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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 previously existing data and permit us
to determine, within_quantitative limits, the interstellar spectra of
cosmio-ray positrons and electrons (e+ +e). Knowiedge of these
spectra provides a crucial tool for studies of.the'distribution and
density of matter and magnetic fields in the interstellarimedium and
'the'origio‘and dynamics of energetic particles contained in the fields.
" From a stody of the near-Earth electron spectra and théir
relationship to the interstellar spectrum derived from the_galactic
non-thermal-radio-background emission, and from a study of the near-
Earth positron spectra and their relationship to the interstgliar
positron épectrum oalculated from collisions of cosmic-ray nuclei with
the interstellar matter, we have found that the differential energy
spectrum of intorstéllar electrons may be repreoenfed as a oowor-law,

ja T-l'8 for 100 MeV N TS 2 GeV, but must flatten considerably at

lower energies. From the measured electron charge composition, which
- we find to be little affected by solar modulétion; we have concluded

that the majority of cosmic-ray electrons with energies above ~10 MeV
are not the result of nuclear collisions in the galaxy bﬁt‘presuqably

originate in "primary" sources.

~ In the energy range of our measurements the near-Earth
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intensities of cosmic-ray positrons‘and‘electrons,:as weli as the
intensity of cosmic-ray nuclei, are significantlyzlower than their
interstellar‘intensities because the particles are scattered by magnetic
‘irregqlarities 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, K, are
responsible for the observed 1ong-térm variations iﬁ the near-Earth
posmic-raylintensities.which‘are as large as a factor of 10 from
" "solar 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 reiate the near-Earth electron spectra to the interstellar
electron spectrum, we have found that thé magnetic’figidity dependence
of the interplangtary cosﬁic-ray diffusion coefficient at rigidities
from ~100;MV to ~10‘GV'may be.represented as g o Rb witﬁ b inqreasing
from O fo ~1-2 with'increasing rigidity{ Howe§ef, from a comparison
of the near-Earth and iﬁterstellaf positron spectra we find that below
~60 MV the diffusion coefficient must increase with decreasing rigidity.
The magnitude of the diffusion coefficient at 1 AU derived
from the electron and positron mbdulationvstudies depends on the
gssumed radial dependence df k. In order to place limits én this
radial dependence and to ﬁake estimates of the size of the solar
modulation region, we have also evaluated diffusion poefficients from
measurements of the power spectrum Qf the interplanetary magnetic field
near 1 AU. Agsuming k(r) o rn, we have found tﬁatbn s 1.1 in order

that the calculated modulation beyond 1 AU agrees with the observed
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modulation. For k independent Of'radius, we obtained consistency
between the diffusioﬁ coefficients derived by the two methods for
boundary distances of the solar modulation region in the fange of
6-25 AU.

These diffusion coefficients derived from the electron
modulation study must also apply to the cosmic-ray ﬁuclei. As a
consistency chéck, we have used the electron diffusion coefficients
to calculate solﬁtions of the transport equation for cosmic-ray
protons.aﬁd He nuclei for four different time periods from 1965 td
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 cyclé.
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I. INTRODUCTION

Cosmic~ray electrons were known to exist.long Before their
discovery near Earth in 1960 by Earl (1961) and Meyer and Vogt (1961).
Radiq astronomers haye 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 theif universality and their energy losses due °
toisyncﬁrotron.radiation.and inverse Cqmpton coliisibns with-photons,
cosmic¥ray eléctronsfrepresent unique pfobes for determining physical
conditions in thé universe. for example, from an analysis of the
observed gélactic synchrotron background radiation, information on the
galactic magnetic(field, the structure of the interstéllar medium, and
the average interstellar electron spectrum can be obtained. On a:
larger scale, an argument for galactic confinement of the bulk of
cdsmic rays is thgt'if cosmiq-ray eléctrons were present in the same
numbers throughout‘the universe as they are in 6ur galaxy, then inverse
Ccﬁpton collisions with the universal bléck-body_photons would give
rise to,an i§otropic1f1ux of x-rays far in excess of what is observed.
Hence the observafién énd'interprététion of the cosmic-ray electron
flux has important implications oﬁ the distribution of matter and
fiélds in both intersteilar and intergalactic.space.

- The origin of the electron component of cosmic rays has
loﬂg been debatéd. Their existence in expanding supernovae shells

suggests that they are directly accelerated in such sources. - On the
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other hand, collisions of the cosmic-ray nuclei with'thebinterstellar
matter give.risé_to "secondary" electrons through pion decays. Above
~10 MeV the calculated fraction of positrons* in the collision-source
modelvis much higher than that observed near Earth, giving stroﬁg.
evidence for the eiiétenée of sources of directly accelerated negatrons
(Beuermaﬁnvet-al;, 1970, Fanselow et al., 1969)., Below ~10 MeV
secondary kno;kéon7n¢gatronsAbutnumber those produced in nuclear inter-
actions (ABrahém et él., 1966) , and fhe calculated intensity is
consisfgnt wifh the;observéd average flux (Cline and Porreca, 1970).
However, the flux ofllowéenergy electrons is highly variable, éven
duting solar quiet times (McDonald et él,, 1972) . The origin of these
Qariations‘is ﬁncertaiﬁ,.énd hence the origin-of the low-energy
particles themsélveé¥remains in doubt,

R Maﬁ§ solutioﬁs_to problems in cosmic-ray astrophysics
depend‘on.a kﬁowledge of the energy spectra of the particles at their
édﬁrce.' ﬁowever; near Eartﬁ Qe obéerve the spectra which are modulated
by thé'outwérd-fiowing solér plasma. The study of tﬁis long~-term
modulation, which ié;anti-correlated with the 11 year sunspot cycle,
has two immediate aims: ‘1) the deterﬁination of the local iﬁterstellar
spectra of cosmic ra&é, and 2) information on the state of the inter-
planetary medium throﬁgh which the pafticles diffuse and 1§se enéfgy.
Although 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
"electron" will refer either to the sum et +e~ or to the electron
component of cosmic rays without regard to sign.
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1

édvaﬁtageé over nuclei studies in realizing these aims. Among these
advantages1aré: |

 1) ;Thé possibility of independent knowledge of the inter-
_sﬁellaf ;béctra of eiectrons and positrons from the non-thermal-radio-
backgréund data aﬁd.éalculations of galactic nuclear collisions,
respectively. For the nuclei studies we can only estimate the inter-
stellar spectrum by ‘extrapolating the high-energy, near-Earth data to
low eﬁergies using an arbitrary.poﬁer law. |

2) The rélatively high'sensitiyity of tﬁe near—Earth

electron épectrum t§-the interplanetaryfcoSmic-ray diffusion coéfficient
and.the interstéllar'spéctrum.‘ It-has now beeh reélized that the: low-
eﬂergy (<1GeV/nuéleon) spectra of nuclei, where most of the available
data fall, are shaped:primarily by convection and adiabatiéldeceler—
ation and’are.reiatively insensitive to fhe‘low-energy values of both
the interstellar spectrum and diffusion cogfficient (Goldstein et.al.;
1970a; Rygg and Earl, 1971; Urch and Gleeson, 19723 Garrard, 1973).
Becauéé éléctrons are relétivistic in fhe energy region of 10 - 1000
Mev; they lose énergy throggh adiabatic*decelerétioﬁ at a slower rate
;hén the nuclei. The total effect of adiabatic deceleration‘is
diminished.further for electrons because the diffusion coefficient is
proportioﬁél to,véldcity;' Hence, eiectrons diffuse much faster than
Inuélei of the saﬁe energy and,_therefOre, lose less energy in pene-
tratingvto the Earth;from the boundary.

We emphasize that the study of.bosmic—réy 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 begring on the state of the interplanetéry medium and the
interstellar intensity of both electrons and nuclei. Many galactic
parameters, e.g. the magnetic field strength and the temperature of
the interstellar medium, are involved in relating the interstellar
electrén intensity to synchrotron radiation in the galaxy. Similarly,
the calculatidn of the negatron and positron spectra from galactic
nuclear collisions depends on physical'condifions in the interstellar
medium; The propagation and confinement of cosmic rays also depend on
fhese galactic'parameters.‘ Hence, the intérpretation df the cosmic-
ray electron flux observed near Earth'has bearing on the condition of
boﬁh local and iﬁterstellar space.
| Information on the galactic parameters used in these studieé

involves a wide variety 6f experimental and theoretical physics. - The
magnitude of the_avefage magnetic field in the galaxy has been esti-
mated to be in the range 3 - 5 p-gauss on the basis of the dynamical
balance ofithe cosmic-ray pressure with- the pressure of the galactic
mégnetic field (Parker, 196%a). This range is 'in rough agreementlwith
the observations of Faraday rotation and dispersion of pulsar signals.
The dispersion measurements also yield ithrmation on the number
density of thermal electrons in'interstellar space. The temperature
and ﬁUmber density of the thermal electrons in interstellar clouds
are obtained from observations of 21 - cm absorption. These fara-
meterg of tﬁe 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
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* power spectrum of the interplanetafy magnetic field yield'important
information on the cosmic-ray diffusion coefficient. Further infor-
mation on this diffusion coefficient comes from studies of the modu-
lation'ofléosmic-ray nuclei and from studies of solar-flare particle
prOpagation (Luptbn,f1972).

.:In this thesis we shall discuss these‘interrelated
pheﬁomena and attempf to form-a consistent picture of our knowledge
of cosmic;ray eléctrons. We shall make use of cosmic-ray positron
and negatroh data derived from obsérvations with Caltech instrumenté
.in thé range from ~11-1500 MeV over thé period 1968-1971, We shall
‘sppplement our-déta'with those of other experimenters to cover the
solar half-cycle beginning in 1965. We.shall‘dichSS the use of
numerical solutionsfto the equatioﬁ describing pafticle propagation in
thg intefpiahefary medium in determiﬁing the parameters governing the
modulation of electrons.i To calculaté the diffusion coefficient in
the‘interpianetary'médium necessary to explaiﬁ the‘observations, we
shail.néed a khowledge of the locél interétellar spéctrdm of electrons.
For this purpose we‘reanalyze'the ndn—thérmai-radio-backgrOund data
and derive a band of possible electroﬁ spectra abovg'”lOO MeV., With
these spectra we arfivé at the rigidity dependence of the diffusion
coefficient. An independent method of calculating»fhis dependeﬁce
is to'use‘the deer spectrum of the interplanetaryvmagnetic field.

We shall cémpare the-diffusion:coeffiéients_calcula;ed iﬁ thé tyo ways
to gaiﬁ information on both the rigidity and radialzdependencesvof the
'diffusion coefficient. vBelowﬁ“lOQ:ﬁey the radio data yield little

information on the interstellar electron spectrum, At these energies
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we use the'hear-Earth pqsitron.data and ‘the calcﬁlated interstellar
poéitron spectrum to‘obtain inférmation on solar modulation and the
intérstellar spectrum, We shali also.check the eiegtron-deriyed solar’
ﬁodulation pérameters for their appiigability to cbsmic-ray nuclei.
v-‘Investigations similar to poftions of the study presented

here have been carried out by Beuermann.et al, (1969, 1970) and Urch
and Gleeson (1972)._‘Beﬁermann et al. used their 1968 cosmic-ray
positron data to discuss the absolute modulation of positrons below
~200 MeV. The present study significantly extends fheir wérk by
including more recent positron dafa‘and_by includiﬁg a detailed'&is-
cussion.of'sdlér‘modglatioﬁ of both positroﬁs and electrons from
~101Mev to 10 GeV over the solar half-cycie beginning in 1965. Urch
and Gleeéén (1972} derived the rigidity dependence éf the diffusion
coefficient-above a feﬁ hundred MeV fromvthe'néar-Earth electron da;é
and anAinterstellar electron spectrum calculatéd from the non-thermal-
radio-background data. These diffusion coefficients were then used in
fitfing ﬁhe cosmic-réyvpfoton and He;nuclei data. The preéent study
extends their work in several ways, e.g._by 1) inciuding a detailed
stﬁdy of the transport equation for.electrons using numerical solutions,
. 2) -including the positron dﬁta in the study to provide inférmation

on the intérstellar speétrum and diffusion coefficient at low energies
3) quantitatively correlating positron #nd electron modulation results
to determiné coﬁsis;ent intérstellar spectra of these particles, and

4) quahtitatively correlating power-spéctra data and electron modulation
results to derive'information oﬁ both the radial and rigidity depen-

dencéiof the diffusion coefficient.
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II. DETECTOR‘SYSTEM

A. Overall‘Descfipgjon ;

- The poéitron aﬁd négatron data preseﬁted in this thesis
ﬁere derived from observations with a bailoon-borne magﬁetic spectro-
: meter_heaffthelpop'of‘thg atmospheré. 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 ﬁwo forms,
hereafter referred to as MOD-1 and MOD-2. MOD-1 was used in 1968
~and 1969 and'hasvbeenidescribed in detail by Rice (1970). It has a
leOO-gaués.permanentimagnef and an effective rigidity range of 6-200 MV.
MOD-2 wé§ f1own in 1970 and 1971 aﬁd is iden;icél to MOD-1 except that
it gmployé a 2300-gauss magnet and an additidnal gas 5erénkov counter.
Its rigidity fange ié 15-1500 MV. A brief overall description of
MOD-2 wiil'bg given fof_completeness, but‘emphasis will be placed only
dn éhe modifiéations,to the'original inst?umeﬁt. A schematic cross-
secfion of MOD-Z is sﬁown in figure II-1. .
An "event" (observation of a chérged particle) is.defined'

Ey a triple coincidence between Telescope Counter #1‘(T1), Telescope
Counter -42 (TZ),'and»thé~Lucite Cerenkov Counter (LE), and the

absence of a pﬁlse frém'ahy of the guard counters. This coincidence
produces the faét-gate pulse (FG) which_tfiggers ;he high voltage
'ﬁo'the spark3chambers and initiates the data reaa—out cycle. The two
4-gap spark chambers are“used to define tﬁe partigle{s trajectory
before and aftérvpassing through theAgaﬁ'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

eveﬁly spated at 48 per inch. The active’érea of each module is
5" x 9", The magnetéstrictive ﬁechnique is used in:determining the
spark locations. We measure the time delay between a fiducial
pulsé (fidﬁéial wifeé are>16cated outside: the active'chgmbér area at
each. end qf the modﬁle) and a subseﬁuentispark pulse. The spatial'
resolutiqn is‘approxiﬁately gauésian with a stahdardvdeviation of
x.008". .If’mofe tﬁan]one spark is present in a chamber, the location
of the spafk nearest Ehe pickup coil is recorded and a multiple;
spark-indiéétor (MSI) bit is set. Thevmodules are continuously
flushed dqfihgrflightfby‘standard "éparkéchaﬁbér neon"'(90%‘neonland
104 heliuﬁ). An ethanol admixture acfsvas a quenching ageﬁt.
The lucité_ﬁerenkov counter was fetained from the MOD-1

version aﬁd servés two'functions::
1) It eliminates a large portion of the cosmic-rayvnuclei flux,

fhereby increaging the effective live time for electron_events.
2) it éliminates approximately 96% of the.upward-moVing splash

albedo'particles. |
The veloéity‘thrgshold for Eerenkovv:adiation in lucite is 0.67 ¢
which corresponds to rigidity-thresholds éf 0.46, 845, and 1690 MV
~ for electroﬁs, prqtonég and alpha particles, respectiveiy. Electronic
data handling effectivély increases these thresholds by‘~15%.

The gas Eerenkov'counter (GE) was added to:the MOD-1 detector

system in order:
1) to eli@inate contamination due to cosmic-ray nuclei above L ;'.

ﬁhreshbid; becausé of the larger MOD-2 magnet, thesé particles

would be indistinguishable from high-energy electrons, and
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2) to further discriminate against upward-moving particles.

its ‘velocity threshéld'is 0.9984 ¢ which correépqndsvto rigidity
thresholdéof'0,0091;'16.8, and 33.6 GV for electrons, protons, and
alpha particles,:respectively. Each of the two phototubes of the
counterv(éee.Figﬁre II-1) acts independently; a coincidence between
the fast-gété pulée and the output of one phototube:generates a data
bit which"is'recordgdias part of the event's data word.

The specially designed mégnet guard counter (MA) is shown
with.the magnet in anfexploded isometric projection in Figure II-3.
The pole faces and the upper surfaéevof the.magnet are covered with a
plastid-séintillator which prevents the aﬁalysis of paftic1es that
might interact or scatter in phe magnet. . The 3-cm x 12-cm open
_paséage, tégether with Tl and T2, determines the acceptance cone of
the détecto?. | | |

The sides and éop of the instrUment, except for the
téleSCOpe‘aﬁerture, are surfounded by guard counters; These counters
are in,éctiQe anti-éoincidence and eliminate pértiélés whicﬁ entef
the detectér from outside the acceptance-éone and which might inter-
act;'providing particles which trigger the telescope counters.

A general block diagram of the electronics system is shown
in Figure II-4. An Accﬁtronbclock is used as a timihg device. It
drives_a 4-bit time scaler (16 minute cyclé) whose oﬁtput is used
to control the data-éollection cycle. During the first 15 minuteé
(referred COV;S Phase A).of each cycle, particles which,satisfy the
COincidence,fequirements 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, the two e bits, the time, and

temperature, is recorded on 16-channel magnetic tape. The remaining
minute of the l6-minute cycle is referred to as Phase B; during this
time the normal coincideﬁce trigger input is blocked and the following
rates are scaled: GG, TL ~ T2, Tl ~ T2 ~ L, 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
detérmine-deteéfor dead-time due to the guard counters. At the
beginning of Phase B an internal trigger is generated which results

in the appiication of high voltage to the chambers gnd the initiation
of thé readout cycle.' Since no particle is normally present in the
chamberé,-the_spacingfbetween the fiducials is thus ;ecorded to
provide a cheék of fhe digitizing circuitry.

The atmosphéric 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 eaéh flight and is
accurate to»i 0.1 mb at 2.4 mb, our typical float altitude.  Usually,
two redundant photobarographs were flown on each flight.

In.the follbwing we discuss.in more detail the,gas Cerenkov
counter and_the 2300-gaués.magnét, the two majofv;dditions to the

'MOD-1 detector.
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B. fhe Gas Eérenkov>Counter
' vThe,gas Eérenkov counter (see Figure II?l) contains sulfur

hexafluoride at 2.2 atmospheres absolute pfessure.b This configuration

has a Velécity tﬁreshold of v = 0.99840. The absolute kinetic energy

threshold for various'particles are:

electrons - . 8.62 Mer

muons 1.78 GeV
:pions- 2.50 GeV.
‘protons ' 15.7 GeV

‘alpha particlgé 62;9 GeV

vThe two flat mirrors servé to reflect the Eerenkbv light
into the phototube féées; Thé-mirrorSTare éonstructed éf 1/8-inch
lucite and are aluminizedon their upper surféceé} The conical
mir?ors are made pf spun aluminum wifh»their interior surfaces
aluminized. A coating of magnesium fluoride covers all'mirror
surfaces to retard oxidation which»ﬁould:othetwise cause poor
refleétivify at ultraViolef‘anelengths.:'Thé cqnical and flat mirfors
are mounted on a thin alumiﬁum basket which is‘ﬁﬁt shown in the figure.
Of these ﬁieces; onIthhé flat mirrOrs are within the écceptance cone
of the détectof. |

Theﬂphototﬁbesbare EMI‘9531 QB (Whittéker Corp., Plainview,
N. Yf) whigh have quartz faces 3 1/2 inches in diameter. A 1/2-inch-
thick fused-silica window (Corning Giass Wofks, Orange, California) is
mounted in front of eéch phototube to protect them from the gas
pressure. High voltage for the tubes is supp1ied by DC-DC converters
(Crestronics, Crestline, Caiifornia)'whiéh 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 spafk noise. A coincidence between the fast-
gate pulse and the discriminator output of either phototube generates
a data bit for ﬁhe'phototube involved.

| The coﬁnter was calibrated at the Caltech Synchrotron using
300-MeV pééitrons. forty-five incidént beam directions were chosenl
to cover'the acceptancé coné qf the detector. For each incident
direction a.pulsé-height anaiysis was made, #nd from the resulting
distribution the mean number of photoeléctrons emitted from the
cathode was determined. For each phototube this number varied ffom
approximately 4-10 over the range of incident directions. The average
over ditection waé about 6 photoélectrons. The.electronié A |
discriminatibn 1eve1'waé set just above thevone photoelectrbn level,
'which resﬁltsviﬁ an avérége efficiéncy.of appfokima;ely 98¢4. However,
the efficiencyvof the counter slowly decréaseé with time due to
oxidation of the mirfqr surfaces. Thérefore, we deéérmined the
éfficiency of the gas;Eerenkoﬁ counter directly from the flight
data by é pfocedure described in Appendix A.3.c. We found that
the éfficiency ﬁaé approximately 934 and 849 for 1970‘and 1971,

respéctively. !

The effective energy "threshold" is not precisely determined
since the éétual nuﬁber of bhotoeleétrons emitted from the photo-
;athode is Poisson distributed about the mean; hence, any particle
above'the éB$o1ute velocity threshold haé.a finite pfobability(of
producing eﬁough photoelectrons to tfigger the discriminator. In

Figure II-5 we show a‘'plot of the Cerenkov light output for singly-
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charged particleSIVeréus Y= —Ez-where W is the total energy of the
particle and m is the festvmazz. Particles with Y'greatgr than about 3
times the absoiute thfeéhpld valﬁe produce more:thaﬁ‘90%.of the output
level of Eompletely,relativistic particles.. We roughly estimate the
"effective" threshold as 504 of the full output. Tﬁe corresponding

effective kinetic-energy thresholds for the various particles are:

electrons 12 MeV

muons . 2.5 GeV
pions i 3.4 GeV
| protons . ‘ 22 : GeV
alpha partiéles . 67.5 GeV

‘The noise rate of the phototubés was monitored during the
Phase B period. At flo;t altitude>tfpical values of the combined
-noiSe'rate were 600/sec and 1200/sec in 1970 and 1971, respectively.
The{probability of aﬁ accidénta1 coincidence isvgiven approximately
by the product of.the noise rate and the sum of the widths of the
vfaét-gate'and the discriminator outpﬁt puises, which was about 10—6
seconds."Thus these probabilities were roughly .0006 and .00l in
1970 and 1971, respectively.

[
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C. The Magnet i

The 2300-gauss magnet (Indiana-General Corp., Valparaiso,
Ind;) uééd:in'fhé MOD-2 configuration is shown in Figure IT-3. The
construction is similar to the 1000-gauss magnet employed in the MOD-1
coﬁfigurétion as_describéd by Rice (1970). Alnico-8 permanent magnets
are used, and a magnétic circuit of steel reduces external fields as
much as possible. The three orthogoﬁal components of the field were
measufed at l-cm intervals throughout the volume accessible to the
éarticles_out to a distance of.8 cm above and below the magnet. In
Figure II-§ we shqw a:plot of these three components.élongbthree
rep:esentétive pathsfthrough the magnéf gap.: Tﬁe 10§ations refef td
a right-handed coordinate system with the origia at the.cénter of the
gap. The z-axis is vertical and posifive upward; the_x-axis is
perpehdicﬁiar to the:pole féces'and positive toward the south pole
(see'Figﬁre I1-3). vThe magnetic fieldeas ﬁonitored‘before and after
cach fligh‘t_by‘va. permanently mounted Hall effect device (F. W. Bell,
Iné., Columbus, Ohio); no change.in the field'strength greater than.
~10 gauss was noted on any of the flights;

" The geometrical factor ofltheVMOD;Z dé;ectdr was determined
at 7 different rigidities Betweén 12 and 400 MV by the Monte-Carlo
method descriﬁed by Rice (1970). 1In Figufe iI-7 we show the geo-
metrical factor as a fuhétion of rigidity. The error bars represent
the flgc;ﬁation dué_to the finite number (1000) of valid trajectories
used:in the.Calculation; | | |

The-deflection-of a parti¢1e of.rigidity R (MV) in a

magnetic field B is'given by
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4

o(rad) = 2210 fB dy (1I-1)
) ’ , T

where B (gauss) is the component of the field normal to the trajectory
‘ X

and dz(cm) is an.increment of distance along the path. The line
integral in equation II;l’is referred to as the.magnetic path, M.

The Monte;Carlo program that calculates the geoﬁetrical factor also
computes the value of M along each particle trajectory. In Figure II-8
- we show the mean values of R times 6 in MV-radians at 7 rigidities
between 12 and 400 MV. The solid erfor bars refer to the rms
deviation and the dashed error bars represent the extreme values. At
each rigidity ﬁhe vaiue of RO is within 24 of 8.85 MV-radians. The
rhs.deviatibn is typically less than 2¢ Qf the hean and the extreme

' values are within about 74 of the mean. Since the resolution of the
detector, FWHM (see Appendix A.2) is 16% we can use the mean valﬁe
with negligible erfor. Thgs we use the following apﬁroximateA

relationship between deflection angle and rigidity for all

particles:

R = 5'%5 MV (MOD-2) '  (II-2a)

The corresponding relationship for the MOD-1 detector, using a_lbOO-

gauss magnet, is

R = L_sé_s_ MV (MOD-1) (1I-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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and thus eliminates the necessity of detailed trajectory reconstruction.

It is thus sufficient to read out spark locations in the y-z pro-
jection only, which saves considerable data Stofagé'and detector

live time.
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III. BALLOON_FLI'GHTS’

'The'Cal;@Ch data pfesentéd in this thesié’ﬁefefdeiived from
10 high-éltitude ballooﬁ'flights launched from Ft. bhurchill, Manitoba
during the summers of 1968, 1969,’1970, and 1971. (The data from 1968
were previously published. (Beuermann et al., 1969, 1970)) We summarize
in Table iII;l the relevant information on these flights.

In Figure III-i we show trajectories of three typical flights.
We also show in the figure the invariant latitude contours, calculated
from theAinternal fieid-only (Cain et al., 1967), in order to indicate
the tréjectories in the geomagnetic field.

FiguréviII-Q’showé two typical'altitude profileé. The solid
curve is from flight 71C2 and is representative of Ehe altitude profiles
of eight'of the flights.. In each of these éightvflights the launch was
timed so that the instrument passed through 7Oﬂg/cm2_a1titude after the
evening transition to low geomagnetid cutoff. ' This timing ensured that
the ascent déta ﬁsed in the separation of atﬁospheric secondaries wére
bnot:contaﬁinated by rétﬁrn albedo electrons. ‘(Sée Chaptér IV.) The
dashed curve in Figure III-2 is from flight 69Cl. This step profile
~and a'similar one from flight 69C2 were used to more accurately define
the-étmosphe;ic.deéth dependence of the electron flux in 1969.

Tﬁe rélatioﬁship.of our flightsvtobthe.ll-ygar solar modula-
tion cycle is shown in Figure II1-3. We have plotted'the daily avéfagg
of the hpUrly count fate of the Deep River neutron monitor (Steljes, -
1965.-‘19 71) for the period .‘1962-19 71. Ground-based neutron monitors
record the néar-Egrth 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—enérgy‘cosmic-fay intensity. The neutron monitor intensities reacﬁ
a maximum during the.period df‘ﬁinimum solar'activity (1965-1966) and a -
minimum during solar maximum (1969-1970).' The dates of our flights are
marked with verticai 1ines in Figure III-3. The flights cover the
period near solar maximum. We shall supplement our data with those of
others to ¢ovef the s6iar haif-cyéle béginning in 1965.

Sincé we are interested in the long-term modulation of galactic
COsmig-ray_électron speétra, it is iﬁportant to identify short-term
variationé that might:affect our measurements. Short-termvfluétuations'
are generally aséociated with»solar.activity.; The energy spectra of
particlés_emittedifrom thé sun -are usually quité steep and, hence, the
efféct of solar.emission is mést significant at low energies. In
additioﬂ, Fﬁrbuéh dééréaséé usﬁally folldw iarge solar flafés and produée
a general depression of the galactic cosmic;ray flux below several GeV.

We:have examined the followiﬁg sources of data relaﬁing to
solar activity during the peribd of our balloonvflights: »

1) ESSA bullefins (ESSA Solar Gebphysical'Déta, 1968-1971), which
| confain,_for example, data from:solarvproton monitors on Explorer 34
and aizsatellites‘(Ep > 10 MeV) and gn the ATS-1 satellite
(Ep E'S{MeV), geomagﬁetic indicés, and daily avefage of neutron
monitor fates.
2) Caitech cosmic-ray experiment on the 0GO-6 satéllite, which provided
information on low-energy protons and electrons from June 1969 -
'~ July 1970.
3) Coddardepace FlightVCenter cosmic-ray experimeﬁt on thé IMP series

of satellites, which-provided almost continuous data on 3 - 12 MeV
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eiéctrons from November 1963 - September 1969. (A summary of the
glectfon counting rates froﬁ these experiments is given by
McDonald et al., 1972.)
The observationé of 1968, 1969, and 1970 were made during or just after
thé recovery phases of Forbush decreases; as indicated by the neutron
monitor counting rate (see Figure III-3>.‘ However, from examination of
the data.from the other sources, we have:'concluded that_shoft-term solar

activity, e.g. solar flares, did not contaminate our electron fluxes.

We have also examined the Goddard Space Flight Center 3 - 12 MeV

electron data for evidence of the large quiet-time ipcreases observed
below yZS:MeV (L‘Heuréu#'et al., 1971; McDonald et al., 1972); We have
concluded that our 1968 salloon flights corrésponded'to quiescent flux
levels. Nq comparisdﬁs 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 différenf flights during the 1969 sumﬁer‘aré not
significantly different; Hence, we may assume that our data are
typicél qf undisturbed times.

We'have made similar comparisons of the raw fluxes from
'différent flights for the sﬁmmers of'1968, 1970, and 1971. 1In the
absence of significant differences we havé combined the data from the

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

" The data analysis procedure for the obsetvatiéns made with the
detector iﬁ the MOD-1 configuratibn has been previously described (Rice,
19705. The procedure for the MOD-ébdata is similar; however, the
addition of the gés gerenkov.gounter and the larger magnet does fequire
.some'new consideratiéns. We shall give a general outline of the proce-
dure; detaiis of thesahalysis technique are describéd in Appendix A.

The basic information pfovidéd in.#he data.word.for an event
consists of: the spark location in each of Ehe eiéht spark-gap modules
(4 above and 4 below: the maghet), the.multiple-sparkiindicator bits,
‘the gas E;reﬁkov bifs; and the time and temperaturé'(see Chapter II).
In the initial phase of the analysis we sort the eveﬁts aééording to
spark chamber perforﬁance. The selectionAcriteriabfor this sbrting are
reviewed iﬁ Appendix‘A}l.a. Roughly 154 of the data are rejeCted from
anaiysis in épplying-these criteria.

| In thé.pfocess of determiniﬁg chamber'performance, the’
particle trajectory through each spark chamber (4 spark modules) is
determinedxfor:the énalyzabie events by making a least-squares fit to
the measured spark lbcatiqns to a straight 1ine.. Thé'bending angle
through the magnet is then computed. A trajectory-gonsisténcy check is
made to determine whether the calculated trajectoriés in the two spark
chambers afe consistent with the bending expected in the magnetic field
for the ;éméuted deflection anglei The selectipn criterion established
fdr.thistBstAis 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,probabiiity that an event with a misfit trajecfory,
etc., ié aécepted; Because of resoiﬁtidn effects approkimaiely 114 of
Qalid MOD-1 events and about 74 of valid MOD-2 events are also rejected.
The deflection angle computed from the tréjectoriés is
inversély proportional ﬁo particle rigidity (eqdatioﬁs I1-2a and-b){
The relaﬁidnship between this computed rigidity and the true particle
rigidity involves a study of the resolution of the detector. The
ability of the detéctor to measure the rigidity of a.particle is affected
primarily by 1) multiple scattering within the chamﬁers or magnet gap,
and 2) inffinsic angﬁlar resolutiqn resulting from the spatial resolution
(=.008") of each spark location measurement. Both effects, as well as
thé results'pf calibratidﬁs at the Caltecﬁ Synchrotron, are discussed

in Appendix‘A.Z. The result is that the angular probability distribution,

P(6, 6')d0" . pfobabiiity that a particle with rigidity R corresponding
to deflection angle 6 will actually be'observed to ha%e deflection angle

between 6' and 0' + dO', is approximately Gaussian, i.e.,

]
P(6,0') = exp [M] (Iv-1)
, oy /' o
9
where 0, is the standard deviation. From Appendix A.2 Qe have:
-Ue = ~/(.176)2 + (.0025)2 'MOD-1 . (IV-2a)
o =~ (.0688)2 + (.0025)2 " MOD-2 (1V-2b)

The deflection resolution P, FWHM, is given by:

2.360

b= _9__9_ - Joan? 4 (-1329-)2 MOD-1 (1V-3a)
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P = «/Q716) e 0259)2 MOD- 2 (1V-3b)

A plot of'tﬁe resolution is shown in Figure A-7. Note that the effect
of multiple‘scattering (constant term in equations IV-3a and b) is
dominant below ~100 MV and is insignificant.above ~500 MV. For MOD-2
the angular resblutionvhas a minimum value of ~16% and increases to
1004 at ~1500 MV (9 ~ .006 radians).
| Once the bendlng angles are determined for the analyzable
events, the data are sorted into deflection-angle (energy) bins over
-approﬁriate time intervals.. In détermining_the flux of electrons, only
data tagged with a gas gerenkov bit are used. The raw fiux in units of
particles/(m2 sec sr MeV) for a given timé interval is defined by:

N. . . | - ' '
F, = ———= ' (IV-4)

£y, 3 Dgd Eoge 0T,

where:
i’é energy interval index
N =vﬁumber of GE events in ith‘energy’intefval during
speéified time iﬁterval |

t. = total live time during the time interval

2]
1

average geometrical factor for the ith energy
inter§31 |

DG8‘= spgrk chamber efficiency fac;or

AT .='wid;h of ith enefgy interval

X;ff:='gas Xerenkov efficiency factor.
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For convenience, we list in Table IV-1 the deflection-angle intervals,
the cerresponding ehergy inﬁervals, ahd the avefage geometrical factors
for»both.MOD-l and MOD}Z data. The parameters tL’fDGE (typically
0.75 - 0.85), and ¥__. (0.93 in i97_o and 0.84 in 1971) are discussed
in Appendix A.3.. | |

In tﬁisAtheeis we are interested invdiscuésing the implications
of the flux of primary electrons, i;e. galactic‘perticles which have
penetrafed‘through the interplanetary med ium to.1 AU. Therefore, in
analyzing electron fluxes obeerved near Ft. Churchiil, Manitoba it is
important to‘distinguish between fluxes at rigidities above the geo-
magnetic cutoff rigidity; which consist of primary electrone and
atmosphefic secondaries, and those fluxes belew‘cutoff, which'coneist
of re-entraet albedo electrons eﬁd atmospheric secoﬁdaries. Recent
calculations (Smart, 1971; Smart and Shea, 1972), based on a magneto-
spherie hodel with magnetic fields of_both infernal end external origin,
have.showe that the'geomagnetic cutoff rigidity for Ft. Churchill
\ %v700) isveppreximateiy 150 MV during local_daytime (~0600 to ~1800 '
local magnetic time) and has an abrﬁpt transition (due to the.asymmetry
of»the magnetosphere) to a value Belew 20 MV for,ioeai nighttime.
Since the intensity of re-entrant albedo eleetroﬁs is found:to be:
larger than that of primary electrens, this cutoff rigidity transition

. : [

ie_observed_in balloon-borne electron detectors as a change in the
cqunting rete of low-energy electrons (S 150 MeV). Such transitions
have been observed near Ft. Churchill in the deta from the Caltech
instrument (Rice, 1976), as well as in the data fr0m other experiments

'(Jokipii et al., 1967; Hovestadt and Meyer, 1970; Israel and Vogt, 1969).
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TABLE VI-1
A. MOD-liParameters-'A
 Deflection Energy Interval Average
Index Angle Interval at Detector Geometrical
L) (Radians)’ _ Mev) A Factor
2
(cm” sr)
. + %
1 .6 - .3 5.4 - 11.3 2.52(e’) 2.17(e )
2 .3 - L1464 11.3 - 24.1 ' 3.50
3 144 - 072 24.1 - 48.8 ’ - 3.70
b .072 - .036 48.8 - 98.1 - 3.70
5 .03 - .018  98.1 - 197 » 3.70

*. S '
~The asymmetry in the geometrical factor in the lowest energy range is
due to a slight asymmetry in the geometry of the detector.

B. MOD-2 Parameters '

Deflection Energy Interval _ Average
Index Angle Interval at Detector Geometrical
(i) (Radians) (MeV) Factor
. 2
(cm~ sr)
1 6 - .3 14.3 - 29.0 2.14
2 ' 3- .15 29.0 - 58.5 | 3.14
3 .15 - .072 58.5 - 122 | 3,62
5 .072 - .036 122 - 245 3.80
5 .036 - .018 245 - 491 . 3.80
6 ©.018 - .009 491 - 983 - ~ 3.80

7 .009 - ,006 983 - 1475 3.80
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An,examplé of a typical transition is shown in Figd;eHIV-l. We show
_tﬁe hourlyrgount,rate,plotted versus local time for the -five lowest
energy intervais'of flight 71C2. Positrons (dotted histogram) and
ﬁégafrons kéolidvhistogfam) are shown separafely. In the low-energy
intervals (S 245 MeV) iwe use only .the indicated nighttime (1§w-cutoff)
péfiodvin aériving electron intensities. : Since no night-day transition
wasbobservéd abové 245 MeV on ény of the fiights of 1970 or 1971; the
total'floaf period is‘ﬁsed in compufiﬁg the fiuxes for the three highest
energy intefvals for these yeérs. The raw flux measurementsvat float
altitude for 1968, 1969, 1970, ana 1971 will be presented in Chapter V.
These.propeflj selected ré& fluxes at fléat altitude cénsist
of primary Cosmic-ray'electfons and secondary eiectrbns éenerated in
the‘atmospﬁére above therdetector; We have aiso coﬁsidered the following
possible sources of contamination: upward-moving particles (splash
albédo and'thosé due to y-ray interactions in the-lqéite Xérenkov
countér), éfmbspheric muons and pioﬁs, secondaries produced in fhe gas
Eereﬁkov counter, high-energy cosmic-ray nuclei'abové gas Eerenkov
threshold (which could be incorrectly identified as electrons), accidental
gas Eerenkov coincidences, and spark‘chamber misalignment. For the
highest energy interval of the MOD-2 data it was necessary to make small
correctioné for contamination from high-energy nﬁclei, accidéntalvgas
Eérenkov coincidences; and spark chamber misalignment. In all other
MOD-2 ehergy:intervals the corrections were negligible. In the cése of
"MOD-1 data, small corféctiohs in the lower energy intervals for upward-
moving partiéles were ﬁecessary. The investigation of all the sources

. . |
of contamination mentioned above 1is described in Appendix A.4. The
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values of.the significant corrections are 1isted'in_th§_§a;a tab}es
of Chapter V. ' o

At our typical floaf altitude (2.4 g/cmz) atmospheric
secéndafy.electfonS'represent a large confribution to the flux below»
a few huﬁdfea'MeV. ,fﬁe procedure for Separating these particles from
the primary'eiectrons has been described in detail (Rice, 1970). We
shall oniy-briéfly descfibé the method. -

The atmospheric depth dependences of the positron and
negatron rates* in a given energy interval.are determined from the

data ‘collected during ascent and descent. We represent these observed

rates, r;i; by:
i
R + & | .
ERORIAR N R RS A | (1v-5)

i

where d is the atmospheric depth, si#(d) and pii(d)vrepresent the

calculated depth depehdence of the rates of secondary and primary

+

positrons or negatrons, respectively, and a; and bii are parameters

giving the relative contribution of each component. We use the
calculations of Beuerménn (1971) to evalﬁate the functions sii(d) and
p,f(d). The sii(d), the secondaries generated by the nuclei component
i :

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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neﬁtron monitqr rate (Lockwood , priQate ¢oﬁmunication);andvin the
integral flux.of nuclei above 400 MeV/nucleon which is measured
directly by Qur'detector. To calculate thg pii(d) it is necessary
to assume specific forms.fOr the primary positron and negatron sﬁectra
-incident ét_the top of the atmosphére. |

'Ajleast-sqﬁares fit'iS'made_to:determine the values of aii
.~ and biié,as well aé their.sta?dard deviaFions caii and cbii; The
1o;a1'rate at float éltitude of priﬁary positrons,aﬁd negatrons is

. then given‘By

eii = b, pii(d = float altitude). (IV"é)

‘'The rates are qon?erted to flukes aﬁd corrected';o the top of the
atmosphere by a procedure described in Appendix‘A.S. The corrected
fluxes afé then used to estimate a new primary input spectrum in an
iterative galculationi In practice thebdéri§¢d spectrum at thé top
“of the afmopshére is:not_very sensitive'to the assumed inpuf spectrum,
and the proééss conQefges quickly.
| .The ﬁfocedure described above for the separation of thg

primary éndvsecondary Eomponents by a fitting technique is used for
the loﬁest energy intervals (g 245 MeV) where the growth curves can
be meésured with reasbnable statistical accuracy. For ;he highest-
energy infefvals (MOD42) ;hese growth curves gré statistically not as
well definéd; At these'energieé, ﬁowever,rthé atmospheric secondaries
correction is sufficiently small so that the sgcqndary'component can

be calculated and éiMply_sztracted from the observed flux to give the
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primary gontriBution.f'

Two e#ﬁméieé of éhe fitting technique for-Aefefmiﬁing the
‘prﬁnary‘and secondary:comenents of the measured flux are shown in
Figure IV—Z. Figure IV—éa illustrates a case in which a relatively
large contribution of residual-primaries.is obtained; Figure IV-2b
shows a case in which zero primary flux is determined. The upturn
at large atmospﬁeric depths in the residual primary curve of
Figure IV-2a is due to the energy 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 anaiysis
" described in Chaptef v and»Apbendix A. .Since the energy range and the
data analysis procedure were somewhat different for the two detector
configuration# of our'instrument, we disguss the resulfs from MOD-1
and MOD-Zvébservétionsiseparately.

v'The’1968 and 1969 obsérvations were made with the MOD-1
detector configuratibd.. The Absence of the gas_aeréhkov coﬁnter'and'
_the‘smallérf1000-géuss{beﬁding magne£ restricted the rigidity range to
6—200 MV.aﬁd.required'corrections at theilowvénefgies for gammé—ray-
induced background aﬂd splash albedo. The method éf cérrecting for
gamma-rayuintéraétioné.in the lucite ferenkov countef has been described
b?,ﬁice (1969). His results have been changed slightly and‘the esti-
matgd errérs reduced as a résult of fgrther calibratidns at the Caltech
Synchrotron}' In addition, the splash-albedo corrections of Rice (1970)
have been reduced.by'one-third. This change in the correction‘was made
.afﬁer céliBrationé'showed that electrons entering the detector from the
backward difection had a higher p;obability of being fejectea from
analysis than forward—movingbpartiéles (see Appendix A.4.a). The
results for 1968 are shown»iﬁ-Table V-1 and Figure V-l, and the 1969
results are giQen in Table V-2 and Figufe V;Z. In some cases a small
négative primafy~f1ux was obtained from.the fitting»pfocedure, indi-~
cating that the’data were dominated by atmospheric secondaries. Iﬁ
these cases a 1-0 upper iimit above zero flux has beeﬁ.listed. In

1969 the atmospheric contamination was more severe than in 1968 because
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1) bnly lower floatAaltitudeS'couid be reached during the 1969 obser-
vationé and 2) the primary fluxes were lower due to-iﬁéréaséd solar_
modulation. For low-enéfgy positrons the atmospheric secondaries
contamination is smailer than for ldw-enefgy neéatrons sinéé the knock-
on componént iS‘th-preseﬂt. As a result, measurébie low-energy
poéitron fluxes were obtained for both years.

The 1970 and 1971 dafa were collectedeith'the MOD-2 detector.
The addi@ioh of the gas ¥erenkov counter and éhe larger 2300-gauss
magnet eliminated the neéessity to correct for upward;moviné particles
“and also allowed an extensioﬁ’of the rigiditf range to 15-1500 MV. The
dﬁsérQed fiuxesAwefe corrected to the top of the atmosphere using thé
matrix-inversion procedure described in Appendix A.5. The 1970 results
are shown in Tables'Vf3 and V-4 and Figure V;3, and‘the'1971 data are
givenﬁin fabléS_V—S and V-6 and Figure V—Q; (The subdivision of the
tébles, cofresponding to the low-energy (< 245 MeV) aﬁd higﬁ—energy
data,.is due to the different'analysis pfocedures used at 16@ and high
énergies (sée Chapter;IV).)> .

The relatively large error limits of the data reflect the
difficulty in measuring the charge composition of the eleétroﬁ spectrum
within the atmosphere. 1In our energy range of 6-1500.MeV, which is of
major interest to solar modulation studies, a magnet.épectrometer, such
as thé Caltech detector, is the only instrument ﬁhich can effectively
détermiﬁe-this composition. Such inétrqments ﬁnambigubusly determine
the chargé éign and offer excellent eﬁergy resolution. since ghe electrons
pass'throﬁgh little mass in traversing the magnet spectrometef. The

upper limits and error bars of the data primarily reflect the contamina-
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tion from atmosphérid secondaries at balloon altitudes. The size and
-weight of fpé instrument néceésary to record thevrélgtivéljviow flux of
cosmic-ray electfons have made it unsuitéble as a éayload for
satellites so far. Thus balloon-borne spectrometers are presently
our only source of infbrmatidn on positron data in this important
'enérgy range. Indeed, during the period 1968-1971 the Caltech positron
observationé representvthe only published daté in thié energy range.
Despite the_uﬂcertainties,.these‘positron data allow important
definitive éonclﬁsions régarding the low-energy interstellar electron
spectrum'aﬁd fhe low-energy cosmic-ray diffﬁsion.coefficient. Indeed,
below AiOO_MeV the positrons represent the only diréct tool for studying

solar modulation.-
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VI. DISCUSSION OF SOLAR MODULATION

A. Introduction and Statement of the Problems

The sfudy of the solar modulation of electrons prbvides
'informa;ion on pﬁysical conditionsAof‘the’interplanetary ﬁedigm,_e.g.
the cosmié;ray diffusion coefficient, as weli as iﬁformation.on-the
'locai interstellar specfra of electrons and positrons. These spectra
carry the signature of their origin, i.e. of‘their sources and of the
‘-intersﬁéllar medium iﬁ which they.were stored; fﬁe electron modulation
study alép contrithes’to the underétanding of the modulation of cosmic-
ray nucléi; pfovidingﬁimportant parameters for the deductién of their
interstellar spectra.

o .The Caltech electron‘daté.showpiin Chapter V were acquired
'over'thevpériod 1968—1971_and extend over thé energy range from
A1 - 1500 MeV. We show in Figure VI-1 our 1968 and 1971 electron.
flukes togetherwwith'Selécted data from other authors which extend over
:thé energy range 10 Mev to 10 GeV and cover the pefiéd since the lasﬁ
solér miﬁimum in 1965-66. The effects of thg long-term solar-cycle
variation are readily épparent in the hundred.MéV range in Figure VI4ia.
For exaﬁplé; at ~300 MeV there is about a factor. of 10 difference in
the 1965-66 and_19?0vf1uxes. Above ~10 GeV no'distiﬁct long-term
variations have been observed and hence we shall ignore this region of
the spectrum in our solar modulation study. Below_~25 MeV observations
from detécto;s on the IMP and 0GO-5 satellites have shown éhort-térm
variations by fécﬁors.of ;3-5 over time intervals of a féw days

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

3-25 MeV, and are often énti-correlated with 1ow-enérgy solar-proton
events. It has been:suggeSted that the 1ow-enérgy,e1ectrons observed
duriﬁg qﬁiet-timé iﬁCreasés, as well as during quiescent times, aré of:
'gélactic érigin. Bééause qf these short;tefm variations, the long-term
ﬁbdﬁlationvat'theéé énergies is not well;determined. McDonald et ai.
have put an upper limit of a factor of 2.3‘on the intensity variation
from soiar minimum tq-solﬁr maximum. It is important to note that the
short-term variations‘are not observed above 25 MeV (L'Heufeux et al.,
197,

Ouf observatidns usihg balloon flights, each of which lasts
~20 hoﬁrs,'and whichﬂare separated by a feﬁ days, ére not Well suited
‘to thevétudy.of the short-term variations. Thg period of our 1968 data
correSponds.to.quigt;time conditions.aé qbserved in the 3-12 MeV
electron fiﬁxes frﬁm fhe IMP-4 sateiiite‘(McDonald etval., 1972). The
data from Simnett and Mcbonald (1969) for 1967 and L'Heureux et él.
(1972).for 1968 in Figuré VI-la repgesent the,avéragéAflux.levél
"during solar quiet times. This thesis, thergfore, addresses itseif
to the lbngfterm effects of solar modulation only. o

We shéll present a quantitative analysis of the sblar-'
modulation process WHich uses the eléctron and posipron data for its
* basis but which provides a consistent picture of the modulation for all
cosmicfray;particles. Some of the outstéﬁding problems of solar

‘'modulation studies are:

1) Interstéilar Electron and Positron Spectra

In order to make deductions on the absolute solar modulation of
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electrons it is nécessary to have an estimate of their interstellar

. spectrum. Previous investigations have used either a) "a power-law

extrépolation to low energies of the observed high—energy spectrum

" (>10 GeV), which is expected to be little affected By.solar

modulatién'(Méyer~et él;, 1971; Schmidt; 1972) or b) a spectrum
above a few hundred MeV calculated from the non-thermal-radio-

background data with a power-léw extrapolation to lower energies
(Burge? and Swanénburg, 1971; Lezniak and Webbér, 1971; Urch and

'Gleesoh, 1972). Thesevextrapoléﬁed interstellar'spectra differ

'conSiderably; e.g. about a factor of 10 at 100 MeV. Nonetheless,

by usiﬁg differeﬁt.approximations to the transpdrt équation and
different diffusion coefficients, the authors h#ve made the

different interstellar spectra consistent with fhe.data observed
near Earth. In addition, the interstellar positron spectrum has

been calculated by several authors, e.g. Ginzbﬁfg and Syrovatskii

(1964), Hayakawa et al. (1964), and more recently by Ramaty and

Lingenfelter (1966, 1968), Perola et al. (1968);Beedié'(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, k. The

diffusion of cosmic-ray particles results in part from pitch-angle

scattering due to the irregular fluctuations of the interplanetary
magnetic field. Several authors have derived equations relating

the diffusion coefficient to the power spectrum of the interplanetary
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'maénetic field (Jokipii, 1966, 1967{ 1971; Haséglmannvand Wibberentz,
1968;.Roe16f, 1968;_Eér1, 1972b). However,'obse;ﬁations‘of the power
’spectfgm are available for oqu a feﬁ limited time periods and
generally do noﬁfcover a.large enough frequency range to
establish the rigidity dependence of the diffusion coefficient:
below a few huﬁdred MV. Moreover, these measurements have all been
made relatively neaf'Earfh and thus there are'few obsérvational
.data on the radial dependence of the diffusion coefficient. A
furﬁher,point of ‘controversy is the question of the separability
of K. Some authors (Burger and Tanaka, 1970; Burger, 1971; Burger
and Sﬁahenburg} 1971; L'Heureux et al., 1972) argue that the
diffusidn coefficient must be a'noﬁ-separabie function of radius
and.rigidity iﬁ order to fit thé cpsmic-réy nuclei and electron
data;‘ﬁheréas others haﬁe assumed a separable function. in interpreting
the data (Gleesonvaﬁd Axford, 1968; Goldstein, Fisk and Rahaty, 1970;
Fisk, 1971; Gléesbn and Urch, 1971; Lezniék and Webber, 1971;
Meyer et al., 1971; Urch and Gleeson; 1972; Garrard, 1973).

3) Moduiation Region

vConsiderabie speculation exists concefning”the héiiocentric
radial distance to the "boundary“'of the modulation region. Solar-
'flare_s;udies have generally indicated a rather nearby Boundary
in thg”Vicinity of 3-6 AU, whereas some studiesléf solar modulation
have ﬁsed much larger boundary distances,:e.g. ~25 AU (Bﬁrger and
Swanenﬁurg, 1971, Fisk; 1971).

4) Analytic Approximations to the Transport Equation

Several investigators have used sufficiently simple approxi-
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mafions to the cosmic-réy transport équation suéh.that analytical
éolufidns are obtained (é.g. Cleeson{énd A#fbrd; 1§67,>1968; Méyer
et al.; 1971;-Ear1, I9723;Schmidt, 1972). These analytic solutions
divergé at low energies aﬁd hence the interstellar spectra and
diffusibn coefficients deri&ed from ﬁhese approximafions

nécessarily differ.

Iﬁ fhis\chapter,wé shall attempt to résolve some of these
discrepéncies. - We shall firé; briefly review the basic physics of
solaf‘modulatibn andfdiscﬁss our resultsjof a nUmefical anélysis bf the
coémic-féy transport:equatidn fof eiectrons.'.We_shgll theﬁ discuss‘the
results of a self-conéistent study of soiar modulatibn. The majof
eleméntg.of this étudy are:

1) 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.

2) 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.

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

i

~10 GeVderived from comparisons of numerical solutions of the

transport equation, using the interstellar spectra derived in i)

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

(f 100vMeV) the results allow us to comment on the so-far unknown

interstellar electron spectrum.
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4) A cbmggriSon of these diffusion coefficients with those derived

from the available power spectra of the interplanetary magnetic

field. From this comparison we comment on the possible radial

variation of k 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.
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B. Background Physics

The physics‘of the interplangtary medium responsible for solar
modulation is well-established. The solar corona is dynamically unstable
- and expénds.out&ard from the Sun at supefsonic velocity (Parker, 1963).
The magnetic fiéld of the Sun is frozen into the hot, fully ionized,
highly conducting plasma and is swept outward into interplanetary space.
The rotatiqn of the Sun'(ﬁith angular velocity Q) causeé the magnetic
lines of fofce to have,.on the average, the shape of an Archimedes'
spiral. Superimposed'on ﬁhis‘average shape are irregular fluctuations.
Charged particles penétrating intq the interplanetafy medium are
spiraling about this solar magnetic fiéla and those with gyroradii
comparable:to the wavelength of the fluctuation undergo resonanf
pitéh—angle scattefiﬁg. Thi§ effect‘gives rise to a random.walk of
particles élong the éVerage fiéld-line direction. In addition,
particles are transported perpeqdicular to the field lines because the
lines ofvforce also execute a random walk. 1In general, this diffusive
process is describedgpy.a diffusiantensér (Jokipii, 1971) which
includes other effects such as curvature drift and the gradient of the
average maghetic field. These curvétﬁre énd éradient drifts are not'
expected to be significant.for galactic energetic particles
(Jokipii, 1970). In this thesis we shall igﬁore these terms of the
diffusion tensor and treat only ﬁland K ; the diffusion coefficients

A o 1 :
parallel and perpendicular to the interplanetary magnetic field,
respectively.

The fluctuations whichlscatter the.chérged_particles are being

convected outward with the solar wind; hence, cosmic-ray particles are
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convected away from the Sun producing a radial gradient which leads to
diffusion in the opposité'difectioﬁ. In‘addition, the particlesiare
sc#tteiing from field-line fluctuations whicﬂ are, on the éveragé,
.movingféwaylfrom eééH other; hence, in these collisions the particles
lose énergy (adiabatic deceleratioﬁ).

| In a.recenf_review, Jokipii (19715 déscribes‘how'the inclusion
of these effects leads to the following equation describing the

propagation of galactic cosmic-rays in the interplanetary medium:

g- (VU) - _v%\Z g'f (@TU) - G- (k-JU) = 0 i (VI-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 = 4j/Bc where j is the
intensity and Bc is the particle velocity),_v is the solar-wind velocity,

a(T) is a parameter given by

where p is the particle momentum, m is the partiéle rest energy, and
; is the pgrticle diffusion tensor. For electrons with energy above a
few MeV, (¢ is essentially unity. The three terms in équation VI;l
represent, respectively, convection; adiabatic deceieration, and
diffﬁsion oflchargedvparticles in the interplanetary medium.

~ Some diréct information is available on the principal
parameters,'V and ;;'which enier into the sdlutibn of equation VI-1.

The solar-wind velocity is relatively constant from year to year and
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has an average valué near 400 km/sec (Gosling ef al., 1971). Existing
measurements of the power spectrum of thé interplanetdry magnetic field
near 1 AU yield informafion on the rigidity dependence of fhe diffus;on
" coefficient. In adaifion, further information is provided by solar-
flare studies, siﬁce_propagation of energetic flare particles is
governed by a time-dependent equatién'of the same general form as
equation VI-1. It is the long-term variation of these parameters,
particularly ;, which produces the time variation of the cosmic-ray

intensities.
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C. Reviéw of'Analytié Approximations to%the_Transport Equation

in 6r&ér-£olfreat equation'Vi-l-analyéically 6r numerically
it is neéeésary to construct a simplified model of physical conditions
in the interplanetary medium. Several reviews have been published on
the physics of the sélar wind (Parker, 1965a;De§sler, 1967; Parker,
1969a) . Iﬁ general, the presence of the solar wind is attributed to the
radial expéhsion of the solar corona. The wind velocity becomes
supersonic beyond é-few tensvof solar radii andvroughly maintains a
constant_magnitude ﬁﬁtil the shock-termin#tion boﬁndéry is reached:
At this point the stfeam-fléw pressure, which failsjés 1/r2, is no:
longer able to sweepjback the interstellar medium. This termination
boundéry is not neéessarily the.same as the cosmic-ray modulation
boundary since the fluctuations of the interplanetary magnetic field,
which sqatfer the parficles, may be damped out in a shorter distance.
On this basis we assume the solar-wind velocity, ¥, to be independenf
of heliocentric radius,_r, and futthermofe, for simplicity, we assume
both V and the coémié-ray density, U, aré independent of angle about the
Sun. | |

. Under_thesevassumptions, the transport equation_VI41»becomes

Y2 o2 - M2 Sl 2, i
7 o (r'0) - 37 37 QTU) 2 (rk 3p) =0 (VI-2)

where k¢ is a scalar quantity, the radial diffusion coefficient, defined
by - (Jokipii, 1971)

. > .2
K =k =K cosz 0 + Kk Sin e (Vi-3)
re I ‘ -
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where 6 is‘the angle between the radius vector from>the Sun and the
outward direction along theiintérplanétary magnetic fie1d (~48o at .
1 AU), and K” and - are the par#llel and pefpendicular'components of
the difﬁusién tenspi,_respectivelyf

Even with the assgmptions made so far, no géneral, analytic
solutions to equation~V152 have been found. Several further approxi-
. mations to'the equation have been made which lead to analytic solutionms.
We shall discuss the ﬁost important of these approximations as they
apply té electrons. (Garrard (1973) has.givén'a detailed discussion
relevant to fhe cosmic-ray nuclei).
1. Thé Diffusidﬁ-Convection (DC) Aﬁproximation

If we neglect the adiabatic deéeleration_term in equation VI-2

we obtain:

8200 . 2 AU

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

‘written:
. U . o :
VU = g o ‘ ) : (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 equation is:
' -]

Vv

U(r,i).='U(m,T> exp | - E?;TET drf : : ‘ (VI-5a)

r

If we assume there is a Boundafy at distance D beyond which V/y is zero,
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then
| . D.
U(?,T) = U(D,T).exp 1}ﬁ E?;TEF dr (Vi-5b)
, r .
= u,m) e ¥EHD o (VI-5¢)

where the quantity ¢, defined by:

D
Q)(I;T) =j —_—K(X;T) dr' v | (VI-6)
. r .

ié called the '"modulation parameter" or isimply the "ﬁodulation",‘ It
will be shéwn to bé thé aetermining parameter in the study of the solar
modulatioh_of eiectrbns. ‘It has also been found to be the important
parameter in the discussion of thé ﬁigﬂ-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 eleqtron sbecfra are known,lthen the modulation parameter at
1 AU, v(l,T), is determined in the DC approximation from eqﬁation VI-5¢c,
i.e.,

\il(]-’T) = 4gn [g(?’g)] A (VI-7)

If the radial and energy dependences of the diffusion.coefficient are
separable, i.e. ¥ (r,T) = Kl(r) KZ(T), then.the energy dependence of g
is determined from ¢(i,T) (see equation VI-6).

2. Tﬁe 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 dénsity (or streaming), S, defined as:

R - -
S :VU K Sy -3 5% (qru) (VI-8)

' The second term on the right represents the contribution from diffusion.
The remaiﬁing two terms represent the effective radial current due to
the transformation betwgen a framé of reference at rest with respect to
the solar wind and the ébserver's reference frame (the Compton-Getting
effect). The firét-te:m represents the coﬁtribution due to convection.
The'origin‘of the third term éan be Qisualized by imagining fhat we
observe p&rticles at:é singie energy T with a "direcﬁiohal" detectér.
Then if we ﬁoint the :detector ;6ward the .Sun, the velocity of the ;olar_

Awind;frameJeffectiveiy adds energy,-+AT,ﬁto the particles Wé are
observing. .Thus in our:fraﬁe we 6bsefve’the rate of partiéles
coffesponding to»thelintensity at énergy.T-AT invthe solar-wind frame.
If we point the detector radially aﬁay from the Sun we observe the rate
of particles corresponding to a different part of the solar-wind-frame
spectrum, i.e. corresponding to the intensity at T+pT. Since these
intensities are usually different, there is an effective rgdial current.

Gleeson and Axford present arguments to show that S is
negligible whenever VL/K <«< 1, wheré L is a length characteristic of
the radial variation of the diffusion coefficieﬁt. if'one assumes
S = 0 and that k is a -separable functién of radius and energy, then one

:

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

j(r,W) j(D,‘W + Q) :
: = , (V1i-9)
W2 - ml (w+<p)2 o2
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where j is.the partic1e1intensity, W is the total enérgy of the particle,
m is its rest énergy,=and @iis é'spectrél shift-parémeter which is
détermined from the diffusioﬂ coefficient.

‘ This simple equation (VI;9) has.been used by several
investigators in interpreting electron data. We shall show that the
zero-streaming assumption breaks down at low eﬁergies (S 200 MeV) for
gertain forms of the ‘diffusion coefficient and the unmodulated spectrum.
In general, it is aifficult to predict the range of applicability of
the FF solutién.' In'theifollowing section we shall investigate
some caseé'of interest in the light of results of a numerical
solution of the full -cosmic-ray tfénsport equation. |
>3. The ConVection;Adiabatic Deceleratioﬁ (CAD) Appr§ximatibn

1f one assumes that the diffusion term (containing g g%) in

equation VI-2 is small compared to the other terms, we have

|O)

Vo3 24y 203 _ . R
rz Py (r™ U) 3r 3T (@ru) =0 (VI-10)

'Rygg and Earl (1971) solved this equation, assuming a to be constant,

by

U(r,T) = /@ - 1 3 (r T3/2a)
For o =1 (relativisticbelectrons),
v, = ¥ « % S (VI-11)

The function é; is an arbitrary function to be determined by the
boundary condition. If the boundary condition is U(r,TO) = constant =

U(D,TO)_at some boundary energy TO (i.e. no modulation for T > TO), the
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solution reduces to:
u(r,T) = (T/TO)Z U(D,Tb) (VI-12)

or

j(r,T) = AT2

wheré A is a constant. The corresponding solution for non-relativistic
cosmic-ray nuclei is j =bAT.

It is-interesﬁing to note that in this model particles at the
boundary with energy T <'T0 do not propagate into 1 AU sinée k (T < TO)
is assumed ierq. However, the intepsity'of particles with énergy | |
T> T0 is the same at-all radial distances since g (T > TO) is assumed
infinite. _The;efore, ihvthis model particles arrive near,Earth with

energy T { T0 only by being decelerated from higher enefgies.
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D. General Results from Numerical Solutions to the Transport Equation

A numerical solution to the transbort equation VI;2 has
advantages over the analytic approximations. For example, numerical
solutions can bé readily obtained for any specified radial and energy
dependence of i, whereas the analytic approximations are often
_'restricted to certain functional forms of the diffusion coefficient.

In addition, the numerical solution can be obtained for all values of

radius andvepergy‘of interest; these solutions can then be used to test

the validit§.of the énaly;ic apprbximations.

We have cqnstructed.a numerical.sblution to equation VI-2
based 6n tﬁe Crank-Nicholson technique outlined by Fisk (1971). In this
technique the continuqus radius-energy plane‘is replaced by a grid with
maximum rédial disténée D and an énergy faﬁge from Tmih to,Tma*. The
transport equation is expressed as a finite difference equation in terms
-of grid location. By specifying three boundary conditibns, the resulting
set of simultaneous equations can be solved for all the radius-energy
grid poiﬁts.' | |

.The boundéry conditions thch we must specify are:

1) r =D: We assumé that beyond the boundary the modulation is
negligible at all energies. Thus U(D?T) T galactic spectrum. -For
electrons and positrons we have information on'fhese spectra from
the non-thermal-radio-background data and galactic nuclear
coilisions, respectively. For nuclei one génerally has to rely on
power-law extrapolations of the high-energy data.

2) r=0: 1In order to eliminate source-like sdlutiéns-at r = 0, we

transform the equations so that the dependent variable is X =4{rU
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and require k = 0:as r -'0; This transformation_implies that the

éolutions are not Qalid’fér small r (0.2 AU typically).
3) T ='Tﬁax: We éssgme that at sufficiently high eﬁergy, Tmax’ the

modulation is negligible. Thus U(r,ggax) = U(D,Tmax) for all r.

In our work we asSume'Tmax = 10 GeV for electrons.
1. Analysis.of Analytic Approximations

é. The CAD Approximation

. The solution of the CAD (convedtioq—adiabétic deceleration)
apprbxima;ion is j =‘AT2. -If we examine the spectra of Figure VIi-1l we
find that, in view of the error limits, the data for 1969-1971 might
be consistént with j d T2-over-a 1imited1¢nergy range (~100 - 500 MeV).
It has been suggested’(Lghmann,.1971; Earl,1972a) tﬁatrsuch a segmént
is due tb the validity of the CAD approximation (thellow-energy turn-up
is attributed to the aominance of diffusion below ~1QO MeV). How-.
ever, we shall now show that such abturn-over to j a'TZ wduld not be due
to the dominance of adiabatic deceleratioﬁ and convection over diffusion.
In fact, it will be noted later in the discussion of the DC solution
(Section VI.D.1l.b) thatfsuch a turn-over can also e#ist in that solution
which_tqtally ignores adiabatié deceleration.

In discussing the CAD solution it is useful to define the

phase-space density, F (the number of particles per .unit volume (a3r d3 p)

in the Six-dimensionai r, p phase space); by:
2
F=j/p

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

électrons. From the numerical solution of the transport equation over
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the enti?e radius-energy plane it is easy to determine if F is constant
over some portion of the plane and therefore to decermine over what
region the CAD approximation is valid. As an illustration,we show in
Figures VI-2a and b the numerical solution of equation VI-3 using the
interstellar spectrum and diffusion coefficient assumed by Meyer et al.
(1971) in interpreting the 1970 data. This diffusion coefficient in

cmz/sec is represented by:

4.94 x 1087 pr R 5 R_ = 440 MV

K®R) = (VI-13)

4.9 x 100 p__ R<R

where Bc ic 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 Aﬁ. As we shall point
out shortly.the numerical solution and the force;field approximation,
used by Meyer et al., disagree atilow energiesvand hence the assumed
parameters da not lead to a good fit to the low-energy data. However,
vwe use the solution ac this point for purposes of illpstration. In
Figure VI-2b we show a plot of the contours of equal phase-space
density in r,T space.foc the numerical solution. A region containing
few contour lines would imply F # constant and would possibly indicate
that the CAD approximation is valid. 1In the figure a&jacent contours
are separated by a factor of 2 in F. (Note that the contour lines are
horizontal in the large r region only because of the assumed boundary
distaece of 3 AU.) We observe only a slight spreading in the lipnes near

500 MeV for r $ 1.5 AU. This spreading reflects the turn-over in the
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spectrum and is not necessarily an indication that diffusive effects
are smal1'(it is an ‘indication that j o T2 over a limited energy range,
'howéver)Q Siﬁce no large area with F = constanf is'indica;ed, we
conclude thét the CAD;approximation is inappropriate for the case
_consideréd.
We expect tﬁe-CAD approximation to be valid when diffusion can
be negiécted, i.e. when the diffusion coefficient is small or
equivalently when the modulation parametér, ¥ (see éduation VI-6), is
large. We shall show below (Sectipn‘VI.D.Z.a)bthat the numerical
solutions of the transport equation at rédius r using a given inter-
stéllar'éléétron spéctrum“are ?rimarily determined by w(r,T) (defined by
‘eqqation VI-6). :Theréfore, to determine the régioﬁ'of r,T space in thch
the CAD approximation is valid, we determine fhe minimum.¢ which yields
iF.N constant. As an illustration; we show in Figures VI-2c and d (solid
'lines) thé numerical solutioh for the same parameters'as in Figures VI-2a
and B, except that‘Ré, thg rigidity at which'fhe diffusion coefficient
changes form, ié lowered from 440 to 100 MV. The'effect of lowering

.RC is to lower the diffusion coefficientzby roughly a factor of 4 at
ﬁgiditiesﬁelow 100 MV. It is evident from Figure VI-2c that the
intensity at 1 AU isvroughly proportional to T2 at low energies
(compare.ﬁith dashed j & Tz line), .and in Figure VI-2d é large region
where F is ﬁeariy constant does exist. Thus by sgfficiently lowering

the diffusion coefficient, we find, as expected, that the CAD approxima-
tionv(whiéh igqores diffusion), is aﬁproximately'valid, although the
spectrum so obtained does nof resemble the observed'spectrum, The

dashed lines in Figure VI-2d are curves along which ¢(r,T) is constant.
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We find; rqughiy, that ¢ must be small enough such that ¥ % 15 for the
CAD apprbkimation to apply.‘ Using.the nominal interstellar spectrum
discussed in Section VI.E.l1, we shall find that solutions at 1 AU
consistent with the observations are obtained with y N 6. In order
for the CAD gpproximation t; be valid near 1 AU the absolute

interstellar electron intensity would be required to be a factor of

e
-15
e .

~& 8000 (see equation VI-5c) larger than our calculated intensity.

We therefore conclude that the intérpretation of a possible j = AT2
segment in the 1969-1971.electron spectra is almost certainly not the
manifesta#ion of the validity of the CAD apptoximation.

in the above analysis we have aésumed that the F = constant
region in-Figure VI-2d is a result of the validity of the CAD |
approximation (for y % 15). We might ask thé‘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'phasé-space density-contours for the diffusion-
convéction solution, i.e. the solution ignoring adiabatic decelerafion,
for the identical paraméters as in Figure VI-2d. Here we find novlarge
F = constént region, thch indicates that, indeed, adiabatic deceleration
is responsible for the large blank afea in Figure VI-2d. Note, however,
the.region of spreading in the DC phase-space densify contours
(Figurg Vi-2e), which is a result of the fact tﬁat j= A_T2 segments over
a limited energy fange 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 tovthe interstellar spectrhm by using the
force-field approximation. Some of the subtleties of thisAébproximation
~ have béen'poin;ed ouf by Garrard (1973). For example, the FF solution
ignores adiabatic deceleration, although'it does include the Compton-
Gettiﬁg effect. Furthermore, the conditions which produce zero
streaming,.required by the approximation, are not clear.

In 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 nﬁmefical solutibn (FN)‘of the full transport
equation. ' For all three models we use the same diffusion coefficient,
'assumed indepéndent of radius with_a boundary at 3 AU and with the
rigidity dépendence (cmz/sec):

7.15 x 10%7 gr R S R = 300 MV

kK(@R) = .

17
.7.15 x 1077 BR, R <R

Tﬁis diffuéion coefficient and the intersfellar spectrum shown in the
figure were uéed By Meyer et al. in intefpreting their 1968 data using
the.force-field approximation. Below ~100 MeV the FF result diverges
significantly (factor,ok ~10 too small) from the fuli numerical
éoiution. :Schmidt haé fit the same data (shown in Figure VI-la) using
 the FF apprqﬁimatidn.with a stéeper interstellar spectrum aﬁd a some-
what different diffusion coefficient.. Since the force-fieldvapproxi—
mationlis iﬁconsistent with tﬁe full numerical solﬁtidn at low energies,
the parameters used iﬁ deriving these appfoximate 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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approximation (within a factor of ~2) of the numerical solution over
‘the whole energ& range depicted than is the FF 301utioﬁ.

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'5 at low energies,

(below a few hundred MeV); To illustrate this impro#ement we show in
Figure VI-3b a similar comparison of solutions as in Figure VI-3a except
thaf we have used thé*interstéllar pbsitrdn spectrum calculated by
Ramaty and Lingenfelter (1968). This galactic spectrum flattens out
gradually below ~1 GeV and eventually tﬁrns over beiow ~50 MeV. Both
the DC and the FF solutions are within a factor of ~2 of the full
numerical sblution ovér most of the engrgy range from 10 MeV to 10 GeV.
The region of validify of the FF solution probably also depends on the
rigidity dependence of the diffusion coefficiént (Urch and Gleeson,
1972).

We find that fhe DC solution is a fairly good approximation
for a wide range of interstellar-spectra and diffusion Eoefficients.
Thus, if'K'is assumédito be a separable function of r and T, then, for a
given interstellar spéctrum and the spéctra observed near 1 AU, the
energy dependence of the appropriate diffusioﬁ Eoefficient can be
estimated reasonably accurately by computing w(l,T) ffom equation VI-7,
The effect of adiabatic deceleration is to shift the solution in energy.
For example; compare in Figure VI-3a tﬁe peak position in the numerical
solution near 500 MeV'with the peak in the D¢ solution. The observed

shift indicates that for the assumed parameters the fractional energy
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loss near 500 MeV i§ roughly 0.25. A moré detailed discussion of the
energy loss of'the.galactic electrons which pénetrate to 1 AU is given .
in the next sectipn.‘<These energy losses mean that small adjustments
in the'diffusion coefficient estimated on the basis of the DC approxi-
. mation are necessary in order to yield a good fit to the data using

the numerical solution of the full transport equation.

2. .Generél Remarks.Concerning the Solution of the Transport Equation

In this section we present somé general results from a study

of both the numericaliaﬁd analytic solutions of the transport equation
(Vi-Z)f In what follows the diffusion coefficient is assumed

to‘be a separable function of radius and rigidity? K(r,R)=Bk1(r)K2(R).
Se&erallaﬁthoré have'argued on the basis of their mo&ulatién studies
that.K must be a non-separable function éf radius and rigidity.
v(Burger and Taﬁaka, 1970; Burger, 1971; Burger and Swanenburg, 1971;
L'Heureux et al., 1972). However, Gleeson and Urch (1972) have pointed
~out that these arguments are based on tﬁe assumption that the rigidity
dependence of an as;umed separable diffusion coefficient does nof
change form from year’tb year. No necessity for such a restriction has
been suggested. We sﬁa;l find that adequate fits tovthe observed
_cosmic-ray'data caﬁ bé made using separable diffusion coefficients with
different'rigidity'débendeﬁces for different years. In this regard, we
note that recent hysteresis studies of neutron monitor data have shown
that the rigidity dependence of the modulétion parameter changed
abrﬁptly several times during the last solar éycle. (Carmichael and
Stoker, 1970; Carmichael and Katzman, 1971; Stoker and Carmichael, 1971;

Kane, 1972). Thus.we feel that there is,las yet, no compelling
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qbservationalrevidencq for either separability or non-separability.
Thé_assqmptiqn‘of gep;?ability provides ﬁs with a conﬁenient framework
“in which fo study the radial and rigidity dependences of the diffﬁsion
coefficient. |

a. Effects of the Radial Dependence of the Diffusion
Coefficient

_ThereAare few observational data on the radial dependence
of . Jokipii and Coleman (1968),'from_analysis of the inter-
'planetaryfmagnetic’field data of MarinerJIV, find no drastic
changes in the parallel diffusion céefficient, Kk , between 1 and 1.5 AU.
Thebsolar-flare studiesvof Lupton (1972) imply tgat a diffﬁsion
coefficiéht independent of radius, r, inside 1 AU is more consistent
with the data than‘one which varies linearly with r. Sari (1972a),
using power spectra from Pioneer 6 magnetic-field data, finds K”(SO MeV)
varies apprqximatély-as r-z'7 between 0.82 and 1 AU. Observational
data on the radial dependence.of ¥ are non-existent. We recall that g

L

depends on both g and y , whose radial dependences are uncertain, and
: ! i

on 9 (see equétion VI-3), which is given by
(r) = tan-1 (%;) ’ » (VI-14)

where () is the angular velocity of the Sun. Thus the rédial dependence
of ¢ is highly uncertain. | |

| We do nét expect large variations in thé calculated electron
sfectra if we change fhe radial dependence of i, since the DC solution,
Awhich depends only on the integrated efféct of g from the Earth ;o’fhe
bouﬁdary, is a reasonable approximation to tﬁe transport equation. How-

ever, it is useful to investigate just how much variation we do obtain
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by'varying the :adial dependehce of k¥, in order to see how well the
pafemeter wedetermines'the selution. VFor this purpose we use an
illustrative set of radial functions shown in Figure VI-4a. 1In |
addition te the er-1 aﬁd o dependences used by many authors, we include
a2+ r3 dependence modeled after fhe diffusion-coefficient suggested

By Ng'and Cleeson (1971) ﬁo explain solar-flare observetions, a
[(rF3/2)4 + 1/4] function constructed by Garrard (i973) as an analytic
fepfeeentacion ef a possible scatter-free region near the Sun, a r_l
function suggested reeently 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 beyoﬁd 3 AU? For the
cases illesfra;ed we use the single.figidity dependence of ¢ shown in
Figure VI-4b. h . !

In Figure VI-5a we show the numerical solutions of the
trensport equatien‘using-an interstellar spectrﬁm derived from the.nqn-
thermal-radie dataA(see Section VI.E.l) and each of the 6 radial
dependences of g .shown in'Figure VI;Aa. Also shown are the Caltech and
Chicago data (Schmidt, 1972) for 1968; The‘absolute'magnitudes of the

’ .
diffusion coefficients are normalized such that

' . Vdr
Ll ’j Kl(r) ' , (VI-15)
J1 | :
= 1950 MV (appropriate for 1968) |
Since_ »
\l’(l;R) = n

BKZ(R)



71

‘and BKZ(R) is the Samé for each solution, we are asguming that each

" solution has the same ¢-va1u§ at 1 AU. As we see from the figure, all 6 -
cufves are neariy identical, indicating that the solution_for electrons
is essentially independent of the radial dependence of .

We have also investigatedifhe effect of vafying the boundary
distance D while maintaining w(l,T) éonstant (by adjusting the magnitude
‘of K).. Iﬁ Figufe VI-5b we show the solution for Kl(r) = constant‘for
boundary diétances of 3, 5, 10, 15 and 30 AU. The slight increase in
energy loss with bophdafy disfance is eviﬁent from the small shift of
tﬁe curves; however, the differences are Smallvqompared to the
expérimentél uncertéinties'in the data.

We concludeLfrom these studies that ¢ is indeed the determining
parameter in the stud& of the modulation of electrons.

b. Effects of Adiabatic Deceleration |
In Seétion VI.D.1 we demonstrated that the‘approxﬁnation
ignoring energy loss éllows a reasonable first estimate of the diffusion
coefficient. In order to make refinements to Kk we need to include the
effect of "adiabatic deceleration.
The rate of energy loss through édiabatic decleration is
givep by

dT 1 -
dt - 3 Q’(T) T (V v)
(Parker, 1965b). In the case of relativistic electrons (d=1) and a

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

14 2
s =50 (VI-16)

t 3r
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Thus the particles losé more energy near the Sun than near the boundary.
In addition, if the diffusion coefficient is large, particlés‘diffuse
in from fhe 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‘mégnitude 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 (gn T/TO)2 ]

where T, takes on the ivalues iIlMeV;)f 25, 50, 100, ZOQ, 400, 800, 1600
andi3200. We use the diffusion coéfficient of equation VI-13 which is
éséumed indépendent,of radius within a boundar§ distance of 3 AU. The
envelope formed by theée peaks of the unmodulated spectra corresponds to
the géiactic'secondary positron spectrum icalculated by Ramaty and
Lingehfeltef (1968). - The corresponding'épéctra at 1 AU, represepting
numeficai‘solutiohs of the transport_equation, are shown as dotfed
lines in the figure. ‘As a consequence of adiabatic deceleration, the
peaks in the spectra at 1 AU are shifted in energy from the corresponding
p;aks in the unmodulated séectra. (Note that the shape of the near-
Earthbspectrum, as. indicated by an envelope of the péaks of the dotted
curves, is determined by the particular choice of the rigidity dependence
of the diffusion coefficient.)

| For independent of radius and.energy (<440 MeV in this
example) the-fractidnallenefgy loss is independent of energy (see

equatioh'VI-16). As we mentioned before, however, the fractional loss
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does depend on the magnitude of-x and the boundary distance D. Since
. the electron spectra calculated from the transport equation depend
primarily on the modulation parameter ¢, we show in Table VI-l the

values of the fractional energy loss (for T, = 50 MeV) for several

0
representative combinations of ¢(1,T0) and D, assuming the functional
. dépendence of the diffusion coefficient given by equation VI-13. The
increase iﬁ fhe fractional energy loss with increasing ¥ for a given
value of D is due to the inverse relationship between ¢-and K, 1.e.

= ZL%:ll. (Larger ¢ impiies smaller g implies larger energy loss.)
For a given ¢ D is approximately proportional to K.énd the effect of
a larger_Boundary (larger energy loss) is roughly offset by the effect
of the correspondingl& largef K (smaller'energy'loss). From the t;ble the
fractional energy losses for electrons are less than‘roughly 0.5 fqr
typical values of y and D. Above 440 MeV, where the diffusion
coefficient is proportionél to rigidity (in this example), Qe found
that the fractional energy loss (for a given w.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 (y) '

Wé now discuss the characteristic 'flat" region ffom
approximately 100 MeV to 1 GeV of the observed electron spectra shown
in Figure‘VI-l. We have shown that the simple diffusion-convection
solution‘is a reasonable first approximation to the nﬁﬁerical solution
of the full transport equation (VI-Z) ovef the energy range 10 MeV -
10 GeV; The férce-field solution is aAsomewhat 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.

*
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 d1ffu31on coefficient is independent of energy
: A L

* _v(D-1) | l

For. ¢ = constant, \1' = "
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~100 MeV. We shall use both approximations in the discussion. The
main points of this discussion are: |
1) to show that the energy dependence of . the observédbspectrum is
éonsistent with our underétanding of
a) the interstellar spectrum
b) the diffusioni coefficient and
c¢) the DC and FF approximations above ~100 MeV and
2) to demonstraté that an estimate of the absolute‘modulation can be.
‘made from a knowlédge of only the energy dependeﬁces (and not the
" absolute magnitudés) of the diffusioﬁ'coefficient aﬁd the inter-
stellgf-spectrum;‘together with an obsérvation of avrelative peak
in the observed spectrum near Earth.
‘The latter point is interesting because fhe energy dependence of the
: inéérstellar électro@lspéctrum, for examble;.can be deduced more
accurately from the non-thermal-radio-background data than the absolute
inte;stellar electroﬁ intensity. (See Sécgion VI.E.l1.)
We fitét examine the simple diffusion-convection solution given
by equation VI-5c. Siﬁce the differential intensity is given by

B ;jn we can rewrite equation VI-5¢ (for r = 1 AU) as:

3(1,T) = 50,1) & V@D (WI-17)

where y 1is related to the diffusion coefficient | through equation VI-6.
Méasuremenfs'of the power spectrum of the‘interplanetary magnetic field
are consistent with k a BRb where R is the particle rigidity, Bc Fhe

particle velocity (B =1 for relati?istic 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 (R10-GV). (See Section VI.E.4.) Using this form for the

diffusion coefficient, equation VI-17 reads
Ny o b
j@,T) = j(0,T) exp [-n/(£(b)T )]

where nbis defined by equation VI-15 and we havé replaced R by T which is
valid in energy unifs for relativistic electrons*. (F(b) is chosen to make
~ the energy dependence .of k continuous and is normalized such that f(1)=1.
For. example, if i is represented by two joined power-law segments such
that for T < T, b =3, and for T > T, b = 1, then £(3) =\/T_.) If ve
assume the interstellar spectrum j(D,T) & ™Y and if we approximate
K a Rb,we.find a”relative maximum iﬁ fhe_near-Eérth speétrum at energy
Tm.given by: “, i

1/b

b
T, = (f—(m) N - (VI-18)

In terms of ¥ this condition reduces to
y =X i}
y(1,T ) =3 , (VI-19)

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

T 1is 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(11Th) ~ 1.8 and, 3.6 for

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

i o
R = R%,‘where p is the electron momentum. For relativistic electrons

(v~c, z=1), pc ~T(MeV) ~ RQMV).
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absolute modulétion factors, ew, of approximately 6 and 36,vrespective1y.
From the observed spectra (Figure VI-1) we note that these values apply
to an energy near 1 GeV.

‘We can also apply this procedure to the positron spectra
since, again, the energy dependence of the calculated interstellar
‘positron spect?um is known more accﬁrately than its absolqte intensity.
Near 1 GeVithe inters;ellar spectra presehted in Section VI.E.2
(Figure VI-11) have a spectral -index of ~2.4. Thus, ﬁe have
g (LT)~ 2.4 and 4.8 for b = 1 and 1/2, respectively.

It is interesting to note that:the peak in the positron
spéctrum at 1 Aﬁ is expected to occur at a lower energy than the peak

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

+
Tm(e ) o :ezjl/b
e yEeh
- 0.75 b=1 (VI-20)
= 0.56 b=1/2

where we have assﬁmed vy(e) = 1.8 and‘v(éf)'= 2.4. Unfortunately,
positron data of sufficient accuracy to observe this difference do not
presently exist. Hopefully, future observations will confirm the
ﬁredictionf Along these same lines, we note that if the energy
dependence of the diffusion coefficient does not change significantly
from year fo year, the peak'energy should move to higher energies

Qith increaéihg mgdulétion as is observed. - (See Figﬁre VI-i.)

Larger modulatidn i@plies iarger y implies larger ¢ implies 1arger
T.)H' | |

m

These estimates of the modulation parameters and peak-energy
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1ocation§ ;re based on the DC approximation. Figure VI-3 indicates
that for'the choice of parameters considered thé peak-energy locations
" are nearly the same for the FF and FN (full numericél) solutions and
that bbth 6ccur at a somewhat lower energy than thét of the DC
’ solutiog. Thus we might expect an improvement-in the estimates of T;
and ¢(1;Tﬁ) by examining the FF approximation.

The.FF solution iS'giveh by equation VI-9. If we assume b =1

(i.e. Kk a Rl), the parameter § in equation VI-9 has the simple value:

1 I ?
3 =31 : | (VI-21)

(Gleeson and Axford, 1968)

Equatioﬁ Vi-9 may be maximized to Yield the peak energy Tm:

=3

T,=3y [FHe=1]1 (V1-22)

<

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

The corresponding ¢ value is given by:
. ) 3 v. . . : .
11,(1v,1:m) =3y [FF, b = 1] (VI-23)

Equations VI-22 and VI-23 represent our best estimétes of Tm

b=1.n The parameter § in equation VI-9

and v(l,Tﬁ) fbr the case g a R
has a coﬁplicated energy dependence for other rigidify depeﬁdenceé:of
;K'l Hence, it iS’diffiCUIt to evaluate T, and w(l,Tm).in the FF
approximation for b # 1. However, we mention that a-comparison of the
humerical and DC solutions of the transpo;t equation (described below
and sﬁown in Figure VI-7) indicates that Tm = 2/3 oﬁ‘fhe DC estimafe

: . b=1/2
(equation VI-18 ) is‘also appropriate for y a R / .
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In the electron spectra shown in Figure VI-1 we find the best-
resolved peak occurs in the observed.1970 spectrum. -The spectrum
begins to deviate from a power-law below ~4 GeV and a relative peak is
observed in the region near 1 GeV. If we assume the rigi&ity dependence
of i, we can determine the interstellar electron intensity at
~1IGeV as a function of its spectral index, i.e. éfAits energy de-
pendence. From the non-thermal-radio-background déta we estimate that
Y is approximately in‘thé'range 1.7 to 1:9 at‘energiés below ~2 GeV
(see Section VI.E.l)."Assﬁming e R1 we' find from equation VI-23
:¢(1 GgV) x 2;55 - 2.85. .Siﬁce j19_70 (~i GeV) %’.006 electrons/(m2 sec
sr MéV), we estiﬁate from equation VI-llijm(~1 GeV) % .077 - .104
electrons/(in2 séc sr MeV). These values are consistent'with our
calculatidn of the galactic electfon épeétrum from the radio data (see
Figure VI-9).‘ We note that with an accurate determiﬁation of the
figidity:&épendence of K, €.8. from_thé power-spectravdata,ﬁe could
place moré‘stringenfllimits on fhe interstellar‘electron intensity near
1 GeV than those shown in the figure} (The limits indicated in
Figufe Vi-9 result from uﬁcertainties in' the galactic‘parameters and do
not reflect.the analysis-discussed here.) This particular refinement
" 'in the analyéis will not be pursued in this tﬁesis._ |

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 roqghly the
rigidity deéendence of the diffusion coefficient_abové a few hundred
MV. As an'illustration,.we idealize K(R) éuch that_below abbreak—péint

1/2

, : 1 .
rigidity Rc"K'a R, and above Rc’ Kk &R . 1If the values of
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" an& Rc are such that Tﬁ (equation VI—18) is greatér than
Rc, we expect a peak in the near-Earth specﬁrum at_Tm =,§ %_!,

(1 GeV in 1970). If RC is too small, the diffusion coefficient
becomes small enougﬁ that the moduiation is very large. In this case a
well-defined peak is obtained in the numerical solution, which in
géneral is:not observed in the data. Forllarger Rc the diffusion
coéfficient is 1argef‘a¢ low energies gnd the well-defined peak becomes
a broad_flaf region aé is observed. 1In thié ekample a second‘"peak",
corresponding to'the'b = 1/2'segment of the diffusion coefficient,
would_Be obtained in.the.hear-Earth solufion of the fransport equation.
In terms of RC this ééak, T1/2’ can be célculated from equation VI-22
and VI—lBi(multiplyiﬁg by the factor 2/3ion the right-hand éide.of
equation VI-18):.

: : S 37 2

1/2 = 8 (VI-24)
. Cc

where T1 is the b = ifpéak given approximately by equation VI-22. For

R =T, ®1 GeV, we have T

. 1 ~ 3/8 TI‘N 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-
thermal -radio-background data (Séction VI.E.1). Both the full numerical
solution and the DC aﬁproximate sélution are shown for the case where

R, = 750 MV and 7} = 1950 MV. From gquation VI-22 we computé T{F § 722 MeV
~and from equation VIf24-we obtain Ti)Z = 261 MeV. These values, which
agree with the position of the two “péaké" 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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‘ment of the solution with the 1968 data indicates that the particular
choice of barameters uséd in the calculation is reasonable.

We 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 dependenée of the diffusion coefficient and
of the energy debendence 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

vintenéity.
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E. Quantitative Studﬁ of Solar Modulation

In the previous section we have qualitatively discussed the
parameters of solar modulation theory. In this section we present a
quantitative study of these parameters using:

1) the expeéted .rénge of the interstellar electron .spectrum,

2) the caiculated intérstellar positron -spectrum,

3) a derivation of the modulationpmrametersand, hence, the diffusion
céefficienﬁgusinglkhe interstellar s?ectra of 1) and 2),
nﬁmerical'solﬁtionsof the transport equation, and the spectra
‘measured near Earth, |

4) a éomparison of these diffusion coefficienté with those derived

from the available power-spectra data; and
5) numerical splutioﬁs of the transport equation for cosmic-ray protons

-and He nuclei using assumed intérstellar 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-ﬁackground data are generally
ascribed.to synchrotron emission frbm relativisticielectrons spifaling
in the galactic magnetic field. Several authors have examined the
radio data ahd,(undgr‘certain éssumptiops on the galactic pafameters,
have calculated the cbrresponding gélactic electron épectrum
(Anand ef al., 1968a;b; Verma,»1968; Webber, 1963, Goidstein, Ramaty
and Fisk, 1970, Burger, 1971). However, knowledge of the gqlactic
_ paraméters is ingomplete and previous studies have not atteﬁpted to in-
dicatelthe possible rénge 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



83

reaeonable range of intersteilar electron'spectfa eonsisteet with the
non-thermal-radio-background data and coesistent with our knowledge of
the galectic parameters. With this raege of spectra we shall estimate
the expected limits on the coemic-ray modulation parameter.

In Figure VI-8 we show the non-thermal-radio data in the
galacticlanticentef direction*. The data.above ~5 Mﬁz are from the
compila;ion by Webber (1968). Above ~40 MHz the data are primarily  from
high resolutioh surveys (~10 aperture) in which the galactic disk is well
resolved. Erom ~ 5-40 MHz webber has aajusﬁed the available low (&300)
and,mediﬁm (~100) reselution'data. .He has used the high-resolution
ﬁeasurements of B1&the1(1957)'et 38 MHz'to nofmalize-the emissivities
lfound in the lower-resolution studies te the standard anticenter
direction. These adjustments amount .to increasing the observed low-
resolution intensitiesiﬁy ~10-304. 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 thisiiow-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 kpe>thic& (coﬁpared to a radius of ~15. kpc) it may be
inappropriate to regare these data as representative of emiseion and
absorption in the disk of'tﬁe galaxy. However, these euthors find the
in;ensity 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) .
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frequendiés‘i$VCOming from a local region. Our assumed range of galactic
paramétefs includes values for which the ‘absorption arises within both lo-
cal ($100 pc) and.extepsive.(?4 kpc) regions. However, even in the latter
case thé'size of the‘region depends on the assumedvgalactic structure, such
as the distance to absorbing cold clouds, efc. We shall interpret the low-
frequency radio data -as corresponding tb’emissién and absorption in the
disk of the galaxy. (Stephens (1971) has made an alternative interpretation
_in which emission from a spherical galactic halo is assumed to account for
most of the low-frequency emission Qbserved in the haio directions. Below
~200 MeV the interstellar electron intensity he assumes is slight1y lower
than. that derived in this analysis.) o ‘

‘The general ' features of fhe radio spectrum ianigure VI-8 are:
1) a segment from ~10>to>~150 MHz which-is proportiénal t§ v-°4 with

-.7 or -.8 above ~150 MHZ and

_evidence for a steepening to y
2) .a segment frdm 0.4 to 1 MHz which is approximately proportional to

1.6
‘\) .

There is a smooth connection between these power-law segments in the
intermediate frequenéy range of 1 to 10 MHz. Above-ébout 10 MHz inter-
stellar absorption bééomes negligibie (see Appendix B). If we assume
the.interstéliar eleétron spectrum to be a power law‘iﬁ energy with

~ spectral index y, the intensity of synchrotron radiation is:

Ity .
I(y,B ,L) aC LB 2 N v % 10 MHz . (VI-25)

1 4

¢

(Ginzburg énd Syrovatskii, 1964), where
‘ g is the'ffequency
o= 1%l is the resulting power-law index of the radio emission,

L is the line-of-sight emissioh,length,
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B is the perpendicular component of. the magnetic field,.

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

electrons, i.e.,

N.(W) =Y
where W:is the total@energy and N(W) represénts the number of electroms
per.cm3'pef unit energy. Thus ﬁhe power-law segment of‘the radio data.
above 10 MHz p?oportidnal to.\,-'4 implies that‘y » 1.8. We estimate, by
'construotiog straight-line segments thfough the data points of -
Figure VI-8, that a range of Slopes froﬁ«-0.35 to -0;45 is consistent
with the.data. Henoéj Y is roughly in tﬁe rango 1.7 to 1.9.

At low freqoéncies free-free absorption by interstellar
electrons aod the Razin suppression of emission (Razin, 1960) must be
considered. The Razip effect is due to tﬁe ambient olectron density
which causes the indgx of refraction to be greater tﬁéo 1. We include
both the Razinfeffect.and free-free absorption in ouf calculations. We
find, as-did‘Ramaty (1971), that‘the'Razin suppression represents in
general @ much smaller effect than free-free absorption. In Appendix B
we show that in the case of lafge optical depth, aodvif we ignore the

Razin effect,
1+y
2 2-o

© 1(y,B,L) o C B v v << 10 MHz (VI-26)
' 4 .

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 data of Aiéxander et al., as they suggest for the relative
error bet&éen points, the fénge of'obserVedvslopes ﬁeloﬁil'MHZ is
roﬁghly 1;3 - 1.65,'which implies a range of 1.7 to 2.4 for the spectral
index Qf eiectrons, yi The é&aition of Razin absorption will alter
this pictqre slightlyi however, this effect can be roughly compensated
for.by raising the intersteliar temperature (see Appendix B).

- At higher frequencies ® 150vMHz) the radio spectrum

~(.70r .8) ich implies a cosmic-ray

»appears'té be steepening to
electron épectral index v ~ 2.4 to 2.6. Most of thevémission‘at~150 MHz
comes from é‘region.of the electron spectrum near 2 éeV (Appendix B).
ihus-we see that aﬁ intersfellar electron spectfum COﬁsistenL with the
nonjfherhai-radio-backgfound ﬁas a PowerQiaw index df ~1.8 below ~2 GeV
whicﬁ étéepens td ~2.5 at higher energies.v Wé have chosen a set of
reasonable.galactic'parameters (see Tablé Bfl),bassumed a simple
galactic model, and calculated the resultihg 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 sﬁectrum

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

and Fisk, 1970) aloné_with two spectra which result from a study of the
reasonable range of galactic parameters*. This calculation is described
in detail in Appéndix B. We note that at high energies thé;e is‘

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

*The 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 QtZS%).
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(For conveniencé,_thé electron spectra are shown as-connecfed power-law
segments. Thé coefficients and Spectral'indices for each segment are
given in Table B-2.) |

InvFigﬁre.VI-IO we show the calculated radio background which
results from each ofvthese electron spectra. All three curves are
consistént'with the radio data. 1In each calculation the different
galactic parameters sﬁown in Table B-3 were used.

The galactic electron spectra shown in Figure VI-9 will be
used in Section VI.E.3 to derive the cosmic-ray modulation parameter

from ~100 MeV to ~5 GeV.

2. Interstellar Positron Spectra from Galaétic Nuclear Collisions

Due to fhelimiting lower.frequency of the radio data, the
interétellar elecfroﬁiépectra derived in Section VI,E.l are restricted
to energies above ~ 100 MeV. In order to complemenﬁ‘the électron
modulation studies aE lower energies, we use the near-Earth Caltech
positron data aﬁd the}calculated interstellar ﬁqsitron spectru@.

Since there'is no evidence to indicaté the existence of anti-
matter stars or galaxies, it is commoﬁly assumed that there are no
sources'of primary, directly accelerated positrons. 'Above ~10 MeV.
nuclear interactions’inAthe interstellar medium are believed to be the
only soufce of éosmigjréy positromns. (Radioactiﬁe decays méy
contribute at lower energies}) Basea on this collisén-source
mechanism, several authors have attempted to caléulate the local inter-
stellar poéitron spectrum. It is usually assumed that particlés.
propagate by diffusing through the turbulent galactic magnetic field

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

Q(T,W) = ?r« (g% u) - v.(x_v'U) ‘ (VI-27)

(Jokipii and Meyer, 1568)
where Q(?,W) is the r#te of positron prodﬁction as a function of
pésition, ?, and total energy, W, U(Y,W) is the positron density, and
K(?;W) is the galactic cosmic-ray diffusion éoefficient. The rate of
enérgy loss, g%, is determined by losses from ionization, breﬁmstrahlung,
' synchrotron radiation, and Compton collisions with starlight and the
universal blackbody radiation. A reasonable approximation for the

aw -

energy depeﬁdence of Eg_is

o

-'g—°z=a+bw+dw2 . - (VI-28)

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

2 2
loss) and d « §—--l-w' , where B and w_, are the energy densities of

8n ph 8x ph ,

the magnetic field and Fhe photons, respectively.

| There haveibeen two basic approachés to solving equation VI-27.
We briefly discuss each of these. |
1) Leakage-lifetime approkimation e

In this method the diffuéion fgrms and boundary conditions

are replaced by a leakage-loss term U/;, where t is the "lifetime" of
a parficle before it escapes from the confinement vdlume. The productim
spectrum, magnetic field, hydrogen density, and photon density are

considered independent of galactic position within the confinement

region (disk or disk + halo). In the energy region most affected by
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solar m;dulation (5i GeV) tHe spegtra caiculated‘under these
assumptions are essentially only dependent on.the source function and
x = pcT, the amount of material traversed by the'parficles during the
time t. Among the recent calculations based on this method are those
of Perola et.al.-(1968), Ramaty and Lingenfelter (''R&L") (1968), and
Arai (1971). The spectra of R&L for x = 4 g/cm2 and Arai for

X =3 and 5 g/cm2 aré'shown in Figure VI-1l. These authors have used
different positron production spectra which accounts for their
diffefent calculated intensities. For comparison we also show in

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

.2) ‘Diffusion mddel

Séveral authors Have pointed out that the ieakage-lifetime
appquhnation may ﬁdt be ph&sically'justified for electrons. (Shen,
1967; Jokipii and Meyer, 1968; Beedle, 1970.) For example, the term
U/t implies that»alliparticles are assumed to have a constant -
probability of escape. Howevef, in reaching thé bouﬁdary an electron
may lose much of its énérgy (particularly high-enérg& electrons since
their loss rate is « W2). Hence, setting the loss rate to UW)/r
where W is the particle's initial energy is not correct. Ip addition,
: the-éssumption éf a production specﬁrum ipdependeﬁt of‘galactic
position may not bgvreasonable apd several inyestigéfors have assumed
different distribution fupctions for the.matter'density.in the galaxy
in ﬁaking'their calculations (Ginzburg énd Syrovatskii, 1964; Shen,
1967; Beedle, 1970).

Beedle has solved equationVVI—27 using an ellipsoid of

revolution for the distribution of matter in the galaxy. He also
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assumed the energy-loss fate (equation VI-28) to be independent of
position. In‘Figure VI-1ll we show his calculation of the local inter-

stellar positron spectrum using the parameters p = 1 atom/Cm3,

2

B—+w

o oh = 1 ev/em> and K = 102 em?/sec. Of these parameters the

_calculafed spéctrﬁm below ~1 GeV is most sensitive to the diffusion
coefficieht, k, being ~504 lower at 10 MeV fdr'k = 1030 cm2/sec.

The positron intensity calculated by Beedle is roﬁghly a factor
of 10 1arge; than that derived by Ramaﬁy;and,Lingenfel;er. Below ~1 GeV

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

calculations. As noted by Beedle, his spéctrum with g = 10'29 cmz/sec
'is almost idéntical to the X = e Ge. T.=_w) diék-mbdei spectrum of
Perola etfal. (1968).  (He used their positron production spectrum.)
,Tﬁus, in his médel the particles we observé loéally are not being lost
through bouhdary escape. It is also interesting to note that all the
calculated speqtré obeigure VIi-11 have roughly the same energy
dependence. | |

We shall not attempt to choose between the various calculafed
spectra of Figure VI-11 on the basié of the validity of the models, the
productidn_spectra, etck used in the calculations.A-Rather,.we shall
determine pOSifron modulation paraméters‘using both the bracketing high
and lowvépéctra of Figure-VI-ll. By requiring fhese'results to be
consistent with those of the electron modulation study, we shall

approximately determine the galactic positron intensity.

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

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

of the expected range of interstellar electron spectra and the inter-
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stellar positron spectra calculated by several authors. In addition,
we have shown the data from the Caltech magnet spectrometer and from
other experimenters covering the period 1965-71 (see Chapter V and

).

Figures VI-1 and 11). We now derive the modulation parameter at

I8

Earth,
D

Vdr
14D =f K, T)
. 1

for each of theAyears for which we have preéented data. The discussion
divides itself cbnveniently into two sections: a) the electron inter-
sfellar spectra aﬁd.néar-Earth data are used to-deriye the
modulation parameters'and diffusion coefficients above ~100 MeV and
b) the positron interstellar spectra and near-Earth data are used
primarily for the discussion of the modulation below 100'M¢V.

a.  Comparisons of Measured and Caqulated Electron Spectra

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

diffusion-cqnveqtion!model is a reasonahle first approximation té the

tranSport equation and calculate (1,T) = gn T%{%*%%] using the near-
4 . ; : s .

Earth spectra and the range of galacticiépectra of Figure VI-9. In
Figure VI-iZ a-e we show w'as a function of énefgy fqr the periods
1965-66, 1568, 1969,;1970, and 1971, Ihe.points are derived from the
data of Figure VI-1 and are shown by éircles which are filled for the
high an& low galactic.spectra (connected by dashed lihes) and open for
the nominal spectrum. (Note that in Figure VI-1l2e (1971) some of the
points are upper limits and hence the errors in the data points extend

considerably beyond the dashed lines.)



92

v  Since‘;he.h{gh and low interstellar spectra differ by roughly
a factor of 4 above'a'few hundred MeV, the resulting uncerfainty in g,
Ay, is

~ b ~
Ay B 2 .7

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

more uncertain, this error increases.

These w-valnes are derived from the DC approximation. To
_refine'these values we adopt the following procedure: we first
determine the_rigidityudenendenee of the diffusion coefficient by
" drawing nOWer-law segments thrdngh the>"nomina1" y-points qf Figure Vi-12
(open circies). If we assume a constant radial dependence for  out to

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

(r,p) = B - (vI-29)

(We-arbitrarily eheose D = 10 AU in what follows; nofe from Figure VI-4b
that the-ealculated spectra are praetically independent Qf D.) Using
‘this diffusion coefficient end the nominal intersteilar electron

' speetrum, we determine the numerical sqluﬁien_df the.transporf equation.
Since the'DC.apptoximate soiutipn, npon;which'the diffusion coefficient
'is based, differs siightly from the numericallsolution, the spectrum
generatedAin this way does not represenf-the best fit to the deta.
Better agreement is achieved by adjusting slightly (in the manner

- described beiow) the rigidity dependence.of the'diffusion coefficient.
To faeilitate‘compntatien we use the feilowing model for the diffueien

coefficient (consistent with the power-spectra data - see Section VI.E.4):
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( 8 Kl(r) Kz(R)
. ' < C BR R >R,
g (x,R) = ,. (VI-30)
CB \[EE;- R1 <R <« R2
cBYRR, R <R
4L 172, © =71

where C is a constant. By adjusting the values of C, R,, and Rz, we

1
have calculated the electron spectfa for: the periods 1965-66, 1968,
1969, 1970, and'1971.'E These spectra are'shown in Figure VI-13. The
valués_of C, Rl’ Rz,‘and mn (defined by eqﬁation VI-15) for each epoch
are‘given in Tablg VI42Aand the corresponding modulation parameters
are shown as solid liﬁes in Figure VI-12.' For thelpfesent, below
~100 MeV, wé have usédvén extrapolation of tﬁe nominai interstellar
electron spectfum and-a diffusion coefficient which is arbitrarily
defined to be independent of energy. Therefore, we do not &iscuss
quantitatively the electron modulation below ~100 MeV. In the next
secfion wé shall use the posifron spectra>in a discussion of the
modulation>at low'enefgies.

Because of statistical errors of the data, the modulation
éarameters used in deriving numerical solutions in agreement with
the data (sélid lineé in Figure VI-12) are ndt the only ones possible.
: As,examples; iﬁ each of Figures Vi-12a, b, and ¢ we show limiting
modulation parameter curves (dotted lines) from which acceptable fits
to the data were derived using the same nominal interstellar electron
spectrum. .Wg note that these w's we havé used in acHieving consistency

with the data differ only slightly from the ones calculated from the



9%

TABLE VI-2

Diffusion Coefficient Parameters -- Electron Modulation Study

Epoch . n
‘ V)
June-July 1965-66 1350
(averaged)
June-October 1968 1950
June-July 1969 . 2400
June-July 1970 - 3300
July 1971 2700

*

Mv)

64

160

182

312+

480

R

o)

900

750

1000

1100

480

¢* (x108)

(cm2 sec/MV)
4.006
2.773
2.253

1.639

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 diffusion;convection approximation (open circles in Figure Vi-12),
confirming the discussion in Section VI.D.1.b,

The dotted modulation parameter curves of Figures VI-12a, b,
and c rebresént an uncertainty .in § due to the uncertainty of the measured
spectra. In discussions of the absolute‘magnitude.of K we_will need to
éonsider the larger limits on { (dashed lines in Figure VI-12) which
result from the uncertainty in our knowledge of the interstellar electron
‘spectrum.

We have thus determined the rigidity (energy) dependence of
the modulationrparameter for electrons above ~100 MeV for each of the
_periodé 1965-66, 1968; 1969, 1970, and 1971. -Under‘the assumption g
sepafable in radiﬁs and rigidity, the rigidity dependence of y
determiﬁes thaf 6f the diffusion coefficient. We now use the positron
data to disguss the mﬁdulation ﬁarameters and diffusion coéfficients
at lower enefgies. |

b. Comparisons of Measured and Calculated Positron Spectra

| In Chapter’V and Figure VI-1l1 wé have shown the positron data
for.the same years used in the electron study as weil.as the calculated
intersteilar positron: spectra. As we bointedlout in Section VI.E.2
the various calculated interstellér positron intensities differ by a factor
of ~10. We now demonstrate that the calcuiated spectrum of Ramaty and
Lingenfelter (lower curve in Figure VI-11) yields modulation parameters
consistent with the electron results whiie the specfrum‘of Beedle
(upper curve) does not.

For the period 1965-66 we‘used the electron data of Fanselow
et al. (1969) to derive the modulation parameters iﬁ'the preceding sec-

3

tion. Their instrument also yielded the only available positron fluxes
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_abbve a few hundred MéV in the 1965-66 time pé;iod.. We have chosen to use
only tﬁe data of Fanselow etlal. in-that time period.in order to eliminate
'possible-intercaiibration problems between various instruments and thus
preserve, as much as ﬁossible, consistency between positron and electron
data. In Figure VI-l4a we show a plot of the DC modulation parameter y
. based on the positron:data and the calculated gélactic positron spectra
of'both'Beedle(circlés)and R&L (squares). We have also plotted by lines
the 4 from phe electron Study (Figure VI;IZa) appropfiate for the perioa
1965-66 when the positroh dafa'wgre taken. The dashed lines |
correspond to the estimated limits on ¢ derived from the uncertainty in
our knowiédge of thelinterstellar electron spectrum. This band is
consistent with the ¢+"data points" of K&L; on the other hand, the points
of Beedle are in considerablé disagreément.' In Figures VI-14b, ¢, d,

and e.we show similaf'plots coveriné‘the»years 1968-1971. 1In the cases
where the modulation“pafameters from.thé electfon and the positron

studies oyerlap,‘e.gi!1970.and 1971,'the5¢-points of R&L agree bet;er
with tﬁe eléctron vaiueé than‘do those of Beedle. Thus we believe

that theintersﬁellaripositron'intensitylis roughly that calculated by
Ramaty and Lipgenfelte;. However, we do:'not imply that the leakage-
lifeﬁime model on whiéh his calculation is based is necessafily correct.
Since_all the calculated positron spectra have roughly the same energy
dependence, we only infer from the modulation studies the approximate
magnitudé of the interstellar intensity. Ih the‘galactic nuclear
colliéions calculation, this magnitﬁde depends on the assumed positron
productioﬁ spectrum as weil as on detéils.of fhe specific médel.

There is other evidence that the positron intensity derived by
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Beedle is not valid.‘”For example, ;hé intensity of electroﬁs he cal-
culates from gglaétic‘huclear collisions is so high that if passes through
the high-energy electron data observed near Earth. Thus, no "primary"
source of negatrons is needed if we assume his calculation is correct.
quever,.séverél authors have concluded from observed positron fractions
that there éxiéts a dominant primary source of cosmic-ray negatrons
(Beuermann>etva1., 1969 ; Fansélow et al., 1969).

‘It has been.suggested, howeVer,-thét these observed positron

fractions may not be representative of the interstellar positron

fractions since electrons and'posiffons may be ﬁodulated differently,
e.g. because the energy-loss effeét depends on épectrél shape (Beedle,
19705. To investigate‘this possibility;fwe used thevnumerical éqlution
of the ﬁrénsport equation to calculate the pbsitron fraction at the
boundary‘aﬁd at 1 AU for two.aifferent caseé. 'In both cases we used the
gaiagtic positron spéctrum of'R&L and,'above 100 MeV, the‘néminal '
galacﬁic electron spectrum (Figure VI-9);. In model 1 we éxtrapolated

the nominal gaiacfic;electron spectrum fo.low eﬁergies and used é diffu-
sion coefficient appropriate for 1968 (see eq. VI-3Q and Table VI—Z). The
resulting positron fractions (labeléd MODEL 1) are shown in Figure VI-15.
We have inqluded'thefChicago (1965-66) and Caltech (1969) observations
for comparison. At low energies these measured points fall above the
calculated curves. We can achieve better agreement by using aﬁ inter-
stellar electron spectrum which turns over below 100 MeV (solid line in
Figure Vi~16b) and by modifying the diffusion coefficient such that
below-60 Mv;k a 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-}S. In general, the net effect is‘a shift of the 1 AU curve
to lower ehergy with respect to the BoundéryAcurve. The shape of the
positron-fraction'curve is roughly presefyed, however. The shifts are
not}large and the differences are smaller than the statistical errors
of the data. Thus, we conclude that the:positron fractions measured
near_EartB are also ihdicative of cohditions in interstellar space and

hence that a primarynegatron source is required. Hence, we believe that

the galactic secondary electron and positron intensities derived by

Beedle are too largé.’ i

The low-gnérgy values of the positron modu1ation parameters
shown in Figures VIi-14b, c, d‘and e:indicate that the modulation is
decreasiﬁg at low energies. This decrease is most evident in the élots
‘for 1968 and 1969 (Figures VI-14b and c)ﬁ 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-1l6a we show the
numerical éolution 6f'the transporttequation at 1 AU'using'the diffusion
coefficient derived from this modulation parameter and the interstellar
positron spectrum Qf'Ramaty and Lingenfelter (1968),'togethgr with the
ﬁéasured spectrum. The calculated spectrum-is in excellent agreement with
the low-energy data. In Figure VI-16b wé show the numerical solution
for the électron.flux using the same diffusion coefficient. In
order to achieve agreement with the dafa, the interstellar electron
spectrum was turned over below 100 MeV as shown by the upper solid line
in the'figuré.

The indicated energy dependence of the interstellar electron
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spectrum in Figure VI-16b is not the ohly one possible. vThe dotted
lines.in Figure VI—l&b'show the possible:range of the positron modulation
paramétgr at low energies in 1968. This range was determined by
considering both the uncertainty in the obsefved.l968 positron spectrum
.(Caltech)‘énd the unceftainty in the magnitude of the interstellar
positron infénsity. The latter uncertainty was derived by éssuming that
the range of the modulation parameter derived from the electron
'intensit& in 1965-66'<dashed lines in Figures VI-iZa and VI-1l4a) also
applied td the positron intensity in the region of 6ver1ap measured
during phe_same period. (Fanselow et al., 1969). We have usea the
dotted modulation parameter curves of Figure VI-14b to "demoduiate".the
1968 lowfénérgy electron data of L'Heureux et al. (1972) (sée-
'Figure.VI-l), assumiﬁg the diffusion-chvection appfoximation, i.e.
jmo,T) = j(l,T)e¢(1’i)._ In Figure VIi-17 we indicate the resulting range
of intersteilar electron spectra below ~50 MeV as a shaded region
bounded fy dotted lines. Above ~70 MeV we éhow»as a shaded bahd the
range of spgctra'consistent with the analysis of the?non-thermal—rédio—
background data (Section VI.E.1l and Appendix B); For comparison we also
show (solid line) the galactic electron spectrum of Figure VI-16b. We
conclude-erthigure VI;17 that the electron spectrum must flatten
below «lOO.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 kO %3 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 ~l4 MeV is almost the same in 1968 and



. | | | ,

100

1969, implying that nearly equal modulation was observed during the two
years at low energies. The higher-energy positron-détarfor.1969.are

statistically not as accurate as the 1968 data and therefore a detailed

- analysis is not warranted.

It is interesting to note that the solar-flare proton studies
of Lupton (1972) are consistent with a 1/R dependence of KZ(R) at
low rigidities. 1In the 1-10 MeV (43-137:MV) region he finds g is

roughly indépendent of kinetic energy. Since x a B KZ(R), ¥ = constant

implies Q}R) a %. For non-relativistic protons this is equivalent -to
1
‘We note that Lupton's solar-flare studies determine the
magnitude of x between the Sun and the Earth, whereas the modulation

studies yieid information on the diffusion coefficient beyond 1 AU.

For the June 7, 1969 event Lupton (1972) derives a radial diffusion

' : 2 2
coefficient of ~1 - 3.5 x 10 0 cm /sec'for the 1-10 MeV protons. If we

assume i independent of radius with a boundary at 12 AU (see next
section) and use the positron modulation parameter from Figure VI-14b

19 cm2/sec for the low-energy

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

this estimate from the posifron modulatidn-study. This disagreement may
imply that a) the boundary is at a larger distance than 12 AU or

b) >K is larger inside 1 AU fhan beyond. For example, if we'assume

K o %}outside 1 AU then a boundary distance of ~9 AU yields a modulation-
derived g consistent with the solar-flaré 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 Stonég 1972) indicates
that during the time interval of the flare observations an equilibrium
conditioﬂ may not be reacﬁed and a largef boundary is also consistent
with the data.

in summary; the important conclusions from the positron
modulétioﬁ studies ar§ a) the interstellar positron spectrum of R&L
provides consistency between electron and positron moduiation studies
above ~100 MeV and b). below ~100 MeV the diffusion coefficient must
increase and the‘intqrstellar 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 Interplaneta;y 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" i for the entire modulation

.1 . D
region, i.e. the modulation parameter essentially determines Jr ;(ng) .
) J

1

On the other hand, ﬁéasurements of the powerlépectrﬁm of thé inter-
planetary magnetic field, made near 1 AU, determine the local diffusion
coefficient.. Therefore, a quantitativé comparison of these diffusion
coefficients can provide information on the radial dependencelof K,
including estimates 6f the size of the modulation region.

fhe 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

-1

coefficient are given, which yield the same result only if P «w , 7,
L

where P is the spectral density of the perpendicular fluctuations and
L
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v is the frequency. The different methods result from thé use of
different appro#imations to the basic Fokker-Planck equation describing
the evolution of the particle distribution function. Recently, Earl
(1972) has developed ian improved approach Based on eigenfunctions of the
operator which describes pitch-angle scattering. The evaluation of the
lowest-order eigenfunction leads to a precise expression for the
parallel diffusion coefficient. This method is easily applied when the
power spectrum can be represented by a power law in frequency with one
index. For typic31 va1ues of the index (-.5 to - 2) Earl finds that
the second. method discﬁséed 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. In this
discussion we use the perturbation méthod of Jokipii rather
than Earl's method for two reasons: 1) 'the qalculation is in
terms of an integral of the péwer spectrum over frequency andlhence it
is more easily applied to various functional forms of P (y) and 2)
Jékipii's method éllows,a determination of the apﬁropri: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.propagéting along the field direcfiqn, we can represent

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

pdp

dp (VI-31)

k (R) = BeR_ n'
I v
~0

n'
0

1
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where R is particle figidity, V is the solar-wind velocity, B.is the
magnetic field étreﬂgth, and p:B”/B=cos¢'where ﬁlc is- the component of
the particlé velocity, Bc, along the-diréction of the field and ¢ is the
pitch angle. Note that P (y) refers to é frequency spectrum defined for
. negative as well as posit:ve frequencies. The published power spectra
.are‘defined for positive frequencies only and hepce myst be multiplied
by a factor of 1/2 before insertion in equation VI-31.
Powef spectra during the relevant time period have been

published by Jokipii and Coleman (1968), Sari and Ness (1969), Bercovitch
1971), and Quenby and.Sear (1971L). 1In Figure VI-18 we show the data

6. 10'_2 Hz for the indicated time

ffom ﬁhese éuthors in the range 10~
periods. |

Sari (1972b)has noﬁed.thaf, in evaluating‘K”, the power spectrum
observed by the spacecraft must be cbnvepted to the power specffum
"observed' by a particle spiraliﬂg along the average magnetic field
line. The power spectra of Figure VI-18 represent power at wavelengths’
which}are frozen'info the field and convected past the spacecraft in the
radial directién. Parﬁicles, however, afé scattered:by the power at
wavelengths along the field direction. It can Be(shéwn that if
P « v-q then the corrected power spectrum is;

1

corrected _ observed

P (cos Q)q-l P
1 Bt

where 6 is the angle 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 6 from that derived by Sari (1972b).)
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We approximate the observed power spectra by power-law segments,
applyvthe'corréction mentioned above, and use equation VI-31 to compute

k for each of the poﬁer spectra (except the high-frequency data of
I : C _ _
Sari and Ness in which q = 2 where equation VI-31 breaks down). In each

case we have assumed V = 400 km/sec and B = 5y (ly = 10-5 gauss). The
results are displayed in Figure VI-19.

We note that for a given rigidity, R, contributions to i  (R)
[

in equation VI-31 coﬁé from the power spectrum at all frequencies

| L VB ' » ' ‘
greater than , . =5"&. For B =5y and V = 400 km/sec the numerical

relation between ”min'in Hz and particle rigidity in GV is _

u _ 0.955 x 107%

Vmin : R

[

(VI-32)

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

_-(r'*"lO-4 - 10_2 Hz), it follows from equation VI-32 that for
Vmax
. 0.955 x 107% - '
R < Rmin = - ~— none of the contribution to g 1is derived from
V. f o

max
the measured power density of the field fluctuations. In calculating
¢ from equation VI-31l it is necessary to extrapolate the measured

Il . :
power spectra of Figure VI-18 to higher frequencies. The diffusion

coefficients shown in Figure VI-19 are plotted to a lower-limit

such that less than 504 of the contribution to y is

rigidity, R
il

low

from the extrapolated portion of the power spectrum.

These diffusion coefficients can be characterized by a para-

meter b where

a R
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In general, we find that b ® 1.5 - 2 near 100 GV and is slowly decreasing
to perhaps .5 in the region near 1 GV.

We now compare these diffusion coefficients with those
derived from the electgon modulation study. In that study we used the
radial diffusiog coefficient, Kpp? which depends on both K” and KL and

is given in terms of these quantities by equation VI-3. By substituting

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

k__ = 0.45¢ + 0.55¢ (VI-33
ryr 1 n

At present there is no consensus on the value of v . It has
L

been suggested that perpendicular diffusion is dominated by the random

walk of the field lines (Jokipii, 1966; Jokipii and Parker, 1969),:as

N

measured by the power at zero frequency:

18l p (=0 R <16V (VI-34a)
. B% 1 .
k (R) =
+ -12- 99—‘2’ P (y =0) R >» 1 GV (VI-34b)
° BT L .
Jokipii and Parker (1969) have noted that P (v) must have zero slope at
1

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

1
polation of the observed power spectrum 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 g for.the following reason. A large part of the observed
L .

power at low frequencies may be due to tangential discontinuities

being swept past the spacecraft. Such discontinuities may be visualized
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as representing an interplanetary ﬁedium?compoéed of many relatively
diéordered flpx tubes: of piasma. Within‘a given flux‘tube‘the field
has roughly the same averagé direction; "It is not clear whether the
contribution to the magnetic -field power spectrum from such
discontinuities should be rémoved beforggextrapolating to Zero

frequency in estimating g -
. N |
Because of the systematic nature of the uncertainty of gy we
' . ‘ 4
shall consider two limiting estimates: 1) we shall extrapolate the

power spectra to zero frequency and use eéquation VI-34 to estimate g ,
- : - , 1
and 2) we shall also consider the case y '® 0 (i.e. ¥ <<k )-
s : . - 1 ' L It
~ As an example, we compare.the radial diffusion coefficient

from the 1968 modulation study with.that Heri?ed frqm'the powér Spectrum
of Quenby and Sear (1971). vIn Figure VI-20 wé show the Koy

derived from the power-spectra data for the period 12/68-3/69 using
equatioﬁ VI-33. Curves 1 and 2 cotrespond to the results for y = 0 and
kK =4 x 1021‘cm2/sec, respectively. The latter estimate is th: zero-
fieﬁuency extrapolétibn result using equation VI-34a. (The high-
rigidity restlt for i, given by equation4VI-34b is only a factor of 2
larger than‘the Iow-rigidity value. Slnce‘K << K" at higﬁzrigidities,
the use of equation VI-34a for the entire rlgldlty range is reasonable.)
The error bars on the two curves indicate the 20 uncertalnty in the

observed power spectrum assigned by Quenby and Sear. Since the

quantity determined from the cosmic-ray modulation is an
integral, ¢ (r R) = “/EY?Tﬁj’the actual magnitude of the modula-

tion-derived g at 1 AU depends on its assumed radial dependence
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'inclﬁding the bouﬁdary distance;.D. Assuming a const@nt radial
-dependence with a boundary at 12 AU we obtain from the 1968 modulation
study the diffusion éoefficient 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.
Although thére is only a limited region of ovérlap, the rigidity
dependences of the diffusion coefficients derived from the power-spectra
method»and from the modulation study_are:consisteﬁt;

.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 spectré stﬁdy. As an
.iilustrafion, we show in Figgre VI-21 ia'comparison at i GV
‘ of these diffusion coefficients as a function of boundary distance
assuming K.indegendent of radiﬁs. 'The.two power-spectra estimates of y
are éhown as horizontal bands, corresponding to the 20 uncertainty of

the data. The boundary dependence of the modulation-derived y is:

oo Vs(D-1)
€@ LV = §a7au, 1 an

and the bandlin thisiéase results from the uncertainty in our knowledge
of the iﬁtérstellar electron spectrum. The crosshatched areas represent
the intersections of the bands. We find that if K ;is’negligible, bound-
ary distances of 6-15 AU are required for consist:ncy between the two
diffusion coefficients, under the assumption g independent of radius.

If ¢ Ais 4 x 1021 cmz/sec (the value inferfed from the zero*frequehcy'

1 .
extrépolation of the Quenby and Sear power spectrum), we obtain the

boundary range 11-25 AU.
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If we assume a different fadial.dependence for g, the integrai
definition of the modulation parameter (equation VI-6) still determines
thevmagnitudé of the diffusion coeffigiept at 1 AU as a function of
boundary distance. By requiring this magnitude to be consistent with
that derived from the power,specfrum we ‘can calculate the limits on D for
- any specified radialldependence of y. As a simple éxample,we consider
the case g << K" and assume i is a separable function of radius and
rigidity with the‘radiai dependence Kl(r) ar. We @alculate the
minimum and maximum D for different values of the index n. At the
.compariSOn>rigidity of 1 GV in 1968 it can be shown frém-the definition
of ¥ (equation Vi~6),§hat the functional forms of Dmin and b@a# in AU

for the case considered are given by:

1l-n ' .
Dpin = 1#5.0 m) | | (VI-35a)
D214 14.2 (’1'- y | VI-35b
max i s | ‘ (_. )

~ 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 i independent of r. If the

l-n

’ c ‘ A .
index n has a value n, such that D < 0, we cannot obtain consistency

min
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 the case << K”-’ For k =4 x 1021 cmz/sec the condition is
n_ > 1.1.- Thu:,if K is assum:d to increase wifh r faster than.~r171,
there is not enough calculatéd modulation of electrons beyond 1 AU té
agrée with the observed modulafion; |

Récently,,Jokipii (1972) has éélculated the radial dependence
of g for‘two typgs of:fiuctuations: 1) Alfvén waves and 2) frozen;in
irreguiarities. Béyond about 1 AU he finds for Alfvén waves, g agro,
and for frozen-iﬁ fiuqtuations,Krr o 1/r. From equaFion VI-35 (or
Figure VI-22) we find that a l/r dependence would imply a boundary
range of ~3.3 - 5.5 Aﬁ (4.6 - 7.0 AU for ¢ =4 x 1021 cmz/sec). The

A ‘ 1 .
t° behavior gives the 6-15 AU range we derived above.

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

In Section VI.E.3 we discussed the nuﬁerical solutions of the
transport equation fof electrons and positrons for the periods
'June-Jul}.r -19‘645-66 (averaged), June-October 1968, June-July 1969,
June-July 1970, énd July 1971. Elecfron'spectra consistent with the
data were calculatéd'using.the nominél,iﬂters?ellar électron spectrum
(SectioanI;E.l) andifhe diffusibn'coefficients described by
equation Vi-30 using the values of the.parameters lis;ed ianable VIi-2.

The transport equation for cosmic-ray nuclei.is tﬁe samg as
‘that for electrons (equation VI-1). it follows that we should be able
to use the electron-derived diffusion coefficienfs in deriving
numerical solutions appropriate for the nuclei. In this section we
presént such solutions under the following restrictions and assumptions:
1) figidify depenaeqées of the diffusion coefficient derived

from the electron modulation parameters based on the nominal
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interstallaf electron spectrum

2) diffusion coefficient independent of radius'with boundary
a£A12 AU. (Calculated spectra fof boundaries ih the
¥ange 6-25 AU, de;ivéd in Section VI.E.4, are identical
abovg a few'huhdrgd MeV/nucleon and differ by less than
204 above ~40 MeV/nucleon.) |

3) ;onstant solar-wiﬁd velocity of 400 km/sec

4) interstellar spéctré of nuclei given.by

> | p/@nz sec sr MeV/nucleon)

§ = AT - m/4)~2-6
" where W is tﬁe total energy per nucleon, m is the nucleon
' jfest :énefgy and A is 1,07 x 109 and 7.6.7'xv107 for protons
~ and He nuclei, respectively.. (See Garrard (1973) for
discussion of this particulaf férm of the intersﬁellar spectra})v
Cosmic-ray protoh and.He-nuclei data similar to those
cbﬁpiled by Garrard (1973) for the periods 1965-1970 are shown in
Figure VI-ZS a-d and ‘Figire VI-24va-d, respectivély. In each figure
we show oné or‘two calculated spectré usihg diffusion coefficiénts
desﬁribed.by equation'VI-BO with the parameters.listed in Table VI-3.
Each caiculated spéctrum is mafked with a number corrésponding to an
entry in.tﬁe tabie. (Garrard used parameters similar to those shown
in Table VI-3. His célcﬁlated spectré afe slightly steeper at low.
energies, however, since he used'Boundary distaﬁceSVOf 2.7 and 6.1 AU.)
A completg discussion of the-relation between the calculatéd and
obsefved spectra is given by Gafra;d'(1973). We inclqde a-éhort

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

Diffusion Coefficient Parameters - Nuclei Modulation Study

' . R R C*(x1018)
Entry m 1 2 5 - :
Number mMv) (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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..1965-66v(Figures VI-23a and'VI-ZAa):

‘The éaléﬁlated curve is baéed on the same parameters as used in
thé 1965-66 electron study. The curve‘is slightiy above the low-energy
proton measurements énd slightly below the corresponding He-nuclei data

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

1968 p and 1967-680 (Figures VI-2lb and VI-26b):

| . The same paraméters are used as in the 1968 electron étudy.
The fit 1is good fof'both the proton andiHe-nuclei spectra.
1969 (Figufes Vi-23c‘aﬁd VI-24c):

'v.We iﬁclﬁdeztwo curves. Curve 3 13 derived using paraméters
conéistént With the>e1¢c£ron.study. Both the protoh and He-nuclei
meaSuremeﬁts fall below the curve. A befter fit is obtained by increasing
¥ by ~7% (curve 4). vThis‘changé is juétified since_thé 1969 nuclei data
were taken in AugustQSeptember whereas tﬁe e1ec£ron data were collected
in June-Jﬁly.- Since‘@ may have changed by as much as 40%.from sqmmer'
196§ fo éummer 1970 (see Table VI-2), a 74 change over a two-month period
is reasonable. (The'tqrn-up'in the observed pfoton spectrum below ~40 MeV,
whiéh is not reproduced in the calcﬁlated spectra, may be due to sblar
emissioﬁ (Garrafd, 1973).) |
1970 (Figureé VI-23d and VI-24d)

The calculafed He-nuclei curve is slightly below the data
points but theAcurve-does fall within the errof bars. The observed
proton spectrum is mﬁch flatter than the calculated curve. Since this
period is near sblar.&aximum, thé flattening may result from a combina-
4tion of depressed éalactic fluxes and possibly'enhanced solar emission.

In general we regard the fits for the nuclei spectra for 1965-
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1970 as adequate}‘ We note that we have achievedlreasonably good agreement
despite the many restrictions imposed, i.e. the use of the y's derived
_from the electron data using only the nominal interstellar electron
spectrum, the particular interstellar spectra of nuclei assumed, and
the‘restriction k independent of r. We have not, however, ruled out
the possibility of different interstellar nuclei spectra or more
complicatéd radial dependences of . On' the other hand it is not
necessary to invoke them. 1In addition, the argument (e.g. Burger and
Swanenburg, 1971) that a diffusion coefficient Which is non-separable
in its rigidity and radial dependences is necessary to fit the electron
and nuclei data is not seen to be true. . However, we cannot rule out a
non-separable diffusion coefficient.
In summary, we find that the good>agreement between the cal-
. culated‘and measured nuclei spectra.indicéte that
a) the interstellar proton and He-nuclei spéctra used are
reasonable (although it must be remémbered that at low
energies (« few hundred MeV) the near-Earth spectra are
relatively insensitive to the. interstellar spectra) and
b) the diffusion coefficients derived from the electron
modulatidn studies are appropriate for the nuclei
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 sﬁectra“of positrons énd electrons (e+ + e ) and have
discussed the mechanism of solar modulation of cosmic rays.

We have based our studies on éosmic-ray positron and
electron épectra, meéasured by us and by 6therlinvestigators; 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 conClusiﬁns:

| 1) Analytic Approximations fo the Cosmic-Ray Transport
Equation
We have used numeriéal solutions of the full ﬁransport
equation describing cosmic-ray propagation in the interplanetary
medium to discuss the validity of seQeral analytic approximations
to the equation. Wé'héve found that: i
a) In order for the convection-adiabatic deceleration
approximation to be valid the interstellar intensity
of electrons is required to be a facfor of ~8000
greéter than that inferred from the analysis of the
galactic non-thermal-~-radio-background data.
b) The force-field approximation is inédequate at
| low energies. Tﬁe diffusion coéfficients and
interstellar spectra derived by Meyer et al. (1971)
#nd Schmidt (1972) using this approximation are

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

. ¢) Tﬁé diffusion-convection appro#imétiénhyieids a
reasonable first-brder solution of the transpdrt
equation for both_eléctrons.and positrons. Energy
loss by adiabatic:decelération < 50%) leads to
a :shift in energy of:the numericél solution at i AU
from the DC apprinmgte solution, 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

Dydr
1 k(r,R).

Thus, if the diffusion coefficient, K, is assumed

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

;o be a separable‘function éf fadius,r,‘and rigidity,
R; thé'DC approximation may bé ﬁsed to estimate
fﬂe_rigidity dependeﬁce of ¥ from a knowledge of the
ﬁear-Earth and interstellar electron‘(or positfon)

spectra.

In addition, we have used the diffﬁéion—convection and.
force-field approximations, together with numerical solutions of the
full traﬁspbrt equafion,to discuss the expected behavior of the electron
spectrum.at 1 AU at_energies above'“100VMeV. Assuming a nominal
' galacfic electron spectiuﬁ, we found that the flat portion of the
near;Earth electron spectrum from ~100 MeV to 1.GeV can be attributed
to a_changé in thelfigidity dependence of the diffusion coefficient

near 1 GV. We have also shown that a knowledge of only the energy
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dependeﬁces of the interstellar speétrumfand the interplanetary cosmic-
ray diffusion coefficient is sufficient to estimate the absolute solar
ﬁodulatidn of eiectroné (or positrons) at the energy of a relative
maximum in the near-Earth épectrum. Further analysis may lead to
improved estimates of;the.absdlute interstellér positron and electron
intensities. | |

'2)_ interstéllar Electron and Positron Spectra

Wé have madé a new derivation of the épproximate range of
the.interstellar electron spectrum at energies between ~100 MeV and_
~5 GéV from»the non-thermal;radio-backgrqund'data.A Uncertainties in
_'our.knowledée of thé=ga1actic parameters used in the anaiysis lead to an
uncertainty of about ‘a factor of 4 in fhe.electron intensity above ~300
MeV and to.larger uncertainities at lower energies.

We have diécﬁsse& sevgral intefstellar positron spectra
calculated bybother inQestigators for the energy range 10 MeV - 10 GeV.
Siﬂce‘the calculatéd.abéqiute intensities differ considerably, we
determined the apbropriate spectrum by requiring consistency between the
electron and positron modﬁlation studies at energies above ~100 MeV. We
have used ;he most consistent interstellar positron spectrum (i.e.- that
proﬁqsed by Ramaty. and Lingenfelter'(i968)) aﬁd'fhe Calteéh positron data

I
to study the modulation of both positrons and_elect;ons aé low energies.
From‘this»study.We cohclﬂded that the inferstellar cosmic-ray electron
spectrum must flatten éonsiderably below ~100- MeV. dur sqlar modulation
. studies indiéate that the ;atio of positrons to electrons{in interstellar
space is ﬁearly the saﬁe'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 ~10 MeV have a predominantly primary origin.
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.v3)- DifoSion Coefficient and Size of the Modulation Region

Froﬁ a cdméafison of the interstellar and near-Eartﬁ
elecffoﬁ (énd positron) épectra we calculated the modulation parameters
'for the periods 1965-66, 1968, 1969, 1970, and 1971. vThese 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’coﬁsjstent. For rigidities below ~60 MV we derived diffusion’
coefficients which iﬂcreased.with decfeasing rigidity. This increase
at.low rigidities is . consistent with tﬁe rigidity dependence inferred
from the”solar-flare proton studies of Luptoh (1972). A comparison
of the magnitﬁdes of - the diffusion coeffiﬁients derived from the
solar-flare and the modulation studies indicates that at low energies
K may be larger inside 1 AU thanAbeyond'or that the distance to the
boundary of the modulafion region ﬁay be relatively large (~30 AU),

We have also derived limits on the péssible radial
dependence of K by tequiring that the magnitude of the modulation-
derivéd diffusion coefficient be consistent with that derived froﬁ
the power;spectra étudy. Assuming K(r) o rn, we found that n S 1.1,
For K.independent of radius, consistency between the magnitudes of the
diffusion;coefficiehtsvrequires the boundary of the solar modulation
region t§ be in the range 6-25 AU,

We have also applied the diffusion coefficients derived

from these electron modulation studies to the cosmic-ray nuclei,
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Assuming é particular form for the interstellar spectra of protons and
Athe-nuclei, we have calculated spectra of these paftiéles afli AU
which are consistent with the -observations. Since our complete
anaiysis was done assuming a diffusion coefficient which is a separable
functian of radius and rigidity; énd consistency with the measured
spectfa WQS achieved,rwe 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.  Selection Criteria for Data Analysis

Thevselectién criteria for '"acceptable events" are essentially
the same for both.detéctor configurations MOD-1 and MOD-2. The ériteria
have been explained in detail by Rice (1970). A brief review of the
‘procedure-will be givén as Qell as a description of the differences
betwéen MOD-1 an& MOD-2 selection criteria.

a. Spark Chaﬁbérngfformancé

'initially,ithé:trajectory of a particle in eachvspark chamber
is determined by making a 1ea§t-squares fit of the measured»spark
locations £o a straight line. 1In some events 'eitﬁer no spark or a
spurioué spark is registered in one or more modules within a spark
chamber. In these cases the module is ignored in the 1east-sqﬁares
fit. .If more thén ong plane in a chambervmalfunctions,.the event is
categérizea as'; "ﬁulti-errér" event and réjected from analysis.
UPerfect" events are'thdse in which all 8 planes determine the
trajectory‘in the two chahbers, and "one-error" events are those in
which an errér is detécféd in one élane in either 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 rejected. 1In

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

in connection with the above criteria, multiple-particle
events can be recognized by the multiple-Spark-indiéator (MSI) bit
(éee 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 froﬁ the piék-dp 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-mpdule per flight. The MSI feature is somewhat more important
in the analysis of MOD-2 data since the 2 g/cm2 of material above the
upper sﬁark chamber kgas 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 symmefry of the detector
and the magnetic field, determines whether the calculated trajectories
in the two spark chambers are consistentAwith the bending expected in
the field for the cdﬁputed deflection angle. 1In Figure A-1 we show a
projected pérticle tfajectory assuming no.scattéring énd an idealized,
uniform magnetic field that is completgly confined to the gap. Outside
the gap the tr;jectories are straight line segments 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=A - A, =0 . : (A-1)
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This eQuatiQn (which is also valid for a field with symmetrical
fringing above and below the magnet gap) is a necessary and sufficient
condition for ¢d to be joined smoothly to the straight-line segments

Z;‘and db (see Figure A-1 for definition of symbols). The angles Kl

and A, are calculated from the trajectories in the spark chambers.

2

However, thé idealized values of A

i and kz are not determined because

of multiple scattering and the intrinsic angulaf resolution of the
detector (see Appendix A.2). The expectéd angular distribution for
A due to these effects has been calculated (Rice, 1970), and the result

for  the standard deviation of A is

=\ : e ' -
o, o + 40, (A-2)

where o and,G (the deflection angle) are defined in Figure A—l. The

uncertainty in 6, O,, depends on the angular resolution of the detector

9}
and is derived in Appendix A.2 (equation A-11). The uncertainty in w,
Uaf'results from the uncertainty in the spark locations of the modules

defining the line segment ab. Rice (1970) derived Uw X .001l4 radians.

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

'\ﬁ.ue)z + (.004)>  MoD-1 (A-3a)

g =
t 2 2 '
_ _ (.0686)° + (.004)°  MOD-2 _ (A-3b)

A possible further contribution to UA 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 évents with a p more than approximately 20 away
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from zero are rejected. Using a Gaussian approximation for the
A-distribhtion with the GA of equation A-3b, we would obtain for the

1
selection criterion:

CA S A
2 - 2

8 = (:1360)° + (.008)

However, at low energies (large 0) where multiple scattering is
important'the Gaussian approximation is not very accurate. For example,
Figure A-3b shows the'probabiiity for electrons to scatter through
angle greater than ¢ versus momentum x ¢. (This distribution function
is calculated in Appendik'A.Z). At the "20" level (ordinate = 0.025)
there is COnsiderable‘disagreement in the actual computed distribution

(curve 1) and the Gaussian approximation (curve 2) used in deriving

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

criterion on p for acceptance of an event

A< A

2

A

c (.1556)2 + (.008)2 "~ MOD-2 (A-4a)

Thus at high energies (@ ~ 0), A; ® ,008 =~ ZUA and we rej%ct ~5% of
valid MOD-2 events. At low energies (large 8), Ao %..1556. From
Figure A-3b at PA, = .155p8 = 1.37 (equation II-2b implieﬁ po = 8.85)
we find that we are rejecting about 74 of the valid events.

Thé selection criterion foé MOD-1 events is based on similar
considerations (Rice, 1970):

i
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N

p = (-320)% + (.008)>  moD-1 (a-4b)

However, the scattering angle distributions shown in'Figures A-3a and b
are slightly.different from the distributions calculated by Rice. At
low energies pAc & ,32p6 m 1.15 (equation II-2b implies p6 = 3.55)."
Thus we are rejecting ‘about 11% of Fhe valid MOD-1 events at low
energies. fhe high-energy rejection is ~5%. These iimits and standard
deviafions apply equally Well to the gosmic-ray nuclei since the
scaﬁtering term.is negligible for these events.. Thus, the criteria
introduce essentia11f no bias according to particle sﬁécies or rigidity.
On the other hand, the criteria are such that there is very little
probabilit& thaf an e&eﬁt will be accepfed which includes spurious
sparks in‘fhe trajectory determination.‘

In Figure A-2 _wé show the p distributions for the analyzable
(perfect + Qné-errof) events as megsured at the Calfech Synchrotron for
positrons of 85 and 790 ﬁeV energy using the MOD-1 detector. ‘The smooth
éurves repréSent the calculated Gaussiaﬁ distributions based on the
standard deviation given by equation Af3aa The shaded areas show the

events which are rejected becauée of the p-criterion (equation A-4b).
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- 2. Riéidity Resélution

The resélution of the MOD-1 defector éyétem has been deséribed
in deﬁail (Rice, 1970). Much of that discussion is relevant to the:
present deééription. <HOWever; some refinements in the calculations
have been made ahd therefore a general discussion will be presented.

The abilityuof the detecﬁor to measure the rigidity of a.
partigle is.principélly affected by 1) mﬁltiple scattering within the
chambers or-magnet gap.and 2) the intrinéic angular reéolution. Multiple
scattgring of fhe ;lectfons adds a.randém angular_deviatién to the
true'defléétion angle. Most of the1scattefing occurs at the wire
planesband alumihized>my1ar covers adjaéent to tﬁe magnet gap. A rough
calculation of this effect was made preﬁiously by Rice. We have made a
more-refinéd calcuié;ion which uses a better approximétion to the true
ﬁaéé distribution qf'the wires and which also inciudes scattering in the
gas of thé chambers and magnet gap. In Figur&;A-3a and b we show
(cUrvell) the distribution of projected scatfering angle @ in tﬁe y-z
plane (seé Figure A<l for definition of this plgne) calculated for
elecfrons gf momentum:p according.toAthe,theory of Moliere (Galbraith
and Williamé, 1964).=430th the diffe;ential_distribution %g, whichfis
normalized by dividing by the moﬁentum p, and the in;égral angular
: distribu£ion N (>w).are shown blotted ys; p@.- As plotted, curve 1 éan
be used fof all electron momenta above a few MeV/c. ﬁe also show'in
.Figure A-3a and b (Fﬁrve 2) a Gaussian distribution with OP@ = .60 MeV/c
radians. This distribution will be used to approximate the truéA

scattering-angle distribution. In particular, note that the integral
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distributions for curves 1 and 2 are equal at po =1dp¢ = .60‘Mey/c
radians (Figure A-3b). The»long 1arge-ang1e-scattefing'tail,iwhich is
not well reproduced in the Gaussian approximation, is accounted for in
the traﬁectoryrconsistency checking (see Appendix A.i.b).
1f oP@ is thé standard deviétiop of the distribu;ion as

plotted, then

o
% = -I;& o (A-5)
We thus have:
. .60 i
= —— radia . A-6
S P radians ( )

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

.176 - MOD-1 : ' (A-7a)

GQ[) . .
.0686 MOD-2 ' (A=7b)

wﬁereve is ;he defléction angle ofbthe partiéle.

The.intriﬁéic.angular reSolutiéﬁ derives from the approximately
Gauésian distribution of the measured spark locations about‘the true
trajeqtofy position in each module. If we let dA represent the standard

deviation of the deflection angle due to. the intrinsic angular

resolution,. then theistandard deviation of the measured angle is given

. . [ 2 2 .
.99 =,\\ S + oA , (A-8)

In Figure A-4 we show the angular distribution obtained for

by

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 oflthe data to é Gaussian distriBution;:the best-fit
staﬁdard'deviation is.ce = .0023 radians, whichlimplies UA'='.0021
radians from equations A-7a and A-8. However, the calibration runs
were‘made with the beém aligned with the detector system, whereas
‘during a flight particles have incident angles of as much as.300. The
distribution of the measured spark locations about the true trajec;ory
positioﬁ is expectgd to be.broader at larger incident angles since the
ion pairs are distributed over a large transverse distance. This argu-
.ment is substantiatedby'the fact that the average of the mean deviations
bf the measured.épark;lbcations‘about the least-squafes fit trajectories
is approximately 60%'larger for flight data and ground-based Mmuon runs
than for fhe calibration runs. Therefore, we expect that UA.appropriate
for flight data might be slightly larger. than that deduced frbm the
calibrations. |

It is possible to determine UA directly from the flight data.
More_than 90% of the particles which tiigger the detector system dufing
a flight are nuclei with energy greater fhan 400 MeV/nucleon, the
threshold of the 1ucite-%erenkov counter. Of these particles approximately
904, are:protons and 10% He nuclei. For these partiélés,the effect of
scéttering is small and, hence,'théir distributibn reflects the intrinsic
angular resolution described by GA'

- 2
The expected rate of protons (p/m”~ sec sr) in the deflection

interval Gi - 91+1 is

o, o .
_ i+l
N, =f d()'f dR j(R) P(6,6") (A-9)
oYy 7 1000 ' |

i
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where
A o | , ] ) -
j(R) = differential rigidity spectrum of protons (p/m”~ sec sr MV)
and P(G,G‘).is'tﬁe Gaussian probability distribution function defined
by equatioﬁ IV-1. 1In Figure A-5 we show the angular distribution of
parficies observed during the iocal nighttime interval of flight 71C2
with defleétibn angles in the range -.008 to +.015 radians. The smooﬁh
solid curve is the predicted ahgulér distribution of cosmic;ray protons
- calculated from equatioﬁs A-9 and iV-l using;a proton specﬁrum appropriate
for sola; ﬁaximum aﬁd;UA = .0025 fadians; The dashed curve represents
a similarvcaléulation*eXcept that the proton spectrum appropriate for
solar minimgm is used; It is seen that the variatién in the proton
spectrum over- the solaf cycle shifts the peak of thé distribution but
does not'significantlf alter the width. Thus the stéﬁdard deviation,
UA; which we derivé in this manner does an stroﬁgly.depend on the
assumed proton»spectrumf 'Curves were caiculated with the solar maximum

proton spectrum for several different values of OA' In each case the

location of the peak-bf‘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 ' ’
X = % [(yg —_ni)ﬁdﬁij | (A-10)

where

th _.
observed number of particles in i~ channel.
(Each .channel is .00l radians wide.)

s}
]

' ‘ ' . th
calculated number of protons in the i~ channel.

<
1l
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A plot of Xz versus dA is shown in Figure A-6. The minimum occurs

for.GA»t .0025vradian§_whiph is the value we adopt for the aﬁalysis of

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

\/(.176)2 + (.0025)2 MOD-1 (A-11a)
gg = ” ' )
\[0—686) + (.0025)>  MoD-2 (A-11b)

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

as .
ﬂ\J/- 2 0059 2
. .40 + (—= MOD-1 . ) A-12a
2 560, J40)% + (2522 | (A-12a)
1 \/1e)? + ('_0—056-)2) -~ mop-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. Live Time (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) a - nata) seconds (A-13)

where i

n, = humber of events recorded

.te = time requi:ed to write a word (.35 sec)

n_ = total guard countef rate (cts/sec)'~

ta = dead time followihg anti-coincidence (2 psec)
provided

nata <1
" which applied throughogt all flighté. The fractional dead time during
a typical phase-A period at float altitude ranged from .14 in 1969 to
.22 in 1971,
b. Spark Chamber Effiéiency (DCE)
Since every triple coincidence, Tl/\T_Z/\LEI,, is a potentially

valid event, the spark chamber detection efficiency. is:

D = (A-14)

Z |2

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 Terenkov events, i.e. TLA T2ALEAGE,

: n
e
, DG§>— —= | (A-15)

Ne¥

where

nGEfis the number of analyzable GC events

. v :
NG& is the total number of GC-event coincidences

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

'.jC‘c' ~ D + .05 | B (A-16)
This sméll difference is'probably due to the different species of
particies which make up the ¢€ and NON-GC events. (Less than 10% of

the events}are_GE eveﬁts; roughly 3/4.ofvthese are electrons above

15 MeV and the remaining 1/4 are nuclei above ~22 GeV/nucleon. AThevbulk
of events'triggering‘the detector are of the NON-GEvtype and consist
mostly of protons above ~400 MeV.) 'Further analjsis is in progress to

determine the exact cause of the difference between D and D ‘However,

v,
_ GC
_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 D we adopt the following method for

4
GC’
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 DGE over the total float period (where
better statistics prevail).
c. Gas Eereﬁkov Efficiency Pactor (E;ff)
Thé gas Cerenkov counter was fabricated in January, 1970.
Shortly afterward, it was éalibrated at che Caltech Synchrotron as
described in Sectioﬁ ITI.B. The efficiency was determined to be
appfoximately 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 Cerenkov counter
operétion,:changes in the efficiency of less than 10% are ﬁasked by the_
statisticallaCCuracy of the data. A comparison of ground-based muon
runs in 1970 and 1971 show n§ significanf differencés; ﬁowever, in order
to correct for possible.smaller changes in the gas Egrenkov counter
efficiency we use the. flight data to diréctlyvcalculate the efficiency
factor. As an ekample,lwe show in Figure A-8 the hourly count rate of
both gas-Eerenkov and non—gas-Eerenkov 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 evénts in the energy ranges cbnsidered 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 et countér because its
efficiency is less than 1004.
Under the aboveinterpretation, a night-day difference_in the NON-dE

count rate is due to its electron component. All other NON-GC events,
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which always have rigidities above cutoff, should retain a constant
count'raﬁé'from night'tb day. Thevelectron'éounting rate increases by
a factor of 3 or 4 from night to day‘due:td fhe large fluk of re-
entrant albédo electrons present at these low energies during the day-~
time intefval. In the following‘ we use. the tﬁo-component model for
the NON-G& eventsvand.compére'the night-day'rétios of both classes of
events. From these ratios we shall determine the ffaction of electrons
in the NON-GC data. . Thus, both the count rate of GC electrons and
NON-GE electrons can be determined and, hence, the gas Cerenkov counter
efficiency_can be computed.

_We define thé following symbois:

e = nighttimé GE rate (electrons)
. v :
ey = daytime GC rate (electrons)
Z; = nighttime NON-GC rate of electrons
E& = daytime NON-GE rate of elecfrons
p = time-independent rate of all other NON-GE events
E& +p v
y = e_—-_-|_—; = ratio of day to night NON-GC rates
an " P
ey e ' .
x ==z = ratio of day to night electron rates

n- n
Both qdantities x and y are determined from the data. It follows that
the ratio of the two components of the NON-GE class of events is given

by: : '

~1h
:f

S . . L. v -
Since we measure the counting rate at night for NON-GC events, p + en,
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. . .' hd
we derive the counting rate of the electron component of the NON-GC
- events at night:
L3
E:E———i
PB4
e
n
. . v . v
The nighttime GC rate, e, is measured and thus the gas-Cerenkov

efficiency at all energies above dé threshold is:

v n

Ceff B e + Eh
Table A-1 shows the result of this calculation for the flights of 1970
andli971;‘ The error bérs result from the statiéticﬁl errors in thé
average dayAand night coun:iné rates. The night-day transitions are
most distihct'in flights 70C2 and 71C2, and hence, we take as Cerenkov

efficiency'factors, Céff’ the values .93 and .84 for 1970 and 1971,

respectively.
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4. Background Corrections

a. Upward-Mbving Particles

With the defector in the MOD-1' configuration, a fraction of
the upward-moving particles (splash albedo and those due to y-ray
interactions in the lucite Eerenkov counfer) contribute a small
éontamination to the.low-energy data (due to the «4%'Backward detection
éfficiency in LE), These corrections haVe been.described in connection
with the 1968 data (Rice, 1969, 1970).

| As a result of further calibrations at the Caltech Synchrotron

we have madg improved‘estimates of the y-ray contamination. The newr
corrections are given-ianables V-1 and V-Z (Chapter V). The magﬁitudes
of thése cdrrectioné aré not significantiy different from those used by
Rice (1970); howevér, the estimated errérs have been reduced because
of the more'extenéive machine calibrations.

fhese calibrations also showed that the ~44 of backward-
'moving electrons whicﬁ trigger the detector are rejected from analysis
about twice as often as forward-moving electrons. Therefore, we have
corréspondingly adjusted the earlier splésh-albedo corrections of Rice
(1970). If we assume' the typical detection efficiehcy of 0.75 for for-
ward-moving particles (see Appendix'A.B.b), it can be shown that the
earliér corrections of Rice should be multiplied byrthe factor 2/3. The
new splash-albédo corréctions are listed in Tables V-la and b and V-2a
and b.

N§ corrections for upward-moving particles were necessary for
the MdD-Z configuration (1970 and 1971) since Fhe gas Cerenkov counter

completely discriminates against these particles. .
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b. Atmospheric Muons and Pions
The contamination of the MOD-1 data due to atmospheric muons
and pions was shown to be negligible by Rice (1970). 1In the case of
MOD-2 data, the muons and pions must have energy greater than about
2.5 GeV aﬁd‘3.4 GeV, respectively, to be above the effective threshold
of the gas-Eerénkov cQunter. At 2.4 g/cm2 altitude pions of energy
3.4 Gev dgcay 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 prodgction spectrum of Perola and Scarsi (19665
and the formulaé 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
JH(T) = .853 T wE/m® sec sr Gev (A-17)

whefe T is.mﬁon kinetic energy in éeV. Most of these high-energy
particles have smaller bending anglgs than the .006 radians threshold
value used in the data analysis. Eolding 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 < [9‘ < .009. The percentage contribution to any of the othgr
intervals is much smaller. We derive a count rate in the .006 - .009
radians interval of 5.7 x 10-7 pi/sec which is less than 0.2% of the
measured count rate of positrons or negatrons in this interval and there-
fore negligible.

c. Secondaries Produced in the Gas Eérenkov Counter

The 2 'g/cm2 of material above the upper spark chamber is
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potentially a source of contamination arising from interactions by
cosmic-ray nuclei aﬂd y;ga&s. We treat first the problem of n#clear
interactioﬁs. |
We conéider two possible ways in which products of nuclear
- interactions in the_GE’éounter could simulate electron events
(TLAT2ALEAGE): |
1) Two or more-pérticles-(pions or protons) above
LE threshold could be produced with one traveling
through the detector system triggering’LE,while
another' passes through oﬁe of the 1/2-inch
quartz Wiﬁdbws (which‘propect the CE phototubes)
>triggeriﬁg the GG counter. :
25 A high-Enérgy particle above ol threshold cled
be produced in the material' above the flat
mirrors of the GC counter and travel through
tbe detector system triggering_both Eerenkov
éounters (LE and GE).
Tﬁé first possibility'requiresvthat one of fhe particles be emitted
at a relatively large‘angle (order‘of 900). ' U§ing information
in the tables of Bertini (1967) on the angular and energy distribution
of secondary protons and pions from'interaction p+016 (fluorine and
sulfur tables were not available), we esfimate that the upper.limit on
the rate of such even;s-is ~5x10‘-6 particles/sec in any one energy range.
This rate is less:th;n 1% of the measured count rate and therefore neg-
ligible.  In the second case we areronly concerned with particleé above

the effective gas Eérenkov threshold (Section II1.B). We illustrate



the magnitude of the correction ;gsconsidering the prodﬁction of pioms.
The mean lifetime of 3.4 GeV charged pions is 6.1 x 10-7 seconds. Thus
a pion of this energy will travel roughly 180_meters before.décaying.
Since the ehtirevspectrometer is just ovér a meter long, we ignore
pion decéy in the éalculation. In order to trigger . the gas Eerenkov
counter, the pafticle'muSt be produced iﬁ the 1 g/cm2 of material
above.the ﬁirrors. Considering the rather complex geometry of the
detector,}we shall calcuiate an upéer'limit to the contamination. We
firét,repiace the Galcounter byba 1 g/cm2 slab of air. Then we use

the pion production spectrum of Perola and Scarsi (1966) to calculate
the flux bf pionévthat emerge from the £ottom of such a layer which is
exposed to fhe cosmic-ray nﬁclei flux. Above 3.4 GeV, the

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

power law:

.35

jﬂ(T) = 16.5T-2 ni/mzsec st 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 n¥/sec in the highest energy interval.
Considering both charge signs, this represents only 24 of the measured
count rate for positrons in this energy interval in 1971 and less than
.54 of the megatrons. In addition, the high-energy.nuclear inter-
actions which pfodu;e'the pions have a high multiplicity and even the
very small contamination derived above is drastically reduced because

of the anti-coincidence counters and the multiple-spark-indicator
feature. Therefore we consider the gontaminaxion from nuclear inter-
actions negligible.

Cosmic-ray nuclei also produce knock-on electrons as they pass
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through the gas Eerenkov counter. When expressed in terms of g/cm2 the
probability functions. describing knock-on production are proportional
to Z/A where Z and A are the charge and mass numbers of the material
traversed. Thus the production spectrumfof 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

i
level of 1968. Since knock-on electrons of 15 MeV are produced by
p;otons with energy érgater than ~3 GeV,Where solar modulation effects
are ﬁot large, the ;sé 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-approiimately by:

2.7

Q(I)'= .035 T e-/g sec sr MeV . (A-19)

This ratevcorresponds to a flux of ~.10 e-/m2 sec sr MeV in the lowest
venergy in;erval (14.3-- 29 MeV). This fiux represents.some 254 of the
measured flux in this energy ipterval at 2.4 g/cm2 iﬁ 1971. ‘However,
using the formulas of Rossi (1952), we calculate that a 15 MeV knock-on
electron emerges at no more than 3 1/2° from the forward direction,
Hence, we would expect a very large fraction of these events (proton +
knock-on electron) téfbe multiple-particle events which are rejected
from analysis. 1In a&dition, the 1 g/cm2 of ﬁaterial is an upper limit
since particles produéed near the mirrors will not have sufficient
pathlength to trigger the gas Eerenkov 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-
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energy intervals if a proton above lucite E;renkov counter threshold
produces a T1 ATZ/\LE coincidence and also produces a knock-on electron,
which tfiggerSGE but which fails to be registered in the spark chambers.
This could happen, for example, if the electron experienced a large
single scattering or if the mu1£iple-spark-detection efficiency were
less than 1004. We estimate from the knock-on production spectrum that
less than 0.1¢ of the nuclei above the lucite Cerenkov counter threshold
will producé a knock-on electron of sufficient energy to trigger the gas
Eerénkov éopnter. However, apéroximately 4% of the cosmic-ray protons
above the LE threshold are also above the GC threshold. Thus the above
contamination is only ~1/40 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 Eerenkov counter
By Compton scattering and pair-prdduction‘from vy-rays. In order to
calculate.the fluxeS'of_positronsband negatrons resulting from these
effects we assume the following:
1) The 1 g/cm2 of material above the mirrors has an average
charge nuﬁber, Z, of 10 and.én averagé mass number, A, of
20. |
2) The probability 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
our 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-é and A-lO we show the aseumedry—ray sbectrum and
the resultant positron and negatron spectra, respectively. For
negatrone the sum o% the Compton scattering and pair-production processes
is showri. In the 14.3 - 29 MeV interval we derive positron and
negatron fluxes of .OlO‘p/m2 sec sr MeV and .012 p/m2 sec sr MeV,
respectively. These values represent onlylmé% 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 epproximately 22 GeV/nucleon also
trigger tﬁe gas Eefenkov counter. Most Of these particles are confined
to bending.angles smaller than those esedein the'calculatioﬁ of electron
flukes (i.e. ¢ .006 radians). Because of the resolution of the defector,
however, a emall fraction of these particles afeiobserved with larger
bending angles. As an example, we show in Figure A-11 the angular
distribution.of el events‘for the tofal float period for 1971.' The
dotted curve represents the calculated diStribution of the sum of
primary and secondary electrons. The remaining events are ﬁigh~energy
nuclei. The smooth curve is a Gaussian distribution with 0-= .0025
radians and this curve was used to calculate the contamination in the
highest enefgy interval. The results for 1970 and 1971 are given in
Tables»V-3b,“V-4b, V-5b, and V-6b. The proton contaﬁiﬁatioﬁ in the
983 - 1475 MeV iﬁtefvaliis ~25¢ for positrons and ~6% for negatrons.

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

valueé is estimated at NSO% on the basis of uncertainties in the
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instrument fesolutidn‘and spark chamber alignment.
e. Accidental Gas Eerenkov Coincidences

About 909 of the particles which trigger fhe detector are
cosmic-ray protons above ~1000 MV, the threshold of the lucite
Eerenkbv counter. Acéidental GE coincidences tag some of these
particles as electrons. Since 1000 MV corresponds to a nominal
f X .009 radians, these events primérily contaminate the high-energy
positfon data. We have used the measured ratelof‘COsmic-ray ﬁuclei,
thevaccidental GC-coincidence rate (Section I1.b), and the resolution
of the detector to calculate the expected rate of these evénts in the
higheét energy intervalé. The resultsvare given in Tables V-3b and
V-5b. The méximum contribution to tﬁe data is 16% in the
983A- 1475.MeV.poéitron interval in 1971. The 50% estimated error is
.based on uncertainties in detector resdlution and spafk-chamber

|

_alignmenf. l
f. Spark Cﬁamber-Alignmeht

Because‘thevfiducial wires cannot be precisely lined up for
all 8 planes it is possible to have a built-in offset in the deflection
angle. An iﬁitial alignment is made by using the deflectioﬂ-angle
distribution‘of the cosmic-ray nuclei above lucite Eerenkov'counter
:threshold. This procedure is similar to the one describéd in
Appendix A.2 in determiqing the instrument resolution. However, in
the resolu;ion calculation we were interested in determining the width
of the deflection-angle distribution of the nuclei. In 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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distributions are shown in Figure A;S for flight 71C2. Alignment
factors have 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
-péak in these curves differ by only .0015 radians over a solar cycle,
we feel that our deflection zero is accurate to approximately .0005
radians.

~In the‘case of MOD-2 high-energy data the alignment was
refined by using the éa.proton distribution (see Figure ‘A-11). The
average bending angle of these particles (T > 22 GeV/nucleon) is
bcalculated 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 1aét two entries (ﬁigh-
energy protons and accidental GE coincidences) are considered non-
vnegligible.-'These two corrections and those due to atmosphéric

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

: *
Summary of Corrections Discussed in Section A.4

Description of Correction
(MOD-2)

Upward-moving particles

Atmospheric. muons and
pions

Products of nuclear
interactions in G

Knock-ons in GE

. - v
Knock~-ons in GC scattered
out of acceptance cone

Compton-~-scattered electrons
and pair-produced electrons
in G

Cosmic-ray protons above
G¢ threshold

bd
Accidental GC coincidences

Section
Discussed

A.4.a
A.4.b

Ab.c

A.4.c

A.b.c

A.b.c

A.4.d

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

(%)

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

In the final stage of data analysis we correct the locally
observed fluxes to their values a; thé'top of the atmosphere. This
correction is complicated by the energy loss (bremmstfahlung and
ionization) expgrienced by the particles in thevmaterial above the
spectrometer and by ﬁhe decreasing resolution of thé detector at high
energies (or, equivalently, smail bending. angles). In computing the
"raw'" fluxes at float altitude (data tables of Chapter V), we have not
taken into account the fesolution, i.e. we have assumed that the
resolﬁtion.is perfect and have calcﬁlated_the flux by dividing the
‘measured fééevin a given energy intervalzby the;width of that interval
(and by the geometrical factor). However, in the highest ﬁﬁo ehergy

‘ o
intervals of the MOD-2 observations the ratio Z@? is relatively large

, i

(09 is' the standard deviation of the deflecfion;angle distribution

th deflection-angle

given by equatipn’A-iib and Agi is the width of.the i
Bin given in Table IV-1), and there is cOnsiderable'probability,'
particularl& above 1 GeV, that a particle'is assigned'to the wrong
energy intefvai. Thus, at high energies, dividing by the numerical
width of the energy iﬁterval is not necéssarilyva correct way of
relating the:observgd rate to the true pafticle flux. We deécribe a
procedure Which aécouﬁts for the effect of resolution as well as
energy loss in correcting the measured fluxes to the top of the
atmosphere.j The method is based on a similar calculation by
Fanselow (1968).

We begin wiFh a trial primary elecfron spectrum incident at

- _
the top of the atmosphere. (Such a spectrum is also used in the
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secondary éubtragtion procedure described in Chapter IV.) We then
. write in matrix form the equation relating the expected rates at float
depth to the assumed .incident épectrum. We invert the resulting
matfik and thus derive the spectrum at the top of tﬁe atmosphere from
the observed rates at float altitude. Oﬁr procedure 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 intervéls are larger than those
of»the raw fluxes.at fléat altitude.

The assumed iQCident primary spectruﬁ jI(T) is modified by
energy-losé'effects as the particles pass through the atmosphere and
the ~2 g/CmZ'of material betweeﬁ the top ‘of the gas Terenkov counter
and the uppér spark éhamber. 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 ip the bremmstrahlyng energy¥loss probability
distribﬁtion and by including the average ionization energy loss.

Wé first célgulate the effect ‘of bremmstraﬁlung energy loss.
The pfobability P(T,I')dT' that a particle with kinetic energy T will
have energy between T’ and T' + dT' after passing through x radiation

lengths of material is given by Rossi (1952):
[gn (T/T")]
T r(v)

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

where y = x/gn 2 and'r(y) is -the gamma functipn‘(Abramowitz"and Stegun,

1964). The spectrum after correcting for bremmstrahlung loss is
i@ = [ 5@ BT 6t (a-21)
T' .
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We then obtain jS(T), the residual spectrum at'the‘top of the upperi
spark chamber, from j(T') by correcting for ionization loés using the
tables of Berger and Seltzer (1964).

Thelexpected rates at float altitude are obtained through the
response of the magnet spectrometer to jS(T). ﬁe have

M, = f R, (T) G(T) jg(T)'dT

0
™ (A-22)
) i+l ,
~ 3 f R (D) 6(1) j(T) a1
31
™ |
hE

where

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

Ri(T)dT = prdbability that particle with kinétic energy T
will be observed in the ith energy interval

G(T) = geometrical factor as a function of T

i?, T§+1 = 'lower- and upper-limit energies defining the jth
| energy interval.

¢ = number 6f‘energy intervals. (Electrqns with energy
greater than the largest measured interval are placed in
a bin from 1.475 - 40 GeV.)

The superscript S on T? and T$+ denotes the fact that the quantities

j+1
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(6,0')d6',

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

&

.is given by

. 2 |
de' -(6-6'

P(G,G')dea = 5—375: exp f—i——i—l—] (A-23)

' 6 209 ’

where 6 and O, are given by equations II-2 and A-11l, respectively.

8

.Then the response function is

i+1 ' '
' Ri‘(T) =f P(6,0')deo’ (A-24)
6 S

(Note 6 is a function of T by equation II-2)
In Figure:A—12 we show plots of Ri versus T for each_enérgy interval
for the MCD-Z éonfiguration. A cur&e corresponding to perfect
resolution would be a fect;ngular box withbamplitudé 1 and with
vérticallsides at the two enefgies corresponding to the energy-interval
end points, which are indicated by dotfed vertical lines in the figure.
For 1owveﬁergies the resolution is good While for the highest energy
interval used in the:analysié the relatively large rafio of 09/A67
causes'R7(T) to significantly overlap the adjacent energy intervals.
The Mi of eqdation A-22 represent the expeéted rates at float
altitude fér the assgﬁed incident primaty' spectrum, 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

;he ?op gi‘the at@osphere, Ni’ assuming that thg detector has perfect

resolution and that no energy losses occur in the GC counter:
. I
T,

i+l
N. =‘[~ G(T) jI(T) dT ) (A-25)
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The superséript’I‘denotes the fact that the quantities are measured at
the top ofAthe atﬁospheré. It is usual in the literature to shift the
energy intervals by the ionization energy'loss which occuré for each
particle. The bremmstrahlung loss distribution is such that most
particles lose very little energy and hgﬁce 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 uppef spark chamber, Ti, by

CI S , : '
_Ti = Ti + B'T:i_. ' (A-26)

whefé 5Tivi§ the ionization eﬁergy iost by an e}ectrdn with energy Ti
in paSsingvtﬁrough the ﬁétérial betwgen fhe top of the atmoéphere and
the upper spark chamber. |

We. can write a'relation betweep»the Ni (which we are seeking)

and the Mi in the following way:

= L - .
. P) ~ 41 , 41
M, =¥ f R, (T) G(T) J§T)/f G(T) jy(DdT| N, (A-27)
=1 S : I
T, . T, :
i j :

Note that we have simply multiplied and divided each term of_équation

§

A-22 by the‘fate at the top of the atmosphere, Nj‘ Equation A-27 can

be expressed as a matrix equation:

) ' .
M, = - F,., N, ' A-28)
1 ?:1 ij 3 (
where TS TI
j+l j+1 _
Fij = v/~ Ri(T) G(T) JS(T)dT ﬁlh G(T) JI(T)dT (A-29)
' > ' Tt

' o ’ j
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If Hij is an element of the inverse of the F matrix, the rates at

the top of the atmospheré are giveh by:

£
N, =y H M | (A-30)
i j=1 ij )
Furthermore: _
2 ;
: N - 2
2 4 oNy 2 4 2 9
o = —x |o = H o -
PN Py . . (A-31)
N, p oM. M. p - M,
O A e T L e 1
where CM is the standard deviation for the observations and UN is

i | | i

the resulting standard deViation for ;He N, . | '
 Equati6ns A-30 and A-31 represénf the desired résﬁlts.

Equétidn A-30 gives the corrected rates‘(Ni) at the top of the atmosphere
. ih.terms of the rétes at the detectof at float altitude (Mi)° If we
replace the Mj invequétion A-30 by the acfual measured rates;qnj, then
we derive a set éf Ni from which a befter approximation for the trial
iﬁpgtvspecﬁ?um can be made. From this new trial spectrum the Fij.and
Hij are recalculated and a new set qvaiidérived. The process can be
repegted. until the Ni converge. (Note that since the rates, Ni’
correspond to a detector with perfect resolution, it is appropriate
to divide by'the width of the energy interval 'in converting the rates
to differenﬁial'fluxes.) However, in some cases the.measured rates are
only~upbér limits and in these cases the mafrix-invefsibn procedure
for determining the corrected rateé cannot be applied. Thetefqre, 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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N - ~ = :
. . th .

ﬁl’ where Ni and Mi are the calculated rates in the i energy interval
i . ——

- at the top of the atmpsphére and at float altitude, respectively. If
Wni are the measured rates at float‘éltitude, then we determine theﬁli,

the estimated corrected rates at the top, of the atmosphere, by
N, ‘
i ‘ : . 21 s
ﬁ]i =¥ xqﬂi. These‘;ni are used to define a new trial input spectrum
i ,
and the procédure is repeated until the‘Yh.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'prdcedure takes fqll'advantage of the matrix-inversion technique
and yields‘iargef errors in the éorrected high-energy data.than those
listed forxthe raw fluxes (data'tables'of-Chaptef V), which are based
on stafistiéal erroré only. InAderiQing;the errors we need a knowledge
‘of the error in the éata for each of the energy intervals, including the
1.475 - 40.GeV interval.‘ The number of electrons in this interval is
not méaéured_directly since a Significant_fraction of the gas Cerenkov
events with 19| < .006 radians are high-energy protons (22 GeV). It

is possible to roughly deduce the number from thé obéerved déflection-
angle distribution of these events and from a knowledge of the resolu-
tion of the detector (see Figure A-11). 'We:estimate the éfror in the
dataufrom fhis interval to be 525%. In making the corrections we have
assumed a.ZS% error in this interval C21;475 GeV) which increases the
relative error in the:highest measured energy inﬁerval (0.983—1.475 GeV)
by ~254 over the result obtained if zero error is aésumed for the

‘integral flux above 1.475 GeV. The error in the data at lower energies
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is not affected by the estimate.

We found that the above matrix-inversion procedure was not
necessary for the MOD-1 observations which extend to only 200 MeV, i.e.
the matrix was eésentially diagonal because of the excellent resolution
at low gnergies. The fluxes corrected to the top éf the atmosphere
for both MOD-1 (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 (ergs/Sec-cm3-sron) by electrons
spiraling in a uniform magnetic field is given by Ginzburg and

Syrovatskii. (1964) as:

e w2712
e = - —5 | L+ a-T) g
| 2 |

mc me mc
(B-1)
AL‘_f K5/3 (n) dn N(W)dw
Ve _v/vc' .

where , is the frequency of emissioﬁ
e is the chafge of the glectron
B is the mean.Qalue of the magnetic field perpendicular to the
L . :
line of sight
m is. the mass of the electron
c is the speed;of light
W is';he total energy of the electron

o . .
N(W) is the number density of relativistic electrons

KS/3(n) is -a modified Bessel function of the second kind

ﬁ =\/1 - _nez is the refractive index of an ionized gas with

10108

n electrons per cm3 and
' . ' -3/2 ,
; ~2 W 2.
v.' = ve [L+ Q-1 )] ‘ , (B-2)

C
mc
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where Ve is the critical frequency given by
3eB 2

1 W :
c - 4ame ( 2) . (B-3)
mc

\Y

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

1

of the emission at low frequencies (Razih, 1960; Lerche, 1971).

For the case of a vacuum (ﬁ =_1) equation!B-l has been solved
‘exactly for an electron spectrum which is a power law in energy over a
sufficientfy lafgé rangé (Ginzburg and Syr0vétskii,-1964). The result
g . ‘

3 y-1 1+y 1-y
%o fes 22 (B-4)
4sme” 2mmT ¢’ 1

5o |
() = o rEOIrEES)

where C and y are pafameters defining the electron spectrum:
NW) =CW ¥

andlr(x) ig‘the gamma funétion (Abramowitz and Steguﬁ, 1964).

io obtain the total intensity of radiatiop over a given line-
.of-sight dfstaﬁce we must include the free-free absorption by the
medium. The absorption coefficient for the radio ffequencies of interest

to us is given by:

2 3/2

2
—3‘/‘—2—-5 [17.7 + gn ] (B-5)
T v

k(y) = 107
Vv

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

intensity is then given by solving the differential equation:

I -kt | (B-6)
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whefg ds is an element of length along the line of $ight.' The solution

. of equatidh B-6 depends on the structure of the interstellar médium.
Several recent reviews have dealt with the physical properties

of the inferstellar medium (Field, 1970, 1971; Heiles, 1971; Dalgarno

and M;Créy,'1972; Wentzel, 1972). The observations indicate a medium

composed of dense, cold clouds with diameters of a few parsecsvseparated

by a hot, rarefied intercloud region with a scale of:hundreds of parsecs.

This strqcture»has also beenbpredicted by theoretical studies (Field

et al., 1969; Hjellming et al., 1969; Shu et al., 1972). We shall take

as a model of the interstellar,medium a:uniform distribution of cold

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

Zc =1 p¢ 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 "infercloud" . The first cold cloud is assumed té lie at a
distance-@if In Figure B-1 we show a schematic diagram of the assumed
galactic stfucture. Our position in the galaxy is labeledvs. We assume
" there afe,m.clouds (aAd thus m intercloud separatioﬁs).
ih the hot intercloud region we have both emission and
absorption. If tﬁere were only oné sﬁéh intercloud region, the

solution to equation B-6 would be

€ N
I.=x Q-e )
i .
‘where the optical deﬁth T is defined by _ '
. . : : . L4 ‘ :
7 =] k, ds ' (3-7)
. 0 ; '

(The optical depth of a cold cloud is similarly defined by changing the
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suBscripts to c.)

Since, typically, L, << zi we may assume'ﬁhe emission in cold
clouds is negligible. Solving eqﬁation B-6 for ¢ = 0 implies that the
radiation penetrating 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;l) can be Written‘as the

-

following series of equations

GALACTIC POSITION . INTENSITY
: : -7, =T,
' -E N i
s IS = ki (L-e | ) + Ile
-7
_ c
1 I1 = Ize
e T “Te
2 12 ='ET(1 - e ) + 13e
i
_ c
3 13 = I4 e
-y -r
- £(1 - : e
4 = -e Dirrge
. E e (B-8)
o - c
»2?f1 ’ R Ton-1 =t @
' : ik PR =T
_ €1 . i c
2n . IZn_ ki(l € ) +‘.12n+1e
2m-1 Iy = O
am I, =0

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

. - L. . . : .. .
separations with Z—-=_m = integer where L is the total emission distance.
. i _

By substitution we obtain:
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The factor ii(l-e ) is common to all terms. We thus have
i
. . /
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] ki
‘ l_e-m(Ti+Tc)
The term in braces is just ———— .
( =(rytr)
l-e

Hence, the solution to equation B-6 for our model is:

N 1- i) fl-e i 1 ¢ .
I(V) - ﬁ: ( .é 'IﬁiiTC) ‘ B (B-9)

At high freduencies k becomes small (equation B-5) and thus 7 is small

(equation B;7). Equation B-9 becomes

. | |
L) S s 1 =l (8-10)
i A

Using equation B-4 for ¢(y)) we obtain

o[

I(y) aCLB v-a (high frequencies)

4
where we define o = X%l as the power-law index of the radio emission

spectrum.

At low frequencies, 1 is large and equation B-9 becomes

I(y) ® &
' i

and using equations B-4 and B-5 we have
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1ty - ;
2 2 :
I(y) ©CB aﬂ_3/2q_? : L 372 (low frequencies) (B-11)
* T, '
[17. 74gn——)

Thus at lowvfrequenéies interstellar absorption changes the spectral
shape to‘roughly vZ-Q; (Note that the logarithmic term varies éuite
slowiy’with frequency.) . We note that the intensity at low frequencies
is independent of the itotal lineFof-sight distance, L.

.At intermediate frequencies and fof the géneral case including
the Raziﬁ effect and an arbitrary»electrén spectrum,. we musf solve
equatlons B 1, B-5, and B- 9 numerically. (The ‘term in braces{:.}
equatlon B- 1 is avallable in tabular form (G1nzburg and Syrovatskii,

1964)). If one knew the value of.all_the parameters involved in the

T., T, n,, and n_ - one could
C 1 (&4

equations,j principally B , L, £y zé, 1

oL .

vary the energy dependence and magnitude of the electron spectrum until

the computéd radiation infensity matched.the obserVafioﬁs (Figure VI-8).

However, there is comnsiderable uncertainty in some of the parameters -

particglafly the intercloud'amyient électron temperature Tin— and fhis

uncertainty should be reflected in an uncertainty in the interstellar
cosmic-ray electron spectrum. To illustrate the approximate range‘of
interstellar éiectron'spectra possible we:

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

2) varybeach_parameter 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 these spectra with the observed radio-backgrdund emission.
Since the emitted p&wer is directly.proportional to the nﬁmfer‘of
electrons, we can derive a multiplica;ive factor versus frequency that
can be applied to the electron spectrum once the cénversion factor
between electron energy and emission frequency is established. Using
these multiplicative factors we can estimate the electrom spectrum that
'is required to produce a radio-emission spectrum in agreement with the
observations for é'given set of.parameters.

.we now discuss the possible range of the parameters involved
in the caléulation. |

1) B - Theoretical érguments concerning the dynamics of the galaxy
N 5 :

place the avérage-magnetic field between 3 and 5 n-gauss. (Parker,
1969b). Recent studigs of dispersion and rotation measures
‘obserQed for 18 pulsars indicate an average intersteil#r field of
QB,Su;gaﬁsswithfén estimated error of .Su-gauss; (Manchester,
1972).  The vaiue of 3.5 n-gauss corresponds to the largest fieids
found and it is thought thét the linesof.sight to the tﬁo pulsars
involved lie along the direction ofvthe'magnetic field. Moffet
(1971) from a survey of thelpolarization properties of pulsars aiso
derivés magnetic fields of a fewimicfogauss.l In this study we use
avnominal value of Sp-gaussand illustrate the variation in the
calculated radio spectré for the range 3-5 p-gauss.

2) L - The emission 1ength for a uniform galaxy would just be the
distanéevto 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 astronomy observations (Blaauw and Schmidt, 1965; Allen,
1963). The solarlsystem>is approximately 8-10 kpc froﬁ the
galactic center and the diameter of the galaxy is ~25-30 kpc. The
distance to the édge of the galaxy in the anticenter direction is
estimated to be ~4-5 kpc. However, tﬁe galaxy is quite inhomogenous,
béing composed of spiral arms. Thus the use of an average emission
1éngth~of 4 or 5 kpc might be misleading. We Have chosen to use

4 kpc as our nominal value but include the range L = 2-6 kpc in our

.calculations. '

4; and g - The average fraction of the line of sight intercepted

by cold clouds depends on the viewing direction. A model of the

. interstellar medium which uses the data (dispersion measures and

» 21-cmvabsorption) from two pulsars, NP 0532 and CP'0328, which lie

roughly in the antigeﬁter direction, yield a range of Lc/zi (the
"filling.factor”) of 0.006-0.081 (Hjellming et al., 1969).
Other moaels yield similar results - for e#ample, Field et al.
(1969)" 6btain‘ a raﬁge 0.02-0.64 and Dalgarno and McCray (1972)
in their recent review paper use‘valﬁesof 0.007-0}041 for the

filling factor. We shall take the larger range 0.006-0.08 in the

" calculations with a nominal value of 0.02. The recent observations

of 2l-cm hydrogen absorption by Greisen (1973) indicate that clouds
having dimensions of 2. X~ 1 pc are common. In our model we shall
consider variations invzc pf from 1-10 pc. The possible values of

gi,we'shall use are 13-1670 pc corresponding to the assumed filling

. factor range of 0.006-0.08.
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4) Ti and_Tc - The observations of 2l-cm absorption yield an estimate
of the spin temperature* of neutral ﬁydrogen. The high resolution
studies of Hughes ‘et al. (1971) and Radhakrishnan et al. (1972)
indicate that the spih temperatures in cloudé range from ~15° - 250°K.
This range is somewhat larger than those considered in the
theoretical models. We shall take TC = 250°K as the nominal value
and cdnsidef the gffect'of varying Té through this tétal range.
Thére is little accurate observational evidencé for the spin
temperature of the intercloud medium: but the lower limit is roughly
500°K (from obserations of emission.feaﬁﬁres in which no detectable
absorption is observed - Hughes et'all, 1971; Radhakrishnan et al.,
'1972). vHowever, the spin temperature may be mugh lower than the
gas kiﬁetic temperaturé'in the low déhéity intercloud region
(Dalgarno and McCray, 1972). Upper iimits to the kinetic
temperature may(be estimated from velocity dispérsion 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

L

the theoretical models of the two-component system which generally

. ! i
'

fix the temperature with a rather high value. For example, Habing and
Goldsmith (1971) use T,~5000-8000°K and Shu et al. (1972) obtain

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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experimentélly well verified (Greisen, 1973). We shall take the
rénge‘Ti = 500-100000K and use the upper.limit for ourjnoﬁinal
value.

n_ and n, - The frequency dispérsion'of pulse arrival fime from
pulsars brovides a measure of the density of free eléctrons along
the line of sight. For example, for the Crab Nebula pulsar

NP 0532 ‘[ne dg = 57 cm-3pc (1i$ted by Maran, 1969). The distance

to the: pulsar is ‘2020 pc (Trimble, 1968) and hence we derive

~ -3 : . L . _
n, o~ 0.03 cm ~. Most theoretical models predict little contrast
4 : v

in the cloud and intercloud electronﬂdensities.fvField'et al. (1969)

‘use‘ni{=.0.02 in their model and Hjellming et al. (1969) use

'n, % 0.03 and n_ ¥ 0.04-0.05. Bridle and Venugopal (1969) find

that ﬁi = 0.02 is consistent with a variety'of data. Dalgarno and

McCray (1972) initheir review use_vdlues of n, ®. 0.03-0.05 and

ﬁc ~ 0.06 (for cosmic ray heating). We shall use the nominal -

values n, = 0.03'with a range 0.02-0.05 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-

stellafveleétron'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/(m? sec sr MeV) by

4 ~1.8

1.3 x 10° w % W < 2000 Mev

FUERS - (8-12)

2.75 x 10° W22 u 52000 Mev
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TABLE B-1

Galactic Parameters Used in the Analysis

Parameter (Units) Nominal : Range
B (p~-gauss) 5 3-5
1
L (kpc) : 4 ) 2-6
' 5 5 : *
,@.i (pc) } . . 50 13-1670
L. ee) o 1 ' 1-10
. °k) . o 10000 ~ 500-10000
T_ °x) : 250 . 15-250
-3, : o '
n, (cm 7) o .03 . .02-.05
i . . ) _ .
-3, | o . ' ‘ -
n (em 7) _ .02 .02-.06
C . ' . .

*In our modei the value of 24 is detefmined by the assumed range of the

filling factor (ff = gclgi), .006 - .08.
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where W is the total energy of the electron.

Using this electron spectrum wé first calculate numerically a
rough correspondence between electron enérgy and emission frequency.
An approximate analyt&cal expression for the frequency of makimum
intensity from an electron of energy W is:

" _ 2 o
\)m(MHZ)V I"-' 0.29\)c = 4.6‘31. W ‘ (B-13)

W'here‘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 electfons, and since there is cdntributioﬁ to a given ffequency from
a considérable range of electron energieé we mighf 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‘ativ = 10 MHz from electrons with energies between
100 MeV and 10 GeV using the nominal interstellar electron sbectrum given
by equation B-12. The peak contribution comes from ﬁ ~ 330 MeV. The
arrow atA660 MeV corresponds to the prediction of equation B-13, which
is based on a flat electron spectrum. The difference by a factor of 2
in the estimates roughly_applies throughout the range of observatioms,
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 bglow
thié energy the radio data provide little information on the inter-
stellar electron spectrum.

Ianigure B-3 we show a plot (solid 1ine) of the peak energy
ve#sus frequéncy which we obtgined from plots similar to Figure B-2

covering the entire range of radio data for the nominal 5 p-gauss field.



165
The dashed line refers to a calculation tsing B =3 p-gauss. We shall
1

use Figure B-3 as a guide in estimating ;he electron energies at which
changes-in the electron intensity are necessary in érder to produce cal-
culations of the synchrotron spectrum in agreement with the observations.

“As mentioned earlier, the change of a single parameter in
~eqﬁations_B-1, B-5, and B-9 will produce: a change in the computed radio
Spectrum.. If atAeaCh frequency we compute the ratib of ;he 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
nominalAinterstellarvspectrum to derive the adjusted galactic electron
spectrum nécéssary td'producevthe Qbservéd Synchrotron emission. We
shéw in Figure B-4 the result of such a ¢a1¢ulation. The nominal
“electron spéctrum of-eqﬁation B-12 ﬁas been used; eéch line corresponds
to a change of the labéled parameter.

The éffectéeof the interstellar medium at the low frequencies
(low energies) afe clearly shown. The range ofbparameters considered
implies that below ~300 MeV (corresponding to ~10 MHz) the interstellar
electron spéctrﬁm becomes increasinély uncertain due to uncertainties ih
the properties of the medium.
| At high energies (2 300 MeV) only B and L cause uncertainties

1

in the interstellar electron spectrum. From equation B-10 we have:

1(v)aCB1'4L
L

where we have set-the interstellar electron spectral index y = 1.8
(w <V2000 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-poinﬁs of the range taken as

the 1-0 limits, we derive

2 2 2
Oc . 298 | 9, |
— - (A4 S+ 5
C B~ L
~ 0.375
or '
o = 0.61 . . (B-14)

3elow ﬂGOOiMeV'the functional dependeﬁce of the c;lculated
‘radio speétrum on the many interstellar medium parameters cénnot be
veasily determined. At these eneréies it is ﬁot obvious how to perform
an éppropriate sta;is;ical analysis, and, instead, we'characterize the
variation.by an envelope:which encloses the maximum variation for a
Agingle parameter., Thé'tbtal envelope of varigtion gonsideréd, which
at ehgrgies.above n&Od MeV is determinéd'frbm 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 by multiplying the
nominal electron spectrum -(equation B-12) by the factors corresponding

to this envelope. These high and low spectra are shown in
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Figure VI-9*. The explicit energy dependence, represented by power-law
segments, is given in Table B-2 for all ﬁhfee spectra. For certain
choices df galactic parameters each of the electron spectra can produce
a radio sﬁectrum in agreement with the data. The resulting radio spectra
"for the three electroﬁ.spectra are shown:in Figure VI-10; the partigular
galactic parameters 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 pressure 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 gélactic parameters.
In particular, we note that Ti’ the intercloud temperature, is highly
uncertain and it accounts for a very large yariation of the spectrum at
low energies. We feel that our procedurébfor‘calculating a reasonable
range of the interstellar electron spectfum 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 = 10 MHz is shown in Figure B-2.)
Electrons with energies below 70 MeV contribute < 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 thi 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

Spectra: j = AT-Y(mZ-Sec.sr-MeV)-l

b

SPECTRUM
I (MeV)

70-2000

LW 2000-5000

70-2000

NOMINAL 2000-5000

70-100

100-150

150-300

HIGH 300-500
500-2000

2000-5000

ENERGY RANGE

A
(x 10%)

.0134

.0254

" 3.45

1.38 x 10°
3.61

.0559
11.42

N -

| AT

NN
P

wn oo w
~N N

.80
.50

.80
.50

.16
.71
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TABLE B-3

Galactic Parameters Corresponding to the Galactic

Electron Spectra of Figure VI-9

LOW SPECTRUM NOMINAL SPECTRUM  HIGH SPECTRUM

PARAMETER _ MODEL - MODEL MODEL
B (p-gauss) 5 5 3

L ) )
L(pc) . 7 4 : 4
gy pe) 833 50 - 50

fe (pc) ' - 5 1 L

T, (°K) S 10000 10000 3000

o] : ' . .
. (°K). | : 250 . 250 70
! N
-3 A '

n, (cm 7) .03 .03 .03

nc(cm'3) L .02 : .02 .02




170
’ REFERENCESﬁ

Abraham, P. B., K. A. 'Brunstein and, T. L. Cline, "Production of Low-
Energy Cosmlc-Ray Electrons Phys Rev., 150, 1088 1966

Abramowitz, M., and I.A. Stegun, Handbook of Mathematlcal Functions,
P. 253, Dover, New York, 1964.

" Alexander; J. K., L. W. Brown, T. A. Clark, and R. G. Stone, "Low
Frequency Cosmic Noise Observations of the Constitution of
the Local System'', Astron. and Astrophys., 6, 476, 1970.

_Allen, C. W., Astrophysical Quantities, Athlone Press, London, 1963.

Anand, K. C., R. R. Daniel, and S. A. Stephens, "Radio Emitting Eléctrons

in the Galaxy and the Solar Modulation of Cosmic Rays , Nature,
217, 25, 1968a.

Anand, K. C., R. R. Daniel, and S. A. Stephens, '"Electrons Magnetic
: Fields and Background Radio Emission in the Galaxy",
_Proc Ind. Acad. Sci., 67, 267 1968b

Arai, K;, "On the Galactlc Electrons Produced by Cosmic-Rays', Science
Reports of the Tohoku University, 54, 1, 1971.

Beedle, R.”E., A Study of the Low Energy Electron Component of the
Cosmic Radiation'", Ph.D. Thesis, Unlver31ty of New Hampshire,
1970. oo

Bercoyitch, M; "“The ‘Heliocentric Radial Den31ty Gradient of Relativ1st1c
Cosmlc Rays in 1967-68'", Proc. 12tP 1nt. conf. Cosmic Rays,
Hobart, 2, 579, 1971.

Berger, M. J.,‘and S. M. Seltzer, "Tables of Energy Losses and Ranges of
Electrons and Positrons (NASA SP-3012)", NASA, 1964.

Bertini, H. W., "Preliminary Data from Intranuclear-Cascade Calculations
of 0.75-, 1-, and 2-GeV Protrons on Oxygen, Aluminum and
Lead, and 1-GeV Neutrons on the Same Elements', Oak Rldge
Nat10na1 Laboratory - ™ - 1996, 1967.

Beuermann, K. P.,_"Secondary Electrons and Photons in the Upper
Atmosphere", J. Geophys. Res., 76, 4291, 1971.

Beuermann, K. P., C. J. Rice, E. C. Stone,and R. E. Vogt, "Cosmic-Ray
Negatron and Positron Spectra Between 12 and 220 MeV', Phys.
Rev. Letters., 22, 412, 1969.

Beuermann, K. P., C. J. Rice, E. C. Stone,and R. E. Vogt, "Cosmic-Ray
Negatron and Positron Spectra Observed Near Fort Churchill in
1968'", Acta Physica Academiae Scientiarum Hungaricae, 29,
Suppl. 1, 173, 1970.




171

Blaauw, A., and S. Schmidt, ed., Galactic Structure, p. 167?202,
- University of Chicago Press, 1965.

Blythe, J. H., "Results of a Survey of Galactic Radiation at 38 Mc/s",
Mon. Not. R. Astr. Soc., 117, 652, 1957.

i

Bridle, A. H., and V. R. Venugopal, "Distribution and Temperature of
Interstellar Electron Gas', Nature, 224, 545, 1969.
’ i
Burger, J. J., "A Phernomenological Approach to the Modulation of
Cosmic Rays'', Astrophys. J., 166, 651, 1971.

Burger, J.'Jg and B. N. Swanenburg, ''Long-Term Solar Modulation of
Cosmic-Ray Electrons With Energies Above 0.5 GeV", 12th Int,
Conf. on Cosmic Rays, Hobart, 2, 554, 1971.

Burger, J. J, and Y. Tanaka, '"Implications of the Observed Solar
Modulation of Cosmlc -Ray Electrons'", Astrophys. J., 162, 305,
1970 _ , A

Cain, J. C., S. J. Hendricks, R. A. Langel and W. V. Hudson, "A Proposed
Model for the International Geomagnetic Reference Field - 1965",
J. Geomag. and Geoelectrxc;;y,'19 335, 1967.

Carmichael, H.,and J. Katzman, "Steplike Nature of the 11 Year Modulation
in Solar Cycle 19", Proc. 12th:Int. Conf. Cosmic Rays, Hobart,
2, 74, 1971. T

Carmichael, H.,and P. H. Stoker, "Five Sudden Alterations of the Rigidity
Dependence of the ll-year Modulation Since February 1965",
(abstract), E@S, Trans. Am. Geophys. Union, 51, 802, 1970.

Cline, T. L.,and G. Porreca, '"Cosmic-Ray Electrons and Positrons of
Energies of 2 to 9.5 MeV Observed in Interplanetary Space",
. Acta Physica Academiae Scientiarum Hungaricae, 29, Suppl. 1,
145, 19/0.

Dalgarno A.,and R. A. McCray, "Heating and Tonization of HI Regions',
Annual Review of Astronomy and Astrophysics, 10, 375, 1972.

Dessler, A. J., "Solar Wind and Interplanetary Magnetic Field", Rev.
Geoghzs., 5, 1, 1967.

_Earl J. A., "Cloud-Chamber Observations of Primary Cosmic- Ray Electrons”,
Phys. Rev. Letters., 6, 125, 1961.

Earl, J. A., "Modulation of Cosmic-Ray Electrons', University of Maryland
Technical Report 72-080, July, 1972a.

Earl, J. A., "Diffusion of Charged Particles in a Random Magnetic Field",
Unlver31ty of Maryland Technical Report No. 73-032,
September, 1972b.



172
ESSA Solar Geophysical Data, Nos. 287- 325 World Data Center A, Boulder,
Colorado, 1968-1971.

Fan, C. Y., G. Gloeckler, B. McKibben, K. R. Pyle, and J. A. Simpson,
"leferentlal Energy Spectra and Intens1ty Variation of
1-20 MeV/Nucleon Protons and Helium Nuclei in Interplanetary
Space', Can. J. Phys., 46, 5498 1968.

Fan, c. Y., G. Gloeckler, and J. A. Simpson, 'Galactic Deuterium and Its
o Energy Spectrum Above 20 MeV Per Nucleon', Phys. Rev. Letters,
17, 329, 1966. :

Fanselow, J. L., "The Primary Cosmic-Ray Electron Spectrum Between 0.09
and 8.4 BeV'in 1965", Astrophys. J., 152, 783, 1968.

Fanselow, J. L., R. C. Hartman, R. H. Hildebrand, and P. Meyer, 'Charge
- Composition'and Energy Spectrum of Primary Cosmic-Ray Electroms",
Astrophys. J., 158, 771, 1969.

Field, G. B., "Excitation of the Hydrogen 21-Cm Line', Proc. Inst. Radio
Engr., 46, 240, 1958.

Field, G. B., Interstellar Gas Dynamics, ed H. J. Hablng, Springer-
Verlag, 1970. :

Field, G. B., Proc. NRAO Conf. on Interstellar Molecules, Greenbank, 1971.

Field, G. B., D. W. Goldsmith,and H. J. Habing, '"Cosmic-Ray Heating of
the Interstellar Gas'", Astrophys. J., 155, L149, 1969.

1"

Fisk, L. A., "Solar Modulation of Galactlc Cosmic Rays, 2", J. Geophys.-

Res., 76, 221, 1971.

Galbraith, W., and W. S. E. Williams, ed., High Energy and Nuclear Physics
Data Handbook p. VII-1, Rutherford Lab., Chilton, England, 1964.

Garrard, T. L., "A Quant1tat1ve Invest1gat1on of the Solar Modulation of
Cosmic-Ray Protons and Helium Nuclel", Ph.D. Thesis, California
Institute of . Technology, 1973.

Ginzburg; V. L., Propagation of Electromagnetlc Waves in a Plasma,
Pergamon Press, Oxford, 1964. ‘

G1nzburg, V. L., and S. I. Syrovatskii, The Origin of Cosmic Rays, Pergamon
Press, New York, 1964.

Gleeson, L. J., and W. I. Axford, '"Cosmic Rays in the Interplanetary
Medium", Astrophys. J., 149, L115, 1967.

Gleeson, L. J., and W I. Axford, '"Solar Modulatlon of Galactic Cosmic
. Rays'", Astrophys. J., 154 1011, 1968.

Gleeson, LQIJ., and I. H. Urch, "Energy Losses and Modulation of Galactic
Cosmic Rays', Astrophysics and Space Science, 11, 228, 1971.




173

Gleeson, L. J., and I. H. Urch, '"Cosmic-Ray Diffusion Coefficient in
Interplanetary Space', J. Geophys. Res., 77, 4259, 1972.

‘Goldstein, M. L., L. A. Fisk and R. Ramaty, "Energy Loss of Cosmic
Rays in the Interplanetary Medium", Phys. Rev. Letters, 25,
832, 1970.

Goldstein, M. L., R. Ramaty, and L. A. Fisk, '"Interstellar Cosmic Ray
Spectra from the Nonthermal Radio Background From 0.4 to 400
MHz'", Phys. Rev. Letters, 24, 1193, 1970.

Gdsling, J. T., R. T. Hansen, and S. J. Bame, "Solar Wind Speed
: Distribution: 1962-1970", J. Geophys. Res., 76, 1181, 1971.

Greisen, E.; "Aperture Synthesis of Interstellar Neutral Hydrogen in
Absorptlon", Ph.D. Thesis, Callfornla Instltute of Technology,
1973,

Habing, H. J., and D. W. Goldsmith, "Heating of thelinterstellar Medium
by X*Rays and by Cosmic Rays", Astrophy;, J., 166, 525, 1971.

Hasselmann, K., and G. Wlbberentz, "Scattering of Charged Particles by
Random Electromagnetic Field'", Zeitschrift fur Geophy51k 34,

353, 1968.

Hayakawa, S., H. Okuda, Y. Tanaka, and Y. Yamamoto, ''Cosmic Electrons
"and Gamma-Rays', Suppl. Progr. Theor. Phys., 30, 153, 1964.

Heiles, C., “PhyéicalAConditidns and Chemical Constitution of Dark -
Clouds'", Annual Reviews of Astronomy and Astrophysics, 9,
. 293, 1971.

Hjeliming,R. M., C. P. Gordon,and K. J. Gordon, "Properties of Inter-
stellar Clouds and the Inter-Cloud Medium'', Astron. and
Astrophys., 2, 202, 1969.

Hovestadt, D., and P. Meyer, '"'The Geomagnetic Cut-Off at Ft. Churchill
and the Primary Cosmic Ray Electron Spectrum from 10 MeV to
12 GeV in 1968'", Acta Physica Academiae Scientiarum Hungarlae,

29, Suppl. 2, 525, 1970.

' 2
Hsieh, K. C., G. M. Mason,and J. A. Simpson, "Cosmic Ray "H from Satellite
Measurements, 1965-1969", Astrophys. J}, 166, 221, 1971. ‘

Hughes, M. P., A. R. Thompson, and R. S. Colvin, "An Absorbtlon Line
Study of the Galactic Neutral-Hydrogen at 21 cm'", Astrophys.
J Suppl., 23, 323, 1971. '

Israel, M.'H.;and R. E. Vogt, "Characteristics of the Diurnally Varying
Electron Flux near the Polar Cap'", J. Geophys. Res., 74, 1969.




174

Jok1p11, J. R. "Cosmlc Ray Propagation,il, Charged Particles in a
Random Magnetlc Field", Astrophys. J., 146, 480, 1966.

Jokipii, J. R., "Cosmic Ray Propagation,'Z; Diffusion in the Inter-
planetary Magnetlc Field", Astrophys. J., 149, 504, 1967.

-Jokipii, J. R., "Addendum and Erratum to-Cosmic- Ray Propagation, 1",
Astrophys. J., 152, 671, ,1968_

Jokipii, J. R., "Gradient and Curvature Drifts of Energetic Solar
Particles in the Solar Wind", Acta Physica Academiae
- Scientiarum Hungaricae, 29, 379, 1970.

Jokipii, J. R., "Propagation of Cosmic-Rays in the Solar Wind'',
' Reviews of Geophysics and Space Physics, 9, 27, 1971.

Jokipii, J. R., "Radial Variation of Magnetic Fluctuations and the
Cosmlc -Ray Diffusion Tensor in: the Solar Wind", to be
publlshed 1972. :

Jokipli, J. R, and P. .J. Coleman, Jr., '"Cosmic-Ray Diffusion Tensor
. and Its Variation Observed in Mariner 4", J. Geophys. Res.,
73, 5495, 1968. .

Jokipii, J. R., J. L' Heureux,and P. Meyer, "Diurnal Intensity Variation
of Low-Energy Electrons Observed Near the Polar Cap', J. Geophys.
Res., 72, 4375, 1967. :

Jokipii, J. R, and P. Meyer, ”Storage and Diffusion of Cosmic-Ray Electrons
in the Galaxy", Phys. Rev. Letters, 20, 752, 1968.

. 3
Jokipii, J. R., and E. N. Parker, "Stochastic Aspects of Magnetic Lines
' of Force with Application to Cosmlc-Ray Propagatlon
Astrophys. J., 155, 777, 1969

Kane, R. P., "Nature of 'the Long-term and Short-term Modulations of
Cosmic-Ray Intensity", J. Geophys. Res., Zl, 5573, 1972.

Lerche, I., '"On the Origin of the Nonthermal Radio Emlss1on at 0. 4 to.
6.5 MHz'", Astrophys. J., 166 311 1971.

Lezniak, J. A., and W. R. Webber, '"Solar Modulation of Cosm1c Ray
Protons, Helium Nuclei, and Electrons: A Comparison of
. Experiments with Theory", J. Geophys. Res., 76, 1605, 1971.

L'Heureux, J., C. Y. Fan and P. Meyer, "The Quiet-Time Spectra of Cosmic-
" Ray Electrons of Energies Between 10 and 200 MeV Observed on
0GO-5", Astrophys. J., 171, 363, 1972.

hmann, J. G., "A Study of the Solar Modulatlon of Low Energy Cosmic-Ray
Electrons Between 1965 and 1970", UnlverSLty of Maryland
Techn1cal Report 71-127, June, 1971



175

Lupton, J. E., "Solar .Flare Particle Propagation -- Comparison of a

New Analytic Solution with Spacecraft Measurements', Ph.D.
Thesis, California Institute of Technology, 1972.

Manchester, R. N., "Pulsar Rotation and Dispersion Measures and the

Maran, S.

Marshall,
Mason, G.

McDonald,

McDonald,

Galactic Magnetic Field", Astrophys. J., 172, 43, 1972,

P., Report on the Fourth Texas Symposium on Relativistic
Astrophysics, 1969.

F. E, and E. C. Stone, '"Propagation of Solar Flare Protons
at Early and Late Times', (abstract). E®S, Trans. Amer.
Geophys. Union, 53, 1085, 1972.. :

M., "Interstellar Propagation of Galactic Cosmic-Ray Nuclei
2 <« Z< 8 in the Energy Range 10-1000 MeV per Nucleon',
Astrophys. J., 171, 139, 1972.

F. B., "Primary Cosmic-Ray Proton and Alpha Flux Near the
Geomagnetic Equator’, Phys. Rev., 109, 1367, 1958.

F. B., T. L. Cline, and G. M. Simnett, "Multifarious TempOral

Varlatlons of Low-Energy Relativistic Cosmlc -Ray Electrons"
J. Geophys. Res., 77, 2213, 1972

, Meyér, P., P. J. Schmidt, and J. L' Heureux, "Measurements of the Primary

Cosmic Ray Electron Spectrum Between 20 MeV and 20 GeV and
Its Changes with Time", Proc. 12th Int. Conf. on Cosmic Rays,
Hobart, 2, 548, 1971. :

Meyer, P. and R, Vogt, "Electrons in the Primary Cosmic Radlatlon 5

Phys. Rev. Letters, 6, 193, 1961.

Moffet, A. T., "Polarlzatlon of Pulsars" » The Crab Nebula, ed. Davies

Ng, C. K.,

Ormes, J.

and Smith, 195, 1971.

and L. J Gleeson, "On the Propagation of Solar Cosmic Rays'"',
Proc. 120 Int. Conf. on Cosmic Rays, Hobart, 2, 498, 1971.

F., and W. R. Webber, '"Proton and Helium Nuclei Cosmic Ray
Spectra and Modulations between 100 and 2000 MeV/Nucleon',
J. Geophys. Res., 73, 4231, 1968.

Parker, E. N., ‘Interplanetary Dynamical Processes, John W11ey and Sons,

New York, 1963.

Parker, E. N., "Dynamical Theory of the Solar Wind", Space Science

Reviews, 4, 666, 1965a.

Parker, E. N., "The Passage of Energetic Charged Particles through Inter-

Planetary Space', Planetary Space Sci., 13, 9, 1965b.




176

Parker, E. N., "Theoretical Studies of the Solar Wind Phenomenon',
' Space Sci. Rev., 9, 325, 1969a..

Parker, E. N., "Galactic Effects of the Cosmic-Ray Gas", Space Sci. Rev.,
9, 651, 1969b.

Perola, G. C. and L. Scars1, "Flux and Energy Spectrum of Secondary
Electrons in the Upper Atmosphere , Il Nuovo Cimento, 46, 718
1966 ' .

Perola, G. C., L. Scarsg and G. Sironi, “Secondary Cosm1c-Ray Electrons

: ‘ Produced in Interstellar Medium. II - The Secondary Electron
Equilibrium Spectrum in the Galaxy", Il Nuovo Cimento, 53B,
459, 1968.

Quenby, J. J. and J. F. Sear, "Interplanetary Magnetic Field Fluctuation
" Measurements and the Long Term Modulation', Proc. 12th Int.
Conf. on Cosmic Rays, Hobart, 2, 771, 1971,
. ) : ,

Radhakrishnan, V., J. D. Murray, P. Lockhart, and R. P. J. Whlttle,
"Galactic 21-Centimeter Observations in the Direction of
35 Extragalactic Sources'; Astrophys. J. Suppl., 24, 15, 1972.

Ramaty, R., "The Influence of the Ionized Medium on Synchrotron Emission
in Interstellar Space", Astrophys. J., 174, 157, 1972.

Ramaty, R. and R. E. Lingenfelter, 'Galactic Cosmic—Ray Electrons",
J Geophys. Res., 71, 3687, 1966.

Ramaty, R., and R. E. Llngenfelter, "Solar Modulation and the Galactic
Intensity of Cosmic-Ray Positrons and Negatrons', Phys. Rev.
Letters, 20, 120, 1968. =

Razin, V. A.; Izvo VySshikh Vchebn, Zavedenii Radiofiz., 3, 584, 1960.

Rice, C.'J.; "Gamma-Ray Produced Background in et Gondola", Space
Radiation Laboratory Internal Report No. 14' 1969.

Rice, C. J., "Prlmary Cosmic-Ray P051trons and Negatrons in 1968 at
Energies Between 11 and 204 MeV", Ph.D. Thesis, California
Instltute of Technology, 1970 ' '

Roelof, E. C., "Transport of Cosmic Rays in the Interplanetary Medium",
Canad. J. Phys., 46, 5990, 1968.

Rossi, B., High Energy Physics, Prentice-Hall, New York, 1952.

Rygg, T. A, and J. A. Earli "Balloon Measurements of Cosmic Ray Protons
and Helium over Half a Solar Cycle 1965- 1969” J. Geophys. Res.,
76 7445, 1971. ‘ '




177

Sari, J. W.; "Modulation of Cosmic Rays by Interplanétary Magnetic

F1e1d", E®S, Trans. Amer. Geophys. Unlon, 53, 480, 1972a.
Sarl, J. W., "Modulation of Low Energy Cosmic Rays', Ph.D. Thesis,
: Unlver31ty of Maryland, 1972b.

Sari, J. Wy and N. F. Ness, "Power Spectra of the Interplanetary
Magnetic Field", Solar Phys., 8, 155, 1969.

"Schmldt, P. J. "Cosmic-Ray Electron Spectrum and Its Modulation Near
: Solar Maximum', J. Geophys. Res., 77, 3295, 1972.

Shen, C. S., "Energy Spectrum and the Origin of Cosmic-Ray Electrons
Above 12 BeV'", Phys. Rev. Letters, 19, 399, 1967.

Shu, F. H., V. Milione, W. Gebel, C. Yuan, D. W. Goldsmith and W. W.
Roberts, "Galactic Shocks in an Interstellar Medium with Two
Stable Phases', Astrophys. J., 173, 557, 1972.

Simnett; G. M., and F. B. McDonald, "Observations of COSmic-Ray Electrons
Between 2.7 and 21.5 MeV", Astrophys. J., 157 1435, 1969.

Smart, D. F.. ”Calculatlon of the Daily Variation of Cosmic-Ray Cutoff
R1g1d1t1es at Fort Churchill, Canada', Proc. 12tP Int. conf.
on Cosmic Rays, Hobart, 3, 843 -1971.

Smart, D. F.,and M. A. Shea, 'Daily Variation of Electron and Proton
Geomagnetlc Cutoffs Calculated for Fort Churchill, Canada"
J. Geophys Res., 77, 4595, 1972.

Steljes, I. F., "Cosmic Ray NM-64 Neutron Monitor Data-I to XVI",
Atomic Energy of Canada Limited, Chalk River, Ontario,
1965-1971.

Stephens, S. A., "An Analysis of the Low Frequency Radio Continuum in
the Galaxy , Astron. and Astrgphys., 11, 311 1971.

Stoker, P. H., and H.; Carmichael, "Stepllke Changes in the Long-Term
- Modulation of Cosmic Rays", Astrophy. J. 169, 357, 1971

Trimble, V., "™Motions and Structure of the Filamentary Envelope of the
Crab Nebula', Astron. J., 73, 535, 1968.

Urch I. H., and L. J. Gleeson, "Galactic Cosmic Ray Modulation from
1965-1970", preprint submitted to Astrophys1cs and Space
Science, 1972.

Verma, S. D., "A Calculatlon of the Flux and Energy Spectrum of Secondary
‘ Electrons at High Altitudes in the Atmosphere , Proc. Ind. Acad.

Sci., 66 125 1967.



178

Verma, S. D., "High Energy Electrons and Emission of the Omnidirectional
Synchrotron Radiation in Radio Frequencies and X-Ray Regions',
“Astrophys. J., 152, 537, 1968.

Webber, W. R., "On the Relationship Between Recent Measurements of
Cosmic-Ray Electrons, Non-thermal Radio Emissions from the
Galaxy and the Solar Modulation of Cosmic Rays', Aust. J. Phys.,
21, 845, 1968.

Wentzel, D. G., "Interstellar Motions: Minuet or Rock?'", Publications of
the Astronomical Society of the Pacific, 84, 225. 1972.




179

GAS CERENKOV COUNTER
(SFg ot 2.2 otm)

CONICAL MIRROR

FLAT .
MIRRORS

=

r

. . . \ -
PM TUBE ) f PM TUBE

L : |
' L ESTISSSSY, TELESCOPE
= . . - [
7 N COUNTER #1
PM Tyt —————— - S . _ S
. UPPER \ :
' SPARK CHAMBER N
. - N :
. ] R
SIDE GUARD___{ . . .. 1 ____MAGNET GUARD
COUNTER A\ [l o 2o \ E——— —N . o NTeR
, ' 9x14 CM s
: ‘ POL EFACE :
PM TUBE — / 4CM GAP N - “"’ ) 1 . ‘—‘MAGNET.
R | _
N
N
N \
\
LOWER .
N SPARK . CHAMBER \
A
\ \
N -H ... . ___TELESCOPE
N COUNTER #2
. N ' - X
. o LUCITE"
PM TUBE--— p———— CERENKOV
: COUNTER
_,a——————4—-——-J AND PM TUBE

J PLASTIC : . AT
& SCINTILLATOR . SCALE-CM

B ivcre ‘ : . ) 10

Figure'II-lz Ctoss-section of the et detector system



180

CONNECTIONS

HIGH VOLTAGE

FIDUCIAL
GROUND

Exploded view of a spark-chamber module.

Figdre I1-2:



181

MAGNET
" GUARD
COUNTER

PM .
TUBE

[CJALNICO VI

Figure II-3: Exploded view of the MOD-2 magnet and magnet guard
. counter. For clarity the origin of the coordinate
system is shown displaced from its location at ‘the

center of the magnet gap. 4



182

43040034 3dvL

]

*A0JBUTWTIIOSTP

S4344N9 1Nd1ino -

[ 8 S31¥9 1Ndino

o | (¥ 531v9 1ndIno

pue I9TFTTdwe SATIISUDS 931BYD = HSIA VSO
*SPI9TYS 3sTou Yaeds £q pasoyoud sjusuodwod
93BOTPUT SSUTT payseq ‘weaderp o0fq oTuUoa13o91q :4H-II °2an31g
e [UTT0S 3UN1VH3IdWIL}=—{ HOSNIS gl fe— | {2810 ¥SI}=—{9T4vN5 301 u :
:li..<|8| ul_zmﬂ xlom._lo__ . [~—{35ia vs3}=— S auvns 3015
ST . —1{2s1a vS3 J+—{ ¥ a"vnd 3a1S |
>oxzmmwo SVO_j+ {510 ¥50 Je—{ € QUVNS 3GIS |
W E R SdNo1d 1N0av3a | e—{5510 V50 }+—{ 2 0uvnS 3055 |
3AILOIYISOLINOVIN
(4¥3570d AH_} ANV SN3EWVHD ¥YvdS le—{S10 V50 J+—{_109vVN9 3015 |
L mlu!ma VSO Je—{204VN9 dOL |
; [13534 o
et 01907, | G t+—{3510 V3 }e—{ 1qHV5 JOL ]
JLISM V 3SVHg| 10HLNOD ASNg nNu
JOHLINOD 3L18M IN3A3 LuvIS m E T : :
“3IIM 8 3SVH| 378VN3 § 3SVAd w J510 ¥59 QHVNO 13NIVA]
2 _
, AIIEu._Sm 31vY STONIS Q¥vno [ - —
o asiavsol— ' "O5om
{[§37v05 31vy G8vno LINOVA 3 . . _
o mu,_qom m:.m 2hvelvil .un.l.l.. . le—1{0S10 VSO J»—{2L 3d03S3131]
IL mm._qum 31vY 21~ | — le—{"0SI0 i 340053731 ]
. e N T L J .
. : iom_o <le||*m‘>92umuo S 1 !
HITWOS 31vd AOYNIH3) Sv9 | — E ow_o V53 Je—{v AOYNZY3D SVO) !

||||||||||||||||| o



- 183

.mvﬁowunmm pe8aeyo-£13urs 103 £Sasud
3o uot3duny e se Indino Y3TT I93UNOD AOUSIAD) seH G-I 2anS1g-
~

N“urhf\c</ H,\A ,
Ol 50l -0l
T T T T . _ﬁ___,_ T | ' :
- -y (R
wm
— —Z )m
s
— 1¢ B
| mw
v 38
— 49 &
=
- 14 o
-
- —46
I 1 L1 1 ___ Lt v 1 Ol



Figure II-6:

2. Daéhed curve: x =0 y

184

Magnetic flux density in.the.gap of the analyzing magnet
versus position. The curves represent the field components
along three paths parallel to the z axis in the magnet gap.

"See Figure II-3 for definition of the coordinate system

employed. . : :

1. Solid curve: x =1 y =6 cm

'6 cm

3. ‘Dotted curve: x =0 y =0 cm

'BZ and B& for paths 2 and 3 are identically zero and are

‘therefore not shown explicitly.
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Figure I1I-8:

187

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. o
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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:
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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.



EVENTS/HOUR

,20;_

‘ 194

L

rrrrrrr T rrrrorord

14 -29 MeV

; NIGHT |"4

\30 [

it 1 |

22 | 2 6 10
LOCAL TIME (HOURS)

Figure IV-1




Figure 1V-2:

~ Figure 1V-2a:

Figure IV-2b:

195 -

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.

i

Dashed curve: best-fit primary contribution

‘Dotted curve: best-fit secondary contribution
i

Solid-curve: Dbest-fit total positrons or
_negatrons.

2 ' '
The 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 triangles (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;

Figure VI-2a:
Figure VI-2b:

Figure VI-2c:
Figure VI-2d:

Figure VI-2e:
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i

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

-2, .
(0 = 2.70x10° 172 p/m®.sec.sr.Mev

and a diffusion coefficient of the form

a R RS R

k (R) . _
= constant . R <R

Calculated electron 1nten51ty at 1 AU versus kinetic
energy for R 440 MV.

Contours of constant phase - space den31ty, F, for
Rc 440 MV,

Calculated electron intensity at 1 AU versus kinetic
energy for Rc = 100 MV. A j o T2 curve (dashed) is

shown for comparison.

Contouré of constant phase-space density for R = 100 MV.

Contours of constant ¢ (r,T) (defined by equatlon VI-6)
are shown as. dashed lines.

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).
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Figure VI-5:

Figure VI-5a‘

Figure VI-5b:
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Calculated electron spectra at 1 AU for different forms

of g, (r) and different values of the boundary distance, D.

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 ~L00 MeV
(equation B-12). The rigidity dependence of the diffusion
coefficient used is given 1n Figure VI-4b. The magnitudes

of the different radial functlons Kl(r) at r = 1 AU have been

adjusted so that each calculated spectrum is derived using
the same value of

Vdr
A =f "¢ (r,R)
1

The near-Earth electron spectrum observed in 1968 (references

" in Figure VI-1) is shown for comparison.

The calculated spectra using,the 6 different radial
dependences of y shown in Figure VI-4a.

The calculated spectra assuming g independeﬁt 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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Figure VI-7:
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Calculated electron spectra at 1 AU for a diffusion
coefficient of the form: ' '

Rl R>Rc=750MV

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 transport
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:

r‘ic = 1083 MeV (Eq. VI-18, b = 1)
o |
D0y = 391 MeV (Eq. VI-18, b = 1/2)
F
" = 722 Mev (Eq. VI-22)
Ty, = 261 MeV  (Eq. VI-24)

The near-Earth electron spectrum'observed in 1968
(references. in Figure VI-1) is shown for comparison.
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Figure VI-l2a-e:
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Electron modulation parameters, w(l,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 y
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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KINETIC ENERGY, T (MeV)
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Figure VI-14:
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Positron modulation parameters, ¢(1,T), for the period

1965-1971. The data points refer to the y(1,T) calculated
from the DC approximation using the spectra observed 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 tranmsport
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 (550 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 g (R) is assumed
proportional to 1/R.
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Figure VI-16:

Figure VI-l6a:

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) @ 1/R. Above 60 MV, (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 fur 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:

KINETIC ENERGY (MeV)

Approximate range of the interstellar electron
spectrum. 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.l).

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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Figure VI-20:

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 K; << Ky and curve 2

corresponds to the case k, = 4 x 1021 cm2/sec. The

error bars on curves 1 and 2 correspond to a 2° 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 y(1,T) (dashed
lines in Figure VI-12b) based on the possible range of
galactic electron spectra (Figure VI-9).
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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 1l was

derived assuming K, << K”’and curve 2 corresponds to the

case KL =4 x 1021 cmz/sec) are independent of the

assumed boundary distance. The modulation result is
derived assuming y 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

' R !
horizontal bar at n = 0 indicates the range
6-15 AU obtained for y independent of radius
(see Figure VI-21).
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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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Comparison of measured and calculated He nuclei spectra
at 1 AU for the time periods shown. The same inter-
stellar spectrum has been used in der1v1ng 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 -'Lezniék and Webber (1971)

Figure VI-24c: Triangles;? Maéon (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
spectrum at 1 AU is insensitive to the interstellar
intensity below ~100 MeV/nucleon.
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PARTICLE TRAJECTORY
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Figure A-1: Schematic view of a particle trajectory seen
in projection ‘Parameters used in trajectory
self-consistency checking are shown.



Figure A-2:

Figure A-2a:

‘Figure A-2b:
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‘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.

Mono-energetic beam of 790 MeV positrons.

Mono-energetic beam of 85 MeV positrons.
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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 5 = .60 MeV/c
radians. Only one sign of the scattering angle is
shown since the distribution is symmetric about
zero. ‘
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‘Figuré 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
(6 = .0023 radians). '
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.Figure A-5:

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

oy

angular resolution function with
= ,0025 radians. :
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Figure A-6:

versus O  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 conf#guration (solid) and MOD-2
configuration (dashed) are shown.
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Figure A-8: Measured count rate of GG (solid)
and NON-GO (dotted) events in the
| ' three lowest energy intervals for
flight 71C2. The respéctive night
and day analysis intervals are
indicated.
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ENERGY (MeV)

Gamma-ray spectrum at 2.4 g/cm2 altitude

used in calculating the flux of negatrons 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.



INTENSITY PARTICLES/MZSEC-SR-MeV

259

3L 1 | 1 | I N N
10 10 20 ' 50 ‘ '

KINETIC ENERGY (MeV)

Figure A-10: ©Positron and negatron spectra from interactions
of y-rays in the gas Cerenkov counter.
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Figure.B—Z: 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.
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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. In 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 electron
spectra shown in Figure VI-9,
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