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Abstract. Observations of incoherent-scatter plasma-line intensities, measured in the E-
region with the European Incoherent Scatter UHF radar, during auroral precipitation , are pre-
sented. Intensities up to 200 times the thermal level were observed in a restricted frequency
interval from 5.5 to 6.5 MHz. Intensities were lower at both higher and lower frequencies.
The intensities are compared with quantitative estimates based on model suprathermal electron
fluxes for the prevailing conditions. The minimum in suprathermal electron fluxes between 2
and 4 eV, which is caused by the excitation of vibrational levels in N2 , is found to result in
a minimum in expected plasma-line damping and a maximum in intensity between 5.5 and
6.5 MHz, for the EISCAT UHF wavelength. Good agreement is found between the calculated

and observed intensities.

Introduction

Incoherent-scatter plasma lines are a somewhat
neglected tool for studying the electron component of the
ionospheric plasma. Incoherent-scatter radars usually
make use of the ion-line, the signal scattered from ion-
acoustic waves in the plasma. Analysis of the spectrum of
the scattered signals gives information on thermal
plasma density, plasma temperatures, and ion drifts under
various assumptions of radar calibration, ion-mass and
particle energy distribution. Plasma lines represent
signals scattered from Langmuir waves in the plasma and
are sensitive to the density, energy distribution and
motion of the electron component of the plasma. In prin-
ciple, their observation offers the possibility to measure
electron drifts, to determine electron density and tempe-
rature independently of the assumptions necessary in the
ion-line case and to obtain information on the distri-
bution of suprathermal electrons. The former parameters
influence the frequency at which the plasma lines are
observed, the latter determine their intensity, so both
properties must be measured to gain maximum informa-
tion.

In practice, there are a number of experimental and
theoretical problems in the measurement of plasma lines.
The intensity of the signals is often too weak to allow
them to be detected, so that they must be enhanced by
photoelectrons or aurorally generated suprathermal
electrons to be observable. They appear at a frequency
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offset from that transmitted by about the plasma fre-
quency, i.e., a few MHz. This varies rapidly both with
altitude and with time (particularly in aurora) and makes it
difficult, first to "catch" the signal, and then to measure
the frequency accurately with limited altitude or time reso-
lution. Most of the quantitative studies which have been
published so far have made use of the more stable and pre-
dictable plasma lines which are observed during quiet day-
time conditions. For example, Kofiman et al. [1981],
Fredriksen et al. [1989], and Kirkwood and Bjgrna [1992]
have demonstrated their application for daytime tempe-
rature measurements. Yngvesson and Perkins [1968],
Cicerone [1974], Kofman and Lejeune [1980], and
Bjgrnd and Kirkwood [1986] have shown how they can
be used to study photo electron fluxes. In the case of
electron drift measurements it has been found that the
theoretical basis for the interpretation of the difference in
offset frequencies between up- and down-shifted plasma
lines is as yet inadequate [Kofman et al., 1993; Mishin
and Hagfors, 1994; Nilsson et al., 1995].

The number of studies of plasma lines during aurora is
limited. Wickwar [1978), Kofman and Wickwar [1980]
and Oran et al . [1981] present and discuss observations
made using the Chatanika (Alaska) incoherent scatter
radar. Plasma lines were monitored with 8 to 20 min time
resolution and appeared between 98- and 134-km alti-
tudes. Intensities were 0.06 to 1.2 eV, i.e., enhanced 3-
60 times above the thermal level (see the section below
on plasma line intensities for an explanation of these
terms). These enhancements and their variation with alti-
tude were found to be consistent with those expected from
model calculations of the suprathermal electron flux. The
absence of plasma lines below 98 km could be explained
by collisional damping of the plasma line. Kofman and
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Wickwar [1980] also compared the difference in offset
frequencies between up- and down-shifted plasma lines
just above the E region peak. They found an average 10-
kHz difference during a 30-min period of diffuse aurora,
which they interpreted as a downward field-aligned current
of about 10 LA m2 carried by the thermal electrons.
However, their uncertainties were large and 10 [l Am2 is
substantially higher than would be expected in such
circumstances. The question of the ability of plasma lines
to give measurements of field-aligned currents in aurora is
still an open one.

Valladares et al. [1988] reported more comprehensive
observations of aurorally enhanced plasma lines from the
same radar, now relocated to Sgndre Strgmfjord
(Greenland). The time resolution was now improved to 30
s, and both up- and down-shifted plasma lines were moni-
tored in alternating 30 s intervals. Plasma lines were
observed between 160 and 190 km (they would have been
at higher frequencies than could be monitored at lower
heights) and intensities found to be as high as 9 eV, i.e.
up to 150 times the thermal level. These high intensities
were suggested to be due to some plasma instability.
Some differences were observed between the intensities of
up- and down-shifted lines, but these were considered to
be insignificant, given that they were not measured
exactly simultaneously. Valladares et al. also attempted
to determine electron temperatures by comparing the
offset frequency of the plasma lines with the plasma
frequency determined from the ion-line measurements.
The results were consistent with the ion-line estimates of
electron temperatures, but the scatter was very large, of
the order of 500 K.

In a recent theoretical paper, Mishin and Schlegel
[1994] have discussed the strong enhancements observed
by Valladares et al. and proposed that they cannot be
explained as an enhancement by the suprathermal elec-
trons. They propose, rather, that they are enhanced by
plasma turbulence, accompanied by extremely high elec-
tron temperatures, which is supposed to occur in a thin
layer during auroral precipitation. However, the data
published by Valladares et al. were insufficient to test this
hypothesis completely.

Here we present a more comprehensive set of obser-
vations of plasma lines during aurora than has previously
been published. We present truly simultaneous obser-
vations of both up- and down-shifted plasma lines, with
better time resolution (10 s), better frequency coverage,
and higher plasma line intensities than previous reported
measurements. We show that these measurements can be
applied to determining electron temperatures, and in some
circumstances electron drifts, with high time resolution
during auroral precipitation. We further demonstrate that
the high plasma line intensities can be explained by a
reasonable suprathermal electron flux and that they are
not consistent with the plasma-turbulence model.

Measurement Technique

The experiments reported here were made with the
European Incoherent Scatter (EISCAT) UHF radar, situated
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near Tromsg in northern Scandinavia. Three radar pulses
were transmitted 5-12 ms apart, one 60 s , one 360 LLs
and one 1200 Ws long at 930, 929.5, and 931 MHz,
respectively. The last pulse was received only at the
remote receiving sites in Sodankyld and Kiruna. At the
transmitting site, two receiving channels were tuned to
the frequencies of the two shorter pulses, and the received
ion-line signals processed to give a power profile at 3-km
altitude intervals (for E region electron density) and auto-
correlation functions at 30.5-km altitude intervals for F
region densities, temperatures, and ion drifts. Plasma
lines from both pulses were monitored using the filter-
bank technique, i.e., six of the radars' eight receiving
channels were tuned to appropriate frequencies offset up-
ward and downward from those transmitted by between 4.5
and 6.9 MHz. At any one time, the plasma-line offsets
monitored were +x, -x, +(x+0.2), -(x+0.2), +(x+0.4),
-(x+0.4), -(x+0.5), -(x+0.7), -(x+0.9), +(x-0.5), +(x-
0.3), +(x-0.1) MHz, where x was 5 or 6 MHz (in each
channel the band covered was +-25 kHz, controlled by the
final receiver filters). Thus the frequency interval covered
at any time was 1.4 MHz with 0.1- to 0.2-MHz resolution
and simultaneous monitoring of both up- and down-
shifted plasma lines at three frequencies. The basic time
resolution of the measurements was 10 s.

The antenna was, for technical reasons, directed
vertically during these experiments, which means about
13° north of parallel with the magnetic field. The altitudes
covered were from ~80 to ~600 km. Measurements were
made on the evenings of August 3, 6,7 and 10, 1990. No
plasma lines were observed on August 3 or 7, which were
quiet with no significant auroral activity. On August 10
there was some weak auroral precipitation and strong
plasma lines were observed in the F region, but not in the
E region On August 6, however, strong, intermittent
auroral precipitation was observed by the radar from 1750
UT until observations ended at 2100 UT. A substorm on-
set was indicated by the magnetometer at about 2030 UT.
Plasma lines were detected at and near the F region peak
during most of the interval 1750-2100 UT, but these are
not the subject of this study. Plasma lines in the E region

were detected for only a few minutes in association with
the appearance of intense auroral precipitation in the

radar beam, at ~1800, 1825, 1940, and 2030 UT, which
we refer to as events a, b, ¢ and d, respectively. The elec-
tron density fluctuations associated with these activa-
tions, the associated plasma-line intensities, and the
derived electron temperatures are shown in Plate 1. The
derivation of the electron temperature and the plasma line
intensity are described in the relevant sections below.
The "electron density" shown in Plate 1 is, to be more
exact, the raw electron density, n,', where

n,=n 2 )
T\ 1+K*D*)(1+K*D*+T,IT;)

where n, is the true electron density, T, the electron
temperature, T; the ion temperature, K the scattering-
wave vector, and D the Debye length (D? = EQkT o/n €%,
k is Boltzmanns constant, and e is the electron charge).
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In the ionospheric E region where T, and T; are low and
close to equal, n, ' = n,. The raw electron density is calcu-
lated from the power received in the ion-line part of the
incoherent scatter spectrum:

2
! Cs Pri T

no==srili
° PBRoy

where P; and P,; are the transmitted power and the power
received in the ion-line channel, r; is the range to the
scattering volume, 6r; is the range increment contribu-
ting to the scattered signal, and Cg is the radar system
constant. The value of Cg is found by calibration, i.e., by
monitoring the scattered power in the ion line at the same
time as absolute values of electron density are provided
by plasma-line frequency or ionosonde measurements and
plasma temperature measurements are either available or
can be safely assumed. In this case the value of Cg given
by Kirkwood et al. [1986] was first used, then alternative
analysis were made with slightly (10%) smaller and larger
values of Cs. However, the original value was found to
give the best overall agreement between plasma frequen-
cies calculated from the ion-line electron densities and the
observed plasma-line offset frequencies at the lowest alti-
tudes (see next section), so the original value was used for
the final analysis.

The range (height) of the plasma-line echoes and the
range increment contributing to the scatter were found by
least squares fitting of a function,

@

P, (1) =Sexp{~((t-15)/ &1)°}
to the time series of power recieved in the plasma-line
channels (¢ is the time delay between transmission and
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reception, Prp is the power received in the plasma line
channel, S, ¢, and &t are fitted parameters). This is a
steep-sided, flat-topped function which can easily be
fitted by standard computer procedures and gives a good
fit to the shape of the received signal. All fits with a nor-
malized variance exceeding 2 were rejected, and all fits
were also checked graphically so that other obviously bad
fits (e.g., to noise spikes) could be excluded. The range
(height) to the scattering volume is cty/2 (c is the speed
of light) , Prp (fo) is the intensity of the signal used to
calculate the plasma-line temperature (see (6)), and 26t is
the sum of the transmitted pulse length and 25rp /c, where
8rp is the range increment contributing to the scatter (see
also (6) and the discussion following the equation).

Plasma-Line Offset Frequencies and Electron
Temperature

The plasma-line offset frequency depends on the
plasma density and the electron temperature. To a close
approximation (i.e., within a few kHz for the conditions
of these measurements, see e.g., Kofman et al. [1981] and
Hagfors and Lehtinen [1981]

£5 =f2(143K2°D?)+f2 sin* @ 3)

where f] is the offset of either the up- or down-shifted
plasma line and fp is the plasma frequency
(f2 =n,e* 14neym,), -2 is the electron gyro frequency
and o the angle between the radar beam and the magnetic
field (here 13.5°).
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Figure 1. Circles show electron temperatures derived from the plasma-line offset frequency and ion-
line power for each of events a-d. The solid line indicates the model of ion temperature (assumed
equal to MSISE-90 neutral temperature [Hedin, 1991]), which was used in the calculation. The dashed
line indicates the mean of the derived temperatures in each 5-km altitude bin.
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Figure 2. Individual profiles for a number of 10-s integration intervals from event a. The times
shown above each set of profiles correspond to the times shown on the x axis in Plate 1. The left-
most altitude profile shows "raw" plasma frequency calculated from the ion-line power (solid line),
the expected offset frequency for plasma lines for three different assumptions of electron tempera-
ture, Tp =T}, Te = 1000 K, and T, = 2000 K (dashed lines, highest T, corresponds to dashed line
furthest from the solid line), and the measured offset frequencies of the plasma lines (circles and
crosses). The altitude profiles second from the left show electron temperatures derived form the
plasma-line frequency and ion-line power. Altitude profiles second from the right show the plasma-
line intensity . The rightmost diagrams show the plasma-line intensity as a function of offset fre-
quency. In all diagrams, up-shifted (crosses) and downshifted (circles) plasma lines are indicated se-
parately.
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altitudes, indicates that the accuracy of C_is within 20%.
The possibility of a systematic error of a few hundred
degrees Kelvin at the higher altitudes is in many cases not
significant considering the scatter, but should be borne in
mind when interpreting the results.

In event b, where the plasma density varied rather
slowly, the temperatures show a well-defined altitude pro-
file, increasing from about 1000 K at 150-km altitude to
2000 K at 190-km altitude (Figure 1, event b). This is
similar to temperature profiles measured during aurora
using the incoherent-scatter ion lines [e.g., Lilensten et
al., 1990]. For the other events, and particularly event c,
the temperatures appear more variable and reach higher
values, up to 3000 K at heights as low as 160 km (Plate 1
and Figures, events a, c, d). The precipitation in these
cases is also more intense, so higher electron temperatu-
res might be expected. However, plasma densities also
vary on time scales comparable to the integration time of
the measurements which can lead to erroneously high (or
low) electron temperatures, i.e., if the average plasma
density during the integration interval is less (more) than
the plasma density at the time the plasma-line scatter is
produced. Since plasma-line intensifications seem to be
related to precipitation, it is more likely that the electron
temperatures will be overestimates than underestimates,
but clearly they should be interpreted with some caution
when the plasma density is changing rapidly.

However, there is one interval of distinctly enhanced
temperature, not associated with rapidly changing elec-
tron densities, in event ¢ (c250 s - c300 s, where we use
the shorthand "c250s" to mean event c, time 250 s). In
this interval temperatures exceed 2000 K at altitudes as
low as 150-160 km (Plate 1, event c, and Figure 3). This
appears to be a real temperature increase. It is supported
by the observations at several plasma-line frequencies,
for four 10-s integrations in a row, and appears to be
associated with softer particle precipitation than at other
times. It is, however, possible that the radar is looking
through an aurora (the beam is directed vertically, not
along the field line) so that the precipitation on the field
line where the high temperatures are observed may have
different characteristics from that indicated by the elec-
tron density profile at lower altitudes.

Plasma-Line Offset Frequencies and Electron
Drift

In principle, a drift of the thermal electron population
should result in a Doppler shift of the plasma lines, so
that the offsets of the up- and down-shifted lines from the
transmitter frequency are unequal. In practice, the slightly
different wave vectors at the frequencies of the up- and
down-shifted lines also lead to asymmetry [e.g., Kofman
et al., 1993]. If we can measure the asymmetry, and
correct for the latter effects, we can measure the electron
drifts. In the present measurements a difference in offset
frequency between the up- and down-shifted plasma lines
will appear as a different altitude for the corresponding
returns in the fixed-frequency monitoring channels. To
first order, the asymmetry is given by
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fi—f-=(h,—=h_)dfldh ®
where h+ and h- are the altitudes of the up- and down-
shifted plasma lines and df / dh is the gradient in the
plasma-line frequency (estimated by a suitable fit to
measurements from a number of heights, see below). In

‘practice, we can determine the altitudes to better than 1

km but df / dh can be very large, varying from about 10
kHz / km in event b to 200 kHz / km during the most
intense precipitation in event c. As a result, the errors in
determining the plasma-line asymmetry can vary between
a few kHz and several tens of kHz. This is clearly seen in
the results, which are shown in Figure 4. Note, first, that
the frequency scale for the panel showing event b is a
factor of 10 less than for the other events. We might
expect electron drifts of the order of a few tens to a few
hundred of m s-1, corresponding to an asymmetry of a few
hundred Hz to a few kHz. The additional asymmetry due to
the different wave vectors should contribute similar
amounts, a few hundred Hz for temperatures around 200 K,
10 times as much for 2000 K. Only in event b do we get
good enough accuracy for the measurements to be useful,
and in this case there is no evidence for any significant
asymmetry. It seems that this method will not be useful
for electron drift measurements in the conditions when
such measurements are of most interest, i.e. when there is
intense energetic particle precipitation, at least not in the
E region, where the plasma density gradients are large.

Plasma-Line Intensities and the Suprathermal
Electron Flux

Observations

A convenient way of expressing the plasma-line inten-
sity is given by the plasma-line "temperature" kT,
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Figure 4. The difference between the offset frequencies
of the up- and down-shifted plasma lines (f+ - f-) for each
event. See text for details.
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which is simply the temperature of the purely Maxwellian
plasma which would give the same plasma-line intensity.
The observed plasma-line temperature is calculated from
the incoherent-scatter measurements of the power
scattered from the plasma using the expression (derived
from equations (1) and (2) above and Yngvesson and
Perkins [1968, equations 16 and 17] transformed to SI
units)

2
kT. = M ©)
’ P,5rp

where P; is the transmitted power, Prp is the power
received in the plasma-line channel, r is the range to the
scattering volume, 6rp is the range increment contribu-
ting to the scattered plasm-line signal, Cg is the radar
system constant as described above and
Ay, = gte? ! &K 2, where g is a gain factor found by cali-
bration (using observations of radio stars) to account for
different gains in the radar system at the frequency of the
ion-line echo, where Cg is measured, and at the frequen-
cies of the up- and down-shifted plasma lines. In this
case, g+ = 0.95 and g- = 1.16, for the frequency range of
up- and down-shifted lines, respectively.

The term in the expression (6) for kTp which is most
difficult to estimate is 8rp, the range increment contri-
buting to the scatter. It depends on the gradient of the
plasma-line offset frequency with range (height) , dfp; /dr
, and the width of the receiver filter, BW. In principle,
this can be estimated in three ways, and all three methods
were tested in the present analysis. The first method is
simply to measure the length of time, At, during which
the signal is received. Then 6rp =c(At- T)/2, where c is
the speed of light and 7 is the length of the transmitted
pulse. In practice, the range increment contributing to the
scatter is often much less than the range resolution
available in these experiments, so that this method gives
a large scatter in the results, with apparently less-than-
zero range increments at times. The second possibility is
to estimate dfpl /dr from the electron density profiles and
multiply by BW. In this case, we have only the raw
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electron density profile readily available. The true
electron density decreases less rapidly with altitude than
the raw electron density, so that dfp] /dr estimated from
the raw electron density is systematically too high and
the resultant Srp too small. This could be improved using
a model of the temperature increase with altitude, but in
the present case this seems to be unnecessary, as the third
method gives good results. The third possibility is to
estimate dfpl /dr from the measured fp]. Since we
generally see plasma lines at a number of frequencies (and
altitudes) at any one time we can estimate dfpl /dr by
fitting a suitable polynomial to the observations. In this
analysis we have fitted a quadratic, which gives a good fit
in all cases and allows us to estimate 6r;, whenever we
observe plasma lines at at least four frequencies simul-
taneously (up- or down-shifted as they are fitted together).

An overview of the observed plasma-line intensities is
given by Plate 1. It can be seen that plasma lines are ob-
served almost all of the time when there is precipitation
(indicated by enhanced electron densities) and that kTp is
usually less than 10 eV. However, on a number of
occasions kTp exceeds 10 eV, at times reaching 20 eV.
This usually occurs only in a limited height /frequency
interval, with lower kT, at both higher and lower
heights/frequencies. There is no obvious correlation bet-
ween the occurrence of these strong plasma-line enhan-
cements and the intensity of the precipitation, but the
varying altitude coverage would make such an effect hard
to discern. Close examination of the lower two panels for
each event in Plate 1 shows that the enhancements occur
at altitudes from 130 to 170 km (e.g., event c) but only
over a restricted frequency interval, 5.7-6.4 MHz. This is
shown more clearly by Figure 5. Figures 2 and 3 show the
strongly enhanced plasma lines and associated plasma
density and temperature profiles in more detail for two
occasions: the time interval 320-390 s from event a, and
90-120 s and 260-290 s from event c. In these figures the
leftmost column shows a series of profiles, each represen-
ting a 10 s integration, comparing the plasma frequency
and plasma-line offset frequency calculated from the
power in the ion line with the measured offset frequencies
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Figure 5. Observations of plasma-line intensity for all four events plotted as a function of altitude
(right panel) and offset frequency (left panel). Event a, (circles), event b, (plus signs), event c,

(crosses) and event d, (stars).
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of the plasma l'ines. The solid line sll}gws the "raw plasma
frequency,” (f, =(n,e*/4x’€ym,) "), which would be
the same as the plasma-line offset frequency in a cold
plasma. The three profiles indicated by the dashed lines in
Figures 2 and 3 show the expected plasma-line offset fre-
quencies for T, =T; (model), T, =1000K, and T, =
2000 K, at progressively increasing offsets from fp' The
circles show the measured offsets for the up-shifted
plasma lines, the crosses for the down-shifted lines. In all
cases, the observed plasma line offsets are consistent
with those expected from the ion-line analysis, with elec-
tron temperatures between the model values (a few hundred
degrees Kelvin) and 2000 K. In all the cases shown in
Figures 2 and 3, the profile of f," decreases steadily with
altitude above the peak (apart from some noise), as
expected for an ionization profile caused by auroral preci-
pitation. In a few cases not shown in Figure 3 or 4 but
visible in Plate 1 (c130s, c140s), there appears to be a
narrow layer of enhanced electron density superimposed
on the normal topside gradient. Since the radar beam was
not directed parallel to the magnetic field, this is
probably caused by the beam intersecting two spatially
distinct auroral arcs. Even in these cases, the plasma-line
offset frequencies are in good agreement with those
expected from the ion-line analysis and temperatures
close to or less than 2000 K.

Last of all we consider the plasma-line intensities,
shown in the two rightmost columns in Figures 2 and 3.
In event a, Figure 2, the maximum plasma-line intensity
is initially about 12 eV, exceeding 5 eV throughout a ~20
km thick layer centered at ~160 km altitude and covering
a frequency interval 6-6.5 MHz. Ten seconds later, the
thickness of the layer has increased to 40 km, but the fre-
quency interval involved remains the same. In the subse-
quent 30 s the electron densities increase and the height
from which the plasma line signals we are monitoring are
returned increases to above 170 km. This is accompanied
by a decrease in plasma line intensities to about 4 eV for
all frequencies. In the last 30 s shown (a370s-a390s),
electron densities fall and we again see plasma lines from
lower altitudes, 130-160 km. For the middle 10 of these
last 30 s, strongly enhanced plasma-lines ~20 eV are seen
at ~145 km altitude, again for 6.0 to 6.4 MHz frequencies.
The plasma-lines in this frequency interval come from
lower altitudes, and appear to correspond to substantially
lower electron temperatures at 380 s compared with 370 s,
which may explain the increased intensity (see below). In
the last 10 s (a390s) the plasma frequency seems to have
fallen too low to give plasma lines above 6 MHz.

Figure 3 shows the most intense plasma lines which
were observed during these experiments, exceeding 20 eV
in one 10 s integration (c110s) and persistently
exceeding 10 eV for as long as 40 s (c90s-c120s). The
altitude of the intensity maximum varies from 130 km to
150 km with the width of the layer of enhancement in this
case being only 10 km or less. In terms of frequency, the
enhancement above 10 eV is again confined to the inter-
val 6-6.4 MHz, but intensities in the interval 5.5-6.0
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MHz reach almost 10 eV. The strongest plasma lines
during this event correlate with the strongest precipita-
tion (c110s). On the other hand, there are periods with
apparently very different levels of precipitation, c100s
and c270s, but with very similar plasma-line intensities.
The second part of Figure 3 shows the results from 260 s
to 290 s. Here the precipitation seems to be relatively
weak (the electron densities are rather low), but electron
temperatures, and at times plasma-line intensities, are
high. It is possible that the radar is looking through a
narrow arc in this case, so that the precipitation on the
field line where the plasma-lines are seen is more intense
than appears to be the case.

Although we have not discussed this above, Figures 2
and 3 show the plasma line intensities for up- and down-
shifted lines separately, and it can be seen that those
intensities are close to equal. Figure 6 shows a compa-
rison of up- and down-shifted plasma line intensities for
all the observations, which confirms this. Thus, to
explain our observations, we need a mechanism which
strongly enhances plasma lines in a limited frequency
interval from 5.5 to 6.4 MHz, over a rather wide altitude
range, 130-170 km, and enhances both up- and down-
shifted plasma lines equally.

Interpretation: Enhancement by Suprathermal
Electrons

We first test the possibility that the plasma lines may
be enhanced by suprathermal electrons. The intensity of
the plasma lines is then determined by the energy input to
the corresponding Langmuir waves, from thermal and
suprathermal electrons, or from collisions, and by the
damping of the waves by the same processes. The obser-
vation of equal intensities for down- and up-shifted
plasma lines implies that the electron velocity distribu-
tion in the plasma for the energies affecting the plasma
lines (a few eV) must be symmetric in the up-going and
down-going directions, respectively. Since the eV popu-
lation is formed by degradation and scattering of a
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Figure 6. Comparison of the intensities of up-shifted
(kTp+ ) and down-shifted (kTp-) plasma lines for event a,
(circles), event b, (plus signs), event c, (crosses), and
event d, (stars). The line indicates where kTp4 = kTp..
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primary beam of down-going keV electrons, the velocity
distribution at eV energies in intermediate directions is
likely also to be the same as for the up and down direc-
tions, i.e., the plasma is isotropic at eV energies. Since
an isotropic plasma is always stable against Langmuir
wave instabilities, we can use the expression of
Yngvesson and Perkins [1968] for the intensity of either
the up- or down-shifted plasma line:

kT,
o, - ,(fm(v.)+f(v,)+x) -

Tu(vy)—kT, Efs("d*)*’x

where k is Boltzmann's constant, T, the electron tempe-
rature, fy, and fs the one-dimensional electron velocity
distributions for the thermal (Maxwellian) and suprather-
mal populations, respectively, vg =@p] / K is the
electron velocity corresponding to the phase velocity of
the Langmuir waves which scatter the radar signal, at fre-
quency offset @ p; and scattering wave vector K, Ey the
corresponding electron energy, and

x — nekBTeVe
mﬂ'Kv;
Ve = Ven + Vei

8)
v,, =5.4x107%n,(T,)*°
v, =[34+4.1810g(T> / (n, x107*))][(n, x10°)/ T} ]

a collision term where ny, is the neutral number density,
ne the plasma number density, and m, the electron mass
[Newman and Oran, 1981; Nicolet, 1953]. The collisional
term dominates the damping below 110 km [Oran et al.,
1981].

In the case of a purely Maxwellian plasma, in the
absence of a magnetic field (or for waves propagating
parallel to the magnetic field),
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0.5
me
f(v¢)=ne[2”kTe) exp(-m v} / 2kT) ©)

and, in the absence of collisions, kT = kT,
In the case of propagation at an angle to the magnetic
field, the effect can be accounted for by replacing the

above Maxwellian expression for the thermal particles
with [Yngvesson and Perkins, 1978]

0.5 o
m exp(—bsin2 0), . 2
= e I.(b 0
) ne(2nkTeJ Z cos @ j(bsin”6)
(10)
-’
XP( 2bcos? 9)

Where I is the modified Bessel function of the first
kind, b=K2kT¢/me®c,y = Wp|/ @, @ is the electron
cyclotron frequency, and 6 is the angle between the
scattering vector and the magnetic field.

For the suprathermal electrons, the one-dimensional
velocity distribution must be found by numerical integra-
tion of the differential energy-flux spectrum. Figure 7
shows model calculations of the suprathermal energy-flux
spectrum for the conditions corresponding to a320 s and
c110 s in Figures 2 and 3. The corresponding one-dimen-
sional velocity distributions fm(v¢ ), fs(v¢) for one of
the cases are shown in Figure 8. The primary fluxes of
energetic electrons (>3 keV) have been calculated by in-
verting the electron density profiles [Kirkwood, 1988;
Kirkwood and Eliasson, 1990] and the resulting
secondary fluxes have been calculated according to the
procedure described in Lummerzheim and Lilensten,
[1995]. As might be expected, the more energetic primary
flux corresponding to c110s results in significantly
higher secondary fluxes at low energies than in the case
of a320s. The plasma-line intensities are most sensitive
to the suprathermal electron distribution in the neighbor-
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Figure 7. Model calculations of the flux-energy spectra of suprathermal electron spectra corre-
sponding to the time labeled 320s in event a (a320s) and 110 s in event ¢ (c110s). Only the upward
flux is plotted but this is indistingushable from the downward flux in the energy range shown.
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Figure 8. One-dimensional distribution functions
fm(v¢) (dashed line), fs(v¢ ) (solid line) corresponding
to the energy-flux spectrum for c110s, 120-km altitude in
Figure 7.

hood of the phase-energy Eg, which, for these observa-
tions corresponds to 1-4 eV. It is obvious from Figure 7
that the fluxes are strongly structured in this energy in-
terval. This is due to excitation of the vibrational levels
in N7 and is a feature of the suprathermal electron distri-
bution which is shown both by model calculations and in
observations (by sounding rocket [Sharp and Hays,
1974]). Here it is worth noting that the dip in the
suprathermal electron spectrum at 2-3 eV is most pro-
nounced at the lowest height shown (100 km), where
fluxes fall by a factor of 100 compared with the levels at 1
eV, and becomes progressively less pronounced as the
altitude increases. The relative depth of the minimum is,
on the other hand, rather constant for the different cases
even though the overall flux levels are substantially
higher in one case than the other.

Figure 9 shows the plasma-line intensities calculated
using the suprathermal electron fluxes in Figure 7 and

phase energy (eV)
3.08

3.58
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(7). Electron temperatures at the selected heights have
been taken as the average from the profiles in Figure 1
and neutral densities from the MSISE-90 model (for
Jm(v¢) . fs(v¢) and X in (7). The values used are listed in
Table 1. The curves in Figure 9 show a clear maximum in
plasma-line intensities for frequencies corresponding to
phase energies 2-3 eV, i.e. 5.5-6.5 MHz. The higher
maximum intensities in event ¢ compared to event a
result from the higher levels of suprathermal electron flux
in event c. The sharp decrease of intensities between 120
km and 100 km altitude is caused by a combination of
decreasing suprathermal electron fluxes and an increase in
collisional damping. The decrease in intensities between
160 km and 180 km altitudes is caused to some extent by
the minimum in the suprathermal electron flux being less
pronounced, but to a greater extent by increasing Landau
damping by the thermal electrons as their temperature in-
creases. This latter effect also pushes the maximum inten-
sities to higher frequencies. Comparing with Figure 5, it
can be seen that the intensity levels and overall form of
the frequency dependence of the calculated plasma-line in-
tensities are very similar to the measurements.

Figure 10 shows how the calculated intensities com-
pare with the measured values for the times corresponding
to, and adjacent to those used for calculating the
suprathermal fluxes. A profile of plasma-line frequency
versus altitude found by fitting a second-order polynomial
to the observations has been used to calculate the
expected plasma-line intensities. The agreement with the
measurements is overall very good, both in the values of
plasma-line intensities reached and the height distribu-
tion of the enhancements. The measured enhancements
are sometimes confined to a slightly narrower height
interval than the predictions; this may be due to fine
structure in the suprathermal electron flux which is not
well represented by the resolution of the calculations in
Figure 7. Also, the highest intensities observed in each
case are not quite reproduced by the model calculations. In
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Figure 9. Plasma line intensities calculated using the flux-energy spectra in Figure 7 and (7) (see
text for further details). The frequency scale assumes backscatter measurements with the EISCAT UHF

radar, i.e., ol =

(E,K?/2m,n*)*° , where K is 39 m™.
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Table 1. Temperatures and Densities Used in the Calculations in Figures 8 and 9

a320s c110s
Altitude  ,, m3 T K T, K ng,m3 max Te.K  ng,m3 max
kTp,eV kTp.eV
100 7x1018 200 200  1x106 002 200 2.108 0.3
120 3x10l7 397 397 2x108 4 397 1.109 12
140  sx1016 695 695  3x108 11 900 8.108 15
160  2x1016 883 1000  2x108 10 1500  7.108 10
180  7x1015 1000 1600  2x108 5 2000  6.108 5

Here, n,, is the neutral number density, T}, the neutral temperature, T, the electron temperature, rg the total
number density of the suprathermal electrons between 0.3 eV and 35 keV, and max kTp the highest plasma-
line intensity predicted by the calculations at each height.

the case of a320 s, 3 times higher suprathermal electron
fluxes would be needed, and in the case of ¢ 100 s, 10
times higher to produce the highest plasma-line intensi-
ties observed. It seems likely that, with 10 s time resolu-
tion, we do not fully resolve the peak intensity of the
precipitation. The primary flux, and as a consequence, the
suprathermal fluxes could be substantially higher for a
shorter time. Very short duration (2-3 s) intervals of very
intense fluxes ( about 4 times our maximum energy flux in
event ¢, 20 times our flux in event a) have indeed been
suggested by other EISCAT observations in similar
circumstanses [Lanchester et al., 1994]. There is the
additional possibility that fine structure in the Np absorp-
tion cross section on energy scales less than the resolu-
tion of the suprathermal flux model could cause higher
peak plasma-line temperatures.

Interpretation: Plasma Turbulence

Mishin and Schlegel [1994] have proposed that
strongly enhanced F region plasma lines might be a result
of plasma turbulence. The scenario they propose is that
long-wavelength Langmuir waves, driven directly by the
high-energy primary particles, are converted by interac-

tion with ion-acoustic waves to produce shorter wave-
length Langmuir waves, appropriate to scatter the radar
signal. Their scenario requires ion-acoustic waves
enhanced 15-100 times above the thermal level, within a
narrow layer corresponding to the narrow range of altitu-
des where the plasma lines are enhanced. In order for such
a level of ion-acoustic waves to be achieved, there must
be a field-aligned current and electron temperatures
exceeding 4400 K. Plasma-line temperatures of about 1
eV are then predicted for phase energies less than ~1.6
eV, rising sharply to 5-10 eV for phase energies 1.9-2.5
eV. Also, according to this proposal the plasma-line in-
tensities must continue to increase with phase energy
(approximately as E¢2 ), i.e., with increasing wavelength
of the Langmuir waves scattering the plasma line. This
last feature would be expected for any mechanism
depending on plasma turbulence, since an increase of
energy toward longer scale sizes is an inherent feature of
turbulence.

Our observations show this explanation cannot apply
in the events shown here. First, we clearly see that the
plasma-line intensities first increase with phase energy
but then decrease again at phase energies above 3 eV (f >
6.5 MHz). Second, the electron temperatures associated
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Figure 10. Comparison between measured plasma line temperatures (plus signs up-shifted, circles,
down-shifted) and those calculated using the suprathermal electron fluxes in Figure 7 and (7).
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with the most intense observed plasma lines are not par-
ticularly high, always less than 2500 K and usually less
than 1000 K. For example, in event ¢, 90-120 s, the
plasma lines are extremely strong and the electron den-
sity at the altitude of the plasma lines changes very little
over a period of 40 s. The temperatures can be reliably
determined from the plasma-line frequency in these cir-
cumstances and are less than 1000 K at the heights where
the plasma lines are most intense. Since we measure the
electron temperature using the plasma-line signal, we can
be in no doubt that it is the temperature in the same
volume of plasma where the plasma line is excited. Third,
the enhanced ion-acoustic fluctuations required in this
scenario would cause a similarly enhanced power in the
incoherent scatter ion line, P,;. The profiles of fp'
shown in Figures 2 and 3 are directly proportional to (
Py )1/ 2. The proposed 15-100 times enhancement of ion-
acoustic fluctuations would correspond to 4-10 times in-
crease in the apparent value of f,' in a thin layer at the
altitude of the strongly enhanced plasma lines. There are
quite clearly no such layers of enhanced ion-line power in
the observed profiles. Last of all, since we can explain
our observations by reasonable suprathermal electron
fluxes, plasma turbulence is unnecessary.

Conclusions

Our observations confirm those of Valladares et al.
[1988] in showing that strongly enhanced plasma lines
can be observed during auroral precipitation. The enhan-
cements we observed were even stronger than those
reported by Valladares et al. up to 200 times the thermal
level. We have further observed that the strongest
enhancement is confined to a restricted frequency inter-
val, 5.5-6.5 MHz, with only lower intensities occurring
at both higher and lower frequencies. It seems that the
enhancements cannot be explained by plasma turbulence,
which would give ever increasing intensities at higher
frequencies (for constant altitude and electron tempera-
ture) and strongly enhanced ion-line signals from the
same altitudes, which we do not observe. We find,
however, that the high intensities can be explained by
reasonable suprathermal electron fluxes. The high inten-
sities in a restricted frequency interval result from the
minimum in suprathermal electron fluxes between 2 and 3
eV, which results from energy absorption into the vibra-
tional levels of N2 _ This, in turn, results in a minimum in
the damping of Langmuir waves with corresponding
phase energies. The frequent restriction of the plasma-
line enhancement to a narrow altitude interval is
explained by the sharp gradient in plasma frequency with
altitude.

At the slightly higher frequency of the Sondrestrom
radar, used by Valladares et al., these phase energies
correspond to slightly higher frequency plasma lines.
Valladares reported only weak plasma lines at 6.6 MHz
and below, kT, up to 3 eV at 7.0 MHz and up to 9 eV at
7.4 MHz. Frequencies 6.6, 7.0, and 7.4 MHz for the
Sondrestrom k vector correspond to phase energies 1.7,

KIRKWOOD ET AL.: INCOHERENT-SCATTER PLASMA LINES IN AURORA

1.9, and 2.1 eV, respectively. Referring to Figure 9, it
can be seen that this is exactly the phase energy range
where we predict that the plasma-line enhancement starts
to appear, i.e., Figure 9 shows kTp, <1eV at phase energy
1.7 eV, up to 2 eV at phase energy 1.9 eV and up to 5 eV
at phase energy 2.1 eV.

The extremely high plasma-line intensities make the
signal much easier to observe under just those conditions
which may be most interesting, i.e. intense particle pre-
cipitation. This considerably improves the possibility to
develop the use of plasma lines for studying suprathermal
fluxes, high-time resolution temperature changes and
possibly even field-aligned currents during auroral preci-
pitation.
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