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C~h= 1: 'ME P1E2COI GY AND N OF OSIC RAY ACCESS

1.1 PECE

7his chapter presents a smuary of the crrent urdetanrding of the
#e nology of cosmic ray cutoffs. A list of term is presented by uhiid
cic ray cutoffs, and access generally, may be discuseed. The teact,

vhich originally owzstuted an as yet urpUblished paper ",Clmic Ray
Cutoffs Within Planetary Magnetic Fields - An Examination of the

enomenology and Terminology" prepared by the author of this repor and

eight other researchers (listed below), grow out of the papers "On the
Terminology of the Penunbra" by Cooke, Shea and Smart, 1981; and "Re-

evaluation of Cosmic Ray Cutoff Terminology" by Cooke et al. (the same nin

researchers), 1985.
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1. 2 ,'' :t O

7e qestian of charged particle aces to points within the
gcagntic field has been a topical P- thrcucug t the entire histoy of

cosmic ray physics. PIesuts cbtained from eoretical investigations into
the en=enology of charged particle a s have bee instrumntal in
siding the interpretation of a wide range of eiperimental investigations.
Miese studies have ranged fr examination of the aurora, through attempts
to aco nt for the observed directional asygmtries detacted in the primary
and secmdary cosmic ray fluxes, cosmic ray astrom y, the dtion of
pr imry-seondary cosmic ray relationships, to the utilization of specific
access properties of the gecugetc field for the determination of cosmic
ray isotopic abundances.

There is a growing interest in the question of access of cosmic rays
into the magnetospheres of other planets (JUpiter is of particular intert
at this time), specifically in regard to the chared particle fluxes likely
to be en utered by spacecraft in the vicinity of the planets, and in the
interpretation of the detail of the flux distributions actually measured,
and the information these yield on the dcaracteristics of the
magnetospheres.

7he early workers who researc-ed the question of charged primary
cosmic ray particle access to positions within the gscugr~tic field
recognised that the general equation of charged particle mtion in a
magnetic field does not have a solution in closd form, and develeped
alternative techniques for investigating the access problm. U initial
papers in this area were publihsed by Stormer (1930), 3tickaert (1934),
Imaitre et al (1935)* and Lmaitre and Vallarta (1936a,b) *.*

attentions of those authors were directed towards the need to
systenatically distinguish between directions of arrival along hich a
particle from interplanetary p ocild reach a given location (allowed
directions) and those directio rot accessible to such particles

(forbiden directins).

The approach of these picnring investigators took advantage of the
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fact that the magnetic field of the Earth could be appr I!mted by that of

a simple dipole. In sud an axially symmtric field, bound periodic orbits
are especially significant in delimiting and characterizing the different
access regions. (The bound periodic orbits, which are those totally
constrained to remain within the magntic field, possess a regular
periodicity. This periodicity is manifested as cyclic variations in

altitude, latitude, and longitude along the trajectory.)

Experimental investigations of the access problem were carried out by,

amongst others, Malmfors (1946), Brunberg (1953), and Brwterg and Dater

(1953). These authors used experiments in which the motion of electrns in
the proximity of a charged terella was used to model comic ray motion in

the geomagnetic field.

With the advent of fast digital compters it became practicable to

establish the extent of significant allowed and forbidden regions by

systematic direct checking of access of individual trajectories calculated

using high order similations of the gemgnetic field. 7he technique was
imnediately applied to comutatios which were beyond the practical
capability of the early investigators, such as determination of asymptotic

cones of acceptance for the world wide network of cosmic ray stations

McCracken et al., 1962, 1965, 1968) and calculation of a world wide grid

of vertical cosmic ray cutoff rigidities (Shea et al., 1968).

In these initial digital computer studies it was umvmxwaary to

correlate the position or extent of the allowed and forbidden acoess

regions with the associated trajectory characteristics. As a result, for

many years there was little effort to relate the real field access patterns
to those predicted for the simple axially uymtric field, or to look Into

the role, if any, that bMadri periodic orbits play in defining the allowed
and forbidden regiorns in the real field. Nevertheless, the ters used in

the dipole case to refer to the access regions were carried aver into the
Im rerical calculations, although, as noted by Cooka (1981) and Gall (1981),

often in an imprecise way. Whereas the early theoretical workars viewed

access onditicns in w1hat may be called a "direction picture", describing

the directions from which particles of a specific rigidity ould or =Id
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not arrive, the later caupter calculations have usually used a "rigidity
picture" in hi accessibility is osidered as a function of particle
rigidity in a single arrival direction. 7he use of the old geometric

t 0%narMtriAte to the direction picture, has caused considerable
confuision in the rigidity picture sbaies.

It is believed that a rsininatin at this time of the
ctaracteristics of the access regions diltruished by Stormer and by
Lmaitre and Vallarta, together with a capaqriscn between the properties of
these analytically dished regicra ar those detected by the digital
cu~ter method, winl be useful for further progress In the understanding
of the cosic ray access prolm.

Addtionlly, the developing interest in examining the characteristics
of the cosmic ray fluxes within other planetary 1 , 1csj res has spurred
interest in transposir the new techniques and insights across fran the
terrestrial work.

This chapter reviews the past and present work, and then presents a
set of definitions which, it is qed, will met present needs in relation

to the consideration of access to locations within the magnetic field of
any planet.

1. 3: HISTCRICAL PECIVE

1.3.1 Magnetic Field Alone

Stomr (1930), later mmnrized by Stormer (1955), considered the
matter of access from the point of view of fully forbidden, rather than
fully allowed, direction of arrival. In addition to establishing am of
the iqpotant general properties of chiarged particle trajectories in the

cfield, he dhwo ,d analytically that at an point in a magnetic

ple field the exists a right cirular conical shll of direction of
arrival, within -which all access in forbidden to particles of a specified

magnetic rigidity apra f infinity.

4



The opeing angle of this cone is a function of particle rigidity, and

its axis is perpendicular to the dipole axis and also to the radius vector

fran the dipole center to the point concerned. In terrestrial t the

axis of the cone is horizontal at this point and is directed east-west.

7he existence of this one, which is often called the Stormer and

which encloses forbidden directions of arrival, is purely a property of an

axially symmetric field, and is independent of the presenc or absence of a

solid body, such as the Earth, which might envelop the source of the field.

For positively charged cosmic rays, all directions to the east of the

Stormer cone are poplated only by particles in !rz-d periodic orbits. As
particle rigidity increases, the opening angle of the cone decreases. For

any given direction, a particular rigidity value exists for which the

Stormer cone lies in that direction. At this rigidity value, and at all
lower values, all acess from infinity in the given direction is forbidden.

In the rigidity picture this limiting, or "cutofft , rigidity value is

termed the "Stormer cutoff rigidity", or simply the "Stormer cutoff".

It is essential to note that there has been a change in the usage of
the term "Stormer orne" since it was first introduced. Early authors (e.g.
Imaitre and Vallarta, 1936b; Hutner, 1939a) used the term to identify the

boundary between fully inaccessible and partly accessible solid angles of
particle arrival on the direction sphere. The usage changed from this

definition of a she] 1-like bouxdary to one incorporating the solid angle

containing all arrival directions which are not expressly forbidden by
Stiorner theory (Aipher, 1950; Kasper, 1959; Vallarta, 1961, 1971). With
the advent of digital cap er-based calculations the usage becam reverued

to represent the solid angle which is fully forbidden (e.g. Sdmrtz,

1959). Great care must therefore be taken when consultlng the literature

on this matter. 7b alleviate further confusion the term "Stomwr cam"
will be used thrajout this repot in its original, shell-like, smne, aid

the term "forbidden cone" (section 1.5) will be used to describe the sWid

angle within which all access is forbidden to charged particles of a

specified rigidity and sign. In figure 1.1 the forbidden -m for

positively charged particles is the solid angle region %hich is open

towards the east. Stonner theory, pertaining as it does only to the matter
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WEST EAST

(fully allowed

Stormale
SOUTH Forbdden Cone

Penumbra
(mixed allowed/forbidden)

FIGJM 1. 1

NOtiOnal spatial relatin of the Llloved cons, main owe, pwubra,
Stormar cam, and forbidden owe for positively dwa~ed cosmic z-ay nwzi

with an arbitrary rigidity value at an arbitrary location in a magnetic
dipole fial d.
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of forbidden access, makes no predictions about the important question of
accessibility in directions outside the forbidden cone. The essential

point is that on one side of the Stormer cne charged particle access is
forbidden for all directions, whereas on the other side of the on charged
particle access may occur in certain directions.

Although Stormer's original work was done for a dipole field, the

theory applies equally well to any other axially symmetric field, and other
investigators have looked into the characteristics of the forbidden cone
for more ocmplex representation of the Earth's field. In each case an
additional complexity was introduced into the axially symmetric field in

order to represent the field in what was perceived to be a uore realistic

way (e.g.: a dipole plus ring current - Triman, 1953; dipole plus
quadrupole - Quenby and Webber, 1959; and dipole plus uniform field -
Obayashi and Hakur, 1960). The field of Jupiter has also proven to be
essentially dipolar in form (although the higher order terms are found to

be basically dipolar in form (although the higher order terms are found to
be smewhat higher relative to those in the gc field), and so the
Stormer theory can be applied to the study of the cutoffs for Jupiter (see
for example, Cooks, 1974).

1.3.2 Effect of the Solid Planet

Stormer's work was of profound importanoe for e the
filtering effect of a dipole field on the incming oosmic radiation, but it
did not take into acomyt an effect which turned out to be extraly

important for cosmic ray research carried out close to the mrface of the
earth: the presence of the solid earth itself, together with its atmsphere

(or wora generally, the presence of the solid planet within its
1 0 t1). At rigidities marginally above the Stormer cutoff, the
trajectories followed by incoming charged particles in a dipolar (or alot
dipolar) field like that of the earth are often very ocmplex, going through
a number of altitude oscillations. In the case of the earth, if the
particle dives deep into the atuosphere during one of these ocillatiuu,

it is lost by interaction with at-I---pric nmlei and cannot then be
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observed further along its theoretical track. (This track, which we refer

to later in this report as a 'virtual trajectory', is the track which the

particle would have followed had the planet not been present and had the

trajectory been controlled solely by the magnetic field.) In practice the

presence of the earth excludes fran observation most of the particles with

arrival directions immediately to the west of the Stormer cone. lbrefore,

to successfully model the cutoff distribution pattern which actually exists

in the vicinity of a planet, it is necessary to consider the much more

ccmplex problem of "magnetic field plus solid body".

It was Lemaitre and Vallarta (1936a,b), later summarized by Vallarta

(1961), who first developed a solution to the problem in terms of allwed,

rather than forbidden, access, in relation to the geomagnetic field. For a

given rigidity, they realized that in the absence of the Earth,

trajectories which are asymptotic to the simplest bound periodic orbits

form the generators of a cone, within which all possible directions of

arrival are accessible to charged particle entering the field from

infinity. Lemaitre and Vallarta took account of the presence of the earth

by introducing as additional delimiters, within the cone of allowed

directions, trajectories which are at same point tangential to the Earth's

surface and whose directions of approach to the point concerned lie within

both sets of delimiters (Iemaitre and Vallarta, 1936b), and which,

therefore, are allowed under both considerations. Lemaitre and Vallarta

also used, at various times, the terms "main cone" and "region of full

light" to refer, apparently synonymusly, to this one.

We note that, unlike the Storner cone, the main cane was initially

defined as a solid quantity. However, as in the case of the Stormer cane,

but rather less seriously, some slightly inconsistent usages have appeared

in the literature. To clarify this situation, and to prepare for the

synetric set of definitions which appears in section 5, we shall, for the

remainder of this report, use the phrase "allowed cone" to describe the

solid angle region of full light, as defined by Lmaitre and Vallarta, and

will reserve the term "Main cone" to describe the baundary of the allowed

owe. The use of the word "c'oe" can be misleading, since the main ons
can be of very convoluted shape, and can even break into two or re
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separate solid angle regions (or cones) in some situations.

The allowed cone is a very useful geometric conmept. For any given

rigidity and location in a magnetic field, a solid angle region can be

determined within which cosmic ray particles have free acrwss from cutside

the field. For decreasing values of rigidity the size of the allowed coee

diminishes, until at same lower value it vanishes.

Lemaitre and Vallarta (1936b) used a mechanical analogue ompiter to

calculate trajectories by a numrical integration develament of the

initial value problem. The assumption of axial synnetry in the magnetic

field allowed them (like Storner before them) to restrict their

calculations to those involved with tracing particle motion in the meridian

plane. Use of the Stormer length parameter

(where e is the charge of the particle, M is the dipole magnetic =ment, m

is the particle mass, and v its velocity) permitted generalization of their

results fram a limited number of traces of trajectories asynptotic to bound

periodic orbits. Having thus investigated the behavior of the families of

asyqptotic trajectories, Lemaitre and Vallarta were able to dedcbe the form

of the allowed cone as a function of latitude and rigidity. later work

which incorporated quadrupole terns did not alter this generality.

When the question of cosmic ray access to a specific location is

considered in terms of the effect in a given direction, it is evident that

charged particles with rigidities in excess of a certain limiting value

will have free access to that point. This limiting rigidity value car-

responds to that of the main cone in the direction corned and has been

termed the "main cone cutoff rigidity" (Shea et al., 1965). A particle

arriving in this direction with this rigidity value will have traveled

along a path which either is asynptotic to a bound periodic orbit or uhich

grazes the top of the atmosere (in the case of the Earth). The Stormar

cone and the main cone can never overlap, although at low latitudes they
can, in principle, came into contact over a limited range of direction.

9



Figure 1. 1 shows, ccrstually, the spatial relatia-ship between the
allowed cone, the main coW, the Stormer cone, the forbidden cone, and the

coauic ray pembra. The latter is the solid angle zone whid lies between
the main one and the Stormer cone, and is in general a region of
alternating allowed and forbidden bands of directions of arrival.

Cosmic ray access to the penumbral region cannot easily be evaluated,
and so the properties of the terrestrial penumbra have been studied
intensively in an attempt to find discernable characteristics by which
access can be defined. The method of Lmaitre and Vallarta was applied to
the study of the larger scale forbidden band strucures in the terrestrial
penumbra by later investigators, such as B.xtner (1939a,b); ScreW
(1938a,b); Kasper (1959) and Schwartz (1959). Their work showed the
penumbra to possess a very complex structure of allowed and forbide bards
of varying rigidity widths. Each individual forbidden band is the
manifestation of particular low altitude points which, for a given family
of trajectories, intersect the surface of the Earth (or other planet) over
a finite domain of rigidity. It was not until the advent of high speed
digital computers that this matter could be further investigated.

1. 4 CLASSICAL MLOGY AS APPLIED TO DIGITAL C0MIRE RESULTS

The digital ccmputer-based studies determine the access of comic rays
to particular locations by tracing trajectories, using rumerical
integration, through the planetary field as represented by a high ordier

matheatical ~model. As the arrival location is given at the outset, the
trajectory actually traced is of a negatively charged particle leaving the
location in the direction cocerned. This trajectory is identical to that
of an inbound positive particle arriving at the site from the same
direction. If a particular outboud trajectory is unable to escape from
the magnetic field (due to periodic orbit trapping, or due to the
intersection with the surface of the planet) then clearly a particle from
infinity is unable to traverse the same path in the reverse direction, and
this arrival direction is forbidden.

10



In the trajectory-tracim technique, the form of the allowed and

forbidden access regions relating to any point in the field may be sampled

over any of one or more parameters (rigidity*; latitude, longitude, and

altitude of location; and zenith and azimuth angles of arrival) by

calculating sets of trajectory traces with inrentally spaced values of

the given parameter. For example, where it is desired to deduce the

penumbral structure in a given direction for a certain location as a

function of rigidity, a series of trajectories would be calculated at

spaced intervals of rigidity, over the total range extending from a value

sufficiently high that free access is ensured, through to a low value at

which it may confidently be assumes that access would be forbidden. The

size of the rigidity increment chosen depends on the particular requirement

in hand - relatively large increments are employed where only gross details

of the penumbra are reqired, and fine increments if more detailed

information is sought (at the expense of a proportionate increase in

ccmpter run time).

The majority of recent studies, both of cut-offs and penumbral

features in the geomagnetic field, have employed rigidity as the parameter,

leading automatically to considerations of particle access in a particular

direction. As noted in section 1 we intend to call this the rigidity

picture, in contrast to the directional picture used by the early

investigators in their studies of particle access as a function of arrival

direction a a particular rigidity. This and the following section discuss

access from the rigidity viewpoint, whilst section 5 provides definitions

appropriate to each point of view.

The difference between the reference frames used in the earlier

analytic and later digital cmputer-based work has led to confusion. Not

having, at the time, a full realization of the distinction between the two

viewpoints, the initial users of the digital cnqpter technique aplied the

* Rigidity - momentum per unit charge is a ore omvenient unit to use than

is energy, since the results obtained are then independent of the particle

species.
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1.5 PD1M U? MANDING OF E P M LGY OF PARICE ACCES 70
POINTS IN A PIANE=I MAGNETIC FIED

Recent investigations of the distributionz of cutoff values at variouts
sites and altitudes, and examinations of the penumbra in different

situations, as well as developmient of more sophisticated techniques for

relating particular penumbral features to specific trajectory forms, have

brought a better unerstarding of the phenomenology of charged particle

access to points within the gecmgnetic field. The limited xr erestrial
work done to date (the examination of access into the main magnetic field
of Jupiter, Coke (1985)) confirms that the enmenology pertains to other
planetary fields, as expected. In the light of this current understarnin
it is possible to examine the main respects in which the earlier
definitions, developed for a directional view of access in a field
possessing axial symmetry, fail to translate to the rigidity view of osmic
ray access to points in the real, asymmetric, field.

Bound periodic orbits have especial significance. There is no doubt
that they can exist in the real, asymmetric field - the existence of the
terrestrial trapped radiation belts is a striking confirmation of this

fact. Trajectory calculations suqgest, too, that quasi-bound periodic
orbits can be expected to exist in the real field of both Earth and
Jupiter. It is necessary to investigate the significance of bound periodic
orbits in the 'real' field, to ascertain whether or not orbits of the kind
associated with the Stormer con exist in this field, then to determine
whether access to the point concerned frcm outside the field is forbidden
at all lower rigidities. It is normally possible to infer, by calculation,
that a direction evidently lies within the cone, by oserving the existenc
of a continuum of quasi-periodic orbits over a finite range of initial
parameters. The summary plot technique developed by Cooke and Edesn
(1981) in relation to access into the geciagnetic field represents oe way
of detecting such a continuum. Because of the departure of the real field
fram axial symetry it could not, hawever, be assumed that entry into such
orbits is unequivocally forbidden. (we exclude from our discussion the
time variations of the real field which, of course, may allow entry into

otherwise ocmpletely bound periodic orbits under certain conditions.)

12



In regard to the trajectory forms associated with the main cons,
quasi-bound periodic orbits have particular siciaficanre. Alth this

type of trajectory is a singularity (as indeed it is in the dipole field,
existig only for a single value of energy), it can be identified, because
all trajectories within a finite range of the parameter space in uhich such
an orbit is located show a characteristic doubly asyqptotic form (Imwaitre
and Vallarta, 1936a). Figure 1.2 shows a real field near-main-c
trajectory which has this form. It is possible to determine a value of
man o cutoff (or, more generally, to establish the position of the main
cone in any parameter space) by asoertainir the trajectory which is
characteristically asyt*otic to the simplest type of periodic orbit. We
shall refer to such main cutoffs, which are purely magnetically controlled,
as being of type I, in contrast to type II cutoffs which are controlled by
trajectory-planet intersections. Because the radius of curvature of these
orbits is large relative to the scale dimensions of the field, the question
of whether the orbits are truly bound, or merely possess quasi-boun
yp rties over large trajectory path lengths, has proved difficult to
resolve.

In order to illustrate important aspects of the phenology of
a particle approach to locations within a planetary magnetic field,

typical characteristics of the terrestrial trajectory shown in figure 1.3
will be examined. For the purpose of this discussion the trajectory will
be considered as possessing two portions, identified as A and B in the
figure. In portion A, a positive particle enters from outside the field
and penetrates downward whilst drifting from east to west around the Earth
towards the longitude region of the arrival point. It is in this part of
the trajectory that hemisphere to hemisphere oscillations, associated with
the quasi-bouwnd behavior, are to be found, particularly if the trajectory
is a near-main-cone om (as it is in figure 1.3). T2u characteristic
quasi-bound behavior is seen in a more exaggerated form in the trajectory
of figure 1.2. Portion B of the trajectory of figure 1.3 describes the
final motion of the particle towards the arrival point. Typically, if the
arrival point is at other than very low latitudes the trajectory will loop
onm or more times within the local field. For practical purposes the
boundary between portions A and B of the trajectory may be Considered to

13
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Typical "real field" doubly asynptotic trajectory which exists at
rigidity values close to the main oae (trajectory starting point
parameters: geographic latitude 100 N,c lnitude 2700 E, zenith angle
7.93680, aziuth 2700, rigidity 10.0 GV, 400 km geocentric altibade)
calculated using the International Geunetic Field extrapolated forward
to epoch 1980.0 (IAGA Division 1 Study Group, 1976). 7his trajectory is
referred to as "doubly asymptotic" because it is twice asyq*potic to the
shell of essentially constant ge netc radius hicth contains tkw central

quasi-b urid section. One asyptote lies in the trajectory sectio cloe to
its entry from outside the field, and the other lies close to the firal
Earth apprch.
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lie at the extreme latibinal exoursion before the equator is crossed for

the last time as the particle moves towards the point of arrival. There is

a direct correspondence between the location of these characteristic
trajectory forms and the type of main oi produced. In particular, type I
cutoffs are associated with quasi-bourd periodic behavior in portion A of

trajectories, whilst type II cutoffs are associated with earth tangenry in

trajectory loops which lie within portion B.

In general, trajectory-planet intersections which ocr in portion A
produce distinctly different structures (penumbral regions inaccessible to

cosmic rays) than do those which occur in portion B. Consider the effect

of a low point intersecting the planet within portion A. Such a low point
can only occur for rigidities at or below the main cutoff, because only

then can portion A possess a loop. Above the main cutoff rigidity value,

the trajectory will pass onoe through the "shell" in which the bound

periodic orbit would lie, withut reversing its direction of notion

relative to the shell. At the precise main cutoff rigidity, the orbit will

lie totally within the shell. At rigidities even marginally below the main
cutoff, the trajectory will possess reversals in the sense of nation

relative to the shell, resulting in the formation of oe or more loops

along the trajectory.

The rigidity range over which any given loop will exist deeds upon

the path distance of the loop from the final point of arrival in the field.

If any such loop intersects the surface of the planet then a pemmbral

forbidden band will be produced, whose width in rigidity will be at Post

equal to the rigidity range over which the intersecting loop exists. At

large path distances, the loops and therefore any associated penumbral

bands, can only exist for extremely narrow ranges of rigidity, whereas at

short path distances from the arrival point the penumbral bands are

relatively stable structures, existing over rigidity ranges of up to 1 GV
or Wre.

In portion B of the trajectory, particles leave the quasi-bound

section of the orbit and ommenoe the helical motion associated with their

approach to the final arrival point. These loops exist at all rigidities

15



and (X2 ,02 ), then a and 7 are given by

U-'i, ( 2 - i01) corn A

o" arctan 2 1 2
sin A cook A -sin k coo X2 coo (42- 41)

1 2 1 2 2 1

- arcos (cos (*2 - *i) coB A cos X2 + sin Al sin A2 )

OCnrersely, if the location of one point is known (xi,,kl, say), then

it is possible to determine the latitude and lcngitude of a second whoe

position is defined in terms of a specified a and -, by means of

latitude - arcein (coo a sin y coo Al + coo y sin A1)

Ill

cog y - sin X sin latitude
longitude - 4 + arcos ( I

coo A co latitude

3) The calculation of the magnetic zenith and azinuth uses
strategy of setting up a vector of knom length (") pointing in the
direction of interest. The position of the tail of the vector, being the

location of interest, is of ourse known in both geographic and gnetic

coordinates (the latter determined by step 1), and similarly both

geographic and offset dipole radius values pertaining to this point are
known.

The geograpic coordinates of the position of the heA of the vector

can be determined by using calculated a and -y values, derived 4s follows
(whichi values pertain to the projection of the vector onto a q.rhical

urface).

Y - orctan (W" sin ze/(R + R" cos ze))
IV

a = az

Having evaluated these angles, the geographic latitL e and longitude of the

vector head can be calculated using the relationships III. 7he offset

16



FIG=R 1. 3

e traj ectmy within the ifield of a 5.65 GV ai ray

particle an rmUt to Willianstcwn, Australia (32.750 S, 1!51.800,
gsogz q*dc) , where it will arrive at 609 zenith angle and~ an azinuth of

ar.E

1500 east o gegq ot. Ft w the p tap of a Wu. al dimi o f
th efect of trajectoryr characteristics at points withi the field, two

I "portica of this typical trajectory are ident4fied, an are labelled as A

and B.
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up to values significantly above the type I main cutoff, and, since they

lie at short path lengths from the arrival point, are stable features of

the trajectory. However, in reality, the planet's surface does prevent

some of the trajectories from arriving in directions ftlich might otherwise

be allowed. The resulting solid angle of forbidden directions, at any

given site, is referred to (by analogy with optics) as the planet's coa-mic

ray "shadow". Mhe entire range of directions affected (made up of the

shadows associated with intersections of each of the locps) is called the

"shadow cone". The first order shadow cone, the mst stable of these

structures, is the range of directions associated with Earth intersections

of the loop nearest the site; the seond order shadow one is that

associated with the secod loop, and so on. Men the shadow e extends

above the type I main oe structe, the resulting structure is easily

rM.-gnizable. Figure 1.4 illustrates an example of the terrestrial shadow

cone structure as shown in the results of ooke and HLmble (1970) and

Humble and Cooke (1975). In such situations it is the shadow cutoff

structure Uhich defines the main coe over the range of directions

affected.

The terrestrial centered dipole field shadow cone described by the

generators developed by Sdc'r (193a,b), adopted by Vallarta (1938) and

used in his subsequent work, was later f.uud to be in stxu disa -remit

with the experiment masurnts of Windkler and Anderson (1954), and the

later trajectory calculations of Schwartz (1959) and Kasper (1959). In

addition, it should be noted that the distinctions between shadow and

penmrbral forbidden structures discussed by Kasper (1959, 1960), Sdartz

(1959), and Vallarta (1961) are capletely equivalent to that presented

above. The earlier interpretations, however, are hard to follow because of

the difficulty of perceiving all dimensions of the physical reality

associated with the given characteristics of trajectories projected onto

the meridian plans. Alpher (1950) converted the orthogonal projections

developed by the earlier workers into convenient forms to enable their

cmparison with experimental data.

In addition to producing the shadow cam, trajectory loops within the

local field also cause systevatic structuring of the directional

18
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FIQ. 1.4

Variation of u cutoff vith gegraphic azbmzth for a zenith anle
of 800 at tlabne, Australia (27.420 8, 153.06° E, goa 0. d). r1m

obrusive .tvcubxr babdeen 800 and 2300, identified by the hatd mlnm,
is "shador e" suture associated vith short range earth-int
trajectories (after ,Cod and HRble, 1970).
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distribution of type I cutoffs at non low-latitude sites. At any such site
the main cutoff values are systeatically diminished within a right
circular cam, called the "loop come" by Cooke and HRmble (1970), the axis
of which lies along the direction of the local field at the site. With

ceasing latitude, as each new loop forms in the local field, a raw cm
develops, and increases in size.

At the edge of each loop cne the main cutoff distributon displays
"foldig" - an abrut change in cutoff value. Within the gei field
cutoff changes of up to 40% have been found in association with the foldin
at the edge of the first order loop cm, the cone associated with
trajectories having a single loop in their portion B. This effect, which
is visible althouh not discussed in the work of ,Iemaitre and Vallarta, is
particularly obvious in azimuthal scans of main cutoffs at affected
location. Me folded structure can be vuch that a curve of main cutoffs
plotted for a range of azimuth angles at constant zenith, can be seen to
turn back under itself, displayiM an appreciable overhang. In directions
where this effect occurs, three main cones exist siniltaneously, on for
each of three rigidities. This effect, which applies only over a limited
range of directions, produces an exception to the otherwise general
assertion that in any direction above the line-of-sight horizon the main
cutoff defines a rigidity limit above which trajectories of all rigidities
are allowed. In the case of folded structure, only the highest main cutoff
value represents such a rigidity limit.

Examination of the form of individual trajectories reveals general
patterns, such as path length, behavior at equator crossings, and the
develcpnent of characteristic loop-like structures, which relate to

distinct fiducial marks recognizable in observatiora of the cosmic ray
rigidity spectrum at appropriate locations. For example, the initial
development of loops in trajectories, as rigidity is reduced at the m
site and arrival direction, signifies that the rigidity is approaching that

of the main ocne in that direction. Correspcxiingly, the "first
discontinuity" (section 5) in the asymptotic longitude of allowed
trajectories has been found to be an indicator of the approach, in rigidity
space, of the main cutoff (Shea and Smart, 1971; Fluckidger et al., 1983).
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the then-existirq directional picture definitions in their determinations
of cosmic ray cutoff rigidities. For example, the highest rigidity

allow forbidden trajectory transition found in any given direction was

labelled as the main cone cutoff (Shea et al., 1965). The main cne nast,

of necessity, lie at a rigidity greater than or equal to the rigidity value

of the highest detected allowed/forbidden transition. The highest

forbidden bard can be extremely narrow and is therefore often missed in

actual calculations performed ar discrete rigidity irerents (Shea and

Smart, 1975). Thus it is clear that the highest rigidity allowed/forbidden

transition ccmputed in a systematic survey at discrete rigidity intervals

does nat necessarily identify the true main cone.

similarly, use of directional picture definitions in a rigidity based

investigation led Shea et al. (1965) to identify the lowest rigidity

allowed/forbidden transition found as the Stormer come cut-off, aid so this

name came into use in presenting and discussing such results of trajectory

calculations, even though it has since become clear that this association

in most situations is probably invalid. Vallarta (1938) stated that even
in a simple dipole field it may be that allced trajectories do not lie

adjacent to the Stormer cone.)

Not only has the question of the identification of the "true" main

orn and Stormer cutoffs in the real field arisen in the ocztatr-bsed
studies, s i additional ccuplexities have also be p aarent. For

example, investigations by Humble et al. (1981) of the pattern of access to

earth satellites have shown that an effectively reversed cutoff situation
exists in directicra below the optical (lizn of sight) harizm for
particles approachin with relatively high rigidity. Particles of infinite

rigidity are unable to reach a satellite tram below horizontal directicns,
since their path is blocked by the presence of the planrt. As the rigidity
is steadily reduced, a value is eventually reached at which particles

arriving from westerly (for the earth) directions are unable to reach the

satellite, due to curvature of their path in the magnetic field. Humble at

al. (1981) termed this cutoff the "allwed" cutoff, a nme which they now

believe to be undesirable. This cutoff is defined in section 1.5 as the

"Horizon Limited Rigidity".
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It is possible to utilize such characteristics to reduce the number of

trajectory calculations required for cutoff determinations.

Mhe form of the penumbra in the real gecmagnetic field has also ben

naped using the digital cmpter-based trajectory tracing techique (e.g.

McCracken et al., 1962; Freon and McCracken, 1962; Shea et al., 1965; Cooke

and Humble, 1979). Depending of the nature of the allcwed/forbidden

structure in a given direction the penumbral transmission for primary

cosmic rays arriving in that direction at locations in the field can vary

from zero to 100%.

Penumbral trajectories are almost invariably considerably more couplex

than are those lying within the allowed cone, and mapping by use of

ineme~ntally spaced parameters, generally rigidity, consequently requires

large amounts of ccuputer time. In a manner similar to that indicated

previously in connection with main cones it is possible to identify

trajectory characteristics pecu.iar to many penumbral bands. This

systematic behavior of penumbral has enabled ooke (1982) to develop the

"trajectory parareteizaticn" technique, by which individual penumbral

structures may be traoe by relating, in an autaatic caqxter procedure,

the structure to the trajectory feature responsible for its existence.

(This technique also forms the basis of an automated method of locating the

main cutoff to high precision.)

In relation to access into the earth's field the most stable penmbral

band, that which is associated with the Earth intersection of a low point

in the loop which lies at the last equatorial crossing in the quasi-bound

periodic portion of the incoming orbit (normally the seccnd-last equatorial

crossing before the trajectory reaches the arrival point), has been called

the "primary band" by Iuind and Sorgen (1977). Because of the offset of the

Earth's equivalent dipole, and the consequent positioning of trajectory

loops relative to the Earth's surface, the primary band may or may not,

depending upon the latitude and longitude of the site, be visible as an

isolated forbidden bard positicned above the remainder of the forbidden

peubral bard structure.

22
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A general indicator of the stability of the forbiden punkral bands
is the path length of the virtual trajectory (the path the trajwcry wold
have followed had the planet not been present) fram the last planet inter-
section to the location of interest. In the "reverse direction trajctory-
tracing" sense this corresponds to the path length alon~g the virtual
trajectory frm the origin of calculation to the first i. All
relevant terrestrial cosic ray studies, fram both the directional and the
rigidity viewpoints, support the attribution of large scale pembral
structure (wide penumbral bands, for exaMple) to trajectry ntersections
with the Earth at relatively short path distances fram the calculation
origin, and that of fine penumbral structure to Earth intersetia whih
ou at long virtual trajectory path lengths. Although the forbidden
stzuctures formed by the short range virtual trajectories are very stable,
changes in the assumed field model have a very direct influenoe on the
penumbral structure formed by long range trajectory path lengths.

The question arises as to the reality of fine penumbral structures in
a planetary magnetic field. In the case of the earth it is clear that the
at )-ere does not (contrary to the assunption made by most investigatrs)
act as a simple barriers by which cosmic rays, having penetrated to a
certain altitude, are cleanly removed frm the incident oomic ray flux.
Clearly the total atmospheric depth traversed by the charged partice
(which, in addition to altitude, depends directly on the trajectory
curvature and configuration in the grazing section) will be a factor in
determining whether a particle will survive a grazing inc e (am

Lezniak et. al., 1975). Also, as pointed out by Petmrc and Scutoul (1977),
the atmospheric depth which can be traversed by a particle, with t its
loss, is a function of the identity of the particle. Mhus it could well be
that fine penmbral terrestrial structures are meared out and essntial
ixseervable exprimntaly.

Time variations in a planetary magnetic field caused by t
fluctuating pressure of the solar wind and by the rotation of the planet
with respect to the solar wind direction are an additional effect which
would lead to the smearing out of the fine structure.
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In brief review, it can be stated that when trajectories calculated in

a time-invariant, but otherwise realistic, model of the Earth's field are

examined, all the analytically identified structures identified by the

earlier workers in a sirple axially syn=tric field can be recognized. Th

limited calculations of trajectories in a higher order representation of

the main field of Jupiter confirm that these sam structures are found in

that situation too.

There is good reason to introduce additional terminology in order to
define useful quantities naturally associated with the standard sanpling

method of determining the real field cutoff values. These terms are

presented in the following section, together with the "classical" terms,

suitably qualified to allow their appliaticn in real field situations.

1.6 DEFfl2ITICNS

The definitions referred to in the preceding sections are listed in

table 1.1, and the-- discussed and illustrated later in the section. 7he

terms, as 3iLted, are subdivided into terms referring to the direction

picture and the rigidity picture (see sections 1.5.1 and 1.5.2). The list

is not exhaustive, but seeks to portray the most useful quantities in each

situation.

1.6.1 Directional Definitions

The following terms are appopriate for use with the directional

picture. Each definition is for charged particles of a single specified

rigidity arriving at a particular point in the magnetic field.

ALOWED CM: Me solid angle containing the directions of arrival of all

trajectories which do not intersect the planet and which cannot posses
sections asymptotic to bound periodic orbits (because the rigidity is too

high to permit such sections to exist in the directions of arrival

can~ed).
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E 1 .1 S~mary of ters used in cutoff calulatons. (zantiti
d.scrlbirq Ihwmna utidc are equivalent in the two picbrs are listed o

the -wn line.

r T, WlC1K PICIUE RIGDII PICIMRE

Cutoff Rigidity
i Allowed Cc

Main am* Main Cutoff Rigidity
First DiscontArity Rigidity

Shadow Shadow Cutoff Rigidity

emni Band Pemwr Bad

Primary Band
Storir Coe tornr aitff Rigidity

Forbidden Cme
UWr Qitof f Rigidity

LI~cer Oitoff Rigidity
Hrizon Limited Rigidity

Effective Qftoff Rigidity

Estimated Outoff Rigidity

NUN QME: Mae bolun.iry of the allowed cm. The main cm, is octn.itued

in part by trajectories which are asynptatic to the simplest bound periodic
orbits and in part by trajectories wich graze the wrwface of the planet.
(In the case of the Earth the "surface" is generally taken to be the top of
the effective atsjpere.)

FUMIME CM: 7he solid angle region witin Wh all directions of
arrival correwpond to trajectories ,ddch, in the absenc of the solid

planet, would be pennanently bound in the magntic field. Access in theme
directicra frm outside the field is,, tbersfwe, iMpossible.

SaURfEM OM: Mhe boundIary of the forbidden cwa. In an axially syusntric
field the surface form a right circular .
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SNkfl W : M solid angle =*tar&Uq all dixutiam of pextie arrival

which are excluded due to Abort rarW planetay nt of the

appwoaing trajectories iilst lops within the local field line bmdle

am being traversed.

PEUMM: 7h solid angle region cMtained beeen the Mainc ard the

Stormr cam. In general the peourb caiain a ocuplex gtrubra of

allowed and forbidden bards of arrival directions.

PDE AL BAND: A ccntiuwm set of dfrctionu of arrival, within the

peaibra, the mebers of which are eitheral allwed = all fcgtidden.

Often, within any given fdxtid bamw tnt ew, it is psAkle to

detendne that a nier of indivitel ends, eadh atctritable to the

intersection of the associated trajectories with the planet in a different

low point, are overlapping to prdm the enir focbidden bard stnde

derved.

1.6.2 Rigidity Piur Defini

The terrs defined here are tued in relatim to particles arriving at a

particular site within the planetary mgnetic field ftm a pecifed
direction.

CJXOF? RIGIDIri: 7he location of a traritian, in rigidity spac m

allowed to forbidden trajectories, as rigidity is docreased. unles
otherWiSe defined the value nmnmally quoed, in aupr.Imnt1-1; the resuts of

CORpter C -031 ticww is, for F~ftiml ramw, tho rigidty of the

allwe memr of the apprrrete Juxtaposed &U1~wW~/c~b.Jdde pair of
trajectories ccW&.d as part of a * gpad swim at trces. Scmtimes the

term is silOYad to refer to the locatln of a notional transition ft= on

reion to arother, for mainpl at te ' to acm, uthe an allowed

trajectory my not pettaps eKd at al.

UN I T Xf GIMMl, iW: 71, rligOty value at which the dirctim

cncerned is a gerator of the main rne as defind in the 'directio
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picture". The associated trajectory is either one which is asymptotic to

the simplest bound periodic orbit, or (owing to the prsence of the solid

planet) is one which is tangential to the planet's surface.

F=T DISCONTflUI RIGIDITY, RI: The rigidity associated with the first

discontinuity in asymptotic longitude as the trajectory calculations are

performed for sucessively lower rigidities, starting with m value

within the allowed cone. The value of R1 is approximately equal to the

main cone cutoff as defined above.

SHADOW C.IOFF RIGIDITY, RPH: The rigidity value at which the edge of the

shadow co lies in the direction concerned.

PENtDBA: The rigidity range lying between the main and the Stormer cutoff

rigidities.

PENtKMAL BAND: A continuous set of rigidity values, within the pe ubra,

all members of which have the sane general access characteristics, either

all allowed or all forbidden. Often, within any given forbidden band

structure, it is possible to determine that a nmrber of individual bands,

each attributable to the intersection with the solid planet of the

associated trajectories in a different low point, are overlapping to
produce the entire forbidden band structure observed.

PRMY BAND: The stable forbidden penumbral band which as associated with

the planetary intersection of a low point in the loop which lies at the
last equatorial crossing before the trajectory (of its virtual extension in
the assumed absence of the planet) takes on the characteristic guidirg

center motion down the local field line bundle.

S2ME WOF? RIGIDITY, R6: The rigidity value for which the St= xm

lies in the given direction. In a dipole field (and perhaps also in the
real geomagnetic and other planetary fields) access for particles of all
rigidity values lower than the Stormer cutoff rigidity is forbidden from
outside the field. In a dipole approximation to the magnetic field, cra
form of the Stormer equation gives the Storzer cutoff rigidity, in GV, as.
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SCOS4X

RS
r2[1 + (1 - cos3 x cosE sinZ)1' 2]2

uh Xm M is the dipole t, j vhii, for the gcignetic field, has a

nrmalized value of 59.6 when r is expressed in units of earth radii, is

the magnetic latitude, r is the distanre frum the dipole in earth radii, B

is the azimuthal angle measured clockwise from the -c iagzutai east

direction (for positive particles), and Z is the angle from the local

magnetic zenith dirwct n.

UPPflt WIQFF RI:GnhI, lRU: The rigidity value of the highest detected
allaoew/forbiMen transition m=V a set of conputed trajectories. 7hs

uper cutoff rigidity can oorrespar- to the main cutoff if and only if no

trajectories asvyqtotic to bcred periodic orbits lie at rigidities higher
than this value. Mis can be identified from the nature of the trajectory
associated with the main cutoff.

SCWTOFF RIGIDIT, RL: The lowest detected outof value (i.e. the
rigidity value of the lowest allowed/forbicden transition oerved in a set

of omuter calculations). if n penumba exists, RL will eual % .

HMIZCN LDMT PIGIDIY, FX: M rigidity value of the most rigid allowed
trajectory found in a set of cetr calculatia perfomed fAr a below
horizcn directim at a location above the surface of the planet.

EUFBCTIVE WTOFF RIGnMl, RC: 2he total effes* of the penunral strucbg
in a given direction my usefully be rspresd, for mui pxposl, kV the
"effective cutoff rigidity" - a single muric value whih cifi the

equivalent total acossible comic radiatian within the psuzbmr in a

specific direction. "Effective cutoffs" may oitk be linear averagms of

the allowed rigidity intervals in the penura (Om at al., 196), C
function wighted for the comic ray spectrm an/or detector rIIs
(ia and fart, 1970; Dormn at al., 1972). . a linear waghtrng

would have the fom:
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RC a RU. - R

RL (allowed)

where the trajectory calculations were perfo md at rigidity intervals Rj.

CTIDa7WOMF RIGIDITIY, Rest: A value obtained by using an epiricafly
normalized equation to approximate the coic ray cutoff variation in the
location of a particular point within a magnetic field in order to estimate
a cutoff pertalnin to the point. This value can be found by use of a

variety of interpolation techniques, re of uii is application of the
Stormer equation given previously. Because the Stmer equation
characterizes the spatial variation of the cutoff rigidity, with
aprmpriate normalization it my be used to obtain useful estimates of the
various cosmic ray cutoff rigidities, over intervals of latitude,
longitude, zenith and azimuth, for example. In practice, estimates of the
value of any cutoff can be obtained from adjacent calculated values to a
reasonable accuracy by euployir this method.

1.7 ILMSI1ATICN OF LEFTNITMlOS

Not all the cutoffs defined in the previous section exist for every
location and direction. Figure 1.5 shows typical cutoffs obtained, using
trajectory calculations, for an arbitrarily selected location on the Earth
(200 N, 2700 E, altitude 400 kin) at a zenith angle of 600. Forbidden
rigidities are shown in black, and allowed rigidities are indicated by
white. The upper cutoff rigidity ftj) and the lower cutoff rigidity (RI)
for each azimuth can readily be identified. In am irecticna, azlmth
angles of 1050 and 2550 in this i, Rj and RL have the sam value,
within the 1 rigidity intervals used for these calculation. Note that Au

and RL will be equal in any direction for \ich no allowed pemnftml bands
exist, a situation which is particularly omi at low latitude locations.

Typical comuic ray acess patterns at zenith angles larger than that
of the Earth horizon seen from a satellite are illustrated in figure 1.6,
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fliuotationof cutoffs cdtailrd at a particular locatim (200 1, 2700
E, 400 kam a1titLos) at a zenith a,'le of 60. Trajm tri at L4 rigd.ty

spacitr intSTMIl Wre calailated every 300 in azinuh angle. ft:idm
trajectories a illustrated by the dark ares, and allowed trajecot by
%bit.

30



for the sa location as in figure 1.5. The zenith angle of 1200 is below
the direction to the Earth's horizon (approximately 1090 for a spacecraft
at an altitude of 400 km). For this location and zenith angle all
rigidities are forbidden in the north and easterly directions. Howmer,
for southerly and westerly directions a range of allowed rigiditis exists
within which cosmic ray particles may approach from angles below the
satellite/Earth horizon withaut encountering the Earth. In such
directions, of course, extrely rigid ooemic ray particle trajectories
will intersect the Earth and the particles are therefore unable to reach
the site. The higest rigidity that has access at any specified zenith
angle below the spacecraft/Earth horizon is referred to as the horizon
limited rigidity. 7hese horizon limited rigidities are evident at
azinthal angles of 1650 through 3150 in figure 1.6.

Figure 1.7 illustrates penuzbral stnture ermntered in the
determination of the effective vertical cutoff, PC, for three North
American locations using linear weightln of penumbral bands. Note that
there is an inherent assumption involved in determining the values of RC,
that the result of a trajectory calculation at a very specific rigidity
typifies the result over a discrete rigidity interval. The allowed
intervals in the penumbra are then sumed (with appr priate weighting for
detector response and spectrum as required) and subtracted frcm the
calculated upper cutoff rigidity.

1.8 CONCLUDING REMAM

It Whould be borne in mind that, because the definitions have
deliberately been kept usefully general, the application of the terms my
require more detailed qualification in am irdividual circamstances. PFr
exanple, in below line-of-sight horizon directions at satellite altitudes
it may be that there is not always access into the allowed cons for
particles of any given rigidity, and so -ty there my not be a

main cutoff in some cases. Nevertheless, particles within a limited
rigidity range often can approach and have access in such below 1 .rizon
directions (figure 1.5), and characteristic allowd/forbidn ba

31



LATITUDE N 20* ALTITUDE 400 km

LONGITUDE E. 270* ZENITH 120

1000
90.0

80.0

700

600

500

400

R. R1m

300

20.0

R,

S100I-

90

so L %

5.0

4.0 i

3.0 -

2.0

10 15 45 75 05 135 165 195 22 55 265 315 345
AZIMUTH NiGLE (CLOCKWISE FAO NORTH)

FZ. 1.6

mof "allo " rigidLtie at a zenith wqle bel th
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MT. WASHINGTON (44.30N, 288.70E) Rc- .43 GVmEi I
1.10 1.20 1.30 1.40 1.50 1.60

RIGIDITY (GV)

NEWARK (39.68N, 284.25E) Rc-2.10 GVBrEhIIl11 11
1.70 1.80 I 90 2.00 2.10 2.20 2.30

RIGIDITY CGV)

CUMAX (39.37N,253.82E) Rc-2.95GV

2.40 2.50 2.60 2.70 210 290 3.00 .10
RIGIDITY (GV)

FIJ 1.7

Illustratim of the relatimos p between the pwrural stzu g and
the effective vertical ctoff rigidity, RC, for three North Arican comic
ray staticra. For eem calculations the trajectwies wre vertically
inident to the geoid. at the mtation lomatir, and wre calculated at
rigidity intervls of 0.01 GV using. the T teMati!mal e mfem
Field for 1980.0 (Peddle, 1982). Forbidden directioas of arrival ame
illustrated by the dark areas and allmd by wht.
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permbral structures clearly can exist in these situaticrs. The questim
then arises as to Vat is the meaning of the term perumra in thes
Aire-ticis. With suitable qualification (i.e. of the rigidity or Other
rane cnsidered) the 'Ipermnbra" can be defined for any particular
situation. For exaiple, the "calculated penumbra" could be defined as the
rigidity interval between the calculated upper cutoff rigidity and the
calculated lowest cutoff rigidity.

Erimental cutoffs are beoming sufficiently precise to allow the
resolution of the gross Chracteristics of the terrestrial cosmic ray
penuma (Iund and Sorgen, 1977; Byrnak et al., 1981; and Soutoul et al.,
1981). For cutoff values derived from experimental iPsur nts,

definiticns cmparable to those discussed in the previous mectio can be

used. In this situation, the terms "uper cutoff rigidity" and "lower
cutoff rigidity" should be prefaced by an approriate qualifier such as
"measured" Cr "experimental".

Thee is no diobt that other hysically meaninful qmntities tadt.
It is believed, however, that the cutoff cocits described in this dwipter
presently have the greatest si ficanoe, and that the use of these
definiticrs should alleviate mst of the existing oontusion, and satisfy
the curent requirments of investigators involved in cosmic ray aoosm
studies, both in relation to the Earth and the other planets possamn
significant magnetosMeres.
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OQPM 2: USE OF WE STCFE ETICZ 7 WO R ER DECTIGAL CWTOPTS

2. 1 MC ONCTICK

Fbr many purposes it is useful to have a fast mear of estimating
directioral cosmic ray cutoffs pertaining to any specified direction and
location. The eutimaticn of "real" directicral cutoffs by opzter is a

lengthy process, expensive in computer time (even if the techniques
described later in this report dramatically increase the efficiency of this
process). The Stormer cutoff function (Stormer, 1930, 1955), which
expresses the dependence of the Stormer cutoff on location and directin in
a dipole approximation to the Earth's field, offers a mear of determinin
cutoffs which is many orders of magnitude faster than any trajectory
tracing method, but one which is sufficiently precise to produce useful

estimates in rno-critical applications - for the Earth's field ard for any
other planetary field which may be approximated by a dipole.

The furdamwtal inprecision in the Stomer exprssion in representing
real field cutoffs, in particular due to failure to take into account
higher order field harmonic terms, or the width and trarparency of the
penwbra, is normally exacerbated by the use of centered coordinates wn
invoking the expression. It is possible to appreciably iproIve the
accuracy of the cutoff estimates by using "magnetic" oordinates (i.e.
offset dipole latitzde, longitude, zenith, and azimuth) when eploying the
expression, and in this way to take into account the offset ard tilt of the

equivalent dipole. By this means, inheretly, the effect of ignorlz the
higher order field term is minimized. Smart and Sm, 1977, have
discussed the advantages of using offset dipole coordinates in conjuct*on
with the Starner exprssion, and the use of this expression for
interpolating cosic ray cutoffs over intervals within which precis
calculated values do not exist.

A self ortained system for transforming frcm geographic coominates
to offset dipole ccrdinates is described here. It has ben used in the

calculation of cutoff distribution functions for use in estimating detecto
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resporme to nwitrinos of at:c origin. It has 'eeo necssary to take

into acoomt the effects of the vagnetic cutoffs over the entire o.Wid

angle of acoeptarce of detectors at locations within the g.agnautic field.

2.*1 SICflR E~.]tInC MO(PXDNTTIC

be coordinate transformation has a mzber of stages, which are

individually described in the following (this process is described as it

applies to the Earth's field):

1) A coordinate conversion is used to determine the offset dipole

latitude, longitude, and radius from the nominated geograpic latibxte and
longitude, and geooentric altitud. 7his omersion take into acouzit the
offset and irlination of the Earth's equivalent dipole for any required
epoch, and assmes that the Earth is an oblate spheroid of eocwtricity
0.00674. The angle oversion equatiorw are as follw:

offset dipole longitude * - arctan (R sin # con A - 7 cos b)
C

offset dipole latitude 9 - arcten (cos # tan a)

C
offset dipole radius R' -

cog 8 coo

where a - arctan (F/G) + a

C- C osa
coo(e- a)

and I - sin A- x

G - y stub + 1 coo X coo ( - )

x mid 0 are the gsograthic latitude and longitude reqaCtively; R is the

gocrji radius at the specified location; x is the displacmunt of the

36



dipole fru the oenter of the earth in a direction parallel with the
;1o;raPhic equatorial plarme a is the inclinatim of the dipole axis fz a

direction parallel to the geographic N-S axis; b is related to the angle
betwee the zero magnetic longitude and the geographic loritudinal toards

which the dipole is displaced; and c is the geographic 1 iina
diretion parallel to whidh the direction zero offset dipole longitude

lies.

A proeure for establishing the position of the equivalent dipole

with respect to the geocentric coordinate system at any epoch is presented
by Wlart and Shea, 1977. This proure, uthd makes use of the low order

tesin the spherical harnuic representation of the -ec-ziagztic fieldA, is
discussed fully by ftederer, 1972; and Akasofu an Chapon, 1975. 7he
vales of x, y, a, b, and c used in the presently reported coordinate
transformation can thus be determined as required. nie equivalent dipole
position determination is included as a subrzutine in the omqputer progrme

iiich executes the Stormr cutoff evaluation.

2) The followirg steps rely on the use of a partil mews of
specifying the relative Position of two points on the surface of a sphee.
In partialar, two angles are used, one (a) defines the angle betimen the
great circle cmecting the two points and the maridian line t- i
cm of them, and the other (-y) is the arle outaned at the center of the
sjheW by the to points (see figure 2.1).

Figure, 2.1 Diagram defining the anglesC
o and . used to exress the ,

relative position of the two

points ad P2 on a spw ri- a
cal surface. C is the e nter

Of the som*e.

If the two points are, as specified by latitude and lcrgi1=l, (Jl,-1)
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dipole 1 _ de and lcog.tude, and the distance R* of the vector head frma
the dipole are then calcalated using rulat!cmmi15 I. Now, hwAi the
offset dipole coordinates of both ands of the vector, and angles and
relating the two points (in the offset dipole frame of referem) can be
calculated by means of the relaticshlps II. Mhe azimuth of the vector in
the offset dipole frm of reference is siMply the o value, %t*lst the
zenith angle is given by

ze - arcos (R* coo y - R')

where R' is the offset dipole radius of the vector tail (i,e, the distance
of the vector tail from the offset dipole oeter).

2.3 CALaLATIO OF SIUMM WZOFF VAUJE:

By using the coordinate tramformatio procedure described, the

position (latitude, longitude, and radius) of the site location relative to
the offset dipole, and the zenith and azimuth pertaining to the direction
of interest, may be calculated fzrum the specified geograp*c m oorinates

and geocentric altitude. At each stop during the derivation of these
parameters tests are performd to wwas that caloilated angle values lie
in the correct quadrant, and apprriate COrectioms are made if they do
not. Having thus detemined the angles and distan Orelative to the
equivalent dipole centered frm of refermoe the Stormer equatin can be

invoked with the greatest possible precisi n.

The apprpriately nrmalized Stormer epruessicn is as follow:

cutoff - 59.4 coS 0
&'2 (1 + /i- co3 sin as sin s) 2

fl e -esion takes in offset dipole latide (0), zenith (am), azI=*h

(az - measured clocwise fran magnetic north), and radial distane tr= the

effective dipole ceter (R'); ad produc cutoff rigidity values, in units

of Gv.
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2.4 LSE OF S CUIOFFS IN M MIVE IC OF M"MJ UMI "

DIS'RIaiKIN puqCTNS FR US IN Es Trna G ]Rcim 74m Iz To

NEL7DflC OF AMOSPHMIC CIGIN

A procedure has been developed, utilizing the Stoxmer tOAff
expression for deriving functions which characterize the effect of

cuamagetic cutoffs on the charged primary commic rays that give rise to
neutrinos arriving in any given direction at specified points on or in the
earth. These autoff distributian functionls, for use in at sphOeriC

neutrino flux calculations, have been determined for eight nucleon decay

esites, using a technique which, in additi n to aployin the

Stormer expression, assumes colinear mtion of neutrino and parent primary.

So large oomic ray detectors, such as those used in nucleon decay

research, have a finite response to neutrinos. It is necessary to be able

to calculate the expected bac.qrciu flux of neutrinos icident %on suc
detectors on order to establish whether the angular distribt±in of certain
classes of events has the characteristics of n.ler decay or of neutrlno
interaction, a distinction which has ipoxtant physical and astxrotsical

iplications.

The neutrinos produced in the atmosphere (ion and electron neutrinos
associated with muo, pion and kaon decay) constitute a major part of the

backWrx. he rate of production of theme neutrinos is related to the
intensity of primary cosmic rays incident upon the at pere, hich in
turn depends on the primary comic ray spectrum, and, as discuseed by
Gaisser (1982), on the geanagnetic cutoffs pertaining in the given

situation.

Let the differential intensity of neutrinos reahding a detector in the
prEsene of the gecmgntic field be A(R,9 ,O), where R is rig dtty, and 9
and # are the zenith and azimuth angles of nmtino arrival at the

detector. if D(R,9,#) is the intensity of neutrinos that would Wiat in
the absenc of the field, then the functions A and B can be related as

follow:
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-Mers C (R,#,O) expresses the effect of the geccng ti atoffs. 7his
"cutoff distribution fu~cticn" ess illy describes, for a detector in a

given location, the fraction of the total solid angle of the detector

accessible to ns:trinos that are descended fram charged primaries of any

given rigidity.

In deriving the funtions, the cutoffs relating to points over the

entire earth's surface have to be taken into accomt. (Because utrinos
can penetrate the earth, their production in the atsphere on the distant

side of the Earth, as wall as in the local atmospberic mass, is

significant.)

A compuzter based procedure has been developed for caoiatinq the
funticro. It assues that the detector has an isotropic Icnal
response to nutrinos. The entire 4w staradia field of viw is divided
into a nmber of equal solid angle zors, uhere eachzo n, essentially an

alulus, lies betwen defined qer and lower zenith angle limits. A
separte fxmticn is determined for each of the zame. (In the prsent

analysis eight r/2 steradian zcrs are emloyed, m zenith angle limits
are listed in Tble 2.1.)

As a first step towards deriving the furcticr, each solid angle z, e

is divided into a large number of smller elmnts of equal solid angle.

T axial zenith and azith angles are oo uted for each elm,1t, and then

these angles, together with the specified site positio, am pmessed to

determine the location and angle at %ibidh the "lize-of-sight" vector
ithe assumed pouction levl in the atmoshere (a heiht of 20
km above the earth, in the reported calculatico).

A fartw set of transformatiers cormerts these angles into magrotic
coordinates. In this work and inclined, offset, mgrantic dipole

apiroodmting the 1980 magnetic field is assumed. he angle W ersic
and cutoff s cersicr from the receding section are ued to p& th
directanal cutoff valies.
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MUIE 2.1

Zenith angle extent of the eight solid angle zcrm for wic cutoff

diutributin functi s have been calculated at eadh site. (The zenith
angle is exressed relative to the detector. Mm the first 9u=*,
extending frau 00 to 41.40, accepts nmtizr traveling dmard, ilst
zon 8, extending frm 138.60 to 180.00, accepts neutrfrm traveling

-ds.)

Zone Zenith Angle tange Weighted Mean Zenith Arle
(degrees) (degrees)

1 0.0 - 41.4 27.7

2 41.4 - 60.0 51.1

3 60.0 - 75.0 67.9

4 75.5 - 90.0 82.8

5 90.0 - 104.5 97.2

6 104.5 - 120.0 112.1

7 120.0 - 138.6 128.9

8 138.6 - 180.0 152.3

These cutoff values do not take into aoccunt the n-dipole

ccmpents of the Earth's field, penmbral effects, or the Earth's coic
ray "shadw". For these reasons there are significant dspariti betmin
calaulated real field cutoffs and the Storner estimates. It is estimated,

on the basis of direct ccqarative calculatica, as wel as by diecsd.
with the use of the publ ishad rel field cutoffs of Sha and fart (1982),
that the agreement is within about 40% in directicra ere the sh
effect is not present. At zenith angles greater than about 600, in
directiocs whore the shadow effect in present, dimcraies of the edr
of a factor of tWO can be Micmtered. Nevertheless it is felt that, in
this first anproach, the Starner cutoff values o titute pab
aprmSimaticn to the real field cutoffs.

HWAvl tUs the means for qaickly estimating the requireddieic l
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cutoffs, the wining of the effects of the aoffs rvw all the olid angle
elements within a zoe is carried out by nrc i r i , an folows:

2w. 82 Rk Pn(R)

I-O Ojej R-R i .j

where P - 1 R > cutoff pertaining to direction 0,#
0 R< " " a a a

with Rc(e i,,j) the cutoff pertaining to the direction (0:i,Oj). n
refers to the zenith angle range lying within the nth zone (extending f=
W1 to 2)- The furction C is the ae as that in equation 2.1, now
It---It--over all azimuths. If desired, limited ranges of the paramter
can be introdued, in which can an azinzth dependmnce exists.

7he cutoff distribution function calculated for the sites listed in
Table 2.2 are presented in Figures 2.1-8. 7he zenith angle and latibue

depndeceof the functions are wll displayed in these figures, wichid are
arranged in order of deceasing mnetic latitL dle.

It is believed that these functions have basically the correct forn,
in spite of the simplified approach to the calculations. It is woth
noting that any step to lzprwe the precision of the rfwrimu, either by
introducing real field cutoffs, or by taking into acount the transvesre

mamentu In the primary oomic ray iteractir, would require an ammunt of
oupater tine greater by many orr of agnit . Tat thbeutrino eant
rates observed by the particle detectors are xtrum low, in ary mse,
argues for the sinpler approach olyed at this time.

7he effect of the sioplifying on the fumctions may be
anticipated. Note, for emaple, that for zcne 1 through 5, the median
valu, of the fuctions lie at a rigidity value ciry n to the

vertical Stor cutoff value. " fact rxqests that, as a first otr
coxrrtion to taks into acount the disparity bebmen the Stamer and real
field cutoffs, these curves could be displaced to positicm for wich the

median value of the fanftiar lie at the real field vertical effective
cutoff partaining to each Individual &ite.
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If a =re realistic, three dimensional, neutrino production odesl wre
to be utilized, a "mearing" of the ftwcticns would be expected, which
would probably result in less well defined zenith angle dependenoe. On the
other hand, the effect of the Earth's shadow, and of secondary paie
deflection over large arc path lengths, could be expected to cause
the functions applying to near horizontal directions to extend to rigidity
values appreciably greater than the curves indicate.

Gaisser et al., 1983, have recently used the cutoff distribztim
functions (as ccmpfed in a form relating to upards and dowzard directed
detector response cones of various half angles) in calculating the flux of
atmosheric neutrinos. They have shown that the gecagnetic effect has a
very significant effect on the expected up-down ratios of neutrinos of the
two flavors, and hence on the interpretation of the experilntal data fram
the large detectors.

MBME 2.2

Locaticr for which cutoff distribution functions have been
calculated. A single calculation has been carried out for the two turel
sites on the FrencItalian border because the two experiment locatios are
sufficiently close spaced to possess essentially the same cutoff
distribution functics.
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CHUM 3: MEI E =! OF mGGn=C aOjxFS CI M 'I'X OF o M

PflR OSI cam MYHI Sem 2Im IUI( D OF JUflM

3.1 I :(IZ

With the praspec of the Galileo .paocruft soon to be placed in orbit
aord Jupiter, there is a direct intarmt in etimntIng the chazrgd
particle flum in the orbital -mwirmyl. Althoug Stc cutoffs oil d
have been used to aPruuat8 cutoff values (a dom for Jupiter's
, -tomphere by Oo=a, 1974) a higher wecisim wa desired at the proet
tim. In the present Investigation, thmeeore, "zeal" main ctoff valums
wer derived using visual irspeticn of trajectorips plotter by a =.
In paticula, traJectories wre preseted on a video scoem for a range of
rigidity val$, rreupcxxring to partiaolar 1oationM and direotjios of
arrival in Jupiter's field. 7he form of the trajectory o-4-42M to
each set of otiitinns was insected as the rigidity valuepogeiel
refined until the sisplest possible quasi-bwd periodic orbit was foud to
be associated -ith the aroach trajectory. The rigidity value tkm ftoxd
otre: pos to the main cutoff value (this oci nof the s ast

quasi-periodic obit with the momn is discssed further in diapte 6,
in relation to the go-Pgiutic field).

Tediniqe deecribed in the preceding &dpte have ben aRplied to
calculate the effect of the magnetic ctoffs on the primaries within the
magntic field of Jupiter, aqressed by inmw of cutoff ditrl:tion
functions (CD'S). QAtoff ditrizi functions have been derived for
primry commi rays havlng accss to a 4.5 Jupiter radius satlite obit,
for longitudes over the latitude, range +20 to -200. 2 fWnJJo5

re;resert the fraction of the total 4w steradian solid angle udhii is

asCMibS to Charged p ariesat f given rigidity.

3.2 DSC"USI[I

et the differential intuity of charged pr-imries reahing a given
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point, in the presence of Jupiter's field be A(R,,4,r) (where R is
rigidity, % and 0 are the latitude and longitude, and r is the radial
position of the point in the field). If B(R,.,O,r) is the intensity of
charged primaries that wold exist in the absence ,f the field, then the
functions A and B can be related as follows:

A(R,A,4,r) - B(R,A,O,r) C(R,1,4,r)
where C(R,A,O,r), the

cutoff distribiticn function, expresses the effect of the magnetic cutoffs.
It defines, for a given location, the fraction of the total solid angle
aocessible to charged primaries of any given rigidity.

The cczp~zer-based procedure described in chapter 2, there eployed
for calculations in the gecmagnetic field, is used to calculate these
functicns, using a pre-calculated set of main cutoff values. Theme
cutoffs, which were calculated for a spaced set of zenith ard azimuth
angles pertaining to a grid of latitude and longitude values, specify, for
any given direction and location, the lower limit of full acessibility of
primaries frm outside the field. As briefly disussed earlier, this lower
limit, the "main cutoff" (see chapter 1), was identified, in each cae, by
locating the rigidity value for which the simplest bound periodic orbit was
able to exist. 7he 04 matheatical representation of Jupiter's main field
(Acuna and Ness, 1976) was used in ming the cutoff -clluticnu. DArin

these o-u-.tations it was observed that relatively few allowed trajectocies
were en=oterel at rigidities below the main cutoff, tending to validate
the use of the main cutoff to represent the lower limit of accessibility.
At 4.5 Jupiter radii, to which the cutoff values pertain, the effect of the

FIGEW 3.1 

GeWral frm of the cutoff I
i -,to n ction. 7he rigidity 50 I

vaues P Ptad j,,used to IU/0 !
art fue-ze tia of this kind, <

are shm. 00 RL RM RU

RIGIDITY
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"shadow" of the solid planet is restricted to a very smalI (-1U) effect at

very high rigidities.

In detail, the derivation of the CDP's for any location involves

smiation of the effects of the cutoffs over many saI solid angle

elements, using cutoff values interpolated from the stored set. Baeme

charged particle access varies fro location to location, the resulting CF

is different for each different location. 7he rsrest aticr of the large

nutber of individual function pertaining to a wide range of latitude and

longitude values is clearly _ here, so an alternate graphical

reP;r anmatJwia has been euployed, *d use three Contr plots to am
the variatitn in the value of eadh of three paraeters %kidh are hare used

to daracterize the function. Figure 3.1 ahow the typical fo- of a C.

RL, IM, and R are three rigidity values which rpectively reresen the

lower limit, the rigidity at which the function has value 50%, and the
uper rigidity limit of the function.

3.3 ESUL9:

Figures 3.2A, 3.2B, and 3.2C sm omitx plots of the values of RL ,

F 4, and RU, respectively, for all longitudes over the latitude range +20 to

-20o. At any desired location the values of the three parater coan be
deduced, and used to oonstuct the apprcpriate Ci. 2a ootur plots

pertain to a 4,5 Jupiter radius sell. Approximate functics for other

radius values my be didwed by irmokin an inverse sqare lw of variation
of rigidity value.

Finally, the flux at any given location can be dduced by folding the

a:;prriate C with the primary spectrum. If it is desired that Oeagy be

used rather than rigidity as the spectral variable, then at the rigidity

values involved the omversion is slmole. Proton sergy is almost emcly

i ly equal to rigidity; alpha nucleon ensrg is nwurically equal to

half the rigidity value.

48



2-J

020

-j

20

300 __0_ _ R

-20

SYTE 1IILO1IUD00

WI3E32 t~pnl

0~ tj a ftevleo heprmtrPj ftetr
riidt vle s tchaceieteoofdsRibtMf~ci

FIQJ~3.2B(cenral anel

-20 ar a fth aueo ~

203 .C(oietpnl

~ntc...map.of.the.value.of. W

o49



CHATER 4: 7RJCTR PARAME=ZICHN

4. 1 33R'JCTICN

Prior to the develcpent of the techniques presented in this report

the study of cosmic ray access into planetary agetc ires (mainly that

of the Earth) had been carried ut by mthds which could broadly be
divided into two types. The earlier, analytic or quasi-analytic aproa&As

(includir the work of Stormr, 1930; ILuaitre and Vallarta, 1936a,b; for

exmple) were limited to rsideration of field mdWls hidh possessed

axial symmetry. These approaces, uilat significantly limited in the

extent to which they could represent the real geonagnetic field,

nevertheless yielded very valuable insights into the phenomenology of

cosmic ray access to points within the field.

The later work, utilizinq the speed and poer of the digital copupter,
involved direct testing of access by systematic tracing of trajectories at

close spaced rigidities for the :nge of final directions at the point of

interest within the technique is capable of produing
cutoffs to as high a precision as required (limited only by the accuracy of

the modellln of the field, atmosphre etc.), but is not capable of giving

any insight into the phen menology of oosmic ray access, ard has proved to

be a very inefficient roans of maping cutoffs. In practice, trajectories

have to be traced for every pose 4ble angle, position and rigidity in any

location, in order to build up a picture of cosmic ray access in the given

situation.

The research marized in this report has involved develpi

techni us for r ically arac izng trajectories in order to allow a

cmzm.tr to relate trajectories er any contim of rigidity, angle, and

position, for exaule. This tedmique, referred to as "Trajectory

Paramet r zation", allow full isight into the relationhip bsbM
trajectory dcarcteristica, such as local points of mxim=zi and ainIan

altitude, equator crossings, and so on, and the type of access rsgJiu

swarized in the Chapter 1.
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7he developent of the techniques passed through a nmber of different
phases, before reaching the fully developed form finally achieved. This
chapter reviews this process of development.

4.2 REATIN M N TECITRY BRAcnCTIsEICS AND PfLMAL FEAMM

The iterative digital computer-based technique determines, by direct
testing, the ability of particles of any particular rigidity to arrive at a
given site in a given direction. A "negative" trajectory trace is carried

out, with the caqztaticn starting at the site, in the direction of
interest. Failure of the trajectory, as calculated in the reverse
direction, to travel successfully to the outer bcundaxy of the g agnetic
field indicates that a cosmic ray particle would be unable to arrive at the
site under the given conditions.

For any particular direction at a given site there is generally a
conplex intermingling of escaping (in the negative time sense), nr-

escapiM (including those which intersect the surface of the planet)
trajectories, which gives rise to a complicated pattern of allowed and
forbidden rigidity values (i.e. the penmbra). The ccmplexity arises out
of the characteristic trajectory deflection produced by the orentz force
which affects the charged particle as it roves through the magnetic field.
Calculations show that particles destined to arrive at any given site on
the Earth with rigidity values within the pmmdba typically travel from
east to west towards the site, and swing back and forth across the magnetic
equator. In the longitude range in the proximity of the arrival site the
trajectories becwe tied to the local field line bundle, tending to loop
within this budrle in the final stages of their flight towards the site.

Figure 4.1 shows a trajectory in which this behavior is very clearly
displayed. The trajectory (as traced "negatively" - i.e away from the

point of arrival) roves from west to east, and swings repeatedly from cm

side of the georagnetic equator to the other, with the altitude changing

contimwusly. If, in one of the low points, the surface of the Earth is
encomtered, uosmic ray access via that trajectory wld rat be allwed.
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Latitude 40.00

Longitude 180.00
Zenith 100.0
Azimuth 140.0
Altitude 400

Re-Ett Alt30

Pigidity4.849

Path Length 34.666
N~tep2328

N~ax 29
Re-Entrant

Latitude43.48
Longitude 504.40

LONGITUDE RELATIVE TO SITE (DEG)""~ HEIGHT (RE)

P7G= 4.1.

A trajectory displaying witk quasi-b.uaI periodic orbit bd~avior.

Note that the plots use geographic latitt~e "r 1avqituif scales. Tb
pciticn of the comnic ray equator my clearly be senfrauma nto of

the distortion of the gross trajectory form in the latit3de vs. loni~xSe

plot.
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7he intersections demonstrably responsible for the failure of
particles to enter alon a particular trajectory my in principle be
classified according to the section of the trajectory in which they oor.
Consider such trajectories as being followed in the "negative" direction -

traced outward away frun the site. The trajectories are seen to pass

thrcugh loops and other contortins which take the "particle" alternately
towards and away from the planet. If, in one of the approaching sections,
the planet's surface (i.e. the top of the atmosphere, in the case of the

Earth) is intersected, then that particular trajectory will be forbidden to
particles of the given rigidity from outside the magnetic field.

'The point along the trajectory at which reentry occurs characterizes

the allowed/forbidden structure of the penumbra in the physical
location/direction/rigidity space of the particle. Very clearly defined

regions of this space may be distinguished. First of all, we will consider
those produced by intersection with the planet of the particle trajectories
within the local field line bundle. The traditional shadow cone forbidden
region is due to intersection of trajectories in the imediate locality of
the site in question before even a single loop is performed. Other shadow
cone regions are associated with the intersection of the secord, third, or
etc. loop with the surface of the planet.

Intersection of these loops with the surface of the planet oo~s in

the general vicinity of the site. Because of the short path traversed by

the ocupztational "particle" in traveling Erun the site to the point of

intersection of the loops with the surface of the planet, and because the
paths are restricted to relatively low altitudes, the penumbral structures
so produced are relatively stable and field independent.

On the other hand, if the negative "particle" travels successfully

through the local field, negotiating the loops (if present) without

intersecting the planet's surface, then its motion takes on a more broadly

identifiable character. Such trajectories are seen to travel back and

forth between the northern and southern magnetic hemisJeres, uhlile moing
fron west to east. This portion of the trajectories will be referred to as
the periodic orbit part. The trajectory may possess zero, one, or
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loops in each section (we define a sect on as any indivi~al part of a

trajectory lying to one side or other of the magnetic equator), dqUng

an the nature of the pati u ar trajectory. Within the loos the dared

particle is able to approach the planet meal closely, and the trajectory

may intersect the planet's surface at c' of thum point. Althauq

trajectories in the inediate physical locaticV~diect4w~rigidity space

will also be affected, the fact that the path bee the site and the

reentry point is relatively long means that the forbidden space tends to be

of restricted extent, and to be parmter and field sensitive.

Because of the greatly increased rmber of near samach points in

tng nultiple section trajectories, and the greater trajectory path lengths

involved, the pwmmbral strucabre so pod1o9d is wry oxK =1w finely

at&ucrd, couplex and field sensitive than the shadow oon structure.

Nevertheless, it is in pririple possible to classify the pembrl

structure detai acoo-rdin to the mecticr of the trajectory in which the

reentry has occurrde, and to explore the sensitivity of the ructue to

the field and parameter changes. Systematic labelling of the trajectory

structures would open the way for investigating the natue of the pwuhr,

and the other alloww/forbidden structures (as reviesed in capter 1).

As a first step tiards i ~lm ni such a i for use in an

automated cczpuer-bued system, trajectories wre char-acterized in tes

of the nuer of loops performed in each of the trajectory secticns. A

standard trajectory tracing propgl sm w ified to &llw the arciate,

detection and cow*.ing of trajectory loops.

Mhat is a loop? A loop is oar"Issred to have been wMeited Uftm the

curvature vector associated with the traJectory has rotated throug 300.

Figure 4.2 shows a reentrant trajectory within the c field uhiid

cnan six loops, three very cwia* arms (san clearly in the altitude

vs. lonitude plot), and three oh e ce near the site, cnm just

before the first crcssir of the P- awator, and ew rth in tke

last section of the trojectory, in its pasiege tvAitrs the surface of the

earth. in practice loops such as thes are detected staiclyby
rduring the trajectory trac. ,.h nmer of locp in each .ection
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-LAI ITUDE 40.00
LONGITUDE 180.00
ZENITH 100.0
RZIMUTH 140.0
ALIITUDE 400

t RE-ENT ALT 30

RIGIDIIT 5.356

PAIH LENGTH '1 .360
L41 NSTEP 234

MIN ALTIKMI -11./
NMAX 4
RE-ENTRANT

LATITUDE -36.30

LONGITUDE 241.98

E-_

ii,. U.1 . 0 0. 120. 'so. ISO. 210. ao 10 00 i' go' 10 0
• . . ,Io. o. 0. 70. 300. 0 '- o' .

LONGITUDE RELATIVE TO SITE (DEG) M ME[IGeI R[I

F(JR 4.2

A saiple trajectory, Whacun six loos (categorized by mpztar as a
2211 reetrant trajectory).
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is ounted as the trace proceeds, and is stored for printing at the end of
the calculation. The order of the loop numbers as they are listed (in
figure 4.3, for example) is such that the first number refers to the
section closest to the site.

Figure 4.3 shows a plot based on the trajectory loop numbers. Mils

plot represents a section of the terrestrial penmbra for an aziimth range
of 129-1450 geograpic for the given situation (1000 zenith angle, 400 km
altitdxe, 400 latitude, 1800 longitude, field model IMT 1975.0 modified to
Epoch 1980.0). Trajectory loop nubers are presented for 1% rigidity
intervals in the range 10.025 to 4.054 GV. This situation was investigated
as part of another stuy, and is not represented as having any particular
significance to this present discussion. Although the particular structure

(including the "overhung" shadow cone, made up of unlooped reentrant
trajectories) is in detail characteristic only of the given site and
corditiors, the applicability of the category schem to a ocuplex situation
such as this is well illustrated.

Inspection of the listed categories shows that there exists a well-
ordered structure of penumbral bands, even in the continuum of forbiden
trajectories below the few allowed trajectories in the region of 8-9 GV.
Bands have ba shaded to eophAsize the band structure. Calculated loop
numbers for intermediate aziiths (not shown) have been used to help
resolve the complexity in ace areas. At the 1% rigidity interval utilized
here the wider bards attributable to short and radium range reentrant
trajectories (involving trajectories having up to approximately 3
ecuatorial orossings) show clearly. With decreasing rigidity an orderly

succession of bands appears, profd by trajectories possessing greater
and greater number of loops. At any point the low order bands due to shot

range earth intersections overlie the higher order bands reulting from
intersections further along the trajectories. An apparent ccmtinum of

forbidden trajectories my in fact cnsist of many overlapping bards (Idwe
the latter may be infinitesimally narrow). Calculations carried *t fcr

progressively finer rigidity intervals (and for finer azimth spacing) tand
to reveal progressively greater detail in the high order penwumral band

Structure.
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This technique revealed some very interesting insights into som
particular aspects of the main cone and penumbra.

a) In the calculated penumbra it is the forbidcen bands, rit the

allowed bands, that are defined. An allowed band can only exist
ten no osctring forbidden bands lie at the rigidity in question

(analogous to looking at a distant view between the trunks of a

forest of trees - one sees the view when there are no trunks in
the way; it only takes one trunk to oscure the view, no matter

how many gaps there are also in the line-of-sight).

b) Penmurral structure produod by earth intersections in sections

close to the site are much weer and more stable than those
resulting from lcnger range reentrant trajectories.

c) The offset of the basic gecmagnetic dipole manifests itself in

differenoes in the degree of overlapping and mixing of peuzral

bards at different points on the Earth's surface.

d) Higher order pentmibral bards (those possessing several sections)
have greater sensitivity to geomagnetic field perturbations and

to changes in field model parameters than do those of lower

order, and so are relatively unstable.

There is a very high degree of order in the penumbra which is usefully
displayed in diagrams of the type that figure 4.3 represents. This kind of
plot has to be prepared by inspection of the arrays of loop numbers, a very

inefficient process. Another kind of plot can better be used to Wh the

pw=bral order - one Involving a plot of trajectory feature positions,

which is prepared oampletely by ca wte.

4.3 SL4M PWT SEDEM'InCK OF TM PENUK

The "Sumazy Plot" representation is e efficient, and a scemAat

more refined way of representing trajectory acess information.
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Trajectories are effectively smmarized in terms of plots of the positions

of the trajectory "cardinal points". These cardinal points are loops, low
points and magnetic equator crossing points. These points change position
(both path length and altitude) in a syst atic mamer with charxging

rigidity. The cardinal point positions may be plotted to produce the so-
called summary plot, in which for each of the types of cardinal points the

point positions are presented for a range of values of rigidity (or for a
range of whatever parameter is of particular interest). These plots are
prepared on a printer, using printed characters positioned on a page so
that their position is related to the path length along the trajectory, as
traced in the "negative time" direction, away frm the final arrival
point). The character used to represent each point represents useful
information about the point; for example, altitude in the case of low
points, and "loop developnent" in the case of the loop position plot.

Figure 4.4 shows a typical summary plot set (this is a direct
reproduction of a microfiche, as reproduced from Cooke et al., 1981).

Cooke and Bredesen, 1981, presented another set of summary plots which,
like these reveal a very highly ordered structure. In figure 4.4 the

penumbral forbidden bards are clearly shwn as points where the low points
intersect the reference height oorrespmori to what is deemed to be the
grazing height in the atmoshere. The penumbral bands are directly

displayed on the plot which shows the position of the intersection points.

Note that the edge of the Stormer cone is displayed clearly in this plot,

as the boundary below which all trajectories display bound periodic
behavior. After the onset of this behavior, the trajectories are

ompletely bound, and cannot escape the field (and therefore cosmic rays

outside the field with the particular rigidities are unable to gain access
to the particular point and direction involved).

The technique is employed of continuing the trajectory traces beyond
these intersection points so that structures may be traced fro one side to
the other of the range of rigidity in which a forbidden band lies. It
should be clearly understood, hwever, that the intersection trajectorim

do not represent "real" trajectories, but are merely a useful aid to the
tracing of continuous structures.
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FIGLT42 4.4

SuhTU~aY Plot set of Cooke andi Bedesen,, 1981, represnting positim
of equatorial crossing, 1oO:s, low points, and eart/atm:ere
intersecticrM (paired oolums frau left to right), for a range of rigidity
values frCi 15.00 GV dwn to 5.00 GV in 0.05 GV increments. se
calculaticns were carried out for vertical incidence at the location with
geographic latitude -100 and longiixde 2700, ar 400 )m altitie; for
magnetic field IGRF 1975.0 updated to 1980.0. The paired diagrams show
detail for trajectory path lengths of 0-12 and 12-24 earth radii. 7Iu
distinct chrq in behavior of the longer trajectory oectieu, which oc=r
at 7.20 GV, is interpreted as being pro&ce by tranmit of the Stormar 0=
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The scale of the trajectory cardinal point structures and the
penumbral structures varies over a wide range - those a short rare
trajectory sections may exist for many GV, while at long trajectory rar
the structures may exist only fleetingly and may be represented by only a
single point on a smmary plot, if seen at all. Nevertheless, %t=
examined at appropriately fine rigidity intervals they show the same
characteristic forms as the larger scale, short range, strtures.

4.4 AUM7I TRAJE RY PARAME IZATION

As a final stage in the use of trajectory parameters to aid in the
exploration of cosmic ray access to points within the geomagnetic field,
strategies have been developed and incorporated into capiter programs that
locate the trajectory cardinal points and then correlate the position of
these points with change in any of the parameters involved in the
campitations, in order to map the features associated with the cardinal
points with any required range of parameter value. The new approach, While
utilizing the speed, efficiency and "real" gecnagnetic field modeling
capabilities of the digital computer, yields an analytical insight
equivalent to the earlier and elegant approaches of Stormer and lmaitre
and Vallarta. The technique is applicable to cosmic ray access into any

planetary magnetosphere, although the discussion here is presented in term
of the situation in the geonagnetic field, in relation to which the
technique was developed.

Like the basic digital computer iterative penumbral mapping procedure
out of which it has grown (Shea et al., 1965), the parameterization
approach involves the tracing of trajectories in the reverse, "negative
timef", direction, out away frum the point in the magnetic field for Which
the penumbra is to be studied. Similarly, the irpat -param required
for the trajectory traces include those identifying the location and
direction of interest at the site - latitude, longitude, altitude, zenith
and azinuth - and other parameters such as particle rigidity, grazing
altitude (altitude above the Earth's surface at which a trajectory is

deemed to graze the atmosphere), magnetic field parameters, and tinm.
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* s the standard pembral mappin technique involves a systmatic
testiri of uether individual trajectories are allowed or forbidden for

sets of discrete parameter values (typically for varying rigidity), the
"parameterization" approach takes advantage of the fact that trajectories
possess a continuity of form over variation in any parameter in the set to

efficiently trace particular penumbral features, or to elucidate their
charerstics.

Although the trajectory configuration may in some situations alter

eeedingly rapidly with variation of a given parameter, the changes in
form take place in a continuos manner. The trajectory "cardinal points"

are found to change position in a quite systematic manner with danges in

any parameter. Figure 4.5, an enlarged section of or of the trajectory
summary plots of Cooke and Bredesen, 1981, illustrates this clearly.

As recognized by lenaitre and Vallarta (1936a), the generators of

penmbral structures (i.e., the trajectories defining the edge of the

allowed regions, lying at the transition from allowed to forbidden regions)

are allowed trajectories that graze the planet (Earth's atnsphere) at some
point along their length.

Assume that the parameters belonging to a transition trajectory in a

given situation have been established - the trajectory has been traced and
found to graze the planet at a low point associated with one of the loops
along the trajectory. Varying the value of any one parameter over a wall

interval will tend to alter the low point altitude so that the trajectory,

initially grazing, is now clearly allowed or forbidden (depending on

whether the low point rises or falls). Normally it is possible to vary the

value of one of the other parameters in order to again make the same

trajectory low point graze the surface even thcugh, of course, the overall
trajectory form will have changed slightly with the matched change in the

two parameters.

This operation of matching the change in two parameters in order to

maintain trajectory grazing is the key to the parameterization techique.

A family of techniques can be implmnted through the suitable use of this
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FIG'E 4.5

Section of one of the wuamary
SI , I I plots diagramsofCokeand

Bresen (1981), showin the

I position of low points along

10- trajectories as a functin of
rigidity over the range 3.5 to 11.0
GV, for trajectories arriving with

vertical incidence at the site and

under the carUitions for uhich the
plot of figure 4.4 was made. In

this sumary plot each line of
":print shows the positions of low

points along the trajectory

• "pert nz to the rigidity

.: indicated by the vertical scale.
0 :-:The nters represent the height of

z .•each of the low points above the
Earth's surface, in tenths of Earth

radii, for points above the

atmosphere. Lw points calculated
to occur within the a-s ere or

. .* Earth are denoted by a large dot

(the smmary plot tedque
4" . involves c n the
4.." calculations on beyond an Earth or

. . atmosphere ints an). On the
-' " . "' • ,I', ": "

0 s t0 right of the diagram may be seen
DISTANCE ALONG TRAJECTORY

(EARTH RADII) the eivaetTconventonal

representation of the allowed and

forbidden penubral structres that

exist in this situation.
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basic step - mapping, determination of the stability of pendbal

structures, 'migration" of structures over ranges of parameters (in order

to establish, for example, change in a structure along the path of a

satellite in orbit), to name a few of the techniques that have already been

inplemnted in the caputer program developed for use in the study of the

penubra. 1

The parameterization approach depends critically on the ability of the

caputer program to reliably identify particular cardinal points and to

follow these in the presence of continued change in trajectory

configuration, even though the trajectories are generally omplex and

possess a changing number of low points and loops. Mhe key to the

automatic tracking of trajectory cardinal points is the use of position and

"development" parameters. In practice the position of the given cardinal

feature (normally a low point) along a trajectory, as measured from the

trajectory starting point, is monitored, and the cbserved changes in
position are related to the change in the variable iput parameter.

Interpolation or extrapolation is then employed to calculate where the

feature would be expected to lie under the modified set of conditicns. That

a certain feature lies close to the anticipated position is, hwever, not a

sufficient condition for unambiguous identification of the trajectory

features of particular interest. The "development parameter", related to

the degree of develoment of each feature (and in part related to the

trajectory curvature at the point), is caputed for each feature alcn a

trajectory. This parameter, while varying relatively slowly with change in

the input parameter, differs significantly from feature to feature, and so

can be used as an identification label to aid recognition of particular

features. The application and use of both the position and develcpent

parameters has been found sufficient to allow the oamputer program to

"recognize" features, and to monitor their role in contributing to

peunbral structures.

Because the iterative trajectory trace procedure is inherently a

nocntinuous process, and because the traces are carried out for discrete

values of the parameters used to define the situation of interest, it has

been of prime importance to develop high precision interpolation and
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extrapolation techniques to allow the estimation of the required values of

the variables fron the sets of discrete parameter values available. In

addition to the use of such techniques in the prediction of the position

and devel p ent parameter values, as mentioed in the preceding, the

techniques are critically important to the accurate and efficient

determinatin of the location of band edges in any parameter space

(including cutoff values), and in the prooures employed in the automatic

mapping of penumbral structures.

The camputer program can operate in a number of different modes, each

designed to carry out one of the well defined tasks involved in the various

aspects of exmring and mapping the penumbra. Although the selection and

definition of the individual program task modes is under interactive

control, the execution of each task is performed completely automatically

by the compter. The more important of the program modes of operation are

described in the following sections.

4.4.1 MAPPING: The mapping facility traces the edges of the penumbral

bards by means of a continued cycle of operaticns in which two parameters

(zenith and azimuth, or latitude and longitude, for example) are

continuously varied while the matchir condition is continuously applied.

This procedure is essentially a starting point calculation in the two

parameter space, in which the locus is traced of paired values of

parameters for which grazing occurs at the low point of interest.

The dcrain over which the locus (or "sheet", as lmaitre and Vallarta

termed it) contains the allowed-forbidden transition trajectories is

normally limited because of the intruding effects of other trajectory

minima. Generally some low point other than the one initially considered,

will me downward with continued change in the variable parameters, and at

some place on the locus this secord low point will lie at the grazing

height. Beycd this the newly significant low point will cause the

trajectory to be forbidden so that now the further "virtual" extension of

the locus will no longer define the allowed-forbidden transitior (althouh

it is useful, for some purposes, to map such virtual penumbral band edges).
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Te transition will now, for soce finite danain within the t parameter

space, be defined by a locu associated with grazing by the second loop.

The whole penmbral structure in any situation is constituted of sets of
suc interse x sheets.

A predictor-oorrector system allows the program to "feel" its way

along any given sheet, adjusting the size of its steps and the direction
followed according to its predictive success in the preceding steps. In

the computer program the option may be taken of tracing the system of

sheets, autmatically transferring fro ne sheet to another at the points

of intersection. Alternatively, the entire extent of a sheet, including
its virtual extensions, may be traced.

Figure 4.6 shows a typical example of the kind of mapping that can be

carried cut. This example shows the zenith-azimuth position of the various

major penumbral structures for the specified corditions, for rigidity

values of 7.7, 14.0, 30.0 ard w GV. Many fine bands oo-exist here too,

lying predoinantly close to and parallel to those bands mapped. The

characteristics of the major structures in the diagram are broadly similar

to those found by Lemaitre and Vallarta (for example, see figure 7 of

Lemaitre and Vallarta, 1936b). The characteristic distortion of the

structures in the north-east is produced by "folding" associated with the

loop cone effect of Cooke and Humble (1970). The 7.7 GV figure displays

same very significant features, in particular the isolated forbidden

"island", which form as the penumbral bands associated with the higher

rigidity structures separate from the major underlying penumbral edge with

diminishing rigidity.

Figure 4.7 shows a map of the boundary of the shadow one for 30 GV

particles, as traced by cciupter, using the trajectory parameterization

technique (refer to Chapter 1 for definition of "shadow on"). In brief -
it is the shadow of the planet (in this case the Earth) for particles of

the given rigidity. It is interesting to note that the shape of the shadow

is not a simple circle or oval as might intuitively be expected, it instad

exhibits a cusp at its highest zenith angle excursion. This ocurs because

of the development of an intermediate loop (i.e. between the "horizon" and
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SOUTH

FIG.,R 4.6

Nrudza structure for 50,30,20,14,10 and 7.7 GV at the point in the

go.zagec field with geographic latitude 100 N and laigitud. 2700, and
altitude 400 k. T magntic field mode3 used was IGF updated to 1980.0.
The letters used to identify porticns of the structures for %hich BM
Stability Factors have been calculated (the results are presented in table
4.2). The reference circles lie 300 apart in zenith, and the radial lilj
300 in azjmzth.
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the arrival site) at sc particular azimuth. With further changing
azimiuth this loop develops to the point where it intersects the surface of
the Earth, upon which it then defines part of the original b rhing line.

FIGMM 4.7 Sivple shadow ocrm
calculated for 30 GV charged comic ray

particles aproaching a site with

E geographic coordinates: Latitde 100,
longitude 2700 (other calculation

6' io parameters are the same as used for the

plots in figure 4.6).

4.4.2 MIGRATIN: The operation of migrating a penumbral structure is
essentially similar to vaping. In this case the objective is to track the
position of a given penumbral band edge as it roves in response to change
in any of the inpit parameters, rather than to oculetely ascertain the
form of the penumbral structure in the dcmain of interest. COnres in band
edge position occurring in response to changes in a number of parameters
can be established by migrating the band edge either one parameter at a
time or alternatively by simultaneous stepped proportional dchne in all

paameters.

Table 4.1 shows an example of multiple parameter migration. In this
example, the band edge which exists for the ocrditions shown in step 1 is
to be traced, and the longitude at which the band will lie at for the now

situation listed in step 7, determined. During this migration each of the

parameters other than longitude is being changed proportionally. Inngitude
value is, in this case, being allowed to "float" - an aPpropriate value
being determined for each of the step.

In single parameter migration, ore parameter is being changed while
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the other, nominated, parameter is allawed to float. In practice, for the

case of single parameter migration, it has proved coimenient to use zenith

angle as the dependent (or floating) parameter, so that the position of the

band edge is followed in zenith angle as each parameter is varied.

TBE 4.1

Eample of =1ltiple parameter "migration". 7he penumbral band edge
which lies at the location given in step 1 is traced to find at what

longitide it would lie for the parameter values listed in step 7 (rote that

the longitude value, initially defined, is allowed to "float", in order to

find what new value of longitude would place the same band edge in the new
location and direction. Angles are expressed in degrees.

STEP 1AXTI=IU WNGIIVE ZDN AZIKYJH RIGIDITY ALXTlV=

1 7.5 270.0 0.0 0.0 10.0 400.0

2 7.7 (268.5) 0.4 24.1 10.1 395.6

3 8.8 (266.1) 1.4 76.3 10.3 386.1

4 8.7 (262.4) 2.4 131.3 10.5 376.1

5 9.2 (255.8) 3.4 186.3 10.7 366.1
6 9.7 (247.3) 4.4 241.3 10.9 356.1

7 10.0 (243.1) 5.0 275.0 21.0 350.0

4.4.3 PHAL AD STABILTY: The stability of any given portion of a

penumbral band edge can very sinply be expressed in term of the "Band

Shift Factorl, SF - 6S/6P, and determined by omp uter as BSF - (69/6Pi)

6pi 0 where SR is the change in rigidity R required to maintain grazing in
the low point responible for the penumbral feature, for a change SPi in

tr ith p ot Pi. The BSF, being the measure of the rate at which the

band edg shifts with variation in the indepenlent parametar, is

essentially a factor descibing the stability of the structure. Me
independent parameters used to establish the BSFs could be exteded to

include quantitative measures of individual internal or external field
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sources, internal calculation parameters, or any other "real" or artificial

parameter involved in the calculatios. The cupiter program has bin et

up to produce, an derxd, a full set of BFs pertainlng to a nminated band

edge, for the basic set of input parameters.

TRE 4.2

Values of Band Shift Factor, a measure of penrybral band edge stability,

for the structures indicated alptabetically in figure 4.6.

1 - -- I1
ijDand shift factor value for different structures at identified locatlonsl
I

I Absolute I
Independent I Value of I A B C 0 E F G H Unit I

Parameter Parameterl

I Latitude 1 100 I 2.6772 0.3131 0.0010 0.0319 0.0107 0.0044 0.4668 -0.0079 GV/ I
I I I

Longitude 1 2700 1-0.1510 0.1993 -0.001I -0.0608 -0.0518 -0.0529 -0.0587 -0.0002 GV/ I

Geocentric alt. 1 400 km 1-0.0395 -0.0096 -0.0033 -0.000q -0.0029 -0.0031 O.OOq5 -0.0523 GY/km I

Grazing height 1 30 km I 0.0247 0.0069 0.0004 0.0033 -0.0001 0.0001 -0.0542 -0.0001 GV/km I

Zenith angle I various* 1-0.4212 -0.3299 -0.2235 -0.2827 -0.2119 -0.2290 0.0038 -0.0814 GV/ I

Azimuth angle I various* 1-0.2932 -0.0006 -0.0663 -0.1231 -0.0837 -0.0816 -0.0128 -0.0263 GV/ I
I*see fig.11 I

The depezx~eim of the change in penrubral bard edge position in any

paraneter P1 for chwxp in any other par eter P can be obtairad by

suitable cm-Lbination of the BSF's, viz.

p1 . aR x _PI

aP2  aP2 aR

Similarly, the stability of the entire penumbral bard can be expressed

by suitable combination of BSFs to form the Band Growth Factor (BGF):
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BOF - (aRV/?P - BRL/aP)
RU - RL

per mit change in the irxyp W-:Im - paramter P, utere RU and RL ar h
rigidities defining the upper and lower edges of the pmn1mra1 band. 7he

BF is a measure of the percentage rate of change in width of a penubral
band with change in any given parameter for a given set of oarditicru.

Table 4.2 presents calculated values of the Band Shift Factors
pertaining to eight points n the perubral strunictres presented in figure

4.6, where the points are labeled al tbetically. Note the tedency for
the stability to be greater for larger scale, short range, strucures, and

for higher rigidities (a high BSF inplies high stability).

4.5 CCUCISIS

The trajectory parameterization technique offers a very powerful mans
of determining the characteristics of the penumbra in any particular

situation. Use of the technique has reealed ame very interesting, and
same unexpected, infonmaticn about the penumbra. Ftr exo ple, the
;erural "islards" displayed in figure 4.6 were not known to exst
previously. Use of the migration and stability techiques show thes
islands to have interesting properties, in partiolar, a great sitivity
to rigidity and field model (for example, the 7.7 GV peubral Ilad,
centered at 760 zenith angle and 2790 azimuth in figure 4.6, disapears
when the rigidity is rwucmd by 0.085 GV, and does not exist at 7.7 GV ift=
the mapping is carried out using the IGR 1975sauagetc field).

In the following chapters the parameterization teni is umed to
investigate other aspects of the penumbra within the gemgnetc field.
Thestechniques would apply equally wel to the magnetic field of Jupiter,
for example, but to date have not yet been applied to fields other than
that of the Earth.
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OHP1R 5: ME IWO MTM ANGLE LIMITS OF COMSMC RAY ACCESS M AN EAIM

SATELITE

5. 1 wXXrON

A knowledge is often required of the highest zenith angle for which a

charged particle of given rigidity has access to an earth satellite lying

in a particular orbital oafiguration.

Because of the complexities of the trajectories by which below-lins-of

sight access to a satellite occrs it has proven difficult to determine
systematically whether absolute limits exist beyond which access is

forbidden. The general approach to this problem has been to directly test

for access by carrying out a large volume of trajectory traces. This

method, however, is not completely satisfactory because the absence of
detected access beyrnd a given angle does not constitute a satisfactory

proof that access could not oolr (either via urdetected allowed

trajectories that exist under the gem-agnetic field corditions sinilated,
or under even slight perturbations away frcn these cnditions).

A technique has been developed, based on the trajectory
parameterization technique, which allows a very much more definitive

insight into the problem of establishir the high zenith angle limits.

5.2 DIS(USSICK

The new method involves the examination of the form of trajectories
along which particles approach a satellite, and consideration of whether

these orbits can or cannot provide access for charged particles entering

from outside the gecoagnetic field. (In line with ordinary trajectory

tracing practice the traces are carried out in the reverse, negati,-tim,

direction - out away from the satellite.)

Before discussing the technique further it is appropriate to briefly

review the question of accss to a point in an axially symmetric
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representaticn of the geonagnetic field (more fully discussed in Chapter
1). In a simple, axially symmtric field, three types of solid angle
region may be distinguished relative to any point in the field - the "main
allced" cone, the "Stormer" cone, and the penmnbra.

For the purpose of the work reported here it has proven practical and
useful to distinguish four different kinds of solid angle regicms relative
to a given point in the "real" field. These are the regions within % hich:

1) access is forbidden because of short range intersection with the
Earth (as detected in the outward trajectory trace). These trajectories
correspord to the short range "shada' orbits of Lemaitre and Vallarta.

2) access fron outside the gecragnetic field either does, or
possibly could, occur along aperiodic or unstable quasi-periodic orbits.

3) entry would only be by aperiodic of quasi-periodic orbits that
intersect the surface of the earth.

4) approach could occr via quasi-periodic orbits that have no
detected intersection with the atmspere. Such trajectories can extend
for very large distances in the field without any detected field escape or
earth intersection. It is impractical (or even stm.trs iMpossible) to
trace these to some definite end, so the traces are terminated at a
nominated path length. hus the matter of access via such trajectories
remains unresolved (the question of the precision of very 1mr trajectory
traces necessarily enters here, but will not be discussed).

Figures 5.1 thr4xa 5.4 illustrate trajectories associated with the
four kinds of region. In the trajectory parameterization technique used in
this study it is important to continue the trajectory traces on beyx1 the
first intersection with the surface of the Earth. 'his is an artifact
necessary to the operation of the technique (and in the identification of
trajectory form), and is not held to represent any kind of reality. Thu,

in figures 5.1 and 5.3, the trajectories are seen to pass thrnugh the
surface of the solid Earth (shown by a dashed line).
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Trajectoy (type (1)) displaying short: raxqe "shadaiw" itret
with the atmser. The trajectory, hich was cntdined cn past the
itersecticn, irmicated that escape fran the field (or entry fran outside
the field) wmld otherwise have been possible.
(Trajectory arrival point parameters: latitude. - 17.50 K, 1oqit~.de - 2600
E, zenith - 1450, azinath - 2700, rigidity - 7.5 GV, Altitwie - 400 3cM,
grazing height; m 30 kmn; gecuagrotic field IGS 0).
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FIGUE 5.2

Trajectory of type (2) - alonq '.ich the point in the field is

accessible via aperiodic orbit.

[Trajctoy parmtom: latitude - 100, loribe - 270 O~, zenith - 144.50,

aziuth - 2780, rigidity - 7.7, altitude - 400 )M, grazing height - 30 km;

gemagnetic field I FS0].
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Preliminary investigations have been carried out to elucidate the form

and properties of the regions containir the trajectories of the four
kirds. As a first step in this study, the regions cuitaird trajectories
of type (4) are mapped, either in zenith-azinmth, or in latitude-longitude,
space. An example of zenith-azimuth mapping, as given by Cooke, 1982, is

reproduced in part as figure 5.5. 7he high zenith angle limits are set by
the structure visible in the west at "145o zenith angle. 7his boundazy is

formed by short range shadow orbits.

Men mapped in latitude and lonitude the regions typically have the
form shown in figure 5.6. At the given zenith and azinuth (1500 and 2700

respectively) access by positively charged 7 GeV particles to a satellite

in a 400 km geocentric orbit is explicitly forbidden at all points on the
Earth's surface shown by the hatdhin. The boundary of the central region

(within which access is not explicitly forbidden as a result of Ist and 2rd

loop Earth intersections) is in part formed by the edge of the region

associated with 1st loop intersections, and in part by the edge of the
region associated with the 2rd loop intersections. As rigidity varies the

region defined by the first order shadow orbits changes shape as shown in

figure 5.7. The 2rd order shadow limits are mre stable, and change very

little over this rigidity range. A change in zenith typically produces the
shift shown in Figure 5.8, and chaMe in azimuth the shift to the positions

shown in figure 5.9 and 5.10.

The Band Shift Factor (see Chapter 4) can be used to quantitatively

express the stability of these structures (see Table 5.1). It is

interesting to note the relatively great stability of the central seonrd

order structure, which lies along the geomagnetic equator.

By examination of the form and position of the shadow orbit defined
regions it is possible to discount the possibility of high zenith angle
entry at aziniths well away fran the west, and to rigidities less than a
given value (which value depends on the zenith angle cosidered, e.g. entry

is forbidden for rigidity > 9 GV at zenith angle of 1500).
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FIGJE 5.5

Position of allowed and forbidden structures mapped in zenith and

azimith space for the indicated rigidity values, at the point 10- N

latitude, 270 E longitude (IGF80 field). 7he shadow structure limiting

the high zenith angle entry in the west, for the 7.7 GV rigidity value, is

indicated by an asterisk.
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Latitude vs Longitude

Zen'th - 150.000 AzinuLb - 27D000 R Aidity 7.000
Altitude = 400,000 Reentry = 30.000 Year = 1980.000

1st LOOP-FORBIODOEN 2nd LOOP-FORBIDDEN

4 X

u.

-4

LONGITUDE

FIGURE 5.6

atitude-lcngitude map showing zones of access under the indicated

cndIitions. The Band Shift Factors have been calculated for points A, B,

and C, and are presented in Table 5.1. The shaded region is inacoesible

due to intersection of 1st -4/or 2rid locps with the atmoshere.
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Latitude vs Longitude

Zenith 150.000 Azimuth - 270.000
Aitude 400.000 Reentry 30.000 Year 1980.000
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Latitude v3 Longitude

Zenith 14Z-.000 Azimnuth - 270.000 Rigidity 7.50O
Altitude 400.000 Reentry 30S.000 Year = 1980.000

// 1t LOOP-FORSIDOOEN 2nd LOOP-FORBIDDEN

4K

LONGITUDE

LAtibxl-langitude rap for thle conditions note, shadirs categorized
zms of acoess (this figure correspords to the mawset of ocnditicra
under whichi figure 5.6 was produced, except. that li pertains to 1450 zenth
rather than the 1500 zenith of Figure 5.6).
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Latitude vs Longitudie

Zenith = 150.000 Azimuth - 315.000 Rigidity = 7.000
Altitude = 400.000 Reentry = 30.000 lear = 1980.000

lst LOOP-FORBIDDDEN 2nd LOOP-FORBIDDEN

I--
I-

LONGITUDE

FIJE 5.9

LAtitude-longitude map drawn for same crxditions as for Figure 6,

except that the azinith is now 2250, rather than 2700 east of nrrth.
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Latitude vs Lon~itude
Zenith 150.000 Au~nuLh an 225.0001 Riqidity ' 7.000
Altitude =400.000 Rceitry =30.000 Nrear ~- 1jf80.O0

/ Is? LOOP-FORBIDDDEN 2nd LOOP-FORBIDDEN

4

ICI-

LONGITUDE

F 5.10

Latiue-lcnitade map drawn for the sam oonditiois as for figure
5.6, except. that the azimuth is now 3150, rather than 2700 east of ricrth.
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TABLE 5.1

Band Stability Factor 6P/6P, where R is rigidity, and P is the

parameter in question, for the points A, B, and C in Figure 5.6. Large BF

values are associated with relatively stable structures.

PonLAT C ZE AZ ALT GaZ

A -0.595 -0.043 -0.174 -0.054 0.015 -0.018

B -0.750 -0.030 0.236 -0.247 -0.014 0.013

C 0.109 -0.004 -0.245 0.032 0.019 -0.023

Within the central region exist fine allowed-forbidden structures

associated with 3rd, 4th, and so on, loop intersections. The mapping of

these structures has been found izpractical because of the large amount of

comter time required. In any case the detailed form of the structures

depend significantly on the choice of gecmagnetic field model used in the

calculations (whereas the structures associated with 1st and 2nd loop

intersections are relatively stable). It is therefore necessary to use

some other means of determining what access is possible into this region.

Examination of the form of the trajectories associated with approach

to points within the central region allows the question of access from

points outside the geonagnetic field to be pursued, and permits general

conclusions to be drawn about whether access is possible or impossible in

given situations. This examination has been done by means of sets of

trajectory traces applying to directions spaced in latitude and longitude

(typically at 50 intervals in latitude, and 300 in longitude). 2he

trajectories are displayed on a video terminal and visually categorized

into types 2,3, or 4. Generally type 3 and 4 orbits are readily

distinguished, although there is a less distinct difference between type 3

and type 2 orbits. The question arises of when short range quasi-

periodicity turns into a regular periodicity. Not withstanding this point,

meaningful boundaries can be established. Figure 5.8 shows the location of

the boundaries for this set of conditicns.
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In general it is found that trajectories originating close to the
geaDagretic equator show the most simple and regular periodicity (see
figures 5.3 and 5.4). Further away to either side the trajectories beocm
more ocaplex in their periodic form, and further away again degenerate into
unstable quasi-periodic or aperiodic forms (see figure 5.2), along which
access may occur from outside the field (the short range shadow structures
tend to be responsible for preventing access along what otherwise may be
allowed trajectories). It is possible to anticipate whether trajectories
of type 2 occur before the shadow edges close off access, and it is
therefore found unnecessary to actually locate an allowed trajectory in
order to anticipate possible access via trajectories of this type.

The offset of the earth's dipole gives rise to a strong longitudinal
asyrmetry in the form of the regions (see figure 5.7, for example). There
is a strong tendency for type 4 trajectories to be normally associated with
access to points at longitudes close to 3000, whereas type 3 predominate

over the rest of the longitude range. Because the lst order shadow
patterns are mainly (for the ounditions of interest) oentered within the
range 90-1800 longitude, these regions can be regarded as being populated
largely by type 3 trajectories, with type 2 orbits (if they occur at all in
a given situation) lying at points removed from the geomagnetic equator.

In general, as rigidity decreases, the size of the mapped regions
irvase. At the same time, however, the trajectory ccnfigurations evolve
into a mich more tightly bound periodic form, of types 3 and 4. Particles
could conceivably populate such trajectories - possibly primary oomic rays
under time varying oonditions, or splash albedo particles, for example.

5.3 OcOCLUIOC

In extending this preliminary investigation it will be nessary to
make an examination of the zenith, azimuth, rigidity, and altitude
dependenoe of the mapped regions. In this way a more oamplete picture
could be drawn up of the zenith angle limLits of access - limits to the
regions containing trajectories associated with aooess of the kinds

possible and impossible, probable and inprable.

86



CHAPIER 6: THE MAN C0INE IN TE REAL MAG&EC FIELD

6. 1 INMD=CIN

The "main cane" is the bourdary of the fully uncmnditionally allowed

cane within which cosmic rays of a given rigidity approach a point within a

planetary magnetic field. It is constituted in part by trajectories which

are asymptotic to the simplest bound periodic orbits, and in part by

trajectories which graze the surface of the planet. In this chapter the

phenmenology of the former of these two types of trajectories is

discussed, and a technique is described by which rain oone cutoffs may be

calculated by computer to very high precisicn.

Leraitre and Vallarta investigated the properties of the main cone as

it applies to a simple dipole representation of the Earth's magnetic field.

The currently reported research has shown that a corresponding true main

cone also exists at locations in the real geomagnetic field. The form of

the main oone in the real field is very similar to that found by Lemaitre

and Vallarta to ocur in the simple dipole field representation.

The facility of determining the main cone structure in the real field

is valuable, because often a knowledge is required of the rigidity limit

above which unconditional cosmic ray entry could be expected to exist in

specific situations under real field conditions. The normal unmodified

iterative trajectory trace method of penumbral mapping, relying as it does

on the detection of forbidden trajectories, cannot yield a reliable

estimate of this upper rigidity limit.

6.2 DISCSSICN

Figure 6.1 shows a typical main cane trajectory, which displays

characteristic regular equator crossings. Note that the trajectory, like

others of its kind, lies essentially within a constant altitude shell,

disposed at an essentially constant distance from the Earth's equivalent

dipole. The dependence of the position of the shell, as determined fram
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7wical "real" field asymptotic quasi-bcurd periodic orbit, wich lies
very close to the main oce edge (trajectory startirg point parantexar:
geographic latibts 100 N, longitie 2700 E, zenith arle 7.93680, azimuth

2700, rigidity 10 GV, 400 km geocentric altitbxe; IQ;F80 field
representation). 7he position of the trajectory is plotted as a turatien
of geographic latitude and longitude, and geocentric altitude.

88



trajectories calculated to exist -n 5 iai field rE -es ntatin, an

rigidity corresponds closely to the Stormer radius for the given rigidity
(the radius at which a charges pax*rtile traces a cirru.lar orbit about the
Earth's equivalent dipole). F g 2 sc .2 AC- thc depedene of the

position of the shell as a function of rigjidity, both as found to exist in
a real field representation, arcl as pre dcted by the Stormer relation

radius - J(59.6/rigldity) for the Earth's field

It is useful to appreciate that njw cone o It-ff vzlus cf more than about
60 GV cannot exist in the real field b-3.se the shc,.l contairirq the bound
periodic orbit would have to lie w.Jthi th'n oolid Earth. Neither could
main cone cutoff values belc about 0. GV ho fc .cno in the real field
because, in this case, the Ehell contaixrdfr l,,? blnu.-A periodic orbit would

have to lie at a radius of more than 10 Earth -a(iii frcm the Earth's

equivalent dipole - whicl wcmIld place 0e shes.1 outside the magnetospheric
boundary on the upwirnd" (i.e. solar wind) e of the field.

Trajectories, for specific rigid-ity values, tr,.ced in the "negative
time" direction, from the point of interest in the field outward thrcug

the magnetosphere, cut through the she!ls correstrnig to lowaer rigidity
values with a positive slope. In particular, ac. the point along the

trajectory where the magnetic equator i-t v.c~ d, the slope of the

trajectory at those points is positive. W the other hand, it is found

that the slopes at the correspording oqw.tor crossings associated with
rigidity values lower than the main cone c.itotff are mno lly regative.

The present method of determingM precise main cone cutoff values
utilizes this fact, and the camputer program which evaluates the cutoffs

locates the equator crossings and dete-rn-ines their slopes. Because,
however, trajectories pertaining to rigidities well removed (mainly higher)
from the main cone cutoff may have few of no equator crossings, it is

necessary first to derive an initial estimate of the main cone cutoff

before refining it by use of the equator crossing slopes.

To this end the Storer equatir. is invoked. The remslting rigidity

.... . .-. mm mm •--. .,.. mmm m mm
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Altitude of shell which contains real field bound periodic orbit as a

function of rigidity (dashed line). The altitude predicted from the

Stormer relation is also plotted, as a solid line.
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trajectories calculated to exist in a real field representation, on
rigidity corresponds closely to the Stormer radius for the given rigidity

(the radius at which a charges particle traces a circular orbit about the

Earth's equivalent dipole). Figure 6.2 shows the dependence of the

position of the shell as a function of rigidity, both as found to exist in

a real field representation, and as predicted by the Stormer relation

radius = (59.6/rigidity) for the Earth's field

It is useful to appreciate that main cone cutoff values of more than about
60 GV cannot exist in the real field because the shell containing the bound
periodic orbit would have to lie within the solid Earth. Neither could
main cone cutoff values below about 0.5 GV be found in the real field

because, in this case, the shell containing the bound periodic orbit would
have to lie at a radius of more than 10 Earth radii from the Earth's
equivalent dipole - which would place the shell outside the magnetospheric
boundary on the "upwind" (i.e. solar wind) side of the field.

Trajectories, for specific rigidity values, traced in the "negative
time" direction, fran the point of interest in the field outward through
the magnetosphere, cut through the shells corresponding to lower rigidity
values with a positive slope. In particular, at the point along the

trajectory where the magnetic equator is crossed, the slope of the
trajectory at those points is positive. On the other hand, it is found
that the slopes at the corresponding equator crossings associated with

rigidity values lower than the main cone cutoff are normally negative.

The present method of determining precise main cone cutoff values
utilizes this fact, and the ccmpter program which evaluates the cutoffs

locates the equator crossings and determines their slopes. Because,
however, trajectories pertaining to rigidities well removed (mainly higher)
fram the main cone cutoff may have few of no equator crossings, it is
necessary first to derive an initial estimate of the main cone cutoff

before refining it by use of the equator crossing slopes.

To this end the Stormer equation is invoked. The resulting rigidity
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value is a very rough estimate - to within only about 40%. This estimate

is still not good enough to start the cutoff refining procedures, so in
order to improve the estimate, two trajectories are traced which, although
only a small incremental rigidity value apart, are clearly above the actual

main cone cutoff value (the chosen rigidity values are, in fact, related to
the Stormer estimate multiplied by 1.5). The values of the slope of these
trajectories as they pass through the shell altitude at which a bound
periodic orbit could exist at their particular rigidity values are then

used to produce a more precise estimate of the main cone cutoff value.
These estimates are accurate to within about 5% - quite accurate enough to

start the cutoff value refining process.

A pair of trajectories are traced for this rigidity value plus and
minus a small rigidity increment. This pair of trajectories are found
generally to contain three or more equator crossings. The values of the
slopes of the third equator crossings are noted, and the dependence of the

slope on rigidity is deduced. The v-clue of the rigidity for which the
slope would be zero is then cxmpited.

A new incremental pair of trajectories are traced for this new
rigidity value (the increment is decreased by approximately an order of

magnitude each tire a new incremental pair of trajectories is used) and the
slope at the fourth equator crossing used to produce a new, refined,
estimate of the main cone cutoff. Successive incremental pairs of
trajectories are traced and the position of successive equator crossings
used to progressively adjust the rigidity value.

This series of rigidity estimates asymptotically approaches the "true"
main cone value. It is possible, in most situations, to trace main cone

edge trajectories for many equator crossings after the refining process has

operated for a few cycles of operation - ten crossings is generally
possible. The precision achieved in the ain cone cutoff estimate is

correspondingly great, if in the limit, unreal, due to limitations on the
precision of modeling the geomagnetic field. For most purposes it has been

found sufficient to aim for a precision of 0.001 CV, which involves tracing
between ten and twenty trajectories for between 5 and 7 equator crossings
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case in penumbral trajectories, but only to the particular equator crossing
targeted at the given stage in the azpitatio procedure.

Table 6.1 presents a list of rigidity values which were produced in an

actual main cutoff determination, which shows how the values very quickly

asypote to the final high precision value.

7N= 6.1

A typical list of rigidity values associated with a main ca cutoff

t dnatin, shwing the progressive refinement of the estimates, as

successive equator crossings are examined. In this case the precision

required of the final cutoff value was 0.001 GV.

EQ C CROSSING RIGIDIY

- 14.527 (initial Stormar-based estimate)
- 10.424 (refined 1st estimate)

2 9.924243

3 9.931371
4 9.927419

5 9.927419

6 9.925816

7 9.925418

9.925425 (final main cutoff value)

It should be noted that the procedure is unaffected by the form of the

trajectory in the area of the starting point. loops in the magnetic field

line bundle in this regicnr, via which entry into the asyzt c trajectory

must be made, are responsible, as discussed by Cooke and HuMble (1970), for

the detailed "folded" structure in the form of the main o"r.

Neverthele, the main con edge may be located regardless of the

cemplexity of this part of the orbit and for any arrival drection at the

site of interest.
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7he trajectory parameterization method of deriving the main
cutoff values is ompletely automatic, regufring only initial insertion of
paramters specifying the location and direction of interest in the
magnetic field. Examples of the results obtainable by the method are given
in figures 6.4 and 6.5.

The results of this method agree with the main cutoffs derived by Shea
and Smart using a procedure that enables them to detect the main outoff

,hile the standard iterative penumbral mapping is proceeding. Their method
essentially relies on the same phenrmnology as the paramterization
method.
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CHAPM 7: COCLUSItS

7.1 USE OF UM "RAJECIXW PARAE=ZATIOW' PENUMBRAL MAPPING TECHNIQE

A range of techniques are now available to allow the detailed mapping

of cosmic ray access to locations within planetary magnetoseres.

pater programs embodying these techniques have been developed that trace

the main cutoff value in any direction, trace penumbral band structure over

zenith-azinuth space, or longitude-latitude space, and establish the

stability of these in any direction. The asserbly of these directional

cutoffs into integrated cutoff distributed functions is also no a routine

operation. The development of a further technique was commenced but not

ccmpleted - a system by which very finely detailed penumbral structure in

any direction may be automatically mapped, as a function of rigidity.

This cutoff rigidity mapping technique utilizes the trajectory

parameterization approach to locate regines of rigidity within which

trajectory approach is forbidden due to same particular planet (or

atmosphere) intersection. By examining the details of the trajectory at

the point where it makes the intersection it is possible to efficiently

establish the rigidity width of the resulting penumbral band, whether it be

fine or wide. By autnmating strategies by which this examination is made,

the program very rapidly determines the position and width of the penumbral

bands, obviating the process of tracing trajectories at very fine rigidity

intervals that previously had been necessary to map the penumbra in any

direction. In the new technique, when a wide penumbral band is responsible

for the failure of trajectories, it is necessary only to calculate a few

trajectories, widely spaced in rigidity, in order to determine the band

position and width. On the other hand, narrow bands are reliably detected

and their details established to an equivalent precision.

7.2 POSSIBLE USE OF MAPPED PEDNURAL DETAIL TO EABSH VM7M COSMIC

RAY OBSERVATICKS COULD BE USED TO COECK AND DU HE E CURT

MA0WW TCAL MODLS OF THE GErGNTIC FIELD
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SCIe of the pen.mbral features explored exhibited a very sensitive

dependence on the geoangnetic field model. For example, the penrubral

"islands" discussed in Chapter 4 show such a sensitive dependence. The

possibility of using these structures to experimentally determine the

acprpriateness of any given mathematical model of the Earth's field, for

example, exists. In principal if a detector coild be used to observe

primary cosmic rays arriving at a site in the direction of the axis of

symmetry about which the islands are disposed, the spectral characteristics

of the observed flux Ought to reflect the daracteristics of the islands -

the rigidity at which, for example, the penumbral island finally disappears

with reducing rigidity ought to be visible as a discontinuity in the

spectrum of the cosmic ray flux. Because this rigidity value is very

directly dependent on the field modeling, a ccmparison could be made

between the cosmic ray flux in the actual situation and that predicted.

Figure 7.1 shows how the "islands" and the surrounding major penumbral

structure change form with rigidity. The penumbral transmission in the

axial direction of the islands would have the form, as a function of

rigidity, shown in figure 7.2. Such a spectral signature shculd be

detectable. Another ph enenon which could be observable, too, in

principle, is the gradient associated with the structure in the north-west,

which is a constant position over a range of rigidity.

A major difficulty arises, however, in that it would be necessary to

locate the detector in fixed locations at relatively low satellite

altitudes in order to accumilate the required net detector observations.

The alternative to this impossible requiruevnt would be to carry out a

very long term experiment, and to correlate the events observed at

different locations with the penumbral structure at the site where the

event was registered, and by shifting the relative rigidity scales and

effectively superimposing events, accunulate a sufficiently great

normalized event total to check the form of the calculated spectra, and

thus the field model.

Ground level cservations are unsuitable for two reasons. First, the

flux within the atmosphere would consist of secondary particles, and so the
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rigidity spectrum of the primaries would not be directly observable. In

any case, the penumbral islands lie at high zenith angles, and would be

below the horizon at ground level.

•t
1.o 71 .2. 1 14. 7, f1 i -7. o

FIGUJRE 7.2

Penumbral transmission in the axial direction (280 zenith, 2350

azimuth) of the penumbral islands in figure 7.1, as a function of rigidity

(hatching represents forbidden trajectories).

An alternative is to use an experiment on board a geosyrcronow

satellite to correlate the existing cosmic ray fluxes with those predicted

using particular field models. In order to pursue this possibility

further, the parameterization technique was used to map the penumbral

structure as it would exist at the orbit of a stationary satellite. Figure

7.3 presents the penumbral maps. These, calculated for a range of rigidity

values, show essentially the shadow of the Earth at the given rigidities.

A great degree of sensitivity does exist in some of these structures. In

particular, at the rigidity where the high rigidity, essentially line-of-

sight pattern bifurcates into two forbidden regions (oorrespcxxKng to the

Earth's shadow as seen by particles approaching from both directions along

the local field line bundle) the pattern displays great sensitivity to
dhange in the calculational parameters. An experiment on board a satellite

in a stationary orbit could be used to monitor the cosmic ray fluxes in

this direction, and to correlate the directional intensities with field

model and time (a time dependence due to the mgnetoseric oxpression

wouald be expected).
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