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Abstract. We report shell-like configurations seen irf @n Key words. Magnetospheric physics (magnetopause, cusp,
velocity distributions. One case was observed aboke $ and boundary layers; magnetospheric configuration and dy-
radial distance in the dayside magnetosphere, presumably inamics; general or miscellaneous)

the mantle region, during the observation period of 09:30—
10:00 UT on 12 April 2001 by the CIS instrument on board
the Cluster satellite. This shell-like configuration was dif-
ferent from so-called “conics” or “beams”: the lower en- 1 Introduction

ergy (cold) population and the higher energy partial shell part

were seen together, but there was no obvious signature dPn outflows in the cusp region have been greatly studied pre-
heating process. With respect to"Hon velocity distribu-  Viously and ionospheric ion outflows in this region have been
tions observed simultaneously, transverse heating (so-calletgported as persistent phenomena (Yau and &(97)). It

in “pan-cake” shape) or field-aligned energisation configu-is believed that ion outflows are accompanied by transverse
rations were seen as the result of heating/energisation prdon heating and one of the probable explanations for trans-
cesses and the upward-going part of the distribution alsdg/€rse ion heating is a wave-particle interaction. Numerous
formed a half spherical thick shell configuration. Concerningsatellite crossings of the dayside cusp region have yielded ob-
O™ ion heating in the case of 12 April 2001, it was obviously servations that suggest one or more wave modes as the agents
observed when the Spacecraft passed through the mantle r@f plasma heating. FrEja observations at the altitudes below
gion close to the poleward cusp. As the spacecraft moved- 700 km (Nordgvist et al. (1998)) and FAST satellite obser-
toward the dayside cusp shell-like (or dome shape) velocvations at the altitudes below 4000 km (Lund et al. (2000))
i[y distributions appeared apparenﬂy and continued to be ObShOWGd that most transverse ion heating events were asso-
served until the spacecraft reached the magnetopause accorgiated with an enhancement of broad-band, extremely low
ing to two other different cases (13 February 2001 and 14frequency (BBELF) turbulence. In those cases, ions obtained
April 2001). Two other cases were observed in the Southerrgnergies through cyclotron resonance around the ion frequen-
Hemisphere and the spacecraft was supposed to pass throu§®s.

the dayside cusp toward the mantle region at higher altitudes Another possible wave mode causing transverse ion heat-
(9-11Rg). OT ion velocity distributions in these cases show ing is an electrostatic wave around the lower hybrid (LH) fre-
pre-/post-structured shell-like configurations, depending orquency, e.g. Bouhram et al. (2002). Roth and Hudson (1985)

the observation sites (mantle or dayside cusp). demonstrated that ring distributions of magnetosheath ion in-
jections, observed by both S3-3 and Dynamics Explorer-1
Correspondence tdS. Joko (DE-1) at~1-4Rg, can generate LH waves by means of ki-

(sachiko.joko@irf.se) netic simulations.
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On the one hand, energetic-40keV) ions have been terms of heating process. Roth and Hudson (1985), as cited
observed in the dayside high-altitude (6-®2) cusp re-  shortly above, reported that'Qons originating in the iono-
gions by the Polar satellite (Chen et al. (1997); Chen andsphere are heated significantly by Heions in the inflowing
Fritz (2001); Fritz et al. (2003) for the latest and referencessolar wind that downflow into the cusp. In that case, down-
therein). These energetic ions seemed to be associated wiffowing He™ ™ ions have a ring-shaped velocity distribution
large diamagnetic cavities, perhaps caused by strong magnd low hybrid (LH) waves are excited mainly perpendicu-
netic field turbulences, and the cusp diamagnetic cavitiedar to the geomagnetic field by the ring distribution. These
were almost always observed. On the other hand, simultatH waves play an important role in heating/energising O
neously observed lower energeticZ0 keV) ion fluxes were  ion conics. With respect to generating “ring” (or “toroidal”)
reported to be observed in the dayside high-latitude magnedistributions, Moore et al. (1986) suggested a coherent accel-
tosheath, rather than in the cusp cavities, under the condieration and Brown et al. (1991) did velocity filter effects.
tion of high solar wind pressure. In fact, these lower ener-
getic ion fluxes were reported from another point of view.
The magnetosheath ions ef2keV as a maximum energy
under the low solar wind dynamic pressure observed by th
Cluster satellite showed highly isotropized velocity distribu- _ .
tions (Lavraud et al., 2002). In contrast, this paper presented-1 Observation conditions
outflowing ions (both H and O") having energies ranging
~2-20keV observed from the mantle region, dayside cuspOne observation was done by the Cluster satellite on 12
and to the magnetopause at arounBig8in radial distance Aprll 2001, from 08:00-11:00 UT. The Cluster Spacecraft-
that showed another feature; botH ldnd O ions had non- 4 (hereafter S/C-4) passed through the mantle region close
isotropized velocity distributions. For both outflowingtH to the poleward cusp (magnetic latitude, MLAT hereafter,
and O" populations, Peterson et al. (1993a, 1993b) inter-was 75.7, magnetic local time, MLT, was 12.1 h, and radial
preted the energisation and transport of ions, on basis of théistance was 7.8 at 09:00 UT), moved toward the high-
observations by the Akebono and DE-1 satellites at altitudegtitude dayside cusp/the magnetopause in the pre-noon sec-
~5000 and 22000 km, in terms of a standing A&fvwave tor after 10:00 UT (MLAT=70.1, MLT=11.0, and 8.R).
using coincident observations of magnetic field perturbation.During this period, the interplanetary magnetic field (IMF)

This paper will discuss shell-like configurations seen in Was a northward®; >0), — By-dominant @,~—20nT). Ac-

O™ ion velocity distributions, a kind of non-Maxwellian or tually there was a strong coronal mass ejection (CME) event
non-isotropic particle distribution, and this type of veloc- and it impacted the magnetosphere on the previous day. The
ity distribution has been reported firstly from the cometary 9eomagnetic activity was high according to tkg index
plasma studies e.g. Mukai et al. (1986); Neugebauer et al(K,=5).

(1987). Gary et al. (1988) have investigated wave-particleOther two cases were observed on 1) 13 February 2001,
interactions of two pick-up ion species, i.eTtnd O ions ~ 19:00-22:00 UT, and 2) 14 April 2001, 06:30-09:30 UT, re-
by means of one-dimensional electromagnetic hybrid simu-spectively. The summary of those observations are: 1) the
lations of homogeneous plasma. Gary et al. (1988) foundS/C-1 passed through frofMLAT=—452°, MLT=13.1, and
that 1) pitch-angle scattering promotes the formation of thin10.7Rg at 19:00 UT; to {MLAT=—-72.1°, MLT=14.8, and
shell-like velocity distributions of pick-up cometarytHons ~ 7.5Rg at 22:00 UT,. The IMF condition was southward, the
first in time-scale, and 2) as the'Qons are scattered into a By component was fluctuating but not with large amplitude,
shell-like distribution the pick-up Hions were found to be ~and B, was constantly minus (0 te4 nT). K, indices were
subject to stochastic acceleration. Their investigation with4 to 5—. (2) the S/C-3 passed through frqMLAT= —56.6°,
computer simulations was based on the growth of plasmaLT=8.4, and 11.&k; at 06:00 UT to {MLAT=-67.0°,
instabilities that are considered to enhance large-amplitud®LT=7.6, and 8.7R¢ at 09:00 UT. The IMF condition was
low-frequency fluctuations in the magnetic field, and then the— By dominant (10 nT) andB; fluctuated betweer-3 and
enhanced fluctuations in the magnetic fiellB/B)2 actto ~ 5nT. K, index was 3-.

isotropize ions by pitch angle scattering. Concerning another Figure 1 shows time-energy spectrograms of four ion
case observed near at the Earth, Fuselier et al. (1988) (198&pecies (H, Het™, He" and O") and geomagnetic field
reported solar wind Het and &+ shell-like distributions  components for three different cases (from the top, 12 April
in the magnetosheath. Both #e and &1 distributions are 2001, 13 February 2001, and 14 April 2001, respectively).
centred on the downstream™Hbulk velocity and Fuselier According to the geomagnetic field data, it is presumed that
et al. (1988) suggested the formation of shell-like distribu-the spacecraft was in the high-altitude dayside cusp (1) from
tions might occur through a coherent wave-particle interac-10:00 UT intermittently on 12 April 2001, 2) through the
tion and/or by scattering in the existing magnetic turbulencemagnetopause to 20:08 UT, and 3) 07:22-07:45 UT on 14
in the sheath. The shell-like Ovelocity distributions pre-  April 2001. In this report, @ ion velocity distributions were
sented in this paper were observed in the mantle region andelected from both “not in the cusp” (probably in the man-
the dayside cusp and the shell-like (or dome shape) veloctle region) and “in the dayside cusp”, except for the case of
ity distribution observed in the cusp should be discussed inL2 April 2001.

e2 Data
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Fig. 1. Time-energy spectrograms of four ion species (#et+, Het and OF) and geomagnetic field components. From the top panel

12 April 2001, 13 February 2001, and 14 April 2001, respectively.
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Fig. 2. H*(upper)/O (lower) ion velocity distributions in counts per second (c/s) observed by the Cluster S/C-3--fagdirection
corresponds to upward direction along the geomagnetic field in this case. The upper left panel in each set of velocity distributions shows a
Vpar Vperp Cross section and the other eight panels are cross sectionslipdiplane at different/par velocities.

2.2 Velocity distributions in the mantle region value compared to typical plasma velocity and convection
drift (~20 km/s), thus the effect on plasma observation could
be ignored. One velocity distribution panel was composed of
a 4-spin accumulation (1 spin=4s) and is shown in logarith-
mic count rate (c/s). One set of velocity distributions shown

Figure 2 shows FI/O* ion velocity distributions observed by
the CIS/CODIF (Cluster lon Spectrometry experiment/time-

of-flight ion COmposition and Dlstribution Function anal- in both Fig. 2 and Fig. 3 consists of nine panels: the upper

yser) instruments on board the Cluster S/C-3. Figure 3 iga¢t anel shows a velocity distribution as a function of paral-

comparable to Fig. 2 and the velocity distributions in Fig. 3 lel (Vo) and perpendicula velocity. The other eight
were observed by the Cluster S/C-4. In the time-energy, (Vpay) and perp perp y g

o o anels show different cross sections in the perpendicular ve-
spectrograms (top panel in Fig. 1), the observation time Wa{)ciw plane at different/p velocities

marked by a vertical dashed line with number 1). There was a
5-s time interval between two spacecrafts and the interspace- With respect to @ ion velocity distributions observed by
craft distance was estimated to be about 807 km. The avboth spacecrafts (lower panels in both Fig. 2 and Fig. 3), the
erage speed of the spacecraft was 1.9km/s and was a lofollowing are seen: aVpa~—150 to—200 km/s (equivalent
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Fig. 3. HT(upper)/O- (lower) ion velocity distributions in counts per second (c/s) observed by the Cluster S/C-4. The construction of
the panel is the same as that of Fig. 2. There was a 5-s time interval between two spacecraft and the interspacecraft distance was abot
807 km. There is no availableHvelocity distribution comparable toOvelocity distribution at 09:49:31 UT; therefore, the distribution at
09:49:15 UT is shown for H.

kinetic energy ranges from L:2.8keV) in the upper left configurations can be seen. These rings indicate a speed
panel, an intense, relatively cold population is seen almosbf either V~400 km/s orV ~500 km/s, and both speeds are
along the geomagnetic field. In terms of pitch angle distribu-shown by dashed circles in tHiéa— Vperp Cross section in
tion, this cold population partis distributed above 18Mere  the upper left panels, as mentioned previously. The energy
polar angular resolution is 22.%or the CIS/CODIF instru-  resolution of the CIS/CODIF instrument isE/E=0.16, so
ment. In the same panel, the speeds of 400 and 500 km/hat the velocity resolution is considered toh& / V=0.08.

are marked by dashed circles, where sp¥eid defined as  Therefore, a partial spherical shell configuration was pre-

V= /szarJr V2, and the equivalent kinetic energies are sumably observed in the'Oion velocity distribution due to

~13 and 21 keV, respectively. These parts have much highe‘.he velocity resolution. T_WO set of Dion velocity distribu_-

energies than that of the aforementioned cold population. Att'onS observgd by two dlffergnt spacecraft, where the inter-

Voar=—100 km/s —200 km/s and-250 km/s in each perpen spacecraft distance was estimated to be about 807 km, can
par—— i -

dicular velocity cross section, not complete but partial ring support this presumption.
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Fig. 4. The distribution functions {(Vpan and f (Vperp) of H*/Ot ions observed by the Cluster S/C-3 at 09:49:26 UT (upper panel) and
by the Cluster S/C-4 at 09:49:31 UT (lower panel). These observations are done by adjoining two spacecraft. The construction of the panels
is explained in the text.

On the other hand, as to the simultaneodswuglocity dis-  higher energy shell-like part seen in the @n velocity dis-
tributions shown in the upper panels of Fig. 2 and Fig. 3, tribution.
respectively, a shell-like configuration was also seen in addi- Figure 4 shows distribution functionsf(Vpa) and
tion to transverse heating or field-aligned energisation. Ac-f(Vperp)) of both H* and O observed at 09:49:26 UT by
tually a shell configuration seen intHvelocity distribution the Cluster S/C-3 and at 09:49:31 UT (for H99:46:15 UT)
was thicker in the.velocny range, 1.. heate_d, apd formed al'by the Cluster S/C-4. The unit of the distribution function is
most a half spherical shell in the upward direction along the3;, 6 and shown by logarithmic scale, agfdVpar<0) cor-
geor_nagne_ztic field. The speed)of the half spherical shell responds to the upward-going population along the geoma-
configuration ranged from 226-250) to~500 km/s, and the oo nyic field in this case. One panel consists of 1) a compari-
maximum speed corresponds to the maximum speed of thgOn betweerf (Vpado+ (black line with diamond mark) and
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f (Vperpo+ (blue and red lines with cross markjj(Vperg o+

H™, 4) comparison betweefi(Vperpo+ (black solid/dashed

in blue corresponds to the distribution function of the pitch lines with diamond mark) an@l(Vperpn+ (blue solid/dashed

angles ranging from 67.5-90n omni-azimuthal direction,

and f (Vperpo+ in red corresponds to the distribution func-

tion of the pitch angles ranging from 90-112.& omni-
azimuthal direction; therefore, botfi(Vperpo+s are sym-
metric with respect to th&per=0, 2) comparison between
f(Vpanu+ (black line with diamond mark) and (Vpergu+

lines with cross mark). The solid line corresponds to the
pitch angles ranging from 67.5-9@nd the dashed one to
the pitch angles ranging from 90-112.5 According to
the distribution functions,f (Vpar)o+ is not a field-aligned
symmetric andf (Vpao+ and f(Vperpo+ are also differ-
ent. The O upward-going populationf{(Vpar<0)) seems

(blue and red lines with cross mark); other constructions arego consist of two distributions: corresponding to a lower

the same as (2), 3) comparison betweg{Vparo+ (black
line with diamond mark) ang (Vpapy+ (blue line with cross

energy cold population and a higher energy shell-like part,
as shown in @ velocity distributions. Regarding (V)y+,

mark). The function rdepicted by red line with the diamond both f(Vpar<0)y+ and f(Vperpn+ seem to have the same
mark is f (Vpano+ but the mass is considered to be that of slope ¢f/dv) and this fact is consistent with a half spherical
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2001/04/14, (Left) S/IC-1 07:23:18 UT, (Right) S/C-3 07:23:22 UT of Fig. 4, exceptf (Vpar>0) corresponds to an upward-going
population along the geomagnetic field. Tfi&par>0) and
H+ H+ f (Vperp consist of two distributions clearly, and the higher

mean velocity is about 5064200) km/s. In spite of an en-
7 ergy (velocity) resolution, which is not good the distribution

5.0

1500 1500 ]

Log ¢/s

1000] = ! i) qf 0 1000
> w

7 s 5 w functions indicate also the emergence of a shell-like (or a
< o] L ¥ dome-shaped) configuration in the"@n velocity distribu-
2 T LM s tion.

~1000 b 1.6 17

1.0 1.0

i 2.4 Overview of evolution of velocity distributions

~1500 H'

~1500-1000 =500 0 500 1000 1500 ~1500-1000 =500 0 500 1000 1500
Vperpt (km/s) Vperp! (km/s

Fig. 6. H+ i locity distributions i ‘ 4 (c/s) ob Figure 8 shows the summary of the evolution of the ion
'9. ©. ton veloctty distribu |ons. n ,Coun s per second (c/s) ob- velocity distribution. The observation times are shown in the

served by the Cluster S/C-1 at 07:23:18 UT (left) and the Cluster . . . . .
middle and bottom panels of Fig. 1, with vertical dashed lines

S/C-3 at 07:23:22 UT (right) on 14 April 2001. There was a 4-s i
time interval between two spacecraft, but as shown in the velocityMarked by numbers 1) and 2), respectively. The left panels

distributions, the Cluster S/C-1 was presumed not to be in the daycorrespond to velocity distributions in the dayside cusp, and
side cusp due to little down-going population compared to the righta “dome” configuration was seen in the @n velocity dis-
one. tribution. The right panels correspond to velocity distribu-

tions not in the dayside cusp, but perhaps in the mantle re-

gion and a shell-like or a pre-shell configuration was seen in
shell configuration seen in the'Hvelocity distribution. The  the OF ion velocity distribution. Regarding a shell-like or a
broader higher velocity part ifi (Vpergy+ might come from  pre-shell configuration in the Dion velocity distribution, in
transverse heating. On the whole, the characteristics of disboth cases shown in Fig. 8 a cold population (narrow-banded
tribution functions are common for two different spacecraft energy) is seen along the geomagnetic field line, but the mean

observations. velocity of this cold population is different. The case of 14
April 2001, 08:19:11 UT, might be the earlier stage of evo-
2.3 Velocity distributions in the dayside cusp lution of a shell configuration. On the other hand, as to the

H¥ ion velocity distribution, a “conic” form is seen in the
Figure 5 shows another configuration seen ihion veloc-  case of 14 April 2001, 08:19:11 UT, and the region where
ity distributions both observed in the Southern Hemispherethe spacecraft has crossed is supposed to be the mantle re-
on 13 February 2001 and 14 April 2001, and the observa-gion due to an almost non existent down-going population.
tion conditions were as mentioned in the previous section. InThe cases of 13 February 2001, 20:16:19 UT, and 14 April
these cases, the spacecraft were in the dayside cusp acco@P01, 07:23:22 UT, were presumed to be observed almost
ing to the geomagnetic field components (middle and bottormat the edge of the cusp for the former and at the boundary
panel in Fig. 1), and the observation times are shown by anearby the cusp for the latter, according to the geomagnetic
vertical dashed line with number 1), respectivelypa>0 field components and the down-going kyopulation in the
corresponds to the upward direction along the geomagnetiwelocity distribution.
field. As to the adjacent observation in the case of 14 April
2001, HF ion velocity distribution, whose figure is on the left
in Fig. 6, (S/C-1) shows little down-going population appar- 3 Discussion and summary
ently compared to the right one (S/C-3). Hence the space-
craft S/C-1 was not presumed to be in the cusp yet at thatn this report shell-like configurations seen in th& ©n ve-
time. Actually the configuration seen in the"@on velocity locity distributions observed in different regions (mantle or
distribution at 07:23:18 UT, preceding the spacecraft S/C-3dayside cusp) were presented and also compared to‘the H
by 4 s, was neither similar to the configurations in Fig. 5 norion velocity distribution, which is the major ion species in
structured (not shown). Configurations seen in bothve- the both observation regions. In the case of 12 April 2001,
locity distributions in Fig. 5 form shell-like structures. Fur- the Ot ion number density was nearly constant at 0.1T&m
thermore, in detail according to the cross sections in thewhereas that of the Hions was around 1.0 cnd, with one
Vperp Plane, this configuration is more like a “dome” shape order of magnitude fluctuation (not shown); thust Mas
rather than a shell. However, the maximum energy &f O a major ion species. With respect to a “shell-like” distribu-
ions was probably above the energf0 keV, equivalent to  tion, solar wind H/O8+ distribution functions in the magne-
V=690 km/s with a detectable upper limit by the instrument, tosheath are compared mutually in Fig. 2b by Fuselier et al.
in fact leaving uncertainty about a configuration. In Fig. 7 (1988) and discussed there. As seen in both upper/lower
the distribution functions in the case of 13 February 2001 atpanels labeled (1) of Fig. 4/par— Vperp distributions have
19:48:33 UT observed by the Cluster S/C-1, whose corre-a shoulder atVparperp 2300 km/s. This kind of shoulder
sponding velocity distributions in the lower panel of Fig. 5, seen in Fig. 2b presented by Fuselier et al. (1988) (clearly
are shown. The construction of this figure is the same as thaseen in the perpendicular distributions of ldnd H&t) was
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Fig. 7. The distribution functions at 19:48:33 UT on 13 February 2001, observed by the Cluster S/C-1. The construction of the figure is the
same as that of Figure 4. These distribution functions are considered to be observed in the dayside cusp.

mentioned as attributed to reflected gyrating ions, and Fuseturbulence generated self-consistently by the minor ions may

lier et al. (1988) also mentioned that the reflected gyratingalso scatter the initial ring-beam distributions into a shell, and

H* ions are a major free energy source for turbulence thamentioned three critical parameters on which the formation

may scatter @. In Fig. 4, on the other hand, shoulders of shell-like distributions depends: the most unstable electro-

can be seen slightly in Hdistribution functions. Regarding magnetic mode, its growth rate, and the level of pre-existing

reflected gyrating ions or the “shoulder” in the distribution turbulence in the magnetosheath. The most unstable electro-

function, it is much clearer in Fig. 7. There is a much obvi- magnetic mode and its growth rate dependVgn and Vo

ous shoulder in the upward-going Hpopulation than in the  of the initial ring-beam distribution, according to the study

downward-going one, and in the upward-going @opula-  of lithium ion ring-beam instabilities (Winske et al., 1985).

tion there are two distributions that are well separated. A shell-like velocity distribution has also been observed

] ] previously in newborn cometary ions and Gary et al. (1988)

Fuselier et al. (1988) also suggested the generalised Petefyestigated the possibility that it is large-amplitude and

son model (Peterson et al., 1993a) to explain the formation ofoyer-frequency magnetic field fluctuations that cause a

the HE* and G* shell-like velocity distributionsinthe H  ghelL-like ion velocity distribution. According to the work

rest frame of the solar wind in the Earth’s magnetosheathy,y Gary et al. (1988), an empirical relation for the peak en-

The initial distribution of the minor ion species (Heand  erqy density of the magnetic field fluctuations was derived

0°") forms a gyrotropic ring-beam distribution centred at from one-dimensional computer simulations of the R-mode

velocity Vo along the magnetic field, with raditg, across  gp cyclotron resonant instability:

the magnetic field in the general case when the orientation of

the magnetosheath field, B, and decelerated solar wind veta B|? mp 2 vp 2

locity, V, are not aligned. Scattering of this ring-beam into ~ g2 = 0(_> (—> Qpw, 1)

a shell is driven by the magnetic turbulence in the magne-

tosheath; in particular Fuselier et al. (1988) suggested thaivherem; is the mass of the beam ions (in our case€, O

me
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ions),m. that of the background ions (in our case’, idns),

vp the relative drift velocity between beam ions and back-
ground ions,2;, the gyrofrequency of protons, ang the
beam injection time scale. As mentioned previously, the
number densities of H and O in the case of 12 April
2001 are 1.8610.0cn3 and 0.1cm?, respectively; thus,

O™ ions can be regarded as beam art idns can be re-
garded as background. The fluctuation of the geomagnetic
field was roughly estimated by means of a 4-s resolution
data of the FluxGate Magnetometer (FGM) instrument on
board the Cluster S/C-4, an&lB/ B increased from 10* to

102 during the observation period on 12 April 2001 (not
shown), but the least required energy density for pitch-angle
scattering was reported to s& B/B)? >10-2. Therefore,

the level of magnetic turbulence in the mantle or the day-
side cusp region, which is supposed to cause scattering ions
into shell-like distribution, should be investigated. Further
investigation is required with higher resolution of the ge-
omagnetic field data. On the basis of two previous stud-
ies mentioned above, our future work concerning shell-like
distribution functions of ions will be to look at the inter-
action between electromagnetic waves and particles where
two ion species coexist and the characteristics of geomag-
netic field fluctuation (or turbulence) in the dayside magneto-
sphere. Furthermore, ion energisation mechanisms in terms
of wave-particle interactions should also be investigated, i.e.
in the BBELF or LH wave modes. The question of whether
a shell-like ion velocity distribution is a common phenom-
ena or not should also be answered; therefore, a statistical
study on occurrence, location, and other factors/conditions
for shell-like velocity distributions will also be done.
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