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Abstract. Observations with the Freja satellite at about lel electric fields on auroral latitude magnetic field lines was
1700 km altitude of downward accelerated ions in the keVresolved in the 70s by observations of direct consequences
and sub-keV energy range are described and analysed. Th# upward pointing electric fields in space. Parallel electric
observations show the following: (1) Processes involving ve-fields were shown to exist and to be interpretable in terms of
locity dispersion are not important; (2) lon pitch-angle dis- the scarcity of current carriers in a limited part of the auroral
tributions are mostly somewhat field aligned but not far from electric circuit. Current continuation requires that the scarce
isotropic, so the ions are effectively spread in pitch-angle;charges in that region move faster and, therefore, a fraction of
(3) As all ion species, H, O™, and He", are found to be the electromotive force of the circuit is transferred to that part
accelerated to the same energy, the only possible known a®f the circuit, and the magnetospheric electrons at medium
celeration mechanism is a potential difference along the magaltitudes are accelerated downward in a potential difference.
netic field lines; (4) No significant Birkeland current features Chapman’s and his co-workers’ argument, that the high con-
are associated with the ion precipitation; (5) Precipitation ofductivity of electrons along the magnetic field lines should
energetic electrons from the plasma sheet is always presemfiminate any potential difference along the field lines even
when the downward accelerated ions are observed; (6) loffior quite low electron densities above the ionosphere, proved
precipitation is generally not seen in regions with primary not to be applicable in the primary auroral current circuit.
auroral Birkeland currents associated with electron inverted- The so-called return current circuit, where the parallel cur-
V distributions; (7) Precipitated ions are mostly observed atrents (Birkeland currents) are directed downward, is located
low and medium disturbance levels, but they are also founchext to the primary current circuit. The return current is car-
in strongly disturbed conditions; (8) Downward acceleratedried mainly by upward moving electrons from the ionosphere
ions occur fairly frequently at auroral latitudes near Frejaand not even Alfén foresaw any current continuation prob-
apogee altitudes and are seen at all local times. The presef$ms there, as the ionosphere is a strong source of easily
investigation is limited to the nightside. moving electrons. Only very low parallel electric fields, if
The above observational results are found to be consisany, would be required to close the return current above the
tent with the physical mechanism for producing a downward-jonosphere.
pointing parallel electric field proposed by Hultqvist (1971).  when the first satellite of ESRO (the European Space
That mechanism is basically one of an ambipolar potentialResearch Organization), ESRO 1, launched in 1968 into
difference set up by the energetic electrons from the plasma polar orbit with 1550 km apogee, showed downward ac-
sheet. celerated ions with keV energies, as reported by Hultgvist

Key words. Magnetospheric physics (electric fields; ener- €t al. (1971), the result was quite unexpected. Hultqvist

getic particles, precipitating; magnetosphere —ionosphere in(1971) suggested that it might be due to temperature and
teractions) pressure differences between the magnetospheric and iono-

spheric plasmas. ESRO 1 provided only very limited data
and new relevant data from the altitude region observed by
ESRO 1 became available when Freja, with an apogee of
1754 km, started to deliver data in 1992. Dynamics Explorer

The disagreement between Sidney Chapman and Hanngs however, had an orbit reachmg 90.0 km and Wmnln_gha_m
et al. (1984) reported observations with a mass resolving in-

Alfvén in the 1940s and 50s about the existence of paral- ! i S . .
strument of field-aligned precipitating ions, mainly™Qin

Correspondence td3. Hultgvist (hultqv@irf.se) the keV and sub-keV energy range, which they interpreted in

1 Introduction
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FREJA (F3H,F7) Orbit: 3172 Date: 93-06-03 Prince Albert

uT 08.05.00 08.10.00 08.15.00 08.20.00 08.25.00
MLT 21.0 22.6 01.5 03.8 05.0
CGLAT 61.8 70.7 73.1 66.9 56.3
LONG -147.9 -121.5 -92.4 -70.5 -56.4
H (km) 1682 1747 1770 1750 1689

Fig. 1. Example of a Color Summary Plot (CSP) for a high-latitude pass of Freja. The satellite orbit is indicated in the circular coordinate
system at the lower right (magnetic local time, MLT, and corrected geomagnetic latitude, CGLAT). The two uppermost frames show the
logarithm of the count rate, color-coded as a function of time and the logarithm of the enerdyasfdH" ions measured by means of the

TICS spectrometer. Frames 3 and 5 may contain some auxiliary data (not used in this investigation) and frames 4 and 6 show electron date
from the MATE and TESP instruments, total particle flux in the energy range from a fraction of a keV to about 100 keV in the case of MATE
and the count rate, color-coded, of the electrons as a function of time and energy from TESP. UT, MLT, CGLAT, LONG (geographic) and
altitude, H, are listed at the bottom. A description of the various recorded count rates and what they represent can be found in the text. The
data of particular interest in the present investigation are the relatively intense ion count rates seen in a short period of half a minute at about
08:21 UT.

uT 08.20.20 08.20.40 08.21.00 08.21.20 08.21.40

MLT 03.9 04.0 04.1 04.2 04.3

CGLAT 66.3 65.7 65.0 64.4 63.7 6
LONG -69.3 -68.2 -67.1 -66.1 -65.1 v

H (km) 1748 1745 1741 1738 1735

Fig. 2. A CSP of the higher time resolution type, covering 2 min of time. It shows the period of orbit 3172 in Fig. 1 when precipitating ions
were recorded. This higher time resolution CSP differs from the low time resolution kind shown in Fig. 1 only in that frames 3 and 5 contain
pitch-angle data instead of auxiliary information.
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FREJA 03 Jun 19930821:13.673 6000—ms Resolu

terms of outward acceleration in the opposite hemisphere. . 000-ms Resolution (15 sweeps averaged)

Viking, with an apogee of 13500 km, also provided some g O P 7 ]
electric field data at altitudes of a few thousand kilometers. S <G ]
The measurements showed that below 4000 km the parallel e 3
electric field component was more frequently directed down- s f ]
ward than upward (Marklund, 1993). Those results were =
quite unexpected. Only when Freja provided similar results
(Marklund et al., 1997) and FAST recorded upward directed o
intense electron beams with keV and sub-keV energies at
about 4000 km altitude (Carlson et al., 1998) was it gener- ;
ally accepted that downwarH, occurs fairly frequently at ol . .
altitudes of a few thousand kilometers on auroral field lines. a) ) © ey ()

The OId argument Of Chapman that any pOtentIaI dlffer- FREJA 03 Jun 19930821:13.673 6000-ms Resolution (15 sweeps averaged)
ence should be eliminated by the high conductivity of the E T

]

ionospheric electrons along the field lines thus has been

proven not to hold even in the return current regions. Temerin ,
and Carlson (1998) have argued that under certain circum- B f
stances, there may also be a scarcity of current carriers in the : (\

mass-resolving ion spectrometers for the energy range from f l/ \M}& E
a few eV to 4.5 keV, covering all directions in half a spin pe- \\><\\ ]
riod (3s), as well as a set of complementary fields and parti- : \\\ v \7/\\
cles instruments (see Lundin et al., 1994). First observations o ‘ : e

return current circuit. ' ’ /\//;\\ 1
The Swedish-German satellite Freja was equipped with %\ /2 \ ]

of precipitated ions measured by Freja have been presented ©) e
by Eliasson et al. (1994a), Norberg et al. (1994), and Eliasson e el [ mreoys )
(1996), but most of the studies of the Freja ion data hitherto }: e

have dealt with the transverse ion energization at Freja alti-
tudes (see e.g. Andret al., 1998).

The electric field experiment on Freja has demonstrated
the existence of significant downward-directed parallel elec-
tric fields (Marklund et al., 1994, 1997), the existence of
which was suggested already on the basis of the ESRO-1 ob-
servations by Hultqvist (1971) and later from other satellite

observations by Gorney et al. (1985) and others. The FAST 8 /N
satellite, with its apogee slightly above 4000 km and with ‘ ‘ \f
very high time-resolution instruments, has, as mentioned, oy (4

shown narrow beams of upward-moving keV electrons and FREIA 1603-06-03 08:21:13.639UT 6,000 Resclution (96 sweeps averoged)
it has facilitated conclusions about microprocesses involved ‘ ‘ = ]

in the production of the potential differences along the mag-
netic field lines below 4000 km and in the scattering of the
ions in pitch-angle (see e.g. Carlson et al., 1998). While
FAST has measured in the whole altitude range of interest
here, Freja has provided data only from below or within the
region with a downward-pointing parallel electric field.

Downward accelerated ions in the keV and sub-keV en-
ergy range are found at all local times. In order to avoid any
special cusp effects, the present investigation has been lim-
ited to the nightside part of the auroral zone.

.

2 Observations Fig. 3. Energy spectra of H (a) and(b) and O (c) ions and of

the precipitating energetic electrons occurring simultaneo{d§ly
The reader is referred to Space Science Reviews, \ol. 70in orbit 3172. For H ions both the count rate and particle flux are
1994 for details about the Freja mission and all experiments$hown as a function of energy, as the count rate gives information
onboard. The ion spectrometer (TICS) that has delivered th&Pout the statistical uncertainty of the data points. The straight line

data, which is the basis of the present investigation, is deShows the 1-count-per-sample-period level.
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FREJA 03 Jun 19930821:13.673 1200-ms Resolution (3 sweeps averaged) Energy=430.000eV FREJA 03 Jun 19930821:13.673 1200ms Resolution (3 sweeps averaged) Energy=430.000eV
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Fig. 4. Pitch-angle distributions of H (a) and OF ions(b) with an energy of 430 eV observed at the same time in orbit 3172 as the energy
spectra in Fig. 3 were measured. As can be seen, the count rates at low pitch-angles are an order of magnitude higher th&n around 90
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Fig. 5. The eastwardB,, and northwardB;,, components of the geomagnetic field observed on board Freja in orbit 3172. The precipitating
ions were measured after 08:21 UT.

scribed by Eliasson et al. (1994b). It had an energy rangeng electrons. Relations of ion precipitation to ion conics are
from below 1eV to 4.5keV, an energy resolution of about shown in Sect. 2.6 and the dependence of ion precipitation on
10%, and a mass range from 1 to 40amu/gq. An energymagnetospheric disturbance level is illustrated in Sect. 2.7.
sweep with 32 energy steps was normally made in 400 msFinally, some conclusions from the data presented earlier are
There were 30 angular sectors and all directions were coveollected in the final Sect. 2.8.

ered in half a spin period (3s), and the normal data rate was

20 kbit/s. All Freja observations of ions and electrons wereo 1 Examp|es i||ustrating energy Spectra, pitch-ang]e distri-
summarized in the format of “Color Summary Plots” (CSP). butions, and temporal relations of different ion species
Those plots were produced for all satellite orbits from the

recordings of 2 out of the 30 angular sectors of the ion SpeCFigure 1 shows an example of CSP covering a whole pas-
trometers and from data taken by the two electron Spectromz . within the reach of Prince Albert, which will first be de-

eters. The CSPs have two different time scales, one for &yineq in some detail. The pass reaches from equatorward
whole high-latitude pass (25-30 min), as recorded by one of¢ e radiation belt in the early evening to the low-latitude

the two receiving stations, Esrange in Sweden and Prince Al yqq of the radiation belt in the early morning. The orbit is

bert in Canadq, and another with a higher time resolutionyicated in the circular coordinate system at the lower right
covering two minutes of measurements. (magnetic local time, MLT, and corrected geomagnetic lat-
The observations are presented in a number of subsedtude, CGLAT). The two uppermost frames show the count
tions. In Sect. 2.1, energy spectra, pitch-angle distributiongates of O and H" ions in logarithmic color-coded scales,
and temporal relations of different ion species are illustratedas recorded by the TICS ion spectrometer. The He data are
In Sect. 2.2, the temporal/spatial relations of ion and elec-contaminated by some cross-talk from the other ion channels
tron precipitation are illustrated and discussed. Section 2.3nd are not included in the figures. Th& Ghannel also con-
shows examples of variations in ion energy with latitude andtains N ions, if there are any. The narrow frames 3 and 5
Sects. 2.4 and 2.5 present examples of the dependence ofay contain special information, which will not be referred
ion precipitation on energy spectrum and flux of precipitat- to in this study. Frame 4 gives the electron flux integrated
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FREJA (F3H,F7) Orbit: 3082 Date: 93-05-27 Prince Albert

uT 12.48.00 12.53.00 12.58.00 13.03.00 13.08.00
MLT 01.7 03.7 05.3 06.3 07.1
CGLAT 66.3 65.4 595 50.7 40.7
LONG -1435 -119.5 -103.9 -93.5 -85.9
H (km) 1768 1758 1705 1613 1489

Fig. 6. A full-pass CSP for orbit 3082, covering MLT from midnight to 07:00 and CGLAT 67-4a the ion precipitation region there are
mostly higher peak count rates offGons than of H.

FREJA
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uT 12.45.20 12.45.40 12.46.00 12.46.20 12.46.40

MLT 00.7 00.8 00.9 011 01.2
CGLAT 64.6 64.9 65.1 65.4 65.6
LONG -159.3 -157.3 -155.3 -1533 -151.3
H (km) 1757 1759 1761 1763 1764

Fig. 7. A 2-min CSP for orbit 3082 showing generally more narrow energy spectrafdo@s than for H.

over all energies (from a fraction of a keV to 100 keV), as radiation belt in a northward direction to a couple of minutes
recorded by the MATE instrument, and frame 6 presents inbefore entering the radiation belt in a southward direction.
color-coded form the measurements (count rates) of the eledn Fig. 1, Freja entered the auroral zone at about 08:05UT
tron spectrometer TESP. At the bottom universal time (UT),and passed into the polar cap at 08:09 UT. It reentered the
magnetic local time (MLT), corrected geomagnetic latitude auroral zone about 08:18 UT and left it again at 08:23 UT. In
(CGLAT), geographic longitude (LONG), and altitude (H) the auroral regions, a flux of precipitating electrons from the
are shown. plasma sheet with energies reaching the upper limit of the

TESP spectrometer can be seen. Superimposed on this are

The energetic particles in the radiation belts produce highy e intense temporary electron fluxes in the keV and sub-
count rates in both TICS and MATE so the interesting part; .\, energy range. Over the polar cap there is a low flux of

of the record in Fig. 1, and similarly in other Freja passesgecirons with energies below a few hundred eV (polar rain).
shown, is from a couple of minutes after the passage of the



1122

FREJA 27 May 19931245:58.533 6000—ms Resolution (15 sweeps averaged)
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Fig. 8. Detailed energy spectra measured in orbit 3082 of precipi-
tated HF ions(a) and OF ions(b) and of the precipitated electrons
(c). Straight lines show 1-count level.

The count rates of the ion species in the uppermost frame

B. Hultgvist: Downward ion acceleration at auroral latitudes

energy spectrograms. Over the polar cap the noise level of
the TICS instrument is illustrated (above 10 eV).

The part of Fig. 1 of particular interest for the present in-
vestigation is that between 08:21 and 08:22 UT, where the
figure shows relatively intense fluxes of ions of all three
species with energies between 100 and 1000 eV. Those data
are shown in higher time resolution in Fig. 2, which is an
example of two-minute CSPs. In addition to the higher time
resolution, the two-minute CSPs differ from the full passage
CSPs in that frames 3 and 5 contain pitch-angle information
instead of auxiliary information. Already from the summary
plotin Fig. 2, it is obvious that the different ion species have
similar energies and, in this case, also similar fluxes. Itis also
obvious from Fig. 2 that the ion species occur simultaneously
and that, thus, no velocity dispersion is involved.

That the energy spectra of the"Haind O" ions are quite
similar is shown in a more quantitative way in Fig. 3. In
Fig. 3a, the H count rate, as a function of energy, is shown
in order to also illustrate the statistical uncertainty of the data.
The count rates of the ions in the energy range 100-1000 eV
are one to two orders of magnitude above the one-count-per-
sample level shown by the straight line. The statistical un-
certainty is thus 30-10%. The count rates below 10eV are
due to the ram effect, as mentioned before. The ram effect
is in this case higher for ©than for H". This is the most
common situation and is due to the composition of the cold
plasma along the satellite orbit.

Figures 3b and ¢ show the energy spectra of thead
O™ ion fluxes, respectively. The lowest pitch-angle window
in the figures is quite wide because there were few counts at
low pitch-angles and the counts are integrated in pitch-angle
until a minimum number of counts has been obtained. Both
spectra cover the broad range of about 100 to 1000 eV. Above
1keV, the ion fluxes are two orders of magnitude less and
below 70eV there are no counts at all until the ram-effect
counts are seen from about 10eV downward. That the ion
energy spectrum does not reach zero (or very low) energy is
a general characteristic of the acceleration process.

Figure 2 and all similar figures in this report clearly in-
dicate that no ions are moving upward along the field lines
and that the pitch-angle distribution has its maximum in the
downward direction. Examples of pitch-angle distributions
are shown in Figs. 4a and b. Field-aligned anisotropies of the
type ESRO 1 observed in the sixties (Hultqvist et al., 1971)
are thus not difficult to find in the Freja data. Itis obvious that
the ions are accelerated downward along the field lines. Sam-

at energies less than 10 eV are due to the speed of the satgiled over longer periods of time, such as a full spin period
lite through the cold plasma (ram effect). In the uppermostof 6 s, the anisotropy of the pitch-angle distribution over the

part of the energy-range of TICS, a weak flux of ions, pri-
marily H*, can be seen within the auroral region, coinciding

downward half-sphere generally decreases, but the peak is
still found mostly at fairly low pitch-angles. The wide range

closely in location with the electrons. These count rates areof energies in the spectra, as well as the wide distributions
due to the precipitation of plasma sheet ions, found to occuin pitch-angle thus indicate that scattering processes strongly

together with electron precipitation already in the ESRO 1

affect the precipitating ions.

data (see e.g. Hultqvist, 1979). Most of the plasma sheet The electron energy spectrum observed simultaneously
ions have energies above the upper energy limit of the Frejavith the ion spectra in Figs. 3a—c is shown in Fig. 3d.

instrument, but ions from the plasma sheet, visible as a weakVhereas the ion spectra are limited to the range 0.1-1keV,
background flux at high energies, appears in most of the iorthe electron spectra cover the range 10eV to more than
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JF7) Orbit: 3093 Date: 93-05-28 Prince Albert
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uT 08.37.20 08.37.40 08.38.00 08.38.20 08.38.40
MLT 222 223 224 225 22,6

Fig. 9. An example in orbit 3093
of quite narrow energy spectra for the
heavier ions and very low fluxes ofH

CGLAT 63.4 64.1 64.8 65.5 66.1 ) d
LONG 1366 1351 1336 1321 1305 ions spread over a wide energy range.
H (km) 1678 1684 1690 1695 1700
FREJA 28 May 19930837:11.792 4000-ms Resolution (10 sweeps averaged) were found in some 30 s of the satellite pass, such ions were
A T R & observed during at least 5min in the pass shown in Figs. 6
and 7. There are even passes where downward accelerated

o+

10.00 |- =

ions in the keV and sub-keV energy range were observed
during most of the pass through the auroral regions, as will
be shown later. In contrast to the first example discussed,
Fig. 7 demonstrates that the energy spectra of the different

Raw Counts TM units
5
g
+
—

E ion species may be quite different and may vary strongly
/ Q /E along the satellite orbit. Most of the time, the oxygen ion
A | % / spectrum indicated in Fig. 7 is narrower than in Fig. 2, but

the hydrogen ion spectrum is wider. This is illustrated in a
more quantitative way in Fig. 8, where Fig. 8a shows that the
H* spectrum covers the energy range from a few hundred
R T eV to more than 2 keV, and Fig. 8b shows that the €pec-
trum is limited to the range 600 eV to 2 keV and much more
Fig. 10. A measured detailed energy distribution of the count rate Peaked than the H spectrum. Whereas the upper energy
for Ot ions obtained in the period represented in Fig. 9. The limits in Figs. 8a and b are similar (possibly somewhat higher
straight line is the 1-count level. for H), the H' ions appear to have been more affected by
stronger “scattering effects” resulting in reduced energy, than
the O" ions have been. In Fig. 8c, the electron energy spec-
20keV. The practically identical spectra for pitch-anglés 0 trum observed at the same time is shown. The flux at higher
50°, and 90 demonstrate that the precipitated electrons areenergies is higher than in Fig. 3d, but otherwise the shape is
isotropic over the downward hemisphere, all in good agree-quite similar.
ment with what is known of electrons from the central plasma A third example of a pass with precipitated ions is shown
sheet. The total precipitated electron flux, integrated over enin Fig. 9. It is different from the previous two in that the flux
ergy and pitch-angle, amounts to abowt B (cn?s) Y and  of the heavy ions is much larger than that of HThe energy
the precipitated energy flux to 20 108 keV (cm?s)~1. For spectrum of the @ ions is even narrower than in the previous
the H* ions the corresponding values ar8  10° (cn?s)~1  case, as demonstrated in Fig. 10.
and 04 x 108 keV (cm?s)~ 1.
The ion precipitation is generally located in the return cur- 2.2 Temporal/spatial relations between ion precipitation
rent region and is not associated with any strong Birkeland and electron precipitation
current features, as demonstrated by the magnetic field mea-
surements on Freja shown in Fig. 5. The ion precipitation isFigures 1 and 6 represent two cases with very large differ-
found between 08:21 and 08:22 but the strong currents occugnces in the temporal/spatial extension of the keV ion pre-
before that time interval in Fig. 5 together with intensified cipitation. Figure 11 shows an example where downward
electron fluxes. accelerated ions are found practically along the whole part
Whereas the downward accelerated ions in Figs. 1 and 2f the passage through the auroral oval where electron pre-

10 100
Energy (eV)
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FREJA (F3H,F7) Orbit: 4664 Date: 93-09-24 Prince Albert S

[log eV]

o
1

BZ
ips

MATE]|

e

4.6
TI:'S;’ I 3.8
: M., Fig. 11. A full-pass CSP showing the

Ut 05.22.00 05.27.00 053200 05.37.00 05.42.00 occurrence of precipitated ions in the

MLT 18.8 20.6 23.6 019 03.0 H

COLAT os s a o6 ou keV energy range in most gf the pas-
sage through the auroral regions.

LONG -143.6 -116.6 -87.4 -65.9 -52.1
H (km) 1619 1710 1761 1769 1735

B FREJA (F3H,F7) Orbit: 3077 Date: 93-05-27 Prince Albert

Fig. 12. A full-pass CSP illustrating
that when the precipitated electrons dis-
appear (03:31-03:34:30 UT) the precip-
itated ions also disappear.

uT 03.24.00 03.29.00 03.34.00 03.39.00 03.44.00
MLT 21.7 22.9 00.6 028 04.6
CGLAT 515 61.6 68.0 68.7 63.7
LONG -853 -74.0 -56.9 -31.1 -1.8
H (km) 1437 1573 1678 1744 1770

cipitation occurs. The gaps in the ion precipitation coincide 2.3 Variation of ion energy with latitude
with decreases in electron precipitation flux. Figure 12 is
another example where regions with downward accelerated\ny Systema‘[ic variation of the energy Spectrum of the down-
ions and electron precipitation coincide very closely. In this\ard accelerated ions with latitude may give information
case, there is a distinct gap in the precipitation of electronsahout the acceleration process (see e.g. Winningham et al.,
around midnight (MLT), with very sharp boundaries and in 1984). Even though Freja’s orbits are mostly fairly tangential
that gap, no ions are observed. Here the satellite most prolxp the auroral oval, the latitudinal variations are frequently
ably entered the polar cap. The boundaries of the gap in iofarge enough for studies of the dependence of particle energy
precipitation coincide closely with those for the electrons.  on [atitude. An investigation of some 50 cases has, however,
shown no systematic latitude dependence. Almost no signif-
icant energy variation with latitude is observed. Figure 13
These two examples, as in all the previous ones, demonshows a case where the energy of the precipitated ions de-
strate that downward accelerated ions in the keV and subereases with increasing CGLAT without any major changes
keV energy range occur where electrons from the plasman the electron spectrum. The peak energy decreases from
sheet are precipitated into the atmosphere. Checks of severdlkeV to a few hundred eV over a latitude range of half a de-
hundred cases of ion precipitation have not shown a singleggree. Figure 14, on the other hand, shows a case where the
case where downward ion acceleration has occurred withoupeak energy of the precipitated ions increases with increas-
the presence of electron precipitation. ing latitude, from approximately 300eV to about 1.5keV



B. Hultgvist: Downward ion acceleration at auroral latitudes 1125

. FREJA (F3H,F7) Orbit: 3221 Date: 93-06-07 Prince Albert

uT 00.53.00 00.58.00 01.03.00 01.08.00 01.13.00
MLT 19.2 204 22.1 00.3 02.1
CGLAT 50.8 61.1 679 68.9 64.1
LONG -86.5 -154 -58.6 -333 -3.8
H (km) 1420 1558 1667 1739 1769

Fig. 13. A full pass CSP showing pre-
cipitated ions with decreasing energy
from 01:03:30 UT to 01:05:30 UT.

pa

MATE]|

pa
4

TESP

uT 11.59.20 11.59.40 12.00.20
MLT 00.8 00.9 01.0 01.1 01.2
CGLAT 62.8 63.4 64.1 64.7 65.3
LONG -148.5 -146.9 -145.2 -1435 -141.8
H (km) 1651 1658 1664 1670 1676

Fig. 14. A 2-min CSP showing increas-
ing energy of precipitating ions in the
period 11:59:20-12:00:00 UT.

over the latitude range 62.80 64.5. Cases can also be Within a fraction of a latitude degree from the edge, the ions
found where the ion peak energy both decreases and inachieve more normal energies of the order of several hun-
creases within periods of less than a minute with the lati-dreds of eV up into the keV range. An example is shown
tude varying only little. In summary, no systematic variation in Fig.15. Around 00:28:10 UT, all ion species have ener-
in the precipitated ion energy with latitude has been foundgies below 100 eV, reaching down to 10 eV. Figure 16a con-
in these Freja data. Figure 14 shows certain changes in th&ins the B ion spectrum at 00:28:07 UT with high fluxes
flux and energy spectrum of the precipitated electrons simulbetween 10 and 700eV. Figure 16b illustrates the energy
taneously with the variations in the ions. We shall see inspectrum of the precipitating electrons recorded at the same
the next subsection that variations in the electrons are moréme. Both the electron flux and the upper energy limit
likely than latitude changes to be associated with the variaare quite low compared with the situation found 35 s earlier
tions in ions. (see Figs. 17a and b) when the precipitatedibhs were in

the energy range 200 eV-2 keV and the electrons had much
2.4 Relations of variations in the ion energy spectrum tohigher fluxes and reached 10 keV in energy. (The integration

variations in the electron spectrum in pitch-angle was done over all directions this time.)
But the energy spectrum of the plasma sheet electrons does

At the low-latitude edge of the region with precipitating not always soften at the low-latitude edge of the precipitation
plasma sheet particles, downward accelerated ions withimegion; sometimes it hardens instead. Figure 18 illustrates
a limited energy range of tens of eV are sometimes seensuch a case. At 03:41 UT, the upper energy limit of precip-



1126 B. Hultgvist: Downward ion acceleration at auroral latitudes

FREJA (F3H,F7) Orbit: 4833 Date: 93-10-07 Esrange Y ro0s
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FREJA 07 Oct 19930028:06.618 6000-ms Resolution (15 sweeps averaged) . FREJA 07 Oct 19930027:30.616 6000—ms Resolution (15 sweeps averaged)
1B s L e A AT (IR o (LA T -
E 00+— 6o.| E %
L Pitch Angleg ;1 (004 ) L Pitch Angley 2+ 10
o7 H* ] 107 E
E E H* 3
t 2 ot J
5 00
E El E E|
El H N :
Sl : §
£ AR 3
. AN
+ 10°F \x\\ -~ \\\ 4‘
E| \ 7
\’; F \@% 4
o \\ \
102 I > T | A 10° N I .
10 100 1000 10 100 1000
a) Energy (eV) a) Energy (eV)
FREJA 1993-10-07 00:28:06.616UT 6.000-s Resolution (192 sweeps averaged) . FREJA 1993-10-07 00:27:30.617UT 6.000—s Resolution (192 sweeps averaged)
10B ik e T ge Wl T ! " Vi —
E ) : — Wi
piteh A,,E.QL% ety | F piteh Anglef 4 30017 6.
Ty e ] Wl &
2 ok 7 Z el ]
by F ] ®
M = i
i 1 i el
100 TR - <
-y J 3
—~ E
. J
10% e, ,‘Kx"‘ - P - -
b) 100 10000 b)

Fig. 16. Measured energy spectra ofHons(a) and energetic elec- 19 17. Measured energy spectra oﬁHons_(a) and electrongb)
trons(b) when the ion energy was very low as shown in Fig. 15. The P€fore the ion energy started to decrease in Fig. 15.
straight lines show the 1-count levels.

same period, the Hions increased strongly in energy, as il-
itated electrons shown in the figure starts to increase fromustrated by Figs. 19a and 20a. At 03:42:25UT the energy
about half a keV and reaches some 5keV one minute laterspectrum surpassed the upper energy limit of the ion spec-
In fact, the electron spectrum reached 5keV at 03:41 UT, asrometer (4.5keV). (Results are given in counts in order to
shown by Fig. 19b and 10 keV at 03:42 UT (Fig. 20b). In the illustrate the level of statistical uncertainty.)
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‘ FREJA (F3H,F7) Orbit: 3077 Date: 93-05-27 Esrange

Fig.18. Full-pass CSP showing in-
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Fig. 20. Measured energy spectra offHons (count rateja) and
energetic electrons (differential particle fluk) when the ion ener-
gies reached the upper energy limit of the spectrometer in Fig. 18.
Straight lines show 1-count levels.

Fig. 19. Measured energy spectrum of'Hons (count ratefa) and
energetic electrons (differential particle flug) before the energy
started to increase in Fig. 18. Straight lines show 1-count levels.

This example, like the previous one, thus demonstrates-ig. 21, a sudden energy increase in the electron spectrum
that the energy of the downward accelerated ions fre-at 21:05:35UT is associated with a strong energy decrease
quently increases with increasing energy in the precipitatedn the ion spectrum. The lower energy limit of the ions
plasma-sheet electrons; but this is not always the case. ldecreased from about one keV at 21:05:30 to 50eV at
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Fig. 21. A 2-min CSP showing a strong
increase in electron energy at about

Ut 21.05.20 21.05.40 21.06.00 21.06.20 21.06.40 21:05:35UT which is accompanied by
MLT 01.2 014 0L5 0L.6 0L7 & : e
& 20
COLAT oLs oL4 oLa ola o1 3 a decrease in the energy of precipitated
= . . . .
LONG 5.1 571 59.1 611 63.1 Sl HT ions and an increase in the ion flux.
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Fig. 22. Measured energy spectra offHons (a) and electrongb) Fig. 23. Measured energy spectra of'Hons (a) and electrongb)
before the increase in electron energy in Fig. 21. Straight lines showear the time of peaking electron energies in Fig. 21. Straight lines
1-count levels. show 1-count levels.

21:05:40 UT, according to Fig.21. Figures22 and 23 show(Fig. 22b), whereas the soft ions in Fig.23a are associated
the measured energy distributions of ions and electrons bewith electrons reaching several tens of keV in energy.

fore (at 21:05:19UT) and in the middle of the spectral- That the energy spectrum of the electrons alone does
change period (21:05:37 UT), respectively. The hard ions innot control the energy of the precipitated ions is also illus-

Fig. 22a occur together with electrons reaching about 5 keMtrated by Fig. 24. In Fig. 24a, accelerated ions are clearly
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a)

FREJA (F3H,F7) Orbit: 3292 Date: 93-06-12 Prince Albert

log V1

uT 10.10.00 10.15.00 10.20.00 10.25.00 10.30.00

MLT 22.7 00.4 01.7 02.6 03.3

CGLAT 63.9 61.0 543 45.4 357

LONG -149.5 -128.8 -115.5 -106.4 -99.4

H (km) 1770 1747 1683 1582 1451
b)

FREJA (F3H,F7) Orbit: 3081 Date: 93-05-27 Prince Albert

uT 10.57.00 11.02.00 11.07.00 11.12.00 11.17.00
MLT 00.8 03.4 05.4 06.6 07.3
CGLAT 69.7 70.7 64.6 54.8 435
LONG -128.0 -100.7 -81.9 -69.8 -61.3
H (km) 1761 1767 1731 1655 1543

Fig. 24. Precipitating ions occur (almost only) in a period when the electron energy spectrum is like an un-accelerated typical plasma sheet
spectrum in(@). In (b) the only major gap in the Hion precipitation coincides with a period with such a plasma-sheet electron spectrum.

visible almost only in the period between 10:11:30UT 2.5 Relations between downward accelerated ions and in-
and 10:12:30 UT, when the electron spectrum consists typ- verted Vs

ically of undisturbed, fairly hard plasma-sheet electrons. In
Fig. 24b, on the other hand, a period with the same kind OfAs has been demonstrated above, energetic electrons pre-

electr_on spectrL_Jm_ (11:05_.1.1:0.6 uT) gommdes with the rnOStcipitating from the plasma sheet is a necessary requirement
prominent gap in ion precipitation during the whole pass.

for the occurrence of ions accelerated downward with en-
ergies in the keV and sub-keV range. On the other hand,
the occurrence of downward accelerated energetic electrons
A matter of particular interest fitting under the title of this with peaked spectra of the so-called inverted-V kind, asso-
subsection is the relationship between ion precipitation anctiated with discrete auroras, almost eliminates ion precipi-
the special form of electron energy spectra called inverted Viation completely, or at least it reduces the ion fluxes quite
It will be dealt with in a separate subsection. considerably. Examples with inverted-V electrons are shown



1130 B. Hultgvist: Downward ion acceleration at auroral latitudes

1DC26E0D
930914 020215798
+4.607

uT 02.10.20 02.10.40 02.11.00 02.11.20 02.11.40
MLT 02.3 024 02.5 02.7 02.8
CGLAT 66.2 65.8 65.3 64.9 64.4
LONG -14.3 -123 -104 -8.5 -6.6
H (km) 1746 1749 1752 1754 1757

uT 23.28.20 23.28.40 23.29.00 23.29.20 23.29.40
MLT 19.2 19.3 19.4 19.6 19.7
CGLAT 65.3 65.8 66.2 66.7 67.1
LONG -71.1 -70.0 -68.8 -67.6 -66.3
H (km) 1542 1551 1560 1568 1576

Fig. 25. lllustrations of relationships of ion precipitation to intense precipitation of electrons with energy spectra of inverted-V {g)e. In
is shown an intense inverted-V event with no coinciding precipitating ions but with strong ion precipitation next tjtwiak fluxes of
precipitating H™ ions are observed during the whole period with inverted Vs and the ion energy is higher in the inverted Vs than outside.

in Figs. 25a and b. the entire inverted-V region. It is not easy to find events
. . with ion precipitation clearly detectable within inverted-V

Sa;wﬁéa;?;teztsepn;?gI;‘;nth;égv;gaedi'sv dit;utgtltjk:g F()lv?lnsng;gregions. The most common situation is that no significant

' ' " . ion fluxes can be observed in such regions, as has been noted
bgtwee_n the auroral form and the or.b|t. In Fig. 25a, the re-carlier by Eliasson et al. (1994a).
gion with inverted-V electrons showing up as spectra with
the count rate peaking near maximum energy (02:10:42— ) ) )
02:11:15UT) is associated with a gap in the ion flux. In 26 .Relatlo_nsh|ps between downward accelerated ions and
Fig. 25b, there are relatively strong fluxes of downward ac- 1on conics
celerated ions both before and after the period with inverted-
V precipitation (23:28:17-23:29:05 UT), but there are alsoln none of the many examples of ion precipitation shown
lower ion fluxes, with higher energies than outside, throughhitherto has strong perpendicular acceleration of ions pro-
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a)

FREJA (F3H,F7) Orbit: 3065 Date: 93-05-26 Prince Albert

Jj"'l. Pt ‘.Ii!I.E"ll-u'-F!."

uT 05.44.20 05.44.40 05.45.00 05.45.20 05.45.40
MLT 229 23.1 232 233 234
CGLAT 66.3 66.9 67.5 68.1 68.7
LONG -95.4 -94.2 -93.0 -91.8 -90.5
H (km) 1636 1643 1649 1656 1662

ﬁ h HPRY

10.13.20 10.13.40 10.14.00 10.14.20 10.14.40
MLT 05.9 06.0 06.1 06.3 06.4
CGLAT 69.6 69.1 68.5 67.9 673
LONG -70.1 -68.8 -67.5 -66.2 -64.9
H (km) 1771 1770 1770 1770 1769

Fig. 26. Examples of relations of precipitated ions to ion conics.(dpions are precipitated next to conics but not in them.(dpion
precipitation occurs both before the conics and together with the conics. The precipitated ion fluxes are lower in the conics region and their
energy spectra appear to be wider there.

ducing ion conics been evident. Figure 26 illustrates somdflux is reduced and the Henergy spectrum is broader there
common relationships between the occurrence of downwardhan outside. No narrow ion spectra, such as those shown in
accelerated ions and ion conics as observed by Freja. Figs.7 and 9, have been observed in some ten events with

o . : . . conics analyzed.
In many situations with strong conics at altitudes in the

region close to the Freja apogee (1770 km), no precipitating

ions are present at all. In Fig.26a, a narrow region in the In conclusion, all sorts of relationships with conics are
midnight sector contains precipitated ions in the low-latitudefound, from total absence of precipitated ions to the occur-
part and conics in the high-latitude part. In the example fromrence of precipitated ions, almost as if there were no conics.
the dawn sector illustrated in Fig. 26b, there are precipitatingReduction of flux and broadening of energy spectrum of the
ions poleward of a region with intense conics and the precip{precipitating ions seem, however, to be common characteris-
itated ions are also present in the region with conics but thdics of regions with conics observed by Freja.
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Kp values in May and Sept 1993
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C) AL range

Fig. 27. Numbers of ion precipitation events as functions of various Fig. 28. Distributions of index values over the same index value

indices of magnetospheric disturbance Ieghs a function ok ,;
(a) as a function ofDsz; (b) as a function ofAL.

2.7 Relationships of ion precipitation to the magneto-

spheric disturbance level

ranges as in Fig.27. The index values analysed are those for the
months of May and September 1993, which were the first and the
last months, respectively, of the period in which the ion precipita-
tion events in Fig. 27 occurreda) Distribution of K, value; (b)
Distribution of Dst values;(a) Disribution of AL values.

As can be seen in many of the examples shown above, downvith the occurrence of ion precipitation. Th_erefore,. t_hege
ward accelerated ions in the keV and sub-keV energy ranggbservatlops give us a reason to expect that ion precipitation
are frequently observed when the precipitating electrons hav@CCUrs mainly at low magnetospheric disturbance levels.
typical plasma-sheet spectra and show no signs of accel- An investigation of 61 ion precipitation events, selected
eration. The inverted-V type of electron spectrum, typical unsystematically in the data base only on the basis that they
of disturbed magnetospheric conditions with discrete auro-were easily detectable in the color summary plots, gave the
ral forms, has even been found to be strongly anti-correlatedlistributions withkK ,, Dst, andAL shown in Fig. 27. Three
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cases withA L values of 516, 594, and 620 were not included
in the diagram in Fig. 27c, as they fall so far out on the ab-
scissa. They were associated wih values of 5, 4, and

6 andDst values 44, 73, and 57, respectively, and thus they
represent fairly disturbed conditions.

Both theDsr and AL diagrams show a strong concentra-
tion of the occurrence of ion precipitation to low and medium
disturbance levels, even taking the three far-out cases into ac-
count in theAL distribution. TheK, histogram indicates a
maximum of ion occurrence at medium disturbance levels.
The slightly different dependencies et and K, may be
due to the fact that eacki, value represents three hours of
time and thek, index thus has a coarser temporal resolu-
tion than AL. Neither theAL nor the Dst diagram indi-

cates an important substorm dependence. On the other hand,

downward accelerated ions are also found at fairly high dis-
turbance levels.

From the diagrams in Fig. 27 we can only conclude that
there is no strong correlation between disturbance level and
ion acceleration. In order to be able to judge if the downward
ion acceleration depends on the disturbance level without be-
ing strongly correlated, we need to know how the occurrence
frequency of various index values varies with the values. If
there is no dependence at all of the occurrence probability
of downward accelerated ions on the disturbance level, then
the distributions of the ion occurrence rates and of the index
values would be the same.

The number of cases with a given index value was found
in the index tables for May and September of 1993 (which
were the first and last months, respectively, of the period in
which practically all of the 61 events with ion precipitation
analysed in Fig. 27 occurred) is shown in the diagrams of
Figs.28a—c. A comparison of the corresponding diagrams
shows that the distributions of the occurrence of accelerated
ions are at somewhat higher index values than the distribu-
tions of the index values, except at the highest values. Thus,
the occurrence frequency of ion acceleration increases some-
what with increasing disturbance level in the main parts of
the distributions.

2.8 Summary of observational results

Here the observational results reported above, which are of
particular interest for the interpretation of the observations
discussed in Sect. 3, will be briefly summarized.

— All observed ion species are accelerated downward
roughly to the same energy (when several ion speciesy
are precipitated).

3.

— Accelerated Fr ions occur most frequently, but some-
times the O count rate is higher than the'tbne. Oc-
casionally, 0 ions but no H ions are found.

1133

— The downward accelerated ions are also scattered in en-
ergy below a maximum energy which is approximately
the same for all ion species. Frequently, thé ldns
are more strongly scattered in energy than thei@hs,
resulting in a wider energy spectrum forH

— No ion velocity dispersion effects have been seen.

Downward accelerated ions are observed only when
precipitated electrons from the plasma sheet are present.

Both the particle flux and the energy flux of the precipi-
tating electrons are larger than those of the precipitated
ions.

The region along a satellite pass through the auro-
ral zone showing downward accelerated ions may vary
from zero length to a large fraction of the pass.

— No systematic variation of the precipitated ion energy
with latitude has been found.

The energy of the precipitated ions sometimes co-varies
with the electron energy, but there are also cases with
contra-variation.

Downward accelerated ions are generally not found
when the precipitated electrons show energy spectra of
the inverted-V type. Occasionally, low ion fluxes (with
higher energies than outside) are present within the in-
verted V.

— Downward accelerated ions may or may not be present
in regions where ion conics are observed by Freja. The
ion flux tends to be lower in the conics region than out-
side, and the ion energy spectrum is generally strongly
affected by scattering (wider) there.

The regions with ion precipitation are generally found
in the return current region and are not associated with
any strong Birkeland current features in the magnetic
field records taken by Freja.

Occurrence of downward accelerated ions in the keV
and sub-keV energy range is not strongly correlated
with the magnetospheric disturbance level.

In the remainder of this report the interpretation of these

observational results will be discussed.

Discussion

1 Acceleration mechanisms

A potential drop along the magnetic field lines seems to be
the only possible known cause of accelerating all (singly

charged) ion species to the same energies, as shown to be
— The ion pitch-angle distributions peak mostly in the the case in Figs.2 and 3, as well as in all other relevant ex-
downward direction of the field lines but are still not amples presented above. The very narrow energy spectra

far from isotropic over the downward hemisphere.

sometimes observed, especially fof @ns (e.g. Fig. 10),
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also support such an acceleration mechanism, as do the fiel®.2 Dependence of ion acceleration on electron precipita-
aligned pitch-angle distributions (Fig. 4). tion

On the other hand, the downward accelerated ions are cer- )
tainly not beam-shaped, which could well be expected ifAS has been demonstrated above, downward accelerated ions

there were no scattering at altitudes near the Freja apogeutfl the keV and sub-keV energy range are observed only in
(1750 km) for acceleration regions at a few thousand kilome-N€ Presence of precipitated electrons, mostly coming from
ters altitude indicated by FAST data (see e.g. Carlson et al [n€ plasma sheet without acceleration on the way before they
1998). The pitch-angle distributions are frequently close to/ntéract with the ionosphere. Bqth the total particle flux and

isotropic and the energy spectra are often quite wide, genefN€ total energy flux of the precipitated electrons are gener-
ally wider for H* than for OF ions (see Fig.7), with both ally c_on5|derably higher _than those of the prec!pl'gated_lons

circumstances indicating that scattering processes play im@t altitudes near the Freja apogee. Strong variations in the
portant roles besides the potential drop along the magneti€N€rgy of the precipitated ions are frequently associated with
field lines. That different ion species have about the same upconsiderable variations in the energy of the precipitated elec-
per energy limit eliminates the possibility that the observed(rons, most commonly in the same direction for ions and

energy spread is due to energetic ions with wide energy speC@Iectrons (see Figs. 15-20), but sometimes in opposite direc-

tra entering the potential region and being further accelerated©ns (Figs. 21-23). _ o
there. The co-variation of ion and electron energies may indicate

The observation that the downward accelerated ions oftertlhat higher energy electrons are associated with a higher po-

show a lower flux and a wider energy spectrum within re- tential difference along the magnetic field lines. One way of

: L . : ) nderstanding the contra-variation on such a basis is to as-
gions with ion conics than outside (see Fig. 26b) suggests tha .
. . . ; S sume that the large energy increase of the electrons occurs
waves accelerating the ions in the perpendicular direction ar

important contributors to the scattering of pitch-angle and en? ogether with a transfer of the potential drop downward in
P gorp 9 altitude, so that only a fraction of it is above the satellite.

ergy. Observations demonstrate that the widening of the en- The observation of satellite passes without anv observ
ergy spectrum practically only leads to lower energies. Simi- ble downward accelerated ionps at all and of oth%er asses
lar widening of ion energy spectra has also been recorded b . . P

here such ions are found along practically the whole pas-

the Swedish micro-satellite Munin. Ergun et al. (1998) have th h th | . d all alt i in b
discussed the effects on ions of micro processes observetwgen romi? inl € dat:}:orr]a trretglorl.:,], ??t ianat (;.\rr]na |vesr|rnn e
by FAST around 4000 km altitude in regions with upward- fe? ,trcen ar yi ite tions Ianesthat nStr IO the occurr en ce
moving electron beams and have concluded thations underg§f i?) EC r(e):ci p| tZ’fi(?n aT?]isailsoaIE;o :ho(z/(\jn bo ?[he eefz:rzu Iees i?]e
substantial perpendicular heating and give parallel momeni:_ 22 pd b TH fact that th y I P |
tum to electrons, which seems to be consistent with the re- Igs. c4aand b. 1he fact that there are generally no, or only

. very little, downward accelerated ions found in regions of in-

sults discussed above. . .

tense precipitation of auroral electrons with energy spectra of
The observed fact that the energy spectrum of the accelgg jnverted-V type (see Figs. 25a and b), further emphasizes

erated ions is limited both upward and downward in en-iha; the relationships between ion and electron precipitation
ergy shows that the accelerated ions are of ionospheric origin, ¢ complex.

(cold) and that practically all cold ions to be accelerated en-
ter the acceleration region from the top, with entrance fromz 3 Relations of ion precipitation to Birkeland currents
the side along the whole height range of the parallel elec-
tric field being insignificant. The scattering processes, whichas illustrated in Fig.5, the regions with downward accel-
strongly modify the effects of the parallel electric field, may erated ions are generally found in the return current region
be located both within and below the region with the poten-and are not associated with any major Birkeland current fea-
tial difference, all the way down to the satellite. tures. Furthermore, such ions are most commonly observed
The composition of the precipitating ions depends on thewhen the magnetospheric disturbance level is fairly low (see
cold ion composition in the source region near the top of theFig. 27). However, as mentioned earlier, there is some depen-
potential distribution. The observed variations of the compo-dence on the disturbance level, which is shown by the differ-
sition are consistent with other observations of ion composi-ences between the corresponding distributions in Figs. 27 and
tion above the so-called crossover level fromh @ominance  28. It may be noted that thBsr and AL distributions have
below to H™ dominance above. How many'Oons there longer tails towards higher index values than the ion acceler-
are above this level depends on the speed with which the O ation events. This is in agreement with the earlier observa-
ions move through it (Moore, 1980). That speed is corre-tion that there is no strong correlation between disturbance
lated with the magnetospheric disturbance level and as théevel and occurrence rate of downward accelerated ions, in-
altitude of the crossover level varies in somewhat unknowndicating rather a low or even negative correlation when the
ways, the variations in ion composition recorded by Freja aredisturbance level is high. The number of acceleration events
not inconsistent with existing knowledge. For more informa- is, however, too small for firm conclusions to be drawn.
tion about the ion composition above the ionosphere see, for Clearly, the regions with ion precipitation are not part
example, Chapter 2 in Hultqvist et al. (1999). of the primary auroral current circuit, where the inverted-V
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events are found. The result that the occurrence of ion pre- The described process occurs at altitudes where collisions
cipitation is not strongly correlated with the magnetic distur- are negligible and no perpendicular conductivity exists. Most
bance level seems to be inconsistent with an assumption thaf the electrons producing the electron density mirror well
the regions with ions accelerated downward are importantibove the E-region of the ionosphere. If the magnetospheric
contributors to the return current, as there is a strong correelectrons are accelerated downward to the extent that the
lation between the magnitudes of the primary auroral currentoss cone is filled and the electron flux is strongly increased
and of the return current, but not between the primary aurora{producing inverted-V spectra), then increased conductivity
current and the occurrence of ion precipitation. is produced at ionospheric E-layer heights and the precipi-

It should be noted that the dependence of the intensityiated charges are transported away by means of horizontal
of the ion precipitation (the integrated flux) on the magne-currents in the lower ionosphere. So no ambipolar potential

tospheric disturbance level has not been discussed here. i built up there, and strong upward current can continue to
remains to be investigated. flow as long as the generator is working. The strong upward

electric field brings the whole electron distribution, also out-
c§ide of the loss cone, to mirror at lower altitudes, where the
lonospheric electron density is higher, and upward moving

. . _ cold electrons may eliminate the parallel electric field (see
As mentioned earlier, Temerin and Carlson (1998) have PfOhelow). This explains why ion precipitation is not seen in
posed that the accelerating potential difference is caused b¥lectron inverted-V events

the scarcity of current carriers for meeting the current con-

L . - L - When a parallel electric field has been set up as a result
tinuity requirement when the current intensity is sufficiently ¢ ., large speed difference of electrons and ions from the
high. If that were the dominating cause of field-aligned ac-

lerati d " lationshin b rFlasma sheet, so that the current due to the speed difference
celeration, one would expect a positive relationship betweerls ojiminated, the downward potential difference can be ob-
ion precipitation and current intensity. But ion precipitation

inl | d medi disturb levels wh tained by integration through the transition region. One ob-
occurs mainly at low and medium disturbance levels wheng,ing e potential difference expressed in terms of the distri-

the current inten;ities are not hig'h, which thus dogs NOt SUPE tions with altitude of plasma temperatufe,and electron
port the assumption of the_ scarcity of current carriers as thedensity,ne, (see Eq. (4) of Hultquist, 1971).
cause of ac_celeratlon. This does_ not mean that currgnt con- Assuming a transition region between the magnetospheric
tinuity requirements may not be important in SOme CircCUm- 4 the jonospheric plasma with an exponential variation of
stances, as discussed by Temerin and Carlson. n. and with model profiles for T of three different kinds,
The mechanism proposed by Hultqvist (1971) appears tqultquist (1971) showed that the ratiq/n of the electron
be consistent with the observations. The basic acceleratafensities on the ionospheri@j( 71) and magnetospheric
in that model is a (quasi) stationary, ambipolar electric field(,,, 75) sides of the transition region that eliminates the
caused by the large difference in speeds of energetic elegotential difference can vary very much depending on the
trons and ions in the plasma sheet. The field is of a similarpjasma temperature variation profile through the transition
nature as the ambipolar field on tOp of the iOﬂOSphere, WhiChegion_ For typ|ca| p|asmatemperatures 0? K®n the mag-
helps produce the polar wind outflow of ionospheric ions. netospheric side and 3@ on the ionospheric side, he found
But in the present case, the particles have much higher enthat, for a sinusoidal temperature transition, the electron den-
ergies and potential differences in the kV and sub-kV rangesity has only to be a factor of 15 larger on the ionospheric
are produced. side to eliminate the potential difference. For an exponential
When the temperature distribution along the magnetictemperature variation, on the other hang/n2 has to have a
field lines is suitable or the ionospheric cold plasma den-very high value of & x 10° for the potential difference to be
sity is low enough (see below), in this process the precipi-zero. For other distributions; /n, values, making the poten-
tating energetic electrons constitute an upward current in theial difference zero, in between the mentioned ones may be
altitude range of interest until an ambipolar potential differ- found. Lowern1/n2 values than those will result in a poten-
ence, large enough to eliminate the upward current, has detial difference accelerating ions downward according to the
veloped. The region with the ambipolar parallel electric field model.
may then support a (weak) downward current within the re- Therefore, we thus see that the potential difference even
gion, which is compensated by the continuing precipitationwith simple models is found to depend strongly on the dis-
of energetic electrons from the plasma sheet. If, for someributions with altitude of plasma temperature and electron
reason, such as increased ionospheric density in the regiomlensity. Although those distributions along the field lines are
the downward current increases temporarily, then the potenunknown in all cases of ion precipitation observed hitherto,
tial difference is decreased or eliminated, and a downwardhe strongl’ andn, dependence of the potential difference
electric field develops again only if the inflow of electrons according to the model is generally consistent with the ob-
from the plasma sheet again dominates over the outflow okerved, presently unpredictable variations in occurrence of
cold electrons. Thermal diffusion, which is included in the downward accelerated ions.
Hultqvist (1971) model, may or may not play an important  The Freja observations reported above appear to be in gen-
role in producing the potential difference. eral agreement with FAST results from around 4000 km al-

3.4 Cause of the potential drop accelerating ions downwar



1136 B. Hultgvist: Downward ion acceleration at auroral latitudes

titude published by Carlson and other members of the FAST ions, Geophys. Res. Lett., 21, 1911, 1994a.

science team. Narrow upward electron beams with keV en£liasson, L., Norberg, O., Lundin, R., Lundin, K., Olsen, S.,
ergies above the potential drop, for instance, are an obvious Borg, H., Andé, M., Koskinen, H., Riihé, P., Boehm, M., and
consequence of the potential difference, as already concluded Whalen, B.: The Freja hot plasma experiment - Instrument and
by Hultquist (1971). However, the observations of very _ firstresults, Space Sci. Rev., 70, 563, 1994b.

high fluxes of simultaneous up-going and down-going field- Ellgszgnblzzll—gggllghts of the Freja mission, Adv. Space Res., 18,
aligned electrons with very broad energy spectra at 4000 k rgl'm ]_R_’E.’ C;':\rlson, C. W.. McFadden, J. P., Mozer, F. S.
aIutuQe, repc_>rted by, Carlson et al,' (1998), seem n(_)t t_o be Muschietti, L., and Roth, I.: Debey-scale plasma structures as-
consistent with the simple model discussed here. Itis likely sqciated with magnetic field-aligned electric fields, Phys. Rev.
that the very intense events of upward electron beams close [ett,, 81, 826, 1998.

to inverted-V events, discussed mainly by Carlson and col-Gorney, D., Chiu, Y. T., and Croley, Jr., D. R.: Trapping of ion
leagues, have a different cause than the ion precipitation dealt conics by downward parallel electric fields, J. Geophys. Res., 90,
with in this report. On the whole, quantitative comparisons 4205, 1985.

of data from above and below the acceleration region remairultgvist, B.: On the production of a magnetic-field-aligned electric
to be carried out. Unfortunately, no simultaneous measure- field by the interaction between the hot magnetospheric plasma

ments above and below exist or are likely to become available 2nd the cold ionosphere, Planet. Space Sci., 19, 749, 1971.
in the foreseeable future. Hultgvist, B., Borg, H., Riedler, W., and Christophersen, P.: Ob-

servations of magnetic-field-aligned anisotropy for 1 and 6 keV
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