated power operation becomes closer to the cutoff, the radial electric

Let us consider a periodic rippled-wall, finite-length Swsfield, as follows from Eq(1), vanishes, and this fact alone
in which an initially linear electron beam can excite one ofallows a tube to withstand operation at high power levels
symmetric transverse-magnetic waves. Nonzero componenf§thout breakdown[Of course, inside a SWS, an electric
of the wave fields of such a structure in the absence of beari!d normal to a rippled wall is a superposition of the radial
self-fields can be determined as and axial components, so accounting 5 modifies Eg.

3).]

i . On i
E,=Re e >, ia,——Jo(gnr)ee?t,
z ﬁ’ ; "wic o(Gnf) B. Radial displacement of electrons
" To simplify our initial treatment, let us neglect the beam
E.=Re e S a —2"J (g.r)ekez! 1 self-flelds..Then the radial motion of eleqtrons in the syn-
' e{ En: i 91(9n") @ chronous field of a TM, wave can be described by the equa-
tion for the radial component of electron momentum:

: dp;

— —iwt ikznz
H, Re{e En)anJl(gnr)e ¢ —eah=pB2)l(glr)sing. 4

Here, in accordance with Floquet's theorem, the wave is rep- i )

resented as the superposition of spatial harmonics with axidf€r®., h andg designate corresponding values for the spa-
wave numbersk, ,=k,o+n2m/d (whered is the structure ti@l harmonic synchronous with electrons, afdk,z— wt is
period, w is the wave frequency, o is the wave number of & slowly variable phase. Using the condition of Cherenkov
the zeroth-order harmonic —(m/d<k,<m/d),g, is the Synchronismup~v,, which can be rewritten as~1/5,,
transverse wave number of tmgh harmonic[g2=(w/c)2 ~ and assuming thatl) the changes in electron energy and
- kin], and a, is the nth harmonic amplitude. As will be axial velocity are small enougf2) the argumentg|r in the

discussed below, the amplitudes of nonzero harmonics d irst-order modified Bessel function is also small, so that
pend on the height of the ripples. At the exit from the SWS, 1_(|g||l’)%1/2|tg|l’_;ﬂill’]l-d (3) in the WO.rtSt |(-::as4? of (mfax;zmrm
the height of the ripples adiabatically diminishes to zero, s 1";5’ acement, sifi=1, one can rewrite Eq4) as (cf. Ref.
the radiated power can be determined as )

1042 242 d’r
P=35lao|*choR5J1(»). 2 Tz —02r, (5)

In Eq. (2), hg=Kk,o/(w/c) is the dimensionless axial wave
number,c the speed of lightRR, is the waveguide radius, and where
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, ea 1 ) power flow, so for TWTs these estimates should be modified
O T mecw 2v3(v2—1) (Oh properly. Note that this consideration can be supplemented
0 070 with the estimates of the synchronous field amplitude and the

Here v, is the initial electron energy normalized to the restinteraction length given in Ref21].
energy. Equatiort5) has an exponentially growing solution,

from which it follows that electrons with an initial radial lIl. GENERAL FORMALISM
coordinater,o will not reach a SWS wall of a radiuR,,
when the normalized amplitude of the synchronous spatia\IS
harmonic,A;=ea/mycw, and the interaction length, obey
the following restriction:

Let us assume that the initial spread in electron velocities
negligibly small, and that the presence of immobile ions

compensates for the radial Lorentz force associated with the
static self-fields of the beam. Then a self-consistent set of

1 \1¥2 421 equations will contain equations for electron motion under
<_As) <2 Zin(Ry, /T o). (6)  the action of the wave fields given by E@) and the equa-
2 Ao 2w tion for the wave amplitude describing the wave excitation in

a shallow SWS by the beam. We will also assume that the

Note_ f[hat, at large ra(_ju, fo_r which the approximation of thespread in electron radial coordinates at the entrance is negli-
modified Bessel function given above is incorrect, the corre-

sponding restriction on the field amplitude and the interac—gibly small, which is. valid for a thin annular electron beam.
tion length is more stringent T_he latter assumption aIIows_us to use a so-called “ha_rd-
The choice of the field 'amplitude and the interactiond!Sk” model of the beam. In this model, the_ electron_s’_ _radlal
length can be done based on the analysis of electron axi dllsplacement depends on the entrance _t(me, the !nltlal
hase with respect to the waybut all particles entering the

motion. The axial momentum of electrons can be describe hteraction region at the time, undergo the same displace-

by ment under the action of the wave.
dp In such a model, the electron momentynenergy v,
d—tz=eaxlo(|g|r)cos¢9, (7) phase#, radial coordinate, and wave amplitudé, after a

certain normalization, can be described by the following set

where k=|g|/(w/c) is the dimensionless transverse WaveOf equations:

number of the synchronous spatial harmofiis.Eqg. (7), we

d R . R _
neglected the Lorentz force originating from the azimuthal d—pZ: l|0(p)K Re(A€%)+ &Il(p)lm(Ae' %, (10
magnetic field of the wave and the electron radial mofion. zZ Pz Pz
Combining Eq.(7) with the equation for a slowly variable d
phase, ﬁz(hl—l)i (p)Im(A€?) (11)
dz P, ! ’
do ‘
T~ KUz T o, d R . R .
de T2 = do(pIRAAL) +h T (pm(AL), (12
under the same assumptions as noted above, yields a nonlin- ’
ear pendulum equation de
b - oA, (13
d 0 Z z
—_— 2
5 = 7 cosd, (8 dr p,
5o (14
which is well known in the theory of traveling-wave tubes dz p,
[19] and free electron lasef0]. The frequency}, in Eq. JA 1 JA 1 ron
(8) relates to the frequency), in Eq. (5) as Q2 RS _f klo(p)+ih &] 1(p)le7?da,.
=071o(lglr)2v5=27507. 9z Bgr ot 2m Jo P

So, estimating the condition of significant phase trapping (15
as(), T~ (whereT=L/v, is the electron transit timgand Here B, is the wave group velocity normalized to the speed

combining this condition with Eq(6), yields of light and in equations for electron motion:
™ d J 19
IN(Ry, /1 pg) > . 9 -4 ==
(Rw/Tp0) Vive C) TR S

Equation(9) determines the clearance between the beam and/e will supplement these equations with the expression for
the SWS walls required for the beam transport through th¢he electron efficiency,
interaction region in the absence of guiding magnetic field.

Recall that in the case of BWO's the electrons interact 1 3 ifz’f d6
synchronously with the minus first spatial harmonic, while = vo—1 YT om 0 Yo
the radiation power is mainly carried by the zero harmonic.

In contrast, in TWTs the same slow-wave zero harmonic idn Egs. (10)—(15), the electron momentum is normalized to
responsible for both the interaction with electrons and thengc, and coordinates t@/c; the modified Bessel functions

(16)
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of the argument,p=|g|r, are normalized toly(|g|r,,),  Egs.(19) and(20) yield Egs.(8) and(5), respectively. Note
whereryg is the initial radial coordinate of electrons; the that Eqs.(19)—(21) also allow us to calculate the normalized
complex wave amplitude, is A, introduced above, multi- efficiency,

plied bylo(|g|rye); and the normalized beam current param-

eter in Eq.(15) is equal to ~ 1 (2=d6
n=A—— | —=db, (22
2 0 d§
LI L a7
=—=2——|— I'bo)-
mec®” w°N| ag | ° 9ifvo which, as is known in the theory of TWT's and BWQO's

[19,23, relates to the electron efficiency given by E46),
Also in Eq. (13), A=(1/B,0)—(1/Byn) is the initial mis-  as
match of the Cherenkov synchronism. In Efj7), the norm
of the wave,N, is proportional to the power flow given by - [v2—1C%.
Eq.(2) [P=(|ao|?/4)N]; the ratio|a_,/a,|? is given for the 7= (o DV~ 1Ch @
case of a BWO(for a TWT, this ratio should be omitted
When the height of the ripples on an SWS wall is small in IV. RESULTS
comparison with the wavelength, the ratm_,/a,| can be

. . . : A. Small-signal theory
determined by the analytical formula given in REI5]:

In the framework of the small-signal theory, the action of

a1 Ji(goRo)[g5+ho2m/d] the EM wave on electrons can be considered as a perturba-
) FINMEES . tion in the electron mot|0n_. Linearizing Eq@O)—(lS) with
% 9itolldo respect to these perturbations, and assuming that they propa-

ate alongz as~exp(I'z), one can readily derive the follow-

Note that in the case of BWQO's, the wave propagates towar g dispersion equation:

the entrance, so the norwis negative, and correspondingly,

the sign of the normalized current parameteiin Eq. (15 ) cs 5

should be changed. Also, the boundary conditions to(E5). M =2)+ 5 [1+0a(1-T'B»7)]=0. (24

for the cases of TWTs and BWO's are different: for a TWT,

A(0)=A,; for a BWO with a well-matched out . . :

=(0 )andoin the case of a BWO with nonzero er?ﬁéfﬁgz:t)tionsHereq: ! i(pO)“g(pO) de_scrlbes the_ ratio of 'F’ea'.“ coupling

the wave amplitude at the exit depends on the reflection Coi_mpedances o hthe radial ?nd axgl electric f|e|d§ at the

efficient (see, e.g., Re(22]). entrance.l/ln the casemo smalC’s, one can intro-
In the stationary regime, Eq&12), (15), and(16), being ?Ecg)yTeZd TéCEa?;IgTOZ A/C, and, omitting small terms

properly combined, yield the energy conservation law, which » redu q

in the case of a TWT can be written as Y(y—8)+1+q=0. 25
2_ a2 _

A= 1Ad =21 (yo=1)7. (18) Equation(25) is essentially the same as EG3.26 in Ref.

[24] for the case in which the guiding magnetic field is ab-

For the case of stationary operation, when the changes i%ent. It is clear from Eq(25) that the transverse interaction

: hances the wave growth by a factor af . Introducing a
the electron energy and velocity are small, one can reducg” . 3 3 )
B : o new gain parametdd°= C>(1+q), one can rewrite Eq25)
Egs.(10)—(15) to the following set of equations: in the standard forni24],

This law can also be written in a similar form for BWO'’s.

de . .
a2~ lo(p)Re(ae’), (19 Y (y—8)+1=0, (26)
5 wherey and § are normalized t® instead ofC, so the real
d_p:f (p)Im(ae'?) (20 growth ratey now scales proportionally t®. Note that, as
dzz 't P ' follows from Eg.(25), in the absence of a guiding magnetic
field, the devices can operate not only in TM but also in TE
da 1 (2=, » modes, as was demonstrated experimentally by Gaathal
_ =1
az o J; lo(p)e 'db,. 2y [12].
In reducing Eqs(10)—(15) to Egs.(19—(21), we used the B. Large-signal operation
condition of Cherenkov synchronism for expressingndh The wave amplification and saturation in a TWT free

via initial electron energy, introduced the Pierce gain paramfrom a guiding magnetic field is illustrated by Fig. 1, which
eterC by C3=1/(y3—1)"2 and normalized the axial coor- shows the results of the study of Eq&9)—(21) for the case
dinate and the field amplitude t€: {=Cz, a=A/(7§ of ap=0.1, po=3 and different values ak. It was assumed
—1)2C?. The boundary conditions to Eqd9) and(20) can  that the wall radius corresponds tg,=4. The thin line in

be written asf(0)=6y€[0;27), dO/dl|,=A" (where A’ Fig. 1 shows, for the sake of comparison, the same aase,
=A/C; the prime will be omitted hereaftgrand p(0) =1.5, when the radial motion of electrons is excluded from
=po, dp/d¢|,=0. When the radial displacement is small, consideration. So, whem= const, the wave grows slowgn
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Wave Amplitude

0 T T T
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FIG. 1. Wave amplitude as the function of the normalized axial
coordinate for different detunings of the Cherenkov synchromism
(a thin line shows the same dependence for the case when the radial

motion of electrons is cancelgd

accordance with Eq(25)]; however, whenp varies, the
maximum amplitude is smaller because of the electrons in-

tercepting with the wall.

The latter process is illustrated by Fig. 2, which shows the
trajectories of electrons with different entrance phases for the
cases presented in Fig. 1. When the mismaicls in the
range of JFig. 2(a)] to 1.0[Fig. 2(b)], the beam interception
starts just when the wave amplitude reaches its maximum.
Then the process of interception stabilizes the wave ampli-
tude. In the case ok =1.5 shown in Fig. &), the electron
bunch is formed in such a phase that the radial electric field
first protects particles from interception, and the beam starts
to spread radially outward only after the wave amplitude

passes the first maximum.

The effect of the axial and radial forces on electrons is
illustrated by Fig. 3, which shows the location of electrons in

(@)

[0)
[&]
c
o
R
e}
8
T
] .
xQ T T —T
0 5 10 15
Axial Distance
(b)
Q
[#]
j g
o
o
D
8
[o] i, .
m 0 T T T

0 5 10 15
Axial Distance

(0

Radial Distance

15

Axial Distance

FIG. 2. Radial expansion of the beam for several detunitays:

A=0, (b) A=1.0, and(c) A=15.
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FIG. 3. Location of electrons in the playe={ sin(6+ ¢) vs x
= cos(+ ¢), illustrating the effect of the axigproportional tox)
and radialproportional toy) forces on electrons. Each cross section
corresponds to a circle with a radigs: yx?+y2.

the planey = sin(6+ ¢) versusx={ cos(@+ ¢). Here, ¢ is

the phase of the complex amplitude=|a|e'?, so the ver-
tical axis corresponds to the force causing the radial dis-
placemen{see Eq.20)], and the horizontal axis shows the
force causing the electron axial bunchirsge Eq(19)]. For
characterizing the electron location in different cross sec-
tions, the variableg andy are proportional to the normalized
axial distancel. So, to analyze the location of particles in a
given cross sectiori,= const, one should consider a circle of
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given radius{=\x*+y? in this plane. Then the area with ~ Taking into account the beam self-fields and the effect of
the largest density of particles shows where the bunch i#ns, one can rewrite Eq20) for electron radial motion as
located, and the azimuthal position of this bunch shows the
effect of the radial and axial components of the force acting
on it. As follows from Figs. 8) and 3b), in the range ofA’s
from O to 1.0, the bunch is formed in such a phase that the

@’%il(p)lm(ae‘%—A%

radial force causes a radial expansion of the beam, while in 1 0, p<pi

the case ofA = 1.5 shown in Fig. &), the bunch is formed in X| ——=2{ (p=pi) dipi, pisp=pi(l+5)]|.
a phase that corresponds to the focusing of electrons by the Yo 1 >pi(1+8)

radial field.  PopRETO

(29

V. EFFECT OF IONS . . -
Here, the first term (];/3) in square brackets originates from

In such microwave sources as PASOTRON's, the interacthe superposition of the electric and magnetic self-fields of
tion region is initially filled with a neutral gaghelium at a the beam acting upon electrorisee, e.g., Ref[26]); §;

pressure~10~° torr and/or xenon at a pressurel0“ torr). =d; /r; is the relative thickness of the ion layer, and
This low pressure gas is ionized by beam electrons that, as

shown in Ref[25], are initially spread out due to the beam’s el Y5 1 A 30
electric self-field. Then the appearance of ions causes beam " mec® (2-1)2 C? 27ty (30)

focusing and, simultaneously, the plasma electrons due to the

plasma electrons propagating in the interaction region of &om the definition ofA it follows that A ~1X3: i.e.. at low

MW-class microwave source acquire enough oscillatory eng, . rents ([1,(kA)/17]¥3<1), the effect of this additional
ergy for further ionization of such gases as He, which wagem in £q.(29) is small. Also note that as the initial beam

used n several experimer(t8,11,13.) radius becomes smaller, the radial electric field decreases

Typically, it takes about S— sec[25] for the beam 10 e the current density, which determines the paraméter
start propagating through an SWS in a quasistationary r§p reases, Therefore, the performance of the device with a
gime of ion focusing. In this regime, the ratio °2f the ion yiven beam current may strongly depend on the initial beam
density to the beam densitf/=n;/ny, is close to 1j; [26]. position.

Since the ion density in the beam region is smaller than  gince the radial electric field of the wave may play a
the beam density, the beam space charge causes the form@stocusing role at certain phaséswhile the presence of
tion of an ion layer around the beam. Whep=ny /v, the  jons always plays a focusing role, it makes sense to estimate
radius of this ion layer, which neutralizes the beam spacgnhe jon density required for the beam focusing. As follows
charge, relates to the beam radius ag= yofn- SO, inthe  from Egs.(4) and (5), the radial force of the wave can be
beam region, there are beam electrons and ions With determined a§,=Amyw?r/2yo(y3—1). At the same time
=ny/v5, then, atr,<r<r; o, there is an ion region that the focusing force caused by ions for electrons withr; is

creates a potential well for beam electrons which can movequal toF ;= —27e?n;r/y,. Correspondingly, the condition
radially under the action of the radial electric field of the |F,|>F, can be written as

wave, finally, atr>r; o, there is a region of quasineutral

plasma. 02 A
The thickness of the ion layed;, as follows from the ?>p, (32)

beam charge compensation by ions, is equal to

1 where Q?=4xe’n;/m, (here m, is the electron mass
- - (27) Equation(31) shows that, to provide the same focusing ef-
e2mrvok fect at different power levels, the ion density should scale

. - ) _ proportionally to the wave amplitude. Since the ion density
Herekis the coefficient for the dependence of the ion densityg ,onortional to the beam current, which ionizes an initially

on _thet.beam currenmg_zklai this coeftflmer]:ttﬂepe?ds °tf.‘ the neutral gas, it implies for the radiated poweP<A2), a
ionization cross section, the geometry of the interaction regnenierce on the beam currdt: |12,

gion, and other factors.
Assuming that the thickness of ion layat,, is much

smaller than its inner radius; ;,, one can readily find that, A. Traveling-wave tubes
to be in equilibrium, the electrons should have a radiys The presence of ions may cause different effects in the
that corresponds to the bottom of the potential well create@peration of such a plasma-filled TWT, depending on the
by the ions: initial beam radiug . Some of these effects are illustrated
in Fig. 4, which shows the axial profile of the wave envelope
o=t i 28) for_three values of ,5. At smallryg's elgactrons have a large
O~ zyg' initial clearance, so they move radially toward the wall

where the coupling impedance becomes larger, and reach the
For low-voltage operation, this means a radius that correwall only after passing through the second maximum of the
sponds to the exact middle of the ion layer. wave. (This second maximum is larger than the first simply



PRE 62 CHERENKOV RADIATION OF ELECTROMAGNETC . .. 2663

Wave Amplitude
Output Signal

0 : :
0 5 10 107

1 T T T 1
10° 10* 10% 10% 107
Input Signal

Normalized Axial Distance

FIG. 4. Axial dependence of the wave amplitude f0+0, «
=0.1, p,=4, A=0.3, and different initial beam radii. FIG. 6. Normalized output power vs input power for several
values of the mismatch of Cherenkov synchroni&m

because of the difference in coupling impedancas.mod- . . . .
pling impedark. output power grows linearly witR;,, while, starting from a

eraterg's (the case opg=2.7 is shown in Fig. % electrons ) .
reach the wall only in the cross section where the wave amS€"tain level ofPj, the output power remains constant. As

litude has its first ; _ Finally, at | ) sh_own_in Fig_. 6, for the device _under study, this dependence
plitude has its first maximum. Finally, at largeo’s (po exists in a wide range of detunings,(from —1.0 to +1.0);

=3.5 in Fig. 9, electrons hit the wall before the first maxi- . h perf hich is of int t for digital
mum of the wave and this interception causes the wave sat(€» Such performance, which 1s of interest for digital com-

ration. This effect is also illustrated by(&—-5(d). Figures m_unlcatlon system$27], can be realized in a large band-

5(a) and §b) show the electron motion and the axial distri- width.

bution of the wave envelope for a small initial radiugg (

=0.7): (a) corresponds to the absence of ions, @mdo the

case whem\ = 0.3. So, in the former case, the electrons reach |t seems expedient to expect that the effect of the radial

the wall when the wave amplitude is at its maximum, whileelectric field on the operation of BWO's is stronger than in

in the latter case the electrons are confined in the potentighwT’s because in BWO’s the wave amplitude is maximum

well. In contrast, when the initial radius of the electrons isnear the electron entrance. Correspondingly, during their

large[po=3 in Figs. c) and §d)], the electron trajectories passage through the interaction space the electrons can be

are very much the same in the cases whenO [Figs. 5c)]  strongly deflected radially.

and A =0.3[Fig. 5(d)]. The operation of BWQ's strongly depends on the reflec-
The above-mentioned saturation of the wave amplitude byion coefficient of waves from the eXi22]. When the reflec-

the beam interception with the walls may lead to a quitetion coefficient is close to 100%, the axial structure of the

specific dependence of the output sighal({,.)|?> on the field excited by the beam is fixed. Correspondingly, the op-

input signal|a|?. In this case, at low levels oP;,, the eration of such a BWO can be described by Ed$) and

B. Backward-wave oscillators

(a) ©

- 4 [ - 4
g8 gs
e 2 [
gg ge
< 224 < @ 2
o 9 © 9
%5 &3
e =3

0-F 0 , S e -

0 0 5 10
Normalized Axial Distance Normalized Axial Distance
54 ® 5-
(d)

4 4
g g8
2 '3 34 2 @ 3 it
< 224 < ¢ 2
o2 o8
© g 14 & g 11

0 T T 0 T S T

0 5 10 0 5 10
Normalized Axial Distance Normalized Axial Distance

FIG. 5. The axial dependence of the wave amplitude and electron trajectoriés-for ao=0.1, andp,,=4 and(a) A=0, py=0.7; (b)
A=0.3,pp=0.7; (c) A=3; and(d) A=0.3, pp=3.
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FIG. 7. Normalized efficiency as the function of the initial beam
radius in the vacuum devic@) and in the presence of ions with FIG. 8. Temporal evolution of the wave amplitude at the en-
A=0.3(b). Solid and dashed lines correspond, respectively, to thérance to a plasma-filled BWO fok =0.6 (a) and 1.6(b).

cases when the radial electric field of the wave is taken into account
and ignored. ation oscillations. At largel’s, the automodulation becomes

smaller, and it looks like a quasiharmonic automodulation, as
(29) for electron motion, and the standard equation for theshown in Fig. 8b) for A=1.6. Corresponding spectra are
excitation of a cavity mode with a fixed spatial struct(see, shown in Fig. 9, from which it follows that, in the case of
e.g., Eq.(2]) in Ref.[28]). relaxation oscillations, the spectrum is much wider. Note that

Some results of the study of such devices are presented mfurther increase in makes the focusing effect of ions even
Figs. 7a) and 7b). In Fig. 7(a), the normalized efficiency stronger. This freezes the radial motion of electrons, which
determined by Eq22) is shown for the casa =0. Here the leads to the restoration of stationary oscillations\at 2.0.
dashed line shows the case in which the radial motion of.et us emphasize that the automodulation described above
electrons is neglected, while the solid line shows the case iappears due to the radial motion of electrons. Certainly, such
which this motion is taken into account. As follows from the an automodulation does not exist in systems with a strong
comparison of these lines, at small initial radii of the beam,guiding magnetic field.
the radial motion enhances the efficiency since particles Some examples of the correspondence of the radial mo-
move to the region of stronger interaction with the wave.tion of electrons to the wave envelope profile, which is vari-
However, at large radiidy>3 for the system with the nor-
malized wall radiusp,,=4), electrons reach the wall very
quickly so the efficiency decreases. In Figb)7 the same 4~
curves are shown for the case of nonzard The parameter (a)
A, determined by Eq(30), is equal to 0.3 forpy=2.] As
follows from Fig. 7b), at small initial radii py<1.4), the
effect of the radial electric field is negligibly small because
is large, so electrons are trapped in the potential well. How-
ever, at large initial radiilwhen 1.4<p,<3), the effect of | L
this well is not as strong. Therefore, electrons can move 0 5 '
through the potential barrier created by ions toward the wall, )
and this causes a noticeable increase in the efficiency.

We have also studied nonstationary processes in BWQO'’s ,
with a low Q SWS. To do this, we analyzed Eq4.9) and 44 (b)
(29 for electron motion and a properly normalized E#j5)
for spatiotemporal evolution of the wave envelope. We ana-
lyzed a system with a relatively low reflection coefficidtt
=0.7, a normalized lengtlj, = 2.5, an initial beam radius
po=1.25, a wall radiusp,,=4.0, and various values of the
parameterA. It was found that at small enough’s, the
BWO operates in the steady-state regime. Wheaxceeds
the threshold valugwhich is a little smaller than 0)6 a
strong automodulation appears. In the casd ef0.6 shown FIG. 9. Corresponding spectra of radiation for the cases of re-
in Fig. 8(@), the system exhibits some kind of strong relax- laxation (a) and quasiharmonitb) automodulation.
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@ VI. SUMMARY
w0
% 4 We have attempted to analyze the most important physi-
8 cal issues in the operation of Cherenkov microwave sources,
2 27 in which the role of the focusing force required for the beam
s transport is played by ions instead of the external magnetic
8 0 field. Due to the absence of a guiding magnetic field, the
w electrons can move radially, and this radial motion seems to
6 be a very important feature of such devices for a number of
g reasons. First, the influence of the transverse electric field
S 44 upon electrons moving radially may contribute to the energy
E exchange between electrons and the wave, and thus enhance
o 21 the efficiency. In the framework of the small-signal theory,
= this increases the wave increment. In general, this effect
0 0 J 7 makes the operation of Cherenkov sources in honsymmetric
Normalized Axial Coordinate transverse-electrlc modes po§S|bIe. It also explains 'the ex-
" perimentally observed operation of PASOTRON's in the
» TE; ; wave[9]. (Recall that the linear theory of transverse-
£4 field TWT’s was developed by Pier¢d€4].) Second, a cer-
S tain radial shift of electrons toward the wall due to the radial
§2' 1 electric field of the wave is very beneficial, since it increases
s *—“MNMMMMNMMMMMMWUN the beam coupling to a synchronous slow wave whose field
§Oo : 7 is localized near the wall. This allows one not only to in-
] crease the efficiency, which is proportional to the Pierce gain
6- parameter(which, in its turn, increases with the coupling
o impedancg but also to shorten the interaction space, which
g4 makes a device more compact. Note that a radial shift of
: electrons toward the wall can also be realized in the presence
w of an external magnetic field decreasing along the axis; how-
3 ever, this sort of operation does not allow one to explore the
2, : : mechanism of transverse interaction discussed above. Recall
0 1 2 that the fact of whether the radial electric field of the wave
Normalized Axial Coordinate plays a focusing or defocusing role depends on the mismatch
© of the Cherenkov synchronisty, which, in turn, depends on
§ 4 the voltage. So the operation of such devices can be rather
2 sensitive to even small variations in voltage.
-“2%2_ W Another interesting issue, which was analyzed above in a
i —wwmwv\/\Mj\wJ{J{j“J“' : “zero-order” approximation, is the formation of a potential
% 0 l o well due to the presence of ions around the beam with par-
g o 1 tially compensated space charge forces, and the effect of this
well on the operation of devices. Although details of the
67 formation of the ion channel were not analyzed above, one
9 should expect that the depth of the potential well should be
S 44 on the order of the potential of the Coulomb field produced
L% by the beam(In the case when the ion density increases, this
0 27 should attract plasma electrons to ions, which will compen-
g sate for the excess of ionsFor electron beams of about
00 J 7 1-cm radius and~100-A current, the Coulomb field has a

Normalized Axial Coordinate

potential on the order of several kV. This means that elec-
trons can be untrapped from such a potential well by a wave
with an electrical radial field strength on the order of kV/cm.

FIG. 10. Axial structure of the wave envelope and correspondf-0r @ slow-wave structure with a transverse size of a few cm,
ing trajectories of electrons in plasma-filled BWO's operating in this corresponds to a microwave power at the MW level.
nonstationary regimes.

When the generated power is at or above this level, we
should not expect any significant effect of the structure of the

able in nonstationary regimes shown in Fig. 10. As seenon channel on the performance of the device. So all our
in this figure, the beam interception by the wall again playsresults of the analysis of stationary and nonstationary pro-
the role of the triggering mechanism, restricting the increaseesses in slow-wave devices with ion-focused electron
of the wave amplitude; as shown in Fig. (&) when this beams should be relevant to high-power experiments with
interception begins, the wave amplitude drastically deplasma-filled devices. Recall that among these resultgagre

creases. a strong dependence of the efficiency on the initial position
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of the beam,b) a quite specific dependence of the outputdetailed numerical analysis should be done. Also, such issues
power on the input power in TWT’s, where the saturation ofas the stability of intense electron beams used in PA-
the output power occurs due to the beam interception wittBOTRON’s, and the possibility of controlling the PA-
the wall; (c) a competition between the focusing role of the SOTRON operation by applying a small external magnetic
potential well created by ions and the defocusing role of thdield, should be analyzed.

radial electric field of the wave; arld) a specific mechanism
of automodulation in BWO’s with relatively small end re-
flections in which the beam interception by the wall plays a
triggering role. Certainly, to make a comparison of theoreti- This work was sponsored by the Air Force Office of Sci-
cal results with the available experimental data, a much morentific Research.
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