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FOREWORD

This final report is submitted to the National Aero-
nautics and Space Administration, Manned Spar~ecraft Center,
covering work performed under Contract NAS 9-7030, Detailed
Analysis of Radiation Data from the Gemini IV and Gemini VII
Proton-Electron Spectrometer Experiments,

The work was performed during the period 13 June 1967
to 30 December 1968 at the Lockheed Palo Alto Research
Labsratory, Palo Altr, California
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ABSTRACT

This report describes the results of the data analysis performed on
information obtained from two radiation spectrometer experiments conducted
on the Gemini IV and Gemini VII spacecraft in June and December 1965, res-
pectively. Omnidirectional fluxes and spectra of electrons in the 0,45-6.0
MeV energy rénge and of protons in the 23.5-80 MeV energy range as well as
the omnidirectional proton flux greater than approximately 64 MeV were
measured by scintillation spectrometers employing 16-channel pulse-height
analyzers. Omnidirectional fluxes of both electrons and protons as a
function of the magnetic field intensity, B, for specific L shells are
presented along with the resulting flux contours in B,L space. Detailed
electron and proton spectra as a function of L shell are also presented.
Comparison of the present results with both theoretical and other experi-
mental results is included. A direct measurement of the flux and spectra
of the East-West asymmetry of trapped protons at low altitudes was per-
formed on the Gemini IV experiment. A discussion of this measurement and
its implications on the source and decay of trapped protons in the inner
radiation belt is also presented.
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’ Section I
INTRODUCTION

Two experiments designed by the Space Radiation Group of the Lockheed
Palo Alto Research Laboratory were conducted aboard Gemini Spacecraft to
measure in detail the proton and electron environment. The fl':.. and spectrum
of electrons in the 0.45-6.0 MeV energy range and of protons in the 23,5-80
MeV energy range and the omnidirectional proton flux greater than 64 MeV were
measured aboard the Gemini IV spacecraft from 3-7 Juns 1965 with a scintilla-
tion spectrometer employing a l6-channel pulse-height analyzer. From L4-18

[ GO, il et

December 1965, a similar experiment with somewhat different energy ranges
was performed on the Geminl VII spacecraf't.

These expeiiments have provided detailed flux and spectrum measurements
in the vicinity of the South Atlantic anomaly, where the population, lifetime,
and behavior of particles trapped on low magnetic shells are greatly influenced |

by the earth's atmosphere. Therefore, it is possible to study loss and redis- |
tribution mechanisms as well as the overall time variations encountered in the

inner radiation belt by means of detailed comparisons between experimental data
and atmospheric scattering theory. Previous comparisons of this sort have been
limited by the number of detailed experimental measurements (Imhof et al., 1963; o
Mann et al., 1963; Mozer et al., 1963; Freden and Peulikas, 1964; Imhof and ‘
Smith, 1965a,b,c,d; West et al., 1965; Chapman and Farley, 1968). Data ac-

quired from higher altitude satellites are not so directly applicable to the ‘
understanding of phenomena in this low-altitude region. Indeed, studies of -
this low-altitude region have provided many unique opportunities to study
phenomena of importance throughout the radiation belts. Since the available ' |
data are limited and because the behavior of the trapped radiation is time

dependent, frequent updating of the lower inner radiation belt model is re-

quired. Experiments performed periodically on low-altitude spacenraft have

provided our best source of such information.

Our knowledge of the origin of the natural radiation belts and of the
mechanisms involved in their continual losses and regeneration is still rather
limited after several years of investigation. At low altitudes, it has bzen
established, however, that the atmosphere encountered by both trapped protons

1
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and electrons in their trajectories dominates their behavior (Welch et al.,
1963; Lenchek and Singer, 1963; Walt and MacDonald, 1964a). The interaction

1' for electrons is primarily scattering, producing diffusion in both energy and
pitch angle., A fraction of those which are scatiered toward lower mirror
points in the der e atmosphere are permanently lost. The replenishment of
these elect s to maintain the natural belts occurs in a manner which is
not clearly understood. Unlike electrons, trapped protons lose their energy
primarily through ionization interactions with the atmosphere in their path.
The replenishing source of these protons is also not clearly understood al-
though the decay of cosmic-ray albedo neutrons (Lenchek and Singer, 1963)
eppears to be one of the mechanisms, Difficulty in predicting the behavior
of these trapped particles arises from the lack of detalled knowledge of the
source term in both cases,

The Starfish high-altitude nuclear detonation of 9 July 1962 provided a
unique opportunity to investigate the time behavior of trapped electrons since
it created an intense artificial belt of electrons with fission-like enorgles
at low L shells, In this situation, the source term was reasonably well known,
and several satellite experiments were performed shortly after the event. Based
on these early time data, Walt (1964b) has shown that the predominant loss mech-
anism for these fission electrons at L £ 1.25 is atmospheric scattering. In
particular, the narrow but important anomaly region of the inner radiation

belt greatly influenced the lifetime of these electrons. Several experiments
have been performed (Mozer et al., 1963; Imhof and Smith, 1965a,b,c,d; West

et al., 1965; Beall et al., 1967) to investigate the intensity, spectrum and
decay of this radiation belt. The Gemini IV and VII experliments offered a
valuable opportunity to measure in detail the intensity, spectrum and decay of
this radiation some three to four years after the event. By comparing early

time data and the current results with the predictions based on atmospheric
scattering, a great deal can be learned about the atmosphere controlling the |
decay rate and about other mechanisms such as low L-shell diffusion (Imhof |
and Reagan, 1967) which are also important in establishing the existing radia- [
tion environment.

In addition to the two spatial parameters, B and L, it has been shown ‘
(Welch et al., 1963; Paulikas and Freden, 1964; Imhof and Smith, 1965b; Vernov
a{‘ et al,, 1965) that longitude alsc becomes an important controlling parameter

2
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for electrons observed at low altitudes on almost any L shell.. The fluxes of
electrons for L = 1,7 trapped with mirror points at B,L prnsitions for which
the minimum altitude is less than 100 km exhibit a strong dependence on long-
itude. Fluxes Just west of the magnetic anomaly region are typically about

an order of magnitude greater than those measured just east of the anomaly

at comparatle values of B and L. In addition, at a given B,L value the spec-
trum west of the anomaly is softer than that east of the anomaly. This effect
has been attributed to large-angle coulomb scattering of trapped electrons re-
sulting in their shift to high B values.

Experimental data (Freden et al.,, 1964; Heckman and Nakano, 1968) have
shown that the equilibrium flux and spectrum of energetic protons in the inner
radiation belt are quite stable. Since protons lose thelr energy primarily
through ionization processes with the atmospheric constituents, a change in
the flux should be observed as the atmospheric density changes during the
solar cycle (Blanchard and Hess, 1964). The present data provide detalled
proton flixes and spectra during solar minimum for comparison with earlier re-
sults obtained closer to solar maximum, This comparison, particularly when
combined with a similar analysis of electron data obtained from the same
spectrometer, should results in an accurate definition of the atmosphere
over this period.

Another interesting phenomenon associated with trapped protons at low

altitudes 1s an observable east-west asymmetry in particle fluxes. Lenchek
and Singer (1962) predicted that for mirroring protons with gyroradii com-
parable with the atmospheric scale height, an =zast-west asymmetry in the
trapped flux should be observable, The assumptions in this prediction are
that the atmospheric density varlies exponentially with altitude and that the
average atmospheric density encountered over an orbit 1s equal or proportional
to the average over a circle of gyration at the mirror pcint., Direct observa-
tions of this asymmetry have been reported (Heckman and Nakano, 1963). This
phenomenon was also observed in the Gemini TV experiment (Reagan, 1968) and
since both the flux and spectra of the protons were measured as a detailed
function of B,L space at or near the mirror points of the particles, a good

deal can be learned about the influence that the atmosphere exercises ir
this effect.
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A detalled knowledge »f the fiires and spectra of both electrons and
protons on low L shells 1s also important from an operational aspect. The
capability of predicting and caleulating radiation doses to be received by
astronauts and equipment on low-altlitude, earth-orbiting satellite r.ights
hust be based on current and accurate knowledge of the radiation environment.
This can only be provided by conducting periodic experiments such as the
present ones, The limited quantity of available data on protons and 2lectrons
on lcw L shells i3 illustrated by Vette's (1966) model of the trapped radiation
environment. For magnetic shells of L £ 1.7 only three sets of experimental
electron data were available to Vette. Many more measurements were available
for higher L shells., The situation is identical [lor protons. The present

Gemini data should prove valuable in updating the current environmental model
in this region.
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Section 2

DESCRIPTION OF THY EXPERIMENTS

2.1 Proton-Electro:. Spectrometer - Gemini IV

The experiment performed aboard the Gemini IV spacecraft to measure the
proton and electron environment utilized a scintillation detector in conjunc-
tion with a multichannel pulse-height analyzer. A cross-sectional view of
thls spectrometer is shown in Figure 1. The basic detectof for both protons
and electrons was a large plastic scintillator (Pilot-B) 7.87 cm in diameter
and 5.08 cm high., The size and shape of the scintillator were chosed to pro-
vide high sensitivity and uniform péth length over the entire acceptance solid
angle of 1.2m steradians for electrons of energy from 0,45-8.0 MeV and protens
of energy from 23.5-80 MeV,

Separation of electrons and protons was accomplished by the different
ranges of energy deposit in the detector and the known relative intensities
~of the two types of particles within these ranges. In particular, there are
a negligible number of electrons to be expected with energies above 8 MeV
(Imhof and Smith, 1965c) compared with the expected proton flux ebove 23 MeV
(Freden et al., 1964). The spectrometer was located at the center of the
equipment-adapter module of the spacecraft with an aft view cone of 68.2
degrees half-angle. A thermal curtain which covered the rear of the module
in combination with a thin (1 mg/cmz) aluminized-mylar covering over the
entrance aperture of the spectrometer eliminated protons with incident energy
in the 0.5-8.0 MeV range.

The light from the detector scintillator was coupled to a ruggedized Type
4439 photomultiplier by a lead-glass light pipe 2.54 em in diameter by 1.27 cm
thieck., This also provided approximately 5.1 gm/cm2 of shielding for the detec-
tor scintillator in the backward direction. The lead glass combined with the
shielding provided by the photormltiplier, electronics, aluminum containers,

and the spacecraft reduced to a negligible quantity the effect of energetic

particles entering the detector scintillator from the solid angle det'ined
by the light pipe.
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The entire detector scintillator except for the acceptance aperture was
surrounded by a combination of shielding material and an anticoincidence
scintillator. The purpose of the shielding was to prevent the penetraticn
of most of the energetic particles into the detector scintillator from direc-
tions other than the acceptance solid angle. The top of the scintlllator was
protected by a 0.28-cm thickness of tungsten (Fansteel-77) to provide a shield-
ing of 5.41 gm/cm2, corresponding to the range'of an 8.5-MeV electron and a
53-MeV proton., Completely surrounding the main scintillator, except for a 2.54-
cm diameter acceptance aperture and the light pipe, was a plastic (Pilot-B)
anticoincidence scintillator, This scintillator had an energy threshold of
epproximately 300 keV »~d was sufficiently thick to detect all particles
above that energy, including minimum ionizing cosmic rays. Thus, all part-
icles not entering through the acceptance solid angle were rejected from
further analysis. The aluminum shielding outside the anticoincidence detector
was necessary to limit the anticoincidence dead time to a reasonable value by
stopping most of the undesired energetic particles. Three photomultipliers,
Type C70102, viewed the light from the anticoincldence scintillator to obtain
maximum detection sensitivity.

Pulses from the detector-photomultiplier were coupled to the analysis
system by a preamplifier stage with two discrete gain steps in order to
cover the broad range of energy involved. This gain change was accomplished
in flight by means of an internal solid-state timer which allocated alternate
time periods of 18 seconds to each of the two energy ranges. An analog
voltage from the timer to the telemetry provided a monitor on the range under
analysis.

Pulses from the three photomultipliers viewing the anticoincidence scin-
tillator were coupled to a common integral discriminator by three preampli-
fiers. When the discrimination level was exceeded, an enable signal was
applied to an anticoincidence gate which then prevented any detector scin-
tillator signal from being analyzed during the following 3-microsecond period.
The enable pulses were also fed to a logarithmic ratemeter to provide the anti-
coincidence or singles rate to the telemetry. These pulses provided a measure
of the omnidirectional proton flux greater than approximately 64 MeV.

Pulses from the detector scintillator which passed through the anticcin-

cidence gate were analyzed by a l6-channel pulse-height analyzer of the analog=-

7
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to-digital conversion type (Rowland, et al., 1963; Reagan et al., 1965). The
channel-address which corresponded to an input pulse-height from the detector
was coded in binary format and was sampled in parallel as a four-bit bi=level
word by the PCM telemetry system at a 20-sample-per-second rate. In this
manner, a random spectrum sampling of the Incoming radiation was obtained.
Because of this relatively low-sampling-rate limitation, the absolute flux

of incoming radiation was determined by a group of ratemeters. Pulses Which
passed the anticoincidence gate triggered a discriminator having a threshold
which was matched to that of the pulse-~height analyzer. Two linear ratemeters
covered the counting range to about 800 counts per second. A logarithmic
ratemeter which overlapped the linear ratemeter extended the counting rate
capability to approximately 500,000 counts per second. The outputs of these
ratemeters, which were analog voltages between O and 5 Vdc, were sampled by
the telemetry and converted to an eight-bit binary word at a l.25-sample-

per-second rate.

A de-to-dc converter was utilized to convert the unregulated input volte-
age to regulated instrument voltages and to provide the required isolation
from the spacecraft. A temperature circuit which was capable of measuring
the internal instrument temperature bet&een -30°C‘and +75°C was also incor-

porated to permit temperature correction to be made to the data.

2.2 Proton-Electron Spectrometer - Gemini VIT

A cross-sectional view of the spectrometer used on the Gemini VII experi-
ment is shown in Figure 2. The basic detector for analyzing both protons and
electrons was a cylindrical plastic scintillator (Pilot-B) 5.59 ecm in diameter
by 2.79 em in height. These dimensions correspond to a normal incidence energy
deposit of 5.0 MeV for electrons, 60 MeV for protons, and 5.7 MeV for minimum
ionizing protons. The spectrometer aperture was 2.29 cm in diameter compared
to the 2.54 cm diameter of the Gemini IV spectrometer. A "dE/dx" scintillator,
which was 0.025 cm thick by 2.29 cm in diameter, was mounted adjacent to the
"E" scintillator in a lucite light pipe which coupled the light output to an
Amperex XP-1011-02 photomultiplier. The shielding which surrounded the entire
detector assembly was similar to that employed in the Gemini IV spectrometer.
Therefore, both scintillators were subjected only to those electrons which
entered through the opening aperture., Energetic protons greater than approx-
imately 60 MeV could also penetrate the shielding and be detected in the "E"

8
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scintiliator in the electron mode of operation. Over most spatial regions,

, however, this background flux within the electron energy range of interest was

' small because of the much higher flux of electrons within the acceptance aper-
ture. The details of this penetrating background were measured in flight as
the differential flux spectrum obtained when the detector was oriented with
respect to the magnetic field such that the electron flux within the accept-
ance angle vanished. This differential flux as a function of the magnetic
shell parameter, L, was then subtracted from the data obtained at other
orientations. The spectrum of penetrating protons in the electron mode of
operation consisted of a rather flat and small distribution throughout the
electron channels of the pulse-height analyzer with a significant contribu-
tion in the last or overload channel., This overload channel therefore pro-

vided an effective measure of the omnidirectional energetic proton flux.

The light from the "E" and "dE/dx" scintillators was coupled to two
ruggedized photomultiplier tubes, Type XP-1011l-02, Since the spectrometer
was to operate in two modes, an internal programmer was utilized to control
and identify the time multiplexing of the modes. In the proton mode, a coin-
cidence gate between the "E" and "dE/dx" signals was enabled for 18 seconds.
In the electron mode, the programmer provided a continuous signal to one
input of the coincidence circuit such that any signal from the "E" scintil-

-

|
|
|
17
lator which exceeded the discrimination level would create a coincidence and J
open the signal gate, i

The signals passing through this gate were analyzed for pulse height by
a l6-channel pulse-height analyzer identical to that used in the Cemini IV
experiment. Because the sampling of these data by the telemetry was per- 1
formed at only 20 samples per second, alternate methods of dbtaining the ab- (
solute counting rates were utilized. To obtain the absolute coincidence rate, l
two linear ratemeters covering the range from 0 to 2000 counts/sec were used,
In the proton mode, this range was adequate to cover the expected proton flux,
In the electron mode, these ratemeters functioned essentially as "singles"
counters since a coincidence was not demanded. To extend the electron range l
to epproximately 3 x 105 counts/sec, a logarithmic ratemeter was used which
continuously monitored the output of the "E" discriminator. A logarithmic 4
ratemeter also continuously monitored the output of the "dE/dx" discriminator, ‘

{n All four ratemeters had an output voltage range of 0-5 Vde and were sampled “‘

10
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1,25 times per second. A temperature sensor was also included to allow correc-
tions to be made to the data for the effects of temperature. An internal de-de
’ converter provided regulated power for the instrument and isolation from the

vehicle power system.,
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Section 3

CALIBRATION PROCEDURE

3.1 Laboratory Calibration

The flight spectrometers were calibrated extensively in the laboratory
prior to launch to determine their response to protons and electrons over
the energy and intensity range of interest. In addition, calibrations with
both electrons and protons were performed on the "backup" spectrometers
during the period of this data analysis effort. To accomplish these, a
varlety of calibration devices, including redioactive sources, a beta-ray
spectrometer, and particles obtained from accelerators such as the Lockheed
3.5-MeV Van de Graaff and the Harvard 160-MeV synchrocyclotron accelerators,
were used. A description of these additional calibrations follows. The
reader 1s referred to a previous report (Reagan, 1966a) for a description
of the pre-launch celibrations.,

3.1.1 Post-Calibration with Radiocactive Sources

The "backup" spectrometers fram both flights were post calibrated
with electrons obtalned from radiocactive sources and a 180-degree beta-ray

90_,,90

spectrometer, This spectrometer which employed Sr as a source of

electrons permitted the selection of monoenergetic electrons up to 2.27 MeV

N

in energy. Detailed spectra as a function of energy and angle of incidence

were obtained to measure the effect that backscattered electrons had on the
resulting flight spectra. Figure 3 illustrates a typical spectrum obtained

from the "E" scintillator in the Gemini VII spectrometer for incident mono- (
energetic 2-MeV electrons. The backscattered spectrum is relatively flat and

the intensity in all lower channels above the flight energy threshold of
approximately 0.5 MeV is less than 10 percent of the peak energy.

—— e

Y .

The energy resolution of the spectrometers as a function of electron |
energy was also determined with the beta spectrometer. Figure 4 shows the '
energy resolution of the Gemini IV spectrometer as a function of incident elec-
tron energy as obtained in this manner. The measured resoiution was 32.5, 27.0 4
and 21.3 percent FWHM at energies of 1.0, 1.5 and 2,0 MeV, respectively. Be-

{ cause of this rather poor resolution, which is attributed to the large and

12
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unusual shape of the scintillator, and since the backacattering effect was
small, no correction has been applied to the shape of the flight spectra for
either of these effects.,

The angular distribution data obtained from the beta spectrometer
were also used to verify the calculated geometric factors of the instruments,
In Figure 5, the calculated geometric factor consists of the geometrically de-
rived expression relating the counting rate and the omnidirectional flux plus a
small, flat, integral contribution to account for scattering and bremsstrahlung
which was observed in flight at incident angles greater than the geometrical
cutoff angle. These topics are described in greater detail in later sec-
tions. The experimental data at energies of 1.0 and 1.5 MeV are 1in excellent

agreement with the calculated curve over most of the acceptance angle range.

Finally, the post calibrations with the beta spectrometer were
used to finalize the electron energy calibrations of the flight pulse-height
‘analyzers. The backup spectrometers were adjusted to provide the same output
spectra as the flight units for a thorium-C gamma-ray source. This was the
same radiocactive material present In the spacecraft structure which was used
as an in-flight cailbration source. The backup units were then subjected to
monoenergetic electrons and analyzer calibrations.such as that shown in Fig-

ure 6 for the Gemini IV spectrometer,were obtained.
3.1.2 Accelerator Calibrations

The response of the Gemini IV spectrometer to energetic protons
was measured with protons obtained from the Harvard 160-MeV synchrocyclotron
accelerator. This accelerator is ideal for calibrating large spectrometers
such as those used in the two Gemini experiments. A nearly monoenergetic beam
of protons with a broad spatial extent of over 4O x 30 cm was available for
calibration. The broad characteristics of the beam, which were obtained by
scattering the primary accelerator beam off a lead target, closely approx-
imated the proton environment in space and allowed the simultaneous calibra-
tion of the central scintillator as well as the effectiveness of the entire
anticoincidence detector. Proton energies between approximatdly 20 MeV and
130 MeV were obtained by inserting calibrated polyethylene and polystyrene
absorbers in the beam path. Figure 7 shows the response of the spectrometer

to protons with an energy of 55.2 MeV. A beam resolution of 10.76 MeV was
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Figure 7 Response of the Gemini IV Spectrometer to Nearly Monoenergetic
Protons of 55.2 MeV Energy
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measured at thils energy. It should be noted that this rcsoluticn was primar-
ily due to the degraded beam and not to the spectrometer which had consider-
ably better resolution at this energy. This resolution was, however, comparable
with the resolution available from the flight pulse~height analyzer and was quite
satisfactory for our purpose. The clean, flat response of the spectrometer
below the main peak should also be noted. Figure 8 shows the proton energy
calibration for the Gemini IV spectrometer that resulted from this accelera-

tor work. The experimental data obtained are in good agreanent with the
predicted response based on an energy calibration with electrons, and on the
known electronic gains of the flight electronics, along with the known dif-
ference in light efficiency of plastic scintillator material to protons and
electrons. The upper-energy linear cutoff of the spectrometer scintillator

et 82 MeV was also substantiated by utilizing the higher energy incidoert pro-
tons and observing the reduced pulse heights in the resulting spectra.

The proton energy threshold of the anticoincidence detector was
also experimentally determined during the Harvard accelerator calibration.
Protons at several energles near the threshold of the anticoincidence shield-
ing were used at both normal and antinormal incidence to establish the aver-
age response of this detector. Figure 9 shows the results of this callbration.
The energy at the half-maximum response point for 0° and 90o incidence was
59.3 MeV and 69 MeV, respectively. An "average" response curve was then
generated with a half-maximum response energy of 64 MeV. Tt is this energy
that will hereafter be referred to as the proton energy threshold of the
anticoincidence detector.

3.2 In-Flight Calibration

The gamma rays emitted from the small amount of radiocactive thorium metal
present in the adapter section of the spacecraft was used as an in-flight
calibration source on both the Gemini IV and VII spectrometers. This back-
ground produced a counting rate of approximately 30 counts per second in the
electron mode of the spectrometers and provided the spectrum shown in Figure 10
in the Gemini IV spectrometer. The Compton edge at 2.38 MeV associated with the
2.61 MeV gamma ray from the thorium was used as a distinguishing energy point in
the spectrum. Since the shape of the pulse-height spectrum near the Compton
edge depends in detail on the geometry, the thorium spectruﬁ was cross cali-

brated with electrons prior to launch to provide an absolute energy point in

19
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flight. Thils spectrum, which was the only background present in the Gemini IV
spectrometer over regions where trapped particle fluxes were not precent, was
compiled on an orbit-by-orbit basis with sufficiently good statistics to
observe even small gain shifts. No measurable gain shifts throughout the
Gemini IV flight were observed.

In addition to the thorium background, the Gemini VII spectrometer detected
a cosmic background in the electron mode which was of comparable intensity to
the thorium source. The absence of an anticoincidence detector in this spec-
trometer caused the additional background. The resulting composite spectrum,
as shown in Figure ll, made detection of the thorium edge somewhat more dif-
ficult since the cosmic-ray intensity is known to be a function of L shell
location, The procedure used was to assume that the thorium contribution was
negligible in the highest four channels of the spectrometer based on the back-
ground spectra obtained on the ground, as shown in Figure 1ll. The final thorium
spectrum obtained during grc nd calibrations was then subtracted from the com-
posite in-flight spectrum. The resulting spectrum was assumed to be attribut-
able entirely to cosmic rays in regions where trapped particle fluxes did nct
exist. As can be seen in Figure 11, the cosmic-ray spectrum was rather flat
and of low intensity in the lower channels of the pulse-height analyzer. The
main contribution from cosmic rays was in the last or overload channel of the
analyzer which is consistent with the external source bteing highly penetrating
particles at near minimum ionizatior.. The shape of the cosmic ray spectrum
obtained in this —anner was assumed to be independent of L shell with only the
intensity of the cosmic rays being a function of L. The cosmic-ray intensity
so obtained was compiled as a function of L shell at B values where trapped
particle fluxes could not exist and is shown in Figure 12. The solid line
shown in this figure is the L dependence of cosmic rays as obtained by Lin et
al. from geiger-tube data on Explorer 7. The Lin (1963) data have been normalized
to the Gemini VII data to account for the different geometric factors of the
two instruments. The data are in good agreement and substantiate the cosmic
ray subtraction technique employed.

When the cosmic-ray contribution was subtracted from the measured composite
spectrum, the resulting thorium spectrum was easily discernible. The location

of the thorium edge was compiled on un orbit-by-orbit basis throughout the

flight. Gain shifts amounting to 30 percent from the average were observed at
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the temperature extremes but the more typical gain shifts from orbit to orhit
were less than ten percent, In all cases, when processing the data, the energy

calibration of the spectromecter was adjusted just prior to each anomaly pass to
account for these variations., The accuracy in the energy calibration of the
Gemini VIT spectromcter 1s therefore considered to be of the order of + 5
percent.




IMsc/682b11

“ Section b

DATA PROCESSING

4.1 Data Quantity and Quality

Data were obtaincd from the spectrometer throughout the Gemini IV flight
period of 3-7 June 1965. Of the total of twelve orbits which were programmed 1
for turn-on, nine orbits of good data were obtained. The remaining data were
lost because of poor signal quality on the flight magnetic tapes. Data were
obtained from the Gemini VII spectrometer for the first seven-day periocd of
the 4-18 December 1965 flight. An on-board tape recorder failure at that time
prevented the acquisition of any further data. Over seventy orbits of data

[ Gr— PSS

were avallable and have been processed, but difficulties with the magnetic
tapes heve significantly reduced the amount of useful data. These difficulties,

which were primarily associated with erroneous data on the original computer
tapes such as incorrect B,L values at certain times, improper time intervals,
and incorrect magnetometer data, demanded that a great deal of expensive test,
nonitoring and correctiv: action be employed to be assured of good data,

On both flights, the analog voltage outputs of the spectrometer were pro-
vided every 0.8 seconds. The sixteen samples of the digital pulse-helght analy-
zer outputs which were obtained during this time period were decoded, sorted,
and listed by channel number on the original computer tapes. Data from a com=- !
panion tri-axis magnetometer experiment were also provided by the NASA/MSC.

Pertinent spacecraft ephemerls data were provided for both flights in five )
second intervals and merged with the B,L program of McIlwain (1961) to provide k
the spectrometer data in terms of the earth's magnetic field strength, B, and the

magnetic shell parameter, L.

4,2 Orbit Coverage in B,L Space

Because of the low=-altitude, low-inclination, circular nature of these two
Gemini flights, significant radiation fluxes were encountered only in the
vicinity of the Brazilian anomaly. In this region, which is lo:ated between
South America and Africa, the magnetic field of the earth departs drastically
from a dipole field representation and both trapped and precipitated particles
are observed at low altitudes. Figure 13 shows the regions of each orbit of
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Gemini IV in B,L coordinates where significant particle fluxes above background
were observed. The orbital paths in B,L space for the Gemini VII flight are
shown in Figur: 14, On both flights, the region of 1.1 <L < 1.7 and 0,213 < B
< 0.260 was rcasonably well covered by the orbital trajectories through the
anomaly. The magnetic equator is plotted on Figures 13 and 14 as well as the
locus of B,L points corresponding to particles vhich in their longitudinal
drift around the earth encounter a minimum altitude of 100 kilometers. Part-
icles encountering minimum altitudes less than this value are presumably lost
in a very short time due to atmospheric collisions. Therefore, one can expect
to encounter particle fluxes with significant lifetimes on these flights only
in the B,L region belovw the hmin = 100 km curve. Spacecraft altitudes in

this region varied between 274 and 2?93 kilometers.

It has been recently demonstrated (Lindstrom and Heckman, 1968) that sig-
nificant differences can occur in the trapped particle fluxes in this region
of B,L space depending on which model of the earth's magnetic field 1s used in
the calculations. Lindstrom and Heckman have also shown that the Goddard Space
Flight Center 99-coefficient magnetic field model (9/65) and the GSFC 120=coeffi-
cient model (2/66) equally describe the geomagnetic field in the South Atlantic
anomaly for the epoch 1965. We have therefore converted all of our B,L data
from the originally used Jensen and Cain (1962) field model to the GSFC (9/65)
field model (Hendricks and Cain, 1966). All of the final B,L contours pre-
sented in this report were calculated from the latter field mode. Preliminary
data presented in earlier reports were calculated from the former field model
so that differences in flux contours should be anticipated.

4.3 Computer Processing

' The data from both flights have been processed through a master computer
program written for this purpose. The program accepts the raw data tapes and
merges these data with ephemeris data from an additional set of tapes and

ultimately provides a condensed reduced master data tape.

The preliminary goal of the program was to reduce the quantity of data to
be ultimately processed. This was accomplished through data averaging over each
energy range time period of the spectrometers, i.e., approximately every 16
'seconds. This was judged to be a reasonable minimum time period based on pre-
liminary analysis of the data and on the fact that statistically accurate spectra

could be obtained in this interval. The average ratemeter values in each inter-
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val were converted to counting rates in the computer through the application

of the appropriate calibration curves. No temperature corrections were
necessary or applied to the Gemini IV calibration curves. A small temperature
correction was applied to several orbits of the Gemini VII data. In counting
rate regions where ratemeter overlap existed, agreement was usually within

less than 10 percent in counting rate. The averaged data were computer plotted
in all cases and compared with the computer plotted raw data to verify the

accuracy of the averaging procedure prior to subsequent calculations.

Ephemeris data were interpolated in time to correspond to the averaged
data time in each range interval. The values of B and L, utilizing the GSIFC
1965 magnetic field model, were then calculated for this time. The value of
hmin’ the minimun altitude encountered by the particles on that B,L trajectory,
was then obtained from a subroutine written at 1MSC which also utilizes the

GSF(Q-1965 field model.,

4,3.1 Magnetometer Data

The orientation of the spectrometers at any given time was obtained
from tri-axis magnetometer data available from a companion experiment provided
by the NASA/MSC. The Gemini IV magnetometer had a rather large residual magnetic
field present on one axis of the magnetometer which had to be subtracted in the
data processing. On the Gemini VII flight, only two axes of magnetometer data
were available., Fortunately, it was established that the residuals in the remain-
ing axes were small, The calculated value of the total scaler magnetic field was
used to supplement the available data in order to arrive at the angle between the
spectrometer and the magnetic field. A computer processing error in the original
data al~- caused the available outputs to vary in quantized steps instead of in
a smoothiy -arying manner. This latter problem was solved through a least-
square-fit aralysis of the magnetometer data prior to the angular calculation.

lhe angle between the axis of the spectrometer and the magnetic field
was calculated in each case at the time corresponding to the averaged data.
Despite the difficulties encountered with the magnetometer data, it is felt that
the final orientation information is accurate within + 5 percent. This accuracy
is based on calculations performed on the Gemini IV magnetometer data. The scaler
value of the magnetic field, as calculated from the magnetometer data after the

residuals were removed, agreed with the magnetic field model to within + 5 per-

cent in all cases. The reader is referred to an earlier report (Reagan, 1966a)
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for a more detalled treatment of these offsets. As will be seen ir the next
section, the geometric factors of the instruments are not especially sensitive
to small changes in the orientation angle so that small errors in this angle do

not create large errors in the subsequent omnidirectional flux.
4.3.2 Geometric Factors

The counting rates observed by the detectors are related to the
omnidirectional particle fluxes by the expression

C

“ % (1)

where C is the net detector counting rate, after backgrounds have been subtracted
and dead time corrections have been applied; J, is the omnidirectional flux, € is
the efficiency of detection as a function of orientation and energy, and G is the
geometric factor of the instrument. Since the counting rate obser-ed for a

glven aperture of area A in a unidirectional particle flux j is C = JA, the

total counting rate is given by the sum over solid angle C = .fJAdQ, while the
omnidirectional flux is defined by Jo =‘f JdQ so that

f JAdQ

J a0

As can be seen from Figure 1, the radiation incident on the plane of the
detector was collimated by the finite tungsten shielding and the thickness of
the anticoincidence scintillator in the vicinity of the aperture., The effect-

€G =

(2)

ive area A of the detector is then the area available for the passage of part-

icles through the ends of an opeq:gnded cylinder, as shown in Figure 15.
z .

f v

// /, 7
/ / / |
/ / /
h

N
(”’ Y \\_}_

fan JE

Figure 15. Effective Area of the Spectrometers Available to
Particles as a Function of the Incident Angle 6,
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This area can be expressed by the relation
A= A1 cos © ]
= 12 cos © gl - %[sin'l (6 tan 8) + 6 tan 6 fl-(ﬁ tan 52] % (3)

where & = h/2r.

The spatial distribution of the particle flux must be taken into account
before this last equation mey be used to integrate equation 2. Heckman and
Nakano (1963) have shown that in the anomaly region at these altitudes the
particle fluxes are near their mirror points and are therefore confined to a
plane or "Pancake" distribution normal to the local magnetic field. The re-
lationships between the particle flux, the longitudinal axis of the detector,
and the magnetic field vectcr can then be described as shown in Figure 16.

| “'z'\.

Figure 16. Angular Relationships Between the Incident Particle
Flux V, the Longitudinal Axis of the Spectrometer Z,

and the Masgnetic field Vector, B.
) o

Y

The assumptions that the flux distribution parallel to B is constant over

the dimension of the aperture and that the angular distribution of j can be ex-
pressed completely by j(¢) = constant leads to the expression

¢ = L [ elate).1 ato(e)os (1)

If B is defined as the minimum angle 6 between the Z axis and the plane of the
particle flux, as shown in Figure 16, the relation between ® and ¢ is |
cos 8 = cos Bcos ¢ (5)
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and g§ N sin ©
d

/;inee - sinza

Substitution of this expression into equation 4 ylelds

max
G(B) =-3—; fC(O,E) A(8) sin 6 de (6)

6 . =8 Jﬁsina 8- sin2 g

min
where emax is the angle at which A(9) goes to zero and is determined by the
geometry of the detector and its location in the spacecraft. The above ex-

pression has been solved by numerical integration for fixed values of B.

In the determination of the geometric factors for electrons in both spec-
trometers, the efficiency term, €¢(9,E), has been equated to unity. This assump-
tion is valid based on the size and shape of the scintillators used for the
electron energy range of interest. The calculated electron geometric factors
for the Geminl IV and VII spectrometers as a function of the angle, Gz, between
the axis of the spectrometer and the magnetic field are shown in Figures 17
and 18, respectively.

In addition, a small quantity, k, is added to the above calculated geometric
factor to account for scattering, bremsstrahlung and penetrating particles
which constituted a small background counting rate. This factor is energy
dependent, hence a different value of k was applied to each energy channel of
the spectrometer. The values of k were determined by observing the flux and
spectra obtained in the electron mode at identical B,L locations in space but
from two or more passes where the orientation was well within the acceptance
cone in one case and near or beyond the geometrical cutoff angle in the other
case, A set of such data obtained from the Gemini VII spectrometer at an L
value of 1.301 and B value of 0.223 is shown in Figure 19. The values of k
ranged from 0.059 in the lowest energy channel to 0.079 in the higher energy
channels. At most orientations, the values of k exert a very small influence
on the subsequent omnidirectional flux values. At orientations near or beyond
the cutoff angle, however, the values of k greatly influence the omnidirectional

flux values since the calculated geometrical factor vanishes. An overall analy-

sis of the data indicates that the values of k used adequately predict the
3k
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Figure 17 Calculated Geometric Factor for the Detection of Electrons
in the Gemini IV Spectrometer as a Function of the Angle,
GZ, Between the Spectrometer and the Geomagnetic Field,
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Figure 19 Flux and Spectra Obtained from the Gemini VII Spectrometer
in the Electron Mode from Two Orbits at Identical Locations
in Space of L = 1.301 and B = 0.223 but at Different Orienta-
tion Angles.
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omnidirectional flux even in these reglons. However, in the interest of
eliminating as much error as possible, data obtained at orientation angles
less than 25 degrees have been eliminated from the final flux contours and
spectra analysis.

In the determination of the geometric factor for protons in the 23.5-80
MeV energy range, the efficlency term is a function of both proton energy and
orientation., A special computer progrum was written to calculate this effi-
ciency factor. The program treats in considerable detail the geometric shape
and size of the scintillators and the range-energy relationship of protons in
the scintillator for a pancake-flux distribution, As a function of orientation,
the range of incident protons is calculated as a function of energy to deter-
mine if the range of the particle is greater than or less than the range of the
scintillator. 1In the former case, the efficiency is taken as zero and in the
latter case as one., The proton geometric factors calculated in this manner
for each energy channel of the Gemini IV spectrometer are shown in Figure 20,
The efficiency factor has no effect on the lowest three energy channels of
the spectrometer and only a small effect on the 56.5-69.0 MeV energy channel,
This factor is, however, important in the fifth or last linear energy channel
of the spectrometer.

The omnidirectional flux of protons above approximately 64 MeV was obtained
from the Gemini IV anticoincidence scintillator. This detector was basically a
cylinder of plastic scintillator material of sufficient thickness to detect any
particle which penetrated the surrounding aluminum and tungsten shielding.
Since the shielding was equivalent to the range of an 8.5 MeV electron, there
was a negligible counting rate from penetrating electrons. Laboratory tests
with intense electron sources up to 2.27 MeV in energy demonstrated that this
detector would not respond to the bremsstrahlung produced by the electrons.
The observed counting rate was therefore produced by energetic protons or higher
Z particles.,

The geometric factor for a cylinder in an isotropic flux situation is simply
G150 = % | (7)

where A 1s the area of the scintillator exposed to the penetrating protons. The

geometric factor in this case is of course ind¢ 'endent of orientation. On the
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other hand, the geometric factor for the cylinder in a pancake-flux distribution
displays a small angular effect. Figure 21 shows the geometric fr r for this de.
tector versus orientation angle, GZ' as calculated for both types of flux distribu-
tion. The geometric factor curve for a pancake-flux distribution was used feor
subsequent calculations since it more nearly represents conditions in this

region of B,L space.

In the Gemini VII spectrometer, the overload channel in the electron mode
of operation functioned as an effective omnidirectional threshold detector.
The measured energy spectrum In this mode showed that electron contribution
cerzed several channels below the overload channel, The overload channel
counting rate was therefore exclusively associated with penetrating protons
which deposited the equivalent of approximately 10 MeV of energy in the main
s2intillstor., The geomet.y of the Geminl VII spectrometer and hence the
geomecric factor was considerably more camplex than for the Gemini IV spec-
trometer. Figure 22 shows the calculated geometric factor as a function of
incident proton energy for a pancake-flux distribution. The threshold encrgy,
Eo’ of the detector has been taken as che approximate midpoint of the effi-

clency curve and has a value of 100 MeV,
4.3.3 Computer Output

With the determination of the orientation angle, ez, and the subse-
quent calculations of the geometric factors, the computer program proceeds to
calculate the various omnidirectional fluxes and differential spectra. A sample of
the final computer output for the Geminl IV data is shown in Figure 23. The
ephemeris data, B,L values, inclination, declination, minimum altitude and
orientation angle are lisied across the top of the output. The next line con-
tains the raw electron counting rate data as well as the final omnidirectional
electron flux. On subsequent lines the pulsa-height analyzer content for each
channel is listed along with the normalized counting rate. The statistical
errors, based on the number of raw counté in each channel of the analyzer, ar«
shown in the next column. These statistics have been carried throughout the
subsequent calculations to provide an indication of the accuracy associated witi
the final differential spectra. The next column shows the net counting rate
after the thorium background is substracted, In the Gemini VII data, t1e addi-
tional cosmic ray background is subtracted as a function of L location as ex-

plained in an earlier section. The next column shows the effective geometric
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factor for each channel. These values include the calculated geometric factor

Plus the small quantity, k, explained earlier. The actual values of k for each
energy channel are shown in the next column. Finally, the resulting differen-

tial flux is presented along with the associated statistics in the last two

columns,

The proton data for the same time interval are shown below the
electron data. The only background present in this mode of operation was from
penetrating particles or gamma rays which did not generate an anticoincidence.
This small background was obtained in the same manner as the penetrating back=-
ground in the electron mode. The counting rate and spectrum associated with
orientations beyond the geometrical cutoff were compared with acceptable
orientations at the same B,L position in space. The overall net effect of
this background on the integral omnidirectional flux amounted to approximately
6.5 percent, The individual values of k for each energy channel are shown in
the listing. The quantity TAC represents the singles counting rate from the
anticoincidence detector. No background was evident in this detector. The
geometric factor for this detector and the resulting omnidi;ectional flux of

protons above 64 MeV are shown.

The above information, which was stored on magnetic tape, was then
sorted in the computer by L shell to provide the fluxes and spectra in intervals
of 0,005 in L value.
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Section 5

RESULTS

5.1 Omnidirectional TF'luxes

5.1.1 Electron Fluxes

The omnidirectional fluxes of electrons above 0.L5 MeV and 0.56
MeV have been obtained from the Gemini IV ard VII spectrometers respectively,
as a function of B value on specific L shells. There was a sufficient quan-
tity of data in each experiment to warrant the sorting <f the data into
consecutive L-shell intervals of 0.005. For clarity of presentation, the
data have been plotted in increments of 0.025 only, with the I interval at
each incremental value being + 0.0075. For example, the omnidirectional flux
as a function of B-value on the nominal L shell of 1.200 represents data
gathered from the L-interval of 1.1925 < L < 1,2075. The omnidirectional
fluxes in electrons/cm2-sec, above 0.45 MeV, as measured with the Gemini IV
spectrometer in June 1965, are shown in Fizure 24. The solid lines are best-fit
curves through the available data. The envelope of the curves reflects the
trajectory of the spacecraft in B,L space through the anomaly region. The
lowest B-values were encountered primarily at low L-shells and the highest
B values were encountered on the highest L-shells. The omnidirectional flux of
electrons above 0,56 MeV, which was measured with the Gemini VII spectrometer in
December 1965, is shown in Figure 25 as a function of B-value. It is evident
from both of these figures that a broad range of fluxes have been measured with
these spectrometers and because of the high sensitivity available, flux levels

2 .
as low as a few electrons/cm“-sec have been obtained.

The abeve data have been used to generate flux contours in B-L space.

Figures 26 and 27 show the contours that result for the omnidirectional electron

flux in June 1965 and December 1965, respectively. The solid circles represent
points obtained from the curves of Figures 24 and 25, Best-fit curves have been
generated through the resultant points. Very little scatter exists ::d smooth
contour lines easily describe the experimental data. Also shown in Figures 26
and 27 is the contour line in B-L space that describes a minimum altitude of

100 km. Particle trajectories, encountering B,L values above this line reach

altitudes lower than this value somewhere in their trajectory. It is evident

L5
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from these two figures that electrons at flux levels of 10 and 30 electrons/cme-
sec encounter minimum altitudes less than 100 km and are therefore presumably
quasi-trapped or precipitating in this region,

5.1.2 Proton Fluxes

Omnidirectional fluxes of proicns in the 23.5-80 MeV energy range
and integral omnidireciional fluxes of protons above 64 MeV and approximately
100 MeV have been obtained from the Geminl IV and VII spectrometers.

Figure 28 shows the flux of protons in the 23.5-80 MeV energy range,
as a function of B-value on specific L-shells, as measured in detail by the
Gemini IV spectrometer. The two most evident features of the data are the low
flux levels that were measured in this region and the steep dependence of the
flux on B-value, Figure 29 shows the omnidirectional proton flux greater than
64 MeV that was measured with the same spectrometer. These higher energy flux
data show a much less steep variation with B-value than the lower energy data
shown in Figure 28. Finally, the proton flux greater than approximately 100 MeV,
as measured with the Gemini VII spectrometer in December 1965, is shown in
Figure 30. Once again, the flux levels measured are relatively low and do not

show as steep a variation with B as the lower energy protons exhibit,

The resulting contours in B,L uspace of the various omnidirectional
proton fluxes are shown in Figures 31, 32 and 33. Figure 31 shows the omni-
directional flux in the energy interval of 23.5-80 MeV as a function of B,L loca-
tion. The resulting flux contours through the data points are smooth but ex-
tremely closely spaced in the higher L region as a result of the steep dependence
on B, The equator and the minimum altitude of 100 km contour lines are also
shown in this figure. 1In contrast to the electron flux contours, proton fluxes
of intersity equal to or greater than 1 proton/cmz-sec within this energy inter-
val do not exist near or below minimum altitudes of 100 km.. Figure 32 shows the
B-L relationship of the omnidirectional proton flux above 64 MeV. The isoflux
contours are more evenly spaced than those for the lower energy protons demon-
strating a less severe dependence on B, particularly at the higher L values.
Finally, Figure 33 shows the equivalent data for protons above approximately
100 MeV as measured in December 1965. These data also display a smoother
dependence with B than the lower energy protons. It should be noted that these
data were acquired with different spectromefers and at different epochs. The
higher energy protoh data from both spectrometers, however, agree quite well
in shape and absolute flux intensity but both differ in isoflux shape from the

lower energy protons at the higher L values.
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5.2 Differential Spectra

5.2.1 Electron Spectra

As mentioned earlier, the differential electron spectrum was ob-
tained for each data accwnulation interval of approximately 16 secands. The
B-L values corresponding to the average time of each interval were assigned
to the data. The statistical error associated with the number of counts in
each energy channel of the spectrometer during this int. rval was calculated
and appropriately applied during subsequent caliculations. The initial assump-
tion in treating the spectral data has been that the spectrum shape is inde-
in > 100 km and dependent only on L. Except
for the very lowest L-interval, the spectral shapes have been obtained at L
values differing by 0.025, each with an acceptable data interval of + 0.0075.
There were sufficient significant data available to warrant this narrow L

pendent of B to first order for hm

grouping  #igures 34, 35, 36, and 37 show the differential electron spectra
above O.45 MeV for the L inlerval 1,150 < L < 1.725 as obtained with the

Gemini IV apectrometer in June 1965. The lowest energy point for each L value

has been arbitrarily normalized to unity on the logarithmic ordinate scale so
that the relative intensities shown are applicable only to individual L shells,
It can be seen that the errors associated with the data are small and meaning-
ful spectra were obtained out to 6 MeV in energy. In this presentation, best-
fit curves have been applied to all of the data. In most cases, the overall
data could not be fitted with a single exponential curve. The data could be
epproximated with two exponential curves above and below an approximate energy
of 2 MeV.

In Figure 38, the electron spectra from several L shells have been over-
lapped and arbitrarily normalized to unity at the midpoint of the lowest energy
channel. It can be seen that a significant variation in spectrum exists over
thils rather narrow L interval. The spectra on both the lowest L shell of
1.165 and the highest L shell of 1.700 are considerably softer than the spectra
at the mid-L values near 1.300. The softer spectra presumably represent the
ﬁresence of large fluxes of naturally ocurring electrons along with the remains
of the fission-like electron belt created by the Starfish and Soviet high-
altitude nuclear tests of 1962. The hardest spectra are observed between 1.275
S L s 1,375 indicating that in June 1965 the decaying artificial electron belt
was centered near ah L value of 1.325,

57




IMSC/682411

J ! | I !

0 <L 1180 GEMINI IV JUNE 1765 —

: -%5 3

,,.r
/
/:

/

“A

"; r
/

/
/

/

/
/
/
/.

RELATIVE INTENSITY MeV™))

s — J

N
\I\I I

| | | I

[
1 2 3 4 ' 5 6
ELECTRON ENERGY (MeV)

( Figure 3lg Diff‘erenfial Electron Spectra as a Function of L-Shell in the
Interval 1.150 < L < 1,300 for the Epoch June 1965,

oo

58




IMsc/682411
. T | T T L
& - 325 GEMINI IV JUNE 1965
. T,
-.-.=
\::
\
~
L = 1.350 '=~\-~
— e \":l: I\
\ I
:=--.=: \--]:
\:: \I
~ L = 1.375 \1
i —
% \= ~~—. \I
e ~. \I
Z: .--':: -\“s
2 L = 1.400 S . T
- o
E \z\z \I
\z \
: ~. :
K L = 1.425 N
= . e—— T
-1 -._~
:\z\ \I
L = 1.450 N NI
-_-""--_, ‘\\\~

N T (
~o -
:

L L L 1 L
0 1 2 3 4

ELECTRON ENERGY (MeV)

Figure 35 Differential Electron Spectra as a Function of L-Shell in the
Interval 1.325 < L < 1,450 for the Epoch June 1965.

29




IMSC/682k11

' /1 J | ' ' I ] I ' '

S — GEMINI IV JUNE 1965

L :zsoo\z\z
ol ~ \’\
o o~
$ F L=1s52 "~
2 ™~ \I
g ~. \1
E L= 1.550\=\ \I\
§ N I\
3 ™~ \ I\I -

ELECTRON ENERGY (McV)

Figure 36 Differential Electron Spectra as a Function of L-Shell in the
Interval 1.475 s L < 1.600 for the Epoch June 1965,

60




IMsC/682411

' ' v V r ' I | L} ¥ ¥

GEMINI 1v JUNE 196%

RELATIVE INTENSITY (MeV))

-
1{]
—
-3
S

al

H/

/
/
/

i i L 1 ! | | ! ! |
0 1 2 3 4 5 6

ELECTRON ENERGY (MeV)

( Figure 37 Differential Electron Spectra as a Function of L-Shell in the
‘ Interval 1.650 < L < 1,725 for the Epoch June 1965.

61




IMSC/682011
L LR R L} 1 I"'T'rl | | iV‘Vlll L} L Ijryvy v ¥ ‘o
0
2 2 &
I =
s ” m
. ~ i
] ] g
- -l £
: Jo %
(X
2 3 &
@ ~ ¥
b - F;
- B
2 " i &
- - -l 7]
- -
— " - é
[}
S
-
. ! &7
5 2
%]
g OV ‘l-‘ o
Z L]
8 ®
. ] & &
s o
3 8
B o
3]
8 ]
- ~
N %
-
-~
X ) b
i a
. 9
g
p— —P‘
2
=
3
L ] Q
)
141011 1t Il ' | I ' A
i1 g Lt g o1 g 1 F
(-] < - - v—lc
3 . 4 ° e
S ~ © o <
)

(;-A9W) ALISNTLNI NOMLOATH HALLVIAY

62




IMSC/682411

Similar difrerential electron spectra have been generated for the
Gemini VII data. Figures 39, 4O and 41 show these data over the L-interval of
1.175 < L s 1.525. Above approximately 2 MeV in energy, the Gemini IV and VII
spectra agree quite well in shape. However, below this energy, the latter data
show less tendency for the flux to rise with decreasi.g energy.

5.2.2 Proton Spectra

The omnidirectional proton spectra in the energy region 23,5-80 MeV
are shown in Figures 42, 43, Uk and 45 as a function of L shell over the region
1,150 < L < 1.725. The spectra are characteristically quite hard with typical

Eo 2nergy purameters being in excess of 50 MeV in this region. The most pro-

nounced feature of the deta is the existence of a rather persistent broad peak
centered at approximately 50 MeV in energy.
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Section 6
COMPARISON OF RESULTS

From the measured decay of the Starfish electrons, it has been shown by
walt (296h4) that atmospheric scattering is the dominant loss mechanisi. for
electrons trapped on magnetic shells with L < 1.3, The existence of a dom- 1
inant loss mechanism which can be calculated to a rather high degree of
accuracy has presented the opportunity of learning more about other important
loss and/or source mechanisms by making careful comparisons of atmospheric
scattering calculations with the measured fluxes and energy spectra. With
these objectives in mind, we have analyzed the Gemini electron data in con-
siderable detall at low L values., A sunmary of these investigations will now
be presented.

[ Sr—— D cnstlh.

Due to atmospheric scattering, the fission type electron spectra injected
by the Starfish detonation have been calculated to change in shape with time
(Walt, 1964). A general depletion in the low energy electrons is predicted
to occur, particularly on very luw L shells, with a resulting broad peak in
the spectrum at energies of about 1 MeV. Comparisons between early measure-
ments and these theoretical spectral shapes, shown in Figure 46, have revealed
excellent agreement above about 1.5 MeV but have indicated differences at lower
energies (Imhof and Smith, 1965), These differences have been attributed poss- 4
ibly to the presence of naturally injected electrons. Comparisons between the
spectra measured on Geminl IV and those calculated by Walt are also shown in
Figure L6. Again at high energies the agreement is very good, but below about (
1.5 MeV the measured spectra for the Gemini VII data lead to similar conclu-
sions, although the discrepancies at low energies are perhpas less pronounced.

Because of our inadequate knowledge of pre-Starfish electrons, it has not been '

possible to perform quantitative subtraction of the naturally occurring electrons.

As the Starfish electrons continue to decay, it is to be expected that
eventually the naturally trapped electrons should begin to dominate, particularly :
at the lower energies. Convincing evidence for the occurrence of this trend has |
been reported by Marbach et al. (1968) for measurements in November 1966 at a
time of approximately one year after the Gemini VII measurements. Due to

differences in the epoch of the measurements and to differences in the threshold
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ensrgies, one would expect that the naturally occurring electrons observed by
Marbach et al. would have been only weakly visible in the Gemini VII data,
provided the natural fluxes were steady in time, Detalled compariszons between
the Germini VII measurements and the Gemini XII measurements of Marbach et al.
reveal no significant discrepancies betwaen these two sets of measurements.

When undertoking comparisons between measurements at different epochs, it
should be resogni:ed that the naturally occurring electron intensities may well
be tinme dependent. For example, measurements from 0GO-1 and 0GO-3 by Pfitzer
and Winckler (1968) have shown that the September 2., 1966 solar flare injected
electrons of energy less than 690 keV to L shells as low as l.3.

| GV it

The intensitles of electrons measured from Geminl IV and Gemini VII on
very low L shells have been examined carefully and compared with atmospheric
scattering calculations. The observed omnidirectional electron fluxes at
various time periods are plotted in Figure 47 as a function of L. In this
presentation all intensities have been normalized to integral fluxes above
0.5 MeV at a value of B = 0,2158 gauss. The best-fit e-folding decay time
éf the trapped electron fluxes obtained from Figure 47 are shown as a function

of L in Figure 48, Although the values are based on measurements performed with

different instruments on-board various satellites, the overall decay time errors

are estimated to be no greater than a factor of 2, principally because of the

long time interval between measurements. Decay time values from other experi- o
ments are also included (McIlwain, 1963; Van Allen, 1964; Bostrom and Williams, t
1965).

Included in Figure 48 are the theoretical values of Walt (1964) calculated |
from atmospheric scattering, under the assumption of no additiorial injections, for {
the Anderson and Francis (1964) atmospheric model and the Jensen and Cain (1962)
expansion of the earth's magnetic field for 1960. The theoretical values devi-
ate significantly from experiment; over long periods of time the characteristic
decay times do not decrease with decreasing L value as sharply as expected from
atmospheric scattering effects in the absence of any source(s) of new electrons.

The theoretical calculations are, of course, dependent upon both the atmospreric
and magnetic field models used. At the minimum altitudes of concern here the
Harris and Priester (1962) atmospheric model has a higher particle concentration
(by about L0%) than the Anderson and Francis atmosphere and would lead to corres-
pondingly shorter lifetimes“ However, the effect on the variation of lifetime
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with L should be appreciably less. Since the same magn-qtic field model was used
both for processing the data ani for the theoretical calculations, it is not
felt that large variations in the comparisons between theory and experiment
would result from use of a different magnetic field representation.

In contrast to the sharp L-shell dependence calculated from atmospheric
scattering effects in the absence of injection, the measured overall decay times
are relatively independent of L in this narrow region. Since the atmospheric
losses must continue to occur, the apparent decrease in loss rate at low L values
indicatec that additional electrons are being supplied to these low L shells.

In this region of low L values, the trapped electron flux profiles sugéést
the occurrence of radial diffusion from higher L shells.

[ G — SIS

Based on the Fokker-Planck diffusion equation, an empirical evaluation of
the diffusion coefficient has been obtained by Newkirk and Walt (1968) to account
for the observed radial profile and the long-term decay rate of the trapped

electron flux. Surprisingly the diffusion coefficient was found to increase with
decreasing L, a trend opposite to the known variation of diffusion rates higher
in the magnetosphere. This significant finding has led to a greatly increased
interest in electron measurements in this region of space. More recently, cal-
culations of the diffusion coefficient have also been performed by T. A. Farley
(1968) on the basis of his low L-shell electron observations from OV1-2.

The proton fluxes and spectra measured in the present experiments have been
compared with other experimental data and with theoretical predictions on the 1
behavior of trapped protons at low altitudes. Figure 49 shows a comparison of |
the omnidirectional isoflux contours in B,L space between the Gemini IV data
above an energy threshold of 64 MeV and the Injun 3 data (Valerio, 1964) meas= ‘
ured over the energy interval 40-110 MeV in the epoch 1962-63., The absolute
agreement between the two sets of data is really quite good, considering that
the measurements were made over somevhat different energy intervals and at
different epochs. The close agreement in absolute intensities indicates that
no drastic changes have occurred in the inner belt proton environment at low
altitudes over the period 1963-1965. ‘

The differential proton spectra measured with the Gemini IV spectrometer

over the energy interval 23,5-80 MeV have been compared with the spectra ob-
tained from nuclear emulsions by Freden and White (1962). Figure 50 shows
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the comparison at an L-value of l.40. The data have been arbitrarily ncrmalized
a* an energy of approximately 4O MeV. The resulting spectral shapes are in

good agreement. Both sets of data display broad peaks in energy. The Gemini IV
¢ ta have the maximum occurring at an energy of approximately 40 MeV while the
emulsion data indicate a peak closer to 30 MeV. As mentioned earlier, the proton
spectra measured in these experiments consistently contain this broad peak but

at somewhat highér energies than other previous data.

An interesting phenomenon associated with trapped protons at low altitudes
was also observed with the Gemini IV spectrometer. At low altitudes, the atmos
sphere plays a dominant role in the lifetime and behavior of trapped protons.
In the anomaly region, protons trapped on low L-shells are at or very near to
their mirror points and hence have a very narrow pitch angle distribution.
Lenchek and Singer (1962) have predicted that for mirroring protons with gyro-
radii comparable to the atmospheric scale height, andeast-west asymmetry in the
trapped flux should be observable. The assumptions in this prediction are that
the atmospheric density varies exponentially with altitude and that the average
atmospheric density encountered over an orbit is equal or proportional to the

average over a circle of gyration at the mirror point.

Direct observations of this asymmetry have been reported by Heckman and
Nekano (1963). They used integrating nuclear emulsions which were carefully
positioned on stabilized, recoverable satellites such that simultaneous tracks
of protons over a narrow-energy interval could be identified as having entered
the detector from either the east or the west with respect to the magnetic field
direction. This east-west asymmetry in the proton flux was also observed with
the Gemini IV spectrometer and since both the flux and spectrum of the protons
involved in the effect were measured, detailed comparisons between the data and

theory can be performed.

On a series of passes through the anomaly region, the spacecraft was
stabilized in flight and flown by astronauts McDivitt and White in either a
small-end forward or blunt-end forward maneuver such that the detector was
oriented in either a true geographic easterly or westerly direction. The
trajectory labeled 22 in Figure 51 indicates a pass where the spacecraft was
passing through the anomaly region such that the detector was facing toward
the east. In contrast, the instrument was facing toward the west on the pass

labeled 52. These two passes were essentially parallel over the entire anomaly
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region. Also shown in the figure are the declinations of the geomagnetic field 1
at positions along the trajectories. The declination in this region varies be-
tween a few degrees and a maximum of 30 degrees. It can be seen that the

detector was essentially normal to the field direction over the entire region. ‘

The reason for the east-west asymmetry can be seen in Figure 52. This
figure shows a model depicting the important parameters involved in this effect.
The megnetic meridian is shown with a typical magnetic field line at an inclina- ‘
tion of Binc and at a declination of Yye0 with respect to the earth's surface.
Typical inclinations in this region vary between =23 and =58 degrees and declina-
tions between -l and -30 degrees. Since the trapped protons are at or very near
to their mirror altitude, they are confined to the plane shown normal to the
magnetic field. Positive particles in the magnetic field move in a westerly
direction at the highest point in one gyration and move toward the east at the
lowest point in one gyration. This implies that any directional detector will
register particles whose center of gyration lies above the detector when it
points toward the west and below the detector when it points toward the east.
Since the proton flux increases with increasing altitude in this region, a
directional detector will therefore observe a higher proton flux when it points
west than when it points east. The detector i3 shown in the figure facing west
at an angle GZ with respect to the magnetic field and at an angle $ with respect
to the incoming protons in the mirror plane. Protons of a given:-energy traveling
toward the east enter the detector at various angles from all circles of radius a,
located above the detector. It should be noted that no such asymmetry was ob-
served in either the directional electron data or in the omnidirectional proton

data as obtained from the anticoincidence detector.

[ G i cntl

We have analyzed our proton data for this asymmetry by comparing the experi-
mental east to west ratio with the predicted ratio obtzined from the Lenchek and
Singer expression. The equations involved in the calculation of the predicted

counting rate in our detector under the assumption previously mentioned are as

follows:
& ¢Enax a ¢)‘j¢
= - cos
CRpredicted L Aeff [¥(¢,62)] exp (h cos B incl ©°
min z
~ where '

A () = 1% cos ¥ {1 -2 [sin‘1 (6 tan ) + 6 tan ¥v1 - (6 tan W)Q]]
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Figure 52 A Model Depicting the Important Parameters Involved in the East-West '
Asymmetry of Trapped Protons.
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and -

o]
[}
7]
L)
n

sin 0z cos ¢
proton gyroradius (km)
h = neutral atmosphere scale height (km)

o
H

Binc = magnetic dip or inclination angle
¢ = angle within the mirror plane
¥ = angle between the normal to the detector and the incident flux

9z = angle between the normal to the detector and the geomagnetic
field vector, B

radius of detector aperture
d/2r , where d = detector collimator height

The exponential term under the integral is the Lenchek and Singer expression
which inversely relates the unidirectional intensity to the average atmospheric
density'E over the particle orbit. In the expression, a is the proton gyro-
radius, h 1s the neutral atmosphere scale height, B is the inclination angle of
the magnetic field at the point of observation and ¢ is the angle within the
mirror plane between the plane of the detector and the incoming protons. We
have weighted the expression by the effective acceptance area of the detector

at each observation point. This effective area, which has been derived for a
pancake distribution of particles incident on a cylindrically collimated aperture
of radius r and height d, is shown as the second equation. The effective area is
a function of {» the angle between the normal to the detector and the incident
flux. ¢ is a function of both GZ, which is the'angle between the normal to the
detector and the geomagnetic field, and . The three angles are related by the
third equation Cos § = sin GZ Cos &, The value of Gz was obtained directly

from magnetometer data, The integral is taken over the limits of the angular
acceptance of the detector Qmin to Qmax' The constant k in front of the integral
normalizes the expression to a unit flux. The predicted counting rates were
obtained then by calecilating this integral at data points taken every 0.8 second
along both the eastbound and westbound passes. The inclination and declination
angles at each observation point were obtained from the Jensen and Cain L48-term
expansion of the geamagnetic field. The value of the atmospheric scale height
corresponding to the minimum altitude of each observation point was obtained

from the model atmosphere of Anderson and Francis (1964). The values for the
83

o
t
§




IMSC/682411

average dlurnal scale height for the solar minimum period were used. The
predicted ratio of the eastward bound flux to the westward bound flux was
then compared with the actual experimental ratio,

Since beth of these passes were essentially parallel to each other, it
was necessary to normalize the data in B prior to obtaining an experimental ratio
for any glven L shell. This was accomplished by using the data shown earlier.
The results of these calculations are shown in Figure 53. In the bottom two
plots, we are comparing the experimentally obtained ratic of the east-to-west
proton flux as a function of L in the two proton energy intervals Ep 23.5 -
46,5 MeV and B, = 46,5-67.5 MeV to the calculated ratio obtained from the
Lenchek and Singer predictions. We have also plotted the minimum altitudes
corresponding to each data point; It can be seen that the data covered a
minimum altitude span of 150-280 km. The scale height as obtained from the
Anderson and Francis model atmosphere is also plotted as a function of L in the
upper curve, It can be seen that in this minimum altitude regime, the average
scale heights vary from 25 to 50 km. The agreement between the experimental
ratios and the predicted ratios is only fair.

In the higher-energy group, the discrepancy is approximately 50 percent
while in the lower energy group the discrepency is as much as a factor of 2.
The rather smooth discrepancy displayed in the higher energy group might be
partially explained by uncertainties in the atmospheric model at these altitudes,
but the discrepancies in the lower energy group require further examination,
Comparisons of the proton observations with atmospheric scale heights at the
minimum altitude positions can be expected to be only approximate since the
comparisons should ideally be made with the atmosphere averaged over the
proton trajectories. The experimental ratios can also be determined from the
omnidirectional data itself. We have calculated the east-west flux ratios that
would be obtained from the flux profiles presented earlier by taking the ratio
of the flux measured at a distance a, equal to the gyroradius, above and below
the observation point along a given inclination. The results of this calcula-
tion are in agreemeht with results presented in this figure.

The stability of the flux contours in this region of space and the general
dominance of atmospheric loss mechanisms offer a unique opportunity to learn more

about the proton source mechanism from observations at low altitudes. Meas-

urements performed here, where the atmospheric loss rates change very rapidly
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Section 7

CONCLUSIONS

The omnidirectional fluxes and spectra of electrons and protons at low
altitudes in the inner radiation belt have been measured in detail for the
epochs June and December 1965. These data should prove valuable in updating
existing models of the earth's radiation environment and therefore will be
submitted to the National Data Center at NASA/GSFC.

The data obtained from these experiments on the ducay of the artificial
electron belt have been compared with earlier experimental data and with
theoretical predictions which are based on atmospheric scattering being the
dominant loss mechanism. The present data have conclusively demonstrated
that in this low altitude region other mechanisms such as L-shell radial
diffusion are also important.

An interesting and important phenomenon associated with protons trapped
at low altitudes has also been measured in the present experiments., The exist-
ence of an east-west asymmetry in the trapped protons means that any directional
detector in this region will observe a higher proton flux when it points west
than when it points east. Factors of two to eight difference in flux are
possible depending on the position and orientation of the detector. Since
meny detectors utilized in space physics experiments are directional in type,
this asymmetry may be responsible for some of the rather large discrepancies
which exist in the experimental proton data in this region. It should be em-
phasized that the proton flux contours presented in this report were obtained

when the detector was oriented essentially in an easterly direction.

The stability of the proton flux in this region of space and the general
dominance of atmospheric loss mechanisms offer a unique opportunity to learn
more &out the proton source.mechanism by comparing the present data with the

atmosphere in greater detail than has been possible in this report.
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