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Abstract. The pitch angle disttibutions of energetic solar protons in the
pseudo-trapping region were used in order to examine magnetospheric processes.
Temporal and spatial variations of these processes should give insight into the
magnetospheric dynamics. Data from two instruments (viewing angle perpendic-
ular and 45° with respect to the local geomagnetic field) on board the low
altitude polar orbiting satellite GRS/Azur give a rough measure of the pitch angle
distribution of energetic solar protons (1.5 << E < 2.7 MeV) over the polar cap.
For several solar particle events the ratios of the counting rates of the two instru-
ments were ordered according to invariant latitude, magnetic local time and
geomagnetic activity. The geomagnetic activity was expressed by the time phase
relative to the expansion of isolated substorms and the FH-component of the
magnetic field at a near midnight auroral station. Thus the analysis shows sub-
storm-related effects on energetic particles in the psendo-trapping region.
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Introduction

Measurements of energetic solar particles over the earth’s polar caps
have been extensively reported in the literature. The main interest in this
subject is due to the fact that these measurements can reveal the topology
of the geomagnetic tail.

As far as energetic solar protons ate concerned the low altitude polat
cap can essentially be divided into three regions: The open ficld line region,
whete entry is mainly from the tail, the pseudo-trapping tegion between the
last closed field line and the last closed drift shell and the stable-trapping
region at latitudes below the last closed drift shell. Whereas the latitudinal
flux structure in the open field line region is closely related with the entry
of solar protons into the magnetosphere and thus with the topology of the
magnetosphere, investigation of the pitch angle distribution of solar protons
on closed field lines and the position of the cut-off latitude can contribute
to the understanding of magnetospheric dynamics.
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Paulikas ¢z a/. (1968) and Blake er @/. (1968) have inferred the quasi-
trapped natute of solar protons from their pitch angle distribution peaked
at 90° to the geomagnetic field line. Flindt (1970) has identified the pseudo-
trapping region boundary within which a double loss cone decreases the
counting rate of a low altitude omnidirectional detector, by the ‘edges” in
the counting rate profiles thus produced. However, as shown by Motfill
(1973a), quasi-trapped particles do not necessarily have an anisotropic
pitch angle distribution. Breakdown of the first adiabatic invariant in the
strongly curved field line regions near the last closed field line leads to an
effect which cannot be differentiated from strong pitch angle scattering by
a low altitude satellite detector. In addition resonant scattering of the
particles with hydromagnetic waves during magnetically disturbed times
can lead to pitch angle redistributions.

Dispite the large amount of polar cap proton data reported in the
literature, detailed investigation of their pitch angle distribution and cut-
off variation during times of geomagnetic activity is relatively rare. Imhof
et al. (1971) found a significant decrease of the cut-off latitude with increas-
ing Kp, which confirmed previous findings by Paulikas ¢z 4/ (1970).
Bewick e# /. (1970) compared the solar proton cut-off with the high latitude
electron boundary during substorm activity. They found that solat protons
become trapped and are transported to lower latitudes duting magneto-
spheric substorms. Williams and Heuring (1973) have shown cut-off
variations of solar protons during a large geomagnetic storm, without,
however, commenting on the detailed time variation of these cut-offs. They
found a development of an isotropic loss cone distribution from an aniso-
tropic distribution on the day side during the development of the symmetric
ting current, indicating strong pitch angle diffusion.

The present report attempts to investigate the solar proton pitch angle
distribution during geomagnetically active times on a statistical basis.
Several solar particle events have been observed from December 25, 1969,
to April 7, 1970 by the low altitude polar otbiting satellite GRS-A Azur.
The events were subdivided according to the substorm activity expressed
by the time phase relative to the expansion and by a signature level given
by the deptession of the /7 magnetometer component of a neat-midnight
auroral station,

Instramentation

The data presented in this paper wete taken with two identical particle
telescopes on the dawn-dusk polar orbiting satellite GRS-A Azur (incli-
nation 102.94°, petigee 383 km, apogee 3145 km, period 122 min.) The
satellite is magnetically stabilized. The two proton-alpha particle telescopes
(88/1 and 88/2) ate otiented one perpendicular and one at an angle of 45°
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(88/2) with respect to the local geomagnetic field vector. In the northern
hemisphere telescope 88/2 points upwards. Only data from the lowest
energy channel (1.5< E,<2.7 MeV) are used for this investigation. In
addition data from an omnidirectional proton-electron detector (93/1)
were used in order to indicate the location of the 1 MeV electron radiation
belt. A detailed description of the experiments and an analysis of the cali-
bration measurements are published in Achtermann ef 2. (1970).

The half opening angle of each of the two detectors is 22° and the sizes
of atmospheric loss cones are typically ~37° for the satellite altitude over
the northern polar cap during the time of the observations. Therefore,
instrument 882 points partially into the upper atmospheric loss cone if
there is a2 double loss cone distribution, whereas instrument 88/1 is unaf-
fected. The reduction in measured counting rate for the 88/2 detector
relative to 88/1 is approximately 289, in the case of sharp loss cones and an
isotropic distribution everywhere else. Therefore, we can describe the
strength of the scattering processes acting on trapped and quasi-trapped
particles by the ratio R = counts in detector 88/1: counts in detector 88/2.
If R >1 we have a double loss cone distribution, if R <1 there is particle
precipitation along the field lines and if R=1 the flux is isotropic with
the loss cone filled up.

Method of Analysis

The method of analysis is discussed in some detail. This is done so that
the reader can assess the statistical significance of the presented data and to
give a guideline for possible similar statistical investigations. The ratio R
of the counting rates in the instruments 88/1 and 88/2, henceforth designated
with ¢4y and ¢y, were divided into 12 intervals of width A R =0.2 from
R=0 to R=2.4. The ratios were then ordered according to invariant
latitude A, magnetic local time ML T and magnetic activity M. The process
to be investigated is substorm activity, expressed by the time phase relative
to the expansion and a certain signature level given by the maximum de-
ptession of the H-component of the magnetic field at a near local midnight
auroral station. Thus in this analysis M =T and B,. To account for the
statistical error at low counting rates, the ratios R are weighted according
to their relative error, i.e. the weighting factor is

1 1

Vew  Vews

1 — w(d, MLT, M, R) =1 — )

If #>1 (i.e. the average counting rate <4 counts/frame) the data
were rejected. The weighted frequency of occurrence in a certain A, MLT,
M, R interval is then
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k
Ny 4, MLT, M, R) = 5 (1 — =(l, A, MLT, M, R)) )
I=1

whereby the summation is taken over all events falling into these A, MLT,
M, R intervals. For each of the A, MLT, M intervals we can construct
histograms by plotting IV, vs. R. From the mean of the distribution, the
spread around the mean and from the shape of the histogram, it is possible
to draw conclusions about effects which influence the energetic solar
particle distributions inside the magnetosphere, i. e. those where the magnet-
osphere plays an active, dynamic role.

In order to understand these experimental histograms we have to
calculate the corresponding theoretical histograms which we would obtain
from the statistics of the measurements. In the case of an isotropic pitch
angle distribution with no loss cones, this is done in the following way.

From the two counting rates ¢y, and ¢,; we get a mean counting rate

£ = (Cop + ¢45)/2 3

The probability of measuring a counting rate #” in one of the detectors
is given by the Poisson distribution:

im o=t

P() = 4)

23!
We now requite the probability y of obtaining a ratio R of the counting
rates cgy and ¢,;, Whete Ry<CR<C R;. y is given by

2By <R Ry = % 2. P(m) Pln) ®)
where the summation is taken over all counting rates » and #, so that
Ry< <R, ©

It has been assumed in (5) that the particle distribution is isotropic
with the mean counting rate in each detector given by Z.

Multiplication of y with the weighting factor » and summation over
all events gives finally the theoretical histogram ‘Nz’ for the case of an
isotropic pitch angle distribution.

Fig. 1 shows y(R) for four different values of & As one would expect,
the distribution gets sharper with increasing mean counting rate. Typical
counting rates of the measurements reported here are in the order of ~50
counts per 10 sec. An interesting feature of this analysis is the double peak
structure at low values of mean counting rate 7 This is an entirely real
phenomenon and arises out of the probability of the ratio R = lying

‘15
within the limits R, to R; when ¢y and ¢y; are quantised values.
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Aims of the Statistical Analysis

The method which we have developed fulfills the aims of our analysis,
which ate firstly, to formulate the pitch angle distribution problem in a
manner which gives the desired information about the spatial dependence
(A, MLT)and the activity — temporal dependence (B, and 7), and secondly
to compare the observed distributions (in the form of histograms) with a
theoretical calculation of isotropic particle fluxes. It thus becomes possible,
to decide on the basis of measurements and theoretical histograms whether
the observations at a given position, time and magnetic activity corre-
spond to an isotropic distribution in pitch, a double loss cone distribution,
a trapping distribution or precipitation into the atmosphere. The spatial
and temporal variation can then be used to find out if on average any one
of these processes is predominant at a given place or time, and thus to
associate the process with the corresponding magnetic activity.

This type of information can only be obtained with a statistical analy-
sis, and clearly it is important to reduce the wealth of variable parameters
to manageable levels without masking and encoding the information
content of the data too drastically. In our particular case we are also limited
by the detector configuration, but we feel that a substantially more detailed
pitch angle resolution than ours would need to be simplified to a similar

. 4 . . .
parameter such as our ratio R = “*2 in order to avoid too much complexity.
€45

Improvements to our analysis can be obtained by eg. using R =2
‘o

arger geometric factors (and correspondingly larger counting rates) and
observation of more events, i e. increasing the statistical weight. It is for
this reason that we have described the method of analysis in perhaps
greater detail than otherwise necessary.

In order to evaluate the obsetrved pitch angle distributions in the con-
text of possible mangetospheric processes, which may be acting on the
patticles, it is necessary to understand the notmal spatial vatiation of these
distributions when no influences other than the field topology itself (assum-
ed to be static) exist. Some comments on this are made by Morfill (1973b).

Normal Pitch Angle Distributions

In the open field line region, there is only a single relatively sharp loss
cone, which can not be observed by our two detectors 83/1 and 88/2 due
to their orientation in the satellite. The pitch angle distribution is isotropic
outside this loss cone, which is well approximated by projection to the
satellite of a zero flux level, which is due to atmospheric absorption at
altitudes of 100 km.
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In a invatiant latitude band between 3° to 5° wide, at latitudes just below
the last closed field lines, Motfill (19732} has shown that 1 MeV protons
do not conserve the first adiabatic invariant. This tesults in a single loss
cone distribution at low altitudes, although the detector is on closed field
lines. The particle intensity here is then similar to that just on open field
lines near the last closed field line.

At all latitudes below this boundary, the patticles exhibit a double
loss cone distribution, the second (upper) loss cone being formed by at-
mospheric absorption at the conjugate point in the other hemisphere.

Since the breakdown of thefirst invariant extends into the closed drift shell
region at midnight (Morfill, 1973a) it must be relatively easy for particles
to find access into the trapping region at these localised positions. Since
these particles are able to drift around the earth more than once, a trapping
distribution may be set up (Roberts, 1969), even at quiet times. This trapp-
ing distribution is characterised by larger loss cones than the double loss
cone distribution, and relatively smooth pitch angle-intensity profiles.

It is clear that the boundaries of these pitch angle distribution ‘regions’
in this ‘normal’ picture are closely telated to (and in general a few degrees
below) the 40 keV and 1 MeV electron boundaries.

We shall now give a brief phenomenological account of the modifica-
tion of these ‘normal’ distributions described. Mote detailed descriptions
can be found in eg. Motfill, (1973a,b) Bewick ez a/. (1973).

Strong Pitch Angle Scattering

Leaving aside the question of the sources of such scattering, we assume
that scattering can vary spatially in longitude and latitude. For a given
drift shell, the effect of a localised region of strong pitch angle scattering,
is to isotropise the equatorial particle distribution, filling up the atmospheric
loss cones in a time short compared to the particle bounce petiod, .

My

ds

= 2f 7 0
Mg

where My and Mg are the northern and southern mirror points, ds is the
element of length along the field line in the given drift shell, and » is the
component of particle velocity parallel to the field.

7 =33 102 (1 — 0.43 sin ) ®)
v

7p is in seconds, L in earth radii, » in cm/sec. « is the equatorial pitch
angle.
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Outside this localised tegion, the particle distribution again becomes
double loss cone and possibly trapping. If strong pitch angle scattering
exists at all local times, the distribution is isotropic along the whole drift
shell.

Weak Pitch Angle Scatteting

When weak pitch angle scattering exists, this manifests itself to a low
altitude particle detector as an increase in the atmospheric loss cone. Par-
ticles which mirror at low altitudes above the atmosphere are scattered
into the loss cone and are not teplaced, as in the case of strong pitch angle
scattering, by particles mirroring near the equator. Consequently, as the
patticle distribution drifts atround in longitude, the loss cone size increases,
so that — in the case of positively charged particles — the dawn loss cone
is greater than the dusk one.

Precipitation

The definition of precipitation adopted hete is simply ¢,5 > ¢qy, OF there
are more particles whose mirror points lie below the satellite, at a point
along the field line where the magnetic field strength is twice that at the
satellite position. This mirtor point may lie below the atmospheric cut-off
in which case these particles will be absorbed, and the same mya be true for
the conjugate point, if the satellite is on closed field lines. In this case,
an adiabatic projection of the two satellite ditections of incidence (45°
and 90° pitch angles) to the equator can be made, in otrder to asses the shape
of the particle distribution at that position. We have

sin agy = J2 sin ayg ®

where ay, cotresponds to the equatorial pitch angle of particles mirroring
at the satellite and «,; to the particles with pitch angles of 45° at the satellite
position.
These 45° particles mirtor at ~7=1, so that
sin? o5 =

e (10)

Thus at eg. L =8:
o5 2 2.5°
gy A2 3.5°

A difference of only a few percent in the directional proton intensities
at these two viewing directions is representative, therefore of a sizeable
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up phase (b), the substorm expansion phase within half an hour of the actual
expansion (¢) and the quiet post substorm expansion phase (d). The times
to which these figures refer are shown schematically in relation to a typical
isolated substorm auroral zone H-record magnetogram. These figures are
based partially on the magnetic field observations of Fairfield and Ness
(1970).

In (a), the electron trapping boundary occuts at around 68° invariant
latitude, and the figure shows the continued reconnection of field lines
across the neutral sheet observed by eg. Behannon (1970).

In (b), the electron trapping boundary occurs at around 66°, the magnetic
field strength in the tail is greater than in (a) and the plasma sheet moves
closer to the earth. Also shown schematically is a neutral sheet magnetic
field structure such as proposed on observational evidence by Schindler
and Ness (1972).

In (c), the electron trapping boundary occurs at around 72°, although
dipole-like field lines extend to about 74°. The magnetotail has expanded
and is characterised by this dipole-like topology and low field strengths.
Also indicated schematically are magnetic fluctuations such as observed by
McPherron and Coleman (1970) with ATS 1. These fluctuations are a com-
mon occurrence on the nightside during magnetic substorms. They are
compressional in nature and begin shortly after the start of the expansion
phase and last for typically 30 minutes to one hour.

In (d), the expansion phase of the substorm is still in progress, but the

field fluctuations described in (c) have died down. The electron trapping
boundary occurs at around 72°, but the field gradually begins to assume the
‘normal’ character desctibed in (a).
Regions (1), (2) and (3) indicated in the figure cottespond to midnight
invariant latitude intervals of 72°—75°, 69°—72° and 66°—69° respectively.
The regions sampled by the Azur detector were also grouped in these
invariant latitude bands. Due to the asymmetric nature (with respect to
the geomagnetic pole) of the high latitude polar cap (eg. Motfill, 1972)
these Azur regions might not necessarily correspond to the three regions
shown in Fig. 2). The satellite orbit always remained in a narrow magnetic
local time band at these latitudes. On the dawn side this was from 3.00 to
5.00 Magnetic Local Time (MLT), on the dusk side from 18.00 to 20.00
MLT. From the known, or inferred, position of the last closed field line
and last closed drift shell at the times a) to d) of Fig. 2, we can deduce
the region in space near the midnight meridian sampled by the satellite
during its passage through these invariant latitude bands. It is found that
the slight asymmetry in the orbits does not produce major dawn — dusk
differences. Below we have constructed a table showing the regions sampled
by the satellite in the three invariant latitude bands duting the different
times investigated.
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a) — normal magnetosphere

A-band Region sampled

1 open field lines

front edge of neutral sheet and nonadiabatic
part of pseudotrapping region

3 ‘stable’ trapping within nonadiabatic drift shell
region

b) — growth phase

A-band Region sampled
1 open field lines

open/front edge of neutral sheet
3 front edge of neutral sheet

(nonadiabatic part of pseudotrapping region)

¢) and d) — expansion phase

A-band Region sampled

1 front edge of neutral sheet
nonadiabatic part (pseudotrapping region)

2 stable trapping region (partly within nonadia-
batic drift shells)

3 stable trapping (adiabatic drift shells)

The dusk side invariant latitude bands, where they sample the front
edge of the neutral sheet, are reached on the first, or at most the second
bounce, so that these particles should retain information about the topology
and dynamics of the nightside region near the neutral sheet.

Fig. 3 shows an invariant latitude (A), Magnetic Local Time (MLT)
plot for case (a), the ‘normal’ magnetosphere, taken from Morfill (1973a).
The regions covered by the orbits in our analysis are indicated, as well
as the open field line region (as determined from particle trajectories), the
nonadiabatic part of the pseudotrapping region (where strong magnetic
field gradients and curvature give rise to nonadiabatic particle motion) and
the pseudotrapping region (whete particles cannot drift around the earth
by more than 260° without being lost, i.¢. no closed drift shells) are indi-
cated.
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it reached up to L ~7 afterwards. The small radial extent of the elcetron
belt during the growth phase of a substorm is generally thought to be due
to the following: Field lines from the front side of the magnetopause are
transported into the tail (Aubry ez 4/, 1970), resulting in a higher tail
field strength, and stronger currents in the neutral sheet. The strong tail
field, in turn, opens up the dipolar ficld lines and stretches them deep
into the tail. Patticles on these field lines can no longer execute a full drift
and the last closed drift shell moves towards lower latitudes. The increase
in radial extent of the electron belt after the substorm expansion is under-
stood in the following way: Field lines in the tail reconnect and snap in-
wards, and the electron trapping boundary moves towards higher latitudes,
following the collapse and recapturing or acceleration of electrons on these
high latitude closed field lines. This description is consistent with the
observations of Ness and Williams (1966) and Williams and Ness (1966)
who found a cortelation between the tail field strength and the location
of the high latitude electron boundary.

As can be seen from Fig. 4 the solar proton flux is isotropic evety-
where, within the limits of the counting statistics, before the expansion
(Orbit, 1676). In the tecovety phase the decrease from the high latitude
plateau flux value towards the particle cut-off is more gradual, and the
pitch angle distribution is anisotropic between the cut-off at L ~4.5 and
L~6.

We now proceed to investigate substorm related effects on a statistical
basis. During the time interval from December 25, 1969 to April 7, 1970,
68 substorms were selected during which energetic solar protons wete
observed over the northern polar cap. The time onset of the substorm
was determined by the beginning of the compression of the /-component
for a near midnight auroral station. The three stations selected were College,
Leirvogur and Fort Churchill, and data was supported in some doubtful
cases from other stations closer to magnetic local midnight.

Fig. 5 shows a histogtam of NN, the weighted frequency of occurrence
of events, plotted against the ratio rgyfs, of the counting rates in the 90
degree and 45 degtee detectors. The solid curve (IV,) tepresents the distribu-
tion actually measured, and the dotted curve (N7) is the theoretical distri-
bution calculated under the assumption that the proton intensity at the
satellite is isotropic. The ovetlap between the two histograms were taken
on morning and evening polar passes, in the invariant latitude region
A =72°to 75° at a time 7 =0 hours to 0.5 hours after the substorm expan-
sion. For this example, and all the subsequent ones, we have selected
substorms which gave a maximum deptession of the /-component of the
geomagnetic field, at a neat local midnight auroral station, of 400 to 600
gammas. Also shown in Fig. 5 is the difference between observed and theo-
tetical histograms, Ny—Np, and it is this part of the figures which will be
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ical (INoy) histogram are clearly visible and indicate particle precipitation.
Reference to our table shows that the A =69° to 72° region views the front
edge of the neutral sheet during the substorm growth phase.

This unexpected result, i.e. a preferred flow of 1 MeV protons along
the geomagnetic field lines, is difficult to understand in terms of wave
patticle effects occurring near the equator. However, interaction of protons
with electron cyclotron waves is coupled with strong energy absorption
(Gendrin, 1968) for those particles scattered into small pitch angles, and
if such interactions occurred at relatively low altitudes, the observed
particle distribution may result.

A quantitative description of the gyrotesonant interaction between
1 MeV protons and ion cyclotron and electron cyclotron waves is needed
in otder to yield the power necessary in the magnetic fluctuations to account
for the observations.

Acknowledgement. We are grateful to Dr. G. Haerendel for many helpful
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