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LOW-ENERGY PARTICLE RADIATION ENVIRONMENT AT SYNCHRONOUS ALTITUDE

E. G. Shelley and S. K. Lew

Lockheed Palo Alto Research Laboratory

Low-energy charged particles in the space environment are known to be important
contributors to the degradation of thermal control surfaces on satellites and may
affect thin films such as cover materials used in connection with large flexible
solar arrays., These particle-induced degradation effects are of particular importance
in planned future satellite projects with projected lifetimes up to ten years. Early
measurements in the vicinity of synchronous altitude showed that intense and highly
variable fluxes of protons and electrons with energies between one and 50 keV populate

this region of space.

The ATS-5 satellite, launched into synchronous orbit in August

1969, was the first synchronous satellite to include instrumentation far the investi-

gation of the plasma properties of these low-energy charged particles.

The Lockheed

Palo Alto Research experiment on ATS-5 measured electron and proton fluxes in the
energy range from approximately one-half to several hundred keV with primary emphasis
on the region below 50 keV which contains most of the plasma energy. A statistical
analysis of the data, sampled over the period from September 1969 through December
1969, shows systematic variations in the average low-energy particle radiation
environment at synchronous altitude with local time and magnetic activity (K_). The

existence of a systematic variation with X

suggests the possibility of estimating

the environment under various conditions og magnetic activity from the present data.

INTRODUCTION

Both laboratory simulations and in situ satel-
lite measurements have shown that many of the com-
monly used low @g/e thermal control surface mater-
ials are degraded not only by solar ultraviolet
radiation, but also by low-energy charged particle
radiation (refs. 1-19). This is dramatically shown
in figure 1 which compares the degradation rate of
Zn0/Sil measured on several satellites. The
degradation rate was significantly greater for the
synchronous and deep space satellites which were
exposed to much greater low-energy particle
fluxes. A detailed knowledge of the charged part-
icle environment is therefore essential to proper
design of long-lived spacecraft. Prior knowledge
{refs. 20 and 21) of the envirommenl at synchron-
ous altitude has been extremely sketchy, based
primarily on measurements from satellites with
highly eccentric orbits. Since these satellites
are able to acquire only a few seconds of data in
the region of synchronous altitude once every few
days they do not provide sufficient data to define
the morphology of this dynamic region.

The ATS-5 satellite,which was launched in August
of 1969, was the first synchronous satellite to
carry experiments capable of spectral measurements
of the low-energy electrons and protons. It car-~
ried a magnetometer and several particle detectors
spanning the energy range from 50 eV to 30 MeV.
The Lockheed experiment was designed to perform a
survey of particle fluxes of auroral energies. It
consists of eleven individual detectors, each of
which measures protons or electrons in a specific
energy interval spanning the range from about one-
half to several hundred keV. Primary emphasis was
placed on the region below 50 keV which contains
most of the plasma energy. Particles in this
energy region have been shown to be very important
in thermal control surface damage (ref. 2).

A preliminary report on the general characteris-
tics of the particle fluxes at synchronous altitude
has been given by Sharp et al. (ref. 22). It was
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FIGURE 1.--Comparison of degradation of $-13 {zn0/511) measured on
several satellites. The degradation rate is significantly incressed
&t synchrohous orbit and in deep space where the particle radistion
environment is enhanced (from ref. 1

reported that large increases in the electron
fluxes were observed on most nights in the vicin-
ity of local midnight with increases of one or two
orders of magnitude occurring within times ranging
from a few minutes to the order of an hour and
that these electron "events" were generally asso-
ciated with magnetic substorms as established from
auroral zone magnetograms in the vicinity of the
foot of the field line passing through ATS-5. A
more detailed study of the time characteristics of
these electron events has also been published
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(ref. 23). As reported in ret. 22, the proton
fluxes were also observed to vary, but by a much
smaller factor in general. A general discussion
of the low-energy particle populations at synchron-
ous orbit observed on ATS-5 has alsobeen given by
DeForest and McIlwain (ref. 24). An indication of
the dramatic variations in the particle fluxes and
their dependence on local time and magnetic activ-
ity is given in figures 2 and 3. Figure 2 shows
the relative flux of the 6- to 18-keV electrons

for two of the days included in this study. The
lower and upper curves correspond to magnetically
quiet and magnetically active days, respectively.
During a significant part of the day the fluxes on
the active day exceed those of a quiet day by about
two orders of magnitude. Figure 3 shows a similar
comparison for protons with energies greater than
38 keV. While the differences are not as great as
those for electrons, they still differ by a factor
of 5 or greater.
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FIGURE 2.--Comparison of relative low-enercy electron flux for two days
of siznificantly different magnetic activity. Local midnieht is indi-

cated by the arrow marked IM.

In this paper, a statistical analysis of the
data for 20 days spanning the period from September
1969 through December 1969 is presented. As shown
in figure L, the distribution of magnetic activity
during the data samples of this study was very
similar to the distribution of magnetic activity
for the entire four-month period spanned by the
data samples. It is therefore reasonable to treat
this body of data as representative of this period.

The local time dependence of four plasma parameters.

electron number flux, electron average energy, pro-
ton number flux and proton average energy, was
analyzed using the entire boay of data. In addi-
tion, we present the results of an investigation

of the dependence of these parameters on magnetic
activity in several different local time sectors

in the hope that this information willmake it poss-
ible to extrapolate the present data to periods of
differing magnetic activity.
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FIGURE 3.--Comparison of relative proton flux for two days of differing
magnetic activity. IM indicates local midnight.
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INSTRUMENTATION

The electron data presented here are from four
broadband differential electron flux detectors,
each consisting of a permanent magnet spectromecter
which utilizes 180° deflection to achieve contin-
uous sensitivity over a broad energy interval
(LE/E = 100%). Together, the four detectors pro-
vide continuous and nearly uniform coverage for
electrons over the energy range from 0.65 to 53
keV. The proton data to be presented are from
three integral proton detectors with foil-deter-
mined thresholds at approximately 5, 15 and 38 keV.
The minimum data sample rate for these detectors
was once per telemetry sequence of 5.12 seconds.
Relevant parameters for these seven detectors are
given in table 1. A detailed description of the
instrument and a description of the procedures used
for calibration of the electron channels have been
published (refs. 25 and 26).

Acceptance Geometric

Energy Range Angle Factor
Detector | Particle (kev) (Full Angle) | (cm@-ster)
CMEA e” 0.65 - 1.9 15%2 x 25° | 1.4 x 1077
CMEB e” 1.8 - 5.4 15° x 25° | 1.0 x 1077
- . a [} c -5

CMEC e 5.9 - 1.8 15 x 25° {1.2 x 10
CMED e” 7.4 - 53.0| 15° x 25° | 0.9 x 1072
CcFPA o >5 20° 3x 107
CFPB pt > 15 20° 3x 1077
CFPC ot > 38 20° box 107

TABLE 1.--Detector Parameters

*For the period of the data presented here, the
ATS-5 satellite was nearly stationary in geographic
longitude at approximately 150°W. It was spin
stabilized with spin axis approximately parallel to
the earth's axis. The Lockheed experiment view
direction made an angle of 11° to the spin axis,
so. that the detectors were sensitive to particles
with pitch angles over a range of greater than L0°.
This range was reduced somewhat when the spin axis
was within 20° of the local magnetic field direc-
tion. The ratemeter time constants were such that
the detectors averaged the flux over all pitch
angles accepted. The range of pitch angles sampled
varied with local time and magnetic activity, but
on the average the central angle varied from about
35° near local midnight to less than 10° near local
noon. It should be borne in mind that the loss
cone at synchronous altitude is only about 5°© full
angle, so that even when the loss cone is included
in the solid angle of the detectors, they are pri-
marily sensitive to trapped particles.

DATA ANALYSIS

In order to calculate the plasma properties,
such as average energy and omnidirectional-number
flux, from out observations, it was necessary to make
certain assumptions about the spectral and pitch-
angle distributions. We assumed isotropy for both
electrons and protons. This is not expected to
have a large effect since, as discussed above, our
detectors average over a relatively large range of
pitch angles. However, because of the local time
dependence of the magnetic field direction, the
apparent local time dependence of the plasma para-
meters could be influenced by anisotropic pitch-
angle distributions. That this anisotropy in our
energy range is not on the average large (i.e.,
greater than about 2) is supported by our observa-
tions during an earlier spin mode in which the
Lockheed experiment swept through all pitch angles
during each spin period (ref. 22) and further by a
second low-energy particle experiment on ATS-5
which had detectors at two angles (ref. 2L).

The spectral model for electrons used in this
analysis was as follows. The diffeérential flux

was assumed to be flat over the energy range of
each of the two lower electron detectors. A func-
tion F(E) = Foe‘E Eo was fit to the upper two elec-
tron channels and was used to describe the spectrum
from 6 keV to 55 keV. The dependence of the cal-
culated plasma parameters on the details of the
spectral shape was tested by using other simple
shapes and it was found that the results were not
generally affected significantly. Similarly, the
proton spectrum was assumed to be flat between the
threshold energies of the lower two detectors (5
keV to 15 keV) and an exponential distribution was
fit to the upper two detectors. The electron prop-
erties discussed here are for the energy range 0.65
to 55 keV and the proton properties are for ener-
gies greater than 5 keV.

With the above assumptions, the omnidirectional
number fluxes (i.e., Um times the average direc-
tional flux) and the number-density-weighted aver-
age energies for electrons and protons were cal-
........ Flux-weighted average energies ure more
appropriate for damage analysis and are generally
greater than the density-weighted average energies
by 10% to 50% for both electrons and protons and
within the accuracy of this analysis can be assumed
to be a constant 30% greater.

The plasma properties were first calculated at
approximately 90-second intervals for all of the
data, then averaged over one-hour periods. Each
sample discussed in the following analysis and
tabulated in table 2 corresponds to one of these
one-hour averages.

The uncertainties in the data arising from
counting statistics and other random errors are
completely negligible compared with the possible
systematic errors. The total systematic errors
arising from all causes such as uncertainties in
absolute geometric factors, spectral shapes and
pitch-angle distributions were estimated at about
30% for the electron properties and 50% for the
proton properties.
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iT le~ 0%.17 | 1227 | 2°-37 | 3°-47 {4°-57 | 567 [€°-77 |7°-87 | Total
00-03 | 1b 8 13 12 L b 1 0 56
03-06 § 15 5 15 9 b 1 3 0 s2
06-09 | 1k 11 8 15 3 2 3 0 56
09-12 | 11 13 10 8 9 1 2 0 5k
1-15( 8 13 9 13 10 2 0 1 56
15-18 | 8 16 12 12 " 0 0 2 54
18-21 11 18 et 10 b 0 o 0 57
PSe T NS PR B LIS IS U S 1 9 2 0 o 58
Total | 92 98 92 90 L7 12 9 3 443

TABLE 2.--Number of l-hour samples in study

as a function of 1(p and local time

6 /302~ 307

2

RESULTS

Local Time Dependence

The first analysis of the data was in terms of
local time dependence only, that is, there was no
selection of the data on the basis of magnetic
activity. In figures 5 through 8, we present the
omnidirectional electron number flux, the electron
average energy, the omnidirectional proton number
flux, and the proton average energy, respectively.
All data were included to show the variance, the
solid curves give the average local time dependence.
These figures are discussed separately below.

Omnidirectional Electron Number Flux (figure 5):
A strong local time dependence in the overall aver-
age electron number flux is clearly evident. The
average flux varies from approximately 2.5 x 109
electrons/cme-sec around midnight and early morning
to 1 x 108 electrons/cm®-sec near dusk. The total
variation in the hourly averaged electron number
flux exceeds a factor of 200; on a shorter time
scale, these fluxes have been observed to vary over
a range of several thousand. Another interesting
observation from figure 5 is that the variation in
the electron flux is much greater (~ 60X) near local
midnight than around 1800 LT (~ 3X).

Average Electron Energy, Density-Weighted (fig-
ure §§: The statistical average of the electron
energy has a relatively strong local time dependence.
It maximizes at a value of about 13 keV near 1600
LT, approximately the time at which the electron
number flux is minimum. The minimum energy, ap-
proximately 5.5 keV, occurs about 6 hours later
at 2200 LT. The independent one-hour average sam-
ples of the average electron energy vary over a
range from 2 keV to 22 keV. 1In contrast to the
electron number flux, the variation in average
electron energy is greatest near local dusk and
smallest near local midnight.
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FIGURE 6.--Density-weighted average electron energy over the energy range
0.65 keV to 55 keV as & function of local time. All one-hour-average
samples are included independent of magnetic activity. The solid curve
is the statistical average of the electron energy as a function of local
time.



peaked at 90°. However, based on the arguments

[o d presented earlier, we estimate that at least half
OMM OTON *UMbER FL'er of this effect is a true variation in the average.
flux. The proton flux at a fixed local time is seen
m Cgle ozl .ot ,E : g g 8 io Vaiﬁ bytgpprox?m:Fely g factgrfof lg, Eomewhat
w olo ® ole ess than the variation observed for electron
008 'L.“L;_R . f g s—olo Ao g § f . . r‘,’.?&' fluxes, but nevertheless highly significant.
~ 8 $ g ;ETN‘ HE HER | g 1e ®le e Average Proton Energy, Density-Weighted (figure
3 © |8 FE S RS ' N A LA AL P 8):" The average of the proton energy is approxi-
g e e ol o|* 8 .. .. o §° ole ° mately out of phase in local time with the average
» . . o proton flux, with the percentage variation (~ 204)
(2) 107 o o much less. The total range of the one-hour average
s o ofo o samples is from approximately 15 keV to 60 keV with
2 a mean of approximately 35 keV.
@« Magnetic Activity Dependence
IQ‘Qo 04 08 12 16 20 24 An investigation of the dependence of the plasma
LOCAL TIME parameters on magnetic activity was undertaken in

hopes of finding relationships to make it possible
to extrapolate the present data to periods of dif-
ferent magnetic activity. Because of the strong
oo e ssees S R e s local time dependence of the paramevers fous
are included indeperdent of magnetic activity. The solid curve is the above, the data were analyzed in 3-hour local time
stavistical average. segments; however, where the local time effect
appeared to be small these were later averaged over
6-hour segments. Table 2 shows the breakdown of
the distribution of one-hour-average data samples

AVERAGE PROTON ENERGY, DENSITY WTD. in terms of local time and magnetic activity (Kp) .

T T T T ol T T T

o . This breakdown left approximately 10 samples per
. . ce il eed een local time segment for each magnetic activity inter-
. Sele 8 ¢ val (&Kp = 1) up to Kp = k. Above Kp = 5, the num-
B0+ ¢ v ccvavneofe the3iee ber of samples per interval was generally 3 or less
S efe e 00 and this should be borne in mind in interpreting
* MR e 4‘“’%"4“‘* the results presented below.

For each of the four parameters we present a
scatter plot of the parameter versus Kp for a single
local time segment to demonstrate the scatter of
the data. Included in these plots is a curve pass-
ing through the averages over each AK interval;
the intervals are identical to those in table 2.
The error bars are one standard deviation of the
mean. Following each of the scatter plots is a
second figure showing the average curves for each
local time segment. Standard deviations are in-
cluded for only a few of the peints on these curves
to avoid further confusion in the figures. Some
"error bars" were considered necessary to indicate
the significance of the fluctuations in the curves.

Omnidirectional Electron Number Flux (figures
9 and 102: The scatter in the data points within a
LOCAL TIME single AKp interval in figure 9 for the local time
segment of zero to 0300 is typical of all of the

keV

FIGURE 8.--Density-weighted average prot function of local .
Bine, Bp 2 5 keV. " 411 one-hour-average sampion ave. Lieiomg 1o oot local time segments. The average curves for all

e T acttvity. The rerey o toset paiatisticel verage depend- eight local time segments are included in figure
10. Several systematic effects are apparent: 1)
the local time dependence is significantly less at
low Kp than for high Kp; 2) the local time region

. . . from 2100 to 0600 is most sensitive to magnetic
Omnidirectional Proton Number Flux (figure 7): activity, but shows a saturation effect above K_ =

The grand average proton flux is approximately 108 . h ; : p

protons/ch_seg. In contrast to the electron flux, ?5.2?,tlgoé?§§éot£$§ i:gégntgzogv:gggetﬁngg;gcted
© the appar?nt diurnal variation in the average.pro- by magnetic activity; and 4) the intermediate

§°n féux 1s.rat?er z@;;l (~ 3x). The local time local time intervals show a slow transition in

ependence is also different, beaking about 3 . their dependence on magnetic activity from that

hours before local midnight and reaching a minimum characteristic of the midnight region to that

very near local noon. Because this variation has characteristic of the afterncon region

very nearly the same local time dependence as the & :

systematic variation in the pitch-angle range

being sampled (see the data analysis section), a

significant part of this apparent diurnal variation

could be explained by @ pitch-angle distribution
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FIGURE 9.——0mnidirectional electron number flux as a function of magne.:tic
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include all samples for this local time period. The solid curve pasﬁes.
through the statistical mean for each Al(p interval. The error bars indi-
cate one standard deviation on the mean.
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FIGURE 10.--Average dependence of the omnidirectional electron number flux
on magnetic activity for each 3-hour local time segment. The error bars
WER given are one standard deviation on the mean.

The peaks and troughs in these curves, such as
that near K, = 4 on the 06-09 curve, cannot be
considered statistically significant; however, the
error analysis suggests that the average electron
number flux can be corrected for magnetic activity
within about a factor of two.
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Electron Average Energy (figures 11 and 12):

The scatter in the average electron data shown in
figure 11 is typical for all local times except
for the region 00-06 LT where the scatter is sig-
nificantly less. The effect of increased magnetic
activity on the average energy as a function of
local time (see figure 12) is very different from
the behavior observed for the electron flux. The
systematic effects are as follows: 1) the local
time dependence is minimal for low Kp, as was the
case for the electron flux; 2) the local time re-
gion from 2100 to 0300 is least sensitive to mag-
netic activity; in contrast the electron flux is
most sensitive in this time regionj 3) in the local
time region from pre-noon to dusk (0900-1800 LT)
the electron energy is strongly dependent on mag-
netic activity up to about K, = 3 or L, followed
by a saturation effect or a Bossible reversal (the
points around Kp = 7 must not be given much sig-
nificance since they result from only one or two
samples -- see table 2). Again this contrasts
with the behavior of the electron flux which was
not significantly affected in this general local
time region; U4) as was the case with the electron
flux, the intermediate local time regions display
a smooth transition in behavior between the ex-
tremes of 2) and 3) above; and 5) there is consid-
erable evidence for a decrease in mean energy with
increased magnetic activity above Kp T 5 for most
local times.

The average effect of magnetic activity on the
electron average energy can be estimated from these
curves with an accuracy of 20 or 30 per cent. The
combined effects of magnetic activity on the elec-
tron flux and the electron average energy lead to
the result that the general trend is toward in-
creased electron energy flux with increased magnet-
ic activity at all local times. In the vicinity of
local midnight, the flux increases with little
change in average energy, while in the roon to dusk
region, the mean energy increases with little

t

change in number flux. Both parameters increase
in the intermedigte local time regions.
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FIGURE 11.--Average electron energy as a function of magnetic activity
(Kp)for the local time segment 1200 to 1500. The data points include
a1l one-hour-average samples for this local time segment.
curve passes through the mean for each AKp interval.
are one standard deviation on the mean.
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FIGURE 12.--Average dependence of the electron energy on magnetic activity
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(Kp) for each 3-hour local time segment.
are one standard deviation on the mean.

The error bars where indicated

Omnidirectional Proten Number Flux (figures 13-
and 14): The scatter of the data &t all local
times is comparable to that shown in figure 13.
The relative dependence of the proton flux on K
does not change rapidly with local time. To avéid
unnecessary complications, only every other local
time segment curve was included in figure 1k. The
proton number flux increases smoothly with in-
creased magnetic activity in all local time seg~
ments except near local midright where the flux
maximizes around Kp = 3. In general the flux
inereases by ahaout a o
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FIGURE 13.--Omnidirectional protor number flux as a function of magnetic
activity (Kp) for the local time segment 0300 to 0600. The data points
include all samples for this local time segment. The solid line passes
through the mean for each Al(p interval. The error bars are standard
deviations on the mean.

factor of 2 between Kp = 0 and.
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time segment was similar. The error bars where shown are the standard
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Proton Average Energy (figures 15 and 16): The

data scatter in figure 15 is typical for all local
time segments. To reduce the confusion, the data
in figure 16 is averaged over 6-hour intervals in
local time. At low X > the average energy is
relatively independeng of local time. As K, in-
creases, the average proton energy decreases nearly
monotonically for all local times except near local
midnight. In the region from 2100 to 0300 1T, the
energy decreases with increased magnetic activity

up to K, = 2, then increases with further increases
in magnetic activity. This behavior is nearly re-
versed from that observed for the proton flux. In
general the effect is for the energy flux to remain
relatively constant while both the number flux and
the average energy change at all local times.

Some of the systematic variation in the plasma
parameters with local time and magnetic activity
demonstrated in this section can be explained
qualitatively on the basis of our present knowledge
of the physics of the magnetosphere; however, this
is beyond the scope of the present paper. For the
physical interpretation of some of the low-energy
particle observations in the vieinity of synchron-
ous altitude, see refs. 22-24 and their bibliograph-
ies.,

SUMMARY

The average low-energy radiation envrionment at

synchronous altitude has been shown to vary in a
Systematic way with respeet to local time and
magnetic activity. Because of this systematic
behavior it may be possible to estimate the low-
énergy radiation environment for periods of dif-
ferent magnetic activity by utilizing the results
of this statistical analysis. The validity of




such estimates can be established only by simi-
lar analyses of data for other periods.

Because of the great variability of the low-
energy plasma it would be advisable to include
particle measurements with future flight experi-
ments on surface damage at synchronous altitude.
There are some indications that particle fluxes
in the loss cone may exceed the average trapped
fluxes by an order of magnitude (ref. 27). This
is presently under study at Lockheed by combining

; 50 T T T T T T T T
simultaneous plasma measurements at synchronous
altitude on ATS-5 and at low altitude on OV1-18 PROTON AVERAGE ENERGY (DENSITY WEIGHTED)
near the foot of the field line passing through
ATS-5.
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(xp). The data here were averaged over 6-hour local time segments. The
. error bars where shown are standard deviations on the mean.
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FIGURE 15.--Average proton energy as a function of magnetic activity (Kp)
for the local time segment 0300 to 0A00. The data points include all
cone-hour-average samples for this local time segment. The solid line
passes Fhrough the mean for each &Kp interval. The error bars are stand-
ard deviations on the mean.
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