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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
resonancéAR) 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 numbeps): 52.35.Nx, 52.20.Dq, 05.45.4a, 52.50.Gj

[. INTRODUCTION field. Unlike the situation encountered in the single-wave
particle acceleration for which AR interaction is possible for
The possibility to utilize electromagnetic waves in the a restricted group of particles having appropriate conditions,
electron cyclotron range of frequencies for heating plasmaa two-waves configuration has a rather large flexibility for
is successfully realized in many laboratories around thénducing the system into AR conditions. Thus, a much larger
world. This heating process is generally based on a resaumber of particles can be accelerated via AR interaction.
nance interaction of the electrons with some harmonics oHowever, in all these studies we have avoided essentially the
the electron cyclotron waveg4]. Considerable progress has second obstacle, namely: we have been considering a me-
been made using this approach. There is, however, a veium for which the refractive indeX was put equal to 1. In
powerful mechanism for transferring energy and momentunthe present paper, an attempt has been made to relax this
from these waves to electrons, which has drawn much les®strictive condition and to apply AR interaction for realistic
attention in the past: this is the autoresonance interactiorplasmas, concentrating on current drive schemes.
which has been introduced by Kolomenskii and Lebdddy For driving a current, it is clear that one has to insure that
and Davydovski{ 3] some decades ago. a considerable part of the electron distribution will stream in
At the origin of this mechanism is the self- a well-defined direction, having a rather high-averaged par-
synchronization process of two oscillatory motions takingallel velocity. When attempting to exploit the AR process for
place in the system: one being the relativistic gyrofrequencyuch a purpose, one is immediately faced with the dephasing
to which the electrons are subjected, the second is thproblem, which is becoming even more severe when consid-
Doppler-shifted frequency of a circularly polarized electronering the dispersive effects. In previous publicati¢ris 9|,
cyclotron wave, which the electron sees. Lately, this apwe have shown that for waves propagating in the vacuum,
proach for accelerating particles has been attracting a larglde dephasing limitation could be circumvented by introduc-
amount of interesf4—9]. However, the research which has ing the special two-electron cyclotron waves configuration
been devoted to applying this autoresonance interaction tust mentioned. Such a configuration allows for the genera-
realistic plasmas is quite limited. For such plasmas, one ertion of a stochastic base, from which multiple AR accelera-
counters two basic obstacles{a) the necessity of having tions can repeatedly take place and results in a velocity dis-
exact appropriate initial conditions for this mechanism to betribution having a high-averaged velocity parallel to the
operational andb) the necessity of having the refractive in- magnetic field.
dex of the medium of the propagating wave equal to 1. Here, we will show that the same configuration itself can
In recent publicationg7—9] we have shown that there is a support a high-averaged velocity parallel to the magnetic
possibility to remove the first obstacle by a mechanismfield even for a dispersive medium. The basis for the genera-
which allows for particles far away from the autoresonanceion of such a high stream of electrons is the existence of a
(AR) conditions to get pushed in these conditions and stayrapping process taking place in the system. Indeed, when the
there for a considerable length of time. This was obtained byarallel velocity of the electrons lies in the vicinity of the
introducing two circularly polarized electromagnetic wavesphase velocity of the ponderomotive propagating potential
propagating in opposite directions along a constant magnetigenerated from the nonlinear interaction of the two waves,
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the electrons might get trapped in this potential and movewumbersk; and k, are assumed to obey the usual linear-
with it. This trapping is crucial for the onset of the AR ac- dispersion relation associated with electron cyclotron waves,
celeration. Moreover, it turns out that under appropriate con-
ditions, it might serve also by itself as a mechanism for gen- wf,,e
erating a high-averaged velocity stream of electrons. KiL=wyo\ 1= ———=—05
w1 A w1~ )
Whether this stream of electrons will be generated by one
mechanism or by the other depends on the choice of thevhere(Q)=eB,/mgc is the nonrelativistic gyrofrequency and
parameters and the initial conditions of the system, as we ar@, . is the electron plasma frequency. As the Hamiltonian
going to elaborate later on. Due to the essential stochastidoes not depend explicitly on thyecoordinate, its associated
behavior of the motion, either the multiple AR accelerationscanonical momentuni, is constant, which is put equal to
or the trapping-dominated process will be of intermittent nazero without loss of generality. Since the waves are propa-
ture. gating in thez direction and the magnetic field is uniform, a
In order to exhibit all these considerations, we present irconvenient way to represent the combined gyromotion with
Sec. Il the underlying formalism of the analysis. Using athe rotational motion of the electrons due to the electromag-
Hamiltonian representation of the dynamics, we derive a satetic waves is to introduce action angle variablesand 6
of equations of motion and solve them numerically. The rethrough the relations
sulting physics uncovered by the solutions of these equations
are presented either as evolving with time, or to facilitate the ~ X=/(2cl/eBy) sin(#), Py=+(2eByl/c)cog ). (4)

visualization of the trapping process, by a phase-space rep- = . . . L .
ppIng p yap P pBy eliminating time from the Hamiltonian using the gener-

()

resentation. g functi
In order to get insight into the numerical results, we found@ting function
it convenient to establish some relations concerning the dy- F=(0+kyz— 01t)Py+(6—koz— wyt)P,, (5)

namics of the system, which are derived in Sec. lll. These

relations allow us to observe in a transparent manner thehe transformed Hamiltonian, which is now independent of
importance of trapping in conditioning the system for the ARtime, and thus a constant of motion, is expressed in normal-
process and to distinguish between the tracks the system it jsed variables as
going to follow, according to the choice of parameters and

initial conditions of the system. In the last section of this ﬁ((b'lp’p(ﬁ’pw): \/1+E§+(R+ p)2+0-2_51p¢_52p¢,

paper, Sec. IV, we will discuss the results and draw some (6)
conclusions on possible applications of these schemes for
driving currents in dispersive thermonuclear plasmas. where,

Il. NUMERICAL ANALYSIS ¢ =0+kz—wit, = 0—kyz— wyt, (7)

As stated in the Introduction, the configuration under L
study consists of two circularly polarized electromagneticand the normalized actiorisand P, are expressed in terms

waves counterpropagating along a constant magnetic fieldf the momenta as

B,, Which is chosen to be in thedirection. This system has
. . " _ OF _ 9F _ —
a wealth of independent parameters and initial conditions. _ - _ _
g X \ ; I Py+tPy, P, KiPy—koPy . (8)
Consequently, the uncovering of the essential physics might a6 Jz
not be always a straightforward task. Thus, choosing an ap- _ I
propriate formalism might be very helpful for facilitating the We have normalized the Hamiltoniét to mc®. The nor-
analysis. We found it most convenient to use the Hamil-malization of the other quantities aw, ,=eA; ,/mc?, 1
tonian formalism to describe the dynamics of the system.— ¢, 1= 01,19, E,ZZCkl,Zlﬂu 7=0zlc, EZ

since it allows us to exhibit in a natural way the relevant — _ =
variables and to establish the invariants associated with thi_EZ/mc' and | =10/mc’. We have denote®=12l, p

system. =A, sin(¢)+A,sin(y), ando=A, cos(®)+A, cos).
The underlying physics governing the dynamics of theThe Hamilton equations of motion then read

electrons in this configuration is essentially described by the _
vector potentialA: ¢=d_¢=ﬂ=£ kP+1+2 % 9
dr P, y\ V7 T R/ TV
AZBoxé;-i-Al{[Sin(klZ— wlt)]é;-i-[coiklz— wlt)]é;} —
dy oH 1/ —_— p
+A2{[—Sln(k22+wzt)]é;-f-[cos(kzz-f-wzt)](%} (1) w:E:m:; _k2PZ+ 1+§

—wsy, (10

In terms of this vector potential, the Hamiltonian will read — —

p =t Bp cosg-Aysing), (1D
— o= =" 77=——[Rcosp—A;si ,
H=\m2c*+ (cP+eh)?, 2 dr a¢ 7

whereA;, A,, w1, andw, are, respectively, the amplitudes p :dpw __ EZ _ &[R cos¢+K sin(¢)], (12
and the frequencies of the two propagating waves. The wave Y dr i y ! '
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where deromotive well, B;=v /c=(w;— w,)/(k;+k;). These
characteristics hold true also for the cd¢& 1 and will be
y= \/[1+5§+(R+ p)?+0?] (13)  elaborated later on.
The results just presented are not limited to a configura-
and tion having one of the frequencies larger than the gyrofre-
guency while the other is smaller; it holds also true when
E=d— . (14) both frequencies are larger, even considerably, than the gy-
rofrequency. We show this in Fig. 2. In Fig(a2 we have
presented the time dependency of the normalized parallel
velocity B, for a representative electron of the system taking
w;=3 andw,=2. Comparing these results with Fig(al,
- —, (15) one realizes immediately that the generation of a high-
“ (w121) averaged parallel velocity maintained for a long period of
time is possible also in this case. As in Fig. 1, the origin of
whereey=w? /02 Using the constancy of the Hamiltonian this fact can be traced back to AR interaction. This is clearly

H, the energy of the the particlg can be expressed as a seen in Fig. &) in which one sees the signature of such an

The normalized wave numbeks , will now be expressed as

R €ow1,2
k2= \/ @7

linear combination of the actiorB, andP,, as interaction and the fluctuation nature of one of the actions
resulting from the multiple AR process. In Fig.c2we show
y=H+ 0Pyt w,P, (16)  that also here, the basis for the onset of AR acceleration is

the trapping of the particle in the ponderomotive well. Let us
and the normalized parallel velocity of the partilewill be ~ Note that for the parameters considergg.is rather small
(B,=0.2), thus the particle entering into an AR process after
P PP getting tr_apped has nece;sarily a Iow valu_e of pqrallel velqc-
Tz _ 17¢ "2y (17) ity. The importance of this observation will be discussed in
% ﬁ+alp¢+52pw the next section.
The underlying mechanism for the generation of a high-
For treating such a complex system, one naturally has t&veraged parallel V(_aloc_lty retained for a rather long pe_nod of
resort to numerical analyzing techniques. An effective ap!Mme, as presented in Figs. 1 and 2 has been the multiple AR
proach for such an analysis will be to simultaneously preserRRfCess. In this process the trapping condition is an interme-
the evolution of the system in time and in phase space. Foldiate step for starting an AR interaction, which leads to the
lowing this approach we have solved numerically the set ofjeneration (_)f a high parallel velocity of the p_artlcles. As we
equationg9)—(12) and presented in Fig(d) a portion of the shoyv now, it t_urns out that such a trapping in t.he. pondero-
time dependency of the normalized velociy for a repre- motive well might be not an auxm_ary step but is itself the
sentative electron in the system. As is clearly seen, a particlg@sis of a mechanism for generating such a stream of elec-
having initially a relative low parallel velocity A trons. Indeed, a trapped particle might move together with

=0.3324) has its velocity increased considerably attaining &€ Ponderomotive propagating well, and its averaged veloc-
time-averaged value g8,~0.9 and retaining this value for a ity will be large if the parameters of the system are chosen

rather long period of time. In order to understand this behavSUcN B¢ is large. L ,

ior, we present in Fig. (b) the corresponding evolution in " Fig. 3 we show that such a mechanism is operative. In
time of the two actions, and P,,. One readily observes frame Fig. 3a), we readily see a similar behavior &, as
here the signature of multiple AR processes. Similarly to thé:ompared to those represented in .F|g(.sa) Bind Z"’_‘)' One
case where the index of refractidhis equal to 1, such an notices here that_ the parallel velocity is fluctuating Qround
AR process is characterized by a slow variation of one of thdh€ phase velocity of the ponderomotive well, which is
phaseg ¢ or ) and the fast variation of the other phageor marked by a stralght line in the figure. _However, l_mllke the
) accordingly, thus leading to the averaged in time conCaSes studied in Figs. 1 and 2 t.he. time evolution of the
stancy of the corresponding action. Indeed, looking at thi@ctionsP, andP,, are markedly dissimilar, as can be seen by
figure, one readily sees the constancy of the adfigrin the ~ INSPecting Fig. ). This type of time dependency is defi-
time intervals corresponding to the significant variations ofitély of & non-AR-like characteristic. What is involved here

the actionP . This variation is responsible for the fluctuat- !S really a long ”aPping process taking place in the system as
ing behavior of3, with respect to time. is apparent upon inspecting FigcB . .

As for the condition for the system to enter into an AR !N all the examples presented in these figures either char-
process, we found it convenient to represent the dynamics (ﬁCter'ZEd by AR processes or by trapping processes, _the n-
the motion in phase space. The phase-space piguversus termittent nature of the time evolution of the system is al-
& (modulo 27) is shown in Fig. 1c). In this figure one sees

ways an inherent part of the dynamics, which reflects the
that just before undertaking an AR acceleration the particlé.’OSSIbIIIty of the system to undergo a transition to a stochas-
goes through a trapping process. This observation has bellf state.
elaborated upon in a previous publication considering the
caseN=1. We mention here that the characteristics of such
a trapping arda) the trajectory of the particle is limited to a
restricted portion of phase space afil the trajectory in In order to get insight into the numerical results presented
phase space is centered around the phase velocity of the pan-the previous section, we found it convenient to reformu-

B=

Ill. THEORETICAL ASPECTS OF THE NUMERICAL
RESULTS
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FIG. 1. (@ The change with normalized timeof the normal-  ized velocity in thez direction, 8,=v,/c. The normalized param-
ized velocity in thez direction,éfvzlc. Ihe normalized param- eters and initial conditions ar&;=0.45, A,=0.08, w;=23.0, w,
eters and initial conditions ard;=0.45, A,=0.06, w;=3.0, w, =2.0, ¢p=3.1, hp=1.1, P ,,=0.03,P,,=0.01, andeoswf)e/()2
=0.7, ¢o=3.1, $p=1.3, P40=0.2, P,,0=0.08, andey=w;J/0?  =0.09. The wave numbers{,k,) were calculated according to

=0.1. The wave numbers{,k,) were calculated according to Eq. EQ.(15). The straight line marks the value of the phase velocity of
(15). The straight line marks the value of the phase velocity of thethe ponderomotive Weuggzvg/c:(araz)/(?ﬁ?z), (b) The
ponderomotive well B;=v./c=(w;—wy)/(k;+k;). (b) The  change with normalized time of the normalized actions. The thin
change with normalized time of the normalized actions. The thin line corresponds to the actidh, and the bold line corresponds to
line corresponds to the actidh, and the bold line corresponds to the actionP,. Parameters and initial conditions are as in Fig.
the actionP,,. Parameters and initial conditions as(@. (c) The  2(a). (c) The trajectory of a particle in phase spagg versus¢
trajectory of a particle in phase spageversusé (modulo 27). The  (modulo 27). The normalized parameters and initial conditions are
normalized parameters and initial conditions are the same @.in the same as in Fig.(8).
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late the equations of motion, so as to make some features of
oot 1 the dynamics more apparent. The first step in this undertak-
@ | ing is to write the equations of motion in the proper tise
o8 via the relationds=dr/y. One gets
0.7
] ,_do P -5 —
@_Nb (;5 7&71‘*‘ ﬁ"’klpz_wl'}/, (18)
0.4} E dl// p —— _
r— T 4+ —— _
ol l,b dS 1 R k2PZ WY, (19)
0.2 b , d qu - o )
ol ] P¢=E=7A1R00$¢)7A1A23|n(§), (20
00 5(‘)0 1 0‘00 15‘00 20‘00 25‘00 3000 d
: ,_dP, ——
Py= s =—A,Rcoq ) +A;A,sin(€). (21)
10‘ T T T T T

(b) From Egs.(18) and(19), it follows immediately that
U ﬁ M IW q f M W £'=¢'— ' = (ky+ko) (P, = Bey) = (ky+Ko) ¥( B, Be).

5 (22)

a” The relevant physical momenta variables of the system are
- the momentum in the perpendicular directiband the par-

a —

allel momentumP,. However, from the numerical analysis,
the importance of the trapping process was revealed and,
therefore, the variable expressing the parallel electron veloc-
ity relative to the phase velocity of the ponderomotive well
plays a crucial role. As can be seen from E2R), ¢’ is a

‘ . ‘ ‘ ‘ measure of this relative velocity. The preferred variables of
0 500 1000 1500 2000 2500 3000

T the analysis will thus bé and¢’.  From Eqgs.(8) and(13)
We expressy as

RN
o AN S

BRI

() y=H+\l+8,P,, (23

0.8} - "A\ll:\\;\’:

. S Y where \= (ky@,+ K@)/ (ky +K). Using now Egs.(22)
. and (23), we expresd?, and y in terms of¢’ and| as fol-
oor lows:

m-0,5
_ ' H+\I)

T P,=— £ B ; ! (24)
R (kitko)(1-8p (1752

1 , H+AT)

0.1 7 V= _Bgé: +( 2) . (25)
o : . . ‘ . ‘ (kitkp)(1-85) (178

[ 1 2 3 4 5 6 7

FIG. 3. (@) The change with normalized timeof the normal- With the help of these expressions, the equations of motion
ized velocity in thez direction, 8,=v,/c. The normalized param- Egs.(18) and(19) get the form
eters and initial conditions ard;=0.5, A,=0.25, w;=0.7, w,

=0.03, $g=3.1, =31, Pyo=0.9, P,o=0.6, andey=w’/Q? o2 =l W ¢ (26)
=0.06. The wave numberd?{,?z) were calculated according to R M uptup

Eq. (15). The straight line marks the value of the phase velocity of o

the ponderomotive welB,=v,/c=(w;— w,)/(ky+kp). (b) The Y e u,

change with normalized time of the normalized actions. The thin ¥ R w B u;+u, & (27)

line corresponds to the actidh, and the bold line corresponds to
the actionP,. Parameters and initial conditions are as in Fig. — 2y/y 2 — (k. 7 — (.

v where =(1-B2)/N°, u;=(ki—w1B)/N, u,=(k
3(a). (c) The trajectory of a particle in phase spg8g versusé _ r=( —'Bi) 1 (ke . 1'85) 2 ,( 2
(modulo 27). The normalized parameters and initial conditions are™ “’2:86)/)\' andls=u—H/\. Inserting the expression of

the same as in Fig.(8). P, andy as given by Eqs24) and(25) in Eq. (22), one gets
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£2= (K wy+ ko) { (1 —15)%+Cq Using then the evolution equation for
—2u[Rp+AsA; cog )1}, (28) 17=~R[A; cod ¢) +A, cog )], (31
whereco=uw(2H/N —pu—1—A2—A2). one finds, after averaging,
From Eq.(18) one sees straightforwardly that the normal- o o
ized AR condition y(1—N;8,) —1/w;=0 implies ¢’ |'=—A;Rcoq ¢). (32
—p/R=0, and similarly, from Eg.(19), y(1+Ny3,)
—1/w,=0 implies ' — p/R=0. Eliminating ¢» between Eqs(30) and(32) one ends up with

Inspecting now the expression for the AR factgr  the following differential equation:
—p/R as given in Eq(26), one observes that this expression
can be separated in two groups: one include_s a contribution T2- _ (52-12)2
in the parallel directionuy&’/(u;+Uy)=u;N(P,—P)/u, o
whereP .= yB,, and the other includes a contribution in the . _ _
perpendicular direction:l_(;—l_)/,u. A similar structure is _[d%+d1(“’%_ﬁ)]l2+2(d0d1+x§)' —d%.
seen in EQ.(27). From Egs.(26) and (27) one sees that (33
having a very small value af; ,¢'/(u;+ u,) is by itself not
sufficient to insure the onset of an AR interacti@ithough  This equation can be solved in terms of Jacobi elliptic func-
it is essential for conditioning the system, via trapping, fortions, but for our purpose for estimating the fluctuations of
such an interaction The contribution, which includes per- the parallel velocity, or in other words the extreme values of
pendicular termsl— 1)/, is an important factor in deter- P¢ it is sufficient to find the roots of the four degrees poly-
mining whether the system will go through an AR or not. nomial equationl '>=0. Considering for example an AR
Only when the combinationl {(—1)/u=*uy »£'/(us+u,) is  Structure ofP, as a function of time, corresponding to the
small can one expect the start of an AR process. Once thearameters of Figs. 1 and using an averaged v&lyg=
particle has been conditioned by trapping and gone througiy 0-357, the real roots of E¢33) fix the maximum value of
an AR interaction, the velocity fluctuations, which the par-Pg to be 6.5232 and its minimum value to be 0.4853. These
ticle undergoes afterwards, does not following a trapping©sults are in good agreement with the values found in Fig.
process. This is clearly seen in Fig¢clland 2c). However,  1(0), thus verifying the predictive possibility of this formal-
as these fluctuations might be consequential to the quality df™M. 0 estimate .the fluctuations levels of the velocity of the
the current generated from the application of such an accefccelerated particle. . .
eration mechanism, it is important to get an estimate of the For the generation of streams of electrons having high
fluctuating levels of the action and thus on the velocity at-velocities in the parallel direction via an AR interaction, the
tained by the particle. During an AR process, one of theconditions insuring the smallness gf —p/R or '~ p/R
frequencies, sayp’ is slowly varying whiley’ is undergo- have to be fulfilled. However, not always is it necessary to
ing fast oscillations. Averaging now the equation for the ac-Nave ¢’ —p/R or ¢’ —p/R small in order that an electron
tion P, [Eq. (21)] with respect to these fast oscillations, Will bé able to acquire a high-averaged parallel velocity and
reveals the existence of an additional adiabatic invarfgnt O retain it. Under appropriate conditions the trapping of the
=P,., whereP, is the averaged constant value of the electron in the ponderomotive well, namely, whgr=0, by
actionP,, during the AR process. This constant togetherwith't_se” leads to the same result._ Indeed, we have presented in
the exact invarianH makes the system integrable, thus al- Fig. 3 a case where the trapping of the electron in the pon-

lowing for estimating the variation of the actidR, with deromotive well occurs during large portions of time, with-

time. Explicitly, after averaging the equations with respect tooUt inducing any AR process. For having a long period trap-

the fastly varying variabley), one ends up with the un- Pind: the conditiorg”=0 by itself is not sufficient. A second
known variablesP, and ¢. It is convenient, however, to condition, which might insure this long trapping, is that
perform the analysis by usinig= P,+P, and . A relation =P,+P,=Const in average. This condition results from

between these two variables is obtained by averaging th k?usabtieenfv(\a/o%frear&)enrceise;r’]agr?dg 'Ptg:gc::gge;gatrme S&’ﬁ;em‘
expression fory?. ’ q v y qu

high, which implies the constancy of the averaged action

+do(@i—k)I®

Ll

72:(ﬁ+51p¢+52pwlc)2:1+(Ep¢_f2pw)2 as can be seen by averaging E81). Under these condi-
tions, and averaging with respect to the fast oscillatigns
+(R+p)*+ 0% (29 andy, Eq.(28) will then take the form of a pendulum equa-
tion:
one then gets
7 £'2=(Kywp+ k1) Y[ (11— 152+ Co— 2uA,A; COL €) ],
(ki—wf) 5 +1do+ ARsin(¢) =d, (30 (34)

e R where we have approximately skt 1, the value of the

wheredo=1-w;H—Auy(k; +k) P . and averaged action at the bottom of the ponderomotive well.
= 5 — = = =22 These considerations can be validitated in a transparent man-
di={[H+ (02— ®1)Pyc]°=1-A1= A5~ (K1 +k2)“Py c}/2. nerin the example presented in Fig. 3. Indeed, one sees there
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the fluctuations of the two actionB, and P, around an tion. From these considerations, the usefulness of reaching a
averaged constant value, which we denot®gs andP, ;. high averages, is quite clear. We have shown in Fig(al
These values can be derived from the underlying assumphat such values o, are readily attainable.

tions just presented, namef’ =0: |—:|—t]_ These two con- Compar[ng Figs. (B) anld Xb) one might at first be some-
ditions amount really to a set of two linear equationsPip what surprised by the high value of the averaged parallel

andP,. The solution of this set of equations is straightfor- ve:ocny ?fhthe el_ectron as seen in Fig(al althogghl the
wardly given by values of the actiorP , as seen in Fig. (b) are quite low.

This result is self-explanatory when considering E#7)
where one realizes that for the case considefedis nega-

s FM, (35) tive and thus effective in making, relatively high.
© o Nugtuy) It is worth mentioning that the higB; value is not always
o o necessary for inducing a high-averaged as can be seen in
uhl—BH Fig. 2. Here, one has the advantage of accelerating via mul-
P¢/,t:m- (36) tiple AR process, particles with low initial velocities of

which are numerous in any system to be considered. Let us
note that such values of parameters as used in the case con-
sidered in Fig. 2 might be relevant for an experimental setup
having two gyrotrons transmitting two electromagnetic
waves, one in the range of 118 GHz and the other in the
range of 82.7 GHz. Electromagnetic waves with such fre-
quencies are currently applied in the tokamak a configuration

— — —— variable (TCV) experiment in LausanneSwitzerland [10].

[ =Te* = cot 2uAsA, cOg6). Some aspects of the advantages of using two counterpropa-

) — gating electromagnetic waves have been elaborated upon in

For the parameters of Fig. 89>2uA1A;; hence, one gets  previous publicationf7—9]. Here, we mention especially the
l=1s—V—Co. Inserting the parameters and initial condi- possibility of increasing considerably the particle population,
tions of Fig. 3 in expression&5) and (36), we find P,  which might be accelerated by a two-waves interaction pro-
=5.103 andP, = —0.778, in agreement with the averaged cess, as compared to the single-wave case. Moreover, we
values ofP, and P,, as can be seen in Fig(l8. Let us  show here that the two-waves configuration allows us to cir-
notice that, at this interval of time, the trapping of the elec-cumvent the deterioration of the acceleration of the electrons,

The value ofl, can be estimated with the help of E@4).
This equation is best satisfied whéh= 0, since in this case,
setting | =1, in the derivation of the equation is an exact
operation, while it is an approximate one whéh# 0. Set-
ting ¢’ =0 in Eq. (34) one gets

trons takes place indeed, as can be seen in F@. 3 which is characteristic for a dispersive medium. This is
achieved by making two mechanisms operational each per-
IV. DISCUSSION mitting a rather high parallel velocity built up with a not too

large acceleration, utilizing a trapping process of the par-

In this study, we have shown the possibility of generatingicjes in the ponderomotive well generated from the nonlin-
a high-averaged parallel velocity stream of electrons for long5, interaction of the two waves. The velocity so acquired

period_s of time. The_ configuration investigated consists Ofmight not be enough for accelerators but might be quite suf-
two circularly polarized electromagnetic waves counter-fisient for driving currents.

propagating along a constant magnetic field in a dispersive | et ys mention that associated with the two-waves inter-
medium. Two different mechanisms have been found t0 b@gtion is an inherently built-in potential for a stochastic be-
responsible for this generation of streams: one having itfayior. For both mechanisms considered in this paper either
origin in the AR acceleration of eIectron_s that fo!lows aCoN-the AR interaction or the trapping process, this stochastic
ditioning trapping stage, the second being dominated by thgehavior is reflected in the intermittent nature of these
trapping process itself. . _ mechanisms. This fact diminishes considerably, in the frame-
The trapping process takes place in the ponderomotivgork of a single-particle analysis, the predictability one has
well generated by the nonlinear interaction of the two wavesyith regard to the initial conditions of the electron, which
The velocity and directionality of this propagating well is i allow us then to contribute effectively to the generation
determined by the parameters of the system, which are undgf 5 current. Indeed, electrons that have initial conditions,
the control by the experimentalists. Choosing properly thesghich would not allow them to be trapped in the pondero-
parameters, one can ascertain a motion in a given directiognotive well as described by E¢34), might wander in the
thus generating a preferential motion along the constandiochastic sea and arrive at privileged conditions, which will

magnetic field in the system. Such a preferential motion isgo\ them to get trapped and to contribute to the generation
of course, essential for driving an effective current. Whengs tne current.

considering the trapping mechanism of generating streams, \oreover, even electrons, which participate already in the
the choice of the frequencies, which fixes a valugBefof  cyrrent drive via the autoresonance or intermittent trapping
the ponderomotive well, is determining by itself the effec- echanisms, might, due to the stochastic behavior of the
tiveness and direction of the current. While for the AR interaction, not contribute effectively, for short periods of
mechanism, the amplitudes of the waves affect also thesgne to the current in the plasma. This is clearly seen in Fig.
characteristics. Indeed, having made a choice of the relatlvg(a)_ However, when a distribution of many electrons is con-
magnitudes ofw; and w,, the corresponding choice of the gjgered, at a time when one particle is not contributing effec-
amplitudesA; and A, can insure a more effective current tively to the current, many other particles having slightly
drive, by inhibiting AR accelerations in an unwanted direc-different initial conditions will compensate for the deficiency
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of this particle contribution allowing for the generation of a rent drive project advanced by research teams of the
well-behaved current. Thus, the question regarding the con-awrence Livermore National Laboratof¢1]. In the beat-
ditions, which the particles have to fulfill in order to contrib- waves current generation scheme, two intense electromag-
ute effectively to the generation of a current, has to be adnetic waves interact nonlinearly in the plasma. When these
dressed, not in the framework of a single-particle analysi®lectromagnetic waves have a difference in frequencies that
that describes that basic effects but in studies considering ia approximately equal to the electron plasma frequency,
distribution of particles, where averaging procedures camow-frequency longitudinal waves may be resonantly driven.
lead to reliable estimates of these conditions. Such a study i$ the phase velocity is properly chosen, these waves may
presently undertaken. Here, we would like only to mentiondamp and accelerate electrons, thus driving a current.
that preliminary numerical results indicate that, while not Although completely different from our scheme of driv-
being a desired feature of the interaction, the real impact oing a current in which the acceleration of the electrons is
the intermittence of the motion of the electrons on the effecdone by the electromagnetic waves themselves, the tech-
tiveness of generating a current is very limited when considnique of launching the waves in the plasma might be similar.
ering a large distribution of electrons followed for a long The schemes for launching the waves as presented by Tho-
period of time. massen for the Microwave Tokamak Experiméb®] and

The results of the work presented here are quite encouthe one realized in the experiment performed on the Davis
aging, however; the applicability of this scheme demand®iverted Torus[13] may be very useful for planning and
further studies considering realistic plasmas. Here, one facesonstructing and experimental setup, which will enable us to
the basic problem of launching two waves with different fre-test the scheme for driving currents as proposed in this paper.
guencies and wave numbers into a toroidal device. Fortu- Detailed studies of the interaction of two electromagnetic
nately, with regard to this problem we can benefit from thewaves launched in a plasma having a hot relativistic distri-
research done and experience gained in the beat-wave cuution of electrons are presently under way.
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