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STARTING CONDITIONS OF RELATIVISTIC CARCINOTRONS
WITH CONSIDERATION FOR INTERACTION BETWEEN THE
ELECTRON BEAM AND THE FORWARD WAVE

A. F. Aleksandrov, S. Yu. Galuzo, and A. M. Kuznetsov
|

The interaction of an electron beam with the field of the electrodynamic system
of a relativistic carcinotron is analyzed in a linear approximation. Consideration
is given not only to the interaction of the electron flux with the field of the
{—1)th space harmonic of a backward wave, but also to the field of the 0th space
harmonic of a forward wave. The presence of this wave is due to the carcinotron
design, where the microwave energy is taken out towards the electron collector.
The effect of interaction with the forward wave on the starting conditions of the
oscillator is demonstrated by an example of a concrete mock-up of a relativistic
backward-wave tube. ' :

Relativistic microwave oscillators of the backward-wave-tube type with a retarding system in the form
of a cylindrical waveguide with shallow sine-shaped wall corrugation (the waveguide radius varies following
the relationship R{z)} = Rw + h x sin(kyz), where kg = 2/d, with d being the corrugation period), so-called
carcinotrons {1-5], are extensively used as sources of powerful high-frequency pulses. Apart from standard
assumptions of the monoenergetic and magnetized nature of electrons in the sense that a transverse shift of
particles is neglected, a theoretical model of such devices assumes the Cerenkov resonance condition only
for the (—1)th space harmonic of the wave whose energy propagates in a direction opposite to the electron
beain:

wrkyt, = (ko + k:o-—)”c, (1)
where w is the wave field frequency, k;0- = —k.;0 < 0 is the wave number of the fundamental (0th) space
harmonic of the backward wave; k,, is the wave number of the (—1)th space harmonic of the backward
wave; and v, is the electron velocity along the longitudinal z axis of the system. Such backward wave is
usually Fo; or Egs. In further text we shall analyze devices with the wave Ey,. Note that in relativistic
carcinotrons, microwave power is typically taken out towards the electron collector. This is done with the
aid of a section of a cylindrical waveguide placed at the oscillator input whose dimensions correspond to the
cutoff frequency of the operating wave. The presence of a forward wave in an electrodynamic system may
cause certain effects which are analyzed in this study.

It was shown in [2, 4] that an analysis of interaction of an electron flow with the field of a corrugated
waveguide in the single-wave approximation of an electrodynamic system is not quite correct in a number
of practically important cases when the Oth space harmonic of a forward wave is also slowed down despite
the fact that the corrugation amplitude parameter 2 /2Ry is rather small. Under such devices the Cerenkov
resonance requirement is satisfied simultaneously both for the (—1)th space harmonic of the backward wave
(interaction of the backward-wave-tube type) and for the (th space harmonic of the forward wave {interaction
of the traveling-wave-tube type), the electron flow sets up a field in the system at a frequency close to
the upper boundary of the main (low-frequency) transmission band of the system for Ey, wave (7 mode
oscillations), and the electrodynamic systemn features markedly pronounced resonance properties. Analysis
of such systems has a number of peculiarities and often relies on consideration of oscillations in coupled
resonator networks [6].

If the corrugation parameter is smaller than the above value, the Oth space harmonic is not slowed
down and the Cerenkov resonance is observed far from the boundaries of the transmission band of the
electrodynamic systern. In this case, interaction of electrons with the Oth space harmonic of the forward
wave is usually neglected, because the transit angle of electrons due to phase detuning

6o = L(Ui - kzu) % L{2k.1 — ko) > 27, (2)

[

©1093 by Allerton Press, Inc. 33

Authorization to photocopy items for internal or personal use, or the internal or personfal use of specific clients, is granted by Alierton Press,
Inc. for libraries and other users registered with the Copyright Clearance Cenier (CCC) Transactional Reporting Service, provided that the base
fee of $50.00 per copy is paid directly to CCC, 27 Congress 3t., Salem, MA 01970,



Moscow University
Physics Bulletin Vol. 48, No. 4

where L 1s the length «f the corrugated part of the electrodynamic system, is significantly higher than the
angle optimum for the interaction (~ w). ‘

Consider condition (2) in greater detail. As is known [3], when selecting parameters of a corrugated
waveguide for Eg; operation it is required to eliminate interaction with higher modes, in particular, with
Egs. This can be done by satisfying the condition

= > kp—, {3)

where ug, is the sth root of the equation Jo{ue,} = 0, and Jo{z) is the Bessel] function of the zere order. To
ensure maximum electric strength of the system it is required, as far as possible, to increase the average radius
Ry of the corrugated waveguide; therefore, this relationship imposes a constraint on its maximum value. The
simplest estimates for the transit angle can be obtained for ultrarelativistic electrons (72 = (1 - 82)"! > 1,
B. = v./c}. For exampls, if the equality sign is put in (3), expression (2) becomes
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With corrugated wavegiides of length L a (10-15)d commonly used in carcinotrons, we have 8¢ & (4-6)7.

The calculations presented below will be made for the mock-up of an oscillator based on the estimates
arrived at in [3). Accelerating voltage U, = 450 kV, beam current J,g = 0.5-2 kA, Rw =~ 114 d, h =
0.11 Ry, coupling impedance of the electron flow with the ficld of the (—1)th space harmonic of a backward
wave [t} & —0.3 ohm (beam radius r, = 0.6 Ry ), generator corrugation length L = 12 4. :

To answer the question whether it is necessary to consider interaction with a forward wave in relativistic
carcinotrons, we shall use a low-current beam approximation {Jyp € Jev), where Jop is maximum vacuum
curzent. Assuming in a linear approximation that variation of all quantities follows the law exp{ifwt={w/v. +
8k) x z]}, write the systm of equations for exciting a forward wave (interaction with the O0th harmonic only)
and a backward wave (with the {—1)th harmenic) of the electrodynamic system and waves of the beam space
charge: :

2(by + 8)ay + 115 =0, (5)
Z(bu -+ 6)00 -+ iISj =0, (6)
Ao +ay) —i(8% = 0)j = 0, (7)

where j = Js /Juo is a relative amplitude of the variable component of the beam current; o, = 29,8%x
E; /(mew) is normalized complex amplitudes of the z components of respective wave fields at the beam
location; If = 167v382 s Jio/(ZoJoB3,) is parameters of the electron beam interaction with the field of the
respective wave; Zp = 377 ohms, Jy = 17 kA; s = 0 corresponds to the Oth space harmonic and s = 1, to
the (~1)th space harmonic of the backward wave;

B - _( h )2 Zo(k? + (ko — k.1 )ko)? I3 (p1ms)
1 Rw wki (ko ~ kar)wfe  IZ(p1Rw)

is the coupling impedan:e of the electron flow with the backward wave; Ro = Zoul, JZ(p1 rb)/ [ﬂ'k?lRéyi x
c

JZ{por)| is the coupling impedance of the electron flow with the forward wave; J,(z) is the Bessel function

of the first order; 8y, = w(k.,c) is relative phase velocities of waves; b, = 2v232(8;, — B.)/Bs, is relative
detuning of wave phase velocities as compared to the velocity of electrons; ¢ = T x 83.Js0/(%.Jo) is the
space charge parameter; and § = 2y283¢/w x §k. The coefficient T for a narrow tubular beam has the form

Ig(er
T= E%-(;é-:v)—)[ln(x}%w)ffu(xra) — Io(rs) Ko(xRw )}, (®)

where x = [{w/v, +6k)? =w?/e*)M? = w/(ch.7.), Io(z) and Ky(z) are the Bessel functions of the imaginary
argument.
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Solving system (3)—(7) results in the variance equation of the fourth order with respect to the wave
number §: i< s
1] (52 — — 9]
_—_b0+6+b1+6+ c=10 9)
When there is no interaction with the forward wave (I§ = 0), Eq. (9) is decomposed into the “three-wave”
equation of a relativistic backward-wave tube

(82 — - o)(by + §) = I} (10)

and the equation describing the variance la.w for the 0th space harmonic of the forward wave undisturbed
by the electron flow:
by +6=0. (1)

To obtain starting conditions for a carcinotron, it is required to set boundary conditions at the input
(cutoff narrowing) and the output (matching horn) of the oscillator. Apart from the conventional requirement
of no current or velocity modulation of the electron flow at the input [7]:

4
Xim + Qom —
Z *"'6—31—_'0— =0, (12)
m=1
4
3 tmlomt om) _, (13)
m=1 m—7

and also the condition that there must be no backward wave field at z = L (ideal matching of the output):

4
Y aimexp{=ifkm L} = 0, (14)

mel

one has to consider the conditions of converting a backward wave into a forward one, which can be written

thus: .
z Qom = (]Ic ) Z a1m exp{iv}. (15)

m=1 me=l

This condition is tantamount to the absence of microwave power at the system input.

A phase shift depends on the geometry of a transitional section where the corrugated surface changes
into the input cutoff narrowing. A possibility of varying the phase shift ¢ can be experimentally obtained,
for example, by placing, between the cutoff narrowing and the corrugation, a short section of a cylindrical
waveguide with the radius equal to the average radius of the corrugated waveguide. Then, the phase shift
i can be varied by varying the length of the cylindrical waveguide. The variation of the phase shift A
depends on changes in the length of the cylindrical waveguide section AL: Ay = =2k, 0AL. Note that in
our statement of the boundary problem, the interaction of waves with the electron flow in this short section
of a cylindrical waveguide is actually ignored. -

Varjance equation (9} was solved with consideration for boundary conditions (12)-(15) by numericai
methods. Figure 1 presents results of estimation of the beam starting current Ju,; depending on the radius on
the assumption of no interaction between the electrons and the forward wave of the electrodynamic system
{I§ = 0) and a small space charge (¢ = 0). In this case the starting conditions are independent of the phase
shift 4. As can be seen from Fig. 1, the values of the starting current calculated by Egs. (9}, (12)—(15) fit
well to those computed by Kompfner’s method of successive approximations for a three-wave backward-wave
tube according to [3].

The situation in a real-life carcinotron differs considerably from the case when the interaction with a
forward wave is ignored. For actual parameters of the electron fiux interaction with a forward wave, Fig. 2
illustrates the dependence of the current Ji,; and the relative detuning of the phase velocity (81 = 8.)/811
of the (—1)th space harmonic of the backward wave in the starting mode of operation on the phase shift
between the waves at the corrugation input with an unchanged beam radius. It can be seen from Fig. 2
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Fig. 1

Carcinotron sterting current Ji,; versus normalized beam radius for the case of small space
charge (¢ = 0) and no interaction with a forward wave (I§ = 0). Solid curve represents
results of calculations according to data from [3]; dots stand for the results of numerical
solution of variance equation (9} with boundary conditions (12) through (15).
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Fig. 2

The starting current Ji,¢ (a) and the relative detuning of phase velocity (871 — 8.)/8s: (b)
for the (—1)th space harmonic of the backward wave versus the wave phase shift ¢ at the
oscillator input for actual values of the current parameter I§.

that the starting current Jy,, and the detuning depend to a considerable extent on the wave phasing at
the system input, with the range of the oscillator starting current being Jist max/Jost min = 4.3. Figure 3
shows typical distributions of the normalized amplitudes of the field set up by the Oth and (—1)th space
harmonics (curves 2 and 1, respectively) along the oscillator axis at maximum (a) and minimum (b} starting
current. Relationships between the normalized amplitude of the beam current variable component j and
the longitudinal coordinate for these two cases are presented-in Fig. 4. As shown in Figs. 3 and 4, the wave
phasing at the oscillator input is less favorable in the former case (Jyy: = Jyst max) than in the latter. This
results in a reduction of the oscillator space effectively used for electron bunching which, in its turn, increases
the threshold current at. which the generation starts. It should be pointed out that the range of currents
required for single-frequzncy operation of a carcinotron is known [8, 9] to be, as a rule, (1-2.5)J;,;. When a
carcinotron starts operating in this range one observes first periodic and then stochastic modulation of the
output radiation power. If this current exceeds the starting current by a certain value, strong microwave
fields may appear in the working space of the oscillator. As a result, a certain number of electrons may be
completely stopped and turned back, which may affect significantly the beam transportation stability.

The studies made show that interaction of the electron flow not only with the (—1)th space harmonic
of the backward wave, but also with the (th harmonic of the forward wave should be taken into account in
relativistic carcinotrons with electrodynamic systems in the form of corrugated cylindrical waveguides with
a small corrugation amplitude. This is particularly important for cases of weak relativity of the beam, when
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Fig. 3

Distribution of the z component of electrical field over the longitudinal coordinate for the
backward (1) and forward {2) waves when (a) ¥ = 0.327 (maximum starting current} and
(b) ¥ & 1.67 ({minimum starting current).
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Fig. 4
Distribution of the beam current variable cofnponent. j over the longitudinal coordinate:
¥~ 0.327 (1) and ¥ = 1.67 (2).

the optimum length of the oscillator is rather small. Consideration for the above interaction results in great
changes in the oscillator starting conditions.
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