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A~TRACT

~ta are presented from the EISCAT CP-3-E experiment which show the presence of non-thermal
plasma over a range of latitudes. The 0 ion-velocity distribution function is almost toroidal
when the electric field reaches values of 125 mV m

1 . The ion temperature derived from such
data assuming a Maxwellian distribution function will overestimate the true ion temperature
when the observing angle is large with respect to the magnetic field, and underestirrate the
temperature when the aspect angle is small. When the expressions for the distribution function
are extended to include mixed ion composition, an improvement is sometimes found in fitting
the observed data, and estimates of the composition can be made. Such an analysis suggests
that N • can ocassionally form a significant part of the total ion density in a narrow height
region2 centred at 275 km.

INTRODUCTION

When subjected to large d.c. electric fields, the ion-velocity distribution function in the
auroral F-region becomes anisotropic and significantly distorted from the Maxwellian form
usually associated with thermal equilibrium /1/. Previous ground-based observations provided
strong evidence for the presence of bi-Maxwellian velocity distributions and ion temperature
anisotropies /2,3/, but the first ground-based measurements of non-Maxwellian plasrra were made
by I~ckwood et al. /4/. Winser et al. /5/ presented further results from the EISCAT radar
which confirmed that the observation of non-thermal plasma are very sensitive to the observing
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Figure 1. Fitted D~values as a function of the bulk plasma drift for data obtained

between 13:00 and 13:30 UT on 27 August 1986, using the EISCAT CP-3-E observing program.
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angle. It has also been shown in the past /6,7,8/ that interpreting such data with the
assumption of an isotropic Maxwellian velocity distribution function leads to erroneous
estimates of the plasmaparameters.

In this paper we describe an analysis of the data presented by Winser et al. /5/ which used
the semi-analytic ion velocity distribution function given by Suvanto et al. /9/. This was
based on the theoretical work of Raritan et al. /6/ who used the generalised form of the
relaxation model of ion-neutral collisions to describe the ion-velocity distribution function.
A comparison is made between the ionospheric parameters derived from a simple Maxwellian
analysis and those obtained with the new, non-Maxwellian analysis. The non-Maxwellian analysis
was extended to include the effects of mixed ion composition and the results are discussed.

O~~VATIONS

Figure 1 shows the ion-velocity distribution function shape distortion parameter, D~ (as
defined by Rarran et al.), as a function of the bulk plasma velocity, V~, for the EISCAT CP-3-E
latitude scan between 13:00 and 13:30 UT on 27 August 1986. These data allowed, for the first
time, observations of non-thermal plasma over a range of aspect angles and have been discussed
in detail by Winser et al. /5,12/. We assume in. the first instance that the ionosphere at 275

Ian (the altitude where most of the measurements discussed in tpis paper were taken) consisted
solely of 0 ions. Clearly as VP increases above about ion s~’ , D rises steadily, reaching
values near 1.2 for V~= 2.5 lan s-i. This is very close to the theoretical limit for an 0
torus indicating the non-thermal nature of the plasma when subjected to enhanced electric
fields. It Is also very encouraging, although a little surprising, that D values as low as
0.2 were obtained when the electric fields were small. This plot is qualitatively very similar
to observations from the UK-ROLAR experiment presented by Lockwood et a!. /10/ and also agrees
closely with the Monte-Carlo simulations presented by Kilouchi et a!. /111, (see /14/).

Figure 2 sunirarises the plasma parameters derived from these data as a function of the aspect
angle, .p. Fi~ure 2(b) shows the ion temperature anisotropy (A = T~jT,,) which is obtained from
the fitted D values (A = 1+D 2), and therefore assumes the generalised form of the relaxation
model distribution function given by Raritan et al. /6,!. This shows values as large as 2.3 for
the largest electric fields. Figure 2(c) shows the fitted D values (solid line) and
convection velocities (dashed line) as a function of p. The derived D values follow closely
the bulk drift velocity for aspect angles down to about 30 degrees; however, below this angle
convergence to unique fits cannot be attained. This is because the spectrum is increasingly
less sensitive to distortions from a Ma~ellian form as the aspect angle tends to zero
/12,13/. Lockwood and Winser /14/ show that the simple generalised form of the relaxation
model appears to describe the true ion-velocity distribution function to a good first
approximation.

Figure 2(a) compares the average (3-D) ion temperature derived from the non-Maxwellian
analysis, T

1 (solid line), with the temperature derived from the standard anaiysis program,
which assumes an isotropic Maxwellian distribution function, ~ (dashed line). Clearly Tim ~
an underestimate of the true ion temperature at low aspect angles and an overestimate for
large Ip. Figure 2(d) compares T1 with the 1-D line-of-sight temperatures derived from the non-
Maxwellian analysis, T~(dashed line) and the standard Ma~c~ellian analysis, T~. (note that
numerically Tim = Tcpm as a Maxwellian distribution is, by definition, isotropic). T~is
greater than T1 for tp greater than 54.7 degrees and less than T~for lower aspect angles. It
can be seen in general that T~m> T~. The fact that T~= T~at ~ = 54.7 degrees is a natural
consequence of using a gyrotropic distribution function where the line-of-sight distribution
function (at all aspect angles) is correctly normalised and consistent with the one 3-D ion
velocity distribution function, as is the case here. This Illustrates the clear temperature
anisotropy in the data, whereas the fact that Tim does not equal T1 at p = 54.7 degrees shows
the non-Maxwellian nature of the plasma.

~‘FE~TS OF MI)~ ~MFOSITION

Clearly during periods when there are large electric fields the ion composition may change.
The non-Maxwellian analysis procedure outlined above was modified so that it was possible to
fit for two ion species. To simplify the analysis the composition was assumed and not fitted,
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Figure 2. Derived plasma parameters at 275 km as a function of aspect angle. These were
obtained using the data discussed in figure 1. The top panel compares the ion
temperature derived from a single species non-Maxwellian analysis (T1) with that
derived from the data assuming an isotropic Maxwellian distribution (Tim). The
second panel, (b), shows the ion temperature anisotropy derived from the non-
Maxwellian analysis. Panel (c) shows the fitted D values (solid line) compared
with the observed bulk plasma drift (broken line). The lower panel compares T~with
the line of sight temperatures T~and Ttpm, derived from the non-Maxwellian fits and
the standard analysis pro~ranl respectively. The points Indicated by open circles ott
the plots for T., A and D should be disregarded as the distribution function is
insensitive to áeviations from a Maxwellian close to the field-parallel direction.

and the fitting carried out for a range of compositionmodels varying between 1OO~i molecular
and 100~0 Ions. The analysis was carried out on the integrated spectra at position 5 in the
EISCAT CP-3-E scan presented in Figure 3 of Winser et a!. /5/. This spectra was chosen because
of Its syranetry and the fact that the individual spectra which were integrated to produce it
showed exactly the same features. The results of this analysis are presented in Figure 3.
Differences of 2000 K and 1300 K arise in the derived electron and ion temperatures
respectively when a pure 0 and a pure N0 plasma are assumed. The bottom panel shows the
corresponding fit variance as a function of composition, indicating a well-defined minimum
(-.50.~~ decrease in variance) for a composition of 75~0+. The middle panel shows that the
derived D value for the molecular ions (at the minimum variance) was significantly higher
than that for the 0 ions. Further analysis showed that this behaviour was restricted to a
narrow height region (-.30-40 Ian wide) centred at about 275 Ian. The electron temperatures
correspondingto the minima in variancesIn this narrow band agree closely with the electron
temperature profile observed in the previous position, which is what would be expected if the
electron temperatures were unaffected by the enhanced electric fields. It is very unlikely
that N0 ions could be more non-thermal than the co-located 0 Ions /15/: However, this would
not neccessarily be the case if the main molecular ions present were N ‘. Soft particle
precipitation could explain why the N * ions could occur with high den~ities in a narrow
height range consistent with the obse~vations, despite their short lifetimes (St-Maurice,
private cormnunication).
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Figure 3. Non-Maxwellian analysis of: (a) ion and electron temperature, and (b) D for
both atomic and molecular ions, as a function of ion composition. These results were
obtained from an analysis of the integrated spectrum obtained at 275 lan in position
5 of the CP-3-E scan on 27 August. The bottom panel shows the norinalised fit
variance as a function of composition. The aspect angle for these measurements was
62.7 degrees.

Figure 4 shows one of the observed spectra (at 275 Ian in position 5 of the scan) from which
the above conclusions were drawn (solid lines). Also shown are the best-fits for; (a) a
Maxwellian distribution function, (b) a single-species non-Maxwellian distribution function,
and (a) a mixed composition non-Maxwellian distribution function. Clearly the Maxwellian
assumption is a very poor approximation, and undoubtedly yield erroneous estimates of the
plasma parameters. The single-species non-Maxwellian best fit is much better and reproduces
the main features in the observed spectra. However, it cannot reproduce details near the
central peak of the spectrum, most notably the well defined shoulders. Simulations show that
under conditions where the molecular ions are as non-thermal (Or more non-thermal) than the
atomic ions, the central peak of the spectrum is very sensitive to composition, and
‘shoulders’ will form. This is supported by the mixed composition non-Maxwellian fit to the
data shown in Figure 4(c), which is clearly a muchbetter fit to the data than in Figures 4
(a) or (b). Many attempts were made to simulate the observed spectrum with the assuation of a
single species non-Maxwellian distribution function, all of which failed to produce as good a
comparison as that obtained in Figure 4(c). Interestingly, fit variance less than about twice
the minimum shown in Figure 3 could not be obtained unless the 3-D ion temperatures of the two
ion species were equal. The theory of generation. of non-Maxwellian plasma predicts that this
should be the case to within a few percent. That D for molecular ions slightly exceeds the
predicted D’ value /14/ and that D for 0 is lower than the value at adjacent altitudes
strongly suggests that a third (molecular) Ion population, presumably NO , is also present.
However~ this cannot explain D for a malecular species exceeding that for 0 and we conclude
that N

2 must be present.

00NCIIJS IONS

Results are presented which have been derived using an analysis procedure which allows for
deviations in the ion-velocity distribution function from a Maxwellian form. When the bulk ion
velocity exceeds about 1 lan s~, the distortion from a Maxwellian increases steadily with
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Figure 4. The observed, integrated spectrum which was referred to in figure 3,
superimposed on: (a) the best-fit Maxwelllan spectrum obtained with the standard
analysis program, (b) the best-fit spectrum obtained with a single-species non-
Maxwellian distribution function, and (c) the best-fit spectrum obtained with a mixed
Ion composition, non-Maxwellian distribution function.

increasing electric field, reaching the threshold for a torus when the electric field reaches
values around 125 mVm~. A comparison was made between the ion temperatures derived from the
non-Maxwellian analysis and those derived with the assumption of a Maxwellian distribution
function. The latter overestimates the true ion temperature at large aspect angles and
severely underestimates it for smaller aspect angles. The data also show a clear ion
temperature ani sotropy.

The expressions for the non-Maxwellian distribution functions used in the analysis were
extended to include the effects of a mixed ion composition, and on two occasions there was a
significant improvement in the fits to the observed spectra, indicating that molecular ions
formed 25~i of the total ion population. The analysis also revealed that’the molecular ions
were more non-thermal than the atomic ions (and, indeed, were highly toroidal), and that
this feature was restricted to a narrow height region about 30-40 lan wide centred at 275 km.
We conclude that the highly non-Maxwellian molecular ions present were N,~ rather than NO~and
suggest that the lower frequencies (or central part) of the spectrum under such conditions are
sensitive to’ composition, whereas the opposite is true in the case of thermal equilibrium.

Acknow1edgemen~s- We thank the director and staff of EISCAT for providing the data
used In this study, and Prof. J-P St-Maurice for helpful discussions. EISCAT Is supported by
the research councils of: France (CNRS), West Germany (MRO), Sweden (NFR), Norway (NAVF),
Finland (SA), and the UK (SERC).

REF~ER~C~

1. J.-P. St-Maurice and R.W. Schunk, Ion velocity distributions in the high latitude

ionosphere, Rev. geophys. and Space Phys., 17, 99-134, 1979.

2. Perraut, S.A., Brekke, M. Baron and D. Hubert, EISCAT measurements of ion temperature
which indicate non-isotropic ion velocity distributions, J. atmos. terr. Phys., 46, 531-
544, 1984.

3. Lovhaug, U.P. and T. Fla, Ion temperature anisotrcpy in the aurora! F-region as measured
with EISCAT, J. atmos. terr. Phys., 48, 959-971, 1986.

4. Lockwood, M., B.J.I Brornage, R.B.Horne, J.-P. St-Maurice, D.M. Willis and S.W.H. Cowley,
Non-Maxwellian ion velocity distributions observed using EISCAT, Geophys. Res. Lott., 14,
111-114, 1987.

5. Winser, K.J., M. Lockwood and G.O.L. Jones, Non-thermal plasma observations using EISCAT:
Aspect angle dependence, Geophys. Res. Lett., 14, 957-960, 1987.

6. Razann, R.S.V., J.-P. St-Maurice and R.S.B. Ong, Incoherent scattering of radar waves in
the aurora! ionosphere, J. geophys. Res., 86, 4751-4762, 1981.

7. }Iubert, D., Non-Maxwellian velocity distribution functions and incoherent scattering of

.IASR 9/S—li



(5)112 K• J. Wjnser eta!.

radar waves in the auroral ionosphere, J. atmos. terr. Phys., 46, 601-612, 1984.

8. Moorcroft, D.R. and K. Schlegel, Evidence for non-Maxwellian velocity distributions in
the F-region, J. a~s. terr. Phys., 50, 455-466, 1988.

9. Suvanto, K., Incoherent scattering of radar waves from non-thermal F-region plasma:
Analytical methods of spectral synthesis, Radio Sci., In press, 1988.

10. I.ockwood, M., K. Suvanto, K.J. Winser, S.W.H. Cowley and D.M. Willis, Incoherent scatter
radar observations of non-Maxwelllan ion velocity distributions in the aurora! F-region,
this issue.

11. Klkuchi, K., J.-P. St-Maurice and A. Barakat, Monte Carlo computations of F-region
incoherent scatter spectra at high latitudes and the use of a simple method for non-
Maxwellian spectral calculations, Subaitted to Ann. Geophys., 1988.

12. Wlnser, K.J., N. LOCkWOOd, G.0.L. Jones and K. Suvanto, Observations of non-thermal
plasma at different aspect angles, In press, J. geophys. Res., 1988.

13. Suvanto, K., M. Lockwood, K.J. Winser, A.D. Farmer and B.J.I. Broniage, Analysis of
Incoherent scatter spectra from non-Maxwellian plasma in the high-latitude F-region,
this issue.

14. lockwood M. and K.J. Winser, On determination of Ion temperature in the auroral F-region
Ionosphere, Planet. Space. Sd., 36, 1295-1304, 1988.

15. St-MaurIce, J.-P., W.B. Hanson and J.C.G. Walker, Retarding potential analyser
measurements of the effect of ion-neutral collisions on the ion velocity distribution in
the aurora! ionosphere, J. geophys. Res., 81, 5438-5446, 1976.


