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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 modi®es the
dielectric response function of the plasma from the
Maxwellian and thus in¯uences 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 e�ect 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 identi®ed these two
sharp peaks as the e�ect of the photoionisation of N2

and O by the intense ¯ux of monochromatic HeII
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 ®elds and currents;
solar radiation and cosmic ray e�ects).

1 Introduction

The enhancement process of the plasma line is well
understood theoretically (Perkins and Salpeter, 1965;
Yngvesson and Perkins, 1968; BjùrnaÊ et al., 1982;
BjùrnaÊ and Trulsen, 1986) and has been con®rmed 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 ®eld-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 ue of the
electron velocity distribution function along the scatter-
ing direction.

At ®rst, an additional asymmetry between the
Doppler frequency of the plasma lines was identi®ed
for an isotropic Maxwellian plasma. This asymmetry is
due to the di�erence 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 et al. (1993) showed that by
introducing in the dispersion relation a heat ¯ow
correction term that takes into account the e�ect 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 ®eld-aligned. This heat ¯ow correction
term behaves as an additional mean Doppler velocity
that arti®cially increases the di�erence of the Doppler
shifts of the plasma lines. Guio et al. (1998) showed that
the heat ¯ow e�ect was underestimated for UHF radars
by comparing the heat ¯ow 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 HaÈ rm, 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 e�ect
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 ¯ux calculated by a transport code
(Lummerzheim, 1987; Lummerzheim and Lilensten,
1994). Once we ®nd 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 ue of the ambient electrons,
and the plasma frequency xe. 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 Tromsù, 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 ®eld line at 250 km. The ionospheric
conditions were quiet, a F10.7 index of 75 and an Ap

index of 6 were measured.
The data were collected with the long pulse technique

®rst 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 ®ltered with
a 80 kHz ®lter. 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 ls
was transmitted and signal was collected at a sampling
rate of 10 ls. A 33-point autocorrelation function with
correlation time between 0 and 320 ls by step of 10 ls
was computed for ®ve gates as a function of altitude, on
each channel. The ®rst 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 ls long pulse, a
very long pulse of 900 ls 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 ls and 900 ls pulses. The two dashed lines on
each panel represent the 1-r deviation of the parameter
averaged over the 1-h period while the solid line is the
averaged parameter. The ®tting procedure did not
converge for the 900 ls very long pulse above the
altitude of 850 km due to low backscattered signal, as it
is seen on the electron density ne, the electron and ion
temperature Te and Ti and the ion mean velocity ui. The
ionospheric parameters remained very stable over the
time period of the experience.
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Fig. 1. The electron density ne, the electron and ion line temperatures
Te and Ti and ion mean drift velocity ui as a function of altitude
averaged over the 1-h period of the experiment run. The dashed lines
represents the 1-r deviation from the averaged parameter (solid line)
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The plasma line data were analysed using a least-
square ®t method that uses a model of the autocorre-
lation function adapted to the observation of plasma
lines with the long pulse technique (Kofman et al., 1981;
Heinselman and Vickrey, 1992; Kofman et al., 1993).
The least-square ®t 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 ®t of an autocorrelation
function collected at a 2-s integration time. The intensity
of the plasma line is ®tted in terms of the antenna
temperature and is then converted into electron plasma
temperature (Yngvesson and Perkins, 1968) by taking

into account the radar constant and the frequency-
dependent e�ective 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 fr� and the third panels
the intensities of the lines Tp�. The second panels show
the corresponding phase energies E/� of the Langmuir
waves at the frequencies fr� de®ned by

E/� � 1

2
me v2/� �1�

where v/� � 2p fr�=k� is the phase velocity of the wave,
k� � 2p�f0 � f0 � fr��=c is the scattered wave vector of
the Langmuir wave in the backscatter geometry with a
radar of frequency f0, and me is the electron mass. The
lowest panel in each ®gure shows the bandwidth df� of
the plasma lines over the 1-h period of observation.
Note that for low-frequency radars such as the EISCAT

VHF radar, the di�erence Dfr� � fr� � frÿ of Doppler
frequency between up- and downshifted plasma lines is
of the order of 1 kHz and it corresponds in term of

Fig. 2. Example of the result of a ®t 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 identi®ed in the
spectral shape

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 jfrÿj, the corresponding phase
energy E/ÿ, the intensity of the line (or plasma line temperature) Tpÿ
and the line width dfÿ
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phase energy into a di�erence DE/� � E/� ÿ E/ÿ of the
order of ÿ1 eV.

The intensity of the plasma lines presents interesting
variations in the 1±h observation period. At a ®rst look,
the intensity of the up- and downshifted line seems to
have a very di�erent behaviour as a function of time. In
Fig. 4, the intensity of the upshifted plasma line around
15:12 UT, for phase energies E/� about 24.25 eV shows
a signi®cant 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 E/ÿ 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 ne
and electron temperature Te are directly estimated. The
electron collision frequency me includes the electron-
neutral and electron-ion collision frequencies de®ned by
(Newman and Oran, 1981)

men � 5:4� 10ÿ10nnT 1=2
e �2�

mei � 34:0� 4:18 log
T 3

e

ne

� �
neTÿ3=2e �3�

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 fr�, the corresponding phase energy E/�, the
intensity of the line (or plasma line temperature) Tp� and the line
width df�

Fig. 5. The temperature Tp� and Tpÿ 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 E/� and E/ÿ

906 P. Guio, J. Lilensten: E�ect of suprathermal electrons on the intensity and Doppler frequency of electron plasma lines



where the density are in cmÿ3 and nn is the neutral
density calculated by the MSIS-90 model (Hedin, 1991).
The temperature gradient rTe is estimated numerically
from the ion line data. The Knudsen number
�T � 2ker log Te (Guio et al., 1998) where ke is the
electron mean free path, is a parameter used in the
Spitzer function (Cohen et al., 1950; Spitzer and HaÈ rm,
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 ue as well as the plasma frequency xe.

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 ¯ux /
calculated by the electron transport model code along
the Earth magnetic ®eld, described in Lilensten et al.
(1989) and Lummerzheim and Lilensten (1994). The
ionospheric parameters ne; Te and Ti we used as input to
the transport code are the averaged parameters of Fig. 1.
The code calculates the angular energy ¯ux for 100
altitudes between 90 km and 400 km and we get seven
angular ¯uxes 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 (She�eld, 1975;
BjùrnaÊ 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 Pn and Zn de®ned in Guio
et al. (1998) and the intensity expressed as a temperature
Tp� of the plasma lines is written

kbTp� � kbTe�
v/� Im Pn

v/�
ve

� �
ÿ v/�

ve

me
k�

Pn
v/�
ve

� ���� ���2
ve Im Zn

ÿ v/�
ve

�� ÿ ve
v/�

�2 me
k�
Re Pn

v/�
ve

� � �4�

where me is the sum of the electron-neutral and electron-
ion collision frequencies of Eqs. (2) and (3),
ve �

����������������
kbTe=me

p
is the electron thermal velocity and

Pn
v/

ve

� �
� �1ÿ a�P a

n
v/

ve

� �
� aP s

n
v/

ve

� �
�5�

Zn
v/

ve

� �
� �1ÿ a�Za

n
v/

ve

� �
� aZs

n
v/

ve

� �
�6�

where P a
n; Za

n are the contributions from the ambient
population while P s

n; Zs
n are due to the suprathermal

electrons. The dimensionless number a 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 ¯ux responsible for the creation of
photo-electrons. Figure 7 shows the model for the solar
intensity ¯ux spectrum (Torr and Torr, 1985) we
basically used. The solar intensity for any F10.7 is
deduced by interpolation between the two reference
¯uxes of Fig. 7. Since that time, a lot of work has been
done in order to get a better estimate of this ¯ux. Most
recent results include Warren et 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 ®nd signi®cant

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)
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di�erences. 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 e�ect of the photoionisation of N2 and O by the
discrete line of photons of wavelength 30.378 nm
(40.812 eV), corresponding to the solar emission of
HeII in the chromospheric network and coronal holes.
Indeed, ionisation thresholds are 15.58 eV for N2 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 25.232 eV for N2 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
N2 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 ®rst 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 coe�cients for the chemical
recombinations involving N�2 are considered for a
ground state ion. The coe�cients involving excited ions
can be multiplied by a factor of 10 (Chiu et al., 1995).
The e�ect 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 e�ect for ions is still a new subject of
investigation.

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 s

n and Zs
n 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 Zs

n function
(proportional to the Landau damping) as increases at
the same energy and into the imaginary part of P s

n
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 ¯ux of the
solar discrete emission line of HeII and so is the
imaginary part of Zs

n. At the same time it does not
in¯uence signi®cantly the magnitude of the distribution
at other energies. So that, we had to actually reduce by
®ve the intensity of the ¯ux of the HeII 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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Fig. 7. The model for the solar intensity ¯ux (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 ¯ux for any arbitrary
F10.7 is deduced by interpolation between theses two references ¯uxes

Fig. 8. The suprathermal electron angular velocity distribution
function (top 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 s

n and Zs
n calculated numerically with this distribution

function, in the energy range 23.5±28.5 eV. The thin line is for
downward phase energy and the thick line is for upward phase energy
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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 ¯ux 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
¯ux of the HeII discrete line and in order to resolve
correctly the two peaks at these energies we modi®ed the
energy grid of the transport model in the range 20±32 eV
to a higher resolution linear grid of energy step á1 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 modi®cations in the parameter of the
transport code in¯uence 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 ue of the ambient electron population
and the electron plasma frequency xe from the mea-
sured up- and down shifted plasma line frequencies.

The down- and upshifted plasma lines correspond to
two Langmuir waves (kÿ;xÿ) and (k�;x�) 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)

1� xe

k�ve

� �2

Re Zn
2pfr�
k�ve

� �
� 0 �7�

Eliminating xe and ve between these two equations and
replacing Zn by its ambient and suprathermal compo-

nents and replacing the frequencies fr� by the phase
velocity v/�, the electron Doppler velocity ue of the
ambient electron population is the solution of the
following equation

k2� �1ÿ a�Re Za
n

v/ÿ ÿ ue

ve

� �
� aRe Zs

n
v/ÿ
ve

� �� �
�

k2ÿ �1ÿ a�Re Za
n

v/� ÿ ue

ve

� �
� aRe Zs

n
v/�
ve

� �� �
�8�

where the drift velocity ue appears only in the terms
relative to the ambient component Za

n 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 ue is found, the plasma
frequency xe is given by

xe � �k�ve��

�1ÿ a�Re Za
n

v/� ÿ ue

ve

� �
� aRe Zs

n
v/�
ve

� ����� ����ÿ1
2

�9�
either evaluated for the down-going Langmuir wave
with phase velocity v/� or the up-going one with phase
velocity v/ÿ.

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 ue is constant: before the ®rst

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 s

n and Zs
n functions of Fig. 8

Fig. 10. The upper panel shows the estimated ion drift velocity ui
(thick line) from the ion line analysis and the electron drift velocity ue
(thin line) from the analysis method based on Eq. (8) without
suprathermal population (a � 0) and assuming aMaxwellian ambient
population with the parameters of Fig. 6. The lower panel shows the
estimated plasma frequency xe=2p given by Eq. (9)
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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 ue for the di�erent
models considered as well as the mean value of the ion
Doppler velocity ui for these three time intervals. The
e�ect of the suprathermal electrons is clearly seen, our
suprathermal velocity distribution reduces the relative
di�erences of ue between the three intervals. The e�ect
of the Spitzer function is thereafter to shift down the
whole mean drift velocity, which we expected as the heat

¯ow e�ect behaves like a mean Doppler velocity. The
superposition of the suprathermal distribution to the
Spitzer function (with parameters of Fig. 6) gives
estimates of ue in best agreement with ui.

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 e�ect of the
suprathermal electrons as it can be thought by examining
carefully the real part of the Zs

n function of Fig. 8.
Qualitatively, the real part of Zs

n around 24.25 eV and
26.25 eV has a correct shape to compensate these changes
in the electron Doppler velocity ue. These three events are
characterised by an abrupt change of sign of the Doppler
velocity. During the ®rst feature at 15:12 UT theDoppler
velocity ®rst decreases, then increases. At this time, the
phase energy of the upshifted plasma line moves across
24.25 eV where the real part of Zs

n ®rst increases, then
decreases while the phase energy of the downshifted
plasma line is around 25.25 eV where the real part of Zs

n
increases slowly (see Fig. 8). Thus the term k2ÿReZs

n�E/��
of Eq. (8) is varying qualitatively correctly so that Eq. (8)
should be satis®ed without such variations being re¯ected
on the electron Doppler velocity ue. During the two other
features the same e�ect is observed. At 15:24 UT the
phase energy of the downshifted plasma linemoves across
26.25 eV which gives an opposite e�ect, it is now the term
k2�ReZs

n�E/ÿ� of Eq. (8) that compensates. At 15:43 UT,
the phase energy of the upshifted plasma line moves
across 26.25 eVwhich gives an e�ect in the same direction
as the ®rst one. Moreover the ®rst feature at 15:12 UT is
not so emphasised as the two other ones. It corresponds to
the N2 photoionisation peak while the two other features
correspond to the O photoionisation which e�ect on the
real part of Zs

n is more emphasised than for the N2 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 di�erence of the electron mean velocity ue
is substantial, the di�erence in the estimated plasma
frequency xe remains under 1 KHz.

Fig. 11. The upper panel shows the estimated ion drift velocity ui
(thick line) from the ion line analysis and the electron drift velocity ue
(thin line) from the analysis method based on Eq. (8) with a
suprathermal population described by the distribution function of
Fig. 8with aMaxwellianbackgroundof parameters ofFig. 6.The lower
panel shows the estimated plasma frequency xe=2p given by Eq. (9)

Fig. 12. The upper panel shows the estimated ion drift velocity ui
(thick line) from the ion line analysis and the electron drift velocity ue
(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 xe=2p given by Eq. (9)

Table 1. Mean value of the electron Doppler velocity ue for the
four di�erent 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 ui 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 ®rst number in each column is the velocity in
ms)1 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)
Ion line Doppler ui )15 ()45) )27 ()81) )29 ()86)
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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 e�ect 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 ¯ux and the ionisation
threshold of N2 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 identi®ed
the e�ect of N2 and O photoionisation at 24.25 eV and
26.25 eV caused by the solar discrete emission line HeII.
We then derived the electron mean Doppler velocity and
the plasma frequency and identi®ed also the e�ect of N2

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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