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ABSTRACT

Energetic solar particle events (SPE) and galactic cosmic rays
(GCR) can have a significant effect on the design and
operations of interplanetary and earth-orbiting spacecraft.
They produce high energy protons and heavier ions, which can
cause radiation degradation of electronic parts, sensor
interference and single event effects. Although both
environments are modulated by solar activity effects, GCR
fluxes are always present while SPEs occur sporadically
throughout the solar cycle. A description of the particle fluxes
is presented in terms of their source, acceleration mechanisms,
energy spectra and composition, directionality, transport
through interplanetary space to the boundary of the earth’s
magnetosphere and finally through the magnetosphere to
lower altitudes. The relevance of both sets of particle fluxes is
discussed in the context of Space Weather. Emphasis is given
to the underlying physical processes involved but current
engineering models and their inadequacies are also discussed.
The prospects for prediction are addressed in terms of our
present state of knowledge, including the issues involved in
separating causes from associations.

1. INTRODUCTION

The present consensus is that Fermi acceleration by supernova
shock-wave remnants is responsible for the production of
cosmic rays in our galaxy and that subsequently they
propagate in the Galactic magnetic field. Within the
heliosphere, galactic cosmic ray fluxes are modulated by the
eleven year cycle of solar activity, with the minimum
occurring at solar maximum. A simple explanation of this
anti-correlation is given in terms of solar wind variations and
the three key processes, essential for an understanding of
cosmic ray propagation in the heliosphere, diffusion,
convection and adiabatic deceleration, are briefly described.

SPEs occur at active sites on the sun, producing fluxes of high
energy protons, heavy ions and electrons. The current view is
that particle acceleration is caused by coronal mass ejection
(CME) driven shocks in the corona and interplanetary
medium. Propagation takes place along the interplanetary
magnetic field and the dependence of the event intensity, at a
particular spacecraft location, on the heliolongitude of the
production site is discussed. The propagation and radial
dependence of SPE fluxes are governed by the same processes
involved in GCR transport. Unlike GCR fluxes, there is no
clear dependence of SPE fluxes on solar cycle activity,
although the larger events occur during a seven year period,
centred on the maximum and extending 2 years prior to and 4
years after it.

The earth’s magnetic field shields both SPE and GCR
particles from penetrating to low altitudes; the basic physics of
this process of geomagnetic shielding is explained , including
the key concepts of magnetic rigidity and minimum cut - off
energy, the energy below which an ion cannot reach a given

point in the earth’s dipolar field. Due to the interaction with
the solar wind, the earth’s dipole field is distorted, giving rise
to a region known as the magnetosphere. Large geomagnetic
storms, an important aspect of Space Weather, disturb the
magnetosphere and lower the cut-off rigidity, posing potential
radiation hazards for spacecraft in low altitude, low inclination
orbits. Since these large geomagnetic disturbances are caused
by fast CMEs, it is possible to have the simultaneous
occurrence of a large SPE and a disturbed magnetosphere.
Recent spacecraft measurements of SPE fluxes during periods
of high geomagnetic activity, both outside and within the
magnetosphere, are reviewed along with comparisons of
theoretical and measured values of geomagnetic transmission.

2. COSMIC RAYS

2.1 Origins and Acceleration

There are two constituents of what are commonly called
cosmic rays, galactic cosmic rays (GCR) and anomalous
cosmic rays (ACR). The present consensus is that Fermi
acceleration by supernova shock-wave remnants is responsible
for the production of the GCR component (Ref. 1).
Anomalous cosmic rays are thought to originate as neutral
interstellar gas that drifts into the heliosphere, becomes singly-
ionised near the sun and then is convected to the outer
heliosphere where it is accelerated to higher energies (Ref. 2).

2.2 Propagation and Time Variations

Propagation and time variations are treated together because
long term, solar cycle time variations at the earth are caused
by propagation of the cosmic rays from outside of the
heliosphere into it; the simple view is that the expanding solar
wind exerts a pressure on the interstellar charged particles,
modifying their entry into the heliosphere (Fig. 1 and Ref. 3).
At solar maximum the solar wind pressure is higher producing
lower cosmic ray fluxes while the reverse is true at solar
maximum. The propagation is in fact much more complex
being governed by the balance between the three main
physical processes of diffusion, convection and adiabatic
deceleration. The current view is that all of the essential
physics is contained in the equation (Ref. 4) :
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n = differential number density per unit kinetic energy, T

K = diffusion tensor

V = solar wind speed

vp = effective drift speed in mean magnetic field

a(T) = (T+ 2Tp)/(T + To) where T, = particle rest mass energy.

The first term on the RHS represents diffusion amongst
irregularities in the solar wind magnetic field, with different
values of K perpendicular to and parallel to the magnetic field.
The second describes convection with the solar wind speed,
and the third, drift in the mean magnetic field. The last term is



the adiabatic deceleration one, and is similar to adiabatic
cooling of an expanding gas.

The cosmic ray fluxes are modulated by solar activity,
showing an 11 year period as illustrated in Figure 2 (Ref. 5),
with the highest fluxes occurring at solar minimum and the
lowest at solar maximum, i.e. an anti-correlation with solar
activity. This modulation is energy or rigidity dependent with
low to medium energies (< 1GeV/nucleon) showing the most
effect. In addition to these long term temporal changes, there
are shorter term fluctuations, called Forbush decreases (Ref.
5), which are thought to be caused by large interplanetary
shocks. One view is that solar activity decrease is caused by a
series of these much shorter Forbush events. There is also a 22
year modulation induced by the reversal of the polarity of the
sun’s magnetic field every 22 years; this effect can be
explained by the effective drift speed term (third term on RHS
in equation 1), which will also change sign.

2.3 Energy Spectra and Composition

Typical spectra, during a solar minimum period from 1974 to
1978, for energies below about 1GeV/nucleon, are shown in
Figure 3 (Ref. 6). The fluxes of several elements, especially,
He, N, O and Ne are enhanced below about 50 MeV/nucleon
and this is the anomalous component. Figure 4 (Ref. 7) shows
the differential energy spectrum for three elements up to
energies of 1000GeV/nucleon. At lower energies, of the order
of 1GeV/nucleon, solar cycle modulation effects are
illustrated, the upper envelope indicating the spectrum at solar
minimum, the lower at solar maximum and the shaded region
the range over one cycle. The hydrogen spectrum in this figure
has been multiplied by 5, to prevent overlap with the upper
envelope of the He spectrum. At high energies, >5
GeV/nucleon, the spectra approach the well known E27 form
(Ref. 1) and all elements have approximately the same spectral
shape, although there is an enhanced abundance of Fe at high
energies and relative depletion of H at lower energies.

Figure 5 (Ref. 6) shows the composition of cosmic rays
normalised to Si = 10° There is a >10 decades range in
relative fluxes between hydrogen and the heaviest elements.
The elemental composition is roughly in proportion to
the solar system distribution but with some differences;
there is an enhancement of “secondary nuclei” produced by
fragmentation, e.g. Li, Be, and B, a relative depletion by ~5 of
elements with high first ionisation potential (e.g. C, N, O, Ne,
Ar) and an underabundance of H and He relative to the
heavier elements.

3. SOLAR PROTONS

3.1 Origins and Acceleration

There are many sources of solar protons ranging in energies
from around 1keV (solar wind) to greater than 500MeV. Only
those particles with energies from about 1MeV and above,
produced in what are called solar energetic particle events
(SEPESs) or solar proton events (SPEs) are discussed herein.
These events are sporadic in nature, occurring at any time
throughout the solar cycle and exhibiting a wide range
in duration (2-20 days) and fluxes (5 to 6 orders of
magnitude). From 1963 to the present, solar proton fluxes
have been observed using a series of closely related
instruments on the spacecraft IMP 1, 2, 3, OGO 1, Imp 5, 6, 7
and 8 and more recently the GOES series (Ref. 8). Fluences
(time integrated flux over event duration) can vary from just
above the cosmic ray background to of the order of 10%° p/cm?

at energies, E > 10 MeV as in the case of the October 1989
event. Event fluences > 1.5 x 10° p/cm? ( E > 10 MeV ) are
very rare with there having been only about 14 since 1963.
There were no events with > 10%° p/cm? at E > 10 MeV
between the famous August 1972 event and the October 1989
one; the 1972 event and its associated geomagnetic storm
caused widespread power outages in Canada and the USA.

The mechanism responsible for proton acceleration and the
cause of SPEs are subjects which are widely discussed in the
literature, with much controversy in particular over the role of
flares (Refs. 9, 10). However, it appears that the generally
accepted view is that particle acceleration, in the largest
events, is caused by coronal mass ejection (CME) driven
shocks in the corona and interplanetary space. There is
growing evidence that there are two types of events, impulsive
and gradual, whose characteristics are shown in Table 1.

Impulsive Gradual
Particles: Electron-rich Proton-rich
3He/4He ~1 ~0.0005
Fe/O ~1 ~0.1
H/He ~10 ~100
QFe ~20 ~14
Duration Hours Days
Longitude Cone <30 deg ~18- deg
Radio Type 11,V (1) I, 1IvV
X-rays Impulsive Gradual
Coronagraph - CME (96%)
Solar Wind - IP Shock
Events/year ~1000 ~10

Table 1. Properties of Impulsive and Gradual Events
(From Ref. 11).

In Gradual events the particles have elemental abundances and
isotopic compositions characteristic of the corona and
apparently arise from regions that have an electron
temperature of 1-2MK. On the other hand, impulsive events
show a marked enhancement of heavy ions, He®/ He* ratios 2-
4 orders of magnitude larger than in the solar atmosphere or
solar wind; they are dominated by electrons and the
composition suggests that the ions come from deep within the
corona (T, ~3-5MK). It would appear that the particles
associated with these events are directly accelerated in solar
flares.

3.2 Propagation

Figure 6 shows the propagation of solar energetic particles
from their site of production on the sun to the earth (Ref. 12).
Particles propagating to the earth along magnetic field lines in
the solar wind will be anisotropic when they reach the earth
but the majority will be scattered many times and therefore
will be isotropic. The propagation time (between event and
appearance of protons at the earth) is a strong function of the
longitude of the solar event (Figure 7, Refs. 13,14). Protons
can arrive from well-connected sites in tens of minutes; the
most effective for E > 10 MeV protons is ~ 30° W but the
distribution about this longitude is very wide. For particles in
the GeV range, the most effective longitude is close to 60° W
(Ref. 15).



3.3 Time Variations

There is no clear solar cycle dependency of solar proton event
fluences, certainly in terms of event occurrences, with events
taking place at any time throughout a cycle. Nevertheless,
Feynman et al (Ref. 16) found that, by defining the year of
sunspot maximum to 0.1 year, the annual integrated fluence
could be divided into two periods, a high fluence active sun
period of 7 years and a low fluence, quiet sun one of 4 years.
The active period extends from 2 years before the year of solar
maximum to 4 years after, as illustrated in Figure 8. For
sunspot numbers greater than 50 there is no correlation of
fluences with sunspot number; the sunspot number at the time
of the great event of November 1960 was < 60 and < 90 when
the August 1972 event occurred (Ref. 17).

On shorter time scales of the order of the duration of the
event, the particle fluxes rise over a period of % -1 day with a
slower decay of about a few days. These features are evident
in Figure 9, which shows the fluxes for two major events and
are quite characteristic of proton events in general. However,
the second strong increase at the end of the first decay phase is
only found in the largest of events and is due to a series of
CMEs and shocks.

3.4 Energy Spectra

Solar proton events exhibit a wide range both in their fluence
and peak flux spectra. Fluence spectra for three of the largest
events ever measured are shown in Figure 10, along with
fitted curves. For the August 1972 and November 1960
events, the spectra have the form of an exponential in energy,
while the October 1989 event follows a power law in energy.
The hardness of the spectrum and its form is a key factor in
determining effects on electronic parts, with low to medium
energies (4-10 MeV) being most important for solar cell
degradation, for example, and the higher energies (> 100
MeV) for single event effects (SEES).

4. GEOMAGNETIC SHIELDING

4.1 Introduction

When both cosmic rays and solar protons (and ions) reach the
earth they are impeded from reaching certain locations due to
their interaction with the earth’s magnetic field. The extent to
which their trajectories are influenced by the v x B force is
determined by their rigidity, R or momentum divided by
charge:

R = pc/q (2

where  p =momentum
¢ = speed of light
q = charge.

Whether a charged particle reaches a specific location on the
earth’s surface or in an orbit, is also dependent on the
direction in which the particle is travelling and the magnetic
latitude of the point. Because of the non-linearity of the
equations of motion, they cannot be solved analytically.
However, Stérmer in his classic work on aurora about
50 years ago (Ref. 18) developed some useful analytic
approximations for the minimum value of the cut-off rigidity,
R¢, which are still used today. Because of its widespread use
and utility, a very brief description of the major results of
Stérmer theory is given in the next section.

4.2 Stoérmer Theory

Stérmer theory assumes that the earth’s magnetic field is a
simple dipole, ignoring the offset and tilt, shielding by the
solid earth and any external (e.g. ring current) contributions.
The equation often quoted for the minimum cut-off rigidity
(Ref. 17) is

Rc = [Cs cos*AJ{rY[ 1+ (1 - sinesinZcos®A) %12 } )

where Cs is a constant related to earth’s magnetic dipole
moment and equal to 59.6 for a dipole moment of 8.06 10%
gauss cm® (appropriate for circa 1930s to 1950s) and 58 for a
dipole moment of 7.84 10% gauss cm® (based on the 1990
International Geomagnetic Reference Field (IGRF).

A = magnetic latitude

€ = angle from zenith direction (where zenith
direction is a radial from the dipole centre)

¢ = azimuthal angle measured clockwise from the
direction to the north dipole axis and

r = radius normalised to the radius of the earth
(Rcisin GV).

A useful approximation for the lowest value, Rey , Which is
from the magnetic West is

Rew = [Cscos* A/ {r7[ 1+ ( 1+ cos*A) Y%} (4)

The variation of R¢ with A is shown in Figure 11 (Ref. 20) for
€ = 60° and vertical, east and west directions and illustrates
that high energy cosmic rays can reach latitudes of about 55°
while a 50 MeV proton cannot penetrate below a magnetic
latitude of about 70°. Figure 12 gives a geometric picture of
the three separate regions predicted by Stérmer theory, the
forbidden cone about the magnetic east direction, the allowed
or main cone around the magnetic west (Ref. 21) and the
penumbra region where particle trajectories are chaotic (Ref.
19).

4.3 Depression of Cut-off Rigidity during High Geomagnetic
Activity
As mentioned previously, Stdrmer theory assumes that the
earth’s magnetic field is a simple dipole and does not take into
account any external current effects. During geomagnetically
quiet periods, the cut-off rigidity given by Stérmer theory
(eqgn. 2) is a fairly good estimate. But during periods of high
activity i.e. a large geomagnetic storm, observations show
that the cut-off rigidity is significantly lower than that
predicted by Stérmer theory i.e. particles with much lower
energies/rigidities can reach a given location. Measurements
from CRRES (Ref. 22) showed that during a large SPE in
March 1991 26MeV protons reached L values of < 3 Rg;
Stérmer theory gives an access cut-off value for this energy of
7 Re. This event was also responsible for the formation of a
new trapped radiation belt between 2 and 3 Rg (Ref. 22),
which appeared to be quite stable for the remainder of the
CRRES mission. Little work has been done on the modelling
of the lowering of the geomagnetic cut-off during high
geomagnetic activity. Probably the most detailed, recent work
is by Boberg et al (Ref. 23), in which various magnetic field
models are used to calculate the orbit averaged geomagnetic
transmission factors based on NOAA 10 and GOES 7 36-80
MeV proton fluxes during the large October 1989 SPE. By
using trajectory tracing and the IGRF model for the earth’s
internal field coupled with a modified version of the



Tsyganenko model (Ref. 24) for the average fields
from magnetosopheric currents, they obtained much closer
agreement to the data than use of IGRF grid calculations (Fig.
13), quiet time parameterisation (Ref. 25) or IGRF with the
standard Tsyganenko model (Ref. 26).

5. DISCUSSION: CURRENT MODELS, PREDICTION
AND SPACE WEATHER IMPLICATIONS

For cosmic rays, CREME 96 (Ref. 27 ) is regarded as the most
up-to-date and comprehensive model. It uses Nymmik’s semi-
empirical model for solar cycle modulation, which is based on
the Wolf sunspot number and includes large scale structure of
the heliospheric magnetic field. Agreement with observation is
good with errors of the order of 25% on average as can be
seen in Figure 14. This is to some extent surprising since we
know that the modulation is not directly related to the sunspot
number but is determined by equation (1) (section 2.2).
Clearly the terms in equation (1) are all related to conditions
on the sun and in the heliosphere and hence intimately
connected to space weather. The question is whether or not an
accuracy of 25% is acceptable. The answer to this and the
question of prediction times of cosmic ray fluxes will to a
great extent depend on the application or end-user. A full
discussion of these issues cannot be given here but need to be
addressed. CREME 96 also incorporates the multiply charged
ACR component (above 20 MeV/nucleon) from SAMPEX
results; because these ions are multiply charged, they will be
geomagnetically shielded more effectively and so do not pose
the same threat that they were once thought to (when
considered to be only singly charged).

The JPL-91 model (Ref. 28) is the best and currently accepted
model for solar proton events. It is however a statistical model
that can predict fluences at energies >1, 4, 10, 30 and 60 MeV,
with a given confidence level, for periods greater than 1 year.
It should be continuously updated and needs to be extended to
higher energies. It cannot predict when an event will occur,
how big that event will be (e.g. > 10 MeV fluence) or what the
spectral shape will be. Prediction of SPEs has not been
addressed in the literature very much at all, no doubt due to
the difficulty of the problem given that the events would
appear to be random (Ref. 29). Details of the algorithms and
techniques for the current prediction techniques used by the
Space Environment Centre (SEC) are not easily obtainable.
Three day forecasts are given with a probability of an event
occurrence for each day. Another SEC algorithm, which was
specifically developed for the Apollo lunar missions, is based
on X-ray flares. An assessment of its performance for solar
cycle 21 showed that less than 1% of events were missed but
that 46% of the predictions were false alarms. As X-ray events
are used, prediction times are only of the order of a few hours,
although like the current methods, probabilistic forecasts of 1,
2 and 3 days ahead can also be generated. The strong
association with CMEs and CME-driven shocks would
suggest that prediction of these events would aid in the
prediction of SPEs. But not all CMEs will produce SPEs at the
earth; effective acceleration of protons will occur only if the
CME is moving supersonically with respect to the local solar
wind and the CME should also be moving towards the earth.
Observation of the CME is not sufficient since when it has
been observed the energetic particle will reach the earth in a
matter of tens of minutes.

6. CONCLUSIONS

The paper has concentrated on the basic physical processes
involved in the origin and acceleration, propagation and time
dependencies of cosmic rays and solar protons and their
interaction with earth’s magnetic field (geomagnetic
shielding). Where possible these processes have been
illustrated with observational data. A brief description of
current models has been given along with some comments on
their accuracies and inadequacies. For cosmic rays, long term
solar cycle modulations would appear to be well described by
the CREME 96 model . However, the issue of what accuracy
is actually needed by the user must be addressed as does that
of prediction of short term variations ( if it turns out that there
is a requirement for these). The basic physics of solar-cycle
modulation of cosmic rays appears to be well understood and
there is a wealth of data available. The development of a more
physically realistic model ( i.e. not based on sunspots) would
be possible and should lead to better accuracies than the
CREME model but the issue is whether or not this is
warranted from a user point of view.

For solar protons, the situation is not so clear in that we do not
fully understand their causes. Nevertheless, the shift from a
flare to a CME paradigm has done much to increase our
understanding. Emphasis and future research for a predictive
capability should be towards the development of a predictive
capacity for not only the occurrence of CMEs but also their
velocity and direction of travel. While progress in this area is
likely to come from the solar physics community through
more and better observations (e.g. SOHO) coupled with
improved modelling (MHD, plasmas), other user-defined
parameters such as prediction time and false alarm rate should
be investigated since neural network techniques may provide a
much faster (computationally) operational tool (but with less
capability, i.e. probability of an event of unspecified size).

More data analysis and modelling of geomagnetic
transmission is needed in order to be able to predict more
accurately cut-off depression during geomagnetically active
periods. The coincidence of large solar proton events, high
geomagnetic activity and the formation of new trapped
populations is not particularly well understood: do SPEs have
a causal role in disturbing the magnetosphere and which SPEs
will give rise to a new trapped population and under what
conditions, for example. There is a need for a simple, but more
accurate than Stormer theory, model for geomagnetic
transmission factors during high geomagnetic activity which is
not enormously computationally expensive (i.e. does not need
supercomputer runs of days).
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Fig. 10 Fluence spectra of 3 large solar proton events
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