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Vlasov-Maxwell simulations of high-frequency longitudinal waves in a magnetized plasma
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The plasma response to the injection of a propagating purely electrostatic wave of finite amplitude is
investigated by means of a kinetic code which solves the Vlasov equations for electrons and ions in the
three-dimensionalone spatial and two in velocity, 1D2\phase space, self-consistently coupled to the Max-
well equations. The plasma is uniformly magnetized, and the wave frequency close to the cold upper-hybrid
resonancawy= \/wzpe+ w2, is considered. Coherent structures are formed in the phase space that would be
completely missed by a hydrodynamic analysis. In particular, in the early stage of the interaction, the initially
unperturbed equilibrium electron distribution is strongly affected as a whole by the pump, taking a ringlike
shape in the velocity plane transverse to the magnetic field. Then, a sort of instability occurs, leading to the
broadening and flattening of the electron distribution.
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[. INTRODUCTION the resulting electron distribution functioieDF). A short
summary and concluding remarks are given in Sec. V.
The physics of the propagation of electron Bernstein
waves(EBW's) [1] has been investigated for a long time in Il. THE MODEL

connection with their potentialities in the fields of heating , L —
and current drive in a magnetically confined plasma, for fu- The present investigation is based on a fully kinetic model

sion energy production purposég], as well as for astro- [9] of a magnetize_d electron-ion plasma unde_r f[he action of
physical applicationg3]. They are high-frequency, almost " externally applied _E_S wave. Coulomb.colllsmns are ne-
electrostatidES) kinetic modes of a hot magnetized pIasma,gleCted' The nonrelat|V|§t|c Vlgsov equations for eIeptrons
which are excited by wave transformation of an extraordi-2Nd Protons are numerically integrated together with the
nary mode in the region of the cold upper-hybrid resonanc&/@xwell equations for the self-consistent electric and mag-
[2], or as a result of the parametric decay of an electromag€tic fields[10]. With reference to a physical system charac-
netic wave[4]. Recently, renewed interest in the use of (€fized Dy one spatial dimensién and two velocity degrees
EBW's has arisen in connection with their application to©f freedom 6,,v,), and completely uniform in the,z
reversed field pinches and spherical tE6i-8]. Generally ~Plane, the relevant equations are written:

speaking, since EBW frequencies are in the range of the f Jf
electron cyclotron frequency, their propagation and absorp- 2, ~ 2
tion properties can be well described in the framework of dt 7 dx
linear and quasilinear theories. However, due to the increas- of
ing demand for radio frequency input power in large fusion +[E,— Bzvx]—a] =0, (1)
machines, bearing in mind that EBW’s are excited in the duy

region of a plasma resonance, the local wave electric field

can achieve large values which may trigger a nonlinear dEx:f f do. ot (X0, 00 )

plasma response. In this work, we describe the results of X XY IR T Ty
Vlasov-Maxwell numerical simulations of the interaction of

a driven ES wave with frequencyy~ wp gnd kopLe~1, _f j v, oy fe(X,0y,0y 1), )
wherew,, andp . are the cold upper-hybrid frequency and

the Larmor radius of thermal electrons, respectively. The

of
—Aa[[Ex<x,t>+Edr<x,t>+Bz<x,t)vy]—&va
X

pump is taken in the form of a purely ES wave propagating By &Bz_f f do.dowouf (X,os 00 )
perpendicularly to a uniform and stationary magnetic field. A ot IX XETYRYTREXa Ty
one-dimensional slab geometry and two velocity compo-

nents, those perpendicular to the magnetic field, are consid- +f f do.d £ (x t 3
ered. A fully nonlinear regime of interaction is studied, oxdvyvyfelxvxvy b, @

where the electron quiver velocity is of the order of the ther-

mal speed of the electrons. To our knowledge, this represents B, B f7_Ey
the first fully kinetic investigation, although in a simplified a - ox’
geometry, of the magnetized plasma response to a large am-

plitude propagating ES wave. The physical model is prewith periodic boundary conditions, in the intervat
sented in Sec. Il. The macroscopic plasma response is dig=[0,6\q], wherex, andky=2m/\ are the wavelength and

cussed in Sec. lll; Sec. IV is devoted to the presentation ofhe wave vector of the pump field, respectively. An external
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uniform and constant magnetic fieBh=Bye, is applied at —4 “)
t=0. During the evolution of the system the continuous 0
feeding of the ES wave, propagating along the positve _  _,
direction, i.e., 0.0 05 10 15 2.0
t
Eqr=asin(kox— wot) €y, 5 L (B)
causes the generation of the self-consistent field component 1.3W
Ex.Ey,B,. In Egs. (1)—(5) dimensionless variables have 0.0
been used according to the following substitutions;t 0.0 0.5 ro 1.5 2.0
—t, vic—V, wpric—r, f,6%n—f,, eE(B)/micwy,
—E(B). Moreover,A;=—1 andA.=m;/m,=1836. 1.025 (©)
The aim of the present investigation is to study the non- , 4,
linear wave-plasma interaction occurring when a large am- 0.975W
plitude ES wave propagates close to a resonance in a mag 0.0 0.5 1.0 1.5 2.0

netized plasma. Specifically, we have chosen a propagating !

longitudinal wave with a frequency close to the upper-hybrid  FiG. 1. E, (a), n, (b), andn; (c) are shown as functions of at
resonancewy= wyn= \/w2pe+ wcze, and a wave vector such x=0.0018, forw,=60 anda=3x10"*.
thatkop e~1. Here,ope andw¢e are the plasma and cyclo-

tron frequencies of the electrons, respectively, apdis the  gnergy is increased by an order of magnitude. Moreover, it is

Larm(l)r raﬁds|us of thermal electrons. For a low-density ( geen that, although in the transient phase 1) appreciable

= 10" cm™?), low-temperature Te=T;=10 eV), magne- gnisotropies can occur, the energy gain on longer time scales,
tized Bo=1 kG) plasma, we have the follngmg values of ayeraged over space, proceeds with the same rate on the two
the <j_|£nen3|onless parameter@,je~l.03>< 193 » No=6.58  gegrees of freedom transverselyBg. However, at a given
X107, pe~1.05<10°", p=4.48<10°°, wo=wun  position, the EDF still manifests its anisotropy at all times, as
=60, wce~42.2, 0:;~0.023. The phase velocity of the giscussed below.

pump wavep ,~6.3x 10", corresponds to a refractive in-  The frequency spectra of the electric i, |2 (a), of the

dex of N, ~ 159 (Ky=9.5x 1935) such thakop e~1. More-  electron density perturbatidn,, |2 (b), and of the ion den-
over, Be=Te/MC"~2x107", Bi=T;/mc*~1.1X10 " ity perturbation|n; ,|2 () averaged over the integration

Finally, the electric field amplitude of the pump has beenyangex <[0,6),], are displayed in Fig. 3. Here, the peaks at
taken as 2 kV/cm, in such a way that the ratio of the ES towce%42_2’ atw,=60, and at its lowest-order harmonics

the electron thermal energies is close to unity. It correspond(szwom 120, 3we~180) can be seen.

_ _4 . .
toa=3x10"" From the above figures it appears that, for a pump fre-
quency of 60, the plasma response turns out to be basically
linear for the ion component, while it manifests a nonlinear

In order to characterize the Macroscopic pronerties of th(g)ehavior as far as the electrons are concerned.
' ' 1z SCOPIC properties We now turn to the description of the time evolution of

plasma under the action of the applied ES wave, let us ex-
amine first the space-time behavior of the hydrodynamic
guantities associated with the electron and ion populations
In Fig. 1 thex component of the electric fiel&, (a), the
electron densityn,, (b), and the ion density; (c) are shown
as functions of timet, at the spatial locatiorx=0.0021.
Here, the normalized pump frequency dg,=60 and the
field amplitude isa=3x10 4. The electron density mani-
fests quite regular oscillations of the order ©20% of the
unperturbed value. The ion density is perturbed to a less
extent and shows a slow transient dynamics in response ti
the sudden initial appearance of the wave perturbation. We,,
notice that the electron responé® is harmonic where the
ion perturbation is smalldithat is, fort>1.5), while it has a
nonregular character where the ion density is more heavily ,
perturbed(for t<1.5).

In Fig. 2, the average electron “temperatufg;’ (a) in the
x and T, (b) in the y direction, defined as(Tyy))x
=(([vxey)— (Vx(y))v]*W)x (that is, normalized to the initial
temperaturelT,, and averaged over the spatial coordinate FIG. 2. The electron temperature alorga) and alongy (b)
are plotted as functions of timé Figure 2 shows the (T,.(x,t)),, averaged oveke[0,6\,], is plotted versus time,
achievement of a quasistationary state in which the electrofor wy=60 anda=3x10*.

Ill. THE NUMERICAL RESULTS
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the EDF under the action of the propagating ES wave, whiclprocess of “depletion” of the EDF from the region around
represents the principal outcome of a kinetic analysis. v,=0, with the consequent formation of a ring-shaped dis-
~ The numerical integration of the relevant system of equatribution (the pointlike contours correspond to the section at
tions allows us to compute the temporal evolution of thevy=const of the “rings”), occurs during the early times of
EDF fo(X,vy,vy). In order to have a full picture of the phys- the temporal evolution<t. (a)—(c).
ics resulting from our simulations, we shall base our discus- A more smooth representation of this dynamics is shown
sion on three different representatlorjs of the E(I_§Ee Fig. by the spatially averaged EDfo(X,vx,0,))x [se€ Fig. 4)].
4): (i) the contour plots of ¢(x,vy,v,) in the veloclt%/ SPace  Notice that plots(e) and (f) are taken at the same tinte
(vx,vy), at a given spatial positionx=2.5}10"" (@=  _5 3 for the sake of comparison. The spatially averaged
(©),(e); (i) thetcon_t%ur pC:Oti ;fééibv_xgvé)_ n thtf] phase EDF corresponds to what could be observed by means of a
tscf)arcel(c(),tg%f af lzy_ an) X= hich is s( ;’t'gllll) aee(r::n(;,d diagnostics of finite spatial resolutiof@s, for example, x
ovtézrf [0 6)\<]e i):;lt)ﬁév\)/le%é(’:itwsl aclev(x P )' (fgl verag rays, electron cyclotron emission, Thomson scattering).etc.
Thee CO,ntO(L)jI: plots of theyElgF in tﬁé vel.ocity spacemdeed’ the formation of a ringlike structure followed by a
. _ mixing in velocity space and by the achievement of a nearly
(uy,vy) are shown at subsequent t 0 @, t=0.1(b), (but not completelyisotropic average EDF is observed. The

and t=0.16 (c). Notice that the normalized times corre- i behavior of the fluid ol Ei
sponding to an electron cyclotron period and to a wave pe2Symptotic behavior of the fluid plasma parametee Fig.

fiod are t,=2m w.e~0.15 andty=2m/wo~0.1, respec- 1), and of the EDRsee Fig. 4 suggests that aft_er a few tens_
tively. Initially, for t<t,, the bulk of the EDF undergoes at of e_Iectron cyclotron periods an almost stationary state is
the same time a “rotation” and a *“diffusion” in pitch angle, achieved by the system. . .

due to the mismatch betwean, and w.., producing an _ The two-dimensional distributiofie(vy,vy) is shown in
annular structure in the velocity space. At subsequent timeKig: 5, att=0.1(a), andt=2.14 (b), for x=2.5x10"*.
(0.1<t<0.6), the system goes through a phase characterized BY inspection of Fig. 4 we can state that initally a good
by a multipeaked EDHsee, for example, plofc)], during ~ €stimate of the energy gained by the electrons is of the order
which different parts of the velocity plane mix up, leading to of the quiver energy?, wherev =aA o/ wy~9.2x10 3. Af-

an increase of the typical width of the EDF. Notice that thister a few upper-hybrid periods$,,= 27/ w,,~tg~0.1, col-
part of the temporal evolution corresponds to the irregulatective effects begin to play a role and electrons are trapped
fluctuations of the electric field and of the electron densityand accelerated in thedirection before a full cyclotron orbit
displayed in Figs. (g and Xb). After severalt.'s (e), a sort is completed. Notice that, due to the large amplitude of the
of instability takes place, which tends to redistribute the elecpump, the bounce frequency is quite high,= (aA ¢ko)*/?
trons in order to flatten and broaden the distribution function~=72, so thatv, can achieve the values olw{+ wy)/Kg

a kind of quasistationary state is then achieved with a more=1.4x 10 2 or even (2vg+ w,)/Ke=~2X 102, if the exci-
regular EDF, which, however, still presents anisotropic featation of the second harmonic of the pump is considésee
tures, which will be discussed below. The phase spac€ig. 3). These values well describe the “average” EDF in
(x,vy), atvy=0, is shown in Fig. &). It is seen that the Fig. 4(f), although, locally, higher velocities can be reached.
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The main features of the EDF change in the course oflergo any resonant interaction, is a signature that they are a
time. In the early phase, withint3 or 4t., a typical ring- “memory” of the structure of the pump wave which is
shaped distribution is formed, although it may be quite ir-caused by the ballistic motion of the particles. Since these
regular, giving rise to a strongly anisotropic distribution: thefeatures depend on the phase of the wave, they disappear
electrons are brought almost all together and are acceleratedhen the spatially averaged distribution is calculated.

to v, while the Larmor rotation redistributes the acquired
energy in the azimuthal angle. At later times, when a collec-
tive plasma response occurs, the EDF is widened, flattened,
and made quite isotropic, up to velocities of the order of The nonlinear interaction between a driven ES wave,
0.02-0.025, which correspond to an increase of the electropropagating normally to the external uniform magnetic field,
temperature of one order of magnitude. When the quasistand a collisionless electron-ion plasma has been investigated
tionary distribution is establishetthat is, typically, fort by means of a Vlasov-Maxwell code. The aim has been to
>1), some regular structures appear, which depend on thmodel the propagation of a large amplitude EBW close to the
space location under consideration. They are in the form ofipper-hybrid resonant layer. It is shown that a high-
“tips” in the negativev, part of the velocity space, and ro- frequency ES wave produces a ringlike EDF, characterized
tate counterclockwise at the Larmor angular frequefs®ge by a strong anisotropy in the velocity space, during the early
Fig. 4e)]. They are absent when the spatial average of th@hase of the interaction. Later on, after few cyclotron peri-
EDF is taken[see Fig. 4f)]. Such structures have already ods, the strong perturbations induced by the wave in the EDF
been observed in the kinetic simulation of ES waves aroundesult in the collisionless heating of the electrons and in the
the ion cyclotron harmonic§ll]. The regularity of these achievement of a quasistationary state, characterized by quite
features, the fact that they rotate following the Larmor mo-regular, harmonic oscillations of the electron density of
tion of electrons, and their existence outside the trapping-20% of its unperturbed value. These large amplitude den-
region only, that is, where the charged particles do not unsity oscillations are supported by a strongly nonequilibrium

IV. CONCLUDING REMARKS
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order of magnitude. However, locally, regular features in the
negativew, half space appear which are related to the initial
phase of the wave. They are quite stable and “rotate” coun-
terclockwise according to the Larmor motion of the elec-
trons. The occurrence of such a regular perturbation of the
EDF is interpreted as the signature of the external perturba-
tion which affects the EDF in the resonant region, but has no
time to develop shorter and shorter scales in the velocity
space, and to phase mix. In contrast, the Larmor rotation
brings the perturbed electrons out of the trapping region so
that the imprinting of the external perturbation is not can-
celed out, until they undergo a successive “application” of
the wave. The effect in the long run is that the local EDF in
the presence of a large amplitude ES wave manifests a dy-
namical structure, which remains appreciably anisotropic in
the plane perpendicular to the external magnetic field all
along the interaction.

The present analysis is limited to a plasma with one spa-
tial and two velocity dimensions. The inclusion of the elec-
tron dynamics in the direction of the magnetic field would
require the introduction of two more dimensiongndv,,
with a substantial increase in the computational demand.
However, in the more realistic situation where a finitgis
taken into account, we expect that the above phenomenology
still takes place provided the electrons, streaming aBpg
make many cyclotron orbits before escaping from the inter-
action region (with typical spatial scaleL;,). If L

FIG. 5. The electron distribution functioi(v,,v,) is shownat ~ ~2 €M is_ considered, we can estimatéin/t;
t=0.1(a) andt=2.14(b) for x=2.5x 1073, ( LintBO/\m)% 10%, where tine=Lint/vre. Therefore, if
the plasma is strongly magnetized, our model looks satisfac-

distribution function, which presents several interesting fealory-
tures. The quasistationary EDF, averaged over the spatial
range of integration, is wider than the initial one, flat in the
central part, and quite isotropic in tHe,,v,} plane, corre- Part of this work was supported by the INFM Parallel
sponding to an increase in the electron temperature by aGomputing Initiative.
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