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Abstract. Above the polar caps and during prolonged pe- cations of these Cluster observations above the polar cap on
riods of northward IMF, the Cluster satellites detect upwardthe magnetospheric dynamics and configuration during pro-
accelerated ion beams with energies up to a few keV. Theyonged periods of northward IMF.

are associated with converging electric field structures indi-Ke ords. Magnetospheric physics (Auroral phenomena:
cating that the acceleration is caused by a quasi-static field: yw : g P PRy P '

aligned electric field that can extend to altitudes higher than(l\g/lnzg)netosphere—lonosphere interactions; Polar cap phenom-
7 Re (Maggiolo et al., 2006; Teste et al., 2007).

Using the AMDA science analysis service provided by the
Centre de Donees de la Physique des Plasmas, we have been
able to extract about 200 events of accelerated upgoing iorl  Introduction
beams above the polar caps from the Cluster database. Most
of these observations are taken at altitudes lower thBp 7  Field-aligned acceleration by quasi-static electric fields has
and in the Northern Hemisphere. been widely reported in the auroral zone (e.g. Mozer et al.,

We investigate the statistical properties of these ion beamsl977; Reiff et al., 1988; Ergun et al., 1998). Various signa-
We analyze their geometry, the properties of the plasma poptures are clearly associated with this process. The presence
ulations and of the electric field inside and around the beamspf an accelerating electric field along magnetic field lines
as well as their dependence on solar wind and IMF con-manifests itself by strong electric fields perpendicular to the
ditions. We show that-40% of the ion beams are collo- magnetic field at high altitude (Mozer et al., 1977). Elec-
cated with a relatively hot and isotropic plasma population.tric field equipotentials exhibit a U- or S-shaped profile and
The density and temperature of the isotropic population arghe field-aligned electric field is located at relatively low al-
highly variable but suggest that this plasma originates fromtitudes, typically below 2.Rg (Mozer and Hull, 2001). This
the plasma sheet. The ion beam properties do not changelectric field accelerates ionospheric ions upward and mag-
significantly when the isotropic, hot background population netospheric electrons downward, creating a current system
is present. Furthermore, during one single polar cap crossthat couples the local ionosphere with more distant magne-
ing by Cluster it is possible to detect upgoing ion beams bothtospheric regions. The U- or S-shaped potential drop pro-
with and without an accompanying isotropic component.  duces the well known inverted-V structure in particle spec-

The analysis of the variation of the IMBz component  trograms, respectively for precipitating electrons at low al-
prior to the detection of the beams indicates that the delay betitude and for outflowing ions at high altitudes. An analyt-
tween a northward/southward turning of IMF and the appear4cal quasi-stationary analysis has been recently proposed by
ance/disappearance of the beams is respectiv@lyn and  De Keyser et al. (2010). The downward quasi-static acceler-
20 min. The observed electrodynamic characteristics of higration of electrons excites optical emissions in the ionosphere
altitude polar cap ion beams suggest that they are closelpnd leads to the formation of elongated and relatively stable
connected to polar cap auroral arcs. We discuss the implidiscrete auroral arcs (e.g. Kletzing et al., 1983).

Partamies et al. (2008) showed that the inverted-V struc-
tures associated with precipitating accelerated electrons are

Correspondence taR. Maggiolo mainly located at auroral latitudes (6¥5°) and that their
BY (romain.maggiolo@aeronomie.be) statistical spatial distribution and size are actually similar to
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those of discrete auroral arcs as observed from the groun® Instrumentation and event selection
Partamies et al. (2008) also reported detection of inverted-
V structures at invariant latitudes higher tharf 8CField- The four identical Cluster satellites were launched in 2001 on
aligned acceleration by parallel electric fields at high invari- an elliptical orbit (40 x 19.6 Rg) with an inclination of 90.
ant latitude, above the polar caps, has been reported sinc® detailed description of the Cluster mission can be found in
the 1980s (see the review by Zhu et al., 1997, for a detailedEscoubet et al. (2001).
historic account). lon data are provided by the Cluster lon Spectrometers
Evidence for electron inverted-V spectra associated with(CIS) onboard the Cluster spacecraft 1, 3 and &nfR et
optical emissions and discrete arcs above the polar caps wa., 2001).
given by low altitude spacecraft like S3-2 (Burke et al., In addition, we use electric field data from EDI
1982). Frank et al. (1986) showed similar observations by thPaschmann et al., 2001) and/or EFW experiments (Gustafs-
DE spacecraft for theta aurora. Optical emissions in the polason et al., 1997). Note that EFW computes the two spin
caps are a typical feature of the northward IMF polar caps.plane components of the electric field (Dawn-Dusk and Sun-
They consist of discrete and elongated optical structures thaarth) from the tip-to-tip electric potential difference be-
are generally oriented in the sun-earth direction and have reltween probes at the ends of two booms deployed on the Clus-
atively long lifetimes. Several endeavors have been made tter spacecraft. The third component of the electric field is
classify the polar cap arcs depending on their location, gecomputed by assuming that the electric field along the mag-
ometry, and shape or connection to the auroral oval (see theetic field direction is null. Magnetic field data come from
review by Zhu et al., 1997). While they have been widely the Cluster Fluxgate Magnetometers (FGM) (Balogh et al.,
studied, mainly from optical data and low altitude spacecraft2001).
data, the physical processes that generate polar cap arcs areWe define a PCIB as a region where the ion bulk velocity is
still unclear. strongly aligned with the magnetic field, surrounded by lobe
At high altitude and above the polar caps, outflowing plasma and accelerated by a quasi-static electric field. The
ion beams with inverted-V structures have been observedypical signature of quasi-static acceleration is the presence
by Cluster at altitudes ranging from 4 toRg during pro-  of a convergent electric field with a potential drop across the
longed periods of northward IMF (Maggiolo et al. 2006). beam comparable to the upgoing ion energy. All these char-
These ion beams are locally accelerated by quasi-static ele@cteristics have been integrated into a procedure for semi-
tric field structures with a field-aligned electric field extend- automatic detection of events. The event selection proceeds
ing to higher altitude (up to Rg) than the parallel E-field of in two steps.
the auroral zone. Teste et al. (2007) showed that the upgo- (1) An automatic detection of upgoing ion beams inside
ing field-aligned ion beams detected above the polar caps arée lobes using AMDA, a tool developed by the CDPP (the
surrounded by upgoing electron beams. The upgoing ion an@french national data center for natural plasmas of the so-
electron beams form a succession of upward and downwarthr system), and (2) a user-controlled cross-check of “bad”
current sheets of similar intensity, suggesting a local closureevents, including the verification that the ion beam acceler-
of this current system. A detailed examination of one particu-ation is consistent with a quasi-static electric field. Let us
lar event showed that the ion outflow structure was elongatedletail the two steps below.
in the Xgsedirection and had a lifetime of more than 30 min.  AMDA makes a conditional search on satellite data and
The purpose of this paper is to study the statistical prop-gives as an output the time periods when mathematical con-
erties of the high latitude upgoing ion beams measured byditions specified by the user are satisfied. In our study we
Cluster above the polar caps. One main goal of this study izised a combination of conditions on the ion moments deter-
to compare the statistical properties of polar cap ion beamsnined by the CIS/HIA detector onboard Cluster. The method
(PCIB) to that of polar cap arcs and of inverted-V structuresand results for each condition are illustrated in Fig. 1.
observed in the auroral zone. The paper is organized as fol- The first condition (A) was to detect field-aligned ion
lows: Sect. 2 describes the data and the method developdoeams. We browsed CIS/HIA ion data to find time peri-
to select the ion events; Sect. 3 presents a statistical analys@ls when (A.1) the ion velocity along the magnetic field was
of the ion properties inside the beams, as well as of beanhigher than 70 kms!, and (A.2) the ion density was higher
geometry and size. Sections 4 and 5 discuss the dependentfean 0.03 cm?. The ion density threshold was defined in or-
on IMF and solar wind plasma properties and the location ofder to remove low density regions (typically inside the lobes)
PCIB. In the last section, we summarize the results and diswhere counting rates are too low to give an accurate estimate
cuss them in the context of the magnetospheric configuratiorof the ion velocity.
during prolonged periods of northward IMF. The lobe region is populated by cold plasma undetected
by the HIA experiment, as it is not energetic enough to over-
come the positive spacecraft potential and reach the CIS de-
tector. Thus, to automatically detect the lobe region in the
HIA dataset, we used a criterion on density. This second
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Fig. 1. Data from Cluster 1 on 18 May 2003. From top to bottom: ion pitch angle distribution from HIA for all ions; time-energy spectrogram
from HIA for all ions; ion density computed from HIA; ion parallel velocity computed from HIA. The horizontal colored lines at the bottom
of the figure represent the time periods when condition A 0.03 cm3 andVpar> 70 km s 1) is satisfied (light blue) and when condition B

(n <0.03 cmi3) is satisfied (green). The orange horizontal line represents the conditismigh is the extensiortd{ 2 min) of condition B.

The time periods delimited by vertical red dashed lines and indicated by red arrows correspond to the intersection between condition A and

B’

condition (B) is satisfied when the measured plasma densityvhen Cluster detects upward accelerated ion beams above
is lower than 0.03cm3. The size of the region where this the polar caps. This example illustrates how the conditions
condition is satisfied may depend on the IMF orientation fa-defined for the AMDA tool are able to automatically detect
voring specific IMF orientation in our event selection pro- the upgoing ion beams above the polar cap. Note that no
cedure. Indeed, during periods of southward IMF, part ofcondition has been given on the Cluster orbit and that the
the lobe region may be filled by ionospheric ions outflowing regions of interest, i.e. the magnetospheric lobes, are selected
from the cusp/cleft region and energetic enough to be deby a criterion on particle density (condition B).

tected by HIA (Maggiolo et al., 2006; Nilsson et al., 2006).  some of the events selected automatically do not corre-
On the other hand, during periOdS of northward IMF the Iobespond exacﬂy to what is expected_ First’ ion beams lo-
region shrinks (e.g. Makita et al., 1983). However, there iScated at the lobe-plasma sheet interface do satisfy our condi-
observational evidence that most of the time — and Whateveﬁon (A+ B/), nevertheless they are observed at the po'eward
is the IMF orientation — there exists a lobe region only pop-houndary of the auroral oval and are not surrounded by lobe

ulated by cold plasma undetected by particle detectors (e.gslasma on both sides and have therefore been removed from
Moore et al., 1997; Engwall et al., 2009). Thus, condition B gy database.

can be satisfied for any IMF orientation. We also removed events that satisfied our condition

Finally, to obtain the time periods when Cluster detects(A +B’) due to spurious values of the density and/or veloc-
field-aligned ion beams inside the lobe region we combinedity, like is the case, for instance, at times when the CIS/HIA
these two conditions. Obviously, because of the densityexperiment changes its operating mode.
threshold, condition A and B exclude each other. We thus o tfiowing ions originating from the cusp/cleft region are

defined a new condition'Boy extending the time periods  frequently observed in the lobes. They are accelerated at low
satisfying condition B byt2 min. altitude above the dayside polar ionosphere and are trans-
The intersection between condition A anddrrespondto  ported in the tailward direction by the convection electric
periods when field-aligned ion beams are detected by Clustefield. As shown by Maggiolo et al. (2006), they have energy
in the magnetospheric lobes. Figure 1 shows CIS/HIA dataand temperature signatures similar to the PCIB and can also
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Fig. 2. Data from Cluster 1 on 1 April 2004. From top to bottom: ion pitch angle distribution from HIA for all ions; time-energy spectrogram
from HIA for all ions; time-energy spectrogram from CODIF forQtime-energy spectrogram from CODIF for'tlGSE components of

the perpendicular electric field as given by EFW; electric potential along the spacecraft trajectory computed from EFW data (black curve)
and energy of the maximum of ion fluxes (red curve). The polar cap ion beam is detected between 06:42 UT and 06:46 UT.

display energy variations resembling inverted V structures.in the Northern Hemisphere. However, as 92 % of the events
Despite these similarities, cusp/cleft outflows can be distin-of our dataset are located in the Northern Hemisphere, our
guished from PCIB without any ambiguity. Indeed, while results are only representative of PCIB located in this hemi-

they move upward along the magnetic field lines, ions fromsphere.

the cusp/cleft drift at the ExB velocity perpendicularly to the

magnetic field. The resulting velocity filter effect provides

a mass dispersion. Consequently, at a given location abov@ Properties of PCIB

the polar caps, ions of different masses are well separated ] ] ] )

in energy. This is clearly observed by Cluster. Maggiolo et This sectl_on_focuses on the propertles of the ion pop_ulatlo_ns
al. (2006) reported energy ratio betweeh @nd H" around detecfted inside the acceleration structgres_, on the onentafuon
4 at distances of 5-8¢ and Nilsson et al. (2006) around and size of thg beams, and on the estimation of the total ion
16 in the 5 to 1&g distance region. This characteristic Outflow associated with PCIB.

of cusp/cleft ion outflows rules out any confusion between
them and PCIB. We removed cusp/cleft ion outflows from

our database by chef:klng that the lon flelq-ahgned ac_cgler:l_he outflowing ions have temperatures of the order of tens
ation was electrostatic. As illustrated in Fig. 2, we verified

) 3 ; f eV an ntain a significant amount offQons. Th
that (i) H™ and O" had the same energy, (ii) the ion beams of eV and contain a significant amount o OO S ey,
. : : oo re strongly field-aligned and move in the tailward direction
are associated with strong perpendicular electric fields, an e .
; . .. along the magnetic field. We can therefore conjecture that
(iii) the electric potential integrated along the Cluster orbit is

matching the ion beam ener their origin is the ionosphere.
9 9y- The properties of the outflowing ions in the center of the

The algorithm described above has been applied to Clusbeams — where the ion energy is maximal — are summarized
ter 1 data from the beginning of 2001 to the end of 2006, in Fig. 3.
and identified a set of 185 events. Our selection criteria on Figure 3a shows the distribution of the energy of the peak
density, velocity, and electric field signature are somewhatfflux as given by the HIA experiment. The typical ion en-
arbitrary. Therefore, it is possible that the real number ofergy is below 500 eV with an average energy of about 370 eV.
events is larger. Note that only 15 events are located in th&However, there is a high energy tail in this distribution and
Southern Hemisphere. This is an effect of the Cluster orbitsome beams may reach energies up &keV. Note that be-
(see Sect. 5) and doesn’t imply that PCIB are more frequentause of the condition on parallel velocity defined for the

3.1 Energy of locally accelerated PCIB
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R. Maggiolo et al.: Polar cap ion beams during periods of northward IMF 775

40 : : 15 ‘ ‘ ‘
) (a) (b)
£ 30} T[] £
c — c
o o 10
3 ]
5 20} 5
2 2
£ E 5
2 10f] 2
0 T (s 0 [l
0 1000 2000 3000 0 0.5 } 15 2
Epyax 0N (€V) No./Ny,
30
201 n
1 c d
e (© o5l (d) |
R B g 20} 1
S 8
g 10} é 15¢ 1
5 2
8 £ 10} 1
=}
5r c
LI i l |
0 ’-H "H nl nl O | | ‘ | |
0 0.05 0.1 0.15 0.2 0.25 0.3 6 7 8 9 10
lon density (cm ™) lonosheric flux log(cm™2s™%)

Fig. 3. Properties of PCIB(a) lon energy of the peak flux computed from Hif) OT to HT density ratio computed from CODIF.

(c) Outflowing ions density computed from HIA (grey bars) and from CODIF (white bars). There are less data points for CODIF than for
HIA, as CODIF was off after April 2005. For better comparison the distributions have been normalized. The ion density computed from
CODIF is the sum of the density of outflowingtHand OF. The contribution of other species is considered as neglig{dieParticle flux
mapped to ionospheric altitude (100 km). The green bars stand!far@ the blue bars for H, and the red bars correspond to the total flux
(obtained by summing ® and HF flux).

automatic detection of events, ion beams with energies beHowever, in both regions the distribution of the field-aligned
low 25 eV are excluded from this distribution. potential displays similar profiles with more events at low

The energy of the outflowing ion beams corresponds toenergies and a tail at high energies with a decreasing expo-
the energy to which they have been accelerated along theential profile (with a characteristic energy e#00eV for
magnetic field and thus to the field-aligned potential drop be-PCIB).
tween the ionosphere and the Cluster spacecraft. The satel-
lite altitude may influence the observed peak energy wher8.2 Density and composition of PCIB
the spacecraft is located inside the acceleration region. Con-
sequently the acceleration that occurs above Cluster can bieigure 3b, ¢, and d, respectively, shows the distribution of
missed. Indeed, the study by Maggiolo et al. (2006) revealedhe O" to HT number density ratio from CODIF, the total
that the field-aligned electric field can extend above Clusterion density obtained from CIS/HIA and CIS/CODIF, and the
altitude. However, for the events presented in that study, atotal ion flux. Note that the CODIF detector onboard Clus-
least 75 percent of the total field aligned potential drop waster 1 was off after April 2005 so that there are less data points
located below Cluster altitude. Furthermore, we found nofor ion composition and CODIF density than the number of
correlation between Cluster altitude and the peak energy irevents in our dataset.
our dataset. So we conclude that the ion peak energy is a The total density obtained from HIA, which is computed
good proxy of the total field-aligned potential drop and that assuming that the plasma is composed of protons only, and
the bias due to Cluster altitude in the energy distribution isthe total density obtained from CODIF, which is computed
low. by summing the measured™and O" densities, don't dif-

In contrast to the auroral zone, where the total field- fer significantly. Indeed, while the composition of the beams
aligned potential drop ranges in most cases from 2 to 4 ke\Ms highly variable, oxygen ions rarely dominate the number
and can reach-15keV (e.g. Partamies et al., 2008), above density and the average composition of beamslit3 of O*
the polar caps, it is almost one order of magnitude lower.and~2/3 of H". As a consequence, the presence bfiGhs
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12 tectors. WHISPER density shows no significant differences
1 10 (] of density inside and outside the beams while the HIA de-
0.8 £ g tects no ions in between the outflowing ion beams. Indeed,
W06 F magnetospheric lobes are filled by polar wind plasma which
><8 ' S 6 is too cold to be detected by particle detectors because of
0.4 24 the positive spacecraft potential. Thus, contrary to what is
0.2 % ) suggested by particle spectrograms, the outflow regions have
o similar plasma densities as the surrounding magnetospheric
0 0 lobes, populated by cold polar wind pl The only differ-
0.5 v 0 05 0 50 100 , populated by cold polar wind plasma. The only differ
GSE Thickness (km) ence is that in the outflow regions the plasma has been heated
and accelerated enough so that it can be measured by particle

Fig. 4. Left panel: Projection in th&Ygsg plane of the axis tan- detectors

gential to the ion beams and perpendicular to the magnetic field,

evaluated from the MVA analysis of electric field data. The grey

dotted lines delimit the region where the angle between this axis?"3 Geometry of PCIB
and theXgsgaxis is lower than 40 Right panel: lon beams thick-

ness at ionospheric altitude (100 k). The orientation of the outflowing ion structures can be esti-

mated by a minimum variance analysis applied to the electric

field data. Polar cap ion outflow structures are likely to be

elongated in the Sun-Earth direction and thin in the perpen-
in these beams may not alter significantly the density com-dicular direction, similar to polar cap arcs. An example has
puted by HIA. Both CODIF and HIA reveal that the den- been shown by Teste et al. (2007) for the event presented in
sity rarely exceeds 0.2cmi. The average value given by Fig. 1 of this paper.
these two experiments is respectively 0.097 and 0.09cm We assume they can be described as planar structures par-
The plasma composition inside these beams is similar to thallel to the magnetic field lines surrounded by strong conver-
polar wind composition. Indeed, a statistical study by Su etgent electric fields perpendicular to the beam plane and to
al. (1998) using plasma composition measurements by théhe magnetic field. We apply a minimum variance analysis
TIDE experiment onboard the POLAR spacecraft estimated MVA) on electric field data. The axis of maximum variance
the average proportion of Dat about 20% in the polar corresponds to the direction of this strong convergent elec-
wind. Furthermore, the average cold ion density as estimatettic field. The associated PCIB direction is then given by the
by Engwall et al. (2009) with Cluster in the lobe regions is cross product between the maximum variance axis and the
0.14cn13. PCIB differ from polar wind only by their tem- magnetic field direction.
perature, which is typically of the order of tens of eV com-  For an accurate estimation of the MVA frame, the eigen-
pared to~0.2-0.3 eV for polar wind (e.g. Yau et al., 2007). values of the electric variance matrix must satisfactorily ful-
Itis actually not surprising as heating is expected both at lowfill the conditioni1 > A2 >> A3 wherei, A2, andiz are, re-
and high altitude. At ionospheric altitudes, plasma precipita-spectively, the maximum, intermediate, and minimum vari-
tion may excite lower hybrid waves in the upper ionosphere.ances. The three components of the electric field are com-
These waves can lead to a transverse heating of the ionguted by both EDI and EFW under the hypothesis that there
spheric ions by tens or hundreds of eV (Chang and Coppiis no electric field along the magnetic field. Thus, the min-
1981). At higher altitudes, field aligned particle with dif- imum variance axis is always oriented along the magnetic
ferent velocities are likely to excite instabilities that drive field andaz is always almost null anek A1, A». Moreover,
wave activity leading to ion heating (e.g. Bergmann et al.,it implies that the intermediate variance axis gives the asso-
1988). Maggiolo et al. (2006), and Reiff et al. (1988) have ciated PCIB direction. In order to keep events where this
observed similar ion heating and noted the possibility thatdirection is well estimated, we focus on structures where
a two-stream instability may be involved. The PCIB thus A1/A, > 10. The results for the 50 beams satisfying these
look like heated and accelerated polar wind. This is con-conditions are illustrated in the left panel of Fig. 4, which
firmed by density estimations using data (not shown) fromshows a projection of the intermediate variance axis in the
the WHISPER experiment for the event detected by Clus-XYgse plane. All these vectors except one make an angle
ter on 18 May 2003 shown in Fig. 1. The plasma densitysmaller than 4D with the Xgsg direction. This implies that
can be estimated without bias with WHISPER by identify- PCIB are mainly oriented in the Sun-Earth direction as are
ing characteristic plasma frequencies in wave spectrogrampolar cap arcs (e.g. Valladares et al., 1994).
(Décreau et al., 2001). During this particular event, there
is a good agreement between WHISPER and HIA/CODIF3.4 Typical spatial scales of PCIB
densities inside the acceleration regions. It indicates that the
outflowing ionospheric plasma inside the beams is energeti¢igure 4b shows the width of the beams at ionospheric alti-
enough to be accurately detected by the HIA and CODIF detude computed for the same subset of events. This width has
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been evaluated from the distance that the Cluster spacecradtrage characteristics and with a length corresponding to the
traveled along the beam normal during the time it crossesnaximum length observed by Cluster. However, the length
it assuming that the PCIB didn't move significantly dur- observed by Cluster is limited by the spacecraft separation
ing that time. This assumption is supported by the rela-above the polar caps and the beams may be more elongated
tive stability of PCIB (see Sect. 3.7). If PCIB are the high in the Sun-Earth direction. The average outflow associated
altitude manifestation of polar cap arcs, the low drift velocity with PCIB can be estimated accurately only if we can access
(less than 200 m& at ionospheric altitude) reported by Val- the average length and the average number of beams, which
ladares et al. (1994) also support the method used for widtlis not possible with Cluster in-situ measurements. According
evaluation. The starting/ending times correspond to the moto a statistical study by Ismail and Meng (1982), the typical
ment when Cluster starts/finishes to detect upward acceletength of isolated polar cap arcs in the Sun-Earth direction
ated ions. As the average spacecraft potential above the pas about 1000 km at ionospheric altitude. If we suppose that
lar caps is~30V and the low energy detection limit of the PCIB are the high altitude signature of polar cap arcs and
HIA experiment is 5eV, the width we obtain is the size of thus that both have similar size, we obtai8 & 10?3s~1 as

the region where the outflowing ions have an energy highetthe average outflow associated with an isolated PCIB. Mul-
than~35 eV. The thickness of all of the 50 PCIB of this sub- tiple beams are frequently observed above the polar caps (up
set of events is smaller than 100 km. The distribution of theto 7 in our dataset). If we suppose that there are 5 beams in
thickness peaks between 30 and 40 km. This distribution issach hemisphere, we estimate that the average outflow due to
similar to the one obtained for the thickness of inverted-V PCIB is of the order of~10?4s~1. Note that this estimation
events of precipitating auroral electrons measured by FASTdoesn't take into account beams with low parallel velocities
(see Fig. 12 in Partamies et al., 2008) or by DMSP (peak athat are not included in our statistic. According to the PCIB

28-35km, Newell et al., 1996). energy distribution (Fig. 3a) they are likely to be more fre-
guent than high energy beams. However, the particle flux in
3.5 Total ion outflow associated with PCIB these beams should be low and thus taking them into account

shouldn't significantly change the outflow estimation.

The thermal speed of upgoing ions detected by Cluster is We can also estimate the upper boundary for the to-
small compared to their bulk velocity. Consequently, there istal outflow associated with polar cap arcs. As shown in
little difference between single particle velocity, and plasmaFig. 3d, the maximum particle flux at ionospheric altitude
ion bulk velocity and the flux of outflowing particles from is ~10°cm=2s~1. This corresponds to beams with rela-
each species can be estimated by the product between the viively high energies and densities. The maximum width of
locity and density. The ©, H', and total ion flux mapped to  a beam is of the order of 100km at ionospheric altitude.
ionospheric altitude (taken at 100 km altitude), are shown inThe maximum outflow per unit of length is then of about
Fig. 3d. Both species have been accelerated by a quasi-static10®m~1s~1. The maximum length for a beam would be
electric field and gained the same parallel energy. Therereached if it crosses the entire polar cap. If we assume the
fore, the heavier © ions have parallel velocity 4 times polar cap boundary is located at°7Bagnetic latitude, the
lower than protons. Furthermore, the"Hiensity is usu-  corresponding length would be about 5500 km at ionospheric
ally higher than the O density. It results that #H clearly  altitude. In that case, the outflow would be5 10?4s1.
dominates the number flux of outflowing particles. The av- Thus, in the case when 10 dense and energetic PCIB cross the
erage flux of O (2.75x 10’ cm~?s71) at ionospheric alti-  whole polar cap, the maximum outflow above the northern
tude is about 10 times smaller than the flux of K#.45 x polar cap would be of aboutBx 10?°s~1 and the total out-
108cm?s71). However, the mass flux associated with flow including both hemispheres would be of aboufel9.
O" and H' outflows is approximately equal (respectively We estimate that this value represents the upper boundary of
7.31x 10¥kgem?s! and 739x 107 %gcenm?2s ! at the outflow associated with PCIB. It is of the order of magni-
ionospheric altitude). tude of high latitude cold ion outflow (28s~1), as recently

The total outflow associated with PCIB can be derived byestimated by Engwall et al. (2009) with the EFW experiment
multiplying the ionospheric flux by the cross-area at iono- onboard Cluster for ions in the 0—60eV range. However,
spheric altitude. As their average width at ionospheric al-the estimated average outflow due to PCHBL(?*s™ 1) is
titudes is~37 km and the average total flux of particles is 2 orders of magnitude lower. This ionospheric ion source is
of about 485x 10°cm=2s1, the average flux per unit of much more localized than the polar wind, which covers the
length is~ 1.8 x 101"m~1s~1, Cluster data show that the whole polar cap. Furthermore, this is an intermittent source
beam length in the sunward direction can exceed 1000 km abf plasma, only active after prolonged periods of northward
Cluster altitude (e.g. Teste et al., 2007). As the mapping faciMF. The consequence is that locally accelerated PCIB are a
tor between Cluster and the ionosphere is about 10, the cominor source of ionospheric plasma compared to other con-
responding ionospheric length is about 100 km and the netinuous sources like the polar wind except during specific pe-
ion outflow about 18 x 10°?s~1. This corresponds to the av- riods. However, it may be more significant in terms of net
erage ion outflow associated with an isolated beam with avionospheric plasma loss. According to Seki et al. (2001), the
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Fig. 5. Properties of the isotropic population coincident with Type | polar cap ion beams as computed from HIA. Left panel: isotropic ion
density. Right panel: isotropic ion temperature.

total oxygen loss rate is on average about one order of magpopulation. Any scattering process that could transform
nitude lower than the polar Ooutflow rate. This difference PCIB into the isotropic population must only act o kbns.

is due to a substantial return flux from the magnetosphere t@here is no evidence of such wave activity.

the ionosphere. Seki et al. (2001) estimated the net oxygen In addition, the background population has higher tem-
ion loss to~5.10**s™*. During periods of northward IMF,  peratures than typical mantle and magnetosheath tempera-
PCIB can thus possibly contribute the same order of mag+ures, and contrary to them is isotropic with no significant
nitude to oxygen loss. It depends on whether PCIB escapgulk velocity. Thus, the more likely source for this back-
into the interplanetary medium or are finally returned to theground population is magnetospheric plasma, i.e. a plasma
ionosphere. Thus, determining PCIB contribution to the netpopulation that stayed enough time in the magnetosphere to
loss of ionospheric ions requires a good knowledge of ionbe isotropized and heated to the observed temperatures. This
trajectories in the magnetotail. This may be the subject ofisotropic population has pitch angle distributions and tem-
another study including a forward tracing of PCIB that takes peratures similar to the plasmasheet. However, it is slightly
into account the magnetic field and convection topology dur-colder than typical plasmasheet plasma which is not sur-

ing prolonged periods of northward IMF. prising as during prolonged periods of northward IMF the
plasma sheet gets colder and denser because of increased

3.6 Background isotropic population associated with penetration of solar wind plasma into the magnetospheric tail

PCIB (e.g. Fujimoto et al., 1996; Terasawa et al., 1997; Wing and

Newell, 1998). The temperature of the Cold Dense Plasma

An interesting feature of these ion beams is that the ouflow-Sheet (CDPS), 1 keV or less (e.g. Fujimoto et al., 1996), cor-
ing ions are frequently accompanied with a background popresponds to the temperature of the background protons we
ulation of magnetospheric ions. We identified two types of measure. The CDPS is depleted iff ®ecause of its solar
PCIB: Type | are upflowing ion beams collocated with an wind origin and thus the lack of ©in the isotropic back-
isotropic ion population, and Type Il beams for which the ground population is consistent with this hypothesis. How-
isotropic component is absent. Type | beams were found irever, the background proton density is lower than the typical
40 % of the analyzed events. The temperature and densit¢ DPS density. It ranges from almost 0 to 0.2¢hwhile
distributions of the isotropic component in Type | PCIB are CDPS density can exceed 1 tf(e.g. Fujimoto et al., 1996;
displayed in Fig. 5. Their temperature ranges from 300 eV toThomsen et al., 2003). Note that we have found no correla-
~3 keV while their density is quite low and highly variable. tion between the temperature and density of the background
This background population is isotropic and no significantisotropic ion population and that its kinetic pressure is always
fluxes of O ions are detected by the CODIF experiment, low compared to the magnetic pressure. Cluster data reveals
indicating it consists almost exclusively of protons. How- a rather broad range of situations for the isotropic popula-
ever, as the isotropic ion density can be very low during sometion: dense and hot, dense and cold, tenuous and dense or
events, it is possible that there is a nonzero@ntribution  tenuous and cold, while the velocity distribution function of
but that the flux is simply too low to produce significant count these ions is always isotropic. This low and variable den-
rates in the CODIF detector. sity may be linked to the process that brings these ions at

PCIB could in principle be the source of this isotropic pop- such high latitude above the polar caps or to a temporal
ulation if part of this population is heated and pitch-angle evolution or dissipation of this population once it has been
scattered by waves. However, this seems unlikely. Indeedbrought there. It can also depend on the region of the plasma
contrary to PCIB, no O ions are detected in the isotropic sheet where these ions originate, as plasma sheet density
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Fig. 6. Bi-dimensional cut of the ion distribution function in therp— Vpar plane for spacecraft 1 on 27 June 2003 around 21:52:30 UT
(left panel) and on 1 April 2004 around 06:45 UT (right pan&jerpand Vpar are defined with respect to the local magnetic field.

SC 1 27/Jun/2005

—~ Log ¢/s
o & 3.1
L
= HIA qu'oz
E lons  Log c/s
— B 4.6
E E 3.3
w HIA 2.1

\onEs -
€ nor
~ Ey gse
E Ez gse

n /2003
—~ Log ¢/s
@ 14 3.3
3 9 1.7
~ HIA —1.1
5 lons Log ¢/s
—~ 2] 4.6
E 3.3
i HIA 2.1
\onEs .

S x gse

~ Ey gse

E Ez gse

electric potential

Fig. 7. 27 June 2003, data from Cluster 1 and 3. For each spacecraft, from top to bottom: ion pitch angle distribution from HIA for all
ions; time-energy spectrogram from HIA for all ions; GSE components of the perpendicular electric field as given by EFW; electric potential
along the spacecraft trajectory computed from EFW data. The red arrows show the location of the ion beams detected by each spacecratft
Note also the clear electric signatures of the PCIB.

varies with tailward distance and distance to the flanks (e.gperature and density. As they occur at high latitude, PCIB
Wing and Newell, 1998). However, no significant correla- may preferentially lie on magnetic field lines mapping in the
tion has been found between the MLT and Invariant Latitudefar tail where ion density and Oproportion should be low
where the background population was detected and its temand thus where the plasma sheet characteristics (in particular
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density and composition) may be more similar to that of thetion. However, the last beam, not associated with isotropic
background isotropic ions. As PCIB are observed during pro{protons, is more energetic than the first one, which is mea-
longed periods of northward IMF (see Sect. 4.2), we suggessured together with a tenuous population of isotropic protons
that the CDPS may be the source of the background populafrespectively 500 eV and 150 eV).
tion. The study of the processes that bring isotropic plasma at
Figure 6 shows an example of two bi-dimensional cutshigh latitudes above the polar cap is of great interest to un-
of the ion velocity distribution function in the&/; — vV, derstanding the dynamics of the magnetospheric lobes and of
plane. The first example is taken on 27 June 2003 arounghe magnetotail during prolonged periods of northward IMF.
21:52:30UT (2nd beam in Fig. 7) and illustrates a Type | This is a key question to address in order to understand how
ion beam. It reveals the presence of two ion populations: golar cap current systems are generated. However, it is be-
cold beam with a small perpendicular velocity, accelerated inyond the scope of this paper and it will only be briefly dis-
the direction antiparallel to the magnetic field; and relatively cussed in the last section.
hot and dense background isotropic ions. The second event
in Fig. 6 illustrates a Type | polar cap beam detected on 13.7 Lifetime of PCIB
April 2004 around 06:45 UT (see Fig. 2). Two populations,
the beam and the isotropic ions, are again observed. Durind\s stated by Maggiolo et al. (2006) and Teste et al. (2007),
this event, the background population is cold and particularlythe PCIB measured during the 18 May 2003 event displayed
tenuous but it is still isotropic. Figure 6 illustrates that inde- in Fig. 1 are stable and their lifetime is longer than 30 min.
pendently of their temperature or density the velocity distri- A comparison between different Cluster data for the events
bution function of the background population is always very of our dataset reveals that the beams are indeed usually sta-
close to isotropy. ble with long lifetimes. Similar structures are frequently ob-
Note also that the hot isotropic protons are detected preserved on the different Cluster spacecraft with a delay of
cisely in the same regions as the outflowing ion beams (seseveral minutes. The maximum delays (up to 30 min) are
Figs. 1, 2, and 7). For the Type | ion beams, the outflowobserved when the Cluster spacecraft separation distance is
region is limited to the region where the background popula-large (i.e. during the first half of 2003 and in 2006). This
tion is detected. It thus seems that isotropic ions play a role ifis exemplified in Fig. 7, which shows data from Cluster 1
the processes that generate the Type | PCIB and that the siznd 3 for a polar cap crossing on 27 June 2003. During
of the Type | PCIB is related to the size of the isotropic back- this polar cap crossing, 6 ion beams and associated electric
ground plasma clouds. However, the majority of the beamspotential structures are observed by both spacecraft. De-
(60 %) are of type | — with no isotropic background — and spite some small variations, there is no doubt that these 2
type | and Il ion beams have similar energy, size, density,spacecraft cross the same beams with a delay of about 5 min.
and composition distributions. These beams are approximately detected at the same location
Several configurations are thus possible and the distinctiorand no significant drift of the structures occurred during this
between Type | and Type Il PCIB is arbitrary, as it depends5 min period. The long lifetime of the structures confirms
on the sensitivity of the ion detector. This complicated situa-the acceleration by quasi-static electric fields. Furthermore,
tion is well illustrated by the polar cap crossing displayed in it is consistent with the polar cap arc lifetime, which can ex-
Fig. 1. Cluster is crossing the Northern polar cap fre83° ceed one hour and is typically tens of minutes (see Zhu et
latitude to~88° latitude in the 18:00-19:00 MLT sector. The al., 1997). As it can be seen in Fig. 7, not only the beams
first Type | beam is detected around 11:12 UT; it shows aare long-lived but also the isotropic ion clouds that can ac-
tenuous background population of isotropic protons with acompany them. When comparing data from different Cluster
temperature of~2keV and a very low density (less than spacecraft we were not able to identify any significant time
0.002cnt3). Around 11:16 UT Cluster detects a smaller evolution of the isotropic plasma clouds in our dataset. Their
Type Il beam. Then, from 11:27 UT to 11:35 UT, data show density and temperature remain virtually the same between
a third outflowing ion beam, of Type I, accompanied by an successive Cluster observations; the general trend is that the
intense isotropic population. Note that around 11:30 UT oneproperties of the isotropic plasma remain almost unchanged
can identify a sharp transition in the energy spectra of theon a time scale of several minutes.
isotropic population accompanying the beam: the isotropic
ion population is colder before 11:30 UT (500 eV) and hot-
ter after (~1000 eV). The isotropic plasma cloud is detected4 PCIB dependence on solar wind and IMF
together with a broad ion beam, seemingly composed of
two merged inverted V structures. Then, around 11:40 UTThis section discusses the dependence of PCIB on interplan-
a fourth beam is detected. This Type Il beam also comprisegtary parameters like solar wind pressure and density and in-
two substructures but is not accompanied by a backgrounderplanetary magnetic field (IMF) orientation. Solar wind pa-
population. The more energetic ion beam (700 eV) is therameters from the ACE spacecraft were shifted to 1 AU. IMF
one associated with the more intense background populacomponents are given in the GSM frame. The results are
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compared to the dependence of polar cap arcs on interplan- 30
etary parameters as given by previous studies using optical
data both from ground and spacecraft imagers. Most of these 25 (a)
studies are discussed in a review paper on polar cap arcs by
Zhu et al. (1997).

The Cluster observations analyzed in this study do not
show a clear correlation between the occurrence of polar cap

20 (]
15
10
5
4.1 PCIB dependence on IMFBx and By [
0

outgoing ion beams and the solar wind density, velocity, dy-
Figure 8 shows how the PCIB occurrence rate varies with the 0 5

number of beams

.

namic pressure, or IMF magnitude.

IMF components in the GSM frame. The grey bars include o5 IMF B‘X (nT)
all events while the red (green) bars correspond to beams as-
sociated (or not associated) with hot isotropic ions. —

The beams are preferentially detected during periods of g 201
negativeBy (median value-1.5nT), However, this is actu- .
ally true only for Type Il beams (median value€2.3 nT); in- 2 151
deed the occurrence of Type | PCIB doesn’t seem to depend ©
on IMF Bx (median value 0.58nT). Lassen and Danielsen 2101
(1978) and Kullen et al. (2002) reported that polar cap arc oc- g
currence is influenced by the IMBx, suggesting that more < 5¢
polar cap arcs are observed during periods of negadtjve
Other studies, however, found no clear correlation between 0
the occurrence of polar cap arcs and the IB}=(e.g. Ismail -5 0
etal., 1977; Gussenhoven, 1982). IMF By (nT)

PCIB are mainly observed during periods of positive IMF 30 -
By (median value 1.6 nT). This is true for both Type | (me- 25l - |
dian value 1.57 nT) and Type Il (median value 1.7 nT) ion 2 a (C)
beams. Several studies (e.g. Gussenhoven, 1982; Elphin- T 20t ]
stone et al., 1990; Makita et al., 1991) reported that polar cap ol
arcs are preferentially detected in the evening sectoBfor S 15}
positive. The MLT distribution of PCIB detected by Cluster g
(Fig. 9) is consistent with this result. While in the morn- g 101
ing sector the beams are approximately detected as often for 2
positive or negativeBy, in the evening sector most of the S5
beams are detected for positiBg. Furthermore, it appears 0
that in our dataset, there are much more beams located in -5 0 5
the evening side than in the morning side. The cause of this IMF Bz (nT)

asymmetry is not clear.
As stated in the review by Zhu et al. (1997), while IMF Fig. 8. Summary of the role of IMF on the occurrence of PCIB.

Bx and By seem to influence the location and motion of IMF components are given in the GSM frame. From top to bottom:

polar cap arcs, there still exists some controversy on theifccurrence frequency of PCIB as a function of IM, By and

effects. Analyzing the influence of IMF on the location of _BZ. For each panel, the red ba_rs show the distribution for Type |

PCIB is not straightforward, as the orbit of Cluster space-'?}n t_)eart?s, the g_lr_ienlmBType IIblor_1 bzaps, ar;]d tzzca:grey bars fofrt all

craft influences the location of beams detection (see Sect. 5). ne(jli(;nshieftaen(]i.C) 1 AeU z Is obtained from the spacecra

In addition, it must be noted that due to the orientation of the '

Parker spiral, IMFBx and By are dependant. Consequently,

positi\_/e IMF By is statisticglly more often associated yvi_th 4.2 PCIB dependence on IMFBz

negative IMFByx. These biases prevent us from obtaining

unambiguous conclusions about the IMk and By control

on PCIB. We can only state that during periods of positive

IMF By we detect more beams in the evening sector.

There is less controversy on the relation between IR§#

and polar cap arcs. Polar cap arcs appear during quiet ge-
omagnetic activity periods (e.g. Davis, 1963; Ismalil et al.,
1977). They are thus preferentially observed during periods
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atime lag,At, prior to the PCIB detection by Cluster. The IM¥z
Fig. 9. The distribution of polar cap ion beams as a function of is obtained from the ACE spacecraft and is shifted to 1 AU.
magnetic local time (MLT). The white bars correspond to events
detected during periods of positive IMBy and the grey ones for
events detected during periods of negatBse. The mapping uses

I ween th m detection and the moment when th
the Tsyganenko 89 model (Tsyganenko, 1989). ag betwee e beam detection and the moment whe €

Bz sign is measured. This plot was obtained by checking the
orientation of IMF Bz for a variable time lag\r prior to the

35 ' ' ' ' ' event for all the events in the database. Figure 11 shows the
results forAr taking values between 0 and 300 min; it evi-
30t ] 1 dences that from-20 min to~2 h before the beam detection,
* the probability of having positivz is the highest{80 %).
T 25} 1 PCIB are thus detected after prolonged periods of northward
9 — [ IMF. However, a large fraction of them (35 %) is detected
E 20} i while IMF Bz is oriented southward. It implies that there
© [ should be a delay between a northward/southward turning of
2 15! | the IMF and their appearance/disappearance.
g From two hours to five hours before detection of PCIB, the
c 10} N | probability of havingBz positive decreases to 50%. Thus,
] for the majority of the events of our dataset, the IMF turned
northward more than 2 h prior to the detection of the beams.
S ] We conclude that the delay between a northward turning of
the IMF and the appearance of beams is about 2h. Then,
0 0 1 2 3 4 5 between 20 min and 2 h prior to the beam detection, there is
Kp a plateau with a high probability of havingz north. This

probability sharply decreases fart between 0 and 20 min
prior detection of beams. Thus, for a significant part of the
events of our dataseRz turned southward less then 20 min
before but the beams are still observed above the polar caps.
Consequently, the delay between a southward turning of the
of northward IMF. However, they can also be observed dur-IMF and the disappearance of beams may be of the order of
ing southward IMF as reported by Rairden and Mende (198920 min. Note that we obtain comparal#g profiles and time
and Valladares et al. (1994), who respectively found that 67-delays when we repeat this analysis for PCIB of Type | and
80 % of polar cap arcs occur forBnorth conditions. We |l taken separately. These delays are similar to the delay be-
observe a similar behavior for PCIB. They are preferentiallytween polar cap arc appearance/disappearancé&angrn-
detected during periods of low geomagnetic activity with low ings. In the study of Kullen et al. (2002), the highest prob-
Kp (Fig. 10) and the majority of them (65 %) — but not all — ability of having northward IMF was found 1 to 2 h before
are detected duringz north conditions. polar cap arc detection. The delay between a northward turn-
Figure 11 shows the evolution of the percentage of PCIBing of the IMF and the appearance of polar cap arcs has been
events detected wheBy is positive as a function of the time estimated to be 1 h (Troshichev et al., 1988). On the other

Fig. 10. The occurrence frequency of PCIB as a function of the Kp
index.
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hand, the estimated delay between a southward turning ot 100 km altitude. PCIB can be detected everywhere above
the IMF and the disappearance of polar cap arcs varies fronthe polar caps. While the auroral zone extends to higher lati-
10-15min (Troshichev et al., 1988) to 30 min (Valladares ettude for low Kp, the latitude where PCIB occur is not corre-
al., 1994; Rodriguez et al., 1997). lated to Kp. Furthermore, PCIB can be detected at very high
As suggested by Valladares et al. (1994) for polar caplatitudes, indicating that they are not necessarily located ad-
arcs, the delays between IMF turnings and the appearfacent to the auroral oval but can actually be located every-
ance/disappearance of PCIB may be related to the timevhere above the polar caps. This is confirmed by Cluster
needed for the magnetosphere to complete or lose its northparticle spectrograms which clearly show that PCIB can be
ward IMF configuration. Thus, PCIB and the processes thatletected everywhere in the lobe region, far from the plas-
lead to their formation appear to be a feature of the globalmasheet.
magnetospheric configuration during prolonged periods of The distribution of PCIB above the polar caps is not uni-
northward IMF. form. As seen in Fig. 9, more beams are detected in the
dusk sector than in the dawn sector. Furthermore, only a few
beams are detected around noon and midnight. However,
the Cluster spacecraft don't provide a uniform coverage of
the polar caps as their altitude varies when they cross them.
The perigee of the Cluster spacecraft moves around the Earth
{n the course of the year. Consequently, it is located in the
nightside during winter, in the dayside during summer, in the
dawnside during spring and in the duskside during autumn.
Thereby, during spring, the Cluster spacecraft will cross the
northern polar cap from dawn to dusk and its altitude will

identify the PCIB based on the local value of the density.increase while it moves across it. As discussed in Sect. 5.1,
therefore these criteria may favor detection of PCIB at low € Probability to detect PCIB depends on the Cluster alti-

altitudes where the density inside the outgoing ion beams i{ud€, thus during spring, the probability of detecting a polar
higher. Due to the divergence of magnetic field lines, the€aP ion beam will be higher on the dawn side than on the
more the altitude increases, the lower the density is insidélusk side. Furthermore, Cluster perigee is not in the ecliptic
the beams. Thus, at high altitudes, the density inside thé/ane. Itis actually slightly shifted in the Northern Hemi-

ion beams is less likely to satisfy the criteria defined for the SPhere, complicating the situation even more. The geometry

automated searchv(> 0.03 cnt3) in the AMDA database. of the beams could also introduce a bias. The PCIB, as the
Moreover, at high altitude the intensity of the converging Polar cap arcs, tend to be elongated in the Sun-Earth direc-
electric field structures associated with ion beams becomelion and they are quite thin in the dawn-dusk direction. As

less intense because of the magnetic field line divergencé® conseéguence, the probability of crossing a beam is higher
Thus, the electric signature of PCIB is more difficult to iden- dUring spring and autumn when the Cluster spacecraft move

tify, which will again favor the detection of beams at lower roUghly in the dawn-dusk direction, i.e. perpendicular to the
altitudes. At higher altitudes, above the acceleration regionPC!B @nd polar cap arcs. This may partly explain why more

the ion beams may also be dispersed by the cross-field COrbeams are detected in the dawn and dusk sectors than in the
vection and become destructured by other processes like ceffioon and midnight sectors. The latitudinal distribution of
trifugal acceleration or wave particle interactions. The al-P€ams peaks around 85 degrees, which corresponds to the

titude dependence of beam detection has consequences gﬁitude that is best sampled by the Cluste_r spacecraft in the
the hemispheric distribution of events in our dataset. While@/titude range where we detect PCIB. It indicates that the

above the Northern polar cap Cluster samples altitudes dow'uster orbit influences the spatial distribution of the events
to~3 R, it almost never samples altitudes beloRSabove of our dataset. Because of the bias caused by the orbit of

the Southern polar cap. Because the beams are prefereﬁl_lusterwe cannot give a definitive conclusion about the spa-
tially detected at low altitude, it results that the majority of tial distribution of PCIB. However, the comparison between

the events of our dataset (92 %) are located in the Northeriihe location of the ion beams with and without an associated
Hemisphere. background isotropic population reveals that both cases can

be encountered everywhere above the polar cap; however,

5.2 lonospheric mapping of PCIB Type 1l PCIB, not associated with isotropic ions, tend to be
located at higher latitudes than Type | PCIB.

Figure 12a shows the location of the footpoints of magnetic

field lines on which PCIB have been detected (in red for

Type | beams and in green for Type Il). The mapping has

been done using the Tsyganenko 89 magnetic field model

(Tsyganenko, 1989) and the ionospheric level is taken to be

5 Location of PCIB
5.1 Hemispheric asymmetry of the observations

Most of the events of our dataset occur at altitudes comprise
between 3 and ®e. The highest altitude where a beam has
been identified is 7.8e. There are several reasons that may
explain why we don't detect beams at higher Cluster alti-
tudes. The data selection criteria (A.2 and 8se Sect. 2)

www.ann-geophys.net/29/771/2011/ Ann. Geophys., 29, 7812011



784 R. Maggiolo et al.: Polar cap ion beams during periods of northward IMF

b without isotropic ions
40r ( ) == \ith isotropic ions

NN W
o o o

-
o

umber of beams

10t

78 80 82 84 86 88 90
ILAT

Fig. 12. (a)lonospheric footpoints of the magnetic field lines on which polar cap ion beams are detected. Red dots stand for Type | ions
beams; green dots correspond to Type Il ion beaimsThe distribution of polar cap ion beams as a function of invariant latitude (ILAT).

The white bars correspond to Type | PCIB and the grey bars to Type Il PCIB. The mapping was made using the Tsyganenko 89 model
(Tsyganenko, 1989).

6 Summary and discussion ciated with PCIB can approach ¥&~1, the estimated
outflow rate of the main ionospheric sources.
In this paper we have discussed Cluster observations of ion
beams with an inverted-V shape detected above the polar - The PCIB occur during periods of low geomagnetic ac-
caps, at altitudes comprised betweeB and 7.8Rg. The tivity (typically Kp < 3). While only 65 % of them were
events were identified with the AMDA tool using an auto- observed during northward IMF, most of them (80 %)
mated procedure. The Cluster observations show that ions ~ occur after prolonged periods of northward IMF. The
originating from the polar ionosphere are accelerated along ~ delay between a northward turning of the IMF and their
the magnetic field lines by quasi-static field-aligned electric ~ appearance is estimated to be approximately 2 h; con-
fields. Our statistical study uses a dataset of 185 events of ~ Versely a southward turning of the IMF seems to trigger
which 92 % are located above the Northern polar cap. It pro-  the disappearance of the beams after roughly 20 min.
vides a detailed description of their properties that can be

. ) 6. The PCIB are preferentially observed during periods of
summarized as follows:

positive IMF By. During periods of positive IMFBy,

1. PCIB are associated with quasi-static converging elec- PCIB are preferentially detected in the evening sector.

tric fields. The average field-aligned accelerating po- 7
tential drop is estimated to be about 370 V; a maximum
value of about 2kV has been observed.

. The analysis identified two types of upgoing ion beams:
Type | represents 40% of the PCIB and corresponds
to beams embedded into a hot isotropic ion population.
Detection of this background population correlates well
with detection of the beams; its density is highly vari-
able, from almost 0 to 0.2cnd, and its temperature
ranges from a few hundred eV to 2keV. Type Il ion
beams are not accompanied by an isotropic ion compo-
nent. Type | and Il PCIB have similar statistical prop-
erties except that Type Il tend to be located at higher

3. The ion beams are structures elongated in the Sun-Earth ~ latitude than Type | PCIB.

direction. At ionospheric altitudes, their width is usu-
ally less than 100 km with a typical spatial scale of about
30-40km.

2. The average density of upflowing ions is about 0.09—
0.1cnm3. The ion beams are composed of ldnd O
with varying proportions. While sometimes the ©@an
dominate, the average proportion is 2/3 of kind 1/3 of
O™. These ions look like heated and accelerated polar
wind.

8. The PCIB are long-lived and stationary structures with
lifetimes of several minutes at least.

) ) ) 9. There is a tendency of PCIB to be located towards the
4. The PCIB are not a major source of ionospheric plasma  f5nks of the polar caps; however, this effect needs fur-
escape. It is an intermittent source active only dur-  herinvestigation as it may depend on the characteristics

ing prolonged periods of northward IMF. The aver- of the Cluster orbit and the event selection criteria.
age particle number flux at ionospheric level is about

4.85x 18 cm2s1 and the average total ion outflow PCIB are associated with field-aligned potential drops about
about 184s~1. However, the maximum outflow asso- one order of magnitude lower that the typical field-aligned
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potential drops associated with auroral zone inverted-Vs, buti temporal evolution of this population or because it is too
have similar widths. tenuous at Cluster altitude to be measured. The fact that all
The statistical properties of PCIB show similarities with beams have similar statistical properties and that the isotropic
polar cap arcs observed with ground and spacecraft imagerson density is highly variable and reaches extremely low val-
The PCIB and polar cap arcs both show the same dependes (at the limit of the detection threshold of Cluster particle
dence on IMFBz, the same geometry, i.e. thin in the dawn- detectors) seems to favor the second hypothesis.
dusk direction and elongated in the Sun-Earth direction, and The Cluster multi-point measurements clearly show that
have similar lifetimes. PCIB are accelerated upward by athe isotropic plasma filaments we observe are actually spa-
field-aligned electric field that also accelerates electrons irtial structures. Indeed, the detection of isotropic plasma fila-
the downward direction. Precipitating electrons in PCIB col- ments associated with PCIB at similar location and with a de-
lide at lower altitudes with ionospheric particles generatinglay of several minutes by different Cluster spacecraft exclude
photo-emissions like in polar cap arcs. Furthermore, acthat they are temporal features associated with the flapping
cording to Cluster data, PCIB are clearly separated from thanotion of the plasma sheet.
plasma sheet and therefore they are detached from the au- The presence of plasma material inside the lobes has been
roral oval. The lower latitude parts of these structures mayreported previously, for example from Interball data. Koleva
be connected to the auroral oval; however they are clearly @and Sauvaud (2008) discussed observations of mixed plasma
polar cap phenomenon. It is thus likely that PCIB and po-sheet/magnetosheath material and of plasma sheet structures
lar cap arcs are different aspects of the same magnetospherdharacteristic of the cold plasma sheet inside the lobes. Grig-
processes. We interpret the PCIB Cluster events detected byrenko et al. (2002) reported Interball observations of plasma
Cluster as the high-altitude signature of the lower altitudesheet filaments inside the lobes during northward IMF con-
polar cap arcs. Additional evidence should be provided byditions and closer to the PSBL during southward IMF con-
correlated campaigns including spacecraft and ground-baseditions. As they used only single-spacecraft measurements
observations. they couldn’t exclude that these structures were due to the
Cluster data at relatively high altitudes can shed new lightflapping motion of the plasma sheet instead of being fila-
on the study of polar cap arcs. At higher altitudes, duements detached from the plasma sheet.
to the divergence of magnetic field lines, the structures get Theta auroras are also associated with plasma sheet ion
wider and thus allow Cluster to obtain more detailed mea-precipitation (e.g. Peterson and Shelley, 1984; Frank et al.,
surements. The field-aligned potential drop associated witt1986). Theta auroras are intense and large scale structures
PCIB is quite low. The precipitating electrons have relatively crossing the whole polar cap. However, according to their
low energies and may not always be able to trigger a signif-scale size and because of the low field-aligned potential
icant luminous emission. It is therefore possible that, de-drops, the PCIB we observe may preferentially correspond to
pending on the detector sensitivity, optical observations re-arcs at smaller scale rather than to theta aurora. The presence
flect only a fraction (the more energetic events) of polar capor lack of precipitating ions has been frequently used to asses
arcs. This should be taken into account when interpretingf isolated polar cap arcs are located on closed or open field
polar cap arc optical observations. Furthermore, the Clusiines. Depending on the study, ion precipitation has been
ter spacecraft observe the magnetospheric lobes closer to théentified (e.g. Ismail et al., 1977; Whalen et al., 1971) or
generator/driver of polar cap arcs and can bring new data omot (e.g. Hoffman et al., 1985; Bonnell et al., 1999). Thus,
the latter. there still exists some controversy on the issue of whether
The strong spatial correlation between the PCIB and thdon precipitation is associated with polar cap arcs or not, and
presence of an isotropic hot ion population suggests that thevhether they are located on closed or open field lines. Our
two are related to the same mechanism driving field-alignedstudy brings supplementary evidence showing that there is no
acceleration above the polar cap during/after prolonged peelear difference between PCIB detected together with dense,
riods of northward IMF. The temperature and the pitch an-with tenuous, or with no isotropic ions. The presence or ab-
gle distribution of the isotropic component suggest that itssence of precipitating ions alone shouldn't be used to clas-
origin may be the Cold Dense Plasma Sheet. A more desify arcs and is not sufficient to know the magnetic field line
tailed analysis is necessary to clearly identify the source oftopology (open or closed). Other data, such as the convection
this isotropic plasma and the processes that bring it into thesignatures or the properties of precipitating electrons, should
magnetospheric lobes. This is beyond the scope of this papealso be considered. This should be the topic of future stud-
The reason why only a fraction of PCIB is accompaniedies aiming to identify the magnetic field lines topology and
by the isotropic component, even during the same polar caphe source region of the precipitating electrons. Conjugated
crossing, is not clear. The two classes of beams, Type | andtudies combining Cluster in-situ data with SuperDARN con-
I, can correspond to different classes of beams generated byection maps and/or polar cap images should also be of great
distinct processes. It is also possible that isotropic ions arénterest to shed light on the driver of particle acceleration in-
always associated with PCIB but that sometimes they are noside polar cap arcs.
detected by the Cluster spacecraft, for example because of
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