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The possibility of generating galactic cosmic rays in cosmic plasma cylindrical pinches is
discussed for the case where there is an increase in constriction perturbations from which streams
of plasma are squeezed. It is shown that when the constrictions break away, an energy distribution
function for accelerated particles is formed in the stream with the form dN/dE — CE ~ v, where
v = 1 + 3 = 2.732. This actually coincides with the average value observed in the 1010-1015 eV
energy range of v0 = 2.74 (see Ref. 9), which makes this hypothesis very plausible. At higher
energies the observed exponent of the spectrum is approximately equal to v0 = 3.1, and here,
apparently, another "electrodynamic" acceleration mechanism is operating, which also is
accompanied by a break in current in the pinch. The model of the "plasma universe" proposed by
Alfven predicts the presence of a number of pinches in space.

1. INTRODUCTION

Particles with energies up to 1020 eV are observed in
cosmic rays. Particles with energies less than 10'° eV are
generated in the Sun, and their spectrum varies sharply dur-
ing solar flares. Particles with energies greater than 10'°eV
are apparently of galactic origin. Their spectrum is stable,
although small variations in the 109-10" eV energy range
have recently been observed which apparently indicate some
sort of explosive processes in the galaxy. In the 10'°-1015 eV
energy range the spectrum of galactic cosmic rays has a pow-
er law of the form dN/dE = CE ~ v, where C is a constant
and the exponent can be considered to be equal to VQ = 2.74
with great accuracy (see Ref. 9). However, existing genera-
tion theories1'2 do not yield such a spectrum unambiguous-
ly, and require additional hypotheses. At energies of the or-
der of 2-1015 eV a "break" is observed in the spectrum, and
at 1015-1017 eV the exponent of the spectrum is approximate-
ly equal to v0 =3.1; at 1017-1019 eV we again have v0 = 2.7
(see Fig. 1, which we have drawn from Ref. 35). We note
that the electron component of cosmic rays also has a power
law spectrum with an exponent ve = 2.7 (see Ref. 35).

The hypothesis is made in the article that in cosmic
plasma nebulae or in the plasma atmosphere of stars like
pulsars or black holes, electrical discharges may be genera-
ted, like "noiseless cosmic lightning," in which cylindrical
plasma pinches are formed which are similar to laboratory
pinches. Accelerated particles are observed in the latter,3

and for this reason one can assume that they are produced in
the same way, that is, due to constriction type instabilities, in
galactic cosmic rays as well.

The presence of various current plasma pinches in space
is predicted in the "plasma universe" model proposed by
Alfven.5 In this model, an important role is ascribed to these
very currents on cosmic scales (up to a current of the order
of 1019 A). Various aspects of this model were discussed at
the International Working Group on Plasma Cosmology.
The meeting was held on February 20-22, 1989 at La Jolla,
California. A special issue of the journal Plasma Science was
devoted to this meeting (see Ref. 36).

The fruitfulness of this model is manifested, for exam-
ple, in the spiral structure of magnetic fields observed in the
galactic plane of several galaxies. The magnetic fields evi-
dently should be due to spiral currents in the plane. It is also

reasonable to assume that these currents are extended by
currents which are already not directly visible. These cur-
rents diverge from the galaxy along the axis of rotation and
form a spheroidal closed current loop (see Fig. 3 below).

It is assumed that near the poles of such a structure
electric double layers are sporadically formed in the axial
pinches,29 and it is in these layers that ions and electrons are
accelerated. These layers also yield two plasma clouds in the
shape of butterfly wings with strong synchrotron radiation,
as occurs in the radio galaxy Cygnus A. It is proposed in Ref.
29 (see also Ref. 3 8) that in such pinches it is possible for not
only double layers, but also pinch constrictions to be genera-
ted near stars. Below it is shown that in plasma streams
squeezed from the constrictions in a relativistic skinned
pinch, a spectrum ~ E ~v is generated with
v = 1 + ^r= 2.732, which is very close to the observed
v0 = 2.74. Moreover, it is unambiguous, which increases the
plausibility of this hypothesis. The spectrum after the
"break" is apparently formed by some other inductive accel-
eration mechanism, which should also arise in the process of
the break in current, but occur after it.

2. A USEFUL ANALOGY—BREAKING A STREAM OF WATER
INTO DROPS

It is well known that a stream of water flowing smooth-
ly from a tap is broken into drops by the force of surface
tension, as is clear in the accompanying figure (Fig. 2). In
order to eliminate an increase in random perturbations, in
experiments6 the stream is subjected to the external effect of
a specific wavelength of sound from a loudspeaker, which
also determines the length of the period of priming perturba-
tions, which then increase. In the long wavelength approxi-
mation A>a, where a(x,t) is the radius of the stream, one
can assume that a surface tension with the coefficient a0

creates a pressure in the stream, p = a0 /a, so that in a con-
striction with a small radius a the pressure increases and
water is squeezed from the constriction. Pressure is the cause
of instability here.

This picture is fully analogous to the one which we will
want to calculate later for a plasma z pinch with a longitudi-
nal current, and here it is important to note that if the com-
pulsory external periodic action is absent, random "sponta-
neous" local perturbations will increase which initially do
not interact with each other. A break in the stream is likely to
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FIG. I. Spectrum of galactic cosmic rays.

occur first at the location of the largest local priming con-
striction, which should be considered the most typical form
of perturbations in the absence of external actions.

When water is squeezed into drops from the constric-
tions, the water particles are initially at rest (in a system of
coordinates moving with the stream, one can formally as-
sume that they are not moving at time t = — oo), and then
acquire a specific longitudinal velocity v, so one can calcu-
late a velocity or energy distribution function of particles.
Such an energy distribution is called an "energy spectrum."
An analogous spectrum can be found for plasma particles
squeezed from the constrictions of a plasma pinch, which we
think may be a source of cosmic rays.

3. BASIC INFORMATION ABOUT COSMIC RAYS™
Near Earth, cosmic rays, which were discovered by

Hess in 1912, consist of 90% protons, 7% a particles, and
1% heavier nuclei. Their integral spectrum has the form
I~E -•*, where p = 1.7 at E= 10'°-1015 eV, p = 2.2 at
E= 1015-1017 eV, and n = 1.7 again at E= 1017-1020 eV
(see Fig. 1). It is assumed that particles with the highest
observed energies, E= 10I9-1020 eV, are of extragalactic
origin. Compared with the average abundance of elements in
the universe, cosmic rays have relatively more light nuclei
(Li, Be, B) and more heavy nuclei (with Z~20). It is as-
sumed that the enrichment of cosmic rays with heavy nuclei
is the result of more efficient acceleration of these nuclei in
the source, and that the higher content of Li, Be, and B is
associated with the splitting of heavy nuclei when they col-
lide with the nuclei of atoms in the interstellar medium.

Cosmic rays interact relatively weakly with matter in
our galaxy, which includes the central core, the thin disk,
and halo, and has a total mass MQ = 10" MQ = 2• 1044 g in
a volume Va = 1068 cm3. Most of the matter is in the form of
stars and clouds of interstellar gas and dust concentrated in
the galactic disk, which has a size of 0.5 kpcX30 kpc (1
pc = 3 light years).

The total energy of cosmic rays in the galaxy is equal to
Ecr = 1068 eV = 1056 erg, and coincides with good accuracy

with the total energy of the chaotic magnetic field of the
galaxy, which has an average strength of Ha = 3-10 ~6 G.
The correlation Ecr = VQH2

a/%Tr indicates an equilibrium
between the magnetic field and the movement of cosmic
rays.

Explosions of supernovae of type I (old stars near the
galactic center) and II (massive young stars) are considered
sources of cosmic rays. The kinetic energy of the dispersed
shells of these stars is estimated to be Kj = 1049 erg for type I
and Ku = 1052 erg for type II stars. Supernovae explode in
the galaxy approximately once every 10-30
years = 3 • 108-10-108 s; thus the power of cosmic ray gener-
ation is approximately W= 1040 erg/s for a type I star, and
W= 1043 erg/s for a type II star. Since the characteristic
time for cosmic ray particles to leave the galaxy due to diffu-
sion in inhomogeneous magnetic fields is approximately
T= 108 years = 3 • 1015 s, the power of all sources of cosmic
rays should be equal to Wcr =Ecr/T= 1056 erg/3-1015

s = 3 • 1040 erg/s. As we see, the power of the explosions of
supernovae is such (1041 erg/s) that they may insure the
generation of cosmic rays. Thus, the role of stars like the Sun
(mass MQ = 2-1033 g) is insignificant, since the Sun gener-
ates low-energy, nonrelativistic cosmic rays with a power of
the order of WQ = 1023 erg/s. Since the galaxy contains 1011

stars like the Sun, their total power, 1034 erg/s, is small com-
pared to the contribution of supernovae.

The maximum energy of cosmic rays which may be pro-
duced in the shells of supernovae is determined by the ability
of supernova's magnetic field to confine the particles. The
magnetic field has a strength of the order of 10 ~ 3 G at a shell
radius of 1 pc, so the maximum energy is evaluated using the
formula £max = eHRsh = 2-106 erg = 1018-1019 eV. Analo-
gous estimates for the Sun yield values of H& = 1 G,
flsh = lmillionkm= 10ncm,sothat£0

ax = 1013eV.Fora
galaxy with a radius RQ = 5-1022 cm and an average mag-
netic field strength #G=2-10 6 G, we find a value
£"" = 1019 eV. Thus, it is assumed that protons with ener-
gies 1019-1020 come from the metagalaxy.

Intense formation and evolution of stars occurred in the
early stage of development of the galaxy (Tl = 109 years),
and the "relic" cosmic rays formed then should have left the
galaxy due to diffusion according to the law N = N0

exp( — rG/rd), where TQ — 10'° years is the age of the
galaxy, and TA = 10s years is the diffusion time, so that
N = N0e~lo°. This estimate shows that observed cosmic
rays are not "relic" cosmic rays, but "continuously re-
newed" particles.

Finally, let us examine the processes which determine
the lifetime of cosmic rays in the galaxy. Direct collisions
with stars, which have a concentration n = 10n stars/1068

cm3 = 10 ~57 cm ~3, and a typical radius R& = 10U cm, oc-
cur in collision time Tco[l = 1024 s = 3-1016 yr, which sub-
stantially exceeds the age of the galaxy, so this process does
not occur. Collisions with interstellar gas, which consists of
90% hydrogen, has a total mass of the order of 109

MQ = 1042 g, and an atomic concentration nat = 10 ~2

FIG. 2. Breaking a stream of water into drops (from Ref. 6 album).
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cm 3, occurs in time Tnuc = l/«atcrnuc s = 1017 s = 3-109

years; here crnuc = 3 • 10 ~2 6 cm2 is the cross section of nuclear
interactions with hydrogen. As we see, this time Tnuc is com-
parable with the age of the galaxy, but exceeds the time for
departure due to diffusion in the inhomogeneities of the
magnetic field. The collisions of cosmic rays with particles of
cosmic dust may be evaluated if one considers the total dust
mass to be about 0.01 the mass of the gas, 1040 g. The radius
of dust particles is rp = 4-10 ~ 5 cm (ice, ammonia, meth-
ane), the density is 1 g/cm3, and the mass is m = 3-10 ~ 13g.
Thus, the total number of dust particles is
1040/3-10~13= 1053, and their concentration is
«p = 1053/1068 = 10-15 cm~3. The average time of colli-
sions of cosmic rays with dust particles is
Tp = (WpTTTpC) ~ ' = 3-105 years; however, cosmic rays al-
most freely penetrate these small particles, and about 106

collisions with dust particles are needed for a cosmic ray
proton to experience a nuclear interaction with the nuclei of
the dust particle atoms. Thus, this requires 10U years, which
exceeds the age of the galaxy, and so this process is immater-
ial as well.

As they twist in the magnetic field, the cosmic ray pro-
tons may lose energy into synchrotron radiation; however,
the time for the energy to decay by a factor of two is about
2-1012 years, so this process can be ignored as well.

The main loss process occurs when cosmic rays leave
due to diffusion in the inhomogeneities of the magnetic field.
The characteristic scale of inhomogeneities is L = 3-100
pc = 1019 — 1020 cm, and the coefficient of diffusion in the
inhomogeneities is D = cL = 1030 cm2/s, so departure per
unit length of the galaxy RG = 4-1022 cm occurs in time
T=R2

0/D= 1015 s = 108 years, which defines the lifetime
of cosmic rays.

4. EXISTING THEORIES FOR THE GENERATION OF COSMIC
RAYS

The surprising regularity of the galactic cosmic ray
spectrum makes it possible to assume the presence of some
specific mechanism for the generation of these particles;
however, no one of the existing theories unambiguously
yields a spectrum with v = 2.7. Let us describe these theo-
ries.

I. Betatron acceleration of particles should occur in the
shells of exploding stars due to the turbulent generation of a
magnetic field in the plasma. The adiabatic invariant
/ = p2/£ should be conserved, so an increase in the field B is
accompanied by an increase in particle momentum p.

II. The Fermi mechanism assumes that cosmic rays col-
lide with moving clouds of plasma which carry with them a
"frozen-in magnetic field." An individual cloud with such a
"framework" may be seen as a unique macroparticle, which
elastically reflects charged cosmic ray particles with its mag-
netic field. Then, according to the laws of chaos in this set of
macro- and micro-particles, as in a gas made up of various
molecules, one should see a tendency toward the establish-
ment of an equal distribution of the energies of all members
of the ensemble participating in elastic collisions, so that the
microparticle strives to acquire an energy equal to the energy
of the cloud, which generates cosmic rays with superhigh
energies.

III. The mechanism of quasilinear diffusion over mo-
menta is based on the equation (see Refs. 10-12)

dt dp ( dp
(4.1)

here/Q?) is the momentum distribution function of parti-
cles, and D is the tensor of the diffusion of particles in mo-
mentum space due to the collisions of particles with plasma
waves of various types, and is proportional to the intensity of
these waves. The waves themselves, for example, Langmuir,
Alfven, or magnetosonic waves, are stimulated by some cos-
mic explosions, or, let us^say, by the rotation of magnetic
stars, such as pulsars. If D > 0, even initially cold particles
with zero momentum p = 0 will spread diffusively over the
momentum space so that, over time, the particles may ac-
quire large momenta and energies.

IV. The turbulent pulsations of cosmic plasma37 may
also lead to the diffusion over momenta described by Eq. 4.1,
since they may play the same role that "regular" plasma
waves played in the previous case.

V. In recent years, a hypothesis on the generation of
cosmic rays by shock waves propagating in clouds of cosmic
plasma has become popular. The shock waves are produced
by some stellar explosions. Here, a single passage through
the front of the shock wave, even a very intense one, does not
greatly increase the energy of the particles. Thus, the au-
thors of Ref. 2 (see also the references cited therein) added
to the kinetics equation a diffusion term with diffusion of the
particles in the usual coordinate space, assuming that this
diffusion occurs in islands of local inhomogeneity of the
magnetic field. It is as if these islands were imbedded in the
main plasma, and some portion of the particles which are
chaotically scattered on them find themselves again in front
of the shock wave; then the wave again overtakes these parti-
cles. When such migrations are repeated multiple times,
some small portion of the particles may acquire large ener-
gies.

Let us examine this process in more detail. In a system
of coordinates where the front of the shock wave is at rest in
the x = 0 plane, we write the distribution function in the
form/=/0 +/, cos 6, where the second term takes anisot-
ropy into account. Then for the isotropic part one can obtain
the equation

dx dp (4.2)

which should be solved in two regions, ahead of the front and
behind the front. Then one should join both solutions at the
front; here v = vl<2 is the velocity of the medium, D is the
aforementioned coefficient of the diffusion over the coordi-
nates, and finally, (p) is the effective force accelerating a
particle at the front. One can show that it is equal to

so that the solution of Eq. (4.2) can be sought in the form of
separated variables/0 = a(x)f}(p}. Since (p) ~p, for /? we
get a power law spectrum P~p ~ v in the region behind the
front. The exponent of the spectrum is found to be
v = 3<7/(cr— 1), where a = p2/pl = v\/v2 is the degree of
compression in the shock wave defined by the Rankine-Hu-
goniot adiabatic curve
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; (4.4)

here y = cp/cv is the exponent of the common adaibatic
curve, and Ma! = v} /c, is the Mach number ahead of the
front. For the most intense wave we have Ma! > 1, and then
a= (y + \)/(y— 1). For a monatomic gas plasma this
leads to y = 5/3, a = 4, and v = 4 for the spectrum behind
the front. Thus, it is assumed that before the front the func-
tion is monochromatic and has the form J3~8(p — p0). The
fact that the power law spectrum with exponent v behind the
front is independent of the value of the diffusion coefficient
D and is sufficiently universal makes this mechanism of
"regular acceleration in shock waves" very attractive in ex-
plaining the generation of galactic cosmic rays and their
spectra. Yet this mechanism does not unambiguously yield
an exponent v = 2.7, which is observed, at least, in the ener-
gy range 1010-1015 eV. Thus, let us examine other mecha-
nisms, continuing the list.

5. FORMATION OF DOUBLE LAYERS IN PINCHES IN COSMIC
PLASMA

In addition to the shock wave hypothesis, in recent
years the possibility has been discussed of the acceleration of
cosmic ray particles in "double layers," which arise in cur-
rent-carrying plasma (see, in particular, the survey of Ref.
29).

The double layer theory is very close to the theory of the
Langmuir diode, in which an ion current j, = en, v( and an
electron currenty'e = — eneye flow such that for an electro-
static potential <p(x) we have the Poisson equation

l+Se
f6 ,». ~ i » x ,1 /a /I

III (2 + 5,)]1/2 ' (5.1)

Here the movement of particles is considered relativistic;
thus the laws of conservation of energy are used,
e = mc2y + e<p = const, where y= (I — P2)~1/2. It is as-
sumed that ions with zero velocity emerge from the left elec-
trode-anode at x = 0, which has a potential q>0, and arrive at
the cathode at x = d with a zero potential, so the following
notation is introduced into Eq. (5.1)

(5.2)

Multiplying Eq. (5.1) by cp 'x and integrating, we obtain the
law of conservation

e'1 (iipi + /epe) — — = C. = const, p = /TOY, (5.3)on
where E = — <p 'x is the electric field, and pa are the mo-
menta of the particles. This law indicates the requirement of
the homogeneity of the total pressure of particles and the
field in the space interval 0 < x < d. If we further require that
the field E go to zero at both ends for x = 0, d, we find the
ratio of the currents

(5.4)

In the nonrelativistic case e<p0 -£2mcc
2 = 106 eV we have

ye//i == (/Hj/wc)1 /2>l, while at the ultrarelativistic limit
mpc

2 = 2-109 eV the ratio of currents is approximate-

ly equal toy'e /j{ = 1 + (m{ c
2/eq>0), Taking into account the

boundary conditions from Eq. (5.3) we have

(5.5)

where |° = ep0/mec
2. For ultrarelativistic electrons, when

£e»£>l, we get

and if ions are also ultrarelativistic, £ > 1, we have

8n

(5.6)

(5.7)

and then integration leads to the result

<P (x) = (W — xAv )2, .q>0 = j«P (/e + /O —- I . (5.8)

It is important to stress that in laboratory diodes, current
arises as a result of an applied voltage tp0; however, in cosmic
conditions it is assumed that the cause and effect switch posi-
tions, and current is held constant by an enormous external
inductance. Equation (5.8) defines the difference in poten-
tials which arises in the formation of a discharge in the form
of a double layer in the current channel. In the review of Ref.
29 it is assumed for the estimate that the length of the inter-
val d which arises is approximately equal to the radius of the
pinch filament, which, consequently, carries the total cur-
rent 70 = ird2(ji +je), and Eq. (5.8) assumes the form

p0 = Z (/0
(5.9)

where £max is the maximum energy of accelerated particles
with a charge Z. For example, at a current of 3 • 1017 A, which
is assumed in Ref. 29, for our galaxy we get E ™ax = 1014 eV,
but since more energetic particles are found in galactic cos-
mic rays, it is noted in Ref. 29 that acceleration in double
layers apparently can yield particles with energies of
1014-1016 eV, while for larger energies some other mecha-
nisms are necessary.

As shown below, higher energy particles may be ac-
quired in an alternating induction field, which arises in an
interruption of current I0. The estimates here lead to a maxi-
mum energy of the order of Em^ = I0 e/c, which at a current
of 3-1017 yields E = 1019 eV, which exceeds by five orders of
magnitude the estimate from the double layer theory. The
question arises, however, of where such pinches with large
currents can be formed in space.

In this regard the "plasma universe" model with a mul-
tiplicity of currents is attractive. This model was proposed
by Alfven in Ref. 5. Figure 3, which we have drawn from
Ref, 5, shows a diagram of currents, which are denoted by
arrows. The diagram makes it possible to explain the picture
of observed isophots of two plasma clouds O with strong
synchrotron radiation by electrons in the radio galaxy Cyg-
nus A. These electrons are presumably accelerated in double
layers (DL). The galaxy itself (G) acts as a unipolar induc-
tor at the midpoint between the radio sources.

In the author's opinion, the most convincing evidence
for the existence of currents in space was presented in Ref. 30
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FIG. 3. a. Isophots of radio galaxy Cygnus A; b. Diagram of currents.5

using the same radio galaxy, Cygnus A, with currents up to
1019 A, as an example. Reference 31 lists possible cases with
Birkeland currents from 105 to 10'9 A with current filament
sizes of 102 to 1021 m in space. The attractiveness of the
"plasma universe" model for the problem of the generation
of galactic cosmic rays is strengthened by the fact that accel-
erated particles are also observed in laboratory pinches that
lead to the generation of neutrons in deuterium.17 As a di-
rect analogy one can point out lightning up to 1000 km long
observed on Jupiter by the Voyager probe. There is no doubt
that greater currents and pinches arise in solar protuber-
ances and flares. It is assumed in Ref. 29 that currents
/= 10'°-1012 A flow in solar flares, and double layers arise
in them with potentials of up to 5 • 10'° V. Particles are accel-
erated in these layers.

Stronger pinches may be formed in plasma clouds of
galactic size. Figure 4, which is drawn from Ref. 32, shows
the center of our galaxy. The picture was obtained on a radio
telescope at a wavelength of 20 cm from a region 300 light
years in size. The multiple filaments here have a diameter of
the order of 0.3 pc with a length of 10-50 pc. Similar fila-
ments in other galaxies are presented in Ref. 33.

The astronomical objects called jets may be considered
externally similar to pinches. Their radio emission is appar-
ently due to beams of cold electrons accelerated in double

layers.34 The largest jets are observed in radio galaxies, and
as a rule, consist (see Ref. 13) of two thin, long streams of
plasma ejected symmetrically from a central source. Figure
5 shows on different scales the structure of the jet isophots of
radio galaxy NGC 6251, which has a length of the order of 1
Mpc (the Andromeda nebula is about that far from us). The
radio emission from the jets is of synchrotron nature14 and is
polarized. This polarization may be used to determine the
direction of the magnetic field, which may be directed along
and across the stream. The stream is not homogeneous; one
can distinguish individual "spots" and "knots" in it. As a
rule, in the knots the magnetic field is perpendicular to the
direction of the stream, so knots are very similar to constric-
tions in laboratory pinches. Jets are also observed near some
stars. The binary star SS 433, which is either a pulsar or a
black hole, yields a jet which moves at a speed of 80,000
km/s. Two curved jets have also been observed near the cen-
ter of our galaxy.

In our opinion, however, the simplest and most fre-
quently arising process for the formation of cylindrical plas-
ma pinches in space may be the process of the breaking up of
flat pinches into a set of cylindrical ones as a result of a
tearing instability. Under laboratory conditions, flat
pinches, which are also called "neutral current layers" were
studied in Refs. 15 and 16, where one can see the process of
breaking up into a number of current filaments in fast photo-
graphs. An individual filament is in essence an individual
cylindrical Z pinch. In cosmic conditions the flat pinches
should arise any time there is a collision between two plasma
condensations containing "frozen in" magnetic fields in op-

FIG. 4. Structure of plasma filaments near the center of our galaxy, ob-
tained with a radio telescope at a wavelength of 20 cm.
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posing directions, or at least in directions which do not coin-
cide. At the interface a "neutral current layer" is formed.
One can easily be convinced of the instability of this layer if
one replaces it with a set of infinitely thin conductors with
mass m, per unit length and current/, in each. The equation
of motion of the «lh current

mlXn = l^B, B = By(x =

(5.10)

in the case of long-wave perturbations of the system one can
be replaced by two equations of hydrodyanmic type. For this
we assume that at equilibrium the distance between neigh-
boring conductors is a0. Further, let us introduce the func-
tion n(x,t), the number of conductors per unit length along
the x axis. If we now introduce the dimensionless "effective
density"p = na0, then from Eq. (5.10) we find

dt dx dt dx (5.11)

where g = 2irl \ /m , c2a0 = const is a parameter with the di-
mension of acceleration, and His the Hilbert integral opera-
tor in which the integral is taken in the sense of the principal
value. In the linear approximation we assume p = 1 + p} .
For v,pi-^l, we get

IT v = C exp (v° sin (kx)<

which indicates the instability of the current layer, which is
striving to break up into a set of cylindrical pinches (Fig. 6) .
The instability of a cylindrical pinch in relation to the con-
strictions was first examined in Refs. 4 and 17, where it was
shown that the instantaneous interruption of a thin current /
generates a cylindrically diverging wave with a field
E — lie ~ ' (c2t 2 — r2) ~ 1/2, which is what accelerates parti-
cles. This solution for an infinitely thin wire is in essence a
Green's function for the solution of the problem of the inter-
ruption of any distributed current. If in the xy plane a non-
instantaneously interrupted current is distributed with a
density ./(f, x, y), the field generated by the interruption will
be equal to

(5.13)
E (t, x, y) = j d£ = j j / (I1, x', y') G Ax' Ay',

where Gis a Green's function. From here, as is shown in Ref.
18, one can find the Bulanov-Syrovatskii solution19 for the
case where, in an infinitely thin flat pinch, a uniformly ex-
panding region of "disconnected" currents is formed. This
case imitates a single interruption of a current layer with

ends which are moving away from the "X point" along an
axis along which, it is assumed, the particles should be accel-
erated, since there is no magnetic field on the "X lines" and
acceleration is not hindered. However, in experiments15 a
flat pinch broke up immediately into many current fila-
ments. Under these conditions the acceleration should occur
not along "X lines," but along "O lines," as happens in sim-
ply a single z pinch.

Ref. 20 proposed the original model for the formation of
a z pinch from arcs of magnetic force lines rising above the
Sun's photosphere which close again at some altitude and
yield a separate loop with an axis in the form of a z pinch.

6. THE FIELD CREATED BY THE INTERRUPTION OF A
CURRENT SURROUNDED BY PLASMA

The model of a "vacuum diode" described above should
be corrected by taking into account the plasma surrounding
the pinch. Below we will show that this problem is reduced
to an equation of the form A^ = Ctf>, which can be called a
"screening equation."

It is curious that this equation is encountered in several
plasma problems. For example, for C = D ~2, where D is the
Debye radius, it describes the Debye screening of charge. If
we have a point charge q, then the solution will be
<p = (0//-)exp( — r/D). If we place an infinitely thin wire
with charge <?, per unit length in a plasma, then the potential
it creates will be equal to

*.(*>!) =
/ n W2

= i — I
(6.1)

erx,

where y = 1.78, and K0 is a modified Bessel function. The
screening of a weak alternating current is also described by
an equation of the form t±A = CA, where A is the vector
potential of the transverse wave, and C= S~2,8 = c/<o0 is
the length of the "vacuum skin layer." In the two-dimen-
sional case, its solution, A ~ exp( — x/8) describes the pene-
tration of a low frequency radio wave into a flat layer of
ionospheric plasma with subsequent reflection, which makes
radio communication on Earth possible. If there is in the
plasma an infinitely thin wire with a weak alternating cur-
rent /, (/) ~cos fit, alternating with frequency fl which is
small in comparison with the plasma frequency
co0 = (4irne2/m) ~ l/2, then we have the solution

(6.2)

The factor a(t) is defined here from the requirement that at
small r-»0 the potential (6.2) should yield a magnetic field
B = 27, (t)/cr. Then one can find the induced electric field
near a wire with a weak alternating current

E = Ez = - c-i 2± = - 2/t (0 <T2K0 (x). (6.3)

Let us now examine a problem which we find more in-
teresting, assuming that the pinch may be similar to an infi-

FIG. 6. Diagram of the formation of z pinches from a current layer.
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nitely thin wire with a current of the form 7= 70 + /, (t),
where /„ is the constant component, and /, (/) is a small
variable component. It can be assumed that in the gradual
contraction of the pinch, the "main magnetic field"
B0 = 2/0 /cr will penetrate into the "peripheral plasma" sur-
rounding the pinch. For generality we will assume that its
density is n* = C*r~s and attempt to define in it the in-
duced electric field of the wave generated by the variable
component of the current /,(?). This problem can be called
"the problem of the screening of a current by a magnetized
plasma."

To solve it we use the known dispersion law

ck

(6.4)

for a wave propagating in a plasma transverse to the magnet-
ic field. Here £ and rj are components of the tensor of the
permittivity of the plasma, which consists of ions with mass
m, and electrons with mass mc. At the limit m, -> oo, me -»0
when the contribution of ions can be ignored, and electrons
experience only an electric drift with velocity v = cE/B0,
the values of £ and 77 are found to be | = 1, ij = afa. /axo^, so
the dispersion law [Eq. (6.4)] yields the relation
co2 = c2k2 + (6>oe/«Be )2> which is very similar to the typical
relation for a transverse wave a2 = c2k2 + off in a nonmag-
netized plasma. In the latter case, it is known that for a <£ck
one obtains the relation k2 = (ta0c/c)2, which yields the
equation A/4 = AS ~2, which was examined earlier. Now for
a magnetized plasma, for ca-^ck we obtain
— k2 = (<y^,/c<yBe )

2, which is equivalent to the equation

(6.5)

2nCfec

Here we have substituted the density of the peripheral plas-
ma n = C *r ~ s and the field B0 = 2I0/cr. If we now intro-
duce/I = r//? and the new argument x = /1 2 ~V( 2 — s), we
obtain the equation and its solution

x = A, A = a (t) K0 (x), a (t) = /1 (t) c'\

(6.6)

Here the factor a(t) again, as in the solution of Eq. (6.2),
was defined so that at the limit /•->() the potential [Eq.
(6.6)] would yield the magnetic field
B, = — dA /dr = 27, (t)/cr, due to the correction /, (?) to
the current. Finally, from Eq. (6.6) we find the electric field

E - /, r) = - = - \ (t) K0 ( 6.7 )

which, as is shown below, can effectively accelerate ions.

7. ELECTRODYNAMIC MECHANISM OF THE ACCELERATION
OF PARTICLES IN A PINCH21

The field found above, Eq. (6.7), accelerates ions in
accordance with the equation p = eE. To integrate it, we

note that in the derivation of Eq. (6.7) we assumed the cor-
rection 7, (t) was small. Hereinafter, however, we will as-
sume that current is actually completely interrupted in the
pinch, so that during the time of the interruption the correc-
tion 7, changes from 7, (0) = 0 to 7 ™ax = — 70 , which is not
small. Ignoring the inaccuracy of this calculation, one can
assume that ions acquire suddenly the momentum

(7.D

which is thus defined by the coordinate <^r>, that is, the
position of the ion before acceleration. This circumstance
makes it possible to find the momentum distribution func-
tion of the ions.

For this we note that a ring layer dr in thickness and
L = dz in height contains a number of particles equal to

AN = n-2nrdrAz=2nLCtr+-'dr=^Ax = F(p)Ap, (7.2)
ce

where x is the argument of the modified Bessel function, so
that, inverting Eq. (7. 1 ) we find the distribution function

F(p) = ̂ =AroJ: = ̂ <r̂ ., JV0=^, (7.3)
dp dp p ce

which is also suitable in the relativistic case. In a nonrelativ-
istic approximation, Eq. ( 7 . 3 ) can be conveniently rewritten
in the form of a distribution over the energy E = p2/2M:

Me1 (2—s)a

(7.4)

It is curious that, in essence, these formulas do not contain
the density of the "peripheral" plasma n = C *r ~s, although
the derivation of the field, Eq. (6.7), is based on the assump-
tion of its existence. What is more important, however, is
that the nonrelativistic expression, Eq. (7.4), provides a
good description of the spectrum of particles accelerated in
laboratory pinches (Fig. 7). Thus, one would expect that the
relativistic formula, Eq. (7.3), is also applicable to cosmic
rays if they are generated in a similar manner. However, the
parameter p0 inEq. (7.3) contains the length of the constric-
tion L and the interrupted current 70, which are known in
each laboratory experiment with pinches, but are unknown
for cosmic conditions. This makes the application of Eq.
(7.3) to galactic cosmic rays more difficult. Below, however,
we will examine yet another "pinch mechanism" for the ac-
celeration of particles.

400 800 1200 E, keV

FIG. 7. Spectrum of deuterons accelerated in a laboratory pinch,28

7 = 0.48 MA.
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8. GAS-DYNAMIC MECHANISM FOR THE ACCELERATION
OF PARTICLES IN A PINCH21

In addition to acceleration in a field of Eq. (6.7), accel-
eration is also possible directly in the process of squeezing
the plasma from the constrictions. In the simplest nonrela-
tivistic variant, this process can be calculated if one assumes
that the pinch is completely skinned and that the plasma
inside the pinch is described by the gas-dynamic equations

% + divpv = 0, £ + (vV) v = I p \s

°, P = A> —'

(8.1)

For comparison it is also useful to return to the problem
which was described earlier, the stream of incompressible
liquid broken into drops due to the force of surface tension
cr0 . This problem is described by the system of equations

div v = 0, — + (vV) v = — po'
at (8.2)

simpler than Eq. (8.1). However, both systems are difficult
to solve in three dimensions, and so we will replace them
with approximate one-dimensional versions, using in both
cases the known "approximation of a narrow stream or
channel," where all values are considered constant across
the cross section S = ira2, where a = a(t, x) is the radius of
the channel. In this approximation the conservation of mass
equation for an incompressible stream takes the form
5,'+ (Sy)i =0, and for a compressible pinch
(Sp) \ + (Spv)'x — 0. If in both cases we introduce a dimen-
sionless "linear density" p* = pS /p0S0 per unit length, then
both equations are written in the form

p;, + (Pto); = o. (8.3)

In the narrow stream or channel approximation, only long-
wave perturbations with A > a are examined, so in the equa-
tion of motion it is sufficient to consider only one x compo-
nent, the longitudinal one. Then the pressure of surface
tension in the stream of liquid will be equal to
p = a0/a = p0 (a0/a) = p0p* "1/2, and the equation of mo-
tion takes the form

dt dx dx
= -^. (8.4)

In the case of a skinned pinch, we assume that a constant
current /0 flows in it, creating at the boundary r = a(t, x) a
magnetic field B = 2IQ/ca, whose pressure
B2/8ir = p0(a0/a)2 balances the plasma pressure
P=p0 (p/po)s, so that (a0 /a)2 = (p/p0)

s. It is easy to verify
that when one takes this relation into account the equation of
motion for the pinch acquires the form

5 u _ . d o ea — o"1 C2 = sPo
dt dx~ " dx9' ' " (s-l)p0

(8.5)

Thus, both problems are described by one system in the form

P*t + (p.v)x = 0, v't + vv'^mcKp1."")'* (8.6)

and differ only by the value of the "azimuthal number,"
m = — 2 for a stream and m = — 1 for a pinch, and by the
values of the constant parameter c0. In Refs. 22-24 it is
shown that this "quasi-Chaplygin" system [Eq. (8.6)] de-
scribes about 50 different "quasi-gas" unstable media in the

and the Laplace equation for the potential

. a

long-wave approximation, and, what is most important, per-
mits a complete solution.

To solve the system in Eq. (8.6) we introduce new di-
mensionless functions r = pl/2m and z = v/2mc0, which can
be conveniently regarded as cylindrical coordinates in some
three-dimensional "phase" space r, <p, z. For these we find
the equations

tfr't +rz'x+.2mzr'x = 0, c?z't — rr'x + 2mzz'x = 0. (8.7)

If we then introduce inverse functions tc0 = T(rt z),
x = X(r, z) and a fictitious "potential" i/j = rmT cos(m<p),
we get

X'r = rfz + ZmzT'r, X'z = — rfr 4- ZmzT,,
„• „ (8-8)

(8.9)

which for clarity can be regarded as an electrostatics equa-
tion. This equation may have many different solutions which
describe perturbations; however, the most interesting are the
special "spontaneous" solutions which describe perturba-
tions which disappear at the opposite time limit /-» — oo,
when it is assumed that the system was in an unperturbed
state. The absence of perturbations means p* = 1, v = 0,
which in three-dimensional phase space r, <p, z corresponds
to a circumference of unit radius r = 1, z = 0 on which ficti-
cious "charges" peff should be placed. These charges gener-
ate a potential

defined by a Poisson integral. This potential may be expand-
ed into a multipole series. Then one can show that the first
"Coulomb" term of the expansion describes perturbations
which are periodic over the length of the system, in our case,
over the length x of the pinch. It is important to stress that
for such perturbations one needs periodic "primers" which
are introduced into the system by some external factor. If
such a factor is absent, then the Coulomb term should be
considered to be equal to zero. Then the main role will be
played by the next term in the expansion, the "dipole" term,
which describes not a periodic perturbation but a local per-
turbation. A set of such local perturbations should be con-
sidered the most typical picture of the development of insta-
bility in the indicated "quasi-Chaplygin media." It is clear
that the break in the medium first occurs at the location of
the largest local perturbation, which can be examined sepa-
rately. For a pinch, the simplest local solution is

T =]_ \ i' -^_* + x)v.,

(8.11)
x = [(1 + r2 + 2

2)2 —

This spontaneous solution describes the hump located be-
tween two constrictions in the pinch. At the limit t— — oo
the perturbation is absent, then rises. At time t = 0 the con-
strictions break, and the hump acquires the form of a flat
"pancake" in which the particles squeezed from the con-
strictions are concentrated. At this moment the momentum
distribution function of the particles can be found if one as-
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sumes that in length dx there is a number of particles

dN = nna?dx = N1p.dx = F(p)dp, N1=na\> (8.12)

Using the formulas presented above, we find the function

t + (ap.)« = 0, v't + w'z = —4 (p.%

(8.13)

where JV0 = 2ir/lL0Nl is the total number of particles
drawn into the "pancake." For z = v/2c0 > 1, we find the
asymptotic spectrum dN/dE~E ~2 5, which, like the "elec-
trodynamic" formula, Eq. (7.4), also provides a very good
description of particles accelerated in laboratory pinches.
This is shown in Fig. 7. Qualitatively close spectra are also
obtained in numerical calculations.25 It is curious that the
dependence ~E ~2'5 is also close to the spectrum of galactic
cosmic rays, which are, however, ultrarelativistic in the en-
ergy region in which we are interested. Therefore below we
examine a relativistic pinch.

9. PERTURBATIONS IN A RELATIVISTIC "SKINNED"
PINCH2827

We will describe the interior of a pinch with relativistic
gas-dynamics equations without a magnetic field. Written in
covariant form, these equations have the form

d (nul) __ ,. k
 dui _ _d£ k dp

dx1 ~~ ' dxk dx' ' dx"
(9.1)

Here in four-dimensional space x° — ct, xl=x, x2=y,
x3 = z, a 4-velocity is introduced with the components

(9.2)

while the quantities n, w,p are scalar, and denote the number
density of particles, the enthalpy density, and the pressure,
which are given in their "proper" system of coordinates
moving with the liquid. Assuming that the plasma is nonrel-
ativistic in this system, we use the nonrelativistic relations
for the plasma, w = nM0c

2, p=p0(n/n0Y, s = cp/cy.
Again, as in the nonrelativistic case, Eq. (8.1), we replace
the three-dimensional equations, Eq. (9.1), with one-dimen-
sional ones in the narrow stream or channel approximation.

Again it is convenient to introduce a dimensionless lin-
ear density per unit length p^ = nS/n0S0; we then obtain
the equation

(9:3)

wheref = sp0/(s — 1) n0M0c
2 is constant. We again assume

that the pressure/) is equal to the magnetic pressure B 2/&ir,
which is created by the current /0 which is constant over
time and which flows only along the surface of the pinch.
The current is maintained by the external inductance of the
portion of the pinch where there is no local constriction.

In the nonrelativistic approximation from Eq. (9.3) we
obtain the equations

(9.4)

which coincide with Eq. (8.5) examined earlier.
To solve the relativistic system, Eq. (9.3), we introduce

new functions x(t, z) andy(t, z), assuming that p^ = E/X,
u = sh.y. Then we introduce the inverse functions ct = T(x,
y) and z = Z(x, y), for which we obtain

T'U + Z'X = (Tx + Zy) th y, Z'y — xTx = (Ty — xZx) th y.

(9.5)

If we now write the introduced inverse functions in the form

(9.6)

then for <p(x, y) and i/>(x, y) we obtain two equations

Wu—tyx-l—ib. ^>u=x(m—<f>A (9.7)

the consistency condition for which can be conveniently
written in operator form

A*cp = 0, A*q> = qvj, — 2<f + Lf, Lcp = xy"xx + (2 — x) <y'x.

(9.8)
,"v

Here the eigenfunctions of the operator L are orthonorma-
lized Laguerre polynomials An =L*n(x) with the super-
script 1, which are defined by the relations

00

LKn = — nKn, f kmKnw dx = 6mn, ay = xer".

(9.9)

and since the set An (x) is complete, one can expand any
function in terms of it. The general solution has the form

<p (*, y) =
(9.10)

where the coefficients Cn should be obtained from definite
boundary conditions, as is done below.

10. EXPANSION OF SPONTANEOUS PERTURBATIONS IN
TERMS OF "MULTIPOLES"

To determine the coefficients Cn in Eq. (9.10), we note
that the state of development of constrictions in the pinch
under natural cosmic conditions should be preceded by a
state of relatively calm constriction of the plasma and the
formation of the pinch itself. Only after this will the constric-
tions in the pinch increase, and it is from these constrictions
that plasma is intensely squeezed out in the form of jets.

In our model, we cannot examine this preliminary state,
but imitating it we introduce the requirement that there
should be no perturbations at the opposite time limit
?-» — oo. The absence of perturbations means that p+ = 1,
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v = 0. In our variables this corresponds to the "point" x = e,
y = 0, at which the first formula, Eq. (9.6) acquires the form
T = — (pee ~£, so that the limit t-> — oo means that at this
point the "potential" has the characteristic £>-» + oo. In
other words, the potential should be generated by point
"charges" located at this point; thus, it is more correct to
write Eq. (9.8) in the form of a Poisson equation

A> = —4np, p (x, y)

oo +00

= J dx' J dy'p (*', y') 6 (x' - x) 6 (if - y}, (10.1)
0 -co

and seek its solution in the form of an integral
OO + OO

<P (x, y) = f dx' f dy'p (x', y') G (x, y; x', y'). (10.2)
j j
0 -oo

Then, using the formulas

6 (x' -x) = w (x') J *» W ̂  (x'), 6 (y' - y)

CO

= ^- Jexp[tft((/ ' — (/)] d&, (10.3)
— CO

it is easy to find the Green's function in the form of a sum

G =2irw(x") £ (n + 2)
n = 0

Xe\p[-\y-y'\(n (10.4)

and the integral, Eq. (10.2), yields a general solution to Eq.
(10.1) for a random distribution of "charges" p. Herein-
after, however, we will take into account that our charges are
located only at the point x = E, y = 0. Thus, it is expedient to
switch to new variables *,, yt, taking x' = e + xl,
y = —yl. Introducing the notation

Peff = 2nwp, S (e, y) =
, (n + 2)1/2'

(M>

(10.5)

we rewrite the general solution of Eq. ( 10.2) in a more suit-
able form

<P (x, y) = j J petf (*i, «/i) S (e + xlt y + y

(10.6)
Since the quantities xt , and yl are considered to be

small, we expand the last sum in a Taylor series

S (e +

= S (x- e, j/)+ ta f- + y, d-f}+ 0 (x\, ft +...
\ os ay I

(10.7)

Thus, we obtain an expansion of the "potential" cp in a series
in terms of "multipoles," where the first term is equal to

= QS (x; e,y), Q = pe ( 10.8 )

and will be nonzero only when the "total charge of the sys-
tem" Q is nonzero. However, as in the nonrelativistic case,
Eq. ( 8. 10), one can show that solutions with Q ̂ 0 describe
perturbations which are periodic over the length of the
pinch, and these perturbations require corresponding peri-
odic "primers" which, as we assume, can not arise under
natural cosmic conditions. Thus, we will consider "Cou-
lomb" solutions with Q =£0 to be unrealizable.

The following terms of the expansion describe not peri-
odic, but only local perturbations. The simplest of them will
be a "dipole solution" in the form

a
(e),

(10.9)

Since A0 = 1 and dA0/de = 0, the sum here begins with the
term 7 v3, which, as is shown below, is what yields the "cos-
mic spectrum."

11 . THE SPECTRUM OF ACCELERATED PARTICLES

To determine the spectrum we note that in length dz the
number of particles is equal to d7V= irainY&z = F(u)du.
Writing N0 = ira\nQ, we find the desired function from the
formulas presented above

F («) =
du /t

(11.1)

which is what yields a spectrum of accelerated particles at a
random moment in time. Hereinafter, however, we will as-
sume that the typical local perturbation has the form of a
disk located between two growing constrictions, which are
broken at time r = 0. At the same moment in time the disk is
flattened into a "pancake" which contains the particles
squeezed from the constrictions.

In this pancakep^ -> oo, x->0. Since at small <*> one
can obtain the expansion of potentials from the formulas in
Eq. (9.7)

>= <Po 0 0 + < (11.2)

in the limit x->0, which corresponds to the moment of the
complete break in the constrictions, the distribution func-
tion is equal to F0 = N0e<p0 (y)/y. In particular, for the solu-
tion of Eq. (10.9) we find

<PO (y) = D
I* + 27 ds

(11.3)

The last asymptotic property holds true for all "dipole" local
perturbations, and coincides with the galactic cosmic ray
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spectrum observed for the energy range E= 1010-1015 eV,
which, in our opinion, makes the examined "pinch mecha-
nism" very plausible. It is reasonable to assume that this
squeezing mechanism may accelerate ions to the maximum
energy at which the Larmor radius of the ion is equal to the
radius of the pinch, which in the ultrarelativistic case corre-
sponds to the energy E ™ "> = 60/A. For example, an energy
of 1015 eV is reached at a current of 2 • 1013 A.

At higher energies, E = 1015-1017 eV, the exponent of
the observed spectrum is approximately equal to v0 =3.1,
and here, it appears that another acceleration mechanism is
in effect. In the framework of our model we can assume that
the next term, that is, the third "quadrupole" term of the
expansion, Eq. (10.7), is "switched on." This should yield
an exponent v = 1 + •/? = 3, which is close to the observed
value. The second possibility consists of the assumption that
the most energetic galactic cosmic rays are generated by an
inductive "electrodynamic" mechanism which yields a spec-
trum of the form of Eq. (7.3), in which the parameter p0

which depends on the current 70 plays a role. We do not
know, however, of any statistics on currents in space, which
complicates the procedure of averaging over currents and
making comparisons with the observed spectrum. Finally,
the third possibility consists of the assumption that in the
1018-1020 eV energy range we observe particles of extraga-
lactic origin with a mechanism of the type of Eq. (11.3),
which again yields an exponent v = 1 + V3 in pinches as-
sumed in Fig. 3. Then the 1015-1017 eV energy range can be
seen simply as a transition region from galactic to extraga-
lactic particles (see Fig. 1).

The author would like to thank S. K. Zhdanov and V. P.
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