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ABSTRACT

This report presents o study of the solar eyale vwarligtlon of
the proton populotion of ﬁﬁa iﬁner radistion beld, The analysis
includeos proton cnersies from 10 to 700 Mew, An pppropriste field
live, L = 1.25, ond varlous values of field sitrengih, B, sre in-
vestigated, A particle conservotion equation conteining sources
snd logses of inper beli protons 1s established using an everaged
aﬁmosphere eind numerically integreted over ¢ number of solar gyeles,
The proton source tern used in the counservation equation is the
Catuosphare deceyling albedo heubrons, wille the loss processes
used ere stmospheric ionlzation and nucleayr interactions., Using

Horrie end Friester's (2}

models, an sversged atucopheric model

is comstructed in terms of B, L coordinates vhich represents tae
muvber density trepped particles wmuldg on the aversge, encounter,
The process locludes diverasl, longitudincl, norith-scuth spd "bounce”
eversging. The btime dependence of the model iz coustrucied for &
typieal soler cycle using sversged informetion of ihe recent past.
Although the model is time dependent, it is indepondent of a parti-
cular solor eycle, Doth stsedy-state and trausient conditions are
caleuleted as a function of belt coordinetes., Proton flux specira
for solar meximum and soler minimum exe calculated. Transient
specire ere presented showing the dynsmlcal behavior of trspped

protons vhen influenced by the fluctuating atwospherae. Comperisons
!



ere made with the trensient end steady-state proton populetion
aa&c@mmmﬁ. The results indicete thot the proton population

is changed by en order of megnitwle from soler meximm (o solar
minimu for lov energy protons, B < 100 Mev., Higher cnergy protons,
B » 300 Mev are not spprecisbly effected., Mean proion Lifetimes
are celouloted ss & fupction of energy and B et solar minimum and

soder mestlmam.
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SOLAR CYCLE EFFICTS ON INNER BELT PROTOES




INTRODUCTION

he discovery of the sarth's radistion belt by the Explorer I
fiight of May, 1958 (Ven Allen, Ludwig, Ray, MeIlwain) has initieted
much interest in trapped psrtlcele phenomena. In the following five
years, date hae been collected and analyzed, yielding a great deal
of pieccemesl information descriting the radiation Leits, The com-
piexity of tue problem, along wlth the vausual, Lul pezcessary,
equipment, that is, satellites, bes hidden the complete explenation
of trapped particles, The inver zone of the rvediabion velt, defined
ap gliitudes less then approximetely cue earth vedii, hes been more
thoroughly investigsated. This is probably due to its proximity end
the stete-of-the-art of booster and tracking ebilities at the time
of the bels aiscovery. Contributions of resesrchers dealing with the
exploration of the imner btelt are reviewed e beckground for the more

2)

recent publicetion by ?izzelia‘ wnien initiated this investigetion.
Before Ven Allen's discovery, research vwas progessing along

another path; thet of explaining the polar surors ceused by cherged

particles, In 1903, Sﬁgymer studied the wmotion of & charged particle

in @ dipole field in an stiempt to explain auroral phenomensa.

A dipale field was used since this model represents the earth's field

to 8 fivet spproximetion, He found that cherged particles coming

from infinlty could nct be trepped by & dipole field like the earth.



The perticles would either strike the earth, or be dellected by
the megnetic field and return to infinity, Conseuuently, workers
in the field were led to the conclusion thal the innér regions were
euplby of entra-terresirial periicles. Sﬁ;ﬁmaz‘s work on the study
of motion of charged particles in the vicinity of a dipcole field
proved s valueble stepping-stone in light of the bell discoveries
35 years later,

An ipportant advance, as fer as earibh trapped particles ere
concerned, casme 30 years later, In 1953 Trelman's celeulations of
coswic ray seeondaries, or "slbedo" paiticles, to explein rocket
measurements indicated thal low energy pserticles could exlist in
the earith’'s magpnetic field., The idee of the anlbedo particle
hypothesis came to be one of the more accepbed sources in recent
years For high energy protons in the inner belt. The curreat aledo
nypothesis is as foliovws: exbtra-terrestrial particles strike the
stmospiere producing neutrons and other perticles, The neutrons,
not being affected by tie earth's megnetic field, scatter in all
dlrections, After o short time {i.e. 10° seconds) the neutrons
decny into protons. The resulting protons ave affected by the
garth 's magnetic field such thaet some are “trapped", thet is, coniined
1o a reglon gbove the earth's surface., If the sltitude at which the
trapping occurs is low, the protons will be reedily lost by collisions
with the atmosphere snd will not significantly contribuite to the belt
population. When, howvever, the trepping occurs above the dense lower
atwosphere, the protons will stay lounger end thus conbribute slgnifi-

cantly to the belt population, This breakibrough stimuleted nevw



intercet in explalning the aurors by trapped cherged particles.
Singer (1055) postulated the existence of trapped particles to
veoiduce an earth bound ring current. Singer used the perturbetion
theory of tropped charged perticles formulated by Alfven (1950),
which predictc that charged perticles will drift in longitude and
thereby produce an effective longitudinal current. The interaction
o the riong current ead the negnetic fleld wao investizeted snalyti-
eslly. An uvasuvccessiul sttewpt was mede in Hovember, 1957 o
substantiate Singer's work, &4 held yesr loter, two U. 8. sstellites,
19580 and 1956w, (Beplovers I end YII) coxrying Geiger counters
showed enomalous counting rates 8t an altiltude of wpuroximately
one earth radii, Ven Allen's correct interpreotation of the Geiger
counter resdinss as due to high flux encounters of tropped partlceles
opened pew paths in the explorstion and desceripbion of the trapped
particle phenomens,

A deseripbion of the belt wsually involece the folliowing cix
guantitien:

{1} J, - the omaidirectional flux of the type perticle, i
having enerzy B {(vhere i = proton, electron, ote.)

{2} {z, 3, 8) - the coordinates of the point wider considerstion,

{3) B - the kinetic onergy of the I porticle.

{4} t - tiwme

By utilizing the geomagnotic coordinates, L end B, the spatial
dependence can he greatly sinplified. The wse of Guds coovdinate
systen is essentially due to the foct that trapped porticles yeﬁ&%sa

[/'



& longitudinel sdisbatic constant uf’metion, K5 which can be
utilized in mepping. The fact that particles sre "trapped,” that
is, the magnetic moment ,» of a chayged particle is a constant of
the motion (see Appendix B for discussicn) produces s "mirroring"
motion whereby & partlicle spirsls sbout a field line between &
magnetic field By in the northern hemlsphere and the same value Bg
in the southern hemisphere, Due to inhomogeneities in the field,

the whole configuration drifts, The drift is such that

T = %M/\IL— 2 4

is & constent, I is called the longitudinel integral invariant and

M and M' are the northern and southern mirror points end By is the
value of the field at M. The locus of B and I produces rings in
the northern and southern hemisphere where the southern rings

are called the conjugate rings., The locii of lines of force
conneching the rings are defined as a magnetic shell, Thus, rather
than describing messurements of flux at points in space by r, 1, ané

8, the spatial distribution of trapped particles is defined by

There are actually three adlabatic constents of motion of trapped
particles. These are the megnetic moment, the longitudinsl inveriant
snd the flux invarisnt. These constants are usually celled sdiabatic
since thelr constancy depends upon how yepidly the magnetic field

changes,



labeling the megnetic shells by Bg, and I since the psrticle flux

is approsimately concbont on this gh@ll{ 10) o Mellvein (10) in 1906L
iptroduced & paraneter, L, where L = £ (I, B) to label the megnetic
shells. The pervametor L s more eoaceptually couvenleut since for

e dipole field, it lz equel o the equatorisl distance from the
center of the earth Lo the line of force., A% present, the use of

tue "neturel” coordinestes B and L is en sccepted systen by resesmrchers
involved in the exploration of the brapped peiticles,

Soon after Ven Allen's discovery, setellites f£itted with counters
were sent to obbain dote on the trepped partieles. %wo sotellltes
vera sent in the middle of 1958 to explore the spatial distributions
of the new phenomens, They were Bxplorer IV (Van Allen, MeIlwain,
Ludwig, 1959) end Sputnil III (Vernov and Chudekov, 1950)}. The
dnte from bolh vatellites indlested two distinct reglous of huigh
particle fluws vith & lov peridicle fluw et L « 2 e,.vy. Pioneer IiI,

v spece probe carrying gelger counters and lewnched in December,
1958, indicated the seme result. The two regions vere cslled the
inner and ouwler redistion sones, while the in-between yeglon with
the low counting vele wes celled the "slot." Az subsecuent satellites
wers sent with more discrinmineding particle counters, the iden of
two distinet regions become lese believeble, Explorver XII (O'Briea,
Lewghlin, 1962) date indicoibed thet the whole region in occupied
with low energy electrons (E > 40 Kev) snd protens (E > 100 Kev)

with epproximetely the same intensitles. It is now believed that
the esrlier patelllites vwhich were equipped with pon~discriminating
counters, probably encountered the high energy protons ot L « 2 e.v.,

5



end the high energy electrone at L > 2 e,r., thus producing the
two distinet regions. The names, Ioner and Quter region, have
been kept by researchers for historical reasons and also to indicate
two possible origins,

A current description of the radiation belt is given by Figure
I-1. (This hes been reproduced with the pexmission of Hess{26})¢
The figure describes the rediation belt by separating the omnidirec-
tional flux of protens and electrons into energy categories. %The
omidirectional flux for the different energy categories are plotted
in R, % space vhere R is the geccentric distance end 3 is the magnetic
latitude. Thet 1s, the megnetic coordinates B and L are transformed
to R and 1 through the dipole field equations (these are stated in
Appendix A). It can be seen from the two lower figures of high energy
protons and electrons why the eafly experimenters, who used non-
diseriminating counters, might have distinguished the belt into two
reglons, An excellent review of the discoveries leading to the
current spatisl description of the radiation belt 1s given in
References 26, 27 and 28, The protons vwhich are lnvestigated in
this study are the higher energy protons, statically desceyibed by
the lower fightwhan&'figure. The portion of space considered in this
study, 85 can be seen from this figure, 1s confined roughly to mag-
netic latitudes of 30° and geocentric distances of 1,2 to 2.0
earth radii, The protons are probably the best established component
of the radistion belt, mainly due to data taken by Freden and White from
nuclear emilsion stacks flown in April, 1959 and October, 1960.

i

T



Soon after dete beceme aveilable, trapped particle resesrchers
bagon to verify thelr theories of mechanisms describing the rediation
‘belt, A model evolved containing two processes; a source and e 1loss
process of trapped protons. The source of the inner belt protons was
found to be refleched stmospherie decaying neutrons coming from
galactic cosmic ray collisions, while the loss of protons wae found
+o he dus to near atwospherie collisions, Zﬁnveaﬁigaﬁar*f?’g’w’ 17,18}
have established these maochanisws Ivom date., A brief review of their
contributions will be made in order to csteblish the model used in
this study. Utilization of their contributions will be made throughout,
vhengver possible, ‘

Papers by Lenchek and $;iné§ar{15" 17) Freden and mm( 7,18 2
Hess (9) have shown gmé. comparisons with the data using reflected
atmospheric neutrons due to gelactic commic vays as & source for inner
belt protons., The dabe in the comparisons were taken from the nuclear
emulsion stack flown on April, 1959 and October, 1960, (Freden and
White). The energy spectrum of the source used to evaluste the date
was found to be a function of E™2, There is some small difference
as Lo the power of B according to Singesrmﬁ}. This difference 1s
0.2 snd, for the most part, would not eppreciably affect the resulte.
Furthermore, it is pointed oul by Singer that this is within the
observational accuracy of the dete. In accordance, the source
spectrum of protons in this paper will be £{E™2},

Removel processes for protons trapped in the belt have been

investigated hy various peoplem’?’.g +16,17,18) . Lenchek snd Smgar"'stlﬂ



paper epumerstes the current theories for proton losses, They are,
elastic or Coulomb scattering, inelastic scatiering, nuclear inter-
actions, end losses due %0 non-adiabatic effects, The inelastic
scattering, referred to as the ionization loss mechanism by others,

is a significent contributing factor to proton losses throughout

most of the energies considered in the paper, becoming dominent at
lower energies E <« 300 Mev, This loss mechanism is used in describing
the proton population. Elastic scettering, slthough of msajor importance
to light traepped particles like electrons, is considered to be negligi-~
ble for the heavy particles, like pratens(l?y, Consequently, elastic
scattering is not considered. The nuclear interaction losses, that is,
proton losses due to catastrophlic destruction by running into atmos-
pheric constltuents, thereby causing a nuclear resction, have been

used by Freden and WhitezT} and Lenchek and 8&ngar‘l7) in their analysis
of proton fluxes for high energy protons {E > 300 Mev). They indicate
that the ipclusion of this loss process becomes necessary at higher
energias(17’7)ﬁ Bince this energy range is of interest, thia.mechaniéﬁ
is used along with eladtic scattering. The last loss mechanism, non-
adiabatic effects, is discussed by Lenchek and Siager(lY). The criteria

of this condition is,

= &

That is, the magnetic field doesn't change appreciably as the particle
spirals about a fleld line with a radius equal to a, To obtain a



rough ides of the size of this condition, consider a 700 Mev proton
near the equator spiraling sround the L = 1,25 line, The ratioc of
B/7B for o dipole field approximation is

B ¥

8
- = = = cm

B = 3X10 ¢

The rodius of gyration, which near the equator is ithe lergest, of
& 700 Mev proton mirroring at lerge latitudes is:

- My 1 _ 1708 2510 1
a ‘___. - oy
T VBB \ Ty 20)

l.6 (1o?°)

& =2%x 107 en
Or; o is smaller than B/YB. As the welocity decreases the redius
of gyretion decresses and the edisbatic condition is less apt to
bresk down. Thus, the loss of protons due to the breskdown of the
adiebatic condition will not he considered.

To summarize, of the four removel theories mentioned, only
inelastic scattering and nucleaxr intersctions are used in this
paper. The remsining two ave omitted for the following reasons
respectively; 1) the trapped charged particlec investigeted are
protous; 2) the enexgies of the protons are > 10 Mev; 3) the lines.
of force are confined to the inner region of the radiation belt,
Or, referring to Plgure X1, the protion of the belt investigated
a5 a function of time 1s described by the lover vight hand figure
which can be adequately caleulated by using a cosmic ray a:i.-h'eaa}

1]
source and the sforementioned loss processes, i

Previous observations have not indicated large vavistions
in the proton population of the inner part of the radfation belt,'

10
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OQuter belt (L > 2} measurements, on the other hand, have shown
lgrge varistions and ere currently being studied. Piaa&llafﬁ)
indicated in his paper that Yoshida, Ludwiz end Ven Allen (1960)
heve shown from Explorer I data that the chsnge in the proton
population is less then a factor of 2 for & two month periocd.
Dots from Explorer IV (McIlwain, 1961) indicated the same resulis
for o three mwonth pericd. However, Piaaalia‘sﬁ" collected data
from the Exglorer“gll'ﬁﬁ%elliﬁe for o period of fourteen months
definitely indicates a trend in a sizeable change of the inner
belt population. The plots of counting rate versus time (for

L = 1.25 to 1.5) praesented by Pizzell&‘gj{yig’ k) show. a Steady
increase in counbing rate with some superimposed wvariations,
Although the net chenge is sbout 4 or 5 {L = 1.5) to 2 or 3

(L = 1.25) for the fourteen month period, there is o stesdy in-
érea&& in the belt pepulsition, This leasds to curious questions:

why the steady increase -- and whet will be its net chenge? An
attempt is made in thils paper to ansver these questions by iluvestl-
gating the effects thnl the expanding snd collapsing atmosphere

in conjunction wilth a time varying source have on the trapped protons
in the inner belt., The solar cycle dependence of the intensity of
galactic cosmlic yays has been luvestigated by McDonald and Webﬁertgo’&9)n
A current estimateilg} ﬂf the relative changé‘of neutron solar sourcs
strength frow soler maximum to soler minimum is 259, where soler

moximom 1s smaller due B0 the exclusion of some gelactie particles

il



Wy the Buo's ineveased sobdvity. In addition to the cheonge in
pource atrength is the pericdic change of the ginosphere density

by approximntely en order of msgnitude dus o exespharic hﬁa‘t&%(ﬁzﬁ
It twrns oub that these two effects sre resonsnt., Ubét is, at zoler
spindrum, the stiospbere is less deuse and collicions ave less on the
averege, thercby allowing the protens to live longer. At the seme
time, the source otrensth is o maximum, o nmove protons on the
sversse eve beiny supplied into the belt due to the decressed sotivity
of the sun, Thuw,; the pet effect is that more protops ere availaltle
&b solar nminisuw oo compored to solar maximun vheve the opposiie
effect takes place, It is believed thabu these two foctovs should
produce & noticeable effect over o poariod of time oqual o o s0lar
eyele {(mpproxinmately 11 yeers), It is also belicved thab some of
the eleedy chenge ip counting rote obssrved from daba teken over

a suort period of time {as comprred to the durstion of e typical
soloy cyele) collectod by Pizzelln could be due to tials effect, A
shudy bas been completed which investigstes these effgots on the

H

proton popilntion using cwrrent aveileble informacion. The method &
\
.

oy wihvieh the problem lo sttecked, snd the resulis o the study ere

prasented in the following sectlons,



ANALYSIS AND CALCULATIONS

The Average Atmospheric Models

The study of the proton population depends priverily on the
atmosphere since losses of protens eve dus to the simosphere. The
otmesphere is & functiop of meny varisbles, like lstitude, time of
day, height, ete, To develop the atmespaeire in s detailed manner
dongidering all the varisbles would be difficult. However, it is
possible to construct an sversge model which, ovelr long saupling periods,
uould give a reasonable rvepresentation of the esrth's atmosphers. This
is Ey no meens anyliing new. However, an sitempt will be mode in bhis
section to develop e selor cycle tiwe dependent atmospbere in terms of
whet & trepped parbticle would “"see" while woving sbout the Barth's
magpetic Pield. {(See Appendlx B for discussion of trapped particle wotion
The aversged models will be tyansformed into B, L space cince thls cholee

of coordinates hes been adapted by most trapped particle experimenters.

The B, L trensformation ueed is thet developed by ﬁcfluain‘lg} using
the L8 sphericsl heimonic coeflficients of Jenson &ﬁd,ﬂﬁiﬁ(lx), This

trensformation has been programmed for & TOUO IBM digitel computer.
e input to the progrem is the geocentric spherical coordinates (h 4,
o), wiere h 15 altitude in Jm, ¥ is geocentric labtitude in degrees,

and o is geccenbrilc longitude in degrees. IBoesieslly the progran

13



numerically integrates the lougitudinal invariasnt X using a series
expansion for the magnetic field. Then using & dipole representation
of the earth, the progrem calculates I which 4s a funetion of I and B.
This program is currently being used at the Godderd Space Flight Center
Theoreticel Division'12),

‘The basic wodels used in this study are the ones generated by
Harris and Frmste_r‘?’} which give the hourly number density for five
atmospheric constituents, Np, Os, Hﬂ s H, 0. There are five models
generasted. Each model refers to & given soler radistion flux in unilis
of }.ﬁ"éa’ watts /v /eyele/sec, The link between soler flux, S and time
is given by Figure 1. {This hac been reproduced with the permission
of Harvis and Prieatww )h The dotted line superimposed on the curve
represents the aversge yearly varlation of S with time, Notice that
the cycle is unsymmetrical. This unsymmetrical nature of the time
variation will eppear leter in the proton population cslculation,

As seen from the curve, the S variation begins et 1947. BSince the
results are applied to recent date and since an estimate of the flux for
tha coning solar minimum is of interest, an spproximate extrapolation
hoe been made., The extrapolation beyond 1961 is an average between: the
extrapolsation of Figure 1 and corresponding values less then Jaouary,
1954, The constructed mean solar cycle with epoch st Jenuary, 1954, is
given by Pigure 2. - As can be seen, the unsymmetrical nature e retained.
It must be noted here that this curve represents an estimate for the
next four yeesrs using information from the current solar cycle and

assuming the cycle will last 13 years,

14
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The fivst step in arviving at the aversge models is 10 ealoulate
the divrnsl aversge pumber density of cach of the five models pre-
sented by Harris and ?fmzster{:’ )'ﬁ The sum,

ﬁf _ %‘k n“: atoms/cm?

L=1

is computed wihere the five atmospheric elements are J = He, 0; O,
Nz, H and where 1 yefers to the hourly value ¢f the density. The
values of n J ere precented in tebular form as a function of § and
altitude in Tables 1 through 5. The diurmnel aversge is teken because
protons drifting in longitude around the eavth have periods of revolu~
tion on the order of 1 to 30 minutes‘g}, Thus, over a pericod of 24
hours the dally proton populetion varistion will tend to be avereged
out, or at lesst be a second order effect compared to the soler cycle
expansion of the atmosphere, which is 11 yeers. This does not mean
that the longitudinal drift of trepped protons 1s belog neglected,
but that the short term tiwe effects will not be considered,

The second step in constructing the solar cycle aversge atmos-
phere is to consider the longitudingl drift of protons along & B, L
eontour. Contours of northern and southern field lines were genersted

using the B, L digital codet 10,13,12)

previously mentioned. Figures 3
and 4 chow the B conbtours for L & 1.25 as s function of altitude and
longitude. Flgure h represents the southern conjugete field lines of
Figure 3. Both figures showv the inhomogeneity of the earth's field in
the northern and southern hemisphere, As i8 seen by comparison of

these two flgures, the southern hemisphere minimum altitude 1s lower by

15



approximately 600 or 700 km then the nortiern lines near longitude
-ho%.  This is what 18 eonmonliy referced to as the Soukh Atlantic
anomoly. The meximum altitude for a given B, L contour oceurs in
the northern hemisphere, For thls particuler L line the maximum
altitude is nol apprecisbly greazter In the noribern hemisphiere than
in the scuthern hewisphere. The caleulstion of the leongitudinal
avevage density ﬁk is done by the sum

-

i_ 1 S ﬁ{l(% atoms/cm?

where k refers to norithern ov southern hemisphere snd where ﬁi €
is the diurnel aversge number densilty of the jth constituent at

longitude o which corresponds to ea altitude Trom figuves 3 and 4,
The factor 35 is used because equel ilncrements of 10° in longitude
were vsed to evalunte ﬁgu The longitudinal everage was periormed
for voth southern and northern hemispheres for each of the five 5

models and for each of the five constituents. Both bemispheres were

Lo

W,

then aversged together to give s composite longituadinzl everoge n
of the jth etmosphere constituent. Ae might be suspected, the cow-
f

goeite longitude model io strongly influenced by the southern snomaly
vizich dips lov in eltitude. Extrapoletion was necessary since the
atmospheric tables (Tables 1 through 5) used in celculating the long-
itudinal aversge include sltitudes of 120 « h =< 2000 km. The range
of extrepolation can be seen from figures 5 end 6., These figures eve
constent minimmm alitltudes in the southern hemisphere and constant
mexinom gltitudes in the northern hemisphere cross-plotted into 3, L

space, These figures were reproduced with tihe permisslion of Hese,

16



Blancherd, 8taasinapoulca@5)ﬁrom flgures 5 and 6 the limit of the
tables for L = 1.25 lies between B's of .23L and .168 vhere the
meagiznm eliitude is obtelined from the norihern hemisphere and the
minimm altitude is from the southern hemisphere, Values of density
above and below these B's were obtained by logerithmic extrapolstion,

The lest aversging step is to sdjust ﬁg due to the protons
north-south mirroring motion. This process, in essence, reduces the
magnitude of the tables due to the motion of a proton from s wirror
point at low altitude sand high density moving towards the equator
at & high altitude end low density, As one wmight expeet, the amount
by which ﬁg is reduced depends upon the arc distance away from the
equator. As the arc distance approaches zera;'ﬁhe correction factor
becomes ong. The caleulation of the "bounce™ aversge 5 15 made by
evelunting the integrel; (Sece Appendix A for derivation and discussion
of the bounce aviraga)

=; (AR MdA )

n- - o Adtoms/cm

Al an

where
Vo
4 - 3ot A

acos®A - b V4 -3cos®*1

Al = cos* A

a = \)4"5COS‘ZA—D

()
b = cos® A,

iT7-



rg = mlrror point latituds
&3¢ 1) = longitudinel stmospheric pumber density of the Jth
eonstituent ao a function of latitude, 1.
The integral is evaluated numerically for the five 8 models
ond, the five siwospheric eonstituents, The Colg B} tebles were trans
forped into ¢ 1) by the magnetic dipole Hransform
B = M1 +3 s

I 1® cosA

The A {1) is introdused into the integral dus to the fmet thet
protons are spirvaling about the fleld line, rathor then bouncing
back ond forth sleng the field ling, The spireling motion is such
that protons stey longer nesy the mirroy point then et the equator.
Tuis effect io teken into eccount by weighing the aversge calculatlon
with respect to latitude, by the inclusion of & (3).

Upon completion of the bounce aversge, the atwospbere vonstituents
ere novw congtructed in terms of what the trepped pazticles would en-
eounter. The functlonsd dspendencé is solar £lux 8, magrneiic induction
B, cnd f£ield line L » 1.25. The 5 constituents are put tozether to
forn the avevege number of oxygen atoms/em® by

= (Ng) = (He) = (0,) =(H)

‘;?: 75N LA st v 20 + 250
for cach of the 5 8 models. The stmosphere io ropresented in terms
of oxygen in order to relste the energy loss dus 0 the stmosphere
vith dote taken by Avem, Hoffmen and Williemo'®). Thnis procedure of
zaprecsenting the stmosphere in terms of the avernge ozygen number
demsity will become more apparent in Section B vhore the partliole

18



conservetion eguation components are described, Figuve 7 shows §
as a Tumetion of B for the 5 5 models at L = 1,25,

As is seen from this figure, the 5 models meet at about
B = .25, That is, the model correcponding to soler maximm {8 = 250)
is the seme as the model et solar minimum {8 = 70). This effect
indicates that neay B's of this value for I = 1.25 the solar cycle
effect iz pegligible.

The models generabted are for a particulexr line of force, L = 1.25
and the 35 3 models, From Figurve 2, § wversus time, it is a straight
forward cmleulation to eliminate S for time by interpoletling belween
the curves., FPigure 8 shows the resulting time dependence of the
atmosphere in terms of the scale factor,

.
R(L-125B,¢) = (2¥9en atoms/cm ) ar1a05
(oxXygen atoms|/cm?)

NTP

wnere {oxyzen aécmafams}NTP comes from the Tollowing relationship of

apn ideal gas:

4
20414 cm/ kmole = . 60249 X 10° atOW—S/K_mo{e

or
3 Cfg
(oxygen atoms/cm) = 269X
NTP

The ratlo R is celculated in order to relate the energy loes of the
atmosphere with the messured energy loss &ataiﬁ)x BEwplieitly, the
energy loss/unit length at NTP conditions for an oxysen sbsorber is
given in Reference 5. %o find the corresponding energy loss/length
for the atwospheric conditions vhich is represented in terms of ouyzen,

one multiplies by R.
1o



The net result in constructing the stnosphere in the preceding
fashion is mainly bto eliminate directional difficulties in ithe fallmwing
discussion of proton spectra and llfetimes. As can be seen from each
of the averaging processes an attempt has been mede Lo represent the
atmosphere in terms of what the trapped particle would encounter while
moving sbout the earth or, in other words, replacing the probvlem by
an aversged time dependent absorber which veries periocdically with e

period of 11 years.



The Particle Conservation Equation

The study of the varietion in the proton population requires
knovwledge of the conditions which governs how protons are auggli&ﬁ to
& given region and what procesges fake protons out of the same regiocn.
In other words, what are the sources end sinks for trapped perticles?
If they were known completely, s particle conservation could be estabe
lished and the proton population would be known at any instent of
time and position, It is attempted in this section to describe the
proton population on an aversge basis using the decsyling atmospheric
neutrons as the source of protons end to develop the solar cycle average
ionizetion and nuclear interaction losses. The purpose of this section
is to construct the perticle conservetion equation used in the atudy.
The resultant equation will be similer to that used by Freden and
Hhite(7}g Lenchek and $inger{i?3 and‘ﬁessfl’gy in their studies of
neutrons es & source and the steady-state proton population, .

The continuity equation cen be written as

N 4, 7.7 =0
ot (1)

vhere ggfia the time change in the number of particles/cm® at & given

point, This is a stetement of the conservation of particles which

does not involve any sources or sinks, that is, perticles being



ereated or destroyed inside the volume. Eguation (1) slse stipulates
that the particles cen be described by specifying the spstial coor-
dinates only. That is, st & given time the particles in the volunme

are not distinguisheble. As vas gtated earlier, it is convenient Lo
deseribe the trapped particles at any time by distinguishing the parti-
cles by thelr energies since a gilven particle may change its energy.

To introduce the concept that the particles being counted sre described
by both position and energy, it 15 necessary Lo write equation {1} in

four dlmensionel space, with B as the fourth dimension, That is,

N + \7°j = O
- = {m
Dt * .

Considering the <trapped particles to be protons snd separating out the

4th component, eguetion (2) can be written es,

N LT o 23
E;tb + ij; ] + Z;E% = o {3)



where,
N = proton number deusity {protons/cmP-Mev)

proton velocity (&, ¥, £) (em/sec)

<4
i

J s ﬁp?, proton Flux density (protous/cm®-Mev-sec)
-y

.}!@ i
4 = ppatial gredient ( %Eﬁ-ﬁgg 3;»}

E = kinetic energy of the protons uwnder investigation (Nev)

. T . . .
JE = ﬁp %%;# energy component of the flux density

Equation (3) represents the conservation of particles which have energy
B, Tzt is, the divergence term agcounts for particles leasving a volume
while the extrs term in eguation {3) eccounts for the change in the
probon density due to the chanpes in proton energy inside the volume.

The assumption is made that

(Ve T = o

That is, the region wnder invesbigmtion is such that the {lux inside is
a coastant with respeet to position., The elepent of volume considerad
is & tubular sheped cylinder centered avout o line of force, L, ex~
tending frow a fixed msgnetic fleld By in the northeyn hemlsphere to
the some value in the southern hemicphere, The change in proton
,gumber of protons of energy B would be due to geins or losses of epergy
inelde the volume. With this in mind, equation (3} becowes

N LY (NpE)
ot +S“E( pﬁ)“o

Prowoue of energy B ere being added fo the volume due Yo decayling

albedo neutrons and, similarily, protons at energy E are being lost

oy
A%



by catastrophic collisions with other particles. To account for

these phencmens, equation f4) is adjusted to,

N > (N &
Rearranging leaves:

| dE
)_NP = S—-—J_,N ~%’ ( NP 5&»

ot {5)
where the change of the proton population with vespect to time at =
given energy E is given as three terms; a source of protons S, & loss
of protons LH’ and a change of energy of the protons due to atmospheric
absorption of energy. In other words, a field line L is chosen and a
wirrer megnetic induction Bp is fized. The change in the eversge numbe:
density of protons at time t, of energy E, et Bg, L is of interest.
Protons of energy E gyreting from northern to southern mirror points
run into atoms of the stmosphere end are destroyed and no longer svail-
able for counting, this is the LE term. Protons of energy E are being
supplied into the field line by decsying slbedo neutrons, snd conse-
quently are availsble for counting; this is the 8 term. Finslly, proton
of energy E lose some of their energy by ionizing the astmospheric atoms
and consequently are not counted since they are of different snergy.
This effect is included in the last term in Bqustion (5). Thus,
equation {5) represents the conservation condition of trapped protons

whieh yields the rute of change of the proton number density with time,
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while the integral gives the totel number of protons/em® - Mev,
or the proton population et any time ¢,

As stated earlier, to describe the proton populstion it is
necessary t¢ include all sources and losses, However, es discussed
previously, it is possible to omit some. This can be done by limiting
the region of applicability of the results. With this in mind, the
two teyms S and I‘N will be expsanded into a convenient form.,

The nuclesr interpction loss term Ly used in this study is
basically that used by Freden and Wh:ite”}. Let ol j) be the area of
the jth stom of the atmosphere such that if & proton hits that area
it will be destroyed, 79 1e the aversge number of j atoms/en® available
in the volume. If J is the incldent flux, then the fraction of flux
loss in passing through o volume of thickness 4l is:

%:-T = n's(pdl

The loss rate of the number of protons/em® in terms of flux is
Lo=+a
NVoat
From the sbove equation of the fraction of flux losse by passing
through the element of volume, the I‘E term becomes
=) X
L,= 5JInoc(al
N N
At
Or,

5

(] E-\ )

L, =Npvy R's() 6)

i
=)

where n is the aversge number of J atoms/cm® of the jth constituent of

the atmosphere previously celculated and o{j) is the intéraction cross
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section of the Jih constituvent and the 5 Indicstes the pumber of
eonstituents considered.
defining

S o=

:3;"

6(J)

,
J A

.[\J/hn

Hi

equation {8} ean be~wwitten more conveniently as
_N),\/'Z

The value of ~ for oxypen used for the caleulation of ¥ is from
Preden snd Wnite ?3 which is A

2

-24
G(O) = .36 %I0 cm

™

The interaction cross section of Helium used is

(He) = 145X 1072% em® %

\\
For simplicity of csleulation, it is assumed thet the Nitrogeu
intersction cross section is egual to thet of Oryzen spd the Hydrogen

contribution is negligible. Thus, the caleulation of P is,

= (M =
5= 26w+ [ K228, 20 1) atomsien
' ) 7

The pulsaetion of the ctmouphere causes ﬁ&e o be o function o
time in the selay cycle ms well as position. TFigure § shous 1ege ¥
as a funetlon of time for varicus values offﬂ et L o= 1.25. 't ecan be
seen that ag B increnses, the varlation ivrmxﬁo?& moxlimam 0 solay
minimum decresses, Or, as might be SUﬁp@éﬁ@&,ﬁﬁRG oreathing ™ wimos-
phere is not as provounced at lerge B'a ﬂhiCL covresponds to low

altitudes,



Tne souree QF Prouons,; &8 WHb DLELRUL SRLALEES VOIS AR ES0 Wby
albedo neutron decays. The peutrons are produced from cosmic ray
protons colliding with oxygen and nitrogen. The produced neutron
scatber in all divections and subsequently decayed inbto protons. The
neutrons which escape from the atmosphere and subsequently decay will
be injected into the belt. The form of the proton source, S to be

used in this study is essentially the same asthat used by H&ss(m
with some minor modifications. Specifically, these aye the addition

of the solar cycle time dependence and the transformation into B,L
spaces Due to the nearly egual masses of protons and neutrons the
energy of the proton resulbing from neutron decay is very near the
energy of the pavent npeutron. It is possible to assume that the
proton’s epergy, and direction of motion ig that of the parent neutrom;
or that the source of protons is equal to the decay density of
neutrons. That is,

S(e) = dnle) neutrons/cm’- sec-Mev
where dv

dn(E) is the number of decsying neutrons/sec at energy E
{meutrons/sec/Mev)

dV is the element of volume (em®)
If n is the number of undecayed neutrons present in an element of
volume 4V and the average life of the neutrons before decaying into
protens is T seconds, then the number of decaying meutroms per unit

time is
I = n
fal)
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Letting N be the mumber of neutrons/cm® in the element of volume
gives

dn = NdV
T

Or, the number of decaylng neutrons/sec/element of volume is

dn _ N
v~ T

Dafining Jﬁ as the neutron flux results in the source of protons
as

S = C_iil = J N

daV ~ T

The neutron flux leeking out of t\ha aimosphere has been aaleulatea{}%}
from measurements of the peutron energy spectrum inside the atmosphere.
The resultent flux of these neutrons, in the energy range considered H
in this study, was found to be

Jo=8 E7* SR neutrons/cm=sec-Mev

vhere £{r) is & non-dimensional epatial dependence of the neutron flux,

Following Iisaas;{ 3”}@3 the dseay density of neutrons is given spproximately

AR ECEN

by

where ¥ 18 the equatorial radius of the eerth frﬁ., = 63578,2x10% em,)
and where Y bas been added to account for the dilated neutron mean 1ife,
The Gm&ar"’,qmntiﬁias in this equation are defined as follows:
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v = pevtron veloclby {ae/sec)
5= wfe

-

¥ o= (1~ 877

<

= spsed of lighit, 2,079z u}“ enfoec

¢ = peatron mewn life, 109 sec

£, = radius of earth, 6578.2:10% om
= eelealebed equatorial neutven fluwk med is given by .BE™®

newbrona/ / e Mev-nan.

It i3 slready assumed thet the velocity of the pevent neutron
is the seame we the veloclty of the decayed proton. In the preceding
caleuletions, the evolustion of v, » snd ¥ in 8 wlll be done Ly coa-

dering only protons,

Por the vegion of conslderstion of this study, the ecepoveantial

factor is approxzimuiely equal to 1. For exemple, the disteance from
the wenber of the earih 4o the lne L = 1.25 i¢ -~ 1P cwm, and the

slowest speed of neuwtruns considersd is v ~Jdo® z;ufae:c,} which iz

voushly 10 Mev, Thus, the velue of the exponential iz:

GXP{VXT‘J~8 P{ i) ~ 1o

‘Wo@)(\ N7

The yesuld of the alimplificciicn leaves The couree Lexm od,

SERENG)

dv BCYT

A modificabion of the neutron leskonsz, -, is made usipg informetion
- ¥

1“{3*{’3}& e value used by Hesa'™) of pis

i

gvbained fron Mﬁ}m‘m

Y:8E"



vhere ¢ is not a Tunction of time. A non-diwensional pavemeter £,

is deflned as the reletive luper belt source strengith, That is,

_ 9t E) U KMWE™™ | k)
)= ——= = 2= = DO
2 Y (t,,E)  8E™? B

Figure 10 shows (%) as & function of time for the recent psst,
Agnin, the non-symmeitricsl nsture of the current solar eycle becomes
apparent from this figure, As seen from this [figure, the reiatié@
chonge from solar meximum to soler mindmum is 259 where soler meximum
is the smaller due to the exclusion of gelactic particles, which produce
the neutyons, by the Increaged sctivity of the sun, This out~of-phobe
of the source and loss process helps contribuie in o positive way o
the net change of the proton population belween solayr meximum and soler
minimum., That is, at solar winlmum, the loss process, or basically
the stmosphere, 1ls swmell compared to solar m%&;mum. This peans that
provons sre not tsken out es repidly. On ﬁay_qé'ﬁhia, the source 1is
pumping in protons at its mazimun rate. Thﬁsgitwa effects act together
to give a net change of more protons of aolafﬁﬁinimﬁme However, as can
be seen from this Tigure end figure 7, the a&ﬁﬁﬁﬁn@ra has & much lerger
, 3
effect then the variable source. ?ﬂ

One modificetion of « results in changing ‘equation (7) to

o= -8E () £ ( reT

BCY T r (e

9

The second modificetion is to change the position varisbles to B, L

) . . . o v gy
space. This is doue by using a dipole earth sppproiimetion 19),
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2.

B: M(‘F—SCOSijL}'

2" L2 coseA (9)
and
E = L COS'ZA-.
re

where M is the earth's dipole woment (8.1 x 10%°® gauss. em®),

That leaves equation {8) as

< - 8 dL)E”
' Pe¥TL cos™A

{10)

where the ) dependence 1s replaced by B through equation (9). The
cos™® 1 term is lefi in the equation due to inability of equation {9)
to be solved in closed form,

For the caloulations, it is sssumed that the source term S
produces protons from deceying neutrons such that all produced
protons have veloelty orientetions perpendicular to the field, B
at & given latitude, )o. That is, all protons produced are injected
at the mirror latitude, 1. This sssumption is made instead of adding
the contributions of protons at other positions slong a field line
which have the necessary mirvor point conditions {that is, the proper
piteh engle, o where n is the angle between B and the velocity of the
proton v). Or, the injection coefficient used is 1. This assumption

would probably not sffect the genersl result of the study which is
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relobive cherge from solar minimuw o solar mexlimnsi.
Dauetions (6) sud {10} reprecent the form of the souwponents

of cguation (5} to be numerically integrsied. Beiowe substituting
B ond Ly into equatlion {5) there ie some reo¥yenging vhich san be done
in order to selt up the egustion for ntperlcel integyotion, Bipunding
euuation (51, gives _

My = g N _y B__(%tt\ L=y R

Dt YE )t PSe N St PSEQ - Ly

recrrvenging resulie In

‘ E — at —
Y 2k c N {11}

erpending by the chein rals

C.IE = CJE d)( - BCC!__E
dt  dx It dx

where, £8 before ¢ = v/e oad v = proton veloolty (co/oec) and
¢ = opeed of lignt. Substituting into eguaticn {11) end expending

Feoulds in

éﬂb:i—‘i&{dpdEﬂs

d (dE ]_. Ly

Prop Freden and E&?fzim{?}ﬁ the values of ¢ ond v ave gliven in terms of
£ in two regions of the energy spectra. The velues ave for W0 « B « 80

Mew,
B um E“&?‘?

v = 930 [0S



for 80 « E < 700 Mav {13)
B = 0896 E*®%%
v = 428 B-o0%

Notice that the curve fit to the two separobe energy regions \
does not come together at B = £0 Mev. This spproximetion is overcome \&:‘\fii\

by cmeothing the reswliing spectre in this region. By taking the __ \
dorivotives of @ with respect to B, gives \ \
%‘3_ ~ o023 E °%° for lo<¢ E < 80 Mev .
56 U}&}
de - ozosk © Lor 8o« E €700Mev
dE

Substituting equations (&), {(10), (13}, (14} iuto equation [12) and
performing the multiplication, the particle conservation equation

becomas
B .
Q_\]P = Ao@g . - A’{T}SP {J,E\ -~ A-LNPE 24_(%)._
dt [ FgEBws*h,  E® \dx JE (15)
B,
ALE7NLZ
vhere, if the energy is 10 < E <« 80 Mev
Ay = 2694107 B, = 2.509
A, = 3463%10° B, = .52%
N, = 7255 X10° B, = 477
and if the energy is 80 < E « T00 Mev
A,= 3.479 x10°"" B.= 2.549
A = 4 617 X107 2, - 656
A, = 1.343 X107 B = 244



Bouation (15} is the form of the particle counservetion equablon
used. for the study of the proton population es & function of time.
Toe equation is numericelly integrated using & Tixed step, first-~
order Runge Kutts t@chnég&afal}. That is, the egusiion written

sywbolically =5

dNp _ £(Np, E,L,B,t)
dt

is solved by first choosing L = 1,25, & vwalue B, and energy E. Then
choosing an ilntegration interval Al end initisl conditions tg, and

Ep@’ the integration is as Pollows: calculate

ANy = b (K + 2K, 3K+ K,)
wnere

K= FONg,  t.)at

Ke= £ N + Ry )t°+bt/25 at
Ky = £ 0 Np + Ka/o | t, +68/2) AT
1Ky = £ ( Np,+ Ks , .+ o) ot

The first step answer beconmes de‘: bJP°+-£ﬂﬂP. The above caleulation
continues using the time 41 = To + Ab. Control of the error is handled
by epproprietely sdjusting the integrating intervel L. As can be seen
from the integrating technique outlined, the funchlon fﬁ%§* E, L Bg, t)
needs to be eveluated st different times for & given B, L, By. The

gusntities to be supplied are

— dE ull
%’%’E(’Z;‘ 22



The energy loss texm %g-ia caleulated a3 & funetlion of .E, B, L time.
Figure 11 shows the eneorgy logs versus enevgy oy wn oxygen eboorbsr
et NTF conditions. The curve comes fyom dede published by Arosn,
Hof{wan, an&‘%iil&amﬁéﬁ)ﬁ An wes steted esrlier in the construction
of the model &imaﬁ§5arwﬁg in crder to relate the energy lons of the
atmosphers with the meesured date, the R furction {figure &) is used,
O, to look ot 1t in snother way, for a given evergy E the scale nuwber

18 Pound from figure 11, With this value, the curves of figure 8 ave

sdjusted by midtiplying by the scele vumber. In this fashion, the
energy losb, % terw becomes o function of B, L, sud time, Fhysicelly,

this Teym represents the ensrgy glven per path lengih 10 the stwmosphoric

atoms by the protons. _
i (a8 /dx)
Frowm figure 11 the slope is calcoulated 4o produce -—wm

os & funchion of energy B, Figure 12 sbows the resulis of the caleviaition.
g (aB/ax)
Toe celeulation of T g5 a function of B, B, L, and ¢ is done in
az |

the same feshion ao e
(aB/dx) —
mumber of T io found ead the curves of figure & adjusted

. That is, for s given cuergy B, the scale

appropriately. This terw represents the rate of energy loss of the
tropped protons,

The values of ¥ and ¢ ere given by figures & and 10 respectively,
As cen be seen, %, the relative source ctrength ic given only as o
funetion of tims, the reason being thet both the position snd energy
dependence have been factored out of ¢ in the develdopment of the soures
ter. The Yeffective cross-~pection,” ¥, is » functicen of time and
poaition, uwhewre the energy dependence hes beoen retained in the rest

of toe nuclear interaction term.
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A difficulty srises when evalusting the transient proton mumber

density. As can be seen from equation {15) en initial value for N

;STneceasary'in order to integrate the eguetion., If one assumes

imitially‘that there sre no protons fi.e.g‘ﬁpi

| en assumption is needed ms to whether to inject protons into the belt

= 0} at time ty, then

cet solar waximum, at golsr minimum, or somwetime in between. For the

3
3

study of the trensient spectrum with N . = 0, it is assumed that

pi

protons are injected et solar minimum. This is done 1o investigate the
‘most rapid build-up since at solasr miniwum, the injection of protons
is the largest while the removal process ls the smallest,
e e <l A N & PO - ) S
Following the work done carlier, the steady-state
proton populaticon is found by setting
dNy
JI— :O
dt
ﬁaﬁ.igg assuping the net rate of c¢hange ©f the proton number density

is smsll. Eguetion (15) then becomes

NP- Y Ao 3 dE | 16)
2 1 Al _B, A E B,
L'E {EB%E e MER L EIRE" e,

where the coefficlents are those defined previcusly.
As can be seen from the functionel d&ﬁéﬂﬁﬂﬁﬁ@ of ﬁp ﬂ-ﬁP(E,'ﬁg? L, t},

& time must be chosen in order Lo eveluste the steady-state spectrum

%6,



Two times are chosen, solayr maximum snd solar

for & given positlon.
This is dope in order o investigate the mexiwvum change

win i,
in proton number density et the two source and loss extremes,
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RESULTS AND CONCLUSIONS

The celculstion of the proton populetion of the inner belt
L = 1.25, as & function of the soler cycle has Iindicated that;

{e). The trensient time of buildup of protons to steady-

stete conditions increzses ns B &acreasés. Az the proton

energy decresses the time necessary to bulld the radiation

belt decreases.

{v). Protons with energies > 300 Mev are not extremely

affeeted by the fluctuating stmosphere.

(c). Protons with energles 25 . B « 300 show a relabive

chiange in populetion of less than an order of megnitude,

while extremely low energies, B « 25 Mev, indicete o two

order megnitude change in population.

{(d). The transient cteady-state conditions indicate thet

for low energy protons (B « 25 Mev), the trensient proton

flux is less then the steedy-state flux ed solar minimum

and the some at solar maxipum, The amount of x&ﬁu&tiwn

is o function of B, vhereas B decreases, thg‘réductima is

increased,
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(e}, Time nistories of the proton population indicmte thet due

to the "ability" of low energy vrotons (B . 25 Mev) to follow

the breathing atmosphere, while higher energy protons do not,

there 1s & change in the neture of the energy spectrum of the

population where the spectrum becomes pesked nesr eaergy 100 Mev,

This change oceurs for a reletively abrupt atmosphere cheange,

such 85 the change from selar minimum to solar meximun used in

this study; Figure 2.

{£). At solsr minirum, protons et low B live longer by a factor

of ~ 10¢ then at solar maximum, As B ineresses, the factor is

reduced to less then 10.

These conclusions ave based on the results found from eveluating
equations (15) and (16). The evaluation was done on ean IBM 7090 digitel
computer, The results from these equations are presented on Figure 173
to 16.

Figures 13 and 1k are plots of proton flux vercus probon energy
For L = 1.25 end B's equal Yo 199 snd .209 gausse respectively. The
dotited line of each of these grephs represents the sclution of equation
{16) For solar miaimum and solar meximum with

dNp _

dt
That is, the steady-state solution. The solid iines represent the
steady-state flux found from eguation {15) &térting with ﬂ?i =
and t, = soler minimum, The stesdy-ctete proton Fiux is found by
letting the source and loss mechanisms operate until the belt ie

satureted. The ssturation test is that two corresponding cycles
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become numerically ldentical, To digress on this, Figure 15 indicates

the time required in terms of soler cycles (11 years) to build the
steady-~state conditions. As cen be seen, at high energies send small B,

the buildup takes hundreds of years; Conclusion (&), it is interesting

to note the different buildup times as a function -of B, which is incre-
mented in 0.1 geuss. For energy > 300 Mev the change in tlme for en incre-
meat of .1 gauss for B » .2 is almost twice that for the seme inﬁreman%'

at B « .18. Below B = .219 the bulldup is difficult to detect due to

the extrenmely lovw flux and the slmost noun-existent variation in the
stmosphers,

The proton flwt at the two extremes under the sbove steady-sitate
conditions ere plotted in Figures 15 and 4. These spectrums show
conclusions (b)Y, (c), and (4}, Notice the small varistion of the solid
curve between solar meximum and solar minimum for the two curves at
energies > 300 Mev. In this area of the specirun, the seme result could
have been obtained by inciuéing one more step in the sveraging caleuiaw;
tion, that is, by sveraging Filgure 2. The correspouding averaged solar
eycle atwmesphere. could be ubilized in the stesdy-state solution, equation
(16), %o find the proton population, As seen from Figure 15, this would
eliminate & greet desl of numerical caleulations.

From Figures 13 snd il at E « 300 Mev, the dynemical behavior
of the stmosphere becomes more predominaiit, ?&e lovaer solid line
{s0lar meximum) spproaches the steady-state solution more rapidly than

the upper solid line {solar winimw),.  As B increases, the effect happens



ot higher eneygles. IU 18 believed that this phenomonn is g direct

result of the unsymmetrical cyele variaticn of the atmosphere.

nindng Figure 2; it 18 ceen that from soler minimm o solar
rexisum the chenge 18 abrupb, the tiwe teking epproximstely twice
an Mﬁéw This wneven Slvetustion causes the low energy protons
10 *"”al}.aw” or be in phase with the chenging atwmpsphere for the lower
sﬁl..ﬁ em {solar maxirmm) end not "Lollow™ the Fluctuating atmosphore
"’vai; G@},ax' minimum; Conclusion (d), As might be expected, the caleulation

L of i;m lower energy ywbmm souwld have been done by using the steady-

5%% equation with the atmospheric nodel corresponding to the tims in
*ﬁl/!za solar cyele. Observing flgure 13 indicatos that the results would
be more in pgreement at solar maximum then st soler ninimm, The range
of engrgy vhere the plmplification in calculstion is appliceble would
depend on the shape of the cyele,

The relative change in magnitude of flux st soler cycle extrencs
in the lower energy part of the spectrums is indicated on figures 13 and
1ky Conclusion {e). As is secen from these figures the change of proton
Tiuvx from solar miniwum to solawr meximmm is pearly two orders of
mognitude near B ~ 10 Mev, and decreases ag energy lncreases.

Figure 16 sbows tha tinme history of proton flux for two cycles,
the first and the tonth, at different energlies, This graph indicates
Conclusion {e). That is, low energy protons due o their "abllitvy"
to follow the changes of the atmosphere show mevked variations through-
outs ﬁfm soler eycle. High energy protons, oz the other hend, ere not
sxtrenply affectod by the fluctusting stmospbere. This effect csuses
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& chonge in the spectre whore protons of klgh energy become pre-
dominant, The shapae of the eycle will influpuce ot whet eneagy the
shifting occurs, thet is, if the cycle variation uscd vas less
ebruph, it io expeoted et the 25 Mev curve would ot cross the 100
o Mev curve, but perheps some lover energy. Conclusion {e) ie sgain
peen in this Figure., Notlce how repidly the 25 lMev protong Duild up
on the firet eycle mo compered with the tentn cyele, whlle the 500
Hev protons are slouly tuilding up to the tenth eyule.

Following ﬁaaat‘}' } ana others, the mesn lifetines of protons are
esloulated. What iv, the sversge lifetime © iv caleuleted from
informetion cbtained by egustlon {15) by the "Leaking bucket® equation,

which i=3

t = contents _ Ng
B input - <
Figuyes 17T snd 18 ave plots of proton lifebimes versus encrgy for
inevewments of B = .1 gouse ot L= 1,85 for the two cource and loss
exbiomes, Conclusion {#) is besed on these graphs., It in isntereasting
o m:m the epacing betugen the curves, For soler seximem, lncroments

of B of .1 geuse dndicate sn alwost gonstant smount of sdjustwent te

the yxé%m lifetime, While the came inerement £or scler minimum shous
oo order of mesgnitude difference in lifetime for B » (2 vhen conpared
to B ?*15 This soxrt of eifect was secn on the discusslon of Figure
15. ‘.f‘mza might be suplnined by two effecte. First, for e given ling,

g

the collopoing atwocpbore ollows the protons to live longer, since the

otmospheric loss is mualier. This is a shiftdus of the ordinnte between
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the solar maximm and solar minimam curves, The second effect is
that when.the atmosphere collapses due 10 & lesser emount of exospheric
heating, the "edge™ of the sensible atmosphere is shifted to lover
altitudes, This shifting of the "edge" would mccount for the spread
of the curves at solar minimum since some values of B lie above the
sensible stmosphere.

To summarize, indications are that the time fluctustions of
the atmosphere play en important role in the proton population of the
inner belt, Celculations indicete thet there 1s a substential change
in the inner belt population due to solsr cycle stmospheric effects,
Also, along with the relstive change of protons in the cycle, there
is a change in the nature of the proton energy spectra. It 1s expected
that this change 1s dependent on the shape of the cycle snd the time
within the cycle. The steady incresse of count rate seen in the data
collected by Pizzellatz) for L « 1.5 could have been the effect of
the current cycle which is spproaching solar minimum. Data extending
over s much longer period of time than avaeilable today is needed in ordes
to substantiate = great deal of the conclusions. The reason being that
the stmosphere ls constructed such that 1t averages out short-time effect
It is believed by the author that such a collectlon of deta would be
frultiul insofar as that it would bring out a great deal of interesting
phenomens about trapped particles end solidify the state-of-the-axrt

source and loss mechanisms of inner belt protons.
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Appendizn A

This sppendix wlil discuss the method used in the fourth step
in the development of the aversge atwospheric models. As was discussed,
there 1o a need to adjust the tables due to the moblon of trapped
pariicles splraling sbout a fleld line going from northern mirrdr
point to soubthern wirror point encountering different densitiles.
This motlon is shownt pictorially by Figure A-IL. The method will
assume o dipole escth. The procedure will be to find the average
denelty encomntered by the particles! porth-south spiraling motiou,
referred to as the "bounce"” motion, in terms of letitude for o given
field line, IL.

(63

Following Ra the bounce average of the number density is
# :

defined as}
_ Ses,1)ds
g) - {1}
gds

Thet is, the bounce aversge, » for & given mirrer point, lg
end field line, L is the aversge number of atoms fom® that 8 particle
“sees" while spireling about e field line from the northern to sowbhern
wlrror points {Figure A-I7). Since the emrth is sanuned to be & dipole,

the megnetic field is symmetrical sbout the megnetic equator. Due Lo
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symmetry, the integrel need only be evelusted over 1/% of & com-
plete oscillation, The procedure adopted for the calculation of
equation (1) is to projfect the element of arc ds onto the field
line, L, %his is done for eonvenience since the ztmosphere.is
given in terms of field lines,

The element of ave de = v di vhere v is the payriicles' total
velocity along the helical path. The component parallel to the
Tield line is Vi =V cos o where o is the "piteh" angle, or the

i

sngle between the field vector B and the vector ¥

ClS = Vy dt C_@_

cos & Cos &

Substituting into eqguation {1},

S Q(B,L) Iype 4

S dﬁ/cos o

Po find ds in terms of labitude, consider an elemeunt of are in

o =

{2}

polar coordinates {r, 1).

dl = \/clrz} rd) = \f(%a\z + r* | di (3)

using the ¢ifferentinl of the equation of e field line for a dipole

23}

approximetion witleh 483 v = L cos®

dr = 21, cos A sinh dL



substltutlng inte eguation {3) and resrrenging gives the relstionship

dl = LcosAV4- 3 werr dA

substituting this relationship into equation (2) gives for s given L

Iine
dA
SQ(BDL‘) Cogk\j‘i——?)cosll- cEd

Py dr
SCOSA‘ t-Bs"h Gosx

) {(23) .. .
From the conservation of magnetic moment' “ ) the relotionship between

3

(&)

B and « ia

B _ sin®«

—_—

Be Sin®*de

where subscript e refers to eguator. Menipulastion of above eguation

slves
_—
cos « = \/ |- 2 sinty,
e

substituting this into equation (4) gives

Q(B®) cos™ V4 -3 cos?A di

PSS Y

‘ B —
\] | /Beslrl Ke

VDI
1
O

cosA N4 -3 ws*L dL

\‘ | - B/Beginio&e
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ﬁoﬁiceﬁ L has been dropped since the value of » will be done for a

given L, Using the dipole approximation For B in tewxms of 1 which is

_ N )2
B~-F)§(|-|—5%1nk)

vhere M is the earth's dipole moment (8.1 x 107% geuss-cn®)
Substituting
- g ey
i L corA and simtA=l-costhA
e

2 < M(4- zc0s?A) "

L*1.% cos®

(6}

vhere r, is the equatoriel radius of the earth (6.378.2x10% cm).
Assuming the starting polnt, & mivror point, there exist

from the conseyvation of the magnetic moment the relatlionship

Be

B,

Substituting the eguetion for B in terms of 1 gives

.2
SN o, =

B :\14—’_5005”‘.')\; cos AC
Be V4 -2 o™k, \cos L

where subscript o refers to mivvor point, Using the sbove relation~

ships 1t turns out that

L



-,_———-—’-——‘—"M—-‘

\} Y — % S'\f\?o{e =

(=]

Vo

cosfAL(4-7 COS";\.O\)/Z— cost A, (4 -3 0057“1)’/7—
cos®A (4 -3cos ho) * |

Substituting the above into equation (5) and replacing B in p by 2
wy equation (6) gives

T Q) cos A {F-Bcosta A

J cosl (4 -2c0s* o)™ — cos®h, (4-Dcos™A) “

——

«0O!I

cos* A y4 -3 cos™ A d

J cos®L (4-3cos?) )™= cosé’)_o(ét-?;ws’/\.)%‘

Jdetting

A= \|4-3cos™A,

b = C.OSQAQ

end defining the "weighing" factor

_ I

ALY = cos* Ak 4-5cosTh

dcos®A - b\|4-2cos®h BE

| ; )
line is: ‘E\
N
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\ oAy
T

Q

o=

The "weighing" factor, A (1), appears in the aversging equations duc

to the fact that particles spirsl about the £ield line in such & fashion
as to stay longer &t some latitudes, namely, neay mivror latitudes,

Yg. Figure A-II 18 8 plot of A {3) versus 3 for different mirror
latitudes, ig. As cen be seen from this figure, A (1) is very large
neay ip becoming indeterminant at ro. Notice the unusual dipping of the
curves which occurs 8t 3 > 35° for large mirror latitudes, This
phenomens occurs principally becsuse the line of force hecomes
relatively steep st large letitudes., For an equal 4 3, 1t twns

out that the particle will spend leass tixe mi sowe large angles than

at the equator. To cisborate, assume the mirror letitude is very

nigh such that the pitch agle st the equator o, ~ O. By comparing
equations {5} and (1), one finds that

ds _ A(X) = coshr \‘4—3coszl
dr

To £ind the point of inflection of A (1) the derivative with respect

%0 3% 18 set equel to zero:
d A
d—l = 0o = Bcos’A — (4 -3¢Cos*A)

solving for 3, f£ind that

A= 35°
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Checking with figure A-1I, one sees that in this srea the curve

begins t6 &ip, To find the time spent per path length consider

Yy = ds _ ds dx
Or thet, dt di dt

At _ A

dA NG

Substituting the relationship of the totel velocity into this

equation gives

dt - A

dA VoS &K

At the equator assuming the piteh sngle « X0 the time spent

per path length is approxinetely
($).7 +
dX /s v
Whercas st \ > 35° vhere the pitch angle is s5till very near zero,
the time spent per path length is grester then 1/v since A(3>359)
is lescz then one,

The evaluations of the integrels are done numerically on en IBM
7090 digital computer using Simpson tg techniq_uez 21) . At miyroy
latitudes, 1o, the expression Alig) is undefined. In order to over-
come this difficulty, equetion {7) is numerically integrated from O

W o-B vhere B is made erbitrerily smsll such thet the wvalue of the

integrals do not chenge spereciably.
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APPENDIX B

A brisf discossion on the motion of trapped particles in a
rmagnetic field is presented in the appendix. Much of the material
contained in this section comss from Singer and Lencheck(23), jackson(23)
and Spiteerf25), This subject 48 veviewed so as to give completeness
to the averaging process discussed in the amalysis and calculation
section.

Consider & charged particle of muss m and charge q in & mgnetic
25013 B. The equitions of motion for the particle can be written

&
(6 = —
SP=F = 9B
(1)

whevre P is the particle’s momentum (o) and F is the lorentz force
exsrted on the charge by the field. Por simplicity purposes,
relativistic mechanics will not be considered, sinve the effects to

be pointed cut are not relativistic. The scalar product of ¥ with
equation (1) shows that the kinstic snorgy of the particle is conserved.
That is,

4 (5mv?)
4 e
dt (2)



souatlons {1) and (R) represent the equetions of n twopped particle
in o pgenerel mpgnetic ©ield. To solve them one must specify the
field B, Two spatisl dependent Flelds arve Investlgsted to briag
out pavticular points of the particie's mpotion ubilized in the
development of the avernge stmosphere. Firat will b o constent
mepnatic field, thet is, B = constant. Secondly, & slowly spatial
verying fleld.
Lot the constent £ield B have magnitude B zad be in the dirveg.

fion of the ¢ sxis. Thet is

— A

B = Be,
Consider velooity componunts || sud L to the B field such thet the

vesulbant velocity is of the form
— N A n
AVER VAR S +\/zé-z "“\/\\ €a
By evoluating the crose-product oFf the right boud side of the egua-

tlons of wobion, the coumpononts of the eguetions of motlen cen be writien

8g,

dVy
dt
¥ 1e seen thob bhe component of veloecity pavalleld to the

o

mognetble fleld is n constent of the motion. By differantieting
with respecet o time the firaet component ¢f the aceclersbion egus-
|

tion snd substitutisg inte the second gives

;

'jl.
'
HEER
AP_ i
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ci:VJ + (.gginjf‘\q = O

A solution to the diffeventlsl equation is

\/’:

wigre € is 2 constnnt of integration o Le gveluauted and where
Wy i8 defined es B/up. Differentieting the solukion of vy end

substitubing it back into the Lirst equetion gives the velosity com-

ponent,
. -uWat
\/z':~LC.e_

Considering the real pavrt of the solutlions chows the velovity

component L 4o B to be

V, = C cos Wgt

\/Z: —c S\n. \NBt
To evaluste the comstont €, one veslizes that the eentripotsl

seealeration equsls the Loventz foree. That is,

X .
%%/H: \{Lﬁ’E5 - VW

¢

.
i

Ea ;
whers 2 45 the redivs of the sivcle. The volue of the velouciby

3

L to the field is f
/
{
;” hs\\: 5
33 \
i r \\ B
PN




From the solution of the equations of motion,

SRV IVERAVA

Thus, the constant of integration is

C = wWead

The complete solution of the equations of motion for the velocity

is
— A A~ A
vV oz \A)BaLcos Wt €, — sinwgte, ) + V,, €5
where;
vy 15 & constant velocity in the direction of B, that is,
" along the z-axis
8 is the radius of gyration about the z-axis
Vg is called the gyration frequency
The circuler wotion with velocity v in the xy plene combined with
The gyro-

the translation along the z-axis results in a helix,

period about the z-sxis 1s
_ z2ma
3 A
Using equations {3), this cen be writteun as

t

2
tg =
Wy
From equation (3) it is seen that the pitch angle, ¢
{defined as the engle between v and B) is constant throughout the

trejectory for a constent B field., The megnitude of -~ is

54



A = g’m"( qBa)

v

Another importent porwmeter used in magnetostabic potion 1z the mege

netlc woment, w. It 38 defiped as the current tiwss the area enclosed,
2 P

Ivd

that iz,

M= T(Area)

For & particle of charme ¢ treveling in g circle oy redius o with

veloglity v, s

T= cl X (number‘ 04: ﬂ\jrﬂt'\ons/sec_) = Cl \Jig
277

Substitubing into the definition mnd using eguation (%), it Turps

oubt that

‘{&}

For a constant field, u is also s constent of the motion.

A spatial veristion in the megnetic field couses the particle

&

drife. The drift of a purdicle due to the inhomogeniety of the

Fleld is usunlly broken down into two csses, Flret, the drift dus to

eld i
ne Yield chenge (7B) as the parbicle spirals pbout o field line,

¢t

and secondly, the drlft dwe to the curveture of the field. The

development of the gredient drift is ususlly done by an spproximation.
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That is, by expanding # in a Teylor series sbout the center of gyration

snd keeping oniy the first two terms, The criteria of the expension

i that

VB! N
{ B <3 {5)

or thet the field doesn't chenge very much compared to the radius of

gyration, ». The motion 18 egein broken inio two components, || end

to B. Since the direction of B is unchenged, the wmotion ! to B, still

# uniform transletion, will be unchanged. The recessary wodification
to the trajectory comes from v, . That is, a transverce precession

{2l
velocity is calculated ) a8

J— 2 —_—
= Wpad )
Ve = e (BB (6)
2B
as can be seen, the drift velocity if perpendiculer to both. B and
\r’iEv
Before considering the curveture drift veloecity, there is an

) . . X .. (25) .
igportant point to be made at this time. From Spitzer )), it
turns out that . is e constent of the wotion if B dossn't chenge

apprecisbly for a change in distsnece egual to s. That is

e X
M = 2 = constant

This leads to the wirroring motion of particles. That is, y can

be written in terms of total energy snd pitch angle as



- Lmvtsin’x
M = constant

>

nis is true for &ll polnts. A relation can be established
for en arbitrery point., That is,
sin‘e . SNTK,

—— —_

B 2,

or,

Sino = —‘?é Sin o,

B

w&ezx-—ﬁé reaches W, sin ¢ = 1. ©Or, in terms of velocity, all

s#in ¢
of the velocity is ‘ﬁf and Vg falls to zero. At this poing, the
perticle "reflects” and mczwé in the opposite direction. This wotion
is the basis of the fourth aversging process where the reflection
point commonly referred to as the mirror point is wsed as a paremeter
of the study.
The drift due to the field curvature is treated in Jaaksm( 24)
and Singer and Leanahek{% ) . ‘The simpiest appmmhfﬁj"’) ig to consider
Lorentz 'sforee equation,

E/ = £ = Vx B

q

By nssuming the force 4is much emamller then B, then, to first order,
the rasulting velocity due to the perturbetive force is

'Qi = ’EXB
B‘L
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or, a foree/unit chavge f on a cherged particle will produce a

-

velocity V, which 18 at right sugles to T and B. If the force

is due to the curveture of the path, that 1s, the centripetal force
my;

s the curveturs drift veloeity becomes FProm egquation (7)

N M\),?RXB

<

3 (8)
| 9B RS
It 7x B =0, then —E—c_ - - L‘EE’) , or equation (8) becomes
R 5
—{lc - Wl\/nz 2 X VJ_% {9)

15?
Combining (6) and (9) end using equation (3), the total arift
velocity becomes

S B ¥ i * 2
Ve = B DB (Lmv +my, (10)
i8°

Equation (10) represents the total drift velocity due to the
gradient and the curvature of the mugnetic $ield. The drift is east
to west for protons, or positive charged particles. The drift motion

ic the resson for the longitudinsl eversging process in the copsiructio
of the gtmosphere.
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Figure 3. B . contours at L7”1.25 e.r. for the Northern Hemisphere

of altitude and geocentric longitude.
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Figuwe 4. B contours for L=1.25 for the Southern'Hemisphere as a

function of altitude and geocentric longitude.
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Figure 7. The average oxygen number density as a function of B

for the five solar flux numbers at L=1.25
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Figure 8. A time history of the atmosphere scale factor, R as a funé(ti‘pn

of B at L'= 1.25 e.r.
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Figure 9. A time history of the "effective' cross-section of the

atmosphere, = as a function of B at L=1.25 e.r.
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Figure 11. The proton energy loss spectrum for an oxygen target.
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Figure 13. A comparison of the steady-state and transient proton flux
energy spectrums for L= 1.25, B=.199 at solar minimum and

solar maximum.
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Flgure 14. A comparison of. the steady-state and transient proton flux :
‘energy spectrums for L=1.25, B=2.09.at solar minimum and

solar maximum.
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state conditions versus energy as a function of B.
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Bo’ Mirror Point (Southern)
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ds - Element of Arc along the particle's helical trajector
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Figure A-I. Schematic of a trapped particle's north-south motion.
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TABLE 1

250

200

—

2. 500E07
4. 413E06
2. 642E06
1. 945E06
1. 499E06
1. 176E06
9.327E05
1. 461E05
6. 016E05
4. 886E05
3. 995E05
3. 287TE05
2. 721E05
2. 265E05
1. 895E05
1. 595E05
1. 348E05
1. 145E05
9. 774E04
8. 378E04

2. 500E07
4, 872E06
2. 843E06
2. 007E06
1. 477EQ6
1. 107E06
8. 387E05
6. 422E05
4, 964E05
3. 871E05
3. 044E05
2. 411E05
1. 925E05
1. 547E05
1. 251E05
1. 019E05
8. 346E04
6. 875E04

5. 696E04

4, 743E04

150

2. 500E07
5. 484F06

3. 050E06

2. 012E06
1. 390E06
9. 646E05
6. 842E05
4. 916E05
3. 574E05
2.628E05
1. 953E05
1. 466E05
1. 110E05
8. 482E04
6. 537E04

- 5. 078E04

3. 974E04
3. 133E04
2, 487E04
1. 988E04

100

2. 500E07
6. 319E06
3. 205E06
1. 885E06
1. 154E06
7. 236E05
4, 607E05
3. 004E05
1. 984E05
1. 331E05
9. 050E04
6. 238E04
4. 353E04
3, 074E04
2. 195£04
1. 584E04
1. 155£04
8. 497E03
6. 308E03
4, 72403

70

MR R

2. 500E07
6. 982E06
3. 212E06
1. 689E06
9. 212E05
5. 231E05
3. 021E05
1. 783E05
1. 074E05
6. 593E04
4. 119E04
2. 616E04
1. 687E04
1. 104E04
7. 328E03
4. 925E03
3.351E03
2. 306E03
1. 605E03
1. 128E04

Diurnal averaged number densities of He as a function of altitude
for five solar flux numbers.
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TABLE

S 250 200 150 100 70
h(km.
120 || 7.600E10 | 7.600E10 | 7.600E10 | 7.600E10 | 7.600EL0
200 || 3.600E09 | 3.457E09 | 3.209E09 | 2.795E09 | 2. 416E09 |
300 || 8 870E08 | 7.134E08 | 5.124E08 | 2. 809E08 | 1. 564E08
400 || 3.054F08 | 2.054F08 | 1.112E08 | 4.025E07 | 1.471E07
506 || 1.168E08 | 6.616E07 | 2.788E07 | 6.771E06 | 1. 675E06
600 || 4.749E07 | 2.287E07 | 7.708E06 | 1.273E06 | 2. 183E05
700 || 2 024£07 | 8. 364E06 | 2. 232E06 | 2. 611F05 | 3.153E04
800 || 8 983F06 | 3.207E06 | 6.918E05 | 5.747E04 | 4.946F03
900 || 4.130E06 | 1.282E06 | 2. 252E05 | 1.342E04 | 8.320E02
1000 || 1.960E06 | 5. 312E05 | 7.645E04 | 3.301E03 | 1.488E02
1100 || 9.567F05 | 2. 275E05 | 2.696E04 | 8.502E02 | 2. 810E01
1200 || 4.791F05 | 1.003E05 | 9.834E03 | 2. 284F02 | 5.381E00
1300 || 2. 456E05 | 4.538E04 | 3.701E03 | 6.379E0L | 1. 162E00
1400 | 1.287E05 | 2.106E04 | 1.434E03 | 1. 848E01 | 2. 527E-1
1500 || 6.878E04 | 9.997E03 | 5.706E02 | 5.541E00 | 5.729E-2
1600 || 3.746F04 | 4.849E03 | 2.330E02 | 1.717E00 | 1.352E-2
1700 || 2 077E04 | 2.399E03 | 9.744E01 | 5.486E-1 | 3.312E-3
1800 || 1.170E04 | 1.210E03 | 4.170E01 | 1.806E-1 | 8 412E-4
1900 || 6.700E03 | 6.216E02 | 1.824E01 | 6. 079E-2 | 2. 212E-4
2000 || 3.893F03 | 3.247E02 | 8. 149E00 | 2.128E-2 | 6. 010E-5

Diurnal averaged number densities of O as a function of altitude
for five solar flux numbers.

84




TABLE 3

S
1hkm 250 | 200 150 100 B 70
120 | 1.200E11 | 1.200E11 | 1.200E11 | 1.200E11 |1.200Ell
200 || 9.900EO8 | 7.910E08 | 5.699E08 | 3.438E08 | 2. 151E08
300 {| 7.683E07 | 4.269E07 | 1.791E07 | 4.503E06 | 1.188E06
400 || 1.020E07 | 4.C69E06 | 1.048E06 | 1.191E05 | 1.427E04
500 || 1.217E06 | 4.886E05 | 7.983E04 | 4.808E03 | 2. 444E02
600 || 3.142E05 | 6.758E04 | 7.106E03 | 1.857E02 | 5.155ECO
700 || 6.428E04 | 1.033E03 | 7.062E02 [ 9.135E00 |1.265E-1
800 || 1.364E04 | 1.714E03 | 7.688EQL | 5.002E-1 |3.528E-3
900 || 3.242E03 | 3.031E02 | 8. 962EQ0 | 3.010E-2 |1.102E-4
1000 || 7.981E02 | 5.682E01 | 1.122EQ0 |1.975E-3 |3.821E-6
1100 || 2.056E02 | 1.122E01 | 1.493E-1 | 1.403E-4 |1.459E-7
1200 || 5.526E01 | 2.322EQ00 | 2.106E-2 | 1.074E-5 |5.274E-9
1300 || 1.544E01 | 5. 028E-1 | 3.139E-3 | 8.835E-7 |2.788E-10
1400 || 4.474E00 | 1.136E-1 | 4.927E-4 | 7.772E-8 |1.382E-11
1500 || 1.342ECC | 2.778E-2 | 8 124E-5 | 7.292E-9 |7.412E-13
1600 || 4.157E-1 | 6.520E-3 | 1.405E-5 | 7.277E-10 |4. 288E-14
1700 || 1.328E-1 | 1.653E-3 | 2. 541E-6 | 7.702E-11 | 2. 667E-15
1800 || 4.370E-2 | 4.342E-4 | 4,800E-7 | 8. 627E-12 |1.777E-16
1900 || 1.478E-2 | 1.177E-4 | 9.452E-8 | 1. 200E-12 | 1. 267E-17
2000 || 5.142E-3 | 2.906E-5 | 1.937E-8 | 1. 270E-13 |9.626E-19

Diurnal averaged number densities of 02 as a function of altitude
for five solar flux numbers.
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TABLE 4

5. 800E11
7.393E09

7. 630E08.

1. 278E08

2. 562E07

5. 7130E06
1. 403E06
3. 664E05
1. 012E05
2. 932E04
8. 862E03
2. 183E03
9. 053E02
3. 041E02
1. 075E02

1l 3. 768E01

1. 380E01
5. 211E00
2. 005E00
7.927E-1

5. 800E11
6. 180E09
4. 639E08
5. TTTE07
8. 798EQ6
1. 521E06
2. 884E05
5. 883E04
1. 276E04
2. 918E03
6. 994E02
1. 725E02
4. 558E01
1. 233E01
3. 456EQ0
1. 002E0O
3. 001E-1
9. 268E-2
2. 949E-2
9. 654E-3

5. 800E11
4. 743E09
2. 210E08
2. 151E07
1. 810E06
3. 239E05
2. 763E04
3. 899E03
5. 894E02
9. 470E01
1. 609E0L
2. 878E00
5. 404E-1
1. 063E-1
2. 183E-2
4, 677E-3
1. 042E-3
2. 313E-4
5. 746E-5
1. 31E-5

5. 800E11
3. 136E09
6. 739E07
2. 682E06
1. 407E05
8. 800EQ3
6. 190E02
4. 802E01
4. 057E00
3. 702E-1
3.627E-2
3. 798E-3
4. 237E-4
5, 017E-5
6. 287E-6
8 321E-7
1. 160E-7
1. 699E-8
2.612E-9

4. 619E-10

5. S00E11
2, 124E09
2, 113E07
4, 225E05
1. 156E04
3, 844E02
1. 471E01
6. 320E-1
3, 006E-2
1. 570E-3
8, 936E-5
1. 016E-5
3, 674E-T
2, 633E-8
2, 023E-9
1. 661E-10
1. 454E-11
1. 353E-12
1. 334E-13
1. 393E-14

Diurnal averaged number densities of N2 as a function of altitude
for five solar flux numbers.
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TABLE 5

250

200

4, 356E04
1. 071E04
8. 035E03
7. 205E03
6. 690E03
6. 272E03
5. 904E03
5. 573E03
5. 2712E03
4. 996E03
4, 742E03
4. 50203
4. 291E03
4. 090E03
3. 903E03
3. 730E03
3. 568E03
3. 417E03
3. 276E03
3. 144E03

4. 356E04
1. 224E04
9. 323E03
8. 328E03
7. 660E03
7.102E03
6. 609E03
6. 168E03
5. 769E03
5. 408E03
5. 079E03
4. 778E03
4, 503E03
4. 250E03
4. 018E03
3. 804E03
3. 606E03
3. 42403
3. 255E03

150

4, 356E04
1. 447E04
1. 114E04
9. 837E03
8. 898E03
8. 107E03
7. 415E03
6. 803E03
6. 260E03
5. 7T74E03
5. 339E03
4, 947E03
4. 594E03
4. 275E03
3. 986E03
3. 723E03
3. 484E03
3. 266E03
3. 066E03

3. 098EQ3

- 2. 884E03

100

4, 356E04

1. 790E04
1. 380E04
1. 189E04
1. 046E04
9. 263E03
8. 214E03
7. 360E03
6. 597E03
5. 933E03
5. 352E03
4, 843E03
4, 395E03
3. 998E03
3. 647E03
3.335E03
3. 057E03
2. 809E03
2. 587E03
2. 387£03

70

4, 356E04
2. 104E04
1. 611E04
1. 352E04
1. 157E04
9. 97403
8. 638E03
7. 518E03
6. 5T1E03
5. 768E03
5. 083E03
4, 495E03
3. 989E03
3. 552E03
3.173E03
2. 843E03
2. 555E03
2. 30303
2. 08LE03

1. 886E03

Diurnal averaged number densities of H as a function of altitude
for five solar flux numbers. ‘
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