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Abstract. Using high time resolution particle and wave data from the Wind
spacecraft, we examine several crossings of the electron foreshock-solar wind
boundary. We show that the most intense electron plasma waves, observed near
the foreshock boundary, often occur coincident with a flux of electrons with
energies between 1 keV and 27 keV. This corresponds to electron beam speeds of
vy, < v, < 50wy, rather than vy & busp, as is inferred from reduced distribution
functions obtained by other instruments. Assuming Landau coupling, the resonant
index of refraction is then 3 < Ny < 15, which implies that the waves are
susceptible to strong scattering by ambient density fluctuations. The most intense

electric fields are not well correlated with beam speed, and the distribution of
electric field occurrence is broadly aligned with the interplanetary magnetic field
direction. We compare the estimated maturity and bandwidth of the instability
with those expected of the electrostatic decay instability and nonlinear Landau
damping and find that our observations show a narrower bandwidth than expected.
We suggest that the observations are consistent with scattering of electrostatic
Langmuir waves to small wavenumber. The observed transverse polarization may
be explained by the electromagnetic nature of the small-wavenumber z-mode, or
as evidence of incident, reflected, and transmitted electrostatic components. The
generation of electromagnetic emission at fpe and 2 fp. is discussed in the context of

the observations.

1. Introduction

The plasma microphysics of the growth, saturation,
and nonlinear evolution of beam-driven electron plasma
waves in the solar wind is considered unfinished busi-
ness despite more than 20 years of work. This is due
largely to the limited time resolution of the previous
generation of space plasma instruments. An extensive
amount of work has been done with the IMP and ISEE
spacecraft, and these observations and their interpreta-
tion form most of the body of our present understand-
ing.

In part, the generation of electron plasma waves is
interesting because these waves are the energy source
of freely propagating electromagnetic emission at the
fundamental and harmonic of the electron plasma fre-
quency (fpe and 2fpe). The phase speed of these waves
is greater than light speed, and hence they are not gen-
erated by Landau resonance with energetic electrons.
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The paradigm is that the f,. and 2 f,. emissions are gen-
erated by the nonlinear coupling of electrostatic Lang-
muir waves with sound waves or other Langmuir waves,
respectively. It is these emissions that allow the remote
detection of solar radio bursts and planetary foreshocks,
as well as the distant heliopause.

In the case of the terrestrial foreshock, electrons en-
ergized by the bow shock [e.g., Anderson et al., 1979]
stream back into the solar wind and form a beam-like
feature near the upstream tangent field line due to time-
of-flight effects [Filbert and Kellogg, 1979]. This beam
is unstable to the generation of electrostatic Langmuir
waves at the Landau resonance (k & wpe/vp), and the
intensity of the waves falls off deeper into the fore-
shock [Filbert and Kellogg, 1979; Etcheto and Faucheuz,
1984]. A statistical survey of Wind data [Bale et al.,
1997] showed that the global probability distribution of
plasma waves amplitudes goes as P(E) ~ 1/E?. Re-
cently, Cairns and Robinson [1997, 1999] have shown
that this distribution can be deconvolved by a lognor-
mal distribution and is consistent with the stochastic
growth theory of wave evolution used to describe the
evolution of Langmuir waves in type III source regions
[e.g., Robinson, 1992; Robinson and Cairns, 1993].
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Radio emission is found to be most intense just at
the foreshock edge [Lacombe et al., 1988; Reiner et
al., 1997], and mode conversion of the intense elec-
tron plasma waves is the likely agent. Radio emis-
sion at 2 fp is thought to result from the coalescence of
two Langmuir waves (denoted L + L' — T) [Ginzburg
and Zheleznyakov, 1959; Cairns, 1988]. For short-
wavelength waves, this requires oppositely directed Lang-
muir waves, and the backward going wave may be
obtained from either an electrostatic decay instability
(L — L'+ S) or by wave scattering in density fluctu-
ations [Yin et al., 1998c]. In the former case, the co-
alescence process is slaved to the decay instability and
requires large-amplitude Langmuir waves; the latter re-
quires the breakdown of the Wentzel-Kramers-Brillouin
(WKB) approximation for Langmuir wave propagation
in the solar wind. At longer wavelengths, k1 ~ kr/2,
coalescence to 2f,. may occur between two nearly col-
inear Langmuir waves [ Willes et al., 1996], and indeed
this process has the highest emission rate; it requires,
however, that the Langmuir waves are scattered out
to long wavelengths by density fluctuations [Krauss-
Varban, 1989] and that WKB is not violated in the
process.

Radio emission at f,, may arise by either a nonlin-
ear coupling of Langmuir waves with ion sound waves
(L—=S+Tor L+ S — T) or linear mode conversion
by tunneling of the z-mode to the o-mode branch. The
former case requires the existence of ion acoustic tur-
bulence, while the latter requires special conditions on
the density fluctuation spectrum.

Recent waveform observations of plasma waves near
the foreshock edge [Bale et al., 1998; Kellogg et al.,
1999] show that they are observed as having rotating
electric fields, not the purely longitudinal polarization
expected of Langmuir waves. The phase shift between
components is a function of angle to the interplanetary
magnetic field (IMF) and it was argued that this is ev-
idence of scattering to long-wavelength z-mode waves,
as had been predicted by Krauss-Varban [1989]. A re-
sult in accordance with this was obtained by Scarf et
al. [1970] by using instruments on the OGO 5 space-
craft. OGO 5 was equipped with a small electrostati-
cally shielded magnetic loop antenna filtered to receive
at 70 kHz. During the passage of a high-density region,
after an apparent coronal mass ejection (CME), Scarf et
al. [1970] measured both the electric and magnetic field
intensity at 70 kHz (the local plasma frequency). They
compared the electric and magnetic intensities to esti-
mate the index of refraction and found values between
N & 0.1 and 1, with occasional excursions to N a2 10.
They argued, from the dispersion relations, that this
was evidence of z-mode wave activity.

The various theories depend strongly on the reso-
nant wavenumber of the initial instability, and that
wavenumber is related simply to the electron beam
speed k & wpe/vp. In particular, the modulational in-
stability has been shown to be unimportant for beam
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speeds of less than v ~ 90v;y, [Cairns et al., 1998]. Fur-
thermore, the dispersion relation for Langmuir/z-mode
waves in the solar wind is such that the WKB motion of
the waves in density gradients is strongly dependent on
the initial wavenumber. Observations of positive slope
features, and hence electron beams, in reduced electron
distribution functions have been made with the ISEE
[Fitzenreiter et al., 1984] and Wind [Fitzenreiter et al.,
1996] spacecraft with typical beam speeds of vy & Svp,
and this beam speed is often used as input to theory.

In this paper, we use the instuments on the Wind
spacecraft to study the electron foreshock edge region.
The Wind spacecraft is equipped with state-of-the-art
instruments to measure plasma waves [Bougeret et al.,
1995] and three-dimensional electron and ion distribu-
tion functions [Lin et al., 1995], as well as magnetic field
[Lepping et al., 1995].

The structure of the paper is as follows: In section 2,
we describe the instruments and data used in this study.
In section 3, we analyze three foreshock edge events in
some detail; here we show that the electron beam re-
sponsible for intense wave growth at the foreshock edge
is typically at greater than 1 keV. We then show that the
bandwidth of the observed plasma waves is very small,
indeed probably limited by the instrument frequency
resolution. We also reiterate the previous observation
that the intense plasma waves near the foreshock edge
are observed as transverse, with rotating, not longitu-
dinal, electric field vectors. In section 4, we compile
our results to conclude that the intense waves observed
near the foreshock edge are probably not beam resonant
Langmuir waves, but have been scattered to long wave-
lengths by the ambient solar wind density fluctuations.
We qualitatively discuss the generation of f,. and 2fp
radio emission in the context of our conclusions, and in
section b we summarize our results.

2. Instruments and Data

The Wind spacecraft was launched on November 1,
1994, into a series of phasing orbits that preceded sev-
eral months at the L1 libration point. The spacecraft
has returned for phasing and lunar swingby maneuvers
several times; these orbits give very good coverage of
the terrestrial electron foreshock, as well as measur-
ing in situ interplanetary type III radio bursts. Here
we present data from several Wind perigee passes in
1996 and 1997. We use high-resolution data from the
WAVES [Bougeret et al., 1995] and Three-Dimensional
Particle (3DP) [Lin et al., 1995] instruments, as well as
spin resolution magnetic field data from the Magnetic
Fields Investigation (MFI) instrument [Lepping et al.,
1995], all on the Wind spacecraft.

2.1. Particle Measurements

Electron measurements from the 3DP experiment are
provided from separate instruments. Two electrostatic
analyzers (EESAs) make three-dimensional measure-
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ments of electron distributions from 3 eV to 30 keV. The
EESA-L analyzer covers the range of 3-1000 eV with
a smaller geometric factor than the EESA-H analyzer,
which covers the energy range 300 eV to 30 keV. EESA-
L can be put into a burst mode, returning contigu-
ous spin resolution (3 s) three-dimensional distribution
functions. The duty cycle of the EESA-H instrument is
typically much lower. The Solid State Telescope (SST-
F) is a semiconductor detector that counts electrons in
the energy range of 27-510 keV with AE/E ~ 30%. A
thin lexan foil shield rejects protons up to several hun-
dred keV and is coated to eliminate sunlight. An antico-
incidence circuit, with an adjacent detector, eliminates

counts from penetrating particles, providing a very low
background count. Solar wind velocity moments from

the PESA-L ion electrostatic analyzer are used as well.

2.2. Wave Measurements

The WAVES instrument consists of several compo-
nents with specific scientific targets; the instrument is
described in detail by Bougeret et al. [1995]. We use
data from the Thermal Noise Receiver (TNR) and Time
Domain Sampler (TDS) components to characterize the
upstream electron plasma waves.

The TDS is a ”snapshot” waveform sampler with
programmable sample speeds, bandwidth, and data se-
lection algorithm. During the interval analyzed here,
the TDS was configured to sample the two orthogonal
spin plane antennas at 120,000 samples per second; the
Nyquist frequency is therefore 60 kHz, well above the
average solar wind electron plasma frequency and allow-
ing full temporal resolution of electron plasma waves.
The antennas are wire dipoles of length L; = 100 m
and L, = 15 m tip to tip. The TDS generates 2048
point events, with the peak signal centered in the in-
terval. These data are buffered on board and sorted
by absolute amplitude; the largest events then get put
into the telemetry stream preferentially. Smaller events
frequently fall off the back of the buffer as larger events
are sampled. In this way, the TDS can identify regions
of intense wave activity quite easily.

-The TNR is a very sensitive digital spectrum analyzer
designed to do thermal noise spectroscopy in the ambi-
ent solar wind plasma [e.g., Meyer- Vernet and Perche,
1989]. The TNR consists of several separate receivers
that measure and digitize into different frequency bands
from 4 kHz to 256 kHz.

3. Analysis

In this section we discuss three separate foreshock
encounters by Wind. In each case, Wind measures in-
tense electron plasma waves in both the TNR and TDS
instruments. The TDS selection algorithm chooses the
most intense events and, hence, selects the time of in-
tense wave observation to within milliseconds. As was
discussed above, the 3DP instrument can be operated in
a burst mode, returning contiguous 3-s electron distri-
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butions. This burst mode is usually triggered by proton
events; however, during the April 1996 perigee pass, the
burst mode was triggering randomly and captured sev-
eral foreshock crossings. The third event is a slower
crossing, with continuous energy coverage, albeit not in
burst mode.

3.1. Case 1: April 20, 1996, 0312:00 UT

Plate 1 shows a summary plot of data from a fore-
shock edge encounter approximately at 03:12:00 UT on
April 20, 1996. The top panel shows data from the TNR
receiver. The solar wind electron plasma frequency is
visible as a band at approximately 15 kHz, and the
electromagnetic second harmonic (hereinafter 2f,.) at
about 30 kHz. The middle panel shows the occur-
rence and peak amplitude of triggered TDS waveform
measurements. The TDS measurements, as described
above, are taken from the 100-m dipole (X) antenna
and are buffered and sorted on board. Therefore the
location of these waveform events represents the most
intense wave activity and is seen to be concentrated just
at the foreshock edge. The bottom panel shows elec-
tron energy flux, in units of eV /s/cm?/sr/eV, from the
EESA-L electrostatic analyzer (up to approximately 1
keV) and the SST-F solid state detector (above 27 keV),
both in burst mode.

The EESA-L data are transformed into the local so-
lar wind frame, after correcting for spacecraft potential
effects, and then organized by pitch angle. The energy
flux shown in Plate 1 is only that directed away from
the bow shock, in this case with pitch angle greater than
90°. The SST-F data are also organized by pitch angle
and only the backstreaming portion is shown. Space-
craft potential effects, and solar wind frame transforma-
tions, are negligible in the energy range of the SST-F.

It is obvious from this figure that many of the in-
tense plasma waves are found when the flux in the 1-
keV channel of EESA-L is near background and the flux
in the SST-F detector is high. Figure 1 shows the en-
ergy flux of the two detectors as a function of energy at
0313:34 UT. At this time, four TDS waveform events are
observed with an average amplitude of 65 mV/m and
maximum of 102 mV/m. In the top panel of Figure 1,
the circles show the energy flux, while diamonds show
the solar wind background. The EESA-L analyzer mea-
sures electrons to 1 keV, and the SST-F, above 27 keV.
The bottom panel of Figure 1 shows the energy flux
minus the background. Only flux above background is
shown, and the solid line represents 3 standard devia-
tions above the background. The bottom panel shows
that only E > 27 keV, and less than 80 keV, electrons
are measured coincident with these waves, though ob-
viously the flux extends to lower energies. Since the
electron thermal speed is approximately 2200 km/s for
this event, this implies that the electron beam responsi-
ble for these waves lies in the range 8.5 < vy /vy < 44.

Figure 2 shows the same quantities for the time
0314:43 UT, deeper in the electron foreshock. One TDS
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Figure 1. Electron energy spectrum from the EESA-
L and SST-F detectors, showing electron energy flux
directed away from the bow shock during an interval
of intense TDS wave activity at 0313:34 UT on April
20, 1996 (see Plate 1). (top) Electron flux during the
waveform event (circles) and a background in the solar
wind (diamonds). (bottom) Background plus 3¢ as a
solid line, with positive values of flux minus background
as circles. Only above 27 keV and up to about 80 keV
is there significant electron flux during the intense wave
events.

waveform event is measured here with a peak amplitude
of 54 mV/m. This spectrum shows the beam extend-
ing down to lower energies, approximately 300 eV or
vp & 4.7 vgp; this is similar to previously reported ob-
servations [e.g., Fitzenreiter et al., 1984; 1996]. Electron
spectra during intense wave activity for two other edge
crossings at 0314:28 UT and 0315:15 UT are similar to
the data in Figure 1 in that they show no significant
flux below 1 keV.

During this interval, the average solar wind speed
was U, A 663 km/s, proton temperature T, ~ 31 eV,
electron temperature T, ~s 14 eV, average density N, ~
2.6 cm™3 and the magnetic field strength was |B| ~ 5.8
nT. The spacecraft was approximately 34 Rg away from
Earth, in the electron foreshock.

3.2. Case 2: April 21, 1996, 0655:00 UT

Plate 2 1s a summary plot of the foreshock edge on
April 21, 1996 at 0655 UT; the data and format are
the same as Plate 1. This event was also recently de-
scribed by Yin et al. [1998a], who compared EESA-L
distribution functions and wave spectra from the TNR
instrument with the results of a particle-in-cell (PIC)
simulation.
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Intense wave activity, shown by the location of the
TDS events, is concentrated just at the foreshock bound-
ary; rising or falling flux in the 1-keV channel of EESA-
L accompanies the events in this time interval. Figure
3 shows that only >27-keV electron flux is statistically
significant during the first burst of waves at 0655:30 UT.
The burst at 0658:18 UT, with three TDS events and
peak amplitude of 79 mV/m, shows strong flux above
~300 eV in EESA-L (Figure 4), though the spacecraft
is clearly exiting the foreshock and time aliasing might
be a concern.

During this interval, the average solar wind speed
was Vg R 572 km/s, proton temperature T, ~ 25 eV,
electron temperature T, ~ 12 eV, average density N, ~
2.8 cm~3, and the magnetic field strength was |B| ~ 6
nT. The spacecraft was approximately 49 Rg away from
Earth, in the upstream solar wind.

3.3. Case 3: June 13, 1997, 0230:00 UT

Our last example (Plate 3) is a slower crossing of the
foreshock boundary where we can resolve the boundary
without burst mode particle data. Plate 3 is identical to
the above summary plots, except that it includes data
from the EESA-H analyzer in the energy range 130-
27,000 eV. The EESA-H analyzer has a very large geo-
metric factor and suffers, at large energy, from a large
background count; the background is due to scattered
solar wind protons and photons. In Plate 4, we show
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Figure 2. Electron energy flux during another TDS
waveform event on April 20, 1996, in the same format
as Figure 1. This event shows statistically significant
flux down to a few hundred eV and is accompanied by
less intense plasma waves. i
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Figure 3. Electron energy flux in EESA-L and SST-F
at 0655:30 UT on April 21, 1996. Again, significant flux
occurs only in the SST-F detector, at energies greater
than 27 keV and up to about 80 keV.
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Figure 4. Event similar to Figure 2, on April 21,
1996, showing only significant electron flux at lower en-
ergies. This type of event is consistent with other re-
duced distribution function measurements of foreshock
beams [e.g., Fitzenreiter et al., 1996].
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Figure 5. Peak wave amplitude against electron beam
speed, in units of measured electron thermal speed. All
events above wvp/vsp, ~ 8 correspond to electron flux
above 1 keV (out of the range of EESA-L). There is
alot of variation in amplitude for these most energetic
events, but no clear trend.

the full energy spectrum during the foreshock crossing
at 0239:15 UT. This plot is like the others above, ex-
cept that it now includes data from the EESA-H ana-
lyzer, as blue circles. The EESA-H data overlap nicely
with EESA-L on the low-energy end (R:130-1000 eV)
and seem to meet the SST-F detector levels at the high-
energy end (27 keV). However, as was noted above, the
level of background is quite high in the detector, and
none of the EESA-H data are above the 3o statistical
uncertainty level. The data seem to show a plateau be-
tween 1 and 5 keV or so, which could correspond to the
energy of resonant electrons; however, the noise back-
ground precludes making that statement conclusively.

During this interval, the average solar wind speed
was Vs =~ 350 km/s, proton temperature T, ~ 5.3
eV, electron temperature T, &~ 12 eV, average density
N, ~ 9.6 cm™3, and the magnetic field strength was
|B| ~ 3.8 nT. The spacecraft was approximately 29 Rg
away from Earth, in the upstream solar wind.

3.4. Peak Electric Field and Electron Beam
Speed

In Figure 5, we show the peak electric field, within
an electron measurement interval, plotted against the
normalized electron ”beam” speed vp/vin. These are
data from 13 foreshock edge encounters, on April 20,
April 21, and October 20, 1996, with burst mode data.
All of the events with vp/v;n > 8 correspond to events
that appear in the SST-F detector but not the EESA-
L. This implies that the wave resonant electrons have
energies greater than 1 keV; the variation in vp/vep is
due to variations in the electron thermal speed. All
of these high-speed events show enhanced flux in the
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Figure 6. Power spectrum of an intense electron

plasma wave event as measured by the TDS instrument.

The FWHM bandwidth of the events is Af/f ~ 0.0034.

lowest-energy channel of the SST-F, which means that
the beam speed is less than 27 keV, or vy /v, < 47.
There is no clear trend in Figure 5, although the
very largest events occur for beam speeds greater than
8vin. The average amplitude of these waves is 70
mV/m, which gives an average dimensionless energy
W = eoE?/4nkT, ~ 2.2 x 1073, using typical plasma
density and temperature, although several TDS events
with peak values greater than 100 mV/m are observed.
So while it is generally true that the largest-amplitude
waves are found nearest the foreshock edge [Filbert and
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Kellogg, 1979; Etcheto and Faucheuz, 1984], we do not
find a strong trend when comparing the most intense
waves (E > 20 mV/m) with the beam speed, although
our resolution of the beam speed above 1 keV is limited.

3.5. Amplitude and Bandwidth of Electron
Plasma Waves

Langmuir waves grow out of the electrostatic thermal
noise background when a source of energy is present. In
the ambient solar wind, thermal noise exists at a typi-
cal level of By, A2 7 x 107* mV/m around the electron
plasma frequency. For Langmuir waves to grow to 70
mV/m requires vt ~ 11.5 e foldings of growth. Then
wpet A 11.5/(/wpe), which can be compared with the-
oretical growth rates to estimate the maturity of the
instability.

The growth rate of Langmuir waves near the fore-
shock edge has been calculated by many authors [e.g.,
Filbert and Kellogg, 1979; Cairns, 1987; Yin et al.,
1998a] Recently, Yin et al. [1998a] calculated the lin-
ear growth rate of electrostatic Langmuir waves by us-
ing a model time-of-flight electron beam as an energy
source. In their model, a time-of-flight velocity cutoff
was superposed on a Lorentzian electron distribution to
model the electron flux near the foreshock edge. They
then calculated the growth rate of Langmuir and beam
modes for various cutoff beam speeds. For a beam speed
of vy /vy & 9, which is the largest they consider, they
find a maximum growth rate of v/wp &~ 0.009, at the
Landau resonance k & wpe/vp. Although our inferred
beam speed (>1 keV) would imply a smaller growth
rate, we use the result of Yin et al. [1998a] as a con-
servative estimate. With v/wp. &~ 0.009 and 11.5 e
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Figure 7. Bandwidth statistics for several hundred intense waveform events. The bandwidth
is full width/half maximum (FWHM) from the power spectrum interpolated around the peak
frequency. (top) Peak wave amplitude against bandwidth Af/f. There is no obvious trend.
(bottom) Histogram of bandwidths. The peak of this probability distribution occurs at Af/f ~

0.006.
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foldings of growth, the instability can be estimated to
be wpet & 11.5/(7y/wpe) ~ 1278 cycles old.

Figure 6 shows the power spectrum of a TDS wave-
form event near the foreshock edge on April 21, 1996.
The power spectrum is calculated with a Hanning win-
dow. The peak amplitude of this event is 75 mV/m,
and the bandwidth, as can be seen, is very small; the
peak power is approximately 5.2 x 10™* mV?/m? Hz.
The full width at half maximum (FWHM) bandwidth
of this wave is limited by the frequency resolution of the
instrument, A f ~ 58 Hz, which gives Af/f ~ 0.0034.

Figure 7 shows the calculated bandwidth for 537 in-
tense wave events near the foreshock edge; these events
are chosen to have the peak frequency in the range
(0.9 fpe, 1.3 fpe), where fp. is calculated by using the lo-
cal proton density. In the top panel of Figure 7, the
wave amplitude is plotted against bandwidth Af/f.
The FWHM bandwidth is calculated by interpolating
around the peak to plus and minus the half maximum
power. The bottom panel is the probability distribution
of bandwidth P(Af/f) of all 5637 events. The peak
in the probability distribution lies at Af/f ~ 0.006.
Again, this number may be limited by the frequency
resolution of the instrument and the large variation in
values results from the variation in fp.. This observed
narrow bandwidth is generally true of the most intense
waves near the foreshock edge and has been shown pre-
viously using TDS data [Bale et al., 1997] and with
other spectral density measurements [e.g., Etcheto and
Faucheuz, 1984; Yin et al., 1998a]. It should be noted
that spectral density instruments typically have much
poorer frequency resolution than a waveform measure-
ment. For example, the TNR instrument on Wind has
frequency resolution Af/f a 1/23 a2 0.044 so that the
best resolution is approximately 1 kHz for typical solar
wind electron densities. The most intense waves in the
foreshock and interplanetary type III bursts, however,
generally have much smaller bandwidths than this.

In the simulations of Yin et al. [1998b], the elec-
trostatic waves did not succumb to either parametric
decay instability or modulational instability, consistent
with the results of Cairns et al. [1998]. The instabil-
ity plateaued the unstable electron distribution function
quasi-linearly, and nonlinear Landau damping broad-
ened the k space spectrum of the waves. In the work
of Yin et al. [1998b], the spectrum was broadened
to about Ak/k ~ 0.5 after approximately wp.t ~ 550
plasma periods. This corresponds to a Doppler-shifted
frequency spread of Af/f = (Ak/k) (vsw/vp) ~ 0.0125
(assuming a beam speed v, & 10 vyp); this is a fac-
tor of 2 more than the peak in our observed bandwidth
distribution.

The electrostatic decay instability would also broaden
the power spectrum. As a backward propagating Lang-
muir wave grows at a wave vector kr: A —EL, it would
appear at a Doppler-shifted frequency of w ~ wpe + k-
Usw. Since the initial and daughter waves have approx-
imately oppositely directed wave vectors, the Doppler
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splitting should be Aw & 2ky vsy cosb,p, where 0,5
is the angle between the IMF and solar wind directions
(assuming a field-aligned beam, and hence field-aligned
initial wave vector). Since ky R wpe/vs, this gives split-
ting Aw/wpe & 24y /b cos 0y p & 0.05 cosb,p for typ-
ical parameters. Although we do occasionally observe
splitting and structure in the power spectrum [e.g., Kel-
logg et al., 1996], the largest events observed by the
TDS tend to be very monochromatic [Bale et al., 1997].
Growth rates of the electrostatic decay instability are,
however, typically quite low. Goldman et al. [1996] find
evidence of backscattered Langmuir waves only after
several thousand plasma periods, in a one-dimensional
Vlasov simulation.

3.6. Polarization of Electron Plasma Waves

In previous papers [Bale et al., 1998; Kellogg et al.,
1999], we showed that the observed polarization of the
electron plasma waves in the foreshock is not strictly
longitudinal but is a function of the angle to the IMF.
Figure 8 is an example of the plasma wave polarization
of a TDS event during the interval of Plate 1 (April 20,
1996, 0313:37 UT). The top two panels correspond to
the measured X and Y electric fields; the third panel
shows the phase between X and Y, and the bottom
panel consists of hodograms of the two components. It

31337

E, (mV/m)

E, (mV/m)

& (degrees)

hodogram

milliseconds

Figure 8. TDS waveform event at 0313:37 on April
20, 1996, an interval with a greater than 1-keV electron
beam. The top two panels are the X and Y antenna
measurements; the third panel shows the instantaneous
phase shift between X and Y, and the bottom panel is
a hodogram. As shown previously [Bale et al., 1998],
the wave electric field does not appear to be described
by a simple longitudinal electrostatic wave. The rotat-
ing electric field could be due to mode conversion to
z-mode, or tunneling in electron density fluctuations.
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can be seen that the phase varies quickly; a purely lon-
gitudinal Langmuir wave would have phase 0 or 7. The
average phase can be shown to be a function of angle
to the IMF [Bale et al., 1998], and it was suggested
that the observation is consistent with small wavenum-
ber electomagnetic z-mode emission. Also the shape of
the wavepacket is often quite different on the two anten-
nas. Kellogg et al. [1999] have fitted the observations to
two superposed waves, for both purely electrostatic and
electromagnetic cases. They found that the fits to elec-
tromagnetic waves were generally better, though these
fits do have more free parameters; they argue for both
small-k z-mode waves and reflection, absorption, and
scattering of electrostatic waves.

We have calculated the angle between the X antenna
and the IMF direction by using 3-s (spin) resolution
magnetic field data. Since the instrument chooses the
largest-amplitude events on the X antenna preferen-
tially for transmission to the ground, we can measure
the angular occurrence of these events. Similar analyses
have been published by Anderson et al. [1981], Etcheto
and Faucheuz [1984], and Canu [1990] using data from
the ISEE spectral density instruments.

Figure 9 shows the peak and average amplitudes, as
well as the probability density, against ¥ the angle be-
tween the spacecraft X antenna and the IMF direction.
The top panel shows the peak amplitude for each of
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1903 events, the middle panel is the average amplitude
within 3° bins, with standard deviation error bars, and
the bottom panel shows the probability density in 3°
bins. It can be seen that while there is a strong angu-
lar selection effect, with peaks near 40° and 140°, the
average amplitude does not vary much as a function of
angle. The average magnetic latitude during these 1903
events was 6 & 4.4°, with a 23° standard of deviation;
hence the probability density peaks at 40° and 140° are
the result of a statistically nonzero Z component of the
IMF. In Figure 10, we show the same parameters as a
function of the angle ® between the X antenna and the
projection of the IMF into the X-Y GSE plane. Here
the probability density (lower panel) peaks at 0° and
180°, while again the average electric field amplitude is
relatively constant. We have calculated the probability
density of angle for 273 events during which the IMF is
within 3° of the X-Y plane (not shown) and find that
this distribution approaches that of Figure 10. Hence
the true distribution of peak electric field with respect
to the IMF is very broadly peaked at 0° and 180°. Our
probability density estimations (Figure 10) can be in-
terpreted to be consistent with the results of previous
studies [Anderson et al., 1981; Etcheto and Faucheuz,
1984; Canu, 1990; Bale et al., 1998]; that is, the direc-
tion of the intense electric fields is centered on the IMF
direction, but the angular distribution is very broad.

1000.00 3

0 50

100 150

Y(degrees)

Figure 9. Antenna angle statistics. The angle ¥ between the spacecraft X antenna, which
triggers the TDS waveform sampler, and the IMF is calculated for several hundred intense electron
plasma waves. (top) Distribution of peak amplitudes against antenna angle, but no clear trend.
(middle) Average (and standard deviation error bars) amplitude in 3° angular bins; again there
is no apparent trend. (bottom) Probability distribution of angles. Since the TDS selects peak
fields, in a 17-ms interval, this distribution reflects the occurrence of peak electric fields. The low
counts at 0° and 180° are due to the fact that the IMF is rarely exactly in the ecliptic plane.
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Figure 10. Probability distributions of antenna angle ¥ (thick line) and @, the angle between
the X antenna and the projection of the IMF into the spacecraft spin plane (ecliptic) for a few
hundred events in which the IMF lies within 3° of the IMF. The agreement of these distributions
implies that the true distribution of peak amplitudes is peaked at 0° and 180°.

4. Discussion

In the above section, we described three characteristic
observations of the intense plasma waves near the fore-
shock edge: (1) the electron beam that generates the
waves is often energetic (E, > 1 keV), (2) the band-
width of the waves is smaller than would be expected
of many well-developed nonlinear instabilities, and (3)
the polarization of the waves in not field aligned and
longitudinal. In this section, we discuss these results
and consider a scenario of wave generation and evo-
lution. A point that deserves discussion here is the
position of the spacecraft relative to the electron fore-
shock edge. In principle, a calculation can be made
to determine the depth of the spacecraft into the fore-
shock DIFF & (Vs /Ubeam) DIST given the distance
along the tangent line (DIST) [e.g., Filbert and Kel-
logg, 1979], a shock model and the local IMF direction.
For the observed >1-keV electrons, the expected depth
would be DIFF/DIST = (V0 /Vbeam) < 1/50. On the
other hand, calculations of the diffusion of the foreshock
boundary due to magnetic turbulence in the IMF [Z:m-
bardo and Veltri, 1996] show that the uncertainty in
this calculation is of the order of DIFF/DIST ~ 1/10;
hence the explicit calculation of foreshock depth is dom-
inated by the pointing error of the local IMF due to
turbulence.

4.1. Resonant Wavenumber, Index of
Refraction, and Wave Scattering

In section 3, we saw that the electron distributions
measured just at the solar wind-foreshock boundary of-
ten show enhanced flux above 1 keV, and possibly from
above 4-5 keV. This implies that the electron beam that
generates the source Langmuir waves is of the order of

vp/ven > 9-10, possibly as high as vy /vsn & 20. The cut-
off beam model of the foreshock edge [Filbert and Kel-
logg, 1979] allows for beam speeds at arbitrarily large
velocities provided that there exists a sufficiently in-
tense flux of suprathermal electrons. Observations of
positive slope features in reduced (parallel) distribution
functions [Fitzenreiter et al., 1984; 1996] typically show
beam features at vp/v;n & 5, where the level of flux is
quite high. However, these electron distribution func-
tions are probably not sampled near the foreshock edge
and therefore give lower beam speeds.

Assuming Landau coupling, the beam speed gives the
resonant wavenumber kg & wpe /vp of the instability and
resonant refractive index Ny = koc/w ~ ¢/vp. For beam
speeds of vp/vep > 10, this gives Ny < 15; the factor of
2 in beam speed is important in the following respect.

Figure 11 shows the dispersion relation for waves
propagating near the electron plasma frequency in the
solar wind. We assume wpe/Qce = 100, v4n/c = 1/150,
and a propagation angle § = 8°. The dispersion re-
lation in Figure 11 is a superposition of the magne-
tized cold plasma modes [e.g., Melrose, 1984], with the
warm plasma, magnetized Bohm-Gross dispersion w? =
wze + 3k%vZ, + 02, sin? 0, plotted as index of refraction
N = kc/w against w/wp.. The dark band marked ”res-
onance” shows the range of refractive index that cor-
responds to Landau coupling wavenumber ko & wpe/vp
for beam speeds of vy /vp & 5-50. The dot-dash line
above N & 1 corresponds to the Bohm-Gross dispersion
which describes the propagation of purely longitudinal
Langmuir waves. The continuation of the Bohm-Gross
dispersion to small wavenumbers (N << 1) is the elec-
tromagnetic z-mode, which meets the o-mode (dashed
line) near the ”coupling point” N & Qce/(Qce + wpe)-
The electromagnetic z-mode is the solid line with a
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Figure 11. The dispersion relation of electron plasma
waves, as index of refraction (N = ke/w) against w/wp,.
The dot-dash line is the warm plasma, magnetized
Langmuir mode, which meets the electromagnetic z-
mode at small N. Waves with beam speeds discussed
in this paper have a resonant refractive index marked
by the heavy bar. As they propagate into density en-
hancements, they must move leftward on the curve, and
hence down to very small wavenumber.

cutoff above wp.. As was discussed previously in this
context [Muschietti et al., 1985;Kellogg, 1986; Krauss-
Varban, 1989; Bale et al., 1998; Kellogg et al., 1999],
the presence of small density fluctuations in the solar
wind plasma represents a very strong scattering agent
for electron plasma waves. This can be seen by study-
ing Figure 11 and considering the propagation of plasma
waves in the WKB approximation.

As a wave propagates into a density gradient with
a scale size larger than the wavelength (L >> ), the
WXKB approximation can be used to describe propaga-
tion. WKB states that the wave frequency and energy
flux are conserved, while the wavenumber and ampli-
tude vary to satify the dispersion relation locally. The
WKB approximation and its validity are discussed in
the appendix. A change in density én/n represents
a change in the local plasma frequency dwpe/wpe =
1/2 én/n, and the Langmuir/z-mode dispersion changes
wavenumber rapidly under such conditions. Waves gen-
erated with a resonant refractive index Ny & 3-30 (as
discussed above) will be generated on the dark band
marked resonance in Figure 11. Motion into a den-
sity enhancement will move the waves to the left on
the dispersion curve, as wp, increases with w held con-
stant. Hence the waves must move down along he steep
(nearly singular) portion of the curve to very small N
(and hence k).

The observed large amplitude of the electric fields
can, in part, be explained by the effect of wave scat-
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tering in the ambient solar wind density fluctuations.
If waves are resonant near N ~ 15 and become scat-
tered to smaller wavenumbers, say N ~ 1, then the
wave amplitude will swell to E/Eo = y/No/N ~ 3.9.
Hence a wave with an observed amplitude of E ~ 75
mV/m may have only grown to Ep ~# 20 mV/m during
resonance. On the other hand, waves encountering de-
creasing density will scatter to larger wavenumber, and
hence smaller amplitude. However, owing to the shape
of the dispersion relation (Figure 11) the effect is not
nearly as strong. It should be noted that this effect may
bias our observations; the TDS instrument selects the
most intense events for input to the telemetry stream.
As waves scatter to smaller wavenumber, the number
of electrons available for Landau damping also decreases
significantly (and becomes zero at N < 1). At a given
phase speed vy & wpe/k, waves will be Landau damped
by electrons within a phase space region (vy — Av, v4 +
Av), where Av is from the bandwidth of the instability.
If the waves scatter in the WKB approximation, then
Av may be considered constant. If we assume a power
law suprathermal electron distribution f < 1/v%, then a
little algebra shows that the number of electrons within
(vg — Av, vy + Av) scales as n/no ~ (N/Np)*, with the
index of refraction. So for a power law index of 2 and
N = 2 and Ny = 15, we see that there are relatively few
electrons n/np ~ 0.02 available for Landau damping.

4.2. Electromagnetic Emissions

If beam resonant Langmuir waves are indeed scat-
tered out to long wavelengths, this presents two options
for the generation of electromagnetic emissions that dif-
fer from the paradigm.

At long wavelengths, Langmuir waves become mixed-
polarization 2-mode waves; near the coupling point
N ~ Qce/ (e + wpe), the z-mode may tunnel through
to the freely propagating o-mode branch for small angle
of propagation. This effect is often invoked to explain
fundamental plasma emission in other contexts (e.g.,
coronal, ionospheric, and auroral emissions). Yin et al.
[1998c] have recently solved the one-dimenional differ-
ential equations that approximate this coupling. They
find that ~50% of the initial wave energy will couple to
fundamental emission, while the other 50% is reflected
back into the electrostatic Langmuir mode. This seems
rather large; however, the conversion occurs at this level
within a small regime of propagation angle so that the
total efficiency is much smaller. One can easily calculate
that this gives a brightness temperature of the order of
Ty ~ 10'® K (assuming a 45° half-angle cone of emis-
sion), while observed brightness temperatures are of the
order of Ty ~ 10*® K [e. g. Burgess et al., 1987]. The
reflection involved in this WKB violation may, however,
produce the backward directed Langmuir waves neces-
sary for short-wavelength coalescence to 2 fpe.

Willes et al. [1996] have recently shown that the peak
in the emission rate of the L + L’ — T coalescence pro-
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cess actually occurs at small wavenumber (long wave-
length) kr ~ kr/2 for colinear waves; this corresponds
to an index of refraction N a7 v/3/2. If Langmuir waves
are scattered to this low wavenumber, they will effi-
ciently coalesce to produce 2 f,, emission. This process
may occur within WKB and needs no backscattered
electrostatic waves; however, it requires that WKB re-
main valid while the wave scatters to N ~ /3/2.

5. Summary

We have shown that the electron beam speed near
the foreshock edge is often larger than previously as-
sumed and that this has ramifications for the subse-
quent evolution of the beam-generated waves. Waves
generated at smaller wavenumber are much more sus-
ceptible to strong scattering by the solar wind density
fluctuations; this scattering takes the waves out of res-
onance with the beam and may move the wave energy
into a regime where linear mode coupling to the electro-
magnetic o-mode becomes important, resulting in freely
propagating emission at fpe.

Appendix: WKB Approximation and
Regime of Validity

The Wentzel-Kramers-Brillouin (WKB) approxima-
tion has been worked out for the case of Langmuir waves
in solar wind density fluctuations [Kellogg et al., 1999],
however we let the wave packet envelope vary and get
a slightly lower minimum wavenumber for the validity
of WKB.
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Assuming the one-dimensional propagation of a Lang-
muir wave into a density structure, the wave equation
for oscillating electric field is

(A1)

Seeking a solution of the form E(z) = &(z) e?(z)
equation (A1) gives two equations (real part and imag-
inary part):

92 0

- (=0 (A
0¢ 0 82
b T gt =0 (A3)

If g—;i— is considered small, then equation (A2) can be
solved to give the standard WKB wavenumber solutions
#(z) = £ [ dz k(z). Inserting this solution into equa-
tion (A3) gives the solution e(z) = €94/ko/k(z). Since
for Langmuir waves the group speed is a linear function
of k, vy = 3kv}, /w, this is essentially the statement of
conservation of energy flux vy E? = const. From this re-
lationship, it is easy to see that as the waves move into
a region where the wavenumber is smaller (increasing
density), the wave amplitude swells as E o 1//k.

To find the regime of validity of WKB, we allow small
changes in the wave phase ¢/dz = k(z)(1+¢€) in equa-
tion (A2) and use the relationship e(z) = eo\/ko/k(z).
This gives the condition
0%k

11
F i = <t

31 0k

[gkj(a—x (A4)
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Figure Al. WKB approximation parameters. (top) Density fluctuation level at a scale given by
the index of refraction, as integrated from power spectrum results of Neugebauer [1975]. (bottom)

Smallness parameter €, which describes the validity of one-dimensional WKB, ¢ << 1.

would appear to be valid for N > 1.

WKB
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where the second-derivative terms are again taken
to be small. From the Bohm-Gross dispersion relation
w? = w2, + 3k%v},, we find that

O wf 10m
8z~ 3kv?, n oz
using the definition of the plasma frequency w,. =

v/4rne?/m. Then defining the index of refraction as
N =~ kc/wpe, the condition that € < 1 defines the
regime of validity and

(A5)

(2 o

Vth n

3 C 4
28872 N4
assuming that the relevant scale of fluctuations is
comparable to the wavelength. We can evaluate this
condition, using published power spectra of the solar
wind density fluctuation spectrum.

There are few in situ observations of the solar wind
electron density fluctuation spectrum in the short length-
scale regime. Celnikier et al. [1983, 1987] estimated the
density fluctuation spectrum by using the radio propa-
gation experiment on the ISEE spacecraft. They found
a breakpoint, above which the spectrum becomes flat-
ter. Unti et al [1973] and Neugebauer [1975] measured
the proton fluctuation spectrum using a Faraday cup on
the OGO b spacecraft. Although there may be differ-
ences in the two spectra at small scales, we can use the
result of Neugebauer [1975], who found a power law of
relative density fluctuations én/n. Extrapolating their
inertial subrange, we have P(f) ~5-1073 (f/f*)~" 128
in units of Hz~!, where f* is the Doppler-shifted ther-
mal ion gyroradius.

We integrate this power spectrum over one decade
centered on each wavenumber to produce the top panel
of Figure Al. The bottom panel shows the evaluation
of e from equation (A6) using the integrated density
fluctuation spectrum and assuming c/v;p, = 150. The
dashed line is € = 1, and the curve crosses at N ~ 0.5.

So it seems that the WKB approximation may be
a valid way to describe the evolution of the waves for
index of refraction N >> 0.5. The curve is indeed very
steep; at N = 1, the parameter ¢ is already ~ 0.1, where
the WKB may still be valid. Violation of the WKB
approximation implies wave reflection and tunneling.

€~ <1, (A6)
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