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ABSTRACT

Interaction of a modulattd electron beam with a plasma is

calculated for unbounded and bounded electron beam-plasma systems,

using the method of partial simulation. In the case of the un-

bounded system, deformation of the beam distribution function is

occurred in relation to suppression of one wave by the other wave.

While, in the case of the bounded system, occurrence of deformation

depends on whether feedback effects of reflected beams are present

3T not. The findings are qualitatively in agreement with our

experimental results[19].



1. Introduction

Nonlinear phenomena of plasma waves are of interest in plasma

physics. One of them is the suppression or the spectrum control

of plasma instabilities. Several suppression methods, applicable

to a variety of instabilities, have been described in the litera- .

tures. Among them, for example, we refer to the spectrum control

of beam-excited instabilities by an initial beam modulation[1,2],

the suppression of ion-acoustic waves by externally applied ac sig-

nals [3,4], and the suppression of beam-excited electron waves by

beam density modulation[5-9].

Experimental results concerning wave suppression were discuss-

ed phenomenologically by the solution of the Van der Pol equation

with external force terin[3-5,7-9]. This idea was also applied to

the suppression of drift waves by external ac signals[10] and the

feedback stabilization of ion-acoustic waves[11,12]. However, the

basic process of the suppression is still an open question because

the physical meaning of the nonlinear terms, being essential to the

Van der Pol equation, is not clarified in the plasma. For example,

usually, the Van der Pol equation is derived by means of the fluid

equations, where the source terms introduced supplementally in the

continuity equation cause the nonlinear terms in the equation[3,5].

On the other hand, we discussed previously the suppression

mechanism of beam-excited multimode electron waves from a viewpoint

of particle picture[13]. We have also observed the deformation of

beam distribution function in relation to the suppression of the

electron waves in the bounded system[14]. Following this work,

relationship between the wave suppression and velocity distribution
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function has been studied by several authors[4,15-19]. These ex-

perimental results show that nonlinear dynamics of beam particles

play an important role for the wave suppression.

In conjunction with the nonlinear waves, recent works on cold

beam-plasma instabilities show that trapping of beam particles in

the wave potential is the dominant nonlinear saturation process

[20,21] . The behavior of small wave propagating in the presence

of a large amplitude plasma wave has been studied by many authors.

Among them, Carr et al.[22] studied nonlinear mods competition in

beam-plasma instability. They show that the saturation of the

small amplitude test wave is completely determined by the nonlinear

behavior of the large amplitude wave, which saturates as a result

of single-wave beam trapping[20,21]. DeNeef et al.[23] studied

also the nonlinear coupling between two launched waves of nearly

equal frequencies. The main wave modified the wave pattern of the

test wave and slightly suppressed the test wave. It is considered

that, in the context of the single-wave theory, the launched main

wave has grown, trapped the beam, and consequently modified the

dispersion relation of the other unstable wave.

In this paper, suppression mechanism of beam-excited electron

waves- including nonlinear beam dynamics, are studied numerically.

For this purpose, the method of partial simulation for many wave

system[24-27] is used. In the case of the semi-infinite system,

i.e. the unbounded system, spectrum control due to pre-modulation

of injected beams or two wave interaction in an electron beam-plasma

system have been performed by some authors[23,24]. The instability

is convective and the external wave is applied in the linear regime.

However, most experiments on wave suppression have been performed
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in the bounded system[3-8,15-17,19]. The instability resembles

an absolute instability and the amplitude of the wave is saturated

before the application of the external wave. Therefore, the

numerical model for the bounded case is different from one

for the unbounded case. The objective of this paper is to show

numerical results concerning wave suppression in both cases.

Particular attention is paid to the influence of the finite geometry

for beam particles.

2. Spatially Growing Waves

2.1 Numerical Model and Basic Equations

In order to study the pre-modulated beam-plasma interaction

in the semi-infinite space, we need to consider the spatially grow-

ing waves. The system of five modes is considered, where two modes

are located on each side of the most unstable wave with frequency

UJO- The intensity of the wave electric field, E(x,t) with a sta-

tionary amplitude E(0), may be written as

E(x,t) = Z E^fx) exp(-ioit) + C.C.
CO

whereYE (0) exp( ilk (x')dx' ). Basic equations are the same as
o

ones derived in elsewhere[27]. Dimensionless variables are as

follows: The phase-space coordinate of the j-th beam electron £.

= a) o <St. = uo[t.(x) - x/v, ] , the spatial coordinate n = sx (too/v, ) ,

and the normalized electric field E (n) = eE (x) exp (-ixw/v, )/(mv,

uos ), where the spatial scaling factor s = [(n,v,)/(6n v )] '
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2
and wo is the frequency of the most unstable wave, i.e. u>o =

2 2 ?
a) ( 1 + 3v./vr ). In terms of these dimensionless variables, the
p t b

set of equations becomes as follows:

d

( A + iB + iC g- + D — 2 )E(o(n) = fi
 l exp(iu?./u0) ,

dn j

d C . dC. -
— : = (1+s— D ) J ( E E ( j j(n)exp(-iojC i/uJo) + C.C. ) , (2)
dn dn w

where

. 2 • , . , . £0. j _ ( L + iSL ) - l ] ,

4 < i + >"B = s2 ^ 4
(1)0 2

C = ( 1 + «» ) " 2 a n d D = |

The quantity <5w is the detuning, namely 6w = a) - <D0 = nAco. The

quantity Aoi is a mode-spacing and the integer n = 0, ±1 and ±2 in

the present system.

2.2 Method of Numerical Calculation

The set of differential equations for E (n) and £.(n) is solved

for N beam electrons which satisfy the following initial conditions,

5.(0) = -2TTZ(J/N) and £.(0) = 0 , (3)

where I is the reciprocal of the normalized mode-spacing, namely

I = Wo/Au). In order to obtain the frequency dependence of beam
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modulation, we must change the magnitude of the mode spacing AO>/<D0 -

As a closer mode spacing corresponds to large I, a large number of

beam electrons would be required. In the present case, we choose

the mode-spacing as follows: Aoj/oio = 0.04, 0.05, 0.08 and 0.1.

Various runs are made for 100, 200 and 600 beam electrons, and there

are no significant differences among these three cases. In all

cases, the initial values of wave fields E (0) are kept constant

value, i.e. E (0) = 10~3.

Usually, effects of beam modulation are introduced by changing

the initial values of a certain wave field E (0) whose frequency is

equal to a modulation frequency w [23,24]. In the present simula-

tion, however, we introduce the effects of the pre-modulation of

beam electrons into £ . (0) as follows:

£. (0) = -2irZ(j/N) ( 1 + E MD (u) sin [2ir Z( j/N) (u>/u>0)] ) - (4)

where MD(uj) represents the modulation depth at frequency u. While

the initial values of all wave fields E (0) are the same values,

i.e. the noise level.

2.3 Numerical Results

A typical example of numerical solutions is shown in Fig.l.

Plasma parameters and numerical conditions are as follows: n,/n

10"2, vb/vt = 3, N = 200, E^O) = 10~3 and AOJ/OJO = 5xlO~2. The

spatial evolution of the electric fields of three of five modes of

the system is displayed. These are three most predominant modes.

Total wave energy of the system is indicated by E . In Fig.l(a),

beam electrons are injected without pre-modulation. In Figs.l(b)
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- l(c) , beam electrons are modulated by one frequency u>0 - In

Figs.l(d) - l(f), beam electrons are modulated by two frequencies,

i.e. big and (i)0+4u.

Recently, we have given the details on the evolution of the

many waves in the absence of beam modulation[27]. Nonlinear evo-

lution of the many wave system depends strongly not only on the

parameter s [26] but also on beam velocity[27].

For the strong beam considered here, i.e. large s, the most

unstable wave E(u0) no longer dominates the evolution of the system

during a linear growth region. Then, in the nonlinear stage, the

regular amplitude oscillations of the total wave power are destroyed

due to many wave effects(see Fig.1(a)) [24-27]. However, when beam

electrons are modulated by ai0, K((o0) grows distinguishably and pre-

dominates the evolution of the system. The position, at which

E(w0) starts to grow or the amplitude of E(cu0) saturates, shifts

towards the entrance of the system as the modulation depth MD(ioo)

is increased. Furthermore, one amplitude oscillation appears

clearly. These trends show the possibility that wave spectrum can

be controlled by the pre-modulation of the injected beam.

Figures 1(d) - l(f) show the interaction between two waves,

i.e. E(o)o) and E(u)0+Au)) , where beam electrons are pre-modulated by

two frequencies, u)0 and uo+Aw. With increasing MD(o)0+Aoo), E(u)0+Ao>)

increases its amplitude and suppresses E(ooo) • In this case,

instead of E(coo), E(wo+Au>) predominates the evolution of the system.

Then, two amplitude oscillations of E reappear when MD(o>0+Aw) =

0.004.

In order to clarify the relationship between E(u)0) and E(tuo
+Au>),

relative intensities at two different positions, i.e. n = 4 and 4.5,
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are plotted vs MD(wg+Acu) in Fig. 2. Wave amplitudes are normalized

by the amplitude of E(u)0) without modulation at each position.

It is shown clearly that with increasing MD(uo+Au)), E(u)o) reduces

its amplitude and E(aju+Ao)) becomes large. However, it is remark-

able that E(u)o) does not damp until the amplitude of E(wu+Au)) be-

comes much larger than that of E(uu) in the case of no modulation.

Phase-space dynamics and phase averaged velocity distribution

of beam electrons are shown in Figs.3 and 4, respectively. They

correspond to the calculations shown in Figs.l(c) - l(f). Dynamics

of beam electrons are going to be modified when the amplitude of

E(u)o+Ato) becomes comparable with that of E(wo)(see Fig.3(b)). With

increasing the amplitude of E(u)u+Au)) further, the particle phase

mixing becomes evident in the phase-space plot. Correspondingly,

as is shown in Fig.4, the phase averaged beam distribution function

is no longer peaked but broad.

From these results shown in Figs.2 - 4, we present a picture

for the coupling process between two waves. The two waves do not

interact directly but through a wave-particle-wave process. One

wave E(too) does not damp easily until the other wave E(o)o+Au) mod-

ifies the beam distribution, although E((JJO+AU) becomes comparable

to E(o)0) with increasing MD(u)0+Atj). The deformation process of

beam distribution function is based on the behaviors of beam elec-

trons in the presence of two waves. When E((I)0+A(JJ) becomes larger

further, the main contribution to the beam dynamics is due to

E(wo+Auj). Then, E(o)0) may not grow in this modified beam-plasma

system and be suppressed.

Effects of E(u)0+Aw) for the suppression of E(o)0) depend not

only on the magnitude of MD(U)0+AID) but also on the frequency differ-
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ence between two waves, i.e. the magnitude of AGJ. If we want to

reduce the amplitude of E(w0) to a certain lower level at a fixed

position, MD{u)5+Au)) becomes large with increasing Aco. This is

shown in Fig.5. Dotted circles, crosses and dotted triangles cor-

respond to the reduced amplitudes of E(u0)
 a t each point when beams

are pre-modulated at various frequencies OJO+AUJ with the modulation

depth indicated by open circles. According to this result, in

order to reduce E(u0) to a certain level, critical modulation depth

becomes large linearly as Au increases. We do similar calculations

by using the system of eleven modes. Numerical results have the

same features as the above-described ones.

2.4 Discussion

Concerning the control of wave spectrum, numerical results show

that broad band spectra of instabilities are controlled by a pre=

modulation of the injected beams. On the other hand, on nonlinear

interaction between two waves, especially suppression one wave

by the other wave, numerical results are well in agreement with

experimental ones in the unbounded system[22,23]. Deformation of

the beam distribution function due to a large amplitude wave plays

an important role for the evolution of the other wave. Two waves

do not interact directly but through the wave-particle-wave process.

Deformation process described above may be also important for the

wave suppression in the bounded system[15,19].

Spectrum control or nonlinear interaction between two waves

in an elactron beam-plasma system was studied by some authors[23,24].

We discuss the differences between our results and their ones.

Matsiborko et al.[24] studied the interaction of the perturba-
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tions in the modulated beam-plasma system. They consider the non-

linear dynamics of three unstable perturbations, i.e. the fundamen-

tal wave with modulation frequency OJ0 and two test waves with fre-

quencies aio±A(ii, where Aw is the frequency difference between the

fundamental and the test waves. They assume that UJ0 coinsides with

the resonant plasma frequency w , and that, owing to the modulation,

the initial amplitude of the fundamental wave substantially exceeds

the initial amplitudes of the test v-aves. Under these conditions,

the test perturbations are suppressed and a monochromatic wave of

frequency uo is excited at any value of the "detuning 6". 6 is

a dimensionless frequency difference, i.e.

, _ AUJ , ne Vb ,1/3 _ 2~ 1 / 3 Aoi vb
wo 2 . 3 swo 2

b g t

where the group velocity v = 3v /v, . For a larger difference be-

tween the initial amplitude of the fundamental and test waves, the

distance over which the wave excited by the beam modulation remains

monochromatic can be considerably increased. So far, their results

have the same feature as our results as a whole. But, we can not

understand the dependence of beam modulation on 6. They present

the results that, with increasing 6 under the constant strength of

modulation, the distance where the wave with ui0 remains monochromatic

is decreased. It means, according to our simulatior model, that

the effect of beam modulation becomes strong with increasing the

frequency difference between the frequency of the electron wave and

the modulation frequency. So, their results have opposite features

to our results shown in Fig.5 or our experimental results[15,19].

DeNeef et al.[23] studied the nonlinear behavior of two launched
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waves of nearly equal frequencies on a beam-plasma system. They

observed that the main wave with large amplitude modified the wave

pattern of the test wave and slightly suppressed it. It was con-

sidered that the mechanism was based on a modification of dispersion

relation by a change of beam distribution function. However, its

measurement was not disclosed. In order to explain the experimental

results, they calculate the behavior of the test wave by regarding it

as a slow modulation of the main wave's amplitude and phase, i.e. a

modulational calculation. This method assumes that the nonlinear

behavior of one wave, launched alone, is known either from an experi-

ment or a calculation. It means that the trapped particle distri-

bution is not modified by other instabilities. In addition to this,

there is restriction on frequency difference Aw between two waves.

So, we cannot use this model to study the deformation of distribution

function in the presence of two waves and/or to study the frequency

dependence of beam modulation.

3. Temporally Growing Waves

3.1 Numerical Model and Basic Equations

In this section, we develop a simple model in order to study

the wave suppression in a bounded electron beam-plasma system[19].

Experimentally, plasma parameters can be controlled so that a single

mode with narrow frequency spectrum is excited spontaneously. The

externally generated wave due to beam modulation has also narrow

spectrum. It is also found that in the course of wave suppression

only the electron wave and the external wave predominate the non-
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linear beam-plasma interaction. Besides, the electron wave excited

spontaneously is in the saturated state before the application of

the external wave. Therefore, we develop a model in a spatially

homogeneous beam-plasma system, where waves grow temporally and .ion-

linearities evolve with time. For simplicity, only two waves are

considered in the following discussions.

The model simulates a one-dimensional fixed plasma with the

system length L. Beam electrons are injected continuously at the

left end of the system, x = 0. According to experimental conditions,

two simplified boundary conditions at the right end of the system,

x = L, ate imposed on beam electrons. The one is the case of ab-

sorption (the Case I ) . Beam electrons which drift out the right end

are removed without contributing to the electric field. The other

is the case of reflection(the Case II). Beam electrons which drift

out the right end are reentered into the system with conditions,

i.e. the position x. = 2L - x. and the velocity v. = -v. of the j-th

beam electron. These reflected beams are removed when they drift

out the left end. In the simplest model considered here, the ions

are stationary and plasma electrons are described by linearized

continuity and momentum equations, neglecting thermal motion. Tra-

jectories of beam electrons are calculated numerically. These beam

electrons must satisfy the continuity equation and are described in

terms of its distribution function f, (x,v,t) as follows:

n.L
f (x,v,t) = - 2 - E <5(x-x.)6(v-v.) , (5)

N j J J

I e n b L

p (x,t) = -e f.dv = — £ 6(x-x.) , (6)
' N j J
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and

3 p. 3(p,v)
+ ^ = 0 . (7)

at ax

Effect of beam modulation is introduced into Poisson's equation

in the form of an externally oscillating density pm as follows

|f = -47ren + 4:,pb + 4irpm ,

and p m = Docost^t) [6(x-xQ+AX/2)-6<x-xQ-AX/2) ] , (9)

where n is the density perturbation of plasma electron, p, is the

charge density of the beam electron, p0 is an external charge den-

sity, (o is a modulation frequency and a pair grid with spacing AX

is located at x. which is the position near the left end.

Differentiating eq.(8) twice with respect to time and substi-

tuting the expression for n, p, and p obtained from the linearized

fluid equations, from the equation of continuity for the beam elec-

trons and from eq.(9), eq.(8) becomes

2
3 K 9 J

| 2 b 2<7A 3 4-*1 f -i4- ill in

2 1/2

where u> = (4irn e /m ) i s the electron plasma frequency and JV

is the beam electron current. After Fourier transformation with

respect to the space coordinate, eq.(10) takes the form

d ' E k + 2p 4ir d { f
L
J e - i * * _

dt r
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2
4TT10

poexp(-ikxo) [exp(iu t)+exp(- io t ) ] s i n ( ^ ) , (11)

where

f e n b L

Jb = -epbv = -e vffadv = - Z v 6(x-x.) . (12)

Substituting eq.(12) into J, in eq.(ll), we obtain
b

d E, - 4iren.

k AX
poexp(-ikx ) [exp(iumt)+exp(-itDmt)]sin(-2—) . (13)

kl.

More complete fluid models of the plasma electrons, including pres-

sure forces and momentum transfer collisions, may be introduced by

using the following equation of motion,

3KT

m |Z = -eE - mvv & |J , (14)
e

where v is the effective collision frequency, K is the Boltzmann

constant and T is the electron temperature. In this case, eq.(13)

is rewritten as follows:

d E, dE, 9 4iren, ,
_ * + V _ K + ^ E = £ a_t j. v exp(-ikx.) 3
dt dt K K N d t j J :

, 2
kAX

poexp(-ikxn) [exp(iui t)+exp(-iu t)]sin(^=-)f (15)
KXJ

2 2 2 2
where oo, = u + 3k v . The excited wave E. , due to beam modulation

ft- p t K

is also governed by the similar equation.

d Ek' 2 4-nen

dt k k N

- 13 -



4TT0)
51 poexp(-ik'xn) [exp(ioi t)+exp(-iu> t) ] sin (^-^-) . (16)

' Lk' L

We assume that electric field can be described as E. = Ek<t)exp(

-iuikt) and E k, = Fk, (t) exp (-iumt) , where Ek(t) and Fk,(t) are the

slowly varying parts. We consider the case that 10 is nearly equal

to w, , i.e. to = ti, + 6u>(5oi << OJ, , co ) , and assume that the wave-
k m k km

number of the excited wave E, , is the same as that of E, (namely,
k K

k1 = k). Substituting E, and E, , into eqs.(15) and (16), respec-

tively, following two equations for slowly varying parts E, (t) and

F (t) are obtained,

d2E-(t) dE (t)
+ ( v i 2 u ) £ ivu E (t) =

k
* dt

l-srfSv.exp(-ikx .) ] |exp(iu t)
N

4iT(ii I

poexp(-ikxQ) exp[i(w +uk)t]
kL l

+exp[-i(io -u
in

d t

( t )

2 +
. .

4Tren

N
2

dF,

m ' d t

"• j

poexp(-

( t )

- ikx )

V

Corresponding to these two equations, the j-th beam electron is

governed by the following equation of motion,
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d2

i = _ ® E (t)exp(-idJ, t) [exp(ikx .)+Rexp(-ikx.)
, .2 m k k j J
dt

- - F, (t)exp(-iu t)[exp(ikx.)+Rexp(-ikx )]
m Jc m J -'

c.c.

Here, we introduce the effects of reflected waves supplementally.

R is the reflection coefficient of the wave. Usually real exper-

iments show that electron waves have a nature of a standing wave in

the bounded system. As the standing wave is decomposed into two

traveling waves, the equation of motion for the beam electron may

be described in the form of eq.(19). Before the application of

beam modulation, beam electrons are governed by the single wave

Ek(t) in eq.(19).

For convenience of numerical calculation, eqs.(17)-(19) are

described in terms of the following normalized variables: The tem-

poral coordinate T =•• soi.t, the position of the j-th beam E, . = kx. /

k 3 3

the normalized electric field E(x) = ekE, (t)/(ms u, ) , and the tem-

poral scaling factor s = (n,/2n ) . Then, the set of equations

to be solved is as follows:

d t ' s mk s a), s ^

- -^^|exp(-ikx0) [exp[i(^5+1)|]+exp[-i(-5-1)1] j s i n ( ^ ) , (20)
n, s u, ^ o ) , to, '

b k k k
d F to , „ 1 u>_ vu)m

dx' - -k u k ̂  s

k J
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w2w2

m 2 4cxp(-ikxQ)

and ,
d £ u T

3 = _[Eexp(-i^)+Fexp(-i^!_)3 texp(iCj)+Rexp(-iCj)l

(22)
+ C.C. ,

where OJ, is the electron plasma frequency of the beam, nm/
ny, i-s t n e

modulation depth and N is the total number of beam electrons distri-

buted in the system at the initial stage.

3.2 Method of Numerical Calculation

A set of differential equations for E(x), F(x) and £ . (T) is

solved for N beam electrons. Initial conditions of beam electrons

are as follows: In the Case I where beam electrons injected at the

left end are absorbed at the right end, N beam electrons having ve-

locity v. are distributed uniformly in the system, i.e. initial posi-

tion of the j-th beam x . (0) = L(j/N). In the Case II where beam

electrons are reflected at the right end, the half of N beam elec-

trons having velocity v, and the other half having valocity -v, are

distributed uniformly in the system.

The initial value of the wave field E(0) is usually set to be

10 . On the other hand, the initial value of the excited wave

F(x) is set to be 0.01E(x). Various runs are made for 100, 200,

400 and 600 beam electrons which are the total number of beams at

the initial stage. There are no significant differences among four

cases.

Mean beam velocity V(x) and the beam velocity spread AV, are

obtained as a function of x. These values are defined as follows:
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V(x) = Z v.(x)/M and < A v
b
) 2 = Efv.(T)-V(T)]2/M , ( 2 3 )

where M is the total number of beam electrons at each time step in

the system, and is not necessarily equal to the total number N at

the initial stage.

3.3 Numerical Results

(A) Single Wave Behavior

First of all, we present some results of numerical calculations

in the case of no modulation. Figure 6 shows evolutions of wave

energy, a mean beam velocity V(T) and a beam velocity spread AV. in

the Case I, respectively. The total wave energy E means the sum-

mation of the forward wave energy E, (idg) and the backward wave
Jc

2 2 2 2

energy R E, (u 0), i.e. (1+R )E, (u0). Here, we denote the mode fre-

quency to, by too. Parameters used for calculation are n,/n = 10 ,

v,/v = 4, v/too = 0, R = 1.0, N = 200 and mode number m = 4, where

wavenumber k = 27rm/L. The wave grows exponentially and saturates

its amplitude near T = 10. After this time, the wave keeps its

amplitude nearly constant and no amplitude oscillation occurs. As

is shown in Fig.6(b), after T = 10, both V(x) and AV, are nearly

constant corresponding to the evolution of the wave energy. Fig-

ure 7 shows instantaneous phase-space plots corresponding to the

case shown in Fig.6.

Figure 8 shows evolutions of wave energy, V ( T ) and AV, in the

Case II. Conditions of numerical calculation are the same as in

Fig.6. In this case, the wave saturates its amplitude near T = 14.

After this, the wave also keeps the amplitude constant. Temporal

evolutions of injected beams of both V(x) and AV, correspond to the
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evolution of the wave. But, evolutions of the reflected beams

reach the steady state at a slightly later time, i.e. T = 18, and

the value of AV, is much larger than that of the injected beams.

Figure 9 shows instantaneous phase-space plots corresponding

to the case shown in Fig.8. Evolutions of the injected beams are

very similar to those in the Case I. Behaviors of reflected beams

in the phase space are smeared out in the later time. However,

mixing between the injected and the reflected beams does not occur.

Some runs are also made for different mode number m. With

increasing m, phase bunching becomes indistinct.

(B) Interaction between Two Waves

Now, we present the results on wave suppression due to beam

modulation. Numerical calculations are performed for various

plasma conditions.

Figure 10 shows a typical example of the two wave interaction

in the Case I, where plasma parameters and conditions for calcula-

tion are the same as in Fig.6. Then, evolutions of the system

without modulation are the same as ones in Fig.6. Beam modulation

is introduced at T = 14. Conditions are as follows: n /n, = 0.1,
m b

the initial amplitude of F. (14) = 0.01E. (14), the position of pair

grid XQ/L = 0:05 and frequency difference between two waves 6w/"o

= 0.02. When the beam modulation is present, the total wave energy
2

E means the summation of the electron wave and the excited wave,
2 2 2

i.e. (1+R ) [E (d)0 )+F, (to0 + 6w) ] . With the growth of the excited wave,

the electron wave decreases in amplitude up to T = 20.3. After

this time, exchange of wave energy between the electron wave and the

excited wave occurs. It is apparent that the additional broadening
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of the beam distribution occurs because of the excitation of another

wave due to beam modulation.

Figure 11 shows the results in the Case II. Numerical condi-

tions for calculation are the srme as ones in Fig.8(without modula-

tion), and ones in Fig.lO(with modulation), respectively. Beam

modulation is introduced at x = 18 when the system reaches the steady

state already. As the excited wave grows, the electron wave de-

creases in its amplitude. After x = 28, exchange of wave energy

between two waves also occurs as that does in the absence of re-

flected beams. However, there are some different features in this

case. In spite of the excitation of the external wave, total wave

energy has nearly the constant value. Corresponding to the evolu-

tion of the total wave energy, the spread of beam distribution has

nearly the constant value. Namely, the change of wave intensities

occurs under the constant value of the total wave energy, and the

additional broadening of the beam distribution does not occur appre-

ciably.

In the present model, the backward wave is introduced supple-

mentally as described in eq.(19). Therefore, between boundary con-

dition of the beam electrons and that of the waves including the

reflection coefficient, there is no self-consistent relationship.

They are assumed to have a certain condition independently each

other. However, one of the advantages of the present model is that

we can include or omit the backward wave at will and thus study its

effect. In order to clarify the relation between the reflected

beams and the backward wave, runs are made for various reflection

coefficients with keeping the beam conditions same. Some results

are shown in Figs.12 and 13. In the absence of reflected beams
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(the Case I), evolutions of both the wave and beam spread are not

dependent on reflection coefficient so strongly. However, in the

presence of reflected beams(the Case II), an additional broadening

of beam spread due to the introduction of beam modulation becomes

remarkable with decreasing reflection coefficient.

Previously, we showed that in the semi-infinite system, non-

linear interaction between a small cold beam and a plasma could be

changed drastically by introducing weak collisions within the back-

ground plasma, i.e. the ratio of collision frequency to plasma fre-

quency v/w is about 10 [28]. We present some numerical results

concerning collisional effects in the bounded system.

Figure 14 shows the evolution of the system where collisions

between plasma electrons are included. In the absence of reflected

beams, comparing the results shown in Fig.14(a) with the results in

Fig.10, collisional effects does not change the evolution of both

the waves and the beam spread appreciably except that the saturation

amplitude and the beam spread decreases slightly at a lower level.

However, in the presence of reflected beams, there is appreciable

difference between the results in Fig.14(b) and that in Fig.11.

Additional broadening of beam spread appears even if R = 1.0.

When plasma is generated by the injected beams, electron-neutral

collisions of beam electrons are important in the nonlinear stage.

Preliminary study of these collisional effects may be done by using

the following equation of motion for the j-th beam electron, x.(t),

5" =-e[E(x.,t)+F(x.,t) ] - raw.
dt 2 3 3 D

where E(x,t) and F(x,t) are the electron and the excited waves, and
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v. and x. are the velocity and the position of the j-th beam electron.

Figure 15 shows the evolution of the system where two collisional

effects, i.e. collisions for both plasma electrons and beam electrons,

are included. In both cases, i.e. with and without reflected beams,

waves saturates their amplitudes at a pretty lower level as compared

with the results in Figs.10 and 11. In the Case II(shown in Fig.-

15 (b)), additional broadening of beam spread appears even if reflected

beams are present and R = 1.0.

3.4 Discussion

In a bounded beam-plasma system, two different processes on

interaction between two waves are obtained. Beam electrons are

injected at one end of the plasma column, and is absorbed(the Case

I), or reflected(the Case II) at the other end. In the Case I,

interaction of the electron wave with the excited wave is accompa-

nied by an additional braodening of beam spread AV, (see Fig.10).

In the Case II, however, AV shows no appreciable change in the

course of two wave interaction(see Fig.11).

Recently, suppression of beam-excited electron waves in a bound-

ed system has been studied in connection with the beam distribution

function[15-17,19]. These experimental results seem to support

our numerical results at least in the early stage of the evolution

of the excited wave, i.e. up to r = 20.3 in the Case I and up to T

= 28 in the Case II.

For example, we have obtained the following experimental results

[15,19]. In the absence of reflected beams(corresponding to the

Case I in the present calculation), it looks that with increasing

modulation voltage the excited wave increases its amplitude and the

- 21 -



electron wave decreases independently each other. In particular,

deformation of the beam distribution function, i.e. an additional

broadening of the beam, is observed in relation to suppression of

the electron wave. However, in the presence of reflected beams

(corresponding to the Case II), the rapid change in the ratio of

wave intensities occur with increasing modulation voltage. This

rapid change in amplitude may be a consequence of the so-called mode

competition[29]. During this process, total energy of two waves is

kept nearly constant and beam distribution function has no apprecia-

ble change, if the frequency difference between the electron and the

excited waves is within the spectral width at half-maximum of the

electron »avs.

Another example has been obtained by Ameiniya[16]. In the sin-

gle beam case(the Case I in our notation), a broadening of beam energy

occurs associated with the suppression of the electron wave, while

in the counter stream case(the Case II in our notation), a variation

of beam energy is little.

These two examples of experiments have the same features as the

present numerical results have. We will make a detailed comparison

of our numerical and experimental results in elsewhere.

Two different processes of wave suppression observed in experi-

ments may be caused by the feedback effects due to reflected beams

[15,17,19] or the counter beams[16]. This point is also reproduced

numerically. As is shown in Fig.13, an additional broadening of

the injected beams appears clearly with decreasing a magnitude of R

even if reflected beams are present. It suggests that the differ-

ence between the Case I and the Case II is caused by the feedback

effects due to the interaction between the reflected beams and the
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backward wave.

Experimentally, the system has a steady state, whether beam

modulation is present or not. In the present simulation, the steady

state is also obtained when beam modulation is absent. However, in

the presence of beam modulation, the simulation fails to develop a

steady state. In the Case I, the electron wave and the excited wave

oscillate their amplitudes due to energy exchange between them after

x = 20.3. In the Case II, similar amplitude oscillations occur

after T = 28. This may be due to the lack of support for the per-

fect phase lock in the code. In a steady state without modulation,

fresh beams injected continuously are modulated by the electron wave

and locked to a certain bounded state in the phase space shown in

Figs.7 and 9. It may be inferred that the suppression of the elec-

tron wave is due to a lock of beams to another bounded state governed

by the excited wave. In the present simplified model, however,

boundary conditions of beams and those of the waves including the

reflection coefficients are not determined self-consistently. It

i'j also assumed that two waves have the same wavenumbers because of

small frequency difference between them.

Taking into account the present numerical results and the ex-

perimental results [15-17,19], we consider the suppression phenomena

as follows: In the Case II (with feedback effects), a system behaves

as a steady-state oscillator with a finite Q-value[4,17]. Suppres-

sion would be due to the mode competition and less related to the

beam distribution function. On the other hand, in the Case I(with-

out feedback effects), the system behaves as if it is unbounded, i.e.

the case discussed in section 3. Two waves do not interact directly,

but through a wave-particle-wave process.
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From numerical results with collisional effects, we consider as

follows: In general, collisions destroy the phase relation between

the wave and the plasma electrons. If there is a certain possibil-

ity that some of beam electrons make a collision, phase bunching of

beam electrons are randomized due to collisions. Then, feedback

effects due to reflected beams become weak. It may be reasonable

that suppression processes in the Case II have the same features as

ones in the Case I when collisional effects are introduced in the

system{see Figs.14 and 15).

As is shown in Fig.9, for injected beams cohesive beams are

recognizable although beams are behaving nonlinearly. However,

reflected beams become diffused strongly. From the viewpoint oi

feedback effects due to reflected beams, increasing the mode number

m causes feedback effects weak. Because, both injected and reflect-

ed beams become diffused more irregularly in the phase space, and

then phase relation between the wave and beam electrons are destroyed

considerably. As a numerical example, it is confirmed that addi-

tional broadening of beam spread occurs in the Case II when m = 8.

In the present model, we assume that the motion of the plasma

electrons can indeed be considered in the linear approximation.

Finally, we check this assumption 130] . The velocity of the plasma

electrons in the field of the wave can be estimated as v = eE /
e max

(mto ) , where ^-max is
 t ne maximum electric field of the wave at the

moment of the capture of beam electrons. The dominant nonlinear

term in the equations describing the motion of the plasma electron

is the term vg(3v /3x) . Comparing it with the least linear term,

yv , we find that even at the maximum amplitude of the wave field

y ve / k ve ^ U p / Y ^ ( 2 n
e / V

1 / 3 - W h e n n b / n
e
 = 1 0~ 2' ( 2 ne / nb
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5.85. Then, yv /kv > 1, and our approximation is valid,
e e

4. Conclusions

Concerning the control of wave spectrum and the suppression of

the wave due to preliminary modulation of the beam, interaction be-

tween two waves in a modulated electron beam-plasma system is inves-

tigated by means of partial simulation. We have analyzed these

problems in two different systems.

In the sem-infinite system, i.e. the unbounded case, the model

of spatially growing waves is used. Spectrum control and wave

suppression are obtained by pre-modulating injected beams. Defor-

mation of beam distribution is occurred in relation to the suppres-

sion of one wave caused by the other wave. According to these

numerical results, we conclude that two waves do not interact direct-

ly but through the wave-particle-wave process.

On the other hand, the model of temporally growing waves is

used in the bounded system. We have two different patterns for the

wave suppression in this case. When injected beams are reflected

at the other end, two wave interaction occurs under the constant

total energy of two waves. Besides, additional broadening of the

beam distribution does not occur. However, when injected beams are

absorbed, suppression of one wave due to the other wave is acompa-

nied with additional broadening of the beam distribution. These

differences in suppression process are caused by whether feedback

effects of reflected beams are present or not. So far, the steady

state of the system is not obtained when the beam modulation is

applied.
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Present simulation results in both cases, i.e. the spatial and

the temporal cases, are in agreement with experimental results for

wave suppression qualitatively.
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Figure Captions

Fig. 1. The total wave power E and the power in the spectral

components vs n in the modulated beam-plasma system. The

solid straight lines in the figures correspond to the theo-

retical linear growth. In Fig. (a), eqs. (1) and (2) are

solved for 200 beam electrons which satisfy the initial con-

ditions, i.e. eq.(3). A pre-modulation of the beam elec-

trons are introduced into £-(0) as expressed in eg.(4).

Beam electrons are modulated by one frequency coo in Figs.(b)

and (c) . MD(coo) is 0.0005 in Fig.(b) and 0.001 in Fig.(c).

In Figs.(d)-(f), beam electrons are modulated by two frequen-

cies, i.e. u)g and o)0+Atj. MD(uo+A(x)) is 0.001 in Fig.(d),

0.002 in Fig.(e) and 0.004 in Fig.(f), respectively, while

MD(OJO) = 0.001 in all cases. Plasma parameters and other

numerical conditions are as follows: n,/n = 10 , v./v. = 3,
b e b t

- 28 -



E (0) = 10"3 and 4ID/U, = 5xlO~2.

Fig. 2. Relative intensities of two waves at different two fixed

points vs MD(to0+Au3). Wave amplitudes are normalized by the

amplitude of E(UIQ) at the same point when MD(wo+Aw) = 0.

Plasma parameters and conditions for calculation are the

same as in Fig.l. Open and dotted symbols represent the

amplitudes at r\ = 4 and n = 4.5, respectively.

Fig. 3. Phase-space behaviors of beam electrons at the point,

n = 4. These correspond to the calculations shown in

Figs. 1 (c)-1 (f) . MD(u)o+Ato) is a parameter, i.e. (a)MD (ooo+Aw)

= 0, (b) 0.001, (c) 0.002 and (d) 0.004. As ajo/Au) = 20 in

this case, we need to follow the beams whose initial phases

are in the interval -40TT <. £.(0) <. 0. In this figure,

however, instantaneous beam phases £.(n) are transformed in

the interval -2ir < £.(0) <, 0.

Fig. 4. Phase averaged velocity distribution vs velocity normal-

ized to the initial velocity v. . They are corresponding to

the phase-space plots shown in Fig.3.

Fig. 5. Relationship between MD(co) and the modulation frequency

UJ/WO. Open circles are values of MD(u) at each modulation

frequency. Reduced amplitude of the wave E(uio), at three

different points, caused by modulation are indicated by the

symbols, i.e. dotted circles(n=4), crosses(n=4.5) and dotted

triangles(n=5), respectively. Amplitudes are normalized

by E(wo) at the same point when MD{u) = 0.

Fig- 6. (a)Total wave power E and the square of the wave ampli-

tude cii0 vs x in the case that injected beams are absorbed

at x = L. (b)Instantaneous mean beam velocity V(upper) and
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the beam spread AV (lower) vs T. They are normalized by

the initial beam velocity v^.

Fig. 7. Instantaneous phase-space plots corresponding to six

points denoted in Fig.6. Solid and dashed lines show the

initial and the instantaneous mean beam velocities.

Fig. 8. (a)Total wave power E and the square of the wave ampli-

tude OJQ vs x in the case that injected beams are reflected

at x = L, (b)Instantaneous mean beam velocity V(upper) and

the beam spread AV, (lower) vs x. Solid and dashed lines

show the evolutions for injected beams and for reflected

beams, respectively.

Fig. 9. Instantaneous phas-space plots corresponding to six

points denoted in Fig.8. The upper graph corresponds to

the injected beams and the lower the reflected beams.

Solid and dashed lines show the initial and instantaneous

mean beam velocities.

Fig.10. Evolutions of the beam spread AV,/v. and the wave power

in the case that injected beams are absorbed at x = L.

Beam modulation is introduced at T = 14. The orbits of

beams are solved in the single wave approximation before the

application of beam modulation. After the time, x = 14,

the orbits are solved in the two wave apploximation. Plasma

conditions are as follows: n,/n = 10 , v,/v = 4 , R = 1.0

and m = 4.

Fig.11. Evolutions of the beam spread(injected beams)AV,/v, and

the wave power in the case that injected beams are reflected

at x = L. Beam modulation is introduced at x = 18. Plasma

conditions are the same as ones in Fig.10.
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Fig. 12. Evolutions of the beam spread AV./v, ant^ the wave power

in the Case I. Conditions for calculation are the same as

in Fig.10. Parameter is a magnitude of the reflection

coefficient R: (a)R = 0, (b) 0.7 and (c) 1.0.

Fig.13. Evolutions of the beam spread(injected beams)AVfa/v, and

the wave power in the Case II. Conditions for calculation

are the same as in Fig.11. Parameter is a magnitude of R:

(a)R = 0, (b) 0.7 and (c) 1.0.

Fig.14. Evolutions of the beam spread AV,/v. and the wave power

in the case that collisional effects between plasma electrons

are considered, i.e. v/u0 = 10 : (a)The Case I and

(b)the Case II, respectively.

Evolutions of the beam sp:

in the case that collisional effects both in plasma electrons

_2
and in the beam electrons are considered, i.e. v/a)o = 10 :

(a)The Case I and (b)the Case II, respectively.

Fig.15. Evolutions of the beam spread AV,/v, and the wave power
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