PLASMA ELECTRONICS

INFLUENCES OF NORMAL AND ANOMALOUS DOPLER EFFECTS
ON DEVELOPMENT OF BEAM-PLASMA INSTABILITY
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The influences of normal and anomalous Dopler effects on development of a beam-plasma Cherenkov instability in the
linear approximation is investigated. It is shown, that normal Dopler effect influences only on an absolute instability,
leading to suppression of backward wave. The anomalous Dopler effect influences not only on absolute, but also on
convection instabilities and under the certain conditions it may lead to complete suppression of Cherenkov beam-
plasma instability.

PACS: 52.35.-g

The fundamental mechanisms of beam-plasma
instability, which is a basic for plasma relativistic
microelectronics [1], are the single particle and collective
Cherenkov effects, or in other words the Tomson and the
Ruman regimes of stimulated Cherenkov radiation. In the
limit of small beam density the resonance condition for
single particle Cherenkov instability looks as:

W=K,u, (D

where W-is a frequency, K,- a longitudinal wave number,
u-beam velocity. The only single particle regime of
Cherenkov instability was realized in experiments [1].
Moreover, in experiments the external magnetic field is
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where B,- is a strength of magnetic field, n,-is a plasma
density. By this reason the most of theoretical
investigations were carried out under the assumption, that
Bo is infinite. At the same time, in the recent experiments
[2] it was shown, that the beam-plasma microwave
sources are efficiently working even when the Larmor
and Langmuir frequencies are of one order. Theoretically
it was predicted [3] and experimentally it was confirmed
[2] that the frequency spectrum of Cherenkov radiation in
a plasma waveguide practically does not depend on the
strength of magnetic field. But in the finite magnetic field
the new resonances and new mechanisms of beam-plasma
interaction arise. They are known as normal and
anomalous Dopler effects and take place when[4]:
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of beam electrons. The resonances (1) and (2) are quite
different, but in spite of this it is possible of mutual
influence of Dopler and Cherenkov instabilities to each
other. It will be shown bellow, that normal Dopler effect
leads to forbidden of backward wave with K,<0, exited by
the stimulated Cherenkov radiation (or when the
conditions (1) for K,>0 and (2) for K,<0 are satisfied
simultaneously). This may lead to suppression of
feedback coupling in a beam-plasma oscillator and even
to break its working. As far anomalous Dopler effect it
leads to increasing transverse of velocity of beam
electrons and decreasing of longitudinal velocity and
finally to violation of Cherenkov resonance condition (1)
and complete suppression of beam-plasma instability. It is
obvious, that the problem of influence of Dopler effects
on Cherenkov beam-plasma instability may be settled
only in the frame of general nonlinear theory.
Nevertheless in this report we restrict ourselves by
consideration this problem in linear approximation on the
basis of dispersion equation and qualitative analyzes of
nonlinear processes.

Let us now discuss the restrictions of linear
approximation. According to the conditions of real

—

experiments [2], we consider a cylindrical waveguide
with radius R, to be filled up by thin annular cylindrical
beam and plasma layers with:

4,4 ,<<r,<r <R (3)

Here r, and 1, —are the mean radiuses of layers, A, and
Ay —their thicknesses. In fig.1 a principal scheme of beam-
plasma Cherenkov microwave source [2] is presented.

One of most important condition, which simplifies the
problem, is:

C
w<<— (4)
P

In this limit it was predicted theoretically [3] and
confirmed in experiments [2], that the frequency of
excited waves does not depend on magnetic field.
Therefore the process of Cherenkov radiation may be
considered in infinite magnetic field. At the same time for
considering of Dopler effects the finite strength of
magnetic field must be taken into account. This
complicates the problem. But if the beam density is small,
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Fig.1. A principal scheme of beam-plasma Cherenkov microwave source:1 - metallic waveguide with radius R; 2 —

plasma and beam layers with main radiuses r, and rb and thicknesses N ,and D, ; 3 — collector
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then for simplification we can the use well known
perturbation theory.

Omitt the details of calculations we write here the
dispersion equation for cable (symmetric) wave, excited
by electron beam in a plasma waveguide:

Wy Wy

2 +th 2
(a)—Kzu)z _Qfez (w-Kzu) (6)

w-Q =G,

The first term in the right side of this equation
describes Dopler effects and the second term-Cherenkov

2
effect. In (6) @, = m is the Langmuir
m

frequency of beam electrons, the quantities

X1 AK,(x,r) K, (x,R)L
Qi: p_oz’_zzrpAp[OZ(xorp)K - 0( . )b @)
K, K, wlo(xor,)  L(xR) g

determine the frequency Q , and transverse wave number
2

K, of exited cable wave, x02 = KZ2 - _21" ,
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The results of numerical solutions of (6)-(7), which
will be discussed in the next section, are presented in
Fig.2-4. Here we well give the growth rates of
Cherenkov and anomalous Dopler instabilities and their
analysis. From (6) it follows:

W > W+row=Q  + 3w,
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E — for Cherenkov,

ow =[] 1 v
Ui 06, w’a} O
5’% ?2: g['; b a — for anomalous Dopler.
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For normal Dopler effect there is no instability in the
beam-plasma system. As we can see from Fig.2-4
suppression of backward cable wave with K,<0 takes
place. This means that when

— Qe 10

2y (10)
the backward cable wave can’t propagate. This cuts off
feedback coupling in a beam-plasma oscillator and breaks
its work. At the same time normal Dopler effect does not
influence the amplifiers work.
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As for anomalous Dopler effect, when the second
condition (2) is satisfied, the beam-plasma system
becomes unstable with growth rate (8). It leads to
increasing of transverse velocity of beam electrons and
decreasing of longitudinal one. As a result the resonance
condition (1) may violate and Cherenkov beam-plasma
instability stops. In this sense anomalous Dopler effect
may turned out to be catastrophic for both beam-plasma
oscillator and amplifier. Of course, it is possible only if
the external magnetic field is weak and growth rate of
Cherenkov instability is less, then Dopler instability.

Let us now demonstrate the above statements by
discussing the numerical solutions of equation (6)
presented in Fig.2-4. The invariable parameters of the
system taken from the experiments [2] are: radius of
waveguide R=2cm., main radius of beam r,=1cm, A, = A,
=0,1 cm, Langmuir frequency of beam electrons
®,=2-10"" ¢! and velocity u=2-6-10" cm/c (y=2). The
cyclotron Q . and plasma ®, frequencies and main radius
of plasma r, were varying. In the figures the
dependencies w(K,) in units 10'°%" and wave numbers K,
in cm-1 are presented.

In Fig.2 the case of strong magnetic field is shown: Q
~10-10"" and ®,=6-10"°c'. We see 2 regions of
instability for K> 0, which are marked by vertical lines
«ay», «by, «c» and K,~0 (picture is asymmetric relative to
co-ordinates): between the K,=0 and «a» the instability is



stipulated by Cherenkov effect, whereas between «b» and
«c»-by anomalous Dopler effect.

In Fig.3 the opposite case of relatively weak magnetic
field is shown: Q. =6-10"", and ®,=10-10"°c"~ Here
again we have 2 regions of instability, but now they are
wider, that corresponds to expressions (9). In Fig.3 as in
Fig.2 the Cherenkov and Dopler instability regions are
separate, but now their growth rates become of one order.
The further decreasing of magnetic field leads to overlap
the instability regions. It is obvious, that in this case only
in the frame of nonlinear theory problem may be solved.

At the same time one can easily suppress the
anomalous Dopler instability by separation of beam and
plasma layers. In the cases, which are presented in Fig.2
and 3 the layers were very close, whereas in the case
presented in the Fig.4 they were separated- the mean
radius of plasma was r, =1,2 cm,. or the clearance
between the layers was lmm.We see very essential
changes: the instability regions become very narrow,
especially for Dopler instability. This means that by
separation of beam and plasma layers one can

successfully suppress anomalous Dopler instability.

Finally let us discuss very shortly the influence of
normal Dopler effect on the beam-plasma instability. As it
was noticed above and as it is seen in Fig.2-4 the normal
Dopler effect leads to suppression of backward wave with
K,<0. In Fig.2-4 the frequency range of normal Dopler
effect is marked by arrow. We see that this region is very
narrow near the resonance frequency (10). Nevertheless
this phenomenon may suppress the undesirable modes in
a beam-plasma amplifier.

From the above analysis one can make the following
conclusions:

I. Normal and anomalous Dopler -effects can
essentially influence the character of development of
Cherenkov beam-plasma instability, and thus the work of

Cherenkov plasma sources of the microwave radiation
(generators and amplifiers) only in conditions of moderate
magnetic fields when Larmor frequency electrons is
comparable with plasma frequency.

2. Normal Dopler effect can suppress the backward
cable plasma wave excited by a beam, at performance of a
condition (10) and by that to break generation, having
suppressed a feedback in the microwave generator.
However, action of normal Dopler effect is shown in very
narrow range of frequencies of generation near frequency
(10). On the forward wave the normal effect of influence
does not render and consequently it does not influence
work of plasma Cherenkov amplifier.

3. Anomalous Dopler effect is one of dangerous
instabilities of beam-plasma system and consequently its
influence on Cherenkov instability can appear more
dramatic. The anomalous Dopler effect leads to increasing
of transverse velocity of beam electrons and consequently
to full failure of Cherenkov beam-plasma instability. In
this sense anomalous Dopler effect can affect essentially
work of plasma microwave sources like generators and
amplifiers.
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BJIMAHUE HOPMAJIBHOT'O U AHOMAJIBHOI'O D®PEKTOB JOIIVIEPA HA
PA3BUTHUE IYYKOBO-ILIASMEHHOM HEYCTOMYHUBOCTH

M.B. Ky3enes, A.A. Pyxaoze

B nuHeitHOM npUOIMKEHUH HCCIENYIOTCS BIMSHUS HOPMaJIBHOTO U aHOMajibHOTrO 3ddekroB omnepa Ha
pa3BUTHE MYYKOBO-IUIA3MEHHON YEPEHKOBCKOW HEYCTOMYMBOCTH B NMPOAOJBHO OrpaHUYEeHHBIX cucteMax. [lokazaHo,
9TO HOpMaNBHBIN ekt Jomaepa BiawsieT TUIIb Ha a0COTIOTHYIO HEYCTOWIHBOCTh. OH IMPUBOIUT K HEIIPOIYCKaHUIO
BCTPEYHOH BOJHBI B ONPEICICHHON 001aCTH 9acTOT, CPBIBAast TEM CAMBIM a0COIIOTHYIO HEYCTOHYNBOCTh. AHOMAJIBHBIN
ke 3 dekt BamgeT He TOIBKO Ha aOCONOTHYIO, HO U Ha KOHBEKTHBHYIO HEYCTOHYHBOCTD U MOXKET B OIPEIEICHHBIX
YCIIOBHSX TTOJIHOCTBIO 33JaBUTh YEPEHKOBCKYIO ITyYKOBO-TUIA3MEHHYIO HEYCTOHINBOCTb.

BILIMB HOPMAJIbLHOT'O i AHOMAJIBHOI'O E®EKTIB JJOIIVIEPA HA PO3BUTOK
IIYYKOBO-IIJIASMOBOI HECTIMKOCTI

M.B. Ky3zenvo6, A.A. Pyxaoze

VY niniifHOMY HaONMIKEHHI JOCHIIKYIOTHCS BILUTMBH HOPMAalbHOTO I aHOManpHOro edekTiB Jlommepa Ha
PO3BHUTOK IIy4KOBO-IJIa3MOBOi HecTikocTi UepeHkoBa B MOJIOBXKHBO OOMEXKeHHMX cucTeMax. [lokazaHo, 10
HOpManbHUH edekt Jlomepa BIUIMBae Jume Ha aOCONIOTHY HECTiIHKiCTh. BiH NpHU3BOAWTE A0 HEMPOITyCKAHHS
3yCTpiYHOT XBWJII y BH3HA4YCHIH 00JacTi 4acTOT, 3pMBAIOYM TUM CAMHM aOCONOTHY HECTIMKICTh. AHOMaJIBHHUH ke
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e(eKT BIUIMBAE HE TUIbKM Ha aOCOJIOTHY, ajie 1 Ha KOHBEKTHBHY HECTIHKICTh i MOXKE Y BH3HAYEHUX yMOBAaxX LIJIKOM
3aJ]aBUTH MyYKOBO-TIJIa3MOBY HECTIHKiCTh UepeHKoBa.
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