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ABSTRACT

We have measured the differential energy spectra of cosmic-ray
positrons and negatrons with energies between ~11 and 1500 MeV during

the.period‘1968-1971 using a balloon-borne magnetic spectrometer. These

measurements fill a gap in the pfeviously existing data énd permit us
to determine, within quantitative limits, the interstellar spectra of
cosmic-~ray positrons and electrons (é+ +e). Knowledge of these
spéctra pfovides a crucial tool for studies of the distribution and
density of matter and magnetic fields in the interstellar medium and
the origin and dynamics of energetic particles contained in the fields.

From a study of the near-Earth electron spectra and their
relationship to the interstellar spectrum derived from Ehe galactic
non-thermal-radio-background emission, and from a study of the near-
Earth positron spectra and their relationship to the interstellar
positron spectrum calculated from‘collisions of cosmic-ray nuclei with
the interétellar matter, we have found that the differential energy
spectrum of interstellar electrons may be represented as a power-law,r
—j Q T_L8 for 100 MéV NE ) GeV, but must flatten considerably at
lower energies; From the measured electron charge composition, which
we. find to be little affected by solar modulation, we have concluded
that thekmajority of cosmic-ray electrons with energies above ~10 MeV
are not the result of nuclear collisions in the galaxy but presumably
originate in '"'primary" sources.

In the energy range of our measurements the near-Earth
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inténsities of‘coémiC*ray positrons and electrons, as well as the
intensity Af cosmic-ray nuciei, are gsignificantly lower than their
iﬁferstellér intensities because the particles are scattered by magnetic
irregularifies imbedded in the outward-flowing plasma of the solar
wind. Long-term changes in the scattering properties of the inter-
planetary medium, i.e. in the cosmic-ray diffusion coefficient, g, are
responsible for the observed long-~term variations in the near-Earth
cosmic-ray intensities which are as large as a factor of 10 from
Ysolar minimum'" to "solar maximum'. We have used the cosmic-ray
positron and electron spectra as tools to study the solar modulation
mechanism. By using numerical solutions of the cosmic-ray transport
equation to relate the near-Earth electron spectra to the interstellar
electron spectrum, we have found that the magnetic rigidity dependence
of the interplanetary cosmic-ray ﬁiffusion coefficient at rigidities
from ~100 MV to ~10 GV may be represented as g o Rb with b increasing
from 0 to ~1-2 with increasing rigidity. However, from a comparison
of the near-Earth and interstellar positron spectra we find that below
~60 MV the diffusion coefficient must increase with decreasing rigidity.
The magni;ude of the diffusion coefficient at 1 AU derived
from the electron and positron modulation studies depends on the
assumed radial dependence of g. In order to place iimits on this
radial dependence and to make estimates of the size of the solar
modulation region, we have also evaluated diffusion coefficients from
measurements of the power spectrum of the interplanetary magnetic field
near 1 AU. Assumiﬁg k(r) o rn, we have found that n < 1.1 in order

that the calculated modulation beyond 1 AU agrees with the observed
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modulation. For g independent of radius, we obtained conéistency
- between the diffusion coefficients derived by the two methods for
boundary distances of the solar modulation region in the range of
6-25 AU.

These diffusion coefficients derived from the electron
modulation ;tudy must also apply to the cosmic-ray nuclel. As a
consistency check, we have used the electron diffusion coefficients
to calculate solutions of the transport equation for cosmic-ray
protons and He nuclei for four different time periods from 1965 to
1970. Assuming a particular, time-independent form for the interstellar
spectra of these particles, we have derived spectra at 1 AU which are
consistent with the observations over the full range of intensity

variations observed during this solar half cycle.
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I, INTRODUCTION

Cosmic-ray electrons were known to exist long before their
discovery ﬁear Earth in 1960 by Earl (1961) and Meyer and Vegt (1961).
Radioc astronomers have observed the synchrotron radiation from
relativistic electrons in such places as the Sun, Jupiter, the inter-
stellar medium, supernovae envelopes, and other galaxies., Thus they
are almost universal in nature. .

.Because of their universality and their energy losses due
to synchrotron radiation and inverse Compton collisions with photons,
cosmic-ray electrons represent unique probes for determiﬁing physical
conditions in the universe, For example, from an analysis of the
obgerved galéctic synchrotron background radiation, information on the
galactic magnetic field, the structure of the interstellar medium, and
the average interstellar electron gpectrum can be obtained. On a
larger scale, an argument»for galactic confinement of the bulk of
cosmic rays 1s that if cosmic-ray electrons were present in the same
numbers throughout the universe as they are in our galaxy, then inverse
Compton collisions with the universal black~body photons would give
-rise to an isotropié flux of x-rays far in.excess of what is observed.
Hence the observation and interpretation of the cosmic-ray electron
flux has ﬁmportaﬁt implications on the distribution of matter and
fields in both interstellar and intergalactic space.

The origin of the electron component of cosmic rays has

long been debated. Their existence in expanding supernovae shells

suggests that they are directly accelerated in such sources. On the



other hénd,hcollisions of the cosmic-ray nuclei with the interstellar
. matter give rise to "secondary" electrons through pion decays. Above
~10-MeV the calculated fraction of positron;* in the collision-source
model is much higher than that observed near Earth, giving strong
.evidence for the existence of sources of directly accelerated negatrons
(Béuermann ;t al., 1970, Fanselow et al., 1969). Below ~10 MeV
secondary knock-on negatrons outnumber those produced in nuclear inter-
actions (Abraham et al., 1966), and the calculated intensity is
consistent with the observed average flux (Cline and Porreca, 1970).
However, the flux of low-energy electrons is highly variable, even
during solar quiet times (McDonald et al., 1972). The origin of.these
'variations is uncertain, and hence the origin of the low-energy
particles themselves remains in doubt,
Many solutions to problems in cosmic-ray astrophysics

depend on a knowledge ofrthe energy spectra of the particles at their
source. However, near Earth we observe the spectra which are modulated
by the outﬁard-flowing solar plasma. The study of this long-term
modulation, which is anti-correlated with the 11 year sunspot cycle,
-has two: immediate aims: 1)A the determination of the local interstellar
spectraiof cosmic rays, and 2) information on the state of the inter-
planetary medium through which the particles diffuse and lose energy.
Althoﬁgh electrons comprise only a small fraction of the total cosmic-

ray flux, the study of their modulation provides us with important

*In this thesis the designations "positron" and "negatron" will be used
whenever the charge sign is relevant to the discussion. The term
Yelectron” will refer either to the sum et +e~ or to the electron
component of cosmic rays without regard to. sign,
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‘advantages 6ver_nuclei studies in realizing these aims, Among these
. advantages are:

1) The possibility of independent knowledge of the inter-
stellar spectra of electrons and positrons from the non-thermal-radio-
background data and calculations of galactic nuclear collisioms;
reébectivei&. For the nuclei studies we can only estimate the inter-
stellar spectrum by extrapolating the high-energy, near-Earth data to
low energies using an arbitrary power law.

. 2) The relatively high sensitivity of the near-Earth o
electron spedtrum to thelinterplanetary cosmic-ray diffusion coefficient
and the interstellar spectrum. It has now been realized that the low-
energy (<1GeV/nucleon) spectra of nuclei, where most of the available
data fall, are shaped primarily by convection and adiabatic deceler-.
ation and are relatively insensitive to the low-energy values of both
the interstellar spectrum and diffusion coefficient (Goldstein et al.,
1970a; Rygg and Earl, 1971; Urch and Gleeson, 19723 Garrard, 1973).
Because electrons are relativistic in the energy regiom of 10 - 1000
MeV, they lose energy through adiabatic deceleration at a slower rate
- than the nuclei. The total effect of adiabatic deceleration is
diminisﬁed fufther for electrons because the diffﬁsion coefficient is
propbrtionél to velocity. Hence, electrons diffuse much faster than
nuclei of the same energy and, therefore,llose less energy in pene-
trating to the Earth from the boundary. |

We emphasize that‘the study of cosmic-ray electron spectra
involves a great number of interrelated topics. in astrophysics. For

example, the study of the modulation of electrons and positrons has
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direct bearing on the state of the interplanetary medium and the
ﬁ’interstéllar intensity of both electrons and nuclei. Many galactic
paraméters, e.g. the magnetic field strength and the temperature of
the interstellar medium, are involved in relating the interstellar
electron intensity to synchrotron radiation in the galaxy. Similarly;
the Calcula;ion of the negatron and positron spectra from galactic
nuclear collisions depénds on physical conditions in the interstellar
medium. The propagation and confinement of cosmic rays also depend on
these galactic parameters. Hence, the inte?pretation of the cosmic-
ray electron flux observed near Earth has bearing on the condition of
both local and interstellar space.

Information on the galactic parameters used in these studies
involves a wide variety of experimental and theoretical physics., The
magnitude of the average magnetic field in the galaxy has been esti-
mated to be in the range 3 - 5 n-gauss on the basis of the dynamical
balance of the cosmic-ray pressure with the pressure of the galactic
magnetic field (Parker, 1969a). This range is in rough agreement with
the obsgrvations of Faraday rotation and dispersibn of pulsar signals,
-The dispersion measurements also yield information on the number
density of thermal electrons in interstellar space. The temperature
and number density of the thermal electrons in interstellar clouds
are obtained from obéervations of 21 - cm‘absorptiona These para-
meters of the interstellar medium are important in determining the
absorption of synchrotron radiation.

Similarly, physical conditions in interplanetary space are

inferred from a variety of sources, For example, observations of the

S A



power spectrum of the interplanetary magnetic field yield important
: infOrmafion on the cosmic-ray diffusion coefficient. Further infor-
mation on this diffusion coefficient comes ffom studies of the modu-
lation éf cosmic-ray nuclei and from studies of solar-flare particle
propagation (Lupton, 1972).
| In this thesis we shall discuss these interrelated
phenomena and attempt to form a consistent picture of our knowledge
of cosmic-ray electrons. We/shall make use of cosmic-ray positron ‘
and negatron data derived from observations with Caltech instruments
in the range from ~11-1500 MeV over the period 1968-1971. We shall
supplement our data with those of other experimenters to cover the
solar half—cyclé beginning in 1965. We shall discuss the use of
numericél solutions to the equation describing particle propagation in
the interplanetary medium in determining the parameters goverming the
modulation of electrons. To calculate the diffusion coefficient in
the interplanetary medium necessary to explain the observations, we
 sha11 need a knowledge of the local interstellar spectrum of electrons.
For this purpose we reanalyze the non-thermal-radio-background data
-and derive a'band of possible electron spectra above ~100 MeV. With
these spectra‘we arrive at the rigidity dependence of the diffusion
coefficient. An independent method of calculating this dependence
is to use the power spectrum of the interﬁlanetary magnetic field.
We shall compare the diffusion coefficients éalculated in the two ways
to gain information on both the rigidity and radial dependences of the
diffusion coefficient. Below ~100 MeV the radio data yield little

information on the interstellar electron spectrum., At these energies
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we use the near-Earth positron data and the calculated interstellar
- positron spectrum to obtain information on solar modulation and the
interstgllar spectrum, We shall élso check the electron-derived solar
nodulation parameters for their applicability to cosmic-ray nuclei,

Investigations similar to portions of the study presented
hefe‘have b;envcarried out by Beuermann et al. (1969, 1970) and Urch
and Gleeson (1972). Beuermann et al. used their 1968 cosmic-ray
positron data to discuss the absolute modulation of positrons below
~200 MeV.  The present study significantly extends their work by
including more recent positron data and by including a detailed dis-
cussion of solar modulation of both positrons and electrons from
~10 MeV to 10 GeV over the solar half-cycle beginning in 1965. Urch
and Gleeson (1972) derived the rigidity dependence of the diffusiomn
coefficient above a few hundred MeV from the near-Earth electron data
and an interstellar electron spectrum calculated from the non-thermal-
radio-background data. These diffusion coefficients were then used in
‘fitting the cosmic~-ray proton and He-nuclei data. The present study
extends their work in several ways, e.g. by 1) including a detailed
‘»study 6f‘the transport equation for electrons using numerical solutions,
2) inclu&ing fhe positron data in the study to provide information
on the interstellar spectrum and diffusion coefficient at low energies
3) quantitatively correlating positron andAelectron modulation results
to determine consistent interstellar spectra of these particles;, and
4) quantitatively correlating power-spectra data and electron modulation
results to aerive information on both the radial and rigidity depen-

dence of the diffusion coefficient.
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II. DETECTOR SYSTEM

A. Overall‘Description

| The. positron and negatron data presented in this thesis
were derive& from observations.with a balloon-borne magnetic spectro-
meter near the top of the atmosphere. The instrument determined the
‘charge sign ‘and magnetic rigidity (momentum divided by charge) of
particles by measuring their deflection in a magnetic field.
- Observations have been performed with the detector in two forms,
hereafter referred to as MOD-1 and MOD-2. MOD-1 was used in 1968
and 1969 and has been described in detail by Rice (1970). It has a
1000~-gauss permanent magnet and an effective rigidity range of 6-200 MV.
MOD-2 was flown in 1970 and 1971 and is identical to MOD-1 except that
it empldys a 2300-gauss magnet and an additional gas Eerenkov counter,
Its vrigidity range is 15-1500 MV. A brief overall description of
MOD=-2 will be given for completeness,lbut emphasis will be .placed only
on the modifications to the original instrument. A schematic cross-
section of_MOD-z is shown in Figure II-1.

An "event" (observation of a charged particle) is defined

Py a triple coincidepce between Telescope Counter 4l (T1l), Telescope
Counter #2 (T2), and the Lucite Cerenkov Counter (ﬁE), and the
absence of a pulse from any of the guard counters. This coincidence
produces the fast-gate pulse (FG) which triggers the high voltage
to the spark chambers and initiates the data read-out cycle. The two
4-gap spark chambers are used to define the particle's trajectory
before and after passing through the gap of the permanent magnet. An

exploded view of a spark-gap module is shown in Figure II~2. The
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‘wires are .0022" diameter silver-coated beryllium copper and are

evenly,spagéd at 48 per inch. The active area of each module is
5" x 9". The magnetostrictive technique is’used in determining the
spark'locations. We measure the time delayvbetween a fiducial
pulse (fiducial wires are located outside the active chamber area at
‘each end of the module) and a subsequent spark pulse. The spatial
resolution is\approximately gaussian with a standard deviation of
~.008". If more than one spark is present in a chamber, the location
of the spark nearest the pickup coil is recorded and a multiple-
sfark—indicator (MSI) bit is set. The modules are continuously
flushed during flight by standard "spark-chamber neon" (904 neon and
104 heliﬁm)o An ethanol admixture acts as a quenching agent.
| The lucite lerenmkov counter was retained from the MOD-1
version and serves two fumctiomns:
1} It eliminates a large portion of the cosmic-ray nuclei flux,
. thereby increasing the effective live time for electromn events.
2) It eliminates approximately 964 of the upward-moving splash
albedo particles.
The velocity threshold for Cerenkov radiation in lucite is 0.67‘c
which éorresponds to rigidity thresholds ofF 0.46, 845, and 1690 MV
for elecﬁrons,vprotons, and alpha particles, respectively. Electronic
data‘handling effectively increases these thresholds by ~15%.
The gas Eérénkov counter (Gg) waé added to the MOD-1 detector
system in ordex:
1) to eliminate contamination due to cosmic-ray nuclei above L&
threshold; because of the larger MOD-2 magnet, these particles

would be indistinguishable from high-energy electromns, and
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{12) “to fﬁrther discriminate against upward-moving particles.

Its velocify threshold is 0.9984 ¢ which corresponds to rigidity
:threéholdsof 0.0091, 16.8, and 33.6 GV for electrons, protons, and
alphé particles, respectively. Each of the two phototubes of the
countér (see Figufe II-1) acts independently; a coincidence between
théifast-ga;p pulse and the output of one phototube generates a data
bit wﬁich is recorded as part of the event's data word.

The specially designed magnet guard counter (MA) is showﬁ
with theymagnet in an explodeﬁ isometric projection in Figure II-3.
The pole-faces and the upper surface of the 'magnet are covered with a
plastic scintillator which prevents the analysis of particles that
might intéract or scatter in the magnet. The 3-cm x 12-cm open
passage, together with Tl and T2, determines the acceptance cone of
the detector.

The sides and top of the instrument, except for the
telescope aperture, are surrounded by guard counters. These counters
are in active anti-coincidénée and eliminate particles which enter
the detector from outside the acceptance cone and which might inter-
act, providing particles which trigger the telescope counters.

i _ A general block diagram of the electronics system is shown
in Figure II-4. An Accutron clock is used as a timing device. It
drives a 4-bit time scaler (16 minute cycle) whose output is used
‘to control the data~-collection cycle. During the first 15 minutes
(réferre& to as Phase A) of each cycle, particles which satisfy the
coinéidence requirements initiate a readout of the data, which

requires 350 msec for completion. Each data word, consisting of 8
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“spark locations, the MSI bits, tgg)two et bits, the time, and
Htemperature,.is recorded on l6-channel magnetic tape. The remain;:g
- minute of'the 16-minute cycle is referred to as Phase B; during this
time. the normal coincidence trigger input is blocked and the following
rates are scaled: Gﬁ, TL ~ T2, TL ~ T2 ~ LE, MA, and TA.(sum of all
guard counters except MA). These rates are monitored to check counter'
performance,‘to detect variations in background radiation, and to
determine detector dead time due to the guard counters. At the
beginning of Phase B an internal trigger is generated which results
in the application of high voltage to the chambers and the initiation
of the readout cycle. Since no particle is normally present in the
chambers, the spacing between the fiducials is thus recorded to
provide a check of the digitizing circuitry.

The atmospheric pressure‘during flight is recorded by a
photobarograph, a device which photographs a Wallace-Tiernan aneroid
barometer (FA 160), a clock, and a thermometer at 5-minute intervals.
The barometer is calibrated before and after each flight and is
accurate to 4 0.1 mb at 2.4 mb, our typical float altitude. Usually,
two redundant photobarographs were flown on each flight.

i ' In the following we discuss in more detail the gas Terenkov

counter and the 2300-gauss magnet, the two major additions to the

MOD~1 detector.
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'B. 'The Gas Cerenkov Counter

The gas Cerenkov counter (see Figure II-1) contains sulfur
"hexafluoride at 2.2 atmospheres absolute pressure. This configuration
has a velocity threshold of v = 0.998% . The absolute kinetic energy

threshold for various particles are:

electrons 8.62 MeV
‘ muons 1.78 GeV
pions 2.50 GeV
protons 15.7 Gev

alpha particles 62.9 GeV
The two flat mirrors serve to reflect the Cerenkov light

into the phototube faces. The mirrors are constructed of 1/8-inch
lucite and are aluminizedon their upper surfaces. The conical
mirrors are made of spun aluminum with their interior surfaces
aluminized. A coating of magnesium fluoride covers all mirror
surfaces to retard oxidation which would otherwise cause poor
reflectivity at ultraviolet waveléngths. The conical and flat mirrors
are mounted on a thin aluminum basket which is not shown in the figure.
Of these pieces, only the flét mirrors are within the acceptance cone
of the detector.

. The ﬁhototubes are EMI 9531 QB (Whittaker Corp., Plainview,
N. Y.) which have quartz faces 3 1/2 inches in diameter. A 1/2-inch-
thick fused-silica window (Corning Glass Wofks, Orange, California) is
mounted in front of each phototube to protect them from the gas
pressure. High voltage for the tubes is supplied by DC-DC converters
(Crestronics, Crestline, California) which are mounted inside the

phototube housings. In addition, electronic pulse-discrimination and
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.coincidence circuitry is mounted inside the housings which also serve

 'as a“shield'from the spark noise. A coincidence between the fast-
- gate pulsébénd the discriminétor output of gither phototube generates
a dépa~bit for the phototube involved.

Tﬁe counter was calibrated at the Caltech Synchrotron using
SOOrMeV_positrons. Forty-five incident beam directions were chosen
to cover the acceptance cone of the detector. For each incident
direction a pulse-height analysis was made, and from the resulting
distribution the mean number of photoelectrons emitted from the
cathode was determined. For each phototube this number varied from
approximately 4-10 over the range of incident directions. The average
over direction was about 6 photoelectrons. The electronic
discrimination level was set just above the one photoelectron level,
which results in an average efficiency of approximately 98%. However,
the efficiency of the counter slowly decreases with time due to
oxidation of the mirror surfaces. Therefore, we determined the
efficiency of the gas Eérenkov counter directly from the flight
data by a procedure described in Appendix A.3.c. We found that
the efficiency was approximately 934 and 844 for 1970 and 1971,
;especfively,

" The effective energy "threshold" is not precisely determined
since the actual number of photoelectrons emitted from the photo-
cathode is Poisson distributed about the mean; hence, any particle
above the absolute velocity threshold has a finite probability of
producing enough photoelectrons to trigger the discriminator. 1In

Figure II-5 we show a plot of the Cerenkov light output for singly-
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N I W.
charged particles versus 'y = - where W is the total energy of the
T ‘ \ me
particle and m is the rest mass. Particles with y greater than about 3
- times the absolute threshold value produce more than 90% of the output

level of completely relativistic particles.' We roughly estimate the
"effective" threshold as 504 of the full output. The corresponding

effective kinetic-energy thresholds for the various particles are:

electrons 12 Mev
muons 2:5 GeV
pions - 3.4 GeV
protons 22 GeV
alpha particles 67.5 GeV

The noise rate of the phototubes was monitored during the
Phase B period. At float altitude typical values of the combined
noise rate were 600/sec and 1200/sec in 1970 and 1971, respectively.
The probability of an accidental coincidence is given approximately
_by the product of the noise rate and the sum of the widths of the
fast-gate and the discriminator output pulses, which was about ].0..6
seconds. Thus these probabilities were roughly .0006 and .00l in

1970 and 1971, respectively.
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The Magnet -

- C. -
| The 2300-gauss magnet (Indiana General Corp., Valparaiso,
.Ind.) used in the MOD-2 configuration is shown in Figure II-3. The
constru;tion is similar to the 1000-gauss magnet employed in the MOD-1
configuration as described by Rice (1970). Alnico-8 permanent magnets
are used, and a magnetic circuit of steel reduces external fields as
much -as pos;ible. The three orthogonal components of the field were
measured at l-cm intervals throughout the volume accessible to the
particles out to a distance of 8 cm above and below the magnet. In
Figure II-6 we show a plot of these three components along three
representative paths through the magnet gap. The locations refer to
a right-handed coordinate system with the origin at the center of the
gap. The z-axis is vertical and positive upward; the x-axis is
perpendicular to the pole faces and positive toward the south pole
V(see Figure II-3). The magnetic field was monitored befofe and after
eagh'flight by a permanently mounted Hall effect device (F. W. Bell,
Inc., Columbus, Ohio); no change in the field strength greater than
~10 gauss was noted on any of the flights.

The geometrical factor of the MOD-2 detector was determined
at 7 different rigidities between 12 and 400 MV by the Monte-Carlo
method déscriﬁed by Rice (1970). 1In Figure II-7 we show the geo-
~metrical factor as a fumction of rigidity. The error bars represent
the fluctuation due to the finite number (1000) of valid trajectories
used in the calculation.

The deflection of a particle of rigidity R (MV) in a

magnetic field B is given by
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0(rad) = 210 fB dg (11-1)
L

Qwhefe 3 (gauss) is the component of the field normal to the trajectory
and dg(:m) is an increment of distance along the path. The line
integral in equation II-l1 is referred to as the magnetic path, M.
The‘Monte—Cgrlo program that calculates the geometrical factor also
compﬁtes the value of M along each particle trajectory. 1In Figure II-8
we show the mean values of R times 6 in MV-radians at 7 rigidities
betweenv12 and 400 MV. The solid error bars refer to the rms
deviation and the dashed error bars represent the extreme values. At
each rigidity the value of RG is within 24 of 8.85 MV-radians. The
rms deviation is typically less than 2%_of the mean and the extreme
values -are within about 7% of the mean. Since the resolution of the
detector, FWHM (see Appendix A.2) is ; 164 we can use the mean value
with negligible error. Thus we use the following approximate

relationship between deflection angie and rigidity for all

particles:

R = 58—-‘%2 MV (MOD-2) (1I-2a)

- The corresponding relationship for the MOD-1 detector, using a 1000-

gauss magnet, is

R = 3'—254 MV (MOD-1) (II-2b)

(Rice, 1970).
The complete sheathing of the magnet by the magnet guard

counter eliminates particles which interact in the magnet pole faces
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5nd'thus eliminates the necessity of detailed trajectory reconstruction.

It is thus sufficient to read out spark locations in the y-z pro-
_jection omnly, which saves considerable data storage and detector

live. time.
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IIT. BALLOON FLIGHTS

The Caltech data presented in this thesis were derived from
iO high-altitude balloon flights launched from Ft. Churchill, Manitoba
during the summers of 1968, 1969, 1970, and 1971. (The data from 1968
were previously published. (Beuermann et al., 1969, 1970)) lWe summarize
in Table III:1 the relevant information on these flights.

Ih Figure III-1 we show trajectories of three typical flights.
' We also show in the figure the invariant latitude contours, calculated
from the internal f;eld only (Cain et al., 1967), in order to indicate
the trajectories in the geomagnetic field. |

Figure I1I-2 shows two typical altitude profiles. The solid
curve is from flight 71C2 and is representative of the altitude profiles
of eight of the flights. In each of these eight flights the launch was
timed so that the instrument passed through 70 g/cm2 altitude after the
evening transition to low geomagnetic cutoff. This timing ensured that
the ascent data used in the separation of atmospheric secondaries were
ﬁot contaminated by return albedo electrons. (See Chapter IV.) The
dashed curve in Figure III-2 is from filight 69CL. This step profile
and a éimilar one from flight 69C2 were used to more accurately define
the atmosﬁherié &epth dependence of the electron flux in 1969.

The relationship of our flights to the ll-year solar modula-
tion cycle is shown in Figure III-3. We have plotted the daily average
of the hourly count rate of the Deep River neutron monitor (Steljes,
1965~1971) for the period 1962-1971. Ground-based neutron monitors
record the near-Earth flux of high-energy cosmic-ray nuclei

(R 1 GeV/nucleon) and serve as a convenient continuing reference of the
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high-energyvcosmic-ray intensity. The neutron monitor intensities reach

. a mgximum'd;ring the period éf minimum solar activity (1965-1966) and a

minimum during solar maximum (1969-1970). The dates of ouf flights are

’marked with vertical lines in Figure III-3. The flights cover the

period near solar‘maximum. We shall supplement our data with those of

others to cover the solar half-cycle beginning in 1965.

Since we are interested in fhe long-term modulation of galactic
cosmic-ray electron spectra, it is important to identify short-term
variations that might affect our measurements. Short-term fluctuations
are generally associated with solar activity. The energy spectra of
particles emitted from the sun are usually quite steep and, hence, the
effect of solar emission is most significant at low energies. 1In
addition, Forbush decreases usually follow large solar flares and produce
a general depression of the galactic cosmic-ray flux below several GeV.

We have examined the following sources of data relating to
solar activity during the period of our balloon flights:

1) ESSA bulletins (ESSA Solar Geophysical Data, 1968-1971), which
contain, for example, data from solar proton monitors om Explorer 34
and 41 satellites (Ep > 10 MeV) and on the ATS-1 satellite
(EP é-S MeV), geomagnetic indices, and daily average of neutron
monitor rates.

2) Caltech cosmic—fay experiment on the 0G0-6 satellite, which provided
information on low-energy protons and electrons from June 1969 -
July 1970.

3) Goddard Space Flight Center cosmic-ray experiment on the IMP series

of satellites, which provided almost continuous data on 3 - 12 MeV
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elect;qqé from November 1963 - September 1969. (A summary of the

electron counting rates from these experiments is given by

McDonald et al., 1972.)
The observations of 1968, 1969, and 1970 were made during or just after
the recovery phases of Forbush decreases, as indicated by the neutron
monitor cougting.rate (see Figure III-3). However, from examination of
the data‘ffom the other sources, we have concluded that short-term solar
activity, e.g. solar flares, did not contaminate our electron fluxes.

We have aléo examined the Goddard Space Flight Center 3 - 12 MeV
electron'data for evidence of the large quiet~time increases oBserved
below ~25 MeV (L'Heureux et al., 1971; McDonald et al., 1972). We have
concluded that our 1968 balloon flights corresponded to quiescent flux
levels. No comparisons could be made for the summer of 1969 since the
published 3 - 12 MeV data extend only to mid-March 1969. However, the
raw fluxes from different flights during the 1969 summer are not
significantly different. Hence, we may assume that our data are
typical of undisturbed times.

We have made similar comparisons of the raw fluxes from
different flights for the éummefs of 1968, 1970, and 1971. 1In the
. absence 6f sighificant differences we have combined the data from the

flights of the same summer for greater statistical accuracy.
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IV. DATA ANALYSIS

The data analysis procédure for the observations made with the
deteétor in the MOD-1 configuration has been previously described (Rice,
1970). The procedure for the MOD-2 data is similar:; however, the
addition>of the gés gerenkov counter and the larger magnet does require
some ﬁéw considerations. We shall give a general outline of the proce-
dure; detéils of the analysis‘technique are described in Appendix A.

The basic information pro?ided in the data word for an event
consists of: the spark location in each of the eight spark-gap modules
-(4 above and 4 below the magnet), the mulﬁiple-spark-indicator bits,
the gas gérenkov bits, and the time and temperature (see Chapter II).
In the initial phase of the analysis we sort the events according to
spark chamber performance. The selection criteria for this sorting are
reviewed in Appendix A.l.a. Roﬁghly 15% of the data are rejected from
anélyéisvin applying these cfiteria°

In the process of detérmining chamber performance, the
parficle tfajectory through e#ch spark chamber (4 spark modules) is
determined for the analyzable events by making a least-squares fit-to
ihe measured spark 16cations to a straight line. The bending angle
through-the magnet is then computed. A trajectory-consistency check is
made to detérmine whether the calculated trajectories in the two spark
chambers are consistent with the bending expected in the magnetic field
for the computed deflection angle. The selection criterion established

for this test is described in Appendix A.l.b. The criterion depends on

the resolution of the instrument (see Appendix A.2) and is such that
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there is very little probability that an event with a misfit trajectory,

" .etc., is accepted. Because of resolution effects approximately 11% of

valid MOD-1 events and about 7% of valid MOD-2 events are also rejected.

The deflection angle computed from the trajectories is

inversely proport10na1 to particle r1g1d1ty (equations II-2a and b).

The relatlonshlp between this computed r1g1d1ty and the true particle

rigidity involves a study of the resolution bf the detector. The

| ability of the detector to measure the rigidity of a particle is affected
primarily by 1) multiple scattering within the chambers or magnet gap,
and 2) intrinsic angular resolution resulting from the spatial resolution
(,008") of each spark location measurement. Both effects, as well as
the results of calibrations at the Caltech Synchrotron, are discussed

"in Appendix A.2. The result is that the angular probability distribution,

P(6, 6')d0"

probability that a particle with rigidity R corresponding
to deflection angle 6 will actually be observed to have deflection angle

between 6' and 6" + d46°, is’appréximately Gaussian, i.e.,

(8,0') = exp [—5—:911—] (IV-1)

9

c»f__

where 09 is the standard deviation. From Appendix A.2 we have:

- J(1719)? & (.0025)> - MOD-1 (1V-2a)

= J (.0686)2 + (.0025)2 MOD-2 ‘ (IV-2b)

The deflection resolution P, FWHM, is given by:

: 2. 360
P = = 40) + ('0259)2 MOD-1 (1V-3a)
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- 1% + (20392 MOD-2 (1v-3b)

A plot ofbthe resolution is shown in Figure A-7. Note that the effect
of multiple scattering (constant term in equations IV-3a and b) is
dominaﬁt below ~100 MV and is insignificant above ~500 MV. For MOD-2
the angular }esolution has a minimum value of ~164 and increases to
1004 at ~1500.MV (6 & .006 radians).

Once the bending angles are determined for the amalyzable
events, the data are sorted into deflection-angle (energy) bins over
appropriate time intervals, In determining the flux of electrons, only
data tagged with a gas Eérenkov bit are used. The raw flux in units of

particles/@mz sec sr MeV) for a given time interval is defined by:

Ny
Fi = — (1v-4)
t. G, D X - AT
L 1 Yol Yefr 8%
where:
i = energy interval index
Ni = pumber of ¢ events in ith energy interval during
‘specified time interval
-tL = total live time during the time interval
Ei = average geometrical factor for the ith energy

interval
DGE = gpark chamber efficiency factor
AT, = width of ith energy interval

E;ff = gas Yerenkov efficiency factor.
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For'convenienée, we list in Table IV-1 the deflection-angle intervals,
w't;:gefcorresponding energy intervals, and the average geometrical factors
for both MOD-1 and MOD-2 data. The parameters tL’ DGU (typically

0.75 - 0.85), and & .. (0.93 in 1970 and 0.84 in 1971) are discussed
in Appendix A.3. -

In this thesis we are interested in discussing the implications
of the flux of primary electrons, i.e. galactic particles which have
penetr#téd through the interplanetary medium to 1 AU. -Therefore, in
analyzing electron fluxes observed near Ft. Churchill, Manitoba it is
important to distinguish between fluxes at rigidities above the geo-
magnetic cutoff rigidity, which consist of primary electrons and
atmbépheric secondaries, and those fluxes below cutoff, which comnsist
of re-entrant albedo electrons and atmospheric secondaries. Recent
calculations (Smart, 1971; Smart and Shea, 1972), based on a magneto-
spheric model with magnetic fields of both internal and external origin,
héve shown that the geomagnetic cutoff rigidity for Ft. Churchill
= 700) is approximately 150 MV during local daytime (~0600 to ~1800
local magnetic time) and has an abrupt transition (due to the asymmetry
of the mggnetosphere) to a value below 20 MV for locallnighttime.

Since the intensity of re-entrant albedo electrons is found to be
larger than that of primary electrons, this cutoff rigidity tramsition
is observed in balloon-borne electron detectors as a change in the
counting rate of low-energy electrons (S 150 MeV). Such transitions
have been observed near Ft. Churchill in the data from the Caltech
instrument (Rice, 1970); as well as in the data from other experiments

(Jokipii et al., 1967; Hovestadt and Meyer, 1970; Israel and Vogt, 1969).



ij. MOD-1 Parameters

Index

€N

*

Deflection
Angle Interval

(Radians)

.6 - 03

.3 - 144
d44 - 072
.072 - .036
.036 - .018

The asymmetfy in the geometrical

26

TABLE Vi-1
Energy Interval ‘ lAverage
at Detector Geometrical
(MeV) Factor
(cm2 sr)
+ - %
5.4 - 11.3 2.52(e’) 2.17(e )
11.3 - 24.1 3.50
2401 - 48-8 3.70
48.8 - 98.1 3.70
98.1 - 197 3.70

due to a slight asymmetry in the geometry of the detector.

B. MOD-2 Parameters

Index

K

Deflection

Angle Interval

{Radians)

.6 - .3

3 - .15

.15 - .072
.072 - .036
.036 - .018
.018 -~ .009

.009

.006

factor in the lowest energy range is

Energy Interval Average
at Detector Geometrical

(MeV) Factor

(cm2 sr)
14.3 - 29.0 2,14
29.0 - 58.5 3.14
58.5 - 122 3.62
122 - 245 3.80
245 - 491 3.80
491 - 983 3.80
983 - 1475 3.80
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.'Aﬁ eiample of a fypical transition is shown in Figure IV-1. We show
1the hourlj Céunt rate plotted versus local time for the five lowest
.enefgy intervals of flight 71C2. Positrons (dotted histogram) and
,negatronsv(éolid histogram) are shown separately. In the low-energy
interﬁals (5 245 MeV) we use only the indicated nighttime (low-cutoff)
period in deiiving electron intensities. Since no night-day tramsition
was observed'above7245 MeV on any of the flights of 1970 or 1971, the
total float period is used in. computing the fluxes for the three highest
energy intervals for these years. The raw flux measurements at float
altitude for 1968, 1969, 1970, and 1971 will be presented in Chapter V.
These properly selected raw fluxes at float altitude comsist
of'primary cosmic-ray electrons and secondary electrons generated in
the atmosphere above the detector. We have also considered the following
possible sources of contamination: upward-moving particles (splash
albedo and those due to y-ray interactions in the lucite Yerenkov
coﬁnter), atmospheric muons and pions, secondaries produced in the gas
Eerenkov counter, high-energy cosmic-ray nuclei above gas Yerenkov
threshold (which could be incorrectly identified as electrons), accidental
gas Eérenkov coincidences,‘and spark chamber misalignment. For fhe
i‘highest eﬁergy'ihterval of the MOD-2 data it was necessary to make small
corrections for contamination from high-energy nuclei, accidental gas
‘gérenkov coincidences, and spark chamber misalignment. In all other
MQD-Z energy intervals the corrections were negligible. In the case of
MOD-1 data, small corrections in the lower energy intervals for upward-
moving pérticles were necessary. The investigation of all the sources

of contamination mentioned above is described in Appendix A.4. The
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values of the significant corrections are listed in the data tables
of Chapter V.

., At our typical float altltude (2.4 g/cm ) atmospheric
secondary electrons represent a large contribution to the flux below
a few huﬁdred MeV. The procedure for separating these particles from
the pfimary electrons has been described in detail (Rice, 1970). We
~ shall onlytbriefly describe the method.

The atmospheric depth dependences of the positron and

negatron rafes* in a given energy interval are determined from the

data collected during ascent and descent. We represent these observed
lrates, ri*, by:
* e a F oo *E + =+ _
L d) = a;” s; (d) + bi 1 {(d) (IVVS)
where d is the atmospheric depth, si*(d) and pi*(d) represent the
calculated depth dependence of the rates of secondary and primary

* and bi* are parameters

positrons or negatrons, respectively, and a;

giving the relative contribution of each component. We use the

calculatlons of Beuermann (1971) to evaluate the functions s, i(d) and
i(d) The si*(d), the secondaries generated by the nuclei component

of the cosmic rays, are calculated using an incident nuclei spectrum

adjusted from year to year according to changes in the Mt. Washington

*Local rates (number observed in a given energy interval per second)
rather than fluxes (N/m2.sec.sr.MeV) are used for convenience because
the average geometrical factor depends on the energy dependence of the
spectrum which changes with depth.
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. .neutron mdﬁifor rate (Lockwodd, private communication) and in the
intégral flux of nuclei above 400 MeV/nucleon which is measured
directly by.our detector. To calculate the pii(d) it is necesséry

to assume specific forms for the primary positron and negatron spectra
‘incident at the tép of the atmosphere.

A least-squares fit is made to determine the values of ai*
- and bi*,,as well as their standard deviations aaii and dbii. The
local rate‘at float altitude of primary positrons and negatrons is

Il

then given by

ei* = bi pii(d = float altitude). (Iv-6)

The rates are converted to fluxes and corrected to the top of the
atmosphere by a procedure described in Appendix A.5. The corrected
fluxes are then used to estimate a new primary input spectrum in an
iterative calculation. In practice the derived spectrum at the top
of the atmopshere is not very sensitive to the assumed input spectrum,
and the process converges quickly.

i The procedure described above for the separation of the

. primary énd seéondary components by a fitting technique is used for
the lowest energy intervals (g 245 MeV) where the growth curves can
be measured with reasonable statistical accuracy. For the highest-
energy intervals (MOD-2) these growth curves are statistically not as
well defined. At these energies, however, the atmospheric secondaries

correction is sufficiently small so that the secondary component can

be calculated and simply subtracted from the observed flux to give the
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~ primary contribution.

Two examples of the fitting technique for determining the
priﬁary and secondary cémponents of the measured flux are shown in
Figuré IV-2, Figure IV-2a illustrates a case in which a relatively
large cdntr;bution of residual primaries is obtained; Figure IV-2b
sﬁowé a case in which zero primary flux is determined. The upturn
at large‘atmospheric depths in the residual primary curve of
Figure IV-2a is due to the eﬁergy dependence of the incident primary

spectrum and its changes due to energy loss in the atmosphere.
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V. RESULTS

In this capter we present the results of the analysis
descfiﬁed in Chapter IV and Appendix A. Since the energy range and the '
data analysis procedure were somewhat different for the two detector
configurations of our instrument, we discuss the results from MOD-1
and MOD-2 observations separately.

The 1968 and 1969 observations were made with the MOD-1
detegtor configuration. The absence of the gas Yerenkov counter and
the smaller 1000-gauss bending magnet restricted the rigidity range to
6-200 MV and required corrections at the low energies for gamma-ray-
induced background and splash albedo. The method of correcting for
ggmma-ray interactions in the lucite Yerenkov counter has been described
by Rice (1969). His results have been changed slightly and the esti-
mated errors reduced as a result of further calibrations at the Caltech
Synchrotron. 1In addition, the splash-albedo corrections of Rice (1970)
‘have been reduced by one-third. This change in the correction was made
after calibrations showed that‘electrons entering the detector from the

‘backward direction had a higher probability of being rejected from
-analysis than forward-moving particles (see Appendix A.4.a). The
results for 1968 are shown in Table V-1 and Figure V-1, and the 1969
‘results are given in Table V-2 and Figure V-2, In some cases a small
negative primary flux was obtained from the fitting procedure, indi-
cating that the data were dominated by atmospheric secondaries. In

|

these cases a 1-0 upper limit above zero flux has been listed. In

1969 the atmospheric contamination was more severe than in 1968 because
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‘1) only lower float altitudes could be reached during the 1969 obser-

Vatidns and 2) the primary fluxes were lower due to increased solar

"modulation. - For low~energy positrons the atmospheric secondaries

‘contamination is smaller than for low-energy negatrons since the knock-

on Qompohent‘is not present. As a result, measurable low-energy
poéitfon fluxes were obtained for both years.

'The 1970 and 1971 data were collected with the MOD-2 detector.
The addiﬁion of the gas ¥erenkov counter and the larger 2300-gauss

magnet eliminated the necessity to correct for upward-moving particles

“and also allowed an extension of the rigidity range to 15-1500 MV. The

observed fluxes were corrected to the top of the atmosphere using the
matrix-inversion procedure described in Appendix A.5. The 1970 results

are shown in Tables V-3 and V-4 and Figure V-3, and the 1971 data are

given in Tables V-5 and V-6 and Figure V-4. (The subdivision of the

tables, corrésponding to the low-energy (g 245 MeV) and high-energy
data, is due to the different analysis procedures used at low and high
energies (see Chapter IV).)

The relatively large error limits of the data reflect the

~difficulty in measuring the charge composition of the electron spectrum

within the atmosphere. 1In our energy range of 6-1500 MeV, which is of

- major interest to solar modulation studies, a magnet spectrometer, such

as the Caltech detector, is the only instrument which can effectively
determine this composition. Such instruments unambiguously determine
the charge sign and offer excellent energy resolution since the electrons

pPass through little mass in traversing the magnet spectrometer. The

upper limits and error bars of the data primarily reflect the contamina-
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rtion from atmpsPhefic secondaries at balloon altitudes. The size and

"weight of the instrument necessary to record the relatively low flux of

cosmic-réy electrons have made it unsuitable as a payload for

satellites so far. Thus balloon-borne spectrometers are presently

our only source of.informationlon positron data in this important

"energy'range.‘ Indeed, during the period 1968-1971 the Caltech positron

observations represent thé only published data in this energy range.
Despite the uncertaiﬁties, these positron data allow importént

definitive conclusions regarding the low-energy interstellar electron

‘spectrum and the low-energy cosmic-ray diffusion coefficient. Indeed,

"below ~100 MeV the positrons represent the only direct tool for studying

solar modulation.
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VI. DISCUSSION OF SOLAR MODULATION

A. ‘Introduction and Statement of the Problems

The study of the solar modulation of electrons provides
information on physical conditions of the interplanetary medium, e.g.
the'cpsmic-ray diffusion coefficient, as well as information on the
local interstellar spectra of electrons and positrons. These spectra
carry the signature of their origin, i.e. of their sources and of the
interstellar medium in which they were stored. The electron modulation
study also contributes to the understanding of the modulation of cosmic-
| ray nuclei, providing important parameters for the deduction of their
interstellar spectra.

The Caltech electron data shown in Chapter V were acquired
over the period 1968-1971 and extend over the energy‘range from
~]11 - 1500 MeV. We show in Figure VI-1 our 1968 and 1971 electron
fluxes together with selected data from other‘authors which extend over
the energy range 10 MeV to 10 GeV and cover the period since the last
solar minimum iﬁ 1965-66. The effects of the long-term solar-cycle
variation are readily apparent in the hundred MeV range in Figure VI-la.
-ﬁor example, at &300.MeV there is about a factor of 10 difference in
the 1965-66 and 1970 fluxes. Above ~10 GeV no distinct long-term
‘variations have been observed and hence we shall ignore this region of
the spectrum invour solar modulation study. Below ~25 MeV observations
from detectors on the IMP and 0GO-5 satellites have shown short-term

variations by factors of ~3-5 over time intervals of a few days

(L'Heureux et al., 1972; McDonald et al., 1972). These increases occur
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"during solar quiet times, are essentially energy independent from

.. 3=25 MeV, and are often anti-correlated with low-energy solar-proton

events. It has been suggested that the low-energy electrons observed

. during quiet-time increases, as well as during quiescent times, are of

galactic origin. Because of these short-term variations, the long-term
modulation at these energies is not well-determined. McDonald et al.
have put an upper limit of a factor of 2.3 on the intensity variation
from solar minimum to solar maximum. It is important to note that the
short-term‘variations are not observed above 25 MeV (L'Heureux et al.,
1972).

Our observations using balloon flights, each of which lasts
~20 hours, and which are separated by a few days, are not well suited
to the study of the short-~term variations. The period of our 1968 data
corresponds to quiet-time conditions as observed in the 3-12 MeV
electron fluxes from the IMP-4 satellite (McDonald et al., 1972). The
data from Simnett and.McDonald (1969) for 1967 and L'Heureux et al.
(1972) for 1968 in Figure VI-la represent the average flux level
during solar quiet times., This thesis, therefore, addresses itself
to the long-term effects of solar modulation only.

- We shall present a quantitative analysis of the solar-
modulation process which uses the electrom apd positron data for its
basis but which provides a consistent picture of the modulation for all
cosmic~ray particles. Some of the outstanding problems of solar

modulation studies are:

1) 1Interstellar Electron and Positron Spectra

In order to make deductions on the absolute solar modulation of
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électrons it is necessary to have an estimate of their interstellar
spectfum: Previous inveétigations have used either a) a power-law
extrapolation to low energies of the observed high~energy spectrum
(®10 GeV), which is expected to be little affected by solar
modulation (Meyer et al:; 1971; Schmidt; 1972) or b) a spectrum
‘above a few hundred MeV calculated from the non-thermal-radio-’
background(data with a pdwer-law extrapolation to lower energies
{Burger and Swanenburg; 1971; Lezniak and Webber, 1971; Urch and
Gleeson, 1972). These extrapolated interstellar spectra differ
considerably, e.g. about a factor of 10 at 100 MeV. Nonetheless,
by using different approximations to the transport equation and
different“diffusion coefficients;-the authors have made t;e
different interstellar spectra consistent with the data observed
near Earth. In addition, the interstellar positron spectrum has
been calculated by several authors, e.g. Ginzburg and Syrovatskii
(1964), Hayakawa et al. (1964), and more recently by Ramaty and
Lingenfeltef (1966, 1968), Perola et al. (1968), Beedle (1970),
and Arai (1971). These calculated intensities also differ by
factors of ~10.

Diffusion Tensor

Another problem in solar modulation studies is the evaluation
of the interplanetary cosmic-ray diffusion coefficient, . The
diffusion of cosmic-ray particles results in part from pitch-angle
scattering due to the irregular fluctuations of the in;erplanetary
magnetic field. Several authors have derived equations relating

the diffusion coefficient to the power spectrum of the interplanetary
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magnetic field (Jokipii, 1966, 1967, 1971; Hasselmann and Wibberentz,
'1968; ﬁo;lof, 1968 ; Earl;.1972b). However, observations of the power
spectrum are available for only a few limited time periods and
generally do not cover a large enough frequency range to
establish the»rigidity dependence of the diffusion coefficient
below a few hundred MV. Moreover, these measurements have all been
made relatively near Earth and thus there are few observational
data on the radial dependence of the diffusion coefficient. A
further point of controversy is the question of the separability
of . Some authors (Burger and Tanaka, 1970; Burger, 197L; Burger
and Swanenburg, 1971; L'Heureux et al., 1972) argue that the
diffusion coefficient must be a non-separable function of radius
and rigidity in order to fit the cosmic-ray nuclei and electron
data, whereas others have assumed a separable function in interpreting
the data (Gleeson and Axford, 1968; Goldstein, Fisk and Ramaty, 1970;
Fisk, 1971; Gleeson and Urch, 1971; Lezniak and Webber, 1971;
Meyer et al., 1971; Urch and Gleeson, 1972; Garrard, 1973).

Modulation Region

Considerable speculation exists concerning the hgliocentric
radiél distance to the "boundary' of the modulation region. Solar-
flare studies have generally indicated a rather nearby boundary
in the vicinity of 3-6 AU, whereas some studies of solar modulation
have used much larger boundary distances, e.g. ~25 AU (Burger and
Swanenburg, 1971; Fisk, 1971).

Analytic Approximations to the Transport Equation

Several investigators have used sufficiently simple approxi-
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mations to the cosmic-ray transport equation such that analytical

solutions are obtained (e.g. Gleeson and Axford, 1967, 1968; Meyer

et al., 1971; Earl, 1972a;Schmidt, 1972). These analytic solutions
diverge at low energies and hence the interstellar spectra and

diffusion coefficients derived from these approximations

bnecessarily differ.

In this chapter we shall attempt to resolve sdome of these

discrepancies. We shall first briefly review the basic physics of

solar modulation and discuss our results of a numerical analysis of the

cosmic-ray transport equation for electrons. We shall then discuss the

results of a self~-consistent study of solar modulation. The major

elements of this study are:

n

2)

3)

A new calculation of the possible range of interstellar electron

spectra from the galactic non-thermal-radio-background data. From

this range we shall discuss the absolute modulation of electrons

above ~100 Mev.

An_interstellar positron spectrum from nuclear collisions

in the interstellar medium. This spectrum is chosen by requiring

agreement between electron and positron modulation above ~100 MeV,

The rigidity dependence of the diffusion coefficient from ~10 MeV to

~10 GeVderived from comparisons of numerical solutions of the

transport equation, using the interstellar spectra derived in 1)

and 2), with the best available near-Earth data. At low energies

(5 100 MeV) the results allow us to comment on the so-far unknown

interstellar electron spectrum,
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4) A comparison of these diffusion coefficients with those derived

5)

from the available power spectra of the interplanetary magnetic

field. From this comparison we comment on the possible radial

variation of g and make estimates of the size of the modulation

-region.

Numerical solutions of the transport equation for the cosmic-ray

nuclei using the electron-and positron-derived diffusion coefficients.




52

B. Background Physics

The physics of the interplanetary medium responsible for solar
modulation is well-established. The solar corona is dynamically unstable
and expands outward from the Sun at supersonic velocity (Parker, 1963).
The magnetic field of the Sun is frozen into the hot, fully ionized,
highlyAcondQ;ting plasma and is swept outward into interplanetary space.
The rotation of the Sun (with angular velocity ()) causes the magnetic
lines of force to have, on the average, the shape of an Archimedes’
spiral. Superimposed on this average shape are irregular fluctuations.
Charged particles penetrating into the interplanetary medium are
spiraling about this solar magnetic field énd those with gyroradii
comparable to the wavelength of the fluctuation undergo resonant
pitch—angle scattering. This effect gives rise to a random walk of
particles along the average field-line direction. In addition,
particles are transported perpendicular to the field lines because the
lines of force also execute a random walk. In general, this diffusive
process is described by a diffusion tensor (Jokipii, 1971) which
includes other effects such as curvature drift and the gradient of- the
average magnetic field. These curvature and gradient drifts are not
expected-to be significant for galactic energetic particles
(Jokipii, 1970). 1In this thesis we shall ignore these terms of the
diffusion tensor and treat only ﬁ]and K s ﬁhe diffusion coefficients
parallel and perpendicular to the interilanetary magnetic field,
respectively.

Thé fluqiyations which scatter the charged particles are being

convected outward with the solar wind; hence, cosmic-ray particles are
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convécted away from the Sun producing a radial gradient which leads to
\zdiffusion.inhthe opposite difection. In addition, the particles are
écattering from field-line fluctuationé which are, on the average,
moving away from each other; hence, in these collisions the particles
lose energy (adiabatic deceleration).
In a recent review, Jokipii (1971) describes how the inclusion

of these effects leads to the following equation describing the

propagation of galactic cosmic-rays in the interplanetary medium:

g0 - B2 o) - 5o =0 (WvI-1)

where U(r,T) is the number of particles per unit volume per unit energy
at radial distance r with kinetic energy T (U = 4xj/Bc where j is the
intensity and Bc is the particle velocity), ¥V is the solar-wind velocity,
o(T) is a parameter given by

_9mT T+ 2m
o(T) = dmp Tm

where p is the particle momentum, m is the particle rest energy, and
) E;is the particle diffusion temsor. For electrons with energy above a
few MeV, é is eésentially unity. The three terms in equation VI-1
represent, respectively, convection, adiabatic deceleration, and
diffusion of charged pérticles in the interélanetary medium.

Some direct information is available on the principal
parameters, V and ;, which enter into the solution of equation VI-1.

The solar-wind velocity gi relatively constant from year to year and
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8 én average value near 400 km/sec (Gosling et al., 1971). Existing
ﬁ:measuremeﬁtsAof the power spéctrum of the interplanetary magnetic field
near 1 AU yield information on the rigidity dependence of the diffusion
coefficient. In addition, further information is provided by solar-
flare studies, since propagation of energetic flare particles is
governed by a time-dependent equation of the same general form as
equation VI-1. It is the long-term variation of these parameters,
particularly E, which produces the time variation of the cosmic-ray

intensities.
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G. Review of Analytic Approximations to the Transport Equation

In order to treat equation VI-1 amalytically or gumerically
it is necessary to construct a simplified model of physical conditions
in the interplanetary medium. Several reviews have been published on
the physics ?f the solar wind (Parker, 1965a; Dessler, 1967; Parker,
1969a) . In general, the presence of the solar wind is attributed to the
radial expansion of the solar corona. The wind velocity becomes
supersonic beyond a few tems of solar radii and roughly maintains a
constant magnitude until the shock-termination boundary is reached.

At this point the stream=-flow pressure, which falls as 1/r2, is no
longer able to sweep back the interstellar medium. This termination
boundary is not necessarily the same as the cosmic-ray modulation
boundary since the fluctuations of the interplanetary magnetic field,
which scatter the particles, may be damped out in a shorter distance.

On this basis we assume the solar-wind velocity, ¥, to be independent

of heliocentric radius, r, and furthermore, for simplicity, we assume
both V and the cosmic-ray density, U, are independent of angle about the
~ Sun.

Under these assumptions, the transport equation VI-1 becomes

V3 20 L 203 L3 23U _ ]
r2 or (r'0) 3r 3T (o) r2 ar.(r K ar) =0 (VI-2)

where i is a scalar quantity, the radial diffusiom coefficient, defined

by (Jokipii, 1971)

2
K =K @ cosz 0 + K gin © (VI'B)
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vﬁhere 6 is the angle between the radius vector from the Sum and the
' ‘outward direction along the interplanetary magnetic field («48o at
1 AU), and K" and g are the parallel and perpendicular components of
the diffusion tensoi;»respectively;

Even with the assumptions made so far, no general, analytic
solutions to‘equation VI-2 have been found. Several further approxi-
mations to the equation have been made which lead to analytic solutions.
' We shall discuss the most important of theée approximations as they
-apply to electrons. (Garrard (1973) has given a detailed discussion
relevant to the cosmic-ray nuclei). .

1. The Diffusion-Convection (DC) Approximation

If we neglect the adiabatic dedfleration term in equation VI-2

we obtain:

o)

ea?(rzvu-rz,cap%)=o

or
In the absence of sources or sinks at the origin this equation may be

ﬁritten:

VU = & (VI-4)

which is a statement of the balance between the outward current of
particles due to convection and an inward current due to diffusion. The

solution to the DC equgtion is:

U(x,T) = U=, T) exp -f —K——(-‘I;’T,i,—)f- dr' (VI-5a)
T

1f we assume there is a boundary at distance D beyond which V/¢ is zero,
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then
D
u(r,T) = U(D,T) exp i}r K(¥;T) dr' (VI-5b)
T
= u,T) e ¥D (VI-5¢)
where the quantity ¥ defined ﬂ;:
D S
v
¢(r,T) =d[‘ I T) dr! (VI-6)
r

is called the "modulation parameter" or simply the 'modulation'. It
~will be shown to be the determining parameter in the study of the solar
modulation of electroms. It has also been found to be the important
parameter in the discussion of the high-energy (> few GeV) solution

of the transport equation for nuclei (Garrard, 1973).

It is interesting to note that if the near-Earth and inter-

stellar electron spectra are kmnown, then the modulation parémeter at

1 AU, ¢(1,T), is determined in the DC approximation from equation VI-5c,

i.e.,

¢<1’T) = 4n [g(?,g)] | (Vi-7)

If the radial and energy dependences of the diffusion coefficient are
separable, i.e. g(xr,T) = Kl(r) KZ(T)’ then the energy dependence of g
is determined from *(l,T) (see equation VI-6).

2. The Force-~Field (FF) Approximation

Gleeson and Axford (1967, 1968) have derived an approximate
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solution in the case of small modulation by making use of the radial

differential current density (or streaming); S; defined as:

=vy - QU _ Y3 -
}s VU -k 32 - 3 57 OT0) (VI-8)

The second term on the right represents the contribution from diffusion.
Thebremainihé two terms represent the effective radial current due to
the transformation between a frame of reference at rest with respect to
the solar wind and the observer's reference frame (the Compton-Getting
effect). The first térm represents the contribution due to convection.
The origin of the third term can be visualized by imagining that we
 observe particles at a single energy T with a "directional" detector.
Then if we point the detector toward the Sun; the velocity of the solar-
wind frame effectively adds energy, +AT, to the particles we are
observing. Thus in our frame we observe the rate of particles
corresponding to the intensity at energy T-pAT in the solar-wind frame.
If we point the detector radially away from the Sun we observe the rate
of particles corresponding to a different part of the solar-wind-frame
spectrum, i.e. corresponding tc the intensity at TFAT. Since these
intensities are usually different, there is an effective radial current.
| Gleeéon and Axford present arguments to show that 5 is
negligible whenever VL/g << 1, where L is a length characteristic of
the radial variation of the diffusion coefficient. If one assumes
S =0 and that ¢ is a separable function of radius énd energy, then one

obtains the so~called force-field solution (Gleeson and Axford, 1968)

j(x. W) - i@, W+ 3) (Vi-9)

wl-n? @)’ - w’
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-where j is fhe particle intensity, W is the total energy of the particle,

- m is 1its fest energy, and 3 is a spectral shifﬁ parameter which is
determined from the diffusion coefficient; |

This simple equation (VI-9) has been used by several
investigators in interpreting electron data. We shall show that the
zero-streamihg assumption breaks down at low energies (¥ 200 MeV) for
certain forms of the diffusion coefficient and the umnmodulated spectrum.
In general, it 1s difficult to predict the range of applicability of
the FF solution. In the following section we shall investigate
some cases of interest in the light of results of a numerical
solution of the full cosmic-ray transport equationm.
‘3. The Convection-Adiabatic Deceleration (CAD) Approximation

If one assumes that the diffusion term (containing g gg) in
~equation VI-2 is small compared to the other terms; we have

V.o .2 AN - -
T " 0) - 5 & (o) = 0 (VI-10)

Rygg and Earl (1971) solved this equation, assuming ¢ to be comstant,
by

Ue,T) = T3/oz -1 3 (r T3/206)

For o = 1 (relativistic electroms),
oe,) = 2 ¥ (= /3 | (VI-11)
The function é} is an arbitrary function to be determined by the

boundary condition. If the boundary condition is U(r,Tb) = constant =

U(D,TO) at some boundary energy ’1‘D (i.e. no modulation for T E;Tb), the
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solution reduces to:
2
U(r,T) = (T/T)" UM,T,) (VI-12)

or
: 2
j(x,T) = AT

where A is a constant. The corresponding solution for non-relativistic
cosmic-ray nuclei is j = AT.
It is interesting to note that in this model particles at the

boundary with energy T « T, do not propagate into 1 AU since g (T <« TO)

0

is assumed zero, However, the Intensity of particles with energy

T> T0 is the same at all radial distances since i (T E-TO) is assumed

infinite. Therxefore, in this model particles arrive near Earth with

eﬁergy T < TO only by being decelerated from higher energies.
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_b. General Results from Numerical Solutions to the Transport Equation

A numerical solution to the transport equation VI-2 has
advantages over the analytic approximations. For example, numerical
- solutions cén be readily obtained for any specified radial and energy
dependence of i, whereas the amalytic approximations are often
resﬁricted to certain functional forms of the diffusion coefficient.

In addition, the numericél solution can be obtained for all values of
radius and energy of interest; these solutions can then be used to test
" the validity of the analytic approximations.

We have constructed a numerical solution to equation VI-2
based on the Crank-Nicholson technique outlined by Fisk (1971). 1In this
technique the continuous radius-energy plane is replaced by a grid with
maximum radial distance D and an energy range from gmin to Tmax’ The
transport equation is expressed as a finite difference equation in terms
of grid location. By specifying three boundary conditions, the resulting
set of simultaneous equations can be solved for all the radius-energy
grid points.

The boundary conditions which we must specify are:

1) r =D: We assume that beyond the boundary the modulation is
negliéiblebat all energies. Thus U(D,T) = galactic spectrum. For
electrons and positrons we have information on these spectra from
the non-thermal-radio-background data aﬁd galactic nuclear
collisions, respectively. For nuclei one generaliy has to rely on
power-law extrapolations of the high-energy data.

2) r =0: In order to eliminate source-like solutions at r = 0, we

transform the equations so that the dependent variable is X ={tU
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and require X » 0 as r = 0. This transformation implies that the
solutibns are not valid for small r (<0.2 AU typically).

3) T=T _: We assume that at sufficiently high energy, T __, the

max max
modulation is negligible. Thus U(r,Imax) = U(D’Thax) for all r.
In our work we assume Tﬁax = 10 GeV for electrons.
1. Analysis®of Analytic Approximations
a. The CAD Approximation
The solution of the CAD (convection-adiabatic deceleration)
approximation is-j = AT2. If we examine the spectra of Figure VI-1 we
find that, in view of the error limits, the data for 1969-1971 might
Jbe consistent with j o T2 over a limited energy range (~100 - 500 MeV).
It has been suggested (Luhmann, 1971; Earl,1972a) that such a segment
is due to the validity of the CAD approximation (the low-energy turn-up
is attributed to the dominance of diffusion below ~100 MeV). How-
ever, we shall now show that such a turn-over to j & T2 would not be due
to the dominance of adiabatic deceleration and convection over diffusion.
In fact, it will be noted later'inbthe discussion of the DC solution
(Section VI.D.1l.b) that such a turn-over can also exist in that solution
which totally ignores adiabatic deceleration.
" In discussing the CAD solution it is useful to define the
3

phase-space density, F (the number of particles per unit volume (d3r,d p)

in the six-dimensional r, p phase space), by:
2
F=j/p

2
Therefore, j @ T 1is equivalent to F = constant for relativistic

electrons. From the numerical solution of the transport equation over
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b'fhe éntire radiﬁs-energy plane it is easy to determine if F is constant
\:overvsomé’poktion of the plaﬁe and therefore to determine over what
fegiqn the CAD approthatiop is valid. As an illustration, we show in
Figures VI-Za and b the numerical solution of equation VI-3 using the
interstellar spectrum and diffusion coefficient assumed by Meyer et al.
(1971) in in%erpréting the 1970 data. This diffusion coefficient in

cmzlsec is represented by:

4.94 x 1087 pr R >R =440 MV

k(R) = (Vi-13)

4.9 x 1017'311c R <R

" where Bc is the particle velocity, R is the particle rigidity, and a
constant radial dependence for g is assumed. Figure VI-2a shows
electron iﬁtensity versus kinetic energy at 1 AU. As we shall point
‘out shortly the ﬁumerical.solution and the force-field approximation,
used by Meyer et al., disagree at low energies and hence the assumed
pérameters do not lead to a good fit to the low-energy data. However,
we use the solution at this point for purposes of illustration. In
Figure VI-2b we show a plot of the contours of equal phase-space

. density in r,T_space'for the numerical solution; A region containing
few confour lines would imply F &~ constant and would possibly indicate
that the CAD approximation is valid. TIn the figure adjacent contours
ére separated by a factor of 2 in F. (Note that the contour lines are
hofizontal in the large r region only because of the assumed boundary
distance of 3 AU.) We observe only a slight spreading in the lines near

500 MeV for r S 1.5 AU. This spreading reflects the turm-over in the
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1'épécfrum and is ﬁot necessarily an indication that diffusive effects
,,are\smalll(ii is an indicatidn that j o T2 over a limited energy range,
howéver). Since né large area with F = constant is indicated, we
conclude thét the CAD approximation is inappropriate for the case
considered.

We‘expeét the CAD approximation to be valid when diffusion can
be neglected, i.e. when the diffusion coefficient is small or
equivalently when the modulation parameter, ¥ (see equation VI-6), is
large. We shall show below (Section VI.D.2.a) that the numerical
solutions of the transport equation at radius r using a given inter-
étellar electron spectrum are primarily determined by W(r,T) (defined by
equation VI-6). »Therefofe, to determine the region of r,T space in which
the CAD approximation is valid, we determine the minimum ¢ which yields
F = constant. As an illustration, we show in Figures VI-2Zc and d (solid
lines) the numerical solution for the same parémeters as in Figures VI-2a
.and b, except that Rc, the rigidity at which the diffusion coefficient
changes form, is lowered from 440 to 100 MV. The effect of lowering
Rc is to lower the diffusion coefficient by foughly a factor of 4 at
rgiditiesbelow 100 MV. It is evident féomkFigure VI-2c that the
intensity at 1 AU is roughly proportional to T2 at low energies
(compare with dashed j O T2 line), and in Figure VI-2d a large region
where F is nearly constant does exist. Thus by sufficiently lowering
the diffusion coefficient, we find, as expected, that the CAD approxima-
tion (which ignores diffusion), is approximately wvalid, although the
spectrum so obtained does not resemble the observed spectrum. The

dashed lines in Figure VI-2d are curves along which y(r,T) is constant.
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Werfind, roughly, that g mus; be small enough such that ¥ ® 15 for the
" 'CAD approximation to apply. Using the nominal interstellar spectrum
discussed in Section VI.E.l, we shall find that.solutions at 1 AU
consistent with the observations are obtained with < 6. In order
for the CAD approximation to be valid near 1 AU the absolute

interstellar electron intensity would be required to be a factor of

-6
e

-15
e

n 8000 (see equation VI-5¢) larger than our calculated intensity.

We therefore conclude that the interpretation of a possible j = AT2
ségmént in the 1969-1971 electron spectra isaalmost certainly nét the
manifestation of the validity of the CAD approximation.

In the above analysis we have assumed that the F = constant
region in Figure VI-2d is a result of the validity of the CAD
approximation (for R 15). We might ask the question: Is the
F = constant region necessarily due to the dominance of adiabatic
deceleration over diffusion? To clarify this question we show in
Figure VI-2e the phase-space density contours for the diffusion-
convection solution, i.e. the solution ignoring adiabatic deceleration,
for the identical parameters as in Figure VI-2d. Here we find no large
. F = constant region,'which indicates that, indeed, adiabatic deceleration
is responsible for the large blank area in Figure VI-2d. Note, however,
the region of spreading in the DC pﬁase—space density contours
(Figure VI-2e), which is a result of the fact that j = AT2 segments over
a limited energy range can also be produced by approximations which
ignore adiabatic deceleration.

b. The FF and DC Approximations

Meyer et al. (1971) and Schmidt (1972) have related modulated
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spectra observed near Earth tp the interstellar spectrum by using the
force-field approximation. Some of the subtleties of this approximation
have been pointed out by Garrard (1973). For example, the FF solution
ignores adiabatic deceleration, although it does include the Compton-
Getting effect. Furthermore, the conditions which produce zero
“streaming, réquired by the approximation, are not cleaf.

Iﬁ order to determine the region of applicability of the FF
~ and the DC approximations, we show in Figure VI-3a a comparison of these
solutions with the numerical solution (FN) of the full transport
equation. For all three models we use the same diffusion coefficient,
assumed independent of radius with a boundary at 3 AU and with the
rigidity dependence (cm2/sec):

17

7.15 x 107 R R >R =300 MW

kR) =

17
7.15 x 10 BRc R < Rc

This diffusion coefficient and the interstellar spectrum shown in the
figure were used by Meyer et al. in interpreting their 1968 data using
"~ the force-field approximation. Below ~100 MeV the FF result diverges
_significaptly (factor of ~10 tco small) from the full numerical
>solutioﬁ; Schmidt has fit the same data (shown in Figure VI-la) using
fhe FF approximation with a steeper interstellar spectrum and a some-
what different diffusién coefficient. Sincé the forcg—field approxi-
mation is inconsistent with the full numerical solution at low energies,
the parameters used in deriving these approximate solutions are
necessarily inconsistent with ones we derive from fits to the data

based on the numerical solution. Note that the DC solution is a better
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| abprdximation Cwithih a factor of ~2) of thé numerical solution over
. the Whole'énérgy range depicted than is the FF solution.

- It is difficult to predict under what circumstances the force-
field solution is a reasonable approximation. We find that the
numerical and force-field solutions are more consistent if the inter-

stellar electron spectrum is flatter than T-Z’S

at low energies,

(below a few hundred MeV). To illustrate this improvement we show in

* Figure VI-3b a similar comparison of solutions as in Figure VI-3a except
' that-we'have used the interstellar positron spectrum calculated by
Ramaty and Lingenfelter (1968). _This galactic spectrum flattens out
gradually below ~1 GeV and eventually turns over below ~50 MeV. Both
the DC and the FF solutions are within a factor of ~2 of the full
numerical solution over most of the energy range from 10 MeV to 10 GeV.
The region of validity of the FF solution probably also depends on the
rigidity dependence of the diffusion coefficient (Urch and Gleeson,
1972).

We find that the DC solution is a fairly good approximation
for a wide range of interstellar spectra and diffusion coefficients.
Thus, if g is assumed to be a separable function of r and T, then, for a
'given interstellar spectrum and the gpectra observed near 1 AU, the
- energy dependence of the appropriate diffusion coefficient can be
estimated reasonably accurately by computing w(l,T) from equation VI-7.
The effect of adiabatic deceleration is to shift the solution in energy.
- For example, compare in Figure VI-3a the peak position in the numerical
solution near 500 MeV with the peak in the DC solution. The observed

shift indicates that for the assumed parameters the fractional energy
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“lbss‘near 500 MéV is roughly 0.25. A more detailed discussion of the
energy loss of the galactic electrons which penetrate to 1 AU is given
‘in fhe;next section. These energy losses mean that small adjustments
in the’diffﬁsion coefficient estimated on the basis of the DC approxi-
mation are necessary in order to yield a good fit to the data using
the nqmericai solﬁtion of the full transport equation.
2. General Remarks Concerning the Solution of the Transport Equation

In this section we present some general results from a study
~ of both the numerical and analytic solutions of the transport equation
(Vi-2). Iﬁ what follows the diffusion coefficient is assumed
to be a separable function of radius and rigidity, K(r,R)=BK1(r)K2(R).
.Several authors have argued on the basis of their modulation studies
that g must be a non-sepa;able function of radius and rigidity.
(Burger and Tanaka, 1970; Burger, 1971; Burger and Swanenburg, 1971;
L'Heureux et al., 1972). However, Gleeson and Urch (1972) have pointed
quf th;t these arguments are based on the assumption that the rigidity
dependence of an assumed separable‘diffusion coefficient does not
kchange forﬁ from year to year. No necessity for such a restriction has
been suggested. We shall find that adequate fits to the observed
' ;osmic-ray data can Be made using separablebdiffusion coefficients with
different rigidity dependences for different years. 1In this regard, we
note that recent hysteresis studies of neutron monitor data have shown
that the rigidity dependence of the modulation parameter changed
v aﬁruptly several tiﬁes during the last solar cycle. (Carmichael and
Stoker, 1970; Carmichael and Katzman, 1971; Stoker and Carmichael, 1971;

‘ Kane; 1972), Thus we feel that there is; as yet, no compelling
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' observational evidence for either separability or non-separability.
‘The assumption of separability provides us with a convenient framework
fin ﬁﬁich to study the radial and rigidity dependences of the diffusion
coeffiéient;

a. Effects of the Radial Dependence of the Diffusion
Coefficient

Th;re are few observational data on the radial dependence
of k. Jokipii and Coleman (1968), from analysis of the inter-
planetéry magnetic field data of Mariner IV, find no drastic
changes in the parallel diffusion coefficient, g , between 1 and 1.5 AU.
The solar-flare studies of Lupton (1972) imply that a diffusion
coefficient independent of radius, r, inside 1 AU is more consistent
- with the data than one which varieé linearly with r. Sari (1972a),
using power spectra from Pioneer 6 magnetic-field data, finds g (50 MeV)
varies approximately as r-2"7 between 0.82 and 1 AU. Observatignal
data on the radial dependence of ' are non-existent. Wé recall that g
dépends on both ¢ and y , whose r:dial dependences are uncertain, and

_ I L
on 8 (see equation VI-3), which is given by

o(r) = tan”! (9;3) (VI-14)

where () is the‘angular velocity of the Sun. Thus the radial dependence
of k is highly uncertain.

We do not eipect large variationslin the calculated electron
spectra if we change the radial dependence of K,‘sinée the DC solution,
which depends only on the integrated effect of x from the Earth to the
E boundary, is a reasonable approximation to the transport equation. How-

~ ever, it is useful to investigate just how much variation we do obtain
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by varying the radial dependence of gk, in order to see how well the
‘:parameterl¢ &etermines the sélution. For this purpose we use an
illustrative set of radial functions shown in Figure VI-4a. In
addition to the er-1 and r° dependences used by many authors, we include
a2+ r? dependence modeled after the diffusion coefficient suggested

by Ng and Gleeson (1971) to explain solar-flare observations, a
C(r-—3/2)4 + 1/4] function constructed by Garrard (1973) as an analytic
representation of a possible scatter~free region near the Sun, a r-l'
functioh suggested recently by Jokipii (1972) as a possible radial
dependence beyond 1 AU, and a simple rl dependence. For convenience the
diffusion coefficient is assumed to be infinite beyond 3 AU. For the
cases illustrated we use the single rigidity dependence of g shown in
Figure VI-4b.

In Figure VI-5a we show the numerical solutions of the
transport equation using an interstellar spectrum derived from the non-
‘thermal-radio data (see Section VI.E.l) and eacﬁ of the 6 radial
dependences of g shown in Figure VI~4a. Also shown are the Caltech and
Chicago daté (Schmidt, 1972) for 1968. The absolute magnitudes of the

diffusion coefficients are normalized such that
D

'f RX%% (VI-15)
L

1950 MV (appropriate for 1968)

=
\

Since

il

VLR = 5o ®
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‘aﬁd;BKZ(R) is thé same for each solution, we are assuming that each
Jgolution héénthe same v-value‘at 1 AU. As we see from the figure, all 6
-curvés are nearly identical, indicating that the solution for electrons
is essentialiy independent of the radial dependence of K;
~ We have also investigated the effect of varying the boundary

distance D while maintaining v(l,T) constant (by adjusting the magnitude
of k)e VIn Figure VI-5b we show the solution for Kl(r) = constant for
boundary distances of 3, 5, 10, 15 and 30 AU. The slight increase in
energy lossvwith boundary distance 1is evident from the small shift of
the curves; however, the differences are small compared to the
- experimental uncertainties in the data.

We conclude from these studies that y is indeed the determining
parameter in the study of the modulation of electromns.

b. Effects of Adiagbatic Deceleration

In Section VI.D.1l we demonstrated that the approximation
‘ignoring energy loss allows a reasonable first estimate of the diffusion
coefficient. In order to make refinements to k we need to include the
effect of adiabatic deceleration.

The rate of energy loss through adiabatic decleration is
given by

% = - %G(T) T (g*7)

(Parker, 1965b). In the case of relativistic electrons (0 = 1) and a

—p
~constant radial solar-wind velocity, V, this equation reduces to

=== - (VI-16)
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1Thds\the particles lose more energy near the Sun than near the boundary.
.In addition, if the diffusion coefficient is large, particles diffuse
in from the boundary very quickly and thus lose less energy than they
would if the diffusion coefficient were small. Thus we expect the

energy loss to depend on both the magnitude of the diffusion

.. coefficient and the boundary distance, D.

In Figure VI-6 we illustrate an energy-loss calculation. The

unmodulated spectra, shown by solid lines, are of the form

U(D,T) = A exp [ =50 (yn T/TO)2 ]

where T0 takes on the values in MeVof 25, 50, 100, 200, 400, 800, 1600
and 3200. We use the diffusion coefficient 0f equation VI-13 which is
assumed independent of radius within a boundary distance of 3 AU. The
envelope formed by the peaks of the unmodulated spectra corresponds to
the galactic secondary positron spectrum calculated by Ramaty and
Lingenfelter (1968). The corresponding spectra at 1 AU, repreéenting
’numericai solutions of the transport equation, are shown as dotted
lines in the figure. As a consequence of adiabatic deceleratiom, the
?eaks in the spectra-at 1 AU are shifted in»energy from the corresponding
peaks in the unmodulated spectra. (Note that the shape of the near-
Earth spectrum, as indicated by an envelope of the peaks of the dotted
éurves, is determined by the particular choice of the rigidity dependence
of the diffusion coefficient.)

| For i independent of radius and energy (<440 MeV in this

example) the fractional emergy loss is independent of energy (see

equation VI-16). As we mentioned before, however, the fractional loss
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!doés~depend bn the magnitude of k and the boundary distance D. Since
jthevelectfon spectra calculated from the transport equation depend
éfimarily on the modulation parameter y, we show in Table VI-1 the-
vélues of thé fractional energy loss (for T0 = 50 MeV) for several
rebresentative combinations of w(l,TO) and D, assuming the functional
dependence of the diffusion coefficient given by equation VI-13. The
increase in the fractional energy loss with increasing ¥ for a given
value of D is due to the inverse relationship between @ and i, i.e.

y = zx%:ll., (Larger ¥ implies smaller y implies larger energy loss.)
For a given ¢, D is approximately proportional to k and the effect of
a larger boundary (larger energy loss) is roughly offset by the effect
-0of the correspondingly lérge? ¥ (smaller energy loss). From the table the
| fractional energy losses for electrons are less than roughly 0.5 for
typical values of § and D. Above 440 MeV, where the diffusion
"coefficient is proportional to rigidity (in this example), we found
 that the fractional energy loss (for a given y and D) is smaller than
that shown in the table.

c¢. Discussion of the "Flat" Portion of Electron Spectra and
Rough Estimates of the Modulation (W)

_We now discuss the characteristic "flat" region from
approximately 100 MeV to 1 GeV of the observed electron spectra shown
‘in Figure Vi-1. We have shown that the simple diffusion-cohvection
- solution is a reasonabI; first approximation to the numerical solution
of ﬁhe full transport equation (VI-2) over the energy range 10 MeV -
10 Gev. The force-field solution is a somewhat better approximation

above a few hundred MeV but breaks down rather badly in some cases below
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TABLE VI-1

- Fractional Energy Los§+ for Representative Values of the

- Modulation Parameter, ¢(1,T), and the Boundary Distance, D.

T v
y (1,T) 1.25 2.5 5.0

D
(AU)

3 19 .27 35

7 25 .35 47

10 .25 .36 .50

15 .25 .39 .52
+

The values apply to the energy range (<440 MeV in this example) where
the diffusion coefficient is independent of energy.

%
For i = constant, ¢ = Yi%fll
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A&OO‘MeV. Ve shgll use both approximations in the discussion. The
‘main poinfs ;f‘this discussidn are:
1) to show that the energy dependence‘of the observed spectrum is
consistent with our understanding of
a) the interstellar spectrum
'b) the diffusion coefficient and
¢) the DC and FF approximations above ~100 MeV and
2) to demonstrate that an estimate of the absolute modulation can be
made from a knowlédge of only the energy dependences (and not the
absolute magnitudes) of the diffusion coefficient and the inter-
stellar spectrum, together with an observation of a relative peak
in the observed spectrum near Earth.
The 1after point is interesting because the energy dependence of the
- interstellar electron spectrum, for example, can be deduced more
accurately from the non-thermal-radio-background data than the absolute
interstellar electron intemsity. (See Section VI.E.1.)
We first examine the simple diffusion-convection solution given
by equation VI-5c. Since the differential intensity is given by

i= %ﬁgy we can rewrite equation VI-5¢ (for r = 1 AU) as:

$(@,1) = j0,1) ¢ YLD (VI-17)

wheré y is related to the diffusion coefficient y through equation VI-6.
Measurements of the power spectrum of the interplanetary magnetic field
are consistent with g & BRb where R is the particle rigidity, Bc the

particle velocity (B = 1 for relativistic electrons), and b is rigidity

dependent ranging from ~0.5 at low rigidities (Si GV) to ~1.5 at high
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'rigidities (10 GV). (See Section VI.E.4.) Using this form for the

diffusion coefficient, equation VI-17 reads
b
i@,T) = j(D,T) exp ["ﬂ_/(f(b)T )]

‘ ﬁhere 7 is defined by equation VI-15 and we have replaced R by T which is

valid in énergy units for relativistic e1ectrons*. (F(b) is chosen tomake
the energy dependence .of i continuous and is normalized such that £(1)=1.
For. example, if g is represented by two joined power-law segments such
that for T < T, b = 3, and for T > T, b =1, then £G) =\/T_.) If we
assume the interstellar spectrum j(D,T) ¢ T ¥ and if we approximate

x O Rb,we find a relative maximum in the near-Earth spectrum at energy

Qm given by:

b 1i/b
"In terms of ¥ this condition reduces to
=X -
w(l,gn) B (VI-19)

Thus an estimate of the absolute modulation at the observed peak energy

%n is given simply by the ratio of the spectral index of the inter-

'stellar-spectrum to the exponent of the rigidity dependence of the
diffusion coefficient. From the radio data (Section IV.E.l) we find
that y ® 1.8 below ~2 GeV; hence, we have W(I’Th) # 1.8 and 3.6 for

values of b of 1 and 1/2, respectively. These values of ] correspond to

*
R = g&, where p is the electron momentum. For relativistic electrons

(vwwmc, z =1), pc » T(MeV) ~ R(MV).



"aBSqute modulation factors, eW, of approximately 6 and 36, respectively.
\iFrom the observed spectra (Figure VI-1) we note that these values apply
.to an energy near 1 GeV.

Wé can also apply this procedure to the positron spectra
since, again, the energy dependence of the calculated interstellar
pqsitron>speetrum‘is known more accurately than its absolute intensity.
‘Near 1 GeV the interstellar spectfa presented in Section VI.E.2
(Figure VI-11) have a spectral index of ~2.4. Thus, we have
y (1,T ) ~ 2.4 and 4.8 for b = 1 and 1/2, respectively.

If is interesting to note that the peak in the positron
spectrum at 1 AU is expected to occur at a lower energy than the peak

in the electron spectrum. From equation VI-18 we have

+
Tm(e ) o Y(e)]llb
Tm(e) v(eh)
=0.75 b=1 (VI-20)
= 0.56 b=1/2

where we have assumed y(e) = 1.8 and y(é+) = 2.4, TUnfortunately,
‘positron daﬁa of sufficient accuracy to observe this difference do not
presently exist. Hopefully, future observations will confirm the
'péediction. Along thése same lines, ﬁe notebthat if the energy
dependence of the diffusion coefficient does not change significantly
from year to year, the peak energy should move to higher energies
with increasing modulation as is observed. (See Figure VI-1.)

| Larger modulation implies larger ¥ implies larger m implies larger
%m.)

These estimates of the modulation parameters and peak-energy
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bloéations are based on the DC approximation, Figure VI-3 indicates
- that for the choice of parameters considered the peak-energy locations
éfe nearly the samé for the FF and FN (full numerical) solutions and
that both occur at a somewhat lower emergy than that of the DC
solution. Thus we might expect an improvement in the estimates of Tﬁ
andb*(l,Th) ﬁy examining the FF approximation.

The FF solution is given by equation VI-9, If we assume b = 1

(i.e. g Rl), the parameter § in equation VI-9 has the simple value:
§ =& ) (VI-21)
3 7

(Gleeson and Axford, 1968)

Equation VI-9 may be maximized to yield the peak energy %m:

2
T.=3

- [FF, b = 1] (VI-22)

< |3

Note that this value of T is just 2/3 of the DC estimate (equation VI-18).

The corresponding.¢ vélue is given by:
1 =3 ¥F, b = 1
y(,T ) =3v [FF, b = 1] (VI-23)

Equations VI-22 and VI-23 represent our best estimates of gm
and w(l,gﬁ) for the case g @ Rb=1n The parameter § in equation VI~9
has a complicated energy dependence for otheg rigidity dependences of
k. Hence, it is difficult to evaluate T and y(@,T ) in the FF

- approximation fof b # 1. However, we mention that a COmpafison of the
numerical and DC solutions of the tramsport equation (described below
and shown in Figure VI-7) indicates that T = 2/3 of the DC estimate

(equation VI-18 ) is also appropriate for ¢ o R® ~ /2



79

In the electron spectra shown in Figure VI-1 we find the best-~
ffesolved peak occurs in the observed 1970 spectrum. The spectrum
.begins‘to deviate from a power-law below ~4 GeV and a relative peak is
obse?ved in the region near 1 GeV. If we assume the rigidity dependence
of g, we can determine the interstellar elecﬁron intensity at
~]1 GeV as a function of its spectral index, i.e. of its energy de--
pendence. From the non-thermal-radio-background data we estimate that
Y is approximately in the range 1.7 to 1.9 at energies below ~2 GeV
(see. Section VI.E.1). Assuming g ¢ R1 we find from equation VI-23
y(1 GeV) = 2.55 - 2,85. Since j1970 (~1 GeV) = .006 electrons/(m2 sec:
sr MeV), we estimate from equation VI-17, jm(~1 GeV) ® 077 - ,104
electrons/(m2 sec sr MeV). These values are consistent with our
calculation of the galactic electron spectrum from the radio data (see
Figure VI-9). We note that with an accurate determination of the
rigidity dependence of i, e.g. from the power-spectra data,we could
plaée more stringent 1imits»6n the interstellar electron intensity near
1 GeV than those shown in the figuré. {The limits indicated in
Figure VI-9.resu1t from uncertainties in the galactic parameters and do
not reflect the analysis discussed here.) This particular refinement
iﬁ the analysis will ﬁot be pursued in this fhesis.

We are now in a position to interpret the flat portion of the
observed electron spectra at Earth during the years 1965-1971. From
the power-spectra data (see Figure VI-19) we can infer roughly the
rigidity dependence of the diffusion coefficient above a few hundred

MV. As an illustration, we idealize K (R) such that below a break-point
1/2

5

rigidity Rb; K @R, and above Rc’ K a'Rl. If the values of
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n and R, are such that T (equatién VI-18) is greater than

’Rc,‘we expéét a peak in the near-Earth spectrum at Tﬁ = % %

‘.(N 1 GeV in 1970). ~If Rc is too small, the diffusion coefficient
becomes smail enough that the modulation is very large. 1In this case a
well-defined peak is obtained in the numerical solution, which in
gene;al is mot obéerved in the data. For larger Rt the diffusion
coefficient is larger at low energies and the well-defined peak becomes
a broad flat region as is observed. In this example a second ""peak",
corresponding to the b = 1/2 segment of the diffusion coefficient,
would be oﬁtained in the near-Earth solution of the transport equation.
In terms of Rc this peak, T1/2, can be calculated from equation VI-22

and VI-18 (multiplying by the factor 2/3 on the right-hand side of

equation VI-18):

3r,
T2 ER (VI-24)

where T1 is the b = 1 peak given approximately by equation VI-22, For

R R T %1 GeV, we have T

o 1 ~ 3/8 T1 & 375 MeV.

1/2
In Figure VI-7 we demonstrate the general features described

in the example above. The unmodulated spectrum is derived from the non-

fhérmal-radio;backgrbund data (Section VI.E.1). Both the full numerical

solution and the DC approximate solution are shown for the case where

Rc = 750 MV and 1) = 1950 MV. From equation VI-22 we compute TgF ] 722 MeV

and from equation VI-24 we obtain T1/2 = 261 MeV. These values, which

agree ﬁith the position of the two *'peaks" in the FN solution, are shown

in the figure. Note that these values are about 2/3 of the DC peak

energies; which are also indicated in the figure. The excellent agree-
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nent of the solution with the 1968 data indicates that the particular
. ‘choice of fa?ameters used in fhe calculation is reasonable.

Wg feel that the above interpretation of the flat portion of
the spectra forms a good, self-consistent picture with our present
knowledge of the rigidity dependence of the diffusion coefficient and
of the energy dependence of the interstellar electron spectrum. We

also note that by knowing the energy dependences of both the diffusion

coefficient and the interstellar electron spectrum and by observing a
relative maximum in the near-Earth spectrum, we could, with the

~analysis presented here, determine the absolute interstellar electron

intensity.
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E. Quantitative Study of Solar Modulation

ihhthe previous section we have qualitatively discussed the

para@eters of solar modulation theory. In this section we present a

quantigative.study of these parameters using:

1) the _expected’ range of the interstellar electron .spectrum,

2). the calcﬁlated interstellar positron spectrum,

3) a derivation of the modulation parametersand, hence, the diffusion
coefficients;using the interstellar spectra of 1) and 2),
numericalsolﬁtionsof the transport equation, and the spectra
measured near Earth,

4) a comparison of these diffusion coefficients with those derived

from the available power-spectra data, and
'5) numerical solutions of the transport equation for cosmic-ray protons

-and He nuclei using assumed interstellar spectra and the
diffusion coefficients derived from the electron modutation study.

1. Determination of the Interstellar Electron Spectrum
- from the Galactic Non-Thermal-Radio-Background Emission

The galactic non-thermal-radio-background data are generally

ascribed to synchrotron emission from relativistic electrons spiraling

in the galaétic magnetic field. Several authors have examined the
‘radio data and, under certain assumptions on the galactic parameters,

have calculated the corresponding galactic electron spectrum

(Anand et al., 1968a,b; Verma, 1968; Webber, 1968, Goldstein, Ramaty

and Fisk, 1970, Burger, 1971). However, knowledge of the galactic
parameters is incomplete and pre§ious studies have not attempted to in-
dicate the possible range of interstellar intensities which are consistent

with the acceptable range of the parameters. We shall assume that cosmic-

ray electrons are distributed uniformly in the galaxy and estimate a
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"réasonable rangé of interstellar electron spectra consistent with the
;non-thermél-}adio-background'data and consistent with our knowledge of
‘the'galactic parameters. With this range of spectra we shall estimate
the expected limits on the cosmic-ray modulation parameter.

In Figure VI-8 we show the non-thermal-radio data in the
galactic anticentér direction*. The data above ~5 MHz are from the
compilation by Webber (1968). Above ~40 MHz the data are primarily.from
. high resolution surveys (nlo aperture) in which the galactic disk is well
resolved. From ~ 5-40 MHz Webber has adjusted the available iow («300)
and medium (~100) resolution data. He has used the high-resolution
~ measurements of Blythe (1957) at 38 MHz to normalize thevemissivities
found in the lower-resolution studies to the standard anticenter
direction. These adjustments amouﬁt to increasing the observed low-
resolution intensities by ~10-30%. Below 5 MHz we have plotted the
recent data of Alexander et al. (1970) from their instrument on board
the RAE-1 satellite. The data from this low-resolution instrument are
representative of emission and absorption from a broad region on the
order of ~100 degrees in angular extent. Since the disk of the galaxy
is only ~0.5 kpc thick (compared to a radiuskof ~15 kpc) it may be
inappropriate to regard these data as representative of emission and
absorption in the disk of the galaxy. However, these authors find the
kintensity below ~ 5 MHz to be nearly isotropic. This finding may

indicate that due to interstellar absorption the radio emission at these

*The radio data in the anticenter direction are used in this analysis
because they are somewhat easier to interpret than the data available
in other directions (e.g. towards the galactic center or the direction
of minimum brightness).



-84

fredﬁencies is coming from a local region. Our assumed range of galactic
paraﬁeters includes values for which the absorption arises within both lo-
4ca1’(5100'pc) and extensive.<~4 kpc) regions. However, even in the latter
case .the size of the region depends on the assumed galactic structure, such
as the distance to absorbing cold clouds, etc. We shall interpret the low-
frequency radio data as corresponding to emission and absorption in the
disk of the éalaxy. (Stephens (1971) has made an alternative interprefation
inbwhich emission from a spherical galactic halo is assumed to account for
most of the low-frequency emission observed in the halo directions. Below
~200 MeV the interstellar electron intensity he assumes is slightly lower
than that derived in this analysis.)

The general features of the radio spectrum in Figure Vi-8 are:

1) a segment from ~10 to ~150 MHz which is proportional to v-.4 with

evidence for a steepening to v-°7 or -.8 above ~150 MHz and

2) a segment from 0.4 to 1 MHz which is approximately proportional to

1.6
hY] o

Thére is a smooth conmnection between these power-law segments in the
intermediate frequency range of 1 to 10 MHz. Above about 10 MHz inter-
stellar absorption becomes negligible (see Appendix B). If we assume
the inferstellar electron spectrum to be aypbwer law in energy with

spectralAindex Y, the intensity of synchrotron radiation is:

Ity
-t

I(y,B ,L) aC LB 2 Vv W < 10 MHz (VI-25)
& KN

(Ginzburg and Syrovatskii, 1964), where

y 1s the frequency

o= ]%l is the resulting power-law index of the radio emissionm,

L is the line-of-sight emission length,
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B is the perpendicular component of the magnetic field,
N P .

‘C is the constant used in defining the spectrum of cosmic-ray

electrons, i.e.,

NW) =cw ¥
where W is the total energy and N(W) represents the number of electrons
per cﬁB per unit energy. Thus the power-law segment of the radio data
above 10 MHz proportional t6 V_'4 implies that y » 1.8. We estimate, by
constructing straight-line segments through the data points of
Figure VI-8, that a range of slopes from -0.35 to -0.45 is consistent
with the data. Hence, y is roughly in the range 1.7 to 1.9.

At low frequencies free-free absorption by interstellar -
electrons and the Razin suppression of emission (Razin, 1960) must be
considered. The Razin effect is due to the ambient electron density
which causes the index of refraction to be greater than 1. We include
both the Razin effect and free-free absorption in our calculations. We
find, as did Ramaty (1971), that the Razin suppression represents in
general a much smaller effect than free-free absorption. In Appendix B
we show that in the case of large optical depth, and if we ignore the

Razin effect,
ity
2 2-¢

I(y,B,L) @ C B v v << 10 MHz (VI-26)
e

Thus, at low frequencies the intensity is independent of the total line-
of-sight emission distance, L. To match the observed v1'6 dependence in
the low-frequency range we again have &= 0.4 or y® 1.8, consistent

with the result from the high-frequency data. If we use the 15% error
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bars of the ﬁata of Alexandet et al., as they suggest for the relative
" error between points, the range of observed slopes below 1 MHz is
roughly 1.3 - 1.65, which implies a range of 1.7 to 2.4 for the spectral
index of electrons, y. The addition of Razin absorption will alter
this picture slightly; however, this effect can be roughly compensated
for by raisi;g the interstellar temperature (see Appendix B).

Aﬁ higher frequencies (& 150 MHz) the radio spectrum

appears to be steepening to ,oG7or -8)

which implies a cosmic-ray
electron spectral index y =~ 2.4 to 2.6. Most of the emission at 150 MHz
comes from a region of the electron spectrum near 2 GeV (Appendix B).
Thus we see that an interstellar electron spectrum consistent with the
non-thermal-radio-background has a power-law index of ~1.8 below ~2 GeV
which steepens to ~2.5 at higher energies. We have chosen a set of
reasonable galactic parameters (see Table B-1), assumed a simple
galactic model, and calculated the resulting electron spectrum necessary
to fit the radio data, assuming the power-law indices of 1.8 and 2.5
mentioned above. In Figure VI-9 we display this nominal spectrum

(which is essentially identical to one derived by Goldstein, Ramaty

and Fisk, 197b) along with two spectra which result from a study of the
reasonabie range of galactic parameters*o This calculation is described

in detail in Appendix B. We note that at high energies there is

roughly a factor of 4 between the bracketiﬁg lower and upper spectra.

*Ihe electron spectra are plotted between 70 MeV and 5 GeV. This energy
range has been chosen so that there is less than 254 contribution to the
radio emission at the minimum and maximum frequencies, 0.4 and 600 Miz,
from electrons outside this energy range. This definition is consistent
with the absolute accuracy of the low-frequency radio data Q*ZS%).
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‘(For‘conveniencé, the electron spectra are shown as connected power-law
\:segments."The coefficients énd spectral indices for each segment are
givén in Table B-2.) . |

Iﬁ Figure VI-10 we show the calcuyated radio background which
results from each of these electron spectra. All three curves are
consistent with the radio data. In each calculation the different
galactic parameters shown in Table B-3 were used.

The galactic electron spectra shown in Figure VI-9 will be:
used in’Seqtion Vi.E.3 to derive the cosmic-tray modulation parameter

from ~100 MeV to ~5 GeV.

2. Interstellar Positron Spectra from Galactic Nuclear Collisions

Due to thelimiting lower frequency of the radio dath, the
interstellar electron spectra derived in Section VI.E.l are restricted
to energies above ~ 100 MeV. In order to complement the electron
modulation studies at lower energies, we use the near-Earth Caltech
positron data and the calculated interstellar positron spectrum.

Since there is no evidence to indicate the existence of anti-
matter stars or galaxies, it is commonly assumed that there are no
sources of primary, directly accelerated positrons. Above ~10 MeV
nuclear interaétions in the interstellar medium are believed to be the
only source of cosmic-ray positrons. (Radiocactive decays may
cbntribute at lower eﬁergies.) Based on this collison-source
mechanism, several authors have attempted to calculafe the local inter-
stellar positron spectrum. It is usually assumed that particles
propagate by diffusing through the turbulent galactic magnetic field

and that a steady-state exists between particle production and loss.
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"This'process'is described by:

Q(T,W) = gﬁ (g% u) - 'v-(KQU) (VI-27)

(Jokipii and Meyer, 1968)

“where Q(Y,W) is the rate of positron production as a function of
position; T,.and total energy, W, U(Y,W) is the positron density, and
K(?;W) is the galactic cosmic-ray diffusion coefficient. The rate of

.~ energy loss, g%, is determined by losses from ionization, bremmstrahlung,
synchrotron radiation, and Compton collisions with starlight and the

universal blackbody radiation. A reasonable approximation for the

dw

EE is

energy dependence of

g—% a + bW + dw2 ‘ (VI-28)

(Beedle, 1970)
where a is constant (ionization loss), b is constant (bW = bremmstrahlung

2
loss) and d O §-+-wph, where B and w ., are the energy densities of

8n 8= pPh

the magnetic field and the photons, respectively.

| There have been two basic approaches to solving equation VI-27,
 We briefly discuss-each of these.
.‘1) Leakage-lifetime'approximation

In this method the diffusion terms and boundary conditions

are replaced by a leakage-loss term U/q, whgre v is the "lifetime" of

a particle before it escapes from the confinement volume. The production

spéctrum, magnetic field, hydrogen density, and photon density are

considered independent of galactic position within the confinement

region (disk or disk + halo). 1In the energy region most affected by
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'sélaf modulation“(fﬁ GeV) the spectra calculated undér these
;assumptioﬁs‘ére essentially 6n1y‘dependent on the source function and
X ='ch, the amount of material traversed by the particles during the
time . Amdng the recent calculations based on this method are those
of Perola et al. (1968), Ramaty and Lingenfelter ("R&L") (1968), and
Arai (1971).‘ Thebspectra of RE&L for x = & g/cm2 and Arai for
% =3 and S‘g/cm2 are shown in figure Vi-11l. These authors have used
different positron production spectra which accounts for their
different calculated intensities. For comparison we also show in

Figure VI-11 the measured spectra for 1965-66 and 1968.

2) Diffusion model

Several authors have pointed out that the leakage-lifetime
approximation may not be physically justified for electrons. (Shen,
1967; Jokipii and Meyer, 1968; Beedle, 1970.) For example, the term
U/+ implies that all particles are assumed to have a constant
probability of escape. However, in reaching the boundary an electron
may lose much of its energy (particularly high-energy electrons since
their loss rate is ¢ Wz)o Hence, setting the loss rate to UW)/r
where W is the particle's initial energy is not correct. In addition,
the assum@tion‘of a production spectrum independent of galactic
position may not be reasonable and several investigators have assumed
different distribution functions for the matter density in the galaxy
in making their calculations (Ginzburg and Syrovatskii, 1964 ; Shen,
- 1967; Beedle, 1970).
Beedle'has solved equation VI-27 using an ellipsoid of

revolution for the distribution of matter in the galaxy. He also
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assumed the energy-loss rate (equation VI-28) to be independent of
position. In Figure VI-11 we show his calculation of the local inter-
~ stellar positron spectrum using the parameters p = 1 atom/cma,

2 -
B

o + wbh =1 ev/cm3 and ¢ = 1029 cm2/sec. Of these parameters the

calculated spectrum below ~1 GeV is most sensitive to the diffusion
coefficient,"y, béing ~504 lower at 10 MeV for i = 1030 cm2/sec.

The positron intensity calculated by Beedle is roughly a factor
of 10 larger than that derived by Ramaty -and. Lingenfeltex. Below ~1 GeV

the difference is primarily due to the different models used in the

calculations. As noted by Beedle; his spectrum with g = 1029 cm2/sec
is almost identical to the X = ® @e. 7 = ®) disk-model spectrum of
Perola et al. (1968). (He used their positron production spectrum.)
Thus, in his model the particles we observe locally are not being lost
through boundary escape. It is also interesting to note that all the
calculated spectra of Figure VI-1l have roughly the same energy
dependence.

We shall not attempt to choose between the various calculated
spectra of‘Figure VI-11 on the basis of the wvalidity of the models, the
production spectra, etc. used in the calculations. Rather, we shall
&etermine‘positron médulation parameters using both the bracketing high
and low spectra of Figure VI-11. By requiring these results to be

consistent with those of the electron modulation study, we shall

approximately determine the galactic positron intensity.

3. Derivation of Modulation Parameters and Implications for the
Low-Energy Interstellar Electron Spectrum

We have presented in Sections VI.E.l1 and VI.E.2 our calculation

of the expected range of interstellar electron spectra and the inter-
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sfeliar positron‘spectra calculated by several authors. In addition,
. we have shbﬁﬁ the data from the Caltech magnet spectrometer and from
othép experimenters covering the period 1965-71 (see Chapter V and
Figures VI-i and 11). We now derive the modulation parameter at

Earth,
' D

Vdr
ﬂ'(l‘aT) =f K(I‘,T)
1

for each of the years for which we have presented data. The discussion
divides itself conveniently into twb sections: a) the electron inter-
stellar spectra and near-Earth data are used to derive the
modulation parameters and diffusion coefficients above ~100 MeV and
E) the positron.interstellar spectra and near-Earth data are used
primarily for the discussion of the modulation below 100 MeV.

a. Comparisons of Measured and Calculated Electron Spectra

Following the discussion in Section VI.D, we assume the

diffusion-convection model is a reasonable first approximation to the

lﬁg*zlj using the near-

transport equation and calculate ¢(1,T) = g4n [j(l,T)
Earth spectra and the range of galactic spectra of Figure VI-9. In
figure VI-12 a-e we show ¢ as a function ofkenergy for the periods
1965-66, 1968, 1969, 1970, and 1971. The points are derived from the
data of Figure VI-i and are shown by circles which are filled for the
high and low galactic spectra (connected by dashed lines) and open for
the nominal spectrum. (Note that in Figure VIi-12e (1971) some of the

points are upper limits and hence the errors in the data points extend

considerably beyond the dashed lines.)
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Since the high and low interstellar spectra differ by roughly
‘a factor of 4 above a few hundred MeV, the resulting uncertainty in ¢,

Ay is

n 04
My ™7 -7

At lower energies (5300 MeV), where the galactic electron spectrum is

more uncertain, this error increases.

These w-values are derived from the DC_approximation. To
iefine thesg values we adopt the following procedure: we first
determine the.rigidity dependence of the diffusion coefficient by
drawing power-law segments through the '"nominal! y-points of Figure Vi-12
{(open circles). If we assume a constant radial dependence for y out to

a boundary distance D, we have from equation VI-6

-1V '
k(x,R) = “f(l’R) (Vi-29)

(Wé arbiﬁrarily chobse D = 10 AU in what follows; note from Figure VI-4b
that the calculated spectra are practically independent of D.) Using
this diffusion coefficient and the nominal interstellar electron
spectrum, we determine the numerical solution of the transport equation.
Since the DC approximate solution, upon which the diffusion coefficient
is based, differs slightly from the numerical solution, the spectrum
‘generated in this wéy does not represent the best fit to the data.
Better agreement is achieved by adjusting slightly (in the manner
described below) the rigidity dependence of the diffusion coefficient.
To facilitaée computation we use the following model for the diffusion

coefficient (consistent with the power-spectra data - see Section VI.E.4):
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(B ™ ,®
< C BR R>R,
k(r,R) = (VI-30)
CB VRR2 R]. <R « R2
cgY RR, R <Ry
\.

ﬁhere.c is a constant. By adjusting the values of C, Rl’ and R2, we
have calculated the electron spectra for the periods 1965-66, 1968,
1969, 1970, and 1971. These spectra are shown in Figure VI-13. The
values of C, Rl’ R2, énd 7 (defined by equation VI-15) for each epoch
are given in Table VI-2 and the correspondiné modulation parameters
are shown as solid lines in Figure VI-12. For the present, below
~100 MeV, we have used an extrapolation of the nominal interstellar
electron spectrum and a diffusion coefficient which is arbitrarily
defined to be independent of energy. Thereere, we do not discuss
quantitatively the electron modulation below ~100 MeV. 1In the mext
section we shall use the positron spectra in a discussion of the
modulation at low energies.

Because of statistical errors of the data, the modulation
: ﬁarameters used in dériving numerical solutions in agreement with
the data (solid lines in Figure VI-12) are not the only ones possible.
As examples, in each of Figures Vi-12a, b, and c we show limiting
modulation parameter curves (dotted lines) from which acceptable fits
to the data were derived using the same nominal interstellar electron
spectrum. We note that these ¢'s we have used in achieving consistency

"~ with the data differ only slightly from the ones calculated from the
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TABLE VI-2
Diffusion Coefficient Parameters -- Electron Modulation Study
*
Epoch n R, R, C (x1018)
Mv) ' 2
(MV) M) (cm” sec/MV)
. June-July  1965-66 1350 64 900 | 4.006
(averaged)
June-October 1968 1950 160 750 2,773
|
June-July 1969 2400 182 1000 2.253
June-July 1970 3300 312 1100 1.639
July 1971 2700 480 480 2.003
%*

These values are based on a solar wind velocity V = 400 km/sec and
on a diffusion coefficient assumed independent of radius with a

boundary D = 10 AU.
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simple diffusibn-convection approximation (open circles in Figure VI-12),

| confirming the discussion in Section VI.D.l.b.

Thé dotted modulatibn parameter curves of Figures VI-l2a, b,
and § represent an uncertainty .in y due to the uncertainty of the measured
spectra. Iﬁ discussions of the absolute magnitude of g wé,will need to
COnsiderAthe larger limits on ¢ (dashed lines in Figure VI-12) which
result from the uﬁcertainty in our knowledge of the interstellar electron
spectrum.

We have thus determined the rigidity (energy) dependence of
the modulation parameter for electrons above ~100 MeV for each of the
periods 1965-66, 1968, 1969, 1970, and 1971. Under the assumption g
separable in radius and rigidity, the rigidity dependence of ¥
determines that of the diffusion coefficient. We now use the positron
data to discuss the modulation parameters and diffusion coefficients
at lower emergies.

b. Comparisons of Measured and Calculated Positron Spectra

In Chapter V and Figure VIi-1l1 we have shown the positron data
for the same years used in the electron study as well as the calculated
interstellaf positron spectra. As we pointed out in Section VI.E.2
the various calculated interstellar positron intensities differ by a factor
of ~10., We now demonétrate that the calculated spectrum of Ramaty and
Lingenfelter (lower curve in Figure VI-11) yields modulation parameters
consistent with the eleciron results while the spectrum of Beedle
(upper curve) does not.

For the pe;iod 1965-66 we used the electron data of Fanéelow
et al. (1969) to derive the modulation parameters in the preceding sec-

tion. Theiir instrument also yielded the only available positron fluxes
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| abové a few hundfed MeV in the 1965-66 time period. We have chosen to use
.only the dat; of Fanselow et al. in that time period in order to eliminate
, poséible intercalibration problems between various instruments and thus
preserve, aé much as possible, consistency between positron and electron
data. ‘In Figure Vi-l4a we show a plot of the DC modulation parameter y
based on the‘posiﬁron data and the calculated galactic positron spectra
of both ‘Beedle (circles) and R&L (squares). We have also plotted by lines
the § from the electron study (Figure VI-12a) appropriate for the period
1965-66 when the positron data were taken. The 3ashed lines
correspond to the estimated limits on ¢ derived from the uncertainty in
our knowledge of the interstellar electron spectrum. This band is
consistent with the ¢-"data points" of R&L; on the other hand, the points
of Beedle are'in considerable disagreement. In Figures VI-14b, c, d,
and e we show similar plots covering the years 1968-1971. In the cases
where the modulation parameters from the electron and the positron
studies overlap, e.g. 1970 and 1971, the y-points of R&L agree better
with the electron values than do those of Beedle. Thus we believe
that theinferstellar positron intensity is roughly that calculated by
Ramaty and Lingenfelter. However, we do not imply that the leakage-
 lifetime model on Which his calculation is 5ased is necessarily correct.
Since all the calculated positron spectra have roughly the same energy
dependence, we only infer from the modulation studies the approximate
magnitude of the interstellar intensity. In the galactic nuclear
collisions calculation, this magnitude depends on the assumed positron
production spectrum as well as on details of the specific ﬁodel‘

There is other evidence that the positron intensity derived by
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“Béédie is not vélid. For example; the intensity of electrons he cal-
\lculates ffdmhgalactic nuclear collisions is so high that it passes through
_‘the’high-energy electron data observed near Earth. Thus, no "primary"
gource of négatrons is needed if we assume his calculation is correct.
However, several authors have concluded from observed positron fractions
that there exists.a dominant primary source of cosmic-ray negatrons
(Beuermann et al., 1969; Fanselow et al., 1969).

It has been suggested, however, that these observed positron

fractions may not be representative of the interstellar positron
fractions éince electrons and positrons may be modulated differently,
e.g. because the energy-loss effect depends on spectrél shape (Beedle,
1970). To investigate this possibility, we used the numerical solution
of the transport equation to calculate the positron fraction at the
boundary and at 1 AU for two different cases. In both cases we used the
galactic positron spectrum of R&L and, above 100 MeV, the nominal
galactic electron spectrum (Figure VI-9). In model 1 we extrapolated
the nominal galactic electron spectrum to low energies and used a diffu-
sion coefficient appropriate for 1968 (see eq. VI-30 and Table VI-2). The
resulting positron fractions (Iabeléd MODEL 1) are shown in Figure Vi-15.
' ﬁe have included the-Chicago (1965-66) and Caltech (1969) observations
for comparison. At low energies these measured points fall above the
bcalculated curves. We can achieve better agreement by using an inter-
stellar electroﬁ spectrum which turns ove:,below 100 -MeV (solid line in
Figure VI-16b) and by modifying the diffusion coefficient such that
below 60 MV, ¢k ¢ 1/R. (We shall discuss this behavior at low energies

shortly.) The resulting positron fractions are labeled MODEL-2 in
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Figure VI-15. In general, the net effect is a shift of the 1 AU cuxrve
to lower énefgy with respect'to the boundary curve. The shape of the
'posifron-fractinn curve is roughly preserved, however. The shifts are
not large aﬁd the differences are smaller than the statistical errors

of the data. Thus, we conclude that the positron fractions measured
near Earth are aléo indicative of conditions in interstellar space and
hence that a primary negatron source is required. Hence, we believe that
the galactic secondary electron and positron intensities derived by
Beedle are too large.

The low-energy values of the positron modulation parameters
shown in Figures VI-14b, ¢, d and e indicate that the modulation is
decreasing at low energies. This decrease is most evident in the plots
for 1968 and 1969 (Figures VI-14b and c¢). For example, the solid line
in Figure Vi-14b represents a modulation parameter consistent with both
the electron and positron studies. The segment below 60 MeV is propor-
tional to 1/T (or, equivalently, 1/R). In Figure VI-16a we show the
numerical solution of the transport equation at 1 AU using the diffusion
~ coefficient derived from this modulation parameter and the interstellar
positron spectrum of Ramaty and Lingenfelter (1968){ together with the
measured spectrum. The calculated spectrum is in excellent agreemenf with
the low-energy data. In Figure VI-16b we show the numerical sclution
for the electron flux using the same diffusion coefficient. In
order to achievé agreement with the data, the interstellar electron
spectrum was turned over below 100 MeV as shown by fhe upper solid line
in the figure.

The indicated energy dependence of the interstellar electron
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spectrum in Figure.VI-16b is not the only one possible. ihe dotted

- 1ines in Figére VI-14b show tﬁe possible range of the positron modulation
parameter at low energies in 1968. This range was determined by
considering both the uncertainty in the observed 1968 positron spectrum
(Caltech) and the uncertainty in the magnitude of the interstellar
positron inténsity. The latter uncertainty was derived by assuming that
the raﬁge of the modulation parameter derived from the electron
intensity in 1965-66 (dashed lines in Figures VI-123 and VI-14a) also
applied to the positron intensity in the region of overlap measured
during the same period. (Fanselow et al.;, 1969). We have used the
dotted modulation parameter curves of Figuré Vi-1l4b to "demodulate" the
1968 low-energy electron data of L'Heureux et al. (1972) (see

Figure VI-1), assuming the diffusion-convection approximation, i.e.

0,1 = ja,netHD,

In Figure VI-17 we indicate the resulting range
of interstellar electron spectra below ~50 MeV as a shaded region
bounded by dotted linmes. Above ~70 MeV we show as a shaded band the
range of spectra consistent with the analysis of the non-thermal-radio-
background data (Section VI.E.l1 and Appendix B). For comparison we also
show (solid line) thg galactic electron spectrum of Figure VI-16b. We
conclude from Figure VI-17 that the electron spectrum must flatten
below ~100 MeV if the positron and electron modulation studies are to be
consistent.

These general features, i.e. the turn-over in the galactic
electron spectrum and Ka‘%y which are based on the 1968 positron modula-

tion study, are also supported by the 1969 results. In fact, the lowest-

energy positron data point at ~14 MeV is almost the same in 1968 and



100
>‘1969,imp1ying th;t'nearly equal modulation was observed during the two
. years at'lbwnenergies. The higher-energy positron data for 1969 are
étatistically not as accurate as the 1968 data and therefore a detailed
analysis is ﬁot warranted. |

It is interesting to note that the solar-flare proton studies
of Lupton (1972) ére consistent with a 1/R dependence of KZ(R) at

low rigidities. In the 1-10 MeV (43-137 MV) region he finds i is

- roughly independent of kinetic energy. Since gy a B KZ(R), ¥ = constant
implies Q}R) o %. For non-relativistic protons this is equivalent -to
MORE

We note that Lupton's solar-flare studies determine the
magnitude of g between the Sun and the Earth, whereas the modulation
studies yield inform#tion on the diffusion coefficient beyond 1 AU.
For the June 7, 1969 event Lupton (1972) derives a radial diffusion
coefficient of ~1 - 3.5 x 102O cmzlsec for the 1-10 Mevﬁprotons. If we
assume g independent of radius with a boundary at 12 AU (see next
section) and use the positron modulation parameter from Figure VI-14b

19 cmzlsec for the low-energy

(solid line), we derive ¢ » 7.5 x 10
protons. Thus the solar-flare result is a factor of ~3 larger than

' éhis estimate from tﬁe positron modulation étudyﬁ This disagreement may
imply that a) the boundary is at a larger distance than 12 AU or

b) g is larger inside 1 AU than beyond. For example, if we assume

Ko % outside 1 AU, then a boundary distance of ~9 AU yields a modulation-
derived g consistent with the solar-flare result.

We note that solar-flare studies have generally used boundary

distances of ~3 - 6 AU in order to fit the observed exponential
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decay. However,\recent evidence (Marshall and Stone, 1972) indicates
] thatvduringbéhe time interval of the flare observations an equilibrium
éondition may not be reached and a 1arger boundary is also consistent
with the datéo

In summary, the importaﬁt conclusion§~fram the positron
modulation studiesAare a) the interstellar positron spectrum of R&L
provides consistency between electron and positron modulation studies
- above ~100 MeV and b) below ~100 MeV the diffusion coefficient must
increase and the interstellar electron system must flatten considerably

to maintain consistency between positron and electron modulation.

. 4., Relation of Cosmic-Ray Diffusion Coefficient to Power Spectra of
the Interplanetary Magnetic Field and Implications for the Radial
Dependence of the Diffusion Coefficient ¢
The diffusion coefficient derived from the electron and

positron modulation studies is an "average' ¢ for the entire modulation

)] .
region, i.e. the modulation parameter essentially determines ]’ Ez%EEy‘e
3
1

On the other hand, measurements of the power spectrum of the inter-
planetary mégnetic field, made near 1 AU, determine the local diffusion
coefficient. Therefore, a quantitative comparison of these diffusion
c;efficieﬁts can>provide information on the radial dependence of y,
including estimates of the size of the modulation region.

The basic theory relating the cosmic-ray diffusion coefficient
to the magnetic-field power spectrum is described in the review paper of
Jokipii (1971). Two methods of calculating the parallel diffusion

coefficient are given, which yield the same result only if P « v-l,

L
where P is the spectral density of the perpendicular fluctuations and
4
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§‘is'the frequenéy. The different methods result from the use of
. different éﬁﬁroximations to the basic Fokker-Planck equation describing
the évolution of the particle distribution function. Recently, Earl
(1972®) has developed an improved approach based on eigenfunctions of the
operator which describés pitch-angle scattering. The evaluation of the
1owest-order‘eigeﬁfunction leads to a precise expression for the
parallel diffusion coefficient. This method is eaéily applied when the
- power spectrum can be represented by a power law in frequency with one
index. For typical values of the index (-.5 to - 2) Earl finds that
the second method discussed by Jokipii,»the perturbation method (1971;
see also: Jokipii, 1966; Hasselmann and Wibberentz, 1968), yields
results within 10% of his calculation. The other method (Jokipii, 1968)
gives results that differ considerably from those of Earl. 1In this
discussion we use the perturbation method of Jokipii rather
than Earl's method for two reasons: 1) the calculation is in
terms of an integral of the power spectrum over frequency and hence it
is more easily applied to various functional forms of P (y) and 2)
Jokipii's method allows a determination of the appropri:te rigidity
range of the diffusion coefficient corresponding to the frequency range
of the observed power spectrum.

If the magnetic-field fluctuations are approximated as one-
dimensional waves propagating along the field direction, we éan represent

Jokipii's integral equation for the parallel diffusion coefficient as:

1

2 1 n . |
Kk (R) = ’% n' BB dp’* . (VI-31)
] P ( VB
0 o

v = )
N 27pR
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"wheré R is particlé rigidity, V is the solar-wind velocity, B is the
‘,magnetic fieid strength, and‘u=B“/B=cos¢ where B“c is the component of
the“particle velocity, Bc, along the.direction of the field and ¢ is the
pitch angle; Note that P (y) refers to a frequency spectrum defined for
negative_as well as posit;ve frequencies. The published power spectra
are defined for pésitive frequencies only and hence myst be multiplied
by a factor of 1/2 before insertion in equation VI-31.
Power spectra during the relevant time beriod have been

‘published by Jokipii and Coleman (1968), Sari and Ness (1969), Bercovitch
(1971), and Quenby and Sear (1971). In Figure VI-18 we show the data

6 - 10-2 Hz for the indicated time

from these authors in the range 10~
periods.

Sari (1972b)has noted that, in evaluating K", the power spectrum
observed by the spacecraft must be converted to the power specfrum
observed" by a particle spiraling along the average magnetic field
line. The power spectra of Figure VIi-18 represent power at wavelengths
which are frozen into the field and convected past the spacecraft in the
radial direction. Particles, however, are scattered by the power at
vavelengths along the field direction. It can be shown that if
P g-q'then'the corrected power spectrum is:

4

corrected _ observed

(cos 6)q-1 P
L L

P

where 6 is the éngle between the average field direction and the Earth-
Sun line («48o at 1 AU). For q = 1.5, typical at high frequencies, the
correction at 1 AU is about 16%. (Note that the above correction differs

by a factor of cos 0 from that derived by Sari (1972b).)
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We;approximate the‘observed power spectra by poﬁer-law segments,
“fapply the correction mentioned above, and use equation VI-31l to compute
- g for each.of the power spectra (except the high-frequency data of
rsgri and Ness in which q = 2 where equation VI-31 breaks down). 1In each
‘case we have assumed V = 400 km/sec and B = 5y (ly = 10-5 gauss). The

results are éisplayed in Figure VI-19.

We note that for a given rigidity, R, contributions to K"(R)

in equation Vi-31 come from the power spectrum at all frequencies

greater tham . = gfﬁe For B = 5Y and V = 400 km/sec the numerical

relation between Vmin in Hz and particle rigidity in GV is

-4
. 0
St = 0 955Rx 1 | WI-32)

Since a given power spectrum only extends up to some maximum frequency,

Vmax (Rf].()-4 - 10-2 Hz), it follows from equation VI-32 that for
0.955 x 107
R ¢ Rmin = none of the contribution to g is derived from
Vmax [

the measured power density of the field fluetuations. In calculating

"¢ from equation VI-3l it is necessary to extrapolate the measured
f ‘

power spectra of Figure VI-18 to higher frequencies. The diffusion
coefficients shown in Figure VI-19 are plotted to a lower-limit

rigidity, R such that less than 504 of the contribution to y 1is

low ]

from the extrapolated portion of the power spectrum.

These diffusion coefficients can be characterized by a para-
‘meter b where

o R



105
In géneral, we find that b ® 1.5 - 2 near 100 GV and is slowly decreasing
- to perhaps’.g in the region néar 1 Gv.
We.now‘compare these diffusidn coefficients with those
derived from the electron modulation study. In that study we used the
radial diffusion cpefficient, krr’ which depends on both K" and K; and

is given in terms of these quantities by equation VI-3, B& substituting

6 = 48° {(i.e. the 1-AU value) in the equation we have

= 0.45¢ + 0.55g¢ (VI-33

K
rr 0 L

At present there is no consensus on the value of y . It has
&
been suggested that perpendicular diffusion is dominated by the random
walk of the field lines (Jokipii, 1966; Jokipii and Parker, 1969), as

measured by the power at zero frequency:

%PL‘; P (y = 0) R <1GV (VI-34a)
B A
0 ®) % ,_
+ 1 e =0 R s 1 GV (VI-34b)
3% 1L

Jokipii and Parker (1969) have noted that P (y) must have zero slope at
n .

low frequencies and have estimated y by making a low-frequency extra-

polation 6f the ébserved power spectium of Jokipii and Coleman (1968).

However, the power at zero frequency is difficult to measure and such

extrapolations represent only estimates of the perpendicular diffusion

coefficient. Furthermore, these extrapolations may represent a large

overestimate of x  for the following reason. A large part of the observed
4

power at low frequencies may be due to tangential discontinuities

béing swept past the spacecraft. Such discontinuities may be visualized
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as representing an interplanetary medium composed of many relatively
disordered flux tubes of plasma. Within a given flux tube the field
has roughly the same average direction. It is not clear whether the

contribution to the magnetic -field power spectrum from sgch

discontinuities should be removed before extrapolating to zero

frequency in’estimating g .
L
Because of the systematic nature of the uncertainty of g we
4
- shall consider two limiting estimates: 1) we shall extrapolate the

power spectra to zerc frequency and use equation VI-34 to estimate g ,
. 4
and 2) we shall also consider the case - ® 0 (i.e. << ).
L L I
As an example, we compare the radial diffusion coefficient

from the 1968 modulation study with that derived from the power spectrum
of Quenby and Sear (1971). 1In Figure VI-20 we show the Kopr

derived from the power-spectra data for the period 12/68-3/69 using
equation VI-33. Curves 1 and 2 correspond to the results for g = 0 and
k- =4 x 1021 cmzlsec, respectively. The latter estimate is th: zero-
fiequency extrapolation result using equation Vi-34a. (The high-
rigidity result for y given by equation VI-34b is only a factor of 2
larger than the low-rigidity value. Since g << K" at high rigidities,
the use of equation Vi-34a for the entirevri:idity range is reasonable.)
The error bars on the two curves indicate the 29 uncertainty in the

observed power spectrum assigned by Quenby and Sear. Since the

quantity determined from the cosmic-ray modulation is an

L ]
integral, ¢ (r, R) = JIK gé# , the actual magnitude of the modula-
T

tion-derived ¢ at 1 AU depends on its assumed radial dependence
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including thg boundary distange, D. Assuming a constant radial
' dependence with a boundary at 12 AU we‘obtain from the 1968 modulation
study the diffusion coefficient shown as the solid line in Figure VI-20.
The 3 representative error bars indicate the approximate uncertainty
derived from the limiting modulation parameter curves of Figure VI-12b.
Althbugh theée is only a limited region of overlap, the rigidity
dependences of the diffusion coefficients derived from the power-spectra
 method an& from the modulation study are consistent.

We can place limits on the possible value of the boundary
distance, D, by requiring that the magnitude of the modulation-
derived y agree with that from the power spectra study. As an
illustration, we show in Figure VI-21 a comparison at 1 GV
of these diffusion coefficients as a function of boundary distance
assuming  independent of radius. The two power-spectra estimates of
are shown as horizontal bands, corresponding‘tb the 20 uncertainty of

the data. The boundary dependencé of the modulation-derived i is:

Vs (D-1)
Y (1 AU, 1 GV)

k@D, 1 GV) =

and the band in this case results from the uncertainty in our knowledge
of the inferstellar electron spectrum. The crosshatched areas represent
the intersections of the bands. We find that if g . is negligible, bound-
ary distances of 6-15 AU are required for éonsist:ncy between the two
diffusion coefficients, under the assumption indepeﬁdent of radius.
If v is 4 x 1021 cm2/sec (the value inferred from the zero-frequency

L

extrapolation of the Quenby and Sear power spectrum), we obtain the

boundary range 11-25 AU.
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If we éssume a different radial dependence for i, the integral
- definition of the modulation parameter (equation VI-6) still determines
;he @agnitude of the diffusion coefficient af 1 AU as a function of
boundary,disfance. By requiring this magnitude to be comsistent with
that derived from the power spectrum we can calculate the limits on D for
any specified radial dependence of . As a simple example, we consider
the case g << K“ and assume g is a separable function of radius and
rigidity with the radial dependence Kl(r) o r'. We calculate the

minimm and maximum D for different values of the index n. At the
comparison rigidity of 1 GV in 1968 it can be shown from the definition

of ¥ (equation VI-6) that the functional forms of Dm and Dmax in AU

in

for the case considered are given by:

1-n
D% = 145.0 (1-n) (VI-35a)
P _ 1 4 14.2 (1-n) ' (VI-35b)
max T

In Figure Vi-22 we show plots of these limiting boundary distances

- as a function of the index n. The horizontal bar at n = 0

indicates the 6-15 AU range we obtain for g independent of r. If thé
m.index n hés a value n, such that Di;:c « U, we cannot obtain consistency
between the diffusion coefficients derived from the magnetic-field power

spectrum and from the electron modulation study for any value of D.

From' equation VI~35a we obtain

n >1.2
c
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fér fhe case g ;<K“- For ¢ =4 x 1021 cm2/sec the condition is
o > 1.1. 'Tﬁu:,if Kk is assumtd to increase with r faster than «ml'l,
there is not enough calculated modulation of electrons beyond 1 AU to
agree with the observed modulation.

Recently, Jokipii (1972) has calculated the radial dependence
of ¢ for two types of fluctuations: 1) Alfvén waves and 2) frozen-in
irregularities. Beyond about 1 AU he finds for Alfvén waves, g O rO,

- and for frozen-in fluctuations, g O 1/r. From equation VI-35 (or
- Figure VI-22) we find that a 1/r dependence would imply a boundary
range of ~3.3 - 5.5 AU (4.6 - 7.0 AU for y =4 x 102! cm2/sec). The

L
r° behavior gives the 6-15 AU range we derived above.

5. Comparisons of Measured and Calculated Spectra of Cosmic-Ray
Protons and He Nuclei

In Section VI.E.3 we discussed the numerical solutions of the
transport equation for electroms and positrons for the periods
June-Ju1y11965-66 (averaged), June-October 1968, June-July 1969,
June-Jﬁly 1970, and July 1971. Electron spectra consistent with the
data were calculated using the nominal interstellar glectron spectrum
(Section VI.E.1l) and the diffusion coefficients described by
equation VI-30 using the values of the parameters listed in Table VI-2.

‘The ﬁransport equation for cosmic-ray nuclei is the same as
that for electrons (equation VI-1). It follows that we should be able
to use the electron-derived diffusion coefficients in deriving
numerical solutions appropriate for the nuclei. In this section we
presgnt such solutions under the following restrictions and assumptions:
‘i) rigidity dependences of the diffusion coefficient derived

from the electron modulation parameters based on the nominal
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interstallar eiectron spectrum
2 2) diffusion coefficient independent of radius with boundary
;t 12 AU. v(Caiculated spectra for‘boundaries in the
range 6-25 AU, derived in Section VI.E.4, are identical
above a few'hundred MeV/nucleon and differ by less than
204 above ~40 MeV/nucleon.)
3) constant solar-wind velocity of 400 km/sec

© &) intefstellar spectra of nuclei given by

-2.65 p/(m2 sec sr MeV/nucleon)

j =AW - m/4)
where W is the total enexgy per nucleon, m is the nucleon
rest energy and A is 1,07 x 109 and 7.67 x 107 for protons

and He nuclei, respectively. (See Garrard (1973) for |

discussion of this particular form of the interstellar spectra.)

Cosmic-ray proton and He-nuclei data similar to those
compiled by Garrard (1973) for the periods 1965-1970 are shown in
Figure VI-23 a-d and Figure VI-24 a-d, respectively. 1In each figure
we show one or two calculated spectra using diffusion coefficients
described by equation VI-30 with the parameters listed in Table VI-3.

~Each calcplated spectrumn is marked with a number corresponding to an
entry iﬁ the table. (Garrard used parameters similar to those shown
in Table VI-3. His calculated spectra are slightly steeper at low
energies, however, since he used boundary distances of 2.7 and 6.1 AU.)
A complete discussion of the relation between the calculated and
observed spectra is given by Garrard (1973). We include a short

description for each of the epochs listed in Table VI-3.
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TABLE VI-3

Diffusion Coefficient Parameters - Nuclei Modulation Study

_ * 18
Entry kil R1 RZ c (’2‘10. )
Number Mv) Mv) (MV) (cm"sec/MV) Data Epoch and Figure Reference
1 1350 . 62 800 4.905 1965-66 VI-23a and VI-24a
2 1950 160 750 3.389 1968p VI-23b; 1967-68c VI-24b
3 " 2860 172 1500 2.311
1969 VI-23c and VI-24c
4 3070 229 1300 2,153
5 . 3300 286 1200 2.003 1970 Vi-23d and VI-24d

%
These values are based on a diffusion coefficient assumed independent
of radius with a boundary at 12 AU.
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' 1965-66 (Figures VI-23a and VI-24a):

The calculated curve is based on the same parameters as used in
fhe 1965-66 electron study. The curve is slightly above the low-energy
pfoton measufements and slightly below the corresponding He-nuclei data

points. We regard the fits as adequate for this "two-year" epoch.

1968 P and 1967—68d (Figures VI-21b and VI-24b):

The same parameters are used ag in the 1968 electron study.

The fit is good for both the proton and He-nuclei spectra.
1969 (Figures VI~23c and VI-24c¢):

Wé include two curves. Curve 3 is derived using parameters
consistent with the electron study. Both the proton and He-nuclei
measurements fall below the 6urve. A better fit is obtained by increasing
y by ~74 (curve &). This change is justified since the 1969 nuclei data
were taken in August-September whereas the electron data were collected
in June-July. Since ¢ may have changed by as much as 40% from summer
1969 to summer 1970 (see Table VI-2), a 74 change over a two-month period
is reasonable. (The turn-up in the observed proton spectrum below ~40 MeV,
which is nof reproduced in the calculated spectra, may be due to solar
emission {(Garrard, 1973).)

;ﬁzg (Figures VI-23d énd VI-24d)

The calculated He-nuclei curve is glightly below the data
points but the curve does fall within the error bars. The observed
proton spectrum is much flatter than the calculated curve. Since this
period is near solar maximum, the flattening may result from a combina-
tion of depressed galactic fluxes and possibly enhanced solar emission.

In general we regard the fits for the nuclel spectra for 1965-
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v_i§70 as adéquéle.' We note that we have achieved reasonably good agreement
'"despite the manf restrictions imposed, i.e. the use of the w's derived
‘,from_tﬁe éie;tron data using.only the nominal interstellar electron
speétrum, the particular interstellar épectra of nuclei assumed, and
the restricfion k¥ independent of r. We have not, however, ruled out
the possibility of different interstellar nuclei spectra or more
complicated %adiai dependences of y. On the other hand it is not
necessary to invoke them. In addition, the argument (e.g. Burger and
Swanengurg, 1971) that a diffusion coefficient which is non-separable
in its rigidity and radial dépendences is necessary to fit the electron
and nuclei data is not seen to be true. However, we cannot rule out a
non-separable diffusion éoefficient.
In summary, we find that the good agreement between the cal-

culated and measured nuclei spectra indicate that
a) the iﬁterstellar proton and He-nuclei spectra used are

reasonable (although it must be remembered that at low

energies {< few hundred MeV) the near-Earth spectra are

relatively insensitive to the~interste11af spectra) and
b) the diffusion coefficients derived from the electron

modulation studies are appropriate for the auclei

as well.
Thus the nuclei form the final element in our consistent picture of the

solar modulation of cosmic rays.
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VII. SUMMARY

In this thesis we have derived the expected range of the
interstellar spectra of positrons and electrons (e+ + e ) and have
discussed the mechanism of solar modulation of cosmic rays.

We have based our studies on cosmic-ray positron and
electron spectra, measured by us and by other investigators. The
observations covered an energy range of ~10 MeV to ~10 GeV and the -
time period 1965-1971. The studies presented here have led to the
following conclusions:

| 1) Analytic Approximations to éhe Cosmic~Ray Transport
Equation
We have used numerical solutions of the full transport
equation describing cosmic-ray propagation in the interplanetary
medium to discuss the validity of several analytic approximations
to the equation, We have found that:
a) In order for the convection-adiabatic deceleration
approximation to be valid the interstellar intensity
of electrons is required to be a factor of 48000
greater than that inferred from the analysis of the
galactic non-thermal~radio-background data.
b) The force-field approximation is inadequate at
low energies. The diffusion coefficients and
interstellar spectra derived by Meyer et al. (1971)
and Schmidt (1972) using this approximation are

inconsistent with our conclusions for energies
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below ~100-200 MeV.

c) The diffusion-convection appfoximation yields a
reasonable first-order solution of the transport
equation for both electrons and positrons. Energy
loss by adiabatic deceleration (S 50%) leads to
a shift in'energy of the numerical solution at 1 AU
from the DC approximate splution, but, on the whole,
the spectral shape is preserved., In the DC approxi-
mation the logarithm of the ratio of the inter-

stellar cosmic-ray intensity to the near-Earth

Dyar
1 k(r,R).

Thus, if the diffusion coefficient, K, is assumed

intensity is the modulation parameter ¢(1,R) =

to be a separable function of radius,r, and rigidity,
R, the DC approximation may be used to estimate

the rigidicy dependénce of ¥ from avknowledge of the
near-Earth and interstellar electron (or positron)

spectra.

In addition, we have used the diffusion-convection and
~force-field approxiﬁations, together with nﬁmerical solutions of the
full transport equation, to discuss the expected behavior of the electron
spectrum at 1 AU at energies above ~100 MeV. Assuming a nominal
‘galac;ic electron spectrum, we found that the flat portion of the
_near-Earth electron spectrum from ~100 MeV to 1 GeV can be attributed
to a change in the rigidity dependence of the diffusion coefficient

near 1 GV, We have also shown that a knowledge of only the enérgy -
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-vdependencee of%the interstellar spectrum and the interplanetary cosmic-
ray diffusion coefficient is sufficient to estimate the absolute solar
. modulatioﬁ ot electrons (or ﬁositrons) at the energy of a relative
maxtmtm in the near-Earth spectrum.. Further analysis may lead to
improved estimates of the absolute interstellar positron and electron
intensities.

2)" Interstellar Electron and Positron Spectra

We have made a new derivation of the approximate range of
the interstellar electron spectrum at energies between ~100 MeV and
~5 GeV from the non-thermal-radio-background data. Uncertainties in
our knowledge of the galactic parameters used in the analysis lead to an
uncertainty of about a factor of 4 in the electron intensity above ~300
MeV and to larger uncertainities at lower energies;

We have discussed several interstellar positron spectra
calculated by other investigators for the energy range 10 MeV - 10 GeV.
Since the calculated absolute intensities differ comsiderably, we
determined the appropriate spectrum‘by requiring consistency between the
electron and positron modulation studies at energies above ~L00 MeV. We
have used the most consistent interstellar positron spectrum (i.e. that
proposed by Ramaty aﬁd Lingenfelter (1968)) and the Caltech positron data
to study the modulation of both positrons and electrons at low energies.
From this study we concluded that the interstellar cosmic~ray electron
spectrum must flatten considerably below ~100 MeV. Our solar modulation
studies indicate that the ratio of positrons to electrons in interstellar
space is nearly the same as that at 1 AU. We thus conclude that the low
values of the positron fraction measured near 1 AU imply that cosmic-ray

electrons with energies above ~L0 MeV have a predeminantly primary origin.
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3) Diffusion Coefficient and Size of the Modulation Region

From a comparison of the interstellar and near-Earth
eiectron (and positron) spectra we calculated the modulation parameters
for the periods 1965-66, 1968, 1969, 1970, and 1971. These parameters
were used to derive the approximate rigidity dependences of the
diffusion coefficients for these periods. These rigidity dependences
were compared with those calculated from measurements of the power
spectrum of the interplanetary magnetic field. In the limited rigidity
range where the comparison is possible, these rigidity dependences
were consistent. For rigidities below ~60 MV we derived diffusion
coefficients which increased with decreasing rigidity. This increase
at low rigidities is consistent with the rigidity dependence inferred
from the solar-flare proton studies of Lupton (1972)., A comparison
of thé magnitudes of the diffusion coefficients derived from the
solar-flare and the modulation studies indicates that at low energies
K may be larger inside 1 AU than beyond or that the distance to the
boundary of the modulation region may be relatively large (~30 AU).

We have also derived l1imits on the possible radial
dependenqe of K by requiring that the magnitude of the modulation-
derived diffusion coefficient be consistent with that derived from
the power-spectra study. Assuming %(r) o rn, we found that n S 1.1,
For K independent of radius, consistency between thermagnitudes of the
diffusion coefficients requires the boundary of the solar modulation
region to be in the range 6-25 AU,

We have also applied the diffusion coefficients derived

from these electron modulation studiés to the cosmic-ray nuclel.
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Assuming a particular form for the interstellar spectra of protons and
- the nuclei, we have calculated spectra of these particles at 1 AU
which are consistent with the -observations. Since our complete
analysis was done assuming a diffusion coefficient which is a separable
function of radius and rigidity, and consistency with the measured
spectra was‘achieved, we found (as have Gleeson and Urch (1972)) no
necessity to invoke the non-separable diffusion coefficients proposed

by some authors.
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- APPENDIX A

Details of Data Analysis

1. Seléction Criteria for Data Analysis

The selection criteria for "acceptable events" are essentially
the same for‘both‘detector configurations MOD-1 and MOD-2. The criteria
‘have been explained in detail by Rice (1970). A brief review of the
procedure will be given as well as a description of the differences
between MOD~1 and MOD-2 selection criteria.

a. Spark Chamber‘Performance

Initially, the trajectory of a particle in each spark chamber
is determined by making a least-squares fit of the measured spark
locations to ; straight line. In some events either no spark or a
spurious spark is registered in one or more modules within a spark
chamber. 1In these cases the module is ignored in the least-squares
fit. If more than one plané in a chamber malfunctions, the event is
categorized as a '"multi-error" eveﬁt and rejected from analysis.
"Perfect" eﬁents are those in which all 8 planes determine the
trajectory in the two chambers, and "one-error'" events are those in
‘%hich an error is deéected in one plane in éither or both of the
chambers,

The trajectories of the "perfect" and "one-error" events are
subjected to further tests to determine their acceptability. The
average deviation of the measured spark locations must be within
1.25 mm of the best-fit straight line or the event is reje;ted. In

addition, the extrapolated trajectories in each chamber must fall within
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the acceptanée cone of the detector.

‘in‘connection with.the above criteria, multiple-particle
events can be recognized by the multiple-spark-indicator (MSI) bit
(see Chapter II). In analyzing the 1968 data it was necessary to ignore
this bit because some of the modules developed persistent spurious
sparks at the edge away from the pick-up coil; As explained by Rice,
this condition did not significantly affect the data. The frequency
of occurrence of these spurious edge sparks was subsequently reduced
and in later years it was necessary to ignore the MSI bit in no more
than one module per flight. The MSI featurg is somewhat more important
in the analysis of MOD-2 data since the 2 g/cm2 of material above the
upper spark chamber (gas Eérenkov counter) is a possible source of
contaminating particles. The contamination due to this effect is
discussed in Appendix A.4.c.

b. Trajectory-Consistency Check

This simple test, which‘utilizes the symmetry of the detector
and the magnetic field, determines whether the calculated trajectories
in the two spark chambers are consistent with the bending expected in
the field for the computed deflection angle. 1In Figure A-1 we show a
projected-particle trajectory assuming no scattering and an idealized,
uniform magnetic field that is completely confined to the gap. Outside
the gap the trajectories are straight line éegments whereas inside the
field region of the magnet the path is an arc of a circle. From

simple geometry it can be shown that for the idealized path shown

A:«')\l")\z'—"o o (A-l)
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This equatio? (which is also_valid for a field with symmetrical
fringing above and below the magnet gap) is a necessary and sufficient
condition for 23 to be‘joined smoothly to the straight-line segments
ca and db (see Figure A-1 for definition of symbols). The angles kl
and kz are calculated from the trajectories in the spark chambers.
Howéver, the‘idealized values of xl and hz are not deterﬁined becaﬁse
of multiple scattering and the intrinsic angular resolution of the

| detector’(see Appendix A.2). The expected angular distribution for

A due to these effects has been calculated (Rice, 1970), and the result

for the standard deviation of A is

= + 49 - (A-2)

where ® and 6 (the deflection angle) are defined in Figure A-1. The

uncertainty in 0, O _, depends on the angular resolution of the detector

9,
and is derived in Appendix A.2 (equation A-11). The uncertainty in o,
Qa? results from the uncertainty in the spark locations of the modules

defining the line segment ab. Rice (1970) derived Om & ,0014 radians.

Using this value for Uw and equation A-11, equation A-2 reads:

\/Z17e)2 + (.006)%  Mop-1 (A-3a)
g =
A .

\/(.0689)2 + (.006)2  MOD-2 (A-3b)

A possible further contribution to CA due to non-uniformities in the
magnetic field was found to be negligible.
In the case of MOD-2 observations we adopt a selection

criterion such that events with a A more than approximately 20 away
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from zero are rejected. Using a Gaussian approximation for the

p-distribution with the GA of equation A-3b, we would obtain for the

selection criterion:

AsAc

a = (1360)% + (.008)°

 However, at low energies (large ) where multiple scattering is
important the Gaussian approximation is not very accurate. TFor example,
Figure A-3b shows the probability for electrons to scatter through
angle greater than ¢ versus momentum x @. (This distribution function
is éalculated in Appendix A.2). At the "20" level (ordinate = 0.025)
there is:considerable disagreement in the actual computed distribution
(curvé 1) and the Gaussian approximation (curve 2) used in deriving

¢_ in equation A-2. Based on these considerations we adopt as a

e

criterion on p for acceptance of am event

A< B,

Ac2 = (.1550)% + (.008)”  moOD-2 (A-t4a)

'Thus at high energies (6 ™ 0), A, ™ -008 ~ 20 and we reject ~59 of

A
valid MOD-2 events. At low energies (large 0}, B, & ,1556, From
Figure A-3b at PA, = .155p6 = 1.37 (equation II-2b implies p6 = 8.85)
we find that we are rejecting about 74 of the valid events.

The selection criterion for MOD-1 events is based on similar

considerations (Rice, 1970):
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A s A

ACZ = (-329)2 + (.008)2 MOD-1 (A-4b)

However, the scatﬁering angle distributions shown in Figures A-3a and b
are sligﬁtly‘different from‘the distributions calculated by Rice. At
low eﬁergies PA, & .32p8 ~ 1.15 (equation II-2b implies p& = 3.55).

; Thus we are rejecting about 11% of ;ﬁe valid MOD-1 events at low

energies. The high-energy rejection is ~5%. These limits and standard

 deviations apply equally well to the cosmic-ray nuclei since the

scattering term is negligible for these events. Thus, the criteria
introdpce essentially no bias according to particle species or rigidity.
On the other hand, the criteria are such that there is very little
probability that an event will be accepted which includes spurious
sparks in the trajectory determinétionu
In Figure A-2 we show the p distributions for the analyzable

(perfect + ome-error) eventé aé messured at the Caltech Synchrotron for
positrons of 85 and 790 MeV energy using the MOD-1 detector. The smooth
curves represent the calculated Gaussian distributions based on the

standard deviation given by equation A-3a. The shaded areas show the

. events which are rejected because of the A~criterion (equation A-4b).
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2. Rigidity Resolution

The resolution of the MOD-1 detec;or system has been described
in detail (Rice, 1970). Much of that discussibn is relevant to the
present description. However, some refinements in the calculations
have been mage and therefore a general discussion will be presented.

The ability of the detector to measure the rigidity of a
particle.is principally affected by 1) multiple scattering within the
chambers or magnet gap and 2) the intrinsic angular resolution. Multiple
scattering of the elecirons adds a random angular deviation to the
true deflection angle. Most of the scattering occurs at the wire
planes and aluminized mylar covers adjacent to the magnet gap. A rough
calculation of this effect was made previously by Rice. We have made a
more refined calculation which uses a better approximation to the true
mass distribution of the wires and which also iﬁcludes scattering in the
gas of the chambers and magnet gap. 1In Figures A-3a and b we show
(curve 1) the distribution of projected scattering angle @ in the y-z
plane (see Figure A-1 for definition of this plane) calculated for
electrons of momentum p according to the theory of Moliere (Galbraith
and Williams, 1964).' Both the differential distribution %g, which is
normalized by dividing by the momentum p, and the integral angular
distribution N (>p) are shown plotted vs. pp. As plotted,curve 1 can
be used for all electron momenta above a few MeV/c. We also show in
Figure A-3a and b (curve 2) a Gaussian distribution with Up¢ = ,60 MeV/c
radians. This distribution will be used to approximate the true

scattering-angle distribution. In particular, note that the integral
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distfibutions for curves 1 aqd 2 are equal at pp = cP@ = .60 MeV/c
~;radians (Figure A-3b). The long large-angle scattering tail, which is
not well reproduced in the Gaussian apéroximation, is accounted for in
the tréjectory-consistency checking (see Appendix A.1.b).

Iﬁ Up@ is the standard deviation of the distribution as

plotted, theﬁ

o .
% = o 4-5)

We thus have:
o = ‘gg radians (A-6)

By substituting for p the values from equation II-2 we obtain

.176 MOD-1 (A-7a)

(0]
.0686 MOD-2 (A-7b)

where 6 is the deflection angle of the particle.

The intrinsic angular resolution derives from the approximately
Gaussian distribution of the measured spark locations about the true
trajectory position in each module. TIf we let dA represent the standard
deviation of the deflection angle. due to the intrinsic angular
resolution, then the standard deviation of the measured angle is given
by

2. 2

= +0‘

Og O‘q) A (A'S)

In Figure A-4 we show the angular distribution obtained for
790 MeV positrons (nominal 6 = .0045 radians) at the Caltech Synchrotron

using the detector configuration MOD-1. The smooth curve is a least-
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squares fit of the data to a Gaussian distribution; the best-fit

A

radians from -equations A-7a and A-8. However, the calibration runs

- standard deviation is og = .0023 radians, which implies ¢, = .0021

were made with the beam aligned with the detector system, whereas

during a flight particles have incident angles of as much as 30°. The
distribution‘of the measured spark locations about the true trajectory
position is‘expected to be broader at larger incident angles since the
ion pairé are distributed over a large transverse distance. This argu-
ment iésubstantiatedby the fact that the average of the mean deviations
of the measured spark locations about the least-squares fit trdjectories
is approximately 604 larger for flight data and ground-based muon runs

A
for flight data might be slightly larger than that deduced from the

than for the calibration runs. Therefore, we expect that 9, appropriate

calibrations.

It is possible to determine OA directly from the’ flight data.
More than 90% of the particles which trigger the detector system during
a flight are nuclei with energy greater than 400 MeV/nucleon, the
threshold of the lucite Cerenkov counter, Of these particles approximately
90% are protons and 10% He nuclei. For these particles the effect of
scattering is small and, hence, their distribution reflects the intrinsic
angular resolution described by GA“
The expected rate of protons (p/m2 sec sr) in the deflection
is

interval 9i - Gi+1

8. c ’
i+l

N, =f de'f dR J(R) P(6,6") (A-9)
0 1000

i
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where
S 2
" j(R) = differential rigidity spectrum of protons (p/m~ sec sr MV)

and P(6,0') is the Gaussian probability distribution function defined

by equation IV-1. In Figure A-5 we show the angular distribution of
particles obéerved during the local nighttime interval of flight 71C2
with deflection angles in the range -.008 to +.015 radians. The smooth

- solid curve is the predicted angular distribution of cosmic-ray protons
calculated from equations A-9 and IV-1 using a proton spectrum appropriate

- for solar maximum and UA = .0025 radians. The dashed curve represents

 a similar calculation except that the proton spectrum appropriate for

solar minimum is used. It is seen that the variation in the proton
spectrum over the solar cycle shifts the peak of the distribution but
does not significantly alter the width. Thus the standard deviation,
OA, which we derive in this manner does not/strongly depend on the
assumed proton spectrum. Curves were calculated with the solar maximum
proton spectrum for several different values of GA' In each case the
location of the peak of the calculated distribution was shifted to match

the peak location of the observed data. For each distribution we then

calculated chi-squared, XZ, defined by

2 2 _
O Z [(Yi - ni)[ﬁi] (A-10)
i ,
where
| Z . th
n, = observed number of particles in i~ channel.

(Each channel is .001 radians wide.)

calculated number of protons in the ith channel.

«
o
]
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A

A plot of Xz versus ¢ is shown in Figure A-6. The minimum occurs
.0025 radians which is the value we adopt for the analysis of

.wforq ~

flight data. Using equations A-7a, A-76, and A-8 we have

) \/(.179)2 + (.0025)2 MOD-1 (A-11a)

o

Co ¥
| \A.oase)z + (.0025)°  Mop-2 (A-11b)

Using these equations, we calculate the deflection resolution P, FWHM,

as

)
2.3, \% 40)% + (2222 MOD-1 (A-12a)

P =
7
\/( 16)2 + (2032 00599) MOD-2 (A-12b)

A plot of the resolution versus rigidity is shown in Figure A-7. The
filled circles represent resolution measurements made with positrons at

the Caltech Synchrotron in configuration MOD-1.
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3. Raw Flux Parameters

a.. Li&éAIime (tL)

The detector is insensitive for a fraction of the time
interval over which the data are summed in the raw flux computation.
For example, the phase-B one-minute rate counting period occurs every
16 minutes. In addition, the total live time, tL’ during the 15 minute

phase-A period is given by:

t, = (900 - nete) Qa - nata) seconds (A-13)
where
n, = number of events recorded
t, = time required to write a word (.35 sec)
n, = total guard counter rate (cts/sec)
t, = dead time followihg anti-coincidence (2 psec)
provided

ngty <1
which appliéd throughout all £lights. The fractional dead time during
| a typical phase-A period at float altitude ranged from .14 in 1969 to
.éZ in 1971. | |
b. Spark Chamber Efficiency (Ddé)

. v .
Since every triple coincidence, TIAT2ALC, is a potentially

valid event, the spark chamber detection efficiency is:

D=

=

(A-14)

where
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n is the number of analyzable events
N is the total number of triple coincidences
In the case of MOD-2 data, the detection efficiency can be defined in

terms of gas Cerenkov events, i.e. TLA TZALEAGE,

e

Dy =77 {(A-15)
GE NGE

where

n.x is the number of analyzable GE events

NGE is the total number of GC-event coincidences

~ Typically, D was .7 - .8 for a flight and was appraximately given by

Dt
DGE ~ D+ .05 (A-16)
This small difference is probably due to the different species of
particles which make up the c8 and NON-GE events. {Less than 10% of

the events are GE events; rdughly 3/4 of these are electroms above

15 MgV and the remaining 1/4 are nuclei above ~22 GeV/nucleon. The bulk
of events triggering the detector are of the NON-GC type and consist
mostly of_protops above ~400 MeV.) Further analysis is in progress to
determine the exact cause of the difference between D and DGE° However,
since the difference is small compared to the statistical accuracy of
the data and since D can be obtained over short time intervals with much

greater statistical accuracy than we adopt the following method for

Do

estimating the spark chamber detection efficiency: we first determine

D for the ascent and float intervals and then apply a correction factor
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based on the difference of D and DG& over the total float period (where
, petter staﬁiétics prevail). |
é. Gas Eereﬁkov Efficiency Factor (E;ff)
The gas Cerenkov counter was fabricated in Janvary, 1970.
Shortly afterward, it was calibrated at the'Caltech Synchrotron as
‘described in’Section II.B. The efficiency was determined to be
approximately 98%. However, oxidation of the mirror surfaces that
reflect the light inside the counter can degrade the efficiency.
Although ground-based muon runs provide a check of the Eerenkov counter
operation, changes in the efficiency of less than 10% are masked by the
statistical accuracy of the data. A comparison of ground-based muon
runs in 1970 and 1971 show no significant differences; however, in order
to correct for possible smaller changes in the gas Cerenkov counter
efficiency we use the flight data to directly calculate the efficiency
factor. As an example, we show in Figure A-8 the hourly count rate of
both gas-serenkov and non-gas-ﬁerenkov events in the lowest three
energy ranges for flight 71C2. We make the following interpretation of
the particles making up the two classes of events
1) The GE events in the energy ranges considered consist
of electrons only.
2) The NON-GC events consist of misfit nuclei, back-
ground produced by nuclei, and also the electrons
which did not trigger the GG counter because its
efficiency 1s less than 1004.

Under the aboveinterpfetation, a night-day difference in the NON-~GC

count rate is due to its electron component.’ All other NON-G¥ events,
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whicﬁ always have rigidities above cutoff, should retain a constant

» count rate'from night to day. The electron counting rate increases by
a factor of_3 or 4 from night to day due to the large flux of re-
entrant albedo electrons present at these low energies during the day-
time interval. In the following we use the two-component model for
the NON-GC events and compare the night-day ratios of both classes of
events. From these ratios we shall determine the fraction of electrons
in the NON-GC data. Thus, both the count rate of GE electrons and
NON-GE electrons can be determined and, hence, the gas Eérenkov counter
efficiency can be computed.

We define the following symbols:

[{]
i

nighttime GE rate (electrons)

n
v
ey = daytime GC rate (electrons)
Eﬁ = nighttime NON-GC rate of electroms
Z& = daytime NON-GE rate of electrons
p = time-independent rate of all other NON-GC events
_ﬁ ‘o 5
Y =T 15 ° ratio of day to night NON-GC rates
n -
®a %4
X =" === ratio of day to night electron rates
R +1 ' ’

Both quantities x and y are determined from the data. It follows that

the ratio of the two components of the NON-GC class of events is given

by:
L2 _X-y |
A
n

v —
Since we measure the counting rate at night for NON-GC events, p + e s



133
we derive the counting rate of the electron component of the NON-dE

- events at night:
TRy
e .
n
A v
The nighttime GC rate, e s is measured and thus the gas-Eerenkov

efficiency at all energies above G¢ threshold is:

eff e + T
mnm n

Table A-1 shows the result of this calculation for the flights of 1970
and 1971. The error bars result from the statistical errors in the
average day and night counting rates. The night-day transitions are
most distinct in flights 70C2 and 71C2, and hence, we take as Gerenkov
efficiency factors,rzeff, the values .93 and .84 for 1970 and 1971,

respectively.
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4. Background Corrections

a. Up§a¥d-Mbv1ng Particlés

With the detector in the MOD-1 configuration, a fraction of
the upward-moving particles (splash albedo and those due to y-ray
interactions in thg lucite Eétenkov counter)»contribute a small
contamination to the low-energy data (due to the ~44 backward detection
efficiency in ﬁé). These corrections have been described in connection
with the 1968 data (Rice, 1969, 1970).

As a result of further calibrétions at the Caltech Synchrotron
we have made improved estimates of the y-ray contamination. The new
corrections are given in Tables V-1 and V-2 (Chapter V). The magnitudes
of these corrections are not significantly different from those used by
Rice (1970); however, the estimated errors have been reduced because
of the more extensive machine calibrations.

These calibrations aiso showed that the ~4% of backward-
moving electrons which trigger the detector are rejected from analysis
about.twice as often as forward-moving electrons. Therefore, we have
correspondingly adjusted the earlier splash-albedo corrections of Rice
(1970). If we assumé the typical detection efficiency of 0.75 for for-
ward-moving particles {see Appendix A.3.b),‘it can be shown that the
earlier correctiéns of Rice should be multiplied by the factor 2/3. The
new splash-albedq corrections are listed in Tables V-la and b and V-2a
and b.

No corrections for upward-moving particles were necessary for
the MOD-2 configuration (1970 and 1971) since the gas Cerenkov counter

completely discriminates against these particles.
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" b. Atmospherié Muons and Pions
Tﬁé contamination of the MOD-1 data due to atmospheric muons
and éions was shown té be negligible b& Rice (1970). In the case of
MOD-2 data, the muons and pions must have energy greater than about
2.5 GeV and 3.4 GeV, respectively,/to be above the effective threshold
of the gas Ceérenkov counter. At‘2.4'g/cm2 altitude pions of energy
3.4 Gev decay within about 0.06 g/cm2 of their point of production.
- Therefore, the flux of pions compared to that of muons may be ignored.
From‘the pion production spectrum of Perola and Scarsi (1966)
and the formulas of Verma (1967), we have calculated the muon spectrum

at 2.4 g/cm2 (see Rice (1970) for details of the method). Above 2.5 GeV

this spectrum is approximately:
. ~2.94 2
Jp(T) = ,853 T u*/m sec sr GeV (A-17)

where T is muon kinetic energy in GeV. Mo;t of these high-energy
particles have smaller bending angles than the .006 radians threshold
value used in the data analysis. Folding the spectrum given by
equation A-17 with the resolution function (equation IV-1) we find only
24 of these particles fall within the deflection interval
006 . ¢ |6' < .009. The percentage contribution to any of the other
intervals is much smaller. We derive a count rate in the .006 - .009
ra&ians interval of 5.7 x 10"7 ¥/ sec which is less than b.Z% of the
measured count rate of positrons or negatrons in this interval and there-
fore negligible.

t. Secondaries Produced in the Gas E;renkov Counter N

The 2 g/cm2 of material above the upper spark chamber is
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potentiallyvé source of contamination arising from interactions by
' cosmic-ray nuclei and y-rays. We treat first the problem of nuclear
interactions.

We consider two possible ways in which products of nuclear
inte?actions in the G¢ counter could simulate electron events
(TLAT2ALEAGY) : |

1) Two or more particles (pions or protons) above

LE threshold could be produced with one traveling
through the detector system triggering LE,while
another passes through one of the 1/2-inch

quartz windows (which protect the éE phototubes)
triggering the GC counter.

2) A high-energy particle above ct threshold could

be producedvin the material above the flﬁt

mirrors of the GC counter and travel through

the detector system triggering both Eerenkov

counters (LE:, and GE).
The first possibility requires that one of the particles be emitted
‘at a relagively large angle (order of 900).‘ Using information_
in the tables of Bertini (1967) on the angular and energy distribﬁtion
of secondary protons and pions from interaction p+016 (fluorine and
sulfur tables were not available), we estiméte that the upper limit on
the rate of such events is ~-5x10-6 particles/sec in any one energy range.
This rate is less than 1% of the measured count rate and therefore neg-
ligible. 1In the second case we are only concerned with particles above

the effective gas E;renkov threshold (Section II1.B). We illustrate
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. the magnitude of the correction by considering the production of pions.

The mean 1;fgtﬁne of 3.4 GeV pharged pions is 6.1 x 10-7 seconds. Thus
a pioh of this energy will travel roughly 180 meters before decaying.
Since the entire spectrometer is just over a meter long, we ignore
pion decay in the calculation. In order to trigger the gas Eérenkov
counter, the particle must be produced in the 1 g/cm2 of material
above the mi;rors. Considering the father complex geometry of the
detector, we shall calculate an upper limit to the contamination. We
f;rst replace the GE counter by a 1 g/cm2 slab of air. Then we use
the pion production spectrum of Perola and Scarsi (1966) to calculate
the flux of pions that emerge from the bottom of such a layer which is
expose& to the cosmic-ray nuclei flux. Above 3.4 GeV, the

differential flux of pions at 1 g/cm2 can be represented by the

power law:

j“(T) = 16.5Tm2'35 ﬁ*/mzsec sr GeV (A-18)

When we fold this spectrum with the resolution of the detector we derive
a count rate of 1.85 x 10_5 a¥/sec in the highest energy interval.
Considering both charge signs, this represents only 2¢ of the measured
count rate for positrons in this energy interval inm 1971 and less than
.59, of thé negétrons.‘ In addition, the high-energy nuclear inter-
actions which produce the pions have a high multiplicity and even the
very small contamination derived above is dfastically reduced because
of the anti-coincidence counters and the multiple-spark-indicator
feature. Therefore we consider the contamination from nuclear inter-
actions negligible.

Cosmic-ray nuclei also produce knock-on electroms as they pass
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.Athrough the gas‘%erenkov counter., When expressed in terms of g/cm2 the
_probability functioné describing knock-on production are proportional
?o Z(A where Z and A are the charge and mass numbers of the material
traversed. .Thus the production spectrum of knock-ons will be essentially
material-independent. We use the production spectrum derived by
Beuermann (1971) for air appropriate to the cosmic-ray nuclei flux
level of 1968. Since knock-on electrons of 15 MeV are produced by

. protons with energy greater than ~3 GeV,where solar modulation effects
are not large,the use of the 1968 proton spectrum for the period 1968-
1971 introduces negligible error. Beuermann's production rate for the

interval 10 < T < 100 MeV is given approximately by:

2.7

-Q(T) = ,035 T e /g sec sr MeV (A-19)

This rate corresponds to a flux of ~.10 e-/m2 sec sr MeV in the lowest
energy interval (14.3 - 29 MeV). This flux represents some 254 of the
measured flux in this energy interval at 2.4 g/cm2 in 1971. However,
using the formulas of Rossi‘(1952),'we calculate that a 15 MeV knock-on
electron emerges at no more than 3 1/20 from the forward direction.
Hence, we would expect a very large fraction of these events (proton +
knock-on electron) to be multiple-particle events which are rejected
from analysis. 1In addition, the 1 g/cm2 of material is an upper limit
since particles produced near the mirrors will not have sufficient
pathlength to trigger the gas Cerenkov counter. Taking these effects
into account, we consider the contamination due to knock-on electrons to
be negligible.

A possible source of contamination could arise in the high-



140

energy interVals‘if'a proton above lucite Eérenkov counter threshold
produces a'TlhATZAL\é coincidence and also produces a knock-on electron,
iﬁhich:triggerscﬁ but which fails to be registered in the spark chambers.
This could héppen, for example; if the electron experienced a large
single scattering or if the multiple-spark-detection efficiency were
less than 100%. Wé estimate from the knock-dn production spectrum that
less tﬁan 0.1¢ of the nuclei above the lucite Cerenkov counter threshold
will produce a knock-on electron of sufficient energy to trigger the gas
Eerenkov counter. However, approximately 4% of the cosmic-ray protons
above the LG threshold are also above the GG threshold. Thus the above
contamination is only ~L1/40 of that due directly to the high-energy
nuclei (see Appendix A.4.d) and therefore negligible.

Electrons can also be produced in the gas ¥erenkov counter
by Compton scattering and pair-production from y-rays. In order to
calculate the fluxes of positrons and negatrons resulting from these
effects we assume the following:

1) The 1 g/cm2 of material above the mirrors has an average

| charge number, Z, of 10 and an average mass number, A, of
/ _
20,

"2) The prébability functions of Rossi (1952) are used. 1In
the case of pair production we use the complete-screening
approximation which gives a larger flux of electrons for
oﬁr conditions than does the no-screening approximation.

3) We use the atmospheric y-ray spectrum at 2.4 g/cm2
"residual atmosphere from the calculations of Beuermann

(1971) with the electron and cosmic-ray nuclei spectra
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_appropriate for 1971.

In Figures A-9 and A-10 we show the assumed y-ray spectrum and
the resultant positron and negatron spectra, respectively. For
negatrons the sum of the Compton scattering and pair-production processes
is shown. In the 14.3 - 29 MeV interval we derive positron and
negatron fluxes of .010 p/m2 sec st MeV and .012 p/m2 sec sr MeV,
respectively. These values represent only ~4% of the measured fluxes
at float altitude in 1971 and therefore represent a negligible contribu~
tion.

d. High-Energy Cosmic-Ray Nuclei

Cosmic-ray nuclei above approximately 22 GeV/nucleon also
trigger the gas Eerenkov counter. Most of these particles are confined
to bending angles smaller than those used in.the calculation of electron
fluxes (i.e. g .006 radians). Because of the resolution of the detector,
however, a small fraction of these particles are observed with larger
bending angles. As an exampie, we show in Figure A-11 the angular
distribution of GE events for the total float period for 1971. The
dotted curve represents the calculated distribution of the sum of
primary and secondary electrons. fhe remaining events are high-energy
nuclei. The smooth curve is a Gaussian distribution with ¢ = ,0025
radians and this curve was used to calculate the contamination in the
highest energy interval. The results for 1970 and 1971 are given in
Tables V-3b, V«4b, V-5b, and V-6b. The proton contamination in the
983 - 1475 MeV interval is ~254 for positrons and ~64 for negatrons.

The contribution is negligible at lower energies. The error in the

values is estimated at ~50% on the basis of uncertainties in the
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instrument résol#tion and spark chamber alignment.
e.' Acéi&ental,Gas Eérenkbv Coincidences

About 904 of the particles wﬁich trigger the detector are
cosmic~-ray protons above ~1000 MV, the threshold of the lucite
Eerenkovrcounter. Accidental GG coincidences tag some of these
particles as electrons. Since 1000 MV corresponds to a nominal
6 = .009 radians, these events primarily contaminate the high-energy
positron data. We have used the measured rate of cosmic-ray nuclei,
.the accidental Gg-coincidence rate (Section II1.b), and the resolution
of the detector to calculate the expected rate of these events in the
“highest energy intervals. The results are given in Tables V-3b and
V-5b. The maximum contribution to the data is 16% in the
983 - 1475 MeV positron interval in 1971. The 504 estimated error is
based on uncertainties in detector resolution and spark-chamber
alignment. |

£f. Spark Chambef Alignment

Because the fiducial wires cannot be preciSely lined up for
all 8 planes it is possible to have a built-in offset in the deflection
angle. An initial alignment is made by using the deflection-angle
k\distributién of the cosmic-ray nuclei above lucite Cerenkov counter
threshold. This procedure is similar to the one described in
Appendix A.2 in determining the instrument résolution. However, in
the resolution calculation we were interested in determining the width
of the deflection-angle distribution of the nuclei. 1In the alignment
procedure we are interested in comparing the locations of the peaks

of the measured and calculated deflection-angle distributions. These
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bdistributions are shown in Figure A-5 for flight 71C2. Aligmment
- factors ha&e already been introduced in the data in computing the
observed histogram. .The two curves were calculated using solar
minimum and solar maximum proton spectra, respectively. Since the
peak in these curves differ by only .0015 radians over a solar cycle,
we feel that Lur deflection zero is accurate to apéroximately .0005
radians.

In the case of MOD-2 high-energy data the alignment was
" refined by using the ct proton distribution (see Figure A-11). Thg
average bending angle of these particles (T > 22 GeV/nucleon) is
calculated to be ~0.00018 radians. It was necessary to adjust the

data by about ,0005 radians in 1970 and 1971.

In Table A-2 we summarize the corrections to the data
discussed in this section (A.4). Only the last two entries (high-
energy protons and accidental et coincidences) are'considered non-
negligible. These two corrections and those due to atmospheric

secondaries are included in the data tables of Chapter V.
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TABLE A-2

*
Summary of Corrections Discussed in Section A.4

Description of Correction Section
(MOD-2) Discussed
. Upward-moving particles A.b.a

Atmospheric muons and

pions A.4.b
Products of nuclear
interactions in G¢ A.b.c
Knock-ons in GE A.b.c

Knock-ons in GG scattered
out of acceptance cone A.b.c

Compton-scattered electrons
and pair-produced electrons

in c€ Ab.c
Cosmic-ray protons above

ce ;hreshold A.4.d

Accidental GE coincidences A.b.e

Energy Intervals
Affected

low energies

983-1475 MeV

medium and
high energies

low-energy e

high energies

14.3-29 MeV

983 -1475 MeV

983 -1475 MeV

Probable
Contribution

%)

0.2

25 é+

6 e~

16 (et-1971)

* .
Unless otherwise noted a correction applies to both charge signs. The
correction for spark chamber alignment was made before computing the
raw fluxes (Chapter V) and hence no correction for this effect is listed.
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5. Correction of Fluxes to The Top of The Atmosphere

iﬁ‘the final stage éf data analysis we correct the locally
observed fques to their values at the top of the atmosphere. This
correction is complicated by the energy loss (bremmstrahlung and
ionization) experienced by the particles in the material above the
spectrometer‘and by the decreasing resolution of the detector at high
- energies (or, equivalently, small bending angles). 1In computimg the
"raw" fluxes at float altitude (data tables of Chapter V), we have not
taken into account the resolution, i.e. we have assumed that the
resolution is perfect and have calculated the flux by dividing the
measured rate in a given energy interval by the width of that interval
(and by the geometrical factor). However, in the highest two energy

o)

intervals of the MOD-2 observations the ratio Egg is relatively large
’ i

(Ue is the standard deviation of the deflection-angle distribution
given by equation A-11b and Aei is the width of the ith deflection-angle
bin given in Table IV-1), and there is considerable probability,
particularly above 1 GeV, that a particle is assigned to the wrong
energy interval. Thus, at high energies, diQiding by the numerical
width of Fhe energy interval is not necessarily a correct way of
relating the observed rate to the true particle flux. We describe a
procedure which accounts for the effect of resolution as well as
energy loss in correcting the measured fluxés to the top of the
Atmosphere. The method is based on a similar calculation by
Fanselow (1968).

We begin with a trial primary electrom spectrum incident at

the top of the atmosphere. (Such a spectrum is also used in the
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secondar& subtraction procedure described in Chapter IV.) We then
write in m;t;ix form the equafion relating the expected rates at float
depth to the.assumed incident spectrum. We invert the resulting
matrix and thus derive the spectrum at the top of the atmosphere from
the observed rates at float altitude. Our ppocedure also allows us

to calculate‘the uncertainty in the fluxes at the top of the
atmosphere. Because of the effect of resolution, these uncertainties
" in the data of the two highest energy intervals are larger 'than those
of the raw fluxes at float altitude.
| | The assumed incident primary spectrum jI(T) is modified by.
energy-loss effects as the particles pass through the atmosphere and
ﬁhe ~2 g/cm2 of material between the top of the gas Eérenkov counter
and the upper spark chamber. We denote the residual primary spectrum
at the top of the upper spark chamber by jS(T). We calculate jS(T)
from,jI(T) by folding in the bremmstrahlung energy-loss probability
distribution and by including the average ionization energy loss.

We first calculate the effect of bremmstrahlung energy loss.

The probability P(T,T')dT' that a particle with kinetic emergy T will
have energy between T' and T' + dT' after passing through x radiation

lengths of material is given by Rossi (1952):
v-1

[en (T/T")])

T r(y)

P(T,T') dT' = dT* (A-20)

where y = x/gn 2 and p(y) is the gamma function (Abramowitz and Stegun,

1964). The spectrum after correcting for bremmstrahlung loss is

3y = [ 3 B(r,17) ar (a-21)
TV
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"We then obtain jS(T), the residual spectrum at the top of the upper

ﬁ,Spark chamber, from j(T') by correcting for ionization loss using the

tables of Berger and Seltzer (1964).

The expected rates at float altitude are obtained through the

response of the magnet spectrometer to jS(T)7 We have

where

The superscript S on TS and T?

M, = f R, (T) G(T) g (T) dr

S (A-22)
2 i+l
x5 f R, (T) 6(T) jg(T) dT

Mi = expected rate in the ith energy interval (p/sec)

Ri(T)dT = probability that particle with kinetic enérgy T
will be observed in the ith energy interval
G(T) = geometrical factor as a function of T

T?, T§+1 = lower- and upper-limit energies defining the jth

energy interval.

¢4 = number of energy intervals. (Electrons with energy

greater than the largest measured interval are placed in
a bin from 1.475 - 40 GeV.)

5 541 denotes the fact that the quantities

are measured at the upper spark chamber.

The response function Ri(T) in equation A-22 is related to

the resolution function described earlier in Appendix A.2. P(9,60')d6’,

the probability that a particle with rigidity corresponding to a bending
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angle 6 will be observed with bending angle between 8' and 6' + d6',

- is given by

; ,
P(6,0')do"' = 5—255; exp r—ig—g—l—j (A-23)
2] ) 20'9 ’

where 0 and O, are given by equations II-2 and A-11, respectively.

e

Then the response function is
2]

i+l
Ri(T) =f P(0,0")de’ (A-24)
91

(Note 8 is a function of T by equation II-2)
In Figure A-12 we show plots of Ri versus T for each energy interval
for the MOD-2 configuration. A curve corresponding to perfect
resolution would be avrectangular box with amplitude 1 and with
vertical sides at the two energies correspoﬁding to the energy-interval
end points, which are indicated by dotted vertical lines in the figure.
For low energies the resolution is good while for the highest energy
interval used in the analysis the relatively large ratio of 06/A67
causes R7(T> to significantly overlap the adjacent energy intervals.

The Mi of equation A-22 represent the expected rates at float
ﬂ;ltitude for the assﬁmed incident primary sbectrum, taking into account

the energy loss of the electrons and the resolution of the detector.

It proves useful to write an equation for the corresponding rates at

the top of the atmosphere, Ni’ assuming that the detector has perfect

resolution and that no energy losses occur in the 6¢ counter:

TI

i+l
N1 =u[- G(T) jI(T) dT (A-ZS)
T

I
i
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The éﬁperscript i denotes the fact that the quantities are measured at
. the top ofrfﬁe atmosphere. Iﬁvis usual in the literature to shift the
eneréy intervals by the ionization enefgy loss which occurs for each
particle. The bremmstrahlung loss distribution is such that most
particles lose very little emergy and hence an average shift for this
effect is not applied. Thus, the energy at the top of the atmosphere,
Ti, is related to the energy at the upper spark chamber, Ti,’by

5

I . '
T; = Ti + aTi (A~26)

where aTi is the ionization emergy lost by an electron with energy Ti

in passing through the material between the top of the atmosphere and
the upper spark chamber.

We can write a relation between the N1 (which we are seeking)

and the Mi in the following way:

4 J+1
= 5 .’” R (T) ¢(T) JéTb/ G(T) JI(T)dT Nj (A-27)
i=1

TS

A/
Note that we have simply multiplied and divided each term of equation
A-22 by the rate at the top of the atmosphere, Nj' Equation A-27 can

be expressed as a matrix equation:

Mi = §:= Fij Nj | (A-ZB)

where
S T
Tin Tim
- f R, (T) G(T) §4(D)T f 6(T) 1,(DaT  (A-29)
T

i | T?
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1f Hij
the top of the atmosphere are given by:

is an element of the inverse of the F matrix, the rates at

4
N =7 H,. M (A'30)
i j=1 ij 3
Furthermore:
. - 2
N 8- 2
2 & | s 2
c =y —_= | =y H,, © (A-31)
N - M. M, i M,
i j=1 aJ i j=1 |
where GM is the standard deviation for the observations and UN’ is
i ' i

the resuiting standard deviation for the Ni'

Equations A-30 and A-31 represent the desired results.
Equation A~30 gives the corrected rates (Ni) at the top of the atmosphere
in terms of the rates at the detector at float altitude Gni). If we
replace the Mj in equation A-30 by the actual measured rates,qnj, then
we derive a set of Ni from which a better approximation for the trial
input spectrum can be made. From this new trial spectrum the Fij,and
H,, are recalculated and a new set of N, derived. The process can be

ij i
repeated‘ until the Ni converge. (Note that since the rates, Ni’
correspond to & detector with perfect resolution, it is appropriate
to divide-by thé.width of the energy interval in converting the rates
to differential flu#es.) However, in some cases the measured rates are
only upper limits and in these cases the matrix-inversion procedure
for determining the corrected rates cannot be applied. Therefore, we

modify the procedure for determining the corrected fluxes in the

following way. For a given trial input spectrum we determine the ratios
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Ny
i where N
i

at the top of the atmosphere and at float altitude, respectively. If

inand Mi are the calculated rates in the ith energy interval

Whi are the measured rates at float altitude, then we determine theﬂli,
the estimated corrected rates at the top of the atmosphere, by

N

: “11 = ﬁi anie Theéeﬁqi are used to define a new trial input spectrum
: 1

and the procedure is repeated until theqni are consistent with the
input spectrum.
We do not modify the procedure (equation A-31) for calculating

the expected uncertainties in the fluxes at the top of the atmosphere.

This procedure takes full advantage of the matrix-inversion technique
and yields larger errors in the corrected high-energy data than those
listed for the raw fluxes (data tables of Chapter V), which are based

on statistical errors only. In deriving the errors we need a knowledge
of the error in the data for each of the energy intervals, including the
1.475 - 40 GeV intervai. The number of electrons in this interval is
not measured directly since a significant fraction of the gas Cerenkov
events with“el < .006 radians are high-energy protons (>22 GeV). It

is possible to roughly deduce the number from the observed deflection-
aﬁgle distribution of‘these events and from é knowledge of the resolu-
tion of the detector {see Figure A-11). We estimate the error in the
data.froﬁ this interval to be 525%. In making the corrections we have
assumed a 25% error in this interval (51.475 GeV) which increases the
relative error in the highest measured energy interval (0.983-1.475 GeV)
by ~25¢ over the result obtained if zero error is assumed for the |

integral flux above 1.475 GeV. The error in the data at lower energies
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‘-ié not affected By'the estimate.

Wehfound that the above matrix-inversion procedure was not
neceésary for the MOD-1 observations, which extend to only 200 MeV, i.e.
the matrix wés essentially diagonal because of the excellent resolution
at low energies. The fluxes corrected to the top of the atmosphere
for bqth‘MODil (1968, 1969) and MOD-2 (1970,‘1971) observations are

given in the tables and figures of Chapter V.
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- APPENDIX B
Interstellar Electron Spectrum from Non-Thermal-

Radio-Background Data

- The synchrotron emission (ergSISqucmB.sr-Hz) by electrons
spiraling in a uniform magnetic field is given by Ginzburg and
Syrovatskii (1964) as:

NERS: © N 2 -1/2
eW) = 3o ;f [+ a5 Gy
2 mc

mc

me
(3-1)

-4

_v.:f K5/3 (n) d'q NMW)aw
Ve July,'

where , is the frequency of emission
e is the charge of ﬁhe electron
B is the mean value of the magnetic field perpendicular to the
* line of sight
m is the mass of the electron
¢ is the speed of light
W is the total energy of the electron

N(W) is the number density of relativistic electrons

K5/3(ﬂ) is a modified Bessel function of the second kind

/ 2
M= 1 - nez is the refractive index of an ionized gas with

Ty

3
n electrons per cm™ and

-3/2

vo' = v [1+ A-F) <ﬁ-5)2]- (3-2)
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where Ve is the critical frequency given by

3eB 2 »
LW i
Ve 7 4me ( 2) (8-3)
me

The terms involving l*ﬁ in equations B-2 and B-3, which result from the
ambient electron density in the interstellar medium, cause a suppression
" of the emission at low‘frequencies (Razin, 1960; Lerche, 1971).

For the case of a vacuum (ﬁ = 1) equation B-1 has been solved
exactly for an electron spectrum which is a power law in energy over a
sufficiently large range (Ginzburg and Syrovatskii, 1964). The result

is

v-1 I+y 1-y

3 2 2 2
S(—535) “CB Ty (B-4)

Gsme” 2mmTc” L

3 3
3y- 3yl
() = 155 TEGHrEG —=

where C and Yy are parameters defining the electron spectrum:

NW) =CcW ¥

and I'(x) is the gamma function (Abramowitz and Stegun, 1964).

To obtain the total intensity of radiation over a given line-
of-sight distance we must include the free-free absorption by the
medium. The absorption coefficient for the radio frequencies of interest

to us is given by:

-2 n2 T3/2
k(y) = 10 ;375——5 [17.7 f gn y 7 {B-5)
v

(Ginzburg, 1964) where T is the electron temperature. The total

intensity is then given by solving the differential equation:

35 = ¢ - k(I '  (®-6)
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SWhere ds is an eiement of length along the line of sight. The solution
. of equatioﬁbé-6 depends on thé structure of the interstellar medium,

| Several recent reviews have dealt with the physical properties
of thevinterétellar medium (Field, 1970, 1971; Heiles, 1971; Dalgarno
and McCray, 1972; Wentzel, 1972). The observations indicate a medium
composed of dense, cold clouds with diameteré of a few parsecs separated
by a hot, rarefied intercloud region with a scale of hundreds of parsecs.
- This étructure has also been predicted by theoretical studies (Field
'et al., 1969; Hjellming et al., 1969; Shu et al., 1972). We shall take
as a model of the interstellar me&ium a uniform distribution of cold

- clouds with diameter IR and separation distance Ly (This model with

Zc = 1 pc and L = 1 kpc is identical to that used by Goldstein, Ramaty
and Fisk (1970)). The subscript convention is."c" for "cold" clouds and
"i" for "intercloud" . The first cold cloud is assumed to }ie at a
distance - In Figure B-1 we show a schematic diagram of the’assumed
‘galactic structure. Our position in the galaxy is labeled s. We assume
there are mv¢10uds (and thus m intercloud separations).

In the hot intercloud region we have both emission and

absorption. If there were only one such intercloud region, the

solution to equation B-6 would be
=
=€ (1 -, L
Is =X 1-e 7)
1 .
where the optical depth Ty is defined by
4
i

Ti =f ki ds ’ (B-7)

¢]
(The optical depth of a cold cloud 1s similarly defined by changing the
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subscripts to c.)

Since, typically, 4, << zi we may assume the emission in cold
clouds is negligible. Solving equation B-6 for ¢ = 0 implies that the
radiation pemetrating through a cold cloud is partially absorbed with
an absorption factor e-Tc. Thus the solution of equation B-6 for the

assumed galactic structure (see Figure B-1) can be written as the

following series of equations

GALAGTIC POSITION INTENSITY

s IS = i: (l-e-Ti) + Ile-Ti

1 I, = Ize-Tc

2 I, = f;(»l ce hy 4 13e—7°

3 13 = 14 e-Tc

& L, f ﬁz(l - e—Ti) + Ise-Tc

: . (3-8)

Zn-1 IZn-l = IZn e ©

2n IZn= ﬁ?(l - euTi) + Izn+le"Tc
2m-1 IZm-l = 0

2m ‘ IZm =0

where we have assumed that there are an integral number of intercloud

separations with L. m = integer where L is the total emission distance,
i

By substitution we obtain:
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T,  ~T, =T -7 -Tq ~T -7
I, = ;L (1-e *y+e ie c'[f-(l-e 1)+e Lo °r&(1-e 1)
g
| 1 1
“Ty T -T T, =T
+ e ie c[ﬁgl-e i) + e ie ¢ [ ... 1
-1y
The factor ﬁL(l-e ) is common to all terms. We thus have
i
o =T (rgtr ) =2(r+r) -(m-1) (1 47 )
I =f-e Y /J1re T 4e L Ch.te 1
s ki
1-e-m(Ti+Tc)
The term in braces is just ~—————— .
: =(rytr)
l-e
Hence, the solution to equation B-6 for our model is:
L
ol “==(r+r )
I
l-e ) [1-e ¥
I(y) = f% (1-e )'EwiiT ) (8-9)
T [l-e ¢ ] v

At high frequencies k becomes small (equation B-5) and thus ¢ is small
(equation B-7). Equation B-9 becomes

= gL ' (B" 10)

[

bll‘:‘

i

Using equation B-4 for ¢(y) we obtain

Lty
2 =0

iy o CLB v (high'frequencies)
4

where we define O = ]%l as the power-law index of the radio emission

spectrum.

At low frequencies, 7 is large and equation B-9 becomes

IGy) ® &
ki

and using equations B-4 and B-5 we have
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Lty
- -2 1 .
I(y) o C‘B; 2 v2 Oﬁi3/2ql : 373 (low frequencies) (B-11)
' T, :
[17. 74—

Thus at low frequencies interstellar absorption changes the spectral

shape to roughly v?-a.

(Note that the logarithmic term varies quite
slowly with énergy). We note that the intensity at low frequencies 1s
independent of the total line-of-sight distance, L.

At intermediate frequencies and for the general case including
the Razin effect and an arbitrary electron spectrum, we must solve
equations B-1, B-5, and B-9 numerically. (The term in braces{ } in
equation B-1 ig available in tabular form  (Ginzburg and Syrovatskii,
1964)). If one knew the value of all the parameters involved in the
equations - principally B¢, L, bys Ao Ti’ TE, n, and n, - one could
vary the emergy dependence and magnitude of the electron spectrum until
, the computed ;adiation intensity matched the observationé (Figure VI-8).
However, there is considerable uncertainty in some of the parameters -
particularly the intercloud ambient electron temperature Ti - and this
uncertainty should be reflected in an uncertainty in the interstellar
cosmic-ray electron spectrum. To illustrate the approximate range of
intersteliar electron spectra possible we:

1) choose a nominal set of galactic parameters and calculate the
galactic electron spectrum necessary to account for the radio
emission in the galactic anticenter direction,

2) wvary each paraméter through its range and for each variation

calculate, using the nominal electron spectrum, the resulting

radio-emission spectrum, and
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3) compare_éhese spectra with the observed radio-background emission.
' Since the emitted power is directly proportional to the number of
electrons, we can derive a multiplicative factor versus frequency that
can be applied to the electron spectrum once the conversion factor
between electron energy and emission frequency is established. Using
these'multipiicative factors we can estimate the electron spectrum that
is required to produce a radio-emission spectrum in agreement with the
observations for a given set of parameters.

We now discuss the possible range of the parameters invelved
in the calculation.

1) B - Theoretical arguments concerning the dynamics of the galaxy
4

place the average magnetic field between 3 and 5 p-gauss. (Parker,
1969b). Recent studies of dispersion and rotation measures
observed for 18 pulsars indicate an average interstellar field of
';3.5 p-gauss with an estimated error of .5 p-gauss. (Manchester,
1972). The value of 3.5 p-gauss corresponds to the 1argest fields
found and it is thought that the linesof Sight to the two pulsars
involved lie along the direction of the magnetic field. Moffet
(1971) from a survey of the polarizationbproperties of pulsars also
derives magnetic fields of a few microgauss. In this study we use
a nominal value of 5 p-gauss and illustrate the variation im the
calculated radio spectra for the range 3-5 p-gauss.

2) FL - The emission length for a uniform galaxy would just be the
distance to the edge of the galaxy. The size and structure of the

galaxy and our location in it have been deduced from optical and
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radio gs#ronomy observations (Blaauw and Schmidt, 1965;vA11en,
1963). The solar system is approximately 8-10 kpc from the
galactié,center aﬁd the diameter of the’galaxy is ~25-30 kpc. The
distance to the edge of the galaxy in the anticenter direction is
estimated to be ~4-5 kpc. However, the galaxy is quite inhomogenous,
being con;posed of spiral arms., Thus the use of an average emission
length of 4 or 5 kpc might be misleading. We have chosen to use

4 kpc as our nominal value but inclpde the range L = 2-6 kpc in our
calculations.

Ly and.zc - The average fraction of the line of sight intercepted
by cold clouds depends on the viéwing direction. A model of the
interstellar medium which uses the data (dispersion measures and
21l-cm absorption) from two pulsaxs, NP 0532 and CP 0328, which lie
roughly in the anticenter direction, yield a range of zc/zi (the
"filling factor') of 0.006-0.081 (Hjellming et al., 1969).

Other models yield similar results ~ for example, Field et al.
(1969) obtain a range 0.02-0.04 and Dalgarno and McCray (1972)

in their recent review paper use valuesof 0.007-0.041 for the
filling factor. We shall take the larger range 0.006-0.08 in the
calcuiatioﬁs with a nominal value of 0.02. The recent observations
of 21-cm hydrogen absorption by Greisen (1973) indicate that clouds
having dimensions of e ® 1 pc are common. In our model we shall
consider variations in g of from 1-10 pc. The possible values of
4; ve shall use are 13-1670 pc corresponding to the assumed filling

factor range of 0.006-0.08.



161

4) T and,Té - The observations of 21-cm absorption yield an estimate

i
of the spin temperature* of neutral hydrogen. The high resolution
studies of Hugheé et al. (1971) and Radhakrishnan et al. (1972)
indicate that the spin temperatures in clouds range from ~15° - 250°K.
ThisArangp is somewhat larger than those considered in the:
theoretical models. We shall take Tc = 250°K as the nominal value
and consider the effect of varying Tc through this total ramnge.

There is little accurate observational evidence for the spin
temperature of the intercloud medium but the lower limit is roughly
500°K (from observations of emission features in which no detectable
absorption is observed - Hughes et.al., 1971; Radhakrishnan et al.,
1972). However, the spin temperature may be much lower than the

gas kinetic temperature in the low density intercloud region
(Dalgarno and‘McCray, 1972). Upper limits to the kinetic

temperature may be estimated from velocity dispersion measurements.
Heiles (1967) has found an emission feature with a velocity
dispersion corresponding to Ti < 40006K, although Field (1971) finds
none with upper limits less than 8000°K. Mention should be made of
the theoreﬁical models of the two-component system which generally
fix the temperature with a rather high value. For example, Habing and

Goldsmith (1971) use TiNSOOO-SOOOOK and‘éhu et al. (1972) obtain

~ O. .
Ti ~ 7500 K. The theoretical models, however, are not, as yet,

*The spin temperature relates the number of hydrogen atoms in each of -
the two hyperfine ground state levels. In dense clouds, where
collisional excitation is important, the spin and kinetic temperatures
are expected to be equal. (Field, 1958)
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vexperimehtally well verified (Greisen, 1973). We shall take the

range T, ~ 500-10000°K and use the upper limit for our nominal

i

value.

n and n, - The frequency dispersion of pulse arrival time from
pulsars provides a measure of the density of free electrons along
the line‘of sight. For example, for the Crab Nebula pulsar

NP 0532 fne dg = 57 cm-3pc (listed by Maran, 1969). The distance
to the pulsar is 2020 pc (Trimble, 1968) and hence we derive

n, ~ 0.03 cm—3n Most theoretical models predict little contrast
in the cloud and intercloud electron densities. Field et al. (1969)
use n; = 0,02 in their model and Hjellming et al. (1969) use

ng % 0.03 and n, ¥ 0.04-0.05. Bfidle and Venugopal (1969) find
that n, = 0.02 is consistent with a variety of data. Dalgarno and
McCray (1972) in their review use values of n, % 0.03-0.05 and

n » 0,06 (for cosmic ray heating). We shall use the nominal
values n, = 0.03 with a range 0102-0.05 and n, = 0.02 with a range
0.02-0.06.

In summary, we present in Table B-1 the nominal values of the

parameters together with their possible range considered here.

Using the nominal values of the parameters we obtain an inter-

stellar electron. spectrum which yields from equation B-1, B-5, and B-9

a radio spectrum in agreement with the observations. This spectrum can

be represented in p/@n? sec st MeV) by

1.34 x 10* w % w < 2000 Mev

jWw) = 2.5 (B-12)

6w W S 2000 MeV

2.75 x 10
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TABLE B-1

. Galactic Parameters Used in the Analysis

Parameter (Units) Nominal | Range
B (n-gauss) 5 3-5
\ _
L (kpe) » 4 2-6
%
23 (Pe) 50 13-1670
4, (pc) T 1-10
T, r) 10000 500-10000
T, °x) ' 250 15-250
-3 -
n, {cm 7) .03 .02-.05
-3 ' 3
n, (cm 7) .02 .02«,06

*In_our model the value of 24 is determined by the assumed range of the
filling factor (ff = zc/zi), .006 - .08.
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where W is the total energy of the electron.

Using this electron spectrum we first calculate numerically a
rough correspondence between electron energy and emission frequency.
An approximate analytical expression for the frequency of maximum
intensity from an electron of energy W is:

~ 2
vy (MHz) 0.29y = 4.6B, W (-13)

where BL is in p-gauss and W is in GeV (Ginzburg and Syrovatskii, 1964).
However, this correspondence does not take into account the spectrum
of electrons, and since there is contribution to a given frequency from
a considerable range of electron energies we might expect some
deviation from equation B-13 for a steep interstellar spectrum. In
Figure B-2 we show a calculation of the relative contribution to the
synchrotron emission at y = 10 MHz from electrons with energies between
100 MeV an& 10 GeV using the nominal interstellar electron specfrum given
by equation B-12; The peak contribution comes from W = 330 MeV. The
arrow at 660 MeV corresponds to the prediction of equation B-13, which
is based on a flat electron spectrum. The difference by a factor.of 2
ig the estimates roughly applies throughout the range of observations,
0.4-600 MHz. We note that 0.4 MHz, which is the lower limit of the
radio observations, corresponds to ~60-80 MeV electrons. Thus below
this energy the radio data provide little information on the inter-
e m—— et e ————

In Figure B-3 we show a plot (solid line) of the peak energy
versus frequency which we obtained from plots similar to Figure B-2

covering the entire range of radio data for the nominal 5 p-~gauss field.
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The dashed 1ine refers to a calculation using B = 3 p-gauss. We shall
" use Figure B-3 as a guide in estimating the ele:tron energies at which
changes in the electron intensity are necessary in order to produce cal-
culations of the’synchrotron spectrum in agreement with the obéervations.
- As mentioned earlier, the change of a single parameter in

equations B-i, B-5, and B-9 will produce a change in the computed radio
spectrum. If at each frequency we compute the ratio of the observed
radio spectrum to the computed spectrum, we obtain a set of multi-
plicative factors F(W) which' can be applied, using Figure B-3; to the
nominal interstellar spectrum to derive the adjusted galactic electromn
spectrum necessary to produce the observed synchrotron emission. We
show in Figure B-4 the result of such a calculation. The nominal
electron spectrum of equation B-li has been used; each line corresponds
to a change of the labeled parameter.

The effects of the interstellar medium at the low frequencies
(low energles) are clearly shown. The range of parameters comsidered
implies that below ~300 MeV (corresponding to ~10 MHz) the interstellar
electron spectrum becomes increasingly uncertain due to uncertainties in
the properties of the medium.

AAt high energies (2 300 MeV) only B and L cause uncertainties

4
in the interstellar electron spectrum. From equation B-10 we have:

I(v) & C B 1’4].-
1

where we have set the interstellar electron spectral index vy = 1.8
(W < 2000 MeV) and C determines the magnitude of the electron spectrum.

Thus



We can estimate the error in C from the range of values of B and L.
L

If we assume that these parameters are Gaussian distributed about the

_mid-points of ‘their ranges with the end-points of the range taken as

the 1-0 limits, we derive

2 2 2

o [+ (o}
g

C B L

2 0.375
(_)r
U_C .
=< = 0.61 (B-14)

Below ~300 MeV the functional depegdence of the calculated
radioc spectrum on thé many interstellar medium parameters cannot be
easily determined. At these energies it is not obvious how to perform
an appropriate statistical amalysis, and, instead, we characterize the
variation by an envelope which encloses the maximum variation for a
single parameter. The total envelope of variation considered, whiqh
at emergies above ~30 MeV is determined from equation B-14, is shown
as the dashed curve in Figure B-4. Our estimate of a reasonable range
of interstellar electron spectra is obtained bﬁ multiplying the
nqminal electron spectrum (equation B~12) by the factors corresponding

to this envelope. These high and low spectra are shown in
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Figur; VI-9*; The explicit energy dependence, represented by power-law
. segments, ishgiven in Table B-2 for all three spectra. For certain
choices of galéctic parameters each of the electron spectra can produce
a radio spectrum in agreement with the data. The resulting radio spectra
for the three electron spectra are shown in Figure VI-10; the particular
galactic paraﬁeters used in each calculation are given in Table B-3.

It must be remembered that the galactic parameters used are
not all independent quantities, e.g. Hjellming et al. (1969) show that
if the clouds are in pressu;e equilibrium then the temperatures,
neutral hydrogen densities, and electron densities for both the clouds
and intercloud medium are uniquely related. However, not all the
theoretical models predict the same values for the galactic parameters.
In particular, we note that Ti’ the intercloud temperature, is highly
uncertain and it accounts for a very large variation of the spectrum at
low energies. We feel that our procedure for calculating a reasonable

range of the interstellar electron spectrum is the best that presently

can be done.

*The electron spectra are plotted for energies between 70 MeV and 5 GeV.
We have calculated the relative contribution to the synchrotron emission
at y = 0.4 MHz from electrons of different energies. (The relative
contribution to the intensity at y = 10 MHz is shown in Figure B-2.)
Electrons with energies below 70 MeV contribute S 254 of the emission at
frequencies above 0.4 MHz. This percentage contribution is the ‘same as
the quoted absolute accuracy of the low-frequency radio data (Alexander
et al., 1970). Similarly, we have chosen 5 GeV as th% upper-limit
energy since electrons with higher energy contribute = 25% to the radio
emission at frequencies below 600 MHz, the upper-limit frequency of the
observations used in the analysis (Figure VI-8).
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TABLE B-2

Power-law Approximations of the Calculated Galactic Electron

SPECTRUM

LOW

NOMINAL

HIGH

Spectra: j = A\\’JI.'"Y(mZ'sec.sraMeV)-1

ENERGY RANGE
‘ (MeV)

70-2000
2000-5000

70-2000
2000-5000

70-100
100-150
150-300
300-500
500-2000

2000-5000

B
=W W

A
(x 109)

0134
2.75

- .0254
5.19

.38 x 10°
3.61

.0559
11.42
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TABLE B-3

Galactic Parameters Corresponding to the Galactic

Electron Spectra of Figure VI-9

LOW SPECTRUM NOMINAL SPECTRUM  HIGH SPEGTRUM
PARAMETER MODEL MODEL MODEL
B (p-gauss) 5 5 ' 3
N _

_L (pc) 7 4 4
£(pe) 833 50 50

Le (pc) ) 5 1 1

T, °x) 10000 - 10000 3000

T °r) 250 250 70

- 3 . -
n, (cm ™) .03 ) .03 .03

-

o (cm 7) ' ' .02 .02 .02
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system is shown displaced from its location at the
center of the magnet gap.
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Figure'!II-6:
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Magnetic flux density in.the.gap of the analyzing magnet

"veérsus position. The curves represent the field components

along three paths parallel to the z axis in the magnet gap.
See Figure I1I-3 for definition of the coordinate system
employed.

1. Solid curve: =1 ¥ =6 cm
2. Dashed curve: x =0 y =6 cm
3. Dotted curve: x =0 y =0 cm

Bz and By for paths 2 and 3 are identically zero and are
therefore not shown explicitly.
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Figure II-8:
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Range of trajectory deflection angles in the MOD-2
detector as a function of particle rigidity. The mean
value, r.m.s, deviation (solid bar), and extreme values
(dashed bar) of rigidity x deflection angle are shown for
a random distribution of 1000 incident trajectories at
each of 7 rigidities,
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Figure III-3: Deep River Neutron Monitor counting rate versus time.

The vertical bars indicate the times of balloon flights.

The approximate periods of solar minimum and solar maximum
are indicated by the horizontal bars.
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Figure IV-1:

193

Typical event rate versus local time (Flight 71C2).

' Negatrons (solid histogram) and positrons (dotted

histogram) are shown separately. Typical 1-0 error
limits are Indicated. The nighttime period used in

~ the analysis is indicated.
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Figure IV-2:

Figure IV-Zé:

Figure IV-2b:
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Representative examples of the measured event rate versus
" atmospheric depth. The energy intervals indicated are

those measured at the magnet. Also shown is the separation
into primary and atmospheric secondary components as
determined by the least-squares fitting technique
described in the text.
Dashed curve: best-fit primary contribution
Dotted curve: best-fit secondary contribution

Solid-curve: best-fit total positromns or
negatrons.

The XZ probability, P, is indicated for each fit.

Energy range with a relatively large contribution of
residual primaries at float altitude.

Energy range with essentially zero primary flux at
float altitude.
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Figure VI-1:
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Selected near-Earth electron spectra for the period 1965-
1971, The Caltech data are shown as filled squares (1968)
and filled circles (1971). The Chicago data are represented
by open diamonds (Fanselow et al., 1969), open squares
(L'Heureux et al., 1972; Schmidt, 1972), and open circles

" and ¢riangles (Schmidt, 1972). Data from the Goddard

Space Flight Center (GSFC) experiment on the IMP-IV
satellite are shown as crosses (Simmett and McDonald, 1969).

For clarity the data have been separated into two graphs.
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Figure VI-2: Illustration of the dependence of the modulated spectrum
- *on the magnitude of the diffusion coefficient. Numerical
solutions are calculated using an interstellar electron
spectrum of the form

6 ,-2.5

jm(T) = 2.70x10 T- p/mz-sec.sr.MeV

and a diffusion coefficient of the form

a R R>Rc

ik (R)

= constant R < Rc .

Figure VI-2a: Calculated electron intensity at 1 AU versus kinetic
energy for Rc = 440 MV.

Figure VI-2b: Contours of constant phase - space demsity, F, for
Rc = 440 MV.

Figure VI-2c: Calculated electron intensity at 1 AU versus kinetic
energy for Rc = 100 MV. A j & T2 curve (dashed) is

shown for comparison.

Figure VI-2d: Contours of constant phase-space density for Rc = 100 MV.

Contours of constant{ (r,T) (defined by equation VI-6)
are shown as dashed lines.

Figure VI-2Ze: Phase-space density contours derived from the diffusion-
convection approximation for RC = 100 MV.
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Figure VI-3:

Figure Vi-3a:

" Figure VI-3b:
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Comparison of the 1 AU spectra derived from the force-field
(FF) approximation, diffusion-convection (DC) approximation,

and the numerical (FN) solution of the full transport
equation for two different galactic spectra. ' The diffusion

.coefficient used in deriving each spectrum is described

in the text.

Electron spectra at 1 AU derived from a galactic electron

spectrum proposed by Meyer et al. (1971).

Positron spectra at 1 AU derived from a galactic positron
spectrum calculated by Ramaty and Lingenfelter (1968).

——



INTENSITY ELECTRONS /M?.SEC-SR-MeV

208

:,-..'] T TTT] T II|IIH| UL L=
\\
0 GALACTIC —
107 EY ELECTRON =
-\ SPECTRUM i
L\ .
L\ n
\
= \ -
\
-1 \ —]
10 ' E A =
- \ —
- \ ]
n -\ .
— \ -]
\
- \ ~. 1
N e <.
. = 3 N
|02 — N\ =
163 | E
- | = FN SOLUTION -
- FF APPROXIMATION
L - DC APPROXIMATION
|64 | [Illlll ] llllLlll L ol
10’ 102 103 [o)

KINETIC ENERGY (MeV)

Figure VI-3a



INTENSITY POSITRONS/M2.SEC-SR-MeV

209

KINETIC ENERGY (MeV)

Figure VI-3b

T T T T T T T
100 | =
- -
| GALACTIC .
POSITRON
_ SPECTRUM ]
10" &~ - =
N —
N
AN
102\ —
- > —
I \ -
EER O _
- A\ ]
\
= \ <., —
S\ NS
163 A\Y —=
= \. =
g4 FN SOLUTION —
E — —~— FF APPROXIMATION —
p—  reeneneee DC APPROXIMATION
| 1|lm|| | Lo Lol Ll
10! 102 103 104



210

*9OUITUSAUOD I0J DOUMSSE USDq SBY fIY § JO SOUBISTP

fLiepunoq ¥ °EBG-IA °2anSTJ uT umoys uorienbe jzodsueil Sy3z jo SUOTINTOS TEOTISUNT
ay3l SUTIBINOTBO U POSn JUSTOTIIS0D UOTSNIFTP 9yl Jo saduspuadap £3TpISTa pue TBIPEY :Y-IA @andTd

() (D)

(AW) d‘ALI0191Y ‘ (Nv) 4'sniavy JI4LN3J0IT3H
10! ¢Ol 20! oLt 3 2 | 0
L1 s w10 0 I O SR 11 R U L 1€ ) — T \\\
b- T T
l i S S
- [~ \K\\\ / . ¢
] ZN \\ \..... // |N
- = ooy 11 =
3 2 ST L\ 2
L] e .\a. ’ 3 .I.v -
] = V: WB
LA : > 1)
{1 @ F 4 |17 @
. .u.m .\~.... | .— m
3 W i [ .,ulm W
o < | ”\ ‘w ~_- <
c al 7 1l <
- 4 2+ "y |Hs £
: ‘ i a H 91/ il @
C 1 T D/ + tm\msclv.: =
= 3 L € iHo!
wll : 3.0l i+2y . .
THRE IR B W TN N W TSR R ¢ £ «_ | ! :




FigureCVI-S:
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Caléulated electron spectra at 1 AU for different forms

- of g, (r) and different values of the boundary distance, D.

Figure VI-5a:

Figure VI-5b:

In each calculation the nominal galactic electron spectrum
from the analysis of the non-thermal-radio-background data
has been used with a power-law extrapolation below ~100 MeV

-(equation B-12). The rigidity dependence of the diffusion

coefficient used is given in Figure VI-4b. The magnitudes
of the different radial functions Kl(r) at r = 1 AU have been

adjusted so that each calculated spectrum is derived using
the same value of D

Vdr
RS f}c(r ®)

The near-Earth electron spectrum observed in 1968 (references
in Figure VI~1l) is shown for comparisgon.

The calculated spectra using the 6 different radial
dependences of g shown in Figure VI-4a.

The calculated spectra 'assuming g independent of radius
with assumed boundary distances of 3, 5, 10, 15, and 30 AU,
respectively.
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Figure VI-6:
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Illustration of a calculation of the energy loss of
positrons in diffusing from the boundary to 1 AU. The
assumed unmodulated spectra are shown as solid lines.
The corresponding near-Earth spectra, representing

numerical solutions of the transport equation, are shown

as dotted lines. The dashed curve indicates the galactic
positron spectrum derived by Ramaty and Lingenfelter

(1968). The diffusion coefficient used is independent

of radius within a boundary of 3 AU; the rigidity dependence
is given by equation VI-13.
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rFiguré VI-7: Calculated electron spectra at 1 AU for a diffusion
_coefficient of the form:

R R >R =750 MV

k(R) o

R R <R,
{(The complete description of the diffusion coefficient used
is given by equation VI-30 with. parameters of Table VI-2 for

* 1968.) Both the numerical solution (FN) of the full tramsport
equation and the diffusion convection approximate solution
(DC) are shown. The positions of the relative "peaks"
discussed in the text are shown. The values of these
peak locations are:

T)° = 1083 Mev (Eq. VI-18, b = 1)
c R

1/2 = 391 MeV (Eq. VI-18, b = 1/2)

- F

L = 722 MeV (Eq. VI-22)

T1/2 = 261 MeV (Eq. VI-24)

The near-Earth electron spectrum observed in 1968
{(references in Figure VI-l) is shown for comparison.
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‘ from galactic nuclear collisions by different i
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in 1965-66 (Fanselow et al., 1969) and 1968
(Caltech) are shown for comparison.



Figure VI-12a-e:
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Electron modulation parameters, ¢(1,T), for the period
1965-1971. The data points are calculated from the
DC approximation using the near-Earth electron data

 shown in Figure VI-1 and the calculated galactic

electron spectra of Figure VI~9 (open circles -
nominal galactic spectrum; upper filled circles -
high spectrum; lower filled circles - low spectrum).
The dashed lines indicate the approximate range of
from the possible range of galactic spectra. In each
figure the solid line represents the modulation
parameter used (together with the nominal galactic
electron spectrum) in deriving a numerical solution
of the transport equation in agreement with the
observed near-Earth spectra. The dotted lines in
Figures VI-12a,b, and c correspond to limiting
modulation parameter curves from which acceptable
numerical solutions (using the same nominal galactic
electron spectrum) can also be derived.
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Figure VI-14: Positron modulation parameters, ¢(1,T), for the period
1965-1971. The data points refer to the ¢(1,T) calculated
from the DC approximation using the spectra ebserved near
Earth (1965-66, Fanselow et al., 1969; 1968-1971, Caltech)
and the interstellar positron spectra of Ramaty and
Lingenfelter (1968) and Beedle (1970). Above ~100 MeV
the solid and dashed lines are the electron modulation
parameters from Figure VI-12. 1In Figure VI-14b the
modulation parameter represented by the solid line was
used to derive the numerical solutions of the transport
equation shown in Figure VI-1l6a and b. The dotted lines
in Figure VI-14b correspond to the possible range of
positron modulation parameters which was used to derive

. the range of the interstellar electron spectrum at low
energies (S50 MeV) shown in Figure VI-17.
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Figure VI-15:
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Calculated and measured positron fractions as a function
of energy for two different models of the galactic
electron spectrum and diffusion coefficient. The
calculated fractions at the boundary (solid) and at 1 AU
(dashed) are shown. Above 100 MeV the diffusion
coefficient for both model 1 and model 2 is given by
equation VI-30 with the parameters listed in Table VI-2
for 1968. The galactic positron spectrum of Ramaty and
Lingenfelter (1968) is assumed in the calculations.

MODEL 1: The nominal galactic electron spectrum from
: analysis of the non-thermal-radio-background
data (Section VI.E.l) is used with a power-
law extrapolation below 100 MeV (equation
B-12). The diffusion coefficient for all
energies is described by equation VI-30.

MODEL 2: The interstellar electron spectrum shown in
Figure VI-16b (solid line) is used. The
rigidity dependence of the diffusion
coefficient is described by equation VI-30
except that below 60 MV x(R) is assumed
proportional to 1l/R.
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‘Figure VI-16:

Figure VI-16a:

Figure VI-16b:
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Positron and electron spectra derived from the modulation

' parameter of Figure VI-14b (solid line). Below 60 MV,

K(R) a 1/R. Above 60 MV, y(R) is given by equation VI-30
using the parameters listed in Table VI-2 for 1968.

The calculated positron spectrum at 1 AU derived from a
galactic spectrum calculated by Ramaty and Lingenfelter
(1968). The near-Earth spectrum observed in 1968
(Caltech) is shown for comparison.

The calculated electron spectrum at 1 AU derived from
the indicated galactic electron spectrum. In order that
the calculated and observed spectra at 1 AU agree
(references for observations in Figure VI-1), the
nominal galactic electron spectrum cannot be
extrapolated by a power-law below ~100 MeV but must be
modified as shown.
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Figure VI-17: Approximate range of the interstellar electron
gspectrum. The shaded region (bounded by dotted
lines) below ~50 MeV indicates the range of de-
modulated electron data using the limiting positron
modulation parameters shown as dotted lines in
Figure VI-14b. The shaded region above ~70 MeV
is the approximate range from the analysis of the
non-thermal-radio-background data (Section VI.E.1).
For comparison the assumed galactic electron
spectrum of Figure VI-16b is shown as the solid
line.
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Figure VI-19: Parallel diffusion coefficients calculated from the
power-spectra data (Figure VI-18) of Jokipii and
Coleman (1968) (solid line), Bercovitch (1971)
‘{dotted line), and Quenby and Sear (1971) (dashed
line).
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RIGIDITY (GV)

Radial diffusion coefficients derived from the 1968
electron modulation study and from the magnetic power
spectra of Quenby and Sear (1971) (12/68-3/69). Two
power-spectra-derived curves are shown. Curve 1 is
derived under the assumption Kl << Kys and curve 2

corresponds to the case ni =4 x 1021 cm2/sec. The

error bars on curves 1 and 2 correspond to a 20 un-
certainty in the power-spectra data. . The electron
modulation result is derived from the modulation param-
eter of Figure VI-12b (solid line) assuming g in-
dependent of radius with a boundary at 12 AU. The three
error bars correspond to the limiting w(l,T) (dashed
lines in Figure VI-12b) based on the possible range of
galactic electron spectra (Figure VI-9).
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Figure VI-21:

BOUNDARY DISTANCE, D (AU)

Comparison (at 1 GV) of the radial diffusion coefficient
from Figure VI-20 as a function of boundary distance, D.
The bands reflect the uncertainties indicated in

Figure VI-20. The power-spectra results (curve 1 was
derived assuming K, << Ky and curve 2 corresponds to the

case KL 4 x 1021 cm2/sec) are independent of the

assumed boundary distance. The modulation result is
derived assuming i independent of radius inside D. The
crosshatched areas indicate the range of boundary
distances required for consistency between the two
diffusion coefficients for the case Kl(r) = constant.
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Figure VI-22:

BOUNDARY DISTANCE, D (AU)

Limits on boundary distance, D, for various
radial dependences of the radial diffusion

. coefficient, . The minimum and maximum D

are plotted for different values of the power-
law index n for the case y <« . The

L ]
horizontal bar at n = O indicates the range
6-15 AU obtained for y independent of radius
(see Figure VI-21).
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Figure VI-23: Comparison of the measured and calculated proton spectra
"' at 1 AU for the time periods shown. The same interstellar
spectrum has been used in deriving each calculated
spectrum, The numbers associated with the calculated
curves refer to entry numbers in Table VI-3. The data
collected with Caltech instruments are shown as filled
circles (Garrard, 1973). Data from other references are

Figure VI-23a: Open circles - Fan et al. (1966)
' Crosses - Ormes and Webber (1968)
Triangles - Fan et al. (1968)

Open diamond (for solar minimum in 1954)-
McDonald (1958)

Figure VI~23b: Open squares - Lezniak and Webber (1971)

Figure VI-23c: Open squares - Hsieh et al. (1971)

Note that the low-energy portion of the interstellar
spectrum is shown as a dashed line. Due to adiabatic
deceleration in the interplanetary medium the calculated
spectrum at 1 AU is insensitive to the interstellar
intensity below ~100 MeV. :
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Figure VI-24:
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Comparison of measured and calculated He nucleil spectra
at 1 AU for the time periods shown. The same inter-
stellar spectrum has been used in deriving each
calculated spectrum. The numbers associated with the
calculated curves refer to entry numbers in Table VI-3.
The data collected with Caltech instruments are shown as
filled circles (Garrard, 1973). Data from other
references are:

Figure VI-~24a: Open circles - Fan et al. (1966)
Crosses - Ormes and Webber (1968)
Triangles - Fan et al. (1968)

Figure VI-24b: Open squares - Lezniak and Webber (1971)

Figure VI-24c: Triangles - Mason (1972)

Note that the low-energy portion of the interstellar
spectrum is shown as a dashed line. Due to adiabatic
deceleration in the interplanetary medium the calculated
gpectrum at 1 AU is insensitive to the interstellar
intensity below ~100 MeV/nucleon.
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PARTICLE TRAJECTORY

TOP SPARK CHAMBER
BOTTOM HV PLANE

MAGNET
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COUNTER

N
©s § MAGNET
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I,

TOP HV PLANE
BOTTOM SPARK CHAMBER

Figure A-1: Schematic view of a particle trajectory seen
' in projection. Parameters used in trajectory
self-consistency checking are shown.
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Figure A-2: Measured distributions of the trajectory parameter p using
. the MOD-1 detector. Also shown are the theoretical
Gaussian distributions using the standard deviation of

equation A-3a. The crosshatched areas are the rejection
zones according to equation A-4b.

Figure A-2a: Mono-energetic beam of 790 MeV positrons.

Figure A-2b: Mono-energetic beam of 85 MeV positrons.
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Figure A-3: Calculated electron scattering-angle distribution.

' Curve 1 is the angular distribution of the projected
scattering angle. As plotted, the curve is valid
for all electron momenta above a few MeV/c. Curve
2 is a Gaussian distribution with ¢ = .60 MeV/c
radians. Only one sign of the scattering angle is
shown since the distribution is symmetric about
zZero., :
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Figure A-4: Distribution of measured deflection

angles in a 790 MeV positron beam
(nominal 6 = .0045 radians). The
smooth curve is a least-squares fit

of the data to a Gaussian distribution
(¢ = .0023 radians).
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Distribution of small deflections measured
during the nighttime period of flight 71C2.
The predicted angular distributions of
cosmic-ray protons (solid curve-solar
maximum spectrum; dashed curve-solar minimum
spectrum) are shown for the instrument
angular resolution function with

op = .0025 radians.
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Figure A-6: XZ versus 9, for fitting the calculated
angular dis%ribution to the measured
distribution of cosmic-ray protons
shown in Figure A-5. The proton spectrum
appropriate for solar maximum has been
assumed.
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Figure A-7: Deflection resolution P, FWHM, of the detector versus

rigidity. The data points represent measurements in
a mono-energetic positron beam using the MOD-1
detector. Calculated curves for the detector in
both the MOD-1 configuration (solid) and MOD-2
configuration (dashed) are shown.
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Figure A-8: Measured count rate of GG (solid)
and NON-GC (dotted) events in the
three lowest energy intervals for
flight 71C2. The respective anight
and day analysis intervals are
indicated.
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Figure A-9: Gamma-ray spectrum at 2.4 g/cm2 altitude
used in calculating the flux of negatroms and
positrons produced in the gas Cerenkov counter.
The gamma-ray spectra from the calculations
of Beuermann (1971) resulting from cosmic-ray
nuclei alone (dashed) and nuclei + electrons
{solid) are shown.
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Figure A-10: Positron and negatron spectra ‘from interactions
of y-rays in the gas Eerenkov counter.
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Figure B-2:

103 ~ 104

TOTAL ENERGY (MeV)

Relative contribution to synchrotron intensity

I at ,, = 10 MHz from cosmic-ray electrons of
different energies. The nominal galactic
electron spectrum (equation B-12) has been
used.



Figure B-3:
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Correspondence between radio frequency and electron
‘energy. The energy at which electrons make the maximum

contribution to the synchrotron intensity at the
frequency ) is plotted for two different values of the

~magnetic field strength. 1In each calculation the nominal

galactic electron spectrum (equation B-12) has been
assumed .
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~ Figure B-4:

266

'Relative variation of interstellar electron spectrum for

the range of galactic parameters discussed in the text.
F(W) is the ratio of the calculated interstellar electron

- intensity to the nominal interstellar intensity

(equation B-12) at electron energy W. The nominal set of
parameters is indicated by the bracket. Each labeled
solid curve is calculated by changing the value of only
the indicated parameter from the nominal set. The

*dashed lines correspond to the assumed range of variation

used in computing the high and low galactic electromn
spectra shown in Figure VI-9.
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