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A New Study of the Magnetospheric
Electron Environment

A.L. Vampola,* J.B. Blake,tandG.A. PaulikasJ
The Aerospace Corporation, ElSegundo, Calif.

The accuracy of the standard model of the magnetospheric energetic electron environment, AE4, is examined
using in situ measurements made aboard a number of low-altitude and synchronous spacecraft. The results
indicate that discrepancies exist in the high-energy portion of the model, resulting in errors of up to a factor of 10
in calculated fluxes. Energy transport calculations indicate that the dose received by heavily shielded com-
ponents may be as much as one-and-a-half orders of magnitude greater than would be predicted by the standard
model. Methods and data for obtaining a more reliable estimate of dose are furnished.

Introduction

OCCASIONALLY, a problem that has been "solved"
returns to plague the unwary because the boundary

conditions of the problem are subtly changed. The case of
radiation hazards to electronic circuitry is an excellent
example. In the early and mid-sixties, the remnants of the
Starfish nuclear test provided a hostile electron environment
in the Earth's magnetosphere. The lethal effect of radiation
was demonstrated vividly on several satellites in orbit at the
time of the test (TRACC, Transit-46, etc). The use of devices
with low tolerance to radiation damage was avoided for those
satellites which had orbital requirements that took them into
the region of the Starfish electrons. However, a good model
of the radiation environment was needed for both mission
planning and system/subsystem design. The first major
model1 was the Aerospace Electron Model-1 (AE1) and in-
cluded data from virtually all electron measuring devices that
had been flown on U.S. satellites up to that time (1964).
Discrepancies of up to three orders of magnitude occurred
between data sets used in that model. Obviously, the model
was quite limited in accuracy: at best to perhaps an order of
magnitude in the inner radiation zone and perhaps two orders
of magnitude in the outer zone. (The great variability of the
fluxes in the outer zone had not been established at that time.)
As better data sets became available, the electron and proton
models were updated periodically. With the decay of the
Starfish electron contribution, the inner-zone electron en-
vironment became quite benign (relatively few electrons at
energies above 1 MeV) and of concern only to sensitive sensor
systems; typical electronic components were several orders of
magnitude harder than the radiation doses predicted for
typical missions in space. But components and missions
change. Hence, the problem has returned.

Low-Altitude Environment
Figure 1 demonstrates the problem. For a typical polar-

orbiting satellite, in this case a 450-n.mi. circular orbit, the
radiation dose predicted by the latest NASA electron en-
vironment,2'3 AE4/AE5, is presented along with some typical
component susceptibilities. For typical shielding thicknesses
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(satellite skin, box walls) of about 75 mils total, the radiation
environment was unimportant as long as only bipolar and
T2L circuitry was being used. The advent of large-scale use of
complementary metal-oxide semiconductor (CMOS), because
of the low tolerance of CMOS to radiation, brought back the
radiation damage problem. The problem, of course, extends
to all devices with a low threshold for radiation damage:
charge-coupled devices (CCD's), op-amps, optical couplers,
etc.

The lack of margin exhibited by Fig. 1 for CMOS on a
typical polar orbit required a more careful analysis of the
AE4/AE5 models. The models themselves admit integration
errors of factors of 4 to 6 (a fact that is usually ignored by the
users of these models). The sources of the error are primarily
inconsistencies between data sets and lack of data at high
energies. Figure 2 demonstrates the problem. The data sets
disagree among themselves by two orders of magnitude. A
further problem is that the highest energy point, determined
by Explorer 26, comes from an instrument that could not
be calibrated with energetic electrons prior to flight.4 Hence,
the high-energy extrapolation of the model is really only a
guess, although the best that could be done with the data
available.

Because of the severe weight penalty of unnecessary
shielding, a comparison of the AE4/5 models was made with
actual data from an energetic electron spectrometer flown on
the OV3-3 (1966-70a) satellite in 1966. The result is shown in

'A t

50 100 150 200 250

ABSORBER THICKNESS (mils, aluminum!

Fig. 1 Representative dose curve obtained from calculations utilizing
the AE4/AE5 NASA electron environments. Cross-hatched areas
represent typical susceptibility levels of various types of electron
components.
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Fig. 2 Comparison of AE4 model spectrum at L - 3.4 with data sets
used to develop the model.2 The discrepancies probably are partially
due to temporal variations.
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Fig. 3 Comparison of the electron spectrum in the AE4 model with
the results obtained from the OV3-3 satellite for two data sets sorted
according to magnetic storm history. The "average" spectrum in-
cluded all data and the "quiet-time " data included only data
preceded by magnetically quiet periods. All spectra are for a typical
polar orbit.

Fig. 3. The agreement between the model and actual flight
data in the inner radiation zone (L<2.4, where L is
Mcllwain's parameter and in a dipole corresponds to the
geocentric radial distance in Earth radii of the equatorial
crossing of the field line) was excellent, <20%. However, a
significant discrepancy arises when the outer-zone data are
included: the model apparently is a "quiet-time" model only.
Following large geomagnetic disturbances, significant fluxes
of very energetic electrons appear in the outer zone and persist
for some time.5 These are not adequately modeled in the
present NASA models. Since the discrepancy is in the
energetic portion of the spectrum (E>\. 5 MeV,
corresponding to a range of about 110 mils in Al), the dose
effect is much larger than the fluence effect. For the 450-n.mi.
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Fig. 4 Results of Monte Carlo energy transport calculations for the
AE4/5 and OV3-3 "average" spectra of Fig. 3. In situ dosimeter
measurements are shown for comparison.

orbit, the fluences predicted by AE4/5 and actually observed
by the OV3-3 satellite differed only by a factor of 2. When
calculations of dose are made, however, the difference is more
like an order of magnitude for thick shields. Figure 4
demonstrates this effect. It also illustrates one of the problems
common to both the NASA models and calculations using
real data.

When in situ measurements of the radiation environment
are made, only a portion of the spectrum is measured. In the
case of the OV3-3 data set, the highest differential energy
channel was 2.31 MeV. For all practical purposes, the highest
reliable measurement utilized in constructing the NASA
models was 1.9 MeV. Above these energies, one must ex-
trapolate. Prior to the use of highly susceptible devices such as
CMOS circuitry, the accuracy of the extrapolation was almost
totally irrelevant, since the high-energy end of the spectrum
contributed significant doses only to very heavily shielded
components, and for typical missions that dose was orders of
magnitude below the damage level.

For the purpose of calculating dose, two extrapolations of
the OV3-3 data were made; one extrapolated the dose between
1.5 and 2.3 MeV to 5 MeV and assumed that the flux was zero
at higher energies; the other was similar but utilized a 10-MeV
cutoff. Figure 4 shows the effect of these extrapolations. Also
included on Fig. 4 are two data points obtained from a
composite measurement of dose made on eight different
satellites utilizing approximately a dozen di f ferent
dosimeters.6 The dosimeter data covered the time period
1966-1969. The bulk of the OV3-3 results are available
elsewhere.7

A final check of the OV3-3 results was made utilizing about
800 hr of data obtained over a period of 15 months during
solar minimum on the STP72-1 (1972-76b) satellite. This
satellite is in an orbit virtually identical to the 450-n.mi. orbit
and should be an excellent check on the OV3-3 results (which
utilized extensive extrapolations to low altitude for the 450-
n.mi. result). Figure 5 shows a comparison of the STP72-1
measurements with both "quiet-time" and "average" OV3-3
data. The low-energy portion of the STP72-1 spectrum
corresponds to quiet-time data (as would be expected during
solar minimum), but the higher-energy portion exhibits a
harder spectrum than was expected. It is probable that the
effects of the August 1972 magnetic storm (one of the largest
in the past two decades) on high-energy electrons in the outer
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Fig. 5 Comparison of STP72-1 measurements with the OV3-3 ex-
trapolations to the 450 n.mi. orbit.

Fig. 6 Energy spectra from
the OV1-19 satellite obtained
preceding and following the
magnetic storm on May 15,
1969.
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Fig. 7 Daily average fluxes at 0.53, 2.6, and 5.1 MeV at L intervals
of 2.4, 3.5, 4.5, and 5.5 for the March 1969 to February 1970 period.
Data are all normalized to £ = 0.05 G. The data were obtained by
magnetic electron spectrometers on the OV1-19 satellite.

zone were still present in the early data from STP72-1
(launched on Oct. 2, 1972).

Outer-Zone Electron Environment
Because the discrepancy between standard models and the

actual environment appears to be limited to the outer-zone
electron component, it would be useful to examine the
morphology of the outer-zone electrons in detail, particularly
with respect to their response to magnetic storms. Figure 6
presents a series of electron energy spectra taken just prior to,
immediately after, and several weeks after the magnetic storm
of May 15, 1969. The data were obtained from magnetic-
focusing electron spectrometers on the OV1-19 (1969-25C)
spacecraft. The instruments covered the energy range 53 keV
to 5.1 MeV in 24 differential energy bands. In Fig. 6, one sees
that the major effect of the storm occurs in the >200-keV
range, probably because the lower-energy electrons are near
some self-limiting flux most of the time. After the initial
injection/acceleration, the 200-keV to 1-MeV component
rapidly returns toward its initial value. However, the >2-
MeV component is still increasing two weeks after the storm.
Three weeks after the storm, the very energetic component has
started to decay but is still about one-and-one half orders of
magnitude greater than prior to the storm. The flux did not
return to prestorm levels until several months later. To see
how the outer-zone electrons respond to magnetic activity

over a wide range of energy and L values, Fig. 7 was generated
from the OV1-19 data. Three energy bands at four discrete L
intervals are plotted from the period March 1969 to February
1970. This period should encompass the peak of the last solar
cycle and should be considered representative of solar
maximum.

The most dramatic effects are seen in the 0.53-MeV electron
channel at L = 3.5. Changes of over four-and-one-half orders
of magnitude are observed in response to storms. After the
sharp increase, an exponential decrease is observed with a
several-day time constant. Note that, although all of the
storms that produce effects at L = 3.5 in the 0.53-MeV
electrons also produce effects in the higher L intervals (further
out in the magnetosphere), only two of the storms show
significant effect at L = 2A (normally considered the outer
edge of the inner zone in the NASA models). Also, these
effects are relatively modest. The effects at higher energies at
L = 2A are essentially negligible. The wide variability in the
5.1-MeV flux is due partially to the low statistics associated
with counting rates near background.

At higher L intervals, even the high-energy electrons
respond to relatively minor magnetic field disturbances. The
0.53-MeV electrons at L = 5.5 appear to be limiting at a value
of flux lower than that observed in the L = 3.5 interval and
hence do not show dramatic changes, although they do
fluctuate rapidly in response to magnetospheric activity. The
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Fig. 8 Energy spectra from the OV1-19 satellite at low altitude and
the OGO-5 spacecraft at high altitude for similar periods after major
magnetic storms. B0 refers to the equatorial magnetic field value. The
inset details the storms in terms of Dst, a measure of diamagnetic
effects on the Earth's field.

higher-enegy electrons respond to the same activity with about
the same magnitude of fluctuations (higher for large storms).
However, the response in the interior of the magnetosophere
is different from the low-energy response. At L = 3.5, the 2.6-
and 5.1-MeV electrons respond only to the two largest storms.

All of the data shown in Fig. 7 were obtained at altitudes
between 2000 and 4500 km. (Daily averages of the
measurements, appropriately normalized to 5 = 0.05 G, are
shown.) With a large data base such as this extending to
higher energies than have been available previously for
modeling purposes, it is appropriate to attempt a refinement
of the AE4/5 models. This we have done. However, first we
shall show that the relatively low-altitude data from OV1-19
are representative of the environment farther up the field
lines. In Fig. 8, we show data obtained from OGO-5 near the
equator after a magnetic storm in 1968 (data courtesy of H.I.
West Jr.). The inset in Fig. 8 shows the relationship of the
OGO-5 data to the 1968 storm and the similar relationship
between the data from OV1-19 at low altitude shown in Fig. 6
to its associated magnetic storm. The responses at the equator
and lower on the field line show qualitative agreement. All
this means is that equilibrium along the field line is achieved
in a time span that is short compared to the decay time. It has
been shown previously8 that >300-keV electrons at low
altitude come into equilibrium with the electrons at the
equator within 0.1 days.

Having demonstrated that the low-altitude data from OV1-
19 can be used for modeling the outer-zone electron fluxes, we
have one further refinement to make. The data of Fig. 7 show
two large storm responses. These data were obtained during
solar maximum and cannot be considered to be representative
of "normal" environments. Since one would expect about
one major storm per year on the average, the data for the
periods day 139 to 163 and day 205 to 235 were deleted from
the data set. The resultant average of the data is taken to be an
"average" year for the purposes of obtaining a set of coef-
ficients for a temporary modification of AE4.
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Fig. 9 Average spectrum at L = 5.5 derived from the OV1-19 data set
showing the derivation of the coefficients given in Table 1. Bp is the
breakpoint in MeV for the intersection of the spectra.

Average spectra were obtained for various L values between
L = 2.2 and L = 8.0. Since we are attempting to reduce orders-
of-magnitude errors in the high-energy portion of the AE4
model to factors of 2 to 4, the data points were separated into
two groups that could be approximately fit with a straight line
on log-log paper (i.e., functions of the form NE=N0E~k,
where TV is the number of electrons per cm2-sec-sr-keV, and E
is the energy of interest). Table 1 is the final result of the data
reduction effort. Figure 9 demonstrates how the coefficients
are defined and determined. Note that the data are normalized
to 5 = 0.05 G. The actual distribution along the field line is a
function of both L and magnetic local time.9 The equatorial
value may be from 6 to 20 times greater than that observed by
the OV1-19 at low altitude. Hence, a reasonable assumption
for high-altitude fluxes is obtained by multiplying the OV1-19
results (Table 1) by a factor of 8. This should be accurate to a
factor of 2 or 3. A second approach that can be used is to
merge the table spectra above 1.5 MeV to the AE4 spectra.
This will produce a result that should be good to a factor of 2
or 3 (on the low side). For the purposes of calculating dose,
the omnidirectional flux is required, and these values are
unidirectional. A reasonable transformation from
unidirectional to omnidirectional flux is to multiply the
unidirectional flux by 3.5 TT. This approximation should be
good to about 15%. One final comment: the actual en-
vironment during a given mission can be significantly dif-
ferent from the averages provided by Table 1 because of the
particular sequence of magnetospheric disturbances occurring
during the mission. For example, a 60-day mission at 15,000
km starting at day 175 of 1969 would have seen two orders of
magnitude more energetic flux (and three orders of magnitude
more dose in heavily shielded components) than a similar
mission starting on day 210.

Synchronous Environment
The synchronous altitude, nominally at L = 6.6, continues

to be a region of exceptional interest because of the great
number of satellite missions using and planning to use the
geostationary orbit. The Aerospace experiment aboard ATS-1
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Table 1 Outer-zone energy spectra coefficients8

L

2.2
2.4
2.6
2.8
3.0
3.25
3.50
3.75
4.00
4.25
4.50
4.75
5.00
5.25
5.50
5.75
6.00
6.25
6.75
7.25
7.75
8.25

Al

850
300
41

6.4
67
24

105
170
160
195
235
220
235
240
200
120

50
33.5
9.2

2.15
.53
.19

kl

-1.61
-2.17
-3.70
-3.98
-2.04
-2.42
-1.66
-1.41
-1.62
-1.54
-1.51
-1.54
-1.46
-1.42
-1.43
-1.78
-2.42
-2.29
-2.68
-3.28
-3.85
-3.87

B
P

.36

.36

.40

.42

.30

.32
1.10
1.15
2.80
1.10
1.35
1.40
1.00
.91
.74
.75

1.00
.54
.70
.90
.80
.80

aNote: NE = A]Ekl (E>EB ), NE-A
where N is in electrons/cm 2 -sfc-sr-keV at
is in MeV

A2

4.8
0.6

.026

.11
30
13

110
190
480
210
360
470
235
190

95
60
50

13.0
3.9
1.75

.27

.04

k2

-6.82
-8.27
-10.8
-6.29
-2.70
-2.86
-2.58
-2.00
-2.66
-2.22
-3.08
-3.74
-3.58
-3.85
-3.88
-4.15
-4.19
-3.88
-4.95
-4.93
-6.9

-12.2

2Ek2 (E>EB ),
5 = 0.05 G, anft E

(launched December 1966) provided extensive data on the
energetic fluxes at synchronous altitude.10 The Aerospace
experiment aboard ATS-6 (launched May 1974) has provided
data to compare with the earlier ATS-1 results. The ATS-6
experiment had a channel at 3.9 MeV, whereas the highest-
energy channel on ATS-1 was 1.9 MeV; however, a direct
comparison can be made at the lower energies. It should be
remembered that the first ATS-1 data were acquired during
1967, near solar maximum, whereas 1974 was near solar
minimum. Furthermore, the two spacecraft were not
stationed at the same longitude; ATS-1 is at 150°W, whereas
the ATS-6 was acquired when it was at 94° W. Thus, ATS-1 is
on the magnetic equator, whereas ATS-6 was at a magnetic
latitude «10°.

The ATS data were treated as follows: for each day of data,
hourly averages of the count rates were formed centered on
the half hour. The probability P(F>FX) of observing an
integral flux greater than Fx then was calculated for each
channel of data according to the formula

P(F>FX) = number of samples with F>FX

total number of samples

In Fig. 10 is shown P (F>FX) for the three ATS-6 energetic
electron channels and the corresponding probability plots
obtained from the AE4 model. It can be seen that the en-
vironment at the energies under consideration shows a harder
spectrum than the AE4 model predicts.

In Fig. 11, the effect of the time in the solar cycle is shown
in a comparison of ATS-1 data taken in 1967 and 1974. The
two ATS-1 data sets acquired at 150°W long, but separated in
time by 7 yr, indicate that during solar minimum the energetic
electron radiation intensity increases about a factor of 2 above
that found at the same place during conditions of high
geomagnetic activity characteristic of solar maximum. There
is also a suggestion that the spectrum has hardened somewhat
in going from 1967 to 1974.

103 104

Fx(electrons/cm2sec)

Fig. 10 Plots of the probability P(F>FX) of observing a flux of
electrons greater than Fx above three integral thresholds. ATS-6 data
(solid curves) and AE4 predictions (dashed curves) are shown. The
ATS-6 curves were constructed using 181 days of data obtained
between day 165 (1974) and day 365 (1974), while ATS-6 was located
near 94° W.

Fig. 11 Integral energy
spectra constructed from
the P(F>FX) =0.5 points
for ATS-6 data, two sets of
ATS-1 data, and the AE4
model. [Note that the
P(F>FX) =0.5 point does
not give the mean flux. ]

Fig. 12 Comparison of
ATS-6 with the AE4 data
base.
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Figure 12 shows the AE4 data base for L = 6.6 Re, the AE4
model, and the ATS-6 time-averaged electron spectrum. An
additional channel of ATS-6 data, covering 140-600 keV, is
shown here, in addition to the three channels of ATS-6 data
used in Fig. 10.

The ATS-6 data, obtained slightly off the magnetic
equator, indicated fluxes about a factor of 2 lower than ATS-
1 data obtained during the same time period. In other words,
the 94 °W location (and other similar longitudes where the
magnetic equator deviates from the geographic equator) is a
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more benign one. The dropoff of radiation with increasing
magnetic latitude appears to be more rapid than models
predict.

The ATS-6 energy spectrum is substantially harder than the
AE4 model. If the ATS-6 data are normalized to AE4, at 1
MeV for example, there is about a factor of 4 higher flux for
Ee>2 MeV. Because the high-energy electrons dominate in
the radiation dose behind thick shields, the difference between
the doses calculated for the AE4 model and the ATS-6 data
for parts under typical spacecraft structure is over an order of
magnitude.

Conclusions
Analysis of spacecraft data have shown that the present

NASA electron environment models are significantly deficient
in high-energy (>1.5 MeV) electrons. Results presented here
can be used to obtain a better estimate of the probable
radiation dose that a spacecraft will encounter on a given
mission. Ultimately, these results will be incorporated in a
new NASA electron model, AE7. These results also have
indicated a need for close surveillance of radiation suscep-
tibility in new electronic technologies planned for utilization
in space missions. Finally, they also have indicated a need for
long-term measurement of the radiation environment in order
to generate a data base from which statistically significant
fluctuation parameters can be obtained for mission predic-
tions.
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MAGNETOSPHERIC PLASMAS—v. 47

Edited by Alan Rosen, TR W, Inc.

Spacecraft charging by magnetospheric plasma is a recently identified space hazard that can virtually destroy a spacecraft in
Earth orbit or a space probe in extra terrestrial flight by leading to sudden high-current electrical discharges during flight.
The most prominent physical consequences of such pulse discharges are electromagnetic induction currents in various on-
board circuit elements and resulting malfunctions of some of them; other consequences include actual material degradation
of components, reducing their effectiveness or making them inoperative.

The problem of eliminating this type of hazard has prompted the development of a specialized field of research into the
possible interactions between a spacecraft and the charged planetary and interplanetary mediums through which its path
takes it. Involved are the physics of the ionized space medium, the processes that lead to potential build-up on the
spacecraft, the various mechanisms of charge leakage that work to reduce the build-up, and some complex electronic
mechanisms in conductors and insulators, and particularly at surfaces exposed to vacuum and to radiation.

As a result, the research that started several years ago with the immediate engineering goal of eliminating arcing
caused by flight through the charged plasma around Earth has led to a much deeper study of the physics of the planetary
plasma, the nature of electromagnetic interaction, and the electronic processes in currents flowing through various solid
media. The results of this research have a bearing, therefore, on diverse fields of physics and astrophysics, as well as on the
engineering design of spacecraft.

304pp., 6x9, illus. 316.00Mem. $25.00List

TO ORDER WRITE: Publications Dept., AIAA, 1290 Avenue of the Americas, New York, N. Y. 10019


