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by
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ABSTRACT

The observations of the energetic ion composition in the magneto-
sphere are reviewed with the emphasis on the recent measurements by
means of GEOS-1 and -2, ISEE-1 and -2, PROGNOZ-7 and SCATHA. The.
observations are compared with the predictions of the open magneto-
sphere model. One of the major conclusions is that there are
processes in the magneto^phe^e which play a much larger part than the
model, as hitherto presented, predicts. Direct ejection of iono-
spheric ions, in combination with acceleration, along closed as well
as open field lines may oven be the dominating source process for the
ring current/inner plasma sheet in magnetic storms. In very disturbed
conditions this ejection mechanism must work over most of the hemi-
spheres poleward of say 50°. Circulation of the ionospheric ions
through the tail of the magnetosphere is not likely to be of primary
inportance for the energization or these ions in very disturbed
r. onditions.

Other conclusions about the ring current/plasma sheet plasma are that
- the polar wind may be the dominant source of ring current ions in
the keV range near the geostationary orbit in quiet conditions;

- the detached plasma blobs from the plasmasphere Jo not generally
appear to be an important source of hot ions, in the inner magneto-
sphere;

- in the inner ring current region (L<4) loss processes which neutra-
lize the ion charge and/or precipitate ions into the atmosphere
give rise to the dominance in this region of ions of ionospheric
origin in quiet conditions and during the recovery phase of magne-
tic storms;

- acceleration both along and perpendicular to field lines affect the
ejected ionospheric ions;

- mass dependent acceleration processes appear to be of importance;
- ion beams which may have travelled adiabatically from below a few
thousand km altitude to 5 Re along the field lined have been seen,
but mostly the beams are wide at great heights;

- energized electrons are sometimes found flowing along the same
field tubes as the energized ions;

- there appears to exist more or less simultaneously quite different
source mechanisms in different parts of the magnetosphere;

- there is a solar cycle variation in the ion composition.



The recent investigations of the composition of the magnetospheric
boudnary layers by means of the PROGNOZ-7 stel lite have shown that
- the dayside LLBL/entry layer contains a structure of unmixed
regions with plasma of either hot "magnetosphere-like" characteris-
tics cr with less hot and more "magnetosheath-like" properties
within the boundary layer, but the "magnetosheath-like" plasma
contains also ions of ionospheric origin;

- the plasma mantle contains large, although generally not dominant,
amounts of ionr of ionospheric origin in disturbed conditions but
frequently no such ions in quiet conditions;

- the mantle frequently contains 'inclusions" of high density ( B > 1 )
magnetosheath-like plasma with sometimes strongly deviating magne-
tic field and even flow and with 8irkelana currents at their edges;

- the flank mantle frequently contains stagnant plasma with appreci-
able amounts of ionospheric ions of hard energy spectra and also
strongly heated electrons;

- mostly the mantle observations appear to be consistent with both
acceleration processes which provide about equal velocity to the
ions, irrespective of mass, (thought to be associated with recon-
nection) and processes which give equal E/q to the ions, irrespec-
tive of mass, (electrostatic potertial differences) but they do
generally not demonstrate which of these two kinds of processes, or
any other, th?t has accelerated the ions; cases have, however, been
found in which the various ion species had equal E/q:

- at least in disturbed conditions the plasma mantle is not the domi-
nating source of the hot plasma in the ring current/plasma sheet;

- the nightside magnetopause appears to be a more solid boundary for
the heavy ions of ionospheric origin than expected from the open
magnetosphere model;

- in other respects the observations in the deep nightside mantle
(far from the flanks) are in general reasonable agreement with the
open magnetosphere model, if this is amended with "additional
processes" which frequently increase the ionospheric ion content in
the mantel.



1. INTRODUCTION.

The energetic ions in the magnetosphere have until fairly recently

been supposed to be primarily of solar wind origin (H+ and He + +) with

a possible small admixture of terrestrial ions primarily from the

polar wind (H+ and He +). This is what one expects on the basis of the

open magnetosphere model as applied by e g Hill (1974) and Cowley

(1980).

The first indication that this picture is not correct was obtained

already from the very first mass spectrometer measurements of keV

ions on a satellite (low orbiting) more than a decade ago by the

Lockheed group. Shelley et al. (1972) reported that during magnetic

storms the 0 + fluxes in the energy range 0.7 - 12 keV were comparable

to and frequently exceeded the accompanying H + fluxes in the same

energy >~ange.

Direct composition measurements in the magnetospheric plasma well

outside of the ionosphere, which have been carried out in the last

few years first by means of GEOS-1 & -2, and later by ISEE-1,

PROGNOZ-7 and SCATHA, have clearly demonstrated the occurrence of

substantial fluxes of 0 + not only in t ho plasma sheet and ring

current (Geiss et al., 1978; Lennartsson et al., 1979; Balsiger et

al., 1980; Lundin et al., 1980; Lennartsson et al., 1981; Peterson et

al., 1981) but also in the boundary layers (Lundin et al., 1979;

Hultqvist et al., 1979; Lundin et a!., 19dla,b) and in the high-

latitude lobes (Sharp et al., 1980), i e everywhere in the magneto-

sphere.

The approximate launch dates for the above-mentioned spacecraft are

given in Figure 1. All. except the two first ones, fall within the

IMS period.

That ionospheric 0 + ions are ejected locally with high fluxes into

the magntosphere along auroral latitude magnetic field lines has been

shown by the S3-3 measurements (Shelley et al., 1976; Ghielmetti et

al., 1978). Whether these aurora-associated field-aligned ion beams

are sufficient as source for the ionospheric, component of the

magnetospheric hot plasma, or not, is an unsettled question.
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In the present revipw some hot ion composition measurements in the

magnetosphere are described and discussed in relation to the open

magnetosphere model.

The open - or at least partially open - magnetosphere model plays an

important role in present day space plasma physics research and has

recently received additional support from observational data obtained

by means of I SEE-1 & -2 at the magnetopause on the front side of the

magnetosphere (Paschmann et al., 1979; Sonnerup et al., 1981). These

observations 3tre consistent with reconnection occurring at the

magnetopause (but not so commonly as expected). With reconnection

taking place, the solar wind plasma in the månörtosheath is expected

to penetrate effectively into the boundary layers of the magneto-

sphere.

The ion composition measurements, on the other hand, indicate that

direct injection of accelerated ions from the ionosphere plays an

important part in populating the magnetosphere, the more important

the higher the rnagnetospheric activity level. Some examples of direct

evidence for the dominating role of the ionosphere as source for the

ions under disturbed conditions will be discussed.

The role of the mantle as source of the plasma sheet is shown to be a

minor one in magnetic storm conditions and probably also minor in

less disturbed situations.

The outer plasmasphere and the polar wind as sources of the ring

current ions are briefly dealt with. The nature of the high latitude

magnetopause is discussed on the basis of ion composition measure-

ments in the plasma mantle and in the adjecent magnetosheath. Ideas

about the entrance of magnetosheath plasma into the mantle are

related to recent ion composition observations. All of the above-

mentioned matters of study contain many open questions. Some öf them

are discussed in this report. Also some other question marks dre

listed.

2. ACCELERATED IONOSPHERIC IONS IN THE PLASMA SHEET/RING CURRENT

In the open magnetosphere model, as described most recently in some

detail by Cowley (1980) and as illustrated in Figure ?., the plasma is

energized to the high temperatures found in the magnetosphere by the
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circulation within the magnetosphere of magnetosheric plasma and

field lines, which is driven by the reconnection at the magneto-

pause. The acceleration of the plasma particles occurs in the current

layers at the magnetopause and in the tail neutral sheet (providing,

in the model, as described by e g Cowley, all particles, irrespective

of mass, with about the same additional velocity) and as a result of

convection in the electric and magnetic fields of the magnetosphere.

The ionospheric plasma is involved in these processes only if it by

some special mechanism(s) is brought into the circulation system, e g

by diffusing out into the outer plasmasphere and from there being

convected to the magnetopause region as a detached plasma blob

(Freeman et al., 1977). These detached plasma regions were earlier

expected to contain mainly H+ ions with some He* ions, but the GEOS

measurements have demonstrated that the outer plasmasphere frequently

contains of the order of 102» of He+ and sometimes as much 0 +, one to

a few percent of 0 + + and about one tenth of a percent of He + + (see

Geiss et al., 1978, e g Figure 11).

On the basis of detailed considerations of the open magnetosphere

model Cowley (1980) predicts - as several others have done before him

on the basis of less detailed considerations - that heavier iono-

spheric ions like 0 + are not an important part of the hot magneto-

spheric ion populations. He has then taken into account the reports

of outward flowing ion beams from the S3-3 satellite observations

(Shelley et r}., 1976; Ghielmetti et al., 1978, and others). What has

been found in the last few years by direct composition measurements

in the ring current and plasma sheet regions is in complete disagree-

ment with this conclusion, as we shall now demonstrate.

The first evidence that the ionosphere might be a major contributor

to the hot magnetospheric plasma was, as mentioned before, the unex-

pected discovery by the Lockheed group of large fluxes of 0 + ions in

the energy range 0.7 - 12 keV precipitating into the auroral zone

during magnetic storms (Shelley et al., 1972). The Bern group with

its mafs spectrometer on GEOS-1 was the first to make direct composi-

tion measurements in the hot magnetospheric plasma near the equator

(Geiss et al., 1978; Balsiger et al., 1980). They concluded already

from their first measurements that the ionosphere is a source of com-
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parable importance to that of the solar wind for the energetic magne-

tospheric ions. One set of their mass spectra obtained in disturbed

conditions is shown in Figure 2.

A rather extreme case of dominating ions of ionospheric origin was

observed during the magnetospheric storm which started on 21 February

1979. No less than five satellites with mass analyzing instruments on

board provided observational data in various parts of the magneto-

sphere during this storm (see Figure 4). A joint IMS-study involving

all the five satellites is being prepared. The data in Figure 5 were

obtained by means of the PROGNOZ-7 Magnetospheric Ion Composition

Spectrometers (PROMICS-1) in the early part of the storm. Dst reached

its peak negative value of -98 nT in the hour 21-22 UT, but there was

a somewhat smaller peak between 08 and 09 UT. PROGNOZ-7 passed the

magnetopause at -1135 UT r.ear noon at an SM latitude of -30°. As can

be seen in Figure 5, 0 + was the dominating magnetospheric ion species

almost all the way out to the magnetopause. At smaller distances from

the earth the 0 + dominance increased. In the period 1540-1630 UT the

background count rates due to MeV electrons in the radiation belts

was very high and is not eliminated from the data shown in Figure 5.

Outside this region the background count rates are not important for

the present discussion.

0 + dominates in Figure 5 for energies up to 17 keV over H + in number

density by two orders of magnitude in the innermost ring current

region. Also on the nightside 0 + has the highest number density out

to -6 Re. The satellite passed out of the plasmasheet/ring current

very quickly through its upper boundary. However, it can be seen that

H+ dominates the uppermost part of the plasmasheet at -40° 5M lat and

-02 MLT. As can also be seen in the figure, tl.e characteristic

energies (temperatures) of 0 + and H + are of the order of one keV and

are roughly the same in the entire dayside magnetosphere but for a

decrease in the innermost part (soft inner edge; see also Lenriartsson

et al., 1981).

We may thus conclude that during the February storm in 1979 the

entire dayside magnetosphere was filled up with keV ions of iono-

spheric origin already in the early phase of the storm. Lyons and

Moore (1981) have demonstrated that charge exchange may increase

significantly the 0+/H+ density ratio near the equatorial plane in a



few hours for equatorial pitch angles Delow ~10°. The data in Figure

5 is an average over broad pitch angle sectors which only rarely

include very small pitch angles. Charge exchange is, therefore, not

expected to be of importance for the high 0+/H+ density ratios in

Figure 5, which therefore are determined by the source strengths in

the first hand.

The February, 1979 storm was a remarkable one not only in terms of

the large dominance of 0 + ions in the dayside magnetosphere. It also

contained in a limited region the largest percentage of He + + ever

observed by the ISEE satellites. This is illustrated in Figure 6. In

a limited distance range of 8-11 Re at some 30° magnetic latitude in

the midnight-dawn sector the He + + density was about one tenth of the

number density of H+ ions and it dominated there strongly over the

ionospheric ions, 0 + and He+. This was thus observed in the same

magnetic storm but in a different part of the magnetosphere, only a

few hours after the observations shown in Figure 5 were obtained, and

is an illustration of the high degree of variability - spatial and/or

temporal - that characterizes the ion composition in the ring current

and plasma sheet regions.

The variability is also illustrated by the histograms in Figure 7

which give the number of cases of observed percentages of 0 +, He+ and

He obtained by means of the ISEE-1 satellite in the ring current

and plasma sheet by Lennartsson et al. (1981).

The Kp dependence of the ratio between ions of ionospheric and of

solar wind origin has been investigated by Young (1980) by means of

GEOS-2. On the basis of his results, which are averages over local

time and energy during 11 months, Johnson (1981) has derived the

relations shown in Figure 8 for three different assumptions about the

proportion of the magnetospheric H + ions that originates in the iono-

sphere. The two upper curves should be reasonably realistic. They

demonstrate that when the magnetosphere is moderately or strongly

disturbed the ions from the ionosphere occur in larger numbers at the

geostationary orbit than the solar wind ones.

The difference between the composition in the predawn local time

sector outside some 5-6 Re, shown in Figure 6, and that in the

dayside magnetosphere has been found in several ISEE-1 passages.



Lennartsson et al. (1981) havp suggested that there are special con-

ditions prevailing in the predawn sector, which make the solar wind

the dominating source there. However, significant proportions of 0 +

are found in this sector too.

Local time asymmetries in the ring current composition have also been

reported by the Bern group, b th one similar to the above-mentioned

and a quite different one. Thus, a characteristic "mixed region" with

both He1""1" and 0 + ions present in large amounts has been found on the

dawn side of the magnetosphere but preferentially in the postdawn

sector (Balsiger et al., 1980; Balsiger, 1981) instead of predawn as

reported by Lennartsson et al. (1981).

A day-night asymmetry in 3-hour average density values has been

reported by Young (1980) and Balsiger (1981). KeV ions of predomi-

nantly solar wind or i q in (H+, He++) have maximum average densities

near local midnight, whereas the densities of terrestrial ions (U+,

He +, 0++) maximize near local noon at the geostationary orbit.

The GEOS-1 and -2 data from 1977 to 1980 have also demonstrated a

solar cycle dependence of the ring current keV ion composition. In

the quiet time magnetosphere near the geostationary orbit the abso-

lute abundance and percentage of keV 0 + ions increased significantly

in the three years period, in close correlation with increased

heating of the upper atmosphere and related changes in the overall

composition of the topside ionosphere (Young, 1980; Young et al.,

1981).

The ISEE satellites have for the first time made possible ion compo-

sition investigations beyond 20 Re in the plasma sheet (Peterson et

al., 1981). The observations at these greater distances confirm the

high variability in the proportions of terrestrial and solar wind

ions found in the inner maynetosphere. The density of 0 + may be

comparable to that of H+ for ill keV energies at these distances too.

Peterson et al. (1981) have been able to conclude that even the ions

of solar wind origin are not accelerated by one single mechanism,

giving either the same velocity to each ion or the same energy per

charge, but by a mixture of such processes.

In the innermost magnetosphere, below L~4, to where magnetic storms

inject hot plasma, the plasma stays so long in trapped orbits that

loss processes, which neutralist; trie ion charge and/or precipitate
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ions into the atmosphere, contribute to the dominance of the ions of

ionospheric origin in the recovery phase of storms. Lundin et al.

(1980) have demonstrated that when these loss processes have had

sufficient time to work, i e in the recovery phase of magnetic storms

and during quiet times, the ring current keV ions inside L~4 are not

H + but mainly 0 + and He + ions (see Figure 9) in basic agreement with

the predictions of Lyons and Evans (1976) and Tinsley (1976).

All investig cors of the ring current/plasma sheet ion composition

mentioned above have emphasized the large variability of the composi-

tion and other characteristics of the hot plasma in these regions

both within an individual satellite passage and from passage to pas-

sage. This strong variability is thus m important characteristic of

the hot plasma in the ring current/plasma sheet.

We can conclude from observations like those illustrated in Figure 5,

obtained in the early phase of a storm, that circulation of the

ionospheric ions through the tail öf the magnetosphere (see Figure 1)

is not likely to be of importance for the energization of these ions

in situtions like the one illustrated in Figure 5. There has probably

not been time enough for such a circulation. For, on 21 February the

magnetic storm started at ~06 UT. Figure 5 shows that at 1130 the

dayside magnetosphere was filled with 0 + ions (but not the entire

nightside). The plasma sheet most certainly did not contain a domi-

nating 0 + component when the storm began (the magnetosphere had been

undisturbed for several days) and the adiabatic drift time for keV

electrons and ions from within 10 Re distance in the plasma sheet in

the midnight sector to the inner magnetosphere (say to L~3) at noon

is many hours even for quite high convection fields. It, therefore,

appears more likely that most of the keV ions were ejected from the

ionosphere along field lines in the regions where they were observed,

than that they were ejected locally somewhere else and then distri-

buted over the whole magnet.osphere by the circulation process, espe-

cially as the 0 + percentage appears to have been lower on the night-

side. We will see below that there are also other reasons why ejec-

tion of ionospheric ions over large parts of the earth are required

to understand observations like those shown in Figure 5.

Cowley (1980) concluded from his consideration of the open magneto-

sphere model that because of the limited local extension of the up-

ward moving ion beams, observed by means of the $3-3 satellite, keV



0 + ions are expected to be of > onäary importance as a ring current

constituent. Obviously, the ionospheric ejection mechanism is, in

extreme conditions, much mere * cective than measurements of upward

moving ions hitherto have indie ted; so effective, in fact, that it

dominates as a source of the hot magnetospheric plasma of energies

below about 20 keV.

But even under such extreue conditions solar wind ions may locally

dominate the composition as demonstrated above (see Figure 6 ) . This

indicates, as mentioned earlier, that conditions not foreseen in

magnetospheric models hitherto are present sometimes in the dawns ide

magnetopause region (Lennartsson et al., 1981).

GEOS data for quiet magnetospheric conditions have been interpreted

by Balsiger et al. (1980) to show that the solar wind generally is

the dominating ion source in the ring current/plasma sheet between

L~4 and L~8 below 20 keV of energy. This conclusion is based on the

observation that the percentage of H + increases near the geostatio-

nary orbit (but not below L~4) when activity dies away. There are,

however, practically always measurable amounts of ionospheric ions

present also in the undisturbed low latitude magnetosphere and 0 + may

even be dominant in the dayside magnetosphere out as far as L~7 (see

e g Lennartsson et al., 1981, Figure 11).

An interesting observation reported by Young (1979) is that although

the proportion of H + ions below 17 keV in the plasma sheet/ring

current increases in quiet magnetospheric conditions, the He + +/H +

ratio decreases. This latter observation indicates rather that the

contribution of solar wind ions decreases in quiet conditions, w1 ich

is the opposite to the conclusion drawn on the basis of the in-

creasing H + percentage.

The open magnetosphere model provides an explanation of this apparent

conflict. Cowley (1980) has pointed out that in quiet conditions the

polar wind may be the dominant source of ring current ions in the keV

range near the geostationary orbit. As the completely dominant con-

stituent of the pol a- wind generally is H+ and as He + + is not expec-

ted to be foun/J 'hf at all, Young's (1979) observations appear to

be consistent, in rough terms, with the model for the quiet magneto-

sphere. The conclusion is then that the quiet time ring current is

mainly of ionospheric instead of solar wind origin.
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The ion composition observations may, acording to Cowley (1980), also
allow us to draw some conclusions about the proposed formation of an
X-type neutral line in the near-Earth tail (-15 Re) during substorms
(Hones, 1973, 1975, 1977; McPherron et al., 1973, and others). Cowley
has concluded that a co.isequence of the open magnetosphere model is
that if the neutral line lies within -20 Re of the Earth, the source
plasma for the plasma sheet/ring current particle populations would
consist wholly of polar wind particles. As the polar wind does not
contain significant proportions of 0 + and as the 0 + fraction of the
inner magnetospheric plasma has been found to increase with increas-
ing disturbance, as mentioned earlier in this section, the mentioned
observational results appear difficult to combine with the existence-
of a near-Earth neutral line in the magnetosphere model, as presently
conceived by most investigators. However, if there is a dominant
direct ejection of ionospheric ions on to the closed magnetic field
lines this process may make the effects discussed by Cowley unde-
tectable.

Another source mechanism for plasma sheet/ring current particles,
about which the hot ion composition measurements near the geosta-
tionary orbit provide some information, is the circulation of plasma-
sphere plasma proposed by Freeman et al. (1977). Plasma blobs are
assumed to be detached from the plasmasphere during disturbed condi-
tions, convected to the dayside magnetopause, where ions are accele-
rated in the current layer, brought into the mantle and back into the
plasma sheet and the ring current. During such a circulation loop the
ions may gain many keV in energy. Young et al. (1977) and Decreau et
al. (1978) have found from GEOS-1 measurements that the He+/H+ ratio
amounts to 0.1 in the outer plasmasphere. If plasma of this composi-
tion were an important source of the ring current/inner plasmasphere
particles, cne would expect to observe much higher percentages of He*
in these particle populations than .what is really done. Young (1979)
therefore concluded that cold plasma from the outer plasmasphere
generally contributes little to the ring current, through the
magnetospheric circulation system.

In summary: Although the observations reported in this section do
not show that open magnetosphere model processes expected to feed
solar wind ions into the inner magnetosphere do not work, they demon-
strate that some of the features of the magnetosphere model, as pre-
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sently conceived, do not appear to be significant and that there in-

stead are important "additional processes" which feed the magneto-

sphere with keV ions directly from the ionosphere along the magnetic

field lines in amounts not foreseen from the model.

What are then these "additional processes"? Most of what we know

about them have been learnt from the measurements of the S3-3 satel-

lite. One important question to ask is if the S3-3 observations are

consistent with data like those in Figure 5.

The required rate of ion injection into the magnetosphere through the

magnetopause, assuming the magnetospheric superthermal plasma to be

of solar wind origin, has been estimated by Hill (1974, 1979) to be

of the order of 102** ions/s, based largely on the observed rate of

precipitation of auroral particles into the atmosphere. This value

for the injection and loss rate is the same as several independent

estimates of the total rate at which ions are circulated through the

magnetospheric convection system (Paschmann et al., 1976; Eastman et

al., 1976; Wolf and Harel, 1980). Hill (1979) has furthermore shown

that reconnection at the magnetopause very easily can supply the

required rate of ion injection. For the direct injection of iono-

spheric ions, on to closed field lines, to compete with the above-

mentioned sources for the ring current/plasma sheet region, a total

flux of 102f> ions/s, or larger, out of the ionosphere seems to be

required in the simpliest approximation. For the ionospheric ions to

dominate completely in storm situations, as the one illustrated in

Figure 5, when the rnagnetosheath plasma injection through the magne-

topause as well as the convection rate may be expected to be higher

than the more "normal" values mentioned above, a total flux value

closer to 1O27 ions/<= may be required.

The flux of upflowing ions reported from S3-3 by the Lockheed and

Aerospace groups is of the order of 108 ions/cm2s, which is of a

similar magnitude as the polar wind flow.

The polar wind has been estimated to supply the magnetospheric plasma

populations with ionospheric particles at a rate of a few times

1025/sec (Hill, 1974; Wolf and Harel, 1978). On the basis that the

polar wind works on all field lines outside of the plasmasphere,

whereas the upflowing ion beams have a smaller latitudinal extension,



Cowley (1980) concluded, as mentioned earlier, that the upflowing

accelerated ion beams can only contribute a small part, or the total

ion source.

Even if we assume that under extreme storm conditions ions are acce-

lerated out of the ionosphere along all field lines between 1=2.5 and

15 (i e between invariant latitudes 50° and 75°) in both hemispheres,

we have to assume ån average integral outflow of 10^ ions/cm2sec over

the entire zones mentioned in order to have a supply rate of 1 0 ^

ions/s, and 10^ ions/cm^s to achieve 10^7 ions/s.

Although this estimate of the required total outflow of accelerated

ionospneric ions into the magnetosphere is a ^ery approximate one, we

may conclude from it that high fluxes of outflowing ions are required

along all field lines that thread through the ring current/plasma

sheet t-.gions of the magnetosphere in order to give rise to a situa-

tion like the one illustrated in Figure 5.

A detailed analysis of the energy and pitch angle distributions of

the various ion species and of the electrons provides information

about what kinds of acceleration processes produce the outflowing ion

beams and also about where the acceleration takes place. A recent

review of what is presently known about the acceleration processes

has been given by Mozer et al. (1980) and Sharp and Shelley (1981). A

brief summary may be as follows:

- Strongly field aligned outflowing ion beams are produced by elec-

trostatic acceleration, mainly above 5000 km altitude along high la-

titude magnetic field lines (Ghielmetti et al., 1978a; Gorney et al.,

1981). The acceleration region has a vertical extension of thousands

of kilometers according to some observations (see e g Cladis and

Sharp, 1979). It has been found to be associated with inverted V

events, low frequency wave turbulence and field aligned currents

(Mozer et al., 1980). The composition of the upflowing ions on

auroral field lines can vary from more than 90% protons to more than

90% oxygen ions (Mizera et al., I960).

- There are also acceleration mechanisms that accelerate ions perpen-

dicularly to the magnetic field lines. These are generally assumed to

be associated with ion cyclotron waves (Sharp et al., 1977a;

Ghielmetti ct al., 1978; Whalen et al., 1978; Klumpar, 1979; Ungstrup



et al., 1979; Ashour-Abdalla et al., 1981; Dusenbery and Lyons, 1981;

Gorney et al,, 1981; Okuda and Ashour-Abdalla, 1981). The pancake-

like distributions resulting from such a transverse acceleration fold

invards as the particles move upward adiabatically, resulting in flux

maxima at pitch angles above 100°, so called "conical" distributions

or "conies". "Conies" have been found to originate mainly at about

1000 km altitude in undisturbed conditions, but in more active times

they also appear to be generated at altitudes of several thousand

kilometers (Gorney et al., 1981). GEQS-1 has even recorded a "conic"

that traced back to several earth radii altitude (Young 1979).

- The accelerated ions do generally not move adiabaticai ly to the

equatorial plane, where they - if they did - would appear as very

narrow beams. Th^re obviously occurs pitch angle scattering or trans-

verse acceleration between an altitude of an earth radius, or less,

and the equatorial plane (Borg et al., 1978; Kaye et al., 1980b).

These processes seem to work differently on different ion species.

0 + ions sometimes form wider beams of slightly higher energy than H +

ions, as observed above the ionosphere by means of the S3-3 satellite

(Col 1 in et al., 1980). The higher energy of the 0 + beams may derive

from some mass dependent transverse acceleration mechanism. Some pos-

sible such mechanisms have been discussed by Lysak et al. (1980),

involving resonant wave-particle interactions, and by Lennartsson

(1980), involving fluctuating or small scale transverse electric

fields. The opposite situation - the 0 + ion distribution being more

confined to the field line direction than the H + ions - has been

observed near the equatorial plane with the SCATHA satellite (Kaye et

al., 1980a) and in the mantle by PROGNOZ-7 (Lundin et al., 1981c). An

example of the PROGNOZ-7 observations, obtained at R = 15.2 Re, GSM

lat = 85°, long = 150° can be seen in Figure 10. In this case each

ion species formed its own conical distribution, with stronger

folding around the field line the heavier the ions. A rough analysis

shows that all the ion species at the peaks i.i the energy spectra had

approximately the same velocity component along the magnetic field

lines. This is most likely a velocity dispersion effect. For an

acceleration event of small extension in space or time compared to

the distance or time of propagation from the acceleration region to

the satellite, the satellite encounters those ions irrespective of

mass whicK, at the time and place of encounter, have the right

parallel velocity to reach, for the existing convection electric
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field, the place of encounter at the right time. The energy spectra

in Figure 10 are peaked for 0 + and He + +, but the instrument does not

go sufficiently low in energy to determine whether the H + spectrum

was peaked or not (in the above-mentioned estimate the H + spectrum

has been assumed to be peaked at 0.6 keV). Obviously the perpendi-

cular acceleration took place in a region where the magnetic field

intensity was not very much higher than in the point of observation.

Together the various ion species form a wide pitch angle distribution

of the kind observed by Rosenbauer et al. (1975). It should, however,

be emphasized that PROGNOZ-7 has also recorded wide beams with about

identical wide pitch angle distributions for H + and 0 +, but with

higher energies for the heavier ions. On the other hand, quite narrow

beams of all species, consistent with adiabatic motion from a few

thousand kilometers altitude and consisting of 0 + (sometimes domina-

ting), H+ and even He + ions, with the mean energy higher the higher

the mass, have recently been observed at altitudes of 4-6 Re along

auroral zone magnetic field lines by means of the satellite PR06N0Z-7

(Lundin et al., 1981c). An example of these observations is shown in

Figure 11. Because of the size of the field of view (-10°) of the

mass spectrometers we cannot say how narrow the beams were, but only

that the observational data are consistent with very narrow beams.

So, again, high degree of variability characterizes these processes.

- Beams and "conies" exhibit considerable differences in their mor-

phologies (Gorney et al., 1981). Whereas "conies" are frequently seen

on the dayside, beams are observed primarily in the premidnight sec-

tor.

- Field aligned electron distributions coming together with field

aligned ions from the same hemisphere, as reported by Borg et al.

(1978), have recently been found in a large fraction of ion bursts

observed near the equatorial plane by means of the SCATHA satellite

(Kaye et al., 1980b). This means that simple electrostatic modols of

field aligned acceleration are frequently not applicable.

Finally, it should be emphasized that hitherto no composition measu-

rements of the bulk of the ring current ions, which have energies

between -30 and 100 keV (e g Williams, 1979), have been made.



3. ENERGETIC ION COMPOSITION IN THE MAGNETOSPHERIC BOUNDARY LAYERS

One result of the interaction between the solar wind and the magneto-

sphere is the formation of a boundary layer inside the magnetopause,

as first observed by Hones et al. (1972), Rosenbauer et al. (1975)

and Haerendei and Paschmann (1975). A mixture of magnetosheath and

magnetosphere plasma is expected to be formed in such a boundary

layer. The observations referred to above have, however, shown that

the thermal properties of the boundary layer plasma are generally

more similar to those of the magnetosheath plasma than to those of

the plasma in the inner magnetosphere. This makes it natural to

expect that also the composition of the boundary layer plasma is that

of the magnetosheath plasma.

No observational results of the ion composition in the low latitude

boundary layer, entry layer or the external cusp have been published

hitherto, as far as this author is aware, but some early ISEE obser-

vations have been presented at meetings (Shelley et a!., 1978;

Peterson et al., 1979). These preliminary data indicate that the

boundary layer is composed of both solar wind plasma and of plasma of

ionospheric origin.

An example of composition and other data from a PROGNOZ-7 passage

through the dayside entry layer or the low latitude boundary layer is

shown in Figure 12 (after Lundin et al., 1981a). Energy spectra are

presented from two mass spectrometers with different pointing direc-

tions every 10 seconds for H+, He + +, He+ and 0 + ions, from a few

minutes before the satellite reached the magnetopause inbound (at

-0618 UT) until some 12 minutes after magnetopause crossing. As can

be seen in Figure 12, the magnetopause is very sharply marked in the

ion data. The ion spectra that appear immediately on the iridgneto-

spheric side of the magnetopause in the figure are similar to those

found well beyond the boundary layer in the magnetosphere. What is of

special interest in Figure 12 is the alternation in the boundary

layer of regions with typical magnetospheric ion spectra containing

some 0 + ions and such with more "magnetosheath-like" spectra. The

"magnetosheath-like" plasma is, however, not magnetosheath-like in

some important respects. It contains a high-energy "magnetospheric"

component and it contains ionospheric ions, both 0 + and He+, which

are not found on the sheath side of the magnetopause. There are also
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some interesting dispersion effects indicating that the plasma

besides streaming along the magnetic field lines also flows perpen-

dicularly to them. The flow can be seen as higher fluxes into the

detector pointing fairly close to the sun direction (25° away) than

into those being perpendicular to the sun-earth line. In Figure 12

only a fraction of the boundary layer passage is shown. Several more

"magnetosheath-1 ike" regions were encountered until after about half

an hour and 1 RP from the magnetopause inner-magnetosphere type of

plasma characteristics prevailed.

Although oily a few PROGNOZ-7 passages through the dayside boundary

layer of the magnetosphere, in which high bit rate (-4000 bps) was

available for the PROMICS experiment, have been analysed hitherto,.it

appears that the alternation within the boundary layer of regions

with hard "magnetosphere-1ike" ion spectra and such with softer more

"magnetosheath-1 ike" ion population, but containing ionospheric ions,

is a common situation at latitudes of 30-50° (SM).

The data shown in Figure 12 appear to be in several respects con-

sistent with what one would expect to see as a result of reconnection

in limited regions of the magnetopause, if some plasma of ionospheric

origin were present. However, Sckopke et al. (1980) have analysed

similar plasma data, but without mass analysis, obtained by means of

ISEE-1 and -2 in the low latitude boundary layer and have found that

the data are not well consistent with "patchy" reconnection but

rather with a very variable boundary layer thickness and with the

boundary layer moving along the rnagnetopause with a speed not >jery

much less than the speed of the magnetosheath flow. They suggest that

the strong modulation is caused by the Kelvin-Helmholtz instability,

operating not at the magnetopause but at the inner edge of the

boundary layer.

From composition data like those in Figure 12 we can definitely con-

clude that the boundary layer plasma originates not only in the

magnetosheath but also in the ionosphere and that the ionospheric

component is energized on its way from the ionosphere to the boundary

layer.

The first mass-analyzing instrument in a high latitude eccentric

satellite orbit has been flown on the PROGNOZ-7 satellite (the

PR.OMICS-1 experiment). Most of the boundary layer passages of this
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satellite occurred in the mantle region. The mantle plasma composi-
tion and other characteristics have been reported by Lundin et al.
(1981b). A few of their examples of mantle passages will first be
presented here.

The first example is from the storm during which the dayside data
contained in Figure 5 were obtained. Figure 13 shows the integral
fluxes of H+, 0 + and electrons measured during the passage of
PR06N0Z-7 through the plasma mantle, out of the magnetosphere, in the
GSM longitude interval 235 - 245°, starting some three hours after
the period represented in Figure 5. The data in the two frames repre-
senting 0 + were obtained with different spectrometers: the upper one
(0.2 - 17 keV) pointing perpendicularly to the Sun-Earth line and the
lower one (1.1 - 3.8 keV) 25° from the direction towards the Sun. The
magnetopause was crossed at about 02 UT on 22 February. These obser-
vations were made during the peak period of the magnetic storm. Dst
reached its peak negative value of -98 nT in the hour 21 - 22 UT and
increased to -76 nT to the time of the PROGNOZ-7 magnetopause
crossing. The perpendicular H + flux reached well above 10^ cm"2 s~*
sr"l, a value even higher than in the magnetosheath, and the 0 + flux
in the energy band 1.1 - 3.8 keV, 25° from the Sun direction, was
occassionally as high as 3xlO6 cm"2 s~* sr"*. The disappearance of 0 +

ions when the magnetopause was crossed should be noted.

Figure 14 contains the NTPVB information (where N stands for number
densiby, T for temperature, P for plasma pressure, V for flow velo-
city and B for the magnetic field) for this storm time mantle pass.
As in Figure 13 there are large variations (in space and/or time)
within the mantle. The total ion density (full line) reached very
high values. The density values for H + deduced from the perpendicular
mass spectrometers were about an order of magnitude lower in the peak
region. This means that the fluxes along the X-axis (Sun-Earth line)
were responsible for the high density values. The percentage of 0 +

ions reached locally 20 - 30%. In the region of highest total density
no 0 + ions were found. Notice also the sharp decrease of the 0 + den-
sity and percentage near the magnetopause and the lack of 0 + in the
magnetosheath. The magnetopause evidently represents a distinct com-
position boundary.

The temperature of 0 + were generally higher than that of H + in this
mantle passage.
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The magnetic field data in Figure 14 show that a discontinuous change

in the direction of the field lines occurred at the edges of the high

density region in the middle of the mantle. The flow in that region

was dominated by a strong antisunward component, as concluded already

above on the basis of the different density values given in the

uppermost frame.

So, the characteristics of this high density region in the middle of

the mantle seem to resemble more those in the magnetosheath than

those in other parts of the mantle. There are, however, differences

between the field and plasma properties in this region and those of

the magnetosheath plasma and fields as seen by PROGNOZ-7 some hours

later. The B-vector had both different direction and magnitude in the

two regions. We shall see from other examples of mantle passages that

such high density regions with strongly deviating magnetic field

characteristics are not unusual.

Figure 14 demonstrates that in thic case the H+ (solid line) and 0 +

(broken line) flow vectors were directed fairly close to the magnetic

field lines (except in the high-density region) but in the opposite

direction of that of the magnetic field vector. The general flow

picture during this mantle crossing was thus that of a tailward,

field aligned flow of both 0 + and H + ions, out from the ionosphere of

the northern hemisphere, similar in magnitude and direction for the

two ions species.

The energy spectra of the individual ion species as well as the

energy spectra taken from the E/q positive ion and electron spectro-

meters are shown in Figure 15 for this mantle passage. Notice the

gradual increase of the ion flux and the gradual hardening of the ion

spectra when going from the lobe region into the mantle. The presence

of He + + throughout the entire mantle region indicates a strong con-

tribution of solar wind ions to the mantle plasma. As can be seen in

Figure 14, He + + was in general more abundant than 0 + in this mantle.

The gradual softening of the ion spectra towards the lobe, first

described by Rosenbauer et al. (1975), is most likely a convection

feature, caused by the dawn-dusk electric field which separates the

ions with respect to their initial velocities along the magnetic

field lines. The 0 + ions were found in the mantle only in the highest



energy channels. There is also present in Figure 15 a high energy
component of the H + population. We will return later to a discussion
of some of the spectral characteristics.

A fairly different magnetic storm mantle was observed on 3-4 April
1979 in wery similar latitude and lonyitude ranges as that shown in
Figures 13-15. The storm, peaking on the fourth of April, was one of
the largest in terms of peak Dst in the lifetime of PROGNOZ-7. The
satellite entered the mantle at 2025 UT on 3 April and passed trie
magnetopause probably at 0010 UT on 4 April, but possibly not until
0130 UT. The Dst value was -69 nT in the hour 20-21 UT and it de-
creased to -164 nT in the first hour of 4 April, continuing decreas-
ing to a peak value of -197 nT between 03 and 04 UT. The mantle
passage thus took place in the early main phase of the storm. After
the peak the storm recovered unusually quickly and Ost reached posi-
tive values already 27 hours later. Kp had the values 7-, 8, and 7-
during the mantle passage of PROGNOZ-7.

The 0 + content of this mantle was the highest recorded during the
lifetime of PROGNOZ-7. Due to the spacecraft orientation with respect
to the magnetic field lines, the perpendicular mass spectrometers
observed significant 0 + fluxes only sporadically. Most of the 0 + flux
was instead recorded with the spectrometer which was oriented 25°
from the satellite spin axis (D6).

The NTPVB data for this mantle pass are contained in Figure 16. By
and Bz had opposite signs in the magnetosheath during this storm as
compared with that on 21-22 February previously described.

Also in Figure 16 a high density mantle region can be seen, this time
at the inner edge. The magnetic field vector changed direction there,
as it did in the example shown in Figure 14 near the middle of the
mantle. The fact that the intense region with associated magnetic
field change was formed at the inner edge of the mantle, makes it
unlikaly that the satellite came into the magr.etosheath for the
limited time interval between -2030 and -2110 UT. This may be con-
sidered as a support for t'.e high-density part of the mantle shown in
Figure 13 also being a part of the mantle and not of the magneto-
sheath.
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As in the example shown in Figure 14, the high density innermost part

of the mantle in Figure 16 was characterized by the lack of 0 +,

whilst high 0 + percentages were observed just outside this region and

also elsewhere in the mantle. In this case the mantle 0 + abundance

was much more variable than in the example in Figure 14, with number

density fluctuations of up to two orders of magnitude. The maximum 0 +

density (-10^ m"3) was, as mentioned, the highest found in any of the

32 mantles studied in detail. Occasionally the 0 + abundance even

surmounted that of H+. Notice also the unusually high He+ content in

this mantle. Sometimes He+ even became the secondmost abundant ion

species. This is the only case we have found with a He+ percentage

sometimes exceeding 10% in the plasma mantle.

The flow diagram in Figure 16 shows that, except in the high density

(magnetosheath-like) region, the flow was essentially field aligned

in the direction towards the tail. The beam width of the 0 + ions was

fairly narrow (within some 30° of the field line direcion, or less).

The bulk part of the H + ions had, however, a significant thermal

spread which made them detectable by means of the perpendicularly

directed mass spectrometers.

The ion and electron energy spectra observed in the mantle and in the

inermost part of the magnetosheath are shown in Figure 17. From that

figure one can see that there are slightly more energetic H + spectra

in some parts of the mantle than in the magnetosheath and that there

are also electron spectra in the mantle with significantly higher

fluxes above 1 keV than in the magnetosheath.

A fairly "typical" mantle, as judged from the reported HEOS-2 obser-

vations, is shown in Figures 18 and 19. This mantle passage took

place in the early phase of a small magnetic storm. The satellite

reached the mantle on its outbound pass just before 1300 UT on 22

March and crossed the magnetopause at about 1445 UT. The crossing

time was thus much shorter than in the previous cases. The mantle

"thickness" was ~2 Re. This can be derived from Figure 18. The Dst

reached its peak negative value of -74 nT between 1600 and 1700 UT.

During the mantle passage of PROGNOZ-7 the Dst values were -13 and

-26 UT. Three hours before the satellite passed into the mantle Dst

was Dositive. Kp had the value 7- for the interval 12-15 UT.
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Figure 18 shows flux values somewhat lower than in the magnetosheath

for both ions and electrons, strong ion flow and intermediate tem-

peratures. The ion fluxes in the mantle are about an order of magni-

tude lower than in the previous cases.

According to Figure 19 the magnitude of the ion flow was similar to

that in the mangetosheath. Other characteristics of the flow are,

however, different. As the previous mantle examples this one was also

associated with a high-density, magnetosheath-like region, in this

case too adjacent to the lobe. Again the intense magnetosheath-like

region was associated with a complete reorientation of the magnetic

field vector without a significant change of its magnitude. The flow

in this region also differed from that in the magnetosheath by the

almost complete lack of a flow component in the yz-plane, i e the

flow was essentially antisunward. In the outer part of the mantle the

flow was roughly field aligned and a significant amount of 0 + ions

was present (up to 10% of the total ion density).

The magnetopause crossing, around 1445 UT, was characterized by a

significant magnetic field change in direction as well as magnitude.

It was also associated with a change in the perpendicular (yz) flow

pattern. B z was negative in the mangetosheath just outside the magne-

topause, but further out the Bz component was variable.

This mantle example is an even more convincing case against the

satellite being in the magnetosheath in the mentioned innermost

high-density region and for the existense of special "intense",

magnetosheath-like regions in the mantle itself. In this case both

the magnetic field and the flow pattern in the "intense" region dif-

fered markedly from that observed outside the mangetopause. The com-

position data and the magnitude of the flow indicate, however, that

only ions of magnetosheath origin were present there.

The three examples of plasma mantle described above were all observed

during disturbed condition in the central nightside, fairly far from

the mangetospheric flanks. Along the flanks, both at dawn and dusk,

mantle characteristics very different from the ones reported above

have sometimes been observed (Lundin et al., 1979: Hultqvist et al.,

1979). One passage through such a different dawn mantle is

described next.
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This mantle passage occurred between ~2300 UT on 7 January 1979 and
-0200 on 8 January during a small magnetic storm, which started in
the middle of 7 January and reached a peak negative Dst value of
-94 nT between 20 and 21 UT. During the three hours long PRONGOZ-7
mantle pass the Dst values were -81, -74, and -66 nT. Kp was only 4
for the last three hour interval of 7 January and 3+ for the first
one of the eighth.

The mantle observations presented in the NTPVB diagram of Figure 20
differ from those of the three mantle passes discussed earlier in
several respects. Figure 20 shows that there was practically no regu-
lar flow of the plasma in this mantle (except in a narrow region near
01 UT). The computer evaluation of flow vectors produced low and wery
variable values in agreement with what is expected for a stagnant
plasma.

The ion densities in the mantle shown in Figure 20 are lower than in
the previous examples. As can be seen, the 0 + ions occasionally rep-
resented several tens of per cent of the number density, with an
average value of -20% in the inner part of the mantle.

Both the ion and electron temperatures were higher in this mantle
than in any of the earlier cases. This is shown by the temperature
frame in Figure 20, but even more clearly if the mantle energy spec-
tra in Figure 21 are compared with those in Figures 15 and 17. The H +

differential energy flux spectrum peaked at the top energy of the
instrument in the innermost part of the mantle. Unlike in most other
cases the H + characteristic energy was higher than that of the 0 +

ions in large regions of the mantle. The electron energy spectrum was
much harder than in the earlier cases from the nightside and showed
significant fluxes even above 10 keV in parts of the mantle.

This pass through the flank mantle is a rather extreme example with
regard to absence of plasma flow and energetic ion and electron
spectra. Also at the flanks of the magnetosphere mangetosheath-like
mantles, with little or no 0 + content, are sometimes observed.
"Anomalous" kinds of mantles, like the one illustrated in Figures 20
and 21, although mostly less extreme, have, however, been found in
the majority of the PROGNOZ-7 m?ntle passages at dawn and dusk.



- 24 -

We have seen that in all the four examples of mantle passages presen-
ted above 0 + ions have constituted a significant, although not domi-
nant, fraction of the number density. All these cases represent more
or less disturbed magnetospheric conditions. In quiet conditions much
weaker mantles with little or no 0* content are observed. With weak
we mean here small thickness and/or low density. The relation is,
however, not a very clear one with regard to the total number density
and thickness of the mantle. This can be seen from Figure 22, in
which the product of the thickness of the mantle and the peak proton
flux recorded during the passage is plotted for the 32 mantle
passages of PR06N0Z-7 that have been analysed. The peak proton flux
was then the integral flux (0.2 - 17 keV) taken from the "perpendi-
cular" mass spectrometers. As mac letic activity parameter the sum of
Kp over a 12 hour period centered on the mantle passage has been
plotted. The dots are for the nightside mantles and triangles
represent flank mantles. As can be seen, the exclusion of the flank
mantles does not change the relation between the two variables. A
positive correlation can be seen. It is, however, not a >tery strong
one. The scatter is large especially at low Kp values and fairly good
mantles are found also at low activity level.

If a similar scatter diagram is prepared for the 0 + ion flux, the
diagram in Figure 23 is obtained. Although the degree of scatter is
large also in this case, especially for low Kp values, the correla-
tion is much better. The correlation coefficient for an exponential
dependence of the sum of Kp versus the product of peak flux and
thickness is as high as 0.82. Again there is no obvious difference
between the flank mantles and the nightside ones.

The difference between the point distributions in Figures 22 and 23
is obviously consistent with the existence of a H+ source fairly in-
dependent of magnetic activity in addition to the activity dependent
one(s).

The existence of magnetosheath-Uke regions within the mantle, even
as far away from the magnetopause as at the inner edge of the mantle,
seems not to have been reported before. In some of these cases one
may dispute about whether the satellite was in the mantle or had made
an excursion into the magnetosheath. However, because of a number of
arguments, Including the existence of 0* in some of these regions and
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sometimes very special flow and magnetic field characteristics, we

prefer to consider them as part of the mantle, but obviously a

special part, frequently associated with strong currents.

The properties of these high-e regions vary between two extremes, of

which one is characterized by the plasma being very "magnetosheath-

1 ike" with respect to both density, composition and flow, but where

the direction and magnitude of the magnetic field may be quite diffe-

rent from that in the magnetosheath (even the flow direction may

differ). The region is thus associated with strong currents. At the

edges of these dense regions the density of ionspheric ions (0+)

generally peaks, indicating that particularly intense Birkeland

currents flow at the borders of the regions (see e g Figure 16).

The opposite extreme of high-g region in the mantle is associated

with fairly low flow and a significant percentage of 0 + ions in the

otherwise magnetosheath-like plasma. In these regions a diamagnetic

decrease of the magnetic field intensity is generally found but only

small directional changes. They tend to occur at greater depths in

the mantle than the other extreme, which, together with some of the

other characteristics, indicates that these less "active" regions are

simply older evanescent structures of the first-mentioned kind.

These observations of plasma regions with magnetosheath-like proper-

ties within the mantle brings to mind the suggestion of "impulsive

penetration" of magnetosheath plasma into the magnetosphere by

Lemaire (1977) and Lemaire and Roth'(1978).

In the majority of PROGNOZ-7 passages through the northern hemisphere

mantle a flow approximately along the magnetic field lines in the

direction out of the northern hemisphere has been observed, except in

the above-mentioned magnetosheath-like regions (see Figures 16 and

19).

But there are mantle crossings in which virtually no ordered flow was

found. One such mantle crossing is shown in Figure 20. The mantles

with little or no flow have been found on the flanks of the magneto-

sphere, but not in the deep nightside. They are also characterized by

a heated plasma, ions as well as electrons, a lower plasma density

than in the normal nightside mantles with flow and fairly large 0 +

content (up to 20%).
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Obviously magnetosheath plasma does not dominate as source for this
type of flank mantle. Ionospheric plasma accelerated into the high
latitude boundary region with energies up to tens of keV, is an
important source. To make the fairly isotropic angular distribution
understandable the existence of a strong scattering mechanism between
the ionosphere and the region of observation may be assumed. The
acceleration process does not produce a narrow peak in the energy
spectrum but a broad spectrum, sometimes reaching well above the
limit of the PROMICS-1 ion detectors (see Figure 21).

In Figure 21 can be seen that also the electron spectrum is strongly
heated in this stagnant kind of mantle. Such a heated electron popu-
lation is found in the flank mantle fairly frequently and at other
local times only occasionally (and with lower degree of heating). It
obviously requires some different source mechanism than the magneto-
sheat-like electron population found in the mantle at other local
times and sometimes also at the flanks. Some process accelerating
ionospheric electrons upward seems most likely. Such upward electron
acceleration may be associated with downward ion acceleration
observed by means of the ESRO-1 and S3-3 satellites (see e g
Hultqvist, 1979, for a discussion).

To avoid giving a wrong impression, we emphasize that normal kinds of
mantle with strong flow and magnetosheath-like energy spectra of both
ions and electrons are observed also at the flanks of the magneto-
sphere. It has not yet been possible to relate the different situa-
tions to different IMF conditions, because IMF data has not yet been
available to us

The open magnetosphere model predicts that the ion energy spectra
shall soften through the mantle with increasing distance from the
magnetopause. This can mostly be distinguished in the PROMICS-1
records only at the inner edge of the mantle because of the highly
variable plasma conditions within the mantle, but sometimes the ten-
dency can be found through the whole mantle.

A spatial separation of particles with different energies is expected
to be seen independently of whether the acceleration process adds
more or less the same amount of speed to all ions and electrons, as
the reconnection process at the magnetopause is expected to do
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according to Cowley (1980) and others, or adds the same amout of

energy per charge to each charged particle. The observed conditions

in the mantle are generally consistent with both kinds of accelera-

tion processes without really proving that any of them is working. In

some cases it has, however, been possible to identify identical

peaks in energy spectra of H + and 0 + ions. These spectral peaks have

then been found in different distance ranges from the magnetopause

for H+ and 0 + ions, because of the different velocities of H + and 0 +

ions of equal energy (Lundin et al., 1981b).

The open magnetosphere model, applied to a high latitude boundary

layer first by Dungey (1967) and Speiser (1969), has been discussed

in some detail most recently by Cowley (1980). Some of Cowley's con-

clusions are that the mantle

- is composed of mainly magnetosheath plasma (a few per cent iono-

spheric ions and less than a per cent of 0 + ions)

- which streams along the magnetopause in the antisunward direction

with speeds of hundreds of kilometers per second and

- has characteristic energies below 1 keV, with all ions, irrespec-

tive of mass, receiving roughly the same velocity increase in the

magnetopause current layer.

- The electrons in the mantle are expected to have the same charac-

teristics as in the magnetosheath.

- Significant amounts of "ionospheric" ions in the mantle should

originate in the magnetopause current layer on the dayside, where

they are accelerated to energies of the order of a few hundred

eV. The composition of these ions should be that of the outer

plasmasphere.

How do the above predictions compare with the observations reported

here? Some observational results from PROGNOZ-7 obtained in the near

earth mantle (at the magnetospheric flanks) may be summarized as fol-

lows:

- Of the mantle number density locally up to some tens of per cent

may be 0 + ions during disturbed conditions, with several per cent

of 0 + ions beeing present throughcu- ^ost of the mantle.
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- The 0 + ions frequently have energies above several keV. Ion

energies above 30 keV have been found.

- The 0 + abundance is usually much higher than the He+ abundance,

indicating that the source for these ions in the mantle is predo-

minantly the ionosphere and not the upper plasmasphere.

- The H + ions sometimes contain a magnetosheath-like component and a

higher energy component.

- The antisunward flow may at the flanks be very low and even

totally absent (as far as can be judged from the PROMICS-1

measurements) in the mantle.

- 0 + and H+ ions accelerated to the same energy have been observed.

- The electrons may show irregular hardening of the energy spectrum

in the mantle with a high energy component sometimes reaching

above 10 keV.

- The mantle is mostly very irregular in flux, energy spectrum and

composition.

The above observational results have been listed because they do not

fit into the open magnetosphere model as described by e g Cowley

(1980). If we limit ourselves to the "deep nightside", well away from

the magnetosphere flanks, we find a somewhat better agreement with

the open model. There

- 0 + ions are mostly found in significant amounts only in locally

restricted regions (which may correspond to narrow acceleration

reigons above discrete auroral forms);

- the mantle plasma is flowing into the tail with speeds of the

order of hundreds of kilometers per second;

- the energy spectrum of the protons, although mostly harder than in

the magnetosheath, does not deviate very much from the magneto-

sheath spectrum;

- the electrons in general do not appear to be significantly accele-

rated compared with the magnetosheath electrons;

- the irregularity of the flux as measured by the satellite is in

general even higher than on the flanks;

- occasionally, but rarely, He+ may become the secondmost abundant

ion species (see Figure 16).



We thus see that in the deep nightside mantle the observations are in

general reasonable agreement with the simple open magnetosphere

model. The model has, however, to be amended with "additional proces-

ses" which increase the ionospheric ion content in te mantle even in

the deep nightside. The flank mantle sometimes is completely domina-

ted by processes different from those defining the magnetosphere

model. We know that these "different" processes involve the iono-

sphere, but we do not know very much more than that about them. They

sometimes appear to

- accelerate 0 + and H+ ions to tens of keV in feeding them into the

mantle, probably by applying acceleration at so low altitudes in

the ionosphere that 0 + is an important constituent;

- randomize not only the 0 + and H + injected ions but also the H +

ions of magnetosheath origin, thereby reducing or even eliminating

the flow;

- inject also keV electrons into the mantle.

Particle energies found by PROGNOZ-7 in the flank mantle are occasio-

nally so high that they surpass what is seen in the ion spectra above

auroral forms (by the S3-3 satellite) and the upward beamed ion spec-

tra that can be inferred from the precipitated electron spectra

associated with discrete auroral forms. This is not easily understood

in terms of simple field aligned acceleration above auroral forms,

especially as in the cusp region the S3-3 observations generally did

not show beam ion energies above one or a few keV (Ghielmetti,

private communication). Acceleration regions extending well above the

peak altitude of S3-3 and some secondary retarding process for the

electrons below the main interaction region (e g as discussed by

Hultqvist and Borg, 1978) seem to be required to fit all the observa-

tions into a model.

Only those ions whose magnetic field aligned velocity component is

lower than the flow speed of the mangetosheath plasma at the magneto-

pause, will stay within the magnetosphere. But even if all the mantle

ions in e g Figure 13 passed into the plasma sheet they could never

give rise to a situation in the dayside magnetosphere like that shown

in Figure 5 for the same satellite passage. We can, therefore, con-

clude that at least in dis^jrbed conditions the plasma mantle is not

the dominating source for the hot plasma on closed mdgnetospheric
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field lines. It still may be the main so:;ce for the higher energy
ions of the ring current whi • are ou'. .ue the energy range of mass
spectrometers launched hitherto.

A characteristic of the examples of mantle observations in Figures
13-21 and of all the 32 mantle passages analyzed by Lundin et al.
(1981b) is the absence of significant fluxes of 0 + ions, detectable
by means of the PRQMICS-1 experiment, outside the magnetopause. The
only cases in which measurable amounts of 0 + have been found in the
magnetosheath adjacent to the mantle represent very quiet conditions.
Whenever there was a high magnetic disturbance level and the abun-
dance of 0 + in the mantle was high, the magnetopause was a very sharp
ion composition boundary with respect to the O + percentage.

Are the reported PROMICS-1 observations consistent with an open
magnetosphere model of the kind discussed by Cowley (1980)? The
answer appears to be no in several respects and yes in some others.
Cowley (1980) expects the most energetic ions to be found preferably
outside of the magnetopause, whereas the observations thus show that
0 + ions are found only inside it (with the exception mentioned
above). If there are large amounts of 0 + ions present on open field
lines just inside the magnetopause the model predicts them to be
observed along the field lines also outside that boundary. Therefore
the nightside magnetopause appears to be a more solid border for the
heavy ionospheric ions than expected from the open magnetosphere
model.

Apart from this last mentioned difficulty for the open magnetospheric
model of Cowley (1980) and the problems with the high density magne-
tosheath-like region and hot flank mantle, the other differences
between model and mantle observations seem to be referable to "addi-
tional processes" not included in the open magnetosphere model, -which
feed energized ionospheric ions directly along the magnetic field
lines into the boundary layer. The flank mantle observations of hot
stagnant plasma certainly require more than this kind of amendment of
the model for them to be interpretable. Strong heating of ionospheric
and, possibly, of magnetosheath plasma seems to occur in such flank
mantles. No guidance to the solution of the problem how the flow is
prohibited seems to be given by the open model either. The high den-
sity magnetosheath-1 ike regions represent a different kind of problem
which also appears to be far from a solution.
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4. QUESTIONS TO BE ANSWERED IN THE FUTURE

The study of the ion composition of the magnetospheric plasma is a

very young and fresh branch on the magnetospheric research tree. It

has already started to bear fruit of great importance for the under-

standing of the physical processes both in the inner magnetopshere,

at its bottom, i e the ionosphere, and at the outer magnetospheric

boundary.

In several respects the ion composition studies have revolutionized

our understanding. One of the most important general results of the

research reviewed above is the demonstration that the ionosphere is a

most important source of magnetospheric plasma enerywhere in the

magnetosphere out to the magnetopause, to the extent that it may

dominate the entire ring current/inner plasma sheet in very disturbed

conditions. This general result was never predicted on theoretical

grounds before the first mass spectrometric observations were made by

the Lockheed group and it has been demonstrated in this review that

even the most recent versions of the open magnetosphere model have to

be amended with "additional processes" probably working in the in-

teraction region between the cold ionospheric and the hot magneto-

spheric plasma. The situation is another example among the very many

ones in magnetospheric research of the leading role of experimental

work in this field. The magnetospheric plasma machine is so complex

that the theoreticians need a good guidance from experimental results

to direct their efforts towards realistic problems.

What the mentioned "additional processes" are is still far from

clear. There are probably many different kinds of processes, which

contribute to the extraction of ionospheric plasma and to the ener-

gization of it as it flows through the magnetosphere. We have seen

above that the data have generally not permitted the determination of

the kind of acceleration processes for ionospheric plasma. The obser-

vations reported hitherto are very limited. It remains to be found

out when, where and why different processes work, their relative

contributions as source processes to different magnetospheric plasma

regions during different disturbance conditions in different parts of

the magnetosphere. We have also to answer quantitatively questions

like the following ones:
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- How can the whole dayside magnetosphere become filled with iono-

spheric ions of kcV energies already in the early phase of a

magnetic storm?

- What is the role of the circulation of the plasma through the

magnetosphere in the acceleration of ions in various energy ranges

during different disturbance conditions?

- How can the magnetospheric plasma be dominated by ions of iono-

spheric origin in the dayside magnetosphere and by solar wind ions

in a limited part near dawn during the same phase of a magneto-

spheric storm?

The knowledge and understanding of the ion composition of the magne-

tospheric boundary layers seem, according to the above review, to be

best developed at present for the plasma mantle in the deep nightside

sector (far from the flanks), for which the PROGNOZ-7 measurements

have provided a reasonably good data base. The PR06N0Z-7 measurements

have, however, demonstrated that the properties of the plasma mantle

deviates in many respects from the open magnetosphere model. The

following mantle problems, among others, have to be investigated in

the future satellite projects:

- Where and how is the ionospheric ion component injected into the

mantle?

- How are the magnetosheath-like "inclusions" formed?

- Why and how is the stagnant hot plasma produced in the flank

mantle?

- Why are the ionospheric ions kept inside the magnetospause along

the nightside mantle?

The dayside boundary layer has recently been found to have peculiar

properties which are still far from understood. The alternation bet-

ween magnetosphere-like and magnetosheath-like plasma regions within

the boundary layer, with the magnetosheath-like plasma containing

also ions of ionospheric origin, does not appear to be generally

consistent with "patchy" reconnection at the dayside magnetopause.

The perhaps most important matter to clarify is the role of the re-

connection process at the dayside magnetopause. The dayside boundary

layer does not seem to be at all a continous transition from magneto-

sheath to inner magnetosphere conditions but rather a complex mixture

of subregions with either more "magnetosheath-like" (but including
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energized ionospheric ions) or "magnetosphere-1ike" plasma charac-

teristics and sharp boundaries between them. How is this structure

produced? Diffusion processes seem to have little to offer. According

to the result of a detailed analysis of ISEE data local reconnection

processes are not either expected to give rise to the observed varia-

tions of plasma and field characteristics (Sckopke et al., 1980).

Kelvin-Helmholz instability at the inner edge of the boundary layer

is one suggestion which has to be investigated further.

In the future investigations of the boundary layers obviously the

cusp region should be paid a lot of attention because of its expected

central role in the feeding of ionospheric plasma into the boundary

layers. Some composition investigations in the cusps are expected

from PROGNOZ-7 and -8 and Dynamics Explorer, but dedicated cusp mis-

sions, involving several spacecraft (subsatellites) and release of

tracer elements, will certainly be required for achieving a reasona-

ble understanding of the complex set of processes that occur in this

complex part of the magnetospheric boundary layers.

The next planned missions, which will produce improved composition

information about the various magnetospheric plasma regions, are the

Swedish satellite VIKING, to be launched in the summer of 1984 into a

polar orbit with 3.3 Re apogee, and the USA-German pair of satel-

lites, AMPTE (planned launch in August 1984) which, among other

things, will release trace ions outside and inside of the magneto-

sphere and study the development of the distribution of these ions,

and of the natural ions, near the equatorial plane out to 8 Re alti-

tude. Both the mentioned missions will be equipped to determine the

ion composition also in the present gap between -30 and -100 keV. The

OPEN quartet of spacecraft shall also hopefully contribute signifi-

cantly to the answering of the questions listed above and others, out

there will certainly also be a need in the late 1980:s, and in the

1990:s of specialized sets of spacecraft (most of them hopefully

fairly small and inexpensive subsatellites or sounding rockets

launched from the Shuttle), which go to the right set of places with

the right instruments and active experiments at the right time in

order to investigate specific physical processes. One example of this

latter kind of desirable missions is the above-mentioned one to the

cusp region.
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Only in the Earth's magnetosphere can the fundamental space plasma
processes of universal importance referred to above, and others, be
studied in detail.
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Figure Caption

Figure 1 Time of launch and some orbit information for satellites

with hot plasma mass spectrometers (after Johnson, 1981).

Figure 2 Sketch of the open magnetosphere model in the noon-midnight

meridian plane for a southward directed interplanetary

magnetic field, showing the magnetic field lines (solid

lines), the bow shock and magnetopause boundaries (long-

dash lines), and the direction of the _E x ]3 drift or

Poynting vector (short-dash lines). The electric field is

directed everywhere out of the plane of the diagram. The

circled dots indicate regions in which the current is

directed out of the plane of the diagram such that j_-^>0

and energy is transferred from the field to the plasma,

while circled crosses indicate current flow into the plane

of the diagram such that j.«Ê <0 and energy is lost by the

plasma to the field (after Cowley, 1980).

Figure 3 Three-dimensional spectra for April 11, 1978, demonstrating

the increase of heavy ion fluxes at the onset of a magnetic

storm. Dashed lines separate three complete mass-energy

scans, each lasting 5.9 min. Zero and one count per sample

(0.15 s) are plotted as zero, but the data are otherwise

shown directly as they appear from telemetry. The abscissa

gives mass per charge (M/Q), the ordinate is the "logarithm

of counts per sample, and the third axis gives time and

energy. Energies given are the centre values of steps 0, 8,

16, 24 and 31. Lj and >^ are the dipole approximations for

L and magnetic latitude and LT is local time; all are

referenced to the start of the first spectrum, (after

Balsiger et al., 1980).

Figure 4 Equatorial projections of satellite orbits during coordi-

nated ion composition measurements in the magnetic storm

starting on 21 February 1979 (after Johnson, 1981).



- 42 -

Figure 5 An example of a storm time ring current when 0 + ions domi-

nated completely over the entire dayside magnetosphere and

also part of the nightside ring current. Between -1545 and

-1635 radiation belt MeV electrons produced a background

that dominated the detectors. This background has not been

eliminated in the figure. The upper panel shows the ion

number density (N+) as deduced from the E/q spectrometers,

assuming the ions to be protons (solid line). Plus signs

(+) represent the density of H + as deduced from the perpen-

dicular mass spectrometers assuming isotropy and circles

(o) represent the number density of 0 + derived fom the

measurements of both the perpendicular mass spectrometer

and the one pointing 25° from the direction to the Sun. The

second panel from the top represents the percentages of the

four major ion constituents (logarithmic scale used). Tne

third panel shows the temperatures of ions (solid line) and

electrons (broken line) as deduced from the E/q electron

and ion spectrometer data fitted onto Maxwellians. In the

same panel the "perpendicular" H + ( + ) and 0 + (o) tempera-

tures have been plotted. The fourth panel gives the ion

plasma pressure (solid line) and magnetic field pressure

(dotted line). The lower part contains the magnetic field

and flow velocity components in the xy and yz solar eclip-

tic coordinate planes. Flow velocity components represented

by solid lines refer to H + ions and dashed lines to 0 +

ions. The time and space coordinates (in Solar Magnetic SM,

coordinates; R<j in earth radii) are given along the hori-

zontal axis (after Lundin et al., 1981b).

Figure 6 Number densities and mean energies sampled during an event

with the largest He++/H+ ratio observed with the ISEE

satellites. Open data symbols (He+) represent upper

limits. The approximate local time and the magnetic lati-

tude of the spacecraft at various points along the orbit

(inbound leg) are shown in the upper left insert (after

Lennartsson et al., 1981).
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Figure 7 Frequency of occurrence of various ion concentrations in
the entire ISEE data set of plasma samples discussed by
Lennartsson et al. (1981), assuming the plasma in each case
to consist of H+, He++, He+, and 0 + ions. The samples
include ions with 0.1 s E/q s 17 keV/e. In many cases only
an upper limit could be determined for the number density
of a given ion species, because of background or poor
counting statistics. If each upper limit is treated as a
real density and is included as a plasma component then the
solid histograms apply. If, instead, the plasma in each
case is assumed to consist only of those species measured
with statistical significance, then the dashed histograms
apply. Note that the leftmost bin of each ion species
inc r%. Samples in which no species had a statisti-
cally significant density were discarded (after Lennartsson
et al., 1981).

Figure 8 Estimates of the ratio of hot plasma ions of terrestrial
origin to those of solar wind origin at the geostationary
orbit. Hj + refers to the observed H + density. The bottom
curve is taken from Young (1980) (after Johnson, 1981).

Figure 9 Energy densities of H+, He+ and 0 + in the energy interval
0.2-17 keV vs orbital parameters for four different
PROGNOZ-7 passes through the ring current. The broken
curves indicate energy densities calculated from the E/q
spectrometers (0.1 - 45 keV) under the assumption that only
protons were measured. Included in each panel is a graph
showing the Dst values during the pass, marked by the
arrows (after Lundin et al., 1980).

Figure 10 PRO6NOZ-7 obserations at R = 15 Re GSM lat = 85° and long =
150° of a broad ion beam flowing out of the ionosphere with
different angular distributions of the different ion
species (Lundin et al., 1981c).
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Figure 11 PROGNOZ-7 observations on an auroral zone magnetic field

line in the midnight region at an altitude of - 5 Re of a

narrow ion beam, so narrow that it may have tra el led adia-

batically, with no or only little scattering, along the

field-lines from mirror heights below 1 Re altitude (after

Lundin et al., 1981c).

Figure 12 High-speed mode data from a passage of PROGNOZ-7 through

the dayside boundary layer near noon at a latitude of -50°

(after Lundin et al., 1981a).

Figure 13 Integral flux data from the plasma mantle crossing of

PROGNOZ-7 on 21-22 February, 1979, during, a magnetic

storm. The two top panels show integral fluxes for H+ and

0 + over the energy range 0.2-17 keV taken from mass spec-

trometers pointing perpendicularly to the Sun-Earth line.

The third panel shows the 0 + flux in the energy range

1.1-3.8 keV as obtained with the mass spectrometer looking

25° from the direction to the Sun. The fourth panel from

the top gives the average energy for ions, as deduced from

the perpendicular E/q ion spectrometer. The fifth and sixth

panels show the integral flux and average energy of elec-

trons in the energy range 0.1-48 keV taken from the perpen-

dicular electron spectrometer. The bottom panels give the

magnetic field component in the sunward direction and the

magnetic field magnitude (logarithmic scale used) as taken

from the onboard magnetometer. The time and space coordi-

nates (geocentric radial distance in earth radii, latitude

and longitude in GSM system) are given along the horizontal

axis (after Lundin et al., 1981b).

Figure 14 Plasma parameters and magnetic field data (in SI units) for

the PROGNOZ-7 crossing of the plasma mantle in a magnetic

storm on 21-22 February, 1979. The format is the same as in

Figure 5 (after Lundin et al., 1981b).
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Figure 15 Spectrograms (flux vs energy vs time) taken from the

PROGNOZ-7 spectrometers which point perpendicularly to the

spin axis (i e to the direction to the sun) during the

mantle crossing on 21-22 February 1979 in a magnetic storm.

To the left, individual four point energy spectra for the

four major ion constituents are depicted (using differen-

tial energy flux units). To the right, 16 point energy

spectra for positive ions and electrons (E/q spectro-

meters), using differential flux units, are plotted. Time

and space (GSM) coordinates are given along the inclined

axis (after Lundin et al., 1981b).

Figure 16 Plasma parameters and magnetic field data from the

PROGNOZ-7 crossing of the plasma mantle during a magnetic

storm on 3-4 April, 1979. Trie format is the same as in

Figure 5 (after Lundin et al., 1981b).

Figure 17 Ion and electron energy spectra from the PROGNOZ-7 mantle

crossing during a magnetic storm on 5-4 April, 1979. The

format is the same as in Figure 15.

Figure 18 Integral flux data from the PROGNOZ-7 mantle crossing on 'II

March, 1979. The format is the same as in Figure 13 (after

Lundin et al., 1981b).

Figure 19 Plasma parameters and magnetic field data from the

PROGNOZ-7 mantle crossing on 22 March, 1979. The format is

the same as in Figure 5 (after Lundin et al., 1981b).

Figure 20 Plasma parameters and magnetic field data from the

PROGNOZ-7 mantle crossing on 7-8 January, 1979. The format

is the same as in Figure 5 (after Lundin et al., 1931b).

Figure 21 Ion and electron energy spectra from the PROGNOZ-7 crossing

of the plasma mantle on 7-8 January, 1979. The format is

the same as in Figure 15 (after Lundin et al., 1981b).
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Figure 22 Diagram showing the product of the peak flux of H + ions and

the approximate width of the mantle versus magnetic activi-

ty for 32 mantle passages of PROGNOZ-7. The mantle width

was taken as the difference in radial istance of the inner

and outer (magnetopause) boundaries of the mantle along the

satellite trajectory. As magnetic activity parameters the

sum of Kp over the 12 hour period containing the mantle

pass -as been taken (after Lundin et al., 1981b).

Figure 23 The corresponding diagram to that in Figure 22 for 0 +

ions. The dashed line represents an exponential least

squares fit of the data points with a correlation coeffi-

cient of 0.82 (after Lundin et al., 1981b).
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Figure 2 Sketch of the open magnetosphere model in the noon-midnight
meridian plane for a southward directed interplanetary
magnetic field, showing the magnetic field lines (solid
lines), the bow shock and magnetopause boundaries (long-
dash lines), and the direction of the E x £ drift or
Poynting vector (short-dash lines). The electric field is
directed everywhere out of the plane of the diagram. The
circled dots indicate regions in which the current is
directed out of the plane of the diagram such that j«E.>0
and energy is transferred from the field to the plasma,
while circled crosses indicate current flow into the plane
of the diagram such that j/E/O and energy is lost by the
plasma to the field (after Cowley, 1980).
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Figure 4 Equatorial projections of satellite orbits during coordi-
nated ion composition measurements in the magnetic! storm
starting on 21 February 1979 (after Johnson, 1981).
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Figure 5 An example of a storm time ring current when O + ions domi-
nated completely over the entire dayside magnetosphere and
also part of the nights^ds ring current. Between ~1545 and
-1635 radiation belt MeV electrons produced a background
that dominated the detectors. This background has not been
eliminated in the figure. The upper panel shows the ion
number density (N+) as deduced from the E/q spectrometers,
assuming the ions to be protons (solid line). Plus signs
(+) represent the density of H f as deduced from the perpen-
dicular mass spectrometers assuming isotropy and circles
(o) represent the number density of O + derived tom the
measurements of both the perpendicular mass spectrometer
and the one pointing 25° from the direction to the Sun; The
second panel from the top represents the percentages of the
four major ion constituents (logarithmic scale used). The
third panel shows the temperatures of ions (solid line) and
electrons (broken line) as deduced from the E/q electron
and ion spectrometer data fitted onto Maxwellians. In the
same panel the "perpendicular" H + (+) and 0 + (o) tempera-
tures have been plotted. The fourth panel gives the ion
plasma pressure (solid tine) and magnetic field pressure
(dotted line). The lower part contains the magnetic field
and flow velocity components in the xy and yz solar eclip-
tic coordinate planes. Flow velocity components represented
by solid lines refer to H + ions and dashed lines to 0 +

ions. The time and space coordinates (in Solar Magnetic SM,
coordinates; Rj in ea^th radii) are 'liven along the hori-
zontal axis (after Lundin et ."i 1. , 19'Jlb).
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Figure 9 Energy densities of H+, He+ and 0 + in the energy interval
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Figure 10 PROGNOZ-7 obserations at R = 15 Re GSM lat = 85° and long =
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different angular distributions of the different ion
species (Lundin et al., 1981c).
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(after Lundin et al., 1981a).
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Figure 13 Integral flux data from the plasma mantle crossing of
PROGNOZ-7 on 21-22 February, 1979, during a magnetic
storm. The two top panels show integral fluxes for H + and
0 + over the energy range 0.2-17 keV taken from mass spec-
trometers pointing perpendicularly to the Sun-Earth line.
The third panel shows the 0 + flux in the energy range
1.1-3.8 keV as obtained with the mass spectrometer looking
25° from the direction to the Sun. The fourth panel from
the top gives the average energy for ions, as deduced from
the perpendicular E/q ion spectrometer. The fifth and sixth
panels show the integral flux and average energy of elec-
trons in the energy range 0.1-48 keV taken from the perpen-
dicular electron spectrometer. The bottom panels give the
magnetic field component in the sunward direction and the
magnetic field magnitude (logarithmic scale used) as taken
from the onboard magnetometer. The time and space coordi-
nates (geocentric radial distance in earth radii, latitude
and longitude in GSM system) are given along the horizontal
axis (after Lundin- et al., 1981b).
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as in Figure 13 (after Lundin et a l . , 1981b).



PROGNOZ-7

•Itf

ION

DENSITY

COMPOSITION

Bz.r

111 '. 111 I I l 111. 111111 i 11 .11 \ , i . . \ \ v \ M i \ \ t \ \ , . " 'Z/Y

100
(kn/a)

UT

R

SMLAT

SMLONG

12.09

13.1

616

189.8

13.17

11.8

63.1

1S5.5

CIS.

53.6

16.42

57.9

?18.2

I

17.50

19.3

56.6

223.5

Figure 19 Plasma parameters and magnet ic f i e l d d d t a f r o m t h e
PROGNOZ-7 m a n t l e c r o s s i n g on" 22 Mdrch , 1979. The fo rmat i s
the same as i n F i g u r e b ( a f t - ^ r Lund in et a i . , I 9 ö l b ) .



PROGNQZ-7 iPRQMICS-1] SEANS 82 DATE 79-01-07

.IH-1

ION

, - 4 DENSITY

COMPOSITION

UT

R

SMLAT

SMLONG

23.09

13.0

53.6

284.9

1
00.16
K 3

53.8

293.2

+--
01.23

15.6

301.6

02.X

16.8

54.6

310.2

03.37

17.9

55.-1

319.0

04.44

18.9

56.7

327.7
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Figure 22 Diagram showing the product of the peak flux of H + ions and
the approximate width of the mantle versus magnetic activi-
ty for 32 mantle passages of PROGNOZ-7. The mantle width
was taken as the difference in radial istance of the inner
and outer (magnetopause) boundaries of the mantle along the
satellite trajectory. As magnetic activity parameters the
sum of Kn over the 12 hour period containing the mantle
pass has been taken (after Lundin et al., 1981b).
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Figure 23 The corresponding diagram to that in Figure 22 for 0 +

ions. The dashed line represents an exponential least
squares fit of the data points with a correlation coeffi-
cient of 0.82 (after Lundin et al., 1981b).


