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PREFACE

As I mention in the Preface to the previous book (Dorman, M2004), after
graduation in December 1950 Moscow Lomonosov State University (Nuclear and
Elementary Particle Physics Division, the Team of Theoretical Physics), my
supervisor Professor Dmitry Ivanovich Blokhintsev planned for me, as a winner of
a Red Diploma, to continue my education as an aspirant (a graduate student) to
prepare for Ph.D. in his very secret Object in the framework of what was in those
time called the Atomic Problem. To my regret the KGB withheld permission, and I,
together with other Jewish students who had graduated Nuclear Divisions of
Moscow and Leningrad Universities and Institutes, were faced with a real prospect
of being without any work. It was our good fortune that at that time there was being
brought into being the new Cosmic Ray Project (what at that time was also very
secret, but not as secret as the Atomic Problem), and after some time we were
directed to work on this Project. It was organized and headed by Prof. Sergey
Nikolaevich Vernov (President of All-Union Section of Cosmic Rays) and Prof.
Nikolay Vasiljevich Pushkov (Director of IZMIRAN); Prof. Evgeny Lvovich
Feinberg headed the theoretical part of the Project. Within the framework of this
Project there was organized in former Soviet Union in 19511952 a wide network of
CR stations equipped with a Compton type of large ASC-1 and ASC-2 ionization
chambers developed in USSR (see Sections 1.2.7 and 4.2 in Dorman, M2004).

At that time many experimental results on CR time variations were obtained,
but they were very considerably affected by meteorological effects and by meson-
nuclear cascade in the atmosphere. Therefore it was not possible to make reasonable
transformation from observed CR time variations in the atmosphere and
underground to the variations expected in space. To solve this problem, it became
necessary to develop a full theory of cosmic ray meteorological effects and a special
method of coupling functions between primary and secondary CR variations (this
work was finished at the end of 1951 and was described in the [ZMIRAN’s
Instructions on CR Data Processing, see References to Chapter 1 of Dorman,
M2004: Dorman, 1951a,b). Only from 1954 it becomes possible for our work on
CR variations to appear in the open scientific literature, and from 1955 — to take
part (by presentation of papers) in International Cosmic Ray Conferences. Mainly
our results of that time were described in my first book (Dorman, M1957, which
was translated very soon into English in the USA, thanks to the help of Professor
John Simpson, at those time President of International CR Commission). Soon after
this, in 1958, under the auspices of the International CR Commission the
Committee of CR Meteorological Effects was organized, and I became its
Chairman. Under the auspices of this Committee a special Instruction for CR Data
Processing was developed which took into account corrections on meteorological
effects.

XxX1
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In 1957 I was invited to work on special problems in Magnetic Laboratory of the
Academy of Sciences of USSR as a Head of Department of Magnetic
Hydrodynamics. In few years this Laboratory was transfered into the I.V.
Kurchatov Institute of Atomic Energy, and I continued to work in this Institute up
to 1965. In parallel I also worked at Moscow State University as Professor in the
CR and Space Research Team. I also gave lectures in Irkutsk, Alma-Ata, Nalchik,
Thilisi, Erevan, Samarkand, and others places. Over about 40 years of teaching
under my supervision more than hundred graduate students and scientists in USSR
and some other countries gained their Ph.D. and several tenths became Doctors of
Science. As my hobby I continued to work in CR research, and as Vice-President of
All-Union Section of Cosmic Rays and Radiation Belts, took an active part in
preparing the Soviet net of CR stations to the IGY (International Geophysical Year,
1957-1958): we equipped all soviet stations in USSR and in Antarctica with
standard cubic and semi-cubic muon telescopes and with neutron monitors of IGY
(or Simpson’s) type. In connection with preparing for the IQSY (the International
Quiet Sun Year, 1964-1965), the soviet net of CR stations was extended about two
fold and they were equipped with neutron super-monitors of IQSY type (with an
effective surface about 10 times bigger than the previous monitor of IGY type).

In 1965 1 returned to IZMIRAN, and founded the Cosmic Ray Department
(thanks to help of Professor N.V. Pushkov and Academicians M.D.
Millionshchikov, L.A. Artsymovich, and V.I. Veksler). For the next 30 years, I was
a Head of this Department, which became the center in the Soviet Union of
scientific CR research in geophysical and astrophysical aspects. Our Department
supported the work of all Soviet CR stations in the USSR and undertook the entire
work of Soviet CR stations in Antarctica. We organized many CR expeditions
inside USSR and in the Arctic Ocean, as well as in Pacific, Atlantic, Indian, and
Southern Oceans on the ships “Academician Kurchatov”, “Kislovodsk™ and others
(expeditions were equipped with a neutron super-monitor of IQSY type, with a
multi-directional muon telescope, with radio-balloon CR measurements in the
troposphere and stratosphere). Much very important data were obtained about
coupling functions, integral multiplicities, and on the planetary distribution of cutoff
rigidities.

From 1955 1 took part in all International Cosmic Ray Conferences by
presenting of original papers, as well as Invited Papers (in 1959 and 1965),
Rapporteur Papers (in 1969 and 1987), Highlight Paper (in 1999), but I was able to
go abroad only in 1966-1969 (thanks to N.V. Pushkov and M.D. Millionshchikov)
and then from 1988, after “perestroika”. The first country I traveled to was Bulgaria
(the International School on Space Physics), then Yugoslavia (the International
Symposium on Solar-Terrestrial Relations) in 1966. In 1967-1968 1 headed the CR
expedition to South America on the ship “Kislovodsk”, went to Czechoslovakia in
1968, and to the International CR Conference in Budapest in 1969. Then up to 1988
I had no permission to go abroad. After ‘perestroika’, thanks to invitations: from K.
Nagashima I went to Japan, from C.J. Cesarsky to France, from A.W. Wolfendale
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and J.J. Quenby to England, from K. Otaola and J.F. Valdes-Galicia to Mexico,
from D. Venkatesan to Canada, from J.A. Simpson and H. Ahluwalia to USA, from
W.I. Axford and H.J. Vilk to Germany, from A. Bishara to Egypt, from L.O’C.
Drury to Ireland, from N. lTucci, G. Villoresi, and M. Parisi to Italy, from P.J.
Tanskanen to Finland, from M. Duldig to Australia.

In October of 1989 in Paris I met for the first time with my eldest brother
Abraham Argov. In 1925 with our great grand parents Globman (from the mother
side) he went from Ukraine to Palestine, were in those time been Akiva, Pinhas, and
Shlomo Globman (Govrin after 1948), three youngest brothers of my mother (they
came to Palestine at the beginning of 1920-th). In Palestine Abraham took active
part in the foundation and governing of the prominent kibbutz Beit-Hashita in the
Yizreel Valley. As an officer, he took part in the War of Independence in 1948
(when his family name was changed to Hebrew, Argov). Abraham, together with
my cousin Michal Govrin-Brezis, organized my first visit to Israel in 1990 and
arranged my meeting with Prof. Yuval Ne'eman. Ne'eman, who soon became the
Minister of Science, played an important role in the formation of the Israel Cosmic
Ray and Space Weather Centre and the Emilio Segre' Observatory. In 1991 I was
invited by Prof. Yuval Ne'eman, as Minister of Science, to visit Israel with family
for one year (the Institute of Advance Study at Tel Aviv University) to give lectures
and organize a Cosmic Ray Research Center. Step by step, thanks to great help of
Prof. Yuval Ne’eman, Dr. Abraham Sternlieb, Mr. Aby Har-Even, Major of Qazrin
Sami Bar Lev, and of three Italian colleagues, Prof. Nunzio Iucci, Dr. Giorgio
Villoresi, and Prof. Mario Parisi, there was founded the Isracl Cosmic Ray & Space
Weather Center with the Israeli-Italian Emilio Segre’ Observatory on Mt. Hermon
(now 2055 m above sea level, cut-off rigidity 10.8 GV; see description in Dorman,
M2004, Section 4.8), and I became a Head of this Center and Observatory (up to
present I continue also to work as a volunteer in [ZMIRAN as Chief Scientist of the
Cosmic Ray Department, which has been headed since 1995 by my former student,
Dr. Victor G. Yanke).

About four years ago I was invited by Dr. Harry Bloom to prepare monographs
on geophysical and space aspects of CR research and possible applications of them.
The monograph Cosmic Rays in the Earth's Atmosphere and Underground was
published in 2004. Now is ready the monograph Cosmic Ray Interactions,
Propagation and Acceleration in Space Plasmas, and the next Cosmic Rays in the
Magnetospheres of the Earth and other Planets will be ready after about one year.

With the problems of CR interactions, propagation and acceleration (or
deceleration) in space plasmas I meet at the first time at the beginning of 1950-th
when considered the nature of solar and galactic CR variations in the interplanetary
space (great solar flare events, 11-year CR variations connected with solar activity
cycle, Forbush decreases of CR intensity caused by geomagnetic storms, CR solar
diurnal and semi-diurnal variations caused by CR anisotropy and the Earth's
rotation, 27-day variations caused by the sun rotation, and so on). These problems
became especially actually when we start to understand the nature of giant solar CR
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event at February 23, 1956: how particles were accelerated for very short time up to
energies more than 10 GeV in conditions of solar chromosphere and corona; how
these energetic particles propagate in the interplanetary space; why at the beginning
of event was observed a big anisotropy, but after 20-30 minutes the distribution of
solar CR became about isotropic? Many scientists tried to give answers on these
questions.

The next great CR event was magnetic storm at 29 August 1957, when we at the
first time observed CR particle acceleration by the interplanetary shock wave, so
called pre-increase effect (this shock wave caused also geomagnetic storm and
Forbush decrease in CR intensity). Investigation of the pre-increase effect
stimulated developing of the drift mechanism of charged particle acceleration at
single interaction with the shock wave. After about 20 years this mechanism was
extended by taken into account scattering and multi-interaction of accelerated
particles with shock wave (so called diffusion or regular mechanism of particle
acceleration by shock waves).

The detailed Contents gave information on the problems considered and
discussed in the monograph. The Chapter 1 shortly describes main properties of
space plasmas and main properties of primary CR, considered in details different
types of CR interactions: with space plasmas matter with generation many
secondary particles, ionization and other energy looses, interactions with photons
and electromagnetic radiation, interactions with frozen in space plasmas stationary
and moving magnetic fields of different configurations (including magnetic traps).
In this Chapter we consider also the interaction of extremely high energy CR with
relict 2.7° K and extremely high energy gamma-rays with magnetic fields of the
Sun and planets. We consider here also gamma-ray generation in solar and stellar
winds by interactions of galactic and flare energetic particle with space plasma
matter.

In Chapter 2 we consider the problem of CR propagation in space plasmas
describing by kinetic equation and different types of diffusion approximation.
Especially are considered the kinetics of CR in a large scale magnetic fields,
diffusion in the momentum space and in pitch-angle space, anisotropic diffusion. In
details are considered balance of CR energy in multiple scattering in expanding
magnetic fields, anomaly CR diffusion and mean free path in the Alfven wave
heated space plasma, bulk speeds of CR resonant with parallel plasma waves, the
CR cross-field diffusion in the presence of highly perturbed magnetic fields,
dispersion relations for CR particle diffusive propagation and path integral solution
to the stochastic differential equation of the Markov process for CR transport, the
compound diffusion, the influence of magnetic clouds on the CR propagation, non-
diffusive CR particle pulse transport, and so on.

Chapter 3 devoted to CR non-linear effects in space plasma caused by CR
pressure CR kinetic stream instabilities. These effects are important in our Galaxy
and other galaxies (galactic wind driven by CR and influence on CR propagation,
chemical composition and energy spectrum formation), in the Heliosphere
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(dynamics effects of galactic CR pressure on solar wind propagation, on the
formation of terminal shock wave and the boundary of the Heliosphere, Alfven
turbulence generation by kinetic stream instability of non isotropic CR fluxes and
its influence on CR propagation and modulation), in CR and gamma-ray sources
(influence of CR pressure and CR stream instability of escaping energetic particles
on acceleration efficiency and formation of energy spectrum and chemical
composition of escaping particles, influence of nonlinear effects on gamma-ray
emissivity distribution), in the processes of CR acceleration by shock waves and in
other acceleration processes (inverse influence of pressure and stream instability of
accelerated particles on the structure and propagation of shock waves, on processes
of reconnection, on formation of accelerated particles energy spectrum and
chemical composition).

In Chapter 4 we consider different processes of CR acceleration in space
plasma. In the first, we show that the particles acceleration in space plasma is an
universal phenomenon in the Universe, realized in about all astrophysical objects.
In details are considered the Fermi statistical mechanism of particle acceleration
and its developing, formation of particle energy spectrum during statistical
acceleration by taking into account the dependence of main parameters of
mechanism (transport path, velocities of scatterers, escaping parameters) with
increasing of particle energy, determining of injection energy and the portion of the
accelerated particles in the statistical mechanism. Especially are considered
statistical acceleration in the turbulent plasma and by electromagnetic radiation, by
the Alfven mechanism of magnetic pumping, and so on. Critically are considered
possibility of induction acceleration mechanisms. We consider mechanisms of
particle acceleration by shock waves and other moving magneto-hydrodynamic
discontinuities during single interaction, particle acceleration in case of magnetic
collapse and compression, the cumulative acceleration mechanism near the zero
lines of magnetic field, particle acceleration in shear flows of space plasma, and
additional regular particle acceleration in space plasma with two types of scatters
moving with different velocities. In details we consider also quickly developed in
the last 30 years mechanisms of shock-wave diffusion (regular) acceleration
without and with accounting non-linear processes, particle acceleration by
relativistic shock waves and by the electrostatic shock waves.

At the beginning of monograph, there is Frequently used Abbreviations and
Notations. At the end of book, in the Conclusion and Problems we summarize
main results and consider some unsolved key problems, important for development
of the considered branch of CR Astrophysics and Geophysics. In the References
there are separately references for Monographs and Books as well as for each
Chapter. For the convenience of the reader, at the end of book we also put Object
Index and Author Index.

We shall be grateful for any comments, suggestions, preprints and reprints
which can be useful in our future research, and can make the next Edition of the
book better and clearer; they may be sent directly to me by e-mail
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(lid@physics.technion.ac.il), by fax [+972] 4 696 4952, and by surface or air-mail
to the address: Prof. Lev I. Dorman, Head of ICR&SWC and ESO, P.O. Box 2217,
Qazrin 12900, ISRAEL.

Lev 1. Dorman

27 June 2005 - 27 February 2006.
Qazrin, Moscow, Princeton
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FREQUENTLY USED ABBREVIATIONS AND NOTATIONS

Ag;q — amplitude of sidereal CR anisotropy

CME — coronal mass ejections
CR — cosmic rays
D(Ek) — differential energy spectrum of primary CR

(dE/ dt)ion — energy losses of particles on ionization

(dE/dt)
E —total energy of particles
E; — kinetic energy of particles

brems —— €Nergy losses of electrons on generation of bremsstrahlung radiation

E, — total energy of primary CR particle

EAS — External Atmospheric Showers of CR

EHE — extra high energy CR (particles, gamma-rays, and so on)
ESA — European Space Agency

ESO — Israel-Italian Emilio Segre’ Observatory (Mt. Hermon, Israel)
F(E, ) — CR spectrum in sources

FEP — Flare Energetic Particles

G — Green's function

GCR — galactic cosmic rays

GLE — Ground Level Enhancement of solar CR
H — vector of magnetic field

H = |H|— strength of magnetic field

H— altitude
h — atmospheric pressure
h, — pressure on the level of observations

HMF — Heliospheric magnetic field

ICRC — International Cosmic Ray Conference

ICRC — Israel Cosmic Ray Center (from 1992)

ICRSWC — Israel Cosmic Ray and Space Weather Center (from 2003)

ICRS — International Cosmic Ray Service (proposed in 1991)

IGY — International Geophysical Year (July 1957-December 1958)

IHY — International Heliospheric Year (2007-2008)

IMF — interplanetary magnetic field

IQSY — International Quiet Sun Year (1964-1965)

IPY — International Polar Year (2007-2008)

ISS — International Space Station

IZMIRAN — Institut of Terrestrial Magnetism, lonosphere, and Propagation of Radio-
Waves Russian Academy of Sciences

J; — ionization potential

L — mean path of particle interaction with magnetic inhomogeneities

[ — average distance between magnetic inhomogeneities
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XXXii FREQUENTLY USED ABBREVIATIONS AND NOTATIONS

m=1, 2,3, ... — neutron multiplicities: number of pulses in NM from one neutron, proton,
pion or muon in dependence of their energy during the time-gate (~ 10° sec)

m—mass of electron

m,,. — mass of accelerated particle

m w.e. — meters of water equivalent

mj(R, h) — integral multiplicity: number of secondary CR particles of type i on level / from
one primary CR particle with rigidity R on the top of atmosphere

My, m, — rest mass of pions, muons

MT — muon or meson telescope

N(R, h) or I(R¢, h)— CR intensity

NM — neutron monitor or super-monitor

NM-64 or NM-IQSY — neutron super-monitor of IQSY type
NM-IGY — neutron monitor of IGY or Simpson’s type

Pj; — fragmentation coefficient (average number of nuclei of type i formatted from one

more heavy nuclei of type j > i).
QLT — quasy linear theory
R = pc/Ze — particle rigidity
R.— geomagnetic cutoff rigidity

2
p= (kT / 47Ne? )I/ cm— Debye radius in space plasma

Tg

SA — solar activity

SCR — solar cosmic rays

SEP — solar energetic particles

SW — Space Weather

T(h) — vertical air temperature distribution

T; = 4;/ pv; — time life of CR particles relative to nuclear interactions in space plasma with

=c¢p/ZeH cm - Larmor radius

density p (v; is the velocity of CR particles of type i)

ty = 2 /vm =2.5%x10"3 27%% —the magnetic field time dissipation in space plasma

u; — velocity of shock front

u, — velocity of matter after shock front

uy Jup = r — shock wave ratio

v— velocity of particle

<ve> =J3kT,/m = 6.8x10° Tel/2 cm/sec — mean velocities of electron motion in ionized
hydrogen (7, is the electron temperature in °K).

W(R, h) — coupling function

X(E; ) — number of g / cm? of matter transferred by CR

Y(R,h,) or Y(E,h,) — yield function (characterized the dependence of CR detector

counting rate per one primary proton from particle rigidity or energy)
Ze — charge of particle
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Z, — charge of atoms in background plasma

VARS (v/ <ve>)Z 3 effective charge of particle at 1< v/ (ve> <73 (v — velocity of
particle, (ve> — average velocity of electrons in atoms of background plasma.

60— scattering angle

0 — zenith angle

o.— scattering angle

A — latitude

A — average size of magnetic inhomogeneities in space plasma
@ — longitude

A — CR transport path in space plasma

Ag (E k) — CR transport path in the Galaxy

AGioc(Ex ) — CR transport path in the local region near the Sun of the Galaxy
A= 2x10472N"! — transport path of ions in space plasma

A; — transport paths (in g/ cm? ) for absorption of different nuclei of CR

ﬂ+ ,4 —positive and negative muons

Vi = 4x1027732 — magnetic viscosity in space plasma

xtn,n’ — positive, negative and neutral pions

o =Hy/Hy =u/uy

shock wave

— degree of the compression of transverse magnetic field in the

o=2x10"7Y% — conductivity in space plasma
0; — cross sections for nuclear interactions of different nuclei of CR (in 10726 cm2)
2 4
e’ m
O; K
J.:

1

4 In k — ionization cross section of shell i with ionization
mEk mac‘]i
potential J; (K is the coefficient of the order of unity).

T Ty — life-time of rest charged pions and muons

.

e = mc/ZeH sec” — Larmor or gyro-frequency



Chapter 1
Cosmic Ray Interactions in Space
Plasmas

1.1. Main properties of space plasma

1.1.1. Neutrality of space plasma and Debye radius

Space plasma is mostly very highly ionized gas where the main interactions
between particles are Colon interactions. One of the main characteristics of space
plasma (as in any plasma) is the value of the Debye radius:

rp = (kT/47rNe2 )'/ 2 269(1/N)? cm, (1.1.1)

where the temperature of plasma 7 is in °K, and concentration of plasma particles N

isin em™. Itis important that the Debye radius for space plasma be much smaller
than the dimension of the system. For example, in solar wind near the Earth’s orbit

(TS]OSK,N21cm_3) we obtain rp <2x10%cm; in the solar corona

rp <10 cm; in the interstellar space rp < 10°cm . In all space processes with
characteristic dimensions bigger than 7 plasma must be considered as neutral: in
any volume bigger than r; the number of negative particles (mostly electrons) and
positive particles (mostly ions) is equal.

1.1.2. Conductivity and magnetic viscosity of space plasma

Space plasma is mainly fully ionized hydrogen. In this case, the conductivity ¢
and magnetic viscosity v,, are determined only by the plasma temperature:

o=2x10"7Y2, (1.1.2)
_ 2 _ 12 7-3/2
v, =c*/ano=4x1027732 (1.1.3)

1.1.3. The time of magnetic fields dissipation; frozen magnetic fields
The time (in sec) of ohm’s dissipation of a magnetic field characterized by the
dimension L will be
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/ _LZ/ - -13;273/2
m = Vy =2.5x10 " L°T7~ . (1.1.4)

This gives: for magnetic inhomogeneities in the interplanetary space
(T = 10° K, L> 10° cm) t, = 7x10'% sec = 2x10° years; for processes near solar

spots (1 = 6x10° K, L= 3x10° cm) f, = 10'? sec = 3x10% years; for processes in
interstellar space (7 = 10° K,L> 10" cm)  t, = 102 sec = 3><1012years; in

supernova remnants (7" > 10* K,L> 102 cm) t, = 3x10!7 sec = 1010years. These

times are several orders bigger than characteristic times of processes in
corresponding space conditions, and in some cases are bigger than the age of
Universe. It means that magnetic fields in space plasmas can be considered as
frozen in plasmas and moving together with moving matter.

1.1.4. Transport path of ions in space plasma and dissipative processes
Space plasma can be mainly considered as un-collisions. In actuality the
transport path of ions A; (in cm) in the fully ionized hydrogen plasma is

A;=2x10°T2N 7 (1.1.5)

According to Eq. 1.1.5 we obtain for space plasma a very long transport path for
collisions: for example, in solar wind (7 = 10° K, N<10 cm_3) Az 2x108 em.

It means that with all dissipative processes caused by plasma, particle collisions can
be neglected.

1.1.5. Space plasma as excited magneto-turbulent plasma

Space plasma, as a rule, can be considered as highly excited magneto-turbulent
plasma with intensive macroscopic, collective movements. Sources of space plasma
excitation are the following: thermal convection leads to the generation of magnetic
fields and their floating to the Sun’s surface as sunspots (on the Sun); great
discharging processes in solar flares; flowing of the inhomogeneous solar wind
with frozen in magnetic field around the Earth’s magnetic field and formation of
the Earth’s magnetosphere with radiation belts and very exiting plasma; explosions
of Novae and Supernovae stars in our Galaxy; explosions of galactic nucleuses and
collisions of galaxies in the Universe, etc..

Large scale movements in space plasma generate in plasma currents and
electro-magnetic fields that lead finally to charged particle acceleration.

1.1.6. Main channels of energy transformation in space plasma

According to Syrovatsky (1968) the first main channel of the space plasma
kinetic energy transformation is generation and amplification of a magnetic field up
to the equilibrium value H determined by the relation
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HY/87 =~ pu* )2, (1.1.6)

where p is the plasma density, and u represents the characteristic velocities of
macroscopic movements. Then the movements of magnetic fields frozen in space
plasma lead to the generation of electric fields, and by them the generation of non-
thermal particles, which give electromagnetic radiation, thermal heating of plasma
and runaway accelerated particles (internal CR). Let us note that in fact the
situation is much more complicated, because usually there are also external CR
which together with internal CR influence space plasma through the non-linear
processes: CR pressure and (in the case of existing of CR anisotropy) kinetic stream
instability effects. The channels of energy transformation in space plasma,
according to Syrovatsky (1968), taking into account non-linear CR processes
(Section 1.7, and in more details Chapter 3) are shown in Fig. 1.1.1.

Sources of energy: explosions, convection,
flows, shock waves, turbulence, etc.

v v

»| Kinetic energy of plasma | N Magnetic energy *
Viscous losses Non-thermal particles Joules losses

Electromagnetic / y . \ Runaway of accelerated
Plasma heating s

radiation particles (CR)

|

CR pressure and kinetic
stream instabilities

Fig. 1.1.1. Main channels of energy transformation in space plasma according to Syrovatsky
(1968), expanded and taking into account non-linear CR processes (described in detail
below in Chapter 3).

1.1.7. Particle acceleration in space plasma and the second fundamental
law of thermodynamics

The phenomenon of particle acceleration in space plasma is, at first sight, in
sharp contradiction with the second fundamental law of thermodynamics. Namely,
by particle acceleration processes plasma transforms, one would think, into an
evidently non-equilibrium state: thermal plasma + very small number of accelerated
particles with energy density of the same order or much higher than energy density
of the thermal plasma. However, as was emphasized by Syrovatsky (1968), there is
no contradiction. The matter is that the particle acceleration proceeds during a time
that is much smaller than the time of thermal relaxation of space plasma. In fact, the
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system of space plasma is very far from the state of thermodynamically
equilibrium. As it was shown in Dorman (M2004, Section 1.1.2), for space plasma
it is statistically advantageous to have particle distribution with a raising ‘tile’ in the
high energy range. So the acceleration processes transform the space plasma into a
more advantageous state (i.e., in full agreement with the second fundamental law of
thermodynamics), into a state of bigger entropy.

1.2. Main properties and origin of CR

1.2.1. Internal and external CR of different origin

As was considered in Dorman (M2004, Section 1.1.1), it is natural to define CR
as particles and photons with energies at least several orders of magnitude higher
than the average energy of thermal particles of background plasma. There are
internal CR, generated inside the background plasma of some object, and external
CR, generated in other objects and propagated into the object considered. For

example, metagalactic (or extragalactic) CR of very high energy (up to 10*'eV),

are generated in radio galaxies, quasars and other powerful objects in the Universe,
and come through intergalactic space to our Galaxy, to the Heliosphere, and into
the Earth’s atmosphere. Therefore they are internal CR relative to the Metagalaxy
and external CR relative to the Galaxy. Galactic CR with energy at least up to

10'° +10'° ¢V, generated mainly in supernova explosions and supernova remnants,

in magnetospheres of pulsars and double stars, by shock waves in the interstellar
space and other objects in the Galaxy, are internal relative to the Galaxy and
external for Heliosphere and the Earth’s magnetosphere. Solar CR with energy up
to 15+30 GeV, generated in the solar corona in periods of powerful solar flares, are

internal for the Sun’s corona and external for interplanetary space and the Earth’s
magnetosphere. Interplanetary CR with energy up to 10+100 MeV , generated by

terminal shock wave on the boundary of the Heliosphere and by powerful
interplanetary shock waves, are internal for the Heliosphere and external for the
Earth’s magnetosphere. Magnetospheric (or planetary) CR with energy up to 10
MeV for Jupiter and Saturn, and up to 0.030 MeV for the Earth, generated inside
the magnetospheres of rotated magnetic planets, are internal in magnetospheres of
planets and external in the interplanetary space.

1.2.2. On the main properties of primary and secondary CR

The main properties of primary CR, according to measurements by balloons in
the upper atmosphere and by satellites outside the atmosphere and magnetosphere
(protons and nuclei with different charge Ze, electrons and positrons, anti-protons
and gamma rays) were considered in detail in Dorman (M2004, Section 1.4). Below
in Sections 1.2.3—1.2.13 we will consider shortly main properties of observed
energy spectrum, anisotropy, transport paths, and chemical composition of galactic
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CR and show that they are in close relationships caused by peculiarities of CR
interactions and propagation in space plasmas which will be considered in the
remaining part of Chapter 1 and in Chapter 2.

Properties of secondary CR (neutrons, protons, pions, muons, electrons,
positrons, gamma rays, neutrinos, etc.) generated in nuclear meson and
electromagnetic cascades in the Earth’s atmosphere as a result of interactions of
primary CR with the nucleus of atmospheric atoms (and for neutrinos also as
generated in the solar interior) were considered in detail in Chapter 2 of the book
Dorman (M2004). Below, in Section 1.3 we will consider CR interactions with the
matter of space plasma, nuclear reactions, fragmentations, and generation of
secondary elementary particles and daughter nuclei in the space plasma.

1.2.3. Five intervals in the observed CR energy spectrum
According to Dorman (1977a,b,c), the observed CR spectrum near the Earth’s
orbit can be broken into five intervals (see Fig. 1.2.1): / — kinetic energy interval

102! eV E, 23x10° eV, 2 — 3x10°eV>E, 23x10' eV, 3 — 3x10'! eV2E,
>30 MeV/nucleon, 4 — 30 MeV/nucleon>E; 21 MeV/nucleon, 5 — E;< 1

MeV/nucleon. Such a division in Fig. 1.2.1 is based on some physical
considerations and observation data.

=
L
0O
=

Fig. 1.2.1. The observed CR spectrum broken into five energy ranges. The shaded area
shows the region subjected to solar modulation. According to Dorman (1977a).

The upper boundary of interval / should be determined by CR interactions with
the 2.7 °K relict microwave radiation in case of meta-galactic origin of the highest
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energy CR; the numerous available EAS experimental data are indicative of the
existence of the particles with energies more than 10* eV in the primary CR, but
not more than 10*' — 10* eV.

The boundary between intervals / and 2 is characterized by the jump change in
the power exponent of the CR differential spectrum from 3.2-3.5 to 2.7 from
interval [ to interval 2 (this fact was first established on the basis of EAS
measurements (e.g., Khristiansen, M1974).

The boundary between intervals 2 and 3 has particular meaning in the case of
observations inside the solar system and corresponds to the upper energy boundary
of CR modulation in the interplanetary space established on the basis of the data of
many years of underground and ground based observations (Bishara and Dorman,
1973a,b,c, 1974a,b, 1975).

The chemical and isotopic composition and the regularities of the CR
modulation by solar wind in the energy range 3 have been sufficiently studied and it
is undoubted that interval 3 is completely of galactic origin.

The boundary between intervals 3 and 4 corresponds to the minimum of the CR
spectrum in kinetic energy/nucleon and is probably somewhat variable with solar
activity. This boundary separates the energy range of explicitly galactic origin
(interval 3) from range 4 whose origin is being extensively discussed and has not
become clear as yet. The problem of CR origin for interval 4 is discussed in detail
in Dorman (1974, 1977d,e) where the following possible alternatives are treated:
the solar (generated in solar flare acceleration processes and trapped for some time
in the solar corona and in the Heliosphere), anomalous CR formed by ionization of
interstellar atoms penetrating into interplanetary space and then accelerated in the
vicinity of terminal shock wave, and galactic origin (small energy galactic CR so
called sub-CR, penetrating from interstellar space into Heliosphere along the
magnetic channels).

The boundary between energy ranges 4 and 5 is somewhat artificial, though it
was assumed in Dorman (1977a) to be about 1 MeV/ nucleon. As the solar activity
changes, this boundary may shift to both sides and the displacement may be from
several tenths of an MeV/nucleon to several MeV/nucleon. The physical meaning of
this boundary is that interval 5 is markedly different in the chemical composition,
form of energy spectrum, and mode of temporal variations from interval 4. This fact
is undoubtedly indicative of the different origin of CR in intervals 4 and 5. It is not
excluded that the relative importance of various sources of interval 5 (low energy
CR generation in solar corona in connection with chromospheric flares and during
the quiet Sun; acceleration by the interplanetary shock waves and other
disturbances in solar wind; generation and escaping from magnetospheres of
rotating planets with a large magnetic field such as Jupiter, Saturn, and even the
Earth; low energy particle generation in the transient layer between the solar wind
and galactic magnetic field) varies markedly in time thereby resulting in the shift of
the boundary between intervals 4 and 5.
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The lower boundary of interval 5 extends, according to numerous works up to
energies of ~ 0.01 MeV/nucleon and, perhaps, even lower, essentially coinciding
with the upper energy boundary of the solar wind particles (let us note that these
very low energy CR particles may have their origin from acceleration of
background plasma particles in planetary magnetospheres and in the interplanetary
space). Thus the observed CR spectrum is extended from ~ 10" eV/nucleon to ~
10*' eV (since the super-high energy particles are exclusively detected with EAS
arrays, only the total energy can be determined), within ~ 17 orders.

1.2.4. Main CR properties and origin of CR in the interval 1
In various years, and up to recently, many researchers were of the opinion that

the CR particles in the super-high energy interval I (102! eV > E, 23x10" eV

according to the classification in Section 1.2.3) were mainly of metagalactic origin
(Cocconi, 1960; Oda, 1961; Fichtel, 1963; Laster, 1964; Johnson, 1970; Berezinsky
et al., 1974; Hillas, 1975; Colgate, 1975a). This hypothesis was critically analyzed
by Ginzburg and Syrovatsky (M1963). The following arguments favoring the
metagalactic origin of the interval / (or its highest energy side) were considered: (i)
the absence of the known sources of such high energies (up to about10*' eV) in the
Galaxy, (i1) the serious difficulties associated with the retention of the particles of
very high energies in the Galaxy. The discovery and the study of the pulsars,
however, have made it possible to suggest highly probable mechanisms of particle
acceleration in the Galaxy up to ~ 10 eV (Ginzburg, 1969; Gunn and Ostriker,
1969; Silvestro, 1969; Colgate, 1975b,c). In particular, it was argued in Silvestro
(1969) that the pulsars were capable of accelerating also the very heavy nuclei up to
super-high energies. It is not excluded, either, that the particles of such high
energies are generated in powerful processes taking place in the vicinities of the
galactic center (Dorman, 1969). A serious argument favoring the galactic origin of
the super-high energy CR is the absence of the spectrum cut-off at the high-energy
side up to ~ 10 eV. Such cut-off should necessarily take place in the case of
metagalactic (or extragalactic) origin owed to interactions with the 2.7 °K relict
microwave radiation (Zatsepin and Kuzmin, 1966; Greisen, 1966; Hillas, 1968;
Prilutsky and Rozental, 1969). Ginzburg (1968) presents a number of additional
arguments against the hypothesis of the metagalactic origin of main part of
observed CR, and Syrovatsky (1971) argues that the CR up to the highest
observable energies may be of galactic origin.

1.2.5. The anisotropy in energy intervals 1 and 2

The anisotropy and mode of propagation in the Galaxy of super-high energy
CR are of special interest in connection with the examined problem of their origin.
The published data of the measurements of 84 largest size of EAS with four EAS
arrays at Sydney, Volcano Ranch, Haverah Park, and Yakutsk have been used by
Hillas and Ouldridge (1975) to study the distribution of the arrival of the =



8 CHAPTER 1

2x10" eV CR particles to the Earth. The search for sidereal anisotropy on the basis
of the above data has given a value of ~ 60% for the amplitudes of the first and
second harmonics. The possibility was analyzed in Hillas and Ouldridge (1975) that
the obtained results were owed to the particles’ arrival from the galactic clusters or
super-clusters. The estimates of Hillas and Ouldridge (1975), show however, that, if

the galactic super-clusters contain from 5x10° to 10* galaxies of the type of our
Galaxy, the flux of the super-high energy particles expected from such super-
clusters proves to be at least 400 times as small as the flux observed on the basis of
EAS measurements. The data of measurements in the lower energy range also
analyzed in Hillas and Ouldridge (1975) show that the amplitude of the sidereal
anisotropy (see Fig. 1.2.2) in the 3x10'° eV > E, 210'! ¢V energy range (interval 2
according to the classification given in Section 1.2.3) varies very little with energy
and remains constant (~ 0.1%) with the peak near 19" of sidereal time, which

corresponds to an inconsiderable flux of CR along the force lines of the galactic
spiral field.

100

/D(E,)

0.01

10" 10" 10" 10 10
E, [eV]

Fig. 1.2.2. The amplitude of the sidereal CR anisotropy A4 as a function of energy £ in

the range 10 -10%ev (the points with the vertical bars denoting the measurement
errors). The solid line shows the dependence of 4y from E; according to Eq. 1.2.1 and

the dependence E; 25 / D(E}) by taking into account of Eq. 1.2.2.
The data of the various observations displayed in Fig. 1.2.2 show that the best

agreement with the experimental data can be obtained on the assumption that the
amplitude of the sidereal anisotropy 45y in the energy range

3x101° eV E = 10! eV is not constant but increases approximately as
Agq < E ;?'2 . This corresponds to an increase of Ay approximately an order (from

~0.02% to ~ 0.2%) as energy increases from 10" eV to 3x10'>eV. Such regularity
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in the variations of 4y agrees with the mode of variations of the content of the

daughter nuclei depending on the particle energies in the 10° +10'"' eV (see below,
Section 1.2.6). The time of the maximum is shifted with increasing the particle
energies to 13" of sidereal time, which corresponds to the appearance of the drift

flux of CR with energies > 3x10"° eV from the Galaxy across the magnetic force
lines. In this case the anisotropy amplitude increases rather rapidly with energy and
reaches several tens of percent at 10'+10* eV. The results on the anisotropy
discussed may be approximated by the expression

2
o..2><(15“k/3><1015ev)O %, if 10" eV < B, <3x10"eV,
Aga(Er)= (1.2.1)
.6
o..2><(15*k/3><1015ev)O %, if 3x10%eV < E; <102V,

which gives Agq = 0.03% at E;, =3x10'! eV; Ay = 0.2% at E, =3x10"° eV
and Agq =~35%at E; =2x10" eV.

1.2.6. Relationships between the observed CR spectrum, the anisotropy, the
relative content of the daughter nuclei, and the transport scattering path

It can be easily shown (see in Ginzburg and Syrovatsky, M1963; Dorman,
1969) that any diffusion model of CR propagation in the Galaxy involves a certain
relationship between the observed CR spectrum D(Ej ) and the total spectrum of

generation in all sources F(Ek),the mean penetrable amount of the interstellar
matter X (E; ) (determining the relative content of the daughter nuclei of the type

of Li, Be, B and some secondary isotopes which are explicitly absent from the
sources), the anisotropy amplitude Ay (E + ), and the transport scattering path in the

Galaxy Ag(Ey):

D(Ey )e< F(E; )AG (B ), (122)
X(Ep)o AG (Ey), (1.23)
Asa(Ex )< Agroe(Ex ). (1.2.4)

where Ag(E,) is the transport path averaged over the entire region of particle
propagation; A (Ey ) is the local transport path in the region of the measurements

of the anisotropy. It follows from the comparison between Eq. 1.2.1 and Eq. 1.2.4,
that
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EY?,if 10 eV < E, <3x10'% eV,
Agioc (Ex )< (1.2.5)
EXS if 3x10P eV < E, <1020 eV.

It should be expected that, although Ag(E;) and A (E;) may be qualitatively
different, the mode of their dependence on E; is most probably the same. Then it

follows from Eq. 1.2.2) that if the total spectrum of CR generation F(Ej )< E,;z'5
the observed spectrum D(E)e< E;>7 in the interval 10''eV < E, <3x10 eV, and

D(E; )o E;>! in the interval 3x10"eV<E, <10°°eV. Thus the data presented
above on the anisotropy are in agreement with the assumption of the unified
spectrum of CR generation in the Galaxy of the form F(Ej)e< E;>> (the solid curve

in Fig. 12.2) in the entire energy range of 10''eV<E, <10*°eV. This result is

definitely indicative of the galactic origin of CR up to ~ 10?°eV. In this case,

according to the estimates of Hillas and Ouldridge (1975), if the CR of such high
energies are protons or not too heavy nuclei, it is necessary for them to be retained

and that the galactic magnetic field Hg of ~ 2x107® Gs intensity would extend to

the distances of at least 1 kps on either side of the galactic plane (this conclusion
agrees with the measurements by Davies et al. (1974) of the Faraday rotation of the

pulsar radiation, according to which Hg =(2.240.4)x10™® Gs on the average in the
said region). It should be noted that if Ag(E,) is described by the dependence of
the type Eq. 1.2.5, the following important conclusion may be drawn from Eq.
1.2.3: the penetrable amount of interstellar medium X(E;) at E, ~3x10"eV

should be an order smaller than that at £, =~10''eV. Such mode of variations in
X(Ey) depending on E; is confirmed by the data of the direct measurements of the

chemical composition of the CR in the energy range E, <3x10''eV (where it was

found that X o £;%%). Of course, it would be extremely important to verify

whether such trend also takes place at higher energies (the available data on the
chemical composition in the high- and super-high energy ranges are not reliable
yet). Thus if Eq. 1.2.5 is valid this means that the relative portion of the daughter
nuclei and secondary isotopes should rapidly decrease with increasing energy and
already between intervals / and 2 the observed CR composition should be close to
the composition of the accelerated particles in the sources.
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1.2.7. Chemical composition in the 107 eV/nucleon < Ej, < 3x10!!
eV/nucleon range and the expected dependence of Ag(E;) and Agy(Ey)
on Ej.

According to numerous experimental data on the chemical composition of CR,
the relative content of the daughter nuclei in the range 10° < £, <3x10'! eV/nucleon

decreases with increasing energy as E;’?. Therefore the penetrable amount of
interstellar matter X will also similarly decrease with increasing E,. Since,

according to Eq. 1.2.3, X <AQ then Ag e E?in the above mentioned energy
range. At the same time it follows from Eq. 1.2.4 that the sidereal anisotropy
amplitude Ay is (if other conditions being equal) o A, whence Ay o< E{, as
the particle energy decreases, A4 should also decrease and reach ~ 0.01%, which

agrees with the measurement data (Jacklin, 1965; Dorman et al., 1967, 1969). Let
us note that in the above mentioned energy range the ground based measurements
of the sidereal anisotropy are difficult owing to the additional scattering of particles
and distortion of their trajectories in the Heliosphere which give rise to the problem
of correct interpretation of the observation results. Therefore, the available data on
the sidereal anisotropy in the low energy range should be treated as rough
estimates.

1.2.8. Chemical composition in the energy range 3x107 eV/nucleon <

EkSlO9 eV/nucleon and the nature of the scattering elements in the

Galaxy

Since, the content of the daughter nuclei and secondary isotopes is practically
invariants, as the particle energy decreases further down to the lower boundary of
interval 3, it should be expected that Xg=const in the range

3x10’ eV/nucleon< Ej, < 107 eV/nucleon and hence, according to Eq. 1.2.4

Ag =const too. Therefore, from the analysis of Fig. 1.9.4-1.9.8 in Section 1.9.7,

when the particle scattering in the Galaxy is determined by the inhomogeneities
with field structure of various complexities, the smallest scale of the
inhomogeneities should be at least smaller than R;,/300H, . Since

Ej min =3X% 107 eV/nucleon corresponds  to Ry, =2x10%V, this  gives

A1 <3x10" em at H,, =2x107% Gs (otherwise, as follows from Fig. 1.9.4-1.9.8 in
Section 1.9.7 Ag should abruptly increase with decreasing Ej i, Which would

result in a pronounced decrease of the relative content of the daughter nuclei at very
low energies).
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If, however, the particles are scattered in the Galaxy by the magnetic clouds 4

may be many orders larger, since according to Fig. 1.9.1 from Section 1.9.3 in this
case Ag =const with decreasing £, (even though E, << E; i, ). Of course, the real

situation may be more complex, namely, the variations in A may be accompanied
not only by the variations in the parameters o and [3 characterizing the spectrum of
the scattering elements, but also by a change of the relative importance of the
scattering of particles of various energies by the magnetic clouds and the
inhomogeneities of the form j =1, 2, 5 (see below in Section 1.9).

1.2.9. The nature of the energy boundary between intervals 3 and 2

According to the analysis of Bishara and Dorman (1973a,b,c, 1974a,b, 1975)
carried out on the basis of many years underground measurements of the CR muon
component, the energy boundary between intervals 3 and 2 (the upper energy
boundary of CR modulation in the interplanetary space) is 150-300 GeV (this
boundary varies markedly throughout the 11-year solar activity cycle). Let us note
that the CR modulation in the Heliosphere is very significant in the energy range
studied (the particle flux is modulated by a factor of from ~ 2-5 to several
thousands). In accordance with the numerous theoretical and experimental data,
however, the amplitude of the spectral modulation is determined only by the
rigidity R and velocity v of the particles. Therefore the modulation amplitude for all
particles with the same ratios A/Z and the same energy/nucleon (the same R and v)
is also the same, i.e. CR relative chemical composition inside the Heliosphere will
be the same as that in the interstellar space.

At higher energies the modulation spectrum falls with increasing particle

rigidity R as R™2or even more rapidly, whereas at lower energies the spectrum
modulation depth éD(R)/ D, (R)oc R_(0’8+1'0). The upper energy boundary of the

CR heliospheric modulation is owed to the magnetic inhomogeneities spectrum in
interplanetary space being limited at the side of A by certain 4, , the largest scale of

the inhomogeneities. According to Bishara and Dorman (1974b) the elements of the
sector structure are most probably such largest scale of inhomogeneities. Therefore
at a velocity of the solar wind ~ 400 km/sec, the complete revolution of a force line
of the regular component of the interplanetary magnetic field (in the form of the
Archimedes spiral) is in each about 6 A.U., for four sectors 4, =1.5 A.U. whence

the upper boundary Ej i, =270 GeV at H ~4x10™> Gs. When moving away
from the Sun (at distances more than 6 A.U. from the Sun), 4, is almost invariant,
but H decreases (approximately inversely to the distance » from the Sun) and,
therefore, Ej nax (r) = 270(r/ 7, )_1 GeV, the size of the effective modulation region

decreases with increasing the particle energy. According to Fig. 1.9.4-1.9.8 atj =1
in Section 1.9.7 and Fig. 1.9.1 in Section 1.9.3, at £} = E} ;.5 the transport path in
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interplanetary space A o< E,g , and since the modulation depth o A™' at the

ultrarelativistic energies it will be e E;2, which explains the results of Bishara and
Dorman (1973a,b,c, 1974a,b, 1975).
At E; < Ej . the dependence of A on Ej is determined by the parameters

M /A, , ovand B, and (as can be seen from Fig. 1.9.4-1.9.8 atj =1 in Section 1.9.7
and Fig. 1.9.1 in Section 1.9.3) the appropriate selection of these parameters may

ensure that A o< £ ,? 8 in a broad energy range from Ej . to ~3 GeV.

1.2.10. The mode of the dependence of A on particle rigidity R from solar
modulation data of protons, electrons, and nuclei with various Z

A vast amount of experimental material has been accumulated at present for the
spectrum modulation and the radial gradient of protons, electrons, and various
nuclei during a period of about one solar activity cycle (and during almost four 11-
year cycles for moderate energies from ground based observations). Analysis of
these data on the basis of the modern theory of modulation including the diffusion,
convection, and adiabatic cooling makes it possible to obtain fairly complete
information on the mode of the dependence of A on R in the interplanetary space
for a broad energy range. The results of the theoretical calculations (both analytical
and numerical, see in Dorman, M1975a,b) for the spectrum modulation may be
presented, as a first approximation, in the form

a a a
Dp,obs = Dpo exp(_v} De,obs =D, exp[— Ay } DZ,obs =Dy, exp(_mj (1 26)

p e

for the protons, electrons, and nuclei Z respectively. The parameter a in Eq. 1.2.6 is
determined by the solar wind velocity, the size and geometry of the modulation
region, whilst the particle velocities for CR particles are interrelated as

12
:—;=R‘1(R2+mf,c4)'/2, :—;=R_I(R2+(Ampcz/2)zj : (1.2.7)

Using the results of determination of the interstellar electron spectrum D,, on the

basis of the data on the nonthermal galactic radio emission, the interstellar spectra
of protons and nuclei Z may be determined from Eq. 1.2.6 without knowing the
modulation parameters:

Dy, = Dp,obs(Deo/De,obs )ve/vp » Dzo =Dy obs (Deo/De,obs )ve/vZ , (1.2.8)
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where v, /v, and v,/v; are determined by the Eq. 1.2.8. The parameter a/A may

be determined from the comparison between the observed spectra on the basis of
Eq. 1.2.6:

="Ve (R)ln(De,obs (R)/Deo (R))= “Vp (R)ln(Dp,obs (R)/Dpo (R)) (1.2.9)

A(R)

Such analysis was carried out in many works (see, for example, Dorman and
Dorman, 1965, 1967; Earl, 1972; Cummings et al., 1973; Cechini et al., 1974;
Lezniak and Webber, 1974). It was found by Lezniak and Webber (1974), in
particular, that the coordination of numerous experiments can be achieved on the
assumption that A should markedly increase with decreasing E; (see Fig. 1.2.3) in

the low energy range ( £, < 100 MeV for electrons and £, < 10 MeV for protons).

1.0 -
2
< oL
10 1965
<
1969
2
10 1 1 1
102 10° 10*
Electron kinetic energy [MeV]
1 | 1 1 1 I
1.0 10 102 10° 10*
Proton kinetic energy [MeV]
10" 1.0 10 102

Rigidity R [GV]

Fig. 1.2.3. The behavior of A as a function of rigidity and kinetic energy for galactic CR at
low solar activity in 1965 and at high solar activity in 1969. According to Lezniak and
Webber (1974).
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Results shown in Fig. 1.2.3 are in accordance with Fig. 1.9.4-1.9.8 in Section
1.9.7. This means that the main role in the low energy particle scattering in the
interplanetary space should be played not by the magnetic clouds but by the
inhomogeneities with the field structure of various complexities. The maximum
size of the inhomogeneities may be estimated on the basis of comparison between
Fig. 1.2.3 with Fig. 1.9.4-1.9.8 in Section 1.9.7. Since it follows from this

comparison that R ;, = 3%x107 V in 1965 and Riin = 7x107 V in 1969, we obtain
A1 =2.5%x10%cm in 1965 and 4 =6x10'%cm in 1969 near the Earth orbit at
H, =~4x107° Gs.

1.2.11. The dependence of A on Ej. from data of solar CR propagation

The numerous data on the time dependence of the solar CR (see in Dorman and
Miroshnichenko, M1968; Dorman, M1978; Miroshnichenko, M2001) show that the

transport scattering path A o< E ;? 8710 4 the high energy range (= several hundreds

of MeV), whereas the dependence of A on £}, approaches the form A ~ const with
decreasing energy. The Gorchakov et al. (1975) analysis of the observations of the
time dependence of the flux and anisotropy of solar CR from some chromospheric
flares has shown that in this case the protons exhibit a trend of the increase in A
with decreasing Ej, at E;, < 10+30 MeV (see Fig. 1.2.4) in an agreement with Fig.
1.2.3.

0.3

x 18.11.1968
® 0 01.09.1971

A 5 07.09.1973
0.2 -

A [AU]

0 ] 1 1 1
1.0 10 100 1000

Ex [MeV]

Fig. 1.2.4. The behaviour of A as a function of £; for solar CR from the flares of

November 18, 1968, September 1, 1971 and September 7, 1973. According to Gorchakov et
al. (1975).
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Some qualitative difference in A between Fig. 1.2.3 and Fig. 1.2.4 is because A
in the first case is the effective value for galactic CR averaged over the entire
modulation region, whereas A for solar CR reflects the local conditions in a near-
Sun region of size of only several AU.

1.2.12. The features of the solar modulation of the CR spectrum and the
measurements of the radial gradient

The numerous measurements of the radial CR gradient have given values
several times smaller than those predicted by the modulation theory in terms of the
spherically symmetrical model. This seems to place doubt on the correctness of the
interpretation of the features of the solar modulation of the CR spectrum presented
above. As was shown in Alania et al. (1977), however, the inclusion of the helio-
latitude dependence of the solar wind parameters completely eliminates this
difficulty (the CR penetrate through the high helio-latitude region and leak
convectively near the helio-equator resulting in a pronounced decrease of the radial
gradient compared with the value expected in terms of the spherically symmetrical
model, which agrees with the experimental data). In this case, according to Alania
et al. (1977), the spectrum modulation mode proves to be practically the same as in
the spherically-symmetrical model.

1.2.13. The nature of the CR in energy intervals 3 - 5

It follows from the above analysis that the data on the chemical and isotopic
composition, the energy spectrum, and the solar modulation prove without any
doubt the galactic origin of interval 3 (30 MeV+300 GeV). The problem is,
however, much more complicated for intervals 4 and 5 and requires a special and
comprehensive analysis including the diversity of the data on the chemical
composition, the solar modulation, the temporal variations at different energies, the
data on CR generation on the Sun, Jupiter, and in interplanetary space, and the
indirect data on the possible existence of such particles in interstellar space (see in
Dorman, 1977a,b). However, the result obtained above that A increases rapidly
with decreasing £ is indicative of the possibility of penetration of the particles of

such low energies from the Galaxy to the inside of the Heliosphere.

1.3. Nuclear interactions of CR with space plasma matter

1.3.1. Cross sections, paths for absorption, and life time of CR particles
relative to nuclear interactions in space plasma

Nuclear interactions of CR particles take place during processes of CR
generation (in supernova remnants, stellar coronas, in the interstellar space and so
on) and propagation in space plasma. These interactions lead to fragmentation of
CR nuclei and absorption. Cross sections o; and transport paths A; for absorption
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of different nuclei of CR in the interstellar plasma (93% of hydrogen and 7% of
helium) according to Ginzburg and Syrovatsky (1966) is shown in Table 1.3.1.

Table 1.3.1. Cross sections o; and transport paths A; for absorption of different nuclei of
CR.

CR nuclei
Values p o L M H VH
Z=1) | (z=2) | 3s2<5 | (62<9) | (2=210) | (Z=20)
o7
10_26’ , | 28 11.2 20.7 29.7 50.5 743
A glem® | 72 18 9.8 8.0 6.0 2.7

From these data can be very easy determined the time life 7; of CR particles

relative to nuclear interactions in space plasma with density p:

T =4/ pvi (1.3.1)

where v; is the velocity of CR particles of type i.

1.3.2. CR fragmentation in space plasma
Nuclear interactions of CR particles of type j with the matter of space plasma
lead to their fragmentation and formation of nuclei of type i, where i< ; (we

assume that i and j increase with increasing of Z). The contents n; of CR in space
plasma will be determined by following equation:

ai—dzv(K’Vn) ——Q,( )+ 2 Pyi—, (1.3.2)

ot T; j>l J

where K is the diffusion coefficient of CR in space plasma (determined by the

distribution of magnetic fields in space), Q; (r,t) is the source function, 7; is the

time life of CR particles relative to nuclear interactions (determined by Eq. 1.3.1),

Pj; is the coefficient of fragmentation (i.e. average number of nuclei of type i

formatted from one more heavy nuclei of type j 2 i). The approximate values of P,

for a particles and groups of nuclei L, M, and H are shown in Table 1.3.2, and more
detailed data for relativistic nuclei from Li to Fe in Table 1.3.3.
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Table 1.3.2. Approximate values of P; for a particles and groups of nuclei L, M, and H.
According to Fowler et al. (1957).

Primary Generated daughter nuclei
g‘f“é‘;’{ H(Z>210) | M(6<Z<9) | LG<Z<5 | a(Z=2)
H(Z> 10) 0.31£0.07 0.36:0.07 0.12:0.04 1.3540.18
M(6<Z<9) 0.11£0.02 0.28+0.04 1.2240.11
L(3<Z<5) 0.15£0.05 1.0920.17
0(Z=2) 0.41+0.03

Table 1.3.3. Values of P;; for relativistic nuclei from Li to Fe. According to Verschuur
(1979).

Daugh- Primary nuclei of CR

e | Li|Be|B|c|N|o|F |Ne|Na|Mg|al]si o | Fe
Li 16 | .13 | .16 | .10 | .08 | .07 | .07 | .07 | .07 | .07 | .06 | .06 | .07 | .09
Be .05 1].15].07 .06 |.05|.07|.09 |.08 .07 |.07 |.07|.06|.05
B .08 | .07 | .06 | .05 | .10 | .11 | .09 | .08 | .07 | .07 | .05 | .04
C 28 | .16 | .11 | .12 | .10 | .09 | .07 | .05 | .04 | .03 | .02
N 29 117 | .19 | 13 | .10 | .08 | .07 | .06 | .04 | .02
O 29 128 .21 | .17 | 15 | .12 | .10 | .06 | .03
F .00 | .14 | .10 | .05 | .04 | .04 | .02 | .01
Ne .00 | .23 | .20 | .16 | .13 | .08 | .03
Na .00 | .14 | .10 | .05 | .03 | .01
Mg .00 | .23 | .19 | .11 | .04
Al .00 | .14 | .07 | .03
Si .00 | .15 | .07
P-Cr 30 | .64
Fe 21

As we mentioned above, the Eq. 1.3.2 is valid for diffusion propagation of CR in
space plasma (see Chapter 2 in more detail). In another case, when the propagation
of CR is along magnetic field lines from some stationary source and there are no
other CR sources in space, the contents of CR on the matter depth s from the
stationary source (in units g/ em?) whilst taking into account fragmentation of
nuclei will be determined by the following equation

onils) mls) o, 1)
) _]éipﬂ o= (1.3.3)

with the boundary condition
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ni(s) _y =i (1.3.4)
where n;, is the CR contents at the exit from the source.

1.3.3. Expected fluxes of secondary electrons, positrons, y-quanta, and
neutrinos
The nuclear interactions of CR with the space plasma matter in sources and

during CR propagation also produce unstable secondary particles (K mesons, 7°

mesons, 7° mesons, neutrons) whose decay eventually gives y—quanta, electrons,
and neutrinos. Since in this case the processes of generation and the kinematics of
decay (7° =y +vy, 7t > ﬂi - ei, n— p+e , etc) are absolutely the same
as those in the Earth’s atmosphere, it is possible to use the result of (Greisen, 1960)
and write, as a first approximation, in accordance with (Ginzburg and Syrovatsky,
M1963) that the secondary particle generation by, for example, galactic CR will
give the fluxes (in cm ster 'sec!):

I(E)dE ~10* E72 4 KXdE, (1.3.5)

where K = 3.27 for y—quanta, 3.05 for neutrinos, 1.11 for electrons. In Eq. 1.3.5 the
energy of secondary particles and gamma rays £ is measured in GeV; X is the
thickness of matter in g/cm’ at the beam along the line of sight in the region filled
with CR. In the Galaxy the > 1 GeV secondary particle fluxes prove to be
inconsiderable; even the largest expected flux (from the galactic center at X ~ 0.1

g/em?) is about 2x10™ cmster 'sec™' for y—quanta and neutrinos. According to
Eq. 1.3.1, the estimate of generation rate for secondary electrons with £ > 1 GeV in

the halo (at a =10atom/cm’ concentration) gives an emissivity

~2x1072 electron.cm™sec”’, the value two orders smaller than that required to
explain the observed flux of synchrotron radiation and the galactic electron flux
observed on the Earth (Ginzburg and Syrovatsky, M1963). It can be seen below,
however, that the inclusion of secondary particle generation is sometimes absolutely
necessary in the problems of the study of CR generation and propagation. A lot of
calculations of expected fluxes of secondary electrons, positrons, y-quanta and
neutrinos in space and in the atmosphere (including comparison with experimental
data) were made by Daniel and Stephens (1974), Orth and Buffington (1974), Ling
(1975), Verma (1977a,b), Badhwar and Stephens (1977).

In particular, Daniel and Stephens (1974) made calculations of the expected
intensity of electrons, positrons and y—quanta of various energies depending on the
thickness of the atmosphere passed from 0 to 1000 g/cm?; the data on nucleus-
meson cascade of cosmic radiation in the Earth’s atmosphere and energy
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transmission from the hadron component to the electron-photon component were
included in the calculations. The differential energy spectra of secondary electrons,
positrons, Y—quanta and their variation with a depth of the atmosphere obtained are
of primary importance in determining the respective corrections to the
measurements of the fluxes of these particles from space. To estimate the effect of
geomagnetic latitude the calculations were carried out for several values of
geomagnetic cutoff rigidity: 0; 2; 4.5; 10 and 17 GV. To include approximately a
chemical composition of primary CR for the free path to absorption, the following
values were fixed: 120; 52; 33; 33, 32, 29 and 20 g/cm’, respectively, for protons,
o—particles, and nuclear groups L, M, H1, H2, H3. A comparison of calculated
results with available experimental data made it possible to refine the general
parameters of elementary acts, which are included in a theory. The results of
calculations from (Daniel and Stephens, 1974) for space-energy distribution of
electrons, positrons and y—quanta in the Earth’s atmosphere are presented in the
form of three-dimensional diagrams, shown in Dorman, M2004 (Fig. 2.11.1-2.11.6
in Chapter 2).

Orth and Buffington (1974) computed by the Monte-Carlo method a meson-
nucleus cascade of primary CR in the Earth's atmosphere and interstellar space at
the depth < 10 g/cm’; the expected fluxes and energy spectra of secondary electrons
and positrons were found in the interval of energies 1+100 GeV, arising as a result
of the processes of decay of pions and muons: a development of subsequent
electromagnetic cascades was also included. An approximate analytical expression
was presented which makes it possible to determine easily the fluxes of secondary
electrons and positrons with various energies, medium parameters and spectra of
CR. The calculations were based on the following data: differential spectrum of
primary protons of galactic CR depending on the proton energy E,, (in interstellar

space: 2.0><104E;2'75 m~2ster 'sec'GeV™!; the spectrum at the boundary of the

Earth's atmosphere, including solar modulation, was taken in the form
8.6><103E1;2'55 m~ster 'sec 'GeV™!); the proton path with respect to inelastic
interaction was taken to be 53.6; 57.3 and 100 g/cm’ in hydrogen, interstellar
medium and the air, respectively; the ratios of a number of electron and positrons,

generated by all of CR nuclei, to their number, generated by the protons only: 1.36,
1.34 and 1.20 in hydrogen, interstellar medium, and in the air; the conversion path

of y—rays in the air, 48 g/cm’; the path lengths of x#* and z* mesons to decay,
6.24 E, km and 0.0559 £, km (where E, and E, are the energies of muons and
pions, in GeV). It was shown that to account for the recent measurements of
positron flux with the energy > 4 GeV, one has to assume that primary CR pass, on
average, (4.311;?) g/em® of the interstellar medium from the moment of their
generation.
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It is of especial interest to study high energy neutrinos. Silberberg and Shapiro
(1977) studied a diffusion background of neutrinos which is caused by the three
sources: @) generated by CR in the Earth's atmosphere; b) generated in our Galaxy;
¢) generated out of the Galaxy. The flux of atmospheric neutrinos formed as a result

of a decay of z* and k*-mesons generated in interaction of CR with the Earth’s
atmosphere, exceeds the flux of neutrinos of extra-terrestrial origin up to the
energies ~10' eV. At E > 10" eV the direct generation of lepton pairs could be a
prevailing source of atmospheric neutrinos. At higher energies (= 10'° eV) a
considerable uncertainty and a strong sensitivity to a model of neutrino source were
observed in the value of diffusion flux. At these energies the following processes of
neutrino generation take place: a) direct production of neutrino in the atmosphere; d)
neutrinos from radio galaxies; ¢) neutrinos from galaxies; d) neutrinos from pulsars.
To determine what of the mechanisms gives a prevailing contribution to neutrino
fluxes, the direct observations are necessary. According to Margolis and Schramm
(1977), a study of super high energy neutrinos gives important information about CR
in the Universe, about physics of high energies, and about the physics of weak
interactions. Measurements of neutrino flux from point sources make it possible to
study acceleration of CR by such astrophysical objects as pulsars, Supernovas, and
radio galaxies. In Margolis and. Schramm (1977), an estimate was made of the flux
value of neutrinos with the energies E >10'' eV from several types of astronomical
sources. Berezinsky (1977) considered some possible sources of neutrinos of super-
high energies: Supernovae and interactions of CR protons with atomic nuclei and
microwave photons in interstellar and inter galactic space. The author presented
energy spectra of neutrinos calculated for various mechanisms of their generation.
Beresinsky (1977) emphasized the following important aspects of astrophysics of
neutrinos of super-high energies (E > 10" eV): a search for bursts of CR in remote
cosmological epochs; a search for point sources of high-energy neutrinos; a study
of interaction of neutrinos at the energies, unattainable for accelerators, a search for
the W-bosons with a mass 30+100 GeV, and the measurement of a cross-section of
neutrino interaction at the energy £ > 10" eV. Berezinsky and Zatsepin (1977)
assumed that in the epoch of galactic and early-class stars formation, a burst took

place with an energy output ~ 5x10% erg in CR for our Galaxy. It is considered
that the observed diffusion X- and y-radiation in the range 1 keV+30 MeV is

caused by high energy CR from this burst. Neutrinos with the energy E >3x10"3
eV should be produced as a result of interaction of high energy protons with
microwave photons. The estimate was obtained for the flux value of these
neutrinos. This estimate, as well as the assumption that neutrinos generated in early
cosmological epoch did not undergo interactions in later stages of the Universe’s
expansion, makes it possible to register such neutrinos by means of a detector with
the volume ~ 10° m’.
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1.3.4. Expected fluxes of secondary protons and antiprotons

The problem of low energy secondary protons generated in nuclear reactions
of CR with interstellar medium, was studied in the work of Wang (1973). The
refined cross sections of (pH) and (pHe) interactions were used to obtain the
intensities of secondary protons with an energy lower than 100 MeV, non-included
processes were estimated. The rates of producing secondary protons were
calculated and then a solution of the equation for the stationary density of
secondary particles in the Galaxy was found. The intensity obtained of protons in
interstellar medium for the energy range 10+100 MeV appeared to be by 3+5 times
higher than the observed proton intensity near the Earth (this weakening is related
to particle interaction with solar wind in interplanetary space. The value of intensity
of protons obtained, born in nuclear interactions of high energy components of CR,
is the lower limit of the actual intensity of protons near these energies in interstellar
medium. Ganguli and Sreekantan (1976) calculated the expected fluxes of various
secondary particles with the energy > 10 GeV produced in nuclear interactions of
CR with interstellar medium in the Galaxy, based on accelerator data on the

effective cross-sections of the generation of z* mesons, antiprotons, and deuterons
in proton-proton interactions up to the energies ~ 1500 GeV in nuclear interactions
of CR with interstellar medium in the Galaxy. It was found that of y—quanta with E
> 10 GeV from the Galactic center on the boundary of the Earth’s atmosphere
should be =107 and the flux of antiprotons (2+3)x10™* of the proton flux in CR;
the expected deuterium flux appeared to be negligibly small compared to the flux

arising as a result of fragmentation of a—particles in their interaction with
interstellar hydrogen.

1.4. CR absorption by solid state matter (stars, planets, asteroids,

meteorites, dust) and secondary CR albedo

Because, when passing through a grain of dust, a particle traverses
< 10_4g.cm_2
significantly below its interaction path, the dust grains will not in practice absorb
CR and will give only some additional contribution to the fragmentation and
production of secondary particles by the gaseous and ionized material in the space.
In most cases, however, such a contribution is negligible (some 1% for interstellar
space). The rest solids in the space (stars, planets, asteroids, meteorites), whose
sizes (in g/cm’) are as a rule much in excess of the nuclear interaction path, will be
the CR absorbers and the generators of secondary albedo CR. If the bodies of type i

of matter (the mean size of grains of dust is =~4x10cm),

with cross section S; = 47&7*,-2 (where 7; is a radius of body) are spatially distributed

with concentration N; =d; 3 (where d; is an average distance between bodies of

type i), the mean lifetime 7 of a CR particle (with velocity v) relative to absorption
by all the above mentioned types of celestial bodies will be
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_ d}
T=%(S;Ny)" =z (1.4.1)
i i 4nvr;

In some cases, the importance of CR absorption by the bodies is negligible.
According to (Ginzburg and Syrovatsky, M1963), for example, the life-time of a
relativistic CR particles in the Galaxy before the particle arrives at any star
(S ~3x10*%2cm?, N = 10_54cm_3) is ~ 3x10"® years, the value which is many orders
greater than the mean lifetime relative to nuclear interaction in the interstellar

medium and CR diffusion from the Galaxy (~ 3x10’ years). The absorption,
however, should be taken into account in the problems of propagation of galactic
and solar CR in vicinities of stars and planets (for example, in interplanetary space)
the absorption is always of decisive importance to some modulation models
(Dorman, M1963a)

1.5. CR interactions with electrons of space plasma and ionization
losses

1.5.1. Ionization energy losses by CR nuclei during propagation in space

The ionization losses (energy losses for excitation and ionization of atoms of
medium and for generation of Cherenkov radiation and d—electron production) by a
proton or nucleus with total energy E, rest mass M, and charge Z is in eV/sec
(according to Ginzburg and Syrovatsky, M1963):

42 2 2 2
(d_Ej __4mZ°N, | | 2my [ Ez) LY 7.62x107° 22N, x
dt ion Mc C

my J 2
(18+1nlg /2 \omc2 ). it By << Mc?,
x 1202+ amnlE/Mc2)) it (Mm)Mc? 5> E 5> Me?,
(19.5 +In(M/m)+ 31n(E/ Mcz)) if E>>(M/m)Mc?, (1.5.1)

where v and Ej are the particle velocity and kinetic energy; N, is the

concentration of the medium electrons; m is the electron mass, .J is the ionization
potential. The Eq. 1.5.1 is also valid within a sufficient accuracy for a medium
comprising, apart from hydrogen, helium and other light elements. In a completely
ionized medium with electron concentration N, the loss for production of

d—electrons (close collisions) and Cherenkov radiation of plasma waves (remote
collisions) is significant. Such a loss has been totaled (in eV/sec):
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(d—Ej =-7.62x107° 2% N, x
ion

dt
38.7+ ln(Ek / Mcz)— 0.5 v, Nase? /E, it By << Mc?,

:
x (74.1 + 21n(E/ Mc? )— In Nel if (M/m)Mc? >> E >> Mc?,
(4.1 +1nE/Mc2)-1nN, )| if £ > (M /m)ue?. (1.5.2)

The Eq. 1.5.1 and Eq. 1.5.2 are valid only for the particles whose velocities v are
much in excess of the mean velocities <Ve> of electron motion in medium (in
atomic  hydrogen  (v,)=¢’ [h=2x10° cm/sec, in ionized hydrogen
(ve) = \BkT, [m = 6.8x10° 7/? cm/sec, where 7, is the electron temperature in °K).
However, the region v < (Ve> is of great interest to studying the mechanisms of CR

acceleration in magnetized completely or incompletely ionized plasma (especially
for the problem of injection into an acceleration process under the conditions of
chromospheric flares, in active solar regions, in shock waves, in supernova
explosions, etc.). In this energy range the loss (in eV/sec) is

[d—Ej :—2.34><10‘23N(z*+Zg)v2 (1.5.3)
dt ion

in a gas with concentration of N atoms with atomic number Z, . In Eq. 1.5.3 Z " s

the effective charge of particle, which is according to (Bohr, M1960) at
1<V/<Ve><Z /3 approximately

Z" = (v/(ve))Z"3. (1.5.4)

This relation reflects the simple fact that the loss of a subsequent electron takes
place when the velocity of particle equalizes the orbital velocity of this electron. At
V> <Ve )Z and sufficiently frequent collisions, the ionization proves to be practically

complete, Z~ = Z . It should be borne in mind when studying the particle motion in
rarified gas that the ionization cross section o; of shell i with ionization potential
J; is maximum at in energy E,,; =3(M/m)J; while the dependence of o; on Ej is
determined by the relation

4
E
o =k M [ mE (1.5.5)
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where K is the coefficient of the order of unity (see in Post, M1959). According to
Eq. 1.5.5, the characteristic cross section of the loss of the first electron is of the

order of gas-kinetic cross section (~107'%cm?), whereas the cross section of the
electron loss from inner shells is significantly smaller (for example, the cross

section of the loss of the last electron from the K shell of Fe is only 107'cm?).
In an ionized gas with concentration of N, electrons and temperature 7, the

energy loss (in eV/sec) is

3
(d—Ej = —1.8x10‘12m, (1.5.6)
ion

dt A Te3/ 2

where 4 is the atomic number and Z~ is the effective charge of the particle.

1.5.2. Ionization and bremsstrahlung losses for CR electrons

The formulas for the ionization losses of relativistic electrons (in eV/sec) are
somewhat different from Eq. 1.5.1 and Eq. 1.5.2 (the difference is mainly
associated with the fact that the maximum energy transferred to electron in
collisions with electron is ~ £/2):

[1 8.8+ 31n(E / mc* )] in atomic hydrogen,
(‘;—ﬂ =-7.62x107 N, x (1.5.7)
o [73.4 —InN, + ln(E/mc2 )] in plasma.

Besides that, owing to their collisions with nuclei and electrons of medium, the
electrons lose their energy by production of bremsstrahlung y—quanta (Ginzburg
and Syrovatsky, M1963):

p 8.0 in atomic hydrogen,
%[7?) =-10"%N, x (1.5.8)
b
e [0.50 +1.37x ln(E/mc2 )] in plasma.

Since the bremsstrahlung y—quanta’s energy is of the order of the electron energy,
the continuous low-portion energy loss is substituted by discrete loss of electrons; it
may be assumed in this case that the probability P(s) for an electron to traverse a
path s (in g/cm?) is, according to Eq. 1.5.8:
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exp(-s/62) in atomic hydrogen,
P(s)= (1.5.9)
exp(-s/52) in 90% H +10% He mixture.

1.6. CR interactions with photons in space

1.6.1. CR nuclei interactions with space photons
When propagating in space, the CR nuclei interact with photons of various
energies, first of all with the universal microwave radiation at a temperature of

about 2.7 °K (with very high density about 200 ¢cm™ in galactic and intergalactic
space), and the infrared and light quanta of radiation from stars. In this case the
photon energy Ey, in the center of mass system CR particle — background photon

will be

Eph = Eppo (E/ Mc? 1 - Beosar), (1.6.1)

where E and E are the energies of photon and particle in the laboratory

pho
coordinate system, M is the rest mass of particle, f=v/c, and o is the angle

between the directions of the photon and particle motion in laboratory coordinate
system. These interactions are most significant for the high energy particles and
give rise to the following two important effects. First, the interactions with the
universal microwave radiation may be the main reason for constraining the primary
CR spectrum at the high energy side; second, the interactions of high energy heavy
nuclei with photon emission from the Sun will result in photodisintegration of
nuclei (into a photo-nucle