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A model is suggested for the acceleration of ions, based on Petschek’s theory of magnetic field annihilation.
It is shown that ions can gain high energies in this model, and that energy distributions similar to those ob-
served can be obtained. It is also shown that this model prevents electrons from gaining high energy, con-
sistent with cosmic-ray observations. It is suggested that if this model is correct, we can obtain, from the
observed ion energy distribution, a relation between the (average) plasma density and the (average) mag-

netic field in regions where the ions are accelerated.

1. INTRODUCTION

THE acceleration of charged particles is a common
phenomenon in the universe. Tens of years of
observation have provided us with a knowledge of the
accelerated particles and their energy distribution.
Many theories have been suggested to explain the
mechanism of acceleration. In most of them the medium
in which the particles are accelerated and from which
they draw their energy is magnetoactive plasma.
(The reader is referred to reviews by Parker! and by
Gintzburg and Syrovatskii.?) Gintzburg and Syrovat-
skii® have suggested that an acceleration mechanism
should be universal, namely, that any particular
astrophysical phenomenon in which particles are
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Fic. 1. Magnetic field and plasma-flow situation in
Petschek’s wave model.

* Present address: Department of Plasma Studies, Cornell
University, Ithaca, N. Y.

1E. Parker, in Nebulae and Interstellar Maiter, edited by
B. M. Middlehurst and L. H. Aller (The University of Chicago
Press, Chicago, 1958).

2V. L. Gintzburg and S. I. Syrovatskii, 7%e Origin of Cosmic

Rays (Pergamon Press, Inc., Oxford, 1964).
8V. L. Gintzburg and S. I. Syrovatskii, Usp. Fiz. Nauk 88,
485 (1966) [English transl.: Soviet Phys.—Usp. 9, 223 (1966)].

182

accelerated and on which it is easy to make observa-
tions would serve as an example from which general
laws may be drawn. One such example, it appears, would
be the phenomenon of solar flares.

The author would like to suggest here a very simple
version of Fermi-type mechanism#?® for the acceleration
of ions to very high energies such as are observed
following intense solar activities. The model considered
here is based on a modification of Petschek’s wave
theory of magnetic field annihilation. Details of the
model are published elsewhere.®:” Inherent in Petschek’s
model are stationary boundary regions (Fig. 1) separat-
ing much larger regions of antiparallel magnetic field
B, which, with their trapped plasma, flow into the
boundary with velocity U. It will be shown later that
in the rest frame an electric field E=— (1/¢)(UXB)
exists in the plasma, from which a particular ensemble
of ions can gain high energies.

We shall report here some preliminary computations
(Secs. 3 and 5) which show that, with parameters
based on the revised model of annihilation of magnetic
fields, energy distributions of the accelerated ions can
be obtained. The details of each energy distribution
depend on quantities characteristic of the plasma, e.g.,
plasma density, magnetic field, etc. Towards the end
of this article (Sec. 7), we discuss the consequences of
using this model for cosmic-ray acceleration.

Speiser® has suggested a somewhat similar model to
account for the observed high-energy particles coming
from the tail of the magnetosphere. In his model,
charged particles entering the neutral sheet region
(between antiparallel magnetic fields) can gain energy
under the influence of an electric field. The energies of
the particles depend on the spatial variations of the
magnetic and electric fields as well as on the character-
istic dimensions of the neutral sheet. Although his model
explains satisfactorily the observed phenomenon, it

4 E. Fermi, Phys. Rev. 75, 1169 (1944).

5 E. Fermi, Astrophys. J. 119, 1 (1954).

6H. E. Petschek, in Physics of Solar Flares, AAS-NASA
Symposium National Aeronautics and Space Administration
Publication No. NASA-SP-50, 1963, p. 425 (unpublished).
i }711\(/]1) Friedman and S. M. Hamberger, Solar Phys. (to be pub-
ished).

8T, W. Speiser, J. Geophys. Res. 72, 3919 (1967).
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fails to tie together the plasma parameters into a
self-consistent picture which would enable the model
to be extended to other phenomena in which accelera-
tion occurs.

2. FIELD GEOMETRY OF THE MODEL

Petschek’s basic idea is that a situation can exist in
which oppositely magnetized plasma flows into two
stationary slow shock fronts. Within the fronts the
inflowing magnetic energy is largely converted into
kinetic energy. The outflowing plasma is both heated
and ejected from the shock region from which it escapes.
Four regions exist in Petschek’s model (Fig. 1):

I: initial-flow regions;
II: final-flow regions;
IIT: shock-front regions;

IV: diffusion region.

The plasma parameters in these four regions have
been discussed elsewhere.5:” Here we shall give only the
quantities relevant to this discussion.

(a) The widths of regions IV and III are 26* and 6%,
respectively, where

&*=c2/4noV 4 M,. 1

Under the conditions of high current density in regions
IIT and IV, the plasma conductivity o is®

o=5(M/m)!'*(4ane’/m)'?, 2

where m and M are the masses of electrons and ions,
respectively, and #» is the plasma number density; M,
is the Mach number in the flow region (region I),

Mo=Uy/Va4, ©)
where V4 is the Alfvén velocity and U;j the flow
velocity of plasma in region I.

According to Petschek,® the above situation exists
only for

M,<0.1. 4)
(b) The Y dimension of region IV is
2V*=c/dnoV 4 M. ®)

(c) The geometrical equations of the shock fronts
(region III) can be written

for
|V ]>T*

(d) An electric field E= (0,0,E,), which is constant in
the four regions, is inherent in the model, and is given
,by

E=—(U:XBy)/c, @)
where B; is the magnetic field in region I.

®S. M. Hamberger and M. Friedman, Phys. Rev. Letters 21,
674 (1968).
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(e) From the Rankine-Hugoniot relations® we can
obtain the magnetic field in these regions. In regions
where discontinuities in magnetic fields occur (regions
IIT and IV), we shall assume linear variations of the
magnetic field across these discontinuities.
The relations used are:

region I:  Br=(—=2(YV/|Y|)MByof(Y),
- (X/JXDBJIO; O);
region II:  Byu=(—Y/|Y|MoBy, 0,0);
region IIT: By given by a linear interpolation  (8)
between Br and Byy;
region IV: Bry=(— (V/|V|)MoB,o(1+ | X|/8*)

Xf(Y), - (X/a*)BUOJ 0) ’

where By is the magnetic field at infinity (i.e., remote
from the shock regions), and f(¥) is some monotonic
function fulfilling the conditions

f0)=0, f(r>r*=1. (9)

3. MOTION OF AN ION IN A PETSCHEK-TYPE
CONFIGURATION OF MAGNETIC AND
ELECTRIC FIELDS

Given the magnetic field configuration in the different
regions [Egs. (8)], the motion of ions can be analyzed.
We have found that it is very complicated to calculate
analytically the trajectories of ions. However, one can
get some qualitative information about the motion of
the ions by looking at somewhat similar configurations
to which analytical solution exists: (a) the hyperbolic
configuration,” and (b) the perfect antiparallel magnetic
field configuration.!?

In both of these configurations the ions can have
two distinct classes of orbit. In one class the ion does
not cross the neutral plane (B=0). The ion gyrate and
drifts in the magnetic field. The second class of orbit
is one in which the ion crosses the neutral plane and
moves in a ‘‘serpentine’” path.

If we now superimpose on these configurations an
electric field perpendicular to B, only the ions having
the second kind of orbit will accelerate and gain energy
as they move along the Z direction.

Reverting to the configuration defined by Eq. (8),
and assuming for the moment that only the Lorentz
electric field exists, we can write the equation of motion
of an ion in the general form

i MV VXB
— —eBfe—, (10)
dt [1—(V /o) ¢

0 A, Kantrowitz and H. E. Petschek, in Plasma Physics in
Theory and Application, edited by W. B. Kunkel (McGraw-Hill
Book Co., Inc., New York, 1966), p. 147.

1 E, Astrom, Tellus 8, 260 (1956).

12 A, A, Weiss and J. P. Wild, Australian J. Phys. 17, 28 (1964).



1410 M.

ok
-1k
-2k
-3+
-4k
-5 -
-6}

'"Jo % (cm)

-T t+
-8 -
-9

4 6

[ | 2

3
€ (Mev)

F1c. 2. Relation between the computed final energy of an ion
and its initial ¥ coordinate. The plasma parameters are for case
(i), Byo=500 G, n=2X10" cm™, M,=0.1, and for case (ii),
Byo=500 G, n=5X10"° cm™3, M(=0.05, and f(¥) =« V.

where

=—(UrXBy)/c (11)

and By is defined in Eq. (8).

Ions with velocity V= (V,V,,V.) wil cross the
neutral plane X=0 and gain energy provided the
following approximate relation holds:

(VZZ_.I_ Vz2)1/2
pri=——————2 Mol Y|, |Y|>V*
eB,/Mc
R0, lv|<y* (12)

where pr; is the ion Larmor radius in an average
magnetic field B,. If the last relation does not hold,
the ions will gyrate around a magnetic line of force
without changing their average energy.
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F16. 3. Relation between the computed final energy of an ion
and its initial ¥ coordinate. The plasma parameters are By o= 500
G, n=2X10" cm™3, M,=0.1, and f(¥) « 2.
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Numerical integrations of Eq. (10) for ions were
performed for several conditions. The ions were taken
to move initially in the positive X direction with
velocity equal to the plasma velocity U in region I
and with initial positions (X=—¢&* V=V ,<V* Z=0).
Three sets of plasma conditions were assumed:

(i) Byo=500G, »=2X10"cm3,

My=01, f(¥)«V;
(ii) Byo=500 G, 7n=5X10©cm3,

Mo,=0.05, f(Y)«=V; (13)
(i) Byo=500 G, n=2X10"cm™3,

My=0.1, f(¥)=V2.

The maximum energies achieved are shown in Fig. 2
for the cases (i) and (ii) and in Fig. 3 for case (iii), for
different values of Y.

From the detailed computations one can draw the
following conclusions:

(1) Ions can gain high energies.

(2) The time during which an ion satisfies Eq. (12),
and is therefore accelerated, is a sensitive function of
the value of M, and of the form of f(¥), which governs
the spatial dependence of B.

(3) The dependence of the final ion energy e on its
initial position Y is given by

(a) YVo=Ae /=, for cases (i), (il), f(¥)=¥V (14)

(b) Yo=Be 9, for cases (iii), f¥)«<¥?2 (15)

where 4, B, €, and ¢ are functions of the magnetic
field By, the plasma density », the Mach number
M,, and the spatial variations of the magnetic field
components.

4. PLASMA EFFECTS ON ACCELERATED IONS

In the previous section we have demonstrated that
ions can accelerate to high energies in the particular
configuration of magnetic and electric fields existing
in Petschek’s model.

However, there are two obvious objections:

(1) If all ions in a particular region accelerate, the
momentum of the plasma cannot be preserved without
introducing an additional electric field.

(2) We have made the unjustifiable assumption that
the medium, through which the particles are accel-
erated, does not influence the ion motions.

We must therefore examine the condition of the
plasma in regions ITI and IV. It has been suggested’
that in these regions the plasma is subject to current-
induced microinstability, one of the main effects of
which is an enormous increase in the amplitude of
electric field fluctuations in the plasma with wavelengths
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of the order of a Debye distance Ap= (KT /4mwne*)*?,
where KT is the mean thermal energy in the plasma.!3:14

By adopting the concept of ‘“waves” for these fluctua-
tions, one can describe these electric fields by their
Fourier components

E,= f Ei . exp{ifo®)i+k-r]jdkds,  (16)

where w,k are the frequency and wave number, and
w(k) describes the relation between them. The chief
effect of such waves is to increase the electrical resistiv-
ity of the plasma’! by scattering and randomizing
the directed motion of the charged particles and hence
to rise the temperature of the plasma.

We consider here only longitudinal waves, i.e.,

Ey.olk, (17

whose frequency will lie to a first approximation within
two regions:

(a) near the electron plasma frequency,

wpe= (4mne/m)'2; (18)
(b) between zero and the ion plasma frequency,
wpi= (m/ M) V2w ,,. (19)

The change in the velocity of an ion V due to its
interaction with those fluctuations in a time of order
one oscillation period will be

sV e [ Eyx.,exp{ifwk)i+k-r]}
M i[w(k) —k- V]

dkde.

(20)

As we are interested in ions with high velocities, we
can assume that either

w(k)—k-V=0 (21)

w(k)—k- V0. (22)

Simple theoretical arguments'® show that for the type
of waves considered the resonance condition (21) is
not fulfilled for ions whose velocity lies in the range

(m/M)Vr<k-V/|k|<Vp,

where Vr is the mean random electron velocity.

When V>V, so that we can have w(k)—k-V=0,
the fluctuating electric field may scatter ions through
a large angle in a single interaction. However, we shall

or

13 S, M. Hamberger, A. Malein, J. H. Adlam, and M. Friedman,
Phys. Rev. Letters 19, 350 (1967).

1S, G. Alikhanov, N. I. Alinovskii, G. G. Dolgov-Savelev,
B. G. Eselevich, R. Kh. Kurtullaer, V. K. Malinovskii, Yu. E.
Nesterikin, V. I. Pelskii, R. Z. Sagdeev, and V. N. Semenov, in
Proceedings of the Third International Conference on Plasma
Physics, Novosibirsk, 1968, Paper No. CN-24/A-1 (unpublished).

16 R, Z. Sagdeev, Proc. Symp. Appl. Math. 18, 281 (1967).

16 A, A. Vedenov, E. P. Velikhov, and R. Z. Sagdeev, Usp.
Fiz. Nauk 73, 701 (1961) [English transl.: Soviet Phys.—Usp.
4, 332 (1961)].
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show that the effect of such scattering on the ion motion
is very small and can be ignored.

(1) From Eq. (20) we see that
oV|k, (23)

so that after scattering, the quantity w—k-V will
change from zero to approximately w—k-V+k:8V,
which in general is different from zero.

(2) The fluctuations are not coherent and their
interaction time with an ion is of the order

(24)

T~Wpe t.

Even if we take the situation of very strong turbulence,
in which the electrical energy density in the fluctuations
is of the same order as the thermal energy density of the
particles KT,

E2/8w~nKT,

the change in ion velocity will be

8V~ (eEf/M)wp.,‘1= (M/M)VT, (25)

which is still 10® times smaller than V.
From the above arguments we can conclude that once
an ion reaches a velocity

V>m/M)Vr, (26)

the interaction of the type w(k)—k-V=0 will not in-
fluence its motion.

When w(k)—k- V<0, the scattering is not resonant
and one has to take into account the effect of many
small-angle scatterings on the ion motion.

Using the random-walk approximations, one can
calculate the mean free path X for an ion to lose all its
forward momentum by these fluctuations:

A=NoV2/(3V2), (27)

where )¢ is the mean free path for a single scattering
and ( ) denotes an average over many deflections. It can
easily be shown that

(5V2)= e/ M) - VY, (28)
so that
A=No(M /e)*(k- V)2V2/(ES?) (29)
or
4\ €
<, (30)
((eEp)?)/k?
where e is the kinetic energy of the ion,
e=iMV2. (31)
Let us define two parameters e and 8 such that
Ao=PMp, 21 (32)
((eEp)?)/k*= (KT/a)*, a21 (33)
A<Ap(e/KT)a?3. (34)
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The parameters « and 3 depend on the intensity of the
fluctuating electric fields in the plasma and will be
equal to 1 in the condition of a strong electrostatic
plasma turbulence.

We have found before that during its acceleration an
ion passes through regions IIT and IV many times. The
condition that this ion will not be affected by these
fluctuations can be expressed as

F*EN. (35)

From Egs. (34) and (35) we obtain a criterion for the
minimum ion energy for which we can neglect the
effect of the fluctuating fields on the ion motion:

e> 1K T (6% /\p)?/aBV2. (36)
Since, in general, a, 3> 1, we relax the criterion to
2 2K T (6%/\p)12. 37)

For the case of a solar flare where 6*~20 cm and
Ap=2X10"! cm, we require

e SKT. (38)
Since ions do not lose energy in small-angle scattering,
and since they can be accelerated whatever their initial
direction (as shown in Sec. 5), it can be argued that the
mean effect of these fluctuations on the ensemble of
accelerated ions will be negligible.
In the light of the above arguments, we assume that

only those ions with energy

KT, (39)

where
1<y<10,

can be freely accelerated.
Thus it is clear that only those relatively few ions

which have initial energies well above the average can
be freely accelerated, and so remove momentum from
the system. In fact, the momentum balance is main-
tained by the bulk of the plasma.

5. FINAL ENERGY DISTRIBUTIONS

In Sec. 3 we demonstrated that ions can accelerate to
high energies in the particular configuration of magnetic
and electric fields existing in Petschek’s model, using
the simplifying assumption that all ions have the same
initial (directed) velocity. To examine a more realistic
situation, we have integrated Eq. (10) for ions whose
initial positions within the diffusion region and whose
initial directions have both been randomly chosen.
The initial energy of the ions has been taken as 4K7,
in accordance with Eq. (39).

Since we have random initial conditions for the ions,
their final energies provide the required distribution.

The calculations have been performed for the follow-

FRIEDMAN
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ing flare conditions:

(i) By=500G, n=2X10"cm3,

M0= 0.1,
n=2X10" cm™3,
My=0.1,

V)<V,
(i) B,=500G, (40)
J(¥) V2,

The initial energy of the ions has been taken as 40 keV
(=4KT, where KT is the thermal energy of electrons
in solar flares found from the shock equations!),

Because of the very long computing time needed for
such calculations, only 100-150 ion orbits were com-
puted for each of the above conditions. st

Although the statistics seem very poor, we can draw
the following conclusions:

(1) About 709, of the ions achieve energy >0.1
MeV.

(2) 159 of all the ions have at some time a velocity
component V', =0 for which we can use the calculations
discussed in Sec. 3.

(3) The energy distributions (Figs. 4 and 5) can be
expressed as

N(> e)=A’e*?/‘°', for case (i)

=B'¢e"?,  for case (ii). (41)

Frc. 5. Computed energy
distribution for ions. The
plasma parameters are By
=500 G, n=2X10" cm™,
My=0.1, and f(¥) « Y2,

€ (Mev)
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The constants €’ and ¢’ are found to be the same as €
and ¢ from Egs. (14) and (15) within the statistical
€rror.

Because of the rather small number of ions used in
the computation, the maximum ion energy obtained by
this method is not spectacular, since there is a low statis-
tical probability of choosing an ion which would reach
a high energy [Eq. (41)].

If we make the assumption that the result (3) is not
accidental, i.e., that ef’=¢ and ¢’=g¢, the results of
Sec. 3 can be used to get the energy distribution of the
“average” .ions since Vo< NV (>¢).

All ions with initial coordinate ¥y and initial energy
4K T can be accelerated provided the relation [Eq. (12)]
is fulfilled: '

1 (8kT/M)\?
Vi<Voy=—e————, (42)
M 0 eB,,/ Mc
where B, is an average magnetic field.

The total number of particles IV, that satisfy the last

condition is

N ~41*Y on, (43)

where L is the characteristic dimension.

If we assume that the accelerated ions originate from
the tail of a Maxwellian distribution with mean energy
KT, then only 3%, of N, will be influenced appreciably
by the steady electric field, of which only 709, will
gain energy >0.1 MeV; then the total number of
accelerated ions NV (> ¢) will be

2X107  (KT/M)v=
N(>0.1 MeV)~ L . (44)
M, eBa/Mc

For example, if we take as a typical solar flare condition
B,~100 G, n~2X10" cm™3, L~10° cm, KT'~10% eV,
then we find N(>0.1 MeV)~10%-10% for the number
of particles. with energy >0.1 MeV. If we use the
calculated distribution Eq. (41) with ¢'~2 (Fig. 5),
we find that the number of ions with energy greater
than 10 MeV will be

N(>10 MeV)~10%-10%, (45)

Krimigis!” has'calculated that about 10% ions with
energy greater than 23 MeV are produced in ‘a solar
flare event.

The parameter f(¥) controls the shape of the energy
distribution. It is improbable that f(¥') will depend on
Y in the way we have assumed; neither it is probable
that f(¥') will be constant in time. Computations of the
kind discussed in Sec. 3 were therefore performed,
taking

J¥)<¥?,

8>P>2. (46)

The results were qualitatively similar to those for P=2.
If we assume that the temporal change of f(¥) is slow

17§, M. Krimigis, J. Geophys. Res. 70, 2943 (1965).
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compared with the time of acceleration (which in the
case of solar flare ~10~* sec for an ion to reach energy
~10 MeV), the results obtained will remain the same.

6. ACCELERATION OF ELECTRONS

In the previous section we have considered only ion
acceleration. This is because observations'® show that
there are far fewer high-energy electrons than ions.

The mechanism that we have discussed may give an
explanation of this phenomenon. We have shown that
to be accelerated an ion should fulfill two conditions:

(1) It must be injected with sufficiently high energy
that it will not be influenced by the fluctuating electric
fields in the plasma.

(2) During the acceleration the condition (12):

pri=V/(eBs/Mc)Z 6%, V| <V*
RMo| Y|, |Y|>T*
where V; is the ion velocity, should be fulfilled.

Similar conditions should be applied also to the
electrons:

(47)

(1) Even if the electrons are injected with energy
such that
eKT,

there will be a strong interaction with the fluctuating
electric fields which will randomize their velocities, in
comparison to the weaker influence of the same pheno-
menon for ions. Only very few electrons in the remote
part of the tail of the energy distribution will not be
influenced strongly by the fluctuations.

(2) During the steady acceleration the condition

pre="Ve/(eBa/mc) 2 5*, ,Yl Lr*
RM|Y|, |Y[27*  (48)

where pr. is the electron Larmor radius, should be
fulfilled.

It can easily be seen that to suffer the same accelera-
tion as an ion of velocity V,, the electron must have
velocity

Ve= (M / m) Vi.

For these reasons we should expect very few electrons
in the high-energy particle spectrum resulting from
this mechanism.

7. APPLICATION OF ACCELERATION MODEL
TO COSMIC RAYS

Observations suggest that the occurrence of anti-
parallel magnetic fields is not unique to the flare. For
example, it has been suggested!® that the magnetic
field in the Galaxy has opposite direction to the
magnetic field in the Halo.

18 J, A. Earl, Phys. Rev. Letters 6, 125 (1961).
19 The Distribution and Motion of Interstellar Matter in Galaxies,
edited by L. Woltjer (W. A. Benjamin, Inc., New York, 1962),
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If we speculate that a similar mechanism occurs in
the boundary region between the Galaxy and the
Halo, we can calculate the maximum energy that ions
can reach.

Assuming

Buo~3X10-5 G,

in the boundary region, the maximum electric field is

n~10"2 cm—? (49)

E=~MoB,o*/(4anM)V2~3X 108V cm™. (50)
Taking the characteristic dimension L as
L~5X10%2 cm,
the maximum energy an ion can achieve will be
€max=€EL~101 eV, (51)

The characteristic time for dissipation of the magnetic
field by Petschek’s mechanism is ‘

L L (47rnM
MoVa Mo\ By

which is the order of magnitude of the life of the Galaxy.

It can be shown, by using proper scaling laws for
Eq. (10), that the results obtained above for the
energy distribution will be the same in this case as
for the flare.

The above argument implies that there is a limit to
the energy an ion can gain in the Galaxy. However, let
us speculate further and say that this sort of accelera-
tion may occur outside the Galaxy. For example, taking
the approximate value for magnetic field and plasma
density with the characteristic dimension in the
Meta-Galaxy,? energies >10' eV can be reached.

The observed energy distribution of the ions in

cosmic rays is?
N(>e)=Ce, (53)

with I~1.7. It is found that for certain ranges of energy,
! deviates from this value. We can attribute these
changes to different plasma parameters in places where
acceleration occurs.

(52)

T~

1/2
) ~109 yr,

8. RELATION OF THIS ACCELERATION
MECHANISM TO THE FERMI TYPE

The mechanism of acceleration discussed above can
be classified as Fermi-type acceleration,® since an
ion gains energy by “collisions” with the two moving
magnetized plasmas.

Gintzburg? has questioned the Fermi mechanism by
calculating the increase in plasma density between

M. FRIEDMAN
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these moving regions. He finds that in order for an
ion to gain an energy of 10 GeV, the plasma must be
compressed 10° times, which seems unreasonable.

Using Petschek’s model, it can be seen that situations
of this sort are avoided by allowing the plasma to escape
(Fig. 1).

The main criticism of the Fermi mechanism is that
in order to make it efficient, ions should start with very
high energies to overcome various energy-loss mechan-
isms (e.g., a proton should have energy ~200 MeV
and an Fe nucleus 2300 GeV).

Fermi obtains an energy distribution function for
ions having an energy between e and e-}de:

w(e)de=X(Mc2)xe X (e, (54)

where X=17/(A/C)B?, A is the mean free path for nuclear
interaction, B¢ is the velocity of the magnetized plasmas,
and 7 is the time of flight of an ion between the two
magnetized plasmas. Fermi has suggested A=10? cm
for relativistic protons.

Comparing the last equation with the observed
distribution function, one finds that

1+7/(A/c)B2=~2.7,

which suggests 7~1.7 yr.

The model that we have introduced suggests that 7
will be of the order 6*/¢~0.1 sec (for B,~3.10~¢ G,
ns~1072 electrons cm™?). This is very small compared
to the nuclear interaction time A/¢c~10" sec, so that
nuclear interactions are not important in our model.
The distribution functions that we have obtained have
the right form and depend only on the plasma conditions
in regions where the acceleration occurs. The ejection
mechanism from the region, where ions are accelerated,
is responsible for the shape of the distribution function.
In the absence of any serious energy loss (compared
with the rate of acceleration), this model requires no
such high injection energy. Instead, the requirement
for initial energy e is simply

«>AKT, (56)

where 4 is the atomic weight and K7 the thermal
energy of electrons in the plasma.

As 7 is very small compared to A/c, it is possible to
understand the existence of medium and heavy nuclei
in the cosmic rays, a phenomenon which could not be
explained by the original Fermi theory.

(55)
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