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Vlasov-Maxwell kinetic simulations of radio-frequency-driven ion flows in magnetized plasmas
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The generation of a coherent ion flow due to the injection in a plasma of a purely electrostatic wave of finite
amplitude, propagating at right angle with the ambient uniform magnetic field, is investigated making use of a
kinetic code which solves the fully nonlinear Vlasov equations for electrons and ions, coupled with the
Maxwell equations, in one spatial and two velocity dimensions. A uniformly magnetized slab plasma is
considered. The wave frequency is assumed in the range of the fourth harmonic of the ion cyclotron frequency,
and the wave vector is chosen in order to model the propagation of an ion Bernstein wave. The computation of
the first-order moment of the ion distribution function shows that indeed a quasistationary transverse average
ion drift velocity is produced. The time evolution of the ion distribution function undergoes a “resonant”
interaction of Cherenkov type, even if the plasma ions are magnetiagd«,;~0.5). During the wave-
plasma interaction, the electron distribution function remains Gaussian-like, while increasing its energy con-
tent.
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[. INTRODUCTION larly propagating purely electrostatic wave has been studied
in Refs.[10-14 for different purposes. In Refg1l0-13, the

In the past years, it has been predicted by several theorefrequency of the pump was taken in the lower hybrid range,
ical studies[1-4] that the ion Bernstein waveBWSs), in regimes where it is several times higher than the ion cy-
which are compressional electrostatic waves in hot magnezlotron frequency ¢~ 30w.;). There, independent of how
tized plasmas can be effectively used to generate shearetbse the frequency was to a high-order ion cyclotron har-
poloidal flows in a tokamak plasma. The wave-plasma intermonic, a stochastic regime of interaction was observed. This
action would produce localized “transport barriers,” which early analysis differs in what we are presenting in this paper,
reduce the energy leakage from the plasma core towards ithie to our interest in the ion response to a pump wave with
periphery. The physical mechanism through which IBWs in-a much lower frequency, in particular, close to one of the first
fluence the energy transport in a plasma relies on the generayclotron harmonicsthe fourth one in the specific case here
tion of a poloidal ion flow with a radial gradient, around the consideregl
spatial region where high absorption is expedtidn fourth The problem was tackled also in connection with the so-
ion cyclotron harmonic in the tokamak FT8]), thus short-  called “Bernstein-Landau paradox14,15. In this context,
ening the correlation length of the turbulent fluctuatip@s  the following fully nonlinear investigation shows that, at fre-
Few experiments, where IBWs have been excited by exploitquencies of few cyclotron harmonics, the wave absorption of
ing the conversion of an electron plasma wave at the lowea purely normal electrostatic wave takes place via the Cher-
hybrid resonant layer, in a high temperature plasma, havenkov mechanism.
shown the effective occurrence of poloidal sheared flows More recently, an analytical investigation based on the
[7,8] and the enhanced confinement properties of the targettudy of the single particle trajectories of the ions in the
plasma[5,9]. presence of a strong uniform magnetic field, under the action

According to the present understanding, the ion flow genof a monochromatic propagating electrostatic wave with fre-
eration can be ascribed to the radio-frequency induced kiguency of the order of the fourth ion cyclotron harmonic, has
netic pressurg¢2], and to the direct momentum input from been performed16]. It has been shown that the transverse
the wave to the resonant absorbing ions. The present analygisoth to the wave propagation and to the magnetic field di-
is aimed to elucidate the intimate nature of the latter mecharections ion average velocity is produced by the Lorentz
nism, which can be better controlled from the outside due tdorce in the form of a particle drift at the second order in the
the effective absorption of IBWs in a hot plasma and to thewvave amplitude. An essential ingredient is to correctly de-
expected good radial localization. scribe the nonlinearity in the particle trajectory, due to the

The motion of a charged particle in the presence of gropagating electric field, which is at the origin of the ion
constant magnetic field and under the action of a perpendicudrift. These results are obtained in the frame of an expansion
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of the motion equation for small amplitude; this assumption «
can be quite limiting for IBWs which can develop strong a_x:J j dv,dvfi(X,vy,0y,1)
electric fields due to their low group velocity.
In the present paper, we investigate the interaction of a
given, purely longitudinal, propagating wave with a magne- f f dvydvyfe(X,vy,0y,1)
tized electron-ion plasma, by means of a kinetic Vlasov-
Maxwell numerical cod¢17,18. The aim of our study is to
elucidate the nature of the generation of an average trans- JE, B,
verse ion velocity due to the action of the externally driven X ot ()
wave. The IBW is modeled by the pump wave which is
characterized by a frequency in the range of the fourth har-
monic of the ion cyclotron frequency, and by a wavelength JB, JE,
of the order of the Larmor radius of a thermal ion. The elec- ox __j f doxduyvyfi(X,vx,0y,1)
trostatic pump wave is not treated self-consistently. Its am-
plitude, frequency, and wave vector are external parameters,
which do not evolve during the integration. The self- +f J dvxdvyyfe(X,vx.vy,1). “)
consistently generated electrostatic field is found to be of the
order of 20% of the pump amplitude. The hydrodynamic andvioreover, the(normalized propagating electrostatic field
kinetic aspects of the wave-plasma interaction are discussdeh(X,t) =a sin (wot—kox) is applied to the system through-
with reference to the regime of interaction in the IBW ex- out the interaction time. In the above equations, the follow-
periment in FTU[5]. Due to the basic character of our study ing normalization rules have been adoptesi;it—t, v/c
and since we are dealing with typical IBW-FTU parameters,—V, @pix/C—X, foc?/ng,—f,, eE(B)/micwy,—E(B). At
we have chosen to explore the plasma response to sevetat 0, the electron and ion distribution functions are Max-
pump frequencies, without varying other parameter vaIues)Ne”lan ie., f (t=0)=7""2exp (-v¥B,), where B,
instead of following the exact linear dispersion relation. _Um/C Since we are integrating both the electron and the
Recently, kinetic Vlasov simulations have revealed themion Vlasov equations, very different time and spatial scales
selves as a unique tool to investigate the microscopic and thare dealt with leading to a considerable computational time.
macroscopic aspects of the interaction of propagating anth order to maintain it within reasonable limits, a reduced
standing longitudinal waves in a multicomponent plasmaon-to-electron mass ratio of 50 has been assumed through-
[19-21]. In particular, several nonlinear processes such asut the present investigation, which accounts for the values
wave breaking, particle trapping, anomalous heating, particlef Aj=—1 and A,=50. Moreover,g,, m,, T,, anduvy,
acceleration, and ponderomotive effects, which are related te (2T, /m,)*? are the electric charge, the mass, the tem-
the finite amplitude of the pump field, are consistently de-perature, and the thermal velocity of thespecies, respec-
scribed in a kinetic framework. In this paper, we apply suchtively, ¢ is the vacuum speed of lighg,is the modulus of the
a powerful method of investigation to the case of a magneelectron charge. Equationd)—(4) have been numerically
tized electron-ion plasma. integrated with periodic boundary conditions in the spatial
In Sec. Il the physical model is presented. In Sec. lll theinterval xe[0,3\,], where Ao=2m/k,=1.8x10"2 is the
time evolution of the macroscopic physical quantities is dis-normalized pump wavelength. Hellg,~349. Att=0, both
cussed and the generation of an average transverse ion flalectrons and ions are at the equilibrium and no electromag-
is shown. Section IV is devoted to the description of thenetic field is present. The analysis has been performed for the
electron and ion distribution functions. An extended discuspump frequency varying around the fourth ion cyclotron har-
sion of the results is contained in Sec. V. Finally, in Sec. VImonic, i.e.,wg~4w;, and the pump wavelengtk, of the
the main physical achievements of the work and some proberder of the ion Larmor radius, i.ekgp ;>1, wherep;

@)

lems still to be investigated are summarized. =vlwe. The reference parameter valuést t=0) are
those characterizing the IBW-FTU experimg@®]: n.=n;
IIl. THE KINETIC MODEL =5x10¥cm 3, T,=T,=1keV, By=7.8T, for the

The present analysis is based on the numerical integratioplasma, and 2/wo= 4fci”433 MHz (where f¢j=2m/w
of Vlasov-Maxwell system of equations for a two- =€By/mic), N, =1000 (IBW refractive indey, Ear
component plasma immersed in an externally applied uni=1 kV/cm (the peak electric field value of the excited IBW
form magnetic field B,=Bye,) under the action of a pump for the wave. A suitable rescaling of the ion parameter values
longitudinal wave propagating perpendicularly téii$ wave is needed in order to treat the reduced value of the ion mass.
vector beingk=ke,). The system of equations, written in ~ The chosen values correspond to quiver parameters
dimensionless variables, reads

Ue _ Uj B Z
—~34x101, —=~8x10°%—

Ute , Uti \/K’

for electrons and ions, respectively, where,
=q,Eq4 /m,wo is the quiver velocityof the particle of spe-

gf,  af,

W+UX(7—X_Aa [EX(X,t)+Edr(X,t)

+Bzvy] ot +[E Bzvx] ot } 0, (1)
Uy
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FIG. 1. U,y (solid ling) and veq=—E,/B, (dotted ling are 4x10~2 ®) , , :

shown versus time at=0.038, forw,=1.93, anda=10 2.

ciesa in the oscillating electric field of peak amplitudf:ejr
and angular frequency,. Here, the charge staand the A
mass numbeA of the ions have been introduced. On the
basis of such estimates, an almost linear ion dynamics isx I
. . . K -5
expected, while electrons could manifest a non linear re-7 —2x10
sponse to the applied field. As we shall see in the following iR
sections, the picture is more complicated in that the kinetics —4x10795H §
of the interaction will lead to a strongly nonlinear coupling I
between the wave and the ions. —ex10 2 .
0 50 100 150

Ill. THE FLUID PLASMA RESPONSE t

In the present section, the time evolution of the normal- FIG. 2. (Ujy) (solid lineg and(Uj,) (dotted lines are plotted
ized fluid quantities associated with the electron-ion fluid isVersus time, fow,=1.93(a), and forwy=1.7 (b).
discussed. In particular, we shall speak in terms ofritim-

o

When the pump wave is switched on, after few ion cyclo-

ber density tron periods, a stationary state is established, in which the
ions oscillate around an average negatijg while the elec-
e te tron oscillations do not manifest any specific transverse drift
Na(X,1)= fﬁx dvxﬁx duyfa(X,vx,0y,0), (5) velocity. These behaviors are preserved even after perform-
ing a spatial average &f ,, over the entirex range of inte-
of the fluid velocity gration. In Fig. 1, the electrob, fluid velocity (solid line)

is displayed as a function of time at=0.038, for w
1 [+ o =1.93, anda=10 3. Since on the typical electron time
U,(x,t)= . dvxf doyVvf,(X,vx,0y,1),  (6) scales the applled field oscﬂlatgs very sI_owa,. we expect that
as = o electrons will execute slow drift oscillations in tlyedirec-
tion, superimposed to their fast Larmor rotation. Qualita-
tively, it is just what is observed in Fig. 1, where the normal-
ized drift velocity veq=—E,/B, is also plotted(dashed
lines) superimposed to the instantanequsomponent of the
electron fluid velocityJ,. Here, the drift velocity has been
7) computed using the electric field which is solution of the
Poisson equation, E€R), and the magnetic field which is the
of each species. sum of that initially applied(the dominant oneplus the
The Viasov codd23] has been run in the regim@\p.  small component which is generated during the interaction.
~2 (\pe is the electron Debye lengthfor several wave The different amplitudes between the two curves can be as-
angular frequencies, (normalized overw,;) in the range cribed mainly to the convective term in the fluid equation of
1.7-2.12, wherewg=4w:~1.93, and for several values motion, that is, to the nonlinearity of the electron dynamics.
of the normalized peak field amplitude, froe=10"* to The average nonzero ion drift velocity in tlyedirection,
5x 102 (corresponding to the electric field in the range (U;,), is clearly visible in Fig. 2, where it is plottedull
5-200 kV/cm). A hydrogen plasmaX=Z=1) is considered lines) for wy=1.93 (a) and for wy=1.7 (b) (far from 4w
throughout the present paper. and from any cyclotron subharmonjc3he spatial average

and of thetemperature or average internal energy

+ o0

1 oo
Ta(x,t)=n— deJ dvy(V—Ua)Zfa(X,vx,vy,t),

ad —»
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FIG. 3. Uj, is shown for wy=1.93 (8 and w,=1.7 (b) at
t=60. FIG. 4. Ui, is shown for wy=1.93 (a) and wy=1.7 (b) at
t=60.

of Uj, leaves visible only the fluid oscillations af; (the
oscillations at the pump frequency are averaged, autich ~ spatial integration range. It is seen that ions are slowly
at the end of the integration reach a quasistationary statéheated” during the interaction with the wave depending on
where the center of the oscillation is shifted towards negativéhe interaction condltlons Here, the ion temperature is nor-
values. On the same plot, thecomponent of the ion fluid malized ovem, c2. Electrons are also heated due to the non-
velocity is also showr{dotted line$, which does not mani- linear excitation of high frequency plasma modes. In order to
fest any appreciable drift. understand the basic mechanism leading to electron heating,

The oscillations on the moments of first order of the ionlet us consider the frequency spectrum of the longitudinal
distribution function are due to its nonequilibrium character
acquired under the action of the pump wave. Moreover, we
expect that the ion distribution function is asymmetrically
distorted in theU;, direction. We shall discuss the kinetic
aspects of the interaction in the following section. _sf

The spatial dependence of the ion fluid velocidy, is 4.5x10 71
shown in Fig. 3 at=60 for wy=1.93 (a) and for wy=1.7 A
(b). It is seen that in both the cases, the response of thev
plasma contains harmonics which are nonlinearly generatec
during the interaction. On the other hand, no harmonic con-
tent appears in the component of the macroscopic ion ve-
locity as is seen in Fig. 4. In addition, plots of the ion plasma I
density(which we do not display hefeshow regular oscilla- 3.5%107° . s ‘ ‘
tions atw= w; in time and atk=k, in space, of peak am- 0 20 40 60 80 100
plitude +5%. t

In Fig. 5, the ion energy content, as defined by &9, is FIG. 5. (T;) (normalized overm;c? ,and averaged over the
plotted versus time foa=10"° and several pump frequen- spacg is plotted versus time foa=10"2 and several pump fre-
cies: wo=1.93 (full line), and wy=1.9 (dotted ling, wy  quenciesiwy=1.93 (full line), wy=1.9 (dotted ling, and wo=1.7
=1.7(dashed ling The ion temperature is averaged over the(dashed ling

5.0x107°

sl

4.0x10
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FIG. 6. |E,| is plotted versusw at x=0 for wy=1.93 and
a=10"3

electric field.|E,| versusw is plotted in Fig. 6, ak=0, for
wo=1.93 anda=10 3. In the low frequency range, we have
peaks at the pump, and at its second harmonievg. In the
high frequency interval, two main peaks@f.~ w,, and at
2w OCccur accompanied by sidebands which differty,

and +2w,. It means that a broad spectrum of electric field

fluctuations, at frequencies higher thar, acting on the

plasma, that is preferentially on the electrons, is produced
during the interaction. The high frequency oscillations are a

PHYSICAL REVIEW E 67, 026405 (2003

0.02F ' '

0.01

> 0.00

= e —— T 1619
—-0.01 E =

-0.02 L o L ‘ I !
0.00 0.07 0.02 0.03 0.04 0.05
X
(b)
0.02F ' '
190 190
E 667 667
0.01 =it T
2095 2095
T e e T B
_ : 57 — — 2571\_/;
2 0.00 =2 == = S
Z/\/'fﬂ\ <25 1
j\ N
\/\é\q 035 SN
0.0 BBNYVY—),/, e Ty
e
é\_,_,wo 1903

consequence of the different mobility of electrons and ions -0.02t........ L Liviiiii T Leeeiin, L
perpendicularly to the external magnetic field. Charge sepa- 0.00 0.07 0.02 0.03 0.04 0.05
rations are induced by the low frequency pump field and the x

electrons respond on their characteristic time scales.

The transverse component of the ion fluid velocity, aver-

aged over the spatial range of integratigh,;,), has been
computed for different values of the angular frequencigs

of the pump wave in the range 1.7-2.12 and several values00-120 times, in unit o

of the normalized peak field amplitude in the range

FIG. 8. The contour lines of;(x,v,,v,0) (@ and of f;(x,v
=0p,) (b) are shown at=52 for wy=1.93 anda=10"3.
o' although the electron “tem-
perature” may still increase. In Fig.(U;y) is plotted versus

e[10 45X 10" 3]. For most of the considered cases, thethe pump frequency, for several values of the wave ampli-
ordered ion dynamics reaches a quasistationary state ovarde: a=10"* (*), 3x10 4 (A), 102 (¢), 3x103

3x107°F T T 70.0004
[ 1 —fo,oooz
2x107°F . e o3
A F o © o
S ° o 3
\? r Jo.0002
5l x
1x107°F 5 ]
= J0.0001
L a 4 A : N ]
0L ! Lok I | 10.0000
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w

FIG. 7. (Ujy) is plotted versuso,, for a=10"* (*), 3x10°*
(A), 1073 (), 3x10°3 (O), 5x10°2 (X). The left-hand-side
vertical axis refers to the cases=10%3x10"%, and 103
The right-hand-side axis refers to the cases3x 1073, and
5% 1073, The vertical dotted line indicatasy=4w; .

(0), 5x10 2 (X). The left-hand-side vertical axis refers to
the casesa=10"% 3x10 4 and 10°3. The right-hand-
side axis refers to the casas=3x10 2 and 5x10 3. We
observe thati) the ion drift velocity is always present and
that it is definite negative(ii) no particular ion response
occurs around the frequeney,=4w,;; (iii) the amplitude

of the ion drift increases monotonously with the pump am-
plitude. Average ion velocities in the range 1-10 km/s have
been found, which are comparable with those predicted by
previous analysegl6].

IV. THE EVOLUTION OF THE PARTICLE
DISTRIBUTION FUNCTIONS

In this section, we examine the time evolution of the dis-
tribution functions of the ions and of the electrons under the
action of the pump wave described in Sec. Il. We begin by
considering the ion phase spacesuv) and x,vy). In Fig.

8, the contour lines of(a) fi(x,vy,vy=0) and of (b)
fi(x,uvx=0v,) are shown att=52, for w,=1.93 and
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F FIG. 10. The level lines of;(v,,v,) are shown ak=0.026 for
E t=4 (a), t=8 (b), t=12(c), andt=16 (d).
3000 F
: wave, wg/ky~0.0055 lies well within this range. It is the
i 2 manifestation of theransverse ion Landau dampirand of
= 2000 s the related ion trapping which accompany the interaction be-
tween the wave and the ion population. The features of this
F trapping process are those of unmagnetized charged particles
1OOO; and their occurrence in magnetized plasmas has been dis-
s cussed in Refq.24,25. Strictly speaking, for very high fre-
oL. qguencies, i.e.wy>w.;, the wave interaction can be treated
—0.02 —0.01 0.00 0.01 0.02 as the ions were unmagnetized over few wave cycles only.

v Over longer times, it is expected that the proper features of

the magnetized ions would become dominant. However, we

should stress that in our simulations, the transverse Cheren-
kov resonance persists over times much longer than the ion
Larmor period. Indeed, in our casey ~4w; turns out to

be large enough to make the interaction of this type for the

(dotted line, 64 (dashed ling 96 (dot-dashed ling 124 (triple whole in_tegratio_n time, corres_ponding to about ten ion cyclo-
dot-dashed ling The vertical dotted lines indicate the resonant ve-rOn periods. It is worth noticing that the effect of the pres-
locity ranges where ion trapping is expected in an unmagnetize§nCe Of the magnetic field is to transfer the trapping process
plasma, according to the discussion in Sec. V. from thev, direction (o has thex component onlyto the
vy-direction. The vertical dotted lines in Fig. 9 indicate the
resonant velocity ranges where ion trapping is expected in an
a=10"3. These plots well represent what happens all alonginmagnetized plasma, according to the discussion in Sec. V.
the wave-plasma interaction: that {§) in thev, direction, For the sake of completeness, we wish to remind that from a
the ion distribution function flattens, more clearlywgt>0, quasilinear point of view, sincle;=0 and no relativistic de-
and (i) in the v, direction, the ion distribution develops a pendence of the ion mass on the ion velocity is considered,
kind of vortices in thev, <0 side. the well known linear resonant condition reads- nw¢; (n
In Fig. 9, the ion distribution function is plottéd) versus  being a positive integerand strictly speaking, no resonant
vy, atx=0.026 and forvy,=0, and(b) versusv,, at the velocity exists[26].
same spatial position and fog=0, for the same parameters  The time evolution of the ion distribution function under
as in Fig. 8. The five curves refer to different times, namelythe action of the pump wave is shown in Fig. 10, where the
t=0 (solid line), 32 (dotted ling, 64 (dashed ling 96 (dot-  level lines off;(v,,v,) are shown ak=0.026, fort=4 (a),
dashed ling and 124(triple dot-dashed line By inspection t=8 (b), t=12 (c), andt=16 (d). As it is evident by the
of Figs. 8 and 9, we can notice that the distribution functionsequence, the initially isotropic distribution is affected by the
is distorted and develops a sort pfateauin the ranges wave, manifesting a modulation of the contours in the half
lvyl,|vy|~0.003-0.008up to 0.01 for positiver,); at later ~ planev,<0. The “tips” on the contours appear as bumps of
times, it manifests even a population inversion for negativehe ion distribution on the right-hand side of each plot,
vy's. In general, we observe that the main effect of the interaround the point,=0.006—-0.007p,= —0.007. Then they
action with the wave is localized within this “special” ve- “rotate” clockwise, disappearing when they reach the left-
locity interval. Notice that the phase velocity of the pumphand side of the plot; at the same time new tips appear for

FIG. 9. The ion distribution fucntior;(x,v,,v,) is plotted(a)
versusv, at x=0.026 andv,=0 and(b) versusv,, at the same
spatial position and,=0, for the same parameters as in Fig. 8.
The five curves refer to different times, nameky,0 (solid line), 32
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80[ momentum,p,, increases t@, = py+ k. Here,éx repre-

I sents the unitary vector in thedirection. Then the ion orbit
60 is modified in such a way that its Larmor radius increases
- (decreasesat larger(smalley x displacement from its center

I of gyration, leading to an overall average ion drift in the
w® 40 negativey direction (the same result has been found in Ref.
- [16] on the basis of an approximated single-particle analy-
sig). In the above picture, it is assumed that the ion gains the
20__ momentum7ik, before completing a Larmor orbialmost
- instantaneously From a macroscopic point of view, this ef-
fect can be interpreted as due to a fofgg (of the second
0liaz order in the wave amplitudeexerted by the IBWs on the
—0.20 resonaniand, therefore, absorbingpns and due to the spa-

v tial variations of the intensity of the incoming electrostatic
wave. AnF,, X By ion drift then arises which in the geometry

FIG. 11. The electron distribution functioia(x,v,,v,) is plot- that we have considered is directed-as, . We observe that

ted versus, for v,=0 andx corresponding to the center of the (€ basic nonlinearity due to the deformati@misotropy of
simulation box at=0 (full line), t=64 (dotted ling, andt=128  the ion trajectory with respect to thesotropig circular one
(dashed ling poses an obstacle to the use of the standard quasilinear

theory to investigate the process of transverse flow genera-
tion, since this approach assumes the complete isotropy of
the unperturbed particle orbit around the magnetic fi2&l.

In addition, the fact that the wavelength is of the same order
of or smaller than the ion Larmor radius is a necessary con-
dition, to the flow generation since under such conditions the
ions “see” a propagating wave, instead of a dipole field as if

positive v, values, rotating to the left, and disappearing for
negativev, values. In other words, the pump wave couples
with resonant ions withy,~ wqy/kq, flattening the distribu-

tion alongv,. Then the Larmor rotation of the ions brings
this perturbation in the half plane,<0. Going from N
vy<0 tov,>0 the distribution function relaxes, resulting in "° PLi-

the net effect of the wave-plasma interaction mainly Iocal—\,va(\l)g_e II;nsI?]:):ailr?tterre:cliilggf (:E;'?gﬁsg%?:;gﬂt:zéh;ﬁf&ir&g E)Zef
ized at negativev, values. These perturbations of the ion P !

distribution function are at the origin of the transverse ion®OMes strongl_y distorted preferentially in a velocity range
drift. which Iook_s directly correlated to the wave phase velocity,
The electron distribution function behaves much moreiﬂgsi::svgtncguz%i;h: [?;nrzsgggn (t:rr?enrsefrfligloigstgﬁavr\:?e/e'lt'?\e

smoothly. As it is seen from Fig. 11, its shape remains . . '
rocess of perpendicular Landau damping and the conse-

Gaussian-like even if it is broadened. As we mentioned irf ent ion trapping at the wave phase velocity in the presence
Sec. lll, the electrons see the pump as an almost uniform an pping P Y P

slowly oscillating electric field. In addition, electrons are of a magnetic field have been described in RE¢,29, and

also acted upon by the discrete frequency spectrum IocalizeI ter in Ref.[27], on the ba§|s ofa smg[e-parﬂcle_anaIyS|s. In
the early papers, the nonlinear behavior of an ion under the

around the electron cyclotron frequentsee Fig. 6, which action of a lower hybrid wave, in the presence of a uniform

's at the origin of the electron heating. magnetic field, has been investigated by studying the particle
trajectories. The objective of the work, and of successive
V. DISCUSSION OF THE RESULTS paperg10-12, was to assess the heating efficiency of elec-
trostatic waves beyond the linear approximation, retaining
The kinetic analysis which has been presented in this pgparticle trapping effects and exploiting the stochasticity of
per shows that the nonlinear character of the interaction of ghe ion motion.
finite amplitude electrostatic wave propagating at 90° with  The main idea is that, when a magnetized charged particle
respect to an externally imposed magnetic field leads to thiy acted upon by a finite-amplitude longitudinal wave, its
generation of a transverse drift ion velocity of definite sign.orbit is distorted in a nontrivial way by the applied electric
This effect cannot be explained in the frame of a Iinearﬁe|d_ Its effect emerges more evident when the pump amp"-
theory. The simplest physical mechanism which can be intyde is finite and its wavelength is of the same order of or
voked to explain the appearance of a transvétséothk,  smaller than the particle Larmor radius. Over a single Lar-
andBy) ion drift is the momentum transfer from the propa- mor orbit, if the wave frequency is appreciably larger than
gating wave to the resonant ions. Notice that according tehe cyclotron frequency, Landau damping and the consequent
our analysis, the resonant ions are those undergoing theapping occurs since pieces of the ion trajectories can be
transverse Landau damping, that is, satisfying the relationapproximated by straight segments, that is ions behave as
ship v~ w/ko. If @ photon associated with an IBW, with unmagnetized. Following Ref25] we calculate the lower
momentunmvik,=%koe,, is absorbed by a resonant ion spi- and upper boundaries of the trapping region in the velocity
ralling around the magnetic field, tecomponent of the ion  space. From the inequality — wq/Ko| < (a/kg) (in normal-
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ized unitg, we find that trapping would occur in the range transverse Landau damping is the dominant mechanism of
3.8x10 3<p<7.2x10 3, which turns out to be a good es- wave-plasma coupling, which leads to the effective plasma
timate of the location and of the extension of fhlateauin  heating and momentum generation. Our results have impor-
Fig. 9. Moreover, the estimate of the maximum ion heatingtant implications on the correct way of determining the rate
during one Larmor period[25] as 2(o/ko)(a/ko)’*  of energy and momentum transfer from the pump wave to
~2x10°°, well fits with the corresponding value taken the plasma, as well as the spatial localization of the interac-
from Fig. 5. An important point is that the numerical integra- tion, as can be easily realized if we think that the well estab-
tions we have performed show that this regime of interactionished quasilinear theory for magnetized plasmas does not
is not limited to the first Larmor periOd, but extends at |eastpredict the existence of resonant partides for pure perpen-
over ten cyclotron orbits, after which a quasistationary statjicular propagatior(since we are treating keV ions, we ig-
is achieved. nore the relativistic mass dependence on the particle veloc-

Observe that some of the consequences of the actual orkj ).
shape can be hidden if a gyrophase average is performed (jji) Such an interaction produc@dateauregions in the
over the particle trajectory, as itis the case when the standaign distribution functions in botl, andv, directions, but in
quasilinear theory is developed. Under such conditionsan asymmetric way: population inversion occurs only for
transverse average particle motiossich as the transverse negativev,’s, which is at the basis of the apperance of the
dr|ft discussed in th|S pap)i‘are Canceled out. transverse ion ﬂOW a|0ng the negatiyaxisl

Finally, our model assumes the spatial uniformity of the (iv) The nonlinear spectral broadening both in the
background plasma as well as of the pump amplitude. In #equency and wave vector domains predicted by the full
real experiment, the wave intensity is absorbed during its/|asov approach enriches the physical picture of the wave-
propagation and its spatial distributi¢im the x direction in - pjasma interaction. In particular, electrons turn out to be
our model, and in the radial direction in the tokamak geomeated due to the nonlinear generation of spectral structures
etry) develops an inhomogeneity. In this case, the resultingyround the electron cyclotron frequency and its second har-
gradient of the IBW intensity when crossing the absorbingmonic, while the electron distribution function remains
plasma region is also at the origin ofgonderomotiveforce  gaussian-like.
Fom™ —VE?|e,, which also is expected to drive a transverse  This scenario gives rise to basic questions which deserve
ion drift along—éy. further analysis. First, the present investigation has been
made with a reduced ion-to-electron mass ratio. The exten-
sion of the presented physical picture of the wave-plasma
interaction to the case withh ,=1836 needs to be worked

The generation of a coherent ion flow due to the injectionout, and it is the matter of the present study. Indeed, the
of a purely electrostatic wave of finite amplitude propagatingion-to-electron mass ratio plays an important role in the lin-
at right angle with the externally imposed uniform magneticear theory of the IBW propagation, in that the dispersion
field has been investigated by means of a kinetic code whicbhanges depending on whether the lower hybrid resonance is
solves the fully nonlinear Vlasov equations for electrons andgmaller or larger than the considered cyclotron harmonic.
ions, coupled with the Maxwell equations, in one spatial andThe reduced ion mass makes 4> w,, , while for the actual
two velocity dimensions. A uniformly magnetized plasmaproton mass &< w),. However, the collisionless absorp-
slab has been considered. The wave frequency has been chion mechanism predicted by the linear theory depends on
sen in the range of the fourth ion cyclotron harmonic, and théhow close to a cyclotron harmonic the wave frequency is,
wavelength of the order of the thermal ion Larmor radius inand that is exactly the aspect of the wave-plasma interaction
order to model the propagation of an ion Bernstein wave. we have investigated. Therefore, we do not expect that the

The principal results of this work can be summarized inuse of the reduced ion mass affects the qualitative descrip-
the following points: tion of the wave-plasma coupling physics. Second, the wave

(i) A quasistationary transverg® both the magnetic field propogation at a finite angle with the normal to the magnetic
and pump wave vectpraverage ion drift velocity is pro- field should be considered. This introduces the ion cyclotron
duced quite independent of the pump frequency and amplidamping which is lost at strictly perpendicular propagation.
tude. To this objective, two extra dimensions, one spat@land

(i) Over more than ten-ion cyclotron periodthe full  one in velocity ¢,), should be considered in the code. How-
time interval of our integrations, at which a quasistationaryever, this would require a much larger storage memory for
state is achievgdthe wave-plasma interaction manifests thetha data during the computation. Third, spatial gradients
features of the particle trapping, characteristic of the ionshould be allowed for, in order to simulate the actual wave
transverse Landau damping, in the velocity range of theropagation in a confined plasma. This aspect of the problem
wave phase velocity, the width of which turns out to be wellcan be studied to a certain extent with a periodic boundary
described by the formulAv~2eE,/m;ky. It can be con- condition code. However, nonperiodic boundary conditions
sidered as a remnant of the particle trapping in a slightlywould allow a more realistic description of the power depo-
magnetized plasméwith wy> w¢;) when the wave absorp- sition of the excited IBW in a nonuniform plasma.
tion occurs before a full ion Larmor orbit is completed. In The model used here, although too simplified for a direct
the debate about the “Bernstein-Landau paradpk4,15, comparison with the experimental results, has allowed us to
our results show that although we have only~4w.;, the investigate the basic kinetic aspects of the interaction of an

VI. SUMMARY AND OPEN QUESTIONS
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externally driven, purely electrostatic wave with a magne-ion mass value, is under development starting from the re-
tized electron-ion plasma. Since the full analysis of ansults presented in this paper.

electron-ion plasma, which must resolve both the electron
and the ion time and spatial scales, is extremely time con- ACKNOWLEDGMENTS

suming, the results presented here, although for a reduced The authors wish to acknowledge useful discussions and
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