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Abstract. Polar CAMMICE MICS proton pitch angle dis-
tributions with energies of 31–80 keV were analyzed to de-
termine the locations where anisotropic pitch angle distribu-
tions (perpendicular flux dominating) change to isotropic dis-
tributions. We compared the positions of these mid-altitude
isotropic distribution boundaries (IDB) for different activity
conditions with low-altitude isotropic boundaries (IB) ob-
served by NOAA 12. Although the obtained statistical prop-
erties of IDBs were quite similar to those of IBs, a small dif-
ference in latitudes, most pronounced on the nightside and
dayside, was found. We selected several events during which
simultaneous observations in the same local time sector were
available from Polar at mid-altitudes, and NOAA or DMSP at
low-altitudes. Magnetic field mapping using the Tsyganenko
T01 model with the observed solar wind input parameters
showed that the low- and mid-altitude isotropization bound-
aries were closely located, which leads us to suggest that the
Polar IDB and low-altitude IBs are related. Furthermore, we
introduced a procedure to control the difference between the
observed and model magnetic field to reduce the large scat-
ter in the mapping. We showed that the isotropic distribu-
tion boundary (IDB) lies in the region whereRc/ρ∼6, that is
at the boundary of the region where the non-adiabatic pitch
angle scattering is strong enough. We therefore conclude
that the scattering in the large field line curvature regions in
the nightside current sheet is the main mechanism producing
isotropization for the main portion of proton population in
the tail current sheet. This mechanism controls the observed
positions of both IB and IDB boundaries. Thus, this tail re-
gion can be probed, in its turn, with observations of these
isotropy boundaries.
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1 Introduction

Measurements of precipitating energetic protons around the
auroral region have been made since the beginning of the
space era on board many low-altitude satellites, such as In-
jun 1 and 3, ESRO IA and IB, NOAA, and DMSP (Søraas,
1972; Imhof et al., 1977; Sergeev et al., 1983; newell et al.,
1998). At each crossing of the auroral zone, there exists a
sharp boundary in proton fluxes separating the poleward zone
of isotropic precipitation (over the loss cone, i.e. precipitat-
ing fluxes are equal to the fluxes of trapped particles with 90◦

local pitch angles) from the equatorial zone with empty loss
cone (fluxes of trapped particles are much higher than precip-
itating fluxes). This low-altitude boundary at which isotropy
is reached in the loss cone is called the isotropic boundary
(IB). The characteristic features of the nightside pattern of
the energetic particle precipitation can be summarized as fol-
lows (Sergeev et al., 1993; Sergeev and Gvozdevsky, 1995):
1) for ions the isotropic boundaries were observed at all MLT
and for all activity conditions; 2) the IB latitudes depend on
the particle species, energy, MLT and magnetic activity; 3)
for ions of the same species and energy, the IB latitude is
higher around local noon than at local midnight; 4) for a
given species, the higher the energy, the lower the latitude
at which the IB is observed.Newell et al.(1998) compared
simultaneous observations of IB from NOAA and b2i bound-
ary (latitude of the ion energy flux precipitation peak) from
DMSP and showed their close association. Extending this
finding Donovan et al.(2003) showed the close relationship
of b2i boundary to the equatorward boundary of the proton
aurora.

In the equatorial magnetosphere a somewhat similar pat-
tern was observed, in which the proton distributions are
isotropic in the plasma sheet (Stiles et al., 1978), which
maps to the high-latitude portion of the auroral oval, and
become progressively anisotropic towards the dayside. Sig-
natures of isotropization of energetic particle (60–3000 keV)
pitch angle distributions were observed in a few cases on
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OGO 5 near midnight in the equatorial magnetosphere (West
et al., 1978). The AMPTE/CCE spacecraft provided the ion
data (1 keV−4 MeV) to study plasma pressure anisotropies
at L<9 (Lui and Hamilton, 1992; De Michelis et al., 1999;
Milillo et al., 2003). It was shown that the anisotropy
A=(P⊥

P‖
−1)100% tends to (1) increase with an L decrease

approaching 100% for L=3–3.5, (2) a decrease with increas-
ing activity level and (3) be generally higher in the noon sec-
tor than in the midnight sector.

Wave-particle interactions were for a long time consid-
ered to be the main mechanism leading to particle precipi-
tation, see, for example, a review byHultqvist (1979). How-
ever, the ability of waves to produce the strong diffusion re-
quired to fill the loss cone isotropically is still under ques-
tion. Also the wave intensity depends on the activity and
particle fluxes, which is in contrast to the stable properties of
the isotropic precipitation which always requires stable and
very high wave activity.

On the other hand, there exists a robust and always op-
erating pitch angle scattering in the magnetic field regions
where the conditions for adiabatic particle motion are vi-
olated (Alfv én and F̈althammar, 1963; Tsyganenko, 1982;
Birmingham, 1984; Büchner and Zelenyi, 1987; Delcourt
et al., 1996; Young et al., 2002). In particular, if the effec-
tive Larmor radius (ρ=

mv
qB

, wherem is the particle mass,v is
the total particle velocity,q is the particle charge andB is the
magnetic field) becomes comparable to the radius of the field
line curvature in the equatorial current sheet (Rc=

Bz

∂Bx/∂z
,

whereBx andBz are the magnetic field components), then
the first adiabatic invariant is violated and pitch-angle scat-
tering occurs. The ion isotropic boundaries have been shown
to be the low-altitude signatures of the boundary between re-
gions of adiabatic and chaotic particle motion in the equa-
torial magnetosphere (Sergeev et al., 1983). The value of
Rc/ρ for the strong scattering depends on the current sheet
structure and particle parameters, as well as on the required
amplitude of the pitch angle change, but in most conditions it
varies between 6 and 10 see e.g.West et al.(1978); Sergeev
and Tsyganenko(1982); Delcourt et al.(1996); Young et al.
(2002).

Many studies have been done to confirm the action of the
pitch angle scattering mechanism for low-altitude isotropic
boundaries, both comparing the low-altitude observations
of these boundaries and equatorial magnetic field measure-
ments (Sergeev et al., 1983, 1993; Newell et al., 1998) and
following the particle trajectories in numerical simulations
(Sergeev and Tsyganenko, 1982; Delcourt et al., 1996). At
the same time, while observational studies of isotropization
of particle distributions in the equatorial magnetosphere and
at mid-altitudes have been made (West et al., 1978; Lui and
Hamilton, 1992; De Michelis et al., 1999), the correspond-
ing boundaries of distribution isotropization and their forma-
tion mechanisms have not been studied in detail.West et al.
(1978) considered two cases and showed that the boundary
positions agreed with the ones predicted from in-situ mag-
netic observations. However, it is not possible to assume that

the obtained agreement is valid for other MLTs or activity
levels. Moreover, the boundaries observed in the equato-
rial magnetosphere and at mid-altitudes are probably not the
same as low-altitude isotropic boundaries: Their positions
depend not only on the scattering processes but also on the
magnetospheric convection which creates anisotropies in the
particle distributions.

The purpose of this paper is to further explore the relation-
ship between particle scattering in the current sheet and the
observed anisotropy characteristics in the mid-altitude mag-
netosphere. We compare the proton pitch angle distribution
isotropization boundary at mid altitudes (measured by Polar
CAMMICE/MICS instrument) to the low-altitude isotropic
boundaries observed by NOAA satellites during 1997. Sev-
eral simultaneous conjugate observations at Polar and DMSP
or at Polar and NOAA are considered. Using the Tsyga-
nenko T01 model we analyze the statistical distributions of
these boundaries mapped into the ionosphere, and evaluate
the correspondingRc/ρ parameters in the equatorial current
sheet. Based on these comparisons we conclude that, similar
to the low-altitude isotropic boundaries, regular pitch angle
scattering in the tail current sheet is the basic mechanism that
controls the transition from isotropic to anisotropic distribu-
tions in the near-equatorial region.

2 Low- and mid-altitude signatures of pitch-angle
isotropization

2.1 NOAA observations of isotropic boundaries (IB)

Figure1 shows an example of measurements on the MEPED
instrument on 1 May 1997 made on board the NOAA 12
spacecraft. The NOAA spacecraft is on a nearly circular,
Sun-synchronous polar orbit at an altitude of about 800 km
(Hill et al., 1985). The Medium Energy Proton and Electron
Detector (MEPED) instrument measures with a time resolu-
tion of 2 s the differential flux of protons in the energy range
of 30–80 keV. A pair of detectors in the MEPED instrument,
one looking radially outward and the other in a perpendicu-
lar direction, measure precipitating particles (jP ) in the cen-
tral part of the loss cone and locally trapped particles outside
the loss cone (jT ). Sharp boundaries in proton fluxes sepa-
rating the poleward isotropic precipitation from the equator-
ward region with weak filling of the loss cone are marked
by vertical lines. Note that in Fig.1 the precipitating flux
exceeds the trapped flux in the isotropy zone. This is a con-
sequence of the fact that the proton detectors suffer radiation
damage over time. The impact of this damage is to increase
the energy threshold for counting protons, and the increase is
stronger for the horizontal detector, as this detector over time
has been subjected to the largest radiation dose (seeYahnina
et al.(2003) for a brief description of the damage effects).
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2.2 Polar CAMMICE/MICS observations of isotropic dis-
tribution boundaries (IDB)

The Polar spacecraft was launched in 1995 on an 86◦ incli-
nation elliptical orbit with a 9RE apogee, 1.8RE perigee,
and 18-h orbital period. The Charge and Mass Magneto-
spheric Ion Composition Experiment on board Polar was de-
signed to measure the charge and mass composition of parti-
cles within the Earth’s magnetosphere over the energy range
of 1 keV/Q to 60 MeV/Q (Wilken et al., 1992). The MICS
(Magnetospheric Ion Composition Sensor) sensor identifies
each ion from measurements of time of flight, energy per
charge, and total energy. An electrostatic analyzer allows en-
try of the ions in one of 32 energy/charge steps in the range of
1–200 keV/e. We analyze the pitch angle distributions of pro-
tons with energies of 30–81 keV. In our study we also used
magnetic field measurements given by MFE (Magnetic Field
Experiment) instrument at Polar which consists of two tri-
axial fluxgate magnetometer sensors and measures the vec-
tor magnetic field at the spacecraft location (Russell et al.,
1995).

Figure2 presents one example of Polar CAMMICE/MICS
measurements on 21 May 1997 at 00:30–02:30 UT (upper
panel) in counts per second for pitch angles from zero to
360◦. Polar moved inbound from the high-latitude plasma
sheet to the ring current region. This gave us a unique op-
portunity to search for a boundary where the isotropic pitch
angle distribution changes to anisotropic at mid-altitudes, be-
tween the ionosphere and equatorial plane. Because the reso-
lution in local pitch angle was about 9◦, we define the parallel
(to the magnetic field) count rate as a sum of counts for wide
sectors of pitch angles from 0◦ to 45◦ and the perpendicular
count rate as a sum of counts for pitch angles from 45◦ to
90◦ at a given UT. They are shown in the middle panel of
the Fig.2 by thick and thin lines, respectively. The bottom
panel shows the ratio between the parallel and perpendicu-
lar count rates. For each pair, we determine the first point at
which the ratio between the parallel and perpendicular count
rates is within 0.8 and 1.2 (two horizontal lines) tailward of
the maximum of the perpendicular count rate. We call this
point the isotropic distribution boundary (IDB). This point
is marked by a vertical line in all three panels, and it shows
that the isotropization of the pitch angle distribution occurred
at 00:50 UT, 21:50 MLT, L=7.7, R (radial distance)=4.6RE

and latitude of the spacecraft was 39.5◦. The corresponding
value of total magnetic field was about 400 nT.

2.3 Statistical results

We analyzed one year (1997) of Polar measurements, when
the orbit apogee was over the northern polar region. Figure3
shows the corrected geomagnetic latitudes of the IDBs (red
crosses) as a function of MLT for three ranges of theDst

index: a) −10 nT<Dst<10 nT, b) −50 nT<Dst<−10 nT,
and c)Dst<−50 nT. The corrected geomagnetic latitudes of
the IDBs were determined using a mapping with the Tsy-
ganenko T01 magnetospheric magnetic field model (Tsyga-
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Fig. 1. Example of NOAA 12 measurements on 1 May 1997 show-
ing the sharp boundaries marked by vertical lines when precipitating
particle fluxes (jP ) in the central part of the loss cone and locally
trapped particle fluxes outside the loss cone (jT ) become compara-
ble.

Fig. 2. (top panel) Polar CAMMICE/MICS measurements of pro-
ton pitch angle distributions in the energy range of 31–80 keV, (mid-
dle panel) parallel (thick line) and perpendicular (thin line) count
rates, and (bottom panel) the ratio between the parallel and perpen-
dicular count rates for 21 May 1997, 00:30–02:30 UT. The position
of IDB is marked by a vertical line at all three panels.

nenko, 2002a,b). The input parameters for each IDB obser-
vation, interplanetary magnetic field and solar wind dynamic
pressure, were obtained from the WIND spacecraft. Figure3
also presents the statistical positions of isotropic boundaries
for protons with an energy range of 30–80 keV observed on
the NOAA 12 satellite during 1997 in the Northern (open tri-
angles) and Southern (open circles) Hemispheres. Latitudes
of the isotropic boundaries (IB) in the Southern Hemisphere
are plotted as absolute values. As can be seen, the IB po-
sitions in Southern and Northern Hemispheres do not differ
significantly. Plotting both hemispheres was used to increase
the statistics of the IB positions.
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Fig. 3. MLT-dependence of corrected geomagnetic latitudes
of isotropic distribution boundaries (IDB) observed by Polar
CAMMICE/MICS (red crosses), together with isotropic bound-
aries (IB) observed by NOAA 12 satellites in the North-
ern (open triangles) and Southern (open circles) Hemispheres
for (a) −10 nT<Dst<10 nT, (b) −50 nT<Dst<−10 nT, and(c)
Dst<−50 nT.

The obtained statistical properties of IDBs are quite sim-
ilar to those of the IBs (Sergeev and Gvozdevsky, 1995).
These boundaries (IDBs and IBs) were observed at all
MLTs. There exists a day-night asymmetry with the night-
side boundaries being at lower latitudes than those on the
dayside. An increase of activity (decrease in theDst index)
leads to an equatorward shift of boundaries at all MLTs. At
the same time, there exists a small difference between av-
erage IDB and IB latitudes which is most pronounced on
the nightside and on the dayside. For the quiet conditions
with −10 nT<Dst<10 nT IDBs are observed in the latitudi-
nal range of 65◦−69◦ on the nightside and 69◦

−73◦ on the
dayside. IDBs are observed below 64◦ (60◦) on the night-
side and 68◦ (65◦) on the dayside for−50 nT<Dst<−10 nT
(Dst<−50 nT). The IDB positions become more scattered
and occupy a larger latitudinal interval at a given MLT than
the IBs. A very scattered pattern is observed during disturbed
conditions whenDst<−50 nT. For all threeDst ranges IBs
are observed at lower latitudes than IDBs on the nightside.
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Fig. 4. Noon-midnight meridian (left panels) and equatorial plane
(right panels) projections of the magnetic field lines correspond-
ing to DMSP or NOAA (black lines) and Polar (red line) locations,
when the conjugate boundaries were observed at Polar and DMSP
on (a) 21 May 1997 and(d) 10 October 1997, and at Polar and
NOAA on (b) 1 May 1997 and(c) 28 May 1997. The thick red
cross shows the Polar location.

3 Comparison of mid-altitude and low-altitude conju-
gate observations

In addition to the comparison of statistical results on mid-
altitude IDBs as observed by Polar and low-altitude IBs ob-
served by NOAA, we searched for several conjugate obser-
vations by Polar and NOAA, and Polar and DMSP. Like
the NOAA spacecraft, the DMSP satellites have a 101-min
Sun-synchronous, near-polar orbit at 830 km altitude. Using
the observations made in 1997, for both Polar and NOAA,
and Polar and DMSP, we searched for cases when NOAA
and DMSP observations and Polar observations were within
30 min of each other (1UT<30 min) and in the same local
time sector (1MLT<30 min). For Polar and DMSP conjunc-
tions, we used IDBs at Polar and the b2i boundary (the en-
ergetic ion precipitation flux peak) at DMSP which corre-
sponds well to the proton isotropic precipitating boundary at
30 keV energy (Newell et al., 1998).
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Table 1. Positions of Polar, NOAA and DMSP satellites for conjugate events, together with solar wind parameters,Dst index, and corre-
sponding magnetic field line parameters.

Satellite UT MLT CGMlat,◦ Req , RE CGMlat model,◦

21 May 1997
(Psw=0.8 nPa,Dst=−6 nT, IMF By=0.4 nT, IMFBz=1.8 nT)

Polar 00:48 21:54 69.1 11.2 68.04
DMSP 00:43 22:06 68.8 10.6 67.94
| 1 | 5 min 12 min 0.3◦ 0.6RE 0.1◦

1 May 1997
(Psw=3.1 nPa,Dst=−16 nT, IMFBy=−2.6 nT, IMFBz=−1.3 nT)

Polar 03:30 22:48 65.4 7.2 65.06
NOAA 03:46 22:36 64.7 7.1 65.47
| 1 | 16 min 12 min 0.7◦ 0.1RE 0.41◦

28 May 1997
(Psw=2.8 nPa,Dst=−24 nT, IMFBy=−0.4 nT, IMFBz=0.6 nT)

Polar 09:30 20:30 66.9 8.3 66.54
NOAA 09:05 20:05 66.45 8.1 66.92
| 1 | 25 min 25 min 0.45◦ 0.2RE 0.38◦

10 October 1997
(Psw=2 nPa,Dst=−49 nT, IMFBy=2 nT, IMFBz=−3.8 nT)

Polar 10:51 00:12 63.3 6.4 63.91
DMSP 10:57 23:42 63.2 6.3 63.89
| 1 | 6 min 25 min 0.1◦ 0.1RE 0.02◦

Figure4 presents two selected conjunctions between Polar
and DMSP for a) 21 May 1997 and d) 10 October 1997, and
two between Polar and NOAA for b) 1 May 1997 and c) 28
May 1997. These cases were selected to cover the interval
of activity conditions from quiet withDst=−6 nT on 21 May
1997, to disturbed withDst=−49 nT on 10 October 1997.
Noon-midnight meridian (left panels) and equatorial plane
(right panels) projections of the magnetic field lines corre-
sponding to DMSP or NOAA (black lines) and Polar (red
line) locations, when the isotropy boundaries were observed,
are shown. We used the Tsyganenko T01 model (Tsyga-
nenko, 2002a,b) with the observed solar wind conditions and
Dst index as input parameters for the magnetic field calcula-
tions. The thick red cross shows the Polar location.

Table1 presents, together with corresponding IMF and so-
lar wind parameters andDst indices, the UTs and MLTS of
the positions of IDBs, IBs and b2i boundaries observed by
Polar, NOAA and DMSP, respectively. The corrected ge-
omagnetic latitudes and equatorial distances for correspond-
ing magnetic field lines calculated using the Tsyganenko T01
model with the observed parameters for the four selected
conjugate events are also shown.

For all four cases, independent of the activity conditions,
the differences in latitudes of the observed IDBs at Polar and
IB at NOAA and b2i at DMSP were rather small, less than
1◦, with a maximum difference of 0.7◦ on 1 May 1997, when
Dst was equal to−16 nT. The difference in equatorial radial
distance was also small, reaching 0.6RE on 21 May 1997,
whenDst was about−6 nT.

We also computed the model locations of the expected
isotropy boundaries by finding the magnetic field lines (at
MLTs of Polar, NOAA and DMSP) on which the criterion of
Rc/ρ=8 is fulfilled (Sergeev and Tsyganenko, 1982). For Po-
lar data we are restricted by 9◦ in pitch angle and an 8-energy
level resolution for the count rates. This seriously limits our
possibility to gain information about the detailed structure of
the distribution function in this rather limited energy range
of 30–80 keV. In our model calculations we used the proton
energy of 30 keV. We assumed that the distribution is close
to Maxwellian and thus the maximum will be for lower en-
ergies. The larmor radius for low energy particles will be
smaller, and hence the ratioRc/ρ will be larger. Making
calculations for the energy of 30 keV, we find the maximum
Rc/ρ values for the given energy range of 30–80 keV.

The latitudes of model and observed boundaries, shown
in the last column in Table1, are quite close to each other.
The differences in latitudes between the model boundaries
for conjugate Polar, NOAA and DMSP observations are also
small, not exceeding 0.4◦.

4 Discussion

We determined the locations of mid-altitude isotropic dis-
tribution boundaries (IDB), where anisotropic pitch an-
gle distributions (perpendicular flux dominating) change to
isotropic distributions using Polar CAMMICE MICS proton
data and compared them to the low-altitude isotropic bound-
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Fig. 5. Lat(MLT )=A0−A1cos(π(MLT −MLT0)/12) ap-
proximation for Polar IDB statistics (red curves) and NOAA
IB statistics (black curves) (a) −10 nT<Dst<10 nT, (b)

−50 nT<Dst<−10 nT, and (c) Dst<−50 nT. Standard error
means are shown by open red triangles for Polar data and by open
black diamonds for NOAA data.

aries (IB) observed by NOAA and DMSP satellites dur-
ing 1997. The fact that the mid-altitude IDB and low-
altitude IB and b2i boundaries were found on very close
field lines (Fig. 4) suggests that they are associated with
the same isotropization mechanism. Simultaneous observa-
tions of isotropization signatures at low- and mid-altitudes
is a strong argument supporting the mechanism of filling the
ionospheric loss cone by pitch angle scattering due to viola-
tion of first adiabatic invariant while crossing the tail current
sheet.

Statistical CGLat-MLT dependencies of the IDB and IB
positions were found to be very similar, but systematic dif-
ferences in their latitudes exist most pronounced on the
nightside and on the dayside (Fig.3). Following Sergeev
and Gvozdevsky(1995) we fitted the statistical observations
by Polar and NOAA using a simple cosine approximation
Lat(MLT)=A0−A1cos(π(MLT−MLT0)/12), whereA0 is
the average latitude,A1 is the amplitude and MLT0 is the
phase shift. Figure5 shows the fits for Polar IDB statis-
tics (red curves) and NOAA IB statistics (black curves) for
(a) −10 nT<Dst<10 nT, (b)−50 nT<Dst<−10 nT, and (c)
Dst<−50 nT. Standard error means are shown by open red
triangles for Polar and by open black diamonds for NOAA.

For all three cases IDBs are observed at higher latitudes on
the nightside and at lower latitudes on the dayside than IBs.
The phase shift towards the dusk exists for both boundaries
(increasing with the activity increase) and is larger for Po-
lar IDBs than for NOAA IBs, similar to that previously re-
ported for isotropic and b2i boundaries (Newell et al., 1998)
and proton auroras (Donovan et al., 2003). The sparse MLT
coverage, however, does not allow for a more detailed inves-
tigation of this feature in our data set.

Although we compared directly the locations of IBs ob-
served by low-altitude NOAA satellite and IDBs observed
by mid-altitude Polar satellite, it should be clearly mentioned
that these two boundaries have a different definition. Low-
altitude NOAA MEPED detectors look radially outward and
perpendicular to the satellite velocity vector and measure
only precipitating and locally mirroring particles. In these
data, particles seen in the two directions have very small
pitch angle separation at the equator: particles with 10◦ and
80◦ pitch angles detected by NOAA will have only 0.31◦ and
1.78◦ pitch angles at the equator (∼9RE). The low-altitude
isotropic boundary (IB) reflects the transition from the empty
loss cone to the isotropically filled loss cone, therefore, it
characterizes the pitch angle change during one traversal of
the equatorial current sheet. However, the required pitch an-
gle change is very small, of the order of the loss-cone size in
the current sheet center, i.e. about 1–2◦.

We define the IDB at Polar not in terms of filling the loss
cone but as a boundary where the parallel count rate (sum of
counts for pitch angles from 0◦ to 45◦) and the perpendicular
count rate (sum of counts for pitch angles from 45◦ to 90◦)
become comparable (Fig.2). Polar IDB is observed at mid-
altitudes (total magnetic field is about 300–400 nT), where a
large portion of the equatorial plasma distribution is present.
IDB characterizes a change in the entire distribution, rather
than a change in a small part near the small loss cone like
the IB. This change is formed by the interaction of two com-
petitive processes. One of them is pitch angle scattering due
to the non-adiabatic motion, which isotropizes the distribu-
tion. The other process is the inward convection in the in-
ner magnetosphere, which creates a pancake-like anisotropy
due to the dominating betatron acceleration. For that reason,
one would expect the IDB at larger distances than the IB on
the nightside, where the pitch angle scattering is presumably
stronger, which was indeed the case.

To have an idea where in the magnetosphere pitch angle
scattering can occur, we integrated particle trajectories with a
standard method of 4th order Runge-Kutta scheme in the T01
magnetic field model with quiet-time parameters. Figure 6
illustrates the results for protons with 30 keV. It shows the
Rc/ρ-dependence of the phase-averaged pitch angle changes
after one crossing of the field reversal region at the midnight
meridian. Each point is the average of 18 trajectories, which
differ by initial phase. Initial pitch angles varied from 0◦ to
35◦ (with 5◦ step), whereas the initial phase for each initial
pitch angle varied from 0◦ to 360◦ (in 20◦ steps). The pitch-
angles are reduced to the equator.
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Fig. 6. Rc/ρ–dependence of the phase-averaged pitch angle
changes (pitch angles reduced to the magnetic equator) after one
crossing of the field reversal region calculated by tracing the 30-
keV protons in the T01 magnetic field at midnight meridian. Initial
pitch angles varied from 0◦ to 35◦ (with 5◦ step), whereas the ini-
tial phase for each initial pitch angle varied from 0◦ to 360◦ (in 20◦

steps).

Similar to previous computations (Sergeev and Tsyga-
nenko, 1982; Delcourt et al., 1996), the pitch angle change is
small for largeRc/ρ≥10 (of the order of the loss-cone size
∼0.7◦, whenRc/ρ∼8) and strongly increases with further
decreasing ofRc/ρ. WhenRc/ρ falls below 5–6, the scat-
tering increases by a factor of 2.5 and it quickly isotropizes
the distribution. This is the location where the IDB is ex-
pected to be observed on the nightside. The statistical obser-
vations of IDBs at higher latitudes than IBs on the nightside
qualitatively agree with this picture.

Having computed the T01 model for each Polar observa-
tion point, we mapped the observed IDB locations to the
equatorial plane in order to check theRc/ρ values. As shown
in Fig. 4, using the criterionRc/ρ=8 to determine the lati-
tudes of isotropy boundaries predicted by the magnetic field
model the results differed from the observed ones by about
1–2◦. An obvious reason for that is the error in the model
magnetic field, which may be evaluated by comparison with
the observed magnetic field value.

The position of the modelled IDB can be influenced by the
choice of the energy for which the calculations ofRc/ρ are
made, the value ofRc/ρ itself, which is selected as a cri-
teria for the pitch angle scattering and the accuracy of the
magnetic field model. We can estimate the differences com-
ing from energy orRc/ρ changing. As simple calculations
have shown, for 10 October 1997 event (Fig. 4d) for pro-
tons with 30 keV energy the model IDB latitude is 63.9◦ for
Rc/ρ=8 and 64.16◦ for Rc/ρ=6. For protons with 80 keV en-
ergy the latitude is equal to 63.44◦ Rc/ρ=8. Thus, changing
the energy orRc/ρ value does not produce big changes in
the model IDBs and does not influence our conclusions. It is
more difficult to estimate properly the error coming from the
magnetic field model. When we have a good correspondence
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Fig. 7. Dependence of the computed values ofRc/ρ on
the accuracy parameter1B=

BT 01−Bobs
Bobs

corresponding to the
Polar IDB observations on the nightside (04<MLT <20) for
−10 nT<Dst<10 nT (green triangles),−50 nT<Dst<−10 nT (red
triangles) and−150 nT<Dst<−50 nT (blue crosses). Here the in-
terval of1B from −0.5 to 0.5 is shown as it represents good accu-
racy. The red line represents the fitln(Rc/ρ)=−2.61B+1.7.

between the observed and modelled magnetic field at the Po-
lar location, we do not know if the model is accurate at the
equator where we estimate the field line curvature. For this,
the close location of the magnetic field lines corresponding
to observations of IDB on Polar, IB on NOAA, and b2i on
DMSP, is an indicator of the model’s sufficient accuracy.

To check further the accuracy of the magnetic field model
used in the present study, for each Polar observation of
IDB on the nightside (04<MLT <20) we computed a rel-
ative error parameter1B=

BT 01−Bobs

Bobs
, whereBT 01 is the ex-

ternal magnetic field calculated using the Tsyganenko T01
model with the observed parameters andBobs is the ob-
served external magnetic field (internal magnetic field given
by IGRF model was subtracted from the observed mag-
netic field) given by the Polar MFE instrument. Then,
for each Polar position we computed the value ofRc/ρ

using the T01 model, assuming the proton energy to be
30 keV. Figure7 shows the dependence of the computed
values ofRc/ρ on the accuracy parameter1B correspond-
ing to the Polar IDB observations for−10 nT<Dst<10 nT
(green triangles),−50 nT<Dst<−10 nT (red triangles) and
−150 nT<Dst<−50 nT (blue crosses). Here we show the
interval of1B from −0.5 to 0.5. It can be seen that for all
Dst ranges the computedRc/ρ increases with1B decrease.
When1B<0, thenBT 01<Bobs . This means that the model
underestimates the tail currents, and the model magnetic field
line is less stretched than the observed one. The modelRc/ρ

value is larger than needed for scattering, and scattering oc-
curs further tailward. When1B>0, thenBT 01>Bobs , and
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the model magnetic field lines are too stretched. The scatter-
ing occurs at largerRc/ρ values than given by the model.

In Fig. 7 the red line represents the fitln(Rc/ρ)=−2.6
1B+1.7. The scattering criterion is determined at the inter-
section of this fit, and is about 6, and1B=0 . The obtained
value ofRc/ρ agrees well with our expectations based on
the strength of pitch angle scattering and confirms that the
regular mechanism of non-adiabatic particle scattering in the
current sheet is responsible for maintaining the isotropic pro-
ton distribution functions on the nightside. It also supports
the conclusions made byWest et al.(1978) from two in-situ
comparisons of theoretical and observed boundaries. Taking
into account the consistency between IDB and IB boundary
locations at dusk and dawn (where convection lines go along
the boundary and where convection plays a minor role in the
restoring the anisotropy), one may also expand this conclu-
sion to the dusk and dawn portions of the IDB distribution.

On the other hand, according to Fig.6, at Rc/ρ=6 the
changes in the particle pitch angle can be as large as several
degrees, which confirms our speculations concerning the re-
quirement of stronger scattering for producing IDBs seen at
Polar. It is also necessary to mention that the magnetospheric
magnetic field models used for magnetic field mapping usu-
ally overestimate the thickness of the tail current sheet, which
can lead to even smaller values ofRc/ρ than 6.

As was mentioned above, calculations were made for the
energy of 30 keV, assuming the distribution to be close to
Maxwellian witha maximum at lower energies. The chang-
ing in the energy from the lower limit of the energy range
(30 keV) to the upper limit (80 keV) will result in the shift
of the corresponding fit (Fig. 7), and a lower intersection of
this fit and1B=0, to lowerRc/ρ values, but will not lead to
a dramatic change in the expected trend for IDB points and
our conclusions.

Although we discussed only the nightside isotropic distri-
bution boundaries, we may expect the same physics to be
valid for the dayside boundaries. However, it is more diffi-
cult to obtain experimental confirmation and to control the
mapping errors in that region. The field lines here expe-
rience strong 3-D deformations: two field lines which are
closeby may map to very different domains in the equatorial
plane. For example, the field line coming from near the cusp
can map to either near the dayside magnetopause (where the
magnetic field is strong andRc/ρ is very large) or to near
the magnetopause in the far magnetotail (where the magnetic
field andRc/ρ are very small). Also, these deformations are
very sensitive to the intensity and distribution of the field-
aligned currents. In general, this region is described with less
confidence in the magnetospheric models. This does not al-
low us to interpret the dayside observations in the same way
as we did for the nightside.

When finding the IDBs observed by Polar, we considered
only local measurements, not following the pitch-angle dis-
tribution evolution and not mapping to the equatorial plane.
Also a comparison with DMSP was made using local mea-
surements. At the same time, the particles drift so that the
measured distributions at Polar and DMSP may be differ-

ent. Tracing of particle trajectories in realistic magnetic field
models and comparison with pitch angle observations is our
future task.

The isotropization of the distribution at Polar does not nec-
essarily mean isotropic precipitation of ions at low-altitudes
at the same time; other local mechanisms of isotropization at
Polar altitudes could well be active. The role of wave-particle
interactions in the process of isotropization at different alti-
tudes needs to be investigated further in a future study.

5 Conclusions

In this paper we confirm and extend previous results describ-
ing and explaining the transition from anisotropic proton dis-
tributions in the near-Earth tail to the isotropic distributions
in the nightside plasma sheet.

We showed that two different boundaries (IB, related to
the isotropic filling of the loss cone by non-adiabatic pitch
angle scattering, and IDB, characterizing the pitch angle dis-
tributions in the near-equatorial magnetosphere) stay on the
neighboring field lines and display similar CGLatitide-MLT
distributions and similar activity dependence. Furthermore,
introducing a procedure to control the difference between ob-
served and the model magnetic field we were able to reduce
a large scatter in mapped equatorial parameters and to con-
clude that the isotropic distribution boundary (IDB) lies in
the region whereRc/ρ∼6. In this region the pitch angle scat-
tering is strong enough (>10◦ for one current sheet crossing
by a test particle). We, therefore, conclude that the scattering
in the large field-line curvature regions of the nightside cur-
rent sheet is the main mechanism producing isotropization
for the main portion of proton population in the tail current
sheet. This mechanism controls the observed positions of the
IB and IDB boundaries and, therefore, can be probed with
observations of these isotropy boundaries.
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