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Abstract. In an incoherent scattering radar experiment,
the spectral measurement of the so-called up- and
downshifted electron plasma lines provides information
about their intensity and their Doppler frequency. These
two spectral lines correspond, in the backscatter geom-
etry, to two Langmuir waves travelling towards and
away from the radar. In the daytime ionosphere, the
presence of a small percentage of photoelectrons
produced by the solar EUV of the total electron
population can excite or damp these Langmuir waves
above the thermal equilibrium, resulting in an enhance-
ment of the intensity of the lines above the thermal level.
The presence of photo-electrons also modifies the
dielectric response function of the plasma from the
Maxwellian and thus influences the Doppler frequency
of the plasma lines. In this paper, we present a high
time-resolution plasma-line data set collected on the
Eiscat VHF radar. The analysed data are compared
with a model that includes the effect of a suprathermal
electron population calculated by a transport code. By
comparing the intensity of the analysed plasma lines
data to our model, we show that two sharp peaks in the
electron suprathermal distribution in the energy range
20-30 eV causes an increased Landau damping around
24.25 eV and 26.25 eV. We have identified these two
sharp peaks as the effect of the photoionisation of N,
and O by the intense flux of monochromatic Hell
radiation of wavelength 30.378 nm (40.812 eV) created
in the chromospheric network and coronal holes.
Furthermore, we see that what would have been
interpreted as a mean Doppler drift velocity for a
Maxwellian plasma is actually a shift of the Doppler
frequency of the plasma lines due to suprathermal
electrons.

Key words. Ionosphere (electric fields and currents;
solar radiation and cosmic ray effects).
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1 Introduction

The enhancement process of the plasma line is well
understood theoretically (Perkins and Salpeter, 1965;
Yngvesson and Perkins, 1968; Bjornd et al., 1982;
Bjorna and Trulsen, 1986) and has been confirmed by
measurements both during daytime (Perkins et al., 1965;
Yngvesson and Perkins, 1968; Lejeune and Kofman,
1977; Kofman and Lejeune, 1980) and in auroral
conditions (Oran et al., 1981; Kirkwood et al., 1995).
The problem of estimating the field-aligned electron net
current from an incoherent scatter Doppler measure-
ment of the electron plasma lines has also been studied
for some time (Vidal-Madjar et al., 1975; Bauer et al.,
1976; Showen, 1979), yet the work on the subject has
progressed rather slowly, partly due to experimental
problems (the spectra needs to be estimated) and partly
due to the lack of theoretical understanding. It is
expected that by simultaneous measurements of the
frequency of the up- and downshifted plasma lines one
could deduce the mean Doppler velocity u, of the
electron velocity distribution function along the scatter-
ing direction.

At first, an additional asymmetry between the
Doppler frequency of the plasma lines was identified
for an isotropic Maxwellian plasma. This asymmetry is
due to the difference in magnitude of the wave numbers
of the up- and down-going Langmuir waves (Showen,
1979). This term is proportional to a temperature-
dependent correction term (Debye correction) in the
dispersion relation for Langmuir waves and was pointed
out as a possible method for the independent determi-
nation of the electron temperature (Hagfors and Leh-
tinen, 1981). Later, Kofman er al. (1993) showed that by
introducing in the dispersion relation a heat flow
correction term that takes into account the effect of
the temperature gradient of the electron temperature,
that their data collected with the Eiscat UHF radar
during daytime were in better agreement with the
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prediction of no field-aligned. This heat flow correction
term behaves as an additional mean Doppler velocity
that artificially increases the difference of the Doppler
shifts of the plasma lines. Guio et al. (1998) showed that
the heat flow effect was underestimated for UHF radars
by comparing the heat flow approximation of the
dispersion relation with a full numerical estimation of
the dielectric response function using the Spitzer velocity
distribution for a plasma with a temperature gradient
(Cohen et al., 1950; Spitzer and Hiarm, 1953). It was also
shown that for VHF radars, suprathermal electrons
would contribute to modify the dielectric response
function and thus the Doppler frequency of the plasma
lines. It is noteworthy that while the suprathermal effect
on the Doppler frequency has been investigated with a
Maxwellian to represent the photoelectrons distribution
(Bauer et al., 1976), it has to our knowledge, never been
observed in data.

In this paper we present a high temporal resolution
data set collected on the Eiscat VHF radar. The plasma
line analysis consists of two parts. First, the result of the
analysis of the intensity of the plasma lines is compared
with a model that calculates the theoretical enhancement
caused by suprathermal electrons described by the
angular velocity distribution derived form the electron
angular intensity flux calculated by a transport code
(Lummerzheim, 1987, Lummerzheim and Lilensten,
1994). Once we find an electron velocity distribution
that gives correct intensity compared to the measured
intensity, we use the full numerical calculation of the
plasma dielectric response (Guio et al., 1998) to estimate
the mean Doppler velocity u, of the ambient electrons,
and the plasma frequency w,. The results are compared
with the Maxwellian case.

2 The data

The plasma line data were collected with the Eiscat
VHF radar (223.8 MHz) near Tromse, Norway on 22
June 1994 from 15:00 UT to 16:00 UT. The antenna was
pointed vertically which gives an angle of about 12° to
the magnetic field line at 250 km. The ionospheric
conditions were quiet, a F10.7 index of 75 and an A,
index of 6 were measured.

The data were collected with the long pulse technique
first described by Showen (1979) and the measurement
of the plasma lines was done at the peak of the F-layer.
A special tracking program that interacts with the radar,
attempts to tune the radar receiver every dump so that
the critical frequency of the peak of the F-layer is
centred in the 100 kHz observation window filtered with
a 80 kHz filter. Three receiving channels, one for the
upshifted, one for the downshifted plasma line and one
for the ion line, were used simultaneously, with the same
spatial resolution. A single long pulse with length 450 ps
was transmitted and signal was collected at a sampling
rate of 10 us. A 33-point autocorrelation function with
correlation time between 0 and 320 ps by step of 10 us
was computed for five gates as a function of altitude, on
each channel. The first gate was situated at 178 km, the

gate separation was 37.5 km, thus the last gate is
situated at 328 km, and the volume probed for one gate
was about 45 km. In addition to the 450 pus long pulse, a
very long pulse of 900 ps was transmitted to measure the
ion line. Eleven gates were computed from 317 km up to
1217 km and the volume probed for one gate was about
100 km. The initial integration period was 2 s, and the
up- and downshifted plasma lines autocorrelation func-
tions were analysed at the same time resolution while the
ion line data were post-integrated to a 30-s period before
analysis.

Figure 1 presents the ionospheric parameters extract-
ed from the ion line analysis as a function of altitude.
Each panel presents the parameter obtained from both
the 450 us and 900 ps pulses. The two dashed lines on
each panel represent the 1-o deviation of the parameter
averaged over the 1-h period while the solid line is the
averaged parameter. The fitting procedure did not
converge for the 900pus very long pulse above the
altitude of 850 km due to low backscattered signal, as it
is seen on the electron density 7., the electron and ion
temperature 7, and 7; and the ion mean velocity u;. The
ionospheric parameters remained very stable over the
time period of the experience.
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Fig. 1. The electron density 7., the electron and ion line temperatures
T, and T; and ion mean drift velocity u; as a function of altitude
averaged over the 1-h period of the experiment run. The dashed lines
represents the 1-¢ deviation from the averaged parameter (solid line)
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The plasma line data were analysed using a least-
square fit method that uses a model of the autocorre-
lation function adapted to the observation of plasma
lines with the long pulse technique (Kofman ez al., 1981;
Heinselman and Vickrey, 1992; Kofman et al., 1993).
The least-square fit method allows accurate extraction
of the critical frequency at the electron density peak of
the F-layer, the intensity and the frequency width of the
plasma lines as well as the electron density scale height
around the peak and the height of the F-region peak.
Figure 2 shows an example of a fit of an autocorrelation
function collected at a 2-s integration time. The intensity
of the plasma line is fitted in terms of the antenna
temperature and is then converted into electron plasma
temperature (Yngvesson and Perkins, 1968) by taking

ECHOV 94-06-22 15:09:06 (2s)
Down plasma line (-4.36 MHz) Up plasma line (+4.36 MHz)

Intensity (K)
W
o

P of

2ol N L ; ; ;
0 100 200 300 O 100 200 300
Lag delay (i s)

Intensity (K kHz™")

N ; ; ; H i H H i
40 20 0 20 40 40 20 0 20 40
Frequency (kHz) Frequency (kHz)

Fig. 2. Example of the result of a fit of the up- and downshifted
plasma lines. The two upper panels show the measured complex
autocorrelation functions expressed in units of antenna temperature
(dashed line) and the theoretical model (solid line). The curves with the
intensity equal to zero at the zero lag delay are the imaginary parts.
The two lower panels present the corresponding power density
spectrum where the critical frequency is more easily identified in the
spectral shape

into account the radar constant and the frequency-
dependent effective antenna area (Guio et al., 1996).

Figures 3 and 4 show the parameters extracted from
the plasma line analysis, Fig. 3 is for the downshifted
plasma line and Fig. 4 for the upshifted. The top panels
present the critical frequencies f,.+ and the third panels
the intensities of the lines 7,+. The second panels show
the corresponding phase energies Ey. of the Langmuir
waves at the frequencies f,. defined by

1

Ed)izzmevéi (1)
where vy = 27 f,+ /k+ is the phase velocity of the wave,
ks = 2n(fo + fo + fr+)/c is the scattered wave vector of
the Langmuir wave in the backscatter geometry with a
radar of frequency fj, and m, is the electron mass. The
lowest panel in each figure shows the bandwidth of% of
the plasma lines over the 1-h period of observation.
Note that for low-frequency radars such as the EiscaT
VHF radar, the difference 4f,. = f,. + f,— of Doppler
frequency between up- and downshifted plasma lines is
of the order of 1 kHz and it corresponds in term of

ECHO-V 22/06/94 Downshifted line
Frequency -f.. (MHz)

4.8 T T

4.2 i i i i i i
Phase energy E,. (eV)

30 5 5

Line width & f. (kHz)

i

15:45

0 i
15:05

15:25 15:35 15:55
Time (UT)

15:15

Fig. 3. The parameters extracted from the downshifted plasma line
analysis for the 1-h period of observation. From top to bottom: the
absolute value of the critical frequency |f,—|, the corresponding phase
energy Ey_, the intensity of the line (or plasma line temperature) 7},
and the line width o/_
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ECHO-V 22/06/94 Upshifted line
Frequency f., (MHz)

4.8 T T

4.2 i i i i i i
Phase energy E,, (eV)

28 ; ;

20 i i i i i i
Intensity T, (eV)

o : : : : :
Line width & f, (kHz)

15:05 15:15 15125 15:35 15145 15:55
Time (UT)

Fig. 4. The parameters extracted from the upshifted plasma line
analysis for the 1-h period of observation. From top to bottom: the
critical frequency f,;, the corresponding phase energy Eg4., the
intensity of the line (or plasma line temperature) 7,, and the line
width 61

phase energy into a difference AEy. = Ey. — E4_ of the
order of —1 eV.

The intensity of the plasma lines presents interesting
variations in the 1-h observation period. At a first look,
the intensity of the up- and downshifted line seems to
have a very different behaviour as a function of time. In
Fig. 4, the intensity of the upshifted plasma line around
15:12 UT, for phase energies E4, about 24.25 eV shows
a significant drop. A similar drop can be observed
around 15:43 UT, for phase energies around 26.25 eV.
In Fig. 3 the intensity of the downshifted plasma line
around 15:24 UT, for phase energies Ey_ around
26.25 eV exhibits also a similar drop. At the same time,
the frequency width of the plasma lines is increasing (see
the lowest panel of Figs. 3 and 4). For the VHF radar,
the natural frequency width of the plasma lines is
controlled by the collisional damping and the Landau
damping of the suprathermal electrons. The collisional
damping is a function of the electron-neutral and
electron-ion collision frequencies (Newman and Oran,
1981) and of the phase velocity of the wave (Perkins and
Salpeter, 1965). As seen in the third panel from the top

in Fig. 6, the electron collision frequency derived from
the ion line analysis, does not vary much over the
observation period. The phase energy of the plasma
lines, as seen in the second panel from top in Figs. 3 and
4, and thus the phase velocity is increasing smoothly. It
is therefore very unlikely that the collisional damping
could provoke such variations in the intensity, instead it
is likely that the variations in the intensity of the plasma
lines are caused by an increase in the Landau damping
of the suprathermal electron population at these phase
energies (Perkins and Salpeter, 1965). This explanation
is reinforced by the fact that both the up- and
downshifted plasma lines exhibit a drop in intensity
for the same phase energy of 26.25 eV, i.e. for the same
velocity in the electron velocity distribution. Note that
the drop of intensity observed on the downshifted line at
15:24 UT is spread over a longer period because of the
slow variation of the phase energy at this time. As seen
in Fig. 5, the behaviour of the up- and downshifted
plasma lines intensity as a function of the phase energy is
very similar.

In order to analyse the intensity and Doppler
frequency of the plasma lines, one needs an estimate
of the parameters describing the ambient part of the
electron distribution function (Guio et al., 1998). These
parameters are estimated directly from the ion line
analysis or derived from the ion line analysis. Figure 6
presents the parameters of the ambient part of the
electron distribution function interpolated at the alti-
tude corresponding to the peak of the F-region where
the plasma lines are measured. The electron density 7,
and electron temperature 7, are directly estimated. The
electron collision frequency v, includes the electron-
neutral and electron-ion collision frequencies defined by
(Newman and Oran, 1981)

Ven = 5.4 x 10710, 11/ (2)

T3
Vei = <34.0 +4.18 log—e> n T, 32 (3)
n

e

Upshifted line temperature T, (eV)
6 T T T T T

0 i i i i i

Downshifted line temperature T, (eV)
6 T T T T T

24 25 26 27 28
Phase energy (eV)

Fig. 5. The temperature 7,, and 7,_ of the up- and downshifted
plasma lines from the 1-h observation of Figs. 4 and 3 plotted as a
function of their phase energy, respectively £y, and Eg_
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ECHO-V 22/06/94

4 x10° Electron density (cm”
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Fig. 6. The parameters for the ambient part of the electron
distribution function interpolated at the altitude where the critical
frequencies of the plasma lines are estimated (bottom panel)

where the density are in cm™> and n, is the neutral
density calculated by the MSIS-90 model (Hedin, 1991).
The temperature gradient V7, is estimated numerically
from the ion line data. The Knudsen number
er = 24.ViogT, (Guio et al., 1998) where 1, is the
electron mean free path, is a parameter used in the
Spitzer function (Cohen et al., 1950; Spitzer and Hidrm,
1953) to represent the electron ambient distribution
function in presence of a temperature gradient.

3 Analysis

The analysis is split into two parts. First the electron
suprathermal distribution function is adjusted so that
the calculated intensity matches the measured intensity.
When a satisfactory suprathermal distribution function
is determined, it is then used to calculate the electron
Doppler velocity u, as well as the plasma frequency w,.

3.1 Intensity analysis

In order to estimate the plasma line temperature
theoretically, we need a model for the suprathermal

electrons. We use the suprathermal velocity distribution
fs which we derive from the angular energy flux ¢
calculated by the electron transport model code along
the Earth magnetic field, described in Lilensten et al.
(1989) and Lummerzheim and Lilensten (1994). The
ionospheric parameters ., T, and 7; we used as input to
the transport code are the averaged parameters of Fig. 1.
The code calculates the angular energy flux for 100
altitudes between 90 km and 400 km and we get seven
angular fluxes in the altitude range 236-263 km.

Using a BGK model for the collisions, an expression
for the intensity of the plasma line can be derived from
the theoretical plasma line power spectrum for any
arbitrary electron velocity distribution (Sheffield, 1975;
Bjorna and Trulsen, 1986) in the same way as done by
Perkins and Salpeter (1965) for isotropic but not
necessarily Maxwellian distribution. This new expres-
sion for the plasma line intensity expressed in terms of
the two complex functions P and Z is valid for any
arbitrary anisotropic velocity distribution that produces
a stable plasma. The complex functions P and Z
involved in the calculation can be replaced by their
numerical approximations P, and Z, defined in Guio
et al. (1998) and the intensity expressed as a temperature
Ty+ of the plasma lines is written
kpTpr = kpTox

2
vps Im P, (%) _teeve|p (“;’i)

vt Z, (%) + ()7 Re £ (%)

Ve Vot Ve

Vot Ve
ve ki

(4)

where v, is the sum of the electron-neutral and electron-
ion collision frequencies of Egs. (2) and (3),
ve = \/kyT,/m, is the electron thermal velocity and

fraon(onlr) o

where P, Z¢ are the contributions from the ambient
population while P¢, Z% are due to the suprathermal
electrons. The dimensionless number o denotes the
percentage of suprathermal electrons.

Our investigation to determine the ad hoc velocity
distribution function for the suprathermal electrons
shows that the detailed structure of the distribution in
the concerned energy range (23-29 eV) is depending on
the solar intensity flux responsible for the creation of
photo-electrons. Figure 7 shows the model for the solar
intensity flux spectrum (Torr and Torr, 1985) we
basically used. The solar intensity for any F10.7 is
deduced by interpolation between the two reference
fluxes of Fig. 7. Since that time, a lot of work has been
done in order to get a better estimate of this flux. Most
recent results include Warren er al. (1998a, b); Tobiska
and Eparvier (1998) and Woods et al. (1998). We tested
several more recent models, but in the energy range
relevant in this paper, we did not find significant
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Fig. 7. The model for the solar intensity flux (Torr and Torr, 1985).
The thin line is for solar maximum (F10.7 = 243) and the thick line
for solar minimum (F10.7 = 68). The solar flux for any arbitrary
F10.7 is deduced by interpolation between theses two references fluxes

differences. The cross section set is from Fennelly and
Torr (1992). The two sharp peaks in the suprathermal
angular velocity distribution function, seen in the top
panel of Fig. 8, at energies 24.25 eV and 26.25 eV are
the effect of the photoionisation of N, and O by the
discrete line of photons of wavelength 30.378 nm
(40.812 eV), corresponding to the solar emission of
Hell in the chromospheric network and coronal holes.
Indeed, ionisation thresholds are 15.58 ¢V for N, and
13.61 eV for O. During an ionisation, the electron leaves
the ion with the energy of the input photon minus the
threshold energy, which should give two peaks at
energies 25.232eV for N, photoionisation and
27.202 eV for O photoionisation. The discrepancy
found can be interpreted as a mean energy left by the
incident photon to the target atom or molecule during
an ionization : in average, the nitrogen ion keeps about
one electronvolt. This result was theoretically expected
by chemists : the study of the dissociative ionisation of
N, by photons between 23 and 30 eV has shown that the
kinetic energy of the ion evolves with the initial energy
of the photon (R. Thissen, personal communication).
When the electron is left with no energy, the mean
energy of the ion may be up to 1 eV, and even more
(1.6 eV has been observed with initial photons of
30 eV). To our knowledge, if this interpretation and
our comparison are correct it is the first time that it is
conspicuous and that this energy can be numerically
evaluated. It has a certain importance as far as electron
density computations are concerned. Indeed, in the
ionospheric models, the coefficients for the chemical
recombinations involving Nj are considered for a
ground state ion. The coefficients involving excited ions
can be multiplied by a factor of 10 (Chiu et al., 1995).
The effect of excited neutral nitrogen (and especially
vibrational excitation) on calculation of electron densi-
ties has long been a subject of study [see for example
Pavlov and Buonsanto (1996) and references herein], but
the same effect for ions is still a new subject of
investigation.

¥1025 fs (v,1) (cm™® s® sr) at 241 km
3 T

_2 1 l L 1 1 L l l l
23.5 24.0 245 25.0 25.5 26.0 26.5 27.0 27.5 28.0 28.5

Energy (eV)

Fig. 8. The suprathermal electron angular velocity distribution
function (fop panel) at 241 km calculated by a 32-streams run of the
transport code to gives the distribution at 32 angles and the complex
functions P; and Z; calculated numerically with this distribution
function, in the energy range 23.5-28.5eV. The thin line is for
downward phase energy and the thick line is for upward phase energy

Figure 8 shows the velocity angular distribution in
the energy range 23.5-28.5 eV (top panel) calculated by
the transport code at 241 km and the real and imaginary
parts of both the P; and Z; functions estimated with this
distribution. It is seen that the two sharp peaks at
24.25 eV and 26.25 eV in the angular distribution (top
panel) transform into the imaginary part of Z} function
(proportional to the Landau damping) as increases at
the same energy and into the imaginary part of P,
function (proportional to the one-dimensional reduced
distribution along the scattering direction) as a sharp
decrease in the suprathermal population.

The magnitude of the suprathermal distribution at
the energies corresponding to the two sharp peaks at
24.25 eV and 26.25 eV is proportional to the flux of the
solar discrete emission line of Hell and so is the
imaginary part of Z). At the same time it does not
influence significantly the magnitude of the distribution
at other energies. So that, we had to actually reduce by
five the intensity of the flux of the Hell discrete line (see
Fig. 7) for the solar minimum i.e. F10.7 = 68, while
keeping the same value for the continuum in order to get
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a magnitude of the damping that reproduced correctly
the temporal variations of the plasma line temperatures.
Such variations of the intensity of the flux over time
period of a few hour have been observed (J. Aboudar-
ham, personal communication).

In addition to the adjustment of the intensity of the
flux of the Hell discrete line and in order to resolve
correctly the two peaks at these energies we modified the
energy grid of the transport model in the range 20-32 eV
to a higher resolution linear grid of energy step ‘1 eV.

Figure 9 shows the results of the theoretical calcula-
tions of the intensities together with the data. After the
adjustments of the parameters in the transport code, the
calculated intensities are seen to be in good agreement
with the measured ones. It is important to note that
while these modifications in the parameter of the
transport code influence substantially the distribution
function at the energies corresponding to the two peaks,
they do not change otherwise the global properties of
the suprathermal electron distribution function.

3.2 Doppler frequency analysis

We now present a method to derive both the electron
Doppler velocity u, of the ambient electron population
and the electron plasma frequency w, from the mea-
sured up- and down shifted plasma line frequencies.
The down- and upshifted plasma lines correspond to
two Langmuir waves (k_,w_) and (k;,wy) travelling
away from and toward the radar, respectively, in the
backscatter geometry. They are high-frequency solu-
tions of the dispersion relation (Guio et al., 1998)

2
We 27'5fr:{:
+<kive) e "(m) 0 ™)

Eliminating w, and v, between these two equations and
replacing Z, by its ambient and suprathermal compo-

i

15:25 15:35 1545 15:55

Time (UT)

15:05 15:15

Fig. 9. Comparison between the measured plasma line intensities and
the modelled intensities as a function of time. The modelled intensities
are calculated using the P} and Z; functions of Fig. 8

nents and replacing the frequencies f,.+ by the phase
velocity vy, the electron Doppler velocity u, of the
ambient electron population is the solution of the
following equation

i <(1 —o)Re Z; (Q) +aRe Z; (ii’)) =

i <(1 —a)Re Z; <M> +aRe Z; (%Jr))
Ue Ve
(8)

where the drift velocity u, appears only in the terms
relative to the ambient component Z¢ and we will
consider here two models of velocity distribution to
describe the ambient population: a Maxwellian and a
Spitzer function that takes into account the gradient of
the electron temperature (Guio et al., 1998).

Once the Doppler velocity u. is found, the plasma
frequency w, is given by

e = (kive) X

1
— 2
‘(1 —o)Re Z; (%) +aRe Z; (Ud’i) ‘
e

Ve

©)
either evaluated for the down-going Langmuir wave
with phase velocity vy, or the up-going one with phase
velocity vg—.
Figures 10—12 show the result of this analysis. Figure
10 presents the Maxwellian case whereas Fig. 11 is for
the Maxwellian superimposed with the suprathermal
distribution and Fig. 12 is for the Spitzer function
superimposed with the suprathermal distribution.
The data set can be separated into three intervals
where the Doppler velocity u, is constant: before the first

Electron and ion drift velocity (m s'1)

15:25 15:35 15:45 15:55

Time (UT)

15:15

15:05

Fig. 10. The upper panel shows the estimated ion drift velocity u;
(thick line) from the ion line analysis and the electron drift velocity u,
(thin line) from the analysis method based on Eq. (8) without
suprathermal population (« = 0) and assuming a Maxwellian ambient
population with the parameters of Fig. 6. The lower panel shows the
estimated plasma frequency w,/2n given by Eq. (9)



910 P. Guio, J. Lilensten: Effect of suprathermal electrons on the intensity and Doppler frequency of electron plasma lines

Electron and ion drift velocity (m s'1)

T T T ! ! T

15:25 15:35 15:45 1555

Time (UT)

15:05 15:15

Fig. 11. The upper panel shows the estimated ion drift velocity u;
(thick line) from the ion line analysis and the electron drift velocity u,
(thin line) from the analysis method based on Eq. (8) with a
suprathermal population described by the distribution function of
Fig. 8 with a Maxwellian background of parameters of Fig. 6. The lower
panel shows the estimated plasma frequency w, /2 given by Eq. (9)

Electron and ion drift velocity (m s'1)

15:25 15:35 15:45 15:55

Time (UT)

15:05 15:15

Fig. 12. The upper panel shows the estimated ion drift velocity u;
(thick line) from the ion line analysis and the electron drift velocity u,
(thin line) from the analysis method based on Eq. (8) with a
suprathermal population described by the distribution function of
Fig. 8 and a Spitzer function for the ambient electrons with
parameters of Fig. 6. The lower panel shows the estimated plasma
frequency w,/2n given by Eq. (9)

feature of change of sign at 15:12 UT, between the
second feature at 15:23 UT and the third one at
15:43 UT and after this last one. Table 1 gives the
mean value of the Doppler velocity u, for the different
models considered as well as the mean value of the ion
Doppler velocity u; for these three time intervals. The
effect of the suprathermal electrons is clearly seen, our
suprathermal velocity distribution reduces the relative
differences of u, between the three intervals. The effect
of the Spitzer function is thereafter to shift down the
whole mean drift velocity, which we expected as the heat

Table 1. Mean value of the electron Doppler velocity u, for the
four different models considered: a Maxwellian, a Spitzer function,
a Maxwellian superimposed with a suprathermal distribution and a
Spitzer superimposed with a suprathermal distribution as well as
the ion Doppler velocity u; estimated from the ion line analysis.
The suprathermal distribution is the one shown in Fig. 8 and the
parameters of the Spitzer function are the one of Figure 6. The
mean Doppler are calculated for the three time intervals
considered. The first number in each column is the velocity in
ms~" while the number in parenthesis is the equivalent frequency
Doppler shift in Hz

14:57-15:09  15:26-15:39  15:46-16:00
Maxwellian =25 (=74) =72 (=214) +37(+112)
Spitzer =57 (-169) -95(-282) +17 (+50)
Maxwellian + Supra +22 (+66) —10 (-29) +48 (+143)
Spitzer + Supra =10 (=30) =32 (-97) +27 (+82)
Ton line Doppler u; —-15(-45) =27 (-81) -29 (-86)

flow effect behaves like a mean Doppler velocity. The
superposition of the suprathermal distribution to the
Spitzer function (with parameters of Fig. 6) gives
estimates of u, in best agreement with u;.

On the other hand, we were not able to reduce
considerably the features at 15:12 UT, 15:24 UT and
15:43 UT even though they are probably the effect of the
suprathermal electrons as it can be thought by examining
carefully the real part of the Z function of Fig. 8.
Qualitatively, the real part of Z around 24.25 eV and
26.25 eV has a correct shape to compensate these changes
in the electron Doppler velocity u,. These three events are
characterised by an abrupt change of sign of the Doppler
velocity. During the first feature at 15:12 UT the Doppler
velocity first decreases, then increases. At this time, the
phase energy of the upshifted plasma line moves across
24.25 eV where the real part of Z first increases, then
decreases while the phase energy of the downshifted
plasma line is around 25.25 eV where the real part of Z;
increases slowly (see Fig. 8). Thus the term k> ReZ$(E )
of Eq. (8) is varying qualitatively correctly so that Eq. (8)
should be satisfied without such variations being reflected
on the electron Doppler velocity u,. During the two other
features the same effect is observed. At 15:24 UT the
phase energy of the downshifted plasma line moves across
26.25 eV which gives an opposite effect, it is now the term
k> ReZ:(E4-) of Eq. (8) that compensates. At 15:43 UT,
the phase energy of the upshifted plasma line moves
across 26.25 eV which gives an effect in the same direction
as the first one. Moreover the first feature at 15:12 UT is
not so emphasised as the two other ones. It corresponds to
the N, photoionisation peak while the two other features
correspond to the O photoionisation which effect on the
real part of Z) is more emphasised than for the N, peak.

It can be pointed out that the frequency correction
caused by our model of photoelectrons is of the same
order as the one predicted with a Maxwellian photo-
electron population (Bauer et al., 1976). We note also
that while the difference of the electron mean velocity u,
is substantial, the difference in the estimated plasma
frequency w, remains under 1 KHz.
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4 Conclusion

We have discussed a high time resolution plasma line
data set measured by the Eiscat VHF radar in the
summer daytime ionosphere. We have presented a
method to analyse both the intensity and the Doppler
frequency shift of the plasma lines using a model taking
into account the suprathermal electron population and
the effect of the electron temperature gradient on the
ambient population. The data set has been analysed
with this method. Parameters of the electron transport
code, such as the solar intensity flux and the ionisation
threshold of N, and O had to be adjusted to take into
account correctly the detailed structures of the supra-
thermal distribution in the energy range 23.5-28.5 eV.
Our model reproduces well the temporal variations of
the intensity of the plasma lines and we have identified
the effect of N, and O photoionisation at 24.25 eV and
26.25 eV caused by the solar discrete emission line Hell.
We then derived the electron mean Doppler velocity and
the plasma frequency and identified also the effect of N,
and O photoionisation. It is shown that our model for
photoelectrons superimposed with a Spitzer function for
the ambient electrons is able to reproduce the variations
in the intensity of the plasma lines as well as explain
substantially the variations of the Doppler frequency of
the plasma lines for the data set measured with the
Eiscat VHF radar.
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