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Abstract

" The  transport of ionospheric ions originating near the

:dayside cusp into the magnetotail is. parametrically studied
“using a 3I-D model of ion trajedtories.i It is gshown that the

*centrifugal’ .term in the guiding center parallel fof&e equation

dominates the parallel motion after about 4 Re geocentric

"distance.  The dependence of the equatorial crossing distance on

initial latitude, energy and the convection electric field is
presented for ions originating on the dayside ionosphére in the
noon—-midnight plane.- It ;s also found that up to altitudes of
about S Re, the motion is similar to thaf of a bead on a rotating

rod, . for which a simple analytic-solution exists.
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It is currently a::epted that the ionosphere is an important
source of magnetospheric plasm# L e. é. « Horwitz, 19821. Plasma
of ichosphericv origin ~has deén hobserved- thfoughout the
magnetosphere.' Observations over'thg polar cap have suggested
that the daysiae‘cleft is a soufce of ionosphereic ions [Shelley
et al., 1982, Waite et al., 19853 Lockwood, et al., 1985; Moore
et al., 19843 Peterson, 1983]. Ilonospheric ions have also been
observed in the plasmaAsheet Le.g. Sharp, 1982; Lennartsson et
al., 198%; Stockholm et al., 1§953 and the plasma lobes and
mantle [Hardy et al., 1977y Frank et al., 19773 Sharp et al.,
1981; Candidi ét al., 19821. Iﬁ _order to understand the
properties of ionospheric ions in the magnetosphere several
researchers have developed models to calculate the trajectories
of 1ions origimating in the ionaosphere. Horwitz (19841 and
Horwitz and Lockwood [1§85] used a 2-D model to calculate
trajectories and distribution functions of ions originating near
the dayside cleft in the noon—-midnight plane. Cladis and Francis
{19851 used a 3-D model to calculate the transport of ions from
the plasma sheet td the ring current. More " recently Cladis
[1986] used the same model to study parallel acceleration of ions
from the polar ionosphere to the plasma sheet. Sauvaud and
Delcourt £1987]1 used a 3-D model to study supraﬁhermal
ionospheric ion trajectories. | | -

In his paper, Cladis [1986] established that the centrifugal
acceleration causes low enérgy ions (with Just enough energy to
overcome gravity) originating near  the dayside cusp to be

accelerated to several keV at the point where they crass the
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maénetospheric equator;'To help understand the praperties ( . g.
“location and energy; of ionospheri: ions entering the plasma
sheet, we present c#l;ulations that give the initial conditions
for which an ,1onosphéric ionzkill cross the equator at a
particular distance in thé tail.“ These calculations were made aas

~ part of a parametric study of properties of ionospheric ion

transport in the magnetosphers.

-2*_HQQEL S e S o

The trajector? calculation {Q started by specifying the
;nitial position (as ”ra&iﬁs, latiﬁude and local time (0o at
ﬁbén)),‘ mass, eaergy. ;na piich aﬁgle of the ion. The. three
dimensional trajectories are then determined uging the guiding
”éénter approximétion. - The moti&ﬁ bf the gui&ing ceﬁter parallel
to the magnetic'fielq ;s'found by integrafing the guiding center
_parallel force equation ENoréhrup,i?bS] |

- ”~

- A — ~
E* b - W (vB)- b + Vp- d : (1
n D’ 3

% ®g* b+

3w

wheré M ié the velocity in the direction of the magneticvfield, E
ia the gravitaional acceleration, m is8 the mass of the ion, and e
its_ charge,p is the first adiabatic invariant, B and g are the
magnitude and direcfion of the magnetic field, gnd GD is the
guiding center drift.véiocity. The last term on the right is the
centrifugal farce. It is the fictitious force that must 4be
included due to the angular acceleration of the particles
reference frame. This can be seen most clearly for a radial

magneite field ( a monopole source) for which case the term in



question becomes ® r dr, which is the centrifugal force with
: . dt ) ) : C
angular speed = vDo{ro' (YDO is the »érxft velocity at the

“injection radius r_). |

The mdtibn o#vtha foﬁ perpendiculér to the magheti: field is
calculated using the guiding center perpendicular drift velocity
-Elﬁééﬁhrup, 19&#] - |

Vp ='Ve + Vg * Vop + b x mg %ive | ‘ (2)

1]

where Q; is the drift due»to the convection electric +ie1d,0g is
the gravitational drift and GVB is the drift due to gradient and
: curvaiure of the magnetic field. The fifst adiabatic moment is
conserved’ by adjusting the gyration velocity after each time
increment. |

The convection electric field at a point on the trajectory
is dgtermined using the Heelis et al [19821] model for the
- convection electfostatic potential . of the high—-latitude
ionosphere. The Heelis et al model is an analytic expression for
the potential, envolving 14 parameters. The total potential is
expressed as the product

Ve, 3 = G(8) F(e,3 (3
where © is the colatitude, and 3 is the azimuthal angle defined
to be =zero at noon. The function G(©) models the strongest
colatitude dependencé of the potential. The potential goes
through a minimum at the flow_réversal,boundary s the location of
which is colatitude To' Equatorwérd of the convection reversal
boudary , the potential is modeled as by Volland , the parameter
ry describing the exponent by which.the potential decreases.

Poleward the potentialnincreases in a similar faéhion with r, the
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exponent , and a phase angle T:,included to allow for non-zero

" flow velocities over the pole.*”'THe convectian reversal boudary

is given a width , T, and T2, either side of‘Td » inside of which

1
;He functional form of G is choosen to keep the flow velocity
(or electric field) continuous aéross the boundary. The function
F models the local time depeﬁdence of the potentiél, by allowing
the zeroc potential line to be at local times 3, (dayside) and g
(nightside). The angular widths of the :onvergencé.zones at the
reversal boundary are specified by the parameters q; and §; for
the dayside and a similar pair for ﬁhé night side. The widths
are modified by a 1atitﬁde dependence‘that gives the narrowest
width at colatitude To’ and‘90°'at the pole. The magnitude of
the potentiql is gspecified by the potentials . Vm and Ve’ of the
morning and evening reversal bdundaries; respectively. All the

trajectories calculated in this study (unless specific values are
specified otherwise) used a'set of parameters that give a uniform
field of 36.7 mV/m over the pole with this model and they are:

7= 73° , T1=72°,, T2=74°, g, =0 9 + 90°, g, = 180° + 90°, and
Vmu—ve=;06.3 kvdlts. The magnitude of the convection electric
field is varied by changing the magnitude of Vm' To calculate the
convection eletric field at a particular point, our approach 1is
to trace the magnetic field from the point of interest in the
magnetosphere to its conjugate point in the ionosphere, where the
electrastatic potential is determined using the Heelis model(
agssuming the magnetic field 1lines are equipotentials). The

potential of two points near the point of interest are also

determined, and the electric field is then calculated.



Earlier two . dimensional studies by Horwitz [19841 of
ioncapheric ions originatfhg‘ neér the dayside cusp did not
include the centrifugal term in fhe parallel force equation. For
low energy ions the contribution of the centrifugal term to the
parallel energy canlbecome-significant at 3 toi4 Re 'geocentric
distance. This is demonsﬁrated in figurer(i) for a ié av aF
ion,< where the total energy is plotted against geocentric
distance for trajectories calculated with and without the
centrifugal force term.  The curves begin to separate near 3I Re.
At a given altitude a particle will have had less time to drift
perpendicular to B when the centrifugal term is included,
therefore the calculated trajectories are significantly differaht

if the ion rises significantly above the point where the energy

curves separate.

S:.2 Comparison to earlier stugigg

Cladis [1986] pointed out that ionospheric ions originating
near the dayside cusp gain several kev of energy as they move
intq} the magnetospheric tail~because-the changing magnetic field
direction the particle sees along its trajectory causes the
particle to drift _écross electric equipotentials. This
centrifugal acceleration term in the parallel force eguation
can be thought of as being due to either the ion encountering a
changing magneﬁic' field direction or a perpendicular drift
velocity which 1is changing in the direction of the magnetic

~n

field. These two veiws are equivalent since d (Jb-b) is zero.
' ' : dt



In order to compare the results of our calculations to those
presented by Cladis'ti9863, trajectories were calculated using
»the same injection parémeters. ‘ The parameters for the Heelis
model - were chosen tﬁ giveha uniform convection electric field
aver ithe polar cap. Figure (235 sho@s four traiectories for
.ionospheric convection el;ctric fields‘(oyer the pole at 1,05 Re)
23.3, 40, S6.7 and B0 mV/m. | Figure (Zb) depicts the total
energies as a function 64 fiiqht time. These resulté are
presented for comparison with Cladis Ef?Bb], and are in general
agreement. The shape of the eneréy curve is similar but the
final energies are not as 1arge~as those published by Ciadis
[19861. The differencés can be accpunted for by the different
magnetic field models .Qsed vfo make the calculations. A
qualitative compakison between the two field models shows that
ring current contribution taken into account in the model used
by Cladis leads to less curved fiéld lines ocutside the equatorial
plane and more curvature very near the eugatorial plane. "As a
result, at high latitudes,.a parti:lé will gain energy soconer in
the Luhman—Friesen field model. Near the equator the larger
curvature in the model used by Cladis will cause the pafticle to
experience a stronger curvature drift, almost perpendicular to
the local equipotentials., resulting in a larger gain in parallel
energy.

The total kinetic energy aﬁd the parallel and perpendicular
caomponents for trajectory 2 from figure (2a) are plotted against
time of flight in figure (2c) and against geoéentri: distance in
figure (2d). These figures show that the major contribution to

the kinetic energy is the parallel component. The convection
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kinetic eneréy is significant but smaller than the parallel
kinetic energy. . It ls the perpendicular drift aAcCross
eﬁuipotentails ( ohé'of the npon-midnigbt plane) that allows the
particle to gain energy. ‘Howevgr; fhe nat drift is small (less
than 1 Re at the equator) and is no# plotted here.'
3.3 A gnxsical.ana;cgz‘ |

It has been demonstrated in the above sections that by 4-5
Re the- Eéntrifugal term domipates the parallel motion for ions
that can overcome gravity.»l ?or much of such a particle’s
frajéctory the ohiy‘ significant contribﬁtion to acceleration
eﬁmes from the last_term in equation (1;. | Another physical
systeh, whose motibﬁ is dominated Ey céntrifugél force; is a bead
on a rigid, frictionless rnd-rptating with a constant angular
velocity, w . The mofﬁbn is determined by the centrifugal force

and the trajectory can be found by solving

- a w2, | : : (a)
If the bead is injected at time zero at radial distance o angle
60 and velocity Vo, the solutions for r and & as functions of
time are
r =r_cosh(w t) + (V_/ ® sinh(w t)
0 . 0
(3)
9 = wt + eo
The velocity at time & is
b a ™ -~
Va2 rr+r e ‘
(&)

rFos oW ro Sinh(w £) + (V /@) cosh(w )
The distance at which the bead crosses the negative x—axis
(@ = ) if it is injected above the positive x—~axis is determined

by the injection paint and the ratio Vo/w. I1f we designate r:'as

the crossing distance and tc as the crassing time, then



tc = (w - 90) /W

rC- = y-o cogh(w - eo) + VO/Q) sinh(r - eo)

Thus, for a particular injection locatioh, the crossing distance

(7)

is determined _by fhe ratio of QQ/&.  The velocity at crossing
depends on the above ratio and the value of . Thus beads
iniectea' at the same pointlgithyvo/w constant will‘crass th X~
axis at the same distance with different energies.
. The similarity between the bead on the rod and an ion
originating in the ionosphere near the dayside cusp arises
because the motion of each‘is‘domin;ted by the centrifugal
| tgrm in the respective‘¥orce equations. . In its reference frame
the ion sees moving magnetic field lines which constrain its
motﬁon in much the'same.way that the rod constrains the,motién ﬁf
the bead. The gnalogy is ndt‘exact because the magnetic field
lines are not straight, but. as figure (3) indicates, the
trajectories of the bead and the ioniagree reasonably if wr is
taken as being analogous to the pefpendicular guiding .center
drift velocity. Figure (3a) shows the trajectories of 2 ions
inject;d at the‘same ioea££;nr(r¥i:é Ré, x=70° « noon) with
different energies (12 and 20 aV). The trajectories of beads on
a rod are also shown for the same location and injection
parametars. Figure (3b) sho@s ions and beads injected with same
energias (12 eV) and different locations (r=1.2Re, »=70° and 800,
noon) . The point wheré the‘bead trajectory crosses the ion
trajectory increases as the-initial energy increases (for the
same initial »N). A bead’s trajectory more closely follows the

ion’s the more poleward the injection location ( for the same



energy) because the maghetic field is more radial.: However, the
two-tréjectories cross at lower r when A is larger. The analogy
breaks down because as the ion moves radially .outward, its
angulér speed is not cohstant; Féf a dipole magnetic field with
a uniform westwardly convection elcetric field over the"polar
cap, the angular speed increases as ~F.

2243 Parametric study

The parametric study of the centrifugal acceleration was
pérforﬁed by varying the injection parameters over a wide range
of values and examinig the equatorial crossing distance (x) and
energy. A uniform convection eletric field of 546.7 mV/m was used
in the following calculations unless otherwise specified. The
study was further restricted to O+ ions which were injected on
the dayside at 1.2 Re altitude in the noon-midnight plane, except
where other parameters are specified,.

Trajectories were calculated for ten different injection
latitudes, varying from 66° to 84°, with an injection energy of
12 eV and'pitch angle (x) of 1500. Figure (4) shows that the
distance at which the ion crosses the equatorial plane decreages
with increasing injection latitude. This is because a lower
injection laitiude causes the ion to convect onto magnetic field
lines that cross the equator further into the tail. Figure (4b)
" shows  that the kinetic energy at equatorial crossing decreases
with increasing injection latitude. The ions‘injected at lower
latitudes have a longer flight time, thus more time. to gain
energy fromAthe changing magnetic field direction.

Trajectories were calculated for different injection local

times and constant injection latitude (73%) and energy (12 eV),
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Both energy and distance at‘equatorial crossing were relatively
constant, as 18 shown in figures (Sa) and (Sb). Figure (Sc)
shows the trajectories~ viewed from 45° latitude and 21 Hhrs.
local time.

Trajectories were célculated' for 10 different energies
ranging form 10 to 100 eV. The other ‘parameters were in
agreement with those used to'calculate figures (4), with an
injection latitude of 73°. ' Figures {(ba) and (é6b) show that the
equatorial crossiﬁg distance and energy icreases with injection
anergy. Furthermore,.the crossing energy increases with crossing
distance. This is because a particieAwith higher initial energy
will convect 1less off the original field line and. thus cross
further 1in the ‘tail. iThe cehtrifugal term in equatién (1)
contains the term '(G.- 3)3 . The larger an ions energy when it
enters the region in the tail whera the spatial gradient of g is
largest, the more parallel energy it will gain. Thus the larger
an ionfs initial energy the more parallel energy it can gain from
the chénging magnetic field diréction. ‘

Inspectionl of figures (4a), (4b), (é&a) and (&b) indicate
that there is a relationship.between equataorial crossing distance
and energy. When alllparameters except one are held fixed, the
value of the varied parameter which allows the trajectory to
cross the equatorial plane furthest in the tail also has ‘the
lafgest crossing kinetic'energy. Anothef relationship between
crassing distance andvenergy was shown for the begd on the rqd
analogy, namely that if VK. /7 Ep are held constant, the crossing

0

distance is constant for a given injection location. The kinetic
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energy at equatorial crossing depends on the above ratié and
w2. Figure (7a) is a plot of crossing distance versus initial.
energy.’for a gset of trajectories chosen such that the ‘above
ratiovis constant with the same value as trajéctory 2 in figures
(2). For comﬁarison, the curve from figure (4b) is graphed on
the éame plot. This figure demonstrates that for initail
energies ébove B‘ev the crossing distance is nearly constant when

0

discrepancy at lower energies is because gravity is important for

-the ratio ~K./Ep 1is8 held constant. The reason for the

these trajectories. Figure (7b) shows the equatorial crossing
energy for the same trajectories. | J

A more convenient method for diéplaying the dependence of
the equatorial. crossing‘.point on the injgction latitude and
energy 18 illustrated in figure (8). In this figure, the
horizontal plane represents the ipitial latitude (x-axis) and
initial energy (y-axis) all other parameters being constant. The
.height abaove the horizontal plane (z-axis) represents the
equatorial crossing distance. The surface plotted is composed of
calcul ated trajectories at the intersection of eéch cufve. This
figure bears out in a m;re general farmat, what was indicated by
the earlier figures. The higher the injection latitude, ‘{or a
constant energy, the more earthward (smaller %) a trajectory
crosses the equatorial plane. There is a dramatic difference
between how qguickly u increases with injection energy at the
lowef latitudes than at high altitudes. As was pointed out
earlier, this is because trajectories stérting at lower latitudes
can convect onto field lines that cross the equatorial plane much

. further into the tail, while ions originating more poleward

12



~convect oﬁto field lines that cross more earthward. However, for
the later ions increased energy also means less time for
convection. These tho opposing tendencies give an x which
increases with injectidn énefgy;i'SQt at a slower rate. as Qa go
toward the pole-in injection latitude. The shape of the surface
oh the lower 1latitude side.fises to the point where ions can no
longer reach the equatorial planenbecause théy'a) convect onto
essentially ’open’ field lines, b) cannot convect palewad enaugh
and the trajectory crosses the equator on the dayside. Thus, our
surface should approach iﬁfihity with decreasing injection
iatitude « then reappéar from negative infinity and decrease
toward O. Thia surface is for a uniform convection electric
field of 3S46.7 mv/m. A larger elctric field would give a
different surface that would be lower near the origin and higher
at larger latitude and energy. The surfaces would cross at the x
where ~Ro/Ep is the same. |

A harizontal plane representing constant % cuts the surface
in figure (Ba) along the curve plotted in figure (9). This
figure representsdfhe-relationéhip between injection latitude and

energy that crosses the equator at 12 (x’s) and 14(+"g) Re.
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‘4. Canclusiong

The reéults presented in this paper give the relationship
between the injéction parameters and the equatorial crossing
distance and éﬁergies for ions injected on the dayside ionosphere
at noon 10:51 time. Several general conclusions have been reached
as a result of this study. The cenfrifugal term must be included
for trajectories that rise above 3 Re in altitude. The bead on a
rotating rod analogy .is useful in >understanding the general
dependence of the trajectories. For ions originating near the
cQsp the expression for the trajectory given by equation (5)
might be sufficient for some studies, ~even though'it does not
give the exact trajectory. The distance at which an ion injected
near the dayside cusp crosses the equatorial plane depends
primarily on the injection lacation and the ratio of the
injection velocity to convection electric field.  The energy for
the above ion at equatorial»crcssing depends strongly on the
injeétion energy and-convection electric field, When a single
parameter is varied, there is a general trend for the energy to

be higher for the parameter which causes the ion to travel

furthest into the tail.
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Figure (1) The parallel eneréy versus geaoacentric distance was .

calculated for an O' ion injected at an altitude of 1.3 Re,
a latitude of 73°, noon . local time, 150° pitch angle and a
S6.7 mV/m ﬁonvection electric field over the pole. Curve 1

was calculated with the centrifugal term in the Force

.éﬁuation and curve 2 was calculated witho&t the term.

Figure (2) The trajectories for O+ injected near the dayside cusp

Figure (3) The trajectories for O+ ions injected with 180

(at (1.3Re, &8°

’ 0% for four'different uniform convection
electric fields;\ 80. ﬁv}m (curve 1), 56.7 mV/mA(curve 2),
40 mV/m (curve 3) and 23.5 mV/m (curve 4). The ions were
injected with 12 eV eﬁegéyrand 150° pitch angle. Figure a.
shows the trajectories , with an asterisk plotted every 1000
seconds, gnd b shows the eneréieé plotted against flight
time. The general behavior Aaérees with Cladis [19861.

Figures c and d show the contributions of the parallel and

drift energies to the total energy for trajectory 2.

o

-

hifch angle and'J'56.7 mV/m"eieétric field are plotted
The trajectbries of a bead on a rotating rod are also
In Ffigure (3a) the ioﬁs '(solid) and ° beads (dotted)
which were injected at (r=1.2 Re, =70°, noon) with 12
and 20 eV of energy. In figure (3b) they were injected with

20 @V and at (r=1.2Re, »= 70° and 8¢°, noon).

Figure (4) Trajectories for 0+ ions were calculated for ten

different latitudes, varying from 6&° to 84°. The other
parameters wefe held constants;  inJjected at 1.3 Re and 0D

local time, 150° pitch amgle, 12 eV energy and S6.7 mV/m

17



convection electric field. Figure a shows £hat the digtance
at which the ion eacounters the equatorial plane decreases
with increasing injection latitude. Figure b shows that the
total energy at equatorial crossing alsc decreases with
increasing injection latitude.

Fiéure (8) Trajectories were calculated for 5 different injection
local times; noon and 10 and 20 degrees east and west of
noon. The other parameters were.fixed in agregment with
figure (4) , with an injection latitude of. 73°. Both
energy (figure a) and crossing distance (figure b) were
constant. Figure ¢ shqws three of the trajectories; noon
and +20° and -20°.

Figure (&) Trajectories were calculated for 10 different energies
ranging from 10 to 100 eV, éll other par;meters being held
fixed in agreement with figure. (4) with an injection
latitude of 73°. Figures é and b show that the equatorial
crogssing distance and energy increase with inje:tion energy.

Figure (7) Trajectories were calculated with injection energy and

convection electric field varied so that the ratic <~K_./Ep

0
remaing constant. Figure a depicts the crossing distance

against the initial energy (x). For comparison the curve
from figure (6a) k+) is also included. All other parameters
were fixed in agreement with figure (4) , with 73° injection
lati tude. Figure b depicts final enerqgy plotted against
initial energy.

Figure (8) Trajectories were plotted by varying both the

injection latitude and energy. The injection latitude was

18



varied from 66° to Béo in steps ofu4°, whiie the injection
energy was varied from 10 eV to 70 eV. The other
parameters were 1in égreement with figure (4) with an
injection latitude of 73°. The hieght above the horizdntal
plane (z-axis) represents the equatorial crossing distance,
in figure a. | |

Figure (9) A plane at constant %, cuts the surface in figure (8a)
defining the curve in this figure. The éurves for two
different equatoriél crossing distances , 12 (%) and 14

(+) Re are plotted..
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