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Langmuir waves in a fluctuating solar wind
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Abstract. The Langmuir waves which are resonant with typical type 11 solar radio burst electrons
have a frequency so little above the ambient plasma frequency that they should be strongly affected
by known density fluctuations. Some consequences of this observation are worked out, and the
expected consequences are demonstrated in the observations of the Langmuir waves from two quite

different bursts, of November 4, 1997, and January 19, 1998.

1. Imtroduction

As pointed out in an earlier paper [Kellogg, 1986}, the
resonant Langmuir waves created by the electrons of a typical
type 111 solar burst, energy of order 2-10 keV, lie very close to
the local plasma frequency. For typical soler wind parameters,
i.e.. 7o= 10 eV, the resonant frequency is 1.0037 f at kefy, =
11.3 for a 2 keV beam, and 1.00074 . at ke/w, =5 for a 10 keV
beam. These are obtained from the resonance condition,

©= kv H
and the Bohm-Gross dispersion relfation,
2 2., A2
W =0, + 3%k TIm (2)

Observed density fiuctuations imply variations of the plasma
frequency which are larger than these differences, so that these
fluctuations must play an important role in the generation of
type III bursts. For Langmuir waves in the Earth’s electron
foreshock the sitvation is essentially similar, though it is
likely that the electron beams are slower and that the waves
are created at a somewhat higher frequency. Kraus-Varban
{1989] explored the theoretical consequences of these proper-
ties. Bale et al. {1998] have presented observations lending
support.

In this work. we report some observations made with the
Waves experiment [Bougeret et al., 1993] on the Wind satel-
lite and some further analysis, which lend additional support
to these considerations. Most of the results will come from the
Time Domain Sampler (TDS), which makes rapid samples of the
potential difference between the two haives of dipole antennas
and which was designed 1o investigate the interactions of
Langmuir waves. We present results fom two type III bursts
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which passed over Wind and which resulted in a fairly large
number of events appropriate for more detailed analysis.

2. Density Fluctuations, the WKB
Approximation, and Mode Evolution

In Figure 1 some synthetic density data caiculated fom
published density power spectra are shown [Unt#i ef ol 1973;
Neugebauer, 1975, 1976; Celniker et al., 1983, 1987]. To make
these curves, which essentially means reconstructing a time
series statistically similer to the original data from which the
power spectra were calculated, we have calculated a Fourier
series for a much longer time period than shown (100 times
longer), in which each amplitude is proportional to the square
root of the power spectrum, integrated over the increment in
frequency appropriate to 2 harmonic coefficient of the longer
ime period, and we have given the Fourier amplitude a random
phase between O and 2% and then done an inverse transform.
The data used in Figure 1 were from Neugebauer [1976]. but
the other measurements are consistent, within the large fluc-
tuations, except at frequencies above ! Hz. Then we calculate a
short time section of the sum of this Fourier series, which
gives the fractional density fluctuations shown in Figure 1.
For a typical plasma density of 7 cm™ this implies relative
variations in the local plasma frequency, which are shown on
the axis to the right and which are larger than the difference be-
tween the resonant frequency above and the plasma frequency.
Rather than weak scattering treated as a perturbation, the rele-
vant regime is then complete reflection or partial reflection and
tunneling, linear mode conversion, etc.

However, the spectrum used to construct the density fiuc-
tuations of Figure 1 is an average of a large number of individ-
ual spectra with fluctuation power differing by a large factor.
We have taken

P=5x107 fi3 (3)

for frequency less than 1 Hz and zero above, where P is spec-
tral power in em® Hz”. Hence one might expect some periods
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Figure 1. A time series of density fluctuations reconstructed
from an averaged spectrum [Neugebauer, 1976). The two
brackets at the left show the difference between the plasma fre-
quency and the resonant frequency for electron beams of 2 and
10 keV.

when the density fluctuations are reduced and the trapping is
not as extreme as that in Figure 1 and also more extreme cases.
It is believed that the spectrum of density fluctuations de-
creases rapidly for frequencies above about 1 Hz [Neugebauer,
1975, 1976; Kellogg and Lin, 1997]. Therefore, as a Langmuir
wave propagates through the varying density medium, its fre-
quency will remain approximately constant, since it sees 2 me-
dium whose time variations are nearly zero. The accuracy of
this assumption will be discussed below. K the spatial varia-
tions are sufficiently slow that the WKB approximation holds,
then the wave number will change to satisfy the dispersion re-

lation. A particularly interesting case is when the wave ap-

proaches a density increase. In Figure 2 some calculations
relevant to this case are shown. The left section shows the tra-
ditional dispersion diagram for a weakly magnetized plasma
like the solar wind, and the right section shows a detail for
small &. We suppose that initially a wave was generated at an
appropriate place on the curves of the left section as calculated
above but that the plasma frequency has increased zalong the
path of the wave, so that it finds itself even closer to the
plasma frequency and in the region shown in the right section.
In Figure 2 (right), the top section shows, as a solid line, the
solutions of the dispersion relation for the three relevant
waves, i.¢., the left- and right-hand polarized waves and the
longitudinal wave, in the vicinity of the plasma frequency.

The full description of these waves requires. an augmenta-
tion of the usual Stokes parameters to take into account the
longitudinal components of the waves, which do not exist in
vacuum. Since these are theoretical calculations, those Stokes
parameters which describe the orientation of the principal po-
larization axis with respect to the observing system are not
useful, nor is the first Stokes parameter, which is the intensity
of the wave. In the conventional coordinate system in plasma
physics the ambient magnetic field lies in the z direction, and
the wave vector k lies in the x-z plane. For the augmented
Stokes parameter system we chose axes parallel to yx k, y, and
k. In the lower two sections of Figure 2 (right) we have shown
Q, which is a usual Stokes parameter,
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and an augmentation of the Stokes parameters, the ratio of the
longitudinal component of £ to the total, using squares or in-
tensities in keeping with the spirit of the original Stokes pa-
rameters,

2

= E
E ,% -E'E +E§,x E

Value O, which shows the degree of circular polarization of
the transverse components, is the difference of the squares of
the two transverse components of £ divided by their sum. A
value of Q = 0 means circular polarization, O = -1 means linear
polarization in the y direction, and O = +1 means linear polari-
zation in the y X k direction. The lowest section in Figure 2
(right) shows Rizm. the ratio of the square of the longitudinal
field to the square of the total. The phases are not shown, but
the y component is: 90" out of phase with the longitudinal
component, while the y X k component.is in phase with it. As a
wave moves into a density increase and to the left along the
dispersion curve, it begins to acquire some transverse electric
field components. In this region the wave mode is called the Z
mode. It is the y component which increases more rapidly at
first, so that the electric vector traces out an ellipse, which,
however, lies in the plane of the wave vector k. not perpen-
dicular to it as one usually expects for elliptical polarization.
At still smalier k the y X k component, which is in phase with
the longitudinal component, becomes appreciable, so that the
electric vector is no lfonger along k, and the ellipse begins to
tip toward the plane perpendicular to k.

The magnitude of k cannot generally be measured for the
long-wavelength resonant waves which result fom (1) and
(2), still less for those of an approach of a Langmuir wave o a
density increase. In this work, we look for circular polariza-
tion or a transverse component to provide the clue that the
Langmuir wave is becoming Z mode.

However, the WKB approximation is not valid for the con-
ditions shown in Figure 2 (right) because the wavelength be-
comes so long. Typical density changes in Figure 1 are of or-
der 107 em® 57, or

RLEm &)
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for a solar wind speed of 325 km s as on November 4. The
condition that the WKB approximation be vaiid is that the
change of wavelength in one wavelength be small compared to
a wavelength:

U
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with vfe = kpT /m, we have, neglecting 2 small term,
dk 1 Oy
o~ 32 ©
Wy Skvie

The WKB approximation is then valid for
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Figure 2. (left) Diagram of @ versus 4 for a2 weakly magnetized solar wind. The electromagnetic modes, for
which fIf, becomes large, cannot be distinguished on this scale. (right) A detail near the origin of 2a. The
dotted line shows the dispersion relation for propagation parellel to B, and the solid line shows the disper-
sion relation for propagation at an angle of 11°. The curves marked 1 and 2 are the ordinary and extraordinary
electromagnetic modes, respectively; curve 3 is the Langmuir mode. The lower two sections show (Q, the
Stokes parameter, and Rizm, the ratio of the longitudinal intensity to the total intensity. These resuits are from

a warm magnetized plasma code.
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For a solar wind speed of 325 km 5™, 7. = 10 eV, and f, = 27
kHz, as on November 4, we have

kelw,>>3

(1D

The limit is just the region of interest for type III bursts. The
breakdown of the WKB approximation due to spatial varia-
tions of density means that £ is no longer a constant of the mo-
tien, so parts of Figure 2 (right) at different & but at the same ©
will be mixed together. We may therefore expect transverse
components of waves o k values well beyond those shown in
Figure 2 (right) to the limit where the WKB approximation
starts to be valid.

Of course, the medium is also time varying, but slowly.
Mixing different ws may be expected over a range of kv, where
vy is the speed of the constant density surfaces. We expect that
this is the Alfven speed or the ion sound speed or less, and
these are of the order of 50 km s™, giving for kc/@, = 3 and f, =
27 kHz again,

91:—/9’*—*=7><20‘4
fo ®,

IS

(12)

to give A= 20 Hz, which would cause mixing across the small
gap in Figure 2 (right) to the O mode but which would be ex-
pected to cause less mixing to the other electromagnetic mode,
separated by f/2 = 80 Hz, where f; is the electron cyclotron
frequency.

As aresume of these considerations, we show below a list
of important values of kc/@,. To the values discussed above,
we have added the critical value for three-wave parametric de-
cay, Langmuir wave to Langmuir wave plus ion sound wave,
2s that will be important in section 3 [dkhiezer et al., 1975]:

resonant with 2 keV beam kelowp = 11.3

resonant with 10 keV beam kelwp,=35.0

WKB approximation valid kelw, >> 3.0 (6 is OK)
three-wave decay L -> L'+ S kelw, = 7.0

In summary, to the extent that the WKB approximation is
valid and the frequency is constant, we should expect a con-
version of the Langmuir waves to Z mode as a density increase
is approached. Breakdown of the WXB approximation and
breakdown of the assumption of constant frequency may hap-
pen very close to the critical density where the wave fe-
quency is equal to one of the cutoff frequencies, and there we
should expect mixing and conversion of one mode to another.
It is clear that a treatment of the full set of differential equations
is necessary. Recently, Yin et al. [1998] have made calcula-
tions of reflection and mode coupling in an initial foray into 2
proper solution of the problem. Their resuits do not differ
grossly from the results of an earlier analytic calculation
which neglected magnetic fields [Hinkel-Lipsker et al, 1992].
The results of both calculations are that there is a narrow range
of angles in which conversion to electromagnetic modes has
an efficiency of the order of 50%, and so type III electromag-
netic bursts may be efficiently generated by mode conversion
of Langmuir waves. The data which are available to us do not
allow a complete verification of this whole sequence of wave
evolution in density fluctuations. In particular, the electric
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field amplitude of the electromagnetic modes is small, since
their group velocity is large, and cannot be distinguished
against the Langmuir waves. However, we shail present some
evidence for reflection and for Z mode as evidence that waves
are actually being strongly influenced by density fluctuations
and therefore that the rest of the evolution and conversion
probably also takes place.

3. Experiment Description and Data
Treatment

The part of the Waves experiment on the Wind satellite
[Bougeret et al., 1995} which provides the data used here is
the Time Domain Sampler (TDS). It makes rapid sampies of the
waveform seen on two electric dipole antennas. This part of the
experiment was specifically designed o look at Langmuir
waves and their interactions in the solar wind and in the solar
wind’s region of interaction with the Earth. The sampling rate
used here is 120,000 samples per second. giving a Nyquist
frequency of 60 kHz. At this sampling rate, the data from only

two of the three electric dipole antennas can be sent to earth.
Most often, the X and Y antennas, in the spin plane and also in
the GSE x-y plane, are used. Hence the results presented here
are projections of the electric fields in the GSE x-y plane. The
X antenna is 2 100 m tip-to-tip dipole, and the Y is a 15 mtip-
to-tip dipole. In order to provide a larger dynamic range, the
on board. On the

voltages are compressed logarithmically,
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ground the voltages are reconstituted and are Fourler analyzed
to correct them for the frequency response of the system.

in its usual mode the TDS selects large-signal events on the
X antenna for deciding what to transmit to the Earth. This will
discriminate in favor of small-k events as follows: As a Lang-
muir wave propagates through minor density fluctuations, ie.,
those too small to cause reflection, the energy flux must remain
constant, so that the product of group velocity and the square
of the wave amplitude remains constant. Landau damping is
negligible under the conditions being discussed, but it is
necessary to assume that no noniinear decay processes are
teking place. So long as the Bohm-Gross dispersion relation
is valid, the group velocity is p:oporﬁ;ozza; to & so that the
wave ams*ﬁﬂde is proportional 1o 1/vk . As can be seen from
Figure 2, however, as the plasma frequency approaches the
wave frequency. the group veiocity starts to increase again for
oblique waves. so this ecffect is strongest for waves nearly
aligned along B.

Nearly 2l of the Langmuir waves which are observed with
the Waves TDS instrument are modulated on a timescale of a
few milliseconds. Modulation, of course. requires a mixture of
waves. This mixture could be due to (1) a spectrum of waves
which have nearly the same wave vectors, such as would be
produced by an instability which has an unstable region of fi-
nite size, (2) a three-wave decay process which produces a
daughter wave of appreciable amplitude, (3) partial or com-
plete reflection of a wave. for exampie, by a density jump. (4)
variation of wave number due to variations of the plasma pa-
rameters, or {3) the wave growing or decaying rapidly due to
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Figure 3. ‘Comparison of the simultaneous signeais'on two orthogonal antennes. In Figures 3 and 4 it can he
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Figure 4. Lissajous figures, ie, EY versus EX. for the

event of Figure 3. If the experiment were sampling a

longitudinal wave, the figures would just be straight lines.

an instability in progress or to damping. Probably most of
these effects occur, and they are hard to separate.

In many cases, the waveform seen on the X antenna is differ-
ent from the waveform seen on the Y antenna. An example cho-
sen to illustrate this is shown in Figure 3. If the wave packet
consisted of 2 spectrum of nearly colinear longitudinal waves,
the two waveforms would be nearly identical in shape and
would differ only in amplitude because of the angles between
the wave vector and the antennas. The observed difference can
then only be due 10 waves with wave vectors in significantly
different directions. This argues against the interpretation of

the observed modulation as being due to a spectrum of grow-
ing waves, i.e., t0 a wave packet for which all the wave vectors
belong to the narrow region in k space for which growth is
strong.

For the event of Figure 3 we have divided the event into 15
equal pars, and in Figure 4 we have plotted EY, the signal on
the Y antenna, versus EX, to make a series of figures. The time
sequence begins at the lower left and proceeds across. While
some sections suggest elliptical polarization, Figure 4 does
not unequivocally demonstrate it. To see this, consider two
iongitudinal waves of slightly different frequency, one with
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Figure 5. Analysis of the event of Figures 3 and 4 into two waves. The curves are the traces of the electric
field vector. The left section shows the analysis into two longitudinal waves, and the right section shows the
analysis into two waves with both longitudinal and transverse components. This event is interpreted as re-

flection from a density gradient.

its electric field exactly along the X antenna and the other
along Y. Clearly, such 2 set of Lissajous figures could be pro-
duced by these longitudinal waves.

In order to demonstrate elliptical polarization more cer-
tainly, the measured electric field was analyzed into a sum of
the fields of two waves, making a least squares fit of the data
from the two antennas to two waves in different directions (in
the x-y plane). The existence of modulation requires at least
two waves, and Figure 4 shows that these waves are often at
large angles. On the other hand, 2 set of only two waves
would produce 2 repetitive modulation pattern, which is not
what is seen in Figure 3. However, it was difficult to make the
fitting program converge even with two waves, so that instead
the program was used on sections of the data judged to be
short enough so that two waves gave a reasonable approxima-
tion to the observations. Two analyses were done. In the first
the two waves were taken to be longitudinal, and in the sec-
ond a transverse component was added. Obviously, when a
transverse component is added, there are more parameters, and
so the fits are better: The residuels are always smaller.
Whether they are significantly smaller requires some judg-

ment.

4. Observations: November 4, 1997

To apply these considerations to measurements, we have
first chosen some data from the Langmuir waves generated by a
type Il burst on November 4, 1997. There were two large type
III bursts beginning at 0510 and 0555 (times are UT hours and
minutes at the spacecraft) as seen by the radio part of the
Waves experiment. The first Langmuir waves captured by the
TDS were at 0715 UT, and a totel of 16 events were captured
and telemetered over the period 07150743 UT, with one more
weak Langmuir wave event at 0802 UT. However, another part
of the Waves experiment, the Thermal Noise Receiver (TNR),
saw the first Langmuir waves at 0700 UT. This is not unusual
as the TDS selects only the largest events. and the TNR there-

fore gives a more reliable onset time. The transit time from 0555
to 0700 UT corresponds to an electron energy of 4.5 keV,
while that from 0510 to 0743 UT corresponds to an energy of
7 keV. It seems that the later event, and the more energetic
electrons, are most probable. The solar wind speed was 325 km
s, and the electron temperature was 10 eV, from the 3-D
Plasma experiment on board [Lin et al., 1995]. This series of
events was chosen because the sets of Langmuir waves show
small splitting. Since the splitting is often a differential Dop-
pler shift of a decay pair. this was thought to indicate small &
This secems to be the case. In fact, the behavior of the waves
seems to indicate that the electron energy was appreciably
higher than either of the estimates above or that the waves
were found in regions where the density was higher than that
in the region where they were created.

In several cases for the November 4, 1997, event the pair of
waves resulting from the above analysis into two waves had
equal amplitudes within the error of the fits. While equality of
the two waves might arise accidentally, for example, at a cer-
tain instant in a three-wave parametric decay, at ieast three of
the events could be represented by a pair of waves of the same
amplitude. It seems unlikely that the experiment was fortunate
enough to thrice catch a three-wave decay at the moment of
equality, so we interpret these events as reflection.

In Figure 5 the two-wave analysis for the event of Figure 3
is shown. What is shown is the projection of one cycle of the
electric fiéld vector on the x-y plane. The left section shows the
analysis into two longitudinal waves, and the right section
shows an added transverse component. The arrows give the di-
rections of rotation. The rms residuals of the fits, in mV ™, are
shown at the top of the graphs. The lines or ellipses marked E !
are for the wave with the lower observed frequency, though we
interpret the frequency difference as due to Doppler shift. Since
the medium is not isotropic, reflection is not necessarily
specular. In this example it can be seen that the wave is re-
flected at a plane which is either paraliel or perpendicular to B,
so that the angle of reflections should be equal to the angle of
incidence, and the waves should have the same longitudinal
and (possibly) transverse components.
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Figure 6. An analysis like that of Figure 5 for another cvent. where the reflection causes some change of wave

properties. Arrows show the directions of rotation.

Another case which appears to be reflection but is not
specular reflection, is shown in Figures 6 and 7. Again. the
waveform does not repeat well, and anaiysis of the second half
of the event only is shown in Figure 6. In this case one wave
is nearly longitudinal and along B. The other wave is nearly
perpendicular to B. It will be seen that the wave which is

propagating nearly perpendicular to B has an appreciably
larger transverse component, as expected. In both cases it will
be seen that the longitudinal wave analysis is doing its best
to represent the waves but that the residuals from the elliptical
polarization fit are appreciable smaller. Although the residuals
from the transverse analysis must necessarily be smaller since
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there are more parameters, the reduction in residuais is consid-
erable, nearly a factor of two in squared errors, and we consider
that Figures 6 and 7 demonstrate Z mode, or at least a mixture
of modes which are not purely longitudinal. The frequency
difference between the waves given by the two wave analyses
of the data in Figures 6 and 7 is 51 Hz for elliptical polariza-
tion and 44 Hz for the electrostatic analysis. If the interpreta-
tion of reflection is correct, this difference must be due to 2 dif
ference in Doppler shift:

AF= Ak X v /27 (13)

We assume that the & vectors are along the major axes in
Figure 6 and have equal magnitudes, but Ak still has two pos-
sibilities, depending on which way the k vectors aré oriented.
These considerations determine two values of £ therefore,
which are kc/w, = 4.3 and 1.4, where we have used the larger
value of 51 Hz splitting for the larger 4, and vice versa. Hence
we can conciude, from the limits on & above, that this example
falls into the region where (1) three-wave parametric decay via
ion sound is kinematicaily forbidden and (2) the WKB ap-
proximation is not valid, consistent with mode mixing.

5. Observations: January 19, 1998

There was 2 series of type 111 bursts beginning at 2000 UT
on January 19, 1998, as seen by the radio part of the Waves

KELLOGG ET AL.: LANGMUIR WAVES IN A FLUCTUATING SOLAR WIND

experiment. The largest at low frequencies, and the one which
seems 1o have given rise to Langmuir waves, was at about
2100 UT. The first Langmuir waves captured and telemetered
by the TDS were at 2242 UT, although the TNR shows that
the first Langmuir waves were at 2210 UT. A total of 15 events
were captured over the period 2242-2324 UT. During this pe-
riod the solar wind velocity was 380 km s, and the electron
temperature, both from the 3D Plasma experiment [Lin ef al.,
1995}, was 15 eV.

In contrast to the narrow spectra of the event of November 4
above, the spectra of the events of January 19 often showed
two peaks with 2 wide separation, of the order of 700-1000
Hz. In Figure 8 we show the waveforms and a2 Fourier analysis
from one of the events. The repid modulation shows already
that the frequency splitting must be of the order of 1 kHz, and
the Fourier spectrum confirms this. One of the peaks in the
spectrum has appreciable width, which makes an analysis into
two waves suspect. In fact, however, the waves are changing
rapidly. In Figure 9 we show the two-wave analysis for two
short sections of the event. The left diagram is an analysis of
the data between 6.0 and 7.5 ms, and the right diagram is of
the data between 9.0 and 10.5 ms. As splitting is large, indi-
cating that the primary must lie well above the plasma fre-
quency, it is unlikely that these waves have an electromag-
netic component. Nevertheless, what is shown is the analysis
into electromagnetic waves, first because the waves are shown
more clearly and second to demonstrate roughly the size of the
errors in the electromagnetic fit. It will be seen that the trans-
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Figure 8. The waveforms of one of the events of January 19, 1998.
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lieved that the waves are electrostatic.

verse components are ail smalier than those of Figures 5 and 6.
which together with the considerable improvement in residu-
als in Figure 6 supports the identification of 2 real transverse
component in Figure 6 at least. It will be seen that each dia-
gram of Figure 9 shows a component aligned closely to the
magnetic field and another component which has changed di-
rections between the two diagrams. The component aligned
with the magnetic field has the higher frequency in the space-
craft frame, which must also be the higher frequency in the so-
lar wind frame, if one makes the reasonable assumption that the
aligned component is a primary wave. One interpretation of
this event is that the primary, generated with its & vector close
t0 B by an electron beam, is decaying into other waves. Dur-
ing the first part of the event it decays into the daughter wave
shown; but then a new daughter in a siightly different direc-
tion takes its place. The analysis for the time period between
the two shown makes a poor fit, presumably because of the
presence of three waves.

If it is assumed that the primary remains reasonably constant
in frequency and wave vector, then making the assumption
than the observed difference frequency of the daughter waves
is mainly due to Doppler shift, we can write, taking into ac-
count the angles with the solar wind and assuming that the
wave E2 is in the more backward of the two possible choices,

(14

!y -~
Aw = {k; cos 23°+kycosl 02"}".\-‘”

The observed splitting
wind speed above, this

is .99 kHz. Together with the solar
gives limiting values of the wave vec-

tor of
e 19 k=0
7 as)
B 24 b=ty
s, 1=k

These are, obviously, consistent with our initial assumption
that these waves are electrostatic. From the list of values in
section 2 it can be seen that this event corresponds to the

usual treatment of Langmuir wave decay: The WKB approxi-
mation holds, etc., three-wave parametric decay is allowed, and
we suggest that the secondary wave, El in Figures 8 and 9, is
the daughter in such a decay.

6. Discussion and Summary

We have analyzed, in terms of two waves of different ob-
served frequencies and different directions, two sets of waves
from “local” type Il solar radio bursts, i.e., those accompanied
by Langmuir waves, chosen because of their different band-
widths. The Langmuir waves of a type Il burst on November
4, 1997, show the characteristics expected for small wave
number k as if they were generated by a high-energy beam and
therefore lie very close to the plasma frequency. The frequency
spread is small even for pairs of waves at widely different an-
gles. As the Doppler shift sets a minimum frequency spread of
the order of Akvgy, the wave number must be small. There is lit-
tie sign of parametric decay or other nonlinear processes; and
their wave number is probably below the limit of three-wave
parametric decay via ion sound waves. The waves seem to be
bouncing around between reflecting surfaces and show some
evidence of transverse components, which may be interpreted
as evidence for mode mixing and consequent linear mode con-
version.

The Langmuir waves of the burst on January 19, 1998, are
considerably different. Many of the specira show peaks sepa-
rated by frequencies up to 1 kHz and show the characteristics
expected for waves of larger wave number.

Of the five possible causes of modulation suggested in sec-
tion 3, we have shown evidence for three, namely, reflection,
instability, and decay. We have chosen not to discuss exam-
ples of the first of the causes in section 3, modulation due to a
narrow distribution of wave vectors in & space, but in fact, a
large number of cases probably fall into that category. We have
not found cases where the modulation is demonstrably due to

" changes in plasma parameters, and on the basis of Figure 1, we
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would expect that our samples, 17 ms in length, are wo short
to show appreciable modulation due to this cause, for the
plasma density changes slowly on our timescale. In any case,
the other effects cause such large and rapid modulation that it
would be hard to recognize modulation due to a slower cause.

These observations then have important consequences for
the generation of solar type III radio bursts. The mode conver-
sion of Langmuir waves by a density jump was considered
very early by Field [1956], who considered z stepwise jump.
A more realistic treatment, because of the mixing shown in
Figure 2, requires integration of differential equations. Such an
integration has been done recently by Yiner al. [1998].

From Figure 1 it can be seen that even the electromagnetic
waves resulting fom mode conversion will be trapped and
scattered, with further mode conversion. It may be that the
electromagnetic waves will come into equipartition with the
Langmuir waves. In any case, it is likely that that is how the
fundamental frequency part of a type III burst is generated.

The generation of type III bursts at twice the plasma fre-
quency has, fom the first theoretical efforts, required two
Langmuir waves with wave vectors in nearly opposite direc-
tions. Various efforts have been made to understand the gen-
eration of the opposed wave, but as pointed out by Kellogg
[1986], it is a simple consequence of the expected level of den-
sity fluctuations and the reflection implied. However, it has
always been assumed that the two waves must be aimost ex-
actly opposite, because it is assumed that the wave number of
the 2f, electromagnetic waves is very small compered to the
Langmuir waves, so that their wave numbers must add nearly
to zero. However, this is no longer true in the region of Figure
2 (right), where the Langmuir wave numbers are also small.
Hence two Langmuir waves of somewhat different directions
may be added in this region to give a 2f, electromagnetic
wave, thus improving the efficiency of the process as well as
providing large numbers of such pairs. We have shown some
events which can most easily be interpreted as reflection, to
confirm this suggestion.
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