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Abstract. The propagation of Langmuir waves in plasmas k; of the reflected wave becomes approximately equal and
is known to be sensitive to density fluctuations. Such fluctu-opposite to that of the incident wawg ~ —k;. Such strong
ations may lead to the coexistence of wave pairs that haveensity fluctuations are not resolved by existing particle de-
almost opposite wave-numbers in the vicinity of their re- tectors. However, they provide a useful means for inferring
flection points. Using high frequency electric field mea- the wavelength, which is difficult to measure directly in space
surements from the WIND satellite, we determine for the plasmas.

first time the wavelength of intense Langmuir wave packets The WAVES instrumentBougeret et a).1995 onboard
that are generated upstream of the Earth’s electron foreshocthe WIND satellite routinely measures Langmuir waves at
by energetic electron beams. Surprisingly, the wavelengtthigh time resolution (up to 120000 samples per second) in
is found to be 2 to 3 times larger than the value expectedhe solar wind. When two large amplitude and counter-
from standard theory. These values are consistent with th@ropagating waves coexist, a monochromatic wave packet
presence of strong inhomogeneities in the solar wind plasmavith a slowly varying envelope is produced. Some typical
rather than with the effect of weak beam instabilities. examples are shown in Fid. Here, for the first time, we
show how the wavelength of these waves can be directly es-

Keywords. Magnetospheric physics (Plasma waves and in-> o .
yw g P Py ( timated from a polarization analysis of two components of

stabilities) the electric field. Interestingly, the measured value disagrees
with estimates derived from standard beam-plasma theory in
homogeneous plasmas but is consistent with estimates de-
1 Introduction rived for strongly inhomogeneous plasmas.

The theory of beam-plasma interactions in homogeneous
plasmas is one of the pillars of plasma physics, and yet it2 The effect of density fluctuations
fails to properly describe some important physical phenom-
ena observed, such as the generation of type Il solar radi®ensity fluctuations in the solar wind plasma have been stud-
bursts or waves registered in the electron foreshock regionied for many yearsNeugebaugrl975 Celnikier et al, 1987
upstream of the Earth’s bow shodRifzburg 1970 Robin-  and exhibit a power law over many decades. The smallest
son 1997. The major reason for this discrepancy betweenscales are difficult to measure by lack of time resolution and
observations and the theory of quasilinear, weak or strongounting statistics of standard particle instruments. Recently,
turbulence is supposed to be related to the existence of stronigrgun et al.(200§ observed the interaction of density fluc-
density fluctuations that are not associated with the beamduations with Langmuir waves, and described them as eigen-
When these fluctuations are large enough, Langmuir wavesnodes trapped inside density depletions. In such strongly
can be trapped or reflected and in both cases the wave-vectonthomogeneous plasmas, wave propagation is strongly af-
fected by density fluctuations. As a consequence, the dy-
Correspondence to: namics of the instability departs quite substantially from that

V. V. Krasnoselskikh observed in homogeneous plasmbisstiikawa and Riutoy

BY, (vkrasnos@cnrs-orleans.fr) 1976 Muschietti et al. 1985 Krasnoselskikh et 12007).
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The observations we present hereafter clearly show the si-

% 0 multaneous presence of two oppositely propagating waves
e S0l with k-vectors close to each other, so titat~ —kg. Two
4F scenarios can lead to such a coexistence of primary and op-
3' positely directed secondary waves. The first one is the scat-
{9 tering off of density fluctuations, and the second one is three-
20F wave decay.
0 Let us consider the first scenario. Without loss of gener-
_o0l1zs ality, we assume here that the density increases along the x
20F direction. In this case, thig, component of the wave-vector
0 and the wave group velocity both decrease along x. The wave
-201 505 amplitude then increases even in the absence of growth or
10 ' ' ' damping. This effect can be illustrated in the WKB approxi-
ol ‘ b mation, where the solution of the wave equation can be writ-
-10| a8 ‘ ‘ ‘ ten in the form
0 5 10 15
time [ms] kox . '
E~Ep exp(—]wt+j/kx(x) dx), (5)
kx (X)

Fig. 1. Five typical coherent Langmuir wave packets observed by

WIND. Only the Ex ele_ctrlc fleld_component is shown. Th_e bot- and the amplitude increases whin(x) decreases. With-
tom plot shows a marginal case in which the wave-packet is barely .
coherent. out damping or growth, the component of the energy fiux

along the density gradient can be supposed to be constant.

Such density inhomogeneities can cause high frequency eledVe then haver ~ Vg E2 ~ kyE? = const and so the wave
trostatic waves to be converted into electromagnetic waveemplitudeE scales likeky ?. In the WKB approximation,
(Bale et al, 1998 Kellogg et al, 1999. They also affect the reflection processes are supposed to be similar to mirroring,
statistics of wave amplitude€éirns et al.200Q Krasnosel-  with part of the energy being reflected and part damped. Two
skikh et al, 2007) and the presence of sufficiently large in- large amplitude waves, incident and backscattered, can thus
homogeneities eventually leads to wave reflect®imgburg be observed simultaneously in the vicinity of the reflection
1970 Budden 1988. point (Bale et al, 2000. It is worth mentioning that the
Here, we focus on the dynamics of Langmuir waves thatWKB approximation is valid close to, but not at, the turn-
are generated near the electron foreshock edge region byg point wherekx goes to zero. Immediately near this point
electron beams with a typical energy of 1-3keMligert  the wave amplitude resembles solutions of the 8dimger
and Kellogg 1979. These waves have a narrowband spec-equation with a linearly varying potential expressed in terms
trum and their characteristic frequency is close to the electrorof Airy functions and it remains finite at the reflection point
plasma frequency. The presence of relatively large but slowly(see Sect. 17 iGinzburg 1970.
varying (with respect to the wavelength) density fluctuations, The second scenario is a change in the characteristics of

with the wave-wave interaction by a variation of the wave-vector.
3,55 The growth of primary waves generated by beam-plasma in-
dn/no>> Zk“Ap (1) teractions can be saturated by the decay pralgessl + s,

can substantially alter the beam-plasma instability by changi" Which a primary Langmuir wavéy decays into a sec-
ing the wave-vectok along the trajectory of the beam. Here, ondary Langmuir wavé; and an ion-sound wave. The
k is the wave-vector of the plasma wawe,the background ~ thréshold condition for the decay instability is

plasma density antlp is the Debye length. The wave trajec- 5
EoEO vsvL

tory in the inhomogeneous plasma can be described by the=>—0 . (6)
equations 2nokpT  wswL
ar _ do @ Here, Eg is the amplitude of the primary wavd; is the
dt 0k electron temperatureis and v, are respectively the damp-
dk dw ing rates of the secondary ion sound and Langmuir waves,
— = (3) . . ;
dt or andws andw|_ are their pulsations. When the primary wave
that results in &-vector change with the density that is de- Propagates into a denser plasma, the decreakeléads to
scribed by a decrease of the wave-vector of the secondary waves. The
phase velocity of the secondary Langmuir wave then grows
o — 2 dn(x) and the damping rate drops, finally initiating a decay insta-
D=, 5 |o—wp—— 4 - . ; ;
3w, 2ng bility. It is well known from linear theory that the maximum
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increment of decay instability then corresponds to almostex- ¢
act back scatter with a small correction to comply with mo- § E
S

mentum and energy conservation laws. As a consequence omﬂm

in this case the wave-vectdr of the secondary Langmuir w
wave becomes also approximately equal and opposite to that, ©
of the primary wave, i.ek1 ~ —ko.

These oppositely-directed waves provide a unique oppor-
tunity for measuring their wavelength without requiring mul-

tipoint measurements.

10 15
time [ms]

o
)]

f —20980 Hz b) ,

f 20;\3 Hz j\

f [kHz]

IN

N

3 Expressions for evaluating the wavelength

We assume that the frequency differedge= fo— f1 (where

fo and f1 are respectively the frequencies of the incident and

reflected waves) is mainly caused by the Doppler shift rather
than by the frequency difference associated with the differing

dispersions of the two waves. Indeed, this frequency differ-

ence significantly exceeds that of the ion-sound wave that
might be generated by the decay process. In the spacecraf
reference frame, the wave frequencies are

o

IN
o
p—

N

amplitude [mV/m] Power Spectral Density [a.u.]
N
o
N
=
[6;]

o

o

3 k;-Vsw
fi=1 <1+§k12A2D>+ZT 1=0,1 ©)

whereVsyw is the velocity of the plasma with respect to satel-
lite. We assume that
ki-Vsw__ 3 5

k202, 8
o >>2, (8)

and will check this a posteriori. Theoretical predictions and Fig. 2. Analysis procedure of a typical wave packé) two com-
observations both lend support to the alignment of the wave- g ySIS P yp P

f1h d | d gonents of the electric field in GSE coordinat@y,identification of
vector of the primary (and consequently secondary) wave he two peaks in the power spectral density (continuous curves are

along the magnetic field. Since the two wave-vectors havey,ssian fits)c) verification that the amplitudes and the phases (not

almost equal magnitudes, we find shown) indeed vary slowly in timed) hodogram to compare the
polarisation with the orientation of the magnetic field. The direc-
2ko-Vsw _ ko : : , ) , gy
Sf=fo—-fixr——=—|—= VSW 9) tion of the solar wind velocity varies and is not necessarily aligned
2r T \B with the magnetic field.

where we suppose that both wave-vectors are approximately
co-aligned with the magnetic field. From this expression, we
finally obtain the wavelength = 27 /ko. Let us now show
how these different quantities are estimated.

relative widthA f/f (whereAf is the full width at half max-

imum) of these peaks is always well below 1%, confirming

the stability of the frequency over the interval. Each com-

ponent of the electric field can then be modeled as a sum of

4 Determining the wavelength in practice two complex exponentials. A least-squares regression of the
following model is performed

In practice, to measure the wavelength of the wave packets

we first need to know their direction of propagation, which £i(t) = Ao.i (r)Re[exp(j2m for + jo.x (1))]

is a prerequisite for estimating the wave-veatorWe first + Al,,-(t)Re[exp( j2m fit + jqbl,i(t))]

convert the electric field components into Geocentric Solar + Ci(t) +e (1)

Ecliptic (GSE) coordinates, hence defining compondfyts

and Ey, see Fig.2a. Next, a continuous Fourier transform wherei =x or y ande(¢) is the residual error to be mini-

is applied in a small interval around the plasma frequencymized. The amplitudei () and the phaseé(r) vary slowly

Except for some distorted wave-packets whose modulatiorwith respect toI'. Possible offsets are taken care of by a

width T is only a few oscillation periods, the power spectral small and slowly varying constarit(s). We use a sliding

density usually exhibits two distinct peaks, see Riy. The  gaussian window of widttW to estimate these parameters

www.ann-geophys.net/29/613/2011/ Ann. Geophys., 29, 6132011
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at different parts of the wave-packet. Obviously, we must
have ¥ fo « W« T. Taking W = 10/fo was found to be

a good compromise. We checked that the amplitutigs)

and A1(r) show no beating like the original wave packets
do (Fig.2c) and that the phaseg(¢) and¢1(z) indeed vary
slowly with respect to the wave period.

Once the amplitudes and the phases are known, we car
separate the components of the electric field corresponding ta
the primary and secondary waves. A plotin polar coordinates
(see Fig2d) reveals their polarisation in the xy-plane. Also 9 ev
shown are the projection on that plane of the magnetic field 10°
B and the solar wind velocity sy. For electrostatic waves,
V-E=0=k//E and so the direction of the wave-vector
k should be given by the semi-major axis of the polarisation 371 o

e

ellipse.
P 10° " Wt 541 ey

Figure 2d shows two remarkable results, which are sys-
tematically found for all the coherent wave-packets we an- 102 789 eV
alyzed. First, both waves are almost linearly polarized and 1151 eV

their polarisation ellipses have the same orientation. We 10"
con_clude that their wave-vectors are necessarily parallel or ;o yhmm 0225 0230 0235

antiparallel, as expected. Secondly, the angle between the

semi-major axis of the polarisation ellipse and the ambientrig. 3. Example of electric field spectrum from the WAVES in-
magnetic field is always small, rarely exceeding.ZDhe ab-  strument (top plot) and electron flux from the Three-Dimensional
sence of the third, component in principle prevents us from Plasma and Energetic Particle Investigatibim et al, 1995 on 17
concluding thak // B. For all the events we analyzed, how- April 1996.

ever, we always found the polarisation ellipse to be parallel

to the magnetic field, no matter how the latter is oriented. We

therefore conclude that both waves must necessarily propalnere Ve is the beam velocity. For waves with a frequency
gate along or very close to the magnetic field direction. Mo-Of 20 kHz that are generated by 1keV electron beams, we
mentum conservation finally implids ~ —kj. find A =935m. This value is about 2.3 times smaller than

For the example shown in Fig, we measuréf = 330 Hz the one we measure. The two values cannot be reconciled
f» =20.815kHz and so from Eq9f we finally obtain the by assuming that the wave activity is triggered by higher en-
wavelength. = 2.57 km. We check that the waves are indeed ergy energy electrons, since unrealistic energies in excess of

weakly dispersive, since from Edd)(we have 5 keV would be required. _ . .
The wavelength we observe, however, is compatible with
k-Vsw

_ 322 that found for wave propagation in inhomogeneous plasma.
wp 0.017> Ek rp =0.0031 (10) As it was pointed out bkellogg et al.(1999 from the anal-

o ) ysis of the density fluctuation spectra, variations in khe
Similar values are obtained for the other coherent wave packyecior, as caused by density fluctuations, can exceed the vec-
ets shown in Fig. 1, except for the last one, for whfelend 5 magnitude. Therefore, the discrepancy we observe be-
f1 cannot be properly identified. We analyzed 644 wave-yyeen the predicted and observed wavelengths is most proba-
packets that way and found the wavelength to be on averagg)y qye to a change of the wave-vector when the waves prop-
A =2.1km, with a standard deviation of 0.5km; the typical 4gate into a higher density region. Indeed, for the solar wind
Debye length in the solar wind at 1 AU is 10 m. conditions we consider, the variation of the wave dispersion
can be as large as

. freq (Hz)

TNR

energy flux

5 Discussion and conclusion Sww, = (3/2)k’ 3 ~ 0.3%. (11)

The coherent wave packets we observe always coincide witlThe associated level of density variations is
an enhancement in the energetic electron flux. The energy of .
these electrons ranges from several hundreds of eV up to sef2t/ ~ 25w/w, ~ 0.6%. (12)

eral keV. Figure3 shows the energetic electron flux measured g, evels are compatible with estimates made at the elec-
by WINI? during a typical burst of Langmuir wave activity. tron foreshock Kleugebauer1975 Celnikier et al, 1987
Fitzenreiter et al(1996 have shown that these wave pack- Kellogg et al, 1999 and are large enough to offer an ex-

e'ts are gssouatgd withump on tailfeatures in the electron planation for the relatively large wavelengths we observe.
distribution. Their wavelength then should be- 27 Vp/w,,,

Ann. Geophys., 29, 618417, 2011 www.ann-geophys.net/29/613/2011/
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Our conclusion is further supported by recent direct ob-Celnikier, L. M., Muschietti, L., and Goldman, M. V.: Aspects of

servations byErgun et al.(2008 and Krasnoselskikh et al.
(2007 of unusually high levels of density fluctuations in the

interplanetary plasma turbulence, Astron. Astrophys., 181, 138—
154, 1987.

solar wind. The conventional theory of beam-plasma interac=rgun. R. E., Malaspina, D. M., Caims, I. H., Goldman,

tion that has been developed for homogeneous plasmas does
not apply to such cases. Indeed, our results show in an unam-
biguous way that the observed wavelengths exceed their the-

oretical prediction. The theory should therefore include the

M. V., Newman, D. L., Robinson, P. A., Eriksson, S.,
Bougeret, J. L., Briand, C., Bale, S. D., Cattell, C. A.,
Kellogg, P. J., and Kaiser, M. L.: Eigenmode Structure in
Solar-Wind Langmuir Waves, Phys. Rev. Lett.,, 101, 051101,
doi:10.1103/PhysRevLett.101.0511@D08.

effect of large amplitude random density fluctuations from gjjpert, p, C. and Kellogg, P. J.: Electrostatic noise at the plasma

the very beginning.
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