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Auroral secondary ions in the inner magnetosphere

G. Sofko, M. Watanabe, R. Schwab, and C. Huang

Abstract: Radar measurements of the global convection pattern aeditgaobservations of nightside low-energy ion
populations are presented for magnetically disturbed itiond. The results form a consistent picture, namely that t
ions are secondary ions (mostly"®produced in the auroral zone ionospheric F-region durimgtiardment by primary
auroral electrons, and that these ions subsequently umd@&d(transverse acceleration of ions) which raises theargy
from the ionospheric value of about 0.1 eV to suprathermdl sub-auroral energies from a few tens of eV to a few
hundred eV. The ions subsequently undergo a combinatiomafide motion and ExB drift along the streamlines of the
convection pattern, which has recently been shown to irckaime new features. We can classify three populations of
these low-energy ions, namely DAPS (Dusk Auroral Posititre@n) ions, SAPS (Sub-Auroral Polarization (or Positive)
Stream) ions and MAPS (Morning Auroral Positive Stream)iohen conditions are not too disturbed, these ions show
some characteristic features such as energy bands witheineémergy ratios and a dispersive signature (decreasigyen
with decreasing latitude). It is proposed that these loergy ions, particularly the MAPS ions on the dawnside, magral
the shielding conditions in the inner magnetosphere.

Key words: Auroral secondary ions, Radar convection, Shielding, IBatparticle observations.

1. Introduction would be 10-100 times the above figure. As shown in Figs.
3.3.4. of [17], the secondary electrons will have energjgs u
% a few tens of eV (some of them will have enough energy
to produce another secondary pair) but the secondary idhs wi
remain near their ionospheric energy .1 eV). In the present
paper, we focus on the ion production in the F-region, partic
ularly above about 160 km where the loss rates are low and
the lifetimes are long. Figure 3.3.3 of [17] shows that, ijpart

As the dayside ionosphere rotates around to the nightsid
the photoionizationin the E-region disappears and thegiene
survives only because the loss rate is low. During magne
ically disturbed conditions when the electric field incress
the loss rates increase and the photoionization can decteas
very low levels, or even disappear. However, during distdrb

conditions, a strong new source of ionization appears, t}ameularly for the primary electrons in the 1-5 keV range, a non-

bombardment of the ionosphere by auroral primary Ioarl"idesnegligible fraction of the secondary ions would be produced

][Inainfly preﬁipitating Ielelctrons 'r:' the 1_th. kev r?]nge Wr('ji(:habove 160 km, these being predominantlyions. The contri-
ow from the central plasma sheet to the ionosphere and arg - ; X : )
associated with upward field-aligned currents (FACSs). 'éhest?Utlon of ionospheric O to the magnetosphere has been noted

. ; ) in many satellite papers (e.g., [1, 3, 8, 11, 22]). As a result
FACs carry substantial energy, as evidenced by the optical a0 o \yill be a reasonable supply of low-energy secondary O
rora they produce. Every k"OR"f"Iyle'gfh (li(R) cif ophgal €MIS-jons from the upper E-region and lower F-region, even if only
sion requires a primary energy flux of about 1 erg¢éns—. e - ’
Typically, optical auroras are at least about 10 kR duringmo a percent or two of the original primary bombardment energy

erately disturbed conditions, but they can attain intégsiof goes into secondary production above 160 km.

more than 100 kR durina intense events. Thus. substantial e It is well known that magnetic storms and substorms are ac-
9 I - %ompanied by turbulence that is both electrostatic andrelec
ergy fluxes from 10-100 ergs crh s—! are carried by the

rimary electrons. resulting in a larae production of setzy magnetic. One example of the electromagnetic turbulence is
iF:)n-eIe)tl:tron pairs’ 9 gep ¥ the presence of ion cyclotron waves, whose effects have been

In a sense, the ionosphere acts as a “particle amplifierésinomvoked (e.g., [4, 15]) to explain the transverse acceltenaf

f onlv about 35 eV f ; . ions (TAI) (see the extensive list of references in [16] amal t
an average energy of only abou eV Irom a primary Precipia,iey by [2]) that leads to the many observations of ion con-
itating particle is required to produce a secondary iomcteda

air Thus. a 1 keV auroral primary electron can produce &bo ics. Such transverse energization of the secondary iongeabo
pair. ' P y P %60 km leads to a strengthening of their magnetic moment, and
30 low-energy secondary ions and electrons. Furthermioge, t

number of secondary pairs produced is large, since an ener@?nce of the mirror forcé’ = —nVB. As a result, F-region
flux of 1 erg cnt? s—! producesl.79 x 100 secondary econdary ions above 160 km that undergo TAI will travel up

pairs cn2 s~ 1. The observed auroral optical intensities of tN€ magnetic field lines, executing bounce motion. (These al

10-100 kR require that the actual secondary production rat§ a@mPple evidence of parallel acceleration above auroras, p
sumably due to the upward polarization field caused when the

- secondary electrons move up the field line away from the sec-
Received 16 May 2006. ondary ions.)
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ondary ions thus will act as tracers of the streamlines ¢equi 12
potentials) of the convective flow patterns in the ionospher !
and magnetosphere. New pictures of the convection stream-
lines have been obtained using recent Millstone Hill and-Wall
lops Island SuperDARN results. A cartoon summarizing the
convection pattern results is presented in the next Section

We shall present satellite evidence showing that there are
three distinct populations of the low-energy secondansion
that have bounced and drifted away from their producticessit
in the auroral zone. Indeed, many satellites have shown the
presence of these ions, such as DE1 and 2 [21], AKEBONO
(EXOS-D) [9, 10], DMSP and CRRES. A recent statistical 18—
study of DMSP and CRRES data [14] has revealed the fre-
quent presence of these low-energy ions on the morning side.
We will show only a small sample of the extensive satellite
results.

Because the ions are positive particles that flow along the
equipotential streamlines, we will refer to them as “Autora
Positive Stream (APS)” ions. Two of the three ion populadion
will remain at auroral latitudes on auroral streamlinesnaly
the population that drifts to the west in the afternoon cenve
tion cell (theDusk Auroral Positive Stream, orDAPS, ions) l
and the one that drifts to the east in the morning convection
cell (theMorning Auroral Positive Stream, orMAPS, i0ns).  Fig 1. pictorial representation of convection including trends
The third stream flows westward in the SAPSI§-Auroral  jygicated by recent SuperDARN and Millstone Hill conventio
Polarization Stream) region defined by [5]. These regyits. The pattern indicates the locations of the DAPS PRA

westward-drifting ions in the plasmatrough region will e r 54 SAPS populations. The heavy line near midnight marks
ferred to asSAPS (Sub-Auroral Positive Stream) ions. Their 5 very rough approximation to the location of the Harang

ExB motion is an ideal tracer of the equipotentials in the-Sub giscontinuity. The dotted lines are the mappings of the idays

Auroral Polarization Stream. and nightside reconnection lines to the ionosphere anddlie s
lines that join the dotted lines represent the OCFLB (odesex
field line boundary). The heavy dashed line spanning the
midnight sector represents the convection reversal bayndhich
Figure 1 shows a pictorial representation of the convectioseparates the SAPS region from the auroral zone. The small
pattern during disturbed conditions with a By+ IMF. This is counterclockwise cell is not discussed here.
basically the two-cell convection pattern, but with theeneic
radar observations relevant to the SAPS region. The SAPS flowas defined in part to describe the broadened electric field re
result from an arm of the afternoon cell that protrudes ihto t gion associated with the latter broader flows [23], which-pre
morning sector at low latitudes. There is a convection saler sumably incorporate the narrower PJ and SAID flows seen
associated with this arm, and the heavy dashed line in the figearlier. Millstone radar results [12] showed that the westiv
ure divides the eastward flows in the auroral zone portion oflows of the Polarization Jet (they used this term because the
the arm from the westward streaming flows in the equatorwar@efinition of SAPS occurred a year later) could be seen well
SAPS region of the arm. into the postmidnight sector, as late as 04 or 05 LT. Although
SAPS has been defined [5] as a relatively broad{ latit-  not specifically stated in the original SAPS definition by teos
ude) region of poleward (ionosphere) or radially outwardgm and Burke [2002], the region of the SAPS poleward electric
netosphere) electric field in the region equatorward of the i field is within the nightside low-latitude portion of the erft
ner auroral-energy electron boundary of the plasma sheet. Aoon convection cell, which develops the arm shown in Fig. 1
ionospheric heights, the SAPS region is one of low density anthat can extend well into the post-midnight sector durirgs di
conductivity, particularly during disturbed periods whgtre  turbed conditions. In addition to the [12] study, the postmi
electric field and the resulting ion convective speed arbdrig hight SAPS occurrence was revealed in a statistical study by
so that the cross-section for recombination of ionosphenis  [6] who, for the relatively large KP value of § showed that
and electrons is elevated, with the result that the electemrs-  the penetration of SAPS into low latitudes in the postmitinig
ity in the plasmatrough is further decreased [18, 20]. Assa re Sector could extend almost as far eastward as dawn.
ult, the electric field must strengthen in order to incredme t  In Figure 1, the auroral zone includes the streamlines that,
Pedersen closure currents to the level required for Region starting from the dayside, cross the polar cap and then flow
current closure in this subauroral region. The resultingrgg  through the “merging line” (dashed) on the nightside. Many
convective flows, first seen as latitudinally confined (abiéyt ~ streamlines then turn westward into the afternoon cellc&in
regions, were referred to as Polarization Jets (PJ) [7] &BS$  these streamlines turn clockwise, the flow is character@ed
(Sub-Auroral lon Drifts) [19]. It was observed that the flows downward vorticity, which is associated with upward FACs,
could be broader, spanning abaat[23]. The acronym SAPS particularly near the late evening convection reversaioreg

2. The lonospheric Convection Pattern
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It is there that the auroral secondaries will be producedy af ary, which would be conjugate to the inner edge of the electro
which they flow westward on auroral zone streamlines, leadin plasma sheet. The low-energy SAPS ions have the following
to the observations of DAPS ions in the post-evening sector. features: (a) they are bursty in space and time; (b) their-ene
However, some of the afternoon (PM) cell streamlines emergies range from the detector low-limit energy (30 eV) up to
ging from the polar cap first turn eastward on the poleward por~1 keV; (c) they have a banded structure in energy, with sev-
tion of a morning-side low latitude “extension arm” of the PM eral bands of energy occurring at any given latitude; (dy the
cell, and then they undergo a convection reversal so that thehow a signature of dispersion, namely a slope that reflects a
flow on the equatorward side of the reversal is westward in thélecrease in energy with decreasing latitude; (e) the loarest
poleward electric field of the SAPS region, where the SAPSrgy band € 100 eV) is usually the strongest in flux, as seen
ions are found. It should be noted that the downward flow vorclearly in Fig. 2 at the lower latitude end-50° to —52°).
ticity across that convection reversal is again consisietit The DAPS ions have similar features except that the disper-
the presence of upward field-aligned currents; the SAPS ionsion slope (property d) is smaller than that of the SAPS ions.
are the secondary ions that result from the primary electroffhe ion drift meter convective motion results seen in the bot
bombardment associated with those upward FACs. Consistetdm panel show that both the auroral zone DAPS ions and the
with this scenario are observations of strong optical aunor plasmatrough SAPS ions are drifting westward, althougtethe

the vicinity of that low-latitude early morning convectioa is a latitudinal region (from about53° to —52°) of weaker
versal, and even onsets of substorm expansive phases in ththift separating these two low-energy populations. Moghef
region. SAPS secondary ions produced in the zone of primary elec-

Finally, the origin of the MAPS particles should be addrdssetron precipitation initially move eastward just polewarfcioe
At first sight, it would seem that the morning auroral stream-convection reversal before turning equatorward and then tr
lines emerging from the polar cap undergo a counterclockeling westward in the plasmatrough, as shown in Figure 1. The
wise rotation, which implies downward, rather than upward DAPS secondary ions are produced at slightly higher lag¢isud
FAC. However, if the streamlines in Fig. 1 are examined justearer to dusk and subsequently drift directly westwaratadw
equatorward of the small counterclockwise cell, it will b n  dusk on evening cell streamlines. It should be noted that the
ticed that their separation increases in the equatorwaed-di DAPS ions all travel directly along streamlines from the au-
tion. This shows that there is a shear which is charactekiyed roral production region toward dusk, and these paths do not
downward vorticity. Further along these streamlines,dtisr  differ much in length. On the other hand, the SAPS ions travel
more downward vorticity as the streamlines curve clockwiseon longer routes because they may first travel eastward at au-
to lower latitudes around the eastward end of the PM cell “ex+oral latitudes before crossing the convection reversabicel
tension arm” where the SAPS ions are produced. Overall, themvestward in the plasmatrough. As a result, there can be a con-
there are indeed several regions of downward vorticity @iolw siderable difference in length between adjacent paths ef th
FACs) in the morningside auroral zone too, and these regionSAPS ions. This accounts for the different slopes in theatisp
are where the MAPS ions will be produced. After production,sion signatures of the DAPS and SAPS ions.
they simply undergo drift eastward toward dawn, where we Because of their shorter paths, DAPS ions are not subject
will show in the following section some AKEBONO measure- to as much loss as the SAPS ions, and would be expected to
ments [9, 10] and discuss the DMSP statistical study by [14khow higher energy fluxes. This is revealed rather clearly in
which shows that dawnside low-energy ions are a persisterthe middle panel of Figure 2, where the DAPS population has
feature during disturbed conditions. fluxes well in excess of0” eV cm2 s~! sr! evV~! whereas
the SAPS population values are closel 3. In Figure 2, the
i i important boundary between the DAPS and SAPS ion popu-
3. Satellite Observations Of Low-Energy lons lations is the equatorward auroral boundary-&8.7°, which

Some of the earliest low-energy SAPS ion observations wert$ roughly the low-latitude boundary for both auroral eryerg
made by the Dynamics Explorer satellites DE~110,000 km  10NS and electrons. (Although ring current ions are norynall
latitude) and DE-2 4925 km). Two fine examples of pitch t00 high in energy to be seen by the SSJ/4 detector, Fig. 2
angle observations neéf in the evening sector on October ShOWs a ring current ion population - the whitish-pink high
22,1981, are shown by [21], in their Plate 1 which shows LAPIflux region - seen both in the auroral zone in the plasmat-
(Low Altitude Particle Instrument) data. rough from~—53.7° to ~—52.1° at the highest SSJ/4 energies

Figure 2 shows DMSP evening sector results at about 20 ML 10 keV)). _
from both the SSJ/4 and ion drift meter instruments. The fig- "€ SAPS and DAPS energy bands, which are shown even
ure clearly reveals two of the three low-energy ion popula/nore clearly in upcoming Figure 3, have been explained in
tions, namely the SAPS ions, found equatorward of the audetail by [9, 10]. They result from differences in lengths of
roral particles, and the DAPS ions, seen within the auroraih€ streamline paths between the secondary productioorregi
zone in the latitude range from abou53.7° to —56.5° MLAT. and the satellite. Whe_n DMSP is travellng_ poleward through
Of course, the DAPS ions are coincident with the more enerth€ plasmatrough, as in Fig. 2, the streamline path lengths a
getic (~1 keV) auroral ions and electrons. The electron and jorshorter at the higher latitudes, longer at the lower lagtudf
spectra in the top panels of Fig. 2 show that the inner edge d¥e assume for simplicity that the electric field is roughlyi€o
both the electron and ion auroral energy precipitation é& th Stantin the plasmatrough, the ExB drift time will be dirgctl
very disturbed day is located at abou§3.6° in the southern ~ Proportionalto the path length. For the longer path lengttes
hemisphere. The SAPS ions{ keV) extend into the plasmat- time must be longer. That time must be equal to the time fc_>r
rough region well equatorward of the auroral electron beundthe half-bounce along the field line from the northern hemi-
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Fig. 2. DMSP evening sector SSJ/4 particle spectra (electronseiridp panel, ions in the middle panel) and ion drifts (bottcemned),
in the evening sector. Low-energy ions in the SAPS regionclearly seen in the low latitude portion of the ion spectrum.

sphere production site to the southern hemisphere obgervat detected in four sets of pitch angles2f° intervals, starting
site. Therefore, the lower-latitude bouncing particlestiave  with the0 — 20° range of nearly field-aligned ions. In the up-
lower energy so that their half-bounce time matches the longer panel, we see characteristics similar to those of thmigre
drift time. On the other hand, the shorter drift times on thenight DAPS and SAPS ions observations by DMSP in Figure
shorter paths at higher latitudes require that the halfabeloe 2, namely the bursty nature, several energy bands, therdispe
made in a shorter time, which can only be done if the energy o$ion signature of decreasing energy with decreasing thgjtu
the bouncing particles is higher. Thus, higher energiesega and the prominence of the lowest-energy band of particles.
at higher latitudes. The AKEBONO mass spectrometers (IMS, SMS) showed that
Actually, in travelling from the initial northern hemisptge  this band is composed primarily of O+ ions. The drift meter
production site to the southern hemisphere satellite,dhs i showed that these particles convect eastward, as expested f
can make either one half-bounce, three-half-bounces, éilfe h ions on streamlines in the morning convection cell. The ban-
bounces, etc. This is the reason for the observed energyisizan ded energy structure is much clearer at the higher pitcheang|
Since the field-aligned bounce path lengths have ratios3061:, such asl0 — 60°, where the bands are characterized by energy
the parallel speed ratios must be 1:3:5:7 and thereforerthe eratios of 1:9:25:49, or 2:3%2:52:72. As mentioned above, this
ergy ratios must be 1:9:25:49. Our analysis of the bandsgn Fi is a direct result of the fact that these particles were predu
ure 2 showed that the ratios are close to the values 1:9:25:4h the opposite hemisphere to that of the AKEBONO observa-
so we assume the ionization source for the southern hemtions.
sphere observations of Figure 2 was indeed in the northern
hemisphere. If the particles had originated in the sametijsou . .
ern) hemisphere that they were observed, then they woulel ha#- Discussion

had to make one, two, three, etc. complete bounces betweenThe satellite results shown in Figures 2 and 3 reveal three

have been in the ratios 1:2:3:4, and their energies in the ra- jong, all with similar characteristics - multiple energynla,

tios 1:4:9:16. bursty appearance in space and time (particularly thodesin t

~ We now turn our attention to the third low-energy popula-|oss cone), and often an energy dispersion signature. e not
tion, namely the MAPS ions near dawn. Figure 3 shows EXOS{Ry; the latter is not always seen, particularly duringyadis-

(AKEBONO) ion spectra in the dawn sector at about 4.5 MLT ,rhed conditions when the secondary source region is exten
(taken from Plate 3 of [9]). This time, however, the ions wereged and the energy banding is “smeared out” as a consequence.
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proach in which electric fields start and stop on chargeitistr
tions. Itis not difficult to show from a kinetic approach thia¢
higher energy particles produce a total drift (the sum oéehr
drifts, namely the gradient, curvature and magnetizatriftsjl
given by

0-20 deg.

Eprl p|—DpL B

2 e "5 % [(B-V)B]. (2)

vp =

This shows that, when the pressure is isotropic, the drift
arises from the first term on the right, namely the pressure
gradient drift, to which the shielding has sometimes been at
tributed. By undergoing eastward ExB drift along the stream
lines that pass through the auroral zone, the low-energy MAP
. ions can arrive at the same position as the high energy elec-
v _§’ trons. The overall net effect would be the cancelation of the
2T shielding negative charge of the high-energy electrondhby t

d 295 ! positive charge of the low-energy ions. This might explaia t
r° < loss of shielding discussed by [13].
1 Confirmation of the low-energy ions in the morning sector is

. well-documented by [14], who undertook a statistical statly
gl DMSP results and also looked at CRRES data. They modeled
8 the particle trajectories using a Volland-Stern model, imgk
e allowances for time-varying electric fields and azimuthabgm

netic field gradients. Another possible explanation foirtbk-

servations is that adopted here, namely that these ions were

UT 0313 0316 0319 0322 0325 0328 originally secondaries from the auroral zone F-region.
MLT 32 32 32 33 33 33

ILAT 67.7 664 652 64.0 63.0 62.0

Log Energy (eV/q)
20 - 40 deg.

ALT. 8643 8910 9117 9302 9467 9610 5. Conclusions
L=
Los Conmiacc :: ‘; _ (a) Satellite observations in the evening sector (DMSP res-
] ] ] ) ults in Fig. 2), and the morning sector (such as the AKEBONO
results in Fig. 3 and an extensive DMSP study by [14], reveal
Fig. 3. AKEBONO lon spectra in four pitch-angle ranges the presence of three low-energy ion populations during dis
(permission granted by Dr. Hirahara) in the postmidnightiee turbed conditions. We propose that these ions (mainty &e
Note the banding of the low-energy ions, best seen in the the secondary ions that result from primary auroral electro

40° — 60° pitch angle panel, and the presence of the auroral ionsPombardment of the auroral zone ionosphere.

which show a flat top at an energy of just under 10 keV. These (D) The secondary ions populations undergo ExB drift along
measurements were made in the auroral zone, which is seen to the streamlines of the global convection pattern, sket¢hed

extend at these times to latitudes lower thgn8° ILAT. Figure 1. Two of these populations flow on afternoon con-
vection cell streamlines, namely the westward-flowing SAPS
During any major storm, the primary auroral bombardmen{SubAuroral Plasma Stream) ions in the plasmatrough (which
would result in a large production of the secondary ionsnpri can flow westward from postmidnight locations), and the DAPS
cipally O™) because O ions dominate in the upper E- and (Dusk Auroral Positive Stream) ions which are produced tyain
lower F-regions of the auroral ionosphere, where the SAPSn the evening sector at auroral latitudes and which suleseityu
DAPS and MAPS ions are produced. flow almost directly westward on auroral streamlines that ar
The MAPS secondary ions could play an important role inpoleward of those on which the SAPS ions are seen. There
reducing the shielding in the morning sector. Normallyttha is evidence in Figure 2 of a small observable latitudinal gap
shielding would be attributed to the effect of the curvature between these two ion populations in the evening sector. The
gradient (CG) drift of the high-energy particles, leadingat  third population consists of ions which have flowed eastward
separation between the high-energy ions and electronk, wifrom the auroral zone on morning-cell streamlines. They are
the electrons drifting toward dawn while the ions drift tadda MAPS (Morning Auroral Positive Stream) ions seen clearly in
the evening sector. The eastward CG drift of the high-energthe dawn sector.
electrons to the dawnside leads to a negative charge layenwh  (c) The observations of bright visual aurora in the auroral
shields the morning plasmasphere from the dawn-dusk fieldzone reveal that primary particle energy fluxes of tens of
Sometimes this is stated in a different manner, because thergs cnt? s~! are common during disturbed periods. Making
dawnside at low latitudes outside the plasmasphere is dlsoev conservative estimates of the resulting secondary paupia-
the Region 2 upward FACs occur, and the precipitation of dawrduction, it is not unreasonable to expect that the low-gnerg
side high-energy electrons in the associated upward FACs isn populations, particularly the MAPS ions, could be stron
said to cause the shielding. Here, we prefer the Gauss’ law ap
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enough to add enough positive charge in the region of the neg-1.

ative shielding charge provided by high-energy electroms o

the dawnside to reduce the shielding effect of the electrons
(d) The low-energy secondary ions clearly undergo some

initial acceleration that raises their energies to the edhg eV

to energies from a few tens to a few hundred eV. There has beer2.

ample evidence of TAI (transverse acceleration of iongjiteg
toion conics, and of parallel acceleration, causing beé&ma.
result of such energization, the DAPS, SAPS and MAPS popu-
lations consist of suprathermal to sub-auroral energy flbats
undergo bounce and convective drift motions in travelimamgl
the streamlines (equipotential contours) from the soueze r
gion in the auroral ionosphere to the observation regiotfsdan
evening or morning sectors. The combination of these mstion

leads to the energy banding and dispersive signature of de4.

creasing energy with decreasing latitude. The observed sat
lite locations of these ions are in good agreement with tiee pr
dictions of the convection patterns.
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