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B padoTe. paccmaTPHBARTCA BONPOCH, CBA33HHHEe C BHOOpom da-
30BO# CKODOCTX BOJHH P HEDETYJADHHX BOJHOBOIAX B 3allayaXx CHH-
Te3a, NO3BOJSNOMX 10 3aNaHHHM BHXONHHM IapameTpay Iydyka 3apsf-
XEHHHX YaCTHI] B BOJHOBONHHX YCHODATEJNAX 3JEKTDOHOB X [IPOTOHOB
¥JI BHXONHOX MOUHOCTE 2JEKTPOMATHATHOTO IIOJNA M3JYy4eHUd B re-
HepaTopax ¥ yCHJATes X ¢ deryue# BoJHOR ONDEREeNATh: IeoMeTpH-

YeCHKNe mapaMeTpH BOJHOBOja. Ompenenend (R30BHE KOSDOUIMMEHTH

o
-----

BOJIH NefCTBYONETO 5JEKTPOMATHHTHOTO NOJNA, ABIAWMETOCHA CyM. il

10JIA, BOBCYRLEHHOT'C OYUKOM, ¥ [IOJA I'eHepaTopa. lOJMyueHHHEe BHIa-

xeHns 119 $a30BOR CHOPOCTH BOJHH B BOJHCBOLE NO3BONAKNT CLEJIATH

OUEHKE IIA NMpelNeJrHHX 3HAYEH« TOKOE ¥ MOUHGCTER M3JyveHHs.
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PHASE VELOCITY OF WAVE IN IRREGULAR WAVEGUIDE
IN PROBLEMS Or SYNTHESIS

G.V.AZIZBEKIAN

The problems related to the choice of phase velocity of
waved in irregular waveguides in problems of synthesis are con-
sidered that allow determination of the waveguide geometric pa-
rameters by the given output parameters o# the charged particle
beam in wavepguide accelerators of electrons and protons or the
output power of the electromagnetic field of radiation in tra-
velling wave generatfors and amplifiers. Phase coefficients of
the waves of the effective electromagnetic field, which is the
sum of the field excit=d by the beam and the generator field,
are determined. The expressions obtained for the phase velocity

of waves in a wavcguide zllow estimates for limiting values of

currents and strengths of radiation,
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The study and calculation of linear waveguide accelerators
or emitting devices of the type of traveling-wave tubes or
backward-wave tubes ara carried out either by the analysis [1]
or synthesis method [2,3].

In problems of the analysis, when the waveguide with
boundary conditions is considered given, the solution of the
wave equation is performed for two regicns - with and without
crarges, By matching perticular solutions on the boundery ot

these regions, s dispersion equatiorn ig formed, which allows 15

Vo

determine the longitudinel phase coefficient of propagati~n 11}

In problems of the synthesgie the longitudinal fhuue coef-~
ficient is found from the solution of the phese-eriergy equaticn
[3], and by means of the transverse phase coefficient the ne-
cegzary conditions are determined on the interactiion space
boundary, i.e. parameters of the slow wave waveguide are deter-
mined [2]. Methods of analysis and synthesis are in a good
agreement with each other [4].

Until presently the effect of the current on phase coeffi-
cients of waves and, hence, on the choice of the phdse velocity
of waves in the waveguide was not taken into account in prob-
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lems of synthesis.

In order to find the transverse phase coefficient of waves
of the radiation field gu , let us solve Maxwell's equation
with currents and charges basing on the following assumptions:

1) the field and current distribution of the beam is sym-
metric with respect to the longitudinal axis of the cylindrical
waveguide;

2) transverse velocities of charges are considerably smal-
ler than longitudinel ones;

3) fields, charges and current vary in time by the cosine
law, i.e. ~~ eJ“t.

Taking into account the abovestated, we obtain Helmholtz's

inhomogeneous equation for the longitudinal component of the

wave radiation field Eop:

, ¥y
2 . . i 870e
vV Euz * KaEuz=Jwﬁo5z+Jweo gze ! (1)
i 9 9 a2 ,_ oF
where Va=7¢‘§‘i("az )+322 TOKTETE

Ea,f4a‘are the absolute dielectric constent and magnetic per-
meability, 55 is the current density in the Z exis.

It should be noted that due to the smallness of transverse
variations of the current and charge density, the functionsl
form of E7 and Hp components of the fields Eot1 in the pre-
sence ¢F current vary insignificantly.

Let us present the current density in the waveguide as

-7 d
63 = 6€6= de ifhdz ’ (2)

where O is the amplitude of the first harmonic of the cur-
rent density, Hh=@/V is the phase coefficient of the cur-

rent harmonic, V  is the velocity of the charge bunch mection,
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8-‘-‘J'Ihdz . The solution of (1) is sought in the form
Eugz * Eujea, (3)

where J=Io(9u1) is the modified Bessel function of zero
order, = 'jShudE .
Substituting (2) and (3) in eqg.(1), we obtain

2 2
- 2 hoV-K . $2o 6-a
9“‘“’""‘)[ hiacke ~J REST © ]

(4)

where points denote derivatives by the Z coordinate. Equation
(4) allows estimate of the transverse phase coefficient as =
function of variation of the phase velccity of the wave and
charge current. This equation is similar in form to those for
transverse wave numbers obtained by many investigators (see
e-g. [5D

The relations | Y| =1 and |Al=1 are the condition of
smallness of admissible longitudinal variations of E,V@ and & .
These conditions are better observed with the increase in the
kinetic energy of charges, i.e. at V=C |,

For simplicity let us write down the expression (4) as
i 1
B-a={((hu-h)dz = af (v ~v)dz = -, (5)

where Y, is the phase of the radiation field, where the
ciiarge center is located.

Let us write down also [3]
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I elsiny
= kY (Ui 2u), 2o/K = 604, b=goi = 5oy * (6)

where = {%; is the relative kinetic energy of charges, Uo
is the electron rest energy, A igs the field wavelength in
free space, HJ is the phase length of the bunch, I, is the
amplitude of the first harmonic of current, "o 1is the bunch
radius, Teking account of (5)-(6) and sssuming Io(gu'?.)'-‘-'1 ,
which is valid provided GQu < 1 that is fulfilled in practice,

the expression (4) takes the form

gj= [1+ 20(A)25in‘P Isin‘fu] .

2o Yy Eu
Using the last formula let us determine the transverse phase

(7

coefficient ga of the effective field. The effective field is
a sum of the generator field and the field excited by the bean
itself [2]:

Elo(gar)sintp = Eclo(gT)sing. + EuIo(g)sin Py - (8)

Provided 2l<1 ul<1 1 <1 , let us write down (8)
? 7

$ the form
[E*E( )]sm? [E E —) ]Slnfc"[Eu*Eu ):{smj"u
{9)
Ynce 39 varies only due to gu , then
Esin ';PP s Ecsiny, tEpsin$u - (10°

Substituting (7) in (9) and taking into account (10) we obtain

=q [, 120 2 s5iny Isin®Y, (1)
4
= Wi () T e

QT

At I— 0 the formulae (7) =nd (11) are trensformed into ob-

vious equalities:

o= =9



The variastions of the transverse phase coefficient 95
.8 most substantial in processes of pure radiation, whereas at
acceleration, when the generator field is large and the current
is smeall, 93 is practically equal to 9 .

The phase coefficient of the wave of the generator field

is determined by the expression [2]
o _dy_ kK _d¥9
v dz p dg (12)
v . .
where ‘P= < is the relative velocity of charges, and the
variation of the particle phase is determined from the phase-

energy equation presented in [3,6] and having the form

dy d¥% . 1 sin¥ IEcos¥
dz a—f- 7 Y P.rIu’ (13)

where the sign (+) concerns the radiation mode, (-) = the ec-
celeration, and Fb is the generator power. Hence, for the

transverse phese coefficient we obtain from (12)-(13)

gz=h2—xa=(gg‘a§:“é' chlu) (14)

faking account of (14) the expression for the phase coefficient

of the effective field (11) takes the form

K _dy { siny I[Ecos¥py 120, A ¥ Isin’S,
9“[ ) EEE‘TSLS Pc;oru)‘Ka][“sn(u) ?c:n Es:n?p]m)

As is seen from (15), the influence of the current on the phase
coefficient of the effective field is of & double nature. The
first square bracket describes the influence of the current
proceding from the energetics of the interaction process, anrd
the second bracket reflects the variation of space properties

in the waveguide due to the presence of electric charges in iv.



Note that at Y close to ¥ , the influence of the cur-
rent on 83 abruptly decreases. For simplicity we will later
on assume that Y< 1 and Sin%74’<1.

For the radiation procesgs in the synchronous mode, when

Y, = -§ife , Esin $p= Eusinfu , Siﬂzyu/EsmboP 2-1/E“
the formula (15) takes the form

I
;:[(ﬁ—)a‘KaJU 120(“&0) u‘fau[f 120 n) Eu ] . (16)

For the charge acceleration mode the formulas (15) is written in

—_— d, 1EcosY, 20 al Isin’Y,
(-2 e e A RS |,

Tue formulee (15)-{17) define the connection of the given dyna-
micz ¢f the charge bunch -~ the longitudinel phage coefficient

) w . d¥e o
2% wuve of the effective field ha=Ver ©V dz -

)

cne cenvection current, amplizude and the eguilicriur phsse cf

“he effoctive field.

PR e

Let us Zefine the connection between the rhase velocity
vhooeffective field wave Vg and that of the wave in the wave-
C . v . - . .
@il le without current Ve . Jirce Ga = hy & , Shen taking

<

into account (15) one may easily obtein

- 1

. I 2.
h = ha V{1 pPg,)/ (10 1) (18)
B~ I = { 120 S»A)\_A Lc {I Ars Li:j//( ESLn ‘Pp)
.e2city of the wave in “he wovepuide w:ithout curren:

gse v lority 5f the effective

‘v\

regocar e provide “he given phe

_ V
V¢'(1~CyF;a/K) NEERYTY I (19)



where P¢a=ﬁ/(1“‘:fpp/r<)

At I =0 we come to the following formula [2]
Ve = V/(1= o p/K) - (20)

For pure radiation at E.=0, ¥, = $p= -qi/2 |

VN1 pp?) (21)

120 21
where  M=7Tgx (1) Eu
For the charge acceleration mofle the formula (19) stays un-
changed. The relations (19),(21) are used for the calculation
of phase coefficients: h=@/vp, gaz(w/vcpf-(co/C)a) and
the transverse phase coefficient g is introduced in the
characteristic equation to calculate gecmetric paramelers of
the slow wave waveguide [2].

Tr. problems of the analyais [1] one shouléd know the phane

which may be e¢&3ily found from

G

relocity of the effcctive fiol
the relution (19;

¢ ey

_ Ea . < ,
Moy = V..x// N pepps (50

lLet us estimate the influence of ihe cnarge ~n-oont oo the

phase velcciiy in the waveguide. For instance, ot T = °
.= 1 cm, i = 10 oo, Ezindo = 10 kV/cm, Vg = 209 @ U
CTrevence of Ny from Vg ia (20) i o~ Ta,
Tnoru Lon omodes, a2 follows from (225, .,4“" =z WHED o
FoE ‘_‘?'C‘,"'v»'-”-‘-;’(_-"-,-"':{,‘2{I,-"Eu‘;’ . trom thia condition one mAay obtain
chipiul ertimates T limiting values of valdiation currconts and
DOvers, S 8SUN.ng AL+ 10 in the sxpcesssion for oM let
ug write I/(I\Eu} - 1¢7%, On the other hand. the specific ra-

lievion power is {2 ]

dpu/di = 1By ;



whence we obtain dPu/dz=1O~3A ES = 10-3I2/A . Por instance,
for the radiator for A = 10 em and at Eu = 10 kV/cm, the
limiting velue of the current is 100 A, and dPu/dE = 100
MV/M, With the increase in the wavelength the radiation power
and admissible current grow.

The author is greatly indebted to G.I.Zhileiko for his
help.
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