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[1] This paper presents case studies of the dynamics of the terrestrial ions in the
midplasma sheet and inside the lobes (�17–19 RE). The high time resolution
measurements of H+, He+, and O+ ions made on board Cluster show that these ions are
massively injected into the tail during substorms/storms from the nightside ionosphere and
mainly dispersed by time of flight effects; a single oxygen injection being able to account
for over 80% of the oxygen population of the midtail plasma sheet during storm time.
Inside the lobes, during disturbed times, ionospheric oxygen ions appear as nearly
monoenergetic beams, quasi field-aligned, propagating antisunward from the ionosphere,
as expected from the ‘‘cleft ion fountain.’’ Most of the time, the ionospheric protons
are very cold and their distribution function is not fully measurable by a charged
spacecraft. However, we show that protons can, at times, acquire a large drift motion,
reach energy larger than 30 eV, and be directly measurable by the CIS spectrometers. This
occurs when large disturbances propagate in the plasma sheet boundary layer during both
quiet and disturbed periods. We show that the large, variable, Alfvén waves generated
by these plasma sheet disturbances modulate the energy of lobe protons and oxygen
ions and inject electromagnetic energy, in excess of 15 � 10�3 W/m2, down to the polar
cap. Deeper inside the plasma sheet boundary layer, large electric fields associated with
the Earthward stream of plasma sheet particles give enough drift energy to a very cold
ionospheric proton population to become fully detectable by the Cluster ion
spectrometers. INDEX TERMS: 2764 Magnetospheric Physics: Plasma sheet; 2736 Magnetospheric

Physics: Magnetosphere/ionosphere interactions; 2748 Magnetospheric Physics: Magnetotail boundary layers;

2772 Magnetospheric Physics: Plasma waves and instabilities; KEYWORDS: terrestrial ions, magnetotail,

oxygen, injections, substorms, Alfven waves
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1. Introduction

[2] An ionospheric supply of light ions to the magneto-
sphere was first established by observations of polar wind
outflows by Brinton et al. [1971] and Hoffman et al. [1974].
The total rate of proton outflow from the polar wind has
been estimated from 1.5 to 1.0 � 1025 ions/s during quiet
and disturbed magnetic conditions at solar maximum
[Chappell et al., 1987].
[3] Simultaneously, with the discovery of a large and

variable amount of oxygen ions at plasma sheet energies, it
became clear that nonthermal processes acting in the topside
ionosphere were able to impart energies of several electron
volts or more of energy to oxygen ions [Shelley et al., 1972]
and that processes in the auroral zone are able to energize
ions up to plasma sheet energies [Shelley et al., 1976; Sharp
et al., 1977]. Much of the ionospheric energetic upflowing
ions (H+, He+, O+) are associated with the auroral oval and
with the cleft [e.g., Kondo et al., 1990].
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[4] According to their distribution functions, two main
classes of ions upflowing from the ionosphere are distin-
guished: conics/upwelling populations heated perpendicu-
lar to the magnetic field, and beams. Conics reach energies
ranging from a few eV up to few keV and move up along
the field lines of the divergent terrestrial magnetic field to
form so-called conics in velocity space. Observed from a
few hundred kilometers up to several Earth radii [Sharp et
al., 1977; Gorney et al., 1981; Klumpar, 1986; Lundin and
Eliasson, 1991; Lynch et al., 1996; Yau and André, 1997;
Sauvaud et al., 1999; Popescu et al., 2002], the spatial
distribution of conics extend over the statistical auroral
oval and over a part of the polar cap. Their energization is
caused by the perpendicular electric component of broad-
band low-frequency waves and EMIC waves near 1/2fH+
or waves around fLH [André, 1997; Nordquist et al., 1998].
A subclass of conics, upwelling low-energy ions, pertains
to distribution functions indicating that the bulk of the
distribution has been heated and is drifting upward [Moore
et al., 1986; Giles et al., 1994]. Observed in the morning
sector of the auroral oval and near the equatorward edge of
the polar cap, they are the most persistent feature in the
cleft region and are dominated by O+ ions. The total
outflow of these ions which form the cleft ion fountain
is estimated, during solar maximum to 3.3 � 1024 (1.6 �
1025) ions/s for H+, to 4.3 � 1024 (4.8 � 1025) ions/s for
O+ for quiet (disturbed) magnetic conditions [Chappell et
al., 1987]. The most energetic conics are produced in
downward current regions of the auroral zone in associa-
tion with upward accelerated electron beams [Carlson et
al., 1998].
[5] Ion beams are characterized by a strong maximum in

flux parallel to B [Shelley et al., 1976; Gorney et al., 1981].
Their measurements gave evidence for a parallel electric
field associated with upward currents. They are generally
observed above 5000 km altitude and their occurrence
probability increases with altitude, up to at least several
Earth’s radii. Their spatial distribution follows the statistical
auroral oval with a morningside maximum occurrence at
low energies (E < 1 keV) and a clear dusk-evening
maximum for energies higher than 4 keV. During solar
maximum, this auroral outflow has been estimated to 2.1 �
1025 (2.6 � 1025) for H+ and to 2.6 � 1025 (7.7 � 1025) for
O+, during quiet (disturbed) times.
[6] Farther from the Earth, inside the midtail (R = 10–

20 RE) the lobe and the plasma sheet have very different
plasma characteristics. A large portion of the tail lobe
appears essentially void of any detectable plasma. Iono-
spheric ions when detected in the magnetic lobes appear
almost exclusively as tailward traveling ion beams [e.g.,
Sharp et al., 1981]. Ionospheric O+ ions are also found
within the distant tail plasma mantle [Williams et al., 1994;
Seki et al., 1998]. However, their fluxes seem too weak to
fill the large volume of the lobe field line uniformly with
dense plasma. The plasma sheet, on the other hand, is a
mixture of plasmas from the solar wind and the Earth’s
ionosphere ranging from E < 50 eV to > 500 keV.
Lennartson and Shelley [1986] surveyed the plasma sheet
ion composition (0.1–16 keV/Q) in the region �10 > X >
�22 RE during periods of increasing solar activity. They
showed the presence of ionospheric ions, particularly
during periods of magnetic or solar activity, but also the

dominance of ions of solar wind origin during period of
magnetic quiescence. Inside the lobes, satellites are posi-
tively charged, up to �30 to 40 V except when ion
emitters, like the ASPOC experiment onboard Cluster,
operate [Torkar et al., 2001]. The presence of hidden
populations can thus not be ruled out and once inside
the plasma sheet ionospheric and solar wind plasmas mix.
Recently, the combination of the Thermal Ion Dynamics
Experiment and the Plasma Source Instrument on board
Polar revealed the presence of low energy (<10 eV) ions
moving through the polar regions and into the lobes of the
magnetotail [Moore et al., 1999; Chappell et al., 2000].
There are also measurements accomplished onboard
ISEE-1 in the plasma sheet boundary layer using a
relaxation sounder which shows ‘‘anomalous’’ high densi-
ties reaching values as high as 5 cm�3 [Etcheto and Saint-
Marc, 1985]. Furthermore, Cluster results based on direct
particle measurements provided by the CIS instrument and
on simultaneous density determination from the plasma
frequency provided by the WHISPER instrument have
shown the unexpected presence of an ionospheric hidden
population close to the dayside magnetopause. This pop-
ulation with a density of �0.5 to 1 cm�3 is only detectable
with particle instrumentation when magnetopause motions
put the cold ionospheric plasma in motion [Sauvaud et al.,
2001].
[7] The fact that the ionosphere can be a significant, if not

totally dominant source for the magnetospheric plasma in
both quiet and active magnetic conditions has been pro-
posed by Chappell et al. [1987] using the available data at
that time. Furthermore, there are a variety of numerical
simulations that confirm such a prominent role of the iono-
sphere in supplying plasma to the plasma sheet [Delcourt
et al., 1989, 1994; Peroomian and Ashour-Abdalla, 1996;
Chappell et al., 2000; Cully et al., 2003]. However, as
evidenced by Chappell et al. [1987], many questions were
and are still open, primarily in the areas of measuring the
transport of plasma through the magnetosphere with a
suitably designed set of spacecraft and tracing the steps of
energization in the ionosphere and the plasma sheet. These
authors were also stressing the fact that we will have to
measure particles with much lower energies than that of the
ultimate plasma sheet particles. A survey of the Cluster data
during its passes inside the tail, indeed reveal the common
occurrence of low energy ionospheric plasma inside the
magnetospheric tail.
[8] This paper is devoted to case studies of such events.

We will first examine the injection and time of flight
dispersion of H+, He+, and O+ ions directly injected from
the auroral nightside region into the plasma sheet and
determine their contribution to the plasma sheet density. A
second part deals with the detection of tailward flowing
low-energy protons inside the lobe and at the plasma
sheet/lobe interface. We will show that their detection is
often related to plasma sheet boundary layer (PSBL)
disturbances caused by transient deformation and over-
pressure blisters of the plasma sheet. The effects of the
large electric field associated with plasma sheet particle
streams inside the PSBL and of large-scale Alfvén waves
produced inside the lobes by these plasma sheet distur-
bances are emphasized and we show how the electric field
and its modulations put the ions in motion perpendicularly
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to the magnetic field, allowing their detection with particle
instrumentation.

2. Data Sources

[9] The data used in this paper come mainly from instru-
ments onboard the Cluster satellites: the Cluster Ion Spec-
trometers (CIS), the Magnetic Field Investigation (FGM),
and the double probe Electric Field and Wave experiments
(EFW). The electric potential of each satellite is controlled
by the ASPOC instrument that lowers the satellite potential
by emitting a current of Indium ions [Riedler et al., 1997;
Torkar et al., 2001]. The CIS experiment includes [Rème et
al., 1997, 2001] (1) a Hot Ion Analyzer, CIS-2, measuring
the ion distribution from �5 eV to 32 keV by combining a
classical symmetrical quadri-spherical analyzer with a fast
particle imaging system based on microchannel plate elec-
tron multipliers and position encoding discrete anodes
[Carlson et al., 1982] and (2) a time of flight mass
spectrometer, CIS-1, which combines a top-hat analyzer
with an instantaneous 360� � 8� field of view with a time of
flight section to measure complete three-dimensional (3-D)
distribution functions of the major ion species. Typically
these include H+, He++, He+, and O+. The sensor primarily
covers the energy range between 0.02 and 38 keV/q. The
magnetic field data used in this paper come from the two
fluxgate magnetometers (FGM) installed onboard each
Cluster spacecraft which measure the three components of
the magnetic field with an accuracy approaching 0.1 nT
[Balogh et al., 2001]. These data are averaged over 4 s. The
EFW experiment uses two pairs of spherical probes
deployed on wire booms in the spin plane to measure
electric fields with an accuracy estimated to be better than
10% [Gustafsson et al., 2001].

3. Observations

[10] The apogees of the Cluster fleet pass through the
magnetotail from June to October of each year with inter-
satellite separations which are varied along the mission
according to the scientific objectives from �100 km up to
several thousand of kilometers. In this paper we will pri-
marily focus on data obtained in 2000, 2001, and 2002 when
the spacecraft separation near apogee was of the order of
3000 km (2002 tail constellation). The large geometrical
factor of the CIS instrumentation, combined with the space-
craft active potential control device, gives us the opportunity
to analyze the ionospheric population of the magnetotail,
particularly of the tail lobe. In the following sections we will
mainly analyze three types of events: (1) ionospheric ion
injections from the night side into the plasma sheet during
substorm/storm periods, (2) tailward flowing ionospheric
protons in the lobe, close to the PSBL during the recovery
phase of a weak substorm, and (3) enhancements/modula-
tions of the energy of pre-existing ionospheric ions inside the
lobe and the plasma sheet boundary layers during quiet and
disturbed periods.
[11] In the first case we will show that single events

injecting H+, He+, and O+ into the midtail can be respon-
sible for more than 80% of the oxygen density of the plasma
sheet. In the second case we will provide experimental
evidence showing that ionospheric protons flowing tailward

can fill the lobe close to the plasma sheet. In the latter case
we will show that plasma sheet disturbances enhance the
drift of oxygen ions coming from the dayside and provide
enough drift energy to the very cold ionospheric protons,
already inside the system, to be detected by the Cluster ion
spectrometers.

4. Plasma Sheet Filling With Ionospheric Ions
During Substorm-Storm Times

[12] An example of direct injections of ionospheric plasma
inside the midtail plasma sheet was detected on 25 September
2000, at distances of about 19 RE. This injection event is
illustrated in Figure 1 which displays, from the top to the
bottom, the energy-time spectrograms of hydrogen, helium-1
and oxygen ions, the three GSM components of the O+

velocity, and the three GSM components of the local
magnetic and the pitch-angle-time spectrograms of H+,
He+, and O+. Cluster was located inside the plasma sheet
when it detected several energy-dispersed structures of
hydrogen, helium, and oxygen ions around 1115 UT. These
events follow strong disturbances of the local magnetic field
which started before 1030 UT, during a substorm intensifi-
cation as shown on Figure 2 which displays a stack plot of
the H component of the ground magnetic field from the
Alaska chain of magnetometers, located at that time in the
midnight sector. At 1115 UT, the conjugate point of Cluster is
located, according to the Tsyganenko-89 magnetic field
model, at a magnetic local time of 2220 and at an invariant
latitude of �70.2�, i.e., just westward of the Alaskan
stations, at a latitude close to that of the Kaktovik station
(see Figure 2). Starting around 1025 UT, the variations of the
Bx component of the magnetic field indicate flapping
motions of the plasma sheet (successive Bx < 0; Bx > 0
changes). As evidenced by Figure 1, the flapping motions are
accompanied by large changes of the VZ component of the
velocity of O+ ions. Note that during this disturbance, the
plasma sheet already contains oxygen and helium ions in
detectable amount. Later, while the satellite is moving
southward with respect to the neutral sheet as evidenced by
the decrease of the Bx component of the magnetic field, it
encounters energy dispersed structures superposed on the
preexisting plasma sheet population. From 1115 to 1155 UT,
the energy dispersion is clear for oxygen and for the
hydrogen population which shows substructures, while
nearly undistinguishable for He+. After 1150 UT another
energy dispersion can be seen in the oxygen and helium
populations, while it is hard to recognize in the proton
population. Note that from 1115 to 1215 UT, the pitch-angle
distributions of the ions clearly indicate that H+, He+, and O+

are mainly field aligned, flowing from the Earth to the
tail (bottom panels of Figure 1).
[13] The energy dispersion of these terrestrial ions could

be due to time of flight effects along the magnetic field lines
and/or due to the E � B drift [e.g., Delcourt et al., 1996;
Sauvaud et al., 1999]. However, here the H+ and O+

energies decrease when the magnetic field modulus is
increasing, i.e., when the satellite is flying away from the
neutral sheet towards the lobe. This is opposite to what
should be expected from the magnetospheric ‘‘mass filter’’
resulting from the E � B drift. This effect leads indeed to a
dispersion where the high-energy particles, which spend
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less time in the tail, are less affected by the drift and should
be observed farther from the neutral sheet than the low-
energy ones.
[14] The possibility that the clearest dispersions are mainly

due to a time of flight effect can be tested from the variations

of inverse of the ion velocity, 1/V, as a function of time (L =
V� t) for well-developed dispersions, as for the oxygen one
during the time interval 1100 to 1140 UT. Figure 3 displays
the 1/V-time spectrogram of oxygen ions for that period.
The dispersion is reasonably fitted by a straight line. Its

Figure 1. Spacecraft 4 ion and magnetic field data for 25 September 2000 between 1020 and 1210 UT.
From top to bottom: The hydrogen, helium, and oxygen energy-time spectrograms, the three GSM
component of the bulk velocity of oxygen ions, the three GSM components of the magnetic field and the
pitch-angle-time spectrograms for H+ (20–3000 eV), He+ (20 eV–10 keV), and O+ (20 eV–10 keV).
The GSM coordinates of the satellite as well as its invariant latitude and the magnetic local time of its
footprint are indicates at the bottom of the figure.
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slope provides a rough estimation of the distance between
the satellite and the ionospheric injection point along the
magnetic field lines: 21 RE. This is in quite good agreement
with the satellite distance from the Earth, which is 19.8 RE.
We can conclude that oxygen ions come directly from the
Earth and are mainly dispersed by time of flight effects.
Note that it takes about 20 min for the lowest-energy O+

to reach the satellite. During the dispersion event, oxygen
ions are clearly flowing tailward (Figure 1). However, just
after 1135 UT, the VX component of the ion velocity
suddenly decreases, as does the magnetic field, the ion
energy increases, and the pitch-angle of the ions is enhanced
up to about 50�. This kind of behavior may indicate a local
acceleration of the ions. The hydrogen dispersion between
1115 and 1130 UT is quite different from that of oxygen.
The slope corresponding to a source located at 21 RE, as
deduced from the oxygen- dispersion curve, fits more or
less the hydrogen overall energy change if a time delay
between the onsets of the injections of hydrogen and oxygen
is taken into account. However, here the dispersion
is complicated by bursts of low-energy protons whose
origin is unclear. As far as helium is concerned, no disper-
sion can be clearly detected during the same time interval.
Such a dispersed structure is apparent later, at the end of the
interval (1157 UT) together with nondispersed plasma sheet
helium ions.
[15] As a preliminary conclusion, we can assess that

during strong substorm disturbances, direct ionospheric

ion injections are detected inside the midtail plasma sheet
and that, at times, the oxygen dispersion curve can be used
to demonstrate that the ions are injected from the ionosphere
along the field lines up to the midtail plasma sheet where
they form a ‘‘cold’’ population flowing antisunward. The
most probable source of these direct injections is the large
outflow of ionospheric ions linked to the development of
the auroral bulge during substorms in the night sector [e.g.,
Sauvaud et al., 1999; Popescu et al., 2002]. However, local
acceleration effects are also apparent.
[16] Another interesting example of the direct injection

mechanism is illustrated in Figure 4 which pertains to the
afternoon of 17 August 2001. An interplanetary shock wave
struck the magnetosphere at �1100 UT, caused a compres-
sion of the magnetosphere, and was followed by a well-
developed magnetic storm (Figure 5). The maximum Dst
reached �200 nT between 2300 and 2400 UT. Figure 4
displays Cluster spacecraft 4 observations between 1430 and
1600 UT on that day. From the top to the bottom, Figure 4
shows the energy-time spectrograms of protons, helium, and
oxygen ions, the three GSM components of the oxygen
velocity, the three GSM components of the magnetic field,
and the pitch angle-time spectrograms for protons, helium,
and oxygen ions. The satellite is first inside the lobe where it
measures a low-energy proton and helium component as well
as nearly monoenergetic oxygen ions. Note that all kind of
ions are here mainly seen with large pitch angle, i.e., flowing
from the Earth. We will describe this lobe ion population
originating from the cleft ion fountain later in this paper. The
satellite enters inside the plasma sheet at �1440 UT, detect-
ing a large proton flow in the boundary layer (proton velocity
up 800 km/s, not shown). During the period from 1445 to
1510 UT, the plasma sheet is turbulently thinning, as also
indicated by the Bx component, so that the Cluster satellites
are located close to the neutral sheet. Note the presence of
energetic hydrogen, helium, and oxygen ions during this
encounter of the neutral sheet. Then starting around 1510 UT,
the plasma sheet thickens as evidenced by the changes of the
magnetic field components. Simultaneously, Cluster is
encountering low-energy protons and oxygen ions showing
a clear energy dispersion. Several minutes later, the helium
fluxes become higher than the detector threshold and these
ions also show an energy dispersion. The pitch angle dis-
tributions of oxygen ions between 30 eVand 10 keV indicate
this population is flowing both earthward and tailward. At
higher energies, above the main dispersion (E > 3keV),

Figure 2. Stack plot of the H-components of the Earth’s
magnetic field from four stations from the Alaskan
magnetometer chain for 25 September 2000 between 0500
and 2100 UT (Kaktovik, INVLAT = 71.05�, MLT = UT +
12.6h; Bettles, INVLAT = 66.42�, MLT = UT + 12.4h;
Poker Flat, INVLAT = 65.31�, MLT = UT + 12.8h; Gakona,
INVLAT = 63�, MLT = UT + 13h).

Figure 3. 1/V-time spectrogram for oxygen ions between
1105 and 1135 UT on 25 September 2000 (see Figure 1).
The slope of the dashed line gives a rough estimate of the
distance of the injection region: 21 RE.
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another O+ dispersion is clearly seen. This population dis-
plays a pitch angle distribution comparable to that of the low-
energy one. The energy dispersed helium population, slightly
above the threshold of the CIS instrument, also displays an
identical pitch-angle distribution. It clearly appears that
bidirectional oxygen fluxes are detected both above
(�1520 UT) and below the neutral sheet (�1542 UT). These
ions may have been injected from the northern and southern

hemispheres and have been able to bounce back to the Earth.
This observation implies that, during this disturbed period,
the midtail field lines have a curvature large enough to allow
an adiabatic motion of O+. In such a case, the k parameter,
defined as the square root of the minimum curvature radius of
the magnetic field, (RL), to the maximum Larmor radius of
the ions, must be higher than�3 [Büchner and Zelenyi, 1989;
Delcourt et al., 1996]. Computing the Larmor radius from the

Figure 4. Same as Figure 1 for 17 August 2001 between 1430 and 1600 UT. The pitch-angle
spectrograms for H+, He+, and O+ are for the energy ranges 30–1000 eV, 30–1000 eV, and 30 eV to
10 keV, respectively.
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oxygen ions of the highest energy in the dispersed structure,
�20 keV, and from the B field measured inside the neutral
sheet at 1532 UT, �19 nT, we obtain RL � 6 RE., which
indeed corresponds to a very thick current sheet.
[17] The oxygen dispersions are presented in Figure 6 in

the form of a 1/V-time spectrogram with a superposed fit by
a straight line. Here only the ions coming from the Earth are
taken into account. The estimated distance from the source
to the satellite is 20 RE along the magnetic field lines, in
good agreement with the satellite distance from the Earth. A
tentative fit of the high-energy dispersion gives an injection
distance of about 60 RE. This could indicate that these

particles are injected from the ionosphere and bounced once
before they reached the satellite.
[18] Both cases presented in Figures 1 and 4 show that the

auroral oval is a powerful supplier of ionospheric ions for
the midplasma sheet by expelling terrestrial material along
the nightside field lines during disturbed magnetic periods.
The ion beam keeps its coherence over distances of the
order of 20 RE. This is true for the heavy oxygen and helium
ions. For protons, which form the most dense population,
the dispersion is complicated for the cases presented here by
energy changes which are believed to take place during the
ion transit into the plasma sheet.
[19] Having identified the fresh ionospheric component

forming the dispersed structures, we evaluated its contribu-
tion to the total plasma sheet density. The result is given in
Table 1. Ions injected from the ionosphere during the event
displayed in Figure 4 represent locally about 18% of the
plasma sheet H+ and He+ density and up to 82% of the
plasma sheet O+ density. We conclude that for oxygen, such
a single event is able to account for the plasma sheet O+

content at the Cluster position. That ions are injected from
lower and higher latitudes than that of the Cluster footprint
during the course of the auroral expansion toward the pole
is highly probable. In such case we expect the ionosphere to
supply ions to the plasma sheet from the substorm initiation
region up to very distant parts. As shown in Figure 4, when
the field line topology is such that the ions can bounce, this
new plasma sheet population can remain as a distinct
population for tens of minutes.

5. Dynamics of Hydrogen Ions at the
Lobe//Plasma Sheet Interface——PSBL Instability

[20] The lobes are generally empty of plasma coming
from the solar wind. However, Cluster data show that
protons can at times fill the lobe, at least close to the plasma
sheet. Figure 7 gives an example of such measurements on
4 August 2002 between 2200 and 2330 UT. This figure
displays, from top to bottom, the proton energy-time-spec-
trogram, for spacecraft 1, 3, and 4. For spacecraft 4 this
figure also gives the proton parallel and perpendicular GSM
components of the bulk velocity and the three GSM
components of the magnetic field. Note that the computed
invariant latitude of the satellite is very high (74�). This lobe
encounter coincides, as shown in Figure 8, with the recov-
ery of a weak substorm recorded at the most poleward
stations of the IMAGE magnetometer chain.
[21] The three CIS experiments are delivering quite

similar measurements from the three spacecraft which are
not enough separated to probe simultaneously widely dif-
ferent regions of the magnetosphere. The satellite fleet is
first inside the south plasma sheet until 2215 UT. Note that
here, the parallel Vx component of the velocity is positive,
i.e., plasma sheet ions are flowing earthward and the main

Table 1. Ion Densities Inside the Plasma Sheet for the Event

Displayed in Figure 4

H+ He+ O+

Max. total density, cm�3 1.3 1.1 10�2 0.34
Fresh ion density, cm�3 0.23 2.0 10�3 0.28
Percentage 18% 18% 82%

Figure 5. Stack plot of the X-components of the
Earth’s magnetic field from selected stations of the
CANOPUS magnetometer chain on 17 August 2001
(Taloyoak, INVLAT = 79.53�, MLT = UT-5.8h; Rankin
Inlet, INVLAT = 73.53, MLT = UT-7.13h, Fort Churchill,
INVLAT = 69.53, MLT = UT-7.16h; Rabbit Lake,
INVLAT = 67.69, MLT = UT-8h).

Figure 6. Same as Figure 3 for 17 August 2001 between
1445:00 and 1600:00 UT. The slope of the dashed line gives
a rough estimation of the distance of the injection region:
20 RE, that of the dotted line corresponds to 60 RE.
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component of the plasma velocity is the perpendicular Vz
component which reaches 100–150 km/s. This motion
indicates a plasma sheet thinning leading the spacecraft to
reach the lobe after 2215 UT where it encounters a colder
proton population flowing tailward. This population has
already been reported from observations made onboard the
Wind satellite by Parks et al. [1998] as a tailward going

beam by itself, i.e., not associated with counterstreaming
beams. Note that spacecraft 4 reenters into the plasma sheet
before satellites 1 and 3 and that this entry is preceded by a
large negative pulse of the perpendicular VZ component of
the bulk velocity. Spacecraft 4 is closest to the model neutral
sheet, dZNS = �5.42 RE at 2253 UT, while satellites 1 and 3
are simultaneously located �6.25 and �6.18 RE, respec-

Figure 7. Ion and magnetic field measurement performed on 4 August 2002 between 2200 and
2330 UT. From the top to the bottom: (1) the energy time spectrograms for protons obtained onboard
satellites 1, 3, and 4; (2) the three GSM components of the proton parallel and perpendicular velocities as
measured onboard the satellite 4; (3) the GSM components of the magnetic field onboard satellite 4.

A01212 SAUVAUD ET AL.: IONOSPHERIC IONS IN THE EARTH’S MAGNETOTAIL

8 of 15

A01212



tively, below the neutral sheet. Inside the plasma sheet, ions
are flowing mainly Earthward in the direction parallel to the
magnetic field and have a large Vy component perpendic-
ularly to the magnetic field.
[22] Note that the satellite distance to the magnetopause

exceeds 11 RE so that such observation can hardly been due
to magnetosheath plasma. The proton distribution function
typical for this lobe population is displayed in Figure 9. The
broad ion distribution in the (V//, V?) plane clearly indicates
the action of a diffusion mechanism. However, locally the
wave intensity in the range from a fraction of Hertz up to
high frequency is very weak. To summarize this observa-
tion, we conclude that ionospheric outflows are populating
the lobe close to the plasma sheet for this pass of Cluster in
the magnetotail during a substorm recovery phase. These
ions originate from a region located northward of the
morning auroral zone, i.e., from the morning polar cap.
[23] Generally, however, the proton population in the lobe

is detected at lower energies than those corresponding to the
case presented in Figure 7. For example, during the lobe
encounter illustrated in Figure 4, the proton energy stays
below 400 eV. It must be stressed that a good estimate of the
total density of ionospheric plasma inside the magneto-
sphere depends on our knowledge of the density of these
low-energy protons. When measured inside the lobe, cold

ions can be repelled by the satellite potential and thus not
measured for energies below 10 to 15 eV, even if the
ASPOC ion emitter is operating. We will show that a
hidden population really exists and can be revealed by
dynamical changes occurring at the plasma sheet/lobe
interface. An example of such a measurement of a low-
temperature plasma on 17 August 2001 is illustrated in
Figure 10 for a very quiet period preceding the arrival at
1100 UT of an interplanetary shock at the Earth orbit (see
Figure 5). The Cluster spacecraft are inside the lobe before
and after a short encounter of the plasma sheet. During the
encounter of the PSBL, two different proton populations
can be distinguished. Oxygen ions, if present, have fluxes
lower than the detection limit. At energies higher than
�2 keV, the PSBL protons are flowing earthward along
the field lines showing two velocity spikes with maximum
speeds exceeding 900 km/s. In the middle of the interval
this plasma is apparently nearly at rest. In fact during this
event the Cluster spacecraft first encounters earthward
streaming high-energy ions, then bidirectional beams which
leads to the computation of a weak bulk velocity, and at the
end of the event, once again earthward streaming high-
energy ions. Note that the high-energy plasma populations
also displays a large (up to 200 km/s) perpendicular velocity
mainly directed in the Y direction. The maximum total

Figure 8. Stack plot of the variations of X-component of
the Earth’s magnetic field from selected stations of the
IMAGE magnetometer chain on 4 August 2002 between
1900 and 2400 UT (Ny Alesund, INVLAT = 76�, MLT =
UT + 4h; Hopen Island, INVLAT = 72.94�, MLT = UT +
4.1h; Soroya, INVLAT = 70.54�, MLT = UT + 3.35h;
Tromsö, INVLAT = 69.66, MLT = UT + 3.11h; Kilpisjärvi,
INVLAT = 65.9�, MLT = UT + 3.16h).

Figure 9. Proton distribution function typical of the
tailward streaming ionospheric population encountered
between 2215 and 2243 on 4 August 2002 (see Figure 7).
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perpendicular velocity reaches 450 km/s at 0907 UT. The
second plasma population has energies lower than about
1 keV. As shown in Figure 10, the parallel velocity of this
component, in contrast to the high-energy one, is mainly

small and negative, i.e., directed tailward. The ions are
identified to come from the ionosphere. The main velocity
of this low energy ionospheric population is perpendicular
to the magnetic field and directed along the +Y direction. It

Figure 10. An example of a short PSBL encounter made by satellite 4 during quiet times (see Figure 2).
From top to bottom: The proton energy-time spectrogram, the density of protons with energies in the
ranges 1.5–35 keV and 30–1500 eV, the three GSM component of the parallel and perpendicular proton
velocities in the energy range 1.5–35 keV, the GSM parallel and perpendicular velocity components of the
protons in the energy range from 30 eV to 1500 eV, and the three GSM components of the magnetic field.
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must be stressed that both the variations and the values of
the perpendicular velocities of the high and low energy
components are very similar. Thus they should be both
linked to the same physical process. We conclude from this
comparison that the local pressure gradient of the high-
energy component is not the driver of the perpendicular
flow and that it can be neglected in first approximation. We
rather propose that the dynamics of the low-energy popu-
lation is directly controlled by the motion of the high-energy
population. The high-energy component completely domi-
nates the cold plasma from an energetic point of view; in
particular, it is responsible for the plasma b (from 0.3 to 1 in
this case). Any perpendicular motion of this component
induces an electric field, E = �V � B that in turn, will put
the low-energy component in motion (V = E � B/B2).
For the case presented here, the measured maximum
perpendicular velocity of 450 km/s correspond to an ion
energy of �1 keV.
[24] This kind of event, frequently encountered in the

Cluster database, reveals the existence of a cold plasma
component, with an initial energy which generally did not
allow it to completely overcome the satellite’s potential.
Inside the PSBL, in association with fast flows having a
large perpendicular velocity component, the cold protons,
already there, locally gain drift velocities reaching several
hundred km/s. This corresponds to energies close to 1 keV.
This transient energy gain allows a precise determination of

the cold population density. In the presented case it reaches
0.08–0.1 cm�3, which is less but comparable to the density
of hot plasma sheet ions, which reaches a maximum value
of 0.25 cm�3 (Figure 10). It must be stressed that such
bursty appearance of PSBL associated with fast flows and
high b plasma can trigger Alfven perturbation in the
adjacent lobe. Furthermore, the strong perpendicular Vy
component of the PSBL ions induces a flow shear between
the outer lobe and the PSBL. This situation could be
favorable for the triggering of the Kelvin-Helmholtz insta-
bility which can result in the nonlinear development of
plasma structures.

6. Dynamics of Hydrogen and Oxygen Ions Inside
the Lobes——Alfvenic Perturbations

[25] Modulations of low-energy proton fluxes inside the
lobes, close to the plasma sheet are evidenced by the Cluster
multispacecraft measurements. One example of such energy/
flux modulations is provided in Figure 11 for 17 August
2001 during a storm period (see Figure 5). The three panels
of this Figure give from the top to the bottom, the H+ energy
time spectrograms, the proton density, velocity, the proton
pressure, and the three components of the magnetic field.
Satellite 4, located inside the lobe, measures proton density
changes from 0.1 to �0.3 cm�3 while the plasma pressure is
about constant. There is no noticeable field-aligned flow

Figure 11. Comparison of the proton and magnetic field measurements made onboard 3 Cluster
spacecraft on 17 August 2001. For each panel, from top to bottom: the proton energy-time spectrograms,
the proton density, velocity, thermal pressure and the three GSM components of the magnetic field.
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velocity, except at the very end of the displayed time period.
Satellite 1, located at smaller ZGSM distances, encounters
3 times the plasma sheet boundary layer, characterized by
high flow velocities and plasma pressure increases. Space-
craft 1 detects densities quite similar to spacecraft 4.
Satellite 3, with the smallest ZGSM value, stays longer in
the PSBL where it detects a denser plasma. As shown in the
preceding example, fluxes of low-energy protons are
enhanced during these PSBL encounters.
[26] Figure 12 illustrates the simultaneous measurements

of protons, oxygen ions, magnetic fields, and electric field
performed on board satellites 4 and 1. The top panel shows
the proton energy-time spectrogram, the second panel refers
to oxygen, and the third panel displays the BZ component of
the magnetic field. The fourth gives the variations of the
GSM-Y component of the electric field measured by the
EFW experiment, and the fifth panel gives the electric field
deduced from the oxygen plasma flow and from the mag-
netic field (Ey = Vx � Bz � VzBx). Note that the measured
electric field and the one deduced from the oxygen velocity
and from the magnetic field, even if not identical, are in good
agreement. The oxygen ions are flowing tailward with
velocities of the order of 50 km/s, which correspond to an
energy of about 200 eV, i.e., to the oxygen baseline energy in
Figure 12. However, energy modulations are clearly seen;

they come from the perpendicular drift velocity caused by
the measured fluctuating electric field. At this point it must
be noted that a few studies have already shown that during
disturbed periods, corresponding to negative IMF Bz and
high AE values, beams of oxygen ions are detected in the
high-latitude tail lobe, close to the Earth, and over the polar
cap, forming there nearly monoenergetic beams [e.g.,
Vaisberg et al., 1996; Bogdanova et al., 2003]. The presence
of this population is interpreted as resulting from the mass
filter induced by the magnetospheric global convection,
which disperses the ions ejected from the dayside cusp and
from the cleft [Delcourt et al., 1999]. A study of the polar cap
field-aligned and drifting ions performed by B. Klecker et al.
( private communication, 2002) using Cluster data has shown
that at an altitude of the order of 6 RE, oxygen ions expelled
from the dayside auroral zone/cusp and flowing upward over
the polar cap have a perpendicular velocity of several tens of
km/s due to the convection electric field. As exemplified by
Figure 12, such quasi monoenergetic ions are also detected
farther in the lobe of the tail, up to the Cluster apogee
�20 RE. At that distance, they are still tailward flowing
(not shown). However, their energy modulation cannot be
explained only by the effect of the convection electric field.
Indeed when mapped to the midtail, this convection field
should be smaller than 1 mV/m. This value corresponds to a

Figure 12. Satellites 4 and 1. Comparison of the proton and oxygen energy time spectrograms with the
Bz component of the magnetic field, the Ey component of the measured electric field, and (V � B)Y
deduced from the oxygen measurements.
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perpendicular drift velocity of �15 km/s in a 60 nT
magnetic field (i.e., �E? = 20 eV). In contrast, the energy
modulations displayed in Figure 12 reaches �1 keV and are
associated with a variable electric field. The correlation
between the BZ component of the magnetic field and the
EY component of the electric field observed on spacecraft 4
(and to a lesser extent on spacecraft 1 which encounters the
PSBL) strongly suggest that we are measuring an Alfvenic
perturbation linked to fast flow and pressure pulses detected
by spacecraft 1 and 3 inside the PSBL. Every enhancement
of the electric field is related to a concurrent enhancement of
the Bz component and to an increase of the oxygen energy
(Figure 12). Figures 13 and 14 show the minimum variance
analysis of these modulated waves. These circularly polar-
ized waves (left-hand) are identified as shear Alfvén waves
propagating earthward with a phase velocity, computed from
dE/dB, of �500 km/s. This value is in good agreement with
the Alfvén velocity, B/(m0nim)1/2, directly computed from
measured densities and magnetic field (the highest densities
are used: CIS is then measuring the complete particle
distribution): �500 km/s. These waves are associated with
an Earthward Poynting vector:

Slobe ¼ 1=m0ð ÞdE� dB:

From the measured perturbations, dE � 3mV/m and dB �
5 nT, we get a pointing flux of the order of 15� 10�6 W/m2.
Assuming that the power flow (A/m0)dE� dB, carried by the
Alfvén waves with the electric (dE) and magnetic (dB)
perturbation fields along a flux tube with cross section, A, is
conserved, we obtain:

Siono ¼ Slobe:ðBion=BlobÞ ¼ 15� 10�6:ð50000=55Þ
� 15� 10�3W=m2:

This is a significant value compared with the total energy
that may be deposited in the auroral zone during substorm
periods. This value can be compared to the electron average
energy flux deposited in the ionosphere due to auroral
electron beams during substorm period, estimated to be of
the order of 15–30 ergs cm�2s�1 [Wygant et al., 2000].
However, it is about 10 to 20 times smaller than the
maximum energy flux deposited in the ionosphere by Alfvén
waves detected by the Polar spacecraft from low-altitude
measurements in the plasma sheet boundary layer during the
expansion phase of substorms [Keiling et al., 2000].
[27] The wave period is �80–90 s which together with

the wave velocity leads to a wavelength reaching about

Figure 13. Hodogram of the magnetic field in a plane
perpendicular to the main component, B3, and variations of
the three components of the B field in a system deduced
from a minimum variance analysis.

Figure 14. Hodogram of the electric field, deduced from
the oxygen drift velocity, in a plane perpendicular to the
main component, E3, and variations of the three compo-
nents of the electric field in a system deduced from a
minimum variance analysis.
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45,000 km. Thus oxygen ions with a gyration period of
�18 s and a maximum gyration radius of � 320 km feel the
wave electric field as a quasi static electric field and respond
by drifting under the effect of E � B/B2.

7. Discussion and Conclusions

[28] This study has shown that during disturbed times, the
oxygen component of the disturbed plasma sheet can be
nearly filled during a single injection event from the
ionosphere, while for light ions, H+ and He+, the same
injection lead to an increase of the order of 15% of these
respective plasma sheet populations. We found some evi-
dence indicating that oxygen ions are mainly dispersed by a
time of flight effect, which signals their arrival from an
auroral nightside source. Previous studies from low to
medium altitude satellites have shown that the auroral bulge
which develops during substorm/storm periods is a power-
ful source of H+ and O+ ions up to several tens of keV
energies [e.g., Carlson et al., 1998; Popescu et al., 2002].
[29] That the lobe, close to the plasma sheet boundary

layer, can be filled by tailward flowing ionospheric protons
with energies lower than about 1 keV during the recovery
phase of a substorm has been clearly shown. This result is in
agreement with previous observations made by Wind passes
into the magnetosphere which showed that a unidirectional
beam, not associated with the bounce of PSBL ions, was at
times registered at the PSBL-lobe interface [Parks et al.,
1998].
[30] During a very quiet period preceding a magnetic

storm, a cold proton population was shown to exist inside
the PSBL. Its clear detection is made possible by the strong
perpendicular velocities locally acquired by these cold
particles, when they encounter the bursty PSBL. Here both
plasma sheet protons flowing earthward with a high parallel
velocity and ionospheric protons flowing antisunward have
quite similar perpendicular velocities. This allows us to
conclude that pressure gradients are not at the root of the
observations. Cold protons inside the PSBL and originating
from the dayside ionosphere behave in a manner quite
similar to implanted ions in the solar wind.
[31] Farther in the lobe, using the four Cluster spacecraft

we were able to show that plasma sheet disturbances are
causing the generation of Alfvenic perturbations propagat-
ing into the lobe. The changing electric field of the waves
modulates there the energy of the nearly mono-energetic O+

ions flowing from the Earth dayside ionosphere and dis-
persed by convection and also reveals the presence of a very
cold proton lobe population presumably also coming from
the dayside ionosphere and/or the polar cap [see Delcourt et
al., 1994]. The electromagnetic energy brought by the
Alfvén waves down the polar cap has been shown to reach
values comparable to an electron aurora.
[32] These lobe ions detected onboard Cluster will later

populate the plasma sheet. It must be stressed here that if a
broad spatial ionospheric injection comes through the lobes
of the magnetotail into the plasma sheet region, the ions will
be energized differently depending on where they enter the
tail. Ions with an initial slightly larger field-aligned energy
will move from the ionosphere to a greater distance down
the tail when they enter the plasma sheet region. This
different entry point will subject the ions to a different

magnitude of energization through the cross-tail convection
field. As a net result, we can expect that the total density of
ionospheric ions at any point in the plasma sheet is made up
of the sum of all of the ionospheric particles that have
entered the tail at different points and have then been
energized and drifted to the point of observation. This is
made particularly clear from the He+ data obtained on
17 August 2001 (Figure 4). Here the direct injection of
ionospheric ions from the nightside auroral oval represents
only 15% of the He+ plasma sheet density. In other words,
85% of the density is coming from other ionospheric sources.
Although the same argument could be applied for protons, in
that case a possible solar wind source cannot be ignored.
[33] Future work will address the question of ionospheric

ion acceleration and heating in the magnetospheric tail and
try to quantitatively establish the contribution of the iono-
sphere to the tail density and pressure for various geomag-
netic conditions.
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