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ABSTRACT

Nuclear track emuléions recovered from orientéd polar-orbiting satellites
are being used to carry out a systematic study of the high-energy geomagnetic-
ally-trapped protons (E > 58 MeV) in the region of the South Atlantic anomaly.
Because the trapped protons are detected only at their minimum mirror-point
altitudes, they are conf;ned to a plane normal to the local magnetic field.
The east-west asymmetry in the flux of.trapped protons 1s observed and measured}
From the magnitude of the asymmetry, particle scale heights are determined.
At altitudes near 40O km, the measured scale height is h = 70 km, in agreement
with values of scale-heights deduced from model atmospheres when the averaging
effects due to the particle's longitudinal drift and mirror oscillations are
taken into account. The .omnidirectional differential energy spectrum of protons
58 < E < 600 MeV is found to be similar in shape to previous measurementsvofr
the high energy-proton spectra for L values € 1.5. No significan£ variations
in the absolute flux in the energy interval 58 < E < 70 MeV have been observed
during the period Sept. 1962 to Sept. 1963. However, the numbervof protons per

cm2 we observe indicates that the flux of protons in this energy interval has

increased about L-fold over that observed with Explorer IV (1958).

N ‘ ,
This work was done under the auspices of the U. S. Atomic Energy Commission

and the Lockheed Missiles and Space Company, Independent Research.
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INTRODUCTION

In September, 1962, we began a‘series of experiments whose purpose is to
systematically study the high-energy geomagnetically trapped protons (E 2 58 MeV)
in the region of the South Atlantic anomaly. Nuclear track emulsions recovered
from oriented polar—ofbiting satellites after an exposure of two to four
days duration aré being used in this study. The emulsions are accurately
positioned in the satellite so that their spatial orientation while in orbit
is known at all times. This feature of precise orientétion, when coupled with
the high spatial resolution characteristic of nﬁclear track emulsions has led
to experimental results not readily attainable heretofore by other techniques.

Because the altitudes at apogee have been between 340 and 520 km, the
trapped protons are detected only in the region of their-minimum»mirror-point
altitudes. This region is over the South Atlantic. Consequently, the
detected trapped radiation is largely confined to a plane normal to the loeal
field. We are able, therefore, to determine the vector components of the

magnetic field where the pafticles are detected; hence, the geographic location

of the mirroring region.
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The mirror-like geometry facilifates,measurementsvof_the directional
proton flux, pitch angle distributions, east-west asymmetries, and energy
spectra. This report presents some of our results on these properties of the
geomagnétically trapped protonsvin the South Atlantic anomaly obtained during .

the twelve month period Sept. 1962 to Sept. 1963. &

GE&METRY

Four small individual emulsion séacks, each 4 cm iﬁ diameter and 0.48 cm
thick are mounted on a -spherical sﬂeil with a known oriéntation relative to
the vehicle. The emulsions are placed immediatély beneath the ablative: shield
of the recoverable section of the satellite (Fig. 1). The cutoff energies
vary between 58 and 116 MeV, depending on direction. The i,j,k, reference
frame, as shown in Fig. 1, is:fiXedfin“theQSatelliteagvThqoughout the :flight
the vectorf; is normal to the earth's sufface, i.e., the zenith direction.
The axis of symmetry of the satellite, i;, is in thé orbital plane. As indicated
in Fig. 1, the stacks are placed in e;ch quédrant. Before removing the
recovered,emulsions from the shell, ﬁheir orientation is carefully determined.

Figure :2 shows the projected angular -distribution of protons that enter
the emulsion stacks in no. 4 position with dip angle < 15° and come to rest
within 3 mm of the edges of the emﬁlsion._ Thevdiétribution exhibits two
distinct peaks 180 deg apart, characteristic of mirroring particles. The
inset . in Fig. 2 illustrates hoﬁ the ﬁirror plane intersects the emulsions in
this particular position. Here the angle between the mirror and emulsion

planes varies between 81 and 90 deg, depending upon the inclination of the

(‘[

satellite orbit plane and the precise location of the emulsion stack on the
shell.
The standard deviation of the angilar. -distribution, Fig. 2, is o = 14°,

If we allow for broadening of the angular distribution due to multiple scattering
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and for variations in the direction of the magnetic fiéld‘g'in the satellite-
reference frame (because of the finite area of.the anomaly regioﬁ) we obtain
the result that the standard deviation of the true pitch angle distribution is
approximately 70. This_result is consistent with previous measurements.'l The
sharply peaked angular distribution requires that the particles we have
detected ﬁere encountered in a highly_;ocalized region in space. For this
reason, and because of the spatial orientation of the emulsions, the absolute
direction of the incident trapped radiation detecfed in the anomaly region is

well defined.’

GEOGRAPHIC LOCATION OF THE MIRRORING REGION

‘If we denote :the intersection of the mirror and emulsion: planes by the unit
vector‘@ (the 90 to 270 deg line in Fig. 2) and the direction of the normal to

in the mirror plane by the vector &, then the normal to the mirror plane is

1e>

A ‘ g
X &, the unit vector B of the geomagnetic field. For each flight the average

A A A A
values of the direction cosines of B ='1 cose + j cosn + k cospare obtained

1e>

from at least three pf the four stack positions. From the values of the
direction cosines we determihe the inclination and declination of the maghetic
field vector, E, at the center of the mirroring region. The 48-term spherical -
harmonic expansion of the geomagnetic fieldgis used at the appropriate altitiude
to deduce the geographic location of the mirroring region. Figure 3 shows the
results of this analysis for the eight flights that we have analyzed. These
points cluster about 34 degi:S:and:,3k4 deg'w in the South Atlantic. This
location is our determination of the center of the_South Atlantic anomaly. In
Fig. 4 thé B and L coordinates at 400 kﬁ altitude arevsgperimposed on these
pointé.. Also shown are iso-intenéity contours.that are derived from Explorer IV
- counter déta? Our designation of the midpoint, i.e.; "hot-spot", of the

anomaly agrees/well with the region of maximum count-rate that is obtained from
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the Explorer IV data. These results are also in agreement withlprevious counter

-7

measurements.

EAST-WEST ASYMMETRY

The first significant result obtained in fhis experiment wds the obser&ation
of an east-west asymmetry in the flux of the mirroring geomagneﬁically trapped.
protons.l The existence of such an asymmetfy was predicted by Lenchek and‘
Singer8 who described the observable effects that ére to be éxpected when the
gyroradii of high-energy protons are ¢omparable with the atmoépheric scale
height.9‘ More recently Northroplo has pointed out that an asymmetry in the
particle flux should appear whenevef a fqu gra@ient.exists, regardless'of the
-phenomenon producing the gradient. In this experiment it is the atmospheric
density gradient that produces the flux gradient:and, hence, the east-west
asymmetry in the particle flux. Figure 5 shows schematically how the east-west'
effect is observed. Here it is illustfated that there is a difféfence in the
altitudes of the_guiding centers of the eastward flux, iE’ and westward flux,
iw, which are recorded_simultaneously by the detector. The difference in the
altitudes of the guiding centers for particles moving in the east-west direction,
that is, in the direction i(g x‘g), is proportional to the gyroradius of the
particles and to the cosine of the dip angle, I, of. the magnetic field.

The expression for Ar, i.e., the difference in altitude between the guiding

centers of particles with gyroradii a, is
Ar = a cosI (coscpl - coswz) (1)

where Py and N are the angles at which the directional proton flux are measured.
The angle ¢ is measured relative to the B x'g direction in the-mirror plane.
Usually, Py = @i + 180 deg and Ar = 2a cosI cosp. Thus the maximum east-west

effect is observed when cosg = 1. This case is illustrated in Fig. 5. No
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asymmetry is expected in the "north-south" direction since cosp = O and the
guiding centers are at the same altitude..
A useful expression for relating fhe ratio iﬁ/iw of the directional proton

flux, and the distance Ar in terms of the scale height, h, is

- exp (55). ' (2)

In this experiment we have chosen.to present our east-west asymmetry data in
terms of the proton flux scale height, h. The measured valuesiof h are plotted
in Fig. 6 as a function of detector altitude over the South Atlantic anomaly.
In this figure the dark circles are the values of h determined by the asymmetry
measurementé of protons at a mean ehergy of 132 MeV.

The curves of h versus altitude drawn through the data points, Fig. 6, are
the effective particle scale heights derived from the CIRA (1961) model
atmospheres.ll The scale heights, hatm’ of these model atmospheres have been’
corrected to account for the averaging effects due to the loﬂgitudinal érift
and mirror oscillations of the trapped protons. Newkirk and Walt12 have
calculated the average mirfor—point atmospheric densities as a function of
minimum mirror-point altitude for trapped particles. At L = 1.5'they find that

the -drift-weighted scale heights are greater than ha by 4 to 18 percent

tm
between the minimum mirror-point altitudes of 300 and 500 km. The Forrections
due to the mirror oscillations of the particles have been estimated and have
been found to be comparable to the drift corrections. The inset: in Fig. 6,
which presents the results of these estimated corrections;‘shows the ratio

h/h as a function of minimum mirror-point altitude when the model atmosphere

atm ‘
is averaged over the particle's trajectory around the earth. The drift and

mirroring corrections were applied to the scale heights of the CIRA model

atmospheres. These modified CIRA curves arepcompavéd with thermeadured:values of
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particle scale heights in Fig. 6.

FLUX VS. ALTITUDE

In each flight the incident time-integrated proton flux between 58 and
70 MeV is measured.* Protons in this energy interval enter normal to the
surface of the emulsions and are brought to rest.. In each experiment the
flux detected during the apogee passes is measured. Whénever possible the
flux detected during perigee passes is also measured. The.omnidirectional
flux is obtained from the measured directional flux by taking into account
the asymmetric distribution of the proton flux in the mirror plane. Figure 7
shows our experimental data on the altitude variation for the omnidirectional
flux, expfessed in protons cmn2 Mqul, at the nominal energy of 65 MeV. These
data are recorded during four-day orbital periods.

From these measurements, values of particle scale heights can be directly
determined. Several representafive values of scale height from these data
are shown in Fig. 6 as open squares. The scale heights obtained from the
east-west'asymmetfies and from the flux vs. altitude data are in satisfacfory
agreement. Although these data are of limited statis%ical accuracy, we feel

that the corrections to h of the model atmosphere to obtain the effective

atm
particle scale height curves are approximately correct. However, the scatter
of data poiqts precludes the selection of a preferred model atmosphere. We
feel that with greater statistical accuracy much could be learned of the
average properties of the atmospherevét satellite altitudes from particle data
of this type.

By integration; the flux vs. altitude relationship is obtained from the

modified CIRA (1961) curves of particle scale heights shown in Fig. 6. The

only assumption introduced is that the proton flux is inversely proportional

*
..Recorded by the emulsion detectors during the orbit period is the time-integrated
proton flux, i.e., protons/cm2 In this paper we use the term "flux" to refer
to this measured quantity, while "count-rate" denotes protons/cm? sec.
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to the modified atmoépheric density. The calculated fluk_pféfiles are shown
in Fig. 7. Each curve is‘normaliied to fii'the éxperimentalvdata. Excluding
the single point at 375 km altitude,thé.méasuremEniSHdéviate”frombthe modified
CIRA (1961) average value and minimum average value curves by 8 and 10 percent,
respectively..

Ih order to detect long term chénges in the-protonvflui, our measureménts
are compared with Explorer IV, 1958 dats. To make this comparison,.our'
ephemerides, expressedlin B-L coordinatés, are used to time integrate the
1958 count-rate contours. These ihtegrations givé fhe total number of protons}
With energies greater than 43 MeV incident per cm2 on the emulsioh.detectors,
had théy been exposed in 1958. Using the protoh energy spectrum Fig. 8, the
differential flux at 65IMeV in terms of the integral flux N(E > 43 MeV) is

given by

N(E > 43 Mev).
<j :%5 MeV 130

The expected 1958 Explorer IV flux dN/‘dE)65 MeV is plotted as open circies‘
in Fig. 7. Through these data is normalized the modified CIRA (1961) average
value curve. The shape of the flux vs. altitude. curve thus obtained:is in

strikingly good agreement with the emulsion data as well as with the modified

‘CIRA curve. The ratio of the presently measured flux (1962-63) to the flux

calculated from the Explorer IV (1958) data is k.k.

ENERGY SPECTRUM

The energy spectrum fér protons'éreater thén 58 MEV'energy measufed at
408 km altitude in the anomaly is shown in Fig. 8. .These data are the composite
of twb measurements of the spectruﬁ detected dug}ng similér satellite flights
in December, 1962 and June, 1963. The differential omnidirectioﬁai flux given
in Fié. 8 is the fiux recorded by the emuléioh detectors dﬁring 4-day exposures.

The spectrum between 58 and 14l MeV was determined by range measurements.
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Ionization measurements Werebused to determine proton energiee in excess of
125VMeV. Protons up to 6OO MeV energy Were.measured by this latter method and,
when necessary,_muitiple,scattering measurements were performed to verify the
particle’s identity and energy. | |

In Fig. 9 we have superimposed upon the spectrum data of this experiment

13,1k

two previous measurements of the proton spectrum. The data are normalized
at 65 MeV. The spectrum of Heckman and Armstrong was obtained in October, 1960
in the region of L = 1.35, while the data of Naugle and Kniffen were recorded
atyL;= 1.47 in September, 1960. It,ie evident that no measurable change in

the shape of the proton spectrum above 60 MeV has occured during the past

2-3 years for L values less than = 1.5. Indeed, since the first measurements

>

by Freden and White in 1959,l the accumulation of experimental data on the

high-energy proton spectrum for L shells < 1.5 attests to its high stability.

. SUMMARY

We have shown in this experiment that emulsion detectors placed in an
accurately known geometry aboard oriented polar-orbiting satellites can give
detailed information on the properties of the trapped proton component in the
Sou£h Atlaﬂtic anomaly. Because of‘the sharply defined angular distribution
of the mirroring protons detected in this region, we are able to (a) locate
with good accuracy the central fegion-of the anomaly, (b) conclude that over
90% of the proton flux detected during the orbital flight was recorded in the
anomaly region. The principal results of this experiment are as follows:

1. The particle scale height aﬁd flux variation with minimum mirror-

point altituder is explaihed by the properties of the atmosphere

when proper account {s taken of the averaging effects produced by the

trapped particle's drift and mirror oscillations around the earth.

2. No change in the flux profile vs. altitude for 65 MeV protons is in
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evidence when .the. present-dataire compared.with Explorer IV (1958)
results.

¢ 3. . The 1962-63 proton flux in the region of the South American anomaly

o

is 4.4 times greater than that_expected f;om the Explorer IV (1958)
e _'couht—rate;curves. : f
L. No evidence for:significaﬂﬁvariations in the proton flux was observed
in the period Sept. 1962 through Sepi. 1963.
5. The shape of the proton energy spectrum ebove 58 MeV (L < 1.5) has
remained conétant, within the errors of measurement, since 1959.
Although it is not a direcf conclusion, we would like to point out that
the excellent agreement between ‘the Explorer IV data and fhe present results
(excepting the absolute value of the flux) tends to validate the use of the
B-L coordinate system in the region of the South Atlantic anomaly,..as well as

to support the accuracy of the Explorer IV count-rate data.
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FIGURE CAPTIONS

Photograph of the emulsion stacks in position on the spherical~sectioh.
The numbered, black-rimmed emulsion packets are part of this experiment.
The i,J,k reference frame is fixed in the satellite; the‘i aiis is
directed toward the zenith; the axis of symmetry“% remains in the orbital

plane. The spherical section is placed immediately beneath the ablative

“shield.

Angular distfibution of stopping protons typically observed‘at position
4 (see Fig. 1). The unequal number of protons in the two peaks is due to

an east-west asymmetry in the trapped radiation. The inset illustrates

the orientation of the mirror plane relative to the eﬁulsion stack.
Geographic locations of the mirroring protons detected intthis experiment.
The apparent location of the South Atlantic anomely is determined for each’
flight. The dark points were obtained from a near circular orbit where

the intensity of the radiation encountered during the apogee (S to N) and
perigee (N to S) passes were approximafeiy equal. Magnetic declination

and inclination angles are indicated by .solid and dashed lines, respéctively.
B-L coordinates of the measured locations of the South Atlantic¢.anomaly.

The B-L coordinates appropriate for 400 km altitude were obtained from
reference 16. Isointensity cout-rate curves from Explorer IV data are

also shown. -

Schematic illustration of the origin of the east-west asymmetry. Particles
observed traveling toward the east have guiding centers at higher altitudes
than those observed traﬁeling toward the wesf. Because of the atmospheric
density gradient, a flux gradient is produced. As a result, jE > jw.l
Measured values of the proton flux scale heights as a function of detector,
i.e., minimum mirror-point, altitude. The dark circles are obtained from
the measured east-west asymmetries. The open squares are obtained from the
proton flux vs. altitude profile, Fig. 7. The curves drawn through the
experimental data, denoted. as modified CIRA (1961), are the values ofvha

tm
given by the model atmospheres, multiplied by the calculated ratio h/hatm'

- The ratio h/hatm vs. altitude used to correct the scale heights of model

atmospheres to effective proton-flux scale heights is given in the inset.

Proton flux (%% as a function of altitude. The flux values are

)65 MeV
Those recorded by the emulsions during 4-day orbit periods. The curves
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normalized to the data points are derived from the modified scale height
values, Fig. 6, which are based upon CIRA (1961) ave. values (solid 1line)
and CIRA (l96i) ave. min. values (dashed line). The flux expected from
the Explorer IV count-rate data for each flight are shown as open circles.

Differential proton energy spectrum measured at 408 km altitude in the

-

South Atlantic anomaly.

A comparison of the measured proton énergy spectrum in the anomaly region,
L =/1,MO, B = 0.218 gauss, with previous measurements at L values 1.35 and

1.47.
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