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TRAJECTORY TRACES OF CHARGED PARTICLES
IN THE MAGNETOSPHERE

iVlasaki Ejiri
Laboratory for Planetary Atmospheres

ABSTRACT

The characteristic enhancements of ring current particles
with energies of about 1 to 100 keV, associated with mag-
netospheric substorms, were observed by Explorer 45
(S 3 -A) around the plasrnapause in the afternoon to midnight
region, and showed the ^^haxacteristic structure called a
'nose' in the proton spectrograms. This paper describes th?
motion of these particles in the equatorial magnetosphere.,
under a re-:;ently proposed convection electric. field and a
dipole magnetic field. Approximate equations of a bounce
period, a second adiabatic invariant and abounce-average
azimuthal velocity are given with inaccuracies less than abi^ut
10_ 3 for all pitch angles. The complete set of flow patterns
of 90° pitch angle particles is also presented by means of
stagnation lines through which radial drifts and/or azimu-
thal drifts change their directions . The particle tracings in
the magnotosphere give a basic concept to explain the ob-
served nose characteristics.
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TRAJECTORY TRACES OJE' CHARGED PARTICLES
IN THE MAGNETOSPHERE

I. INTRODUCTION

There have been a number of observations of charged particles in the magneto-
sphere related to magnetospheric substorms [e. g. , Vasyliunas, 1968; Shield and
Frank, 1970; Lezniak and Winckler, 1970; Deforest and Mcllwain, 1971; Prank,
1971 ] . It has been recognized that the conviction electric field plays an impor-
tant role in the motion of those particles [e. g. , Taylor and Hones, 19G5; Nishida,
196G; Kavanagh et al. , 1R68; McIlwain, 1972; Gurnett and Franlc, 1973; Heikkila,
1974; Smith and Hoffman, 1974] . McIlwain (1973) deduced his electric field
model with a specified injection boundary [ 1Vlauk and McIlwain, 1974 ] to explain
ATS-5 particle data associated with substorms. Konradi et al (1975) followed
McIlwain's model and showed thst the substorm associated particles observed by
Explorer 45 came from along or beyond the injection boundary. He also calcu-
lated the 27° pitch angle proton dispersion pattern and compared it with the 81°
pitch angle protons.

Many theories. have been developed about the charged particle motions in the mag-
netosphere under the convection electric field, Chen (1970) gave a morphology
of 90° particle flow patterns assuming a uniform . dawn-dusl^ electric field (see
also references in his paper for other works). Stern (1975) calculated the par-
ti^le energy change and showed some particle trajectories under the recently
proposed convection. electric field [ Volland, 1973; Stern, 1974]. As for the off-
90° pitch angle particle motions at the equator, several approximation methods
to compute particle bounce period, second invariant and bounce average drift vel-
ocity have been investigated [Lew, 1961, Hamlin et al. , 1961; Lenchecic et al. ,
1.961; Schultz, 1971; Chen and Stern, 1975] . But the off-90° particle trajectories
in the magnetospheric equatorial plane have not been intensively studied yet.

Smith and Hoffman (1974) observed with Explorer 45 (S 3 -A) the storm-time ring
current. proton enhancements and found in the 90° pitch angle proton spectrograms
the characteristic 'nose' structures. inside the plasmapause. They concluded that
those particles came to the lower. L-value region from the plasma sheet or tail
regions under convection, corotation, and. magnetic gradient and curvature drifts.
An example of such data appears in Figure 1 in the form of spectrograms at eight
different pitch angles for both outbound and inbound passes during the magnetic
storm of February 13, 1972. (For a de^eription of Explorer 45 and the particle
detectors, see Williams et al. , 1968, and Longanecker and Hoffman, 1973 ).
Since the. orbital plane was almost. equatorial, pitch angles averaged .over about 10
degrees. From the DC electric field experiment [Maynard and Cauffman, 1973;
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Cauffman and Maynard, 1974], the plasmapause positions during the outbound
and the inbound passes were identified as L = 5. 1 and L = 4. 8, respectively. It
is obvious from these data that the typical 'nose' structure in each pitch angle
sper^trogram was observed inside the plasmapause. And, these structures def-
initely depend on; particle energy anal their pitch angles and the time-phase in
the substorm. The higher pitch angle particles were detected at the lower L-
value positions along both outbound and inbound orbits. The energy of the 'nose'
edge was about 25keV in tl^e outbound .and about 13 keV in the inbowid for all pitch
angles. Before the enhancements of energetic particles were observed, there
were several substorm onsets identified from both high-latitude and low-latitude
ground magnetograms.

To interprete these particle enhancements, especially the 1 keV-50 keV proton
populations associated with substorms, we speculate the particle sources in the
tail region which start to move towards the earth due to an enhancement or mod-

'	 ificatian in the convection electric field. The simultaneous differential equations
are deduced to present the motion of these particles in the equatorial plane, and
approximate formulas for bounce period, second adiabatic invariant and bounce-
average azimuth drift velocity of arbitrary pitch angle particle are given with
sufficient accuracies of about 10_ 3 . Also, the 90° pitch angle flow patterns are
delineated by means of stagnation lines (the definition of a stagnation line is given
in V) through which particle flow direction;^ are changed, giving complete mox- ,
phology of particle motions in the equatorial plane by using the recently propos-ad
convection electric field model of Volland and Stern [Volland, 1973; Stern, 19 ^ 4,
and 1975; Maynard and Chen, 1975] . The examples of particle tracings including
off-90° pitch angle particles in the magnetosphere give a basic concept to explain
the newly injected particle populations in the magnetosphere.

MKS units are ado^,ted through this paper unless otherwise mentioned, and the
symbols for quantities relevant to charged particle motion are listed in Appendix
A.

II. A PREMISE

The equation of charged particle motion in a magnetic field B and an electric
.field E is given. by`

d	 dr	 dr

dt 
m 

dt - q 
dt x B+E +F'

2
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where r is the position of the particle, q thE,^ particle charge, m the relativistic.
mass, and F' non-electromagnetic forces such as gravitational force, inertial
force, gradient of pressure etc. Here we develop the above equation in a region
where External forces F' may be neglected and a particle motion associated with
^, substorm injection may be well described by the non-relativistic equation (m=
m^, the rest mass of the particle). Furthermore, we assume the following
conditions;

1. the geomagnetic field is a dipole field, its axis being perpendicular to
the equatorial plane, and a field line is an equipotential,

2. changes in E and n are very slow, and the particle rnc,ti^n can be rep-
resented as a ^riotion of its guiding center (cyclotron average drift
motion, e.g. , Northrop, 19G3),

3. the particle motion i^; adiabatic, i. e. , first and second adiabatic invari-
ants (µ and J) are conserved,

4. there are no local en^rgizaton and loss processes.

From the above basic equ^.tion, a guiding center drift velocity uD in the equatorial
plane is obtained, by ave^^aging over a cyclotron motion and a bouncing motion
between particle mii-^cr'points.

uD = Fl x B/qB 2 ,	 (1}

and

Fl = q • E - q(c,^ x R) x B - W • G(ao } • DAB/B,	 (2)

where R is the position vector from the center of the earth in the equatorial
plane, W the particle kinetic° energy, W the angular velocity of the earth, ^x^^ the
particle pitch . angle at the equator, and the function G(ao) is given later.

The fist term is a force due to an external electric field, the second term rep-
resents the corotation of the particle with a magnetic field. line, and the third
term shows the combined magnetic gradient and curvature drift. In the case
^ ^ 0°, the particle kinetic energy W is written as

where Y =sinao , and µ = Wl /B = 1/2mvl/E, the first adiabatic invariant.. If
«o = 90°, the third term becomes a simple form,

'µ 1B	 (4)
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Note that the conservation of the first invariant is of no avail if a o = 0° (y = 0).
It is clear from equation (1) that the undamental particle velocity vector direc-
tion in the midnight region is (i) earth-ward under adawn-dusk convection elec-
trio field, (ii) eastward under the corotation field, and (iii) westward for protons
and eastward for electrons under gradient-curvature drift. Combinations of
these three kinds of drift motions make complicated particle flow lines which def-
finitely depend on particle energy and pitch angle.

III. MOTION OF PARTICLES WITH ARBITRARY PITCH ANGLE

=

	

	 To salve equation (1) with initial conditions (R i , y i , W i ; t = 0) in given electric and
magnetic fields , E = E (R, P) and B = I'3 (R, P), where P is magnetic local time,
we have to obtain the kinetic energy W or pitch angle y (= sin ^) as a function of
a particle position R(R, P), and a functional form of G(y) which is closely re-
lated to a particle bouncing motion in a mirror field.

There are three fundamental equations in connection with particle motion in aa	 dipole field (e. g. , Hamlin et al. , 19G1; Roederer, 1970] , as follows:.

1. Bounce period Tb ;

Sm	 ds	 q.R

m

i

where

^m	 cos A(1 + 3sin2 h)' 2̂	( )
f(ao)	

0	 {1 - sin 2 ao • sec6 A(1 + 3sin2^)'^z}'^Z d^,
	 G

and

cosh am
sin Z Cx _	 (7)

^	 (1 + 3sin2Am)'^Z

2. Second adiabatic invariant in the case of no parallel external force;

J = ^ip^^ ds = 2pRl(ao )	 (g)
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i

t

t
a

where
^m

I(a^^) _ '	 { ] - sin' a^ • scc6 a(l + 3sin' A)'^Z }' Ẑ (I + 3sin'` A)' Ẑ cos Ada.	 (9 )
U

3. Bounce -average azimuthal drift velocity;

	

d^	 3Ynv2	 g(«^ )
• R'	 (10)

-

	

	 dt	 2qk^	 f(«o )

where

	

^(«) _ f fi n, {? -sin 2 a^ • sec6 ^( I + 3sin'A)''Z } (I +si^^'-a) cos3A dA ,	 (11)
^	 J	 (1 + 3sin Z A '^ z 1 - s'n-«	 6 r	 - 2 'i= ^i_^	 )	 {	 i	 o sec ^, l + 3sin ^) }

and

ko = a 3 ko = B/R 3 .

After manipulation of equation (10), the third term of equation (2) can be obtained
and Cl(«^) _ ^(«o) /f(ao ).

To understand the particle motion we must first compute an equatorial pitch angle
change and a particle energy change due to radial drift motion. Froln equations.
(G) and (9), there is a relation of f(«o) and I( «^) in a dafferential form as

d	 I	 ?f
(12 }

	dy y	 y2 '

where

y=sin«,

Oxi the other hand, the constant of µ/J2 gives

Y	
1(Y•)	

L,^2 Yi •	 (13 )
i

	^.iffix (i) denotes ixutial values. 	 _
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And, the conservation of µ gives (when µ ^ 0)

_d

dL 
^Wy2 L3 ) = 0.	 (14)

The other form of energy change is given by Northrop and Teller (19G0), and
Kivelson aald Southwood (1975), 	 '^

dW/dR = gRB(d^/dt).

This equation can be transformed to a simple form as

ciW	 W

dL 
-3G(ao) 

L

Equations (14) or (15) give the energization rate of particle due to radial drift,
which increases with a pitch angle increase.

Fitch Angle Change

For the equatorial pitch angle, Southwood and Kivelson (1975) suggested the
approximate expression of

y ^ _._._ yi

Yq .^ t" ^ 
_ Y^) (L/L^)o.4s

This is used as an initial condition for solving equation (13) by the Wegstei». iter-
I

	

	 ation method, after slight modification so that the right hand side of equation (13)
never exceeds 1, i. e. y =sincx^ ^ 1. This method has its advantage that the
desired accuracy can be easily specified, if the value of I(y) is obtained with the
same accuracy as di^eassed later. Figures 2a and 2b show changes in equatorial
pitch angles, initial pitch angle being set at L = 10. The particles change their
pitch angles less than 4 degrees in the region of L = 5 to 3. The calculation of
particle trajectory, therefore, is done by tracing thn. same particle in spite of
its pitch angle change as is shown in the figures, since the experimental data in
the case of Explorer 45, for-example, are averaged over the pitch angle interval
of about 10 degrees (see Fig. 1). To compute a particle velocity vector,. however,

r the change in pitch angle must be taken into account. Note that an equatorial
^j

	

	 pitch angle ao must satisfy the conditien sin « o > sin «Q = 1/ {L3 (4 - 3/L)' Ẑ} ' 2̂ ,
where aQ is an equatorial loss cone. if we assume the_ mirror points above the
earth's surface.. This loss cone limit is also shown in the figures..

G
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Particle Energy Change

The particle energiza*don due to radial drift motion is calculated using equa-
tion (14) combined with equation (13) and the result is illustrated in Figure 3.
The limiting oases for «o = 90° and «o = 0° are given simply as e.^ergy changes
of Wl and W„ from first and second adiabatic invariants, respectively:

W1 /Wli = (Li/L) 3 for «^ = 90°,
(1G )

W II /W lli = ( Li /I.) 2 for «o = 0°.

The energy gain due to radial drift of the particle started from L = 10 is about
10 times in the region around L = 4, and the difference in energy between 0° and
90° pitch angle particles is 2. 5 times. As is obvious from the form of equa-
tion (15), the energization rate is independent of initial energy: It is worthwhile
to notice that, as for the gradient-curvature drift velocities of same energy
particles with different pitch angles, the velocity of lower pitch angle particles
is higher than the velocity of higher pitch angle particles in the region of high
L-value, For example, in the case W (90°) = W (0°) at L = L' , W (0°)/W (90°) _
^-,/L ') at L = L i and then the third term of equation (1) or equ^.tion (10) gives
d^/dtl^ °/drp/dtJ 9Q° _ (2/3) (L;/L), since G(0°) = 2/3 and G(90°) = 1 (see Fig. 4).
Therefore, Ids(«o = 0°)/dt I ^ I dpi(«o = 90°) /dtl in the region where L l > (3/2)L',
in spite of µ(«o -^ 0°) <C µ(ac = 90°).

Chen and Stern (1975) gave an approximate formula of energy as a function of
I(yj/y. Cowley and Ashour-Abdalla (1975), Nakada et al. , (1965), and others
also show the changes in equatorial pitch angle and particle energy. To inter--
pr^te the substorm associated particle enha^.zcements in the ring current region,
more important than the changes in pitch angle axe the particle trajectories with
time-development coupled with the. changes in particle energy.

Approximations for f(y), I(y), and G (y)

In the calculations of particle trajectories by solving simultaneously the three
differential equations as shown later, it is not practical to compute by integra-
tion the function values of f(y), I(y), and g(y) given by equation (G), (9), and
(11), at every time step.

There have been many approximation formulas obtained by Lew {]_9G1), Hamlin
et al. , (19G1), Lencheck et a1. , (1961), Schulz. (1971), and Chen aid Stern (1975).
Here a more accurate analytical approximation formula for f(y) is given, and
L(y) and g(y) are deduced selfconsistently fra?n f(y). Adopting Lencheck's
^proximation formula of f (y) as a Lero order equation and adding higher order

7	 .,
<.5
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terms of. the form y11 ^"' (n and m are integers), the Bost fit analytical expression
.	 is obtained in the case m = 3 and n = 1, 2, 3, and 4 in order to get the inac-

curacy less than about 0.1^^^ for all pitch angles, i. e. ,

f(Y) _ «— a(y +y''^) +alyil3 +a^yzl3 +a 3 y +a4 y4/3	 (17)

where

al +a2 +as +a4 = 0 ,
(18 )

and

R = («/,-) - (^r11') f = 0.3.3

This equation gives exact values at y = 0 (0° pitch angle) and y = 1 (90° pitch
angle). To determine the values of the coefficients a.^, .. , and a 4 by the best
fit of the approximation function riven by equation (17) to the function f (y) of
equation (16), we must compute atl accurate functional value of f(y), the into-
grand of which has a singularity, by developing a special numerical integration
method (see Appendix B). The results are;

a^ = 0.055, a2 = -0.037, a 3 = -0.074 and a4 = 0.056.	 (1J

A similar approach has been used by iIilton (1971) to obtain McIlwain T s function
of L(I, B,,.,) and by Chen and Stern (1975) for W, f, and g as a function of I(y)/y,

Using analytical expression of f(y) in equation (17), I(y) is easily calculated from
equation (12) (Schulz, 1971):

i
I(y) = 2y	 u-Zf(u)du

Y

^a(1 - Y) + ?(^YQny + 4R(Y - y'/:)	 (20)

+3a ^(Y^ /3 -Y) + 6 a 2 (Yzl3 - y) + 6a4 (Y- Y4l3) -?a3YQnY•

From equations (12} and (13), we have the differential form of the pitch angle
change with respect to time t,

dY = Y	 I(Y)	 dL	
(21)

dt	 L ^ 4f(y)	 dt .
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Putting equations (21) and (15) into (14), the simple relation G(y), f(y), and I(y)
is deduced as

G(Y) — 
f(Y) = 1 - 6 f(Y)	

(22 )

Using equations (17) and (20), g(y) can be written as

3g(Y) = 2cx - (Sa - «)Y - ((i - a 3 )yQ11y - ^y'^
(23 )

3
+ ^ a i y '^ 3 (1 — Y 1/3 ) +6a4Y{yi/3 — 1).

The computed functional forms of f(y), I(y), and G(y) are illustrated in Figures
3 (a-c) as functions of equatorial pitch angle and colatitude of mirror point. To
discuss qualitaiively `she trajectory of particles with arbitrary pitch angle in the
equatorial plane, these figures together with Figures 2 2nd 3 are very useful
(see equation (1)), though an actual particle trajectory can be obtained with a
sufficient accuracy using the approximate expressions of f(y), I(y), and G(y) in
equations (17), (20), and (22j. The accuracies of approximations of these func-
tions depend on the equatorial pitch angle, and are shown in Figure 5; the rela-
tive accuracy is calculated as . 1 - (approximate value)/(true value). All these
approximate functions have inaccuracies of about 10' 3 . In the same figures are
shown the results of Schulz^s approximation (1971) evaluated again using accurate
values of f(y) and I(y). The great improvements of the new approximations
are evident from the figures. The expressions derived by Chen and Stern
(1975) have accuracies of about 1.7%, but their variable X = I(y)/y has a good
advantage that X• L - ' 2̂ is constant, whereas our variable y should be calculated
using equation (13) or equation (21).

IV. ELECTRIC FIELD MODEL A1^1D PARTICLE TRAJECTORIES

Charged particle flow patterns in tY^^: magnetosphere were first analyzed inten-
sively by Chen. (1970), assuming a constant dawn=dusk electric field and a dipole
magnetic field. Subsequently, the observed plasmapa use and plasma trough
locations by Ogo 4, Ogo 5, and Ariel 3 have been interpreted, introducing a
time dependency of the electric field strength as a function of Kp (interplanetary
magnetic activity index) [Chen and Grebo^=asky, 1974; Grebowsky et al. , 1974;
Chen et al. , 1975 ]. McIlwain, on the other hand, proposed his own electric
field model E3 (1972) and E3H (1973) including a corotation field due to a rota-
tion of a dipole magnetic field. The observed particle data of ATS-5 associated
with substorms can be explained in his electric field xi^odel and the distorted
magnetic field model Nit.

9

r.



Recently, based on the observed electric field data (Heppner, 197.2) and the shape
of the plasmapause, Volland (1973) and Stern (1974, 1975) proposed the following
large scale potential fields as

^^ = ARy su1 ^.	 (24)

Then,

E _ -p ^L	(25)

where A is a coefficient which determines the electric field intensity. Both of
them reached the same exponent of y = 2. Maynard and Chen (1975) succeeded
to interpret the locations of the plasmapause and isolated cold plasma regions
observed by Explorer 45, by using this model with 7 = 2, A being a function of
Kp as

(1 - 0.159 kp + 0.0093 kp )

where R^ is an earth y s radius. They deduced this Kp dependence from the
plasmapause observations by Ogo 3 and 5, and this. produces cross polar cap
potentials similar to those found by Heppner (1973).

Using the corotation field expressed in equation (1), it can be readily obtained
that the relation of a coefficient A in equation (24) with a stagnation point R = RQ
(or L = L^) at dusk for zero energy particles is

k
A = -	 (27)

yRo

and

k = -a3kocw/Ro.

Hereafter, this electric field model represented in equations (25) to (28)
adopted.

Introducing a dimensionless distance x (distance normalizedby R.o, i. e, x
L/Lo and uD = Ro x), equation (1) can be written in polar coordinates {P

d	 _ dx ,^	 d^ ,^
dt 

R	
dt 

eR + x 
dt c^'

;;

k

r	 ,



where

dx _	 xy + z
dt	

-W	 cos ^,	 (30)
7

and

1 d^ _	 1	 1
w dt - x

7 + 1 sin ^ + 1 - 3W • G(y)	 a	 Z .	 (31)
qc^R° B x

The origin is the earths center, and eR and e^ are unit vectors. Equations (30)
and (31) together with equation (21) are fundamental simultaneous differential
equations of charged particle motion (the other forms of these equations are
presented in Appendix C with conventional units). These equations do not con-
tain explicitly the coefficient A of electric field strength which is ^ pnly introduced
in terms of scale factor R° . From equations (27) and (28),

a 3 k
° W 

y + ^
R° _	 (32)

'^'^,•

In the case y = 2,

(33 )
a

The Kp dependencies of the stagnation point at the dusk and midnight crossing
points of the last closed equipotential line of zero energy particles are shown in
Figure 6, using equations (26), (32), and (54) in the case of y = 2. In the steady elec-
tric field model these are identical to the plasmapause locations. McIlwain pro-
posed aparticle injection boundary from which energetic charged particles are in-
jected into the magnetosphere at substorm onset time [McIlwain, 1973; Mauk and
McIlwain,. 1974; Konradi et a1., 1975]. The radial distance of this injection
boundary Rb is given as R b = (122-10 I^p)/(^i - 7.3) where R b is in L-value and
^ the local time in hours, and is .illustrated also in Figure 6. This figure implies
that McIlwain's injection boundary is far beyond the last. closed equipotential line
with an electric field strength. used to explain the Explorer 45 plasmapause obser-
vations by Maynard and Chen (1975). The shapes of the injection boundary and
the last closed equipotential line in the .dusk to midnight reg7on is discussed later
(see also Fig. 8).

11
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V. MOTION Or 90° PTTCH ANGLE PARTICLES

I^ rom equations (30) and (31), fundamental equations of motion of 90° pitch angle
particle (y = 1) are

ciX	 X7 + 2

dt	 y

1 dpi	 ^µ,
w dt	 x^

where

x = R/Ro = L/Lo and µ' = µ/gc,^R^.	 (3G)

To find the particle flow lineG die time is eliminated from equations {34) and (35),
and by integrating with respect to x and ^i, we have

7̂ sink - I + ^3 = c	 {37)
'Y	 X

where c is an integral constant.

This equation, as a matter of course, is identical to the conservation law of total
energy of particle; ^l `i' + µB = C .and C(=^cqc) is an initial total energy conserved
as a constant. The total potential ^h including convection field and corotation
field is deduced from equations (24) and (1) as;

7
^i> = K ^ - x sin ^	 {g 8 )

x y

where k is from equation (28). The potential due to the corotation field is d^ctuccc
from <h^ = f^rcaB(r) dr, because. a dipole magnetic field strength at the equator
is expressed by a radial distance only. In a general distorted magnetic field, the 	 ,
corotation field cannot be represented by the gradient of a scalar field.

The families of equation (37) with various initial conditions c give the particle 	 '
flow patterns, i, e. , particles move along cons^ant total energy lines. Stern
{1975) studied the characteristic beh^,°^ior of change in particle energy along the.
dawn-dusk line (Q^ _ ^/2 and 3^r/2) using energy conservation law with y = 2, and
gave schematically two kinds of particle flow patterns. His definition of a 	 h

12
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stagnation point is ^ (total energy) = C which is equivalent to both dx/dt = 0 and
d^/dt = 0. Chen t s calculation (1970) corresponds to the case y = 1 and he also
used the energy conservation law.

It is evident from equation (34) that dx/dt = 0 ,s only satisfied along the dawn-
dusk line. But, in general the solution for d^/dt = 0 exists at an arbitrary local
time ^, and henceforth we call this solution a ^^^tagnation line", since through
this line a particle flow direction changes from westward to eastward or vise
versa, an3 particle velocities show their local minima along this line. The dawn-
dusk line is also a stagnation line with respect to x, i. e. , a particle flow direc-
tion is earthward in the nightside region and is outward in the dayside region.
Figure 7 depicts one example of flow patterns (solid lines) cf p>lrticles with µ' _
0. 083 in the orthogonal coordinate system, the ordinate being the normalized
radial distance x and the abscissa the local time. Th y dashed lines represent
the stagnation lines and the open arrows indicate the flow directions. The dashed
areas are trapped regions or forbidden regions inside which any particles with
the magnetic moment µ' never penetrate from the tail regions. As mentioned
previously,. this pattern is independent of electric field strength, only the scale
factor Ro beinL a function of electric field strength. In the figure the radius of
the earth is 0.2 which corresponds to the stagnation distance R^ = 5a.

Stagnation Lines and Last Closed Equipotential Line

Here we will discuss the stagnation lines for dpi/dt = 0 in detail. Equation (31)
is rewritten (p = sink) as;

_ 1 d^	 y + i	
3µ,

f(x)	
w dt - px
	 + 1 - a = 0.	 (39)

x

And,

dt 1(x)	 ("Y + 1 )
p_3 

xy + s + (7 +µ1)p	
(40)

1. For. pµ' > 0;

Wince f' (x) has a constant sign, f (x) is a monotonically increasing (p >0
and µ' > 0) or decreasing (p <0 and µ' < 0) function, with one solution
forf(x)=0.

13

^^ ^«s,..,.^^



f	 t

f

f

1

r	 1

F

k

2. For pµ' < 0;

f' (x) = 0 at x equal to

t
_^µ^ y + 3

xo
 = (y 

^ 
1)p	

(41)

and
r

t
1

f(xo) 
_ — µ' . 3 y + 3 ^^y + 1 y + s , 

I p ' µ'cy + ^ ^ ly + 3 + 1.	 (42)
INI	 y + 1 ^ 6

2-1. For p > 0 and µ' < 0, f(x) is always positive and there is no solu-
tion for f (x) = 0.

2-2. For p <0 a^^d µ' > 0, ^(x) and f(xo) are rewritten as

f(x) _ - Ip Ixy + 1 + 1 - 3µ i /x2 ,	 (43 )

and

i

r y+ 1 y+ 3
f(xo ) = 1 - p2 µ
	 (44)

µo

where

y+3	 2

µo	
y
+3 y+^ yf1 y+^

= 3 ^ 7 + 1	
6	

(45)

When 0 < µ' < µ' o , there always exist two roots (in the case µ' = µ'o and
I p I = 1, two roots become one double root, since f (x o) = 0 ). When
µ'o <µ^, there is no solution for Ipl > pa and two roots (one double root
in the case 1 p l= po)for 1pl^po,

s



where

y+^

	

µ^	
2

0

	

po = µ,	 (46)

3, For p = 0;

one root of x = 3µ' independent of 7. 	 (47)

^	 -	 ^.

4. For µ' = 0;

i

one root of x	 gyp) y + 1 when p<0,	 (^8)

and no solution when p ^ 0.

Though the above classiica^tions are complete set of stagnation lines for d^/dt =
0, there exists another characteristic magnetic moment µ'p p , that is, one equi-
potential line passes through. two stagnation points; one at dusk and another at
dawn where d^/dt = dx/dt = 0. This magnetic moment µ'.pp.. is obtained by a nu-
merical method from equations (37) and (39).

Examples of 90°pitch angle particle flow lines and their stagnation lines are cal-
culated in the case y = 2. Firstly, the Last closed equipotential line for µ = 0 is
shown in Figure 8. This line plays an important role in the formation of the
plasmapause if we assume the convection electric field 'to be time-independent,
because this line is also a boundary of the zero energy particle for'aidden region
inside which particles are trapped and outside which particles take open trajec-
tories.. In general, the equation of this . equipotential line is deduced from equa-
tion (37), c being determined at x = 1 and p = -1,

In the case y _ 1, this is a simple quadratic equation and. studied by Chen and
tiVolf (1972).. In the case y = 2, xis represented in terms of p (= sin ^) as

(i) For p ^ 0 (^ = 0 or ^r),

x	 2/3.	 (50)

15



(ii) In the morning side where 0 < p,

x	 ( 1 + S + I) i/^ -(^

In the afternoon (dusk) side where

x = 2 • y^ !,^o

and the other solution (x ^ 1) is

x = 2 • vSS cos

where S = (Ipl and B = cos-t (p) ;

^,,,..^

r	 ^

I

`{

1
^

t

In Figure 8 both cases (7 = 1 and 7 = 2) are shown, together with McIlwain's in-
jection boundary by the dashed line (see previous section). The dash-dotted lines
are stagnation lines discussed above; x = 1/ 3 I sin ^ I for y = 2 and similarly
x = 1/ I sin ^ I for y = 1 when p <0. Note that the shape of McIlwain's injection
boundary normalized by the stagnation point at dusk coincides well with the last
closed equipotential line with y = 2, while the unnoarmalized distance is far beyond
that deduced from equations (26) and (32). (See Fig. 6). The ratio of crossing
points at dusk, midnight and dawn meridians is

1	 2/3 : (^+ 1) I/3 -(^- 1)x/3 ti 1 :0.67 :0.60	 (54)

Particle Flow Patterns With y = 2

In the case y = 2, µoo and µo are calculated as

µo o ^' 0.064
(55)

µ^ = 2' / ^ $-5 / 3 '= 0..109.

In order to identify what flow pattern an observed particle takes. in the magneto-
. sphere, it is convienient to utilize Figure 9, which illustrates the relation of the

normalized magnetic moment µ' and µ with various stagnation distance Lo given
by equation (36). The upper part of the figure shows. a particle energy corres-
ponding to the magnetic ,.noment indicated in the abscissa.. For example in the
case Lo = 5, µ{Vi o and µ^ correspond to magnetic moment µ of about 0. 0047 and
0.008 (keV/gammal and their particle energies are about 2.3 antic 3.9 keV at
L = 4, respectively. The other example is as follows. If the plasmapause
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position was observed at R = Rp and ^ _ gyp , then equation (51) ^r (52)
stagnation point Lo at dusk. Using a line labeled Lo , the observed pa:
energy and position give directly the normalized magnetic moment µ'
cafes which flow pattern that observed particle tool.

A complete set of particle flow patterns classified on the basis on the
istic magnetic moments, i. e. µ' = 0, µo 0 and µo , is shov^nl in Figure
Solid lines represent particle trajectories, flow directions being Indic
arrows. Dashed lines ar_e stagnation lines, and A, B, and C are sf;age
points. The hatched area is a forbidden region and, roughly' speaking,
particles go arotmd eastward where the corotation drift exceeds the gi
drift and vice versa. The double-hatched area is also a forbidden or ^
region, but particles inside this region never make a complete circle
earth. The size of the earth in the figures is x = 0.2, i, e, one fifth of

.nergy particle stagnation distance Ro at dusk. This can be changed
;o the scale factor R^^ or Lo as Xearth ° a/R O = 1/LO

1. Electrons, µ' < 0, Figure 10a:

The flow pattern of electrons is illustrated in Figure 10a for the case
µ' _ -0.2. Since directions of gradient-B drift and co •otation drift are
the same sense, i. e, eastward, the radial distance of the stagnation
point A at dusk is always greater than 1. This indicates that any elec-
trons injected from the tail or plasma sheet region never penetrate
inside the plasmapause under the steady state convection electric field.
The radial distance of the last closed equipotential line that is a boLmdary
of a forbidden region increases as u' decreases.

2. Zero energy particle, µ' = 0, Figure 10b:

Figure 10b shows the particle flow pattern of zero energy p^.rticles.
The last closed equipotential line (or flow line) has been discussed pre-
viously in detail (see Fig. 8). Previously ft was a misleading thought
that the boundary inside which the corotation. field is dominant and out-

.	 side which the convection electric field becomes more important is alast
closed equipotential line or plasmapause location C e, g. Chen, 1970] .
Strictly the boundary of electric field dominance is expressed in the
simple form as x = 1 for y = 1, and x = {2/ 1 + 3p } 1 ^ 3 for y = 2; the
latter is represented by t11e chain circle in the figure, whereas the last
closed equipotential line is a boundary of the forbidden regioiz (hatched
area in the figure) given by equations (51) and (52). With re^spet to the.
potential field the boundary. of potential field dominance becomes x =_

1/Ip l for 7 = 1, and x = 3 2/I A I for y = 2; the former is identical to
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the stagnation line in the afternoon to midnight region. The stagnation
line indicated by a dashed line is a boundary, in the earth-side region
of which the eastward drift dine to corotation field exceeds the westward
drift due to convection field for ^ < ^ < 2^, i, e. in the afternoon to mid-

'. night. In the region, 0 < ¢^ < ^r, both drifts are eastward. Suffice it to
`,;ay that this stagnation line is very important for kno =,wing the particle
flow directions. Since µ' = 0, corotation and convection electric fields
are simply balanced at the stagnation point A at dusl^. Thus tlus dis-
tance Ro represents the strength of the convection electric field. When
the convection electric field is not steady, that is, time-dependent, a
last equipotential line is no longer a plasmapause position.

3. Particles with µ' > 0

The flow pattern of positive particle with non-zero. magnetic moment
becomes more complex due to the gradient-B drift, the flow direction
of which is opposite to that of corotation drift.

(i) 0 < µ' < µ^ o , Figure 1Oc:

The flow pattern of particles with µ' = 0.029 is illustrated in
Figure lOc. The size of the forbidden region becomes slightly
smaller than that for zero energy particles.. The stagnation line
BC appears circled around the earth inside the forbidden region
and its area increases as µ' increases, until the point C coincides
with the point D. Inside the circle the westward drift mainly due
to the gradient-B drift dominates the corotation drift, and the par-
ti^le near that stagnation lines does not makz a complete circle
around the earth, just drifting around the stagnation. point B.

(ii) µ' = µ'o o , Figure. 1 Od;

When µ' is equal to the characteristic magnetic moment µ 'o o —
0. 064, the stagnation line inside the forbidden region comes in
contact with the last closed equipotential line at the point C = b,
as shown in Figure lOd. The flow pattern is similar to the pre-
vious one (Fig. lOc), but there is no particle that makes a tom-

- plete circle around the earth eastward. The inner equipotential
line through the point C is an innermost open trajectory of the
particle which is accessible from the tail region, because the
forbidden region is separated into two . parts by this line when µ'
exceeds µ 'oo • Note. that particles on i;he equipotential lines
through A and C take an infinite time to move around the earth.

,^
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(iii) µoo < µ' <µo ,Figure 10e;

The flow pattern is shown in Figure 10e, for the case µ' = 0.083.
The same particle flaw pattern is illustrated in Figure 7 in a rec-
tangular coordinate system to explain the relation of particle flow
directions with stagnation lines. The separated trapped region
appears at the dusk side, in which all particles move around the
inner stagnation point B, In the forbidden region around the earth
all particles. drift westward due to gradient-B drift. Between the
two separated forbidden regions there is a channel through which
particles can penetrate closer to the earth along the open trajec-
tort' from the tail. The inmost distance of this trajectory is in
the dusk meridian and increases as the magnetic moment increases.

(iv) µ' = µ'o , Figure lOf:

When µ' is equal to the characteristic magnetic moment µ'o
0.109, the stagnation point A coincides with the point B, i. e. two
stagnation lines seen in the case. 0 < µ' < µ' o join with each other
at this point, and the isolated trapped region vanishes away. Fig-
ure lOf delineates the particle flow pattern of this case. All par-
ticles inside the forbidden region drift around the earth westward
because of the dominance of the gradient-B drift over the other
two drifts. The point A (= B) is an inmost stagnation point at
dusk; the distance is about x ^- 0.74.

(v) µ' o < µ', Figure lOg:

As the magnetic moment µ' increases and exceeds the character-
istic magnetic moment µ'a , there exists only one stagnation point
at dawn, no t^^gnation point at dusk, and only one stagnation line,
as illustrated in Figure l.Og for the case µ' = 0. 2. The particle
flow pattern for µ' > µ' o is apparently similar to those of a zero
energy particle or electrons, if the directions of dawn and dusk
are exchanged around the noon-midnight meridian. The stagna-
tion line, however, is distinctly different for each case; that is,
there always exists particles which change their flow directions
four times in the case µ' > µ' o , whereas there are no such elec-
^rons or zero energy particles. In other words, the stagnation
line for µ'> µ'^ in the afternoon to midnight region never vanishes,
while there . no stagnation line for . µ'. < 0 in the midnight. to after-
noon region.

i

J=^
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VI. TIME-DEPENDENT PARTICLE PLOWS

The observational data of energetic particles associated with substorms show
complicated but clear particle enhancements around or inside the plasmapause
[ Smith and Hoffman, 1974] . Trajectories of those particles which are presum-

e ably injected from the plasma sheet or tail region and drift in the magnetosphere
are strongly dependent on particle energy and pitch angle due to a combination of
convection, corotation, and gradient-curvature drifts.

To understand the fundamental particle motion in the magnetosphere, the 90°
pitch angle particle motion is studied in detail, and a complete set of flow pat-
terns is presented, taping into account the stagnation lines along which dpi/dt =
0; the stagnation line for dx/dt = 0 is a dawn-dusk meridian line. Although those
patterns explain the energy-dependent and complicated trajectories of particles,
the drift time along the trajectory can. not be deduced from the er_ergy conserva-
tion law and is not indicated in the figures. To interpret the observed enhance-
ments of injected particles, more important is a dynamical motion of the particles
of a particle tracing with respect to the time-phase of a substorm and the obser-
vational time.

Using the three simultaneous differential equations in (C-1) to (C-4), particle
trajectories in the magnetosphere are simulated. In Figures 11 (a-h} are illus-
trated some examples of results for 90° pitch angle particles, which display the
energy dependence on the particle trajectories. The initial particle source lo-
cation is assumed to be a.t L = 10 and 20;00 MLT ^ ^ < 4:.00 MLT at 0. 1 hour.
intervals. The initial particle energies range from -0.4keV to 51.21ceV for
Figures 11 (a-1). The strength of the convection electric field is represented by
the stagnation distance L o = 5, which corresponds to A = 0. 057 [ mV/m • R^) and
an electric field intensity of 0. 57 [ mV/m] at L = 10 in the midnight. From
equation (26) this is the case for i^p � 4. 1. The particle positions are. plotted at
0.1 hour steps by dots and at 1 hour steps by asterisks, within 20 hours and
L S 10. These particle traces can be easily classified into the categories of par-
ticle flow patterns given in Figure 10, by means of the relation of µ' (normalized
magnetic moment) and W (particle energy) orµ in Figure 9; (a) to figure 10( a},
(b) to Figure 10(b), (e} to Figure. 10(c), (d) to Figurel0(e), and (e)^, (1) to Fig-
ure 10(g). In these particle t^ ajectories, therefore,: Figure 11 (d) shows the n-
most accessible trajectory to the earth if the infinite time of particle travelling
is considered. But, as is evidently understood in these figures the inmost acces-
sible distance strongly depends on particle .travelling time from the source region
as well a;^ particle energy. This is the main cause of the formation of a 'nose'
structure inside the plasmapause observed by S 3 -A [.Smith and Hoffman, 1974] ,
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In the midnight region, particles with energies less than about 101ceV at L = 10
come from L = 10 to L = 9 in about 6 min, to L = 8 in about 18 min, and L = 7
in about 36 min, which are determined mainly by the convection drift velocity.
A rough estimate of the convection speed 0.1 R^/min beyond the synchronous
orbit from ATS-1, magnetic field variations derived by Parks et al. (1971} are
in the range of this result: 0. 17 R^/min 'to 0. 06 Rr /min. Also, the electric
field intensity at synchronous orbit used in this calculation is 0.37GmV/mwhich
coincides well with the value of. 0.3G mV/m by Shelley et al. Note that this con-
vection electric field is a function of magnetic activity and position given in )Jqua-
tions (2^) and (25).

Ambiguity in the source location of the particles does not affect much the particle
trajectories given in the figures since the front of the particle trajectories, i. e.
all particle locations at a fixed time beyond the synchronous orbit, is almost ir-
respective of particle energy, pitch angle and charge. Therefore, only the time
marks need be shifted so that the time of the particles at a source location is a
starting time. For exampl° in the case of a particle source location at L = 8 at
midnight, the first asterisk shows the location of a particle at the time of +U. 7
hour, etc.

Although these trajectories are immutable with respect to the .convection electric
field strength a$ previously mentioned, the actual particle locations are very
sensitive to the change in distance of the stagnation point, because of changes of
both scale factor and trajectory due to change of magnetic moment (see equations
(32) and (36)). For the higher energy particles shown in Figure 11(k-i), the tra-
j ectories look very diff^^ rent. There are no particles at the dawn meridian, and
futhermore particles are unable to came inside the synchronous orbit, but are
swept out towards the dayside magnetopause very rapidly.

Figures 12(a-d) illustrate the difference of particle trajectory due to pitch angles.
The particle initial energy at L = 10 is 0. 5G6 keV and their pitch angles are (a)
0°, (b) 30°, (c) 60°, and (d) 90°. As is shown in figure 3 the energies of particles
with different pitch angles change v,^ith L at different energization rates, and par-
ticles take quite different trajectories especially inside the synchronous orbit.
This means that particles with the same energy but different pitch angles starting
from the same source location are dispersed to different locations according to
their energy and pitch angle. This may be the main cause of pitch angle aniso-
tropics found in the vicinity of the proton 'nose' .. structures associated with sub-
storms [Ejiri nt al, , 1975]. For most of substorm associated particles with
energies of about; 1keV to 30keV inside the plasmapause in the dusk side, parti-
cles with large pitch angles penetrate to lower L-values than particles with small
pitch angles. This is clearly seen in Figure 13 which-shows the locations of par-
ticle fronts for particles with 0° and 90° pitch angles; other pitch angle particle
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fronts are located between these two lines. From this figure we can speculate
a quite different pitch angle anisotropy in the morning side, i. e, inverse aniso-
trep_y to that in the evening side, The distance between different pitch angle par-
ticle fronts changes with travelling time and depei,ds on the local time meridian
to be considered as well.

'The convection electric field used in this calculation is time-independent. Re- 	 ,
Gently Roederer and Hones (1974) developed atime-dependent electric field model
to interpret the ATS-5 particle data. Though the. electric field as a function of
Kp is time-dependent, the time resolution of 3 hours is not sufficient to interpret
the particle enhancements during substorm expansion phase.

The detailed descriptions of observational data of Explorer 45(5 3 -A) and their
interpretations using particle - tracings developed in this paper will be presented
in a separate paper.
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APPIJNDIX A

i;1e following symbols are used in the text:

a	 earth's radius (G. 371 x 10^ m)

a^	 equatorial pitch angle

r
	 B	 dipole magnetic field; B = k^/L 3 at equator

Bln	 B at A = Am

E	 electric field; E =-D^h[V/m]

J	 second (l^^ngitudinal) adiabatic invariant

ko	magnetic field strength at L = 1 (0.3J. x 10_ 4 Wb/m')

L	 McLlwain's L-value; R = aL

^	 latitude

^m	 mirror latitude

µ	 first adiabatic invariant (magnetic moment); µ = p'/2m

p	 particle momentum; p = my

sty 	 electric potential

^	 local time in radian

q, m	 particle charge {negative for electrons) and mass

R	 particle guiding center position at equator

R CS	 stagnation distance at dusk for zero energy particle; R^ = aLo

s	 length along the magnetic field line

sm , sm mirror points

t	 .time

v	 particle velocity

W	 particle kinetic energy

W	 angular velocity of the earth

(1 and I( denote the .components perpendicular and parallel to the magnetic

field line, respectively)
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APPFNL,IX B

To obtain an accurate value of integration of equation (6), the integrand of which
has a singularity, the integral f(«o ) i.s divided. into two parts, i, e.

1 - H	 i

	f(a^) = f^ (cxo ) ,^ f t (aU ) _ (	 F(z)dz + f - F(z)dz	 (B-1)
J	 .J

	

n	 ^	 ti

where

Z = Si11 ^/S3I1 ^m .

The integrand of the second term is expanded arowzd the singular point as

	

F(z) = g ^ (a) ^li '^ + g2 (a)Ii ^i2 + 0(h) 3 ^ zl	 (B-2 )

where	 l

a = sin Am (a ^ I ),

g^ (a) _ (1 + 3a' 	 I - a 2 / 3(3 - Sa'-) ,

and

	

g, (a) _ (60a 6 + 19a4 - 12a 2 + 3)/4(1 + 3a Z )(I - a')(3 + Sa' ). 	 '

Then, the integration of F(z) in a region { 1-H, 1] becomes

t	 l
f t (aa ) - r i F(z)dz	 gt(a){`'H'/2 + ^/3^ 2 (a)H312 +0(H5J2 )}.	 (B-3)

E► 	
l

The integral fo («^) can be computed with a specif_.ed accuracy by usual numerical
integration methods, since the functional values of F'(z) and its n-th derivative 	 '
have finite values in the region [ 0, 1 -H] . From equation (B-3 ), we have the
value. of f(ao} with an accuracy of H5 ^2 ;for instancy if H is 10_6 , thexl 0(H 5 ^ 2 } ^^
10-i 5 It is further recommended to divide the region [ 0, 1-H] into several
regions and to use a sufficiently .small step corresponding to each integral xegion,
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keeping the same .accuracy. In order to gent the accuracy of 10 -^ by the Hermitian
fourth order integration method, the region is divided as [ 1 -10 -° 1 -10_{ " + ^ ^ J
n = 0, 1, .	 . 5, and a numerical integral step of 0h = 0. 9./10 11 + 3 is used. This
method reduces the number of calculating steps to the amount 10' 4 , compared
with the case of a constant integral .step used throughout the region.

The integral I(a^) has no singularity in the integrand but its derivative has the
same kind of singularity as I^'(z). The above method therefore, should be used.

Tlus method can be applicable to any integral in the case of its integrand or its
n-th derivative having any singular points. Sigiura and Chapman {196G) developed
another method of integration and gave the functional values of f (cx^) and I (a^^) .with
an accuracy of 10 -^ at 1° intervals of mirro r latitude.
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APPENDIX C

For practical use, eciaations (30), (31), and (21) are transformed, with change
of the units (y^0) into

dx	 x7 + 2
= C 1 	cos ^',	 (C-1)

dt	 'Y	 r	 ^^

d^	 u`

dt = 1 
+ xy + ^ sin ^^ + C2G(Y) 

L2x2 ,
	 (C-2)

0

and

dt	 4 ^ x ^ f(y) ^ dt '

where dx/dt in 1/[hour:UT] , doh/dt in [ hour:LT] / [hour:UT ], ^' = C 1 ^, U'
µ/q• YZ in [ kV; gamma], and C l = -x/12 and C2 = -3 x 10 12 /x 2 c^ = -101 G.

In the case y = 0, from equation (1G) the third term of equation (C-2) becomes

xi ' L^

	

C 3 Wi -.	 (C-4)
x

a
where Wi is an initial energy in keV, x l an initial position at t = 0, and
C3 = -2 x 10 3 /a 2 wka ^ -0..022,

The above simultaneous differential equations are solved numerically witri
I-Iammng's modified predictor-corrector method, an initial condition. being (x,

^	 Q^, y, W; t = 0) _ (x,, ch i , y, , W^ ). Using approximate formulas for f (y), I (y),
and G(y) in equations (17), (20), and (22), the solution (x, ^i, y; t) is obtained with
sufficient accuracy of 5 x 10-3 

, the time step being automatically changed. This
S	 accuracy is determined from the observational data by Explorer 45 (S 3 -A) which
^	 show that. the difference in position (x, ^) of the particle enhancement bett^reen dif-

ferent pitch angle particles is about 10 - ^ (see Fig. 1). The resolution of calcu-
u lated particle position, .therefore, is required to be about 10'2.
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FIGURE CAPTIONS

Figure 1.	 Proton spectrograms of orbit 281. observed by Explorer 45
(S^ -A) on Feb. 13, 1972. 'The plasmapause positions during
the outbound and inbound portions of the satellite orbit were iden-
tified by the DC electric field experiment C Maynard and Cauffman,
1973; Cauffman and Maynard, 1974] at L = 5. 1 and L = 4. 8, re-
spectively. The satellite position was about L = 5 at 19:20 UT out-
bound and at 21:35 UT inbound. The magnetic local. time at apo-
gee was 19:10 MLT. The Typical nose structure in each pitch
angle spectrogram is seen inside the plasmapause.

Figure 2a.	 Change in equatorial pitch angle with L-value. The equatorial
pitch angles indicated on the right side are values at L = 10.

Figure 2b. ^^ariations of equatorial pitch angles at various distances indi-
Gated by L-values as parameters. The particle which changes
its pitch angle beyond the loss cone limit falls into the loss cone.

Figure 3. Changes in particle energy due to radial drift motion. Indicated
parameters are initial pitch angles at L = 10. A pitch angle also
changes with L as seen in Figure 2, except at 90° and 0°.

Figure 4a - c. The functional values of f (ao ), I(a o ) and G(cxo ) as a function of
equatorial pitch angle or colatitude of mirror point: f(0°) _
0.1380172998, I(0°) = 0.27G034599G, G(0°) = 2/3, f(90°) _
0.7404804896, I(90°) = 0, and G(90°) = 1.

Figure 5a. Relative accuracies of the functions f (y) (dashed line) and I(y)
(solid line), with mirror colatitude 8 m , computed from equa-
tions (17) and (20). The results from Schulz's approximations
are also shown.

Figure 5b.	 Relative .accuracy of the flmction G(y), with mirror colatitude
8,,,, computed from equation (22). The result from Schulz^s
approximation is also shown.

Figure G.	 Kp-dependence of plasmapause position in the case of time-
.	 independent electric field model with y = 2. LsTA c is i;he dis-

tance of the stagnation point at dusk in equation (33), and

B^g ^^ ^'	 3 5
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FIGURE CAPTIONS (continued)

figure 6.	 L^,^ tt^ N tc to T is the distance of crossing point of the last closed
(continued)	 equipotential line at the midnight meridian from equation (^4).

R b represents the radial distance of Mcllwain's injection bouu-
dary at each local time; R b = (122 -IOKp) / (¢ -7.3) whore R^
is L-value and ¢the local time in hours.

figure 7.	 Exaanple of particle trajectories (solid line) in the case: µ' _
0. 083. Dashed lines represent the stag7zatioiz lines through
which a particle changes its drift direction. The horizontal
open arrows indicate directions of azimuth drift and the vertical
open arrows indicate directions of radial drift.

Fig7.tre 8. Last closed equipotential lines of zero energy particle with
7 = 1 and 2. The dashed line from dusk to midnight shows
Mcllwain's injection boundary normalized by the stagnation
distance at dusl^. The dash-dotted lines are stagnation lines.

figure 9.	 The relation of normalized magnetic moment µ' and µ^ eV/gainmal
with various stagnation distance L o as parameters. T^^^o charac-
teristic normalized magnetic moment µ' o = 0. 109 and µ'oo

0. 06^ are indicated by dashed lines. The particle having a mag-
netic moment bettiveen these lines (indicated >,y the dark solid
line) takes a flow pattern depicted in Figure 7 or figure 10e.
The upper part shows the particle energy as a function of radial
distance L, corresponding to the magnetic moment indicated in
the abscissa.

Figure 10a - g. Particle flow patterns (a) electrons, µ' _ -0.2 < 0, (h) zero
energy particle, µ' = 0, (c) 0 <µ' = 0. 029 <µ'pn , (d) µ' = µ'oo=
O.OG4, (e) µ' no <µ' = 0.083 <µ' n , (f) µ' = µ'^^ =0.109, and

Figure 11a - 1, The 90° pitch angle particle tracing computed from equations
(C-1) to (C-4). Initial particle positions are at L = lt3 and
20:00 MLT < ¢ <4:00 MLT at 0, 1 hour interval. Particle posi-
tions are represented by clots at 0.1 hour (= G min) steps. and by
asterisks at 1 ho^ir steps within 20 hours and L <10. Stagnation
distance is Lo = 5, consttult. The initial particle energies tiVi
at L = 10 are; (a) -0.41ceV (electron), (b) 0, (c) O.1keV,
(d) 0.21^eV, (e) 0.41^eV, (f} 0. BkeV, (g) 1. GkeV, (h) 3.2keV,
(i) 6.4keV, (j) 12.$keV, (k) 25.GkeV, and (1) 51.2keV.
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h'IGUR.E CAPTIONS (co.

figure 12a-d. The trajectories of particles wi
L = 10, and pitch angles of (a)
See the caption of rigure 11.

rigure 13. The difference . of particle flow
and 90°. hutial particle positie
are the same as I^'igure 12. Pa
I.. G 1ceV for 0° particles and 0.
particle energies are apgroxim
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