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The purpose of this study is to determine the 

characteristics of the solar cosmic ray flux. This report 

describes the design and construction of a cosmic ray detec-

tor system used in this study and describes the analysis of 

the data obtained from these systems. The cosmic ray detec-

tor systems described here were flown aboard the Pioneers 8 

and 9 spacecrafts which were launched into heliocentric orbit. 

The cosmic ray detector systems were designed to provide de-

tailed measurements of a) the temporal variations of the omni-

directional cosmic ray flux, b) the energy spectrum of the 

cosmic ray particles, and c) the directional properties (i^e., 

anisotropy) of the cosmic ray flux. 

The analysis of the cosmic ray particles indicates that 

during each event there exists three distinct phases 

characteristic of the particle flow. At very early time 

(t < 1 day) the cosmic ray anisotropy is large and aligned 

with the interplanetary magnetic field lines. This indicates 

that the particles are being driven out of the inner solar 

system by a negative density gradient along the field lines. 

During the interval 1 < t < 4 days the anisotropy is observed 

to be directed radially with an amplitude of 5 to 15 %. This 



is interpreted, to be the result of the convective removal of 

particles by the inhomogeneities in the solar wind. At late 

times ( 4 days) the anisotropy is observed to be consist-

ently aligned perpendicular to the nominal Interplanetary 

field lines. The fact that the anisotropy at late times is 

perpendicular to the field lines implies the existence of a 

positive density gradient along the field lines which drives 

a diffusive current back towards the sun. 

The Pioneer spacecrafts have provided the first direct 

measurements of the longitudinal gradients in the cosmic ray 

flux. These measurements indicate the presence of strong 

gradients in heliocentric longitude even at very late times, 

which are essentially invarient with respect to time. The 

presence of these gradients has a major effect on the 

temporal variations of the cosmic ray flux during the decay 

phase of the flare effect. The observation of the cosmic 

ray spectrum indicates that the e-folding angle is smaller 

at low energies so that the influence of the gradient be-

comes more pronounced at low energies and may even exceed 

the convection removal rate. 

Since convection is the dominant process at late and 

very late times in removing the particles from the solar 

system, the decay rate is determined by the effective con-

vective velocity and is, to first order, independent of the 

scattering properties of the interplanetary magnetic field. 



From the observation of the energy spectrum of the 

cosmic ray particles it is shown that the spectral exponent 

is dependent on the location of the observer relative to the 

centroid of the cosmic ray population. It is shown that the 

spectral exponent decreases with increasing distance from the 

population centroid. 

Several individual events are presented which 

demonstrate the effects of the solar and interplanetary 

magnetic fields on the time-intensity profiles of the events. 
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CHAPTER I 

INTRODUCTION 

1.1 General 

This study is intended to provide a better understanding 

of cosmic ray phenomena. It has been recognized for some 

years that cosmic ray particles provide an effective probe 

for studying the conditions which exist in the solar system 

and the galaxy. Traditionally, astrophysical studies have 

relied on the use of electromagnetic radiation as an infor-

mation carrier. Since the parameters which affect the 

production and propagation of the cosmic rays are different 

from those of the photons, they provide an additional source 

of information concerning the astrophysical processes. 

Since cosmic rays are charged particles they are influenced 

by the presence of solar and galactic magnetic fields. The 

bulk of cosmic ray research deals with relating the char-

acter of the cosmic ray events to the conditions in the 

regions in which they are produced and also to the con-

ditions in the regions through which they must propagate. 



Until the launch of the first scientific satellites in 

1958, all of the direct measurements of cosmic rays were 

obtained from terrestrial instruments. These were either 

made by balloon and rocket borne instruments or ground based 

neutron and meson monitors. The common feature of these 

instruments is that they all respond only to particles with 

energies greater than 10®— 10^ eV. At these energies the 

instruments sample predominantly the galactic flux, _i.<5. , 

the flux of particles which reach the Earth from outside the 

solar system. With the advent of in-situ measurements of the 

low energy (1— 10Of MeV) cosmic rny flux, it became immed-

iately apparent that the characters of the radiation in the 

two energy intervals were dramatically different. In gen-

eral the character of the low energy cosmic rays is much 

more complex than that of the higher energy particles, so 

that the interpretation of the low energy observations is 

correspondingly more difficult. 

The early theories of cosmic ray origin and propagation 

were based largely on the measurements of the high energy 

galactic fluxes. These theories were in relatively good 

agreement with the observations. It is not surprising then 

that they were inadequate in describing the observations 

made at the lower energies. 



It would be desirable to study the.production and 

propagation of cosmic rays separately. This is impossible 

since the present measurements are limited to the region 

near one astronomical unit (1 AU) and thus represent a mix-

ture of the two phenomena. To separate the two would require 

an exact knowledge of at least one of them. What must be 

done, of course, is to combine the information on the plasma 

and magnetic fields derived from other sources with the 

cosmic ray data to present a unified picture of the combined 

phenomena. 

At the present M r ? the unified picture is not complete 

for several reasons. Detailed information on the plasma and 

magnetic fields, while increasing rapidly, is still incomplete 

There is also an incomplete theoretical connection between 

the two sets of data. Finally there is at this time no defin-

itive interpretation of many of the cosmic ray observations. 

The understanding of cosmic ray events, as represented by 

the data from cosmic ray detectors, is complicated by the 

nature of the measurements. They are physically limited to 

measurements of the conditions at a limited number of points. 

From these limited samples it is not always easy to infer 

the conditions at other points in space. Also the measure-

ments are passive in the sense that the experimenter has no 



control over the events. The measurements must be made 

during the periods in which the sun chooses to produce par-

ticles and , more important, with the various boundary 

conditions, .i.e.., solar and interplanetary conditions, which 

may exist at these times. Since the boundary conditions vary 

from event to event, it is necessary to obtain information 

on a sufficient number of events to determine how each of 

these boundary conditions influences the character of the 

cosmic ray events. 

1.2 The Photosphere and Corona 

The corona represents an extension of the solar 

photosphere; however, the characteristics of the two regions 

are very different. 

The feature which is most characteristic of the solar 

corona is its chaotic nature. While the photosphere and 

chromosphere are in general quite stable, the corona is ob-

served to have a quite complicated structure which sometimes 

undergoes sudden and dramatic changes. The portion of the 

solar atmosphere above 1.03 solar radius is usually con-

sidered the corona. The corona is an ionized plasma with a 

composition comparable to the bulk of the sun, JL._e. , mostly 

hydrogen, with 10 to 20 percent being helium , and a 



stna.ll fraction of heavier elements. The corona can be 

observed by a number of methods. The most direct method is 

by photographs taken during solar eclipses. The corona is 

visible largely because of the scattering of sunlight. More 

quantitative measurements of the densities and temperatures 

in the plasma have been made by the study of emission lines 

of the plasma and by radio observations. These observations 

indicate a temperature throughout the corona of about one 

million degrees Kelvin. This temperature is much higher 

than the temperature of the photosphere (6000°K). Apparently 

the corona is continually heated by hydromagnetic waves 

which are generated in the interior of the sun. The electron 

density at the base of the corona is about 10^ electrons/cc 

and is observed to follow a generalized isothermal barametric 

law Ne = const X exp ( const/rT ) where Ng = electron density, 

r = heliocentric radius and T = plasma temperature. 

Much of the material structure of the corona is 

associated with sunspot regions in the photosphere. These 

regions, which may be as large as .10̂  km in diameter, are 

cooler by 1000° K to 1500° K than the surrounding photosphere. 

These spots usually form in broad active regions which often 

maintain their identity for several solar rotations ( 27 days 

per rotation ). In many cases the sunspots are interconnected 
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by complex magnetic field structures. Magnetograms show 

that the magnetic field strength in the sunspots may reach 

as high as 3000 gauss. Figure 1 shows an example of the 

structure within the corona. 

The structure of the magnetic fields within the corona 

has been recently mapped by Newkirk and Altschuler*-. An 

example of their results is shown in Figure 2. Newkirk and 

Altschuler classify four different field patterns: 

1. Divergent fields — These fields spread in all direc-

tions from a central region and usually remain close to the 

solar surface. 

2. Magnetic rays -- These field lines extend far out 

from the solar surface with undetermined reconnection points 

3. Low magnetic arcades — These form a series of low 

magnetic loops. These loops appear to have no preferred 

orientation. 

4. High magnetic arcades — These are similar to the low 

magnetic arcades except the tops of the loops occur above 

1 — 1 . 5 solar radius. These loops are sufficiently in-

fluenced by the poloidal magnetic fields to show a decided 

preference of east-west orientation. 

The solar flare is probably the most important aspect 

of visible solar activity as far as interplanetary and 



Fig. 1--Shewing the solar corona, of March 12, 1966. The 
orientation o? <-iv> "•<" <•+><» n*r>r> #g that shorai in Fig. 2. 
( from Nev7kirk and Altschuler1 ) 
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corona of March 12, 1966. (from Newkirk and Altschuler^*) 
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terrestrial effects are concerned. A solar flare is a short-

lived burst of light which usually occurs in the vicinity of 

sunspots and particulary sunspot groups. Associated with 

the visible burst of light from the flare are also the 

emission of radio waves, ultraviolet radiation, x rays, and 

cosmic rays. The solar flares range in size and brightness 

from the barely visible class 1- flare which may appear every 

30 minutes, to the giant class 3+ flare which may be brighter 

than the surrounding photosphere and cover an area with 

dimensions of 10^ km. The large 3+ flares may occur only a 

fe~ trims3 rar y e a r . The. totzl energy expanded by a solar 

flare during its 1 to 2 hour lifetime may range from 103® to 

1033 ergs. Much of this energy goes into the heating and 

expulsion of photosphere gases and into the generation of 

electromagnetic radiation, with only a small fraction going 

into the acceleration of high energy particles. 

At the present time there is no generally accepted model 

for the production of cosmic ray particles in the solar 

flares. In fact there is not yet general agreement on the 

phenomenology of solar cosmic ray production. Most consid-

erations of flare effects have been based on the assumption 

of a single, impulsive injection of cosmic ray particles at 

the flare location, however there is evidence for continuous 



2 
production of energetic particles and for production at 

3 

several points on the sun. Wild et al. have reported radio 

evidence of particle acceleration at points far removed from 

the flare location. This particle production is evidently 

triggered by high velocity (1000 km/sec ) shock waves gener-

ated by the parent flare. A comprehensive study of the 

acceleration can be found in the IAU-IQSY 'Proton Flare Pro-

ject, 1966'^. 

1.3 The Interplanetary Field 

The coronal atmosphere is now known to extend out 

beyond the orbit of the ilarth and it plays a central role in 

determining the propagation of solar cosmic rays. The exis-

tence of a continuous interplanetary plasma was first 

5 

suggested by Biermann to explain the acceleration of Type 1 

comet tails. One can distinguish knots in the tails of 

comets and their motion can be followed. This motion, partic-

ularly the accelerations, can be interpreted in terras of a 

continual flow of material from the sun, i.e.., a "solar cor-

puscular radiation" or "solar wind". In a series of papers 

beginning in 1957, Parker** developed a model of the expansion 

of the corona into interplanetary space. Utilizing the 

available data on coronal temperatures and density, Parker 
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showed that the plasma should be hydrodynamic in character 

and have a supersonic velocity. The theory predicted that 

velocities of 400 — 1000 km/sec would be observed at the 

orbit of the Earth. Subsequent studies of the interplanetary 

medium by artificial satellites and deep space probes have 

confirmed Parker's solar wind model'', with density of 2 — 1 0 

particles/cm^ and mean velocity of ~500 km/sec being typical. 

Parker also predicted the existence of a spiral interplanetary 

magnetic field structure imbeded in the solar wind. Due to 

the high conductivity of the plasma, any magnetic fields which 

are present in tb«. nlpstn? *nf»ar the sun'-tre effectively "fro-

zen" in and carried outward by the solar wind. If the 

kinetic energy of the plasma exceeds the energy density of 

the imbeded fields, then the fields are controlled by the 

plasma. Near the surface of the sun, the energy density of 

the magnetic field is usually much greater than the plasma 

kinetic energy, so that the plasma in the inner corona coro-

tates with the sun. Further out the plasma is dominant and 

moves radially. At the present time the radial distance to 

which the plasma corotates has not been accurately determined. 

To establish the magnetic field configuration it is nec-

essary only to determine the locus.of a stream of plasma 

continuously emitted from a single region on the Sun's 
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surface. Since the sun is rotating, the plasma will trace, 

out an Archimedean spiral in space as it moves radially out-

ward. The magnetic field will be carried with the plasma and 

in the Earth's frame of reference, will appear to corotate 

with the sun. If X is the angle between the tangent to the 

field line and the radial direction, then, tanX = O s r/vp 

where Q g is the 3un's angular velocity (2.9xl0"^sec~^), r 

is the radial distance and Vp is the plasma velocity. For a 

plasma velocity of 400 km/sec the field line at 1 AU lies 

along a direction^45° west of the observer's radial. The 

spiral nature of the interplanetary field was first demon-

strated by McCracken^ using observations of the arrival 

directions of high energy cosmic rays from the Sun. Direct 

verification of the spiral nature of the interplanetary 

field has been made by earth satellite and space probe mea-

surements. These studi.es also revealed that the interplan-

etary field is highly variable both in magnitude and 

direction, with only the large-scale mean field following 

the theoretical spiral. 

The radial distance to which the solar wind continues 

its supersonic flow is unknown. Parker^® and Axford-^ have 

predicted the solar wind to terminate in a quasi-stationary 

shock wave at the point where the ram pressure of the wind 
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is equaled by the inward pressure exerted by the interstellar 

medium. This distance has been reckoned to be ~100 AU. Other 

observations have placed this boundary nearer the sun, with 

the data from the study of comet tails suggesting it may be 

as close as 2 AU. 

1.4 Characteristics of Solar Cosmic Ray Events 

The dominant feature of solar cosmic ray events is the 

large variations in the particle fluxes. These particles 

appear shortly after a large solar flare and may reach flux 

values of as many as 6 orders of magnitude above quiet time 

levels. The particles are primarily protons, although in some 

cases the electron flux may be comparable to the proton flux. 

w O 

The alpha particle to proton ratio is of the order of 10 — 

10" ^ with the ratio decreasing with energy . In general 

the events are characterized by the following features : 

1. Particles are normally observed after flare activity 

in a solar active region with the large events usually accom-

panied, or preceeded, by a Type IV solar microwave burst and 

the production of several kilovolt x rays. In some cases 

the flare may not be visible from the Earth if it occurs on 

the invisible solar hemisphere. 
2. The energy spectrum can be usually fitted over much 
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of the energy range by a power law of the form 

•a = E "
r 

dE 

with the exponent y having values of 2 to 6. 

3. There is usually a rapid increase in the count rate 

until a maximum is reached some hours after the flare. If 

the rise time is very short, the particles show a dispersion 

in arrival time due to difference in the velocity of parti-

cles of different energies. In many cases the rise time is 

dependent on the heliographical location of the flare, with 

the slower rise times being associated with flares on the 

eastern portion of the solar disk. However there are some-

times complex variations which may last for several days. In 

some events, the low energy particles show no increase until 

the arrival of disturbances in the solar wind generated by 

the flare. 

4. Following the peak, the flux decreases to the quiet 

time level exponentially, with the time required to decay by 

a factor of e (jL.e., e-folding time) being between 12 and 60 

hours. 

5. During the early phase of most flare events the parti-

cles are strongly columniated along the magnetic field lines. 

The large initial anisotropy decays to an "equilibrium" 

anisotropy of magnitude 5 - 1 0 percent, which is directed 
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• J A - f * 

along the observer's radial (HcCracken et al.", Rao et al. ). 

This behavior can be understood as follows. At early times 

the net flow of particles at the spacecraft is a result of 

particles moving outward from the concentration near the sun. 

Consequently the particles are columniated by the divergence 

of the interplanetary field. With time, scattering broadens 

the pitch angle distribution, until the radiation is approx-

imately isotropic in the frame of reference of the solar wind 

(i.e.., in the frame of reference of the scattering medium). 

The observer is moving in this frame of reference and will 

therefore see a radial anisotropy given by Forman^ to be 

6 - (2 +ay)(Vp/V) 

where the differential energy spectrum is proportional to 

E~y , V_ is the solar wind velocity, a = 
p E T M ^ 

and V is the velocity of the particles. 

1,5 The Statistical Description of Cosmic Ray Propagation 

Due to the relatively large fluctuations in the inter-

planetary magnetic field it is not possible to describe- the 

motions of each individual cosmic ray. For this reason, the 

general approach to the problem of propagation has been to 

attempt to describe statistically the bulk motion of the 

cosmic ray particles. This statistical approach to the 
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problem was first suggested by Fermi ~ . Although Fermi was 

interested only in the acceleration of particles as they were 

scattered by moving magnetic fields and did not explicitly 

consider the problem of propagation, his work served to intro-

duce the concept of scattering and the consequent "random 

itfalk" of particles. In the early statistical theories the 

random walk was introduced on an ad hoc basis by assuming that 

the particles were scattered in much the same way as are mole-

cules in the kinetic theory of gases. Due to their ad hoc 

nature, these theories provided no qualitative measure for 

relating the scat ferine: of the particles to the parameters 

describing the interplanetary field. To a very good approx-

imation, a cosmic ray particle moving through the solar wind 

sees the interplanetary magnetic field as being static and 

time invariant, so that the particle will move along a tra-

jectory which is given by LiouvilV s equation. Since 

Liouville's equation is completely deterministic and contains 

no inference to the statistical concept of random scattering, 

one is faced with the problem of defining the exact meaning 

of "scattering". Jokipii^ and Roelof^^ provided an answer 

to this problem by defining the scattering in terms of the 

local deviation of the actual particle trajectory from the 

trajectory of the same particle in a nominal spiral 
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interplanetary magnetic field. Using this formalism the 

diffusion tensor describing the scattering can, to sufficient 

accuracy, be expressed in terms of the power spectrum of the 

irregularities in the interplanetary field evaluated at the 

particle's gyrofrequency. 

At the present time there is a large number of different 

models which have been proposed to describe the various fea-

tures of solar cosmic ray events. Although diffusion plays 

a central role in determining the propagation of particles in 

each of these models, they differ widely in the assumptions 

made on the nature of the diffusion, on the nature of the 

boundary conditions both near the sun and at large distances, 

and on the effects of convection and adiabatic deceleration 

by the solar wind. 

Although the diffusion tensor is, in theory, fixed by 

the power spectrum of the irregularities in the magnetic 

field, there are observational uncertanties which prevent 

definitive measurements of the power spectrum. The fluctu-

ations observed by a stationary spacecraft consist of 

variations convected radially outward by the solar wind, 

while the particles sample those fluctuations which lie 

along the magnetic field lines. Recent studies of correlated 

1 Q 
magnetic field and plasma measurements suggest that a large 
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number of sharp discontinuities seen in the magnetic data -

are. tangential to the magnetic fields and do not contribute 

90 

to the scattering of particles. Sari and NeSs conclude 

that half, if not more of the power spectrum may be made up 

of fluxtuations of this nature. 

Using the statistical description of cosmic ray propa-

gation, the theoretical problem reduces to solving one of 

the several forms of the diffusion equation for the phase 

space density U(?,v,t), where £, v and t are the position, 

velocity and time respectively. The anisotropy and omni-

directional intensity' follow immediately from U. The 

important point to consider here is that from an observa-

tional standpoint one cannot make a definitive comparison of 

only the omnidirectional flux to the theoretical models; 

since the models specifically predict both the anisotropy 

and the omnidirectional flux, both must be used in the com-

parison. This requires that the detector system be capable 

of accurately determining both the omnidirectiona1 flux and 

the anisotropy. 
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CHAPTER II 

THE PIONEER 8 AND 9 COSMIC RAY DETECTOR SYSTEM 

2,1 Introduction 

In tliis chapter is described the cosmic ray detector 

systems which were flown aboard the Pioneers 8 and 9 deep 

space probes. Both Pioneer 8 and 9 were launched into helio-

centric orbits, with Pioneer 8 being launched into an out-

bound orbit with predicted aphelion of 1.1 AU and Pioneer 9 

being launched into ?>n inbound orbit of predicted perihelion 

0.8 AU. A similar instrument was planned for the ill-fated 

Pioneer 10 mission, which failed to achieve orbit. The pre-

dominant feature of these instruments is their ability to 

provide very accurate measurements of the flux and anisotropy 

of cosmic rays in the energy range 1 to 100 MeV. 

The Pioneer 8 and 9 detector systems consist of a scin-

tillation counter telescope, along with a tri-telescope com-

prised of three solid state detectors arranged in a fan 

configuration surrounding a fourth. The physical orientation 

of the instrument package is such that as the spacecraft ro-

tates about a spin axis perpendicular to the ecliptic plane, 

20 
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the scintillation counter records the fluxes of cosmic rays 

whose arrival directions at the spacecraft make small angles 

with the plane of the ecliptic. In addition, the solid state 

tri-telescope also possesses the capability of recording the 

fluxes of cosmic ray particles whose arrival directions at 

the spacecraft make substantial angles to the plane of the 

ecliptic. 

2.2 The Detector System (Mechanical) 

The essential features of the scintillation counter 

telescope are illustrated in Figure 3. The 12 gm/cm thick 

CsI(Tl) crystal scintillator (C) is encased on three sides by 

a cylindrical veto counter (D) constructed from scintillating 

polytoluene. Each scintillator is viewed by independent 

photomultiplier tubes, and logic circuits selects those par-

ticles which produce light pulses within the CsI(Tl) crystal 

unaccompanied by light pulses within the veto counter (i.e., 

CD logic). Thus, the scintillation telescope is unidirec-

tional, selecting for study only those particles which enter 

the system through the open end of the veto counter and come 

to the end of their range in the crystal. Such criteria are 

satisfied only by particles with range in the CsI(Tl) crystal 

of less than 12 gm/cm^ and whose directions of arrival at 
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Fig. 3-~The essential features of the scintillation 
counter telescope. 
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the spacecraft define angles no greater than + 38.2° with 

the plane of the ecliptic. Due to edge effects, the geome-

tric factor of the scintillation telescope is energy dependent 

and varies from 2.9 cm^sr for high energy particles to 

4.8 cm sr for low energy particles. A detailed description 

of this effect is described in Appendix I. 

The photomultiplier tube associated with the CsI(Tl) 

crystal is space-coupled to the crystal through a highly re-

flective 1ight-integrating chamber. Although the space-coup-

ling of the phototube to the crystal results in a reduction 

of pulse height, fVuch a tecfroljque removes any loss in effi-

ciency of the veto counter due to "leakage" of particles to 

the CsI(Tl) scintillator through the orifice required for 

direct optical coupling. 

The salient features of the solid state detector tri-

telescope are illustrated in Figure 4. Detectors A, E, and 

F are oriented in a fan arrangement around detector B, and 

when operated in coincidence with detector B define three 

telescopes AB, EB, and FB. All detectors are silicon surface 

barrier diodes of 100 mm^ active surface area operated at 

their total depletion depths of 100 microns. 
i 

The physical orientation of the tri-telescope configur-

ation within the instrument package is such that, aboard the 
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Fig . 4—The s o l i d s t a t e d e t e c t o r t r i - t e l e s c o p e 

VIEWING DIRECTION (DEGREES WITH 
RESPECT TO THE ECLIPTIC PLANE) 

• 

Fig . 5--The r e l a t i v e d i rec t iona l* response of t e le -
scope EB or FB as a f u n c t i o n of viewing d i r e c t i o n . 
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Pioneer spacecraft, the mean viewing direction of the AB 

telescope lies within the plane of the ecliptic, while the 

mean viewing directions of EB and FB are centered 48° above 

and below this plane, respectively. Each telescope config-

uration defines a cone of acceptance of half-angle of 24°. 

The relative directional sensitivity of either solid-state 

detector telescope EB or FB is plotted in Figure 5, as a 

function of the mean viewing direction measured with respect 

to the plane of the ecliptic. 

2,3 The Detector System (Electrical) 

The block diagram of the electronics system, shown in 

Figure 6, can be divided into two major sections. Section 

(A) shows the functions necessary for converting the analog 

signals from the detector systems into digital pulse streams, 

while Section (B) shows the functions necessary for preparing 

these data for transmission via spacecraft telemetry. Data 

accumulation is divided into 16 measurements which are 

recorded cyclically. Table I shows the format of the mea-

surement cycle and gives the detector logics used in each 

measurement. During each measurement interval, data are ac-

cumulated concurrently from two channels. In one of these 

channels the accumulation of data is synchronous with 
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TABLE I 

DETECTOR LOGICS UTILIZED IN INSTRUMENT MEASUREMENT CYCLE 

Sun Synchronous Channel Telemetry 
Synchronous Channel 

Measure-
ment 

Logic Octants Energy(MeV) Logic Energy(MeV) 

0 < A B > I A 
I , 5 3 . 3 - 3 . 6 A 1 • • 

1 ft 2 , 6 ii it A 2 • 0 

2 If 3 , 7 ii . II A 3 • • 

3 I! 4 , 8 it it C 1 4 . 5 

4 ( C D ) ! 1 , 5 7 . 4 - 2 1 . 5 CXD 4 . 5 - 6 . 8 

5 tl 2 , 6 I I I I C 2 D 7 . 0 - 9 . 6 

6 II 3 , 7 12 if C 3 D 9 . 6 - 1 3 

7 If 4, 8 if ft D 0 . 5 

8 (AB)2
a 1, 5 3 . 6 - 6 . 7 A 4 

9 SI 2 , 6 if H A5 • # 

1 0 II 3 , 7 n it A 6 * • 

1 1 ft 4 , 8 it tt C 4 1 3 

1 2 (CD) 2 1 , 5 1 9 . 7 - 6 3 . 0 C 4 D 1 3 - 2 0 

1 3 tf 2 , 4 tt n C 5D 2 1 - 2 8 

1 4 fl 3 , 5 ff H C 6 D 2 8 - 4 0 

1 5 19 4 , 8 ft f! BSP • • 

aDetectors E and F subcomrautated with detector A. 
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the spin of the spacecraft, while in the other it is 

synchronous with the spacecraft telemetry. 

The Sun-Synchronous Channel 

This channel is intended primarily for anisotropy 

measurements and data are always accumulated over an integral 

number of spin periods. Measurements of the particle anisot-

ropy (.i.e. , the direction of preferential particle flow) are 

achieved by means of "aspect clock" circuitry, similar in 

nature to that developed for the earlier Pioneer missions* 

which accurately divides each spacecraft spin period into 

eight identically equal (to within one part in 10^) time seg-

ments. This octant division is shown in Figure 7(A), which 

illustrates the data accumulation intervals relative to the 

spacecraft-sun line. During each measurement, data are col-

lected from two of the octants 180° apart (Table I). At the 

end of each measurement period the accumulated data, along 

with the number of spacecraft spins over which the data were 

accumulated are transferred to an output buffer which is read 

out serially to the spacecraft telemetry. Figure 7(B) illus-

trates an alternate data collection mode which provides in-

creased directional sensitivity. In this "slipped octant 

mode", the octants are shifted to the east by 22.5°. Data 
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Fig. 7—Octant configuration within the ecliptic 
plane in (a) the normal mode and (b) in the slipped 
octant mode. 



30 

are collected alternately from each octant configuration 

during the flight life-time. Data are collected from two 

energy ranges for each of the detector logics (AB, EB, FB, 

and CD) used in the sun-synchronous channel. 

The Telemetry Synchronous Channel 

The data in this channel are collected from both the 

crystal and solid state telescopes in six differential energy 

windows. Data accumulation is synchronous with the space-

craft telemetry, with the data being read out during each 

telemetry main frame (the spacecraft telemetry operates at 

five different b i t ; rates varying from 512 bits per second to 
x"~- • 

8 bits per second, the desired bit rate being initiated by 

ground command). 

Pulses from the various detectors are amplified and fed 

into linear switches which select those signals necessary to 

create the logic combinations used in each measurement. The 

pulses are then fed into one of two pulse height analyzers 

which determine whether the particle satisfies the energy 

requirements of the current measurement. The signals neces-

sary for setting the 1inear switches and for setting the dis-

criminator windows of the two pulse height analyzers are 

generated by the central control unit. The discriminator 
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levels required to obtain the desired energy ranges for the 

solid-state telescope are obtained from the energy response 

curves of these detectors. An example of such a proton re-

sponse curve for a pair of 100 micron detectors operating as 

a particle telescope is shown in Figure 8. Herein is plotted 

the energy deposition AE2 in the second detector (detector 

B for each telescope arrangement) as a function of the energy 

deposition AE-̂  in the front detector of the telescope. The 

corresponding energies of the incident protons are indicated 

at various positions along the curve. On the basis of such 

response curves, differential energy windows of 3.3—3.6 MeV 

for incident protons were selected for anisotropic particle 

propagation studies. 

The functions necessary to prepare the digital data for 

transmission via spacecraft telemetry are described in detail 

elsewhere ' suffice it to say that the directional data from 

both the crystal and solid-state detectors are stored in two 

9-bit logarithmic accumulators (labeled J and K in Figure 4) 

while the omnidirectional data are stored in a separate 9-bit 

logarithmic accumulator (labeled M in Figure 4). A 3-bit 

binary accumulator (L) acts as a spacecraft spin counter. 

The 9-bit logarithmic accumulators are so gated as to allow 

2752 counts to be accumulated during each measurement. At 
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a telemetry bit rate of 512 bits per second, these accumu-

lators permit omnidirectional particle fluxes as large as 

*% 

about 400 particles/(cm sec sr) and directional fluxes as 

large as 3 x 10^ particles/(cm^ sec sr) to be recorded before 

accumulator overflow occurs. 

2.4 Instrument Data Format 

The spacecraft telemetry main frame consists of 32 seven 

bit words (six data bits plus one parity bit) in which the 

present detector system is allotted five contiguous words for 

a total of 30 bits (excluding parity). These 30 bits ar6 then 

used to define the outputs of the 9-bit omnidirectional 

accumulator M, the two 9-bit directional accumulators J and 

K and the 3-bit spin counter L. 

For the sun-synchronous mode, data accumulation must 

start and stop with the recording of a pulse from the space-

craft sun sensor. All control signals are synchronous with 

the telemetry bit stream, and consequently completely 

asynchronous with the sun pulses. Figure 9 illustrates the 

manner in which compatability between these two asynchronous 

pulse streams is achieved, thereby allowing meaningful direc-

tional data to be recorded. The condition depicted therein 

refers to a bit rate of 512 bits per second, although Figure 9 
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is also representative of the techniques employed for the 

lower bit rates. Data pertinent to a particular detector 

logic begin to accumulate coincident with the arrival of a 

Sun pulse. These data are then accumulated over a time in-

terval which includes the arrival of at least four word-gate 

pulses. (The selection of four word-gate pulses is somewhat 

arbitrary, the sole criterion being that this provides a 

convenient accumulation time at 512 bits per second.) Coin-

cident with the arrival of the first sun pulse subsequent to 

the fourth word-gate pulse, these directional data are trans-

ferred from the accumulators into the output buffer. The ac-

cumulators are immediately reset, the detector logic is 

changed, and a new accumulation is initiated. Upon the arri-

val of the first word-gate pulse during this new accumulation, 

the data stored in the output buffer from the former detec-

tor logic are read out. Hence, directional data are con-

tained in every fourth (or more, depending upon the relative 

phases of the word-gate and sun pulse streams) readout, at 

512 bits per second. Clearly, the relationship between the 

frequency of the directional data readout and the word-gate 

frequency is dependent upon the bit rate and the number of 

word-gates utilized to define the accumulation time for the 
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detector logics. Omnidirectional data are read out during 

each word-gate pulse. Changes in detector logics for both 

the directional and omnidirectional modes, however, occur 

simu1taneously. 

2.5 Physical Properties of the Instrument 

The completely assembled Pioneer 8 and 9 cosmic ray 

detector package contains 421 transistors, 786 diodes, 179 

IC's, a high-efficiency power supply, four solid-state de-

tectors , two scintillators, two photomultiplier tubes, and 

a thermistor network. The assembled detector system weighs 

2.56 kg, occupies a volume of 235 cubic inches, and consumes 

1.72 watts of electrical power. A front-end view of the com-

pletely assembled package is shown in Figure 10. The crystal 

telescope is located on the lower right portion of the front 

face, while the solid-state tri-telescope occupies the upper 

left portion. Aluminized mylar sheets protect the sensitive 

surface areas of all the detectors. 

Since a major aim of the Pioneer program is to provide 

precise information on the interrelationship of cosmic ray 

propagation, solar plasma outflow,and interplanetary magnet-

ic field configurations ( fluctuations in this latter para-

meter often being of the order of ICT^Oe)j extreme care was 
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Fig. 10--The completely asneir.bled Pioneer 8 and 9 
cosmic ray detector package. The scintillation telescope 
is in the lower right corner of the package and the 
tri-telescope can be seen in the upper left hand corner. 



38 

taken to ensure that the spacecraft and the entire scientific 

payload conformed to very stringent residual magnetic specif-

ications. The cosmic ray detector package exhibited a mag-

netic field of less than 2 x 10 Oe at a distance of 91 cm 

after an exposure to a magnetic field of 25 Oe. This very 

low susceptibility to magnetism was achieved through a pro-

gram of very strict screening of flight-certified parts, and 

a design directed towards the use of a minimum amount of 

ferromagnetic material. 

2.6 In-Flight Performance 

An ia-Ilighc calibxaLiou sequence of the detector 

package is initiated periodically by ground command ( at 

least once per day). This calibration sequence monitors the 

performance of the scintillation telescope, the "aspect 

clock" circuitry, and the accumulator-buffer system. This 

sequence is comprised of the following tests, the data being 

telemetered back to earth, in the normal manner, subsequent 

to each calibration; 

a. A 10 nanocurie Am source is used to indicate any 

possible gain shifts in the CsI(Tl) crystal and its ancillary 

electronic circuitry. During the normal flight mission, the 

energy thresholds of the CsI(Tl) telescope are set high 
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0/1 

enough so as not to record the 5.3 MeV Am" f alpha particles. 

Upon the initiation of a calibration sequence, these thres-

holds are lowered such that the alpha particle source is 

detected in the fourth and fifth energy windows in the omni-

directional mode of operation. 

b. Pulses are fed into the data conditioning circuitry 

(beyond the PHA's) at the bit rate frequency. This allows 

an in-flight comparison of the counting rates from each oc-

tant in turn. 

A continual check on the performance of the output 

buffer and one accumulator is executed routinely throughout 

the normal flight lifetimes of the Pioneer spacecrafts, as 

one of the omnidirectional measurements monitors the bit 

rate. This; constant monitor of the bit rate also acts as a 

valuable flag for data handling and processing. 

Figure 11 illustrates the spin frequency of the Pioneer 

8 spacecraft and the counting rate due to the Am^l source 

as a function of time. During this time there were no ob-

servable changes in the behavior of the cosmic ray detector. 
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CHAPTER III 

OBSERVATIONS 

3.1 Introduction 

In this chapter several facets of solar cosmic ray 

events will be discussed. Particular attention will be giv-

en to (a) the anisotropic character of the radiation, (b) the 

distribution of particles in heliocentric longitude, (c) the 

decay time constants, (d) the energy spectrum, and (e) the 

influancc of the coronal conditions. 

The major portion of the data used here was obtained 

from the Pioneers 8 and 9 detector system. However these data 

are augmented with similar data from the Pioneers 6 and 7 space-

craft. Much of the analysis is concentrated on data which 

were obtained during the period from November 1968 through 

April 1969, since good coverage was obtained for all four 

spacecrafts. The positions of the spacecrafts during this 

period are plotted in Figure 12. It can be seen that the 

spacecrafts sampled the cosmic ray flux simultaneously ever 

a large range of heliocentric longitude. 
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3.2 The Anisotropy of the Decay Phase 

In a series of papers} McCracken and others^>^»^ have 

shorn that the initial anisotropy during solar flare events 

is large and aligned along the direction of the magnetic 

field. This large initial anisotropy decays within approx-

imately 12 to 24 hours to an "equilibrium" anisotropy which 

is aligned with the solar wind velocity and which is inde-

pendent of the direction of the interplanetary magnetic 

field. Parker^, McCracken^, and Forman^ have shown that 

this behavior is a result of the distribution of particles 

becoming isotropic in a reference frame moving with the sol-

ar wind. Since the particle flux is isotropic in this frame 

of reference there will be no net cosmic ray flow, however, 

a stationary observer will see the particles streaming out* 

ward with a net velocity equal to the velocity of the solar 

wind. This convected current of cosmic rays will produce an 

anisotropy in the observer's reference frame which is 

given by t - (2 + a y)(Vp/V)r (1) 

where 7 is the exponent of the power law fit to the cosmic 
jy 

ray spectrum dJ(E) = const. E dE, Vp is the solar wind 

velocity, V is the partical velocity, r is a unit vector 

in the outward radial direction and 



a ~ Ec + E( 
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Ec + 2Eq 

where Ec and E0 are the kinetic and rest energies of the 

particles. The anisotropy 6 which results from a diffusive 

flow of cosmic ray particles is given by 

-s 3 K- V U 
Sd " v U 

where & is the diffusion coefficient and vU is the gradient 

in the particle density. Since the diffusion coefficient 

perpendicular to the field lines is negligibly small com-

pared to that parallel to the field lines, the direction of 

anisotropy will lie parallel or antiparallel to the magnetic 

field lines. Thus ^ can be written as $<3, ~ •?,.¥. , 

U as 

where K„is the diffusion coefficient parallel to the magnetic 

field, s is the distance along the field line and eg is a 

unit vector in the direction of B. 

The existence of a radial anisotropy at late times in 

the event implies the dominance of the convective currents 

over the diffusive current of cosmic rays, .i.e.., it implies 

that (2 + a ^ ) VD > > 3 —«JLH or that the gradients in 
H U S s 

U are small. 
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In Figure 13 are displayed the data for a solar flare 

that occurred on April 11, 1969. It is clear that a quasi-

exponential decay was evident over a period of about twelve 

days. Due to the relatively long lifetime of this event it 

was studied in some detail in order to provide an insight 

into the decay phase of solar flare effects. 

Figure 14 displays the daily mean anisotropy of the 7.5 

to 21.5 MeV protons observed by Pioneers 8 and 9 during the 

latter part of the decay phase. It is clear that while the 

anisotropy was initially directed radially away from the sun, 

its vector direction was from the east of this direction at 

very late times. It should be noted that the behavior of 

the anisotropy at both spacecrafts was essentially identical 

and that the direction of anisotropy remained at approximately 

45° east of the Sun-spacecraft line for about four days. 

This would indicate that it is most unlikely that the east-

erly anisotropy was due to the diffusion of particles along 

an anomalous configuration of the interplanetary field lines 

j..e., with the magnetic vector being 45°E of the Sun-space-

craft line, as contrasted with the nominal 45°W. 

Several other long-lived events have been examined and 

these, without exception, show easterly anisotropics at late 

times (t > 4 days). Figure 15 presents anisotropy data for 
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Fig. 14—The cosmic ray anisotropy vector diagram 
for Pioneers 8 and 9 for the decay phase of the flare 
effect of April 11, 1969. The dashed line is drawn 45 
to the East of the spacecraft-Sun direction. 
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three of these large events swhich were observed by both 

6 7 

Pioneers 8 and 9. Allum et al. and Rao eX al.' have also 

reported similar behavior in the anisotropies of the elec-

tron component of the cosmic rays. 

Figures 16 and 17 summarize the complete evolution of 

the cosmic ray anisotropy during a solar flare. The anisot-

ropy can be classified into three distinct phases. 

Phase 1_. During this phase the anisotropy is large and 

directed along the interplanetary magnetic field vector J3. 

This type of anisotropy indicates a dominant diffusive com-

ponent K ( l — . 
dS 

Phase 2. Between one and three days after the start of 

the event the anisotropy is directed radially (+ 20°) away 

from the sun, with a magnitude of the order of 5 to 10 per-

cent. 

Phase 3. At times greater than four days the anisotropy 

is directed from 45° east. 

The models of the three phases are shown in Figure 18. 

During Phase 1 there exists a strong gradient of particles 

towards the sun i.e., — < 0 which drives a diffusive cur-
5 s 

rent Jj = - K„_^M outward along the field lines. As 
Ss 

the particle population moves outward the gradient at 1 AU 
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Fig. 18—The model for the evolution of the anisot-
ropy of the cosmic ray solar flare effect, (a) Early Times: 
a convective current, plus a diffusive current driven by a 
negative cosmic ray density gradient, as shown; (b) Late 
Times: a convective current alone. There is no diffusive 
current since the cosmic ray density gradient is zero; (c) 
Very late Times: a convective current, plus a diffusive 
current driven by a positive density gradient• 
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becomes small ( vu s 0) and the convective currents 

(Jn = U V_) dominate the anisotropy. As the convection 
C P 

drives the center of the particle population out beyond 1 AU, 

a positive gradient is set up at 1 AU. This gradient in 

turn drives a diffusive current back in toward the sun along 

the magnetic field lines. 

In Figures 14 and 15 the dashed lines are drawn at an 

angle of 45° to the east of the spacecraft-sun line. It is 

apparent that in each case the anisotropy at very late times 

adapts a direction which is remarkably close to 45° east of 

the sun. Within the accuracy of our data, it seems reason-

able to assert that at very late times the net cosmic ray 

vector is normal to the magnetic field B (i.e.., 45° E +10°). 

A cosmic ray current normal to B requires that there 

exist no net flux along the field lines. This in turn re-

quires that the component of the convective current parallel 

to the magnetic field is exactly balanced by the diffusive 

current. The unit vector normal to B and lying in the eclip-

tic plane can be written en = (r x tg) x eg so that the 

anisotropy can be written as 

6 = 6 + 6 , = 6C sin© en + ( 6C cos9 + 6,) eR 

where 0 is the angle between the magnetic field and the 
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radial. Since the net flux parallel to B is zero, 

6̂  = - 6C cosO and the anisotropy is given by 

6 = ( 2 + « y ) Vp sine V. (2) 

An equivalent description of the anisotropy at very late 

times is obtained by considering the effects of the electro-

magnetic field in the plasma. To an observer moving outward 

with the solar wind, the magnetic field is stationary and the 

electric field is zero due to the high conductivity of the 

plasma. A stationary observer will see the magnetic field 

moving outward with the velocity of the solar wind and as a 

result will see an induced electric field given by 

E - - V. x B = I Vn B (r x eR). 
c p c p a' 

The combined electric and magnetic fields produce a guiding 

O 

center drift of the particle. The drift velocity is 

given by <= ^2 E x ® ^ Since E ~ — Vp B (r x eg) 

the drift velocity is given by 

c Vn B Vd ~2 " c <r x ®B> x B eB 
B 

<=• Vp sin© &n. 
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The anisotropy produced by this drift is 

«ExB = (2 + ay) Vp sin 0 e n / V. 

If the particles are in equilibrium along the field lines 
•a* 

then 6gxg will represent the total anisotropy. 

The important consequence of the easterly anisotropy is 

that the flow of particles along the field lines is effec-

tively "stalled" and the removal of particles from the solar 

system is entirely a result of the ExB drift, which to a 

first order is independent of the scattering characteristics 

of the interplanetary field. This point will be discussed 

in more detail later. 

3.3 The Dependence of the Cosmic Ray Density Upon Heliocentric 

Longitude at Late Times 

The cosmic ray density can be written as U(r,0 ,E,t). 

In this function, $ is the heliocentric longitude of the 

intersection of the nominal Archimedes spiral through the 

point of observation with the solar surface, $ is reckoned 

westward from a fixed point on the rotating sun, r, E, and t 

are the distance from the sun, the particle kinetic energy, 

and time respectively. Since the cosmic radiation remains 

associated with the same magnetic tube of force as it is 
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FAST DECAY - - • 
DUE TO • . 
TEMPORAL ^ 
AND S P A T I A L ^ . ' -
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Fig. 19-~A diagramatic representation of the manner 
in which the position of an observer relative to the centroid 
of the cosmic ray population affects the nature of the decay 
phase of a flare effect. An observer to the east of the cent-
roid will observe a fast decay due to the spatial and 
temporal terms having the same sign. An observer to the west 
of trie centroid will observe a slower decay due to the 
temporal and spatial terms having opposite signs. 
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convected out of the solar system, a cosmic ray population 

"co-rotates" with the Sun. That is, the population remains 

associated with the same values of ip throughout its life-

time in the solar system. 

The rate of change of U with time, as observed by a 

spacecraft is given by dU = 5IJ d$ dU dr SU where 
dt " d ij) dt dr dt St 

the term jLH includes the effect of adiabatic decelleration. 
S t 

dr 
The second term is small, since ^t for the spacecraft is 

very small, so f - -|S j j L + _|2 . ( 3 ) 

At late times J1II < 0, however ~dU may be either positive 

d t d ij) 
or negative depending on whether the observer is on the 

eastern or western side of a cosmic ray population (Figure 

19) so that the two terms in (3) will add or partially can-

cel. Any discussion of the decay phase of a flare event 

observed from Earth, or a spacecraft, therefore requires 

knowledge of the dependence of U upon heliocentric longitude. 

Figure 20 displays data obtained by three Pioneer space-

crafts during a period which exhibited large cosmic ray 

fluxes of solar origin. Data were also obtained by Pioneer 8 

during this period (see Figures 15 and 28). The totality of 

these data have been used to produce the graphs of the 
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dependence of the omnidirectional cosmic ray flux upon 

heliocentric longitude which is presented in Figure 19. 

Comparing the two periods in Figure 21, it should be 

noted that the curves for adjacent days are much closer to-

gether for April 6-8 than for April 14-19, 1969. This can 

be attributed to the feet that the spacecrafts were on the 

western side of the cosmic ray distribution for April 6-8, 

and on the eastern side for April 14-19. That is, in the 

latter case, the du and 5U d$ terms are both negative, 
d t d ij) dt 

while in the former, the P. term is negative, while the 

~ ~ term is positive, thereby partially cancelling the 

term. That is , the "co-rotation" of the cosmic ray 

population partially cancelled the temporal change for 

April 6-8, resulting in a slow decay phase (also see Figure 

27). 

Comparing the curves in Figure 21, a similarity will be 

noted between the absolute values of the gradients of the 

flux over the ranges 90°E - 24°E for April 6-8, and 150°E -

12°W for April 14-19. Over both ranges, the data can be 

fitted by an exponential relationship 2. dU = 1 , where 
U d* tf,0 

- -28° for April 6-8; and tpQ = +34° for April 14-19. 
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The similarity of |$0| suggests that there may be a 

characteristic determined by the details of the process 

whereby the solar cosmic rays are distributed in longitude. 

In both the cases illustrated in Figure 21 the parent flare 

injected cosmic rays at heliocentric longitudes such as to 

negate the possibility of study of the flux distribution near 

the center of the cosmic ray population. Clearly the distri-

bution will not be the same exponential as noted above at 

such points in the cosmic ray population, however, it will be 

necessary to obtain further observations of the longitudinal 

gradient to resolve this question. 

Further consideration of Figure 2.1 indicates that the 

longitudinal gradient does not change radically with time 

during the decay phase of a particle population. Thus the 

gradient is essentially invariant for 150°E - 12°W for the 

whole of the period April 14-19, 1970. This indicates that 

the processes whereby cosmic rays are distributed in longi-

tude at early times in a flare effect are no longer effective 

at late times (T > 2 days from injection). 

Note that at no place in the foregoing discussion has 

it been assumed that the particle population is due to a sin-

gle flare. Of the two cases considered, the data for the 
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period 6—8 April clearly correspond to a particle population 

injected by more than one flare, while those of 14—19 April 

correspond to a single injection. In the cape of the 6—8 

April data, cosmic radiation was initially released by a 

flare on 30 March 1969 which was 20° behind the western solar 

q 

limb; The Pioneer 6 data in Figure 9 indicates that there 

was at least one, and possibly two further injections during 

the period 2—5 April. Since the latter flares were almost 

certainly associated with a single active center (McMath 

plage region 9994), this means that the several populations 

would be superposed upon one another, the maxima of the dis-

tribution being essentially coincident. 

Clearly the foregoing conclusions, and the data in 

Figure 21 are strictly applicable to the events in question, 

alone. In the absence of other data, however, they provide 

approximate quantitative values and conclusions that will 

be applied to the flare effect in general. 

3.4 The Decay Time Constant 

On the basis of the observations by McCracken and 

"I 0 

others » demonstrating the dominance of convective removal 

processes over diffusion in the escape of ~ 10 MeV cosmic 

rays from the solar system, Forman^ has shown that the cosmic 
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ray dens i ty w i l l vary with time as 

U = U0 exp - • t ]• (4) 

where the dependence of U on 0 as defined previously has 

been ignored and Vc i s the e f f e c t i v e convective v e l o c i t y , 

def ined as the r a d i a l component of the cosmic ray bulk veloc-

i t y . 

From equations (3) and (4) the observed v a r i a t i o n s can 

be wr i t t en as ™ = jLH AjL - H where 
d t b ip dt t 

T = , .,?! 
2vc ( 2 + a y ) ^ 

i s the "convective time cons tan t" . 

Approximating the t o t a l change in U to an exponential 

in which SlS = - IJ > where T i s the observed time cons tant , 

then - 1 = 1 SUL - 1 and i f over a l imi ted range of 0 , 
T U a 0 dt t ' 

1 Su 1 
u a s approximated e a r l i e r , then 

I - 1 di/) , 1 
T ~ d t + r • (6) 

In p r a c t i c e , 20 < j < 40 hours , « + 0.54° hour"^ 
dt # * 

o ~ ± 30°. As an example, then fo r r « 20 hours , the 
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observed time constant T 14.3 hours, or 31.2 hours, 

depending on whether the corotation effect reinforces, or 

partially cancels the connective decay term. 

The anisotropy directed from the sun, and from direc-

tions to the east of the sun indicates convective removal of 

the cosmic rays from the solar system. Reference to Figure 

18 indicates, however, that while the convective removal 

velocity is the plasma wind velocity, Vp, when the anisotropy 

is directed from the sun, it becomes less than Vp when the 

anisotropy is from the east. Consequently, the convective 

decay time constant of the cosmic ray population, r , will 

be greater than that computed on the basis of the full 

plasma wind velocity. 

The effective convective velocity, V., can be derived in 
V 

one of two ways: 

(1) On experimental grounds. The observed anisotropy of 

amplitude 6 is due to a bulk motion of the particle popu-

lation, Va, from a direction making an angle <p with the 

satellite-Sun line, (Figure 22), where 6 is related to Va 

by equation (2) with Vp replaced by Va. Consequently the 

effective convective velocity is given by 

Vc » Va cos <P 

82 V cos <P t (7) 
2 + o<.y 
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CASE I 

TO SUN 

8v 
Vc = VQ cos 4> j a 2-f ay 

CASE 2 

2 1 
Vc - V p sin2 0 

Vp sin Q 

vd,f 

Fig. 22—Illustrating the derivation of the con-
vection velocity, Vc. 
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As an example, the Pioneer 9 data in Figure 13 exhibit 

a 4.3 percent anisotropy averaged over the period 17-20 

April, inclusive, from the direction 45°E of the sun. Table 

V suggests y =3.5 for this period, from which the mean 

energy of the data is 10.7 MeV. Using equation (6), these 

data indicate an effective convective velocity of 152 km 

sec"''. This is *=*1/2 of the observed solar wind velocities. 

This suggests a factor of ^ 2 increase may be expected in 

the value of the decay time constant, T , as a result of 

the diffusive effects at late times in a flare event. 

(2) On theoretical grounds. At late times, it was sug-

gested that the anisotropy is normal to B, hence the effective 

convective velocity is given by 

Vc = Vp sin
2© . (8) 

For a typical value of 0 = 45°, Vc = 0.5 Vp. 

Further, writing V = Vp/ , then 

vc - Vp (1 + 1J
2)"1 

dVc ^ 1 - V2 

dVp (l + 7̂ 2)2 

dV, 

(9) 

c _ 

and we note that = 0 for 6 = 45°. That is, the con-

vective velocity is largely independent of the actual solar 

wind velocity for Vp « 450 km sec""'" at orbit of Earth 
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(when the anisotropy has become normal to B). This is 

illustrated in Figure 23, which shows that the convective 

removal velocity, Vc, lies in the range 200 < Vc < 215 km 

sec"̂ " for 300< V < 600 km sec~^. Figure 23 also illus-
P 

trates the dependence of the convective velocity upon r. It 

is to be noted that Vc is asymptotic to the solar wind ve-

locity Vp at large r. 

Writing the convective decay time constant r in terms 

of the effective convective velocity V , using equations (5) 
V 

and (7) gives T = — . (10) 
o cos cp 

Further, the theoretical values of Vc in Figure 23 have been 

used to calculate T t using equation (5), these results 

also being plotted in Figure 23. From equations (5) and (10), 

and from Figure 23 the following conclusions can be reached 

regarding r , the convective time constant: 

(1) With the passage of time, the evolution of the ani-

sotropy from an anisotropy directed from the sun, to one 

directed from the east, is accompanied by an increase in T 

by a factor of «2 near orbit of Earth. 

(2) At very late times (t >4 days), when the anisotropy 

is from the east, the time constant r will be insensitive 

to variations in the solar wind velocity, Vp, At somewhat 
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earlier times (1 < t < 4 days), when the anisotropy is 

directed from the sun, T varies as the reciprocal of the 

solar wind velocity. These two cases are extremes. For 

these and intermediate dases, the time constant T is 

expressible in terms of the parameters of the cosmic ray 

anisotropy. 

(3) The convective time constant varies with radial 

distance from the sun. At times when the anisotropy is 

directed from the sun, T varies directly as r. At later 

times, the dependence upon r is weaker, T increasing by 

a factor of two for r increasing from 1 to 4 AU. 

(4) The cosmic ray anisotropy, the e-folding angle 

of the heliocentric longitude gradient, and the time 

constant T of the decay observed by a spacecraft are related 

1 _ 1 . 2V COS<P 
T r 3r * ' 

3.5 The Decay Time Constant - Experimental Results 

Figures 13, 24, 25, 26 and 27 represent the time-

intensity profiles of the major events covered in this 

analysis. The characteristics of the solar flare res-

ponsible for each of these events is summarized in 

Table II. It is apparent that in each of these events 
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that the decay remained approximately exponential over 

periods of many days and over two to four orders of magni-

tude changes in particle flux. There are short term fluctu-

ations in the time constant (e .£. Pioneer 9 data in Figure 

13), some of which can correlate with changes in anisotropy 

amplitude and phase, as will be discussed. 

To demonstrate the validity of equation (11), the ob-

served decay constant TQ^S during each of these events has 

been compared with the time constant predicted by equation 

(11) using the observed anisotropy amplitude and phase and 

the available information on the longitudinal gradients. The 

data used in this analysis is summarized in Table III. 

Figure 28 shows the regression between 1/Tca^c and 1/T0bs. 

The data in this figure have a correlation coefficient of 

0.77 + .10 and a mean regression coefficient of 0.9. This 

high degree of correlation in the data, and the closeness of 

the mean regression coefficient to unity, indicates that 

equation (11) accurately describes the relationship between 

the anisotropy, the longitudinal gradient, and the decay 

time constant of a flare effect. 

With regard to the data in Table III, it must be noted 

that definitive values of ip 0 are only available for the two 

April 1969 flare events, consequently estimated values for 



TABLE III 

THE CALCULATION OF DECAY TIMS CONSTANTS AND 
THEIR COMPARISON WITH THE OBSERVED VALUES3 

Period Spacecraft 
(AU) (%) 

<P 
(Degrees) 

21-22 Nov. 68 Pion. 8 1.00 4.3 + .4 40°E 

22-24 Nov. 68 Pion. 9 1.00 5.5 + .5 43°E 

8-10 Dec. 68 Pion. 8 1.00 6.3 + .4 45°E 

9-10 Dec. 6« Pion c 9 .99 3.1 ± .5 25°E 

6-8 Apr. 69 Pion. 8 1.00 7.1 ± .5 45°E 

Pion. 9 .75 2.5 ± .5 45°E 

17-20 Apr. 69 Pion. 8 1.00 3.3 + .4 40°E 

Pion. 9 .75 4.2 + .3 42°E 

aThe columns are as follows: r = distance from sun; 6 - ani-
sotropy amplitude; <P = anisotropy phase; 0O -- e-folding angle 
for cosmic ray gradient; T = calculated convective time con-
stant; Tcalc = calculated time constant at spacecraft; T0bs ~ 
observed time constant at spacecraft. The anisotropy data 
refer to the energy range 7.5-21.5 MeV, v/hile the observed 
time constant is calculated from the 7.5-45 MeV counting rate 
data. 



77 

TABLE III — Continued 

^0 T ^calc "•̂ obs 
(Degree s) (Hours) (Hours) (Hours) 

+ 60°b 42.5 + 5.6 30.8 + 2.8 28 + 3 

- 60°b 34.4 + 4 .3 49.9 + 9.4 3 5 + 5 

+ 55°b 31.5 + 2.8 24.1 + 1.6 27 + 4 

+ 550b 47.9 + 10.7 32.4 + 4 .8 2 2 + 2 

O 00 
CM 1 27.8 + 2.8 60.0 + 14.5 120 

- 28° 60.6 + 16.8 -215 +100 • • • 

+ 34° 55.3 + 9.5 29.4 + 2.5 28 + 2 

-•* 34° 33.8 + 3.5 22.0 + 1.4 30 + 4 

bThese e-folding angles were not directly measured. See text 
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D were derived for the two earlier flare effects using 

Pioneer 8 and 9 data as follows: 

(1) 21-24 November 1968. In this event, the absolute val-

ue of the fluxes at the two spacecrafts, Pioneers 8 and 9, 

were approximately the same at November 21, the fluxes there-

after decreasing more rapidly with time at Pioneer 8 than at 

Pioneer 9. The cosmic ray density distribution was assumed to 

have a maximum midway between the two spacecrafts, withipQ =+60°, 

(2) 8-10 December 1968. In this case, the Pioneer 9 flux 

exceeded that at Pioneer 8 by a factor of 1.6. It was there-

fore assumed that this is due to a gradient of e-folding 

angle of 55°. 

It should be noted, that the good correlation in Figure 

28, while insensitive to the assumed values of ip0 for the 

first two events, is strongly dependent on the values of ipQ 

for the April 1969 events (for which */>0 are well known). 

That is, the gradients in the region of space sampled by 

Pioneers 8 and 9 were much stronger in the latter events. 

This, in itself, is a crucial factor that has permitted the 

use of these events to demonstrate the validity of equation 

(11) over a wide range of ipQ. The fact that all the points 

in Figure 29 lie on or near the line of unity slope is evi-

dence of the validity of the equation. 
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The several time decay curves, Figures 13, 24, 25, 26, 

and 27, make it clear that there are short term fluctuations 

superposed upon the long term decay of a flare effect. For 

example, by fitting an exponential to 24 hour segments of 

the Pioneer 9 data for April 16-20, time constants of 

^9 < T0t>s < 50 hours are obtained, as is demonstrated in 

Table IV. Furthermore, Figure 14 shows that fluctuations 

were also observed in the anisotropy observed by Pioneer 9 

during this period. Table IV and Figure 29 examine the cor-

relation between these phenomena. Thus assuming tj)Q - 34° 

to be the e-folding angle throughout the interval 16-20 

April, the time constant ̂ caic has been computed from the 

properties of the anisotropy. It is clear from Figure 29 

that the calculated values are in agreement with observa-

tions . 

From the foregoing, it is evident that the anisotropy, 

and the density gradients in heliocentric longitude, are the 

quantities that determine the decay time constant. The fact 

that the anisotropy does vary with time during the decay 

phase (e.£. Table IV), temporarily deviating from the 45°E• 

direction, is presumably due to the spacecraft sampling cos-

mic rays in a tube of force in which the radial gradient is 
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insufficient to balance the conveetive removal psrallej. to 

B. The fact that the deviations of the'anisotropy pha^e 

angle, and decreased time constant on 18 April 1969 (Figure 

13) are associated with an increased solar wind velocity is 

probably significant in this regard. 

3.6 The Cosmic Ray Energy Spectrum 

Pioneer 8 and 9 both provide six point spectral 

information in the energy range 5—50 MeV. For each of the 

flare effects in Figures 13, 24, 25, and 27 the data have 
! 

been averaged over complete calendar days, to yield daily 

average spectra throughout the flare event, for each space-

craft. The observed counting rates and the widths of the 

spectral windows have been corrected for (a) overlying ab-

sorber, and (b) the effects due to the FWHM of the pulse 

height distribution of the detector being comparable to the 

lower energy window widths. The absolute energy calibration 

corresponding to each window has been verified ( and corrected 

in the case of Pioneer 8) using the results from periodic 

calibrations with the Am^l source. 

Typical spectra obtained in this manner are displayed 

in Figure 30 for the decay phase of the flare effect of 

December 2, 1963. Of note is the absence of any large 
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change in spectral slope over the three days in question. 

This is observed to be the normal situation at late times 

(T > 2 days) in the flare effects that have been studied to 

date. Nevertheless, marked differences in spectral char-

acter are noted when the spectra obtained during the decay 

phases of different flares are compared, as is demonstrated 

in Figure 31. 

To characterize these differences in spectral character, 

y 

a simple power law dJ = JQ E dE was fitted to each spec-

trum. The values of y for five flare effects are listed 

in Table V. For each day for which a spectral exponent is 

given, the longitude of the spacecraft relative to the cen-

troid of the cosmic ray population was computed. Assuming 

that the center of cosmic ray population lies along the nom-

inal Archimedes spiral field line that passes through the 

parent flare, then the longitude jpi is given by 

d V 
= «£ - «sc + dt -c -

if - ! s c + 14.2°* t - 57° (12) 

where £ is the heliocentric longitude relative to the cen-

tral meridian of the Sun as seen from Earth; t is the time 

(in days) since the flare; *-s the longitude difference 

for the nominal spiral line that makes an angle of 45° with 
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the radius vector at orbit of Earth; iUL is the solar 
dt 

rotation rate (14.2 degrees per day) and the subscripts f 

and sc represent "flare" and "spacecraft". 

In Figure 32 the spectral exponent is plotted against 

$ for late times in the decay phase of the flare events 

listed in Table V. The data for the short lived event of 

March 12, 1969 has been excluded from this graph since the 

particle distribution was known to be anomalous. (See Section 

3.6.) Examination of Figure 32 shows that there is a re-

markably well defined relationship between the spectral 

exponent and the population longitude, ip' . The graph indi-

cates that the observer who is near the Archimedes spiral 

through the parent flare observed a steep spectrum, with 

y = -4 to -5, while an observer less favorably situated re-

lative to the flare sees a considerably harder spectrum. It 

must be stressed that the observations refer only to late or 

very late times in the flare effect (t > 2 days). 

One implication of the dependence of 7 on V' is that the 

dependence of cosmic ray flux upon heliocentric longitude 

must be more pronounced at lower energies than at higher 

ones. As a result, while the "co-rotation" term in 
a 0 dt 

equation (3) is normally less than the "convection" term 
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TABLE V 

SPECTRAL EXPONENTS AND RELATIVE SOLAR LONGITUDE3 

Date of F la re T CO
 >̂8 0 1 

y9 

18 Nov. 1968 + 3 - 76 3.13 + .06 - 53 3.37 + .04 

+ 4 - 90 2.94 + .05 ~ 67 3.28 + .06 

+ 5 - 81 2.90 + .09 

+ 6 - 96 2.76 + .13 

2 Dec. 1968 + 5 50 3.43 + .03 74 3.19 + .02 

+ 6 36 3.91 + .11 60 3.67 + .03 

+ 7 22 4.07 + .19 46 4.08 + .06 

+ 8 8 3.72 + .21 32 3.86 + . 1< 

12 Mar. 1969 0 2.14 + .04 1.78 + .09 

1 3.08 + .05 2.59 + .07 

2 ? » 3.10 + .27 ? * 2.47 + .12 

3 2.60 + .30 2.62 + .18 

30 Mar. 1969 + 5 166 2.42 + .10 -145 1.29 + .05 

+ 6 152 2.53 + .10 -160 1.89 + .07 

+ 7 138 2.84 + .13 -174 2.03 + .08 

+ 8 124 2.88 + .20 172 2.48 + .12 

+ 9 157 2.48 + .12 

+10 143 2.79 + .13 
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TABLE V-"Continued 

Date of Flare T $3' Tg ^q1' 7, 9 

11 Apr. 1969 0 35 3.82 - J . .03 92 

+ 1 21 3.81 + .03 78 3.18 + .05 

+ 2 7 4.34 .L 
1 
.07 64 3.33 i" .08 

+ 3 - 8 4.12 + .08 49 3.29 + .13 

+ 4 - 22 4.10 JL 
i .11 35 3.59 + .25 

aThe spectral exponents, 7 , for the energy spectra in the 
5-50 MeV energy range, for the five flare events and for both 
Pioneers 8 and 9 are tabulated. $g! and 1 are the longi-
tudes of the feet of the nominal Archimedes spiral through 
the two spacecrafts reckoned relative to the current position 
of the region of the sun where the flare occurred. That is, 
these angles are the longitudes of the spacecrafts relative 
to the centroid of the cosmic ray populations injected by 
the parent flare. 7g and 7g are the spectral exponents for 
the two spacecrafts. 
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d U at high energies, the roles may be reversed at lower 
at 

energies. Thus, while the convection time constant as de-

fined by equation (5) is independent of energy, and hence 

d U is likewise independent, the data in Figure 20 imply that 
d t 

will increase towards lower energies, and consequently 

that d U .c[JL can dominate over JL3I in equation (3). As 
B jp dt 

a consequence, the observed time constant, T, in equation (6) 

will become negative, indicating that the cosmic ray flux at 

low energies will increase with time if the observer is on 

the western side of a cosmic raj'' population (i.e.., iPf posi-

tive) . Such is in fact observed to be the case for E > 3 MeV 

for the March 30, 1969 event. 

Figure 33 shows that while the higher energy flux 

(greater than 10 MeV) decays continually with time after 

April 3, the low energy flux shows a gradual rise, indicative 

of a negative decay time constant T. Reference to Table III 

shows that a negative time constant is also predicted by 

equation (11). The large error in the predicted value of T 

for this event is a result of the convective time constant 

being approximately equal to the "corotation" term 
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Reference to equation (6) shows that the convective time 

constant, T , is sensitive to the exponent, y , of the 

differential energy spectrum. Figure 32 shows therefore 

that r will depend upon the position of the observer rela-

tive to the centroid of the cosmic ray population injected 

by the flare, that is, it will depend upon |pf . Reference 

to equation 6 indicates that the manner in which the ob-

served time constant, T, depends upon the population 

longitude, ip1 , will be determined by both this dependence 

of T on ip* , and by any dependence of ip0 (the instantan-

eous value of the e-folding angle) upon ip1. One would 

expect V o to increase with , thereby tending to cancel 

the effect due to the increase in r . 

The fact that the spectral exponent is a function of the 

angular distance from the parent flare is clearly related to 

the process whereby the cosmic radiation propagates to field 

lines far distant from the flare. Thus Figure 32 indicates 

that the propagation is more effective at higher energies, 

which is in qualitative agreement with the concept of "near 

Sun" diffusion. Given a more thorough understanding of the 

functional dependence of cosmic ray density upon ^ , the 

variation of y will permit a quantitative test of specific 

near sun diffusion models. 
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3.7 The Particle Distribution at Early Times 

It has generally been the implicit assumption that the 

distribution of energetic particles which are produced in 

solar flares can be represented by a Gaussian function cen-

tered about the field lines which connect to the active region 

(0fGallagher•^jAxford'^, Jolcipii and Parker"^). In the pre-

vious sections it was shown that at very late times this as-

sumption is generally valid. However at early times there 

are indications that the distribution might be much more com-

plex. This section will describe the solar flare event 

of March 12—17, 1969 in which the distribution of the parti-

cles during the early phase of the event clearly deviated 

greatly from this approximationc This event is therefore 

important in that it raises several basic questions con-

cerning the production of particles and the manner in which 

they propagate near the solar surface. 

The energetic ions, observed during the March 12, 1969 

flare event, were clearly associated with an importance 2B 

optical flare which occurred at 1738 UT on March 12, 1969. 

This flare was located at N12°~4J80° in the McMath plage 

region 9966, which appeared on the east limb of the sun 

around March 1 and was active throughout its transit across 
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the solar disk. The plage region consisted of two parts in 

an east-west orientation which were connected by magnetic 

filaments. The two regions were separated in solar longi-

tude by about 20°, as illustrated in Figure 34. 

The 1738 UT flare occurred in the trailing region and 

was accompanied by intense x ray and radio emission. Both 

Type II and Type IV radio emissions were observed starting 

at 1738 UT and ending around 1800 UT. The x rays were ob-

served at 1738 UT at Earth and produced a severe sudden 

ionispheric disturbance (SID) which started at 1739 UT and 

ended at 1945 UT, with maximum at 1740 UT. Intense solar 

x ray fluxes were also reported by Solrad 9 and Explorer 37 

at 1740 UT. 

The locations of the four Pioneer spacecrafts on March 

12 are tabulated in Table VI. Using the average solar wind 

velocity of 390 Ion/sec observed by the VELA spacecraft at 

"1 / 

Earth , the field lines passing through the Pioneers 6 

through 9 can be extrapolated back to the solar surface at 

respectively, 170°, 87°, 40°, and 15° east of the actual 

flare location. The positions, after projection, are sum-

marised in Figure 34. From this, it would appear that 

Pioneer 9 should have been in the most favorable location to 
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TABLE VI 

LOCATION OF THE PIONEERS 6 THROUGH 9 SPACECRAFTS 
ON MARCH 12, 1969a 

Spacecraft Location Q R Onset Time 
March 12 

Peak Flux 
7.5-45 MeV 

(cm^sec. ster)""̂ -

Pioneer 6 

Pioneer 7 

Pioneer 3 

Pioneer 9 

- 151° 0.93 AU 

- 89° 1.1 AlJ 

- 24° 1.02 AU 

+ 14° 0.77 AU 

2000 UT 

i t * 

1830 UT 

1900 UT 

2 .0 

0.4 

15. 

2.5 

a 9 is the Earth-Sun-Probe angle with positive being towards 
the west. R is the Sun to spacecraft distance. 

observe the solar particles directly from the active region. 

However, as shorn by Figure 35, the particle flux observed 

by Pioneer 9 was almost an order of magnitude less than that 

observed by Pioneer 8. 

The time intensity plots for the Pioneer 8 and 9 space-

crafts are shown in Figure 35. It can be seen that in addi-

tion to the considerable difference in the particle fluxes 

at the two spacecrafts, there were substantial differences 

in the decay rates. The flux at Pioneer 9 decayed exponen-

tially with a decay time constant of «34 hours. During the 
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Fig. 35—The temporal variations of the 7.5-21 Mev 
cosmic ray fluxes observed by Pioneers 8 and 9 during the 
flare effect of March 12, 1969. 
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early phase of the event the decay time.constant at Pioneer 8 

was *«8 hours, however, during the later part of the event 

(after ^1200 UT, April 14} the decay constant was roughly 

equal to that observed by Pioneer 9. 

There were also considerable differences in the rise 

time and anisotropy measured at the two spacecrafts. In 

Figure 36 the vector diagrams of the hourly average aniso-

tropy are plotted for the period from 1800 UT, March 12 until 

0800 UT, March 13. During this period the flux at Pioneer 8 

was strongly anisotropic ( «907o during the first two hours 

of the event), with the anisotropy aligned with the nominal 

interplanetary field lines. The anisotropy at Pioneer 9, 

while generally aligned with the nominal interplanetary field, 

was considerably smaller in amplitude than that observed by 

Pioneer 8. It can be seen from Figure 37 that the rise time 

of the flux at Pioneer 8 was much more rapid than that of 

Pioneer 9. For transit along a nominal Archimedes spiral 

line of force, the time of flight of the ions that are de-

tected in the lower energy channels of both spacecrafts is 

«1 hour. Hence the time interval between the flare occur-

rence and maximum cosmic ray flux, expressed relative to this 

minimum time of flight, is three for Pioneer 8 and nine for 
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Pioneer 9. This clearly indicates that the particles which 

reached Pioneer 9 must have passed through a strong diffusing 

region before arriving at the spacecraft, while the flux at 

Pioneer 8 reached the spacecraft with relatively little dif-

fusion. This is consistent with the fact that the observed 

velocity dispersion of the flux at Pioneer 8 at early times 

indicates an average path length of 1,3 AU. 

In total, the various data clearly indicate that during 

the early phase of the event, (1) the distribution of par-

ticles was not a simple decreasing function of distance from 

the nominal field Hue through the solar flare; (2) that the 

particles observed at Pioneer 8 propagated directly from 

their production point to the spacecraft with negligible dif-

fusion, while the particles reaching Pioneer 9 suffered very 

considerable diffusion and delay; and (3) that the most fa-

vorable propagation path through the solar system for parti-

cles from the flare was along lines of force some 40° to the 

east of those to be expected on the basis of the generally 

accepted models. 

In addition to the major discrepancies between Pioneers 

8 and 9, Table VI shows the Pioneer 6 flux to be greater 

than that at Pioneer 7 and approximately equal to that 
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observed at Pioneer 9. Since Pioneers 6 and 7 data are 

acquired only ~ 4 hours every 2-3 days, it is not possible 

to exclude the possibility that the Pioneer 6 enhancement 

was due to another unrelated flare, possibly associated with 

the Plage region 9996 that was responsible for the major 

cosmic ray flare activity some 16-20 days later. The alter-

nate hypothesis, namely that the enhancement at Pioneer 6 

was correlated with those at Pioneer 8 and 9, merely indi-

cates even greater deviation from the simple Archimedes spi-

ral model and strengthens comment (1) above. 

It must- be stressed here that none of the facts enum-

erated above are evident from the data from either Pioneer 8 

or Pioneer 9 alone. Taken in isolation, either set of data 

could be fitted by an appropriate ad hoc model. Thus if only 

Pioneer 9 data were at hand, it would be said that the aver-

age diffusion coefficient from sun to Earth along the nominal 

Archimedes spiral field lines was small at the time. If 

only Pioneer 8 data were available, the conclusion would be 

that the cosmic rays had been spread widely in longitude at 

the sun and had then propagated through a nominal field with 

a relatively large value of the diffusion coefficient. It 

is only through the availability of both sets of data that 

the inapplicability of a model invoking symmetry about the 
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line of force through the parent flare becomes apparent. 

It is clear that a simple diffusive model based on a 

nominal Archimedes spiral magnetic field (Reid̂ -*, A x f o r d ^ ) 

is not consistent with the evidence presented herein, It is 

possible that stochastic wandering of the interplanetary 

16 

lines of force such as proposed by Michell or Jokipii and 

Parker could explain the observation. However, the devi-

ations from the nominal field seem extreme, since Jokipii and 

Parker estimate that the fields may exhibit an rms deviation 

(jL.e., standard deviation) of 15° from the nominal field 

line; Hichsll's estimate is less. The evidence herein would 

require a deviation of ~ 40° from the nominal field line, 

jL.£. , some 2.7 standard deviations departure from the theo-

retical mean. This would have a probability of ~ 2% for 

chance occurrence. 

Two other possibilities exist to explain the observa-

tions . Considerable evidence for coronal shock waves (Athay 

and MoretonI?), and the fact that they can accelerate elec-

trons to relativistic energies at points far away from the 

parent flare^-?, suggests that the ion acceleration might be 

occurring at a point far removed from the parent flare. 
1 ft 

Dodson Prince indicates, however, that there was no evi-

dence for a shock wave, nor was there radio evidence for 
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electron acceleration other than in the original parent 

f l a r e 2 0 # A shock wave of typical velocity (1000 km sec""*") 

would travel «40° in solar longitude in 13 minutes; however, 

the radio emission shows no evidence of a second enhancement 

13 minutes after the first. It roust be concluded therefore 

that this model is not consistent with the facts on this 

occasion. 

The remaining possibility is that the cosmic rays 

having been accelerated in the vicinity of the parent flare, 

gained direct access to the interplanetary field only after 

propagating for a considerable distance in a coronal magnetic 

field that lead to a point some 40° to the east of the parent 

flare (Newlcirk and Altschuler21). Injection. onto other field 

lines (such as sampled by Pioneer 9) would only be after con-

siderable diffusion. Thus the March 12 event would be expli-

cable in terms of Pioneer 9 being on a nominal Archimedes 

field line with no "good connection" to the parent flare, 

while Pioneer 8 was on a field line that led to a region on 

the Sun some 40° from the flare, but which had a good mag-

netic connection to the flare via coronal magnetic fields. 

It is not possible at this time to determine which of 

the two models (a) the stochastic wandering field, or (b) co-

ronal magnetic field transport, plus nominal Archimedes 
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spiral fields, applied at the time of the March 12 event. 

The event makes it clear, however, that major deviations 

from the simple theory do occur, and that models must be de-

veloped to accommodate them. Thus if the stochastical 

wandering explanation should prove to be the applicable 

model, it appears that the degree to which the field lines 

meander is greater than that estimated on theoretical grounds. 

Clearly further cosmic ray observations obtained simultan-

eously by wider separated spacecraft are crucial to such a 

study, especially if it is a stochastical process that is 

being observed. Correlated studies with radio receivers ex-

ibiting spatial resolution (e.£. the radioheliograph), and 

detailed studies of the concurrent coronal magnetic fields 

will add greatly to the study of this problem. 

3.8 Anomalous Temporal Variations in the Cosmic Ray Flux 

In the previous sections it was shown that the observed 

temporal variation of the cosmic ray flux at a given point in 

the interplanetary region is determined (a) by the temporal 

variations on a given set of field lines and (b) by the long-

itudinal gradients in the particle density. Under normal 

circumstances the temporal and corotational effects can be 

separated only by the use of the analysis described 



105 

previously. However flare events occasionally exhibit 

anomalous temporal variations which can be attributed to 

only one of two effects. Since the events provide valuable 

insight into the propagation processes, this section will 

describe examples of each type of variation. 

The events described here were obtained prior to the 

launch of the Pioneer 9 spacecraft so that the data described 

below are from the Pioneer 8 spacecraft and the cosmic ray 

detector aboard the Explorer 34 Earth-orbiting spacecraft.^2 

The Explorer 34 cosmic ray detector is basically similar to 

the Pioneer detector} however with slightly different energy 

ranges. 

1. The Corotation of Solar Flare Electrons. 

Figure 38 illustrates the average hourly counting rates 

during the period July 6 through July 17, 1968. It can be 

seen that at some time shortly before 2100 UT on July 12 a 

well-defined enhancement in the > 13.5 MeV flux was observed 

at Pioneer 8. This event was short lived, rising to a maxi-

mum value at ^0030 UT, July 13 and decaying back to the 

ambient value some 15 hours later. A similar enhancement 

was observed at Explorer 34 starting shortly after 1600 UT 

on July 13 and reaching maximum value at 2230 UT. The 
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time delay between the peak flux observed at Pioneer 8 and 

Explorer 34 was 22 hours. 

On the basis of the observations shown in Figure 39 it 

is apparent that this event is an example of a corotating 

enhancement of the type discussed by Bryant ej: al.^t Lin 

et al.^, and Ahluwalia^. For a corotating event, Explorer 

34 would have recorded the event later than Pioneer 8 by a 

time Tc given by Tc = { V $ - A r 

P 

where A ip and A R are the differences in solar longitude 

and radial distance, respectively, between the two space-

craft. At the time of this event A$ and A R were 15° and 
7 

1.2 x 10 km respectively. A plasma velocity of 660 + 50 
0 f\ 

km/sec (as determined from the index ) yields a value 

for Tc of 22.6 + 0.4 hours, in good agreement with the ob-

served 22 hour delay. 

In Figure 39 the hourly averaged count rate from the 

scintillation counters and the solid state telescopes of the 

two spacecrafts are plotted for the time interval July 6 -

July 17. The scintillation data are identical to those de-

picted in Figure 38. It is clear that the scintillation 

counters and solid state detectors exhibit significant 
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differences in their time profiles. Since the solid state 

detectors are insensitive to electron fluxes, these differ-

ences in time profiles can be attributed to the recording of 

relativistic electrons by the scintillation detectors ( 13.5 

MeV for Pioneer 8 and 2 MeV for Explorer 34). This con-

clusion has been supported by McCracken e_t al. ̂  and by 

Simnett28. 

From the symmetry of the event at Explorer 34 it must 

be concluded that the time variation V7as due predominately 

to the corotation of the electron stream. The situation at 

Pioneer 8 is somewhat more complex since the rise time is 

considerably faster than the decay. Thus a part of the tem-

poral variation, at least during the first several hours of 

the event, is due to time variation in the density of parti-

cles along the field lines. This contention is supported by 

the anisotropy at Pioneer 8 shown in Figure 40, It can be 

seen that the anisotropy was 100% for the first five hours 

of the enhancement. This indicates a strong gradient along 

the field lines and subsequently a large increase in the 

count rate. The anisotropy dropped quickly to a quiescent 

value of 10 to 20 % during the later phase of the event. 

From the duration of the event as recorded by Explorer 

34, the angular extent of the electron stream can be 
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estimated to be only about 10° wide. This would indicate 

that the longitudinal spreading of the electron stream was 

negligibly small during the 22 hour corotation time between 

Pioneer 8 and Explorer 34 and as & result would require that 

the diffusion coefficient perpendicular to the field line be 

neglibibly small compared to the diffusion coefficient par-

allel to the field lines (i,.£., K x /% «1). This obser-

vation is in good agreement with the theoretical predictions 

of Parker^, Jokipii^O, and Roelof-^ and with the observations 

of Lin et al.^»who find that the transverse diffusion co-

efficient is at least two orders of magnitude less than the 

parallel diffusion coefficient. 

2. Near Sun Modulation 

The characteristic time-intensity profile of solar 

cosmic ray events has resulted in several models for the 

propagation of the solar particles in which a diffusive 

mechanism plays a predominant role in determining the char-

acter of the events. These models can be divided into two 

general classes which differ mainly in the region in which 

the diffusion occurs. The first class of models assumes 

that the propagation is controlled by scattering in the in-

homogeneities which are present in the interplanetary 
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magnetic The important features of such 

interplanetary diffusion models are that the source of the 

cosmic ray injection is very short lived and that the char-

acter of the event is determined entirely by the scattering 

within the interplanetary field. 

The second class of models assumes that the time profile 

is determined predominately by the conditions near the Sun, 

with the particles being released over an extended period of 

time. Several processes have been proposed to produce such 

an extended source of particles. These include the fol-

lowing : (a) The continuous and/or secondary injection of 

particles ' ~ . (b) "Diffusive" storage in which the pro-

pagation is inhibited by scattering in the solar magnetic 

fields^ »^, and (c) the "adiabatic" trapping of particles 

07 

in the magnetic structure near the Sun . There are no for-

mal models corresponding to cases (a) and (c) above since 

the description of each event would require a much more de-

tailed knowledge of the solar magnetic fields at the time of 

the events than is currently available. 

Reid"^ has proposed a diffusive model in which the par-

ticles diffuse across the surface of the sun in a thin 

isotropic layer with subsequent leakage onto the 
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interplanetary field lines. This model was later expanded 

by Axford^ to include the effects of propagation in the in-

terplanetary field. Since both the interplanetary diffusion 

models and the Reid-Axford model provide a reasonable fit to 

the time profiles of the solar flare events, some basis other 

than the usual time profile must be used in evaluating the 

relative appropriateness of the different models. In this 

section two events will be described which display non-dif-

fusive variation that wouId imply a strong influence of near-

sun processes in determining the characteristics of solar 

flare events at early times. 

Figure 41 illustrates the observation of the solar flare 

effect of September 29, 1968,by the detectors aboard Pioneer 

8 and Explorer 34. The parent flare for this event was iden-

tifiable as a 3B flare which started at 1634 UT, September 29 

at solar coordinates N17°-W50°. The two spacecrafts were 

separated at this time by ~ 21° of solar longitude. The 

upper curve of Figure 41 is the omnidirectional flux in the 

energy range 21.5 to 64 MeV recorded by Pioneer 8, while the 

lower curve illustrates the omnidirectional flux > 10 MeV. 

for the same event recorded by Explorer 34. Basically the 

event shown here displays a normal time intensity profile, 

.i.e.., a relatively fast rise followed by a slower 
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exponential decay. However the decay profile at Pioneer 8 

is interrupted by a sharp reduction in counting rate com-

mencing about 1800 UT, September 30,which persisted for 

approximately twenty hours before returning to the decay rate 

established during the fifteen hours prior to the reduction. 

Explorer 34, however, recorded this same event with a 

different time intensity profile than did Pioneer 8. Al-

though the rising phase and early decay phase of the event 

as observed at Explorer 34 follows very closely that ob-

served by Pioneer 8, Explorer 34 did not observe the sharp 

reduction in the count rate, but rather, during this same 

period of time recorded a disturbance in the decay rate which 

also lasted for about twenty hours. 

At this point, the possibility of the disturbance being 

caused by a corotating structure, such as a very large fila-

ment or a sector boundary can be ruled out, since a coro-

tating structure would have reproduced the reduction observed 

at Pioneer 8 some 36 hours later at Explorer 34. Since the 

diffusion of particles across the interplanetary field lines 

is negligibly small there appears to be only two probable 

explanations for this event. If the particles are not being 

stored near the sun, then the event could be the result of a 
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region of low cosmic ray density which moves radially 

outward from the Sun. If the Reid-Axford model is applica-

ble, then the event could result from a disturbance in the 

solar diffusion layer which prevents the particles from 

moving out onto the interplanetary field lines. 

The second event was recorded during the solar active 

period from October 31 to November 6, 1968,with many of the 

features of the September event. The omnidirectional par™ 

ticle flux during this period is shown in Figure 42. In this 

event the count rate at Pioneer 8 dropped off sometime be-

tween 1800 UT, November 2 and 0300 UT, November 3 and remained 

depressed for about 36 hours before returning to a normal 

decay. On this occasion, however, Explorer 34 recorded the 

same reduction as was recorded by Pioneer 8. This event is 

not as well defined as the September event since (a) the on-

set of the reduced phase occurs during a period of non-

tracking of Pioneer 8 and (b) there was a 2B solar flare 

(S15°-U90°)^ which occurred at 0515 UT, November 4 that 

could possibly account for the recovery of the count rate on 

November 4. However, it is evident that both spacecrafts 

did record a sharp reduction in count rate at approximately 

the same time. This would again rule out the possibility of 

the event being the result of corotating structure in the 
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interplanetary field. 

Although it was shown in Section 3.6 that the Reid-

Axford model was inadequate in describing some solar flare 

events, it does illustrate the connection between the pro-

pagation effects near the gun and those in the interplane-

tary field in determining the time intensity profile as seen 

at 1 AU. The Reid-Axford model is shown in Figure 43. The 

density of particles in the solar diffusion layer as a func-

tion of time and distance, P , from the flare is given by 

U(p,t) = ^ exp ( - _£.! - £ t ) (12) 
t K 4kt 

where k is the diffusion coefficient in the solar layer, A 

is a constant and jS the fraction of particles per unit 

time and unit area which leak out onto the field lines from 

the solar layer. On the assumption that upon injection into 

the interplanetary magnetic field the particles experience 

isotropic diffusion, the "response function" R(x,t) of the 

interplanetary medium can be written as 

R(x = w h w e x p ( x 2 / 4 D t > < i 3> 

where x is the distance from the solar surface, D is the 

diffusion coefficient for the interplanetary field and n is 

generally taken to be 1.5 3^. The cosmic ray particle 
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intensity as measured at the orbit of Earth (x = X) will be 

given as the convolution of the source function U( p, t) and 

the field response function R(x, t), I.e., 

t 

I(t) - J U( P, O R(x, t - O dt . (14) 

o 

The anomalous temporal variations in the cosmic ray flux 

during the September and October events can be fitted into 

the Reid-Axford model if it is assumed that p is a func-

tion of time and solar position. Figure 44 shows the pos-

sible configuration of the solar conditions during the two 

events. For simplicity a discrete confining layer with 

transparency j3 is shown separating the two diffusion re-

gions , however, it is meant only to represent some mechanism 

which controls locally the rate at which particles move out 

of the diffusion layer into the magnetic field. Figure 44(A) 

represents the prevailing solar conditions during the reduced 

intensity phase of the September event. The shaded region 

represents an area in which the transparency is low so that 

particles are inhibited from moving onto the field line 

rooted in this location. During the rise and early decay 

phase of the event this opaque region was not present, but 

rather developed at about 1800 UT, September 20,causing the 

reduction in the Pioneer 8 counting rate. This region did 



121 

PQ 

Q >-
UJ <i 

O q O ] 
OC if) 
o 

oa 
C0 
o> 

to 
>* 

o 
z 

CO 
CO 
0> 

c> 
ro 

H 
CL 
UJ 
CO 

•P 
§ 

s 
u 
<D 

II 
B 
a , 
CD 

t o 

CO 

•M 
*r4 
r d g 
a 

M 
«d 

«-i 
o 
U) 

M-t 
O 
g 

•H 
•M 
Cd 
U 
D 
50 

*H 
M-4 
§ 

o 

O 4J 
r-t C 

co a) 
03 
0 *-l 

pu 0) 

1 *§ 

o 
• 52; 

50 
•rl / N 
fx, pq 

CD 
P> 



122 

not include the field lines which connect to Explorer 34, so 

that it would not see a reduction in counting rate. However, 

the presence of the opaque region would tend to reduce the 

total loss rate from the diffusion layer so that one might 

expect the decay rate to be reduced, as is observed by 

Explorer 34. In the November event, the situation is much 

the same except that both spacecrafts were on field lines 

which connected into the opaque region, so that when the 

transparency of the area decreased, both spacecrafts observed 

a reduction in counting rate. 

One important feature of equation (14) is that if one 

of the functions is narrow in time, the particle time inten-

sity profile will be determined predominantly by the form of 

the other. For example, if U were to approach a delta func-

tion (as in the case of a purely impulsive source), then the 

particle intensity observed at Earth would be given simply 

by R(x,t), corresponding to the interplanetary diffusion 

model. In the normal solar flare events, the time intensity 

profile reflects the combined effects of the source and inter-

planetary response functions. The interrupted decay profile, 

however, provides an opportunity to perform a first order 

separation of these effects. If the models sketched in 

Figure 44 are applicable and the particles are being suddenly 



123 

blocked at the Sun, then it follows that the abrupt decay at 

the onset of the reduced phase of the events must represent 

the decay of particles in the interplanetary field. Since 

the response function R at 1 AU is determined by D, a lower 

limit on the value of D can be obtained using equation (14) 

by assuming that the source function U(P ,t) in the 

September 30 event was given by 

U( PD,t) = N 0 for t < 0 

~ 0 for t > 0 (15) 

where t ~ 0 sets the onset time of the reduced phase and P Q 

the location of the Pioneer 8 field lines, 

Equations (13), (14), and (15) give for t > 0 

I(t) = ° U(P,4 )-exp(-x2/4Dt) — — 

+ 

(4 u D)n J -co (t - £)n 

VXP » ilyx?., (-x2/4Dt) dt 
o (t - 4)n 

No f° e™..C-x2/41)(t -K)) d ? _ ( 1 6) 
(4 IT D)n J _co (t - £ 

Making the variable substitution w = L_ , equation (16) 
t -4 

X /1 r 

becomes I(t) - T;S.o T • w11"1 dw 
(4 it D) J D

 KV 4D 
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N0 x~2(n-l) r(n - l,Js£ ) (17) 
(4 D)n '4Dt 

where r(n, x) is the incomplete gamma function. Assuming 

that (a) n ~ 1.5 and (b) that the intensity had dropped by 

a factor of 2 after 5 hours, equation (17) yields a value 

for D of 0.2 (AU)^/hour. Equivalently, the mean free path, 

X , for a 10 MeV particle would be 0.6 AU. (D = Xv/3 where 

v is the velocity of the particle.) 

If it is assumed that the interplanetary diffusion 

model is valid and the reduced phases represent only local 

disturbances in the cosmic ray flux then the diffusion co-

efficient D can also be calculated by writing equation (13) 

in the form ln(tn*I(t)) = constant - . 
4D t 

Thus if ln(tn»I(t)) is plotted vs. 1/t, the result should 

be a straight line with slope x2/4D. The data for the 

September 29 event is shown in Figure 45 which yield a value 

for the diffusion coefficient of D = 0.01 (AU)2/hour or 

equivalently a mean free path of 0.03 AU at 10 MeV. Clearly, 

there is a discrepancy of about a factor of 20 in the results 

obtained by each of these calculations. It is evident that 

the appropriate expressions for U and R are required for a 

definitive model of the propagation of particles, thus it 
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is important that the extent of particle storage near the 

surface be determined. 

In the discussion above, the effects of .convection of 

the solar particles have been neglected. It was shown in 

the previous sections that convection does,however, play an 

important role in determining the movement of particles. 

The fact that the convection was shown to move the particles 

out of the inner solar system within a period of 1 to 2 days 

will limit the influence of coronal conditions in deter-

mining the characteristics of solar events at late times. 

It would appear that a complete description of the solar 

flare effect will require the solution to two problems: the 

description of the early phase of the event in terms of the 

coronal conditions and the description of the event at late 

times in terms of the interplanetary parameters, with the 

initial conditions set in the early phase. 
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CHAPTER IV 

CONCLUSIONS 

The following summarizes the properties of the solar 

cosmic ray flares which have been derived from the Pioneer 

data. 

1. Anisotropy 

"i.l At 0 < T < 1 day, the anisotropy at E ~ 10 MeV tends 

to be large and directed along the magnetic field lines. 

1.2 At 1 < T < 4 days, the anisotropy at E ~ 10 MeV tends 

to be directed radially away from the gun. 

1.3 At T £ 4 days, the anisotropy at ~ 10 KeV is directed 

from a direction ~ 45° east of the satellite-sun line. 

1.4 It is suggested that the anisotropy is parallel to the 

vector ExB at late times (T > 4 days). 

2. Convective Removal Processes 

2.1 Properties 1.2 and 1.3 imply the dominance of convection 

as compared to diffusion in the escape of solar cosmic 

rays from the solar system at late times (T > 1 day). 

2.2 A positive radial cosmic ray density gradient, JLE, 
3 s 

exists at very late times (T > 4 days) near the orbit 
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of Earth. This drives a diffusive current along the 

interplanetary field lines toward the Sun. 

2.3 The effective convective removal velocity will be .5Vp 

at very late times. It approximates 0.5 V at such 
r 

times as the anisotropy is from 45° east of the sun. 

2.4 An anisotropy normal to B implies an equilibrium be-

tween the convective current Vp, U, and the diffusive 

current K,— along the interplanetary field lines, 

where Vp is the component of the solar wind velocity 

parallel to the interplanetary magnetic field. 

3. Spatial Gradients 

3.1 As noted in 2.2, the properties of the cosmic ray ani-

sotropy imply a positive radial gradient of cosmic ray 

density at very late times (T > 4 days). 

3.2 Direct measurements indicate the persistence of strong 

gradients in heliocentric longitude at very late times 

(T ^ 4 days). e-folding angles of ipQ & 30° have 

been observed. 

3.3 At very late times (T > 4 days) the relative gradient 

i ~ , in heliocentric longitude is invariant with 
U d9 

respect to time. 
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4. Temporal Decay 

4.1 The observed temporal variation of the cosmic ray flux 

is due to two major effects (a) convective removal of 

the cosmic radiation, and (b) the "co-rotation" of the 

cosmic ray population (see equation 3). 

4.2 The observed time rate of change of cosmic ray flux is 

critically dependent upon the local value of the gradi-

ent in heliocentric longitude (for E « 10 MeV). When 

the observer is to the west of the centroid of the 

cosmic ray population, the gradient has been observed 

to result in the almost complete cancellation of the 

temporal decay which is due to the expulsion of the cos-

mic radiation by the solar wind. When the observer is 

to the east of the population centroid, the effect is 

to hasten the decay by a factor of ~ 2. 

4.3 The properties of the cosmic ray spectra indicate that 

the influence of the longitude gradient upon the ob-

served temporal decay increases towards lower energies. 

For example, for the flare event of 29 March 1969, the 

gradient term at about 5 MeV exceeds the convective re-

moval term in equation (6). In this case, an observer 

on the western side of a cosmic ray population sees a 
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flux that increases with time. 

4.4 The convective component of the decay time constant, r , 

is expressible in terms of the characteristics of the 

anisotropy (equation 10). 

4.5 The convective time constant, T , increases by a 

factor of ~2 between the epoch when the anisotropy is 

directed from the gun, to the epoch at which it is dir-

ected from 45° E. 

4.6 At late times, when the anisotropy is directed from the 

Sun, (1 > T > 4), the convective time constant varies 

as the reciprocal of the solar wind velocity. At very 

late times, (T £ 4 days) it is essentially independent 

of Vp. 

4.7 The observed time constant T is a function of the posi-

tion of the observer relative to the centroid of the 

cosmic ray population. 

5. Cosmic Ray Spectrum 

5.1 At late times, (T > 1 day), the spectral exponent near 

10 MeV is dependent on the longitude of the observer 

relative to the centroid of the cosmic ray population 

injected by the flare. This effect results in a vari-

ation in spectral exponent over the range 2.0 < y < 4.5. 
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5.2 At a given point in the frame of reference of the 

cosmic ray population, the spectral exponent is inva-

riant with time. 

6* Cosmic Ray Distribution at Early Times 

6.1 In the March 12, 1969 event: 

(a) The distribution of particles was not a simple de-

creasing function of distance from the nominal 

field lines through the flare. 

(b) The most favorable propagation path through the 

solar system was along the lines of force some 40° 

to the east of those to be expected on the basis 

of the generally accepted models. 

6.2 The radio and optical data for this event do not indi-

cate the secondary acceleration of particles at points 

far away from the parent flare. 

6.3 The anomalous distribution of particles at early times 

appears to be due to either (a) the stochastical wan-

dering of the interplanetary field lines or (b) the 

redistribution of particles in the coronal magnetic 

field. The stochastical wandering of 40° from the 

nominal field line would have a probability of ~27o for 

chance occurrence. 
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7. Anomalous Temporal Variations 

7.1 The event of July 12-13, 1968 provides an example of 

the corotation of a well defined stream of cosmic ray 

electrons between the Pioneer 8 and Explorer 34 space-

craft. 

7.2 The negligible spreading of the electron stream during 

the 22 hour corotation time between Pioneer 8 and 

Explorer 34 requires that Kx /K„<< 1. 

7.3 The events of September and November 1968 suggest 

strong modulation of cosmic rays near the surface. 

Calcination of the diffusion coefficient in, the inter-

planetary magnetic field based on the Reid-Axford model 

and the interplanetary diffusion model differ by a 

factor of 20. 



APPENDIX I 

THE DIFFERENTIAL RESPONSE FUNCTION 
OF THE SCINTILLATION TELESCOPE 

The "differential response" A(8) of a detector system 

is defined by A(0) = .v1'. w . where dN(9) is the count rate 

J(9)d9 

which would result from an incident flux J(9) from within 

the differential solid angle 9 to 9 + d9. To determine the 

differential response of the Pioneer scintillation telescope 

it is useful to consider an equivalent detector composed of 

two thin disks. The configuration of the two disks is shown 

in Figure 46. The spacing (S) between the disks is depen-

dent on the range (r) of the particles in the Csl crystal 

since any particle which enters the chamber at an angle 

greater than 9m will be rejected by the anticoincidence• The 

distance h is given by h ® (cm) . 
(SQ + h)^ + d^

 A' ̂  

This equation can be solved by an iteration method by 

allowing hQ -
 u - ^*r (S0

2 + d2)l/2 ' n (S0 + h ^ )
2 + d2 1/2 

Thus h is the limit of as n becomes large. The range of 
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Fig, 46--Showing the actual telescope configuration (A) 
and the equivalent detector made up of two disk (B). 
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Fig. 47-~The relative differential response of the 
telescope and octants. 
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a 90 MeV proton in the Csl crystal is ~2.65 cm, which 

corresponds to b. » 2.13 cm. 

The differential response of the detector as a function 

of the zenith angle, measured relative to the axis of the 

telescope, is given by A(©) » (2 <P - sin2 <p)cosQ« (d/2)2(cm)2 

where d is the diameter of the detector and <p is defined by 

cos <P - §. tan©. A plot of the differential response 
d 

function at energies of 1 MeV and 90 MeV are shown in Figure 

47. For the purposes required here the function can be 

accurately fitted by A(G) = A (1 - i ) (Q < fi ) (1) 
6m 

with AQ = 12.56 (cm^) and ©m being 0.610 and 0.454 radians 

at 1 and 90 MeV respectively. 

The geometric factor of the detector (Gd), defined as 

the integral of the differential response function, is 

2v ©ra 
given by Gd J d<P J A(©)sin9d0 (cm^-steradians). (2) 

o o 

The integral (1) yields geometric factors of 4.8 and 2.9 

(cm2-steradians) at 1 and 90 MeV respectively. 

ANISOTROPY MEASUREMENTS 

To provide a quantitative description of the cosmic ray 

flux as a function of direction, a harmonic series of the 
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form ~ Nq (1 + 6^cos(9 Qj) '+ - ©2)) (3) 

is fitted to the data from the eight octants. In the equa-

tion above N0 is proportional to the omnidirectional flux 

and 6^ and 6^ are the amplitudes of the first and second 

harmonics, while 0-̂  and Q̂> represent their phase. 

If n^ (i=l,...,8) is the number of counts accumulated 

in the octant i then 

8 /AT2 j AO2\1/2 
N0 = I (1/8)^ 8t - ̂

 1 r 2 > (4a) 
i-1 No 

(a32 + M 2 ) , / A] \ 
2 5; (4b) 

2 

where 

0o « tan " 1( (4c) 

- 8 8 
A1 = r H ni sin@i A2 " r Z ni c o s @i (5a) 

* i=l * i=l 

- 8 8 
A3 T SL ni sin2©i A4 - I 21 n£ cos20i (5b) 

i~l ^ i=l 

and 0^ is the mean viewing direction of octant i (i-1,...,8) 

(see Figure 6, Chapter 2). Equation (1) does not always re-

present the true particle flux distribution for two reasons. 

1. If there exist higher harmonics (>2) in the particle 

distribution, these harmonics will not be reflected in 
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equation (1). This error is usually small and can be 

neglected, except when the particles are strongly columni-

ated, i.e.., unidirectional. 

2. The magnitude of NQ, 6^, an(j 62 are reduced due to 

the finite width of the octants and the detector opening 

angle. If the particle flux is given by 

J « JQ (1 -Ho^cos(9 - 9^) + (*20032(9 - @2)) (6) 

then the count rate observed in octant i (i=l,...,8) will be 

given by % = J AQ(9 - 9i) J(9) d9 (7) 

9 

where AQ is the differential response of the octants and 9^ 

is the mean viewing direction of octant i. AQ is defined as 

Ao = f Ad<^ ) H( <P - 9) d<P °<p 

where H(9) is 1 if 9 is less than the half width of the 

octant and zero otherwise. The solid curve in Figure 2 shows 

the differential response of the octants relative to the 

center of each octant. Substituting equation (6) into (7) 

yields, after some simple manipulations 

Ni " Jo Go ^ + al(§ 1) cos(@i " QQ) + a2^Jcos2(9i- 90)),(8) 
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where G0 = A (©) dQ, Gi 83 f A0(@) cos0 d9, and Q 9 

G 2 ~ J A o ( 9 ) COS20 dQ. (9) 

© 

Comparison of equations (3) and (8) reveals that the calcu-

lated first and second harmonics are given by 

Mibi and 62 = 8H-
Equations (9) have been integrated numerically yielding 

2l » .95 and 2l « 0.80 
Go GQ 
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