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SECTION 2
THE GEOMAGNETIC FIELD

L.L. Newkirk, Lockheed Polo Alto Research Laboratory
J.C. Cain, U.S. Geological Survey (Denver)
W.P. Olson, McDonnell Douglas Astronautics Co,

2,1 INTRODUCTION

The geomagpnetic field is generated by various sources located
within the Karth and the surrounding ionosphere and magnetosphere.
The internal sources inciude the core field produced by electric cur-
rents flowing near the core surface (2,900-kilometer depth), This
source dominates all others below five Earth radii, exerting the con-
trolling force for particle trapping. The main field near the Earth
can be represented to an accuracy of abosut 90 percent by a tilted di-
pole at the Earth's center, The remaining 10 percent consists of a
spectrumn of higher order terms of decreasing importance, down to
rizes of about 4, 000 kilometers, Features having sizes smaller than
this are thought to be mainly caused by direct magnetization of crus-
tal material, Although the very local anomalies, observed even at
aircraft altitudes, are sometimes sufficientiy intense to double or
reverse the field, their effect has decreased to a small fraction of
the total field by ionospheric heights.

The effects of magnetospheric and ionospheric currents are rela-
tively small below a few Earth radii. At low satellite altitudes (e.g.,
500 kilometers), about a fraction of a percent from orbit-to-orbit
can be observed, even during relatively quiet conditions, because of
the variations of these external sources and the response of the con-
ducting Karth to their chanpes (see subsections 2.5 and 2.6,

The core field exhibits a siow "s2cular!" variation that is charac-
teristically a fraction of a percent change in intensity per year. 'This
phenomenon is regional- that is, its scale is not dominated by the di-
poilar component. The dipolar component is weakening about 5 per-
cent per century.

In some studies involving trapped radiation, and particularly be-
yond 5 Rz, the (tilted) dipole approximation of the field is adequate.
In many studies, however, a more accurate representution is re-
gquired: a spherical harmonic expansion of a scalar potential {itted

2-1
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to measured values of the field. Beyond 6 Rp, currents produced
by charged particles in the magnetosphere and at the boundary of
the magnetosphere begin to become ccmparable to, and eventually
dominate, the arnbient field configuration,

Numerical models of the geomagnetic field are thus most accurate
at low satellite altitudes where the main contribution is from the
Earth's core, and become less certain at greater distances because
of the variability of the external effects. Very precise estimates,
even at low altitude, must include these external sources for any but

extremely quiet conditions.

The geomapgnetic field, like other large-scale phenornena found
in nature, is never absolutely quiescent or undisturbed, Field
measurements versus time show a variety of disturbances having
time durations lasting from a fraction of a second to as long as sev-
eral days. The paiterns are irregular in some cases and smooth
in others, and might have a partially periodic or oscillatory struc-
ture. ‘The amplitude variations range froem a small fraction of oue
nanotesla (I nT = 19 = 10-5 gauss) to several hundred nT. Many of
the disturbances are localized events, but others encoirpass a sig-
nificant portion of the magnetosphere.’> Some of the disturkances
undoubtedly play a strong role in the particle supply and loss pro-
cesses that determine the intensities of radiation belts,

‘The nurnerous types of magnetic disturbances, along with their
causes, are discussed in subsequent portions of this section. Ap-
pendix 2A describes some of the rmagnetic indices used in trapped
radiation studies to characterize the relative intensities of magnetic

disturbances.
~
Y

2.2 MAGNETIC FIELD ELEMENTS

The historical representation of the elements of the geomagnetic
field are shown in Figure 2-1. The total field vector is dennted in
the literature by either B or F (the Russians prefer -'f). B is
used here. The elements X, Y, and Z are north, east, and ver-
tically down in a geodetic vystem. As shown in Figure 2-2, there
are slight rotations {rom the geocentric components normally given

by Be, B‘p, and Br.

2-2

e B L B e R S ey e T

i

s

SN e o S X i

SN RPN

]
e 2oa




: "o 21 January 1977

NORTH (+)

BEARTH'S CENTER (+),

D = DECLINATION Z = VERTICAL COMPONENT
H = HORIZONTAL INTENSITY X = NORTH COMPONENT
B = TOTAL INTENSITY Y = SEAST COMPONENT

1 = INCLINATION

Figure 2=1. Geodetic elements of the geomagnetic field.
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Figure 2-2, Exaggerated ellipse illustrating the geocentric coordinates v, 8,
and the geodetic latitude, A, and altitude, h, of a point P,
(8 is the rotational angle between the geocentric and geodetic

vectors (Bg, Be) ard (X, Z), respectively.)
The expressions relating these quantities are thus
Be - =X cosd + Z rind
B(p - =Y

B,  -Zcosd - X sinb

where the maximum value of 6 {s about 0.2 degree.

The magnetic declination D is the angle between X and the hori-
zontal intensity component H, and is given by the deviation of a
compass from true north., A positive declination results from an
eastward deviation., The inclination, or diy: anple 1, is the angle
between Il and B and is given by the dipping of a magnetic needle
velow the borizontal plane, The dip angie has a positive sense when
directed downwaid,
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Routine observations cf the absolute field intensity and its tem-
poral variations are made at over 100 permanent magnetic observa-
tories distributed almost entirely on the major continents. Organized
attempts have been made periodically to resurvey the field and to
check secular variation by reoccupying ''repeat stations.' Since
most surface or aircraft surveys are too slow (and expensive) to take
a crisp "snapshot' at the field before secular change can blur the
picture, plans are underway for a satellite vector survey about 1980.
The last series of satellite surveys were of total field only and cov-
ered the epochs 1964-1971,

To completely specify the field vector at an isolated point requires
the measurement of three independent elements of the field. For
example, B, D, and 1 are routinely measured aboard the U.S.
Navy's project MAGNET aircraft which has supplied most of the
global survey data for the past two decades. Fixed observatories

usually observe D, H, and Z.

Figures 2-3 and 2-4 show the surface magnetic field elements B
and I for epoch 1965. These charts suow isomagnetic lines along
which the respective geomagnetic field elements are constant. Such
charts as these are generally projections or '"forecasts' of the field
made on the bacis of data taken prior to the published epoch and are
thus not always of definitive accuracy, nor can they be extrapolated
forward in time without error because of the secular variation which
is only partly preaictable. Because of the sparsity of recent dais in
remote or communist-controlled areas, some of the vector data uscd
in preparing such charts as these were taken several decades ago,

The secular variation in total intensity averaped over the interval
19651970 from POGO satellite data is given in Figure 2-5, There
are now indications that the secular variations in 13 over portions
of Asia and the Indian Qcean have already changed significantly from
that represented here,

2.3 THE DIPOLAR FIELD OF THE EARTH

The simplest approximation to the geomagnetic field is the field
that would result from an Earth-centered dipole directed southward
and inclined at 11.5 degrees to the Earth's rotational axis (north and
south poles at 78.5 degrees north, 291 degrees east, and at 78,5 de-
grees south, 111 degrees east, respectively). An improved approxi-
mation is the field that would originate from a dipole displaced 0.00685
Earth radius from the Earth's center toward a direction defined by
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geographic latitude 15.6 degrees north and longitude 150.9 degrees
east. The intersections of the displaced dipole axis with the Earth's
surface are at 81,0 degrees north, 84.7 degrees west, and at 75.0
degrees south, 120.4 degrees ecast (Reference 3). Because the north
pole of the magnetic dipole field is located in the sonthern geographic
hemisphere, the sense of the field direction is from south toward
north., The field intensity at the equator on the surface is about
B~ 0.312 gauss (Reference ).

A simple dipole field has these components {(Reference 5) in a
spherical coordinate systenu

3
R
B - M cosb . 2B <—0-> cos 9 (2-1a)
r 1.3 o\ r
M R03
1»9 : ::_;;sm@ : Bo - sin®6 (2-1b)

whereas the dipole field in a cylindrical coordinate system has the
following coordinates:

B - '—1&&'—— {d-2a)

R 5/2
(R& + z&)

2 2
B ¢ MR- 2z . 12-2b)

) (R + z&)S/Z

The magnetic moment (M) of the Earth's field is approximately
My~ =8.07 X105 gauss em3 < 0,312 gauss (larth radii)?. The
magnetic figd at the equator, where R r R, is denoted by

3y« ‘The components of the Earth's field are illusirated cn Figures
2-6 and 2-7 (south is in the -z dirvection).

The intensity of a magnetic field is the vector sum of its compo-
nents; in spherical coordinates

2 2 M 2.
Vv, — t ‘os 8 2-3
B BV Dy 3 A/l + 3 cos , (2-3)
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Figure 2-6. A magnetic dips'e field in spherizol coordinates.,
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and in cylindrical coordinates

2 2
M-fi— (2_4)

R
(Rz' + za)

_ The field lines, which have everywhere the direction of the vector
B, are defined by the following equations. In spherical coordinates

r - Ro sinze {2-5)

and in cylindrical coordinates

RZR g (R + 2
o

z)3/&

One-half of a field line is illustrated on Figures 2-6 and 2-7. Sev-
eral representative field lines are shown on Figure 2-8 along with
contours of equal field intensity, Each field line is labeled according
to its equatorial intersection Ro LRp . The constant-B curves are
equivalent to: N

0. 312 /1 +3 s‘m&)\

L.3 cos())g

B.

Numerical magnitudes correspond to the Earth's field. When the
constant=13 curves are rotated about the polar axis, the result is a
closed, egp-shaped constant-B surface (see Figure 3-11), Ryp is
the radius of the Earth, A is latitude, and l. corresponds to the
magnetic shell parameter in Refereunce b,

2.3.1 Distance Along Field Line and Vol.:e
Between Shells of Field Line:

The distance (8) measured along a field line from the equator is
a useful parameter and is sometinies used to identify a point on a
field line. As a functionof £ sin A cos0, the differential dis-
tance element for a dipole field is

45 R \/1-»« 3¢% dg . (27
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The inteprated distance along a dipale field line from equater to
£ sinA is:

R = ——
—zg[€ Vit T 7=13: In <v’3€ MV 5€z>] . (2-8)

S is plotted on Figure 2-9 (in units R, - LRE) (see Table 3B-1).
The scale at the bottom of the figure is the equatorial pitch angle
of a particle that mirrors at the corresponding latitude. Up to 50
degrees latitude, S can be determined with tair accuracy by means
of the empirical formula:

U

S5~0.019 AR,
where A is expressed in degrees. At 90 deprees latitude, 51,3802 R, .

The derivative of magnetic field intensity along the field line is

3
daB _1_2. 36\3 * ng) (2~9)
ds "R 4 )

¢ (1o g% (v osgd)
From KEquation 2-7, the volume between two cylindrically symme-
tric shells bounded by dipole field lines is fairly simple to obtain.
If the shells are located at an equatorial distance R, Ryl and sep-
arated by a small distance 0 Ry - Rgdl., the volume included be-
tween the two L sheils is:

3 \/ lllo 3 8 2 R 1
-4 SRR heeenlll DR el DEE O DR g - 10
ov ﬂRE 1 L1358 1 I 1 15 1 5 61 (&1}

The total volume contained bewween the arth's surface and a shell

of field lines with an equatorial intersection at R, 1s plotted on

Figure 4-10 as a function of I, R, /Rp:. In these equations, Ry, is ]

the radius of the Earth and 1. corresponds to the magnetic shell ¥

parameter of Mcllwain (Section 3). 3
*

2.3.2 Geomagnetic Coordinate Systems

Various coordinate systems based upon the geomagnetic field are
used in place of geographic coordinates to simplify the study of
trapped radiation and other phenomena in space that are controlled
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or influenced by the {field. The most elemental geomagnetic coordi-
nate system is one aligned with the centered dipole, I{ is shown on
Figure 4-11, superimposed on geographic coordinates. The points
where the dipole axis intersects the Earth's surface serve to locate
the geomagnetic (or dipole) north and south poles (78.5 degrees
north, 291 degrees east and 78,5 degrees south, 111 degrees east,
respectively). The geomagnetic equator lies in a plane passing
through the center of the Earth and perpendicular to the dipole axis,

Angular positions in this system are expressed as geomagnetic
(or dipole) latitude and geomagneiic longitude., The prime geomag-
netic meridian containg the geographic south pole and lies approxi-
mately alonp the geographic meridian 290 degrees east (70 degrees
west) over most of its length, In analogy with the definition of local
geographic time, local peomagnetic time is defined in terms of the
angular position (in hours) of the Sun relative to the geomagnetic
meridian of the observer. Geomagnetic noon occurs when the Sun
is in the geomapnetic meridian plane of the observer.

An accurate coordinate system of geomapnetic latitude and geo~
magnetic longitude [based on the field-line configuration given by
the international geomagnetic reference field 80-term expansion
{References 7 and 8) for epoch 1969.757 has been prepared in Ref-
erence 9. In this system, the latitudes are invariant latitudes (sce
Eguation 2-19%) and the meridian surfaces are defined by families of
field lines intersecting radial lines in a predetermined equatorial
plane. North and south polar plots and world maps of this system
of geomagnetic latitude and longitude are provided in Appendix 2B
for the surface of the Larth and at a 3, 000-kilometer altitude.

A coordinate system of considerable utility is one in which cach
dipole field line ie labeled by the magnetic shell parameter 1,
RU/RE (Refercnce 6) and a point on the field line is identified by
the field intensity 13 at the point. Sometimes the geomagnetic lat-
itude, the distance S along the field line, or a set of curves defined
by :

r  [constart] Jeos 8, (2-101

which are orthogonal to the ficld lines, arc employed instead of B
to specify points on the field line,

The analysis of trapped particles is complicated because the peo-
magpnetic field actually has a high deprece of azimuthal asymmetry.
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Symmetric coordinate systems based upon the terrestrial dipole are
{ound to have only limited applicability. Various coordinate systems,
baged upon parameters analogous to some of those described previously
for a dipole field, have been proposed with the intent of restoring some
of the aspects of azimuthal symmetyry (Reference 6), Trapped particle
populations thereby can be desc¢ribed in terms of an idealized dipole

’ field with strict azimuthal symmetry. A discussion of coordinate sys-
tems of this kind, which involves equations of motion, is contained

in subsection 3.4. 3.

h 2.4 THE SPHERICAL HARMONIC EXPANSION
' OF THE FIELD

Although the simple dipele approximation is useful in some cases,
. a higher order approximation generally is required to describe the
field in most trapped radiation studies.

With the assumption that electric currents are negligible in the
region ahove the Earth, the magnetic field B is caused only by the
internal sources of the main field, and can be expressed as the nega-
tive gradient of a magnetic potential ¥, that satisfies Laplace's
equation:

F = -V (2-12)

The general solution for ¥ ., can be expressed as a sum of sphericai
harmonics (Reference 11):

n' R n+l 1 ,.

E m

wmaRE 5, (r > z pn (8)
m=90 :

n=1

m m . _ A
lgn cos m<1>+hn sin mq)] P2 RE (2-13) 4

where r is the radial distance from the Earth's center, Ry is the
Earth's radius, and 8 and ¢ are gecgraphic colatitude and cast
longitude, respectively. The Schmidt functions (Reference 11):

1/2 :.
2 -6 ' X
(n - n\). { O, nl) P (6) (&-]4) ;

{(n + m)! n, m

m

P8
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are multiples of the associated Legendre functions Pn'm(O) of degree
n and order m; the Kronecker delta (60. m) equals one if m = 0 and
equals zero if m # 0, The gg’ and hg‘ are constants referred to as
Gausgian coefficlients whose values (to some maximur n') are obtained
from a best fit to measured values of the magnetic field (Equation 2-12).
Once the g;‘n and the hf‘n are known, ¥, is determined and defines
the field for r 2 Ry . Analytic techniques have been developed re-
cently that allow Gaussian coefficients to be derived from measured
values of the total field intensity rather than from measured field
components (Reference 12), thus making possible the utilization of
numerous satellite measurements., These coefficients aras also ex-
panded in a linear or higher order series in time to allow for secular

change,

¥, is sometimes expanded in Gauss-normalized, associated-
T.egendre functions (Reference l1) rather than in Schmidt-normalized
functions, Either representation is valid, of course, but some prac-
tical value exists in using Schmidt functions since the magnitudes of
the corresponding ggn and h;n then will indicate the relative contri-
bution of the various terms in the series.

The assumption that electric currents are absent in the ionosphere
is, of course, only an approximation since field-aligned currents are
2imost always present in polar regions, and the dayside ionosphere
contains the Sgq system. These effects contribute up to 2 few hun-
died nanotesla under active conditions in polar regions, and up tc
20 to 100 nanotesla at the magnetic equator, depending upon the alti-
tude ahove the E-layer.

2.4.1 Field Models

Tables of Gaussian coefficients have been determined by a num-
ber of investigators. The field models that have been applied to
trapped radiation studies, or might be considered for the present,
are:

1. The Jensen and Whitaker (JW) 569Y-coefficient model
{Reference 13) epoch 1955,

Z. The Jensen and Cain (JC) 48-coefficient model
(Reference 14) epoch 1960,

3. The Goddard Space Flight Center (GSFC (9/65)) 99-
coefficient model (Reference 15) epoch 1965,
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4. The Goddard Space Flight Center (GSFC (12/66)) 120-
coelficient model (Reference 16) epoch 19¢5.

5. The International Geomagnetic Peference Field (IGRF)
80-coeffici~nt model (References 17, 18) epoch 1965,

6., The Institute for Geological Sciences (1GS) 168-coefficient
model (Reference 19) epoch 1975,

7. The American World Chart (AWC) 168-coefficient model
(Reference 20) epoch 1975,

Except for JW and IGRF, these various models have been derived
by fitting observed surface and satellite magnetic survey data. The
JW model, used for reducing Explorer 4 data, was a very precise
fit to the 1955 U, 8., magnetic charts of the vertical componen!. It
wus later found that these charts were relatively inaccurate. The
JC model, although having fewer terms and no time derivatives,
was a better measure of the field for (and previous to) its 1960 epoch.
It was thus widely used in interpreting trapped radiation data, The
later GSFC models contain more coefficients and thus are better
representations of the low-altitude field,

The IGRF todel (epoch 1965) wes derived as a weighted average
of candidate models and is fairly accurate for the interval 1960 to
1968. An IGRYF model for 1975 has been recently derived (Reference
21). The coefficients for this model are listed in Table 2-1. One
of the best models for epoch 1975 is the 1GS model (Reference 19),
although its use of parabolic terms makes it unlikely that an extrapo-
lation over epochs 1975-1980 is wise. It is not clear whether the
1GS, using, say, its linear secular terms only, or the AWC model
(Reference 20) is the preferred representation for current epochs,

Both of the latter models have set their epochs at 1975.0 for the
convenience of users and to imply that an attempt has been made to
represent the current field. lowever, neither model actuaily in-
cluded much data later than about 1972, and, thus, the choice only
can be made by comparison with recent data,

2.4.2 B, L Coordinates

The charts in Appendix 2C show contours of the total field inten-
sity at various altitudes, as determined from the Jensen and Cain
field model. Tables of coordinate points defining geomagnetic ficeld
lines are given in Reference 22 for a representative group of field
lines distributed around the Earth,
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The charts in Appendix 2C alsc show contours of constant L., where

L is the parameter associated with a magnetic shell (Reference 6)
in the geomagnetic field and is analogous to the L. = R, /Rp defined
for & dipole field in subsection 2. 3.2, 1. is discussed in detail in

Section 3.

A coordinate system employing B and the parameter L is used
extensively to describe the distribution of trapped particles in radi-
ation belts. Because of the azimuthal asymmetry of the geomagnetic
field, the altitude of a constant B, L. contour around the Earth will
vary with longitude. Figure 2-12 shows the variation for several
values of B on the magnetic shell L, = 1.20. B is in gauss. The
curves are based upon the field model in Reference 14, Similar
graphs are also given in Appendix 2D for L. = 1,12, 1.60, 2,20, and
3.50. These graphs are useful because trapped particles experience
similar changes in their mirror point altitudes as they drift around
the Earth. (Trapped particle motion is discussed in Section 3.)

For the cases shown, the variations in altitude are appreciable;
maximum variations of 1,200 to 1,500 kilometers occur in the
southern hemisphere. The minimum aititude for a given value of
B is observed to occur in the southern hemisphere near 315 degrees
east longitude, More precisely, the minimum altitudes occur in the
southern Atlantic near Brazil in a region of low field values (Figure
2-3) known variously as the South American, South Atlantic, or Bra-
zilian anomaly. However, this feature of the geomagnetic field is
not really anomalous, but is just the result of the field lines dipping
closer to the Earth in the anomaly region because of the eccentricity
of the geomagnetic field with respect to the Earth's center.

The South American anomaly is important in trapped radiation
studies because it is a region in which particle losses caused by
atmospheric scattering are enhanced as a consequence of the denser
atmosphere encountered by the particles as they move through their
minimum altitudes, A comprehensive graph of minimum altitudes

in the anomaly as a function of B and L is presented on Figure 2-13,

Particle measurements in the B, L. regions below 1,000 kilometers
should show solar cycle effects because of changes in atmospheric
density and composition.

For easy visualization, fluxes in B, L, space are sometimes
transformed to polar coordinate space r,A defined by the dipole
relations (Reference 6}, Figure ?-~14 is a mapping of polar coor-
dinates onto the B, L plane by means of the dipole relations:
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(Reference 23).
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1/2 .
B:-O—’-é-l—g-(.-%> ,r:L‘cosz)\ R

r \

In these relations, r is expressed in units of Earth radii. At low
values of A, determining numerical values from Figure 2-8 might
be preferable. Some caution sholld be exercised in using the figure

because of the asymmetry of the geomagnetic field.

The invariant latitude (A) defined by the expression:

coséA = 1/L (2-15)

is sometimes used to organize auroral or particle precipitation data
near Earth. It is interpreted as the latitude where the magnetic
shell, whose value is L, intersects the Earth. Table 2-2 gives
values of A versus L for 0.5-degree intervals in A from 0 to 89.5

degrees,

2.4,3 Computer Codes for Bund L

Over the past decades, several different computer codes have
been developed for the prediction of both B and L.. Those based
upon spherical harmonics were derived from the original formula-
tions of Jensen and Whitaker (for B) and Mcllwain (for L) and bear
such names as GFIELD, FIELD, SFHRC, INVAR, etc, (see sub-
section 11.4). Copies of these can be obtained from either the
National Space Sciences Data Center (Goddard), the NOAA Data
Center (Boulder), or the U.S. Geological Survey (Denver). Trade-
offs of speed, core size, and flexibility can be evaluated for the

particular application,

A different formulation for the computation of B and L has been
developed by B. Kluge (Reference 24) at ESRQO/Darmstadt. This

formulation, which employs a mapping of the field in 1/r space,
has no advantage over the spherical harmonic developments for B.

However, for the calculation of L., a table ig provided from which
a much faster 1. computation can be made than with the Mcllwain
integration program. The only drawback, which is not significant
for most applications, is that the tables become fairly large when
computations are done for several epochs. The tables must be
developed by a careful (Chebychev) fit for each new model,
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Table 2-2. Tabular values of invariant latitude A {(degrees) versus L,
A j L A L “ A L A L
0 L. 0000 f 22.5 1.1716 L5.0 2.,0000 61.9 U, 8284
' 5 1.0001 23.0 1.1802 495 2,035% 68,0 7.1261
1.0 1.0003 23.5 1,181 46,6 2.0723 68.% T 447
1.5 1. C007 24,0 1,198 46,5 2,1109 ®.0 (1865
2.0 1. 012 2.5 1.2077 L7.0 2,150 ®.5 8.153h
2.5 1.0019 25.0 1.21°7h .S 2.1910 70.0 8,5486
3.0 1.0027 25.% 1.227% L3,0 2.233 70.9 8.5 18
3.5 1.0037 26.0 1.2379 U85 2,2776 1.0 9. bl
koo 1, 0049 26.9 1.2686 9.0 2.3233 o 9.9322
by 1.0062 27.0 1.2996 49,5 | 2.31% 72.0 1047721
5.0 1.0077 27:% 1.2710 0.0 2.4203 2.5 11..0590
29 1,.0093 28.0 1.282¢ 50.9 2.L716 3.0 11. 6985
6.0 1.0110 28,5 1.,2048 51.0 2.92% 3.9 12.3970
6.5 1.0130 29.0 1.3073 51,9 2,50 oo 13.1621
7.0 1,0151 29.% 1. 3201 52.0 2.6383 .5 14 ..002b
7.5 | 1.0173 30.0 | 1.3333 52.9 1 2.8 5.0 W.gete
8.0 1.0198 0.5 1o WT0 93.0 241610 9.9 19.991%
- 8.5 1.0223 31.0 1. 3610 93.Y 2.8263 6.0 17.0864
' 9.0 1.02%5) 31.5 13799 5,0 2. 9944 6.9 18,397
: 9.5 | 1.0280 2.0 | 1.3905 Yo | 2,905 7.0 19.761¢
10.0 1.0311 2.5 1.40%9 55,0 3,096 Ty 21, 3|65
104 1.,03ki 33.0 1.4217 999 3.1171 .0 23.133%
1.0 1.0378 339 1.4381 56,0 3,1980 8.9 29,1583
115 1.Ch14 .0 1.4950 56,5 3. 2846 1% .0 2 4664
12.0 1. 0b%2 5.5 Lb2h 51,0 3.371e .9 30.1116
12,9 1.0491 35.0 1.4903 51y 3.46%9 80,0 33,1634
13.0 1.0533 3945 1.5088 “4.0 3.9611 80.% 36,7098
135 1.057€ 36.0 1.5219 58,9 3. 6629 81.0 Lo, 863k
14,0 1.0622 15,9 15475 59.0 3,108 81.% b5 7116
k.5 1.0689 37.0 1.5A78 5.9 3. 8621 82.0 51,6284
1%.0 1.0718 3.5 1.5888 60.0 4, 0000 82.5 58. 6959
1%.5 1.0 8.0 1.6104 0.4 41240 ¥3.0 61,330
16.0 1.0802 i 38.9 1,631 61,0 i 2946 83,9 78,0337
16.5 1.08717 39.0 1.6958 61.9 'Ly 84,0 91,9231
17.0 1.093% 39.5 1.6799 6.0 L5 % 1, 356k
17.% 1. 09k Lo.o 17Ok 62,5 L. 6002 8%,0 131,648}
18.0 1.10%6 40.% 1.7729% 63,0 4.8518 85, 162, L4716
18,9 | 1.1120 4.0 | 1.71957 63.5 | 9.0228 86.0 205, 50t
19.0 1.1186 k1.9 Lot 6,0 ] 9.2037 86.9 268.3177
19.5 | 1.12% 42,0 | 1.8107 .5 | 5.39% 81,0 365, 0896
20.0 1.132% 42,9 1.8%7 €5.0 5 089 8] 2249, B2o
20.5 1.1398 43,0 { 1.8G6 6904 58150 a.e B21.03hY
210 | 1. 43.5 | 1,500 6.0 | &.oub7 . W39, 5966
21.% 1.15% uh 0 1.9326 66,9 ek ok YN 325,138
22.0 1.1632 Lh.5 1.9657 67.0 | 6.5%0 8.9 13131.4400
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2.5 DISTANT MAGNETIC FIELD

2.5.1 The Need for a Quantitative Description
of the Magnetospheric Magnetic Field

The magnetic ficld at zeocentric distances greater than about
four ¥ar'n radii is distorted by the fields associated with currents
fiowing in the Earth's magnetosphere. The Earth's main magnetic
field (of internal origin}, Egm , interacts with solar wind particles
to form eeveral other currents which flow through the Earth's mag-
netnsphere. These current systems and their combined associated
magnetic fieids, Bpg, deform the geomagnetic field at great alti-
tudes and doniinate the magnetic field at altitudes of a few Ilarth
radii. ‘The main contributions to the magnetuspheric magnetic field
come from the maguetopause currents, the currents which flow
across the tail of the magnetospnere, and the ring current of charged
particles trapped in the inrer magnelosphure,

The mogneispause currents are produced directly by the interac-
tion vf the geomagnetic field with the nolar wind. Solars wing ions
(mostly prctons) and electrons are deflected in opposite directions
upun encountering the geomagnetic field, giving rise to the magneto-
pause current system. The resaliing field topology is such that it
is posvible for charged particles o enter and flow across the anti:
solar portion cf the magnetosphere. This second current system
is commonly referred to as the tail current. Particles trapped in
the inner magnetosphere form the third current systein. The mag-
netopause and tail current systems are influenced greatly by changes
in the intevplanetary magnetic field and other interplanetary param-
eters. The tail magnetic fieid, in particular, changes during the
.ifetime of a magnetospheric substorm. These substorms occur
‘vnically every several hours and the resulting time-varying mag-
netic and eleceric fields serve also to iniect particles into the ring
currert, The ring current is greatly enaanced during magnetic
storms by the continuous injection of tail particles.

To accurately represent charged particle phenomena, it is neces-
sary to quantitatively describe the misgnetic field (}_Zs—gm + Ems) in
which these particles are found. Above about 60 degrees magnetic
latitude, all magnetic fieid lines exteud several Earth radii into
space. Therefore, along at least a portion of these field lines their
accurate quantitative description necessitates the inclusion of the
contribution to the total magnetic field from the three magnetospheric
current systems just described. ‘There have been several quantita-
tive model descriptions of the magnelospheric magnetic field., For
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a detailed comparison of the more recent ones, see the review by
Walker (Reference 25), These models can be tested directly by
comparisons with the observed field (as detected with magnetometers
and barium cloud traces) and indirectly with charged particle data.
Such comparisons indicate (Reference 25) that the Olson~Pfitzer
model currently best represents the observed average magnetospheric
magnetic field, Bp,5. This model is described in subsection 2.5.2.

2.5.2 Description of Olson=Pfitzer Magnetospheric
Magnetic Field Model

The Olson~Pfitzer model provides a quantitative description of
the total magnetospheric magnetic field (produced by the magneto-
pause, tail, and quiet-time ring currents). It is to be added to the
main magnetic field with appropriate coordinate transformations,
This model is semiempirical and contains both basic physics and
observational data, It was constructed to quantiiatively represent
the quiet-time magnetospheric magnetic field for the case of perpen-
dicular incidence of the solar wind onto the geomagnetic field, It
currently does not include the effects of the continuously changing
angle between the geomagnetic dipole axis and the solar wind direc-
tion and, iaore importantly, magnetic storm effects. Actuaily, two
models have been published. One is the sixth-order-power series
expansion with exponential terms and the second i3 an abbreviated
version containing only quadratic terms, In both cases, series ex-
pansione are input to a {itting routine which constructs an orthonor-
mal function set in order to fit the input data.

Components of T in the sixth-order model are represented as

6 3
_ v 24 i 2) 2k+l _
B - Z z [‘lijk + bijk exp(-0,03r ) xya {2-16a)
150 j20 k-0
6"‘ : }“ 2 i 2) 2kt
By } 2 z [Cijk + dijk exp(=0.03c™)] xly Pa (2-16b)

! 2. i 2) 2k
z -t 0N - . 5. -‘" LI . .
By z Z Z Cojie B @¥P=0. 015 xy ™ (2=100)

i-0 30 ko
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- - i+ 27+ > 2-

ik bijk 0 i+2j+2k>6 (2-17a)
= = i+2)j+2k>5 2-17b

ijk dijk 0 1Tl { )
= = i+ 2]+ > . -

ik = Gk = © i+2j+2k> 7 (2-17c)

The non-zero coefficients given in Tables 2-3, 2-4, and 2-5 are
for the components of the combined ring and tail fields, the magneto-
pause field, and the total ring plus tail plus magnetopause field, re-
spectively. The point where Ems is to be computed is specified by
X, y, and z (given in Earth radii). The distance

r:\/x2'+yz+zz .

The components of B,,g are given in . The positive x axis points
toward the Sun, the z axis is north, antiparallel to the dipole axis,
and the v axis lies in the dusk-meridian plane, Field lines from
this expanrion and a dipole representation of —ggm are shown in the
noon-midnight meridian on Figure 2-15,

In studies of the inner magnetosphere, where great accuracy in
Ems is not required, an abbreviated version can be used. A series
containing only linear and quadratic terms (including exponential
terms) was developed for this purpose., The same fitting routine
was used to orthonormalize the input series. The components of
Bms were found to be

Bx = 0.95352 - 0,00507%=
2 .

+ (2.11432 ~ 5, 246xz) exp(-0.06r") {2~18a)

Ey = -[0.01382 + 6.7682 exp(-0.0()rz)]yz (2-18hb)
2 2 2
BZ = 8,196 + 1,363x - 0.0152427 + 0.0088y " + 0.0609x
" 2 2
+ (-8.803 + 3,878x - 1,79272" - 6.0491y

- 6.8595x2) exp\'»O.OorZ) . {2-18¢)
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Figure 2-15. Magnetic fieid lines in 2-degree intervals from 70 degrees latitude
to pole in noon=midnight meridian plane.

The components of By, g are analytic and differentiable, as they
are in the sixth-order expansion. The inclusion of the exponential
terms makes it possible to model the near-Earth field depressions,
AB, produced by the quiet~time ring current. These simple expres-
sions yield 4B contours that exhibit the basic features found in the
observational data,

The 2z component of the magnetospheric magnetic field (minus the
main field of the Earth) is shown along the Earth-Sun line on Figure
2-16. (By symmetry, the field is in the 2 direction along this line.)
The observed field exhibits considerable structure within a geocentric
distance of 5 Ry because of the disturbed magnetospheric currents.
The difference between the present sixth-order models and the older
models that included only the boundary (magnetopause) currents is as
large as 65 v, and near 6 Ry it is about 40 ¥ (approximately 35 percent
of the total field). Similar large differences in the total field are found
throughout the inner ragnetosphere. 1t is, therefore, expected that
there would be apprecriable differences between this model and previous
ones when they are used to calculate magnetospheric particle and field
properties,

2,5.3 Comparisons of Olson-Pfitzer Models
with Observed Particle and Field Behavior

Optical tracking data from the NASA-MPE barium cloud expuri-
ment have shown that field lines in the inner magnetosphere are more
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elongated than the lines calculated from models consisting of main

field and earlier external field representations. Olson-Pfitzer

models {it the observations quite accurately (Figure 2-17) because I
they include the depressed inner magnetosphere field features pro-

duced by the quiet~time ring current. Field lines calculated from

other models that do not include this feature are inclined by as much

as 15 degrees to the field line along the bariuM cloud.

The Earth intercepts of field lines from geosynchronous orbit
(6.6 Rp) have been determined for various local times (Figure 2-18).
Both second-order and sixth-order expansions place the latitude of
the foot of the line at about 65 to 66 degrees, depending upon the
time of day, which is about 4 degrees lower than that predicted by
the ''boundary only models.' This difference too is believed to re-
sult from the quiet-time ring currents that produce the depressed
field region near the Earth. Both the second-order am# sixth-order
models indicate that the field lines to geosynchronous orbit are more
extended than dipolar field lines,

The sixth~order model has been used to compute low- and high-
energy charged particle behavior in the magnetosphere, 7The highe
latitude Earth intercept of the trapping boundary calculated from the -
model agrees well with the observed boundary, which is 4 to 5 de- - .
grees lower than that calculated from pirevious mondels, The boun- '
dary was found by using the first. and second-adiabatic invariants
to calculate the last closed drift shell on which a particle with a given )
pitch angle can exist. !

The high-latitude cutoffs for cosmic-ray perticles calculated from
previous models have beer in error with observation by 5 to 7 de-
grees, With the present models, the calculated cutoffs are essen-
tially in agreement with the observed values (Reference 33}, The
cutoffs have been determined for 5, 40, and 70 MeV by utilizing the
distributed current model. Again, it is the depressed ficld region
for 3- to 6-R;. geocentric distance produced by the distributed cur-

rents that causces the field lines at a given latitude on the Earth's ;‘i
surface to cross the equator at larger geocentric distances than ' ¢ 'J
those calculated from previous models. In turn,“itlis thisfield i
geometry that allows charged particles to penetrate to lowey lati- i
tudes than is possible with models that do not include'the effects of ?
distributed currents that flow through the inner mag'nctosphe.gc. %
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2.6 GEOMAGNETIC TRANSIENT VARIATIONS
2.6.1 Solar Quiet and Lunar Daily Variations

The continuous traces of the three magnetic elements recorded
at any station consistently show a daily time variation that is corre-
lated with local time. The maximum variation occurs near local
noon and is on the order uf 0.1 percent of the total field, On some
days, the variations are smooth and regular; on other days, the
changes are irregular because of magnetic disturbances superim-
posed on the smooth variation. The days in which irregular varia-
tions are recorded are said to be magnetically active or disturbed
days; those with smooth traces are called magnetically quiet days,

The average variation patterns, derived for the field components
from suitably chosen quiet-day records at a station, collectively de-
fine a variation field denoted by Sq, the solar quiet daily variation.
For each component, the variaticn is reckoned using the daily mean
value of the component at the station as a base line, The global dis-
tribution of Sq varies systematically with latitude. In the magnetic
equztorial zone, the maximum variation in the horizontal integsity
H near local noon is characteristically about 100 gammas, and at
higher latitudes it is -25 to -50 gammas.

Sq is also dependent on the season of the year and the phase of
the solar cycle. At the June solstice, Sq is enhanced in the northern
hemisphere and diminished in the southern hemisphere. At the De-

cemper solstice, the situation is reversed. At sunspot maximum,
Sq increaseas,

The daily vaciation of the field also includes a component having
a period of 0.5 lunar day (s 12.42 hours) and a pattern that varies
systematically with the phase of the Moon, This variation is less
than 0.1 that of Sq. The average of this component of the magnetic
varintion over many lunar days at a station is cailed the lunar daily
variation, L., {not to be confused with the 1. shell parameter). L
is somewhal enhenced during sunlight hours and displays seasonal

chbanges indicating that the Sun, as well as the Moon, playes a con-
trolling role.

Spherical harmonic analys:s of Sq or 1. data from a world net-
work of stations is used to determine the equivalent electric current
systems responsible fcr the observed magnetic variations. About
two-thirds of the variations in Sq or in L is found to be due to cur-
rent sources external to the Earth and the remaining one-~third to
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internal currents induced within the Earth's surface layers by vari-
able external currents, The external currents responsible for Sq
and 1. are found to flow at approximately the same altitude (~1C0
kilometers), The ratio of average external Sq and 1. current in-
tensities is about 30 to 1.

The Sq and L. electric current systems are produced by convec-
tive movement of the conducting upper atmosphere across the Earth's
magnetic field lines. The motion of the upper atmosphere occurs as
a result of pressure and temperature differentials in the atmosphere
brought about by solar heating and tidal forces. DBy analogy with an
electric dynamo, this mechanism is referred to as the atmospheric
dynamo (Reference 34),

For a detailed discussion of solar quiet and lupar daily variations,
including plots of Sq and L. and their associated current sysiems,
see Reference 35,

From rocket measurements, X-rays are known to be ernitted by
solar flares, On arrival at ffarth, these X-rays cause an increase
in ionization in the sunlit hemisphere, particularly at lower levels.
The overhead current system is enhanced, often producing an ob-
servable magnetic field variation called a solar flare effect (sfe) or
a crochet (Reference 36), The variation lasts 10 to 60 minutes and
is manifested as an augmentation of 8q. lonospheric currents due
to solar flares occur lower in the ionosphere than Sq curvents and
sometimes seem to flow in the night hemisphere but with reduced
intensity,

2.6.2 Geomagnetic Storms

A severe and long-lasting magnetic disturbance that occurs world-
wide is called a magnetic storm (References 36 and 37) and often is
accompanied by auroral displays and polar ionospheric disturbances.
The rate of occurrence of magnetic storms varies with the solar sun-

spot cycle,

Magnetograms obtained at low- and middle-latitude stations indi-
cate that many storms undergo a similar pattern of development as
the storms progress. The start of a typical storm is characterized
by an abrupt increase in I and is known as the sudden commence-
ment (S.C.) of the storm. The increase is typically 20 to 30 gammas
with a rise time of 2 to 6 minutes; it is largest at stations near the
magnetic equator. The 2- to 8-hour interval during which the value
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of H remains above its undisturbed value is known as the initial
phase of the storm.

The main phase of the storm follows and lasts 12 to 24 hours
auring which H decreases to values that are typically 50 te 100
gammas below the prestorm vaiue. The final stage of the storm,
known asg the recovery phase, commences and H gradually recov-
ers to its normal level in 1 to 3 days, although recovery time as
“long as 20 to 30 days is not uncommon, Individual storm records
show irregularities. The initial and main phases tend to be noisy,
Often during the main phase, large amplitude fluctuations occur
with pericds of about 0.5 hour. Some storms do not conform to
this classic pattern and have features that are missing or not easily
identitied.

The simultaneous storm records ubtained at auroral zone and
polar cap stations are markedly different from this regular storm
pattein and are characterized by extremely large and sometimes
very rapid changes. Careful analysis is required to detect the
regular storm variations in the high-la.itude recotds.

The analysis of storms has shown that the typical storm varia-
tion ovey the Earth can be desaribed conveniently by two components:
(1) Dst {or DSTy, which is symmetlric about the geomagnetic axis;
and (2) DS (ur Ds), which is a function of lengitude relative to the
Sun (Reference 36). Both components are gleo dependent on mag-
netic iatitude and storm time (tiime mueasurad from the stari of the
storim).

Changes in the dynamic pressure of the solur wind blowing against
the geomagnetic field ave believed to be u cuuse af magneiic storms
(Reference 38). The solar wind suddenly tnereases, compressing
the magnetic field (8. C.) and maintaing the compression for a time
(initial phase). An cutward distention then occurs (maip phase) and
is followed by a relaxation of the field to its prestorm value (rucov-
ery phase), Some uncertainty exists whether the main phave {8 pro-
duced by an outward distention of the field becauss of hot plasma
generated by attendant processes or whether, instead, the main
phase is produced by a westward ring current (circling the ash at
several Earth radii) consisting of electrons and positive ions that
are trapped or injected in the magnetosphere (Refereuce 3b),

Reacent experiments suggest that an increase in solar wind pressure

may not be a necessary condition for the gencration of all magnetic
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storms (References 39 and 40). Instead, the southward component
of the interplanetary field appears to play the major role, an en-
hancement in this component being strongly correlated with the
initiation of some magnetic storms.

2.6.3 Sudden Impulses and Bays

An impulsive change (generally an increase of several gammas
in the magnetic field followed by a gradual return to the normal field
value and without subsequent large field changes is called a sudden
impulse (S.1. or si) (Reference 36). The changes occur simultane-
ously at stations all over the world and are similar in characteristics
to S.C.s, but have smaller amplitudes and less abrupt changes in
field intensity.

Another type of simple magnetic disturbance is characterized by
a gradual increase or decrease in the field followed by a return, per-
haps with small oscillations, to the undisturbed field value, These
disturbances last 1 to 2 hours and generally are preceded and fol-
lowed by undisturbed conditions. The horizontal component of the
field is affected most strongly and departs from undisturbed field
values by 5 to 20 gammas at midlatitude stations anc is perhaps a
factor of 10 greater at higher latitudes, These disturbances are
known as magnetic bays because the resulting curves of field inten-
sity (principally H) recorded at a station resermble a bay as it ap-
pears drawn on a map (Reference 41). Magnetic bays are most
pronounced at high latitudes and occur principally at night near local
midnight. Positive bays occur several times more frequently than
to negative bays. The generation of magnetic bays and sudden im-
pulses is related to changes in the solar wind pressure and to changes
in the southward component of the interplanetary field (References .
39 and 40). 4

2.7 GEOMAGNETIC PULSATIONS
2.7.1 Micropulsations

Micropulsations are geomagnetic field fluctuations that occur in
the ultra-low frequency (ULF) region below about 3 Hertz (Reference
42)., They have periods ranging from about 0.2 second to 10 minutes )
and amplitudes varying from a fraction of ene gamma to several tens
of gammas. Tigure 2-19 is an approximate representation of Jhe
power spectrum of magnetic fluctuations at the Earth's surface (Ref-
erences 42, 43, and 44)., The figure is a composite of data recorded
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in various frequency ranges {References 43 and 45 through 49). Al-

though ¢the general trend of the data presented on the figure may be

accepted as a fair representation of actual average conditicns, sub-

stantial uncertainties £till exist in the interrelationship between var- l
ious types of disturbances., The ranges of proton and electron gvro-

frequencies, Vi and V,, respectively, are indicated. The range of

periods T and characteristic amplitudes 0H are indicated for several

classes of fluctuations, The micropulsation spectrum is bordered

at low frequencies by storm time and Sq phenomena and at high fre-

quencies by extra-low frequency (ELF) phenomena.

Ceriain types of micropulsations have been classified according
to the assignments shown on Figure 2-19. Micropulsations are di-
vided into two general types: continuous pc, and irrvegular pi. A
pc micropulsation displays amplitude variations that are quasi.
sinusoidal. A pi micropulsation has irregularities in both frequency
and amplitude. The pc-1 pulsations have amplitude traces that re-
semble beads on a string and are sometimes referred to as pearls
(also hydromagnetic, hm, emissions, and pp). 1n older literature,
pc 58 were known as giant pulsations (Pg) because of large amplitudes.

2.7.2 ELF Pulsations

Pulsation frequencies ranging from about 3 to 3,000 Hertz make
up the ELF region., 'The principal pulsations cccurring in this fre-
quency range are ELF sferics slow-tails, Earth-ionosphere cavity
resonances, and ELI" emissions (Reference 42).

Sferics (an abbreviation for atmospherics) are electromagnetic
signais fro:n atmospheric eluctrical discharges that propagate in
the wave guide formed by the ground and the lower edge of the iono-
sphetic E-region (Reference 50), The waveform of a sferic recorded
at a large distance from the source consists of a main bhigh-frequency
{mostly VL¥) oscillatory head, frequently fullowed by a lower fre-
quency (ELTF) tail~like oscillation that is sometimes referred to as &

a slow=-tal (Reference 51). Slow-tails commonly last about 20 milli- ;“
seconds and have fregnency components mainly in the range 30 to
several hundred Hertz, ;5
¥

Cayvity resonance signals are disturbances that are resonantly ex- 'J

cited by lightning trunsients in the concentric spherical cavily formed
by the Earth's surface and the lower region of the ionosphere (Refer-
ence 52). The power spectra of the signals often show maxima near
7.8, 14,1, 20,53, 26.4, and 32,5 Herts.
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Occasionally, whistlers and other phenomena that normally occur
at higher frequencies in the VLF (very low frequency) range some-
times produce lower frequency coraponents in the ELF region. Also,
proton whistlers (Reference 53) and emissions (Reference 54), attrib-
uted to radiation at the gyrofrequency of auroral protons, have been
observed in the ELF range.

2.7.3 Whistlers and VLF Emissions

Whistlers are field pulsations observed in the frequency range
from 300 to 30,000 Hertz (Reference 55), They are produced by
the electromagnetic disturbance from lightning., A part of the enerpy
from the disturbance penetrates the ionosphere and propagates along
geomagnetic field lines ta the opposite hemisphere. The higher fre-
quency components of the disturbance signal arrive first as a result
of wave dispersion by the ionosphere, Much of the power is in the
audio range (50 to 20,000 Hertz), After conversion to audible sound,
the signal is perceived as a variable pitch 'whistle' lasting a frac-
tion of a second to 2 or 3 seconds., Whistler echoes often are pro-
duced when the signal is reflected several times from the end points
of its path, Whistlers are more apt ‘o occur at nighttime, probably
because of reduced absorption in the ionosphere, The peak in whis-
tler activity occurs near 50-degree geomagnetic latitude; few whis-
tlers are heard near the geomagnetic equator or poles. Nuciear
detonations also produce whistlers with characteristics essentially
the same as those of natural whistlers,

VLY emissions are other phenomena having frequencies in the
whistler ranpge (Reference 55) and are believed to uriginate from the
excitation of whistler mode waves by charged particles streaming
along field lines, The most comyimon V1.I" emission is known as
chorus (or dawn chorus) and consists of a series of uscillations pro-
ducing sounds that resemble birds chirping at dawn, Another kind
of emiision is a noise known as hiss, produced by vontinuous broad-
band emission in the 1. to 20, 000-1lertz range. Periodic VIF emis-
sions are a type consisting of short bursts repeated at reygular inter-
vals, typically of several scconds., They are believed to be caused
by a whistler and its echoes triggering other emissions in the fono-
sphere, perbaps through the agency of streaming instabilities (Scce-
tion 5), A complete discussion of these and other types ol VLI
emissiuns is contained in Reference 55,
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APPENDIX 2A
GEOMAGNETIC INDICES

The K-index is designed to measure the degree of magnetic disturb-
ance produced at a station by the solar wind, geomagnetic ficld
interaction, It is intended to serve as an indicator of solar wind
activity and is determined at a station for every 3-hour interval dur-
ing the day, commencing at 000C¢ Universal Time,

K is based on the amplitude range R of the most disturbed magnetic
component observed within a 3-hour interval at the station after Sq
and L variations, solar flare effects, and long-term recovery cffects
have been eliminated from the observations. The ranges of R (in
gammas) that define K on a quasi-logarithmic scale for the standard
(midlatitude) magnetic observatory are shown in Table 2A-1,

Table 2A~1. Ranges of R (in gommas) that define K on a
quasi-logarithmic scale.

K R{¥) K R ()
0 ¢ 0-5 5 70 - 120
] 5-10 6 120 - 200
2 10-20 7 200 - 330
3 20 - 40 8 330 - 500
4 40 - 70 9 2 500

To take the latitude dependence of magnetic variations into account,
different R scales are adopted at other stations to yield frequency
distributions in K that agree with the distribution at the standard
observatory, Thus, a K of 9 represents 300 ganmunas or more at low
latitudes and 2, 500 gammas or more at auroral zonc stations,

The Kp (planctary) i-hour index is designed to measure the world-
wide, or planetary, gceomagnetic activity and is based on K-values from
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12 stations/located at magnetic latitudes varying from 48 to 63 degrees,
: These K-indices are processed to sliminate local cffects and then
translated into standardized indices Ks on a finer scale of 28 grades
from 0o, 04, 1~-, lo, 14, 2-, 20, 2+, 3-, .., to T+, 8-, Bo, 84, 9-,
90. Kp is the average of the 12 Ks values and also is expressed on

the same scale as Ks, A Kp value of 0o indicates an exceptionally
L quiet period and the value 90 denotes the most severe storm conditions,
/ A measure of magnetic activity that is approximately lincar is

sometimes preferred for certain investigations, The 3-hour equiv-
alent planetary amplitude, called ap, was ccnstructed for this pur-
pose by converting Kp to the scale shewn in Table 2A-2,

Table 2A-2, Equivalent amplitude ap versus Kp.

Kp ap Kp ap
: 0o 0 5. 39 ,
O+ 2 50 48
- 3 5+ 56 X
lo 4 6- 67
1+ 5 6o 80 3
2- 6 6+ 94 b
2 7 7- 11 ;
2+ 9 70 132
3- 12 7+ 154
30 15 8- 179 %
3+ 18 8o 207 (“\
4~ 22 8+ 236
4o 27 9- 300 :3
44 32 9o 400 '3
The numerical value of ap is said to be in units of 2 gammas (¢, g, , ;!3
for Kp - 43, ap o4 gammas) because at the standard observatory xl}
the average range in gammas of the most disturbed field element {or %
a given Kp is twice ap, When the eipht ap values for one day are ;’:’
i
B
i
I
1
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averaged, a new index Ap is obtained known as the daily equivalent

planetary amplitude,

Similar scales alsc have been derived for individual stations and

are termed ak and Ak, The index ak, known as the equivalent 3-hour

: range, is a reconversion of K into a linecar scale, and the index Ak,

! called the equivalent daily amplitude at a station, is the average of

4 the eight ak values for a day, A detailed discuss.on of magnetic
indices is given in Reference 56,
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: APPEND!X 28

MAPS OF THE GEOMAGNETIC
LATITUDE AND LONGITUDE

This appendix contains north polar, south polar, and world maps
of geomagnetic latitude and geomagnetic longitude at the Earth's sur-
face and at 3, 000-kilometers altitude {Reference 9), The plots are
based on the IGRF field model (References 7 and 8) for epoch 1969, 75,
A and ¢ are geographic latitude and longitude, and A and & arc
geomagnetic latitude and longitude,
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APPENDIX 2C
CONTOURS B, L FOR VARYING ALTITUDES

This appendix contains contours of constant-B in gauss and con-
tours of constant-I in Earthradii at 100-, 400-, 800-, },600-, and
2,000-~kilometer altitudes (References 14 and 57).
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. . APPENDIX 2D

CONSTANT-B VERSUS ALTITUDE, LONGITUDE,
AND MAGNETIC SHELL NUMBER

This appendix contains plots of altitudes of constant-B in gauss
versus longitude on the magnetic shells I, = 1,12, 1,20, 1,60, 2,20,
and 3,50 (References 14 and 23).
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SECTION 15
INDEX

-A-

Absorptance, 8-3, 36 {f
(sce Emissivity)
Absorption Wave
(sce Wave absorption/amplifi-
cation)
Absorption center, Color center, 8-3, 4,
3611
Absorption coefficient, 8-15
Acceleration/deceleration, 3-21, 25; 4-7;
5-43,44.-49,57,60:7-2;9-1
Action integral, 3-27
(sce Humilton's equations)
Adhesives, 842 it
Adiabatic invanant; Adiabatic approxi.
mation, 1-9; 2-36: 326, 29 {tf; 4-1,
4,.6.17.55,5-5061f
(see Constants of motion:
Tuvariant surface)
first adinbatic invyriant, 2-36; 3-30,
64 11, 73: 4-6, 55; 5-38,. 42,43,
$6.57, 60
(see Magnetic moment)
second  adiabatic invariant, 2-36;
3-30 11, 51 YT, 04, 68, 73; 5-38,
4211, 50 If
third adiabatic invariaue, 1-10; 3-3 1§,
§.33, 4211, 50
Air, 7-5 {1 8-39
{see Atmosphere)
Albedo neutron; Cosmie vay, 1-11:5-1,
MEEE
¢see Uosnae ray ;s Neotron
decay)
Aliven wave: Alfven velocity, | 1 5-50 17,
06 11, 82
(see Pinsma wave)

| Y oy v "
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Alpha particle, 4-20, 21, 94 to 99: 7-1;
LR
Amplification
(see Absorption: Growth rate)
Angular momentom, 3-8, 9
Anisotropy, 5-82, 86, 103
Annealing, 8-10, 17, 38
Anomaly
(see South American . . .)
Antenna; Antenna power, 9-18
Antineutrino
(see Neutrino)
Arch {trapped electron), 7-135
Argus
{see Nuclear detonation;
Artificial radiation belt)
Artificial radiation belt, 4-7, 12, 13;5-1,
50.52,96;06-1 112 7.1 112 2-24F
Argus, 6-29
Argus I, 6-14 {1, 18 11, 21
Argus M. 6-15, 21, 2v
Argus [§1, 6-2, 24, 25
Orange, 6-9
Swarfish, 4-7, 13 to 16, 77. 80; §-28§,
40, 50 11; 6-30, 39, 423 11 9-19,
AR/
Teak, 04, 1011
USSR Oct 22,1962, 6.7 IY
USSR Oct 28,1962, 649 ¥
USSR Nov 1, 1962, 6-50 (Y
Asymmetric ring current, 1-15
{see Ring current)
Atmasphere, 2-220 323, G4, 170 1R
SUEE 180 20 10 28, 270 35,40, 50,
823085 1, oG, 70, 720 7T LY,
921011t
Amospheric cutotf
(see Cutoft)
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Atmospheric dynamo, 1-14; 2-40: 12-1
Atmospheric scattering
(see Coulomb scattering)
Atomic radius, 5-3
Aurora, 5-60;9-6
Auroral particles, 1-7
Auroral region; Auroral zone, 1-6 ff; 2-41;
4-22
Azimuthal drift
(see Drift)

-B-

Ballistic trajectory, 7-2 {f
Bandwidth, 8-24;9-18
Buse
(see Bipolar transistor)
Base layer, 8-15 ff
Base region lifetime, 8-2
Base transport factor, 8-23
Beamwidth, 9-3, 5, 14 {1, 18
Bessel function, 9-5, 7. 8
Beta decay, 7-1 1,6, 13, 15, 18 {f
Beta electron; Beta particle; Fission Beta,
7-3,6,13;85;9-1;11.9
(see Fission. . .)
Beta tube, 6-3,7-13, 14, 16
{see Magnetic flux tube)
Binder, 8-36 ff
Biological damage, 10-1
Biological effectiveness {RBC), 10-1
Biological system, 8-5
Bipolar transistor, 8-3 ff, 13, 20 {1, 34 {T,
44
Bohm diffusion
(sce Diffusion)
Boltzmann equation, 3-39 ff; $-31, 71
Boltzmann-Vlasov equation, 5-68
(see Boltzmann equation)
Born approximaiion, 8-67
Bounce period/frequency, 3-23, 71 {f;
5-13 11, 23,96:7-13, 27
(see Reflection)
Bounce resonance, 5-58, 60, 69, 94
Boundaries
(see Magnetosphere; Magneto-
pause; Pseudotrapping region;
Trapping limits)
Boundary field, 2-37, 34, 35
Bound clectron, §-2 1, 7 {1, 23
£ow shock, 1-4

15-2

Brazilian anomaly

(see South American. . \)
Breakdown, 8-23, 28, 35
Bremsstrahlung, 8-1, 65, 67 ff;9-1; 10-3;

124

Brightness, 9-18, 25,29
Brightness temperature, 9-19, 21, 26 {f
Bulk semiconductor, 8-3, 20 ff

(see Semiconductor)
Buoyancy, 7-3
Butterfly distribution, 6-12

< -

Cadmium sulfide cell (CdS), 8-17
Canonical conjugate, 3-26 {f
(see Hamilton's equation)
Capacitance, 8-21, 31
Carpenter’s knee, 1-17
Carrier density/lifetime/removal rate, 8-3,
6,9,11,13,20ff
(see Majority carrier; Minority
carrier)
Cavity resonance, 2-43, 44
Cds
(see Cadmium sulfide)
Center-of-mass reference frame
(see Coordinates)
Cerenkov detector, 11-4
(see Detector)
Channel, 8-30 {1
Channel multiplier, 11-4
(see Detector)
Charge density, 342
Charge exchange, 4-18; §-5 {f, 19, 20;
7-7 11, 11-30
(see Cross section)
Charging; Spacecraft, 4-19
Chorus, 245
CIRA model atmosphere, 11-15
(see Atmosphere . . .}
CMOS
(see Complementary Metal
Oxide Semiconductor)
Coating
(see Optical . . )
Cold plasma, 5-103, 107
(see Temperature)

Cold plasma dispersion equation, 5-71,

74, 80
(see Dispersion equation)
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Collective behavior
(see Plasma; Collision)
Collector, 8-23 {f
(sce Bipolar transistor)
Collision, particie, 3-1 ff, 38 ff: 5-1 to
27,69.7-6
(see Deflection; Cross section)
Collision force, 3-3, 40
Collision frequency, 342, 45
Color center
(sce Absorption center)
Complementary Metal Oxide Semicon-
ductor (CMOS), 8-35 {f
Compression
(see Magnetic . . .)
Computer programs, 3-89; 11-35 {f
adiabatic motion, 1146
angular drift velocity, 1142
atinospheric densitizs, 11-39, 42
B,L, 1136
decay factors for artificsal radiation
belts, 1148
expusure of a satellite to radiation,
11-42 tf
geomagnetic field, 11-37, 38
high-altitude nuclear effects, 11-35
omnidirection to direction flux
conversion, 3-89
trapped particles in outer magneto-
spaere, 1140
trapved particles from nuclear deto-
nations, 1140
trapped particle shells and kinema-
tic par_meters, 1!-39
wapping, 1 141,44
Computer simulation, §-83
Conduction electron/hole, 8-10
Conductivity, 341 ff; 7-5, 8-3, 1§, 20,
21t
(sve Resistivity)
Conduoctivity tevsor, 343 {f; 541, 43
Conjugate region; Conjugate mirror point,
7-0, 13, 15
Constaats of motion, 3-2, 26
Continuity equation, 340,42
Contour plot, tlux contour, 7-9, 10, 8-37;
9-20
Convection, 1-12, 14 {1, 17, 4-5,17,19;
549, 108 tf,12-3
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Coordinates
B,L, 2-20, 22, 23, 24, 25,59 to 70;
3-33 ff
(see L- parameter)
cartesian, 5-11
center of mass, 5-3, 23
curvilinear
(see Euler potential)
cylindrical, 2-9, 12; 3-7; 5-12
energy, pitch angle, 5-13
geocentric, 2-4
geographic, 2-16
geomagnetic, 2-13, 51 to 57
polar, 2-22
spherical, 29, 11, 25; 3-28; 5-47
velocity, pitch angle, 5-12, 13
wave frame, 5-64
Core field, 2-1
Corotation, 1-13, 1%
Cosmic radio noise, 9-21, 23, 26, 28, 32
(see Radio noise)
Cosmic ray, 2-36,4-3; 51, 26, 31\
(see Albedo neutron)
Cosmic ray stae, 5-27
Coulomb collision; Coulomb scattering,
2-22:4-17, 89 8-8 {f
(see Cross section, Rutherford)
Cover slide (solar cell), 8-14 {1
CRAND source for protons, 1-11;12-2
Crittcal mirror point
(see Cutoll)
Crochet. 240
Cross-L diffusion
(see Radial diftusion)
Cross section
Bremsstrahlung, 8-67
capture, 8-10
charge exchange, 5-20; 7-7
collizion, 7-3 1
disptacement, 8-8 ft
emission, 8-10
hard sphere, elastic, 8-8 {f
Mdéller, 5-3
_momentum exchange, 74
nuclear reaction, 5- 20t
Rutherford, Coulomb, ctc., 5-3;
8-8 f
secondary production, 5-20
totgl, 5-31, 32
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Crystal, 8-7 {1, 37
(see Lattice)
Current
{see Gain; Saturation)
Current; Current density, 3-17, 41 {f
Curvature, 3-18
(see Drift)
Cutoff frequency, 8-24
Cutoff magnetic field: Atmaospherie cul
off, 2-30;4-Y
Cutofl pitch angle: Atmospheric cutofl;
Critical mirror point, 3-22 {1, 59 (1,
5-23, 37710 11, 14 {F
Cyclotron frequency
(see Gyrofrequency)
Cyclotron radiation
(see Synchrotron)
Cylindrical componenis
{see Coordinaiva)

-D-

Damage coefficient, 8-4. 12, 14, 25, 70
Damage equivalent, normally incident
fluence (DEND, 84 11 17,70 (¢
Debris
{s2e Radioactive . . )
Debye length, 3-38: 54, 13
Debye sphere, 3-38:5:13
Decay of artificial radiadion belt, 5-1, 84
0-1,2
{see Lifetime)
Argus I, 6-2, 20, 22, 25
Argus 11, 6-2, 23, 29
Argus 11, 6-2, 24, 25
Orange, 6-2
Starfish, 6-2, 30 It
Teak, 6-2, 10,12
Decay time, 4-4. 5, 13
Deceleration
(sce Acceleration)
Defect; Lattice defect: Defect center,
B-2141, 13,30 (1,42
{see Impertection)
Defect cluster, 8-10
Deflection: Scattering
(see Cross section)
by waves, 5-93 t
Coulomb; atmospheric, S-22 {1
muttiple; comulative, 5-3.9 1, 22 (r
neutron, S-32

15-4

Degenerate Integral invariant, 3-32, 73,
75
{see Adiabatic invariant,
second)
Degradation, 8-1 (1, 0, Y3, 17 (7
Delayed neutron, 11-8
(see Fisslon .. )
Delta function; Dime  delta function,
5.80
DENI
{see Damage equivalent)
Density, 341
(see Distribution function)
Depletion: Depletion reglon, 8-31
Depth-Dose, 8-52, 58,05, 04
Detectons, radlation, 11 ] 1, o 04, 20
Deuteron, /-
Brevieo characteristic, 8-2, 13
Dlnmagnettsm, 320, 23,4274
Dielectriv, R-7, 34, 35C
Diffused layee, 815 If
Diftusion, 4-1, 7, 17,18, 19; 813, 7.5,
M
Bohm, 5-103; 122
bouncesresonant,  Ferml  aceclery
tion, §-57 {1, 94
energy, S22 (0, 05, 94 17
netfron, 5-32
pitch angle, 1-10; 5-13 11, 23 {1,
OS5 93T
radial: crosseb, 1-110 5310 40 1T,
24, 108
Fokker-Planck; velocity space,
5131t
Diffusion coetficient, §-13, 17, 23, 3
4o ML 93T, ORI, 7228 8-14, 20
Diffusion equation, S-13 1T, 95
(see Fokker-Planck)
Diffusion length, 8-15 (1, 20, 23
Diffusion trajectory, S-05 {1, 9§
Digital civeuit; Digitol device, 8-34
Dilation factor
{see Relativity)
Dilution factor, 7-20
Diode, 86,13, 1511
Dip angle
(see Magnetie inclination)
Dipole field, 2-1, 5.9, 16,18, 20,25, 0
Dipole magnetic ficld, 323, 7 11, 31, 33,
ST A1, 5-38. 42, 406, 50, 87, 9-4, 25
(see Geomagnetie tield)
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Dipole moment
(see Magnetic moment)

Directional flux; Specific intensity, 3-36,
91 ff

Dispersion equation, 5-68 ff

Displacement, latiice, 8-7 {t, 36 ft

Distribution function, 3-35 ff, 39; 4-6,
5-10, 23,68, 71, 107

Disturbance field: Fluctuntion field,

5-46 ft
Dopant; Doping, 8-3, 20, 24, 35¢C
Doppler shift, 5-64
(see Resonance)
Dose. 8-1, 5, 14, 28 ft, 44, 46 {I, 52 ff;
10-1 ff
{see Fluence)
DP2, 5-42 ft
(see¢ Geomagnetic disturbance)
Drain
(see Field effect transistor)

Drain current, 8-29 1f

D-region of ionosphere, 11-30

Drif't: Drift velocity, 3-15 ff, 24, 33, 36
4-2.5-46;7-4,13

azimuthal, 1-8 ft: 3-19, 24, 36
(see Gradient-B drift)
curvature, 3-18
ExB, 1-12:3-15 {1, 26
generalized, 3-17
gradient-B, 3-18 {1, 43
{see Drif't, azimuthal)
Drift dilution, 7-17, 21 {t
Drift field solar cell, 8-17
(see Solar cell)

Drift period/frequency: Azimuthal drift
period/frequency: Drift rate, 3-23 1T,
T1EE S8, 42 11, 47 112 7-12, 17,19

Drift shell splitting

{see L-shell solitting)

1S {Ds) magretic storm component, 2-4 |

tsee Geomagnetic | . )

DST (Dst) magnetic stonn component,
R

(see Geomagnetic . . .)

Dyunamical friction, 5-14, 17,23

{see Foikere-Plunck)
Dynamical trajectory, 3-35 11
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.E-

East-west asymmetry, 5-22
Effective damaging energy, 8-71
tigen-mode; Eigen value, 5-13
Elastic scattering, 8-9
(see Cross section)
Electric current, 2-1, 2, 18, 19, 28,34 o
37,40
Electric field
ionospherie, 1-13 {t
magnetospheric, 1-12:4-17, 19,92
Electric potential
(see Potential . . )
Electrojet
(see Polar . . )
Electromagnetic wave, 4-3, 17, 5-61, 98
(sce Plasma wave)
Flectron, 2-28,41;4-2, 6 t0 20. 5610 92
Electron-hole pair, B-7 {f
Electron slot
(see Slot region)
Electron temperature
(see Temperature)
Electron-volt
(see Units)
Flectrostatic force, 3-38; 5-3
Electrostatic wave, 5-71, 82, 98
(see Plasma wave)
ELF
(see Extra low frequency)
Emission coefficient, Y-18, 22,25 ff
Eamission pottern
(se¢ Radiation pattern:
Synchrotron . . )
Emissivity : Emittance, 8-3, 30,42 {1
Etitter
(see Bipolar transistor)
Energy
kinetic, 3-4-9-2
rest mass, 34
total relativistic), 7-19: 9.5
Energy density, 7-5
LEneryy levels Energy band, 5-2. 10, % 10.
37
Energy spectrum, S-31: 0-12, 25 {1, 20,
36,38 40; 7-2, 20,27 R0, 47,82,
SR, 00, 71:9-2]
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Energy transfer, 340, 5-3
Environment; Radiation environment,
8-1,5,57
Epitaxial deposition, 8-33
Equation of motion, 3-2 ft, 5
Equatorial pitch angle, 9-25
Equivalent 1 MeV fluence/flux, 8-44, 46,
70 ftf
(see Damage equivaient)
E-region, 11-30
(see lonosphere)
Error function, 5-15
Euler potential, 3-27 {t; 5-38
(see Hamilton’s cquations)
Excitation-ionization potential, 5-3, 71,
19
Exosphere, 11-12 {f
Expansion of debris, 7-8
(see Magnetic compression/
expansion)
External field, 2-33
Extra low frequency (ELF), 2-44
Extrinsic semiconductor, 8-3

E.

Fan-out, 8-34, 35C
Faraday cup, 114
(see Detector)
Faraday’s Law, 3-24
(see Maxwell’s equations)

Fermi acceleration, $-57, 60

Fermi potential 8-31

FET

(see Field effect transistor)

Field, electromagnetic, 5-2

Field effect transistor (FET), 8-3. 5, 13,
28,31 1,44

Field equations, 342

(see Maxwell’s equations)

Field intensity

rsee Magnetic field . . )

Field line, 2-10, 11, 13, 16, 20, 28, 34,
37, 40:3-18, 24 t, 28:4-19.91; 5-35,
57.61:6-43;7-5,6,9.16,9-3, 16

Field line connection, t-17

Field streagth

(see Magnetic field . . )

Filters, optical, 8-42,45

15-6
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Finite difference, 5-13
Fireball, 7-2 {f
First adiabatic invariant
(see Adiabatic invariant;
Magnetic moment)
Fission physics, 114 {f
alpha particles, 11-8
beta particles, 8-S, 58 {7, 81; 119
beia spectra, 8-58, 65 ff, 76;11-9
fragments; products, 6-1, 3, 29, 46;
7-1,6,9
(see Radioactive debris)
Fluctuation field
(see Disturbance field)
Fluence. 4-16, 87: 8-2 ff, 14 ff, 21,24 ff,
28,32, 39 {f, 44 {1, 70 ff
Fluting instability
(see Interchange instability)
Flux, 3-36 {f
contours
(see Contouy plot)
density
(sre Magnetic field)
directional
(see Directional flux)
magnetic, 3-23, 25, 30 tf
omnidirectional
(see Omnidirectional . . .)
Fokker-Planck coefficient, 5-11 ff, 22 {1,
46,93
(see Diffusion.. . )
Fokkee-Planck equation, 5-10 ff, 22 T,
46, 58 {1, 94
(see Diftusion . . .)
Fotbidden region, 3-8 (13 5-27
(see Trapping. ..
Fourier analysis; Fourier component,
5-47:.9-2
Tres electron, 5-2, 4, 8,23, 8-10
F-region, 11-30
(see Ionosphere)
Frequency siectrum, 9-5, 10, 16
(sce Power spectrum)
Frozen field, 3-26;5-41,7-4.5
(see Ficld line)

G-
Goin, 8-22 {1, 35, 35C

Gamma rays, 8-2,30,67: 1 1-8
(see Fisston .. )
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Gate, 8-13, 29 ff
(see Field effect transistor;
(Mera! oxide semiconductor. . )
Gate voltage. 8-29
Gauss normalized Legendre functions,
2-19
Gaussian coefficient, 2-i9
Gaussian units, 3-1, 47
(see Units)
Geiger vounter, 11-1
(see Detector)
Geomagnetic '
activity, 5-25
coordinate systems, 2-14 to 2-18
disturbance fluctuation; pulsation,
5-42 ff, 56 {T, 69, 84
equator, 2-16;9-19 ff
field, 2-1 ff; 3-1, 8, 15, 19 ff, 28,
31, 33, 36, 5-44;9-14 ff, 25
index, 247
latitude; longitude, 2-16, 28, 51;
7-9, 10, 9-29
{s2e Coordinates)
meridian, 2-16
pole, 2-16
pulsation, 2-42
storm, 2-40, 41, 43, 48; 44 to 7,
12, 1§, 21, 22, 55; 5-52, 72 {f,
103
tail, geotail, 4-1
transient variations, 2-39
(see Geomagnetic disturbance)
Geomeiry ; Geometric factor, 8-5
Giant pulsations, 2-44
Gradient drift, 4-17
(see Drift)
Gradient magnetic field, 3-18
(see Drift)
Gravitation; Gravitational force, 3-1, 3,
18,5-32;7-5.6
Green's theorem, 3-30
Group velocity, 5-78
Growth rate, 5-78
{see Wave amplific.tion)
GSFC field model, 2-19
Guiding center, 3-2, 13, 15 1, 19, 26 1t
43:5-22
Cryo frequency/period, 3-6 {1, 23, 25,
65, 69; 5-16, 61, 64, 68 ft, 92, 98
Gyro motion, 3-5, 6. (6, 27; 5-62, 63

21 Jenuary 1977

Gyro radiation
(sve Synchrotron radiation)
Gyro radius, 3-7, 15,19, 5-56

-H-

Hal} conductivity, 3-44
Hawiltonian, 3-26 {T; 5-38
Hamilton’s equations; Hamilton-Jacoby
theory, 3-26
Hardening, 8-35, 35C {f
Harmonic number, frequency, 9-5 ff
Harmonic analysis
{see Fourier; Spherical
harmonic)
Harris and Priester model atmosphere,
11-15
(see Atmosphere . . .)
Heat cepacity; Heat content, 7-3
Heat transfer, 340
Helium ions in ionosphere, 11-30, 32
Heterosphere, 11-9, 12 {1, 1§
(see Atmosphere)
Hiss, 2-45
‘see Geomagnetic pulsation)
Hole, 8-3, 7, 10,31
Homosphere, 11-9
(see Atmosphere)
Horizontal magnetic intensity, 2-3, 4
Hot plasma, 5-103, 107
(see Temperature)
Hybrid integiated circuit, 8-33, 35
(see Integrated circuit)
Hydrodynamics, 3-3, 40, 7-6
Hydromagnetic model; Hydromagnetic
equations, 3-38, 40, 43; 7-6, 7. 28
(see Plasma .. .)
Hydrpmagnetic stability/instability, 5-33,
3811
(see Instability)
Hydromagnetic wave, 5-58
{see Plasma wave)
Hydrostadc equation, 5-18

IGRF field model, 2-20

(see Geomagnetic field)
lmperfection, 8-2

(see Defect)
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Impurity, 8-2, 4,6, 10 1, 43

Inclination, field line, 2-3, 4,7:3-18; 7-0,
14

Index of refraction

(ste Refractive . , )

Induced current, 541

Induced magnetic field; Induction field,
3-20,23 ff

(see Diamagnetism)

Inelastic scattering, 8-9

(see Cross section)
Inhomogenesus field, 3-18, 21, 25
Initial phase, 2-41

(see Geomagnetic storm)

Injection, 4-7, 17; §-1, 23 ff, 30; 6-36,
43 1f, 48 (f; 7-2, 4 {f, 13 ff. 20 ff;
8-58 f

Injection efficiency, §-23

Inner radiation belt; Lower radiation
belt, 4-6 to 8, 12 to 16, 23;5-31;7-2

Instability, 5-35, 37, 58,76, 80.82:7-8,
28

(see Plasma instaiility)

Insulator, 8-2

Integral invariant

{see Adiabatic invariant,
second)

Integrated circuit, 8-7, 33 ff

Iugensity, 3-36 1

(see Flux)

Interchange instability; Fluting instabil-
ity; Rayleigh-Taylor instability, 5-37,
43, 6-46;7-28

Interplanetary field; Interplanctary me-
divm, 2-42;4-1,7, 18,90

Interplanetary inagnetic field, i-1 {1

Interplanetary sector, 4-7, 18, 90

Interstitial atom, 8-2, 43

Interstitiaf vacancy (1-V), 8-10

Intrinsic carrier, 8-20

Invariants, adiabatic

{see Adiabatic ., )

Invariant Iatitude, 2-16, 26, 27

(sce L-shell, L-parameter)
invariant momentum, 5-70
Invariant surface, 3-13, 31 11, 545
{see Adiabatic invariant)
Inverted V, 4419
ton, 2-28.41:4-2,5. 2010 23

15-8

ton cyclotron mode; lon cyclotron wave,
5-74,192
(see Plasma wave)
lonization, 5-2, 4;8-2,7, 21 {1, 31, 36 f¥.
42
(see Excitation-ionization)
Tonization chamber, {1-3
(see Detector)
lonized gas, 3-44 {1
(see Plasma)
fonosphere, 2-1. 19, 44, 45, 3-46: 4-22,
23; 541 1t, 71, 96; 9-28 {f; 11-30 fi;
12-1
lonospheric
currents, 1-14: 2-1, 2, 19
(see Electric field)
dynamo, {-14
electric fields, 1-13
layers, 11-30
Isotope, 7-1. 15
(see Stable , . )
Isotrapic distribution, 7-9
Isotropic flux, 847, 52, §7. 70

J-

Jacchia model atmosphete, 11-15
(see Atmosphere)
Jacobian, 5-10 1T, 39
Jensen and Cain field model. 2-19, 20
(see Geomagnetic field . . .)
Jensen and Whitaker fietd maodel, 2-19.
20,26
(see Geomagnetic field . . )
Jet, radioactive debris, 6-43° 7.8 {f
JFET
(see Field effect transistor)
Fintegral, 3-31 (1
(sec Adiabatic invariant,
second)
Junction, 8-14, 20, 22 it 28, 31 {1, 44
Junction field effect transistor (JFET)
{see Field effect transistor)

-L-
Landau damping, 5-81

Landou resonance, 5-98
Luttice, 8-2, 0
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Lattice displacement
(see Displacement)
Lattice imperfection; Lattice defect,
8-2 11
(see Defect)
L currents, 2-39, 40
Leakage current, 8-22, 24, 26 {f
Left-handed waves
(see Polarization)
Legendre function, 2-19
Lifetime; Decay time: Loss time, 4-3, 17,
18: 5-5, 9, 17, 20, 50, 54, 56; 7-12;
8-57:10-5
Lightning storm radio noise, 9-21, 23,
32
(see Radio noise)
Linearized plasma wave theory; Linear
theory, 5-82 ff
Liouville’s equation; Liouville’s theorem,
3-35 1, 5-13, 26,45, 50;7-13,17
Lithium drified solar cell, 8-17
(see Solar cell)
Local geomagnetic time, 2-16
Longitudinai invariant, 1-10
Lorentz factor
(see Relativistic dilation factor)
Lorentz force, 3-1
(see Equation of motion)
Loss cone, 5-13, 28 {1, 87
(sec Cutoff)
Loss (particle), 2-22:4-3, 17, 18
(see Decay time; Lifetime)
Loss time
(see Lifetime)
Lower hybrid resonance, 5-98
(see Plasma wave)
Lower radiation belt
(see Inner belt)
L-parameter, Mcllwain, 2-13, 13, 22, 20;
3-33;5-44
L-shell, 3-33 {1: 5-1. 25, 44, 56. 60 {T, 80,
82:7-6, 13, 15, 28:9-21, 24 11, 29 Y
splitting, 3-33 {1:4-7
Lunar daily variations, 2-39, 40

M-

Magnetic
{see Geomagnetic . . )
activity, 4-5
anomaly, 2-1, 22

21 January 1977

bay, 242, 4-17
(see Substorm)
bottle, 7-5
(see Mirror point)
Bremsstrahlung
(see Synchrotron)
bubble, 7-9
compression, 3-26; 545, 57
(see Field lines)
declination, 2-3, 4
disturbance, 4-7
(see Geomagnetic storm)
clement, 2-2, 3, 39; 3-2 ff, 14 ff,
20 ff, 26
energy, 5-35, 71
field, 2-1;4-1,3,9
(see Geomagnetic field;
Dipole)
field intcnsity; field strength, 3-42
field, interplanetary, 1-1
fluctuation
(see Geomagnetic fluctuation)
flux
(see ¥"lux; Magnetic field
intensity)
fiux density, 9-2
flux tube, 5-23, 39
force, 3-3
hydromagnetic compression, expan-
sion, 7-2. ¢
inclinatio®., 2-3. 4,7
meridiai, 9-29
mirror
(see Mirror point; Keflection)
moment, 1-9; 2-9: 3-8, 23, 26 {1
5-57. 60
(see Adiabatic invariant, first)
potential, 2-18
(see Potential)
pressure, 241; 4-2:5.35, 37 {1, 7-4,
9.28
(see Stress tensor)
reflection
(sce Retllection)
shell
(see L-shell)
storm
(see Geomagnetic .. .}
Magnetohydrodynamics, 3-41
{see Hydromagnetic model)
Miuignetopause, 1-2, 4; 2-28, 29, 31, 34

i
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Magnetosheath, 1-4;4-1, 19
Magnetosonic imode, 5-74
(se= Plasma wave)
Magnetosphere, 1-1 ff; 2-1, 2, 28 to 30,
34 to 36; 4-1 to S5, 18, 20, 22; 5-55,
60, 71 ft, 78,98
Magnetosphere moded, 1-17
Magnetospheric boundary, 2-34
Magnetospheric dynamo, 1-14
Magnetospheric electric field, 1-14
Magnetotail, 1-6
Main field, 2-1, 34
(see Geomagnetic field)
Main phase, 2-41
(see Geomagnetic storm)
Majority carrier, 8-3, 5 ff, 11, 17, 21,
28 ff
Markov process, 5-10
Maximum power, 8-16
Maxwellian distribution, 5-86, 10§, 106
Maxwell’s equations, 3-1,18,42;5-33,01
Maxwell stress tensor
(see Stress tensor)
Mcllwain L-parameter
(see L-parameter)
Mead model of geomagnetic field, 2-37,
38
(see Geomagnetic field)
Mean free path; Mean path length, 5-5
Measurement techniques, 11-1 1t
Mechanical force equation, 3-41; 5-33
Meridian; Meridian plane, 3-9 ff
Mesosphere, 11-13
(see Atmosphere)
Metal insulated semiconductor (MIS),
8-13,28 11, 34
Metal insulated semiconductor field ef-
fect transistor (MISFET), 8-28 {t
Metal oxide semiconductor FET
(MOSFET), 8-3,6
Microcircuit, 8-7, 35
Micropulsation, 242, 44
(see Geomagnetic . . .)
microsheet glass, 8-43, 45
Migration, 8-9, 10
Minority carrier, 8-3 tt, 11 {f, 14 f
Mirror altitude, 3-59 ff, 5-18; 7-12, 13
Mirroring; Magnetic mirror, 4-3, 10, 18,
47,55

15-10
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Mirror latitude, 5-48 {1
Mirror point; Mirror field, 3-21 {1, 31 ff;
5-25,43,57,82;79,12,9-16, 21
{see Turning point)
Mirror point density, 7-12
MIS
(see Metal insulated semi-
conductor)
Mobility, 8-13, 29
Model atmosphere
(see Atmosphere)
Moments of Boltzmann equation, 3-39 {{
Momentum conservation, 340
Momentum space trajectory
(see Diffusion trajectory)
Monolithic integrated circuit, 8-33
(see Integrated circuit)
Monte Carlo computation, 8-68
MOSFET
(see Metal oxide semi-
conductor FET)

-N-

Net flux, 3-37
(see Flux)
Neutral sheet, 1-6
Neutrino/ Antineutrino, 7-2
Neutron. 4-3
Neutron decay, 1-11;5-25 {1, 7-1 ¢t
(see Nuclear decay, fission)
Neutron diffusion; Neutron transport,
5321t
Neutron half-life, 1-11
Neutron production, 5-27, 28
Nicolet model atmosphere, 11-9, 15 {f
Noise, 8-34
Nonhomogeneous field
(see Inhomogeneous field)
Non-linear plasma wave, 5-82
n-p junction
(see Junction)
NPN transistor, 8-24 T
(see Bipolar transistor)
n-region, 8-3, 20 {t
Nuc'ear collision: Nuclear reaction, 5-5,
19 1t
Nuclear decay, 5-25, 33 ff
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Nuclear detonation; Nuclear explosion,
245, 5-37,92; 6-1 ff; 7-1 £, 7, 12 ff,
28

Argus 1, 6-2
Argus I, 6-2
Orange, 6-1 T
Starfish, 4-12; 540; 6-1 ff, 31 ff,
45;7-8,9-1,19;12-3
Teak, 6-1 {f
USSR, Oct 22, 1962, 6-1 ff, 47 f
USSR, Oct 28, 1962, o-1 {f, 47 ff
USSR, Nov 1, 1962, 5-52; 6-1 ff,
47 ff
Nuclear emulsion, 11-3
Nuclear fission
(see Fission . . .)
Nucleus, 5-3
Number density, 3-39:9-19, 21
(see Distribution function)

-0-

Ohm's law, 341,43

Owmnidirectional flux, 3-36 {1, 89 {1, 5-32,
37, 55, 80, 7-10, 14 ff, 27 ft, 29: 84,
59 1';9-24

artificial electrons, 6-22 ft, 32, 35,
37,48, 50
Open field line model, 1-17
(see Magnetosphere)
Onptical coating: Antireflection coating,
8-42 ff
Optical material, 8-3, 5,42 T
Optical transmission, 8-3, 42 {t
Orange nuclear detonation
(see Artificial radiation belt;
Nuclear detonation)

Orbit
(sce Satellite . . .)

Orbital electrpn, 5-2, 3, 23

Orbital parameter, 8-2. 4 {1, 15, 17,44 Y
(see Satellite)

Oscillation
(see Plasma wave)

Outer radiation belt; Quter zone; Outer
trapping region, 4-6, 8 to 12, lo, 23;
5-37.80:7-2

Outer trapping region, 5-37

21 January 1977

Particle collision

(see Collision)
Particle detector

(see Detector)
Passivation layer, 8-3, 10, 21 ff, 26
pc, 244

(see Geomagnetic pulsation)
Pearls, 2-44

(sec Micropulsation)
Penetration; . . . depth, 7-7 {f
Phase space, 4-6; 5-19
Phase velocity, 5-64, 79, 81, 104
Phoswich, 11-2

(see Detector)
Photographic system, 8-5

pi, 2-44
(see Geomagnetic; Micropulsa-
tion)

Pigment, 8-36 ff

PIN

(see Diode)
Pitch-angle cone, 5-28 ft
(see Loss cone)
Pitch-angle diffusion, 1-10; 4-17; 5-50
(see Diffusion)
Pitch-angle distribution, 5-71, 85, 93
{see Distribution function)
Planar transistor; Planar geometry, 8-22
Planetary geomagnetic activity; Planctary
index, 247, 48
Plasma; lonized gas, 2-41; 3-3, 20, 38 ¥,
4-22,5-1,4,9,13 1. 33, 35,42, 08 {1
74
Plasma density parameter, 5-71 {f, 104
Plasma frequency, 5-70 t1:9-10
Plasma instability, 2-45; 5-37, 78, 82, 87
(see Wave amplification)
Plasmapause, 1-17; 5-72 {1, 98
Plasma sheet, 1-6; 4-5
Plasmasphere, 1-15, 17:5-108:11-32
Plasma wave: Plasma oscillation, 3-43;
5-1,33.56, 5811, 68 ff
p-n junction, 8-7, 14, 16, 19 11, 206, 30,
33
(see Junction)
PNP transistor, 8-20

15-11
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Polar cap. 2-41
Polar clectrojet, 340
Polar wind, 4-21
Polarization (right and left), S-01 1f, 69,
7174, 70 t1:9-3, 18, 26,32
(see Plasma wave)
Positron, 7-1
Potential
clectric, 3-28, 29; 5-43
Liénard-Wiechert, 9-2
magnetic, 1-17
Stormer, 39,11
Power conversion efficiency, 8-42
Power spectrum; Power density : Spectral

density, 544, 47 {1, 50, 59,00, 69 {1;

9-2 11, 31
Poynting vector, 9-1, 3
Precipitation, 1-10; 2-26: 4-22
peregion, 8-3, 20 T
Pressure tensor
(see Stress tensor; Magnetic
pressure)
Probability, 5-10 it
Probability density. 8-47
Prompt gamma, 1 1-8
(see Fission . . )
Prompt neutron, 11-8
(see Fission ., )
Propagation wave, 5-71. 74, 75
Proton, 2-28:4-2 to 6, 21,32 to 8§
Punch-through, 8-23

Q-

Quasilinear theory, 5-82, 98
Quict day, 2-39

-R-

Radial ditfusion; Cross-L dittusion, 1-11;
230170180 8-31, 42, 40 1TSS IT, 00,

82, 0-20
Radiation detector
(see Detector)
Radiation dose, 10-1 {7V
(see Dose)
Radiation measurement techniques,
-0

15-12

Radiation pattern; Emission pattern,
9-3 1,12
Radioactive debris, 0-4, 20, 43, 46, 49;
T-1 6,001, 12101, 18
(see Fission . . )
Radio noise, 9-21, 23
Range, fast particle, 5-5 11, 7-0, 8; 847,
ST
Rayleigh-Taylor instability, 5-37; 7-8
(see Interchange . . .}
Ray path, 9-24 {1
RBL
(see Relative biological eftec-
tiveness)
Recoil, 7-3
Recombination; Recombination center,
8-3. 1011, 26, 32
Revovery phase, 241, 47:4-22
(sce Geomagnetic storm)
Rectifier diode, 8-20 1T
(see Diode)
Redistribution, 5-1
Reduced mass, 5-2
Retlection
i+ o Mirror point; Turning
point)
magnetic, 3-13, 21 15 5-57
neutron, 7-2
wave, S-71, 30, 82
Reflectivity, 8-15, 43 11, 47
Reflectors, 8-37
Refraction: Retractive index, 842
Relative biological effectiveness (RBE),
10-1
Relativistic dilation factor: Lorents fac-
tor, 3-4, 28:5-3. 04 11, 80:9-3
(see Relativity)
Relativistic mass, 3-5
Relativity: Relativistic correction, 3-3 11,
20, 39 0d 11 T8 S, 64 110 750 8o,
92 2 ff
Resistivity: Resistance, 341 8-100 18,
17,2241 20
(sce Conductivity)
Resonance; Resonanee condition, 5-88 1T,
04, 68, 7511, 90
Rest mass, V-3
Right-handed wave
(see Polarization)
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Ring current, 1-15; 2-28, 29,31, 34, 30,
G1:4-5, 23 808,103 122
Roentgen equivalent man (rem), 10-1
Rutherford cross section
(see Cross section)

-S-

Satellite
charging
{see Charging)
irradiation, 8-S7 {1, 71 (1, 104 17
measurements ot artificial radiation,
-3 8 {10, 13 11,30 1, 3311,
40,4717, 53
protection, 1 2-2 1T
spacecraft, 221041, 3 to 7.9, 10,
12 to 19,03
statistical information, 11-49 (7
systemy, 8-205, 30 1,42 11,89, 7011
10-1 1T
(see Shiclding)
vulnerability, 10-1 1Y
Saturation; Saturation tux, §:37; 79
S-SRp9-21, 24
(see Trapping limit)
Saturation current/voltage, 8-20 {1, 29
Scale height, S-18,7-2 41 o
Scatterving, 8- 3201116
(see Deflection)
Scattering angle, S-3, 23
Seattering center, 8-13
Schmidt function, 2-18, 21
Scintillation counter, 114-2
(see Detector)
Second adiabatic invariad
{see Adiabatic invariant)
Secondary production, 500 1
Second surface mivror
(see Solar wetlecton)
Sector
(see lnterplanetary sector)
Sccular variation, 2 1, 5,8, 20
Self-consistent theory
fsee Prapping limit)
Semiconductor, S 1010 0, 1342
Steries, O W4

Shictkding, SV L SO0 4200 4711, 05147

Shock curve, 040, 722
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Shockley-Read analysis, 8-11, 13
Short cireuit current, 8-10
Silicon semiconductor, 8-4 {1, 9 11, 15,
10,33, 70
Stot; Slot region: Electron slot, 4-8, 01
S-98
(see Inner radiation belt; Outer
radiation 7sone)
Stoughing of fireball debris, 7-4 11
Slow tail
(see Steries)
Solar
cell, 83,0, 13 1. 4217
cosmic rays, S-27,31
cycles sunspot eyele, 2-22, 40042,
I, 7 81301510, 00, 77, 81
flare, 240,47, 4-21
heating, 240
maximum, 4-2, 8, 9,10, 16, 32 to
37
{see Solar evele)
minimum, 4-2, 8, 9,10, 16, 32 to
k¥
(see Solar eyele)
parameter § (10,7 cm fun), 11-1o
quict variation, 2-39
reflector; absorber, 8-30 1t
witil, 1-1 115 2208, 29041, 42 47
4208020 220842 841y
Solid ionization chamber, 11-3
(see Detector)
Solid state detectoy, 1122
(see Detector)
Source (particle), $-3, 17,21
Source tunction, 7-18
Soutl: American anomaly: South Atlantic
anomaly:  Brailiasn  anomaly, -2
S 12013, 27
(see Magnetic anomaly)
Space charge, 8-22, 24
Spcecraft
(see Satellite)
Specific electrical conductivity, 344
(see Conductivity tensor)
Spectral density
(see Power specirinm)
Spherical harmonice expansion, -1, 18,
30, S84
Sqearrents, 4 12
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Stability criterion, 5-38, 40,45:7-15
(sce Instability)
Stable isotope, 7-1, 3
Stable orbits
(see Trapped orbits)
Stable trapping; Stable trapping region,
4-2,3.,5
Star
(sce Cosmic ray)
Starfish
(see Nuclear detonation; Arti-
ficial radiation belt)
Steady state flux, §-20;7-27
Stochastic acceleration, 544 Y
(see Fokker-Planck)
Stopping power, 5-2 {1 8-8, 47, 70, 76
Storm
(sce Geomagnetic)
Stormer angular momentum, 3-8
Stormer orbit, 3-7 {1, 5-56
Stormer trapping criterion, 3-15
tsee Trapping limit)
Stormer unit, 3-8
Stratosphere, 11-3
(see Atmasphere)
Streaming instability, 5-76
(see Instability)
Streaming velocity, 3-39 {t
Strength (of materials), 8-3
Stress tensor; Pressure tensor, 340,
S-33 1
Strong diffusion, 5-13, 96
Structural imperfection, 8-4
Structure: Structural material, 8-3
Sudden commencement (SC), 2-40; 3-206;
4-21:5-44
Sudden impulse (S, 242
Surtace charge, 8-31
Surtace effect, 8-6, 24, 20, 28, 32
Surface potential, 8-13
Surtace recombination rate, 8-13
Surface state, 8-26
Switching
(see Diode)
Synchronous orbit; Synchronous  alti-
tude, 2-36,38:4-2.4.7
Synchrotron emission; Radiation; Cyclo-
tron radiation; Magnetic Bremsstrah-
lung, V-1 1t
System
(see Satellite)

15-14
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T-

Tail carrent, 2-28, 29, 31
(see Geomagnetic tail)

Temperature; Electron temperature,
3-3R: §-71, 75, 78, 80, 105 11; 8-10,
151

Thermal control surtace, 8-3, 44

Thermal control, 8-3, 30 {1

Thermal fluctuation, 54

Thermal plasma, 4-2

(see Temperature)

Thermal speed; Thermal particle; Ther-
malization, 3-2, 18 {1, 38; 59, 17,
To {1, 7-2

Thermosphere, 11-12 4T

(see Atmosphere)
Thin film integrated circuit, 8-33
(see Integrated circuit)
Third adiabatic invariant
{sce Adiabatic invariant)

Threshold, 8-3, 24, 31, 35D

Tidal foree, 2-40

Tilted dipole, 2-1

(see Dipole field)
Total mass velocity, 3-40
(see Streaming velocity)
Transconductance, 8-32
Transistor, 8-21, 25 11, 44
(see Bipolar . . .; Field effect
.. s Metal oxide semiconductor
. . Metal insutated semicon-
ductor)

Transition region of magnetosphere, 1-4

Transmission, 8-3

Trapped orbits: Stable orbits, 3-8, 12,15,
7-1

Trapping, 2-1:7-1, 3,7, 12

(see Injection)
boundary, 2-1; 4-19
center, 3-8 {1, 15, 33 117 5-50, 90 T,
107
efficiency, 6-29,39, 7.9, 12
fraction, 7-9 {f

limits, 3-8 1, 15, 33 £t 5-50, 80 {1

7-28
(see Forbidden regions)
region, 4-31; 7-10
Triton, 7-1
Troposphere, 11-13
{see Atmosphere)
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