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Abstract. The substorm-related acceleration and flux in- heavy energetic ion fluxes before and after substorm onset,
creases of energetic oxygen ions are studied on the basis asing AMPTE/IRM data. They found large earthward di-
test particle orbits in the fields obtained from an MHD sim- rected plasma flows concurrent with energetic proton fluxes.
ulation of plasmoid formation and ejection and the collapseThe fluxes of ions of ionospheric origin, such as oxygen,
(dipolarization) of the inner tail. The simulated fluxes show were also enhanced and the spectra became considerably
large anisotropies and nongyrotropic effects, phase bunchharder, more pronounced for oxygen than for protons.

ing, and spatially and temporally localized beams. The en- Characteristic features of energetic heavy ions have also
ergy distribution of O in the region of an earthward beamin been found in the more distant tail. ISEE-3 and, more re-
the near tail becomes significantly harder, more pronouncedently, Geotail observations have led to a picture of tail-
than for protons, in qualitative agreement with observationsward propagating plasmoids that are enveloped by a sheath
The simulation also shows tailward beams of energetic O of tailward streaming energetic ions, presumably mostly pro-
ions closely associated with the passage of a plasmoid, bottons (e.g. Scholer, 1984). The characteristics of heavier ions
inside the plasma sheet boundary and inside the centrélave been studied more recently. Investigating plasmoid or
plasma sheet, consistent with observations in the far tail. Thélux rope encounters 100R ¢ downtail, Lui et al. (1994) re-
acceleration at the near-Earth x-type neutral line producegorted high variability of the ion composition but did not find

a narrow duskward beam of energeti¢ @ the duskward  a consistent trend in the composition changes. In contrast,
extension of the x-line, which was not found to be as pro-several authors found tailward energetic oxygen streams (and

nounced in proton test particle simulations. other heavy ions) in association with substorms or pseudo
Key words. Magnetospheric physics (energetic particles, Préakups and the passage of plasmoids or flux ropes. The
trapped; magnetotail; storms and substorms) oxygen beams tend to be highly collimated in the tailward

direction (Wilken et al., 1995; Zong et al., 1998). They can
be detected in both the central plasma sheet and the plasma
sheet boundary layer (Jacquey et al., 1994), and they are as-
sociated with tailward plasma flow and southward magnetic
field components (Christon et al., 1994; Jacquey et al., 1994;

1 Introduction

Large increases in fluxes of energetic ions from a few tens, , )
of keV to hundreds of keV are often observed in the tail,%N”ken etal, 1995; Zong et al., 1998).

commonly in association with substorms. Most of these ob- Test particle simulations in dynamically changing fields,

servations of flux changes in the near and far tail concerne(ﬂnOd?“ITg sut;s;orn: zﬁiﬁs n thle mper taf"’ have tt.)eeﬂ suc-d
protons or could not distinguish protons from heavier ions, ceSStUlly used to study the acceleration of energelic charge

Fritz and Wilken (1976) concluded from ATS-6 observations particles in the energy range f.ror_n tens to hundreds O_f k?V
(with supporting solar wind data from IMP-7 and IMP-8) that (Delcourt and Sauv.auq, 1994; Blrn'and H?’SSG' 1994; Birn
heavy ions are energized inside the magnetosphere duri tal, 1997a, .1998’ Li et al., 1998; Zaharia et al., 2000).
substorm type injection events. Ipavich et al. (1984) demon-, hesg simulations have dgmoqstratgd that §ubstorm-related
strated substantial flux increases of 112—157 keVfeigns  niections of energetic particles in the inner tail can be under-

in ISEE-1 observations of the tail plasma sheet, apparentlf?of(fjon_ttr?tehbas'fl of the (Ijqcalhz_ed [{rjducef({{ﬁ lectric f|et|_d ?SIS(;)'
correlated with activity. Mbius et al. (1987) investigated clated wi €co apse( ipolariza |_on) of the magnetic hie
in the inner tail during the expansive phase of substorms.

Correspondence tal. Birn Delcourt and Sauvaud (1994) also studied the acceleration
(jbirn@lanl.gov) of Ot ions and found dramatic spectral changes with energy
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Fig. 1. Color-coded cross-tail electric fielgl, obtained from the MHD simulation (Birn and Hesse, 1996) at two different times, as indicated.

The top panels sho#,, at y=0, together with magnetic field lines, the bottom panels shgvat z=0, together with the magnetic neutral

line. The near-Earth part of the neutral line represents the x-line at the reconnection site, whereas the tailward part is the o-line in the center
of the plasmoid, propagating tailward with the plasmoid. Note that the color scalefiw different for the different times. The electric

field unit corresponds t&-80 mV/m.

increases exceeding those of protons. A combination of testion of a plasmoid. The near-Earth part of the neutral line,
particle orbit integration with a two-dimensional MHD simu- representing the x-line, remains located nea—23 (units
lation of plasmoid formation, and ejection, has also successare in Rg). Rapid increases of temperature, flow, and elec-
fully reproduced energetic proton signatures in the more distric field start atz~5 min, leading eventually to peak val-
tant tail (Scholer and Jamitzky, 1987, 1989; Sachsenwegeues of E,, of 10-20 mV/m. Figure 1 shows the color-coded
etal., 1989). cross-tail electric fieldty, from the MHD simulation for two
Although enhanced oxygen outflow from the ionospheredifferent times. The two top panels shdd, together with
presumably plays a role in the observed flux increases, addimagnetic field lines in the, z plane ¢=0), the bottom pan-
tional acceleration appears necessary to achieve the observets showE, in the equatorial planez4£0) together with the
high energies of tens or hundreds of keV. In this paper wemagnetic neutral line, consisting of the near-Earth x-line and
will extend previous test particle simulations to investigate the o-line inside the departing plasmoid farther tailward. The
heavier ions, specifically © We will focus on the acceler- peak of the electric field is only initially located near the x-
ation mechanisms and the corresponding flux increases, takine but subsequently moves earthward, while the magnitude
ing the presence of some seed population of oxygen ions increases. The earthward propagation stops near13,
the plasma sheet as granted. where the flow from the x-line is slowed down by the in-
creasing magnetic field, leading to a pile-up of magnetic flux
from approximatelyx=—10 tailward. It is noteworthy that
2 Background fields and numerical procedure the region of enhanced electric field is localized in all three

. . . . . . space dimensions.
As in earlier test particle simulations, we use the magnetic

and electric fields obtained by an MHD simulation of mag-  USing the magnetic and electric fields from the MHD sim-
netotail dynamics (Bim and Hesse, 1996) as the basis foHlation, we integrated the full ©ion orbits backward in time
the orbit integration. This simulation covers the region from UNtil they reached the boundary of the simulation box or the

x=—5Rg outtox=—65Rg. The dynamic breakup phase is initial state. At the near-Earth boundary the particles were

preceded by a simulated growth phase during which an exteflected back into the box, simulating mirroring closer to

ternal electric field is applied at the high-latitude boundary ofthe Earth, but neglecting the loss cone and the flight time

the simulation box. This leads not only to the energy buildup{Tom the boundary to the actual mirror point and back. This
in the tail lobes, but also to the formation of a thin current Poundary condition also disregards the potential new injec-

sheet in the near tail with a half-thickness-af800 km. char- tion of ionospheric particles. The instantaneous local electric

acteristic for the late growth phase and presumably cruciafnd magnetic fields were interpolated from the results of the

for the onset of an instability that initiates the breakup phaseMHD run, which were stored for time steps of 0.5 Av

The breakup of this current sheet is initiated by impos-imes (corresponding to approximately 3 s).
ing finite resistivity (defining the time=0). A neutral line Fluxes of particles at particular locations and times can be
forms as a closed curve a2 min. It subsequently expands estimated by applying Liouville’s theorem and imposing dis-
across and down the tail, corresponding to the tailward mo+ribution functions at the boundaries of the simulation box
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and for the initial state. The conservation of the phase space 180 keV O™ flux, 2= 0, t =9 min

density f along the particle trajectory then gives the value 10 :
of the distribution function at the final location. The im- ~
posed initial distributions are kappa distributions (Vasyliu- y 0
nas, 1968)

—k—1
f=f[1+(w—"} , @ 13

=

x —1.5W,

whereW;,, is the initial kinetic energy an®, is the average
energy. We found that the typical source locations of acceler-
ated O ions were inside the dawn flank plasma sheet. Since
observations in the tail indicate similar average energies for . .
plasma sheet protons and oxygen ions (e.g. Frank et al., 1977;-10 o e
Peterson et al., 1981), we used the same temperature for both
species and chose parameters typical for protons in the mod-
erately active plasma sheet (Christon et al., 1988, 1991), con?
sistent with the initial and boundary temperature of the MHD
run

k=55 W, =5keV. )

A spatial variation is now contained only in the factor y

Through phase space mapping, the final values of the dis-
tribution function can be derived from the initial distribution.
Using (1) we find

—Kk—1
Wein — AW
f—] , 3)

r=1 |:l * (k —1L5W, Fig. 2. Characteristics of 180 keV Dfluxes in the equatorial plane

) ) ) at r=9min, viewed from the north. The color represents the en-
where Wy;, is the final energy of a particle andW the  ergy gain of an ion traced backwards from the given location; this
energy gain (or loss, foAW <0). If we neglect the weak energy gain is also a measure of the flux increase at the given lo-
variation of f, we find that the major variation of fluxes at a cation. The four panels correspond to four different flux directions.
given energyW y;, stems from the energy gainW. Particles  The white contours represent the magnitude of the cross-tail electric
that start out with low energy are more abundant than higherfield, and the black line shows the magnetic neutral line=8&min.
energy particles. If they gain a lot of energy, their high initial The length unit here and in all other simulation figures i& 3.

f values map to the final high-energy phase point. There-The cc_JIored individual lines s_,hoyv proje_ctions pf or_bits gnding at
fore, even without imposing specific initial distribution func- the point of the arrow at=9min, illustrating orbits with high en-
tions, the energy gain can be taken as a measure of flux en- Y gain-

hancement when we compare fluxes at a given endfgy

Lorddlfrf]erent times antljl.pha_lse spgc? Ioli:atlonsé._ In.ll;ac.t, if V‘;]eover such a neighborhood, using a sufficient number of phase
ad chosen a Maxwellian instead of a kappa distribution, t E"space trajectories. (This closely resembles the collection of

logarithm of_the phase_ space density, and_hence of the ﬂwﬁohase space distributions from observed counts of particles.)
would be a linear function of the energy gain.

Ideally, one phase space trajectory can provide oualue
of the final distribution function at a chosen location in space3 Overview
and time. This procedure works very well when the phase
space mapping between the initial and final locations is aFigure 2 provides an overview of the characteristics of O
smooth function of the phase coordinates (cf. Curran andluxes in the equatorial plane a9 min at a typical en-
Goertz, 1989). However, in a highly nonlinear system, suchergy of 180 keV. The four panels represent four different
as the spatially and temporally variable magnetotail, chaotidlux directions. No phase space averaging has been used.
effects may dominate in some regions of the phase spacé& he color coding in this and subsequent figures can hence
i.e., a slight variation in the final location or velocity can be interpreted in two ways. The color of each pixel directly
lead to vastly different initial locations and velocities, and represents the energy gain of an ion traced backwards from
vice versa. In this case the mapped value of the distributiorthe given location. As discussed in Sect. 1, this energy gain
function can fluctuate significantly in a small neighborhood is also a measure of the flux increase at the given location,
of the chosen phase space location. The actual value to bgince the initial phase space density is higher for lower initial
compared with observations then has to be an average of energy. The white contours represent the magnitude of the
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The signatures in the more distant tail differ even more for
the different flux directions. The top panel of Fig. 2 shows
a tailward beam extending slightly duskward and tailward
from the region of enhanced electric field (white contour)
near midnight. The tailward end of this beam is given by the
neutral line (black contour), which represents the o-line in-
side the tailward moving plasmoid. Such beams have indeed
been observed in the distant tail, associated with the passage
of a plasmoid or substorm-related fast tailward flow (Chris-

0 ton et al., 1994; Jacquey et al., 1994; Wilken et al., 1995;

Zong et al., 1998; Rouquette et al., 2000). The particle tra-
jectory ending in this region shows the typical source region,
located on the dawn side of the near tail. Although this parti-

AW, cle comes from the vicinity of the location of the near-Earth

n . . . .

(keV) x-line, its acceleration takes place much farther tailward, be-
tween about 40 and 5Rg near midnight, when it crosses the
region of enhanced, associated with fast tailward plasma

160 flow.

Figure 2 (second panel) also shows a well focused
duskward beam extending duskward from the near-Earth
x-line. Such a beam was not seen in proton test particle
simulations (Birn et al., 1997a). Enhanced duskward fluxes
are also seen over most of the extent of the region of en-
hancedE, tailward of the x-line, whereas there are no in-

80

T N ) ) ) ) creases of earthward and dawnward fluxes tailward of about
x=-15 RE.
Fig. 3. Characteristics of 180 keV protons and Gluxes in the While the regions of enhanced fluxes differ considerably

duskward direction ab=8 ands=9 min. The color-coding again for the four panels of Fig. 2, the trajectories of th& @ns

represents the energy gain of an ion traced backwards from thé¢hat comprise these flux regions in the inner tail are quite
given location, taken as a measure of the flux increase at the givegimilar, so that one might consider the different regions as
location. The two bottom panels represent the samefiOxes  belonging to different phases of a bunch of particles, acceler-
shown with different color scales. The one for the middle panel ateq in the duskward direction through the localized electric
is chosen to be the same as for the protons, while the one for thﬁeld in the inner tail, then turning subsequently earthward

bottom panel extends to the maximum energy gain, to emphasize,, . :
the peak values. The red and orange lines represent the separatric?etglrd panel), dawnward (bottom panel), and tailward (top

(boundaries between closed and open field lines)di andy—8, panel) ir_1 distinct spatial regions, as defined by the finite Lar-
respectively. mor' radius. L
Figure 3 demonstrates the characteristics of the duskward

cross-tail electric field, and the black line shows the magnetidluxes in thex, z plane aty==8, duskward of the acceleration
neutral line at=9 min. The length unit here and in all other region, using again the energy gain as a proxy for the fluxes,
simulation figures is Rg. The colored individual lines show for both 180 keV protons and Oions atr=9 min. The top
projections of selected orbits of accelerated iOns ending  panel shows proton fluxes and the two bottom panels repre-
at the point of the arrow at=9 min. These locations were sent the same Ofluxes but with different color scales. The
selected to illustrate orbits with high energy gain. The colorscolor scale for the middle panel is chosen to be the same as
for the trajectories were chosen for maximum contrast onlyfor the protons, while the one for the bottom panel extends
and have no specific meaning. to the maximum energy gain, to emphasize the peak values.

Figure 2 demonstrates that regions of enhanced energetithe red and orange lines represent the separatrices (bound-
O™ fluxes are generated in the near tail for all four flux di- aries between closed and open field lines)-a0 (wider con-
rections, primarily in the area earthward and duskward fromtour) andy==8, respectively.
the region of enhanced cross-tail electric field. However, the A comparison of the top two panels of Fig. 3 demon-
spatial extent of these regions differs for the different flux di- strates that in the inner tail the cross-tail electric field asso-
rections. Specifically, the third panel of Fig. 2 shows a strongciated with the earthward flow provides similar acceleration
extended earthward beam near—10 that does not show up for protons and oxygen ions. The larger oxygen gyroradius
in the other flux directions. (Here we use the term “beam” inleads to a more visible spatial bunching of the regions of en-
a rather general sense to denote particle fluxes with a limhanced fluxes, while these regions appear more chaotic for
ited extension in velocity space, regardless of the directiorthe protons. Even higher spatial resolution could possibly
relative to the magnetic field.) We will look at more of the resolve the high-flux regions for protons as well (they are
characteristics of that beam in Sect. 4. indeed resolved just earthward of the neutral line location).
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0

-80 AWy

Fig. 5. Characteristics of 180 keV Dfluxes in the earthward direc-

tion atx=—10 and:=9 min in a view towards the Earth with dusk

to the left. The color coding again represents the energy gain of an
ion traced backwards from the given location, taken as a measure
of the flux increase at the given location. The black lines represent
the separatrices (boundaries between closed and open field lines) at
this location.

4 |nner tail

Fig. 4. Characteristics of earthward 180 keVf@luxes in the equa-  Now we look more closely at the properties of energetic O
torial plane forr=7,8,9min. The color-coding again represents fluxes in the inner tail, earthward of the location of the near-
the energy gain of an ion traced backwards from the given loca-Egrth neutral line (Fig. 1) at~—23Rg. Specifically, we
tion, taken as a measure of the flux increase at the given locationyi|| further investigate properties of the earthward beam on
The white contours represent the magnitude of the cross-tailelectrighe dusk side shown in Fig. 2. Figure 4 shows the tempo-

field, and the red' line shows the magnetic neutral line as In Fig. 2.'ra| variation of the earthward fluxes in the same format as
The black line with an arrow at the end represents a typical orbit.

with substantial energy gain. The bottom panel is identical to the'" Fig. 2_’ together V_V'th contours _CEY and the near-Earth
earthward part of the third panel in Fig. 2. neutral line at each instant. The figure demonstrates that the

earthward beam persists over several minutes at roughly the

same location. However, a secondary beam closer to the
However, integration over finite phase space volumes agaifFarth is more variable in space and time. As illustrated by
would wash out these structures in actual measurements. 1€ superposed orbit in the second panel, this beam is asso-
the more distant tail, the electric field associated with fastciated with ions that have completed more than a full gy-
tailward flows tailward of the x-line is much more effective in ration after passing through the acceleration region of en-
accelerating oxygen ions than protons. It should hence leaffancedEy, whereas the orbits shown in the third panel of
to a relatively more significant flux enhancement for oxygen Fig. 2 demonstrate that the major beam consists of ions that
ions. (For the absolute fluxes, however, we have to take intd1ave just turned earthward after their cross-tail acceleration.
account that oxygen is much less abundant in the source rédbviously, because of their dependence on gyroradius and
gion.) The bottom panel of Fig. 3 shows more clearly the gyroperiod, these features can be expected to vary with en-
peak value of acceleratedOThis peak flux is highly local- ~ €rgy, space, and time.
ized, extending duskward from the near-midnight portion of Figure 5 shows the spatial characteristics of the earth-
the near-Earth neutral line, as shown in Fig. 2. (The neutralard 180 keV O fluxes in a tail cross-section &at=—10 for
line bends tailward away from midnight and does not extend: = 9 min. The black lines represent the separatrices (bound-
to y=8.) aries between closed and open field lines) at this location.
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Fig. 6. Phase space density in thg, v, plane att=—10, y=5, z=0 Fig. 7. Directional distribution of the phase space density in the

andr=9 min. Thef values are calculated using initial kappa distri- velocity spacep, 6 plane (viewed earthward with dusk to the left)

butions (see text). The black contours represent levels of constaratx=—10, y=5, z=0 andr=9 min for earthward fluxes with=1.5

f for a slightly smoothed distribution. (corresponding to 180 keV). Thg values are calculated using ini-
tial kappa distributions (see text).

The region of enhanced earthward flux is centered around
the equatorial plane and occupies a significant portion of the
duskside plasma sheet. Closer to midnight it extends into two
layers just inside the plasma sheet boundary. The boundary
here forms a bulge due to the advance of reconnection int . i ; ) X
the lobes and the corresponding expansion of the closed fiel uxes in this region, for various energies, a¢—10, z=0

line region. There are also some more chaotic occurrences cﬁ‘nd_ three Iocatloqs . The f_ques are now calculated us-
accelerated O ions near the equatorial plane in this region. "9 initial kappa distributions in Eq. (1) with the parameters

The velocity space distribution of the earthward beam isdlven In Eq. (.2)' The absolute magnitude, however, is not
investigated more closely at the locaties—10, y=5, z=0. calibrated. Figure 8 demonstrates that enhanced earthward

Figure 6 shows the phase space density imthey, plane fluxes occur at all energies above approximately 20 keV up

(with the region of the beam more highly resolved), andto more than 300 keV. These fluxes are, however, highly vari-

Fig. 7 shows the angular distribution of the phase space den"ilble in time.

sity on the earthward part of the sphare1l.5 (180 keV),

where¢ measures the azimuth against the earthward direc- Figure 9 provides a comparison of the energy distributions
tion (positive toward dusk), antimeasures the elevation an- of proton and oxygen ion fluxes in this region, showing the
gle of the velocity vector. To obtain these distributions we fluxes as a function of energy at=—10, y=3,z=0. The
assumed the initial kappa distribution defined in (1) and (2).particle fluxes are again calculated using the initial kappa
Apart from the only slightly disturbed original distribution distribution (1) with the parameters given in (2). The dot-
centered around=0, the figures show a focused, nearly mo- ted and solid lines represent omnidirectional fluxes averaged
noenergetic earthward beam. The energy of the beam diever 14 different directions before and after the injection, re-
rectly corresponds to the gain in the duskward electric fieldspectively, while the dash-dotted line gives the distribution of
shown in Fig. 1 and hence, constitutes a remote signal of théhe earthward O fluxes only. Figure 9 demonstrates that the
potential drop across this electric field. Figure 7 shows thatoxygen flux enhancements are more significant than those
the beam at this location and energy is slightly offset towardof the energetic protons in this region, leading to a flatter
dawn, while there are some weaker fluxes forming a partial(harder) distribution up to more than 100 keV. This result
ring mainly toward dusk at larger angles from the earthwardis also in qualitative agreement with observationfilis
direction. etal., 1987).

Figure 8 shows the temporal variation of earthwarti O
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Fig. 8. Ot fluxes in the earthward direction as a function of time Fig- 9. O fluxes as a function of energy at=—10, y=3, z=0.
for various energies at=—10, z=0 and three locations in. The The fluxes are calculated using initial kappa distributions (see text)

represents earthward'Qilux only.

5 Outer tall

The close temporal association between the tailward ener-
We now focus on properties in the region of the depart_getic O beam and the passage of the o-line is demonstrated
ing plasmoid in the more distant tail, tailward 6f25Rz.  in Fig. 11, which shows, and B, from the MHD simula-
Specifically, we look at the properties of the tailward oxygen tion, together with the tailward 180 keVOflux atx=—55,
ion beam shown in the top panel of Figure 2, extending ap-y=2, z=0 as functions of time. At~7.5min B; turns neg-
proximately fromx=—50 tox=—60. Figure 10 shows the ative, showing the passage of the o-line in the center of the
spatial characteristics of 180 keV proton and tailward O plasmoid (see also Fig. 1). Modest tailward plasma flow is
fluxes in a tail cross section (with dusk to the leftxat—55  present already before the passsage of the o-line but the main
andr=9min. The color-coding again represents the energyincrease occurs whel, turns southward. The increase of
gain of ions traced backwards in time from the given locationthe O" flux occurs basically simultaneously.
as a proxy of the flux increase. The black lines represent the Figure 12 demonstrates the velocity space distributions of
separatrices (boundaries between closed and open field linet)e tailward beams, showing 180 keVGluxes as a func-
at this location. The energetic protons (top panel) form twotion of flux direction, att=-—55, y=5 and three locations in
layers just inside the separatrix on the dusk side. The O z for r=9 min. The angl® measures the elevation angle of
ions also show similar layers. They are located farther insidehe flux direction against the equatorial plane (wWitk90°
the separatrix, because the oxygen ions, for a given energypr northward flux) andp is the azimuth in the equatorial
have lower speed along the magnetic field, which makes th@lane (with¢=0 corresponding to tailward flux ang=90°
inward displacement frork x B drift more effective, thatis, corresponding to dawnward flux). The color-coding again
for the same distance traveled along the tail the oxygen ionmepresents the energy gain as a measure of the flux increase.
becomes displaced more than the proton with the same eriFhe black crosses indicate the local magnetic field direction
ergy. The oxygen ions, however, also show a stronger intenat each location. Figure 12 demonstrates that at each loca-
sification around both the duskward equatorward edge of théion in z, the beams are narrowly focused in velocity space
boundary layers and the enhanced fluxes near the equatorialith a tailward and slightly duskward direction, independent
plane closer to midnight, which are not seen for the protons.of the magnetic field direction. Figure 12 also shows ridges
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Fig. 11. Temporal evolution of characteristic parameters at
x=-55, y=2, z=0; (top) plasma velocity component, (center)
magnetic field componer®,, and (bottom) 180 keV tailward ©
] o ) fluxes. The fluxes are calculated using initial kappa distributions
Fig. 10. Characteristics of 180 keV proton andrGluxes in the (see text). At~7.5 B, turns negative, showing the passage of the
tailward direction atv=—55 ands=9min, as seen from the tail  q_jine in the center of the plasmoid; see also Figure 1. At about the

with dusk to the left. The color coding again represents the en-ggme time the tailward flow speed and thé flux increase.
ergy gain of ions traced backwards in time from the given location,

taken as a measure of the flux increase at the given location. The

black Ilnes_ represent the_ separatrices (boundaries between clos%q all orbits contributing to Fig. 10, while the circles filled
and open field lines) at this location.

with red correspond to those orbits with an energy gain above
50keV (that is, an initial energy below 130 keV), indicating
the sources of accelerated ions contributing to the regions
structures resembling ridges found by Martin and Speiseiof enhanced flux. The source locations of particles with high
(1988) in ion test particle investigations of the vicinity of an energy gain are widely distributed, although most come from
x-type neutral line. If one did not know the cause of either the dawn boundary and the interior tail regieB5<x <—15
structure, one might suspect similar origins. However, thesyrrounding the location of the near-Earth x-lines(—23).
ridges discussed by Martin and Speiser are a consequence pfowever, as illustrated by the orbit in the top panel of Fig. 2,
the acceleration along the x-line and subsequent dispersion iyhich ends atc=—55, the acceleration takes place mostly
its vicinity, whereas our structures are found far away. Theynot near the x-line but when the particle crosses the more

are also not organized by the local magnetic field. There isextended region of enhancet tailward from it.
a similarity, however, in a more general sense, namely that

these structures are related to an abrupt change in the his-
tory of the phase space trajectories that connect to the strugs Summary and conclusions
ture. In our case it is a change in the directiorMa@® around

midnight in the departing plasmoid, which changes the drift\ye have used the electric and magnetic fields from an MHD
direction and thus, the origin of the particles from dawn to sjmylation of magnetotail dynamics, modeling reconnection,
dusk, whereas the neutral line plays the dividing role in thepjasmoid ejection, and the collapse (dipolarization) of the
ridge structure of Martin and Speiser. near tail, to investigate the effects on heavy ions, specifically,
Figure 13 demonstrates the source regions of the tailwar@D*. This is an extension of previous work, studying ener-
beam shown in Fig. 10. The open circles represent the origingetic protons and electrons as test particles in the same fields

-50 0 50 100 150
AWy, (keV)
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Yin

AWyin (keV)
180

100

Fig. 13. Origins of the O ions contributing to the tailward fluxes

in the distant tail. The open circles represent the origins of all orbits
contributing to Fig. 9, while the circles filled with red correspond to
orbits with an energy gain above 50 keV, indicating the sources of
accelerated ions contributing to the regions of enhanced flux. These
particles come primarily from the dawn boundary and the interior
tail. The plot boundaries are also the simulation boundaries, where
the backward integration of orbits was stopped. This is the reason
why many symbols line up along these boundaries.

-90° 0° 900

(P Delcourt and Sauvaud (1994). The beams may serve as re-
Fig. 12. Phase space distribution of 180 keV*Gluxes in the tail- mote indicator; of the-po.tential d“?P associated \_Nith the in-
ward direction ak=—55, y=5 and three locations infor ;=9 min.  duced cross-tail electric field resulting from the tail collapse.
The color-coding again represents the energy gain of ions traced he energy distribution of ©in the region of an earthward
backwards in time from the given phase space location, taken as Beam in the near tail becomes significantly harder, more pro-
measure of the flux. The black crosses represent the local magneticounced than for protons, in qualitative agreement with ob-
field direction at each location. servations (Mbius et al., 1987).
The duskward electric field at the near-Earth neutral line
has a pronounced, albeit localized, effect oh, @ausing a
(Birn et al., 1997a, 1998). These studies have demonstratedarrow beam of duskward flux in the duskward extension
that the electric field associated with the collapse of the innefof the near-Earth x-line. This effect was not as pronounced
tail is able to cause the acceleration and the typical injectiorin investigations of proton orbits, so that oxygen ions might
characteristics of energetic protons and electrons in the innggrovide a better indicator for the presence of the near-Earth
tail (e.g. Birn et al., 1997). neutral line. An alternative remote indicator of an x-type neu-
Oxygen ions in the considered energy range of tens to huntral line was found by Martin and Speiser (1988) as a ridge
dreds of keV are highly nonadiabatic. Therefore, as mightstructure in ion velocity distributions in the vicinity of the
be expected, the simulated fluxes show large anisotropieseutral line.
and nongyrotropic effects, phase bunching, and spatially and Enhanced duskward fluxes of energetit @t a somewhat
temporally localized beams. Similar effects were found bylower level) were also found for most of the region duskward
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