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The motion of charged particles in a model magnetosphere is studied using the three
adiabatic invariants. The particle shell geometry is determined, and drift velocities, bounce
periods, and equatorial pitch angles are computed as a function of local time. The following
conclusions were reached: (1) Shell splitting in the outer magnetosphere becomes important
beyond 5 Rz (earth radii). This means that particles mirroring at different points on the
same field line at noon appear spread over a region of field lines at midnight, and vice
versa. (2) There are regions in the magnetosphere, where only pseudo-trapped particles can
mirror, i.e. particles that will leave the magnetosphere before completing a 180° drift. (3)
Longitudinal drift velocities depart considerably from the dipole values beyond 5 R, and
can be as much as 2-3 times greater on the night side than on the day side. Thus a given
particle spends 2-3 times more time in the day side than in the night side. (4) After recovery
from a prototype magnetic storm, particles that were in the day side during the sudden com-
mencement will have higher energies, their shells having moved radially inward. Particles
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caught in the night side will have moved outward, with their energies decreased.

1. INTRODUCTION

Recent experimental results on trapped par-
ticle flux behavior in the outer magnetosphere
indicate that physical processes governing par-
ticle diffusion and acceleration are strongly in-
fluenced by the trapping field itself and by the
time changes of its configuration. The main
evidence comes from the observed strong cor-
relations between particle flux and energy spec-
tra variations beyond 2-3 Ry (earth radii),
with geomagnetic perturbations such as the
sudden commencement of a geomagnetic storm
or the ring current during the main phase
[Frank, 1966; Mcllwain, 1965; Mcllwain,
1966]. It seems therefore useful to attempt a
detailed theoretical deseription of the behavior
of a flux of trapped particles using a reason-
ably accurate magnetospheric field model, and
simulating prototype time variations of the
field configuration. The first detailed studies of
this type were done by Hones [1963] for auro-
ral particles, and by Fairfield [1964] for en-
ergetic particles.

There are several sources of the field in the

1 National Academy of Sciences—National Re-
search Council, Senior Post Doctoral Research
Associate. Present address: Centro Nacional de
Radiacion Cosmica, Rivadavia 1917, Buenos
Aires, Argentina.

geomagnetic cavity: the magnetization of the
earth’s interior, the currents flowing on the
surface of the magnetopause, the currents in
the ‘neutral sheet’ of the tail of the magneto-
sphere, and, eventually, diamagnetic ring cur-
rents originating in trapped particle density
gradients at 2-4 R,. At geocentric distances
of less than, say, 4 R,, the internal geomag-
netic field dominates; beyond 4 R., the cur-
rents in the magnetopause (and in the neu-
tral sheet) perturb the dipole-type internal
field and introduce a strong noon-midnight
asymmetry. Any model must take these sources
into account.

Before adopting de facto a given field model,
let us list our requirements. First, we are
mainly interested in particles trapped on field
lines reaching out beyond, say, 5 R, on the
equatorial plane. This means that we can
safely ignore all higher multipoles of the in-
ternal field and replace it by a centered di-
pole. Second, we shall also ignore the effect of
a ring current, Third, we shall consider the
dipole axis perpendicular to the sun-earth line,
which of course is a very substantial limitation.
However, a ‘wobbling’ dipole would make our
calculations immensely more complicated, with-
out, however, adding much to the general re-
sults, at least within the scope of this paper.
Finally, electric fields will be ignored; this
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means that we are restricting ourselves to
particles of high enough energy to ensure that
the gradient drift always prevails over the EB
drift.

A model that satisfies these requirements
and has already predicted or explained ex-
perimental results with good quantitative
agreement is that given by Mead [Mead,
1964; Williams and Mead, 1965; Mead, 1966].
This model considers two sources, in addition
to the internal dipole; currents in the mag-
netopause, and currents in the tail of the mag-
netosphere. Four adjustable parameters de-
termine the field in Mead’s model: (1) the
distance R, from the center of the earth to the
magnetopause, in the solar direction; (2) and
(3), the distances Ruin, RBmex from the center
of the earth to the close and far limit, re-
spectively, of the neutral sheet in the antisolar
direction, respectively; and (4) the field in-
tensity By near the neutral sheet. Most of the
typical planetary variations of the geomagnetic
field can be simulated by appropriate varia-
tions of these parameters. See section 4 for
choice of parameters actually used.

Figure 1 shows field lines of this model in
the noon-midnight meridian, corresponding to
the parameters we shall adopt as deseribing the
quiet-time state of the magnetosphere.

2. ADIABATIC INVARIANTS

The motion of charged particles in a trap-
ping field geometry can be deseribed by means
of three adiabatic constants of motion [North-
rop, 1963], the magnetic moment M, the sec-
ond invariant J, and the flux invariant &:

M = p,*/2m,B ¢)
7=§pa @
& = 9§A-dx (3)

In these equations p, and p, are components of
the momentum perpendicular and parallel to the
magnetic field vector, respectively; B is the
magnetic field intensity at the instantaneous
position of the guiding center; and m, is the
rest mass. In (2) the integration is extended
along the field line for a complete bounce oscilla-
tion; ds is the element of arc of the field line,
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Fig. 1. Closed field lines in the model mag-
netosphere, for parameter values given in the
text. Field lines are labeled with the geomagnetic
latitude of their intersection with the earth’s sur-
face.

Equation 3 represents the magnetic flux enclosed
by the particle shell; A is the magnetic vector
potential, and the integral is extended along
any closed path passing around the particle
shell and lying in it. These quantities are adia-
batic constants, i.e. conserved only under certain
conditions. Adiabaticity requires that the field
configuration should not change appreciably
during the characteristic period of time associated
to each invariant. If this condition is violated,
the corresponding value of the invariant will no
longer be conserved. The other two may still
remain unaffected.

In place of (1) and (2) we shall introduce two
other expressions that are much more convenient
for numerical computations. According to (1),
we introduce the mirror point field intensity Ba:

B, = p*/2m M C))

where p is the total momentum of the par-
ticle. Further, we introduce the geometric in-

tegral
I=f(1—§B(—:)-)l/2ds=2—'; )

extended along the field line between one mirror
point and its conjugate. B, and I uniquely de-
termine a particle shell and will be used in
what follows as the two identifying parameters
for such a shell. Notice at once that for a time-
independent magnetic field, in absence of elec-
tric fields, (4) and (5) are adiabatic invari-
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ants, too. The advantage of (4) and (5) is that
they only depend on the field geometry. For
time-dependent fields, care has to be taken
regarding relation 5. If p changes appreciably
during one bounce, we have:

2—p——55 ()(

Equation 5 holds at all times only for slowly
varying fields.

Introducing the usual relativistic factor y =
m,/me, we can combine (4) and (5) with (1)
and (2) to obtain

(8))1/2 ds = I (5/)

(¢* — DI* = K, = const (6)

I’B,, = K, = const )

To these, we must add (3), which we write in
the form:

= ®(B,, I) = K; = const ®

These are the adiabatic constants that will be
used henceforth. They uniquely determine v,
I, and B, for any static field configuration.
For time-dependent fields, K, and K, in general
are not constant during the interval of change
[see (5)]. However, if this interval is transi-
ent, ie, if it is preceded and followed by time-
independent states of the field, the constancy
of K, and K, does hold when (6) and (7) are
evaluated for the initial and the final states.

For a field constant in time, (8) is no longer
needed, and v, I, and B, are conserved indi-
vidually. A special case is that of particles
mirroring on or close to the equator (I = 0,
B. = B,). In that case we replace (6) by the
following, derived from (4):

1
72 —1 (6a)

This holds all the time, even in nonstatic fields.
In this special case, (8) is a function of B,
only.

We have to add Liouville’s theorem to rela-
tions 6, 7, and 8 to complete our description
of trapped particle dynamics. We introduce the
directional, differential flux of particles popu-
lating a given I, B, shell:

i=ity, I, Ba)
em™? X sec”! X ster™! X kev’!  (9)

B, = const
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Consider particles of given (I, B,) in a steady-
state distribution on a given shell. For each
point of the shell, there is a unique cone along
whose elements the given group of particles is
streaming. This direction is the particles’ pitch
angle, which at the equatorial points of the
shell is given by

@, = arc sin (B,/B,)""* (10)

where B, = B,(I, B.,; azimuth) is the mini-
mum or equatorial B value of a particular field
line of the shell. We must point out at once
that even for time-independent fields, «, is not
an adiabatic invariant like the mirror point
field Bn; in general it will depend on azimuth
(longitude or local time) through B,.

The particle density in phase space f as-
sociated with the flux (9) is given by f =
i/p". Liouville’s theorem states that this den-
sity in phase space remains constant along the
dynamical path of a particle. This means that,
as long as all particles always remain on a com-
mon shell (this condition will be fulfilled if all
invariants (6)-(8) are conserved throughout
the evolution of the system), even if the shell
itself changes with time, the following conser-
vation theorem holds:

]('Yy I, Bm) (11)
-1

(6), (7), (8), and (11) are the basic expres-
sions to be used for the study of the evolution
in space and time of trapped particles in the
outer magnetosphere. The first three lead to
the determination of the actual shell of a
given group of particles and their actual energy;
equation 11 gives the actual value of the di-
rectional differential flux of this group of par-
ticles.

As was shown by Newkirk and Walt [1964],
the average equatorial azimuthal drift wve-
locity u of the particles populating an I, B,
shell can be obtained as a direct consequence of
Liouville’s theorem. The value is, with our no-
tation:

= K, = const

mee y* — 1VI

u = _eB, _'Y S_b (12)

V1 is the limit of 81/8y where 8y is the equa-
torial distance between two neighboring shells,
each one characterized by I and I 4 8I, re-
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spectively, and by the same B,. value. S, is the
half-bounce path, i.e. the rectified path of the
particle between one mirror point and its con-

jugate:
-1/2
o (129

8, is related to the bounce period by 7, =
28,/v where v = particle velocity. We can ob-
tain an expression for S, by taking the deriva-
tive of (5) with respect to the mirror point
field intensity B. along a given field line. It
can be shown by simple algebra that

al

" 3B, (13)

The derivative has to be taken along the
given field line. This expression has general
validity for any trapping field geometry and
is very useful for computational purposes,
for it only requires the calculation of I on two
neighboring points of a field line.

Sb=I+2

3. QuaLITATIVE DiscussioN

Before getting into the discussion of numeri-
cal computations for particle shell geometry
and time variations of the model magneto-
sphere, it is useful to present a qualitative
analysis of the consequences of the previous
section. First, let us envisage a trapping mag-
netic field constant in time. In this case, (4)
and (5) are conserved. We can assign to each
point in space a pair of values I, B,, such that
a particle mirroring there has the value I for
the integral (5), Ba being simply the field in-
tensity at that point. In this way, I and B,
become uniform functions of space. As the par-
ticle drifts to other field lines, it must keep
these values constant; i.e., it will cover a shell
of field lines that pass through the intersections
of two given constant-/ and constant-B. sur-
faces (Figure 2). Notice carefully that the sur-
face I = const is not the particle shell.

Let us consider the geomagnetic field. Take
a particle that starts at a given longitude &,
circling around a given field line and mirroring
at a value B,. The integral (5) computed
along the field line between the two mirror
points has a value I. This means that when
drifting through any other longitude, say 180°
away, this particle will be bouncing along a
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Fig. 2. Geometric definition of a particle shell.

field line that passes through the intersection
of the corresponding I = const and B, =
const surfaces. Now take a particle that
starts on the same initial field line but mirrors
at a lower value B’,, < B, (Figure 3). Its
integral (5) will also be smaller, I’ < I. After
a 180° longitudinal drift, this second particle
will be traveling along a field line that passes
through the intersection of the surface I’ =
const and B’,, = const. Only in case of perfect
azimuthal symmetry (as in the pure dipole)
will these surfaces intersect exactly on the
same line as that of the first particle, In the
general case, particles starting on the same
field line at a given longitude will populate
different shells, according to their initial mirror
point fields, or, what is equivalent, according
to their initial equatorial pitch angles (10)
(of course, all these different shells would be
tangent to each other at the initial field line)
[Stone, 1963].

For the case of the real geomagnetic field in
absence of external perturbations, i.e. within
about 34 R, it can be shown that the dis-
tance between split shells is relatively small,
a fraction of 1% of the distance of the equa-
torial point of a field line to the center of the

I’ = CONST

1" = CONST

B = CONST B

fr
B.= CONST
INITIAL FIELD LINE

AT ¢

B,
SPLIT SHELLS
AT ¢ +180°

Tig. 3. Shell splitting in asymmetric fields.
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earth. In other words, with a very good ap-
proximation, one can say that all particles
initially on the same field line will mirror on
a common field line at any other longitude.
This has an important consequence: it enables
a two-dimensional description of the three-
dimensional radiation belts, at least up to dis-
tances of about 4 Ry Indeed, if particles do
populate the same shell irrespective of their
initial mirror points, the omnidirectional flux
of these particles will be the same on all points
of the shell having the same B value, irrespec-
tive of the longitude, i.e. local time, (provided,
of course, no appreciable injections or losses
occur during the drift). To deseribe omnidirec-
tional particle fluxes in the inner magneto-
sphere, we therefore need only two ‘space’
parameters: the value of the magnetic field
intensity at the point of measurement and a
parameter that characterizes the (unique) shell
that goes through that point. This latter is
Mellwain’s L parameter [Mcllwain, 1961]. L
is a particular relation between I and B,, that
remains constant (within <1%) on a given
field line and, therefore, on the whole shell
generated by particles starting on that field
line, Numerically, L gives the average distance
of the equatorial points of a shell to the mag-
netie center.

But what happens in the outer magneto-
sphere, where the azimuthal symmetry is
brutally removed? Particles starting on the
same field line, say in the noon meridional
plane, will now populate different shells, de-
pending on their initial mirror points or equa-
torial pitch angles. For instance, they will cross
the midnight meridian on different lines.

Let us start with a particle mirroring at or
near the equator, on a line in the noon merid-
ian, close to the boundary. For this particle,
I ~ 0; according to (6a) it will drift around
the earth on the equator following a constant-B
path, This constant-B path comes consider-
ably closer to the earth at the night side, be-
cause the field is weaker there (less compres-
sion), and we must go to lower altitudes to
find a given B value. On the other hand, a
particle that starts on the same field line on
the noon meridian, but is mirroring at high
Iatitudes, will have a high I value. Under these
circumstances, Mead [1966] has shown that
the value of I is not much different from the
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NOON
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MIDNIGHT
SPLIT LINES

Fig. 4. Qualitative picture of shell splitting in
a model magnetosphere for particles starting on
a common field line in the noon meridian.

arc length of the field line between mirror
points. On the midnight meridian, the particle
will therefore be found on a line having nearly
the same length as the initial one, ie. stretch-
ing out to roughly the same equatorial dis-
tance. In summary, all particles initially on
the same noon line, will cross the midnight
plane on line portions sketched in Figure 4.
Furthermore, it is easy to realize that particles
mirroring inside that area (BB’) will cross the
noon meridian outside (AA4’) of the initial line.
If this noon line is very close to the boundary,
no stably trapped particle could be found
mirroring inside the hatched area in the mid-
night meridional plane. Any particle doing this
would not be able to complete a drift around
the earth: it would abandon the magnetosphere
before reaching the noon meridian. We shall
call this a pseudo-trapped particle (only
transiently trapped) [Roederer, 1966]. Notice
finally that a sharp trapping boundary in the
noon side would not result in a sharp boundary
in the back side.

On the other hand, for a given field line in
the midnight meridian, all particles mirroring
anywhere on this line will cross the noon me-
ridian in an area like the one shown in Figure
5. All particles mirroring outside that area
(BB’) will cross the midnight-meridian out~
side (AA’) of the given line. If now there is
an ‘obstacle’ behind that line (like, for instance,
the neutral sheet), no stably trapped particle
could be found outside the hatched area in
the noon meridian. Any particle injected there
would be lost into the obstacle before reaching
the midnight meridian: in this high-latitude



986

NOON
SPLIT LINES

MIDONIGHT
COMMON LINE

Fig. 5. Qualitative picture of shell splitting for
particles starting on a common line in the mid-
night meridian.

noon region, only pseudo-trapped particles
could exist.

4, NuMEericaL REsuLTs

A computer code was set up to determine
particle shells in the model magnetosphere to
study shell splitting and longitude dependence
of drift velocities and equatorial pitch angles
for the static case and to analyze the evolu-
tion of a system of particle shells in a time-
dependent case.

This program was applied using Mead’s
model of the magnetosphere. The numerical
values of the four adjustable parameters (sec-
tion 1) for the quiet magnetosphere were
taken from Ness and Williams [1966]: R, =
10 R', len = 8 Ru, Rm.x = 200 Rx, and Bgl =

90°
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GEOMAGNETIC LATITUDE
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30°
0
EARTH RADII {R.)

Fig. 6. Relationship between geomagnetic lati-
tude of the intersection of a field line with the
earth’s surface and the radial distance to its
equatorial point, for the noon, midnight, and
dawn/dusk meridians.
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15 y. Typical closed field lines are shown in
Figure 1. The kink of the field lines reaching
out beyond 8 R, in the night side is caused
by the assumption in Mead’s model of a two-
dimensional neutral sheet (recent measure-
ments, however, suggest a finite thickness of
several earth radii [Bame et al., 1966]). Fig-
ure 6 shows the relationship between geomag-
netic latitude of the intersection of a field line
with the earth’s surface and the radial distance
to its equatorial point for the noon, midnight,
and dawn/dusk meridians.

The code was applied to this quiet-time field
configuration to obtain magnetic shells for par-
ticles initially mirroring on a common field line
and having equatorial pitch angles with
cosines 0.2, 04, 0.6, 0.8, and nearly 1 (mirror-
ing close to the earth’s surface). Figure 7 shows
how particles, starting on a common line in the
noon meridian, do indeed drift on different
shells, which intersect the midnight meridian
along the field lines shown in the figure. The
dots represent particles’ mirror points. Curves
giving the position of mirror points for con-
stant equatorial pitch angles are traced for
comparison (in a dipole field, they are constant
latitude lines). Notice the change (decrease)
in equatorial pitch angle for the same particle
when it drifts from noon to midnight. Figure 7
clearly confirms our qualitative predictions
given in section 2: shell splitting becomes con-
siderable beyond 5 Ry and completely invali-
dates the use of ‘L values’ or any other dipole-
type description of the outer radiation belt.
Figure 8 depicts the same features for particles

30 60 9% 60 30
0406 08
C0Sag=02
0Sa,
08
2 i
Ol H—{g—— =T {—— ) 13— 'Fi 04
06
08
02
04
. noon 06 08 MIDNIGHT™ |
0 30 &0

Fig. 7. Computed shell splitting for particles
starting on common field lines in the noon me-
ridian. Dots represent particles’ mirror points.
Curves giving the position of mirror points for
constant equatorial pitch angle «, are shown.
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Fig. 8. Computed shell splitting for particles
starting on common field lines in the midnight
meridian. Dots represent particles’ mirror points.
Curves giving the position of mirror points for
constant equatorial pitch angle a, are shown.

starting on a common field line in the midnight
meridian. In this case, again, the piteh angle
changes considerably when the particle drifts
to the opposite meridian (increasing at noon).

Notice from Figures 7 and 8 that as equa-
torial pitch angles increase, shell splitting is
directed radially inward for particles starting
on the same field line at noon and radially out-
ward for particles starting on a common field
line at midnight. Furthermore, shell splitting
is maximum for particles mirroring close to
the equator: for a given change in pitch angle
(in degrees), the radial displacement of the
shell will be greater for equatorial particles.

When the initial field line has its equatorial
point beyond about 8 R, a fraction of the
particles mirroring on it can only be pseudo-
trapped, being lost before completing a 180°
drift. In particular, the computations reveal
that particles mirroring at low latitudes in the
back side abandon the model magnetosphere
through the boundary 30-40° before reaching
the noon meridian. On the other hand, par-
ticles mirroring at high latitudes on the day
side, run into the tail (open field lines) 10-20°
before reaching the midnight meridian. Figure
9 shows computed limits between stable trap-
ping and pseudo-trapping regions on the noon-
midnight plane. At other loeal times, both re-
gions approach more closely the boundary;
going from noon to midnight, one disappears at
the expense of the growth of the other. These
results indicate the existence of a quite consid-
erable loss cone in the day side of the model
magnetosphere.
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Figures 10a and b summarize the informa-
tion about the shell splitting effect. In both
figures, the relation between noon and midnight
radial distances to the equatorial points of a
particle shell is given. In Figure 10a, particles
start on a common field line at noon, reaching
out to R, earth radii; in Figure 10b, particles
start on a line at midnight, reaching out to
R.1a. Curves are labeled with the cosines of
the initial pitch angles. Figures 1la and b
show how these pitch angles change when the
particles drift to the opposite meridian. Notice
again the marked tendency of particles to
align along field lines on the night side, and to
‘squeeze’ transverse to the field on the day
side. This is physically explained by the fact
that for a given particle shell, the equatorial
B value appearing in (10) always decreases
toward the midnight meridian, except for par-
ticles mirroring close to the equator.

The numerical caleulations reveal a consid-
erable local-time dependence of the equatorial
drift velocity. The geometrical factors appear-

PEN FIELD LINES
(No Trapping)

9

30°

RAPRING 7 7

30° 30°

MIDNIGHT

90° 60°

Fig. 9. Location of the ‘pseudo-trapping’ re-
gions in the magnetosphere. Particles mirroring
inside those regions are unable to complete a
180° drift around the earth. Those injecled into
the left side will be lost into the tail; those in-
jected into the right portion will abandon the
magnetosphere through the boundary, on the day
side.
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Fig. 10a. Particles starting in the noon merid-
ian at a field line reaching out to Raoon Will cross
the midnight meridian on a field line reaching
out t0 Rmiaw. Curves are labeled by the cosine
of the particles’ equatorial pitch angles.
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(b)

3 4 5 6 7 8 9 10
Rmidn (EARTH RADII)

(1]

Fig. 10b. Particles starting in the midnight
meridian at a field line reaching out to Rmia
will cross the noon meridian on a field line reach-
ing out to Raoon.
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ing in (12) were computed and represented in
Figures 12a and b as a function of the equa-
torial distance of the corresponding field line,
for different pitch angles, and for noon and
midnight, respectively. For a better under-
standing, angular drift factors are shown. For
radial distances <3 Ry, we observe a dipole-
like dependence. Beyond 3 Ry, there is a con-
siderable departure. Drift velocities on the
night side are indeed appreciably higher than
on the day side. The peculiar inversion of the
pitch-angle dependence, occurring on the day
side (Figure 12q), is due to a shift in relative
importance of curvature drift versus gradient
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o
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o
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0 1 1 1 1 1 1 1 1

2 3 4 5 6 7 8 9 10 1
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Fig. 11a. Particles starting in the noon merid-
ian at a field line reaching out to Rueen and
initially having equatorial pitch angles of cosines
0.2, 04, 06, 0.8, and 10, respectively, will appear
on the midnight meridian with cosines of pitch
angles given by the curves. Notice the effect of
alignment along the field lines (occurring at mid-
night), for radial distances > 6.

08 /-
/
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Fig. 11b. Particles starting in the midnight
meridian at a field line reaching out to Rumian
and initially having equatorial pitch angles of
cosines 02, 04, 0.6, 0.8, and 1.0, respectively, will
appear on the midnight meridian with cosines of
pitch angles given by the curves. Notice the ef-
fect of alignment along the field lines (occurring
at midnight), for radial distances 5.
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Fig. 12. Value of the geometric factors intervening in the angular drift velocity, as a
function of the equatorial distance of the corresponding field line, for different pitch angles,
and for noon (a) and midnight (b), respectively. To obtain drift velocities in degrees/sec,
multiply the above values by the factor 2321 X 10 (v*—1)/y X (rest mass in electron

masses).

drift (particles mirroring at high-latitude ex-
perience more of a dipole-type field and drift
faster).

In Figures 130 and b we have represented
the percentage change of the linear drift ve-
locity of a given particle, when it drifts to the
opposite meridian. A close inspection of the
local-time dependence of the drift velocity (not
shown here) leads to the important conclusion
that a given particle trapped in the outer mag-
netosphere (>6 Rs) spends up to 25-3 of its
total lifetime in the day side. In other words,
there is always a higher probability to find a
particle in the day side than in the night side.
It can be shown that, as a consequence, par-
ticle volume densities can be about two times
greater on the moon meridian, than at mid-
night, for a given class of particles. This rep-
resents an additional important asymmetry for
trapped particle fluxes in the outer model mag-
netosphere.

Any pitch-angle scattering mechanism will
lead to radial diffusion, owing to shell splitting:
inspection of Figures 4 and 5 reveals that, for
instance, a scattering process that, oceurring
on the noon side, increases the pitch angle
(lowers B,.) will bring the particle to a shell
that on the average gets closer to the earth.
The same scattering process, occurring on the

night side, would situate the particle on a shell
extending further out. Any type of pitch-angle
diffusion process will therefore be accompanied
by a radial diffusion, which will be inward or
outward according to where in longitude the
particles are more likely caught by the indi-
vidual processes. If the original pitch-angle
seattering process is elastie, there would be no
change in energy in this type of radial dif-
fusion. Such a diffusion mechanism was ex-
perimentally observed in the laboratory and
studied theoretically, by Gibson et al. [1963].
According to the preceding results, this radial
diffusion will be most effective for equatorial
particles. This mechanism would tend to mix
and blur energy spectra of particles at different
radial distances. Furthermore, the existence of
large pseudo-trapping regions, especially on the
day side, implies an efficient particle sink for
any pitch-angle scattering mechanism (enhanced
loss cone). On the other hand, the reverse
could also be true: particles that happened to
enter the pseudo-trapping regions from out-
side, could be secattered into stably trapped
orbits by any pitch-angle scattering mecha-
nism,

We now turn to the numerical results for a
time-dependent magnetic field configuration.
The purpose is to study the trapped particle
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behavior during a simulated magnetic storm.
The following steps were adopted as a ‘model’
storm: (1) sudden, nonadiabatic compression,
simulated by a decrease AR, of the parameter
R, (inward displacement of the magneto-

JUAN G. ROEDERER

pause); (2) optional sudden increase AB; of
the tail field; (3) gradual, adiabatic recovery
to the initial field configuration. For (1) and
(2) it is assumed that particles, while vio-
lating the third invariant (8), stick to their
original field line driven by the dominating
E X B drift, still conserving the first two
invariants (this ‘original’ field line is sup-
posed to be rigidly rooted in the ionosphere,
during the sudden compression). The gradual
recovery in (3) is assumed to be flux-conserv-
ing. Some of the results are summarized in
Figure 14, in which the percentage change of
kinetic energy of a particle is represented as a
function of equatorial distance of the initial
field line, for different pitch angles, and for
particles caught by the compression at noon
(upper curves) and at midnight (lower curves).
This energy variation is independent of the
initial energy and increases with the amount
of compression AR, (AR, = 2 Ry for the
curves in Figure 14). An inward motion of the
boundary of only 1 Ry would yield energy
changes roughly 0.45 times those shown in the
figure. The curves given in Figure 14 were
derived for a sudden commencement without
a sudden increase of the tail field. If one adds
a typical increase ABy of 15 v, acceleration, de-
celeration, and radial displacements become
greater by a factor of about 2, the effect be-
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Fig. 14. Percentage kinetic energy change after
a prototype storm, for particles caught by the
sudden commencement in the noon meridian, and
at midnight, respectively, as a function of the
radial distance to the equatorial point of the ini-
tial field line and for different initial pitch angles.
The inward displacement of the boundary was
taken as AR, = 2 Ra.
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ing considerably enhanced for particles that
were in the night side during the sudden com-
mencement.

One clearly sees in Figure 14 that the final
effect of a storm depends on where in local
time the particle was caught during the non-
adiabatic phase: particles that happened to
be in the day side of the magnetosphere will
have a higher energy when the field recovers
to the initial state; particles surprised in the
night side will be decelerated. Furthermore,
the first group of particles will have moved
radially inward, whereas the second group will
be found on shells ‘inflated’ outward (Figure
15). It should be pointed out that during the
first phase of compression, both groups of par-
ticles attain higher energies; it is during the
adiabatic recovery that this peculiar asymmetry
arises. The fact that a given particle always
spends more time in the day side leads to the
conclusion that a magnetic storm should al-
ways have a net effect of inward diffusion and
acceleration of trapped particles, after the field
has recovered to the same initial configuration.
We finally must mention that during a mag-
netic storm a considerable fraction of particles
can be driven into pseudo-trapping regions of
the magnetosphere and therefore be lost through
the boundary or into the tail. This effect is
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Fig. 15. Relation between initial and final
position of the equatorial point of a shell at a
given meridian (noon and midnight), after a pro-
totype storm, for particles caught by the sudden
commencement at noon and at midnight, respec-
tively (AR, = 2).
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particularly important for storms with increases
of the tail field, which mainly lead to losses
through the boundary on the day side. Like-
wise, particles that for some reason happened
to be injected into pseudo-trapping regions
during recovery, can become stably trapped,
under favorable circumstances of injection.

The repeated action of magnetic storms will
therefore cause acceleration and radial diffus-
ion toward lower altitudes of particles trapped
in the outer magnetosphere. This mechanism
leads to energy spectra that depend on radial
distance, hardening toward lower R values. This
is indeed observed for protons [Davis and
Williamson, 1963; Vernov et al., 1966] and
was explained theoretically by Nakada et dol.
[1965]. Electrons, however, should, in addi-
tion, be subject to pitch-angle scattering by
electromagnetic waves; as discussed above, the
radial diffusion that accompanies pitch-angle
scattering when shell splitting is considerable
should greatly blur the radial dependence of
energy spectra for electrons.

5. CoNCLUSIONS

1. Shell splitting in the outer magneto-
sphere becomes important beyond 5 Ry; dipole-~
type descriptions of the radiation belt become
invalid.

2. Equatorial pitch angles tend to align
along field lines on the night side of the mag-
netosphere and perpendicularly to the field
on the day side.

3. There are regions in the magnetosphere
where only pseudo-trapped particles can mir-
ror, i.e. particles that will leave the magneto-
sphere before completing a 180° drift.

4. Longitudinal drift velocities depart con-
siderably from the dipole values beyond 5 R,
and they can be as much as 2-3 times greater
on the night side than on the day side. Thus
a given particle spends 2-3 times more time in
the day side than in the night side.

5. The action of a pitch-angle scattering
mechanism will lead to a radial diffusion of
particles. The loss mechanism will be greatly
enhanced by secattering of mirror points into
the pseudo-trapping regions.

6. After recovery from a prototype mag-
netic storm, particles that were in the day
side during the sudden commencement will
have higher energies, their shells having moved
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radially inward. Particles caught in the night
side will have moved outward, with their ener-
gies decreased.

7. The repeated action of magnetic storms
will result in a net inward diffusion of particles,
with a net increase of their energy.
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