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THE SUN

The properties of interplanetary space are

determined, to a considerable extent, by the

central body of the solar system-the Sun-

which is the source of powerful streams of

corpuscular and electromagnetic radiation, and

is responsible for the structure of the inter-

planetary magnetic fields.

Many phenomena on the Earth are closely

related to processes occurring on the Sun. The

mechanism of this relationship is not yet fully

understood, but it is clear that the solar wind,

the corpuscular streams, and short-wave elee-

tromagnetic radiation of the Sun play a prominent
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role in these processes. Before describing the

manifestations of Sun-Earth relationships, the

elements of solar activity should be discussed.
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Solar Activity

Solar activity, a combination of various phe-

nomena occurring in the atmosphere of the Sun,

is distinguished by significant changes in the

physical characteristics of the various strata of

the solar atmosphere. The close relationship

between the active processes in the photosphere

(spots, faculae), chromosphere (flares, flocculi),

and corona (protuberances, condensation, radi-

ating areas), and the decisive role of the magnetic

field in these processes are obvious.

The magnetic fields, the presence of which has

been detected everywhere in the solar atmo-

sphere, play a significant, and in many cases the

primary role in the physical processes on the

Sun. A general magnetic field of the Sun has also

been detected; the field of the Sun is different

at different latitudes. In the polar areas (161 >
55°), its intensity is about 1 G, and differs

slightly from a dipole field. The magnetic field

force lines over the poles, judging from the con-

figuration of the coronal rays, diverge more slowly
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than for anordinarydipole,andshowno tend-
encytobendin thedirectionof theEquator.This
fieldwithabout1G intensityobservednearthe
polesof theSunin thephotospheredecreasesto

0.5 G at an altitude of about 3-10 '_ km. High-
resolution measurements have shown that the

overall field consists of a multitude of fine ele-

ments of different polarities and sizes. The field

intensity in some of these elements reaches

10-20 G, with one polarity usually predominating.

Coarse observations show a weak field of one sign

due to averaging.

In the moderate and low latitudes (16! < 50°),

local magnetic fields which generally coincide
with active formations on the Sun are observed.

Large-scale local formations include bipolar

(BM), which are most frequently observed and

unipolar (UM) magnetic areas. The field intensity
in these areas varies over broad limits from 0.2

G to hundreds of G, the sign of the field differing

in different parts of the area. The field intensity
in a BM area and the area dimensions are in-

versely related. The area follows a certain cycle

of development from the beginning to the end of

its existence (several months); the greatest in-

tensity is observed after about 27 d, then it de-

creases as the area begins to increase in size,

possibly reaching about 0.3 R_.

Within a BM, there may sometimes be a group

of spots ranging in field intensity from about

500 to 4000 G. The BM areas are apparently the

primary cause of groups of spots developing.

BM fields and spots are usually stretched out

along a parallel, corresponding with the direction

of general Sun rotation. The first parts of re-

gions and of spot groups are called the leading

ones and are designated by the letter "r," and

the latter ones are called the closing ones and

designated by the letter "f." Fields of leading

spots and BM fields have opposite polarity in

the northern and southern hemispheres of the

Sun and change their sign at the beginning of

each new cycle of solar activity (Hoyle polarity

laws). These polarity laws are more closely

followed for BM areas than for spots.

The unipolar magnetic (UM) areas have weaker

field intensity, greater area, and longer life than

the BM areas; field intensity is _< 2 G, dimen-

sions are about 0.1 R_, and lifetime is about

6-8 months. UM fields apparently terminate in

high-latitude fields and are the remainders of

disappearing BM areas. The development of BM

and UM areas, preceded by the appearance of
active areas on the Sun, is terminated after their

disappearance.

Observations using modern, high-resolution
instruments have revealed short-lived small-

scale magnetic fields, intermediate in intensity

between the BM group fields and the fields of

the spots. They are related to the flocculi, pores,

small spots, and other active formations in the

atmosphere of the Sun.

Sunspots, the dark areas on the surface of the

Sun, consist of umbras and penumbras. Granu-

lation is observed in the area of an umbra, while

the area of a penumbra consists of radial fibers.

The umbra of a sunspot is below the photo-

sphere, while the penumbra forms a sort of fun-

nel. The effective temperature of the umbra is

about 4270 ° K; that of the penumbra about

5380 ° K. Gas flows from the center of the spot

into the penumbra (Evershed effect) at about

2 km/s, the motion disappearing at the edge of

the penumbra. The outflow velocity decreases

with altitude and changes its direction at the

limits of the chromosphere, so that the gas at

this point is flowing back toward the center of

the spot. There are some indications of rotary

motion of the spot as a whole. A fight ring forms

around the penumbra which is 3v/c_-4% brighter

than the photosphere. The diameters of spots

range from thousands to tens of thousands of

km. The smallest spots, pores, which have no

penumbras, make up the majority of all spots.

Spots are rarely individual, but usually observed

in groups stretching to 100 000 km.

Groups are classified according to polarity:

unipolar (type a, 10% of all groups)- spots of

identical polarity; bipolar (type /3, 90%)-two

main spots of opposite polarity; and complex

(type T, about l%)-spots of different polarities

scattered without order. Groups of spots

are observed in the so-called "regal zones"

(5°_<]61 <_45°) •

The number of spots visible on the surface of

the Sun changes cyclically with a mean period

of about 11.2 years. The measure of the number

of spots is the relative number of spots (Wolf
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number):W=k(lOg+f), where g is the number

of groups of spots, f is the number of individual

spots, and k is a reduction!factor on the order of

1. Information on the number of sunspots is

published [72,131].

The placement of spots on the visible disk

of the Sun changes with the phases of the solar

activity cycle, although the position of a spot

changes little during its existence. At the be-

ginning of the cycle, spots arise at latitudes of
___35°, near the maximum at latitudes +16 °,

while at the end of the cycle-at about -+8 °

(Sperer law). Some refinements have been made

to this regularity in recent years.

The magnetic field at the center of a spot's
umbra is almost vertical and never less than

200 G, reaching 2000-4000 G during the maximum

phase of development. In the penumbra, the

field is horizontal in direction and at the edge is
about 300 G. The role of convective transfer of

energy, slight in the photosphere, apparently

increases in the area of the spots. Groups of

spots are usually extended along parallels, but

the leading spot is located near the Equator. A

typical group begins to develop with the ap-

pearance of pores, from which the spots develop;

their area and magnetic field increase for several

days. The group reaches its maximum develop-
ment and begins to break out in 2-3 weeks. The

tail spot and most of the smaller spots disappear

first, and the group becomes unipolar; the leading

spot is retained until its diameter becomes less

than 30 000-45 000 km, after which it breaks up

rapidly. A group may exist for a few hours to a
few months.

Faculae

Sunspots are always accompanied by faculae,

light fibrous formations in the photosphere,

which also may exist independently of spots.
Faculae appear before spots and remain for

several revolutions of the Sun after the spots

disappear. The range of their latitudes is some-

what greater than that of spots. In white light,
faculae are not visible at the center of the disk.

For 3-4 d, faculae may be observed near the

eastern and western edges of the disk; the upper

parts of the faculae are hotter than the surround-

ing photosphere by about 200o-300 °, the lower

parts are cooler. Faculae are localized in areas

where the magnetic field intensity H > 2-5 G.

At latitudes around_+70 °, polar faculae are

observed, which are smaller (about 2000 km),

shorter lived (about 0.5 h), and circular in form.

Flocculi

The upper layers of photospheric faculae

become chromospheric faculae or flocculi, which
can be observed in the violet lines of ionized

calcium H and K (calcium flocculi) and in the red

line of hydrogen H (hydrogen flocculi). The latter
are smaller and less stable. Flocculi are hetero-

geneous formations with great fluctuations in

brightness, temperature, rate of movement, and

magnetic field intensity at various points. The

lifetime is greater than that of spots, from a few

days to a few months. Flocculi are also observed

without spots, but they are less stable. In con-

trast to spots, they are located throughout the

visible disk, but near the poles are less bright,

unstable, and rounder. The fine structures of

flocculi are closely related to the magnetic

fields; most of their fibers are oriented along the

lines of forces of the magnetic field. The intensity

of flocculi increases on days of appearance and

disappearance of spots.

Solar flares, the most active formations on the

Sun, appear suddenly over a small area (tens of

thousands km). Weak flares last 5-10 min;

powerful flares last several hours. They appear

in the upper chromosphere or corona, always

above a field of faculae near complex groups of

type 3' spots and near neutral lines of the longi-

tudinal magnetic field, where high field gradients

are observed. Large flares correspond to gradi-

ents of 0.1 G/km. The number of grade 1 flares

is an order of magnitude higher than the number

of grade 3 flares. The classification of flares is

shown in Table 1 [73].

A flare is accompanied by sporadic UV, x-ray,

and radio radiation and by the ejection of particles

of various energies up to high-energy solar cosmic

rays (see section, THE INTERPLANETARY

MEDIUM). Apparently, the generation of high-

energy particles is a basic characteristic of flares.

Hard x-rays arise in the area of flares or above

them as a result of bremsstrahlung of electrons
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accelerated in the flare, while a cm-band radio

burst occurs simultaneously as a resuh of

synchrotron radiation of the same electrons.
The ejection of matter apparently is a char-

acteristic of all flares. The most frequent type of

ejection of matter is a protuberance which

returns; ejection velocity is 50-5000 km/s, and
the stream of matter falls back to the Sun.

Ejection of matter into interplanetary space
must occur at velocities greater than the escape

velocity, which is determined by the Sun's

gravity.

The emission of solar cosmic rays at high ener-

gies has almost always been observed with very

strong flares. It has been discovered that, in
addition to rare cases of high-energy particle

emission, the Sun radiates low-energy particles

much more frequently, also related to flares.

Type IV radio radiation (continuous) and

sudden disturbances in the terrestrial ionosphere

usually accompany the generation of energetic

protons during proton flares. This results from

increased ionization of the lower portion of the D

area of the ionosphere by solar x-rays with

h _< 5 _. The total energy of solar cosmic rays

ejected by a powerful flare reaches 1031-1032 erg.

The relationship between complex phenomena

in flares and the generation of solar cosmic rays

has not yet been explained. The appearance of
flares is assumed to be related to instabilities

near the neutral lines with high field gradients

of complex configuration in the chromosphere,

which results in conversion of the magnetic

energy to other forms [127, 128]. After a flare,

the magnetic field is usually simplified, the gradi-

ents are decreased, and the field is weaker.

Energy estimates have shown that neutralization

of a field of 50-100 G is sufficient to compensate

for the energy liberated.

Protuberances are masses of comparatively

cold, dense gas (n _ 101°-10 n cm-3), rising over

the chromosphere. At the edge of the disk,

protuberances are visible as light clouds; at the
center of the disk they appear as dark fibers

called hydrogen fibers. Near the Equator, they

are located along the meridians; at high latitudes

they fall along the parallels. Three types of pro-
tuberances are distinguished: quiet, active, and

eruptive. Quiet protuberances are encountered

at the boundaries of active areas primarily on

the high latitude side, but sometimes within the
area. These are about 100000-200000 km in

length with a height of several thousands of km
and a thickness of about 10000 km. Their life-

time is several months and the rate of movement

of individual streams is about 10 km/s. Active

protuberances are small, encountered within ac-

tive areas, frequently near spots, and related to

flares. Their shape is varied and changes rapidly;
their lifetime is several hours or days. The rate

of movement of individual elements is up to 100

km/s. Eruptive protuberances, a rare type, are
distinguished by extremely rapid development,

instability of shape, sudden increase in velocity
of motion of hundreds of km/s and sudden

disappearance. Their lifetime is but a few

minutes.

The temperature of protuberances is about

1@ °K; their density is about 100 times greater

than the surrounding coronal gas. This indicates

that protuberances may condense from the

coronal matter as a result of cooling related to

a decrease in the magnetic field at the base of

the corona, or may be formed by compression of

a certain volume by some external force, for

example a magnetic field. Figure 1 shows various
elements of solar activity across the disk of the

Sun [211.

TABLE 1.--Classification of Flares

Estimate ] Adjusted area in square degrees
of relative 2.0

brightness ] Subflare 2.1-5.1 5.2-12.4 12.5-24.7

f-faint sf If 2f 3f

n-normal sn In 2n 3n

b-bright sb lb 2b 3b

24.7

4f

4n

4b

Centers of Activity

The development of various active formations

throughout the solar atmosphere is a single

process, which can be looked upon as develop-
ment of a center of activity (centers of activity

were formerly called active areas, and referred

only to a facular area with spots and flares). The

development of a typical center of activity can

be divided into four stages:
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Stage 1, which lasts several days, is
characterized by the appearance of a weak

(or complex configuration) UM field, plus a
bright facula and development of flocculi in
the chromosphere. At the brightest point of
the ttocculi, dark spots (pores) appear, from

which spots develop. The field area increases
and becomes BM.

Stage 2, which lasts several weeks, is the
active state characterized by rapid and un-
stable development. During this time, the
size and intensities of the M areas and

flocculi reach their maximum, flares appear,

and active protuberances are seen. After a
month, the group of spots begins to break
up while the flocculi grow but become
darker.

Stage 3, the stable state, lasts several

months. The group of spots becomes uni-
polar and disappears; faculae and flocculi

gradually weaken although quiet protuber-
ances and a significantly weakened M area

are temporarily retained.
Stage 4 lasts several months. The pro-

tuberances disappear and the BM area is
converted to a UM area before it dissipates.

Group

of spots

"Arch"

)rotuberance

Loop protuberance

Flocculi

"Palisade"

protuberanc
fiber

"Palisade" protuberanc

_. '_Flocculi intersecting limb

• . }
Flocculi

Filament _ _.Am C
/-1

Returning

FIGURE 1.-Diagram of the active Sun, showing flares, flocculi, spots, protuberances, the chromo-

sphere, and corona.
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Centers of activity are unevenly distributed in

the solar atmosphere. The primary latitudes are

the "regal zones," but during the years of maxi-

mum activity, centers also appear at latitudes of

more than +40 ° , although they are less stable

here. The intervals of longitude in which centers

of activity most frequently develop are called

"active longitudes."

The active longitudes are retained for two or

more ll-year cycles, although they fluctuate in

different directions, obviously unaffected by the

presence of differential motion in the layers of

the atmosphere. Consequently, the active longi-

tudes characterize the physical state of the deep

internal photosphere layers, where the differen-

tial rotation is replaced by rigid rotation.

Solar activity can be characterized by various

indices [72, 122, 131]:

1. index of the relative number of spots- the

Wolf number

2. index of the summary area of groups of

spots
3. index of the maximum magnetic field

intensity of the spots
4. flare index

5. index of the summary area of protuber-

ances

6. corona index (mean intensity of lines)
7. index of the flux of radio radiation at a

given wavelength (from over 1 m to cm);

most commonly used is, _ = 10 cm.

Cycles of Solar Activity

Solar activity is also characterized by cycles

of various lengths; those of greatest interest are

the 11- and 22-year cycles which have pertur-

bations, and the 80-year cycle.

The l 1-year cycle of solar activity is most

clearly seen by measuring the number of groups

of spots. The cycles are numbered beginning with

the zero cycle in 1745. The ll-year cycles, which

vary in length (7-17 years) with a mean length of

about 11.2 years, are asymmetrical; the transition

from the maximum number of spots to the mini-

mum (descending branch) occurs at an average

6.7 years, while transition from the minimum

number of spots to maximum (ascending branch)

occurs in about 4.6 years. The cycles also differ

in mean annual maximum values of Wolf number

(W=46-190); in late 1957, the mean quarterly

Wolf number was W=235. The intensity of the

cycle is related to its length: the more powerful

the cycle, the shorter its length; the shorter the

growth branch, the greater the asymmetry of the

cycle-and the higher the latitudes at which its

first groups of spots appear. In weak cycles, the

ascending branch is almost equal to the descend-

ing branch; in very weak cycles, the normal pro-

portion may even reverse. The polarity of the

leading spots in the northern and southern

hemispheres changes from cycle to cycle. Eras

of the maximum in the hemispheres sometimes

differ by 1 or 2 years. The most powerful phe-

nomena of solar activity are usually not observed

in the year of the maximum of sunspots, but at

the end of the ascending branch or at the begin-

ning of the descending branch.

The 22-year magnetic cycle is characterized by

a change in sign of the overall magnetic field and
the fields of magnetic areas and spots. In odd

cycles, the leading spots and the overall field

have positive signs in the northern hemisphere

and negative signs in the southern hemisphere.

The 22-year cycle begins with an even ll-year

cycle. Apparently, the 22-year cycle also governs

the index of mean area of groups of spots, the

index of frequency of flares, and the sum of mean
annual Wolf numbers.

The 80-year cycle is a quasi-periodic change in

maxima of the ll-year cycles. The maxima of

80-year cycles have fallen approximately in 1775,
1855, and 1930; the minima, in 1815, 1900, and

next to be in 1980. The next few minima in the

ll-year cycle of solar activity are expected to be

deeper than the past few. Studies and descrip-

tions of solar activity are the subject of an exten-

sive literature [41, 46, 57, 58, 93, 121].

Electromagnetic Radiation of the Sun

The spectrum of solar electromagnetic radia-

tion extends from the radio range to the x-ray

area. The shortwave boundary of the spectrum

usually lies at a few 8mgstri_ms (1 _= 10 -s cm;

the energy of a quantum with wavelength _,= 1

is 12.4 keV) under "quiet" Sun conditions and

may shift to several hundred keV during flares.
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The solar constant outside the Earth's atmo-

sphere is 1.36" l0 s erg/cm 2 s, or 1.95 cal/cm 2 min.
Direct measurement of the solar constant con-

sidering the short wave portion of the spectrum

was first achieved in late 1967. The accuracy of
this determination is about 1.0%. Distribution of

energy in the various areas of the solar spectrum
is presented in Table 2. The general form of
the solar spectrum outside the Earth's atmo-
sphere is presented in Figure 2 [85].

The Earth's atmosphere fully absorbs solar
radiation at wavelengths of less than 2900 _.

From 3000 _ to 40000 _,, the atmosphere is

transparent (the so-called "optical window").
The next window of transparency begins at
millimeter wavelengths and extends to approxi-

mately 15 m (the so-called "radio window").
Radio radiation is significantly attenuated by the
ionosphere at wavelengths longer than 15 m and

fully cut off at a wavelength of about 40 m.

Visible Light

Most of the visible light is emitted from the

surface of the photosphere in the form of a con-
tinuous spectrum, onto which the Fraunhofer

absorption lines are superimposed. The light
that arises deep within the Sun in the form of

high-energy x-ray photons after traveling the
path from the deep layers to the solar atmos-

phere, generates the continuous spectrum of
radiation in the process of multiple energy
exchange by radiation and absorption over a
broad range of frequencies. The energy of the
visible light (h = 3800-7600 _) represents about
20% of the total energy of solar radiation.

The matter of the photosphere has a high
coefficient of radiation absorption and becomes

practically nontransparent at a depth of about
300-400 km. Tens of thousands of Fraunhofer

absorption lines are superimposed on the con-

10 s-
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I I I I

Frequency
3.1012
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I I I I

o

100 A ! _m 100_m
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3' 109 300
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,-9
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I
1cm
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FIGURE 2.-Distribution of energy in the spectrum of the Sun.
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tinuous spectrum, most of which are formed in

the upper layers of the photosphere, some in

the chromosphere. The absorption lines signifi-

cantly change the distribution of energy in the

spectrum of solar radiation. Thirteen elements

have over 100 absorption lines each, two of these

(Ti and Cr) have over 1000, and one, Fe, over

3000 absorption lines. The observed erosion of

the Fraunhofer lines generally results from the

combined influence of the Doppler effect and

various types of attenuation (Table 3).

Radiation in the visible area is almost constant;

in the UV and radio areas it changes about every

11 years. The Earth's atmosphere, opaque to a

significant portion of the radiation, also distorts

sunlight in the form of extinction (the general

weakening of the spectrum, stronger at the

violet end), telluric lines, and molecular ab-

sorption bands, the density of which also increase

TABLE 2. -- Spectral Distribution of Solar Radia-

tion at the Upper Boundary of the Earth's

Atmosphere for Mean Sun-Earth Distance

erg Relative energy, %,
)t(_) f_' _ for area shorter than _,

10

100

1000

2OOO

30OO

5260

6070

688O

10 000

2O OO0

30 000

50 OO0

10-6

lO-a

lO-a

1.4

61

196

178

148

73

11

2.7

0.4

10-9

10-5

10-4

10-2

1.3

26

36

46

73

95

98

99.8

TABLE 3.--Strongest Fraunhofer Lines in the
Visible Area

3820.44

3933.68

3968.49

4045.82

4101.75

Atom _ Atom _ Atom

Fe 4226.74 Ca 5172.70 Mg

Ca + 4340.48 H_ 5185.62 Mg

Ca + 4383.56 Fe 5889.97 Na

Fe 4861.34 H a 5895.94 Na

H 8 5167.33 Mg 6562.81 H a

toward the violet end; in the red area they even

predominate over the solar absorption lines.

Shortwave Radiation of the Sun

Radiation with wavelengths shorter than

3000 _, corresponding to energy of quanta

over 4 eV, is generally called shortwave radiation.

Compared to the corpuscular ionizing radiation

of solar flares, the energy of shortwave radiation

quanta is low. However, the energy flux of short-

wave radiation is thousands of times greater

than the maximum energy flux of other types of

ionizing radiation recorded in space. The shallow

penetration depth of shortwave radiation can

significantly change the surface properties of

various structural materials. Thus, when space

conditions are simulated under laboratory con-

ditions, detailed knowledge of energy fluxes in

various areas of the Sun's spectrum of shortwave

radiation is required.

The photosphere makes the primary contribu-
tion to the shortwave radiation of the Sun down

to 1600-1500 ]k; the intensity of this radiation

remains practically unchanged with time. In

the area of the spectrum with wavelengths

shorter than 1500 _, the primary contribution is

made by the chromosphere and the corona,
while at wavelengths less than 300 /_, by the

corona of the Sun. Radiation with wavelengths
shorter than 1300 _ and in particular, shorter

than 100 /_, changes sharply depending on the

level of solar activity.

Variations in solar radiation flux during the

ll-year cycle of activity are known, as well as

27-day variations caused by the visible movement
of active areas across the disk as the Sun rotates.

The greatest increase in radiation flux, par-

ticularly near the shortwave boundary of the

spectrum, is observed during brief x-ray bursts,

which frequently accompany chromospheric

flares. The length of these bursts, depending on

class and on the wavelength of the x-ray radia-

tion, is from a few minutes to some hours. For

example, in the spectrum area shorter than

10 _, bursts lasting some tens of minutes are

observed, comparable in duration to chromo-

spheric flares. However, in the area shorter than
1 _, the duration is generally not more than a
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few minutes. The development of a characteristic

x-ray flare with time is shown in Figure 3 [151].

300 -

g_

C

m

_0

t-

O

200 -

100 -

I I I I I

13 h 48m 50 52 54 56m UT

October 20, 1969

FIGURE 3.-Development of x-ray flare in the spectral area

shorter than 1 ,_ (observed October 20, 1969 at 13:50).

Table 4 shows the absolute values of the radia-

tion flux in the area of the spectrum shorter than

3000 _ when there are no flares ("quiet Sun"),

near the minimum phase of the ll-year activity

cycle. Between the minimum and the maximum

of the ll-year cycle of solar activity, the summary
flux shorter than 1300 _ increases by a factor of

2-3 times. During each 27-day period of varia-

tion, the summary flux shorter than 1300 .& may

change by 1.5-2 times. The flux in the most in-
tensive hydrogen line L_ at 1215.7 /_ varies by

from 3-6 erg/cm2 • s. Brief changes in radiation

flux in the area shorter than 1300 _ are ap-

parently slight.

The flux in the spectrum area shorter than

100 _ apparently varies from 0.1 to 1 erg/cm 2 • s

during each ll-year solar cycle and may vary

from 3 to 5 times within a few hours or days. The

flux of the "quiet" Sun in the area of the spectrum

shorter than 10 .& increases by two orders of

magnitude from the minimum to the maximum

of the solar cycle and may change dozens of

times during a 27-day cycle; during solar flares,

the flux may reach 5" 10 -2 erg/cm2-s. The

flux in the area shorter than 5/_ for the "quiet"

Sun apparently reaches 10-6 ergJcm 2 . s and may

increase by almost three orders of magnitude

during flares. In the spectral area shorter than

1 .&, the flux during flares may reach 10 -4

erg/cm 2 • s.

The distribution of energy in the shortwave

spectrum of the Sun is shown in Figures 4 and 5,

[22]. Figure 5 relates to the "quiet" Sun near the

TABLE 4.--Flux of Solar Energy and Shortwave

Area of Spectrum (h < 3000 _) Above the Earth's

Atmosphere at a Distance of 1 AU

Boundaries

of intervals,
Energy flux,

erg/cm 2 s

1700

1200

1100

1250

1000

700

560

38O

39O

34O

320

360

350

310

240

145

90

70

55

41

28

19

12

8.2

5.0

3.2

1.7

0.95

0.50

0.26

0.26

0.18

0.37

5.10

0.19

0.10

Boundaries

of intervals,

t

Energy flux,

erg/cm z s

3025
3050

2975
3150

2925
2600

2875

2825

2775

2725

2675

2625

2575

2525

2475

2425

2375

2325

2275

2225

2175

2125

2075

2025

1975

1925

1875

1825

1775

1725

1675

1625

1575

1525

1475

1425

1375

1325

1275

1225

1200

1150

1100

1100

1050

1000

950

9O0

850

8O0

750

700

65O

600

550

500

450

4O0

35O

300

250

200

180

160

140

120

100

80

60

40

30

20

10

< 10

0.09

0.17

0.13

0.14

0.18

0.12

0.10

0.05

0.05

0.13

0.10

0.07

0.08

0.06

0.13

0.41

0.19

0.23

0.36

0.39

0.07

0.04

0.02

0.06

0.05

0.04

0.02

0.005

0.002

0.00001
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minimum of the ll-year cycle of activity and
shows the most intcnsive lines, their ordinates

being numerically equal to the energy flux in a

line (erg/cm 2" s). Near lines are combined; the

ordinate here corresponds to the summary flux.

Experimental material on shortwave solar

radiation is still limited. The data in Table 4

were produced at various times by various

102

°° 1
o0

% 101--

_ _

10°-

2000
o

Wavelength, A

300O

FIGURE 4.--Distribution of solar energy in the spectral
region 2000-3000/_.

1-April 19, 196011291:
2- January 13, 1967 [22].

methods. Some of the measurements were made

by rockets and the results extrapolated beyond

the Earth's atmosphere. Thus, the data must

be looked upon as approximate, and will be
refined in the future. Shortwave radiation of the

Sun is the subject of several works [8, 9, 23, 69,

109, 1291.

Radio Radiation of the Sun

The radio radiation of the Sun can be observed

on the surface of the Earth only in the radio

window at wavelengths from X=8 mm to

X= 15 m. The shortwave boundary is determined

k,, at, ..... ;_ by molecules of H20 and 03;

the longwave boundary, by the critical frequency

of the ionosphere.
The Sun is a variable radio star. Radio waves

are radiated by the solar atmosphere, basically

by the chromosphere and the corona, i.e., by a

plasma varying in temperature from 104 to
107 °K with electron concentration 107 to 104

cm -a. The Sun emits three types of radio

emission:

1. constant continuum of the quiet Sun

(background), observed throughout the

entire spectrum

o<
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FIGURE 5.-- Distribution of solar energy in the spectral region shorter than 2000 _.
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2. slowlychangingcomponent,best ob-
servedat wavelengthsof 3-60 cm, re-
latedto spotsandflocculi

3. sporadicradioemission-noisestorms,
fivetypesof microwaveburstsandthe
decimetercontinuum;the sourcesare
relatedto centersof activity,andcertain
typesof burstscorrelatedirectly with
fares.

In the equilibrium high temperature plasma
of the quiet Sun, radiation of electrons is thermal

and incoherent. Nonthermal radiation appears
with a deviation from the Maxwellian distribution

of velocities and is related to active formations

on the Sun and plasma oscillations. For thermal

radiation, the influence of the general magnetic

field of the Sun can be ignored. Sporadic non-
thermal radio emission is related to the areas of

the solar atmosphere where strong local magnetic

fields are present; therefore, it is polarized and

observed in the form of ordinary and extraordi-

nary components.

Electrons generate three types of solar

radio emission: bremsstrahlung, magnetic

bremsstrahlung (for relativistic electrons called
synchrotron radiation, for nonrelativistic elec-

trons-cyclotron radiation), and Cherenkov

radiation, which make different contributions to

different types of solar radio emission.

The concept of "effective" or "brightness"

temperature Teff (h) is frequently used for

thermal and nonthermal radio emission, but it is

not always identical to the temperature of the

source of the radiation. Rather, it is a measure of

the intensity of the radiation, since the observed

radiation may contain contributions from various

layers of the solar atmosphere.

The placement of thermal radiation sources is

different for the different wavelengths. The

chromosphere and corona, transparent for visible

light and short radiowaves, become nontrans-

parent for the wavelengths which they themselves
radiate. The observed radiation at millimeter

wavelengths comes from the lower chromosphere,

at centimeter wavelengths-from the chromo-

sphere, and at meter wavelengths-from the

corona. The radius of the "radio Sun," near the

radius R o of the optical disk at millimeter wave-

lengths, increases with increasing k and in the

meter waveband reaches about (1.5-3.0) Re.

Radio emission of the "quiet" Sun (background

or B component), observed throughout the entire

wave range from millimeter to meter waves, is the

lower boundary of radio emission of the Sun and

is determined during the time of least solar

activity. The frequency spectrum, characterized

by Te:: (_), varies from 6 • 10:3 °K for millimeter

waves to about 10_ °K in the meter waveband.

Te:: (h) is a nonmonotonic function, with a

maximum at h=4 mm, and a minimum at

h -_ 6 mm. It then increases strongly to the meter

waveband. The question of l 1-year variations of

the B component is still undetermined. The B

component is thermal, is not polarized in the sta-

tionary atmosphere of the Sun, and is basically

electron bremsstrahlung with some Cherenkov

radiation. As the millimeter waves are generated

in the lower chromosphere, the height of the area

of generation increases with increasing h, and the
meter waves come from the corona. The B com-

ponent is a continuum of radiation types, i.e.,

it is stable and has a broad frequency spectrum,

indicating a noncoherent mechanism of gen-
eration.

The slowly changing component (S component)

of continuum type is observed in the wavelength

3_<h_<50 cm and at a few percent in the

millimeter waveband for up to 30 d as a smooth

increase in the signal received above the "quiet"

Sun level. Periodicity of 27 d is observed, corre-
lating well with the Wolf number and with the

overall area of spots; i.e., it is related to the cycle

of solar activity. Its sources are local areas on the

disk of the Sun at a height of about 0.03 R® from

the surface of the Sun, i.e., at the boundary
between the chromosphere and corona; it is

closely related to the spots, particularly the

flocculi and, apparently, is located at spots in
the areas of high electron concentration in the

lower corona over the centers of activity contain-

ing spots and flocculi. The slowly changing com-
ponent exists longer than the flocculi with which

it is associated. Observations of the S component

over active areas can be used to predict proton
fares. Most proton flares occur when the ratio

of flux densities of S component at A = 3.2 cm and
h = 7.5 cm is higher than 1.
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The sporadic radio emission of the Sun is

related to solar activity, is heterogeneous in

composition and most intensive and varied in the

meter waveband. For classification, it is best to

assume a dynamic spectrum of radio emission

(dependence of frequency on time), which facili-

tates the search for mechanisms of generation.

Solar activity is related to: the slowly changing

component (S component), noise storms and

type I, II, III, and IV bursts, microwave bursts,
and the decimeter continuum.

If the slowly changing component, related to

centers of activity, is geneL_ated during the stable

mode of the Sun and is thermal radiation, all other

types of sporadic radio emission would arise dur-

ing the "active" phase of development of centers

of activity and would be nonthermal radiation.

Noise storms and type I bursts are continuum-

type radio emissions with superimposed narrow

bursts. They are observed primarily in the meter

waveband, are less frequent and less intense in

the decimeter band. The greatest intensity

observed is at h=2-4 m, with a frequency

interval range not over 250 MHz. The increase in

flux during bursts may be 102-103 times greater

than at the mean quiet level. The continuum
usually arises gradually, is observed for several

hours or days, and has many brief type I bursts

with lengths of a fraction of a second to a minute.

The emissions of noise storms and type I

bursts are strongly polarized, do not drift in

frequency and are nonthermal in type. The mech-

anism of their generation is not exactly known;

it may be incoherent magnetic bremsstrahlung.

It is assumed that the area of noise storms gen-

eration forms a sort of reservoir, which retains

energetic particles in a "trap" formed by the BM

fields of the spots. Type I bursts appearing

against the background of a noise storm can

apparently be explained by additional accelera-
tion of fast electrons over a limited area of the

corona. Another possible source might be plasma

waves, which have an attenuation time com-

parable to the lifetime of type I bursts.

Type H bursts (slowly drifting in frequency) are

powerful bursts of radio emission in the meter

and decimeter bands lasting a few to tens of

minutes. Type II bursts arise at high frequencies,

f= 200 MHz, then shift to lower frequencies; the

majority attenuate at a frequency f=25 MHz
(h=12 m). The frequency drift rate is about a

fraction of a MHz/s. The intensity is 100-1000

times greater than the background. Type II

bursts are among the rarest phenomena in the

radio emissions of the Sun; even during the period

of maximum activity, an average of one burst is

observed each 50-100 h. Type II bursts usually

arise during large grade 2 and 3 flares. The delay

of a type II burst relative to the maximum of an

optical flare averages about 7 min. The width of

the frequency band of a burst at each moment is

about 0.3f, wherefis the frequency of maximum

intensity. Polarization is slight.

Type II bursts are clearly distinguished by the

appearance of a second harmonic (in 75%-80% of
cases); the structure of the bursts at the main

frequency and second harmonic is identical. They

appear simultaneously and at great altitude in the

corona, alth,ugh the second harmonic is ap-

parently generated deeper in the corona than the
main tone.

The frequency drift in the direction of low fre-

quencies, visible in the dynamic spectrum of

type II bursts, can be explained by the "plasma"

hypothesis of movement of an agent from the

area of a flare through the corona. The "plasma"

hypothesis relates the frequency of radio radia-

tion to the natural frequency of oscillations of

the plasma. With increasing distance from the

photosphere, the concentration of electrons

decreases; consequently, the frequency drift

of a type II burst will be in the direction of lower

frequencies. Type II bursts might be caused by

shock waves in plasma with a magnetic field

frozen in. These arise in the explosive phase of a

flare and move at a speed of 10a km/s. Bursts

are generated in the process of passage, of the
leading edge of the shock wave which runs before

the bundle of plasma, through the corona.

The relationship of type II bursts to the ejec-
tion of material from the area of a flare and to

solar geoactive streams is confirmed by the

appearance of geomagnetic perturbations 1 to

2 d after strong type II bursts and the agreement
of the velocity of a bundle and of these streams.

The ,4p and Kp indices increase 1.5-2.2 d after

type II bursts; magnetic storms and polar auroras

begin only after 45% of type II bursts.
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Type 11I bursts (rapidly drifting bursts) are
observed in the meter waveband. Similar to

type II bursts, they consist of nonthermal radia-

tion, created upon transformation of plasma

waves into electromagnetic waves in a system

consisting of a corpuscular stream and the

coronal plasma. The corresponding stream of

particles, which leave the area of the flare,

moves through the corona at about 10_ km/s.

The main difference between type III and II

bursts is that type III bursts drift rapidly in

frequency, i.e., develop about 100 times more

rapidly than type II bursts, and have a duration

of about 3-15 s. The velocity of the agent

causing type III bursts in the corona is two

orders of magnitude higher than in type II.

Type III bursts are observed much more fre-

quently than type II bursts; for each 100 hours

observation, an average of 300 type III bursts

are observed, compared with less than one type

II burst. The beginning of a type III burst is

usually related to the beginning, not the maximum

of an optical flare. Type III bursts frequently
appear in groups. About half of all bursts are

strongly polarized (30-70%). Type II and III

bursts are closely related; 60-80% of type II

bursts are accompanied by type III bursts, with

a mean delay of 5.5 min.

The U burst is one variety of type III burst,
which occurs when the direction of motion of

the exciting agent reverses, so that the frequency
drift first is downward toward lower frequencies,

then toward higher frequencies. This type of
burst rarely appears and results either from a

special configuration of the magnetic field of

bipolar groups of spots, or from local hetero-
geneities in the corona.

Type IV bursts frequently (about 70%) follow

type II bursts, are related to strong flares, and
reach a maximum 10 to 30 min after the flash

phase of the optical flare. Type IV bursts are

radiation of the continuum type, covering a
wide frequency band (sometimes more than 8

octaves). The length, from minutes to several

hours, and the intensity gradually decrease. The

greatest intensity" is in the meter waveband

(_ > 1.2 m). A gradual frequency drifting in the

direction of low frequencies is observed.

These bursts differ from the continuum of

noise storms (with which they are generally not
observed) by their more stable nature, briefer

duration, broader range of frequencies (in the

high-frequency direction), close relationship to

type II bursts, mechanism of generation, and

movement of the generation area in the corona

over distances greater than approximately
6R.

The structure of type IV bursts is very com-

plex; they are divided into several subtypes,

but as yet there is no standard classification.

The dynamic spectrum frequently has three

maxima: in the meter waveband (type IV m),
decimeter waveband (type IV dm), and centi-

meter waveband (type IV cm). In the meter

waveband, two subtypes are differentiated, sta-

tionary and moving, which differ in the distance
of motion of the source. There are two classes

of type IV bursts related to the chromospheric
or coronal flares.

The great correlation of type II and IV bursts

and movement of their areas of generation at
approximately the same velocity indicate that

apparently both phenomena are caused by the

same agent, for example, shock waves in plasma,

moving in the corona from a flare area at a ve-

locity of 103 km/s. Although the defining factor

for type II bursts is the velocity of the shock'wave,

type IV bursts are generated by the synchrotron
radiation of relativistic electrons behind the shock

wave front and are related to ambient magnetic
fields. The acceleration of electrons to the

necessary energies may occur directly within

the bundle during the existence stage of the type
II burst. Polarization of radiowaves confirms the

hypothesis of the synchrotron mechanism of

generation.

Type IV bursts have narrow directionality

and are less frequently observed away from the

center of the solar disk. Type IV bursts correlate

well with various phenomena: geomagnetic
storms with sudden onset, appearance of solar

cosmic rays, and polar blackouts. The proba-
bility of appearance of a magnetic storm increases

if a type IV burst follows a type II burst. The
time of onset of polar blackouts is determined

by the geometry of the magnetic fields in the

solar atmosphere and in interplanetary space,
and, under favorable conditions, begins about
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40 rainaftera typeIV burst.At timestheymay
beginsimultaneouslywith the magneticstorm,
i.e.,within1or2days.

Type V bursts consist of broad, continuous

radiation in the meter waveband. The frequency

band ranges from tens to hundreds of MHz.

They are observed only at frequencies less than

150 MHz (_ _>2m), with the maximum inten-

sity usually _./>3 m. The lifetime of a burst

is about 0.5-3.0 min with no observed frequency
drift. The velocity of motion of the source is

about 3" 103 km/s. Type V bursts differ from

type IV in thcir close relationship with type III

bursts, are about two orders lower in intensity,

and consist of directed radiation. They follow

type III bursts, excited by streams of fast

particles (apparently electrons) moving at about

105 km/s. Possibly these particles serve as the
source of type V bursts, when they reach the

higher layers of the corona, by synchroton

radiation of the electrons captured between

points of refection of an arc-shaped magnetic
field. A close correlation has been found between

type III and V events, centimeter bursts and
flares.

Microwave radiation, continuous-type radia-

tion primarily in the centimeter waveband, is
more varied and has been less studied than the

radiation in the meter waveband. It is divided

into three types as a function of the form, dura-

tion, and dimensions of the area of generation:

Type A-rise and fall rapid, lifetime, 1-5

min, generation area, small (diam 1-1.6

min), polarized;

Type B-fast rise and slow fall, lifetime-

several rain to several h, generation area,

large (greater than 2.5-3.0 min);

Type C-rise and fall gradual, lifetime

about 30 min to several h, generation area,

small (0.8 min).

These three types may exist individually or be

superimposed on one another. The most powerful

bursts are of type A or B and are accompanied

by a decimeter continuum.

The sources of emission are localized in three

regions of the disk of the Sun, from which the

slowly changing component originates. The

radiation may be nonthermal for strong bursts

and thermal for weaker bursts. The assumed

mechanisms of generation are: type A- magnetic

bremsstrahlung of energetic electrons appearing

in a flare in the local magnetic fields of a center

of activity; types B and C-the combined action

of magnetic bremsstrahlung and bremsstrahlung

mechanisms in the corona over a portion of

centers of activity.

Powerful microwave bursts are closely related

to flares, and the x-radiation of the Sun, which in

turn are related to geophysical phenomena

observed practically simultaneously with events

on the Sun (sudden ionospheric disturbances,

and polar blackouts). The polar blackouts are

more closely correlated with microwave bursts

than with type IV bursts; they practically always
follow a microwave burst.

A direct dependence has been established

between the flux of protons recorded after a

fare and the intensity nf microwave bursts in the

range of _.= 3-10 cm; however, this dependence

is at times masked by the propagation conditions

of protons in interplanetary space.

An overall picture of sporadic radio emission

can be represented approximately as: the centers

of activity (flocculi, groups of spots) stimulate

the formation of areas of increased plasma density

in the lower corona, serving as sources of the

slowly changing (S) components, detected pri-

marily in the centimeter waveband. In the higher

layers of the corona, to which the strong magnetic

fields of the spots penetrate, noise storms with

gradual onset and type I bursts are generated in

the meter waveband. During flares, noise storms

arise near active groups of spots that have rapid

onset, reinforcing existing sources of noise

storms. Streams of charged particles apparently

are accelerated, generating type III bursts, which

drift rapidly in frequency as they move t.hrough

the less dense layers of the corona at about l0 s

km/s. Type III bursts are accompanied by x-ray
and microwave bursts in the centimeter band.

A large flare is accompanied by an intensive

microwave burst, the spectrum of which extends

into the decimeter waveband; a type III burst

appears simultaneously in the meter waveband.

Radio emission then continues as type II bursts,

drifting slowly in frequency over the meter

waveband, apparently created by shock waves

574-269 0 - 76 - 5
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in plasma with magnetic fields "frozen in,"
spread from the area of the flare into the corona

at about 103 km/s. An intensive type IV con-

tinuum is immediately emitted by the area of

the bundle of charged particles moving in the

corona. The appearance of the two types of

radiation, either one of them or neither, depends
on the intensity of the field in the bundle and its

velocity. Figure 6 shows an idealized dynamic
spectrum of the sporadic radio emission. The

radio emission of the Sun has been described

[41, 46, 110, 120, 148].

Corpuscular Radiation of the Sun

The corpuscular radiation of the Sun can be

divided into constant, continuous emission of

particles-the solar wind-and sporadic ex-

pulsion of intensive streams of plasma and

charged particles-the corpuscular streams and

solar cosmic rays. This division is arbitrary,

reflecting the time-dependence of these types of
radiation, emphasizing the constant existence

of the solar wind, variations in its velocity and

density never falling below minimum values, of

250 km/s and 0.5 particles/cm 3, respectively, at

the level of the Earth's orbit. The stronger

streams of solar plasma observed sporadically,

i.e., the reinforced streams of the solar wind,

are generally considered separately as solar

corpuscular streams. This concept was intro-

duced to science before the discovery of the

solar wind, to explain various geophysical phe-

nomena which correlated with certain phe-

nomena on the Sun. The solar corpuscular
streams reach velocities of about 1600 km/s at

particle densities up to 100 cm -3. After their

formation, these intense streams move through

the quiet, slow portions of the solar wind, dis-

rupt the stable structure of interplanetary
space, and cause various disturbances (de-

scribed below). The solar wind and corpuscu-

lar streams are the most important components of

solar corpuscular radiation, and determine con-

ditions in interplanetary space. The solar wind,

solar corpuscular streams, and solar cosmic rays
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FIGURE 6.-Idealized dynamic spectrum of sporadic radio radiation from a center of activity.
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will bedescribedin detailin a subsequentsec-
tion,THEINTERPLANETARYMEDIUM.

SolarcorpuscularradiationcausestheSunto
losean averageof a milliontonsof matterper
second,whichcorrespondsto 10-22solarmasses
persecond,assumingsphericalsymmetryofthe
solar wind. The basisfor this assumptionis
experimentaldataproducedby Biermann[17],
whoobservedtypeI comettails.However,other
publisheddata indicatethat the solarwind is
notsphericallysymmetrical[123].

Anothertype of corpuscularradiation,solar
cosmicrays, consistsof high-energycharged
particles(from 30-50 keV/nucleusto several
GeV/nucleus).Recent studies indicate that
everybright chromosphericflare on the Sun
probablygeneratessolarcosmicrays.

Solarcosmicraysareapt toolsfor thestudy
of interplanetaryspace;theyilluminatethesolar
systemand allowdeterminationof variousof
its characteristics.Afterlargesolarflares,great
fluxesof solarcosmicrayssometimesrepresent
a seriousradiationdangerfor spaceflight.

THE INTERPLANETARY MEDIUM

Properties of the interplanetary medium must

be considered during flights in space. The most

important are the characteristics of interplanetary

plasma (solar wind), magnetic field, galactic and

solar cosmic rays, and micrometeorite material.

Another component of the interplanetary medium

is the electromagnetic radiation of the Sun, stars,

and galaxy, which will be briefly analyzed.

The Solar Wind and

the Interplanetary Magnetic Field

The general concept of the existence of solar

corpuscular streams (the solar wind) was based

on many geomagnetic observations, studies of

gaseous tails of comets deflected from the radial

direction away from the Sun, and variations in

galactic cosmic rays [17, 18]. Comets have been

observed in various parts of the sky, indicating

that corpuscular streams fill all of interplanetary
space. The theoretical basis for streams of solar

plasma was adduced by Parker [105, 107], who

showed that the solar corona can provide the

constant presence, in interplanetary space, of

streams of solar plasma moving away from the

Sun at supersonic speeds. The main reason for

the expansion of the corona is its high temperature

(about 10 6 OK).
The first direct observations of the solar wind

were made by the Soviet lunar spacecraft Luna 2

and 3 and Venera 1 interplanetary space station

[60, 64]. According to these data, the flux of the

solar wind was about l0 s cm -z s -_, a result which

was confirmed [21]. The solar wind arrives from

the Sun at a velocity of about 300 km/s [21].
Numerous studies of the parameters of the solar

wind have produced an extensive literature [123].

The coronal plasma distorts the lines of force

of the solar magnetic field during its supersonic

expansion. The conductivity of the plasma is

very high; the magnetic field frozen in the plasma

is carried away by the solar wind, forming the

interplanetary magnetic field. The dynamic

state of the solar wind can be arbitrarily divided

into quiet and perturbed, according to modern

concepts.

The Quiet Solar Wind

This term, the quiet solar wind, relates to the

average dynamic and kinetic characteristics of

the stable flux of solar plasma, without the

influence of individual active processes on the

Sun. The time picture of density, velocity, and

temperature of the solar wind, as well as the

magnetic field for various periods of solar activity,

have been studied [123]. Table 5 presents the

mean macroscopic parameters of the solar plasma

under quiet conditions and with strong perturba-
tions at a distance of 1 AU from the Sun.

The chemical composition is an important
characteristic of the solar wind. The solar corona

chemical composition determined by spectro-

scopic measurements, includes protons (90%),

helium nuclei (- 9%) and heavier ions (160, 14N,
5SFe) in quantities of less than 1%. Observations

of the chemical composition of the interplanetary

plasma are quite preliminary. Measurement of

charge composition, using electrostatic analysis

and selection of velocities, shows that protons

and helium nuclei are recorded with good
resolution (Fig. 7 [11]). The mean ratio of helium

to hydrogen for 1962-1967 was about 4.5%,
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fluctuating between 1.5% and 5%. The ions of
oxygen, nitrogen, and carbon, i.e., elements with
identical mass-to-charge ratio, cannot be differ-

entiated by this method. In a very quiet, un-
perturbed solar wind with low temperature (less
than 104 °K), individual peaks of 3He can be
resolved, as well as singly or doubly ionized atoms

of nitrogen, oxygen, and carbon. Stronger
perturbations, such as shock waves from chro-
mospheric flares, frequently increase the content

of helium in the interplanetary medium, at times
raising it to 20%.

Interplanetary Magnetic Fields

Measurements of the interplanetary magnetic
fields have led to determination of the mean

unperturbed picture of the magnetic field in
space and its distortions during various types of
solar activity [28, 29, 97, 99, 101].

TABLE 5.- Mean Macroscopic Parameters of the Solar Plasma

Parameters of solar wind

and magnetic field

Velocity, solar wind, km/s

Density, solar wind, cm 3

Mean temperature, ions, °K
Mean temperature electrons, °K
Magnetic field intensity, gammas

Quiet
conditions

at 1 AU

With strong

perturbations

at 1 AU

320-400

8-10

104

105

5

to 1600

to 100

to 5 • 104
to 5 • 105

to 50

Dependence on
distance from Sun

weak

_/- 2

weak

weak

Hr_r 2

H_ _ r -_

10 s

16
I

t-

(D
>

t-

O
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FIGURE 7.-- Charge composition of the solar wind, determined October 8, 1965, by the Vela-2A satellite.

Arrows indicate peaks of ions of each type. Oxygen, helium, and carbon ions with identical mass

to charge ratio are not separated.

2O



l)tl "lt'A! _'HAI_At"TI_12I_TI/_ OF INTI_RPl AN_VTARY q, PACI_, ,,YS ................................................. 49

The coronal plasma, during supersonic ex-

pansion extends the lines of force of the solar

magnetic field due to its high conductivity. At

the orbit of the Earth, the energy density of the

interplanetary field is much less (about 1%)

than the kinetic energy density of the solar wind.

The geometry of the unperturbed interplanetary

magnetic field is reminiscent of an Archimedes

spiral. Radio fading and radio transmission
studies have shown that at 15-20 Sun radii, the

magnetic field has an energy density much less

than the kinetic energy density of the plasma,

and its direction is almost radial, Le., even at

these distances the interplanetary field is de-

termined by the dynamics of the solar plasma
flOW.

The radial and tangential magnetic field

components Hr and H_ are defined from the con-

dition of conservation of magnetic flux consider-
;n,, th,_ rotation ,ff the Sun:

H_=Hror°n(r°]sinO
Ur \r/

(2)

7-d time of passage of one sector near the Earth.
Recent measurements have shown the sectorial

structure to be defined by the number of areas

on the Sun's surface in which the magnetic

field is of the same sign; the number of sectors

may change. The sectorial structure is only a

large-scale picture of the interplanetary field.

Variations in velocity of the solar wind tend to

wash out the precise boundaries of a sector.

The data of IMP-1 (December 1963-February

1964), indicate a certain structure within the

limits of each sector (Fig. 9 [97]). The plasma

density is maximal near the leading (western)

boundary, and inversely correlates with velocity,

so that generally, the flux of the solar plasma is

conserved. The magnetic field reaches its maxi-

mum during the second day, but does not totally
vanish even at the boundaries. Since these

observations are true for the orbit of the Earth,

the measured parameters may differ significantly

from corresponding parameters near the Sun.

Figure 10 shows a model of the development of

a sectorial boundary based on the pictures of the

lines of force in the corona [115]. At the boundary

of a bipolar area, the magnetic field prevents

acceleration of the plasma. As distance from the

r0 is the minimum distance, at which the velocity

of the plasma is supersonic; ur is the supersonic

radial velocity of the wind; 1_ is the angular speed

of rotation of the Sun; 0 is the angle between the
line of force and the radial direction.

The angle between a line of force and the radial

direction at the orbit of the Earth, O=arctan

rll/ur. For r=l AU and u_=400 km/s, angle

0 = 47 ° (_ = 2.9 • 10 -6 rad/s). At distances of less

than 1 AU, the field is primarily radial; at the orbit

of Jupiter, the field is basically tangential.

Sectorial structure. During low solar activity,

a sectorial structure to the interplanetary field

(Fig. 8) is formed by elongated areas in which the

interplanetary field is regular either from the

Sun or to the Sun. These, sectors, with an ap-

pearance related to the large active local magnetic

areas in the photosphere, where there are large
areas of directed field, rotate at a rate determined

by the rotation rate of the Sun around its axis.

The sectors differ in size, averaging 100 ° in the

plane of the ecliptic, and correspond to a 6- to

e .°• °°•'°•

•i! !x
x
x

t-. !
-.< i

• •. _ ]

_ _ .

.. _

FIGURE 8.-Schematic of seetorial structure of the inter-
planetary magnetic field during periods of low solar
activity.
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boundaryincreases,thefieldcannolongerhold
the plasma.Since the dimensionsof bipolar
areasrepresenta smallfractionof thetotalarea
of the solardisk,the magneticfieldsprobably
canonlyformstreamswithdifferentacceleration
in theoverallquasi-radialflowof thesolarwind.
In regardtothedistributionofthefluxparameters
within a sector,the densitymaximumnearthe
sectorboundarymightbecreatedwhena rapid
stream(about500kin/s)catchesupwithaslower
stream(about300kin/s).

At distances> 5 AU,thesectorialformations
andinteractionofstreamswithdifferentvelocities
apparentlyform large-scalemagnetichetero-
geneitieswithdimensionsof 1 AU andgreater.

Informationonthedynamicsofthesefluctuations
in thefield canbeproducedby analyzinglong-
periodvariations(suchasthell-yearvariations)
in galacticcosmicrays in the energyarea
Ev _ 10 _ eV. Measurements of spectral density of

the fluctuations in the magnetic field at distances

of _< 2 AU show a very low-frequency branch of

the spectrum (f_ 10-_s-l), which may indicate

the presence of large-scale field variations

(L > 1 AU).

Perturbations in the Solar Wind

In this case, unstable behavior of the inter-

planetary plasma is observed; various types of
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magnetohydrodynamic perturbations such as

hydromagnetic waves, nonspherical rapid jet

flows, fast streams of plasma from chromospheric

flares, and so forth, propagate with the super-
sonic stream from the wind. In these cases, the

rapid development of solar activity such as

chromospheric flares, the actions of individual

active areas, and jet flows in the corona is

predominant.

Such concepts as the corpuscular flow no

doubt relate to the perturbed solar wind. The

term "corpuscular flow" arose before discovery

of the solar wind and has come to mean a strong

flow of plasma, moving in the solar wind after

bursts or as a recurrent phenomenon.

The section of reinforced solar wind or corpus-

cular flow is distinguished by the slightly greater

velocity or density of the plasma and the increased

magnetic field. An increase in the velocity and

density of the plasma leads to reinforcement of

the effects of the solar wind on the magneto-

sphere of the Earth, whereas the strengthened

magnetic field slightly decreases and modulates

the flux of galactic cosmic rays in those areas in

space experiencing corpuscular flows. The

clearest manifestation of unstable perturbations

in the solar wind are shock waves, which will be
described in more detail.

Slow flow,
Medium velocity wind

solar wind

j,'

Sector

boundary

West

Fast solar

wind

/

/"

East

FIGURE 10.-- Possible conditions for development of sectorial
structure of interplanetary field in the corona. Dashed lines
show isothermal surfaces. Solid curves with arrows show
lines of force of the coronal magnetic field.

Shock Waves in Interplanetary Space

The stable state of the supersonic flow of the

solar wind is disrupted during strong eruptions

of the coronal plasma, which result from chromo-

spheric flares on the Sun. Sharp expansion of

the plasma in a flare region leads to formation of

shock waves, usually having velocities of 1000

km/s, indicated by the type II radio radiation

observed. The shock waves in interplanetary

space propagate through the stable solar wind.
Shock waves at distances of 0.7-1.5 AU from the

Sun are now firmly established; they have sudden

changes in macroscopic and kinetic parameters

of the plasma, energetic particles, and deep

modulation of the galactic cosmic rays, called
Forbush effects.

The shock wave is characterized by the move-

ment of matter through the discontinuity (wave

front); the pressure is discontinuous, while all

the laws of conservation of mass, momentum, and

energy are observed. The density, velocity, and

temperature behind the leading edge of the wave

are greater than before the leading edge in the

unperturbed area of the plasma. Analyses of the

plasma parameters and measurement of low-

energy solar protons penetrating the inter-

planetary magnetic field over the past ll-year

cycle have shown that near 1 AU, the inter-

planetary shock waves can be characterized by

values of relative velocity Uwa_ve-Uwi,o of 50 to

200-300 km/s, and by doubling of the density,

temperature, and the magnetic field intensity

of the plasma across the wave front (see Fig.

ll-a,b) [70]. There are discussions in the

literature of two physical concepts of shock
waves.

One concept, based on the possibility of un-

ambiguous identification of cosmic phenomena

(plasmas, fields, and increasing intensity of
cosmic rays of solar origin) with events on the

Sun (flares), assumes that a flare generates a
strong shock wave (velocity 1000-3000 km/s in

the corona) which, as it propagates, undergoes

significant deceleration, so that at the Earth's

orbit, waves of weak or moderate intensity are

measured (with Mach No. 2-3). The area of space

containing the shock wave is a trap for solar

protons with energies of <_ 30 MeV, which are

recorded simultaneously with arrival of the shock
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wave. Processing of experimental observations
based on these assumptions shows that the
velocity of the shock wave decreases very rapidly

(_ r 3), which means that some strong dissipative
mechanism must be present. In this case, it is
assumed that the shock waves are spherically
symmetrical and propagate radially from the Sun.

The other concept [71] assumes that shock
waves in interplanetary space usually have
moderate intensity, do not decelerate significantly
during propagation from the Sun to the Earth's

orbit and cannot be identified precisely with
events on the Sun. In other words, the shock

waves observed near 1 AU may be generated
either on the Sun (perhaps by several weak
flares) or in interplanetary space at distances of
20-100 R , as a result of the action of plasma

fluxes ejected from the corona. This concept is
based partially on experimental estimates of the
energy of flares from optical observations,
measurements of radio and x-ray radiation, which
determine the total energy of grade 2B-4B flares
as around 2" 1031-5 • 1032 erg, and partially on
results of gas dynamic studies of various flow
modes of unstable gas streams in a medium, the
density of which decreases as r -2.

T x 104, OK 5
0 i

20Io Id, cm -3 10
0 t

Flow i_ 'direction,

deg I
40O

U, km/s 350
3O0

Hz

I o_o I I I

_o°0 ° cbo o

I I I I

I I I I

_o oooo
I4° I i t

o °o
I I I I

, ,_ o, , ,
I I I I I

I I I I I i
&

0 !"04.00 08.00

[ I l

I I I

I I v

%

I t i

I I t

I I I j

I 1 I

'L,
12.00 UT

Many researchers have found that solar flares
only indicate active regions on the Sun, some of
which are responsible for geomagnetic activity.

Geomagnetic perturbations should not always be
related to shock waves propagating through the
solar wind, frequently, they result from passage
of a sectorial boundary contact surface in the
interplanetary magnetic field.

Contemporary experimental and theoretical

ideas on plasma phenomena in the interplanetary
medium do not allow preference for either con-
cept. Physical interpretations have not yet gone
beyond the level of working hypotheses, but a
number of important qualitative conclusions may
be drawn and quantitative estimates made. The
conditions of propagation of collision-free shock
waves in interplanetary space are largely de-

termined by the dynamics of the coronal plasma
during a flare and status of the solar wind plasma
before a flare. Optical observations and measure-
ments of x-ray and radio radiation from the Sun
indicate that the nature of a flare plasma flow
may vary quite widely, and result in a highly
complex process of shock wave generation in
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FIGURE ll.-Changes in temperature, density, direction, and veh)city of solar wind protons: (a) for

October 4-5, 1965, according to measurements of Vela-3B satellite: {b) for January 19-20, 1966,

according to observations of Vela-3A satellite. Bottom graphs show sudden change in horizontal

component of terrestrial magnetic field Hz, indicating sudden onset of magnetic storm. Direction 0°

corresponds to radial flow from the Sun. Typical measurement errors are indicated.
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the solar wind. Combined study of perturbations

in the interplanetary medium following powerful

flares (about 3B) permits sketching the dynamics

of plasma flow at the Earth's orbit in many cases.

The event of February 15, 1967, was related to

a grade 4B flare with coordinates 20 ° N, 10° W,

which nccurred on February 13. On February 15,

the Earth satellites Vela 3A and Explorer 33

simultaneously recorded the first jump in plasma

parameters and field intensity, which was in-

terpreted as arrival of the leading edge of the

shock wave (see Fig. 12). The geometric position

of the satellites and the simultaneity _f recording
the shock wave showed that the direction of

propagation of the leading edge of the wave

(normal to the leading edge) made an angle of

about 60 ° with the plane of the ecliptic. Measure-

ments of the interplanetary field and recording

the sudden beginning of the geomagnetic per-

turbation (SC) by surface geomagnetic stations

permitted measurement of the mean direction

of the normal to the leading edge of the shock

wave. This also indicated an an_le of about

660 -

FIGURE 12.-Perturbations in the interplanetary medium
following a chromospheric flare. U, velocity of solar wind;
H, intensity of interplanetary magnetic field; c_/P, percent
content of helium in the solar wind in relation to hydrogen.

500-70 ° , forcing the assumption that the plasma

flow following the flare was not spherical.

Measurements of the velocity, density, and

magnetic field on February 15 and 16 (see Fig. 12)

showed that the shock wave was pushed by the

expanding coronal plasma. The "pusher" or, as

it is more commonly called in gas dynamics, the

"piston," was recorded about 9 h after passage

of the leading edge of the wave and was saturated

with helium. The plasma analyzers of Vela 3A
showed a fivefold increase in content of c_-

particles [70]. Measurements of the structure of

the interp!an_tary field by Explorer 33 showed

that between the leading edge of the shock wave

and the leading edge of the helium layer there

was a tangential discontinuity. These important

experimental facts have been noted by other

researchers, who found that the shock wave is

frequently accompanied by several tangential

discontinuities and a three- to fivefold change in

the relative content of helium to hydrogen. This
increase in the content of helium in the inter-

planetary plasma has been observed repeatedly,

but no single theoretical interpretation of it has

been developed.

Based on analysis of parameters of solar proton

plasma and fluxes during 1965-1970, data on

shock waves in the interplanetary medium can be
summarized:

flares on the Sun can be precisely identified

with shock waves in interplanetary space

in some cases;

shock waves generally propagate with Mach

numbers 2-5, while the density, tempera-

ture, and magnetic field in the shock wave

usually double in comparison with the

unperturbed status of the interplanetary
medium;

the shock wave is often pushed by a "piston"

of dense plasma, rich in helium;

plasma flows in which the propagation of

shock waves is not spherically symmetrical

have been observed;

the plasma area between the leading edge

of the shock wave and the leading edge

of the helium piston generally contains

one or more tangential discontinuities, and

rotary discontinuities may develop;

aspherical shock waves are frequently
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interpreted as propagation of a spherical

wave with a displaced center.

Galactic Cosmic Rays

Galactic cosmic rays, the most energetic

component of corpuscular flow in interplanetary

space, consist of nuclei of chemical elements,

primarily hydrogen, of very high energies.

Galactic cosmic rays (except the neutrino)

exceed all other types of radiation in penetrating

capacity. The mean energy of the primary parti-

cles observed near the Earth is about 10 l° eV;

the energy of some individual particles may reach

102o eV and higher. The energy spectrum of

galactic protons at energies over 104 MeV can be

represented as:

dN
-2.14" 109E -2"7 (m -2 "s -1 "sr -t "MeV -t) (3)

dE

where E is expressed in MeV.

For lower energies, the flux of the particles

depends on solar activity: at the maximum and

minimum of solar activity, the total flux of 106

galactic cosmic rays with energies E > 30 MeV
(nucleon is about 2000 m -2 s -1 sr -1 and 6000 10s

m-Z" s- 1. sr- 1 respectively). 104
The chemical composition of galactic cosmic

rays in the high-energy area is sufficiently known 103

(see Table 6). The flux of nuclei represented in r
Table 6 relates to particles with energies > 102

E > 2.5" 103 MeV/nucleon. 10
The chemical composition of primary cosmic r

rays differs slightly from the composition of r 1
elements in the Earth's crust, meteorites, solar

E 10-1
atmosphere, and atmosphere of certain stars,

x"
= 10-2

TABLE 6.--Flux of Nuclei rr

Mean

Nuclei, groups Sym- Charge number,
bnl nucleons/

nucleus

Proton P 9 1

Helium nuclei a 2 4

Light L 3-5 l0

Medium M 6-9 14

Heavy H 10-19 30

Very heavy VH 20-28 48

Flux of i Percent

particles total

m -2" s-1 • sr 1 flux

1500 _ 94

90 5.5

2

5.6

1.9 0.6

0.7

which is known from spectroscopic analysis.

Cosmic rays are characterized by relatively

lower content of hydrogen and helium, and

predominance of the heavier elements, particu-

larly noticeable in the area of light nuclei (Li,

Be, B group), where the difference reaches

several orders of magnitude. This doubtless
reflects the nature of the sources of cosmic rays,

mechanism of their acceleration, and status of

interstellar space, which the cosmic rays pene-

trate on their path to the Earth. It serves as a

serious argument in favor of the theory of the

origin of cosmic rays and their subsequent

fragmentation upon collision with nuclei of inter-
stellar material. In addition to the nuclei of the

chemical elements, the galactic cosmic rays

contain a slight flux of electrons and gamma

quanta.
The energy spectra of various particles

observed in interplanetary space at a distance of

1 AU from the Sun are shown in Figure 13. As

distance from the Sun increases, the flux of

10-z

10-4

lO-S

10-2 10-1 1 10 102 103 104 10s 106

Kinetic energy, MeV

FIGURE 13. --Idealized spectrum of galactic protons, electrons,

and T-rays.
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galactic cosmic rays can only increase, because
the magnetic fields in the solar system, carried"

away from the Sun by the solar wind, prevent

penetration of cosmic rays into the inner areas

of the solar system. This same mechanism, the

modulation mechanism, causes the difference in

fluxes of particles in different phases of the

solar activity cycle. Increased flux of cosmic rays
cannot continue without limit. At some distance

from the Sun, the solar wind density or inter-

planetary magnetic field intensity will no longer

exceed the corresponding parameters of inter-

stellar space and at these distances, modulation

of galactic cosmic rays will cease. The area of

modulation of galactic cosmic rays is estimated to

be about 10-30 AU.

The differential energy spectra of charged

particles have a minimum in the area of 30-60

MeV (Fig. 14). It is assumed at present that

particles with energies less than 30-60 MeV are

of solar origin, i.e., can be considered solar

cosmic rays. Experimental and theoretical aspects

of galactic cosmic rays have been widely studied

[45, 55, 94, 117, 118, 141].

Solar Cosmic Rays,

Definition and Classification

The Sun is a source of corpuscular radiation

over a broad range of energies. Solar cosmic rays

form the high-energy portion of the Sun's

corpuscular radiation. Fluxes of protons and
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FIGURE 14.--Typical increase in flux of solar cosmic rays
observed immediately after a major chromospheric flare.

electrons observed in interplanetary space, with

energies of tens of keV to several hundred MeV,

and originating in various forms of solar activity
will be discussed here.

The study of high-energy particles generated

by the Sun began in 1942. Until early 1957, only

five events were studied when high-energy

particles reached the Earth. Since then, experi-

ments performed at high altitudes using balloons,

satellites, and rockets, and observations with

rheometers, have shown that fluxes of solar

protons with energies of 100-300 MeV appear in

the area of the Earth approximately once a month

during the time near the solar maximum. Since

1964, practically continuous (monitor) observa-

tions using Earth satellites and spacecraft have

been made outside the terrestrial magnetosphere.

During this time, the energy threshold of record-

ing protons has been significantly reduced to a
few hundred keV and the installation of low- and

medium-energy electron detectors on space-

craft began. Experiments beginning in 1967 have

shown that electrons with energies from 10 keV

to several MeV and protons with energies of

tens of keV to several hundred MeV are generated

by the Sun during flares [134].

Fluxes of charged particles observed in inter-

planetary space at about 1 AU from the Sun can

be divided arbitrarily, according to their relation-

ship to various forms of solar activity, into these

groups.

. Increases in protons with energies up to

several hundred MeV and high-energy

electrons with energies up to 10 MeV,

immediately follow large (class 1B and

higher) solar flares. These show a rapid

increase in the intensity of particles, and

arrival of the particles from the Sun at

the point of measurement according

to their velocity, i.e., the more energetic

particles appear before less energetic

particles. At the maximum of large flares,

the intensity of the proton flux with

energy Ep> 1 MeV reaches values of

about 105 particles/cm2"s. The drop of

these streams usually shows a charac-

teristic exponential shape with a time
constant • of about 10-30 h.
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2. Anincreasein low-energyelectronswith
energiesof 10to severalhundredkeVis
generallyobservedfollowingsmallflares.
Theseincreasesdifferfromincreasesin
group1 and thereforeare considered
separately.

3. Long-livedstreamsof protonsandelec-
trons of low and moderateenergies,
apparentlyform after largeflaresand
rotatewiththeSun.Thesestreams,when
observedbyspacecraft,havearelatively
smoothrise and fall; the durationof
recordingthesestreams(characterizing
their angularwidth in the planeof the
ecliptic)is 6-30h.Somestreams,particu-
larlyduringminimumsolaractivity,may
existforseveralsolarrevolutions,andare
calledrecurrentstreams.

4. Streamsof protonsand electronsare
observednearthe Earthsimultaneously
withshockwavesfromlargesolarflares.
Thepassageoftheseparticleshasnotyet
beendefinitelyestablished.It is possible
thattheseparticlesmovewith theshock
wavefromtheSunin a trap,or areac-
celeratedin theshockwaveitself as it
movesthroughinterplanetaryspaceor,
if theyexistforsometime,aretransferred
by the shockwavewith tubesof force
linesto the pointof observation.Since
it hasbeenassumedin somestudiesthat
theseparticlesare acceleratedbehind
the leadingedgeof the shockwave
(causinga magneticstormontheEarth),
the electronsand protonsin these
streams,inearlierworks,werefrequently
called"energeticstormparticles."

5. A minimalbackgroundflow of protons
withenergyEp < 20 MeV and, possibly,
electrons with energy Ee< 3 MeV, not

directly related to flares, change slowly

with changes in the overall level of solar

activity.

Properties of Solar Cosmic Ray Events

During Large Flares

Large flares characteristically occupy a vast

area of the Sun's surface and are observed in the

Ha line for long periods (about 2 h). These flares

are accompanied by intensive x-ray and complex

microwave bursts, frequently followed by type II
and IV radio radiation.

During a solar flare, particles are ejected from

the Sun, which, at a distance of 1 AU, is observed

as a time change in the flux, with a rapid increase

to its maximum value and a slow, exponential

drop. The development of events in time for these

situations is shown in Figure 14.

The maximum fluxes of particles, for example

protons with energies > 1 MeV, recorded in

interplanetary space following large solar flares,

reach 105 particles • cm -2" s -_" sr -_. These fluxes

are observed rarely and only after the largest

flares. The fluxes of protons usually observed are

102-103 particles, sm -2. s -1 • sr -_. The number

of events recorded increases with decreasing

intensity.

Electrons from flares with energies of 10 to

several hundred keV were first observed, 1965-

1966, in interplanetary space. Streams of elec-

trons with energies of 40 keV _< Ee <_ 300 keV, re-

corded in mixed electron-proton events, act

differently from protons and relativistic electrons.

The properties of streams of low-energy electrons

will be considered in detail separately; this

section deals with the properties of streams of

protons and electrons with energies at E > 1 MeV.

In spite of the serious interest in solar cosmic

rays, detailed study of the chemical composition

has been performed with photographic plates

launched on rockets for only four flares. The

flare of November 12, 1960, was most thoroughly

studied, during which several research rockets

were launched and hardness spectra were pro-

duced for protons, helium nuclei, and nuclei with

charge 6 _<Z <_ 9. The spectra are in Figures 15

and 16 [19]. Within limits of accuracy, all three

groups of nuclei have identical dependence on
hardness. The ratio of fluxes of helium nuclei

and nuclei of group "M" (6 _<Z _< 9) remained

constant during measurement, whereas the

relative flux of protons changes, which is evident

from comparison of the scales of Figures 15
and 16.

During the flare of July 18, 1961, an upper limit

of the ratio of fluxes of "L" nuclei (3 _< Z _<5) to

"M" nuclei of 0.07 was produced. The relation-
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ship between the flux of helium nuclei and that of

group "M" nuclei remained the same as in the

flare of November 12, 1960. The mean ratio of

these fluxes for all measurements was 62_+7.

Figure 17 shows the charge spectrum of solar

cosmic rays [20]. The relationship of fluxes of

nuclei of oxygen and carbon differs from this

ratio in primary cosmic rays and agrees well with

the composition of the photosphere of the Sun.

Increases in Fluxes of Particles

Near the Earth, an increase in intensity of

solar cosmic rays is most frequently recorded

following flares near longitudes of 60 ° W. These

longitudes serve as the sole origin for the lines

of force of the interplanetary magnetic field
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FIGURE 15. - Hardness spectrum of solar protons, helium
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flare of November 12, 1960, at 18:40 UT [19].
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passing by the Earth at the mean velocity of the
solar wind u _ 400 km "s. However, this does not

mean that particles generated in flares outside

of these longitudes are not recorded near the

Earth. The increases caused by eastern and

western flares, as well as flares at higher latitudes

greater than 15-20 ° are also observed near the

Earth. The rise front in these events is usually

less steep (t _ 5-10 h) than for increases pro-

duced by flares at low latitudes of the Sun and

at longitudes of 50°-60 ° W.

Solar Flares with

Various Levels of Activity

Solar particles in interplanetary space depend

directly on the activity of the Sun. During years

near the minimum solar activity, large flares are

rare; likewise, generation of cosmic rays. Space-

craft flying during 1964-1965 often did not record

a single event for months.

The statistics of proton (Ep > 15 MeV) in-

creases measured at the beginning of the 20th

cycle of solar activity by the IMP series satellites

are shown in Figure 18 [83]; the number increased

sharply in 1966-1967. High-energy electrons

appear more frequently in interplanetary space
during years near the maximum of solar activity.

For observations in near-Earth orbits, the time

required to reach the maximum is usually a half

to several hours following the beginning of a

flare, indicating the mean distance traveled by
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FIGURE 18.-Number of proton increases Ev > 15 MeV
recorded by IMP satellites as a function of mean number
of sunspots ...... number of sunspots; -- -proton
events.

most particles is greater than 1 AU. This is par-

ticularly noticeable in a flare at the base of force

lines of the interplanetary magnetic field not

connected with the Earth, for example in the

far western and eastern longitudes, or the far

southern or northern latitudes.

Figure 19 shows the dependence of observed

particle fluxes in various energy intervals on the

path traveled by these particles for the flares of

July 7, 1966 (a) [83], February 25, 1969 (b) [13], and

September 28, 1961 (c) [141]. These figures show

that the points for protons of various energies and
relativistic electrons, within the limits of measure-

ment error, fall on the same curve. This agree-

ment indicates that protons and relativistic elec-

trons travel the same path from the moment of

acceleration to the moment of recording. The

mean length of this path, determined on the basis

of the maximum of the increase, is near 8-10 AU.

A curve for low-energy electrons is shown in

Figure 20. These electrons arrive at the point of

observation before the protons and relativisitic

electrons, which is characteristic for such mixed

electron-proton events. The intensity of the fluxes

of protons and electrons in impulse events

decreases with time according to an exponential

rule with I"0 _0.5-1.5 d. This rule is well ful-
filled for times of 5-6 _'.

Energy Spectra of Solar Particles

Measurements of the energy spectra of solar

cosmic rays performed in the stratosphere and

by remote satellites have shown that the energy
d
_- spectra of solar protons can be described by an

exponential function of the form N(>/E) =AE-_
_- for a broad range of energies (from several MeV

to several hundred MeV), where N(/> E) is the

t- number of particles with energies higher than E,

while A and T are constants for a specific flare.E

For various flares, the values of A change over
o several orders of magnitude; the exponent T has

a range of about 1-5, and is most frequently
3 or4.

Detailed measurements of the energy spectra
are rare, and have been performed by different

methods and in different energy intervals. Several

examples of energy spectra for various increases

in solar cosmic rays are presented below. Figure
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20a shows the differential spectrum of protons for

the flare of February 25, 1969 [13]. This event has

been carefully studied over a broad energy inter-
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val. The spectrum presented was produced 14 h

after the beginning of the event; its index over a

broad energy interval is y = 2.7.

Figure 20b [35] shows a spectrum of electrons

for the same flare, which also follows the rule

E-L where T - 3-4 as shown in Figure 20b. The

index of the integral spectrum of relativistic

electrons for most events is T _ 4. Figure 21 [25]

shows energy spectra of solar protons for the

flares of September 28, 1961, and October 29,

1962, extrapolated in time to the moment of the

flare, i.e., the energy spectra formed in the process
of acceleration.

The spectra both of protons and of energetic
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FIGURE I9.--Intensity of particle flux (normalized at maximum) as a function of path traveled by

particles of various energies. Path defined as produce of particle velocity by time elapsed between

moment of injection and moment of recording.

(a) for protons and electrons of various energies from flare of July 7,1966 [83]: ©,/> 45 keV electrons,

with /3_0.4;_, 3+12 MeV electrons, /3_0.99; Q, 19+45 MeV protons, /3-0.20+0.30;

@, 16+38 MeV protons,/3=0.18+0.28;

(b) fiw protons of various energies in flare of February25, 1969 [71]: Q, 30 MeV; O, 45 MeV; A, 67

MeV; C), 98 MeV; I/, 160 MeV; [_, 282 MeV;

It) fi_r protons of various energies in flare of September28, 1961 [140]: V, 2.2 MeV; O, 3.8 MeV;

_,5.7 MeV;O,7.9 MeV;®, 14.5 MeV;@,87 MeV;--, 135MeV; I ,175MeV; A,230MeV;

295 MeV.

1000
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electrons, measured some time (about 20-30 h)

after the flare, apparently have the same form

with T _3, regardless of the magnitude of the

flare. When solar cosmic rays are observed

simultaneously with the arrival of a shock wave,

the energy spectra are greatly softened (Fig.

22 [34]).

Anisotropy of streams. Considerable experi-
mental material has been accumulated on the

angular distribution of streams of protons and of

low-energy electrons. Measurements have not

been made of the angular distributions of high

energy electrons. If the angular distribution of

particles is expressed as
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F(O) =a+b sin (e+_b), (4)

then the quantity.4 = a/b defines the anisotropy

of the stream, while angle 6 is the anisotropy

direction. With more complex angular distribu-

tion, the stream may have more than one maxi-

mum, and there may be so-called bidirectional

anisotropy. If the measurements are performed

in two directions, for example, "toward the Sun"

and "from the Sun," the anisotropy is

.4 _ n+ -- n_ (5)
n++n_

where n+ is the flux from the Sun; n_ is the flux

toward the Sun. Simultaneous measurements of

the flux of particles and the direction of the inter-

planetary magnetic field have shown that there

is a strong correlation between the direction

of the angular distribution maximum and the

direction of the magnetic field at the point of

observation (Fig. 23 [87]). Simultaneous measure-

ments of the anisotropy of streams of protons and
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FIGURE20.-Energy spectra of solar cosmic rays for flare of February 25, 1969.
(a) according to [13]; (b) according to [35]
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low-energy electrons in mixed proton-electron
events have shown that the directions of maxi-

mum arrival of protons and electrons coincide.

Figure 24 shows an example of such correlation

between streams of electrons and protons [104].

The amplitude of anisotropy for low-energy

protons and for low-energy electrons in mixed

proton-electron events reaches 70%-80%. For
events related to eastern flares and far western

flares, with a slower rise front (_" _ 10 hours), the

anisotropy is slightly less, A _ 30%-50%. The

amplitude of anisotropy decreases, after reaching

the maximum of intensity, although the maximum
of the flux remains directed toward the field.

The time course of intensity of tones with
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FIGURE 2l.--Differential energy spectra of protons extrapo-

lated to moment of flare [25].

E=7.5-45.0 MeV is presented in Figure 25 [90]
for the flare of November 18, 1968, which was near

the western limb of the Sun 18 ° N, 84 ° W, at

10 h 30 min UT, and was accompanied by types

II and IV radio bursts. Figure 26 [104] shows a

vector diagram for changes in anisotropy of

protons of 0.7-7.6 MeV in the time following a

flare'. During the initial period T< 2 d, during

the phases of increase and decrease, the anisot-

ropy reaches 50% (western flare). The direction

of the anisotropy is near the mean direction of the

interplanetary magnetic field. The value of anisot-

ropy is related to the energy of particles so that

A is greater for particles with lower velocity.

During later stages of an event, for times

1-2 < T < 4 d, when the flux of particles is not

great, there is also some anisotropy of protons,

with a value directly proportional to the velocity

of the solar wind, u, and inversely proportional

to the velocity of the particles, v. This anisotropy,

as shown below, is caused by transport of

particles from the space near the Sun by the solar

wind and is called "equilibrium" anisotropy, the

area of which is directed radially from the Sun.
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FIGURE 22.--Mean integral spectra of solar protons for

energies over 100 MeV during magnetically quiet periods

(dastled line) and during magnetic storms (solid line) [34J.
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In the last phase, decreasing flux of solar

protons for T>4 d, the anisotropy becomes

eastern making an angle of 45 ° from the Sun-

spacecraft line with a value of anisotropy .4
5-10%. Equilibrium anisotropy in this late

period is also inversely proportional to the veloc-

ity of the particles•

Increases in Fluxes

of Low-Energy Electrons

Electrons with energies of 10-100 keV are

the most common and most frequently en-

countered types of particle emitted by the Sun

during mild and moderate flares. During the 20th

solar cycle, from 1964 to mid-1970, about 230

T
to Sun

20.00
UT

19.00
UT

UT

UT

18.00 UT Pioneer 6

FIGURE 23.--Direction of interplanetary magnetic field in the
plane of the ecliptic (azimuth) and anisotropy of cosmic
rays during period 16:00-20:00 UT, December 30, 1965
[871.

O-----Oazimuth of field lines;
direction of anisotropy of cosmic rays.

such events were recorded by spacecraft near

the Earth. The properties of electrons emitted

by small solar flares are:

1. Streams of electrons can almost always

be correlated to an optical flare, which

may have small areas, but are bright in

the Ha line.

2. The intensity of streams of electrons
observed near the Earth after individ-

ual flares may reach about 104 parti-

cles. cm -_. s -1 • sr -1 for energies

Ee>40 keV. In most cases, fluxes of

10-1000 particles cm-2-s-l'sr -1 were
recorded at the maximum of each event

[83]. The electrons are not usually

accompanied by significant streams of

protons. The energy spectra of solar

electrons in interplanetary space in

most cases can be represented in expo-
nential form:

N (E) dE=K'E -_ dE (6)

where "y _ 3 in the interval of energies of

20-45 keV; over 100-200 keV the spec-

trum falls very rapidly (T>_ 5). This
means that particles with energies of

over 200-300 keV are not present in these

streams.

3. The delay of arrival of electrons to the

90 °
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FIGURE 24.-Correlation between direction of arrival of
streams of protons and electrons in mixed electron-proton
events [1041.
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.

Earth in relationship to the burst of x-rays

usually is 15-60 rain. The rise time to

the maximum is much briefer than the

rise time of the flux of protons following

large flares (usually 5-50 min). The

drop in intensity has a dual nature. In

some cases, an exponential decrease in

intensity is noted from the maximum at

-= 12 h [83]. In other cases, there is a

rapid drop with _"on the order of the rise

time, followed by a much slower drop in

intensity as soon as it has reached 10%

of its maximum value.

When the active area moves across the

solar disk, electrons from this area

reach the Earth only when the area falls

within a certain interval of helio-

longitudes. Statistical analysis of the

electron increases leads to the conclusion

that most of the electrons rccorded at the

Earth are produced by flares located

60°--30 ° W solar longitude (see Fig. 27

[83]). These conclusions lead to the con-

cept of "cones of propagation," with a

width of 300-90 ° , within which low-energy
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F[CURE 25.--Time behavior of flux of protons with energies

Eu=7.5-45 MeV [90J.
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.

electrons propagate in interplanetary

space (Fig. 28 [83]). If this is true and the

electrons are emitted only in the "cone of

propagation," only a portion of all the

electron events generated on the Sun can

be recorded on the Earth.

The anisotropy of streams of electrons

has recently been measured. The initial

anisotropy is great and directed along the

interplanetary magnetic field, after which

it falls much lower than the anisot-

ropy of proton events, reaching an equilib-

rium value of about 2.5%. This indicates

Explorer 34

18 UT
19.Xl
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20. IX

To Sun 11/18/1968

Epi.7--7.6 MeV

Nonequilibrium

anisotropy
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20. Xl

Satellite intersects magnetosphere
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21.Xl 1 radial phase ]r
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22.Xl
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(Perpendicular
direction of

magnetic field
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Xl, eastern phase IT
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FIGURE 26.--Vector diagram of change in direction of

anisotropy with time for flare of November 18, 1968.

Anisotropy in initial nonequilibrium phase of event (1-2 d)

directed along lines of force of field and value near 50%.

Vector diagram construction: each vector represents the

mean for a certain interval of anisotropy. The length of each

vector corresponds to the amplitude of anisotropy, the

direction-to the direction of the maximum flux of particles

in the plane of the ecliptic [104].
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that the nonequilibrium anisotropy exists
for a long time during the phase of

decreasing electron flux. The question

of anisotropy is still far from answered

and requires many more experiments.

Solar Particles Localized in Space

Streams of high-energy particles are almost

always related to flares on the Sun. Low-energy

particles (protons with energies of 0.3-20 MeV

and electrons with energies of 20-100 keV)

may appear in interplanetary space at times other
than immediately after a flare. An increase in

streams of particles is frequently observed which
cannot be related to a visible flare, or for which

the interval of time between the optical flare and

the rise in the flux of low-energy particles is

much greater than the direct flight time of the

particles. Measurements by spacecraft of such

delayed fluxes have shown that the time course of

intensity is almost identical for protons with

energy E_,- 0.5 MeV and Ev- 10-20 MeV.

When this type of increase is recorded, the

spacecraft is intersecting a stream of particles

localized in space, moving with the solar wind.

The magnetic field of this area modulates the

intensity of the galactic cosmic rays, and causes

a Forbush reduction; the flux of plasma, colliding

with the magnetosphere of the Earth, may cause

geomagnetic disturbances.

These localized areas are usually tubes of force

lines extended in space and rotating with the Sun.

These "rotating" fluxes are frequently so long-

lived that they are observed over several rotations

of the Sun as recurrent
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periods of 27 d. Long-lived streams of protons

with energies of several MeV are usually related
to active areas on the Sun. The initial sources of

long-lived protons are assumed to be solar

flares, supporting extended expulsion of plasma
after the flare from the same active area. Sub-

sequently, the stream remains attached to the
same active area.

The magnetic field frozen in the plasma of the

solar wind fully determines the motion of particles

in these streams; i.e., the particles move within

a certain cone of lines of force of the magnetic

field, carried outward from the Sun by the solar

wind. Therefore, when the same stream is

measured at two points in interplanetary space,

a shift in the time of recording the increase

AT is observed. This is related to the velocity of

the solar wind, u, and the distance between the

points of observation:

AT-AR+A 6 "R. cot 0=AR+ A6 (7)
u u

where A6 is the angular distance between the

spacecraft;

AR is the radial distance between the space-
craft;

u is the speed of the solar wind;

fl _ 13.3°/d is the angular rate of rotation of

the Sun;

cot 0 is the angle of inclination of the lines

of force of the magnetic field in the plane

events, repeating with Sun

__ Flare -__

"i Pro .
$

/0601 90 W "__ Earth_

FIGURE 27.-Dependence of recording of electron increases
on heliographic longitude of flare [83].

FIGURE 28.-Concept of the "cone of propagation" of elec-
trons in interplanetary space.
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of the eclipticto theradiusat thegiven
point;

R is the distance from the Sun.

This shift in recording time of two spacecraft

separated in longitude allows an unambiguous

increase in particles in rotating streams to be

separated from all other types of increase in the

case of simultaneous presence of spacecraft at

different points in space.

Figure 29 is an example of the recording of such

an increase by the Zond-3 and Venera-2 space-

craft [138]. The mutual placement of the space-

craft during recording of the localized stream

is to the right.

The properties of such streams, characteristic

for most recorded increases, are summarized

briefly.

1. The intensity of particles in long-lived

streams is usually low: N_ 10-100

cm -2- s -1 • sr -1. For protons with

energies of Ep-_ 0.5 MeV and electrons

with energies ofEe > 40 keV, the intensity

may sometimes reach 104 cm -2 • s -l • sr -1.

2. The energy of particles populating these

streams is usually not great: Ee _-"40-300

keV, E_ _ 0.5-20 MeV. In several cases,
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electrons of high energies have been re-

corded in rotating streams (Fig. 30 [88]).

3. The energy spectra of electrons and pro-

tons recorded in long-lived streams are

usually softer than those of particles

observed during flare bursts.

4. The long-lived streams may consist only

of protons or electrons, but sometimes
both.

5. When streams of protons and electrons

are recorded, an electron maximum is

frequently followed by a proton maximum

[6].
6. Rotating streams somctimes have a

broad halo of 70°-90 ° longitude; the halo

is of harder particles of relatively low

intensity. At the center of the stream,

where the particles have lower energy,

the concentration of particles is higher.

The duration of recording the central

portion of a stream is usually 6-!2 h,

indicating that the angular width of the
central stream is 3°6 °.

7. The anisotropy of long-lived streams is

usually low, 10%--20%, sometimes reach-

ing 30%40%; however, very few reliable

measurements have yet been made.

8. A shock wave called a standing shock
wave is sometimes recorded simultane-

eV

Zond 3 I_

1 MeV<Ep<5 MeV _

,,/_._f/"
Ep_30 MeV

c-a

300 _¢'_ 1/24/66

/28/65 Sun \\ '_ _1,-_'1'/4/66

 z:2 / IY
°/6,6.

Orbit of Zond 3

_ll JtllJll _ll_ IIllll
15 20 25 30

November 1965

FIGURE29.--Recording of long-lived flux by Zond 3 and Venera 2 spacecraft [138].
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ouslywith therotatingstream,bounding
the streamon the side of the inter-
planetarymedium,andamagneticstorm
isobserved.

Solar Cosmic Rays and Shock Waves

An increase in the intensity of cosmic rays is

frequently observed in interplanetary space,

coinciding in time with the passage of a shock

wave, generated in a large flare. In relationship

to the initial flare, these particles are delayed,

like the particles in the long-lived streams. It is

possible that both types of increases represent

the same phenomenon. The recording of such

particles is always accompanied by a Forbush

decrease in the intensity of galactic cosmic rays

and geomagnetic storms on the Earth, caused by
interaction of the shock wave with the Earth's

magnetosphere. Figure 31 shows an example
of such an increase [136].

The mean propagation velocity of shock waves

from flares at 1 AU is about 600 kin/s; therefore,

the usual delay of such particles appearing at the

Earth in relationship to a flare generating the

shock wave is 50-60 h. In the case of flares in

the central portion of the limb, two phenomena
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FIGURE 30.--Recording of long-lived stream of relativistic
electrons [88].

may be superimposed: a rotating stream of

particles and those related to the movement of

the shock wave. When strong waves with a

mean propagation velocity of about 2500 km.s- 1

are observed, the energetic particles are observed

approximately 1 d following the flare. The cri-

terion for selecting such events is the accompani-

ment by a shock wave, propagating from the solar

flare into interplanetary space. The differentia-

tion of a shock wave from all other types of pertur-

bations in the interplanetary medium is difficult
and can be achieved unambiguously only by

simultaneous measurement of the parameters of

the plasma and magnetic field by satellite. A

summary of the basic known properties of such

streams of particles accompanied by shock

waves is presented.
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FIGURE 31.--Increase in flux of particles related to shock
wave for protons with energy 1 _<Er _<MeV and Ep > 30
MeV according to data by Venera 6, Molniya 1, and Ex-
plorer 34 spacecraft, April 10-15, 1%8. Bottom curve
shows indications of neutron monitor in alert [138].
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1. Therisetimeis6-24hours.Usually,the
risebeginsbeforethearrivalof theshock
wave is recorded.At the momentof
passageof the leadingedgeof theshock
wave,anadditionalnarrowburstlasting
10-20minisrecorded.

2. The streamsmaybe eitherpureproton
streamswith energies0.5_<Ep _< 100

MeV, or may contain electrons with

Ee _ 40-300 keV.
3. Simultaneous arrival at the observation

point of particles of various energies
is observed, with identical rise rates of

the fluxes of particles at different energies.

4. The energy"spectra of such particles are

usually much softer than the spectra of

the diffusion components against the

background of which they are recorded.

5. The anisotropy of such streams has been

insufficiently studied. The anisotropy may

be great, but the direction of the maximum

arrival of particles changes rapidly with

time, apparently synchronously with rapid
fluctuations in the magnetic field behind

the leading edge of the shock wave.

6. The appearance of particles is always
accompanied by Forbush reduction of the

intensity of galactic cosmic rays and

geomagnetic storms with sudden onset.

Solar Cosmic Rays During "Quiet" Periods

A minimum background flux of protons occurs

during quiet periods when there are no solar

flares. Low fluxes and the spectra of such

particles with energies of 30 MeV against the

background of the significantly greater flux of

galactic cosmic rays are difficult to measure;

therefore, data produced so far are not dis-

tinguished by great accuracy. The mean flux of

protons with energies Ep > 1 MeV, according to

various measurements, is about 10 -2 particles/

cmZ's'sr. The differential spectral index for the

energy area 0.03-5 MeV is T _ 3.

Generation of solar cosmic rays during flares.

There is reason to assume that the generation of

solar electrons and protons occurs in two stages,

both directly during the period of the explosive

phase of a flare, when the brightness in the

Ha line is maximum (stage 1), and after the

explosive phase, when the hydromagnetic shock

wave formed during the large flare explosion

interacts with the intensive magnetic fields in

the sunspots (phase 2). Thus, there are probably

two accelerating mechanisms, acting in sequence,

i.e., acceleration in the explosive phase is the

injector of particles accelerated in the second

phase.

Direct generation of particles during the

explosive phase is a possibility which is indicated

by observation of type III radio bursts. The

velocity of movement of the source of type III

bursts is from 0.2 c to 0.8 c; the agent exciting

these plasma oscillations can be identified as

electrons with energies of 10 to several hundred

keV. The movement of such a source of type III
radio bursts from the Sun to a distance of 200

R®was observed [119], and it was found that the

velocity of motion remained constant, equal to

(0.4-0.5) • c, while the source itself was a compact
formation with linear dimensions of 106 km.

An estimate of the number of electrons causing a

type III radio burst in the corona is Ne _ 1035-10_ 6,
which is similar to the number of solar electrons

(Ni) observed directly in interplanetary space

after a flare (Ni-_ 3" 1033-1034 for Ee/> 22 keV).

This yields a value of 0.1-1% for the effectiveness

of departure of electrons from the corona into

interplanetary space [83]. With a type III radio

burst generated in the corona, there are simul-
taneous microwave bursts in the cm radio

range and x-ray bursts in energies ranging to

100 keV (Figs. 32 and 33). Since type III radio

_ _Type TIT radio

Magnetic !- Elrectr°_ s gleeaV_antigon

lines_ _,_\_Ji ix_OaypaCierowaVe,radiation

\ _and ultraviolet

Area" of __Y\

acceleration of electrons

FIGURE32.-Model of generation of electrons in a flare.
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bursts are observedfrom particlesmoving
outward,microwaveburstsmayariseasmagnetic
bremsstrahlungin the chromospherewhena
portionof the streamof acceleratedparticles
movesinthedirectionparalleltotheboundaryof
thechromosphere.Thex-radiationof this phase
resultsfrombremsstrahlungof electronsmoving
into thedenserlayersof thesolaratmosphere.
Thatalloftheseparticlesbelongtothesamearea
of generationshowssimilarityof thetimeform
of a burstfor varioustypesof electromagnetic
radiation.Theratiobetweenintensitiesof these
groupsof electromagneticradiationmayvary,
evento the pointthat individualformsmaybe
totallyabsent,dependingon the situationand
specificconditionsof acceleration.

If theaccelerationof particlesin thisphaseis
achievedby electricfieldsarisingupondissipa-
tion nearthezeropointsof oppositelydirected
magneticfields,accelerationto identicalhard-
nessesprobablyoccurs.If the electronsare
acceleratedto energiesof about300keV, the
protonsareacceleratedonlyto200eV,i.e.,their
energyis lowerthanthe kineticenergyof the
solarwind.Observationsin interplanetaryspace
haveshownthat after flaresof low intensity,
only the first phaseof accelerationoccurs,
acceleratingmostlyelectrons.If there is any
mechanismof acceleration,for example,ac-
celeratinga particleto identicalenergy,a low
energy(upto afewhundredkeV)protoncompo-
nent shouldbe observedafter a low-intensity

X-rays (10 keY)

Hard x-rays,

microwave, and I Propagation without

ultraviolet radiationll " f_ scattering
__JL_ I

DiffuseType ]_ I

radio emissions _ / _propagationnFlux of electrons with "-
energies I0-- 100 _ , , , _ , ,
keV at I AU 0 20 40 60

Time from beginning of flare, min

FIGURE 33.-Model of generation of electrons in a flare
(time picture).

flare. The scarcity of experimental data does not

yet allow drawing any reliable conclusions in

this respect.

The primary portion of the protons is accelera-

ted to energies of hundreds of MeV, while the

electron component is accelerated to ener-

gies of tens of MeV, apparently in the sub-

sequent phase of the flare phenomenon, in

which the shock wave formed in the explosion

interacts with the strong magnetic fields of the
spots. This shock wave is noted on the basis of

type II radio bursts several minutes after the

beginning of large solar flares. There apparently

is an energy threshold of formation of a shock

wave, since it generally does not follow low-

intensity flares.

Finally, the interaction (mentioned above )
causing acceleration of particles is indicated

by type IV radio storms, resulting from synchro-

nous radiation of electrons captured in the

corona. These storms are varied in form, often
last for many hours, and cover areas that drift

slowly in the corona. The proton component of

solar cosmic rays correlates rather well with the

appearance of these type IV radio storms. It has

been assumed that the corona, similar to such

type IV areas, also contains areas occupied by
type I radio storms, a broad continuum of radio

noise, sometimes lasting for several days. In

type IV radio storms, these regions are occupied

by energetic electrons and protons, but in type I

radio storms, they consist of captured electrons

with energies of tens of keV.

Thus, at a stage in the flare phenomenon in

the corona, near the base of the lines of force

carried by the solar wind out into interplanetary

space, broad regions are formed, populated with

charged particles, and frequently quite distant

from the location of the flare. At some moment,

the particles are liberated and enter the inter-

planetary magnetic field.

Propagation of Solar Cosmic Rays

in Interplanetary Space

The interplanetary magnetic field is the basic

factor defining the nature of motion of charged

particles in interplanetary space. Protons injected

by the Sun propagate in the interplanetary spiral
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magneticfield formedby the solarwind.The
spectrumof the heterogeneitiesrelatedto the
inconstancyof solarwindparametersis super-
imposedonthis basicallyorderedinterplanetary
magneticfield structure.Correspondingto this
structureof the interplanetarymagneticfield,
the motionof a chargedparticlecanbedivided
into motionalongthe spiralmeanregularfield
andscatteringonmagneticheterogeneities.

Withmovementin aregularfield,changingas
afunctionofR, the magnetic moment of a parti-

cle M=E • 1/B is conserved (first adiabatic ver-

sion), leading to conservation of the value of

sin2a/B, where a is the angle between the direc-

tion of the velocity of the particle and the line of

force. The intensity of the magnetic field

decreases as Br(R) _- 1/R 2, B_(R) _ 1/R. Since
the value of the field at the orbit of the Earth is

decreased by 104 times in comparison to the

intensity at the surface of the Sun, the pitch

angle of the particle a would be very slight

c_ _< 1 ° (even for a particle which departed the

Sun at an angle of about 90°), if the particle were

not scattered on magnetic field heterogeneities.

When a particle interacts with field hetero-

geneities, it is scattered, i.e., changes its pitch

angle and the direction of motion. The particle

is most effectively scattered on field hetero-

geneities with dimensions _ on the order of the

Larmor radius of the particle pk = pc/ZeB where

p is the momentum of the particle, B is the mean

intensity of the field in the heterogeneity. Where

t >>PT, particles are scattered on heterogene-

ities to very slight angles; when a particle moves

along the line of force, it either runs around a

heterogeneity so that the scattering angle is also
slight, or is reflected from it.

Most increases in solar particles recorded in

the past 15-20 years (as stated above) have been

gradual during several hours from the moment

of the first particles at the recording point, to

the maximum of intensity with subsequent slower

decrease. The solar flares responsible for these

increases last from ½ to 3 h; the phase of the

flare in which hard x-ray and radio radiation is

observed lasts for much less time (Fig. 33).
Therefore, the longer leading edges of the time

profiles of particles are interpreted as the effect
of diffusion of particles.

The model of isotropic diffusion is the simplest

model describing the process of propagation of
particles when strong scattering is present, which

is suggested at the very beginning of the study

of solar cosmic rays. This simple model, in the
case of an unlimited medium and constant dif-

fusion factor, yields the time-dependence of the

flux of particles:

N(v) -3,.

n(R, v, t) = (4_" D" t)-3/2" e 2-7- (8)

where n is the density of the particles;

R is the heliocentric distance to the point
of observation;

D(R, v) is the diffusion factor;

v is the velocity of the particles;

tm=R2/6D is the moment in time when

n(R, v, t) has its maximum value.

lsotropic diffusion. The model of isotropic diffu-

sion assumes that the particle is injected in a pulse

over a very short time near the maximum of a

flare or the maximum of a burst of x-rays and

moves in a spherically symmetrical volume

encountering heterogeneities, leading to iso-

tropic scattering of the particles. The density of
heterogeneities in space must be such that the

length of the free path of a particle _ is much less

than the distance L from the source to the point
of observation.

The time-dependences of intensity of solar

cosmic rays are sometimes fairly well-described

by isotropic diffusion, particularly if the source

of particles is located in the eastern or central

portion of the Sun. Agreement of the time-

dependence can be improved by considering the

dependance of diffusion factor D on heliocentric

distance R.

However, isotropic diffusion does not explain

the spatial anisotropy of the flux of solar protons

observed in the initial stages of a flare; the maxi-

mum of the flux in the process of isotropic dif-
fusion should be observed in the direction from

the Sun. Actually, the maximum flux is directed

at an angle of _b_ 50 ° to the Earth-Sun line and

is displaced to the east. Isotropic diffusion also

cannot explain the greater effectiveness of the

western half of the Sun from the standpoint of

arrival of solar cosmic rays. Measurements in
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interplanetaryspacehaveindicatedthat the
fluxesof particlesin spacedependstronglyon
the heliolongitudeof the locationof the solar
flare,whichalsodoesnotfit theisotropicdiffusion
theory.

Furthermore,experimentsfrequentlyindicate
afreepathlengthfor protonswithEp < 50 MeV

which is comparable to 1 AU, contradicting one

of the conditions of applying the diffusion theory

[89].

All of this indicates that isotropic diffusion

produces an acceptable description of the late

stage of an increase, with the exception of the

properties of anisotropy. However, it must be

recalled that most particles are recorded at the

maximum of an increase. Consequently, iso-

tropic diffusion can describe the behavior of not

more than 10% of particles emitted by the Sun.

Anisotropic diffusion. Models of anisotropic

diffusion have been developed in recent years.

Some are based on the assumption that the dif-

fusion of particles occurs not only in inter-

planetary space, but also in the solar corona,
with the relative roles of coronal and inter-

planetary diffusion depending on the time of

observation; when a particle moves along lines

of force, scattering predominates over transfer

across the lines of force. In other words, the

effective diffusion factor along the field DII is

significantly greater than D±-the factor across

the lines of force (DII _ 100 D.).

Based on these assumptions, a theory of scat-

tering of particles as to pitch angles has been

developed for description of the physical relation-

ship between the scattering of particles and

the observed fluctuations in the magnetic field
[78, 84]. A theory of anisotropic diffusion has

been developed under the same assumptions

[54, 56], considering transfer of particles by the

solar wind, time behavior of fluxes and anisotropy

of solar cosmic rays in the nonequilibrium phase

of the phenomenon, when diffusion is significant.

It is indicated that the anisotropy A _-R/2 vt,
where R is the distance from the source to the

observer along a line of force, v, the velocity of

the particle, and t, the time since the moment of

injection of the particle into the solar system.

Consequently, the anisotropy of electrons, even of

low energies (Ee-- > 100 keV) should decrease

much more rapidly than for protons with Ep t>

10 MeV, which agrees with the experimental

data [104].

In one model [27], it is assumed that at a

certain heliocentric distance R1 (R_ is compar-

able to 1 AU), the nature of scattering of solar

particles by the interplanetary magnetic field

changes so that particles reaching this distance
do not return to the area of diffusion. This bound-

ary condition for the decreasing intensity phase

leads to the exponential dependence of particle

fluxes on time up to the moment in time t >> to,

where to is the mean time of diffusion of particles

from source to boundary. Within the framework

of the models studied, the value and direction of

"equilibrium" anisotropy observed in the late

stage of increases in solar cosmic rays for T > 2 d

can be produced.

After the increase in solar cosmic rays begins,

when the solar particles have propagated by

several AU, long-term anisotropy may be caused

by: (1) convective transfer of solar protons along

lines of force in the magnetic field B, (2) drift of

particles due to movement of the magnetic field

relative to the particles, where the velocity of drift

is directed perpendicular to the magnetic field

force line, and (3) constant injection of particles

by the Sun. The drift of particles has a very sig-

nificant effect, particularly for low-energy par-

ticles. The radial equilibrium anisotropy existing

1-4 days after a flare, arises because of drift of

particles due to convection along field lines B.

The movement of the particles at this time is

fully determined by the solar wind. Consequently,

a current of particles is perpendicular to the line

of force due to drift motion, as well as along the

line of force, caused by collision of a particle with

magnetic heterogeneities moving along the lines

of force of the field at velocity u cos 0.

The total equilibrium anisotropy is independent

of the direction of the interplanetary field vector.

For an observer at rest, the anisotropy of the

cosmic rays will be directed along the radius and

its value ,4eq= (2+3,)u/v, where u is the velocity

of the solar wind, v is the velocity of the particles,

3' is the differential spectral index of the particles.

In the late stage of the increase in solar cosmic

rays, for moments more than 4 d after the flare,

the equilibrium anisotropy is observed about 45 °



PHYSICALCHARACTERISTICSOFINTERPLANETARYSPACE 71

to theeastof the Sun-spacecraftline.Thisani-
sotropyis fullydeterminedbydrift movementof
solarcosmicrays;thecomponentof theanisot-
ropyparallelto thelinesofforceofthemagnetic
fielddisappearsdueeithertolackofdeflectionof
solarcosmicraysby magneticfieldheterogene-
ities,or tocompensationofthisanisotropybythe
reverseflowof particlesaccumulatedduringthe
firstphasesoftheincreaseattheperipheryofthe
solarsystem.In the latter case,a significant
positive(i.e., increaseof flux of particleswith
increasingdistancefromtheSun)radialgradient
ofsolarcosmicraysshouldbeobserved.Withfull
compensationof theconvectiveanisotropy,only
the drift anisotropyremains,the valueof .4=
(2+ T)u/vsin0, where 0 is the angle between the

direction of the lines of force of the magnetic
field and the direction to the Sun.

The increase in solar cosmic rays related to

the arrival at the point of observation of shock

waves caused by flares on the Sun has not been

fully determined. The existing hypotheses of the

origin of these energetic particles do not describe

all aspects of the phenomenon observed. The

most natural "trap" hypothesis assumes that the

solar particles were accelerated in a flare on the

Sun, then moved in interplanetary space with the
shock wave from the same flare in a certain adi-

abatic or diffusion trap. Another hypothesis
assumes that within the shock wave, there are

conditions capable of accelerating particles to the

observed energies. It would follow that the solar

cosmic rays observed with the shock wave are not

inherently solar, but interplanetary. A third

hypothesis states that the particles were created

on the Sun, remained near the Sun for a long

time and fed a group of force tubes, which the

shock wave has pushed outward to the point of

observation. The nature of this phenomenon will
not be discussed in detail, because there are not

sufficient data to support any of the hypotheses
listed.

Based on current knowledge of particles of
solar origin, the magnetic field of the Sun and the

interplanetary magnetic field, a phenomenological

picture can be constructed of the propagation of

solar cosmic rays.

Particles generated during a flare diffuse in the

solar corona far from the point of the flare. The

shock wave, propagating in the chromosphere

and corona of the Sun, facilitates this diffusion of

particles. The particles are then injected along

neutral lines into interplanetary space over a

broad range of angles, frequently reaching 90 ° ,

propagate along the lines of force of the field,

forming a "cone of propagation," and dissipate

little over the range of 1 AU. The particle popu-

lation of lines of force departing from the area of a

flare, or the area into which the maximum con-

centration of accelerated particles has diffused,

is much greater than in neighboring areas. When

the particles have traveled far from the Sun (2-

3 AU), they begin to scatter intensively, causing

isotropization of flow in the propagation cone and

filling the entire space near the Sun with particles,

i.e., erosion of the cone. If the injection process

lasts many hours, the increased intensity of par-

ticles and great anisotropy in the bundle of lines

of force departing from the area of the flare will

aiso be retained for a long time. However, the

spectrum of such particles will become softer

than the first time following the flare, since the

more energetic particles disappear sooner at the
boundaries of the diffusion volume.

If the shock wave generated in the flare

propagates into interplanetary space, it is
greatly perturbed and changes the distribution

of particles (or serves as a source of reflection of

particles, possibly changing their energy). There-

fore, when a shock wave passes spacecraft, a

change in the characteristics of the particle

stream is recorded. After the shock wave passes,

the interplanetary medium gradually returns to its

quiet state. Since shock waves propagate from the

Sun at speeds of 500-800 km/s, 4 to 5 d after a

flare, the primary process of propagation of parti-

cles will be transfer of particles by the solar wind

from the solar system.

Streams of High-Energy Solar Protons

The greatest radiation danger for man and for

various materials within spacecraft is the high-

energy solar protons which penetrate freely

through the skins of contemporary spacecraft.

The energies of such protons can be, arbitrarily,

100 MeV. This section provides a summary of the

increases in solar cosmic rays during which pro-
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tons with energies greater than 100 MeV have
been observed.

During the past two cycles of solar activity, over

100 flares of solar cosmic rays containing protons

with energies Ep > 100 MeV have been observed.

The most powerful of these, as well as the inte-

gral flux of particles in each flare [67, 92], are

presented in Table 7. The values of fluxes in
Table 6 were from varied data; the accuracy of

their determination can be assumed to be within

the limits of a factor of 2. Figure 34 shows the

time-dependence of the summary flux of solar

cosmic rays over a year, and the time-dependence

of the smoothed number of sunspots.

increases rapidly with decreasing dimensions.

The study of small bodies in the solar system is

undoubtedly of theoretical and practical interest.
The distribution of small bodies into classes of

comets, asteroids, meteorites, and cosmic dust is

more deeply based physically than mere differ-

ences in dimensions of bodies, phenomena, or

related methods of observations, and reflects their

characteristic features. Explanation of the physi-

2/23/56

Meteorite Material 5/10/59
7/10/59

Meteor material in interplanetary space
7/14/59

consists of a multitude of small bodies moving 7/16/59
freely in the Sun's field of gravity and generally 11/12/60
unrelated physically to the planets. These bodies 11/15/60

range broadly in dimension, from asteroids (tens 11/20/60

of km in diameter) to tiny dust particles, com- 8/02/72
8/04/72

parable in size to the wavelength of sunlight. The 8/07/72
number of particles in interplanetary space

TABLE 7.--Flares of Solar Cosmic Rays

Date of Flux of protons with energy
flare Ev > 100MeV/cm 2

for entire flare

3.5-10 s

8.5.10 r

3.7.10 s

4.10 s

2.4'109 (Estimate for pro-

tons with E > 60 MeV)
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cal structure and chemical composition of small

bodies in the solar system, their origin and age,

and establishment of the evolutionary relation-

ships between comets, asteroids, and meteorites

may be highly significant for the development of

solar system cosmogony.

These problems are frequently interwoven

closely with other problems of space physics and

the immediate surroundings of the Earth. Investi-

gation of meteorite material interactions and, in

particular, comets with fluxes of radiation and

corpuscular radiation is an effective means of
"_"°:-: " ¢ "" " of the ;ntor.imormadon on propertieso_,ta..ng ......
planetary medium, the solar wind plasma, and

magnetic fields in space. A comprehensive study

of meteorites can yield important information on

the structure of the upper atmosphere and the

physical processes within it, as well as on the

propagation of radiowaves.

The effects of meteorite bombardment on the

surface of the Moon provide a basis for study of

the history of the Moon, and to determine the
flux of meteorite material and its evolution in the

solar system. Analysis of the properties of

meteorites reaching the Earth allows judgment of

their nature, origin, and age, and the effects and

properties of cosmic rays.

Special problems in the study of meteorite
bodies and cosmic dust are connected with the

problem of meteorite danger for space flights.

There are two potential types of danger repre-

sented by solid particles for satellites, rockets,

and spacecraft. Collision with a sufficiently large

particle can cause serious damage to a space-

craft, even in an individual event. On the other

hand, continuous bombardment with tiny parti-

cles causes erosion of surfaces and may lead, for

example, to failure of optical devices or changes

in the optical properties of heat exchange sur-

faces and temperature regulation systems. Deter-

mination of the degree of meteorite danger is nec-

essary in the design of spacecraft and the devel-

,,pment of protective measures when necessary.

Studies and experience show that the meteorite

danger during flights in the region of the Earth's

orbit is slight, but extrapolation of these data over

a great range of heliocentric distances is unjusti-

fied; experimental data must be developed on the

meteorite situation for long interplanetary flights

beyond the limits of the orbits of Mars and Venus.

Main channels of information on the presence

and properties of meteorites in the solar system

are from studies of meteors, meteorites, zodiacal

light, optical phenomena in the upper atmosphere,

stratospheric dust, and meteorite dust reaching
the Earth's surface. Most of the information on

the meteorite component of the interplanetary

medium is from surface investigation.

The development of rocket and space tech-

nology over the past two decades has made

possible direct studies of micrometeorite particles

in the upper atmosphere of the Earth and in

space, using special equipment which utilizes

various recording principles. In contrast with

surface observations, these studies have pro-

duced information on individual particles with

masses down to 10 TM g, their spatial density,

physical properties, and chemical composition.
The phenomena studied, related solid interplane-

tary particles, frequently have practical applica-
tions. Observations of meteorite tracks are used

to determine the direction and velocity of winds in

the upper atmosphere, and the ionization created

by meteorites is used in some communications

systems.

The meteorite material rotating around the Sun
at a distance of about 1 AU consists of rock and

iron particles primarily of iron, nickel, and iron

sulfide. The chemical composition of rock meteor-
ites is reminiscent of that of terrestrial rock. The

density of rock meteorites is about 3 g/cm s, that of

iron meteorites about 7.8 g]cm 3. Meteorite bodies

may form conglomerates, with very low density,

approximately 0.5/em 3. The velocity of me-

teorite particles relative to the Earth varies

from 12 to 72 km/s. The significant fraction of
these bodies is combined into clusters extended

along their orbit or concentrated in small sections.
Meteorite bodies which cannot be classified in

any meteorite stream are called the meteorite

background or sporadic meteorites, which belong

to weak meteorite streams not yet defined.

Meteorite matter has been studied using space-
craft in the areas of the Earth, the Moon, and

interplanetary space along the spaceflight tra-

jectories to Venus, Mars, and beyond the orbit of

Mars in the asteroid belt [86].

Measurements of micrometeorite material by
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acousticalmethodsneartheEarthhaveindicated
thatthenumberof micrometeoriteparticleswith
masseslessthan10-6 g is higher,by several
ordersof magnitude,nearthe Earththanthe
interplanetarybackgroundlevel.Theseresults
haveledtoformulationofthehypothesisofadust
beltordustcloudaroundtheEarth.Twopossible
sourceshavebeenconsideredfortheseparticles:
interplanetarydust particlescapturedby the
gravitationalfieldoftheEarth,anddustparticles
separatedfromtheMoon.

However,carefulstudyof thesemechanisms
[37,38,47,116]hasshownthatthesephenomena
couldnotsupporttheobservedconcentrationof
dustparticles.At the sametime,doubtshave

been expressedconcerningthe experimental
reliabilityof the resultsproduced;manyscien-
tists currentlybelievethat thefluxesof powder
particlesin near-Earthandinterplanetaryspace
arethesame.However,recentstudiesusingsen-
sorsof varioustypeshaveshownthat thereis
spatial densityof particleswith massesof
< 10_g elevatedby approximatelyanorderof
magnitudein theareaaroundtheEarthin com-
parisontotheir similardensityin theareaof the
Moonandin interplanetaryspace(Fig.35).The
presenceof a dustbeltofthisconcentrationnear
theEarthis notdiflicuhtoexplain.Nevertheless,
theaccumulationof experimentaldatato answer
this question finally must be continued.
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In Figure 35, parameter S, characterizing the

exponential law of propagation of meteorite

bodies by mass, for the mass range m = 10-_2 -

10 -_ g, near the Moon and interplanetary space is

S _ 0.6 in comparison to S = 0.8 near the Earth,

i.e., the shortage of particles with decreasing

mass in the area of the Moon and in interplanetary

space is greater than near the Earth.

Preliminary results of measurement by Pio-

neer 10 spacecraft have shown that in the aster-

oid belt, the flux of particles increases sharply

with the main mass of asteroid belt particles hav-

ing dimensions of 0.01-1 mm. The number of par-

ticle impacts with the Pioneer 10 spacecraft has

been greater than expected before launch, but

there is not great danger of serious damage to the

spacecraft [1].

Micrometeorite Matter at

the Surface of the Moon

There is no atmosphere around the Moon;

therefore, meteorite bodies colhde with its sur-

face at high velocities. When a particle impacts

with the surface, an explosion occurs, and the

mass of soil particles ejected is many times

greater than the mass of the impacting particle.

Experiments with models in the US have shown

that many of the particles ejected in such an

explosion have a mass of about 10 -ng. Ninety-

nine percent of these particles fly over ballistic

trajectories at velocities of about 1 km/s, and only

1% achieves a velocity greater than 2.4 km/s,

sufficient to depart the Moon. Secondary particles

and impacts should not greatly increase the

danger of materials penetrating the surface of the

Moon due to their primarily low velocities; how-

ever, the erosive effect of repeated impacts, even

at low impacting particle speeds, might present

a problem for operation of individual structural
elements.

When large meteorites strike the Moon (a rare

occurrence), a great quantity of rock is ejected

from the surface. Experiments by the Pegasus,

Explorer 16, and Explorer 23 spacecraft have

been very valuable for the study of meteorite

danger, which used penetration-type sensors

recording the penetration frequency of an enve-

lope as a function of its thickness, and considered

the specifics of rupture of the envelopes when

particles strike at an angle (due to the isotropic

model of the incident stream used). These fig-

ures are presented in Figure 36, together with the

calculated data of Whipple. In the area with

thickness of less than 1 ram, the experimental

and calculated data agree well.

For medium-range flights in the area of the

Earth and Moon, this figure shows that meteorite

danger can be ignored, while for long flights

(about 1 year or more) in little-studied areas of

the solar system, the meteorite danger must be
taken into consideration.

The recording of micrometeorites in meteorite

streams is of a particular interest; this represents

a unique phenomenon in the solar system. The

point of view generally accepted is that there is a

genetic relationship between meteorite streams

and comets, and the processes of rupture of these
are the sources for formation of streams and

their constant new supply of meteorite bodies. A

hypothesis has been set forth and actively devel-

oped [81, 82, 138] which assumes that all me-

teorites, including sporadic ones, are of comet

origin, and the breakup of comets and scattering
of meteorite streams maintain the quasi-stable

state of the zodiacal cloud of cosmic dust. The

meteorite streams, like sporadic meteorities, have

been intensively studied by surface visual, photo-

graphic, and radio observation. There is, under-

standably, great interest in the study, related to

the technical capabilities of direct observation in

space, of micrometeorites belonging to meteorite

streams by means of satellites and rockets.

Extrapolation of the data from surface optical

and radio observations of sporadic meteorites
and meteorite streams indicates that the prob-

ability is slight of recording small particles with

masses of 10-s-10 -11 g in meteorite streams [37,

38, 82]. This is due primarily to the different dis-

tributions of particles by masses of sporadic
meteorites and meteorite streams; the contribu-

tion must be slight of meteorite streams to the

total counting rate of micrometeorites with

masses of less than 10 -6 g. It is important that

with decreasing dimensions of particles, the

significance of nongravitational forces acting on

such particles increases, essentially limiting their
lifetime in the solar system. The decrease in the
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steepnessof the integraldistributionof sporadic
micrometeoriteswithmassesof 10-7-101, g to

a value of 0.6, compared with mean value

S----1.2 for meteorites in the optical and radio

ranges, is characteristic. The effects of such

forces on the particles in streams can lead to

selective removal from orbit of particles of small

dimensions. This makes the recording of small
particles in the streams more difficult.

Based on experiments with micrometeorite

material, the mean density of meteorite material

in the solar system is about 2"10 -22 g/cm -3 and

the mean rate of accretion of interplanetary

matter by the Earth is 40 t/d.

MAGNETOSPHERE OF THE EARTH

Terrestrial Magnetosphere Structure

The physical conditions near the Earth differ

greatly from conditions in interplanetary space

because of the terrestrial magnetic field. The

structure of the magnetosphere of the Earth,

washed in the solar wind, is shown in Figure 37

for the spring and fall (magnetic axis of the

Earth perpendicular to the direction to the Sun)

[98]. Figure 38 is for June (significant inclina-

tion of magnetic axis to Earth-Sun line) [112].

Differentiation can be made on the figures

between the stable magnetic field of the Earth

(described in this section), and the area per-

turbed by disturbances (under the subsequent

section, SUN-EARTH CONNECTION).

Stable Magnetic Field of the Earth

The terrestrial magnetic field is described in

the first approxima_on by a dipole field with
magnetic moments M=8.07.1025 G.cm 3, placed

at the center of the E_rth. The axis of the dipole

intersects the surface of the Earth at two oppo-

site points with coordinates 78.3 ° N, 69.0 ° W, and

78.3 ° S, 111.0 ° E. In the second approximation,

the magnetic dipole is shifted from the center of

the Earth by 436 km in the direction toward the

point with coordinates 15.6°N, 150.0°E. A

stricter approximation of the geomagnetic field

can be produced using an expansion with respect

to spherical harmonics.

Some properties of the dipole field should be

considered at this point which will be needed in

later exposition.

A magnetic line of force is produced by the

equation:

r=Re cos 2 6 (9)

where Re is the distance from the center of the

dipole to the line of force in the equatorial plane

(_b=0); 6 is the geomagnetic latitude; and r is

the distance from the center of the dipole.
The unit of distance used is the radius of the

Earth R0, equal to 6.37"10 s cm.

Then L =R-z" R=r/Ro; the equation for a hne
R0'

of force can be rewritten as

R=L cos 2 6 (10)
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The intensity of the field in the plane of the

equator Be can be calculated by the formula

B 0.312
e-- L3 [G] (11)

The intensity of the field at any point on a line

of force can be determined by the expression:

B X/4-3 cos 2 6= X/4-3R/L
(12)

Be cos_ 6 (R/L) 3

Leading edge
shock

Solar wind

Sunt

/

Magnetopause

De-shaped

/

area

Neutral layer

capture zone
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FIGURE 37.-Magnetosphere structure.
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FIGURE 38.-Structure of the Earth's magnetosphere. 1, radiation belts; 2, quasi-capture area; 3,

plasma layer; 4, neutral layer.
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Angle _/between a line of force and the radius-

vector is determined by the relationships:

tan T = 1/2 cot 6 (13)

The "inclination" of the field I, = _- - T-

At great distances, the structure of the geo-

magnetic field differs significantly from that of a

dipole, due to the interaction of the Earth's

magnetic field with the solar wind (see Fig. 37).

Movement of particles in the geomagnetic

field. The movement of particles with E < GeV

can be represented as the superposition of three

independent motions [5]: the Larmor rotation of

the particle in the plane perpendicular to the

magnetic field; oscillations of the instantaneous

center of rotation (leading center) along the lines

of force; and drift of the leading center around the
Earth.

The Larmor rotation has a period of:

7.10-7
T1 _ B (Ek+Eo) [s] (14)

where: Ek is the kinetic energy of the particles in

MeV; E0 is the rest energy of the particle in

MeV; for an electron Eo---- 0.51 MeV, for a proton
Eo = 938 MeV.

The Larmor frequency 1/T of electrons near the

Earth is about 1 MHz, of protons about 1 kHz, the

frequency decreasing as I/R 3 with increasing dis-

tance from the Earth. The Larmor radius of rota-

tion of a particle can be determined from the

relationship

33 sin
P= B E0 _ [M] (15)

or pc = 300 Bp

where a is the angle between the velocity vector

of the particle and the direction of the magnetic

field force line (pitch angle), _=Ek/Eo, p_ is the

momentum of the particle in eV/s.

The Larmor radius of electrons in the geo-

magnetic field does not exceed a few kilometers,

whereas for protons it may reach several
hundreds of kilometers.

As a particle moves along a line of force, this
relationship is fulfilled:

sin 2a/B = const. (16)

From this, the intensity at the point of reflection
can be determined:

Bref = Be/sin 2 o_e. (17)

The period of oscillation of a particle between

points of reflection is given by the formula

1+_
T2= 8.5" 10 -2. L __ • T(o_) [s}, (18)

_/-e2+ 2_

where T(a) = 1.3 -0.563 sin ae.

The longitude drift around the Earth is opposite

for particles with opposing charges (electrons

move toward the east, protons toward the west).

The period of drift around the Earth T3 is

defined by the expression

1+_ K
_'3= 88 2 +----_ L" E------_[min] (19)

where K= 1.25 -0.25 cos 2 o_.
44

For nonrelativistic particles, T3 =_-_ [min].'

(20)

All three types of motion studied correspond

to certain quantities which are conserved approx-
imately constant for the entire time of motion of

a particle, if the change in the magnetic field

with time characteristic for a given type of mo-

tion (T_, T2, T3) is slight in comparison to the

value of the magnetic field

B// _B (grad B) _ 1-_- _>(_',, _, _3}; p B (21)

These quantities are the adiabatic invariants of

motion in the magnetic field.

The first adiabatic invariant is the magnetic

moment of particle /x=P_/2TmB; (where

v _ c, IX=Eke�B), where T = 1/X/l-- (v/c) 2, PI

and Ekl are the components of momentum of

the particle perpendicular to the magnetic field.

The second or longitudinal invariant (longi-

tudinal action invariant) is defined as j=

¢bmvllds=p6_/1--B/Br_f ds. Using these two
invariants, as well as that E_= const in a constant

magnetic field, it can be shown that particles on

one line of force but with different pitch angles

describe practically the same envelope as they

drift around the Earth as they would in a dipole

field. Therefore, the captured radiation can be

characterized by a function of two coordinates

L and B [91].
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Calculationof L, B coordinates is a rather

cumbersome task, performed by computer.

If the points of reflection of the captured

particles are at low altitudes over the surface of

the Earth, the influence of the atmosphere on

the captured particles is considered by intro-

ducing the parameter hmin, representing the
minimum altitude over the surface of the Earth

at which a particle descends onto a given drift

envelope L.

The third invariant 6 is defined as the magnetic

flux through the surface intersecting the drift

envelope of a particle around the Earth and the

limited trajectory of the point of reflection of the

particle. Each L envelope corresponds to a unique

value of invariant _b. In the case where

/0BB -_-_z3, the third invariant is not con-

/ 08served, but since in this ease B --_ "> {zl; r2},

the first two invariants N and j are conserved.

The magnetic field for a given L envelope will

change. In this ease Ek/B=eonst, due to the

conservation of _, also the particle can shift to

another L envelope with the corresponding

change in E_. If B /
OB

/ -_- _ {zl; r2}, the equiva-

lent pitch angle of the particle changes, Ek may

change and in this case either/x or j is disrupted.

Finally, the particle enters the ionosphere. Move-

ment of particles in the magnetic field has been

reported [68, 112, 130, 133].

Movement of a Particle in the

Presence of an Electrical Field

Many phenomena in the magnetosphere of the

Earth can only be explained by assuming the

existence of an electrical field perpendicular to

the magnetic field in the plane of the Equator.

In this case, drift in the direction perpendicular

to the electric and magnetic fields is super-

imposed on the rotation of the leading center

around the Earth, with the velocity

8 cv,=10

where _ is the electric field intensity in v/cm. The

trajectory of motion of the leading center in the

plane of the equator (ae=90 °) can be calculated

on the basis of the rules of conservation of energy

and magnetic moment:

Ek + V= const,/x = const

where V is the electrical potential of the given

point in space. The form of the trajectories for

a homogeneous electrical field [7] is shown in

Figure 39. The trajectories moving at great

distances from the Earth are open. The particles

in closed orbits belong to the radiation bands.

The critical trajectory dividing the two types

(open and closed) is shown by the dotted line in

Figure 39.

The branching point Let on the critical orbit

can be found by assuming the electrical drift

velocity v, and magnetic drift velocity around
2_RoL

the Earth Vm-- to be equal. For nonrela-
Ta

tivistic particles

L_,, =4.75 • 10 -a Ek
E

SUn

FIGURE 39.-- Drift of electrons in equatorial plane of magnetic
dipole field with superimposed homogeneous magnetic
field in a homogeneous electric field parallel to the equa-
torial plane. Solid lines show typical trajectories of center
of rotation.
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Fromthisformula,particleswithenergiesat a
givendistancecanbedefinedasbelongingto the
radiationbands.On the other side,particles
passat a minimumdistancefrom the Earth
L ,ni,_= L cr/1. 78.

Theoretical Models,

Earth's Magnetic Field

The coordinates L and B are unsuitable for

analysis of captured radiation at L > 6, where the

influence of the solar wind on the Earth's mag-

netosphere is significant. The effect of the wind

causes the trajectory of movement of captured

particles to depend on local time. More complex

models of the geomagnetic field must be used to

study the motion of particles.

The theoretical models of the magnetosphere

have the purpose of analytic or numerical

description of the area where the source of the

magnetic field is the terrestrial magnetic dipole.

These models are necessary for qualitative

description of various processes occurring in

this field. The bases of such processes are the

radiation bands of the Earth, polar auroras,

dynamics of magnetospheric perturbations,

phenomena in the high-latitude conjugate points,

and propagation of low-energy cosmic rays.

Two models of the magnetosphere are theo-

retically best developed; one empirical model
has been constructed.

The Williams-Mead model [145] is based on

consideration of currents at the boundary of the

magnetosphere by spherical harmonics, as well

as internal field sources. A plate with a homo-

geneous point in the plane of the geomagnetic
equator on the night side of the Earth imitates

the neutral layer of the tail of the magnetosphere.

For this model there are four parameters:
Rs-the distance from the center of the Earth

to the subsolar point of the boundary of the

magnetosphere, Rh and Rf-distances from the
Earth to the near and far edges of the plate with

the current, and Bt-the field of the plate with
the current.

Usually, Rs=10R0, Ra= 10R0, Rf=2OORo
and Bt = 15T.

The two-dipole model [7] is based on the possi-

bility of imitating the perturbing effect of the solar

wind, under certain assumptions, by an additional

dipole. The field of the neutral layer is imitated

by the field of a plate with current. Charac-

teristic for this model are: c_-the distance from

the Earth to the perturbing dipole,/3-the value

showing the number of times by which the per-

turbing dipole is greater than the terrestrial

dipole Mvd= �3Me. Rh and Rf are the distances to

the near and far boundaries of the plate with

current from the Earth. Bt is the field of the plate

with current. For ordinary conditions, when

Rs =10Ro, c_=33-40Ro, /3= 12.7-27, Rh=

llR0, Rf=51Ro, Bt= 16y.

Empirical model of the magnetosphere [48].

So much data has recently been produced on the

magnetic field at distances > 5R0, that it is possi-

ble to construct an empirical model of the mag-

netosphere, which has been done by Fairfield [48].
Calculation of various theoretical models has

been made to explain the position of certain

characteristic points of the magnetosphere and

the topology of motion of charged particles in

the magnetosphere. In the field and in models in

the equatorial plane, the magnetic field is greater

on the day side than on the night side (see Figs.

40 and 41). However, in the figure, the value of the

field near the boundary is different for all models,

in spite of the approximately identical position of

the magnetosphere's boundary. The form of the

magnetic lines of force near the boundary of

the magnetosphere differs notably for different
models.

Figure 40a, b, c, shows the meridional cross

section of the magnetosphere for all three models

in the day-night direction. The qualitative simi-

larity of all the models is evident but the approxi-
mation of the infinitely thin plate with current is

too rough for description of the field near the

neutral layer; also evident is the different

position of the neutral points at the boundary of
the magnetosphere with the day side of the

Earth and their projection over the lines of force
on the Earth.

The figure shows good agreement of the line of

force configuration for various models, although

there is some quantitative divergence.

Envelopes of magnetic drift. The study of the

motion of captured charged particles around the

Earth indicates that R < 5 R0, the influence of
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external field sources (currents at the boundary

and in the tail of the magnetosphere), can be

ignored, and the L, B, coordinates described

above can be used. In this case, particles located

on a single line of force and having different pitch

angles drift around the Earth practically around

a single drift envelope. At great distances from

the Earth, the drift envelopes split.

Figure 42 shows the distribution of particles of

tudes X t> 73 ° move out into interplanetary space

or close far from the Earth. Here it is primarily

a plasma of ionospheric origin with temperature

T_3-5" 104 °K, which moves out to great

altitudes along the magnetic lines of force and,

apparently, can extend into interplanetary space.

The area of the plasma layer on the night side

various energies in the magnetosphere of the

Earth [113]. Four areas are easily distinguishable.

The area of the polar cap (area I). The lines of

force departing from the day side of the Earth

at latitudes X/> 78 ° and on the night side at lati-

ZG,V,

Solar 78°(/10 -/6° 80°-

wind

16
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FIGURE40.--Contours of even geomagnetic field intensity
in equatorial plane [21. (a) For empirical models; (b) for
Williams-Mead models; (c) for two-dipole model.

FIGURE41.--Magnetic field of the Earth, perturbed by solar
wind, in meridional day-night cross section. Latitudes of
intersection of the surface of the Earth by lines of force-
(a) empirical model [48]; (b) Williams-Mead model [145];
(c) two-dipole model [7].
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and neutral points on the day side of the Earth

(area II). On the day side, this area is located at

_. = 760--80 ° , where the neutral point is projected

along the magnetic lines of force (latitude of

polar drop on the day side of the Earth). On the

night side this area is projected along the mag-
netic lines of force at latitude _. = 68°-73 °

(latitude of polar drop on the night side of the

Earth). The source of the plasma of this area is

the solar wind, penetrating into the magneto-

sphere of the Earth. The mean energy of particles
in this area fluctuates from a few hundred eV to

several keV.

The area of the plasmosphere (area III) is located

at the center of the magnetosphere of the Earth,

extending from the ionosphere to 4-5 Ro, limited

on the high latitude end by _ _ 60o--65 °. This

area is characterized by increased concentration

of electrons and ions of ionospheric origin. Near

the ionosphere, the concentration of ions Ni-_
105 cm -a, while at a distance of 4 R0 the con-

centration decreases to about 103 em -3. The

energy of particles is about a few eV.

Area of the radiation belts of the Earth (area

IV). The area of the magnetosphere is populated
by particles with energies of several tens of keV to

hundreds of MeV. A characteristic feature of the

particles at these energies is rapid magnetic
drift around the Earth in a time much less than

the rotation period of the Earth around its axis.

If area I is related to the open lines of force of

the geomagnetic field, areas II and III form
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FIGURE 42.-Distribution of charged particl.es in magneto-
sphere of the Earth; (a) equatorial cross section; (b)
meridional cross section.

under the influence of the weak electric field,

about 2-4 • 10 -6 v/cm in the plane of the equator,

directed from morning toward evening.
The source of ions in area III is within the

magnetosphere (ionosphere of the Earth), while

the source of ions in area II is outside the mag-

netosphere (solar wind).

For particles of area IV, the influence of the

electric field on their drift trajectories can be

ignored. The boundary of this area is at a dis-

tance where the electric field carries the particles

beyond the limits of the magnetosphere. From

the standpoint of dynamics of the magnetosphere

and effects on space objects, characteristics of

particles in areas II and IV are most important.

The most detailed measurements of plasmas in

the tail of the magnetosphere have been per-

formed by the Vela and OGO satellites. Informa-

tion on direct measurements of the plasma near

the neutral point have not yet been published, but

data are available on low-energy particles, pro-

duced near the Earth on lines of force connecting

with the area of the neutral points. Based on these

measurements, the position of area II in the

magnetosphere of the Earth is shown in Figure 42.

On the night side of the Earth, the neutral layer

of the magnetosphere tail is surrounded by a

plasma layer with a thickness h -_ 4 Ro near the

midnight meridian; closer to the morning and

evening sides, the thickness of the layer increases

to h _ 6 R0. The streams of electrons can reach

values of 10 _ electrons/cm -2 s -1. The mean

energy of electrons fluctuates from about 10 eV
to about 5 keV.

During magnetic disturbances, the thickness

of the plasma layer first decreases to h _ 1 R0,

then increases to h >6 R6 by the end of the

geomagnetic disturbance (during which time

magnetic disturbances develop at latitudes

cb"_ 75_-83°). During this time, electrons appear in

the plasma layer with energies of at least 40 keV.

Plasma-layer particles drifting in the crossed

electric and magnetic fields may reach the

morning, evening, and day sides. From the day

side, particles of the solar wind may penetrate

into the magnetosphere of the Earth through the

neutral points. Although the fluxes of particles
have not yet been measured near the neutral

points, at altitudes of several hundred to several
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thousandkilometersat latitudes_b_75°-83°.

electron fluxes have been recorded with Ee >

100 eV, reaching values of N (E > 100 eV)

l0 s cm -z s -I sr -1 with a spectrum ofN (>E)

E -1. Since the fluxes are isotropic, it can be

assumed that they have the same value in the

area of the neutral points. The energy density of

these electrons corresponds to that of the

magnetic field with an intensity of 5 T-

In area II, electron fluxes with Ee> 100 keV
are also sometimes observed. If electrons at this

energy level, observed on the morning and day
sides, can be accelerated in the tail of the

magnetosphere, the origin of the electrons in

the plasma layer is uncertain. Observation of

electrons of such energies near the morning side

is more probable than near the evening side.

The spectrum of the electrons from the zone

of the polar aurora on the night side is frequently

similar to the spectrum of electrons in the plasma

layer, indicating that this is the same area. The

polar auroras are closely related to ionospheric

and geomagnetic disturbances caused by various

manifestations of solar activity, which will
be discussed in the section, SUN-EARTH

CONNECTIONS.

Radiation Belts of the Earth

The area of radiation belts of the Earth is

shown in Figure 43 (area IV). Since high-energy

particles can be recorded outside this area as a

result of various physical factors, the placement

of electrons with energies of several tens of keV

differs from the placement of the areas of the

belts. Figure 43 shows schematically the areas of

recording high-energy particles in the magneto-
sphere of the Earth. The area of distribution of

electrons with energies > 40 keV, noted by the

slanted shading, does not belong to the radiation

belt, since the drift orbits in this area for particles

are open. Therefore, the high-energy particles at

great distances from the Earth are not particles of

the radiation belts, but are expelled from the

magnetosphere in a time less than 1 period of
drift around the Earth.

Two areas of radiation belts are mentioned in

the literature: the inner and outer radiation belts

[68, 130]. Although this separation was initially

caused by imperfections in the detectors used to

study the radiation belts, it was later found that

for certain groups of particles this separation

does have a physical sense. This will be discussed

in greater detail.

Protons of Earth Radiation Belts

The distribution of protons of various energies,

from 100 keV extending to 500 MeV at L _<6

[144], is shown in Figure 44. For L/> 6, the dis-

tribution of particles becomes a function of local

time. Figure 44 shows that as the energy in-

creases, the maximum intensity shifts to lower L,

at which the spectrum of protons becomes harder.

The meridional cross section of the belt of pro-

Unstable radiation zone,

Electron__ keV

12h--lO__l'Ob _ Oh R3
Ee> 150 keV

Inner radiation belt,

Protons _ Ep>30 MeV

12h--10_1 _r_i_nsR :elt '

Ep> 100 keV

FIGURE 43.- Structure of radiation belts.
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L

FIGURE44.--Radial profiles of time-averaged global intensity
of protons with energies over a fixed value in the plane of
the geomagnetic Equator [144].
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tonswithenergiesE > 1.0 MeV and E > 30 MeV

is shown in Figure 45.

Important characteristics of the radiation belts

include the distribution in the plane of the

Equator, and distribution of particles along lines

of force, usually approximated by the function

N(B) L=co,st _- B". Analysis of the data shows that

for low-energy protons (Ep<30 MeV), this

appi'oximation satisfies the experimental data

well, n increasing with decreasing L. For high-

energy protons, the dependence of intensity on L

is more complex. Protons of these energies are

more concentrated in the plane of the Equator;

with increasing L, the altitude course increases.

Examples of altitude courses for protons with

E > 1, E > 30 and E > 110 MeV are presented in

Figure 46 [139]. Analysis of the spectra shows that

for low-energy protons, the energy spectrum is

well-approximated by an exponential function:

N(> E) _ exp (-E/Eo) (22'

where E0_-L 3 (for L=6, E0_60-100 keV).

High-energy protons have an exponential energy

spectrum N (>E) _E x.

At the maximum of the belt (L _ 1.5), x= 1;
at L=2, x_2.

These peculiarities of high- and low-energy

protons are explained by their difference in

origin. It is assumed that their origin differs;

the source of high-energy protons is neutrons in

the cosmic ray albedo, interacting with the

atmosphere of the Earth; the source of low-energy

protons is the solar wind. The protons of the solar

wind are captured by the magnetosphere of the

Earth and, diffusing into the magnetosphere, fill
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FIGURE 45.- Meridional cross section of belt of protons with
energies Ep > 1.0 MeV and E_, > 30 MeV.

the core of the magnetosphere. The area of

protons with Ev < 50 keV, detected on the eve-

ning side of the Earth, can be interpreted as an
intermediate stage between the proton belt and

solar wind. Figure 47 shows the distribution of

protons in the radiation belt and protons with

E v < 50 keV as functions of L [144]. The intensity

maximum of protons with Ep < 50 keV is ob-

served at L=7-8. During magnetic storms, the

intensity of protons with Ep < 50 keV at the maxi-

mum increases by an order of magnitude or
more, and the maximum is shifted to L _4.

Protons with Ep_50 keV at this time cause a

Dst variation in the magnetic field.

The death of protons is due to ionization losses

in the upper layer of the atmosphere.

a-Particles in Radiation

Belts Around the Earth

Since the solar wind contains both protons and
a-particles, it is natural to assume that the radia-

tion belts of the Earth would also contain

a-particles. However, their flux should be quite
low, since ionization losses .of a-particles are

greater than those of protons and the concentra-

tion of a-particles in the solar wind is 10 times

less than the concentration of protons.

A profile of the belt of a-particles, according

to Soviet data [53], is shown in Figure 48, while

Figures 49 and 50 show the spectrum and rela-

tive intensity of a-particles. These figures show

the data of other authors as well [144].

Electrons in the radiation belts of the Earth.

The distribution of electrons of various energies
in the plane of the Equator in 1966 is shown in

Figure 51. The area where captured electrons

are recorded is divided into the external and

internal radiation belts. The boundary between
these belts follows approximately L---3, where

electrons with energies of several hundred keV

have minimal lifetimes in comparison to the

surrounding L envelopes.
The electron source in the inner radiation belt

is neutrons of the cosmic ray albedo, interacting

with the atmosphere of the Earth. During the

strongest magnetic storms, particles are injected

not only into the external radiation belt, but also
into the internal radiation belt at L 52. Subse-

-._ IS PO01_
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quently, during the process of diffusion, these acterize the natural electrons of the inner radia-

electrons may penetrate to even lower L. The tion belt [147]. By 1966, electrons with Ee <690

data relating to the inner belt (Fig. 51) can char- keV injected by the Starfish explosion had
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almostcompletelydisappeared.The ahitude
courseof electronsin the innerbelt can be
approximatedbytheexpressionN -_ B -1.

The distribution of electron fluxes with energy

Ee _ 150 keV in the outer radiation belt in the

10 s - _ I _ z '-t _-,.,'_' .'. ',,, I , } , _ ' I , -4
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>1 MeV
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FIGURE 47.-Radial profiles of equatorial omnidirected flux

of low-energy protons.
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FIGURE 48.-Equatorial cross section of belt of low-energy

a-particles.

plane of a meridian is presented in Figure 52

[137]. The electrons of the solar wind are the

sources of electrons for the outer radiation belt

whose maximum intensity is at L = 4-5.

The altitude course of the electrons in the outer

belt becomes weaker with transition from the

outer boundary to the gap. As L changes from 6

to 4, the mean altitude course changes from

N _- B -t to N _ B -°-s. If a magnetically quiet

situation is retained for 4-5 days, at L- 4 the

altitude course disappears and N=const with

variations in altitude of - 6000 km to the Equator.
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Sources of Particles in Radiation Belts

The particles causing the Earth's radiation

belts have already been noted; consideration will

be given to the mechanisms by which the radia-
tion belts of the Earth are filled, and these can

be divided into two groups:

slow continuous filling of the radiation belts

with particles;

rapid "impulse" injection of particles.

The slow, continuous filling of the radiation

belts with high-energy particles occurs as

neutrons ,ff the cosmic ray albedo interact with

the atmosphere of the Earth. This process is the

source of particles for the proton belt with

energies E >30 MeV and the electron belt at

L _2-3. Many calculations have been made of

the intensity of protons in the inner radiation belt,

the source of which is the albedo neutrons [68,

130]. The. actual altitude course of intensity

differs significantly from the calculated course.

Apparently, neither the change or flux of neutrons

with altitude, nor the mechanism of proton death

(usually only ionization losses are considered) is

well-known.

This filling also occurs in the process of diffu-

sion of particles from the outer areas of the mag-

netosphere to its core. The theory of the process
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FIGURE 5l.-Radial profiles of electron intensity at L/> 1.75.

has been well-developed [40, 106, 130]. It is

assumed that the diffusion of particles occurs

during sudden impulses of the geomagnetic

field, frequently recorded by magnetic observa-
tories. The diffusion of particles may also occur

during magnetic substorms. This process leads
to acceleration of the diffusion of electrons at

low L (L < 2).

The change in the profile of the electron belt

with Ee > 1.6 MeV in the process of diffusion is

shown in Figure 53 [50]. The leading edge of the

belt during the process of diffusion moves at

v = 33 • 10 -7 L 9Re per day. The rate of movement

of the maximum of the belt is approximately

one-fourth as great. This figure shows the

dependence of the rate of diffusion of electrons

with energies of 0.15-5 MeV on L [139].

During the process of diffusion, the proton

belts of the Earth with Ev < 30 MeV and the outer

electron belt are formed. The maximum intensity

of particles of various energies is formed at the

L for which diffusion time for the boundary of

the belt is approximately equal to the lifetime of

the particles.

Rapid increases in the intensity of particles in

the belt occur during magnetospheric substorms,

and involve strengthening of the large-scale

electric field in the terrestrial magnetosphere.

Three modifications of the acceleration mecha-

nism can be noted.

First, particles are injected from the tail of

the magnetosphere under the influence of a

strengthened electric field. Higher energy par-

ticles in this case appear in more distant drift

envelopes; electrons with Ee > 40 keV appear

at L/> 4.0. Drift orbits of accelerated particles
under the influence of the reinforced electric field

are open, become closed only when it weakens.

Second, particles of the belt are redistributed

under the influence of relatively weak electric

fields, changing with time. The drift orbits of the

particles remain closed in this case, but rapid
diffusion of the particles occurs to the L en-

velope, for which the period of rotation of the

particles around the Earth 1"3 is equal to the

period of influence of the electric field, since

1
• 3-Ek---_so that high-energy particles increase

their intensity less than lower energy particles.
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Third,atthebeginningofanymagnetospheric
substorm,the field in the tail of the magneto-
sphereis increasedbytransitionof linesofforce
fromthecoreof themagnetosphereintothetail.
Uponcompletionof a storm,the linesof force
return.Thefieldat thetip of a lineof forcein-
creasesandtheenergyof particleslocatedona
given line of force increasescorrespondingly
(E/B=const).At the end of a magnetospheric
substorm,anacceleratinginductionelectricfield
appearsin the tail of themagnetosphere[146].

Themechanismof developmentof thequasi-
stableelectricfield is not yet clear.Possibly,
chargesseparateattheboundaryofthemagneto-
sphere.Theymayariseintheregionoftheproton
belt, wherethecurrentresponsiblefor the Dst

variation of a magnetic storm is formed (to be

discussed later).

Death of Particles in
the Earth's Radiation Belts

The general picture of the intensity of particles
in the radiation belts drawn above reflects the

state of dynamic equilibrium between the death

of particles and their arrival. The mechanisms of

death for particles of various types are different.

For protons and a-particles, the basic mecha-
nism of death is a decrease in the energy of the

particles due to ionization losses upon interaction

with the traces of atmosphere at high altitudes.

The disruption of the first adiabatic invariant is

significant only for protons with E_ >/100 MeV.

For electrons, Coulomb scattering is more
effective than ionization losses. It defines the

lifetime of electrons at less than 1.5. For higher

L, the lifetime decreases, indicating that there

is a new, more effective mechanism leading to

departure of electrons from the belts. This mech-

anism is scattering of electrons on low-frequency

waves such as whistling atmospherics and natural
cyclotron radiation.

The decrease in intensity of electrons in various

L envelopes during magnetically quiet periods

can be approximated by a function such as:

N _ exp (- t/r) (23)

where r is called the lifetime of the electrons. A

summary of the lifetime of electrons in various

L envelopes is presented in Figure 54, which

shows the dependence of lifetime of electrons

with Ee >/1.2 MeV and Ee/> 300 keV on L [144].

The intensity at which the flux of particles is

reduced by a factor of 2 in 1 day is called the

limiting intensity. At intensities near Nnv, the

lifetime of electrons with Ee > 40 keV and Ee ""

300 keV drops sharply. The decrease in intensity

is not exponential, but a power function: N_ t
[81]. When the intensity reaches the value

_ r, the power drop in intensity becomesN

exponential with lifetime r. The decrease in the

lifetime of electrons with an increase in intensity

is related to the development of cyclotron insta-

bility and scattering of electrons on their own cy-

clotron radiation. The ionosphere in this case has

a stabilizing influence on the belt, since it ab-

sorbs the cyclotron radiation of electrons with a

frequency near the low-frequency radio radiation

band. The death of particles occurs primarily

on the night side of the Earth, where the ioniza-

tion density is less and the absorption of cyclo-
tron radiation is weaker.

The scattering of electrons can be conven-

iently observed on the basis of the accumulation

of particles in forbidden drift trajectories, which

descend into the denser layers of the atmosphere
or to the Earth.

Figure 55 shows the change in intensity of

electrons with E_ _>400 keV at L = 2 at the drift

trajectory with hmin = 100 km. It can easily be

seen that at the departure from the anomaly, the

flux of such particles is slight and increases with
drift around the Earth.

The peculiarities of the pouring of electrons
with E_- 100 keV around the entire Earth can

be seen in Figure 56, likewise the increased

pouring of electrons during the night hours at

L _ 2 to the east of the Brazilian anomaly (0o-60 °

W), a phenomenon which is related to conical

instability. This pouring and death of particles

occurs constantly even under quiet geomagnetic

conditions. In addition to this stable death of

particles, sporadic pourings of electrons and

protons are observed in the belts. These phe-

nomena are related to geomagnetic, ionospheric,
and solar disturbances and will be described in

the section on Sun-Earth connections.
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SUN-EARTHCONNECTIONS

GeomagneticActivity- Storms
and IonosphericDisturbances

Most geophysicalphenomenain the upper
atmosphereof the Earth are directly or in-
directlyrelatedto activephenomenaontheSun.
The most characteristicmanifestationsof this
connectionaregeomagneticstorms,arisingasa
result of interactionof streamsof solarplasma
fromflareswith themagneticfieldof theEarth.
Geomagneticstorms,togetherwith the geo-

magneticandionosphericdisturbancesaccom-
panyingthesestorms,forma complexgroupof
phenomenacalledgeomagneticactivity.Typical
manifestationsof geomagnetic activity are

phenomena such as the polar auroras, absorption

of cosmic noise in the polar caps, and atmo-

spheric reduction and disturbances in the F

layer of the ionosphere.

Ionospheric disturbances and polar auroras are

among the outstanding phenomena related to geo-

magnetic storms. Study of the behavior of the

ionosphere relates directly to determination of
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the mechanism of geomagnetic storms, since the

primary current systems responsible for magnetic

disturbances apparently lie in the ionosphere,

while study of the auroras provides unique infor-

mation on pouring of particles from the

magnetosphere.

Geomagnetic activity is complexly dependent
on a number of parameters of the interplanetary

medium, the magnetosphere, and the ionosphere,
and on the physical processes which occur in

them. Its most common measure is the magnetic
index, represented as K or A (depending on the
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use of the quasi-logarithmic or linear scale), char-

acterizing the maximum change in the geomag-
netic field over 3 hours.

Variations in geomagnetic activity observed

are both periodic (27-day and ll-year variation)

and sporadic in nature. The ll-year variation is

closely related to the cycle of solar activity and

correlates well with it; the 27-day variation indi-

cates a relationship between the phenomena
observed and certain active areas on the Sun.

The perturbing agent may be either recurrent

corpuscular streams from the active areas, or

hard electromagnetic radiation. Increases in geo-

magnetic activity are observed as the Earth

intersects streams of high-velocity solar plasma.

Some increase in activity is observed as the

Earth crosses the boundary of the sector of the

interplanetary magnetic field where the velocity

of the solar plasma frequently reaches values of

700-850 km/s. As the sector boundary is passed,

a change is recorded in the intensity of cosmic

rays, the index of magnetic activity A increases,

and the intensity of captured electrons in the

outer radiation belt changes. This represents the

influence of the quasi-stable sectorial structure

of the interplanetary magnetic field on geo-

magnetic activity. Study of the interaction of the

solar wind with the magnetic field of the Earth

has been reviewed [26, 208].

Interaction of the Solar Wind

with the Earth's Magnetic Field

The solar wind and clouds of solar plasma,

striking the magnetic field of the Earth as they

propagate from the Sun, deform it in a way so

that on the Sun side it is somewhat compressed,

while on the opposite (shadow) side it extends

outward, forming a long, geomagnetic tail. The

particles of the solar plasma are partially de-

flected by the geomagnetic field. Flowing around

the magnetosphere, they continue farther into

interplanetary space, and are partially captured

by the field, forming belts of charged particles or

zones of captured radiation around the Earth.

Near-Earth space can be divided into three

areas with regard to its physical characteristics:

(1) interplanetary space, where the proper-
ties of the interplanetary medium are not

disturbed by the Earth and its magnetic
field;

(2) the transition region or magnetosheath

resulting from interaction of the solar

wind with the geomagnetic field;

(3) the magnetosphere-the area of space

occupied by the geomagnetic field.

The magnetosphere can in turn be divided into

two parts: the portion of the magnetosphere which

encompasses primarily the zones of captured

radiation, and the remaining portion, including

the magnetic tail (magnetotail) of the Earth with a

magnetic neutral plasma layer.

These three areas of space are separated by
two characteristic boundaries: the collisionless

head shock wave and the magnetopause. The

coilisionless shock wave separates the un-

perturbed interplanetary medium from the mag-

netosheath; the magnetopause (boundary of the

magnetosphere) separates the magnetosheath

from the magnetosphere (see Fig. 37).

A boundary of the geomagnetic field and its

motion were first discovered by the Explorer 10

satellite. The first measurements of captured

particles, the magnetic field, and the plasma at

the boundary of the geomagnetic field were made
p

in 1961 by Explorer 12 [30, 52]. The geomagnetic

field is compressed by the stream of the solar

wind on the Sun side at a distance of about 8.2 R0

along the Sun-Earth line. In addition to the limita-

tion of the regular geomagnetic field, a limitation

of the quasi-thermalized plasma was discovered,

which was interpreted as the leading edge of a
collisionless shock wave.

Further investigations finally established that

there is an area which serves as a division

boundary between the strong, regular geo-
magnetic field within the magnetosphere and the

rapidly fluctuating weak magnetic fields of inter-

planetary origin in the transition area (Fig. 37).

In the transition area, the low-energy solar plasma

is retained and thermalized upon transition

through the area of the collisionless shock wave.

In both the shock wave and the magnetosphere,
significant fluctuations of the magnetic field are

observed. Later measurements of the mag-

netosphere boundary indicated a slightly higher
value than the first measurements for its distance
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fromEarth,andshowedthatthepositionofboth
boundariesmaychange,displacementsreaching
20% of the nominalvaluesof the boundary
distances.Thesevariationsin positionof the
boundarysurfacesresultfromtimevariationsin
the densityandvelocityof the solarwindand
relatedinterplanetaryfields.

The boundaryof the magnetosphereon the
Sunsideis assumedto beapproximatelyspheri-
cal in shapewith aradiusof curvatureof about
14R0, and its center displaced by 3.5 Ro toward

the night side along the Earth-Sun line. The

shock wave is approximately parabolic in shape
and intersects the Sun-Earth line at a distance of

14 R0. The axis of symmetry of the magneto-

sphere boundary in the plane of the ecliptic is

rotated relative to the Sun-Earth direction by a

slight angle (5°), a result of the effect of aberra-
tion due to the orbital motion of the Earth

around the Sun.

The head shock wave is recorded by sharp

change in physical properties of the plasma

medium (appearance of low-energy plasma in the
transition area). Observations on satellites such

as Vela [39] have shown that the flux of electrons

recorded by satellites in the area of the assumed

head shock wave undergoes sudden and sharp

changes. The general nature of the change in

proton and electron fluxes agrees with the idea
that turbulence results from interaction of the

solar wind plasma with the shock wave. Protons

of the solar wind lose some of their energy,
while the electrons of the solar wind increase

their energy and the direction of motion of the

particles becomes more chaotic. The global flux

of electrons with Ee > 350 eV, upon transition

from interplanetary space to the transition area,
increases from not more than 107 to about

5 • l0 s cm -2 s -_. The temperature of the protons

increases from about 105 • (typical value for inter-
planetary space) to about 106 °K. The electron

temperature behind the leading edge of the shock

wave is about l0 s °K, although higher values are

frequently observed (up to about 5" 106 °K).

In the transition area approximately between

10 and 15 R0, near-isotropic but varying streams

of protons and electrons have been observed with

intensities of 109 cm -2 s -_. A significant increase

in the ion temperature and a sharp decrease in the

intensity of streams of protons and electrons have

also been observed near the magnetopause

(R,, _ 10.5 Ro). Measurements have shown that

the concentration of protons in the transition area

is 8 to 10 times higher than in the solar wind. The

magnetopause is easily detected not only by the

change in the magnetic field, but also by the sharp

decrease in the flux of protons with Ep < 10 keV

and the appearance of electrons with Ee > 40 keV

within the magnetosphere. Both boundaries (the

head shock wave and the magnetopause) some-

times diffuse, making identification more difficult.

On the night side of the Earth, the lines of force

of the geomagnetic field are extended far away

from the Sun, forming a long loop, extending to a

distance over 80 R0, i.e., beyond the orbit of the

Moon [43, 44, 61].
A tail is indicated as far out as R = 1000 R0

[101]. The diameter of the tail of 30 Ro is about

40 R0, at the geocentric distance of 80 R0 about

50 R0. The geomagnetic tail is assumed to form
as a result of extension of the lines of force of the

geomagnetic field from the polar areas by the

solar wind. It is shaped like a slightly flattened

cylinder with a 0-shaped cross section, consisting

of two individual magnetic force tubes. In the

southern tube, the magnetic lines of force from

the south polar area are directed away from the

Earth; in the northern tube the magnetic lines of

force, connected to the north polar area, are
directed toward the Earth. These tubes are

separated by a magnetically neutral layer with

very low field intensity, almost coinciding with

the layer of hot plasma, balancing the pressure

upward and downward from the neutral layer.

The neutral layer, according to observations

[16, 17], is very thin; its thickness is not over the

radius of the Earth (changes within limits of

500-5000 km have been recorded). When a

satellite crosses the neutral layer, the sign of the

field reverses; thus the existence is presumed of

a layer of plasma and an equivalent electrical

current, connected to the field _radient. Measure-

ments made by the IMP-1 satellite show the

neutral layer to be frequently in motion; the lines

of force have a small component connecting the

lines of force on opposite sides of the neutral

layer. During magnetic storms, the magnetic tail

is strongly deformed and changes [144].

574-269 0 - 76 - 8
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The intensity of the magnetic field in the tail

(Hx) decreases with increasing geocentric

distance r_e according to the rule Hx _ (r,e) -_,

,/ 0.5+0.2. At the distance r_=10-15 R0,

Hx = 20-30 T- At r_e = 40 Ro, H_ - 10-18 T, while

at r,e=80 R0, Hx_-6-12 3_. The value of the

component perpendicular to the neutral layer is

Hz _ 1-4"/ [129]. According to measurements by

Explorer 33 [100], the field intensity of the geo-

magnetic loop at the orbit of the Moon is 10-

18 T; the direction of the field is almost parallel

to the Earth-Sun line. The form of the geomag-

netic tail depends largely on the flux of plasma

at its surface and, like the mechanism of the

tail formation, is still debated [15].

Geomagnetic Disturbances

The instability of solar plasma fluxes leads to

fluctuations in the position of the outer boundary

of the magnetosphere, which can be recorded on

Earth as pulsations of the geomagnetic field.

Comparison of variations in parameters of the

solar wind flux, made from observations by

Venera 2, 4, and 6, with pulsations of the geo-

magnetic field [66], show that the primary

parameter of the solar wind, determining the

nature of geomagnetic field pulsations, recorded

on the Earth, is the concentration of the proton

component.

The stronger geomagnetic disturbances are

caused by high-energy fluxes of solar plasma
from solar flares and recurrent fluxes of solar

plasma. These disturbances may be periodic

(smooth and regular) or sporadic; the most

intensive are called geomagnetic storms. The

intensity of the geomagnetic field, equal to about

0.30e (30 000 T) at the surface of the Earth near

the Equator, may vary as much as 1%-2% during

the strongest geomagnetic storms.

A geomagnetic storm usually passes through

three phases of development: the initial phase,

a smooth or sudden change of field; the main

phase, a significant decrease in the horizontal

component of the field in the middle and low

latitudes; and a phase of gradual recovery,

developing approximately 1 day after the begin-

ning of a storm and continuing for several days

(Fig. 57).
Correlation of the time variation of the field

of a storm Dst with the position of the magneto-

pause on the day side, shows that in the initial

phase of a magnetic storm, the magnetosphere is

compressed, apparently due to an increase in the

solar plasma flux, while during the recovery phase

there is general expansion. In geomagnetic

Geomagnetic storm
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•
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FIGURE57.- Change of magnetic field during a geomagnetic storm.
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storms with a clearly expressed main phase,

there are great increases in the distance to the
head shock wave and in the thickness of the

transition, and a tendency toward increased

storm intensity with increasing transition area

thickness. Formation of the broader transition

area may facilitate generation and transmission

of magnetohydrodynamic waves into the mag-

netosphere, causing an increase in the viscous

interaction and subsequent transfer of magnetic

lines of force into the Earth tail, which increases

the intensity of the storm.

There is a relationship between the position

of the flare responsible for a storm on the solar
disk and the nature of the storm. Storms caused

by central flares are usually more sudden in onset

SC and show a well-developed main phase;

flares near the edges of the solar disk cause

storms with milder, more extended initial phases;

the development of the main phase is not always

the same during such storms. The flux of energy

responsible for geomagnetic storms can be as-
sumed to be concentrated in a narrow cone,

with an axis directed radially outward from the

area of the flare. The appearance of flares respon-

sible for storms with sudden onset at any point

on the solar disk also shows that the leading

edge of the plasma flow expands almost hem-

ispherically as it propagates, and forms an ex-

tended envelope. These concepts can be com-

bined into a single picture, presumably, of the

distortion of the shock wave generated, as plasma
is thrown outward from the area of a solar flare

[59].

Morphology of Geomagnetic Disturbances

The analysis of the morphology of geomagnetic

disturbances presented here is based largely on

the detailed review by Obayashi [102]. Chapman

suggested that the field of a disturbance D be

formally divided into two areas to describe the

rather complex nature of a geomagnetic storm:

the axisymmetrical area Dst and the asymmetrical
area DS:

D = Dst + DS (24)

The field Dst corresponds to variations during

the storm. For a typical geomagnetic storm, this

portion begins with a sharp change in the field
at the moment of the sudden onset SC and con-

tinues with the longer initial phase (Fig. 57).

The main phase of the storm shows a significant

decrease in the horizontal component of the field

Dst in the middle and lower latitudes. Field DS

is disturbed, depending on local time; the average
of DS is called the disturbed solar-diurnal varia-

tion DS. Field DS predominates, generally, in the
high latitudes and is most active during the

main phase of the storm [33].

In the polar auroral areas, particularly along

the auroral belt, the magnetic disturbances are

very intense. These disturbances, polar sub-

storms or geomagnetic bays, usually last no more

than a few hours and may reach several hundred

gammas. They may appear during planetwide

geomagnetic storms, or under quiet magnetic

conditions. The most significant feature of these

disturbances is the development of strong stream

currents in the ionosphere along the night side
of the auroral belt, the auroral electric streams.

These disturbances are represented as field
DP-1 (Fig. 57).

with the auroral electric stream DP-1, another

ionospheric current system, responsible for the

DP-2 field, consists of two current vortices with

opposite directions, located in the polar area,

with centers approximately along the morning-
evening meridian. The field of DP-2 disturbances

arises and exists over the entire Earth (from the

pole to the Equator), i.e., has a wider distribution

in space than field DP-1. The frequency of

current systems DP-2, excluding cases of SC

and SI, is comparable to the frequency of DP-1

polar magnetic substorms.

Upper Atmosphere of the Earth-
the Ionosphere

Short-wave radiation from the Sun carries

sufficient energy to cause significant photo-

ionization of the terrestrial atmosphere at high

altitudes, creating a partially ionized area in the

upper atmosphere, the ionosphere. The iono-

sphere extends from about 50 km to the boundary

of the magnetosphere. It is usually divided into

several parts: the D area (50 to 90 km), E area

(90 to 120-140 km), F area (120-140 to 600-1500

kin), and protonosphere (1200-5000 km to the
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boundaryof themagnetosphere).TheF area is

divided into the F1 and F2 layers, the E area is

sometimes divided into the E1 and E2 layers.

The separation into areas is defined by the proc-

esses of their formation and composition of ions

they contain. The D, E, and F areas are pri-

marily molecular ions O_- and O ÷, the F2 area

consists of O +, and the protonosphere consists
of H +.

Atmospheric conditions in areas of the iono-

sphere differ greatly. The temperature varies from
about 200 to 1000-2000 ° K, the concentration of

neutral particles n varies by a factor of a million:
from 1015 cm -3 in the D area to 109 cm -a in the F

area. The electron concentration ne depends on

the phase of the solar cycle and the time of day.
The maximum concentration of ions and elec-

trons is reached in the uppermost layer, in the

F2 layer above 300 km altitude. At altitudes over

110 km, the degree of ionization ne/n in the

daytime is about 10 -7 , while at altitudes of about

300 km it reaches 10 3. Upon transition from day

to night, the electron concentration in the F2

area decreases by about 3-10 times, whereas

in the E and D area it drops by 1.5 and 2.5 orders

of magnitude. The time and geographic varia-

tions of the day E layer are quite regular. The
maximum ion concentration in the E layer

depends almost entirely on the activity and

zenith distance of the Sun. The E layer has

almost no sharp disturbances, such as those

observed in the D and F layers.

Ionization by solar radiation dominates

throughout the ionosphere over h _ 80 kin, with

the primary portion of shortwave solar radiation
absorbed at altitudes of 100-200 km. Over 85 km

at the minimum of solar activity and over 70 km at

the maximum of solar activity, the primary source
of ionization is x-radiation with _ _< 10 _. Radiation

in L_ is also significant at 70_< h_<90 km.

Below 65-70 km, at the middle latitudes, the

effect of cosmic rays predominates even in the

daytime. The flux of cosmic rays increases by a
factor of 3 from the minimum to the maximum of

solar activity. In the 65-80 km area in the day-

time and i> 80 km at night, ionization by cor-

puscular streams of particles, pouring into the

lower portion of the atmosphere, predominates.

During magnetic disturbances, the flux of poured

particles increases and ionization correspondingly

increases (even at 100-110 km on the day side).

The total flux of ionizing radiation from the

Sun varies between 2.5 and 8 erg-cm-2-s.

Cosmic rays expend 3-10 -3 erg-cm-2.s on

ionization of the terrestrial atmosphere in the

middle latitudes. Of this energy, over 90% goes

to ionization of the atmosphere below 40 km.

Particles poured in during periods of high solar

activity expend up to 1 er_" cm-2"s on ioniza-

tion during the daytime and 10-2 erg • cm-2. s at

night.

The most significant changes in parameters of

the Earth's upper atmosphere are related to

changes in the flux of shortwave solar radiation.

Dependence of ionospheric parameters on solar

shortwave radiation is manifested as periodic

(27-day and ll-year) changes and sporadic

disturbances, a result of sharp increases in the

flux of x-ray and ultraviolet radiation during

active phenomena on the Sun.

A change is observed in the parameters of the

ionosphere during the course of the day from day

to night. The temperature changes most strongly

in the 100-200 km altitude range. Over h _ 250-

300 km is an area of isothermy. The daily maxi-

mum temperature T_x in this area is at 14:00-

16:00, the minimum at 4:00-5:00 local time,

indicating the inertial properties of the tempera-

ture of the atmosphere. Upon transition from day

to night, T_x decreases by 20%--40% with low ac-

tivity and 1.5-2 times with high activity of the
Sun, from 1000 ° to 800 ° K and 1800 ° to 1100 ° K

respectively. At altitudes less than 200-250 km,

the change in temperature is much more com-

plex. As solar activity increases, the density of

the atmosphere increases significantly. The over-

all atmospheric density at 200 and 300 km in-

creases by 2 and 3-4 times respectively upon

transition from minimum to maximum activity.

Atmosphere temperature also correlates well

with the planetary geomagnetic index Ap. The

increase in the geomagnetic index during geo-

magnetic storms corresponds to an increase in

pressure, i.e., density and temperature changes

(in the upper atmosphere) are generally recorded

5-7 h after a magnetic storm begins. The upper

atmosphere of the Earth and the ionosphere have

been widely studied [75, 96, 111].
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Ionospheric Disturbances

Disturbances in the ionosphere include proc-

esses of two main types: reinforcement of ioni-

zation in the lower ionosphere (D and E areas)

and complex aerochemical and dynamic proc-
esses relating to the F area (Fig. 58 [102]). That

the anomalous ionization in the lower ionosphere

results from bursts of solar radiation or outpour-

ing of energetic particles is generally accepted.
The plan of disturbances in the E area, in-

cluding the auroras, is shown in Figure 59 from

[102]. During solar flares, ionization of the

atmosphcrc, particularly below !00 kin, increases

sharply. In the D layer, following intensive solar

flares, it increases by 102-104 times as a function

of the altitude in the atmosphere and the intensity

of the flare. This increase in ionization, a sudden

ionospheric disturbance (SID), is determined

primarily by increase in intensity of solar x-radia-

tion in the 0-20.4 range. The increase in electron

density at various altitudes is determined by the
increase in the flux of radiation in the 0-20

range, and change in spectral distribution of this

radiation. The duration of SID is a few minutes
to a few hours.

Sudden ionospheric disturbances encompass

the lower portion of the ionosphere in the D area,

although an increase in ne sometimes occurs in

the E and F layers. Recording of sudden increase

in ionization in an area is based on sudden phase

anomalies in reflected radio signals (SPD),

sudden increases in atmospherics and at-

mospheric whistles (SEA and SES) at altitudes

below 70 km, fading of shortwave signals (SWF),

and sudden absorption of cosmic radio radiation

(SCNA) between 60 and 100 km.

The strong increase in the Sun's ultraviolet

and x-radiation during a flare leads, in a few

minutes, to an increase in the system of electrical

currents in the ionosphere, responsible for the

daily variations in the magnetic field, and is

noted on magnetograms as sudden slight excur-
sions- "crumbs." Crumbs are observed on the

sunlit side of the Earth and are most clearly

expressed near the subsolar point. Almost all

crumbs have been observed during periods of

increasing x-radiation. The beginning of radio

bursts in the centimeter range and the beginning

of crumbs usually coincide.

Perturbations in the F area, related to geo-

magnetic storms, have been studied for many
years. Analysis of data from the world network of

ionospheric sounding stations has revealed many
important peculiarities of variations in the elec-

Geomagnetic storm Ionospheric storm

Solar Energetic ]

plasma _ particles I

cloud [emission

Magnetospheric _ Magnetohydrodynamic ]

disturbances ] - I waves [ --[

Movement

F area

heating

[ DS current

system ]

_--- Excess electron formation

Electron lossesElectron diffusion

Ionized and neutral gas drift

FIGURE 58.-- Possible mechanism of ionospheric storm in F area.
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tron concentrationin the ionosphere.However,
thetheoriessetforthtoexplainthemechanismof
thesedisturbancesin theF area are debatable;

there is still no satisfactory explanation for the

main peculiarities of the storms. This situation is

caused by the complex processes of formation of

the F layer and poor understanding of the electro-

dynamics of the upper atmosphere. Nevertheless,

two factors should be important in solving the

problem: the change in the temperature of the

ionosphere during magnetic disturbances and the

drift electrodynamic motions of electrons under

the influence of electric fields arising in the

ionosphere.

Sun Magnetosphere Ionosphere

Solar flare

1
Plasma

cloud I

Soft X-radiation

Solar cosmic ray

protons 1-100MeV

Geomagnetic storm ]_

J
Geomagnetic Idisturbance

I Solar wind J
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4 Auroral
Auroral particles, external -_1

magnetosphere; electrons
1

and protons 1-100

Magnetospheric
disturbances

I Motion

disturbances

Auroral electrostream

FIGURE 59.-- Sources and mechanism of development of primary disturbances in the F area.
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The temperature in the F area obviously in-

creases during geomagnetic storms. Observations

of the atmospheric braking of satellites have

shown that general heating of the ionosphere

occurs in altitudes 200 to 700 km; the temperature

rise correlates well with the rise in geomagnetic

activity. Increased temperature in the F layer

leads to significant changes in equilibrium as a

result of the electrodynamic drift motion of

electrons, caused by interaction of the geo-
magnetic and electrical fields, related to the

currents flowing in the ionosphere.

Polar Auroras and Auroral Phenomena

One manifestation of the Sun-Earth connection

is the polar auroras, the only visible manifesta-

tion of the interaction of charged particles with

the upper atmosphere and ionosphere. This

phenomenon varies in the form of the glowing

areas and their brightness, color, mobility, and
duration (Fig. 60 [31]). The polar aurora has been

the subject of many works [2, 12, 31, 32, 74, 76,

77, 80, 96, 111].

All auroras are divided into two structural

classes: ray type and homogeneous. The first

includes forms of individual rays coinciding in

Diffuse shining surface Smooth arch

Bands Arch of rays

..-

Drapery Corona

FIGURE 60.-Primary forms of polar auroras.

direction with the geomagnetic lines of force;

the second, of a homogeneous diffuse glow.

Auroras with ray structure are usually very mo-

bile, while homogeneous forms stay at rest.

Study of the polar auroras, closely related to

ionospheric and geomagnetic disturbances, can

produce indirect information about parameters

of the magnetosphere and its charged particles.
The timespan of individual forms of auroras

varies from a few seconds (ray forms) to several

hours (homogeneous forms). The thickness

(width) of the arcs falls within 1.5 to 23 km, with

a mean value of 10 kin; as the geomagnetic

disturbance increases, the thickness of the arcs

increases. The thickness of the rays amounts to
a few hundred meters. The vertical extent of

homogeneous arcs is about 30 km, arcs of rays

,,>40 kin, and individual rays about 100 km,

sometimes up to several hundred km. The alti-

tude of an aurora is usually the altitude of the

lower boundary of the glow (Fig. 61 [147]). Several

arcs may be present simultaneously in the sky.
The minimum distance observed between them

is about 10 km, the maximum distance about

200 km, and the most probable distance, 30-40
km.

Arcs have been observed repeatedly stretching

over 180 ° of longitude, i.e., extending about

7000 km, which is apparently not the limit, since

the length of individual forms in the longitude
interval > 180 ° has never been studied. As the

level of geomagnetic disturbance increases, the

length of the arcs decreases and their regular

form is disrupted.

Auroras become visible to the naked eye when

their brightness exceeds the night sky glow. The

brightest auroras are 1000 times as bright as the

glow of the night sky. The international 4-grade
scale of brightness (see Table 8) is based on the

TABLE 8.-Physical Properties of Auroras

Brightness,

arbitrary grades

Intensity of 5577 ,_ (kR)

Light flux (erg/cm _ • s)

Flux energy of particles

(erg/cm 2. s)

I II

1 10

0.01 0.1

3-5 30-50

llI

100

1

300-500

IV

1000

l0

3000-50OO
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absolute intensity [2] of the 5577 _ emission.

The Rayleigh is used as a unit of measurement.

An auroral intensity of 1 Rayleigh corresponds

to the emission of 10 s quanta/s in a colurr, n of

atmosphere with a cross section of 1 cm 2.

The overall spectra of electrons (shown in

Fig. 62 [77]) is according to the data from rockets

and satellites for the high and middle latitudes.

In both cases, electrons with E= 1-10 keV carry
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FIGURE 61.--Vertical cross section of intensity of glow of
various types of polar auroras: 1, smooth arches; 2, arches
of rays; 3, bands of rays; 4, rays.

the primary energy of the stream, although at the

auroral latitudes their intensity is significantly

higher. These electrons are most effective in

formation of the polar auroras and ionization at

the altitude of the E layer.

The area in space in which polar auroras can

be observed at a given fixed moment in time is an

irregular circle, asymmetrical relative to the

magnetic pole; on the night side of the Earth,

the circle passes over latitudes _b _ 67°-68°; on

the day side-over 6 _ 75°-77° (Fig. 63a). The
radius of the circle is 18°-19 ° latitude. The

probability of appearance of auroras at local times

along the entire circle is almost constant and at

its maximum, equal to about 0.8 (slightly decreas-

ing toward the day meridian [79]).
The area of latitudes lying within the circle of

auroras is called the polar cap. The probability

of appearance of auroras in the polar cap is not

over 0.2. Usually, a weak diffuse glow or weak,

short, and short-lived homogeneous arc which

arises and develops separately from the glow

of the polar oval may be seen. Figure 63b shows

typical distribution of the form of auroras in the

polar oval and the polar cap during a moderate

substorm. During quiet times, the auroras do

not disappear completely, but only one fine arc

may remain on the night portion of the oval, with

groups of separate rays on the day portion.

The altitude of the auroras changes along the

oval: the most probable altitudes are 100 km, 125,

and 150 km in the night, evening, and day portions

respectively. No data are yet available concerning

the altitudes in the morning sector; there is
reason to assume that it is even lower than at

night.

The spatial position of the polar oval is shown

in Figure 63a, which is for the winter hemisphere,

the geographic axis combined with the geo-

magnetic axis. The probability is about 0.8 of

this glowing ring appearing. The brightness of

the auroras in the day portion of the oval is always

less, apparently a result of their greater altitude;
the auroras here arise in the less dense layers of

the atmosphere.
All that has been stated is true of electron

auroras. Much less information is available about

proton auroras. It can only be said that they are
also located in an asymmetrical ring, but it is
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somewhatdisplacedrelativeto the ring of the
electronauroras;during the eveninghours,
protonaurorasarefoundin lowerlatitudes,dur-
ing the morning,in higher latitudes.Around
midnight,thesetworingscross.

The mostactiveandbrightestmanifestations
of thepolaraurorasarisein themidnightsector
of theauroralbelt[3].Thissystemof manifesta-
tionsissubjecttorepeatedlarge-scaleexpansions
andcontractions,whichmaygobeyondthelimits
ofthefieldofvisionofanindividualstation.These
large-scaleauroralactivities,whichariseduring
utve,ul,mentof asinglephenomenon,havebeen
calledauroralsubstorms.

Auroralsubstormsarecloselyrelatedto mag-
netic disturbances.Akasofuand Chapman[4]
haveshownthatintensiveauroralsubstormsfre-
quentlyappearduringthestageof development
of the mainphaseof a storm,not duringthe
quietinitial phase.Significantdisplacementof
auroralarcs towardthe Equatoris observed
duringthe largemain phasesof geomagnetic
storms.

In additionto theordinarypolarauroras,two
othertypes,whicharenotvisible,havebeendis-
covered:subauroralredarcs,anda glowin the
areaof the polar caps.The stablered arcs
(6300_t),whichcannotbeseenbyeye,appearin
thezoneof middlelatitudesduringgeomagnetic
storms.Thesearcsarelocatedin theF area of

the ionosphere, extend over about 500 km of

latitude and form magnetic continuous bands, at

least for the night half of the Earth. The intensity

of the arcs increases with increasing geomagnetic

activity.

Observations of emissions in the oxygen line
at 6300 _ in the upper atmosphere of the Earth

(h >200 km) during geomagnetic disturbances
have shown that emissions on the 6300 _ line

are closely related to solar activity. In particular,

a close relationship has been observed between
the intensity of the 6300 _ line and the flux of

solar radio radiation at 11o.7-cm wavelength. For

su.ffi..ciently large geomagnetic disturbances

(Dst > 100 7), the logarithm of intensity of the

emission line is linearly related to the indices

Dst and Ilo.r-cm"

The glow in the area of the polar caps is

observed in close connection with absorption in

the polar caps (PCA). This form of polar aurora

is usually an intense glow, covering the entire

polar cap; the intensity of the glow changes
according to changes in the flux of solar cosmic

rays. The polar auroras of this type arise at

altitudes of 60-100 km, and their spectrum

characteristically shows radiation in the bands of

molecular nitrogen, blending with weak hydrogen

radiation with broad Doppler profile of the line.

These peculiarities show that the glow in the area

of the polar caps results primarily from the pro-

tons of solar cosmic rays with energies of 1-10
MeV.
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Absorption in the Polar Caps

When the stream of high-energy particles

enters the terrestrial atmosphere from solar

flares, one of the first results is the absorption of

cosmic radio noise in the polar caps (PCA) or,

as it is sometimes called, polar cap blackout [49].

This absorption results from anomalously great

ionization of the ionosphere in the area of the

polar caps by the flux of high-energy particles

with energies of 1-30 MeV. Absorption in the

polar cap begins approximately 1 hour after a
flare and may continue for several days. The

main ionizing agent responsible for PCA during a

grade 2B flare on May 13, 1967, was protons with

energies of 10-20 MeV during the day and

protons with energies of 5-10 MeV at night. The

stream of protons had an energy spectrum

N (E) = k- E-_, T = 2.2-3.5, k = 2.7 • 104-2 • 106,
and reached a maximum value at the Earth at

Sun '__

all energies 40 hours after the flare. In addition to

absorption in the polar caps, auroral absorption

(auroral blackout) is also observed, caused by

auroral particles (particles poured into the auroral

area during strong geomagnetic disturbances).
Distribution of the PCA is in the form of a

circle with its center at the geomagnetic pole.

Distribution of the auroral absorption differs

slightly, depending on the specific conditions of

geomagnetic activity. During a strong geomag-

netic storm, distribution of anomalous ioniza-

tion is in the form of a spiral, falling along

the belt of polar auroras; the greatest intensity
of ionization relates to the morning and mid-

night sectors. However, during the time of

an isolated bay-shaped disturbance (polar

substorm), the greatest increase in ioniza-

tion relates to the midnight section of the polar

auroral belt. The auroral blackouts, as a rule, are

associated with visible manifestations of polar
auroras and localized influx of electrons and

protons with energies on the order of keV. An

intensive sporadic E layer, known as the auroral

E layer, frequently appears in the ionosphere along

with the auroral blackouts. During the sudden

onset of a storm, there is a brief, sudden increase

in ionization resulting from the x-ray bremsstrah-

lung of the energetic electrons, which penetrate

into the denser layers of the atmosphere along

the polar auroral belts [24].
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FIGURE 63.-Form on Earth from evening side. (a) 1- auroral
ring; 2-projection of the ring on Earth's surface, and
distribution of aurora forms along the instantaneous zone.
(b) 1--homogeneous arcs; 2-rayed arcs.

Influx of Particles in the Upper Atmosphere

The main part of the auroral phenomena results

from the influx of energetic particles, usually

called auroral, i.e., responsible for the polar

auroras and associated phenomena. Since the

discovery of radiation belts, there have been ex-

tensive studies of the relationships between the

auroral and captured energetic particles. In this

respect, there is significant interest in the zone of
pouring of particles.

In a review of satellite results relating to the

pouring of particles [103], it was concluded that

two pouring zones existed. Zone 1 occupies the

area of geomagnetic latitudes between 60 ° and

70 °. In this zone, electrons with energies primarily

over 10 keV are poured out, with a broad maxi-

mum of pouring in the morning-noon sector. Zone
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2, in the night sector, overlaps zone 1, but is dis-

placed near noon to the latitude 75o-80 °. Elec-
trons entering this zone have lower energies than

in zone 1.

The pouring of particles in zone 1 is diffuse

and stable and encompasses a broad area;

pouring in zone 2 is discrete and impulselike,

usually localized in space, and subject to rapid,

strong fluctuations. All this information, produced

by direct measurement of particle fluxes and in-

direct methods (altitudes of development of

various phenomena _in the atmosphere), indicates

that the phenomena in zone I ..... 1. c_lV_Ult ,,on strcams

of relatively hard electrons, in zone 2, from
streams of soft electrons.

The fine of intersection of the captured radia-

tion belt outer boundary with the ionosphere

roughly coincides with the oval of polar auroras

and the division boundary between zones 1 and 2.

Comparison of the position of thc outer boundary

of the radiation belt to the boundary according to

the model of the geomagnetic field in the mag-

netosphere [145] shows that zone 2 corresponds

to the entry of the fines of force or the set of

closed and open lines of force directly related to

the division boundary, or passes very close to it.

In other words, this zone is directly related to the

magnetically neutral layer in the geomagnetic
tail of the Earth.

During geomagnetic storms, the position of the

pouring zones generally shifts toward the Equa-

tor. Changes in zone 2 are particularly noticeable

during auroral substorms accompanied by re-

peated expansion, with subsequent contraction,
of the width of the belt.

Auroral particles, intensive bursts of streams

of electrons with energies primarily less than

10 keV, are assumed to be responsible for the

visible auroral substorms. These streams may

correspond to the "islands" of electrons dis-

covered in the geomagnetic tail.

High energy particles, 10-100 keV, are

poured out in addition to low-energy auroral

particles, energies less than 10 keV; this pouring

is usually related to the active polar auroras along

the 600-70 ° latitude band. Some of these particles

may be high-energy particles from the solar

plasma, but most are a result of acceleration in

the magnetosphere rather close to the Earth.

The acceleration might possibly be due to

fluctuating electrostatic fields along the fines of

force of the geomagnetic field.

In smaller scales, the pouring of particles

occurs (constantly and sporadically) in the mod-
erate latitudes as well. Streams of electrons with

energies of 1-10 keV at altitudes of 200-500 km

in the daytime reach about 0.3 erglcm2"s, a sig-

nificant (up to 10%) share of the energy flux
from shortwave solar radiation. At altitudes

below 150-200 kin, the flux of poured electrons

begins to weaken. The full energy of the flux of

electrons with E _ 1-3 keV, measured during the

Soviet "Sun-atmosphere" experiment of April

18-23, 1969, at altitudes of ->125 km, varied from
0.07 to 0.01 erg/cm2"s'sr [78]. Many scientists

consider these data elevated by 1 to 2 orders of

magnitude. At altitudes of about 100 kin, the
recorded radiation flux was 3-4 times less than

at - !25 kin. The energy spectrum can be approx-

imated by the exponent N _ exp (--E/Eo), Eo =
10-12 keV. The flux of electrons with E > 40 keV

in the area of altitudes around 85 km varied sig-

nificantly, within limits of 1-1.5 orders of mag.

nitude, as well as varying in the energy spectrum,

particularly in the 40-60 keV energy range.

Fast reductions (less than 3 h) in the intensity

of electrons and protons in the outer radiation

belt also result from dumping of particles during

magnetospheric substorms. The death of parti-

cles in this case occurs during magnetic disturb-

ances type DP-1 in the area where the current

responsible for the Dst variation is formed, during

the beginning of formation of the current. This is

indicated by one condition being necessary for

rapid death of particles: good development of the

evening ionospheric electrojet and a strong reduc-

tion in the field at low latitudes in the evening sec-

tor of the Earth (18:00-24:00 local time). During

magnetic storms, when Dst variations are

increased, the rapid reduction in intensity

encompasses L envelopes closer to the Earth.

The polar magnetic and auroral substorms are
related to sudden decreases in the field of the

geomagnetic tail, according to observations. This

led to hypothesizing that the auroral phenomena

are caused by particles accelerated in the neutral

layer of the geomagnetic tail. The decrease in the

geomagnetic tail field can be represented as
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attachment(contact)of the tail's linesof force
throughthe neutrallayer.The conversionof
magneticenergyto kineticenergywhichoccurs
in thiscasecancauseheatingoftheparticlesto
about1keV,andaccelerationtoabout1-10keV.

Thereis still no quantitativetheoryof an-
nihilationof themagneticfieldofthetail applic-
ableto detailsof theeffectsof auroralstorms.
The quietnessof conditionsduring periods
betweensuccessivephenomenaapparentlyindi-
catesthattheprocessof annihilationof thefield
in thetailis relativelybrief.Thisprocessmaybe
causedby macroinstabilitydevelopingin the
plasmaof the tail, withconversiondefinedby
changesin the parametersof the solarwind.
Anotherpossibilitymight be realizedwith a
changein directionof theoutermagneticfield,
leadingto disruptionof theequilibriumof the
system[124]. Observationsof the intensityof
streamsoflow-energyelectronswithEe >1 100 eV

on the Luna-1, Luna-2 [65], Mars-1 [63]

spacecraft and the Explorer 12 satellite at dis-

tances of over 8 R0 show that the position of the

streams of high-intensity electrons corresponds

to the beginning of strong deformation of the field

of the tail in the direction away from the Sun,

measured by the IMP-1 and Explorer 14 satel-

lites. The observed electron energy flux of some

tens of erg/cm2"s (energy density on the order

of 10 s erg/cm 3, if Ee is on the order of several

keV), is suthcient for maintenance of the neutral

layer if the intensity of the field in neighboring

areas is about 30 T- The high intensities of
streams of electrons of such energies might indi-

cate that the area of the tail is, at least partially,

a reservoir or area for acceleration of particles

producing the polar auroras.

Sources and Transmission of

Energy in the Magnetosphere

The flux of solar plasma is the primary source

of energy responsible for large-scale disturbances

in the magnetosphere. The effects of the flux of

solar plasma on the magnetosphere can be repre-

sented by normal and transverse components.

The normal components lead to general compres-

sion or a return to the initial state of the magneto-

spheric cavity in the stream of solar plasma and,

consequently, is a field source [32]. The trans-

verse components influence the general form of

the magnetosphere, primarily by leading to
formation of a tail.

Dissipative effects in the magnetopause lead to

transverse stresses in the magnetosphere plasma,

causing formation of a geomagnetic tail with a

neutral layer and a plasma convection system in

the magnetosphere [10]. The DP fields and

related disturbances are believed to result pri-

marily from processes in the geomagnetic tail.

Theories explaining the field depression during

the period of the main phase of storms (DR field)

are still in question. Essentially, the mechanism

for transmitting the energy of the solar plasma to

circular current located deep within the magneto-

sphere remains unknown.

The total energy of an average geomagnetic

storm has been estimated as 1022-1023 erg [51].

Dissipation of energy occurs in three forms:

(a) formation of polar auroras about 10 TM erg/s;

(b) heating of-the ionosphere about 10 TM erg/s;

and (c) swelling of the magnetosphere (circular

currents) about 101s-10 TM erg/s.

The energy of circular currents in the final

analysis is dissipated during the phase of restora-

tion, which may last several days, but the energy

must be injected in a few hours. Thus, any theory

of magnetic storms and polar auroras must be

capable of explaining a transfer through the

magnetopause of at least 101s-10 TM erg/s. On the

other hand, since the solar plasma energy flux is
assumed to be 1-10 erg- cm 2 • s, the total influx

of energy throughout the surface of magneto-

sphere (R _ 20 R0) is estimated as 1022 erg/s.

Therefore, approximately 10-3-10 -4 of the entire

influx of energy must be transmitted from the

solar plasma to the magnetospheric plasma.

The inward transmission of energy to the

magnetosphere can be achieved by:

(1) deformation of the magnetosphere, a

result of the pressure of the medium

(causing generation of magnetohydro-

dynamic waves and heating of the ther-
mal magnetic plasma);

(2) direct injection of energy;

(3) a mechanism of reconnecting magnetic

force lines of the interplanetary and

geomagnetic fields with subsequent
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formation of the magnetic tail of the

Earth, believed responsible for many

magnetic disturbances;

(4) the mechanism of viscous interaction of

the solar wind with the magnetosphere.

A great contribution to geomagnetic activity may

be made by fluctuations in the magnetospheric

circular current and currents of the ionosphere

as well as by the instability of the magnetopause

and instability and accelerating processes within

the magnetosphere itself [10, 14, 123]. It must be

noted that present experimental data and theo-

retical analysis do not yet warrant _ving definite

preference to any given theory or mechanism of

transmission of energy of the interplanetary

medium into the magnetosphere.

RADIATION CONDITIONS

NEAR OTHER PLANETS OF

THE SOLAR SYSTEM

Radiation conditions near the planets of the

solar system are determined, to a significant

extent, by the presence or absence of an internal

magnetic field of the planet. This field, if it exists,

determines the nature of interaction of the solar

wind with the planet.

The characteristics of the planets of the solar

system and the Moon, along with certain charac-

teristics of the solar wind near these planets,

are listed in Table 9. In this table, the radius of

the heliosphere is assumed to be about 40 AU,

the convective velocity of the solar wind about

400 km. s - 1.

When the magnetic field or properties of the

ionosphere "of the planet were unknown, the

dimensions of the magnetopause were taken to

be equal to the diameter of the planet. For Venus

and Mars, the effective diameter of the magneto-

pause was determined by measurements of the

shock wave and is the upper limit of the measured

quantity. For Jupiter, this quantity was based on

radio astronomy observations.

Moon. There are no radiation belts near the

Moon, according to observations. Attempts to

measure the constant magnetic field have in-

dicated that the magnetic moment of the Moon

is 10 -6 of the magnetic moment of the Earth.

This means that radiation conditions of the

Moon's surface are completely determined by

the radiation in interplanetary space considering

the geometric shielding provided by the body of

the Moon. There is no shock wave near the Moon,

and the flow of the solar wind around it is well-

described by hydrodynamic equations. The Moon

has no significant influence on the characteristics

of the solar wind [142]. Similar interactions

might be expected between solar wind and the

planets Uranus, Pluto, and Neptune.

Venus. There is also no radiation field around

Venus, indicating a weak internal magnetic

TABLE 9. -- Characteristics of Planets of the Solar System, Moon, and Solar Wind

Physical

properties

Radius in km s

Distance from Sun, AU

Dipole moment,

M r,lanet/M z

Solar wind velocity, km/s
Density of protons, m -3
Mean temperature of

protons, T, 104 - K °
Magnetic field, gammas

Angle of Archimedes

spiral, deg.
Magnetopause

diameter, km 3

Mercury Venus Earth Moon

2.42 6.08 6.38 1.74

0.39 0.72 1.0 1.0

? 2 • 10 3 1 1 - 10 -6

300 350 400 400

34.0 9.5 5.0 5.0

6.9 4.7 4.0 4.0

24.7 8.26 5.0 5.0

30 ° 42 ° 47 ° 47 °

4.84 30.4 268.0 1.74

Celestial body

Mars Jupiter

3.38 71.35

1.52 5.2

2" 10 -4 4" 105

400 400

2.1 0.19

3.2 1.8

3.12 1.72

59° 80 °

18.0 34 000

Saturn Uranus Neptune Pluto

60.40 23.80 22.20 3.00

9.5 19.2 30.0 39.4

__ 9 9 9

400 400 400 400

0.055 0.018 0.006 0.003

1.3 0.92 0.73 0.64

0.39 0.19 0.12 0.09

84 ° 87 ° 88 ° 89 °

120.8 47.6 44.4 6.00
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field [62, 135]. Detailed study of data about the

magnetic field shows that the field, down to an
altitude of about 200 km over the surface of the

planet, is the interplanetary magnetic field; that

the magnetic moment of Venus is My < 10 -4

of the magnetic moment of the Earth. However, a

shock wave is observed near Venus which ap-

parently is related to a dense ionosphere around

this planet. The high conductivity of the iono-

spheric plasma does not allow the interplanetary

magnetic field to penetrate to the surface of the

planet. Therefore, an obstacle is produced, caus-

ing a shock wave in the stream of the solar wind.

Mars. Radiation belt_ are not around this

planet. An estimate of the magnetic moment of
Mars indicates a value of 2 • 10 -4 of the moment

of the Earth. A shock wave is observed near the

planet in the solar wind, apparently, as is true

for Venus, a result of a small ionosphere [132].

Jupiter. Strong sources of decimeter and
decameter radio radiation have been detected

near this planet. Analysis has shown that the

decimeter radiation is polarized and reminiscent

of synchrotron radiation from relativistic elec-
trons. Numerical estimates have led to these

values: if the magnetic field has a value of about

1 gauss, and the energies of electrons of 2.5-25
MeV the flux should be about 5" 107 elec-

trons • cm 2 • s; with a field of 0.1 G and energies

of 10-100 MeV, the flux of electrons should be

about 5. l0 s electrons "cm2"s [95]. Analysis
of the decameter radiation has led to an estimate

of the magnetic moment of Jupiter as 104 times

the magnetic moment of Earth. Thus, the radia-

tion belts and magnetosphere around this planet

should be the strongest in the solar system. The

dynamics of the radiation belts apparently are

the same as around the Earth, although they

may be complicated by interaction of the planets

with its satellites. The magnetosphere of Jupiter

is apparently reminiscent of that of the Earth

with a distance to the magnetopause of about

4 • 106 km [114].

The space probe Pioneer 10 approached the

planet in December 1973 and found a mag-

netosphere which extends to distances of 96R,

(the angle of approach to the planet was formed

along the Jupiter-Sun line at about 35 °) [36].

A standing shock wave and the transition field

were observed from distances of 109R8. Within

the magnetosphere a disklike distribution of

charged particles was observed in a magnetic

field resembling the field in the tail end of the

Earth magnetosphere. At distances from 96-25R,,

the field has the value of - 5 y and does not

change significantly. It increases in the part from

50 to 25Rs, where its intensity reaches values

of about 20 y. In this case, electron fluxes with

an energy of 0.4-1.0 MeV reach values from
10 a to 105 v • cm 2 • s. Proton fluxes with E from

5.6 to 21 MeV amount to a value of 1-102

v" cm2-s. Particles are within a thin layer

close to the equator.

Beginning with distances R about 20R_, the

magnetic field starts to increase essentially as

it approaches the planet and has a bipolar

character. Its intensity increases up to values
of about 0.2 gauss for R at 2.8R,. Within this

field, which essentially represents the radiation

belts of Jupiter, the intensity of the particle

fluxes increases rapidly: at distances of about

5Rs the intensity of electron fluxes with E > 3

MeV reaches 5" l0 s cm 2" s -1, and with an

energy E>50 MeV=107"cm 2"s -1, proton
fluxes E > 50 MeV at these distances amount

to 4 • 106 • cm z • s -1. The distribution in space

of various spectral components of particles is

fairly complicated and seems to be connected

with the interaction of these particles with the

satellites of Jupiter, Io, Europa, and Ganymede.
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