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Abairact. The acceleration and flux mereazsa of energetic oxygen 1wona are 2indied
on the basia of feat particle orbite mm the fielda obfamed from a MHD ammulation of
plasmoid formation and ejection and the collapes [dipolarwation) of the mner tal The
aimulated fluxes show large amactropwes and nongyrodropic effectz, phaze bunching, and
apatially and temporally localied beama. The energy dwstribution of OF m the region
of an earthward beam m the near tal becomes aygmficantly harder, more pronounced
than for protona, mn qualiatire agreement with obeervafions. The aimulafion alzo shows
tailward beama of energetic O 1ona closely azaociated with the pasaage of a plasmoid,
both maide the plasma aheet boundary and maide the ceniral plazma sheet, conaatent
with obeervationz m the far faal. The acceleration at the nearBarth x-iype neuiral hne
produces a narrow duskward beam of energetic OF m the duskward extension of the

x-line, which waz not found in proton teat particle aimulationa.



1. Inmtroduction

Large changes m energefic 1on fluxes from a few tens of ke'V o hundreda of ke
are offien obeerved m the tal commonly m azaociation with aubstorme. Moet of theas
obeervationz of flux changes m the near and far fal concerned protone or could not
difingmah protones from heavier 1wona. Fritr and Wiikea [1976] concluded from ATS-6
obeervations (with aupporiing aolar wind data from IMP-7 and IMP-2) that heary 1ona
are enermeed made the magneiosphere during aubstorm type mjection eventa. JTparich
ei al. [1944] demenatrated aubaiantial lux mereasea of 112-157 keWV e 0+ 10na m [SEE-1
obeervationz of the tal plazma sheet, apparently correlated with actoridy, Mebias ef
al. [1947] naed AMPTEIEM data to mveatigate heary energetic 1on fluxes befors and
afier anbsiorm onzet. They found large earthward direcied plasma flows concurrent
with energefic proton fluxes. The fluxes of 10na of wnospheric ongm, auch az oxygen,
were alao enhanced and the apecira became conaiderably harder, more pronounced for
oxygen than for protone.

Characteridic features of energefic heavy 1ome are alzo found in the more dwstant
tal ISER-3 and, more recently, Gectall cbeervationa have led to a pacture of faalward
propagating plasmoids that are enveloped by a aheath of talward aireaming energefic
wna, preaumably mosily protona [e.g., Scheler, 1984]. The characienstica of heavier
wne have been 2dudied more recently. Inveatigating plasmord or flux rope encounters
n 100 Ay downtal, Ly ef al. [1994] reporied high vanabduy of the 10n compoaiiion

bt did not find a conastent trend m the compoation changea. In conirast, 2everal



authora found talward energetic oxygen atreama [and other heary 1ona) m association
with aubstorma or pasudo breakupe and the passage of plasmoida or flux ropea. The
oxygen beama fend $o be highly collimated m the talward direction [ idken ef al.,
1995; Feap ef al, 1994]. They can be detecied mm both the ceniral plasma 2heet and
the plasma zheet boundary layer [Jacgaey ef al., 1994), and they are azaociated with
talward plaszma flow and 2outhward magnetic field components [ Fhriifen ef af., 1994,
Facgvey ef al., 1994, Fiiben ef af, 1995; fonyg ef ol 1994)

Teat paricle aimulations in dynamically changing fields, modehng subastorm effeci
m the mner tal have been 2uccesafully uaed to atudy the acceleration of energetic
charged particles in the energy range from fenz to hundrede of keV [Delicari and
Sowwand, 1994; Birn and Heyae, 1994 Birn ef ol 1997b, 1994, L ef i, 199%; Falarma
ef al., 1000]. Theze aimulations have demonsirated that subsiorm related myechions
of energeilc pariiclea m the mner tal can be underziood on the basa of the locaheed
mduced elecine field asaociated with the collapee [dipolarwation) of the magnetic
field mn the mner tal during the expansive phase of aubstorma. Delceard and Fazraad
[1994] alao studied the acceleration of O7F 1ona and found dramatic apeciral changes
with energy mereaszes excesding thoze of protona. A combination of feast pariicle orba
miegration with a two-dimensional MHD aimulation of plasmend formation and ejeciion
has alao succesafully reproduced energetic proton aignatures mn the more ditant tal
[Feheler and Tamiisky, f987, 1989, Sachienweger ef al, f9£9).

Alihough enhanced oxygen ouiflow from the wnosphere presumably playz a role

m the obeerved flux mereaszes, additional acceleration appeara necesaary to achieve the



obeerved high enermes of ten2 or hundreda of ke'V. In 2 paper we wall extend previons
teat pariicle simulations fo mveatigaie heavier 1onz, apecifically, OF. We will focus on
the acceleration mechaniama and the correaponding flux mereazez, taking the prezence

of aome 2eed population of cxygen wna m the plasma 2heet az granted.

2. Background field: and numerical procedure

Az earlier teat pariicle aimulationa, we unze the magnetc and elecine fielda
obtamed by an MHD aimulation of magnetotall dynamice [Fira and Heire, 1996] az the
baziz for the orbit mntegration. Thi: simulation coverz the region from = = —§ Ay out
tox = —6F Ry The dynamic breakup phaze 12 preceded by a aimulated growih phaae
during which an external elecine field 12 apphed at the high-latniude boundary of the
ammulation box. Thia leads not only fo the energy bwldup m the tal lobes bui alzo fo
the formation of a thun current aheet mm the near fa1l, characienatic for the late growih
phaze and preaumably crucial for the onaet of an metabaliy that matiatez the breakup
phaae.

The breakup of th current aheet 12 mitinted by impoaing fimte reatstinty (defimng
the time f = 0). A neutral hne forma as a closed curve at f 2 I min. It aubaequently
expanda across and down the tal, correaponding to the talward motion of & plasmend.
The near-Barth part of the neutral hne, reprezenting the x hne, remane located near
z & —13 (unie are m Ap). Rapd mereazes of femperature, flow, and elecine field atart
at f & bmn, leadimg eventually o peak valuea of &, of 10-20 mV fm. Plate 1 ahowa the

color-coded croas-fail electnc field B, from the MHD aimulation for fwo different timea.



The two figurea on the left ahow &, fogether with magnetic field hnea mn the 2, 2 plane
{w = 0]}, the fizurea on the right show B, m the equatorial plane (2 = 0] together with
the magnetic neutral hine. The peak of the elecine field 12 only mitally located near the
% hne but aubaequently moves sarthward, while the magminde mereases. The sarthward
propagation sfope near = = —13, where the flow from the x hne =2 alowed down by
the mncresaing magnetic field, leading to a pale-up of magnetic flux from approcmately
= = —10 failward. It 12 noteworthy that the region of enhanced elecine field 12 localwed
m all three apace dimensiona.

Uaing the magnetic and elecine fielda from the MHD aimulation, we miegraied the
full O+ 1on orbite backward mn time uniil they reached the boundary of the simulation
box or the mitial atate. At the nearBarth boundary the particlea were reflacted back
mic the box, aimulafing mirroring clozer o the Barth, but neglecimg the lozz cone and
the flight t1me from the boundary to the aciual muirror pomt and back. Thi: boundary
condition alao dwregards the potential new mjection of wnospheric particlea. The
matantaneous local elecine and magnetic fields were mierpolated from the resulia of
the MHD run, which were atored for tume atepa of 0.8 Advén fimes [comesponding to
approgimately 3 ascondal.

Fluxes of particles at pariicular locatwons and times can be eatimated by applying
Liouville's theorem and mmpozing dwiribuiion funciions at the boundaries of the
aimulation box and for the mitial etate. The conasrvation of the phaze apace denasiy f

along the parficle frajeciory then gives the value of the dwetinbution funchion at the final



location. The mposed miiial diributions are kappa dwinibufions [ Fasylianar, 1964

. W:' —c =1
F= I o, (1)

where W, 12 the muial kimedic energy and W, 12 the average energy. We found ihat
the typical aource locations of accelerated O 1oma were maide the dawn flank plasma
sheet. Smmce obesrvations mn the tal ndicate 2umilar average energpea for plasma sheet
protonz and oxygen wne [e.g., Frank ef al., 1977, Federien ef al., 1941], we uaed the
same temperature for both apecies and choee parametera typical for protona m the
moderately active plaama aheet [Chriifen ef ol 1985 1991], conatastent with the mitial

and boundary temperaiure of the MHD run
k= hE W, = EkeV )

A apatial varation i now contained only in the factor [ .
Through phaze apace mapping, the final values of the deinbution function can be
denved from the maitial dwinbution. Uaing (1) we find

_ly oy Wi - AW e ,
f=rt e o, 2]

where Wy, 12 the final energy of & partwcle and AW the energy gam [or loss, for
AW £ 0] If we neglect the weak vanation of { we find that the majer vanation of
fluxes at & given energy Wy, stema from the energy gamn AW . Paniclea that afart o
with low energy are more abundant than higher-energy parficles. If they gamn a lot of
energy, their high mitial | values map to the final high-energy phaze pomt. Therefore,

sven without mmpoaing apecific mitial dtribubion funchions, the energy gamn can be



taken az a meazure of flux enhancement when we compars fluxez at & given energy Wi
for different timea and phaae apace locationz. In fact, o we had choeen a Maxwellian
matead of a kappa duziribution, the loganthm of the phaze 2pace denaity, and hence of
the flux, would be a hnear funciion of the energy gam.

Ideally, one phaze 2pace trajectiory can provide one [ value of the final diinbution
function at a cheoeen location mm apace and time. Thia procedurs worka very well when
the phaze apace mappimng beiween the mitial and final locations 12 & 2mooth function of
the phaze coordmates [of., Farran and Foerdr, 1959]). However, m a highly nonlnear
aysfem, 2uch az the 2patially and temporally vanable magnetotal, chactic effects may
dommate m 2ome regions of the phaze apace. That means that a slight vanation mn the
final location or velociy can lead to vastly different mmibial locations and velocities and
vice verza. Inm thia caze the mapped value of the drinbution funciion can Auciuate
ajgmficanily m a amall neiyghborhood of the chosen phaze apace location. The acinal
value to be compared with obeervations then has to be an average of [ over auch a
neighborhood, wang & auficierd number of phase apace frajeciories. [ Thi cloasly

resemblea the collection of phase apace dwinbutions from obeerved counta of pariiclea. )

3. Overview

Plate I provides an overview of the characienatice of O fluxes in the sguatorial
plane at f = Ymm at a iyprcal energy of 180 keV. The four panels reprezent four
different flux directionz. Here no phasze apace averaging haz been unaed. The color

coding i thiz and subsequent figures hence can be mierpreted m two ways. The color



directly repreaents the energy gam of an 1on traced backwardz from the given location.
Az duicusaed m Secion I, thie energy gam 12 alao a measure of the flux mereaze at the
given location, 2mce the mitial phaze 2pace denaiby 12 higher for amaller mitial energy.
The white contoura reprezent the magminde of the cross-tail elecine field, and the
black hne shows the magnetic neuiral hne at f = 9min. The length umt hers and m
all ather ammulation figures 12 1 Bp. The colored mdividual hnes show projeciions of
selected orbiia of accelerated OF 1ona ending at the pomni of the ammow at f = 9mmn. The
colora for the trajectoriea were chogen for mammum condrazt only and have no apecific
IMEATIIE.

Plate 1 demonsirates that regione of enhanced energetic O+ fluxes are generated m
the near tail for all four Aux directions, pomariy mn the area earthward and duskward
from the region of enhanced cross-tail elecine fisld. However, the apatial extent of theae
reglona differa for the different flux diweciiona. Specifically, the thuird panel of Plate 3
showa a strong extended earthward beam near = = —10 that does not show up mn the

other flux direciionz. We will look at more of the charactenatica of that beam m Secion

The 2ignaturez m the more dwitant tal are even more different for the differsni
flux direciiona. The top panel of Plate I showsa a jailward beam extending ahghily
duskward and talward from the region of enhanced elecine field [ white contour) near
midmghi. The falward end of thie beam 12 given by the neuiral hne [ black contour),
which reprezenta the o-line in the center of the talward moving plasmond. Such beama

have indeed been obeerved m the distant tail, azeociated with the pasaage of a plaamoad
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[Cariafen ef al., 1994; Facgyey ef ai., 1994; Fiiken e ol 1995, Fong o1 ol 1994]. The
pariicle frajeciory ending m flus region shows the typical source region, located on the
dawn aide of the near ta1l. Alihough thi parficle comez from the vicimiy of the location
of the near-Parth x-line, 2 acceleration takea place much farther fmlward, betwesn
about 40 and 50 Hp near midmght, when 1 crosaez the region of enhanced B, azzociated
with faat talward plaama flow.

Plate 1 {2econd panel] alzo shows a well focunsed duskward beam extending
duakward from the near-Barth x hne. Such a beam waz not acen m profon test pariicle
smulationa [Fira e ol 19970, Bnhanced duskward fluxes are alao zeen over moat of
the extent of the region of enhanced B, talward of the x-lhne, whereaz there are no
mereaasa of earthward and dawnward fluxes talward of about = = —15Rg.

Whils the regiona of enhanced fluxes differ conaiderably for the four panels of
Plate I, the trajectories of the OF 1ona that comprize theae flux regions m the mner
tal are quite 2umilar, 20 that one might conader the different regions az belonging to
different phazea of a bunch of particles, accelerated m the duskward direction through
ihe localined elecine field mn the mner taul, then turmng subseqently earthward [ihard
panel], dawnward [ botiom panel], and talward (top panel) i dwstinct apatisl regions,
az defined by the Amte Larmor radma.

Plate 3 demomatrates the characienstica of the duakward fluxez m the =,z plane
at y = &, duskward of the acceleration reglon, nang agam the energy gamn az a proxy
for the fluxes, for both 140 keV protone and O 1omz at £ = 9min. The top panel

showa proton fluxea and the two bottom panels repreaent the aame O7F fluxes with
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different color acalea. The color acale for the middle panel 12 choeen to be the same aa
for the protona, while the one for the bottom panel exiends to the maxmum energy
gam, to emphaziee the peak valuea. The red and orange hnes repreaent the 2eparatrices
[ boundares between cloaed and open field hnea) at y = 0 {wider contour) and ¥ = &,
reapectively.

A compariaon of the fop two panela of Plate 3 demonatrates that m the mmner falthe
crose-tail elecinc field associated with the earthward flow providea aimilar acceleration
for profone and oxygen ona. In the more detant tml, the elecine field azaociated with
fast talward flows talward of the x-hne 12 much more effecive mn accelerating oxygen
wne than profona. It should hence lead to a relatively more aigmficant flux enhancement
for oxygen 1oma. |:F-:u' the ateclute fluxea, however, we have fo take mic account that
oxygen 1 much leas abundant m the acurce region. | The bottom panel of Flate 3
shows more clearly the peak value of accelerated OF. Thia peak flux 2 highly localeed,
extending duskward from the near-midmght porion of the near-Barth neuiral hne.

[ The neniral hne benda talward away from midmght and doea not extend 4oy = &)

4, Inner tail

Mow we look more cloaely at the properfies of the carthward beam on the dusk aide
m the mner tail shown m Plate 2. Plate 4 shows the charactenstice of 180 keWV O7F fluxes
m the carthward direciion i a tal cross-seciwon at & = —10 for § = 9mun. The black
Linea repreaent the aeparairices [boundariea beiween clozed and open field hnoea ) at thua

location. The regon of enhanced earthward flux 12 centersd around the equaiorial plane
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and occupea a aygmficant porfion of the duskaide plasma asheet. Closer to midmght
1 extends mio fwo layera juat maide the plasma aheet boundary. The boundary here
forma a bulge due to the advance of reconnection mio the lobez and the correaponding
sxpanzlon of the cloaed field hne region. There are alao 2ome more chactic occurmences
of accelerated OF 1one near the equatorial plane m the region.

Plate & shows the temporal vanstion of earthward OF fluxes m this region, for
vanous energes, at &+ = —10,z = 0 and three locationz m y. The fluxes are now
calculated wang mitial kappa dwtrbutions (1) with the parameters given m (1] The
abeolute magmiude, however, 12 not calbrated. Plate § demonairates that enhanced
earthward fluxes occur at all energes above approcimately 10 ke'V up to more than 300
ke'WV. Theae fluxea are, however, highly vanable mn fime.

Figure 1 provides a comparzon of the energy dinbations of proton and oxygen 1on
fluxes i tluz region, showing the fluxes az a funciion of energy at = = —10, y = 3,z = 0.
The pariicle fluxes are agamn caloulated uang the mitial kappa dwtribution (1) with the
parameisrz given m (1) The doited and aohd hnes represent ommdireciional fluxes
averaged over 14 different directiona before and afier the mjection, reapeciively, while
the dash-detied hne gives the duintubion of the sarthward O7F fluxes only, Figure 1
demonatrates that the oxygen flux enhancemenia are more aigmficant than those of the
energedlc protona in the region, leading to a flatéer (harder) dwinbution up to more
than 100 ke'V. This resul 12 alao m qualtative agreement with obeervations [Mebiay ed

al., 1985].
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5. Outer fail

We now look at the properties of the talward oxygen 1on beam shown m the fop
panel of Plate §. Plate 6 ashowe the apatial charactenaice of 140 ke'V proton and O
fluzes m the talward direction at = = -85 and f = 9min. The color-coding agamn
reprezenta the energy gamn of 10ona traced backwards m time from the given location
a2 a proxy of the flux merease. The black hnes repreaent the asparairices [ boundariea
between cloaed and open field hnea) at thw location. The energetic protona [ fop panel)
form two layera juat inaide the separatric on the dusk axde. The 01 1one alao ahow
aunilar layerz. They are located farther maide the 2eparatric, becanae the oxygen 1ome,
for a gwen energy, have lower apeed along the magnetic field, which makea the mward
diplacement from E x B drft more effective. The oxygen 1onz, however, alao show a
afronger mienzification around the duskward, equatorward edge of the boundary layera
and enhanced fluxea near the equatorial plane clozer 0 midmght, which are not 2een for
the protona.

The cloze temporal azsociation between the talward energetic 0F beam and the
pazzage of the o-hne 12 demonatrated m Figure !, which showe 2, and B, from the
MHD ammulaticn, together with the talward 120 keWV Ot flux at 2 = —55, vy = 2, 2 =0
az funciiona of time. Modeat falward plasma flow 12 preaent m the talward part of
the plasmoid where B, = 0; however, the mam mcrease occurs cloze $o the pazaage
of the o-hne, when &, turns southward. The mereass of the OF Aux occura basically

armultanecualy.
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Flate ¥ demonatratea the velociy apace duzinibutions of theze beama, showing 130
kW 07 fluxes az a funciion of Aux direction, at £ = =65,y = § and three locatione
z for £ = 9min. The angle # meazurea the elevation angle of the flux direciion agamat
ihe equatorial plane (wiih # = 90° for northward flux) and ¢ =2 the ammuth m the
equatorial plane [with ¢ = 0 correaponding to talward flux and ¢ = 90° correzponding
o dawnward flux]. The color-coding agamn representa the energy gamn az a meaaure of
the flux mereaze. The black crosaes mdicaie the local magnetic field direciion at each
location. Plate T demonairatea that, ai sach locaiion mm oz, the beama are narrowly
focuaed mn velociy apace with a talward and alightly duskward diection, mdependent
of the magnetic feld direction. At present b 12 not clear whether the siruciure (ndgea)
ashown by the dwtribution functiona mm Plate 7 12 real or an aridact of the fAmte
ammulation box fogether with the ammgle energy conaidersd. They reazmble the ridges
predicted by Marfin and Sperser [19438]. However, theae nidges were predicied for the
viciuty of the [x-iype) neuiral hne, whereas our aiructures are found far away.

Figure 3 demonatratea the 2ource regions of the talward beam, showing the ongines
of the 07 10na contnbuiing to the fluxes i Plate 6. The full circles reprezent only theae
orbita with an energy gam above 50 keW [that 12, an il energy below 130 keW),
mdicating the sources of acceleraied 1ona coninbuimg to the regions of enhanced flux.
The acurce locationz are widely dwstnibuted, alihough most come from the vicimty of
ihe location of the nearBarth x-hne (& & —13). However, aa idlluatrated by the orbii mn
Plate 2, the acceleration takea place moztly not near the x-hine but in the more extended

region of enhanced E, farlward from it
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f. Surmmnary and Concluslona

We have naed the elecine and magnetic fielda from a MHD aimulation of magnetotall
dynamica, modehng reconneciion, plasmoid ejeciion, and the collapes | dipolarmwation)
of the near tal, to mvestigaie the effeciz on heavy 1ome, specifically, Ot Thia 12 an
extenaion of previous work, studying energetic protone and elecirons asz feast particles
m the aame fielda [Firm ef ol 1997, 1995]. Theae 2indiee have demonairated that the
elecinc field asacciated with the collapee of the inner tal 12 able o0 canas the acceleration
and the typical mnjection charactsnatice of energetic protone and elecirons i the mner
tal [e.g., Firn ef al., 19974].

Oxygen 1oma mn the conaidered energy range of tenz fo hundreda of keV are
highly nonadiabatic. Thersfore, a2z might be expected, the ammulated fluxes show large
amaotropwes and nongyroiropic effectz, phasze bunching, and apatially and temporally
localieed beama. Similar effecta were found by Defcears and Fazraad [1994]). The
energy ditribution of OF m the region of an sarthward beam m the near tal becomes
sigmficanily harder, more pronounced than for protonz, in qualtative agreement with
obeervations [Mebiay ef al., 1945]

The duskward elecinc field at the near-Barih neutral hne ha: a pronounced, albet
localined, effect on 01, cauang a narrow beam of duskward flux m the duskward
sxienaion of the near-Barth x-hne. This effect waz not found mn the sarher inveatigationa
of protone, 2o that oxygen 1won2 miyght provide a better indicator for the prezence of the

near-Barth neutral hne. Fnhanced duakward fluxes of energetic o+ |:ui a somewhat lower
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level) were alao found for most of the region duakward of the region of talward plasma
flow. Thi talward flow 12 prezeni pnmariy only mn the earthward part of the deparfing
plazmoid, where B, < 0, 20 that a correaponding effect of dawnward acceleration was
not found m the part of the plaamoid ihat =2 falward of the o-line. [ Thiz might change,
however, at larger diztances than conaidered here, when the plasmoid moves talward
with more undform apeed.] The energedic O7F flux merease on the dusk aide 12 relatvely
atronger than for protona.

The teat pariicle aimulations alzo ahow talward beama of OF in the more di=tant
tal. Theae beama are found maide the duekaide plasma aheet boundary with a 2omewhat
larger offaet away from the boundary than for the protona. This offaet can be casdy
underztood becanae oxygen ona, for a given energy, have lower apeed along the magnetc
fizld, which makez the mward dpplacement from E x B doft more effeciive. We alao
found a talward beam clozer o midmght and closer to the equatorial plane, which waa
not 2een m the energedic protona at the 2ame location and f1me. Thia beam waa found
1u2t earthward of the o-fype magnetic neniral hne m the center of the pasamg plasmond,
azaociated with negatre F,. Theae features are alzo conaiztent with obeerved energetic
1on beama m the dtant tal [Fhrioden ef ol 1994; Tacgvey of al., 1994; Filken o1 al,,
1995, Fomg et al., 1994).

The ponmary 2ource region for all mvestigaied accelerated OF 10mna 12 the dawn
flank plasma asheet. Howevwer, our approach did not account for an wnoepheric aource,
which waz excloded by the muroring condition at the near-Barth boundary of the

ammulation box. We found three major acceleration regiona. Ae mentioned before,



17

acceleration at the near-Farth x-hne asH 12 the canse of 4 narrow duskward beam 1n
the duskward extenaion of the x-hne. The oxygen 1onz m the mner fal were accelerated
m the enhanced cross-tail elecine fielda earthward of the x-line, azeociated with the
sarthward plasma flow from the x-hne and the collapes of the mner tal. Thia 12 aimilar
tothe reeuliz for protone and elecirons [Bira ef al., 1997k, 1992]. The energetic O7F wons
contnbutimg to the falward beam mn the ditant tal were accelerated m the crosa-tail
elecinc firlda azacciated with the extended fmlward plasma flow failward of the x-line.
I 12 remarkable that the famlward flow, and hence the acceleration, m the ammulation
waa resiricied largely io the region of southward B, and hence duakward B, ; we did noi
find a aimilar effect in the part of 1he plaamoid that 12 talward of the o-hne. Howewver,
thiz might change for larger distances than thoze conaidered m the aimulation, which

extended only to about 60-70 By down the tal

Ffcknowladgmeni=. Thix worl was snpporiad by 1he U5, Daparimand of Boazgy's
Offica of Hamc Bnazgy Saances {hrongh o1 Gaoscianses Hassarch Frogram, by NASL's San
Earih Connasiion Thaory Program, and by 1he Nahonal Saeanca Fonndafion 1hrongh grani

ATH- 9901070,



12

Beference:a

Balaz, .M, E.W.Henas, Iz, D. T. Young, I. Bizn, Tha pozubls zcla of temcsphams cxygen
tn 1ha tmirafion and davalopmani of plasma shaal insdatahizes, Fespler. Ber Ledd, | 9,
1337, 1983,

Halar, ., T. L Fois, W. Lannarissen, B, Wilkan, M. W . Froahl, and T. Birn, Tha rela of
haary woncsphans wons 1n 1ha Losalisation of sntedorm diminrbancas on Mazsh 22, 1979:
COLW-6 T Fesplier. Ber, , 909, 12731281, 1945,

Bizn, 7., and M. Hasza, Fazizds acsaamfion o 1hs dynamis magnaicial: Qrhis 1o
salf sonmeiaml 1hraa- dmanuonal MHD falds, J. Fesplipr. Ber, | 99, 109, 199%,

Birn, 1., and M. Hazza, Dadals of snrzand dirnplion and dwarmon tn umalations of magnaicial
dynamics, J. Fespler. Ber, | 2900, 15 M5, 1995,

Birn, 1., M. F. Thomsan, T. B. Borov=ly, @. 0. Raavas, I. T. MaComas, and E. I, Hakan,
Charasianstic plasm a proparhies of diparmonlass snbadorm ingashions ai gacaynchromons
orhi, J. Fespler. Ber, | #9F, 2309, 1997a.

Birn, I., M. F. Thomsan, J. B. Borersky, @. D. Raavas, 0. J. M:Comas, K. . Hahan, and M.
Hassa, Subsfomm won injaciions: Gacaynshionons obearraions and 1asd padisls orhis 1o
ihras- dmanuecnal dynamic MHD falds, J. Fesplgr. Ber, | 2802, 2325 1937h.

Bizn, J., M. F. Thom=an, I. B. Borewsly, @. 0. Raaves, 0. T. MaComas, K. 0. Hehan, and
M. Hazza, 5absiomm alasizon injasiions: Gacsynshronons cbeaarvalions and {asd padicls
smulations, J. Fespher. Ber, | 0804, 9235, 1994,

Ohnsiom, 5. P., 0.3 Mijshdl, I T Williams, ©. ¥ . Hunang, L. L. Frant, and T. B. Basiman,
Enazgy speciza of plasma shaa! tons and dacizons from mb0al e 1o ml Ma¥ dunng

plazsma shaal {1am paradnza fzanmtions, J. Fespler. Ber, | 04, 2562, 1984,



19

Chosion, 5. P, 0.1 Wilhams, and 0. 3. Miichall, Spasizal chamciansiiss of plasma shaai
ton and alasizon populafions dunng disinrbed geomagnaiis somdiiens, T Feapher

Ber,  9E, 1, 1991,

Chosien, 5. F., . Hoastaz, 0. 7. Williams, T. Mula, E. W. MsFoiiza, 3. Tacquary,

V. Angaloponlos, A.T. Y. Lui, 5. Folubon, 0. H. Farfald, M. Hirahara, and T.
Tamamecio, Bnazgatic alomic and melacular ioms of tomesphans ongin obsarvad in
dizian! magnaioiml fow zavarsal avanis, Fesphpr. Ber. Ledd, | f0) 3023 199%.

Cunrran, 0. H. and C. .. Goaris, Pariicla diinboiions 1o a {we-dimansonal raconnaesion fad
gaomaliry, J. Fespipr. Ber, | 94, 272, 1989

Dalsenzd, D. B., and . L. Sanvand, Flazma shasi icn anazgaation donng dipcladsafion
avands, J. Fespler Ber, 99, 97, 1994,

Frant, L. A, E.L. Ackarson, and D. M. Taagar, Obaarvations of alomic cxygen {04 ) in 1ha
Earih's magnaicdml, J. Fespher. Ber, | 48, 129 1977,

Fris, T. L, and B. Willan, Subsiom genazaiad flnzas of hasry tons af 1he gacsisiionary
orhi, 1o Maguederpleree Pavkeler and Fzeldr adidad by B. M. MsCormas, p. 171, 0.
Faidal, Dordrachi-Helland, 1976,

Ipamsh, F.M. L B. Galua, @ Hleasklaz, O Hovasdadi B Flackar, and M. Sshelaz, Boazgatic
“> 100 ka¥W ) OF toms tn {ha plasma shaad, Feepder. Ber. Ledd, | 22, BO%, 198%,
Tacquay, 0., D. 7. Williams, E. W. M:Bnfiza, L. T. ¥ . Lu:, V. Angalopoulos, 5. F. Chosdeoa,

5. Eolaban, T. Tamameodo, @ 0. Baarss, and BE. . Hahan, Talwazd anazgaiic iem
sizaams obaarvad ai n100 By by GROTLIL EPIC assccsiad wih gaomagnaise achimiy

infanmhcation, Fespder, Ber Ledd, | B2, 3015, 199%

Lannarizen, W., K. D. Shazp, and E. 0. Bwackl, Snbsiomm affasis on 1ha plazma shasi won



10

sompomtion on March 22, 1979 JCDAW 60, J. Fespler. Ber, | 99, 1293, 1985,

Io, 1., 0.9 Baler, M. Tamsena, and 3. 0. Raaras, Simuolaion of disparmonlass injasiions and
snbaagmand dofi achoas of anazgeiis alacizons assomaisad wih snbedorms, Feepher Ber
Ledd, | 25, 2763, 1938,

Lui, L. T. ¥, 0.1 Williams, 5. F. Chosion, B. W. McPntiza, ¥ . Lngaleponlos, B, Tasquay,
T. Yamamode, snd 5. Eolubun, A prliminary sssazsmand of anargaiic tem spasies in
flox ropes|plasmeads tn 1ha disiand 1aal, Fesphpr. Ber. Ledd, | 2y, 3019, 199%

Maztin, B. F, Tr., and T. W. Spasaz, A pradiciad anazgaiic ion mgnainra of a nendzal lins in
iha gaomagnadic fmal, J. Fesppr. Ber, | 94, 11 521 1988,

Mobins, B, M. Scholar, B. Flasker, D. Hevasladd, &, Hoactlazr, and F. M. Ipanch,
L saalazadion of toms of tomosphans ongn 1o the plasma shasl dunng =obaform astiniy,
in Maguededaz! Phprzer, adifad by L. T. Y. Lm, p. 231, Tha Johns Hoplins Tmyarsaiy
Prass, Haliimoza, M, 1987,

Pafazsom, W. F. B. D Sharp, B. @ Shallay, and B. @. Johnson, Bnargatic ton com posifion of
iha plazma shaal, J. Fesphypr. Ber, | 46, 761, 1981,

Sachsanwagar, O, Bl Scholar, and B Mitans, Tasi pariicls acsalazaiion in & magnaicial
1asonnacfon sonfignradion, Feepher Ber Ledd, | 0, 1027, 1989,

Sate, T., H. Maisomedso, and B Nagas, Parficls acsalazation in fima- davdoping magnatis
1a5 onnasion procass, J. Fespler, Ber, | 47, 6083, 1983,

Scholar, M., Enazgatic toms and alacizons and 1har assalazaiion procasses itn ihs magnaicdal,
o Maguedz Beconmecdan o Space and Laboradory Plirmar, Feopder, Mawage, Ser.
vol. 30, adifad by B W. Homas, Iz, p. 216, LT, Wazhingion, D. 0., 1944,

Scholaz, M., Earibward plazma flow donng naarBarlh zaccaneciion: Homansal mmulaticas,



1

T GFespher. Ber, | 92,12 425, 1987,

Scholaz, M., and F'. Tamiiaky, Particla orhis dunng 1ha davalopmant of plazmcads, J. Fespdrr.
Ber, , 92, 12,181, 1947,

Scholar, M., and F'. Jamifaky, Plasmeid azmomaisd anazgaiis ion bursds in 1he dasp magnalodal:
Nuomancal modaing of 1hs bonndary layar, J. Fespipr. Ber, | 84 2159, 1989

Vasylinnas, V.M., A surray of low- anergy dlasizons in 1he avaming sasior of 1hs magnalosphaza
wih O30 1 and Q30 3, T Fesplpr. Ber, | M, 2839, 1963,

Wilkan, B., Q. @ Zong,[. L. Daghs, T. Dok, 5. Lin, . Maasawa, &. ¥ . Fu, 5. Ullaland, and
T. Tamamoio, Taulward flowing anazgaiic cxygan ton bursis assomaiad waih muoliapla
flux ropas 1n 1ha disfani magnaieiml: GROUTALIL chearvations, Fesplper. Ber Led, |
£2,AZET, 1995,

fahana, 5., 0. &. Chang, and I. E. Tohmeon, Parfidla framper! and anargaation azsomaisd
wilh sobadorms, J. Fespler. Ber, | 294, 18, 741, 2000

Song, §. 3., B. Willan, . Wosh, T. Mala, T. Yamamode, @. 0. Rasves, T. Dola, K.
Maszawa, 0. I Williams, 5. Fclobnn, and 5. Olaland, Bnazgatic cxygen bursis in 1k
di=ian! magnaicial as & prodned of tnian=a =nbeiorms: Thras cana sindies, J. Fezpler

Ber., , 0904, 20,339, 1998,

Joachim Bim, Loz Alamos National Laboratory, Loe Alamos, New Mexico [e-mal:
1burn lanl gov)

Facairad




11

Figure 1. O7F fluxes a2z funciion of energy at 2 = —-10,y = 3,z = 0. The fluxes
are calculated uang mitial kappa distributions (aee text ) and averaged over 14 ddffereni

directionz. The dash-dotted hine represents earthward flux only.

Figure iI. Temporal evolufion of charactenstic parameterz at = = -85, v = 1,2 = 0,
[ top) plasma velocty component o, , (cenier) magnetic field component B, , and [ bottom )
140 keV tmlward OF fluxes. The fluxes are calculsted nang miiisl kappa distributions

[a-:c fext :l

Figur= 3. Oryms of the 0% 1ona condnbubing 4o the talward fluxes i Plate 6. The
full circles reprezent only those orbiia with an energy gain above 50 keV, mmdicating the

aources of accelerated wone coninbuting to the regions of enhanced flux.
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Plais 1. Color-coded cross-tail electne field B, obtamed from the MHD aimulation [Hira
and Herre, 1996] at two doferent f1mes, a2 indicated. The left-hand aide figurea ahow &,
together with magnetic field hinea, the right-hand a1de figurea ahow &, together with the
magnetic neutral hne. Note that the color acale 12 ddfferent for 4he ddferent timea. The

elecine field umi correepondaz to armd0 mV m.

Plaie 2. Characteriztica of 180 keV OF fluxea in the equatorial plane at f = 9min. The
color-codmg can be mierpreied m fwo waye. The color diectly reprezenta the energy gam
of an 10n traced backwarda from the gven location. Smee the mmitial phaze 2pace denaiy
12 higher for amaller mitial energy, thia energy gam 12 alzo a measzure of the flux mereazs
at the given location. The four panels correapond o four doferent flux direciions. The
white contoura represent the magmiude of the cross-tail elecine field, and the black hne
showa the magnetic neutral hine a4 f = 9min. The lengih umt here and 1 all other
amulation figurea 12 1 Ay, The colored individual hines show projections of orbitz ending
at the pomnt of the amrow at § = 9mun. The colors for the trajectoriea are chosen for

maximum conirazé only and have no apecific meamng.
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Plate 3. Characterizdice of 140 eV protone and O fluxez m the duakward direction at
¥ = 4 and f = 9min. The color-coding agamn reprezentz the energy gam of an 1won traced
backwards from the gwven location, taken az & meazure of the flux mcrease at the given
location. The two bottom panela repreaent the aame O fluxes ahown with dffemet color
acalea. The one for the muddle panel 12 choeen to be the same az for the protona, while
the one for the bottom panel extends to the maximum energy gam, to emphazwee the
peak valuea, The red and orange hnes reprezent the separatnces [boundariea beiween

clozed and open field hnea) at v = D and y = &, reapecively.

Plate 4. Characteriztica of 120 keV O fluxea in the sarthward direction at 2 = — 10 and
f = 9mimn. The color-coding agamn reprezenta the energy gam of an 1on fraced backwarda
from the given location, taken az a meazure of the flux mereaszs at the given location. The

black hinea repreaent the asparairices [ boundariea beiween cloaed and open field hinea ) at

thz location.

Plate 5. O7F fluxes m the earthward direction asz function of time for vanous energes
at & = —10,z = 0 and thres locationz i y. The fluxes are calculated naing mitial kappa

dutritufions |:a¢¢ fext :l

Plate 6. Characteriatica of 140 keV proton and OF fluxes i the talward direction at
= = —5b and f = 9min. The color-coding agam reprezenta the energy gam of 10mna traced
backwards m fime from the given location, taken az a measure of the flux mcrease at

ihe given location. The black hinea repreaent the aeparairices | boundaries beiween clozed

and open field hnea ) aé the location.
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Plate 7. Phaze apace difribution of 130 keV OF fluxes in the talward direction af
5 = —5f, y = § and threes location: m z for § = 9min. The color-coding agamn reprezenta
the energy gam of 1wone traced backwards m fime from the gwven phaze apace location,
taken az a meazurs of the flux. The black crosses repreaent the local magnetic field

dire ction at each location.
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180 keV O* flux,z=0,t =9 min
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Duskward flux of 180 keV ions, y = 8,1t =9 min
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Tailward moving 180 keV ions, t = 9 min, x = -55
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