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PHYSICS OF PLASMAS VOLUME 6, NUMBER 7 JULY 1999

The energy injection into waves with a zero group velocity

M. E. Dieckmann,® S. C. Chapman, A. Ynnerman, and G. Rowlands
Space and Astrophysics group, University of Warwick, Coventry, CV 47 AL, United Kingdom

(Received 9 February 1999; accepted 23 March 1999

The frequency maxima of electron cyclotron harmof{€H) waves provide strong responses to
sounding in various plasma regimes in the solar system. The frequency maxima correspond to
waves for which the group velocity and thus the energy propagation velocity in the plasma frame of
reference is zero. A particle-in-c€lPIC) code is employed to show that the propagation of wave
energy at a non-zero velocity, necessary to couple energy from a stationary antenna to the plasma,
is accomplished by propagating wave precursors. The undamped waves at the frequency maxima of
the ECH branches are nonpropagating hence the waves remain localized. It is demonstrated that the
nonpropagating waves, built up by the wave precursors, are standing waves. The standing wave
generation is followed from the linear to nonlinear regimes. For nonlinear emission amplitudes the
emission causes a plasma density depletion close to the antenna. The depletion is shown to trigger
a modulational instability in which the ECH wave collapses. The generated nonlinear standing wave
also develops an electromagnetic component which couples the electrostatic ECH waves to the fast
extraordinary wave. ©1999 American Institute of Physids$$1070-664X99)00707-7

I. INTRODUCTION analyzed by separating its frequency spectrum into intervals
. i i with distinct wave properties. It is shown that the emitted

The wave injection into media supporting waves an_d thq/vave packet consists of propagating waves being responsible

properties of the generated wave packets have been INVESES, the energy transfer to the plasma. The propagating waves

?nfgid S'T‘ :aelta_'sl 'QI Raef.s 1';:;;@ dlt Sas gegnfs:]e?w:n;hrzt tAh enerate nonpropagating standing waves with frequencies
In sig ! ways p y wav u ' lose to thef,. These standing waves remain spatially con-

interesting case should arise when the group velocity of th(ﬁped. The wave mode responsible for the coupling of wave

generated wave is zero. In this case the main signal Cann.%nergy to thef, is identified.

propagate. The focus here is on electron cyclotron harmonic In Sec. Il we compare simulation runs for a ranae of
(ECH) waves. The linear dispersion relation for these waves duall - . F; & fields with th o ]9
has multiple solutions for which the wave group velocity is gradually increasing antennanieids wi € emission ire-

zero. These particular wave solutions, referred to ad gfse quency and the emission duration kept constant. The plasma

are important for plasma sounding experiménfhe injec-  '€SPonse to the emis§ion is folllowed fro.m the linear to non-
tion of wave energy and the consecutive sampling of thémear regimes. For high emission amplitudes the generated

electric fields at these frequencies gives rise to a strong anff@Veé Perturbation can no longer be described by the linear
long-lasting plasma response to sounding. dispersion relation that was calculated for the initial values

We employ the electromagnetic and relativistic particle-Of the plasma. Its central wave number is shifted towards
in-cell (PIC) code, described in Ref. 3, to investigate thelower values which would put the perturbation into a plasma
energy transfer into the plasma for these frequencies. Théegime supporting only transiently damped waves. The per-
simulations are restricted to one spatial dimension. ECHurbation is, however, weakly damped or undamped.
waves close to the frequency maxima are, in the linear case, In Sec. IV the focus is on the nonlinear plasma response
electrostatic. Numerical simulations show that this is noat thefy. The generated perturbation is shown to be a stand-
longer true once the wave amplitudes reach a nonlinear réng wave. Its frequency is broadband, centered af¢heand
gime. Then an electromagnetic code is required. its central wave number is shifted towards lower valuek. of

In Sec. Il the linear coupling of wave energy from the This shift to low wave numbers is related to an increased
antenna to the plasma is examined. The linear dispersioplasma temperature at the perturbation’s location. The per-
relation for undamped ECH waves, propagating perpendictturbation is shown to collapse when the spatial extent of the
larly to the magnetic field, is solved. This provides the fre-plasma density depletion, generated by the emission,
quency of thef, as well as the wave group velocities of the matches the wavelength of tiig. This is a strong indicator
ECH wave branch under consideration. The PIC code is thefhat thefq perturba’[ion Co||apses by means of a modulational
employed to model the emission of a finite wave pulse withinstability. The plasma density depletion is connected with
its central frequency equal to tig. The antenna is modeled the puildup of currents perpendicular to the ECH wave vec-
by applying forced electric field oscillations to two neighbor- o and the background magnetic field. The current system is
ing simulation grid cells. The emitted wave packet is thenghown to decrease the magnetic field strength close to the
antenna. The perturbation at tfig gives rise to an oscilla-
dElectronic mail: markd@astro.warwick.ac.uk tory component of the ambient magnetic field oscillating
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FIG. 1. The undamped solutions of the linear dispersion relation for ECHFIG. 2. The electrostatic wave power contained in the simulation box as a
function of time. The emission frequency is that of fe The vertical solid

waves propagating perpendicularlylioin the frequency intervabe [3,6]. R T b
The two bottom dashed lines are the, . The uppermost dashed line is the line is the emission’s end after which the wave power slowly decreases. The
weak damping shows that most wave power is concentrated on the un-

emission frequency. Its intersection point with the ECH wave dlsper5|ondamped ECH wave dispersion relation.
relation is thef, .

with the f's frequency. As a consequence, electromagnetiéimensional and permeable. The polarization of the forced
waves are generated by an electrostatic sounder. The resuglectric fields is in the simulation direction. The antenna is

are discussed with view to the plasma sounding experimenthus an electrostatic antenna.
The emission duration is 30 wave periods. In what fol-

lows, the timet is normalized to one emission wave period

Il. THE LINEAR PLASMA RESPONSE AT THE F, T, that is~t=t/T=tfq. Thef is the frequency maximum of
the ECH branch found betweem5 and 6w.. The emission
amplitude is 0.25 V/m. With a grid cell length of four
We solve the linear dispersion relation for an electronmeters, this corresponds to a peak potential difference of 1 V
plasma described by a single Maxwellian velocity distribu-between the antenna and the surrounding plasma. This is
tion. The ambient magnetic field is perpendicular to the wavesonsiderably less than, for example, the 80 V peak to peak
propagation vector. In this case the plasma supports linearlgotential difference between the two antenna pldies,
undamped ECH waves. The electron thermal velocityyis  twice the potential between one antenna plate and the sur-
the electron cyclotron frequency is denotedegsand is set  rounding plasmpof the Ulysses soundér.
to 10 kHz. The electron plasma frequencywis=4w.. The The wave power, integrated over the wave number inter-
electron temperature is 2.5 eV. In what follows, all frequen-val excited by the emission, is plotted versus the normalized
cies are normalized to the electron cyclotron frequency an@me in Fig. 2. The power is smoothed by averaging over one
all wave numbers to the inverse electron thermal gyroradiugvave period and it is normalized to the peak power. The
wclvp. vertical solid line indicates the emission’s end. One notices
The ECH wave solutions in the interval between an approximately linear increase in the power as a function

=3w; and w=6w. are shown in Fig. 1. Overplotted as 7 yntil the emission’s end. Then the power gradually drops
dashed lines are the harmonics of the cyclotron frequencyniil the simulation’s end.

and the frequency of thg, that is investigated. The simulation did not show any significant wave power

at any value ofw,k other than those corresponding to the
wave packet. Thus the drop in power cannot be assigned to
wave—wave coupling to wave modes which are not part of
The employed PIC code uses periodic boundary condithe emitted wave packet.
tions. The simulation box dimensions are such that no sig- Electron trapping can also act as a nonlinear wave damp-
nificant wave energy touches the boundaries until the simuing mechanism. The trapping of particles by ECH waves is
lation’s end. The simulation box consists of 500 grid cells,described in Ref. 5. The analysis there is, however, valid
each with a length of four meters. The electron distributiononly for wave frequencies close to a harmoniawfwhich is
function is represented by 4608 particles per cell and theot the case for thé,. The emission amplitude has never-
proton distribution function is represented by 2312 particlegheless been chosen such as to generate wave packets with
per cell. The antenna is modeled by applying forced electri@amplitudes less than the electric field required to trap elec-
field oscillations to the simulation cells with the number 250trons if the analysis in Ref. 5 would be valid for thgunder
and 251. The forced oscillations at both cells have an oppoconsideration.
site phase. This model corresponds to an antenna that is one To identify damped wave modes we Fourier transform

A. The linear dispersion relation

B. The linear antenna-plasma coupling
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FIG. 3. The electrostatic wave power as a functiork 6 shown for three  FIG. 4. The solution of the linear dispersion relation for ECH waves propa-
simulation time intervals starting @t=30 (solid line), t =85 (dashed ling gating perpendicularly t@ between 5.26, and 5.5 . The dashed lines

andt=140 (dash dotted ling The vertical solid line is thé,. The wave  are the boundaries for the thragintervals into which the wave packet is
power remains constaifithin noise fluctuationsapart from the wave at  split up and examined in Figs. 5—7.

k~2.

o _ o . siently damped waves between theand the upper interval
the elgctrostatlc field dat@he fl'eld component_m §|mulat|on boundary. The interval 374:[5_42,5_42) contains no un-
direction over space and multiply the result with its complex yamped wave solutions of the linear dispersion relation.
conjugate. This gives the wave power as a functiok ahd To visualize the spatial distribution of the wave power,
t. The k,t spectrum is integrated over 10 emission wavewe apply a Fourier transform over time. We select the bins
periods each for three different simulation times. The resultorresponding to the three frequency intervals shown in Fig.
is shown in Flg 3. Plotted is the pOVXer, normalized to the4_ The time integration interval ranges fro‘ﬁq:48 to}:
peak power of the solid curve, versiks The solid curve =150. The power distribution in the interval 1 is shown in
corresponds to the integration intervale [30,40, i.e., the  Fig. 5. Plotted is the power, normalized to the peak power, as
time immediately after the emission’s end. The dashed lin@ function of the grid cell number relative to the antenna
corresponds td e [85,95 and the dash dotted line 1 e pos_ition. Two types of power c_listributions can be found. For
[140,15Q. The vertical solid line shows the wave number of  distance of less than 100 grid cells to the antenna the elec-
the f,. The three curves have a similar power for large and"'c field power has pronounced maxima and minima. Since
for low values ofk which shows that the wave modes are the exgted waves have a p_hase vglomty d|fferent from Z€ro

. .~ -~ and since the field power is obtained by integrating over
undamped. For increasing the wave power ak~2 de-

This d S litatively  diff ; h time, the wave perturbation must be a standing wave. The
creases. This damping Is qualitatively different from the, ;o5 of the minima do, however, not reach zero which

Fjamping de.scr~ibed in Ref. 5. There we would expect damp|'ndicates that the perturbation also has propagating wave
ing of the highk modes.

The distribution of the wave power suggests that the

high'’k modes carry less wave power than the fownodes.

This is not necessarily an indicator for wave damping due to 1

trapping. The antenna does not couple equally strong to all

wave modes, it couples predominantly to frequencies close _08t

to the emission frequency and to high wave numbéhne g

strong localization in space implies that most power of the Eoe—

antenna electric fields is at high wave numbers 8

Eoal

C. The spatial distribution of the linear wave power z
We now look at the power distribution in space of the 0.0-

emitted wave packets. The power is extracted from the elec-

trostatic field data by filtering out specific frequency compo- .

-200 -100 0 100 200
Grid cell number

nents. The frequency intervals are shown in Fig. 4. Plotted is
o versusk of the ECH waves close to the investigatkgd

The interval 1 '@: [5.32,5.37) contains waves with a group FIG. 5. The power distribution in the interval 1 as a function of the distance
(in grid cells from the antenna. The wave power close to the antenna has

VelOCity of |Ugr| :(_)-1 or |arg?r- The interval 2 “( pronounced maxima and minim{atanding wave Further away the wave
=[5.37,5.43) contains waves withv gr| < 0.1 and the tran- power is a smooth curvéropagating wave
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0.7 relation. The spatial extent of the perturbation is approxi-
mately the same as the one in Fig. 6.

061 From Fig. 5 to Fig. 7 we conclude that the emission at
o5l the f, generates both propagating and nonpropagating
g waves. The nonpropagating waves can be identified by a
dgal pronounced separation of the electric field energy into
E maxima and minima. The propagating waves were found in
Eo.s— the frequency interval 1 whereas the other two frequency
g intervals contained only nonpropagating waves.

021 The wave group velocity ab=5.345, the center of the

04 frequency interval containing the propagating waves, s

~0.3y,. The time interval between the onset of the sound-
Qhanas s ing and the end of the data window analyzed in Figs. 5-7 is

-100 -50 0 50 100

Grid cell number 150 emission wave periods. The grid cell size is 4 meters.

o _ _ ' Together with the group velocity of the wave mode at the
F_IG. 6 The power distribution in the interval 2 as af_unctlon of the dlstancecentral frequency of the interval 1, which we assume to be
(in grid celly from the antenna. The power distribution shows pronounced . ..
maxima and minimastanding wave representative for this interval, we calculate that the wave
front must have propagated a distance200 grid cells. In
Fig. 5 wave forerunners extend up to this distance. They

ought to be weak, since they do not reach this distance until

components. For spatial distances from the antenna largghe eng of the data window. Thus the overall wave power
than 100 grid cells the pronounced maxima and minima d's\'/vith which they are represented in this window is weak.

appear and are replaced by a smooth curve indicating a In Ref. 1 it has been investigated how waves are built up

proqlc_':lr?atlng Wa\ée.'t ibution for the f int 2 by a sinusoidal perturbation with a finite duration. The finite
€ power distribution for the irequency Inteval 2 1S omisgion duration causes a spread of the emission power

shown n F_'g' 6. Plotted is the_power, normalized to the peai%)ver a finite frequency range. This causes the generation of
power in Fig. 5, versus the grid cell number. Here, the sepa-

. L = ) : wave forerunners with frequencies other than the emission’s
ration into electric field minima and maxima is more pro-

) . . central frequency. In our case, these forerunners are the

nounced than in the previous plots and here any contribution . . L .

waves in the interval containing the propagating waves. If

by propagatmg Waves I absent._ The pea_k power of the e individual wave components constituting the wave pack-
tral maximum is comparable in intensity to the power

S . ets have different group velocities they separate. This can be
maxima in the previous plots. n from Figs. 5—-7. Wher the waves in Figs. 6 and 7
The power distribution for the interval 3 is shown in Fig. seen 1ro gs. 5=/ ereas the waves gs. ©a

7. It is normalized to the peak power in Fig. 5 and it is cover the same spatial range, the waves in Fig. 5 have propa-

plotted against the grid cell number relative to the antennag.ated much further. The arrival of the signal at a given po-

The power levels are lower than those in the previous we'ton in Fig. 5 corresponds to a gradual buildup of a wave

plots. This is in agreement with the frequency interval Sup_electrlc field at this grid cell. According to Ref. 1 this also

porting no undamped wave solution of the linear dispersiorf°/"€SPONds to a spread of the wave component's power over
a finite frequency interval. This frequency spread covers the

nonpropagating, . The precursor can thus couple wave en-
ergy to thef,. This coupling then gives rise to the standing
0.1 waves distributed in space in Figs. 5—7. The buildup of the
wave at thef is also related to a finite frequency spread of
the wave which couples wave power into the intervaFR).
7). Hence the correlation of the wave power in space be-
tween intervals 2 and 3.

The standing waves far from the antenna have been gen-
erated by the transfer of wave power from a propagating
wave to a honpropagating wave. The transfer of wave energy
between two waves with a differerk should reveal the
propagating waves involved. The solid line in Fig. 3 indi-
cates that the buildup of the standing wave has been
achieved during the wave emission period. The wave power
Q2L \ \ close to thef, shows no peculiarity. The antenna replaces

~100 -0 D 50 100 the power lost by the propagating wave which complicates
Grid cell number
S . . _ the identification of the propagating wave responsible for the
F_IG. 7. The power distribution in the interval 3 as af_unctlon of the d|stancebui|dup of the spatially extended standing wave. Figure 7,
(in grid celly from the antenna. The power distribution shows pronounced .
maxima and minimdstanding wave The overall power is lowthe waves however, showed that the Standmg wave has wave compo-
are dampey nents that are transiently damped lofag least 18 emission

o o
(] o
o o0

Normalized power
o ;
(=]
&

o
=
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wave periods after the emission’s end due to the choice ofvave energy. The power at thfg is at a local minimum
the integration intervalafter the emission has finished. which is, however, still large compared to the noise levels.
The power lost by the transient damping must now origi-The noise levels are lower than the values shown on the
nate from somewhere. Figure 3 reveals that the wave witleolorbar. The noise is distributed over the simulation box
k~2 is damped and the reason has not yet been identifietvhereas the signal is concentrated near the antenna. Thus the
The group velocity ak~2 isv~0.0%,. By the end of the signa.l power, if present, is.large _compar(_ad to the noise.
simulation this wave should have reached a distance of Figure &c) shows the dispersion relation for the simula-
~35 grid cells away from the antenna. This roughly corre-tion with E5. The increased emission amplitude did not in-

sponds to the spatial extent of the standing wave perturbatioff€as€ the power of the ECH waves propagating on the un-
in Figs. 6 and 7. Th& interval in Fig. 4 that supports the damped solution of the linear dispersion relation, indeed the

damped precursors covers wave numbers with group velocROWer of the ECH wave &~2.3 is found to decrease. At
ties up to twice the value of 0.05 which can account for he same time the wave power placed on the transiently
the flanks of the standing wave. The buildup of the standingl@mped wave solutions close to the ECH branch has in-

wave thus seems to be linked to the damping of the propacreased relative to the power placed on the linearly un-
gating waves ak~2 damped ECH branch. This indicates a nonlinear damping

mechanism acting on the waves propagating on the linearly
undamped ECH wave branch with the damping being stron-
I1l. THE DEPENDENCE OF THE PLASMA RESPONSE

AT THE f, ON THE EMISSION AMPLITUDE ger for the ECH wave at higk. The property of the damp-
. . . . ) ) . ing mechanism of beinl selective is what we would expect
A series of simulations is performed in which the emis-,6m nonlinear Landau damping due to trappiibhe analy-
sion duration and frequency are kept constant while the amsis iy Ref. 5 would. however predict that the maximum
plitude is varied. The emission electric fields alg:=0.25 power supported by the ECH wave branch does remain con-
Vim, E;=0.5 Vim, E3=1.0 V/m, E,=2.0 VIm, Es=4.0  giant once the nonlinear saturation wave amplitude is

VIm, andEg=6.0 V/m. The highest emission amplitude cor- eached. This does not agree with the observed decrease of

responds to a potential difference of 24 V between the aNg o wave power &~2.3. In Ref. 5 trapping by a monochro-

tenna and the surrounding plasma. If the simulation antennl%atic wave close to a harmonic of the cyclotron frequency

would consist of two plates, as “real” sounders do, the peakh . . :
o ’ ’ . .H ECH k-
potential difference between both plates would be 48 V. This as been investigated. Here we excite two ECH wave pac

o with fr ncies in ween two harmoni f. In
potential is still less than, for example, the sounder onboar((i\tS ., th frequencies in between two harmonicsag
the Ulysses experiment applies between its pltes addition the absorbed wave energy heats the plasma chang-

R : . L . ing the linear dispersion of the ECH wave modes close to the
Six simulations using the electric field amplitudes have 9 P

been performed. The plasma parameters were as in the sim%r-]tenna' The trapping characteristics may thus differ.
P ) P P In Fig. 8(d) the dispersion relation for an emission am-

lation in the preceding Section. The number of particles per -
P : P P litude of E, is shown. The power peak &t2.3 has now

cell are, however, reduced by a factor of 4 for both the elecP . o 3
tron and the proton species. been replaced by a continuous distribution with a low power

The electrostatic field data, i.e., the electric field in simu-level over a wide frequency range. The power peak at
lation direction, betweem= 30 andt =150 is Fourier trans- ~1.7 has not increased in overall power but is now spread
formed in space and time. over a largek range. The reason for the spreackiis exam-

In Fig. 8@a-8(f), the power as a function ob,k is inedin Sec. IV for an emission frequency i6§. There it is
shown for the six emission amplitud&s to E¢. Plotted is  shown that the spread is partially due to a shifkimf the
the normalized frequency versus the normalized wave numfrequency maximum in time and it is partially caused by a
ber. The power is plotted on a lpgcale with the power spread ink of the wave perturbation.

being normalized to the peak power in Figf)8 Overplotted Figure 8e) corresponds to the emission amplituBe.
as a solid line is the solution of the linear dispersion relationpe power peak at lovk has been shifted towards even
The dashed line shows=5. lower values than foE,. The main peak is now decoupled

Fig. 8(@) shows the case of an emission amplituddgf  from the solution of the linear dispersion relation. At the

described in the preceding Section. The antenna has Spre%dthan the linear dispersion relation would suggest.

wave energy over a Iqr@einterval along the solution of the Figure &f) shows the simulation dispersion relation for
linear dispersion relation. The frequency of the wave energyn emission amplitudEg. The main power peak is located

is close to the emission frequency ©f<5.4. Thefq carries gt k~1.1. The second power peak is propagating on the

significant wave energy. linear dispersion relation solution kt=1.7
Figure 8b) represents the emission amplitulie. The P o

wave power is concentrated at the wave numkerd.7 and
k~2.3. The simulation solution of the dispersion relation
matches the solution of the linear dispersion relation. The The electrostatic field perturbation produced by an emis-
concentration of wave power at the higher wave number insion amplitudeEg is shown in Fig. 9. Plotted is the logarith-
dicates that particle trapping does not yet absorb significaric power, normalized to the peak power, as a function of

IV. THE NONLINEAR PLASMA RESPONSE AT THE F,
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Dieckmann et al.

FIG. 8. (a—(f) show the simulation dispersion relations for the excited ECH waves for the emission amphtud@sto E¢ (f). For increasing emission
amplitudes the wave packet splitsknclose to thef,. The lowk component moves towards lowkrfor increasing emission amplitudes.

the simulation grid cell number relative to the antenna’s po-emission. The perturbation shows the pronounced power
sition and the normalized time. The emission ends at a timgnaxima and minima typical for a standing wave. &t 70
t=30. For visualization purposes, the electric fields at thethe perturbation collapses and waves can be seen propagat-
two antenna grid cells in the plot are set to zero during theng away from the flanks of the perturbation.
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FIG. 9. The~logarithmic power of the squared electrostatic field. The emisf|G. 11. TheB field strength. The contour lines correspond to 0.9996 to
sion (up to t=30 with the amplitudeEg) generates a wave perturbation 1.0000 in steps of 0.0001 frorh to H. The emission process and the

which then collapses dt=70. perturbation in Fig. 9 reduces tifield strength at the antenna. The fields
get stronger after the perturbation’s collapse.

By Fourier transforming the electrostatic field data in . .
space and multiplying the result with its complex conjugate,“”ear wave is generated at the flanks of the nonlinear per-

one obtains the power as a functionkof. The electric fields turbation, i.e., Wher_e the plasma has not been strongly af-
fected by the emission.

at the two antenna grid cells during the emission are set to . .
During the emission the electron temperature perpen-

zero to improve the dynamical range in Fig. 10. The loga- . o e
o . : dicular to the magnetic field direction increased. For an
rithmic power is plotted versus the normalized wave number. " . . o .

emission amplitud&, it increased by 0.2 percent, whereas it

and the normalized time. The power is normalized to the . . . .
~ ) , ~~ increased by 15 percent f@. Since the simulation direc-

peak power. Up td =30 the antenna is pumping energy into yjo, js perpendicular to the magnetic field, the electrons are
the plasma, in particular at high wave numbers. The antenng, iia|ly confined. The increase in the kinetic energy is thus
excites the ECH mode &t~1.5 and, while the wave power related to an increase of the particle temperature close to the
increases and the time proceeds, the central wave number ghtenna. The wavelength of the ECH waves is linked to the
the wave shifts to lower values &f At t~70 the structure electron thermal gyroradius. It is shown below that the
at lowk collapses and a wave &t 1.9 emerges. While the change inw during the simulation is of the order of 16 of
perturbation ak~ 1.2 can be associated with the power peakth€ initial value. It is thus negligible compared to the in-
at the same wave number in FigfB the power peak &k crease Mo fpr an emission amplitud&s. The 5|mulat!on .
~1.9 corresponds to the wave propagating on the undamp X size is fixed and the wave numbers are thus given in

ECH branch in the same figure. Figure 9 indicates that th& ysical units. Fi_gs. @-8(f) are' plotted in normaliz_ed
wave numbers using the electrow'g from before the emis-

sion. The physical wave number is related to the normalized

o wave number bk=Kkw. /vy, with k being independent of the
temperature. Increasingy, will thus shift the physical wave
number towards lower values. This causes the central wave
o number of the perturbation in Fig. 9 to move towards lower
06 values. The perturbation’s collapse then generates waves in
the surrounding plasma where the electron’s thermal velocity
has not been increased. These waves propagate on the un-
damped ECH branch in Fig(®.
2 In Fig. 11 the response of the background magnetic field
e (i.e., the component perpendicular to the simulation direc-
tion) to the emission is shown. Plotted is the magnetic field
strength, normalized to its initial average value, versus the
B grid cell number relative to the antenna and versuhe
o 05 41 15 2 25 3§  ° antenna is located at cell 0. The contour lines denote values

Normalized wavenumber of 0.9996-1.0000 in steps of 16 with the lowest magnetic
FIG. 10. The logarithmic power spectrum of the field perturbation shown infield strength indicated by ah and the highest magnetic
Fig. 9. The high emission amplitude shifts fef the perturbation towards ~ fi€ld indicated by ai. The minimum field is 0.9994 and the
lower values(due to electron heatingThe lowk perturbation collapses at maximum is 1.0001. After the emission has started-ad
T~70. the contour line 1.0000 rapidly moves towards large dis-
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tances from the sounder. The time over which the magnetic
field is pushed out is of the order of an electron cyclotron
period. The demagnetization slows down at a distance of 0.35¢

approximately 20 grid cells which corresponds to the elec- tZ” 03l
tron gyroradius of a particle with~5uvy,. This is the maxi- %

mum velocity up to which electrons were initialized in the 2025
simulation. The velocity with which the magnetic field per- 2 ool
turbation propagates into the plasma and the maximum dis- %

tance it reaches before its velocity decreases indicates that %0'15’
the early magnetic field perturbation is propagated by elec- Z 04f

trons.

o I 0.05¢
A
fter the em|SS|or1 §t9pped, ttlg magne.tlc field close to R ‘ ‘ ‘
the antenna further diminishes unti=70, which correlates 00 20 40 60 80

well with the collapse of the nonlinear wave perturbation at Grid cell number
thef, shown in Fig. 9. At even later times the magnetic field - ) .
at the antenna recovers in strength while the contour ling'G: 12 The loww component of the Fourier transform in time Bf

. . —(B). The contour lines show values of the logarithmic power frof to
1.0000 propagates into the plasma with a slow and almost< >_ . ~ 9 P L
0.5 in steps of 0.5. Wave activity at low close to the antenna indicates

constant velocity. The propagation velocity is approximately, proton reaction to the emission.
twice the thermal velocity of the protons. The times over
which the magnetic field recovers as well as the propagation

loci he timd > 70 indi hat the | ) | power, normalized to the peak power, range fromd to
ve ocity at the t'meft>, n icates that the late time evolu- _q g5 j, steps of 0.5. The wave power peaks at low frequen-
tion of the magnetic field is governed by the protons.

o X cies and at two points. One is close to the antenna and the
If the magnetic field perturbation at later stages would besg . is at relatively large distances from the antenna. At

governed by the protons, the proton kinetic energy shoulde) 30 the power drops, at low frequencies, by several orders
reflect this. For the case of an emission amplitiiciethe magnitude.

proton kinetic energy initially dropsnot shown by 2 At distances of less than 30 grid cells away from the

74 . . .
-10°" times the initial energy and then fluctuates by oneynenna the contour lines show strong wave activity over the
fourth times that value. The simulation electric fields aregptire frequency interval. At a distance of approximately 40

initialized as zero. The protons are initialized such as to giV%rid cells away from the antenna, the power distribution falls
a statistical representation of a Maxwellian velocity distribu- s quickly as a function of frequency. For distances increas-

tion. The st'atistical nature of the particle velocity distri'buti'on ing further, the low frequency noise converges to the power
causes noise electric fields to build up. The electric fieldyistripution of the unperturbed plasma. The Fourier trans-
energy is taken from the proton kinetic energy and thus thgyrm has been applied to an expanding magnetic field struc-
proton energy is diminished. ture. It is thus not useful to try to relate the strong noise
For an emission amplitudgg the proton kinetic energy power gradient at a distance of 40 grid cells to any physical

also drops initially but then increases by1® 2 times the : ; ~
initial enzrg Aftgr having reached its m);ximum the energ qugntlty. The povx'/e.r'droppmg 'off.at cell 30 aqd a0
y Yindicates that the initial magnetic field compression counter-

starts to oscillate. , s balances the consecutive magnetic field depredgibe fast
The temporal change in the magnetic field could gener-

ate electromagnetic waves. The magnetic field componeri:Ourler transformFFT) at =0 corresponds to a sum over

parallel to the background magnetic field as a functior,of € individual f|el_d V.a'“‘?s at one g”.d cell in time .
. . . . o The power distribution for the high frequency waves is
minus its mean value is Fourier transformed in time. The

result shows the spatial distribution of transverse magnetiéhOWn in Fig. 13. Plotted is the power, normalized to the

) ) ~ peak power in Fig. 12, versus the grid cell number and ver-
(TM) electromagnetic waves with a frequeney We now ~ . N
. susw. The contour lines for the logarithmic power ar&.5,
focus on low frequency wavdwhich are related to the mag- : .

S : . —4.9, and—4.3. The power increases from the outside to the
netic field evolution governed by the protorend on high = f th isible & here i ks, Th
frequency waveswhich are related to the emission processNSide of the structures visible ai~5.4 where it peaks. The
and to the fast initial evolution of the ambient magneticmagnet'c field is modulat(id by the strong electric fields of
field). the wave perturbation at the~5.4. This modulation can, in

The spatial distribution for the low frequency waves is Principle, generate fast extraordinary wave modes. The mag-
shown in Fig. 12. Plotted are contour lines for the normal-netic field perturbation is localized and has thus a spread in
ized power versus the grid cell number relative to the ank. Thef, perturbation oscillates with a frequency that is also
tenna and versus the normalized frequency. The plasma &1 undamped frequency of the fast extraordinary mode. The
homogeneous and the antenna electric field is symmetricomponents of the, perturbation withk,» matching the
The power distribution is thus symmetric to the antenna. Thevalues for the fast extraordinary mode could then be propa-
power for grid cells equally far away from the antenna’sgated away.
center has been summed up to improve the signal to noise That this is the case is shown in Fig. 14. The upper curve
ratio. The values for the contour lines of the logarithmic shows the electrostatic field energy, normalized to its peak
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FIG. 13. The highw component of the Fourier transform in time Bf 5 15 The solid curve shows the electron density distributioh~e30.

—(B). The contour lines show the values of the logarithmic power 5fS,  The gashed line shows it fdr~70 when the wave perturbation collapses.
—4.9, and—4.3. Wave activity at the emission frequency indicates that thetpe electron density is reduced by the wave. The depletion propagates into
strong electrostatic fields modulate tBefield. the plasma at a lesser speed than the fiéfit. 9).

value, versus the normalized time. Up’ftg 30 most of the ished and before the wave collapses, i.e., during the time
field energy is linked to the antenna electric fields. Then thévhen the high frequency modulations of the background
energy drops by one order of magnitude. At this stage modhagnetic field are strongest. The middle curve is the sum of
electrostatic field energy is contained in the perturbation athe lower curve and the magnetic field energy minus its ini-
the f,. This perturbation then collapses &t70 to be re- t!al valug. It'thus shows the energy cont.alned in the magnetic
pIacgd by the noise fluctuations. f!elq oscnlathns and the eIectromagnetlc waves. No substan-

The lowest curve shows the energy contained in thé'al increase in the energy can be linked to the growth of the

electric field component perpendicular to both the backlOWer curve. This shows that most energy is stored in the

ground magnetic field and the simulation direction, and isoscillations and only a small fraction is coupled into the fast

thus linked to the fast extraordinary waves. The curve i€Xtraordinary mode. This may have been expected since the
wave number of thé, perturbation strongly differs from the

normalized to the peak value of the upper curve. Upt to

. : wave numbers of the low frequency part of the fast extraor-
~40 the energy is down to~n0|se levels. Then the energ)éinary mode. The overall increase in the electromagnetic
grows to reach its final level at=60. The beat indicates that fie|q energy is small compared to the decrease in the electro-
the fast extraordinary wave has been excited over a widgtayic field energy. The collapse of the perturbation is thus
frequency range. The waves grow after the emission has finio¢ related to the electromagnetic instability. The coupling to
propagating linear electromagnetic waves could, for different
plasma parameters, be a saturation mechanism for the elec-
trostatic perturbation at thk, .

So far the reason for the sudden collapse of the wave
perturbation at thé, has not been identified. The magnetic
field depletion is weak, so one would assume that it is not the
trigger for the wave collapse. The particle kinetic energies
are, for an emission amplitudgs, strongly affected by the
emission and by the perturbation. The collapse of the pertur-
bation may thus be related to a particle property. In Fig. 15
the electron density profiles for two simulation times are
compared. The densities are integrated from20 to t
=30 (solid line) and fromt =60 tot =70 (dashed ling The
density is then normalized to the density averaged over the

0 50 100 150 simulation box and plotted versus the grid cell number rela-

Normalized time tive to the antenna. Both curves show a significant electron
FIG. 14. The three curves are the electrostatic field enaugper curvg density depletion close to the antenna and an increase in the
the electromagnetic wave field energiiddle curvé and the energy of the  electron density away from the antenna. The values of the
electromagnetic_ wavg electric field cqmponékmmer (_.':UI'VQ. qut wave density minima for both curves are Comparab|e. The dashed

energy is contained in the electrostatic fields. The increase in the electroéurve shows a minimum extending over a larger spatial in-

magnetic energy reflects tiiefield modulation by the emission whereas the ~ . . . .
lowest curve shows wave coupling from electrostatic into slow extraordi-t€rval at latert. This shows that the density perturbation is

nary mode waves. expanding even after the emission’s end. The expansion is

Normaized energy
(=

10
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FIG. 16. The solid curve shows the proton density distribution ~a80. '_:IG' 1. The. electron currerisollq line) .and t.he ;.)rotonﬁ curredgiaéhed

The dashed line shows it fdr=70. The protons react to the wave pertur- "T‘e). Pefper?d“’“'ar to both the simulation direction aBd The B field
; ) . o ~ distribution is upheld by the electron current.

bation which explains the wave activity at low in Fig. 12.

also slower than the expansion of the electric fields into th&MIssion generat_es two electron beams suppor_tmg the mag-
netic field depletion. The electron beams are in an almost

plasma. The electrostatic field perturbation at theeaches o S
its maximum extent of 40 grid cells at the emission’s endsteady.state._Thus the ”.‘agne“c field dgpressmn Is related to
(compare Fig. Dwhereas, at this time, the electron densitya gradlgntf.dlr(ljft_ C“"Fe”t’ :j.e_dBy/((j;FJ% i thedb_?crl](grqund
perturbation has spread over approximately 20 grid cell a_lgnetl|c eld 1s orlente_ |n.th3e Irection and it the simu-
(compare Fig. 1b ation direction is thex direction.
The proton density profiles are shown in Fig. 16. The In Fig. 18 the electrostatic wave power as a function of
tge grid cell number is shown. The wave power is integrated

curves in Fig. 15. The density minimum for the solid line is OVer th _ /
less pronounced both in its width and in its minimum value.Preceding the collapse of the wave perturbation. The time

As we might expect, the protons react more slowly than thdntegrated wave power shows again the minima and maxima
electrons to the emission. characteristic for a standing wave. The first power minima at

The density profiles for the dashed lines in Figs. 15 andhis simulation time are located at a distance of 10 grid cells

16 are comparable. In both cases the density is the averag¥/ay from the antenna. The particle density first recovers to
value at a distance of approximately 10 grid cells away fromin€ (normalized background value in Figs. 15 and 16 at the
the antenna. same locations. The wavelength of the waves involved in the
The ambient magnetic field at the antenna has been défanding wave(see Fig. 9 is 20 grid cells(since it is a
pressed by the emission. The magnetic field decrease mug@nding wave the wavelength of the waves involved is the

be related to a current in the plasma. The magnetic fieldlistance between every second power minimurfihis

quickly. In simulation direction the emission generated an

oscillating electric field perturbation. This perturbation in- 12
volves electron and proton waves. The bulk magnetic field '
evolution shows weak oscillations at ECH wave frequencies il

but the main part evolves on a time scale that is slower than
the proton current oscillations. No electron or proton currents
apart from noise fluctuations can be detected in the direction
of the background magnetic field. In Fig. 17 the currents,
perpendicular to the ambient magnetic field and the simula-
tion direction, are shown for the electron spedigslid line)

and the protongdashed ling The currents are integrated

over the time(after the sounding intervalt=60 to t=70

o
©

Normalized power
o o
P (=24

and are normalized to the maximum value of the solid line. 0.2y

The currents are plotted versus the grid cell number relative

to the antenna. The proton current is negligible whereas the S =0 -0 0 1 20 20
electron current correlates with the magnetic field profile in Grid cell number

Flg._ 11. There, the .Contour line 1.0000 at the titre70 is at FIG. 18. The wave power of thg, perturbation att ~70. The wave per-
a distance Of 30_ grid cells away f_rom the antenna- The elecymation collapses when the electron and proton density depletions in Figs.
tron current in Fig. 17 goes to noise levels at this value. Theas and 16 evolve to a spatial extent similar to the perturbation’s wavelength.
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time of the collapse. Figure 9 also shows that the perturbasufficiently strong perturbation electric fields, the magnetic
tion collapses from the inside to the outside, i.e., where théield oscillations can generate fast extraordinary mode
density depletion is largest. The timing of the collapse andvaves.

the spatial decay of the perturbation strongly suggest that the The emission also produced a plasma density depletion
mechanism responsible for the collapse is a modulationgor both the electrons and the protons. The density depletion
instability. propagates into the plasma more slowly than the electrostatic
field perturbation. Once the depletion size becomes compa-
rable to the wavelength of thig, perturbation, thef, wave
collapses by means of a modulational instability.

In this work the coupling between an antenna and the  Some of the properties of the wave perturbation may be
surrounding plasma has been investigated. The antenmgeneralized to three dimensions. The predicted properties
model corresponds to a one dimensional permeable and elegiay then be compared to the wave response spectrum given
trostatic antenna. The plasma is collisionless with one eledsy a plasma sounder. The electron heating due to electron
tron and one proton species, each with a single Maxwelliarapping is dependent on the electric field. The large poten-
velocity distribution. The emissions have been restricted to déial differences between the antenna plates of a plasma
wave propagation direction perpendicular to the backgroundounder are expected to heat the electrons causing a deple-
magnetic field exciting only undamped ECH waves. tion of the plasma density. The overall heating may, how-

It has been shown that the antenna can couple energy &ver, not be as effective as in the one dimensional case be-
wave modes with a group velocitfand thus an energy cause in a real plasma particles are free to move along the
propagation velocity of zero via non-zero group velocity magnetic field lines thus refreshing the plasma pool. At the
forerunners. The generation of wave forerunners by sinusame time the hot electrons can propagate out of the anten-
soidal emissions with a finite duration has been discussed ina’s vicinity. The plasma would then react linearly to the
detail in Ref. 1. In this work, the presence of wave forerun-wave perturbation at thé, up to higher ECH field values
ners has been confirmed by means of numerical PIC simulaand thus emission amplitudes. The wave perturbation would
tions and indications have been given that they are resporthen be stable. Long-lasting responses to sounding dt,the
sible for the buildup of the plasma perturbation at fe have been observed, for example, in the plasma trédgte
The wave, if nonpropagating, is a standing wave. This obplasma response duration can be up to 300 ms. A typical
servation may be explained in terms of the coupling mechafrequency of arf; in the plasma trough would be around 20
nism. The forerunner's wave front has a spread in frequenciHz. The response duration would then be several thousand
covering thef, which it excites. The wave front encounters f, wave cycles as compared to a stableperturbation of
an unperturbed plasma without any current modulations reseveral ten wave cycles for the simulation with an emission
lated to the wave front’s electric field. The electric field mustamplitude ofEg.
then consist of two waves with equal frequency and opposite  Interestingly, the f,'s are rarely observed in the
phase velocities which are related to two equally strong curtonospheré. Their absence might be related to the modula-
rents with opposite sign. The currents cancel out to zero. Théonal instability. The Debye length and the electron thermal
two waves are linearly undamped and form the standingyroradius in the lonosphere are small compared to the an-
wave observed. tenna dimensions. The characteristic distance over which the

The decay of a wave with a slow group velocity hasparticles can move along the magnetic field lines during the
been related to the transient damping of the wave perturbamission may thus be small compared to the dimensions of
tion with a frequency higher than tHg, a frequency thatis the wave perturbation. In this case thgperturbation would
not an undamped solution of the linear dispersion relation. be more similar to the one dimensional case than, for ex-

The wave buildup at arfy has been investigated for ample, in magnetospheric plasmas. The collapse of {lse
wave electric field strengths ranging from a linear to amay thus be more relevant for ionospheric plasmas than it is
strongly nonlinear regime. It has been shown that the maifior magnetospheric plasmas.
nonlinear modification to the plasma perturbation is a down- A spacecraft moving relative to the plasma frame of ref-
wards shift in its wave number. This has been explained irerence, i.e., the frame of reference of the waves involved in
terms of an electron temperature close to the antenna th#tte perturbation, should see a Doppler shift of the waves.
increases with increasing emission amplitudes. The widenin@Vaves with opposite phase velocities would experience a
of the wave number spectrum may be related to the spatiallipoppler shift in their frequency with an opposite sign. The
inhomogeneous electron temperature and density profile. plasma response picked up by the antenna would then show

For emission amplitudes in the nonlinear regime thetwo peaks instead of one. The phase velocities of ffeare
magnetic field is modified by the strong wave electric fields.low. For the plasma consideredo{=10 kHz, w,=4w,

The onset of the emission creates a magnetic field depletion,=9.4- 10° m/s, fq=5.4w) it is vp=2.5 10° m/s. The
which is propagated into the unperturbed plasma first byalues ofw, w,, and w, employed by the simulation are
electrons and, once the perturbation crosses a distance dalistic for magnetospheric plasmas encountered, for ex-
more than the electron gyroradius of the fastest electrons, bgmple, by the GEOS missioftompare Fig. 2 in Ref. )2
protons. The depletion has been linked to an electron currefitypical velocities for the GEOS and ISE#nternational
system built up by the emission. The magnetic field alsdSun-Earth Explorgrsounders in the plasma frame of refer-
experiences a modulation at the ECH wave frequency. Foence are given in Ref. 4 with,,=0.00%,. The frequency

V. DISCUSSION
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