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ABSTRACT

Instruments aboard the Relay I satellite have measured the in-
tensities of geomagnetically trapped electrons with energies greater
than 0.45 Mev and of protons in four energy ranges between one and 60
Mev over the region between 1.2 and 2.3 earth radii during the year
1963. The equatorial intensity of electrons (E > 0.45 Mev) was found
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to decrease monotonically from a maximum intensity of about 0.7 X 10
at 1.3 earth radii down to 105 sec-l cm ster-l at 2.3 earth radii.
The principal maximum in the proton intensities was found to occur on
consistently higher lines of force and with increasing intensities
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toward lower energies such that a maximum intensity of about 3 X 10
protons (E > 1.1 Mev) sec™ cmZ ster T occur at about 2.3 earth
radii compared with the maximum of 1.95 X lO3 protons (E = 4O to 110
Mev) sec-l cm._2 ster-l at 1.5 earth radii. A large decrease in the

proton intensities at L values greater than 2.2 earth radii occurred

during the magnetic storm of September 22-23, 1963.
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PART T

DESCRIPTION OF EXPERIMENTAL TECHNIQUES

Introduction

A set of four particle radiation detectors was designed and
constructed at the State University of Iowa (R. W. Fillius, 1963;
D. C. Enemark, 1962) for flight aboard the Relay satellite. As was
originally planned, the reduction and analysis of the data resulting
from the successful launchings of the Relay I and Relay II satellites
is now being performed at the University of California at San Diego.
The present paper is based upon a partial analysis of the data ob-
tained by Relay I during its first year in orbit.

The Relay I satellite was launched on December 13, 1962 into
an orbit with an apogee of 2.07 earth radii, a perigee of 1.21 earth
radii and an inclination of LT.5 degrees. The precession of the orbit
is such that the complete spatial distribution of trapped particles in
the region 1.15 < R < 2.2 earth radii and A < 60 degrees (magnetic
coordinates) can be obtained within a period of 140 days.

Radiation Detection System

The identification of particles as protons or electrons and the
determination of their kinetic energy is accomplished by Jjudicious
choices of sensor (size and type), detector shielding, and by proper
choice of the electronic discrimination levels.

All the detectors produce a quantity of charge related to the
energy lost by the incident particle in the sensor. Two of the sen-
sors are of the solid state type and two are scintillation crystals
mounted on photomultiplier tubes. 1In the solid state detectors, de-
signated here as B and C, the charge produced at the output is
linearly related to the energy lost by the particle in the sensor. The
amplifier output of the scintillation detectors here designated as A
and D, i1s also related to the particle energy lost in the sensor but
not always linearly.

To avoid difficulties due to variations in the capacitance at
the sensor output, the input amplifier was designed to respond to the
charge generated by the sensors rather than the voltage. At the
output of these amplifiers is present a voltage pulse related to the
energy of the incident particles can be both measured and calculated,




the energy spectrum analysis 1s reduced to a voltage pulse height
analysis.

Other electronic blocks common to each detector are: a delay
line inter-stage network to clip the pulses to a length of a .25 psec,
a voltage post amplifier and voltage amplitude discriminators. The
amplitude discriminators form the input circuits to pulse height
analyzers for each detector. Since analyzers for each detector are
somewhat different they will be described individually. Photographs
of Detector A and the B-C-D detector complex are shown in Figures 1
and 2,
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Figure 1. Photograph of the Relay I omnidirectional detector A.
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Figure 2. Photograph of the Relay I B-C-D directional detector complex.

The B, C, and D detectors are directionally sensitive with
the consequent need for the knowledge of magnetic field orientation
for accurate intensity measurements. Detector A however is an omni-

directional detector whose response is independent of the field
orientation.

The systems design is governed by the dynamics of trapped
particles in the earth's magnetic field. The particles are con-
strained to travel in approximately helical paths about the lines of




force. The angle o which the particle velocity makes with respect to
the field line varies with the magnitude of the magnetic field B along
the field line according to the equation sin® o= B/By refers to the
point o = 900. The angular distribution about the field line is
almost always such that the peak intensity occurs in the plane perpen-
dicular to the field line. The complete angular distribution at any
point can be obtained by obtaining the dependence of the intensity at
o = 90o upon By and using the equation sin o= B/Bm to transform this
dependence upon By into the o dependence at the desired value of B.

Since the peak intensity occurs normal to the magnetic field
lines it is only necessary to determine when the field component along
the detector axis is zero and arrange to turn on the detectors for an
interval during which the rate is relatively constant. Previous
measurements at 920 km have shown the angular distribution to be sym-
metrical about the normal plane and the intensity to vary less than
10% over 10° on either side of the peak. At Relay T altitudes the
variation is expected to be even less. From this then it is seen that
if the detector are turned on about 10°ahead of the zero crossing of
the field and turned off about 10° after zero crossing, a good mea-
sure of the peak intensity can be made.

Relay I spins at approximately 2.7 rev/sec in a known sense.
The detector gating was achieved by placing an AC coupled flux gate
magnetometer about 130 ahead of the detector axis in rotation. At
zero AC field crossing along the magnetometer axis, a turn on signal
is generated which allows the detectors to accumulate counts for the
fixed interval of exactly 24 satellite clock pulses, after which the
detectors are gated off. With the satellite clock rate of 1152 pulse/
sec the on time is 0.021 sec or about 19o of revolution.

When the spin axis of the satellite happens to be aligned
with the field line and the detectors are always in the normal plane
and no AC field variation is seen by the magnetometer. Whenever the
AC field variation remains less than + milligauss for one second, a
free running multivibrator (at the nominal spin rate) is started to-
operate the magnetometer gating circuitry and an identification bit is
transmitted to indicate that it is in the special mode. The condi-
tions necessary for this special mode have been met in flight but is a
rare occurence,

In addition to the magnetometer gating scheme a large amount
of sub-commutation is needed for the radiation experiments because
only seven accumulators are available for all the outputs. Whenever
possible all of the outputs of a particular detector are examined at
once to allow a direct measure of the particle intensity in each
energy increment during the same time interval. The accumulators and




data conditioning system are both in the encoder and are not an inte-
gral part of the radiation experiment. It can be seen from the over-
all block diagram (figure 3) that the basic clock frequency (1152 cps)
of the encoder and a subcommutator advance signal are provided by the
encoder.
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Figure 3. Overall block diagram of the radiation detector system including the Bell Telephone Laboratories
detectors E and F. The satellite clock and subcommutator advance from the encoder serve as the input
timing signals.

The clock signal is gated on (not shown explicitly in Figure 3) at the
same time the detector outputs are sampled and fed to an accumulator
in the encoder to provide a direct measure of detector live time.
Detectors E and F shown which are channeled through the same gating
system are from a separate experiment performed by Bell Telephone
Laboratories. They will not be discussed here.

The subcommutator advance signal from the encoder has a
period of twelve seconds, two seconds in one state and ten seconds
in the other. In the ten second state the accumulstors are free



to register counts each time the detector outputs are gated on by the
magnetometer sigrial; in the two second part the accumulators are read
out. Signal M is the gate from the magnetometer circuitry. It is in
one state for 24 clock pulses (about 0.021 sec) and in its complement
state M for the rest of the period (about 0.179 sec) when it is used
for a background measurement on B3, C3, D3, B4, C4, and D4 each at
different subcommtator cycles. The term "background" is used to
designate the counts accumulated when the detectors are not looking at

the peak intensity.

It should be noted that with the exception of detector A, all
detector analyzer outputs are fed to the sub-commutator where they are
switched to the accumulators one detector at a time. These accumula-
tors are read out once a second while counting for ten seconds, then
inhibited and read out twice, then reset for the next detector. By
rejecting the data in which the two final readouts do not agree, the
probability of an erroneous reading produced by transmission noise is
reduced to a very small value (in practice, very few errors in over
10° readings have been discovered). Detector A is permanently
connected through its driver to an accumulator which is read out every
second but is never reset. Accumulator overflow is detected during
data reduction. The remaining lines shown are information signal for

transmission; viz.,

1. Two identification bits to indicate subcommutator
position.

2. One identification bit for magnetometer gating circuit
mode.

3. One analog channel, sampled once a second, which time
shares on an equal basis between the sine wave output
of the magnetometer and on an identification bit to
indicate which of the alternate outputs of the analyzers
is in use.

4, Two identification bits from the Bell Telephone
Laboratories experiment.

The measurements of the magnetometer signal can be compared
with the computed magnetic vector to derive the orientation of the
satellite spin vector. Shortly after the launch of Relay I, the spin
vector was ascertained in this manner to be within 4°of a declination
equal to —69o and a right ascension of l25°on the celestial sphere.
The magnetometer signal can also be analyzed to measure hydromagnetic
waves with periods betgeen 2 and 8 minutes provided their amplitude is

greater than 100Y (10 ° gauss).



In the detailed discussion of the detector parameters which
follows, it will be convenient to consider them in the order of
increasing complexity associated with their energy analyzing system.

Detector A Characteristics

Detector A 1s primarily an omnidirectional 35 to 300 Mev pro-
ton detector but with some sensitivity to high energy electrons. The
sensor is a 0.932 cm diameter sphere of National Radiac Sintilon
plastic scintillator optically coupled to the phototube through a
conical light pipe. (see Figure L4).

FIBERGLASS INSULATOR

PHOTOTUBE J

SCINTILLATOR
LIGHT PIPE

INTERIOR DOME 0.576 g/cmZAl
EXTERIOR DOME 0.727 g/cm?Al

Figure 4. Detector A scintillator mount and shielding.



The sphere is at the center of the two concentric hemispherical alumi-
num domes with sufficient separation so that particles entering from
different forward directions will see the same amount of shielding;
viz, 1.30 g/cm? . This shielding thickness stops all protons of
energy less than 34 Mev and electrons less than 2.7 Mev. The detec-
tor protrudes about 2 cm from the surface of the satellite so that
the entire forward hemisphere is unobstructed by further shielding.
Analysis has shown that since the angular distribution of the trapped
radiation is cylindrically symmetrical, the number of particles
entering this front hemisphere is independent of the detector orien-

tation.

One amplitude discriminator is placed at the amplifier output
with pulse height setting corresponding to the integral energy spec-
trum end point of Co . For the scintillator's size and type this
setting represents an energy loss in the crystal of approximately 1.0
Mev since the most important proton physical process at this energy is
Compton scattering. Consequently, the detector proton and electron
thresholds are 34 Mev and 3.7 Mev. In the proton case it is evident
that the shielding thickness is the dominant parameter for setting the
energy threshold. For the electron threshold the electronic discrimi-
nator level must be known accurately also.

An experimental measurement of the proton energy threshold
was performed on the University of Minnesota linear accelerator and
was found to be 34 Mev to an accuracy better than 3%. Pull effi-
ciency is reached at 35 Mev. Direct electron threshold measurements
could not be performed because of the lack of a monoenergetic high
energy electron source,

Detector D Characteristics

Detector D is primarily a directional electron detector with
some sensitivity to protons. The sensor is a cylinder of National
Radiac Scintilon 0.254 cm diameter and 0.254 cm in height. It is
optically coupled to the phototube, through a glass disc (see Figure-5)
to provide an additional 0.81 g/cm of shielding in the backward
direction. A minimum of 1.07 g/cm2 of platinum shields the crystal
from the forward direction except for a circular entrance area of
0.37 X 1072 cm? . Particles entering the scintillator from the for-
ward direction must penetrate 0.048 g/cm? of alumimum foil after pass-
ing through a 270 conical acceptance aperture. From the parameters
of shielding and entrance area - solid-angle product alone the geo-
metric factors, G, are listed.
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Figure 5. Detector D scintillator mount, shielding, and aperture.
G ~ Electrons Protons
2.38 x1073 em® -ster 0.20 to 3.0 Mev 5.0 to 20 Mev
8.80 ><lO-3 cm? -ster greater than 3.0 Mev greater than 20 Mev

Several features of the above list should be explained. The transi-
tion between the two values for geometric factor_occurs when the
range of incident particles exceed the 1.07 g/cm of platinum. For
particles greater than this range the sensitive entrance area expands
to the full diameter of the cylindrical scintillator. Fortunately,
both electron and protons intensities fall rapidly with increasing



energy in the trapped radiation allowing the use of G = 2.38 X 10”3
cm© -ster alone to a high degree of accuracy.

Four amplitude discriminators are placed at the amplifier
output, each providing a point on an integral pulse height spectrum
of the detected particles. In view of the previous discussion about
the geometric factor it is seen that to high accuracy the shielding
serves to solely determine a lower energy cutoff for electrons and
protons. The energy equivalent of the electronic discrimination level
settings will just add to this low energy cutoff to provide integral
energy output channels labelled D1, D2,D3, and Dk.

Energy loss
required Electrons Efficiency Protons Efficiency
D1 .13 > 0.30 Mev T > 5.1 Mev 1.0
D2 .28 > 0.45 Mev .6 > 5,1 Mev 1.0
D3 43 > 0.62 Mev 45 > 5.2 Mev 1.0
D4 W6k >0.82 Mev .13 > 5.2 Mev 1.0

When the counting rate due to protons is important, the differences in
the efficiencies for protons and electrons in the different channels
can be used to separately determine the electron and proton fluxes.

The discrimination levels can be reproducibly set with a
laboratory Sr electron source by noting the number of counts at
each output and the count ratios of neighboring levels. Basic cali-
bration of the energy thresholds and efficiencies were obtained using
the Bell Telephone Laboratories 1 Mev accelerator. A graph of the
efficiency vs. energy shown in Figure 6 serves to illustrate the
manner in which the stated integral energy levels were chosen.

Further calibrations were made with a fission beta spectrum at Los
Alamos with the following results for the product, the efficiency
(¢ ), and geometric factor.

Channel (eG)

fission
D1 1.46 X 1073 cm® -ster
D2 1.16 X 10'3
D3 5.92 X 107)
D4 1.18 x 10°

10
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Figure 6. Relative efficlency versus energy curves for detector D outputs.



Detector B Characteristics

Detector B is a single solid state diode (an Ortec surface
barrier detector) designed to detect protons with nominal energy from
one to 4.5 Mev with a high discrimination against the ambient electron
flux. Insensitivity to electrons is achieved through

l. wuse of a thin sensor so that entering electrons cannot
deposit much energy in it.

2. discrimination levels that are set much higher than the
pulse amplitude typically produced by electron energy
loss in the sensor, and

3. the previously mentioned 0.25 psec pulse clipping to de~
crease the probability of pulse pile-up of many low
erergy events.

Brass shielding about the sensor confines the effgctive solid angle,
for protons of less than 85 Mev, to a cone of #15 . Details of the
aperture construction are shown in Figure 7.
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Figure 7. Detector B aperture.
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Two thin annular discs serve as electron baffles to reduce the scat-
tering of electrons into the detector. A nickel foil 1.2 mg/cm2 thick
is mounted on the inner baffle to shield the detector from light. The
6.5 mn2 sensor area results in a geometric factor for the detector
0.015 cm2-steradian.

The detector B electronic discrimination levels (B » Bp, B v
Bé) are set at 0.87 Mev, 1.41 Mev, 2.10 Mev and 3.84 Mev respect?vely.
Due to the small depletion depth (100 microns) of the detector a given
discrimination level may be triggered both by a proton which stops in
the active depth and a higher energy proton which penetrates it. Pene-
trating protons of still higher energy cannot deposit sufficient ener-
gy in the active depth to trigger the discrimination level. A given
pulse height can therefore be produced by protons with either of two
different energies. This characteristic of detector B is displayed in
Figure 8 where the discrimination levels are marked.

—o CHANNEL B4
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0.1 1 (MEV) 10 100

INITIAL ENERGY OF PROTON INCIDENT ON DETECTOR

Figure 8. Typical detector B energy response characteristic with discriminator settings indicated.
Logical combinations of the discriminator levels to produce outputs are shown at the top of the

figure.
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Here it 1s clearly shown that although the output of the discriminat-
ors are integral in pulse height they represent different differential
proton energy intervals. Further, level B, is set higher than any
possible pulse height obtainable from protdns received through the
entrance aperture. It can be triggered only by heavier particles,
such as alpha particles, or protons (greater than 85 Mev) penetrating
the side of the shield and traversing the detector sideways. Level Bh
yields a crude measure of the omnidirectional background flux which
penetrates the shield and can be used to place an upper limit upon the
alpha particle flux.

Adjacent discrimination levels are placed in anti-coincid-
ence (top of Figure 8) to yield four output channels labelled as Bl,
B2, B3, B4 with proton energy ranges.

Rl 1.1 to 1.6 Mev and
7.1 to 14 Mev
B2 1.6 to 2.25 Mev and
4.75 to 7.1 Mev
B3 2.25 to 4.7h Mev
B4 greater than 85 Mev background channel.

It can be seen that the overlapping energy intervals have been elimi-
nated but an unambiguous identification of an energy spectrum still
depends upon some prior knowledge of spectral shape or additional data
such as is available from detector C. Calibrations of these ranges
are based partly upon protons generated by the d(HeS,p) He[F reaction
on the Cockcroft-Walton accelerator at the State University of Iowa,
shielding calculations, and the use of an accurately calibrated elec-
tronic pulser. Reaction produced protons are used to determine the
detector bias voltage required for the desired depletion depth and to
find the upper cutoff energy for penetrating protons in each channel.
Lower cutoff energies for non-penetrating protons are based upon the
discrimination levels set by a calibrated pulser with allowance for
the proton energy loss in the light-tight foil.

Detector C Characteristics
Detector C is a two element proton telescope which classi-
fies proton energies in three bands from 18.2 to 63 Mev. Direction-

ality and solid angle are defined by two 1 em® Lithium drift detectors
separated a distance of 2 cm with their faces parallel and their sides

14



B

rotated at 45° with respect to each other. The resulting geometric
factor is 0.216 cm-steradian.

High energy protons coming from the forward direction pene-
trate both detectors producing time coincident pulses. The rear
detector, designated C2, performs the pulse height analysis on the
penetrating part of the characteristic while the front detector serves
to resolve the ambiguity in the double values characteristic of the
rear detector. Characteristics for detectors ClL and C2 are given in
Figure 9 with the placing of electronic discrimination levels shown.

>Cl, >C24
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4 ANTIC |
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ENERGY DEPQSITED IN DETECTOR C1 & C2

©

b L1 gt L1 gl
1 10 MEV 100 1000

INITIAL ENERGY OF PROTON TRAVERSING DETECTOR C

Figure 9. Typical detector C energy response characteristics with discriminator settings indicated. The
logical combinations of the six discrimination levels used to produce the outputs are shown at the top
of the figure.
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The block diagram at the top of the figure indicates the logical sort-
ing of discriminator levels which combine to form analyrzer outputs C1,
C2, €3, and C4. Output Ch is different from the other outputs in that
it represents the singles rate of pulse amplitudes between C2_ and CEB
rather than time coincident pulses in the two detectors. Channel Ch

is used as a background monitor to allow an estimate of the random co-
incidence rate. The resultant differential energy proton channels are

ClL 18.2 to 25 Mev
c2 25 to 35 Mev
c3 35 to 63 Mev
ch background

These results are shown succinctly by Figure 10 where the foreground
locus represents the energies recorded by the output channels when a
proton traverses Cl first and the background locus when C2 is travers-
ed first.
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Figure 10. Two-dimensional view of detector C telescope proton energy analysis.
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Once again protons from the d(He3,jp)HeLL reactions were used
to determine the front and back dead layers and the depletion depth
for the two component sensors. Typical values were found to be 4.7
Mev, 13 Mev, and T7.25 Mev respectively. A final check of lower energy
cutoffs for two of the output channels was performed with the 40 Mev
linear accelerator at the University of Minnesota. Counting rates
from the three channels as a function of incident proton energy com-
pared well with the expected values calculated from the measured de-
tector parameters and discrimination levels.

Detector Radiation Damage

A comparison of the detector A and D measurements with re-
sults from similar detectors aboard Explorer XV indicates that the
effective amplification of the Relay I scintillation detectors de-
creased by about a factor of 1.3 during the first month in flight.
The data also indicates that smaller decreases occurred during the
next two months. All of the data taken since May 1, 1963 however, is
consistent with the assumption that the effective detector gains re-
mained stable to within 10%. The absolute discrimination levels used
in this paper are probably not in error by more than 15% but compari-
son with the data from Relay IT will provide a more accurate and
trustworthy determination of the characteristics assumed by the Relay
I detectors after May 1, 1963.

In the case of detector D, the change in characteristics can
be directly attributed to radiation damage in that the glass disc upon
which the scintillator is mounted can be darkened by a particle radig~
tion dose comparable to that received in flight. This source of dif-
ficulty has been corrected in the detector D units to be flown in the
future by replacing the glass with sapphire.

Two effects of radiation damage were observed on the B de-
tector. First, the resistivity of the silicon increased so that the
depletion depth increased. Knowing that his change occurred (by the
appearance of large pulses) the necessary minor modifications in the
interpretation of the data can be made with confidence. The second
effect was that after 120 days in orbit, the size of the pulses began
to decrease so that after 160 days in orbit the counting rates from
the B detector approached zero. The total number of protons reachin
the sensitive element of the detector by this time was about 1012/cm
corresponding to a radiation dose of about lO6 Rads. The solid angle
subtended by the detector B aperture was reduced by a factor of 2.2 on
the unit in Relay II so that a somewhat extended detector life is anti-
cipated.
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After one year in orbit the counting rates due to protons in
detector C remain the same as on the day of launch. This indicates
that the radiation damage to the two sensors in this detector has not

been important.

PART II
SPATTAT, DISTRIBUTIONS OF PARTICLE FLUXES

Electron Distributions

The usual magnetic coordinates B and L (McIlwain, 1961) are
used throughout this paper to organize the data received from differ-
ent locations in space. The L value for a point in space is approxi-
mately equal to the maximum radial distance reached by the line of
force going through the point and is given in units of earth radii. B
is the scalar magnitude of the magnetic field at that location in
units of gauss.

After the initial reduction of the telemetered information,
the counting rates from all 19 channels of data are interpolated to a
particular set of L values: 1.1, 1.15, 1.2, etc.

On July 9, 1962, a high altitude nuclear explosion injected
large numbers of energetic electrons into trapped orbits in the earths
magnetic field. Subsequent measurements (McIlwain, 1963) have shown
that at least until February 1963, these electrons constituted an im-
portant radiation hazard to spacecraft traversing certain regions of
gpace. The Relay I data presented here show that this situation per-
sisted throughout the year of 1963.

The flux of electrons with energies greater than 0.45 Mev
can be uniquely obtained by subtracting the D4 channel, (Detector D,
fourth discrimination level) from the D1 channel to remove the proton
contribution to the D1 counting rate. The unidirectional intensity
perpendicular to the line of force of electrons greater than 0.45 Mev
obtained in this manner is shown in Figure 11 as a function of B for a
set of lines of force with L values between 1.25 and 2.7 earth radii.
The actual data points are shown for some of these lines of force to
illustrate the distribution and scatter of the data points.

18
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Figure 11. The unidirectional intensity perpendicular to the magnetic field of electrons with energles
greater than 0.45 Mev as a function of B for various L values.

In the future, as more data is received, analytic fits to
these data points will be made as a function of B and time for each
line of force. This will make possible a normalization of the inten-
sities to a reference time which will considerably reduce the scatter
in the data. Analytic fits will also simplify the integration of the
unidirectional intensities to obtain the angular distributions and the
omnidirectional intensities. In lieu of actual integration, it is a
useful fact that the omnidirectional intensity is almost always within
a factor of 1.5 of six times the unidirectional intensity perpendicular
to the line of force.

The plot of contours of constant intensity in B-L space
shown in Figure 12 were derived from the same data shown in Figure 11.
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Figure 12. Contours of constant intensities derived from Figure 1l1. The contours are labelled by the log-
arithm to the base ten of the intensity. Four contours per decade are given corresponding to a factor

of 100'25 = 1.78 in intensity between adjacent contours.

The ratio of intensities between adjacent contours is 100‘25 = 1.778.

Comparing these results with the Explorer XV data, which was
obtained between November 1, 1962 and February 1, 1963, it is found
that the relative spatial distributions given by the two sets of data
are identical to within 30% in the region L = 1.3 to 1.6. The absolute
intensities obtained from the Relay I measurements in this region may
be as much as a factor two lower than the earlier Explorer XV results.
Determination of the true time dependence must await comparison with
the Relay II results but the present results indicate that the time
constant for decrease in the intensities in this region is greater
than one year. Since few reliable measurements of electrons greater
than 0.5 Mev were made previous to the "Starfish" event, it is not yet
possible to determine what part of the intensities are due to natural-
1y occuring electrons.

The Relay I omnidirectional detector (detector A) is sensi-
tive to electrons with energies greater than 3.5 Mev and protons with
energies greater than 34 Mev. As mentioned previously, the effective
gain suffered an initial decrease. By May 1, 1963, the gain reached
a stable value approximately a factor of 1.5 lower than before launch.
This caused the discrimination level to approach the largest pulse
size which can be produced by an electron thereby reducing the effi-
ciency for electrons to about one tenth of the initial value. Since
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there were no independent measurements of high energy electrons made
between February 1 and May 1, 1963, it is possible that the measured
decrease of a factor 10 in the electron counting rates may include a
factor due to the change in the trapped electron intensities. The
Relay II results, when available, can be used to recalibrate the Relay
I detector and will therefore remove most of the present uncertainty.

It should be noted that most of the pulses produced by pro-
tons in the Relay I detector A remained far larger than the discrimi-
nation level. The efficiency for protons can therefore be accurately
computed.

At L values greater than 3.0 earth radii, the counting rate
due to protons is very small, thereby permitting good measurements of
the high energy electrons in the outer zone. The analysis of the com-
plex time and spatial dependences of the outer zone is not yet com-
plete and will therefore be presented in a later paper.

At L values of less than 1.45, over 80% of the detector A
counting rate is due to electrons. The observed counting rates along
several lines of force in this region are shown in the upper part of
Figure 13.
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Figure 13. The counting rate of the omnidirectional detector (detector A) along various lines of force.
Below L = 1.45 the observed counting rates are primarily due to electrous and above I, = 1,7 the
counting rates are primarily due to protons. The cosmic ray contribution has been removed by sub-
tracting 0.6 counts/sec.
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The corresponding contours of constant counting rate in B-L space are
shown in the left side of Figure 1h.
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Figure 14. Contours of constant counting rate derived from Figure 13.

For comparison, the contours of constant intensity of electrons with
energies greater than 5 Mev as measured by Explorer XV are shown in

Figure 15.
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Figure 15. Contours of constant omnidirectional intensity of electrons with energies greater than 5 Mev
derived from Explorer XV data.
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As expected, the contours are very similar in the region L = 1.25 to
1.5. In the region L < 1.25, there probably has been an appreciable
decrease in the high energy electron intensities, but no Relay I data
taken in this region after May 1, 1963 is available, so that the
reality of this decrease cannot be demonstrated.

Proton Distributions

During the period May 1, to September 22 of 1963, over 80%
of the detector A counting rates in the region I = 1.8 to 2.8 earth
radii were probably due to protons. The efficiency for protons rises
rapidly from near zero at 34 Mev and remains constant within a factor
of 1.5 between 35 and 300 Mev. Since the flux of protons with energies
greater than 300 Mev is relatively small in the region being considered,
the detector A counting rates correspond to the total flux of protons
with energies greater than 35 Mev. The weighted average value of the
efficiency times the geometrical factor is calculated to be 1/3 cm
with a probable error of less than 30%. The counting rates along lines
of force in this region are shown in the lower part of Figure 13. The
cosmic ray contribution has been removed by subtracting 0.6 counts per
second. The corresponding contours of constant counting rates are
shown in the right hand part of Figure 14. These contours are very
similar to the contours of 40 to 110 Mev protons measured by Explorer
XV (McIlwain, 1963). The differences are well explained by the spatial
dependence of the proton energy spectrum as measured by the Relay I
detector C.

Detector C measures the unidirectional flux of protons in
three energy ranges between 18.2 and 63 Mev. The lower two channels
Cl and C2 have electron efficiencies of very near zero. The third
channel, C3, has a small (~001) efficiency for electrons with energies
greater than 3 Mev as well as an efficiency of near unity for protons
with energies between 35 and 63 Mev. The flux of electrons with ener-
gies greater than 3 Mev in the region below I, = 1.5 are as much as ten
thousand times the flux of 35 to 63 Mev protons, therefore the C3
channel does not yield reliable measurements of protons in this region.
In the region of L = 1.5 4o 3.0 earth radii, however, there is little
if any interference due to electrons.

The contours of constant intensity of protons with energies
between 18.2 and 35 Mev along lines of force as measured by channels
Cl and C2 are shown_in Figure 16. The radiation damage to solar cells
shielded by .4 g/cm? of material on satellites which traverse the
region between 1.5 and 2.5 earth radii is primarily due to protons in
this energy range.
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Figure 16. Contours of constant unidirectional intensity of protons with energies between 18.2 and 35 Mev
as derived from detector C data.

The electron counting rates in the D4t channel after May 1,
1963 were only about 5 % of the electron counting rates in the D2
channel. Since the efficiency for protons in the two channels are
very nearly the same, the difference between the D2 and D4 channels
can be used to estimate the fraction of the D4 counting rate which is
due to electrons. Along lines of force between L = 1.8 and 2.6 this
fraction is observed to be less than 20% so that the counting rate due
to protons can be computed with a probable error of less than 10%.
The unidirectional intensities of protons with energies greater than
5.2 Mev derived in this fashion are shown in Figures 17 and 18.

The sum of the Bl, B2 and B3 channels yields the flux of
protons with energies between 1.1 and 14 Mev with little, if any,
unwanted effects due to electrons. The contours of constant unidirec-
tional intensities of these protons are shown in Figure 19. Data cov-
erage was rather poor during the time period in which detector B was
operating properly, therefore the intensities given in some parts of
this figure may be in error by as much as a factor of two. It is ex-
pected that a more complete analysis of the available data will reduce
the probable error to less than 20%. Radiation damage to unshielded
solar cells on satellites which traverse the region around 2 earth
radil is primarily due to these low energy protons.

A comparison of Figures 14, 16, 18, and 19 reveals that the
spatial distributions of protons are quite different in the different
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Figure 17. The unidirectional intensity of protons with energies greater than 5.2 Mev along lines of
force as derived from detector D data.
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Figure 19. Contours of constant unidirectional intensity of protons with energies between 1.1 and 14 Mev
as derived from detector B data,

energy ranges. The proton energy spectrum is a strong function of L
and on some lines of forece the spectrum varies importantly with B.
For all energies along all lines of force, the maximum intensity
occurs at the magnetic equator. These maximum intensities for four
different energy ranges are shown as a function of L in Figure 20.
The intensities in the L0 to 110 Mev energy range are derived from the
Explorer XV data. Unfortunately the proton energy spectrum over the
full range of 1.1 to 110 Mev cannot be adequately represented by any
simple spectral form like a power law or exponential dependence on
energy. No one parameter, such as the Ey, previously suggested (McIl-
wain and Pizzella, 1963) has been found with which the 5patial depen-
dence of the spectrum can be easily characterized.

Detailed energy spectra can be obtained by using all eight
of the channels producing proton data (channels Bl, B2, B3, D&, Cl, €2,
C3, and A). This analysis is not yet complete and will be presented
in a future paper.

Magnetic Storm Effects

Between 2100 hours UT on Se;tember 22 and 0300 hours UT on
September 23 the largest fluctuations in the earth's magnetic field
during the year of 1963 occurred. Within almost the same short period
of time, the proton distribution measured by detector A underwent a
radical change. The new distribution of protons with energies greater
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Figure 20. Unidirectional intensities perpendicular to the magnetic field for four different proton
energy ranges as a function of L along the magnetic equator.

than 35 Mev is shown in the right side of Figure 21. For comparison,
the earlier distribution is shown on the left side. At L values of
less than 2.0 no change larger than 10% was observed while outside

L = 2.5 the intensities typlcally decreased by over a factor of ten.
The earlier distribution had remained stable for many months. Similar-
ly, the new distribution has remained unchanged as of the latest ob-
servations which were made late in December 1963.

It seems quite possible that a thorough analysis of this
event will reveal the true character of the mechanisms which control
the behavior of trapped protons.

Simultaneous with the proton changes, an intense new outer
zone of electrons began to form with a peak intensity at L = 3.2 earth
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Figure 21. Contours of constant detector A counting rates before and after the magnetic storm of
September 22, 1963. Multiplication of the counting rates by three yields the omnidirectional flux
per square centimeter of trapped protons with energies greater than 35 Mev.

radii. In addition to the relatively energetic electrons in the outer
zone, a high intensity of low energy (less than 0.7 Mev) electrons
appeared in a wide region of space. Immediately after the event, the
unidirectional intensity of electrons with energies greater than 0.45
Mev at a radial distance of 2.0 earth radii was greater than 3 x 10
sec cm™2 steradian~l from L = 4.0 down to at least 1 = 2.0. Referring
to Figure 12, the contour corresponding to log,g, (j_L ) = 6.5 apparently
moved outward by over two earth radii. Unfortunately very little data
was taken from the Relay I radiation detectors after this event (except
from detector A, which is on continuously) until December by which
time the anomalous low energy electron intensities had undergone con-

siderable decreases.

PART IIT
INTEGRATED FLUXES ALONG THE RELAY I ORBIT

Daily Integrals

The Explorer XV data has been used to construct a computer
program (McIlwain, 1963) which can be used to determine the omnidirec-
tional fluxes of three categories of particles which were present at
arbitrary locations in space on January 1, 1963. This program has
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been used to obtain the total flux of thes
Relay I satellite over 8 complete revoluti
ferent days distributed throughout 1963.
results reveals two important facts: (1)

e particles striking the

ons (1.02 days) for 4O dif-
An examination of these

the total flux per day varies

smoothly from day to day, (2) the total flux per day for each category
of particles is a unique function of the latitude of perigee (assuming

no change of particle intensities with time).

The dependence of the

daily fluxes of particles upon the latitude of perigee, shown in Fig-

ure 21, can therefore be used (along with

the known variation of the

latitude of perigee with time) to determine the daily fluxes as a

function of time as is shown in Figure 22.
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Figure 22. Total omnidirectional fluxes of several categories of trapped particles integrated around the
Relay I orbit as a function of the latitude of perigee based upon the January 1, 1963 distributions

measured by Explorer XV.
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The relative differences in the curves are of course due to the dif-
ferent spatial distributions of the particles. It is interesting to
note that the daily fluxes of protons with energies greater than 1.1
Mev would be peaked at the times at the daily fluxes 4O to 110 Mev
protons are a minimum.

Data from a detector on the INJUN 3 (Valerio, to be publish-
ed) indicates that the flux of LO to 110 Mev protons did not vary im-
portantly during the first eight months of 1963 and the Relay I data
indicates that the daily fluxes of electrons were no more than a fac-
tor of three lower at the end of 1963 than at the time of the Explorer
XV measurements.

Integrals Over One Year

The curves in Figure 22 have been integrated over the first
year after the launch of Relay I. The resulting average fluxes per
day were found to be:

(1) (2.17°3) x 10 -1

12 clectrons (B > 0.5 Mev) cm-2day

+.h -1

(2) (3.6 37) x 10%°

electrons (E > 5 Mev) cm_gday

(3) (r.07 £ .15) x 108 protons (E = 40 to 110 Mev) cm—gday-l

where the error limits correspond to the sum of all possible errors
and the maximum possible changes in the particle intensities allowed
by the Relay I measurements.

Since the solar cells comprising the Relay I power plant
were shielded by about 0.4 g/cm2 of quartz, which can be penetrated by
protons with energies greater than about 1T Mev, 1t is of interest to
anticipate the result of a proper integration of the data obtained by
detector C. A comparison of the bottom two curves of Figure 20 and
similar curves for other latitudes leads to the estimate that the
average flux of protons with energies greater than 18.2 Mev is a fac-
tor of 10 * 2.5 larger than the average flux of 4O to 110 Mev protons.
This flux of (1.1 + .3) x 107 protons (E > 18.2 Mev)em 2day~l appears
to be adeguate to produce the observed solar cell radiation damage
(Waddel, private communication). For n-on-p type solar cells this
average omnidirectional flux of protons produces radiation damage
equivalent (Brown et al, 1963) to a beam of one Mey electrons at nor-
mal incidence with a flux of (2.0 £ .6) x 1012 em- 2day 1, By compari-
son, the average electron spectrum implied by the data above, when
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weighted by the energy dependence of the electron damage to n-on-p
type solar cells under O.% g/cm? of quartz (Brown et al, 1963) indi-
cates that the average damage due to electrons was equivalent to a
beam of only (0.6 % .4) x 1012 one Mev electrons cm™“day~l. These
calculations therefore indicate that three quarters (.77 + .lT) of the
damage to the solar cells protected by O.h4 g/cm2 of quartz was pro-
bably produced by protons. The measured energy spectra of electrons
and protons are such that as the shielding is reduced below 0.4 g/cm
the fraction of the damage produced by protons rapidly approaches
unity.

Detector A is connected to a large register which is got
reset after each reading and which accumulates 229 = 5.37 x 10
counts before overflowing. The counts in this register can therefore
be used to determine the total number of detector A counts per day.
Some 300 measurements of this kind are shown in Figure 23.
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Figure 23. Daily average omnidirectional intensities versus time for Relay I as derived from Figure 22.

Since the detector was not designed to properly measure the high in-
tensities of artificially injected electrons, the dead time correc-
tions necessary are relatively large. The average correction factor
for a day's accumulation of counts depends upon how the counts were
obtained. For example, a given number of counts obtained in a short
time requires a larger correction factor than the same number of

counts obtained in a longer period of time. The detailed rates of
accumulation as predicted by the Explorer XV data has been used to
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calculate the desired average correction factor in a manner which is
relatively independent of the variations in the detector A efficiency
with time. The resulting calculated values for the true number of
counts per day is shown in the upper curve of Figure 23. Except for
the times where the number of counts per day exceeds 1.5 x 109, this
curve is probably accurate to within 15%. For comparison, the com-
puted intensity of electrons greater than 5 Mev (see Figure 22) multi-
plied by 0.02 x exp(-day of year/365) is shown in the bottom curve.
After day 121 (May 1) it can be seen that the number of true counts
per day was slowly decreasing but with a time constant of greater than
one year. Since these daily counting rates are largely due to elec-
trons it must be remembered that after May 1, the effective discrimi-
nation level was in a region of the electron pulse height distribution
where a 2% change in discrimination level would produce a change in
counting rate of at least 10% and probably about 20%. The apparent
decrease in the daily number of counts can therefore be used only to
indicate that there was no large change (i.e. larger than a factor of
two) in the high energy electron fluxes between May 1 and December 10,
1963 and to indicate that the effective gain of the detector has been
relatively stable since May 1, 1963.

PART IV

SUMMARY OF RESULTS

The highest electron intensities are found around the mag-
netic equator at radial distances between 1.2 and 1.6 earth radii.
The Relay I data shows that intensities measured earlier in this
region by Explorer XV persisted throughout the year of 1963 and did
not decay by more than a factor of three.

The spatial distribution of protons in four different energy
ranges has been determined and found to depend strongly upon energy.
The proton intensities at L values greater than 2.0 earth radii were
observed to decrease during a large magnetic storm. At all other
times the protons fluxes exhibited no important changes with time.

The integrated fluxes of various particle types along the

Relay I orbit have been computed and are found to be adequate to ex-
plain the observed degradation of solar cells.
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for the 3 microsecond detector dead time.

ACKNOWLEDGEMENTS

We wish to thank all the NASA and RCA personnel for their
contributions to this experiment. This research was supported in part
by NASA contracts NAS5-1683 and NASr-116.

REFERENCES

Brown, W. L., J. D. Gabbe, and W. Rosenzweig, Results of the Telstar
radiation experiments, Bell Syst. Tech. J., 92, Nov. 4, part
2: 1505‘1957: 1963-

Enemark, D. C., Blectrical design of the radiation effects experiment
for the satellite Relay, SUI 62-16 (State University of Iowa,
Master's Thesis, 1962).

Fillius, R. W., Satellite instruments using solid state detectors, SUIL
63-26 (State University of Iowa, Master's Thesis, 1963).

McIlwain, C. E., Coordinates for mapping the distribution of magneti-
cally trapped particles, J. Geophys. Res. 66, 3681-3691,
1961.

McIlwain, C. E. and G. Pizzella, On the energy spectrum of protons
trapped in the earth's inner Van Allen zone, J. Geophys. Res.
é@, 1811-1823, 1963.

McIlwain, C. E., The radiation belts, natural and artificial, Science,

142, 355-361, 1963.

33
D-2516

NASA -Langley, 1964




“The acronautical and space activities of the United States shall be
conducted so as to contribute . . . to the expansion of human knowl-
edge of phenomena in the atmospbere and space. The Administration
shall provide for the widest practicable and appropriate dissemination
of information concerning its activiiies and the results thereof.”

—NATIONAL AERONAUTICS AND SPACE ACT OF 1958

NASA SCIENTIFIC AND TECHNICAL PUBLICATIONS

TECHNICAL REPORTS: Scientific and technical information considered
important, complete, and a lasting contribution to existing knowledge.

TECHNICAL NOTES: Information less broad in scope but nevertheless
of importance as a contribution to existing knowledge.

TECHNICAL MEMORANDUMS: Information receiving limited distri-
bution because of preliminary data, security classification, or other reasons.

CONTRACTOR REPORTS: Technical information generated in con-
nection with 2 NASA contract or grant and released under NASA auspices.

TECHNICAL TRANSLATIONS: Information published in a foreign
language considered to merit NASA distribution in English.

TECHNICAL REPRINTS: Information derived from NASA activities
and initially published in the form of journal articles.

SPECIAL PUBLICATIONS: Information derived from or of value to
NASA activities but not necessarily reporting the results of individual
NASA-programmed scientific efforts. Publications include conference
proceedings, monographs, data compilations, handbooks, sourcebooks,
and special bibliographies.

Details on the availability of these publications may be obtained from:

SCIENTIFIC AND TECHNICAL INFORMATION DIVISION
NATIONAL AERONAUTICS AND SPACE ADMINISTRATION
Washington, D.C. 20546



