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Resonance bremsstrahlung of an electron in collision with an ion is due to emission by the electron during its
lifetime in an autoionization state. Formulas are derived which describe this phenomenon. It is shown that the
resonance bremsstrahlung can exceed the bremsstrahlung occasioned by potential scattering.
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1. Recently considerable attention has been given'™s
to the effects on bremsstrahlung of the perturbation of
the bound electrons of an atom (neutral or partially
ionized) by an incident nonrelativistic electron, It fol-
lows from Refs, 1-5 that when we take into account the
perturbation of the bound electrons we obtain a de-
scription of the radiation of the whole system, many-
electron atom +incident electron, in the framework of
a single formalism, In this way the separation of the
total radiation into radiation owing to excitation of
bound electrons (when this is energetically possible)
by the incident electron, and bremsstrahlung proper,
becomes to some extent a matter of convention. At
course, at frequencies close to the excitation energies
of atomic levels the main contribution to the emission
from the entire system is that of emission owing to
excitation of the atom. It was pointed out in Ref, 4 that
in this region, according to the general formalism,
the spectral intensity dW /dw of the radiation is de-
scribed, as usual, by the product of an excitation cross
section o(E) and a Lorentz line shape:

aW _ o(E)al
do  (w-we) +T%4

where w, is the excitation energy, I is the width of the
level, E is the energy of the incident electron, and w
is the frequency emitted. In Refs, 1 and 2 the radiation
in this region is called “resonance bremsstrahlung.”
Obviously this name for the radiation in this region
must be regarded as erroneous, since physically and
by generally accepted usage this radiation is to be
ascribed to emission from the excited atom.

From Refs. 1-5 it can be concluded that for a mea-
sure of the suitability of the static approximation for
describing the radiation from a given group of bound
electrons one should consider the ratio of the frequency
of the radiation to the frequency of the motion of the
bound electrons in the atom. The static approximation
can be used to describe strongly bound electrons (with
binding energies larger than the energy of the incident
electron), which make the main contribution to the
screening of the nuclear charge. If, on the other hand,
the frequency of the radiation is of the order of the
energy of the incident electron and is larger than the
binding energy of a weakly bound electron, the static
approximation does not hold for the description of such

electrons’ contribution to the total radiation from the
system. Only rough estimates? can now be made as to
the conditions for applicability of the static approxima-
tion to describe the radiation of the whole system far
from frequencies corresponding to excitation energies
of the atom,

In the present paper we discuss yet another question
about the influence of the perturbation of the bound elec-
trons on the radiation from the incident electron, namely
the effect of resonances in the scattering of a slow elec-
tron colliding with a partially ionized ion. By a slow
electron we mean one whose energy is smaller than the
energy for excitation of the first level. Thus the chan-
nel corresponding to excitation of the ion is closed.

To within the reservations mentioned in the preceding
paragraphs we can call this sort of radiation resonance
bremsstrahlung. One feature of ions is that there are
large numbers (Rydberg series) of autoionization
states. Up to now it has been well known that the
presence of these autoionization states leads under cer-
tain conditions to a marked increase of the cross sec-
tions for the excitation of multiply charged ions by
electron collisions (resonance excitation®) and for
photorecombination (dielectric recombination’'®), It
will be shown here that the existence of the auto-
ionization states can also leads to a considerable in-
crease of the bremsstrahlung intensity. Ordinarily the
bremsstrahlung of a slow electron colliding with an ion
is small in comparison with the recombination radia-
tion, and therefore the effect in question is interesting
mainly from the point of view of examining the mecha-
nisms of resonance phenomena and the limits of the ap-
plicability of the static approximation to the descrip-
tion of bremsstrahlung,

We note that the resonance bremsstrahlung of a slow
electron in collision with a neutral atom has been
studied earlier by D’yachkov, Kobzev, and Norman.®
The feature that the phenomena these authors con-
sidered and those treated here have in common is their
resonance character. The difference is in the nature
of the resonances, In the present paper many two-
electron resonances are considered, whereas in Ref. 9
only one one-electron resonance was dealt with.

2. The mechanism of the resonance phenomena is as
follows:
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Here z is the charge of the ion A*(y,); 7,... are the quan-
tum numbers of the ground state and two excited states
of the ion A*; e(E) is an electron with the energy E;
7w is the energy of the transitions. An autoionization
state A*"'(7,,nl) is formed in the collision of the elec-
tron with the ion. The possible further processes are
the inverse decay (2), resonance excitation (3) of the
transition ¥,~7,, dielectric recombination (4) and (5),
and resonance bremsstrahlung (6). Accordingly, re-
sonance bremsstrahlung is emission from the electron
during its lifetime in the autoionization state.

If in channel (5) the state A*(y,,n!) is itself an auto-
ionization state, then its decay also leads to resonance
bremsstralung:

A1 (4, 1) oy~ A7 (Vo) e (E—hory) Hio g, (7)

Apart from the notations, the schemes (6) and (7) de-
scribe exactly the same mechanism. In fact, resonance
bremsstrahlung is possible with either of the two ex-
cited electrons of the autoionization state A*~'(y,,n!l)
doing the emitting of the radiation. The less strongly
excited electron which is in the state 7, radiates more
strongly than the more strongly excited electron which
is in the state nl. Therefore the channel (7), when it
is open, makes a larger contribution to the bremstrah-
lung than does channel (6). Channel (7) is open if the
electron’s energy is larger than hw, ..

As has already been stated, we are confining our-
selves to consideration of collisions of a slow electron
with an ion in cases when channels associated with
ionization, and also channel (7), are closed. In this
case the states that are most important are the auto-
ionization states A*~'(v,,nl) where v, is the first ex-
cited state of the ion A*, denoted hereafter as v, We
shall also suppose that w,, the energy of the transition
Y,~ v is much smaller than the ionization potential of
the ion A*(,). Furthermore the autoionization states
A*-1(y,nl) are Rydberg states.

We point out that in Eqs. (3)—(6) the energy of the
photon is fixed, of course to the accuracy of the width
of the autoionization states. We shall not be interested
further in the structure of individual resonances. We
consider only the cross section averaged over the re-
sonances,

3. Using the fact that the density of the autoionization
states is p(E)=n%/z%, in first-order perturbation theory
we get the following expression for the cross section
for formation of an autoionization state, averaged over
the resonances:

n’g(y)n’

nl = Fnlv
6. (E)= (’)H—l) Fel1) 7 (8)

2 Sov. Phys. JETP 52(1), July 1980

| A =72l+—i;th)YT°';'n, |<¢1("1)(Pnlm("z) I:—zl V1o (1) Privme (’2)>|2, (9)

E=wn,—2%/2n. (10)
Here g(7) is the statistical weight of the state ¥, T',, is
the autoionization width, and Z, means summation over
the quantum numbers of the state . The relation (10)
determines the connection of the principal quantum
number of the autoionization state with the energy of

the incident electron, as fixed by the law of energy
conservation.

The total intensity of the resonance bremsstrahlung
is the product of the cross section (8), the intensity of
the emitted radiation I,;, and the lifetime 1/(T,, +T,)
of the autoionization state.

n g('f)n Tl
Eg('f )22 T tT, ’

Here T, =2wjf,,,/c® is the radiation width of the transi-
tion ¥—~7,, and I, is the intensity of emission from the
level n/ to all levels with principal quantum number
larger than ng. ng is determined from the equation
322(1/n% - 1/n?) =E.

The spectral density dW/dw and the cross section
do/dw of resonance brémsstrahlung are obviously given
by the relation

__ @60 n’g (v) n°n® Tuid, ng A
W= Z FH D s TurT,

W(E)= 2 @+ =7 (11)

(12)

where I ., is the intensity of emission from the level
nl to the level whose principal quantum number n, sat-
isfies the equation $2%(1/n2 - 1/n%) = w.

In the case of slow electrons we can use averaged
values of I',, and I, without loss of accuracy. In the
Kramers approximation we have

24,
T, n.——z @D L =2

- A 8z*

Lu==Y @+ 1, =—=~, n;,

The average width of the autoionization decay is given
by?®

2
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n*g(y) 4o . (13)

W(E)= .
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The spectral intensity of the resonance bremsstrahlung
of slow electrons turns out to be practically independent
of the frequency:

dW/dw=wdo/do=W/E.

It is convenient to put Eq. (13) in the form

g(1) Wi
8 (Yo) (11+3%w’n’/z%c*)
8nz?

W= e,

3’

W(E)=

’

where Wy is the total bremsstrahlung intensity, in the
Kramers approximation, of an electron in the Coulomb
field of a center with charge z. The term w¥®/z%¢® is
not small in comparison with unity only when E =~ w,,
i.e., =, Therefore the intensity of resonance
bremsstrahlung, in the case when it is possible, is of
the order of or larger than that of the bremsstrahlung
from potential scattering. Figure 1 shows the total in-
tensity W, of resonance and potential bremsstrahlung
for the collision of an electron with the lithiumlike
oxygen ion O°*(1s%2s), with w, equal to the energy of
the transition 2s—~2p (the contribution of potential
bremsstrahlung is shown by a dashed line).

In conclusion we point out that the total radiation from
the whole system also includes a contribution from re-
combination radiation, and for E = w, (the inequality

is to the accuracy of the level width) also a contribution
from excitation of the ion. Therefore the total intensity
of the radiation from the whole system does not have a
slight jump downward at E > w,, but a sharp jump up-
ward, because the excitation channel opens up. A
separate treatment of the bremsstrahlung is neverthe-
less not without meaning, since it has its own peculiar
spectral characteristics.
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It is shown that an effect of mass renormalization leads to an additional energy loss in stochastic acceleration
of particles. A kinetic description is given, and the collision integral associated with this effect is found.
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1. INTRODUCTION. STATEMENT OF THE PROBLEM

1, Stochastic acceleration of particles is possible
both as the Fermi type of process! and also as a result
of resonance interaction with waves and oscillations.?
The two mechanisms are similar in their physical
meaning (they correspond to a heating-up of particles
either in collisions with heavy clouds or else with
oscillations of large effective temperature®), although
there is also a definite difference between them,

To illustrate the relation between these mechanisms
we can use the following model. Let a fast particle
move in a random manner in regions (clouds) with a
field E which is constant in magnitude but not in direc-
tion. The size of a region occupied by the field is /,
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and the average distance between regions is /,> [, We
note that resonance particles are acted on by a constant
field and such a model correctly reflects the main fea-
tures of the interaction of fast particles with a gas of
solitons; it is most similar to the Fermi model of
collisions with magnetic clouds (in the Fermi model,

a particle is also acted on during a collision by a con-
stant electric field - uxH,, where u is the velocity of
the cloud).

Let us consider the simplest one-dimensional case.
In each collision with a region occupied by an electric
field a fast particle acquires or loses (depending on the
sign of the field E,) an energy"’ Ac=¢E,l. But a parti-
cle that encounters a favoring field (pointing along its
velocity) and acquires an energy At has a larger ve-
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