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"occurred. These results can be ascribed, qualitatively, to the concur-

-iii- UCRL-18422

LOW-ALTITUDE TRAPPED PROTONS
DURING SOLAR MINIMUM PERIOD, 1962-1966

] Harry H. Heckman
L
Lawrence Radiation Laboratory
~ University of California
Berkeley, California
and
George H. Nakano
Research Laboratories
Lockheed Missiles and Space Company
Palo Alto, California

September 1968

ABSTRACT
Observations of energetic protons in the inner radiation belt have
been carried out since September 1962 with emulsion detectors re-

covered from polar-orbiting. low-altitude satellites. Experimental re-

sults obtained between November 1962 and J'ﬁne 1966, during the period

of minimum solar activity’,. are as folloWs:

- (a) The omnidirectional proton flux at 63 MeV remained constant to.
within 7.6 per c.enf, an error comparable to the lstatistical accuracy 6f
the flux measurements.

(b) No detectable change in the energy spectrum above 57 MeV
i
rent minimum of solar ac_:ti_vity an& stability 6f the 10.7~cm uv flux, F,
during this period.

(c) The omnidirectional'ﬂu_x versus altitude proﬁ'le'can be fitted by a

power-léw function of altitude with exponent n = 4.67+0.08. This value
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of n is in agreement with that deduced from measurement of the eé'st-.
west asymmetries in the proton flux. The meaéur_ed proton flux scale
heights are significantly larger than can be accounted for by the Harris d
and Priester modél atmosphere. _. Apart from effects due to sources

othei- than albedo neutron.de.cay, ‘the data suggest either that ef_rors, exist

in the model atmosphere, particularly in regards to the dénsity 'gré,dient,

or that adiabatic particle motion is violated.
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INTRODUCTION
Between'September 1962 and June 1966, nuclear emulsion particle
detectors were sucheésfully recovered from‘30 earth-oriented satel-

lites after 2 to 7 days in polar orbit. Of these recoveries, 27 yielded

useful experimental data on the spatial and temporal properties of en-

ergetic trapped protons at low satellite altitudes. This paper' reportsn
the results of these expenments, which pertain to inner- rad1at1on belt
protons detected 1n"the region of the South Atlant1c anomaly during the
recent per1od of m1n1mum solar act1v1ty |

Partial results obtained from flights prior to September 1963 have

been publ1shed prev1ously [ Heckman and Nakano, 1963 and 1965]. All

' data reported here have been analyzed in common. The present analysis

follows elosely that g1ven prev1ously, but has been augmented and refined
in many of its 'detalls. Irnportant to this study"is that all experiments
were pje'rforrned under condltions that were, for practical purposes, iden-
tical. The 'ernulsions were Inounted on the vehicle, in a reproducible and -

known geometry, the vehicle was earth-orlen_ted at all times, and its ori-

entation could be, and was, independently verified from our own measure-

ments. Orb1t inclinations were from 64. 9° to 415.0°, and the ascending-
node alt1tudes were between 245 and 519 km at the center of the South
Atlant1c anom-aly

Quant1t1es that we have examined for evidence of temporal varlat1ons
dur1ng the approx1mately 4- year per1od are the omn1d1rect1onal proton flux,
east-west asy:nrnetry of the proton flux, and energy spectrum. The alt1-

tude dependenc'e of the proton flux and the east-west asymmet‘ry'of this flux
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have also been obtained. Bétween September 1962 and June 1966 we find
no evidence for significant changes in th_e. character of the trapped high-
energy protons. With the exception of ou:r‘ ,first.f'l‘igli(-: (September 1962),
the proton flux at 63 MeV has remainéd constant to within +7.6 per cent--
an error that is comparable to the statistic':avl accuracy of measﬁ;'erhent.
No changes in the shape of the énergy 'sp-ectruxn' for E>57 MeV haVe
been detected. Within the rahge of-altitude's ex-a;mingd the .e.a.st-west
ésyrnmetries and the profile of altitude vs flux cannot :be. fﬁlly_ac;ountgd |
for by atmospheric iOSses, as deduced from model vét:mrosphAéres, under

the assumption of adiabatically conserved particle métion.

EXPERIMENTAL C ONFIGURATION

A. Orbit Parameters and Satellite Orientation

All séxtelliteé wére_launched into near-polarv'brbif, with'aipc;gee
.usually occurring in the southern hemisphere in the ascending no_de‘, i.e.,
while the svatellite was ‘travevling nérthﬁ;ard. Ephemer1s da.ta; lvis-te'd'for
each flight the’a-tltitude, latitude, and lonbgi_‘tude of the satellite at 1-
rﬁinut.e intefvais. The locations of the satellites wére known to within
:!:i km. Attifudé contfol was ‘maintained at all times in order to érient
the orbi_ting vehicle vrelative to the veloci'ty and zenith v.eéfé rs.

B. Emulsion Detectors

Four small "button-shaped' stacks of bnuclle'.a_rA trac‘k. evr.rbl_uilsidn's,‘
each 4 cm in diameter by 0.48 cm thi.ck, wéfe used dn’each: flight.' The
‘emulsion stacks consiéted'of four pellicleé of Ilford 'G.'Z, 600 n thick,.

- and eight pélliéles ofiIl.f‘ord G.5, 300 p t'hi‘ck. These erﬁulsions have

identical chemical composition, differing only in their sensitivity.

B
ERN
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Type G.2 is sensitive to singly charged particles, |3~< 0.4, whereas
type G.5 is electron—sénsitive; hence capable of recording relativistic

particles. I

[
i

C. Orientation of Emulsion
| The .emulsio.r:i stacks were placed in stainless steel canisters and
mounted on a spherical ballast shell immediately behind the ablati%re A
shield of the recoverable sectiion of the satellite. The geometrical con-
figuration of the erﬁulsion detectors in the nose cone was accurately
known. As a.result, the emulsions were uniquely oriented during flight
with respect to the spacecraft's orbital velocity and zenith vectors.
Figure_i is a near;ﬁrefticél phofo_gfaph of the emulsion detectors ﬁefore
their ?emoval from fhe -b‘alla'st_shell after reébvéry.. The iﬁ coordi-

nate syéténd indicated is fixed in the satellite. During flight, the vector

_1 is directed toward the zenith, i.e., normal to the earth's surface.

The vector K is thé a;ﬁ-s of sﬁnmetfy of the satellite, which, for these
experiments., was aligﬁed antiparallel to the orbital velocity‘ vector, i
- Figure 1 portréys ‘a common flight configuration. The angle be-
tween E and 'th.e r}o'fmal to the emulsion_sb.is 36°. Counterclockwise |
from _1 '_'the‘a'zimiltha'i angles of the detector poéitions are 48.5° ,. 118°,
270°"; and ‘3'12° . That the emulsions we_ré sbatially oriented during

their irradiations to the trapped radiation is the most significant oper-

" ational f'éature of the experiment--one that simplified the methods for

scanning the emulsions as well as the analysis and interpretation of the

data.
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D. .Shielding

The exposure geometry as described above allows for the detec-
tion of particles over a 2w solid angle at each detector position. Par- v
ticles within this solid angle enfe‘r the upper surface or edge of the
stacks after penetrating the ablative shielding -and canister.' ‘The ablative |
shield is. a laminated structure of phenolic glass and nyion phe.nolie whose
thickness depends on direction. The minimum thickness of 2.48 g/cm2
is in the direction normal to the detector surfaces. The minimum detect-
‘able energy for protens (vinctluding'the energy loss in the canister) is 5;7.3
MeV. Protons that enter the emulsions parallel to the emulsion surface
‘have cutoff energies between 70 and 106 MeV, depending on the direction

of incidence.

TOPOLOGY OF MIRRORING PROTONS IN THE
: SOUTH ATLANTIC ANOMALY o

Because of the low satellite altitudes at which thesel'exneriments e
were perfc)rined 'the de.te'cfionlof trapped radiation' wae cbnfined to the
South Atlantic anomaly, a reglon of enhanced trapped radlatlon Where

‘the inner Van Allen belt part1c1es attain their minimum mirror- p01nt
altitudes. The dorninant feature of the trap_ped radiation in the anomaly

" region ie its planaf:g.eometry.’ The radiation is most intense in‘:the' plane :
: norinal fo_ the local magneﬁc field. Particles that are not‘ normal to the
magnetic .ﬁeld at the point of eb-servation are mirrored at lower altitudes
and are rapidly attenuated owin-grt'o' their increased p‘enetra‘tion into tne
atmosphere. The pitch-angle distribution about the rnir'rorv plane is_therje-
fore sharply ‘de_fined.. An effective atmosphere of constant scale height,

H for example, produces a Gaus51an d1str1but1on of pitch angle. (See

' Append1x I.)
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At 400 km altitude, H=~ 80 km and the calculated standard deviation, o,
of the pitch angle distribution relative to the mirror plane is :@:8.’6" ,

consistent with observation [Hecknian 'anvd.Nak’aﬁo, 1963; Filz and Hole-

m 1965] .

That the mirz;'of geometfy of the trapped radiation isobservable in
the emulsion deteclt.;ors is attﬁbutable to the fact thé,t the ’radiatibn is
detected onlyv in the relatively small geographic area of the South' Atlantic
énomaly. Further, the orientations of the mirrbr plane réco‘rded‘ in the
emulsion detectors during ascending and descending nodes of the orbit are
clear..iY resolved from each other (Figure 2)-‘ - The relative é-rientétion of |

the mirror plane is a result of rotation about the satellite's i axis by the

amount R, = 180° + 2w, where w = sin_i(&.s-n-
s 1 sin 6

),  is the orbit inclination,
and 6'is the colatitude of the observation point.

Figure 2 illustrates the geometric orientation of the planes of mir-

‘roring protons as recorded by the emulsion detectors in flight configuration

when the orbit inclination is 75°. The illustration shows the mirror planes
as they would appear at the site of maximum proton intensity in the anomaly
region ( #34° W, 34°S), and is representative of the mean orientation of

these planes recorded by the detectors. The observed angular width of the

: mirror planes is determined predominantly by(a) the intrinsic pitch-angle

distri'Bution of the protons and (b) the broadening of this distribution by the

: préceésion of the magnetic field vector during the orbital traversals of the

anomaly‘region' as seen in the i, _:]:_, _f_g (satellite) frame. The.precession

of the field vector in the i,' i, _13 system is a composite motion due to the

~variations in the vector directions of B within the anomaly region and

the relative motion between the k axis of the "ysate\llite and true north, i,
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as each traversal of the anomaly is made. (For a circular orbit, the
angle between E ‘and ;.l is w, defined above, and..itrs-,rate of change is
@ = & cos$ cos G/Sinze, ‘where & is the orbital angulér velocity.) We
have cé.lculated the rms broadening, Oy of the pitch angle distribution
in the plane of the‘ emulsion, stack A, due_ to the precessibn.of E, and
find o, ® 10°. We have consistently found rms widths of the mirror

b

planes to be o_ . = 13° [Heckman and Nakano, 1963]. Given o, = 10°,
. ) meas : - : . b .

~we obtain 0= 8° as the width of the intrinsic pitch angle distribution, in

‘agreement _with the computational results in Appendix I.

EXPERIMENTAL RESULTS

Vefi%icétion of Orientation
The first step in our analysis v.vas. to determine the mirror-plane

configuration ‘recofd_ed in each emu>lsionb stéck. v The configgration of the
mirror planes obs'ejr'.\_red‘ in each emulsion detector is dependent upon the
position of the detector oh the ballast shell, the orbital i‘nclination,. and
the orientation of.the satellite relative to the local magnetic field in the
region _{x}here the mirréring particles are detected. We take the normal
‘to vthe mirror'»pléne‘s to b‘er the mean direction of the magne tic fie.ld vector
over the mirroring régiori_as observed_.in thé _iil_{ refereﬁce fréme _ova the
"sa_.te‘llite.v A possible'mirrdring région i.s found Whenevér the magnetic
field .ve;:to‘r .i»n the sateilife reférence frame, upoh being f:raﬁsformed to

earth-centered polar coordinates at the geographic point under consider-

ation, aligns with the earth's field as given by the Jensen and Cain [1962]

48-term field expanSion.
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Additional information is obtained from the observation of the east-

west asymmetry in the proton flux. Because the unidirectional flux, j cast

?

is greater than —jwésit’ the east-to-west direction at -the time of exposure

can be determined. ‘The orientation of the satellite's i axis with respect
to the gast-west d_i‘x.'ect:’mn that is obtained via particle asymmefry rﬁeasure- _
ments establishes t‘he‘ véctor direction of E and restricts the rnirro‘i'ing |
region to the south‘éi'n hemisphere. Here, there are two possible sites,
both inv‘the.: South Afl'antic Ocean; one near South America, the other near
Cenf:ral Afr_ica. From geometrical conéiderations alone, these sites are
indistinguiéhable. 'The magnitudes of the"'x.hagnetic field in thc;se regions,
however, are not equal. The lower field inténsity over the South Amef-
ic_ah site identifies thié particular area aé ‘the mirroring' region. We have,
ih other' wokzll_'ds,"- de;i{iced that the trapped pa‘.ﬂ:iclesvwe observe in the emul-
sions were de-tectve‘d:i:n thé well-known Soufh Atlantic anomaly.

The resulfé‘ of .the.ge.ofnetrical analyéis described above are given

in Figufe 3 for a representative sample of the flight experiments. Each

datum point corresponds to an individual flight. The data identify well
t;he_central region of the South Atlantic anomaly--the clustering of points
attests to the excéll_enf reproducibility_ of the experimental configﬁrgtion
and attitude control of >the satellite. The errbr bars represent the statis-
tivca_,l ,ac.,cura_cies in our determinations, based _én the measurement errors
of the magnetic inclination (vertical bars) and declination (horizontal bars).

angles. The distribution in the values of the magnetic inclination, I, is

consistent with the measurement errors alone, and indicates that the

errors in satellite orientation relative to the zenith direction is less than

our measurement error of #2°. The distributiqnin the declination angles
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suggests on the other hand, that the attitude-control error in yaw could be
as high as +3°. By the foregoing analyses, we verified that each flight ex-.
periment was properly executed under the nominal operational conditions.

East- West Asymmetry

The east-west asymmetry in the directional flux of energetic trapped

- protons [Lenchek and Singer, 1962] is clearly observed at low satellite al-

_ titudes in the South Atlantic ahbmaly [Heckman and Nakano, 1963; Galperin

and Temny, 1965; and Filz and Holeman, 1965]. That an east-west flux

asymmetry is a general feature of inner belt protons is supported by the
- Explorer —11-sa£ellite -stervations by Garmire [1963].

" An asymmetry in the proton flux will appear wherever a flux gradient
exists, if'res.pec'tive éf the physical phenomena that generate the gradient
[Northrop, 196'3'] . At the inner edge of the radiationbelt, i’t»isA the atmo-
sph'ericb density gradient that producés the flux gradient and thus the east-
west avsyminetrlyv. The t'rvaipped radiation penetrates the a'tniosphere to its
g.rea‘tevst- extent Whilé trave"rsing the South Atlantic.” Thus, the effective
atmospheric denéity éxperienced by a trapped .particle during its 1ongitu-

" dinal drift period is largely deterrnined in this region. At altitudes up to
about 400 km, scale heights of the effective étmOSpheric density averaged
over the pérti_cle's motion are only slightly greater (by 25 ‘per cent and less)
. thaﬁ the scale height of t,he. atmosphere at the particle's minimum mirror-

point altitude, hmin [Heckmén and Brady, 1966]. ‘Measureménté of

proton .flux scale heights via east-west asymmetry measurements in the
anomaly thus can be directly compared with model atmospheric scale

heights. This is done in Figure 4a.
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The calculational results of Heckman and Brady [1966] show that

~ within the range of altitudes we are considering the effective atmospheric

density scale height is not constant, but increases approxﬁmately in pro-
portion to altitude. The proportionality factor depends on, and increases
with, solar activity, and is demonstrated in Figure 4a. The effective at-

mospheric density thus has an altitude dependence that is more nearly a

‘power law than exponential.

'In order to present the proton flux east-west asymmetry data as
scale heights, we therefore assume the altitude prefile of the directional

proton flux to be a power law. In terms of the J E J W flux ratios, the

proton-flux scale height is given by

. 11+Ah/h = E S .
H = h /o [1_Ah _h]zn =E, | (12)
_ ‘ - W : ‘ 3 _ ‘
and the power-law exponent, n, is
n = h/H. - (b)

In the above expression, the quantity Ah = a cosl cos ¢ is the differ- - ’

ence in altitude between the point of observation, h, and the guiding centers

of j E and ‘LW’ where a = pc/B is the gyroradius of the part1c1e, I is
(v_vhere _r_ is the zenith vector) and the direction-along whlch the a_syrnme—
try measurements are made. In these experim‘ents, the east;;&est asyfn-
metry was measured at-a mean proton energy of 132 MeV (a = 78 km for
=0. 22 gauss) with 0.439 < cos¢ <0. 961 dependlng upon orb1t incli-
na.t1or‘1. The a_Verage magﬁetic dip angle at which the measurements were

made was I = 42°,
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The errors aesigned to the flux asymmetry data include the statistical
uncertainty of the measured east:west ratio, the error in the background .
correction to the ratio, and the error due te uncertainties in the geomet-
rical configutation. Combining the aforementione_d.errors leads to overall
fractional errors in our scale-height measurements that average *+11 per.v
cent, with a maximum of 23 per cent for the lowest-altitude point.

The east-west asymmetries were measured by counting the number
of stqpping protons in the energy interval 132 £ 40 MeV that enter diamet-
rically opposite edges of the stack A (see Figure 2). To be counted, the
direction of a proton track 1 mm from its ending had to be within £15° of
the ascending-node mirror plane and +10° to the plane of the emulsion.

The principal source of background to the east-west ratios orig-
inated in the ablative shielding over the emulsions owing to. scattering |
and secondary-particle production by the trapped radiation and primary
cosmic rays. The correction for this background was estimated by count-
ing the number of stopplng protons hav1ng the same angular criteria as
above, but Whose 1nc1dent directions eliminated them as const1tuents of

the trapped rad1at10n

The altitude a531gned to each experimental po1nt is h nin’ the flux-
weighted average minimum m1rror-po1nt altitude for that part1cu1ar sat-
ellite flight (see Appendix II'f01"' a definition of hrn'in), less a correction
of €= 16 to 18 km, depending on altitude. This correction comes about
because the east-west asymmetry is measured over a finite range of
pitch angles about the mirror plane, e.g., Gm'e'as—:l:-rr/'lz rather than str1ctly
normal to the magnetic field. The altitude € is given to good approximation
by € = 2..0>< 1O3<éz), where (52) is the square of the intrinsic pitch angle up

i

i dae a4 o~ [ fdy ‘|_”ﬁ\‘~"__.,‘_!,‘
to which the méasurements weré taken, averaged over thé locil pitch-
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angle distribution. |
The asyrnmetry data shown in Figure 4a prese'nt the dependence of

the proton flux scale height on altitude; Figure 4b gives the correspond1ng
values of the exponent n. The mean value of n deduced from the particle
asymmetry data is h- = 4.93+0.12. Also 'shown in Figure 4a 1sH vs imin
for n = 4.67, the exponent that is derived from the altitude prof1le of the
omn1d1rect10na1 flux of 63-MeV protons. These latter data are presented
in the following section. The proton flux scale-height data are compared
with curves of energy-.less scale heights vs altitude that are appropriate
for atmospheres at solar minimum (S = 100) and solar maximum (S =200).

The curves of H vs .ﬁmin are those given by Heckman and Brady [1966],

who computed the effective atmospheric scale heights for 125-MeV pro-

tons, 0.204 < B < 0.236, L = 1.38. The Harris and Priester[1962] model

atxnosphere was used in the eomputations; and the effective atmospheric

~ densities and energy loss and their scale heights were found by averaging

these various quant1t1es over the partlcle s traJectory

Pro ton Flux Measurements

. Scanning Procedure

The proton flux was determined by sampling the areal density of

_ norrnally 1nc1dent protons that stopped in emulsmn stack A. The energy

1ncrement over which the ﬂux measurements were made was

57.3 <E< '68.2 MeV (E'= 63 MeV). Again referring to Figure 2, we note

that the ascending node mirror plane is nearly normal to the emulsion
plane of stack A. (The angle between the mirror and emulsion planes
varies slowly with orbit inclination, 2. As illustrated in Figure 2, the

mir_ror-emul'sion plane angle is 92° when @ = 75°.)
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In oi’der_to demonstrate t_he scanning geometry and angular selection
criteria, we schematically show in Figure 5 how the emulsion is oriented
during the course of this andlysis." Precediné thé flﬁxrmeasurements, the
orientation of the ascending-node mirror plé.ne in the emulsion and the
east-west asyﬁun»etry' of the flux are determined. The emulsion is placed
on the microscope stage so that the intersectioﬁ of the mirror and emulsion
planes is parallelft'o'the»x axis, and given the east-west asymmetry, the
earth's magnetic fieid vector is aligned along the y axis. The mirror -
plane is then confined Eo the x-z plane to within a few degrees, where the.
z axis is' the optical axis of the microscope.

Vector ..13 represents the bdirectionvof an incident stopping proton
measured at the surface of the emulsion. A proton is counted when the
projected angle qf E'bn the mirror plane, ¢1(3, satisﬁes the criterion

. :

.Z—-Pi : ﬂ:15°.v
P

- -1
<

q.)P tan

The mean angle in the mirror plane at which the vertically incident flux

is observed is 25° <‘¢v < 74°, depending.on orbit inclination.  The ''east-

west'' vector, EX_IE, defines the direction ¢ = 0. .

"Omnidirectional Flux vs Altitude .

The quantity actually measured in our scanning procedure is the

v directional flux of p_rotons at angle c]>v in the mirror plane. As evidenced
by the east;west asymmetry,  the dirééti_énal flﬁx is not‘azimuthally uni-
form in the mirror plane. This is taken into 'acéoun-t when the.data are
trans‘forrned.fr.omdirectional to anidirectional px;oton'flux in the follow-
ing manner: Under the as sumption that the altitude proﬁie of the dix;ec-

tional protoﬂ flux is a ';iov‘ver law, j ($) can be expressed as
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@) = (1+ & cosleosd)™ @

The factor F; which converts. the directional flux to omnidi‘rectional“

flux, is then

2m |
. S (1+% cosI cosd)” do
0 .
F = -
j(9,)ad
S [H_'n!n—ﬂ)(a cosI)Z +0 (2 cosI)4+ . ]
e R Y ©)
VAN »
where
n= 5, as obtained from the asyrnrnetry data;
j (¢v) is the ‘di_rec':tional flux observed at ¢V;‘ '
and © Ad is the a.ng\'ilar interval in the mirror plane in which the

directional flux is measuréd.

Typically., Ad = 1r/6.radians. N

. In our expei‘iments, (a/h)cosl is about 0.1, and F rrié.y vary be-
twéen 7.8 (@hen cos ¢V = 1)and?21.3 (whencosd>v= .'_ 1) when A¢ = w/6. We
hoté that F = 12 for an aZimuthally urﬁform distribution of flux in the
mirror pilane',} i.e., whén n or a— 0.

Figure'vé presents our measurements on the altitude dependence of

thevomnidirectional flux of E = 63 MeV protons. Plovt‘ted is the average -

1

daily integrated flux, J (in units of cnn"_2 MeV~ day~ 1), observed for

each satellite flight, versus the average minimum rriii'xfor-poin‘t altitude,

hmin" Each datum point was measured to a statistical accuracy of +5

pei"cent; The data are all normalized to a 90° orbit inclination because



-14- v ’ UCRL-18422

the integrated proton flux detg.ctred during a 24-hour period at a qonsfant
satellite altitude varies with orbit inclination. ‘Based upon our calculation
using Injun 3 pfoton data, we‘vfindn that vtlz'xe daiiy integrated proton flux at
63 MeV increases approximately linearly with the angle |90° - Ql _fc')_rvv
65° <2< 115°. S.pecifically, the expression we use& to normalize the
flux data to a 90° orbitis J(R) = [1+ 0.0065| 90 -v-QIIJ(‘)..O;)] , where .T(Q) is
thé daily integrated fitix ol;served at: orbit inclination Q. The altitude
dependence of this normalization factor is small [\_Lg_t_t& 1966}, and no
correction Was made. "_I‘he normalization of ‘i:he flux data; to J(90°) reduced
the scatter of the data about the least-squares adjuéy'ted power-law fit fromi
a standard deviation of 10 per cent to 7.6. VI.)er cént. Our final r'e:sﬁlt is
that the exponent of the power-law relatiopship_ between J(in cm; ZMeV- 1day-1) |
at 63 MeV and Em1n is n= 4.67::&»0.08. : | |
: Aléo'shown in Figure 6 are the values computed for tﬁe daily flux of .
63-MeV protons for éach flight by using the :ephemefis data, thevJ_enksen
and Cain [1962] 48-coefficient spherical harmonic expa.nsioﬁ of the geo- -
magnetic field, and thé_Injun 3 proton data [Valerio, '1964, and Peferson,
1966]. In order to deduce J(63 MeV) from the Injun 3 ineésu:ements, '
40 < E < 110 MeV, we assumed the differential energy spectrum in this

energy interval to be exponential, of thel'typ}e.
J « exp[-E/Ey(L)],

where the L dependence of E

o is that given by McIlwain and Pizzella[1963].

- Although there is evidence that the characteristic energy E_ is 'also_a func-

0
tion of B [‘Freden, Blake, and Paulikas, 1965], the information presently -

available on this is not extensive enough to permit us to include this re-

finement in our flux computations.
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The original purpose for eomputing the Injun 3 daily flux was to
compare the ratio Jobs/Jinj 3 in order to estimate variations in the flux

data owing to differences in orbit inclination, eccentricity, etc. However,

‘as these data accumulated, it became apparent that the ratios Jobs/JInj 3

varied systematically with altitude, and therefore could not be used di-
rectly to correct fofr orhit-’-depend_ent differe'nces. Referring to ,Figu.re 6,
we note the ’Injunv 3 :flux agrees very well as to absolute flux, but has an
exponent. nInj 3= 4..05 +0.04, which is'significantly less than the |

n = 4.67+0.08 obtained in the present experirnent. We note that the scat-
ter of the daily flux values about JInj 3 is small, about *3 per cent (SD).
A scatter. in flux data of this amount ean be accounteo. for by a random

error of only +2 km in calculatlng h Computations using the 1964~

min’

45A [Freden,“r Blake, and Paulikas, 1967] and Telstar I [Gabbe and Brown,

1966] flux contours giite equally precise'power—law altitude-flux profiles.
The power law exponents are in good agreement with each other

4 O4:bO 03, n = 3. 96:1:0 07) However, both the

(71964-454 ° Telstar I
1964-45A and Telstar I ﬂux contours predict’ dally fluxes that are = 30 per

cent less than those given by Injun 3, hence, some 30 per cent less than

~ the fluxes observed in this experiment.

In Figure 4a we have plotted particle scale heights vs Emin' for the -

exponents n derived from the (unidirectional) east-west asymmetry and

: omnidirectional flux measurements. We wish to point out that these power-

law exponents are, with small error, equal; hence, direct’ comparlson of
these quantities is Just1f1ed
~ On the basis of the east-west asymmetry data, we may express the

un1d1rect10na1 flux of particles normal to the local magnetlc field as -
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i M, =[h+AR]™ = h_“'[1+-———a CIfSI cos9]™, (4)

where h is the detector altitude and [h+Ah] is the altitude of the particles

guiding center. ~ Following Farley and Sanders ['1962] the om_n1_d1rect1ona1

flux at altitude h, vJ(h), is glven by the integral equation
J(h) = §d¢S L () cos 6d6. N - (5)

By (a) expanding -j-J. (h, $) in terms of a binomial series, ' (b.)'using the

= c0526 and (c) noting that h kB -6 at low

mirror equatlon B/Bm1rror

altitudes in the anomaly reg1on, equation 5 can be eas11y 1ntegrated to flnd
..]'(h) Crlven that we express J(h) in the form J(h) « h , We obta1n the
result that the difference between the exponents n' -n~= 0.02 for the param-
eters in this ‘experiment. This difference is therefore sufficiently small

to justify equating n' to n.

Energy Spectrum
- At least once per year during the solar minimum period we under-
took a mea-sur_ement of the pro‘ton‘energy' spectrum E> 57 MeV. 'As de-
scribed in the'previous section, vertically incident, stopplng protons are
11m1ted to the energy 1nterva1 57. 3 < E < 68.2 MeV. Protons that enter
» parallel'to the emuls1on surface have a minimum cutoff energy of about
1410 MeV.- By ut111z1ng both range and 1on1zat10n measurements, the'
'energy spectrum can be extended to = 550 MeV at wh1ch po1nt the cosmic-
ray background 1ntens1ty becomes dominant.

Calibration: The ionization (i.e., grain density, g) versus velocity

calibrations of the electron sensitive emulsions were obtained from stopping
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proton tracks = 1 cm in length. The ranges of the calibration protons
were limited because'tl'lve high particle intensities accumulated during a .
severé.l-clay flight (a)"ﬁeceSSitated the use of thin emulsions (<300 p),
cnd (b) disalloWed the t%é;cing of particle tracks to adjacenj: sheets.
G.'rain density measurefnents were therefore carried out up to Bz 03'1

(50 MeV) ohly." In order to éxtrapolaté the g=vs-f curve to higher ve-

locities, we took the shape of the g-vs-f curve given by Patrick and
Barkas [1962], 'arid'_noﬁnalized this curve to our measurements for
B <0.31.

'~ 'Measurements: The procedures we used to determine grain densi-

tiec fol¥owcd that given by Bc,rkas [1963]. Because of limited track lengthc _

aVéilable_ for ionization measurements we utilized both the gap-length and :

blob-length vStv_rﬁctu're of the track segments to give independeht estimates :
of g By dci:ng so“, we were ablc to attain statistical accuracies of =5

per ceri't".i»n' g for track véegments 300 to 1000 u in length, depending on the

1cve1 of ionjzation .of the track. Accepted for ioﬁization r‘neésurémeni&s

wére pr()tc‘ns incideﬂt upon sté.ck A WIio_s'evprcjec'ted‘ diz;'e}ctionsi were withih

* 10"_ of the mirror plane and whose dip angles were < #5° to the emulsion'.

plane. E
| Results: Figure 7 presents proton spectra, E>57 MeV, 'measure_’dv:

: upcn five v_different occasions between June '1963 and June 1966. i‘he omni-
dir_éctio'na-lvfhle that is quoted is obcé,ined. frorﬁ fhe. observed surh "of'.the : |
eéséwafd and‘we'stward.difectional fluxes foilowing the procedures given in
the vpvré_v‘io_us sec_ti'onvv. - Background corrections have been taken into account. .
By mea"sﬁring_‘ the flux and‘ionization of particleé not contained in‘.th'e vrrii'rro“r

| planes of the trapped particles, we find that for energies less than 200 MeV
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backgrounds are < 410 per cent. Above this energy, the background level
increases until at ®550 MeV it arﬁounts to‘ about 55 per cent of the ob-
served flux. |

~The spectra afe all normalizgd to an éltimééf‘}'imir{: 375 km, éé—

suming the power-law relatio'ﬂship J oc.v Emi'n' is valid for all energies.

.Th'e scatter of flux values is largely due to 1_:he‘ statisticval accuracy of the

rhea;su_rements, i.e., typically #15 per cent between 140 ;nd 250 M.eV, the

data becoming statistically limited at the highesf: ehérgy, where the errors

can exceed :E5>0 per cent. | | ' . o | o
For comparative purpéses, the'da;hed line tflrough.tﬁe data isv a

smooth curve drawn through the results of Heckman and Armstrong [1962].

These spectral data were taken in 196.0 on an Atlas missile in ballistic
trajectory (1185 km apogee) between Cape Kex‘in?dyv;n&Ascens&iop Island.
The 1960 spectrum is arbitrarily normablized at 63 MeV, and .dc.erhonstrat'es'
that little, vif any, differeﬁce exists between th.at”fnea‘suvreme.nt, maae near-
splar maximum at Einin = 550 km, and thé spectra observed in tﬁis exper-

iment.

DISCUSSION OF RESULTS
As a basis for discussion, we récapitu_late the pertinent results of
this exp"e riment, ‘based on data obtained between Nov‘e‘rnber‘1962 and
. June 1966, a period of very stable conditions. These résult‘s are com-
v pared with 'dat.a obtained before and after the s_t:ab_le. period and with cal-

culations based on the Harris and Priester atmospheric model.
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tional flux of 63-MeV protons remained constant to within *7.6 per cent,

an error comparablée to the statistical accuracy of the measurement,

and no detectable change in the proton energy spectrum has been observed.

 Long-term temporal variations in the proton flux are attributablle to

solar cycle changes in the upper atmosphere [Blanchvard and Hess, 1964].

Variations in the solar uv heating of the upper atmosphere result in cor=-"

résponding changes in the integrated atmospheric density traversed by

trapped particles. During a period of minimum solar aé‘ﬁvity, trapped
pé.rticles expe'rien‘ce a less dense atmosphere. Hence, the proton flux
is expected to achieve its maximum value at this time. Although the

prdton flux appears .1;'6 have reached its maximum value during the recent

ﬁeriod of low solar activity, the flux was actually observed to remain

constant to within +7.6 per cent. The high stability of the omnidirectional
proton flux between November 1962 and June 1966 can be, to a large ex-

tent, asérib'ed to the concurrent sté.bility of the monthly averaged 10.7-cm

2 -1

uv flux, F (in 10-22 Wm “ Hz °). Interms of the Harris and Priester -

model a_tmdskphere [Harrié and Priester, 1962 and 1963], the observed
variétidn_s i.n T d;J.ring this period result in density changes of the or.deg '
of 10 per cent at thewaltit.:udes of interest. On-this basis, one wéuld ex- |
pect véfy little change in the profon flux between 1962 and 1966, which
con‘curs‘wifh our observations. - |

Any observation-of natural monotonic variation in the p'rotori flux

- just prior to the stable period were preclﬁded by a rather sevefe-trane

sient perturbation produced by the Starfish nuclear detonation of July 1962.

7
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~ Filz and Holeman [1965] obs;rv;d the flux of 55-MeV protons from a
series of éxperiments, similar to ours, aboé.i‘d polar_—drbiting satellites
dating back to 1961. Following Staffish, Filz and Holeman detfected a
precipitous order-of—rmagnitu‘de'increase' in the low-altitude proton flux,
after which the protoﬁ ihtensity underwent decay. VA't the time of our
first measurefnern‘t, 8 wee.ks‘after Starfish, the proton flux at 63 MeV
wvas‘ abouf 40 pevr’ cent greé,ter than the subsequent level of flux we \;vere ,
to observe throughogt the-s.olar-minimum period._ By"November 1962,
the flux tra‘insient was n§ _longer eﬁdent in our data.t,'. although this_ decay:

may have masked the detection of any natural flux variation through mid-

1963 [Nakano and Heckman, 1968].
The solar minimum flux level was approximately twice that ob-

served by Filz and Holeman [1965] during the 1961-1962 pre-Starfish

périod. ‘Since the end of the solar minimum period (June 1966), we have
'obs.erved a steady decrease in the proton flux As of‘November'1967, :

the flux appearé to be about one-half of the solar minimum f_lux.level, é
changé that is sigﬁificantly less than expjec;ted on the- basis of the Blanchard

and Hess calculations [Nakano and Heckman, 1968] .

The spectral shape we have measured is in good agreement with

those measur.’ed_ in 1959-1960 [Freden and White, 1959, 1960, 1962;

Armstrong, Harrison, Heckman, and Rosen, 1961; and Heckman and

| Armstrong, 1962] , irrespective of the féct that these latter experiments
yvere carried out near solar maximum (F = 200) at altitudes 460< Kmin
< 5_76 km, sorhe 100 to 200 km higher than the present sateillite exper- |
 iments. It should be p_oin,téd' out, however, that sbola'r-cycle chva'nges in

the energy specfr\‘i’fn, E>50 MeV, diminishrrapivdvlly with incre‘asiﬁg' alti-

tide [Blanchard and Héss, 1964], and the energy spé‘cat'f'i’irff thits ténds

K 7
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‘toward temporal stability. We are then, in essence, comparing spectra

observed during the solar minimum period with one that is more typical
of a solar-cycle average. So.lar-cycle differences between the spectra |
will be somewhat reduéed, but certainly not eliminated.

‘b. The flux-vs-altitude profile is accurately expressed by the power-
law function J(63 MeV) « Emirrxl’ where n = 4.67+0.08. | |

\ The long pe'ri‘od' of stability in the flux and energy spectrum,ma‘de v

it possible to generé,te a precisé flux-vs-altitude profilé appropriate to

‘the solar-minimum period. In addition, this stable period afforded us

the Qpportunity to establish the reproducibility and internal consistency
of tﬁe flux measurem.ents, thereby lending credibility to the observed
profile. This prdfile'is accurately represented by a power-law fu_nétion
of Enw;in’ with the exponent n = 4.67% 0.08.

We wish to compare this power-law exponent with those obtained by‘
Filz [1968]. Based on data ‘beginrﬁng in mid-1961, Filz finds that the
flux-altitude ékpo_nent, n, was constant, and about 4.8, for all periods
except oné month after Starfish and in 1966.. Of particﬁlar interest is the
obsérvation that, b_efore Starfish, between August ,1961 and June 1962, the ,

slope of the power-law fit to the flux data was 4.79 [Filz .and Holeman, |

1965], the s.ame as obsérved throughout the period late 1962 to mid 1966.
Thus, élthough the plateau of the solar minimum flux was typically 100 per
éent greater thé,n the pre-Starfish flux, the altitude-vs—flux_profilé has
remained thé same. In 'other wo.rds, whereas the flux changes that have
been observed are indicative of change in the average atmospheric densi.ty,v

we have no evidence for solar-cycle. variatibns_ in the gradient of the at-

'mospherebupbn which the éxponent n is expected to depend.
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c. A less precise, though direct, measure of the power-law exponent

- n is obtained from the east-west asy'rmne'try measurements, which yield

a value n = 4.93+0.12.

/

Direct determinations of n, hence the part:lcle. scale héights, H,
via the east-west asymmetry data are in agreement with the results ob-
tained from the flux-vs-altitude Vprofile cited in b." In Figure 4a We have
intercompar.ed these measured scale—héight data, plotted as a function of |
.altitude, with the omnidirectional flux data aﬁd with the effec.l;iv'e scale

heights expected on the basis of the Harris and Prieéter_ [1962] atmo-

spheric model and the Jensen and Cain [1962] 48-term expansidn'of the

'geomagnetic field. Heckman and Brady"[1966] .computed the ef_f_éc‘tivé

atmospheric densities and scale heights for 125-MeV protons in t_ﬁe South
" Atlantic anomaly, which may be di‘re_ctly compai'ed Wi‘th thvé.";13:2'—vMéV pro- |
ton as;&m’netry measuremeht's made here. :The s_t'rikihgfeatt.‘lre of Figure
4a is that the .svcalve-'he»ight data are characteristic of an atmosphere at
times of maximum solar‘ activity (S = ZQO), rather than at'.tl"iev time ofv
-minirn.xim activity (S = 100) dﬁring which thesé data were a;_ctubally'taken.
Because the characteris_tic"lifetime of these protons is 'gene'fally shorter
than the prevailing 3.5 years of stable étrnosphéric conditions, it would
appear that ample t1me was ava_iié.bie for the protons to come to.'equilibrium_
| with a solar-minimum-like atxnosPhere,_‘ suéh as labeled S = 100 in Figure
‘4a. (For a solar minimum a®OSphere, the average resident time or
age' of a 132-MeV proton at 400 km altitude is typically 5 years; at 250
km less than 3 months.) : |

: Apart from invoking ‘particle sources other than albedo neutron de-

T

cay to account for the large particle-scale heighté, this result §uggests
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either that substantial errors exist in the model atmosphere, particularly

in regard to the density gradient, or that the adiabaticity of motion of the |
. L/ ’

energetic protons is violated. Of course, atmospheric models are not

so firmly established as we would like. However, recent satellite drag

data [King-Hele and Hingston, 1968 a, b] ‘have tended to confirm the.

general features of the COSPAR International Reference Atmosphere 1965,

i.e., the Harris and Priester model atmosphere, and rather severe mod-
ifications of this model would be required to rectify the discrepancy.
If we assume the model atmosphere is reasonably accurate, then

the result shown in Figure 4a suggests that the particles are not indigenous

to the altitude at which they are detected. That is to say; the enlarged

parti'clé-scale heights could be accounted for if the trapped particles had

pr’eviou'slyt experienced greateri atmospheric scale heights. Suéh scale

heighté are encountered at higher altitudes. Hence, these data provide

circumstantial evidence for the diffusion of energetic protons in B or L.

The net result of such an effect would be to givevlarger particle scale

"~ heights, and would diminish the effects of atmospheric solar-cycle chang'év's

in the a_.ltitudle profile and spectral shape. In addition, B or L diffusion

would yield proton fluxes greater than those expectéd from simple atmo-

spheric losses alone under the assumption of adiabatically conserved

pérticle motion. It was to the latter problem that Dragt, Austin, and

White [1966] addressed tﬂemselves in their work on the probabilities for
the injection of protons ihto the radiation belt by albedo .neutron dec.ay;

They concluded that the observed flux of trapped inner-belt protons with
energies >_20 Mev 'arevl‘arger By a factor of ® 50 than can be reasohai)ly

explained by the albedo neutron hypothesis and atmospheric: losses alone.
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Dragt et al., propoéed'the possibility for pitch-angl'é diffusion, through
the yiolation of the filist adiabatic invariant, .as a means to reqtify this
discrepancy. Such diffusion in pitc'h'anglé could be effected by‘lh‘ydrlro- W
‘magnetic waves of sufficient amplitude at a fréquency (= 10 Hz) required

for a resonant intexfz;xction [M, 1961]. The interaction o'thig.ﬁ- energy

- protons with hydrqmagnetic waves at low L vaLlueé and the ;esultant pitch-

angle diff.ﬁ.sion have yet‘ to be established, but it is clear that suAchbphe'_

_ nomeha should be considered as é, possible means to account for the ap-

pare.nt“ discrepancies; hi:gh fluxes and large é‘cale heights. A consequence

of such bitch_— angle diffusion would be t§ diminish the solar-cycle variations

~ of the inner-belt protons.

Aci{néwledgments. .W'e thank the members of tﬁe Visualeeasurements
group of thg Lawrence Radiation Laboratory, who aséisted us 1n .the anal-
ysis of the emulsion plates.’ Mr Thomas Coen of the Technical Photography
Group assembled and processed the nuclear emulsions. We comménd him
for giving us a consistently excellent vpro‘cessevd emulsion. We appreciate
the many. coﬁtributions of Mr. P. J. Lindstrom in carrying out the com-
puter operatioris. Dr. Martin Walt'.s comments on this paper were par-
ticula’rly helpful. This work was carried out under auspicés of the Atornici‘
Energy Commis”sion and of the Lovckhevedi\/[‘i.s_siles and Space Company, |

Independent Research.



-25- UCRL-18422

APPENDIX I. Pitch Angle Distribution at Low Altitudes

f

Assuming that tiae mirror-point dgnsity élo'ng a_rﬁagnétic field line
between /£ and / + dﬂ 1is inversely; p,roportio_nal to the effective atmo-
spheric density p(f), we wish to calculate the tpit:ch-.a.ngl_e distr'ibutioirfl.
f( 6), wheré & is measured relafive to the mirror plane at the point of

observation (B, )‘)b',

Let
B = magnetic »fie_id at magnétic la.titudé X,
h = altitude of o‘bservatién,
Bm = magneti‘cv field at mirfor point,
hm = altitude of mirrof point,. |
.4 = distance of Bm below -B,v as measured along field line, o
I = magnetic dip angle, and
r = dipolar radius.

The observed pitch-;ngle distribution, f( §)ds, is the product of
(2) the probability p1(6) that a particle has a pitch angle be-
tween 6 and 6+ d6, and ', _ |
(b) the probability p2(6) that this particle is detected by the
observer. . _ ‘ f |
In the follbwiﬂg we shall assume a smali—anglé app.r.oxi‘rn.ation_'for.

X \
8, valid for low altitudes, with B given by a magnetic dipole, and that

&

the rate of particle injection into this limited region is constant.

Consider (a). We assume

(6)d6<r lo( 21" ﬂ-dé e
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The relavtionship between pitch angle 6 and 4 is obtained from the expres-
sions for the invariance of the magnetic moment and B(\).

Mirror equation:

cos®s _ 1 R )
from which (since B = constant)
| 2 tan 6 d6 = dBm/Bm. ' | (8)
Dipole field:
B. = B0 (1+3 sinz)\ )1/2 cos-’é)\
m m

m
and

(345 sinzxm) e
an_ . (9)

dB_/B_ = 3 tan N 5 -
: (1+3 sin"\_ ).
m’
From equation 8 and 9:
d\_ 2 tan 8(1+3 sin\_) o |
m m
d6 = - - 2 . - S (10)
v 3 tan )\m(3+5 sin )\rn’
‘We now relate £ with 6:
dx \ : o . ‘
df _ r m : (11)

d6. " cosI db
Under-the'éssumption that & is small, tan 6= §, L. =L andfu_sing' the -

relation tanl = 2 Ean)\ ", - we have

% :% r[(2 + cos’I) sinI] "1, ~ (12a)

2 _
p= B, | (12b)
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where ‘
K sinl = (4/3) r(2 + cos°1)" L. (12¢) -

Hence, probability: p1(5) dé is

p;(é) dé o [ 0 dﬂ] d « K§ [p(a)]d‘df’- o (13)

(b) The probability p2(6) that a particle is observed in increment
dx along the field line i‘s"pro‘portio.nal to the product of the time it spends'

in dx, i.e., T adx/v,= dx/v6 and the frequency of its bounce period
0= q y P

v o v [Hamlin et al., 1961]:

p2(6) = constant X 6"1

- Thus, pitch-ahgle distribution is

p,(8) p,(6) b

f(6) dé .
fe(6)] " as. - (14)

The pitch-angle distribution is therefore givén by the inverse of the effec- -
tive atmospheric density when expressed in terms of the pitch angle, 6.
Examples:

1. Exponential atmosphere: Scale height H is constant. At alti-

tude hm effective atmospheric density is of the form

p =pgexp(-h _/H),

hm =h- £ sinl =h - (1/2) K sinI 62,

vwhe’re h = altitude of observation,

0(5) = p(h) oxp ( HEgnL 2) .



-28- - UCRL-18422

Thus

| £(6) db « exp (:—Iﬁﬁs{l—’i 62) ds. | o (15) -
For an exponential atmosphere, the pitch-angle distributibn is a Gaussian
function whose variance is

2.”

¢“ = H/(K sinl)

:%.§‘(2‘+coszl). 1)

In the South Atlantic anomaly at 400 km altitude, r = 6800 km, H = 80

km, cosl = 0.74. Standard deviation of dist'ribufion is then o = 8.6°.

- 2. Power-Law Atmosphere: Exponent n is constant.

Here,
_ -n _ | £ sinl \-n
P = polhy /W7 = et - 55 )

and the pitch-angle distribution becomes

f(6)d6cc(1-57s}—1£.62> 5. ' (17)

We note that équations 15 and 17 are equal to first order when H = h/n.
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APPENDIX II. Average Minimum Mirror-Point_‘Altitude
The time-integrated flux data that are recorded by the emulsion de-

tectors during each satellite flight are dependent upon the orbital param-

‘eters such as altitude, inclination, and eccentricity. In order to correlate

data from a'humbe; of different experiments, we adopted a flux-weighted, -
average minimum mirror-point altitude, Emin’ as the characteristic
altitude for a given flight experiment. The altitude E‘rhin is defined by

the expression
R o= AL o | (18)

To calculate Emin we compute B and L values for the satellite
ephemeris at 1- _rhinute intervals in the region of the South Atlantic anomaly.

We use the Jensen and Cain géomagnetic field model [ Jensen and Cain, 1962]

to ,&:ompufe' (Bi" Li) and the correspOndingb minimum mirror-point altitude,
hi(Bi’ Li)' " This value of hi'is then weighted by 'fi(Bi; Li)’ 'the flux of
trapped protons Iat | (Bi’ Li) as given by the Injun 3 flux éohtours [Valerio, |
1964]. "‘

For the ephemerides we are considering here, Emin is less than

~the altitude of the-'svate_llite,at the site of maximum flux (-34."‘-S, 34° W),

by an amount Ah = 20 to 45 km. The correction Ah increases approx- :
imately in propb rtion to altitude.

We have used -Emin as a principal parameter to analyzé our data, .

‘and it is pertinent to examine the dependence of the altitude-flux profile

(Figure 6) upon the particular choice of B-L flux contour to compute

hm._ For this examination we used the Injun 3, 1964-45A, and TelstarI

B-L proton flux contours. TableI summarizes the results of this analysis.v
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Tabulated are the input models v(ﬂux' e.nd field used to compute Emin’ and R

the power-law coefficients obtained b‘y‘a least-squares _analy_sis of the

data. ‘ _ o . L S | i
"The least-squares results g1ven in. Table I 111ustrate that a power-

Claw behav10r accurately descr1bes the flux-altltude profile. .Irrespective

of the flux model used to compute, h_.
s “min

, a power-law relation orders

_our flux-vs-altitude data to accuracies 7.8 per cent to 8.9.,.per cent.. The

Injun 3 and 1964-45A B—L centours are of similar shape, and give values

of _ﬁrnin that agree w1th1n #1 km. . The differences betnveen the resulté.nt

altitude profiles are therefofe negligible. Relative to the Injun 3 and 1964-

45A data, l:he Telstar I ﬂux contours differ sufﬁc1ent1y to affect systematlc,

altitude- dependent differences in h in’. which in turn produce a sl1gh§1y

steeper altitude-flux profile. | I
Beca}u.se the B-L pfoton flux contours listed in Tab"lel‘are based

upon the Jensen and Cain 48-coefficient field,‘ it is not possible‘ to check

' 'idirectly'the effects different magnetic field models have ui)on the data

given in.Figure 6. That such effects are pi'obé_,bly small is evidenced by

the fact thét when-'we use the Injun 3 date.to 'weight the h min Qalues ob-

tained from the GSFC (9/65) 99- coeff1c1ent field model [Hendncks and

Cain, 1966] we find the resu1t1ng altitude prof11e is 1dent1ca1 to that ob-

tained for the InJun 3 48-coeff1c1ent combinanon given in Table I.- o “

W
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® Table I. Results of the least-squares analysis of the ob-
| | served omnidirectional proton flux detected per day
o during ascending-node traversals of the South Atlantic
banomaly, vefsgs Emin‘ The B-L flux and field models
used to compute hmin are designated. The functional
form is J(63 MeV) = a Enrllin' . The goodness df_the LS
fit is given by o (SD), the per cent standard deviation .

in the experimental data about the least-squares power-

law fit.
—hmin '
log a n o (SD)
Flux Field - (per cent)
Injun 3 jc -8.29£0.20  4.67+0.08 1.6
1964-45A JC -8.26+0.214  4.66+0.08 - 8.1

Telstar I JCc -9.05+£0.25 4.97+0.10 8.9

[

K



- -32- . UCRL-18422

REFERENCES

Armstrong, A. H., F. B. Harrison, H. H. Heckman," and L. kRosen,
Charged partieles in the inner Van Allen radiation belt,

J. Geophys. Res., 66, 351-357, 1964.

Barkas, W. H., Nuclear Research Emulsions, Chapt. 9, Academ1c
Press, New York and London, 1963. |
Blanchard, R. C., and W. N. Hess, Solar cycle changes in inner-zone

‘ protons, J. .Geophys Res., 69, 3927-3938 1964.

CIRA 1965 (COSPAR Internatlonal Reference Atmosphere 1965), ‘North-

" Holland, Amsterdam, 1965.
Dragt, A. J., Effect of hydromagnetic waves on the lifetime of Van

Allen radiation protons, J. GeO}Lhys. Res.,‘66,> 1641-1649, ,‘196'1.

Dragt, A. J., M. M. Aust1n, and R. S. White, Cosm1c ray and solar

proton albedo neutron decay 1nJect10n, J. GeophL Res., _7_1,
1293- 1304 1966
Farley, T. A., and N. L. Sanders, Pitch angle distribution and mirror.

po1nt den31t1es in the outer rad1at1on zone, J Geophys Res., é?_',

2159-2168, 1962.

Filz, R. C., Observations of inner-zone protons in nuclear emulsions

19641 to 1966, Earth's Parti'cles and Fields, edited by B. M.
McCormac, pp- 15-22, Reinhold Book Corporation, New York,
1968. |

Filz, R C., and E. Holeman, T1rne and altitude dependence of 55-

MeV trapped protons, August 1961 to June '1964, J. Geophys. Res.,. |

70, 5807-5822, 1965.



o33 UCRL- 18422

Freden, S. C., J. B. Blake, and G. A. Paulika,s, Spatial variation of

the trapped proton spectfufn, J. Geophys. Res., 70, 3113-3116,
oy T
Freden, S. C., J. B. Blake, and G A. Paulikas, private communica-
tion, 1967 | | |
Freden, S. C., and R. S.. Whitg, Protons in the earth's magnetic field,

Phys. Rev. Letters, 3, 9-10, 1959.

Freden, S. C., and R. S. White, Particle fluxes in the inner radiation

belt, J. Geophys. Res., 65, 1377-1383, 1960.

Freden, S. C., and R. S. White, Trapped proton and cosmic-ray albedo

néut_rén fluxes, J. Geophys. Res., _(i, 25-29, 1962.

Gabbe, J. D. and W. C. Brown, Some observations of the distribution

.of ,‘en'ergetic'proton's in the earth's radiation belts between 1962 and

" 1964, Radiation Trapped in the Earth's Magnetic Field, B. M.
Mc¢Cormac, Editor, pp. 165-184, D. Reidel Publishing Company,
Holland, 1966.

Galperin, Yu. I., and V. V. Terhny, Atmospheric scale he‘ight in the

200-400 km range accordi'r;-g to radiation belt data, Space Research V,
769-778, 1965.
Garmire, G., Geomagneti_caily trappéd protons w1th energies greater

than 350 MeV, J. Geophys. Res., é@_,' 2627-2638, 1963..

 Hamlin, D. A., R. Karplus, R. C. Vik, and K. M. Watson, Mirror

and azimuthal drift frequencies for geomagnetically txl'apped-vpar-

ticles, J. Geophys. Res., 66, 1-4, 19641.



-34- _ UCRL- 18422

Harris, I., and W. Priester, Theoretical models for the solar cycle .'

variation of the upper a&nosPhere, J. Geophys. Res. 67, 4585-

45941, 1962. Also National Aeronautics and Space Administration

Technical Note No. D-1444, 1962 (unpublished).

Harris, I., and W. Priester, Relation between theoretical and obser-

vational models of the upper atxnosphere, J. Geophys. Res., 68,
5891-5894, 1963. o |

- Heckman, H. H., and A. H.. Armstrong, Energy spectrum of geomag-

netically trapped protons, J. Geophys.. Res. 67, 1255-1262, 1962

B Héckman, H. H., and V. O. Brady, Effective atmospheric losses for

125-MeV protons in South Atlantic anomaly, J. Geophys. Res., 74,
2791-2798, 1966. |
‘Heckman, H. H., and G. H. Nakano, East West asymmetry in the flux

of mirroring geomagnetlcally trapped protons, J. Geophys. Res. R

68, 2417-2120, :'1963. See also postdeadline paper, AGU meeting,
Déc. 27-29, 1962, in Trans. Am. Geophys. Union,'ﬁ(i), 205,
11963, | | |

Heckman, H. H., and G. H. Nakano, Direct observations of mirroring

protons in the South Atlantic anomaly, Space Researchl’, 329-342,
1965,
| Hendrlcks, S. J., and J. C. Ca1n, Magnet1c field data for trapped par- |

t1c1e evaluations, J. Geophys Res., 71, 346- 347 1966

.J'ens'en-,j"D.’ C., and J. C. Cain, An interim geomagnetic f1e1d (éb'stract),

J. Geophys. Res., 67, 3568-3569, 1962.



.5

-35. L UCRL- 18422

King-Hele, D. G., and J. Hingston, Air density at héights near 190 km

in 1966 1967, from the orbit of Secor 6, Planet Space Sci., 16,

675 691 1968 a.

King-Hele, D. G., and J. Hingston, Variations in the air density at

480 km, from thé orbit of Midas 2, Planet. Space Sci., _1_63,“937-

949, '1968 b..

Lenchek A. M., and S. F. S1nger, Effects of the finite gyroradii of

geomagnetically trapped protons, J. Geophys. Res, 67, 4073-4075, |
1962. | | |

Mcllwain, C. E., and G. Pizzella, On the energy spectrum of protons

| ‘trapped in the earth's inner Van Allen zone, J. Geophys. Res., 68,

1811-1824, 1963.
Nakano, G. H., and H. H. Heckman, Evidence for solar-cycle changes

~in the inner-belt protons, Phys. Rev. Letters, 20, 806-809, 1968.

. Nor_thr0p, T. G., Adiabatic charged-~particle moti_on, Rev. GeOphys.’ 1,

283-304, 1963.
Patrick, J. w., anbd'W.‘ H. Barkas, The grain density of emulsion
fracks, Nuovo .Cimento (Supplemental), 23, 1;16, .'.1962.
Peterson, L. E., private communication, 1966
Valerio, J. >, Protons from 40 to 110 MeV observed on In_]un 3 J. Geophzs._

Res. 69, 4949 4958, 1964

Vette, J. I., Models of the trapped radiation env1roment Vol. I:

Inner zone protons and electrons, NASA SP- 3024,_ 1966.



-36- UCRL- 18422

FIGURE CAPTIONS

Fig. 1. Photograph of emulsion detectors (A=D) mounted on satellite
ballast ‘shell.‘v Coordinates _;_Ii; are fixed in the ‘satellite frame.
During flight i is oriented toward the zenith and E, the axis of
symmetry of the syatéllite, is in the orbital plane.

Fig. 2. Mean orientation of mirror planes as recor.ded by emulsion
detectors for an .'orbit inclination of 75 . Detectors. A-D are
‘repr.esent'ed by disks that are tangent to hemispherical shell.

The plane whose normal is directed to the right of the illustra-
tién is the asée‘nding-node plahe. The normal to'the.déscending-
node plane‘is‘, toward the upper left. In this illustration, the ob-
server's line of sight is close to the deséending—néde plane.
“Fig. 3. vGe.ographic:COoz-'dinates of the> site of mirroring particles in
the South Atlantic anomaljr,asfdetermined in this experiment.
Each point'is for a separate satellite flight. Error bars repre-
vsenvt the statistical ezjrox;s in the site locations. Magnetic dec-
- lination and inclination angles are respectiyely indic‘:atec_i by solid
and dashed lines. ‘
' Fig. 4(a). Proton-“f.lux scale height, H, .v:ersus altitude, Hmiﬁ; frorh :
) eést-v&est asymmetry measurements. Data are corfhpaféd with

the calculations of Heckman and Brady [1966], given by the solid

lines labeled 'S'= 100 and 200. Dashed lines are least-squares
- fits to east-westfasymn"le.tr}fd'até (n.= 4.93) and the altitude-vs-

flux data (n = 4.67). |

r(b).. Powef_-law exponent n as derived from east-west asym-

-metry measurements.
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Fig. 5. Scanning geometry for stack A. Here, ]i is approximately
along i The mirror plane is nearly coincident with the g - é
plane. The vector EXE is the eastward direction, ¢ = 0.
Measured is the vertically incident flux of stopping protons (f)
whose projected angle on the mirror plane is ¢op < %45°. The
azimuthal angle between the east-west and mean incident directions
is ¢V.

Fig. 6. Omnidirectional flux, J(63 MeV) cmi2 MeV-iday-i, versus
altitude, T{min' Data from this experiment are shown as open
circles. The least-squares fit to the data is given by the solid
lLine, Jc. The corresponding Injun 3 computed fluxes and least-
squares fit are shown by the solid points and dashed line.

Fig. 7. Proton energy spectra, E >57 MeV, 6/63 to 6/66. Dashed
curve is from data taken in 1960, normalized to the present data

at E = 63 MeV [Heckman and Armstrong, 1962].
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- LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission:

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or _

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus, method, or
process disclosed in this report.

As used in the above, "'person acting on behalf of the Commission”
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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