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NON-MAXWELLIAN ION VELOCITY DISTRIBUTIONS OBSERVED USING EISCAT

M. Lockwoodl, B.J.I. Bromagel, R.B. Horne2, J.-P. St-Maurice3, D M Willis! and S.W.H. Cowley"

Abstract. Recent observations from the EISCAT
incoherent scatter radar have revealed bursts of
poleward ion flow in the dayside auroral ionos-
phere which are consistent with the ionospheric
signature of flux transfer events at the magneto-
pause. These bursts frequently contain ion
drifts which exceed the neutral thermal speed
and, because the neutral thermospheric wind is
incapable of responding sufficiently rapidly,
toroidal, non-Maxwellian ion wvelocity distribu-
tions are expected. 'The EISCAT observations are
made with high time resolution (15 seconds) and
at a large angle to the geomagnetic field
(73.5°), allowing the non-Maxwellian nature of
the distribution to be observed remotely for the
first time. The observed features are also
strongly suggestive of a toroidal distribution:

characteristic spectral shape, increased
scattered power (both consistent with reduced
Landau damping and enhanced electric field

fluctuations) and excessively high line-of-sight
ion temperatures deduced if a Maxwellian distri-
bution is assumed. These remote sensing observa-
tions allow the evolution of the distributions to
be observed. They are found to be non-Maxwellian
whenever the ion drift exceeds the neutral
thermal speed, indicating that such distributions
can exist over the time scale of the flow burst
events (several minutes).

Introduction

The first suggestion that large field-perpen-
dicular electric fields could produce non-
Maxwellian ion velocity distributions was made by
Cole in 1971. By adding ion-neutral collisions,
Schunk and Walker (1972) showed that stable non-
Maxwellian distributions could form for low
electric fields and large collision frequencies.
In this 1limit, the departures from a bi-
Maxwellian are small; the perpendicular ion
temperature, T|, being elevated above the
parallel value, Ty. St-Maurice and Schunk
modelled the distribution functions for greater
electric fields and smaller collision frequencies
(which are applicable to the auroral F-region) by
making use of a variety of models for the ion-
neutral collision process (see review by St-
Maurice and Schunk, 1979). Essentially, it was
shown that the bi-Maxwellian is a good approxima-
tion if the ion drift (in a frame for which the
neutrals are stationary) is smaller than the
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neutral thermal speed. However, for larger
drifts the distribution function is predicted to
be highly non-Maxwellian and takes the form of a
torus in velocity space (symmetric about the
magnetic field direction) if the ion collision
frequency, Vinr is smaller than the ion cyclotron
frequency, fj. The formation of these toroidal
distributions by large ion drifts with respect to
the neutral gas, is opposed by ion-ion colli-
sions, ion-neutral reactions and plasma mnicro-
instabilities (Ott and Farley, 1975). However,
if these competing processes become balanced it
is possible for the toroidal distribution to
exist in quasi steady state (St-Maurice, 1978).

The presence of non-Maxwellian distributions
has important consequences for ion-neutral reac-~
tion rates and F-region density and composition
(St-Maurice and Schunk, 1979). However, observa-
tionally they are very elusive. St-Maurice et al
(1976) found non-Maxwellian distributions from
over 50 Retarding Potential Analyser curves from
the AE-C satellite when the ion drift was large.

A toroidal distribution function should cause
a characteristic spectrum to be observed by inco-
herent scatter radars. Swift (1975) reported two
asymmetric E-region and lower F-region spectra
consistent with asymmetric non-Maxwellian distri-
butions due to large drifts when v, >Q.. How-
ever, the spread of velocities withig Eﬁe scat-
tering volume could easily be large enough in the
E~-region to give the same asymmetry by smearing
the spectrum. Predictions of the spectral shape
for scattering from toroidal distribution plasma
in the F-region (v, <Q.) have been made by Raman
et al (1981) and Hibert (1984). The effects have
been shown to be greatest for large angles be-
tween the radar beam and the magnetic field. The
tristatic UHF EISCAT radar has revealed bi-
Maxwellian distributions in the auroral oval with
T >Ty (Perraut et al., 1984). Igvhaug and Fla
(1986) have shown that following substorms both
the ion drift and the temperature anisotropy can
be large enough (T;/Ty = 2) to imply non-
Maxwellian distributions. In this letter we pre-
sent the first observations of F-region non-
Maxwellian distributions from an incoherent
scatter radar, allowing a study of their evolu-
tion and lifetime.

Observations

Recently, Todd et al (1986) have reported
EISCAT observations of rapid bursts of poleward
field-perpendicular flow in the morning sector,
auroral ionosphere and have shown them to be con-
sistent with the twin-vortex signature of flux
transfer events at the magnetopause. Such events
are ideal for driving toroidal distributions in
that the ion velocity increases from under 100
ms~l to about Zkms=! within 15 seconds. The
neutral air will have remained virtually unaccel-
erated during the period of the burst (about 5
minutes). The observations are made using the
monostatic UK Special Programme POLAR (van Eyken
et al., 1984) for which the radar beam makes an
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angle ¢ = 73.5° with the geomagnetic field. The
data presented are for gates 2-5, centred on
altitudes 243, 277, 311 and 346 km, for which
signal/noise ratios are high enough to allow 15-
second resolution analysis of the data and yet
for which vj,<Rij. The data were all recorded on
27 October, 1984, when the onset of a large flow
burst event was observed at 06:35:30 UT (Todd
et al., 1986).

Signal Spectra

Figure 1 shows the spectra of the received
radar pulse, recorded during the integration
period 06:35:45 - 06:36:00 UT for range gates 2,
3, 4 and 5, The bulk line-of-sight velocities of
the plasma, Vg, for these 4 gates are 361, 817,
1351 and 1941 ms~! respectively. These spectra
are summed over all 5 frequency channels used by
the experiment: spectra for each frequency in-

dividually show the same features but have
greater noise levels., For gate 2 the spectrum
has the normal shape, characteristic of a

Maxwellian ion velocity distribution with twin
peaks due to scattering from ion acoustic waves
propagating towards and away from the radar. For
gates 4 and 5 the spectra are exotic in that they
have one, central peak with only small shoulders
near the frequencies corresponding to the ion
acoustic phase velocity. For gate 3 the central
peak is smaller and comparable in size to the ion
acoustic wave peaks. Spectra of the form shown
for gates 4 and 5 in Fig. 1 were observed when-
ever Vg exceeded about 1 kms~! during this burst
event.

We have identified two ways in which the spec-
tral shape shown in Fig. 1 can be produced by
large ion velocities. The first involves a
spatial velocity shear within the scattering
volume (or equivalently a large temporal velocity
variation within the integration period). Such
spectra will be published elsewhere but this
effect cannot reproduce the increase in spectral
power observed in these observations and will not
be discussed any further here. The second
mechanism has been modelled by Raman et al (1981)
and Hubert (1984) and results from a non-thermal
ion velocity distribution function. The forma-
tion of the central peak of the scattered signal
spectrum arises from the slope of the distri-
bution at low velocities for radar beam direc-
tions at large angles to to the magnetic field.
If this slope is smaller than that for a
Maxwellian distribution, the Iandau damping is
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Fig. 1. Signal spectra for the integration

period 06:35:45 ~ 06:36:00 UT on 27 October 1984
for gates 2, 3, 4 and 5 observed by EISCAT using
SP-UK-POLAR.
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Fig. 2. Scatter plots of (a) the ion temperature
deduced from a Maxwellian spectral fit, Ty,, and
(b) the scattered power, S, as a ratio of the
background noise, N, and corrected to allow for
range-squared losses., Plots are as a function of
the square of the line-of-sight velocity, V2,
and are for the UT period 06:35 - 06:40 and gates
3-5. The dashed lines show the least-squares
regression fits for the period 06:30 - 06:35 UT
and the same gates.

reduced. At zero phase velocity the dielectric
function is smaller and the fluctuation level is
greater, giving a large central peak to the scat-
tered spectrum. At the larger, ion-acoustic
phase velocity, the distribution slope and hence
Landau damping are greater than for a Maxwellian,
and hence the normal ion-accoustic wave peaks are
suppressed. Note that the departures from a
Maxwellian spectrum, predicted by Raman et al
(1981), increase with the angle ¢ between the
radar beam and the geomagnetic field: for small ¢
the spectrum is still Maxwellian, but the value
of 73.5° used here is large enough to allow the
observation of non-Maxwellian features, yet not
so large that coherent echoes from plasma density
irregularities are a problem.

Scattered Powers and Inferred Ion Temperatures

If a scattered signal spectrum for a
Maxwellian ion distribution is fitted to that
arising from a toroidal distribution, the deduced
ion temperature, Tims Will be an overestimate
(Raman et al, 1981; Hubert, 1984). The subscript
m is wused to denote the assumption of a
Maxwellian distribution. Values of Tj, for the
period 06:35 - 06:40 UT (which contains the flow
burst) are shown for gates 3, 4 and 5 in Fig. 2a
as a function of the square of the line-of-sight
velocity, Vmpe Figure 2b shows the observed
signal-to-background power ratio, corrected to
allow for the range, i.e. (S/N) x r2 which is
proportional to the scattered power. It can be
seen that both increased sharply with VTZ. The
solid lines show regression fits to these data
and, by way of comparison, the dashed lines show
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similar regression fits for the period 06:30 -
06:35 UT, immediately prior to the flow burst
when velocity values were low (Vp<300 ms'l). The
Vp = 0 intercepts of the fits in Fig. 2a give an
estimate of the neutral temperature, T, of 1070 *
200K. ‘The slope of the fit is (1.15 % 0.24) x
10-3 X m~2s2 quring the burst period and (0.2 %
0.8) x 10-3 X m~2s2 for the five minutes before
the event. Theoretically, for a bi-Maxwellian
the "line of sight" temperature is given by
(Raman et al., 1981; St-Maurice and Schunk, 1979;
Perraut et al, 1984):

™n 2 i .2 [VT ]2
Tim = To t 7k—B (Bycos<¢ + Bysin<¢) So5a (1)

where kg is Boltzman's constant, m, is the mean
mass of the neutral gas, a is the angle of the
ion velocity vector relative to the line of sight
and By and B| are constants which depend on the
collision model. The neutral gas is assumed to
be stationary. For ¢ = 73.5° and resonant charge
exchange collisions, equation (1) predicts a
slope to Fig. 2a of 0.767 x 10‘3/cosza. K m~2g2 if
m, = 16amu (ie atomic oxygen) which lies within
the error bar of the slope for the period prior
to the burst, suggesting that m, does not exceed
16, ie that there is 1little molecular gas
present. The value observed inside the event is
significantly greater than predicted by equation
(1), indicating one of four possibilities: (i) «
exceeded about 35°; (ii) temporal variations in
Vp within the integration period raised Tij, by
smearing the spectrum; (iii) m, exceeded 16amu or
(iv) a bi-Maxwellian distribution is inapplic-
able. Todd et al (1986) have shown a as large as
35° is very unlikely for this burst event, as is
a rapid change in my,. We have computed the
smearing effect to have caused less than a 4% in-
crease in Tj, for the variations of Vp observed.
However, Raman et al (1981) have shown that
toroidal departures from the bi-Maxwellian can
cause Tj, to be overestimated by the required
factor, for the magnitude of ion drift reported
here,

St-Maurice and Schunk (1979) have shown that
departures from a bi-Maxwellian form are expected
if the ion drift velocity, Vj, exceeds a thres-
hold value, Vj¢r given by:

T
B
V.. = 0.75 r . (2)
it

n

Using the values for T, (= 1070 * 200K) and my,
(= 16amu) deduced above from Fig. 2a, the thres-
hold drift is Vi = 788 * 75 ms~!, Hence in Fig.
1 gates 2, 3 and 4 represent cases where Vp <
Vitr Vp = Vit and Vp > Vj¢ respectively and the
central peak appears in a manner fully consistent
with the formation of a toroidal distribution.
The square of the threshold drift wvelocity is
plotted as the dot-and-dash 1line in Fig. 2.
Figure 2 shows that the signal-to-background
ratio, S/N, was significantly increased when Vy >
Vj¢r as was the Ty, value.

The plots in Fig. 2 show a great deal of
scatter which is to be expected since the data
were recorded in two locations roughly 300 km
apart (see Todd et al., 1986) and had contribu-
tions from a total altitude range of 243-380 km.
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Fig. 3. Variations of the line-of-sight velo-
city, Vg, signal to background ratio, S/N, and
deduced ion temperature assuming a Maxwellian
spectrum, Tj,. Data are shown for one scattering
volume (gate 4). T, is the neutral temperature
estimated from figure 2, and V;¢ is the threshold
ion velocity for driving non-Maxwellian distri-
butions.

Note that a few points in Fig. 2 show high S/N
and Tj, values, yet low Vg. Such points may
arise from high ion drift and large angle a, i.e.
there are large drifts perpendicular to the line
of sight.

Figure 3 shows the temporal evolution of Tim
and S/N in one scattering volume during the flow
burst, namely that for gate 4 and radar beam
azimuth 356°. The solid circles show the line-
of-sight velocity, Vp, which exceeded the thres-
hold velocity Vi (shown by the horizontal dashed
line) for the first three 15-second integration
periods. The squares show the ion temperatures
(assuming Maxwellian distribution), Tjy, and the
dot-and-dash horizontal line the deduced neutral
temperature, T,. It can be seen that as vq fell,
Tim tended to T,, but at the peak of the burst
(06:36:00 UT) was roughly 3.5 times larger than
T o The received signal-to-background ratio,
S/N, also fell with Vp to a base level of roughly
2.5%; however, during the flow burst it was
roughly 3 times larger than its value for Vp <
Vite ‘The higher values of 5/N could have been
caused by a localised patch of high-density
plasma, however such a patch would be convected
around the twin vortex flow burst pattern and
hence would not give the simple relationship of
S/N to Vp shown in Figs. 2 and 3.

Discussion and Conclusions

Our experimental results show that during
rapid poleward convection bursts, when the ion
velocity exceeds the threshold drift at which a
significant departure from a bi-Maxwellian is
expected, the incoherently scattered signal spec-
trum takes on an exotic form of the kind pre-
dicted theoretically by Raman et al (1981) and
Hubert (1984). The bursts, and hence the
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spectra, are observed only by virtue of the high
time resolution of the EISCAT data (15 seconds)
and the non-equilibrium effects are observed
because the radar beam makes a large angle with
the geomagnetic field (73.5°). The rise in
scattered signal power is consistent with the
effect of the expected non-Maxwellian ion velo-
city distribution functions and fitting the
spectra with a Maxwellian form appears to over-
estimate the ion temperature by a factor of
roughly 2. The shape of the observed spectra
reveals that the ion velocity distribution was
non-Maxwellian. A full investigation of the form
of the distribution function, considering poss-
ible effects of noise and signal sampling on the
observed spectra, will be presented in a later
paper and indicates the distribution function was
toroidal, but very close to a flat-topped non-
Maxwellian form. It should be noted that if the
‘ion acoustic'! shoulders on the observed spectra
were spurious, the spectra could be explained in
terms of coherent echoes from density irregulari-
ties driven by plasma instabilities due to the
non-Maxwellian plasma (Ott and Farley, 1975) .
However, at 16.5° from perpendicularity (¢=73.5°)
such effects would be very small, and it seems
therefore unlikely that they can explain the
observed rise in scattered power.

These remote observations allow the evolution
of the non-Maxwellian distribution function to be
observed. Figure 3 shows only the slightest hint
of the scattered power returning to its lower,
Maxwellian-distribution values (when Vp < Vj¢)
faster than the decay of the ion velocity Vq, but
in general the non-Maxwellian effects are seen
whenever the ion velocity exceeds the threshold
velocity, Vjt. Hence the non-Maxwellian distri-
butions at these F-region altitudes have 1life-
times of at least the duration of the flow burst
events (of order a minute). The slowest mech-
anism acting to return the distributions to a
Maxwellian will be the acceleration of the
neutral air which may reduce the relative ion-
neutral drift to below Vj on the time scale of
tens of minutes, The other destructive mech-

anisms (ion collisions, ion-neutral reactions,
microinstabilities) should act on much shorter
timescales. Since our observations provide

evidence that non-Maxwellian distributions exist
for periods of several minutes, they suggest that
the destructive mechanisms are balanced in quasi
steady state by the driving effect of the ion
drift, as postulated by St Maurice (1978).
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