With the aid of (8) it is possible in principle to calculate the behavior of G(t) at t ~ 0
and by the same token estimate the electromagnetic radius of the pion. Preliminary calcula-
tions show that when t > to it is necessary to have a more correct represemtation of |G{t)]
than given by (5). 1In a recent paper [6], the radius of the pion was estimated using only
the experimental data on p-resonance. The formula used in [6] for the estimate is a partic-
ular case of the DSR (3). 1In [6) they obtained a very rough estimate, since, as shown above,
in the region of small t +the DSR are not vergy accurate in these approximations. In prin-
ciple, (8) makes use of more experimental information and one can hope to obtain a more ac-
curate estimate for (r_ Y.
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As shown in [1-4], the scattering of ioms by small-scale high-frequency turbulent
electron-sound pulsations is an effective mechanism of heating the ionic component of a plas-
ma. The excitation of electron-sound oscillations can be due to the motion of the ions rela-
tive to the electrons across an external magnetic field ﬁb in an electric field of a low-
frequency electromagnetic wave with frequency on the order of the cyclotron frequency, or in
the current front of a collisionless shock wave. The time necessary to heat the ions to a
final temperature Ti ~ miu2 is determined by the energy density W of the turbulent pulsa-

tions

v~ (ay) (nmu®/w),

where u - amplitude of the relative velocity of the ions and electrons and n, - electron
density. The value of W is limited by the nonlinear interaction of the waves to a level
on the order of W ~ n meue, so that the heating time T ~ m, /m.e i turns out to be lO2 - lO3
times longer than the period of the oscillations of the low-frequency wave ~2n/wﬁi.

In this paper we investigate the stability of a plasma consisting of a mixture of ions
of two types moving perpendicular to the magnetic field in an electric field of a low-frequen-
cy electromagnetic wave. The opposing ion currents can arise also in a collisionless shock
wave [5]. The ion-ion instability resulting in this case can play an important role in the

formation of the wave front and in the heating of the ions. We shall show that in a three-
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component plasma there exist, besides the well known hydrodynamic ion-ion instability [6,7],
also other types of ion-ion instabilities, connected with the excitation of strongly damped
modes, when the relative velocity of the ionic components is equal to zero. It is precisely
these oscillations, whose phase velocity is on the order of the thermal velocity of the ions,
which lead Yo a rapid heating of the ions. Since the nonlinear interaction of the waves
limits the energy of the ion-ion oscillations to a value W ~ nomiu2 mi/me times larger than
the value of W for the electron-sound oscillations, it follows that the heating time of the
ions becomes comparable with T ~ l/cuﬂi.

The dispersion equation for the electrostatic oscillations of the plasma of frequency
w greatly exceeding mHi but considerably lower than aqu, and of wavelength considerably

shorter than the ion Larmor radius but considerably longer than the electron Iarmor radius,

is
2 2
[0 @ 1
14 —ma s P“-[l+i\/;zawza)]-0. (1)
G)H‘ a=e,l, Z.kzvg
where
) w-kl.l. m-k“l.Z
z, = —— W e
\/zkzvo \/2"'1.2

@ = (,)k +iyk'

w - Kramp function,
@ pg = (4negng /My, , >> oy, o)

P
v, =(T /m_ )%,

-
u - velocities of the electrons and ions (ua << ve), kZ = Kk cos v, and v - angle between

the vectors k and ﬁo. In the different limiting cases considered below, we shall assume for

simplicity that n, ~n n, m~m, and e, ~ e

2 TR My 17 %2

1. If Te >> Ti’ then, in addition to the known branch of oscillations of the ion-
sound type [6], there may be excited one more oscillation branch existing only in s plasma
with different types of ions. For these oscillations, the electronie terms in (1) are smaller

by a factor Te/ Ti than the ionic terms, if Z, < 1, so that

w 2
—el iV -
1 da Tl iven e o] = 0 (2

When u < v, o Ea. (2) nas only strongly damped solutions (7k <0, |7k| ~ wk). Instebility
>

sets in if

-~ -
u=Ju, -u

R U

i)
and the oscillations building up most rapidly are the short-wave ones with k ~ wpi/vi and

7k ~ u)k ~ (bpi' Cerenkov interaction of both ions and electrons with these oscillations leads
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to the ion heating.

2. TFor a plasma with Te << Tl o9 it is possible to neglect the electronic term in the
>
sum over a in (1) if cos®y <« me/mi and lzel >> 1. In this case (1) coincides with (2),
provided we add to (2) the term wf}e/uﬁe. When T, ~ T, and u < v, this equation has only

1 2 i
strongly damped solutions, but if u > vy the oscillations are unstable, with T ™ W, ~ W

if x ~ wpi/vi and @ S ay,, and with 7, ~ oy ~ m if k ~ m/vi and wpekz a)Hzl

In the case under consideration, the electrons take a much smaller part in the oscil-
lations, and the influence of the nonlinearity in the equations of motion of the electrons
turns out to be weaker than in the case of electron-sound oscillations. The nonlinear wave
interaction limits W to values on the order of W ~ @%Ti’ and the heating time turns
out to be very short, T ~ \/W/ i

3. If one species of ions is hot and the other species of ions and the electrons are
cold (T2 >> T, Te) , then oscillations (which can be called ion-ion sound) exist in such a
plasma when cosy < me/mi, and for these oscillations |22| << 1, Izll >> 1, and Izel >> 1.

The frequency and the damping decrement of these oscillations are

2 %

ku, : (1 ©pe , o2 (3)
@y = “li +:';2:+—k—2—;-2; mPl'
2 (o, —ku)?
AT ez K L kv, — wg).
Ve V: w:l k3v} 2 - er) ()

It follows from (4) that ion-ion sound is unstable also when u << v,. The nonlinear
theory of this instability and of the heating of the hot ion component is analogous to the
nonlinear theory of electron-sound instability [1-3].

Since only ions take part in the oscillations in question, the growth of W is limited
whenever the nonlinear term (+W):r in the equations of motion of the ions is of the order of

. . . . 2
dv/dt, i.e., when v ~ a/k ~ u. We then obtain for the oscillation energy W ~ nym

v~ n.mu .
i 21
Let us consider the heating of the ions under the influence of ion-ion sound pulsations
excited by the ion current in a plasma situated in the field of a low-frequency wave with
frequency NwHi' The diffusion of the hot ions in velocity space is determined by the quasi-

linear equation for the background distribution function [1-3]
/3t = (1/v))(3/3v)) (v/v))(3t/3v)), (5)

where v, is the ion velocity component perpendicular to —ﬁo. (A derivation of (5) is given

in [31.) ) The diffusion coefficient D is of the order of D ~ uhivgw/nQTQ' Using the fore-

going estimate for W, we obtain from (5) an estimate T ~ l/mH:.L for the time necessary to

heat to a final temperature T2 ~ miue.
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As is well known, interband electron transitions greatly influence plasma oscillations
[1]. In light elements it is possible to disregard transitions of electrons from the internal
shells of the atoms, since their frequencies are high compared with the plasma frequencies.
However, for elements with large atomic numbers these frequencies, generally speaking, are
comparable. Usually an electron excited from au internal shell goes over into a current state,
i.e., the excitation spectrum of the ionic core is continuous. In some cases, however, one
can expect this spectrum to begin with discreté levels of relatively small width. This per-
tains, for example, to dilute solutions of transition elements, when the electrons from the
internal shells of the magnetic ions can be excited at free d-levels of the same icn. Owing
to the possible resonance between the frequencies of such transitions and the frequencies of
the plasma oscillations of the solvent, there can occur in the system localized plasma oscil-
lations.

A similar situvation can arise in strongly doped semicdnductors if impurities with deep
electron levels are introduced in them besides the impurities with shallow levels. At temper-
atures such that the degree of ionization of the deep levels is low, transitions of electrons
between the levels of the discrete spectrum of the impurities are possible. By suitable
choice of the carrier density it is possible to satisfy the optimal conditions for the exis-
tence of local plasma levels. The occurrence of localized plasmons, as well as the occurrence
of localized optical phonons considered in [2], can be attributed to a local spike of the
crystal polarizability near the impurity atoms.

If we regard the excited state of the impurity atom as a localized exciton. we can

write the Hamiltonian of the system in the form

* I Pk
H P“):,E,,apa pa+zuvk§°-k—#+m,b b-dme 25T % Zkp*+b)

(1)

-
pqne/V k% 9o %- qo°

Here a;G and ap0 - operators of creation and annihilation of an electron with momentum p

and spin ¢ and b¥ and b - exciton operators. The charge e, generally speaking, is renor-
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