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Current drive generation based on autoresonance and intermittent trapping mechanisms
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Two mechanisms for generating streams of high-velocity electrons are presented. One has its origin in auto
resonance~AR! interaction, which takes place in the system after a trapping conditioning stage, the second
being dominated by the trapping process itself. These mechanisms are revealed from the study of the relativ-
istic motion of an electron in a configuration consisting of two counterpropagating electromagnetic waves
along a constant magnetic field in a dispersive medium. Using a Hamiltonian formalism, we have numerically
solved the equations of motion and presented the results in a set of figures showing the generation of streams
of electrons having high parallel velocities. Insight into these numerical results is gained from a theoretical
analysis, which consists of a reformulation of the equations of motion. The operation of these mechanisms was
found to circumvent the deterioration of the electron acceleration process that is characteristic for a dispersive
medium, thus allowing for an effective generation of a current drive. Discussion of the results follows.
@S1063-651X~99!08809-1#

PACS number~s!: 52.35.Nx, 52.20.Dq, 05.45.2a, 52.50.Gj
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I. INTRODUCTION

The possibility to utilize electromagnetic waves in t
electron cyclotron range of frequencies for heating plasm
is successfully realized in many laboratories around
world. This heating process is generally based on a re
nance interaction of the electrons with some harmonics
the electron cyclotron waves@1#. Considerable progress ha
been made using this approach. There is, however, a
powerful mechanism for transferring energy and moment
from these waves to electrons, which has drawn much
attention in the past: this is the autoresonance interact
which has been introduced by Kolomenskii and Lebedev@2#,
and Davydovskii@3# some decades ago.

At the origin of this mechanism is the sel
synchronization process of two oscillatory motions taki
place in the system: one being the relativistic gyrofreque
to which the electrons are subjected, the second is
Doppler-shifted frequency of a circularly polarized electr
cyclotron wave, which the electron sees. Lately, this
proach for accelerating particles has been attracting a l
amount of interest@4–9#. However, the research which ha
been devoted to applying this autoresonance interactio
realistic plasmas is quite limited. For such plasmas, one
counters two basic obstacles:~a! the necessity of having
exact appropriate initial conditions for this mechanism to
operational and~b! the necessity of having the refractive in
dex of the medium of the propagating wave equal to 1.

In recent publications@7–9# we have shown that there is
possibility to remove the first obstacle by a mechanis
which allows for particles far away from the autoresonan
~AR! conditions to get pushed in these conditions and s
there for a considerable length of time. This was obtained
introducing two circularly polarized electromagnetic wav
propagating in opposite directions along a constant magn
PRE 601063-651X/99/60~3!/3289~8!/$15.00
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field. Unlike the situation encountered in the single-wa
particle acceleration for which AR interaction is possible f
a restricted group of particles having appropriate conditio
a two-waves configuration has a rather large flexibility f
inducing the system into AR conditions. Thus, a much lar
number of particles can be accelerated via AR interacti
However, in all these studies we have avoided essentially
second obstacle, namely: we have been considering a
dium for which the refractive indexN was put equal to 1. In
the present paper, an attempt has been made to relax
restrictive condition and to apply AR interaction for realist
plasmas, concentrating on current drive schemes.

For driving a current, it is clear that one has to insure t
a considerable part of the electron distribution will stream
a well-defined direction, having a rather high-averaged p
allel velocity. When attempting to exploit the AR process f
such a purpose, one is immediately faced with the depha
problem, which is becoming even more severe when con
ering the dispersive effects. In previous publications@7–9#,
we have shown that for waves propagating in the vacuu
the dephasing limitation could be circumvented by introdu
ing the special two-electron cyclotron waves configurat
just mentioned. Such a configuration allows for the gene
tion of a stochastic base, from which multiple AR accele
tions can repeatedly take place and results in a velocity
tribution having a high-averaged velocity parallel to t
magnetic field.

Here, we will show that the same configuration itself c
support a high-averaged velocity parallel to the magne
field even for a dispersive medium. The basis for the gene
tion of such a high stream of electrons is the existence o
trapping process taking place in the system. Indeed, when
parallel velocity of the electrons lies in the vicinity of th
phase velocity of the ponderomotive propagating poten
generated from the nonlinear interaction of the two wav
3289 © 1999 The American Physical Society
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3290 PRE 60Y. GELL AND R. NAKACH
the electrons might get trapped in this potential and m
with it. This trapping is crucial for the onset of the AR a
celeration. Moreover, it turns out that under appropriate c
ditions, it might serve also by itself as a mechanism for g
erating a high-averaged velocity stream of electro
Whether this stream of electrons will be generated by
mechanism or by the other depends on the choice of
parameters and the initial conditions of the system, as we
going to elaborate later on. Due to the essential stocha
behavior of the motion, either the multiple AR acceleratio
or the trapping-dominated process will be of intermittent n
ture.

In order to exhibit all these considerations, we presen
Sec. II the underlying formalism of the analysis. Using
Hamiltonian representation of the dynamics, we derive a
of equations of motion and solve them numerically. The
sulting physics uncovered by the solutions of these equat
are presented either as evolving with time, or to facilitate
visualization of the trapping process, by a phase-space
resentation.

In order to get insight into the numerical results, we fou
it convenient to establish some relations concerning the
namics of the system, which are derived in Sec. III. The
relations allow us to observe in a transparent manner
importance of trapping in conditioning the system for the A
process and to distinguish between the tracks the system
going to follow, according to the choice of parameters a
initial conditions of the system. In the last section of th
paper, Sec. IV, we will discuss the results and draw so
conclusions on possible applications of these schemes
driving currents in dispersive thermonuclear plasmas.

II. NUMERICAL ANALYSIS

As stated in the Introduction, the configuration und
study consists of two circularly polarized electromagne
waves counterpropagating along a constant magnetic
BW 0 , which is chosen to be in thez direction. This system ha
a wealth of independent parameters and initial conditio
Consequently, the uncovering of the essential physics m
not be always a straightforward task. Thus, choosing an
propriate formalism might be very helpful for facilitating th
analysis. We found it most convenient to use the Ham
tonian formalism to describe the dynamics of the syste
since it allows us to exhibit in a natural way the releva
variables and to establish the invariants associated with
system.

The underlying physics governing the dynamics of t
electrons in this configuration is essentially described by
vector potentialA¢ :

A¢ 5B0xeyW1A1$@sin~k1z2v1t !#exW1@cos~k1z2v1t !#eyW %

1A2$@2sin~k2z1v2t !#exW1@cos~k2z1v2t !#eyW %. ~1!

In terms of this vector potential, the Hamiltonian will read

H5Am2c41~cPW 1eA¢ !2, ~2!

whereA1 , A2 , v1 , andv2 are, respectively, the amplitude
and the frequencies of the two propagating waves. The w
e
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numbersk1 and k2 are assumed to obey the usual linea
dispersion relation associated with electron cyclotron wav

k1,2c5v1,2A12
vp,e

2

v1,2~v1,22V!
, ~3!

whereV5eB0 /m0c is the nonrelativistic gyrofrequency an
vp,e is the electron plasma frequency. As the Hamiltoni
does not depend explicitly on they coordinate, its associate
canonical momentumPy is constant, which is put equal t
zero without loss of generality. Since the waves are pro
gating in thez direction and the magnetic field is uniform,
convenient way to represent the combined gyromotion w
the rotational motion of the electrons due to the electrom
netic waves is to introduce action angle variables:I andu
through the relations

x5A~2cI/eB0! sin~u!, Px5A~2eB0I /c! cos~u!. ~4!

By eliminating time from the Hamiltonian using the gene
ating function

F5~u1k1z2v1t !Pf1~u2k2z2v2t !Pc , ~5!

the transformed Hamiltonian, which is now independent
time, and thus a constant of motion, is expressed in norm
ized variables as

H̄~f,c,Pf ,Pc!5A11 P̄z
21~R1r!21s22v̄1Pf2v̄2Pc ,

~6!

where,

f5
]F

]Pf
5u1 k̄1z̄2v̄1 t̄ , c5

]F

]Pc
5u2 k̄2z̄2v̄2 t̄ , ~7!

and the normalized actionsĪ and P̄z are expressed in term
of the momenta as

Ī 5
]F

]u
5Pf1Pc , P̄z5

]F

]z
5 k̄1Pf2 k̄2Pc . ~8!

We have normalized the HamiltonianH̄ to mc2. The nor-
malization of the other quantities areĀ1,25eA1,2/mc2, t

5Vt, v̄1,25v1,2/V, k̄1,25ck1,2/V, z̄5Vz/c, P̄z

5Pz /mc, and Ī 5IV/mc2. We have denotedR[A2 Ī , r

[Ā1 sin(f)1Ā2 sin(c), ands[Ā1 cos(f)1Ā2 cos(c).
The Hamilton equations of motion then read

ḟ5
df

dt
5

]H̄

]Pf
5

1

g S k̄1P̄z111
r

RD2v̄1 , ~9!

ċ5
dc

dt
5

]H̄

]Pc
5

1

g S 2 k̄2P̄z111
r

RD2v̄2 , ~10!

Ṗf5
dPf

dt
52

]H̄

]f
52

Ā1

g
@R cosf2Ā2 sin~j!#, ~11!

Ṗc5
dPc

dt
52

]H̄

]c
52

Ā2

g
@R cosc1Ā1 sin~j!#, ~12!
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where

g5A@11 P̄z
21~R1r!21s2# ~13!

and

j5f2c. ~14!

The normalized wave numbersk̄1,2 will now be expressed a

k̄1,25Av̄1,2
2 2

e0v̄1,2

~v̄1,221!
, ~15!

wheree0[vpe
2 /V2. Using the constancy of the Hamiltonia

H̄, the energy of the the particleg can be expressed as
linear combination of the actionsPf andPc as

g5H̄1v̄1Pf1v̄2Pc , ~16!

and the normalized parallel velocity of the particlebz will be

bz5
P̄z

g
5

k̄1Pf2 k̄2Pc

H̄1v̄1Pf1v̄2Pc

. ~17!

For treating such a complex system, one naturally has
resort to numerical analyzing techniques. An effective
proach for such an analysis will be to simultaneously pres
the evolution of the system in time and in phase space.
lowing this approach we have solved numerically the se
equations~9!–~12! and presented in Fig. 1~a! a portion of the
time dependency of the normalized velocitybz for a repre-
sentative electron in the system. As is clearly seen, a par
having initially a relative low parallel velocity (bz0
50.3324) has its velocity increased considerably attainin
time-averaged value ofbz.0.9 and retaining this value for
rather long period of time. In order to understand this beh
ior, we present in Fig. 1~b! the corresponding evolution in
time of the two actionsPf and Pc . One readily observes
here the signature of multiple AR processes. Similarly to
case where the index of refractionN is equal to 1, such an
AR process is characterized by a slow variation of one of
phases~f or c! and the fast variation of the other phase~c or
f! accordingly, thus leading to the averaged in time co
stancy of the corresponding action. Indeed, looking at
figure, one readily sees the constancy of the actionPc in the
time intervals corresponding to the significant variations
the actionPf . This variation is responsible for the fluctua
ing behavior ofbz with respect to time.

As for the condition for the system to enter into an A
process, we found it convenient to represent the dynamic
the motion in phase space. The phase-space picturebz versus
j ~modulo 2p! is shown in Fig. 1~c!. In this figure one sees
that just before undertaking an AR acceleration the part
goes through a trapping process. This observation has
elaborated upon in a previous publication considering
caseN51. We mention here that the characteristics of su
a trapping are~a! the trajectory of the particle is limited to
restricted portion of phase space and~b! the trajectory in
phase space is centered around the phase velocity of the
to
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deromotive well, bj5vj /c5(v̄12v̄2)/( k̄11 k̄2). These
characteristics hold true also for the caseNÞ1 and will be
elaborated later on.

The results just presented are not limited to a configu
tion having one of the frequencies larger than the gyrof
quency while the other is smaller; it holds also true wh
both frequencies are larger, even considerably, than the
rofrequency. We show this in Fig. 2. In Fig. 2~a! we have
presented the time dependency of the normalized par
velocity bz for a representative electron of the system tak
v̄153 and v̄252. Comparing these results with Fig. 1~a!,
one realizes immediately that the generation of a hi
averaged parallel velocity maintained for a long period
time is possible also in this case. As in Fig. 1, the origin
this fact can be traced back to AR interaction. This is clea
seen in Fig. 2~b! in which one sees the signature of such
interaction and the fluctuation nature of one of the actio
resulting from the multiple AR process. In Fig. 2~c! we show
that also here, the basis for the onset of AR acceleratio
the trapping of the particle in the ponderomotive well. Let
note that for the parameters considered,bz is rather small
(bz.0.2), thus the particle entering into an AR process a
getting trapped has necessarily a low value of parallel ve
ity. The importance of this observation will be discussed
the next section.

The underlying mechanism for the generation of a hig
averaged parallel velocity retained for a rather long period
time, as presented in Figs. 1 and 2 has been the multiple
process. In this process the trapping condition is an inter
diate step for starting an AR interaction, which leads to
generation of a high parallel velocity of the particles. As w
show now, it turns out that such a trapping in the ponde
motive well might be not an auxiliary step but is itself th
basis of a mechanism for generating such a stream of e
trons. Indeed, a trapped particle might move together w
the ponderomotive propagating well, and its averaged ve
ity will be large if the parameters of the system are chos
suchbj is large.

In Fig. 3 we show that such a mechanism is operative
frame Fig. 3~a!, we readily see a similar behavior ofbz as
compared to those represented in Figs. 1~a! and 2~a!. One
notices here that the parallel velocity is fluctuating arou
the phase velocity of the ponderomotive well, which
marked by a straight line in the figure. However, unlike t
cases studied in Figs. 1 and 2, the time evolution of
actionsPf andPc are markedly dissimilar, as can be seen
inspecting Fig. 3~b!. This type of time dependency is defi
nitely of a non-AR-like characteristic. What is involved he
is really a long trapping process taking place in the system
is apparent upon inspecting Fig. 3~c!.

In all the examples presented in these figures either c
acterized by AR processes or by trapping processes, the
termittent nature of the time evolution of the system is
ways an inherent part of the dynamics, which reflects
possibility of the system to undergo a transition to a stoch
tic state.

III. THEORETICAL ASPECTS OF THE NUMERICAL
RESULTS

In order to get insight into the numerical results presen
in the previous section, we found it convenient to reform
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FIG. 1. ~a! The change with normalized timet of the normal-
ized velocity in thez direction,bz5vz /c. The normalized param

eters and initial conditions areĀ150.45, Ā250.06, v̄153.0, v̄2

50.7, f053.1, c051.3, Pf050.2, Pc050.08, ande0[vpe
2 /V2

50.1. The wave numbers (k̄1 ,k̄2) were calculated according to Eq
~15!. The straight line marks the value of the phase velocity of

ponderomotive well bj5vj /c5(v̄12v̄2)/( k̄11 k̄2). ~b! The
change with normalized timet of the normalized actions. The thi
line corresponds to the actionPf and the bold line corresponds t
the actionPc . Parameters and initial conditions as in~a!. ~c! The
trajectory of a particle in phase spacebz versusj ~modulo 2p!. The
normalized parameters and initial conditions are the same as in~a!.
e

FIG. 2. ~a! The change with normalized timet of the normal-
ized velocity in thez direction,bz5vz /c. The normalized param-

eters and initial conditions areĀ150.45, Ā250.08, v̄153.0, v̄2

52.0, f053.1, c051.1, Pf050.03, Pc050.01, ande0[vpe
2 /V2

50.09. The wave numbers (k̄1 ,k̄2) were calculated according to
Eq. ~15!. The straight line marks the value of the phase velocity

the ponderomotive wellbj5vj /c5(v̄12v̄2)/( k̄11 k̄2). ~b! The
change with normalized timet of the normalized actions. The thin
line corresponds to the actionPf and the bold line corresponds t
the action Pc . Parameters and initial conditions are as in F
2~a!. ~c! The trajectory of a particle in phase spacebz versusj
~modulo 2p!. The normalized parameters and initial conditions a
the same as in Fig. 2~a!.
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FIG. 3. ~a! The change with normalized timet of the normal-
ized velocity in thez direction,bz5vz /c. The normalized param

eters and initial conditions areĀ150.5, Ā250.25, v̄150.7, v̄2

50.03, f053.1, c053.1, Pf050.9, Pc050.6, ande0[vpe
2 /V2

50.06. The wave numbers (k̄1 ,k̄2) were calculated according t
Eq. ~15!. The straight line marks the value of the phase velocity

the ponderomotive wellbj5vj /c5(v̄12v̄2)/( k̄11 k̄2). ~b! The
change with normalized timet of the normalized actions. The thi
line corresponds to the actionPf and the bold line corresponds t
the action Pc . Parameters and initial conditions are as in F
3~a!. ~c! The trajectory of a particle in phase spacebz versusj
~modulo 2p!. The normalized parameters and initial conditions a
the same as in Fig. 3~a!.
late the equations of motion, so as to make some feature
the dynamics more apparent. The first step in this under
ing is to write the equations of motion in the proper times,
via the relationds5dt/g. One gets

f85
df

ds
511

r

R
1 k̄1P̄z2v̄1g, ~18!

c85
dc

ds
511

r

R
2 k̄2P̄z2v̄2g, ~19!

Pf8 5
dPf

ds
52Ā1R cos~f!2Ā1Ā2 sin~j!, ~20!

Pc85
dPc

ds
52Ā2R cos~c!1Ā1Ā2 sin~j!. ~21!

From Eqs.~18! and ~19!, it follows immediately that

j85f82c85~ k̄11 k̄2!~ P̄z2bjg!5~ k̄11 k̄2!g~bz2bj!.
~22!

The relevant physical momenta variables of the system
the momentum in the perpendicular directionĪ and the par-
allel momentumP̄z . However, from the numerical analysis
the importance of the trapping process was revealed a
therefore, the variable expressing the parallel electron ve
ity relative to the phase velocity of the ponderomotive w
plays a crucial role. As can be seen from Eq.~22!, j8 is a
measure of this relative velocity. The preferred variables
the analysis will thus beĪ andj8. From Eqs.~8! and ~13!
we expressg as

g5H̄1l Ī 1bjP̄z , ~23!

where l[( k̄1v̄21 k̄2v̄1)/( k̄11 k̄2). Using now Eqs.~22!

and ~23!, we expressP̄z andg in terms ofj8 and Ī as fol-
lows:

P̄z5
j8

~ k̄11 k̄2!~12bj
2!

1
bj~H̄1l Ī !

~12bj
2!

, ~24!

g5
bjj8

~ k̄11 k̄2!~12bj
2!

1
~H̄1l Ī !

~12bj
2!

. ~25!

With the help of these expressions, the equations of mo
Eqs.~18! and ~19! get the form

f82
r

R
5

Ī s2 Ī

m
1

u1

u11u2
j8, ~26!

c82
r

R
5

Ī s2 Ī

m
2

u2

u11u2
j8, ~27!

where m[(12bj
2)/l2, u1[( k̄12v̄1bj)/l, u2[( k̄2

1v̄2bj)/l, and Ī s[m2H̄/l. Inserting the expression o
P̄z andg as given by Eqs.~24! and~25! in Eq. ~22!, one gets

f

.
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3294 PRE 60Y. GELL AND R. NAKACH
j825~ k̄1v̄21 k̄2v̄1!2$~ Ī 2 Ī s!
21c0

22m@Rr1Ā1Ā2 cos~j!#%, ~28!

wherec0[m(2H̄/l2m212Ā1
22Ā2

2).
From Eq.~18! one sees straightforwardly that the norm

ized AR condition g(12N1bz)21/v̄1.0 implies f8
2r/R.0, and similarly, from Eq. ~19!, g(11N2bz)
21/v̄2.0 impliesc82r/R.0.

Inspecting now the expression for the AR factorf8
2r/R as given in Eq.~26!, one observes that this expressi
can be separated in two groups: one includes a contribu
in the parallel directionu1j8/(u11u2)5u1l( P̄z2Pj)/m,
wherePj5gbj , and the other includes a contribution in th
perpendicular direction: (Ī s2 Ī )/m. A similar structure is
seen in Eq.~27!. From Eqs.~26! and ~27! one sees tha
having a very small value ofu1,2j8/(u11u2) is by itself not
sufficient to insure the onset of an AR interaction~although
it is essential for conditioning the system, via trapping,
such an interaction!. The contribution, which includes per
pendicular terms (Ī s2 Ī )/m, is an important factor in deter
mining whether the system will go through an AR or no
Only when the combination (Ī s2 Ī )/m6u1,2j8/(u11u2) is
small can one expect the start of an AR process. Once
particle has been conditioned by trapping and gone thro
an AR interaction, the velocity fluctuations, which the pa
ticle undergoes afterwards, does not following a trapp
process. This is clearly seen in Figs. 1~c! and 2~c!. However,
as these fluctuations might be consequential to the qualit
the current generated from the application of such an ac
eration mechanism, it is important to get an estimate of
fluctuating levels of the action and thus on the velocity
tained by the particle. During an AR process, one of
frequencies, say,f8 is slowly varying whilec8 is undergo-
ing fast oscillations. Averaging now the equation for the a
tion Pc @Eq. ~21!# with respect to these fast oscillation
reveals the existence of an additional adiabatic invariantPc
.Pc,c , where Pc,c is the averaged constant value of t
actionPc during the AR process. This constant together w
the exact invariantH̄ makes the system integrable, thus
lowing for estimating the variation of the actionPf with
time. Explicitly, after averaging the equations with respec
the fastly varying variable~c!, one ends up with the un
known variablesPf and f. It is convenient, however, to
perform the analysis by usingĪ 5Pf1Pc andf. A relation
between these two variables is obtained by averaging
expression forg2.

g25~H̄1v̄1Pf1v̄2Pc,c!
2511~ k̄1Pf2 k̄2Pc,c!

2

1~R1r!21s2; ~29!

one then gets

~ k̄1
22v̄1

2!
Ī 2

2
1 Ī d01ĀR sin~f!5d1 , ~30!

whered0[12v̄1H̄2lu1( k̄11 k̄2)Pc,c and

d1[$@H̄1~v̄22v̄1!Pc,c#
221-Ā1

22Ā2
22~ k̄11 k̄2!2Pc,c

2 %/2.
n

r

.
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Using then the evolution equation forĪ ,

Ī 852R@Ā1 cos~f!1Ā2 cos~c!#, ~31!

one finds, after averaging,

Ī 8.2Ā1R cos~f!. ~32!

Eliminating f between Eqs.~30! and ~32! one ends up with
the following differential equation:

Ī 8252~v̄1
22 k̄1

2!2
Ī 4

4
1d0~v̄1

22 k̄1
2! Ī 3

2@d0
21d1~v̄1

22 k̄1
2!# Ī 212~d0d11Ā1

2! Ī 2d0
2.

~33!

This equation can be solved in terms of Jacobi elliptic fun
tions, but for our purpose for estimating the fluctuations
the parallel velocity, or in other words the extreme values
Pf , it is sufficient to find the roots of the four degrees pol
nomial equationĪ 8250. Considering for example an AR
structure ofPf as a function of time, corresponding to th
parameters of Figs. 1 and using an averaged valuePc,c5
20.357, the real roots of Eq.~33! fix the maximum value of
Pf to be 6.5232 and its minimum value to be 0.4853. The
results are in good agreement with the values found in F
1~b!, thus verifying the predictive possibility of this forma
ism, to estimate the fluctuations levels of the velocity of t
accelerated particle.

For the generation of streams of electrons having h
velocities in the parallel direction via an AR interaction, th
conditions insuring the smallness off82r/R or c82r/R
have to be fulfilled. However, not always is it necessary
have f82r/R or c82r/R small in order that an electron
will be able to acquire a high-averaged parallel velocity a
to retain it. Under appropriate conditions the trapping of t
electron in the ponderomotive well, namely, whenj8.0, by
itself leads to the same result. Indeed, we have presente
Fig. 3 a case where the trapping of the electron in the p
deromotive well occurs during large portions of time, wit
out inducing any AR process. For having a long period tra
ping, the conditionj8.0 by itself is not sufficient. A second
condition, which might insure this long trapping, is thatĪ
5Pf1Pc.Const in average. This condition results fro
the absence of any resonating interaction in the syst
Thus, the two frequenciesf8 and c8 are necessarily quite
high, which implies the constancy of the averaged actionĪ ,
as can be seen by averaging Eq.~31!. Under these condi-
tions, and averaging with respect to the fast oscillationsf
andc, Eq. ~28! will then take the form of a pendulum equa
tion:

j825~ k̄1v̄21 k̄2v̄1!2@~ Ī t2 Ī s!
21c022mĀ1Ā2 cos~j!#,

~34!

where we have approximately setĪ 5 Ī t , the value of the
averaged action at the bottom of the ponderomotive well
These considerations can be validitated in a transparent m
ner in the example presented in Fig. 3. Indeed, one sees t
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the fluctuations of the two actionsPf and Pc around an
averaged constant value, which we denote asPf,t andPc,t .
These values can be derived from the underlying assu
tions just presented, namely,@j850; Ī 5 Ī t#. These two con-
ditions amount really to a set of two linear equations inPf
and Pc . The solution of this set of equations is straightfo
wardly given by

Pf,t5
u2l Ī t1bjH̄

l~u11u2!
, ~35!

Pc,t5
u1l Ī t2bjH̄

l~u11u2!
. ~36!

The value ofĪ t can be estimated with the help of Eq.~34!.
This equation is best satisfied whenj850, since in this case
setting Ī 5 Ī t in the derivation of the equation is an exa
operation, while it is an approximate one whenj8Þ0. Set-
ting j850 in Eq. ~34! one gets

Ī t5 Ī s6A2c012mĀ1Ā2 cos~j!.

For the parameters of Fig. 3,c0@2mĀ1Ā2 ; hence, one gets
Ī t. Ī s2A2c0. Inserting the parameters and initial cond
tions of Fig. 3 in expressions~35! and ~36!, we find Pf,t
55.103 andPc,t520.778, in agreement with the averag
values ofPf and Pc , as can be seen in Fig. 3~b!. Let us
notice that, at this interval of time, the trapping of the ele
trons takes place indeed, as can be seen in Fig. 3~c!.

IV. DISCUSSION

In this study, we have shown the possibility of generat
a high-averaged parallel velocity stream of electrons for lo
periods of time. The configuration investigated consists
two circularly polarized electromagnetic waves count
propagating along a constant magnetic field in a disper
medium. Two different mechanisms have been found to
responsible for this generation of streams: one having
origin in the AR acceleration of electrons that follows a co
ditioning trapping stage, the second being dominated by
trapping process itself.

The trapping process takes place in the ponderomo
well generated by the nonlinear interaction of the two wav
The velocity and directionality of this propagating well
determined by the parameters of the system, which are u
the control by the experimentalists. Choosing properly th
parameters, one can ascertain a motion in a given direc
thus generating a preferential motion along the cons
magnetic field in the system. Such a preferential motion
of course, essential for driving an effective current. Wh
considering the trapping mechanism of generating strea
the choice of the frequencies, which fixes a value ofbj of
the ponderomotive well, is determining by itself the effe
tiveness and direction of the current. While for the A
mechanism, the amplitudes of the waves affect also th
characteristics. Indeed, having made a choice of the rela
magnitudes ofv̄1 and v̄2 , the corresponding choice of th
amplitudesĀ1 and Ā2 can insure a more effective curre
drive, by inhibiting AR accelerations in an unwanted dire
p-
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tion. From these considerations, the usefulness of reachi
high averagebz is quite clear. We have shown in Fig. 1~a!
that such values ofbz are readily attainable.

Comparing Figs. 1~a! and 1~b! one might at first be some
what surprised by the high value of the averaged para
velocity of the electron as seen in Fig. 1~a! although the
values of the actionPf as seen in Fig. 1~b! are quite low.
This result is self-explanatory when considering Eq.~17!
where one realizes that for the case considered,Pc is nega-
tive and thus effective in makingbz relatively high.

It is worth mentioning that the highbj value is not always
necessary for inducing a high-averagedbz , as can be seen in
Fig. 2. Here, one has the advantage of accelerating via m
tiple AR process, particles with low initial velocities o
which are numerous in any system to be considered. Le
note that such values of parameters as used in the case
sidered in Fig. 2 might be relevant for an experimental se
having two gyrotrons transmitting two electromagne
waves, one in the range of 118 GHz and the other in
range of 82.7 GHz. Electromagnetic waves with such f
quencies are currently applied in the tokamak a configura
variable~TCV! experiment in Lausanne~Switzerland! @10#.
Some aspects of the advantages of using two counterpr
gating electromagnetic waves have been elaborated upo
previous publications@7–9#. Here, we mention especially th
possibility of increasing considerably the particle populatio
which might be accelerated by a two-waves interaction p
cess, as compared to the single-wave case. Moreover
show here that the two-waves configuration allows us to
cumvent the deterioration of the acceleration of the electro
which is characteristic for a dispersive medium. This
achieved by making two mechanisms operational each
mitting a rather high parallel velocity built up with a not to
large acceleration, utilizing a trapping process of the p
ticles in the ponderomotive well generated from the nonl
ear interaction of the two waves. The velocity so acquir
might not be enough for accelerators but might be quite s
ficient for driving currents.

Let us mention that associated with the two-waves int
action is an inherently built-in potential for a stochastic b
havior. For both mechanisms considered in this paper ei
the AR interaction or the trapping process, this stocha
behavior is reflected in the intermittent nature of the
mechanisms. This fact diminishes considerably, in the fram
work of a single-particle analysis, the predictability one h
with regard to the initial conditions of the electron, whic
will allow us then to contribute effectively to the generatio
of a current. Indeed, electrons that have initial conditio
which would not allow them to be trapped in the ponde
motive well as described by Eq.~34!, might wander in the
stochastic sea and arrive at privileged conditions, which w
allow them to get trapped and to contribute to the genera
of the current.

Moreover, even electrons, which participate already in
current drive via the autoresonance or intermittent trapp
mechanisms, might, due to the stochastic behavior of
interaction, not contribute effectively, for short periods
time to the current in the plasma. This is clearly seen in F
1~a!. However, when a distribution of many electrons is co
sidered, at a time when one particle is not contributing eff
tively to the current, many other particles having sligh
different initial conditions will compensate for the deficienc
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of this particle contribution allowing for the generation of
well-behaved current. Thus, the question regarding the c
ditions, which the particles have to fulfill in order to contrib
ute effectively to the generation of a current, has to be
dressed, not in the framework of a single-particle analy
that describes that basic effects but in studies considerin
distribution of particles, where averaging procedures
lead to reliable estimates of these conditions. Such a stud
presently undertaken. Here, we would like only to ment
that preliminary numerical results indicate that, while n
being a desired feature of the interaction, the real impac
the intermittence of the motion of the electrons on the eff
tiveness of generating a current is very limited when cons
ering a large distribution of electrons followed for a lon
period of time.

The results of the work presented here are quite enc
aging, however; the applicability of this scheme deman
further studies considering realistic plasmas. Here, one fa
the basic problem of launching two waves with different fr
quencies and wave numbers into a toroidal device. Fo
nately, with regard to this problem we can benefit from t
research done and experience gained in the beat-wave
z.
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rent drive project advanced by research teams of
Lawrence Livermore National Laboratory@11#. In the beat-
waves current generation scheme, two intense electrom
netic waves interact nonlinearly in the plasma. When th
electromagnetic waves have a difference in frequencies
is approximately equal to the electron plasma frequen
low-frequency longitudinal waves may be resonantly drive
If the phase velocity is properly chosen, these waves m
damp and accelerate electrons, thus driving a current.

Although completely different from our scheme of driv
ing a current in which the acceleration of the electrons
done by the electromagnetic waves themselves, the t
nique of launching the waves in the plasma might be simi
The schemes for launching the waves as presented by
massen for the Microwave Tokamak Experiment@12# and
the one realized in the experiment performed on the Da
Diverted Torus@13# may be very useful for planning an
constructing and experimental setup, which will enable us
test the scheme for driving currents as proposed in this pa

Detailed studies of the interaction of two electromagne
waves launched in a plasma having a hot relativistic dis
bution of electrons are presently under way.
nd
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