University of New Hampshire

University of New Hampshire Scholars’ Repository

Doctoral Dissertations Student Scholarship

Winter 1981

HIGH ENERGY COSMIC RAY CHARGE AND
ENERGY SPECTRA MEASUREMENTS
ABOVE 100 GEV/NUC

JON H. CHAPPELL

Follow this and additional works at: https://scholars.unh.edu/dissertation

Recommended Citation
CHAPPELL, JON H., "HIGH ENERGY COSMIC RAY CHARGE AND ENERGY SPECTRA MEASUREMENTS ABOVE 100

GEV/NUC" (1981). Doctoral Dissertations. 1301.
https://scholars.unh.edu/dissertation/1301

This Dissertation is brought to you for free and open access by the Student Scholarship at University of New Hampshire Scholars' Repository. It has
been accepted for inclusion in Doctoral Dissertations by an authorized administrator of University of New Hampshire Scholars' Repository. For more

information, please contact nicole hentz@unh.edu.


https://scholars.unh.edu?utm_source=scholars.unh.edu%2Fdissertation%2F1301&utm_medium=PDF&utm_campaign=PDFCoverPages
https://scholars.unh.edu/dissertation?utm_source=scholars.unh.edu%2Fdissertation%2F1301&utm_medium=PDF&utm_campaign=PDFCoverPages
https://scholars.unh.edu/student?utm_source=scholars.unh.edu%2Fdissertation%2F1301&utm_medium=PDF&utm_campaign=PDFCoverPages
https://scholars.unh.edu/dissertation?utm_source=scholars.unh.edu%2Fdissertation%2F1301&utm_medium=PDF&utm_campaign=PDFCoverPages
https://scholars.unh.edu/dissertation/1301?utm_source=scholars.unh.edu%2Fdissertation%2F1301&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:nicole.hentz@unh.edu

INFORMATION TO USERS

This was produced from a copy of a document sent to us for microfilming. While the

most advanced technological means to photograph and reproduce this document

have been used, the quality is heavily dependent upon the quality of the material
submitted.

The following explanation of techniques is provided to help you understand
markings or notations which may appear on this reproduction.

1.

The sign or ‘“‘target” for pages apparently lacking from the document
photographed is ‘“Missing Page(s)”. If it was possible to obtain the missing
page(s) or section, they are spliced into the film along with adjacent pages.
This may have necessitated cutting through an image and duplicating
adjacent pages to assure you of complete continuity.

. When an image on the film is obliterated with a round black mark it is an

indication that the film inspector noticed either blurred copy because of
movement during exposure, or duplicate copy. Unless we meant to delete
copyrighted materials that should not have been filmed, you will find a good
image of the page in the adjacent frame. If copyrighted materials were
deleted you will find a target note listing the pages in the adjacent frame.

. When a map, drawing or chart, etc., is part of the material being photo-

graphed the photographer has followed a definite method in “‘sectioning”
the material. It is customary to begin filming at the upper left hand corner of
a large sheet and to continue from left to right in equal sections with small
overlaps. If necessary, sectioning is continued again—beginning below the
first row and continuing on until complete.

. For any illustrations that cannot be reproduced satisfactorily by xerography,

photographic prints can be purchased at additional cost and tipped into your
xerographic copy. Requests can be made to our Dissertations Customer
Services Department.

. Some pages in any document may have indistinct print. In all cases we have

filmed the best available copy.

University
Microfilms
International

300 N. ZEEB RD., ANN ARBOR, M| 48106






8212779

Chappell, Jon H.

HIGH ENERGY COSMIC RAY CHARGE AND ENERGY SPECTRA
MEASUREMENTS ABOVE 10.0 GEV/NUC

University of New Hampshire PH.D. 1981

University
Microfilms
International . zeeb Road, Ann Arbor, M1 48106






PLEASE NOTE:

In all cases this material has been filmed in the best possible way from the available copy.
Problems encountered with this document have been identified here with acheck mark v .

-t

© ® N O o » ® N

o
- 0

12.
13.
14,
15.

Glossy photographs orpages ____

Colored illustrations, paper or print

Photographs with dark background

lllustrations are poorcopy

Pages with black marks, not originalcopy

Print shows through as there is text on both sides of page
Indistinct, broken or small print on several pages _‘{_

Print exceeds margin requirements

Tightly bound copy with print lostin spine

Computer printout pages with indistinct print

Page(s) lacking when material received, and not available from school or
author.

Page(s) seem to be missing in numbering only as text follows.

Two pages numbered . Text follows.

Curling and wrinkled pages

Other

University
Microfiims
International






HIGH ENERGY COSMIC RAY CHARGE AND ENERGY SPECTRA

MEASUREMENTS ABOVE 10.0 GeV/nuc
BY
JON H. CHAPPELL
B.S. {Physics), University of Louisville, 1972

DISSERTATION

Submitted to the University of New Hampshire
in Partial Fulfillment of

the Requirements for the Degree of

Doctor of Philosophy
Graduate School

Department of Physics

December 1981




This dissertation has been examined and approved.

tation Director, J.A. Lockwood

/A A

R.L. Arnoldy 4
Professor of Physics.

L. Fisk
Professor of Physics

R. Houston
Professor of Physics




ACKNOWLEDGEMENTS

It is the end of a long task, and I am now faced with the
more difficult problem of adequately thanking those people
who have helped and encouraged me over the past six years.
Words of thanks fall desperately short of expressing my
feeling towards my friends and colleagues.

I want specifically to thank:

Al Knight and Arthur Anderson, who have spent many long
hours in the machining and fabrication of the parts of
the experiment. They have consistently provided me with
the highest quality workmanship.

Sue Horner, who has the impossible task of solving the
administrative problems of the department (and the world).
I'm sure that without her help and suggestions this thesis
would have taken much longer.

Jack Mulhern and Barry Harrington, who are the two finest
educators I have known. Their style, standards and most
of all their enthusiasm for teaching are the qualltles
that I have admired most.

Jim Kish, who provided the mechanical and electrical
engineering skills that made the balloon flight possible.
Jim has provided me with a repertoire of experimental
techniques and electronics that form the foundation of
this thesis.

My thesis committee members, who provided me with con-
structive criticism and encouragement at the most crucial
times.

And Margie Simpson, my loving companion, who has given me
untiring support and help over the past years. Even through
the most difficult of times, and the long hours spent in

the lab and on the balloon flight, she has given me her

love and understanding. She, more than anyone, has helped
in the completion of this thesis.

The data presented in this thesis have been provided by
W.R. Webber. The analysis and interpretation of the
data are the sole responsibility of J. H. Chappell.
Financial support was obtained through NASA Grant

NGR 30-002-052.

iii



TABLE OF CONTENTS

Page

ACKNOWLEDGEMENT e o o s ¢ e e s ssvecseaoasscasssssessnssnsssaasassssass iii

LIST OF ILLUSTRATIONS. .eeuccevoccccroscsascsacasancnsssccasssosus Vi

LIST QF TABLES. coeecesersoasansscsssesnssncoasassonsssossssssccces X

BABSTRACT . seceesssscccecscssscasassonssccssoescanssanas cceces PR a % A
I I}]TRODUCTION.'... e & ¢ 5 % B & & P U W VPE B ETSR l.‘..";--. l
1) Theories of Cosmic Ray PropagatioOR.cesseeccees . 1
2) Propagaticn ModelS.ececececcemacncssencnsaccasss 5
3) Examples cf Previous ExperimentSscceccscseses . 8

IT INSTRUMENT DESCRIPTION AND BALLOOY FLIGHTS.... . 15

1) IntroductioNeececaa.. ceceeeemcecscsnncsonnesae 15
2) Gas CerenkoVv DeteCtOC cecesesosnsssevesnersess . 19
3) Charge MoAuUle..eeceeeccwccncccncnaccscannase 20
§) GeometIyY FaACtOIrSesesseassssosnoscecsrssnsscesnsscny . 22

5) Balloon Flights and Data Structure..ec..eesee 23

IJIT CHARGE ANAIYSIS .ueeeevrcacesceccancsanscsaansans 34

E DiSCUSS1iCNiccecsnessnnvsanvonscenssnassassnssas 34
E 1) Tonization Energy lOSS.cceecesavescevecssaces 34
4 2) Cerenkov RadiatioN.ececcccnssceanssvensnsascss 37
4 3) Consistency Requirements = S! X S2.vsesennans 39
4 4). Consistency Requirements — € X Scecceeaveses 41
3 5) Consistency Requirements — Gl X G2.cesessnses . 46
3 6) Charge DeterminatioON....eeeessseesovencnceses 49
IV ENERGY ANAIYSIS....-. s ccevemsvanonrsaansveemes 56

) Ideal Cerenkov DistributiONSescssscsncsessesss . 56

2) Instrument RESPONSEececacacescsseannsonccansase 6L

3) Deconvolition PIrOCESSececcscrsacacsmecscssssssnses 61

}) Gas Detector ResolutioON.sseecasascesasoncsnsons 77

5) Othar Contributions to the Cerenkov Signal... 81

6) BAssignment Of Energy SCaleSeesaeccccccancacaas 86

vRESULTS.---.-.----------..-.--...-.-..-..----.- 89

Siv




') Instrurental and Atmospheric Corractiops..... 89
2) Calculations of Differential IntensitieS..... 9] -
3) Calculaticns of the Integral IntensitieSe.-... 95

VI PROPAGATICN'II.I.IIII.Ill.....ll.lll.ll.'.l..l 109
1) General Transport EquatioNecesceccensavavaaas 109
2) Leakv Box Mode]-.-...llll.I'..."l.......Il'lll 113
VII DISCUSSICN OF THE RESULTSeescseserosnssnessses 119
1) Okservation of the Primary SpeCtraececeescecec.. 119
2) Observaticn of the Secondary SpeCtTaeesassss» 122

3) Sacondary to Primary RatiOoSsececcccmcesssssses 122
u) Conclusicn...-...'....I..Iv-.-.....D.‘...II'I.. 133




I.1

IOS

II.1
IT.2
II1.3
II.4
II.5
IT.6

II.7

page

CHRPTER I
The cosmic ray abundances vs. the solar systen
AbUNAANCES et cessasenecnossnnssannssrasssssonsensae 2
Univ. of Chicago (Juliusson) experiment design.... 11
Univ. of Chicago {Caldwell) experiment design..... 12
Univ. of California, Berkeley (Orth) experiment

13

dESiqn-..----..-.----.-.-----.---ac---c---a-o---a-

Max Planck Institute - Goddaré Space Flight Center

{Simon) experiment deSigNesessecsssmserssssvncnsens, 14

CHAPTER II

1976 UNH Cosmic ray teleSCOPCecssesssnsssrnenasns 16
1977 UNH CoSMiC ray teleSCOPCececnccenceccnacsansas 17
1978 UNH Cosmic ray teleSCOPCesssescesscnvasscees 18
Three e€lement geometry factor configurations..... 28
1976 altitude ProfilEc.eecececenccnsccacnsesnenas 31
1977 altitude Profile..e.veessecssccsossesanennsss 32

1978 altitude Profiles.esssmsvecsncesasennarsonss 33

vi



CHAPTER IIX

III. ' Fonization enerqgy loss (dE/dX) vs. enerqgy (&7).. 36;
III.2 Cerenkov radiation loss vs. enerqy {87)ecesseess 38
III.3 Matrix rlot of S1 detector vs. S2 detector...... 40
IITI.4 Expected distributicn of events in the

S1 detector vs. C1 detector for a single

Charge SPECievescossosrssaessmsenveannssonsnnssnses 42
IIX.5 The resolution redistribution function

H{x,x') for different detector resolutions...... 43
I111.6 Rejecticn of valid events vs. solid Cerenkov

44

Criteril@cececencscesscncneanssesoscncacccnnsnncsasncnans
IIX.7 Matrix of the gas Cerenkov detector pulse

h2ights G117 VS. G22ceeeevmcvonacncensnnoessnens 47
ITI.8 Matrix of the charge vs. enerqgy [(C+S) /2 vs. G) 90
IIT.9 Measured saturation‘in the charge scale

for 1976, 1977, and 1978 (ie. {C+S)/22 vs. z%. 2L
III. 10 1976 charge resclution histogTamSececececcuasasaas OO
IITI. 11 1977 charge resolution hisStograimSeseesseessesss O3

IIT.12 1978 charge resolution histogramSececcecceseceae. 4

vii




Iv.1

Iv,2

Iv.3

IV.4

IV.5

I1Vv.6

IV'7

Iv.8

Iv,9

IV.10

Iv.

Iv.12

CHAPT ER IV

Ideal distributicn of events as a function

of the Cerenkov pulse height.ceeeecnensacacsonnas
Approximate distribution of events as a function
of the Cerenkosv pulse height {(P*E).ceesraccescraes
The resolution redistribution function H{x,x')
VS, €NETXQAY [X') e uceeosnsasosnstssesscnnconsccssnces

Tha instrument response to the differential flux

-i{x, vs. x ’ with qamma=2‘6........ﬂl.»..I...--..._

The instrument response to the differential flux

_j(x) VS, X’ Wi’th qamma.=2.7..----...-.....------.,

The instrument response to the differential flux
JX) vs. X, Wwith ganma=2 .8 icecoenearsnnsenrsenss
The differential resolution correction factors
j-act./j=1nst VS. G/GMecsasacnssssscncsssccsnsns
The inteqral rescluticn correction factors
J-act./J~inst VS. C/GMecececeocccsacaccccssnnocns .e
1976, 1977, and 1978 gas counter resolutions.....
1976, 1¢€77, and 1978 Deconvolution parameters
(6G-1/2)/Gact. VS. resSolutiONeecccvwscscensacnnans
Extranecus contributions to the gas Cerenkov

Siqnal--.---...--.-..-o---.o ----- ® e v o @0 s SeN

1976 Cerenkov distributions for OXygeNeeeceanaan

viii

59

60

64

65

66

67

68

69

78

79

83

74



IV, 13 1977 Cerenko# distributions for OXYJeNeceessenea 75
IV. 14 1978 Cerenkov distributions for OXVYgeNesseeseease 76

IV.15 Error in the energy scale due to an improper

SeleCtion Of Gml'l..'llllllll!ll.l!..ll'llllll!.. 88
CHAPTER V

V.1 AE/E vs. errd>r in flux estinateS..cececccccnacsacaa 93

V.2 Differential flgx times E*® R T 106
CHAPTEF VI

VI.? Various path length distribution functions....... 118
CHAPTIER VII

VII.1 The differential intensity j{F) vs. E

for Oxygen, other experimental observationsS.... 121
VII.2 Secondary to primary ratioS.eeesceesceesasessess 123
VII.3 Secondary to primary ratios as a function

of traversed Matter...evecesencesssvesnscanseass 124
VII.4 Escape mean free path as a function of E....... 126
VIT.5 Primary t0 PTimary IatioSes.cesessercvesnceecens 130

VIT.6 Other experimental determinations of the

ix




Boron to Carbon ratios...‘....................... 132




LIST OF TABLES

CHAPTER II

II.1 Sunmary of detector configqurationS.ececceecens
IT.2 1976 material 1liste..eecevenrviosonsoncnsone
TTI.3 1977 material 1iSteeeesesresssoesoncscesnons
IT.4 1978 material listeeeccocecsssccescaancnscen

IT.5 Summary cf dgeonetryy factorS..crevecoarcasenns

CHAPTER IV

IV.1 Deconvclution correction factors 1976 . ccee
IV.2 Deconvcluticn correction factors = 1977 ceess
IV.3 Deconvolution correction factors = 1978.....

IV.4 Resoluticn summary table.cecececveccerencscsces

IV.5 Contibuticn to the Cerenkov Signil.eescessse

CHAPTER V

V.1 Instrument and atmcspheric correctionNS.iecesses

V.2 Raw counts and corrected raw COUNtSeeececeoes

V.3 Summary table of integral and differential

Xi

wees 24
cee. 25
cves 26
cees 27
seee 29
cee. 10
1
72
ce.. 80
LI I 85
7
cee. 107



flux.llllll..‘llllll.lll.'.I'....l‘.v.-Q....I.'-l.'. 98

V.4 Average spectral indiceS..cesseresccsssasececeses 108
CHAPTER VII

VIT. | Determiration of the escape mean free path
from the secondary to primary ratioS.ececcees....128
VIX.2 The escape mean free path determined from

Other OhservatiOnS-.--m---------r-----.-----n-c--lzg




ABSTRACT

HIGH ENERGY COSMIC RAY CHARGE AND ENERGY SPECTRA

MEASUREMENTS ABOVE 10.0 GeV/nuc

by
JON H. CHAPPELL

University of New Hampshire, December, 1981

In 1976, 1977 and‘1978, three balloon flights were conducted

to measure the energy spectra of cosmic ray nuclei. A gas
Cerenkov detector with different gas thresholds of 8.97, 13.12,

and 17.94 GeV/nuc was employed to extend these measurements to
high energies. The total collection factor for these flights

is greater than twenty m? ster-hr. Individual chargé resolution

is achieved over the charge range Z=4-26, and overlapping differen-

tial spectra are obtained from the three flights up to v100GeV/nuc.

xiii



CHAPTER I

INTRODUCTION

4 wealth of information is provided by measurement of
the energy spectra and of the chenical composition of high
energy cosmic rays. These measurements provide clues to the
cosmic ray c¢rigin, acceleration mechanisms, and galactic

cosmic ray propagation.

The questions ccncerning the 5riqin and acceleration of
cosmic rays are by no means resolved. In 1934 Baade and
Zwicky suggested that <cosmic rays were produced and
accelerated by discrete supernova sources. Other theories
proposed a much different origin: magnetic waves propagating
through the galaxy which could accelerate particles in the
interstzllar medium (Fermi 1949). In more recent models
(axford et al. 1977; Bell 1978; Blandford and Ostriker
1978; Ostriker 1980) one begins to see a synthesis of these
earlier models in which the enerqy from supernova explosions
is convected away by shock waves which then accelerate the
cosmic ravys. These later models suggest that ccsmic rays
may be accelerated by shockwaves in an efficient resonant

scattering process.

Differences observed between the cosmic rays and 1local
solar system abundances are related to the nucleosynthsis

process itself, to various injection and acceleration

1
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mechanisms, to nuclear fragmentation in the interstellar
medium, and to sslar and galactic propagation effects. .
Accurate <charge and energy spectnma mea surements of the
cosmiz rays are necessary in order to disentangle‘ the

questions ¢f origin, acceleration, and propagation.

The structure of the interstellar medium dramatically
affects the observed composition of the cosmic rays. As the
cosmic rays diffuse away from their sources, the galactic
magnetic field directs, contains, and scatters their
motions, After a’ short period the2ir directionality is
totally randonized. puring this diffusion prccess, the
cosmic rays undergo collisions with the interstellar medium
and fragment into lighter secondarv nuclei. The number of
the cosmic rays that undergo a spallation reaction increases
as the confinement time in the galaxy increases. The
resulting effect on the composition is that the abundances
of certain species are enhanced and can be overabundant by a
factor of 10° as compared to their solar system counterparts
as shown 1in Figure 1I.}V. One of the difficulties in the
deconvolution of the observed spectra back to the source
spectra 1is that these spallation reactions are energy
depenient. Cne of the henefits of a high energy measurement
is that the cross sections and ionization energy losses have
reached their asymptotic value above a few Gev/nuc. One
other advantage of measuring the high energy spectra is that

these high enerqgy particles have a shorter residence time



(ie. traverse less material) in the interstellar medium
befors thevy reach the earth. The composition we observe
approaches that of +the source as the amount of material

traversed becomes less.

Perhaps the most exciting information in +this thesis
comes from the measurement of the relative abundances of the
fragmanted secondary nuclei compared to the parent nuclei.
By systematic investigation of various secondary to primary
ratios one is able to determine the distribution of path
lengths in the inierstellar medium needed to reproduce the
observed ratics, since the amount of material traversed 1is
directly proportional +to the production of the secondary
components, Observations of these secondary to primary
ratios at various energies give direct eviderce of the
material content of the interstellar mediunm. The actual
shape of the pathlength distribution provides constraints on
the age and distribution of cosmic ray sources. The
pathlangth distribution is perhaps one of the nmost
significant measurements to be made in the study of the

propagyation of cosmic rays in the interstellar mediunm.

Observations at lower energies by Garca Munoz et al.
(1977 and Lezniak and Webber {1978Db) suggest that the
distribution of pathlengths shows an absence of the shorter
pathlengths. In the high enerqgy range an important feature

observed is that the secondary to primary ratios are enerqgy



depenient above a few GeV/nuc. As one samples the higher
energies the ratios decrease in value. One explanation for
this is that the higher energy rarticles have a shorter
residance time in the interstellar medium than the 1lower
enerqy particles, thereby reducing the amount of secondary

fragmentation.

I-2) PROPAGATICN MODELS

There have been several proposed propagation models to
explain the features found in these observations. (A more
detailed discussion cf cosmic ray propagation 1is presented

in Chapter VI.)

1) The "leaky box" model. This model is a first order
approximation derived from the cosmic ray transport ejuation
with ths assumption that the galaxy is a closed box where
uniform mixing of cosmic mays occurs f{ie. with no spatial
gradisnts). This nodel assumes that the particles encounter
the boundary such that the prolablity of escape is low. The
diffusion term in the transport equation is replaced by a
generalized 1loss or escape term. This yields a solution
leading to a distribution o¢f pathlengths ‘that is an
exponential of the form

L) P(X)~exp[-x/xe]



Yhere A represents a characteristic escape mean free path.

2) The "double leaky box" model. This model by Cowsik
and Wilson [(1975) prcposes a physical model demanding that
the <cosmic vrays propagate through a shell of matter
surrounding the source which is characteri zed by A, . This
is followed by the <cosmic rays escaping and propagating
through material in the galaxy in a leaky box model with an
escape mean free prath characterized by A. . A is energy
depenient and A. 1is energy independent. The resultant
pathlength distribu£ion is a ccnvolution of two exponential
pathlength distributions. This vields a pathlength
distributicn function deficient in the short pathlengths.
The =nergy dependence of A, is designed to reproduce the
enerqgy dependent effects observed in relative abundances of

the high enerqgy events.

3) The diffusive models, These models take advantage
of the full transport equation using different initial and
boundary conditions. The solution to the diffusive model
with certain boundary conditions will give results similar
to thosz2 of the 1leaky box model: however, +the physical
interpretaticn of the ©propagation mechanisms will differ.
For example, the '"no near source" model of lezniak and
Webber {1978b) uses +the £full +transport equation with
boundary conditions that demand that the observer be located

in the galaxy far from any nearby cosmic ray sources. This



diffusion model produces an exronential distribution of
pathlengyths that is deficient in short pathlengths similar

to the doukle leaky box.

The dynamic halo model of Owens and Jokipii (1977) and
of Jones [1979) assumes that the cosmic rays diffuse in the
galactic disk with a ccnstant diffusion coefficient and are
eventually convected into the halo region which 1is
characterized by a near zero density. This model reproduces
the observed energy dependence of the mean amount of matter
traversed, as does fhe leaky box model, hy constructing a
"double zone'" (galaxy and halo) model with differing
physical parameters. Both mclels predict the mean age of

the cosmic rayvs as indicated from the Be measurements.

4) The "“Closed Galaxy" model. This model by Peters and
Westergard (1977) proroses a propagation model that is
characterized by a steady state injection of cosmic rays by
sources located in the spiral arms, Once the cosmnic rays
are injz2cted, they are confined in the‘spiral arms by the
galactic magnetic fields. The fFarticles that diffuse across
the field lines and escape from the spiral arms will diffuse
rapidly thrcughout the galactic disk and the galactic halo.
The model implies that the observed cosmic rays are being
sampled from two populations: 1) "young" spacies which are
the particles trapped in the spiral arms, and 2) '"old"

species . which have diffused into the galactic disk and halo



- confinement volume. The relative abundances that this model
predizts shcw a decrease in the secondary to primary ratios
as a function of energy above ~10 GeV/nuc., This is due to
the fact that the younger species will traverse less matter
with increasing energy before they escape from the spiral
arms. However, at energies above ~ 100 GeV/nuc the model
shows a marked increase in the secondary to primary ratios
as a functicn cf energy because with increasing enerqy fhe
population of the vyoung species decreases and the o0ld
species population will begin to dominate <causing the

secondary to primarv ratio to rise to an equilibrium value,

I-3) EXAMPLES OF PREVIOUS FXPERIMENTS

Two major difficulties present thensel ves when
measuringy cosmic Tays with energies greater +than ~ 10,
GeV/nuc.: 1) that of rroperly identifying the charge, and 2)
that of determining the enexrgy of the incident particle.
NMot only is the instrumentation difficult but +to overcone
the problem of 1low fluxes at these energies demands large
geometry factors and 1long exposures. Several different
instrumentaticnal aprroaches to +these problems have been

made.



The £following 1list summarizes the high enerqgy

experimants made t> date.

Juliusson [1974). This exreriment consisted of a
combination cf so0lid scintillators and solid Cerenkov
detectors used for charge determination. These were
combined with two gas Cerenkov counters as shown in Figure
I.2. This irnstrument was flown three times in different
configurations with Cerenkov thresholds of 24, 31, and 40

2

GeV/nuc. A tctal collection factor of ~7.6 m“ sr hr wvas

achieved.

Caldwell 11977) vsed a similar instrument as shown in
FPigura T.3. The instrumernt was flown twice with a Cerenkov
thresholds of 19. and 30. GeV/nuc for a +total collection

factor of ~ 4.5 m*st hr.

orth-et-al.,- {1978 employed a magnetic spectrometer in

I
1o

combination with s51id scintillators as shown in Figure TI. 4,
This covered the energy range from 2 to 150 GeV/nuc with a

collection factor of .706 m*sr hr.

{1979). This experiment consisted of 1)
a gas Cerenkov detector with a thresholld of 16.5 Gev/nuc.:
2 an array of scintillators for charge and position
measurement; and 3) a total energy calorimeter. The
instrument configuration is shown in Figqure I.5 and was

flown for a total exposure factor of 9.8 m*sr hr.
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Lezniak and Webber (1978) used a detector array

containing a gas Cerenkov detector that was the forerunner
of th2 instrument described in this thesis and which will

not be discussed here.

The results of the above experiments will be shown and

discussed in Chapter VII.

Tha measurements presented 1in this thesis represent
improvements over previous measurements in two areas. 1)
These measurements have the greatest statistical accuracy
over a large energy range of any measurements made to date.
2) By demanding a consistency lretween +the integral and
differential fluxes with reqard to the three ballcon flights
with different gas Cerenkov enerqgy thresholds, we believe we
have been sucessful 1in removing systematic errcrs in the

derivation of the high energy cosmic rav energy spectra.

Thie thesis has been divided into six major divisions.
Chapter II beqins with a physical description of the cosnmic
ray telescopes. Chapters IXII and IV discuss the problens
and derivation of the charge and the enerqgy spectra of the
cosmic rav particles. Chapters V, VI, and VII are devoted

to th2 presentation and discassion of the results.
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CHAPTER IXY

INSTRUMENT DESCRIPTIION AND BALLOON FLIGHTS

Schematic diaqrams of the instruments are shown in
Figqures II.', II.2, and II.3. These were multipurpose
instruments designed to perform low enerqy isotope
measurenents as well as measurement of the chemical

composition of the high energy cosmic rays.

For tlke higqh energy measurement each instrument
contained:

1) A gas Cerenkov detector used to determine the
particle velocity above the Cerenkov threshold. .
2) A malti-element array of so0lid Cerenkov and
scintillatcer counters used to determine the charge
and the lovw energy cosmic ray spectra from ~320
MeV/nuc to ~l GeV/nuc, and the ©pathlength

corrections.,

Below is a shcert description of the more important detector

elements.
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1976 UNH COSMIC RAY
_ISOTOPE DETECTOR ' H

Sl=28"dio X 3/8"
S'=25"diax Yg' ,
R A A —

C2= 2'" dio x 3/4“
S7=12"diax 15"
718" diax ¥y

E,=24"diax 2'/2"\

E=32"diax2Y,
Ey=35"diox 2, — | A& |
' \ o 7))

Pen=35"diax b, S
A / '/, /// /!

t

1T.1 1976 UNH cosmic ray telescope
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1977 UNH COSMIC RAY
ISOTOPE DETECTOR

S, = 28" dia. x 5/16"

Si= 24" dia. x 1/8"

C,=28" dia. x 1"

e

v

T S
N k // ' Gas Cerenkov.Detecfor

 w— 1 C =2l" diQ_ X 3/4]!-
L“‘/SZ’-xo"d' X
~ | _—2 7 ia. X 5/ 32
—é_{/i/-—sz =2!" dia. x 3/8"
- L |
E,= 19" dia. x 1"
E,= 18" dia. x 2.5"

E.= 32"dia. x 2.5"
E4= 35" dia. X 2.5“

Pen = 35" dia.x /4"

II.2 1977 ™WH cosmic ray telescope
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1978 UNH COSMIC RAY
ISOTOPE DETECTOR

SI=7lcm X 0.83cm
SI'=63cm *x 0.33cm

Cl=6bcmX 2.54cm

A@=1200 st crrf(SIC2)
Ag=2100st enf (SHED)
C2=52cmX 2.54cm

El=66cmX 350cm

Pen=90cm X 1.0cm

TI.3 1978 UNH Cosmic Ray Telescope
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IT-2) THE GAS CERENKOV DETECTOR

Th2 Freon-12 gas Cerenkov detector was <£f£lown at
different rressures for each £light. Pressures 2f 58.0,
29.11, and 16.11 psia were used in 1976, 1977, and 1978
respectively. This gives an index of refraction of 1.00451,
1.00223, and 1.00123 which corresronds to energy thresholds

of 8.27, 13.12, and 17.94 Gev/nuc.

The light collected from the 25.0 cm thick Preon-12 gas
detector was diffusively reflected by a .030 cm thick laver
of BaSO paint. The Cerenkov photons were then collected by
two separate tkanks of 4 five inch photomultiplier tubes (ENT
9791B) . The resolution of the detector varied as a function
of pressure vielding resolutions of 108.8%, 147.9% and
212.0% FWHM for & =1, Z2=1 particles. This +translates ¢t»o
6.3, 3.4, and 1.7 photoelectrons respectively. The
technigues used in determining the gas counter resolution is
discussed in Chapter IV-i. a thin, curved baffle was
installed in the gas detector to reduce the path length
variations. The resulting path length distribution function

had a PWHM of 14,.0%.

The two banks of photomultiplier tubes were watched by
observing the 1light from a light emitting diode placed in
the center of the detector. The matching was further

verified Yy <comparing the light output from ground level



20

mions.,

IT-3) THE CHARGE MODULE

Tha charge module consists of the solid: scintillators
s1, su and S2 and the so0lid Cerernkov detectors C1 and C2
{see Figures IXI.', II.2, II.3). These detectors were used
to identify the charge, the events that interacted in the
telescope, and the radial entry point of the cosmic ray in

the telescope.

The S1, S1' detector consisted of two photomultiplier
tubes viewing the same plastic scintillator. The NE 102
scintillator has a 28 dinch diameter and a radius of
curvature of 34 inches, The detector thickness was .819
qm/cn®  (t=.794cm, A£=1.032 gmn/cn®). The S1 detector
consisted of a 7 inch photomultiplier tube {(EMI DU45)
viewing the entire scintillator in a diffusive wvwhite box.
The plastic was compensated by a white mask technique such
that the pulse height variations from a monoenergetic MeV
electron source {Bi 207) was less than 2% over the area of
this scintiliator. The detector was curved in order to

reduce the path length variations.

The S1' detector consisted of a 2 inch photcrultiplier
tube (EMT 9€E5€) which was optically coupled to the center of

the NE 102 plastic inside the white diffusion chamber.
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The pulse height in the S1 detector is a function of
z* anl A of the incident particle. The S1' views the
same detector, but the tube 1is optically coupled to the
plastic therefore the rfulse height in the S?%' detector is
proportional to z* , A , and w(r), where w{r) is the radial
attenuation function. It follows that:

2.1) St sI'(z3 B,w(r))

St si{z2,8) wir)

This implies that the ratio of S1'/S1 is related to the
radial attenuatioa function w(r}). Radial maps were made
prior to the flights to determine the radial fall-off
function w{r). Once accurately determipned, w{r) can then be

inverted to find the radial entry point of the cosmic ray as

a function of S11v /51, The standard deviaﬁion for
determining the radial entry point is * 3.0 c¢cm FWHM for
radii gyreater +than 8.0 cm. 211 of the s0lid plastic

detectors were curved in order to reduce +the pathlength
variations within the instrument. The pathlength correction
factors were determined by computing fhe mean pathlength for
all possible trajectories for a given radius in the S
detector. The techniques for determining the pathlength
corrections and their associated errors using the radial

entry point have been discussed by Simpson {1977).

The reraining elements of the 1976 and 1977 charge
modulz consist of two solid Cerenkov detectors, C! and C2,

and a sacond scintillator S2. These detectors were also
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compensated using a white mask technique (Webber, Camle, and
Kish {1972); Webber, Lezniak, and Kish [1973) ). The
uniformity was verified by using a collimnated monoenergetic
MeV eleztron source. The compensation was carried out until
the non-unifcrmities were below 2% FWHM over a wide range of
random points taken over the detector surface area. By
milling and <sanding the UVT Jlucite material, thickness
variations were reduced to the 1% level on all of the
detectors. The surfaces on all plastic detectors were
prepared in ar unpolished state in order to negate the
effects of any light trapped by total internal reflection.
The detector walls were painted with a .040 cm thick 1layer

of BasOy paint.

As with the gas detector, each of the so0lid Cerenkov
detectors are viewed by two banks of photomultiplier tubes.
Table IT. ! summarizes the confiqurations for the 1976, 1977,
and the 1978 flights. Table II.2 through II.H# list the
various materials and thickness associated with each flight

instrumant.

I1-4) GEOMETRY TACTORS

The geometry factors for the telescope were defined by
the S1-S2 coincidence detector elements. For the high

enerqy mode, there existed trajectories in the telescope
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which would trigger the $1-52 coincidence but partially or
totally miss the gas detector element. This necessitated a
calculation of a three element geometry factcr for the

telescope.

The geometry factor for a two element telescope 1is

(f.ds,)-(?- ds )
2.2) Gy " ff —

The three element geometry factor was deterrmined by

definred by

demanding that for each r traijectory vector defined by ds?
and dS3, T must pass through an area bounded by R2max as
showvn in Figure IT. 4. The three clement geometry factor was
then numerically calculated and the results are 1listed in
Table II.5. Correction factors were incorporated in the
collection factors that include electronic dead time and the

time lost due to poor data transmission.

II-5) The Balloon Flights and Data Formats

The Fall 1276 flight took place from Sioux ¥Falls, South
Dakota on 24-Sept-1976 with a float duration of 20 hours.
The 1977 and 1978 flights were conducted at Yorkton,
Saskatchewan, Canada, during the Fall turnaround periods on
1-Sept-1977 and’ 10-Sept-1978 for a duration at float

altitude of 49 and 47.5 hours respectively. The total
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TABLE II. 1

summary of detector configurations

Yeart- detector dimensions =M. - tubes
1976 St 3/8u-281 dia. 1=-7n
c1 3/741-28" dia. g-5n
Gas Cerenkov 12n =-20" dia. 8- 5"
c2 3,40-211 dia, 12-5nu
S2 3741-18" dia. 4~ 54
1977 St 3/8n-28% dia. 1-7n
Cc1 1w -28" dia. 8- 5"
Gas Cerenkov 1210 -20% dia. g-5n
c2 3/741-21" dia. 12-54
S2 3/81"-211 3ia. Y- 51
1978 S 3,/8u-28" dia. 1-7n
Gas Cerenkov 120 -20" dia. g~ 51
4-MWPC 221 =22n -
c2 1 -21" dia. 12-5¢



atmosphere
insulation
gondola

St

bottom S1
S

top C1

cl

kottom C1
gas

baffel

gas

bottom yas det.

c2

bottom C2
s2!

bottom S2°
S2

bottom S2

TABLE II.2

1976 Material list

material-
air
plastic

Al

NE 102

Al

NE 102

Al foil
UVr -lucite
al

Freon-12

al

Freon-12
Al.
UVT-lucite
Al

NE 102

AL foil

NE 102

Al foil

3.80

1422
.5894
.8192
.0138
« 3277
. 0067
2.817
» 5894
.5176
-1713
.09827
.6168
2.2479
. 1389
« 3277
.1380
2.620

.0069
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atmosphare
insulation
gondola

51

top S1!¢
St

top CI

cl

top gas det.
gas

baffel

gas

top C2

Cc2

top S2!

S21

top S2

S2

TABLE II.3

1277 Material list

material
air
plastic
Al

NE 102
Al

NE 102
al
UVT-Lucite
AL
Freon-12
Al
Freon- 12
Al

UVI -Lucite
a1

NE 102

al

NE 102

26



atnosphare
insulation
gondola

51

top sSt!?

top gas det.
gas

baffel

gas

TABLE II.4

1978 Material list

material-

————— v

plastic
AL

NE 102
Al

Al
Freon-12
Al

Freon-12

bottom gas det. A1l

gas shi=1lds
MWPC gas
top CI

ci

polyethelene
P-10
AL

UVI -Lucite

1422
.5915
.8195
. 0082
4112
«2131
» 1645
.0569
4112
.07637
.0198
21713

2.997

27
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TABLE TII.5

summary of geometry and collection

Year 1976
Two element GF {cm®-sr) 815.90
Three element GF({cm%*-sr) 719.8

Two element collection
factor w/dead time

corrections (m*-sr-sec) 8462.0

Three element collecticn
factor w/dead time

correztions [m*-st-sec) 7463.5

factors

889.3

815.1

23799.9

22767.90

1643, 3

1643, 3

27119.0

26549.5

29
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instrument weights for the three flights were 650, 730, and
675 kg respectively. "he Mt. Washington neutron monitor
average daily counting rate for the three respective flight

times were 2392, 2340, and 2310.

An event was defined when a siqgnal was ohserved above a
preselected threshold of six times minimum ionizing A=1, Z=1
particles in the S1-S2 coincidence elaments., TFach event was
characterized by a leading twelve bit sync word fcllowed by
a twelve kit digitized ©pulse height for each of the
detectors. Parity and mnmultiplexed housekeeping bits were
also included in the data stream. The data were telemetered
back to the ground station at ~20 kilobits /sec. The data
were then reccrded on videotapes during the talloorn flights

and then later reformatted into seven track computer tapes,

Changes in the pulse height due to temperature changes
were corrected by viewing several prominent A =1 Cerenkov
peaks such as C, 0, and Fe at one hour intervals. The 1976
and 1977 £flights required gain corrections that were less
than five percent. The 1978 f£light required no temperature
corrections. Master tapes were produced that included the
corrected gairs and path length correztions derived from the
S1/51' detector system. These tapes were then used for the

remaining data analysis,
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CHAPTER TIIT

CHARGE ANALYSIS

Ideally, the charge and energy of the nuclei would pe
determined by svystematic observation of the different enerqgy
loss mechanisms as discussed in Sections III-! and III-2 of
this chapter. The rroblem is complicated by the various
interactions and fluctuations associated with real detector
systenmns. Sections TIII-3 through III-6 of +this chapter
discuss the ccnsistencf requirements that were placed on the
outputs of the various detectors in order to remove the
events that have interacted and fragmented in the telescope.
The pulse heights of the various counters can be combined
and plotted such that the charge and enexrgy of the cosmic

rays can be identified as shown in Section III-7.

The pulse height of the detectors are primarily
determined by tvo energy loss mechanisms: ionization energy

loss and Cerenkov radiation.

III-1) Tonization Energy Loss

As a charged particle traverses matter, it undergoes
collisions and transfers enerqy by Coulomb interactions to
the atomic electrons of the medium. A& significant fraction

of this energy loss goes into exciting or ionizing the

34



35

medium. Measurement of this scintillation light provides us
with a direct 1link to the enerqgy and charge of the incident
particle. The rate of ionization enerqy loss can be

expressed by the Bethe-Bloch formula as

3.1) dE '27n22e4[ 2mv2 - Wmax

) 7 U™z e )-26%-8-]

dx mv

vhere
Wmax=the maximum enerqgy transfer from the incident

particle to the target atom
I=mean excitation potential of the target ators
n=nunker cf electrons per cn of the target
n=mass of the electron
A=v/c of the incident nuclei
7=charge of the incident nuclei
s=correction factor for the density effect
u=correction factor for the inner shells (K,L,.)
for low velocity particles
The rata of ionization energy loss 1is plotted in Figure
III.1 as a functicn of emnerqgy. The derivation of the
Bethe-Bloch formula has been discussed in detail in several

references ({Sternheimer(1961}).

It is true, however, in a <rTeal detector, that the
observed 1light produced is not linearly proportional to the
actual ionization energy loss c¢f the incident particle. The
saturation or ‘“juenching effects" are most likely due to a
combination c¢f ion recombination along the particlet's path
and 3Jissipation of vibrational energy into thermal energy
states which are then convected away to nearby mnmolecules
resulting in a loss of photon production. The observed

effects of the saturation in the scintillator result in a
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deviation from the expected Z and dependence predicted
by thz Bethe-Bloch formula. This effect is most evident in
the outputs of the sum of the S+C detectors as shown in
Figurs IIX.9 . The deviation from the expected output
varies as much as 40.% below that predicted by the energy

loss formulas at high light outputs.

IIT-2) Cerenkov Radiation

When the velocity of a charged vparticle exceeds the
velocity of 1light in a medium, a coherent response of the
medium causes the enrission of Cerenkov radiation. The
radiation is directly related to the ©polarization {ie.
density) effects 2f the medium. The radiation produced per
unit pathlength for 8 >1/n car be expressed by

3.2) _dE| _Z%e? ( L ud
dx Y -wz(e)Bz wdw

rad. e(w)>(1/82)
Yhere € (w) is’the dielectric constant. The corresponding

number of phctons collected is related to
33) N =‘C22[| -W]

Where C is a ccnstant that involves the spectral response of
the radiation, photomultiplier tube sensitivity, and the
light collection efficency. Figurs ITIT.2 shows the

theorestical Cerenkov output versus energqgy.
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With the use of these two energy loss mechanisms, onhe
is able +to identify the charge (Sezction IXII-6) and energy
{Chapter IV) of an event by forming crossplots of the
outputs of +the various detector pairs. Before accurate
determination of the charge and enerqy can be made, it 1is
necessary to 1) identify and remove events that have
interacted within the telescove (Section III-3), 2) select
the proper energvy dcmain and exclude the low energy events
from the data analysis (ITII-4), and 3) identify and remove
events that have exessive statistical fluctuations in the

production of photoelectrons (III-5) .

IITI-3) Consistency Requirements - S! X S2

As the cosmic ray particle penetrates +the detector,
there is a significant probability that it will collide with
other nuclei and undergo a spallation reaction. As many as
30% of the incident particles may fragment in the telescope.
By placing ccnsistency reguirements on individuwual banks of
each Jdetector as wvwell as detector pairs, one is able to to
exclude a large percentage of the unwanted charge changing

reac tions.

Tigure IITI.3 shows a crossplot of the S1 detector
versus the S2 detector for the 1976 flight., Since the pulse

heights of the two scintillation detectors are correlated as
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a function of A& and Z, interacting events will lie outside

of the correlation zone. A selection criteria of the form

34) |si-s2] <K
St +52

was applied tc the pulse heights of the S1 and S2 detectors,
vhere k 1s a constant, In order to investigate these
interacting and background events, several matrix
distributions were produced with various values of k. The
selected value for k was determined by the individual
resolutions o¢f each detector. The resulting criteria were
calculated to remove events that have fluctuwations greater
than three standard deviations. This technique removes 80
to 90 % of the spallation events while removing on the order

of 2. percent of the non-interacting events.

III-4) Consistency Requiremerts - C ¥ S

A second critericn was aprlied in order to remove the
low energy events from the high energy data analysis.
Ideally these low enerqgy events would 1lie below the gas
Cerenkov threshold anrd would therefore have a zero pulse
height in the gas detector. Hovever, these events that 1lie
below the Cerenkov threshold will gensrate a non-2zers signal
by producing 1) Cerenkov light in the reflective paint that
coats the walls of the gas detector, 2 light produced by

prod wtion of knock orn electrons in the photomultier tubkes,
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III.4 Expected distribution of events in the Sl detector vs. Ccl
detector for a single charge species
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and 3) residual scintillaticn 1light in the Freon-12 gas.
This, coupled with the statistical variances associated with
real detector systems, produces a significant population of
events that "spill over" into the high energy bins. By
removiny as many of these low energy events as possible, one
can significantly reduce the rackground contamination of the
high energy particle ©population, Figure III. 4 shows the
ideal crossplots of the solid Cerenkov detector pulse height
versus the scintillator pulse height for a single charge
speciess. The outputs of the scintillator and the so0lid
Cerenkov counters reach their asynptotic value above a few
GeV and ideally the high energy events will 1lie in +this
asynpotic region. One cap place criteria on the S X C
matrix that evwcludes events below ~.85 C/Cm {~ 1.4 GeV/nuc)
from the high energy analysis. This same criteria is
capakle of remcving valid high enerqgy events that spill over
into the low energy domain. How many of the high enerqy
events will ke removed by this criteria as a result of

resolution broadening?

As discussed 1in Chapter IV-3, the redistribution
function that describes this spreading of events in Cerenkov

space 1is

35) Hlxx) = —! exp[—l/z(x;x )2]{[|_ Bo”

o/ 2r

Fiqure III.5 shows the expected distributions of the Lkigh
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energy events as a function of C/Cm for various resolutions
of the so0lid Cerenkov detector. HNumerical calculations have
teen carried out that show the expected percentage of valid
high 2nsrgy events that will be rejected as a function of
c/Cn for different values of the detzctor resolution. This
has been plotted in Fiqure III.6. Criteria was rtlaced on
the pulse heights of the scintillators and so0lid Cerenkov
detectors such that less than .5% of the expected high

enerqy avents were excluded.

III-5) Consistency Requirements - G1 X G2

The gas Cerenkov detector contains +two banks of
photomultiplier tubhes, thus providing two independent
measurenents of the same event. This provides us with a
tool +that enables us to separate the two major causes of
resolution trcadening. Dy plotting +the pnulse height of one
bark +versus that of the other tank, fluctuations in the
signal due to differences in trajectory [ie. pathlength
vatiations) will be correlated in both banks. However,
statistical fluctuations in the photoelectron production in
general will not be correlated. Criteria can then be
impos2d on the two barks of the detector such that events
that lie outside a specified range of standard deviations
can b2 =2xcluded from analysis. Since the fluctuations are

expected +to te proportional to the square root of the total
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signal, a criterion of the form

36) l6i1- G221 <
JGl+622

was applied as shown in Figure IIX.7 . As discussed in
Section TIII-3, k was systematically varied to investigate
the effects that this criteria had on the removal of
background events as well as the effects on valid high
enerqy events. k was varied such +that events with a 15
sigma down to one sigma deviations were allowed. From this
investigaticn, k was selected such that the variances less
than three standard deviations were allowed. As one demands
a tightzr consistency between the two pulse heights, a
certain percentage c¢f wvalid events will be excluded from
analysis. Criteria were placed on the bhanks of the gqgas
detector such that 4.0% of the 1276 high energy events were
removad, and 11.2% of the 1977 events and 23.5% of the 1977
and 1978 high energy 2vents were removed from aralysis due
to excessive tackground contanimantion. Tighter c¢riteria
were avplied on the sucessive flights in an attempt to
remove the increased background caused by the residual

scintillation effects and increased pathlength variations.
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ITI-6) Charge Determinatiorn

At energies at or above the gas Cerenkov thresholds,
the scintillator and the solid Cerenkov detectof ha ve
reached their asymptotic value. Crossglots of C+S/2 versus
G11+G22 /2 effectively plots the charge versus energy since
changas in the C+S/2 dimension are essentially energy
independent and vary only as a function of Z . Tigure
III.8 shows a matrix of C+5/2 versus G for the 1976 £light.
The centroids of the distributions in the C+S5/2 dimension
that lie atove the "helow +threshold" event peak were
determined and plotted ir Figqure III.9 for the three f£lights
as a function of Z. The obvious deviation from a Z
dependence 1is due +to the scintillator inefficiency in the
conversion of iorization energy loss into detectable 1light.
The saturaticn effects have been discussed by Birks (1967).
Figures III.1'10, III.'', and III.12 show the charge
histograms focr events above the usable Cerenkov threshold
for each fliglkt. The sigma charge resolution for the three

flights for Cxygen was ~ .21 charge units.

The charge resolution was sufficient such that. no
charge overlap factors were needed except for charges 9, 11,
and 13. The correction factors were derived from estimates
of events that spill cver into the addjacent charge bands by

resolution broadeaing from +the heavier populated charge
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groups. These estimates were derived by using a Gaussian
fit to the charge distributions to determine the overlap for
each charge. The correction factors for these 0dd charges
resulted in reductions of the flux of 16% +to each of the
three charges in 1978, 9% in 1977, arnd 0% in .1976. The
spars2ly populated charge groups 9+11+13, 17-19, and 21-24
were grouved together in order to increase their statistics

for data analysis.
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CHAPTER IV

ENERGY ANWRLYSI S

ke begin this chapter with a discussion of the expected
distributicns of events in the Cerenkov {energy) dimension.
This is folloved by a derivation of the actual distribution
of expected events in a real detector system that involves
firite resolutions. Section IV-4 discusses the various
methods used +to determine the resolution of +the gas
detector. Sections IV-5 and IV-6 are involved with the
assignment of the energy scales and other factors that

influence the accuracy of these scales.

IV-1) ITdeal Cerenkov Distributions

The (C+S)/2 by G matrices discussed in the last chapter
form the basis fcr determining the particles enerqy spectra,
Since the data is expressed in terms of a Cerenkov pulse
height distribution, it 4is convenient to have a change of
variables such that the intensity variable J is defined in
termns of a ratio of Cerenkov pulse heiqhts, G/Gmn, where G is
the observed pulse height and Gm is the expected pulse

height for relativistic AB=1 events.

56
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Th2 intergral flux J as a function of enerqgy is defined

by
. E,
41 saE) = [i(ENE
. c,

where E is the kinetic enerqgy, J{F) is the differential flux
(#/Gev-sec-str-m**%2) and J has dimensions of #/sec-str-mk*2,
It i1s assumed that J(F) can be expressed in terms of a pover
law , Ed, where 7 is the spectral index. The transformed

integral bhecones

) X, ‘
. dE G

4.2) J(ax) =f (x)——d P XS ———
x'J dx X Gm

The light from a Cerenkov detector can be expressed by

the relationship

|
4.3) G = kZ?(I- —n—zﬁé)
Where n is the index of refractior, £ =v/c, 2 is the charge
of the incident particle, and k is a constant. The gas
pulse height G may be expressed ir terms of the & =1 -pulse

height, Gm.

4.4) x=(1-B2/B2) /(1- B?) 82= 1 /n?

By inverting this equation and solving for & , one »obtains

an exprassion for & as a function of G/Gm,

B2
4.5) Bz=[~TT?ST] B5(1-82)
Then 4.6) E= (y-I)E°=[{(I—BE)/(I—SX)}—”Z: I]E_.,

. _
a7 _3%=_§B_;E_o [{.-fo(n-bx)}z"zu-z;xr’-]
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Placing F®quations 4.7 and ais into ¥quation 4.2, vields

4.8) JAn=C j; ° [{[(I—Bz)/u-Sx)]'”fl}{[(l-ﬁz)/u- se)] 41 - Sxiz}]dx
i

Cne can continue and solve for the differential flux j({x').
a9 0 = R e [{la- g2y s0] AN [u-s20- s)] - axi”}]

Figure IV.1 is a plot cf J{x') vs x' for various spectral
indices. This figure represents the distribution of events
that one would expect for an ideal detector as a function of

the Cerenkov rulse height.

It should be noted that for energies above ~ 503,Gev the
expression fcr the differential flux can be simplified by
making the approximaticn that E~P in Equation 4.,6. This

leads to an expression for the differential flux of

r-3
410) ) =2K(I-x) 2
The differential flux from this expression 1is plotted in
Figure 1IV.2 . Substantial error can occur in deriving the
enerqy spectra when using this approximation in the

inapproprate enerqy domain.
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IV-2) Instrument Resronse

FTor an ideal detec£or Equation 4.8 would describe the
distribution of events in the Cerenkov dimension: hovever,
due to statistical fluctuations in the energy loss process,
the spsctrum that one observes 1is a convolution of the
actual spectrur with the instrument response. In order to
determine +the actual enerqy spectrum one must consider the
convolution~deconvolution ©process, instrument resolution

functions {photoelectron statistics), and any extraneous

contributions to the Cerenkov signal (i, e. other
scintillaticn or Cerenkov effects and pathlength

variations). From the parameters extracted from the data
one mnmust account for these effects and apply correction

factors that will yield the actuval enerqy spectrum.

IV-3) Deconvolution Process

The technigues described in this section are similar to
those described by J.A. Lezniak [1975) . For a
monoenergetic beam of particles passing through a real
detector, one would observe a spreading or broadening of the
energy distribution., One hegins with the assumption that in
Cerenkov detectors with sufficient production of
photoelectrons, the spreading function may be described by a
Gaussian redistribution function F{x,x').

(x—x')]l

411 Fix,x") = -1/
‘ exp[ 2 poF:

!
o /2T
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WHhere %! is the incident Cerenkov ratio G6/6m, X 1S the
redistributed value of G/Gm, and o is the standard
deviation which is proportional to  the number of
photozlectrons produced. The problem is further compounded
by the fact that the spectrum is noct monoenergetic but a
continuous input energy spectrum whose sigma is a function

of the particle energy.

On2 can modify Equation 4,2 to include the

redistributior function ¥ ([x,x'). Equation 4.2 becones

4R J,, (ax)=f ZF(x ) i) 9E o
X, .

Where Jinst 1is +the intergral flux as measured by the
instrument. Pi{x,x") must also meet the normalization

requirement that

413)  [F(xxdx'=1

Then the differential flux observed by +the instrument

hecones
R o A (- o (- B
let

4.15) Hix,x') = —C __ (x-x')2
e e (aX2]

Fiqure IV.3 is a plot of H(x, x') vs x' for various values of

X. H(x,x") represents a weighting function for the
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differential kinetic energy spectrum in the +transformed

inteqral expression.

Figures IV.4 thrcugh IV.6 show the expected instrument
response for several differential kinetic enexrgy input
spectrum vs PHA channel. These plots show fhat for most
spectra, the resoluticn of the detector is such that the
ohserved spectra tracks the actual spectra up to .7 to .9
G/Gnm. Past this pcint there is a noticeable non-symmetric
feeding of events into cther channels due to the resolution

redistribution function.

To correct the observed flux back to the actual flux an
average correction factor for a given enerqgy bin is
determined ty taking the average rTatio of {j-act./j-inst)
over the enerqgy interval. Figure 1IV.7 shows these
correction factors for different dinput spectra and gas
detector resclutions, Tables ITV.! through IV.3 show the
average correction factors when summed over finite energy
range and their asscciated errors for the three flights.
The inta2gral correction factors shown in TFigure 1IV.8 1is

derived in the same manner.

In almost all cases it is clear that the correction
factors are weakly dependent on the spectral index. The
correction factors at the worst case vary by ~ 2.% for a
spectral index varing from 2.4 to 2.8 . The integral and

differential correction factors have been selected from a
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spectral index of 2.6 in the following calculations.

From matrix distributions described in Chapter III-6
and Figure IIT.8, one obtainsg the distribution of events in
the Cerenkov dimension for 0 as shown in Fiqures 1IV. 12
through 3IV.14 . Inspection of these distributions show
several evident features, Each distribution is
characterized by a residual scintillation peak at low pulse
heights where telow +threshold effects are the dominant
contribution +to +the signal. As the pressure is reduced in
successive flights, the contribution of the residual
scintillation to the total signal becomes significant. Near
the end of the distribution there is a slight peak or broad
plateau followed by a sharyr decrease in the number of
events. This plateau_(Gm—inst.) is related to the actual
/A =1 point. Since the broad peak is not well defined in the
distribution , it is not a suitable deconvolution parameter
to use. A more consistent and well defined point which is
used in the ererqgy deccnvoluticn preccass may be obtained by
takiny 1/2 of the average Gm-inst point. This point lies on
the sharply decreasing tail of the distribution. The use of

this feature will te discussed in Chapter IV-6,
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IV-4) Sas Counter Resolution

The gas signal 1is mea sured bv' two barks of
photomultiplier tubes, which provide two independent
measurements cf the energy depcsited. Associated with each
measurement of G611 and G22 there will be corresponding
standard deviations S-gl}' and S-g22 respectively. A
weighted average 1is used to determine the total resolution

of the detectcr.

wGll+w,G22  GIl + G22
wotw, |+ w

4.16) G =

Vhere W = ww/w2 and w!l, w2 are the respective weighting

functions. The associated standard deviation in the average

12

signal is Sai12 + Spenns?
arm) sge (622
(1+w)2

Sen and Oe2: are the corresponding standard deviation of the
pulse height in each bank, Since each bank is weighted

equally w=1, c¢iving

Sap 2 4. 2\ 12
4.18) SG:< Gl " Sez2 )

22

Figure IIX.7 shows a rlot of G11-G22+offset vs. the average
gas signal {G11+522) /2 . The standard deviations and FWHM
of the combined signal may now be expressed in terms of
these modified matrices, Resolutions wvere nmeasured for

virious values of the averadge gas pulse height (GY1+G 22)/2
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TABLE IV.l4 -

RESOLUTICN SUMMARY TABLE

Flight- Measured- Deconvolution -estimates-
FWHM % B8 =1 Estimate measured
1976 {108.8%:7.3) /2 C 18.2%*3.4 18. 1%

0 15.0%:2.6 13.6%
1977 {147.9%228,7) /2 C 23.5%%2.6 24.6 %
0 20.0%+3.90 18.5%
1978 (212.0%t74.0) /2 C 28.0%%7 35.0%

.6
0 25.0%%3.9 26.5%
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and plotted in TFigure IV.9. The results are takulated in

Takle IV. 4.

A& second method was used to help verify the nmeasured
resolutions. By using deconvolution parametérs-defined in
Section TV-2 , one obhserves that the ratio of G-1/2 / G-n
inst vs. the resolution can be used on the abundant nuclei
to provide 1limits on the resolutions as shown in Fiqure
IV.10 with the measured ratios for C and 0. These results

are compared to the measured values shown in Table IV.H4.

In summary, the resolutions were viewed by two
techniques: 1) measured resolution of the combined signal
and 2 using deconvclution data to set 1limits on the
resolution of the abundant nuclei. Both of these methods
vield consistent results., Table TV,.4 lists the results and
associated errors in determining the resolution c¢f the gas

detector.

IVv-5) J2ther Contributions to the Ceresnkov Signal

Thare exist other contributions to the primary
radiation in the gas Cerenkov detector. These sources of
added radiaticn are: 1) Cerenkov light produced by knock-on
electrons that reach the photomultiplieritubes; 2) Cerenkov
light produced in the BaSO; paint; and 3 residual

scintillation of the Freon-~12 gas. Trom cross plots of the
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s0lid Cerenkov detector pulse height versus the pulse height
of the gas detector, one observes +the total “bkelow gas
threshold" contribution as a function of'enerqy. The 1light
production from knock-on electrons for this telescope has
teen calculated by Lezniak [1975) and is shown in TFigure
Iv.11 . The absolute magnitudes of the scintillation
(3F/dX) in the Freon 12 and the Cerenkov radiation from the
Ba SO paint were +then used as adjustable parameters such
that when all +the contributing radiation affects were
summed , they vielded the total effects observed in the solid

Cerenkov versus gas matrices as shown in Figure IV.T11 .

In sucessive vears the absolute pressure in the gas
Cerenkov detector was reduced to give different energy
thresholds. This resulted in a reduction of +the primary
radiation emitted due to the reduced path length., This
reduction of rressure affects the relative contritution of
the knock or component, vwhereas the contribution of the
Cerenkov radiation generated in the BaSO raint is
unaffected. Table IV.5 summarizes the relative contribution
of each component >n the total observed signal {normalized

to 1976).

The connection between the actual versus the measured

G/Gm lu2 to the added radiation components is given by

4.19) G' _ G/Gm+(Residual scintillation comp.)
Gm I +( Residual scinlitlation comp.}
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vhere G/Gm, G'/G'm 1is the measured and actual ratios

respectively.

The follcwing method was used to verify the effects and
relative contribation of the residual scintillation omn the
resolution. The standard deviations for the +three flights
are proportioral to the number of photoelectrons produced by
the primary Cerenkov radiation (Np) as well as the
photozlectrons produced by the scintillations (Ns) effects.

Therefore:

N, N,

4.20) o (%)

¥p should vary proportionmally to the pressure whereas Vs

should remain roughly a constant for the three flights.

FProm the measured resolutions, the nunber of

photoslectrons was calculated by the relation:

_ | 3
421) N= (“5"?‘)
Where & = +the gain of the first dynode in the

photomultiplier tube = 4. Normalizing the PWHM to the 1976
flight, one would expect to observe the following FWHNM's to

scale as shown in Table I V.4,
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TABLE IV.5

Contributions to the-Cerenkov signal-

Year Primary Knock-on BaSO, K.0.+BasD, % of primary
1276 1,00 0.035 0.045 0.080 8.0%
1977 0.590 0.218 0. 045 0.060 12.6%

1978 0.28 0.010 0.045 0.055 19.9%
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IV-6) Assignment of EBnergy Scales

In order to define a consistent enerqy scale it is
nece ssary to extract well defined parameters frcm the data
and relate these quantities to the actual A =1 point. Once
Gmax-act has been accurately determined, one may then
procesed to assign enerqgy scales as a function of ratio of

G/Gm as derived in Equaticns 4.5, 4.6, and 4.7.

4.22) E = (y-neo=[{(1-33)/(1-8x)}"'2- I]E_o

This expression must be modified accordingly to account for
the residual scintillation effects in determining the A =1

point.

The prolklem is to relate 1/2 Gm-inst to the actual Gnm
as shown in TFigure IV. 11, The +true Gm-act 1s +then
determined ty Eguation 4.22.

from distribution
from de;onvoluﬁon data

G
-gct
4.23) G = (_m_o_c____) (172 Gy _jnst )
m-act I/ZGm-ins?

Once Gm-act has been determined, the enerqgy scales may be

assigned as a function of G/Gm as dictated in Equation .

The assignment of the enerqgy scale is a function of the
assignment of Gn. Figure IV.1'5 shows the expected error
that result in an error in the placement of Gnm. The lower
enerqy assignments are relatively insensitive to errors in

the placement of the & =1 point. However, the higher
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energies are exceedingly sensitive to the placement of Gm.
Chapter V discusses consistency reguirements that were made
Letween the three flight data sets that shovs

inconsistencies in the enerqgy scale assignments down to the

2% level,
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CHAPTER V
RESULTS

V-1 TInstrument and A twospheric Correction Factors

After the proper energy scales have been assigned to
the Cerenkov distributions, it is necessarv to calculate the
namber of expected events incident at the +top of the
instrument, To do this, one must apply correction factors
to the raw counts that take into account the events that

have interacted in the telescope.

The number of surviving nuclei at the lower concidence
element 1is a function of the amnount of material in the
telescope. A majority of the events that fragment in the
telescope will be removed from analysis by the consistency
requirements discussed in Chapter III-4,5,6. However, due
to the 1inefficency in identifying and removing all of the
fragmented particles, a detectiorn and removal efficency
factor of 80.% {%£5.% wvas incorproated in the‘intensity
calculations (i.e., 8 out of 10 of +the fragmented events
have been removed). The number of events incident at the
top of the telescope is then determined by calculating and
applying the arppropriate interaction mean free paths for the
material in the telescove.

5.1) N; - “X o
—_—= PN
N, EN )]

89
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where E= ,20, the fraction of fragmented events that were
not detected and removed by the consistency
criteria
x= the amount of material in the telescope
A= the weighted interaction mean free path
Ni=the number of nuclei incident to the telescope
Nobs=the number of surviving nuclei
The vertical thickness of each of the curved detectors was
maltiplied kv a path length correction factor of 1.04 which
corresponds to an average acceptance angle in the telescope

of ~ 18 degrees from the zZenith.

The atrostheric ccrrection factors were determined by
the use of a one dimensional atmospheric slab model which
corrects for the depletion of the incident nuclei and the
build up of secondaries in the atmosphere. The model nmakes
use of tarcet factors and cross sections discussed by
Lindstrom et al. {1975) and Silberberg and Tsao [1977) to
calculate the nucleus—-nucleus Cross sections. The
uncertainty in the derivation of the fragmentation cross
sections are inherently on the order of 10-15%. A zenith
correction factor of 1.06 was multiplied times the vertical
atmospheric depth to give the average slant atmospheric
depths of 4.03, 3.50, and 4.51 gm/cm™ for the respective

flights.
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The instrument and atmospheric correction factors for

the three flights are listed in Table V..

V-2) Calculaticns of the Differential Intensities

After corputing the <corrected raw counts £for each
enerqgy interval, calculations of the differential
intensities were determined from the data by the following

relationship:

J(AE)

5.2) JEp)e AE

where Em is defined to be the mean energy between the upper
and lower edges of the enerqgy interval, A E is the width of
the interval in GeV and J {e+~) represents the corrected raw

counts divided by the collection factor (A £n. t).

on the cne hand, cne would like to have +the advantage
of a large AE enerqgy width which gives ar increase in the
number of c¢ounts and thereby improves statistics. On the
other hand, if one has +too 1large an energy width, the
differential approximation in FEgquation 5.2 breaks down. In
order to understand the errors involved in this
approximation, the exact differential flux was calculated
from an assumed power law spectrum and then conpared to the
results that the differential argproximation would vield.

Figqurs 7.1 shows a graph of AE/E versus
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TABLE V.1

INSTRUMENT AND ATMOSPHERIC CORRECTION FACTORS

o Y |l j-a
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1. 508
1.533
1. 092
1.593
1. 627
1.654
1.678
1.706
1. 760
1.787
1. 816
1.847
1. 880
1.916
1,654
1.996
2.030
2.062
2.119
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(%) approx/j{F)lexact. If the value of AE/E remains < .3,
then the resultant ercor in the differential £flux
approximation above the actual flux would be overestimated
ty ~3.6% or less. AE/E values for this experiment range
from .15 at the lowest energy interval to .35 at the highest

interval.

At energies above the last energy hin of .95 G/Gm the
remaining integral spectrum can be converted into a
differential flux measurement by assuming that the
differential flux <car be expressed as a power law in the

form of i=E‘Y. From that assumption, it follows that

5.3) uEJ=Q;%¥§ﬂQ
* L}
A nominial value of 2.7 was chosen for gamma. The

conversion from differential to integral flux 1is nmost
sensitive to +the differential spectrum near E1. Since
approzimately two-thirds of the events lie between FET1 and 2
El1, the differential data point conrnstructed fron the

integral flux data was plotted at a value of 1.5 times EY.

The less abundant charge groups have heen combined and

their associated differential intensities determined.
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V-3) cCalculation of the Integral Intensities

The integral flux J{E»~ ) was determined by taking the
sum of the corrected raw counts from the leading edge of the
enerqgy bin tc infinity divided by the collection factor
(A t). Integral intensities were derived for each charge

component from Z=4 through Z=26.

As discussed in Chapter IV-6, the assignment of Gnm
determines the enerqy scale assignment for each charge.
Comparing the integral and differential intensities from the
three flights with different Cerenkov thresholds and
different instrument and atmospheric corrections provides an
exceedingly sensitive test of the assignment of the energy
scales. 1Inccnsistencies in deriving the spectra down to the

2% level can be detected by this comparison test.

For the atundant nuclei, indivijual differential and

integral points have been calculated and compared.

Table V.2 lists the total number of raw ccunts and
corrected raw counts above the usable Cerznkov threshold for
the three flights. Fiqures V.2 show the differential £flux
times E-zs fcombined and averaged data £f£rom +the three
flights) plotted versus kinetic energy in order to visually
enhance the spectral shape. Any change in the spectral

index as a functio>n of enerqgy becomes much more apparent in
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-this graphic representation.

Table V,2 is a summary of the differential and integral
intensities showing
1) The mear kinetic energy and the associated delta E
width for each bim in Gev; T
2) The kiretic enerqgy value for the integral intensity
point in Gev;HJr
3) The differential intensity in #/n* -sec-sr-Gev; #*
4) The integral intensity in #/mn*-sec-sr; »=#=
5) The errcrs on the respective fluxes. @
The associated errors listed in +this Table for the

differential and inteqral fluxes are determined by the

statistical variances on the raw counts only.

As a further consistency check on the average spectral
indices and the selection of the energy scales, the
differential and inteqral spectra were compared. If one
assumes that the differential srectrum can be expressed as a

power law, then the ratio of +the differential flux times

ol divided by the integral flux times ohad yields the

spectral index minus one.

G g

Ss.+) = (7-1)

T(Eaee) £V

This compariscn is sensitive to any inconsistencies in the
selection of energy scales that might have occurred in

deriving the energy spectra from the three overlapping
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flights as discussed in Chapter V-3. If the spectrum is
slowly changing as a function of energy, this also should bhe
mirrored imn +the ratios. Table V.5 1lists the derived
best-fit differential spectra indices over the charge range
from boron to iron.
Key for Table V.3

t energy at which the differential flux was evaluated (GeV/nuc)

t+  AE (GeV/nuc)

tt+ energy at which integral flux was evaluated

#  differential flux #/ m2—sec—sr—GeV

## integral flux #/mz—sec—sr

@ respective error in the measurement
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2.’5’“

1.88-3

2,.96-5

4.07-¢

7. 16=14

’025—5

2.65-4

5., 10-6

2.3‘-14
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1976 1977 1978

RC CRC RC CRC RC CRC

E,>9.72 GeV Ek>16'15 GeV Ep>25.30 GeV
B 174 281 161 216 115 197
C 958 1741 1165 2216 7060 1401
N 184 326 230 418 106 197
0 983 1884 1290 2256 700 1454
F 18 36 24 46 16 31
Ne 130 253 198 403 94 197
Na 21 41 30 61 17 34
Mg 187 413 215 484 115 256
Al 34 70 37 68 20 38
Si 157 354 156 357 90 204
P - - - - - -

30 73 25 60 15 36
cl 9 19 8 19 6 12
Ar 1 25 10 25 6 13
K 6 14 : 9 21 6 13
Ca 17 44 15 38 10 23
Sc 5 6 4 9 2 4
Ti 7 17 9 21
v 7 17 11 26
Cr 11 21 9 23 6 16

Fe 88 273 104 320 65 185




ELENENT
Carbon
Nitrogen
Ooxygen
Neon
Magnesium
Silicon
Iron
17-19
21-24

9+11+13

 TABLE V.4
AVERAGE SPEZ TRAL INDICES

SPECTRAL INDEX-
-2.80 t0.07
-2.65+0.,05
-2.851% 0.07
-2.65%1 0.03
-2.65% 0.09
-2.80rt 0.09
-2.81% 0. 1%
-2.53 % 0,08
-2.6320.20

'2- 58

14
[«
a2

N
N

~2.89t 0.16
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CHAPTER VI

PROPAGAT ION

In an attempt to interpret the results of Chapter TFive,
it would be advantageous to discuss general models of cosmic
ray propagaticn, The first model discussed is derived from
a general transport equation which includes the appropriate
source and sink functicns for cosmic ray propagation in the
gala xy. The second model, the leaky box model, is derived
from the Ggeneral transtort equation vi th simplifying

assumptions that replace the diffusion ternm.

Vi-1') PROPAGATION

Jne methcd of modeling cosmic ray propagation in the

galaxy begins with the continuity equation

6.1) an V-J, + sinks = source
ot

wvhere m 1is a number density expressed in #/vol-enerqgy.
The source term can be divided into two major classes:
i) injection of particles into the energy-volune
space by the source; and
ii) production of particles by fragmentation from
higher 7 species into lower Z nuclei {ie. k-type

into i-type).

109
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The losses or sinks frcem the energy-volume space can be
characterized by
i) loss from 1i1-type to k-tvpe nuclei by
fragmentation,
1i) loss from the voclume space by diffusion.
iii) loss from the emergy space by energy loss
mechkanisns.
iv) loss from particle type by nuclear decay.
v) loss by catastrophic losses. |
vi) loss from containment volume.

The sink ternr can be expressed as

62)  [% Fn}e %]

The first term represents the number of particles 1lost
tetween E and &  due to energy losses. The second term
represents the numker of particles lost from an
energy-volume bin by some type of escape from the systenm
where 7 is the mean 1lifetime _for escape, decay,

fragmentation, etc. Therefore

1 | + i + | +
‘r .

6.3) —
‘ i Tescape  'decay fragmeniation

The source term can be expressed as

1]
64) ~q5vJ.E)+§-ﬁﬁ

where the first term is the source production term and the
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- second terrn rerpresents the injection of k-type 'nuclei being
fragmented into i-type species in a fragmentation time 7 .

The transport equation now becomes

. on; d n; nk
65) —a—r:l-+V\Jni +[‘3E(ni—g%')+ —T—:-] =c'|(r,t,E) +Z"ki

By assuming a linear diffusion model, the ?- term can be

expressed in terms of a gradiert in 7. .

6.6) Jni =-DIEWVpi

where D(E) is the diffusion coefficient. The energy
dependent diffusion coefficient can be expressed in terms of

a scattering mean free path

6.7) D(E)= /31 (E)B C

The cosmic ray transport egquation for +the number density

tecomes

ani : i
6.8) a1~ VDENni )+ e (Eni) + L = qr,1,E) +3 A

Ti

The solution to the transport equation can be derived by
constructing a suitable Green's function with +the

appropriate kcundary ccnditions,
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Syrovatskii ('959) first suggested the form of +the Green's

function of

: I E dEe' '
6.9) -G= mexp[— Eow)] o (r,t,E)

wvhere
. EpE). .
6100 BE)ed (1)) BU-10) ;x=f {EAdE
Eo
and must satisfy the conditicn
3¢ o, . _E ]
6.11) Sy Vb g dnsle ro)

The boundary conditions placed on ¢ must be +the same as

those placed on 72, Once the Green's function has been

obtained, the transport equation becomes

6.12) ni(r,t.E)= E(E)f dEo exp[f ﬁ—)—;———(g—]fd?’rogb( ryfo,X% )- [q (r,t,E£d +§____nk(r ,Eo) ]

For the steady state case where Jdn/34 =0, the solution

reduces to

) E '
6.13) p(r,E)=f %%exp[:/;z E‘(_E?)Erﬁ'j]fdsh‘f’("“'x)'[q (r,Eo)+2—5——(r° °)]
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Assuminy the source term can be factored as follows,

6.14) ~  q;(re,Ee)= f(ro) q; (Eo)

ni(ro, 3 o) = f(ro) ni (Eo)

then the resulting solution is

6.15) é(r,E)='/;wE%exp[:(ifgﬁE—-)][qi(Eo) +§——nrk%~] Plro, Eo) |

where

6.16) P(r,Eq) = Pathlength distribution function
= d3%e ¢ (r,x,ro)f{ro)

EFquation 6.1 can be rewritten in terms of a flux j {x}).

L [T gy D
617)  i(E) modxw(E)exp[-j(; M][qi(E"”%(xki(Eo) Jptr.Ea

wvhere w(#) =4E/dt, and Ai:=mean free path. It should be noted
that P {r,s) contains all of the spatial information on the

distribution of the cosmic ray sources.

VI-2) Leaky Box Model

In some cases 1t is approrriate to make assumptions
that simplify the general transport eguation. The "leaky
box" model which has been commonly used assumes that

efficient mixing occurs within a containment volurme and the
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cosmic ravs maintain a given probablity of escape regardless
of +their position within the volume. The diffusive term in
the transport equatior is replaced by a generalized loss

term

6.18) V- (D(E)Vn; )—--f:‘i-

The transport equation becones

. Nk
o 32 )

By changing variables from E to X and changing from a number

619) = (Ein;

density to a flux, Equation 6é./9 can be rewritten as
d
LI __L
6.20)  —-(wj, )+ [q +3 M“]
This first order differential equation has a solution of

' “ - [, i |.'(F,l_x) -

6.21) (E,x) = — - . jR(EX
HEX u—:)f dx w(E)exp[f: d"][q.(E,x)wﬁj——-‘gr]

Where the ccnnection between EY and X lies in the range

relationship

6.22) R{E') = R(E)+x

where &° =the enerqy measured at the source and & =the
observed energy aftering traverising a vpath length of X
q/cmz. It is interesting to note at this roint the
similiérities between the solutions of the general and leaky

tox equations. If one looks srecifically at Equations 6.17
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and @2!, it becomes obvious that ir the context of the
general transport equation, the leaky box model sclution is
identical fcr the <case vhere the pathlength distribution

function is described bty

X
6.23) Plx)= exp,l;)-g)\L = e/

Figure VI.1 shows the varicus pathlength distributions
predi;ted by the leaky box model, the no near source model
of Lezniak and Webber ({1978), and the nested leakylox model
of Cowsik and Willson {1975). A1l of these distributions

are based on solutions derived from Equation 6.17.

From the solutions derived above, the steady state
intemnsities that we cbserve at the earth are influenced by

four major factors.

1) The distributicn of the cosmic ray sources. The
actual distribution of the sources in space and time will
determine the pathlength distributions through which the
cosmic rTays nmust propagate before they are observed at the

earth.

2) Escape losses. As the cosmic ray traverses the
galactic A4isk%, there exists a finite probablity that the
particle will escape the bounds of +the confinement volume
either by a diffusive mechanism or other physical rechanisms
that remove the cosmic ray from the energy-space dimensions.

The probablity of escape increases as the enerqgy of the
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particle increases., This will result in in a steerening of

the spectra at the higher enerqgies.

3) Energy loss mechanisms, The rate of ionization
enerqy loss that occurs in the interstellar medium derends
on the enerqgy and charge of the cosmic ray and the amount of
material traversed. If one assumes that the ratio of two
species at the source are constant, the observed ratiss will
be modified as a function of energy due to the different
rates of enerqy losses. TFor example, j{(B} /§{C) will show a
rise at the lower energies due to the increased rate of

ionization energy loss of the higher Z species.

4) Fragmentation in the interstellar medium. The
amount of fragmentation that occurs depends on the
pathlength distribution function, enexrgy, and the

interaction mean free path of +the individual nuclei,
Spallation reactions are directly proportional to the amount
of material +traversed in the interstellar medium. The
primary particles at the 1lower energies will undergo a
larger amount of spallation reactions due to the longer
residence time in the galaxy and thereby enhance the

secondary nuclear conronents at these energies.

In discussing the results of the experiment,
propagation <calculations vwere <carried out for 202 nuclei

throuqh a distribution of pathlengths of the form

6.24)  P(x,E)= [/hoexp[x/\E)]
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vhere AME)=70EBtor £, 1.0 GeV/ Nuc
AME)=7.0 for E< 1.0 GeV/Nuc

This distribution was choosen as a best fit to the observed
data as shcwn in Chapter ViII-3. The propagation programs

were provided by J. A. Lezni ak.

The Silterberg and Tsao (1977 semi-emperical cross
sections have been used for the propagation calculations.
These cross sections have been modified using the results of
Lindstrom (1978) and Perron {1976). These calculations were

done using an interstellar hydrogen density of . 25

atoms/cm®. ‘The assumed source injection spectra was of the
form
6.25)  j(E)=E %%

The source atundances rresented by Lezniak and Webber (1978)

were used in the calculations except where noted.
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CHAPTER VII

DISCUSS I0ON

VII-1) Cbservation of Primary Spectra.
.

There are two dgeneral features present in the
observation c¢f the rrimary species. ') When attempting to
fit the differential intensities to a power fit either by a
chi-square test or by a least-square method, it becomes
apparent that the spectral index is =slowly changing as a
function o¢f energqgy. The spectrum 1is steepening as it
approaches the higher energies. For example, carbon and
oXxygen between the enexrgy ranges of 10 to 30 GeV/nuc have
spectral indices of -2.53 .05 and -2.492 t.,05 respectively.
In the interval between 30.0 and 100.0 GeV/nuc, the spectra
steepen to -2.63%,08 and -2.65 t.08 respectively. 2) There
is a trend for the low Z nuclei to have an overall steeper
slope than the slope of the higher 7 elements. Carbon,
oxygen and diron have a overall best fit spectral index of
-2.65 *,04, -2.65 .04 and -2.53 t,06 respectively. The low
Z nuclei have spectral indices which are close to the

observed protcn spectrum.

In the context of a diffusive or leaky box model, these
features can be exrlained by the competing effects of the
galactic escape and nuclear interaction parameters. As

discussed ir Chapter VI-1, for the steady state leaky box

119
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model
AR I/>‘T = V)‘escope + In‘nnteraction + I/)‘deccvy
represents the +total interaction mean free path. The

flatness of the iron spectrum can te attributed tc the fact
that the interaction mean free path for iron ([~ 2.6g/cnm ) is
much larger than that of the lower 7 nuclei, This inplies
that the interaction losses dominate at lowver energies as
conpared to the escare interactions. Therefore, one would
expect to see a flatter spectra for the higher Z nuclei due
to the depletion of particles by nuclear interactions. The
observed steepening of the individual spectra rTeflects the
point where escape from the confinement volume begins to
dominate, As the energy increases, the probability of
interaction decreases since the confinement time is
proportional to @& and the probability for escape
increasss. Selected primary to primary ratios have been
plotted in Fiqure VII.5 along with the ©predicted ratio

derived from an energy dependent leaky box model.

FTigure VII.1 shows the differential intensity of oxygen
as determined by other experimenters. The intensities
presented in this thesis are in good agqreement with the
other reported results over the observed energy range. The
absolutz intensities of the primaries are in general
slightly 1less than those reported by Simon et al. {1979)

and Orth et al.{1979) cver the energy range of 10 +to 30
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GeV/nuc and 1in good agreement with the results reported bv

Caldwell {1977).

VII-2) Cbservation of the Secondary Spectra.

The spectra of the secondaries are in general steeper
than that of their respective primaries. These nuclel are
prod wced mainly by spallation of their resrective primaries.
ITf one assumes that +the secondary has the same velocity
[Ek/nuc) as its parent nuclei, then one would expect to see
the fragment having the same energy spectra as the incident
particle., The increased slope of the spectrum can be
attributed to the enerqy dependence of the escape mean free
path and to the energy derendence of the cross sections at

the lowar energies.

ViI-3) Secondary to Primary Ratios.

The secondary to primary ratios are of prime interest
in determining the path length distribution and the escape
parameters. The ratios were selected such that the
seconlary component is thoaght to ke absent or have a small
source comgeonent and produced mwainly by fragmentation.
These ratios have been plotted in Figure VII.2 along with

the expected ratios derived from an enerqy dependent leaky
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box model. The parameters used in the calculation are
discussed in Chapter V-2. The 1individual ratios for the
three f£flights have Lkeen averaged in cases where the data
points overlap. The resulting error bars on the energy
scales have not been plotted. The low energy data points
spanniny the enerqy range 0.95 to 6.0 GeV/nuc are those
reported frecm Lezniak and Webber 1978. The expected
secondary to rrimary ratios were calculated using a leaky

box model with a path length Adistribution of

7.2) P(x)=exp(-x/X)

where A\ is treated as a energy independent variable of
constant grammage. The observed and expected ratios are
shown in Figure VII.3 for different values of the escape
mean free path X . The general observations of the data
indicate that all of the ratios decrease as a function of
enerqy . The ratios imply that the primaries have traversed
a path length of ~7qg/cnm at ' GeV/nuc which steadily

decreases tc¢ about ~1.,5 g/cm at 100 GeV/nuc.

In the propagation calculations we have assumed that
horon and charges 21 through 24 have a zero source
component, The other ratios that are thought +to have a
non-z2ro source component were adjusted to bring them into
agreement with the borcn to carbor and the 21 through 24 +to

iron ratios. The source conmponents derived indicate that
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(17-19)g =.035 Feq

(9+11+13); =. 047 (10+12+14),

Ns=.05 0Os
The 21-24/Fe ratio is probably tke most reliable of the
group due to the 1éck of contamination from higher charge
groups althouagh the boron +to carbon ratio has the Dbest
statistics and the spallation crossections are well known,
The lower charge grougs are depepient on the accurate
knowledye of the partial c¢ross sections from the primary
specias above the observed fragment. It should be noted
that in spite of the uncertainties in the cross-sectional
measurements, all of the escape lengths inferred from the
ratios are in remarkably close agreement. The B/C and
21-24/Fe ratios have bLkeen plotted versus their apparent
exponzntial escape length in Fiqure VII.4. Individual
exponential fits have been calculated and are presented in
Table VII.1. Using the conmbined dafé set, the average

escape mean free path is

7.3) e =(7.21 £.86) E(0-3220.10)

over the enerqgy range from 1.0 to 109.0 GeV/nnuc,
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TABLE VII.!

Povwer fits to individual secondary to primary ratios

Ratio exponent (Ek) exponent (F-total)-
B/C -0.322 t 0.027 -0.369 £0.033
21-24/Fe -0.330 * 0.034 -0.378 £ 0.042
17-19/Fe -0.289 + 0,059 -0.324 £0.072
9+11+13/10+12+14 -0.166 + 0.049 -0.184 + 0.059
N/0 -0.476 = 0.036 -0.548 0,041

Although the statistics are limited, the data shows a
possible flattening c¢f +the escarpe mean free path at high
enerqies. If this feature is correct, it would indicate a
treak in the enerqy derendernce of the escape mean free path.
This flattening would indicate that the escape 1length is
becoming ccmrarable +to or less than the thickness of the

confinement volunme,

In the context of a diffusive model, Owens and Jokipii
[{1977) have pointed out the inter-relationship of the escape
mean free path and the diffusion coefficient. If the
interstellar magnetic field fluctuations are of the order
Plk)y =~ i , Where k is the wave numbher, then this
Kolomogorov scattering spectrum will result in a diffusion

. . V3 . .
coefficient of D~ R where P is the particle rigidity.

This would lead to an escape mean free path variation of

s
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.43
~ B at these energies. This rigidity is dependent upon

the power spectrum of the magnetic field. Cearsky et al.
has pointed out that the escape nmean free path with an
enerqgy dependence greater than -0.6 would have difficulty in

explaining the observed anisotropies.

Other experimental determirations of the enerqy
depenience are summarized in Table VII.2 and Figure VIT. 6,
This determination of the enerqgy dependence escape mean free
path {in total energy) in this thesis is in good agreement

with Lezniak and Webher {1978) and Simon et.al. {1979} .

TABLE VII.2

EXPERIMENTAL DETERMINATION OF A BY:

This work X~ expl -0.37%t 0.13]
Orth et al. (1979) A~ expl =-0.60%t0.10]7
Simon et al.{1'979) A~ exol -0.40%0.10]

Iezniak and Webber ([1978)x~ expl =-0.30%f 0.06]

1

Ormes and Frier (1978) A~ expl -0.40*0.101
Caldwell (1S77) A~ expl =-0.59%+ 0.09

0.051

1r

Jullussion ({1972) A~ expl =-0.40
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Ffurther insight can be gained on the injection spectrunm
by observaticns of high enrergy species where the interaction
lengths are much larger than the escape 1lengths [(ie.

). Equation 6.20 can be simplified in the high
enerqgy limit such that the observed spectrum is related to
the injection spectrum bhy

74) i = —:{i

Since the escare mean free path can be expressed as a powver
law, ﬂj , then the injection spectrur must be a factor of

harder than the observed proton- He spectra where A =33.5
g/cm®  >> A, =2.0 g/cn”. At energies greater than 50 GeV/nuc
the observed proton spectrum is Q(E)=i2J' {Ryan et, al.
1972). Therefore the in-jection spectrum chosen for the

propagation calculaticns was chosen to be

7.5) j(E)=gL %4

This spectrum is somewhat steeper than one would expect fronm

a model that accelerates cosmic rayvs by shock acceleration.

VYII-4) Conclusion

In this thesis we have measured the charge and enerqgy
spectra of the high enerqgy cosmic rays spanning an enerqy

range from 10 to 100 GeV/nuc and a charge range of Z=4
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through 7=2¢€. The changing spectral indices can be
explained in terms of a leaky box propagation model with a
enerqy deperdent escape mean free path as discussed in
Chapter VII. Systematic investigation of the primary and
secondary components indicate an enerqy dependent escape

mean free path of

Ae = (7.21 £.86) EK-(O.tho.lo)

for energies greater than 1 GeV/nuc. This result 1is
consistent with a diffusive scattering propagation model
that contains a Kolomogorov spectrun of magnetic
irreqularities in the galaxy. ‘There are indications in this
measurement that the energy dependence of the seccndary to
primary ratios 1is becoming scfter at the higher energies.
Investigations of +the wprimary to primary ratios are
consistent with a model where the cosmic rays are in-jected
into the interstellar redium with an injection spectrum of

the form

7.7) i(E)=g 29

and does nct require an charge depenient source spectrum.
The source abundances presented by Lezniak and ¥ebker {1978)
were used in the ©proragation calculations [except where

noted) and prcvide good fits to the observed data.
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This reasurement has provided the best statistical
determination of the high energy cosmic ray spectrum nade to
date (~ 20 m*-sr-hr). This, combined with the ccnsistency
reguirements that were placed on the three experiments, has
proven to be an exceedingly sensitive test for the removal
of systematic errors in the derivation of the spectrum. In
this thesis the instrumential corrections have been reduced
down to a degree where the major source of error in
determining +the cosmic ray intensities lies in the
uncertainities in the fragmentation cross section parameters
in the interstellar medium and the atmosphere. These
interaction parameters, as well as accurate measurements
that extend above and below the enerqgy range investigated by
this thesis, are needed in order to understand more fully
the complex prohlems of nucleosysthesis, acceleration, and

propagation c¢f cosmic rays in our galaxy.
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