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ABSTRACT .
Title.of Thesis: Cosmic Rays Over the Upper Mid-West
Thomas A. Rygg, Doctor of Philosophy, 1972

‘Thesis directed by: James A. Earl. Associate Professor of Physics

Differential energy spectra of cosmic ray protons and helrum
nuclei in the energy range 100 - 260 MeV/nucleon were measured on
ballopn flights frbm Minneapolis, Minnesota and from Siou#_Falls,
Sohthvbakota. The detector was a Geiger rube hodoscope operated
in conjunction with two scintillation counters and lead absorbers
totalling 75 gms/cm2 in thickness. The energy spectrum of re-entrant
albedo protons was found to be essentially flat in the 100 - 200 MeV
interval as is predicted by theoretical calculationglof the equil-~
ibrium spectrum of secondary protons emerging from thick layers of
air. Geomagnetic cutoff rigidities obtained during quiet times from
the spectra of helium nuclei were variable from day to day averaging
23% below the level predicted by detailed orbit calculations that
invoke only internal sources of the earth's magnetic field. Correla-
tion of the cutoff with the earth's equatorial field suggested that
the source qf the rariation is a fluctuating ring current located
within the radiation belt ar a7 RE' During the magnetic storm of
Aﬁgust 30, 1966, the cutoff was observed to be depressed at times
below 40%Z of its quiet time level, but it was restored to nearly the
'normal level during the positive phase of the storm. Because of the
{depressed\cutoffs, it was possible to measure the spectrum of primary

protons just before and during the Forbush decrease of August 30, 1966



and thﬁs to show that the form of these spectra was indentical to

" that observed thrqughouf.the solar cycle with the same instrumenf.
Specifically, the spectrum of protons during the most deeply modul-
ated period that was observed followed the same 1aw; J=AT, where J

is the differential intensity, T is kinetic energy, ;nd A is a param—
eter independent of enefgy but variable in time, that characterizés
the modulated spectrum of primary protons. The solar cycle variétion
of atmospheric secondary protons was investigated. It was fdun& that
the intensity of secondary protoné varied by 40% over the solar cycle
and was iﬁ good agreement with a theoretical model of atmosphéric

propagation.



ACKNOWLEDGEMENTS

I must express my sincere gratitude to my thesis advisor Pxofes;
sor James A. Earl who has guided me through thg peaks and valleys of
my gréduate career. One could not imagine an advisor more intensely
.interested in his students.

The enthusiasm, guidance, and help of my co-advisor Proféssor
Joseph J. O'Gallégher is also gratefully acknowledged.

Most sincere thanks go to Richard and Barbara Stafford ﬁhose
"southern hospitality has enabled me to complete this thesis. Their
opfimism énd encouragement have kept me going through these final
stages.

Special thanks go to Mary Louise Snidow; Rose Pryor, and Ira
Tannenbaum who cheerfully and competently typed the many versions of
the manuscript. |

I also wish to thank Janet Luhmann whose researéh into the August
28 solar flare I found most valuable.

Assistance in many aspecﬁs of data processing provided by the
staff of the Goddard Space flight Center is also-gratefully acknowleaged.
The Officé of Naval Research, Raven Industries;'and Winzen Research
arranged and provided many fine balloon flights for the hodoscoﬁe. 1
am also grateful to the staffs of the Cornell Electron‘Synchrotrons,

" the Brookhaven AGS, the Cal.Tech Synchrotron, and the Naval Research
Lab Linac for their cooperative efforts in the detector calibrations.

Thanks aléo go to Steve Gustafson, Chuck Carlson, John Rockstroh,

Dennis Neely, Greg Burrows, Maurice Pairel, Harvey Novak, George Um-

berger, Julius Brecht, Chip Meegan, Larry Bagg, Bob Smith, Bill Leech,

ii



iii

Larry Votta, and Janet Luhmann for assistance in the balloon operations
over these many years.
Computer time for this project was supported in pért through the
facilities of the University of Maryland's Computer Science Center.
Work on this project began at the University of Minnesota where
support was provided by the Office of Naval Research Grant Nonr;710(19).
Support at the ﬁniversity of Maryland was provided by the National-
Aeronautics and Space Administration Grants NGR-21-002-066 and NsG
398. I would also like to acknéwledge receipt of a N.A.S.A. Trainee-

sHip that supported my graduate studies at the University of Minnesota.



' Chapter

TABLE OF CONTENTS.

ACKNOWLEDGEMENTS . . . ., .

LIST OF TABLES . . . . . .

LIST OF FIGURES .

1.

II.’

III.

V.

V.

INTRODUCTION . . .

APPARATUS AND BALLOON FLIGHTS .

.

A. Description of the Instrument .

B.

Data Analysis

C. 'Balloon Flights .

ATMOSPHERIC SECONDARY PROTONS

RE-ENTRANT ALBEDO PROTONS .

QUIET
A.
B.

C.

D.

Introduction .

Observed Fluxes

Model Calculationsv. .

Discussion .

TIME GEOMAGNETIC CUTOFFS

Introduction .

Empirical Determination of

1.) Flight 1038-W
2.) Flight 1056-W
© 3.) Flight 1057-W

4.) Flights 974-N

and 975-N . .

Geomaghetic

5.) Flights 1078-W and 1079-W ..

‘Discussion .,

iv

Cutoffs .

Narrative Description of Cutoff Variations .

Page

ii

vi

. vii

12

13

18

18

21

22
29
34
34
45
49
49
49
50
51
53

55



-Chaptef, Page -
VI.  AUGUST 28, 1966 FLARE — INTERPLANETARY. AND GEOMAGNETIC
DISTURBANCE . , . . . + + « . . R 64
A, Introduction . . . . . . .. .‘. . . e e e 64
B. Observations During the August 28, 1966 Disturbance 70
C. Geomagnetic Cutoff Variations During Flight 1057-W 74 |
"1.) Analysis Procedure . . . . . . . . | 74
2.) Cutoff Determinations . . . . 76
3;) Discussion . . . . . « . .+ . ¢ . . 80
'D. Forbush Decrease of August 30,“1966 e e e 88
VII. SUMMARY AND CONCLUSIONS . . » « .o v % v o v .v v . : 97
APPENDIX A ATMOSPHERIC SECONDARY PROTONS REVISION FOR BEHAVIOR
AT LARGE DEPTHS . + « + ¢ v ¢ o v o o o o o o 101
APPENDIX B INDUCTIVE EFFECT OF THE EARTH ON OBSERVED D_. VALUES 104
APPENDIX C

ON RING CURRENT STRENGTH . . . . . . .

ENERGY DENSITY IN THE EARTH'S FIELD AND LIMITATIONS

105

108



Table -

II.
III.

IV,

LIST OF TABLES

Ionization Depths in the Detector . . . .

Summary of Flight Data. .

Re-entrant Albedo Scale Factors .

Tabulation of Observed Cutoff Rigidities

Coefficients A

grid

ij

vi

e

for Fitting Shea et al. (1968) cutoff

Page

115
116
117

118

119°



" Figure

10.

11.

12.
13.
14,
15.
16.
17.
18.
19.
20;
21.

C22.

LIST OF FIGURES

Schematic Diagram of the Hodoscope Detector . . .
Sample Pulse Height Distributions '. e e e e e
Calculated Secondary Proton Spectra . . ¢« « « « o
Growth Curve of Atmospheric Secondary Protons .
Regression Analysis of Secondary Proton Intensity . . .
Observed Spectra of Re-entrant Albedo Protons . . . . .

Regression Analysis of Re-entrant Albedo Proton Intensity

Schematic Diagram of Albedo Trajectories and Angular

Distribution of Secondary Production . . . . « « « + + &

Comparison of Observed and Predicted Re-entrant Albedo
Spectra . . ¢ ¢ ¢ 0 4 4 e 6 e e e e e s e s e e e e e

Regression Analysis of Penetrating Proton Intensity . .

Illustration of the Smoothing Effect of the Hodoscope's
Rigidity Windows on the Penumbral Cutoff Structure . .

Flight 1038-W Helium Rigidity Spectrum . . . . .
Contours of Constant Geomagnetic Cutoff . . . . . . . .
Flight 1038-W Trajectory . . « ¢ « ¢ o ¢ & o o « o o o
Flights 1056-W and 1057-W Trajectories . . . . . . . .
Flight 1056-W Helium Rigidity Spectrum . . . . . . .
Flight 974-N Trajectory . . . « « + ¢ ¢ o o o o o o o -»
Flight 974-N Helium Rigidity Spectra . . . . « ¢« v ¢ +« .
Flight 975-N Trajectory . . + « o « o o o o o o o o »
Flight 975-N Heiium Rigidity Spectra . . . . « « « + « &
Flights 1078-W and 1079-W Trajectories . . . . . . . . .

Flights 1078-W and 1079-W Helium Rigidity Spectra . . .

vii

Page

120

121

S 122

123
124
125

126
128

129

130

132
133
134
136
137
138
139
140
141
142
143

145



Figure

23.

24,

25.

26.

27.

28.

29,

30.

31.

32,

33.

34.

35.

36.

viii

Page

P, vs. Pc for Six Upper Mid-West Flights . . . . . . . .. 146
ch vs. Pc for Six Upper Mid-West Flights ., . . . . . . 148

Cutoff Depression vs. D e e e e e e e 150

st
Histogram of Hourly Dst Values . . .

e s e s s e 151
Comparison of Cutoffs Measured Over Minneapélis ... . 152
Time History of Auguét 28, 1966 Solar Flare . . « + « . 154
Flight 1057-W Proton Rigidity Spectra . . . . . . . . . 156
Flight 1057-W Helium Rigidity Spectra . . . . . . . . . 157

Flight 1057-W Regression Analysis of Penetrating Proton
FIUX ¢ & v v o v o o v o o o O 1

Flight 1057-W Comparison of Cutoff Depression and Doy - 160
Idealized Magnetospheric Configurations . . . . . . . .. 162

Neutron Monitor Rates for the Canadian Net for August, 1966
(Steljes, 1966) v + v v v v 4 o e v e 4 e s e e e e e . lob

Flight 1057-W Regression Analysis of Low Energy Protons 166

Flight 1057-W Regression Analyses of Helium Nuclei . . . 168



I. INTRODUCTION

Cosmic rays providé a useful tool for studying a variety of astro-
physical and geophysical phenomena; They appear to permeate most of
our galaxy and thus serve as probes of magnetic fields-over scales
ranging from those of geophysical and interplanetary interest to those
related to the structure of our galaxy. Studies of cosmic ray propa-
gation in the interplanetary medium have yielded information concerning
the large and small scale structure of the magnetic field carried into
space by the expanding solar wind plasma.. Though far from being com-
pletely understood, studies of the modulation of cosmic ray iﬁtensity
which is correlated with the eleven-year cyéle of solar activity have
been used to estimate the volume of space occupied by the solar plasma
and to determine the degree of turbulence of the field. Studiés of
the temporal behavior of the intensity of energetic particles released
dﬁring solar flares provide indeﬁendent estimates of the degree of
magnetic disorder in the interplanetary medium and confirm the large
scale spiral structure of the interplanetary magnetic field. Studies
of short term cosmic ray modulation phenomena (Forbush decreases) which
are also associated with solar activity help identify changes in the
interplanetary medium caused by these disturbances.

On a small scale, cosmic rays show a remarkable sensitivity to
the structure of the earth's magnetic field manifested through the geo-
magnetic cutoff effect. At a given latitude particles below a particular
rigidity (the cutoff figidity) are deflected a&ay by the earth's mag—'
netic field and, consequently, are denied access to the top of the
atmosphere., High order expansions of the earth's internal field are

required to resolve anomalies in the low latitude cosmic ray intensity
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distribution revealed in neutron monitor surveys. E#ceptionally low

" cutoff rigidities and déy4night cutoff variétions observed at high
latitudes are sensitive t§ the shape of the cavity (the magnetosphere)
in which the earth's field is confined by the solar plasma and to the
lt0pology of the field within. When the solar wind plasma flow is en-
hanced by solar activity, the response of the magnetosphere ( a magnet-
ic storm) is Stréngly evident in reduced cosmic ray cutoffs at middle
latitudes. Since the time scale of these disturbances is only several
hours, cosmic rays provide one of the few ways of observing the effects
of‘the magnetic storm on a global basis.

| This thesis deals experimentally with fhese geophysical quesfions
with the aid of a balloon borne Geiger tube hodoscope which measures
the differential energy spectra of cosmic ray protons and helium nuclei
in the energy range 100-260 MeV/nucleon and integral intensities above
260 MeV/nucleon. Electrons in the energy range 16-150 MeV. are also
resolved but their analysis has already been presented elsewhere
(Luhmann, 1971; Luhmann and Earl, 1973). The term hodoscope is derived
from the Greek roots hodos, meaning path, and scopos, meaning to watch.
Thus the térm hodoscope 1s used in particle phyéics to describe any
device (usually electronic) that determines and displays the trajectory.
of a charged particle, The same instrument provided data for an M. S.
thesis (Rygg, 1970) whicﬁ dealt with the long term solar modulation of
primary protons and helium nuclei observed during nine high latitude

- flights coveriﬁg the entire increasing phase of solar activity (1965-
1969). While the results discussed here are quite independent of the

M. S. thesis, it would be unnecessarily repetitious to present more



"than a cursory review of the already available . description of the detec—

tor and data analysis séheme. Furthermore; eﬁtenSive use is made here
of major conclusions reached in the earlier work: Consequently, the
interested reader is referred to the M. S. thesis and to a published
paper based on it (Rygg and Earl, 1971).

Since the data on QHich this thesis is based were obtained from
seven balloon'flights over the Upper Mid-West, where the geomagnetic
cutoff normélly excludes most primaries within the energy range covered
by the detector, the discussion will focus on geomagnetic effects and
on the modulation of secondary components. However, some obsérva;ions
of low-figidity primaries were made during a period of reduced cutoff
associated with a largé magnetic storm on August 29-30, 1966. Specific
topics include the geomagnetic cutoff during magnetically quiet and
highly disturbed periods,.short term cosmic ray modulation (Forbush
decrease), re-entrant proton albeao, and atmospheric secondary protons.
The mapping of geomagnetic cutoffs was facilitated by winds at balloon
altitudes which resulted in flight trajectories entering Minmesota,
Wisconsin, Iowa, Nebfaska, and South Dakota.

Since the above topics are quite diverse, the text that follows
is organized so that each chapter is more or less self contained and
begins with an introduction that presents a background for the topic
and reviews the pertinent literature. Chapter II. summarizes the data
and gives a brief descripfion of the detector and data analysis scheme.
Chapter III. exfends and verifies calculations bf the propagation of
secondary protonsvin the atmosphere (Rygg, 1970) and discusses the

solar modulation of this component. Atmospheric secondaries do not



possess great intrinsic Significance,.but they constitute a background
that must be subtracted before more interesting processes affecting
the intensity of primary cosmic rays can be studied. The empirical
demonstration in Chapter III. that the intensity of atﬁospherinsecon—
dary protons at Churchill and Minneapolis varies by‘40% over the solar
cycle together with the verification of a propagation model puts this
subtraction on a more firm theoretical and observational basis than
has been available previously. Chapter IV. deals with another secon—
dary component, the re-entrant albedo protons which are upward moving
sécondaries that are reflected back toward earth by the geomagnetic
field. The observed differential energy spectrum of re-entrant albedo
protons is essentially flat from 100~-250 MeV. This new result does
not agree with some earlier reports (Teegarden,.1967; Ormes and Webber,
1968; Bingham et al., 1968), but it is expected as a consequence of
the model for calculating the intensity of direct secondaries which

is applied in Chapter IV. to the production of re-entrant albedo
protons.

Observations of the latitude and temporal variations of the geo-
magnetic éutoff during magnetically quiet timeé are presented in Chap-
ter V. On some occasions the cutoff is consistent with that expected
from the earth's internal field, but the cutoff is variable from day
to day and is usually depressed., This observation demonstrates, for
the first time, a significant effect of external currents upon mid-
latitude cutoffs; The day to day variability appears to be correlated
with small changes (+ 15y) in the equatorial magnetic field, But diurnal

variations, if present at all, are smaller than the day to day variation.



Chapter VI. presents obsevations obtained on August 30,1966 from

" a 24 hour balloon flighf during which the geomagnetic cutoff at Minne-
apolis was depressed below 407 of its quiet time value; However, the
cutoff was restored to nearly its full quiet time value during the pos-
itive phase of a magnetic storm which began with the sudden commence-
ment of 1112 U. I. August 30, 1966. Because of the depressed cutoffs,
it was possiBle to observe primary protons during»portions of the flight
and thus to-demonstrate that the J=AT spectral behavior that is char-
ac;eristic of the eleven-year modulation below 200 MeV is also a chér—

acteristic of the Forbush modulation.



ITI. APPARATUS AND BALLOON FLIGHTS
A, Description of the Instrumeﬁt

The detector, shown in Figure 1, consists of a Geiger tube hodo-
scope, a dE/dx detector and a sandwich of lead and plastic scintilla-
tor.plates which comprise a total energy calorimeter. Five pairs of"
crossed trays of Geiger tubes, shown end on, define the range éﬁd geo—
metry of a p#rticle and detect nuclear interactions occurring in thé
" lead. The éombined light output of the five calorimeter plates is a
-samplé'of the total energy deposited in the lead absorber.‘ The ampli-
tudes.of the dE/dx and calorimeter signals are determined by'iS channel
logarithmic pulse height analyzers which have channel widths of 33%
and a dynamic range of 100. The trays of Geiger tubes measure 15 cm
by 15 cm, and the apparatus is 32 cm high. The total absorber thick-
ness is equivalent to 76 gms/cm2 of lead. A modified version 6f the
detector containing an additional 38 gms/cm2 of lead distributed evenly
throughout was flown on two flights in late 1967.

As indicated in Figure 1, eleven two-fold coincidences select
particle trajectoriés which pass through tray 10 when extended. An
event is registered only when such a coincidence occurs between both
pairs of upper trays. This use of multiple telescopes defines a beam
collimated to +16° with a geometric factor of 10.3 cm2 steradian before
it enters the main body of the detector.

The technical detéils of how pulse height and Geiger tube infor-
mation was.processed by the flight apparatus, ﬁeiemetered to the

~ ground, tape~recorded and finally analyzed by computer do not bear



repeating as they are found in Rygg (1970). Nonetheless, the end
result is a computer compatible record of all information pertaining
to each event including the pulse heights, the waiting time from the

previous event and a list of those geigér tubes that were discharged.



B. Data Analysis

In the present expériment fhe energy spectra of cosmic ray pro-
tons and helium nuclei from 66 - 250 MeV/nucleon are determined by the
range, dE/dx, and calorimeter responses fo the various particles.
Evehts are first sorted to restrict the analysis to particles firing
one Geiger tube per tray. This criterion rejects electron shoﬁers and
obvious nuclear interactions. Those events satisfying this criterion_
are then accumulated in a three dimensional histogram whose coordinates
are dE/dx pulse height, calorimeter pulse‘height and the number of the
last tray of Geiger tubes in which a discharge occurred (RANGE). The
parameter RANGE delineates definite, non-driftiﬁg energy intervals
when the appropriate range-energy relation is applied. Table I 1lists
the ionization depths and energy intervals thus defiﬁed for both con-
figurations of the detector.

In addition to distinguishing the particle's charge, the dE/dx
and calorimeter pulse heights also separate out a background of elec-
trons and nuclear interactions which did not fire extra Geiger tubes.
Figure 2 shows two representative histograms for RANGE 10 and RANGE 7
ostained by summing the dE/dx and calorimeter pulse heights for events
selected as described above. The proton and helium curves shown in
that figure are synthetic distributions constructed by folding the
known detector resolution (due basically to photoelectron statistics)

into the expected pulse height response function for that range inter-
val. The bfoad peak near minimum ionization for RANGE 7 is the distri-
bution of electrons plius fast proton background as determined from

accelerator calibrations.



The number of particles for each component - protons, helium
nuclei, and background - is obtéined from a computer analysis which
adjusts the amplitude of the three synthetic distributions to obtain
a best fit to the obsgrved pulse heightvdistribution. The raw ﬁumbers
of ﬁrotons and helium nuclei must then be corrected for a variety of’
effects which tend to remove valid particles from the analysis. These
include nucléar interactions, Geiger tube inefficiency, and extra dis-
charges due to 'knock-on" electrons and inclined trajectories all of
which are treated rather extensively in Rygg (1970).

Calculation of fluxes is then a simple matter of dividing the num-
ber of particles by the detector exposure, subtracting the atmospheric
secondary contamination to the protons, applying an atmospheric absorp-
tion correction.(AP=150 gms/cmz,_AHe=54 gms/cmz) and dividing by the
energy intervals appropriate to ;he top of the atmosphere. Erfors
quoted are a combination of the 3% error in determination of the geo-
metric factor and particle statistics.

In addition to the spectral determinatién using stopping particles
the RANGE 10 distriﬂution in Figure 2 was fesolved_into a minimally
ionizing peak (fast protons EZ 720 MeV) plus a more heavily ionizing
component (slow protons 260-720 MeV) using the curve fitting techniques
previously &escribed.

In the original analysis scheme, once the computer.had sorted all
the events and_had priﬁted out the appropriateAmatricies all further
analysis wés done by hand. Since this thesis is-basically concerned

with time variations of the cosmic ray flux on scales as small as one
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hour, the order of magnitude increase in required calculations made it
necessary to implement the entire analysis procedure into a single
computer program which accumulates matricies over any desired time

interval and then prints out the fully corrected particle fluxes and

the experimental errors.




€. Balloon Flights

The data available for analysis consists of 20 balloon flights,
summarized in Table II, and calibration exposures to protons and pions
‘at the Brookhaven Alternating Gradient'synchrotron and to elect;ons at
the Cornell 2 and 10 GeV Synchrotrons, and the Naval Research Lab Linac.
This thésis will be concerned primarily with the flights made from
Minneapolis,vMinnesota and Sioux Falls, South Dakota.

Twelve.balloon flights launched from Fort Churchill, Manitoba
cqver.neayly the entire period frem cosmitc ray maximum in May, 1965
through cosmic ray minimum in 1969 and 1970_and halfway back eo maximum
in July, l9fl with one or two flights each summer. Since the geomagnetic
cutoff rigidity at the latitude of Churchill remains below 100 MV,
well below the atmospheric cutoff at 2 gms/cm2 for protons, 300 MV,
protons and helium nuclei.seen at Churchill are galactic cosmie rays
plus afmospheric secondaries, Deta from eight Churchill flights
through 1969 were used earlier to study.solar modulation throughout
the increasing phase of the‘cycle of solar activity (Rygg, 1970; Rygg
and Earl, 1971).

Seven balloon flights launched at intermediate latitudes (Minnea-
polis and Sioux Falls) during 1965-68 are analyzed here for geomagnetic
cutoff effeéts, proton albedo intensities and atmospheric secondaries.
The geomagnetic cutoff in the region covered by these fiights (1 to
2GV) excludes primary ﬁrotons so that protons stopping in the detector
consist oflatmospheric secondaries plus re—entfaht albedo. The rigidi-
ties of stopping helium nuclei, however, span the cutoff region and

provide quite accurate deteiminations of cutoff rigidities since there

11
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" are very few secondary or albedo helium nuclei. One of these flights,
1957-W, occurred during.a period of geomagnetic and interplanetary
activity. associated with an importance 3 solar flare occurring at 1521
U.T. on August 28, 1966 providing new information on cutoff variations
and short term modulation phenomena.

Calibration data ébtained at the Brookhaven A,G.S., were used to
study proton’interactions and their visibility in the detector so that
suitable inferacﬁion cprrections could be made to flight data. Elec-
tron calibration data from 105 to.8200 MeV obtained at the Cornell 2
and 10 GeV Synchrotroﬁs were used to demonstrate that electroﬁs around
300 MeV canhgive a single particle signature in the Geiger_tubes and
therefore account for most of the background at low ionization as in

Figure 2 (Rygg, 1970).




ITII ATMOSPHERIC SECONDARY PROTONS

Before discussing observations at the top of the atmosphere some
attention must be devoted to the dominant correction that must be
applied to low energy particle data obtained within the atmosphere -
the subtraction of atmospheric secondary protons. Cénsiderable éfforf
was devoted to this correction in earlier work (Rygg, 1970) becﬁuse_the
secondar& flux émounted to half that observed in the lowest energy bin;
In that paper a model &escribing'atmospheric secondary production and
propagation was presented with some experiﬁental verificationsfof the
predictions; specifically, the depth ahd solar cycle dependeﬁce of the
absoiute intensity. In_this thesis we will be interested in rather
small changes in the low energy proton flux observed at varied condi-
tions of solar modulation and latitude which are likely to affect the
contribution of secondaries. Furthermore, earlier predictions of this
model (Rygg, 1970) concerning the solar cycle and latitude dependence
contradict to a certain extent the analysis presented by Teegarden (1967).
Hence further verification of these effects is necessary.

Energetic cosmic rays in;efacting with air nuclei above the de-
tector produce a spectrﬁm of low energy secondary protons. Before
reaching the'detectér however, the secondary beam is degraded by ioni-
zation loss and'nuclear absorption. In‘fhe model discussed by Rygg,
particles arising from a constant production function (per gram) at all

_depths above the detector are propagated through ;he intervening air
using standard equations for energy loss (Rossi, 1952) and an absorp-

tion mean free pathvof 150 gms./cmz.“ A constant production is consistent

13 .
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with the observation of a constant flux (+20%) of penetrating particles
’ up to depths of 200 gms./cmz. E*cept for energies below those con-
sidered here, particle trajectories are not significantly affected by
multiple scattering (Rossi, 1952) nor mégnetic deflection in the‘rela—
'tively short distance to the detector.

The energy spectra and depth dependence of the secondary protons
as predicted By the model (Rygg, 1970; and slight revisions in Appen-
dix A. . aré shown in Figures 3 and 4, respectively. The absolute
intensity and energy spectrum at 3 gms/cm2 ag:ees very wellbwith the
direct.meaSurements made by Teegarden (1967)‘and Freier and Wa&dington
(1968) whenacorrections of the order of 20% for solar modulation are
applied (Rygg, 1570)..

As an aid to understanding assumptions that will be made later in
this chapter and in the foilowing_chapter we must consider two equili-
brium situations reflected in the solutions presented in Figure 3.
~ Consider for example the flux of secondary particles at 80 MeV. Since

1) the production spectrum is peaked strongly towards low energy and

2) the range of an 80 MeV proton is only 6 gms/cmz, the bulk of the
particles seen at 80 MeV are generated within a depth above the detector
comparable to that range. For depths in the atmosphere greater than
this characteristic depth, the expected linear depth/intensity relation
rounds off to a constant when the equilibrium between prbduction and
ionization loss is reached. An example of this situation is depicted
vin Figure Alfor RANGE 4 protons (66 - 106 MeV) whére the equilibrium

beyond 20 gms/cm2 predicted by the model (solid curve) is verified
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 using the observed "growth" curve of four flights made in 1968 and
. 69 (experimental poiﬁté). |

As one goes to higher energies, the characteristic depth interval
in which particles are generated also beéomes larger explaining the
incfeased fluxes of high energy particles even though fhe production
spectrum has a stéeply falling energy dependence. A second equilibrium
situation is feached when the particle range becomes comparable to fhe
" nuclear absorption'ﬁean free path. In that case the bulk of the secon;
dary flux at all energies originates within one or two mean frge paths
of the.detector. This equilibrium accounts for the persistent negative
slope of the spectra beyond 100 MeV and the depth independent energy
spectra beyond 300 gms/émz. This latter discussion Has little relevence
to the obéervations of primary particles discusged in this thesis but it
will be invoked in the following chapter concerning re-entrant proton
albedo. |

It can be seen in Figure 4 that the RANGE 4 protons in the 20 - 100

gms/cm2 depth interval are predominantly secondary even at high latitudes

with the flux being sensitive to neither small changes in depth nor
‘energy (see Figure 3). Because of these facts the RANGE 4 flui is an
appropriate indicator of the solar cycle and latitude dependence of the
secondary coﬁponent. Since the model predicts that the secondary flux
is most sensitive to the incident proton flux in‘thé 1 -.2 GeV range,
both solar modulation.and geomagnetic effects should be important.
Figure 5 is.a regression plot of the RANGE 4 fluxés obtained in the

20 - 100 gms/cm2 ascent portion of every flight made from Churchill
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. (solid circles) and Minneapolis/Sioux Falls (open circles) vs. Deep
River Neutron Monitor (Steljes, 1972). The solid lines indicate the
prediction obtained from the model assuming that the secondary pro-

-duction scales as

=]

f M(E) J(E) dE (111-1.)
(o] .

where M(E) is the mulfiplicity of secondary particles initiated by a
particle of energy E and J(E) is the appropriate cosmic ray spectrum.
At Churchill J(E) was assumed to be the primary spectrum given by
Meyer (1969) for solar minimum and Rygg (1970) for solar maximum. At
Minneapolis the cosmic’ ray spectrum was assumed identical to the Churchill
spectrum above the geomagnetic cutoff. A flat albedévspéctrum at the
level of the RANGE 7-9 and RANGE 10 (slow) components was assumed
below cutoff., Assuming a zero albedo flux results in a 10% reduction
of the Minneapolis results,

The weighted least squares fits to each of the groups of data in
Figure 5 coincide wifh the theoretical predictions within 2-37%. How-
ever, the errors involved do not allow a statistically significant
demonstration of the latitude effect. Nevertheless since the
Minneapolis/éhurchill difference is only 8% it will do little harm to
Iassume that the theoretical result applies. The solar c&cle variation
is more clearly_signifiéant. Teegarden (1967) placed an upper limit
of 13% on tﬁe variation of secondary intensity at.Sioux Falls for two

flights having Mt. Washington Neutron Monitor hourly readings of 2180
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and 2405. The more extensive survey reported here gives a variation
" of 219% for the same conditionms. Although there is a little overlap
in the limits placed on the variation; the marked solar cycle effect
evident in Figure 5 for both Sioux Falls/Minneapolis_and Churchiil
.faiis to support Teegarden's assertion that the secondary flux is
sensitive to the primary flux near 3.6 GeV rather than the 1.5-2 GeV
obtained from'the model used here,

To obtéin a measure of confidence with which the theory can be
applied, we take the observed RMS aeviatioh of the points iﬁ Figure 5
| which is 6%. This error will be included in all fluxes quoted.in the

following sections.



IV. RE-ENTRANT ALBEDO PROTONS
.A. Introduction |

Were it not for the copious production of secondary protons in the
earth's aﬁmosphere, there would be esseﬁfiaily no low energy profons
at low latitudes where primaries are excluded by the geomagnetic field.
Protons observed at rigidities below the geomagnetic cutoff consist of
direct secondary protons produced in the atmosphere above the.balloén
plus protons produced as upward moving secondaries (splash albedo) in |
one hemisphere which, guided by the earth's field, re-enter thg atmos-—
phere‘at the conjugate region in the opposite hemisphere. This second
component - the re-entrant proton albedo - can never coexist with the
primary flux. The albedo is observed only when the orbits traced by
particles traveling through the geomagnetic field intersect the earth,
whereas the primary flux is observed onlﬁ when the particle orbits con-
nect to interplanetary space. In both cases LiouVille's theorem requires
that the observed differential intensity is the same as that existing
at the source. Above cutoff the proton intensity at the top of the
atmosphere.is the same as that of the primary beam outside the magneto-
sphere. Below cutoff the re-entrant albedo intensity at the top of the
atmosphere is the same as that of the splash albedo leaving the atmos-
phere, ’

Energetic cosmic ray particles undergoing nuclear iﬁteractions
~with air nucleivproducé a beam of secondary protons which is collimated
in the forward diregtion. Those that are producéd above the balloon
traveling vertically downward are qbservéd as. directly produced atmos-
pheric secondariés. At low latitudes the small fraction that is pro-

duced with a vertically upward velocity component is confined to the

18
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flux tube on which it was prodﬁced and re-enters the étmosphere at the
'-magnetic cdnjugate point.in the bpposite hemisphere with the same inten-
sity it had upon escaping the atmosphere. Although the fraction of
ppward moving secondaries is quite small (20-30% of the do&nward‘secon—
daries), the albedo flux exceeds the directly produced'secondaries at
energies above 150 MeV because upward moving particles prbduced'at all
depths in thelatmosphere contribute to the re-entrant albedo while
direct secondaries come only from the thin layer of atmosphere above

thg balloon.

In the succeeding sections of this chapter, observations 6f the
energy spectfum and solar cycle dependence of the albedo flux observed
over the Upper Mid-West will be presented.‘ in contrast to previously
reported work, both the observed spectra and model calculations show a
very flat energy spectrum feflecting the equilibrium nature of ﬁhe albedo
component. The absolute fluxes obtained here also exceed previously
reported levels. The albedo spectra will be used later in this thesis
to provide a reference levellfor the proton flux below the geomagnetic
cutoff so that the cutoff variations that occurred'during Flight 1057-W
can be identified. The albedo observations also provide further verifi-
cation of the secondary proton propagation model discussed.in the pre-
ceeding éhapter. Furthermore, a clear definition of the aibedo flux
level is needed since the proton albedo is an incessant source of back-
ground particles in cosﬁic ray studies using integral detectors. For
example, if'thefe were no proton albedo, the enérgy spectrum of the
primary proton beam could be determined from a'latitude survey using

an integral detector by taking the derivative of the observed flux with
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respect to geomagnetic cutoff energy. However, the albedo flux adds
"a background variation which, using the fluxes obtained here, cancels

out most of the latitude variation.




B.

Observed Fluxes

The spectra of re-entrant albedo protons as measured at the top of the

atmosphere for six quiet time mid-latitﬁde flights are shown in Figure 6.

¥

The differential flux is only weakly depéndent on energy and lies in the

range .5-.8 protons/M2 sec ster MeV. fhe positive slope exhibited by
Flightsv 1038W and 1056-W probably résﬁlts from.é slight‘overesti—
mation of the'secondary proton correctioq,at the relatively large.
ceiling depfhs ( 9gms/cm2) of these'fligﬁts. Here the secondary flux
accounts for 75% of the observed RANGE 4'f1u5_< but only 30% of the
RANGE 9 flux. Flights 974-N and 975-N yield}the best estimateé of the
albedo spectfa. At their ceiling altitude of 3.5 gms/cmz, the RANGE 4
secondary correction is only 50%, and the RANGE 9 correction is 10%.
The fluxes obtained above 200 MeV from these'flights’are then as well
determined as those obtaiﬁed from the Churchill fiights where the
secondary contribution averages lé%.

The solar mo&ulation of the re-enfrant-albedo intensity should be
the same as the modulation of the direct secondary intenmsity because
of their common origin. The regression anaiysis of the albedo intensity
at 200 MeV (RANGE 7, 8 and 9) vs. Deep River Neutron Monitor (Stgljes,
1972) shown in-Figure 7,_however, fails to show conclusively the ex-
pected solar cycle variation. The da;hed line, which has been normalized
to fit the average flux level indicates the expected variation. The
poor statistical accuraéy of the data allows ahy variation from flat to
something of the order of the predicted form. The widé variations
appear to be purely. random since.thefe is no latitude variation.
The RMS deviation from the dashed line is 20%. Further discussion of
these data follows the presentation of calculations of the albedo in-
tensity, energy spectrum and sola;rcycle variation.
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C. Model Calculations

Published determinafions of the proton albedo spectra (Teegarden,
1967; Bingham et al., 1968; Ormes and Webber, 1968) differ by almost a
factor of 10. Some theoretical basis for comparison is needed first
to pfedict the flux and second to sort out the poséible effects of
latitude and solar cycle that might account for the observed differences.
Two versions of a model used to predict albedo inténsity will be pre-
sented here.. Both -assume that the shape of the energy spectrum of
albedo particles is the same as thét obtained for atmospheric secondary
protons in the limit of large depths (seebFigure 3). Since only a
small fractién of the atmospheric secondary flux is projected upward,
this equilibrium spectrum must be reduced by the "back to front ratio"
of the angular distribution of secondary particles generated in the
atmosphere. The two modeis differ only in the detefminatiqn of this
ratio. |

Since the origin of the proton albedo 'is identical to that of the
direct secondaries, the model of particle generation and propagation
discussed in ChaptervIII and Appendix A -will also be used here. For
all atmospheric depths, it is assumed that each differential element of
 the atmosphere is illuminated over the upper hemisphere by a constant
flux of energetic cosmic rays. Through the mechanism of nuclear inter-
action with the air nuclei gach differential element becomes a constant
source (per gram) of low energy protons. Both those going downward
(which are direét secondariés) and those going ﬁpWard {which. constitute
fhe albedo flux) propagate according to Equatiqn A-1 (see. Appendix A).

The albedo flux leaving the top of the atmosphere is composed of those
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upward moving particles generated at all depths which survived the
"nuclear absorption and iﬁnization loss processes. To the extent that
the production of albedo particles is independent of atmospheric

depth, the albedo component can thus be identified with the equilibrium
spedtrum at large depths obtained from the secondary particle model.
The nature of this equilibrium is discussed in the preceding chapter.

The assuﬁption of a constant illuminating flux and therefore a
constant soﬁrce of secondary particles is required only down to depths
of 200 - 250 gms/cm2 because the spectrum of secondary parﬁicles reaches
its equilibrium level within that depth. The secondary particie spec—
trum at 200 gms/cm2 obtained from the model matches the equilibrium
form within 3% at all energies. The penetrating proton‘flux (E>260MeV)
observed by the hodoscope varies by less than *207% down to a depth of
200 gms/cmz. Since the méan energy of these particles (2 GeV) is char-
acteristic of those particles thaf generate most of the secondary flux
(Rygg, 1970), the producfion of secondary particles down to 200 gms/cm2
must also be constant withiﬁ_similar limits. It is argued therefore
that reasonable conditions for application of the equilibrium propaga-
tion model ére satisfied.

The most critical factor in calculating.the overall albedo inten-
sity is determining the fraction of secondary particles that is projected
upwards. Figure 8b shows the angular distribution of seéondary protons,
E R 90 MeV, calculated by assuming that a volume element of air is
.illuminated.by é flux of high energy particles uniformly distributed
éver the upper hemisphere. Since most atmospheric secondary particles

are produced by cosmic rays in the 1.5 - 2 GeV interval (Rygg, 1970),
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the angular distribution‘of protons of energy greater than 90 MeV

. emitted by 27Al illuminated by 1840 MeV protons, calculated by Metropo-
lis et al. (1958) was assumed to be representative of albedo particles.
Note that there is a strong downward peaking so that the determination
of which particles actually can escape upward can have a strong effect
on the albedo intensity.

"It is apparént from Figure 8b that the bulk of the albedo flux is
generated nearly horizontal. Deflection of the secondary particle
trajectories by the earths magnetic field can, therefofe, have a definite
effect on the fraction that escape upward. Figure 8a depicts the atmos-—
phere as a thin sheet confined to the NSEW plane. The vector B denotes
the magnetic field with a dip angle §, which, giﬁen the cutoff rigidity

Pc’ can be obtained from the solution of

Pc = 15.96 cos4A(GV.) (Smart and Shea, 1967) (1v-1.)
§ = tan‘l'(cogx) (Iv-2.)

assuming the earth's field is a simple dipole. Since an equilibrium
situation exists, the problems of escape can be effectively separated
from energy 1loss or‘further interactions so that the situation pre-
sented in Figure 8a can be applied to the last interaction generating
a particle no matter where it happens. Orbits of particles produced
with angplar inclinations of ZQ? to the horizon are indicated in four
.typical directions. Assuming éﬁ‘energy of 200 MeV, these orbits will
all lie on a flux tube having a diameter of 80 km. They will, however,

have differing pitch angles depending on the direction in which they

are produced. Note that the north moving particle, produced at point E,
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dives back into the atmosphere and that the particle directed westward
at point N skims the atmosphere for nearly one-half turn before it
finally escapes. Particles directed southward and eastward easily
escape.

In quantitative terms,pafticles produced in the azimuthal direction
¢ at a zenith angle o have a pitch angle ﬁ with respect to the magnetic
field given by

po= cos-l(-sin § sin o cos ¢ + cos § cos a) (Iv-3.)

Maximum and minimum pitch angles occur when ¢ = 0°, 180° so that
a-6 € u <a+ 8 A (Iv-4.)

Assuming for the moment that the guiding center approximation describes
the motion along the flux tube, the.pitch angle distribution of the
particles arriving in the opposite hemisphere will be the same as that
of the emerging particles. Since the particles will typically make
many orbits around thé field line before their re-entry, the points of
impact will be uniformly distributed around the flux tube so that their

zenith angles at impact v will be spread over the interval

< v < minimum [o+28 (IV-5.)

maximum }a—ZG
900

00

For example,particles emitted at zenith angles of a=70° (20o above the
horizon) at Minneapolis (6:180) will appear spread over 34%<v<90° at
the conjugate.point in the Southern Hemisphere.

In model #1,the assumption is made that all particles that meet
the geometric conditions for escape have an equal probability of being
detected as albedo particles upon re-entry. This case applies when the

albedo detector accepts a wide range of zenith angles or when smoothing
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eﬁfects owing to large dip angles or non-adiabatic particle motion pre-
demoniate. For 6345° in Equation IV-5., vertically detected particles
(v=0°) could have been generated at any zenith angle d. For rigidities
near cutoff failure of the guiding centef approximation allows éarticies
escaping in nearly horizontal orbits to re-enter at nearly any zenith
angle. The conditions for escape are 1.) that a particle is pfoduced
with a pitch éngle less than 90° so that it travels up the field and

2,) that the particle is produced.in a direction above the horizon
(d<90°). A particle directed toward the south at a small downward angle
can satisfy condition #1, but the diameter of its orbit is so large that
it dives deep in the atmosphere preventing escape. The portion of the
particle distribution satisfying both conditions is shown as the shaded
portion in Figure 8b, Particles produced in the direction ¢=0° (north-
ward) must have horizon aﬁgles (90°—a) >6 while particles produced with
900<¢<2700 (any direction toward the south) merely require (90°-0)>0.

Model #2 applies to cases in which the detector half angle £ is
small and when the smoothing effects of large dip angle § or violation
of adiabatic.invarieﬁce do not apply. 1In that case albedo particles
observed by the detector can arise (due to the pitcﬁ angle restraints
given in Equation IV-5.) only from an upward cone in Figure 8b. of half
angle (&+6) filted to the south at an angle §.
In each of the two models the angular distribution of secondary

particlés shown.in Figure 8b. was numerically averaged over the limiting
‘solid angle.(e.g. the shaded portion for model #1‘ or the tilted cone
for model #2) and expréssed as a fraction of the downward flux at 0°

zenith angle, These fractions, when multiplied by the equilibrium
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'secondary spectrum (curve labelled "large depth" in Figure 3) give the
‘albedo spectra predicted.by each model., Columns 4 and 5 of Table III
list the fraction obtained for each model for the range of cut off
rigidities covered in this work. Also shown in Table III are the
scalipg factoré (also ﬁsed for direct secondaries) which allow fpr the
effects of so;gr modulation and geomagnetic cutoff (see Chapter III).

Examination of the information summarized in Table III reveals that
the albedo flux at a particular gnefgy can vary by no more than a
faqtor of two between extremes of éolar modulation and latitude. Most
of this variation is due to the spectral dependent factor calculated
at solar minimum and maximum conditions shown in columns 6 and 7 of
Table III, respectively. There is essentially no latitude variation
in the escape factors primarily because the dip angle, shown in
column 3, changes so little over the whole latitude range.

It is possible that‘albedo oBserva;ions could differ by an addi-
tional factor of two depending upon which of the two escape models
applied to the observations. (In particular,was the intensity restricted
to the verticél or averaged over a wide range of zgnith angles?) How-
ever, it will be shown that the observations reported here agree more
closely ﬁith the prediction of model #l. Whereas, the observations
were obtained under conditions, neglecting smoothing effects, better
represented by model #2. Since the observations are also the most in-
tense albedo fluxes reported, it appears that the smobthing effect of
non-adiabatic mdtion of the albedo particles dominates requiring appli-
cation of model #1 to all observations obtained at rigidities near the

cutoff.
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One must, however, avoid taking the absolute inteﬁsity predictions
:of the models too seriouély. The model intensity is strongly sensitive
to the angular distribution of the emitted secondary particles and the
v precise conditions for escape which can only be estimated at the present
time. The confidence level used here will be tSO%kwﬁich is esti@ated-
from the wide intgnsity fange given by the two models.

Avcompgriéon of the intensities at 200 MeV predicted by each model
with the obsérved fluxes is shown.in Figure 7. Solid lines indicate the
intensity and solar cycle variatioﬁ obtained from each model. The two
models essentially provide upper and lower liﬁits on the obserQed fluxes.

Model #1 appears to provide a better approximation to the observed flux

level.




p. Discussion

A comparison of tﬁe.predictions of the two models with observations
of re-entrant albedo at middle latitudes is presented in Figure 9. The
spectrum obtained from equations defived'by Ray (1967) using a model -
éimilar to the one outlined above is also shown. | Ail spectra rgfer.to
zero depth. The work by Teegarden (1967) and Ray (1967) was scaled up-
wards by 7%, and the POGO (Bingham et al., 1968) and Ormes and Webber
(1968)obserVations.were scale downward by 35% and 2%, respectively, to match the
leyel of solar modulation during Fiight 974-N thch was selected as a
typical flight. H

One notés that the flat spectra observed in Figure 6 are predicted
by both Ray's model and the one presented abéve, however, the adjustments
_for solar cycle and geomagnetic variation fail to resolve the observed
differences in intensity.' The outstanding difference betwgen the results
reported here and previous measuréments is the relativély large inten-
sity observed abéve 200 MeV which gives the flat energy spectra. Two
indepeﬁdent measures of the'intensity in this -interval, however give
the same large flux. The intensity in the interval 200-260 MeV is
measured in three separate catagories of particles stopping in the hodo-
scope (RANGE 7, 8, 9). The required signature of these events (one |
tube fired in each tray up to the last plus pulse heighfs in the inter-
val occubied by stopping proténs) is so restrictive it is difficult td
see how they‘could arize from‘évents that were not protons of the Speci—
: fied energy; Tﬁe background contribution from relativistic protons
obtained from the accelerator caiibrations amounts to only 20% of the

quoted flux. The atmospheric secondary contribution amounts to only
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23%. The quoted fluxes already contain corrections for both effects.

An independent measﬁre of the albedo intensity involves a compari-
son of the integral fluxes of penetrating protons‘(E2260 MeV) measured
-at Churchill and Minneapolis. Figure 10 shows a regression curve of

¢ . :
the fluxes of theée particles at Churchill (solid circles) and Minneapo—
lis (open circles) against Deep River Neutron Monitor (Steljes,.1972)
over the period 1965-69. One notes that the regression curves are
quite well defined and appear to join near solar maximum. This observa-
tion suggests that at thisbtime the albedo intensity below the cutoff
energy at Minneapolis, 720 MeV, has essentiaily the same intenéity as
the primary flux over the same energy interval. As an example consider
the fluxes obtained during 1967. It will be shown in Chapter V that
the cutoff was depressed during both Sioux Falls flights. It is more
proper therefore to use the flux obtained from the regression curve
which passes tﬁrough the fluxes oBtained during periods of normal cutoff.

For conditions applying to Flight 1208-N (Deep River Neutron Monitor =

6572) the fluxes at Churchill and.Minneapolis were, respectively

JChurch(>260Mev) = 165452 P/M2 sec. ster.

Tysp (>260MeV) = 147060 P/M? sec. ster.

= < >
| Since JChurch(>260) Jprim(26OSE_720 MeV) + Jprim(E 720 MeV) and

- <E< >3
JMSP(>260) J (260<E<720 MeV) + Jprim(E 720 MeV) the difference

albedo

between the integral fluxes then gives the difference between the pri-

mary and albedo flux between the instrumental and geomagnetic cutoff.

Jchurch (>260) - JMSP(>260) (2602ES720 MeV)

Jprim_‘]albedo

184+75 P/M2 sec. ster,
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The prinary intensity in this interval obtained from the hodoscope is
2
SEL =
Jprim(260 EX720 MeV) 426+17 P/M” sec ster.
while that obtained for a similar period by Lezniak and Webber (1971)is
- J (2605ES720 MeV) = 417+22 P/M2 sec ster.
prim

Even using the lower primary intensity reported by Lezniak and Webber

gives an albedo intensity of

T 1bedo (260SES720 MeV) = 233+78 P/Mz‘sec ster.

which also gives a differential albedo intensity of

§(260-720 MeV) = 0.51%.17 P/M® sec. ster. MeV.

This result is in full agreement with both the observations of Flight
974-N and the model #1 calculations in that région.

The origin of the flat spectrum obtained in this interval can be
seen from consideration of the secondary particle model discussed in
Appendix A. It is assumed as previously noted that the shape of the
albedo spectrum is identicai to that obtained from the secondary propaga-
tion model in the limit of large depths. The sgcondary proton intensity
U at a éepth x and energy E_is given by

1
(E)

U(E,x) = dE

ax

[Q(E) - Q(Ex)] (IV-6.)

(The reader is referred to Appendix A for further definition of terms
and symbols.) For particles whose range is less than the nuclear mean

free path, 100 gms/cmz) the source function Q(E)

Q(E)~Nconst. X E‘(°'6 to 0'9)(E5300 MeV) (Iv-7.)
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This is obtained from the in;egral of the differential source function
- q(E) shown in Equation A-2. At iarge depths the observed energy is sub-
stantially less than the primary energy so that the first term in the
_bréckets in Equation IV-6. dominates and.can be replaced with‘Eqﬁation

IV-7. The ionization loss rate for particles in the same energy bond

is given by

0.78

g6

= 243.6 E MeV/(gm/cn®) (1V-8.)

Application of both approximations to Equation IV-6. gives

U(E,x)=const x ETO- T8 (0+6 o0 0.9)

1 0.1 (Iv-9.)
Zconst X E(+O' to -0.1)

whiéh;approximatesnthe:secondary proton intensity in the limit of large
depths and low energies. _This form is evident in maﬁ& of the secondary
particle spectra shown in Figure 3. The steepening at higher energies
is a result of the nuclear absorption-weighting factor in Equation A-2.
In trying to resolve the disparity among the balloon mea;urements
one is first tempted to blame an over-correétion for secondary protons
in the other experiments since previous assumptions of the constancy
of the secondary flux appear to be doubtful, While this may be the case
for the data éiven By Ormes and Webber (1968) the detailed analysis
given by Teeéarden (1967) leaves little doubt that there is an unre-
solvable difference in flux levels. Teegarden_obtained the energy.
spectrum ofvatmospheric secondary protons at Churchill in 1964 and 65
by comparing balloon and satellite measurgments of the proton intensity.
The fluxes fully agree with the predictions of ‘the model discussed in

Chapter III. However, his total flux in the 20-80 MeV interval of 0.7
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'protons/MZ sec. ster. MeV at 5 gms/cm2 measured at Sioux Falls in 1964

" matches the intensity of direct secondary particles alone. Arguing
that the variation of the secondary intensity due to latitude and solar
cyéle effects is less than 13%, Teegarden derived an upper limit of
0.18 p/m2 sec. ster. MeV at 95 MeV. Briefly, to agree with the measure-
ments obtained here his flux observed at Sioux Falls would have to be
80% albedo when it actually appears to be 100% secondary on the basis
of both his measurements and the model obtained in Chapter III.

Perhaps the most favorable agreanent‘with the presentvalbedo deter-
mination is the POGO (Bingham et al., 1968) albedo spectrum which does
not have the disadvantage of any secondary particle correction. 1In
fact, prior to application of fhe 30% downward adjustment for solar
cycle effects the two spectra were in full agreement below 150 MeV. A
possible problem at higher energies is that the energy measurement on
POGO relied on pulse height.measufements on penetrating particles which
can easily be confused by small fluctuations in counter output.

To summarize, it is not possible to explain the wide disparity in
the albedo measurements by either solar cycle effects, strong latitude
variations; or highly anisotropic fluxes. Observational difficulties
most likely are involQed. It has been argued here on both theoretical
and éxperimental grounds that the present observations of flat reason-
ably intense energy spectra in the region 100-300 MeV are a valid repre-
sentation of the re-entrant albedo component. The flat spectral form

is a natural oufcome of secondary proton propagation in the large depth
limit. Though not as well determined as the spectralshape, the general
flux level obtained from model calculations confirmslthe observations.
Two independent measurements of the re-entrant albedo flux levels near
200-300 MeV having low background con;amination bofh give the same flat

spectra.




V. QUIET TIME GEOMAGNETIC CUTOFFS

A. Introduction
: In the early days of cosmic ray research, Compfon (1933) a#d
others (Clay, 1927) correctly interpreted the variation with latitude
of the sea 1évei intensity as proof ;hat cosmic rays consisted of
charged particles acted upon by the geomagnetic field. Around the
same time, Stormer (1931) developéd the theory of charged particle
métion in a pure dipole field which even today provides a rouéh

quantitative and certainly qualitative description of cut-off effects.

The Stormer cutoff rigidity PSt is given by,

_ M /1-/ I+ sin y cos § cosox |2 (v-1.)
st 2 sin ¢ cos ¢ cos 2 |
e
cos™)
= 59.6 GV. (V=2.)

(1+ 7/ 1+ sin § cos ¢ cos A)2

where A is the geomagnetic latitude and where ¥ and ¢ are, respec-
tively, the zenith_angle and azimuth, as measured from the west, of
the particle trajectory at the surface ofrthe earth. Here, M and r,
are, respectively the magnetic moment and radius of the.earth.. These
equations apply to positive particles. For negative particles ¢ must
be_increased by 180°. For particles arriving in the meridian plane

( = 90° and, in particul#r, vertically, Equation V-2 reduces to,

--A cos"A = 14.9 cos'*x GV. (v-3.)

4p2
e

P
vert,
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This basic equation describes a strong dependence on latitude which
has proved to be characteristic of cutoff phenomena. The east-west
effect is a consequence of equation V-2 where the cutoff rigidity for
positive particles coming from the west (¢-0°) is lower than thét for
parﬁicles coming from the east (¢=180°) at the same latitude and
zenith angle,

A compliéation in applying Stormer theory arises from the fact
that some tfajectories, which would be otherwise allowed, intersect
the earth before passing into space; These penumbral effeéts were
first considered by Lemaitre and Vallarta (1933) who found th#t they
were absent ét rigidities greater than 1.6 times the Sfbrmer cutoff.

Arouﬂd 1956-58, high altitude balloon experiments and extensive
neutron monitor surveys made evident discrepancies between observa-
tions and the predictions‘of Stormer theory. Observed cutoffs.were
30-50% lower than predicted over North America and 15-25% higher over
Europe even when an eccentric dipole calculation was employed (Wad-
dington, 1956; Fowler and Waddington, 1956; Fowlér et al., 1957; Aly
and Waddington, 1957; McDonald, 1957; Quenby and Webber, 1959; Rose
et al., 1956; Kodama and Miyazaki, 1957; Skorka; 1958; Katz et al.,I958)..
Surveys of the cosmic ray equator (the latitude at which the neutron
monitor,:egisters a minimum counting rate) by a number of investiga-
tors notably Meyer and Simpson (1958) showed that its location did
not coincide with the geomagnetic equator. Rothwell and Quenby (1958)
found that‘the>cosmic ray equator corresponded closely to the latitude

where the geomagnetic field is horizontal'i.e._the dip equator.
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~ These résults put pressure on the theorists: to explain the dis-~
crepancies and stimulated the consideration of second order effects
due to external currents and non-dipole terms in the multipole ex-
‘pansion of the earth'é field.

| A theory.that adequately describes the effects of the earth's
internal field is needed before any model employing external cufrent
systems can be invoked. Since the electronic computer had not
achieved its present_popularity when the problem of computing orbits
in a perturbed dipole field was first conéidered, a number of -
approximate theories were developed which,as it turned out,‘were
reasonably successful in removing the problems occurring in the
low and mid-latitude observations. It was not until many years
‘later that balloon and satellite observations of theudiurnal varia-
tion of high latitude cutoffs and of cutoff depression during geo-
magnetic storms required external sources for their explanation.

Quenby and Webber (1959) obtained approximate solutions for the

cut-off rigidity in two regibns: latitudes greater than 40° and
latitudes less than 20°, They determined the cutoff in the inter-
vening latitude interval by averaging the results from the two
approximatiqns. Fér latitudes greater than 40° they assert that
the higher order terms in the field expansion act only near earth
and serve to definé an effective latitude of arrival ) which differs
- only slightly frqm.the geomagnetic latitude A. For latitudes less
than 200, the effect of the high ordef terms is approximated by a

change in the earth's magnetic moment M in Equation V-3. A
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‘ modificétion of this theory by Quenby and Wenk (1962) uses a new
definition of ; obtained, for latitudes greater than 400,'by tracing
the field lines calculated by Hultqvist (1958).from the earth's sur-
-facg to a radius where only the dipole component is significant,
Detailed calculations of particle orbits offer a.technique'for A
obtaining cu;offs limited only by the accuracy with which the ﬁag—v
netic fields are known and by the availability of computer time,
The trajectories of negatively charged particles are traced back
from é‘point on earth by numerical integrétion of the equations of
motion. Orbits which intersect the earth are considered forbidden
while those which reach several earth radii are considered allowed.
Orbits at each locatidﬁ are calculated for a range of rigidities
near cutoff to determine the structure of the penumb?al bands. In
an early appiication of this technique, Kellogg and Schwartz (1959)
carried out orbit calculations in a third order field eipansion and
showed that internal sources could account for the position of the
cosmic ray equator. More recently, Shea, Smart and McCracken (1965),
have invoked a sixth order éxpansion of the geomagﬁetic field (Finch
aﬁd Leaton, 1957), to calculate a virtually exact set of cutoffs
based upon tﬁe assﬁmption that the ear;h's field is produced by inter-~
" nal sourceslalone, In applying these calculations to the problem of
explaining cosmic ray cut-off anomalies, these_authors conclude that,
for ground based measurements, discrepancies are reduced to about the
8% level but not complete1y eliminated. (Shea éf al., 1965; Shea

and Smart, 1967)
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Up~to this point, the theories presented have assumed that the

geomagnetic field is completely éf internal origin, however the obser-
vation of radically depressed cutoffs dﬁring the main phase of geo-
magnetic storms (Anderson et al., 1959; freier, Ney,. and Wincklef,
1959; Winckler, Bhavsar, and Peterson, 1961) proved thét on occasion
the cutoff is affected by external currents. It had long been assumed
that the main phase of a geomagnetic storm (wheréin the equatorial |
field is depressed about 100y) was due to a ring current aqting in the
equatorial plane (Schmidt 1924). Chapman'and_Bartels (1940) intro-
duced a measure of magnetic activity Dst’ which is the longitude
independent . component of the geomagnetic field disturbance, as an
indicator of ring current intensity. TheSe.early direct measurements
of cutoffs during solar disturbances were facilitate&'by the presence
of solar protons whose large flux overwhelmed the contribution of
atmospheric secondary and re-entrant albedo particles allowing measure-
ments over short times using small geometric factors (Earl, 1962;
Freier, 1962), and whose steep energy spectrum allowed‘interpretations
of time variations and differences in the response.of integral parti-
cie detéctors at high andhlow latitudes in terms of relatively.small
changes in cﬁtoff figidity (Winckler, Bhavsar, and Peterson, 1961).
At this'timé the practice'of repreéenting cutoffs in terms of an ex-
ponential transmiésion function was introduced (Earl, 1962; Freier,
1962). - |

To explain these obserﬁations several calcﬁlations were pre-~

gsented which invoked an external ring current as suggested by Sihger
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‘ (1957),v(St3rmer, 1955; Ray, 1956). This current is due to particles
trapped in the radiation belts bécause: 1) spiraling of the particles
has a diamagnetic effect and 2) large séale drift of the particles
caused by'the field gradient and curvature of the field lines results
in é ring current.

Kellogg and Winckler (1961) found that cutoff reductions of a
factor of two at intermediate latitudes during géomagnetically dis-
turbed times occurring with only 100 y field depressions at the equa-
tor were easily explained by their model. Since the cutoff value
scales directly as M', the magnetic moment of the ring current, and
the equatorial surface field scales as M'/R3, a valué%of the current
loop radius R & 8 earth radii is sufficient to account for the effect.
Prompted by the. existence of the permanent radiation.belts; Kellogg and
Winkler proposed a quiet time ring current to eﬁplain the weaker dis-
tant field of the earth as observed by Smith et al, (1960), and to
explain the fact that cut-offs tended to be somewhat lower than pre-
dicted by fields of internal origin. Their estimated quiet time ring
current was located af eight earth radii and had a magnetic.moment
half that of the earth;

A ring current was alsb considered by Sauer (1963) who employed
various-riné currents to supplement a sixth order field expansion
tracing trajectories using the guiding center approximafion to fit

measured cutoffs abou; 450. His best fit emplbys a ring current at

seven earth radii having a dipole moment equal to that of the earth.
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Even after the detailed orbit calculations of Shea, Smart and
McCraeken (1965) had aﬁparently removed most of the discrepancies
which had motivated earlier ring current_models, direct measurements
‘of the cueoff from balloons and satellites compiled by Bingham et al.
(1968) indicated that the observed cutoffs ran from 7% to 257 below
the detailed orbit values above A =.45%, An examination of theklati—
tude variation of the diScrepancy.then lead the authors to estimate a
ring current of magnetic moment 0.08 Me at five earth radii in addition
to the effects due to the limited nature end assymetry of the magneto-
sphere.

It was not until the discovery of substantial depressions of the
high latitude cutoff (Stone, 1964) and its conccmitant diurnal varia-
tion (Jokipii, L' Heureux,‘and Meyer, 1967) that external sources were
truly_required to explain the quiet time cutoffs. In his satellite
observation of low energy protons in the polar cap regions, Stone
(1964) found that cutoff latitudes were displaced several degrees
toward the equator. Several years later Jokipii et al. (1967) re-
ported balloon observations of a diurnal variation-in the intensity
of low energy electrons which was characterized by fairly sharp step-
like transitions ffom a significant re-entrant albedo flux during the
day to a much lower primary flux at night. By this time
greater understanding of the interaction of the solar wind with the

~earth's magnetic field had evolved the concept of a bounded magneto-
sphere in which the earth's field is confined to a distance of 10

earth radii on the sunward side and is drawn out into a long
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‘ ﬁagnetofai1 in the antisolar direction. Field lines at high northern
laﬁitudes are connected to the Sbuthe:n Hemisphere during thé déy
restricting low rigidity observations to albedo farticles while on

~..the night side at the same latitude the field linesiconnect only;to
the.tail allowing access to low rigidity primary partiélgs. Further
observations of the diurn#l cutoff including those made with the
present detgctor have been reported by Webber.(l§68),1srael and Vogf

- (1969) ,Rockstroh and Webber (1969) ,Hovestadt and Meyer (l970),Luhmann

(1971) ,and Tuhmann and Earl (1973).

incorporation of the external fields of the magnetosphere into
the detailed orbit calculations by Gall et al. (1968) and Smart et al.
(1969) using the magnetospheric model of Williams and Mead (1965) has
resulted in a reproduction of the qualitative'picturé'discussed above,
However, cutoffs observed at high latitudes appear to be systeﬁatically
depressed below those refined calculations (Fanselow and Stone, 1972)
and exhibit a high degree of day to day variability (Fanselow and
Stone, 1972; Luhmann and Earl,” 1973). These observations have again
raised the problem of additional external sources bf magnetic pertur-
bations. |

Before clOsing.this review, a short mention of the expected cut-
off variatiéns due to the secular field variation of the earth is in
order. In considering this problem Shea and Smart(1970é) compared

- cutoff calculations‘usiﬁg a Qariety of field mﬁdels at several loca-

tions. Specifically, application of the Finch and Leaton (1957) time
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'derivatives to the problem yields as much as a 57 increase in cutoff
| value'&ver a 10 year period for éevergl locations in North America.

In this thesis we will analyze the results of an extensive sur-
vey of cutoff phenomena at intermediate iatitudes (1.0 ;_Pc 2 2.06V).
The main objectives are 1) to verify the detailed orbit calculations
2) to‘determine the magnitude of the diurnal variation, 3) to detect
any evidence §f the day to day variability which.characterizes the
high latitude observations; Althqugh there have been several recent
direct determinations of quiet time cutoff (Webber and Ormes, 1965;
Binghém et a;., 1968; Qrmes and Webber, 1968), none has involved
such an extensive series of balloon flights norvemployed a detector
as well suited to the taék as the hodoscope.

The method used hefe involves a determination of the cutoff
transmission function obtéined by‘taking the ratio of the differential
rigidity épectrum of helium nuclei obtained over the Upper Mid-West to
that obtained at high latitudes. Helium spectra are used becauée: |

1.) Helium nuclei stopping in the detector have rigidies

(720—1680MV) comparable to mid-latitude cutoff rigi-
dities.

2.) There is essentially no secondary or re-entrant

aibedo helium which might mask cutoff phenomena,

.kThe advantages offered by the hodoscope are the followiﬁg:
1.) Sincevthe rigidity measurement depenas only on the
;mount of material penetrated not on ah electronic

calibration it is easier to identify small changes

in cutoff.



43

2.) Absolute cutoff determinatiogﬁ depend only on the pre-
cision with which thebrange—rigidity relation is known.

3.) The lack of significant range straggling .(Rossi, 1952)
limits the instrumental smeariﬁg of the cﬁtoff to the.
effects of the 100MV rigidity windows.

4.) Compared to satellite observations temporal variations
are‘much easier to separate from Spatiél variations
because of minimal ballqon drift,

To implement the last point many balloon flights were con-
ducted at the time of wind turn-around in early September. Flights
lasting 36 hoﬁrs were achieved, Nevertheless, because of balloon
drift and separation of launch locations, the latitude variation of
the cutoff was clearly evident. Long duration flighfs made at varied
levels of geomagnetic activity made it possible to demonstrate the
expected éutoff depression during highly active periods as well as
significant day to day variafions in ﬁhe cutoff level nof‘correlated
with such activity. It was also demonstrated in the long duration
flights that any sigﬁificant diurnal variation wasloverwhelmed by the
day to day variation.

To provide a systematic basis for the analysis, the data were
organized b§ éomparison with the detailed orbit cutoff using internal
~ sources (Shea et al., 1968). To facilitate these compafisons, a con-

venient means of determining:the;predicted cutbff at any latitude and
longitude in the U.S. was necessary. Recognizing that interpolation
on the 5° x 159 grid supplied is rather difficult, Smart and Shea

(1967) propose an empirical relation (Pc = 15.96L~2.005gy) petween
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P and the McIlwain L parameter (McIlwain,1961), however, this still
requires a rather complicated procedure for determining L. Instead

the cutoff was approximated by the polynomial,

P = exp Z . Z A, Xy . (V-4.)
calc <j=0 1=0 ij _
j+i<3
where: x = log [(longitude - 90°W)/15°] i ' (V-5.)
y = log [(latitude -47.5°N)/5°] . (V-6.)

and where the coefficients A  , which are listed in TableV  were

i3
obtained from a least squares fit to the grid. A Hewlett Packard
9100B calculator program was used to evaluate all cutoffs including
those shown as curves of constant rigidity in Figure 13. At the grid

points the polynomial yields cutoffs within 1% of the nominal values

over the range from 35°N to 60°N and from 60° to 120°W.



B, Empirical Determination of Geomagnetic Cutoffs

Before launching into a detailed description of the method of
cutoff determination some theoretical aspects of the cutoff phenomenon
reqcire clarification. It is a consequence of Liouville's theorem
that the cosmic ray intensity at a given ridigity and direction is
either eduallto the free-space intensity or zerc. No regions cf
partial transmission can exist. The existence of the penumbral struc-
ture introduces some degree of complication in defining exactly what
is meant by the cutoff rigidity. This situation is illustrated in
Figure 11. The lower portion displayS»the penumbral structure for
Sioux Falls, South Dakota as determined from detailed orbit calcula-
tions (personal communication M. A. Shea). Shea et al.(1965) define
PS as the rigidity below which no particle can reacﬁ'earth, Pm as
the ridigity above which all orbits are allowed, and the effective
cutoff rigidity Pc which is defined as an average cutoff integrated
over the penumbral region.

P
n

Pc = _Pm —f [dP] allowed o (v-7.)

Ps
These characteristic rigidities are indicated by arrows in Figure 11,
In observing a penumbral region, a detector with finite resolu-
tion will smear out thc penumbral bands and a amooth cut-off transition
- will appear to take place. in the top portion of Figure 11, the solid
curve is a schematic representation of the transmission as it would

be observed with a detector having a window width of 100 MV -~ a

typical interval defined by the hodoscope (see Table I). The sloping
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dashed curve is an empirical fit to an exponential form which was
first used by Earl (1962) in discussing the "sharpness' of the observed

cutoff,

P -P
= Y P <A -
Jobserved(P) _ Jprim exp [ AP ] P Po (v-8.)

where Po is an empirical cutoff rigidity defined as the point At
which the exponential transmission function reaches 1.0 and AP is the
"e-folding"'parameter describing the slope of the exponential rela-
tiOnship which characterizes the sharpnesé of the cutoff.

From the stated definitions one might tend to identify Po with
Pm and (_Po - AP) with Pc' It is evident from Figure 11, however, that
Po most closély corresponds (within 0.02 GV) to Pc because the upper
penumbral bénd has little or no effect on the locatién of tﬁe cutoff
edge upon which the empirical determination is based. In the com-
parisons that will be made here it will be assumed that the relationship
_between“Po,and_Pc established in Figure 11 can be scaled to other
latitudes according to,

P

P = —c
Pc + .02 GV 1.69 GV

(o}

1.012 Pc V-9.)

This semi-empirical relationship between P0 and Pc which embodies the
100 MV rigidity window of the hodoscope provides a method for comparing

cutoffs on an absolute basis.

As a means of illustrating the methods by>which the cutoff was

determined, reference is made to the helium rigidity spectrum obtained
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for Flight 1038-W presented in Figure 12. The semi-log format allows
one to inperpret the cutoff in terms of the empirical expoﬁential form
just discussed. The dashed line reproduces the primary helium spectrum
obtained from the Churchill flights madé éarlier that summer. in
rare cases it is necessary to scale the primary spectrum slightly
owing‘to changes in the solar modulation level as measured by the
Deep River Neutrqn Monitor. The solid line whiéh is a fit
to thé data.below cutoff intersects the primary spectrum at the
rigidity Po’ which in this case is 1.36 GV. The points at which
lines of maximum and minimum slope consistent with the indicated
errors intersect the error limits of the érimary spectrum then de-
fine the errors in Po'Qt.OAGV. in the example). The slope of the
solid line relative to the primary spectrum defines AP, the "e-folding"
rigidity (AP = .095 GV in the examble).

In addition to the graphical determination of Po; an attempt was

made to approximate Pc as defined by Shea et al. (1965) (Equation V-7.)

using the following method. In the presence of a cutoff having a

complex penumbral structure, the integral flux Jobs observed below

some rigidity Pmax (which must be located above the penumbral region)

may be ideally repfesented as the integral of the primary flux j |
prim

which is cutoff sharply below the effective cutoff rigidity ch,

P P
max max
s = j P - ; 0.
obs / Iobservea(FI9F *+ A f Jprin(®®  (V-10.)
P . P
min ox

where jobserved is the observed rigidity spectrum, and Pmin is the

minimum rigidity observed by the hododcope. The small correction
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factor AJ is the flux below Pmin obtained by extrapolating the

" observed exponential cufoff behavior to zero rigidity. In practice
the value of ch is obtained by adjustment of the lower limit of
the integral on the right of Equation V-10. so that the integral

| equals the total helium flux observed below Poox The errors in
ch are determingd from a combination of the statistical errors in

and the indeterminacy of j . In the example of

jobserved
Flight 1038-W PCX = 1.278 + .010.

prim

An extension of this method was used .in one case to determine
the cutoff when it fell above the RANGE 10 rigidity limit. In that
case an upper limit to the cutoff was obtained by using the RANGE 10

integral helium flux and letting Poox T ™



~ C. Narrative Description of Cutoff Variations.

1.) Flight 1038-W. We begin a description of the cutoff

determinations from the Minneapolis/Sioux Falls flight series by
consideration of Flight 1038-W the results of which demonstrated

the effectiveness of the hodoscope in determining cu£off rigidities..
The flight trajectory is shown in Figure 14. The balloon was léunched
shortly before sunrise from South St. Paul, Minnesota and reached a
ceiling altitude of 8 gms/cm2 in about two hours. During ascent and
the subsequent 9 hours at ceiling it drifﬁed very slowly westward
nearly parallel to a line of constant cutoff rigidity. At cutdown,
shortly before sunset, it had drifted only 28 MV in cutoff rigidity.
Although many other attempts have been made in this series no other
flight has even approached the degree of cutoff stabiiity obtained
on this occasion.

The helium rigidity spectrum obtained from the entire ceiling
portion of the flight is presented in Figure 12. A summary of cutoff
determinations for all mid-latitude flights is contained in Table IV.
The apparent cutoff Po is 1.36 * .04 GV and the sharpness parameter
AP is .095 GV. Thg detailed orbit cutoff Pc obtained from Equation
V-4, for this fligﬁt is also 1.36 GV. Basing a comparison of the
observed cutoff Po and the calculated cutoff Pc on Equation V-9, gives
agreement well within the 37 experimental uncertainty. An empirical
estimate ofvch_obtained by applying Equation V-6. however, gives
only 1.278 + .010 GV nearly 6% below the expected value.

2.) Flight 1056-W. The second flight in this series was

launched just after sunrise on August 27, 1966 finally reaching a

49
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ceiling altitude of 8 gms/cm? after 3 1/2 hours when a se;ious ballasting
problem was finally resblved by the balloonist. The flight trajectories
for both Flights 1056-W and 1057-W are given in Figure 15. While
not as slow moving as Flight 1038-W, during the 6 hours at ceiling |
as Flight 1056-W drifted south along the Mississippi River a to;al
change of .040 GV in cutoff occurred. Due to the ballasting problem,
the planned 24 ﬁour flight had to be terminated instead at sunset of
the first day.

The helium rigidity spectrum obtained from this flight is shown
iﬁ Figure 16, Thevobserved values of P0 and ch, 1.38 + .04 GV and
1.302 + .012 GV, respectively, at least indicate the expected .03 GV
increase owing to the slightly lower latitudes encountered in this
flight. Again nearly perfect agreement between the -observed value
of Po and calculated Pc (1.380 GV) is obtained while the observed
ch falls about 67 below the expected value. The slightly larger
sharpness parameter, AP = .117 GV, is evidence for the .012 GV RMS

smearing expected from the latitude drift.

3.) Flight 1057-W. The third flight of the series, Flight
1057-W, was launched at sundown on August 29, 1966 reaching and

maintaining a ceiling altitude of 10gms/cm? for 21 1/2hours. After

reaching ceiling over Prescott, Wisconsin the balloon slowly drifted
west nearly parallel to the 1.41 GV line of constant cutoff with

an RMS departure of .023 GV. In the two day period between the
cutdown of Flight 1056-W and the launch of Flight 1057-W a series

of solar flares occurred in McMath plage region 8461. During

Flight 1057-W cutoff rigidities were stfongly affected by geomagnetic
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disturbances related to these flares. Consequently further discussion
of cutoffs during this flight lies outside of the present discussion
of quiet time cutoffs and will be deferred to a later chapter.

4.) Flights 974-N and 975-N, In.1967 the launch location was

shifted to Sioux Falls, South Dakota and two modifications were made-
to the hodoscope. An additional 39 gms/cm2 of lead absorber was
distributed evenly throughout the hodoscope to enable it to measure
the expected increased cutoffs. The digital carrier frequency was
also increased by a factor of four so that the trigger rate was no
longer limited by the read-out time. The improved statistics that
resulted from this change allowed construction of rigidity spectra
for each five hour interval of flight time. The slow north-eastward
drifts facilitated measurements of the latitude variations of the
cutoff.

Flight 974-N was launched just after sunrise September 14, 1967
reaching a ceiling of 3.3 gms/cm2 three hours later over Marshall,
Minnesota. The flight trajectbry is shown in Figure 17. During
the first five hours at ceiling it remained close to Marshall and
then started a fairly rapid northward drift past Redwood Falls
reaching Wilmar after five more hours.

The heiium rigidity spectra for the four segments of this
flight are shown ianigure 18. The empirical cutoffs Po for the
first two five hour intervals 1.35 + .05 GV and 1.21 + .08 GV,
respectively, show the expected 87 cutoff decrease due to the north-
eastward drift. However, the absolute cutoff level appears to be

dépressed 187 below that predicted by the detailed orbit calculationms.
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(Pc = 1.547 and 1.428 GV for these two intervals.)

The trend continues in the next two flight segments. At sun-
down of the first day the trajectory turned eastward drifting nearly
parallel to the 1.34 GV line of constanﬁ cutoff passing just north
of Minneapolis at the end of this ten hour period. The observed
cutoff Po for this period is 1.13 * .04 GV much lower than expected
for the Minneapolis area. The DSt index for this period +6.6 indicates
no evidence of a ring current that might cause such a depression.
After sunrise on the second day, the balloon again headed on a
northeastward course toward Lake Superior being cutdown that after-
noon after 27 hours at ceiling when it got too near the lake. Al-
though the expected cutoff for this final portion of the flight is
.15 GV below that of the previous section it remained essentially |
the same (Po = 1,12 GV + ,05). We will retufn to this indication
of an increased cutoff during the day in a later discussion section.

The flight trajectory and helium spectra for Flight 975-N
are given in Figures 19 and 20, respectively. The balloon was
launched just beforn sunset September 21, 1967 and reached a ceiling
of 4.0 gms_/cm2 two hours later over Sioux City, Iowa. Most of the
night and following morning portion of the flight were spent in a
slow meandefing drift northward over Sioux Falls picking up speed in
the afternoon and being cutdown by the timer after 21 hours at ceiling
near Fairfax, Minnesota. We note again, in Figure 20, the corres-
ponding denrease in cutoff as the balloon drifted northward and the
generally lower cutoffs than expected from the detailed orbit cal-

culations. Depressed cutoffs in this case are not so surprising
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because the Dst index averaged -18 during the flight indicating a
respectable ring current. We shall see in a later section that a
DSt index of ~100 corresponded to a factor of two cutoff reduction
during Flight 1057-W.

5.) Flights 1078-W and 1079-W. For the two flights in 1968

the launch 1ocation was moved back to South St. Paul and the
hodoscope was restored to its standard configuration. The flight
trajectorieé and helium rigidity spectra for these two flights are
given in Figures 21 and 22, respectively.: Flight 1078-W was launched
- just before sunrise September 5, 1968 reaching a ceiling altitude
of 5 gms/cm2 over Deer Lake, Wisconsin 2 1/2 hours later. Ohly
4 1/2 hours of ceiling data had been accumulated when its rapid
approach toward Lake Superior and the Candian border beyond forced
a premature cutdown. The single cutoff determination over Spoomner,
Wisconsin gives Po = 1.29 * ,08 GV slightly larger than the cal-
culated cutoff of Pc = 1.19 £ .03 GV but within errors.

Although it appeared that the high altitude winds.had already
switched to their eaétward direction for the rest of the winter,
we decided to make one more attempt at a 36 hour balloon flight,
Flight 1079-W was launched just before sunrise September 10, 1968
drifting south this time to a ceiling altitude of 4.6 gms/cm2 over
Rochester, Minnesota. Upon reaching ceiling the balloon drifted
towards the west and south slowing down at night over northwest
Iowa and taking'a hooked path over northeast Nebraska the following

day. A total of 32 hours of ceiling data were obtained.
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Tﬁe progressive increase in cutoff as the balloon drifted to
lower latitudes is quite apparent in Figure 22, In fact it was
impossible to determine the cutoff from the differential measurements
once the balloon drifted into Nebraska.. For this reason an upper
limit to the cutoff for these portions was obtained from application
of Equation V-10 to the RANGE 10 integral helium flux. Any reduction
of this flux should be due only to the increased cutoff. The primary
RANGE 10 flux was determined from the early sections of the flight
when no cutoff effects were present and ghe rigidity spectrum in the
region of the cutoff was assumed to be flat., It is apparent from the
Churchill spectrum in Figure 22 that the latter assumption is likely
to be valid well past 1.6 GV. Note also that as in both Flights
974-N and 975-N the cutoff was observed to be depressed below its
nominal value; about 10% in this case. The fact that a depression
was not observed five days earlier in Flight 1078-W is an indication
that this is not a long term effect.

Now that the assorted cutoff effects that we wish to consider
have been enumerated on a flight by flight basis, in ﬁhe following
section we will summarize'these results and draw some conclusions

by comparing the results of all of the flights.



D. Discussion

The cutoff observations reﬁorted here appear to be characterized
more by day to day variability of a depressed cutoff as observed by
Fanselow and Stone (1972) than by either‘the steady depression dis-
cussed by Bingham et al. (1968) or the diurnal effects predicted by

Shea and Smart (1970b). Quiet time cutaffs range from the full inter-
nal value obsérved on three independent occasions to a méximum depression
" of 35% with.a 20% depression being most typical. At most, the data con-
cerning any diurnal effect is inconclusivé being masked by the day to
day variability.

Detailed comparisons of the measured cutoff rigidities with those
predicted by Shea et al. (1968) are shown in Figures 23 and 24. In
Figure 23 the empirical cutoff, Po’ is plotted vs. the calculated cut-
off, Pc’ derived from the polynomial of Equation V-4, The horizontal
rigidity interval on each point is the root mean square cutoff excur-
sion that occured during that portion of the flight. The letters asso-
ciated with each point indicate day (D) and night (N) observations.

The solid diagonal line indicates the empirical relation between P0 and
Pc expressed by Equation V-9. All bqt three cutoff observations fall
an average of 217 below the internal cutoffs and there is considerable
dispersion.'

In Figure 24 a similar comparison of ch as obtainéd from Equation
V-10 is plotted.vs. the calculated value, Pc' The diagonal line indi-
cates the eﬁbected one to one relationship. The depression and disper-

sion of measured cutoffs are again evident.
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Although the 19% depression observed by Bingham et al. (1968)
(dashed line in Figure 23) appears to characterize the data on an
average basis, observations of significantly different cutoffs on a
number of occasions and a tendency of individual flights to follow
traéks of constant fractional cutoff depression suggest’that the dis-
persion in observed cutoffs apparent in Figure 23 is due to external
current systems varying on a time scale of a few days rather than ex-
perimental indeterminacy or diurnal effects. Bingham et al. (1968)
ascribed the bulk of the cutoff depression to the magnetospheric
boundary plus a small ring current (.08Me). When a realistic magneto-
spheric boundary is incorporated into the detailed orbit calculations
(Smart et al., 1969; Shea and Smart, 1970b),the result at the latitudes
considered here is a 9% cutoff reduction at local noon increasing to a
197% reduction peaked at local midnight. If the oBserved depression is
caused by the magnetospheric boundary one expects a rather prominent
diurnal variatioﬂ which is not observed.

In examining the track followed by the observations from Flight
975-N (open squares in Figure 23) one notes that a single line parallel
to but below the expected track (solid line) passes through all points
with no evidence of the expected 10% depression of night time cutoffs.
The track fdllowed by the observations of Flight 974-N (open circles)
has nearly the same character except that the last day ﬁoint (lower left)
lies above the average track. Of the three long duration flights only
1079-W (solid triangles) shows a consistent night time depression;
amounting interestingly to the expected 10%. The Flight 1078—W/1079—W

series also gives a measure of the time scale of the variability. Only
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five days separate thesg flights in which the cutoff tracks differed

by at least 16% while during thé 32 hours that Flight 1079-W was at
ceiling the variation was 157 most of which can be ascribed to a diurnal
variation.

A clear example of fhe depressed cutoff can be seen by the .compari-
son of the cutoff observed during Flight 1038-W over Minneapolis
(P° = 1.36i704 GV) to that obtained from the 0200-1200 U.T. segment of
Flight 974-N which passed only .02 GV north of Minneapolis (Po - 1.13
+.04GV). Reference to the two rigidity spectra shown in Figure 27
demonstrates that to obtain the same cutoff for both observations would
require statistical variations of at least three standard deviations
for each of three data points - all in the same direction. Although
this segment of Flight 974-N occured during the nighf, it has already
been shown that the diurnal variation is considerably less than the
20+37% observed difference in cutoff levels.

Fanselow and Stone (1972) also observed a general depression of
cutoff level at high latitudes coupled with variability from day to’
day. Direct compariéon of the observations summarized in Figure 23
with their results,however,does reveal some differences. Rather than
the 3-5° average depression observed at high latitudes only 1.6° is
observed here. Similarly, the 1-2° variability apparent at high latitudes
shows up as only a +1° variation at intermediate 1atitudes. Neither
of these observations is surprising since cutoff perturbations are ex-
pected to bé more prominent near the poles.

Two effects could be responsible for the variability and general

depression of the cutoff: short term changes in the magnetospheric
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boundary or a fluctuating ring current. The absence of a prominent
diurnal depression owing.to the assymetry and the 1éck of correlation
with interplanetary activity as measured by Kp (Fanselow and Stone,
1972) both appear to rule out a changing'magnetospheric boundary. Con-
trary to the findings of Fanselow and Stone (1972), however, a signifi-
cant correlation of depressed cutoffs does exist for the quiet time data
(correlation coefficient = -0.57) suggesﬁing-that a ring cufrent could
account for.the depression.

While the ekact configuration of the'external current systems
responsible for the depressed cutoffs is undoubtedly very complex, the
ring current model of Kellogg and Winckler (1961) provides a convenient
means of estimating the location of an equivalent ring current by com-

paring the cutoff depression with equatorial DS . Their model predicts

t

that the cutoff P' varies as:

1+ (R'Y Pst ™ Dgo >
R 2 Boq

where P is the cutoff existing with no ring current. The perturbation

(v-11.)

term in V-11. will be recognized as the ratio of the magnetic moment
of the ring current M' to that of the earth:
Ml

R 3 < Dot ™ Pato > (v-12.)
Mg Ry 2 Beq

where R'/ is the radius of the ring current in earth radii and B is
g eq

the equatorial surface field strength (32000 y). Since there may be

some question concerning the zero point of the-DS scale, Dsto denotes

t

the value of D_, when there is no ring current. Providing Equation V-11
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applies, a plot of P/Pf vs. DSt for a particular ggomagnetic distur-
bance should yield a straight line whose slope is governed by the para-
meter R' which characterizes the radial position of the ring current.

In Figure 25 this type of plot is uéed to compare the cutoff
fluétuations observed during so called "quiet times" with the strongly
depressed cutoffs occurring during large geomagnetic disturbances. The
solid line l#belled Q is a least squares fit to the quiet time data
which includes all flights except 1057-W which occurred during a dis-
turbed period. The line labelled D characterizes the cutoff disturbance
during that flight. Further discussion of these observations is con-
tained in a succeeding chapter. Additional data obtained by Earl (1962),
Freier (1962), Hoffman and Winckler (1963), and Biswas et al. (1962)
is included in Figure 25 to further define the cutoff behavior during
disturbed periods.

Several factors indicate an offset of 10-20y in the DSt scale.

The disturbed (D) and quiet time (Q) cutoff relations in Figure 25

intercept the zero ring current cqndition (PC/Po 1.0) at 15y and 19y,
respectively. The histogram of hourly DSt values for the first six
months of 1967 shown in Figure 26 also indicates a peak at 10y and a
rather sharp edge above 16y. Assuming that this last observation
corresponds‘to zero ring current conditions, in addition to the other
two determinations, results in the estimated offset of DSt =17 + 5vy.
The remaining diagonal lines in Figure 25 indicate the relation pre-
dicted by Eﬁuation V-11 for ring currents of various radii assuming
this offset in Dst' Strictly speaking one should use the ring current

radii shown in parentheses which have been corrected for the earth's

inductive effect on Dst (see Appendix B).
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We can now apply the ring current model to the observations shown
in Figure 25. The model's placement of the ring cur?ent causing the
disturbance during Flight 1057-W at the outer limits of the magnetosphere
(10-12 RE) would seem to suggest that thé storm time geomagnetic dis-
turbance is associated with activity at the magnetospheric boundary
rather than in the radiation belts. While not as clear cut as the
Flight 1057—W'obserVations, the additional disturbed time observations
of Earl (1962), Freier (1962), Hoffman and Winckler (1963), and Biswas
et al. (1962) shown in Figure 25 also indicate that the diéturbed time
cutoff fluctuations appear to arise from currents located at fhe outer
reaches of the magnetosphere. A more extensive examination of the
disturbed time cutoff in Chapter VI, however, will reveal that sub-
stantially lowered cutoffs can be achieved with very little Dst response
when the field lines at lower latitudes are swept into the tail of the
magnetosphere during the magnetic storm. On the other hand, the quiet
time variations suggest a ring current with a magnetic moment 0.1 to
0.2 ME acting at a radius of 6 to 9 RE - well within the magnetosphere.
These numbers should-not be considered as precise ring current parameters,
but they do sefve as a guide to the feasibility of the ring current
explanation of the variability. Although cutoff depression cannot be
treated strictly in terms of a ring current model, the comparison
offered by the ring current analysis in Figure 25 emphasizes the differ-
ence between thg quiet~time cutoff variations and the storm time cutoff
depression.

It is reasonable to ask whether a quiet time ring current of the

magnitude and location proposed is consistent with observed particle
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intensities in the radiation belts. From observations of low energy
protons and electrons (200 eV SAE S E £ 50 keV) in the radiation belts,
Frank (1967).obtained a quiet time ring current peaked at 7 RE having a
magnetic moment %;08 ME. The value, Dst‘= 12y, that results from this
curfent can be identified with the DSt offset discussed earlier. During
magnetic storms, substantial increases in the deduced ring current inten-
sity were ablé to completely account for observed variations of equatorial
Dst’ thus.résolving a long standing problem of the ring current hypothesis.
It appears that the ring current proposed here is certainly plausible

both in magnitude and location.

Concerning the day to day variability no ekplanation for its
ultimate source is offered here. But if the currents responsible for
the +15vy variation in DSt evident in Figure 26 are indeed located at
6 RE or beyond, then the mid-latitude cutoff must fluctuate +5% or
more on a random basis during 'quiet timesf.

Considering now the ''sharpness' of the cutoff we take the rigidity
spectrum from Flight 1038-W as our best measure of the sharpness since
that flight had particularly good charge resolution and, as noted
earlier, driftéd less than a total of 28 MV in cutoff from launch to
impact. Since the nature of the penumbral structure is so different
from the empirical exponential form of Equation V-8, it is extremely
difficult to separate the effects due to the hodoscopes iOO MV window
size from thosevdue to the width of the penumbral region. Because of
this probleﬁ we are limited to a method of analysis which compares the
the sharpness of cutoffs as already smoothed by the 100 MV resolution

to the flight observations. A measure of the expected width of the
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‘ cutoff dwing to the penumbral bands as resolved by the hodoscope's
rigidity intervals canvbe’obtainéd from the slope of the empirical
transmission function shown in Figure 1ll. Since one expects no major
change in the character of the penumbral‘bands over the limited
rigidity interval separating Minneapolis and Sioux Falls, scaling AP
using the assumption that the ratio AP/Po is a constant appears to be
fairly reasonable. Under this assumption the AP of 65 MV at Sioux Falls
becomes 55 MV at Minneépolis. Before drawing a comparison of this value
with the 95 MV observed during Flight 1038-W consideration is due for
the effects of an 8 MV RMS widening owing to the drift of the balloon
and a 5% smearing owing to the average 16° zenith angle of the observed
particles. The latter effect was calculated assuming that the Stormer
relation for non-vertical cutoffs (Equation V~2) applies. Application
of these effects to the empirical cutoff spectrum suitably scaled fof the
latitude difference then gives a cutoff function which intercepts all
data points in the spectrum (dotted curve shown in Figure 12) even to
the extent that it steepens at lqwer rigidities giving a better fit
than the straight line cutoff shown in that figure. Since application
of the same treatment to a perfectly sharp cutoff results in a trans-
mission function héving AP=40MV, the width of the cutoff observed in
Flight 1038;W is primarily due to the penumbral structure.

There has ﬁeen considerable discussion in the 1itefature concerning
the sharpness of the cutoff. Bingham et al. (1968) labeled their
observation of a i iSO MV band covering the 107 - 90% transmission

function in their balloon results as clearly "not sharp." This is to
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‘>be compared with 150 MV obtained from Flight 1038-W after removal of
zenith angle smearing and balloon drift effects. Earl (1962) describes
the cutoff observed during a cutoff depression due to a solar event as
being “"quasi-sharp" with a AP = 48—55'MV; when the cutoff was running

about half its quiet time value. Freier (1962) reports a similar un-

sharp cutoff with AP = 65 MV determined from emulsion observations of
the same event. Not wishing to deal in relative terms we simply con-
clude here that the observed cutoff is consistent with the penumbral

band structure obtained by Shea et al.‘(1965).



VI. AUGUST 28, 1966 FLARE-INTERPLANETARY AND
GEOMAGNETIC DISTURBANCE - FLIGHT 1057-W.

A. Introduction

At 1521 U.T. on August 28, 1966, an importance 3 solar flare
occurréd at solar coordinates N21° E04°. During thé major evenf that
followed Flight l057—W was launched from South St. Paul, Minnesota
at 0022 U.T.,’August 30, 1966, reaching a ceiling of 10 mb. and main-
taining that altitude until cutdown: at 2340 U.T. No solar energetic
particles were detected, but the intensity'of galactic cosmic.rays
underwent variations due to interplanetary and geomagnetic effects.
The geomagnefic cutoff was depressed and a large Forbush decrease
occurred during the flight. The process of separating.the geomagnetic
and interplanetary effects is not too difficult, but enough detail is
required that both topics will be discussed concurrently.

Most of the phenomena observed during Flight 1057-W follow the
classic pattern presented by Winckler, Bhavsaar, and Peterson (1961).
A brief review of the picture that has emerged follows. A short time
after a large opticél flare on the sun, particles, predominently pro-
tons, of cosmic ray energies are seen at earth. Typical delay times
run from a few teﬁs of minutes to several hours depending on particle
energy and location of the flare relative to the magnetic field line
connecting the earth and the sun. The onset of geomagnetic effects
occurs after a period of one to two days heralded by a sudden commence-
" ment (s.c.) which marks the arrival of the enhanced solar wind plasma
generated by the flare. Earth based magnetometers detect at first an

increase in the geomagnetic field lasting typically one to several
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‘>hours, the initial or positive phase, followed by a general decrease
of the geomagnetic field which ﬁay last éeveral déys; the main phase.
The equatorial surface field depression is typiéally 100y.

Durihg the main phase, geomagnetic cﬁtoffs are often reduced below
30% of their quiet time values (Winckler et al., 1961) considerably
less than expected from simple scaling of the equatorial fieldvdepression.
This effect_was first observed by Freier, Ney, and Winckler (1959) ﬁsing
emulsions for energy determination plus ion chambers and Geiger countérs
for time resolution. Further confirmatioﬁ was provided by Wiqckler
et al. (1961), Earl (1962), and Freier (1962).

‘The main phaée field depression has been attributed to diamagnetic
effects of a hot plasma (Dessler and Parker, 1959) or energetic electrons
trapped in the radiation belts (Singer, 1957) which reduce the distant
magnetic fielés resulting in lower cutoff rigidities (Kellogg and
Winckler, 1961). Both phenomena can be described in terms of ring
currents which account for the symmetric field depression observed at

the equator (negative DS values). More recently, particle observations

t
throughout the magnetosphere have shown that an eﬁhanced ring current
consisting primarily of protons in the 3-50 kgV interval trapped at
3.0-5.5 RE produceé the observed main phase field depression (Frank,
1967). Theée observations favor the Dessler-Parker model of the main
phase in which hydro-magnetic waves generated at the magnetospheric
boundary by the interplanetary disturbance dissipate energy in the
radiation belts rapidly heating the ambient plasma.

* Although the main phase ring current has been observed, its role

in the explanation of cutoff reduction as proposed by Kellogg and
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Winckler (1961) (see section V—D;) has been criticized by Akasofu and
Lin (1963). They assert that the intensity of a ring current reaches
an upper limit when the energy density of the trapped particles approaches
the energy density of the trapping field. Equation V-11 remains valid
but is restricted to cases when M'{ Me. Frank (1967) has observed
particle intensities in only moderate excess of this saturatioﬂ level
during magnetic storms.

Earlier, Rothwell (1959) had proposed that cutoff reduction would
occur when the magnetic storm swept away éhe outer portions of the
magnetosphere. The nature of the interaction between the solar wind
and the magnetosphere is, however, such that the surface currents
flowing on the magnetopause which act to cancel the field outside the
magnetosphere effectively increase the field within the cavity. (Chapman
and Ferraro, 1931). This effect was related to the cutoff rigidity by
Akasofu, Lin, and Van Allen (1963) as a symmetric compression of the
geomagnetic field which acts to increase the cutoff slightly rather
than reducing it during periods of enhanced solar wind flow.

According to Akasofu, Lin, and Van Allen (1963), a combination of
anisotropic magnetospheric compression and a ring.current, however, can
account for'the cufoff reductions that are observed. The effect of
this combination is to lower significantly the minimum latitude where
the field lines are connected to the tail of the magnetosphere effectively
- reducing the cutoff to zero. A compression of the magnetosphere from
1QRE to 8RE on the sunward side acting with a ring current at BRE pro-
ducing Dst=150Y reduces thg minimum latitude for .17GV particles from

69° to 60° (geomagnetic). The cutoff at 60° is reduced to one sixth
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its quiet time value. Although the cutoff reduction in this model
still scales Qith the ring current (therefore with Dst)’ Equation V-11
no longer applies since the compression which forces the boundary
latitude toward the equator produces effectively no change in the
eduatorial field strength.

In addition_to the geomagnetic effects outlined above, a marked
decrease in the galactic cosmic ray intensity observed by ground based
detectors, ﬁeutron»monitors, ion chambers, and meson télescopes, accom-
panies the magnetic storm. This éffect, a Forbush decreasé, begins at
the time of the sudden commencement and lasts several days (Fdrbush,
1937). The ﬁechanism of the Forbush decrease, although not fully
understood, is certainly analogous to the mechanism of the ll-year
solar modulation of galactic cosmic rays. The latter process is
treated rather extensively in Rygg (1970). The convection of galactic
cosmic rays out of the solar cavity is balanced by their inward diffusion
and deceleraﬁion in the disordered magnetic field carried by the solar
wind plasma. The enhanced velocity and magnetic disorder of the solar
flare plasma cloud épparently upsets this balance until a new equilib-
rium is reached.

An obvioug aim in studying the Forbush decrease is to draw com-
parisons between it and long-term modulation effects. A goal of many
modulation studies is to determine the rigidity dependence of the
modulation. To compare changes in cosmic ray intensity at different
rigiditiesva régression plot relating rates measured by detecto;s with
different thresholds is often employed. By plotting the intensity

measured by one detector vs. that measured by the other detector over
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-the same time period,one can compare the fractional changes in intensity
occurring at one rigidity relative to those that occur at another.

The slope of such a plot is a measure of the relative rigidity depen-
dence of the modulation. To obtain the 1ong term stability and sta-
tistics that are necessary for such a regression analysis, integral -
detectors having different effective rigidities owing to different
thresholds of rigidity response functions (meutron monitors, Geiger
tube monitofs, ion chambere, meson telescopes) are often used.

Several studies of the Forbush decrease comparing integral fluxes

from Qarious detectors have been performed. McCracken (1960)>and

Kane (1966) in comparing the rates of neutron monitors at several
latitudes found a somewhat weaker rigidity dependence than the 1ll-year
variation. Kane et al. (1965) compared ion chamber results from space
probes with neutron monitors and ascribed the dispersion of their
results to Forbush decreases but did not specifically analyze their
data to demonstrate the effect. Balasubrahmanyan and Venkatesan (1970)
found no evidence of any differing rigidity dependence between short
and long-term varietions in their comparison of the IMP and OGO Geiger
tube monitors with neutron monitors. Lockwood and Webber (1969) and
Lockwood et al. (1970) found a considerably weaker rigidity dependence
for severalIForbusH decreases observed by the Pioneer 8 detector
(E260MeV) ‘and the Mt. Washington neutron monitor. The enly reported
analysis of Spectral dependence is.that of McDonald and Webber (1960)
who found ehat the rigidity dependence appeared to agree with the
ll-year modulation.

There are several complications involved in assuring that integral

measurements yield a valid comparison. One should use the same or

~
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very similar detectors in measuring each effect because integral
measurement techniques usually employed involve non-linear spectral
functions that make it difficult to compare measurements. The Forbush
decrease is‘correlated with directly produced solar radiation (protons,
electrons and x-rays) and depressed geomagnetic cutoffs. Both of.these
effects can add low energy particles to the fluk imitating a weaker
rigidity depéndence than is actually present. While most studies
consider thése effects, differential spectral measurements such as

those presented here are really réquired to assure that they are proper-

ly treated.



'B. Observations During the August 28, 1966 Disturbance

| The geomagnetic and interplanetary disturbances following the

August 28 flare were more coﬂélex than outlined in the preceeding section.
Although thé disturbed period lasted until September 9, the discussion

in ﬁhis section will concentrate on a sﬁort review of the conditions -
existing during the period spanned by Flights 1056-W and 1057-W —

August 27—31.1 Due to the complex nature of the event, the intent of

this discuséion is to give a background for the hodoscope results rather
than to attempt an interpretation;

A summary of observations for the period August 27-31 is‘shown in
Figure 28. ~The launch (x) and ceiling portions (solid line) of Flights
1056-W and 1057-W are shown on the top line followed by the fluxes of
penetrating protons on line 2. The brackets at the left indicate the
size of the experimental error. Line 3 of Figure 28 is a plot of the
Deep River Neutron Monitor_intenéity(Steljes, 1966). On lines 4 and 5
magnetic conditions at earth and in nearby space are shown in plots of
equatorial Dst (Sugiura and Pofos, 1971) and Kp indek. The sudden com-
mencements on Augusﬁ 29 and 30 are shown as vertical dashed lines.
Optical flare observations also indicated as dashed lines are shown
along with obsgrvations of x-rays and type IV radio emission on succeeding
.lines. The'remaining three lines summarize the observations of solar
protons (Kinsey and MgDonald, 1968) and energetic storm particle fluxes
of electrons and protohs (Lin and Anderson, 1967).

The oBservations from Flight 1056-W launched one day before the
flare provide a good baseline for quiet time conditions. During this

flight the Kp index remained below 1+ and both DSt and the neutron
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monitor were very stable. No statistically significant variatiops in the
penetrating proton flux.were observed.

Dodson and Hedeman (1968) have published a detailed discussion of
the optical observations for this flare which are briefly summarized
below. The solar flare causing the initial disturbance occurred in -
McMath Plage 8459 at 15:21:46 U.T. on August 28 and was immediately
followed at 15:22:35 U.T. by flare emission from McMath Plage 8461
trailing region 8459 15° to the east. In all, nine distinct regions
of‘flare emission were observed in the two plages with the second plage
providing most of the Ha emission for the flare. The optical flare
peaked near‘1531 U.T. and had considerably diminished in intensity by
1630 U.T. in most regions. One region in the trailing plage, however,
continued to show flare emission until at least 2000 U.T. Type IV radio
emission (often associated with the release of relativistic electrons)
began at 1527 U.T. (intensity 3+) and lasted until approximately 1640
U.T. Bursts of type III radio emission and type V continuum associated
with a rapidly expanding (700 km/sec.) blast wave seen propagating
across the solar surface were also reported. A_burst of solar x-rays
began at 1525 U.T. peaked at 1530 U.T. and diminished to zero around
1545 U.T. (Arnoldy et al., 1968). Prompt 40keV electrons arrived at 1 A. U.
at 1531 U. T._kLin and Anderson, 1967). Solar protons (E>15MeV) were
detected near earth at 170015 U.T. (Kinsey and McDonald, 1968) peaking
at 1825 U.T. slowly diminishing over the next few days.

The data of Lin and Anderson (1967) presented in Figure 28 reyeal
that the energetic storm electrons arrived at the time of the sudden

commencement at 1314 U.T. on August 29 (22 hours after the flare). The
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positive phase of the first magnetic disturbance appeared as a sharp

jump in Ds

t and a strong increase in Kp. The 40 keV electrons also

showed a sharp increase at this time. The energetic storm protons,
which also appeared at this time, however, were more slow to respond.
The positive phase of the storm lasted until 2100 U.T. when the main
phase began. During the main phase of this storm the magnetic field
attained a maximum depression of ~-67y from 0200 to 0300 U.T. August 30
about the time Flight 1057-W reached ceiling.

A second sudden commencement occurred at 1112 U.T., Aﬁgust 30 pro-
ducing a second positive phase and further enhanced Kp activity. Although
there is a slight indication in the neutron monitor data of a decrease
at the beginning of th; first main phase (0000 U.T., August 30), a clear
“cut Forbush decrease began at the second sudden commencement. A sig-
nificant decrease in the Flight 1057-W penetrating proton flux took
place before the Forbush decrease began, but it will be shown later
that this variation was associated with the temporary restoration of
the geomagnetic cutoff rather than with the Forbush effect.

There are two possible causes of the second sudden commencement:

1) a second solar flare of importance 2B in plage region 8461 at 2021
U.T. August 29 or 2) a second plasma stream being ejected by the trailing
flare from the August 28 event. Neither possibility is ruled out by

the observations. Since the first sudden commencement occurred only 22
hours after the flare, the observation of the second only 14 hours

after the secoﬁd flare seems fairly reasonable. However, a 44 hour

delay after the first flare is not too unreasonable either. The in-

crease of the >15MeV particlés which seems to be associated with the
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second flare could just as easily be part of the flux of energetic
storm particles when coﬁpared with the >500 keV protons.

In the following sections, observations of geomagnetic cutoff
variations and of cosmic ray intensity variations during the Forbush
decrease associated with the second sudden commencement will be pre-
sented .and discussed. At the beginning of Flight 1057-W, the cutoff
was depressed below 40% of its quiet time value observed three days
earlier during Flight 1056-W. The cutoff was restored to the approxi-
mate quiet time level duriﬁg the positive phase of the second storm
returning to its depressed state as the main phase developed near the
end of the flight, The cutoff depression in the early and late por-
tions of the flight made it possible to determine the low energy proton
spectral intensity both before and after the Forbush.decrease appeared
in the neutron monitdr record. The rigidity dependence of the Forbush

modulation from 0.5 through 2GV. is thus available for study.



C. Geomagnetic Cutoff Variations During Flight 1057-W

1.) Analysis Procedure. In subsequent analysis of the data from

Flight 1057-W it will be shown that the cutoff was depressed at times
below 0.5 GV. To show this, the method used earlier of determining
the cutoff from the spectra helium nuclei in the interval 0.9-1.55 GV
is extended to lower rigidities using proton and electron observations.
Cutoffs in the rigidity interval 0.50-0.80 GV can be identified from
the proton spectra by determining whether the observed fluxes are
primary particles or are due only to re-entrant albedo. Similarly
tﬁe electron component in the 15-65 MV and 45-150 MV rigidity inter-
vals studied for this flight by Luhmann and Earl (1973) can be used
to set limits on the cutoff in the corresponding rigidity intervals
by distinguishing between primary and albedo flux levels.

Liouville's theorem predicts that the position §f the cutoff will
be marked by a fairly sharp transition from the albedo flux level below
cutoff to the primary flux level above cutoff. To identify this tran-
sition each observed proton spectrum must be compared with idealized
primary and albedo spectra based on previous work. If the cutoff is
greater than 0.8 GV only albedo particles willybe observed. If the
cutoff is below 0.5 GV the observed flux should match the primary in~-
tensity. The cutoff observations discussed in Chapter V imply that
the transition region is no wider than 0.1 GV. Although the statistical
accuracy of the data is limited, it is more than sufficient to make the
distinction of a factor of 2 or 3 in flux level required to distinguish
primary and albedo spectra.

Since the modulation level was changing throughout the flight, it
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was necessary to adjust the intensity of the reference spectra (without
changing their shape) to match the corresponding modulation level,
Empirical relationships between the spectral intensity of both pri-
maries and re-entrant albedo particles to the Deep River neutron in-
tensity have been established through many years of observations with
the hodoscopes=over a wide range of solar modulation levels. Below

0.7 GV the primary spectrum has maintained the form:

J = AT (Vi-1.)
throughout the entire increasing phase of solar activity 1965-1969
(Rygg and Earl, 1971). Here, A is a quantity independent of energy
which embodies all the time dependence and relates the spectral inten-
sity J(T) (in energy units) to kinetic energy T. The magnitude of A
is obtained for each flight interval from the long term relation be-
tween A and Deep River Neutron Monitor obtained by Rygg and Earl (1971).
The reference spectra for re—-entrant albedo are obtained from the
long term solar variation discussed in Chapter IV (dashed curve in
Figure 7).

The rigidity dependence of the modulation during a Forbush decrease
may differ to some extent from the rigidity dependence of the long
term (eleven-year) modulation affecting the intensity of the low energy
primary and albedo protons. The magnitude of this effect is such that
it is unlikely that this difference would cause any ambiguity between
primary and albedo flux levels.

Low energy cosmic ray electrons may be used to probe even lower
cutoff rigidities than are available with protons at balloon altitudes.

Electrons incident on the top of the atmosphere lose only 3 or 4 MeV
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in reaching balloon altitudes while protons of 50 or 60 MeV (310-340

MV) are completely stoppéd in that distance. Determining the cutoff

from the electron data proceeds in a manner similar to that described
for protons. In this case the albedo exceeds the primary intensity by
more than a fégtor of 3. Luhmann and Earl (19}3) have shown that the
elec;ron fluxes qbtained by the hodoscope during Flight 1057-W in two
broad low rigidity intervals (15-65 MV and 45-150 MV) remained at the
albedo level throughout the flight placing a lower limit of 150 MV on

the cutoff.

2.) Cutoff Determinations. The proton and helium spectra for five

4 hour intervals of Flight 1057-W are shown in Figures 29 and 30,
respectively. Most of the variability in flux apparent in those figures
can be attributed to temporal changes in geomagnetic cutoff. Geomagnetic
latitude along the flight.trajectory remained essentially constant.

The expected quiet time cutoff was 1.410 GV and varied by no more than
+.014, -.049 GV. The proton spectra were individually corrected for
secondaries and ionization loss using the average neutron monitor rate
during each interval; The resulting spectra are plotted as a function
of rigidity in Figure 29. Dashed lines indicate the primary and albedo
reference spectra obtained for each segment of the flight on the basis
of the long term modulation as discussed in the previous section.

Helium rigidity spectra that will be used to determine the cutoff in the
manner discussed in ChapterVV are presented for the five flight inter-
vals in Figure 30; Assumed primary spectra shown as dashed lines were
obtained from the long term modulation of this component determined by

Rygg and Earl (1971).
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Segment 1 of Flight 1057-W (0216-0620 U.T.) occurred during the
‘main phase of the first magnetic storm. The proton spectrum for this
interval (panel 1 of Figure 29) lies somewhat below the primary spectrum
predicted from the long term modulation. However, the spectrum does
follow the J=AT form and is well above the expected albedo spectrum.

It appears, therefore, that the proton spectrum during this segment con-
sisted of primariés down to the lowest rigidity implying that the cutoff
remained below 0.5 GV. The helium spectrum for this interval, shown

in panel 1 of Figure 30 appears to be completely primary over the full
rigidity range observed showing that the cutoff was below 1.0 GV. For-
tunately the cutoff depression during this early portion of the flight
allows a measurement of the low energy primary proton spectrum at a

time before the Forbush decrease was apparent in the neutron monitor
rate.

Segment 2 of Flight 1057-W (0620-1020 U.T.) occurred near the end
of the first magnetic storm. The proton spectrum shown in panel 2 of
Figure 29 appears to be purely albedo at low rigidities with a rather
prominent transition toward the primary spectrum indicating a cutoff
near 0.80 +.03 GV. This interpretation is consiétent with the helium
spectrum for this period (panel 2 of Figure 30) which appears to be
completely primary indicating a cutoff below 1.0 GV.

Segment 3 of the flight (1020-1420 U.T.) occupies the last hour of
the first main phase and the first 3 hours of the positive phase of the
second storm. The proton spectrum for this segment (panel 3 of Figure
29) lies near or below the albedo level for all rigidities. The two
fluxes lying somewhat below the albedo level afe probably nothing more

than statistical deviations, but they also could be due to a slight
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oversubtraction of atmospheric secondaries at low rigidities. The
helium spectrum for this portion of the flight (pane1v3 of Figure30
reveals a depression of 2.2 standard deviations (2.20) of the RANGE 4
flux and a lo depression of the RANGE 5 flux. This spectrum is con-
sistent with a cutoff at 1.22+,04 GV.

Segment 4 of the flight (1420-1920 U.T.) occupies the last 4 hours
of thé positive phase and the first hour of the main phase of the
second storm. The proton spectrum for this interval (panel 4 of
Figure 29) lies right at the albedo level. The helium spectrum (panel
4 of Figure 30 exhibits the effect of a cutoff at 1.34%,04 GV.

Segment 5 of the flight (1920-2340 U.T.) covers the second and
more strongly depressed main phase of the storm period. The proton
spectrum for this éegment (panel 5 of Figure 29) is clearly primary
down to 0.55 GV, but the flux in the lowest rigidity interval from 0.50
to 0.55 GV is statistically consistent with either primary or albedo
levels. Consequently, the proton observations place an upper limit of
0.55 GV on the cutoff. The helium spectrum for this segment is consis-
tent with a pure primary spectrum indicating that the cutoff is some-
where below 1.0 GV.

During this interval (segment 5), the maximum depression associated
with the Forbush decrease that occurred during the flight was observed.
As in segment 1, the reduced cutoff allowed a measurement of the low
energy proton intensity spectrum to be made fortunately in this case at
a time of large short term modulation. The fact that the proton spec-
trum falls only slightly below the reference spectra expected from the

neutron intensity during this deeply modulated period is important in
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the discussion (in a latef section) of the rigidity dependence of the
‘modulation during the Forbush decrease.

Considering briefly both sections 1 and 5 of the flight when the
cutoff was reduced below 0.5 GV, one further observation concerning thé
low energy primary protons is in order. There was no significant con-
tribution of solar particles during either period. Solar particies

have a characteristic spectrum of the form
J <« T (2.55y$5) VI-2.

Excess fluxes at low rigidities predicted by this form are not apparent
in the proton spectra for either segment 1 or 5 of the flight. (see
Figure 29 panels 1 and 5). Furthermore a power law extrapolation of
the solar particle spectrum determined by Kinsey and McDonald (1968)"
for this period of the event gives 0.02 p/M2 sec, ster. MV at 0.5 GV.
far below even the expected albedo flux.

Further evidence confirming the pattern of cutoff variations dis-
cussed above is shown in Figure 31, which presents hourly RANGE 10
(E2260 MeV) proton fluxes plotted against Deep River Neutron Monitor.
The progression in time is indicated by the arrows. The topmost solid
line (Pc§0.74 GV.) is the regression curve for'primary particles ob-
tained from Churchill flights over the last half solar cycle (Rygg,
1970). The iower solid line (Pc = 1.36 GV.) is the regression curve for
albedo (0.745P<1.36 GV.) plus primary (PZ1.36 GV.) protons obtained
from the Minneapolis flight series (Rygg, 1970). Regression curves
calculated for intermediate cutoff rigidities from the known primary
and albedo spectra are also shown. Solid circles indicate the primary

fluxes measured at Churchill in 1966 (1.) and 1967 (2.). The cross
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indicates the flux méasuréd at Minneapolis just before the event during
"Flight 1056-W; Eérly_in’Flight 1057-W and again towards the end, the
flux wagiclosg to tﬁe‘Churchill curve confirming the depressed cutoff
deduced above.from the proton spectra. In the middle of the flight

the flux fluctuated about the normal Minneapolis curve confirming the
near nor%al cutoffs deduced above. At times the flux was even 1§wer
than thegnormal regression curve, indicating cutoffs above normal.

' 3.) Diséussion. F{gure 32 shows a time history of the cutoffs deduced
above. The solid points indicate the cutoffs determined from the proton
and'helium spectra. Lower limits on the cutoff of 0.15 GV during the
first ahé last periohs of the light were obtained from the observations
of low riéidity é;ecitons in the mannér described earlier. The one
hour baré are cutéffs detérmined from the family of regression curves

2

shown in Figure 31 b; selecting‘fhe cutoff required to explain the ob-
served>f;ux. A b}aq?et at the left indicates the typical error on these
points. |

As expected, the variation of the cutoff is well correlated with
equatorial DSt (S#giﬁra aﬁd Hendricks, 1967) which is included in the
upper paft of Figgre 32 fér comparison. The nature of this correlation
is also indicated in Figure 25 where a single line D interesects all but
one point obtained from Flight 1057-W (solid circles). The depressioﬁ
of cutoff and negative DSt that are apparent in Figure 32 before the
sudden commencement occurred during the main phase of the first storm
which began on the 29th. Note that during the positive phase of the
second storm (1100-1800 U.T.) the cutoff was restored at times to its

full quiet time level and possibly above. Also note that the cutoff

was depressed below 40% of its quiet time value during both main phasés.



81

Examples of the distﬁrbed time cutoff variation obtained from ob-
servations of other storm events (Earl, 1962; Freier, 1962; Hoffman and
Wincker, 1963; Biswas et al., 1962) which are shown in Figure 25 exhibit
cutoff - DSt correlations similar in nature to that observed during
Flight 1057-W. That is, the observations from a single event are
generally consistent with the relationship expected from a ring cﬁrrent~
of variable strength acting at a fixed radius. The strength of the
_cutoff-DSt relationships (or the value of the nominal ring current
radius), however, varies widely. Most of ;he events, nevertheless,
shoﬁ larger cutoff reductions for a given DSt depression than is ob-
served during quiet times (line Q). The observations from Flight
1057-W and the July 20-21, 1961 storm reported by Hoffman and Winckler
(1963) are the most extreme examples of this behavior. Cutoff reduc-
tions exceeding é factor of 2.5 occurred with depression of only -40vy.
The July 18-19, 1961 event (points numbered 2.) also observed by Hoff-
man and Winckler shows a much weaker cutoff response. In general when
it was possible to observe cutoff variations over a period of several
hours, the cutoff did appear to track the DSt variations. In addition
to the case of Flight 1057-W discussed earlier, this correlation is
particularly evident for the observations of Earl (1962) and Freier
(1962). The two cutoff determinations obtained by Earl lie right on
the line corresponding to a ring current parameter of 8 (9.15) to
9(10.3) RE. The cutoffs obtained by Freier are not as clearly correlated
with DSt but do show a clustering along a track similar to that shown
by Earl's results. The cutoff appeared to be depressed somewhat even
before the equatorial field was depressed. Some complication may

arise here since Freier's cutoff variations for this event were inferred
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from chapges in ion chamber rates calibrated by emulsion observations
:14 various points in the ‘event rather than direct observation of changes
in the rigidity spectrum. |

~Before considering any models that might explain the cutoff be-
havior presented above, it should prove helpful to review the experi-
mental situation. Cutoff depreséions amounting to less than 40% 0£
the quiet time value have been observed over the Upper Mid-West on
. severai occasions. The depression appears to be linearly correlated
with equatorial DSt throughout individual gvents. However the strength
of the relationship between cu;off depression and DSt varies widely
from event to event. In two of the events discussed the cutoff de-
pressions 40% of normal corresponded to DSt of only -40y. The obser-
vations of Flight 1057-W provide an estimate of the time scale involved.
In that event the cutoff was restored from half its normal value to its
full value in a period of 1-2 hours when a second positive phase
occurred. A similarly rapid cutoff depression accompanies the ensuing
main phase.

Briefly, the model that is adopted to explain the observations
obtained during 1057-W must have the following characteristics: 1.)
Relatively minor DSt depressions were associated with substantial de-
pressions of the geomagnetic cutoff. 2.) The full cutoff was rapidly
restored during the positive phase. 3.) Similarly, the cutoff was
depressed rapidly during the main phase. 1In addition to explaining
these characteristics peculiar to this event, the model must also
bé consistent with established magnetospheric properties and expléin

the broad variety of tracks shown by other events in Figure 25.
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The basic ring curreﬁt model of Kellogg and Winckler (1961) can
‘produce almost any combination of cutoff and Dst depression by appro-
priate selection of the intensity and radius of the ring current. 1In
relation to the disturbed time cutoff variation, however, it fails to
satisfy a number of other constréints. A diamagnetic ring current
having a magnetic moment varying from 0 to 1.8 ME located at 11.3 (12.9)
RE quite successfﬁlly reproduces the track traced by Flight 1057-W in
Figure 25. However_if_the ring were circular it would extend 2-5 RE
beyond the limits of the magnetosphere on Fhe sunward side. - Presumably
an éssyﬁetric ring current producing the observed DSt and cutoff varia-
tion could be contained wholly within the magnetosphere by allowing it
to bulge outward in the antisolar direction, but it would still be
confined to the outer reaches of the magnetosphere. The magnetic field
at this distancé, however cannot contain a ring current plasma of the
required intensity. Parker and Stewart (1967) have argued that if the
energy density of the ring current plasma exceeds n20% that of the
ambient field, the plasma can no longer be contained. Appendix C.
shows that the energy of the required ring current, if it were confined
beyond 13RE in a dipole field, would amount to half the total energy
available in the magnetic field beyond that distance. For a magneto-
spheric shell between 13 and 15 RE this factor is nearly the Samef It
is also shown in Appendix C. that applying the Parker-Stewart condition
throughout the magnetosphere requires that the magnetic moment of any
‘ring current cannot exceed 0.6 ME; one third that needed here. Akasofu
and Lin (1963) obtained a similar relation (MRQME) using a different
approach. Furthermore, the ring current producing the main phase field

depression has been identified by Frank (1967) and Cahill (1966) to
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exist from 3 to 7 RE - well within the magnetosphere.- It is unlikely
“that the simple ring current model could overcome these objections.
Akasofu, Lin, and Van Allen (1963) have incorporated the effects
of anisotropic magnetospheric compression into the ring current model.
This approach may provide a more successful account of the observatioms.
As discussed by Akasofu et al., the compression acting with a ring
current extends to lower latitudes the regions around the polar caps
.whose field lines connect to the magnetotail. The geomagnetic cutoff
in these regions is essentially zero and the cutoff-in neighboring
regions is substantially reduced. The qualitative effect is illustrated
for three cases in Figure 33 which contains schematic views of the
magnetosphere in the noon-midnight meridian plane. In case A there is
no solar plasma and the earth's field is a pure dipolg. Low rigidity
particles have access to only two points on earth - the North and
South Poles. Cage B depicts-thevmagnetospheric model of Williams and
Mead (1965) in which the solar wind is blowing from the 1eft in its
quiet time state so that the magnetopause occurs at a subsolar radius
of 10 RE' One observes that the field lines emerging at latitudes above
82° on the sunlit side now open into the magnetotail. Case C illus-
trates a calculation made by Akasofu et al. to depict disturbed times
wherein enhanced solar wind momentum flux compresses the magnetosphere
to 8 RE at the subsolér‘point and a ring current at 3 RE.produces a
D N of - 150y. The polar cap region now extends down to 77° on the

S

‘sunlit side .and cutoffs are lowered nearby. The cutoff - Dst relation
calculated for 30 MeV protons by Akasofu et al. (1963) for this model
gives a track in Figure 25 that essentially duplicates the effects of

a ring current at 9(10.3) RE.
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Since Akasofu:et al. calculated the perturbed cutoff for only one
‘case (30 MeV protons, a ring current at 3 RE’ and a magnetospheric com-
pression to 8 RE), effects produced at different rigidities, by differ-
ent ring currents and compressions can.only be ‘assumed at the present
time. The qualitative’effects, however, can be seen by comparing the_
effects with and without the compression. Both the degree of coﬁpres—
sion and the radial location of the ring current govern the slope and
position of the cutqff tracks in Figure 25. Noting that the 100 MeV
protons considered here have only twice the rigidity of the 30 MeV pre—
tons considered by Akasofu et al., it should be possible to explain
the cutoff depression observed during Flight 1057-W by moving the ring
current to a slightly larger radius (to decrease the surface field de-

pression, DS = 2MR/R3) or by moderately increasiﬁg the field compres-

t
sion (to decreaee the cutoff for a given ring current). The wide range
of tracks produced by assuming different magnetospheric compressions
also may explain the large event to event variations seen in Figure'25
for the disturbed time cutoffs.
Several effects associated with this model are already established.
Roederer (1969) has reported compression of the magnetosphere down to
7 RE during strong megnetic storms. Ness and Williams (1966) observed
a movement of the polar cap regions toward lower latitudes during mag-
netic storms. As previously discussed, a ring current of the proper
magnitude and location also exists during magnetic storﬁs (Frank, 1967).
The Akasofu et al. model, however, lacks one attractive feature

allowed by the simple ring current model that could explain the rapid

cutoff restoration coinciding with the positiveAphase;in the middle of
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Flight 1057W. Obayashi (i959) has shown that symmetric compression of
‘the magnetosphere acts to increase geomagnetic cutoffs. It has long
been accepted (Chapman and Fefraro, 1931) that the DSt increase during
the positive phase is caused by magnetospheric compression. Akasofu
et al. argue, however, that the solar-wind magnetospheric interaction
is better characterized Ey anisotropic compression that acts to reduce
cutoffs in the'maﬁner described earlier. Undoubtedly, the positive
DSt excursion observed during the positive phase is due, at least in
part, to such compression. In any case, the equatorial field must in-
creése with the compression as the eastward current sheet flowing on
the magnetopause to produce the compression intensifies and moves in-
ward. However, if the ring current remains, anisotropic compression
should reduce the cutoffs even further during the positive phase. Re-
moving the ringbcurrent during the second positive phase of the August
28 storm would produce the observed restoration of the cutoff to near
normal levels and preserve the Akasofu et al. model.

Although not yet correlated with increased cutoffs or the positive
phase, duﬁping of the radiation belts during severe magnetic storms has
been observed. Craven (1966) found th#t the flu#es of 240keV electrons
at L\5 were substantially reduced from their pre-storm level for a 3
hour period during a large magnetic storm. The flux was regenerated on
a time scale of several hours presumably as further plasma heating
occurred. Craven also observed that the artificial belt at L=3,0 pro-
duced.by Russian nuclear tests in 1962 was completely dumped by the
magnetic storm of June 6, 1963. Frank (1967) reported only a marked

increase in radiation belt proton intensities associated with magnetic
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storms, -although his time resolution was such that dumping on the'time
scale noted by Craven céuld have occurred.

The picture of the cutoff behavior during Flight 1057-W that has
emerged from this discussion is as follows. The cutoff depression ob-
served at the beginning of the flight is due to the ring current and.
magnetospheric compression associated with the main phase of the first
magnetic storm. The cutoff was restored to its normal level during
the positive phase of the second storm when the radiation belts were
dumped near the time of the second sudden. commencement. The second
cutoff reduction occurred as the ring current again built up toward
the end of the flight establishing the main phase of the second storm.
In short it is proposed that the two main phase disturbances are
quite independent of each other the effects of the first being com-
pletely erased during the second positive phase.

Before closing this discussion section it should be noted that
the present state of the Akasofu et al. model assumes low rigidity
approximations that méy not directly apply to the higher rigidity
mid-latitude results discussed here. It was sipgled out; however,
because it had features which were able to explain the observations
without strongly conflicting with other constraints. An adequate
test of the model at higher rigidities requires machine calculations
of particle orbits in a complex magnetospheric field configuration for
a variety of conditions. An investigation of this nature appears

| justified by this analysis but is beyond the scope of this work.




'D. Forbush Decrease of August 30, 1966

In the preceeding éection the position of the geomagnetic cutoff
was defined throughout Flight 1057-W. The possibility of a significant
contribution of solar particles to the low energy proton flux was also
ruled out, Thus having established the cutoff and solar particie be-
havior during this evenf, the remainder of this chapter will be devoted
to comparing the short term modulation of the observed primary fluxes
with the 1ohg term modulation effects observed with fhe hodoscope over
the period 1965-1969 (Rygg, 1970;.Rygg and Earl, 1971). Low rigidity
protons were observed during times of cutoff>depression both before and
after the Forbush decrease appeared in the neutron monitor record so
that it is possible to study the long term and short term effects down to
rigidities of 0.5 GV. Differential spectral measurements of protons
and helium nuclei provide‘coverage up to 1.5 GV. while the integral
penetrating proton and helium fluxes extend this coverage up to effec-
tive rigidities of 2.9 GV. and 4.1 GV, respectively,

Before proceeding with ;he analysis it should be noted that the
time limitations intrinsic to balloon work allowed study of only a 21
hour portion of the event whereas the Forbush modulation associated
with the series of -events starting on August 28 lasted until September
9. oOver this short but most interesting period, however, the moderate
geometric factor and high bit rate of the hodoscope allowed better
coverage of the flux variations at these rigidities than has been
. available previously.
‘ Beginning at the lowest rigidities we consider the low energy pri-

. mary proton spectra which, because of the changing cutoff, are available

88
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only during segments 1 and 5 of the flight. Given that the data are of
: limited statistical accufacy, it is clear that the proton spectra for
these two segments (panels 1 and 5 of Figure 29) fdllow the J=AT form
quite closely -- at least to the extent that they are neither considerably
steeper nor flatter than that form. That this form appears to persist
during a period when'thé overall intensity has changed by 40%~strongly
suggests that the mechanism maintaining the J=AT form of the spectrum,
presumably édiabatic deéleration, is operativevon a time scale of
seyeral hours or less. Rygg and Earl (1971) argued that the problem
of long term cosmic ray modulation could be considered in two limiting
cases. At high rigidities the convective transport of cosmic rays outA
of the solar cavity is balanced by inward diffusion driven by the in-
tensity gfadient that is established (Parker, 1963). At low rigidities
the cosmic rays which are essentially trapped in the solar cavity diffuse
only slowly through an expanding ﬁedium which, consequently, is con-
stantly adiabatically decelerating them. The J=AT spectrai form is a
direct consequence of this low rigidity limit independent of the rigidity
dependence of the diffusion. It is argued here, therefore, that the
spectral shape alone indicates that the Forbush modulation shows a
strong resemblence ‘to the eleven-year modulation in this low rigi&ity
limit,

For the long term modulation the intensity at all rigidities is
governed by the effect of diffusion and convection on the higher rigidity
| particles. In fhe models discussed by Rygg (1970) and 0'Gallagher
(1972), it is déceleration of higher rigidity particles rather than

diffusion that is the primary source of low rigidity particles observed
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near the earth. The inténsity at low rigidities thus depends in some
- way on that at higher rigidities. In the idealized model presented
by O'Gallagher (1972), the intensity at low rigidities varies directly
as the intensity at some critical rigidity that separates purely
diffusive and declerative regimes; In this picture the rigidity depen-
dence of the diffusion governs only the intensity above this critical
rigidity below which the spectrum maintains a J=AT form. Thus to the
extent that such models describe long term and short term modulation,
the regression analyses that follow will determine primarily the rela-
fi&e rigidity dependence of the Forbush decrease and the eleven-year
modulation in the high energy or diffﬁsion—convection'1imit.

An accurate measurement of the Forbush modulation requires know-
ledge of the spectrum immediately before the Forbush decrease. For
rigidities above the nominal cutoff at Minneapolis, 1.36 GV., this is
provided by Flight 1056-W made one day before the flare. Segment 1
of Flight 1057-W could provide the pre-decrease spectrum if there'was
complete assurance that the cutoff remained below the instrumental cut-
off, 0.5 GV,, during the entire segment. The natuie of the proton
spectrum for this segment, shown in Figure 29, and the cutoff behavior
inferred from the penetrating protons in Figures 31 and 32, however,
allows the possibility that the cutoff may have exceeded this level
during part of the segment. Study of the neutron monitor record for
August, 1966 shown in Figure 34 suggests that Flight 1178-N, made from
- Ft. Churchill August 6 offers the best prospect for establishing the
pre~decrease flux level at low rigidities. The arrows show the periods
cpvered by each of the three flights made that month. Since the modu—

lation at neutron monitor energies remained constant within *0.6%
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during the entire period separating Flight 1178-N and the Forbush de-
crease, using the proténs from that flight to establish the flux level
prior to the decrease should be a fairly sound procedure.

If there is any difference in the rigidity dependence of the two
modulations it should appear most strongly in the low rigidity protons.
Figure 35 is a regression plot against Deep River Neutron Monitor for
the parametef A in Equa;ion VI-1. which describes the modulation of
low energy ﬁrotons (ES250MeV) over the long term (Rygg and Earl, 19;1).
Thg solid and open circles are, réspectively, the hodoscopé (Rygg,
1970) and satellite observations (Hsieh, 1970; Hsieh et al., 1971).

The crossed circles represent measurements obtained during the first

(0215-0620 U.T.) and fifth (1920-2340 U.T.) segments of Flight 1057-W.
The point designated 0. indicates the flux level obtained from Flight
1178-N which should ;epreéent conditions existing before the Forbush
decrease occurred. |
Depending dpon the interpretation of the observations of segment
1, the Forbush modulation may match either the long term form or the
much flatter form obtained by Lockwood et al., (1970). If the low inten-
sity observed during segment 1. results from effects of the geomagnetic
cutoff as discussed earlier, then that point can be ignored and one
can conclude that the Forbush modulation was as strong or possibly
stronger than the eleven-year modulation. The weaker modulation implied
by the observations of Lockwood et al. (1970) which is represented by
 the dashedlliné does not fit ;he observations. (
On the other hand, if the flux measured during segment 1. does X
represent the primary spectrum at that time, then the low energy inten-

sity must have experienced a substantial decrease some time before
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segment 1. The modulation acting between segments 1 and 5 would then
appear to be coﬁpletely-consistent with the form reported by Lockwood
et al. represented by the dotted line in Figure 35. The modulation
" acting between segments 0. and 1. must also be associated with the
Forbush decrease éince departures from the regressién curve of ;his ,
magnitude (30%7) during quiet times were not observed during the entire
period 1965-1969. If the Forbush effect produced the modulation
observed dufing segment 1, then it would appear that the Forbush de-
crease affected the low rigidity particles several hours before there
was any effect at neutron monitor rigidities. Since the first sudden
commencement occurred many hours before segment 1. it would not be
unusual to see Forbush modulation at this time. However, a time delay
of several hours between the effects at low and high rigidities has
not been seen before, |

At higher rigidities, complications of the changing cutoff and
poor statistics exhibited by the regression curve of penetrating pro-
tons (E2260MeV) shown in Figuré 31 do not allow one to determine whether
the Forbush modulation more closely follows the eleven-year form (solid
line labeiled 0.74) or the flatter form obtéined by Lockwood et al.
(dashed curve). The nature of this problem is similar to that.obtained
for the low rigidity protons. The average flux level for the first
four hours of the flight (corresponding to segment 1.) appears to be
slightly depressed below the predecrease level represented by Flight ;
1178-N (solid éircle designated 1.). The flux levels observed during Z1
the last fourlhours_of the flight (corresponding to segment 5) are o

clearly consistent with the flux predicted by the long term modulation.
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The solid circle (nuﬁberéd 2.) which is nearby provides a reference

" level for the flux obtained the -following suﬁmer (1967) at Churchill.
If one assumes that the Lockwood et al. relationship should extend
from the level of Flight 1178-N (dashed line in Figure 31), then the
fluxes observed late in Flight 1057-W fail to agree with that form.
However, moving the daéhed line down to agree with the flux 1evél of
segment 1 also pfqduces agreement with segment 5.

These observations imply a situation similar to that obtained for
the lowest rigidity protons. The intensity pbserved at the beginning
of>the flight was depressed below the level expected on the basis of
the neutron monitor rate and the measured pre-decrease level. Later
after the Forbush decrease had appeared in the neutron monitor rate, the
fluxes matched those expected from the long term variation. A regres-
sioﬁ curve connecting the two points matches the flat variation ob-
tained by Lockwood et al. for other Forbush decreases. Again it appears
that the Forbush modulation of lower rigidity particles occurred at
an earlier time than it did for higher rigidity particles.

A similar effect appears to apply to the heliuﬁ intensity shown
in Figure 36. The lower portion is a regression curve of the differential
helium flux in the interval 200-250 MeV/nucleon. Since this interval
falls above even the quiet time cutoff, the complications of the cut-
off variation are removed. The fluxes for segments 1-3 observed before
there was a significant depression of the neutron monitor rate fall
right on the regression curve obtained from the eleven-year variation
(solid line)(Rygg, 1970). The cross indicating the predecrease level

obtained from Flight 1056-W also falls on the curve. During segment
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.4. the intensity falls sbmewhat below the quiet time curve while that
" observed in segment 5 falls right at the level expected from the
eleven-year variation. Since these measurements were made at a higher
rigidity (1.5 GV.), it is not surprizing that the long term relation
appears to give a better fit than the less steep form obtained by'
Lockwood et al. (dashed line). With such poor statistics that_flatter
form is not ruléd out, however.

.The upper pértion of Figure 36 shows the regression curve obtained
for the penetrating helium nuclei (E>260 MeV/nUCléon). The solid line
reﬁresents the long term variatioﬁ obtained by Rygg (1970). Again
the flux level early in the flight appears slightly depressed below
the pre-~decrease level (cross) obtained froﬁ Flight 1056-W._ The low
fluxes observed during segments 2-4 provide yet another indication
tha; the Forbush decrease affected the lower rigidity particles more
strongly early in the event than later on. The statistics and the
form of the variation favor neither the long term variation nor the
short term variation (dashed iine) obtained by Lockwood et al.

Summarizing the observations, the following properties appear
common to most of the regression curves presentéd above. 1.) Early
in Flight 1057-W before there was any significant depression of the
neutron monitor rate, the flux already appeared‘depressed below the
pre-decrease level established in earlier flights. For protons below‘
260 MeV it is possible that cutoff effects may have complicated this
observation. 2.) Late in the flight (segment 5.) all fluxes fell on
the regression curves representing the eleven-year variation. At no
time did the flux exceed the level predicted By the eleven-year varia-

tion. 3.) Comparing the results from segment 5. with the pre—decrease"
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flux levels indicates that the eleven-year variation may describe the
early stages of the Augﬁst 30, 1966 decrease as well, 4,) Alternatively,
comparing the results of segment 5. with those from segment 1. indicates
that the flatter modulation form obtained by Lockwood et al. (1970)
may:describe the rigidity dependence of the Forbush decrease after an
initial decrease that does not appear at neutron monitor rigidities.
This_initialydecrease may be interpreted as a time delay effect in which
the Forbush decrease first becomes apparent at low rigidities progressing
up in rigidity at later times. Since this event may have involved two
separate magnetic storms, it is possible that the first,which.occurred
before the flight, may have (through a strong rigidity dependence)
affected only the low rigidity particles while the second (having a

weak rigidity depend;nce) had a greater effect at high rigidities.

Such a situation, however, seems quite contrived.

Although not discussed by dekwood et al., the pre-decrease effect
proposed in point 4.) may be present in their data. 1In superimﬁosing
their long-term variation on the Forbush variations one notes that,
for the September 30 and October 29, 1968 events especially, half of
the flatness of the variation ié due to exceptionally low fluxes at
high neutron monitor rates in addition to the relatively high fluxes
at low neutron monitor rates. Since there is no time identification
of their data it is not possible to determine whether the low fluxes
occurred early or late in the event.

Although 5n effect of this type can be produced by changing the
geomagnetic cutoff at the neutron monitor station, it does not appear

to be of sufficient magnitude to explain the observations reported
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here. When the cutoff is reduced by the magnetic storm, the additional
primary particles that are admitted can produce anomalously high neu-
tron monitor rates masking the eérly stages of the Forbush decrease.
Since the Forbush decrease and geomagnetic storm are both associated
with solar events, one should use a high latitude neutron monitor for
the basic comparison to avoid confusion owing to cutoff variatiéns.
When this technique was applied to the hodoscope observations using
the Alert Neutron Monitor (Steljes, 1966) the result was to provide a
little better agreement with the long term modulation during segment
5.‘ However, the results for segment 1. shoﬁ only a minor improvement.
The depression is not remdved.

Thus the regression analyses described above provide no conclusive
demonstration that the rigidity dependence of the modulation acting
during the early stages of the August 30, 1966 Forbush decrease was
weaker than the eleven-year modulation. Instead, there is some evidence
that the Forbush modulation shows an unusual temporal behavior in which
low rigidity particles appearvto exhibit modulation before it is evi-
dent at high energies. Possible confusion concerning the behavior of
the geomaghetic cutof f and staﬁistical considerétions, however, do not
allow an unequivocal statement that such evolutionary effects were
present. Nevertheless, the low energy proton data do conclusively
exhibit the J=AT form that is characteristic of low energy proton spec-

tra throughout the solar cycle.




VII. SUMMARY AND CONCLUSION

Differential meaSuréments of the proton énd helium intensities
in the 100 - 260 MeV/nucleon interval and integral fluies‘above 260
MeV/nucleon were obtained from seven balloon flights over the Upper
Mid-West area. The main conclusions obtained from the analysis of
these data will be summarized below with respect to atmospheric secon-
dary and re-eﬁtrant albedo protons, geomagnetic cutoff rigidities, and
short term ﬁodulation effects.

i.) Atmospheric secondaries and re-entrant albedo. The atmospheric

secondary protons at Churchill and Minneapolis are observed td be mod-
ulated as prédicted by the model derived in earlier work (Rygg, 1970).
Poor statistics do not allow verification of the slightly lower secon-
dary intensity at Minneapolis predicted by the model.” The re-entrant
proton albedo energy specﬁra are observed to be flat in the 100 - 200
MeV interval and are more intenseAthan previously reported levels.
Model calculationslof the albedo intensity presented here and those
reported by Ray (1967), however, predict flat spectra with intensities
of the same order as.the observations. The flat spectra are a direct
consequence of the generation and propagation of secondary particles
in large thicknesses of matter, The accuracy of the flux determination
is insufficient to demonstrate the effect of solaf modulation on-the
albedo intensity. A factor of ten disparity amoﬁg the élbedo observa-
tions reported by several observers cannot be'explained even when
effects dué to geomagnetic cutoff variation, direct atmospheric secon-
daries, and solar modulation are considered.

ii.) Geomagnetic cutoffs. The geomagnetic cutoffs observed in fairly
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quiet times over the Upper Mid-West area are variable on a day to day
basis and appear to fali an avé:age of 237 below those predicted on
the basis of the internal field alone. The observed variations are
well correlated with equatorial Dst' The strength of the cutoff —-DSt
relationship essentially identifies currents in the radiation belts

as the source of»the day to day variation. No strong day/night cutoff
variations were detected at mid-latitudes. Although variations of

detectable magnitude may have been present, they were masked by the

high degree of day to day variability. The slight unsharpness of the

cutoff observed on the flights having the best resolution and‘smallest
latitude drift can be fully accounted for in terms of the response of
the detector to ghe penumbral bands obtained from the calculations of
Shea et él. (1965) . .The cutoff disturbance observed during the geo~-
magnetically disturbed period following the August 28, 1966 solar flare
shows a much different character fhan the day to day variations observed
during quiet times. The cutoff reductign of a factor of 2.5 or greater
correlated with an equatorial field depression of only 40y appears to
rule out a.pﬁre ring'current source for the cutoff depression. A com-
bination of anisotropic magnetospheric compression and a ring currenﬁ
suggested by Akasofu et al. (1963), however, may account for the de-
pression obéerved here. The wide variation in the character of cutoff
—'Dst relationships obtained in other events.is also explained by this
model. Rapid restoration of the cutoff observed during the positive
phase of a éecoﬁd magnetic storm that occurred during the flight re-

quires in this model that the ring current proyiding the previous main

phase be dumped at the onset of the positive phase. The geomagnetic
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effects of the subsequent main phase are in this picture completely
independent of the first storm.

iii.) Short term modulation (Forbush deécrease). The observations of

the Forbush decrease associated with the August 28, 1966 flare show

an unusual premature decrease in the low rigidity flu#es observéd early
in the event. This decrease may be the result of a time dependent geo-
magnetic cutoff that partially excludes the low rigidity particles. If
the decreasé has a geomagnetic origin then the rigidity dependence of
thg Forbush modulation, at least in the_éarly stages, is indistinguish-
able from the eleven Yearbmodulation. This result clearly conflicts
with the observation of quite a weak rigidityvdependence obtained by
Lockwood and Webber (1969) and Lockwood et al. (1970). Fluxes in all
rigidity intervals obtained during the most deeply modulated portion

of the flight fall right on the regression curves obtained from the
eleven-year modulation. However, if the premature decrease is associ=-
ated with the Forbush modulation, then flat regression curves of the
form observed by Lockwood and Webber (1969) and Lockwood et al. (1970)
do result. In this picture, the Forbush decrease becomes evident first
at the lowest rigidities propagating upward in rigidity over é period
of several hours. ‘Flat regression curves are obtained because 1l.) the
flux at low rigidities is reduced below the quiet time level before
appreciable modulation appears at neutron monitor rigidities. 2.) By
the time the decrease appears in the neutron monitor intensity no fur-
ther respoﬁse éf the low rigidity flux occurs. Owing therefore to the
possible complications of the changing cutoff,_the rigidity dependence

of the Forbush modulation cannot be clearly established here. It does
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appear, however, that the low rigidity flux may at times fall below
" the expected intensity but does not exceed the intensity predicted

by the long term variation.




APPENDIX A
ATMOSPHERIC SECONDARY PROTONS
REVISION FOR BEHAVIOR AT LARGE DEPTHS

The original version of this calculation (Rygg, 1970) was directed
towards a determination of the atmospherié secondary corrections.to be
applied at small depths and low energies. In that spirit the range-
energy relation and source'spectra that were employedbwere not intended
for use above 4-500 MeV. Two modifications of the original presentation
described below serve to extend the application of the model to depths
of a few hundred grams aﬁd energies up to 1000 MeV while retaining es-
sentially the same form at small depths.

Equation Al presents the general result obtained in the earlier
treatment (Rygg, 1970; Rygg and Earl, 1971) relating the intensity,U,of
protons of energy,E,observed at depth,x,to the intensity at the top of
the atmosphere,Uo,of primary energy E .

1

- 2 _ E  -x/
U(E,x) = [Q(E) Q(EX)] + E e

A
5 U, (EX) (A-1.)

dx

The first term gives the secondary contribution in terms of the integral

source spectrum, Q(E), modified for the effects of nuclear interactions.

Q(E) =fq(E'> exp RELZRED g (A=2.)
E

R(E) is the range in air of a particle of energy E. The differential
source function, q(E), is related to N(E) the spectrum of secondary
protons, deuterons, and tritons produced in nuclear emulsions by cosmic

rays at 50 gms/cm? (Powell et al., 1959).

: J__. (2)
q(E') = 0.856(E') N(E") ] —P-r—;l“—— (4-3.)

Z Z
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The factor 0.85 relates the intensity observed in emulsions to that in
air (Fichtel et al. 1964) and 6(E') is the fraction of secondaries

emitted in the forward direction (0.5 £ 6(E') £ 1.0). The summation

relates the number of secondaries produced by each primary species
(protons, helium, etc.) to the flux of that spécies, Jprim(z)' The
dependence on the shape of the primary spectrum is introduced in J(Z)
at this point as a normalization factor obtained from an integral of the
multiplicity over the primary spectrum. This factor is required to account
for the effects of solar modulation and geomégnetic cutoff,

The modifications introduced now are merely charges in N(E) and
the range energy relation to be applied. Investigation of the behavior
of N(E) at high energies revealed that the spectral dependence, E~2.8,
given by Powell et al. (1959) did not fit the data on which it was based
(Camerini et al. , 1950) nor did it account for the reservations expressed
by those authors concerning the cutoff above 800 MeV. A more realtistic
behavior, E‘l-ﬁu, fits both the Camerini et al. data up to the 800 MeV
cutoff and the internucleon cascade calculations of Metropolis et al.
(1958) beyond. Although of minor importance above 30 MeV a flatter
spectrum, E-0.5% was used in the low energy regime to account for the
less prevalent'spectrﬁonf nuclear evaporation particles produced in air
compared to emulsion (Metropolis, 1958). The resulting fit to the

secondary spectrum, N(E), is then given by the following.

|/ g0.543 2 E1.636 2
NE) = || Tosz5 i By | (A-4.)
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The range-energy relations applied in the present model involve
sixth degree polynomials in log E - log R which were fit to the tables
of Barkas and Berger (1964) over the energy interval 10 MeV to 10 GeV.

The secondary proton spectra at various indicated depths resulting
from the modified calculations as shown in Figure 3 differ by not more
than 5% from the earlier calculations at depths up to 30 gms/cm? and
energies below 200 MeV. The only significant changes in secondary
intensity are at depths greater than 40 gms/cm? and energies above
250 MeV where much flatter energy spectra age obtained. The spectrum
at 300 gnis/cm2 is essentially the equilibrium spectrum obtained in the
limit of large depths and is used in section IV.C, as the basis for the
calculation of the intensity and energy spectrum of the re-entrant proton

albedo.



AAPPENDIX B
INDUCTIVE EFFECT‘OF THE EARTH ON OBSERVED Dst VALUES
Parker (1967) has.shown that the conductivity of the earth produces
an inductive effect which acts to increase observed equatorial DSt
values 507 above the portion that arises from external currents. Thus

Equation V-11 is more correctly written

: 3 D -D
R' st sto
1+ 1.5 < > < > B >
E eq

where DSt means observed value. The factor of 1.5 can be incorporated

P' = (B-1.)

into the ring current analysis of Figure 25 by multiplying all ring
current radii R' by (1.5)1/3. The resulting radii given in parentheses
in that figure are then more properly treated as the correct ring
current radii. To reduce confusion concerning which radius is being
discussed in the text, the convengion adopted in Figuré 25 of first

giving the nominal radius obtained from Equation V-11 followed by the

corrected value obtained from Equation Bl will be used.
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| APPENDIX C
ENERGY DENSITY IN THE EARTH'S FIELD AND
LIMITATIONS ON RING- CURRENT STRENGTH
The problem of applying the Kellogg and Winckler (1961) ring cur-

rent model to cases of substantial cutoff reduction is complicated by
the abilify of the earth's field to contain the diamagnetic plasma
that forms the fing. Parker (1967) has argued that the energy density
of the plasma must remain small compared to the energy density of the

magnetic field that contains it. Since the surface field perturbation

(bst? produced by such a current is related only to the total energy
of the ring current plasma (Dessler and Parker, 1959: Sckopke, 1966),
calculation of the total energy in the earth's field in some radial
interval will yield an upper limit to the surface field perturbation
that can arise from a ring current in that interval.

The surface field perturbation produced by ring current plasma

of energy Eplasma is given by (Dessler and Parker, 1959; Sckopke,
1966) :
=20
D . = - X -
st . 0.77x10 (erg> plasma (C-1.)

Alternatively, the plasma energy can be obtained by inverting the re-

lation

- — 1.3><1020 <E$ﬂ> D (c-2.)

Eplasma st
The energy .density of the earth's dipole field at a geocentric

distance r and co-latitude 9 is

2
.312 2 (2 29 + sin?
gﬂ £,0) = ( gauss)“ (2 cos<48 sin<@) (c-3.)

" 8m (r/R)®
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The total magnetic energy in a spherical shell of radius r and thick-

ness dr is

d

2
: 2 B(6,r)
= Lt Rt BN
Efierd = F df]..,sn da
ki

4ﬂr26r 2(.312g)2(Zcosze+sin26)sin26d6
0 8 (r/Ry)0 (c-4.)

25

[}

(1.2x10 ergs) g&

(C-5.)

where p = <£-> .

Re

The total energy in the earth's field beyond 13RE (in the dipole
approximation) obtained from Equation C-5 is 17.3 x 1020 ergs. This
is to be compared with the plasma energy required to produce the 40y
field depression observed during segment 1 of Flight 1057-W obtained
from Equation C-2 which is 9.2 x 1020 ergs. In a limited magngtosphere,
the field near the surface is of order 2 x its dipole value (Williams
and Mead, 1965) so that the magnétic energy contained in a magneto-
spheric shell from 13RE to 15RE has four times the energy obtained
from Equation C-5 or 19.1 x 1020 ergs. Thus, the plasma energy density
is half tﬁat of the field which is supposed to.contain it. This ex-
ceeds by more than a factor of two the condition for stability of such

a situation obtained by Parker and Stewart (1967):

X 1/5E (C-6.)

Eplasma field
Since the cutoff depression in the Kellogg and Winckler (1961)
ring current model is directly proportional to the magnetié moment of

the ring current, it will be informative to determine the total mag-

netic moment of a ring current that meets the Parker-Stewart condition
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throughout the magnetosphere. The surface field disturbance arising
from a ring current shell of thickness dp and radius p can be obtained

from Equations C-1, C-5, and C-6 as the following:

- 9.2 x 10 dp _
d (0 ) — oF ~ (Cc-7.)

The magnetic moment of such a shell is

#g3p3
aM = - EL—ae_ ) | (c-8.)

The total magnetic moment for shells extending from the surface to
lOkE is
10
M= (9.2x10%Y) RE3fl <0 - 0.6m, (c-9.)

Thus the magnetic moment of any ring current is restricted by the

Parker-Stewart condition to the case
& _
Mring ~ 0.6 ME (C-10.)

Akasofu and Lin (1963) obtained a similar limit (M . % ME) from
ring

consideration of a number of specific ring current models. It should

be noted that Equation C-10 applies to a pure dipole field; the limit

might increase somewhat if the compression of the outer field were

" considered.
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TABLE 1 - IONIZATION DEPTHS IN THE DETECTOR

STANDARD CONFIGURATION MODIFIED CONFIGURATION-SIOUX FALLS 1967
DEPTH DEPTH

(gms/cm P or He ENERGY* P RIGIDITY He RIGIDITY (gms/cm P or He ENERGY* P RIGIDITY He RIGIDITY
POSITION Pb Equiv.)  (MeV/NUCLEON) (MV) (MV) Pb_Equiv.) _ (MeV/NUCLEON) Mv) (MV)
Tray 4 (Center) 8.27 66.4 359 718 8.27 - . 66.1 358 716
~ Calorimeter Plate 1  18.05 106.3 459 916 18.05 105.8 458 914
Tray 5 (Center) 20.42 114.5 477 953 20.42 114.0 476 951
Tray 6 29.62 143.2 538 1073 37.22 163.7 578 1152
Tray 7 41.96 176.7 602 1201 57.16 212.0 665 1326
Tray 8 51.16 199.1 643 1282 73.96 247.6 725 1445
Tray 9 63.50 226.8 691 1376 93,90 " 286.0 786 1566
Tray 10 , 76.52 253.8 735 1465 114.52 322.3 842 1676

* Includes effect of inclined trajectories.




TApLE IT - SUMMARY OF FLIGHT DATA

CEILING DATA

- End of Altitude Total-NoT of Total Nonof ‘ xXposure Deep River
Flight Location Launch Date Time* Ceiling Data (millibars) Triggering Events Clean Triggers (m~ sec-ster) Neutron Monitor

1036 Churchill 8/2/65 1234 1430 1730 6.3 7,765 3,260 1.02 6999
1037 Churchill 8/7/65 1130 1320 1730 6.5 16,477 . 8,005 2.53 7014
1038 Minneapolis 9/8/65 1210 1350 2251 8.0 38,612 17,037 6.66 7062
1171 Churchill 7/26/66 0941 1230 0220 6.5 55,066 24,495 8.16 6872
7/21/71
1178 Churchill 8/6/68 0928 - 1200 2200 6.3 17,942 7,412 2.56 6874
1056 Minneapolis 8/27/66 1200 1540 2140 8.2 32,962 13,358 5.32 6887
1057 Minneapolis 8/30/66 0022 0215 2340 9.0 116,386 48,767 19.74 6840-6600
1208 Churchill 7/31/67 1007 1300 - 0046 3.4 128,501 : 50,569 21.72 6572
- 8/1/67
974 Sioux Falls 9/14/67 1334 1620 1905 3.3 215,727 73,325 34.69 6614
‘ , 9/15/67
975 Sioux Falls 9/21/67 2356 0215 2332 4.0 168,429 55,247 27.56 6536
9/22/61 9/22/67
1236 Churxhill 7/18/68 0120 0530 1818 2.5 128,415 41,852 22,92 6414
1244 Churchill 7/23/68 2007 0030 1321 2.0 135,876 43,641 23.31 6462
7/24/68
1078 Minneapolis 9/5/68 1204 1440 1805 5.0 34,731 11,773 6.79 6324
1079 Minmneapolis 9/10/68 1137 1430 2251 4.6 307,443 94,903 59.17 6416
1273 Churchill 7/11/69 2048 2246 1604 4.7 165,002 52,358 34.41 6174
7/12/69
1274 Churchill 7/18/69 0500 0730 0141 4.7 147,265 46,941 30.25 6225
- 7/19/69
1293 Churchill /1170 0658 0925 1900 4.1 96,026 29,828 20.19 6183
1297 Churchill 7/18/70 2040 0125 1723 3.1 156,386 47,434 33.01 6287
7/19/70 7/19/70
1308 Churchill 7/18/71 0645 1005 0130 3.5 . 129,062 45,755 19.45 6844
7/19/71
1316 Churchill 7/21/71 1013 1302 0210 3.0 107,967 37,62 16.78 6749
7/22/71

% All times are Universal Time.

T :
This includes only the events received without bit errors.

++ . . . .
Clean triggers are defined as events in which one and only one tube was fired in trays 1l-4. The analysis was limited
to this class of events,



TABLE III

RE-ENTRANT ALBEDO SCALE FACTORS+

PC(GV) ENERGY (MeV) MAGNETIC FIELD ESCAPE FACTOR SPECTRAL DEPENDENT FACTORTT
ZENITH ANGLE-6 (Fraction of Vertical Flux) . SOLAR MIN. SOLAR MAX.
MODEL #1 MODEL {2 (DRNM=7030) (DRNM=6210)
<.02 - - - - 1.183 - 0.754
(Churchill) '
1.0 435 . 16.1° 0.279 , 0.141 1.126 0.738
1 1.36 720 17.8° 0.277 0.152 1.067 0.714
(Minneapolis)
1.5 834 18.4° 0.277 0.155 1.045 0.704
2.0 1275 20.3° 0.275 0.165 0.978 0.671
2.5 1737 - 22.1° 0.274 0.175 _ 0.926 0.644

+The product of the escape factor and the spectral dependent factor times the equilibrium secondary
proton spectrum gives the albedo spectrum.

+Includes the effects of solar modulation and geomagnetic cutoff. Normalized to 1.00 for Churchill
flux when Deep River Neutron Monitor = 6700.

LTT



TABLE IV

TABULATION OF OBSERVED CUTOFF RIGIDITIES

Flight Interval Observed P Observed P Latitude Longitude FCaléu}ated P T AP Dst
e ey e P et Gl e

1038-W - - 1.36 + .04 1.278 + .010 45.08°N 93.57°W  1.351 + .010 0.095  + 9

1056-0 - - 1.37 + .04 1.302 + .020 44.72°N 92.5° W  1.380 + .012 0.117  +20
974-N 1620-2100Z 1.35 + .05 1.227 + .040 44.26°N 96.0° W  1.547 + .014 0.240  -10
" 2100-0200Z 1.21 + .08 1.072 + .034 44.9° N 95.5° W  1.428 + .035 0.180 - 4
" 0200-1200z 1.13 + .04 0.980 + .035 45.22°N 94.0° W  1.340 + .008 0.230  + 6.6
" 1400-1900Z 1.12 + .05 0.957 + .053 45.92°N 92.0° W  1.195 + .047 0.180  + 7.2
975-N 0215-07002 1.63 + .10 1.389 + .044 42.5° N 96.2° W  1.869 ¥ "0> 0.310  -36.8
" 0700-1100Zz 1.60 + .12 1.386 + .049 43.03°N 96.8° W  1.790 + .046 0.250  -18.3
" 1100-1800Z 1.39 + .05 1.244 + .022 43.8° N 96.5° W  1.641 + .010 0.175  -13.7
" 1800-2330Z 1.15 + .04 1.121 + .039 44.46°N 96.1° W  1.516 + .049 0.110  -19.6

1078-W - - 1,29 + .08 1.123 + .033 45.86°N 91.5° W  1.193 + .034 0.160  + 4

1079-W 1430-1900Z 1.34 + .03  1.326 + .019 44.18°N 93.5° W  1.490 + .016 0.073  -12.2
" 1900-00002 1.44 + .06 1.366 + .022 44.0° N 95.0° W  1.561 © 050 0.133 - 4.6
" 0000-0800Z 1.44 + .05 1.391 + .016 43.19°N 96.0° W  1.734 + .036 0.088  -15.4
" 0800-1400Z 1.49 + .10 <<1.71  42.60°N 96.6° W  1.843 + .017 0.085 - 8.2
" 1400-1900Z 1.51 < P_< 1.69  42.14°N 97.5° W  1.987 + .020 - - - 3.8
" 1900-2245Z 1.51 < P_< 1.71  42.6° N 98.0°W  1.915+ .029 - -  + 1.0

+Calculated from Shea et al.

(1968).

8TT
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TABLE V

COEFFICIENTS, Ajy» FOR FITTING
SHEA ET AL. (1968) CUTOFF GRID

1 2
.234729 .096071
.010975 .017878
.004013 - -

-.021990
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Figure 2. Sample pulse height distributions for events with RANGE=10 (penetrating
particles) and RANGE=7 (stopping in the fourth lead plate of Figure 1). The

curves are those predicted by folding detector resolution into expected scintil-
lator response.
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Figure 4. Observations of low energy protons deep in the atmosphere

are well represented by the calculated secondariei.
intensity reaches an equilibrium beyond 30 gms/cm .

Note that the

ATMOSPHERIC DEPTH ~ gms/cm?
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Figure 5. Regression curves,of RANGE 4 proton flux averaged over the
depth interval 20-100 gms/cm” for individual flights made from Churchill
(solid circles) and Minneapolis (open circles) for 3/4 of a solar cycle.
Referring to Figure 4 oné note that protons in this interval are at an
equilibrium level which measures the intensity of atmospheric secondary
production. Solid lines show the predicted solar cycle variation of
secondary protons at the two locationms,
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Figure 6. Energy spectra of re-entrant albedo protons corrected to
the top of the atmosthere for 6 balloon flights made over the Upper
Mid-West area.
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Figure 7. Regression curve of re-entrant albedo proton intensity at
200 MeV spanning most of the solar cycle variation. Solid lines in-
dicate the intensity and solar cycle variation predicted by two models
discussed in the text. The dashed line is an attempt to fit the data
with a line having the predicted solar variation.
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Figure 8a, Schematic representation of albedo particle orbits for
particles generated at angles 20° to tge horizon in four principal
directions. The local magnetic field B is shown with a dip angle §.
Figure 8b. Angular distribution of atmospheric secondary protons
assuming isotropic illumination of energetic primaries over the
upper hemisphere. As viewed in the meridian plane, the shaded
portion represents those particles that can escape and re-enter
the atmosphere in the opposite hemisphere. Dashed lines indicate
a cone of half angle (+6 tilted to the south at an angle 6.
Assuming purely adiabatic motion, particles escaping in this cone
can re~enter the atmosphere at the conjugate point with zenith
angles < E.







L4y

LR L I. - | | Ll
0.9 <Pc< 2 GV.
10 Faae ' -
T MODEL #| - _
2 F O\ | FLT.974-N_
= [ ——=pt -
<
d b -
3
Nl - -
=
~ .
72 -~ -
5 \
K |TEEGARDEN \
x \ ORMES
a | N\
Ol | \ —
- \ -
- \ -
l L1 1 } ] |

Ll
40 - 100 500
ENERGY - MeV

Figure 9. Comparison of measured and calculated albedo spectra deduced
at the top of the atmosphere im the Upper Mid-West area. Observations
obtained in this work are represented by Flight 974-N., Observations
reported by Bingham et al., (1968) on the POGO satellite, Ormes and Webber
(1968), and Teegarden (1967) are also shown. Small adjustments of the
reported” intensities to allow for the effects of solar modulation are
described in the text. Solid lines indicate two model calculations
discussed in the text as well as the model calculation by Ray (1967).
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Figure 11. The lower portion is a schematic representation of the-
penumbral cutoff structure at Sioux Falls, South Dakota calculated

by Shea (private communication) indicating the positions of various
rigidities used in discussing cutoffs. The upper portion shows the
smoothing effect caused by averaging the penumbral structure over

a rigidity interval of 100 MV that,is typical of the hodoscope. The
dashed line indicates the exponential form often used in describing
the shape of the cutoff (Earl, 1962).
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Figure 12. Differential rigidity spectrum of helium nuclei obtained over
Minneapolis during Flight 1038-W showing the effect of the geomagnetic cutoff.
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Figure 14. Trajectory of Flight 1038-W over St. Paul and Minneapolis,
Minnesota.
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.Figure 15.  Trajectories of Flights 1056-W and 1057-W launched from
Minneapolis, Minnesota.
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Figure 19. Trajectory of Flight 975-N launched from Sioux Falls, South Dakota.
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Figure 22, Differeniial helium rigidity spectra obtained in six sections
of Flight 1079-W, all of Flight 1078-W, and at Churchill in 1968.
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Figure 24. Comparison of the observed cutoff rigidity ch obtained from

Equation V-10 with Pcélc for all segments of six Upper Mid-West flights.

The solid line indicates the expected relationship if the cutoff is due
to internal sources alone.
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Figure 25. Correlation analysis of cutoff depression (on an inverse scale
Pcalc/Pobs) against equa;orial DSt for observations obtained during geo-
magnetically quiet and disturbed times. Numbered diagonal lines indicate
the cutoff behavior predicted by the Kellogg and Wincklef(l961) model for
ring currents of various radii. Numbers shown in parentheses are those
radii corrected for the inductive effect of the earth. Solid lines des-
ignated Q and D indicate, respectively, the quiet and disturbed time cut-
off variations obtained from the hodoscope observations.
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Figure 28, Time history of the solar and geomagnetic event associated
with the solar flare that occurred at 1522 U. T. August 28, 1966. See

text for further details.
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Figure 29. Differential rigidity spectra for protons observed during five
segments of Flight 1057-W. Expected primary and albedo spectra are shown
as dashed lines to assist in determining the geomagnetic cutoff rigidity

for each segment.
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Figure 31. Regression curve of hourly fluxes of penetrating protons
observed during Flight 1057-W at Minneapolis (small squares). Fluxes
observed at Churchill in 1966 and 1967 ( solid circies 1 and 2, respec-
tively) and at Minneapolis during Flight 1056-W (X) are also shown.
Diagonal lines indicate regression curves obtained over the long term
at Minneapolis and Churchill. The intervening iines indicate regres-

sion curves expected for various cutoff rigidities.
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Figure 33. Schematic representation of the geomagnetic field in the noon-
midnight meridian plane for three idealized cases: A.) dipole field, B.)

quiet time solar wind flow (Williams and Mead, 1965), C.) enhanced solar

wind flow.
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Figure 34. Neutron monitor record for the Canadian net (Steljes, 1966)
for August 1966 showing the periods during which hodoscope observations

were made.
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Figure 35. Regression curve for the parameter A in J=AT for protons
100 < E < 260 MeV. The fluxes obtained during segments 1 and 5 of
Flight 1057~-W are shown as crossed circles. Solid circles represent
the hodoscope results and open circles are the satellite observations
of Hsieh (1970) and Hsieh, Mason, and Simpson (1971). Dashed and
dotted lines are regression curves of the form reported by Lockwood et
al. (1970). '
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Figure 36. Regression curves of penetrating helium (upper) and RANGE 7-9
helijum (lower) during Flight 1057-W (solid circles). Fluxes obtained from
Flight 1056-W are shown as X's. Solid lines are the long term regression
curves obtained from the hodoscope results (Rygg, 1970).' Dashed lines

represent regression curves for the short term modulation obtained by

Lockwood et al. (1970).
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