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Foreword

With the increasing sophistication and high level of physical integration of electronics and electronic
components, radiation effects have taken on a new significance in spacecraft design. The push toward
"cheaper, better, faster" spacecraft has acerbated the trend toward increasingly more radiation sensitive
parts. Indeed, trapped radiation effects on microelectronics have been and are continuing concerns for all
spacecraft designers, builders, and users. The availability of new radiation data coupled with long term
changes in the Earth's magnetic field and trapped radiation fluxes have generated the requirement for
newer, more comprehensive tools for modeling the Earth's trapped radiation environment and its effects
on space systems. Realizing this need, the AIAA Atmospheric and Space Environments Committee on
Standards in February of 1997 commissioned the preparation of a reference guide that would describe
the current status of radiation belt studies and review methods for attacking the issues associated with
modeling the trapped radiation environment in a systematic, practical fashion. The intent was to point the
way to increasingly better methods of testing, designing, and flying reliable spacecraft systems in the
Earth's radiation environment. The guide was to serve as a review of the key concepts associated with
modeling the radiation environment and its effects. It would describe the principle models of the trapped
radiation environment currently available and recommend a long range plan for enhancing the capabilities
in this important environmental area. The document presented here represents the primary product of the
Committee's commission. As such, it is hoped that it will be widely disseminated and discussed in the
space community with the intent of encouraging further debate on this complex technical issue.
Ultimately, the end result should be more robust, survivable spacecraft systems capable of addressing
the stringent needs of the 21st Century!

This Guide to Modeling Earth's Trapped Radiation Environment has been sponsored by the American
Institute of Aeronautics and Astronautics (AIAA) as part of its Standards Program. The AIAA Standards
Procedures provide that all approved Standards, Recommended Practices, and Guides are advisory
only. Their use by an-one engaged in industry or trade is entirely voluntary. There is no agreement to
adhere to any AIAA standards publication and no commitment to conform to or be guided by any
standards report. In formulating, revising, and approving standards publications, the Committees on
Standards will not consider patents which may apply to the subject matter. Prospective users of the
publications are responsible for protecting themselves against liability for infringement of patents or
copyrights, or both.

The guide was prepared by Dr. Henry B. Garrett of the Jet Propulsion Laboratory, the California Institute
of Technology, Pasadena, CA for the AIAA Atmospheric and Space Environments Committee on
Standards, Dr. Shu Lai, Chairman. This work was carried out at the Jet Propulsion Laboratory under a
contract with NASA. Special thanks go to those who participated in the review of the document. In
particular, Drs. Alfred Vampola and William Vaughan provided extremely useful and pertinent corrections.

The AIAA Atmospheric & Space Environments Committee on Standards approved the document in
August 1999.

At the time of approval, the AIAA Atmospheric and Space Environment Committee on Standards included
the following members:

Shu T. Lai (Air Force Research Laboratory), Chairman
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1. Introduction

Increasing concerns over trapped radiation effects on microelectronics, coupled with the availability of
new data, long-term changes in the Earth’'s magnetic field, and variations in the trapped radiation fluxes,
have generated the need for better, more comprehensive tools for modeling the Earth’s trapped radiation
environment and its effects on space systems. The objectives of this guide are to describe the current
status of those efforts and to review methods for attacking the issues associated with modeling the
trapped radiation environment in a systematic, practical fashion. The ultimate goal will be to point the way
to increasingly better methods of testing, designing, and flying reliable spacecraft systems in the Earth’s
radiation environment.

To set the stage for these discussions, a review of the key concepts associated with modeling the
radiation environment and its effects will be presented first. The review will include a description of the
principal models of the trapped radiation environment currently available. Recent results from radiation
experiments on spacecraft such as CRRES, SAMPEX, and Clementine will then be described. The report
will close with a detailed discussion of the current status of the modeling of the radiation environment and
recommend a long-range plan for enhancing capabilities in this important environmental area.

Because of the increasing sophistication and high level of physical integration of electronics and
electronic components, radiation effects have taken on a new significance in spacecraft design. For
example, the rapid drop in power and voltage levels and the associated drop in feature size for integrated
components (ICs) have greatly enhanced the ICs’ sensitivities to single event effects (SEEs). The push
toward commercial off-the-shelf parts has often led to parts that are much less radiation tolerant although
this is not always true. Overall, the requirements for “cheaper, better, faster” spacecraft have acerbated
this trend toward parts that are increasingly more radiation sensitive. The result is that, far from going
away with time, radiation effects—both total ionizing dose and single event effects—are increasingly
coming to dominate the design concerns for satellite manufacturers across the board. Add to this the
desire of many new multisatellite communications providers to place their constellations in the middle of
the harshest part of the radiation belts, and accurate modeling of the trapped radiation environment and
its effects becomes a very real, long-term problem for the spacecraft community in general.

Solving the problems of trapped radiation effects on spacecratft is not as simple as just developing better
models or more shielding. Although these are solutions in many situations, in general, most commercial
spacecraft designers cannot afford either the large uncertainties in the current models or the extra mass
necessary to cover the required design margins. Rather, proper design of radiation resistant systems
requires complex trade-offs among parts, shielding, software, operations, redundancy, and orbit
configuration. Each of these “solutions” is subject to uncertainty and has a cost impact on the final design.
Unfortunately, the key component, the trapped radiation environment itself, is not well defined
(observations and predictions that vary by factors of two for 5-11 year missions in Earth orbit are
considered to be in excellent agreement; for shorter missions, factors approaching 10-100 are easily
possible). Even given an accurate “average” description of the environment, short-term variations of
several orders of magnitude in dosage and single event upset (SEU) rates have been seen in the span of
hours (e.g., the 1989 solar proton events). Complicating the practical application of the radiation
environment to spacecraft design, radiation transport codes and estimates of the effects of radiation
damage are often inaccurate. Comparisons between ground tests and in situ measurements have shown
significant disagreement. Furthermore, the parts used on the spacecraft can show variations in sensitivity
of factors of 2-10, even within the same parts lot. Often, how a system is actually used can mask, or
hopefully limit, the effects of radiation damage.

Thus, to a degree, mitigating radiation effects is a black art and, increasingly, a very expensive art for
which any imprecision in the knowledge of the trapped radiation environment becomes a critical
component. However, the ultimate solution is a comprehensive process that treats all uncertainties.
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2.  The Space Radiation Environment: Basic Concepts

This section provides an overview of the basic physical concepts and definitions that will be used
throughout the guide. In particular, the concepts of energy, flux, fluence, and dosage will be briefly
described. The reader is referred to the many excellent texts on space physics or astronomy for more

detailed explanations.l'2

First consider the concept of energy. In the case of particles that have a rest mass, the fundamental
equation relating particle mass and velocity to kinetic energy is:

E=(y-1m,? Relativistically (1)
1 2 s
= > myV Non-Relativistically
where
m_ = particle rest mass
V = particle velocity
¢ = speed of light
E = particle kinetic energy

VZ -1/2
el

For photons (which have no rest mass), the equivalent equation is:

<
|

E=hv (2)

where

h
1%

Planck’s constant
frequency of the light

Closely coupled to the concept of energy is that of dose. Simply put, dose is the total energy accumulated
in a given volume element of a specific material due to incident radiation. It is typically given in units of
rads or “radiation absorbed dose” for a particular material (the material must be specified because energy
absorption is dependent on the material). As an example, for silicon, 1 rad (Si) = 10 J/kg (Si). It must be
emphasized that, for the same incident flux, different materials will be affected differently depending on
the composition of the radiation and the composition of the absorbing material.

In addition to the energy and composition of a particle or photon, it is also necessary to describe how
many of them there are. This is usually done in terms of intensity or flux and, when speaking in terms of a
time interval, fluence. Confusion arises over the concepts of intensity/flux and fluence because there are
many different ways to define these quantities. Here, we will define the quantity “unidirectional differential
intensity” j(E,B,@1) as:

The flux (number of particles or photons per unit time) of a given energy E per unit energy
interval dE in a unit solid angle (dQ = 2rrcos 8 d@dg) about the direction of observation (in
the 6,¢direction), incident on unit of surface area (dA) perpendicular to the direction of
observation.
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This is illustrated in Fig. 1.2 Typical units are particles-cm=2-s-1.sr1.keV-1 for protons or electrons and
particles-m2-s71.sr1.(MeVp~1)~1 for heavy ions (where u is nucleon). A typical spectrum for iron cosmic
rays is presented in Fig. 2.3 In the figure, the solid curves are for solar maximum (lower) and solar
minimum (upper). The dashed curve is the 90% worst case iron spectrum, which is implied by
comparison with the cosmic ray helium spectrum. The “unidirectional integral intensity” (or flux) is defined
as the intensity of all particles with energy greater than or equal to a threshold energy E:

jac = [L idE ©

with units of particles cm—2s~1sr1,

We define the “omnidirectional flux” J as:

J :deQ (4)

Fluence /s the integral of the flux over a given time interval (e.g., one hour, one year):

| =ljdt (5)

Here, when we refer to omnidirectional fluence I(=E), we will normally mean the “omnidirectional integral
(in energy) fluence” such that:

. = I: dE[dOf jct )

The units of this quantity are particles-cm—2 for some specified threshold energy E (typically 1 MeV or
higher for radiation effects) and for a specified time interval (often one year).

FLUX

oQ

oA

Figure 1 — The flux of a given energy E per unit energy interval dE in a unit solid angle about the direction of
observation (Copyright by and used by permission of Springer-Verlag, New York)
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Figure 2 — The iron cosmic ray spectrum

To allow comparisons among different energies, particle types, and dosages, it is common practice to talk
in terms of “1-MeV equivalent” (typically 1-MeV electrons or 1-MeV neutrons in silicon). First, the energy
dependence of the damage and energy content of the spectra for the environment to be considered are
used to determine what fluence of 1-MeV particles (electrons or neutrons) would produce the same
amount of damage or dose in the material (typically silicon or aluminum). A curve for neutrons, in units of
MeV-mb (where b is a barn or 10724 cm? and the relative displacement damage is defined in terms of the
cross section times the energy of the incident particle), is given in Fig. 3.4 As an illustration, for 14 MeV
neutrons, the 1-MeV neutron dose damage equivalent is given by multiplying the 14 MeV dose by 2.5
(obtained from Ref. 4). (Note: because of variations in the damage parameter with material and property,
it should always be kept in mind that the use of a damage equivalent is not exact but an approximation for
comparison purposes.)
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Figure 3 — Neutron displacement damage equivalence curve (Copyright by and used by permission of Institute of
Electrical and Electronics Engineers)

A final quantity related to energy absorption and flux is the Linear Energy Transfer (LET). The LET is the
energy transferred by radiation per unit length of absorbing material. That is, LET is proportional to dE/dx
(note: there is in fact a slight difference between “energy transferred” and “energy lost per unit length” but
that will be ignored here). For ionization and excitation effects, LET is often expressed in MeV/um of the
primary particle track length or, if the density of the material is known, MeV-cm2-mg-1 (this is typically the

1de
unit when the reference is to an LET between 1 and 30 and is given by: ——).
p dx

The concept of LET is particularly important when discussing single event upsets (SEUSs) or “soft errors.”
These occur when a patrticle, typically an ionized, high energy atomic nucleus, deposits enough energy in
the sensitive region of an electronic device to cause a change in the logic state of the device. Upsets
occur only when the energy deposited exceeds a critical level in the sensitive region of the device. This is
often computed in terms of LET. When viewed as a function of LET, the probability of upset is, in its
simplest form, a threshold phenomenon: any particle with a minimum LET of L, or greater will cause an
upset. This behavior is illustrated in Fig. 4 where the energy deposited per unit length (LET) is plotted vs
incident particle energy—note how the curve has a peak rate. L, corresponds to a constant value of LET.
As illustrated, there can be multiple values of energy (E, and E, here) that correspond to the same value
of LET. A useful way of presenting the environment in terms of LET is the Heinrich curve. The Heinrich
curve gives the integral flux as a function of LET rather than particle energy. The Heinrich flux Fp, is the
flux of particles for a single species with a (threshold) LET of LET, or greater:

Fu(LET,)= El f,(E)dE )
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where fj is the particle flux for the species / as a function of energy and E; and E, are the energies
between which the LET is greater than or equal to the threshold LET; (a representative integral Heinrich
curve for iron is plotted in Fig. 55). The LET depends not only on particle energy, but on the target
material as well because the LET vs energy curve will be different for all particle species. Experiments
have shown, however, that to the first order it is the LET that is important for determining upsets and not
the particle energy or its species. The Heinrich flux vs LET plot is the principal means of presenting
radiation data for use in SEU calculations just as the particle flux vs energy is the main means of
presenting radiation data for use in dosage calculations.

Linear Energy Transfer

Ey Ex
Energy
Figure 4 — Linear Energy Transfer Function (LET) vs Energy

102 T T ||||||| T T L

FLUX (#/(m 2-s’[er-s))
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10° 104 10°
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Figure 5 — Heinrich curves for iron cosmic rays
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To summarize, this section has defined the basic terminology used to describe the radiation
environment—dose, flux/intensity, fluence, LET, and 1-MeV equivalent. The reader is referred to books
and articles by Roederer? and others for more complete descriptions of these concepts.

3.  The Trapped Radiation Environment

3.1 Overview

By definition, the high energy particle radiation environment in space consists of electrons with energies
greater than 40 KeV, protons or neutrons with energies greater than 1 MeV, and heavy ions with energies
above 1 MeV/nucleon. Lower energy electrons, protons, and ions are ubiquitous but are considered as
plasma. The populations are characterized in terms of their kinetic energy, charge state (or lack thereof),
and composition. Unlike photons, which travel uniformly at the speed of light, particles can vary in velocity
from a few m/s to a sizable fraction of the speed of light as in the case of cosmic rays. The high energy
radiation population can be roughly divided into four families based on these characteristics:

1) Galactic cosmic rays, which consist of interplanetary protons, electrons, and ionized heavy nuclei.
2) Trapped radiation (for the Earth, the Van Allen belts).

3) Protons and heavy nuclei associated with solar proton events.

4) Neutrons (primarily cosmic ray albedo neutrons [CRAN] particles).

The first population changes relatively slowly (cyclically with the solar cycle). It is included here because it
is believed to contribute to the CRAN and the trapped heavy ion population (see Section 6.2). The second
population, the Earth’s trapped radiation environment, can be divided into zones. Typically, the inner zone
is populated with very high energy protons produced by CRAN decay and lower energy electrons, which
also vary on a solar cycle timescale. The outer zone consists primarily of more energetic electrons and
lower energy protons, which vary rapidly on a timescale that can be as short as one day, or less, in
response to magnetic storms. The third population is highly time dependent, being associated with
infrequent coronal mass ejections (CMEs). The fourth is a secondary population because the relatively
short lifetime of neutrons severely limits any solar-produced fluxes at 1 AU or beyond. Each type of
radiation has a characteristic spectrum and preferred interaction mode with matter that supports this
simple division. Here, the discussion will focus primarily on the trapped radiation environment, the Van
Allen belts.

First discovered by James Van Allen and his collaborators on Explorer |, trapped radiation at the Earth
consists principally of energetic protons and electrons, with lesser percentages of heavy ions such as O*,
contained by the Earth’s magnetic field in toroidal belts. Commonly known as the “Van Allen belts,”® these
toroidal regions consist of (at least) two zones or belts. The inner belt extends from approximately
hundreds of kilometers to ~6000 km in altitude and is populated by high energy (approximately tens of
mega electronvolts) protons and medium energy (50-1000 keV) electrons, while the outer belt, up to
60,000 km in altitude, is predominately populated by high energy electrons. Schematics of the radiation
flux contours for the Van Allen belts are illustrated in Fig. 6 where the average omnidirectional integral
fluxes above energy thresholds are shown for 1-MeV electrons and 10-MeV protons.7 The detailed
mechanism by which particles are entrapped in the belt regions is not well understood nor is the primary
source clearly identified (albedo neutrons are considered an important source of the intense proton and
electron fluxes in the inner belt, while the outer belt may be primarily due to the geomagnetic field
entrapping low energy solar wind plasma followed by local acceleration) although observations of
abundance ratios imply both terrestrial and interplanetary sources.
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Figure 6 — The Earth’s radiation belts in idealized space, according to the AP8 and AE8 models

Once captured, the motion of charged particles in the Earth’s magnetic field is governed by the Lorentz
force. The trapped radiation environment also exhibits large temporal variations. The inner belt zone,
because of the dominance of the Earth’'s main field, is relatively stable. Most temporal variations in this
population occur as the solar cycle proceeds and the Earth’s neutral atmospheric density at a given
altitude changes, causing variations in the altitude at which radiation particles can mirror without being
scattered. Variations of an order of magnitude over a period of months have been observed in the
electron flux intensities® as a result of extended elevated geomagnetic activity. In contrast, the outer belt,
which is more influenced by the Earth’s highly variable geomagnetic tail, experiences greater and more
rapid (less than one day) temporal fluctuations. The electron concentration in the outer zone may
experience temporal fluctuations as large as a factor of 100,000.

To better understand the preceding description, we first discuss the primary characteristics of the Earth’s
magnetic field because it is the dominate force controlling the formation of and changes associated with
the trapped radiation belts. Following this discussion, a brief review of the basic concepts of particle
entrapment such as gyro radius, mirror point, and pitch angle will be presented. Although the details of
these concepts are not critical to understanding the basic effects of radiation on spacecraft, they are
critical to understanding how the radiation belts are modeled and how the external dose on a particular
vehicle is determined. In particular, the concept of adiabatic invariants will be summarized; this concept is
critical to understanding why we use B—L coordinates, the basis of almost all modern radiation models, in
describing the radiation belts. Following these descriptions, several examples of the trapped radiation
environment will be presented in terms of the AE8/AP8 radiation models and the predictions compared
with actual data. As will become evident, given the rapid temporal variations observed in the space
environment, models are only reliable in a long-term predictive sense—which is a crucial issue in
establishing design margins for spacecraft.
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3.2 Geomagnetic Field

Above 1000 km, the dominant geophysical environment of interest is the magnetic field of the Earth—the
source of the Earth’s magnetosphere. Below 1000 km, the Earth’s magnetic field, primarily through the
control of the ionospheric plasma, plays an important though reduced role in the dynamics of the natural
environment. The Earth’'s geomagnetic field B is composed of three distinct components (or current
systems): the core field, crustal field, and external field.? The core field is a steady field due primarily to
the convective motion of the conducting fluid in the Earth’s internal core. The distribution of the crustal
field, which is the remnant or induced magnetization of ferromagnetic materials near the Earth’s surface,
results in surface magnetic anomalies associated with the geologic and tectonic features of the crust. The
core and crustal fields are usually combined and referred to as the internal or main field B, B; varies
slowly on the order of 100 years—currently ~0.05% per year—as illustrated in Fig. 7° (be aware that
although it is critical to use a magnetic field model appropriate for the year in which the magnetic field
estimates are required, it is typical in radiation modeling to use the magnetic field model for the year in
which the radiation belt model was derived; this has caused serious problems in the past). B; dominates
at low Earth orbit (LEO) and accounts for more than ~99% of B, even during extremely large geomagnetic
storms (massive variations in the Earth’s magnetosphere brought about by changes in the solar
environment that encompasses the Earth’s magnetic field). In contrast, the external field B,, which makes
up ~1% of the field at LEO, is due primarily to extraterrestrial sources—the Earth’s ring current and the
solar wind. It varies rapidly in time (from on the order of milliseconds to periods as long as the 11-year
solar cycle) and is closely correlated with geomagnetic activity and solar interactions. Models of the
external component of the geomagnetic field are available but are of limited importance to the trapped
radiation belts.10-12

Seven basic quantities, called magnetic elements, are used to specify the geomagnetic field.? Their
definitions and relations are given in Fig. 8. Three independent quantities [e.g., (H, D, Z) or (X, Y, Z)] are
required to uniquely define B. For spacecraft operating in the radiation belts, the most convenient system
to use is either the geographic (also known as geocentric) or the geomagnetic coordinate system. These
systems, based on spherical coordinates, are schematically defined in Fig. 9. Geographic coordinates
correspond to a geocentric longitude/latitude system based on the Greenwich Prime Meridian.
Geomagnetic coordinates are similarly Earth centered but have the north pole of the system passing near
the geomagnetic pole, which is offset from the geographic pole, at ~78.5° latitude and ~291.1°E.
Geomagnetic longitude is measured from the great circle passing through the geographic and
geomagnetic poles. Details about other coordinate systems can be found in Knecht and Shuman.®

Aside from the gravitational field of the Earth, the magnetic field due to the internal geomagnetic field is
the most accurately known of the natural environments. It can be crudely modeled in terms of a tilted (-11
deg from geographic north) magnetic dipole of magnitude M = 8 x 102> G-cm3 (G is the magnetic unit
Gauss). Momentarily ignoring the tilt in the geomagnetic coordinate system, the magnetic field intensity
induced by M at the point (r,6,¢) is given by the expression:

B = —('V%g X3cost9 +1)%2 8)

In the Gaussian unit system, ris in cm and B; is in G. Given the above value for M, B; is then found to
have a maximum value of ~0.6 G near the polar cap and a minimum value of ~0.3 G near the equator at
the Earth’s surface.
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Figure 9 — Spherical coordinate system for geographic and geomagnetic coordinates

Equation (8) is valid only for an idealized configuration of a centered dipole. In reality, large scale
discrepancies (as high as +25%) exist between the measured data and the ideal, dipole expression.
Modifying the configuration from a centered dipole to an eccentric dipole reduces the discrepancies to the
~10% level, but this is still unacceptably large. For most purposes, the International Geomagnetic
Reference Field (IGRF) series of models is the official standard. The latest version, IGRF-95,% is a
computer model based on the numerical fitting of measured data with a magnetic scalar potential
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expanded in terms of spherical harmonics.31* The model calculates the seven magnetic elements of B;
for any given geographical location. Specifically, a scalar potential is found such that:

(r 6 qo nZ m;{ [gn nCosm@+h, . sin mqo](é/)”

+[A,,, cosmg+B, ,, sin mqo](/ )”} (cos) 9)
where
a = radius of the Earth
r = radial distance in units of a
N = order of expansion
6 = colatitude
[0 = east longitude
Onm Nam = constants for internal terms
Anm Bnm = constants for external terms

The magnetic field components are then given by:

Br:—a_v

or

1oV
B, =- 10
° " 10 (10)
.1
’  rsin@ 0¢

Values of g and h are presented in Table 1 for the IGRF internal model. As discussed earlier, the epoch of
the magnetic model is important and should correspond either to the same date as the date of the
radiation model used or to a model epoch as close to the present as possible if only the current magnetic
field value is desired.
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TABLE 1. Spherical-Harmonic Coefficients for the IGRF/DGRF.13

g/h DGRF DGRF IGRF dB/dt g/h DGRF DGRF IGRF  dB/dt
n m 1985 1990 1995 nT/yr* g n m 198 1990 1995 nT/yr*
g 1 0-29873 -29775 -29682 17.6 h 7 6 -23 -23 23 -0.3
g 1 1 -1905 -1848 -1789 13 g 7 7 0 0 -2 -0.6
h 1 1 5500 5406 5318 -18.3 h 7 7 -7 —4 -3 0
g 2 0 -2072 -2131 2197 -13.2 g 8 0 21 23 24 0.3
g 2 1 3044 3059 3074 3.7 g 8 1 6 5 4 -0.2
h 2 1 -2197 2279 -2356 -15 h 8 1 12 10 12 0.4
g 2 2 1687 1686 1685 -0.8 g 8 2 0 -1 -1 0.1
h 2 2 -306 -373 —425 -8.8 h 8 2 -19 -19 =20 -0.2
g 3 0 129 1314 1329 15 g 8 3 -1 -10 -9 0.4
g 3 1 -2208 2239 2268 —6.4 h 8 3 5 6 7 0.2
h 3 1 -310 —284 —263 4.1 g 8 4 -9 -12 -14 -1.1
g 3 2 1247 1248 1249 -0.2 h 8 4 -23 -22 21 0.7
h 3 2 284 293 302 2.2 g 8 5 4 3 4 0.3
g 3 3 829 802 769 -8.1 h 8 5 11 12 12 0
h 3 3 -297 -352 —406 -12.1 g 8 6 4 4 5 0.2
g 4 0 936 939 941 0.8 h 8 6 14 12 10 -1.2
g 4 1 780 780 782 0.9 g 8 7 4 2 0 -0.9
h 4 1 232 247 262 1.8 h 8 7 -15 -16  -17 -0.7
g 4 2 361 325 291 -6.9 g 8 8 —4 —6 -7 -0.3
h 4 2 -249 —240 -232 1.2 h 8 8 -11 -10 -10 -0.6
g 4 3 424 —423 —421 0.5 g 9 O 5 4 4 0
h 4 3 69 84 98 2.7 g 9 1 10 9 9 0
g 4 4 170 141 116 -4.6 h 9 1 =21 -20 -19 0
h 4 4 -297 —299 -301 -1 g 9 2 1 1 1 0
g 5 0 -214 -214 -210 0.8 h 9 2 15 15 15 0
g 5 1 355 353 352 0.1 g 9 3 -12 -12  -12 0
h 5 1 a7 46 44 0.2 h 9 3 9 11 11 0
g 5 2 253 245 237 -1.5 g 9 4 9 9 9 0
h 5 2 150 154 157 1.2 h 9 4 —6 -7 -7 0
g 5 3 -93 -109 -122 -2 g 9 5 -3 —4 —4 0
h 5 3 -154 -153 -152 0.3 h 9 5 —6 -7 -7 0
g 5 4 -164 -165 -167 -0.1 g 9 6 -1 -2 -2 0
h 5 4 -75 -69 -64 1.8 h 9 6 9 9 9 0
g 5 5 46 -36 —26 2.3 g 9 7 7 7 7 0
h 5 5 95 97 99 0.9 h 9 7 9 8 7 0
g 6 0 53 61 66 0.5 g 9 8 1 1 0 0
g 6 1 65 65 64 -0.4 h 9 8 -7 -7 -8 0
h 6 1 -16 -16 -16 0.3 g 9 9 -5 —6 —6 0
g 6 2 51 59 65 0.6 h 9 9 2 2 1 0
h 6 2 88 82 77 -1.6 gl1l0 O —4 -3 -3 0
g 6 3 -185 -178 -172 1.9 g1l0 1 —4 —4 —4 0
h 6 3 69 69 67 -0.2 h 10 1 1 2 2 0
g 6 4 4 3 2 -0.2 g 10 2 3 2 2 0
h 6 4 -48 -52 -57 -0.9 h 10 2 0 1 1 0
g 6 5 16 18 17 -0.2 g 10 3 -5 -5 -5 0
h 6 5 -1 1 4 1 h 10 3 3 3 3 0
g 6 6 -102 -96 -94 0 g 10 4 -2 -2 -2 0
h 6 6 21 24 28 2.2 h 10 4 6 6 6 0
g 7 0 74 77 78 -0.2 g10 5 5 4 4 0
g 7 1 -62 -64 -67 -0.8 h 10 5 —4 -4 —4 0
h 7 1 -83 -80 =77 0.8 g1l0 6 3 3 3 0
g 7 2 3 2 1 -0.6 h 10 6 0 0 0 0
h 7 2 =27 —26 -25 0.2 g1l0 7 1 1 1 0
g 7 3 24 26 29 0.6 h 10 7 -1 -2 -2 0
h 7 3 -2 0 3 0.6 g 10 8 2 3 3 0
g 7 4 —6 -1 4 1.2 h 10 8 4 3 3 0
h 7 4 20 21 22 -0.4 g10 9 3 3 3 0
g 7 5 4 5 8 0.1 h 10 9 0 -1 -1 0
h 7 5 17 17 16 0 g 10 10 0 0 0 0
g 7 6 10 9 10 0.2 h 10 10 —6 —6 —6 0
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Figures 10a and 10b show the three-dimensional character of the Earth’s magnetic field. Figure 10a is a
cross section of the Earth’s magnetic field in the noon—midnight meridian showing the structure of the field
lines and the plasma regions they contain. Figure 10b illustrates typical results from calculations of the
magnetic field amplitude over the northern hemisphere at a constant altitude of 400 km. The field
amplitude varies from a minimum of 0.25 G near the equator to 0.5 G over the polar caps. Two peaks
exist in the magnitude of the magnetic field over the north pole (if vector components are considered, the
maximum at 270° east longitude is the true “dip” magnetic pole). Likewise, there are two minimums near
the equator; the largest of these is responsible for the so-called South Atlantic Anomaly, a region critical
in determining radiation exposure in LEO. Finally, it should be noted that geomagnetic storm variations
are superimposed on this main field. These are typically less that 0.01 G so that even during a severe
geomagnetic storm, magnetic fluctuations are small at low altitudes compared to the average field (even
though this is a very small change in the Earth’s field, the effect of geomagnetic storms on particle fluxes
in the polar ionosphere can be tremendous). However, they are critical at geosynchronous orbit, where
the main magnetic field is of comparable strength, and dominate the magnetic field at higher altitudes.

VAN ALLEN o
BELTS ~
Figure 10a — Cross section of the Earth’s magnetic field in the noon-midnight meridian
B TOTAL (G) 90°
POGO MODEL
NORTHERN
HEMISPHERE

180°

330°

270°
Figure 10b — The magnetic field amplitude over the northern hemisphere at a constant altitude of 400 km
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3.3 Magnetic and Electric Field Effects

To understand the trapped radiation environment, one must first understand how charged particles move
in the Earth’s magnetic field. This section provides a very brief overview of the fundamentals of charged
particle motion so that the concepts used in modeling the radiation belts can be comprehended. The
reader is referred to many excellent texts in this area, such as the book by Roederer.2

3.3.1 Basic Particle Motion
To understand how charged particles become “trapped,” it is necessary to review the forces that act on
those particles. In general, except near the upper fringes of the Earth’'s atmosphere (<100-150 km),

collisional and frictional forces on charged particles can be ignored. The two main forces (Fg and F),) are
then the electrostatic force:

Fe =qE (11)
and the magnetic (Lorentz) force is:

F, =V xB (12)

e lKe)

where q is the particle charge (including sign), ¢ the speed of light, V' the velocity vector of the particle,
B the magnetic field vector in space, and E the electric field vector in space.

Consider the actual motion of a particle subject to Egs. (11) and (12). Setting the electric field to zero and
using the definition of the cross product, Eq. (12) implies that the force on a charged patrticle is always
perpendicular to both its instantaneous velocity vector and the magnetic field vector. This means that a
particle must, in the absence of another force and in the presence of a uniform magnetic field, move in a
circle in the plane perpendicular to the magnetic field vector. It may additionally move freely (without any
acceleration) along the magnetic field, mapping out a helix around its center of motion (Figs. 11-13). The
radius R, (called the cyclotron or gyro radius) of this circle is found by equating the centripetal force
mVZ|R to the Lorentz force. In this expression, m is the particle mass and Vy is the component of the
velocity perpendicular to B. The expression is (relativistic):

ymVi,C

13
e (13)

Rc:

The frequency with which the charged particle gyrates, the cyclotron frequency, w, is given by
(relativistic):

w, =— (14)

where ¢, is in radians per second.
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Figure 11 — Motion of a charged patrticle (positive in this case) in a magnetic field in the absence of an electric field

Figure 12 — Motion of a charged particle in a converging magnetic field in the absence of an electric field. F, is the

force along the magnetic field that results from the field convergence (or divergence) and is responsible for
the mirroring effect
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Figure 13 — Motion of a charged patrticle in a dipole magnetic field
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According to Eg. (12), any particle motion parallel to B is unaffected by B. The particle’s motion can be
described in terms of a velocity parallel to the field \/”, or perpendicular to the field V-, and a quantity

called the particle pitch angle a, the angle the particle motion makes relative to the B direction. It is
defined as:

a =sin*(V, /V)
a= cos‘16/|| /V) (15)

The motion of the particle can be pictured as spiraling along the magnetic field direction, executing
cyclotron motion around the field while moving along the field (Fig. 13). A charged particle will deviate
from these simple motions if there is an electric field or if the magnetic field has temporal changes or
gradients. As an example, consider the case when the magnetic field increases with distance in a
direction perpendicular to the direction of B. In this case, as the particle moves from the region of low field
strength to high field strength and back again, R, decreases and increases correspondingly, and the
particle traces out a cycloid configuration (Fig. 11). Under the combined influence of both the Earth’'s
electric field (this field is radially directed close to the Earth and points from dawn to dusk at greater
distances) and the radial gradient of its magnetic field, charged particles will slowly trace a similar cycloid
around the Earth (electrons drifting toward the east and high energy ions toward the west). Although such
motion is quite complex, if the magnetic field gradient E is sufficiently weak, the motion of the particle can
be described in terms of its cyclotron motion and a constant drift velocity.

The final type of motion of interest here results from gradients along the magnetic field and is responsible
for trapping radiation particles in the magnetic field. If the magnetic field converges, then the particle will
feel a small force along the direction of the field line—which will cause the particle to decelerate
(accelerate) as it moves into the converging (diverging) region (Fig. 12). Eventually (unless the particle
has collisions with atmospheric particles—i.e., the mirror point is below some critical altitude, which we
will define by the magnetic field strength at that position, B.), the particle will have its motion parallel to
the field stopped. However, due to the particle’s circular motion (perpendicular to the field), it still
experiences the decelerating force, which reflects the particle back along the field line. This occurs at the
mirror point B, as determined by the strength of the magnetic field (Fig. 13). As will become evident, B,
and B, are critical in determining